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ABSTRACT: Oxidative decomposition of soil organic matter
determines the proportion of carbon that is either stored or
emitted to the atmosphere as CO2. Full conversion of organic
matter to CO2 requires oxidative mechanisms that depolymerize
complex molecules into smaller, soluble monomers that can be
respired by microbes. Current models attribute oxidative
depolymerization largely to the activity of extracellular enzymes.
Here we show that reactive manganese (Mn) and iron (Fe)
intermediates, rather than other measured soil characteristics, best
predict oxidative activity in temperate forest soils. Combining
bioassays, spectroscopy, and wet-chemical analysis, we found that oxidative activity in surface litters was most significantly correlated
to the abundance of reactive Mn(III) species. In contrast, oxidative activity in underlying mineral soils was most significantly
correlated to the abundance of reactive Fe(II/III) species. Positive controls showed that both Mn(III) and Fe(II/III) species are
equally potent in generating oxidative activity, but imply conventional bioassays have a systematic bias toward Fe. Combined, our
results highlight the coupled biotic-abiotic nature of oxidative mechanisms, with Mn-mediated oxidation dominating within Mn-rich
organic soils and Fe-mediated oxidation dominating Fe-rich mineral soils. These findings suggest microbes rely on different oxidative
strategies depending on the relative availability of Fe and Mn in a given soil environment.

■ INTRODUCTION
Soils are one of the largest and most dynamic carbon (C)
reservoirs on earth, storing more than three times as much C as
the atmosphere and biosphere combined in the form of organic
matter.1 Oxidative decomposition of organic matter dictates
the proportion of C in soils that is either stored or emitted into
the atmosphere as CO2 efflux;2 even small changes in
decomposition rate may thus cause adverse feedbacks to the
climate system. Future predictions of soil carbon-climate
feedbacks thus rely on accurate understanding of the
mechanisms controlling decomposition and how they may
respond to climate change.3

In decomposition, oxidative depolymerization of larger
macromolecules such as lignin into smaller soluble compounds
that can be assimilated and respired by microbes is often the
rate limiting step.4 This process is thought to require oxygen as
well as extracellular enzymes that catalyze the oxidation
reaction.5 Soil C cycling models used to predict climate change
impacts therefore increasingly incorporate measures of
extracellular enzyme production and activity.6,7 However, it
is increasingly clear that purely enzymatic reactions alone do
not explain the oxidative activity observed in soils, prompting
questions about the representation of oxidative decomposition
in models.8 A number of recent studies suggest that a
significant amount of oxidative decomposition and CO2

production is due to nonenzymatic or abiotic reactions.9−11

A possible explanation is the presence of reactive metal
intermediates such as Mn and Fe species, which mediate the
oxidation of macromolecules by molecular oxygen, and have
been shown to enhance oxidative decomposition in soil
systems as diverse as croplands,12 forests,13,14 peatlands,15 and
wetlands.16,17

Across the tree of life, soil microbes and fungi in particular
employ several depolymerization strategies that utilize reactive
Mn or Fe intermediates in coupled biotic-abiotic reactions.18

Microbes can produce extracellular enzymes that oxidize
Mn(II) to form soluble and reactive Mn(III) intermediates.19

Basidiomycete fungi such as “white rots”, for instance, produce
oxidases, peroxidases, or ligninases that are implicated in the
production of soluble Mn(III)-ligand complexes,19,20 which are
assumed to be potent oxidants of aromatic and phenolic
structures. Moreover, several fungal and bacterial groups are
known to oxidize Mn(II) nonenzymatically.21 In contrast,
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fungal groups such as saprotrophic “brown rots” or
ectomycorrhiza, employ nonenzymatic depolymerization strat-
egies that utilize Fe(II).22−24 These organisms reduce Fe(III)
to Fe(II) and release hydrogen peroxide (H2O2) to stimulate
Fenton chemical reactions,18 which produce soluble reactive
oxygen species (e.g., hydroxyl radicals or superoxide) to
nonspecifically oxidize macromolecules.25 It is important to
note that reactive oxygen species are not only produced
biotically as described above but also abiotically in redox-active
soils.13,26 Abiotic Fe(II) oxidation by O2 can produce H2O2,
with subsequent Fenton reactions between H2O2 and Fe(II)
producing reactive oxygen species.13,27 Both Mn- and Fe-
mediated depolymerization strategies thus produce soluble
oxidants that are sufficiently small and potent to penetrate,
oxidize, and depolymerize intact macromolecular structures.
Here we aimed to quantify the relative contribution of Mn-

and Fe-mediated oxidative decomposition in forest soils. In
most soils, Fe is more than 10 times as abundant as Mn.1

However, plant uptake concentrates Mn in foliar tissue and
subsequently accumulates Mn in forest floor litter layers.28,29

