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Abstract: Growth in cattle population is associated with increased manure generation whose current
management in low-income countries is associated with health and environmental problems as
well as low utilization rates. This trend can be reversed by promoting better manure management
technologies. This study assessed vermicomposting as one of the technologies to manage organic
wastes, using the case study in Uganda. A vermicomposting system using cattle manure and
earthworms (Eudrilus euginea) was monitored for one year with the harvesting of products (compost,
earthworm biomass) after every three months. Vermicompost samples from the beginning of the
experiment and after every harvest were analyzed for the following parameters: pH, ash content,
volatile and total solids, nutrients N, P, K, and C. Emissions of CO2, CH4, NH3, and N2O were also
measured. Material flow analysis was used to determine the flows and retention of nutrients within
the system. Results showed that total solids, ash, N, P, and K content significantly increased, while
contents of volatile solids and C, as well as the pH, significantly decreased over time. Of the materials
that entered the vermicomposting system, 46% went to vermicompost, 2% into earthworms, and 52%
was lost to the atmosphere. Substance flow analysis showed that 30% of C went to vermicompost,
69% was emitted to the atmosphere, and 2% ended up in earthworms while 75% of N was transferred
to vermicompost, 7% went to earthworms, and 18% escaped into the atmosphere. The cumulative
emissions were 102 g CO2 kg−1 waste, 7.6 g CH4 kg−1 waste, and 3.943 × 10−5 g N2O kg−1 waste on a
dry basis, while NH3 was not detected throughout the measurement time. Compared to other manure
management methods, vermicomposting demonstrated good potential in conserving nutrients as
well as reducing greenhouse gas emissions.

Keywords: vermicomposting; cattle manure; material flow analysis; greenhouse gases

1. Introduction

Livestock is amongst the fastest growing agricultural subsectors in low and medium income
(LMI) countries [1]. This growth can be attributed to high demand for animal protein as a result of
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population increase and improvements in the economic wellbeing of the citizens of these countries [2].
Cattle farming, in particular, is of great importance across the globe. Taking the example of Uganda,
cattle population is growing at a rate of 3% per annum [3,4] leading to increased production of cattle
manure. Cattle manure has many uses; it improves soil properties, provides crop nutrients, and
acts as a source of energy and construction material [2]. However, studies from Uganda show that
many households, particularly in urban and peri-urban areas, do not use this manure as fertilizer but
solely discard it [5]. This poses a threat to both human health and the environment. According to
Teenstra et al. [2], improper manure management contributes up to 10% of the total livestock emissions.
This, therefore, calls for appropriate manure management strategies that reduce negative impacts on
the environment [6,7].

Vermicomposting, which is the biodegradation of organic wastes using earthworms and
microorganisms [8–10], has been reported as an effective and relatively inexpensive cattle manure
management technology [11,12]. The technology is also considered a bioecologically sustainable
process in which renewable biological resources with an added value are produced [13]. In this aspect,
vermicompost, a plant-nutrient-rich product [14], and earthworm biomass that can be used as animal,
poultry or aquaculture feed, are produced. Vermicomposting takes place in aerobic environments. In
the process, carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ammonia (NH3), and other
volatile substances are emitted by microbes [15]. Such emissions are detrimental to the environment
by contributing to global warming, eutrophication, and acidification of ecosystems [16]. Quantifying
these emissions aids in developing emissions mitigation measures [17] as well as improving the
accuracy of the parameters required for compost emission models [18]. These models, together with
life cycle assessment, can be useful tools in analyzing and reporting the environmental performance
of processes [19]. Gaseous emissions from vermicomposting of various substrates, such as sewage
sludge [20], agricultural wastes [21], vegetable waste, cattle manure, sawdust [22], duck manure [23],
fruit and vegetable home leftovers [24], woodchips [25], sheep manure [26], and household wastes [27],
have been looked at before. In Uganda, gaseous emissions (CH4, N2O, and NH3) from vermicomposting
systems using cattle manure as a substrate were analyzed by Komakech et al. [28]. However, in their
study, emissions were measured only once throughout the course of a single vermicomposting cycle.
Therefore, no information on the variation in emissions at different stages of vermicomposting was
obtained. This study was, therefore, done to address this gap.

