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Abstract: It is important to understand the dynamics of soil carbon to study the effects of waste
amendment inputs on soil organic carbon decomposition. The aim of this study was to evaluate the
effect of waste amendment carbon input on the soil organic carbon (SOC) content, soil particulate
organic carbon (POC) content and soil organic carbon mineralization rate dynamics. A 60-day
experiment was carried out in the laboratory. The following treatments were compared: (1) CK: soil
without amendments; (2) FW1: soil with food waste compost (soil/food waste compost = 100:1);
(3) FW2: soil with food waste compost (soil/food waste compost = 100:2); (4) GW1: soil with garden
waste compost (soil/garden waste compost = 100:0.84); (5) GW2: soil with garden waste compost
(soil/garden waste compost = 100:1.67); (6) FGW1: soil amendments mixture (soil/food waste
compost/garden waste compost = 100:0.5:0.42); (7) FGW2: soil amendments mixture (soil/food
waste compost/garden waste compost = 100:1:0.84); the inputs of amendment carbon to FW1, GW1
and FGW1 were 2.92 g kg−1, the inputs of amendment carbon to FW2, GW2 and FGW2 were
5.84 g kg−1. The results showed that the addition of waste amendments increased the amount
of cumulative mineralization from 95% to 262% and accelerated the rate of soil mineralization.
After adding organic materials, the change in the soil organic carbon mineralization rate could be
divided into two stages: the fast stage and the slow stage. The dividing point of the two stages was
approximately 10 days. When equal amounts of waste amendment carbon were input to the soil,
there was no significant difference in SOC between food waste and garden waste. However, SOC
increased with the amount of amendment addition. However, for POC, there was no significant
difference between the different amounts of carbon input to the garden waste compost treatments.
SOC and POC were significantly correlated with the cumulative emissions of CO2.

Keywords: food waste compost; garden waste compost; soil organic carbon mineralization; soil
organic carbon; particulate organic carbon

1. Introduction

With the rapid expansion of cities, food waste and garden waste have become the
two main organic wastes that affect the urban ecological environment. The production of
food waste in China is about 500,000 tons every day. Meanwhile, approximately 5 million
tons of garden waste are generated in China each year [1]. At present, the rate of harmless
treatment of food waste and garden waste is low. Improper handling can cause environ-
mental pollution and disease spread, and there are few resource-based applications of these
organic waste, which has become a major obstacle to carbon emission reduction in the
new century. Therefore, if these large amounts of organic waste are disposed of arbitrarily
without taking effective measures, it will not only affect the appearance of the city but also
cause different degrees of environmental pollution [2,3]. At present, China has issued a
series of policies intended to use food waste compost and garden waste for soil quality
improvement [4].
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However, at present, most studies still focus on the impact of agricultural waste
compost products on soil quality. Straw compost products are the most common exogenous
carbon additives, the garden waste compost products are similar to straw, and both come
from plant materials. Returning straw to the field and litter to the forest were effective for
increasing the soil organic carbon (SOC) [5], and soil total organic carbon and labile organic
carbon fraction contents were significantly affected by straw returns and were higher under
straw return treatments than under non-straw return at three depths (0–7 cm, 7–14 cm and
14–21 cm) [6]. Kubar et al. [7] indicated that straw return enhanced the relative contents
of O-alkyl C, carbonyl C, alkyl C, the A/O-A ratio and aromaticity. Miao et al. [8] found
that litter addition enhanced soil dissolved organic carbon and microbial biomass carbon
and nitrogen most likely due to the increased decomposition of old soil carbon, although
litter addition had no effects on SOC and total nitrogen. However, Wang et al. [9] found
that increasing litter inputs caused a significant increase in SOC in pine forests, whereas an
insignificant negative effect was simulated in broadleaf forests. D’Orazio et al. [10] found
that Pinus halepensis L. and mixed Quercus trojana Webb. and Quercus ilex L. species
that are in a protected forest area of southern Italy under different plant covers promote
carbon accumulation and stock in the underlying soils due to a greater decomposition
of their litter. Above all, straw returning to the field in agriculture and litter returning
to the forest in forestry play an important role in the improvement of SOC and organic
carbon fractions. Thus, the effects of garden waste on the improvement of SOC, organic
carbon components and soil mineralization in greenland soil remain unclear. The physical
and chemical characteristics of food waste are high moisture and high organic matter
content [11]. The application of food waste compost significantly improved the soil total
organic carbon and migration of SOC from the surface in deep orchard soil [12]. The
treatment of soil with food waste compost could significantly improve the SOC level and
the stability of soil aggregates [13]. Yang et al. [14] found that food waste treatments had the
greatest numbers of bacteria, fungi and actinomycetes in soils and that the shoot biomass,
fruit diameter and fruit yield of tomatoes increased by 40.0% compared to soil without
amendments (CK). Jo et al. [15] found that the content of 15% food waste compost gave
the highest antler-type fruiting body yield, which was 44% higher than the yield of the
control treatment. However, few studies have examined the effect of food waste compost
on particulate organic carbon and soil C-mineralization dynamics.

