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Abstract Vermicomposting of organic fraction of

compostable municipal waste solids (CMWS) spiked with

cow dung at ratio 0, 20, 40, 60, 80 and 100 % was done

using earthworm Eisenia fetida. Pre-composting for

3 weeks followed by vermicomposting caused decrease

(fold) in pH (1.06–1.17), organic carbon (1.07–1.36) and

C:N ratio (1.60–2.89) and substantial increase (fold) in

total N (1.50–2.45), total phosphorous (1.37–1.96), total

potassium (1.12–2.09) and trace elements—Ca, Fe, Mn and

Zn (1.02–1.32) in waste mixtures. The wastes with

40–60 % fraction of CMWS showed high decomposition

and mineralization rate than other treatments. The biomass

gain and cocoon production in E. fetida were also moni-

tored in all experimental vermibeds. The earthworm

showed better growth rate and reproduction pattern in

vermibeds with 40–60 % CMWS. The C:N ratio and

chemical composition of end product suggested the suit-

ability of vermicomposting technique to recover valuable

plant nutrients from negligible community waste solids for

sustainable soil fertility management programme.

Keywords Vermicomposting � Municipal solid waste �
Waste recycling � Soil fertility � Earthworm

Introduction

The municipal solid waste (MSW) generated in Indian

cities has increased from 6 million tons in 1947 to 300

million tons per annum in 2007 [1]. In India, the amount of

waste generated per capita is estimated to increase at a rate

of 1–1.33 % annually [2]. In such conditions, the total

waste quantity generated in 2047 would be approximately

above 260 million tons, more than five times the present

level. This enormous increase in solid waste will have

significant impacts in terms of the land required for dis-

posing this waste as well as on methane emission. More-

over, 40–60 % solid wastes in India are of organic nature

and open dumping of such garbage not only facilitates the

breeding for the disease vectors, e.g., flies, mosquitoes,

cockroaches, rats, and other pests [1], but at the same time

also creates the issues of environmental pollutions. The

safe disposal of solid waste has continued to be a big

challenge in most of the urban centers in the country.

Reducing, reusing and recycling have been promoted as

one of the sustainable tools for effective solid waste

management programme [3]. In majority of the cases, the

biodegradable organic fractions have been reported as

major constituent of MSW, especially in developing

countries. The biodegradable MSW contains a wide range

of plant beneficial nutrients which can be recovered

through appropriate biotechnologies. The organic waste

recycling is an efficient and environmental-friendly tech-

nology to convert wastes into value-added products. The

decomposition of complex organic waste resources into

odor-free humus like substances through the action of

worms is termed as vermicomposting. Dominguez and

Edwards [4] and Dominguez [5] stated that ‘‘earthworm

acts as mechanical blenders, and by comminuting the

organic matter, they modify its biological, physical and
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chemical status, gradually reducing its C:N ratio, increas-

ing the surface area exposed to microorganisms, and

making it much more favorable for microbial activity and

further decomposition’’. In this process, inoculated earth-

worms maintain aerobic conditions, ingest solid, convert a

portion of the organics into worm biomass and respiration

products, and expel the remaining partially stabilized

product, i.e., vermicompost [6]. The quality of end material

in vermicomposting process is relatively better than com-

posting in terms of chemical as well as microbial proper-

ties. In general, it would appear that composted material

from vermicomposting can have ‘‘added-value’’ charac-

teristics, mainly related to conservation of nutrients and

moisture as well as particle size reduction [7].

Kaviraj and Sharma [8] investigated the potential of

exotic and local species of earthworm for source-segre-

gated municipal solid waste degradation. Results suggested

that vermicomposting causes significant changes in chem-

ical characteristics of MSW. Similarly, John Paul et al. [9]

reported vermicomposting of municipal waste solids spiked

with cow dung by employing earthworm species Perionyx

ceylanensis for 50 days. Data showed that earthworm

causes significant enrichment of microbial populations by

providing suitable conditions for microbial propagations.

Singh et al. [10] concluded that vermicomposting may be a

suitable option for urban solid waste management. It is

clear from the literature review that frequent reports on

vermicomposting of municipal solid waste are available in

literature, but comprehensive studies on some important

issues like fate of trace elements in MSW during vermi-

composting are not well addressed. Nonetheless, apart from

NP & K, the trace elements are essentially required nutri-

ents for plant production and, therefore, the changes in

trace elements should be measured in composted materials.

The issue of earthworm survival, growth and productivity

of inoculated worms in MSW feedstock is not well unex-

plored by previous researchers who published work on

vermicomposting of MSW organic fractions.

Therefore, the aim of this study was to recycle the

nutrients from biodegradable fractions of MSW using

potential of a composting earthworm Eisenia fetida (Sav-

igny), under laboratory conditions. The compostable

municipal waste solids (CMWS) was spiked with a bulky

agent cow dung (CD) into different proportions to produce

different combinations of the waste for vermicomposting

operation. MSW is a heterogeneous mixture of urban waste

solids of different physical and chemical nature. The

microbial activation is essentially required for starting any

biological degradation of waste stuff. For that cow dung is

appeared as suitable bulky material for preparing a mi-

crobially active substrate for composting and vermicom-

posting operation [4, 8–10]. Therefore, CD was used to

prepare waste mixtures of CMWS for the current

experiment. The second object, i.e., biology of composting

earthworms (worm biomass, numbers and cocoon produc-

tion) in vermicomposting system was also monitored in all

waste feedstock during the vermicomposting process.

