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Abstract Increasing exports of Fe and DOC from

soils, causing browning of freshwaters, have been

reported in recent decades in many regions of the

northern hemisphere. Afforestation, and in particular

an increase of Norway spruce forest in certain regions,

is suggested as a driver behind these trends in water

chemistry. In this study, we tested the hypothesis that

the gradual accumulation of organic soil layers in

spruce forests, and subsequent increase in organic acid

concentrations and acidity enhances mobilization of

Fe. First generation Norway spruce stands of different

ages (35, 61, 90 years) and adjacent arable control

plots were selected to represent the effects of aging

forest. Soil solutions were sampled from suction

lysimeters at two depths (below organic soil layer

and in mineral soil) during two years, and analyzed for

Fe concentration, Fe speciation (XAS analysis), DOC,

metals, major anions and cations. Solution Fe con-

centrations were significantly higher in shallow soils

under older spruce stands (by 5- and 6-fold) than in

control plots and the youngest forest. Variation in Fe

concentration was best explained by variation in DOC

concentration and pH. Moreover, Fe in all soil

solutions was present as mononuclear Fe(III)-OM

complexes, showing that this phase is dominating Fe
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translocation. Fe speciation in the soil was also

analyzed, and found to be dominated by Fe oxides

with minor differences between plots. These results

confirmed that Fe mobilization, by Fe(III)-OM com-

plexes, was higher from mature spruce stands, which

supports that afforestation with spruce may contribute

to rising concentrations of Fe in surface waters.

Keywords Iron � DOC � Soil biogeochemistry �
Browning � Norway spruce � Afforestation

Introduction

Exports of iron (Fe) from catchment soils to surface

waters are increasing in many northern regions and are

observed as rising Fe concentrations in surface waters

(Björnerås et al. 2017; Neal et al. 2008; Sarkkola et al.

2013). The increase in Fe concentrations is generally

synchronous with that of terrestrially derived dis-

solved organic carbon (DOC). These trends have

received much attention in recent years, as they lead to

an increase in water color, also known as browning or

brownification (Kritzberg and Ekstrom 2012). Brown-

ing affects freshwater species distributions, the struc-

ture and production of food-webs (Creed et al. 2018;

Solomon et al. 2015), biogeochemical cycles (Tranvik

et al. 2009) and brings challenges for drinking water

production (Matilainen et al. 2010).

In soils, wetlands and sediments, Fe mineral

surfaces bind organic carbon and protect it from

microbial mineralization, thereby acting as an impor-

tant carbon (C) sink (Lalonde et al. 2012; Wagai and

Mayer 2007). Understanding the processes behind the

increasing Fe mobilization and subsequent export to

surface waters is therefore important to predict the fate

of C in the environment, and the potential effects on

the global C cycle. Moreover, Fe influences the

mobility and transport of environmentally relevant

elements, such as arsenic (Bauer and Blodau 2006;

Cummings et al. 1999; Mudroch and Clair 1986) and

phosphorous (Johnson and Loeppert 2006; Jones et al.

1993) in both terrestrial and aquatic ecosystems.

While many have studied the drivers of increasing

DOC concentrations in surface waters (de Wit et al.

2016; Erlandsson et al. 2008; Finstad et al. 2016), less

is known about factors controlling the increase in Fe

and whether they are the same as for DOC. An early

study on increasing Fe concentrations by Neal et al.

(2008), suggested that a recovery from acidification

and a subsequent increase in soil pH resulted in higher

DOC solubility in soils, which enhanced transport of

Fe from soils and stabilized it in surface waters. This is

in line with a study of 340 surface waters across

Europe and North America where regional trends in

declining S deposition corresponded well to trends of

increasing Fe concentrations (Björnerås et al. 2017).

Other studies have proposed that reducing conditions

in the catchment, promoted by elevated precipitation

and temperature, drive the increasing exports of Fe

from soils to surface waters (Sarkkola et al. 2013;

Ekstrom et al. 2016). Reducing conditions, caused by

enhanced microbial activity, promote reduction of

Fe(III)-(oxy)hydroxides (FeOOH) to the more soluble

Fe(II), thereby making more Fe available for export to

surface waters. Finally, effects of changing land-use,

in particular expanding coniferous forest, have been

shown to be an important factor driving browning

(Kritzberg 2017; Škerlep et al. 2020). Although the

latter studies did not distinguish between Fe and DOC

as the cause of increasing water color, Björnerås et al.

(2017) observed that the rate at which Fe concentra-

tions were increasing was correlated to the proportion

of coniferous forest in the catchments.

Although Fe is abundant in bedrock in the majority

of soils, most of the Fe is bound in minerals of low

solubility (Lindsay and Schwab 1982). The mobiliza-

tion of Fe from soil minerals to soil solution and

subsequently to surface waters is dependent on pH,

redox conditions and availability of organic matter

(OM) (Schwertmann 1991). At oxic conditions and

circumneutral pH (& 7), the solubility of Fe is low,

however this drastically increases at pH * 3 (Lindsay

and Sadiq 1983). Under anoxic conditions, free ferrous

ions (Fe2?) can be present in water, but oxidize and

precipitate as FeOOH in the presence of oxygen,

unless pH is strongly acidic (Suter et al. 1991). Certain

functional groups of OM can stabilize Fe in solution

by forming Fe(II)-OM or Fe(III)-OM complexes

(Bhattacharyya et al. 2019; Catrouillet et al. 2014;

Karlsson and Persson 2012; Theis and Singer 1974). In

well-drained soils, we would therefore expect the Fe

mobilized into solution to be complexed by OM, or to

reside as free ions if pH is strongly acidic.

As vegetation cover and land-use exert a major

control on soil OM accumulation and pH, it is

expected that land-use can also affect the mobility of
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Fe in soils. Indeed, mineral weathering rates have been

shown to be higher in coniferous than deciduous forest

soils owing mostly to lower pH and higher production

of organic acids in coniferous soils (Augusto et al.

2000). Iron minerals were found to be more amor-

phous and less crystalline in soils under coniferous

forest than in agricultural soils (Li and Richter 2012),

suggesting Fe in the former soils could be more easily

mobilized into soil solution. Furthermore, soils under

Norway spruce (Picea abies (L.) Karst.) forest were

shown to contain considerably higher concentrations

of extractable Fe than soils under deciduous tree

species (Hagen-Thorn et al. 2004). Björnerås (2019)

suggested that the gradual build-up of organic soil

layers under coniferous forests, and the subsequently

increased leaching of DOC and lowering of pH

(Rosenqvist et al. 2010b), should promote mobiliza-

tion of Fe and that this was a major factor behind the

observed doubling of Fe concentrations in a lake in

southern Sweden.

