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Abstract

Predicting soil carbon sequestration after reforesting former farmland requires understanding how tree types and seasons
influence fast- and slow-cycling carbon in the rhizosphere. This study investigated the impact of species and seasonal
shifts on the distribution and mineralization of labile and stable carbon pools of young forests. We compared a young
(~5-year) N-fixing alder (4/nus glutinosa) with a non-N>-fixing oak (Quercus robur) across the growing season, expecting
mineral-associated organic carbon (MAOC) to dominate total soil organic carbon (SOC), and C mineralization potential
to peak in spring. We fractionated rhizosphere soils into particulate organic carbon (POC; >53 um) and MAOC (<53 pum)
and measured CO: efflux from each fraction to predict C mineralization potential using a Gompertz model. In this young
reforested system, MAOC dominated soil carbon pools (>70% of SOC). Most of the soil carbon and nitrogen was stored
in the fine fraction than the coarse fraction, highlighting the strong mineral association. The POC/SOC ratio varied
with species and season (alder> oak; autumn peak), whereas MAOC/SOC was comparatively invariant. Although MAOC
exhibited a larger potentially mineralizable C, POC mineralized>25 times faster per unit C, with autumn consistently
highest. Alder soils exhibiting a higher intensity of organic functional group peaks, particularly in the light fraction and
POC, and show stronger C=0 (carbonyl) signals. Overall, this finding suggests that POC drives the seasonal C miner-
alization, while MAOC provides the stable backbone of C storage at this newly established forest, potentially enhancing
long-term C sequestration from the outset.

Highlights

o Most of the soil C and N are stored in mineral-associated organic matter (MOAM) (<53 um).

e Partitioning of C and N between MAOM and particulate organic matter (POM) is similar in alder and oak rhizosphere
soils.
Alder soils show a more labile signature with higher POC: MAOC ratios.
MAOC contains a larger potentially mineralizable C pool, but POC mineralizes much faster per unit C.

e Mineralization rate peaks in spring, particularly in POC.

Keywords Gompertz model - Carbon mineralization rate - Mineral-associated organic carbon (MAOC) - Particulate
organic carbon (POC) - FTIR spectroscopic
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fractions that represent MAOC that is protected from micro-
bial decomposition (Villarino et al. 2021). In the rhizo-
sphere, these rhizodeposits fuel plant—-microbe interactions
that not only elevate microbial activity and carbon-use effi-
ciency but can also trigger priming that destabilizes exist-
ing soil organic carbon (SOC), accelerating decomposition
losses (Jones et al. 2009; Dijkstra et al. 2021). Chemical,
physical, and biological processes in the rhizosphere, collec-
tively referred to as the rhizosphere effect, vary significantly
among plant species (Massaccesi et al. 2015). Because spe-
cies differ in exudate quantity and chemical composition,
they assemble distinct microbial communities and modulate
priming as a nutrient-acquisition strategy (Haldar and Sen-
gupta 2015). For example, in N>-fixing trees, such as alder,
Alnus glutinosa, a substantial share of photosynthate sup-
ports symbiotic N2 fixation in root nodules, reducing the
tree’s reliance on extensive fine-root systems and enabling
N acquisition at lower structural C cost (Fisher et al. 2010;
Menge et al. 2024; Perkowski et al. 2024). N-fixing trees
can also promote SOC stabilization and increase the pro-
portion of recalcitrant C by increasing the proportion of
MAOC (Wakelin et al. 2021; Ye et al. 2022, 2023; Huang
et al. 2025). By contrast, in non-N,-fixing species such as
oak, Quercus robur, C allocation is more sensitive to soil N
availability (Gill and Finzi 2016; Menge et al. 2024). Nev-
ertheless, over short timescales, OC mineralization, the pro-
cess by which microorganisms break down organic carbon
into simpler inorganic forms, may not differ significantly
among species (Hellequin et al. 2021).

Seasonality strongly modulates SOC dynamics, espe-
cially the labile, rapidly decomposable C pool (Wang et al.
2022; Gao et al. 2023b; Al-Graiti et al. 2025). Annual shifts
in temperature and soil moisture drive microbial respira-
tion, growth, and biomass that regulate the carbon priming
effect (CPE) in the rhizosphere and affect the accumulation
of SOC (Wu et al. 2021a; Sarkar et al. 2024; Shi et al. 2025).
Consistently, higher annual temperatures are associated with
increased SOC, POC, and MAOC contents in forest soils,
highlighting the critical role of temperature in shaping soil
carbon pools (Zhang et al. 2024). Rhizodeposition, particu-
larly root exudation, is also seasonal, and typically peaks
during periods of rapid plant growth, when photosynthesis
and nutrient demand are high (Chen et al. 2023a; Gao et al.
2024). Field evidence underscores these observations: in a
boreal pine forest, rhizosphere C flux in late summer can be
sevenfold greater than in early summer. Finally, soil warm-
ing can also increase the contribution of microbial residues
to mineral-associated C, potentially enhancing C sequestra-
tion even as decomposition accelerates (Ding et al. 2019).

