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Abstract

such decoupling on SOM stability.

Although various measurements (including organic amendments) have been used to ameliorate saline—alkaline soils,
soil organic matter (SOM) remains low in most salt-a ected agriculture soils. It was hypothesized that lower SOM
level was partly attributable to weaker SOM stability (thus greater desorption) in the salt-a ected soils. To test this
hypothesis, we conducted a 16-week incubation experiment using low- and high-salinity soils to evaluate the e ects
of soil ameliorants (gypsum, CaCO,, rice straw and biochar) on SOM labile fractions, i.e., water extractable organic
carbon (WEOC) and nitrogen (WEON), together with microbial biomass carbon (MBC) and nitrogen (MBN). Our results
showed an increase in MBC and MBN under all amendments in both low- and high-salinity soils, reflecting improve-
ments in soil properties. Gypsum amendment led to a decrease in both WEOC (by 15-21%) and WEON (by 14-31%).
CaCO; amendment only caused a decrease in WEON (by 14-27%), with a greater decrease found in the high-salinity
soil. There was an increase in WEOC (by 13-66%) but a decrease in WEON (7.6—46%) under biochar and straw amend-
ments in both low- and high-salinity soils. WEOC:SOC ratio (an indicator for SOC desorption) showed a decrease
under gypsum and biochar amendments but an increase with CaCO and straw treatments. There was a decrease

in WEON:TN ratio (an indicator for ON desorption) under all amendments, with the greatest decrease under biochar
treatment. Our analyses demonstrated an enhancement in SOC or ON adsorption under all amendments, indicat-

ing that SOM stability might be enhanced in association with soil amelioration. Our study also highlights that there

is strong decoupling between carbon and nitrogen cycles and further studies are needed to examine the impacts of
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Introduction

Soil organic matter (SOM) is a key index for soil fertility,
playing an important role in sustainability of agriculture.
Moreover, SOM is also a means for carbon storage and
acts as both a source and sink for the atmosphere CO,
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(Lal 2004), having a large influence on the carbon cycle in
the terrestrial ecosystem. The strength of the source/sink
is largely related to the stability of SOM (Lehmann and
Kleber 2015).

SOM stability is regulated by the characteristics of
SOM, other soil properties, and environmental con-
ditions (Kan et al. 2022). In general, SOM with high
carbon:nitrogen (C:N) ratio has a higher stability because
of its complicated chemical composition with more aro-
matic- and aliphatic-functional groups (Wiesmeier et al.
2019). There is also evidence that high levels of multiva-
lent cations are beneficial for SOM stability due to the
formation of organic—mineral complexes (Sowers et al.
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2018; Wuddivira and Camps-Roach 2007). On the other
hand, SOM stability is generally weak under high pH and
salinity conditions that often lead to poor soil structure
(Amini et al. 2015). However, little attention has been
paid to SOM stability and its underly mechanisms in
saline—alkaline soils.

Numerous studies have reported that application of
organic amendment can not only increase SOM level,
but also improve SOM quality and other soil physico-
chemical properties (Diacono and Montemurro 2010).
For example, straw incorporation can improve soil struc-
ture because of enhanced aggregation by straw-derived
organic materials (Jin et al. 2020), and also lead to a more
complicated structure through changing chemical com-
position of SOM (He et al. 2018). Over the past decade,
biochar has been increasingly used as a soil amendment
to improve soil conditions and enhance carbon seques-
tration (Hardie et al. 2013). On the one hand, biochar
amendment can increase soil adsorption capacity due to
its high porosity and large surface area (Amini et al. 2015;
Saifullah et al. 2018), leading to more SOM adsorbed in
soil. On the other hand, soil aggregation is also enhanced
under biochar amendment, because biochar can act as a
binding agent between soil minerals and SOM to form
mineral-organic complexes (Han et al. 2020; Saffari
et al. 2020). Moreover, biochar amendment can decrease
exchangeable Na in salt-affected soils due to supply of
cation (Rita and Carolina 2018), which leads to improve-
ment of soil structure and thus aggregation. However,
our understanding is limited regarding the effects of
organic amendments on SOM stability, particularly in
salt-affected soils.

Previous studies have reported that inorganic amend-
ments can also improve soil physical and chemical prop-
erties and environment conditions (Amini et al. 2015;
Inagaki et al. 2016; Luo et al. 2018), with implication for
SOM stability. Gypsum, as a common ameliorant, is used
to improve soil structure by replacing Na* with calcium
ions (Ca?") in saline—alkaline soils (Nan et al. 2016). On
the other hand, the existing of extra Ca’>* can enhance
soil aggregation due to the formation of Ca—SOM com-
plexes (Rowley et al. 2017), and its function of cation
bridge between clay and SOM particles (Wuddivira and
Camps-Roach 2007). There is also evidence that high
level of carbonate (CaCOj) is conducive to aggregate sta-
bility due to the formation of SOM-Ca—clay complexes
in calcareous soil (Huang et al. 2019; Pihlap et al. 2021).
However, little is done to investigate how application
of Ca-rich substances in soils affects SOM stability in
saline—alkaline soils.

