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HIGHLIGHTS GRAPHICAL ABSTRACT

o Depletion of 3°S-labelled methionine in
reclaimed soil profile was evaluated.

e Surface soil SOC and TS content
improved significantly after
recultivation.

e Immobilisation of organic 355 (35s-MB)

in  subsurface soils  significantly g

decreased over recultivation. e
e Microbial organic S metabolism to sul- 3

phate (3°$-503 ") decreased significantly

in older soil profile.
e Long-term conventional agricultural

management had minimal effect on S

organic S decomposition. | — >

48-year Recultivation
ARTICLE INFO ABSTRACT
Editor: Jose Julio Ortega-Calvo The significance of sulphur (S) availability for crop yield and quality is highlighted under the global S deficiency
scenario. However, little is known about the temporal trend in belowground organic S mineralisation when

Keywords: restoring land to productive agricultural systems, particularly for the deeper soil parts. Therefore, we investi-

Agricultural chronosequence
Soil depth

Sulphur isotopic labelling
Organic Sulphur depletion
Recultivation

gated the decomposition of 3°S-labelled methionine in surface (0-30 cm) and subsurface soil (30-60 cm and
60-90 cm) over a 48-year recultivation chronosequence (sampled afterl, 8, 14, 24 and 48 years). Soil total
sulphur (TS) significantly (p < 0.05) increased in surface soil but not in subsurface soils after 48 years of
recultivation. Overall, the immobilisation of 353.methionine (3SS—MB) in subsurface soils relative to year 1
significantly decreased over the chronosequence but did not change in the surface samples. The 3°S-MB values in
subsurface soils were positively corrected with soil carbon (C) stoichiometry (Pearson correlation, p < 0.05),
suggesting the immobilisation of methionine was likely constrained by microbial C demand in deep soil.
Compared to year 1, °5-S03 " released from 3°S-methionine significantly declined throughout the older (> 8
years) soil profiles. Significant (p < 0.05) changes in the organic °S partition (**S immobilisation and *°S
released as sulphate) were observed in year 8 after the soil was recultivated with N-fixing alfalfa or fertilisers.
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Whereas, after that (> 14 years), soil organic S partition remained affected when conventional tillage and
agricultural crops dominated this site. Indicating that the effect of recultivation on organic S decomposition
depends on the manner of recultivation management. Our study contributes to an improved understanding of
amino acid S and organic S mineralisation under severe anthropogenic disturbance.

1. Introduction

Sulphur (S) availability in agricultural soil plays an essential role for
crop yield quantity and quality, as S is an essential nutrient required for
the synthesis of essential amino acids and chlorophyll, as well as the
fixation of nitrogen (N) by leguminous plants (Freney and Williams,
1983; Eriksen et al., 2004; Eriksen, 2009). However, due to (1) the
application of low-S-containing fertilisers; (2) the decreasing use of S-
containing fungicides and pesticides; (3) increasing S removal with the
harvest biomass of high-yielding crops (Scherer, 2001; Eriksen et al.,
2004); and (4) the reduction in the atmospheric S deposition (Irwin
et al., 2002), S deficiency in plants has been common over the last four
decades and is considered a constraint for crop production and quality
worldwide (Eriksen et al., 2004; Girma et al., 2005; Schonhof et al.,
2007; Mascagni et al., 2008), particularly in most Western European
countries (Aas et al., 2019). The supply of S has received increased
attention since S deficiency symptoms in plants have been observed
more frequently (Singh et al., 2020; Ma et al., 2023; Wang et al., 2024).
However, there is limited information on the response of belowground
microbial-mediated S cycling to anthropogenic disturbance under this S
deficiency scenario.

In soils, organic S accounts for >90 % of total S (Ghani et al., 1992;
Ghani et al., 1993; Yang et al., 2007). Typically, organic S represents the
main S pool that can be mineralised to inorganic S by microorganisms
and then contribute to the S nutrition of plants (Zhou et al., 1999). It is
thus regarded as a non-directly available S source for plants. However,
the significance of organic S has recently been emphasised as about 3 %
S-containing amino acid can be utilised by plants directly as an S source
(Ma et al., 2021b). Sulphur-containing amino acids (i.e., cysteine,
methionine) represent a significant fraction of organic S and the main
metabolite used for S mineralisation and utilisation (Dong et al., 2017).
Their decomposition reflects microbial S demand and organic S cycling,
and can be traced effectively using %S isotope labelling (Fitzgerald and
Watwood, 1988; Ma et al., 2021¢c; Wang et al., 2023b). Recent evidence
revealed that the decomposition of S-containing amino acids includes
three key processes as the incubation time increases: firstly, amino acids
are immobilised by microorganisms and retained as microbial biomass,
secondly, amino acids are mineralised by microorganisms and released
into the soil as sulphate, finally, sulphate is reused by microorganisms
(Ma et al., 2020; Ma et al., 2021a). Additionally, the addition of excess
carbon (C) or N and S has little effect on the microbial immobilisation of
S-containing amino acids as low molecular weight organic S compounds
are preferred and immobilised by microbes rapidly. However, the added
substrate levels have a major effect on the second process (microbial
release of S as sulphate) (Ma et al., 2020). In particular, as an essential
amino acid, methionine is abundant in biological organisms, as a
product and reactant in S-containing metabolic pathways for biomass
breakdown and transformation (Fitzgerald and Watwood, 1988; Wang
et al., 2023b). Methionine is a good model of more complex organic S
compounds and cysteine interconverts with methionine through the
transsulfuration pathway. Methionine can thus adequately trace the
overall metabolism of organic S (Fitzgerald and Watwood, 1988; Bin
et al., 2017).

