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Abstract

Physical protection of soil carbon (C) is one of the important components of C storage. How-
ever, its exact mechanisms are still not sufficiently lucid. The goal of this study was to ex-
plore the influence of soil structure, that is, soil pore spatial arrangements, with and without
presence of plant residue on (i) decomposition of added plant residue, (ii) CO, emission
from soil, and (iii) structure of soil bacterial communities. The study consisted of several soll
incubation experiments with samples of contrasting pore characteristics with/without plant
residue, accompanied by X-ray micro-tomographic analyses of soil pores and by microbial
community analysis of amplified 16S5-18S rRNA genes via pyrosequencing. We observed
that in the samples with substantial presence of air-filled well-connected large (>30 um)
pores, 75-80% of the added plant residue was decomposed, cumulative CO, emission con-
stituted 1,200 um C g™ soil, and movement of C from decomposing plant residue into adja-
cent soil was insignificant. In the samples with greater abundance of water-filled small
pores, 60% of the added plant residue was decomposed, cumulative CO, emission consti-
tuted 2,000 um C g™' soil, and the movement of residue C into adjacent soil was substantial.
In the absence of plant residue the influence of pore characteristics on CO, emission, that is
on decomposition of the native soil organic C, was negligible. The microbial communities on
the plant residue in the samples with large pores had more microbial groups known to be
cellulose decomposers, that is, Bacteroidetes, Proteobacteria, Actinobacteria, and Firmi-
cutes, while a number of oligotrophic Acidobacteria groups were more abundant on the
plant residue from the samples with small pores. This study provides the first experimental
evidence that characteristics of soil pores and their air/water flow status determine the phy-
logenetic composition of the local microbial community and directions and magnitudes of
soil C decomposition processes.
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Introduction

Soil is a critical component of terrestrial ecosystems, harboring enormous microbial diversity,
moderating the decomposition cycle and greatly influencing atmospheric CO, concentrations
[1,2]. Soil organic matter (SOM) contains more than twice the amount of carbon (C) than all
terrestrial biota [3] and increasing the levels of soil organic C by, in part, decreasing decompo-
sition of SOM can be a feasible means for reducing atmospheric CO, levels [4]. Soil structure
defines sizes and characteristics of soil pores, thus creating physical micro-environments for
microbial activities and playing a major role as both an arena and a product of SOM stabiliza-
tion and dynamics [5-8]. Microorganisms are vital actors of soil systems. Their ability to move
and grow in a structurally and chemically heterogeneous soil environment governs below-
ground processes of biomass transformation into SOM and defines its further fate, e.g., stabili-
zation within soil matrix or loss to the atmosphere as emitted CO, [9]. Distribution of
microorganisms and their activity in soil is spatially correlated at scales ranging from microns
to centimeters [10-12]. The spatial patterns in distributions of microorganisms are related to
presence and characteristics of soil pores [13-15]. Pores control micro-scale soil air, water, and
nutrient fluxes; thus, influence micro-environmental conditions for microbial functioning, e.g.,
[16-18]. It has been shown that micro-environmental conditions may exert even a stronger in-
fluence on SOM decomposition than microbial community composition [19].

Substantial efforts have been invested by the scientific community into understanding empir-
ical relationships between soil structure and soil C [20-26]. These efforts have greatly increased
our conceptual vision of soil C sequestration and the crucial importance of soil structure in it,
e.g., [3]). It is generally accepted that physical protection of organic C in undisturbed soil is
achieved due to those characteristics of soil structure that may limit the ability of microbes to
reach it, e.g., [27-30]. However, mechanisms behind the interactions between soil structure, the
spatial patterns of organic C distribution, and ability of microbes to reach and decompose it are
still not sufficiently lucid to enable deterministic modeling and accurate predictions.

Surprisingly, results of multiple attempts of linking micro-scale information regarding soil
pores with soil C processes remained inconclusive. Specifically, very few studies found relation-
ships between decomposition of native SOM and soil pores, even in the studies specifically de-
signed to create contrasting pore characteristics [31, 32]. A possible explanation proposed by
Juarez et al. [32] is that native C decomposition is controlled by processes taking place at a
scale below the one at which the pore structures are manipulated; possibly in pores <1 um in
size or at surfaces of soil particles.

On the contrary, associations between pores and decomposition rates were observed in the
studies where fresh plant residues were added to soil samples with contrasting pore characteristics
[33-35]. In the latter cases, not only was the decomposition of plant residues influenced by pore
characteristics, but the presence of decomposing residues itself led to formation of new pores.
This discrepancy suggests that soil pore characteristics do influence soil C processes. However,
the magnitudes and rates of such influences are moderated by presence/absence of plant residues.

The decomposition of plant residues freshly added to soil often leads to increased decompo-
sition of native SOM, a phenomenon known as priming effect, e.g., [36], and the increases in
mineralization of native soil C due to plant residue additions can be substantial [37,38]. Prim-
ing effect is believed to be one of the major risk factors in increasing susceptibility of SOM to
decomposition under changing climate [39, 40]. However, quantitative assessment of the con-
tribution of plant residue to soil C processes remains inadequate [19]. A major deterrent is a
lack of understanding of the role that physical protection mechanisms, e.g., soil pores, play in
the interactions between plant residue presence and soil processes, including water and air
movements and microbial activities.
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Application of X-ray computed micro-tomography (uCT) tools offers new promise for gaining
not just a better qualitative understanding but for developing quantitative descriptions of the rela-
tionships between soil C processes and physical environments that enable C protection at micron
resolution [41-46]. X-ray pCT enables visualization of pores within intact soil samples and identi-
fication of pore sizes, connectivities, and other characteristics necessary to describe air and water
fluxes within the samples [44,46-48]. X-ray uCT images can provide information on location and
characteristics of large pieces of organic material, including plant roots, plant residues, and partic-
ulate organic matter, e.g., [26, 33, 49, 50], thus enabling monitoring of their in situ decomposition.

The goal of this study is to take advantage of the latest advances in X-ray pCT tools to ex-
plore interactions between the presence of plant residue and the soil structure, as represented
by characteristics of soil pores, in their influence on soil C cycling. Consistent with previous
findings, we expect that plant residue inputs will have a major influence on soil C cycling.
However, we hypothesize that it is the soil pore characteristics and their influence on micro-
scale air and water distributions that select the composition of the microbial communities and
determine the rates and magnitudes of decomposition of the added plant residue. These activi-
ties in concert then define the decomposition of native soil C. The specific objectives of the
study are to explore how the interactions between soil pore characteristics and plant residue af-
fect 1) plant residue decomposition, 2) CO, emission from soil samples, and 3) composition of
bacterial communities associated with the plant residue.

Materials and Methods
Ethics statement

Permission for collecting soil samples has been obtained from the Executive Committee of the
Long Term Ecological Research site experiment at W. K. Kellogg Biological Station (LTER
KBS). Permission was obtained upon submission of the site use request form (http://lIter.kbs.
msu.edu/research/conducting-research/). The samples did not involve any endangered species.

Site description and soil sampling

Soil for the study was collected at conventionally managed chisel-plowed corn-soybean-wheat
rotation system of LTER KBS, in southwest Michigan, USA (85°24' W, 42°24' N). The soil is
fine-loamy, mixed, mesic Typic Hapludalf (Kalamazoo series) developed on glacial outwash
[51]. Three blocks of soil samples approximately 15 cm x 15 cm x 15 cm in size were collected
from 0-15 cm depth with a spade in February of 2012. The samples were air dried, crushed,
composited and manually sieved to <2.0 mm size. About 50 g of the <2 mm composite sample
was placed on a nest of sieves and mechanically sieved with RO-TAP test sieve shaker (Model
RX-29, OH, USA) for one minute to obtain soil aggregate fractions of five different sizes: <0.05,
0.05-0.10, 0.10-0.50, 0.50-1.00, and 1.00-2.00 mm. The aggregate fractions were used for the
incubation experiments, the uCT scanning, and the analyses of selected basic soil properties.

Analysis of basic soil properties

Selected basic soil properties were determined from the studied soil aggregate fractions in six
replications. Total C and N were measured with the elemental combustion system (ECS 4010
Costech Analytical, USA) [52]. Soil pH was determined at 1:1 soil: deionized water ratio [53].

Incubation experiment setup

Soil samples with contrasting pore characteristics were subjected to incubation with and with-
out presence of plant residue, along with determination of bacterial community structure.
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X-ray UCT was used to assess soil pore characteristics and to quantify decomposition of the
added plant residue. The outline of the study’s experiments is summarized in the paragraph
below with specific details provided further in this section.

Five soil aggregate fractions, i.e., <0.05, 0.05-0.10, 0.10-0.50, 0.50-1.00, and 1.00-2.00 mm,
were used for the incubation experiments (S1 Table). For each aggregate fraction size we creat-
ed two types of samples: intact and ground. For each sample type of each fraction size we incu-
bated the samples with and without added plant residue. Both intact and ground samples with
added plant residue were subjected to uCT scanning. For the analyses of bacterial communities
we used samples of the two aggregate fractions that exhibited most contrasting CO, emission
and plant residue decomposition results. These fractions were 0.05-0.10 mm and 1.00-2.00
mm. Both intact and ground samples of these two fractions with added plant residue were used
in microbial community analyses.

