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A B S T R A C T

Soil iron reduction influences ecosystem function by altering the cycling of carbon, nutrients, and trace elements
in both the aqueous and solid phases. Most of our understanding of soil iron reduction comes from work on
saturated soils. However, recent research indicates that iron reduction can be a pivotal process in upland soils
that experience dynamic redox conditions. We hypothesized that in upland soils, iron reduction intensity and
prevalence could be predicted by temporal and spatial variations in soil conditions. We tested this by delineating
the spatial and temporal distribution of the potential for iron reduction using Steel IRIS probes to 70 cm depth in
well-drained, highly weathered soils of the Southeastern US Piedmont. Measurements were taken under three
soil moisture conditions over the course of a year bracketing the seasonal wet period: (a) after an extreme
rainfall event in October 2015; (b) during the end-of-winter warming in March 2016; (c) and during a period of
high evapotranspirational demand in June 2016. Results indicate that the potential for iron reduction varied
with depth and moisture conditions over the year. Iron reduction was greatest in the subsurface (20–60+ cm)
following a rainfall event that generated prolonged subsurface soil saturation [fraction of FeIII removed from the
rods (XFe-removed of 0.14 ± 0.003 at 50–60+ cm in October 2015)]; whereas the potential for iron reduction was
distributed throughout the soil profile in late winter/early spring (average XFe-removed across depths of
0.104 ± 0.007) when biological oxygen demand was likely high due to high soil moisture, labile carbon
availability, and soil warming. In June 2016, the potential for Fe reduction was low (XFe-removed < 0.04) except
at the 50–60+ cm depth increment (XFe-removed 0.07 ± 0.01). Across these three sampling periods, landscape
attributes and soil conductance measured by electromagnetic induction explained up to 30% of the spatial
variance in XFe-removed. Our results demonstrate that these well-drained Ultisols likely experience strong seasonal
trends in Fe reduction rates, as well as periodic spikes in Fe reduction from high soil moisture events. These
temporal patterns suggest Fe respiration influences not only wetland, but also upland soil biogeochemistry.

1. Introduction

Soil iron (Fe) reduction influences the cycling of carbon (C), nu-
trients, and trace elements in soils (Borch et al., 2009; Buettner et al.,
2014; Henderson et al., 2012; Maranguit et al., 2017). Until recently,
the oxidation-reduction cycles of Fe were largely under-appreciated in
well-oxygenated upland soils (Hall et al., 2016; McNicol and Silver,
2014; Schuur and Matson, 2001; Thompson et al., 2011). When dis-
solved oxygen (O2) concentrations are suppressed, FeIII can compete as
a terminal electron acceptor in microbial respiration. The switch from
microbial utilization of O2 to FeIII occurs rapidly following soil

saturation and subsequent limitation of O2 diffusion (Roden, 2012). For
this reason, wetlands have been the focus of most Fe reduction research
in soils. However, an expanding body of work documents dynamic and
perhaps ubiquitous Fe reduction and oxidation in upland soils, sug-
gesting that many terrestrial ecosystems are shaped by this key soil
process (Fimmen et al., 2008; Knorr, 2013; Schulz et al., 2016; Yang
and Liptzin, 2015). When exposed to low O2 conditions in the presence
of labile C Fe reduction is likely (De-Campos et al., 2012; Lipson et al.,
2010; Yang and Liptzin, 2015), and may be an important process across
a wide range of upland soils (Fimmen et al., 2008; Fuss et al., 2010;
Keiluweit et al., 2016).
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Identifying where and when Fe redox cycling may occur in upland
soils, however, remains challenging as these systems encompass a great
range of spatial and temporal variability in soil conditions. Seasonality
of rainfall, transpiration, and temperature—key aspects of many tem-
perate forests—all affect soil water content and soil C stocks, which in
turn determine the potential of a soil to foster Fe reducing conditions.
This variability across space and time poses a formidable obstacle to
characterizing Fe reduction in an upland landscape, as point measure-
ments at one time of the year are inadequate to capture the full scope of
the process. While field methods of characterizing Fe reduction with
active, platinum electrodes are expensive, time-consuming, and un-
realistic for watershed-scale studies (Fiedler et al., 2007; Rabenhorst
and Hively, 2009), passive indicator probes used primarily to delineate
wetlands can be used to assess landscape-scale Fe oxidation-reduction
in uplands (Hodges et al., 2018; Owens et al., 2008).