Despite the importance of organic S, research on low-molecular-
weight S-containing amino acids is still lacking. In particular, the mi-
crobial decomposition of S-containing amino acids (e.g. methionine) in
ecosystems highly affected by human activities is still poorly under-
stood. Recultivation after lignite mining effectively recovers the soil
function, structure and fertility by reducing high levels of soil

compaction, acidity, and limitations in nutrient availability and the
imbalance of soil microbial processes (Allison et al., 2005; Cizkova et al.,
2018; Feng et al., 2019). This is mainly attributed to the increase in soil
organic carbon contents (Graham and Haynes, 2004; Ge et al., 2021),
the increase in microbial biomass (Singh et al., 2001), and the diversity
of soil microbial communities (Chodak et al., 2009) in the years after
recultivation. As soil S mineralisation and immobilisation processes are
typically mediated by microbial community (Dedourge et al., 2003;
Kertesz and Mirleau, 2004) and are closely related to the supply of
organic C, N, and S substrates (Riffaldi et al., 2006; Niknahad Ghar-
makher et al., 2009), it is reasonable to assume that the recultivation
process will affect soil organic S mineralisation in reclaimed soil by
regulating soil nutrient status and microbial activity.

During the mining process, the original soil profiles are fully
destroyed, at the beginning of the recultivation the soil material is
restructured to a depth of 2 m from homogeneous substrate (Feng et al.,
2019). Over longer periods after recultivation, the soil materials begin to
develop into different layers, which is manifested in differentiations of
post-mining material into genetic horizons that differ in biological and
physical properties (Lucas et al., 2019; Koztowski et al., 2022). Gener-
ally, soil C and N content in topsoil are higher than in the deeper soil,
with >50 % of soil nutrient stock of the soil profile being located in the
topsoil (Ahirwal et al., 2017), and decreasing C and N content with
increasing soil depths (Liu et al., 2017; Smal et al., 2019). However, the
response of soil phosphorus and S cycling to recultivation in the sub-
surface horizons has no clear consistent trends due to the complexity of
reclaimed soil (Sourkova et al., 2005; Zhang et al., 2022). In particular,
it remains unclear whether the response of S-containing amino acids (e.
g. methionine) decomposition in the deeper parts of the soil to reculti-
vation differs from that in surface soil.

Long-term observations are required to analyse recultivation effects,
and soil chronosequences have the potential to deliver important in-
sights into the effect of soil management practices and the development
of soil microbial and physico-chemical properties over the course of
recultivation activities (Roy et al., 2017; Lucas et al., 2019). Therefore,
based on an agricultural chronosequence, we aimed to explore how S-
containing amino acids decomposed in reclaimed soil profile after
different recultivation periods by using S isotope labelling. Our main
objectives were to: (1) quantify soil S stocks in the reclaimed soil profile
after different years of recultivation; and (2) identify the effects of
recultivation age on organic S partitioning characteristics in the soil
profile.

2. Materials and methods
2.1. Experimental site and design

The study was carried out near Inden, Germany (50°52'44.6"'N
6°19'04.4"E), in a post-mining agricultural chronosequence, where de-
cades of open-cast mining process resulted in a > 50-year chronose-
quence of restored agricultural soils (Lucas et al., 2019; Roy et al.,
2022). The average annual temperature is 9.8 °C, with an average
annual precipitation of 829 mm. The details of the open-cast mining
process are described in Clayton et al. (2021). The dilution ratio of
arable soil to loess material was roughly 1:5 in this site according to
comparisons of the soil organic carbon (SOC) content before and after
removal (Reichel et al., 2017). Former topsoil and deeper parts of the
original soil profile, including loess parent material, were mixed for
agricultural recultivation. The recultivation process started three
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months after soil substrate deposition (Fig. 1b). The recultivation
involved a three-phase management. In the first three years (phase 1,
Fig. 1c), reclaimed soils were fertilised with 200 kg ha™! per year
mineral fertilisers (with a mass ratio of N: PoOs: K;O = 15:15:15) and
cultivated with alfalfa (Medicago sativa L.). At the end of phase 1, 40 t
ha~?! green-cutting compost was applied. In the following two years after
reclamation (phase 2, Fig. 1d), winter barley was cultivated, and 167 kg
N, 150 kg P»0s, and 120 kg K20 were applied every year to recover soil
nutrient contents to pre-mining levels. Finally, the reclaimed mining
fields were returned to the local farmers (phase 3, Fig. 1e), fields are
then conventionally managed with a sugar beet - winter wheat - winter
barley crop rotation. In addition, the fields are ploughed to a depth of 30
cm, and standard agricultural practices were followed, in accordance
with the German Fertiliser Ordinance (Roy et al., 2017; Clayton et al.,
2021; Zhao et al., 2022).