Therefore, a detailed analysis on the accumulation and mineralization of SOC after
different waste amendment additions is needed to instruct the application of organic waste
in greenland soil. It was thus hypothesized that waste amendment input could not only
increase the SOC contents and POC content but also increase the mineralization rate of
SOC; however, the effects of different waste amendment input on SOC may vary due to
large variations in the amount and type of the organic material. The objectives of this study
were (1) to evaluate the accumulation of waste amendment carbon in greenland soil and
(2) to assess waste amendment mineralization dynamics in soil.

2. Materials and Methods
2.1. Materials

The test soil was sampled from Shanghai, China with the soil sampling point located at
the Shanghai Academy of Landscape Architecture Science and Planning (31◦9′ N, 121◦26′ E).
In a 20 square meter greenland, 5 points were selected according to an S-shaped distribution.
After removing the debris on the surface of the sampling points, 5 kg topsoil (0~20 cm) were
collected at each sampling point, and then the samples from all 5 points were mixed. The
soil samples were taken back to the laboratory for natural air drying, and the stones, plant
residues and other materials were removed. The soil samples were pulverized and sieved
through a 2 mm mesh. The soil type was typical calcareous alluvial soil, and the chemical
properties of the study soil are given in Table 1. Food waste compost was made of food
waste composted with 15% sawdust and 10% black carbon for 6 months. At this time, the
maturity index of the compost product was 3, and the product reached maturity. The garden
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waste compost was made of garden waste (such as dead branches, fallen leaves, grass
clippings and flowers) composted with 10% dried cow dung for 6 months. The chemical
properties of food waste compost and garden waste are given in Table 1.

Table 1. The properties of test soil and amendments.

Parameter Soil Food Waste Compost Garden Waste Compost

pH 6.84 7.22 7.18
EC (mS cm−1) 0.24 3.59 0.62

Organic carbon content (g kg−1) 6.75 292.10 349.60
Total N (g kg−1) 1.42 21.00 9.69

C/N ratio 4.75 13.90 36.10

After the two waste amendment samples were pulverized and sieved through a 2 mm
mesh, they were added and mixed with the soil. The organic carbon was added at 2 levels (2.92
g kg−1 and 5.84 g kg−1) for each amendment, the experimental design included 7 treatments:
(1) CK: soil without amendments; (2) FW1: soil with food waste (soil/food waste = 100:1);
(3) FW2: soil with food waste (soil/food waste = 100:2); (4) GW1: soil with garden waste
(soil/garden waste = 100:0.84); (5) GW2: soil with garden waste (soil/garden waste = 100:1.67);
(6) FGW1: soil amendments mixture (soil/food waste:garden waste = 100:0.5:0.42); (7) FGW2:
soil amendments mixture (soil/food waste:garden waste = 100:1:0.84), the input of amend-
ment carbon at FW1, GW1 and FGW1 was 2.92 g kg−1 and the input of amendment carbon
at FW2, GW2 and FGW2 was 5.84 g kg−1. There were three replicates per treatment
(Table 2). The experiment was carried out under laboratory incubation for 60 days.

Table 2. Experimental design of each treatment.

Treatments Number Soil (%) Food Waste Compost (%) Garden Waste Compost (%) Amendment Carbon (g kg−1)

CK 100 0 0 0
FW1 100 1.00 0 2.92
FW2 100 2.00 0 5.84
GW1 100 0 0.84 2.92
GW2 100 0 1.67 5.84

FGW1 100 0.50 0.42 2.92
FGW2 100 1.00 0.84 5.84

CK: control soil; FW: soil with food waste compost; GW: soil with garden waste compost; FGW: soil with food waste compost and garden
waste compost.

2.2. Soil Incubation Experiment

800 g soil sample with waste amendments of different added proportions were mixed
and put into a 1 L beaker: The addition of amendment carbon at FW1, GW1 and FGW1 was
2.34 g (800 g soil × 2.92 g kg−1, Table 2) and the addition of amendment carbon at FW2,
GW2 and FGW2 was 4.68 g (800 g soil × 5.84 g kg−1, Table 2). The soil moisture content
of all treatments was maintained at 65% water-holding capacity, and the samples were
incubated at room temperature (25 ± 1 ◦C) during the incubation period. Each treatment
was properly mixed to ensure homogeneity and 60 g samples were taken for analysis at
days 1, 3, 5, 8, 12, 18, 26, 36, 48 and 60. Samples were air-dried naturally and pulverized
and sieved through a 2 mm mesh, and then the soil was used to analyze the organic carbon
content and particulate organic carbon (POC) content of the soil.

