
1. Introduction
Iron is the fourth most abundant element on earth and the second most abundant metal in the crust. The Fe(II)/
(III) redox couple is tightly connected to the cycles of other elements of geochemical interest: in particular C, O, 
N, and S (Melton et al., 2014). The interaction of Fe with these elements has evolved through geological time and 
defined ocean and atmospheric chemistry (Raiswell & Canfield, 2012). In soils and aquatic sediments, the sta-
bility of Fe is closely related to the presence of organic carbon (OC; Lalonde et al., 2012). As an electron donor, 
OC facilitates the microbial dissimilatory Fe reduction leading to the dissolution of soil Fe(III) (oxy)hydroxides 
and possibly to the release of Fe(II) ions. Moreover, OC prevents the oxidation and subsequent immobilization of 
ferrous Fe in Fe(II) organo-complexes (Fuss et al., 2011) and can also mobilize Fe non-reductively via leaching 
of Fe(III) complexes (Neal et al., 2008). Furthermore, OC inhibits the diagenetic transformation of poorly or-
dered Fe hydroxides such as ferrihydrite to more crystalline and more stable Fe minerals like goethite (Adhikari 
et al., 2017). Deeper insights into the geochemical interactions between Fe and OC have recently improved our 
process understanding of Fe reduction and Fe mineral formation (Pan et al., 2016; Zhao et al., 2017). However, it 
remains a challenge to transfer this knowledge to the catchment scale.

Abstract Fe(III) hydroxides stabilize organic carbon (OC) and P in soils. Observations of rising stream Fe 
concentrations are controversially posited to result from a flushing of iron-rich deeper soil layers or a decrease 
of competing electron acceptors inhibiting Fe reduction (𝐴𝐴 NO3

− and 𝐴𝐴 SO4
2− ). Here, we argue that catchment 

topography constrains the release of Fe, OC, and P to streams. We therefore incubated organic topsoil and 
mineral subsoil and modified the availability of 𝐴𝐴 NO3

− . We found that Fe leaching was highest in topsoil. Fe, 
OC, and P released at quantities proportional to their ratios in the source soil. Supply of 𝐴𝐴 NO3

− reduced Fe 
leaching to 18% and increased pore water OC:Fe and P:Fe ratios. Subsoil, however, was an insignificant Fe 
source (<0.5%). Here, the leached quantities of Fe, OC and P were highly disproportionate to the soil source 
with an excess of released OC and P. We tested if experimental findings scale up using data from 88 German 
catchments representing gradients in 𝐴𝐴 NO3

− concentration and topography. Average stream Fe concentrations 
increased with decreasing 𝐴𝐴 NO3

− and were high in catchments with shallow topography where high groundwater 
levels support reductive processes and topsoils are hydrologically connected to streams; but Fe concentrations 
were low in catchments with steep topography where flow occurs primarily through subsoils. OC:Fe and 
P:Fe ratios in the streams similarly varied by 𝐴𝐴 NO3

− and topography. This corroborates the findings from the 
laboratory experiment and suggests that catchment topography and competing electron acceptors constrain the 
formation of Fe-reducing conditions and control the release of Fe, OC, and P to streams.

Plain Language Summary Iron is the second most abundant metal in the crust; its cycle is tightly 
connected to those of carbon, oxygen, and sulfur. The oxidized form (FeIII) is almost insoluble, but Fe can 
be mobilized by complexation or microbial Fe reduction. Both processes depend on availability of organic 
C. We found that Fe concentrations in streams were constrained by the topography of catchments and 𝐴𝐴 NO3

− 
abundance. Shallower catchments are characterized by higher groundwater tables connecting the organic 
topsoils efficiently to streams. 𝐴𝐴 NO3

− suppresses Fe reduction as a competing electron acceptor to Fe. We 
conclude that trends in soil wetness or atmospheric N deposition can change the stability of Fe and thus the 
release of 𝐴𝐴 PO4

3− and harmful metals to surface waters.
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Fe concentrations in surface waters throughout Europe have been observed to increase over time since the late 
1980s and early 1990s. Positive trends were reported from the UK, Sweden, Finland, and Germany, typically 
coinciding with positive trends in OC (Musolff, Selle, Büttner, Opitz, & Tittel, 2017; Neal et al., 2008; Sarkkola 
et al., 2013; Wällstedt et al., 2010). At present, Fe concentrations have already increased in 28% of streams and 
lakes in European and to a lesser extent also in North American water bodies (Björnerås et al., 2017). This poses 
the risk that, together with Fe, formerly adsorbed compounds such as OC, 𝐴𝐴 PO4

3− , or harmful elements (As and 
Pb) will be remobilized and delivered to aquifers or surface waters. Two major lines of arguments explaining the 
upward trends are considered. First, more intense flushing of catchment soils induced by an increase in precip-
itation caused positive Fe trends (Björnerås et al., 2017). Deep mineral soil layers were the assumed sources as 
they are rich in Fe as well as in Si, which exhibited similar trends as Fe in surface waters (Björnerås et al., 2017; 
Weyhenmeyer et  al.,  2014). However, other studies concluded that organic-rich riparian topsoils must be the 
source (Ekström et al., 2016; Lidman et al., 2017). Second, more reductive conditions had decreased the stability 
of Fe(III) hydroxides in soils (Ekström et al., 2016), possibly driven by decreasing availabilities of competing 
electron acceptors such as 𝐴𝐴 SO4

2− (Björnerås et al., 2017) or 𝐴𝐴 NO3
− (Musolff, Selle, Büttner, Opitz, & Tittel, 2017).