2.2. Soil sampling and nutrient determination

We selected five fields that were restored in 1971, 1995, 2005, 2011,
and 2018 (Fig. 1a, Table S1). Soil samples were collected in June 2019,
the corresponding recultivation age was 48 years, 24 years, 14 years, 8
years, and 1 year, respectively. We used a sampling scheme with four
within-field replicates, which has been shown to be statistically valid in
previous studies of the same chronosequence (Roy et al., 2017; Zhao
et al., 2022). Four points (vertices of a square with a side length of 50 m)
were selected from each field, and soil samples were taken at three
depths (0-30 cm, 30-60 cm, 60-90 cm) at each sampling point using a
soil auger (2 3.0 cm). Plant roots and stones were removed and the soil
was passed through a 2 mm sieve for incubation. Sub-samples were
ground and passed through a 0.15 mm sieve to determine the soil
nutrient content. Soil total nitrogen (TN) and total sulphur (TS) contents
were determined by elemental analysis (vario EL cube; Elementar,
Hanau, Germany) (Li et al., 2019). And SOC contents in soil samples

<995 (year24

1971 (year48)
Google Earth
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were analysed by elemental analysis after acid fumigation with 32 %
HCI using the procedure of Walthert et al. (2010).

2.3. Decomposition of >°S-labelled methionine

To recover the soil microbial activity, approximately 200 g air-dried
soil samples (< 2 mm) of each recultivation age and soil depth were
incubated at 60 % water-holding capacity under room temperature
(22 °C) for seven days (Chen et al., 2020; Mo et al., 2021), resulting in
soil moisture of 18 % after the pre-incubation (determined by oven
drying of a subsample at 80 °C for 48 h). During the incubation, we set 5
different time points (6 h, 24 h, 48 h, 96 h, 144 h) to trace the dynamics
of organic S decomposition. Therefore, 300 units of soil samples
(including 5 recultivation ages, 3 soil depths, 5 incubation time points,
and 4 replicates) were prepared. Specifically, for each unit, 5 g of soil
samples were placed in a sterile 50 ml polypropylene centrifuge tube, 1
ml 100 pM 35g.labelled methionine (0.75 kBq ml~'; PerkinElmer Inc.,
Waltham, MA) was uniformly applied onto the soil surface. At each time
point, 60 units (5 recultivation ages, 3 soil depths, 4 replicates) of soil
samples were destructively harvested and extracted with 25 ml 0.01 M
CaCly (200 rpm for 30 mins). The extracts were then centrifuged
(18,000 g, 5 mins) and 35g activity in 1 ml supernatant was identified as
SSSCaclz. To determine the 355-50‘2( content, 0.75 ml BaCl, was added to
0.75 ml of the CaCl, extract to precipitate the 3°S0%~ (Wang et al.,
2023b), and the suspensions were centrifuged at 18000 g for 5 min and
the 3°S activity in 1 ml suspension was identified as SSSCaqurBaqz. Dueto
the precipitation of BaSO4, the differences in 3°S activity between the
CaCl, extractions (35803(312) and BaCl, treatments (358c3012+33012) were
taken as the amount of 3°S-S0%~ derived from labelled methionine, this
method was found feasible and used by Ma et al. (2021a) and Wang et al.
(2023b):

35 2- _ 35 35
S —804"" = "Scaci2—""Scaci2+Bacl2-

<2005 (year14)

‘z‘l': o
) el
@1 1 (years) \\ :

Fig. 1. Spatial distribution of sampling fields across the recultivation chronosequences (a) and the pictures of the fields under different phases of the recultivation
periods. The beginning of the recultivation (b), phase 1 of the recultivation (c), phase 2 of the recultivation (d), phase 3 of the recultivation (e).
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355 activity was measured by a Wallac 1404 liquid scintillation
counter (Wallac EG&G, Milton Keynes, UK) after mixing 4 ml Hisafe 3
scintillation cocktail (Fisher Scientific, Loughborough, UK). The 35g
activity was calculated as the percentage of the total >°S added.

Measured 35S activity (kBq)

Total 35S decay(kBq) x 100.

%8 activity (%) =

Total 3SSdecay indicated the corrected °S activity after natural
radioactive decay, where t is the time (h).

= /87.51
Total**Syecay (kBq) = 0.75 (kBq) x e)q)24/

Due to the very low sorption of methionine and sulphate to the solid
phase (Rothstein, 2010; Ma et al., 2022; Wang et al., 2024), the differ-
ence between the total added >°S-methionine and the 3°S extracted by
CaCl, at each time point was thus considered as the 3°S that cannot be
extracted and immobilised in the microbial biomass (°°S-MB) (Ma et al.,
2021a; Wang et al., 2023b).

35 35 35
S—MB = Stotal=—""Scaci2

2.4. Statistical analysis

Using SPSS Statistics 22 software (SPSS Inc., Chicago, USA), one-way
ANOVA (Duncan test; p < 0.05) was carried out to compare S parti-
tioning to *°S-MB and 35S-S0%~ at different recultivation ages and three
soil depths. Two-way ANOVA analysis was conducted to analyse the
effects of the recultivation period and soil depths and their interactions
on methionine decomposition at each time point during the incubation.
Pearson correlation analysis was conducted to investigate the links be-
tween soil chemical properties and the decomposition of methionine.
Figures were mapped using the “ggplot2” package in R 4.2.1.

3. Results

3.1. Soil C, N, S content and their stoichiometric ratios after different
years of recultivation

After 48-year recultivation, soil TN, SOC and TS contents in surface
soil (0-30 cm) significantly increased by 199 %, 187 % and 55 %,
respectively (Table 1). The SOC to TN ratio (SOC:TN), SOC to TS ratio
(SOC:TS) and TN to TS ratio (TN:TS) changed from 7.83, 23, 2.93 to
7.56, 42 and 5.62, respectively. Notably, a significant increase in SOC,
TN and TS contents and their stoichiometric ratios was observed in year
8 (p < 0.05).

