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Biochemical composition of soil organic i

matter physical fractions under 32-year
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Abstract

Biochemical properties of soil organic matter (SOM) are fundamental for soil fertility and health. However, it is unclear
how fertilization regime influences the biochemical compositions and oxidation states of SOM and physical fractions.
In this study, this issue was studied under four 32-year amendment regimes: unfertilized control, urea (N), N+ calcium
dihydrogen phosphate + potassium chloride (NPK), and NPK plus manure (NPKM). Three physical fractions: coarse
particulate (> 250 um, cPOM), fine particulate (53-250 um, fPOM) and mineral-associated OM (< 53 um, MAOM) were
separated and measured by pyrolysis gas chromatography/mass spectrometry (Py-GC/MS). Compared with the
background in 1986, the SOM increased by 10.6%, 14.2%, 23% and 52% in unfertilized control, N, NPK, and NPKM,
respectively. The red soil here had not reached carbon saturation, because of the low conversion efficiency (6.8%)
from input-carbon to soil organic carbon (SOC). Physical size but not amendment type primarily regulated the SOM
molecular composition, with relative selective retention of aromatics and lignin in both the cPOM and fPOM, whereas
N-containing compounds (particularly amino-N) were enriched in MAOM due to their high abilities to adsorb soil
minerals. The C oxidation state was also mainly dependent on physical size, with the highest value in fPOM. The
sources of SOM and its fractions, dominated by microbial-derived compounds (60-90%), were independent of physi-
cal size and fertilization. In conclusion, physical size arrangement (proxy of microbial decomposition degree) played a
more important role in regulating the SOM biochemical features than initial quality of various amendments.

Highlights

« Physical size, instead of fertilization, greatly modulated biochemical compositions and oxidation states of SOM.
« Aromatics and lignin were enriched in POM fractions, while N-bearing compounds were abundant in MAOM.

« The red soil here had not reached SOC saturation, due to a low conversion efficiency of 6.8%.
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Factors of SOM chemical composition

Fertilization
regime

1 Introduction

Soil organic matter (SOM) remains fundamental in fertility,
plant productivity, biodiversity, eco-environmental sustain-
ability and global climate change (Schmidt et al. 2011; Paul
2016), due to its inherent chemical properties (Lehmann
and Kleber 2015). The SOM consists of main biochemical
components: aromatics, lignin, lipids, N-containing com-
pounds, phenols, and polysaccharides (Kallenbach et al.
2016; Yan et al. 2022). These biochemical compositions of
SOM are mainly regulated by the initial quality of OM input
(Kogel-Knabner 2002), microbial decomposition (Simpson
et al. 2007; Sokol and Bradford 2019), and organo-organic
(Possinger et al. 2020) and organo-mineral associations
including aggregation (Totsche et al. 2018; Creamer et al.
2019; Kopittke et al. 2020; Kleber et al. 2021).

There are multiple pools with various composition and
functions in SOM (von Liitzow et al. 2007). Emerging
paradigms suggest that physical isolation (organo-mineral
association and occlusions inside of microaggregates) is
the principal mechanism for its prolonged persistence
(Baldock and Skjemstad 2000; Lehmann and Kleber 2015;
Hemingway et al. 2019; Kogel-Knabner and Amelung
2021), and also explains biochemical composition of SOM
(Bol et al. 2009; Barré et al. 2018). Particulate OM (> 53 pum,
POM) and mineral-associated OM (<53um, MAOM)
are formed by specific processes and localized (spatial
arrangement) in various pores and aggregates, and con-
sequently have various persistence (turnover time or resi-
dence) and functions (Liitzow et al. 2007; Bol et al. 2009;
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Lavallee et al. 2020; Schweizer et al. 2021). Globally, the
SOM has an average C/N ratio of 12.3 (Cleveland and Lipt-
zin 2007; Cai et al. 2022). The POM group, mostly derived
from plant-residue, has C/N ratios of 10-40, whereas the
MAOM group, mainly from microbial residues, has C/N
ratios of 8—13 (Christensen 2001; Liitzow et al. 2007;
Koégel-Knabner et al. 2008). The POM group can be fur-
ther separated into coarse (>250um, cPOM) and fine
fractions (53—-250 um, fPOM) (Six et al. 2000; Wang et al.
2021), and the fPOM can be separated from cPOM after
its disintegration (Six et al. 2000). The biochemical com-
positions of the cPOM, fPOM and MAOM were reported
to be different (Bol et al. 2009). However, fewer studies
were available for subtropical areas, where long-term soil
formation resulted in partial depletion of clay minerals
and relative accumulation of iron and aluminum oxides
(Guo et al. 2020; Song et al. 2022b). This composition of
the mineral soil phase (enrichments of iron and aluminum
oxides) may shift the biochemical composition of SOM
and its fractions (Creamer et al. 2019; Kopittke et al. 2020;
Kleber et al. 2021; Kogel-Knabner and Amelung 2021)
via stronger physical protection, which is different from
temperate soils. High microbial activity in wet subtrop-
ics induces faster rate of SOM mineralization and higher
degree of decomposition compared to temperate zone,
especially for POM (Wang et al. 2021). And high microbial
activity also affects the SOM oxidation state, while high
(less negative) oxidation state indicates lower vulnerability
to microbial decomposition (Hockaday et al. 2009; Gunina
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et al. 2017). Nevertheless, there is still a knowledge gap on
biochemical compositions and C oxidation states of SOM
along with the physical size classes in wet subtropical soils.