Accordingly, understanding rhizosphere C dynam-
ics requires quantifying how C input partitioning between
POC and MAOC mediates both C mineralization and

stabilization (Lavallee et al. 2020; Chen et al. 2023b). At
broader scales, variability in total SOC and its associated
physical and chemical fractions in forest soils is driven
more strongly by climatic factors than by forest type (Zhang
et al. 2024), underscoring the importance of environmental
controls on these processes. POC and MAOC fractions dif-
fer mechanistically in how they interact with SOC: MAOC
is protected from decomposition through association with
soil minerals, while POC remains largely unbound and is
therefore more accessible to decomposers (Lavallee et al.
2020). MAOC often dominates SOC stocks (~78-86%),
serving as the principal long-lived C pool, particularly in
forest soil (Chen et al. 2023b; Liu et al. 2025a). Despite its
higher stability, MAOC can be destabilized when root exu-
dates dissolve minerals or release bound carbon, enhanc-
ing microbial decomposition and carbon loss (Dijkstra et al.
2021; Jilling et al. 2021). By contrast, POC turns over rap-
idly and is highly sensitive to short-term shifts in tempera-
ture, moisture, and substrate supply because it lacks strong
physicochemical protection(Lavallee et al. 2020). In short,
the balance between C stabilization (in MAOC) and C min-
eralization (from POC and destabilized MAOC) is central
to understanding how rhizosphere processes regulate soil
carbon persistence.

Root-derived carbon inputs stimulate OC mineralization
by enhancing microbial activity in the rhizosphere, influ-
encing both POC and MAOC fractions (Jilling et al. 2021;
Zhang et al. 2022a, 2022b). Root exudates, in particular,
drive rapid turnover of the fast-cycling POC pool, which
can subsequently contribute to MAOC formation. This
microbial stimulation is often reflected in higher soil CO:
efflux, a commonly used proxy for C mineralization (Liang
etal. 2023). Because soil CO: emissions integrate the effects
of substrate availability and microbial activity, they provide
insight into how root inputs regulate soil-carbon cycling
(Hui et al. 2020; Song et al. 2022). To capture these dynam-
ics more precisely and to distinguish between short-term
responses and longer-term stabilization processes, model-
ing approaches are often applied to soil CO: emission data.
The Gompertz model, for example, has been used to esti-
mate the maximum mineralizable C and mineralization rate,
reflecting the fact that peak decomposition often occurs in
the initial phase of mineralization (Hui et al. 2020; Silva et
al. 2023). Such approaches improve our ability to quantify
how root-driven microbial processes shape C cycling. Ulti-
mately, understanding CO- emission as the product of OC
metabolism is essential for assessing the dual role of soils
as both sources and sinks of atmospheric CO., with direct
implications for soil management and climate change miti-
gation (Gougoulias et al. 2014).

Although soil C dynamics have been widely studied, rel-
atively few studies have compared tree functional traits in
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relation to N»-fixing alder and non-N»-fixing oak trees. This
knowledge gap is particularly pronounced for rhizosphere
soils, which are strongly influenced by root exudation, and
in young forest systems that still carry legacy effects from
previous agricultural use. This study aims to examine how
tree species and seasonal variation shape rhizosphere OC
dynamics, with a focus on the distribution of C across POC
and MAOC fractions, the potential for C mineralization,
and the characterization of OC functional groups during
the early stages of forest development. We hypothesize that
seasonal variation will exert a stronger influence than tree
species on CO: emissions and C mineralization potential
in young forest soils. However, we expect MAOC to con-
sistently account for a higher proportion of total SOC than
POC, reflecting MAOCs role as the primary stabilized C
pool in the rhizosphere.

2 Materials and Methods
2.1 Study Site and Sampling Method

Soil samples were collected in mid-spring, summer, and
autumn of 2024 from a recently established (~5 years)
plantation at the Birmingham Institute of Forest Research
(BiFoR), Staffordshire, England (52°48'13.2" N, 2°17'46.1"
W). Sampling was conducted in the rhizosphere by exca-
vating soil directly adjacent to the main tap root and care-
fully collecting the soil adhering to roots (Wang et al. 2023).
The same trees were sampled across all three seasons to
ensure consistency. Fresh samples were immediately passed
through a 2-mm sieve and stored at 4 °C until subsequent
analysis. The soils were classified as silt loam, with a texture
of 7.04+0.32% clay, 56.05+1.47% silt, and 36.91+1.75%
sand.