Our goal was to characterize the spatial and temporal variation in
the likelihood for Fe reduction to occur across a landscape with pre-
dominately well-drained, oxidizing soils, but also with high C inputs,
high clay content, and seasonal variation in soil moisture. We hy-
pothesized that the potential for Fe reduction could be predicted by
periodic and seasonal soil-moisture conditions. We tested this hypoth-
esis in three first order watersheds of the Calhoun Critical Zone
Observatory (CCZO) located in the Piedmont of the Southeastern
United States. The Southeastern US Piedmont has weathered in place
for> 2Mya to form soils rich in clay and iron oxide minerals in a humid
climate that supports mixed hardwood and pine forests (Bacon et al.,
2012). The interplay of Fe-oxide rich soils, a humid climate, and plant C
inputs potentially provides all required conditions for regular Fe re-
duction in these well-drained soils. We first characterized the annual
variability in soil moisture across the sites using electromagnetic in-
duction (EMI) and then selected 80 sites of varying annual soil moisture
status and measured the potential for Fe reduction using Steel IRIS
probes (passive probes coated in easily-reducible Fe-minerals). To
capture the range of soil conditions, measurements were made at three
ecologically significant times: after an extreme rainfall event, in late
winter prior to leaf-out, and in June during a time of high evapo-
transpirational demand.

2. Material and methods

2.1. Site description

All experiments were conducted in first-order watersheds of the US
Forest Service's Calhoun Experimental Forest in Union, South Carolina,
part of the Calhoun Critical Zone Observatory (CCZO, Fig. 1). The ex-
perimental forest is in the Southern Piedmont MLRA, and is underlain
by granitic gneiss with occasional mafic dikes that has weathered
mostly into Ultisols and Alfisols of the Madison, Pacolet, Hiwassee, and
Wilkes Soil Series (Soil Survey Staff, 2017). While the soils of these
watersheds are well-drained with no redox features in the top 150 cm,
the surrounding broad interfluves are characterized by prominent,
distinct redox features that begin at 100 cm (Chen et al., 2018) or
shallower in some eroded areas. The forested overstory consists of
mixed hardwood (e.g., Quercus spp., Carya spp.) and pine (Pinus spp.).
European settlement and subsequent clearcutting and agricultural use
in the nineteenth and early twentieth centuries disrupted the hydro-
logic cycle, which increased overland flow resulting in highly eroded
surface soils (Markewitz and Richter, 2000). In first order watersheds,
this has resulted in deep, sandy soils in footslope positions, and sandy
surface soils shallow to a high-clay horizon in the uplands (Table 1).
Mean annual temperature of the CCZO is 16 °C, and mean annual pre-
cipitation is about 1170mm (Richter et al., 1994).

2.2. Electromagnetic induction surveys

Surveys of the three watersheds were made every two months over

the course of a year with a Dualem 2S electromagnetic induction (EMI)
sensor. EMI uses an electromagnetic field to measure soil specific con-
ductance (Samouëlian et al., 2005), which has proven useful for char-
acterizing variation in soil properties, especially soil texture and
moisture (Corwin and Lesch, 2005; Doolittle et al., 1994; Francés and
Lubczynski, 2011; Harvey and Morgan, 2009). Soil moisture has the
greatest influence on measured specific conductance, with higher soil
moisture increasing specific conductance. The EMI georeferenced soil
specific conductance point data was collected by walking the contour at
approximately a 5m interval (i.e., Fig. 1) of each of the three Calhoun
CZO watersheds. EMI measurements are an integrated signal over a soil
depth of approximately 200 cm (horizontal co-planar, or HCP mea-
surement), and 100 cm (perpendicular, or PRP). In ArcMap, point data
(~5000 pts per survey) were processed to remove negative or anom-
alously high (i.e., response to metal) values. Around 1–3% of the data
were removed in this initial data processing, which resulted in normally
distributed data that were then interpolated using an ordinary kriging
routine in ArcMap's Geostatistical Analyst package.

