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A B S T R A C T   

The spatial distribution of organic substrates and microscale soil heterogeneity significantly influence organic 
matter (OM) persistence as constraints on OM accessibility to microorganisms. However, it is unclear how 
changes in OM spatial heterogeneity driven by factors such as soil depth affect the relative importance of sub
strate spatial distribution on OM persistence. This work evaluated the decomposition and persistence of 13C and 
15N labeled water-extractable OM inputs over 50 days as either hotspot (i.e., pelleted in 1–2 mm-size pieces) or 
distributed (i.e., added as OM < 0.07 μm suspended in water) forms in topsoil (0–0.2 m) and subsoil (0.8–0.9 m) 
samples of an Andisol. We observed greater persistence of added C in the subsoil with distributed OM inputs 
relative to hotspot OM, indicated by a 17% reduction in cumulative mineralization of the added C and a 10% 
higher conversion to mineral-associated OM. A lower substrate availability potentially reduced mineralization 
due to OM dispersion throughout the soil. NanoSIMS (nanoscale secondary ion mass spectrometry) analysis 
identified organo-mineral associations on cross-sectioned aggregate interiors in the subsoil. On the other hand, in 
the topsoil, we did not observe significant differences in the persistence of OM, suggesting that the large amounts 
of particulate OM already present in the soil outweighed the influence of added OM spatial distribution. Here, we 
demonstrated under laboratory conditions that the spatial distribution of fresh OM input alone significantly 
affected the decomposition and persistence of OM inputs in the subsoil. On the other hand, spatial distribution 
seems to play a lower role in topsoils rich in particulate OM. The divergence in the influence of OM spatial 
distribution between the top and subsoil is likely driven by differences in soil mineralogy and OM composition.   

1. Introduction 

Soils represent an extensive carbon (C) reservoir and have a recog
nized role in food production, water quality, and biodiversity (Ver
meulen et al., 2019). In the last few decades, soil organic carbon (SOC) 
sequestration has become more prominent in the debate on climate 
change mitigation (Rumpel et al., 2018). The persistence of organic 
matter (OM) inputs from aboveground and belowground sources is an 

essential factor regulating SOC storage (Lal et al., 2018). This process is 
now recognized as mediated by microorganisms, reinforcing that the 
most persistent OM first passes through the microbial biomass (Liang 
et al., 2019). Aboveground litter, rhizosphere, root exudates, and 
leachates of dissolved organic matter (DOM) stand out as main inputs of 
soil OM (Marin-Spiotta et al., 2011; Castellano et al., 2015; Baumert 
et al., 2018). 

These substrates’ spatial distribution and concentration vary in soil, 
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ranging from highly concentrated hotspots (e.g., rhizosphere and plant 
residues) (Marschner et al., 2012; Kuzyakov and Blagodatskaya, 2015) 
to distributed sources at low concentrations (e.g., DOM in leachate) 
(Marschner and Kalbitz, 2003). It is well recognized that the spatial 
distribution of soil OM significantly affects its persistence in the soil 
since it directly affects OM accessibility to microorganisms (Kuka et al., 
2007; Wagai et al., 2013; Nunan et al., 2017; Shi et al., 2021b). Contact 
between decomposing organisms and their enzymes with an OM sub
strate is necessary for decomposition in soils, making substrate avail
ability a key factor for SOC turnover (Ebrahimi and Or, 2018). 
Microorganisms such as soil bacteria and other prokaryotes are con
servative in moving toward their food since it requires large amounts of 
energy, and any distance could reduce their efficiency in promoting 
decomposition (Van Haastert and Bosgraaf, 2009; Reynolds et al., 2010; 
Nunan et al., 2020). Thus, soil spatial heterogeneity has been proposed 
as a reason for limited decomposition, reducing the colocalization be
tween the substrate and decomposers (Falconer et al., 2015; Nunan 
et al., 2017; Lehmann et al., 2020; Shi et al., 2021b). Although many 
studies have evaluated the influence of spatial heterogeneity on micro
organism behavior through modeling techniques (Van Veen and Kuik
man, 1990; Abu-Ashour et al., 1994; Kuka et al., 2007; Babey et al., 
2017; Baveye et al., 2018; Vogel et al., 2018; Nunan et al., 2020), few 
investigations have experimentally evaluated the direct effect of the 
spatial distribution of the OM input on its persistence (e.g., in hotspot or 
distributed forms), particularly in the context of variation in spatial and 
chemical properties of the soil organo-mineral matrix at the microscale. 
Overall, more experimental evidence of how spatial distribution alone 
regulates OM turnover in soils is needed to improve our understanding 
of model assumptions. 

