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Understanding the complex interplay of biotic and abiotic controls on soil organic carbon (SOC) stabilization and
aggregate formation is a vital and evolving research field, with implications for C and climate change modeling.
Here, we delve into the effects of temperature and moisture treatments on aggregate SOC composition. Aggregate
fractions representing different levels of physical protection for SOC were isolated three times during a 6-month
incubation with 2x2 factorial temperature and moisture treatments (22 or 30 ◦ C, 45% or 65% water-filled pore
space). The chemical composition within each fraction was analyzed using high-resolution Fourier-transform ion
cyclotron resonance mass spectrometry (FTICR-MS) to evaluate the prevalence of different classes of C com
pounds by fraction and temperature and moisture treatments. In addition, a partial least square regression (PLSR)
was used to explore potential correlations between relative abundance of C compound classes and C content
within aggregate fractions. We found that organic matter in the macro- (>250 µm) and micro-aggregates (53 to
250 µm) was relatively enriched in lipid-, carbohydrates-, and protein–like compounds compared to silt and clay
fractions (<53 µm). Organic matter in silt and clay was, on the other hand, relatively enriched in compounds
with no specific classification, with overall high aromaticity. Broadly, simpler, low-molecular-weight C storage
was altered by both temperature and moisture, while complex C storage was especially altered by moisture,
within aggregates. Univariate effects of temperature and moisture on specific compound classes varied by soil
fraction, but across fractions temperature increased the relative abundance of condensed- and unsaturated hy
drocarbon-, tannin-, and amino sugar-like compounds and decreased the relative abundance of protein-like
compounds. Moisture increased tannin-, condensed hydrocarbon-like compounds, and the overall aromaticity,
and had the most pronounced effect in fractions occluded within macroaggregates, suggesting that substrate
diffusion and pore connectivity within the aggregate environment drive the composition of C protected within
aggregates. The PLSR indicated that treatments promoted different compounds to contribute to C accrual. Under
dry conditions, condensed hydrocarbon-like compounds were associated with microaggregates, while amino
sugar-like compounds were associated with macroaggregates and coarse particulate organic matter (POM), and
lipid-like and aliphatic compounds were associated with silt and clay. Temperature effects on PLSR results were
most visible in silt and clay fractions, where carbohydrate- and tannin-like compounds were associated with C
content. This suggests that warmer conditions under climate change may more substantially alter mineralassociated C content, while changing water regimes will alter C content in physically protected environments,
with the most significant changes under cool and moist conditions. Overall, our data reveal distinct resource
pools in different climate and aggregate environments, a baseline for our understanding of SOC accrual and soil
structure under different conditions. More research into how microbes process physically protected SOC under
altered environments may fine-tune our ability to predict soil functions including water behavior and nutrient
release.
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1. Introduction

macroaggregates are composed of occluded microaggregates, silt and
clay, and particulate organic matter (POM). 13CPMAS-NMR revealed a
similar degree of SOM decomposition in micro- and macro- aggregates
(Helfrich et al., 2006), suggesting similar processes and binding agents
irrespective of aggregate size. However, occluded microaggregates have
greater C concentrations than their free counterparts (King et al., 2019)
and have been proposed as an especially stable, doubly-protected pool of
SOC (O’Brien and Jastrow, 2013; Six et al., 2000). Macroggregate sta
bility tends to be more sensitive to land use change than microaggregate
stability (Helfrich et al., 2006; Nunes et al., 2020; Sheehy et al., 2015),
and for each unit SOC gain in a meta analysis, macroaggregates
accounted for 83% (King et al., 2019). Macroaggregate sensitivity to
management may be mediated by fungi, which play a critical role in
binding macroaggregates and are more sensitive to phsyical disturbance
(Helfrich et al., 2008; Wilson et al., 2009). Fungi produce hydrophobic
exudates (Rillig, 2005) that may induce more hydrophobic bonding at
the macroaggregate level. The slower decomposition of C inside mac
roaggregates may alter the chemical composition of occluded fractions
compared to non-occluded microaggregate C and MAOM. MAOM within
aggregates is generally the most stable fraction, often containing older
SOC than larger fractions (Totsche et al., 2018).

1.1. Aggregate hierarchy
Soil aggregation contributes to the formation of stable pores, water
storage, and micro-habitats (Horn and Smucker, 2005; Rillig et al.,
2017). Aggregates impart physical structure and heterogeneity to soil,
mediating potential interactions between decomposers and carbon
substrates. The size distribution and stability of aggregates are thus an
important control on soil organic matter (SOM) dynamics (Denef et al.,
2001b; King et al., 2019; Piazza et al., 2020; Six et al., 1998; Tisdall and
Oades, 1982). While SOC storage in aggregates has been characterized
extensively across different soil types and management systems (e.g.
Cates et al., 2016; Denef et al., 2002; Panettieri et al., 2017; Piazza et al.,
2020), the mechanistic and molecular-level drivers of aggregate SOC
distribution are poorly understood. In addition, it is unclear whether
varying environmental conditions favor the protection of specific C
compounds in aggregates or if aggregate size selects for organic C
composition irrespective of environmental conditions.
We have a long-standing conceptual framework for how soil organic
matter and mineral particles coalesce into aggregates (Denef et al.,
2002; Denef and Six, 2005; Six et al., 2004; Tisdall and Oades, 1982).
Organic molecules bound to silt and clay particles (mineral-associated
organic matter, MAOM) serve as building blocks in the formation of
microaggregate structures (usually classified as 53–250 µm). Films of
microbially-derived macromolecules along with root and hyphal frag
ments provide additional scaffolding that allow larger aggregates to
form (macroaggregates generally defined as > 250 um, Lehmann et al.,
2017; Rillig et al., 2010; Tisdall and Oades, 1982). Aggregation physi
cally occludes and slows the turnover of SOC (King et al., 2019; MarínSpiotta et al., 2008; Six and Paustian, 2014) and thus is an important
control on the chemical composition and bioavailability of C.

