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Abstract: Industrial wastes and agricultural byproducts are increasingly used in crop production as
fertilizers, but their impacts on soil carbon (C) sequestration remain poorly understood. The aim
of this study was to examine the effects of applying steel slag (SS), biochar (B), and a combination
of these two materials (SS + B) on total soil organic C (SOC), active SOC fractions, and C pool
management index (CPMI) in a subtropical paddy field in China. The treatments were applied at
a rate of 8 t ha−1 to rice at the two (early and late) crop seasons in 2015. The SOC concentrations
in the top 30 cm soils in the SS + B treatments were 28.7% and 42.2% higher in the early and late
crops, respectively, as compared to the controls (p < 0.05). SOC was positively correlated with soil
C:N ratio across the two crop seasons (r = 0.92–0.97, p < 0.01). As compared to the control, SS + B
treatment had significantly higher carbon pool index (CPI) in both early (22.4%) and late (40.1%)
crops. In the early crop, the C pool activity index (CPAI) was significantly lower in B and SS + B
treatments by over 50% than in the control, while the soil C pool management index (CPMI) in the SS,
B, and SS + B treatments was lower than that in the control by 36.7%, 41.6%, and 45.4%, respectively.
In contrast, in the late crop, no significant differences in CPAI and CPMI were observed among the
treatments. Our findings suggest that the addition of steel slag and biochar in subtropical paddy
fields could decrease active SOC pools and enhance soil C sequestration only in the early crop, but
not the late crop.

Keywords: rice paddy; active carbon; biochar; steel slag; soil organic carbon

1. Introduction

Global climate change is regarded as one of the major environmental problems in the 21st
century. Enhancing soil carbon (C) sequestration and reducing greenhouse gas (GHG) emissions in
agriculture are some of the key approaches to minimize the impacts of agriculture on climate change [1].
Paddy fields in China account for 23% of the country’s cultivated lands and comprise approximately
20% of the world’s total rice production areas [2], thus, investigating the GHG dynamics in Chinese
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paddy fields has significant implications to atmospheric chemistry and climate change at both national
and global levels [3].

Rice (Oryza sativa L.) is a major cereal crop that currently supports more than 50% of the global
population [4]. To satisfy the food demand by the world’s ever-increasing population, rice production
may have to increase by 40% by 2030 [5]. Given that paddy fields have a much higher C sequestration
potential than dry croplands [6], rice cultivation can play a potentially important role in mitigating
the rapid increase in atmospheric CO2 [7]. Currently, the total C stock in the paddy soils of China is
1.3 Pg [6], which is considerably lower than that of 21.0 and 41.0 Pg reported in the soils of Chinese
forests [8] and grasslands [9], respectively. With the relatively small amount of soil organic carbon
(SOC) currently present, paddy soils may offer a great potential to sequester C, provided that suitable
management practices are applied [10,11].

Numerous strategies have been explored by researchers to enhance C sequestration in paddy
soils. For example, the application of exotic materials such as biochar [12] and steel slag [13] has been
proposed as a viable option to improve rice yields and mitigate GHG emissions concurrently [1,14].
Steel industries and paddy farming usually generate a huge amount of waste materials in the forms
of sludge slag and agricultural by-products, respectively. Transforming these solid wastes into
usable materials is highly desirable for the conservation of natural resources and the development of
sustainable agricultural systems. Steel slag is rich in ferric iron and other nutrients. When applied in
paddy fields, the slag can raise soil pH, reduce methane emission, mediate soil quality and increase rice
yield. Biochar produced by pyrolysis of biomass [15] has been shown to have potential in sequestering
atmospheric CO2 over millenia [16] and improving soil quality [15,17]. While steel slag and biochar
have been widely used as soil amendments worldwide [18–20], their independent and interactive
effects on the soil C pool, in particular the active C fractions, remain poorly understood.

