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Abstract

Insect feces are a new kind of biological organic fertilizer. Little is known about the influences of insect
feces on rice growth and heavy metal migration from soil to rice plant. In this study, the effects of
different amounts (CK (0%), T1 (2%), T2 (4%), T3 (6%), and T4 (8%) ) of black soldier fly larvae (BSFL)
feces on the rice growth and the migration/accumulation of heavy metals (Cd and Pb) were investigated
by pot experiments within two years. The application of insect feces remarkably increased the contents
of soil pH, organic matter, ammonium nitrogen, available phosphorus and potassium. Meanwhile, the
insect feces application reduced the weak acid soluble contents of soil Cd and Pb by 8.3—-56.8%, but
increased those in the oxidizable (by 22.4-165.7%) and residual (by 1.8—-225.6%) states. Except for the
T4 treatment in the first year, all fertilization treatments increased the rice yield (up to 43.7% and 195.5%
higher than those of CK within two years). Moreover, the insect feces application reduced the contents of
Cd (8.3%-66.7%) and Pb (6.4%-61.8%) in different parts of rice. Under the same treatment, the metal
contents in each part of rice in the second year were lower than those in the first year. The insect feces
application decreased the absorption coefficients (24.4%-57.5%) and secondary transport coefficients
(3.6%-44.1%) of Cd and Pb by rice plant.

1. Introduction

The cultivated land area polluted by heavy metals in China is about 20 million km?, due to the massive
discharge of industrial "Three Wastes", sewage irrigation and unreasonable use of pesticides and
fertilizers. Every year, more than 12 million tons of grain is reduced due to pollution, resulting in a total
economic loss of at least 20 billion yuan (Chen 2018; Chen et al. 2018). What is more serious is that soil
heavy metals will migrate into plants as plants grow (Wang et al. 2019). These metals may eventually
enter human bodies through food chain and pose a hazard to human health (Li et al. 2020a).

Among the numerous soil heavy metal remediation technologies, the application of organic fertilizers to
passivate metal activities has been widely used to reduce the metal harm to crops due to the advantages
of low cost and simple implementation (Fellet et al. 2011; Meng et al. 2018; Tang et al. 2015). Organic
matters in organic fertilizers contain a large number of functional groups and have a strong adsorption
capacity for heavy metal ions (Tian et al. 2012). Humic acid produced by humics decomposition can
form complexes with heavy metal ions to fix metal ions, thereby reducing the bioavailability of heavy
metals and their toxic effects on crops (Udovic and McBride 2012). At the same time, organic fertilizers
can increase soil fertility and promote crop growth.

The feces of black soldier fly larvae (BSFL) are a new type of organic fertilizer, which are gray-brown,
granular and odorless. Organic fertilizers of BSFL feces contain abundant organic matters and beneficial
microbial population (Liu et al. 2019a; Newton et al. 2005). Studies have found that the feces of BSFL fed
with pig manure met the standard of organic fertilizers, and the growth quality of cabbage could be
improved after applying the BSFL feces (Li et al. 2016). Wu et al. (2019) found that the application of
BSFL feces increased the yield of tomato. However, to our best knowledge, the influence of BSFL feces on
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the rice growth and the migration/accumulation of soil heavy metals has not been reported, as well as
the metal morphology changes. Thus, the present study is intended to investigate the effects of insect
feces on the soil properties, soil heavy metal morphology changes, rice growth and metal migration from
polluted soil to rice plant.

2. Materials And Methods
2.1 Experimental materials

The rice variety used for experiments was Tianjin Jinyuan E28. Soil was taken from a paddy field in
Hubei Province, China. The basic physicochemical properties of soil were as follows: pH 6.24, EC 415 ps
cm™ !, ammonium nitrogen 70.12 mg kg™, available phosphorus 12.23 mg kg™ ', available potassium
157.68 mg kg~ ', organic matter (OM) 6.52%, Cd 10.62 mg kg™, Pb 1371.36 mg kg™ ', Cu 151.37 mg kg™’
and Cr 182.02 mg kg™ . The paddy soil was air-dried, grounded to pass through a 18-mesh sieve and then
mixed thoroughly. Because Cd and Pb in the paddy soil exceeded the Chinese soil environmental quality
risk control standard for soil contamination of agricultural land (trial) (GB 15618 - 2018), the present
study focused on the impact of insect feces on the migration of these two heavy metals.