Materials and methods

Background: urban solid waste collection and disposal

system

Solid waste used in this study was collected from primary

and secondary waste deposition sites in commercial centres

of the city. The secondary waste collection system is

composed of open, masonry, concrete and metallic con-

tainers. The waste collection is mainly composed of fixed-

point communal containers. The metallic communal con-

tainers are placed at fixed position near to the commercial

centre where they could be as accessible as possible to

local store/shop holders/residents. The waste is then further

collected and transported to land dumping sites by

municipality. A variety of shops/stores (food, fruit/vege-

table shop, sweets shops, cloths, stationary, furniture,

electronic/electrical items, restaurants, cafeteria, etc.) are

located in major commercial centres of the city. The waste

produced from these centers includes: polythene bags,

plastic scraps, food waste, food packing waste, soiled

papers, fresh papers, cardboards, husk and straw, vegetable

wastes (discarded vegetables/fruits, fresh or dried skins of

vegetables/fruits, fresh/dried leaves, peel off material,

paper packing, etc.), metal containers, plastic containers,

plastic utensils, clothes, leather, sanitary napkins, glass

scrape, etc. The daily waste production in main (2–3)

commercial centre of the city is about 4–7 tons/day. About

46–62 % of total solid waste is of biodegradable nature

which can be utilized for further composting operation. The

vegetable/fruit trading is one of the major economical

ventures in these commercial centres. The daily trading of

vegetables and fruits in this city is *150–200 tons/day.

Such huge quantities of vegetables and fruit trading pro-

duce a great quantity of solid wastes (*2.5–5.0 tons/day).

Earthworms, bulking agent and compostable urban

solid waste collection

Juvenile and adult specimens of the earthworm species

Eisenia fetida were collected from a stock culture main-

tained in our laboratory and fed with partially decomposed

cow dung. In majority of the previous studies, E. fetida was

used as a candidate species for vermicomposting operation,

because it can tolerate wide pH range, temperature, mois-

ture and a wide range of putrescible substances and bio-

toxic compounds [4].
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The cow dung was used as bulk agent to prepare dif-

ferent waste mixtures for vermicomposting operation.

Fresh cow dung was procured from a local cattle shed.

Freshly deposited solid waste sample (*10–15 kg) was

collected from 2 to 3 secondary deposition points of the

commercial centre. All collected samples of solid waste

were mixed together to produce a homogenous sample of

solid waste. The waste was then collected in large polythene

bags and immediately brought the laboratory. The waste

sample contained about 45–60 % moisture. In laboratory,

the waste was screened out to separate waste into different

waste fractions (food/vegetable waste, leaf litter, paper

waste, polythene/plastic, metals, glass, cardboards, textiles,

leather, etc.). The waste composition (% of total weight)

was as follows: vegetable/food = 51–68 %, soiled/fresh

paper waste = 8–12 %, leaf litter = 2–2.5 %, polythene/

plastic bags and bottles = 5–9.5 %, cardboards = 9–11 %,

metal/plastic containers = 3–4.7 %, glass 1.2–3 %, and

miscellaneous = 2–6.9 % (dirt and silt, textile, leather,

battery, electrical wire, wood, husk, etc.). For vermicom-

posting operation, biodegradable fractions (food/vegetable

waste, soiled papers and leaf litter) were used in this study.

The biodegradable fraction was sorted manually and dried

under shed for a week. Then, waste fraction was kept for

pre-composting or thermal decomposition process for

3 weeks in large-sized cement containers (30 L capacity).

Appropriate moisture was maintained during this period by

sprinkling water over composting beds after each week’s

interval. The waste was turned after each 3–4 days interval

to maintain aeration in composting pile. After 3 weeks,

partially composted waste was then used for further ver-

micomposting operation.

The physico-chemical characteristics of processed

homogenized compostable urban waste solids (CUWS) and

CD are presented in Table 1.

Preparation of waste mixtures for vermicomposting

trial and observation recorded

For vermicomposting trials, a total of six bedding materials

were used in this study. The detail of experimental bedding

is described in Table 2.

The partially decomposed CMWS was mixed with bulky

material CD to produce different waste mixtures. For labo-

ratory trial, 750 g (on dry weight basis) waste mixture was

filled in plastic circular containers of 3 L size, with pierced lid

for aeration. The experimental beddings were kept in tripli-

cate for each treatment and the experimental container

with pure cow dung acted as an experimental control. Twenty-

five (4 to 5-week-old) earthworms (individual live

weight & 279–286 mg) were released into each experi-

mental container. The moisture level of all substrates in ver-

mibeds was maintained around 60–65 % throughout the study

period by sprinkling of adequate quantity of water after each

week interval. The experimental containers were placed in a

humid and dark room at a temperature of 27.3 �C

(SD = 0.06). The earthworm mortality was observed for

initial critical periods (for initial 3 weeks of experimental

starting) and data of mortality were recorded for different

experimental vermibeds. The experiment was run for a total of

8 weeks and to measure the physico-chemical changes in

waste mixture, homogenized samples of the substrate material

were drawn after each week interval. The samples were oven

dried (48 h at 60 �C), ground in stainless steal blender and

stored in sterilized plastic airtight containers for further

physico-chemical analysis.

The biological parameters of inoculated earthworms in

vermibeds were also measured weekly during vermicom-

posting operation. To measure the changes in individual

biomass, earthworms were separated from the substrate

material by hand sorting, after which worms were washed in

tap water to remove adhering material from their body, and

subsequently weighed on a live weight basis. Then, all

measured earthworms were returned to the original con-

tainers. The newly produced cocoons were also separated

from the containers and counted for each test container.

