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Abstract
Soil drainage leads to subsidence in organic-rich peat soils (histosols) due to com-

paction and accelerated soil oxidation, removing carbon (C). Research suggests

mineral-associated organic matter (MAOM) promotes soil C persistence, but the

prevalence of MAOM in cultivated histosols and its relationship with commonly

measured soil health indicators (SHIs) are unknown. The objectives of this study

were to (1) quantify soil C fractions and diverse SHIs in the Everglades Agricultural

Area, Florida, to comprehensively evaluate the soil condition, and (2) determine if

any existing SHIs, general soil properties, depth, or profile thickness may predict

MAOM abundance. Soil cores were collected at 15 locations and up to 45-cm depth.

Profile thickness (a proxy for oxidation) was determined by probing to bedrock,

and C fractionation included both physical and density separation. Soil organic

matter (SOM) content averaged 62% by mass, with nearly 50% of the soil aggre-

gates>2 mm. Potassium-permanganate oxidizable C averaged 28.2± 0.9 g kg−1, and

organic C concentration was five times greater than inorganic C. Particulate organic

matter-Carbon (POM-C) accounted for >99% of soil (220.6 ± 9.3 g kg−1), while

mineral-associated organic matter-Carbon (MAOM-C) represented <1% (0.3 ± 0.1 g

kg−1). POM-C was predicted by soil profile thickness and several SHIs, but MAOM-

C was not well predicted by almost any parameter measured. Results emphasize the

predominance of unassociated organic C and suggest MAOM may serve as a unique

SHI for organic soils. Management practices should focus on preventing further loss

of vulnerable POM-C and promoting MAOM-C formation.

Abbreviations: ASI, aggregate stability index; CEC, cation exchange capacity; EAA, Everglades Agricultural Area; IC, inorganic carbon; LOI,
loss-on-ignition; MAOM, mineral-associated organic matter; MAOM-C, Carbon within the mineral-associated organic matter; OC, organic carbon;
PLS-SEM, partial least squares structural equation modeling; POM, particulate organic matter; POM-C, Carbon within the particulate organic matter; POXC,
permanganate oxidizable carbon; SHI, soil health indicator; SOC, soil organic carbon; SOM, soil organic matter; TC, total carbon; TK, total potassium; TKN,
total Kjeldahl nitrogen; TN, total nitrogen; TP, total phosphorus.

© 2026 The Author(s). Soil Science Society of America Journal © 2026 Soil Science Society of America.

Soil Sci. Soc. Am. J. 2026;90:e70254. wileyonlinelibrary.com/journal/saj2 1 of 17
https://doi.org/10.1002/saj2.70254

https://orcid.org/0000-0001-6286-3483
https://orcid.org/0009-0000-7489-5335
https://orcid.org/0000-0002-9436-1725
https://orcid.org/0000-0001-6432-8038
mailto:lisa.chambers@ucf.edu
https://wileyonlinelibrary.com/journal/saj2
https://doi.org/10.1002/saj2.70254
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsaj2.70254&domain=pdf&date_stamp=2026-05-06


2 of 17 RIZA ET AL.

Plain Language Summary
Draining organic-rich peat soil causes subsidence over time and soil carbon is lost.

Scientists believe that carbon bound to minerals, called mineral-associated organic

matter (MAOM), lasts longer in soils, but little is known about how much MAOM

exists in cultivated peat soils or whether common soil health tests can detect it. In this

study, we examined soils from the Everglades Agricultural Area in Florida to measure

different forms of soil carbon and a wide range of soil health indicators. Soil cores

were collected from 15 locations down to 45 cm, and soil thickness was used as a

proxy of past soil oxidation. More than 99% of soil carbon was particulate organic

matter (loose, plant-derived material), while less than 1% was MAOM-C (stable soil

carbon pool). Common soil health indicators could explain changes in particulate

carbon, but they did not reliably predict MAOM. Protecting soil from further carbon

loss and finding ways to increase MAOM may help slow peat soil degradation.

1 INTRODUCTION

Soil organic carbon (SOC) is the largest constituent (50%–
58%) of soil organic matter (SOM) and plays a critical role
in carbon (C) sequestration and global climate regulation
(Conchedda & Tubiello, 2020; Nelson & Sommers, 1996;
Tiemeyer et al., 2020). Many climate-smart agricultural man-
agement strategies aim to enhance SOC storage to improve
soil fertility and mitigate climate change (Lessmann et al.,
2022). Understanding the mechanisms that promote SOC
persistence and reduce its vulnerability to mineralization is
therefore key for sustaining soil health. The stabilization
of SOM occurs through several mechanisms, including (1)
physical protection within aggregates, (2) physicochemical
interactions with mineral surfaces and metal ions, and (3)
biochemical resistance of complex organic compounds (Row-
ley et al., 2018; Six et al., 2002; Von Lützow et al., 2007).
Among these mechanisms, physicochemical stabilization
through mineral associations has received increasing atten-
tion because SOM bound to mineral surfaces exhibits longer
turnover times than unassociated particulate organic matter
(POM) or aggregates (Feng et al., 2013; Jagadamma et al.,
2014). This stabilization pathway forms mineral-associated
organic matter (MAOM), defined as organic compounds that
are sorbed to fine mineral particles such as silt and clay.
Recent advances in soil C research emphasize the concep-
tual framework separating SOM into POM and MAOM pools,
which differ in formation pathways, persistence, and sen-
sitivity to environmental and management factors (Cotrufo
et al., 2019; Lavallee et al., 2020). Particulate organic mat-
ter reflects recent plant residues with rapid turnover, whereas
MAOM is formed primarily through microbial processing
of organic substrates followed by sorption onto mineral sur-
faces, resulting in a more persistent SOC pool (Cotrufo et al.,
2019). Since MAOM is less susceptible to decomposition, it

is a critical component of long-term soil C storage and soil
resilience.