2.2 Carbon Fractionation

Soil organic matter fractions were separated into free light
fraction (FLF), particulate organic carbon (POC), and min-
eral-associated organic carbon (MAOC) using a particle
size—density fractionation procedure modified from Jill-
ing et al. (2020). Briefly, 20 g of air-dried soil (at ambient
laboratory conditions) was dispersed in 50 mL of deion-
ized water (DIW) and shaken at 200 rpm for 18 h. After
centrifugation (5000 rpm, 10 min), the floating material
collected on a 53 um sieve was identified as the FLF and
oven-dried at 60 °C for 48 h. The remaining soil was resus-
pended in 25 mL DIW, shaken for 1 h, and sonicated (60 J).
The suspension was sieved at 53 pm, with the retained frac-
tion identified as POC and oven-dried (60 °C, 48 h). The
<53 pm fraction was centrifuged (5000 rpm, 35 min), and
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the resulting pellet was identified as MAOC and dried under
the same conditions.

Organic carbon (OC) and nitrogen concentrations of bulk
soil and the POC and MAOC fractions were quantified using
an elemental analyzer (Vario PYRO cube; Elementar Analy-
sensysteme GmbH, Hanau, Germany). Before analysis, car-
bonates were removed with 1 M hydrochloric acid (Shi et
al. 2024). Briefly, finely ground samples were weighed into
centrifuge tubes, and hydrochloric acid was slowly added to
minimize bubbling at a soil-to-solution ratio of 1:5. Samples
were left to react for 24 h at room temperature, centrifuged
(5000 rpm, 10 min), and the supernatant was decanted. The
pellet was washed three times with DIW (shaken at 200 rpm
for 1 h, followed by centrifugation at 5000 rpm for 10 min)
to remove residual acid. The final pellet was transferred to
a pre-weighed aluminum foil container and oven-dried at
60 °C for 48 h before elemental analysis.

2.3 Carbon Mineralization Potential

Carbon mineralization potential of each soil fraction (POC
and MAOC) was assessed by measuring CO: release during
short-term incubations under controlled laboratory condi-
tions. Soil samples were adjusted to 45% gravimetric water
content, and 1 g of rewetted soil was transferred into 12 mL
Exetainer vials (Labco, UK) for headspace gas collection.
Samples were pre-incubated at room temperature (~24 °C)
inside a cardboard box for 24 h to allow microbial commu-
nities to equilibrate. (Butcher et al. 2020). Following pre-
incubation, 6 mL of headspace gas was collected at t=0, 1,
3,12, 18, 36, 60, and 84 h. Gas sampling was discontinued
once no further increase in CO: concentration was observed.
At each sampling interval, the vials were opened for 20 min
to re-equilibrate with ambient air before being resealed.
Collected gas samples were transferred into 12 mL Exetain-
ers and diluted with 6 mL of N: (two times dilution). Soil
moisture was maintained at 45% throughout the incuba-
tion period. CO: concentrations were quantified using a gas
chromatograph (GC; Agilent Technologies, USA) equipped
with a flame ionization detector (FID). Final concentrations
were corrected for the applied dilution factor.

The cumulative C mineralization potential (CO, emis-
sion) was estimated using the Gompertz model (Hui et al.
2020) with the following equation:

Ct = (A+ pi)*exp(—b=exp(—kt) +et (1)

where Ct is the cumulative soil CO, emission at time t; 4 is
the asymptotic maximum cumulative CO- emission (i.e., the
mineralizable C pool size), ¢ is the random effect asso-
ciated with replicate i; b is a Gompertz model parameter
related to the turning point of the curve; & is an exponent
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that indicates the mineralization rate (time ~'); and et is the
residual error term at time t.

The net mineralization coefficient (NMC) was calculated
based onGuo et al. (2023) from the total C released as CO,
divided by the TOC in the sample per fraction using the fol-
lowing equation:

COy, -C

NMC= o6 x_time) &

fraction

Where NMC is the net mineralization coefficient, CO5 — C
is the cumulative carbon released as CO: during the incuba-
tion period, TOC is the total organic carbon content of the
corresponding fraction, and t is the time.

2.4 Analysis of the Organic Carbon Functional
Groups Using Fourier Transform Infrared (FTIR)
Spectroscopy

FTIR spectra of organic carbon in each fraction were
acquired from soils that were manually ground to a fine
powder. Approximately 1 mg of each sample was vacuum-
pressed and analyzed on a PerkinElmer micro-FTIR imag-
ing system to characterize the organic functional groups.
Spectra were collected as 16 co-added scans at 4 cm™
spectral resolution over 4000-600 cm™. Peak positions
were detected and band intensities extracted in R using the
pracma package and functional groups identified following
Table S1.

2.5 Statistical Analysis

Statistical analyses were conducted using RStudio (version
2024.04.2+764; R Core Team 2017). A linear mixed model
(LMM) was used to assess the effects of soil sources (alder
and oak rhizosphere soil) and seasons on the responses. This
analysis was conducted using the Imer function from the
Ime4 package. Correlations among variables were exam-
ined using Spearman correlation tests and R-squared coef-
ficients. Permutational multivariate analysis of variance
(PERMANOVA, 999 permutations) was used to determine
differences in overall FTIR spectra results. To quantify the
effect of oak rhizosphere soil relative to alder, the natural
log of the response ratio (InRR) was calculated as an effect
size along with its pooled variance (V) using the following
formula:

Xe
InRR = In (Xa) 3)
v — Se? L Sa? 4
B (N€+X€2) (Na—i—XaQ) @)

where: Xe and Xa are the mean values of a specific variable
in oak and alder soil, respectively; Ne and Na are the sample
sizes; and Se and Sa are the standard deviations.