2.3. Soil Mineralization Experiment

The soil mineralization experiment performed measurements at 1, 3, 5, 8, 12, 18, 26, 36,
48 and 60 days, the same as the soil incubation experiment. Soil mineralization was deter-
mined according to the following procedure: 10.0 g of soil sample and waste amendment
material of different added proportions were mixed and placed in a 250 mL glass tissue
culture bottle. Next, the moisture content was adjusted with distilled water to 65% of the
field water capacity. The small glass bottle containing 5 mL of 0.5 N sodium hydroxide
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solution was carefully placed in the tissue culture flask, sealed and placed in a biochemical
incubator at 25 ± 1 ◦C for 60 days at a constant temperature, and all treatments were
repeated 3 times. During the cultivation process, the soil moisture content was calibrated
regularly by a weighing method. At 1, 3, 5, 8, 12, 18, 26, 36, 48 and 60 days, the small glass
bottle containing sodium hydroxide 0.5 N solution was exchanged for a new bottle, and
then the experiment continued. Emission of CO2 during the incubation period captured by
the sodium hydroxide 0.5 N solution was precipitated by 2 mL of 1 N BaCl2. The amount
of sodium hydroxide remaining in the solution was titrated with 0.5 N hydrochloric acid
(HCl) in the presence of phenolphthalein [16]. Meanwhile, 3 tissue culture bottles without
soil samples in the corresponding container were set as blank controls. The difference in the
values observed between each of the treatments (soil amendment mixture) and the control
(without soil) was considered as the amount of CO2 coming from the soil amendments or
soil. A soil mineralization experimental device diagram is given in Figure 1.

Figure 1. Soil mineralization experimental device.

2.4. Determination of Soil Properties, SOC and POC

The pH and EC of the soils and waste amendment materials were measured in
a 1:2.5 and 1:5 (m v−1) soil/distilled water suspensions with a pH meter and EC meter,
respectively. SOC was determined by the potassium dichromate–external heating oxidation
method [17]. Determination of total nitrogen in the soil was performed by a Kjeldahl
instrument. The soil particulate organic carbon content was determined according to the
following procedure [18]: 10.0 g of soil sample was sieved through a 2 mm mesh with waste
amendments was mixed in a 100 mL centrifuge tube and dispersed in 50 mL of sodium
hexametaphosphate solution (5 g L−1). After 3 min of manual shaking, the soil suspension
was shaken for 18 h by a horizontal shaker at a speed of 90 rpm and then passed through
53 µm sieves. The sieves were washed repeatedly with distilled water, and all the soil left
on the sieves was collected and weighed after oven-drying at 60 ◦C. The particulate organic
carbon content in the oven-dried sample was determined using the improved potassium
dichromate–external heating method.

2.5. Data Process

Amendment carbon utilization rate:

Carbon utilization rate (%) = (Cb − Ca)/Cinput (1)

In the formula, Cb is the amount of soil organic carbon in the amendment addition
treatments at 60 days, Ca is the amount of soil organic carbon of CK at 60 days and Cinput
is the initial amendment carbon input.

Mineralization amount of soil organic carbon:

CO2-C (mg kg−1) = 1/2 × CHCl × (V0 − V) × 12/m (2)

In the formula, CHCl is the concentration of hydrochloric acid (mol L−1), V0 is the
blank titration value (mL), V is the volume of hydrochloric acid consumed (mL) and m is
the dry soil and waste amendment weight (g).
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The cumulative emission of CO2-C (mg kg−1) refers to the total amount of soil CO2-C
released from the beginning of incubation to a certain time point.

The mineralization rate of soil organic carbon:

CO2-C (mg kg−1 d−1) = mineralization amount of organic carbon under incubation time (CO2-C(mg kg−1))/incubation time. (3)

The following kinetic models were used to describe C mineralization [19]:

Single-index model: Ct = C0 × (1-e−kt) (4)

Two-index model: Ct = C1 × (1-e−kt) + C2 × (1-e−ht) (5)

Ct represents the cumulative C mineralized after time t (mg kg−1), C0 represents the
potentially mineralizable carbon (mg kg−1), C1 represents the easily mineralizable carbon
(mg kg−1), C2 represents the slowly mineralizable carbon (mg kg−1), k represents the rate
constant of the fast mineralization C (mg day−1), h represents the rate constant of the slow
mineralization C (mg day−1) and t represents the mineralization time (days).

2.6. Statistical Analyses

Statistical analysis of data and analysis of variance were performed using SAS 9.2
(SAS Institute Inc, Cary, NC, USA), and data were analyzed using a one-way ANOVA
followed by Duncan’s test (p < 0.05) as a post hoc test to detect statistically significant differ-
ences among all treatments. Plotting was performed with Origin 8.5 software (OriginLab
Corporation, Northampton, MA, USA).