The insect feces were obtained after the bio-transformation process of chicken manure by BSFL. The
basic physicochemical properties of insect feces were as follows: pH 8.3, OM 64.0%, total nitrogen (TN)
2.66%, total phosphorus (TP) 5.03%, total potassium (TK) 3.80%, Pb 4.6 mg kg™, Cd 0.1 mg kg™ ' and Zn
46 mgkg™'.

2.2 Experimental setup

A total of five treatments were carried out by adding different amounts of insect feces into soil, namely
CK (0%), T1 (2%), T2 (4%), T3 (6%) and T4 (8%). Each treatment was repeated for 3 times. For each
replicate, a clean plastic bucket (35 cm in diameter, 27 cm in height) was filled with 10 kg of air-dried soil
which was well stirred with insect feces. After adding water, the plastic bucket was kept in the shade for
one month. On May 2018, the uniform rice seedlings were selected and transplanted into buckets with 4
seedlings per bucket. The plastic buckets were randomly arranged in the greenhouse of Tianjin
Agricultural University. During the whole growth period, the seedlings were routinely managed and were
kept under flooding condition with a 3-5cm water layer above the soil surface. The rice plants were
harvested on October 2018. In 2019, another rice cultivation experiment was carried out on the basis of
the previous experiment. No chemical fertilizers were used during the whole rice growing period, and the
same operation was maintained.

2.3 Determination methods

Soil samples taken from the bucket were air-dried and grounded to pass through 18-mesh and 65-mesh
sieves, respectively. Soil pH, OM and electrical conductivity (EC) were determined according to our
previous study (Wang et al. 2020). Ammonium nitrogen was determined by indophenol-blue colorimetry
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method. Available phosphorus was determined by molybdenum blue colorimetry and available
potassium was determined by flame photometer method (Bao 2000). The modified BCR morphological
method was used to determine the contents of heavy metals Cd and Pb in various forms in the soil, as
described in our previous study (Wang et al. 2020). Briefly, four metal forms were extracted and
determined by ICP-MS (iCAPQ, Thermo Scientific, USA), including weak acid soluble fraction (F1),
reducible fraction (F2), oxidizable fraction (F3) and residual fraction (F4).

The harvested rice plants were oven-dried at 105 °C for 30 min and baked at 70 °C to constant weight.
Then therice yield and heavy metal contents of different parts were determined. 0.5 g of the crushed rice
plant samples of different parts (grain, husk, leaf, stem and root) were digested by adding 6 mL HNOg,

2 mL HCl and 2 mL H,0, in a microwave digestion apparatus (CEM-MARS 6S USA). The digested

solution was then determined by ICP-MS (iCAPQ, Thermo Scientific, USA) for metal analysis.

2.4 Data processing

The calculation and plot drawing of data were completed by Excel 2010, and the significance difference
analysis (P<0.05) was completed by SPSS 17.0. The absorption and transport coefficients of heavy
metals were calculated according to the following equations (Carbonell-Barrachina et al. 1997; Zhang et
al. 2020):

Absorption coefficients = heavy metal concentration in roots / heavy metal concentration in soil; (1)

Primary transport coefficients = heavy metal concentration in stem and leaf / heavy metal concentration
in root system; (2)

Secondary transport coefficients = heavy metal concentration in grain / heavy metal concentration in
stem and leaf. (3)