3 Results

3.1 Total Organic Carbon (TOC) and Total Nitrogen
(TN) Distribution

Neither tree species nor season had a significant effect on
the total carbon and nitrogen pools in the alder rhizosphere
(p>0.05; Table S2), indicating that overall C and N con-
tents remained relatively stable over the short term. How-
ever, when partitioned by fraction size, the finer fraction
contained substantially higher nutrient concentrations, with
organic carbon (OC) and nitrogen (N) levels being 17-fold
and 20-fold greater, respectively, compared to the coarser
fraction size across all soil sources and seasons (p<0.001;
Fig. 1A and B). Although differences between rhizosphere
soil of alder and oak were not statistically significant, the
response ratio (InRR) of alder rhizosphere soils tended to
hold slightly larger C (InRR=—0.214; Fig. 5) and N pools
(InRR=-0.211) in coarse fractions, while in fine fractions,
oak soil tended to have slightly higher C pool (InRR=0.007;
Fig. 5). The C: N ratio, in contrast, showed a slight increase
in coarser particles (Fig. 1C); however, this effect was neg-
ligible and not statistically significant (p=0.611).

3.2 Carbon Fractionation Distribution

In both alder and oak rhizosphere soils, most OC was con-
tributed by the MAOC, accounting for more than 70% of
SOC across all seasons, while POC contributed compara-
tively little, reaching a maximum of only 16% of SOC in
alder soils (p<0.001; Fig. 2A). Despite the dominance of
MAOC in carbon storage, the physically coarser fraction
linked to POC represented about 70% of the soil mass,
whereas the finer fraction accounted for only 25% on aver-
age; the remaining proportion was attributed to the light
fraction, likely derived from decomposed litter (Fig. 2B).
Comparison between alder and oak rhizosphere soils
revealed no significant differences in this young forest sys-
tem; however, alder soil tended to have a slightly higher
POC contribution to SOC than oak (InRR=-0.220; Fig. 5)
but lower MAOC contribution to SOC (InRR=0.066;
Fig. 5). The POC/MAOC ratio, used as an indicator of car-
bon stabilization, was 34% higher in alder rhizosphere soils
than in oak (p<0.001, Table S2; Fig. 2C), particularly in
spring, suggesting a greater proportion of labile carbon in
alder compared to oak. This pattern indicates that alder sup-
ports more dynamic C cycling than oak.
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Fig. 1 (A) Total organic carbon (TOC), (B) Total nitrogen (TN), and (C) C: N ratio in particulate (>53 um) and mineral-associated (<53 um) soil

fractions. Values are means+SE (n=5)
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3.3 Cumulative Soil CO, Production
Over the short term (84 h), neither soil source (alder

vs. oak) nor season affected cumulative CO: emis-
sions (p>0.05; Table S2). In contrast, soil fraction did
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(p=0.048; Table S2), where MAOC exhibited greater
cumulative C mineralization than POC (Fig. 3A). The
larger cumulative CO, emission from MAOC likely
reflects its larger TOC pool. Upon a longer incubation
period, additional CO: emissions became negligible,
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Fig.3 (A) Cumulative CO>—C mineralized and (B) CO: flux during an 84-h incubation for Particulate Organic Carbon (POC) and Mineral-Associ-
ated Organic Carbon (MAOC) fractions from alder and oak rhizosphere soils across the growing season. Shaded area are means+ SE

likely due to a rapid decline in microbial activity as
readily available substrates were depleted in the closed
system. This pattern is mirrored in the CO: flux, which
peaked during the first 18 h, particularly in MAOC, and

declined sharply thereafter (Fig. 3B). Across seasons,
spring showed higher early-time fluxes than summer or
autumn (p<0.001; Table S2), but seasonal differences
were not evident after 60 h.
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Using a Gompertz model, we estimated potential cumula-
tive CO2 emission (A), the shape parameter (b), and the rate
parameter (k). In this young forest system, species (alder vs.
oak) did not affect A (p>0.05, Table S2), whereas season and
soil fraction did (p<0.001). The highest C mineralization
potential occurred in autumn, exceeding the lowest season
(spring) by 75% in POC and 48% in MAOC (Table 1). Across
species, oak tended to have lower C mineralization potential
in the POC fraction (InRR=—0.018) but higher C mineraliza-
tion potential in the MAOC fraction (InRR=0.042) than alder,
but these differences were not statistically significant (p>0.05;
Fig. 5). MAOC showed 15-fold greater C mineralization
potential than POC. Consistent with a pool-size mechanism,
it is correlated positively with TOC in both fractions (POC:
r=0.94, p=0.01; MAOC: r=0.64, p=0.08). Regarding the
shape model parameter (b), species and season had no effect
(»p>0.05), but SOM fraction did (p<0.001). MAOC showed
a 2.75-fold greater b value than POC, indicating that MAOC
has a longer lag time before the CO, emission increases.