Science of the Total Environment 951 (2024) 175409

In subsurface soils (30-60 cm, 60-90 cm), relative to year 1, in year
8, soil TN and SOC contents significantly increased by 26 % and 22 % in
30-60 cm and by 26 % and 11 % in 60-90 cm (Table 1). After that, the
SOC and TN contents decreased gradually along the soil chronosequence
and reached the level of the beginning of the recultivation (year 1) at age
48. The SOC:TN and SOC:TS ratios significantly decreased over 48-year
recultivation, while recultivation had no significant impact on subsur-
face TS content and TN:TS ratio. Additionally, soil SOC, TN, TS contents
and their stoichiometry in surface soil were significantly higher than in
the subsurface soils in older soils (recultivation age > 1 year).

3.2. Immobilisation of 3°S (3°S-MB) after different years of recultivation

The content of >°S in microbial biomass (3°S-MB) peaked in <48 h at
all soil depth, afterwards 3°S-MB declined and was released as 3°S-S03~
(Fig. 2). Overall, the recultivation age had no significant effect on 3°S-
MB in surface soil, but 3°S-MB in the subsurface soils decreased gradu-
ally along the soil chronosequence (Fig. 2B, C). Specifically, relative to
age 1 (52.1 % on average), the 355.MB decreased to 41.6 % (age 8),42.4
% (age 14), 41.9 % (age 24) and 39.3 % (age 48) as an average of the two
subsurface depth intervals after 144 h incubation (Fig. 2, Fig. Sle).
Additionally, the 3S-MB in older (recultivation age > 1 year) surface
soils were significantly higher than in the subsurface soils (Fig. S1a).

Soil depth had a greater effect on the 3°S-MB than the recultivation
age (Table 3, Fig. S1a). Pearson correlation analysis (Table 4) showed
that in the subsurface soils, the 3°S-MB was positively corrected with
SOC:TN and SOC:TS ratios with higher r values (p < 0.05) during the
first hours of incubation (< 48 h).

3.3. 35S released as sulphate (°°S-SO3~) after different years of
recultivation

Within 24 h, <10 % of 3°5-SO3~ was released from >>S-methionine in
surface soils (Fig. 3). Overall, the released 355-50?{ amount significantly
decreased in the older soil profiles. Specifically, in year 1, after 144 h
incubation, >30 % of the 3°S-methionine was released as 3°S-SO7~
throughout the profile, but the amount of released 358—80%_ decreased
significantly (p < 0.05) to 9 % (0-30 cm in year 8), 4 % (30-60 cm in
year 14) and 13 % (60-90 cm in year 14), respectively (Fig. 3) and no
significant changes in 3°S-SO3~ release were observed at recultivation
ages >14 years. An effect of depth on the 3°5-S03~ release was observed
at recultivation age 8 (Fig. 3, Fig. S2c, d, e), when the released 355—8042(
amounts (in 144 h) in the subsurface soils (44 % in 30-60 cm, 35 % in
60-90 cm, Table 2) were significantly higher than 3°S-SO3~ in the sur-
face soil (9.31 %).

Table 1
Soil TN, SOC and TS contents and their stoichiometric ratios in soil profiles after different years of recultivation.
Soil depth (cm) Recultivation age TN (g kg’l) SOC (g kg’l) TS (g kg’l) SOC:TN SOC:TS TN:TS
0-30 1 0.32 £ 0.00cA 2.49 £ 0.06cA 0.11 + 0.004dA 7.83 + 0.16aA 23.0 + 0.97bA 2.93 £ 0.13cA
8 0.64 + 0.06bA 5.36 + 0.52bA 0.13 4 0.004cA 8.42 £ 0.24aA 41.4 £+ 2.77aA 4.91 + 0.30abA
14 0.58 + 0.03bA 4.84 + 0.41bA 0.13 + 0.003bcA 8.33 £ 0.33aA 36.5 &+ 2.70aA 4.37 + 0.22bA
24 0.71 + 0.02bA 6.02 + 0.36abA 0.15 + 0.005bA 8.53 &+ 0.57aA 41.5 £ 2.05aA 4.91 + 0.30abA
48 0.95 + 0.08aA 7.15 = 0.50aA 0.17 4 0.009aA 7.56 £+ 0.24aA 42.3 £+ 0.82aA 5.62 £ 0.24aA
30-60 1 0.31 + 0.01bA 2.44 + 0.07abA 0.11 £+ 0.002aA 7.86 £ 0.07aA 22.2 + 0.38abA 2.83 £ 0.07aA
8 0.39 + 0.01aB 2.97 + 0.23aB 0.14 £+ 0.026aA 7.51 £+ 0.31aB 23.5 + 4.08aB 3.10 £ 0.49aB
14 0.31 + 0.03bB 2.19 + 0.33abB 0.12 £+ 0.001aB 6.90 + 0.55abB 18.6 + 2.63abB 2.66 £+ 0.22aB
24 0.32 + 0.03bB 2.04 + 0.31bB 0.14 & 0.025aA 6.29 + 0.40bcB 15.5 + 3.49abB 2.41 £ 0.40aB
48 0.32 + 0.02bB 1.80 + 0.22bB 0.14 £+ 0.029aAB 5.57 £ 0.41cB 13.7 £+ 1.04bB 2.53 £ 0.32aB
60-90 1 0.31 + 0.02bA 2.50 + 0.09abA 0.10 & 0.001aA 8.16 + 0.26aA 24.2 + 1.12abA 2.97 + 0.19bA
8 0.39 & 0.02aB 2.78 = 0.17aB 0.11 4 0.009aA 7.09 + 0.19abB 25.9 & 2.20aB 3.66 £+ 0.29aB
14 0.30 + 0.04bB 1.92 + 0.36bcB 0.11 £+ 0.002aC 6.40 + 0.43bB 18.0 & 3.07bcB 2.77 + 0.33bB
24 0.30 + 0.02bB 1.86 + 0.25bcB 0.11 £+ 0.007aA 6.19 + 0.37bcB 16.3 + 1.46¢cB 2.61 + 0.10bB
48 0.29 + 0.03bB 1.51 £ 0.35cB 0.11 + 0.008aB 5.00 £ 0.67cB 13.8 £ 1.98cB 2.75 + 0.06bB

