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Abstract

Manganese (Mn) is a known active contributor to processing and cycling of soil organic
carbon (C), yet the exact mechanisms behind its interactions with C are poorly understood. Plant
diversity in terrestrial ecosystems drives feedback links between plant C inputs and soil pores,
where the latter, in turn, impact redox environment and Mn. This study examined associations
between soil pores (>36 um @) and Mn within intact soils from two grassland ecosystems, after
their >6-year implementation in a replicated field experiment. We used p-XRF imaging and
XANES spectroscopy to explore spatial distribution patterns of Mn oxidation states, combining
that with X-ray computed microtomography and 2D zymography. High plant diversity system
(restored prairie) increased soil C and modified spatial distribution patterns of soil pores as
compared to a single species system (monoculture switchgrass). In switchgrass the abundance of
oxidized and reduced Mn oxidation states varied with distance from pores consistently with
anticipated Oz diffusion, while in the soil from restored prairie the spatial patterns suggested that
biological activity played a greater role in influencing Mn distributions. Based on the findings we
propose a hypothesis that Mn transformations promote C gains in soils of high plant diversity

grasslands.

Key words: soil organic C, plant diversity, soil pore architecture, X-ray computed micro-
tomography, micro-XRF imaging, XANES spectroscopy

Synopsis: Associations between micro-scale patterns in Mn oxidation states and soil pores
suggest positive contribution of Mn-transformation to carbon gains in soils of polyculture

grasslands.
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INTRODUCTION

Soil organic carbon (C) drives soil fertility and mediates atmospheric COz levels 2.
Despite being extensively studied *>, the specific mechanisms involved in processing and
protection of soil organic matter (SOM) remain enigmatic ¢, preventing development of effective
strategies in facilitating soil C gains. Recently, manganese (Mn) has been identified as an active
contributor to abiotic and biological oxidation mechanisms of SOM processing and residue
decomposition !!. However, complex chemical and mineralogical behavior of Mn'% '3 has thus
far limited understanding, quantification, and modeling of Mn contribution to SOM protection
and/or destabilization 3,

Mn facilitates SOM decomposition through its involvement in production of oxidative

enzymes, such as Mn-peroxidase % 1°

and through enhancement of the activity of other oxidative
enzymes, such as peroxidases and laccases 1. Moreover, many microbial decomposers have the
capacity to oxidize Mn(II) in order to subsequently benefit from the decomposing power of
reactive Mn(III) complexes 7 ¥, Yet, besides catalyzing decomposition, Mn also enables C

protection. Dissolved organic C absorbs on surfaces of Mn oxides 2!

, often resulting in Mn
nodules with C content several times exceeding that of the bulk soil 2% Mn(III)/Mn(IV) oxides
coat surfaces of soil mineral particles, often trapping or coprecipitating with soil organic
compounds 2!:2*. However, the permanence of SOM protection within Mn nodules is dubious,
since in anaerobic conditions Mn(IIT)/Mn(I'V) oxides can be reduced and dissolved though a
number of abiotic and biotic pathways, often freeing the previously protected SOM 3.

The strong dependence of Mn oxidation state (OxS) on Oz availability and microbial

activity, as well as differences in Mn(II), Mn(III), and Mn(IV) solubilities, lead to formation of
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complex spatial patterns in Mn distribution at spatial scales ranging from a few mm to entire soil
profiles. In anaerobic conditions, soluble Mn(II) formed during Mn oxide reduction diffuses
towards boundaries of oxic/anoxic transition zones, where it is then oxidized forming of
MnlIIl/MnlV nodules 2% 2> 26, Fluctuating hydromorphic conditions and periodic exposure to oxic
environments leads to the formation of sizeable (> few mm) Mn(I1I)/Mn(IV) concretions,
orthsteins, and nodules %*%7-3° Moreover, the speed in the onset of oxic conditions defines the
particular shape of the resultant Mn concretions *!. At fine (few cm) scales, spatial patterns in
Mn oxide depositions can reflect the transition zone’s position, the availability of organic
materials subject to active microbial decomposition, and locations of hyphae from fungal
decomposers 10 11:32,

One of the drivers in the formation of active Mn cycling microsites in well-drained soils
are properties and locations of soil pores, a.k.a. soil pore architecture, which define the

33,34

microenvironments of microbial habitation , generate local gradients in water and redox

3936 "and local gradients in microbial activity *”3%. Characterization of soil pore

potentials
architecture via X-ray computed micro-tomography (uCT) enables quantifying the capacity for
Oz supply from the atmosphere to move into the soil matrix via pores. The uCT-based data on
soil pore architecture can effectively predict the magnitude of O2-sensitive soil processes, e.g.,
denitrification ***!. We hypothesize that soil pore architecture also affects the magnitude and
spatial patterns in Mn occurrence and OxSs, as well as involvement of Mn in soil C processing.
By combining uCT images with synchrotron X-ray Fluorescence (u-XRF) imaging and X-ray
Absorption Near Edge Structure (XANES) spectroscopy it is possible to assess the role of pore

architecture in creating optimal environmental conditions for Mn-dependent oxidation and

reduction.
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Many measurements of soil biological activity require sizeable (at least 20-50 mg)
samples, which are taken from homogenized soil without a reference to their original positions
within the soil matrix and surroundings. The traditional sampling approach prohibits learning
about micro-environmental influences on biological processes *>. Combining biological and
chemical information from a range of data sources obtained from intact soil, including
microscopy, spectrometry and spectroscopy images, and uCT, is a promising route for
overcoming this problem **#* The method of 2D soil zymography is a tool for micro-scale in-

situ mapping of extracellular enzyme activities that can be implemented efficiently and quickly

45, 46.