3. Results

3.1 Effects of different amounts of insect feces on soil
physicochemical properties

The application of insect feces as organic fertilizers increased soil pH and the contents of OM and EC
(Fig. 1). This growing tendency was more evident with the increase in the amounts of insect feces
applied. For example, soil pH increased from 6.46 (CK) to 7.13 (T4 treatment) in 2018 and from 6.51 (CK)
to 7.14 (T4 treatment) in 2019. Meanwhile, the OM contents under T4 treatment were increased by 25.3%
and 32.5% in the two years, respectively, compared with the control. On the other hand, the contents of
ammonium nitrogen, available phosphorus and available potassium in the soil obviously elevated with
the increase of the application amounts of insect feces (Fig. 1). The contents of ammonium nitrogen,
available phosphorus and available potassium under T4 treatment were the highest, which were
increased by 195.4%, 288.2% and 1869.7% in 2018 and 90.2%, 312.0% and 2014.5% in 2019, respectively,
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compared with the control. Due to the nutrients absorption for rice growth, the contents of various soil
nutrients in 2019 reduced than those in 2018. For example, the contents of ammonium nitrogen, available
phosphorus and available potassium in the second year were decreased by 6.6%-29.7%, 27.6%-34.5% and
29.1%-61.0%, respectively, compared with those in the first year.

3.2 Effects of insect feces on Cd and Pb morphological
changes in soil

The concentrations of Cd and Pb in soil after application of insect feces are shown in Table 1. No
significant difference was observed in metal concentrations under different treatments. Meanwhile, for
the same heavy metal, there was no significant difference in the concentration between two years.

Figure 2 reveals the distribution percentage of different Cd speciation in soil before and after application
of insect feces. Cd mainly existed as weak acid soluble state (F1) in soil (44.2-69.8%) no matter whether
the soil was fertilized or not. After the application of insect feces in 2018, the weak acid soluble fraction
of Cd was reduced by 8.3%-24.2% compared with CK, while the percentages of reducible (F2), oxidizable
(F3) and residual (F4) states of Cd in fertilized soil were enhanced by 2.2%-10.0%, 52.4%-165.7% and
46.9%-118.6%, respectively. In 2019, the weak acid soluble state of Cd in fertilized soil was reduced by
18.0%-33.4% than CK, while the percentages of reducible, oxidizable and residual states of Cd in fertilized
soil were increased by 0.6%-7.8%, 52.7%-99.2% and 135.3%-225.6%, respectively. Compared with 2018,
the weak acid soluble state of Cd in 2019 diminished by 5.0%-17.7% but the oxidizable state increased by
47.5%-96.9%. In both of the two years, the ratio of weak acid-soluble Cd under T4 treatment was the
lowest, while the contents of oxidizable and residual Cd were the highest.

Concentrations of Cd and Pb in soil -II;Z;)(I)?;and after application of insect feces
Treatment Cd Pb
2018 2019 2018 2019

CK 10.85+0.34a 10.70+0.31Ta 1346.15+34.5a 1333.46+443a
T1 10.75+0.21a 10.90+0.34a 1330.31+33.2a 1320.70+x343a
T2 10.69+0.32a 10.80+0.23a 1328.27+46.3a 1323.83+482a
T3 10.55+0.24a 10.70+0.26a 1320.21+38.3a 1319.93+43.1a
T4 10.65+0.21a 10.80+024a 1329.67+26.8a 1324.14+323a

As shown in Fig. 3, Pb mainly existed in the reducible state (65.5%-70.3%) in soil. After the application of
insect feces in 2018, the proportion of weak acid soluble Pb decreased by 17.4%-54.1% compared with
CK, while the percentages of reducible, oxidizable and residual Pb in fertilized soil were increased by
1.7%-2.8%, 22.4%-78.0% and 1.8%-14.7%, respectively. In 2019, the proportion of weak acid soluble Pb in
fertilized soil was reduced by 22.2%-56.8% than CK, while the percentages of oxidizable and residual Pb
in fertilized soil were increased by 40.0%-66.6% and 9.3%-18.7%, respectively. For reducible Pb, their

proportions in fertilized soil in 2019 generally increased by 0.19%-1.66% than those in CK, except for T1
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treatment (slightly decreased by 0.83%). Compared with 2018, the oxidizable and residual Pb in 2019
increased by 12.1%-49.3% and 9.1%-19.3%, respectively. In both of the two years, the ratio of weak acid-
soluble Pb under T4 treatment was the lowest, while the contents of reducible, oxidizable and residual Cd
were the highest. Totally, the application of insect feces fertilizers reduced the bioavailability of Cd and
Pb in the paddy soil.