Despite a growing focus on MAOM within soil C research,
common soil health indicator (SHI) frameworks do not explic-
itly quantify mineral-associated C pools. Existing frame-
works, such as the Soil Management Assessment Framework
(Andrews et al., 2004; Wienhold et al., 2009), the comprehen-
sive assessment of soil health (Moebius-Clune, 2016), and the
Soil Health Institute framework (Bagnall et al., 2023), eval-
uate a range of biological, chemical, and physical indicators
but not MAOM, an indicator of C stabilization. Consequently,
MAOM is rarely measured alongside other SHIs. We posit
that quantifying MAOM with established SHIs will provide
a more comprehensive assessment of soil C stability and soil
health, which is critically important in subsiding or degraded
soils.

The Everglades Agricultural Area (EAA) in south-central
Florida provides an ideal case study for assessing C stability
and SHIs in tandem with cultivated histosols. Over the past
century, drainage-induced oxidation has resulted in approxi-
mately 2 m of soil surface elevation loss and 4.9 × 108 Mt
of CO2 flux emissions from the region (Aich et al., 2013).
Average subsidence (2010–2019) was 0.63 cm year−1 (J. H.
Bhadha et al., 2020) with a projected elevation drop of an
additional 36 cm by 2068 (Rodriguez et al., 2020). In some
locations, underlying limestone bedrock is exposed, highlight-
ing the vulnerability of remaining soil and the need to enhance
C stability for long-term agricultural productivity (Bai et al.,
2024). Previous soil health research in the EAA has largely
focused on nutrient cycling, microbial activity, and environ-
mental conditions that influence SOM decomposition (e.g.,
redox dynamics, enzyme activity, and nutrient availability) (J.
Bhadha et al., 2018; Osborne et al., 2017; Wright & Inglett,
2009). While prior studies have improved the understand-
ing of the biological and chemical functioning of EAA soils,
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most have evaluated soil C as one total pool, rather than frac-
tionating SOM by stability, and no prior work in the EAA
has quantified MAOM-carbon (C). This has created a key
knowledge gap regarding the form and persistence of SOM
in EAA soils. It is predicted that progressive subsidence that
increases histosol-bedrock interactions in the EAA may pro-
vide reactive mineral surfaces for MAOM-C formation, but
the availability of clay-sized particles for organic matter bind-
ing (Kögel-Knabner et al., 2008) is largely unknown in this
system.

The objectives of this study were to (1) quantify MAOM
and existing SHIs across multiple locations in the EAA by soil
sampling depth (0–15, 15–30, and 30–45 cm) and soil profile
thickness levels (shallow [0–60 cm], middle [0–90 cm], and
deep [0–150 cm]), and (2) determine whether soil C stability
fractions (MAOM-C and POM-C) can be predicted by SHIs,
soil properties, sampling depth, or soil profile thickness as a
proxy for the degree of soil oxidation. An improved under-
standing of MAOM-C abundance and its relationships to other
soil properties and SHIs will inform management strategies
to slow oxidation and sustain agricultural productivity in the
EAA and similar cultivated histosols.

2 MATERIALS AND METHODS

2.1 Study site description

The entire EAA encompasses an area of 2872 km2 south
of Lake Okeechobee and north of Everglades National Park
(Izuno et al., 1991). Soils at the study locations are classi-
fied as histosols (USDA Soil Taxonomy), primarily belonging
to the Pahokee, Terra Ceia, Lauderhill, and Dania series and
are classified as Euic, thermic to hyperthermic Typic Hap-
losaprists and Euic, hyperthermic Lithic Haplosaprists; these
sapric peats are derived from decomposed sawgrass (Cla-
dium jamaicense) (Soil Survey Staff, 2022). Seven soil
series can be found in the EAA: Torry, Terra Ceia, Okee-
chobee, Pahokee, Lauderhill, Dania, and Okeelanta (Bottcher
& Izuno, 1994; Rice et al., 2005). Among these soil types,
Torry, Terra Ceia, and Okeechobee have the deepest thick-
ness of organic material (>130 cm), Pahokee has the deeper
O horizon (91–130 cm), followed by Lauderhill (51–91 cm)
and Dania (<51 cm) (Rice et al., 2005). Oxidation caused
by drainage has converted the high-fiber “sawgrass peats”
of the early 1900s into low-fiber “mucks,” reducing the per-
centage of Torry, Terra Ceia, and Okeechobee soils and
creating shallower Pahokee and Lauderhill soil series (Rice
et al., 2005). Presently, 85.4% of the farmland within the
EAA is cultivated with sugarcane; the remaining agricul-
tural land is rotated between winter vegetables and rice (J.
Bhadha et al., 2018). The study site specifications are given in
Table S1.

Core Ideas
∙ All soil health indicators (SHIs) were broadly

uniform across sampling depths except biological
properties, likely due to agricultural practices.

∙ Mineral-associated organic matter-Carbon
(MAOM-C) exhibited no significant associations
with sampling depth, soil profile thickness, or
SHIs.

∙ Unassociated particulate organic matter-Carbon
(POM-C) dominated the cultivated histosols and
varied with sampling depth.

∙ MAOM may be applied as a practical SHI to assess
soil stability in organic soil systems.