In general, SOM stability can be assessed by SOM’s
labile fractions (Kalbitz et al. 2000), such as water extract-
able organic carbon (WEOC) and nitrogen (WEON). For
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example, Zhang et al. (2020a) analyzed the WEOC con-
tent in different salinity soils, and used WEOC:SOC ratio
as an indicator for desorption of SOC (or SOC stabil-
ity), and found greater SOC desorption in higher salin-
ity/pH soils of Yellow River Delta (YRD). Salt-affected
soils usually have poor structure, which often lead to low
levels of SOM (Mavi and Marschner 2013). Although
various amendments have been used to ameliorate the
salt-affected soils in YRD, SOM level remain low in most
cropland soils. Here, we hypothesized that the low SOM
levels were partly attributable to weak SOM stability
associated with the poor structure and other charcteris-
tice in the saline—alkaline soils. To test this hypothesis,
we conducted an incubation experiment to invesgate
how soil salinity and the use of soil amedments affect
SOM stability in the YRD’s cropland. The main objectives
of this study are to: (i) examine the responces of water
extractable SOM (an indicator for SOM stability) and
microbial biomass to the applications of gypsum, CaCOs,
straw and biochar, and (ii) explore the potentials of inor-
ganic and organic amendments to enhance the stability of
SOM in salt-affected soils.

Materials and methods

Site description and soil characteristics

The YRD area (34°56'N~37°27'N, 114°36’E~116°27'E)
located at the Shandong province of China. The area has
a typical temperate monsoon climate zone, with mean
annual temperature and precipitation are 11.7-12.6 °C
and 530-630 mm, respectively. The soil is a silt loam that
was developed on the Yellow River alluvial deposits, and
classified as Calcaric Fluvisols (FAO-UNESCO system,
1988). The main cropping system is winter wheat—sum-
mer maize rotation in the YRD. We selected two repre-
sentative sites: low-salinity soil in Huantai county and
high-salinity soil in Dongying city. Irrigation is often
applied using groundwater and river water from the Yel-
low River.

Agricultural productivity in Dongying area is con-
strained by high salinity/alkalinity, due to the shallow
groundwater table, salty groundwater and strong evapo-
ration. As shown in Table 1, soil pH was higher in the
high-salinity soils at Dongying (8.8—8.9) than in the low-
salinity soil at Huantai (8.1-8.2), but SOC and TN con-
tents were significantly higher in the low-salinity soil
(6.6-11.7 g kg ! and 0.7-1.2 g kg™, respectively) than in
the high-salinity soil (3.3-6.5 g kg™! and 0.3-0.5 g kg%,
respectively).

Incubation experiment

We collected surface (0-20 ¢m) and subsurface (20—
40 cm) soils in October, 2019. Soil samples were natu-
rally air-dried, well-mixed and then pass a 2-mm sieve.
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Table 1 Soil pH and SOM fractions in low-salinity and high-
salinity soils

Characteristics  Low-salinity soil High-salinity soil

0-20cm 20-40cm 0-20cm 20-40 cm
pH 813+024 817+02 880+028 890+0.28
SOC (g kg™) 11.7+022 6.60+002 646+029 3.26+0.26
TN (g kg™ 124+003 074+002 048+001 031+001
WEOC (mgkg™) 938+382 705+54 802+6.22 637+334
WEON (mgkg™!) 24524093 823+012 12884077 952+0.99

Four types of amendments were used: calcium carbonate
(reagent grade), desulfurized gypsum, rice straw (ground
to 2 mm) and commercial biochar. Gypsum had a pH
of 7.23, and contained 37.6% CaO, 49.5% SO and 2.2%
SiO,. Rice straw contained 40% C, 0.98% N, 0.17% P, and
1.17% K. Biochar was made from corncob under ~ 360 °C
for 24 h, and had a pH of 8.2, density of 0.30 g cm™3,
72.0% ash content, 65.7% C, 0.91% N, 0.08% available P
(AP) and 1.60% available K (AK).

The incubation experiment consisted of a control
(without amendment) and ten amendment treatments
with three replicates. All amendments had two applica-
tion rates: gypsum at 30 g kg™! (G1) and 50 g kg™* (G2),
CaCO; at 40 g kg™! (Cal) and 80 g kg™* (Ca2), biochar at
15 g kg™! (B1) and 30 g kg™ (B2), and straw at 15 g kg™!
(S1) and 30 g kg™! (S2). There were also two combined
treatments of straw and gypsum: S1G1 and S2G2. For
each treatment, 60 g air-dried soil and amendment were
well-mixed, and then put into a 250 ml plastic cup. We
added 12 ml distilled water into each cup (~60% of the
field water capacity), and then incubated at~25C in a
laboratory for 16 weeks. Water loss due to evaporation
was replenished during incubation.