1.3. Effects of temperature and moisture on physical stabilization of C
While we know that temperature and moisture alter bulk rates of
SOM decomposition (Chen et al., 2000; Hamdi et al., 2013; Jin et al.,
2013; Prescott, 2010), evidence about their effects within various SOM
fractions is contradictory. Benbi et al. (2014) found that coarse- and
fine-POM were more sensitive to temperature than MAOM in a sandy
loam, but POM and MAOM had similar temperature sensitivity in loamy
and coarse sands (Karhu et al., 2019). More litter C was incorporated
into MAOM under higher precipitation regimes, but both POM and
MAOM were more persistent under cooler temperatures in a field
experiment (Haddix et al., 2020). There is evidence that physical
accessibility mediates the C decomposition response to temperature and
moisture, while increasing chemical recalcitrance decreases tempera
ture sensitivity (Moinet et al., 2020, 2018, 2016).
Aggregates buffer changes in temperature and moisture because they
provide both aerobic and anaerobic microsites regardless of bulk soil
metrics (Horn and Smucker, 2005; Keiluweit et al., 2017). Aggregate
buffering capacity depends on the aggregate distribution, binding
strength and environmental conditions, so experimental evidence has
not been conclusive. For example, stable aggregates declined along a
warming gradient in a subarctic grassland (Poeplau et al., 2017) and an
incubation experiment on Mollisols (Wang et al., 2016), but temperature
had no effect on C in any soil fraction in a field warming experiment on
an arable soil (Grunwald et al., 2017). Soil aggregates are known to be
sensitive to dry-wet cycles (Cosentino et al., 2006; Denef et al., 2001a),
and one study found aggregate stability decreased with aridity (Lavee
et al., 1996). Our previous work showed that silt loam soil incubated at
65% water-filled pore space (WFPS) was less aggregated than soil
incubated at 45% WFPS irrespective of temperature (30 or 22 ◦ C, Cates
et al. 2019). In addition, varying temperature altered C mineralization
rate, microbial biomass C, bacterial community composition, and effi
ciency of litter C stabilization without shifting soil aggregate distribu
tion (Cates et al., 2019).
Here, we build on previous work to investigate whether microbial
responses to temperature and aggregate-stability responses to moisture
lead to differences in SOC composition in various soil fractions. We
applied high-resolution Fourier-transform ion cyclotron resonance mass
spectrometry (FTICR-MS) to soil aggregate fractions from three time
points in an incubation experiment with varying temperature and
moisture regimes. In addition to providing a molecular-level profile of C
compounds in each aggregate fraction, this approach allowed us to
evaluate which C compounds and fractions were most sensitive to
changes in temperature and moisture. By describing what types of C are

1.2. Organic matter characterization of aggregates and minerals
Early conceptual work suggested that mineral-organic matter asso
ciations lead to the longest possible C turnover times (Tisdall and Oades,
1982). While MAOM has been shown to be dynamic (Cates and Ruark,
2017; Kleber et al., 2007), especially in the rhizosphere (Jilling et al.,
2018; Keiluweit et al., 2015), there is still strong evidence that MAOM is
protected from degradation (Chenu and Plante, 2006; Haddix et al.,
2020). The MAOM is typically made up of water-soluble, low-molecular
weight compounds (<100 kDa, Kleber et al., 2015). While polar cova
lent bonds between some organic matter and mineral surfaces retain a
portion of the MAOM for decades and centuries, weaker long-range
electrostatic forces, H-bonds, hydrophobic and van der Waals in
teractions likely dominate the measured MAOM pool allowing for the
observed dynamic turnover (Kleber et al., 2015; Newcomb et al., 2017).
High-resolution spectroscopy revealed that mineral surfaces were
coated in microbially-derived aliphatic and carboxylic C (Lehmann
et al., 2007).
Microaggregates (53–250 µm) isolated by laboratory operations
represent the most stable fraction of what is likely a dynamic cycle of
associations and dissociations among mineral packets in the heteroge
neous soil matrix. Despite the potential methodological biases,
measured microaggregates reveal a unique, resource-rich, dynamic
niche for microbial communities. Microaggregates host highly diverse
microbial communities (Bach et al., 2018; Frene et al., 2020; Rillig et al.,
2017) that likely contribute to SOC accumulation, and it is theorized
that microbial metabolites form the “nuclei” of microaggregates.
Chemical analysis of aggregates supports this theory as aggregate sta
bility has been shown to be correlated to carbohydrates (Dinel et al.,
1992) and aliphatic compounds (Capriel et al., 1990), and micro
aggregates found to be enriched in carboxylic, aromatic, and aliphatic
compounds (Verchot et al., 2011).
Describing macroaggregate SOC is challenging because
2
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physically protected under varying conditions, these data lay the
groundwork for linking microbial responses to spatial location of C.

