
Geoderma 438 (2023) 116625

Available online 3 August 2023
0016-7061/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Microscale spatiotemporal patterns of water, soil organic carbon, and 
enzymes in plant litter detritusphere 

Kyungmin Kim a,b,c,*, Anders Kaestner d, Maik Lucas a,b, Alexandra N. Kravchenko a,b 

a Department of Plant Soil and Microbial Sciences, Michigan State University, MI, USA 
b DOE Great Lakes Bioenergy Research Center, Michigan State University, MI, USA 
c School of Integrative Plant Science, Cornell University, NY, USA 
d Paul Scherrer Institut, Villigen, Switzerland   

A R T I C L E  I N F O   

Handling Editor: A. Agnelli  

Keywords: 
Decomposition 
Zymography 
Enzyme 
Microbial Hotspots 
Soil Carbon 
Neutron Tomography 

A B S T R A C T   

Understanding biophysical and biochemical processes in detritusphere is critical to quantifying and modeling 
plant residue decomposition dynamics and subsequent soil organic carbon (C) accrual. The objectives of the 
study were to explore (i) micro-environmental conditions within the detritusphere formed around decomposing 
corn and soybean leaves, and (ii) the relationships between moisture distribution, enzyme activity, and C dy
namics during decomposition. We assessed spatial and temporal dynamics of moisture distribution using X-ray 
and neutron computed tomography, and activities of β-glucosidase and chitinase, two enzymes involved in soil C 
and N processing, using zymography. We used 13C labeled residue to track residue contribution to atmospheric 
CO2 and soil organic C. Moisture redistribution pattern varied depending on the residue type. While the water 
was immediately absorbed by the corn leaves and maintained afterward, switchgrass leaves absorbed water more 
slowly and created water-deficient zones within ~1mm from the residue. This initial moisture depletion led to 
lower chitinase activity and residue-derived CO2 emissions in switchgrass. In contrast to chitinase, β-glucosidase 
activity was influenced by a combination of vegetation history and residue type, and it was higher when the 
origin of the residue matched the vegetation history of the soil. Pore size had an opposite impact on the studied 
enzymes, supporting the notion that contrasting soil pore architecture can stimulate activities of different en
zymes through a selection of dominant enzyme producers. We concluded that the decomposition dynamics of 
plant residues is not only a simple function of residue chemistry, but rather a combined effect of the vegetation 
history, in part through its effect on microbial community composition, the plant residue chemical and likely 
physical characteristics, and the soil pore structure in the detritusphere. Together, they create temporally dy
namic micro-environmental conditions influencing decomposition. Specifically, our study demonstrated that the 
initial micro-environment formulated in detritusphere can play an important role in enzyme activities and 
consequent C dynamics.   

1. Introduction 

Soil organic carbon (SOC) sequestration is one of the important keys 
to mitigate atmospheric CO2 levels as emphasized in the ‘Soil carbon 4 
per mille’ initiative (Minasny et al., 2017). Plant residue incorporation is 
a management strategy that can maximize new C inputs, and thus can be 
a valuable pathway to increase SOC (Liu et al., 2014). During decom
position of incorporated residue, some of the resultant products can be 
stabilized within the soil matrix increasing SOC stocks (Jiang et al., 
2017; Cotrufo et al., 2019; Hunt et al., 2020; Georgiou et al., 2022), yet 
others might stimulate greenhouse gas emissions (CO2 and N2O) 

(Thangarajan et al., 2013; Köbke et al., 2018; Kim et al., 2020) and 
induce positive priming (Kuzyakov et al., 2000; Kuzyakov, 2010; 
Shahbaz et al., 2017a). Properties of organic substrates (i.e., residues) 
added to the soil (Shahbaz et al., 2018), composition of microbial 
communities which utilize the substrates (Arcand et al., 2016), and 
physical characteristics of micro-habitats populated by the microbial 
communities (Toosi et al., 2017) together determine the rates and 
pathways of microbial processes involved in residue decomposition 
(Seyfried et al., 2021). 

A plant residue fragment creates a unique environment within the 
soil in its immediate surrounding, a.k.a. detritusphere (Liu et al., 2011). 
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Detritusphere differs from the bulk soil (that is, the soil not affected by 
the residue presence), by its distinct microbial community composition 
(Poll et al., 2006; Poll et al., 2008), higher microbial biomass (Marsch
ner et al., 2012; Hoang et al., 2016), enzyme activity (Poll et al., 2006) 
and nutrient concentrations (Gaillard et al., 1999; Gaillard et al., 2003; 
Vedere et al., 2020). Decomposing residues also create micro-scale 
gradients of soil moisture in their immediate vicinity (Kim et al., 
2020) due to moisture absorption by the residue, a.k.a. sponge effect 
(Kravchenko et al., 2017; Kutlu et al., 2018; Kravchenko et al., 2018). 
The soil moisture gradients can further affect microscale distribution 
patterns and persistence of SOC (Schlüter et al., 2022). 

Activity of extracellular enzymes within the soil can be used as an 
indicator of microbial involvement in decomposition of both fresh 
organic substrates (Sinsabaugh and Moorhead, 1994; Allison and 
Vitousek, 2004) and native soil organic matter (Shahbaz et al., 2017b). 
Recent developments in 2D zymography, a non-destructive technique to 
measure in situ activity of hydrolytic enzymes (Sphon and Kuzyakov, 
2013; Razavi et al., 2019; Sanaullah et al., 2016; Guber et al., 2021) 
enable testing the links between enzyme activities and C gains/losses. 
Two hydrolytic enzymes of particular interest are β-1,4-glucosidase and 
β-N-acetyl-glucosaminidase (chitinase), since they are utilized at 
different stages of residue decomposition, e.g., degradation of cellobiose 
and chitin (Sinsabaugh et al., 2008). With zymography, the same soil 
surface can be repeatedly used for 2-dimensional enzyme mapping, 
enabling quantification of the temporal dynamics of enzyme activity at 
specific locations. 