Soil analyses

SOC content was measured using the method of
K,Cr,0,-H,SO, digestion and followed by FeSO, titra-
tion (Walkley 1935). TN content was determined by the
Kjeldahl digestion method. WEOC and WEON contents
were measured by following procedure: treating 5.0 g
soil (2 mm) with 50 mL 0.5 M K,SO, solution, shaking
for 1 h (200 rpm), followed by centrifuging (4500 rpm)
for 10 min and filtering (0.45 pum membrane), and then
using a TOC analyzer (Liqui TOC II, Elementar, Hanau,
Germany).

For soil MBC and MBN measurements, we used the
chloroform fumigation incubation method (Vance et al.
1987) for the extraction, followed by measurements of
extractable C and N contents. Briefly, 10 g soil samples
were fumigated by CHCl; solution, treated with 40 ml
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0.5 M K,SO, and shaken for 30 min, followed by centri-
fuging and filtering. Microbial biomass C and N contents
were calculated from the differences in extractable C
and N contents between fumigated samples and control
samples (without fumigation) using conversion factors of
0.54 and 0.45, respectively.

Statistical analysis

The effects of various treatments on soil properties
were analyzed through a one-way analysis of variance
(ANOVA) and the least significant difference (LSD) at
p<0.05. All statistical analyses were carried out using
SPSS 20.0, and all graphs were generated using origin 9.0.

Results

Effects of soil amendments on WEOC and WEON

There was no significant increase in WEOC after the
incubation without amendment (Fig. 1). Soil amend-
ments had various effects on WEOC. Gypsum
amendment caused a significant decrease of WEOC
content in 0-20 cm layer for both low-salinity (by
20.0-21.3 mg kg™!, or 20-21%) and high-salinity (by
14.8-19.7 mg kg™ !, or 17-23%) soils, with no signifi-
cant difference between G1 and G2 treatments (Fig. 1a,
b). For the 20—-40 cm soils, G1 treatment led to a signifi-
cant decrease of WEOC in low-salinity (by 14.8 mg kg™,
or 20%) and high-salinity (by 21.7 mg kg™, or 34%)
soils, and non-significant decrease under G2 treatment
(Fig. 1c, d). However, CaCO; amendment had little
effect on WEOC content in all soils. Biochar amendment
caused a significant increase (by 18.4-50.6 mg kg™,
or 29-69%) in WEOC content in all soils, except in
0-20 cm layer of low-salinity soil under Bl treatment.
Similarly, WEOC content showed a significant increase
(by 20.5-32.7 mg kg, or 16-44%) under straw amend-
ment. Compared with straw amendment, combined gyp-
sum-—straw treatment caused various changes in WEOC,
with a significant decrease in low-salinity soils (by 20.6—
36.2 mg kg™, or 20-29%) and high-salinity soils (by
12.8-16.4 mg kg !, or 15-17%) under S1G1 treatment,
and small decrease (by 3.7-16.4 mg kg™, or 3.6-12%) in
all soils under S2G2 treatment.

WEON content showed a significant increase (from
8.23-24.5 mg kg~ ! to 23.2-58.9 mg kg™!) after 16-week
incubation without amendment, with significantly
higher values in low-salinity soils than in high-salinity
soils (Fig. 2). There was a decrease of WEON in nearly
all the treatments. For the low-salinity soils, the great-
est decrease of WEON were under B2 treatment in both
0-20 cm soil (by 26.9 mg kg™!, or 46%) and 20-40 cm
soil (by 16.4 mg kg™, or 40%). Similar decreases were
also found under gypsum amendment in 20-40 cm
soil (by 11.7-12.5 mg kg !, or 28-31%). The decrease
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of WEON was comparable under combined gypsum-—
straw amendments (by 19.6-22.9 mg kg™, or 33—-39%) in
0-20 cm soil. CaCO, (by 9.6-10.6 mg kg™, or 14—-27%)
and straw (by 7.95-11.7 mg kg™, or 8.9-20%) treatments
also caused a significant decrease in WEON content in
0-20 cm soil, but a non-significant decrease in 20-40 cm
soil (except under higher rate of CaCO, treatment). For
the high-salinity soil, the greatest decrease of WEON
was under S1G1 treatment in both 0-20 cm soil (by
15.4 mg kg™, or 46%) and 20—40 cm soil (by 8.9 mg kg™!,
or 38%). Similar decreases were also found under S1 (by
13.4 mg kg™!, or 40%) treatment in 0-20 cm soil, and
under S2G2 (5.0 mg kg™?, or 22%) and B2 (6.1 mg kg%,
or 26%) treatments in 20—40 cm soil. There was a signifi-
cant decrease in WEON content under G1, Cal and S2
treatments (5.2—6.6 mg kg™', or 15-20%) in 0-20 cm soil.
Biochar amendments caused a significant decrease (by
6.1-9.3 mg kg™!, or 20-28%) in WEON content, except
the B1 for 20—40 c¢m soil.