Consequently, Mn concentrations often show a maximum in
organic surface layers, where they are equal to or even exceed
Fe concentrations.30 We thus hypothesized that Mn-mediated
oxidative decomposition would dominate in litter layers, while
Fe-mediated mechanisms would control oxidative decom-
position in the underlying mineral horizons. To test this
hypothesis, we linked oxidative activity to variations in metal
speciation and other soil characteristics in temperate deciduous
forest soils. We chose depth profiles along a lowland-to-upland
transect that exhibit strong moisture-induced gradients in
redox conditions and, hence, variations in Mn and Fe
abundance and speciation. We characterized reactive Mn and
Fe phases along the transect using selective extractions and X-
ray absorption near-edge fine structure (XANES) spectrosco-
py. To assess potential for oxidative decomposition, we used L-
3,4-dihydroxyphenylalanine (L-DOPA), a hydroxy-aromatic
probe widely used in colorimetric assays to assess oxidative
activity in soils.5,31,32 L-DOPA assays are traditionally
conducted with and without the addition of H2O2, which is
meant to distinguish the activity of H2O2-independent
“oxidases” from the activity of H2O2-dependent “peroxidases”.
Because H2O2 is known to inhibit Mn(III) formation33 and to
enhance Fe(II)-mediated Fenton reactions,34 we further
examined potential biases of the L-DOPA assay toward either
Mn- or Fe-mediated oxidation in soils amended with reactive
metal phases. The utility of the L-DOPA probe in assessing
both abiotic and biotic contributions to oxidative activity in
soils are discussed.

■ METHODS
Soil Sampling. Samples were collected at the Harvard

Forest Long-term Ecological Research site near Petersham,
Massachusetts (42.54° N, 72.18° W). Samples were collected
along a well-characterized upland-to-wetland transition sur-
rounding a seasonal wetland complex35 characteristic of
ephemeral wetlands in the Northeastern U.S.,36 which exhibit
seasonal and temporal variations in redox conditions that
manifest themselves in variations in metal speciation.37 Soils
are sandy loams classified as Typic Dystrudepts of the
Gloucester series. The secondary forest is dominated by red
oak (Quercus rubra), paper birch (Betula papyrifera M.), red
and striped maple (Acer rubrum L., Acer pennsylvanicum L.),
and white ash (Fraxinus mericana L.), which supply the

majority of the leaf litter. Three positions termed “dry”,
“transition”, and “wet”, each separated by 3−5 m, were
sampled along the established upland-to-wetland transect. At
each position, we collected four replicate soil cores using a
push-corer. In each core, we separated the partially
decomposed litter layer (fresh leaf litter and Oi horizon,
thickness = 4−6 cm) from the underlying organic (Oe and Oa,
7−9 cm) and the mineral (Ah, 15−20 cm) horizons, which
were immediately stored anaerobically in mason jars with a
small amount of dry ice to prevent changes in redox
conditions. Jars were capped with an airtight lid with a septum
to release CO2 gas once sealed. Samples were transported on
ice and transferred to an anaerobic chamber on the same day.
In the chamber, coarse roots and twigs were removed before
samples were gently ground and sieved to <590 μm.

Oxidative Activity Assays. Potential oxidative activity in
each sample was assessed using the oxidation of the simple
hydroxy-aromatic L-DOPA molecule. L-DOPA oxidation was
examined in soil slurries with and without addition of H2O2,
including appropriate controls, as described in Bach et al.31 and
recorded using a microplate spectrophotometer (Epoch 3,
Biotek Instruments, Winooski, VT). To complete the assays,
approximately 1 g of fresh soil was suspended in 125 mL of 50
mM pH 4.7 sodium acetate buffer to form a slurry in a blender
(Lab 2 Speed 1L, Waring, Stamford, CT) at 18,000 rpm for 1
min. Assays were conducted with a 1:1 ratio of soil slurry and
25 mM L-DOPA substrate (with or without 0.3% H2O2) in 96-
well plates. Because of the presence of heterogeneous soil
debris in plates, we transferred 50 μL aliquots of a spun-down
100 μL aliquot of the assay solution to a new plate for
spectrophotometric measurements.38 For soil assays, we
calculated oxidative activity based on the 4 h reading at 460
nm, as this is the time frame over which activity increased most
linearly. Sixteen replicate wells were assayed for each sample.
An extinction coefficient of 7.9/μmol was assumed.32

Oxidative activity was calculated relative to controls without
L-DOPA. In the following, we refer to assays without H2O2 as
“baseline oxidative activity” (or “−H2O2”), the difference
between assays with and without H2O2 addition as the
potential “H2O2-dependent oxidative activity” (or “+H2O2”),
and oxidative activity in assays with H2O2 additions as
potential “total oxidative activity”. Positive controls, in which
we added reactive Mn and Fe species, were performed on the
litter sample with the lowest overall activity. Assays were
performed as described above and read after approximately 0.3,
1, 4, 16, and 24 h, but each well received either Mn(II)Cl2,
Mn(III)-pyrophosphate,39 Fe(II)Cl2, or Fe(III)Cl3 to achieve
concentrations of 1, 3, 12, or 38 μM upon initiation of the
reaction. These treatments were chosen to mimic dissolved
Mn(II), Mn(III)-ligand complexes, Fe(II), and Fe(III) phases.
The concentration range (approximately 7−266 μg Fe or Mn
g−1 soil) was chosen to cover the range of extractable Mn and
Fe concentrations in our litter layer (Figure S-1). All standards
were prepared in the anaerobic glovebag and assays were
conducted under aerobic conditions in the dark.