2

across few to tens ¢cm soil areas 47-49

thus, can identify hotspots of microbial activities
Combined with uCT imaging, 2D zymography mapping has been used for exploring spatial
patterns in enzyme activities and soil pore architecture *° and for relating them to microbial
activity °'. In this study we will combine pCT imaging and 2D zymography with u-XRF maps of
Mn and its OxSs to jointly explore physical, biological, and chemical characteristics of potential
relevance to soil C cycling.

It should be noted that contribution of Mn to residue decomposition and C cycling has
been studied primarily in forest soils, where greater exchangeable Mn concentrations in litter and

soils were often found to translate into faster litter decomposition %

and into lower C storage
>4 'Whether Mn abundance has similar detrimental effect on C storage in soils of grasslands and
arable lands is not known, therefore limiting the development of new strategies for promoting
soil C gains via managing soil Mn. There are indications that the role of Mn in non-forest soils
may differ from what is commonly observed in the forests. For example, nitrogen (N) additions

to forest soils, e.g., N fertilization and N deposition, reduce Mn in plants > and lead to lower soil

Mn % %% While in grasslands N additions increase extractable soil Mn >’
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Here we specifically focused on Mn in soils with long-term (>100 y) arable and then
grassland history. High plant diversity is known to be one ofthe leading drivers of'soil C gains
58 Thus, for this study we selected vegetation systems of contrasting plant diversity, namely, a
polyculture (>18 species) restored prairie and a monoculture (single species) switchgrass
(Pcmicum virgatum L.) established on former intensively tilled agricultural land. The studied
soils are well drained and coarse-textured (sandy loam), with pervasive oxic conditions and
minimal oxic/anoxic gradients. Thus, the studied soil systems herein can be regarded as an end-
member environment, i.e. the most oxic, for Mn studies.

The goal ofthe study is to explore the spatial distribution of Mn with different oxidation
states within intact soils from grassland vegetation systems of contrasting plant diversity and to
elucidate the drivers ofthe observed Mn spatial patterns. We specifically focused on exploring
the influences ofthree factors expected to affect Mn OxS, namely: (i) medium-large (>36 pm 0)
soil pores, which serve as Oz influx routes; (ii) soil particulate organic matter (POM) fragments
within the soil matrix, which can act as hot-spots of microbial activity, thus influencing O2
consumption and biological Mn transformations; and (hi) activity of extracellular enzymes,

specifically, (3-glucosidase, indicative of past root presence and past/current microbial activity.

METHODS

Soil sampling. Soil samples for bulk Mn and soil organic C (SOC) characterization were
collected from 5 experimental sites ofthe Marginal Land Experiment from the Great Lake
Bioenergy Research Center, established in 2013 along a North-South spatial gradient in
Michigan and Wisconsin, USA (Supplement Figure St). The soils of'the sites belong to Alfisol,

Spodosol, and Entisol types (https://Iter.kbs.msu.edu/docs/glbrc/mle-site-histories.pdf). Prior to
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the experiment establishment, all studied sites were in conventional row-crop agriculture or
pastures for at least several decades, and prior to European settlement they were under a variety
of forests, typical to North Central Midwest, including oak, hickory and white pine. At each site
a randomized complete block design experiment with 3-4 replications was set up. Two
undisturbed grassland systems of contrasting plant diversity were used in this study: monoculture
switchgrass (Panicum virgatum L., variety Cave-in-rock) and restored prairie, the system with 18
species of forbs, grasses and legumes also including switchgrass. Soil sampling of all replicated
plots of the two plant systems of all 5 sites was conducted in November-December 2019. At each
plot intact soil cores (€ 5 cm) and loose soil adjacent to the cores were collected from 5-10 cm
depth. Soil cores were collected into plastic sleeves inserted into metal cylinders, which were
carefully driven into the soil. Immediately upon collection the samples were placed in foil wraps
and plastic bags to prevent drying (Supplement Figure S2). Prior to further analyses the samples
were stored at 4°C, the temperature consistent with the soil temperature during sampling, to
minimize disturbance to microbial activity. Loose soil samples, ground and 2-mm sieved, from
all studied sites were used for SOC, plant-available Mn, pH, and soil texture measurements.

Due to extremely cost- and time-consuming nature of the analyses, pCT imaging, 2D
zymography, pXRF imaging and XANES spectroscopy measurements were conducted only at
one of the five experimental sites (Lux Arbor), located at Kellogg Biological Station, Michigan
(85°19" W, 42°26" N). The soil of the site is well-drained mixed, mesic Typic Hapludalf
(Kalamazoo/Oshtemo series) formed on glacial outwash. Eight cores (2.5 ¢cm in height), 4 from
each plant system of Lux Arbor site, were used in this study.