Each incubation sample consisted of approximately 0.6 g of air-dry soil. For incubation the
samples were placed in 3 ml plastic syringes (@ 10 mm) (BD Franklin Lakes NJ, USA) after
covering the base of the syringe with glass wool. Plant residue that was used in the study con-
sisted of round pieces (@ 8 mm) cut from dried corn leaves using Realeather Crafts Maxi
Puncher Set. The average weight of the cut leaf pieces used in the study was approximately 2.5
mg. The average concentrations of total C and N in the leaves were 387 and 30 mg g™
leaf, respectively.

To prepare the samples amended with plant residue, each soil sample was subdivided into
two halves, ~0.3 g each. One half was placed in the syringe, the corn leaf piece was placed hori-
zontally on top of it and then covered with the rest of the soil. These samples are referred to as
samples with leaves. A schematic representation of the steps involved in assembling the sam-
ples with leaves for the incubation experiment is shown in S1 Fig Samples without plant residue
were prepared by placing the entire amounts of soil into the syringes. These samples are re-
ferred to as samples without leaves.

For the incubation experiment, soil water content in all samples was maintained close to
50% of the total soil porosity. To ensure a uniform soil water distribution, half of the water was
added from the bottom and the other half from the top of the sample (S1 Fig). In the samples
without leaves the entire amount of water was added from the top of the sample. After adding
water, the base of each syringe was covered with rubber sleeve stopper, and each syringe was
placed in a 10 ml vacutainer (BD Franklin Lakes NJ, USA). Approximately 0.5 ml of water was
added to the bottom of each vacutainer to protect soil from drying during the incubation.

Of particular importance for our study was to estimate the differences in CO, emission and
plant residue decomposition that were due to contrasting pore characteristics. To achieve this
goal such differences had to be separated from the differences originated from potential dissim-
ilarities in chemical or biological characteristics of different aggregate fractions. The purpose of
ground samples was to enable us to separate the differences related to pore characteristics.
Ground samples of each of the studied aggregate size fractions were prepared by grinding soil
of the fraction in a shatter box grinder (Shatter Box 8530, USA) to pass a 0.05 mm sieve. Then
samples with and without leaves were prepared and were subjected to incubation using the
same procedures as for the soil samples of intact aggregate fractions.

For the incubation experiments, we used six replications for intact soil aggregate fractions
with leaves, and four replications for intact samples without leaves. Five replications of ground
soil aggregate fractions with and without leaves were used.

The incubations were carried out at 22° C for 120 days. The CO, emission was measured on
the first, second, fourth and eighth days of the incubation and then continued on a weekly
basis until the last month of the study, when CO, was measured at two and three week inter-
vals. The CO, measurements were conducted using infrared gas analyzer (LI-820 CO,
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Analyzer Lincoln, Nebraska, USA). After each sampling, the remaining gas in the headspace
was flushed with CO,-free air.

After completing the incubations and scanning, the intact and ground samples with leaves
were disassembled, and approximately 3-4 mm of soil material adjacent to the leaves was used
to measure soil total C.

MCT Scanning and image analysis

Two replications of the intact samples of all five fractions with leaves were subjected to uCT
scanning before and after the incubation. Four remaining replications of the intact samples
with leaves and all five replications of the ground samples with leaves of the <0.05, 0.05-0.1
and 1.0-2.0 mm size fractions were uCT scanned after the incubation. These three fractions
were selected for after-incubation scanning because they produced most contrasting CO, emis-
sion and plant residue decomposition results. All samples were air-dried prior to scanning.

Scanning was conducted on the bending magnet beam line, station 13-BM-D of the GeoSoi-
|EnvironCARS (GSECARS) at the Advanced Photon Source (APS), Argonne National Labora-
tory (ANL), IL. Data were collected with the Si (111) double crystal monochromator tuned to
28 keV incident energy, the distance from the sample to the source was approximately 55 m.
2D projections were taken at 0.25  rotation angle steps and combined into a 3D image consist-
ing of 1040 slices with 1392x1392 pixels per slice. The scanning resolution was 6.5 pm. Detailed
information on the procedure and data preprocessing steps is given in [54] and [55].

Classification of image voxels into pore or solid material was conducted using the indicator kri-
ging method [56, 57]. Four pore characteristics were obtained from the images, namely, total poros-
ity, image-based porosity, size distributions of >6.5 um pores, and connectivity of >6.5 um pores.
Total porosity was determined from dry weight and volume values of each soil sample. Image-
based porosity was assessed as the percent of pores visible at the image resolution (>6.5 um). Pore-
size distributions were obtained via burn number distribution approach using 3DMA-Rock soft-
ware [47] and the details of its implementation are described in Wang et al. [46]. Connectivity of
pores visible at the image resolution (>6.5 um) was determined using SCAMP V1.2 (developed in
SIMBIOS Centre, University of Abertay, Dundee, Scotland) implemented in Image] [58].

Pieces of leaves were identified on the images using a combination of tools available from
Image] along with its plug-in tools 3D Viewer [59] and Bone] [60], and the techniques used in
the approach for particulate organic matter determination developed by Kravchenko et al.

[61]. Specifically, leaf identification started from preliminary selection of leaf voxels based on
their grayscale values. That was followed by maximum filtering and fine-tuning the selection
based on the grayscale values of the filtered image. Then a series of noise reduction and image
erosion steps was applied in order to remove the features from the rest of the soil image that
happened to have the same range of grayscale values as the leaf. Identified leaf images were
then visually inspected and misclassified elements, e.g., soil particles closely aligned with the
leaf, were removed manually. The volume of the leaf was obtained as a product of the number
of leaf voxels and the voxel volume (6.5 x 6.5 x 6.5 pm3).

For the samples that were scanned both before and after the incubation, the amount of leaf
material lost during the incubation was determined as the difference between leaf volumes
measured before and after incubation. The average initial leaf volume was calculated from the
data on all the samples scanned prior to the incubation (n = 6). Then for the samples that were
scanned only after the incubation the average initial leaf volume was used as the estimate of the
before-incubation leaf volume.

We used the information on pore presence and their water-filled status to estimate gas diffu-
sion coefficients using the approach proposed by Resurreccion et al. [62]. The approach is
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based on the conceptual model of a bimodal porous medium with pore space divided into
inter- and intra-aggregate pore regions with the region specific values of the gas diffusion coef-
ficients. Since soil samples of this study were constructed as mixtures of aggregates of different
sizes, the approach of Resurreccion et al. [62] appeared to be particularly suitable for gas diffu-
sivity estimation in our samples. These calculations were performed for illustration purpose
only for the two contrasting intact aggregate samples of 0.05-0.1 mm and 1-2 mm sizes.

Resurreccion et al. [62] showed that the ratio between the gas diffusion coefficients in the
soil, Dy, and in the free air, D,, changes with water content as:

e\

1

b, [ () e=o 0
D,

O + Fyey? e >,

where @, and @, are the inter- and intra-aggregate air-filled porosities, respectively, (cm’
cm™); €1, &, and ¢ are the inter- aggregate, intra-aggregate, and total air-filled porosities, re-
spectively, (cm?® em™); X, and X, are the dry-region pore connectivity factors of inter- and
intra-aggregate pores, (dimensionless); and N; and F, are the empirical parameters,
(dimensionless).

In the gas diffusion estimation for the 1-2 mm aggregate fraction we used parameters ob-
tained by Resurreccion et al. [62] for the 1-2 mm aggregate fraction of a silty clay soil [63]. We
used 50% air-filled porosity, consistent with our experimental settings; and based on the image
analyses we estimated that approximately 65% of the pores were in the inter-aggregate air-filled
group. In the gas diffusion estimation for the 0.05-0.1 mm aggregate fraction the (Eq 1) was
applied using condition e <®; with ®; = ® assuming absence of the intra-aggregate pores in
this size fraction.

Microbial Analyses

To assess the microbial community composition on the decomposing leaves we prepared 5 rep-
licates of the intact and ground samples with leaves for two aggregate fractions with the most
contrasting pore characteristics, CO, emission, and plant residue decomposition results, i.e.
0.05-0.1 mm and 1-2 mm fractions. The samples for microbial community analysis were pre-
pared and incubated as described above. However, the incubation was conducted only for 14
days. After 14 days, the leaves were removed from the samples and subjected to microbial anal-
yses. Shorter incubation time was used because of concerns regarding reduction in microbial
activities and changes in microbial communities during long-term incubation. The first 1-3
weeks are known as the time when residue decomposition is most vigorous [64, 65], therefore
our microbial community analysis aimed at capturing the communities present in the samples
during active residue decomposition stage.

