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HIGHLIGHTS GRAPHICAL ABSTRACT

e Forty-four variables were evaluated
during 120 days of vermicomposting.

e The first 45 days characterized the
initial vermicomposting phase.

e The largest physical-chemical changes
occurred in the final phase.

e At least 120 days are required to pro-
duce earthworm matrices.
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e The dissolved organic matter aroma-
ticity was modified by
vermicomposting.
ARTICLE INFO ABSTRACT
Keywords: Vermicomposting is a biological process for efficient cattle manure treatment, but the vermicomposting time
Cattle manure determines the quality of the vermicompost. The objective of this study was to evaluate the effect of cattle

Eisenia andrei

Nutrient

Organic matter aromaticity
Infrared spectroscopy

manure vermicomposting time on earthworm biomass and the changes in physical, chemical, and biological in
properties of the vermicompost. The cattle manure was inoculated with Eisenia andrei earthworms and conducted
vermicomposting for 0, 15, 30, 45, 60, and 120 days. The analysis of 44 chemical, physical, and biological
properties allowed the vermicomposting process to be divided into initial (<45 days) and final (45-120 days)
phases. The initial phase was characterized by high microbial activity and the final by high physical-chemical
transformation of the vermicompost and an increase in earthworm density. The organic matter aromaticity
increased until the 45th day, subsequently decreasing. Although 30 d of vermicompost are sufficient to obtain a
high-quality organic fertilizer, 120 d are necessary for producing matrices.

* Corresponding Author.
E-mail address: rodrigo@ufsm.br (R. Josemar Seminoti Jacques).

https://doi.org/10.1016/j.biortech.2021.126572
Received 22 October 2021; Received in revised form 6 December 2021; Accepted 10 December 2021

Available online 15 December 2021
0960-8524/© 2021 Elsevier Ltd. All rights reserved.


mailto:rodrigo@ufsm.br
www.sciencedirect.com/science/journal/09608524
https://www.elsevier.com/locate/biortech
https://doi.org/10.1016/j.biortech.2021.126572
https://doi.org/10.1016/j.biortech.2021.126572
https://doi.org/10.1016/j.biortech.2021.126572
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2021.126572&domain=pdf

R. Ferraz Ramos et al.

1. Introduction

The increasing global demand for animal protein has resulted in the
intensification of confined livestock farming (Gilbert et al., 2021).
Consequently, large amounts of cattle manure are produced in small
areas, and appropriate environmental residue management is a problem
in many countries (Udo et al. 2011). Well-treated and managed cattle
manure is rich in plant nutrients (Powers et al., 2019; Rini et al., 2020).
Furthermore, organic fertilization under technical criteria has other
benefits, including nutrient cycling and less use of chemical fertilizers,
which are expensive and made from non-renewable, polluting sources
(Li et al., 2017). However, insufficient treatment of organic waste may
cause nitrogen losses through volatilization, eutrophication, and envi-
ronmental contamination with pathogens, antibiotics, heavy metals,
among other consequences (Lazcano et al., 2008; Ali et al., 2021).

Vermicomposting is an economical and environmentally friendly
method to treat this residue (Cao et al., 2021). Ingestion and fragmen-
tation of the organic substrate occur along with material volume
reduction at the beginning of the vermicomposting process, character-
ized by intense earthworm activity (Dominguez et al., 2017). In this
phase, earthworms and the microbial community preferably use easily
assimilable molecules (simple carbohydrates, peptides, proteins, vita-
mins, etc.), while structurally complex (recalcitrant) molecules tend to
accumulate in the substrate (Gomez-Brandon et al., 2019). Microor-
ganisms perform a predominant role during the vermicomposting
maturation phase, continuing the transformation of organic compounds
digested by earthworms (Gomez-Brandon et al., 2020). As a result, the
vermicompost produced has high levels of organic matter, nutrients, and
plant growth-promoting substances produced by earthworm enteric
bacteria, making it an excellent fertilizer (Banerjee et al., 2019).