Different lower and upper letters indicate significant differences among the different recultivation ages and depths at p < 0.05. Values represent means + SEM. TN:
total nitrogen, SOC: soil organic carbon, TS: total sulphur, SOC:TN: total organic carbon to total nitrogen ratio, SOC:TS: total organic carbon to total sulphur ratio, TN:

TS: total nitrogen to total sulphur ratio.
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Fig. 2. The time course of the proportion of 35S immobilised in soil microbial biomass in the reclaimed 0-30 cm (A), 30-60 cm (B), and 60-90 cm (C) soil after

different years of recultivation. Data are means + SEM, n = 4.
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Fig. 3. The time course of the proportion of 353—803’ released from 3°S-labelled methionine in the reclaimed 0-30 cm (A), 30-60 cm (B), and 60-90 cm (C) soil after

different years of recultivation. Data are means + SEM, n = 4.

Recultivation age had a greater impact on the 3°S-SOZ~ than soil
depth or the interaction effects of the recultivation age and soil depth
(Table 3). In surface soil, the 355-50‘2( was negatively corrected with
SOC, TN, and TS contents, and SOC:TS and TN:TS ratios at 48 h, 96 h and
144 h (Table 4). However, in subsurface soils, the correlation between
358—50‘2( and SOC, TN, TS and their stoichiometric ratios were weaker
than in the surface soils.

4. Discussion
4.1. Recultivation age affects the soil C, N and S content in the soil profile

Recultivation age is the main driving force for the restoration of soil
properties and microbial communities in mining areas, while agricul-
tural management, e.g. fertilisation, can shorten the recovery time of the
reclaimed soil (Wang et al., 2020). In our study, the impacts of reculti-
vation on soil C, N and S were mainly manifested in two different ways:
in the first 8 years (phases 1 and 2, the soil was recultivated with alfalfa
and mineral fertiliser was applied), recultivation significantly improved
soil nutrient status in the surface soil. This is consistent with earlier
studies, which showed that recultivation age had a positive relationship
with soil nutrient content in soil chronosequences (Shrestha and Lal,
2010; Huang et al., 2011; Zhao et al., 2013; Liu et al., 2017). As reported
by Reichel et al. (2017) in the same area as our study, a highly structured
and stable microbial food web has been established after 3 years of al-
falfa cultivation, which further benefits nutrient and SOC storage. This is
mainly attributed to the application of compost or the cultivation of
alfalfa with narrow C:N ratios, both of which are believed to accelerate
the accumulation of soil organic matter and nitrogen by boosting

microbial communities (Pihlap et al., 2019; Otremba et al., 2020).

However, after the field was returned to the local farmers (reculti-
vation >8 years), the continuous conventional agricultural management
did not further improve soil TN and TS content, even leading to the
decline of SOC and nutrient contents in subsurface soils. This finding
was supported by results from Mihelic et al. (2024), who found that SOC
levels remained constant under long-term conventional tillage. This can
be attributed to the following reasons: (i) greater C mineralisation may
be potentially induced by the larger disturbance from conventional
tillage (Liu et al., 2023), and (ii) according to the findings from previous
studies in this field (Roy et al., 2017; Roy et al., 2022), long-term con-
ventional farming may limit the development of functional fungi (e.g.
arbuscular mycorrhizal) correlating positively with nutrient content, i.e.
with the decline nutrient contents also arbuscular mycorrhizal richness
declines, resulting in less C accumulated belowground. However, iii)
during conventional management, the slight decline of SOC along the
chronosequence in subsoils might also result from crop harvest without
extra carbon input (Table 1). The underlying mechanisms that control
soil C content in these deep layers of the reclaimed agricultural systems
require further study. In addition, the significantly lower SOC content,
SOC:TN and SOC:TS ratios (Table 1) in subsurface soils indicated less
available C for microbial growth relative to surface soil. The subsurface
soil is less densely rooted and also receives less input from crop residues,
leading to C limitation as reported in cultivated (Schneider et al., 2020)
and agroforestry systems (Siegwart et al., 2023). It can be concluded
that long-term conventional farming may not benefit C and S accumu-
lation relative to recultivation with alfalfa and fertilisers, especially in
subsurface soils.



Q. Wang et al.

Table 2
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Effects of soil depth and the recultivation age on °S in microbial biomass (3°S-MB) and 3°S-S0%~ production at each incubation time after the 3*S-methionine addition.

