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Pores create a transportation network within a soil matrix, which controls the flow of
air, water, and movement of microorganisms. The flow of air, water, and movement
of microbes, in turn, control soil carbon dynamics. Computed microtomography (µCT)
allows for the visualization of pore structure at micron scale, but quantitative information
on contribution of pores to the fate and protection of soil carbon, essential for modeling,
is still lacking. This study uses the natural difference between carbon isotopes of C3
and C4 plants to determine how the presence of pores of different sizes affects spatial
distribution patterns of newly added carbon immediately after plant termination and then
after 1-month incubation. We considered two contrasting soil structure scenarios: soil
with the structure kept intact and soil for which the structure was destroyed via sieving.
For the experiment, soil was collected from 0–15 cm depth at a 20-year continuous
maize (Zea mays L., C4 plant) experiment into which cereal rye (Secale cereale L.,
C3 plant) was planted. Intact soil fragments (5–6 mm) were procured after 3 months
rye growth in a greenhouse. Pore characteristics of the fragments were determined
through µCT imaging. Each fragment was sectioned and total carbon, total nitrogen,
δ13 C, and δ15 N were measured. The results indicate that, prior to incubation, greater
presence of 40–90 µm pores was associated with higher levels of C3 carbon, pointing
to the positive role of these pores in transport of new C inputs. Nevertheless, after
incubation, the association became negative, indicating greater losses of newly added
C in such pores. These trends were statistically significant in destroyed-structure soil
and numerical in intact-structure soil. In soils of intact-structures, after incubation, higher
levels of total carbon were associated with greater abundance of 6.5–15 and 15–40 µm
pores, indicating a lower carbon loss associated with these pores. The results indicate
that, in the studied soil, pores of 40–90 µm size range are associated with the fast influx
of new C followed by its quick decomposition, while pores <40 µm tend to be associated
with C protection.
Keywords: computed microtomography, soil carbon dynamics, soil organic matter, soil structure, stable carbon
isotopes
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INTRODUCTION

consist of more difficult to decompose molecules (such as
lignin and tannin), which, in addition to being harder to
decompose, are easier to adsorb to mineral surfaces, sequestering
them (Rasse et al., 2005; Jackson et al., 2017). Root exudates,
on the other hand, tend to be small, soluble, and easily
decomposable materials, such as organic acids, carbohydrates,
and amino acids (Dungait et al., 2012) or water insoluble
materials, such as mucilage (Brimecombe et al., 2001). The
easily decomposable materials stimulate microbial growth, which
increases decomposition of native soil organic matter (SOM)
(Kuzyakov and Blagodatskaya, 2015). There is some indication
that microorganisms can also stimulate root growth and
exudation (Neumann et al., 2014).
Agricultural management influences pore size distributions.
Wang et al. (2012) showed that soil under long-term
conventional tillage had more pores of 37.5–97.5 µm, while
primary succession agricultural management had greater
proportions of >97.5 and <15 µm pores. Kravchenko et al.
(2014) found that organic management with cover crops had
fewer 32–58 µm pores and a greater amount of >188 µm
pores than conventional tillage management. In that study,
the difference in pores from organic cover crop management
were attributed to increased root activity, while conventional
management promoted 32–58 µm pores created through
wetting/drying cycles. Ananyeva et al. (2013) found that higher
carbon concentrations were found in sections of soil aggregates
with an increased presence of 15–37.5 µm pores. The presence
of 37.5–97.5 µm pores was associated with aggregate sections
containing less carbon.
Stable carbon isotopic signatures can be used to track carbon
within a system. Plants preferentially incorporate 12 C into their
tissues, but the extent of 12 C incorporation depends on which
metabolic pathway the plant utilizes. Plants that utilize the
C3 photosynthetic pathway incorporate more 12 C than plants
utilizing the C4 photosynthetic pathway. Therefore, it is possible
to differentiate between carbon derived from C3 and C4 plants
isotopically due to this natural isotopic difference. Stable carbon
isotopes are reported in δ notation as per mil (‰) differences
between the 13 C/12 C ratio of the sample compared to a standard:

Soils contain twice as much carbon as the atmosphere and
have the potential to store even more, especially in agricultural
soils (Lal, 1999; Swift, 2001; Dungait et al., 2012; Kell, 2012).
Soil carbon content is an important component of soil fertility
as it drives several defining criteria of soil quality, including
cation exchange capacity, soil aggregation, and water holding
capacity (Dou et al., 2014). This makes utilization of agricultural
management practices that increase and/or conserve soil carbon
vitally important to sustainability (Grandy and Robertson, 2007).
One such practice is the utilization of cover crops, a crop that
is planted between main crops for the purpose of preventing
erosion, decreasing weeds, and increasing soil fertility. The
activity of cover crop roots may benefit the physical protection
of new carbon inputs. Physical protection of soil carbon occurs
when physical disconnections separate decomposers from carbon
sources (Dungait et al., 2012). This disconnect is not limited
to access of decomposers and their enzymes to soil carbon,
but also includes availability of other components necessary for
decomposition, such as oxygen and water (Schmidt et al., 2011;
Keiluweit et al., 2017).
Long-term cover crop based management increases soil
aggregation (Tiemann and Grandy, 2015), and soil carbon is
known to be better protected within soil aggregates (Six et al.,
2000; Grandy and Robertson, 2007). Yet, mechanistically, it is the
soil pore-space that controls not only movement of soil microbes,
but also air and water fluxes and transport of nutrients necessary
for decomposition (Young and Crawford, 2004; De Gryze et al.,
2006; Negassa et al., 2015). Pores within the soil matrix serve
as planes of breakage along which the aggregates form; and
their sizes and spatial positions not just define soil aggregatesize distributions but determine micro-environmental conditions
driving physical carbon protection within the aggregates (Young
et al., 2001; Ekschmitt et al., 2005, 2008; Kravchenko and Guber,
2017; Rabot et al., 2018).
Pores of different sizes have different origins, accessibilities,
and hydraulic properties. As pore size decreases, higher suction
is required to drain the pore. This means that while pores of
>10 µm sizes may only require gravity to fully or partially drain,
under normal soil moisture regimes, pores <10 µm remain water
filled (Marshall et al., 1996).
Plant root diameters are typically >40 µm and, therefore,
roots can only access and/or create pores exceeding that size
(Wiersum, 1957; Cannell, 1977). Root pores are formed by
compressing the soil matrix radially as the root pushes through
the soil and then their walls are stabilized through mucilage
(Gray and Lissmann, 1938; Greacen and Oh, 1972; Greacen
and Sands, 1980; Czarnes et al., 2000; Ruiz et al., 2017). Fungal
hyphae are known to create pores of 20–30 µm size by pushing
aside silt particles and exuding binding agents to buttress the
pores (Dorioz et al., 1993; Bearden, 2001; Emerson and McGarry,
2003). However, fungi are typically excluded from pores <10 µm
(Six et al., 2006).
Roots provide carbon into the soil system in two ways:
as a source of biomass when they die and as a source of
easily decomposable carbon via root exudates. Roots tend to
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δ 13 C =





RSample − RStandard /RStandard ∗1000

(1)

SOM and particulate organic matter (POM) δ13 C values reflect
the δ13 C values of the original plant material source. Therefore,
the measured δ13 C of a soil reflects the C3/C4 history of the
soil (Ehleringer et al., 2000; Bowling et al., 2008). Experiments
that utilize C3/C4 transitions have been used extensively for
determination of soil C turnover rates (Bernoux et al., 1998;
Derrien and Amelung, 2011) and for analyses of the fresh carbon
input distribution within soil aggregates (Smucker et al., 2007;
Urbanek et al., 2011).
The goal of this study was to determine how the abundance
of different pore sizes relates to the preservation or loss of
newly added carbon. We utilized a C3/C4 natural abundance
greenhouse experiment with soil collected from a long term
C4 cropping system and planted a C3 plant, cereal rye (Secale
cereale L.), which is one of the most commonly used cover
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half of the intact soil fragments were physically cut into ∼0.5–
1 mm3 sections, with the physical positions of the procured
sections matching their virtual positions in 3D µCT images
(section Soil Fragment Cutting and Chemical Analyses). In each
cut section, we measured δ13 C, δ15 N, total C (%C), and total
N (%N). These intact soil fragments are hereafter referred to as
Pre for preincubation soil. The remaining intact fragments were
subjected to a 28 day incubation during which respired CO2
was measured and collected for δ13 C analysis (section Incubation
Experimental Set Up). After incubation, the intact soil fragments
were re-scanned and also cut into sections, then δ13 C, δ15 N, total
C (%C), and total N (%N) measurements were taken. These intact
soil fragments are hereafter referred to as Post for post incubation
soil.

crops in the US Midwest. The first objective of this study was
to examine the relationships between newly added carbon and
soil pores of different sizes. We used δ13 C to “track” newly added
C3 carbon and determined pore characteristics via computed
microtomography (µCT). The second objective was to examine
the relationships between the decomposition of carbon and soil
pores sizes after incubating the studied soil.

