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Jlnst BceCTOpOHHEH OIIEHKH KavyecTBa KOMITOCTA M 3aKOHOMEPHOCTEH TpaHC(HOPMAIMK TSHKENBIX METAUIOB IPU BEPMH-
KOMITOCTHPOBAHUY B Pa3JIMUHBIX YCIOBUSAX KOHTPOJIS HAMHU NpoBejieH aHanu3 109 crareil. C moMolibio MeTaaHaIi3a Kojnue-
CTBEHHO HCCJIE/IOBAHO BIIMSIHUE BUJIOB BEPMHUKYIIBTYPBI, IIPOIOJIKUTEIEHOCTH TIPEBAPUTEIFHOTO KOMIIOCTHPOBAHHUS, METO-
JIOB BEHTWJISIINY, HadaibHOTO cooTHomeHus: C/N, HadanpHOH pH 1 HauaJibHOTO coziep KaHusl BJIary Ha yaydllIeHne KadyecTBa
KOMITOCTA M CHIDKEHHE TOKCHYHOCTH TSDKEJIBIX METAIJIOB. YCTaHOBIICHO, YTO BCE IIECTh (DAKTOPOB CYIIECTBEHHO BIIUSIOT Ha
Ka4eCTBO KOMIIOCTA U TOKCHYHOCTB TSKENBIX METa/UIoB. [Tocie BepMUKOMIIOCTHPOBAHHUS JOCTOBEPHO YBEIHUMINCH CIIEMY-
IOIIKE TIOKa3areny nurarelbHbIX BemecTB: NO;-N — Ha 116,2 %, obmwmit azot — Ha 29,1, obmwmii ¢pocdop — Ha 31,2 u oOumit
kanuii — Ha 15,0 %. I1pu atom comepkanue NH,-N ymenbmunock Ha 14,8 % u cootnomenne C/N — Ha 36,3 %. Kpome Toro,
ollIiee KOJIMYEeCTBO M OMOAOCTYITHOCTh MEIM M XpOMa B KOHCYHOM KOMIIOCTE TAaKXKE 3HAUYMTEIIBHO CHHM3WIIUCH. Y UNTHIBAsS
BIIVSIHUE PA3INYHBIX (PAKTOPOB TPYIIIMPOBKM HA KaYECTBO KOMIOCTA M BO3ICHCTBHE TSDKEIIBIX METAJUIOB, €CJIH OCHOBHOM
IETbI0 KOMITOCTHPOBAHHUS SBIISIETCSI COACHCTBHIE PA3TIOKEHHIO U OOOTAICHUIO MMUTATEIFHBIMU BEIIECTBAMH, TO PEKOMEH/TY-
eTCsl IOBECTH HaualIbHYI0 BIXKHOCTh KOMIIOCTHpYeMbIx MarepuaiioB o 70-80 %, C/N no 30-85 u pH no 67, nposectu
MIpeIBApUTETHLHOE KOMIIOCTUPOBAaHUE B TeueHue 315 qHei mpu eCTeCTBeHHOW BEHTUIISIIMU. ECi OCHOBHOM IENBIO SBISIETCS
CHI)KEHHE OITACHOCTH TSDKEJIBIX METAJIOB B MaTepuajiax, peKOMEH/IyeTcsl OTPEryInpoBarh Ha4albHOE COJIepIKaHUE BIIarH 10
50-60 %, coornomenue C/N nike 30, pH 10 7-8, mpomnycTuTs mpeBapuTeIbHOE KOMIIOCTHPOBAHHE, BKIIIOYUTH PETyIIsipHOE
YKJIaJIbIBaHHUE B IITA0ENb W MCIONb30BaTh BUA Eudrilus eugeniae niisi BEpMUKOMIIOCTUPOBAHUS. DTH PEKOMEHIAINN OymyT
CIOCOOCTBOBAaTh KOMIUIEKCHON YTHIIM3aLMH KypHHOTO TIOMETA, IOKIAEBBIX YEPBEH 1 OCTATKOB KUTAWCKHUX TPAB, ONTUMH3UPYS
MPOIECC KOMITOCTHPOBAHMSI.
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O0pa3en UUTHPOBAHUMA: For citation:

Sl JIn, JlememeBckuit BO, Makcumora CJI. Dkonornyeckue
0COOCHHOCTH TIpOIlecCa BEPMHUKOMITOCTHPOBAHUS: MeTaaHa-
3. JKypran Benopyccrkozo 2ocyoapcmeennozo ynueepcumemd.
Oxonoeus. 2023;4:74-86 (ua anri.).
https://doi.org//10.46646/2521-683X/2023-4-74-86