Characterization of Reactive Mn and Fe Phases.
Reactive Mn and Fe phases were characterized using soils dried
in the anaerobic glovebag. Organically complexed Mn was
targeted with a pyrophosphate extraction.40,41 While the
extraction targets both Mn(II) and Mn(III), ligands such as
pyrophosphate will have much greater affinity for Mn(III).42

Briefly, 0.5 g of soil was extracted with 10 mL of 0.1 M Na-
pyrophosphate (at pH 10) with shaking for 1 h followed by
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centrifugation and filtration through 0.2-μm syringe filters. To
determine the abundance of Fe(II) and Fe(III), 0.33 g of dried
sample was extracted in 10 mL of 0.5 M HCl for 4 h,
centrifuged (1 h at 4000 RCF), and filtered (0.22-μm).
Concentrations of Fe(II) and Fe(III) in the supernatant were
quantified in the dark using the ferrozine assay.43 Changes in
the solubility and reducibility of dominant Mn and Fe phases
across the transect were assessed by a sequential extraction.
Extraction by ultrapure H2O (“water-soluble pool”) was
followed by ammonium acetate (“exchangeable pool”44),
acidified hydroxylamine (“easily reducible pool”45), and
dithionite-HCl (“total reducible pool”44). Briefly, 0.33 g of
dried sample was added to 15 mL centrifuge tubes with 10 mL
of ultrapure H2O (18.3 M-ohm cm). Extracts were shaken for
1 h at 120 rpm, followed by centrifugation (1 h at 4000 RCF)
and filtration of the supernatant through 0.22-μm syringe
filters. The remaining soil pellet was resuspended in 10 mL of
1M ammonium acetate (pH = 7), shaken for 4 h (120 rpm),
and centrifuged (1 h at 4000 RCF). Then 10 mL of 0.25 M
hydroxylamine hydrochloride in 0.25 M hydrochloric acid,
shaken for 4 h (120 rpm), and centrifuged (1 h at 4000 RCF).
Residues were rinsed with 10 mL of deionized water, and
combined extracts were filtered. The remaining soil pellet was
resuspended in 10 mL of 0.05 M sodium dithionate, shaken for
16 h (120 rpm), centrifuged (1 h at 4000 RCF), and filtered.
The residues were washed with 0.05 M HCl for 1 h,
centrifuged, filtered, and combined with the dithionite extract.
All extracts were acidified with 3% HNO3 and analyzed for Mn
and Fe by ICP-MS (Shimadzu ICPMS-2030).
To further speciate Mn, solid samples were analyzed by Mn

K-edge X-ray absorption near-edge fine structure (XANES)
spectroscopy at the wiggler beamline 4−3 at the Stanford
Synchrotron Radiation Lightsource. Replicate samples were
homogenized and combined into one composite sample (at
equal mass ratio) and mounted in sample holders, sealed with
X-ray transparent Kapton tape, and stored anaerobically prior
to analysis. Spectra were calibrated, background corrected, and
normalized, and a linear combination fitting procedure was
used to obtain the relative abundance of Mn(II), Mn(III), and
Mn(IV), as well as the Mn average oxidation state (MnAOS,

46

Table S-1).
Soil Characterization. Total C and N content of each

sample were determined on an elemental analyzer (Costech
ECS 4010 CHNSO analyzer). Water extractable organic C
(WEOC) was determined using a TOC analyzer (Shimadzu
TOC-L/ASI-LAAS) on water extracts obtained in the
sequential extraction procedure described above. Microbial

biomass was determined by chloroform fumigation and
subsequent extraction with K2SO4.

47 Total Mn and Fe
contents were measured on composite samples (combining
the four replicates) by X-ray fluorescence (Spectro Xepos HE
XRF Spectometer).