2.2 Experimental design

The EAA was subdivided into four quadrants to ensure
regional spatial coverage. An observational, stratified ran-
dom sampling design was employed, with stratification based
on total soil profile thickness as a proxy for long-term oxi-
dation (i.e., utilizing the assumption that shallower profiles
reflect greater oxidation and deeper profiles indicate lower
oxidation). Soil profile thickness was recorded as a contin-
uous measurement but treated as a categorical variable with
three bins: shallow (0–60 cm), middle (0–90 cm), and deep
(0–150 cm), which guided sampling location selection. Since
samples from the three sampling depths (0–15, 15–30, and
30–45 cm) at each location originated from the same soil
profile, observations were not independent within profiles.
Five locations were randomly selected within each profile
thickness bin, resulting in a total of 15 sampling locations.
Soil profile thickness was determined by inserting a metal
soil probe into the soil until it encountered resistance from
the underlying bedrock. The depth of the probe was mea-
sured and recorded for three spots within an area of 1 m in
diameter and averaged to determine the thickness of the soil
profile. Land cover was not used for stratification because
all locations were privately managed agricultural fields with
rotating crops, making land-use classes inconsistent and non-
representative for stratified sampling. Moreover, the history
of management practices was not available due to restrictions
on the consent of the landowners.

2.3 Field sample collection

Soil samples were collected from 15 locations in August and
September 2023 (Figure 1). All locations were in agricultural
fields cultivated with sugarcane, flooded rice, or fallow during
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4 of 17 RIZA ET AL.

F I G U R E 1 Sampling locations across the Everglades Agricultural Area (EAA) based on the total soil profile thickness: shallow (S1–S5),
middle (M1–M5), and deep (D1–D5). Soil samples were collected at three depths (0–15, 15–30, and 30–45 cm) from each location.

sampling during late wet-season conditions. At each sampling
location, triplicate soil samples (within 1 m) were collected
from 0–15, 15–30, and 30–45 cm using an open-faced auger
(6.7 cm inner diameter, 30 cm barrel) and composited. As
the effective recoverable core length per extraction is 15 cm,
sampling was conducted sequentially in 15-cm increments.
Samples were placed in a labeled gallon-sized ZiplockTM bag
and stored on ice. The 0-45 cm total sampling depth was
selected to represent the zone of greatest C input, micro-
bial activity, and management influence, making it sensitive
for evaluating C stability and soil health. Within hours of col-
lection, soils were divided into two subsamples and frozen at
−4 ± 2˚C at the Everglades Research and Education Center
(EREC) at the University of Florida. One subsample remained
at EREC for biological and select chemical property analy-
sis (i.e., enzyme assays, soil protein, cation exchange capacity
[CEC], bulk density, total Kjeldahl nitrogen [TKN], and TK).
The other subsample was transported in ice to the Univer-
sity of Central Florida Aquatic Biogeochemistry Laboratory
for analysis of the remaining soil properties. At the time of
sampling, a hand-held GPS device (Multiband RTK GNSS
Receiver (RS 2+), Emlid) was used to record the coordinates
of each location.

2.4 Laboratory analysis

2.4.1 Physicochemical properties

After thawing and homogenizing by hand, soil subsamples
were oven-dried at 70˚C to constant weight to determine mois-
ture content. Tapped bulk density was estimated following the
method described by Jacobs et al. (1964). Air-dried (<2 mm)
soil was placed in a graduated cylinder and tapped under a
standardized protocol until volume stabilized, and density was
calculated as dry mass divided by settled volume. Since this
method uses disturbed soil, the values represent tapped bulk
density rather than true in situ bulk density.

Aggregate stability index (ASI) was determined using 50 g
of field-moist soil placed on a stack of sieves (8 mm, 5.6 mm,
4 mm, 2 mm, 250 μm, and 53 μm) following the wet-sieving
method of Karami et al. (2012). Field-moist soil was used
to avoid artificial strengthening of aggregates caused by dry-
ing (Kaiser et al., 2015; Mirabito & Chambers, 2023). The
sieve stack was placed in a Yoder-type wet sieve shaker
(Yatherm Scientific) filled with tap water and shaken verti-
cally (3–4 cm amplitude, 30 cycles min−1) for 2 min (Kemper
& Rosenau, 1986). Aggregates retained on each sieve were
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collected, oven-dried at 70˚C, and weighed to determine the
proportion of each size fraction. Fractions were categorized as
large macroaggregates (>2 mm), macroaggregates (250 μm–
2 mm), and microaggregates (53–250 μm). The silt + clay
fraction (<53 μm) was calculated as the difference between
the initial sample mass and the sum of the retained fractions.
Due to the nature of the analysis, ASI results were presented
as a percentage of the total soil mass, rather than the C content
of each fraction.

Mineral-associated organic matter (MAOM) was quanti-
fied by physical fractionation based on particle size following
Six et al. (1998). Approximately 35 g of field-moist soil
was placed in a 250-mL Nalgene bottle with 0.5% sodium
hexametaphosphate at a 1:8 soil-to-solution ratio to disperse
aggregates (Cambardella & Elliott, 1992; Mirabito & Cham-
bers, 2023). The suspension was shaken at 150 rpm for 18 h
and then wet-sieved through a 53-μm sieve by raising and
resubmerging the sieve 50 times over 2 min (Cambardella &
Elliott, 1993). The material retained on the sieve (>53 μm)
was collected as POM, while the <53 μm fraction was con-
sidered as MAOM. Both fractions were oven-dried at 70˚C to
constant weight prior to further analysis. Next, a 3 g subsam-
ple of the <53 μm fraction was placed in a 50 mL centrifuge
tube with 30 mL deionized (DI) water and centrifuged at
3500 rpm for 30 min to remove water-soluble C, after which
the supernatant was filtered and discarded (Ghani et al., 2003).
Subsequently, 20 mL of 1.85 g cm−3 sodium polytungstate
(SPT) was added, and the sample was centrifuged at 5000 rpm
for 30 min at 20˚C to separate light fractions (LFs) and heavy
fractions (HFs) (Mirabito & Chambers, 2023). The floating
LF was filtered through a 0.45-μm nylon filter, rinsed with
DI water to remove SPT, and collected. If separation was
incomplete, centrifugation and filtration were repeated. The
remaining HF was transferred with DI water to a pre-weighed
container. Both fractions were oven-dried at 70˚C to con-
stant weight. The LF was considered free POM and combined
with the >53 μm POM fraction from physical fractionation,
while the <53 μm HF was considered MAOM (Six et al.,
1998). Dried samples were ground using ceramic balls in a
SPEX 8000 M Mixer/Mill (SPEX SamplePrep) and stored for
subsequent determination of total C (TC) as MAOM-C and
POM-C.