Many northern regions have undergone afforesta-

tion during the last century (Fuchs et al. 2013). Large

parts of Sweden have drastically changed in land-use

and vegetation cover, from a more heterogeneous and

open landscape with mostly deciduous tree species,

towards a dominance of Norway spruce forest and

intensive forestry (Fredh et al. 2012). Southern

Sweden in particular has seen an increase in Norway

spruce forest (Lindbladh et al. 2014), and is the area

where the highest increases in surface water Fe have

been reported (Kritzberg and Ekstrom 2012).

The overarching aim of this study was to better

understand how growing coniferous forests influence

soil processes that affect speciation and mobilization

of Fe in soils and soil solutions. To this effect, we

performed a field study exploiting a chronosequence

of first generation Norway spruce stands, that were

planted 35, 61 and 90 years before the onset of the

experiment. For reference, we chose an adjacent

arable plot for each tree stand, which had not been

forested and had only grass growing, i.e. representing

0 years of tree growth. Soils and soil solutions

(sampled by suction lysimeters) were studied to

determine the effects of stand age on the speciation

and mobility of Fe, as well as its relationship with OM.

With increasing age of spruce stands, organic soil

layers are generally thicker and pH lower due to

biological acidification, and we hypothesized that this

would promote dissolution, complexation and

solubility of Fe, resulting in higher Fe concentrations

in soil solution. As adsorption and precipitation of Fe

phases is likely to increase as soil solution moves

vertically (since OM is mineralized and pH increas-

ing), the effect on Fe concentrations in soil solution is

expected to be less apparent in deeper soil water. For

the same reason, we hypothesized that there would be

more easily extractable Fe in soils under older spruce

stands, reflecting deposited Fe-OM complexes and

ferrihydrite.

Materials and methods

Site description and experimental setup

Tönnersjöheden Experimental Forest (56�400 N,

13�040 E) is located approximately 15 km east of the

city Halmstad in southwestern Sweden at 60–140 m

above sea level. Climate in the area is maritime

temperate with an average yearly precipitation of

1099 mm (2003–2019, SMHI, station Marbäck D;

www.smhi.se/data/meteorologi), and average daily air

and ground temperatures at the experimental forest

site were 7.5 �C and 8.3 �C, respectively. The grow-

ing season (days above 5 �C) lasted on average

222 days per year (2003–2019), generally extending

from mid-April to November. During the experimen-

tal period in 2018 and 2019, the average air tempera-

ture at the site was 8.5 �C both years and there was 947

and 1276 mm annual precipitation for the respective

years. Soils in the area have developed on glacio-flu-

vial material, which contains a large amount of stones,

are well drained with deep ground-water tables, and

are classified as Arenosols (Rosenqvist et al. 2010b).

The old forested plots have developed an O horizon,

but the soil profiles lack a developed E horizon.

For the experiment, three plots (15 9 25 m) with

first generation Norway spruce forest (Picea abies (L.)

Karst.) plantations of different stand ages (35, 61 and

90 years) were selected to represent a chronose-

quence. In addition, in the proximity of each forested

plot an arable plot with grass was selected as a control,

which also represents zero year old forest (Fig. 1). The

younger forest plot was established on former agri-

cultural land, while the two older have historically

been Calluna heathlands used for grazing and have not

been forested since at least 1890 (prior to current

plantation). The depth of the organic soil horizon (O-
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layer) differed between spruce plots according to the

time they have been afforested. The 35-year old

forested plot had the thinnest organic layer (2–3 cm)

that was only partially developed and contained

mineral particles. The 61- and 90-year old forested

plots, had fully developed organic layers, with depths

of 5–7 and 8–10 cm respectively (Fig. 1).

On each plot five sampling positions were allo-

cated, one in the center of the plot and 4 half way

between the center and each corner of the plot (Fig. 1).

At each sampling position two suction cup lysimeters

(Prenart Super Quartz Standard 2.1 cm diameter;

PRENART Equipment ApS, Frederiksberg, Denmark)

were installed. One lysimeter was installed 10 cm

below the soil surface or 3 cm beneath the organic

(O) soil layer at plots with[ 7 cm deep O layer. The

motivation behind the selected depths of the shallow

lysimeters was that a depth of 10 cm is required for the

lysimeter to consistently give water in well drained

soil, and that all lysimeters would be placed slightly

below the organic layer for a comparable influence of

adsorption in the mineral soil. Since the lysimeters

extract porewater from the nearest few centimeters,

the shallow lysimeters should collect water flowing

from the organic rich layer of each soil plot. Another

lysimeter was installed 25 cm beneath the surface of

the mineral layer.

Sampling

Soil solution sampling

Quartz suction cup lysimeters (pore size 2 lm) were

installed in November 2017, set under pressure and

emptied twice before the start of sampling. For

sampling, under-pressure was applied to the lysime-

ters 5–7 days before the lysimeter water was collected.

Sampling of soil solution was performed on seven

occasions between April 2018 and November 2019.

The sampling in spring was performed at the offset of

soil frost, while the first sampling in autumn was done

as soon as the lysimeters provided enough water after

the summer dry period. On each sampling occasion,

the volume of the collected solution from each

lysimeter was measured and 50 ml of the collected

soil solution were transferred to a polypropylene

Falcon tube. Solution samples were not further

filtered, meaning that all material passing through

the 2 lm pore of the lysimeter was collected and

analyzed. The subsamples were stored at 4 �C in the

dark until analysis. When the lysimeters yielded less

than 15 ml of solution, the samples were discarded.

On occasions when lysimeters produced large vol-

umes of soil solution, the excess solution was frozen

and later freeze-dried. The freeze-dried samples were

used for analysis of Fe speciation with X-ray absorp-

tion spectroscopy (XAS) analysis (described in

Sect. 2.4). After each sampling, the lysimeter bottles

were thoroughly rinsed with deionized water.