Statistical Analysis. We performed all statistical analyses
using R version 3.3.1. When necessary, we applied trans-
formations to meet the assumptions of normality, evaluated
with Shapiro-Wilk tests and Q-Q plots. We used linear mixed-
effect models to identify the main effects of reactive Fe and Mn
species, other biogeochemical parameters, position, and
horizon on the rate of L-DOPA oxidation in our assays using
the lme4 package.48

To identify variables to include in the model, we first
explored pairwise linear relationships between oxidative
activity and potential predictor variables. Oxidative activity
with and without H2O2 additions showed the strongest
correlations with pyrophosphate-, acetate-Mn, and total
extractable Mn; HCl-extractable Fe(II) and total HCl-
extractable Fe, total extractable Fe; as well as water extractable,
microbial biomass, and total C (Table S-2 and Figure S-3). We
then checked for covariance between these predictor variables.
Because pyrophosphate-extractable Mn was strongly correlated
with acetate- and total extractable Mn, HCl-extractable Fe with
total extractable Fe, and microbial biomass C with water-
extractable and total soil C (R2 > 0.5), only the former set of
variables was included in the model. Consequently, only
pyrophosphate extractable Mn, HCl-extractable Fe(II), HCl-
extractable Fe, and microbial biomass C were included in the
model. This selection was deemed appropriate because it
allowed us to contrast both Mn- and Fe-driven depolymeriza-
tion pathways and offers the opportunity to assess the relative
importance of microbial biomass as an indicator for
predominantly enzymatically driven pathways.
Oxidative activity with and without H2O2 addition served as

dependent variables in the model. Our model for the whole
data set initially included pyrophosphate-extractable Mn, HCl-
extractable Fe(II), total HCl-extractable Fe, and microbial
biomass C, horizon (litter, organic, and mineral), and position
(dry, transition, wet), as well as their interactive term (horizon
x position), as fixed effects (independent variables). The
random effect of the four transects sampled as well as the three
landscape positions were used as a nested blocking factor to
control for the random error associated with this sampling
design. Similarly, we tested the effect of Fe and Mn phases,
microbial biomass, and position in horizon-based models for
each soil horizon. The horizon-based models included

Table 1. Basic Soil Characteristics of Surface Litter (L) As Well As Organic (O) and Mineral (A) Soils Across the Wetland-
Upland Transecta

total C C/N microbial biomass C water-extractable C total Mnb total Feb

position horizon % ratio mg g−1 mg g−1 pH μg g−1 mg g−1

dry L 49(2) 44 5.3(0.4) 1.06(0.09) 4.6(0.1) 306(9) 0.5(0.3)
O 32(3) 30 2.7(0.3) 0.31(0.05) 3.7(0.2) 120(14) 10(1)
A 1.8(0.4) 27 1.7(0.2) 0.07(0.01) 4.1(0.1) 244(12) 36(2)

transition L 48(1) 31 4.0(0.4) 0.85(0.13) 4.3(0.1) 281(28) 0.4(0.1)
O 32(6) 24 4.7(0.6) 0.48(0.23) 3.7(0.2) 123(26) 7(3)
A 7(3) 17 2.1(0.4) 0.07(0.01) 4.8(0.1) 227(15) 13(3)

wet L 45(2) 27 3.5(0.3) 0.81(0.16) 5.7(0.1) 223(8) 1.1(0.1)
O 37(7) 27 2.6(0.2) 0.13(0.02) 5.0(0.2) 62(11) 4(2)
A 9(4) 24 1.1(0.2) 0.05(0.01) 4.2(0.1) 244(27) 7(1)

aParentheses indicate standard error of the mean (n = 4). bDetermined by X-ray fluorescence (XRF).
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pyrophosphate-extractable Mn, HCl-extractable Fe(II), HCl-
extractable Fe, and microbial biomass C, and position as fixed
effects, with transect as the blocking factor (random effect).
The model residuals were not improved by log transformation
of the dependent variable. We then eliminated insignificant
independent variables (fixed effects) in a stepwise (reverse)
fashion. In each step, the independent variables (fixed effects)
with the highest p values, as assess by type III analysis of
variance (ANOVA), were dropped from the model. The
stepwise elimination of variables conduced in reverse (as
described above) and forward fashion were consistent. Data for
predictor variables were standardized to soil mass and allow
direct comparisons by us to compare their relative strengths as
predictor variables using the resulting F values and beta
coefficients. No significant variables were identified in the
model for the O horizons, possibly due to the more variable
data set, which was thus not included in the results.

■ RESULTS
Soil Characteristics. Across our upland-to-wetland trans-

ect, total C, microbial biomass C (MB-C), and water-
extractable C consistently decreases with depth but did not

significantly differ among positions (Table 1). Total Mn
concentrations consistently peaked in the litter layer, declined
in the organic horizons, and increased in the mineral horizon,
and total Fe concentrations increased with depth (Table 1).
Consequently, total Mn-to-Fe ratios were more than 1 order of
magnitude greater in the litter layer (0.2−0.6) than in organic
(0.01−0.02) and mineral horizons (0.01−0.03).