Organic S partition Depths (cm)

Recultivation age (Year)

Incubation time (h)

6 24 48 96 144
1 49.6 £ 1.65cA 55.6 £ 1.28a A 55.7 +2.61aB 458 +0.41bB 421 +£240bA
8 57.34+0.32aA 53.0 + 1.07 ab A 53.9 + 0.96 ab A 50.2 + 1.50 ab A 437 £1.54bA
355-MB 0-30 14 559+ 2.09aA 50.6 £+ 1.21 b A 50.5+ 1.87ab A 47.6 £ 1.59 ab A 379+ 0.69bA
24 51.9 £ 0.35 bc A 488 +1.12bA 49.8 £0.66 b A 51.4+1.40aA 50.2 4+ 1.02aA
48 54.6 + 0.73ab A 51.0 £+ 2.03b A 50.9 + 1.55ab A 50.7 £ 2.15ab A 52+ 1.78aA
1 48.2+0.47aA 59.6 -1.29aA 62.5+097aA 520+ 217aA 50.7 £ 2.8laA
8 46.6 = 1.14aB 53.3+0.71bA 51.4 £ 1.95bc A 45.2+1.31abB 39.3+152bA
355.MB 30-60 14 40.6 £ 1.87bB 543+ 1.65bA 56.4 +2.46b A 44.3 £ 2.53ab A 42.0 £1.53bA
24 409+ 236bB 51.0 £ 0.79 bc A 49.6 = 1.62cA 41.2+1.25bB 45.7 +£2.09 ab A
48 40.2+£1.63bB 48.4+0.98cA 46.8 =1.54cA 46.4 + 3.61 ab A 39.8+136bB
1 469+ 1.97aA 57 +£1.27aA 61.0 + 0.43 a AB 49.4 + 1.86 a AB 53.5+5.07aA
8 43.7 £0.80ab C 53.1 +1.17abA 52.3+244bA 452 +0.39aB 43.9 £ 3.40 ab A
355-MB 60-90 14 42.4 + 3.08 abc B 522+ 2.02bA 54.8 £ 0.86 ab A 46.0 = 2.64aA 42.7 +£3.01ab A
24 40.2 +£1.28 bc B 50.4 +1.37bA 46.2 £1.05b A 48.5 + 2.61 a AB 38.1+3.05bB
48 37.3+1.02cB 49.3+1.39bA 47.96 £ 440 b A 45.3+3.62aA 387+ 4.24bB
1 4.23+0.75ab A 3.93+0.57aA 31.5+1.58aA 441+ 1.26aA 46.4+236aA
8 2.47 £ 0.85bc A 7.86 +1.79aA 524+1.18bB 3+142cC 9.31+2.69bB
355.50%~ 0-30 14 4.87 £0.72aA 141 +0.62aA 9.97 £2.46b A 1.57 £ 0.53cB 5.60 £ 0.40 b A
24 1.72 £ 0.15c AB 8.05+0.97aA 10.3+0.31bA 7.61 £1.15b A 418 +1.26bB
48 3.96 + 0.71 abc A 342+ 1.38aA 6.62+1.84bA 104+191bB 3.01+133bB
1 2.04 £096bA 5,55+ 0.99aA 21.14+094aB 299+ 282aB 30.2+4.17bB
8 4.83+0.70bA 433+ 175aA 26.2+3.43aA 23.1 £2.33abB 43.7 +£1.48aA
358.50%" 30-60 14 7.81+1.76aA 6.73+0.56a A 5.94+£1.90bA 3.34£0.44dB 3.67 £2.67dA
24 3.28 +1.08 ab A 3.86 + 0.83 a AB 6.77 £1.87b A 9.15 + 3.02cd A 321+091dB
48 4.72 +1.09 ab A 6.52+2.53aA 10.6 £+ 1.98b A 14.8 + 3.74bc B 18.1 +3.31 c AB
1 2.73+1.47ab A 3.71+081bA 22,5+ 2.42abB 39.2+1.82aA 344+434aB
8 3.92+1.26abA 9.77 £ 1.72aA 31.1 +-4.08aA 37.7+256aA 354+380aA
355.50%~ 60-90 14 6.82+ 1.44aA 2.03+0.61bA 155+ 3.35bA 14.7 £ 3.99 bc A 126 +1.24b A
24 0.64 +0.23bB 258 +1.59b B 10.4 +2.83bA 121 £392cA 127 £221bA
48 2.67 +1.60 ab A 0.81 £+ 0.28b A 10.2+3.41bA 23.7+0.19bA 37.6 £ 6.60aA

Different lowercase and uppercase letters indicate significant differences among different recultivation periods and three depths at p < 0.05, respectively. Values

represent means + SEM.

Table 3

Two-way ANOVA analysis of **S-labelled methionine depletion in soils after different years of recultivation.

Time after >°S-methionine addition (h)

Soil depth

F-test

Recultivation age

Soil depth*Recultivation age
6 1.374 5.946%* 1.014
24 2.712 1.483 1.734
355503~ 48 5.079* 23.334%% 8.550%*
96 30.435%* 71.127%% 10.634%*
144 10.958%*
6 * 4.151%*
24 1.62 16.200%* 1.078
355-MB 48 0.476 14.797** 1.851
96 2.792 0.822 2.039
144 0.562 3.310* 4.064**

Value with * and ** represent significance at p < 0.05 and p < 0.01, respectively.