Effective waste management cannot be achieved without a thorough knowledge of the material
flows into, within, and out of a waste management system and its processes [29]. A method to achieve
this objective is material flow analysis (MFA), which has been applied to analyze processes such
as composting facilities [30,31], water and wastewater treatment [32,33], and combined anaerobic
and pre-composting of household wastes [34]. However, there is scanty information on MFAs of
vermicomposting systems. Therefore, a vermicomposting experiment was performed, analyzed, and
validated through MFA. Specifically, the variation of physio-chemical parameters and gaseous emissions
in the vermicomposting units over time was monitored. The novelty of the study is represented by
the approach used in capturing the variation of key parameters during the vermicomposting period.
Results can guide farmers and agronomists on how to properly monitor their vermicomposting systems
and the expected nutrient compositions at different vermicomposting stages. On the other hand, waste
managers, environmentalists, and policymakers can be informed with the results of emissions and
nutrient distributions for better environmental management.

2. Materials and Methods

2.1. Experiments

2.1.1. Experimental Setup

The vermicomposting units were set up at Makerere University Agricultural Research Institute
Kabanyolo (MUARIK) (0◦28′06′′ N, 32◦36′24′′ E) which is about 15 km from the city center of Kampala,
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Uganda. The cattle manure used in the vermicomposting units was obtained from the dairy farm at
MUARIK. Vermicomposting units were constructed following the specifications by Lalander et al. [35]
as follows: Three units (for replication purposes) made from wooden pallet frames from Albizia coriaria
tree (local name Mugavu), each unit with a base pallet, two support pallets and a top pallet (Figure 1) of
uniform dimensions (1 m × 1 m × 0.3 m). The base pallet consisted of netting at the bottom to prevent
rodents from entering, and it was filled with bedding material to provide favorable conditions for the
earthworms. The top pallet was also covered by a netting together with a sisal sack to limit the amount
of light entering the units.
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under shade for one week to reduce both its ammonia content and temperatures) was added. The 
feeding frequency of cattle manure into the units was dependent on the consumption rate of the 
earthworms. The moisture content within the vermicomposting units was maintained at 60% to 70% 
by sprinkling water into the units. The experiment ran continuously for a year (December 2017–
December 2018), harvesting the products after every three months (12 weeks). Hence, the experiment 
covered four runs (R1, R2, R3, and R4), each run lasting three months (12 weeks). The period of three 
months is suggested by Mainoo et al. [36] and Yadav et al. [37] to be enough for the stabilization of 
vermicompost. The initial stock of earthworms that was used for starting the process was obtained 
from a vendor. The amount of cattle manure and water added was recorded. 

2.1.2. Sample Handling and Chemical Analysis  

All solid and liquid inputs (manure, worms, water) and outputs (vermicompost, worms) were 
measured directly by weighing using a GLOBE digital weighing scale model 821–018 (Adam 
Equipment Inc., Oxford, UK). For each run, the physio-chemical properties of cattle manure were 
measured at the start of the experiment and after every month (four weeks) until the end of the 
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composite samples were then packed in dry plastic zip lock bags and delivered to the laboratory for 
analysis. The physio-chemical properties analyzed were pH, total solids (TS), ash content, volatile 
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One kg of earthworms (Eudrilus euginea) was introduced into each vermicomposting unit to
provide an initial stocking density of 1 kg/m2. Then, into each unit, 10 kg of cattle manure (stored under
shade for one week to reduce both its ammonia content and temperatures) was added. The feeding
frequency of cattle manure into the units was dependent on the consumption rate of the earthworms.
The moisture content within the vermicomposting units was maintained at 60% to 70% by sprinkling
water into the units. The experiment ran continuously for a year (December 2017–December 2018),
harvesting the products after every three months (12 weeks). Hence, the experiment covered four
runs (R1, R2, R3, and R4), each run lasting three months (12 weeks). The period of three months is
suggested by Mainoo et al. [36] and Yadav et al. [37] to be enough for the stabilization of vermicompost.
The initial stock of earthworms that was used for starting the process was obtained from a vendor. The
amount of cattle manure and water added was recorded.

2.1.2. Sample Handling and Chemical Analysis

All solid and liquid inputs (manure, worms, water) and outputs (vermicompost, worms) were
measured directly by weighing using a GLOBE digital weighing scale model 821–018 (Adam Equipment
Inc., Oxford, UK). For each run, the physio-chemical properties of cattle manure were measured at the
start of the experiment and after every month (four weeks) until the end of the experiment. Five samples
were randomly taken and mixed to form a composite sample. The composite samples were then
packed in dry plastic zip lock bags and delivered to the laboratory for analysis. The physio-chemical
properties analyzed were pH, total solids (TS), ash content, volatile solids (VS), total organic carbon
(TOC), total Kjeldahl nitrogen (TKN), total phosphorous (TP) and total potassium (TK). These were
determined at the soil laboratory of the School of Agricultural Sciences at the College of Agricultural
and Environmental Sciences, Makerere University.