Bulk soil analyses and characteristics. Soil organic C was measured by combustion

analysis on Costech Analytical Elemental Combustion System model 4010 for CHNS-O
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elemental analysis and Nitrogen / Protein determination (Costech Analytical Techologies, USA).
Plant-available Mn was determined by the 0.1 M hydrochloric acid extraction >, and soil pH was
measured in a 1:5 soil to water ratio. Soil texture was measured using hydrometer method .
Across the studied sites, pH was equal to 5.9+0.1 in prairie and 6.0+0.1 in switchgrass soil
(p=0.27); in the Lux Arbor site the prairie and switchgrass pH values were equal to 6.4+0.2 and
6.2+0.2, respectively. The soils ranged in their texture from sand to sandy loam. The soil of Lux
Arbor site had 52% and 51% sand contents and 40% and 38% silt contents in its prairie and
switchgrass soil plots, respectively (p=0.88).

Zymography. Prior to p-XRF imaging and XANES spectroscopy, B-glucosidase activity
was measured on the surface of each soil core using Time-Lapse-Zymography (TLZ) approach
%1 (Supplement Figure S3). Briefly, a hydrophilic polyamide membrane filter of 100 um
thickness and pore size of 0.45 um (Tao Yuan, China) was saturated in 6 mM solution of the of
4-methylumbelliferyl-B-D-glucopyranoside (Sigma-Aldrich, Inc., St. Louis, MO, U.S.A.) and
placed on the soil surface. The membrane was photographed every minute in UV light during a
45 min incubation on the soil surface. Obtained images were converted to 4-methylumbelliferone
(MUF, i.e., the product of enzyme catalytical reaction) content maps, using the calibration curve
obtained for the standard MUF solutions in the same camera and light setting. The B-glucosidase
activity was calculated in each pixel of the membrane (18 x 18 pm) as a largest time derivative
of MUF content time series, corrected for MUF losses due to diffusion from enzymatically active
spots to the soil matrix. Calculated spatial distributions of B-glucosidase activity on the soil
surfaces are referred further to as 2D zymography maps.

X-ray uCT scanning and image analyses. Soil cores were scanned using a North Star

Imaging X3000 X-ray uCT system (Rogers, USA) housed at Michigan State University. Prior to
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scanning, the cores were drained at -28 kPa and then pCT scanned at a resolution of 18.2 um
with energy settings of 75 keV and 450 nA and 3014 projections. The X-ray uCT images were
reconstructed using efX software (North Star, Rogers, USA). Image analyses were performed in
ImagelJ (v1.5) software ®2. Image preprocessing consisted of a 3D Median filtering (two-voxel
radius in all directions) and contrast enhancement (0.6% saturated pixel setting). The processed
images were segmented into pores and solids using Otsu method, as implemented in ImagelJ;
pores identified on the segmented images will be referred to as visible pores. The scanning
resolution and image processing used in the study allowed us to reliably visualize pores with @
>36 um. Particulate organic matter (POM) was identified using a machine-learning algorithm
from image analysis software package ilastic ©, with gray values of the image, their 1
derivative and 2™ derivative (texture information) in 3D used POM identification. Distance to
the nearest pore and to the nearest POM fragment (Supplement Figure S4) was determined for
each solid image voxel by using 3D distance transformation tool of ImagelJ. For each soil sample
we reported the following nCT-based characteristics: image-based porosity (the volume of the
visible pores expressed as the percent of the total soil volume), distance to pores, and distance to
POM. The latter two characteristics were obtained as the average distances between individual
voxels which do not belong to pores or POM and the border of the nearest visible (@ >36 um)
pore or the nearest POM fragment.

XRF imaging and XANES spectroscopy. Synchrotron uXRF imaging and XANES
spectroscopy at the Mn K-edge were performed at beamline 7-2 (large format XRF imaging
beamline) at the Stanford Synchrotron Radiation Lightsource (SSRL), SLAC National
Accelerator Laboratory. A water-cooled double crystal Si (111) monochromator was energy

calibrated using the first derivative of a Mn metal foil to 6537.7 eV ®* Beamline 7-2 is equipped
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with a four element silicon drift detector (Hitachi). Capillary focusing optics provided a spot size
of either 100 or ~35 um depending on the size of the mapping area (total Mn or Mn oxidation,
respectively). Soil cores were first mounted in a 3D printed frame and covered with a 6 um thick
perforated XRF film (SpectroMembrane® Mylar® Thin-Film, Chemplex Industries, Inc., Palm
City, Florida, USA ) in order for the cross-sectional core face to remain upright in the X-ray
beam during analysis. The soil cores and frame were then mounted onto polycarbonate holders.
Each soil cross-section was imaged above the Mn K-edge (6700 eV) at a coarse resolution (100
um step size) to provide maps of total Mn abundance on the soil surfaces.