Soil spatial heterogeneity at the microscale and mechanisms driving 
OM persistence can vary widely among soils due to mineral properties, 
degree of weathering, and parent materials (Kögel-Knabner and Ame
lung, 2020). Such variability can also be observed with soil depth. While 
organic fractions of particulate OM have been recognized as important 
agents for OM stabilization, especially in the topsoil (Tisdall and Oades, 
1982; Besnard et al., 1996; Witzgall et al., 2021), organo-mineral as
sociations with Fe and Al (hydro)oxides have been highlighted as sig
nificant mechanisms in subsoils (Rumpel and Kögel-Knabner, 2010; 
Marin-Spiotta et al., 2011; Inagaki et al., 2020; Wagai et al., 2020). 
However, it is still poorly understood how the spatial distribution of OM 
can influence the partitioning between these different pools. 

Here, we investigated the mineralization and persistence of a water- 
extractable OM input varying only in its spatial distribution (hotspot vs. 
distributed) in an Andisol (topsoil 0–0.2 m and subsoil 0.8–0.9 m). We 
use the term "mineralization" to refer to the conversion of organic car
bon to CO2 and water, as defined by Vert et al. (2012). Also, we use the 
term "persistence" to refer to reduced OM mineralization and "decom
position" to refer to the transformation of organic material. We hy
pothesized that spatial distribution alone could increase the persistence 
of distributed OM inputs compared to substrate concentrated in hotspots 
due to lower accessibility to microorganisms. We assumed that greater 
allocation of OM to the mineral-associated pool contributes to increased 
persistence. We also hypothesized that the influence of spatial distri
bution could vary according to soil depth due to differences in miner
alogical properties. 

2. Material and methods 

2.1. Soil samples, experimental design, and 13C and 15N enriched 
substrate 

This study used two Andisol soil samples from the top (0–0.2 m) and 
subsoil (0.8–0.9 m) depths. The samples were collected in mixed fern 
vegetation (hapu’u – Cybotium spp.- and uluhe – Dicronopteris linearis 
Burm.) at the Kohala region – Hawaii (20◦4′14.16" N, 155◦43′21.94" E). 
The soil is classified as an Andisol (Soil Survey Staff, 2010) derived from 

alkalic lavas of the 350 ka Pololu basalt. These soils likely also received 
ash deposition from the younger (150 ka) Hawi basalt series (Wolfe and 
Morris, 1996). The samples were air-dried and separated for the lab 
incubations. Details of soil sampling protocols are described in Grant 
et al. (2019), Kramer et al. (2012), and Schoeneberger et al. (2012). 

The 13C labeled water-extractable OM used as a substrate in our 
experiment was extracted from shrub willow leaves enriched with 13CO2 
(Salix viminalis x S. miyabeana). A detailed description of plant cultiva
tion can be found in DeCiucies et al. (2018). Briefly, the willow leaves 
were sieved with a 2 mm sieve and shaken in deionized water (leav
es/water proportion of 1:10) for 72 h at 32 ◦C with an orbital shaker at 
100 rpm. After the shaking, the suspension was filtered with a Whatman 
glass microfiber filter of 0.7 μm. The solution that passed through the 
filter was then freeze-dried. 

Two treatments with contrasting spatial distributions were produced 
with this water-extractable OM: "hotspot" (1–2 mm size pellets); and 
"distributed" (colloidal suspended material filtered to 0.7 μm) (Supple
mentary Fig. 2). For producing the "hotspot OM" form, we pressed the 
freeze-dried extracted OM using a hydraulic press to form solid pieces. 
Then, we cracked the compressed material into 1–2 mm pieces and 
mixed them with the soil for incubation. To produce the "distributed 
OM," we dissolved the freeze-dried OM into deionized water and mixed 
the OM solution into the soil for incubation. The 13C enrichment levels of 
the amendments were 1.77 atom percentages for the willow hotspot OM 
and distributed OM. The 15N enrichment levels were 7.59 and 7.62 atom 
percentages for the hotspot OM and distributed OM, respectively (Sup
plementary Fig. 2). 

The incubation experiment design was completely randomized with 
three replicates. We used soil samples from two depths: 0–0.2 m and 
0.8–0.9 m, as representative samples of the A and B horizons. For each 
depth, we added 13C and 15N labeled amendments as follows: 1) control: 
incubated soil without amendment and OM in two different forms: 2) 
hotspot (1–2 mm size pellets), and 3) distributed (colloidal particles 
filtered at 0.7 μm) (Supplementary Fig. 2). We emphasize that our 
organic matter input contains particles 0.25 μm bigger than what is 
operationally defined as "dissolved OM" in soil (i.e., particles <0.45 μm) 
(Thurman, 2012). Because the objective of our experiment is to verify 
the influence of OM spatial distribution (hotspot vs. distributed), the 
inclusion of particles between 0.45 and 0.7 μm does not interfere with 
our interpretations. 