pH was determined by dissolving and stirring 10 g of a sample in distilled water and using a
digital pH meter model HI 96107 (Hanna Instruments, Padova, Italy) to indicate the pH of the solution
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after standing for one hour. TS was determined as the remaining weight after oven heating 10 g of a
sample at 105 ◦C for 16 h [38]. Ash content was determined as the remaining weight after heating
5 g of the oven-dried sample in a muffle furnace at 550 ◦C for 6 h [39]. VS was taken as the lost
weight after determining the ash content. TKN was determined following procedures as specified
by Okalebo et al. [40]. TOC was determined according to the method by Walkley and Black [41]. The
method involved adding 5.0 and 7.5 mL of aqueous potassium dichromate (K2Cr2O7) and sulfuric acid
(H2SO4), respectively, to 0.5 g of the prepared sample in a block digester tube. This was subsequently
placed in a pre-heated block at 145 ◦C to 155 ◦C for 0.5 h. After cooling, the digestate was titrated with
ferrous ammonium sulfate solution until a color change from green to brown was attained. The amount
of K2Cr2O7 consumed during the chemical reaction indicated the total organic carbon content of the
feedstock. TK was determined using a flame photometer after digesting an oven-dried sample for 2 h
at 360 ◦C, while TP was determined by an Atomic Absorption Spectrophotometer using procedures
from Okalebo et al. [40]. C/N ratio was obtained by dividing the total organic carbon composition of
the samples by their nitrogen content.

2.1.3. Emission Measurement

Emissions of carbon-dioxide (CO2), methane (CH4), ammonia (NH3), and nitrous oxide (N2O)
were measured using the static chamber method [23]. A cylindrical metallic drum with a height of
60 cm and an open bottom of diameter 57.5 cm was obtained and used as a chamber. On top of this
drum, a circular hole of about 5 mm diameter was drilled and used as the port for gas sampling.
During gas sampling, the drum was inserted about 2 cm deep into the surface of the vermicompost in
the units. The port was then tightly sealed using duct tape to avoid any gas leakage. After 30 min,
the gas sample concentration (C) was taken. A period of 30 minutes is reported to give more precise
results compared to the results of longer durations [27]. The concentration of the gas (C) was used to
calculate its emission rate, according to Chan et al. [27] using Equations (1)–(3).

Er =
C×MW ×V

0.08206× T ×A f ×D
, (1)

E f d =
[Er × 24

1000

]
×

Av

Mv
, (2)

E f =
∑

E f d × P, (3)

where Er = emission rate (mg h−1 m−2), C = concentration of the gas (ppm), MW = molecular weight
of the gas, V = volume of the air above the waste surface inside the drum (m3), 0.08206 = ideal gas
constant, T = temperature (K), Af = area of the waste surface inside the drum (m2), D = duration of
sampling (h), Efd = emission factor per day (g Mg−1 d−1), Av = total area of the vermicomposting unit
(m2), Mv = total mass of the waste in the vermicomposting unit (Mg), Ef = emission factor (g Mg−1),
P = vermicomposting period (d).

Gas samples were taken between 1200 and 1400 h since this time range comes with moderate
temperatures and hence, is suggested as representative of the entire day [42]. Gas concentrations for CO2,
NH3, and CH4 were analyzed on-site from each experimental unit using a Geotech gas analyzer model
GA5000 (Italy). For N2O, gas samples were taken using 60 mL syringes and brought to the laboratory at
the Department of Chemistry, College of Natural and Applied Sciences, Makerere University, Kampala,
Uganda. Samples were then analyzed using a Shimadzu GC-2030 gas chromatograph (Japan) following
procedures as specified by Ermolaev et al. [15]. Gas measurement was done at the end of every fourth
week (week 4, 8, and 12) for the four runs (R1, R2, R3, and R4). Gaseous emissions were then summed
up to give the cumulative emissions during the process of vermicomposting [23]. From the cumulative
emissions, global warming potential (GWP) of the vermicomposting system was calculated using
environmental factors of 1, 28, and 265 for CO2, CH4, and N2O, respectively [43].
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2.2. Statistical Analysis

The variation of physio-chemical properties of the vermicompost within runs and over time (week
of measurement) was analyzed using two-way ANOVA. In addition, the differences in runs and the
effect of the week of measurement on emission rates of different gases were also assessed using a
two-way ANOVA with GenStat (14th edition) software. Statistical tests were considered significant at
p < 0.05. If variation in effects was significant, Tukey test was used to determine the differences in
means amongst the runs.