O-layer

0-10 cm

10-25 cm

0-10 cm

10-25 cm
25 m

15 m

35 years 61 years 90 years

Shallow

Deep

Forestry stage
Tree volume (m /ha)

Density (trees/ha)

Mean tree diameter (cm)

O-layer depth (cm)

Younger thinning forest

320
2200

18
Absent

2-3

Younger clear-felling forest

440
800
29

Mosses
5-7

Older clear-felling forest

490
500
38

Thin bladed grass, Mosses
8-10

Stand

Upper

Lower

Upper

Lower

Fig. 1 Schematic figure of

the experimental layout and

corresponding stand

properties of the forested

plots with accompanying

control plots. Grey dots

show the horizontal 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
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Soil sampling

Soil samples were collected during autumn 2018 and

2019. Using a shovel, a vertical soil profile was

exposed in the proximity of each lysimeter, but far

enough to not disturb the lysimeter samplings. From

the forested plots, soil samples were collected from the

O-layer, the 10 cm of mineral soil below the O-layer

(0–10 cm; upper mineral) and 10–25 cm below the

O-layer (lower mineral). For the 35-year old forested

plot, the O-layer was not fully developed and

contained mineral fractions to a higher extent that in

the two plots with older forest. In control plots where

O-layers were lacking, only two samples were taken at

each sampling spot; 0–10 cm (upper mineral) and

10–25 cm (lower mineral) below the soil surface

(Fig. 1). In the lab, larger stones and roots were

removed and the soil samples were sieved wet through

a nylon mesh (2 mm), to avoid metal contamination

and to not alter the soil properties by drying them.

Soils were stored in zip-lock bags at 4 �C until

analysis. For the purpose of XAS and X-ray diffraction

(XRD) subsamples of the sieved soil were ground to

powder, using a mortar.

Analytical methods

Soil analysis

Loss of ignition (LOI), the difference in weight before

and after combustion at 400 �C during 8 h, was

measured to estimate soil OM content. Soil pH was

determined by mixing soil and deionized water (1:5)

and measuring pH in solution after 1 h.

To determine Fe crystallinity and content, oxalate

and dithionite, as well as total Fe extractions were

used. Oxalate extractable iron (Feox) represents less

crystalline Fe phases, mostly ferrihydrite, which is the

mineral Fe phase easiest to mobilize. The extraction,

in short, was performed with a mixture of ammonium

oxalate (0.2 M; (NH4)2C2O4 9 H2O) and oxalic acid

(0.2 M; H2C2O4 9 2H2O) at pH 3 at room tempera-

ture in the dark for 4 h (McKeague and Day 1966).

Dithionite extractable iron (Fedit) represents total

reactive Fe, which includes crystalline and amorphous

Fe(III) oxide phases, acid volatile sulfides and amor-

phous Fe-containing silicates. The extraction was

performed with a mixture of sodium dithionite (Na2-

S2O4), trisodium citrate dihydrate

(C6H5Na3O7�2H2O), sodium acetate (C2O3NaO2),

glacial acetic acid (C2H4O2) and nitric acid (HNO3),

at pH 4.8 and 60 �C, for 3.5 h (ISO 12782-2 2012

Swedish Institute for Standards). To determine the

total iron (Fetot), 3 soil samples from each plot and

depth were digested in a 1:1 mixture of 68% HNO3
-

and Milli-Q water, and autoclaved at 120 �C for 1 h.

This should extract the vast majority of Fe from soil

samples, with the exemption of Fe incorporated in

larger Si crystals. After each extraction, Fe concen-

trations were determined by ICP (ICP-OES; Perkin

Elmer Optima 8300) and recalculated to mg

extractable Fe per g dry soil.

Soil solution analysis

Within 3 days after sampling the samples were

analyzed for pH (913 pH Meter; Metrohm AG,

Switzerland), conductivity (inoLab Cond 730,

WTW, Germany). A subsample for total organic

carbon (TOC) analysis was acidified (2 M HCl) and

later analyzed by high-temperature catalytic-oxida-

tion, using the non-purgeable organic carbon (NPOC)

method (TOC V-CPN; Shimadzu, Japan). Another

subsample was stored frozen for metal and ion

analysis. Analysis of Fe, Mn, Si, Al, Na, K, Ca and

Mg concentrations were done by ICP (ICP-OES;

Perkin Elmer Optima 8300), and Cl-, NO3
--N and

SO4
2--S concentrations were determined by Ion-

chromatography (816 Advanced Compact IC,

Metrohm, Switzerland). For ICP analyses, samples

were acidified (1% HNO3) 24 h prior to analysis.

XAS and XRD data collection and analysis

XAS data was collected at Stanford Synchrotron

Radiation Lightsource (SSRL), beamline 4-1, Cali-

fornia, USA. The beamline was equipped with a Si[2 2

0] double crystal monochromator, one passive

implanted planar silicon (PIPS) detector for fluores-

cence 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) refer-

ence foil. A manganese 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 in a liquid nitrogen cryostat

(ca. 80 K) to prevent sample damage. For each sample

2–5 scans were recoded and recordings of the Fe(0)

123

Biogeochemistry (2022) 157:273–290 277



reference were made simultaneously for energy cal-

ibration. The edge from consecutive scans was closely

monitored to make sure that samples were not

damaged. Only samples with no detectable change

were analyzed. Fe K-edge spectra were collected up to

14 Å-1 in fluorescence mode.

XAS data reduction was accomplished using the

VIPER software (Klementiev 2001). Scans were

energy calibrated to the lowest-energy inflection point

of Fe foil set to 7111.08 eV. Spectral repeats were then

averaged, normalized, and Extended X-ray Absorp-

tion Fine Structure (EXAFS) background was

removed using a Bayesian smoothing spline function.

Shell-by-sell fitting of k3-weighted EXAFS oscilla-

tions was accomplished using a non-linear least-

squares refinement procedure. Theoretical phase and

amplitude functions were calculated for model spectra

of trisoxalatoiron(III) complex (Persson and Axe

2005) and goethite (Szytuła et al. 1968) using ab initio

code FEFF7 (Zabinsky et al. 1995). The amplitude

reduction factor ðS2
0Þ was set to 0.8 for soil samples

and 1.0 for lysimeter samples. The threshold energy

(DE0) was permitted to float but correlated to be equal

for each scattering path. Debye–Waller factors (r2)

were fixed to literature values where indicated: the

Fe - Fe paths were fixed to 0.0100 (Sundman et al.

2014), Fe - C paths were fixed to 0.0075 (Sundman

et al. 2016) and 0.0056 (Sundman et al. 2014) for soil

and lysimeter samples, respectively. The CN and r2 of

the Fe - C - O multiple scattering path was corre-

lated to be double the CN and r2 of the Fe - C path to

model carboxylic-like structures. EXAFS oscillations

were further fit by least-squares optimization using

linear combinations of model compound spectra using

the program DATFIT (George 2000). Model com-

pounds comprised of Suwannee River fulvic acid

(SRFA; 1S101F) complexed with Fe(III), biotite,

ferrihydrite, goethite, and hematite. The software

Fityk (Wojdyr 2010) was used to identify the

integrated intensity and centroid energy position of

the pre-edge peaks. Briefly, the pre-edge peaks were

baseline subtracted using a spline function then fit with

50:50 pseudo-Voigt functions (Wilke et al. 2001).