Fertilization, one key management practice in agro-eco-
systems, generally increases the SOM pool, particularly
under manure and straw application (e.g., Wang et al. 2015;
Wang et al. 2018; Song et al. 2022a), shifts its fractionation,
and usually towards more labile features (POM, mainly
cPOM) (e.g., Yang et al. 2019; Shah et al. 2021). Among the
SOM compounds, the amount of N-containing biopoly-
mers (amino compounds, heterocyclic compounds and oth-
ers) increases after N fertilization (Hasegawa et al. 2021). In
paddy field, however, mineral N and organic amendments
all had little influence on biochemical compositions of SOM
including the proportion of N-bearing biopolymers (Yan
et al. 2022). The aromatics and lignin, residual compounds
during decomposition, are more recalcitrant in soils com-
pared with others (Kleber 2010; Steffens et al. 2011) and can
be affected by fertilization-induced plant debris and manure
input. However, it is still unclear how long-term organic and
mineral fertilizations influence the chemistry of SOM.

The objective was to examine the biochemical features of
SOM physical fractions under various long-term fertiliza-
tions in the Ferralic Cambisol — a typical soil in wet subtrop-
ics. We hypothesized that: (i) the biochemical compositions
and oxidation states of the SOM were mainly shifted by
physical sizes because of their corresponding decomposi-
tion degree. The microbial-processed N-containing com-
pounds were enriched in MAOM, and the recalcitrance
compounds were retained relatively and selectively in the
cPOM and fPOM; and (ii) the various fertilizations also
shifted the biochemical compositions of SOM, towards
increments in lignin and N-bearing compounds due to the
inputs of N-fertilizer, crop debris and manure.

2 Materials and methods

2.1 Study site and design

This work was conducted in the Jinxian experimental sta-
tion (28°21’ N, 116°10’ E) in southern China. The research
site was flat and well-drained and was characterized by a
humid subtropical monsoon climate. In the current study,
the average temperature was 18°C, average precipitation
was 1730mmyr~ !, frost-free period was 282 d yr~! and
sunshine duration was 1900-2000hyr~'. The experimen-
tal soils were Ferralic Cambisol (FAO), developed from the
quaternary red clay (Zhang et al. 2015; Song et al. 2022a),
with a texture of 16% sand, 60% silt, and 24% clay.

Prior to the long-term experiment (before 1986), the area
was mainly covered by small trees (that is Pinus spp.) till
1960s, and was subsequently was cultivated with soybean
(that is Glycine max L., C3 plant) and peanuts (that is Ara-
chis hypogaea, C3 plant). Since 1986, the field had a double-
cropping regime of maize-maize (spring and summer). The
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initial 0—20cm soil properties in 1986 included: bulk den-
sity of 1.20gcm ™3, soil organic carbon (SOC) of 8.93gkg™?,
total nitrogen (TN) of 0.98gkg ™", total phosphorus (TP) of
0.62gkg™1, total potassium (TK) of 11.4gkg™!, and pH6.0
(Zhang et al. 2015; Yang et al. 2018; Song et al. 2022a).