Separated cocoons and new hatchlings (if observed) were

Table 1 Chemical characteristics (g kg-1) of organic wastes used as

amendment material (mean ± SD, n = 3)

Parameters CMWS CD

pH 8.53 ± 0.02 7.63 ± 0.27

EC (XS/cm) 1.18 ± 0.01 1.38 ± 0.04

TOC (g kg-1) 481.3 ± 2.40 407.3 ± 3.92

TKN (g kg-1) 10.37 ± 0.05 6.84 ± 0.03

TP (g kg-1) 9.96 ± 0.07 8.85 ± 0.04

TK (g kg-1) 14.68 ± 0.16 12.35 ± 0.04

Total Ca (mg kg-1) 248.0 ± 4.0 213.1 ± 0.47

Total Fe (mg kg-1) 1552.3 ± 7.42 1261.0 ± 3.21

Total Zn (mg kg-1) 201.3 ± 1.76 117.3 ± 1.85

Total Mn (mg kg-1) 1025.7 ± 4.25 546.7 ± 2.0

Table 2 Description of different vermibeds used for vermicompo-

sting experiment

Treatment Treatment description

T1 CD (100 %)

T2 CMWS (100 %)

T3 CMWS (20 %) ? CD (80 %)

T4 CMWS (40 %) ? CD (60 %)

T5 CMWS (60 %) ? CD (40 %)

T6 CMWS (80 %) ? CD (20 %)

CD cow dung (CD), CMWS compostable municipal waste solids
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introduced into a separate bedding container just to avoid

overlapping in total cocoon counting. On the basis of

obtained data of biomass and cocoon numbers, other

parameters of earthworm, i.e., maximum biomass achieved,

net biomass gain, maximum growth rate (mg wt worm-1

day-1), and reproduction rate (cocoon worm-1 day-1)

were produced for different waste mixtures.

Chemical analysis

The pH was measured using a digital pH meter (Metrohm,

Swiss-made) in 1:10 (w/v) aqueous solution (deionized

water). Total organic carbon (TOC) was measured after

igniting the sample in a Muffle furnace at 550 �C for 60 min

by the method of Nelson and Sommers [11]. Total Kjeldahl

nitrogen (TKN) was measured using the method described by

Jackson [12]. Total phosphorous (TP) was measured using the

method described by Anderson and Ingram [13]. Exchange-

able potassium was determined after extracting the sample

using ammonium acetate [14]. Trace elements (Ca, Mn, Fe

and Zn) were determined using the following acid mixture

(10-mL HNO3 ? 5-mL HCLO4) and analyzed by atom

absorption spectrophotometer [15]. Biodegradability coeffi-

cient indicates the organic matter (OM) contents: OM

% = (100 - Ash content %). Biodegradability coefficient

(Kb) was calculated using the following equation [16]:

Kb ¼ ðOMi� OMf Þ � 100

OMi ð100� OMf Þ

where OMf is the organic matter content at the end of the

process and OMi is the organic matter content at the

beginning of the process.

Statistical analysis

Two-way ANOVA was used to analyze the differences

between treatments by considering time and waste

composition (treatment) as factors in physico-chemical

changes during vermicomposting process. A Tukey’s t test

was also performed to identify the homogeneous type of the

data sets. SPSS� statistical package (Window Version 13.0)

was used for data analysis. All statements reported in this

study are at the p \ 0.05 levels.

Results and discussion

Changes in physico-chemical quality of waste mixtures

during vermicomposting

The physico-chemical quality of the worm-processed

material was analyzed during this study. Vermicomposted

waste mixtures were more stabilized odor-free and nutri-

ent-rich material than initial waste mixtures (Table 3).

As described in Table 4, the major chemical character-

istics of bedding materials changed drastically after ver-

micomposting. The pH of the substrate material was lower

in all treatments than their initial values (Table 4).

The pH of the vermicomposted material was in the

ranges of 7.16 (T5)–7.57 (T2). A trend of gradual reduction

in pH was observed in all treatments (Fig. 1). In few waste

set-ups, the decline in pH was moderate up to 5–6 weeks

and then it becomes very steady.

The change in pH could be due to the production of

metabolites and intermediate compounds (e.g., CO2,

ammonia, NO3
- and organic acids, Ndegwa et al. [17]).

The decrease in pH helps to conserve the nitrogen in ver-

micompost, as this element is lost as volatile ammonia at

high pH values [18]. TOC decreased significantly in all

vermibeds during vermicomposting process. The rate of

TOC loss in vermibeds was in the ranges of 6.47 (T1)–26.3

(T5) %. The TOC loss in treatment mixture was in the

order: T1 [ T6 [ T2 [ T3 [ T4 [ T5. The trend of TOC

changes is presented in Fig. 1. As results suggest, there was

Table 3 Chemical characteristics of waste mixtures at the start of vermicomposting (mean ± SEM, n = 3)

Parameters T1 T2 T3 T4 T5 T6

pH 7.63 ± 0.27 8.53 ± 0.02 8.17 ± 0.09 8.18 ± 0.02 8.37 ± 0.02 8.41 ± 0.04

EC (XS/cm) 1.38 ± 0.04 1.18 ± 0.01 1.29 ± 0.03 1.26 ± 0.03 1.29 ± 0.03 1.20 ± 0.02

TOC (g kg-1) 407.3 ± 3.92 481.3 ± 2.40 419.3 ± 2.02 436.3 ± 4.48 451.7 ± 2.73 464.7 ± 4.37