3.3 Effects of insect feces on rice yield

In 2018, the rice yield under T2 treatment was the highest (36.0 g pot™ '), which was 43.7% higher than
that of CK, followed by T1 and T3 treatment (increased by 28.0% and 19.9%, respectively) (Fig. 4). On the
contrary, the rice yield of T4 treatment was the lowest, which was reduced by 20.0% compared with CK. In
2019, the order of rice yield under different treatments was T4>T3>T2>T1 >CK, and the output of T4
treatment was 63.2 g pot™ !, which was enhanced by 195.5% than that of CK. Compared with 2018, the
rice yield of T3 and T4 treatments in 2019 increased by 85.3% and 214.7%, respectively; while the rice
yield of CK and T1 treatment decreased by 14.7% and 10.8%, respectively. There was no significant
difference in the yield under T2 treatment between two years. This suggested that the amount of fertilizer
applied under T2 treatment in 2018 was reasonable, but the amounts under T3 and T4 treatments were
excessive. In 2019, the amount of fertilizer applied under T4 treatment was reasonable. The results
indicated that the effect of high amount of insect feces fertilizers was more obvious with the extension of
time

3.4 Effects of insect feces on Cd and Pb contents in various
parts of rice plant

As seen in Fig. 5, the application of insect feces as organic fertilizers reduced the contents of Cd in
various parts of rice plant. For CK treatment, the contents of Cd in rice grain within two years were

1.82 mg kg™ " and 1.49 mg kg™, respectively. After the application of insect feces, Cd concentrations in
grain decreased by 27.1%-63.9% in 2018 and by 37.9%-66.7% in 2019. During the two-year experiment, Cd
contents in the root were the highest among different parts, which were 20.8 mg kg™ ' and 18.2 mg kg™ ".
After the application of insect feces, Cd contents in various plant parts considerably decreased by
different extents in two years, such as husk (8.3%-19.9% and 29.7%-33.6%, respectively, for years 2018
and 2019), leaf (15.9%-34.4% and 38.3%-49.8%), stem (15.0%-36.0% and 29.6%-43.1%) and root
(39.7%-57.5% and 39.9%-55.1%). In 2018, the overall order of Cd content in the above-ground and
underground parts of rice under different fertilization treatments was T1>T4 >T3 >T2; while in 2019, the
overall order was changed as T1>T2>T3>T4. Under the same treatment, Cd content in each part of rice
in 2019 was lower than that in 2018, especially for the T4 treatment with the largest decline in Cd
concentration in each part. Compared with 2018, the contents of Cd in grain, husk, leaf, stem and root
under T4 treatment in 2019 were decreased by 51.5%, 32.5%, 44.5%, 29.4% and 34.5%, respectively.

The effect of insect feces on Pb contents in each part of rice plant is shown in Fig. 6. The concentration
ranges of Pb in different plant parts were as follows: 0.56—1.44 mg kg™ ' in grain, 0.63-1.67 mg kg™ ' in
husk, 10.0-19.2 mg kg™ " in leaf, 0.78-2.58 mg kg~ ' in stem and 559.6-1013.7 mg kg™ " in root. Pb
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contents of different parts under CK treatment were the highest. After applying insect feces, Pb
concentrations were decreased by 14.6%-53.1% in grain, 16.4%-53.5% in husk, 6.4%-36.8% in leaf,
24.7%-61.8% in stem and 24.4%-38.7% in root. Among all fertilization treatments, Pb contents in all parts
of rice plant under T2 treatment in 2018 were the lowest, while those under T4 treatment in 2019 were the
lowest. Compared with 2018, Pb contents under the same fertilization treatment in 2019 were decreased
by 4.1%-51.5% in grain, 20.8%-45.6% in husk, 20.1%-42.0% in leaf, 26.0%-54.6% in stem and 2.5%-13.7% in
root. This indicated that the application of insect feces could reduce Pb accumulation in rice.

