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Abstract: Replacing chemical fertilizers with human waste for vegetable planting is a traditional,
economical, and environmentally friendly waste resource utilization strategy. However, whether
the human waste substitute strategy can improve soil fertility and increase crop yield and quality
compared to the simple application of chemical fertilizers is still unclear, especially under acidic
and alkaline soil conditions. In this study, we studied the effects of different ratios of human waste
(urine and feces) to chemical fertilizer on the crop yield, crop quality, soil fertility, and soil chemical
parameters in alkaline Cambisols and acidic Alisols cultivated with water spinach (Ipomoea aquatica
Forssk.). The application variants of human waste and chemical fertilizer were as follows: (i) Control,
no fertilization (CK), (ii) human waste application (HW), (iii) chemical fertilizer application (CF),
(iv) 1/3 human waste to chemical fertilizer (P1), and (v) 2/3 human waste to chemical fertilizer (P2).
Human waste application increased the total nitrogen, available phosphorus, available potassium,
organic matter, NO3

−-N, and conductivity in soil, enhanced soil enzyme activity, slowed down soil
acidification, and increased the yield, soluble sugar, and vitamin C contents of the water spinach
while reducing its nitrate content. Our findings indicate that human waste substitution improved
soil fertility while reducing the potential risks of soil acidification, salinization, and human exposure
to nitrates. These findings may be applied to increase vegetable production and quality, improve the
soil environment, and increase the utilization of human waste as a valuable resource.

Keywords: human waste substitute strategies; water spinach (Ipomoea aquatica Forssk.); soil fertility;
soil enzyme

Highlights:
The application of human waste increased the available nutrients in the soil.
The application of human waste reduced soil acidification and secondary salinization

caused by chemical fertilizers.
The activity of soil enzymes increased after the application of human waste.
The application of human waste increased water spinach production, vitamin C, and

reduced nitrate accumulation.

1. Introduction

The types of toilets being promoted in the rural toilet renovation project in China
include a three-compartment septic tank, double-vault funnel, double-pit alternate, biogas-
linked, urine–feces division, and integrated flushing toilet [1]. Among these, the three-
compartment septic tank toilet has become the most popular. In this toilet, human waste
(urine and feces) enters a three-compartment septic tank where it is stored in the third
tank after anaerobic fermentation and static separation and then collected by the feces
collection truck for centralized processing [2]. This type of toilet has been widely promoted
in rural areas of China. With the increasing population and the increasing use of three-
compartment septic tank toilets, the amount of human waste is increasing [3], as are the
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costs and demand for centralized disposal. There is an urgent need to develop economical
and environmentally sound techniques for human waste disposal.

One of the goals of the toilet revolution is to prevent pollution from human waste and
to promote recycling [4]. For millennia, farmers worldwide have relied on human waste
as fertilizer. Human waste (urine and feces) has an extensive agricultural history in East
Asia, dating back to the third century BCE. [5]. The earliest text describing the application
of human waste as a fertilizer was found in Qi Min Yao Shu. Later, in the Qing dynasty,
human waste became a valuable agricultural resource for sale and trade. In Japan’s Edo
era, human waste was banned from rivers to prevent it from being wasted [6]. Before
the development of modern hydraulic sanitation systems, most European cities relied on
human waste collectors to remove excrement from cesspits and privies. As in Asia, human
waste was collected and spread in rural agricultural fields [7]. In Ghana, human waste is
commonly used in rural areas to increase crop yields, such as maize and sorghum, helping
to overcome the limitations of poor soils and the cost of commercial fertilizers [8]. The
United States Environmental Protection Agency estimates that approximately 8 million tons
of dry biosolids are produced in the country annually, but only about half of this material
is applied to land, while USDA-certified organic agricultural operations are prohibited
from using it [7]. Furthermore, in Wisconsin (USA), human waste is not permitted on land
used to produce vegetable crops [9]. Animal manure is often composted into fertilizer or
anaerobically digested and then applied to farmland [10]. Similarly, human waste can be
treated by anaerobic digestion in septic tanks, in addition to composting for fertilization [11].
Properly treated human waste is a valuable resource.

However, industrial capitalism turned human waste from an agricultural resource to
a source of pollution and waste [12]. Chemical fertilizers are now predominant in many
industrialized countries because of their ability to quickly provide known quantities of
nutrients and because they are cheap and relatively easy to use [13,14]. Human waste
contains many pathogens that can cause serious infectious and parasitic intestinal diseases,
and untreated fecal sludge discharged into the environment poses a serious risk to public
health [4]. However, with the risk of the “culture of flushing” and the invention of mineral
fertilizers [15,16], hygiene concerns over the use of human waste have been reduced.
Conversely, the industrialization of agricultural production and increased fertilizer use have
led to considerable perturbation of nutrient cycles, with detrimental effects on ecosystems
and human health [17–19]. On the other hand, contemporary research has shown that in
areas where soils have been depleted, the application of human waste or treated biosolids
can improve soil structure and porosity while increasing organic carbon [20]. Human
waste has a high nutrient value [21], and a growing movement of farmers, sanitation
engineers, and scholars see the use of human waste as an alternative method for agricultural
fertilization on a planet with dwindling resources [4].

The irrational application of chemical fertilizers has caused serious soil compaction,
acidification, and environmental pollution, which seriously threatens the safety of agricul-
tural products and the agroecological environment. Therefore, in 2016, China launched a
national key special project, “Integrated technology research and development of chemical
fertilizer and pesticide application reduction and efficiency enhancement”, which aimed to
reduce the application of chemical fertilizers while ensuring the stable production of major
crops. Combined with the goal of recycling human waste from rural toilets in China, a
human waste substitute strategy is expected to play an important role in reducing chemical
fertilizer application and promoting environmental protection.

At present, no research has been conducted on the influence of human waste and the
combined application of human waste and chemical fertilizer on soil fertility, yield, and
quality of water spinach. In this study, septic tank-treated human waste (urine and feces)
was used to grow water spinach to investigate its effects. We hypothesized the following:
(1) The addition of human waste would increase soil fertility and buffer soil acidity and
salinization; (2) the addition of human waste would increase the yield and quality of water
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spinach; and (3) soil enzyme activity, vegetable yield, and quality are closely related to soil
nutrients.