The strength of enzyme activity within the detritusphere is affected 
by the chemical characteristics of the plant residue. Plant residues with 
low C:N ratios and high labile C often elicit stronger enzyme activities, 
thus faster residue decomposition, as compared to the residues with high 
C:N ratios and low labile C (Veres et al., 2015; Stewart et al., 2016). The 
intrinsic differences in microbial biomass and community composition 
also affect enzyme activity. E.g., soils under perennial vegetation often 
have more diverse microbial communities and higher microbial biomass 
than annual cropping systems, with concomitantly higher enzyme ac
tivity (Culman et al., 2010; Cattaneo et al., 2014; McGowan et al., 2019; 
Kasanke et al., 2021). Micro-environmental conditions in detritusphere 
can also influence the enzyme activity – including both enzyme pro
duction and subsequent effectiveness of the produced enzymes (Burns 
et al., 2013). For instance, surface characteristics of the plant residues 
(Allison and Vitousek, 2004) and soil pore architecture (Poll et al., 2006; 
Burns et al., 2013) can alter the transport of enzymes and substrates thus 
affecting decomposition rates and microbial access to degradation 
products. Greater water availability in the vicinity of decomposing 
residues, aka sponge effect (Iqbal et al., 2013; Kravchenko et al., 2017; 
Kim et al., 2020; Li et al., 2022), can facilitate the enzyme production 
and activity (Geisseler et al., 2011). Yet, the combined influences of the 
sponge effect, residue type, and vegetation/management history on 
activities of soil enzymes have not yet been thoroughly investigated. 

Quantification of the temporal dynamic in distribution of water in
side the decomposing residues and in their vicinity is crucial for un
derstanding micro-environmental conditions during residue 
decomposition. Recently, the water distribution within and around the 
decomposing residue was assessed via dual-energy X-ray computed to
mography (xCT) scanning with potassium iodide solution as a dopant 
(Kim et al., 2020), an approach that assumes that the spatial distribution 
of iodine (I-) is represnetative of the water distribution with the soil 
pores. However, a possibility of preferential absorption of I- by organic 
materials (Yamaguchi et al., 2010), including residues, raises a concern 
that this approach might overestimate the extent of the sponge effect. 
Neutron computed tomography (nCT) allows direct detection of water 
(Lehmann et al., 2006) due to strong absorbance of neutrons by 
hydrogen containing compounds and its relatively weak interactions 
with other materials (Moradi et al., 2011; Tötzke et al., 2017). Recent 
development of time series nCT allowed to quantify the hydraulic 
redistribution in the plant root system (Hayat et al., 2020; Tötzke et al., 

2017; Zarebanadkouki et al., 2015). The same technique can be used for 
tracking water redistribution near plant residues decomposing within 
the soil. 

The objectives of this study are (i) to assess spatial and temporal 
dynamics of moisture distribution and enzyme activity in vicinity of 
plant residues decomposing within the soil, and (ii) to explore re
lationships between moisture distribution, enzyme activity, and C dy
namics during residue decomposition. We investigated spatial and 
temporal trends in water, enzymes, and residue-derived C distributions 
during decomposition of leaves of 13C-labeled corn (Zea mays L.) and 
switchgrass (Panicum virgatum L.), the two plant species with contrasting 
C:N ratios, incorporated into soils of contrasting vegetation history and 
pore size characteristics. 

2. Materials and methods 

2.1. Soil and plant residue preparation 

Soils used for the experiment were collected from Long-Term 
Ecological Research (LTER) site at W. K. Kellogg Biological Station 
(KBS), Michigan, U.S.A. The soil is Kalamazoo loam (fine loamy, mixed, 
mesic, Typic Hapludalf), developed on glacial outwash and containing 
43% sand and 17% clay (Robertson and Hamilton, 2015) with 0.9% of 
total C and 0.1% of total N concentrations (Grandy and Robertson, 
2007). The two studied contrasting vegetation histories were the annual 
cropping system, i.e., conventionally managed and plowed corn- 
soybean-wheat rotation (CSW) and the perennial grassland vegetation, 
i.e., monoculture switchgrass (SG), established in 2008. 

Soil for the experiment was collected in Fall 2020 from 5 to 15 cm 
depth, air-dried, cleaned from visible plant residue and root fragments, 
and used to create soil materials with contrasting pore size character
istics, namely: (i) the large pore material with dominance of >30 µm Ø 
pores, and (ii) the small pore material with dominance of <10 µm Ø 
pores. The materials were created from CSW and SG soils following the 
procedure described in Toosi et al. (2017). In brief, a large pore material 
consisted of 1–2 mm soil aggregate fraction and was obtained by sieving 
the soils through 1 mm and 2 mm mesh. In additions, a small pore 
material was obtained from the large pore material by gently pushing it 
through 0.053 μm mesh. The remaining stones and large mineral grains 
were ground using a shatter box until also passing the 0.053 μm mesh. 
This approach allowed us to minimize microbial and mineralogical 
differences between the two materials (Kim et al., 2020). X-ray 
computed tomography analyses of these materials verified that their 
pore size distributions differed, with >30 µm and <10 µm Ø pores 
indeed prevailing in the large and small pore materials, respectively 
(Toosi et al., 2017). 

In order to obtain 13C labeled plant residues, corn and switchgrass 
were grown in controlled greenhouse settings and labeled with 13C as 
described in Kim et al. (2022). After the labeling, the leaves for this 
experiment were harvested, washed with distilled water, and dried in a 
botanical press for 4 weeks. The labeled corn and switchgrass leaves 
used in the study had δ13C signatures of 864 and 822 ‰, respectively. 

2.2. X-ray and neutron tomography 

To explore water distribution within and around corn and switch
grass leaf residues, xCT and nCT of soil samples with incorporated leaves 
were performed using the cold neutron imaging beamline ICON at Paul 
Scherrer Institut (PSI), Villigen, Switzerland (Kaestner et al., 2011; 
Kaestner et al., 2017). Due to time and labor consuming nature of nCT 
analyses and a very limited beamtime available for the experiment, only 
a few of the studied treatment combinations could be subjected to joint 
xCT and nCT. We prioritized the comparison between the residues of the 
two plant species, and, thus, used only the large pore soil material for 
these analyses. Based on our past results (Kravchenko et al., 2017; Kim 
et al., 2020) we expected that the influence of plant residue on water 
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distribution will be the greatest when pore architecture is dominated by 
large pores. We also did not expect that the soil vegetation history will 
substantially influence the short-term water distribution patterns that 
we aimed at assessing using nCT in this study. Thus, a 1:1 mixture of 
large pore materials of CSW and SG soils was used. One soil sample was 
prepared for each plant species, where 3 leaf circles per sample provided 
a measure of variability among the individual plant residue fragments 
and their immediate surroundings (Fig. 1). 