Effects of soil amendments on MBC and MBN

MBC and MBN contents were significantly higher
(approximately 100%) in low-salinity soils than in
high-salinity soils (Figs. 3, 4). There was no increase
in MBC after the incubation without amendment
in all soils (Fig. 3). Overall, most soil amendments
caused an increase in MBC, with the largest increase
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(by 50.1-147 mg kg~!, or 78-253%) under combined
gypsum-straw and the smallest increase (by 7.0-
35.1 mg kg™!, or 8.2-47%) in the gypsum and CaCO,
amendments in all soils (except in 20-40 cm layer of
high-salinity soil). Biochar and straw amendments both
caused a significant increase (by 24.9-89.3 mg kg™, or
27-140%) in MBC content in all soils.

There was little change in MBN after incubation with-
out amendment, but a significant increase in most treat-
ments with amendments (Fig. 4). The largest increase in
MBN content was found under combined gypsum—straw
amendments (by 17.6—-31.6 mg kg™!, or 142-289%) in all
soils, whereas the smallest increase (by 1.7-11.9 mg kg™,
or 8.3-108%) was under gypsum and CaCO,; amend-
ments. MBN content showed an overall significant
increase under biochar (by 8.3-151 mg kg™, or
45-155%) and straw (by 9.7-20.5 mg kg~!, or 70-221%)
amendments.

Effects of soil amendments on various C:N ratios

There was a significant decrease in WEOC:WEON
ratio after incubation without amendment (Table 2). In
general, straw and biochar as well as combined straw—
gypsum amendments led to a significant increase in
WEOC:WEON ratios in all soils. The largest increase was
found under B2 treatment in low-salinity (by 2.8-3.3)
and high-salinity (by 2.1-3.1) soils. However, there was
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Table 2 E ect of soil amendments on WEOC:WEON ratio in low-
salinity and high-salinity soils

Treatments Low-salinity soil High-salinity soil

0-20cm 20-40 cm 0-20cm 20-40 cm

Initial 383+001b 857+037a 623+008a 6.80+0.75a

CK 171+011fg 187+022f 262+0.22ef 274+0.17de
G1 171+015fg 217+0.15ef 259+0.20ef 1.90+0.06e

G2 156+005g 226+035ef 214+012f 271+0.29de
Cal 208+006ef 280+0.19ef 332+024de 3.25+0.22de
Ca2 207+006ef 228+0.07ef 281+035def 2.78+0.18de
B1 335+029bc 393+038c 355+024cd 412+045cd
B2 453+033a 521+056b 476+048b 5.83+0.75ab
S1 269+019d 297+003de 472+043b 393+048cd
S2 262+011d 276+037e 347+014cd 369+0.29cd
S161 252+013de 296+0.28de 4.62+058b 4.97+0.47bc
S2G2 298+016cd 3.85+031cd 424+019bc 5.02+0.38bc

Values followed by different letters indicate significant differences among
treatments (p <0.05) according to LSD

little change in WEOC:WEON ratio under gypsum and
CaCO, amendments in all soils.

MBC:MBN ratio showed small increases after incu-
bation without amendment, from 3.8-4.1 to 4.2-5.6
(Table 3). For low-salinity soils, there was a little change

in MBC:MBN ratio after amendments addition in
0-20 cm. The largest increase in MBC:MBN ratio was
found under G2 treatment (by 1.0) in 20-40 cm soil, and
a significant decrease (by 1.3-2.6) under CaCOj, biochar
and straw amendments. For high-salinity soil, the greater
increase in MBC:MBN ratio in 0—20 ¢cm and 20-40 cm
was found under Bl (by 0.3) and S2G2 (by 2.4) treat-
ments. Similar increase was also found under CaCOj
amendment in 0—-20 cm soil. However, there was a signif-
icant decrease (by 1.4-1.9) in MBC:MBN ratio under G2,
S2@G2 treatments and straw amendment in 0—-20 c¢m soil.

Fractions of WEOC/MBC in SOC and WEON/MBN in TN
There was little change in the ratios of WEOC:SOC,
MBC:SOC and MBN:TN after incubation without
amendments, but a significant increase in WEON:TN
ratio (Tables 4-7). All amendments caused an overall
increase in MBC:SOC and MBN:TN ratios in all soils
(Tables 4, 5), indicating improvement in soil condi-
tions. MBC:SOC and MBN:TN ratios showed the largest
increase under combined straw—gypsum amendment,
and the smallest increase under gypsum amendment.
Straw amendment resulted in a significant increase in
MBC:SOC ratio (by 0.2-1.0%) and MBN:TN ratio (by
1.1-3.7%) in all soils, with a general greater increase
under S2 treatment than under S1 treatment.
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Table 3 E ect of soil amendments on MBC:MBN ratio in low-salinity and high-salinity soils
Treatments Low-salinity soil High-salinity soil