Soil C typically exists in various forms with different degrees of lability. The fraction of active
C in soil is strongly influenced by plants and microbes and is highly susceptible to oxidation and
decomposition processes [21,22]. Distinguishing active C fraction from total SOC pool is crucial for
assessing the effects of agricultural management practices on soil C dynamics in rice cultivation
systems [23–26]. Owing to the large size of the existing C stock in soils, any small changes in SOC
from one year to the next are difficult to be quantified by any existing analytical equipment and
methodology. Hence, it is very challenging to accurately determine the management impacts on
soil C dynamics using total organic carbon (TOC) as an indicator based on short-term studies [23].
In contrast, quantifying labile SOC factions, such as microbial biomass C (MBC), dissolved organic
C (DOC), and other labile organic C (LOC) compounds, can help to elucidate the rapid response
of soil C to the implementation of various management practices. Soil C and nitrogen contents can
be influenced by environmental and anthropogenic factors [27]. Also, cropping practices, such as
fertilization [28], tillage [29], planting configuration [30], crop rotation, and systems integration [31],
can play a key role in governing the C and N dynamics and hence GHG emissions in agricultural soils.
Effective management of active C pool in soils is therefore important to mitigate GHG emissions to the
atmosphere [27,32–37]. Previous studies have applied the C pool management index (CPMI) to assess
the response of SOC content to changes in environmental conditions and management practices in
field crops such as maize (Zea mays L.), wheat and millet (Pennisetum glaucum L.) [26,33,34]. The CPMI
methodology could potentially be used to quantify SOC changes in flooded paddy fields.

China has the second largest rice cultivation area in the world [38], with 90% of the Chinese
paddy fields being located in the subtropics, mostly in Fujian, Jiangxi and Hunan Provinces. It is of
national and global interests to formulate effective strategies that can simultaneously increase the
cost-effectiveness of paddy farming, and enhance both crop yields and soil C storage. Furthermore,
industrial and agricultural wastes are far less commonly applied in subtropical paddy fields than
their temperate counterparts [14,18,39], and their impacts on active soil C pools in subtropical
environments are largely unknown. In particular, it is not clear whether the combined application
of these amendments would bring about synergistic or antagonistic effects on soil C as compared to
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applying these materials separately in a field setting. The objectives of this study were to: (1) investigate
the effects of combined steel slag and biochar incorporation on the total and active SOC concentrations
in subtropical paddy fields; (2) examine their impact on the relationships between different active SOC
fractions and other soil properties; and (3) evaluate whether C pool management index can be used to
determine the sensitivity of SOC to steel slag and biochar application in paddy crops.

2. Materials and Methods

2.1. Study Site and Experimental Design

A field experiment was conducted in the Fujian Academy of Agricultural Sciences, Fujian,
Southeastern China (26.1◦ N, 119.3◦ E) in successive early (16 April to 16 July) and late paddy seasons
(25 July to 6 November) in 2015 (Figure 1) in order to understand the the impacts of steel slag and
biochar amendments on soil carbon dynamics comprehensively over one annual cycle. The soil was
mainly as silt, and slightly acid with low C content [1,14]. The steel slag was collected from Jinxing Iron
and Steel Co. Ltd., Fuzhou, Fujian, China. The rice straw used for biochar production was collected
from Qinfeng Straw Technology Co. Ltd., Nanjing, Jiangsu, China. The biochar was subsequently
prepared by pyrolysis at a temperature of 600 ◦C for 90 min. Chemical compositions of the two soil
amendments were measured (Table S1).

Figure 1. The location of the study area and sampling site (N) in southeast China.

The experimental plots were laid out in a randomized block design, with triplicate plots (10 m2)
for each of the four treatments (including a control). PVC boards (0.5 cm thick, 30 cm high) were
installed along the margins of each plot to prevent the exchange of water and nutrients across different
treatment plots. In each plot, rice seedlings (early rice cultivar: Hesheng 10; late rice cultivar:
Qinxiangyou 212) of about one-month-old were transplanted from seed beds/nurseries to a soil
depth of 5 cm with a spacing of 14 × 28 cm using a rice transplanter. The plots were then plowed at a
depth of 15 cm with a moldboard plow and leveled immediately two days before rice transplanting.
The experimental treatments were as follows: (1) Control: Mineral fertilizer + urea; (2) Steel slag:
Mineral fertilizer + urea + Steel slag; (3) Biochar: Mineral fertilizer + urea + Biochar; (4) Steel slag +
biochar: Mineral fertilizer + urea + Steel slag + Biochar. In these treatments, mineral fertilizers were
applied as complete (N-P2O5-K2O at 16-16-16%; Keda Fertilizer Co., Ltd., Jingzhou, Hubei, China) and
urea (46% N) fertilizers, with the rates of N, P2O5, K2O addition being 95, 70, 70 kg ha−1, respectively.
Steel slag and biochar were applied as a single basal dose of 8 t ha−1, which was an intermediate
dosage rate used in previous experiments [39,40]. We adopted other management practices that
were typical in the subtropical paddy fields of China [41,42], with the details being described in
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the Supplementary information [1,14]. Figure S1 shows the air temperature and rainfall during the
study period.