2.3. MFA Modelling

Results from chemical analysis and weight measurement were used to perform a MFA of the
studied vermicomposting system. A MFA is the spatial and temporal systematic assessment of flows
and stocks of materials within a system or process [29]. In this study, a MFA was used to indicate
mass and nutrient distribution/retention within the vermicomposting system. This was executed
using STAN software. Within STAN, substance flows were determined by multiplying measured
substance concentrations by the corresponding material flows. Ash content, TP, and TK were taken as
representative of non-volatile substances [34]. Hence, their loss into the atmosphere was assumed to
be zero [34,44]. TS, VS, TOC, and TKN were considered volatile, and their loss to the atmosphere was
determined by STAN software. Standard errors of all measured parameters were used as uncertainties
in the software. Carbon and nutrient concentrations in water were assumed to be zero in all cases while
those of earthworms were based on literature values [35,45,46]. A temporal boundary of three months
was chosen, thereby corresponding to the duration of one harvesting period during the experiments.
The spatial boundary (Figure 2) was limited to one vermicomposting unit where consumption of
manure by earthworms took place. All mass/substance flows within the study were based on a wet
weight basis and were expressed in kg/a.
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3. Results and Discussions

3.1. Material Inflows and Outflows from the Vermicomposting System

The material flows in (cattle manure and water) and out (vermicompost and earthworm biomass)
of the vermicomposting process are shown in Table 1 for the different runs. For each run, one kg of
earthworms was initially added at the beginning of the vermicomposting process. Earthworm mass
had increased by a factor of 5.7 to 7.4 for the different runs at the end of the experiment. The amount
of cattle manure added to each run every week was increased up to week 9 due to the growth in the
worm population. However, the added amount was deliberately reduced in the 10th week of the
experiment to allow ample time for the complete consumption of all manure and for the harvest of
a homogenous product at the end of week 12. The earthworm biomass inoculum for R1 which had
previously been reared in a banana plantation, required about one week to acclimatize to the new
environment. This thus explains why no manure and water were added in week two for R1, unlike in
the other runs. For all runs, the water added each week varied depending on the moisture content
within the vermicomposting units and weather conditions of the day.

Table 1. Material inflow and outflow of the vermicomposting system for the four runs.

Week of
Feeding

Material Added

Cattle Manure (kg) Water (L)

R1 R2 R3 R4 R1 R2 R3 R4

1 10 10 10 10 1 1 1 1
2 0 12 12 15 0 2 2 2
3 15 18 20 22 3 4 4 4
4 30 24 30 35 4 3 2 2
5 36 39 40 42 6 3 2 4
6 40 46 44 46 5 3 3 3
7 53 51 54 52 5 4 4 2
8 57 58 59 58 4 3 3 4
9 63 60 62 63 6 7 7 6
10 23 25 30 30 3 3 4 3
11 − − − − − − − −

12 − − − − − − − −

Total 317 343 361 374 37 33 32 31

Mean harvested
vermicompost
(kg)

152.58a 166.02b 174.09bc 180.53c

Mean harvested
Earthworm
biomass (kg)

6.18a 7.30b 8.40bc 8.18c

Note: R1—Run one (December 2017–March 2018), R2—Run two (March–June 2018), R3—Run three (June–September
2018) R4—Run four (September–December 2018). Means with different letters in a row are significantly different
(p < 0.05).

The harvested vermicompost and earthworm biomass were both significantly different (p < 0.05)
across the four runs (Table 1). For all four runs, the amount of harvested vermicompost was about 52%
less than the added cattle manure. This is in agreement with Lalander et al. [35] who reported 46%
material reduction during vermicomposting of cattle manure and food waste. The weight reduction
may be attributed to degradation of cattle manure by earthworms, as reported by Ndegwa and
Thompson [47].
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3.2. Physio-Chemical Characteristics

The mean variation of physio-chemical parameters over time for the four runs is presented
in Table 2. Differences in physio-chemical properties were significant (p < 0.05) between weeks of
measurement but not significant (p > 0.05) between runs. There was also no significant (p > 0.05)
interaction between runs and weeks of measurement. The initial characteristics of cattle manure added
to the vermicomposting units are presented at week 0 while those of the harvested vermicompost are
presented at week 12. From Table 2, it can be observed that pH, TOC, VS, and C/N ratio significantly
decreased (p < 0.05) while TS, ash content, TKN, TP, and TK significantly increased (p < 0.05) over time.