3.5 Effects of insect feces on Cd and Pb absorption and
transport coefficients of rice

The values of absorption coefficients and transport coefficients were used to characterize the ability of
rice to enrich and transport heavy metals (McGrath and Zhao 2003). Higher absorption coefficients
suggest stronger ability of plant to absorb heavy metals, and higher transport coefficients suggest
stronger ability of plant root to transport heavy metals to the above-ground parts. The effect of insect
feces application on the absorption and transport coefficients of Cd and Pb is shown in Table 2. Without
insect feces application, the Cd absorption coefficients were 1.959 and 1.712 in two years, while the Pb
absorption coefficients were 0.739 and 0.624 in two years. The Cd absorption coefficients were 2.65 and
2.74 times higher than those of Pb within two years, indicating that rice could absorb Cd more readily
than Pb. The application of insect feces significantly reduced the absorption coefficients of the two heavy
metals in rice (Cd and Pb decreased by 39.5%-57.5% and 24.4%-38.7%, respectively). For CK treatment,
the primary transport coefficients of Cd were 0.127 and 0.120 within two years, which were 16.1 and 12.2
times higher than those of Pb, respectively. The application of insect feces increased the primary
transport coefficients of Cd and Pb. Moreover, the secondary transport coefficients of Cd under CK
treatment were 0.690 and 0.684 within two years, and those of Pb were 0.180 and 0.143, respectively.
Application of insect feces reduced the secondary transport coefficients of Cd by 7.8-44.1% and reduced
those of Pb by 3.6—21.6%. Among different treatments, the absorption coefficients of Cd and Pb and the
secondary transport coefficients of Cd under T2 and T3 treatments in 2018 were significantly lower than
those under T1 treatment; while in 2019, the absorption coefficients and secondary transport coefficients
of Cd and Pb under T4 treatment were significantly lower than those under T1 treatment. This indicated
that the insect feces application reduced the uptake of Cd and Pb from soil by rice plant and decreased
the metal migration from stem and leaf to grain, but enhanced the migration of Cd and Pb from root to
stem and leaf.

The absorption coefficients of Cd and Pb were the highest, followed by the secondary transport
coefficients, and the primary transport coefficients were the lowest (Table 2). For example, the absorption
coefficients of Cd were 2.1 times and 7.4 times of the secondary and primary transport coefficients on
average, respectively, and the absorption coefficients of Pb were 3.4 times and 52.7 times of the
secondary and primary transport coefficients, respectively. This suggested that the absorption and
accumulation capacities of soil heavy metals by rice root were much greater than those of above-ground
part.
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Table 2
Cd and Pb absorption and transport coefficients of rice before and after application of insect feces

Treatment  Absorption coefficients Primary transport Secondary transport
coefficients coefficients
2018 2019 2018 2019 2018 2019
Cd CK 1.959 1.712 ¢ 0.127 + 0.120 £ 0.690 0.684 +
0.044 a 0.066 a 0.001c 0.002 c 0.029 a 0.040 a
T1 1.182+ 1.029 0.179+ 0.135% 0.594 + 0.631+
0.092b 0.013b 0.019a 0.008b 0.048b 0.036 a
T2 0.832+ 0913+ 0.192+ 0.139+ 0.386 0.469
0.009 c 0.010c 0.006 a 0.000 ab 0.036 ¢ 0.025b
T3 0.909 ¢ 0.789 ¢ 0.183 ¢ 0.145+ 0.446 0.447 +
0.027 c 0.025d 0.003 a 0.002 a 0.018 ¢ 0.026 b
T4 1174+ 0.769 0.150 0.145+ 0.551 % 0.421+
0.071b 0.018d 0.011b 0.003 a 0.051b 0.015b
Pb CK 0.739+ 0.624 + 0.0079 0.0098 + 0.180 0.143 ¢
0.040 a 0.021 a 0.0005c 0.0005b 0.014 a 0.010a
T1 0.525+ 0472+ 0.0099 0.0105+ 0.174 0.134+
0.034b 0.020 b 0.0008 ab 0.0004 a 0.013 ab 0.006 a
T2 0.453 £ 0.442 + 0.0091 + 0.0098 + 0.153 0.126 +
0.031c 0.015bc 0.0001 b 0.0000 ab 0.006 b 0.018 a
T3 0.465+ 0.425+ 0.0089 + 0.0099 + 0.164 0.133¢
0.011c 0.038 bc 0.0003 b 0.0012 ab 0.013 ab 0.009 ab
T4 0473+ 0.408 + 0.0106 = 0.0090 + 0.154 0.112+
0.017 bc 0.024 c 0.0005 a 0.0004 b 0.010b 0.008b