accumulation time within the instrument was adjusted to allow for a
similar number of ions to be detected at a given time in each sample to
account for differences in dissolved C concentration. For water and
methanol extractions, chemical formulas were assigned using in-house
formularity software, with a signal to noise (S/N) > 7, and mass mea
surement error < 1 ppm, taking into consideration the presence of C, H,
O, N, S, and P (Dohnalkova et al., 2017; Tfaily et al., 2015). Spectra were
classified into eight FTI-ICR compound classes, based on O/C and H/C of
the assigned formula only and thus are considered putative: lipids (0 <
O/C ≤ 0.3, 1.5 ≤ H/C ≤ 2.5), unsaturated hydrocarbons (0 < O/C ≤
0.125, 0.8 ≤ H/C < 1.5), condensed hydrocarbons (0 < O/C ≤ 0.95, 0.2
≤ H/C < 0.8), proteins (0.3 < O/C ≤ 0.55, 1.5 ≤ H/C ≤ 2.3), amino
sugars (0.55 < O/C ≤ 0.7, 1.5 ≤ H/C ≤ 2.2), carbohydrates (0.7 < O/C
≤ 1.5, 1.5 ≤ H/C ≤ 2.5), lignins (0.125 < O/C ≤ 0.65, 0.8 ≤ H/C < 1.5),
tannins (0.65 < O/C ≤ 1.1, 0.8 ≤ H/C < 1.5) (see van Krevelen diagram,
graphical abstract). These metrics for classification neglect molecular
structure but do represent broadly different compound classes. Pre
cisely, these categories represent compounds which are lipid-like, car
bohydrate-like, etc., for simplicity we will refer to each compound class
as lipids, carbohydrates, etc. The proportion of the total peaks in each
class, i.e., the relative abundance, was used for analysis. Direct injection
data by FTICR-MS is known to be impacted by charge completion,
especially when comparing samples of relatively different matrices. For
this study, changes in organic C profile between samples was based on
shifts in the presence/absence of m/z peaks to avoid any biases in charge
competition. However, since the total number of peaks observed in each
sample was different, we normalized abundance of peaks to the total
peaks observed in each sample. This is a conservative approach to make
sure that any differences between samples are not due to the method
used. Care should be practiced however when looking at relative
abundance data since these are compositional data, with sum of one,
thus if one class drops in abundance, another will increase. The increase
in the latter could be due to an increase in the presence of that class or
crop in the first class, or a combination of both. If a compound class is
more enriched under certain conditions, we presume that microbes
accessed or mineralized less of that type of C under those conditions, or
that this compound is a byproduct of microbial process enhanced under
those conditions. In a climate change scenario where some conditions
occur more frequently, that would have implications for the quality of C
stored, and its physical location in the soil matrix.
An aromaticity index (Koch and Dittmar, 2006) was calculated for
each peak according to Eqn. 1:
Eqn. 1: AI = (1 + C-O-S-0.5H)/(C-O-S-N-P)
where C, O, S, H, N, and P represented the number of C, O, S, H, N, P
atoms of each compound, respectively (Koch and Dittmar, 2006), and AI
> 0.5 indicates likely aromatic species (Choi et al., 2017). Compounds
were classified as aliphatic if 1.5 ≤ H/C < 2.0 and no N was present. If
compounds received a molecular formula but no class identifier based
on O/C and H/C ratios, compounds were classified as unknown. Pro
cessing code can be found at: https://github.com/ktoddbrown/FTICR_P
rocessing. Note that while other methods of classifying FTICR peaks
exist (i.e. Rivas-Ubach et al., 2018), the diversity of organic C com
pounds found in the soil matrix makes it difficult to apply methods
developed for more consistent solutes.
The effect of temperature and moisture treatments were not obvious
in water-extract profiles (data not shown), which tends to emphasize
labile, polar compounds (Tfaily et al., 2015). We suspect two reasons for
this: first, our first time point occurred after 30% of total C and likely
most of the labile compounds from added plant material would have
been decomposed by microbes. Second, the wet-sieving process which
separates aggregate fractions collects all rinse water in the free silt and
clay fraction, which is likely to concentrate labile, water-soluble com
pounds. Xu et al. (2017) also found that wet-sieving increased C con
centration in fractions < 150 µm relative to dry-sieving. This may
explain why we found more water-extracted total peaks in the free silt
and clay than any other fraction, and why there was a significant effect

2. Materials and methods
2.1. Experimental design
The incubation was described fully in Cates et al. (2019). Plano silt
loam was collected from the Wisconsin Integrated Cropping Systems
Trial’s (WICST) 25-year-old continuous corn plots in June 2015 (see
Sanford et al., 2012 for site description). Soil was air-dried, sieved to 2
mm, and visible roots and detritus were removed. Soil was packed in
100-ml plastic specimen cups to a bulk density of 1.20 g cm− 3, with 2%
by mass finely ground plant biomass evenly incorporated except in
benchmark samples. This amounted to a total addition of 1.02 g C, or
8.54 mg C g− 1 soil. Initial soil + biomass mixtures had 38.8 (±0.06) g C
and 2.77 (±0.004) g N kg− 1 soil. Samples were incubated in a 2 × 2
factorial design with temperature (22 or 30 ◦ C) and moisture (45 and
65% water-filled pore space, WFPS) treatments, referred to hereafter as
warm dry, warm moist, cool dry, and cool moist. Incubations were
covered with lids with two 8-mm holes, which minimizes water loss
while preventing a buildup of CO2 to an inhibitory level (Sanford and
Kucharik, 2013). Samples were kept within 5% of target WFPS by wa
tering after CO2 efflux measurements as needed, so while frequency of
drying varied between warm and cool treatments, amplitude was
consistent. Destructive sampling of 4 jars per treatment took place at ~
30%, 50%, and 60% of plant biomass respired (see Cates et al. 2019 for
details). Two samples at each time point, as well the initial soil +
biomass mixture were used for aggregate fractionation and subsequent
chemical analysis.
2.2. Aggregate fractionation
Aggregates were separated by size using a wet-sieving procedure as
outlined by Elliott (1986), followed by macroaggregate dispersal on a
shaker as described by Six et al. (2002). We isolated six soil fractions:
macroaggregates (>250 µm), microaggregates (53 to 250 µm), silt &
clay (<53 µm), and from within macroaggregates coarse particulate
organic matter (coarse POM, >250 µm), occluded microaggregates (53
to 250 µm), and occluded silt & clay (<53 µm). Soil was kept refrigerated
until sample processing, then approximately 100 g of moist soil was
soaked for 20 min in DI water on a 250 µm sieve. A 5 g subsample was
dried at 55◦ to determine soil moisture content. The sieve was oscillated
by hand at 50 S/minute for 2 min, and macroaggregates remaining on
the sieve was rinsed into a pre-weighed aluminum pan. This was
repeated with a 53 µm sieve to isolate microaggregates, and all water
and material passing through the 53 µm sieve was considered silt & clay.
Dried macroaggregates soaked in DI water for 20 min, then transferred
to a shaker fitted with a column ending in 250 µm mesh (device built as
pitctured in Six et al., 2002). Macroaggregates and glass beads were
shaken until macroaggregates were completely broken up, leaving only
coarse POM on the mesh. Occluded microaggregates and occluded silt
and clay flowed through the mesh onto a 53 µm sieve, and were sepa
rated by hand sieving as described above. All fractions and bulk soil
were oven-dried, weighed, and analyzed for total C and N on an
elemental analyzer (Flash EA1112, Thermo Electron Corp., Milan, Italy).
2.3. Organic C chemistry
The molecular composition of SOC in whole soil and aggregate
fractions from each sample as well as the initial soil + biomass mixture,
were characterized by electrospray ionization (ESI) coupled with
Fourier-transform ion cyclotron resonance mass spectrometry (FTICR).
Sequential extractions with water and methanol were performed ac
cording to Tfaily et al. (2015). Water and methanol extractions were
directly injected into a 21 Tesla Bruker SolariX FTICR spectrometer. Ion
3
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of moisture and temperature on water-extracted organic C composition
only in silt and clay (PERMANOVA P < 0.01, data not shown). No sig
nificant effect of temperature or moisture was found in any other frac
tion’s water-extract composition, although water-extract composition
changed over time in all classes (PERMANOVA P < 0.01, data not
shown). Given the potential confounding effect of the wet-sieving pro
cedure and experimental design, no further analyses of compound
classes from water-extracts were performed. Instead we focus on the
methanol-extract organic C, which targets semi-polar to slightly nonpolar compounds.