DNA extraction, amplification, and pyrosequencing. DNA was extracted from the leaf
samples, ranging from 20 mg to 70 mg, using the PowerSoil DNA Isolation Kit (Mo Bio Labo-
ratories Inc., Carlsbad, CA), according to the manufacturer’s instructions. Extracted DNA was
stored at -20°C until needed. The V3-V5 region of the 16S rRNA gene was targeted for pyrose-
quencing using HMP primers (357F and 926R). The 357F primer included the 454 adapter se-
quence and the primer sequence 5-CCTACGGGAGGC AGCAG-3’. The 926R primer
contained the 454 adapter sequence, unique barcodes and the sequence 5’-
CCGTCAATTCMTTTRAGT-3’. PCR amplifications were performed in duplicate. Each 75 pL
PCR reaction contained 5 uL of template (2-7 ng puL™"), 3.0 U of AccuPrime Taq DNA Poly-
merase High Fidelity (Invitrogen Corp., Carlsbad, CA), 60 mM Tris-SO4 (pH 8.9), 18 mM
(NH,4),SO,, 2 mM MgSO,, 0.2 mM of each deoxynucleoside triphosphate, and 0.2 uM of each
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primer. PCR was performed under the following cycle conditions: an initial denaturation step
at 98°C for 30 s and 25 cycles of denaturation at 94°C for 1 min, annealing at 56°C for 45 s, and
extension at 72°C for 100 s. A final extension step at 72°C for 8 min was then performed. Gel
analysis was performed to confirm the amplification of each sample. Duplicate reactions were
combined and the PCR amplicons were purified using Agencourt AMPure XP Kit (Beckman
Coulter, Inc., Brea, CA) according to the manufacturer's protocol. Amplicon pyrosequencing
was performed using 454 Junior with GS FLX titanium chemistry (454 Life Science, Branford,
CT) at the Department of Microbiology and Molecular Genetics, Michigan State University.

Sequence analysis. Sequences were analyzed using Mothur version 1.30 [66]. Readings with
exact matches to the linker, barcode, spacer, and primer sequences were retained. The shhh.flows
command, a re-implementation of the PyroNoise alogorithm (Quince et al., 2009), was used to
denoise flowgrams. Sequences less than 200 bases or with homoploymers of 8 or more were re-
moved. Sequences were aligned using the SILVA database, and chimeras were removed using
Uchime (Edgar et al., 2011). Taxonomy was assigned using a cut-off score of 80% based on RDP
training set 9, available within Mothur. The data set was then rarified to 2225 sequences per sam-
ple. The average neighbor-clustering algorithm was used to assign operational taxonomic units
(OTUs) based on 97% similarity. Commands made available within Mothur were used to calcu-
late the Bray-Curtis index and the Chaol estimate and Shannon-Weiner diversity.

Statistical analysis

Differences among aggregate fractions in intact and ground samples in terms of the soil prop-
erties, the cumulative CO, emission during incubation, the amounts of leaf material lost during
the incubation, and pore characteristics were analyzed using the PROC MIXED procedure of
SAS 9.3 [67]. Differences among the fractions and ground/intact samples were declared to be
statistically significant at p<0.05 level, while differences significant at p<0.1 level are men-
tioned as observed trends.

Compositions of soil microbial communities were summarized using Principal Coordinate
Analysis (PCoA) applied to Bray-Curtis dissimilarity matrix [68], and conducted using R-
package labdsv. Comparisons between Bray-Curtis dissimilarities of the intact and ground
samples of different aggregate fractions were performed using Permutational Multivariate
Analysis of Variance (PMAYV) [69] that was conducted using R-package vegan. Comparisons
between individual microbial groups in different aggregate fractions were conducted using
Wilcox rank sum test.

Results
Soil pore characteristics

As was intended, the samples created from the aggregate fractions of different sizes had highly
contrasting pore size distributions (Fig 1 and Table 1). The biggest differences between the
fractions were present in terms of image-based porosity values, maximum pore sizes, and pore
connectivity. Maximum pore diameters were more than one order of magnitude larger in the
1-2 mm aggregate fraction than in the two smallest fractions (i.e. <0.05 and 0.05-0.1 mm). In
the two largest aggregate fractions, 99% of the pore space visible on pCT images (>6.5 um) was
interconnected, while there were essentially no connections between >6.5 um pores in the two
smallest aggregate fractions. The two largest aggregate fractions had average pore diameters of
104 and 56 pm, respectively, while for the three smallest fractions the average pore diameter
values were only 10-11 pm (Table 1).

The average pore size of the 0.1-0.5 mm fraction was similar to that of the smallest two frac-
tions (<0.05 and 0.05-0.1 mm), however the maximum size of the pores present in the 0.1-0.5
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Fig 1. Average pore size distributions in the studied soil aggregate fractions. The relative abundance is
calculated as a ratio between the numbers of pore medial axes voxels and the total image voxels.

doi:10.1371/journal.pone.0123999.g001

mm fraction was substantially larger than that in the smallest two (Table 1). Approximately 1/
3 of the >6.5 pm pores in the 0.1-0.5 mm fraction were in the 35-100 pm size range, whereas
no such pores were observed in the two smallest fractions (Fig 1). In the 0.1-0.5 mm fraction
approximately 60% of the >6.5 um pore space was interconnected.

Pore-size distributions of the ground samples were indistinguishable in their characteristics
from those of the <0.05 mm fraction. The concentrations of C and N varied across the studied
aggregate fractions and were the greatest in the 0.05-0.1 mm fraction (S2 Table).

M-CT leaf images

Corn leaves were clearly visible and well identified on the pCT-images (Fig 2). On average, the
size of the original leaves as determined from the images was around 12 mega-voxels, while it
decreased to 2 to 6 mega-voxels at the end of the 120 day incubation. Leaf decomposition was
much stronger in the intact aggregate fractions of the three largest sizes, i.e., 0.1-0.5, 0.5-1.0,
and 1.0-2.0 mm, as compared to the two smallest fractions (Fig 3). Approximately 75 to 80%
of the original leaves were decomposed during the incubation in the three largest aggregate
fractions, with the remaining leaf pieces estimated from the images of only 2-3 mega-voxels in

Table 1. Summary of selected pore characteristics of the studied soil aggregate fractions.

Fraction size, Total

porosity,
mm cm®cm
1.0-2.0 0.562
0.5-1 0.532
0.1-0.5 0.547
0.05-0.1 0.566
<0.05 0.577

Image-based porosity Weighted average pore Maximum pore Pore space
(> 6.5 pm), diameter, diameter, connectivity,
cm®cm pum pm %

0.405a* 104a 568a 99a

0.410a 56b 348b 99a

0.120b 11c 107c 60b

0.045¢ 10c 36d <ic

0.036¢ 10c 29d <ic

*Means within the same column followed by the same letter are not significantly different from each other (p<0.05).

doi:10.1371/journal.pone.0123999.1001
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Fig 2. Examples of the leaf images from a) the leaf in a sample prior to incubation, and the leaves after
120 days of incubation in the samples of b) intact 0.05-0.1 mm aggregate fraction, and c) intact 1.0—
2.0 mm aggregate fraction. Note that the large pores around the leaf in the 0.05-0.1 mm (b) have formed
after the incubation when the samples were air-dried prior to the second scanning.

doi:10.1371/journal.pone.0123999.g002

size (Fig 2). Approximately 60% of the leaves were decomposed in the two smallest intact ag-
gregate fractions with the remaining leaf pieces of 5-6 mega-voxels in size (Fig 2).

Leaf decomposition was the lowest in the ground samples. Only 50% of the leaves was
found to be decomposed in the three aggregate size fractions that were subjected to scanning
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(1]
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[=]

30 . .
<0.05 0.05-0.1 0.1-0.5 0.5-1 1.0-2.0

Aggregate fraction size, mm

Fig 3. Percent of the corn leaves decomposed during the 120 day incubation as determined by X-
ray pCT image analysis. Different letters within the intact group mark aggregate fractions significantly
different from each other (p<0.05), while the differences among the aggregate fractions of the ground group
were not statistically significant. The differences between the intact and ground aggregate fractions of
<0.05 mm and 1.0—2.0 mm sizes were statistically significant (p<0.05) and are marked with **.

doi:10.1371/journal.pone.0123999.g003
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after the incubation, that is the fractions <0.05, 0.05-0.1, and 1-2 mm. Numerically, in all
three fractions the amounts of leaf decomposed in the ground samples were lower than that in
their respective intact counterparts; the differences were statistically significant for the <0.05
and 1-2 mm fractions (Fig 3).

Carbon emission

In all studied aggregate fractions the cumulative CO, emitted during the 120 days of incuba-
tion from the ground samples was significantly higher than that in the intact samples across
all aggregate fraction sizes with and without leaves (p<0.05). Expectedly, the cuamulative CO,
from the samples with leaves was significantly higher than that in the samples without leaves
(p<0.05) (Fig 4).

The samples from the two smallest aggregate fractions (<0.05 and 0.05-0.1 mm) behaved
very similar to each other in terms of their total amounts of emitted CO,. Likewise, the samples
from the three largest fractions (0.1-0.5, 0.5-1.0, and 1-2 mm) were very similar in their CO,
emissions. Thus for clarity in presenting the results we combined them into two groups that
will be further referred to as small and large aggregate fractions, respectively. Numerically, the
total CO, emitted from the small aggregate fractions was higher than that from the large frac-
tions in both ground and intact samples with and without leaves (Fig 4). However, only in the
intact samples with leaves the difference between small and large fractions was statistically sig-
nificant (p< 0.05).