4. Discussion

The black soldier fly larvae feces become a new type of biological organic fertilizer, which contain not
only a variety of nutrients, but also diversified microorganisms, enzymes and active substances (Liu et al.
2019a; Wu et al. 2019). The insect feces used in this study contained high contents of OM (64%) and
nutrients (sum of N, P and K was 11.5%), which were far higher than those in the commercial organic
fertilizer standards of China (NY525-2012) (OM = 45%, N+ P + K= 5%). Most of the nutrients in organic
fertilizers exist as organic forms and are released during the mineralization process of organic matters,
so the effect on soil fertility is slow and long (Li et al. 2017). Here, the application of insect feces
significantly increased the contents of soil OM and nitrogen, phosphorus and potassium nutrients within
two years. The increase of available nutrient contents provided more nutrients for the rice growth and
promoted the rice yield. Meanwhile, the increase of available phosphorus content could also fix heavy
metal ions and reduced the damage to crops. In the first year of planting, the rice yield was the highest
when 4% of insect feces was applied, while the yields under 6% and 8% of insect feces applied were
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reduced. In particular, the yield of 8% treatment was significantly lower than that of the control without
fertilization. This might be because the application amount was too large and the mineralization of insect
feces in flooded soil produced a large amount of methane, hydrogen sulfide and other harmful gases (Wu
et al. 2011). At the same time, the oxygen in the soil was consumed, which inhibited the growth and
development of rice roots, resulting in the decrease of crop yield. On the other hand, the overuse of
organic fertilizer may lead to excessive soil nutrients, resulting in a decreased yield (Namba 2003; Xia and
Yan 2011). In the second year, the rice yield elevated with the increase of insect feces amounts. The rice
yields treated with 6% and 8% insect feces were significantly higher than those of other treatments and
also higher than those of the first year. This indicated that insect feces had a remarkably successive
fertilization effect and could provide a large amount of nutrients for rice growth in the second year.

The morphology of heavy metals in soil is an important factor in determining their bioavailability (Hou et
al. 2014; Song et al. 2013). For example, heavy metals in the weak acid soluble state are easy to be
absorbed and utilized by crops, and are also sensitive to changes in environmental conditions; while
heavy metals in the oxidizable and residual states have the weakest toxic effects on soil and crops due to
their low bioavailabilities (Zhang 2017). In this study, the application of insect feces reduced the contents
of weak acid soluble Cd and Pb in soil, but increased those of oxidizable and residual states. This finding
is consistent with the conclusions of most studies that applying organic fertilizers could decrease metal
availability in soil to passivate metals (Alvarenga et al. 2009; Susan et al. 2009).