One of the less-studied variables of vermicomposting is the degree of
organic matter aromaticity owing to the need for complex spectral
methods including specific ultraviolet absorbance (SUVA) and Fourier-
transform infrared spectroscopy (FT-IR) (Zhu et al., 2016; Bhat et al.,
2017; Che et al. 2020). However, these spectral methods are essential for
understanding transformations promoted by earthworms and microor-
ganisms in the substrate through the different vermicomposting phases.
For example, Zhu et al. (2016) observed an increase in organic matter
aromaticity throughout the vermicomposting process using FT-IR
analysis.

Although vermicomposting is a traditional process, few studies have
analyzed chemical, physical, and biological changes, including the
aromaticity of organic matter, that occur in the substrate during a long
period of vermicomposting. Vermicompost is normally produced and
marketed after a production period of only 40-60 days (Che et al., 2020;
Rini et al., 2020), and most previous studies evaluated changes in
nutrient availability occurring during a short vermicomposting process
(<60 days). However, the knowledge of changes in several properties of
substrate and in earthworm biomass during a longer period of vermi-
composting helps determine when this process should take place to meet
the interest of the producer. Ultimately, the variation in vermi-
composting time will determine the quality of the vermicompost and
amount of earthworm biomass produced.

This is particularly important as there is a growing demand for
earthworm biomass in manufacturing feed (e.g., fish farming and
poultry activities) and matrices for urban vermicomposting. Only a few
studies have evaluated the best time for vermicomposting to obtain high
earthworm biomass (Tedesco et al., 2020). Therefore, the aim of the
study was to evaluate the effect of cattle manure vermicomposting time
on earthworm biomass and the changes in the physical, chemical, and
biological properties of the vermicompost.
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2. Material and methods
2.1. Substrate and earthworms

Vermicomposting was conducted using confined cattle manure
without anti-parasitic treatment. The manure was stored in the dark for
15 days in polypropylene bags; then, 4.0 kg samples were placed into a 5
L vermireactor (20 x 20 x 28 c¢cm) and inoculated with 20 adult Eisenia
andrei individuals (equivalent to 5,000 earthworms per rn’z).

2.2. Experimental design and vermicomposting

The experiment was a randomized design with six treatments and six
repetitions. Treatments were defined by vermicomposting time: O (sub-
strate), 15, 30, 45, 60, and 120 days. Thus, 36 vermireactors were
maintained at 28 °C (£2.0), and their humidity was maintained at ~
75% of the field capacity by adding water, as necessary. Earthworms
were inoculated onto the surface of cattle manure and covered by
nonwoven fabric to prevent light exposure. Six experimental units were
removed on each of the abovementioned dates to analyze earthworm
density, and 500 g substrate samples were homogenized and stored at
—20 °C to evaluate microbiological variables. Another 500 g sample was
dried in an oven at 65 °C until a constant mass was achieved, sieved, and
then used to determine the chemical and physical variables.

2.3. Biological analyses

The density of adults, juveniles, and cocoons was determined for
each vermireactor by manual counting. Fresh biomass was determined
before earthworms were killed by gradual temperature reduction and
freezing. Subsequently, earthworms were dried in a forced-air oven at
68 °C until reaching constant mass to determine the dry mass of juve-
niles and adults and total dry mass. The reproduction rate was calculated
as the relationship between the number of cocoons and adult earth-
worms in each vermicomposting time. The relative growth rate in each
vermicomposting time was calculated as the individual biomass of adult
earthworms in the initial substrate (~410 mg ind™), given per Eq. 1:

Xtx — Xti
Ntx

Growthrate =

Where: Xtx is the average biomass (mg) in x time, Xti is the average
initial biomass (mmg), and Ntx is the time (days) from the beginning of the
vermicomposting process.

The vermicompost microbial activity was determined as the CO5
production in 20 g of wet-mass samples incubated in hermetically sealed
flasks for 6 h at 28 °C. The produced CO, was captured using 0.1 M
NaOH, titrated with standardized HCl (0.02 M), after adding phenol-
phthalein and excess BaCl, (Anderson, 1982).