Total Mn images combined with zymography and uCT scans were then used to
determine regions of interest for Mn multi-energy mapping and XANES spectroscopy, in order
to generate images of Mn oxidation (Supplement Figure S3). Multi-energy maps were collected
at various energies around the Mn K-edge (6553, 6559, 6562 and 6564 eV) at higher resolution
(35 um) on smaller regions of interest. Principal component analysis (PCA) and simplex volume
maximization ¢ (both types of cluster analysis) performed using the Microanalysis Toolkit ¢ at
the beamline provided the best estimates of locations to perform XANES spectroscopy in order
to determine the variability in Mn chemistry present in a given mapped region. XANES spectra
were background subtracted and normalized using the Athena package ¢’. End-member XANES
spectra that correspond to the most different Mn chemistry were determined by performing a
PCA in SIXPACK ¥ and were verified by a linear combination fitting of previously published
standards®* in Athena. To create maps of an individual OxS of Mn, a least-squared fitting of the
end-member spectra (corresponding to Mn(II), Mn(IIl) and Mn(IV)) were applied to the multi-

energy maps in SMAK (Supplement Figure S5).
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Image analyses of Mn spatial patterns. To enable comparisons of Mn distributions, in
every oxidation map we identified the locations with the highest abundance (top 5™ percentile) of
each of the three Mn OxSs ((Mn(II), Mn(I1I), and Mn(IV)). Selecting the top 5™ percentile
provided a balance between the ability to focus on high abundance of a particular Mn OxS and to
obtain sufficiently large areas of that OxS for meaningful exploration of the spatial patterns.
Then we focused on the spatial patterns in distributions of the individual OxSs, i.e., the locations
where only one of the three studied Mn OxS was in the top 5 percentile, and of the two OxSs
combinations, i.e., the locations where two of the three studied Mn OxS were in the top 5%
percentile (Supplement Figure S6). The sizes of locations where all three OxSs were in high
abundance were very small to negligible, thus their spatial distribution patterns could not be
reliably assessed.

Mn oxidation state distribution hypothesis: We hypothesize that the micro-scale spatial
distribution patterns of Mn oxidation and oxidation combinations result from combined
contributions of Mn present in a solid form, e.g., as Mn holding minerals or oxides '% ¢

and in a mobile form, e.g., as soluble Mn(II) or chelated Mn(III) 7. We further
hypothesize that, given transient nature of soil pores and their relatively fast turnover ', it
is the mobile forms of Mn(Il) and Mn(III) and the recently formed Mn(III) and Mn(1V)
oxide solid forms that will primarily respond to pore structure and to redox distributions
resultant from the pore structure. While Mn associated with inherent soil minerals will be
randomly distributed through the soil matrix. The specific expectations regarding the
spatial patterns in distributions of the individual OxSs that will be affected by the spatial

patterns in distribution of soil pores, are as follows:

11
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1) The associations between areas of high abundance of Mn(II) and soil pores will
be driven by mobile Mn(II), while high Mn(II) abundance spots representing Mn-
containing minerals will not contribute to relationships with pores. High Mn(II)
abundance locations associated with pores thus are assumed to be the places dominated by
mobile Mn(II) and to correspond to either reduced conditions or to locations of active
microbial Mn processing.

2) The locations with high abundance of Mn(III), where it is not co-located with
either Mn(Il) or Mn(1V), are assumed to be the places where Mn(I1l) is present in a mobile
chelated form or in a newly formed solid oxide form'?, and correspond to either locations
of active microbial Mn processing or a very recent onset of oxidized conditions.

3) The locations with high Mn(IV), when not accompanied by either high Mn(II) or
Mn(III) abundances, are assumed to be the places of solid highly oxidized Mn.

Of specific interest are the following combinations (i.e. co-location) of Mn OxSs:

1) Mn(II) and Mn(I1I), hypothesized to reflect the locations of active biologically-driven use
of Mn for decomposition or of to/from reduction/oxidation transition, referred to further
on as Mn(II-11I), and

2) Mn(I1I) and Mn(1V), as the combination hypothesized to correspond to a recent onset of
oxidized conditions and/or completion of active fungal-driven Mn oxidation, referred to as
Mn(II-1V). In addition,

3) Mn(I1) and Mn(IV) combination, assumed to represent the locations with either the
fastest onset of oxidation or an onset of anoxic reduced conditions, referred to as Mn(I1-

V).

12
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For each sample we determined the fraction of the total studied soil surface with high
abundance of the individual OxSs and their combinations, referred to further on as areas of high
abundance. To explore colocations between Mn abundance and -glucosidase we determined the
fraction of the soil surface with non-negligible B-glucosidase activity that corresponded to high
abundance of Mn individual OxSs or OxS combinations. Then, to enable comparisons among the
samples, we further standardized it by the fraction of the total soil surface with non-negligible -
glucosidase activity.

We explored the distribution of high abundance of individual Mn OxSs and OxS
combinations as a function of distances from the pores and distances from POM fragments in the
soils of the two studied plant systems. For that, the maps of the listed above high abundances of
individual OxSs and combinations of OxSs were overlayed with the distance-to-pores or
distance-to-POM maps of uCT images in ImageJ. We considered 20 distance classes, ranging
from 1 to 20 pixels from the pores/POM. For each distance class we determined the total area of
the soil surface belonging to the class and then the fraction of that area occupied by the studied
Mn OxSs or OxS combinations. In order to facilitate comparisons among the samples these
fractions were further standardized by the total area occupied by the particular Mn
OxS/combination of OxSs within the sample, these are further referred to as relative abundances.