Multivariate visualization was used to view differences among
fractions (Fig. 1), and timepoints were considered separately in this
visualization to account for the large changes in compounds associated
with silt and clay at the final time point. Condensed hydrocarbons,
tannins, and unknown compounds clustered with silt and clay
throughout the incubation. Occluded fractions were clustered in asso
ciation with lipids, and became closer over time. Whole soil samples
were somewhat distinct from aggregate and occluded fractions, espe
cially at later timepoints.
Wet sieving defined three fractions: macroaggregates and micro
aggregates, which had fairly similar organic C composition, and free silt
and clay (Table 1, Supplemental Fig. 1). Macroaggregates contained the
greatest relative abundance of carbohydrates of any individual fraction,
were relatively enriched in condensed hydrocarbons and tannins and
relatively depleted in proteins and unsaturated hydrocarbons. Free
microaggregates were characterized by abundant proteins, amino
sugars, and carbohydrates, and relatively low abundances of lipids and
unsaturated hydrocarbons, leading to low aromatic content. Free silt
and clay had a significantly lower relative abundance of lipids than all
other fractions and was also significantly depleted in proteins compared
to all fractions except occluded silt and clay. There were significant
relative enrichments in unknown compounds, unsaturated hydrocar
bons, and tannins in silt and clay. These differences were particularly
pronounced at Timepointe 3, when unknown compounds increased from
10–20% to 20–50% of all peaks (Supplemental Fig. 1). Free silt and clay
had the greatest proportion of aromatic compounds.
Macroaggregates were further separated into occluded micro
aggregates (53 to 250 µm), coarse POM (>250 µm), and occluded silt
and clay (<53 µm) fractions. Coarse POM had a distinct chemical
composition, featuring the lowest relative abundances of condensed
hydrocarbons, carbohydrates, and tannins, and a low proportion of ar
omatic compounds (Table 1). Coarse POM was significantly enriched in
lignin. The other two occluded fractions were similar to each other, and
many compounds were found at an intermediate level between macroand micro-aggregates and free silt and clay. One exception was amino
sugars, which were significantly less abundant in all occluded fractions.
Occluded microaggregates had the numerically greatest abundance of
lipids and lowest abundance of unsaturated hydrocarbons, but these
were not significantly different from free macro- or micro-aggregates.

2.4. Statistical analysis
To interpret patterns in relative abundance of individual peaks
measured by FTICR, ordinations were created with metaMDS in the
vegan package (R Core Team, 2016) using Bray-Curtis distance matrices.
This function automatically scales and centers data. PERMANOVA
(adonis, R package: vegan) was used to determine significant differences
among sample timepoints, temperature, and moisture treatments within
the distance matrices for each fraction in succeeding models. A uni
variate approach was used to determine the effects of temperature,
moisture, fraction, and their interactions on FTICR compound classes,
using a mixed model with sample jar as a random effect (lmer, R pack
age: nlme). Relative abundances of compounds were log-transformed to
improved assumptions of normality and equal variance. Because of low
replication (n = 2) within a fraction*timepoint*moisture*temperature
treatment, timepoint was not included in the mixed model to f the
question of fraction composition under different abiotic environments.
Pairwise comparisons and group separations were determined using
emmeans (R package emmeans).
We conducted a partial least square regression (PLSR) using JMP Pro
Version 14.0 to explore the potential correlations between relative
abundance of chemical compound classes and C content (g C kg− 1 soil)
within aggregate fractions. PLSR is similar to multiple regression anal
ysis but can tolerate multicollinearity and violations of homogeneity
(Carrascal et al., 2018). PLSR generates a model that maximizes the
variation explained in predictor and response variables. In this case, the
predictor variables included the relative abundance of compound clas
ses, and the response variable was aggregate C content. Aggregate
fractions were grouped as follows: 1) macroaggregates and coarse POM,
2) microaggregates and occluded microaggregates, and 3) silt + clay and
occluded silt + clay. These groupings were then further subset by
moisture and temperature treatments. The analyses were subset in this
way based on preliminary exploration of potential models, which
revealed those with maximum explanatory power. Data were centered
and scaled, and the number of latent variables chosen based on the
predictive residual sum of squares (PRESS). A K-fold cross-validation
and nonlinear iterative partial least squares (NIPALS) method was
applied. Variables with a variable of importance of project (VIP)
threshold scores > 0.8 were deemed most important and relevant to the
final model.