Consistent with the results for C mineralization potential,
the mineralization rate did not differ by species (alder vs. oak,
p>0.05) but did vary by season (p=0.002) and soil fraction
(»=0.037). Spring showed the highest mineralization rate
across treatments. In MAOC, which was 4 times higher in
alder and 3 times higher in oak relative to autumn (the season
with the lowest CO, mineralization), matching the steeper
early increase in cumulative COz. In POC, the spring increase
in mineralization rate was larger in oak (2.14x) than in alder
(1.08x%). Averaged across seasons and species, MAOC exhib-
ited a roughly double mineralization rate than POC. Notably,
the mineralization rate was not significantly correlated with
TOC, implying that the rate of mineralization reflects sub-
strate reactivity and microbial activity rather than pool size.

The net mineralization coefficient (NMC) was signifi-
cantly (p<0.001; Table S2) higher in POC than in MAOC,
being 38-fold higher in POC than in MAOC across all sea-
sons and soil sources (Fig. 4), indicating that this fraction
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Fig. 4 Net carbon mineralization coefficient (NMC) in particulate
organic carbon (POC) and mineral-associated organic carbon (MAOC)
fractions of alder and oak soils. Values are means+SE (n=>5)

contributed most to C mineralization. No significant differ-
ences were detected between alder and oak soils (p>0.05),
although oak tended to show slightly higher POC NMC
values (InRR=0.164) than MAOC NMC (InRR=0.024;
Fig. 5). Seasonal effects were pronounced (p<0.001), with
the highest NMC observed in autumn, particularly in POC,
which was 110% greater than the lowest value recorded in
spring (Fig. 4). Across fractions, NMC was strongly corre-
lated with TOC and TN (»=—0.83, p<0.001), CO, emission
(r=0.93, p<0.001), and potential cumulative CO- emission
(r=0.53, p<0.001). Together, these results indicate that
POC contains more labile carbon and mineralizes more
rapidly than the more stable carbon in MAOC. Although
tree species did not significantly influence C mineralization
potential in this young forest system, the consistent trend of
slightly higher values in oak soils suggests species effects
may become more pronounced over time.

3.4 Functional Groups

FTIR spectroscopic analysis identified three major func-
tional groups: C=0 (carbonyl) stretching, most abundant

Table 1 Gompertz parameter Soil source Season Fraction A (ng CO,-C g™ 1! B? k(1
estimates for cumulative CO--C A4, Spring POC 710.77+67.17 0.16+0.05 521+1.84
mineralization in POC and 1d
MAOC from alder and oak Alder Summer POC 676.98+43.31 0.15+0.04 4.62+1.45
thizosphere soils. Values are Alder Autumn POC 1083.45+86.21 0.31+0.08 481+1.67
mean+ SE (n=5) Oak Spring POC 630.82+21.98 0.00£0.00 11.29+0.17
Oak Summer POC 537.40+28.23 0.14%0.05 5.55+1.94
Ly e mineralizabl 0Oak Autumn POC 1258.90+ 111.57 0.2740.05 3.60+0.32
c pr:(‘)’lrsisze;ts the mineralizable 40, Spring MAOC 9326.34+933.82 0.6140.03 21.20+5.78
b icaG oy model Alder Summer MAOC 13350.50+476.61 0.44%0.02 10.33+4.53
15 aompertz modetparam- - )., Autumn MAOC 13425.53+512.20 0.48+0.03 421+0.06
eter related to the turning point )
of the curve Oak Spring MAOC 9749.33+1381.99 0.42+0.09 18.23+7.24
i o Oak Summer MAOC 11937.69+574.66 0.4940.02 4.32+0.06
K is an exponent that indicates
Oak Autumn MAOC 14888.90+835.57 0.36+0.06 4.6140.29

the mineralization rate
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ratios, particle-size fractions, and Particulate N —
kinetic parameters. Points show Particulate C:N —
estimated ratios from the fitted MAOC =)
models, and bars denote 95% Mineral-associated N ——
confidence intervals. The dashed Mineral-associated C:N v
vertical line (ratio=0) represents POC:SOC ———
no species effect. Ratios <0 indi- MAOC:SOC ———
cate greater values under alder, POC / MAOC —_——
whereas ratios>0 indicate greater Light fraction
values under oak. Asterisks (*) >63 ym e~
indicate statistically significant <63 ym R
differences between species after POCA =
multiple comparison correction POCh
(adjusted p<0.05) PACK
POC NMC ————
MAOC A ———
MAOC b —_———
MAOC k
MAOC NMC —

in the light fraction (LF) and POC; N-H bending; and C—H
(aliphatic) stretching (Fig. S1). The aliphatic group was not
detected in the MAOC of either alder or oak soils (Fig. 6A).
Alder soils displayed slightly greater diversity and stronger
intensities of functional groups compared to oak. Across
the soil fractions, the fine fraction (MAOC) contained the
least diverse set of functional groups, with only carbonyl
signals present in alder soils and none in oak soils, whereas