Soil pH was measured using a pH meter (Accumet, Fisher
Scientific) in a 1:5 soil-to-water slurry. CEC was determined
by the ammonium acetate method (Chapman, 1965; Nel-
son & Sommers, 1996), where soils were leached with 1 N
ammonium acetate to displace exchangeable cations, washed
with alcohol to remove excess ammonium, and exchangeable
ammonium was quantified to calculate CEC. Soil protein was
measured using the sodium citrate extraction method (Schin-
delbeck et al., 2016). Briefly, 1.5 g of soil was extracted
with 12 mL of 0.02 M sodium citrate (pH 7), autoclaved at
121˚C for 30 min, shaken for 30 min, and centrifuged. An

aliquot (90 μL) of the extract was reacted with 1.8 mL bicin-
choninic acid (BCA) reagent, incubated at 60˚C for 30 min,
and absorbance was measured at 562 nm to quantify protein
concentration using the Thermo Pierce Colorimetric BCA.

Loss-on-ignition (LOI) method was applied to determine
SOM. Oven-dried soil (∼70˚C) was ground using a SPEX
SamplePrep 8000 M Mixer/Mill and combusted at 550˚C in
a muffle furnace to calculate SOM by mass loss. Particle size
distribution of the mineral fraction (ash remaining after LOI)
was measured using a CILAS 1190 laser particle size ana-
lyzer (Cilas) in wet mode. The <250 μm fraction was isolated
by sieving, and approximately 0.5–1.0 g was dispersed in 4%
sodium hexametaphosphate and shaken at 150 rpm for 24 h.
An aliquot of the slurry was analyzed at 10%–20% obscura-
tion, and clay (<2 μm), silt (2–50 μm), fine sand (50–250 μm),
and coarse sand (>250 μm) fractions were determined as the
average of two measurements.

TKN was determined by acid digestion followed by col-
orimetric analysis according to EPA Method 351.2. Approxi-
mately 0.2 g of soil was digested with 2 g of Kjeldahl digestion
mixture and 5 mL concentrated H2SO4 at 250˚C for 1 h and
365˚C for 2.5–3 h to convert organic nitrogen (N) to ammo-
nium. The digest was diluted to 35 mL, filtered, and analyzed
colorimetrically, with results expressed as mg kg−1 total N
(TN) using the Shimadzu TOC-L combustion method. And
total potassium (TK) was determined following a modified
UF/IFAS procedure (Mylavarapu, 2002; Soltanpour et al.,
1996). Soil samples (0.4 g) were ashed at 500˚C–550˚C for
5 h, treated with 2 mL of 6 M HCl, reacted for 2 h, diluted
with DI water, and analyzed by inductively coupled plasma
optical emission spectroscopy.

TC and inorganic carbon (IC) were measured using an Ele-
mentar Vario Micro CN analyzer (Elementar Americas Inc.).
TC was determined from oven-dried, ground bulk soil, while
IC was measured from ash remaining after combustion at
550˚C. Organic carbon (OC) was calculated as the difference
between TC and IC. Fractionated POM and MAOM samples
(4.8–5.2 mg) were weighed into tin capsules and analyzed by
combustion using the same CN analyzer to determine POM-C
and MAOM-C. TN was measured simultaneously with TC.

Permanganate oxidizable carbon (POXC) was determined
using 0.2 M KMnO4 following J. Bhadha et al. (2018) and
Chambers et al. (2024). Approximately 2 g of oven-dried soil
was reacted with 20 mL of 0.2 M KMnO4 for 2 min, and the
filtered supernatant was analyzed at 550 nm using a BioTek
Synergy HTX spectrophotometer to quantify oxidizable C.
Metal content was analyzed to quantify minerals related to
MAOM formation and establish a baseline of mineral content
for EAA cultivated histosols for future research. A subsam-
ple (0.2–0.3 g) of the ash remaining after LOI was digested
with a 1:3 mixture of concentrated HNO3 and HCl at 96˚C for
2 h. After cooling, the digest was filtered through a 0.45-μm
polypropylene membrane and analyzed for total metals and
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6 of 17 RIZA ET AL.

total phosphorus (TP) using inductively coupled plasma mass
spectrometry.

2.4.2 Biological properties

The activities of β-glucosidase, β-glucosaminidase, alkaline
phosphatase, and aryl sulfatase were measured using the
colorimetric method described by Tabatabai (1994). After
sieving through a 2-mm sieve, the soil samples were incubated
with modified universal buffer and substrate solutions for each
enzyme at 37˚C for 1 h. After stopping the reaction with CaCl2
and NaOH, the absorbance of the supernatant was measured
at 400 nm. The p-nitrophenol (p-NP) concentration, propor-
tional to enzymatic activity, was quantified using a standard
curve.