Yan Li, Lemiasheuski VA, Maksimova SL. Ecological features
of the vermicomposting process: meta-analysis. Journal of
the Belarusian State University. Ecology. 2023;4:74-86.
https://doi.org//10.46646/2521-683X/2023-4-74-86

ABTOpBI:

JIu Anp — acnupaHT Kadeaprl o0mIei OMOIOTUN 1 TCHETUKH.
Buxmop Onezosuu Jlemeuieéckuit — KaHIuaaT CebCKOXO35ii-
CTBEHHBIX HayK, JIOLCHT; JOICHT Kadeaphl o0meil Onomoruu
Y T€HETHKHU'; HayYHBIN COTPYIHUK J1a00paTopru OEIKOBO-aMH-
HOKHMCJIOTHOTO TIMTaHUs>

Ceemnana Jleonuoosna Maxkcumosa — KaHauaatT OMOJIOTH-
YECKHUX HAyK, JOLICHT; 3aBEAYIOUINI CEKTOPOM BEPMHTEXHO-
JIOTHH.

Authors:

Li Yan, postgaduate student at the department of general biology
and genetics.

Ly15993087502@163.com

Viktar A. Lemiasheuski, PhD (agriculture), docent; associate
professor at the department of general biology and genetics?;
researcher at the laboratory of protein-amino acid nutrition®.
lemeshonak@mail.ru

Svetlana L. Maksimova, PhD (biology), docent; head of the
vermitechnology sector.

soilzool@mail.ru

74



IIpoMbInIeHHAsI M aTpapHAasi JKOJOTHsI
Industrial and Agricultural Ecology

ECOLOGICAL FEATURES OF THE VERMICOMPOSTING PROCESS:
META-ANALYSIS

YANLF, V. A. LEMIASHEUSKF®, S. L. MAKSIMOVA®

International Sakharov Environmental Institute, Belarusian State University,
23/1 Daiithabrodskaja Street, Minsk 220070, Belarus
4ll-Russian research Institute of Physiology, Biochemistry and Nutrition of animals —
branch of the Federal Research Center for Animal Husbandry named after Academy Member L. K. Ernst,
Institute Village, 249013, Borovsk, Russia
The Scientific and Practical Center of the National Academy of Sciences of Belarus for Bioresources,
27 Akademicnaja Street, Minsk 220072, Belarus
Corresponding author: V. A. Lemiasheuski (lemeshonak@mail.ru)

In order to comprehensively assess the compost quality and heavy metal transformation patterns of vermicomposting
under various control conditions, we reviewed 109 articles. Through meta-analysis, we quantitatively investigated the
effects of vermiculture species, pre-composting duration, ventilation methods, initial C/N ratio, initial pH, and initial
moisture content on improving compost quality and reducing heavy metal toxicity. The results indicate that all six grouping
factors significantly influence compost quality and heavy metal toxicity. After vermicomposting, the following nutrient
indicators significantly increased: NO5-N (increased by 116.2 %), total nitrogen (increased by 29.1 %), total phosphorus
(increased by 31.2 %), and total potassium (increased by 15.0 %). Meanwhile, NH,"-N content (decreased by 14.8 %) and
C/N ratio (decreased by 36.3 %) significantly decreased. Additionally, the total amounts and bioavailability of copper
and chromium in the final compost also significantly decreased. Considering the significant effects of different grouping
factors on compost quality and heavy metal impact, if the primary objective of composting is to promote decomposition and
nutrient enrichment, it is recommended to adjust the initial moisture content of composting materials to 70—80 %, C/N ratio
to 30-85, and pH to 67, and conduct pre-composting for 315 days with natural ventilation. If the main goal is to mitigate
heavy metal hazards in the materials, it is advisable to adjust the initial moisture content to 50-60 %, C/N ratio below 30,
pH to 7-8, skip pre-composting, turn the pile regularly, and employ the Eudrilus eugeniae species for vermicomposting.
These recommendations will facilitate the comprehensive utilization of chicken manure, earthworms, and Chinese herbal
residue, optimizing the composting process.

Keywords: earthworm composting; traditional Chinese medicine residue; physical and chemical properties.