After 120 day incubations the C level in the soil layer adjacent to the leaf increased substan-
tially in the ground samples of all fraction sizes and in the intact samples of the two smallest
fractions (Fig 5). The changes in the C content were very similar in the intact and ground sam-
ples of the smallest aggregate fraction. The changes were significantly lower in the intact sam-
ples as compared to the ground ones in the 0.05-0.1 and 0.5-1.0 mm fractions (p<0.05) and

3500
S o small
@ 3000
" o M large
O 2500
£
= 2000
5
‘w1500
2
£ 1000
(@)
'~ 500
o]
O
0
intact ground intact ground
with leaf without leaf

Fig 4. Cumulative amount of the CO,-C emitted from the small (<0.1 mm) and large (0.1-2 mm)
fractions with and without corn leaf during the 120 day incubation in intact and ground samples. In all
aggregate size fractions, both ground and intact, the CO,-C emitted from the samples with leaves was
significantly higher than that from the samples without leaves (p<0.05). In all aggregate size fractions, both
with and without leaf, the CO,-C emitted from the ground samples was significantly higher than that from the
intact samples (p<0.05). The significant difference between the small and large aggregate fractions is marked
with ** (p<0.05).

doi:10.1371/journal.pone.0123999.g004
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Fig 5. Differences between C levels in the soil layers adjacent to the corn leaf in the samples of the
studied aggregate fractions after 120-day incubations and initial soil C content in the studied
aggregate fractions (S3 Table). Cases when the intact and ground fractions are significantly different from
each other are marked with ** (p<0.05). All differences except those marked with NS are significantly greater
than zero (p<0.05).

doi:10.1371/journal.pone.0123999.g005

were numerically lower in the 1-2 mm fraction. The changes in C after incubation in the intact
samples of the two largest fractions were not significantly different from zero.

Microbial community composition on the incubated leaves and adjacent
soil

Bacteria belonging to 10 phyla were identified on the decomposing corn leaves from the studied
samples (Fig 6). The most abundant were Proteobacteria with o-proteobacteria (Afipia, Bradyr-

hizobium, Devosia, Phenylobacterium, Rhizobium, Roseomonas, Skermanella), B-proteobacteria
(Burkholderia, Massilia), and 8-proteobacteria (Sorangium) present, followed by

387a 377a 656b 626b ) .
3.5a 3.5a 4.07b 3.6a m Acidobacteria
m Actinobacteria
100%
M Bacteroidetes
@ 80% m Chloroflexi
Z B Firmicutes
[
6 0% ® Gemmatimonadetes
s
_g W Nitrospira
40%
,g W Planctomycetes
-
E,m" Weall Proteobacteria
20%
™ Verrucomicrobia
0% il unclassified
0.05-0.1 ‘ 1.0-2.0 0.05-0.1 1.0-2.0
ground intact

Fig 6. Distribution of the relative abundance of bacteria identified at the phylum level on
decomposing corn leaves in intact and ground samples of 0.05-0.1 mm and 1-2 mm aggregate
fractions after 14 day incubation. The numbers above the columns represent values of Chao (top) and
Shannon (bottom) diversity indexes with different letters following each index indicating statistically significant
differences among the four studied groups (p<0.05).

doi:10.1371/journal.pone.0123999.g006
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Fig 7. Principal coordinate analysis results based on the Bray-Curtis dissimilarities from the
decomposing corn leaves in intact and ground samples of 0.05-0.1 mm and 1-2 mm aggregate
fractions after 14 day incubation. Intact 0.05-0.1 and 1-2 mm fractions are significantly different from each
other and from the ground fractions (p<0.05).

doi:10.1371/journal.pone.0123999.g007

Actibnobacteria (Actinoallomurus, Actinomadura, Arthrobacter, Blastococcus, Dactylosporan-
gium, Kribbella, Leifsonia, Nocardia, Nonomuraea, Pseudonocardia, Streptosporangium, Terra-
bacter), and Bacteroidetes (Adhaeribacter, Chitinophaga, Flavisolibacter, Niastella, Segetibacter).
Proteobacteria tended to be in greater abundance in ground samples, Actinobacteria tended to
be less abundant in the intact samples of the 1-2 mm aggregate fraction, while Bacteroidetes
were almost twice as abundant in the intact 1-2 mm aggregate fraction samples as in the 0.05-
0.1 mm fraction and in the ground samples. The ground samples had significantly lower values
of the Chao diversity indexes, while the intact 0.05-0.1 mm fraction had higher value of Shan-
non diversity index than both the ground samples and the intact 1-2 mm fraction (Fig 6).

In Fig 7 we present results of PCoA based on Bray-Curtis dissimilarity of all detectable
OTUs at the 97% similarity cutoff from phylogenetic composition of the bacterial communities
as measured with next generation sequencing. The separation between the samples occurred
primarily along the 1*' principal coordinate (PC1). The intact samples of the 1-2 mm fraction
clustered separately from those of the intact 0.05-0.1 mm fraction, while the ground samples of
the two fractions clustered together. PMAYV revealed that in the intact samples bacterial com-
munity structure of the 1-2 mm fraction was significantly different from that of the 0.05-0.1
mm fraction (p<0.01), while in the ground samples community structures of the two studied
fractions were not significantly different from each other (p<0.3).

We specifically focused on the individual OTUs the relative abundances of which signifi-
cantly differed (p<0.05) between 1-2 mm and 0.05-0.1 mm fractions of the intact samples
(Table 2). Such differences were observed in 21 out of top 100 most abundant OTUs. Fourteen
of these groups were more abundant in the 0.05-0.1 mm fraction. Out of those, six belonged to
Acidobacteria, namely, 5 to Acidobacteria-Gpl and 1 to Acidobacteria-Gp6 classes. Among the
remaining seven that were more abundant in the 1-2 mm fraction were two members of Strep-
tosporangiaceae family, and members of Niastella, Burkholderia, Afipia, Paenibacillus, and
Nitrospira genus.
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Table 2. List of the bacteria OTUs (from the 100 most abundant ones) on decomposing corn leaves, the relative abundance of which was signifi-
cantly different between the 1-2 mm aggregate fraction and the 0.05-0.1 mm aggregate fraction after 14 days of incubation (p<0.05).

Phylum

Bacteroidetes
Proteobacteria
Proteobacteria
Actinobacteria
Acidobacteria
Proteobacteria
Bacteroidetes
Proteobacteria
Acidobacteria
Acidobacteria
Gemmatimonadetes
Actinobacteria
Firmicutes
Actinobacteria
Chlorofilexi
Actinobacteria
Acidobacteria
Acidobacteria
Acidobacteria
Actinobacteria
Nitrospira

Class

Sphingobacteria
B-proteobacteria
y-proteobacteria
Actinobacteria
Acidobacteria_Gp6
a-proteobacteria
Sphingobacteria
a-proteobacteria
Acidobacteria_Gp1
Acidobacteria_Gp1
Gemmatimonadetes
Actinobacteria
Bacilli
Actinobacteria
Ktedonobacteria
Actinobacteria
Acidobacteria_Gp1
Acidobacteria_Gp1
Acidobacteria_Gp1
Actinobacteria
Nitrospira

Order

Sphingobacteriales
Burkholderiales
Xanthomonadales
Actinomycetales
Gp6

unclassified
Sphingobacteriales
Rhizobiales

Gp1

unclassified
Gemmatimonadales
Actinomycetales
Bacillales
Actinomycetales
Ktedonobacterales
Actinomycetales
Gp1

Gp1

Gp1
Actinomycetales
Nitrospirales

Family
Chitinophagaceae
Burkholderiaceae
Xanthomonadaceae
Streptosporangiaceae
unclassified
unclassified
Chitinophagaceae
Bradyrhizobiaceae
unclassified
unclassified
Gemmatimonadaceae
Streptosporangiaceae
Paenibacillaceae_1
Nocardiaceae
Thermosporotrichaceae
Intrasporangiaceae
unclassified
unclassified
unclassified
Catenulisporaceae
Nitrospiraceae

Genus

Niastella
Burkholderia
unclassified
unclassified
unclassified
unclassified
Segetibacter
Afipia
unclassified
unclassified
Gemmatimonas
Streptosporangium
Paenibacillus
unclassified
Thermosporothrix
unclassified
unclassified
unclassified
unclassified
Catenulispora
Nitrospira

Pore size comparisons
L>S
L>S
S>L
L>S
S>L
S>L
S>L
L>S
S>L
S>L
S>L
L>S
L>S
S>L
S>L
S>L
S>L
S>L
S>L
S>L
L>S

The cases when relative abundance was higher in the large fraction are marked by ‘L>S’ in the Pore size comparisons column, while the cases when
relative abundance was higher in the small fraction are marked by ‘S>L’. The list is from most to least abundant OTUs.