3. Results
3.1. Effect of Different Amounts of Waste Amendments on SOC and POC
3.1.1. Effect of Different Amounts of Waste Amendments on SOC

The SOC of different treatments after 60 days of incubation is shown in Figure 2,
ranging from 6.71 to 8.62 g kg−1. The results of the variance analysis showed that there
were significant differences in SOC among the different carbon input treatments. Compared
with CK, the SOC of the waste amendment treatment increased by 1.10~26.63% after 60 days
of incubation. There was no significant difference between FW1, FG1 and CK (p > 0.05),
but GW1 was significantly higher than CK (p < 0.05). It could be seen that it was more
conducive to the accumulation of organic carbon with the input of garden waste compost.
However, with the increase of waste amendments, the organic carbon content of soil
had no significant difference between the different amendments. When the application
of amendment carbon was 2.34 g, the average utilization rate of food waste compost
carbon and a mixture of food waste compost and garden waste compost carbon was 13.9%.
However, the utilization rate of garden waste compost carbon was 27.7%, and with the
application of amendment carbon at 4.68 g, the average utilization rate of amendment
carbon was not significantly different, at approximately 25%.

3.1.2. Effect of Different Amount of Waste Amendments on POC

As an important part of the soil active organic carbon pool, POC has a fast turnover
speed in soil. It requires a sensitive index to judge the short-term impact of external factors
on SOC. It can be seen from Table 3 that in the overall trend, the content of POC in different
treatments gradually decreased with the extension of incubation time. The higher the
content of waste amendment material, the higher the content of POC. After 60 days of
incubation, the order of POC content in different treatments was: FW2 > GW2 > FG2 >
GW1 > FG1 > FW1 > CK. The input of organic materials significantly increased the content
of soil particulate organic carbon. FW1, FW2, GW1, GW2, FG1 and FG2 increased POC
by 140, 210, 160, 210, 150 and 170% compared to CK, respectively. When the amount of
waste amendment carbon was 2.92 g kg−1, when compared to garden waste compost,
the application of food waste compost was conducive to the accumulation of POC from
12 days to 36 days of cultivation. However, the application of garden waste compost was
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conducive to the accumulation of POC from 48 days to 60 days of cultivation time. At
the end of the incubation, there was no significant difference between GW2 and GW1
or between FGW1 and FGW2, but FW2 was significantly larger than FW1. This may be
because the decomposition and transformation rate of food waste compost products in soil
is faster than that of garden waste compost.

Figure 2. The soil organic carbon content of different treatments after 60 days of incubation. CK:
soil without amendments; FW1: soil with food waste compost (soil/food waste compost = 100:1);
FW2: soil with food waste compost (soil/food waste compost = 100:2); GW1: soil with garden waste
compost (soil/garden waste compost = 100:0.84); GW2: soil with garden waste compost (soil/garden
waste compost = 100:1.67); FGW1: soil amendments mixture (soil/food waste compost/garden
waste compost = 100:0.5:0.42); FGW2: soil amendments mixture (soil/food waste compost/garden
waste compost = 100:1:0.84). Different lowercase letters indicate that the soil organic carbon differed
significantly by Duncan’s test (p < 0.05). Error bars represent the standard deviation (n = 3).

Table 3. The content of particulate organic carbon at different incubation times of each treatment.

Incubation Time CK FW1 FW2 GW1 GW2 FGW1 FGW2

1 d 2.84 ± 0.50 A 5.82 ± 0.45 A 6.54 ± 0.55 AB 5.29 ± 0.99 A 8.47 ± 0.87 A 4.97 ± 1.30 A 5.65 ± 1.12 AB
c b ab b a b b

12 d 2.05 ± 0.50 C 4.51 ± 0.16 B 5.59 ± 1.96 AB 3.75 ± 0.03 AB 5.88 ± 1.27 BC 3.80 ± 0.47 A 6.34 ± 0.62 A
c ab ab bc ab bc a

18 d 2.07 ± 0.10 C 3.90 ± 0.47 B 6.72 ± 0.22 AB 2.87 ± 0.24 B 4.21 ± 0.12 D 3.55 ± 1.09 A 4.25 ± 0.41 B
d bc a cd b bc b

26 d 2.59 ± 0.10 AB 4.10 ± 0.28 B 7.60 ± 0.78 A 3.70 ± 0.09 AB 4.08 ± 0.01 D 3.28 ± 0.30 A 4.81 ± 0.43 AB
d bc a cd bc cd b

36 d 1.82 ± 0.12 C 4.18 ± 0.65 B 5.12 ± 0.07 B 4.08 ± 0.82 AB 6.54 ± 0.09 B 3.84 ± 0.01 A 4.93 ± 0.65 AB
d bc b bc a c bc

48 d 1.95 ± 0.13 C 3.35 ± 0.18 B 5.26 ± 0.65 AB 3.38 ± 0.40 B 4.53 ± 0.04 CD 3.37 ± 0.01 A 4.75 ± 1.28 AB
c b a b ab b ab