Abundance of Reactive Mn and Fe Species Across
the Upland-to-Wetland Transect. Concentrations of
reactive Fe and Mn species varied with depth and redox
gradients across our transect (Figure 1). Pyrophosphate-
extractable (MnPP) was most abundant in the litter layer and
decreases with depth. Conversely, both HCl-extractable Fe(II)
(Fe(II)HCl) and Fe(III) concentrations (Fe(III)HCl) generally
increased with depth, with the relative proportion of Fe(II)HCl
increasing from dry to wet soils. The ratio of MnPP to total
FeHCl (sum of Fe(II) and Fe(III)) generally declined with
depth. While the average oxidation state of Fe covered the full
spectrum 2.1−2.8, that of Mn was generally much lower 2.03−
2.16 (Table S-1). MnPP accounted for more than 94% of the
total extractable Mn in all samples (except for the A horizon in
the dry position, where MnPP accounts for 54% of the total

Figure 1. Concentrations of reactive Fe and Mn phases across the upland-to-wetland transect. (a) Pyrophosphate-extractable Mn (MnPP) and (b)
total HCl-extractable Fe (total FeHCl), with proportions of Fe(II) and Fe(III) concentrations. MnPP and Total FeHCl concentrations (bar plots) are
plotted on the top x-axis, while total Mn and Fe concentrations as determined by XRF (open square symbols) are shown for comparison on the
bottom x-axis. (C) Ratio of pyrophosphate-extractable Mn (MnPP) and total HCl-extractable Fe (total FeHCl). L = litter layer, O = O-horizon, and
A = mineral soil. Error bars denote standard error of the mean (n = 4).

Figure 2. L-DOPA oxidation rates, a proxy for soil oxidative activity, across the upland-to-wetland transect. Oxidative activity is reported for assays
conducted without (“baseline oxidative activity”, black) and with H2O2 additions (“H2O2-dependent oxidative activity”, red). The sum of both
activities indicates total oxidative activity, while the ratio indicates the relative contribution of baseline (black) and H2O2-dependent (red) oxidative
activity. L = litter layer, O = O-horizon, and A = mineral soil. Error bars denote standard error of the mean (n = 4).
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extractable pool), indicating that Mn present in our soils is
predominantly organically bound (Figure S-1). Further, MnPP
was well correlated with Mn(III) as determined by Mn K-edge
XANES on composite samples (Figure S-2) and Mn(IV) was
largely absent from our soils (Table S-1), suggesting that most
of the oxidized and reactive Mn is present as organically
complexed Mn(III), rather than crystalline Mn(III,IV) oxides.
Together, these measurements demonstrate that organically
complexed Mn, possibly dominated by reactive Mn(III), is
most prevalent in the litter layer, while the abundance of
reactive Fe phases increases in organic and mineral horizons.
Oxidative Activity Across Upland-to-Wetland Trans-

ect. L-DOPA assays allowed us to distinguish baseline
oxidative activity (i.e., L-DOPA oxidation without H2O2
additions), H2O2-promoted oxidative activity (i.e., L-DOPA
oxidation with H2O2 additions minus L-DOPA oxidation
without H2O2 additions), and total oxidative activity (i.e., L-
DOPA oxidation with H2O2 addition; Figure 2). Our results
showed that oxidative activity without H2O2 additions (-H2O2)
remained relatively constant with depth. L-DOPA assays
receiving additions of H2O2 (+H2O2) showed increasing
oxidative activity with depth, but declined from dry to wet
positions. As expected, oxidative activity without H2O2
additions (-H2O2) were consistently lower than rates measured
with H2O2 additions (+H2O2), with the exception of the litter
layer at the dry and transition position where oxidative activity
is greater in the absence of H2O2 additions. The ratio of
oxidative activity without H2O2 additions (-H2O2) relative to
the total oxidative activity is greatest in the litter layer and
declines with depth. Combined, our results demonstrate that
the baseline oxidative activity remains constant with depth but
is proportionally strongest in the litter layer and that H2O2-
promoted oxidative activity becomes relatively more important
in organic and mineral soils.
Relative Effect of Reactive Fe and Mn on Oxidative

Activity. To account for spatial autocorrelation with depth or
across landscape positions, we used a nested mixed effects
model to identify the main predictors of L-DOPA oxidation
across the gradient (Figure 3). We first build a model for the
whole data set, eliminating insignificant variables in a stepwise
fashion (Figure 3a). The best fit-model describing oxidative
activity without H2O2 additions included MnPP as the variable
with the most significant predictive power. In contrast, the
best-fit model explaining oxidative activity with H2O2 additions
included Total FeHCl, and to a lesser degree MB-C, with the
most significant predictive power. The best-fit model based on
data sets for the litter layer alone included MnPP as the most
significant predictor of oxidative activity without H2O2
additions, while total FeHCl was found to be the more
significant predictor of oxidative activity when H2O2 was added
(Figure 3b). In contrast, a model for the mineral soil (Figure
3c) showed that oxidative activity were best predicted by
Fe(II)HCl without H2O2 addition, but total FeHCl became the
dominant predictor variable when H2O2 was added. In sum,
these modeling results demonstrate that (1) MnPP drives
oxidative activity when no H2O2 is added, i.e., without any
sample alteration, while Total FeHCl becomes more important
with the addition of H2O2, and (2) that Mn-mediated oxidative
activity is more important in the litter layer, while Fe is more
important in the mineral soil.
Increased Oxidative Activity in Response to the