3.2. C composition responses to temperature and moisture
We found organic C composition varied with temperature and
moisture treatments only in some fractions (Table 2). According to
PERMANOVA, temperature affected organic C composition of whole
soil, macroaggregates, microaggregates, occluded microaggregates, and
silt and clay. Moisture affected the chemical composition of whole soil,
macroaggregates, microaggregates, and occluded microaggregates. The
organic C composition of coarse POM varied only with sample time
point.
The univariate effects of temperature and moisture on individual
compound classes varied by fraction (Fig. 2, Table 3). Moisture had the
strongest effect on complex compounds, increasing tannins, condensed
hydrocarbons, and the overall aromaticity. This was true across fractions
and in whole soil, but most pronounced in occluded fractions. Lignin, a
complex plant-derived molecule, did not follow this pattern as it was
non-significantly elevated under dry conditions in whole soil and
significantly increased by warmer temperatures in macro- and microaggregates. Amino sugars were marginally significantly increased moist
conditions.
There was also a significant interaction between temperature and
fraction for carbohydrates, lipids, total peaks, lignin, aliphatics, aro
matic and unknown compounds (Table 3), generally driven by distinct
responses of the silt and clay fraction. In silt and clay, more peaks and
greater relative abundances of aliphatic and lipid abundances were
found in cool samples, while aromaticity and unknown compounds were

3. Results
3.1. Differences among fractions across the 6-month incubation
In organic C across fractions and time points, lipids (21 to 75%) were
the most abundant, followed by proteins (1 to 21%), lignin (4 to 18%)
and unknown compounds (4 to 57%, Table 1, Supplemental Fig. 1).
Amino sugars, carbohydrates, unsaturated and condensed hydrocar
bons, and tannins were generally found in low abundances (<5% each).
Methanol extraction for FTICR selects for compounds of medium po
larity, including a larger abundance of proteins, condensed hydrocar
bons, and unsaturated hydrocarbons than water or chloroform (Tfaily
et al., 2015). The number of peaks, an estimate of SOC richness, ranged
from 4,102 to 12,192 in methanol extracts.
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Table 1
Mean relative abundances of putative compound classes in each soil fraction (standard error in parentheses). Compound classes were determined by van Krevelen
classification of Fourier-transform ion cyclotron resonance (FTICR) mass spectrometry. Results are averaged across three sample time points, two temperature
treatments, and two moisture treatments. Letters represent significant differences in compound relative abundance among soil fractions.
Compound class

Lipids
Proteins
Lignin
Unknown
Compounds
Unsaturated
Hydrocarbons
Condensed
Hydrocarbons
Carbohydrates
Tannins
Amino Sugars
Aliphatics
Aromatics*
Total Peaks
*

Whole
soil

Macroaggregates

Microaggregates

Silt &
clay

Coarse
POM

Occluded microaggregates

Occluded silt
& clay

Relative abundance of methanol-extract compounds (%)
62 (0.4)
a
67 (0.5)
a
66 (0.5)
11 (0.4)
a
11 (0.2)
a
12 (0.2)
11 (0.4)
b
9.7 (0.3)
b
10 (0.4)
7.9 (0.4)
b
6.2 (0.2)
c
5.7 (0.1)

a
a
b
c

56 (3)
9.0 (0.7)
9.4 (0.5)
18 (3)

b
c
b
a

67 (0.9)
11 (0.7)
13 (0.5)
5.8 (0.2)

a
ab
a
c

69 (0.4)
10 (0.3)
10 (0.3)
5.8 (0.1)

a
ab
b
c

68 (0.9)
9.4 (0.7)
9.6 (0.4)
8.1 (0.3)

a
bc
b
b

3.4 (0.1)

a

2.0 (0.05)

c

2.1 (0.05)

c

3.7 (0.2)

a

2.6 (0.1)

b

1.9 (0.07)

c

2.4 (0.09)

b

1.7 (0.2)

de

1.5 (0.2)

cd

1.2 (0.2)

bc

2.4 (0.4)

e

a

1.1 (0.1)

bcd

1.0 (0.1)

b

2.0
(0.08)
0.39
(0.04)
0.56
(0.03)
55 (0.7)
1.4
(0.09)
9572
(4 1 2)

a

1.7 (0.1)

a

1.6 (0.08)

ab

bc

d

1.2 (0.08)

c

0.76 (0.09)

d

a

0.25 (0.04)

b

0.22 (0.04)

b

c

0.18 (0.03)

b

0.19 (0.02)

b

bc

0.45 (0.03)

b

0.71 (0.05)

a

c

0.32 (0.02)

c

0.28 (0.02)
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Indicates an aromaticity index > 0.5

Fig. 1. NMDS of SOM chemistry in methanol extractions, selecting for semi-polar compounds. Timepoints 1, 2, and 3 represent destructive incubation sampling
when 30, 50 and 60% of biomass added had been lost. Note that coarse POM samples were lost at Timepoint 3.
Table 2
Results of PERMANOVA analysis for aggregate methanol-extract chemical composition Fourier-transform ion cyclotron resonance (FTICR) mass spectrometry com
pound classes, with P < 0.05 in bold. Sample timepoints 1, 2, and 3 occurred when 30, 50 and 60% of biomass added had been lost, water levels were 45% or 65% WFPS
(“dry” or “moist”), and temperature levels were 22 or 30 ◦ C (“cool” or “warm”).
Timepoint (P)
Water (W)
Temperature (T)
P×W
P×T
W×T
P×W×T

Whole soil

Macro- aggregates

Micro- aggregates

Silt & Clay

Coarse POM

Occluded Microaggregates

OccludedSilt & Clay

<0.001
<0.001
<0.001
0.18
<0.001
0.33
0.16

<0.001
<0.001
<0.001
0.22
0.12
0.36
0.12

<0.001
<0.001
<0.001
<0.05
<0.01
0.34
<0.05

<0.001
0.24
<0.001
0.12
<0.001
0.41
0.41

<0.01
0.10
0.07
0.47
0.94
0.86
0.65

<0.05
<0.01
<0.01
0.16
<0.05
1.0
0.98

<0.001
0.29
0.07
0.93
<0.05
0.55
0.87

enriched with warmth. Carbohydrates were increased with warmth in
macroaggregates and occluded microaggregates. Across fractions, tem
perature increased the relative abundance of condensed and unsaturated
hydrocarbons, tannins, and amino sugars, and decreased the relative
abundance of proteins.