Sites for the Steel IRIS probe deployment were selected based on bi-
monthly HCP measurements taken in the previous year, which were
integrated into a single map that highlighted the areas in the three
watersheds that maintained relatively high and low specific con-
ductance over the preliminary data collection interval (Fig. 2). Using
the integrated map, sites for Steel IRIS deployment were distributed
over different cumulative conductance conditions, which reflect dif-
ferent relative soil moistures. This cumulative map was then divided
into five sections representing a continuum of soil moisture, from al-
ways wet to always dry. Sixteen points were then randomly distributed
within these five subclasses. Eighty rods were deployed across the three
watersheds at three different dates. In October and June only 73 and 75
rods were collected, as some were not successfully relocated in the
watersheds.

2.3. Steel IRIS installation, retrieval, and processing

Steel IRIS probes were prepared for installation following the
methods detailed in Hodges et al. (2018). Briefly, 90 cm long, 0.6 cm
diameter, low-carbon steel rods were cleaned with a citrus degreaser,
washed with water, sprayed with 0.1M HCl, and then allowed to ripen
in the sun for about a week. The Steel IRIS were deemed ready when
they had a continuous, reddish-orange coating that could not be easily
abraded away. They were pushed into the soil using a modified steel
plumbing t-joint on three dates in the CCZO: 9 October 2015, 1 March
2016, and 1 June 2016. The Steel IRIS remained in the ground for two
weeks after installation.

The October 2015 installation took place five days after a 25-cm
rainfall event. Over the four-week period in September – October 2015
that includes the two weeks prior to installation and the two weeks of
Steel IRIS installation, there was 31.5 cm of total precipitation, mean
high temperature over the sampling period was 22.2 °C, and mean low
temperature was 10 °C (National Centers for Environmental
Information, 2018). The March 2016 installation occurred about
2 weeks prior to tree leaf-emergence when evapotranspirational de-
mand was relatively low; this period also falls within the spring
“warmup” during which temperatures rise, and soil biological activity
increases relative to winter conditions (Christensen and Tiedje, 1990).
Over the four-week period in February – March 2016 that includes the
two weeks prior to Steel IRIS installation and the two weeks of in-
stallation there was 5.6 cm of precipitation, the mean high temperature
was 18.3 °C, and the mean low temperature was 3.9 °C (National
Centers for Environmental Information, 2018). The June installation
was during a period of lower than average rainfall, and high evapo-
transpirational demand. Over the four-week period in May–June 2016
that includes the two weeks prior to installation and the two weeks
during Steel IRIS installation, there was 9.1 cm of precipitation, mean
high temperature was 28.3 °C, and mean low temperature was 16.1 °C
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(National Centers for Environmental Information, 2018).
Specific conductance (EMI) measurements of the three watersheds

were taken immediately prior to and after the installation of the March
and June Steel IRIS probes; EMI measurements were not taken in
October due to equipment failure. On March 1, 2016, prior to Steel IRIS
installation, and on March 16, 2016, the day after Steel IRIS retrieval,

surface soils from a footslope and summit position were sampled by
auger for 0.5M HCl-extractable FeII to a 40 cm depth. Clay, C content
by weight, and pH of those augered soils were measured at 10 cm in-
tervals to a depth of 40 cm. FeII was extracted with 0.5M HCl at 1:10
soil:solution ratio, shaken for 2 h (horizontal shaker), centrifuged, and
the supernatant analyzed by the colorimetric Ferrozine method for FeII

100 metersN

Discharge

Soil Moisture

IRIS Probe

Elevation (m)

Watershed

200

100

Legend

Fig. 1. Map of CCZO first order watersheds. Blue outlines denote watershed divides, blue circles indicate locations at which watershed discharge is measured, gray
dots indicate Steel IRIS installation sites, and green triangles indicate the location of the soil moisture sensors. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Soil characteristics of a footslope and upland soil profile. Sampling was performed before and after the March 2016 installation (from Barcellos, 2018) (means ± SD,
n= 3).