Table 2. Variation of physio-chemical parameters with vermicomposting time.

Parameter
Time (weeks)

0 4 8 12

pH 8.05 ± 0.14a 7.70 ± 0.11b 6.92 ± 0.14c 6.43 ± 0.11d
TS (%) 21.52 ± 0.55a 23.66 ± 0.88b 27.79 ± 0.72c 30.26 ± 0.37d
Ash content (%DM) 18.69 ± 0.95a 23.93 ± 1.26b 30.52 ± 0.95c 34.77 ± 0.76d
VS (%DM) 81.31 ± 0.95a 76.07 ± 1.26b 69.48 ± 0.95c 65.23 ± 0.76d
TOC (%DM) 34.38 ± 0.73a 31.80 ± 0.90b 23.26 ± 0.75c 20.26 ± 0.39d
TKN (%DM) 1.44 ± 0.04a 1.55 ± 0.04b 1.82 ± 0.05c 2.13 ± 0.06d
C/N ratio 23.97 ± 0.74a 20.56 ± 0.51b 12.78 ± 0.36c 9.52 ± 0.35d
TP (%DM) 0.50 ± 0.05a 0.64 ± 0.03b 0.84 ± 0.03c 1.08 ± 0.03d
TK (%DM) 1.13 ± 0.08a 1.24 ± 0.05a 1.46 ± 0.10b 1.66 ± 0.18c

Note: Means with different letters within a row are significantly different (p < 0.05), DM—dry weight basis, TS—total
solids, VS—volatile solids, TOC—total organic carbon, TKN—total Kjeldahl nitrogen, TP—total phosphorous,
TK—total potassium.

The overall decrease in pH was about 20% which is more than the 15% and 14% reduction reported
by Yadav et al. [37] and Bhat et al. [48], respectively, during vermicomposting of cow dung. A fall in pH
during vermicomposting may be attributed to mineralization of phosphorus and nitrogen compounds
and production of fulvic and humic acids [47].

The overall increase in TS content was about 41%. This is in agreement with Lalander et al. [35]
who reported a 50% increase in TS content during vermicomposting of cattle manure and food waste.
An increasing TS content (reduction of moisture) is indicative of the progress in composting [49], which
may be attributed to a high consumption rate of cattle manure by earthworms, thereby making it
friable [50].

There was a 20% total decrease in VS content from week 0 to week 12. This decrease is lower than
the 58% reported by Lalander et al. [35] during vermicomposting of cow manure and the 33% reported
by Varma et al. [51] during vermicomposting of water hyacinth and cow manure. A reduction in VS is
attributed to the bioconversion of waste material by earthworms, and it indicates the degree of maturity
of the product [47]. This thus shows that the harvested vermicompost for this study was matured.

The overall decrease in TOC was about 41%. This was higher than the 36% and 21% reduction
reported by Yadav et al. [37] and Xie et al. [52], respectively, during vermicomposting of cow dung. The
decrease in the amount of carbon may be attributed to its role as an energy source for both earthworms
and microorganisms [53].

TKN in vermicompost was about 48% more than that of initial cattle manure (Table 2).
This was comparable to the 49% increase reported by Bhat et al. [48] but lower than the 237%
reported by Yadav et al. [37] during vermicomposting of cattle dung. Increase in total nitrogen
content of vermicompost may be attributed to earthworm activity, such as the addition of
mucus, growth-stimulating hormones, nitrogenous excretory substances, and microbe mediated
transformations [48]. The further increase in nitrogen content in the last weeks of the experiment
(Table 2) could be attributed to decomposing earthworms as proposed by Atiyeh et al. [54]. Furthermore,
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an increase in nitrogen content over time may also be attributed to a decreasing pH since nitrogen is
easily lost as volatile ammonia at high pH values [55].

This study established an overall C/N ratio reduction of about 60%. This is lower than the 81%
but greater than the 35% and 25% reduction reported by Yadav et al. [37], Taeporamaysamai and
Ratanatamskul [56], and Xie et al. [52], respectively during vermicomposting of cow dung. A fall
in C/N is associated with a loss of carbon as well as an increase in TKN. C/N ratio is an indicator
for the maturity of compost/vermicompost [57] and usually values <12 signify compost maturity
and stabilization [58]. Hence, it is indicated from the C/N ratio of 10 obtained in week 12 that the
vermicompost at the end of the experiments reached full maturity (Table 2).