0-20cm 20-40 cm 0-20cm 20-40cm
Initial 3.79+0.16bc 3.78+0.10def 4.12 +0.34bcdef 4.15+0.66cde
CK 4.19+0.35abc 558+0.10b 5.16+0.38b 4,67 +0.28bcd
Gl 4.29+0.10ab 527+0.11bc 4.32+0.10bcde 407 +047cde
G2 3.94+0.63bc 6.62+061a 3.32 +0.52¢f 3.15+0.28¢
Cal 332+011c 3.13+0.18ef 4.81+0.35abc 5.26+0.76bc
Ca2 3.28+0.19c 294 +0.27f 4.43+0.28abcd 4.30+0.28cde
B1 507+0.23a 431+033cd 541+0.39% 5.46 +0.40b
B2 3.35+0.09¢c 4.03+043de 4.13+0.22bcdef 3.94+0.35de
S1 459+0.11ab 3,67 +0.48def 376 +0.14cdef 4,05+0.20cde
S2 436+0.11ab 3.24 +0.28ef 3.23+0.39f 351+040de
S1G1 3.84+0.64bc 5.16 +0.60bc 4.24 +0.44bcdef 341+051de
S2G2 3.34+0.19c 4.59+0.06bcd 3.70+0.53def 7.10+0.10a

Values followed by different letters indicate significant differences among treatments (p <0.05) according to LSD

Table 4 E ect of soil amendments on MBC:SOC ratio (%) in low-salinity and high-salinity soils

Treatments Low-salinity soil High-salinity soil

0-20 cm 20-40cm 0-20cm 20-40cm
Initial 0.72 +0.06ef 0.84+0.07e 0.85+0.05ef 0.77+0.06 fg
CK 0.73+0.05def 0.88+0.06de 0.96+0.01de 0.86+0.04 fg
Gl 0.81+0.02cde 0.89+0.04de 115+0.13cd 1.37+0.10de
G2 0.73+0.06def 0.89+0.06de 1.12+0.05cde 1.65+0.11bcd
Cal 0.91+0.08abcd 1.06 +0.02de 128+0.14c 2.03+0.16a
Ca2 0.82+0.03cde 113+0.03d 1.60+0.16ab 149+0.19cd
Bl 0.79+0.07cde 0.91+0.06de 091+0.1de 1.03 +0.06ef
B2 0.56+0.03f 084+0.07e 057 +0.05f 064+005¢g
S1 105+0.1ab 147+0.13c 1.31+0.09bc 1.60+0.13bcd
S2 0.93+0.06abc 150+0.08¢c 141+0.14bc 1.89+0.04ab
S1G1 1.08+0.08a 258+0.1a 174+011a 1.60+0.21bcd
S2G2 0.88+0.03bcde 224+0.2b 1.36+0.08bc 1.79+0.17abc
Values followed by different letters indicate significant differences among treatments (p <0.05) according to LSD
Table 5 E ect of soil amendments on MBN:TN ratio (%) in low-salinity and high-salinity soils
Treatments Low-salinity soil High-salinity soil

0-20cm 20-40cm 0-20cm 20-40cm
Initial 1.81+0.09de 2.00+0.15e 3.94+0.04f 315+032fg
CK 165+0.19% 215+0.12de 357+0.23f 306+0059
Gl 173+0.09e 254 +0.26cde 4.94 +0.53def 5.47 +0.60de
G2 191+0.16de 253+0.34de 6.43 +0.86def 8.06 +0.96bc
Cal 231+024cd 2.76+021cde 4.72+0.37cde 4.31+0.37efg
Ca2 230+020cd 342+027bc 5.86 + 0.86ef 4.98 +0.28defg
B1 230+0.16 cd 3.02+0.37bcd 422 +0.33def 4.98+0.76defg
B2 271+0.11bc 3.02+0.23bcd 509+0.73cd 4.25+0.21efg
S1 2.73+0.16bc 374+017b 6.25+0.71abc 5.02 +0.41def
S2 2.98+0.20b 4.65+044a 729+054a 6.36+043cd
S1G1 3.69+0.33a 502+037a 8.77+093a 9.09 +0.26ab
S2G2 385+0.23a 467 +045a 8.18+051ab 10.48+1.60a

Values followed by different letters indicate significant differences among treatments (p < 0.05) according to LSD



Wu et al. Geoscience Letters (2023) 10:22 Page 8 of 12
Table 6 E ect of soil amendments on WEOC:SOC ratio (%) in low-salinity and high-salinity soils
Treatments Low-salinity soil High-salinity soil

0-20 cm 20-40cm 0-20 cm 20-40cm
Initial 0.80+0.03bcd 1.07+0.06de 1.20+0.10bcd 1.62+0.008 cd
CK 0.86+0.03ab 115+0.08 cd 1.31+0.10abc 161+0.07 cd
Gl 0.70+0.06def 0.95+0.006ef 1.10+0.07d 1.06 +0.07f
G2 0.60+0.03 fg 0.78 +0.07f 1.01+0.05de 151+0.08de
Cal 0.97+0.02a 135+001ab 145+0.09a 200+0.11ab
Ca2 0.90+0.05ab 1.23+0.02bcd 1.35+0.09ab 150+0.11de
Bl 0.74+0.04cde 0.98+0.07ef 0.89+0.01ef 1.01+0.07f
B2 0.68 +0.03ef 0.96 +0.06ef 0.81+0.05f 0.98+0.07f
S1 0.83+0.04bc 148+0.08a 142+007a 1.98+0.05ab
S2 0.71+0.02de 1.31+0.10bc 143+0.04a 213+014a
S1G1 052+004¢9 1.07+0.03de 1.08 +0.06de 135+0.08e
S2G2 059+0.05fg 1.32+0.04abc 111+0.03 cd 1.80+0.02bc