Depth (cm) Clay (%) (n=1) C (%) pH March 1, 2016 Exchangeable Fe(II) (mmol kg-1) March 15, 2016 Exchangeable Fe(II) (mmol kg-1)

Footslope
0-10 5.9 1.75±0.037 6.23±0.10 0.69± 0.11 1.92± 0.39
10-20 3.8 0.41±0.003 5.87±0.04a 0.11± 0.01 0.44± 0.04
20-30 4.0 0.32±0.004 5.87±0.04a 0.06± 0.01 0.28± 0.004a

30-40 5.3 0.21±0.002 0.04± 0.003 0.28± 0.004a

40-60 6.6
60-100 13.8

Summit
0-10 6.5 1.85±0.20 6.18±0.09 1.58± 0.04 4.46± 0.24
10-20 5.4 0.66±0.02 5.50±0.04a 0.22± 0.05 0.84± 0.22
20-30 5.5 0.48±0.04 5.50±0.04a 0.09± 0.03 0.33± 0.07a

30-40 12.4 0.39±0.02 0.09± 0.02 0.33± 0.07a

40-60 19.2
60-100 33.7

a Denotes increments extracted together as a 20 cm depth interval.

C. Hodges, et al. Catena 180 (2019) 32–40

34



at 500 and 562 nm intensities in a spectrophotometer (Barcellos et al.,
2018a; Thompson et al., 2006). Clay content was determined according
to Gee and Or (2002). Soil pH was measured in 1:1 soil:DI-water. These
sites were chosen as “wet” and “dry” locations based on Fig. 2. Barcellos
(2018) provides more details on soil sampling.

The Steel Indicator of Reduction in Soil (IRIS) probes were removed
from the soil after two weeks. Within 2 h of removal, the probes were
cleaned with running water and gently rubbed with a sponge so that no
soil remained on the probe, but the Fe coatings remained intact and
visible. Then, they were labeled and pictures of each quarter of the
circumference of the rod were taken and combined to create a com-
posite image of the entire surface area. Quarters of the probe are
marked prior to imaging. In Photoshop the images are trimmed to those
markings to minimize error associated with double-counts. Probe
images were processed in Photoshop using the color range selection
tool. With this tool, a range of colors (RGB values) that indicate a re-
duced color on the Steel IRIS probe was specified and used to select
pixels that were of a reduced color. This selection was then compared to
the total number of pixels of the rod image to denote the fraction of Fe
removed from the rod (XFe-removed). In addition, the rod pixel data was
split into 10 cm sections vertically to describe potential Fe reduction
with depth to ~70 cm. Any black Fe coating—which is the formation of
the mixed valance phase, Magnetite (Hodges et al., 2018)—was binned
as un-reduced area, so our summed XFe-removed value is a conservative
estimate.

2.4. Soil moisture sensors

To quantitatively relate EMI measures to soil moisture conditions
we utilized ongoing soil moisture measurements from another project
in the central watershed at the CCZO, which was within the EMI survey
area. The measured soil volumetric water content (Θ) was available
during each time period along a transect running laterally from the
watershed divide to the stream channel, which consisted of three lo-
cations: summit, midslope, and footslope. At each location soil moisture
was measured (CSI model 655, Campbell Scientific, Inc.) at three depths
and logged (CSI model CR-1000, Campbell Scientific, Inc.) at twenty-
minute intervals. Sensors measured Θv via Time Domain Reflectometry
(TDR), which measures the dielectric permittivity of the soil sur-
rounding the probe and corrects output for both temperature and bulk
electric conductivity of the soil (Topp et al., 1980).

At each sensor location a pit was excavated to 1m depth and a
sensor was installed above, within, and below the argillic B horizon as
determined by field inspection. These depths corresponded to 15, 50,
and 100 cm (±5 cm) in each pit. Sensors were installed horizontally in
recessed holes (~9 cm) in the uphill side of the pit such that the probes

extended laterally from topographic gradients through the pit to
minimize the effect of disturbance on our measurements. Following
installation, the pit was backfilled with the same material excavated
from it (Fig. 1).

2.5. Statistical analysis

Initially, a two-way ANOVA was used to analyze the effect of
sampling date and depth on XFe-removed. These results indicated a sig-
nificant interaction between sampling date and depth (p < 0.001).
After this analysis, to avoid comparing potentially correlated values of
different depths within the same sampling period, a nested ANOVA was
in employed. In this nested design, month was nested within depth to
analyze the effect of sampling month on XFe-removed at each 10-cm in-
crement. Sampling date was treated as an independent variable because
new Steel IRIS probes were installed at different sampling locations for
each sampling period. In all ANOVA XFe-removed was square-root trans-
formed to attain normality. Post hoc Tukey pairwise comparisons were
performed on factors determined to be significant. ANOVA and post hoc
analyses were performed in R (v. 3.4.1, 2017).