The formal experiment were started in early 1986. Four
fertilization regimes: no fertilizers (control), urea (N),
urea plus Ca(H,PO,), plus KCl (NPK), and NPK plus
manure (NPKM) were randomly designed with 3 repli-
cates. The area of every replicate plot was 22.22m?, sur-
rounded by thick cement baffles deep to 1m. Fertilizers
were applied for both maize crops in the following rates:
N — 60kgha™!; NPK - 60 (N), 13 (P) and 50 (K) kg ha™*;
NPKM - pig manure of 15,000kgha™"! (fresh). The pig
manure had dry-weight contents of C (376.1gkg™!), N
(33.1gkg™ "), P (23.8gkg™ ') and water of 71.6%. In each
maize season, 100% P and 100% manure were used as base
fertilizers, while 100% K and 50% N were applied for 1
week following with the sowing as top dressings and 50%
N was further applied for 2 weeks after sowing (Song et al.
2022a).

In the double-cropping system, the spring maize was
grown from mid-April to early July, while the summer
maize was cultivated from late July to early Novem-
ber. Both types of the maize was seeded 50cm apart
in rows with a line interval of 30cm. The maize hybrid
variety changed approximately every 5-year to improve
grain production in the region. The pesticides and her-
bicides were used as required. The yield and straw bio-
mass (besides 5-10cm stubble) were recorded yearly.
The other agricultural practices including tillage were
the same for all the fertilizations (Zhang et al. 2015; Song
et al. 2022a).

2.2 Soil sampling and physical fractionation

A composite soil (homogenized from 3 points) in each
plot was sampled at 0—20cm layer 2 weeks after maize-
harvest in November 2017. Potential impacts of ferti-
lization and growth condition were minimized by the
specific selection of sampling time. Bulk density was
measured according to the core cutter method (100 cm?)
in the middle of the soil layer. All soil samples were air-
dried in room and then passed through 2-mm sieve. All
visible gravels, plant residues (shoots and roots) and
fauna were removed before sieving procedure.

Three physical sizes (>250, 53-250, <53um) were iso-
lated using wet-sieving approach. In brief, 25g dry soil, 25
glass beads and 60mL deionized water were placed in a
100mL volume plastic bottle. The plastic bottle was oscil-
lated for 1h with 180 r min~. The soil slurry was sieved
using a 250-um mesh screen. The retained part on the sieve
was collected into an aluminum box and dried to a con-
stant weight at 60°C, which presented cPOM (>250 pm).
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The soil suspension through the 250-pm mesh screen was
dried at 60°C and then moved into a 100mL plastic bot-
tle, with 25 glass beads and 60mL 5gL~" (NaPO,), added.
The soil suspension was oscillated with 180 r min~" for 18h
and then sieved with 53-um mesh screen. The retenate on
sieve was collected and dried to a constant weight at 60°C,
which presented the fPOM (53—-250 pm). The soils through
the 53-um mesh screen were also dried at 60°C, which pre-
sented the MAOM (<53 um) (Yan et al. 2022).

The contents of SOC and TN in bulk soil as well as
three physical fractions (cPOM, fPOM and MAOM)
were analyzed using an elemental analyzer (PerkinElmer
2400 II, USA). The C/N referred to SOC/TN. The SOM
content was estimated from the SOC content using a
conversion factor of 1.724.

2.3 Determination of SOM biochemical composition

The biochemical compositions of straw, pig manure, and
SOM as well as its fractions were analyzed using the pyrol-
ysis-gas chromatography/mass spectrometry (Py-GC/
MS) (Pyrolyzer, PY-2020iD, Frontier Laboratories Ltd.,
Japan; GC/MS, QP-2010Ultra, Shimazu, Japan). Because
the Py-GC/MS is useful for characterizing biochemical
composition of OM. In brief, 5mg fully ground bulk soil or
fraction, with 1mL 25% tetramethylammonium hydroxide
for derivatization, was laid in white-gold boat, which was
freely fallen in the quartz pyrolysis cracking tube (600°C).
Following the quick pyrolysis, the pyrolysis compounds
were delivered to the GC with a temperature of 300°C on
interface and a split injection ratio of 100:1 (0.8mL He
min~! flow rate). The compounds were separated in a DB-5
column (30m x 0.25mm x 0.25pum). The GC had a tem-
perature schedule of 40°C for 3min, 10°C min~! to 260°C,
followed by 15°Cmin~! to 300°C (final temperature) for
5min. The MS worked at 70eV in EI mode (source tem-
perature of 200°C) and had a mass/charge scan range of
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29-500. The pyrolysis compound peaks are analyzed and
identified according to the National Institute of Standards
and Technology (NIST) library database (2011 Edition).