2.4. Physicochemical analysis of the vermicompost

The vermicompost wet mass was determined by weighing the con-
tent of each vermireactor and was dried in an oven at 65 °C until a
constant mass was achieved (Embrapa, 2017). The pH (water, 1:1) and
electrical conductivity (EC) (water, 1:10) of dry substrate samples were
determined. The Ca, Mg, Cu, Zn, Fe, Ni, Cr and Pb were determined in an
atomic absorption spectrophotometer (AAS, VarianSpectrAA-600,
Australia), K was determined using a flame photometer (DM62, Dig-
imed, Brazil), and P was determined using a spectrophotometer
(SF325NM, Bel Engineering, Italy). The N and C contents were deter-
mined in an elemental analyzer (Flash1112, Thermo Finnigan, Italy) The
NH4" and NO3~ + NO, content was determined using the micro-
Kjeldahl method. The bulk density (BD) of the substrate was deter-
mined using the beaker method (Jain et al., 2018).

The Zhu et al. (2016) method was modified to determine the dis-
solved organic carbon (DOC) and dissolved organic nitrogen (DON)
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content in the vermicompost. Fresh samples were diluted with distilled
water (1:10 solid/water ratio) and mixed for 16 h using a horizontal
agitator (200 rpm) at 27 °C. After decanting samples for 2 h, the su-
pernatant was extracted and filtered through 0.45 pm membranes to
remove solid particles. The filtrate DOC and DON were determined
using a total organic carbon (TOC) analyzer (Shimadzu TOC-LCPN,
Japan). The C/N and C/P ratios were calculated as per Biruntha et al.
(2020), and the dissolved C/N ratio was calculated as the ratio between
DOC and DON contents.

2.5. Infrared and ultraviolet visible absorbance spectroscopy

Ultraviolet visible absorbance (UV-VIS) spectroscopy was performed
with a spectrophotometer (Shimadzu UV-Vis Spectrophotometer UV-
2600, Kyoto, Japan) in the wavelength range of 200-800 nm. All solu-
tions were diluted to DOC concentrations of 1 mg mL ™. The specific UV
absorption was determined by normalizing the UV absorbance at 254
nm (SUVAjsy) to the corresponding concentration of DOC and UV cell
path length. E4/E6 was the ratio of absorbance measured at 465 and
665 nm. FT-IR spectra were recorded on a Bruker VERTEX 70 spectro-
photometer in the 4000-400 cm ™! region (4 cm ™! of resolution; 64 scans
were performed on each sample). The pallets were obtained by pressing
a finely ground mixture of 3 mg of vermicompost and 100 mg of dried
KBr (spectroscopic grade) under reduced pressure.

2.6. Data analysis

Statistical analyses were performed under the R statistical
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environment (R Core Team, 2019). Analysis of variance followed by the
Tukey test were used to determine the significant difference at a 95%
confidence level using the ExpDes.pt package (Ferreira et al., 2018).
Spearman correlation coefficient (P < 0.01) of quantitative variables
was conducted, and the correlation matrix was generated using the
corrplot package of R (Wei and Simko, 2017). Finally, principal
component analysis (PCA) was conducted using the Stats package.

3. Results and discussion

This study provides additional evidence on the use of cattle manure
in vermicomposting processes to reduce environmental impact and
obtain a high-quality fertilizer and high earthworm biomass. Changes in
vermicompost quality, that is 44 chemical, physical, and biological
properties of the organic fertilizer, and earthworm population during
120 days of vermicompost were analyzed. Among which stand out
complex spectral methods to assess changes in the aromaticity of organic
matter. Unlike most studies already performed, analyses occurred over
short time intervals of up to 60 days of vermicomposting, and a final
analysis was performed at 120 days. This is a longer period of vermi-
composting compared with that reported by most studies (<60 days).