] Il C=0 stretch (carbonyl)
MAOC I N-H bend
I C-H stretch (aliphatic)
x| POC
©
(@)
LF
MAOC
@)
ke
<| POC
LF
Q v ™ ©
Number of peaks

Fig. 6 Functional groups in Mineral Associated Organic Carbon
(MAOC), Particulate Organic Carbon (POC), and Light Fraction (LF)
fractions of alder and oak rhizosphere soils across growing seasons.
Note that LF was included in the FTIR characterization only and was
not part of the carbon mineralization experiment

0 1

-
Response ratio (INRR) Oak to Alder (+ back-transformed 95% CI)

the coarse fraction (POC) and LF exhibited a broader range
of functional groups.

4 Discussion

In the early stages of forest development, the accumulation
of carbon (C) and nitrogen (N) in the rhizosphere does not
appear to be species-specific. Our results showed that in both
alder and oak soils, the fine particle-size fraction (<53 pm),
operationally corresponding to mineral-associated organic
matter (MAOM), contained substantially higher amounts of
soil C and N than the coarse fraction (>53 pum), defined as
particulate organic matter (POM). Specifically, carbon con-
centrations in the fine fraction were 14-23 times higher than
in the coarse fraction, while nitrogen concentrations were
15-27 times higher. This predominance of MAOM likely
reflects both the legacy effects of previous land use and the
limited carbon inputs from roots and litter in young stands.
As trees grow and belowground production intensifies, car-
bon inputs are expected to increase, gradually enhancing
soil carbon stocks, particularly in the particulate (POM)
fraction (Sariyildiz et al. 2016; Hou et al. 2020; Ma et al.
2024). This observation indicates that most soil C and soil N
are mineral-protected, enhancing their stability, as MAOM
is physically formed through the binding of dissolved
organic matter or microbial necromass and by-products to
minerals and metal colloids (Dijkstra et al. 2021; Manzoni
and Cotrufo 2024). Consistent with this, MAOC accounted
for over 70% of SOC, highlighting the dominance of stable
carbon in the rhizosphere and suggesting a high carbon sink
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potential during early forest development; this is particu-
larly critical for forest management, given that the soil C
sink capacity typically declines with forest age (Leng et al.
2024). At this early stage of forest development, species
did not significantly influence OC accumulation in either
the MAOC or POC fractions. Nevertheless, alder soils con-
tained slightly higher C and N in the POM fraction, while
oak soils had somewhat greater C in the MAOM fraction
(Fig. 5). This pattern likely reflects the legacy of prior agri-
cultural land use, which left MAOC undersaturated; thus,
new C inputs were preferentially stabilized in MAOC rather
than accumulating in labile pools, minimizing species dif-
ferences (Georgiou et al. 2022; Six et al. 2024). The slightly
higher MAOC formation in oak may be explained by greater
inputs of labile C from root exudates, as shown by lower
C: N ratio) that stimulate microbial activity (Kusumarini
2026). This is consistent with previous findings that MAOC
formation is preferentially promoted by high-quality C from
root exudation (Villarino et al. 2021), microbial biomass,
and microbial activity (Sokol and Bradford 2019; Gao et al.
2023a; Liang et al. 2023; Cheng et al. 2025), whereas POC
accumulation is more closely linked to litter decomposition
(Cheng et al. 2025). Moreover, C:N stoichiometry is a key
regulator of MAOC formation; for instance, the C: N ratios
of plant litter and microbial biomass, the primary precursors
of MAOC, determine the efficiency of carbon transforma-
tion and its subsequent stabilization in mineral-associated
pools (Liu and Chen 2024). Over time, distinct species are
expected to exert clearer effects on C and N accumulation,
particularly in the MAOC fraction, thereby enhancing long-
term C stability and sequestration potential. Both POC,
MAOC, and total SOC typically increase during forest
growth, though the magnitude of that increase varies among
forest types; for instance, coniferous forests often show
lower increases compared to broad-leaved forests (Cheng
et al. 2025). Our findings suggest that in young, reforested
soils, legacy effects currently outweigh species effects, but
root-driven MAOC formation will determine the trajectory
of long-term C and N sequestration.