A total of 368 biochemical components were identified
and were classified into 10 groups according to chemical
and analytical similarities (Pascaud et al. 2017; Becker
etal. 2019; Chen et al. 2019; Yan et al. 2022): lipids, mono-
cyclic-, polycyclic-aromatics, phenolics, polysaccha-
rides, lignins, amino N-bearing compounds, heterocyclic
N-bearing compounds, other N-bearing compounds and
unidentified compounds. During the pyrolysis by Py-GC/
MS, amino acids were transformed by mistake easily into
the imidazoles, indoles, pyridines, pyrroles, pyrazines,
and mitriles, most commonly (Schulten and Schnitzer
1997; Becker et al. 2019; Yan et al. 2022). Therefore, the
above six compounds were unified into amino N-con-
taining compounds. Unspecified compounds are com-
pounds containing halogen atoms (Br, I, Cl) and complex
functional groups.

2.4 Sources, stability and oxidation state of SOM

All the pyrolysis products were classified into 3 sources:
microbial-derived, plant-derived, and mixed (plant +
microbial) (Schellekens et al. 2017; Angst et al. 2021).
The lignins, long-chain lipids (> 18C), polysaccharides,
phenolics, amino N-bearing (indoles), and heterocyclic
N-compounds (pyrazines) were mainly classified as the
plant-derived fraction. The aromatics, short-chain lipids
(< 16C), amino N-bearing compounds (nitriles, pyri-
dines, pyrroles), and other N-bearing compounds were
classified as microbial-derived. The multiple origins com-
pounds were unspecified and some were lipids (16C—
18C) (Stewart et al. 2011; Barré et al. 2018; Becker et al.
2019; Chen et al. 2019; Yan et al. 2022). The atomic H/C,
O/C, and N/C ratios and oxidation state were estimated
according to the Egs. (1-4), respectively (Hockaday et al.
2009; Kleber 2010).

H/C=Y" {(Hn X 1/Cpp_) ¥ Cpp} x12/ 3" [(cn X 12/Cpp_y) X Cpp} 1)
oc=%" {(on % 16/Cpp_) ¥ Cpp} x12/16/Z[(Cn X 12/Cpp_y) ¥ Cpp} (2)
NCc=Y" {(Nn X 14/Cpp_y) X Cpp} x12/14/ 3" [(cn X 12/Cppy_y) X Cpp} (3)

Oxidation state = 3{2 [(On X 16/Cppy_y) X Cpp] - SZ[(HH % 1/Cpp_y) X Cpp] }/22 {(Cn x 12/Cpy_y,) X Cpp} (4)
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where the N/C, O/C, and H/C are atomic ratios; the H,,
C,, N,, and O, are atomic numbers of H, C, N, and O in
every pyrolysis product, respectively; the numbers of 1,
12, 14, and 16 refer to atomic masses of H, C, N, and O,
respectively; the Cp,, ., represents the pyrolysis molecu-
lar-weight; the Cp, refers to mass contribution of every
pyrolysis product to whole SOM.

2.5 32-year total input-C from plant residue (root
and stubble) and manure

In every replicate plot, the straw biomass and grain yield
of the double cropping maize (spring and summer) were
separately harvested and dry-weighted. The biomasses of
straw and grain were summed as the total aboveground
biomass.

The 32-year total plant residue-derived input-C of each
replicate plot was calculated based on the Egs. (5-7).

InputCiesique = Z Maizeroot + Z Maizegypple (5)

Y Maize, o = Y B, X (1= W,) XR,_ X C, x85.1% (6)

ZMaizestubble = Z Bs x (1 — W) X Rs—s x Cs
7)
where the InputC, .4, is the 32-year total input-C
from the plant residue (root and stubble) (t C ha™1);
the XMaize,, is the 32-year total root-input-C (t C
ha™!) from both the spring and summer maize; the
YMaizeg . represents the 32-year cumulative stubble-
input-C (t C ha™!) from both the spring and summer
maize; the B, refers to the yearly maize shoot biomass
(grain + straw) (t C ha~'yr™'); the YB_ refers to the
32-year total maize shoot biomass (t C ha~!yr~!); the
W, is water content of maize whole shoot (14%); the R,
refers to root/shoot ratio of maize in this study field (the
control, N, and NPKM, 0.19; and the NPK, 0.29) based
on the previous study (Zhang et al. 2015); the C, is the C
content of dried maize root (45%) (Zhang et al. 2015); the
85.1% refers to the proportion of 0—20cm root biomass
to total root biomass (Li et al. 1992; Liu and Song 2007;
Song et al. 2022a); the R is the average ratio of stubble/
shoot biomass of maize in this field (control, 0.036; N,
0.014; NPK, 0.011; and NPKM, 0.018); and the C, is the C
content of dried maize stubble (45%) (Zhang et al. 2015).
The 32-year total input-C from the pig manure was
estimated based on Eq. (8) (Wang et al. 2015).