3.1. Microbial activity and earthworm population dynamic

The vermicomposting process can be divided into an initial and a
final phase based on earthworm density and microbial respiration
(Lazcano et al., 2008; Garcia-Sanchez et al., 2017). The initial phase
persisted for 45 days and was characterized by high microbial activity
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Fig. 1. (A) Basal respiration and dry mass of the vermicompost, (B) adult and juvenile earthworm density, (C) number of cocoons and reproduction rate, (D) adult
and juvenile earthworm biomass, (E) growth rate and total earthworm biomass, and (F) adult and juvenile biomass of Eisenia andrei during 120 d of cattle manure
vermicomposting. Dots correspond to mean values + standard error. The means followed by the same letter are not significantly different (Tukey’s test, P < 0.05).
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(average of 23 mg C-CO, kg'lh’l, P < 0.0001) (Fig. 1A) and showed no
significant changes in adult and juvenile earthworm populations
(Fig. 1B). The final phase was from the 45th to the 120th day and was
characterized by an ~ 45% reduction in microbial activity (average of
15 mg C-CO, kg'h™!, P < 0.0001) and dry mass of vermicompost
(Fig. 1A) and a steep increase in earthworm cocoon population in the
vermicompost (Fig. 1C).

A previous study showed a high earthworm activity in the initial
phase due to ingestion, mechanical fragmentation, and substrate
degradation, increasing the particle surface area and stimulating mi-
crobial activity (Dominguez et al., 2010). The final phase of vermi-
composting is characterized by reduced earthworm and microorganism
activity because of the low availability of fresh residues and increases in
recalcitrant organic matter (Gomez-Brandon et al., 2020; Santana et al.,
2020).

Nevertheless, the results showed that the highest adult, juvenile, and
earthworm cocoon populations (P < 0.0001) occurred in the final phase.
Data from Fig. 1D-E show that earthworms with high body mass increase
during the first 15 days (Fig. 1D, mg per adult d!) because of intense
substrate degradation. After reaching ~ 600 mg ind™! (Fig. 1D, the initial
body mass was ~ 410 mg ind}), the earthworms directed resources
toward reproduction, causing an increase in cocoon production (Fig. 1C,
cocoon per adult) between day 15 and 45. Hence, an increase in the
number of juvenile earthworms after 45 days and adults from 60 days
was observed (Fig. 1B). The earthworm population increase observed at
the end of the vermicomposting process occurred because of high sub-
strate degradation by earthworms in addition to increases in biomass
(Fig. 1E-F) and reproduction during the initial phase.

Population density is a significant variable to determine the ade-
quacy of an organic substrate as earthworm food (Tedesco et al., 2020).
A steep increase in the number of adults, juveniles, and cocoons was
observed between the initial population and that after 120 days. The
adult population increased 3.8 times, reaching 19,000 ind m 2 (Fig. 1B).
The juvenile population reached 15,000 ind m™2 (Fig. 1B), and the
cocoon production increased to ~ 87,000 cocoons m—2 (Fig. 1C).
Lalander et al. (2015) observed maximum densities of 3,086 adults m~2
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and 12,344 juveniles m~2 after 109 days, 83% and 18% lower than those
observed in this study, respectively. In addition, it was possible to pro-
duce ~ 19 kg of fresh earthworm biomass (Fig. 1E), being ~ 14 kg of
adult earthworm biomass (Fig. 1F) in 120 days of vermicomposting.
Thus, our results demonstrated the adequacy of cattle manure as
earthworm substrate and that vermicomposting must last at least 120
days to promote earthworm production. Garcia-Sanchez et al. (2017)
also observed that the maximum density of E. andrei was achieved on the
120th day of vermicomposting in different organic residues.

Earthworms can be used for diverse objectives; live matrices can be
sold for bio-transforming organic residues and feeding animals, such as
poultry, birds, and frogs. It is also possible to transform earthworms into
high-protein animal feed (Chachina et al., 2015; Bhat et al., 2018;
Santana et al., 2019; Tedesco et al., 2019). Furthermore, studies have
shown the potential for producing mealworms for human consumption
(Sun and Jiang 2017; Tedesco et al., 2019, 2020).