2.2. Determination of Soil Properties and Calculation of CPMI

Triplicate soil samples were collected from the field for each of the four treatments after rice
harvest in both the early and late paddy fields, resulting in a total of 48 soil samples (0–15 and 15–30 cm
depths). Microbial biomass carbon (MBC) and dissolved organic carbon (DOC) were measured using
fresh soils, while total organic carbon (TOC) and labile organic carbon (LOC) were determined using
air-dried and finely grounded soils. Soil TOC concentration was determined using an elemental
analyzer (Elementar Vario MAX, Elementar Scientific Instruments, Hanau, Germany). Soil DOC
concentration was determined using a total organic carbon analyzer (TOC-V, Shimadzu Scientific
Instruments, Kyoto, Japan), after extracting the soils with deionized water (1:5 w/v). Soil MBC was
determined by the fumigation–extraction method [43], while soil LOC was determined by the 333 mM
KMnO4 digestion method [26,41], in which soil slurry (soil to distilled water ratio of 1:5 (w/v) was
shaken at 300 rpm for 30 min at 25 ◦C, centrifuged at 10,000 rpm for 20 min, and then filtered through
a decarbonized 0.45 µm filter. The C concentration in the filtered supernatant was subsequently
determined with a total organic carbon analyzer (TOC-V, Shimadzu Scientific Instruments, Kyoto,
Japan). Based on the concentrations of these different C forms determined, the carbon pool index (CPI),
carbon pool activity (CPA), carbon pool activity index (CPAI), and carbon pool management index
(CPMI) were calculated according to the steps described in Xu et al. [26] and Lou et al. [44] as follows:

Carbon pool index (CPI) = total C content in the sample (mg g−1)/total C content

in the reference soil sampled from the control (mg g−1)

Carbon pool activity (CPA) = Active SOC content (CA)/Non-active SOC content (CNA)

where CNA was determined as the difference between total and active SOC (represented by LOC).

Carbon pool activity index (CPAI) = CPA in the sample/CPA in the reference soil

Carbon pool management index (CPMI) = CPI × CPAI × 100

The total stocks of various carbon fractions in the top 30 cm soils were also calculated based on
the concentration of SOC fractions, bulk density, and depth [45].

Soil bulk density, salinity, pH, and gravimetric water content were measured following the
standard methods [46], while soil total N (TN) concentration was determined by an elemental analyzer
(Elementar Vario MAX, Elementar Scientific Instruments, Hanau, Germany). The rate of soil C release
(in form of CO2) was determined by laboratory incubation [47], through quantifying the change in
headspace concentrations over time [43]. The bacterial and fungal population counts were determined
by the tablet colony counting method [43].

2.3. Statistical Analysis

Statistical analyses in this study were carried out using SPSS 18.0 (SPSS Inc., Chicago, IL, USA).
Repeated-measures analysis of variance (RM-ANOVAs) and Bonferroni’s post hoc test were used to test
for significant differences in total SOC, active SOC fraction, and other soil properties among treatments,
with separate analysis for the early and late paddy seasons. The correlations between the concentrations
of various SOC fractions and soil properties were examined using Pearson correlation analysis.
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3. Results

3.1. Effect of Waste Amendment on the Concentrations of TOC, Active C Fractions, and C Release Rate

In the early paddy field, the average soil TOC concentration in the top 30 cm soil was 36.6% and
28.7% greater, respectively, in the treatments of biochar (B) and the steel slag and biochar combination
(SS + B), as compared to the controls (p < 0.05, Figure 2). Soil LOC concentration was 30.1% and 25.8%
lower, respectively, in the steel slag (SS) and SS + B treatments than the controls (p < 0.05, Figure 2).
Soil DOC concentration in the SS and SS + B treatments was 28.5% and 50.3% higher, respectively,
than the controls (p < 0.05, Figure 2). Soil CO2-C release was 36.9% lower in the SS + B treatment as
compared to the controls (p < 0.05, Figure 3).