To prepare the samples, metal columns with 8 mm Ø and 20 mm 
height were filled with the large pore soil material. Three disks (6 mm Ø) 
cut from press-dried corn and switchgrass leaves were embedded into 
each column, separated by ~4.5 mm soil layers. Each column contained 
1 g of soil packed to 1.35 g/cm3 density. First, the columns were sub
jected to xCT scanning in an air-dry state. Then, 1 mL of H2O was added 
on the top of each column followed by time series nCT scanning. The 
nCT scanning was conducted by uniform stepping method for a duration 
of 19 h by 1 h step. Detailed tomographic settings were provided in 
Supplementary material (S1. Neutron Scanning). 

Since the xCT and nCT scans differed in their scanning window and 
resolution parameters, the images were registered using BigWarp Plugin 
in Fiji (Bogovic et al., 2016; Schindelin et al., 2012). The detailed pro
cedure is provided in the Supplementary Material (S2. Image registra
tion). After image alignment, pore-solid segmentations were conducted, 
and locations of leaf disks were identified from the xCT images (pro
vided in S3. Leaf detection). Then the leaf image masks were overlayed 
with nCT images, and grayscale values from nCT images were obtained 
for a range of distances from each leaf in the soil column using Euclidean 
distance map in Fiji (at a 1-voxel distance step). When a pixel was 
classified as a pore, the grayscale value of that pixel was labeled ‘NaN’ 
and not included in calculations. In order to ensure comparability be
tween the soil columns and the images obtained from the same column 
at different scanning times, the grayscale values at each distance were 
normalized by dividing them by the mean grayscale value of the whole 
soil column. The normalized grayscale value (normGV) of the entire soil 

column was thus equal to 1. The normGVs were used as a proxy of 
moisture contents due to high attenuation of hydrogen to neutrons 
(Tengattini et al., 2021). 

2.3. Water absorption by plant leaves 

Water absorption by corn and switchgrass leaves incorporated into 
the soil was also directly assessed in a separate experiment. For the 
experiment, corn and switchgrass leaves were allowed to absorb water 
within soil cylinders filled with either large or small pore materials. The 
cylinders were prepared as described by Kim et al. (2021) with three 
replicated cylinders used for every soil material and plant combination. 
Specifically, each cylinder (30 mm Ø x 60 mm h) consisted of 5–6 plant 
leaf disks of the known mass (6.6–13.9 mg) placed in between two 30 
mm layers of the soil materials. The materials were first packed to 1.3 g/ 
cm3 bulk density. Then water was added to the cylinders with a spray 
bottle to adjust the soil moisture content to 50% water-filled pore space 
(WFPS). After 4 h, the cylinders were disassembled, and the plant leaf 
disks were cleaned of attached soil using a small brush and weighed. The 
quantity of water absorbed by the residue from the surrounding soil was 
then determined from the difference between the initial and final leaf 
weights. 

2.4. Incubation experiment 

Plant residue decomposition and its effect on surrounding detritu
sphere were studied using soil microcosms. The microcosms were built 
within transparent plastic containers, 4.7 cm x 2 cm x 3.3 cm (width x 
height x depth) in size with removable front panels. Each microcosm 
contained 30 g of soil and 30 mg of plant residue (or 0 mg in case of 
control samples). The residue was placed horizontally in the middle of 
the container (Fig. 2A). To build a microcosm, 15 g of soil was packed to 
~ 1.1 g‧cm−3 bulk density and soil moisture was adjusted to 50% WFPS. 
After that, the plant residue was placed in a single flat layer on the 

Fig. 1. Sample xCT (left) and nCT (right) images of a scanned microcosm (large pore dominated soil), along with images of the leaves (green disks) incorporated 
within the sample and identified using xCT (center). Column diameter is 8 mm. After water addition, the same samples were subjected to nCT every 1 h, for 19 h, 
images from t=0 and t=19 are shown. Red arrows point to the leaf fragments visible on nCT images. 
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surface of the soil using forceps. Another 15 g of the soil was added on 
top of the residue layer and water was added to achieve 50% WFPS. 
Water was added using a 20 mL spray bottle so as not to disturb soil 
arrangement. A total of 52 microcosms were created, consisting of 5 
replications of all combinations of the two soil vegetation histories (CSW 
and SG), two pore size materials (large and small pore materials), and 
two residue types (corn and switchgrass) (a total of 40) and of control 
samples with 3 replicates for each combination of vegetation history and 
pore size (a total of 12). 

Each soil microcosm was placed within a 450 mL Mason jar con
taining a small beaker with 8 mL of distilled water to minimize moisture 
losses from the microcosms. Mason jars were sealed tightly and kept in 
the dark at 20 ◦C for the 22 days of the incubation experiment. During 
the incubation, CO2 and 13CO2 in the headspace and the enzyme activity 
were measured on days 1, 3, 8, 15, and 22. On each day, the headspace 
gas was sampled using a syringe and injected into 5.9 mL storage vials 
(Labco Ltd, Lampeter, U.K.) at 2 atm pressure. Two replicate microcosms 
from each combination of treatment were subjected to β-glucosidase 
zymography and other 2 replicates were subjected to chitinase zymog
raphy. Zymography measurements were performed after gas sampling, 
and the microcosms were placed back into the Mason jars after 
zymography until the next gas measurement. Jars were flushed using 
ambient air and sealed before returning to the incubation chamber. Due 
to an operational error, chitinase measurements on day 1 were not 
completed. After the incubation, i.e., on day 22, soil microcosms were 
dissected into eight 4-mm-thick layers parallel to the plant residue using 
thin blades. Individual layers were air-dried for 2 days, homogenized, 
and subjected to soil organic C (SOC) and 13C analysis. 