60 d 2.44 ± 0.21 B 3.43 ± 0.88 B 5.13 ± 0.39 B 4.01 ± 1.27 AB 5.02 ± 0.55 BCD 3.77 ± 0.08 A 4.17 ± 0.13 B
c bc a abc ab abc ab

Mean value ± standard deviation. Different lowercase letters indicate that the soil particulate organic carbon differed significantly by
Duncan’s test (p < 0.05) between different treatments (horizontal). Different uppercase letters indicate that the soil particulate organic
carbon differed significantly by Duncan’s test (p < 0.05) between different incubation times (vertical). CK: soil without amendments; FW1:
soil with food waste compost (soil/food waste compost = 100:1); FW2: soil with food waste compost (soil/food waste compost = 100:2);
GW1: soil with garden waste compost (soil/garden waste compost = 100:0.84); GW2: soil with garden waste compost (soil/garden
waste compost = 100:1.67); FGW1: soil amendments mixture (soil/food waste compost/garden waste compost = 100:0.5:0.42); FGW2: soil
amendments mixture (soil/food waste compost/garden waste compost = 100:1:0.84).
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3.2. Effect of Different Amounts of Waste Amendments on Soil Organic Carbon Mineralization
3.2.1. Effect of Different Amounts of Waste Amendments on Cumulative Emissions of CO2

The cumulative emissions of CO2 refers to the amount of carbon dioxide released by
the mineralization of SOC in a certain period of time under certain cultivation conditions,
which is an indicator of the mineralization characteristics of organic carbon. The cumulative
emission of CO2 increased with incubation time under different treatments (Figure 3). The
cumulative emission of CO2 was not significantly different (p > 0.05) between the different
waste amendment treatments in the early stage of incubation (within 8 days), and the
cumulative emission of CO2 was higher with the increase in waste amendment input
at 60 days of incubation time. After 60 days of incubation, the cumulative emissions of
CO2 in CK and FW1, FW2, GW1, GW2, FG1 and FG2 were 52.9, 75.1, 102.4, 63.6, 72.8,
55.6 mg kg−1 and 100.8 mg kg−1, respectively. This showed that the greater the use of
waste amendment materials, the greater the cumulative emissions of CO2 from the soil. By
comparing the cumulative release of carbon dioxide from treatment with different organic
materials, it was found that the type of material significantly affected the cumulative
release of carbon dioxide. Under the same amendment organic carbon addition ratio, the
cumulative emissions of CO2 showed that food waste compost > food waste compost
mixture with garden waste compost > garden waste compost.

Figure 3. The effects of waste amendment addition on soil organic carbon mineralization. CK: soil
without amendments; FW1: soil with food waste compost (soil/food waste compost = 100:1); FW2:
soil with food waste compost (soil/food waste compost = 100:2); GW1: soil with garden waste
compost (soil/garden waste compost = 100:0.84); GW2: soil with garden waste compost (soil/garden
waste compost = 100:1.67); FGW1: soil amendments mixture (soil/food waste compost/garden waste
compost = 100:0.5:0.42); FGW2: soil amendments mixture (soil/food waste compost/garden waste
compost = 100:1:0.84). Error bars represent the standard deviation (n = 3).

3.2.2. Simulation of SOC Mineralization

According to the release of CO2 measured in each stage within 60 days of different
treatments, the kinetic equation model was used to conduct independent linear regression
analysis for each repeated result, and the values of C1, C2, k and h were fitted. Table 4
shows that the fitting of the two-index model to the SOC mineralization dynamics achieved
good results in the amendment treatments (R2 > 0.98), but for the CK treatment, the best
fitting model was the single-index model, which may have been due to the relatively
stable organic carbon component of the soil treated with CK, so it can be described by a
component parameter. C1 indicates the content of the easily mineralizable carbon. When
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2.92 g kg−1 amendment carbon was input to soil, the food waste compost treatment
had the largest easily mineralizable carbon pool (C1), which was 12.12 g kg−1, and the
garden waste compost treatment had the smallest C1, which was 7.28 g kg−1. However,
the mineralization rates of the easily mineralizable carbon pool (k) of FW1, GW1 and
FGW1 were 0.54, 0.74 and 1.08 mg d−1, respectively. The rate of food waste compost was
the smallest. When the carbon input of organic materials was increased to 5.84 g kg−1,
different materials showed the same law. When the carbon storage capacity was large, the
decomposition rate constant was smaller. The rate constant of the easily mineralizable
carbon pool (k) in all treatments ranged from 0.19 to 1.08 mg d−1, FG1 had the largest
rate among all treatments, CK was the smallest and the value of k was not consistent with
the increase in the application amount of waste amendment. C2 indicates the content of
the slow mineralizable carbon. When 2.92 g kg−1 amendment carbon was input to soil,
FGW1 had the largest slow mineralizable carbon pool of 185.64 mg kg−1, and GW1 had the
smallest slow mineralizable carbon pool of 129.36 mg kg−1. When 5.84 g kg−1 amendment
carbon was input to soil, GW2 had the largest slow mineralizable carbon pool of 333.28 mg
kg−1 and FGW2 had the smallest slow mineralizable carbon pool of 272.91 mg kg−1. The
rate constant of the slow mineralizable carbon pool (h) ranged from 0.0032 to 0.0114 mg d−1,
FGW1 had the largest rate among all treatments and GW2 had the smallest rate. With the
increase in the application amount of waste amendment, the h value showed a decreasing
trend. C1 + C2 indicates the potential mineralized carbon pool in soil and C1/(C1 + C2)
indicates the easily mineralizable carbon pool ratio in the potential mineralized carbon pool.
In the food waste compost treatment, after the material organic carbon input was increased
from 2.92 g kg−1 to 5.84 g kg−1, the proportion of easily mineralized organic carbon was
reduced by 3.68%, but the garden waste compost treatment was only reduced by 0.16%.