The freeze-drying procedure used to pre-concen-

trate Fe in the soil solutions may potentially alter the

speciation. Nonetheless, the great variation in Fe

speciation from previous studies that use freeze-drying

to concentrate the Fe, suggests that the procedure

preserves the local structures of Fe(II)/Fe(III),

mononuclear organic complexes, FeOOH and clays

(Björnerås 2019; Herzog et al. 2020). An exception

appear to be Fe(II) sulfides, which were not stable to

freeze-drying of sediment samples, probably due to

oxidation (Björnerås 2019). However, as these soils

were well drained, we do not expect Fe(II)-S to be

present in our samples.

X-ray diffraction (XRD) spectra were recorded for

powdered mineral soil samples using a vertical STOE

Stadi MP diffractometer (STOE and Cie GmbH,

Germany), using a Cu Ka (k = 0.154184 nm) radia-

tion source. Data was collected from 2h = 10–119�,
with a step of 0.03� and an acquisition time of 9-14 s.

The collected spectra were analyzed in R package

‘powdR� (Butler and Hillier 2020), where spectra were

fitted to reference spectra from the ‘rock-

jock_powdRlib� mineral library.

Geochemical modelling of Fe speciation in soil

solutions

The geochemical equilibrium model Visual MINTEQ

ver. 3.1 (Gustafsson 2020) was used to calculate the

solution speciation of Fe(III) and saturation indices of

possible mineral phases. In the calculations, all major

ions measured in the lysimeter solutions were used as

input. The model’s default setup was used to account

for complexation reactions with dissolved organic

matter, i.e. 82.5% of the DOC was assumed to be

fulvic acids, being the only organic ligand contributing

to metal complexation (Sjöstedt et al. 2013a). The

temperature was set to 8 �C in all calculations, which

corresponds to the average temperature of the site.

Due to missing data for anion concentration from the

October 2018 sampling, this sampling occasion was

excluded from geochemical modelling.

Statistical analysis

Statistics were performed using RStudio version R

3.4.3 (Kite-Eating Tree). To test the effects of depth on

soil variables, a pairwise t-test was run on upper and

lower soil samples from the same sampling spot.

When comparing forest plots and adjacent control

plots and when comparing forest plots of different age,

the Welsh’s t-test was used. In cases when the

assumption of normality was not fulfilled, the Mann–

Whitney–Wilcoxon test was used.
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To test for relationships between variables mea-

sured in the extracted solution, Partial Least Square

(PLS) analysis was performed, with the package

‘‘plsdepot’’. The number of significant PLS compo-

nents was determined by cross-validation. The PLS

analysis was run on several levels of lysimeter data;

(1) all data, (2) data from forested plots, (3) data from

control plots, (4) data from shallow lysimeters in

forested plots and (5) data from deep lysimeters in

forested plots. PLS analysis were performed for each

variable measured in the lysimeter solution, for each

of the five abovementioned levels (only models for Fe,

DOC and pH are presented in this study). To quantify

the separate contributions of each variable in explain-

ing the variance in the predicted variable, standard

regression coefficients (SRC) are reported. When data

for one or more variables in a sample was missing,

missing values were imputed using a PCA prediction

approach based on the relationships between variables

in the whole dataset (Josse and Husson 2016). This

was done using packages ‘‘missMDA’’ and

‘‘FactoMineR’’.

Results

Soil characterization

pH and soil organic matter content

pH was significantly lower in the O-layers of the

forested plots than in the underlying mineral soils

(p\ 0.001), and the pH of the O-layers in the 61- and

90-year old forest were significantly lower than that of

the 35-year old forest (p\ 0.01; Table 1). When

comparing the pH in mineral forest soils and control

soils, only the upper (0–10 cm) 90-year old forest soil

was significantly lower (p\ 0.01) than its corre-

sponding control soil.

The less developed and distinct O-horizon in the

35-year old forest was reflected in its lower soil OM

content (measured as LOI), compared to the two older

forest stands. Overall, LOI declined with increasing

depth and was by far highest in the O-layers of forested

soils (Table 1). LOI was also significantly higher in the

upper (p\ 0.05) and the lower (p\ 0.01) mineral soil

in the 90-year old forest than in the corresponding

control plots. There were no significant differences

between the mineral soil layers of 35-year old forest

and the corresponding control plots.

Iron extractions

Oxalate extractable Fe (Feox) and dithionite

extractable (Fedit) represented 6–10% and 29–82%

of Fetot in mineral soils, while Feox represented 9, 4,

and 2% and Fedit represented 38, 90, and 74% of Fetot

in the 35-, 61- and 90-year old forest O-layers,

respectively (Table 1). The high Fetot in the O-layer of

the 35-year old forest reflect the incomplete develop-

ment of this layer and thereby the presence of

minerals. Fedit was consistently higher than Feox, but

the general patterns when comparing between depths

and plots were generally similar for both extractions.

Significantly more Fe could be extracted from mineral

soil layers than in organic layers of all forested plots

(0.001\ p\ 0.032; Table 1). Moreover, more Fe

could be extracted from lower mineral soils than upper

mineral soils in forest plots (p\ 0.001), but not in

control soils (p = 0.16). There was more

extractable Fe in the upper mineral soils of the 35-year

old forest than in the adjacent control plots

(p = 0.001), while in the 90-year old forest Feox was

significantly lower (p\ 0.05) than in the adjacent

control plot. There was no difference in extractable Fe

for the top 10 cm of the 61-year old forest and

corresponding control plot (p = 0.54 and p = 0.36). In

the lower mineral soil layer (10–25 cm), no significant

differences in Feox were observed between forest and

control plots (0.051\ p\ 0.650). Fedit concentra-

tions were significantly higher in the 35- and 61-year

old forest lower mineral layers than in the correspond-

ing control layers (p = 0.019 and p = 0.042), while

there was no difference in Fedit between the 90-year

old forest and control plots at that depth (p = 0.64). As

for the ratio between oxalate and dithionite

extractable Fe, as a proxy for crystallinity, no clear

differences between forest and control plots were

detected.