Addition of Reactive Mn and Fe Species. To further
assess the contribution of reactive Mn and Fe species to

oxidative activity in the L-DOPA assays, we ran positive
controls in which we amended soil assays with Mn(III),
Mn(II), Fe(II), or Fe(III). L-DOPA oxidation generally
increased with increasing concentrations of Mn and Fe species
in assays without H2O2 additions (Figure 4a). Both Mn(III)
and Fe(II) additions proportionally increased oxidative activity
by comparable margins. Mn(III) oxidized L-DOPA more
rapidly, while Fe(II) showed slower initial rates but more
complete oxidation over time (Figure S-4). In comparison to
Mn(III) and Fe(II), Mn(II) additions only had a small effect
on oxidative activity (Figure 4c), most likely because Mn(III)
had to be (enzymatically) formed first. Surprisingly, Fe(III)
additions stimulated oxidative activity as much as Fe(II)
(Figure 4a). H2O2 additions increased Fe-mediated oxidative
activity at all initiate Fe(II) and Fe(III) concentrations by
almost 1 order of magnitude (Figure 4b). H2O2 additions had
the opposite effect on Mn-mediated oxidative reactivity,
decreasing Mn(III)-mediated oxidative activity by 6 (at high
initial Mn(III) concentrations) to 50% (at low initial Mn(III)
concentrations) and Mn(II)-mediated activity by 58% (at high
Mn(III) concentrations) (Figure 4c). Our positive controls
thus established that the presence of both Mn(III), Fe(II) and

Figure 3. Coefficient strength of biogeochemical predictor variables
for soil oxidative activity with and without H2O2 addition. Beta
coefficients are reported for best-fits resulting nested linear mixed
effects models for the (a) whole data set, (b) only the litter layer, and
(c) only the mineral soil. Selected parameters included MnPP, total
FeHCl, Fe(II)HCl, and MB-C. Statistical significance is indicated at p <
0.1 (•), p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) levels. The
complete fit parameters are given in Table S-3.
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Fe(III) cause comparable levels of oxidative activity in soils.
But the addition of H2O2 dramatically enhanced Fe-mediated
and suppressed Mn-mediated oxidative activity.

■ DISCUSSION
Reactive Fe and Mn Species Best Predict Oxidative

Activity. Recent evidence suggested that abiotic mechanisms
drive oxidative decomposition in soils.9−11,13 Our detailed
examination of forest soil depth profiles shows that most of the
oxidative activity can be explained by reactive Fe13 and Mn
phases,28 rather than other measured soil properties. Oxidative
activity was more strongly correlated to the abundance of
reactive Fe and Mn phases than measures typically used to
infer microbial and enzymatic activity (Figure 3A). Total,
bioavailability, and microbial biomass C decreased with depth
(Table 1), consistent with decreased microbial abundance49

and enzymatic activity50 in other forest soils. If oxidative
activity was exclusively mediated via extracellular enzymes, we
may thus expect that oxidative activity is greatest at the surface.
However, in spite of seemingly declining microbial contribu-
tions, oxidative activity either remained constant (-H2O2) or
increased with depth (+H2O2; Figure 2). Furthermore, even
when assessed on an individual horizon basis using our mixed
effects model, reactive Fe and Mn phases better predict
oxidative activity than other measured parameters (Figure 3B
and C). Finally, our positive controls confirmed the direct
effect of both reactive Mn and Fe phases on oxidative activity
(Figure 4). In sum, our results suggest that oxidative activity in
forest soils is, in large parts, a reflection of oxidation reactions
mediated by reactive Fe and Mn species.

Mn(III) Drives Oxidative Activity in Organic Layers
and Fe(II) in Mineral Soils. Our results showed that
variations in baseline oxidative activity (measured in assays
without H2O2 additions most similar to baseline field
conditions) across litter, organic, and mineral horizons were
best explained by differences in the abundance of Mn(III) and
Fe(II). In the litter layer, the greater contribution of baseline
oxidative activity to total oxidative activity (Figure 2)
coincided with the largest abundance of Mn(III) (Figure 1).
Consequently, baseline oxidative activity in the litter layer was
best predicted by Mn(III) in our mixed effects model (Figure
3B). Baseline oxidative activity remained relatively constant
with depth and, while the abundance of Mn(III) significantly
decreased with depth, that of Fe(II) increased (Figure 1).
Accordingly, our mixed model identified Fe(II) as the
strongest predictor of baseline oxidative activity in mineral
soils (Figure 3C). Our results thus confirm our initial
assumption that oxidative decomposition in the litter layer is
principally driven by Mn(III)-mediated reactions,28 while
Fe(II)-mediated strategies are relatively more important in
the mineral soil.13