Values followed by different letters indicate significant differences among treatments (p < 0.05) according to LSD

WEOC:SOC ratio was lower in low-salinity soils than
in high-salinity soils, with the lowest ratio in the 0-20 cm
of low-salinity soil and the highest ratio in the 20-40 cm
of high-salinity soil (Table 6). In general, WEOC:SOC
ratio showed an increase under CaCOj; (by 0.04—0.4%)
and straw amendments (by 0.1-0.5%), but a signifi-
cant decrease under gypsum amendment (by 0.1-0.6%)
biochar amendment (by 0.1-0.6%) in all soils. For the
low-salinity soils, gypsum amendment resulted in the
greatest decrease of WEOC:SOC ratio (by 0.2-0.4%),
whereas for the high-salinity soils, the greatest decrease
of WEOC:SOC ratio was found under biochar amend-
ment (0.4—0.6%). The decrease of WEOC:SOC ratio was
greater under combined straw—gypsum amendment

(by ~0.3%) than under gypsum (by ~0.2%) amendment in
the 0-20 c¢cm of low-salinity soil.

All amendments led to a decrease in WEON:TN
ratio in all soils (Table 7), with a greater decrease
under organic amendments (by 0.8-5.9%) than under
inorganic amendments (by 0.9-3.1%), and the larg-
est decrease under B2 treatment (by 2.3-5.9%). Over-
all, the decrease of WEON:TN ratio was greater under
both organic and inorganic amendments in high-
salinity soils (by 2.8-5.9% and 0.8-3.1%, respectively)
than in low-salinity soils (by 0.8-2.9% and 0.9-1.6%,
respectively). The decrease of WEON:TN ratio was
greater under biochar treatment (by 1.6-5.9%) than
under straw treatment (by 0.8-4.3%) in all soils. For

Table 7 E ect of soil amendments on WEON:TN ratio (%) in low-salinity and high-salinity soils

Treatments Low-salinity soil High-salinity soil
0-20cm 20-40 cm 0-20cm 20-40 cm

Initial 1.98 +0.04f 111+0.02e 3.66 +0.05f 4.05+051f
CK 477+017a 554+044a 9.61+0.73a 9.89+049%
G1 372+0.22bc 394+031bc 7.76 +0.3%9abcd 8.99+0.18ab
G2 3.89+0.25b 3.98+045bc 8.82+0.64ab 8.35+0.81abc
Cal 392+0011b 394+041bc 7.77+051abcd 6.82+0.33cde
Ca2 395+0.15b 476+0.11ab 7.93+101abc 7.94+0.83bcd
B1 319+0.08cd 360+047cd 6.26 +0.18cde 6.37+0.11de
B2 245+ 0.10ef 267+0.19d 4.80 +0.59¢f 3.98+0.54f
S1 372+033bc 4.62+0.16ab 5.33+0.44ef 6.39+0.78de
S2 3.80+0.25b 4.77+0.41ab 6.82+0.28bcde 6.82+0.35cde
S1G1 270+0.17de 361+026cd 5.00+0.48ef 5.25+0.37ef
S2G2 2.92+0.10de 320+022cd 578+0.27de 6.83+0.80cde

Values followed by different letters indicate significant differences among treatments (p <0.05) according to LSD
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low-salinity soils, WEON:TN ratio showed no sig-
nificant difference between gypsum and CaCOjy treat-
ments. However, CaCOj, treatment resulted in a greater
decrease in WEON:TN ratio (by 1.7-3.1%) relative to
gypsum treatment (by 0.8—-1.9%) in high-salinity soil.
The decrease of WEON:TN ratio was greater under
combined straw—gypsum amendment (by 1.9-4.6%)
than under gypsum (0.8—-1.9%) and straw amendments
(by 0.8—4.2%) in all soils.

Discussion

Effects of inorganic amendments on SOC stability

Previous studies showed that inorganic amendments
can enhance stability of SOM (Barreto et al. 2021; Zhang
et al. 2020b), due to improvements in soil physicochemi-
cal properties and/or environment conditions. In gen-
eral, application of inorganic amendment can change soil
pH and salinity (Inagaki et al. 2016; Nan et al. 2016). For
example, gypsum addition can provide Ca’*" to replace
exchangeable Na*, which lead to improvement in soil
structure and alkalinity/salinity (Chi et al. 2012; Inagaki
et al. 2016), thus enhanced SOM stability.