2.2. Incubation experiment 

For the incubation, we standardized the amendment inputs to 10 mg 
C g soil−1. The carbon input rate was similar to overall biomass-C inputs 
in Hawaiian forests (Ostertag et al., 2009). This C concentration was 
selected to provide sufficient OM levels for the detection of both added 
and native soil OM in subsequent imaging and isotope analysis, in line 
with the main goal of this mechanistic experiment to test the influence of 
OM spatial distribution on C persistence. All the soil + amendment 
samples were maintained at 50% of the water holding capacity, ac
cording to Lowery et al. (1997). Pre-tests with topsoil and subsoil 
samples were performed to obtain the water amount necessary to reach 
the desired water hold capacity. The samples were added to 60 mL 
Qorpak bottles with 3 g of soil + amendment mixture. The amount of 
soil used was restricted not to surpass the limits of CO2 detection by the 
gas analyzer. The soils and hotspot OM inputs were gently turned 
around 10 times by hand to provide a homogeneous mixture in a dry 
state. The water was then added with a pipette to reach the desired 
moisture level. For the distributed OM input, we mixed the freeze-dried 
<0.7 μm OM in the water used to reach the desired moisture level. The 
input was then added to the water in the soil with a pipette. 

The Qorpak bottle was placed in a 1 L Mason jar containing 10 mL of 
water to maintain 100% humidity. All the samples were incubated for 50 
days. We used a Picarro CO2 stable isotope analyzer (G2201-I, Santa 
Clara, CA, USA) to monitor the incubation continuously. Each jar’s 
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headspace gas was sampled, and CO2 concentration was measured along 
with 13C for 6 min during each sampling period and purged with CO2- 
free air. We collected the data at a rate of two measurements per second 
over the sampling time, and during the sample purge phase, we recorded 
the baseline values (i.e., blank values) before each cycle’s mineralization 
measurement. Mineralization rates were measured every 10 h. The soils 
were air-dried after incubation, and soil OM fractionation was 
performed. 

2.3. Samples characterizations and soil organic matter fractionation 

2.3.1. Top and subsoil samples characterization 
Before and after the incubation, we performed soil OM fractionation 

of samples from the top and subsoil used as the base of this experiment. 
The procedure was adapted from the method of Golchin et al. (1994). 
Briefly, the soil was mixed in a proportion of 1: 2.5 (soil/solution) with a 
dense solution of sodium polytungstate at 1.8 g cm−3. After standing 
overnight, we separated the floating free particulate organic matter 
(fPOM) using an electrical pump. 

The soil suspension was then sonicated with an energy input of 1500 
J mL−1 using an ultrasonic disperser (SonopulsHD2200, Bandelin, Berlin 
– Germany). The chosen energy level is considered sufficient for the 
dispersion of the highly stable Andisol microaggregates without causing 
damage to the primary mineral structure (Silva et al., 2015). After the 
sonication period, the soil suspension was centrifuged (8500 g, 40 min), 
and the floating occluded particulate organic matter (oPOM) was 
separated using an electrical pump. 

The mineral soil at the bottom of the centrifuge tube was then sieved 
using a 20 μm mesh sieve to separate sand and coarse silt fraction. The 
soil that passed through the sieve was then subjected to sedimentation 
and divided into two size fractions of 20–2 μm and <2 μm. All the 
fractions were rinsed until the electrical conductivity dropped 10 μS 
cm−1 and freeze-dried. The C and N contents were measured by dry 
combustion using a CN elemental analyzer (CHNSO Elemental Analyzer, 
Hekatech, Wegberg – Germany). At least 97% of the C and N contents 
were recovered for all the samples fractionated. 

The fractionation revealed that topsoil samples were composed of 
approximately 80% of particulate organic matter (fPOM and oPOM), 
while the subsoil was composed of approximately 95% mineral soil 
(20–2 and <2 μm). In both depths, the sand and coarse silt fraction were 
present in a low amount (less than 1% of total C) (Supplementary Fig. 1). 
Therefore, the fractionation procedure after the incubation only 
considered two fractions below and above 1.8 mg cm−3 of density, here 
named the light and heavy fraction, respectively. 

We also performed Fe and Al extractions using dithionite citrate bi
carbonate (DCB) and ammonium oxalate (OX) in parallel samples using 
the methods described by Mehra and Jackson (1958), respectively. We 
measured soil pH on 0.01 M CaCl2 using a pH meter (Orion Star A111, 
ThermoFisher Scientific, Waltham – MA, USA) and exchangeable Ca, 
Mg, and K using the NH4OAc method at pH 7 (Lavkulich, 1981). The 
extracted elements were measured by inductively coupled plasma op
tical emission spectroscopy (ICP-OES) (Vista-Pro CCD simultaneous, 
Varian, Darmstadt - Germany). The soil properties of the top and subsoil 
samples used in the experiment are described in Table 1. 