2. Materials and Methods
2.1. Experimental Design

The experimental soil was obtained from the surface layer (0–20 cm) of farmland in the
suburbs of Baiguoshu Village, Laifeng County, Enshi Tujia, and Miao Autonomous Prefecture,
Hubei Province (109◦7′4.26′ ′ E, 29◦24′45.77′ ′ N), and Zheyaogou Village, Tongxin County,
Wuzhong City, Ningxia Hui Autonomus Region, China (106◦22′21.6′ ′ E, 36◦50′24.19′ ′ N). The
soil was passed through a 2 mm nylon sieve and air dried. The soils from Enshi Tujia and
Miao Autonomous Prefecture were Alisols (soil taxonomic names are based on the World
Reference Base for Soil Resources (WRB, 2014; Update, 2015)) containing total nitrogen
(TN) 0.24%, total carbon (TC) 2.10%, C/N 8.76, available phosphorus (AP) 83.8 mg·kg−1,
available potassium (AK) 39.1 g·kg−1, pH 4.6, and electrical conductivity (EC) 0.2 mS·cm−1.
The soils from Wuzhong City were lime Cambisols containing TN 0.06%, TC 1.89%, C/N
32.88, AP 73.8 mg·kg−1, AK 6.2 g·kg−1, pH 8.8, and EC 0.5 mS·cm−1.

Human waste (urine and feces) was obtained from the third compartment of a rural
three-compartment septic tank in Guangrao County, Shandong Province (118◦25′26.37′ ′ E,
37◦8′52′ ′ N). The human waste was stored in a sealed container for 12 months and then the
chemical properties and sanitary indicators were determined: TN 3.5 g·kg−1, total phospho-
rus 5.1 g·kg−1, total potassium 3.2 g·kg−1, organic matter (OM) 38.0 g·kg−1, pH 7.9, fecal
coliform value 0.04, ascarid eggs mortality rate 100%, and salmonella bacteria undetected.
The Chinese national standard (Hygienic Requirements for Harmless Disposal of Night
Soil GB 7959-2012) clearly stipulates that “It is strictly forbidden to use human waste that
has not been harmlessly treated for agricultural fertilization and direct discharge.” The
above-mentioned sanitary indicators meet the requirements of the harmless treatment of
human waste of this standard, so the human waste used in this experiment can be used for
agricultural fertilization and direct discharge.

The selected experimental site was in the smart greenhouse of the Agro-Environmental
Protection Institute, Ministry of Agriculture, and Rural Affairs. Water spinach seeds
(harvested from Qingxian County, Hebei Province) were sown in May 2020. Three replicate
sets were planted for each treatment, with three uniform plants in each pot (5 kg soil).
During the growth period of 50 days, the room temperature was adjusted to approximately
25 ◦C, the water required for the growth of water spinach was replenished regularly and
quantitatively, and physical measures were taken to prevent pests until harvest.

Each treatment provided the same nitrogen level, and the average amount of fertilizer
applied to vegetable plants in China was applied for all groups. One control and four
treatments were applied to the two soil types: (i) Control, no fertilization (CK), (ii) human
waste application (HW), (iii) chemical fertilizer application (CF), (iv) 1/3 human waste
to chemical fertilizer (P1), and (v) 2/3 human waste to chemical fertilizer (P2). Inorganic
urea (46.40% N), superphosphate (12.00% P2O5), and potassium sulfate (50.00% K2O) were
used as sources of N, P, and K, respectively, all of which were applied as basal fertilizers in
potted soil (Table 1).

Table 1. Fertilizer application rates to soil in different treatments.

Treatment Human Waste
(g · pot−1)

Urea
(g · pot−1)

Superphosphate
(g · pot−1)

Potassium Sulfate
(g · pot−1)

CK - - - -
HW 136.6 - - -
CF - 1.0 13.2 1.0
P1 45.5 0.7 8.8 0.7
P2 91.0 0.3 4.4 0.3
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2.2. Soil and Vegetable Sampling and Preparation

During the water spinach growth cycle, soil samples were collected every 10 days for
the analysis of NH4

+-N and NO3
−-N. After the water spinach was harvested, soil samples

were collected, dried, and sieved for analysis of chemical properties and enzyme activities.
The collected water spinach samples were used to analyze the yield and quality.

2.3. Soil Chemistry and Enzyme Activity

NH4
+-N and NO3

−-N were extracted from soil using 0.01 M CaCl2 and determined
using an AA3 continuous flow analyzer (SEAL Analytical, Norderstedt, Germany). Soil N,
C, and C/N were determined using an elemental analyzer. AP was determined using a
spectrophotometer, AK was determined using a ZEEnit 700 P flame graphite furnace atomic
absorption spectrometer (Analytik Jena AG, Jena, Germany), and pH was determined using
a SevenCompact S210 pH meter (Mettler Toledo Instrument [Shanghai] Co., Ltd., Shang-
hai, China). EC was measured with an SX-650 pen-type conductivity/resistivity/TDS/
salinometer (Shanghai Sanxin Instrument Factory, Shanghai, China) in a 1:2.5 soil:water
suspension. The OM was determined using the K2Cr2O7-H2SO4 redox method.

The soil urease (S-UE), soil acid phosphatase (S-ACP), soil alkaline phosphatase (S-
ALP), soil catalase (S-CAT), and soil sucrase (S-SC) activities were determined using the
Solarbio soil urease kit (Solarbio, BC0120), soil acid phosphatase kit (Solarbio, BC0140), soil
alkaline phosphatase kit (Solarbio, BC0280), soil catalase kit (Solarbio, BC0100), and soil
sucrase kit (Solarbio, BC0240), respectively.

2.4. Vegetable Yield and Quality

The water spinach was weighed using an electronic balance. Nitrate content was
determined by ion chromatography (National Food Safety Standard for the Determination
of Nitrite and Nitrate in Food GB 5009.33-2016). Soluble sugar content was analyzed
according to the determination of soluble sugar in vegetables and products Shaffer-Somogyi
(NY/T 1278-2007). Vitamin C content was measured according to the National Food Safety
Standard for the Determination of Ascorbic Acid in Food (GB 5009.86-2016).