Here, we argue that the catchment topography predetermines an initial setting that constrains the amount of Fe, 
OC, and P released to the stream. More specifically, catchments with steep hillslopes and narrow riparian areas 
are typically characterized by a low groundwater table relative to the stream (Grabs et al., 2012). The topsoil 
remains hydrologically disconnected during most of the time and, therefore, the mineral subsoil is the principal 
source layer of stream water (Bishop et al., 2004; Grabs et al., 2012). In contrast, shallow catchments are typically 
characterized by a high groundwater table. Here, topsoils in the stream vicinity largely generate discharge with 
rainfall events as their high lateral hydraulic conductivities facilitate a more efficient connection to the stream 
than in deeper layers (Bishop et al., 2004). Hence, organic surface soils are hydrologically activated and become 
the dominant sources of stream solutes (Seibert et al., 2009).

In our hypothesis, we refer to the two introduced lines of arguments addressing the upward Fe trends. We hypoth-
esize that strongest Fe exports originate (a) from topsoils of shallow catchments owing to their high OC contents 
and their efficient hydrological connection to the stream if (b) they are located in areas with low abundance of 
competing electron acceptors. We incubated organic surface soil (topsoil) and mineral subsoil in order to simu-
late the leaching under conditions of high groundwater tables frequently occurring in shallow catchments and of 
low groundwater tables typical for steeper catchments, respectively. We modified the availability of competing 
electron acceptors by 𝐴𝐴 NO3

− supply. On the basis of the experimental results, we derived a conceptual framework 
of Fe export and OC quality in catchments with different topography and redox conditions defined by abundance 
of 𝐴𝐴 NO3

− . Finally, we tested the predictions with an evaluation of observed stream water chemistry from a large 
variety of catchments and elucidated the drivers of Fe concentration trends.

2. Methods
2.1. Soil Samples

Soil samples were taken in November 2017 at mid altitudes (425–470 m) of the Harz Mountains, Germany. 
The sampling point Z2 was located 2 m away from a first order stream in a steep catchment forested by spruce 
(51.85312°N and 10.61322°E). The soil represents a cambisol (World Reference Base for Soil Resources—WRB) 
with a humus-rich topsoil layer (Ah horizon, 0–8 cm) overlaying a brown coarse silt-loam horizon (Br) extending 
to ∼40 cm depth. The soil was collected in five depth intervals (0–8, 8–20, 20–29, 29–32, and 32–41 cm) using 
a Pürckhauer soil boring rod and transported in zipper plastic bags. Two additional soil profiles were obtained in 
adjacent watersheds (Table S1 in Supporting Information S1).

After stones and bigger roots had been removed, the soil samples were air-dried, sieved (2 mm mesh size) and 
pestled. To estimate the dry weight (DW), the samples were dried at 105°C overnight and stored in a desiccator. 
For total Fe quantification aliquots of 250 mg DW were digested with aqua regia (6 mL HCl 37%, 2 mL HNO3 
65%) in quartz microwave vessels and a pressure- and temperature-controlled microwave (CEM MARS 6). The 
Fe concentrations were measured by inductively coupled plasma optical emission spectrometry (ICP-OES, Opti-
ma 7300 DV, Perkin Elmer) according to DIN EN ISO 11885 (E22). Soil OC and N were quantified with a Vario 
EL (Elementar, Hanau, Germany) analyzer after acid treatment (30% HCl, Suprapur, Merck). Soil P was analyzed 
photometrically (Skalar, The Netherlands) after ignition (550°C, 2 hr) and digestion with hot HCl (DIN 38414). 
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The stable Fe isotope (δ57Fe) analysis followed the methods of Schuth et al. (2015) using a Thermo-Finnigan 
(Bremen, Germany) Neptune multicollector inductively coupled plasma mass spectrometer. Details are described 
in the Supporting Information S1.

2.2. Experiment

For the leaching experiment, soil material was collected in September 2017 in a pit at station Z2 from the organ-
ic-rich topsoil layer (0–8 cm depth, Ah horizon) and from a mineral subsoil layer (8–20 cm depth, Br horizon). 
The catchment was characterized by steep slopes and low topographic wetness indices (TWI90 7.6, see below), 
which we infer to indicate that mineral subsoils are the source of stream solutes during dry and moderately wet 
conditions (see Section 1). With respect to our experiment, we refer to the sample material as 'topsoil' and 'sub-
soil'. The soil was air dried and sieved (2 mm). Compared to the use of soil monoliths this procedure has the dis-
advantage that it perturbs the soil structure. However, larger inhomogeneities (e.g., bigger roots, worms, stones) 
could be removed. A quantity of 200 g of either topsoil or of subsoil was placed in each of triplicate throughflow 
vessels (flat flange beakers of 2 L volume equipped with flat ground flange lids with four ground joint necks, 
Schott, Figure S1 in Supporting Information S1). The soil was covered at the bottom and at the surface by pre-
combusted (500°C, 4 hr) GF/A (Whatman) glass fiber filters, nylon mesh (100 μm) as well as 3 cm thick layers 
of acid-rinsed (0.1N HCl) and sonified gravel of ∼5 mm size (Figure S1 in Supporting Information S1). Liquid 
medium was drained through the soil into sampling bottles at a rate of 1 L day−1 using peristaltic pumps (Min-
ipuls 3, Gilson). The medium reservoirs, throughflow vessels and sampling bottles were continuously flushed 
with ultrahigh purity (UHP) nitrogen. The liquid medium resembled the ionic composition of pore water (KCl 
0.084 mmol L−1, NaHCO3 0.77 mmol L−1, CaCl2 0.41 mmol L−1, and MgSO4 1.25 mmol L−1) assuming concen-
trations four times higher than measured in stream Z2 during routine monitoring. To test the release of Fe under 
non-Fe reducing and under Fe-reducing conditions, 𝐴𝐴 NO3