Introduction

It is estimated that approximately 1.12 billion tons of solid waste are generated globally each year, with about
46 % comprising organic waste, including poultry and livestock manure, sewage sludge, crop residues, kitchen
waste, and landscaping debris [1; 2]. These organic wastes contain significant quantities of essential nutrients such
as nitrogen, phosphorus, and potassium required for crop growth. However, improper disposal and indiscriminate
dumping of these wastes not only result in resource wastage but also contribute to environmental issues, such as
air, water, and soil pollution [3]. Aerobic composting has been proven as an effective method for handling organic
solid waste and is widely adopted globally [4]. During this process, the transformation of nutrients like nitrogen,
phosphorus, and potassium, as well as heavy metals, is a common focus of composting research. The final com-
post product can serve as organic fertilizer, providing long-term nutrient supply to crops, aligning with modern
sustainable agricultural practices. The content of nitrogen, phosphorus, and potassium in compost is crucial in
evaluating compost quality [S]. However, global meta-analysis shows that approximately 31.4 % of nitrogen,
a key nutrient, is lost during the composting process, with 54.8 % and 4.5 % of the nitrogen loss occurring due
to NH; and N,O emissions, respectively [6]. Simultaneously, organic solid waste, such as livestock and poultry
manure and sewage sludge, which serve as composting raw materials, often contain elevated levels of heavy met-
als. After composting, these heavy metal levels may not decrease and could even increase due to concentration
effects [7]. Compost products have become a primary source of heavy metals in farmland soil [8]. Although heavy
metals can undergo a transformation from available forms to less available forms during composting [9; 10], re-
ducing their toxicity and absorption by crops, the hazard from heavy metals is not entirely eliminated. Therefore,
nutrient loss and heavy metal contamination remain pressing issues that need to be addressed in the organic solid
waste management process [11; 12]. Vermicomposting is an economically efficient bioprocessing technique that
utilizes earthworms and microorganisms to enhance the decomposition and conversion of organic waste into
nutrient-rich and stable humus-vermicompost [13]. Compared to traditional composting, vermicomposting offers
three prominent advantages. Firstly, earthworms reduce the volume of organic waste by ingesting it and excreting
nutrient-rich vermicast, which contains soluble and readily available nutrients such as nitrogen, phosphorus, po-
tassium, and calcium. This is beneficial for microbial growth, ultimately optimizing and accelerating the compost-
ing process [2; 14]. Additionally, earthworms can absorb and concentrate heavy metals, effectively reducing their
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content and altering their forms after ingestion [15]. Secondly, the enzymes secreted in the earthworm’s digestive
system, such as proteases, esterases, amylases, and cellulases, are essential for the decomposition of organic solid
waste, particularly in breaking down cellulose and lignin [16]. Thirdly, earthworm activities and burrowing behav-
ior create a favorable environment with good porosity, aeration, drainage, and a larger surface area, supporting the
survival of beneficial microorganisms and enhancing the composting process [13—19]. Mohee, et al. [20] reviewed
the comparison of metal contents between organic solid waste composting and vermicomposting and found that
the metal dynamics during vermicomposting are complex, yielding varying results in terms of final compost
heavy metal content in the literature. Furthermore, the substantial variation could be attributed to factors such as
earthworm species, raw materials, amendments, pre-composting time, composting scale, initial parameters, and
process control. Considering real-world scenarios, it is impossible to account for all influencing factors and con-
duct a comprehensive analysis of all indicators in a single study. Thus, it is necessary to provide a comprehensive
and quantitative evaluation of the impact of different influencing factors on the transformation of nutrients and
heavy metals in vermicomposting. This can effectively guide practical applications. Therefore, in this study, we
collected relevant vermicomposting literature and conducted a meta-analysis to quantify the effects of earthworm
species, raw material properties (pH, moisture content, and C/N ratio), process control (pre-composting time and
ventilation methods) on improving compost quality and reducing heavy metal toxicity. This research aims to
provide a theoretical foundation and technical guidance for optimizing vermicomposting technology, which holds
significant importance in the resource utilization and environmentally safe management of organic solid waste.

Methodology and data

We conducted a comprehensive literature review using academic databases such as Google Scholar, Elsevier
Science Direct, Web of Science, and the Chinese National Knowledge Infrastructure (CNKI). Our search was
systematically performed with keywords such as «vermicomposting, heavy metals, bioavailability, nutrient
elements, and maturity». The search process is depicted in Figure 1.