3.3. Potential connections between organic C composition and accrual
A PLSR analysis was performed to evaluate connections between the
relative abundances of compound classes and aggregate C content (g C
kg− 1 soil) under the different temperature and moisture treatments
(Fig. 3). Cool and wet conditions proved to be an outlier in within
5
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Fig. 2. Variation by temperature and moisture treatment of the relative abundance of each compound class within soil fractions. Data is averaged across three sample
timepoints when 30, 50 and 60% of biomass added had been lost, water levels were 45% or 65% WFPS (“dry” or “moist”), and temperature levels were 22 or 30 ◦ C
(“cool” or “warm”).

aggregate groupings, with the compound classes significantly associated
with aggregate C content (i.e., VIP > 0.8) differing notably from the cool
and dry, warm and dry, and warm and moist treatments. No stable result
was found for the silt and clay fraction analysis for the cool and moist
treatment. Carbohydrates and tannins were positively associated with
macroaggregate and coarse POM C content across all treatments except
cool and moist conditions. In contrast, total aromatics were significantly
and positively correlated with macroaggregate and coarse POM content
only in the cool and moist treatment. We found that under drier con
ditions, amino sugars and carbohydrates were associated with higher C
concentrations in macroaggregates and coarse POM, but not consistently
in microaggregates or silt and clay fractions. Within microaggregate
fractions, lipids were a significant and positive predictor of aggregate C

content across all treatments except for cool and dry conditions. Total
aliphatics were negatively correlated with microaggregate C in all but
the warm and moist treatment. Finally, in silt and clay fractions, patterns
varied considerably between temperature and moisture treatments.
Lipids, hydrocarbons, and amino sugars were positively associated with
fraction C content under cool and dry conditions. In the opposing warm
and moist treatment, carbohydrates and tannins were positively asso
ciated with fraction C content.
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<0.01
<0.001
<0.0001
0.97
0.69
<0.05
0.53

4.1. Differences in organic C composition among soil fractions

0.79
<0.0001
<0.0001
0.87
0.57
0.2632
0.92

<0.0001
<0.0001
<0.0001
0.36
<0.01
0.2858
0.87

0.76
<0.05
<0.0001
0.95
0.28
0.0732
0.49

0.08
<0.001
<0.0001
0.18
0.79
0.2235
0.10

0.05
<0.005
<0.0001
0.49
0.97
<0.05
0.42

0.12
<0.01
<0.0001
0.94
0.17
<0.05
0.72

<0.0001
<0.0001
<0.0001
0.53
<0.05
0.5447
0.34

0.72
<0.05
<0.0001
0.94
0.98
<0.01
0.51

0.42
<0.001
<0.0001
0.75
0.99
<0.01
1.00

We found that that macro- and micro-aggregates had similar organic
C composition, different from MAOM, as isolated on silt and clay-sized
particles, especially over time. Both aggregate size fractions had
similar proportions of aliphatic and aromatic compounds, and similar
total peaks. In addition, macro- and micro-aggregate organic C compo
sition were similar to whole soils, likely because these fractions make
over 70% of the total soil mass (Cates et al., 2019). Since SOM is known
to be a complex, heterogeneous mixture of above- and below-ground
plant litter and animal and microbial residues at various degrees of
decomposition and aggregation, a suite of solvents with varying polarity
is required to provide a comprehensive inventory of the types of organic
molecules present in soils. However, Tfaily et al. (2015) show that
methanol extraction and water extraction share 78% of the same com
pounds, so we believe data from this process still describe much of the
extractable C chemistry. We used methanol to examine weak polar to
relatively non-polar compounds that are either bioavailable or loosely
bound to minerals. Since all samples were extracted in the same way,
comparisons are valid across all treatments even though we acknowl
edge that methanol alone does not extract a comprehensive represen
tation of the types of organic matter in soil samples.
We found minimal support for the theory that microbial residues are
more important binding agents in micro- than macro-aggregates (Tisdall
and Oades, 1982), and stronger evidence that simple C compounds
dominate both macro- and micro-aggregates. Simple C may include
compounds easy to mineralize for microbes as well as low molecular
weight compounds. While our extraction under-represents non-polar
microbial residues such as lipids, similar quantities of phospholipid fatty
acids (PLFAs) were found in micro- and macro-aggregates on other
Mollisols (Li et al., 2015; Liao et al., 2018; Wang et al., 2017). Greater
relative abundances of carbohydrates, lipids, and proteins in both
macro- and micro-aggregates relative to silt and clay fractions suggests
that these molecules are less likely to be stabilized on mineral surfaces,
but instead are potentially enmeshed across intra-aggregate pore spaces.
Complex compounds such as condensed hydrocarbons and tannins do
not appear to stabilize aggregates. These compounds were more abun
dant under moist conditions, when macroaggregates were reduced
(Cates et al. 2019).
The MAOM pool we measured was variable, distinct from other
fractions, and had unique responses to temperature and moisture. In
particular, warm temperatures produced greater variability in silt and
clay than all other fractions and doubled and tripled relative abundance
of unknown compounds in silt and clay compared to other fractions. The
peaks classified as unknown compounds by the FTICR have a wide va
riety of molecular weight, formula, O:C and H:C ratios, so their increase
in relative abundance is difficult to interpret. But the data suggests that
the MAOM is composed of a more heterogeneous mixture of C com
pounds than is found in aggregates or POM. While others have shown
MAOM-C δ13C decreased immediately with substrate addition (Feng
et al., 2014), we have evidence that late in decomposition, dynamic
adsorption and desorption is still taking place on mineral surfaces
(Kleber et al., 2011, 2007). Our previous work also showed that tem
perature treatments significantly altered bacterial communities in whole
soil at after six months (Cates et al., 2019), and these communities
potentially interacted with MAOM in significantly different ways.
Recent work has shown that mineralogy also strongly controls the
composition of MAOM even in the kinetic zone most distant from the
mineral core (Neurath et al., 2021; Zhao et al., 2020), so our results
should be interpreted as specific to a Mollisol dominated by 2:1 clays.
Lavallee et al. (2019) proposed separating MAOM and POM as the
two most critically unique pools of SOM and our data support this
concept of MAOM as a pool of SOC with a distinct chemical signature.
The variability we found in free silt and clay shows that while MAOM-C