Statistical analyses. Comparisons between the two studied systems in terms of soil
plant-available Mn, soil organic C, other loose soil measurements, e.g., pH and texture, as well
as areas with high abundance of individual Mn OxSs and OxS combinations were conducted
using the mixed model approach 2. The data were fitted with statistical models (as specified

below), followed by checking the model assumptions, and by the system comparisons.

13
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For bulk plant-available Mn and soil C we used the data from all five experimental sites;
and the statistical model for the analysis included the fixed effect of the plant system, along with
random effects of sites and of experimental field blocks nested within the sites. Statistical models
for comparing the two plant systems in terms of areas with high abundances of Mn OxSs and
OxS combinations in the samples from Lux Arbor site consisted of the fixed effect of the plant
system and random effect of blocks. Normality of the residuals and equal variance assumptions
were checked using normal probability plots and side-by-side box plots. When found violated,
e.g., in case of soil organic C, the data were transformed using either square root- or log-
transformation. The results of the system comparisons are reported as statistically significant at
p<0.05 or as trends at p<0.1. Function /mer from R lme4 package was used for fitting statistical
models, with comparisons between the means conducted using emmeans package.

The relationships between high abundance of individual OxSs and OxS combinations
with distances to pores or to POM fragments were fitted with cubic linear regression equations.
Cubic regression was chosen to allow flexibility in addressing a range of patterns in shapes of the
relationships yet had relatively few model parameters. Function /m of R was used for the

regression analysis.

RESULTS

Soil and pore characteristics. Across the 5 studied experimental sites, soil plant-
available Mn was significantly higher in prairie than in monoculture switchgrass (Fig. 1a), the
trend that was consistently present in all sites (Supplement Fig. S7). SOC was also higher in

prairie than in switchgrass (Fig. 1b). Soil data from the Lux Arbor site followed the same pattern

14
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of differences between prairie and switchgrass systems as the rest of the sites (red-circled data
points on Fig. 1a and 1b).

Total image-based porosities (volumetric fraction of pores > 36 um @ in the total soil
volume) in the studied samples were similar in prairie and switchgrass soils (Fig. 1c) and tended
to be numerically, but not statistically significantly, higher in switchgrass than in prairie soils.
The average distance to pores was greater in switchgrass (~470 um), as compared to prairie
(~340 um) (Fig. 1d). Approximately 34% of the total soil solid voxels were located at >500 um
distances from the visible pores in the switchgrass samples, while only 17% in the prairie.
Approximately 10% and 17% of the soil solid voxels were at <100 pm distance from the nearest
pore in switchgrass and prairie soils, respectively. The maximum observed distances to pores
were equal to 1300 um and 1700 um for prairie and switchgrass systems, respectively.

POM fragments occupied 0.5% and 0.8% of the total soil volume in prairie and
switchgrass soil samples, and did not differ between the two systems (p=0.4). The average
distance from POM tended to be shorter in prairie samples, 1000 um, than in switchgrass
samples, 1600 um (p<0.1).

The two systems did not differ in terms of B-glucosidase activity. Enzymatically active
areas occupied 5.1% and 4.8% of the total studied area in prairie and switchgrass soil samples,
respectively, and their average activities within the enzymatically active areas were equal to 7.9

and 9.6 pmol min' mm (with standard error of 0.8).
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Figure 1. Averages and standard errors (error bars) for plant-available Mn (0.1 M hydrochloric
acid extraction 59) (a) and soil organic carbon (b) from 5 experimental sites; and for image-based
porosity (i.e., pores with >36 pm 0) (c) and distances to pores (d) obtained from X-ray pCT
images ofthe soil cores from Lux Arbor, MI site. Stars mark significant differences between the
two plant systems (p<0.05). Dots represent individual data points from all sites, the data points
from the Lux Arbor experimental site on (a) and (b) are marked by red circles. Black circle

marks the outlier that was not used in the statistical analysis ofthe image-based porosity data.

Prairie Switchgrass Prairie Switchgrass

Prairie Switchgrass Prairie Switchgrass
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Areas with high abundance of Mn oxidation states. Plant system had no effect on the
abundances of Mn(II) and Mn(IV), but locations with high abundance of Mn(I1I) occupied
almost twice the space in the switchgrass as in the prairie soil (Fig. 2a). Areas of high Mn(II-11I)
and Mn(II-IV) also were greater in switchgrass, while the areas with high Mn(III-IV) were >10
times greater in soils of prairie than switchgrass system (Fig. 2b).

Abundances of the studied Mn OxSs were generally not related to the locations with high
B-glucosidase activity. Also, there were no differences in Mn co-located with the enzymes
between the two systems for most of Mn OxSs (Supplement Figure S8). One exception was
Mn(III-1V): the area occupied by Mn(III-IV) colocated with B-glucosidase was higher in the

switchgrass than in prairie soil (p<0.1) (Supplement Figure S8b).