2.5. Statistical Analysis

Data were analyzed using SPSS Statistics 26.0 (IBM, Armonk, NY, USA). The effects
of the human waste substitute strategy on soil chemical properties, soil enzyme activities,
crop yield, and quality were assessed using one-way analysis of variance and Duncan’s
multiple range test. Redundancy analysis (RDA) is a development of multiple linear
regression that can analyze the linear relationship between soil chemical properties and soil
enzyme activities, soil chemical properties, and vegetable yield and quality by reflecting
the two variables in the same Cartesian coordinate system. RDA was applied to evaluate
the associations between enzyme activities and soil chemical properties, vegetable yield
and quality, and soil chemical properties using Canoco 5.0, for Windows. The tables were
constructed using Microsoft Office 2019 and images were drawn using Origin 2021.

3. Results and Discussions
3.1. Soil Chemistry

Our results show that human waste and chemical fertilizer altered the chemical
properties of the soil, particularly pH, EC, AP, and AK.

Fertilization increased the AP and AK content of Cambisols (Table 2). AP and AK were
the highest in CF-treated soil (35.2 mg·kg−1 and 122.2 mg·kg−1, respectively), followed by
HW, P1, P2, and CK. The AP and AK of the P1 treatment were significantly higher than
that of the CK control, 3.60 times and 1.39 times, respectively (p < 0.05). In Alisols, the AP
and AK content increased the most after CF treatment (86.0 mg·kg−1 and 113.5 mg·kg−1,
respectively), followed by P1 and P2 treatments, which were 1.47 times and 1.32 times
higher than the CK control, respectively (p < 0.05). After HW treatment, AP was 1.08 times
that of the CK control but the difference was not significant (p > 0.05). AK was the highest
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after P1 treatment (117.2 mg·kg−1), significantly higher than that of the P2 treatment, but
not significantly different from the CF treatment, and the AK content of CF, P1, and P2
treatments was significantly higher than that of the CK control (p < 0.05). Cheng et al. [22]
found that microbial fertilizer and organic fertilizer increased the effective phosphorus
and potassium content. Human waste is rich in stable OM and nutrients [23]. Soil AP and
AK were significantly higher in the treatment groups than in the control group (p < 0.05)
and were positively correlated with the amount of chemical fertilizer. It could be argued
that the chemical fertilizer contained more nutrients than the organic fertilizer, or that the
organic manure released its nutrients more slowly over a longer period [24], so the soil
nutrient enhancement effect was not as pronounced [25]. Soil phosphatase catalyzes the
hydrolysis of organic phosphorus to release inorganic phosphorus, which also increases
soil available phosphorus [26,27].

Table 2. Soil chemical properties.

Soil
Types Treatment TN (%) TC (%) C/N AP

(mg · kg−1)
AK

(mg · kg−1)
OM

(g · kg−1)
pH

(1:2.5)
EC

(mS · cm−1)

Cambisols

n-CK 0.04 ±
0.00aB

1.91 ±
0.00aA

46.17 ±
1.80aA

6.8 ±
0.0cB

54.8 ±
2.6cA

6.0 ±
0.2aB

8.5 ±
0.1aA

0.5 ±
0.0bA

n-HW 0.05 ±
0.01aB

1.90 ±
0.00aB

39.06 ±
4.99aA

7.2 ±
0.4cB

60.4 ±
2.6bcA

6.1 ±
0.0aB

8.2 ±
0.1abA

1.0 ±
0.4bA

n-CF 0.05 ±
0.01aB

1.90 ±
0.01aA

39.50 ±
5.10aA

35.2 ±
5.6aB

122.2 ±
10.1aA

6.1 ±
0.2aB

8.0 ±
0.1bA

2.0 ±
0.4aA

n-P1 0.05 ±
0.00aB

1.92 ±
0.00aA

41.22 ±
0.80aB

24.5 ±
3.6bB

76.1 ±
3.3bB

6.1 ±
0.1aB

8.1 ±
0.1bA

1.2 ±
0.3abA

n-P2 0.05 ±
0.00aB

1.90 ±
0.01aB

40.98 ±
1.97aB

14.6 ±
1.1cB

67.8 ±
4.8bcA

6.2 ±
0.2aB

8.2 ±
0.0abA

0.7 ±
0.1bB

Alisols

e-CK 0.23 ±
0.01aA

1.96 ±
0.03aA

8.63 ±
0.18aB

43.8 ±
0.7dA

39.9 ±
1.9cB

35.3 ±
0.5aA

4.9 ±
0.04aB

0.3 ±
0.0dB

e-HW 0.23 ±
0.00aA

1.95 ±
0.01aA

8.40 ±
0.11abB

47.1 ±
1.1dA

53.0 ±
2.0bcA

34.9 ±
0.2aA

4.6 ±
0.06bB

1.0 ±
0.3cdA

e-CF 0.24 ±
0.01aA

1.90 ±
0.06aA

8.09 ±
0.14bB

86.0 ±
4.6aA

113.5 ±
8.2aA

33.9 ±
1.2aA

4.2 ±
0.02dA

3.3 ±
0.7aA

e-P1 0.23 ±
0.00aA

1.90 ±
0.02aA

8.19 ±
0.14abA

64.6 ±
0.8bA

117.2 ±
4.0aA

34.2 ±
0.2aA

4.3 ±
0.044dB

2.4 ±
0.3abA

e-P2 0.24 ±
0.00aA

1.99 ±
0.03aA

8.47 ±
0.13abA

57.7 ±
1.6cA

69.1 ±
13.5bA

35.9 ±
0.9aA

4.4 ±
0.01cB

1.7 ±
0.3bcA

Note: TN: Total nitrogen; TC: Total carbon; AP: Available phosphorus; AK: Available potassium; OM: Organic matter; EC: Electrical
conductivity. Values are means (N = 3) ± standard errors. Lowercase letters indicate significant differences between different treatments
under the same soil type (p ≤ 0.05); uppercase letters indicate significant differences between different soil types under the same treatment
(p ≤ 0.05) as determined by Duncan’s multiple range test. Number of replications (N) = 3. “n” represents the treatment of soil Cambisols,
and “e” represents the treatment of soil Alisols.