XAS and XRD analyses of soil

Linear combination fitting of the EXAFS region

showed that Fe was present in soils mainly as Fe

oxides, 70–93% (ferrihydrite, goethite, hematite),

irrespectively of stand age and horizon (Fig. 2,

Table S1). Organically complexed Fe represented
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7–23% of the Fe in the O-layer and 0–11% in the

mineral soil layers. No clear pattern with Fe-OM

contribution and stand age could be observed. The

amorphous FeOOH, ferrihydrite, represented 24–27%

of the Fe in the O-layer and 18–33% in the mineral

forest soils. The proportion of non-crystalline Fe (Fe-

OM and ferrihydrite) to crystalline Fe (goethite,

hematite, biotite) in the O-layer was higher for the

61- and 90- than in the 35-year old forest (Fig. 2). In

the upper mineral layer however, the proportion of

amorphous Fe was highest in the 35-year old forest.

Generally, there were no clear trends in Fe speciation

Table 1 Mean values for pH, Loss of ignition (LOI), Oxalate extractable iron (Feox), Dithionite extractable iron (Fedit) and total iron

(Fetot) in the different soil layers of forested and accompanying control plots

Forest 35 Control 35 Forest 61 Control 61 Forest 90 Control 90

pH Organic 5.19 (0.12) 4.58 (0.06) 4.51 (0.07)

Upper 5.59 (0.09) 6.00 (0.14) 5.54 (0.21) 5.88 (0.16 ) 4.94 (0.18) 6.02 (0.07)

Lower 5.80 (0.10) 5.86 (0.16) 5.85 (0.11) 5.33 (0.17) 5.71 (0.15) 6.04 (0.10)

LOI Organic 0.45 (0.10) 0.85 (0.04) 0.90 (0.02)

Upper 0.11 (0.01) 0.11 (\ 0.01) 0.08 (0.01) 0.12 (0.01) 0.14 (0.01) 0.11 (0.01)

Lower 0.08 (0.01) 0.09 (\ 0.01) 0.07 (0.01) 0.09 (\ 0.01) 0.12 (\ 0.01) 0.08 (\ 0.01)

Feox Organic 0.76 (0.21) 0.06 (0.02) 0.04 (0.02)

Upper 1.50 (0.04) 1.08 (0.06) 1.02 (0.32) 0.81 (0.03) 0.73 (0.17) 1.23 (0.03)

Lower 1.84 (0.34) 1.22 (0.06) 2.27 (0.49) 0.92 (0.07) 1.26 (0.05) 1.30 (0.04)

Fedit Organic 3.42 (0.65) 1.11 (0.22) 0.80 (0.11)

Upper 8.38 (0.38) 5.72 (0.51) 8.75 (1.51) 7.15 (0.54) 5.38 (0.63) 6.77 (0.25)

Lower 9.29 (1.01) 5.65 (0.59) 15.15 (2.72) 7.20 (0.45) 7.23 (0.20) 7.02 (0.38)

Fetot Organic 11.9 (1.74) 1.69 (0.84) 1.09 (0.19)

Upper 16.7 (0.58) 16.4 (1.29) 11.4 (3.90) 10.4 (0.35) 11.2 (0.52) 13.6 (0.40)

Lower 17.6 (1.01) 18.4 (1.54) 23.3 (6.12) 12.15 (0.59) 16.3 (0.90) 15.1 (0.75)

LOI is given as weight fraction of dry soil. Units for Feox, Fedit and Fetot are mg g-1 dry soil. Values in brackets represent standard

error, n = 5, except for Fetot, where n = 3
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as an effect of stand age or depth. The XRD analysis

showed that all mineral soils were highly dominated

by quartz (Fig. S1).

Soil solution

Chemistry

Chemistry of the soil solution was highly variable

within plots and over time, but some patterns could be

discerned (Fig. 3). pH in the soil solution was

distinctly lower in the forested than in control plots,

for both the shallow (pHcontrol 5.6 ± 0.05; pHforest

4.2 ± 0.04) and deep (pHcontrol 5.6 ± 0.03; pHforest

4.6 ± 0.05) lysimeters. Moreover, pH was consis-

tently lower in the plots with 61- and 90-year old forest

than in the 35-year old forest. Thus, across all plots and

depths, most of the variation in pH could be attributed

to forest stand age where lower pH was explained by

increasing age of spruce stands when control plots

were considered as 0 years old (SRCall = - 0.68). In

forested plots, pH was lower at shallow depth

(SRCforest = 0.20), while in the control plots pH was

independent of depth (SRCcontrol = - 0.01).

DOC concentrations in shallow lysimeter solution

were highest in the 90- and 61-year old forest plots

(55 ± 5.4 and 38 ± 5.2 mg/L), while there was little

difference between the 35-year old forest and control

plots (28 ± 3.2 and 22 ± 2.1 mg/L; Fig. 3). In soil

solution from the deeper lysimeters, DOC was still

generally highest in the 90-year old forest

(24 ± 1.1 mg/L), while concentrations from the 35-

and 61-year old forest were not higher than in control

plots (9 ± 1.4, 14 ± 1.8 and 15 ± 1.2 mg/L). Across

all plots, 72% of the variance in DOC could be

explained by the PLS model (Table S2). In forested

plots, DOC concentrations increased with stand age

(SRCforest = 0.17) and were negatively correlated with

depth (SRCforest = - 0.25). In control plots, variation

in DOC was not explained by depth (SRCcontrol-

= - 0.08). The control plots showed seasonal vari-

ability, with DOC concentrations being higher in early

fall, while forested plots did not exhibit any clear

seasonal pattern.

Similarly to DOC, Fe concentrations were highest

in lysimeters in the shallow soil of the 90- and 61-year

old forest (1.1 ± 0.19 and 0.8 ± 0.07 mg/L respec-

tively), while concentrations in the 35-year old forest

(0.29 ± 0.04 mg/L) were similar to those of control

plots (0.20 ± 0.02 mg/L; Fig. 3). Fe concentrations in

the solution from deeper lysimeters were overall

considerably lower (0.12 ± 0.001), and there were no
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clear differences between forest and control plots.

Across all plots and depths, 62% of the variance in Fe

concentrations could be explained by the PLS models.

DOC explained most of that variation (SRCall = 0.49),

while a smaller part was explained by stand age

(SRCall = 0.13) and depth (SRCall = - 0.23).

Among the forested plots, 67% of the variance in Fe

could be explained, with DOC being the strongest

correlated (SRCforest = 0.43) along with depth

(SRCforest = - 0.24), pH (SRCforest = - 0.19) and

stand age (SRCforest = 0.10). In control plots, 77% of

the variation in Fe could be explained and was again

best correlated with DOC (SRCcontrol = 0.43), posi-

tively correlated with pH (SRCcontrol = 0.20) and

negatively with depth (SRCcontrol = - 0.12). In the

control plots, Fe seemed to follow a similar temporal

pattern as DOC, with higher concentrations in early

autumn.