Figure 2. Mean concentrations of SOC (A,B), LOC (C,D), MBC (E,F), and DOC (G,H) in the treatment
and control plots in the early and late paddy fields. Different letters represent significant difference in
mean values among treatments (p < 0.05, n = 6).
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Figure 3. Mean soil CO2 release rates in the treatment and control plots in the early (A) and late paddy 
fields (B). Different letters represent significant difference in mean values among treatments (p < 0.05, 
n = 6). 
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Figure 3. Mean soil CO2 release rates in the treatment and control plots in the early (A) and late paddy
fields (B). Different letters represent significant difference in mean values among treatments (p < 0.05,
n = 6).

In the late paddy field, the mean soil TOC concentration in the top 30 cm soil was 42.2% higher in
the SS + B treatment than in the controls (p < 0.05, Figure 2). When compared to the controls, the mean
soil LOC concentration was 30.5% lower in the B treatment, while the soil MBC concentrations in the
SS, B, and SS + B treatments were 56.8%, 48.9%, and 43.0% higher, respectively (p < 0.05, Figure 2).
No differences in soil CO2-C release rates were observed among all the treatments (p > 0.05, Figure 3).
Moreover, both the total stock of various soil C fractions and the ratio of soil C fractions to TOC
concentrations varied significantly following steel slag and biochar amendments (Figures S2 and S3).

3.2. Effects of Waste Amendment on Other Soil Properties

In the early paddy field, the soil bacterial population (colony) count was 65.5%, 55.1%, and 51.2%
lower in the SS, B, and SS + B treatments, respectively, as compared to the controls (p < 0.05, Figure 4).
The soil fungal colony was 62.8% lower in the SS treatment than in the controls (p < 0.05, Figure 4).
The soil fungi:bacteria ratio was 93.1%, and 91.1% higher in the B and SS + B treatments, respectively,
than in the controls (p < 0.05, Figure 4). In the late paddy field, the soil bacterial colony in the
SS and SS + B treatments was 25.1%, and 47.4% lower, respectively, than in the controls (p < 0.05,
Figure 4). The soil fungal colony was 35.8%, 32.9%, and 38.9% lower in the SS, B, and SS + B treatments,
respectively, than in the controls (p < 0.05, Figure 4).
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Figure 4. Mean colony count of bacteria (A,B), fungi (C,D), and fungi:bacteria ratio (E,F) in the
treatment and control plots in the early and late paddy fields. Different letters represent significant
difference in mean values among treatments (p < 0.05, n = 6).

In the early paddy field, soil salinity and pH in the SS + B treatment were 98.0% and 14.2% higher,
respectively, than in the controls (p < 0.05, Figure 5). Soil N in the B treatment was 10.5% higher than
that in the controls (p < 0.05, Figure 5). The soil C:N ratio was 21.6% and 22.5% higher in the B and
SS + B treatments, respectively, as compared to the controls (p < 0.05, Figure 5). In the late paddy
field, soil salinity, pH and the C:N ratio in the SS + B treatments were 108.9%, 8.1% and 29.3% higher,
respectively, than in the controls (p < 0.05, Figure 5). The mean soil bulk density in the B plots was
8.6% lower than that in the controls (p < 0.05, Figure 5).
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Figure 5. Cont.



Agronomy 2018, 8, 135 9 of 17

Figure 5. Mean soil salinity (A,B), pH (C,D), N concentration (E,F), C:N ratio (G,H), bulk density (I,J),
and gravimetric water content (K,L) in the treatment and control plots in the early and late paddy
fields. Different letters represent significant difference in mean values among treatments (p < 0.05,
n = 6).