TKN (g kg-1) 6.84 ± 0.03 10.37 ± 0.05 7.56 ± 0.06 8.36 ± 0.05 8.96 ± 0.03 9.65 ± 0.02

TP (g kg-1) 8.85 ± 0.04 9.96 ± 0.07 9.08 ± 0.04 9.32 ± 0.01 9.50 ± 0.03 9.69 ± 0.04

TK (g kg-1) 12.35 ± 0.04 14.68 ± 0.16 12.80 ± 0.03 13.63 ± 0.23 13.79 ± 0.05 14.19 ± 0.10

Total Ca (mg kg-1) 213.1 ± 0.47 248.0 ± 4.0 218.1 ± 3.23 226.6 ± 4.01 238.0 ± 2.08 242.0 ± 5.13

Total Fe (mg kg-1) 1261.0 ± 3.21 1552.3 ± 7.42 1317.3 ± 4.37 1388.3 ± 5.23 1445.3 ± 7.86 1485.3 ± 3.71

Total Zn (mg kg-1) 117.3 ± 1.85 201.3 ± 1.76 132.7 ± 2.90 154.3 ± 2.03 169.7 ± 3.28 189.7 ± 2.60

Total Mn (mg kg-1) 546.7 ± 2.0 1025.7 ± 4.25 637.7 ± 4.67 740.7 ± 2.33 834.0 ± 4.58 927.0 ± 4.04

EC electrical conductivity, TOC total organic carbon, TKN total kjeldahl nitrogen, TP total phosphorous, TK total potassium, total Ca total

calcium, total Fe total iron, total Zn total zinc, total Mn total manganese
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similar trend of TOC loss in all waste mixtures except in T1

and T5. TOC showed gradual decrease during vermicom-

posting in all waste mixtures (Fig. 1). It is clear that

increasing proportion of urban solid waste in vermibeds

enhances the carbon mineralization but at higher concen-

tration urban waste solids caused drastic effect on C min-

eralization. This suggests that urban waste solids appear as

good feedstock for earthworm culture up to 60 % con-

centration spiked with bulky agent (CD). The loss in TOC

may be attributed to the microbial respiration during ver-

micomposting process. Moreover, digestion and assimila-

tion of some carbon sources in feedstuff (carbohydrates and

other polysaccharides) by earthworms could cause C loss

from the substrates. The fragments homogenize the

ingested material through muscular action of their foregut

and subsequently enhance the surface areas for microbial

degradations of wastes. The functional mutualism between

gut-microbes and earthworms accelerates the carbon min-

eralization if the waste mixes during vermicomposting

operation [5].

There was increase in total nitrogen (TKN) contents in

all vermibeds at the end of the experiment. The TKN in

ready vermicompost was in the ranges of 11.49 ±

0.53–20.53 ± 0.55 g kg-1. The maximum increase in

TKN content was in T4 (145 % more than initial level)

followed by T5 (129.2 %), T3 (106.2 %), T2 (81.9 %), T1

(67.7 %) and T6 (49.9 %). A trend of rapid increase in

TKN content was recorded in all waste mixtures except in

T1 and T6 (Fig. 1). TKN increased sharply in all waste

mixtures during vermicomposting (Fig. 1).The nitrogen

mineralization was directly related to the content of urban

waste solids in vermibeds. Data clearly suggested that

nitrogen increase in vermicomposted material was directly

related to the physical and chemical nature of the substrate

material used for earthworm feed. Earthworm also alters

the microclimatic conditions of vermibeds which

consequently promote microbial populations responsible

for N enrichment. Also, mucus, a polysaccharide, is

secreted by earthworm to moisten the body surface and

also importantly to enrich vermibeds with nitrogen fixers.

The study by Kevian and Ghatnekar [19] suggested the

enhanced population of N fixers (Azotobacter and Rhizo-

bium) in vermibeds, while working on vermicomposting of

paper mill sludge. In addition to releasing N from compost

material, earthworms also enhance nitrogen levels by

adding their excretory products, mucus, body fluid,

enzymes, etc. to the substrate. Results thus indicate that N

enrichment was better in vermibeds with 40–60 % pro-

portion of urban waste solids. This indicates the suitability

of urban waste solids for such vermicomposting operation

for quality compost production if it is mixed with an

appropriate bulky agent.

The total phosphorous content in vermibeds was high in

vermicomposted waste mixtures than initial materials. The

level of TP in end material was in the ranges of

12.78 ± 0.23 (T1)–18.60 ± 0.62 g kg-1 (T5) for different

waste mixtures. The changes of TP in all waste mixtures

over the composting duration are illustrated in Fig. 1. TP

showed similar trend of increase except to T5 which

showed swift increase after 4th week of vermicomposting

(Fig. 1). TP is an essential nutrient required for better plant

growth. The high level of TP in ready vermicompost sug-

gests its potential as plant growth media for sustainable

agronomic production. There was significant difference

among different vermibeds for nitrogen mineralization rate.

The observed differences could be due to the feedstock

compositions. The P-mineralization is performed partly by

earthworm gut phosphatases, and further release of P is

facilitated by microbial communities associated with

deposited casts [20]. Few author suggested the role of

P-solubilizing bacteria in phosphorous enhancements in

deposited casts of earthworms [21, 22].