− was supplied with the liquid medium (0.86 mmol L−1) 
as a competing electron acceptor to Fe(III) from start until day 52. 𝐴𝐴 NO3

− was not supplied on days 43–45 due to a 
technical incident. However, this did not affect the experiment as 𝐴𝐴 NO3

− remained available in the soil pore water. 
The experiments were run for 127 days at a temperature of 20°C in the dark.

Samples for probe measurements (pH, redox) and chemical analyses of dissolved Fe, 𝐴𝐴 NO3
− , dissolved organic 

carbon (DOC), and 𝐴𝐴 PO4
3− (soluble reactive phosphorus, SRP) were taken two to six times per week from the 

medium that had accumulated in sampling bottles over the last 24 hr. The samples were filtered in a nitrogen 
atmosphere and by low vacuum (150 hPa) using 0.2 μm pore size polycarbonate membranes (Nuclepore, What-
man) except those for DOC, which were passed through pre-combusted glass fiber filters (GF/F, Whatman). The 
dissolved Fe and trace element samples were stabilized by HNO3 (Suprapur, Merck, 65%; 200 μL/15 mL). To 
examine effects of dissolved organic matter (DOM) composition on Fe release, samples for DOM molecular com-
position and DOC radiocarbon (14C-DOC) were derived at time points characterizing non-Fe reductive (day 52) 
and Fe-reductive conditions (day 68 in topsoil experiment, day 85 in subsoil experiment), respectively. Samples 
were passed through GF/F filters, acidified to pH 2.0 by HCl, bubbled for 2 hr by N2 and stored at 4°C in the dark 
until extraction. Glassware was acid rinsed (1N HCl) and baked (500°C, 4 hr). We follow the standard protocol 
for DOM sample storage and extraction (cf., Dittmar et al., 2008; Raeke et al., 2016). We did not see any sign of 
precipitation and the average extraction efficiency in our sample set was within expected ranges (49 ± 14%). The 
details are described in the Supporting Information S1. The 14C-DOC samples were evaporated and freeze-dried 
(Tittel et al., 2013). Furthermore, samples for dissolved Si and 𝐴𝐴 NH4

+ analyses were filtered using 0.2 μm pore 
size membranes.

The pH was measured in sampling bottles by a SenTix 81 probe (WTW) and the redox potential was recorded 
by a BlueLine 31 rx platin electrode (Schott). Readings were corrected to a standard (220 mV) and referred to 
pH 7 and the normal hydrogen glass electrode (Mansfeldt et al., 2012). Concentrations of 𝐴𝐴 NO3

− , SRP, and Si 
were measured photometrically using standard wet chemical protocols (ISO 15923-1:2013). Fe concentrations 
were measured by ICP-OES (Perkin Elmer 7300 DV) while trace elements were measured by ICP-MS (8800 
Triple Quad, Agilent, Santa Clara, USA). DOC was quantified by near-IR absorption (Dimatoc 2000 analyzer, 
Analysentechnik Essen). DOM molecular composition was assessed via ultra-high resolution Fourier-transform 
ion cyclotron resonance mass spectrometry (FT-ICR MS) located at the ProVIS Centre for Chemical Microscopy 
within the Helmholtz Center for Environmental Research. Data evaluation was performed according to Lechten-
feld et al. (2014). For simplicity, only mean ± SD values (of sample triplicates) from intensity-weighted average 
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molecular parameters are reported. The methods are described in the Sup-
porting Information S1. Radiocarbon abundances were analyzed by acceler-
ator mass spectrometry at the Poznan Radiocarbon Laboratory (Poland). The 
results (∆14C) refer to the oxalic acid II standard and were corrected for pro-
cess and instrument blanks and for fractionation (Stuiver & Polach, 1977).