3.3. Relationships between SOC Fractions and Soil Properties

Table 1 shows the Pearson correlation coefficients between the concentrations of different SOC
fractions and the various soil physico-chemical and biological properties. In the early paddy field,
the bacterial count was positively correlated with LOC concentration (r = 0.752, p < 0.01). In addition,
soil TOC concentration was positively correlated with soil fungi:bacteria ratio, total N, and C:N ratio
(r = 0.845, 0.779, 0.970, respectively, p < 0.01). Meanwhile, no significant correlations were observed
among TOC, DOC, MBC, and LOC concentrations in soils (p > 0.05). In the late paddy field, soil
TOC concentration was negatively correlated with the bacterial count (r = −0.518, p < 0.05), but
positively correlated with soil salinity (r = 0.838), C:N ratio (r = 0.921), and pH (r = 0.566, p < 0.05).
Negative correlation was found between the fungal count and MBC concentration (r = −0.582,
p < 0.05). Moreover, the soil LOC concentration was negatively correlated with soil MBC concentration
(r = −0.666, p < 0.01, Table S2). When the two paddy fields were combined in the analysis, soil LOC
was negatively correlated with both MBC (r = −0.543, p < 0.01) and DOC (r = −0.366, p < 0.05, Table S2).
Apart from the concentrations of SOC fractions, the total stocks of various SOC fractions were also
significantly correlated with a number of soil properties (Table S3).

3.4. Effects of Waste Amendment on Soil C Pool Management Index

Table 2 shows the effects of waste amendment on the active and non-active SOC fractions, as well
as the carbon pool management index (CPMI). In the early paddy field, the active SOC fraction (CA) in
the SS and SS + B treatments was 30.1% and 25.8% lower, respectively, as compared to the controls (p <
0.05). The non-active SOC fraction (CNA) in the B and SS + B treatments was 96.5% and 84.9% higher,
respectively, than in the controls (p < 0.05). The soil carbon pool activity (CPA) in the B and SS + B
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treatments was 57.5% and 50.8% lower, respectively, than in the controls (p < 0.05). The soil carbon
pool index (CPI) in the B and SS + B treatments was 34.1% and 22.4% higher, respectively, than in the
controls (p < 0.05). The soil carbon pool activity index (CPAI) in the B and SS + B treatments by 55.0%
and 51.2% lower, respectively, than in the controls (p < 0.05). Overall, the soil CPMI in the SS, B, and SS
+ B treatments was 36.7%, 41.6%, and 45.4% lower, respectively, as compared to the controls (p < 0.05).

In the late paddy field, CA in the B treatment was 30.6% lower than that in the controls (p < 0.05,
Table 2). Soil CNA in the SS, B, and SS + B treatments was 73.6%, 92.2%, and 126.9% higher, respectively,
than in the controls (p < 0.05). As compared to the controls, the soil CPA in the B and SS + B treatments
was 55.0% and 52.6% lower, respectively (p < 0.05). The soil CPI was 40.1% higher in the SS + B
treatment than in the controls (p < 0.05). However, we observed no differences in soil CPAI and CPMI
among any of our treatments (p > 0.05).
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Table 1. Pearson correlation coefficients between the concentrations of different carbon forms and various soil properties.

Stage C Form Bacteria Fungi Fungi: Bacteria Ratio Salinity pH Total N C:N Ratio Bulk Density Water Content C Release

Early paddy field

TOC −0.275 0.443 0.845 ** 0.191 0.314 0.779 ** 0.970 ** 0.161 0.346 −0.125
LOC 0.752 ** 0.361 −0.347 −0.391 −0.381 0.025 −0.115 −0.012 −0.436 0.614 *
MBC −0.479 0.357 0.227 −0.251 −0.106 0.016 0.188 0.592 * −0.121 −0.256
DOC −0.367 −0.028 0.150 0.849 ** 0.791 ** −0.422 0.196 −0.069 −0.264 −0.614 *

Late paddy field

TOC −0.518 * −0.332 0.320 0.838 ** 0.566 * 0.442 0.921 ** −0.340 0.235 0.436
LOC 0.296 0.382 −0.159 −0.084 0.011 −0.636 * 0.205 0.374 −0.260 −0.056
MBC −0.352 −0.582 * 0.175 0.467 0.357 0.410 0.252 −0.279 0.161 0.379
DOC −0.318 −0.418 0.323 0.313 0.139 0.328 0.262 0.138 0.301 −0.071