TP registered an overall increase of about 120%. This is more than the 83% and 99% increase
reported by Bhat et al. [48] and Yadav and Garg [12], respectively, during vermicomposting of cow
dung. The increase in TP may be attributed to the presence of earthworm gut phosphatase, and
phosphorous solubilizing microorganisms in the worm casts that enhance the release of phosphorus
in various forms [59]. Ghosh et al. [60] reported the presence of phytase enzymes in vermicompost
that also enhances mineralization of phosphorus as time progresses. In addition, mineralization and
mobilization of organic matter by the combined effect of microorganisms and fecal phosphate activity
of earthworms probably increases TP content in the final vermicompost [12]. These factors could thus
have caused an overall increase in TP.

The overall increase in TK was about 47% which is greater than the 31% and 34% increase reported
by Yadav and Garg [12] and Lalander et al. [35], respectively. The increase in TK could be attributed
to the solubilizing of insoluble potassium as a result of acid production by microorganisms [61]. TK
content within vermicompost is also directly related to phosphatase enzymes present in the digestive
systems of earthworms and bacteria [62]. In addition, the gut of an earthworm has a big population of
microflora which could enhance the release of potassium in vermicompost [63]. These factors could
thus have contributed to an overall increase in TK over time.

3.3. Gaseous Emissions

The change in the mean composition of gaseous emissions over the course of the experiment is
shown in Table 3. A two-way ANOVA indicated that there was no significant difference (p > 0.05) in
the composition between the different runs but a significant difference (p < 0.05) in the different weeks
of measurement. CO2 increased by 1.1% from week 4 to week 8 and then decreased by 0.8% from
week 8 to week 12. CH4 was highest in week 4, decreased slightly by 0.06% in week 8, and further
decreased by 0.06% in week 12. The concentration of N2O was greatest in week 4, decreased in week 8
by 2.25 ppm, and was not detected in week 12. The same trend was observed for the emission factors
(Figure 3). The cumulative emission factors were 102 g CO2 kg−1 DM, 7.6 g CH4 kg−1 DM, and 40 mg
N2O kg−1 DM.

Table 3. Composition of gaseous emissions during vermicomposting time.

Week of Measurement CO2 (%) CH4 (%) N2O (ppm)

Week 4 0.32 ± 0.01a 0.21 ± 0.01a 5.25 ± 0.45a
Week 8 1.42 ± 0.01c 0.15 ± 0.01b 3.00 ± 0.00b

Week 12 0.61 ± 0.01b 0.09 ± 0.01c ND

Means with the same values in a column are not significantly different (p > 0.05), ND—not detected.

Ammonia (NH3) emissions were not detected during the measurement period for the four runs.
This could be attributed to relatively low temperatures and pH throughout the experiment. According
to Velasco-Velasco et al. [26], ammonia volatilization is promoted by relatively high temperatures and
pH, and this usually occurs in the first week of vermicomposting. High temperatures (>45 ◦C) and pH
(>9) promote NH3 volatilization due to an inhibition of nitrification [22]. However, vermicomposting is



Sustainability 2019, 11, 5173 9 of 17

a mesophilic process (<30 ◦C) implying that NH3 volatilization is less likely to occur [64]. The absence
of NH3 emissions in this study could also be associated with the high earthworm density in the
vermicomposting units. In their experiment measuring gaseous emissions during vermifiltration of
pig slurry, Robin et al. [65] reported an absence of NH3 emissions in their units, and this was attributed
to the presence of a big earthworm population.
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Emissions of methane (CH4) decreased over time. The high CH4 content in week 4 may
be attributed to low oxygen concentrations resulting from the relatively high moisture content
of the cattle manure substrate in the vermicomposting units compared to the other weeks with
measurements (Table 3). Low oxygen content and high moisture content cause anaerobic conditions
in vermicomposting units, hence stimulate the development of methanogenic bacteria that produce
CH4 [66,67]. A reduction in the CH4 concentration in week 8 and further in week 12 may be attributed
to an increase in the earthworm population. The burrowing activity of earthworms increases aeration,
which inhibits those anaerobic conditions in which CH4 producing methanogens would thrive [23].
Earthworms also fragment large substrate particles and hinder the development of anaerobic conditions
that promote methane production [20]. The cumulative CH4 emissions measured in this study (7.6 g
CH4 kg−1 DM) were greater than the 0.011 g CH4 kg−1 DM reported by Komakech et al. [28] during
vermicomposting of cow manure and food waste. This could be the result of higher uncertainty since
measurements were performed only on a single day by Komakech et al. [28].