MATERIALS AND METHODS
Greenhouse Experimental Setup
Soil for the greenhouse study was obtained in the summer of
2013 from the Living Field Lab (LFL) experiment established
in 1993 at W. K. Kellogg Biological Station, Hickory Corners,
MI (42◦ 24′ N, 85◦ 24′ W). The soil is a fine-loamy, mixed mesic
Typic Hapludalf (Oshtemo and Kalamazoo series) developed on
glacial outwash. Soil was collected from the LFL’s conventional
management continuous maize (Zea mays L.) treatment. This
treatment has been planted with maize, a C4 plant, and no other
crop since 1993. Detailed management and site information is
available at http://lter.kbs.msu.edu/Data/LTER and https://lter.
kbs.msu.edu/research/long-term-experiments/living-field-lab/.
Six soil blocks of 40 × 26 × 15 cm size were collected at
0 to 15 cm depth. Three of the blocks were placed directly
into plastic bins with as little disturbance as possible to retain
intact soil structure, and are referred to hereafter as intactstructure treatment. However, we were concerned that, due to the
tendency of roots to follow existing pore structure, the root effects
generated during out experiment might be masked by the legacy
of the existing pores. Therefore, soil from the other three blocks
was crushed and sieved through a 1 mm sieve to destroy the
existing soil structure, and is referred to hereafter as destroyedstructure treatment. One of the intact soil bins was left unplanted
as a control, and the remaining bins had cereal rye (S. cereale L.)
hand planted at a depth of 3 cm and a plant density of ∼23.5
plants per m2 . Rye was grown in the greenhouse for 3 months
and watered daily to allow for the development of a good stand
of rye biomass; the control bin was watered along with the rest.
Soil bulk density was taken in each tub using a 7.5 cm brass ring.
After 3 months of rye growth, approximately an eighth
of the soil was taken from a random side in each bin was
removed using a trowel and allowed to air dry. The soil was
allowed to break along natural planes of weakness through
manual crushing. Intact soil fragments of 5 mm size were hand
selected (n = 5, 11, and 11 for control, destroyed-structure
and intact-structure treatments, respectively) for analyses and
incubation. Soil fragments were selected based on proximity to
rye roots to best determine the effect of rye root growth on the
aggregates. Two rye roots per bin were hand collected for isotope
analysis from intact plants from the soil used for soil fragment
selection. Selected intact soil fragments were mounted on top of
plastic stands using rubber cement for subsequent scanning and
incubation.
The experiment and data collection are briefly summarized
here and then described in detail in the sections below. First,
all intact soil fragments were air-dried and subjected to µCT
scanning (section µCT Image Collection and Analysis). Then
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µCT Image Collection and Analysis
The µCT images for both Pre and Post intact soil fragments were
obtained on the bending magnet beam line, station 13-BM-D of
the GeoSoilEnvironCARS (GSECARS) at the Advanced Photon
Source (APS), Argonne National Laboratory (ANL), IL. Images
were collected with the Si (111) double crystal monochromator
tuned to 28 keV incident energy, the distance from sample to
source was ∼55 m, and the X-ray dose is estimated to be 1 kGy.
Two-dimensional projections were taken at 0.25◦ rotation angle
steps with a 1 s exposure and combined into a three-dimensional
image consisting of 1,040 slices with 1,392 by 1,392 pixels per slice
for Pre scans, resulting in a voxel size of 6.5 µm, while Post scans
had 1,100 slices with 1,920 by 1,920 pixels, resulting in a voxel size
of 6.2 µm. The data were pre-processed by correcting for dark
current and flat field and reconstructed using the GridRec fast
Fourier transform reconstruction algorithm (Rivers, 2012).
Pore/solid segmentation of the images was conducted using
the indicator kriging method in 3DMA-Rock software (Oh and
Lindquist, 1999; Wang et al., 2011). Based on the analysis of
the segmented data we obtained the total porosity of the intact
soil fragments, the total image porosity (pores > 6.5 µm in
diameter), and the size distribution of >6.5 µm diameter pores.
Total porosity of each intact fragment was calculated using the
dry weight of the fragment and its volume as determined from
the µCT images. The total image porosity was calculated as
the percent of pore voxels within the total intact soil fragment’s
voxels. Size distribution of image identified pores was determined
using the burn number distribution approach in 3DMA-Rock
software (Lindquist et al., 2000; Ananyeva et al., 2013). Briefly,
the burn number represents the shortest distance from the pore
medial axis to the pore wall. For clarity, burn numbers have been
converted into pore diameters. We specifically focused the data
analyses on the pores of the following four diameter size ranges:
6.5–15, 15–40, 40–95, and >95 µm. These pore sizes were chosen
to match pore sizes previously studied in macro-aggregates and
which demonstrated strong associations with carbon (Wang
et al., 2012, 2013; Ananyeva et al., 2013; Kravchenko et al., 2014,
2015).

Incubation Experimental Set Up
The soil fragments used in incubation (Post soil) consisted of
two intact soil fragments from control treatment, 6 intact soil

3
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a ThermoScientific Delta V Plus isotope ratio mass spectrometer
(ThermoScientific, Bremen, Germany).
The carbon isotopes are reported relative to Vienna PeeDee
Belemnite (VPDB) with a 0.1‰ standard deviation for solid
samples and 0.02‰ standard deviation for gas samples. The
nitrogen isotopes are reported relative to AIR and had a standard
deviation of 0.1‰.

fragments from destroyed-structure treatment, and 5 intact soil
fragments from intact-structure treatment. Water was added to
the fragments to achieve 60% of water filled pore space. The
fragments were then placed into 10 ml vacutainers (BD Franklin
Lakes NJ, USA) with 1 mL of de-ionized water added to the
bottom to maintain high humidity. Incubations were carried
out for 28 days at 22.4 ± 0.1◦ C. CO2 emission measurements
were taken on days 1, 2.5, 4, 8, 13, 19, and 28. Gas samples
for isotope analysis were collected on days 13, 19, and 28
only. The CO2 emission measurements were conducted using
an LI-820 CO2 infrared gas analyzer (Lincoln, Nebraska, USA).
After each sampling, the remaining gas in the headspace was
flushed with CO2 -free air. Flushing was found to dry out
the soil, so de-ionized water (∼10–20 µL) was added directly
to the fragments to maintain the moisture level after day
4. One intact-structure fragment and four destroyed-structure
fragments broke during the incubation and, while chemical
analyses were possible, the broken fragments could not be rescanned.