doi:10.1371/journal.pone.0123999.1002

Discussion

Effect of pore characteristics on plant residue decomposition

Decomposition of the added plant residue was substantially affected by the pore characteristics
(Figs 2 and 3), being the greatest in the three largest fractions of the intact aggregates while sub-

stantially lower in the two smallest fractions. Note that mineralogical or chemical differences

among the aggregate fractions could not be the cause for such a substantial difference between

leaf decomposition in these two aggregate groups, therefore we attributed these differences to

the differences in pore size distributions and pore connectivity. Indeed, when the samples were

ground, the amount of the decomposed leaf in them remained consistently similar, i.e., around

50%, regardless of what aggregate fraction they originated from (Fig 3). Since ground samples

were identical in their chemical composition and mineralogy to their intact aggregate fraction

counterparts, we can safely conclude that the differences in pore characteristics among the in-

tact aggregate fraction samples are the most likely cause for the differences in residue decom-
position observed in this study.
Previous studies provide an ancillary support of our finding that pore characteristics influ-

ence decomposition of newly added organic substrate [70-72]. For example, Haling et al. [71]

observed slower decomposition of plant roots added to the soil samples in the samples with

greater bulk density, that is, with lower total porosity. Juarez et al. [72] showed that greater

mineralization of added fructose occurred in intact as opposed to sieved and dispersed soil

PLOS ONE | DOI:10.1371/journal.pone.0123999  April 24,2015
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samples, that is, in the samples with substantial presence of highly connected large (>32 um)
pores. However, to the best of our knowledge, our study is the first report of the influence of
pore characteristics on the decomposition of added plant residues. It is the utilization of the
novel X-ray puCT tools that enabled us to accurately estimate the quantities of plant residue
which remained undecomposed in the soil samples after prolonged incubation.

One pore characteristic that separates the three largest aggregate factions from the rest is the
presence of medium sized pores (>30-40 pm). Such pores were completely absent in the small-
est two fractions and in the ground samples, while they were in sizeable presence and were sub-
stantially interconnected in all three largest fractions (Fig 1 and Table 1). Importance of
medium sized pores for enhanced decomposition of both added and native organic C in soil
has been noted before [28, 30, 73]; and also greater presence of such pores was found to be as-
sociated with lower native organic C in soil aggregates [74].

Presence of large interconnected pores substantially affected aeration conditions within the
samples and greatly facilitated gaseous exchange between samples and atmosphere (Fig 8). The
results of gas diffusion ratio computation using (Eq 1) showed that D,/D, values ranged from
0.018 to 0.034 in the intact 1-2 mm aggregate fractions, while they ranged from 0.002 to 0.004
in the aggregate fractions <0.1 mm. This constitutes an almost 9-fold difference in the rates of
air diffusion between samples with and without large pores.

Water distribution in the intact samples of the large aggregate fraction was highly non-uni-
form with most water being stored inside of the aggregates and in thin films between them;
while large pores performed as preferential air conduits (Fig 8a). Abundance of small relatively
uniformly distributed pores in the small aggregate fractions resulted in relatively uniform dis-
tribution of water (Fig 8b). However, water bridges between soil particles likely blocked gas
transport pathways [75] thus limiting gas diffusion (Fig 8b). High gas diffusion in the large ag-
gregate fractions likely resulted in better O, supply to the leaves thus contributing to their
more complete decomposition followed by the rapid escape of the produced CO,.

Effect of pore characteristics on CO, emission and soil C changes

The magnitude of the pore characteristics’ influence on the total amount of CO, emitted from
the samples during the incubation depended on the presence of plant residue. Even though the
studied aggregate fractions were markedly different in their pore size distributions (Fig 1), in
the samples without added plant residue there was no effect of pore characteristics on the over-
all amount of the native SOM decomposed during the incubation (Fig 4). This result is consis-
tent with multiple previous reports of no differences in native C mineralization in soil samples
where pore size distributions were modified by applying either sieving, dispersion, or different
levels of soil compaction [31, 32, 68, 76, 77].

The increase in the CO, emission after aggregate grinding was ultimately caused by the re-
lease of soil C previously not accessible to microorganisms indicating presence of physical pro-
tection ([28, 78-80]. It was essentially the same for all aggregate fractions. Therefore the
absence of pore size influence on CO, emission in intact samples without plant residue indi-
cates that the main limitation was the lack of access of the decomposers to C sources rather
than absence of optimal conditions for C decomposition.

In the samples with plant residue, substantially higher total amounts of CO, were emitted
during the incubations from the samples with small pores as opposed to the samples with large
pores (Fig 4). However, we would like to exercise caution in attributing this difference primari-
ly to the differences in pore characteristics. A tendency for higher CO, emission in small as op-
posed to large aggregate fractions was observed in ground samples as well, even though the
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Fig 8. Conceptual representation of pores with different functional properties on images of intact
aggregate fractions of 1.0-2.0 mm (a) and 0.05-0.1 mm (b) at 50% water filled porosity. Schematic
locations of water menisci between the soil particles in the 1.0-2.0 mm aggregate fractions and pores likely
filled with water are marked with blue. Pores likely filled with air in the 0.05-0.1 mm fraction are marked with
red, while possible air passes in the 1.0-2.0 mm fraction are marked with red arrows.

doi:10.1371/journal.pone.0123999.g008
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magnitude of the difference in the ground samples was almost three times smaller than that in
the intact samples.

The differences in the amounts of emitted CO, (Fig 4) along with the differences in the levels
of C in soil adjacent to the leaves after the incubation (Fig 5) suggest that pore characteristics de-
fine the fate of the plant residue decomposition products. Plant residue decomposition starts
with production of dissolved organic matter with particularly hydrophilic characteristics [81]. A
rapid enrichment of the soil adjacent to the residue with decomposition products then follows;
and decomposition products can move as far as 5 mm into the adjacent soil [82, 83]. In our
study soluble decomposition products are expected to be easily diffused in water saturated fine
pores of the ground samples and the samples of the smallest aggregate fractions, where high
abundance of small pores promotes its diffusion into adjacent soil (Fig 8b). There we observed a
substantial increase in C in the soil layer adjacent to the corn leaf (Fig 5). In the intact samples of
large aggregate fractions the abundance of fine pores is lower and they are primarily located
within the large aggregates separated from the fine pores in other aggregates and from the leaves
by large inter-aggregate pores (Fig 8a). This considerably reduces the diffusion of the soluble de-
composition products from the leaf surfaces into adjacent soil, thus resulting in a non-significant
change in soil C in the layer adjacent to the leaf. However, greater gas diffusion creates local con-
ditions for more complete in situ decomposition of plant residue material (Fig 8a).

Consistent with multiple reports, e.g., [39], it can be expected that upon entering soil the
dissolved intermediate products of plant residue decomposition will stimulate decomposition
of the native SOM, thus resulting in positive priming. The greater the diffusion of the plant de-
composition products the greater priming effect can be expected. Current study does not allow
us the separation of the CO, originated from the native soil C and that originated from the
added plant residue; a condition necessary to identify the presence of and to evaluate the mag-
nitude of the priming effect. However, comparisons of the differences between the CO, emitted
in the samples with and without leaves with the amount of decomposed plant residues enable
us to presume the possibility of priming taking place in the intact samples of the two smallest
aggregate fractions. Specifically, in the intact samples of the three largest aggregate fractions
the differences between the CO, emitted in the samples with and without leaves is comparable
to the amount of C in the decomposed leaf residue (Fig 4). However, in the intact samples of
the two smallest sizes the difference is markedly greater than the amount of C in the decom-
posed leaf residue, with priming effect being the most likely explanation. These considerations
support the suggestion made previously by Ruamps et al. [25] that distributions and configura-
tions of soil pores can be a factor influencing presence and magnitude of priming effect.

Effect of pore characteristics on microbial community composition

Abundance of Proteobacteria, Actinobacteria, and Firmicutes on the decomposing corn leaves
was consistent with a number of studies demonstrating that many of the members of these
groups are active decomposers of cellulose, including corn residues [84-87]. Specifically,
Arthrobacter, Bacillus, Blastococcus, Paenibacillus, and Rhizobium groups were identified
among active decomposes of corn residue in soil incubation studies [87].

We realize that grinding can have a substantial effect on microbial communities [77, 88] and
is likely the cause for substantially lower values of Chao diversity indexes in the ground samples
of this study. But it appears that soil material of both fractions responded to grinding by very
similar compositions of microbial communities appearing after the 14 days of incubation.

Our results indicated substantial influence of pore characteristics on compositions of bacte-
rial communities on the decomposing corn leaves (Fig 7, Table 2). These differences were not
confounded by chemical and mineralogical differences between the two studied aggregate
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fractions, as microbial community compositions of the ground samples of both fractions did
not differ in terms of their Bray-Curtis distances or abundances of specific microbial groups.
Also note that soil moisture contents were the same in all samples, i.e. 50% of the total pore
space was filled with water, as well as there were no differences in the total porosities among
the studied aggregate fractions (Table 1). Thus, it was neither the overall amount of water pres-
ent in the samples nor their total porosity, but the pore structure and the location of water and
air conduits within the pores that influenced the observed differences in the bacterial commu-
nities on the plant residue.