2.3. Stream Data

We analyzed stream monitoring data from 88 catchments exhibiting a gradi-
ent in soil wetness defined by catchment topography. The streams supplied 
28 drinking water reservoirs in Germany and were relatively unaffected by 
point sources. While their catchment sizes ranged between 0.2 and 303 km2, 
69% of catchments were ≤5 km2, representing upstream conditions. The data 
were compiled as part of a larger data set (Musolff, Selle, Büttner, Opitz, 
& Tittel, 2017), which includes the area where the soil samples have been 
taken from (see above). We selected 88 streams from which dissolved Fe 
measurements were available. They were sampled for an average of 14 years 

at a frequency of 11 times per year. The locations and characteristics of the catchments as well as the methods of 
chemical analyses were described earlier (Musolff, Selle, Büttner, Opitz, & Tittel, 2017; Musolff et al., 2018). 
Samples were taken mainly on the basis of monthly routine monitoring programs conducted by the reservoir 
management authorities (Musolff, Selle, Büttner, Opitz, & Tittel, 2017). The UV attenuation was measured at 
254 nm, corrected for Fe (Poulin et al., 2014) and related to DOC concentration to calculate the specific UV ab-
sorption (SUVA). Annual means of Fe, 𝐴𝐴 NO3

− , and SRP concentrations as well as of SUVA were calculated after 
transforming the data to a normal-like distribution (Box & Cox, 1964). As a proxy of groundwater depth (Grabs 
et al., 2012; Ledesma et al., 2015) we calculated the topographic wetness index (TWI; Beven & Kirkby, 1979) 
based on 25 m digital elevation models (Musolff et al., 2018) as ln(a/tanß), which relates the upslope area of 
each raster cell a to the local slope ß. We used the 90th percentiles of the catchment TWI distributions (TWI90) 
in our analyses. The TWI90 characterizes the wetness of the wettest parts of a catchment, that is, the near-stream 
(riparian) area, which is the main source of Fe and other solutes in streams (Inamdar & Mitchell, 2006; Raymond 
& Hopkinson, 2003). Details were described earlier (Musolff et al., 2018).

3. Results and Discussion
3.1. Soil Profile

High contents of OC in the topsoil layer decreased rapidly with depth (Table 1), while total Fe concentrations 
increased 2.7 fold with increasing distance from the soil surface. This changed the molar OC:Fe ratios from 19 
at the surface to <3 below 8 cm depth. The enrichment of the stable isotope 57Fe below 29 cm depth is consistent 
with the adsorption of Fe in deeper soil layers. Two other profiles from adjacent watersheds provided widely 
similar results (Table S1 in Supporting Information S1). Field observations reported in Mansfeldt et al. (2012) 
and Schuth and Mansfeldt (2016) confirmed that Fe was removed from the rising Fe-rich groundwater owing to 
adsorption onto crystalline Fe(III) oxides in the mineral subsoil. The heavy 57Fe immobilizes preferentially at the 
mineral surfaces, even during reducing conditions in presence of a stable crystalline Fe oxide phase (Mansfeldt 
et al., 2012; Schuth & Mansfeldt, 2016; Schuth et al., 2015). The high Fe concentrations in the subsoil and the 
preferential immobilization of 57Fe together found here, suggest that there is a stable and efficiently adsorbing Fe 
oxide phase in deeper soil layers.

3.2. Fe Mobilization in Soil Experiments

At the beginning of the experiment, high amounts of Fe were released from topsoil (Figure 1, Tables S2 and 
S3 in Supporting Information S1) that can be attributed to the perturbation of the soil before incubation (Pracht 
et al., 2018; see Section 2). It took 50 days until the release of Fe leveled at 9 μmol L−1 under 𝐴𝐴 NO3

− supply. After 
𝐴𝐴 NO3

− supply was stopped, dissolved Fe rose and peaked at 48 μmol L−1 on day 68. Following that re-increase, 
the Fe concentrations gradually declined. The re-increase in Fe was associated with a decrease in standard redox 
potential from 22 to −54 mV. A subsequent batch experiment revealed that Fe(II) was the predominant form of 

Depth 
(cm)

Fet 
(mg 
g−1) δ57Fe (‰)

OC 
(mg 
g−1)

OC:Fet 
(mol 

mol−1)

Pt:Fet 
(mol 

mol−1)

OC:N 
(mol 

mol−1)

0–8 19.3 −0.15 ± 0.04 77.6 18.7 0.067 19

8–20 30.9 0.01 ± 0.02 15.4 2.3 0.021 12

20–29 29.8 −0.02 ± 0.03 17.8 2.8 0.031 12

29–32 34.8 0.16 ± 0.02 6.0 0.8 0.047 10

32–41 52.6 0.11 ± 0.03 2.4 0.2 0.021 7

Note. For the leaching experiment soil from 0 to 8 cm (topsoil) and 8 to 20 cm 
depth (subsoil) was used. Further vertical profiles of other catchments are 
given in Table S1 in Supporting Information S1. Fet, total iron; OC, organic 
carbon; Pt, total phosphorus; δ57Fe, mean ± 2SD of triplicate measurements.

Table 1 
Chemical and Fe Isotope Characterization of the Soil From Station Z2
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leached Fe from the topsoil in absence of 𝐴𝐴 NO3
− , exceeding the release of Fe(III) 2.2 fold (Figure S2 in Support-

ing Information S1). The supply of competing electron acceptors decreased the leaching of Fe(II) by a factor of 
2.9. The concentrations of Fe(III) did not change so that both Fe(II) and Fe(III) were released in approximately 
equal amounts. In conclusion, higher Fe exports from topsoil in absence of 𝐴𝐴 NO3

− were governed by Fe reduc-
tion. However, Fe reduction and nonreductive leaching via Fe(III) organo complexes occurred simultaneously 
in both presence and absence of 𝐴𝐴 NO3