Grayscale Gradients
Grayscale gradients were used to identify spatial patterns in
the soil matrix adjacent to root pores of 40–90 µm size. The
grayscale value of an individual voxel from a µCT image is
a function of the atomic number and relative density of the
material within the voxel. Higher atomic number elements, such
as iron, have higher grayscale values on images, while lower
atomic number elements, such as carbon and nitrogen, have
lower grayscale values on images. Therefore, the value of each
grayscale voxel reflects elements present within it. Quigley et al.
(2018) showed that spatial gradients in grayscale values adjacent
to the pores formed through plant root activities matched well
SOM gradients determined by the osmium staining method (Peth
et al., 2014; Rawlins et al., 2016). Thus, in this study we will use
the grayscale gradients adjacent to the root pores as indicators of
SOM distributions.
Three root pores of 40–90 µm size range were identified on
Pre and Post images from 4 soil fragments. The root pores were
then 3D dilated by one voxel to exclude any voxels containing
both pore and solid material. Voxels were averaged in ∼13 µm
layers around the pore to a distance of 194 µm and the grayscale
gradients were obtained by averaging the grayscale values of each
layer (Figure 1). Averages excluded 0 values that represented the
background and 255 values to prevent skewing the gradients by
the occasional presence of inclusions of high atomic number
elements, e.g., Fe. For direct comparison of the images, the values
were normalized such that the lowest average grayscale value
within the gradient was 0 and the highest average grayscale value
within the gradient was 1.

Soil Fragment Cutting and Chemical
Analyses
To assess patterns of δ13 C, δ15 N, total C, and total N and their
relationship to pore characteristics, each intact soil fragment was
cut into 5–13 sections. This was done to account for variation
between the soil fragments. The number of sections into which
the fragment was cut depended on its size and shape. To facilitate
cutting, de-ionized water was added to fill 30% of the pore volume
immediately prior to cutting. Cutting was performed with a
#11 scalpel and a 24x magnifying glass. The relative position
of each cut was recorded. Then, the relative positions were
used to virtually cut the 3D µCT image to match the physical
cutting. Virtual cutting yielded regions in the three-dimensional
tomographic images that corresponded to the physically cut
sections. Image based porosity and pore size distributions were
determined in each virtual section of each soil fragment.
Prior to chemical analyses, visibly identifiable particulate
organic matter (POM) was separated from physically cut
sections and analyzed separately. The identifiable POM consisted
primarily of plant root remains, but occasional plant residue
fragments of unknown origin were also observed. Soil from
cut sections, POM from cut sections, and separately collected
rye roots were analyzed for δ13 C, δ15 N, total C, and total N
at the Stable Isotope Facility at the University of California
Davis. Fragment sections were analyzed using an Elementar
Vario EL Cube or Micro Cube elemental analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany) interfaced to a PDZ
Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd.,
Cheshire, UK). POM material and rye roots were analyzed using
a PDZ Europa ANCA-GSL elemental analyzer interfaced to a
PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd.,
Cheshire, UK).
Gas samples were analyzed for δ13 C at the Stable Isotope
Facility at the University of California Davis. Gas samples were
analyzed using a ThermoScientific GasBench system interfaced to
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FIGURE 1 | Example of a selected root used for grayscale gradient analyses.
The color overlay indicates the extent of the grayscale gradient with the colors
indicating each individual 13 µm layer.
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Statistical Analysis

is correlated to another set of variables in multidimensional
space. The correlations are described through axes, which can
be represented as orthogonal planes of maximum correlation,
known as correlation axes. Each correlation axis is defined by
canonical variates. Canonical variates are latent variables, which
are not observed, but derived from a combination of the observed
variables. Collinearity within the observed variables was checked
through the calculation of the determinant prior to canonical
correlation analysis. As canonical correlations requires a larger
data set, only the Pre data set was used for canonical correlations
due to the small sample size of the Post data set.

Comparisons between intact- and destroyed-structure
treatments as well as between Pre and Post in terms of
pore characteristics and δ13 C, δ15 N, total C, and total N were
conducted using the mixed model approach implemented in
the PROC MIXED procedure of SAS Version 9.4 (SAS, 2009).
The statistical model for the analyses consisted of the fixed
effects of treatment, Pre and Post, and their interaction; and a
random effect of soil fragments nested within treatment and
Pre and Post. The normality was visually assessed using normal
probability plots and stem-and-leaf plots, while equal variances
was assessed using Levene’s test. Where the equal variance
assumption was violated, analysis with unequal variances was
conducted (Milliken and Johnson, 2009).
For analysis of δ13 CO2 and CO2 data obtained during soil
fragment incubations, the statistical model consisted of the fixed
effects of treatment, time, and their interaction. Time was treated
as a repeatedly measured fixed factor using the REPEATED
statement of PROC MIXED. Comparisons between the δ13 CO2
and the δ13 C of the fragments prior to incubation were conducted
by defining the δ13 C of the soil in each treatment as a control
and analyzed using Dunnett’s comparison-with-control test. The
significant differences at the 0.05 level were reported, while trends
are reported at the 0.1 level.
Regression analyses between pore characteristics and δ13 C and
total C were conducted using the PROC REG procedure in SAS
Version 9.4 (SAS, 2009). The significant slopes at the 0.05 level
were reported.
To investigate the correlation between the pore sizes (6.5–
15, 15–40, 40–90, and >90 µm) and chemical measures (δ13 C,
total C, and total N), canonical correlation analysis was
conducted using the cancor function in R (R Core Team,
2013). Canonical correlation compares how one set of variables