2.5 Data analysis

Statistical analyses were conducted using R version 4.5.1
(R Core Team, 2025). For each response variable, linear
mixed-effects models (LMMs) were fitted using the lmer
function from the lme4 package (Bates et al., 2015). Sam-
pling depth, soil profile thickness, and their interaction were
included as fixed effects, while location ID was treated as a
random effect to account for spatial dependence among obser-
vations. The significance of fixed effects was evaluated using
Type III analysis of variance implemented in the lmerTest
package (Kuznetsova et al., 2017), with degrees of free-
dom estimated using the Satterthwaite approximation. When
significant effects were detected, post hoc pairwise compar-
isons of estimated marginal means were performed using
the emmeans package (Lenth, 2024) with Sidak adjustment
for multiple comparisons and Kenward–Roger approximation
for degrees of freedom. Model assumptions were evalu-
ated by visually inspecting residual plots to assess normality
and homogeneity of variance across fitted values. Formal
diagnostic tests included the Shapiro–Wilk test for residual
normality (p > 0.05) and Levene’s test for homogeneity of
variance (p > 0.05). Additional model diagnostics were per-
formed using the check_model function from the performance
package (Lüdecke et al., 2021). When necessary, log trans-
formations were applied to response variables to meet model
assumptions. Results are reported as mean ± standard error.

Partial least squares structural equation modeling (PLS-
SEM) was used to gain a mechanistic understanding of
how soil depth and profile thickness affect MAOM-C and
POM-C contents through SHI parameters. PLS-SEM is
an approach used to analyze complicated direct and indi-
rect inter-relationships between observed and latent vari-
ables. It is robust to small-size data and does not require
the assumptions of normal distribution (Hair & Alamer,

2022; Hu et al., 2017). Conceptual models were developed
with the hypothesized relationships, assuming soil sample
depth and profile thickness influencing the formation of
MAOM-C and POM-C through altering the soil properties,
including silt, clay, OC, macroaggregates (250 μm–2 mm),
microaggregates (<250 μm), activity of β-glucosidase, β-
glucosaminidase, alkaline phosphatase, and aryl sulfatase,
CEC, pH, calcium (Ca), iron (Fe), and POXC. Models were
analyzed for MAOM-C and POM-C separately using the
SEMinR package in R (Hair & Alamer, 2022).

3 RESULTS

3.1 Soil properties, soil health indicators,
and MAOM-C by sampling depth

The EAA soils contained 220.9 ± 9.3 g kg−1 TC, which
varied significantly with soil sampling depth (p = 0.003).
OC accounted for 84.0 ± 0.9% (p = 0.015), while IC rep-
resented 16.0 ± 0.9% of TC (p = 0.001) (Figure 2A). By
mass, this equated to 184.6 ± 7.2 g OC kg−1 and 36.4 ± 2.9 g
IC kg−1, from 0 to 45 cm. Both OC and IC decreased
with soil sampling depth; OC declined from 198.8 ± 8.3 to
168.5 ± 10.4 g kg−1, while IC decreased from 43.8 ± 4.0 to
25.4 ± 3.6 g kg−1 across the depth gradient from 0–15 cm
to 30–45 cm. Across all depths, MAOM-C (0.3 ± 0.1 g
kg−1) in the EAA soil was substantially lower than POM-C
(220.6 ± 9.3 g kg−1). While MAOM-C did not vary sig-
nificantly with depth (p = 0.096), POM-C decreased with
sampling depths (p = 0.003) (Figure 2B). The ratio of C:N
for MAOM-C decreased from 29.2 ± 5.0 to 21.6 ± 1.9 with
depth; the C:N for POM-C remained consistent (16.4 ± 0.1)
across depths. The C pools MAOM-C, POM-C, OC, and IC
did not vary significantly with soil profile thickness or with
the interaction between sampling depth and profile thickness
(p > 0.05). The details are provided in Table 1 and Table S2.

Across sampling depths, ASI did not vary up to 45-cm
depth, large macroaggregates (>2 mm), macroaggregates
(250 μm–2 mm), microaggregates (53–250 μm), and <53 μm
accounted for 49.7 ± 2.6% (p = 0.537), 45.7 ± 2.6%
(p = 0.234), 4.9 ± 0.7% (p = 0.113), and 5.6 ± 0.9%
(p = 0.416), respectively (Figure 3A). Similarly, across all
soil depths, POXC remained uniform, averaging 28.2 ± 0.9 g
kg−1 (Figure 3B). Aggregate size fractions and POXC were
also not affected by soil profile thickness or by the interac-
tion between sampling depth and profile thickness (p > 0.05),
except for microaggregates, which were greater in middle
thickness compared to deep profile thickness (p = 0.027)
(Figure 3A; Table S2).

The EAA soil was mildly alkaline (pH 7.9 ± 0.03)
up to 45 cm (Table 1), having no variation by sampling
depth (p = 0.069). Moisture content increased with depth
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8 of 17 RIZA ET AL.

F I G U R E 2 Distribution of (A) total C and (B) MAOM-C and POM-C across three sampling depths. Error bars represent the standard error of
the mean for each C pool. Different letters indicate significant differences among depths (p < 0.05). MAOM-C, Carbon within the mineral-associated
organic matter; POM-C, Carbon within the particulate organic matter.

F I G U R E 3 Distribution of (A) aggregate stability index (ASI) across profile thickness levels and (B) permanganate oxidizable carbon (POXC)
across three sampling depths. Error bars represent the standard error of the mean for each aggregate fraction and POXC. Different letters indicate
significant differences among profile thickness levels in (A) and among sampling depths in (B) (p < 0.05).