In contrast to the relatively stable MAOC contribution
to SOC, the POC/SOC ratio was strongly affected by both
species and season. This result is expected because POC
is closely tied to plant fragmentation and fine-root qual-
ity, and is readily occluded within soil aggregates, making
it highly responsive to short-term environmental variation
(Lavallee et al. 2020; Gao et al. 2023a). Consequently, tem-
perature and moisture shifts can rapidly alter POC dynam-
ics (Hansen et al. 2024). In our study, POC contributed
least to SOC in autumn, particularly in alder soil. Cooler
temperatures and reduced belowground inputs in autumn
likely lower the incorporation and occlusion of fresh plant
fragments, diminishing POC’s relative share (Hansen et al.
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2024). By contrast, spring showed the highest POC con-
tribution in both species, consistent with greater biologi-
cal activity, root growth, and aggregate formation under
warmer, moister conditions (Rawlik et al. 2022; Chen et
al. 2025). Furthermore, Autumn litterfall accumulates over
winter under reduced microbial activity, and subsequent
spring warming stimulates its decomposition, leading to a
transient peak in POC, whereas higher summer tempera-
tures further enhance microbial turnover and drive a sea-
sonal decline in POC (Zhang et al. 2014; Wang et al. 2022).
Comparing species, alder soils had a higher proportion of
POC than oak. We attribute this result to the slightly lower
quality of belowground C fluxes under alder (root exudate
C: Nratio), but also more variable metabolomic compounds
(Kusumarini 2026), which generate more particulate inputs
and rapid occlusion before complete decomposition,
thereby elevating the POC share of SOC. Although alder is
typically associated with higher-quality litter, belowground
carbon allocation patterns may differ between species and
are not necessarily reflected by aboveground litter traits.
More broadly, organic matter quality helps govern parti-
tioning between particulate and mineral-associated pools.
Recalcitrant inputs tend to persist as POC, whereas high-
quality, labile inputs more readily form MAOC (Cotrufo
et al. 2013). Consistent with our results, a study from the
central Himalayas reported that Nepalese alder (Alnus
nepalensis) contributes more SOC than co-occurring oaks
(Shankar and Garkoti 2024). Together, these mechanisms
explain why POC distribution is sensitive to species traits
and seasonal dynamics, whereas MAOC remains compara-
tively buffered.

Consistent with the higher POC under alder, the POC/
MAOC ratio was also species-specific, indicating that alder
supplies richer, faster-cycling C inputs (Li et al. 2022; Six
et al. 2002) and is associated with greater mineralization
potential (Lavallee et al. 2020) than oak. Numerous studies
show that N»-fixing trees produce higher-quality litter that
stimulates soil microbial biomass and extracellular enzyme
activities (Liu et al. 2025b; Ma et al. 2023; Wedderburn and
Carter 1999). In contrast, high-quality rhizodeposition (e.g.,
root exudates), as observed for oak, more efficiently forms
MAOC (Villarino et al. 2021), consistent with the lower
POC/MAOC ratio determined in oak soils. Moreover, oak’s
frequent association with EM tends to promote carbon stor-
age and organic-matter stabilization (Averill et al. 2014,
Liu et al. 2023). Together, these patterns suggest that alder,
via higher-quality litter inputs, accelerates carbon cycling,
whereas oak, via higher-quality rhizodeposits and EM asso-
ciations, favors the formation of stabilized and mineral-pro-
tected C, an insight with clear implications for future forest
management and C sequestration as a nature-based solution
for climate change mitigation.
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Although MAOC is typically viewed as the more persis-
tent pool, it is not uniformly slow cycling (Sokol et al. 2022).
Our study showed that MAOC yielded higher cumulative CO:
emissions than POC for both alder and oak. This pattern is
consistent with rhizosphere processes that both stabilize and
destabilize OC, which can be promoted by root-derived inputs
(Dijkstra et al. 2021; Zhang et al. 2022a). Low-molecular-
weight exudates such as oxalic acid can displace or dissolve
mineral-bound OC via ligand exchange and mineral alteration,
releasing protected C that is then rapidly respired, as prim-
ing-like C loss, rather than directly fueling microbial growth
(Keiluweit et al. 2015; Jilling et al. 2021). Because MAOM is
relatively nutrient-dense and microbially processed, desorbed
MAOC tends to be quickly assimilated and decomposed,
elevating microbial respiration (Lavallee et al. 2020). By con-
trast, POC is physically unprotected, more readily available,
but its quality for decomposers is less consistent than that of
MAOC (Lavallee et al. 2020). Labile C inputs also acceler-
ate turnover of mineral-protected OC via competitive sorption
and related processes, producing an early respiration burst
from MAOC (Kalbitz et al. 2005). These mechanisms explain
our Gompertz fits, where a larger potential mineralizable C (A
value) for MAOC reflects a larger mineralizable pool, ampli-
fied by its much greater pool size in our soils (>90% of total
C), which means a bigger C substrate, as C substrate has a
positive correlation with MAOC decomposition (Zhang et
al. 2022a, 2022b). When desorption-driven bursts dominate,
MAOC can also show a steeper mineralization rate constant
(k) and a shorter lag time (b), due to rapid respiration of
newly released C compounds (Kalbitz et al. 2005). In sum,
the greater cumulative CO: emission from MAOC may reflect
desorption-driven respiration and large pool size, rather than
inherently higher per-C lability, so it still serves as the long-
term, mineral-protected C sink.