2.3.2. Soil organic matter characterization by 13C CP/MAS NMR 
spectroscopy 

The light and heavy fractions of top and subsoil samples used for the 
incubation experiment and the OM amendments were analyzed by 13C 
CP/MAS NMR spectroscopy (Biospin DSX 200 NMR spectrometer, 
Bruker, Rheinstetten, Germany) for OM characterization (Supplemen
tary Fig. 3). We used a contact time of 0.001 s with a pulse delay of 0.4 s 
for the heavy fraction and 1 s for the light fraction. At least 100,000 
accumulated scans were performed to obtain a well-resolved spectrum. 
The spectra were integrated using four major chemical shift regions: 
0–45 ppm (alkyl-C), 45–110 ppm (O/N-alkyl-C), 110 to 160 (aryl-C), 

and 160–220 ppm (carboxyl-C) (Knicker and Ludemann, 1995). Despite 
the high Fe content of the heavy fraction, it was not necessary to perform 
a pre-treatment with hydrofluoric acid to obtain a well-resolved 
spectrum. 

2.4. Aggregate cross-sectioning and NanoSIMS analysis 

To evaluate the OM distribution and permeation of the labeled OM in 
the soil, we performed cross-sectioning of air-dried soil aggregates 
embedded with epoxy resin according to the method described by 
Mueller et al. (2013). We randomly selected macroaggregates of 
approximately 2 mm in size, embedded them in epoxy resin, and ground 
them down until approximately half using a 1 μm grade sandpaper. We 
then analyzed the polished sections with reflected light microscopy 
(Axio Imager Z2, Zeiss, Germany) and scanning electron microscopy 
(JSM 5900LV, JEOL, Japan). We hypothesized that infiltration through 
the soil pore system would be the main pathway of organic matter 
entrance into the soil macroaggregates. Therefore, we selected regions 
of interest at the interfaces of the pore system (i.e., the space through 
which the resin has infiltrated during the embedding) and the soil 
mineral surfaces. We analyzed the element and isotope distributions of 
the regions of interest using nanoscale secondary ion mass spectrometry 
(NanoSIMS 50 L, Cameca, France). The secondary ion collectors were 
used to measure the following ion species: 12C−, 13C−, 16O−, 12C14N−, 
12C15N−, 27Al16O−, and 56Fe16O−. The potential charging of surfaces was 
minimized using the internal electron flood gun. Before the measure
ment, the samples were coated with Au/Pd (~30 nm; SCD 005 sputter 
coater, Baltec GmbH, Germany). The NanoSIMS measurements were 
performed with a 30 μm field of view, 256 pixels dimensions, and 40 
repeated scans of 1 ms. We have made four measurements in two 
macroaggregates for each treatment in top and subsoil samples, looking 
for "hot spots" of 12C15N enrichment. We opted to measure 15N enrich
ments because the 13C enrichment was too low to be detected in the 
NanoSIMS. 

2.5. Multi-channel machine-learning segmentation and image analysis 

The image analysis was conducted similarly to Inagaki et al. (2020) 
and Schweizer et al. (2018). Briefly, the electron multiplier dead time 
was corrected using the OpenMIMS plugin for ImageJ (Gormanns et al., 
2012). After the auto-alignment of the scanning planes according to the 
16O− distribution, the sum images of all ion species were computed. To 
quantify the spatial architecture of the soils, we performed two super
vised pixel classifications based on the machine-learning algorithm 
using Ilastik 1.2 (Sommer et al., 2011). This image segmentation 
approach enables multiple image features like intensity, texture, and 

Table 1 
Characterization of the topsoil and subsoil bulk samples used in the in
cubation experiment. C and N contents, Fe and Al extractions, soil pH, nutrient 
content, and specific surface area.  

Analysis Soil depth (m) 

0–0.2 0.8–0.9 

SOC content (mg g−1) 332.15 132.45 
N content (mg g−1) 1.15 0.36 
pH (CaCl2) 3.40 4.40 
Fe OX (mg g−1) 12.54 79.93 
Al OX (mg g−1) 2.02 107.71 
Fe DCB (mg g−1) 42.02 118.66 
Al DCB (mg g−1) 4.00 52.95 
Ca (mmol g−1) 0.44 0.00 
Mg (mmol g−1) 0.21 0.02 
K (mmol g−1) 0.05 0.02 
SSA (m2 g−1) 3.43 53.35 

SOC: soil organic carbon; OX: ammonium oxalate extracted; DCB: dithionite 
citrate bicarbonate extracted; SSA: specific surface area. 
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gradient in all isotope distributions. Further details on the segmentation 
process are described by Schweizer et al. (2018). The first segmentation 
was performed with four-channel stack images including 16O−, 
12C−+13C−, 12C14N−+12C15N− and 12C15N−/(12C14N−+12C15N−) 
(scaled to 0–5%) (Supplementary Fig. 4 b,c). The segmentation enabled 
us to distinguish material classes related to the spatial distribution of 
OM: resin 1 (high C−), resin 2 (high C− and slightly elevated CN−), 
mineral (high O−), regions with low ion counts, OM (high C− and high 
CN−) and 15N enriched segments (high 15N enrichment) (Supplementary 
Fig. 4d). The area contributions of mineral, OM, and 15N enriched seg
ments were compared according to their relative proportion of pixels. 
The mean 15N enrichment of the OM and 15N enriched segments was 
computed. An overall 15N enrichment of each treatment was calculated 
according to their relative area contribution, assuming that the 
area-weighted mean 15N enrichment likely reflects the mass-weighted 
15N enrichment of bulk scale analyses such as IRMS. We computed 
Euclidean distance maps according to the resin-filled pore distribution 
providing a distance into the soil matrix (Supplementary Figs. 4e and f). 
The 15N enrichment of the enriched segments was plotted across the 
distance into the soil matrix, and hexagonal binning was used to display 
the number of data points as a heat map using the ggplot package in R. 