(p = 0.002), ranging from 51.1 ± 1.8% at 0–15 cm to
59.6 ± 2.9% at 30–45 cm. The tapped bulk density of EAA
histosols was 0.70 ± 0.03 g cm−3 and did not differ with depth
(p = 0.260). Similarly, CEC averaged 29.3 ± 1.6 cmolc kg−1

throughout (p = 0.849). Organic matter averaged 61.6 ± 2.2%
by mass and did not vary by depth (p = 0.826). Of the inor-
ganic matter, silt had the highest abundance (24.2 ± 1.2%
of total soil mass), and clay was the lowest (2.4 ± 0.1%);
coarse and fine sand were 8.7 ± 0.9% and 3.7 ± 0.8%,
respectively (Figure 4). Among the mineral contents, clay
decreased with sampling depth (p = 0.017) (Table 1 and Table

S2). Of the measured metals, Ca had the highest concen-
tration (54.7 ± 5.6 g kg−1), while cadmium (Cd) had the
lowest concentration (0.1 ± 0.01 mg kg−1). The six most
abundant metals in the cultivated histosols of the EAA were
Ca > magnesium (Mg) > aluminum (Al) > Fe > barium
(Ba) > manganese (Mn). These abundant metals did not vary
in sampling depth (p> 0.05). Other metal concentrations were
below 0.3 g kg−1 on average. See Table S3 for the analyzed
metal content concentrations.

TKN dominated the TN pool, averaging 21.1 ± 1.2 g
kg−1 with no difference by depth (p = 0.229). The average
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RIZA ET AL. 9 of 17

F I G U R E 4 Soil composition by mass across three sampling depths. Different letters indicate significant differences among sampling depths
for each component (p < 0.05).

TN:TP:TK ratio for EAA histosols was 65:38:1 across all
depths. The TN of the bulk soil was consistent across depths
and averaged 21.3 ± 0.8 g kg−1, resulting in a TC:TN ratio
of 10.4 ± 1.0. TK decreased with sampling depth (p = 0.012)
and showed a sampling depth × profile thickness interaction
effect (p = 0.011), while profile thickness alone had no effect
(p = 0.623).

Among the soil enzymes analyzed, alkaline phos-
phatase exhibited the highest activity (Figure 5), averaging
845.7 ± 66.4 μg p-NP g−1 soil h−1, whereas β-glucosidase
showed the lowest activity, averaging 126.6 ± 8.5 μg p-NP
g−1 soil h−1. Unlike most physicochemical properties,
enzyme activities declined with depth for β-glucosidase
(p < 0.001), β-glucosaminidase (p = 0.002), alkaline
phosphatase (p < 0.001), and aryl sulfatase (p = 0.002).

3.2 Predictors of soil carbon stability
fractions (MAOM-C and POM-C) across soil
properties, SHIs, sampling depth, and profile
thickness

The PLS-SEM model explained 36.2% of the variance in
MAOM-C (Figure 6). Sampling depth had negative effects on
clay content (p < 0.01) and on the activity of all four mea-
sured enzymes (p < 0.001). In contrast, soil profile thickness
showed positive effects on β-glucosidase (p < 0.05), β-
glucosaminidase (p < 0.01), alkaline phosphatase (p < 0.01),
and Fe concentration (p < 0.01). However, none of the mea-

sured soil properties of SHIs had direct effects on MAOM-C,
and no indirect effects of sampling depth or profile thickness
on MAOM-C were detected.

The PLS-SEM model explained 86.3% of the variance in
POM-C (Figure 7). Similar to the MAOM-C model, sampling
depth had negative effects on clay content (p < 0.01) and on
the activity of all the measured four enzymes (p < 0.001).
In contrast, soil profile thickness showed positive effects on
β-glucosidase (p < 0.05), β-glucosaminidase (p < 0.01), alka-
line phosphatase (p < 0.01), and Fe concentration (p < 0.01).
Unlike MAOM-C, several soil properties did demonstrate
direct effects on POM-C, with OC, β-glucosidase activity, and
Ca content positively influencing POM-C (p < 0.05), indicat-
ing that POM-C variability was strongly associated with SOC
availability and microbial activity.

4 DISCUSSION

4.1 Dominance of POM-C and
macroaggregates

Over 99% of soil C in the EAA contained unassociated POM-
C, indicating limited physicochemical protection and high
vulnerability to mineralization. This dominance of POM-C
reflects the inherently low clay content of histosols; clay
concentrations were only ∼1%–4% across depths (Figure 4),
limiting the reactive mineral surfaces required for the for-
mation and stabilization of MAOM. Since organo–mineral
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10 of 17 RIZA ET AL.

F I G U R E 5 Distribution of enzyme activities across three sampling depths. Error bars represent the standard error. Different letters indicate
significant differences among sampling depths for each enzyme (p < 0.05). p-NP, p-nitrophenol.

F I G U R E 6 Partial least squares structural equation modeling (PLS-SEM) diagram for mineral-associated organic matter-Carbon (MAOM-C).
Numbers associated with the arrows are standardized path coefficients with significance (*p < 0.05, **p < 0.01, ***p < 0.001). Dash arrows show
nonsignificant relationships (p > 0.05). Numbers in parentheses represent the variance explained by the model (R2). Mac is the content of aggregates
with a size larger than 250 μm, including large macroaggregates (> 2mm) and macroaggregates (250 μm2 mm). Mic is aggregates with a size smaller
than 250 μm, including microaggregates and <53 μm fraction. gluC, β-glucosidase; gluN, β-glucosaminidase; gluP, alkaline phosphatase; gluS, aryl
sulfatas.
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RIZA ET AL. 11 of 17

F I G U R E 7 Partial least squares structural equation modeling (PLS-SEM) diagram for particulate organic matter-Carbon (POM-C). Numbers
associated with the arrows are standardized path coefficients with significance (*p < 0.05, **p < 0.01, ***p < 0.001). Dash arrows show
nonsignificant relationships (p > 0.05). Numbers in parentheses represent the variance explained by the model (R2). Mac is the content of aggregates
with a size larger than 250 μm, including large macroaggregates (> 2mm) and macroaggregates (250 μm - 2 mm). Mic is aggregates with a size
smaller than 250 μm, including microaggregates and <53 μm fraction. gluC, β-glucosidase; gluN, β-glucosaminidase; gluP, alkaline phosphatase;
gluS, aryl sulfatas.

associations with clay minerals and metal oxides are key
mechanisms of long-term C stabilization, their scarcity may
constrain MAOM formation and favor POM accumulation
(Cotrufo et al., 2019; Georgiou et al., 2022; Kögel-Knabner
et al., 2008; Lehmann & Kleber, 2015). In the EAA, clay con-
tent varied little with depth, likely due to subsidence-driven
mixing and limited in situ clay formation (Wright et al., 2009).
As organic matter oxidizes and soils subside, small amounts
of mineral content from underlying limestone and external
sources are incorporated into the soil profile, while overall
clay concentrations remain very low (J. H. Bhadha et al., 2020;
Wright & Hanlon, 2009).