RESULTS
Soil and Plant Characteristics
Soil bulk density was lower in the treatments with rye as
compared to control treatment (Table 1). The average δ13 C
values of particulate organic matter (POM), that is, the visible
root remains and unidentifiable plant fragments isolated from
intact soil fragments during their cutting, showed that the control
treatment had significantly more C4 POM than the destroyedstructure treatment and numerically more C4 POM than the
intact-structure treatment (Table 1). The destroyed-structure
and intact-structure treatments were significantly different from
each other at α = 0.1, but not α = 0.05. The δ13 C of rye roots
grown in destroyed-structure soil were depleted by ∼1.5‰ more
than rye roots grown in intact-structure soil, while the δ15 N of rye
roots in destroyed-structure was depleted by ∼3.3‰ as compared
to intact (Table 1).
Prior to incubation, intact-structure and destroyed-structure
soil had significantly higher total C than the control soil (Table 2).
However, after incubation, this significance disappeared. The C:N
ratio was significantly lower for control soil fragments than for

TABLE 1 | Means of soil bulk density (n = 2) and characteristics of rye roots (n = 4) from the studied treatments.
Bulk density, g/cm3

Treatment

δ13 C roots

δ15 N roots

C:N roots

δ13 C POM

Control

1.40 (0.1)a

NA

NA

NA

−18.4 (2.3)a

Intact

1.13 (0.1)b

−28.6 (0.3)b

2.3 (0.4)b

18.6 (1.5)b

−22.5 (1.3)b

Destroyed

1.16 (0.1)b

−30.1 (0.4)a

−1.0 (0.3)a

12.1 (1.8)a

−26.0 (1.8)ab

Standard errors are shown in parentheses. Letters indicate significant differences among treatments at α = 0.1 and bold letters indicate differences at α = 0.05.

TABLE 2 | Means of soil carbon and nitrogen characteristics for the three studied treatments Pre and Post.
Time
Pre

Post

Treatment

Total C

δ13 C

Total N

δ15 N

C:N ratio

Intact

0.87 (0.03)a

−21.4 (0.2)

0.10 (0.01)

3.95 (0.2)

9.14 (0.4)a

Destroyed

0.87 (0.05)a

−22.0 (0.2)*

0.12 (0.01)

4.21 (0.2)

8.03 (0.4)ab
7.68 (0.6)b

Control

0.74 (0.04)b

−21.5 (0.2)

0.10 (0.01)

3.58 (0.3)

Intact

0.86 (0.04)

−21.4 (0.2)

0.10 (0.01)

4.26 (0.2)a

8.90 (0.4)a

Destroyed

0.80 (0.03)

−21.2 (0.2)

0.10 (0.01)

4.80 (0.2)b

8.29 (0.4)ab

Control

0.77 (0.07)

−21.3 (0.2)

0.11 (0.02)

3.22 (0.3)c

7.13 (0.7)b

Standard errors are shown in parentheses. Means and standard errors in each treatment are calculated based on 2-6 aggregates with 1–13 sections per aggregate. Letters indicate
significant differences among treatments within Pre and Post groups at α = 0.05. Stars indicate the cases where there was a statistically significant difference between Pre and Post
results within each treatment at α = 0.05. Total C and total N are expressed as %C and %N.
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abundances tended to numerically increase in soils from all
three treatments (Figure 3), however, the increases were only
statistically significant for the pores from the 6.5–15 µm size
group (Figure 2). Pores with diameters >90 µm tended to be
the least abundant in the control treatment, followed by the
intact-structure and destroyed-structure soils. This tendency was
observed in the soils prior to incubation and remained after
incubation. Differences between treatments were only observed
for the >90 µm pores.

the fragments from the intact-structure treatment both in Pre
and Post. The δ13 C values in destroyed-structure soil significantly
increased, indicating losses in C3 carbon during incubation. The
numerical trend in δ15 N of Destroyed>Intact>Control observed
in the Pre increased and became statistically significant postincubation. The total N was not affected by either treatment or
incubation.

Pore Characteristics
Total porosity of individual soil fragments ranged from
10 to 30% for all three treatments. The average image
porosity, that is presence of pores >6 µm in diameter,
was around 12% in fragments from control and 20% in
fragments from rye treatments (Figure 2). After incubation, pore

Associations Between Pores and Chemical
Characteristics
In soil from the control treatment there were no significant
correlations observed between the two studied carbon

FIGURE 2 | Relative abundances of 6.5–15, 15–40, 40–95, >95 µm pores, and porosity in the soil fragments of the three studied treatments before and after
incubation. Relative pore abundance refers to the percent of medial axes per total soil volume as determined from 3DMA-Rock software. Bars represent standard
errors. Letters indicate significant differences between treatments, across Pre and Post (α = 0.05). Stars indicated significant differences between Pre and Post within
each treatment at α = 0.05.
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FIGURE 3 | Representative slices of the same soil fragment for Pre-Intact (A), Post-Intact (B), Pre-Destroyed (C), and Post-Destroyed (D). Red arrows highlight an
area where porosity visibly increased during incubation. Each soil fragment is approximately 5 mm across.