Database Search keyword Search criteria
Vermicomposting 1. The experiment must include a control
Google Heavy metal. experiment of composting, that is, a
Scholar Bioavailablc. composting experiment with adding rainbow
. Nutrient element, and without adding earthworms;
Elﬁewer Maturity 2. The experiment must be based on actual
Sc.lence Compost index: measured data;
Direct g NH,"-N, NO;- = 3. Exclude literature on the impact of rainbows
N,C/N, TN, TP, on soil;
TK, Cu, Cr, 4. The literature includes at least one evaluation
W‘?b of bioavailable- index;
Science Cu(bio-Cu), S. The report should give the mean (X) standard
CNKI bioavailableCr(bi deviation or standard error (i.e. SD/SE) of each
0-Cr) indicator.

Fig. 1. Literature retrieval process of vermicomposting

When calculating and analyzing using standard deviation (SD), if the literature only provides standard error
(SE), you can convert SE to SD using Formula (1):

SD = SE *n. (1)

Where n represents the number of replicates for each study. In cases where SD or SE is missing in a small
number of instances, you can calculate it based on one-tenth of the mean value [21].

Based on the conditions mentioned above, a total of 109 valid articles were obtained.

In this process, we treated various factors as explanatory variables to better understand the changes in the
measured indicators. We categorized the data into subgroups based on the objective characteristics of compost
(such as initial C/N ratio and initial moisture content), the species of earthworms, and the ventilation methods.
When selecting these subgroups, we aimed to ensure that they could collectively explain the variations in all the
indicators. We conducted multiple subgroup analyses, such as establishing an initial C/N value of 30 as a bound-
ary, as it provided a relatively better explanatory effect for the indicators.

Ultimately, we determined the following grouping factors and their respective subgroups: earthworm species
(including Eisenia fetida, Eudrilus eugeniae, Perionyx excavatus, and mixed species), pre-composting days (no
pre-composting, 0—15 days, and 15-65 days), ventilation methods (natural placement, turning piles, and static
ventilation), initial C/N (0-30 and 30-85), initial moisture content (50—60 %, 60—70 and 70-80 %), and initial pH
(6-7, 7-8, and 8-9).
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Additionally, we selected three numerical factors, which played a role similar to grouping factors but were
continuous in nature. These numerical factors included initial C/N, initial moisture content, and initial pH. In our
study, we extracted data from the selected research, and when data retrieval from figures was required, we used
GetData 2.2 software to facilitate this process.

Data selection and pre-processing

The effect size for each study is calculated as the natural logarithm of the relative risk (RR) using Formula (2):

InRR = In (E) ()
xc

Here, XE represents the data from the experimental group, and XC represents the data from the control group.
The heterogeneity of the data is assessed using the results of a heterogeneity test, and a mixed random-effects
model is chosen [23] based on 999 data iterations through a bootstrap procedure using MetaWin 2.1 [22]. For each
indicator and subgroup, 95 % confidence intervals are generated for the average effect size and bias correction
(resulting in equivalent weighted index calculations). For ease of interpretation, the results of InRR (average effect
and confidence intervals) are back-transformed using Formula (3) to display percentage change:

Percentage Change = (RR — 1) x 100 %. 3)

In the results of this study, both positive and negative effect values are used to represent the impact of grouping
factors and their subgroups on the quality of vermicompost and heavy metal effects. Positive values indicate a pos-
itive effect, such as 25.2 %, which signifies an increase of 25.2 % in a specific indicator (compared to the control
group). Negative values represent a negative effect, for example, —32.5 %, which indicates a decrease of 32.5 %
in a specific indicator (compared to the control group). If the 95 % confidence interval does not overlap with 0, it
is considered to be a significant difference between the experimental group and the control group; otherwise, there
is no significant difference. Significant between-group heterogeneity (QB) (p < 0.05) indicates a significant differ-
ence between certain influencing factors and other factors. However, for subgroups with fewer than 10 samples,
the results are considered dubious.

Results and discussion

Assessment of Publication Bias in Vermicomposting Effects on Compost Maturation, Quality, and Heavy
Metals. Table 1 presents the results of publication bias assessment for various outcomes. Among these, Kendall’s
rank correlation coefficients for NH,"-N, C/N, NO;-N, TN, bioavailable Cu (bio-Cu), Cr, and bioavailable Cr
(bio-Cr) exceed 0.05, and their insecurity numbers are greater than 5n+10, indicating that these four indicators are
not subject to publication bias. In contrast, Kendall’s rank correlation coefficients for TP, TK, and Cu content are
less than 0.05, indicating the presence of bias. However, the fact that their insecurity numbers are still greater than
5n+10 suggests that the observed publication bias does not significantly impact the estimation results.