Table 4 Chemical characteristics of waste mixtures at the end of vermicomposting (mean ± SEM, n = 3)

Parameters T1 T2 T3 T4 T5 T6

pH 7.22 ± 0.19 7.57 ± 0.09 7.30 ± 0.06 7.17 ± 0.03 7.16 ± 0.04 7.23 ± 0.05

EC (XS/cm) 1.97 ± 0.19 2.34 ± 0.03 2.41 ± 0.04 2.89 ± 0.06 2.99 ± 0.06 2.05 ± 0.07

TOC (g kg-1) 381.0 ± 4.04 405.3 ± 4.80 345.0 ± 3.05 343.7 ± 8.25 333.0 ± 2.65 394.7 ± 2.40

TKN (g kg-1) 11.49 ± 0.53 18.86 ± 0.30 15.58 ± 0.54 20.46 ± 0.54 20.53 ± 0.55 14.47 ± 0.56

TP (g kg-1) 12.78 ± 0.23 13.65 ± 0.63 14.68 ± 0.16 15.92 ± 0.25 18.60 ± 0.62 14.50 ± 0.91

TK (g kg-1) 17.56 ± 0.42 20.55 ± 0.54 20.55 ± 0.56 19.85 ± 0.16 28.81 ± 0.32 15.89 ± 0.29

Total Ca (mg kg-1) 278.0 ± 1.15 267.0 ± 6.35 241.0 ± 1.15 266.3 ± 5.78 274.6 ± 6.22 257.7 ± 4.48

Total Fe (mg kg-1) 1368.0 ± 17.8 1603.3 ± 12.87 1515.0 ± 4.01 1526.3 ± 6.44 1586.3 ± 10.26 1518.0 ± 3.05

Total Zn (mg kg-1) 155.0 ± 5.13 236.7 ± 1.76 154.0 ± 4.72 173.7 ± 3.76 190.0 ± 1.53 203.0 ± 3.60

Total Mn (mg kg-1) 569.3 ± 9.60 1043.2 ± 6.56 707.7 ± 3.38 787.6 ± 1.20 891.3 ± 2.40 948.7 ± 3.84

EC electrical conductivity, TOC total organic carbon, TKN total kjeldahl nitrogen, TP total phosphorous, TK total potassium, total Ca total

calcium, total Fe total iron, total Zn total zinc, total Mn total manganese
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TK was high in vermicomposted materials than in initial

waste mixtures. In vermicomposted material, TK content

was in the ranges of 15.89–28.81 g kg-1. TK changes in

waste mixture were relatively slow during experimentation

except to T5 (Fig. 1). In T5 an abnormal increase in TK

content was recorded after 3rd week (Fig. 1). K is an

essential component for plant growth and high level of TK in

ready materials indicates the suitability of vermicomposted

Fig. 1 Changes in physico-chemical characteristics of waste during vermicomposting process
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material for land applications. The earthworm plays an

important role in potassium mineralization during vermi-

composting process. In general, when organic waste passes

through the gut of worm, some fraction of organic minerals is

then converted into more available species of nutrients (i.e.,

exchangeable forms) due to the action of endogenic and/or

exogenic enzymes [23]. This result agrees with previous

reports that the vermicomposting accelerates the waste

mineralization rate by facilitating the microbial communi-

ties in decomposing waste sub-systems [8, 22–24] con-

cluding that earthworm plays an important role in microbial-

mediated nutrient mineralization in waste decomposition

process.

Total calcium content in vermicomposted material was

significantly higher than initial level in waste mixtures.

Total calcium level in vermicomposted material was in the

ranges of 241.0 ± 1.15–278.0 ± 1.15 g kg-1 in different

vermibeds. The trend of calcium mineralization during

experiment is described in Fig. 1. The calcium minerali-

zation rate showed drastic variations among different waste

mixtures. The Ca-mineralization in vermicomposting sub-

system is the result of earthworm activities in waste mix-

tures. Further mineralization is facilitated by the fugal

hyphae or other microbial communities after cast’s depo-

sition in vermibeds [24]. Calcium is also added in worm

casts through secretions of calcium glands of few earth-

worms. But in E. fetida, such evidences are not clear. The

difference among different vermibeds for calcium miner-

alization rate attributed to the quality of the substrate

mixture.

Vermicomposting also caused significant changes in

level of trace elements (Fe, Mn and Zn). The concentration

of total Fe, total Mn and total Zn in vermicom-

posted material was in the ranges of 1368.0 (T1)–1603.3

(T2)mg kg-1, 569.3 (T1)–1043.3 (T2) mg kg-1 and 154.0

(T3)–236.7 (T2) mg kg-1, respectively. The changes in Fe,

Mn and Zn level in waste mixture during vermicomposting

are described in Fig. 1. There was about 2.20–15 %

increase in total Fe contents in waste mixtures after ver-

micomposting operation. Total Mn increase during ver-

micomposting was in the order: T1 (32.3 %) [ T2

(17.6 %) [ T3 (16.2 %), T4 (12.5 %), T5 (12.0 %) [ T6

(7.04 %). Trace elements are important components of soil

chemistry and require essentially for normal plant growth

and metabolism. Its deficiency in soil may lead to several

physiological disorders in commercial crops. The consid-

erable content of such elements in ready vermicompost

indicates its agronomical potential for land applications.

Results thus indicate that vermicomposting may be a sound

method to recover precious plant nutrients from discarded

organic wastes for sustainable soil fertility program. The

mineralization of trace elements may be due to enzymatic

activities by earthworms and gut-associated microflora.

Moreover, mineralization and biological activation of

freshly deposited casts in few week old vermicomposting

substrates may be accelerated by colonization on microbial

communities [8].The semi-digested substances with easy

available nutrients in freshly deposited earthworm casts

attract detritus communities (fungal and micro-algal

hyphae, bacteria, protozoan, nematodes, actinomycetes,

etc.) which directly or indirectly enhance the quality of

vermicompost in terms of trace elements, vitamins and

plant growth-promoting substance, etc. [22].