InputCranure = My X (1 — W) x Cpy x 32 (8)

Where the InputC,,, . is the 32-year total manure-
input-C (t C ha™!); the M is fresh pig manure amend-
ment rate of 30tha™'yr~'; the W, refers to the moisture
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of fresh manure (71.6%); the C_, represents C content of
dry manure (376 gkg™! dry weight); and the number 32 is
the experiment duration.

The 32-year total input-C from both the plant residue
and manure was calculated based on the Eq. (9). The
SOC stock of 0-20cm layer was estimated using bulk
density and SOC content according to the Eq. (10). SOC
sequestration was calculated by the Eq. (11).

InputCigtar = InputCranure + InputCiegidue )
CS =SOC x BD x 20 (10)
ASOC = Cstreatment - CSinitial (1 1)

where the InputC,, is the 32-year total input-C (t C
ha=1) from both the plant residue and manure; the CS
refers to 0—20 cm SOC stock (t C ha™1); the SOC refers to
its content (gkg™!); the BD refers to bulk density (control
and N, 1.31gem ™% NPK, 1.3gcm™ % NPKM, 1.32gcm™3)
(Zhang et al. 2015); the number 20 is the 0-20 cm depth,
ASOC refers to SOC sequestration of the current minus
initial C storage (t C ha™'); the CS,ymen: r€Presents the
SOC storage (t C ha™') of the four treatments; and the
CSipitiar refers to the initial SOC storage in 1986 (21.43t

Cha™}).

2.6 Statistical analysis

The analyses of variance following Tukey’s test were car-
ried out in SPSS 26 (SPSS Inc., Chicago, Illinois, USA).
The analysis of non-metric multidimensional scaling
(NMDS) was conducted on Past 3 (Hammer et al. 2001).
The variance partitioning analysis was done based on
RStudio (package ‘vegan; R Soft Team, 2015). Figures
were drawn using the ORIGIN 2018 (Origin Lab Corp.,
Northampton, USA).

3 Results

3.1 Mass proportion of physical sizes

The MAOM held >80% of total SOM, and the mass pro-
portion of fPOM was <5% for all treatments (Fig. 1).
Compared with the unfertilized control, the NPK amend-
ment increased the mass portion of cPOM by +38.5%
and decreased the portion of MAOM by —6.5%. How-
ever, the NPKM decreased the cPOM mass by —49% and
enhanced the mass portions of fPOM and MAOM by
+57% and 4 7.7%, respectively, compared with the unfer-
tilized control (Fig. 1). By contrast, N treatment had little
impact on the mass proportion (Fig. 1).

3.2 SOCand total N
Over the 32years, the unfertilized control, N, NPK, and
NPKM amendments increased the SOC contents by
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Fig. 1 Mass distribution of the three physical size classes of SOM
(coarse POM, fine POM, and mineral-associated OM) under four
32-year fertilization regimes: control (no fertilizer), N (urea), NPK (urea
+ Ca(H,PO,), +KCl), and NPKM (NPK+ pig manure) in the Ferralic
Cambisol. Uppercase letters indicate differences among fertilization
types at p<0.05 level. Lowercase letters represent differences among
the physical sizes at p <0.05 level

+10.6%, + 14.2%, +23%, and +52%, respectively, in con-
trast to the initial status in 1986. The NPKM amendment
had 36% more of total SOC content compared to control,
mainly in the MAOM fraction (+48%) (Fig. 2a). Compared
to the unfertilized control, the NPKM had lower SOC con-
tent in cPOM (— 15%), but higher SOC content in fPOM
(+145%). There was little change in TN content in the bulk
soil among the four amendments (Fig. 2b). The NPK had
higher TN content in cPOM (+75%), whereas the NPKM
had more TN content in fPOM (4 158%) compared with
unfertilization. The NPKM amendment had higher C/N
ratio in the bulk soil (+16%) and the MAOM fraction
(+25%) (Fig. 2c). Among the fractions, the MAOM had
much more SOC and TN than the POM. With the decrease
in the size of physical fractions, C/N ratio decreased.