CO2 concentration of the sample headspace gas was analyzed using 
LI-COR infrared gas analyzer. SOC was analyzed using Costech 
elemental combustion system (Costech Analytical Technologies Inc., CA, 
U.S.A). Isotopic composition of CO2 was measured using an IsoPrime 
100 stable isotope ratio mass spectrometer (IRMS) interfaced to a 
Tracegas inlet system (Elementar, Mt. Laurel, NJ). δ13C in solid samples, 
i.e., soil and KCl extract powder, were performed using an Isoprime 
Vision IRMS interfaced to a Vario Isotope Cube elemental analyzer 
(Elementar). 

2.5. Assessment of plant-derived C 

Relative differences in isotopes to the standards (δ) were obtained 
from the isotopic analysis and converted to atomic percent (Atom%) to 
calculate plant-derived C in CO2 and SOC: 

Atom%13C = {[(δ⋅1000−1 + 1)⋅ 13C/
12C]

−1
+ 1}

−1⋅100 Eq. (1) 

Fraction of plant-derived carbon fCplant was calculated as: 

fCplant = (Atom% 13Ctrt − Atom% 13Ccontrol)⋅(Atom% 13Cplant

− Atom% 13Ccontrol) Eq. (2)  

where Atom%13Ctrt is the atom% of 13C in CO2 gas or SOC of the 
treatment sample, Atom%13Ccontrol is the atom% of natural 13C abun
dance in an unamended sample, and Atom%13Cplant is the atom% of 13C 
in the labeled plant leaves. Then the concentration of the CO2 or SOC 
derived from the labeled plant leaves (Cplant) was calculated as 
following: 

Cplant = Ctotal⋅fCplant Eq. (3)  

where Ctotal values were directly obtained from either CO2 and SOC 
measurements. 

Priming rates were calculated by subtracting soil-derived CO2 
emission rate of the control sample from that of the treatment sample. 
Cumulative priming effect was calculated as the sum of the products of 
the priming rates and the time intervals from day 1 to day 22. 

2.6. Zymography 

Spatial and temporal dynamics of the enzymes on the surface of the 
leaf and in the surrounding soil was measured using time-lapse 
zymography (TLZ) (Guber et al., 2019). A polyamide membrane filter 
(0.45 μm pore size; 100 μm thickness, Tao Yuan, China) was saturated in 
6 mM fluorogenic substrates specific to β-glucosidase and chitinase (4- 
Methylumbelliferyl-β-D-Glucoside and 4-Methylumbelliferyl-N-Acetyl- 
β-D-Glucosaminide, respectively). For zymography, the front panel of 
the microcosm was opened, sprayed with DI water, and the polyamide 
membrane was placed on top of the soil surface (Fig. 2A). The micro
cosm was placed in the dark room with the camera (Canon EOS Revel 
T6) and ultraviolet light source (Guber et al., 2021; Kim et al., 2022). 
The membrane on the soil surface was photographed every minute, for a 
total of 45 min per sample. The enzyme activity was calculated in each 
individual pixel of the membrane as a highest time derive of MUF 
content. Zymograms were taken on days 1, 3, 8, 15, and 22 during the 
incubation. The area (0.27 cm2 wide) encompassing the residue 
(Fig. 2B) was used to quantify the enzyme activity in vicinity of residues. 

2.7. Statistical analysis 

Data were analyzed using a mixed model approach implemented in 
PROC MIXED procedure of SAS 9.4 (SAS Institute Inc., NC, U.S.A). 
Statistical models used in the analyses varied depending on the studied 
soil variable. Specifically, the model for baseline characteristics of the 
studied soil materials, i.e., C, N, sand, silt, and clay content and C:N 
ratio, consisted of fixed effects of vegetation history and pore size, along 
with their interactions. The model for initial characteristics of plant leaf 

Fig. 2. Schematic representation of zymography procedure. (A) Plant leaf embedded within soil microcosms used for zymography. A box with red dotted line shows 
the location where a polyamide membrane saturated with fluorogenic substrate was attached. (B) The example enzyme activities in close proximity to the leaves (the 
same red dotted box with (A)). 
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residues, i.e., C content, C:N ratio, and δ13C, only included the fixed 
effect of the residue type. For water absorption, the model consisted of 
pore size, residue type, and their interaction. 

Statistical model for the plant-derived C consisted of vegetation 
history, pore size, residue type, distance (from the residue), and their 
interactions as fixed effects and soil microcosm, nested within the 
vegetation history and pore size, as well as replication batches as 
random effects. Model estimates in each distance, vegetation history, 
and residue type were compared with 0 using t-tests. In addition, plant- 
derived C levels at distances of >4 mm and <4 mm from residues were 
compared using contrasts. 

Models for cumulative emission of total CO2, plant-derived CO2, and 
priming effect included fixed effects of vegetation history, pore size, 
residue type, and their interactions; and a random effect of replication 
batches. Model estimates of priming effect in each distance, vegetation 
history, and residue type were compared with 0 using t-tests. 

Statistical models for the fraction of CO2 originated from the leaf 
residues, β-glucose activity, and chitinase activity consisted of vegeta
tion history, pore size, residue type, time, and their interactions as fixed 
effects; and replication batches as a random effect. Time was included as 
a repeated measure factor, the subject for which was the individual soil 
microcosms. 

For all analyses, the assumptions of normality and homogeneity of 
variances were tested by checking normal probability plots and con
ducting Levene’s test based on the absolute values of model residuals. 
The data were natural log-transformed when the normality assumption 
was violated, and the analysis with heterogeneous variances was con
ducted when the homogeneity of variances assumption was violated. 

3. Results 

3.1. Properties of the studied soils and plant residues 

As a result of grinding and sieving used to procure contrasting pore 
characteristics, the small pore soil material had lower sand and higher 
clay and silt contents than the large pore material (p < 0.05, Table 1). 
CSW soils did not show significant differences in C and N contents be
tween pore sizes, while the small pore material of SG soils had slightly 
higher C and lower N than the large pore material. Corn and switchgrass 
leaves had similar C contents, but C:N ratio was higher in switchgrass 
(Table 2). δ13C signature was higher in corn than in switchgrass residues 
(p < 0.05, Table 2). 