The C:N ratios of waste mixtures showed significant

changes after vermicomposting process in all vermibeds.

The vermicomposted material showed C:N ratio in the

range of 17.4 (T5)–37.3 (T1) (Table 5).

The parameter traditionally considered to determine the

degree of maturity of compost and to define its agronomic

quality is the C:N ratio Nair et al. [25]. According to a

standard the C:N ratio below 20 is indicative of acceptable

maturity, while a ratio of 15 or lower was preferable for

agronomic used of composts. Results thus indicate that C:N

ratios of vermicomposted urban waste solids were slightly

higher than standard described by Morais and Queda [26]

except in T4 (18.5) and T5 (17.4). The difference in ver-

mibeds for carbon mineralization and nitrogen enrichment

rate leads to drastic alternation in C:N ratio of the end

materials during vermicomposting process. The greater

shift in C:N scale in T3, T4 and T5 vermibeds indicates the

fast mineralization in the presence of earthworms. The

shifting in C:N ratio is directly related to the quality of

feedstock used for composting/vermicomposting operation.

The waste high palatability and decomposing efficiency

result in composts with low C:N ratios. In general, the loss

of carbon as carbon dioxide due to respiratory activities of

earthworms and associated microflora, and simultaneous

addition of nitrogen in the substrate material by inoculated

earthworms (through production of mucus, enzymes and

nitrogenous excrements) lower the C:N ratio of the sub-

strate [22, 27]. The C:P ratio was also calculated for ready

materials in all vermibeds. The range of C:P ratio in ver-

micomposted material was: 18.0 (T5)–29.9 (T2). The loss or

stabilization of carbon during vermicomposting process

and enhancement of phosphorous in decaying substrate

result in reduced C:P ratio of vermicomposted materials.

C:P ratio is an important indicator of quality of vermi-

compost as phosphorous plays an important role in plant

metabolism. The C:P ratio of vermicomposted material was

higher than the acceptable limit (15:1) as suggested by

Edwards and Bohlen [28].

The statistical analysis suggested the impact of vermi-

composting period and composition of waste mixture on

mineralization rate of different physico-chemical parame-

ters (Table 6), except in total zinc. Treatment (waste

mixture type T) and time (composting period t) showed the

180 J Mater Cycles Waste Manag (2015) 17:174–184

123



direct impact on changes of pH and TKN level during

vermicomposting, but factors’ interaction (T 9 t) was not

statistically significant (two-factor ANOVA). The results

of statistical analysis showed the role of waste mixture type

and experiment during waste mineralization mechanism.

Growth and cocoon production by E. fetida in different

waste mixtures

The biological productivity of inoculated earthworms in

waste mixtures is considered as the key indicator of

potential of wastes for vermicomposting operation. The

earthworms showed growth and cocoon production in all

vermibeds, but rate of growth and productivity was directly

related to the composition of the waste feedstock. There

was statistically significant difference (ANOVA) among

waste mixtures for observed parameters of earthworms: the

maximum individual live weight (F = 130.54, p \ 0.001),

total individual biomass gain (F = 92.45, p = 0.001), the

maximum individual growth rate (mg wt worm-1 day-1)

(F = 116.85, p \ 0.001), total cocoon production

(F = 48.0, p \ 0.001), reproduction rate (cocoon worm-1)

(F = 38.97, p \ 0.001). The changes in individual live

weight of inoculated earthworms in all waste mixtures are

illustrated in Fig. 2.

E. fetida showed rapid growth (biomass gain) in all waste

mixtures during initial 4–5 weeks thereafter; a trend of sta-

bilization or declined was recorded in all vermibeds. The

earthworm achieved peak biomass after 6–7 weeks in dif-

ferent waste mixtures. The peak biomass was recorded:

521.0 ± 1.53 mg in T1, 529.7 ± 2.60 mg in T2, 593.3 ±

3.84 mg in T3, 623.3 ± 7.26 mg in T4, 696.3 ± 6.83 mg in

T5 and 549.3 ± 9.06 mg in T6 ( Table 7).

The maximum individual biomass in earthworm was

recorded in T5. The observed difference among different

treatments for the peak biomass may be due to quality of

feed stock which directly affects the feed palatability and

assimilation rates [29]. The individual weight in

earthworms, at the end, was relatively lower than peak

biomass. It could be attributed to the degradability of waste

feedstock. E. fetida exhibited the maximum individual live

weight after 11–14 weeks of vermicomposting (Fig. 1).

Suthar [29] and Neuhauser et al. [30] have reported similar

trend in weight loss in E. fetida on allowing these earth-

worms for longer duration in the treated sludge. It is sug-

gested that weight loss was due to conversion of most of

the used substrate to vermicompost, which further does not

support the growth of earthworms [22]. The maximum net

biomass gain in individual earthworm was recorded as

410.7 ± 5.81 mg in T5, while T2 showed the minimum

range of biomass gain, i.e., 240.7 ± 2.40 mg (Table 5).

Net biomass gain in inoculated earthworms was in the

order: T5 [ T4 [ T3 [ T6 [ T1 [ T2. The earthworm bio-

mass gain is directly related to the quality of feedstock and

feeding rate. The maximum growth rate is an important

indicator of earthworm growth patterns in waste mixtures.