characteristics (total C and δ13 C) and pore abundances of
any of the studied sizes, either before or after incubation. There
was also no correlation observed between the two nitrogen
characteristics (total N and δ15 N) and pore abundances (results
not shown).
An interesting pattern emerged in the correlation of δ13 C
and abundance of pores of different sizes in the Pre destroyedstructure treatment. Correlation with 6.5–15 µm pores was
positive, no correlation was observed with 15–40 µm pores,
and correlation was negative with 40–90 µm pores (Figure 4,
Table 3). This indicates that in the soil from destroyed-structure
treatment prior to its incubation, the sections with greater
abundance of 6.5–15 µm pores tended to have less C3 carbon
while the sections with greater abundance of 40–90 µm tended
to have more C3 carbon. Post δ13 C was positively correlated
with 6.5–15, 15–40, and 40–90 µm pores, indicating that the
sections with greater abundance of pores of all three sizes
tended to have less C3 carbon after incubation. The trend
of negative correlations Pre and positive correlations Post
between δ13 C and 40–90 µm pores was statistically significant in
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destroyed-structure soil and numeric in intact-structure soil. In
the soil from the intact-structure treatment, δ13 C was positively
correlated to 6.5–15 and 15–40 µm pores Post.
There was no significant correlations between total C and any
pore sizes in either intact-structure or destroyed-structure soils
Pre (Table 3). In Post intact-structure soil total C was positively
correlated with 6.5–15 µm pores and 15–40 µm pores. However,
in destroyed-structure soil total C was negatively correlated with
these pores.

Incubation CO2
The cumulative amount of CO2 emitted from the soil fragments
during the 28-day incubation was the highest in the soil
from the intact-structure treatment, followed by the destroyedstructure and control treatments (Figure 5A). The δ13 C values
of the CO2 emitted during the incubation indicate that
microorganisms preferentially used more C3 carbon in the
destroyed-structure and intact-structure treatments than in the
control, but the difference was only statistically significant on day
28 (Figure 5B).
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TABLE 3 | Correlation coefficients for Pre and Post soil for total C and δ13 C with
relative abundances of 6.5–15 µm, 15–40 µm, 40–90 µm, and >90 µm pores for
intact and destroyed-structure treatments.
Structure

Pore size, µm

Destroyed

6.5–15

Intact

FIGURE 4 | Correlations between total C (%C) and relative abundances of
40–95 µm pores (A) and between δ13 C and 40–90 µm pores (B) for
intact-structure treatment and destroyed-structure treatment for both Pre and
Post. Relative pore abundances refer to the percent of medial axes per total
soil volume as determined from 3DMA-Rock software. Gray area indicates
95% confidence interval. Correlation coefficients are shown in Table 3.

Total C

δ13 C

Pre

−0.25

Post

−0.75*

0.33*
0.76*

15–40

Pre

−0.28

0.17

Post

−0.78*

40–90

Pre

0.05

Post

−0.47*

>90

Pre

0.25

−0.07

Post

0.1

−0.19

6.5–15

Pre

0.19

Post

0.50*

0.52*

15–40

Pre

0.18

0.01

Post

0.37*

40–90

Pre

0.26

Post

0.11

0.17

>90

Pre

0.12

−0.14

Post

0.09

−0.08

0.79*
−0.39*
0.40*

0.02

0.45*
−0.18

Positive correlation with δ 13 C indicate more new carbon was associated with a higher
presence of specified pore. Stars indicate significant correlation at α = 0.05.

ratios and a higher abundance of 15–40 µm pores than intactstructure soil.
The second canonical variates can be described by the
relationship between δ13 C (positive correlation) and total N
(positive correlation) with 40–90 µm pores (positive correlation)
and >90 µm pores (negative correlation). This indicates that
40–90 µm pores tend to have newer carbon with higher
nitrogen concentrations, while >90 µm pores tend to have
older carbon with lower nitrogen concentrations. There was no
effect of treatment observed in the second canonical correlation
axis.

The δ13 C values of the CO2 emitted during the incubation
indicate that during the last three measurements (days 13, 19, and
28), the CO2 gas became more depleted for all three treatments.

Grayscale Gradients
Both intact- and destroyed-structure Pre and Post soils had
similar general patterns of very high grayscale values directly
adjacent to the pores, followed by a sudden decrease (Figure 6).
Then, the grayscale values slowly increased until reaching a
plateau at 120–140 µm distances from the pore. The plateau
grayscale value roughly corresponded to the background
grayscale value. However, the differences in Pre and Post
grayscale gradients had opposite signs in the two treatments.
In destroyed-structure soil, Pre soils had lower grayscale values
than Post at the same distance, while Pre intact-structure soil had
higher grayscale values than the Post soil.

DISCUSSION
Three months of rye growth increased total C and the C:N
ratio within both the intact-structure and destroyed-structured
soils. However, in the subsequent incubation, gains of total
C tended to disappear. As indicated by the δ13 C results, the
carbon losses, at least in the destroyed-structure fragments,
were dominated by losses in C3 carbon. Gains and losses of
C3 and of total carbon were associated with presence of soil
pores. However, the relationships between carbon and pores
differed for different pore sizes, suggesting different microscale
mechanisms by which these pores contribute to carbon accrual
processes.