Of the other metals, Al concentrations in forested

plots were positively correlated with DOC (SRCforest-

= 0.19) and conductivity (SRCforest = 0.17), while

there was a weak correlation with both pH (SRCforest-

= 0.09) and Fe (SRCforest = 0.10). Al and Fe were

positively correlated in the shallow, but negatively in

the deep forest soil solution samples (SRCshallow-

= 0.18; SRCdeep = - 0.23), while Al, like Fe, was

positively correlated with DOC at both depths

(SRCshallow = 0.20; SRCdeep = 0.39). In the control

plots, Al and Fe were positively correlated (SRCcon-

trol = 0.23). Mn was poorly correlated to both Fe and

DOC in all plots and depths (Fig. S2). In the forested

plots, Mn was correlated with NO3
- (SRCforest-

= 0.23) and conductivity (SRCforest = 0.13), while

in the control plots it was correlated with Al

(SRCforest = 0.23) and pH (SRCforest = -0.18). Only a

small proportion of variation in Si could be explained

for both forest (18%) and control (34%) plots. Si was

not correlated with Fe at any of the combination of

analysed plots or depths.

Iron speciation in soil water

The strong Fe–Fe scattering detected in soil samples

(Table S3, Fig. S3), was absent in soil solution

samples, from both control and forest plots. In soil

solution samples only Fe–O, Fe–C and Fe–C–O

scattering paths contributed to the total EXAFS,

indicating a dominance of mononuclear Fe-OM com-

plexes (Fig. 4, Table S4, Fig. S4). That Fe in soil

solution was bound to OM as a mononuclear complex

was further confirmed by linear combination fitting of

the EXAFS region, which showed that Fe(III)-NOM

was the only reference spectra aligning with the soil

solution samples. The integrated pre-edge centroid

position and intensity (Fig. S5), indicated that all the

samples were dominated by six-coordinated Fe(III).

Geochemical modelling suggest that almost all

(95–100%) of the Fe in solution was present in the

form of Fe(III) complexed with OM (Table 2), which

is in line with results obtained from XAS. In all plots,

soil solutions were under-saturated with respect to

ferrihydrite and over-saturated with both goethite and

hematite.

Discussion

Iron in soil solution

The overarching aim of this study was to understand

how mobility of Fe in soils is affected by the age of

spruce stands and associated soil process. In line with

our hypothesis, we observed higher Fe concentrations

in shallow soil solution of older spruce stands—by

5-andd 6-fold under 61- and 90-year old forest

respectively—than in arable control plots. Fe concen-

trations under 35-year old forest did not differ from

Fig. 4 Fe K-edge EXAFS spectra (a) and corresponding

Fourier transforms (b), for one representative soil solution

sample (top; 61y forest deep) and one representative soil sample

(bottom; 61y forest lower mineral). The dashed vertical lines in

B are visual guides for Fe–O (left) and Fe–Fe (right) peaks
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control plots, suggesting that soil processes that

enhance Fe mobilization are linked to the slow and

gradual buildup of organic moor layers. Elevated Fe

concentrations have previously been found in soil

solution under spruce trees, compared to areas without

trees but the same ground vegetation in the Taiga

(Lukina et al. 2018). Higher Fe concentrations in soil

solution under spruce forest compared to grasslands

were also reported in Wales, UK (Hughes et al. 1990).

While the effect of older forest was clear in soil

solutions collected from shallow lysimeters, Fe con-

centrations in the deeper lysimeters were drastically

lower and not affected by the presence of spruce.

Analyses of soil solution chemistry revealed a tight

connection between Fe and DOC. Like for Fe, the

highest DOC concentrations were found in the soil

solution from shallow lysimeters of the older spruce

stands, i.e. twofold higher than in corresponding

controls, while DOC under 35-year old forest did not

deviate from the control. Higher DOC concentrations

were widely found in coniferous forest soils than in

broadleaved forests (Camino-Serrano et al. 2014;

Strobel et al. 2001). This is the result of higher OM

accumulation in coniferous and particularly spruce

forests soils, especially in surface O-layers (Hagen-

Thorn et al. 2004; Hansson et al. 2013). However, the

current and previous studies demonstrate that the

accumulation of OM in spruce forest soils is slow,

meaning that it takes several decades, before they

become elevated in DOC, and thereby an increased

source of DOC (Cerli et al. 2006; Hagen-Thorn et al.

2004; Rosenqvist et al. 2010b). Despite the tight

coupling between Fe and DOC concentrations in the

current dataset, Fe concentrations under older spruce

stands were much more elevated than DOC concen-

trations. That the response in Fe was not proportional

to DOC, suggests that enhanced mobilization of Fe

cannot be solely due to a quantitative change in DOC,

but may also link to composition of DOC, chemical

factors or biotically mediated processes.

The speciation of Fe in soil solution using XAS

confirmed the strong link between Fe and DOC

mobilization. Mononuclear Fe-OM complexes domi-

nated in all soil solution samples, and no ferrihydrite

or crystalline Fe minerals were detected (Fig. 4,

Table S4, Fig. S4). This result was in line with

geochemical modelling, predicting C 95% of Fe to be

complexed by organic matter and most solutions being

under-saturated with respect to amorphous ferrihydriteT
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(Table 2). FTIR data further supports that carboxyl

groups, which have been found to be key to complex-

ation of Fe (Karlsson and Persson 2012), were a

dominant feature of the dissolved OM in this study

(data not shown). The dominance of mononuclear Fe

complexes, demonstrated that this is the prevailing

structure of Fe translocation from superficial soil

layers, and that OM likely controls Fe solubility since

organic complexation suppresses the hydrolysis of Fe

(Karlsson and Persson 2012).

Dominance of mononuclear Fe complexes and

absence of FeOOH in soil solution is also in line with

XAS results from a boreal catchment (Sundman et al.

(2014) and ATR-FTIR and thermodynamic modelling

of soil solution from a temperate spodosol (Bazilevs-

kaya et al. 2018). In lake water however, Sjöstedt et al.

(2013b), found a combination of mononuclear Fe(III)-

OM complexes and ferrihydrite, as well as hydrated

Fe2?. This suggests that Fe(III)-OM complexes are

reduced along the aquatic continuum, likely through

photochemical reduction (Collienne 1983), and that

the resulting Fe(II) can re-oxidize and precipitate as

ferrihydrite in lake waters (Helms et al. 2013;

Neubauer et al. 2013).