In this study, the maximum earthworm growth rate was

8.38 ± 0.12 mg wt worm-1 day-1 in T5 and it was sig-

nificantly higher than T1 (4.94 ± 0.02 mg wt worm-1

day-1), T2 (4.91 ± 0.21 mg wt worm-1 day-1), T3

(7.51 ± 0.21 mg wt worm-1 day-1), T4 (8.12 ± 0.13 mg

wt worm-1 day-1) and T6 (5.46 ± 0.24 mg wt worm-1

day-1). The difference among T1, T2 and T6 for the max-

imum individual growth rate was not significantly different

(ANOVA/Tukey’s t test; p = 0.181). The better growth

patterns of earthworms in T4 and T5 waste mixtures could

be due to the high-feeding rate in earthworms. The urban

solid waste contained several components which constitute

favorable feeding stuff for earthworms. The major faction

in urban waste solid was food waste and vegetable waste

which are included as one of the best culture substrates for

composting earthworms [29]. Moreover, vegetable wastes

have different palatability, particle size, protein and crude

fiber contents that can influence the earthworm growth

trends in waste mixtures during vermicomposting. The

biomass gain per unit of waste mixture is an important

Table 5 C:N and C:P ratios of initial and final waste mixtures from different treatment vermibeds (mean ± SD, n = 3)

Treatmenta Initial Final Acceptable C:N ratios

(1: 20)

Preferable C:N ratios

(1:15)b
Preferable C:P ratio

(1:15)c

C:N ratio C:P ratio C:N ratio C:P ratio

T1 59.5 ± 1.46 46.0 ± 0.63 37.3 ± 0.6 29.8 ± 0.49 – – –

T2 46.4 ± 0.31 48.3 ± 0.80 22.7 ± 1.02 29.8 ± 2.83 – – –

T3 55.5 ± 0.35 46.2 ± 0.46 24.9 ± 1.61 23.5 ± 0.72 – – –

T4 52.3 ± 1.07 46.8 ± 0.89 18.5 ± 1.31 21.6 ± 1.12 H – –

T5 50.4 ± 0.45 47.5 ± 0.76 17.4 ± 0.55 18.0 ± 1.29 H – –

T6 48.1 ± 0.78 47.9 ± 1.12 29.8 ± 2.53 27.2 ± 0.90 – – –

a For treatment compositions see text
b Morais and Queda [26]
c Edwards and Bohlen [28]
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indicator of earthworm productivity in vermicomposting

sub-system. As described in Table 6, the maximum value

of biomass gain per unit waste mg g-1 was in T5

(2.05 ± 0.029) followed by T4, T3, T6, T1 and T2.

There was significant difference among waste mixtures

for total cocoon numbers during vermicomposting process.

The maximum cocoon numbers were recorded in T4

(167.0 ± 6.35), while T6 showed the minimum cocoon

production, i.e., 58.0 ± 5.86. The cocoon production trend

in waste mixtures was in the order: T4 [ T5 [ T3 [
T2 [ T1 [ T6 (Table 7).

Statistically, the variation among T3, T4 and T5 was not

significant (ANOVA/Tukeys t test; p = 0.060). The max-

imum reproduction rate was recorded in T4 (8.35 ± 0.32

cocoons worm-1) followed by T3, T5, T2, T1 and T6

(Table 8). The cocoons laying frequency (cocoons week-1)

in waste mixture was also measured during this study. The

maximum cocoon production frequency was 20.88 ± 0.79

in T4 vermibed, while in T6 the minimum cocoons pro-

duction rate was recorded (i.e., 7.25 ± 0.73). The waste

mixtures can be arranged in the following order for cocoon

production frequencies in waste mixtures: T4 [ T3 [
T5 [ T2 [ T1 [ T6 (Table 8). It is clear from results that

cocoon production in waste mixtures was directly related to

Table 6 Two-way ANOVA results (treatment = waste mixtures and

time = analysis interval; 0, 1, 2, …, n weeks)

dfa F value p

pH

Treatment (T) 5 32.02 \0.05

Time (t) 7 61.45 \0.05

T 9 t 35 1.170 0.265

Total 162

EC

Treatment (T) 5 70.71 0.057

Time (t) 7 113.62 \0.05

T 9 t 35 3.44 \0.05

Total 162

TOC

Treatment (T) 5 252.12 \0.05

Time (t) 7 205.10 \0.05

T 9 t 35 5.595 \0.05

Total 162

TKN

Treatment (T) 5 3.690 0.004

Time (t) 7 4.853 \0.05

T 9 t 35 1.181 0.254

Total 162

TP

Treatment (T) 5 78.23 \0.05

Time (t) 7 262.81 \0.05

T 9 t 35 8.393 \0.05

Total 162

TK

Treatment (T) 5 260.68 \0.05

Time (t) 7 175.78 \0.05

T 9 t 35 14.196 \0.05

Total 162

Total Ca

Treatment (T) 5 57.354 \0.05

Time (t) 7 51.574 \0.05

T 9 t 35 2.963 \0.05

Total 162

Total Fe

Treatment (T) 5 705.23 \0.05

Time (t) 7 88.544 \0.05

T 9 t 35 5.469 \0.05

Total 162

Total Zn

Treatment (T) 5 4.180 0.002

Time (t) 7 1.112 0.361

T 9 t 35 1.179 0.255

Total 162

Total Mn

Treatment (T) 5 13410.3 \0.05

Time (t) 7 52.377 \0.05

Table 6 continued

dfa F value p

T 9 t 35 2.968 \0.05

Total 162

C:N ratio

Treatment (T) 5 89.309 \0.05

Time (t) 7 249.40 \0.05

T 9 t 35 2.591 \0.05

Total 162

a Error df = 114

Fig. 2 Changes in earthworm individual biomass during vermicom-

posting process
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the feedstock quality. E. fetida showed better cocoon pro-

duction rate in waste mixtures with 40–60 % proportion of

urban waste solids. Edwards et al. [31] concluded that the

important difference between the rates of cocoon produc-

tion in the two organic wastes must be related to the quality

of the wastes (Table 8). The proportion of waste in feed-

stock directly affects the earthworm growth patterns in

vermibeds. However, microbes, which play an important

role in earthworm’s diet, are directly interrelated to the

quantity of the hazardous materials in earthworm feed.