Our study showed that application of gypsum led to a
significant decrease in WEOC (14—34%), with a greater
decrease in WEOC:SOC ratio the high-salinity soils
(Tables 6, 7), indicating that gypsum amendment was an
effective practice for enhancing SOM stability in saline—
alkaline soils. An early study also reported a decrease in
WEOC under gypsum addition in short-term experi-
ments in the alkaline soils of Australia (Tavakkoli et al.
2021). The increase of free form of Ca?" from gypsum
can enhance the binding capacity with organic matter,
promoting the formation of Ca—SOM complexes (Wang
et al. 2021). Moreover, the presence of Ca®" can also
inhibit clay dispersion and disruption of aggregates and
increase soil structure stability, leading to enhanced SOM
protection (Wuddivira and Camps-Roach 2007). These
results indicate that gypsum amendment can improve
soil structure and enhance SOM stability, particularly in
saline—alkaline soils.

This laboratory study showed that there was no
decrease in WEOC under CaCOj, treatment in the salt-
affected soil of North China Plain (Fig. 1). However,
an early laboratory experiment reported that CaCOj
addition led to a decrease in oxidizable SOC and DOC
using non-salt affected soil from the Loess Plateau (Li
et al. 2018). On the other hand, another laboratory
study showed that DOC concentration was decreased
under CaCO, treatment, but increased under combined
CaCO;—Na,CO; treatment (Tavakkoli et al. 2015). The
decrease in DOC/WEOC due to the high level of CaCO,
in non-salt affected soils may be attributed to enhanced
aggregation thus enhanced adsorption of SOC (Huang
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et al. 2019; Pihlap et al. 2021), resulting from the forma-
tion of organo-Ca complex (Yu et al. 2017). The lack of
decrease in DOC/WEOC with the addition of CaCO; in
saline/alkaline soils (or with high levels of Nat) was prob-
ably attributed to the relatively lower levels of Ca** due to
the ameliorative function of CaCO; (i.e., replacement of
Na™ by Ca®*) (Wong et al. 2010), limiting the formation
of organo-Ca complex. These results indicated that the
influence of CaCO; on SOM stability might be affected
by soil properties and/or environment conditions (such
as salinity/alkalinity and Na™/K" levels).

Effects of organic amendments on SOC stability
Application of carbon-rich organic materials into soil
can have influences on SOC stability through changing
soil physicochemical properties and microbial activities
(Joseph et al. 2021; Larney and Angers 2012). In general,
organic amendments can improve soil cation exchange
capacity and aggregation (Karami et al. 2012; Zhang et al.
2021b), which would lead to enhanced SOM stability
(Diatta et al. 2020), thus decreased desorption of SOC.
Our short-term laboratory experiment revealed various
responses of WEOC:SOC ratio to straw incorporation in
the Fluvo-aquic of the North Plain China (Table 6), i.e., a
modest decrease only under high rate of straw addition in
the low-salinity surface soil, a non-significant increase in
the high-salinity surface soil, but a significant increase in
the subsurface soils. Previous studies based on long-term
experiments showed that straw incorporation caused a
decrease in WEOC:SOC ratio in low-salinity soils (Lu
et al. 2021) and non-salt affected soils (Qiu et al. 2016). In
general, straw-derived organic materials such as colloids
can combine with soil minerals to form macroaggregates
(Jin et al. 2020), which would enhance SOM stability
(thus decreased WEOC:SOC ratio) in most normal soils
(such as non-salt affected soils and low-salinity soils).
However, such function (of straw) might be affected by
treatment duration and soil physic and chemical char-
acteristics. There is evidence that ameliorative effects by
straw incorporation are limited due to poor soil struc-
ture under high soil pH/salinity conditions (Zhang et al.
2021a), particularly in short duration (Rita and Carolina
2018). In addition, high soil salinity could hinder the pro-
cession of straw-C transforming into soil organic frac-
tions (Xie et al. 2017), but also cause damage to old and
newly formed SOM thus result in lower SOM stability.
These results indicated that straw incorporation may lead
to enhanced SOM stability in normal soils or under nor-
mal environment conditions, but has limited effects on
improvements of SOM stability in saline—alkaline soils.
There is a significant decrease in WEOC:SOC ratio
under biochar amendment, particularly in the high-
salinity soil in our study. A number of studies have also
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reported that WEOC:SOC ratio is lower under biochar
amendment in both laboratory and field studies (Demi-
sie et al. 2014; Eykelbosh et al. 2015; Lu et al. 2021; Wu
et al. 2021; Yang et al. 2017). In general, biochar has high
porosity and large surface area, which is beneficial to
adsorption of SOM (Blanco-Canqui 2017). In addition,
biochar amendment can enhance the formation of min-
eral-biochar—-SOM complexes, thus promote formation
of macro-aggregates from micro-aggregates (Han et al.
2020; Zhang et al. 2021b), resulting in enhanced protec-
tion of SOM. On the other hand, biochar amendment
can also reduce free Na™ in salt-affected soils because of
its large adsorption capacity, which can lead to improved
soil structure and aggregate formation (Amini et al. 2015;
Dai et al. 2019). Clearly, biochar amendment can result
in enhanced SOM stability, with greater effects in saline—
alkaline soils.