A generally accepted concept of the mechanisms behind positive priming states that prim-
ing is an outcome of high activity of copiotrophic organisms decomposing plant residue and
stimulating oligotrophic soil communities which, in their turn, contribute to greater decompo-
sition of the native SOM [89]. Greater amounts of emitted CO, along with lower amounts of
decomposed plant residue in the 0.05-0.1 mm aggregate fraction and lower CO, emissions
along with higher amounts of decomposed plant residue in the 1-2 mm aggregate fraction in
conjunction with the microbial community results in our study appear to be consistent with
this mechanism. In the samples with small pores we observed both greater presence of Acido-
bacteria, a group regarded as oligotrophs commonly present in soils and involved in decompo-
sition of native SOM [86, 90, 91], and still a substantial abundance of a number of
Actinobacteria and Proteobacteria organisms, the groups which are regarded as copiotrophic.
The samples with large pores were greater in abundances of only the groups known to be cellu-
lose decomposers, i.e., Bacteroidetes, Proteobacteria, and Actinobacteria; also the groups par-
ticularly competitive in decomposition of more recalcitrant plant residues, i.e., Firmicutes; and
those specifically found as active decomposers of corn residue in stable isotope probing studies,
i.e., Paenibacillus [86, 87].

It was reported that differences in the degradability characteristics of plant residue can influ-
ence composition and dynamics of microbial communities involved in decomposition of the
residue and associated decomposition of the native SOM [86]. It is also known that differences
in microbial community composition on the decomposing plant residue can be an important
factor influencing magnitude and rates of the decomposition process [92]. Moreover, microbial
community composition inside macro-aggregates of the studied soil can be related to presence
and characteristics of the intra-aggregate pores [61]. The results of this study indicate that dif-
ferences in the environmental conditions in the soil surrounding the plant residue can also sub-
stantially influence microbial community composition. Still further research is needed to
explore the specific mechanisms by which pore characteristics influence the interactions be-
tween decomposition of added plant residue, native SOM, and the involved microorganisms.

Conclusions

The results of this study demonstrated that soil pore structure greatly influences the magnitude
of decomposition of the added plant residue, likely simultaneously affecting the decomposition
of the native SOM. Substantially higher amounts of plant residue were decomposed in the sam-
ples that had large (>30 pum) pores and high connectivity of the pores >6.5 um. However,
higher total amounts of CO, were emitted from the samples with only small pores and with
very low >6.5 um pore connectivity. Moreover, an increase in C in the soil adjacent to the de-
composing plant residue was also substantially higher in the small pore/low connectivity sam-
ples. Greater air diffusion and lower water diffusion in presence of large air-filled pores while
greater water diffusion and limited air-diffusion in the samples with prevalent small pores are
the likely reasons for the observed differences.
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In absence of plant residue the influence of pore characteristics on the decomposition of the
native SOM was found to be minor to nonexistent. This indicated that in the absence of plant
residue the main limitation in decomposition of native SOM was the lack of access of the de-
composers to C sources rather than absence of optimal conditions for C decomposition.

Microbial communities on decomposing plant residues in the samples with both large and
small pores were dominated by copiotrophic organisms, many of which were known active de-
composers of cellulose. However, a number of oligotrophic Acidobacteria groups were more
abundant on the plant residue from the samples with small pores and low pore connectivity.
As far as we know, this is the first report demonstrating that differences in soil micro-environ-
mental conditions, i.e., pore characteristics, can substantially influence the structure of the mi-
crobial communities on the decomposing plant residue.

Supporting Information

S1 Fig. Schematic representation of the steps involved in setting up the incubation experi-
ment for samples amended with corn leaf residue.
(TIF)

S1 Table. Summary of the numbers of replicated samples processed in the experiments of
the study.
(DOCX)

S2 Table. Selected characteristics of the studied soil aggregate fractions.
(DOCX)

Author Contributions

Conceived and designed the experiments: ANK AKG. Performed the experiments: WCN BH.
Analyzed the data: WCN ANK AKG. Contributed reagents/materials/analysis tools: TLM
MLR. Wrote the paper: ANK AKG.

References

1. Falkowski P, Scholes RJ, Boyle E, Canadell J, Canfield D, Elser J, et al. The global carbon cycle: A test
of our knowledge of earth as a system. Science. 2000; 290: 291-296. PMID: 11030643

2. Davidson EA, Janssens IA. Temperature sensitivity of soil carbon decomposition and feedbacks to cli-
mate change. Nature. 2006; 440: 165-173. PMID: 16525463

3. LalR. Carbon sequestration. Philosophical Transactions of the Royal Society B: Biological Sci. 2008;
363: 815-830. PMID: 17761468

4. Baldock J. Composition and cycling of organic C in soil. In: Marschner P, Rengel Z, editors. Nutrient Cy-
cling in Terrestrial Ecosystems. Berlin: Springer; 2007. pp. 1-35.

5. Christensen BT. Physical fractionation of soil and structural and functional complexity in organic matter
turnover. European Journal of Soil Sci. 2001; 52: 345-353.

6. SixJ, Elliott ET, Paustian K. Aggregate and soil organic matter dynamics under conventional and no till-
age systems. Soil Science Society of America J. 1999; 63: 1350-1358.

7. SixJ, Elliott ET, Paustian K. Soil macroaggregate turnover and microaggregate formation: a mecha-
nism for C sequestration under no-tillage agriculture. Soil Biol Biochem. 2000; 32: 2099-2103.

8. SixJ, Conant RT, Paul EA, Paustian K. Stabilization mechanisms of soil organic matter: implication for
C-saturation of soils. Plant Soil. 2002; 241: 155-176.

9. Trumbore S. Carbon respired by terrestrial ecosystems—recent progress and challenges. Global
Change Biol. 2006; 12: 141-153.

10. Dechesne A, Pallud C, Debouzie D, Flandrois JP, Vogel TM, Gaudet JP, et al. A novel method for charac-
terizing the microscale 3-D spatial distribution of bacteria in soil. Soil Biol Biochem.2003; 35: 1537—1546.

PLOS ONE | DOI:10.1371/journal.pone.0123999  April 24,2015 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123999.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123999.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123999.s003
http://www.ncbi.nlm.nih.gov/pubmed/11030643
http://www.ncbi.nlm.nih.gov/pubmed/16525463
http://www.ncbi.nlm.nih.gov/pubmed/17761468

@' PLOS ‘ ONE

Soil Pore Space Characteristics Influence Soil Carbon Processes

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Dechesne A, Or D, Smets BF. Limited diffusive fluxes of substrate facilitate coexistence of two compet-
ing bacterial strains. FEMS Microbiol Ecol.2008; 64: 1-8. doi: 10.1111/j.1574-6941.2008.00446.x
PMID: 18312376

Stoyan H, De-Polli H, Bohm S, Robertson GP, Paul EA. Spatial heterogeneity of soil respiration and re-
lated soil properties at the plant scale. Plant and Soil. 2000; 222: 203-214.

Nunan N, Wu K, Young IM, Crawford JW, Ritz K. Spatial distribution of bacterial communities and their
relationships with the micro-architecture of soil. FEMS Microbiol Ecol. 2003; 44: 203-215. doi: 10.1016/
S0168-6496(03)00027-8 PMID: 19719637

Ruamps LS, Nunan N, Chenu C. Microbial biogeography at the soil pore scale. Soil Biol Biochem.
2011; 43: 280-286.

Kravchenko AN, Negassa W, Guber AK, Schimidt S. New approach to measure soil particulate or-
ganic matter in intact samples using X-ray computed micro-tomography. Soil Sci Soc Am J. 2014; 78:
1177-1185.

Sexstone AJ, Revsbech NP, Parkin TB, Tiedje JM. Direct measurement of oxygen profiles and denitrifi-
cation rates in soil aggregates. Soil Sci Soc Am J. 1985; 49: 645-651.

Strong DT, De Wever H, Merckx R, Recous S. Spatial location of carbon decomposition in the soil pore
system. European J Soil Sci. 2004; 55: 739-750.

Or D, Smets BF, Wraith JM, Dechesne A, Friedman SP. Physical constraints affecting bacterial habitats
and activity in unsaturated porous media—a review. Advances in Water Res. 2007; 30: 1505—-1527.

Ruamps LS, Nunan N, Pouteau V, Leloup J, Raynaud X, Roy V, et al. Regulation of soil organic C
mineralisation at the pore scale. FEMS Microbiol Ecol.2013; 86: 26—35. doi: 10.1111/1574-6941.12078
PMID: 23346944

Tisdall JM, Oades JM. Organic matter and water-stable aggregates in soils. J Soil Sci.1982; 33: 141—
163.

Jastrow JD, Boutton TW, Miller RM. Carbon dynamics of aggregate-associated organic matter estimat-
ed by carbon natural abundance. Soil Sci Soc Am J.1996; 60: 801-807.

Six J, Bossuyt H, Degryze S, Denef K. A history of research on the link between (micro) aggregates,
soil biota, and soil organic matter dynamics Soil & Tillage Res. 2004; 79: 7-31.