2.6. Cryo-FIB SEM-EDX analysis 

Cryogenic scanning electron microscopy (SEM) with electron 
dispersive X-ray (EDX) spectroscopy analyses were conducted using a 
TFS/FEI Strata 400 STEM DualBeam FIB (Thermo Fisher Scientific, 
Waltham, MA) equipped with a Quorum PP3010T Cryo-FIB/SEM 
Preparation System (Laughton, East Sussex, UK). Microaggregates 
were separated by dry sieving with a 53-μm sieve. Aggregates were 
hydrated slowly (~12 h period) after distribution on glass fiber filter 
paper (Whatman GF/A) using an ultrasonic humidifier at its lowest 
setting (SPT Ultrasonic Humidifier, Sunpentown, Inc., CA) (Ultrasonic 
Humidifier, Sunpentown, CA) (Kinyangi et al., 2006). Aggregates were 
transferred to SEM carbon adhesive tape, rapidly frozen in slush nitro
gen, and transferred to the FIB instrument under cryogenic conditions 

(approximately −165 ◦C) (transfer details published in Zachman et al. 
(2016)). Before imaging and milling, samples were sputter-coated using 
a gold-palladium alloy (10 s at 10 mA). SEM images and EDX maps were 
collected before and after the sequential removal of approximately 1 
μm-thick sections of the aggregate by FIB milling using an ion beam 
voltage of 30 kV with varying currents (between approximately 5 pA 
and 500 pA). SEM-EDX images and maps for each aggregate slice were 
collected at 5 kV and 1.6 nA. 

3. Results 

3.1. Greater spatial distribution increases C persistence in clay-rich 
subsoils 

In the subsoil at a depth of 0.8–0.9 m (Supplementary Fig. 1, Sup
plementary Table 1), the added distributed OM had significantly higher 
persistence (i.e., lower mineralization) and higher mineral association 
compared to the hotspot OM (Fig. 1). The cumulative mineralization of 
the added OM after 50 days of incubation was reduced by 17% when it 
was distributed compared to the OM added as a hotspot (Fig. 1a). In the 
first 20 days, the daily mineralization of the distributed OM showed a 
lower and delayed peak of mineralization, occurring three days later 
(Fig. 1b). During the peak of the hotspot OM mineralization, the 
mineralization of the distributed OM was still 74% lower (Fig. 1b). 

Analyzing the retained C in the soil after the incubation period, we 
observed that significantly more distributed OM was converted into 
mineral-associated OM (heavy fraction) than the hotspot OM (Fig. 1c). 
The distribution of the OM alone increased the C retention in the heavy 
fraction by 10% (difference between hotspot and distributed DOM, p <
0.05). On the other hand, less than 1% of the added C was recovered as a 
light fraction (also described as particulate organic matter) for both 
spatial distributions in this clay-rich subsoil. On average, 42% of the 
added distributed OM was respired, 0.1% recovered in the light fraction, 
and 46% recovered in the heavy fraction. These values for the hotspot 
OM were 50%, 0.4%, and 36%, respectively. 

Through microscale observations of cross-sectioned aggregates using 

Fig. 1. Mineralization and mineral association of organic matter (OM) influenced by its spatial distribution in a clay-rich subsoil. A Cumulative miner
alization rates of the added OM-derived CO2–C during the 50 days of incubation. B Daily mineralization of the OM-derived CO2–C during the first 20 days of in
cubation. C Conversion of the OM-derived C into soil organic matter density fractions post-incubation: mineral-associated organic matter represented by the heavy 
fraction (>1.8 g cm−3) and particulate organic matter represented by the light fraction (<1.8 g cm−3) in three jar replicates. Means followed by the same letter do not 
differ among amendments at p < 0.05 (LSD test). D15N enrichment of the OM treatments based on 12C15N/12C14N ratios calculated from the NanoSIMS measurement 
(natural abundance = 0.0037) overlaying the 16O− secondary ion signal (greyscale) and 15N enrichment (12C15N/(12C15N+ 12C14N)) quantified in four measurements 
based on the distance traveled from the pore-mineral interface in direction to the interior of the mineral matrix. 
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NanoSIMS, we observed hot spots of the added isotopically enriched OM 
associated with the soil mineral matrix (Fig. 1d). 15N-enriched OM was 
tracked in these images since the 13C levels were too low to be observed. 
Hotspots of 15N were overall more enriched for the hotspot OM than the 
distributed OM in the four areas (field of view of 30 × 30 μm) analyzed 
on the sectioned aggregate (Fig. 1d). The enrichment levels of OM 
hotspots were often found to be above five atom percentage (at%) 
(12C15N/(12C14N +12C15N) *100), which is close to the enrichment level 
of the added material (8 at%, Supplementary Fig. 2). We also observed 
that the hotspot OM traveled further into the soil mineral matrix 
(Fig. 1d) than the distributed OM. This difference could indicate the 
saturation of adsorption surfaces in the soil mineral matrix, forcing the 
OM to move further in the search for new adsorption sites. 