3.2. Water distribution in corn and switchgrass leaf residues 

Spatial and temporal patterns of water distribution within and 
around the leaves differed between corn and switchgrass leaves. A proxy 
of moisture content, normGV, was the highest in close proximity to corn 
leaves, gradually decreasing with increasing distance and reaching the 
mean normGV of the entire column, i.e. the normGV of 1.00, at 
approximately 0.25 mm distance from the leaf. normGV in close prox
imity to the switchgrass leaves was relatively low, and within the 0.10 
mm distance from the leaves, it dropped below the soil’s mean normGV, 
before slowly increasing and reaching the mean at >1 mm distance from 
the leaves (Fig 3A). The lowest normGV was found at ~0.12 mm 

distance from the switchgrass leaves, where the value was 0.85 right 
after water addition, and then it increased and reached 0.97 after 19 h of 
water addition (Fig. 3A right). Corn residues had normGVs con
stantly>0.95, indicating that there was less water depletion in their 
vicinity compared to switchgrass residues. 

We visualized the temporal trends at three specific spatial locations: 
within the leaves themselves (0 mm from the leaves), in close proximity 
to the leaves (0.1 mm), and at 1 mm distance from the leaves (Fig. 3B). 
In corn leaves, the normGV increased almost immediately after the start 
of the incubation. It increased to 1.06 by 3–4 h after the start of the 
incubation and then remained at that level for the rest of the incubation. 
On the contrary, switchgrass leaves had normGV of ~0.92 immediately 
after the water addition. The normGV of the switchgrass leaves then 
increased reaching 1.00 within ~4 h and continued to grow, albeit 
slowly, for the rest of the incubation time to normGV of 1.04 at 19 h 
(Fig. 3B). Approximately 4 h after the water addition, normGVs in both 
corn and switchgrass leaves reached their respective plateaus (Fig. 3B). 

The most drastic difference between the microcosms with corn and 
switchgrass leaves was observed in close proximity to the leaves (0.1 
mm) (Fig. 3B). While normGV in vicinity of corn leaves initially was 
equal to 1.10 greatly exceeding the average, it then linearly decreased 
approaching normGV of 1.00 by 19 h of incubation. On the contrary, 
normGV in vicinity of switchgrass leaves initially was markedly below 
the average (~0.85), and then increased plateauing at normGV of ~1.00 
by 10 h of incubation. At ~1.0 mm from the residues, normGV of both 
corn and switchgrass microcosms was similar to the average (0.97–1.00) 
and remained stable during the incubation (Fig 3B). 

Direct measurement of moisture contents in the incubated leaves 
during water absorption experiment were consistent with nCT results 
(Fig. 3B 0 mm): the corn leaves incubated within the large pore material 
retained more moisture than the switchgrass ones (Fig 3C). The water 
absorption results showed that in the small pore materials the corn 
leaves also absorbed greater amounts of water than the switchgrass 
leaves. 

3.3. Plant-derived C after decomposition 

After the 22-day incubation, plant-derived C, measured in the 4-mm 
thin sections parallel to the leaf surfaces, mostly remained in close 
proximity of the decomposing residues (Fig. 4 and Table S1). Plant- 
derived C content was significantly higher at  < 4 mm distance from 
the plant leaves when compared to that at > 4 mm distances (p < 0.01). 
For both soils (i.e., CSW and SG) in the large and small pore soil mate
rials, there was more corn-derived C than switchgrass-derived C within 
the 4 mm distance from the residue (p < 0.01). Soil under conventional 
agriculture (CSW) tended to have higher plant-derived C compared to 

Table 1 
Properties of the large and small pore soil materials obtained from the soils of chisel-plowed corn-soybean-wheat rotation (CSW) and no-till monoculture switchgrass 
(SG). Shown are means with standard deviations in parenthesis (n=3). Means within the same column followed by different letters are significantly different from each 
other (p < 0.05).  

Vegetation History Pore size Sand (%) Silt (%) Clay (%) C (%) N (%) C:N ratio 

CSW Large 53.2 (0.2) a 37.0 (0.8) a 9.9 (0.7) b 1.2 (0.04) a 0.12 (0.004) a 10.4 (0.1) a 

CSW Small 37.8 (0.2) b 48.0 (0.7) b 14.2 (0.9) a 1.2 (0.05) a 0.11 (0.002) a 10.6 (0.6) a 

SG Large 55.7 (0.5) a 37.6 (0.7) a 6.7 (1.2) c 1.0 (0.03) b 0.12 (0.009) a 9.6 (0.1) b 

SG Small 34.8 (1.0) b 55.6 (0.9) c 9.5 (1.6) b 1.2 (0.08) a 0.09 (0.001) b 10.4 (0.3) a  

Table 2 
Initial properties of the labeled plant leaf residues used in the study. Shown are 
means with standard deviations in parenthesis (n=20). Means within the same 
column followed by different letters are significantly different from each other 
(p < 0.05).  

Residue type C (%) C:N ratio δ13C (‰) 

Corn 45.8 (2.2) a 11.8 (0.2) a 857.4 (168) a 

Switchgrass 45.8 (2.2) a 26.0 (4.0) b 576.8 (193) b  
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the SG soil (p < 0.10), but no statistically significant differences in the 
plant-derived C were detected between the two pore size materials 
(Table S1). 

3.4. CO2 emission and priming during plant decomposition 

Cumulative CO2 emission during the 22-day incubation was influ
enced by vegetation history, pore size, and residue type (p < 0.01, 
Fig. 5A, B, and Table S2). CO2 emission was 38~82% higher in CSW 
than in SG soil; it was 21~29% higher in the small pore material than in 
the large pore one; and  < 10% higher in the microcosms with corn than 
with switchgrass leaf residue. 

Corn residues emitted more plant-derived CO2 as compared to 
switchgrass residues (p < 0.01, Fig. 5C, D, and Table S2). This trend was 
more apparent in the large pore material, as indicated by significant 
interaction between the residue type and pore size (p < 0.05) (Table S2). 
Cumulative Priming effect (PE) was positive, except for the switchgrass 

leaves incorporated into SG soil, and was 20~66% higher in corn resi
dues compared to switchgrass residues (p < 0.01, Fig. 5E, F, and 
Table S2). In CSW soil, PE triggered by corn residues was more pro
nounced in the small pore material than in the large pore one (p < 0.05). 