− . This may arise as an effect of spatially inhomogeneous redox conditions 
in microsites and of a surplus of suitable electron donors, that is, available DOC (Achtnich, 1995; Hall & Sil-
ver, 2015). It is likely that these results also characterize the processes in our throughflow experiment (Figure 1) 
in which the same soil was used and similar redox conditions prevailed. Thus, the measured exports are not the 
consequence of one specific process such as complexation or Fe reduction, but rather characterize the release 
from natural soils in the presence or absence of competing electron acceptors. In the following, we refer to +𝐴𝐴 NO3

− 
or −𝐴𝐴 NO3

− conditions, respectively. It should be noted that 𝐴𝐴 NO3
− is not only an electron acceptor but can also be 

used as a N source by microorganisms. The change in 𝐴𝐴 NO3
− supply could thus have influenced the activity of 

microorganisms and thus indirectly C release and P recycling. However, this effect was likely minor since 𝐴𝐴 NH4
+ , 

as another N source, was readily available in absence of 𝐴𝐴 NO3
− in the topsoil pore water (33 ± 4 μmol L−1) and 

Figure 1. Concentration of Fe and other solutes leached over the course of the soil experiment. Symbols show means ± SD of triplicate experiments. The shaded areas 
characterize the first phase during which 𝐴𝐴 NO3

− was supplied with the inflow medium. The dotted line shows the inflow 𝐴𝐴 NO3
− concentration. SRP, soluble reactive 

phosphorus; DOC, dissolved organic carbon; Fed, dissolved iron.
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𝐴𝐴 NH4
+ concentrations were not lower in the −𝐴𝐴 NO3

− compared to the +𝐴𝐴 NO3
− phase (28 ± 4 μmol L−1, Table S2 

in Supporting Information S1). Overall, the experiment corroborates the hypothesis that 𝐴𝐴 NO3
− as a competing 

electron acceptor suppresses the release of dissolved Fe from soils under waterlogged conditions (Musolff, Selle, 
Büttner, Opitz, & Tittel, 2017).

Compared to topsoil, the release of Fe from mineral subsoil was low (0.2 ± 0.1 μmol L−1 after day 43) and did not 
change with the cut-off of 𝐴𝐴 NO3

− supply (Figure 1). The difference in 𝐴𝐴 NO3
− concentrations in the medium before 

and after the experiment reveal only a slight or no reduction of 𝐴𝐴 NO3
− in the subsoil but a noticeable reduction of 

𝐴𝐴 NO3
− in topsoil. The standard redox potential rose in the subsoil during the first 3 weeks and remained at a high 

level between 176 and 242 mV in contrast to the topsoil experiment, even though both experiments were kept 
anaerobic. Thus, the subsoil did not facilitate the formation of reducing conditions, although potential electron 
acceptors were well available (𝐴𝐴 NO3

− ). We interpret that as a deficiency of potent electron donors such as available 
DOC (high oxidation state and low 14C age, see below). An exception was observed at the beginning of the subsoil 
experiment, when the redox potential was low at about 0 mV, which we attribute to the perturbation of the soil 
and the subsequent high availability of DOC. It may be argued that the rising pH during the subsoil experiment 
might have impaired the Fe reduction (Brookins, 1988; Grybos et al., 2009) and diminished the reductive release 
of Fe in the subsoil relative to the topsoil. However, a subsequent batch experiment run at lower pH (4.8–5.5) 
supported that only an insignificant amount of Fe was released from subsoil under these conditions (Figure S2 
in Supporting Information S1). Earlier experiments testing the release of Fe from different horizons of a Gleysol 
obtained similar results: under reducing conditions soil from the surface organic Ah horizon released substantial 
amounts of Fe up to 3,570 μmol L−1, whereas no significant release (∼1 μmol L−1) was observed from soil of the 
deeper CrBg horizon (Schuth et al., 2015).

The DOC leached from topsoil was primarily enriched in radiocarbon (∆14C > 0) and therefore of modern or-
igin. The ∆14C values ranged between −7‰ and 56‰ characterizing C that was fixed during the last decades 
(Figure 2a, Table S2 in Supporting Information S1). This DOC contained similar or slightly higher amounts 
of radiocarbon than the bulk OC of the topsoil from which it was released (−4‰). In contrast to topsoil, DOC 
released from subsoil was significantly aged (∼2,900 years B.P.). It was depleted in 14C (−352‰ to −249‰) 
compared to bulk subsoil OC (200 years B.P., −31‰). Furthermore, the organic matter activated in topsoil un-
der −𝐴𝐴 NO3

− conditions was characterized by a high nominal oxidation state of carbon (NOSC; LaRowe & Van 
Cappellen, 2011), typical for oxidized compounds with high O/C and low H/C ratios (Figure 2a, Table S2 in Sup-
porting Information S1). Under +𝐴𝐴 NO3

− conditions the NOSC was slightly lower and reached the lowest values 
in subsoil. Low NOSC values as measured in subsoil reflect higher abundances of reduced compounds like fatty 

Figure 2. Leaching of organic carbon (OC) and P relative to Fe and changes in OC quality. Samples were from days 52 (+𝐴𝐴 NO3
− , topsoil and subsoil) as well from day 