Canonical Correlations
The first two canonical correlation axes were significant at the
0.05 level (Figure 7). The first canonical variates can be described
by the relationship between total C (negatively correlated)
and total N (positively correlated) with 6.5–15 µm (negatively
correlated) and 15–40 µm (positively correlated) pores. This
indicates that pores of 6.5–15 µm were associated with higher
C:N ratios while 15–40 µm pores were associated with lower
C:N ratios. There was a treatment difference observed in this
axis between destroyed-structure and intact-structure soils: the
destroyed-structure soil contained more carbon with lower C:N

Frontiers in Environmental Science | www.frontiersin.org

Incubation

Relationship Between C3 Carbon and
40–90 µm Pores
The correlations between δ13 C and pores of the studied size
ranges had similar signs in both intact- and destroyed-structure
soils, but in the intact-structure soil, the correlations were not
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FIGURE 6 | Normalized grayscale values from µCT images of soil fragments
as a function of distance from 40 to 90 µm pores for intact-structure and
destroyed-structure at Pre and Post. Error bars indicate standard error. Note
that values of the normalized grayscale reflect a combination of contributors,
including atomic numbers of the elements and density of the material located
within an image voxel. Specifically, lower normalized values here correspond to
lower atomic number elements and lower densities, while higher values
correspond to higher atomic number elements and higher densities. As such,
lower values roughly represent more carbon in the soil matrix, while higher
values represent less carbon in the soil matrix and/or denser soil matrix.

FIGURE 5 | (A) Cumulative CO2 and (B) average isotopic signature of CO2
respired during 28 day incubation experiment. Bars represent standard errors.
Bold lines indicate the mean δ13 C values of the soil fragment sections prior to
incubation for each treatment while boxes indicate the standard errors (−22.0
± 0.1, −21.4 ± 0.1, and −21.6 ± 0.1‰ for destroyed-structure,
intact-structure, and control, respectively). Letters indicate significant
differences among treatments at α = 0.05. Stars indicate significant differences
between the δ13 C of the emitted CO2 and the soil sections Pre at α = 0.05.

statistically significant (Table 3). This is likely the outcome
of the legacy of soil pore architecture of the intact-structure
soil, which contributed to greater variability, thus lowering
statistical significance in that treatment, as well as differences in
decomposability of plant root material in the two treatments (as
discussed below).
Negative correlation between δ13 C and 40–90 µm pores,
indicated that greater levels of C3 were associated with the
presence of 40–90 µm pores (Figure 4, Table 3). It is assumed
that the increase in C3 carbon is associated with the newly added
carbon. We surmise that a possible cause for this association
is that many of the 40–90 µm pores, especially those in the
destroyed-structure soil, were created by fine plant roots. Since
old root pores were destroyed during the sieving process, any
40–90 µm pores in the destroyed-structure soil, which were
of root origin, would have been directly produced by the
growth of the rye. On the contrary, in the intact-structure

Frontiers in Environmental Science | www.frontiersin.org

FIGURE 7 | Canonical correlation of pore sizes with total C (%C), total N (%N),
and δ13 C. The first two canonical correlations were significant at α = 0.05 and
are shown. The correlation factors that define the latent variables for each axes
are shown on the right. The sign indicates the direction of correlation and the
number indicates the amount each observed variable contributes to the latent
variable. Lines indicate the (0, 1) line (A) and (0, −1) line (B), while letters
indicate treatment [destroyed-structure (D) and intact-structure (I)].

treatment such pores could have been produced by both new and
historically grown plants, increasing variability that weakened the
correlation.
After incubation, the gains in new carbon in the destroyedstructure soil in relation to the abundance of 40–90 µm pores
were quickly lost. The 40–90 µm pores went from being
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pores. This preference could be the result of anaerobic conditions
that existed within the soil. During incubation, the soil moisture
level was kept at 60% water filled porosity, which would have
resulted in water filling the majority of both the 6.5–15 and
15–40 µm pores during the incubation, resulting in anaerobic
conditions prevailing there during incubation. Keiluweit et al.
(2017) observed that in anaerobic microsites within upland soils,
decomposition rates were reduced by a factor of 10, which may
also explain the slower decomposition of materials from these
pores as seen in the association with increased amounts of
carbon. The anaerobic conditions may also explain why newer
carbon was preferentially used in association with these pores.
Newer carbon would likely contain more oxidized functional
groups than older carbon. These functional groups would be
quickly used under anaerobic conditions, resulting in biased
decomposition of newer carbon in relation to pores of 6.5–15 and
15–40 µm sizes.
The association between total C and 15–40 µm pores
(Figure 8) was identical to those observed by Ananyeva et al.
(2013). The two data sets, while of the same soil type and
collected from the same geographic area, were of two completely
different agricultural managements. This study is from a 20 year
conventional management continuous corn treatment, while
Ananyeva et al. (2013) used aggregates from a 19 year native
succession management, which was essentially unmanaged. This
seems to suggest a universal mechanism for the relationship
between soil carbon and the presence of 15–40 µm pores. One
possible driver of this relationship might be the presence of fungi
in these pores. The first canonical correlation axis (Figure 7),
shows a difference in the C:N ratio of the two pore sizes. This
potentially could signal a difference in decomposability between
6.5–15 and 15–40 µm pores. Bailey et al. (2017) and Smith
et al. (2017) both observed that pores of >6 µm contained more
easily decomposable material, while pore <6 µm contained more
difficult to decompose material. They attributed this difference
to accessibility of fungi, which preferential decompose more
complex organic materials, but, as fungal hyphae are typically
10 µm in size, cannot access pores smaller than 10 µm (Six
et al., 2006). Fungi are also known to create pores of 20–
30 µm size by pushing aside silt particles and extruding binding
agents, which would create micro-environments with more
decomposable material in these created pores (Dorioz et al., 1993;
Bearden, 2001; Emerson and McGarry, 2003). Another potential
explanation might be the presence of root hairs. Root hairs are
also 10 µm in size and therefore, would also occur in the 15–
40 µm pore range. More research is necessary to explore the cause
of this correlation between total C and 15–40 µm pores.