0.96
0.43
<0.001
0.53
0.87
<0.0001
0.88
Water (W)
Temperature (T)
Fraction (F)
W×T
W×F
T×F
W×TXF

0.36
<0.001
<0.0001
0.97
0.93
<0.0001
1.00

Aromatics
Aliphatics
Unknown Compounds
Tannins
Lignin
Carbohydrates
Amino Sugars
Proteins
Condensed Hydrocarbons
Unsaturated hydrocarbons
Total Peaks

Lipids

4. Discussion

Source

Table 3
ANOVA P-values from models of temperature and moisture effects on relative abundances of putative compound classes in methanol-extract SOC. Compound classes were determined by van Krevelen classification of
Fourier-transform ion cyclotron resonance (FTICR) mass spectrometry. Water levels were 45% or 65% WFPS (“dry” or “moist”), and temperature levels were 22 or 30 ◦ C (“cool” or “warm”).
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Fig. 3. Regression coefficients for potential predictor variables (putative compound classes) in final PLS models explaining variation in aggregate C content (g
fraction C kg− 1 soil C), over 3 time points of a 6-month incubation with different temperature and moisture treatments. Water levels were 45% or 65% WFPS (“dry”
or “moist”), and temperature levels were 22 or 30 ◦ C (“cool” or “warm”). Macro = macroaggregates > 250 µm, cPOM = coarse particulate organic matter > 250 µm
occluded within macroaggregates, micro = microaggregates 53–250 µm, omicro = microaggregates 53–250 µm µm occluded within macroaggregates, SiltClay = silt
and clay < 53 µm outside of macroaggregates, oSiltClay = silt and clay < 53 µm occluded within macroaggregates. Filled bars represent variables with a VIP > 0.8
that are positively (blue) or negatively (brown) correlated with aggregate C content; gray bars have lower VIP and are considered non-significant. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

may have a long turnover time, the composition is varied and dynamic,
perhaps due to patchy distribution of SOC on mineral surfaces (Vogel
et al., 2014). However, the coarse POM from within macro-aggregates
was only significantly differentiated from other fractions by its high
relative abundance in lignin, which was expected in a relatively un
processed pool of SOM and did not respond differentially to temperature
and moisture. Other studies have found POM is closely tied to inputs of
plant litter (Gunina and Kuzyakov, 2014; Helfrich et al., 2006), so our
incubation experiment should not be considered representative of in situ
POM responses.

occluded vs free fractions of the same size, to explore how occlusion
within an aggregate altered C composition of the same size fractions.
Occlusion slightly depleted microaggregates and silt and clay in
simple compounds (carbohydrates and amino sugars). This was contrary
to our expectation that occlusion would protect simple compounds from
microbial access (King et al., 2019; Six et al., 2004). However, microbes
in our incubations had no fresh substrate for several months, and we
suspect that microbes within the isolated occluded environment
decomposed most of the high-energy simple compounds available, as
well as some complex comounds like hydrocarbons and tannins. In a
field scenario, where fresh substrates diffuse more regularly, these
compounds may be replenished and protected. Amino sugars represent
an organic N source for microbes (Jilling et al., 2018; Schimel and
Bennett, 2004), so their depletion in occluded environments also sug
gests that microbes in this incubation had used up all available re
sources. Higher relative abundances of amino sugars may indicate rapid
N cycling in free microaggregates (Rillig et al., 2017) and suggests
occluded microaggregates are more likely to become N-limited over
time than their free counterparts. Carbohydrate depletion in both

4.2. How does occlusion change molecular organic C composition?
Occluded fractions tended to be in the middle in terms of C compo
sition, between MAOM on silt & clay and free macro- and microaggregates. This fits with the theoretical understanding of occlusion as
a moderate form of physical protection, with longer turnover times than
POM (e.g. Tan et al., 2013), but less protection than mineral association
(Gunina and Kuzyakov, 2014). Here we focus specifically on comparing
8
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occluded microaggregates and occluded silt and clay, as well as
declining carbohydrate abundance in all fractions over time, is further
evidence that microbes mineralized available substrates regardless of
physical protection. Lipids, however, were relativelydepleted on free silt
and clay relative to occluded silt and clay and all other fractions. Since
many lipids are microbially-derived, this again points to the importance
of intra-aggregate pore space as microbial habitat.
These differences should be interpreted in context of aggregate
turnover dynamics. Occluded microaggregates may become free
microaggregates when macroaggregates disassociate, which occurs on
the order of weeks (Bach and Hofmockel, 2016; Plante et al., 2002).
Microaggregate microbial communities exhibit high diversity and sea
sonal variation (Bach et al., 2018; Lavee et al., 1996; Upton et al., 2019).
Within our incubation, decreasing relative abundances of substrate and
increasing lipid abundances may indicate less aggregate turnover than
in situ conditions. Other research has also shown that aggregation in
creases with residue inputs (De Gryze et al., 2005), and that aggregate
formation may not occur after ~ 3 weeks of incubation (De Gryze et al.,
2006; Peng et al., 2017).
The variation we found between occluded and free fractions suggests
that microbes access and mineralize SOC in occluded fractions
distinctly, and that microbes, isolated from fresh substrate, will even
tually access and decompose even complex organic C in the occluded
environment. This limits the potential for occluded aggregates to be a
mechanism for long-term soil C sequestration (Six et al., 2000).