3.2. Spatial distribution alone plays a lesser role in OM persistence in C- 
rich topsoil 

The effect of the spatial distribution of the added OM seems to play a 
lesser role in its mineralization and mineral association in the C-rich 
organic topsoil than in the C-poor subsoil (Fig. 2). We did not observe a 
significant difference between the cumulative mineralization of the 
distributed and hotspot OM in the topsoil (Fig. 2a). The daily mineral
ization in the first 20 days did not present a difference in the peak of 
mineralization in the OM-rich topsoil as seen for the clay-rich subsoil 
(Fig. 2b). The peak of mineralization of the distributed OM was sharp 
(increase and decrease occurring within 24 h) and decreased rapidly on 
the first day of incubation. On the other hand, the hotspot OM had a 
lower initial mineralization peak but decreased slower during the first 
five days of incubation. Analyzing the C retention in the soil after the 
incubation, we found that due to the OM-rich composition of this soil 
(Supplementary Fig. 1), a greater proportion of the added OM was 
retained in the particulate organic matter fraction (Fig. 2c). We did not 
observe a significant difference in the C retention in both fractions be
tween the hotspot and distributed OM for the OM-rich topsoil (Fig. 2c). 
Averaging the two OM treatments, 60% of the added OM in the topsoil 
was respired. In contrast, 25% was recovered in the light fraction and 

4% in the heavy fraction. 
At the microscale, we observed fewer 15N-enriched spots in the re

gions analyzed across the sectioned aggregate than in the clay-rich 
subsoil (Fig. 2d). For the hotspot OM, enrichment levels were overall 
not higher than 1 at% in the four spots analyzed. For the distributed OM, 
no 15N enrichment was found, mainly due to this topsoil’s high OM 
content (mostly light fraction) (Supplementary Fig. 1), making the 15N 
less detectable NanoSIMS due to a dilution effect of the enrichment. 

4. Discussion 

4.1. Mechanisms of OM persistence in top and subsoil depths according to 
the microscale spatial distribution 

Here we demonstrate that the greater spatial distribution of the 
added distributed OM in the clay-rich subsoil significantly increased its 
persistence in the soil system, but the effect of this spatial distribution is 
lower in the highly organic topsoil. In Fig. 4, we illustrate the two main 
proposed reasons for the observed OM persistence depending on their 
spatial distribution in clay-rich subsoils compared to topsoil rich in 
particulate OM. The significantly higher cumulative mineralization rates 
of the hotspot OM (Fig. 1a) suggest a higher specialization of the 
decomposer microorganisms (Mechanism 1, Fig. 4). Because decom
poser microorganisms aim to obtain maximum efficiency in metabolic 
investment, they maximize enzyme production where the substrate is 
more concentrated (Dekel and Alon, 2005). The high enrichment of 15N 
in single spots of OM found in the NanoSIMS analyses for the hotspot OM 
illustrates the heterogeneous arrangement of this substrate in the soil 
(Fig. 1d). Therefore, the presence of a hotspot of C in the soil matrix 
could enhance mineralization and decrease the formation of mineral 
interactions, as observed by the lower OM recovery in the heavy mineral 
fraction (Fig. 1c). 

On the other hand, the distributed OM was easily separated from 
these decomposers due to the greater microscale spatial distribution 
(Mechanism 2, Fig. 2). Due to the highly heterogeneous soil environ
ment, the distributed OM will likely occur less concentrated for the 