The heavy metal speciations in soil vary with the change in soil pH, OM and Eh (Ma et al. 2019). The
application of insect feces improved the soil pH and OM contents, which could further reduce metal
availability in contaminated soil and hinder the metal migration from soil to rice. Specifically, the rise of
soil pH increases the adsorption positions of heavy metals and the stability of adsorption surface, and
changes the speciation of heavy metal ions and ligand properties. This will further accelerate the
transformation of metal speciation into organic binding and residue states and reduce the heavy metal
availability (Liu et al. 2019b; Yang et al. 2014). In addition, the insect feces have high OM contents and a
large number of active functional groups as well as high specific surface area, resulting in their
adsorption capacities of metal ions far beyond other mineral colloids. Organic compounds and their
decomposition products e.g., humic acid, can act as ligands to form organic metal complexes with heavy
metal ions in soil, thus affecting the metal availability (Liu and Wang 2007). Moreover, the application of
insect feces could strengthen the oxidation reduction effects of soil under flooding conditions and reduce
soil Eh values. New iron oxides are generated when the original iron oxides are reduced and dissolved.
The amorphous or microcrystalline structures of the newly formed iron oxides can absorb a large
quantity of heavy metal ions or ion groups in the solution, resulting in a decrease in metal bioavailability
(Kashem and Singh 2004; Tack et al. 2006; Wang et al. 2016). The reduction of the available heavy
metals in soil decreased the sources of the heavy metals that could be absorbed by rice as well as the
metal accumulation in various parts of rice. For example, the metal availability of Cd and Pb in soil
decreased after application of insect feces, which might be the reason why fertilization reduced the
accumulation of Cd and Pb in rice (Fig. 5-6).
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The application of insect feces reduced the absorption coefficients and secondary transfer coefficients of
Cd and Pb by rice, and inhibited the absorption and migration of heavy metals to rice grains. Although the
insect feces application promoted the transfer of Cd and Pb from root to stem and leaf, the absorption
coefficients of root were much greater than the primary transfer coefficients from root to stem and leaf
(Table 2). Thus, the overall performance of applying insect feces was still to reduce the absorption and
accumulation of heavy metals in crops, which is similar to the results of Zhang et al. (2020). In 2019, the
contents of Cd and Pb in each part of rice decreased with the rise of the application amount of insect
feces, which was consistent with the previous research (Li et al. 2020b; Xiao et al. 2017). In 2018, the Cd
and Pb contents in each part of rice treated with 4% insect feces were the lowest, while those treated with
6% and 8% insect feces were elevated. This was possibly because the biomass of rice treated with 4%
insect feces was the highest and had a dilution effect.

The Cd and Pb contents in rice in the first year are higher than those in the second year. This might be
attributed to that the activities of Cd and Pb in soil had not yet reached stable states and were relatively
high during the first year of rice cultivation process. In this study, the soil balance aging time was
relatively short (30 d) before planting, while related research has shown that the aging time for Cd and Pb
in soil was about 60—-90 days (Cai et al. 2019; Zhang et al. 2019). At the same time, more humus was
formed with the mineralization of insect feces in the second year, which might also reduce the contents
of bioavailable Cd and Pb.

5. Conclusions

The application of insect feces remarkably increased the contents of soil pH, EC, OM, ammonium
nitrogen, available phosphorus and potassium. Meanwhile, the insect feces application reduced the
concentrations of Cd and Pb in the weak acid-soluble state in soil, but increased those in the oxidizable
and residual states. This effect became more evident with the increase of the application amount of
insect feces. Except for the T4 treatment in the first year, all fertilization treatments increased the rice
yield (up to 43.7% and 195.5% higher than those of CK in two years). Moreover, the application of insect
feces decreased the absorption coefficients of Cd and Pb by the rice root system, the metal transport
coefficients from the stem and leaf to the grain, as well as the accumulative metal concentrations in
various parts of rice plant. The insect feces application can not only improve soil fertility and rice yield,
but also reduce the soil metal activities and inhibit their transfer to rice. These results could provide a
theoretical basis for the rational application of insect feces as organic fertilizers and for the remediation
of heavy metal contaminated soil.
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Figure 3

Influence of different amounts of insect feces on the changes of soil Pb speciation within two years. F1:
weak acid soluble fraction; F2: reducible fraction; F3: oxidizable fraction; F4: residual fraction.
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Effects of different amounts of insect feces on rice yield within two years. Different letters indicated
significant difference (P < 0.05).
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Effects of different amounts of insect feces on Cd contents in various parts of rice plant.
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Effects of different amounts of insect feces on Pb contents in various parts of rice plant.
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