Temporal dynamic of the plant-derived CO2 varied depending on the 
vegetation history (p < 0.01) and pore size (p < 0.05). But the pore size 
effect was only apparent in corn residues (interaction between pore size 
and residue type, p < 0.10) (Fig. 6 and Table S3). In contrast to the plant- 
derived CO2 emission rate, the fraction of plant-derived CO2 in the total 
CO2 was overall greater in SG than in CSW soil (p < 0.01, Table S3). The 
plant-derived fraction of CO2 in corn microcosms was higher in the large 
pore than in the small pore material (Fig. 6A and B), but the pore size 
effect was not significant in switchgrass microcosms (Fig. 6C and D). 
Temporal dynamic of CO2 was clearly affected by the residue type, 
where corn had the peak of plant-derived CO2 on day 5–8 decreasing 
rapidly afterwards, while in switchgrass the peak emissions of plant- 
derived CO2 continued till day 15 (Fig. 6). 

Fig. 3. Spatial and temporal patterns of moisture within and around corn and switchgrass leaves incorporated into the large pore soil material. (A) Normalized 
grayscale values (normGV, representing moisture content) plotted as a function of the distance from corn (left) and switchgrass (right) leaves obtained from nCT 
images of the large pore microcosms. The colors mark the hourly scans during the incubation ranging from red for the data immediately after the water addition to 
purple representing the last (19th) hour of the incubation. Gray dotted line marks the mean normGV of the soil in the entire column. (B) Temporal dynamic of 
normalized grayscale values (moisture content) at distance of 0 mm (left), 0.10 mm (middle), and 1.0 mm (right) from the surface of leaves. Shown are means and 
standard errors (error bars) from three replicated leaves of each plant. Red dotted line marks the 4 h after the water addition, which corresponds to the water content 
of the leaves measured during water absorption experiment (presented on C). (C) Moisture content of corn and switchgrass leaves directly measured by the mass 
increase 4 h after water addition. Asterisks ** and * indicate the significant difference between large and small pore soil materials within each plant with p < 0.05 and 
0.10, respectively. Different letters mark significant differences in water absorption between corn and switchgrass within each soil pore size (p < 0.05). Large pore 
materials are presented in colors because they are comparable to the samples subjected to nCT and xCT in (A) and (B). 

Fig. 4. Plant-derived C (%, mass of plant-derived C in total soil) within the large and small pore materials from corn-soybean-wheat (CSW) and switchgrass (SG) soils 
as a function of distance from corn (A and B) and switchgrass (C and D) leaves. Error bars present the standard errors of the means. Asterisks ** and * indicate the 
layers where plant-derived C exceeded zero at significance levels of 0.05 and 0.10, respectively. ANOVA results are provided in Supplementary material (Table S1). 
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3.5. Enzyme activities in detritusphere 

β-glucosidase activity in vicinity of the residue increased at the start 
of the incubation, and the highest activity was achieved in day 8 – 15 
(Fig. 7). During that period, the small pore soil material had higher 
activity than the large pore one except for the switchgrass in CSW soils, 
and the difference was especially pronounced in the SG soil. β-glucosi
dase activity was overall higher in SG soil compared to CSW soil (p <
0.01, Table S4). β-glucosidase activity around the corn residue in CSW 
soil (Fig. 7A) was numerically higher when compared to that around 
switchgrass residue in CSW soil (Fig. 7C), while an opposite trend was 
observed in SG soil (Fig. 7B and D). 

There were no clear temporal trends observed in chitinase activity 

(p> 0.10, Table S4). At the start of the enzyme measurements (day 3 of 
the incubation), chitinase activity around corn residue in large pore soil 
was significantly>0 (p < 0.05) with a tendency to decrease with time. 
While on switchgrass residue, it was initially negligible, but with a 
slightly upward tendency (Fig. 8A and B). In SG soil, higher chitinase 
activity was observed in large pore materials rather than small pore 
materials (Fig. 8B and D), whereas there was no significant difference 
between pore sizes in CSW soil. 

Fig. 5. Cumulative CO2 emission results 
during the 22-day incubation: Total cu
mulative CO2 emission from (A) CSW and 
(B) SG soils with and without corn and 
switchgrass plant residues. In (A) and (B), 
different letters mark significant differ
ences between treatments (single effects of 
vegetation history, pore size, and residue 
type) at p<0.05. Cumulative plant-derived 
CO2 emission from (C) CSW and (D) SG 
soils with corn and switchgrass residues. 
Cumulative priming effect in (E) CSW and 
(F) SG soil with corn and switchgrass res
idues. In (C)-(F), the letters mark signifi
cant differences between pore sizes in a 
given vegetation history and residue type. 
Error bars present the standard errors of 
the means. Asterisks ***, **, and * indi
cate significant differences between corn 
and switchgrass residues at a given vege
tation history and pore size with p < 0.01, 
0.05, and 0.10, respectively. N.S mark the 
cases when priming effect was not signif
icantly different from 0. ANOVA tables are 
provided in Supplementary material 
(Table S2).   
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4. Discussion 

4.1. Spatiotemporal pattens of water distribution in vicinity of plant 
residues and their contribution to residue decomposition 

As expected, residues incubated within the soil dominated by large 
pores retained more water than those incubated within the small pore 
dominated soils (Fig. 3C). Soils with larger pores have lower water 
retention capacity, which results in higher matric potential gradient in 
vicinity of plant residue and leads to greater water absorption, as 
compared to soils with smaller pores (Kravchenko et al., 2017; Kutlu 
et al., 2018; Kim et al., 2022). 

Yet, across both pore size materials, corn leaves retained more water 
than the switchgrass leaves (Fig. 3C), the observation that emphasizes 
the importance of inherent plant residue characteristics in defining the 
magnitude of the sponge effect (Iqbal et al., 2013, Kutlu t al., 2018). Our 
study for the first time demonstrated that not only the overall absorption 
of moisture by decomposing plant residue, but also the spatiotemporal 
dynamics of moisture in the immediate vicinity of the residues can also 
markedly differ depending on the plant species origin of the residue. 
Shortly after water addition, moisture (assessed by normGV) in the soil 
nearby corn leaves was much greater than that in the rest of the soil 
(Fig. 3B). This observation was consistent with the results of liquid 
distribution in vicinity of decomposing soybean (Glycine max) residues 

reported by Kim et al. (2020). On the contrary, moisture in the 0.1–1.0 
mm soil layer near switchgrass leaves was much lower than that in the 
rest of the microcosm (Figures 3A and B). The moisture depletion 
became less severe with incubation time as switchgrass residues, 
apparently, absorbed some of the surrounding water (Fig. 3B). 