Table 1
Results of publication bias of various indicators

Compost index | Number of Correlation index Spearman phase Fail-safe number 5n+10!
NH,*-N 56 0.39725 0.39841 5774.1 1030
NO;-N 61 0.87052 0.56413 552439 1200
C/N 219 0.05955 0.08216 7732198.1 3260
TN 195 0.25564 0.22291 3264898.8 2870
TP 171 0.04714 0.06031 1113016.8 2160
TK 187 0.00346 0.00639 1503474.2 2850
Cu 195 0.39725 0.06885 345638.2 3045
bio-Cu 82 0.24396 0.33538 34883.0 1145
Cr 59 0.47011 0.55995 6850.8 920
bio-Cr 40 0.47779 0.48284 44581.3 580
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Impact of Vermicomposting on Compost Maturation, Compost Quality, and Heavy Metals Cu and Cr:
A Meta-Analysis. Our meta-analysis reveals that vermicomposting has a significant optimizing effect on compost
quality and reduction of heavy metal hazards. As depicted in Figure 2, following the process of vermicomposting,
the content of NO;-N, TN, TP, and TK in the final compost increased by 116.2 % (CI: 82.7~155.8 %), 29.1 %
(CI: 25.2~33.2 %), 31.2 % (CI: 27.2~35.3 %), and 15.0 % (CI: 8.9~21.6 %), respectively. Meanwhile, the NH,"-N
content and C/N ratio gradually decreased, resulting in a reduction of 14.8 % (CI: —22.4 ~ —6.3 %) in NH,"-N
content and 36.3 % (CI: —40.0 ~-32.5 %) in the C/N ratio in the final compost.

Furthermore, vermicomposting significantly reduced the total Cu content by 10.2 % (CI: —12.9 ~—7.4 %) and
the total Cr content by 15.5 % (CI: —23.7 ~—6.4 %) in the compost. It also decreased the bioavailability of Cu and
Cr by 20.7 % (CIL: —24.0 ~—17.3 %) and 41.1% (CI: —46.9 ~—-34.6 %), respectively. This comprehensive analysis
highlights the beneficial effects of vermicomposting on compost quality and its ability to mitigate the presence of
heavy metals Cu and Cr.

NOs-N (80) I = |
70 100 130 160
NH.*-N (70) —a—]
C/N (220) -
TN (189) -
TP (171D HH
TK (187) =
Cu (195 HH
bio-Cu (82) HH
Cr (59) —a—
bio-Cr (38) | Ha—
=50 —3IO -lIO 1‘0 3lO
Average effect (%)

Fig. 2 Total effects of vermicomposting on maturity, nutrient elements, and heavy metals

Impact of Grouping and Numerical Factors on Compost Maturation and Compost Quality. In order to
optimize the composting process and promote microbial degradation, vermicomposting imposes strict limits on
initial parameters such as moisture content, C/N ratio, and pH. The results of the meta-analysis reveal that the
recommended ranges for initial moisture content, C/N ratio, and pH are generally within 50 to 80 %, 5 to 85, and
6 to 9, respectively. Although the C/N ratio has a relatively broad range, other parameters align closely with the
recommended guidelines of Bernal, et al. [25]. The average values for initial moisture content, C/N ratio, and pH
are 65.4 %, 28.4, and 7.5, respectively.

Regarding the initial C/N ratio, there are 133 observations within the range of 5 to 30, which is significantly
higher than the 70 observations within the range of 30 to 85. A low C/N ratio might lead to increased losses of TN
and NHj;, while a high C/N ratio may slow down the composting process. Therefore, it is advisable to regulate
the initial C/N ratio to be around 28. Gao, et al. [26] also found that an initial C/N ratio of 28 was effective in
improving the stability and maturation of compost in forced aeration composting experiments involving a mix-
ture of chicken manure and sawdust.

In terms of moisture content, the range of 60 to 70 % is more prevalent, with an average value of 65 %.
This moisture range is considered most suitable for microbial activity and promotes an optimal microbial
environment.

Regarding the species of earthworms, Eisenia fetida is a readily available species and has been widely em-
ployed by researchers. In industrial-scale production, many operations skip the pre-composting step to expedite
composting times (with 99 studies not utilizing pre-composting). However, pre-composting of solid waste plays
a crucial role in subsequent vermicomposting processes [27; 28]. On one hand, high-temperature pre-composting
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effectively eliminates pathogens and harmful bacteria from the waste material [29]. Additionally, it allows
earthworms to thrive without being affected by elevated temperatures [30]. On the other hand, harmful gases
like NH3 can be released during the pre-composting phase to reduce potential harm to earthworms [31]. A sig-
nificant portion of the studies (85 in total) conducted pre-composting experiments lasting from 3 to 15 days to
create an environment more favorable for earthworm survival.