Combined paddy
field

TOC −0.301 0.063 0.302 0.520 ** 0.407 * 0.583 ** 0.933 ** −0.145 0.243 0.244
LOC 0.605 ** 0.506 ** 0.102 −0.197 −0.147 −0.202 0.091 −0.202 0.101 0.358 *
MBC −0.570 ** −0.675 ** −0.250 0.060 −0.014 −0.008 0.150 0.553 ** −0.434 * −0.308
DOC −0.434 * −0.308 −0.058 0.601 ** 0.565 ** −0.216 0.170 0.214 −0.244 −0.416 *

* significant at p < 0.05, ** significant at p < 0.01. Note: TOC: Total organic carbon; LOC: Labile organic carbon; MBC: Microbial biomass carbon; DOC: Dissolved organic carbon.

Table 2. Effects of waste amendment on the soil carbon pool management index and crop yield.

Stage Treatment CA (mg·g−1) CNA (mg·g−1) CPA CPI CPAI CPMI Crop Yield (Mg ha−1)

Early Paddy
field

Control 7.02 ± 0.68 a 6.80 ± 0.66 b 1.09 ± 0.22 a 1.00 ± 0.00 c 1.00 ± 0.00 a 100.00 ± 0.00 a 4.63 ± 0.64 a
Steel slag 4.91 ± 0.21 b 8.41 ± 0.86 b 0.78 ± 0.10 ab 0.94 ± 0.02 c 0.71 ± 0.06 a 63.30 ± 6.76 b 4.67 ± 0.20 a
Biochar 5.52 ± 0.65 ab 13.36 ± 0.62 a 0.47 ± 0.06 b 1.34 ± 0.06 a 0.45 ± 0.10 b 58.36 ± 10.61 b 4.91 ± 0.52 a

Steel slag + biochar 5.21 ± 0.39 b 12.57 ± 0.40 a 0.54 ± 0.08 b 1.22 ± 0.03 b 0.49 ± 0.02 b 54.55 ± 4.47 b 5.06 ± 0.26 a

Late Paddy
field

Control 8.00 ± 0.41 a 5.67 ± 0.46 b 1.50 ± 0.21 a 1.00 ± 0.00 b 1.00 ± 0.00 a 100.00 ± 0.00 a 6.73 ± 0.94 a
Steel slag 6.41 ± 0.75 ab 9.84 ± 0.30 a 0.91 ± 0.35 ab 1.20 ± 0.03 ab 0.67 ± 0.33 a 82.30 ± 42.28 a 6.83 ± 0.19 a
Biochar 5.56 ± 0.63 b 10.89 ± 1.92 a 0.68 ± 0.22 b 1.22 ± 0.14 ab 0.45 ± 0.14 a 53.90 ± 15.01 a 6.97 ± 0.21 a

Steel slag + biochar 6.58 ± 0.69 ab 12.86 ± 1.41 a 0.71 ± 0.14 b 1.40 ± 0.12 a 0.50 ± 0.16 a 67.91 ± 24.04 a 7.20 ± 0.14 a

Different letters in a given column represent significant difference in mean values among treatments in a given stage at p < 0.05. CA: Active soil organic carbon content; CNA: Non-active
soil organic carbon content; CPA: Carbon pool activity; CPI: Carbon pool index; CPAI: Carbon pool activity index; CPMI: Carbon pool management index.
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4. Discussion

4.1. Effects of Waste Amendment on Soil Properties

The combined application of steel slag and biochar significantly increased soil salinity in both
the early and late paddy fields, while the addition of biochar or steel slag alone caused a slight but
insignificant increase in soil salinity. The steel slag and biochar used in this study contained numerous
macro- and micro-nutrients, including N, P, K, Ca, and Si [12,13]. Subsequent to their amendment in
soils, many of the cation nutrients were released back into the soil solution, which in turn led to an
elevation in soil salinity [14]. When both steel slag and biochar were applied together, significantly
higher soil pH was observed in both the early and late paddy fields as compared to the controls, which
could be a result of the gradual release of ions from rich alkaline substances (e.g., N, P, K, Ca, and Si)
present in the amendment materials into the soils [1,12,14,48].