4.2. Effects of recultivation age on the immobilisation of 3°S-labelled
methionine (°°S-MB)

Methionine is a low-molecular-weight source of organic S, and the
decomposition of methionine includes immobilisation and mineralisa-
tion processes. Immobilisation is the initial process for methionine
decomposition as most of the methionine is taken up by microbes
quickly (Fitzgerald and Watwood, 1988; Wang et al., 2023a), while with
increasing incubation time, S content in microbial biomass decreased
and was released as sulphate (Ma et al., 2023; Wang et al., 2023b). Our
results indicated that despite significant changes in SOC content in the
surface soil after recultivation, the microbial uptake of organic S was
mainly independent of recultivation age. This can be explained by
findings from Ma et al. (2020) and Ma et al. (2021a), who found that the
short-term microbial uptake of organic S is determined by the amino
acid structure and is less affected by the addition of extra C and
nutrients.

However, immobilisation of 3°S-methionine in subsurface soils was
lower than in the surface soil and was significantly decreased along the
soil chronosequence. Especially the short-term immobilisation of
organic S into microbial biomass was highly affected by soil depth rather
than recultivation age (Table 3). In our study, the microbial uptake of
organic S in subsurface soils was highly correlated with soil C content
(Table 4), and 355.MB decreased with decreasing amounts of SOC. The
availability of C as the energy source that controls microbial growth is
one of the key factors governing S cycling (Niknahad Gharmakher et al.,
2009). As a result, factors that change the C cycling influence S turnover
(McGill and Cole, 1981; Kumar et al., 2022). Here, subsurface soils
became C limited as SOC content declined with increasing recultivation
age, which further led to the decrease in >°S-MB. Our assumption is
supported by research at the same site as our study (Clayton et al.,
2021), which showed that at SOC levels below 1 %, the microbial
biomass was out of stoichiometric equilibrium with a lower carbon
immobilisation efficiency due to high maintenance respiration. In
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Table 4
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Pearson correlation analysis between soil properties and *>S-labelled methionine decomposition in soil profiles.

Soil depth (cm) Variables 355-MB (r value) 355-50% (r value)
6h 24 h 48 h 96 h 6h 24 h 48 h 144 h
TN 0.418 —0.341 —0.299 —0.274 —0.085 —0.792%* —0.855**
SOC 0.480* —0.306 —0.316 —0.280 —0.045 —0.835* —0.860**
TS 0.287 —0.298 —0.296 -0.116 -0.110 —0.658** —0.489* —0.770**
SOC:TN 0.255 0.128 —0.059 0.007 0.188 —-0.177 -0.317 —0.203
SOC:TS 0.601%* —0.312 —0.346 0.640%* —0.346 0.047 —0.890%* —0.844** —0.875%*
0-30 TN:TS 0.513* —0.390 —0.348 0.706** 0.652** —0.350 —-0.021 —0.857** —0.757** —0.845**
TN 0.367 0.066 0.033 0.301 —0.323 0.229 —0.311 0.320 0.055 0.471
SOC 0.644** 0.416 0.428 0.444 —0.045 0.200 —0.186 0.456 0.348 0.593*
TS -0.333 —0.221 —0.225 —-0.120 -0.181 0.172 —0.552* —0.265 -0.229 -0.271
SOC:TN 0.758** 0.667** 0.717** 0.497* 0.266 0.045 —0.063 0.495 0.558* 0.588%**
SOC:TS 0.752%* 0.506* 0.478* 0.452 0.037 0.011 0.167 0.580* 0.499 0.677**
30-60 TN:TS 0.533* 0.253 0.185 0.277 —0.136 —0.033 0.272 0.502* 0.345 0.585*
TN 0.499* 0.43 0.245 0.151 0.182 0.324 0.641** 0.573* 0.361 0.028
SOC 0.692%* 0.678%* 0.557* 0.257 0.459 0.315 0.647** 0.594* 0.493* 0.026
TS —0.088 0.136 0.020 0.177 0.028 0.011 —0.151 —0.136 —0.174 —0.064
SOC:TN 0.695** 0.780** 0.775%* 0.309 0.698** 0.266 0.442 0.436 0.486* —0.022
SOC:TS 0.757%* 0.688** 0.603** 0.215 0.517* 0.338 0.726%* 0.714** 0.619%* 0.077
60-90 TN:TS 0.543* 0.367 0.225 0.067 0.206 0.324 0.713** 0.710%* 0.523* 0.134

Correlation coefficient (r) with * and ** represent significance at p < 0.05 and p < 0.01, respectively. TN: total nitrogen, SOC: soil organic carbon, TS: total sulphur,
SOC:TN: soil organic carbon to total nitrogen ratio, SOC:TS: soil organic carbon to total sulphur ratio, TN:TS: total nitrogen to total sulphur ratio.

conclusion, the increase in SOC in surface soil had little effect on mi-
crobial immobilisation of low-molecular-weight S-containing amino
acids, but >>S-MB was negatively affected by the decrease of SOC content
in subsurface soils when the SOC is under a very low level over
recultivation.