The spatiotemporal patterns in moisture distribution formed around 
the residue then appeared to influence biological activity and residue 
decomposition. The initial moisture depletion might have delayed the 
burst of microbial activity and the start of switchgrass residue decom
position as compared to corn. We surmise that lower chitinase activity 
on switchgrass residues (Fig. 8 and Table S4), lower plant-derived C in 
vicinity of the switchgrass residues (Fig. 4 and Table S1), and a tendency 
for lower CO2 emissions from large pore microcosms with switchgrass 
residues (Fig. 6 and Table S3) during the first couple of days of incu
bation, as compared to those of corn, were in part due to the observed 
initial moisture depletion. The overall higher plant-derived C and CO2 
from microcosms with corn residues than those with switchgrass (Fig. 5 
and Table S2) might also be attributed to faster and greater moisture 
absorption from the corn residues, which stimulates the decomposition 
(Kim et al., 2022). 

While the dynamics of moisture distribution around the residue was 
studied only in the large pore material, the results from the water ab
sorption experiment (Fig. 3C) suggest that comparable differences be
tween the plant species can be expected in the small pore material as 

Fig. 6. Fraction of CO2 derived from corn residue in (A) CSW and (B) SG soil, and fraction of CO2 derived from switchgrass residue in (C) CSW and (D) SG soil by 
each day. Black asterisks indicate significant differences between large and small pore materials within each vegetation history, residue type, and day (*** and ** for 
p < 0.01 and 0.05, respectively). Error bars present the standard errors of the means. ANOVA table is provided in Supplementary material (Table S3). 
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Fig. 7. β-glucosidase activity in vicinity of corn (A 
and B) and switchgrass (C and D) residues. (A) and (C) 
are from CSW soil; and (B) and (D) are from SG soil. 
Error bars present the standard error of means. As
terisks *** and * indicate significant differences be
tween large and small pores in each vegetation 
history, residue type, and incubation time with p <

0.01 and 0.10. The level of chitinase activity is 
significantly different from zero when the values are 
above the red dotted lines (p < 0.05). ANOVA table 
was provided in Supplementary material (Table S4).   

Fig. 8. Chitinase activity in vicinity of corn (A and B) 
and switchgrass (C and D) residues. (A) and (C) are 
from CSW soil; and (B) and (D) are from SG soil. As
terisks *** and * indicate significant differences be
tween large and small pores in each vegetation 
history, residue type, and incubation time with p <

0.01 and 0.10. The level of chitinase activity is 
significantly different from zero when the values are 
above the red dotted lines (p < 0.05). ANOVA table 
was provided in Supplementary material (Table S4). 
Error bars present the standard error of means.   
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well. Indeed, the differences between the quantities of water absorbed 
by corn and switchgrass leaves after the 4-hr incubation in the two 
materials were very similar. Specifically, corn leaves absorbed 1.4 g 
more water per g of residue than the switchgrass leaves in the large pore 
material and 1.1 g more water per g residue in the small pore material. 
Still, further studies are needed to explore the role of soil pore charac
teristics on water distribution in detritusphere. 

It should be noted that although the moisture gradients near 
decomposing residues have been investigated before with xCT (Kim 
et al., 2020), iodine dopant had to be used in order to obtain quantitative 
assessments of the distribution, potentially confounding detection of 
water patterns (Yamaguchi et al., 2010). Here, for the first time the 
temporal dynamics in distribution of just water in vicinity of plant res
idues was investigated using nCT. 

4.2. Vegetation history, residue type, and pore size effects on soil C 
dynamics 

Plant-derived C from both corn and switchgrass leaves mostly 
remained within the 4 mm distance from the residues (Fig. 4), which is 
consistent with previous studies (Gaillard et al., 1999; Gaillard et al., 
2003; Vedere et al., 2020). Besides the differences in spatiotemporal 
patterns of water distribution, differences in chemical characteristics of 
corn and switchgrass leaves likely added to the observed higher plant- 
derived C in immediate vicinity of corn than switchgrass leaves in 
both CSW and SG soils. With their lower C:N ratio (Table 2), corn leaves 
can be more susceptible to decomposition (Vanlauwe et al., 1996). 

Spatiotemporal dynamics of moisture distribution apparently 
affected the CO2 emission. In the large pore material, greater decom
position of corn leaves, boosted by higher initial moisture content in 
their surroundings, led to higher plant-derived C in CO2 emitted from 
corn rather than switchgrass leaf microcosms of both CSW and SG soils 
(Fig. 5C and D). However, in small pore materials, there was no signif
icant difference in plant-derived CO2 between the plant residues. 
Instead, greater PE (soil-derived CO2) was observed from corn when 
compared to switchgrass across all vegetation history and pore size 
combinations (Fig. 5E and F). Lower C:N ratio of corn residues (Table 2) 
can stimulate positive PE by providing more labile C for soil microor
ganisms (Schmatz et al., 2017). In addition, lower moisture absorption 
by plant residues in small pore materials (Fig. 3C) suggests possibly 
longer residence time of the added moisture within the surrounding soil 
matrix before it was absorbed by the residues, which can stimulate the 
decomposition of soil organic matter instead of plant residues. 

Relatively coarse (4-mm-thick) spatial sectioning of the microcosms 
in this study did not allow detection of differences in spatial gradients of 
the plant-derived C (Fig. 4). However, previous work with finer reso
lution spatial sectioning (Toosi et al., 2017) does suggest that greater 
diffusion of decomposed substrates into small pore materials might have 
led to greater PE in the small pore materials. 

The peak and total amount of plant-derived CO2 emission was 
greater in corn rather than switchgrass (Fig. 6), supporting that the 
overall quality of residues (e.g., C:N ratio, Table 2) govern the decom
position (Bonanomi et al., 2013; Li et al., 2020). Residue quality can 
change microbial community structure during the decomposition (Berg 
and McClaugherty, 2008; Rinkes et al., 2014). Thus, it should be noted 
that the faster decomposition of corn leaves compared to switchgrass 
leaves is due to the combined effects of the residue quality and moisture 
distribution near them. 