68 or 85 (−𝐴𝐴 NO3
− , topsoil and subsoil, respectively) of the throughflow soil experiment. (a) OC quality; NOSC, nominal oxidation state of carbon; three subsoil NOSC 

samples (+𝐴𝐴 NO3
− ) were pooled due to low dissolved organic carbon (DOC) concentrations; regression r2 = 0.78, p = 0.0008. (b) Fe and DOC release; the colored 

diagonal lines show the ratios in the soil. (c) Fe and soluble reactive phosphorus release.
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acids, sterols, and waxes. The oxidation state of the released organic matter 
can act as a feedback on the stability of the soil Fe(III) hydroxides. Under an-
aerobic conditions, when Fe is the terminal electron acceptor, the microbial 
oxidation of organic matter with low NOSC is thermodynamically inhibited 
(Keiluweit et al., 2016; LaRowe & Van Cappellen, 2011). Moreover, the age 
of the subsoil DOC between 2,200 and 3,400  years B.P. suggest that this 
organic matter was refractory and less available to microorganisms. Together 
with an overall lower abundance of DOC this may have supported the higher 
stability of Fe in subsoil (Figure 1).

In absence of 𝐴𝐴 NO3
− , OC and Fe were dissolved in topsoil at quantities al-

most proportional to their ratio in the soil (Figure 2b). In contrast, in subsoil 
the leached quantities of OC and Fe were highly disproportionate to the soil 
source with an excess of released DOC (Figure 2b). This was associated with 
a disproportionate release of 14C-depleted C (−305‰) relative to the bulk 
subsoil OC (−31‰, Figure 2a). This 14C-depleted OC can only account for a 
small fraction of total OC in the subsoil given the large difference in isotopic 
composition between released and source OC. Possibly, this OC may have 
originated from even deeper and older layers and adsorbed in the subsoil 
horizon after capillary rise. We conclude that leaching processes in subsoil 
favored an immobilization of Fe and a disproportionate release of 14C-old 
organic matter compared to the source soil.

The leaching of Fe from organic topsoil and mineral subsoil was consistent with the assumption that significant 
Fe losses are necessarily associated with high OC availability (Adhikari et  al.,  2017; Fuss et  al.,  2011; Neal 
et al., 2008). Both the total amount of OC and the amount of OC relative to Fe was high in topsoil (0–8 cm) but 
decreased rapidly in subsoil (8–20 cm, Table 1). The OC abundance and the soil OC:Fe ratio was similar in the 
next underlying layer (20–29 cm) and then continued to decrease until the end of the profile (41 cm). Therefore, 
we believe that by incubating soil from 0 to 8 cm and 8 to 20 cm depths, we were able to capture the most signif-
icant vertical change in Fe stability, which likely increased with further increasing sediment depth.

Phosphate ions compete efficiently for binding sites at metal hydroxides (Giesler et al., 2005). Compared to DOC, 
the overall release of SRP was lower by a factor of 103 (Figures 2b and 2c). However, SRP exhibited the same 
shift in its leaching behavior as DOC. In topsoil −𝐴𝐴 NO3

− treatments, the ratio of SRP to dissolved Fe matched the 
P:Fe ratio in the soil. In subsoil, the release became strongly disproportionate relative to the soil P:Fe ratio with 
P released in excess.

3.3. Predictions for Catchment Solute Export

Next, we use the results from our experiment to derive a conceptual framework predicting the release of Fe in 
catchments representing gradients of wetness and of competing electron acceptor abundance (Figure 3). A high 
soil wetness (high groundwater table) connects the organic topsoil better and more often to the stream (Bishop 
et al., 2004) and facilitates reductive processes by waterlogging. We predict the highest Fe release and the most 
oxidized DOC for wet catchments having low abundances of competing electron acceptors. We also expect the 
lowest stream DOC:Fe and lowest SRP:Fe ratios in these catchments, although due to Fe precipitation in streams 
the values may not directly transferable to those of the experiment. The reverse is predicted in rather dry catch-
ments with abundant competing electron acceptors. Here, mostly the mineral subsoil layer is hydrologically 
connected to the stream (see Section 1). In their topsoils, reductive conditions occur only rarely.

3.4. Stream Data

To test our hypotheses from the experiments (Figure 3) we analyzed the stream Fe concentrations from 88 catch-
ments along a topographic gradient defining the wetness of the near-stream (riparian) soils (TWI90, see Sec-
tion 2). Soils with a higher TWI have lower topographic slopes and receive water from a larger upslope area 
(Beven & Kirkby, 1979). Also at catchment scale, mean topographic slopes and TWI90 are strongly negatively 
connected (Musolff et  al.,  2018). We utilized a data set where topographical and hydrochemical information 

Figure 3. Conceptual framework predicting changes in catchment solute 
export between gradients of soil wetness and competing electron acceptor 
abundance. The symbols explain which catchment conditions the chosen 
experimental treatments represent (Figure 2), that is, topsoil and subsoil 
treatments characterize wet and dry conditions and −𝐴𝐴 NO3

− and +𝐴𝐴 NO3
− 

treatments represent low and high abundances of competing electron 
acceptors, respectively.
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were jointly available. The annual mean values of dissolved Fe concentrations show a nonlinear increase with 
increasing TWI90 of the catchments (Figure 4a). There was also an increase of Fe with decreasing stream 𝐴𝐴 NO3

− 
concentrations, as occurring in less agricultural catchments (Figure 4e). In a stepwise multiple regression model, 
(log10) 𝐴𝐴 NO3