Despite the larger mineralizable C potential (A) in MAOC,
the net mineralization coefficient (NMC) rate was over 25
times higher in POC, and this difference was season-driven,
with the highest rates in autumn, but not species-dependent.
Mechanistically, POC is dominated by plant fragments with
short residence times and high microbial accessibility, so
it decomposes rapidly and responds strongly to short-term
environmental variation (Lavallee et al. 2020). This labile
pool fuels microbial activity and can facilitate early forest
succession(Sun et al. 2025). By contrast, MAOC’s larger
potential mineralizable C (A) value mainly reflects its greater
pool size, but when expressed per unit C, POC mineralizes
faster because it is less protected and less stable (Lavallee et
al. 2020). Consistent with our results, multiple studies report
higher POC mineralization and greater short-term temperature
sensitivity for POC than for MAOC (Rocci et al. 2021; Li et al.
2024). Seasonally, autumn promotes mineralization through
fresh litter inputs from leaf senescence (Naldini et al. 2021)

and the reactivation of microbes upon soil rewetting after
summer dryness (Zhang et al. 2022b), with moderate temper-
atures and improved moisture further enhancing decomposi-
tion. In contrast, MAOC NMC remains comparatively stable
across seasons, reflecting its lower environmental sensitivity
and role as the most persistent, mineral-protected fraction of
SOC (Rocci et al. 2021; Zhang et al. 2025). Taken together,
MAOC sets the long-term storage, but POC sets the seasonal
pulse of CO: emission spiking in autumn, suggesting that both
fractions have critical functions in forest development.

Functional-group composition was driven more by species
than season (Fig. 6B), with alder soils exhibiting a broader
suite of detectable bands in FTIR spectra than oak. The spec-
tra were characterized by the C=O stretch (carbonyl), which
was assigned to carboxylic acids, esters, amide/protein, and
microbial residues, which were most pronounced in the light
fraction and POC and were present in alder MAOC but not in
oak MAOC. This pattern aligns with a larger labile OC pool
under alder, consistent with its higher POC: MAOC ratio and
with reports linking stronger carbonyl signals to more eas-
ily decomposable pools (Obeng 2023; Zheng et al. 2021). It
also fits the view that carbonyl-rich features in mineral frac-
tions reflect microbial necromass that readily associates with
minerals (Liang et al. 2019). We also observed overlapping
aromatic C=C signals (lignin, phenolics, humic substances)
and N-H bending (proteins/peptides, lignin derivatives,
humic substances), again concentrated in the light fraction/
POC. The aromatic component is commonly interpreted as
more recalcitrant organic C (Zheng et al. 2021). By contrast,
only weak C—H (aliphatic) stretches, attributed to cellulose,
hemicellulose, and polysaccharides, appeared in POC, sup-
porting the idea that POC comprises accumulated, more
decomposed particulate organic material rather than fresh,
waxy or carbohydrate-rich inputs (Tavanti et al. 2023). Over-
all, POC/light fractions displayed greater chemical diversity
than MAOC, which was enriched in more microbially pro-
cessed, low-molecular-weight, and more stable C (Lavallee
et al. 2020). Finally, the greater variability, especially in car-
bonyl groups in alder soil, suggests a larger, more labile OC
pool, which may compromise aggregate stability relative to
that in oak soil (Wu et al. 2021b). This finding indeed points
to the fact that oaks may enable more stable soil C over time
with relevance for C sequestration.

5 Conclusion

In this young reforested cropland, soil organic carbon (SOC)
was dominated by the fine fraction (MAOC; <53 um),
with only a minor proportion in the coarse particulate frac-
tion (POC and other coarse materials). This distribution was
consistent across species (alder, oak) and seasons (spring,

@ Springer



7044

Journal of Soil Science and Plant Nutrition (2026) 26:7034-7046

summer, autumn). The co-location of most soil C and N in
the fine fraction suggests strong mineral protection against
microbial decomposition. Despite the dominance of MAOC
within SOC, alder soils exhibited a higher POC: MAOC ratio
than oak soils, reflecting a more labile organic carbon signa-
ture. Incubation data further indicated that although MAOC
contained a larger potentially mineralizable C pool due to
its size, POC mineralized substantially faster on a per-unit-
C basis. Seasonally, net C mineralization peaked in autumn,
with the strongest seasonal response in the POC fraction,
while the highest rate constant occurred in spring. FTIR spec-
troscopic analysis revealed species differences: alder soils dis-
played greater functional-group intensity and stronger C=0
(carbonyl) signals, especially in the light and POC fractions,
whereas oak soils showed fewer and less diverse functional
features, particularly in MAOC. Collectively, these findings
indicate that POC drives the seasonal dynamics of C miner-
alization, whereas MAOC provides the stable foundation for
long-term C storage in this newly established forest. Promot-
ing the transformation of carbonyl-rich residues from POC
into MAOC will be key to strengthening long-term soil C
sequestration as the system matures, for example by maintain-
ing continuous organic inputs and stable microclimatic condi-
tions that favor microbial processing and mineral stabilization.
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