The 32-year total input-C were minimal under the
unfertilized control (20.2t C ha™!) and maximal under
the NPKM fertilization (160t C ha~!) (Table 1). There
was a positive linear correlation between the SOC
sequestration and total input-C (Fig. 3), with a conver-
sion efficiency from the total input-C (plant residue and
manure) to SOC of 6.8%.

3.3 Biochemical composition of organic amendments
(residue and manure) and SOM

The straws from the control, NPK, and NPKM had simi-

lar biochemical compositions (Fig. 4a). Compared with

the straw, however, the pig manure had more proportion

of amino N-containing compounds and phenolics and
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less relative abundance of lignin derivatives (Fig. 4a). In
contrast, the straw and manure both had different bio-
chemical composition patterns compared with the SOM
(Figs. 4 and 5). Within the SOM, fertilization regime and
particle sizes both shifted its biochemical composition,
especially the proportions of N-bearing (amino, het-
erocyclic, and other) compounds and aromatics (Figs. 4
and 5). Fertilization mainly affected the proportions of
other N-bearing compounds and lignin derivatives,
while physical size influenced the monocyclic and poly-
cyclic aromatics, lignins, and amino-N- and heterocy-
clic-N-bearing compounds (Fig. 4b and Table S1). The
N fertilization reduced amino N-containing compounds
in bulk soil (—32%) and MAOM (— 36%) in contrast to
the unfertilized control; whereas the NPK and NPKM
amendments decreased other N-containing compounds
in cPOM by —90% and — 96%, respectively. The NPKM
decreased the heterocyclic N-containing compounds in
bulk soil (39%) and MAOM (42%) (Fig. 4b). Based on the
variance partitioning analysis, the physical size classes
and fertilizations explained 32% and 5% of the variation
in SOM chemistry, respectively (Fig. S1 a), indicating the
physical size classes was the primary factor (Fig. 5).

The proportions of polycyclic aromatics and N-con-
taining compounds were both negatively correlated with
the 32-year total C inputs, while the proportions of other
compounds were positively correlated with the 32-year
total input-C (Table S2).

3.4 Sources of SOM

Plant-derived compounds contributed 5-30% to whole
SOM, and microbial-derived compounds contributed
60-90% to entire SOM under the four amendment
regimes (Fig. 6). Physical size and fertilization regime
both have less influence on the source of SOM (Fig. 7).

3.5 H/C, N/C, and O/C ratios and oxidation state

The MAOM fraction had higher atomic ratios of H/C
and N/C than the POM fractions (Fig. 8a, b, d), while the
fPOM had higher C oxidation states than both the cPOM
and MAOM fractions (Fig. 8d-f). The cPOM fraction had
lower atomic ratios of N/C and O/C (Fig. 8c). In contrast
to the unfertilized control, the NPKM increased the O/C
ratio of the fPOM (Fig. 8a, ¢, e). Physical size classes pri-
marily affected the C oxidation state and O/C ratio rather
than the various amendment regimes (Fig. 8, Table S1
and Fig. S1 b, ¢).

4 Discussion

4.1 SOM in physical fractions under long-term
amendments

The MAOM fractions stored most of the SOC and TN

(Fig. 2a, b) due to their highest mass portions (>70%)
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Table 1 Estimates of 32-year cumulative C inputs (t C ha™")
into soils. Uppercase letters represent differences among the
amendments at p <0.05 level

Fertilization Root biomass Cinput Composted Total Cinput
regime manure C
input
Control 202+£033D - 202+£033D
N 262+037C - 262+037C
NPK 450+£067 A - 45.061+0.67 B
NPKM 575+0.738B 102.5 160.0£0.73 A
20
@® Control
= ® N L
I
e NPK P
S0 151 @ NPKM
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T O
53
T T 10
?c e
S n
o S
Q£
&) E 54
8 @ ‘. y=0.068x+3.51
5
£ R?=0.73 p<0.001
0
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Cumulative C input (t C ha™")

Fig. 3 Linear regression relationship between 32-year total input-C
and SOC sequestration in bulk soil

(Fig. 1; Christensen 2001; Wang et al. 2021) and higher
persistence to microbial utilization in contrast to the
other two fractions (von Liitzow et al. 2007; Lavallee
et al. 2020) and higher chemical affinities of Fe and Al
oxy-hydroxides to SOM (Kleber et al. 2015; Guo et al.
2020; Kleber et al. 2021). Compared with the unfertilized
control, mineral amendments had little influence on the
SOC and TN (Fig. 2), which was mainly attributed to (i)
the quite low conversion efficiency (6.8%) of input-OM to
SOM and little change of root input rate under mineral
fertilization, and (ii) the obvious atmospheric N deposi-
tion (>25kgNha~lyr~!) (Liu et al. 2010) to all fertiliza-
tion treatments, which impaired the potential influence
from the mineral N and NPK fertilizations. In contrast,
manure amendment promoted the SOC content, espe-
cially for the MAOM fraction (Fig. 2a), which is benefi-
cial for soil fertility and is consistent with many previous
studies (e.g., Wang et al. 2015; Song et al. 2022a).