− alone explains 41%, while 𝐴𝐴 NO3
− and TWI90 together explain 64% of the variance of (log2) Fe con-

centrations (r2 = 0.64, p < 0.0001, Table S4 in Supporting Information S1). We conclude that the redox status 
and the topography of the catchment constrained Fe exports. This consistent pattern of Fe release appears sur-
prising in view of the data set's diversity in geological parent materials, land use and hydroclimatic conditions. 
We believe that one reason for the consistent behavior is that the mobilization and transport of stream solutes 
is controlled by conditions in the riparian areas (Ledesma et al., 2015; Lidman et al., 2017; Marx et al., 2017). 
Riparian areas among differing catchments share basic structural characteristics, that is, a low topographic eleva-
tion relative to the stream, a high groundwater table and an organic-rich soil surface supporting reductive cycles 
(Grabs et al., 2012; Ledesma et al., 2015). Therefore, we argue that the mechanisms of solute mobilization and 
transport can be transferred to many riparian soils (Burt, 2005) owing to their unique morphological character-
istics (Musolff et al., 2018).

The annual mean Fe concentrations spanned 2.6 orders of magnitude (0.09–37.8 μmol L−1) and the changes 
along the TWI90 and 𝐴𝐴 NO3

− gradients were highly nonlinear. We attribute this to the extremely low solubility of 
Fe under oxic conditions as well as to positive feedbacks on Fe stabilization such as the formation of stable Fe 
minerals (Colombo et al., 2015) and the thermodynamic inhibition of Fe reduction by organic matter availability 
as demonstrated in the experiment and stated elsewhere (LaRowe & Van Cappellen, 2011). This nonlinearity can 
underline why it can be so difficult to find the causes for the widespread increase of Fe concentrations. Small 
changes in wetness or in competing electron acceptor abundance potentially induce large Fe trends.

The range of annual mean DOC:Fe ratios (38–1,912; 1%–99% quantil) was comparable to the range of DOC:Fe 
ratios in the experiment (32–1,913, Figure 2b). Streams characterized by low abundances of 𝐴𝐴 NO3

− and by shallow 
topographies exhibited the lowest DOC:Fe ratios (Figure 4b, r2 = 0.62, p < 0.0001). As a proxy for the oxidation 

Figure 4. Fe, dissolved organic carbon (DOC), and soluble reactive phosphorus (SRP) in German streams depending on 𝐴𝐴 NO3
− concentration and the topographic 

wetness index (TWI90, see Section 2) of the catchments. (a) Fe concentration, (b) DOC:Fe (mol mol−1), (c) specific UV absorption (SUVA), (d) SRP:Fe (mol mol−1), 
and (e) land use. Symbols show annual means, in total of 1,211 observation years and 88 catchments, except (d) where only streams with entirely forested catchment 
areas were included (n = 166 annual means). Note logarithmic scales of 𝐴𝐴 NO3

− and Fe concentration as well as of DOC:Fe and SRP:Fe ratios.
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state of organic matter we use its specific UV absorption (SUVA). High values of SUVA characterize more 
oxidized as well as more aromatic compounds (Kellerman et al., 2018; Weishaar et al., 2003). In the streams, 
high SUVA values were related to low 𝐴𝐴 NO3

− availability and high topographic wetness (Figure 4c, r2 = 0.47, 
p < 0.0001).

Finally, the annual mean SRP:Fe ratios ranged between 0.008 and 0.52 (1%–99% quantil) and were somewhat 
lower than the ratios during our experiment (0.019–2.17, Figure 2c). We considered only catchments with 100% 
forest cover. This eliminated potential effects of waste water point sources but decreased the variability in 𝐴𝐴 NO3

− 
and the amount of available data. As in the case of stream DOC:Fe quotients, we found the lowest SRP:Fe ratios 
in shallow catchments with low 𝐴𝐴 NO3

− concentrations and vice versa (Figure 4d, r2 = 0.64, p < 0.0001).

The stream Fe concentrations and SUVA increased while the DOC:Fe and SRP:Fe ratios decreased along gradi-
ents of 𝐴𝐴 NO3

− abundance and TWI90. Hence, the catchment data support our hypothesis and predictions outlined in 
Figure 3. We conclude that catchment topography and competing electron acceptors constrain both the formation 
of Fe-reducing conditions and fluvial coupling of topsoils, which then control the release of Fe, OC and P to 
streams.

3.5. Stability of Fe in Changing Hydroclimates

Following our experimental findings and evidence from stream data, changes in both catchment wetness and sup-
ply of competing electron acceptors can induce trends in stream Fe concentration. Most upward trends in Fe were 
observed in northern Europe (Björnerås et al., 2017). Here, the 𝐴𝐴 NO3

− concentrations are typically below 15 μmol 
L−1, that is, as low as or below the lowest concentrations measured in the German streams. This raises the ques-
tion whether 𝐴𝐴 NO3