Iron phases in the soil profiles

Observations of higher Fe concentrations with increas-

ing stand age in the shallow, but not in the deeper

lysimeters, suggest that upon vertical transport Fe-OM

has been adsorbed or precipitated as Fe oxides. XAS

analyses revealed significant contributions of both

organically complexed Fe and ferrihydrite to the Fe

soil pool at all depths, and is in accordance with recent

mobilization of Fe followed by either complexation

with OM or hydrolysis and precipitation of FeOOH.

However, the major pool of secondary Fe in all soil

horizons consisted of crystalline phases (goethite and

hematite). This was in line with the geochemical

modelling results showing that solutions collected

from both depths and all plots were supersaturated

with respect to goethite and hematite (Table 2).

Accordingly, these phases are thermodynamically

stable at the conditions prevailing in these soils. Very

likely, the more soluble and reactive phases, ferrihy-

drite and Fe-OM, are being transformed to these

crystalline phases with time. This process however, is

significantly slowed down by the presence of OM,

which, together with pH also determines the type of

newly formed Fe minerals in soil (Colombo et al.

2015; Cornell and Schwertmann 1979; Pédrot et al.

2011). The main constituents of the soil Fe pool in this

study (mononuclear Fe(III)-OM complexes, ferrihy-

drite, goethite, hematite and biotite) conformed with

findings from previous studies that probed boreal soils

with high organic content (Karlsson et al. 2008;

Sundman et al. 2014).

Due to weathering of primary minerals there will be

a continuous supply of Fe to the more reactive pools.

The translocation of Fe in the soil profile upon

plantation of spruce is indicated by the fact that

extractable Fe was elevated in the lower compared to

the upper mineral layers of forest plots, but not of

control plots. This is also in line with other studies

showing that concentrations of extractable Fe in

mineral soils were higher decades after reforestation

with coniferous forest, than when the land remained

cultivated for agriculture (Li and Richter 2012; Li

et al. 2008). In the present study, differences in Fe

characteristics in the soil matrix were much less

pronounced than differences in soil solution Fe

concentrations, reflecting the slow turnover of much

of the Fe in the soil.

What we observed in the soils below older forest

stands may well be early signs of podsolization, where

Fe is mobilized and translocated by organic acids

downward in the soil horizon. In the lower mineral

soil, microbial degradation of organic compounds

results in higher Fe:OC ratios and subsequent adsorp-

tion of Fe-OM on mineral surfaces or precipitation of

Fe as ferrihydrite (Lundström et al. 1995; Lundström

et al. 2000a; Lundström et al. 2000b). Podzol forma-

tion is a slow process, which takes hundreds of years

depending on climate, soil conditions and former land-

use (reviewed in Lundström et al. (2000a)), but is

accelerated in soils under spruce forest, owing to the

higher accumulation of OM (Sohet et al. 1988). In this

study, the oldest soils have only had 90 years to

develop under spruce forest, which was likely the

reason that we did not observe any clear changes in

mineral soil Fe speciation as an effect of stand age.

Mobilization of Fe from soils

While we could demonstrate that organic complexa-

tion is controlling translocation, these results do not

reveal the mechanism that provides soluble Fe to a

larger extent in soil under older spruce forest. In
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theory, higher Fe concentrations may originate from

the higher deposition of Fe-containing litter. A

simplified mass balance calculation (Eq. 1), where

input of Fe from litter deposition (Felitter;

30.8 mg m-2 year-1 for * 60-year old Norway

spruce forest in Tönnersjöheden (Hansson et al.

2011)) was compared to Fe concentration in soil

solution of the 61-year old stand from this study ([Fe];

0.84 mg L-1) and modelled annual water recharge

(i.e., water leaching flux) for 65–92 year old spruce

forest at the site (Q; 468 L m-2 year-1, Rosenqvist

et al. (2010a)), indicate that only 8% of the Fe leached

from the upper soils layers can be sustained by Fe

originating from the annual litter fall.

Fein
Feout

¼ Felitter
Q� ½Fe� ð1Þ

Although this is a simplified flux calculation, it does

imply that there need to be other sources of Fe to

sustain the high Fe flux in soil solution leaving the

topsoil in the older spruce stands. It is therefore likely

that a significant fraction of the Fe found in soil

solution originates from soil minerals. The mobiliza-

tion of Fe from mineral phases may be driven by

weathering in the top soil, but may also take place in

lower parts of the soil and be transported to more

shallow soil layers by roots or mycelia.

Mobilization of Fe to soil solution depends on

dissolution rates of mineral Fe phases and Fe solubility

in soil solution. Dissolution of Fe is governed by three

main processes; proton promoted dissolution, reduc-

tion and ligand promoted dissolution, with the rates of

these processes being controlled by pH, redox poten-

tial and OM (Schwertmann 1991). For soils dominated

by FeOOH, like in this study, solubility increases with

lower pH in soil solution (Tyler and Olsson 2001). pH

was lower in the soil solution below older forest

stands, which will enhance proton-promoted dissolu-

tion and the solubility of Fe. However, the relatively

weak correlation between Fe and pH indicates that pH

was likely not the most important factor promoting Fe

mobilization. Moreover, thermodynamic modelling

suggests that the effect of lowering pH (from 5 to 4) at

a similar DOC concentration would enhance solubility

by less than 50%, and thus could not alone explain the

observed (fivefold- and sixfold) increase in Fe con-

centration under older forest stands.

Another Fe mobilization pathway is through reduc-

tive dissolution of mineral Fe phases in low oxygen

environments, where Fe(III) is the preferred electron

acceptor for microbial respiration (Schwab and Lind-

say 1983; Weber et al. 2006). Reducing conditions

have been proposed as important for mobilization of

Fe from catchment soils to surface waters (Ekstrom

et al. 2016; Knorr 2013; Sarkkola et al. 2013). In the

riparian zone of a boreal stream, Fe(II) was found in

Fe-OM complexes (Sundman et al. 2014), which

indicates reductive mobilization in periodically water-

logged soils. However, while reducing conditions may

exist in micro-environments in the well-drained soils

of this experiment, they are unlikely to be prevalent

enough to be the major driver of Fe mobilization. The

fact that Fe(III) was the prevailing redox state is in line

with predominantly oxidizing conditions. Neverthe-

less, it is possible that Fe was reductively dissolved

and that Fe(II) was oxidized and stabilized by OM

complexation.

Organic molecules which promote dissolution of

mineral forms of Fe can be a byproduct of OM

decomposition, or can be actively excreted by plants

and microorganisms to mobilize Fe (Jones et al. 1996;

Robinson et al. 1999; Schmidt 1999) or phosphorus

from mineral surfaces (Johnson and Loeppert 2006).