The comparison of assays conducted with and without H2O2
additions provides further insights into the relative contribu-
tion of Mn- and Fe-mediated oxidative decomposition.
Without H2O2 additions, meaning under assay conditions
most similar to baseline field conditions, Mn(III) best
explained oxidative activity in our model for the whole
transect (Figure 3A). Conversely, when H2O2 was added to
assays, Fe became by far the better predictor of oxidative
activity at our field site (Figure 3A). Our control experiments
further showed that H2O2 additions dramatically enhanced not
just Fe(II), but also Fe(III)-mediated L-DOPA oxidation rates,
while holding constant or suppressing Mn(III) and Mn(II)-
mediated L-DOPA oxidation rates (Figure 4B). This
observation is in agreement with the well-known stimulation
of Fenton chemical reactions by H2O2,

34 either produced
biotically or abiotically,27 as well as the H2O2-mediated
inhibition of Mn(II) oxidation and reduction of reactive
Mn(III) species.33 Baseline oxidative activity in unamended
assays thus appeared to be more sensitive to Mn(III)-mediated
oxidative decomposition,28 while assays receiving H2O2
additions capture Fe-mediated oxidative decomposition.13

These findings have important implications for the
interpretation of oxidative activity measurements in organic
and mineral soils globally.51 Across a range of forest and
grassland ecosystems, the ratio of oxidative activity without
H2O2 and oxidative activity with H2O2 is almost an order of
magnitude greater in the litter layer (2.4 ± 1.3) than in the
mineral soil (0.3 ± 0.1).52−54 In other words, the relative
contribution of baseline oxidative activity is consistently
greater in the litter layer, while that of H2O2-promoted activity
tends to be greater in the mineral soil. If we now assume, as
supported by our results, that oxidative activity in assays
without H2O2 is more sensitive to Mn(III) whereas oxidative
activity in assays receiving H2O2 is primarily driven by Fe,
these broad trends suggest that Mn(III)-driven mechanisms40

may explain oxidative activity in organic layers, while Fe-driven
mechanisms13 may be responsible for measured oxidative
activities in minerals soils across a variety of ecosystems.
The proposed differentiation of Mn- versus Fe-mediated

oxidative mechanisms with depth are consistent with a recent
study of fungal abundances and oxidative activity across
organic and mineral forest soils at the continental scale.51,55

Figure 4. Oxidative activity in L-DOPA assays in response to the
addition of reactive Mn and Fe species. Metal-induced oxidative
activity (a) without H2O2 and (b) with H2O2 additions are shown. (c)
Mn-mediated oxidative activity with and without H2O2 additions
replotted to enable direct comparison. L-DOPA oxidation rates were
calculated based on incubation times of 1 h. Error bars denote
standard error of the mean (n = 3).
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That study found saprotrophic basidiomycetes to dominate
organic layers, which are generally enriched in Mn.30

Conversely, fungal communities tend to be dominated by
mycorrhizal fungi in minerals soils,51 which are relatively more
enriched in Fe.30 Interestingly, saprotrophic white rot fungi
also generated by far the highest baseline oxidative activity (i.e.,
without H2O2 additions) compared to other fungal groups.51

In contrast, ectomycorrhizal fungi produced significant H2O2-
dependent oxidative activity, possibly due to their reliance on
nonenzymatic, Fe-driven mechanisms.25 Our results therefore
suggest a depth-differentiation of oxidative pathways, in which
fungal decomposer organisms adapted specific metal-mediated
strategies depending on the relative abundance and availability
of Mn and Fe in organic and mineral soils.
Implications for Assessing Oxidative Activity in Soils.

Our results provide important insights into the utility of L-
DOPA to assess the quantitative roles of reactive Fe and Mn
species in mediating oxidative activity in soils. While both
Mn(III) and Fe(II/III) readily oxidize L-DOPA (Figure 4a)
and, combined, predicted most of the oxidative activity across
our soils (Figure 3), they behaved differently in ways that affect
how we can assess their relative contribution in L-DOPA
assays and how such oxidative activity assays should be
interpreted more generally.
First, incubations times inf luence the sensitivity of L-DOPA

assays to Mn- and Fe-mediated oxidation and, thus, their relative
contributions to oxidative activity measurements. Our positive
controls amended with either Mn or Fe species, Mn-mediated
L-DOPA oxidation peaked within the first hour. By
comparison, Fe-mediated oxidation was relatively constant
throughout the assay duration (Figure S-4). L-DOPA assays to
measure oxidative activity are generally conducted across a
wide range of incubation times: from 556 and 60 min13 to 4,31