Table 4. Fitting of the equation to the soil organic carbon mineralization dynamics.

Treatments Number C1 (mg kg−1) K (mg d−1) C2 (mg kg−1) H (mg d−1) C1 + C2 (mg kg−1) C1/(C1 + C2) (%) R2

CK 23.24 0.19 0.8324
FW1 12.12 0.54 139.24 0.0104 151.36 8.01% 0.9973
FW2 12.71 0.77 280.44 0.0068 293.14 4.33% 0.9948
GW1 7.28 0.74 129.36 0.0102 136.64 5.33% 0.9954
GW2 18.17 0.62 333.28 0.0032 351.45 5.17% 0.9934

FGW1 8.23 1.08 185.64 0.0114 193.87 4.24% 0.9930
FGW2 10.49 0.89 272.91 0.0061 283.40 3.70% 0.9942

CK: soil without amendments; FW1: soil with food waste compost (soil/food waste compost = 100:1); FW2: soil with food waste compost
(soil/food waste compost = 100:2); GW1: soil with garden waste compost (soil/garden waste compost = 100:0.84); GW2: soil with
garden waste compost (soil/garden waste compost = 100:1.67); FGW1: soil amendments mixture (soil/food waste compost/garden
waste compost = 100:0.5:0.42); FGW2: soil amendments mixture (soil/food waste compost/garden waste compost = 100:1:0.84).

3.2.3. Effect of Different Amounts of Waste Amendments on the Soil Mineralization Rate

The mineralization rate of SOC reflected the difficulty of SOC release to some ex-
tent. The high mineralization rate indicated that organic carbon easily decomposed and
accumulated relatively poorly. Compared with CK, the rate of SOC mineralization with
waste amendment content was higher and gradually increased with the increasing of waste
amendment content (Figure 4). The trend of the rate of SOC mineralization in each treat-
ment showed an obvious a two-stage process (Figure 5) with increasing incubation time.
Through equation fitting, the dividing points of the two stages for FW1, FW2, GW1, GW2,
FGW1 and FGW2 were 10.40 ± 0.47, 9.39 ± 0.43, 9.74 ± 0.49, 9.34 ± 0.55, 9.03 ± 0.62 and
9.09 ± 0.23, respectively. There was no significant difference between the different treat-
ments. The mineralization rate peaked at 1 day of incubation time, when the amendment
carbon input was 2.92 g kg−1, the mineralization rate ranged from 4.36~5.39 mg kg−1 d−1,
and when the amendment carbon input was 5.84 g kg−1, the mineralization rate ranged
from 6.58~8.27 mg kg−1 d−1. From day 1 to day 10 of incubation, the mineralization rate of
carbon decreased rapidly from the initial maximum, and the mineralization rate on the
day 10 was approximately 35% of that on the first day. From 10 days to the end of the
incubation period, the average rate of SOC mineralization in the amendment addition
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treatment decreased from 2.12 mg kg−1 d−1 to 1.30 mg kg−1 d−1. At 60 days of incubation,
the order of the mineralization rate of SOC was as follows: FW2 > FG2 > FW1 > GW2 >
GW1 > FG1 > CK.

Figure 4. The effects of waste amendments on the soil organic carbon mineralization rate. CK: soil
without amendments; FW1: soil with food waste compost (soil/food waste compost = 100:1); FW2:
soil with food waste compost (soil/food waste compost = 100:2); GW1: soil with garden waste
compost (soil/garden waste compost = 100:0.84); GW2: soil with garden waste compost (soil/garden
waste compost = 100:1.67); FGW1: soil-amendments mixture (soil/food waste compost/garden waste
compost = 100:0.5:0.42); FGW2: soil-amendments mixture (soil/food waste compost/garden waste
compost = 100:1:0.84). Error bars represent the standard deviation (n = 3).