The positive linear relationship between the 32-year
total input-C and SOC sequestration (Fig. 3) indicated
that the studied upland red soils, even with large manure
addition, did not reach SOC saturation, which should
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be ascribed to the low conversion efficiency here (6.8%),
similar to the soils in Xuzhou (7%) and Zhengzhou (6.9%)
(Zhang et al. 2010). This low conversion efficiency might
be attributed to the subtropical climate-induced faster
rate of mineralization and higher degree of decomposi-
tion of SOM. Yet, several much higher conversion effi-
ciencies (21-31%) were documented in other soils (Wang
et al. 2015; Zhang et al. 2010), which might depend on
various climatic conditions and soil parent materials.
However, it was interesting that the SOC in cPOM was
depressed by pig manuring, which was mainly due to the
decrement of its mass proportions. Two potential expla-
nations were proposed for this result: (i) the input pig
manure was decomposed fast because of the subtropi-
cal warm and humid conditions, which might destroy
partial water-stable macroaggregates (including Fe and
Al oxy-hydroxides) that could not be broken by shak-
ing; (ii) the employed wet sieving method here was inad-
equate to isolate the real cPOM from coarse sand and
water-stable macroaggregates, and their mass propor-
tions usually have strong spatial heterogeneity in nature
soils. Therefore, for future studies, the density fractiona-
tion method is recommended to combine with physical
size grouping approach to adequately separate the real
cPOM from coarse mineral fractions. In contrast, despite
of long-term N addition, the mineral and manure amend-
ments all had little influence on the TN contents in the
bulk soils and MAOM fractions (Fig. 2b), which might
be attributed to the increments of production-induced N
removal and high wet reactive N deposition background
mentioned above (Liu et al. 2010). The cPOM had the
highest C/N ratios whereas the MAOM had the low-
est ones in all the four amendments (Fig. 2c), consistent
with their proportions of microbial-derived compounds
(Fig. 5), which supports the first hypothesis that fPOM
should be the transitional component among the three
physical sizes.

4.2 Biochemical features of SOM

Long-term straw and manure amendments, with dis-
tinct biochemical features in contrast to SOM, had lit-
tle impact on the biochemical properties of whole SOM
as well as three fractions (Fig. 4), indicating the domi-
nant reformation of input OM by soil microorganism
(Kallenbach et al. 2016; Yan et al. 2022). Despite dis-
tinct qualities of input substrate, this convergence of
most compounds might be attributed to the subtropi-
cal humid climate-induced high SOM decomposition
degree and rate. In support, the majority of SOM was
microbial-derived compounds (Fig. 6). It should be
noticed that the enrichments of phenolic and lignin
from pig manure were preserved in both the ¢cPOM
and fPOM fractions, not for the MAOM (Fig. 4a, b).
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However, the relative abundance of amino N-contain-
ing compound in pig manure was not transferred to
the cPOM and fPOM under the NPKM amendment
(Fig. 4a, b). There are two potential explanations for
this result: (i) the enriched amino N-containing com-
pound in manure was mainly derived from microbial
processes during pig digestion (Kleber et al. 2007; Liang

et al. 2017); nevertheless (ii) the pig manure was not
adequately decomposed because of its short-term, while
the POM in soil experienced much longer and stronger
microbial decomposition (Helfrich et al. 2006) espe-
cially under the subtropical warm and humid climate.
Furthermore, mineral amendment had little impact
on the proportions of entire N-containing compounds
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(amino + heterocyclic + other) (Fig. 4), which may be
attributed to their similar contents of Fe and Al oxy-
hydroxides in this Ferralic Cambisol soil (Yu et al. 2020).