Distribution of Mn oxidation states as a function of distance from pores and POM. The
relationships between the studied Mn OxSs and distances to pores were fitted with cubic
regression models for each plant system (Supplement Table 1 and Supplement Fig. S9a). Fitted
regression lines (and their confidence intervals) for the individual OxSs or OxS combinations
that were statistically significantly associated with the distance from pores in at least one of the
two plant systems are shown on Fig. 3. Distance to pores was associated with Mn(II-1IT) and
Mn(III-1V) in both prairie and switchgrass, while it was associated with Mn(I1) and Mn(II-1V)

only in the soil from the switchgrass system (Supplement Table 1).
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Figure 2. Areas ofhigh abundance (5th percentile) Mn oxidation states (OxS) in the soils from
prairie and switchgrass systems, either dominated by just a single OxS (a), or with
simultaneously high abundance oftwo OxSs (b). Stars mark significant differences between the

two plant systems (p<0.05).
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Several common trends in Mn OxSs distribution as a function of distance to pores were
observed in both plant systems (Figs. 3a and 3b). The abundance of areas with high Mn(II-I1I)
and Mn(III-IV) was the greatest at 150-400 pm distances from pores and the lowest < 100 pm
and > 500 pm distances from pores. Across both systems, the trend in abundances of co-located
two OxSs was: Mn(II-1V) (closest) < Mn(III-IV) < Mn(II-1IT) (farthest) (Figs. 3a and 3b).
Specifically, for Mn(II-IV) the peaks of the highest abundance were located at 30 and 130 pm
distances from pores in prairie and switchgrass, respectively, for Mn(III-IV) the peaks were at
165 and 210 um, and for Mn(II-IIT) the peaks were at 220 and 410 pm (Supplement Table 2).
Distances to pores did not influence the areas with high abundance of individual Mn(I1I) and
Mn(IV) OxSs.

Relative abundance of Mn(II) tended to decrease in the soil matrix with an increasing
distance to pores in the prairie soil (Fig. 3a), while it increased as a function of distance in the
switchgrass (p<0.1) (Fig. 3b). While the peak distances from pores to Mn(I1I-IV) and Mn(II-11T)
were very close to each other in the prairie system, at 165 and 220 pm, respectively (Fig. 3a,
Supplement Table 2), Mn(IlI-IV) was closer to pores (210 um) than Mn(II-1IT) (410 pm) in
monoculture switchgrass (Fig. 3b, Supplement Table 2). The peak of Mn(II-IV) was almost in
the immediate vicinity of the pores (Fig. 3a) in prairie (30 pm, Supplement Table 2), while in
switchgrass the peak of Mn(II-IV) was located at 130 um distance from the pores (Fig. 3b,
Supplement Table 2).

Fitted regression lines with their confidence intervals for the individual OxSs or OxS
combinations that were significantly associated with the distance from POM in at least one of the
two systems are shown on Figs. 3¢ and 3d (p-values from regression fitting can be found in

Supplement Table 1 and fitted regressions plotted along with the data are in Supplement Fig.
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S9b). Only Mn(IIT) was associated with the distance from POM in both plant systems (yet, only
at p<0.1 in prairie). The peak of Mn(III) abundance was observed at distances of ~750 and 650
um from POM in prairie and switchgrass, respectively (Figs. 3¢ and 3d). In the switchgrass
system, Mn(IV) and Mn(II-1IT) were also significantly associated with the distance from POM,

with maximum abundances also at ~650 um distance.

DISCUSSION

The micro-scale spatial distribution of Mn OxSs in the studied grassland soils was
associated with distances from soil pores in a manner consistent with our hypothesized roles of
mobile and solid Mn OxSs. The distributions in the polyculture restored prairie differed from
those in the monoculture switchgrass in a manner suggestive that SOC gains observed during the
past > 6 years in the prairie could be associated with a greater proliferation of aerobic conditions
within the soil matrix and subsequent Mn transformations. This finding is important to
understanding the development of soil microsites primed for Mn redox reactions contributing to

plant matter decomposition and SOM storage.
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Figure 3. Cubic regression models fitted to the relative abundances ofindividual Mn OxSs and
OxS combinations data vs. distance to pores for soils from prairie (a) and switchgrass (b) plant
systems and vs. distance to particulate organic matter fragments (POM) for soils from prairie (c)
and switchgrass (d) plant systems. Gray ribbons mark 95% confidence intervals for the
regression mean predictions. Vertical lines mark approximate positions of the highest relative
abundances for the observed Mn oxidation states (OxS) with values reported in Supplement
Table 2. Examples of X-ray pCT images overlayed with maps of selected Mn OxSs/ OxS