The combined use of steel slag and biochar also increased soil C:N ratios, favoring a greater
sequestration of C than N in soils which was expected following the introduction of C-rich biochar [12].
The soil bacterial and fungal counts were significantly lower in the SS, B, and SS + B treatments in both
the early and late paddy fields, which could be attributed in part to the release of ethylene from biochar
that inhibited bacterial and fungal activities, and subsequently reduced their population size [49,50].
Moreover, the presence of biochar could suppress organic matter decomposition owing to its impact
in reducing the temperature sensitivity and activation energy of soil carbon mineralization [51].
Biochar could contribute to an increase in soil C stability by protecting the C from bacterial and
fungal decomposition as well as limiting the responses of C in both biochar and native soils to
temperature [51,52]. On the other hand, steel slag was rich in ferric oxide (Fe2O3) that could form
a tight bonding with C, thereby improving the stability of C in soils through reduced availability
of labile C for bacterial and fungal activities [53]. Meanwhile, the soil fungi:bacteria ratio showed a
slight increase with the addition of soil amendments, which implied that fungi had a higher C use
efficiency than bacteria [54]. Furthermore, a previous study showed that the application of steel slag in
paddy fields had no significant impacts on heavy metal concentrations in soils but improved rice yield
considerably owing to an enhanced nutrient supply, in spite of an increase in soil salinity [14].

4.2. Effects of Waste Amendment on Soil Active SOC Fractions and C:N Ratio

Our results showed that the combined application of steel slag and biochar significantly increased
the total SOC concentrations in both early and late paddy fields. The introduction of exotic biochar
would directly increase the amount of C input to the system and thus the C concentration in soils [10].
Moreover, biochar could effectively reduce gaseous C emissions in form of CO2 [19,50] and enhance C
storage in soils by protecting soil C from microbial attack and attenuating the temperature sensitivity
of soil C decomposition [55–57]. On the other hand, steel slag was very rich in ferric oxide [13,14]
that could help minimize the release of soil C in form of methane (CH4) [14] and increase soil C
storage [1,48,58]. We also found that total SOC concentration was significantly and positively correlated
with soil salinity when data from the two paddy fields were combined in the analysis, which was
in agreement with the findings of a previous study conducted in a natural wetland close to our
study site [47]. A higher salinity in soils could suppress microbial activity [59,60], including the
microbial-mediated production of greenhouse gases (e.g., CH4 and CO2) and their subsequent release
into the atmosphere [61–63].

The application of waste amendments was also found to increase the soil C:N ratio. A higher
C:N ratio was typically associated with a lower N availability to microbes, which would suppress
organic matter mineralization and CO2 emissions while at the same time increase the stability of MBC
and the sequestration of soil C [20,63]. The increase in total SOC concentrations in response to the
addition of waste amendments might also be related to the changes in soil N concentrations. In our
study, the concentration of total SOC was found to be significantly and positively correlated with that
of total N, implying that N was the limiting nutrient for rice growth in the paddy fields. The soils in
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our treatment plots had slightly higher total N concentrations than in the controls, which could result
in greater SOC concentrations in the former, as the C and N cycles were tightly coupled and affected
by N supply in paddy fields [27,33,34]. A previous study showed that soils in paddy fields converted
from natural wetlands had much lower N concentrations as compared to those in adjacent natural
wetlands, even after the application of a substantial amount of nitrogenous fertilizers, owing to the
severe N limitation in these paddy soils [45]. In addition, the increase in fungal to bacterial population
ratio had important implications to soil C sequestration. As the growth efficiency of fungi was higher
than that of bacteria, the fungi-dominated microbial community associated with a high fungi:bacteria
ratio could stimulate a greater soil C storage, improve soil C stability, and reduce CO2 emission from
soils to the atmosphere [54]. Furthermore, an increase in crop yield and rice biomass as a result of
waste amendment might also contribute to an enhanced input of organic matter into soils [26].