− can compete with Fe as an electron acceptor in boreal catchments. 𝐴𝐴 SO4
2− has a lower standard 

redox potential than 𝐴𝐴 NO3
− and Fe, however, 𝐴𝐴 SO4

2− possibly competes with Fe depending on availabilities (Stumm 
& Morgan, 1996). For soil wetness we consider trends of stream discharge to be a suitable indicator, as the water 
level in the soil and the amount of streamflow are tightly coupled (Bishop et al., 2004). An analysis of discharges 
from streams in northern Europe between 1961 and 2000 revealed that 17% of 151 monitored streams exhibited 
a significant positive temporal discharge trend, while no stream showed a negative trend (Wilson et al., 2010). 
This points to hydrology rather than atmospheric deposition as the possible cause of Fe trends in northern Europe 
and partly North America. In our German data set we find only a few (positive and negative) significant trends in 
wetness, but 𝐴𝐴 NO3

− concentrations had decreased significantly in 69% of streams in particular with forested, non-
agricultural catchments. The negative 𝐴𝐴 NO3

− trends correspond in time to a decrease in atmospheric N depositions 
(Musolff, Selle, Büttner, Opitz, Knorr, et al., 2017) and reasonably explain observed upward Fe trends (Musolff, 
Selle, Büttner, Opitz, & Tittel, 2017).

The finding that the OC-rich topsoil acts as a significant source has implications for the stability of soil Fe in 
future climates. First, hydrological models concurrently predict large-scale but diverging changes of high flows, 
defined as streamflows exceeded by 10% or 5% of the time (Schneider et al., 2013; Thober et al., 2018; van Vliet 
et al., 2013). Future high flows increase in boreal and temperate zones but decrease in Mediterranean and partly 
in continental climates (Thober et al., 2018; van Vliet et al., 2013). The predicted increase of high flows in boreal 
areas suggests an activation of larger topsoil areas. During low flow, however, the topsoil remains uncoupled. 
A decrease of summer flows, as proposed by models (Schneider et al., 2013) has thus little consequences for Fe 
exports, as Fe concentrations typically increase exponentially with discharges (Musolff, Selle, Büttner, Opitz, & 
Tittel, 2017). Together, this results in substantial increases of stream Fe concentrations during high flows but only 
in low or insignificant changes during low flows.

Earlier studies assumed deeper layers (Weyhenmeyer et al., 2014) with low OC:Fe ratios (0.5 to 6–10; Kalbitz 
et al., 2017) as the source of Fe to streams. Our data suggest that the Fe-rich deeper soil layers are not a signifi-
cant source. Positive temporal trends of Si and Fe in catchments (Björnerås et al., 2017) may be interpreted as a 
consequence of hydrological activation of subsoil layers. In our experiment, however, the release of Si was >4.9 
times higher in the topsoil than in the subsoil (64 and <13 μmol L−1, respectively; Table S2 in Supporting Infor-
mation S1). These observations are consistent with the predominant release of Si bound to organic matter, which 
was more abundant in the topsoil (Table 1). Studies showed that most of the Si released to stream water has passed 
through the biogenic Si pool, that is, it was previously taken up from soil solution by plants such as trees, grass 
and wetland, and recycled to the soil surface from falling litter (Derry et al., 2005). Thus, high Si concentrations 
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in streams and significant Fe exports from the topsoil are not necessarily contradictory. Furthermore, we assessed 
whether a mobilization of Fe-bound Si in soils can contribute to the upward trends of Si. Similar to OC, Si ad-
sorbs to Fe hydroxides (Jones et al., 2009). In our experiment, however, we found no evidence for an Fe-related 
release of Si (Figure S3 in Supporting Information S1). The issue deserves further experimental work.

The reported increases in stream Fe concentration (Björnerås et al., 2017; Musolff, Selle, Büttner, Opitz, & Tit-
tel, 2017; Neal et al., 2008) suggest widespread changes in soil biogeochemistry. Fe(III) hydroxides play a central 
role in the stabilization of organic matter (Lalonde et al., 2012; Riedel et al., 2013) as these mineral phases adsorb 
organic compounds with high capacity (Tipping, 1981), protecting them from microbial decomposition (Keilu-
weit et al., 2016). No less important, Fe(III) hydroxides immobilize metals (Benjamin & Leckie, 1981) and other 
elements that are problematic for the production of drinking water, such as As (Senn & Hemond, 2002) as well as 
P promoting algal growth (Baken et al., 2015; Giesler et al., 2005). Hence, together with Fe, more OC (Björnerås 
et al., 2017; Musolff, Selle, Büttner, Opitz, & Tittel, 2017), 𝐴𝐴 PO4

3− (Baken et al., 2015), and metals (Wällstedt 
et al., 2017) can be delivered to stream-lake networks. Higher OC concentrations cause a browning of the water 
and increase the costs for drinking water production. Higher P supplies, as found in a number of forested German 
catchments (Musolff, Selle, Büttner, Opitz, & Tittel, 2017), increase the risk of eutrophication. Trace metals 
(Cu, Cr, Co, Ni, Pb, and V) and As also released more efficiently from topsoil (Table S2 in Supporting Informa-
tion S1), explainable by sorption to and mobilization with Fe and soil OC (Gustafsson et al., 2011; Masscheleyn 
et al., 1991) as well as by redox changes (Hermann & Neumann-Mahlkau, 1985). Our study emphasizes concerns 
that atmospherically deposited trace metals will become more mobile in the future (Wällstedt et al., 2017), thus 
posing a threat to downstream water resources.

Data Availability Statement
The data that support the findings of this study are provided as Supporting Information S1. The field data are 
available in the repository HydroShare, https://doi.org/10.4211/hs.43601618877945c5a46b715aa98db729.
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