Fig. 2. Decomposition and mineral association of organic matter (OM) influenced by its spatial distribution in organic matter-rich topsoil. A Cumulative 
mineralization rates of the added OM-derived CO2–C during the 50 days of incubation. B Daily mineralization of the OM-derived CO2–C during the first 20 days of 
incubation. C Conversion of the OM-derived C into soil organic matter density fractions post-incubation: mineral-associated organic matter represented by the heavy 
fraction (>1.8 g cm−3) and particulate organic matter represented by the light fraction (<1.8 g cm−3). Means followed by the same letter do not differ among 
amendments at p < 0.05 (LSD test). D15N enrichment of the OM treatments based on 12C15N/12C14N ratios calculated from the NanoSIMS measurement (natural 
abundance = 0.0037) overlaying the 16O− secondary ion signal (greyscale) and 15N enrichment (12C15N/(12C15N+ 12C14N)) quantified in four measurements based 
on the distance traveled from the pore-mineral interface in direction to the interior of the mineral matrix. 
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decomposers (i.e., dilution). Lower concentrations of a substrate are 
known to limit mineralization (German et al., 2011), explaining the 
lower cumulative mineralization of the distributed OM (Fig. 1a). Also, 
Andisols are recognized for their high binding effect on soil mineral 
surfaces (Asano and Wagai, 2014), which potentially enhanced the 
distributed OM conversion into mineral-associated OM (Fig. 1c) and 
contributed to reducing the microbial accessibility (Fig. 1a and b). These 
volcanic-ash soils, taxonomically Andisols (Soil Survey Staff, 2010), are 
ideal for examining organo-mineral associations occurring at a smaller 
spatial scale due to the high presence of short-range-order (SRO) min
erals compared to other soils (Dahlgren et al., 2004; Asano and Wagai, 
2014). They are also recognized for their enhanced C storage capacity, 
making them a vital soil group worldwide (Zieger et al., 2018). The 
observations at the nanoscale in Andisols highlight the importance of 
weathering silicate phases in stabilizing OM. However, these processes 
are not unique to this soil group as they occur in other soil types 
(Basile-Doelsch et al., 2015). Therefore, the results observed in our study 
are applicable, but not restricted, to this soil class. The high recovery of 
the added C as a heavy fraction in the subsoil and the almost absence of 
13C recovered as light fraction (Fig. 1) indicates interactions of a large 
proportion of the OM inputs with mineral surfaces. We recognize that 
microorganisms have likely decomposed the added inputs before being 
bound to the soil minerals, as most of the persistent OC has likely first 
passed through microbial biomass (Benner R., 2011; Cotrufo et al., 
2013; Liang et al., 2019). In a global evaluation, Georgiou et al. (2022) 
reported that subsoil saturation levels of mineral surfaces are only 20%, 
representing the great potential for increasing C stocks. Therefore, our 
study emphasizes the potential of subsoils in promoting greater C 
persistence through organo-mineral associations. 

In a similar experiment, Shi et al. (2021a) observed lower microbial 
activity (measured by heat dissipation) as a result of more concentrated 
glucose additions (i.e., hotspot addition) compared to more distributed 

additions in topsoil (0.05–0.15 m) collected from a Cambisol with a 
sandy loam texture during a 50-h incubation. According to the authors, 
large microorganism colonies can grow in hotspot substrates, but they 
are more limited to these hot spots. On the other hand, according to 
these authors, more distributed substrates can be colonized in multiple 
locations, which results in higher microbial activity. Likewise, Portell 
et al. (2018), using modeling techniques, highlighted that the likelihood 
for microbes to assimilate an organic substrate is lower when distributed 
in an aggregated pattern than in a more distributed pattern (Portell 
et al., 2018). These findings follow our observation in the topsoil, where 
the mineralization peak was higher for the distributed DOM during the 
first days of incubation (Fig. 2b). However, we observed that these 
differences had a minor influence on the overall OM persistence, given 
the similar cumulative mineralization after 50 days (Fig. 2a) and 
consistent with the similar amount of OM retained in each fraction after 
the incubation period (Fig. 2c). We observed contrasting trends in the 
clay-rich subsoil (Fig. 1), suggesting that microbial responses to OM 
distribution depend highly on soil depth. 

Here we demonstrated with experimental data that the spatial dis
tribution of OM significantly impacts its persistence in soils and that this 
influence is highly dependent on soil depth and amounts as well as forms 
of OM. Our results suggest that promoting a wider spatial distribution of 
OM in subsoils can significantly foster its persistence, while the spatial 
distribution of OM plays a lesser effect in topsoils rich in particulate OM. 
Subsoils are recognized in OC storage since they often represent more 
than half of the total soil OC stock (Rumpel and Kögel-Knabner, 2010). 
Also, several reports have highlighted the underestimated importance of 
belowground inputs for C sequestration in soil systems (Pollierer et al., 
2007; Taghizadeh-Toosi et al., 2016; Sokol and Bradford, 2019). 
Therefore, our results contribute to our understanding of long-term OM 
persistence. 

It is important to emphasize that although we have focused on 

Fig. 3. Identification of clustered C inside a 
topsoil microaggregate by cryo-FIB/EDX. Com
posite 3D image showing Fe, Al, and C distribution in 
a layer of a sectioned topsoil microaggregate 
measured by energy-dispersive X-ray spectroscopy 
(EDX) demonstrates that mineral interactions can 
play an essential role in clay-rich microaggregates 
from topsoil layers rich in organic matter light frac
tions. Note that the carbon on the particle exterior is 
only visible on the upper-right side due to detector 
shadowing, and this surface carbon may not be 
inherent to the material (e.g., deposited during sam
ple handling/preparation). The C clustered in the 
interior of the microaggregate was highlighted in 
green color in the SEM image. A fully animated 
version of the 3D data is available in supplementary 
materials. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   
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evaluating the effect of microscale spatial distribution and soil depth, 
other factors, such as pore space and moisture contents, are essential 
(Schlüter et al., 2018). We encourage future experimental studies eval
uating the effects of the spatial distribution of OM substrates for 

microbial breakdown combined with different factors, especially related 
to differences in spatial architecture driven by soil texture and mineral 
properties. 