3.3. Correlation Analysis among SOC, POC and Cumulative Emissions of CO2

Figure 6 shows a close association between SOC, POC and cumulative emissions
of CO2. Analysis of the correlation between the cumulative emissions of CO2 of soil
and different carbon forms during the cultivation process showed that SOC and POC
were positively significantly correlated with the cumulative emissions of CO2 (p < 0.05).
According to the fitted equation, for every 1 g kg−1 increase in soil organic carbon, the
cumulative release of soil carbon dioxide increases by 41.56 mg kg−1 (Figure 6a) and for
every 1 g kg−1 increase in soil particulate organic carbon, the cumulative release of soil
carbon dioxide increases by 16.11 mg kg−1 (Figure 6b). The results indicate that various
organic carbons are closely related to organic carbon mineralization. POC was positively
significantly (p < 0.05) related to SOC (Figure 6c); this showed that activated organic carbon
was not only different from the total organic carbon but also closely connected with the
total organic carbon (R2 = 0.49) and was part of the total organic carbon in the soil.
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Figure 5. The dynamic change of the soil organic carbon mineralization rate. CK: soil without
amendments; FW1: soil with food waste compost (soil/food waste compost = 100:1); FW2: soil
with food waste compost (soil/food waste compost = 100:2); GW1: soil with garden waste compost
(soil/garden waste compost = 100:0.84); GW2: soil with garden waste compost (soil/garden waste
compost = 100:1.67); FGW1: soil-amendments mixture (soil/food waste compost/garden waste
compost = 100:0.5:0.42); FGW2: soil-amendments mixture (soil/food waste compost/garden waste
compost = 100:1:0.84). Error bars represent the standard deviation (n = 3).

Figure 6. Relationships among; (a) soil organic carbon (SOC) and cumulative emissions of CO2; (b) soil particulate organic
carbon (POC) and cumulative emissions of CO2; (c) soil organic carbon (SOC) and soil particulate organic carbon.
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4. Discussion

In recent years, food waste compost and garden waste compost have been used as soil
amendments to improve soil quality. The production of food waste compost in China is
approximately 500,000 tons every day, and there are approximately 5 million tons of garden
waste compost generated in China each year [1]. Compost organic waste can be applied to
greenland soil in the form of organic fertilizer to achieve a win–win situation of ecological,
economic and social benefits. Jia et al. [13] found that long-term application of food waste
compost improved orchard soil carbon stability and fertility. However, is it that the more
waste amendments added, the greater the accumulation of organic carbon? The results of
this study indicated that waste amendments did significantly affect the SOC content, which
was consistent with previous research results [20,21]. The main reason is that the input of
waste amendments changes the basic C/N of soil and the life activities of microorganisms
and then produces the binders and carriers that cause the formation of soil aggregates
and increase the number of soil aggregates, improving the stability of the agglomerates,
which will improve the stability of POC and be conducive to soil carbon [22,23].This study
also showed that the SOC of amendment addition treatments gradually increased with
increasing amounts of amendment. When the input of amendment carbon was 2.92 g kg−1,
the average SOC at 60 days was 7.36 g kg−1, and when the input of amendment carbon
was 5.84 g kg−1, the average SOC at 60 days was 8.27 g kg−1, which was consistent with
previous research results [24–27]. The results also showed that the amount of amendment
added significantly affects the utilization rate of the amendment carbon. For food waste
compost treatments, when the carbon input was 2.92 g kg−1, the utilization rate was
nearly 13.2%, and when the carbon input was 5.84 g kg−1, the utilization rate was nearly
27.7%. This could be caused by the activity of microorganisms being suppressed with
increasing waste amendment amounts, which was more conducive to the conversion of
waste amendment materials to organic carbon. However, in the garden waste compost
treatments, when carbon input was 2.92 g kg−1, the utilization rate was nearly 27.9%, and
when the carbon input was 5.84 g kg−1, the utilization rate was nearly 25.3%, and this result
was obviously inconsistent with the results of food waste compost. This may have been
related to the addition of food waste compost and garden waste compost that stimulated
different types of microorganisms in the soil, which was conducted in the next step.