Lutzow M, Kogel-Knabner |, Ekschmitt K, Matzner E, Guggenberger G, Marschnerf B, et al. Stabiliza-
tion of organic matter in temperate soils: mechanisms and their relevance under different soil conditions
a review. European J Soil Sci. 2006; 57: 426-445.

Lutzow M, Kogel-Knabner I, Ekschmitt K, Flessa H, Guggenberger G, Matzner E, et al. SOM fraction-
ation methods: Relevance to functional pools and to stabilization mechanisms. Soil Biol Biochem.
2007; 39: 2183-2207.

Jastrow JD, Amonette JE, Bailey VL. Mechanisms controlling soil carbon turnover and their potential
application for enhancing carbon sequestration. Climatic Change. 2007; 80: 5-23.

Moyano FE, Manzoni S, Chenu C. Responses of soil heterotrophic respiration to moisture availability:
An exploration of processes and models. Soil Biol Biochem. 2013; 59: 72—-85.

Krull ES, Baldock JA, Skjemstad JO. Importance of mechanisms and processes of the stabilisation of
soil organic matter for modelling carbon turnover. Functional Plant Biol. 2003; 30: 207—222.

Conant RT, Easter M, Paustian K, Swan A, Williams S. Impacts of periodic tillage on soil C stocks: A
synthesis. Soil and Tillage Res. 2007; 95: 1-10.

Schmidt MWI, Torn MS, Abiven S, Dittmar T, Guggenberger G, Janssens IA, et al. Persistence of soil
organic matter as an ecosystem property. Nature. 2011; 478: 49-56. doi: 10.1038/nature 10386 PMID:
21979045

Dungait JAJ, Hopkins DW, Gregory AS, Whitmore AP. Soil organic matter turnover is governed by ac-
cessibility not recalcitrance. Global Change Biol. 2012; 18: 1781-1796.

De Neve S, Hofman G. Influence of soil compaction on carbon and nitrogen mineralization of soil organ-
ic matter and crop residues. Biol Fertil Soils. 2000; 30: 544—549.

Juarez S, Nunan N, Duday A, Pouteau V, Chenu C. Soil carbon mineralisation responses to alterations
of microbial diversity and soil structure. Biol Fertil Soils. 2013; 49: 939-948.

De Gryze S, Jassogne L, Six J, Bossuyt H, Wevers M, Merckx R. Pore structure changes during de-
composition of fresh residue: X-ray tomography analyses. Geoderma. 2006; 134: 82—96.

Feeney DS, Crawford JW, Daniell T, Hallett PD, Nunan N, Ritz K, et al. Three-dimensional Microorgani-
zation of the Soil—Root—Microbe System. Microb Ecol. 2006; 52: 151-158. PMID: 16680511

Helliwell JR, Miller AJ, Whalley WR, Mooney SJ, Sturrock CJ. Quantifying the impact of microbes on
soil structural development and behaviour in wet soils. Soil Biol Biochem. 2014; 74: 138—147.

PLOS ONE | DOI:10.1371/journal.pone.0123999  April 24,2015 19/22


http://dx.doi.org/10.1111/j.1574-6941.2008.00446.x
http://www.ncbi.nlm.nih.gov/pubmed/18312376
http://dx.doi.org/10.1016/S0168-6496(03)00027-8
http://dx.doi.org/10.1016/S0168-6496(03)00027-8
http://www.ncbi.nlm.nih.gov/pubmed/19719637
http://dx.doi.org/10.1111/1574-6941.12078
http://www.ncbi.nlm.nih.gov/pubmed/23346944
http://dx.doi.org/10.1038/nature10386
http://www.ncbi.nlm.nih.gov/pubmed/21979045
http://www.ncbi.nlm.nih.gov/pubmed/16680511

@' PLOS ‘ ONE

Soil Pore Space Characteristics Influence Soil Carbon Processes

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Guenet B, Danger M, Abbadie L, Lacroix G. Priming effect: bridging the gap between terrestrial and
aquatic ecology. Ecology. 2010; 91: 2850-2861. PMID: 21058546

Potthoff M, Dyckmans J, Flessa H, Muhs A, Beese F, Joergensen RG. Dynamics of maize (Zea mays
L) leaf straw mineralization as affected by the presence of soil and the availability of nitrogen. Soil Biol
Biochem. 2005; 37: 1259-1266.

Bertrand I, Delfosse O, Mary B. Carbon and nitrogen mineralization in acidic, limed and calcareous agri-
cultural soils: Apparent and actual effects. Soil Biol Biochem. 2007; 39: 276-288.

Kuzyakov Y, Friedel JK, Stahr K. Review of mechanisms and quantification of priming effects. Soil Biol
Biochem. 2000; 32: 1485-1498.

Blagodatskaya EV, Blagodatsky SA, Anderson TH, Kuzyakov Y. Contrasting effects of glucose, living
roots and maize straw on microbial growth kinetics and substrate availability in soil. European J Soil
Sci. 2009; 60: 186—197.

Sleutel S, Cnudde V, Masschaele B, Vlassenbroek J, Dierick M, Van Hoorebeke L, et al. Comparison
of different nano- and micro-focus X-ray computed tomography set-ups for the visualization of the soil
microstructure and soil organic matter. Computers & Geosci. 2008; 34: 931-938.

Taina IA, Heck RJ, Elliot TR. Application of X-ray computed tomography to soil science: A literature re-
view. Canad J Soil Sci. 2008; 88: 1-20.

Peth S. Application of microtomography in soils and sediments. In: Singh B, Grafe M, editors. Synchro-
tron-based techniques in soils and sediments. New York: Elsevier; 2010; pp. 73—101.

Kravchenko A, Falconer RE, Grinev D, Otten W. Fungal colonization in soils with different management
histories: modeling growth in three-dimensional pore volumes. Ecological Applications. 2011; 21:
1202-1210. PMID: 21774424

Kravchenko AN, Wang W, Smucker AJM, Rivers ML. Long-term differences in tillage and land use af-
fect intra-aggregate pore heterogeneity. Soil Sci Soc Am J. 2011; 75: 1658—1666.

Wang W, Kravchenko AN, Smucker AJM, Rivers ML. Intra-aggregate pore characteristics: X-ray com-
puted microtomography analysis. Soil Sci Soc Am J. 2012; 76: 1159-1171.

Lindquist WB, Venkatarangan A, Dunsmuir J, Wong T. Pore and throat size distribution measured from
synchrotron X-ray tomographic images of Fontainebleau sandstones. J Geophys Res. 2000; 105B:
21508-21528. PMID: 11543291

Mooney SJ, Morris C. A morphological approach to understanding preferential flow using image analy-
sis with dye tracers and X-ray Computed Tomography. Catena. 2008; 73: 204-211.

Mooney SJ, Pridmore TP, Helliwell J, Bennett MJ. Developing X-ray computed tomography to non-
invasively image 3-D root systems architecture in soil. Plant Soil. 2012; 352: 1-22.

Flavel RJ, Guppy CN, Tighe M, Watt M, McNeill A, Young IM. Non-destructive quantification of cereal
roots in soil using high-resolution X-ray tomography. J Exp Bot. 2012; 63: 2503—-2511. doi: 10.1093/jxb/
err421 PMID: 22271595

Crum JR, Collins HP. KBS soils. 1995. Kellogg Biological Station Long-Term Ecological Research,
Michigan State University, Hickory Corners, MI. Available: http://lter.kbs.msu.edu/research/site-
description-and-maps/soil-description/. Accessed 16 March 2015.

Cambardella CA, Elliott ET. Particulate soil organic matter changes across a grassland cultivation se-
quence. Soil Sci Soc Am J. 1992; 58: 123—130.

Thomas GW. Soil pH and Soil Acidity. In: Sparks DL, editor. Methods of Soil Analysis Part 3- Chemical
Methods, SSSA Book Series No. 5. Madison, WI: Soil Science Society of America, American Society
of Agronomy, Inc; 1996. pp. 475-490.

Rivers ML, Wang Y. Recent developments in microtomography at GeoSoilEnviroCARS. Developments
in X-Ray Tomography V—SPIE, Ulrich Bonse, ed., 6318, SPIE, J3180; 2006. doi: 10.1007/s00259-
013-2614-5 PMID: 24213621

Rivers ML. tomoRecon: High-speed tomography reconstruction on workstations using multi-threading.
In: Stock SR, editor. Proceedings of SPIE: Developments in X-Ray Tomography VIIl, 8505, SPIE,
85060U-1-85060U-13; 2012.

Oh W, Lindquist B. Image thesholding by indicator kriging. IEEE Transactions on Pattern Anal Machine
Intellig. 1999; 21: 590-602.

Wang W, Kravchenko AN, Smucker AJM, Rivers ML. Comparison of image segmentation methods in
simulated 2D and 3D microtomographic images of soil aggregates. Geoderma. 2011; 162: 231-241.
PMID: 21717048

Rasband WS. ImageJ, 1997-2012. U. S. National Institutes of Health, Bethesda, MD. Available: http://
imagej.nih.gov/ij/. Accessed 16 March 2015.