combinations are shown in (e).
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General trends in Mn spatial distribution patterns. Contrasting vegetation diversity
patterns, e.g., monoculture switchgrass vs. diverse prairie vegetation, are known to affect
properties and spatial arrangement of soil pores 73, Larger distances to > 36 um @ pores observed
in the soils of switchgrass system as compared to the prairie (Fig. 1d) imply that larger volumes
within its soil matrix can potentially become anoxic. These pores, according to the Young-
Laplace equation, are drained at a capillary pressure > 8.2 kPa, which is less than the soil field
capacity (33 kPa). Therefore, in most soils these pores retain water only during very short
periods of time (2-4 hours), immediately after irrigation or heavy rainfall events, while most of
the time they act as air conduits. The shorter distances to > 36 um @ pores observed in the prairie
system’s soil suggest that the soil volumes affected by Oz shortages were smaller, and that
aerobic conditions were more common and wider spread, as compared to switchgrass soil. Oz
diffuses from large air-filled pores into the surrounding fine pores, while mobile Mn(II) and
partly mobile Mn(III), stabilized by organic ligands’, diffuse in pore solutions from anaerobic
areas towards the oxic zone. Mn oxidation takes place at the locations where the partial pressure
of Oz is just sufficient for Mn oxidation ’*. The peak abundance of co-located Mn(III-IV) in both
prairie and switchgrass soil systems was preferentially observed at ~180-200 um distances from
the pores (Figs. 3a and 3b). Thus, it can be surmised that the zone separating Mn
oxidation/reduction conditions in the studied soils is located at ~180-200 um distance from >36
um @ pores. This observation aligns with the results of our previous study, which demonstrated
that in these soils the volume of poorly aerated matrix affecting the N2O emission and the N2O

production via denitrification was best defined by an 180 um distance from the pores *°.
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Besides transition zones, Mn oxides (Mn(III-IV)) also can form in vicinity (at a few um
to few mm distances) from fungal hyphae through reactions with organic acids and exopolymers
of fungal origin. This phenomenon, first noted almost 150 years ago (refs. in 7°), is observed
even after fungi cease their activity ’°. Since >36 um @ pores were likely the preferred habitat
for fungi 7> 78, it is possible that the Mn(III-1V) peaks at ~180-200 um distances from pores also

reflect the presence of such organic compounds of fungal origin.

Differences in Mn spatial distribution patterns between prairie and switchgrass
systems. Despite a number of commonalities between the two systems, Mn spatial patterns were
substantially disparate, suggesting differences in prevailing processes, e.g., physical vs.
biological, driving Mn transformations in switchgrass vs. prairie soils. In switchgrass, the
greatest abundance of Mn(II-IV) and Mn(III-IV) were the closest to the pores, at 130 um and
210 um distances, respectively (Supplement Table 2). This was followed by the greatest
abundance of more reduced Mn(II-1IT) (at 410 um), while the most reduced phase (Mn(Il)) was
at its greatest abundance at 650 pm distance from the pores (Fig. 3b). Such pattern in spatial
distribution of Mn OxS is consistent with the general understanding of the roles of Oz and Mn(II)
diffusion in Mn reduction and oxidation (Fig. 4). That is, Mn(Il) in the switchgrass soil was
maximal in the reduced, low Oz zone farthest from the large air-filled >36 um pores. It was
probably located in smaller (<36 pm @) water-filled and O2-depleted pores, and as it moved
towards the >36 pm pores it began oxidizing to Mn(I1I), as Mn(II-1II), and upon further
approaching the oxic zone to Mn(IlI-IV) and Mn(II-IV) (Fig. 3b).

In comparison, the spatial pattern of Mn OxSs in the prairie soil appeared to be

contradictory to these general expectations of oxidation/diffusion drivers. First, in the prairie soil
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464  Mn(II) was not associated with the distance and was numerically the highest in close proximity
465  to pores. Second, both more reduced Mn(II-111) and more oxidized Mn(I1I-IV) were at their
466  maxima at the same distance from pores (-200 pm) (Fig. 3a).

467

468  Figure 4. Schematic representation ofthe fluxes and processes involved in Mn transformation in
469  proximity to an air-filled soil pore. Red arrows and color represent O2 fluxes and a relative extent
470  ofthe oxic zone within the soil matrix. Blue arrows and color represent diffusion of reduced

471  forms of Mn and the anoxic zone. Deposition of Mn oxides and active Mn bio-transformations
472 by soil microorganisms are maximal within the transition zone, which in the studied soils is

473 located at -200 pm distances from the pores.

474 Moreover, higher plant-available Mn in the prairie soils across five studied sites (Fig. la),

475  was inconsistent with its better acration status. Plant-available Mn, i.e., Mn extractable by weak
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acids, mainly consists of soluble Mn(II) with some presence of Mn(III) ™. Greater soil volumes
affected by anoxic conditions in switchgrass soil should have resulted in more Mn(II). Indeed,
there were greater areas occupied by more reduced Mn(II-1V) and Mn(II-11I) OxS combinations
in switchgrass soil (Fig. 2b) consistent with an onset in reduction and dissolution of Mn(IV)
oxides in anaerobic conditions. Yet, still the prairie soil had higher extractable Mn.