5,32 24,52,53 or even 48 h.38 At an incubation time of 4 h, used
to assess oxidative activity in this study, Mn- and Fe-mediated
L-DOPA oxidation proceeded at comparable rates (Figure S-
4). We thus do not expect any systemic bias toward either Mn-
or Fe-mediated oxidative activity measurements across our
upland-to-wetland transect (Figure 2). However, these results
suggest studies of soil oxidative activities relying on shorter
incubation times13,56 are more likely to capture Mn-mediated
oxidative activity, while longer incubation times38,52,53 measure
a greater contribution of Fe-mediated oxidative activity.
Second, autocatalytic reactions between L-DOPA and Fe appear

to perpetuate Fe-driven L-DOPA oxidation in the assay. In our
positive controls, Fe(III)-mediated L-DOPA oxidation was
almost identical to that of Fe(II) (Figure 4), and remained
constant over time (Figure S-4). The surprisingly high
oxidative activity in response to Fe(III) additions suggests
that Fe(III) is rapidly reduced to Fe(II), which then prompts
Fenton-mediated oxidation of L-DOPA. It is plausible that the
L-DOPA, a phenolic compound with structural similarities to
strong reductants such as catechol57,58 and other dihydrophe-
nols,59,60 reacts with Fe(III) to continuously regenerate Fe(II).
L-DOPA oxidation, in turn, then produces a quinone, L-
dopaquinone, which have been shown to catalyze Fe(II)
oxidation.60 Such autocatalytic reactions between the Fe(II)/
(III) redox couple and the phenol/quinone redox mediator, if
oxygen is present,13 can results in continuous regeneration of
reactive oxygen species.59,60 This process would explain the
relatively constant, seemingly self-perpetuating Fe-mediated L-
DOPA oxidation throughout our assay incubations (Figure S-
4). Such autocatalytic behavior was not observed for Mn-

mediated L-DOPA oxidation. Instead, Mn(III)-mediated
oxidation dropped sharply after the first hour (Figure S-4),
most likely because all of the Mn(III) had reacted. The fact
that Mn(II) amended assays showed extremely low L-DOPA
oxidation suggests that very little reactive Mn(III) is generated
in the assays. Moreover, as mentioned above, while the
addition of H2O2 as an oxidant dramatically enhanced Fe-
mediated L-DOPA oxidation, it suppressed Mn-mediated L-
DOPA oxidation (Figure 4B). Combined, these results show
that the excess amount of a redox mediator60 (i.e., L-DOPA/L-
dopaquinone) and oxidant13 (O2 or H2O2), continuously
perpetuate Fe-driven L-DOPA oxidation in the assays, but have
no or even inhibitive effects on Mn-mediated L-DOPA
oxidation. Under natural soil conditions, the supply of natural
redox mediators and H2O2 production driving Fe-mediated L-
DOPA oxidation is expected to be finite. Our findings
therefore suggest that conventional assays of oxidative activity
overestimate the quantitative role of Fe and, in turn,
underestimate the potential contribution of reactive Mn
species.

Importance of Coupled Abiotic−Biotic Processes in
Oxidative Decomposition in Soils. Our investigation shows
that oxidative activity in soils is, in large parts, linked to the
abundance of reactive Mn and Fe species. Oxidative
decomposition is therefore not only a reflection of enzymatic
activity, but also the cycling of reactive Mn(III)28,41 and
Fe(II)13,16 intermediates. Our results demonstrate that Mn-
(III)-mediated pathways drive oxidative activity in Mn-
enriched surface litter, while Fe(II)-mediated reactions
dominate Fe-richer mineral soils. These findings suggest that
microbes utilize different metal-mediated, oxidative depolyme-
rization pathways depending on the relative availability of Mn
and Fe in a given soil environment. Efforts to accurately model
oxidative activity in microbially explicit models6,7 will thus
necessitate explicit consideration of the distribution, reactivity,
and cycling of metal intermediates to predict how future
environmental change may affect microbial OM decomposi-
tion rates.
While our findings agree with recent assertions that a

significant amount of oxidative activity in soils is generated
through abiotic reactions,9−11 it is important to note that Fe-
and Mn-mediated oxidative decomposition cannot be regarded
as exclusively abiotic processes. Fe(II)-mediated organic
matter decomposition necessitates Fe(III) reduction to
produce reactive Fe(II),13,27 which is most frequently mediated
by bacteria61 or fungi18,24 through reductive enzymes or
metabolites. Similarly, Mn(II) oxidation to create reactive
Mn(III) is also thought to be predominantly microbially
mediated.28,41,62 It has been shown that reactive intermediates,
such as Fe(II), persist even through sterilization treatments,13

which are used to assess abiotic contributions in the
aforementioned studies.9−11 Consequently, while reactive Fe
and Mn appear to be the principal drivers of oxidative activity,
our results are indicative of a tight redox coupling between
biotic, enzymatically-driven and abiotic, metal-mediated
reactions in organic matter decomposition. Future studies
using molecular approaches may shed additional light on the
tight interplay between microbes, their oxidative enzymes, and
metal cycling that facilitates oxidative decomposition in soils.
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