In Cambisols, the soil pH values of CF, P1, P2, and HW treatments were significantly
reduced by 0.5, 0.4, 0.3, and 0.3 (p < 0.05), respectively. In Alisols, fertilization (HW, CF, P1,
and P2) significantly reduced the pH by 0.4, 0.7, 0.6, and 0.5, respectively (p < 0.05). Soil
pH is determined by the production and consumption of protons (H+). The application of
human waste, chemical fertilizer, or a combination of both reduced the pH of both types of
soil. The NH4

+-N content in both soils showed a downward trend throughout the growth
cycle (Figure 1A), while NO3

−-N increased over time (Figure 1B), indicating that the soil
acidification resulted from the release of a large amount of H+ by the fertilizer [28]. Soils
with different initial pH values have different acid-buffering capacities [29]. In the treatment
of Alisols, a higher proportion of chemical fertilizer resulted in a lower pH. Studies have
shown that in acidic soils, the effect of ammonium nitrogen addition on soil pH depends
on the direct effect of fertilizer nitrogen and the indirect effect of nitrification [30]. It has
been observed that chemical nitrogen application shifts soil into Al3+ buffering stages. Al
released into the soil solution by hydrolysis of Al hydroxides on the surface of clay minerals
at pH < 5 decreases the saturation of base cations and increases soil acidification [31]. The
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pH reduction in Cambisols was not as pronounced as in Alisols, possibly because the root
system of water spinach is not as well developed in Cambisols and fewer H+ ions are
secreted [32], or because microorganisms are less abundant than in Alisols and thus fewer
organic acids are secreted [33].
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Figure 1. (A) and (C) are the changes of NH4
+-N and NO3

−-N in soil of Cambisols at different periods, and (B) and (D) are
the changes of NH4

+-N and NO3
−-N in soil of Alisols at different periods. “n” represents the treatment of soil Cambisols,

and “e” represents the treatment of soil Alisols. CK = no fertilization; HW = human waste application; CF = chemical
fertilizer application; P1 = 1/3 human waste to chemical fertilizer; P2 = 2/3 human waste to chemical fertilizer. The mean
value accompanying the same letter in the same period (N = 3) in Duncan’s multiple range test showed no statistically
significant difference (p = 0.05).

The ECs of Cambisols after CF, P1, and P2 treatments were 3.0, 1.4, and 0.4 times
(p < 0.05) higher than that of the CK control (HW treatment was 1.0 times higher but not
significantly different), and the ECs of Alisols after CF, P1, and P2 treatments were 10.0, 7.0,
and 4.7 times (p < 0.05) higher than that of the CK control (HW treatment was 2.3 times
higher but not significantly different). Before treatment, Alisols had a significantly lower
EC than Cambisols. The EC of Alisols after P2 treatment was significantly higher than that
of P2-treated Cambisols, but there were no significant differences between the two soils
after HW, CF, or P1 treatments. Lv et al. [34] found that EC has a strong negative correlation
with soil pH, which is consistent with the results of the present study (Table 2). Compared
with the control group, the EC of the treatment groups increased, with CF being the most
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effective treatment. The higher the proportion of chemical fertilizer in the treatment, the
greater the EC value, presumably due to an increase in the concentration of dissolved
solutes in the soil [24].

TN, TC, C/N, and OM in Cambisols showed no significant differences between
treatments (p > 0.05) or compared with the control, with the exception of C/N, which was
significantly reduced by 6.3% after CF treatment. TN and OM in Alisols after treatment
were significantly higher than in Cambisols after the corresponding treatments. The TC
in Alisols after HW and P2 treatments was significantly higher than in Cambisols after
the corresponding treatments, while there were no significant differences between the CK,
CF, and P1 groups after treatment in the two soils. The C/N ratio in the CK, HW, and CF
Alisols groups was significantly higher than that in Cambisols.

NH4
+-N is the main source of nitrogen nutrients absorbed by plants and is also an

important product in the process of soil nitrogen transformation [35]. During the water
spinach growth cycle, the NH4

+-N content of Cambisols and Alisols exhibited a downward
trend (Figure 1A,B). The initial NH4

+-N contents of the HW, CF, P1, and P2 groups in
Cambisols were 5.7, 9.4, 6.7, and 10.0 mg·kg−1, respectively (all were significantly higher
than the 0.6 mg·kg−1 of the control group, with no significant differences between the
treatments). The initial NH4

+-N contents of the HW, CF, P1, and P2 groups in Alisols were
53.0, 90.2, 71.3, and 73.2 mg·kg−1, respectively, which were all significantly higher than
the control group (2.9 mg·kg−1). Soil pH is an important factor in controlling nitrification
activity; increasing pH often increases the rate of nitrification [36,37]. The NH4

+-N soil
content was still high after 10 days, which may be because the acidic soil environment
inhibited the nitrification rate of Alisols.

Soil nitrate nitrogen (NO3
−-N) is an important indicator of soil fertility and produc-

tivity. In Cambisols, soil NO3
−-N in the P1 and P2 groups initially increased and then

decreased, while in the CF group it increased, decreased, and increased again, presumably
due to the chemical fertilizer elevating soil ammonium nitrogen and increasing the rate
of nitrification. In the early growth stages, the soil NO3

−-N content increased rapidly.
During peak growth, a large amount of NO3

−-N was consumed. Wang et al. [38] found
that after 58 days of sowing corn, the soil NO3

−-N decreased because the corn was in the
peak growth period and needed more soil nutrients. Growth slowed after 40 days and the
NO3

−-N produced by nitrification exceeded the absorption capacity of the water spinach
and accumulated rapidly in the soil. The soil NO3

−-N content under HW treatment initially
decreased and then increased, while a consistent downward trend was evident in the CK
control group (Figure 1C).