Spatial relationships of XFe-removed were examined in ArcMap using
its geostatistical analyst package. An ordinary kriging procedure was
used to generate specific conductance and predictive maps of XFe-removed

from Steel IRIS probes.
In an effort to determine whether EMI is a good proxy for soil

moisture, we built a linear regression using EMI and landscape attri-
butes for XFe-removed at each sampling month and depth. Because the
regression analysis used kriged EMI data, we focused on areas across
the landscape in which all specific conductance estimates from the
ordinary krig were made with a variance of< 1.25 standard error. Steel
IRIS Probes deployed within these areas of higher estimate confidence
were used in a multiple linear regression model to compare interpolated
specific conductance (HRP and PRP), slope aspect, elevation, plan slope
curvature, and profile slope curvature to XFe-removed.

3. Results

3.1. EMI surveys

The EMI surveys indicated that soil specific conductance varied
spatially over the course of the year (Figs. 2 and 3). Generally, specific
conductance of the soil was higher in late winter than in the late
summer. To visualize the variation in specific conductance, we in-
tegrated each bi-monthly specific conductance map into a single com-
posite map that represented the mean conductance across the six EMI
survey dates (Fig. 2). While measured specific conductance was

Fig. 2. Integrated map of soil specific conductance from the
bi-monthly electromagnetic induction surveys taken from
November 2014 through October 2015 in the experimental
watersheds of the Calhoun CZO, SC. Purple colors represent
the locations that have the highest relative specific con-
ductance over the course of the year, light blue colors re-
present the locations with the lowest relative specific con-
ductance over the course of the year. Yellow dots represent
the 80 sampling points distributed across the annual relative
specific conductance. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article.)
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variable across the sampling dates, there were locations within the
three watersheds that remained consistently high (dark pink in Fig. 2)
or low (light blue in Fig. 2) across all surveys. The high values are likely
associated with wetter soil, while low values are likely associated with
drier soil. However, high values were not exclusively associated with
near-stream landscape positions. In fact, in the ridges of these first-
order watersheds, such as the divide between the central and northern
watershed, soils have higher clay contents than the lower landscape,
and thus higher moisture contents through much of the year (Table 1).
Despite high variance across the measurements, the standard error of
the interpolation within each measurement was relatively low;> 80%
of the measured landscape was included when data from the inter-
polated EMI was limited to predictions with standard error < 1.25mS
(Fig. 3).

3.2. Steel IRIS probes

Sampling month significantly affected the FeIII removed (XFe-removed)
from each 10-cm increment (p < 0.001; Fig. 4). In October, XFe-removed

was low in the surface and increased with depth. In March, XFe-removed

was high in the surface and remained consistently high with depth.

Furthermore, in March exchangeable FeII increased in the top 40 cm of
the two sampled pedons (Table 1). In June, XFe-removed was consistently
lower than the other sampling dates save for the deep 50–60 cm depth
interval, which was not significantly different from the XFe-removed in
March (Figs. 4, 5). XFe-removed from the 0–10 cm increment in October
and June is significantly lower (around 0.03) than XFe-removed in March
(around 0.14). The October and March XFe-removed are not significantly
different in all increments below 20 cm (about 0.12 XFe-removed). Despite
these differences of XFe-removed with sampling month by depth, the total
surface area fraction of XFe-removed from the Steel IRIS probes was si-
milar in October 2015 and March 2016 at an average of 0.094 ± 0.008
and 0.104 ± 0.007 XFe-removed. In June 2016 the XFe-removed was sig-
nificantly lower with an average of about 0.039 ± 0.004 (Fig. 6).

No clear and consistent relationship was found between XFe-removed

and EMI measurements or topographic indices across the sampling
dates and depths in any of the multiple linear regression models (Tables
A1–A36). The models accounted for< 30% (R2 of 0.05–0.30) of the
variation in XFe-removed, and no predictor was consistently included in
the models as significant. Out of 28 initial models, the mean HCP
measurement, which was used to distribute the Steel IRIS probes across
the landscape, was the most common significant predictor (p-value <
0.05). It was significant in about 30% of the initial models. Plan cur-
vature, a measure of slope convergence, also was a significant predictor
in about 30% of the initial models. Profile curvature, a measure of slope
concavity, along with slope aspect were significant predictors in about
25% of the initial models. Some models for particular depths and
months did not generate any significant predictors. EMI surveys taken
the same day of installation and retrieval were only significant pre-
dictors in 0–14% of the models (Tables A2–A29).