Schmidt B. Imaged 3D Viewer; 2007. Available: http://3dviewer.neurofly.de/. Accessed 16 March 2015.

PLOS ONE | DOI:10.1371/journal.pone.0123999  April 24,2015 20/22


http://www.ncbi.nlm.nih.gov/pubmed/21058546
http://www.ncbi.nlm.nih.gov/pubmed/21774424
http://www.ncbi.nlm.nih.gov/pubmed/11543291
http://dx.doi.org/10.1093/jxb/err421
http://dx.doi.org/10.1093/jxb/err421
http://www.ncbi.nlm.nih.gov/pubmed/22271595
http://lter.kbs.msu.edu/research/site-description-and-maps/soil-description/
http://lter.kbs.msu.edu/research/site-description-and-maps/soil-description/
http://dx.doi.org/10.1007/s00259-013-2614-5
http://dx.doi.org/10.1007/s00259-013-2614-5
http://www.ncbi.nlm.nih.gov/pubmed/24213621
http://www.ncbi.nlm.nih.gov/pubmed/21717048
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://3dviewer.neurofly.de/

@' PLOS ‘ ONE

Soil Pore Space Characteristics Influence Soil Carbon Processes

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Doube M, Klosowski MM, Arganda-Carreras |, Cordelieres F, Dougherty RP, Jackson J, et al. BoneJ:
free and extensible bone image analysis in ImageJ. Bone, 2010; 47: 1076—1079. doi: 10.1016/j.bone.
2010.08.023 PMID: 20817052

Kravchenko AN, Hildebrandt B, Marsh TL, Negassa WC, Guber AK, Rivers ML. Intra-aggregate pore
structure influences phylogenetic composition of bacterial community in macroaggregates. Soil Sci Soc
Am J. 2014; 78: 1924-1939.

Resurreccion AC, Moldrup P, Kawamoto K, Hamamoto S, Rolston DE, Komatsu T. Hierarchical, bimod-
al model for gas diffusivity in aggregated, unsaturated soils. Soil Sci Soc Am J. 2010; 74: 481—-491.

Currie JA. Gas diffusion through soil crumbs: The effects of compaction and wetting. J Soil Sci. 1984;
35:1-10.

McMahon S, Williams M, Bottomley P, Myrold D. Dynamics of microbial communities during decompo-
sition of carbon-13 labeled ryegrass fractions in soil. Soil Sci Soc Am J. 2005; 69: 1238—1247.

Bastian F, Bouziri L, Nicolardot B, Ranjard L. Impact of wheat straw decomposition on successional
patterns of soil microbial community structure. Soil Biol Biochem. 2009; 41: 262—275.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur:
open-source, platform-independent, community-supported software for describing and comparing
microbial communities. Appl Environ Microbiol. 2009; 75: 7537—-7541. doi: 10.1128/AEM.01541-09
PMID: 19801464

SAS Institute. SAS user's guide. Version92. Cary, NC: SAS Institute; 2009.

Quinn GP, Keough MJ. Experimental design and data analysis for biologists. Cambridge: Cambridge
University Press; 2001.

Anderson MJ. A new method for non-parametric multivariate analysis of variance. Austral Ecology.
2001; 26: 32—46.

Salome C, Nunan N, Pouteau V, Lerch TZ, Chenu C. Carbon dynamics in topsoil and in subsoil may be
controlled by different regulatory mechanisms. Global Change Biol. 2010; 16: 416—-426.

Haling RE, Tighe MK, Flavel RJ, Young IM. Application of X-ray computed tomography to quantify fresh
root decomposition in situ. Plant Soil. 2013; 372: 619-627.

Juarez S, Nunan N, Duday A, Pouteau V, Schmidt S, Hapca S, et al. Effects of different soil structures
on the decomposition of native and added organic carbon. European J Soil Biol. 2013; 58: 81-90. doi:
10.1016/j.freeradbiomed.2013.01.001 PMID: 23337974

Chenu C, Hassink J, Bloem J. Short-term changes in the spatial distribution of microorganisms in soil
aggregates as affected by glucose addition. Biol Fertil Soils. 2001; 34: 349-356.

Ananyeva K, Wang W, Smucker AJM, Rivers ML, Kravchenko AN. Can intra-aggregate pore structures
affect the aggregate’s effectiveness in protecting carbon? Soil Biol Biochem. 2013; 57: 868—875.

Moldrup P, Olesen T, Komatsu T, Schjonning P, Rolston DE. Tortuosity, diffusivity, and permeability in
the soil liquid and gaseous phases. Soil Sci Soc Am J. 2001; 65: 613-623.

Stenger R, Barkle G, Burgess C. Mineralisation of organic matter in intact versus sieved/refilled soil
cores. Aust J Soil Res. 2002; 40: 149-160.

Thomson BC, Ostle NJ, McNamara NP, Whiteley AS, Griffiths RI. Effects of sieving, drying and rewet-
ting upon soil bacterial community structure and respiration rates. J Microbiol Methods. 2010; 83: 69—
73. doi: 10.1016/j.mimet.2010.07.021 PMID: 20691223

Adu JK, Oades JM. Physical factors influencing decomposition of organic materials in soil aggregates.
Soil Biol Biochem. 1978; 10: 109-115.

Hassink J. Effects of soil texture and structure on carbon and nitrogen mineralization in grassland soils.
Biol Fertil Soils. 1992; 14: 126—-134.

Ladd JN, Foster RC, Skjemstad JO. Soil structure: carbon and nitrogen metabolism. Geoderma. 1993;
56:401-434.

De Troyer I, Amery F, Van Moorleghem C, Smolders E, Merckx R. Tracing the source and fate of dis-
solved organic matter in soil after incorporation of a 13C labelled residue: A batch incubation study. Soil
Biol Biochem. 2011; 43: 513-519.

Gaillard V, Chenu C, Recous S, Richard G. Carbon, nitrogen and microbial gradients induced by plant
residues decomposing in soil. European J Soil Sci. 1999; 50: 567-578.

Gaillard V, Chenu C, Recous S. Carbon mineralization in soil adjacent to plant residues of contrasting
biochemical quality Soil Biol Biochem. 2003; 35: 93-99.

Espana M, Rasche F, Kandeler E, Brune T, Rodriguez B, Bending GD, et al. Identification of active bac-
teria involved in decomposition of complex maize and soybean residues in a tropical Vertisol using
15N-DNA stable isotope probing. Pedobiologia. 2011; 54: 187—-193.

PLOS ONE | DOI:10.1371/journal.pone.0123999  April 24,2015 21/22


http://dx.doi.org/10.1016/j.bone.2010.08.023
http://dx.doi.org/10.1016/j.bone.2010.08.023
http://www.ncbi.nlm.nih.gov/pubmed/20817052
http://dx.doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
http://dx.doi.org/10.1016/j.freeradbiomed.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23337974
http://dx.doi.org/10.1016/j.mimet.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/20691223

@' PLOS ‘ ONE

Soil Pore Space Characteristics Influence Soil Carbon Processes

85.

86.

87.

88.

89.

90.

91.

92.

Semenov AV, Pereira e Silva MC, Szturc-Koestsier AE, Schmitt H, Falcao Salles J, van Elsas JD. Im-
pact of incorporated fresh 13C potato tissues on the bacterial and fungal community composition of
soil. Soil Biol Biochem. 2012; 49: 88-95.

Pascault N, Ranjard L, Kaisermann A, Bachar D, Christen R, Terrat S, et al. Stimulation of different
functional groups of bacteria by various plant residues as a driver of soil priming effect. Ecosystems.
2013; 16: 810-822.

FanF,Yin C,Tang Y, Li Z, Song A, Wakelin SA, et al. Probing potential microbial coupling of carbon
and nitrogen cycling during decomposition of maize residue by 13C-DNA-SIP. Soil Biol Biochem. 2014;
70:12-21.

Powlson DS. The effect of grinding on microbial and nonmicrobial organic matter in soil. J Soil Sci.
1980; 31:77-85.

Fontaine S, Mariotti A, Abbadie L. The priming effect of organic matter: a question of microbial competi-
tion? Soil Biol Biochem. 2003; 35: 837—843.

Fierer N, Lauber CL, Ramirez KS, Zaneveld J, Bradford MA, Knight R. Comparative metagenomic, phy-
logenetic and physiological analyses of soil microbial communities across nitrogen gradients. The
ISME J. 2012; 6: 1007—-1017. doi: 10.1038/ismej.2011.159 PMID: 22134642

Ramirez K, Craine JM, Fierer N. Consistent effects of nitrogen amendments on soil microbial communi-
ties and processes across biomes. Global Change Biol. 2012; 18: 1918—-1927.

Schimel JP, Schaeffer SM. Microbial control over carbon cycling in soil. Frontiers in Microbiol. 2012;
doi: 10.3389/fmicb.2012.348

PLOS ONE | DOI:10.1371/journal.pone.0123999  April 24,2015 22/22


http://dx.doi.org/10.1038/ismej.2011.159
http://www.ncbi.nlm.nih.gov/pubmed/22134642
http://dx.doi.org/10.3389/fmicb.2012.348