Over 95% of soil ASI was macroaggregates (>250 μm),
with microaggregates (53 - 250 μm) comprising less than
5%. Aggregates can protect SOM by entrapping POM and
facilitating organo–mineral associations between microbial
residues and clay; however, protection generally decreases
with increasing aggregate size (Six et al., 2004). While
microaggregates are stabilized via coupling organic col-
loids and clays, macroaggregates are intertwined with plant
roots, both live and decomposing, making them sensitive to
management practices (Oades, 1984). Thus, microaggregates
(<5% of EAA soils) provide greater protection compared

to macroaggregates (∼95% of EAA soils) due to their abil-
ity to encapsulate SOM (Oades, 1984; Tisdall & Oades,
1982). Moreover, in organic-rich histosols, the large aggre-
gates often reflect residual plant fiber cohesion rather than
true protective aggregate structures (Totsche et al., 2018),
suggesting the stability offered by these complexes may be
even less than suggested by high ASI values (Kunarso et al.,
2022).

Of note, aggregate stability is strongly influenced by envi-
ronmental conditions and sample handling, including freezing
temperatures (Oztas & Fayetorbay, 2003; Sun et al., 2014),
which occurred during sample storage for this study. Prior
work demonstrates soil freezing–thawing typically results
in a reduction of macroaggregates and a corresponding
increase in smaller fractions (Chai et al., 2014; Oztas &
Fayetorbay, 2003). To evaluate freezing–thawing effects on
ASI in this study, a small-scale comparison of triplicate
frozen and nonfrozen samples was conducted (Tables S4A
and S4B). The relative standard deviation values for both
methods fell within 19% recovery, indicating that freezing
did not substantially affect measurements and that if any
error was introduced, microaggregate abundance was slightly
overestimated.
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12 of 17 RIZA ET AL.

4.2 Low abundance of MAOM-C and
predictive soil properties for MAOM

Since POM-C dominated EAA soils, MAOM-C was mini-
mal (<1%) and showed little relationship to most measured
soil properties or SHIs. Although MAOM formation is gen-
erally positively related to silt+ clay content (Six et al.,
2002), this was not observed in EAA histosols. Despite
silt and clay comprising ∼26% of the soil mass, MAOM-C
remained very low. Similar deviations from a linear relation-
ship between silt+ clay content and MAOM-C have been
reported in previous studies (Georgiou et al., 2022; Matus,
2021). Furthermore, recent studies indicate that MAOM does
not uniformly cover mineral surfaces but accumulates in local-
ized clusters driven by molecular-scale interactions among
organic compounds (Schweizer, 2022). In addition, mineral
weathering congruency can regulate organo–mineral asso-
ciations and SOM availability: high congruency enhances
decomposition and limits MAOM formation, whereas low
congruency promotes mineral protection of organic matter
(Fang et al., 2023).

To further examine potential controls on MAOM-C forma-
tion beyond particle size, metal concentrations in EAA soils
were analyzed. The six most abundant metals: Ca, Mg, Al, Fe,
Ba, and Mn were found at average concentrations of at least
1.4 g kg−1. Concentrations of the observed minerals in EAA
soils typically remain within the ranges reported in the liter-
ature (Kabata-Pendias, 2000; Schwertmann & Tayor, 1989),
with the exception of Ca and Mg. The elevated levels of Ca
and Mg likely reflect inputs from the weathering of underly-
ing bedrock. Bivalent cations (e.g., Ca2+, Mg2+) can stabilize
SOC through cation bridging, while CaCO3 promotes SOC
stabilization via aggregation and sorption to mineral matrices
(Bronick & Lal, 2005; Rowley et al., 2018, 2021). Mineral
crystallinity also influences MAOM formation, with poorly
crystalline Fe and Al oxides being more susceptible to degra-
dation than MAOM bound to crystalline minerals (Kleber
et al., 2015). Therefore, although metal abundance was quan-
tified, it remains unclear whether the surface properties of
the present metals provide favorable conditions for MAOM
formation.

Overall, MAOM-C formation in the EAA was not well
predicted by fine soil particles, metal content, or common
SHIs— only ∼36% of the variability in MAOM-C was
explained by our data. The low abundance of MAOM may
have limited the ability to decipher related properties, or other
factors not yet investigated may be important in predicting
MAOM abundance. For example, some studies suggest root-
and microbe-derived compounds can destabilize MAOM (Li
et al., 2021). Oxalic acid, a common root exudate, can
release organic compounds from mineral associations and
increase microbial access to previously protected compounds

(Keiluweit et al., 2015). Likewise, elevated exudation rates
facilitate MAOM turnover and limit accumulation (Chari
& Taylor, 2022). Therefore, MAOM persistence depends
not only on mineral reactivity but also on biochemical soil
interactions.