4.3. Effects of recultivation age on the released sulphate (*°S-SOZ") in the
soil profile

In the present study, a decline of sulphate release was observed both
in surface soil and subsurface soils along the chronosequence. A signif-
icant decrease in %°S-505~ was observed from year 1 to year 8, while no
significant change beyond 14 years of recultivation occurred when
conventional tillage and agricultural crops dominated this site. It indi-
cated that the change in 3°5-S0%~ is mainly attributed to the effects from
the early phases of recultivation management (alfalfa and adding fer-
tilisers) and the subsequent conventional agricultural management had
little effect on the microbial mineralisation of organic S into sulphate.

However, the changes in 358-5042( still differed between surface soil
and subsurface soil. This was consistent with the finding from Fitzgerald
and Andrew (1984), suggesting that the conversion process of
methionine-S to sulphate depends on the incubation time and soil
depths. Compared to the decline of sulphate release in surface soil after
8 years of recultivation, the decline of 355—504’ in subsurface soils was
observed only after 14 years of recultivation, indicating that a lag in
microbial response to the recultivation processes in subsurface soils.
Additionally, Pearson correlation analysis indicated that the underlying
controls of the declined 3°S-SO3~ release were different in surface and
subsurface soils. In surface soil, the 3°S-SO%~ was highly correlated with
soil SOC content and nutrient status. We, therefore, assume that the
mineralisation of organic S into inorganic sulphate resulted from bio-
logical S mineralisation, which is driven by the microbial need for
organic C to provide energy (Scherer, 2009). Higher SOC content in
surface soils indicated a higher C: nutrient ratio (Table 1), which can
induce microbial immobilisation of excess C. Further, according to
ecological stoichiometry theory (Mooshammer et al., 2014; Sterner and
Elser, 2002), to maintain microbial stoichiometric equilibrium under
excess C immobilisation (microbial biomass C:S ratio), S-containing
methionine will be primarily immobilised as biomass and accordingly,
less S was released as sulphate from methionine in older surface soils.
Our assumption was supported by the finding from Ma et al. (2021c),
showing that microbial decomposition of organic S is driven by C de-
mand rather than S demand. However, relative to surface soil, the

release of sulphate was less correlated with soil C availability or nutrient
content in subsurface soils, which was similar to the finding from Moradi
etal. (2020), who found that soil depth highly explained the variation of
soil microbial biomass under reclamation, and soil C is not the only
limiting factor for the microbial community due to the complexity of
subsurface reclaimed soil. Two hypotheses can explain the variation in
355.50%~ in subsurface soils: firstly, sulphate release may be regulated
by other geochemical properties (e.g. soil phosphorus content), as a
previous study on this site showed that the N to phosphorus stoichi-
ometry is crucial to the arbuscular mycorrhizal fungi richness (Roy et al.,
2017) and thus likely also microbial activity; secondly, environmental
factors, such as parent material, climate, and vegetation, determine
ecosystem structure and function across biomes (Delgado-Baquerizo
et al., 2020). For example, McFarland et al. (2019) found that the short-
term (in 50 h) partitioning of low molecular weight organic compounds
across chronosequence was regulated by mineralogical effects on mi-
crobial access to the low molecular weight organic compounds. There-
fore, as a result of soil horizon formation after recultivation, 355—50‘2;_ in
deeper soil layers was more dependent of soil chemical properties (e.g.
mineralogical status) compared to surface soils. Our findings suggest
greater attention should be paid to the deeper subsoil to fully understand
the global S dynamics.

In our study, chronosequences and associated space-for-time sub-
stitutions were applied to the Inden (Germany) chronosequence of
reclaimed lignite mining sites to examine the long-term effect of recul-
tivation age on soil organic S cycling. Chronosequences are mostly used
to examine ecosystems with convergent successional trajectories, and
the recultivation age was typically found to be the dominant driver of
the variations in soil properties and microbial responses (Rosinger and
Bonkowski, 2021). But the application of chronosequence should be
carefully considered in research studies, as chronosequences are least
suited for implying successional dynamics when sites have different
vegetation histories or when dealing with traits that are more variable
and unpredictable, such as species composition and abundance (Walker
et al., 2010). In our study, due to the variability of human intervention,
the conventional management applied by local farmers in the third
phase of the recultivation could potentially influence our results.

5. Conclusion
The alfalfa or fertilisers (first 8 years) significantly increased SOC, TN

and TS contents in surface soil, but not in deeper subsurface soils. The
controls on the 3°S immobilisation (3SS-MB) were different in surface
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soil (0-30 cm) and subsurface soils (30-60 cm and 60-90 cm) along the
48-year recultivation chronosequence. The 3°S-MB in subsurface soils
significantly decreased over recultivation attributed to the microbial C
limitation resulting from declining SOC in the chronosequence. The 3°S-
MB in surface soil was independent of recultivation age as most of the
methionine (> 50 %) was utilised by microbes in 24 h. Conversely, the
355.50%~ changes were dependent on the recultivation age rather than
soil depths. The significant decrease in °S-S0% ™ in the whole soil pro-
files is mainly attributed to the effects from the early phases of reculti-
vation management (i.e., alfalfa and adding fertilisers). Recultivation
management has the potential to affect ecosystem S cycling, but the
effectiveness of the restoration depends on the specific management
practices employed. Relative to conventional agricultural management,
the application of fertiliser or functional plants has a greater effect on
microbial-medicated organic S decomposition. Our study using 3°S
isotope approach filled the research gap in S-containing amino acid
decomposition in those recultivated ecosystems highly affected by
human activities. It provides novel insights into understanding the
microbial-regulated S cycling in European countries with low S depo-
sition or within systems that are highly susceptible to S deficiency.
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