4.3. Vegetation history, residue type, and pore size effects on enzyme 
activity 

Since the two soils of different vegetation history, CSW and SG, were 
similar in their intrinsic mineralogical, textural, and chemical charac
teristics (Table 1), the observed differences in enzyme activities, e.g., 
much higher β-glucosidase activity in SG than in CSW soil (Fig. 7 and 

Table S4), most likely originated from the differences in microbial ac
tivity and microbial community composition generated by multiple 
years of contrasting management. Perennial cropping systems are 
known for their greater microbial community richness and higher mi
crobial biomass as compared to annual systems (Cattaneo et al., 2014; 
Liang et al., 2012). This was indeed the case for the studied experimental 
site, where SG soil had greater bacterial and fungal biomasses than the 
soil of a corn-based system (Jesus et al., 2016). 

In SG soil, β-glucosidase activity was higher on the switchgrass than 
on corn residues, while corn residues induced higher β-glucosidase ac
tivity than the switchgrass ones in CSW soil (Fig. 7). In other words, the 
soil’s β-glucosidase activity was higher when the origin of the residue 
matched the plant species grown in that soil for extended periods of 
time. This finding is consistent with the home-field advantage (HFA) 
theory (Gholz et al., 2000), which explains rapid decomposition of plant 
residues when placed in the soil of the same vegetation history. Ac
cording to the HFA, local decomposers adapt to the characteristics of 
plant litter and optimize utilization of available plant litter resources 
(Gholz et al., 2000; Ayres et al., 2009). Although we did not see corre
sponding trends in decomposition rates (Fig. 4, Fig. 5C and D), it seems 
likely that the long-term optimization of CSW and SG microbial com
munities to their respective corn and switchgrass C sources is what lead 
to greater -glucosidase production when that familiar source of C was 
added to the soil (Strickland et al., 2009). It should be noted that no such 
trend was observed in terms of chitinase activities (Fig. 8). It is incon
sistent to the previous report that the HFA for wood decomposition is 
more related to fungal communities (Purahong et al., 2019), which are 
primary producers of chitinase (Miller et al., 1998; De Boer et al., 1999; 
Yanai and Toyota, 2005). In contrast, our results suggested more 
dominant role of bacteria on HFA, as bacteria serve as primary pro
ducers of β-glucosidase (Lupwayi et al., 2018; Zhang et al., 2014). 
Decomposition of residues with lower C:N ratio, i.e., leaf materials, is 
contributed more by bacteria rather than fungi (Kathiresan et al., 2011; 
Grosso et al., 2016), thus the native bacterial community may have 
significantly contribted to the HFA in this study. 

The pore size had an opposite effect on β-glucosidase and chitinase 
activities. There was an overall higher β-glucosidase activity in the small 
pore materials during 8 – 15 days of the incubation (Fig. 7), while chi
tinase activity was higher in the large pore material during the same 
period in the SG soil (Fig. 8B and D, Table S4). Since higher β-glucosi
dase activity is often associated with bacterial biomass and activity 
(Lupwayi et al., 2018; Zhang et al., 2014), higher β-glucosidase activity 
in small pore materials suggests more active bacterial communities 
there, flourishing within its relatively small pores and undeterred by the 
absence of large pores (Schlüter et al., 2018). In contrast, primary pro
ducers of chitinase are known to be fungi (Miller et al., 1998; De Boer 
et al., 1999; Yanai and Toyota, 2005). Fungi prefer larger pores and 
coarse textured soils, which tend to have larger pores (Kögel-Knabner 
et al., 2008; Chenu and Cosentino, 2011; Witzgall et al., 2021), similarly 
to the large pore materials of this study. Thus, high chitinase activity in 
the large pore materials can be attributed to higher fungal activities. Our 
results suggest that contrasting soil pore architecture can stimulate ac
tivities of different enzymes through the selection of dominant enzyme 
producers. Further work will be needed to experimentally test this 
hypothesis. 

The initial (at 3 day) chitinase activity in the large pore materials was 
relatively high on corn residues (Fig. 8A and B) while almost zero on the 
switchgrass residues (Fig. 8C and D). The observed chitinase activity is 
not likely to be derived from the soil, because the chitinase activity of 
the switchgrass in the same soil on day 3 (original soil chitinase activity 
+ newly produced chitinase activity due to corn residue) is almost 0. 
Thus, the observation suggests that the initial microenvironmental 
conditions near corn residues incorporated into the large pore soil ma
terial were more favorable to chitinase production than that near 
switchgrass residues. Faster and greater absorption of water by corn 
residues (Fig. 3) likely led to higher chitinase production and activity 
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when compared to switchgrass residues. While previous studies sug
gested that moisture micro-environments can be important controllers 
of decomposition dynamics (Kravchenko et al., 2017; Toosi et al., 2017; 
Kim et al., 2021), our results specifically showed that the microscale 
moisture patterns during initial stages of decomposition play an 
important role in decomposition dynamics by regulating chitinase 
activity. 

5. Conclusion 

This study explored the spatiotemporal dynamics of moisture redis
tribution near decomposing plant residues using combined xCT and nCT 
imaging methods. The results suggested, for the first time, that the initial 
spatial patterns in moisture distribution around the residue within the 
detritusphere and their subsequent temporal modifications might play 
an important role in driving microbial activity there, hence influencing 
CO2 emission and residue decomposition. This finding emphasizes the 
importance of detritusphere microenvironments in predicting decom
position dynamics under various soil and plant characteristic settings. 

Our study shows that the decomposition dynamics of plant residues 
is not only a simple function of residue chemistry, but rather a combined 
effect of the vegetation history, in part through its effect on microbial 
community composition, the plant residue chemical and likely physical 
characteristics, and the soil pore structure in the detritusphere. 
Together, they create temporally dynamic micro-environmental condi
tions influencing decomposition. We also demonstrate that while the 
enzymes mediate the decomposition dynamics, temporal trends of in
dividual enzymes and their role in decomposition may differ depending 
on the soil history and pore structure. 
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