Low molecular weight organic acids, excreted by

mycorrhiza, are indicated to contribute to mineral

weathering and Fe complexation in podzolized soils

(Lundström et al. 2000b). While dissolutions of

crystalline Fe minerals in the presence of organic

acids such as oxalate, malate and citrate has been

suggested to be rather slow (Reichard et al. 2007), the

rate of dissolution may be underestimated due to

reabsorption of organic acid-Fe complexes onto

mineral surfaces (Loring et al. 2008). Mineral Fe

dissolution rates drastically increase in the presence of

siderophores, produced by plants or microorganism,

which complex labile Fe and remove it from the

mineral surface, allowing for new labile Fe formation

and recycling of organic acids (Reichard et al. 2007).

In addition, Fe has been found to be reduced or

oxidized by microorganisms, to produce reactive

oxygen radicals that can help degrade complex OM

such as lignin and proteins (Goodell et al. 2006; Op De

Beeck et al. 2018). Some fungi also secrete extracel-

lular metabolites that reduce FeOOH, producing Fe2?,

which then acts as a reagent in the Fenton reaction

(Fe2? ? H2O2 ? H? ? Fe3? ? �OH ? H2O),

producing highly reactive hydroxyl radicals (�OH)

that drive lignocellulose or protein decay (Krumina
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et al. 2017; Op De Beeck et al. 2018; Zhu et al. 2016).

These reactions have been shown to be favored at low

pH (3–4) and are mostly present in brown-rot fungi but

are also utilized by some ectomycorrhizal fungi

(Lindahl and Tunlid 2015), such as Paxillus involutus

a common Norway spruce symbiont (Pignatello et al.

2006; Shah et al. 2015). It has been found that as forest

stands age, less C is allocated to ectomycorrhizal

fungi, at the same time as soil C:N ratios increase

(Wallander et al. 2010). This leads to a succession in

the fungal community, where the abundance in fungi

capable of mobilizing nutrients (N, P) from complex

organic matter increases (Kyaschenko et al. 2017).

One could therefore expect that in older forest stands,

fungi produce more reducing extracellular metabo-

lites, in order to access nutrients in the more complex

OM sources, which in turn could lead to higher Fe

mobilization. Although the potential of fungi induced

Fenton reactions in mobilizing soil Fe have not been

studied in natural environments, Björnerås et al.

(2019) suggested that they could partially explain

mobilization of Fe from organic spruce forest soils in a

microcosm experiment.

Afforestation influences export of Fe and DOC both

by regulating biogeochemical processes in soils, as

discussed above, and by altering hydrology (Bowering

et al. 2020). The water fluxes to and through the soils

differ with e.g. stand age, tree density and understory

vegetation (Rosenqvist et al. 2010a). A recent study

demonstrated that despite lower soil organic carbon

stocks, the flux of DOC from a harvested forest plot

was higher than that from an 80-year old spruce stand,

since the water flux through the soil was so much

larger (Bowering et al. 2020). Coniferous afforestation

increases interception and evapotranspiration, with a

subsequent reduction in soil water flux that is most

pronounced for young stands (Rosenqvist et al.

2010a). For the specific area studied here, modelled

water leaching flux was lower in 30–40 years old

spruce stands, than in older stands ([ 60 years,

Rosenqvist et al. (2010a)). Thus, differences in Fe

and DOC fluxes between the young and old stands of

this study were probably larger than the difference in

concentration. Regional budgets of Fe and DOC fluxes

need to consider that both biogeochemical and

hydrological processes are regulated by land cover.

Conclusions and implications

The higher soil Fe mobilization under older stands of

Norway spruce, which we show here, is in line with

previous suggestions that trends of increasing Fe

concentrations and water color in surface waters are at

least partly linked to afforestation (Björnerås 2019;

Škerlep et al. 2020). It also corresponds with the

finding that long-term increases of Fe concentrations

are more frequently found in catchments with high

coniferous vegetation cover (Björnerås et al. 2017).

Since vertical flow of soil solution results in precip-

itation and/or adsorption of Fe, lateral flow is a more

likely route for the organically complexed Fe to reach

surface waters. Hydrology exerts a primary control on

site specific fluxes of Fe and DOM and also on which

parts of the catchment that are hydrologically con-

nected, with forested surface soil layers being the

dominant source of Fe and DOM at high flow and

wetlands dominating at low flow in boreal catchments

(Bjorkvald et al. 2008; Laudon et al. 2011). Previous

studies show that the contribution of organically

complexed Fe in boreal running waters is elevated

during high flow conditions and closer to the terrestrial

source, i.e. lower order streams (Herzog et al.

2019, 2020). At the terrestrial-aquatic interface of

forested catchments, riparian zones with high OM

content have a strong influence on stream water

chemistry (Ledesma et al. 2018; McClain et al. 2003),

and soil solution in riparian zones is highly enriched in

Fe compared to upland soils (Lidman et al. 2017).

Furthermore, topographical depressions in the land-

scape create hydrological focal points—discrete ripar-

ian inflow points (DRIPs)—that can have a

disproportionally high influence on stream water

chemistry (Ploum et al. 2020). When predicting the

effects of land-use on exports of Fe to surface waters it

is therefore important to consider hydrological con-

nectivity, as well as Fe mobilization. Continued

forestry intensification and aging of spruce forest

may lead to further increase in surface water Fe

concentrations and browning of freshwaters.

Acknowledgements We would like to thank Dimitrios

Floudas, for critical inputs on the manuscript. We would also

like to acknowledge The Swedish Research Council Formas,

The Royal Physiographic Society, Kungl. Skogs- och

Lantbruksakademien for providing funds for the project.

Synchrotron work was conducted at beamline line 4-1 at the

Stanford Synchrotron Radiation Lightsource (SSRL),

123

286 Biogeochemistry (2022) 157:273–290



California, USA. Use of the Stanford Synchrotron Radiation

Lightsource, SLAC National Accelerator Laboratory, is

supported by the U.S. Department of Energy, Office of

Science, Office of Basic Energy Sciences under Contract DE-

AC02-76SF00515. The SSRL Structural Molecular Biology

Program is supported by the DOE Office of Biological and

Environmental Research and by the National Institutes of

Health, National Institute of General Medical Sciences

(including P41GM103393). The contents of this publication

are solely the responsibility of the authors and do not necessarily

represent the official views of NIGMS or NIH. Author
contributionsAll authors contributed to the study conception

and design. All authors at different parts of the research process

performed material preparation, data collection and/or analysis.
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Sjöstedt C, Andrén C, Fölster J, Gustafsson JP (2013a) Mod-

elling of pH and inorganic aluminium after termination of

liming in 3000 Swedish lakes. Appl Geochem 35:221–229
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