Emissions of nitrous oxide (N2O) decreased over time. This may be attributed to an increasing
density of earthworms within the vermicomposting units. The burrowing action of these earthworms
reduces anaerobic denitrification processes within the earthworm guts, hence reducing N2O
emissions [27]. The decrease in emissions of N2O by earthworms may also be as a result of the
earthworms gut content being lower in available nitrogen than the fresh organic matter that was
added [65]. In addition, Wang et al. [23] reported that the addition of earthworms in treatment units of
duck manure reportedly decreased cumulative N2O emissions by 7% when compared to units with no
earthworms within a comparative period of 45 days. The cumulative N2O emissions of this study
were higher than the 7.5 mg kg−1 DM [22] but lower than 180 mg kg−1 DM [23] measured during
vermicomposting of vegetable waste and duck manure, respectively. This could have been caused by
the lower nitrogen content of cattle manure (1.4%) used in this study compared to that of duck manure
(2.3%) as reported in Wang et al. [23].

The low concentrations of CO2 at the start of the experiment may be attributed to the then low
rate of biological degradation of organic matter [68]. After the initial decrease in CO2 concentration,
it increased. This was probably caused by earthworms facilitating the enzymatic and microbial
degradation of organic matter resulting in the transformation of wastes into organic humic forms
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with a significant release of CO2 [67]. The decrease in CO2 emissions in week 12 of this study may
be attributed to stabilization of the compost as reported by Nada et al. [25]. The cumulative CO2

emissions obtained in this study (102 g CO2 kg−1 DM) were less than the 264 g CO2 kg−1 DM reported
by Wang et al. [23] during vermicomposting of duck manure. This might have been caused by the
addition of red straw in the duck manure vermicomposting system which caused longer durations of
higher temperatures, in turn, promoting duck manure decomposition [23] and high CO2 emissions.

From the cumulative emission factors (Figure 3) and using the environmental factors of 1, 28, and
265 for CO2, CH4, and N2O, respectively [43], the study established a total GWP of 324 kg CO2 eq t−1

waste. From active composting of feedlot cattle manure, Hao et al. [69] reported a GWP of 401.4 kg CO2

eq t−1 waste. During composting of straw bedded and wood-chip bedded cattle manure, Hao et al. [70]
reported GWP of 368.4 kg CO2 eq t−1 waste and 349.2 kg CO2 eq t−1 waste, respectively. On the other
hand, GWP from dairy cattle manure composting, stockpiling, and anaerobic digestion (slurry) was
605.08 kg CO2 eq t−1 waste, 741.4 kg CO2 eq t−1 waste, and 605 kg CO2 eq t−1 waste, respectively,
after three months of evaluation [71]. The GWP from beef cattle manure management using the same
management methods for the same evaluation period were 388.2 kg CO2 eq t−1 waste, 433.81 kg
CO2 eq t−1 waste, and 372.18 kg CO2 eq t−1 waste, respectively [71]. It can thus be concluded that
vermicomposting is a better cattle manure management technology in terms of mitigating greenhouse
gas emissions.

3.4. Material and Substance Flows

The MFA was based on the average mass flows (Table 1) and average nutrient composition of
cattle manure (week 0) and vermicompost (week 12) for the four runs as indicated in Table 2. The
nutrient composition of earthworms was derived from literature, as shown in Table 4.

Table 4. Nutrient composition of African nightcrawlers (Eudrilus eugenia).

Units TS VS TC Ash
Content

TKN TP TK

%DM 14.5 70.0 ± 0.2 36.8 ± 1.8 30.0 7.4 ± 0.1 0.87 0.96
g/kg ww 145 102 ± 0.0 53.42 ± 2.6 43.5 10.73 ± 0.2 1.39 1.26

Reference [35] [35] [35] based
on [46]

[35] [35] [45] [45]

DM—dry weight basis; ww—wet weight basis; TS—total solids; VS—volatile solids; TC—total carbon; TKN—total
Kjeldahl nitrogen; TP—total phosphorous; TK—total potassium.

Resulting material flows are shown in Figure 4 for mass flows and Figure 5 for TOC and TKN
flows. The MFAs for VS, TK, TP, and ash content are shown in the Supplementary Materials.
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The MFA showed results with low uncertainties (< ± 15%) for all the flows except for N emissions
into the atmosphere with an uncertainty of 25.6%. A total wet weight (ww) of 384 kg of materials
(cattle manure, water, and earthworm biomass) entered into the vermicomposting unit of which 46%
was transformed into vermicompost, 2% into earthworm biomass, and 52% was lost to the atmosphere
in the form of various gases. Through data reconciliation and error propagation performed by the
software STAN based on all the inputs of materials and substances as well as their outputs, the
predicted mean output of vermicompost was about 178 kg as opposed to a mean of 168 kg of the four
runs (6% increase). This may be attributed to precision errors by the weighing scales used in the field.
On a dry weight basis, 75.33 kg of total solids entered into the vermicomposting system of which
72% was transformed into vermicompost, 28% lost to the atmosphere, and 0.2% was transformed to
earthworm biomass. About 89% of weight was lost to the atmosphere in the form of water vapor. The
flows of nutrients within the vermicomposting systems are shown in Table 5. Inputs are shown as total
kilograms/year and transferred in percentage to the outputs.
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Table 5. Distribution of nutrients in the vermicomposting system.