In Alisols, NO3
−-N in the HW, CF, P1, and P2 groups initially increased and then

decreased, while the CK group showed a consistent downward trend (Figure 1D). Due
to the influence of the pH of the Alisols, the nitrification rate was slow, peaking on day
40, after which the NO3

−-N content rapidly decreased. From the 20th day, the NO3
−-N

content of the P1 treatment was higher than that of the P2 treatment. This may be because in
the early stage of fertilization, chemical fertilizers released more ammonium nitrogen into
the soil, increasing nitrification and the NO3

−-N content. During the peak growth period,
the consumption of NO3

−-N increased, ammonium nitrogen provided by the fertilizer
decreased, the nitrification rate decreased, and the NO3

−-N content began to decrease. The
peaks of NO3

−-N in the P1 and P2 treatments in Alisols were later than those in Cambisols
due to the influence of soil pH.

3.2. Soil Enzyme Activity and Correlation with Soil Chemistry

Soil enzymes (Figure 2A) are catalytic proteins that participate in many important
biochemical processes and are closely related to soil fertility [39]. Urease plays a vital role
in the soil nitrogen cycle [40]. The application of human waste (HW) or combined human
waste and chemical fertilizer (P1 and P2) significantly increased Cambisols’ soil urease
activity (p < 0.05). S-UE activity was the highest under HW treatment (4.7 µg·g−1·d−1):
39.2% and 20.4% higher than the CK and CF groups, respectively. P2 treatment increased
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S-UE activity by 33.9% and 15.8% compared with CK and CF, while under P1 treatment,
S-UE activity increased by 36.9% and 18.4%, respectively.
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In Alisols, HW, CF, and P2 treatments reduced S-UE activity compared with the CK
control, with P2 having the lowest activity (2.8 µg·g−1·d−1). P1 treatment increased S-
UE activity to 4.6 µg·g−1·d−1, but there was no significant difference between treatments
(p > 0.05).

The S-UE activity of the HW, CF, and P2 treatments in Cambisols was significantly
higher in Alisols (p < 0.05). The S-UE activity of the CK control in Cambisols was signifi-
cantly lower than that in Alisols (p < 0.05), but there was no significant difference in S-UE
activity between the two soils treated with P1 (p > 0.05). It is possible that the application of
human waste and chemical fertilizers provided a large amount of nitrogen to the Cambisols,
resulting in a rapid increase in S-UE. The pH of Alisols was reduced by fertilization. Soil
microorganisms that secrete urease have difficulty adapting to this acidification and their
population falls, which reduces enzyme activity [41].

Soil phosphatase participates in the conversion and circulation of phosphorus, cat-
alyzing the hydrolysis of organic phosphorus to release inorganic orthophosphate [42].
Figure 2B shows the activity of Cambisols soil alkaline phosphatase (S-ALP) and Alisols’
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soil acid phosphatase (S-ACP). After fertilization, S-ALP activity increased, P2 had the
highest activity (4000.0 nmol·g−1·d−1), and CK the lowest (1346.2 nmol·g−1·d−1).

S-ACP activity was reduced under CF and P1 treatments compared with the CK
control, with CF being the lowest (76317.4 nmol·g−1·d−1). HW and P2 treatments increased
S-ACP activity, with P2 being the highest (84614.1 nmol·g−1·d−1). S-ALP activity in
Cambisols was significantly higher than that in Alisols under the corresponding treatment
(p < 0.05). Fertilization increased S-ALP activity in Cambisols, whereas chemical fertilizer
reduced S-ACP activity in Alisols. In both soils, phosphatase activities increased with
the proportion of human waste in the treatment groups (Figure 2B). It is possible that
chemical fertilizers increase soil inorganic phosphorus concentrations, thereby inhibiting
phosphatase secretion by microorganisms and plants [43,44].

Figure 2C illustrates the activity of catalase (S-CAT) in Cambisols and Alisols. S-CAT
is an indicator of soil aerobic microbial activity, which is related to the number and fertility
of aerobic microbes [45]. S-CAT degrades hydrogen peroxide in the soil, protects crops
from poisoning, and impacts crop growth [46]. P1 and CF treatments significantly reduced
Cambisols S-CAT (p < 0.05). CF treatment had the lowest activity (14.9 nmol·g−1·d−1), but
there was no significant difference between CK, HW, and P2 treatments. HW, P2, and P1
treatments were 58.4%, 61.3%, and 22.9% higher than that of the CF treatment (p < 0.05),
respectively.

S-CAT activity in Cambisols was significantly higher than that in the corresponding
treatment in Alisols (p < 0.05). Quan et al. [47] found that S-CAT is significantly positively
correlated with soil pH. In the present study, the greater the proportion of chemical fertilizer
in the treatment, the lower the soil pH and enzyme activity. CF treatment showed the
lowest S-CAT activity, whereas fertilization with Alisols increased this activity (Figure 2C),
which may be due to an increase in aerobic catalase-secreting microorganisms due to the
addition of nutrients.

Soil sucrase (S-SC) hydrolyzes sucrose into monosaccharides that can be absorbed by
the body. Its products are closely related to the OM, nitrogen, and phosphorus contents
of the soil, the number of microorganisms, and the intensity of soil respiration. S-SC
activity can be used to evaluate soil compaction and the degree and index of soil fertility.
Figure 2D shows the S-SC activity in Cambisols and Alisols. Compared with the control,
the application of human waste (HW) or chemical fertilizer (CF) reduced S-SC activity
in Cambisols, while combinations of human waste and chemical fertilizer (P1 and P2)
increased it (p > 0.05). P1 treatment led to the highest S-SC activity (36.6 mg·g−1·d−1) and
HW treatment the lowest (31.8 mg·g−1·d−1).

In Alisols, P1 treatment significantly reduced S-SC activity (p < 0.05) to 33.2 mg·g−1·d−1,
while HW treatment increased it to 51.8 mg·g−1·d−1. This may be caused by human waste
application improving the soil structure and porosity, enhancing soil respiration, and in-
creasing enzyme activity. S-SC activity in Cambisols was significantly higher than that in
the corresponding treatment in Alisols (p < 0.05).

Table 3 shows the differences in the activities of the four enzymes by different soil
chemical properties. The first axis (encompassing 10 soil chemical properties) explained
86.80% of the four enzyme activities in Cambisols. The cumulative interpretation of the
relationship between enzyme activity and soil chemistry reached 100%, indicating that
the first axis was sufficient to explain this relationship. In Alisols, the first axis explained
86.32% of the enzyme–chemistry relationship.