4.3. Effects of Waste Amendment on Soil CPMI

The CPMI and the related indices are commonly used in soil management for agricultural land
use practices [26,36]. They are useful for identifying the response of SOC to changes in environmental
conditions and management practices, as well as providing an integrated measure of SOC quantity and
quality for assessing soil fertility [26]. There is at present a paucity of studies examining the impacts
of applying exogenous carbon such as biochar on soil CPMI, which deserves further investigation.
In our study, the CPMI was significantly lower in treatments amended with steel slag and biochar,
either alone or in combination, during the early paddy field, which indicated a lower active soil
C pool and a lower capacity of soil nutrient storage for crop growth. The lower concentration of
active SOC fraction (i.e., LOC) observed in the amended treatment suggested that the rates of organic
matter decomposition and nutrient cycling were low, reducing the conversion of nutrients in organic
to inorganic forms through mineralization for plant growth. In the future management of paddy
fields, the amount of waste materials applied should be optimized to increase soil C sequestration
while safeguarding adequate nutrient supply. The decrease in CPMI following waste application was
consistent to the reduction in the values of CNA, CPA, CPI, and CPAI observed in our site, which all
pointed to an increase in SOC stability and storage capability in soils. There were numerous reasons
that could possibly account for the enhanced stability of SOC stability after the application of steel
slag and/or biochar. A previous study conducted in the same experimental site demonstrated an
increase in the formation and stability of macro-aggregates in soils following the applications of steel
slag and biochar [64]. The presence of these soil aggregates is crucial in providing physical protection
to SOC from microbial attacks. Also, chemical bonding established between ferric oxide and SOC
was another important protection mechanism of soil C [53]. The addition of steel slag in our study
increased the soil ferric oxide concentrations [1], which could form more bonds with SOC to improve
C stability. Biochar could exert similar impacts on SOC stability through enhancing the supply of
ferric oxide to soils. Moreover, the regulation of microbial activities play a role in governing SOC
decomposition and stability. As discussed earlier, the increase in fungi:bacteria ratio following waste
amendments could promote a greater soil C storage owing to a greater growth efficiency of fungi that
contributed to C sequestration [54]. Furthermore, since the C-rich biochar is derived from pyrolysed
agricultural wastes such as straw, it possesses chemical properties that increase the resistance of C to
decomposition, and subsequently reduce the emissions of CO2-C from soils [55]. The greater SOC
stability in response to biochar amendment was probably a result of the presence of different aromatic
forms of C in biochar, which would increase the soil humin C ratio, stimulate the formation of soil
macro- aggregates, and enhance the stability of SOC both physically and chemically [52].

5. Conclusions

The steel slag produced as an industrial by-product and the biochar produced from agricultural
wastes may be used as soil amendments with the potential to improve soil quality by enhancing soil C
sequestration. We observed that SOC concentrations in the top 30 cm soils of SS + B treatment were
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28.7% and 42.2% higher in the early and late crops, respectively, as compared with controls, which
was positively related to the increase in soil C:N ratio. As compared to the controls, the soil non-active
SOC fraction was significantly higher in both B and SS + B treatments by 84.9–96.5% and 92.2–126.9%,
respectively, while the carbon pool index was significantly higher in the SS + B treatment by 22.4 and
40.1% in the early and late crops, respectively. In the early crop, the CPAI was significantly lower
in B and SS + B treatments by over 50% than in the control, while the CPMI in the SS, B, and SS + B
treatments was lower than that in the control by 36.7%, 41.6%, and 45.4%, respectively. However, we
observed no significant differences in both CPAI and CPMI among the treatments during the late
crop. Our findings suggest that the addition of steel slag and biochar in subtropical paddy fields could
contribute to a greater soil C sequestration by causing a drop in the active SOC pools during the early
paddy season.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/8/8/135/s1,
Figure S1: Temporal variations of air temperature (A) and rainfall (B) in the study area, Figure S2: Mean ratios of
LOC:TOC (A,B), MBC:TOC (C,D), and DOC:TOC (E,F) in the treatment and control plots in the early and late
paddy fields. Different letters represent significant difference in mean values among treatments (p < 0.05, n = 6),
Figure S3: Mean total stocks of SOC (A,B), LOC (C,D), MBC (E,F), and DOC (G,H) in the treatment and control
plots in the early and late paddy fields. Different letters represent significant difference in mean values among
treatments (p < 0.05, n = 6), Table S1: Characteristics of steel slag and biochar used in this study, Table S2: Pearson
correlation coefficients between soil organic carbon fractions, Table S3: Pearson correlation coefficients between
the total stocks of different carbon forms and various soil properties.
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