Kaur et al. [32] while studying vermicomposting of paper

mill sludge reported better results of earthworm perfor-

mance, evident from better population build-up in mixtures

over 100 % paper mill sludge. It is clear that high content

of urban waste solids in vermibeds alters the reproduction

performance.

There was population mortality in waste mixtures

during initial critical period of establishment in vermi-

composting process. The earthworm mortality rate did not

show statistically significant difference among different

waste mixtures (ANOVA: F = 2.613, p = 0.080). The

maximum earthworm mortality rate was recorded in T6

followed by T5, T2, T1, T3 and T4. The physical as well as

chemical composition of waste mixture affects the

earthworm survival in waste mixtures during vermicom-

posting operations. The rapid mineralization by bacterial

and other microflora in decaying waste produces a great

quantity of ammonia, which causes earthworm mortality

by shifting pH and by direct toxic effect in earthworms.

Suthar [23] concluded that the food consumption rate in

earthworm during initial critical period (period of accli-

matization of earthworms in waste system) also deter-

mines the survival rate of earthworms in vermibed.

However, C:N ratio of initial feedstuff may be a limiting

factor for earthworms in wastes by directly influencing

their feed consumption rate. Comparatively, a high

earthworm mortality rate in T6 waste mixture could be

due to the presence of some toxic substances in pure

urban waste solids.

Conclusions

The worm-worked MSW (manure) was a stabilized and

soil nutrient-rich stuff to be used for added-value product

for land farming practices. The vermicomposting caused

many-fold increases in the level of some important plant

nutrients (e.g., total N, available P and exchangeable K). In

majority of waste mixtures, the C:N ratio of manure was

within acceptable limit (1:20). The ratio of CMSW in

waste mixture was very important in terms of waste min-

eralization, and beddings with 40–60 % CMWS contents

showed the high rate of decomposition/mineralization rate.

Two-factor ANOVA suggested that composting duration

Table 7 Earthworm productions during vermicomposting process (mean ± SD, n = 3)

Vermibeds Mean initial biomass of

individual earthworm (mg)

Maximum individual

biomass achieved (mg)

Maximum individual

biomass achieved in

(weeks)

Net biomass at

the end (mg)

Maximum growth rate

(mg wt worm-1 day-1)

T1 278.7 ± 1.86 512.0 ± 1.53a 7 502.7 ± 8.96a 4.94 ± 0.02a

T2 289.0 ± 0.58 529.7 ± 2.60ab 7 495.0 ± 6.56a 4.91 ± 0.21a

T3 278.0 ± 5.19 593.3 ± 3.84c 6 547.7 ± 15.3b 7.51 ± 0.21b

T4 282.3 ± 3.92 623.3 ± 7.26d 6 557.3 ± 5.04b 8.12 ± 0.13bc

T5 258.7 ± 3.84 696.3 ± 6.83e 7 600.0 ± 14.5c 8.38 ± 0.12c

T6 282.0 ± 3.05 549.3 ± 9.06c 7 506.3 ± 4.84a 5.46 ± 0.24a

Mean value followed by different letters is statistically different (ANOVA; Tukey’s t test, p \ 0.05)

Table 8 Total cocoon production and mortality in E. fetida for different vermibeds (mean ± SD, n = 3)

Vermibeds Total cocoons

obtained at the end

Reproduction rate

(cocoon/worm)

Cocoon production

frequency (cocoons/week)

Biomass gained per unit

waste (mg/g)

Mean mortality rate (%)

in earthworms

T1 77.7 ± 6.06ab 3.95 ± 0.31a 9.71 ± 0.76ab 1.21 ± 0.006a 5.0 ± 2.87a

T2 106.0 ± 7.02b 5.70 ± 0.49b 13.25 ± 0.88b 1.20 ± 0.012a 6.67 ± 1.67a

T3 143.7 ± 6.56c 7.81 ± 0.22c 17.92 ± 0.82c 1.58 ± 0.044b 3.33 ± 3.33a

T4 167.0 ± 6.35c 8.35 ± 0.32c 20.88 ± 0.79c 1.71 ± 0.027b 3.33 ± 1.67a

T5 137.7 ± 6.33c 7.11 ± 0.21bc 17.21 ± 0.79c 2.05 ± 0.029c 8.33 ± 4.40a

T6 58.0 ± 5.86a 3.53 ± 0.36a 7.25 ± 0.73a 1.34 ± 0.058a 15.0 ± 0.0a

Mean value followed by different letters is statistically different (ANOVA; Tukey’s t test, p \ 0.05)
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and ratio of CMWS in waste mixture both affect the waste

mineralization rate in vermicomposting system, except for

a few parameters. The study provides a sound basis that

vermicomposting can be a potential technology to convert

the noxious community wastes into value-added material to

achieve sustainable urban solid waste management goal.
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