Soil enzymes are active ingredients in various biochemical processes and nutrient
cycles and are derived mainly from soil microorganisms, plant root exudates, and plant and
animal residues. Of these, soil microbes make the greatest contribution [41]. Alterations
in soil environmental factors can significantly change the characteristics of the microbial
community and the resulting soil enzyme activity [48].

From the two-dimensional sequence diagram (Figure 3A) of soil enzyme activity
and chemical properties of Cambisols, we found that the arrow lines of pH, NO3

−-N,
NH4

+-N, TN, and C/N were the longest, indicating that these chemical properties played
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a better role in explaining soil enzyme activities than others. TN had a significant positive
correlation with S-UE, S-SC, and S-ALP. C/N was significantly negatively correlated with
S-UE, S-SC, and S-ALP. This shows that TN is the dominant factor affecting the S-UE, S-SC,
and S-ALP of Cambisols. NH4

+-N had a significant positive correlation with S-CAT and a
significant negative correlation with S-UE and S-SC. NO3

−-N had a significant negative
correlation with S-CAT. Highly soluble salt in salinized soil not only has adverse effects
on its physical and chemical properties, but also affects the growth and development of
crops and the metabolic processes of crop roots and microbes [49]. It may be that the
addition of ammonium nitrogen via fertilizer reduced soil pH and Cambisols’ S-SC and
S-UE activities were inhibited, while the elevated AK and AP content increased the soil salt
concentration, thereby inhibiting S-CAT activity. pH had a significant negative correlation
with S-ALP and a very significant negative correlation with S-UE and S-SC. Soil pH affects
not only the decomposition and mineralization of organic macromolecules, the dispersion
and aggregation of soil colloids, and the types and activities of microorganisms and their
redox reactions, but also has a direct impact on the rate of soil enzymes participating in
biochemical reactions [50]. Studies have shown that high pH usually inhibits the growth of
microorganisms and is negatively correlated with certain enzyme activities [51], indicating
that the number and activity of microorganisms that can secrete S-ALP, S-UE, and S-SC
may have been suppressed.

From the two-dimensional sequence diagram (Figure 3B) of soil enzyme activity and
chemical properties of Alisols, we found that the arrow lines of OM, NO3

−-N, NH4
+-N,

TN, TC, and AP were the longest, indicating that these chemical properties played a better
role in explaining soil enzyme activities than others. OM, TN, and TC had a very signifi-
cant positive correlation with S-ACP. Soil nutrients, including OM, nitrogen, phosphorus,
potassium, and other elements, are closely related to soil enzyme activity [52,53]. Nu-
trients determine the substrate and environment for enzymatic reactions, thus affecting
enzyme activity. Soil carbon turnover and nutrient cycling, in turn, depend on enzyme
activity [54,55]. Kawaguschi et al. [56] found that phosphatase activity was positively
correlated with organic carbon and TN. It has also been reported that bacteria are the main
source of S-ALP [26], while the main source of S-ACP is fungi [42,57]. The application of
nutrients to acidic soil suitable for growth and reproduction may promote the secretion of
acid phosphatase by such fungi. Research has shown that phosphatase activity is related
to OM and nitrogen utilization through inorganic and organic nitrogen amendments [58].
The addition of exogenous nitrogen stimulates microorganisms to allocate excess nitrogen
to phosphatase, improves the activity of S-ACP, and accelerates the process of organic phos-
phorus mineralization and the return of inorganic phosphorus [43]. NO3

−-N and NH4
+-N

levels were significantly negatively correlated with S-ACP. It may be that the increase in
ammonia NO3

−-N and NH4
+-N in Alisols aggravated the acidification of the soil and the

activity of S-ACP was inhibited. AP and AK are not only key nutrients for plant growth
and environmental sustainability but are also reliable measures of soil productivity [59,60].
In this study, AP was positively correlated with S-SC and S-CAT scores. This may be
because AP promotes the growth of plant roots and the reproduction of microorganisms,
thereby secreting S-SC and S-CAT.
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Table 3. Summary of the RDA results for soil enzyme activities in relation to soil chemical properties.

Cambisols Alisols

Axes Axis I Axis II Axis III Axis IV Axis I Axis II Axis III Axis IV
Eigenvalues 0.8589 0.0006 0.0000 0.0000 0.9374 0.0031 0.0000 -
Cumulative percentage variance of soil enzyme (%) 85.89 85.95 85.95 85.95 93.74 94.05 94.06 -
Soil enzyme activity-soil chemical properties correlations 0.9271 0.8767 0.9260 0.8938 0.9698 0.9689 0.9049 -
Cumulative percentage variance of soil enzyme activity-soil
chemical properties correlations (%) 99.93 100.00 100.00 100.00 99.67 100.00 100.00 -

Sum of all canonical eigenvalues 0.8595 0.9405
Sum of all eigenvalues 1.000 1.000
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3.3. Yield and Quality Analysis and Correlation with Soil Fertility

China is the largest vegetable producer in the world. In 2017, 20 million hectares
were cultivated, over four times more than in 1985 [61]. At present, 4.67 million hectares
of vegetable production are in solar greenhouses [62], increasing the area capable of
producing vegetables off-season [63]. Human waste is rich in nutrients (including nitrogen,
phosphorus, and potassium) required by plants and can be used as both irrigation water
and fertilizer. It can improve the physical, chemical, and biological properties of soil,
thereby increasing vegetable yield and quality [23]. Human waste also contains other
beneficial substances, such as carbohydrates, trace elements, crude protein, and amino
acids, which play important roles in improving soil properties [64].

As shown in Table 4, the application of human waste (HW), chemical fertilizer (CF), or
a combination of both (P1, P2) significantly increased the water spinach yield in Cambisols,
with P1 and P2 giving significantly higher yields than HW and CF (p < 0.05). P1 treatment
gave the highest yield (19,296.0 kg·ha−1) and the CK control the lowest (4272.6 kg·ha−1).
HW, CF, P1, and P2 treatments increased production by 123.7%, 183.3%, 351.6%, and
330.3%, respectively, compared with the control. Yields from the P1 and P2 treatments
were 2.0 and 1.9 times higher than those of the HW treatment, and 1.6 times and 1.5 times
higher than the CF treatment, respectively. There were no significant differences between
HW and CF or between P1 and P2.