In soil, POC has high availability and is easily decomposed and utilized by soil
microorganisms. The soil C/N, C/P, and N/P ratios were significantly associated with the
SOC fractions [28], and soil stoichiometry directly affected the plant nutrient supply. POC
is the most sensitive fraction with increasing SOC content [29,30], but it is more sensitive
than total organic carbon for indicating changes in soil quality and soil fertility and can
reflect changes in soil fertility and physical properties more accurately and practically. In
our study, the POC of waste amendment treatments gradually increased with increasing
added amounts at the early stages, which was consistent with previous research results [23].
This relates to organic carbon input-derived SOC experiencing higher accumulation in
macroaggregates [31]. Although the amount of organic material carbon added is the same,
the effects of different materials on soil particulate organic carbon are significantly different.
In our study, the overall trend was that the organic carbon content of soil particles in food
waste compost treatments was higher than that of garden waste compost in the early stage,
but there was no significant difference between these two materials in the later stage, and
even food waste compost treatment was lower than garden waste compost. Qu et al. [32]
also found that the average POC mineralization rates of the treatments with added animal
manure or plant residues were 31.5% and 29.8%, respectively. The POC in the animal
manure treatment more easily mineralized than that in the plant residue treatment. This
may be related to the influence of different organic materials on the chemical composition
of soil particulate organic carbon. Chen et al. [33] showed that returning straw to the
field increased the aromatic carbon content in POC, while manure treatment reduced the
aromatic carbon content in soil POC.
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SOC mineralization is a complex process that is the result of the combined action of
factors such as soil type, particle composition, nutrition level and organic carbon chemical
structural stability [34,35]. The application of waste amendment treatment in this study
showed that cumulative emission of CO2 was positively significantly correlated with
amendment carbon input, as previously reported in other studies. Guo [36] showed that
organic fertilizer treatment could significantly increase organic carbon mineralization.
Adnan et al. [37] found that long-term fertilization using manure combined with mineral
fertilizer could improve both the SOC sequestration and mineralization. In our study, the
total amount of CO2 released after 60 days of incubation was significantly higher in the
waste amendment treatment than the CK treatment. These data support our hypothesis that
waste amendment treatment can significantly increase organic carbon mineralization. The
differences in the effects of equal carbon of food waste compost and garden waste compost
on the mineralization of soil organic carbon were due to substrate types [38]. The results of
our study showed that the mineralization rate decreased rapidly from the beginning to
nearly 10 days of incubation, the mineralization rate at 10 days was approximately 35%
of that at 1 day, and it tended to be stable in the middle and late periods (10–60 days).
The mineralization rate at 60 days was approximately 61.4% of that at 10 days, which was
consistent with previous research results [39]. This is mainly because the simple and easily
decomposed organic carbon in the soil provides more nutrients to microorganisms in a
short period of time, which makes the microbial activities intense and the decomposition
rate quickly decrease. In the middle and later stages, the mineralization rate gradually
decreased with the decrease in easily decomposed organic matter. The refractory organic
matter (cellulose, lignin, etc.) could not be utilized by microorganisms, and its activity was
inhibited, so the carbon mineralization rate decreased and tended to be stable [40,41].

The potential mineralized carbon pool (C1 + C2) can reflect the content of potentially
active nutrients in soil. With the increase in the application amount of waste amendments,
C1 + C2 shows an increasing trend. This is mainly because the available organic carbon
source in the soil increased with the increase in the application amount of waste amend-
ments, the organic carbon content involved in soil respiration increased and the bioactive
organic carbon pool increased. In addition, the turnover rate constant of easily mineralized
organic carbon (k) is a sign of mineralization speed, which can reflect the nutrient supply
and circulation in the soil. In our study, the k values of the waste amendment treatments
were significantly higher than that of the CK treatment. This result indicated that food
waste compost and garden waste compost application could accelerate the turnover rate
and increase the turnover time of SOC, which could be due to the influence of waste
amendments on soil structure and chemical properties.

Dai et al. [38] found that the effects of carbon inputs on CO2 production varied
with SOC content and substrate type. Setia et al. [42] found that cumulative CO2-C
emissions were significantly positively related to the content of POC in wheat residue-
amended soils. This is consistent with the results of this study, which showed that there
was a close relationship between POC, SOC and the cumulative emission of CO2. This
indicated that the active organic carbon in soil was an important carbon source for organic
carbon mineralization.

5. Conclusions

The results showed that SOC at 60 days increased with the increase in amendment
input, but there was no difference between the different amendments. When the input of
the amendment carbon ratio was 2.92 g kg−1, the average SOC of the different treatments
was 7.36 g kg−1. When the input of the amendment carbon ratio was 5.84 g kg−1, the
average SOC of the different treatments was 8.27 g kg−1. The amount of material added
only significantly affected the soil particle organic carbon content in the early stage of
cultivation, and there was no significant difference between the different addition amounts
at the end of cultivation. Waste amendments had an important effect on SOC mineralization
by significantly increasing the cumulative mineralization amount and SOC mineralization



Sustainability 2021, 13, 3790 13 of 14

rate. The dynamic of soil cumulative emissions of carbon dioxide preferably followed
the two-index kinetic equation for amendment input treatments (R2 > 0.99). After adding
organic materials, the change in the soil organic carbon mineralization rate could be
divided into two stages: fast stage and slow stage. The dividing point of the two stages
was approximately 10 days. SOC and POC were significantly correlated with cumulative
CO2 emissions.
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