Effects of soil amendments on the decoupling of carbon
and nitrogen cycling

Soil carbon and nitrogen are generally coupled in many
biogeochemical processes in terrestrial ecosystems (Niu
et al. 2023). However, C:N ratio varies largely between
different pools in soils (PiNEiro et al. 2006), indicating
some degree of decoupling between carbon and nitro-
gen cycling. For example, C:N ratio was usually greater in
SOM (9.7-14), but smaller (often < 10) and more variable
in microbial biomass and water-soluble organic matter
(Kooch et al. 2019; Qiu et al. 2016; Yuan et al. 2007; Zhao
etal. 2017).

Our 16-week laboratory study showed a significant
increase in WEOC:WEON ratio under organic amend-
ments using Fluvic Cambisol from the North China
Plain, which mainly resulted from a decrease of WEON
(9.0-46%). Similarly, an 18-month experiment reported
that biochar addition led to a decrease (by 22%) in DON
using sandy soil from the Italy (Sorrenti and Toselli
2016). Another 35-day laboratory study found a decrease
in DON under biochar and straw treatments using
Cumuli-Ustic Isohumosol of Loess Plateau in north-
west China (Zhu et al. 2017). The decrease of WEON or
DON under biochar treatment may be associated with
the high adsorption capacity of biochar (Sorrenti and
Toselli 2016), due to its large porosity and surface area
(Tan et al. 2017). Our further analysis showed that bio-
char and straw treatments caused a significant decrease
(14—-60%) in WEON:TN ratio (also an index for SOM sta-
bility), with a larger decrease in high-salinity soils, which
was greater than the decrease in WEOC:SOC ratio.
Apparently, amelioration of salt-affected soils can result
in improved soil structure and SOM stability, leading to
the protection of not only SOC but also N-rich organic
materials.
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This laboratory study showed a significant decrease in
both WEON and WEOC under gypsum treatment using
Fluvic Cambisol from the North China Plain. Similarly,
other studies also reported a decrease in WEON and
WEOC under gypsum treatment in alkaline soils in other
regions (Rashad et al. 2010; Rathi et al. 2020; Tavakkoli
et al. 2021). The decrease of WEON and WEOC may
be due to enhanced formation of Ca—SOM complexes,
resulting from the increase of free form of Ca** from
gypsum (Wang et al. 2021). Interestingly, our short-term
study showed a decrease in WEON, but a non-significant
increase in WEOC under CaCOj, treatment, which was
consistent with the finding of Filep et al. (2003). A pre-
vious study based on 190 arable soils of Hungary also
revealed lower levels of DON but little change in DOC
in soils under higher levels of CaCO, content (Filep and
Rékési 2011). There was evidence that DON and DOC
decoupling (or a decrease in DOC:DON ratio) was more
pronounced in soils with higher salinity or pH (Filep and
Rékasi 2011), due to a larger amount of N-poor or C-rich
hydrophobic compounds than N-rich hydrophilic com-
pounds in abnormal soils or unfavorable environmen-
tal conditions (Andersson et al. 2000; Filep and Rékasi
2011). Our further analysis showed a significant decrease
(14-31%) in WEON:TN ratio under CaCO; treatment,
with a greater decrease in high-salinity soils. These lim-
ited studies indicate that CaCO5 amendment could lead
to enhanced SOM stability through protection of N-rich
substances, particularly in saline—alkaline soils. Further
studies are needed to improve our understanding of reg-
ulating mechanisms on SOM stability and carbon—-nitro-
gen decoupling in various environments.

Conclusions

A 16-week incubation experiment was conducted to
investigate the effects of soil amendments (gypsum,
CaCO,, straw and biochar) on the key fractions of SOM
(WEOC, WEON, MBC and MBN) in low- and high-
salinity soils in YRD. All soil amendments caused an
increase in microbial biomass, with a greater increase
found under combined gypsum-straw amendments.
There was a decrease in WEOC only under gypsum
amendment but an overall decrease of WEON under
all the treatments. WEOC:SOC ratio (an index of SOC
stability) showed a decrease under biochar and gypsum
amendments but an increase with the addition of straw
and CaCO;. However, all amendments caused a decrease
in WEON:TN ratio (also an indicator for SOM stability),
with a greater decrease found under biochar and straw
treatments. Clearly, there was some degree of decoupling
between WEOC and WEON particularly in salt-affected
soils, with a greater desorption of WEON relative to that
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of WEOC. This study suggested that abnormal environ-
mental conditions (e.g., high levels of anions/cations)
might have caused lower SOM stability in YRD, and soil
amelioration with biochar and gypsum amendments led
to enhanced SOM stability. More studies are needed to
improve our understanding on regulating mechanism of
SOM stability in various environments.
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