In terms of ventilation methods, vermicomposting differs from traditional composting. Earthworm activ-
ities, including feeding, movement, and burrowing, naturally increase the porosity of the composting mate-
rial [32]. As a result, adequate oxygenation for microorganisms can be achieved without the need for static
ventilation or turning piles. Hence, natural placement studies are the most prevalent (with 185 studies) in the
context of vermicomposting research.

Impact of Grouping Factors on Vermicomposting Maturation. As illustrated in Figure 3a, when consid-
ering earthworm species, the addition of Eisenia fetida (—17.1 %) and a mixture of various earthworm species
(—18.8 %) proved effective in reducing NH,"-N content. In the case of pre-composting days, pre-composting
for 0-15 days (-23.5 %) significantly reduced NH,'-N content in the compost. Furthermore, when it comes
to ventilation methods, natural placement (—13.4 %) was notably effective in reducing NH,-N content in
the compost. In terms of initial material properties, the initial moisture content in the range of 70 to 80 %
(=29.9 %), C/N ratios in the range of 0-30 (-16.8 %), and initial pH values in the range of 6—7 (—38.6 %) all
led to significant reductions in NH,"-N content.

Similar to regular composting, vermicomposting is a process that gradually converts NH, -N into NO;™-N,
signifying the maturation of compost [33]. As shown in Figure 35, after vermicomposting, the NO;-N content
significantly increased, potentially due to alterations in bacterial community diversity and structure within
the earthworm gut. These changes could promote organic matter degradation, nitrogen mineralization, and
NH,"-N nitrification [34]. Among earthworm species, vermicomposting with a mixture of various earthworm
species resulted in the highest NO;-N increase (156.7 %), surpassing the effects of using Eisenia fetida
(61.3%) and Eudrilus eugeniae earthworms (121.9 %). In terms of pre-composting days, no pre-composting
significantly increased NO;-N content (143.2 %), followed by 0—15 days (110.5 %) and 15-65 days (78.0 %).
An initial moisture content of 70 to 80 % effectively increased NO;-N content (147.1 %), followed by 60 to
70 % (116.3 %) and 50 to 60 % (104.4%). While ventilation methods and initial pH grouping had no significant
impact on NO;-N in vermicomposting, natural placement and an initial pH range of 6—7 significantly increased
NO;™-N content by 120.6 and 134.0 %, respectively.

The ratio of NH,"-N to NO;-N content can be used to assess compost maturation. Statistical analysis
reveals that the final compost’s NH,"-N content ranged from 0.004 to 4.7 g-kg™!, with an average of 1.0 g-kg™.
The NOy-N content in the final compost ranged from 0.01 to 30.5 g-kg™', with an average content of 2.7 g-kg'.
The ratio of NH,*-N to NO5™-N content averaged 0.37, which is below 1, meeting the requirements for compost
maturation [35].

Additionally, the C/N ratio is an important indicator for evaluating compost maturation and stability
[36]. As shown in Figure 3¢, the use of a mixed earthworm species significantly reduced the C/N ratio
(-54.6 %). This was followed by Perionyx excavatus (—46.0 %), Eisenia fetida (—36.2 %), and Eudrilus
eugeniae (—23.9 %). The highest reduction in C/N occurred with pre-composting for 0—15 days (—43.4 %),
followed by no pre-composting (—34.2 %) and 15-65 days (-25.7 %). Proper pre-composting treatment can
facilitate the breakdown of some refractory organic matter to a level acceptable to earthworms, enhancing
the efficiency of organic matter decomposition [37]. Under natural placement and turning pile ventilation
conditions, vermicomposting significantly reduced the C/N ratio by 38.7 and 22.3 %, respectively. In the case
of natural placement, earthworm activities led to the breakdown of compost substrate from larger particles to
uniform smaller ones, improving aeration and oxygen levels, increasing the effective microbial surface area,
and accelerating organic matter decomposition [38]. The greatest reduction in the C/N ratio occurred when
the initial moisture content was 70 to 80 % (—45.6 %), followed by 60 to 70 % (-30.1 %) and 50 to 60 %
(—29.8 %). This phenomenon may be due to the higher moisture content promoting the emission of methane
gas from methane-producing bacteria in the compost matrix. When the initial C/N ratio of the compost was in
the range of 30-85 (—45.3 %), the C/N ratio significantly decreased. This was followed by the range of 0-30
(—27.2 %). Research by Aira et al. suggested that when the initial C/N ratio is high, earthworms prioritize
reproduction over growth, resulting in a higher population of earthworms that consume more organic carbon.
As a result, the final compost C/N ratio decreases more significantly. When the initial pH was between 6-8,
earthworm activities and microbial activity were higher, accelerating the breakdown of organic nitrogen and
causing nitrogen loss. The statistical analysis of all observations showed that the final compost’s C/N ratio
ranged from 1.1 to 52.7, with an average of 13.8, which is less than 15, meeting the requirements for compost
maturation.
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Fig. 3. Effects of different grouping factors on the change efficiency of NH,*-N, NO5-N, and C/N