4.3 Soil depth and profile thickness:
Relationship with measured properties

Among measured SHIs, clay content, POM-C, OC, and IC
decreased with depth, while moisture content increased. Oth-
erwise, soil properties were largely uniform from 0 to 45 cm,
similar to prior studies of SOC variation within the upper
soil profile (0–30 cm) (Torres-Sallan et al., 2018). Man-
agement practices are known to disproportionately influence
near-surface soil properties, with no-till enhancing SOM and
aggregation (Kibet et al., 2016) and restoration preferen-
tially increasing POM-C relative to MAOM-C (Wang et al.,
2025). Tillage techniques likely contributed to the homoge-
nous characteristics of the soil profile (Zhang et al., 2022).
Skadell et al. (2023) reported that, among all agricultural
activities with notable SOC effects, 79 ± 7% of the man-
agement effects occurred in the topsoil (0–30 cm), 19 ± 3%
of effects at 30–50 cm, and 3 ± 4% in the lower subsoil
(50–100 cm). Therefore, the 0–45 cm sampling likely cap-
tured nearly all management effects and the uniformity of
soil C pools, and SHIs was likely attributed to mixing due to
agricultural practices.

In contrast, biological activity in the soil was consistently
found to be greatest near the top surface and at the root–soil
interface. The incorporation of cover crops or organic residues
on the soil surface is known to enhance soil enzyme activ-
ity (Bandick & Dick, 1999). In rooted soil, microbial biomass
increased 17-fold at 10- to 20-cm depth, while β-glucosidase
and acid phosphatase activities decreased by 23% and 25%,
respectively (Loeppmann et al., 2016). In drained peat sys-
tems, however, lowered water tables can stimulate hydrolytic
enzyme activity through enhanced aeration and microbial pro-
cesses (Freeman et al., 1996; Xu et al., 2021), consistent with
our observations. To the best of our knowledge, no research
has directly quantified the contribution of a specific enzyme
to MAOM formation in a cause-and-effect manner. However,
numerous studies have explored the overall role of microbial
enzymes in facilitating the transformation of organic mat-
ter into mineral-associated pools (Cotrufo et al., 2013; Sokol
et al., 2019).

Our study was conducted in a region where differential
oxidation and subsidence have produced histosols profiles
of varying thickness (Rodriguez et al., 2020). A positive
relationship between organic matter and profile thickness
(Hallema et al., 2015) suggests greater decomposition in
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shallower profiles. Hence, profile thickness serves as a
proxy for oxidation status, with thicker profiles indicating
reduced oxidation and greater resilience, and thinner profiles
reflecting advanced degradation. According to the PLS-SEM
results (Figures 6 and 7), soil profile thickness positively
influenced β-glucosidase, β-glucosaminidase, alkaline phos-
phatase activities, and Fe concentration, with all variables
generally increasing in the deep profile relative to the shal-
low profile (Table S5). In contrast, the LMMs indicated that
microaggregate distribution varied significantly without a
consistent directional trend across profile thicknesses; con-
centrations were similar in the shallow and deep profiles, with
the highest abundance in the middle profile. This nonlinear
pattern likely reflects a balance between aggregate forma-
tion and disruption, with the middle profile providing optimal
conditions for aggregation due to the coexistence of organic
substrates and mineral components (Six et al., 2004; Tisdall
& Oades, 1982).

4.4 MAOM-C as an indicator of soil
stability

Identifying soil properties associated with MAOM-C pro-
vides a basis for developing causal links between this indicator
of soil stability and existing SHIs. Our results highlight (1)
the dominance of POM-C in EAA soils, reflecting a vast,
labile (unassociated) pool of soil C, and (2) the lack of other
soil properties or existing SHIs that adequately predict the
abundance of MAOM-C. A robust body of research sup-
ports the concept of C stabilization via MAOM over extended
timescales (e.g., Kleber et al., 2021; Marschner et al., 2008;
Von Lützow et al., 2007), suggesting that MAOM quantifica-
tion could be a particularly useful SHI for degraded histosols.
The inclusion of MAOM as an SHI in organic-rich soils
could offer a more comprehensive and accurate assessment
of soil health, particularly in relation to maintaining soil C
stocks, improving soil sustainability, and enhancing climate
resilience.

5 CONCLUSIONS

The EAA, a historic peatland, has experienced significant soil
subsidence since the early 1900s due to drainage and con-
version to agriculture, leading to oxidative loss of histosols.
This observational study comprehensively evaluated the con-
ditions of the remaining soil using C fractionation methods
and quantifying diverse, well-established SHIs. The distribu-
tion of quantified C pools (MAOM-C, POM-C, OC, IC, and
POXC), as well as diverse, widely accepted physicochemical
SHIs, was observed to be relatively uniform across soil depths
up to 45 cm. Only the biological SHIs (i.e., enzyme activities)

were significantly impacted by soil depth. The compilation
of SHIs suggests that agricultural activities have generally
homogenized the top and subsurface soils in the EAA. Unas-
sociated POM-C dominated the soil C pool and varied with
depth, indicating a large, labile, and vulnerable C fraction.
In contrast, MAOM-C constituted less than 1% of the soil
mass and showed no significant relationships with sampling
depth, soil profile thickness, soil properties, or SHIs, sug-
gesting minimal physicochemical protection of soil C. These
findings highlight a critical gap in understanding the con-
trols on C stabilization in cultivated histosols. Despite its
low abundance, MAOM is believed to represent the most
stable C fraction and provides unique information not cap-
tured by conventional SHIs. Thus, incorporating MAOM as
an SHI may improve the assessment of soil stability, partic-
ularly in organic soils highly susceptible to oxidation. Future
research should evaluate MAOM-C as a potential SHI across
diverse soil types (organic, mineral, and transitional) to deter-
mine its broader utility for assessing C stability under varying
management regimes and pedogenic environments. Further-
more, land management strategies should focus on promoting
physicochemical protection of the remaining SOM in the
EAA, which could protect soil C stocks, ensure sustainable
agriculture, and safeguard the broader Everglades ecosystem.
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