Variable Ash TOC VS
Nutrients

N P K

Input material (kg) 13.75 25.95 61.35 1.1 0.41 0.75
Vermicompost (%) 97.63 29.97 40.83 74.55 97.62 98.69
Earthworm biomass (%) 2.37 1.54 1.24 7.27 2.38 1.31
Off gas (%) 0 68.49 57.93 18.18 0 0
Sum (%) 100 100 100 100 100 100

The calculated N loss of 18.18% to atmosphere is less than the 22.2% reported by Nigussie et al. [22]
during vermicomposting of cattle manure and vegetable waste. However, the calculated C loss of
68.49% is greater than the 45.5% reported by Nigussie et al. [22]. Of the C losses, 30% was in the
form of CO2, and 2.2% was lost as CH4. Of the N losses, only 0.28% was lost as N2O. However, it
is assumed that most of the lost nitrogen to the atmosphere is in the form of N2 with no impact on
the climate [30,72]. The C and N losses that are not accounted for may be attributed to the difficult
collection of homogeneous and representative samples for gaseous emissions over a long period [73].
There is also the possibility that gaseous emissions were emitted before the start of the monitoring
campaign and in-between the sampling. Furthermore, Whittaker et al. [74] recently reported that the
static chamber technique may not completely account for spatial and temporal gaseous variations
which may lead to an underestimation of emission rates. Possibly C and N were also lost via volatile
compounds [72].

The nitrogen loss uncertainty (±25.6%) is less than that reported by Jensen et al. [34] of
126% uncertainty for N emission to the atmosphere during combined dry anaerobic digestion
and post-composting of household wastes. This high uncertainty was associated with few and
uncertain measurements of N emissions. Hence, they suggested that frequent emission measurements
onsite would reduce these uncertainties. When compared to other manure management methods
(Table 6), vermicomposting proved to enable high retention of nutrients. Higher losses of carbon to
the atmosphere in this study (68.52%) are most likely due to easily degradable initial C content in
cattle manure.

Table 6. Nutrient losses associated with other manure management methods.

Substrate Management
Method

C Loss (%
Initial C)

N Loss (%
Initial N)

P Loss (%
Initial P)

K Loss (%
Initial K) Reference

Cattle manure Windrow composting 75% 60% NA NA [73]
Solid cattle manure Stockpiling 59% 31% NA NA [75]
Solid cattle manure Composting 67% 46% NA NA [75]
Beef cattle feedlot manure Stockpiling 37.5% 22.5% 6.7% NA [76]
Beef cattle feedlot manure Composting 66.9% 46.3% 30% NA [76]
Cattle feedlot manure Composting 35%–53% 12%–42% NA NA [70]
Dairy cattle manure Windrow composting 74%–79% 26%–43% 21%–38% 25%–39% [77]

NA—Not analyzed, C and N losses were to the atmosphere; P and K loses were through leaching and runoff.

4. Conclusions

Vermicomposting showed a higher potential in retaining nutrients within cattle manure than
other manure management methods, such as composting, stockpiling, and anaerobic digestion.
In addition, a product (vermicompost) rich in macronutrients N, P, and K was produced. In terms of
environmental performance, gaseous emissions associated with vermicomposting were low compared
to other methods of manure management, such as composting and stockpiling. This, in turn, leads
to low GWP, hence protecting the environment from adverse effects of climate change. It can thus
be concluded that vermicomposting can be adopted as an environmentally sustainable manure
management technology. Vermicomposting is also an economically sustainable technology as the
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major costs involved are associated with training personnel to run the system effectively as well as
labor costs. However, more research is required to establish the exact economics in terms of costs and
benefits of vermicomposting systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/19/5173/s1,
Figure S1: Substance flow analysis of (a) TP and (b) TK of the vermicomposting system. Figure S2: Substance flow
analysis of (a) VS and (b) ash content of the vermicomposting system.
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