Impact of Grouping Factors on Vermicomposting Quality. After earthworms decompose organic matter,
the mineralization of substances rich in nitrogen, such as their nitrogen-rich excreta containing microorganisms,
secreted polysaccharides, hormones, and enzymes, contributes to the increased nitrogen content in the compost.
Additionally, during the mineralization process, the evaporation of moisture generated by the decomposition of
organic nitrogen compounds can potentially lead to a relative increase in nitrogen content. As depicted in Figure
4a, the combined use of various earthworm species (69.5 %) exhibited a higher increase in TN, surpassing the
effects of individual earthworm species. Regarding pre-composting days, the effects of 0—15 days (25.1 %) and
15-65 days (25.2 %) were slightly lower than that of no pre-composting (31.7 %). Among ventilation methods,
natural placement proved to be the most effective (38.4 %), while static ventilation methods led to a reduction
in TN content in vermicompost, with no significant effect (—7.3 %). This phenomenon may be attributed to the
earthworms’ burrowing behavior, which promotes compost aeration conditions, optimizes microbial community
structure, and enhances the efficiency of vermicomposting, thereby facilitating the accumulation of nutrients.
When the initial C/N of the vermicompost was in the range of 30-85, the TN content in the vermicompost increased
the most (55.6 %), while the smallest increase occurred in the range of 0—30 (19.2 %). Liu et al. demonstrated
through meta-analysis that nitrogen loss in compost decreases with an increase in the initial C/N ratio. This could
be due to the fact that if the initial C/N is too low, there is an excessive supply of nitrogen, which can easily lead
to nitrogen loss. Jiang et al. found that in pig manure composting, a lower initial C/N ratio (15) results in higher
NH; and N,O emissions than when the initial C/N is 30. Additionally, Wong, et al. discovered in experiments
involving composting animal remains from slaughterhouses that a lower initial C/N ratio (16) leads to an 84 %
initial loss of NH,-N. This may be because excessively low C/N ratios can lead to an accumulation of excess
nitrogen, which can stimulate NH; emissions. When the initial pH was in the range of 8-9, the TN content in
vermicompost increased the most (48.2 %), followed by a pH range of 67 (27.7 %) and 7-8 (15.0 %). This may
be because earthworms and the microorganisms in the compost are more active in a neutral pH environment. The
vigorous biological activity promotes the decomposition of organic nitrogen in the compost, making nitrogen loss
more likely.

As vermicomposting progresses, the rapid decomposition of organic matter leads to an enrichment effect,
resulting in an increase in TP and TK in vermicompost. Additionally, earthworm gut phosphatases and phosphorus-
dissolving microorganisms release the bioavailable components of phosphorus from organic matter. As shown in
Figure 4b, apart from the ventilation method, all other five grouping factors significantly influence the TP content
in vermicompost.

Concerning earthworm species, adding a mixture of earthworms has the greatest effect on increasing TP content
(102.1 %). No pre-composting, 0—15 days, and 15-65 days of pre-composting all significantly increase TP content
(33.3%, 33.0, and 28.4 %, respectively), with little difference between them. Under natural placement conditions,
vermicompost exhibits the greatest increase in TP content (39.8 %). When the moisture content of compost is in
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the range of 50-60 %, TP content in vermicompost increases the most (69.9 %), while it is the least in the range
of 60-70 % (12.7 %). When the initial C/N of the compost is in the range of 30-85, TP content increases the most
(45.6 %), with the smallest increase observed in the range of 0-30 (25.9 %). Vermicompost exhibits the greatest
increase in TP content when the initial pH is in the range of 8-9 (52.5 %), followed by a pH range of 7-8 (28.2 %)
and 6-7 (24.4 %).