Physical size grouping resulted in a divergence trend
in SOM biochemical compositions, with accumulation

of aromatics and lignin in the POM fractions and
enrichment of N-bearing compounds in the MAOM
fractions (Fig. 4), similar to previous results (Steffens
et al. 2011; Rumpel et al. 2012). There are three expla-
nations for this divergence phenomenon: (i) the physi-
cal sizes greatly represent the SOM decomposition
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Fig. 8 van Krevelen diagram of atomic ratios of H/C, O/C, and N/C and C oxidation state of SOM

degrees (von Liitzow et al. 2007). So, it is reasonable
that the recalcitrant compounds were retained rela-
tively and selectively in the cPOM and fPOM fractions
because of their short-term persistence (Kleber 2010);
(ii) the fact that fPOM was partly occluded by microag-
gregates (Wang et al. 2017; Totsche et al. 2018; Wang
et al. 2021), which can retain aromatics and lignin;
and (iii) the N-containing compounds, largely derived

from microbial metabolites and necromass (Simpson
et al. 2007; Creamer et al. 2019; Kopittke et al. 2020),
can be easily and tightly adsorbed by minerals (espe-
cially Fe and Al oxy-hydroxides) (Kopittke et al. 2020;
Kleber et al. 2021) and consequently persists for long-
term in MAOM (organo-mineral associations) (Poss-
inger et al. 2020; Kleber et al. 2021; Kogel-Knabner and
Amelung 2021). The result showed that the physical
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size primarily influenced the SOM biochemical com-
position, which supported the first hypothesis. How-
ever, there was no convergence trend in the chemistry
of SOM across the physical size classes gradient (fPOM
as the transitional fraction) (Figs. 4 and 5), which partly
rejected the first hypothesis. This may be ascribed to (i)
the offset of sand-associated OM to the real cPOM and
(ii) the physical protection of partial fPOM by microag-
gregates (Wang et al. 2021).

Microbial-derived compounds contributed the
majority of SOM under all amendments (Fig. 6), which
was reasonable under such a warm and humid cli-
mate conditions (Yan et al. 2022) and consistent with
those in temperate regions (e.g., Kogel-Knabner 2002;
Mikutta et al. 2009; Barré et al. 2018). Physical size
classes affected the O/C atomic ratio and C oxidation
state, which was reduced more in cPOM and MAOM
and oxidized more in fPOM, while lower H/C ratio was
in fPOM (Fig. 8a, b, d, e). The SOM oxidation states
ranged from — 2.22 to — 0.94, with an average of — 1.58,
which was much lower than the values reported for
both the Australian subtropical (an average of —0.3)
and Alaska boreal soils (a mean of —0.26) (Hockaday
et al. 2009). It is well known that the lower SOM oxida-
tion state generally represents higher microbial vulner-
ability (Hockaday et al. 2009). Based on this principle,
the cPOM and MAOM with lower SOM oxidation
states (Fig. 8) were supposed to be easier to be decom-
posed by microorganisms rather than fPOM. It is
reasonable that the cPOM is vulnerable to microbial
decomposition. In reality, however, the MAOM gener-
ally has long-term persistence because of the physical
protection (Lehmann and Kleber 2015; Kleber et al.
2021). Therefore, the potential microbial vulnerability
of the MAOM can be amended for prolonged persis-
tence through segregating microbial access.

Even though the Py-GC/MS is a useful technique
for characterizing biochemical composition of SOM,
it is not perfect. This technique has a drawback that it
can not capture all compounds of SOM because of the
incomplete pyrolysis effluents (Haddix et al. 2016). Fur-
thermore, although the soils had passed through the
0.15-mm mesh, the clay minerals and Fe/Al oxides may
act as catalysts which may influence the molecular com-
position resulting from pyrolysis.

5 Conclusions

The SOC contents and sequestrations were influenced
by long-term fertilizations with a low conversion effi-
ciency of 6.8%, while the biochemical compositions and
C oxidation states of SOM were mostly modulated by
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the physical size classes. The aromatics and lignins were
enriched in the POM fractions (cPOM and fPOM), sug-
gesting the relative selective retention of recalcitrant
compounds. In contrast, the N-bearing compounds (par-
ticularly amino N) were accumulated in MAOM due to
their high affinities to soil minerals. The fPOM was the
most oxidized fraction while the cPOM and MAOM
both reduced. Thus, physical size groups were able to
separate SOM into biochemically different fractions
under the long-term fertilizations. The result that both
the fertilization and plant residues had weak effects on
SOM biochemical features suggested that the physical
fractionation (proxy of microbial decomposition degree)
plays a more important role in regulating SOM chemistry
than the initial quality of amendments.

Abbreviations

BD Bulk density

C/N SOC/TN

cPOM Coarse particulate organic matter
fPOM Fine particulate organic matter
MAOM Mineral-associated organic matter
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