3.3. Soil moisture sensors

Soil moisture status differed between the three 2-week Steel IRIS
sampling periods, with the most profound differences occurring at the
20 cm and 50 cm depths. The 100 cm depth was not as responsive to
seasonal changes. During the October sampling period, the soil profiles
maintained high volumetric water contents, with more variation in soil
moistures at the 20 and 50 cm depths than at the 100 cm sampling
depth (Fig. 7). Soil moisture remained high at the 100 cm depth in
October across all hillslope positions (Fig. 7). The wide range of soil

Fig. 3. Low variance mask (variance < 1.25) of the HCP (horizontal co-planar) and PRP (perpendicular) mean (in magenta) and standard deviation (in purple) from
the six bimonthly measurements taken from November 2014 through October 2015 at the Calhoun CZO, SC. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Potential for Fe reduction at ten cm depth intervals represented by
fraction of Fe removed (XFe-removed) from Steel IRIS probes installed in the ex-
perimental watersheds of the Calhoun CZO, SC in October, March, and June.
Points represent means and bars represent standard error. Letters above the
points are post-hoc groupings within each depth interval by sampling month
using Tukey's Honestly Significant Differences. Comparisons were not made
across depth intervals. Points without shared letters are considered significantly
different (p-value < 0.05).
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moistures at the 20 cm depth in October suggests that multiple rainfall
events prior to sampling nearly saturated the soil, followed by sub-
sequent periods of drainage to lower water contents (Fig. 7).

All soil depths remained relatively wet across the March sampling
period. The 20 cm and 50 cm depths in March indicate consistently high
soil moisture with lower variability than in October and June, while the
100 cm depth also maintained high soil moisture (Fig. 7). In June, the
soil was much drier than the previous two sampling periods, especially
at the 20 and 50 cm depths (Fig. 7). The sensors at 20 cm indicated very
low soil moisture, while the 100 cm sensor indicated high soil moisture
during most of the two-week sampling period.

Steel IRIS probes were installed to a depth of about 70 cm, and
therefore the bottom portion of the probe at 70 cm was exposed to soil
moisture conditions intermediate to those at 50 and 100 cm at the three
sampling periods.

4. Discussion

4.1. Fe reduction in soils of the Calhoun CZO

The potential for some Fe reduction was ubiquitous across all lo-
cations and sampling periods, with 95% of Steel IRIS probes showing
some Fe reduction over the three measurement dates. Furthermore,
periodically (i.e., March) potential for Fe reduction was high, with
100% of the installed rods showing XFe-removed values above 0.1. Despite
installation in well-drained upland soils, Fe removal from the Steel IRIS
probes was elevated (XFe-removed > 0.05) in both October and March
during periods of high soil moisture conditions. We hypothesize that
this Fe removal from the Steel IRIS probes was driven by microsites
within soil aggregates that potentially harbor greater reducing condi-
tions than the bulk soil (Sexstone and Parkin, 1985). When installed in

the soil, the Steel IRIS probe likely pushes against soil aggregates,
limiting O2 diffusion rates to the probe's surface, effectively creating a
microsite of potentially low O2 and readily reducible Fe. It has been
well-documented that the interior of soil aggregates, especially under
soil moisture conditions near field capacity or higher, likely foster re-
ducing conditions. This is probably also the cause of the elevated ad-
sorbed FeII we measured in surface soils of March 2016 (Table 1).
Further grounding this with in situ data, Hodges et al. (2018) demon-
strated a high potential for Fe reduction in upland montane forest soils
of Hawaii despite overall oxidizing (Eh values > 650mV) conditions
in the bulk-soil.

4.2. Variation in Fe reduction with depth and time

The depth at which we observed the greatest XFe-removed from the
Steel IRIS probes varied with installation date (Figs. 4 and 5). We ob-
served the greatest XFe-removed in the subsurface (20–60+ cm) in Oc-
tober and June, and XFe-removed > 0.085 at all soil depths in March
(Fig. 4). These differences coincide with differences in soil moisture,
temperature, and likely available C, particularly in March during spring
warm-up. C availability combined with increasing microbial activity
during spring can reduce O2 concentrations and could explain our high
XFe-removed for this period (Davidson et al., 1998; Scott-Denton et al.,
2003; Davidson and Janssens, 2006; Megonigal and Guenther, 2008).