As shown in Figure 4c, the earthworm Perionyx Excavatus has the greatest effect on increasing TK content
(37.2 %), while the effect of the Eisenia Fetida earthworm is minimal and not significant (3.6 %). The pre-
composting duration significantly affects the TK content of vermicompost only when pre-composting is done
for 0—15 days, resulting in a 28.0 % increase. Adequate pre-decomposition of compost materials aids in the
digestion and absorption by earthworms, eventually increasing the nutrient content. Among ventilation methods,
only natural placement significantly increases TK content by 18.5 %. When the compost moisture content is in the
range of 70-80 %, TK content increases by 35.8 %, followed by the range of 60—70 % (11.2 %). In the grouping
based on the initial pH, only a pH range of 67 significantly increases TK content by 19.9 %.

a b c
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Fig. 4. Effects of different grouping factors on the change efficiency of TN, TP, and TK

Figures 5-7 clearly demonstrate that the initial C/N, pH, and moisture content significantly influence the
final C/N, TN, TK, and TP content in vermicompost. Figures 5¢ and 5freveal a significant negative correlation
between the initial C/N and the final C/N and TK content of vermicompost. Conversely, there is a significant
positive correlation between the initial C/N and TN content, indicating that the TN content in vermicompost
increases with an increase in the initial C/N. Figure 5d shows that studies with an initial C/N of less than
20 account for 38.3 % of the total, resulting in a relatively lower effect value for TN increase in vermicompost.
Furthermore, there is a significant quadratic relationship between the initial C/N and the final TP content in
vermicompost, as shown in Figure Se. When the initial C/N is 49.3, vermicompost exhibits the maximum
effect value for TP increase at 65.3 %.
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Fig. 5. Relationship between the initial C/N of compost and the change efficiency of NH,-N, NO;-N, C/N, TN, TP, and TK

Figures 6¢ and 6e reveal a significant negative correlation between the initial pH and the final C/N in
vermicompost, while a significant positive correlation is observed with the TP content. Moreover, there is
a significant quadratic relationship between the initial pH and the final TN content in vermicompost, as depicted
in Figure 6d. When the initial pH is 7.08, vermicompost exhibits the minimum effect value for TN increase at

24.5 %.
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Fig. 6. Relationship between initial pH of compost and changing effect of NH,*-N, NO;-N, C/N, TN, TP, and TK

As shown in Figure 7a, the initial moisture content demonstrates a significant negative correlation with the
final NH,"-N content in vermicompost. The relationship between the initial moisture content and the final TP
content is captured by a significant quadratic equation, as seen in Figure 7e. By calculation, it is determined that
when the initial moisture content is at 69.5 %, vermicompost exhibits the least increase in TP content, with an
increment of 16.1 %.

The initial moisture content and its relationship with the final C/N content is represented by a significant cubic
equation, as shown in Figure 7¢. The calculations indicate that when the initial moisture content is at 70.4 %,
vermicompost shows the most substantial decrease in C/N content, with a reduction of 41.6 %.
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Fig. 7. Relationship between initial moisture content of compost and change effect of NH,"-N, NO5-N, C/N, TN, TP, and TK

Conclusion

This study conducted a meta-analysis to integrate all available literature data related to vermicomposting,
which includes chicken manure and Chinese herbal residue, and its association with nutrient elements and heavy
metals. The findings revealed that vermicomposting significantly enhances compost quality while reducing the
harmful effects of heavy metals.

Following vermicomposting, the compost saw a notable increase in NO;-N, TN, TP, and TK content by
116.2 %, 29.1, 31.2, and 15.0 %, respectively. Simultaneously, NH,"-N content and C/N ratio decreased by 14.8
and 36.3 %, respectively. The total amounts of Cu and Cr in the compost were significantly reduced by 10.2 and
15.5 %, and the bioavailability of Cu and Cr decreased by 20.7 and 41.1 %, respectively.
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The study also conducted a comparative analysis of the effects of different types of earthworms, pre-composting
duration, ventilation methods, initial moisture content, initial pH, and initial C/N on various vermicomposting
indicators. The results suggest that to promote compost maturation and nutrient enrichment, it is advisable to
adjust the initial moisture content of the materials to the range of 70 to 80 %, maintain a C/N ratio between 30
and 85, keep the pH in the range of 6 to 7, and conduct a pre-composting phase lasting 3 to 15 days. The natural
placement of vermicomposting works best under these conditions.

On the other hand, if the goal is to reduce the total amount of heavy metals in the compost and mitigate their
harmful effects, it is recommended to adjust the initial moisture content of the materials to the range of 50 to 60 %,
maintain a C/N ratio below 30, keep the pH between 7 and 8, refrain from pre-composting, and utilize the EFudrilus
eugeniae species of earthworms for vermicomposting.
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