Table 4. Water spinach yield and quality.

Soil Types Treatments Yield (kg ha−1) Nitrate (g kg−1) Soluble Sugar (%) Vitamin C (mg 100 g−1)

Cambisols

n-CK 4272.6 ± 424.7cB 0.14 ± 0.00cA 0.72 ± 0.06aA 7.6 ± 0.0cA
n-HW 9558.5 ± 469.8bB 3.09 ± 1.51abcB 0.34 ± 0.08bA 7.5 ± 0.6cA
n-CF 12,103.7 ± 2542.8bA 6.17 ± 0.27aA 0.41 ± 0.10abA 8.0 ± 0.5bcA
n-P1 19,296.0 ± 1577.2aA 3.43 ± 1.45abA 0.71 ± 0.18aA 10.6 ± 0.4aA
n-P2 18,385.4 ± 988.8aA 1.80 ± 0.51bcB 0.33 ± 0.03bA 9.1 ± 0.5bA

Alisols

e-CK 16,208.7 ± 1333.6aA 0.05 ± 0.01bB 0.36 ± 0.12aA 7.6 ± 0.5aA
e-HW 24,460.0 ± 3085.1aA 3.63 ± 0.79aA 0.25 ± 0.01aA 6.6 ± 0.7aA
e-CF 21,754.3 ± 3487.3aA 4.43 ± 0.72aA 0.25 ± 0.01aA 6.8 ± 1.5aA
e-P1 24,015.2 ± 1391.1aA 3.63 ± 0.37aA 0.40 ± 0.04aA 7.7 ± 0.4aB
e-P2 23,767.8 ± 2064.7aA 4.67 ± 0.84aA 0.41 ± 0.08aA 8.4 ± 0.2aA

Note: Values are mean (N = 3) ± standard error. Lowercase letters indicate significant differences between different treatments under the
same soil type (p ≤ 0.05); uppercase letters indicate significant differences between different soil types under the same treatment (p ≤ 0.05)
as determined by Duncan’s multiple range test. Number of replications (N) = 3. “n” represents the treatment of soil Cambisols, and “e”
represents the treatment of soil Alisols.

In Alisols, HW treatment gave the highest yield (24,460.0 kg·ha−1) and CK the lowest
(16,208.7 kg·ha−1). HW, CF, P1, and P2 treatments increased the yield by 50.9%, 34.2%,
48.2%, and 46.6%, respectively, but there were no significant differences between the
treatments (p > 0.05). Yields from the CK and HW Alisols groups were significantly higher
than those of the corresponding groups in the Cambisols (p < 0.05).

Concentrations of TN, AP, and AK reflect the capacity of the soil to supply these
nutrients. N, P, and K are essential elements for plant growth. Choudhary et al. [65] and
Cai et al. [66] reported that TN, AN, AP, and AK were all significantly increased after
fertilization, leading to increased production. Soil nutrients are the major yield-limiting
factors. In this study, vegetable yields increased after fertilization, and P1 and P2 treatments
gave the highest yields. A combination of organic manure and mineral fertilizers improves
nutrient availability for plants and has a positive effect on crop yield [67]. Such combined
application is a better approach for enhancing and sustaining soil fertility and crop yields
than the application of chemical or organic fertilizers alone [68,69]. Alisols’ NH4

+-N
concentration was positively correlated with water spinach yield, as was the NO3

−-N
concentration, because both NH4

+-N and NO3
−-N are nutrients that are directly absorbed

by the plant. OM was negatively correlated with the yield. These results indicate that the
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application of manure creates conditions for the proliferation of soil microorganisms and
the secretion of organic acids, thereby inhibiting the growth of water spinach [33].

Nitrates are a basic component of soils and plants and are naturally present in most
fruits and vegetables. Human nitrate intake mainly comes from vegetables, water sources,
and additives/preservatives used in meat [70]. Nitrate accumulation in vegetables occurs
when they absorb more than they require for sustainable growth. Approximately 5%
of all dietary nitrates are reduced to nitrites in the saliva and gastrointestinal tract [71].
Nitrites are highly unstable and can be metabolized within the digestive tract to N-nitroso
compounds, which comprise nitrosamines and nitrosamides [72,73]. Nitrosamines pro-
duced through acid catalysis of nitrites in certain nitrogen compounds are carcinogenic and
volatile [74–76]. CF and P1 treatment significantly increased the nitrate content of water
spinach in Cambisols (p < 0.05). CF (6.2 g·kg−1) and P1 treatment nitrates were 43.1 times
and 23.5 times higher than the CK control (0.1 g·kg−1), respectively, while CF nitrates were
3.43 times the P2 treatment (p < 0.05).

All four treatments significantly increased the nitrate content of water spinach in
Alisols (p < 0.05). P2 treatment resulted in the highest nitrate content (4.7 g·kg−1) and the
CK control the lowest (0.05 g·kg−1). Nitrate contents after P2, CF, HW, and P1 treatments
were 93.4, 88.6, 72.6, and 72.6 times the control value. The nitrate content in the Cambisols
CK control was significantly higher than that in the Alisols control, and HW and P2 in
the Alisols were significantly higher than in Cambisols (p < 0.05). Fertilization increased
the nitrate content of water spinach, with higher proportions of chemical fertilizer giving
higher nitrate concentrations.

HW and P2 treatments reduced the soluble sugar content of water spinach in Cam-
bisols (p < 0.05) by 52.8% and 54.2%, respectively. The CK control had the highest content
(0.7%) and P2 the lowest (0.3%). The soluble sugar content after P1 treatment was 2.1 and
2.2 times that of the HW and P2 treatments, respectively. However, there were no signifi-
cant differences between the HW, CF, P2 treatments, and the CK, CF, and P1 treatments
(p > 0.05). HW and CF treatments reduced the soluble sugar content of water spinach in
the Alisols, whereas treatments P1 and P2 increased it. P2 treatment yielded the highest
content (0.4%) and HW the lowest (0.2%). There were no significant differences in soluble
sugar content between the corresponding treatments in the two soil types (p > 0.05).