fractions and compound classes. Small intra-aggregate pores allow for
minimal influxes of water and substrate to the interior of aggregates
(Horn and Smucker, 2005; Smith, 1980), and so it is likely that the dry
treatment was more severe within aggregate fractions. Moist conditions
likely increased movement of soluble SOC through aggregates, leaving
complex SOC behind, which was ineffectual to hold aggregates together.
As proposed in Smucker et al. (2007), water and labile SOC flows
through macropores at the aggregate surface, bypassing aggregate in
teriors. Aggregate interiors have fewer connected micropores and
receive minimal C infusions, but may provide protection of complex C
against dry-wet cycles encapsulated within small pores (McCarthy et al.,
2008). The complex, non-soluble and aromatic compounds we found
occluded in aggregates could be degraded products of larger molecules
such as lignin which had been essentially stranded inside of aggregates
while other compounds were readily transported and mineralized at
higher moisture levels. Since moist conditions led to smaller proportions
of total C in occluded microaggregates (Cates et al., 2019), apparent
larger relative abundances of complex compounds in moist conditions
may also have resulted from stable complex compound content with
declining total C.
The overall signal suggests that smaller, less connected, intraaggregate micropores are zones of protection for complex compounds,
which will be preferentially preserved under moist conditions when
soluble compounds are leached out of aggregates, and this is not bene
ficial for aggregate stability.

4.3. Why might different compounds respond to moisture or temperature
treatments more strongly?

4.4. How do various compounds contribute to C accrual?
Our exploratory analysis with PLSR revealed that different simple
compounds (proteins, amino sugars, and carbohydrates) contributed to
greater C contents in macroaggregates than microaggregates, and not
consistently under all conditions. A large body of research shows a
positive relationship between total SOC content and aggregation (King
et al., 2019; Six et al., 2000), but less research has explored the what
type of C is most beneficial for aggregate formation. Some studies have
found associations between specific compounds and aggregate stability,
such as carbohydrates (Dinel et al., 1992; Sarker et al., 2018). In the
field, Tamura et al. (2017) found that aggregate and silt and clay C
composition could change without altering fraction C concentration.
This points to flexibility in the “recipe” for C accrual in physically pro
tected environments, depending on environmental conditions as well as
inputs. Dry conditions were more similar to each other in macroaggre
gates, and warm conditions were more similar to each other in micro
aggregates. This suggests changing water regimes overwhelm
temperature effects on C composition in larger aggregates. Fluctuations
in temperature, however, had more consistent effects in micro
aggregates and silt and clay, potentially due to a link between microbial
composition and MAOM than aggregate C suggested by this data and
previous work (Cates et al., 2019).
We found that cool moist conditions led to the most divergent as
sociations between fraction C and various compounds. Though these
conditions were only moderately cooler (22 ◦ C instead of 30 ◦ C) and
wetter (65% WFPS instead of 45% WFPS), that may have been sufficient
to cross a threshold altering C mineralization processes (Prescott, 2010).

The response of different compounds to treatments was likely
mediated by diffusion gradients, solubility of these compounds and pore
connectivity in the soil matrix. Bach et al. (2018) found that core mi
crobial communities differed among aggregate size classes indepen
dently of management conditions. Our results corroborate this idea that
microhabitat is a primary driver of microbial processes, resilient to
external influences, especially as most significant effects of temperature
and moisture occurred in relatively rare compound classes. However,
within those habitats several changes in C composition do add to our
understanding of C dynamics under varying conditions.
Warm conditions lead to faster C mineralization up to a threshold of
about 40 ◦ C, as shown in this study (Cates et al., 2019) and elsewhere
(Bradford, 2013; Hicks Pries et al., 2017; Prescott, 2010). Higher tem
peratures are expected to increase decomposition of complex C as
necessary energy of activation decreases and reaction rates increase, so
we anticipated that warmer conditions would deplete complex C in this
study. However, we found warmth increased aromaticity, as well as
tannin, carbohydrate, and lignin relative abundances in macro- and
micro-aggregates and decreased protein relative abundance across
fractions, although the tannin and lignin-like compounds observed using
FTICR-MS may be smaller portions of larger plant-derived macromole
cules. Long-term warming can reduce microbial activity and aggregate C
and N concentration without changing aggregate distribution (Liu et al.,
2021). This suggests that the complex C can be physically protected from
increased reaction rates under warmer temperatures. Perhaps warmthinduced increases in C mineralization rate were more pronounced
outside of aggregates, while inside aggregates the temperature was more
buffered. In that case, increased relative abundances of complex C
reflect microbial preferences for more energy-rich simple C compounds.
Measuring the temperature and moisture inside of an aggregates is
difficult, but we know that thermal conductivity declines with aggre
gation (Usowicz et al., 2013), so these results confirm our understanding
of soil aggregates as habitat buffered to some environmental fluctua
tions. Microaggregates may be more buffered and protective of soil C
than macroaggregates in some conditions (Liu et al., 2021) but we found
no difference between aggregate size classes in temperature response.
Moisture had a divergent effect on C composition in different

5. Conclusions
We found that aggregate and MAOM soil fractions have distinct
chemical compositions and that they respond differently to temperature
and moisture treatments. Importantly, this contrasts with the longstanding view that specific C inputs and/or microbial compounds act
as “glue” for aggregates, and suggests instead that aggregate C compo
sition shifts with conditions. Broadly, simpler C storage was altered by
both temperature and moisture, while complex C storage was more
affected by moisture, especially within aggregates. There is a need to
further define the microscale environmental conditions within
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aggregates that cause these divergent responses. However, we suspect
that microbial access to substrate, as moderated by soil moisture regime,
and microbial activity rate, responsive to temperature, are at the root of
the patterns we observed. As climate change affects soil temperature and
moisture, we may well find that this plays out on a landscape scale,
altering physical protection of SOC and long-term potential for SOC
accrual.
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