The observation of high removal of Fe-coating at depth in October
and June supports our hypothesis that high soil moisture would pro-
duce high potential for Fe reduction in the soils of the Calhoun CZO
(Fig. 6). In October, the input of water, which saturated the top meter of
the soil and limited oxygen diffusion, likely triggered the use of alter-
nate electron acceptors (i.e. FeIII) for microbial respiration (Fig. 7). As
rainwater percolated from the organic-rich surface to the subsurface

Fig. 5. Ordinary Krig of fraction of Fe removed (XFe-

removed) at ten cm depth intervals from steel IRIS rods
during October 2015, March 2016, and June 2016 at
the Calhoun CZO, SC. Warm colors represent lower
potential for Fe reduction, and cool colors represent
higher potential for Fe reduction. (For interpretation
of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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horizons, it likely brought with it C that could be used by Fe-reducing
bacteria. Similarly, high soil moisture at depth likely stimulated some
Fe removal from the Steel IRIS probes in June (Fig. 5). In March,
consistently high soil moisture and C availability coupled with rising
temperatures likely stimulated Fe reduction in the top 20 cm of the soil
profile. These results echo recent work in upland tropical forest soils
illustrating that rainfall drives soil moisture, which in turn influences Fe
reduction/oxidation events and DOC concentrations (Barcellos et al.,
2018b).

While the October rainfall was extreme in terms of rainfall intensity
and amount, less extreme events such as seasonal thunderstorms or
consecutive rainfall events would also likely saturate the soil and sti-
mulate alternate respiration pathways. In slightly colder temperate
forests, seasonal snowmelt might serve a similar role (Bourgault et al.,
2015; Ekström et al., 2016; Knorr, 2013). Thus many sites that ex-
perience periodic soil saturation are also likely to foster ephemeral Fe-
reduction (e.g. Ekström et al., 2016; Fuss et al., 2010; Knorr, 2013). In
prior lab studies, Steel IRIS probes lost considerable Fe coating at soil
moisture contents well below saturation, with significant Fe reduction
occurring at 50% water filled pore space (Hodges et al., 2018). Fur-
thermore, a column study of XFe-removed from Steel IRIS probes installed
in the B horizon of a Piedmont soil under different soil moisture con-
ditions indicates that Fe removal increased from 0.04 ± 0.007 at field

capacity to 0.30 ± 0.03 at saturation (Fig. S1). Future climate pro-
jections predict an increased prevalence of extreme rainfall events that
may drive more periodic Fe reduction, which has implications for nu-
trient availability and cycling of key soil constituents (Colombo et al.,
2014).

While our data indicate that water inputs are important in terms of
limiting oxygen diffusion and stimulating the use of alternate electron
acceptors, C input/availability is also likely critical for Fe reduction in
the spring, especially in surface soils. The March Steel IRIS deployment
data underlines this point, as XFe-removed values were higher in the top
10 cm than at the other deployment dates (Fig. 4). During this March
sampling period we found high exchangeable FeII concentrations in the
surface soils (Table 1). Furthermore, pH of surface soils was also rather
high for this ecosystem during March (6.5 vs. about 4 reported in
Markewitz et al., 1998). This could correspond to the high FeII in the
surface, as protons are consumed through reduction processes.

This surface depth interval, while moist, was not saturated (Fig. 7)
and likely had more O2 in the larger pore spaces than in the subsurface
horizons, which were saturated at that time (Fig. 7). High C availabil-
ity—due to early-spring decomposition of litterfall elevated by tem-
perature increases—stimulated rapid microbial activity that consumed
O2 faster than the rate of diffusion. Others using passive redox probes
have reached similar conclusions; Jenkinson and Franzmeier (2006)
posited that high concentrations of DOC stimulated Fe removal from
IRIS Tubes in Indiana after the winter. Additionally, Dorau et al. (2016)
observed high rates of microbial reduction of metals during the spring
and suggested organic C largely controls spatial and temporal