Fig. 4. Proposed mechanisms for mineralization and stabilization of hotspot and distributed organic matter inputs in topsoil and subsoil. The 
Figure illustrates how the spatial distribution of organic matter inputs mediates interactions among decomposer microorganisms, the soil light fraction, and 
soil minerals. 
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4.2. Higher proportions of particulate organic matter in topsoil overrule 
the effect of spatial distribution 

We observed that the spatial distribution of the added OM had a 
minor impact on its mineralization in the highly organic topsoil 
compared to the clay-rich subsoil. Due to the high OM contents in the 
topsoil, the decomposing microorganisms have access to more substrate 
than in the clay-rich subsoil. The high proportion of OC associated with 
the light fraction may be explained by the soil samples collected from a 
forest area composed of an o’hia and mixed fern vegetation (hapu’u – 
Cybotium spp.- and uluhe – Dicronopteris linearis Burm.). Therefore, 
regardless of their spatial distribution, any OM inputs were mineralized 
to an equal extent by the microbial community, as both OM inputs 
showed the same cumulative mineralization rates (Fig. 2a). Moreover, 
the 10% higher association of the distributed OM with the soil light 
fraction (Fig. 2c) shows that distributed OM may be easily intercepted 
by the soil particulate OM, reducing contact with soil minerals. The 
added OM’s mineralization was higher overall in the topsoil, mostly due 
to a lower proportion of OC associated with the mineral fraction than in 
the subsoil (Supplementary Fig. 1). 

Nonetheless, binding to the light fraction seems to perform an 
important role in preventing the OM from mineralization as it preserved 
20% of the added C throughout the incubation period (Fig. 2). We did 
not observe significant differences in the mineral-associated OC (Fig. 2c) 
despite the higher 15N enrichment observed in the NanoSIMS for the 
hotspot OM (Fig. 2d). Since these differences were not significant, we 
can argue that this effect of spatial distribution on organo-mineral in
teractions was overall minor in this topsoil. The low amount of mineral- 
associated C fractions in this soil compared to organic fractions such as 
fPOM and oPOM (Supplementary Fig. 1) is likely the reason for the low 
recovery of the added C in organo-mineral fractions. As the C mineral
ization from native SOC did not differ between amended and control 
soils, priming effects did not present a significant role in these topsoil 
samples. 

To illustrate the presence of naturally occurring hotspot C in the 
mineral fraction of the high-organic topsoil, we performed a 3-dimen
sional assessment of the C distribution. We used energy-dispersive X- 
ray spectroscopy (EDX) combined with successive sectioning of a clay- 
rich microaggregate (~20 μm-diameter) in a non-incubated sample by 
cryogenic focused ion beam (cryo-FIB) (Fig. 3, Supplementary Video). 
While elements such as Fe and Al were relatively homogeneously 
distributed in the interior of the observed soil aggregate, the C signal 
was clustered on the micron scale, consistent with a hotspot of OM. As 
shown by 13C nuclear magnetic resonance spectroscopy (NMR) (Sup
plementary Fig. 3), the similar proportion of C groups between the 
topsoil OM light fraction (e.g., hotspot particulate OM) and heavy 
fraction supports the notion that hotspot OM may accrue in the heavy 
fraction through mechanisms such as aggregation and mineral associa
tions (Kögel-Knabner et al., 2008; Totsche et al., 2018). Therefore, 
although the spatial distribution of OM had a minor impact on its 
mineralization and retention in this highly organic topsoil, the obser
vation of the spatial distribution of OM at the microscale can bring 
essential insights into the mechanisms responsible for OM persistence. 

5. Conclusions 

We experimentally manipulated the microscale spatial distribution 
of OM inputs in top and subsoil depths by adding contrasting arrange
ments of dissolved organic matter: hotspot and distributed. The spatial 
distribution of the organic matter significantly affected its persistence, 
especially in clay-rich subsoils. The effect of spatial distribution alone 
decreased the cumulative mineralization of the added C by 17% and 
increased its conversion to mineral-associated OM by 10%. This influ
ence of spatial distribution is diminished in the highly organic topsoil, 
likely due to the higher proportions of low-density fractions of partic
ulate OM. Image analysis using NanoSIMS and FIB-SEM confirmed our 

observations in the bulk soil, illustrating both spatial distributions inside 
of soil aggregates. Overall, our experiment emphasizes the role of sub
strate microscale spatial heterogeneity on soil microbial communities 
and organic matter persistence. We demonstrated that depth-related 
changes, such as soil mineralogy especially influence this effect. 
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