These inconsistencies might be indicative of a more substantial involvement of microbes
in Mn transformations in prairie soils. For example, a possible reason for a lack of decrease in
Mn(1I) in close proximity to pores could be the enhanced microbial activity in pore vicinities
involving biological Mn reduction. Microbes, especially fungi, are known to transform Mn(II) to
Mn(III) via oxidizing enzymes, including Mn peroxidase, as well as via O radical species ' - 17:
7480 The resultant Mn(III), often in a form of mobile Mn(III)-ligand complexes, can oxidize a
number of organic substrates, most notably lignin, while reducing back to Mn(II) !0 11 13 17. 74
Medium sized (30-150 um @) pores and the soil near them serve as hotspots of microbial activity
38,30 Active repeated cycling of Mn(II)-Mn(III) by microbes ! can be the reason for the lack of
decreases in Mn(Il) in proximity to the pores in the prairie soil and for the peak in abundance of
Mn(II-11I) close to the pore boundaries (220 um) there (Fig. 3a).

Soluble Mn(III) not involved in organic oxidation can disproportionate into Mn(II) and
Mn(IV) and precipitate as Mn(III-1V) oxides *°, which are often found in great quantities within

few mm to few cm oxic-anoxic transition zones %74

as well as within nearby plant and fungal
residues ' *!. While the Mn(III-IV) peaks occurred at similar distances from pores (~200 um) in
both soils of this study, suggesting a common influence from oxic/anoxic pore-driven spatial

patterns, the area occupied by high Mn(III-IV) was >10 times greater in prairie than in

switchgrass soil (Fig. 2b). Yet, the volume of the soil in close proximity to pores was only ~1.5
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times higher in prairie (17%) than in switchgrass (10%) soil, thus could not be the only reason
for its much greater Mn(III-IV) abundance. Stronger and more widely distributed biological
activity involving Mn processing in prairie soil is what we hypothesize to be a contributor to
greater Mn(I1I-1V) formation. Measurements from a companion study indeed demonstrated
significantly higher microbial biomass in prairie than in switchgrass soil (Lee et al., in
preparation). Higher plant-available Mn observed in prairie soil (Fig. 1a) also could be related to
mobile Mn(II) or Mn(Ill)-complexes generated by enhanced biological activity and enhanced
dynamic Mn cycling by microorganisms. Production of Mn-based extracellular enzymes,
including but not limited to Mn peroxidase, by the microorganisms also might be contributing '°.
Activity of Mn-peroxidase exhibits hot-spot behavior >* and thus can be responsible for some of
the observed spatial patterns in Mn distributions.

It is worth noting that a substantial influence of POM on spatial patterns of several Mn
OxSs and OxS combinations was observed in switchgrass soil, while almost none was present in
prairie (Supplement Table 1 and Figs. 3¢ and 3d). In addition, the colocation of Mn(III-IV) with
B-glucosidase was significantly higher in switchgrass than in prairie soil (Supplement Figure
S8b). These observations suggest that locations with high microbial activity, such as POM
fragments or spots marked by high enzyme activity, played an important role in Mn distribution
patterns of switchgrass soil. But their role was less pronounced, as compared to that of the
distance to pores, in the prairie soil. This could be an outcome of a contrasting soil aeration
regime of switchgrass soil, with greater anaerobic areas, that made the influence of microbial
activity hot-spots more noticeable. Widespread oxic conditions and potentially more widely
distributed biological activity of prairie soils might have made the influence of such hotspots on

Mn distribution less detectable.
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Potential implications for mechanisms of soil C protection and future directions. Our
findings support the notion that microenvironmental conditions play an important role in the
biological processes involving Mn '°. In previous studies with forest soils, areas with enhanced
Mn(II) oxidation across the oxic—anoxic transition zone demonstrated the greatest potential to
oxidize lignin and solubilize soil organic matter '°. Greater abundance of such biologically
driven Mn oxidation is regarded as one of the drivers of C losses in forest soils ' >*# However,
it appears that the negative effect of this process in soils of agricultural/grassland land use history
is either negligible or is not leading to C losses. We speculate that intermediate products of SOM
decomposition and microbial activity might not be fully decomposed to COz in such soils, but
protected within soil matrix, possibly, even within the newly formed Mn(III-1V) oxides, thus
leading not to losses but gains in total soil C (Fig. 1b). Mn-oxides strongly absorb soil organic

matter 19, 83, 84

, especially when they are in a poorly crystalline phase shortly after their formation
81 However, they are prone to reductive dissolution when the Oz becomes deficient %, releasing
any sorbed organic matter. Our data suggest that, in polyculture restored prairie soils, microbial
activity leads to Mn(III-IV) formation, accompanied by SOM incorporation and protection. Due
to the pervasive nature of medium (>36 pm @) well-aerated pores through prairie soil, the onsets
of anoxic conditions in such pores are infrequent and short, meaning that Mn(III-IV) oxides with
adsorbed SOM remain intact and SOM remains protected. While further analyses are needed,

this is a promising hypothesis to be tested on a potential additional mechanism of enhanced C

storage in the soils with diverse prairie vegetation.
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Supporting information contains 1) summaries and individual fits of cubic regression
models fitted to uXRF Mn OxSs and distances to pores and POM data, 2) locations of
experimental sites, 3) methodological illustrations of soil core sampling, distance to pore
concept, XANES spectroscopy end-members, and Mn OxSs abundance image processing, 4) soil
plant-available Mn and organic C data from individual experimental sites, and 5) relative

abundances of Mn OxSs in relation to areas with non-negligible B-glucosidase activity.
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