positively correlated with new carbon in Pre to being negatively
correlated with new carbon in Post. The grayscale gradients in
the Post destroyed-structure soil had higher grayscale values than
in the Pre (Figure 6). This further supports the notion that,
while prior to incubation the SOM levels in the vicinity of such
newly formed pores were relatively high, in samples subjected to
incubation the SOM levels adjacent to 40–90 µm pores were low.
Greater decomposition of newly added carbon in 40–90 µm
pores could result both from a more labile nature of the
new carbon and from greater microbial activites in these
pores. The second canonical correlation axis (Figure 7) shows
that the 40–90 µm pores tend to have newer carbon and
a higher concentration of nitrogen, thus possibly, containing
more decomposable organic compounds. Indeed, the small plant
roots located within such pores could have been more easily
decomposable since fine roots tend to have less lignin and a lower
lignin:N ratio is an indication of root decomposability (Rasse
et al., 2005). Bailey et al. (2017) observed that water extracted
from pores between 20 and 200 µm contained more lipids,
which are more easily decomposable, than lignin and tannin,
which are more difficult to decompose. Moreover, the increased
decomposition/carbon loss in such pores was reported as related
to greater microbial presence, transport, and activity in 40–
90 µm pores (Strong et al., 2004; Wang et al., 2013; Kravchenko
et al., 2014).
Some of the differences between the intact- and destroyedstructure treatments in terms of pore associations with new
carbon might be related to differences in root decomposability.
The intact-structure roots had a higher C:N ratio, as well as δ15 N
and δ13 C (Table 1). The δ15 N of plant roots is controlled by the
nitrogen use efficiency. Large differences between root and shoot
δ15 N values can result from pooling of nitrate in plant roots
(Kalcsits et al., 2015; Kalcsits and Guy, 2016). The shoot δ15 N
was 2.08‰ for rye samples collected from both intact-structure
and destroyed-structure soils, but, while the intact-structure
roots were similar to the shoot values, destroyed-structure roots
were ∼3‰ more depleted. This suggests that pooling of nitrate
could have taken place in the destroyed-structure roots, lowering
C:N ratio and increasing decomposability. In addition, more
depleted δ13 C values of roots from the destroyed-structure soil
would make it slightly easier for microorganisms to decompose
them than intact-structure roots. The differences in the δ13 C of
C3 plants are related to water availability with more depleted
values occurring where water is more plentiful (Farquhar et al.,
1989; Stewart et al., 1995). The differences in overall pore size
distributions of the two treatments could be the cause for the
differences in nitrate and water availability. However, since the
normal range of values for C3 plants is from −24 to −34‰, the
difference between intact-structure and destroyed-structure roots
observed in this study can be regarded as relatively small.

Additional Considerations
The CO2 results seem to indicate a different story than the soil
fragment data. In the soil fragment data, destroyed-structure soil
lost the most carbon during incubation, while the intact-structure
soil losing a negligible amount of carbon during incubation. The
CO2 data, on the other hand, indicates that the intact-structure
lost the most carbon as CO2 . This discrepancy is due to the
removal of POM from the soil fragments prior to total C, total
N, δ13 C, and δ15 N measurements. The amount of POM removed

Relationship Between Carbon and 6.5–15,
15–40, and >90 µm Pores
After incubation, there was a notably decreased association with
C3 carbon in both intact-structure and destroyed-structure soil.
This implies a preferential utilization of newer carbon in these
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added carbon. We demonstrated that pores of 40–90 µm size
range play a particularly intriguing role in new carbon gains as
well as its subsequent losses. Such pores seem to be “easy come
easy go” locations which receive the greatest amounts of new
carbon from growing plant roots, but then rapidly loose that
newly added carbon. On the other hand, both 6.5–15 and 15–
40 µm pores are associated with preferential use of newer carbon.
Carbon protection associated with the 6.5–15 µm pores could
be associated with lack of accessibility by fungal hyphae and
pervasiveness of anaerobic conditions when soils are near field
capacity. Pores of 15–40 µm pore size are also associated with
a prevalence of anaerobic conditions when soils are above field
capacity, but fungal hyphae are not excluded and are potential
drivers of carbon dynamics in pores of this size.
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FIGURE 8 | Correlation between total carbon and abundance of 15–37.5 µm
pores (Ananyeva et al., 2013, blue reproduced with permission from Elsevier)
or 15–40 µm pores (this study, green). The y-axis is presented as total C, g/kg
instead of %C to align with the original Ananyeva et al. (2013) graph.
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