Water-soluble vitamin C has two bioactive forms: l-ascorbic acid and dehydroascorbic
acid. It is found naturally in various foods, particularly fruits and vegetables [77]. Ascorbic
acid content is elevated in fresh produce grown under high-intensity light [78]. It regulates
collagen synthesis, prevents scurvy, and protects healthy cells from oxidative damage by
scavenging free radicals [79]. Combined treatments P1 and P2 significantly increased the
vitamin C content of water spinach in Cambisols (p < 0.05), with P1 being the highest
(10.6 mg·100 g−1), while HW treatment had the lowest (7.5 mg·100 g−1). The P1 and P2
treatments increased vitamin C by 39.5% and 19.7%, respectively, compared to the control.
The P1 vitamin C content was 1.4, 1.3, and 1.2 times that of the HW, CF, and P2 treatments,
respectively. The P2 vitamin C content was 1.4 times the HW treatment (p < 0.05), but
there were no significant differences between the CK, HW, and CF groups, or between
CF and P2. There were no significant differences in vitamin C in water spinach grown
in Alisols (p > 0.05) with different treatments, which ranged from 8.4 mg·100 g−1 (P2) to
6.6 mg·100 g−1 (HW). Water spinach vitamin C was significantly higher after P1 treatment
in Cambisols than in Alisols (p < 0.05).

Table 5 illustrates the effects of soil nutrient properties on the yield and quality (first
axis) of water spinach. The first and second axes (encompassing 10 soil nutrient properties)
explained 86.13% and 0.97%, respectively, of the yield and quality differences in Cambisols.
The cumulative interpretation of the relationship between yield, quality, and soil nutrient
properties reached 99.86%, indicating that the first two axes were sufficient to explain
this relationship (which was mainly determined by the first axis). The corresponding
values in Alisols were 72.97% and 0.74%, with the first axis again explaining most of the
yield/quality–chemistry relationship (cumulative interpretation reached 99.60%).
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From the two-dimensional sequence diagram (Figure 4A) of water spinach yield and
quality and soil chemical properties, we found that the arrow lines of pH, EC, AP, AK,
and NO3

−-N were the longest, indicating that these chemical properties played key roles
in explaining the soil enzyme activities of Cambisols. The angles between EC, AP, AK,
and nitrate were very small and the directions were the same, indicating very significant
positive correlations. NO3

−-N showed a significant positive correlation with nitrate and
there was a significant negative correlation between pH and nitrate, yield, and vitamin C.

From the two-dimensional sequence diagram (Figure 4B) of water spinach yield and
quality and soil chemical properties, we found that the arrow lines of pH, EC, NO3

−-N,
and NH4

+-N were the longest, indicating that these chemical properties played key roles
in explaining the soil enzyme activities of Alisols. pH had a significant positive correlation
with soluble sugar and a very significant negative correlation with nitrate. EC and nitrate
levels were significantly positively correlated. The angle between NO3

−-N and yield was
very small and the direction was the same, showing a very significant positive correlation
and significant positive correlations with vitamin C. The angle between NH4

+-N and
vitamin C was very small and the direction was the same, showing a very significant
positive correlation and significant positive correlations with yield. Our results show that
the addition of human excrement provides a variety of nutrients for spinach, promoting
plant growth and vitamin C synthesis.

The pH of both soils was highly negatively correlated with nitrates, probably because
the chemical fertilizers increased nitrogen levels in the soil and promoted plant root growth,
enhancing their capacity to absorb nutrients and increasing the contents of basic ions (which
is reflected in the increase in soil EC). Nitrification reduces soil pH and nitrates are absorbed
by the root system and stored in the vegetables. There was a significant negative correlation
between pH and yield, indicating that soil environments with too high or too low pH will
negatively affect the yield and quality of water spinach.
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Table 5. Summary of the RDA results for yield and quality of water spinach in relation to soil chemical properties.

Cambisols Alisols

Axes Axis I Axis II Axis III Axis IV Axis I Axis II Axis III Axis IV
Eigenvalues 0.8613 0.0097 0.0012 0.0000 0.7297 0.0074 0.0029 0.0000
Cumulative interpretation of vegetable yield and quality characteristics (%) 86.13 87.10 87.22 87.23 72.97 73.71 74.00 74.01
Vegetable yield and quality-soil chemical properties correlations 0.9338 0.9485 0.9469 0.8737 0.8609 0.8376 0.7717 0.8573
Cumulative percentage variance of vegetable yield and quality-soil chemical
properties correlations (%) 98.75 99.86 100.00 100.00 98.59 99.60 100.00 100.00

Sum of all canonical eigenvalues 0.8710 0.7371
Sum of all eigenvalues 1.000 1.000
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4. Conclusions

Applying combinations of human waste and chemical fertilizers has more positive
effects on soil chemical properties, soil enzyme activities, and water spinach yield and
quality than the application of human waste or chemical fertilizers alone. The application
of human waste promoted soil nutrients (TN, AP, AK, NH4

+-N, and NO3
−-N), reduced

the acidity of Cambisols and Alisols, and slowed soil salinization, repairing the soil and
making it more suitable for crop planting. Lower pH enhances metal availability, which is
not beneficial for the quality of plants, and human waste is more suitable for use in soil with
pH > 5. HW increased the S-UE activity in Cambisols, while the P1 combination decreased
S-CAT activity in Cambisols and the S-SC activity of Alisols. Human waste substitute
strategies increased water spinach yield and vitamin C content, while also increasing
nitrate content and reducing soluble sugar content. In addition, soil chemical properties are
significantly related to soil enzyme activity, vegetable yield, and quality, indicating that soil
enzyme activity, vegetable yield, and quality are closely related to soil nutrients and pH. We
concluded that human waste substitute strategies can reduce the use of chemical fertilizers,
increase soil fertility efficiency, and vegetable yield and quality. However, due to the lack
of long-term field trials based on human waste, it is necessary to carefully test the effects of
human waste on soil fertility and field crops. In addition, we also need to pay attention to
the safety risk research of the environment after the application of human waste and make
further efforts for the resource utilization of human waste and environmental protection.
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