Fig. 6. Ordinary Krig of fraction of Fe removed (XFe-removed) from Steel IRIS
probes in October 2015, March 2016, and June 2016 at the Calhoun CZO, SC.
Warm colors represent lower potential for Fe reduction, and cool colors re-
present higher potential for Fe reduction. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 7. Boxplot of volumetric water content distribution at 20, 50, and 100 cm.
Measurements were recorded at 20-minute intervals in October, March, and
June along a representative slope in the central watershed of the Calhoun CZO.
The data displayed include the two-week sampling period in addition to two
days prior to installation and two days after installation. The box represents the
data that fall between quartile 1 and 3, the bar inside the box represents the
median. The whiskers represent quartile 1 and 4, and any points represent
outliers.
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heterogeneity of reducing conditions. Microbial populations, when in
the presence of labile C, burn quickly through available oxygen and
shift to alternate terminal electron acceptors, of which FeIII is the most
prevalent in highly weathered soils such as the Ultisols of the US
Southeastern Piedmont (Li et al., 2008). Since Mn concentrations are
quite low in the Calhoun CZO soils (Li et al., 2008), high microbial
activity would likely drive microbes shift to FeIII reduction shortly after
reducing any available NO3

− (De-Campos et al., 2012).
As noted, the depth-dependent data from October 2015 also suggest

C availability played a role in driving the high potential for Fe reduction
in the subsurface. The large amount of water infiltrating the soil during
the 25 cm rainfall event likely transported labile C from the soil surface
and then perched above the less-structured BC horizon where it could
fuel microbial growth and Fe reduction at depth under oxygen-limited
conditions (Lohse et al., 2009).

4.3. Specific conductance and Fe reduction

We found low correlation between specific conductance measure-
ments (EMI) and the XFe-removed from the IRIS probes. Multiple linear
regressions relating XFe-removed at the different sampling dates with
specific conductance measurements and other topographic indices ac-
counted for little of the observed variance in response. Despite de-
scribing little of the observed variance, our models did indicate that
EMI (a proxy of soil moisture) is a significant factor in determining
potential for Fe reduction. This suggests that there are other un-
accounted variables whose inclusion would improve the model per-
formance. Some factors that may improve future model performance
include labile C, soil temperature, soil texture, and presence of easily-
reducible FeIII (e.g. Ginn et al., 2017). Additionally, the wide range of
clay content in the top 100 cm of the soils could potentially confound
the topographic relationships generally observed with EMI data
(Table 1). Generally, EMI works well when there is one dominant fea-
ture affecting measurements (Doolittle and Collins, 1998). However, at
the CCZO the opposing distributions of clay and water (more clay is
found at the ridge, but the soils are wetter in the footslope) could ob-
scure this measurement during dry periods, as both increases in colloid
content and high soil moisture lead to increased specific conductance
measurements (McBride et al., 1990).

While EMI was a useful tool for selecting sampling sites across the
continuum of soil characteristics captured by EMI, it fell short in terms
of its predictive power for the biogeochemical process of Fe reduction.
Others have had similar experiences when attempting to use EMI to
explain soil biogeochemistry across a complex landscape. For example,
Harvey and Morgan (2009), attempted to use EMI to characterize soil C
stocks across a highly-variable landscape in Southeastern Texas, but
found that it most strongly correlated to soil clay content in the top
meter. As this study indicates, EMI is helpful for prediction over uni-
form landforms and soil types, but is limited when there is a wide
variation in clay and depth to clay-accumulating soil layers across a
site, like in the first-order watersheds of the Calhoun CZO (Table 1;
Corwin and Lesch, 2005; Samouëlian et al., 2005; Tabbagh et al.,
2000).

5. Conclusions

We found that the potential for Fe reduction was elevated following
extreme rainfall events and at the end of winter prior to leaf-emergence
in the Southeastern Piedmont. The fraction of Fe removed from the
Steel IRIS probes in October and March demonstrated that temperate
soils experience ephemeral conditions that could drive Fe reduction.
The amount of Steel IRIS Fe coating removal we observed in October
and March was similar to that removed from Steel IRIS probes installed
in humid forest soils receiving nearly double (2200mm yr−1) the an-
nual precipitation of the Calhoun CZO. This suggests that well-drained
soils in humid, temperate climates experience transient, seasonal Fe

reducing conditions analogous to those of upland soils that receive
much higher annual precipitation. We conclude that the potential for Fe
reduction can be seasonally high in upland soils of the Southeastern
Piedmont and is likely also high in other humid climate regimes with
periods of low evapotranspirational demand and high soil moisture
events.
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