3.2. Physical-chemical characteristics of vermicomposting and correlation
analysis

After 120 days, earthworm activity changed 19 out of 27 phys-
ical-chemical variables (Table 1). Only moisture (P = 0.8492), pH (P =
0.9842), dissolved organic carbon (P = 0.2067), nitrogen (P = 0.2486),
iron (P = 0.8478), nickel (P = 0.9999), chrome (P = 0.8121), and lead
(P = 0.9822) content did not differ significantly during 120 days of
vermicomposting. Moisture remained stable during vermicomposting,
with an average of 78% (w/w). These values help explain the success of
this vermicomposting process. Santana et al. (2020) affirmed that a 78%
moisture content (w/w) during grape pomace vermicomposting was
adequate for developing E. andrei. The substrate dry mass decreased by
35% (m/m) during the 120 days, while the bulk density increased by
34% (m/v). The increase in bulk density relates to the increase in
organic compound decomposition and a disproportionate reduction
between the substrate mass and volume (Jain et al., 2018). The treat-
ment of organic residues aims to decrease the substrate mass and volume
because it increases nutrient concentration and commercial value and

Table 1

Chemical and physical variables of fresh cattle manure and samples vermicomposted for 15, 30, 45, 60, and 120 d. Mean values =+ standard error are presented.
Attribute Manure Worm-processed material (days) A (%)

15 30 45 60 120 0-45 45-120 Limits?

Humidity (%) 77.6 £ 0.4 ns 77.8 £ 0.4 78.4 £ 0.6 77.3 £ 0.6 77.5 £+ 0.9 77.7 £ 0.4 - 0.4 0.5 -
VM (g / vermireactor dw) 924+ 0.0a 878 + 5.3b 777 £+ 5.6¢ 679 + 5.4d 669 +7.1d 490 + 10.4 e —26.9 —-27.2 -
Bulk density (g cm ) 0.38 + 0.0c 0.40 £ 0.0 be 0.46 + 0.0 ab 0.48 £ 0.0a 0.48 £0.0a 0.51 £0.0a + 26.4 + 6.8 -
pH 8.2+ 0.2ns 8.2+ 0.0 8.1 +£0.0 8.2+0.0 8.2+ 0.0 8.3+0.0 —0.07 +1.29 >6
EC (mS cm’l) 2.2 +0.0c 2.3 +0.1 be 2.3 +£0.1 be 2.4 + 0.0 be 2.4 + 0.0b 27+0.1a + 8.9 +14.9 -
OM (%) 84.7 £ 0.3a 81.3+ 1.7 ab 79.9 + 1.1 be 80.2 + 0.5 be 78 £1.1 be 76.6 + 0.3c - 5.3 — 4.4 -
TOC (g kg Ldw) 3942 +5.7a 372.7 £ 4.7 ab 370.5 + 2.7 ab 361.2 + 2.5 be 351.4 +10.1 be 341.3 + 5.6¢ — 8.4 —55 >100
Total N (g kg’1 dw) 26.4 + 0.5 be 27.5 + 0.6 ab 29.1 £03a 289 +0.2a 29.4+04a 24.8 +£ 0.9¢ +9.2 —14.2 >5
C / N ratio (total) 15+ 0.4a 13.6 £ 0.2 be 12.7 £ 0.1 bed 125 +0.1cd 11.9+0.2d 13.8 £ 0.3 be —16.3 +10.5 <20
C/P ratio 69.0 £ 2.3a 58.7 + 2.2 abc 60.6 + 3.4 ab 54.4 + 3.6 bc 46.2 + 3.2 cd 37.8+1.2d —-21.2 -30.5 -
DOC (g kg’l) 2.39 £ 0.2 ns 2.37 £ 0.1 252 +0.1 2.30 £ 0.2 2.63 £ 0.2 2.87 £ 0.2 - 38 + 249 -
DON (g kg’l) 0.67 + 0.1 ns 0.69 + 0.0 0.54 + 0.0 0.63 + 0.1 0.54 £ 0.1 0.49 £ 0.1 — 6.5 —21.8 -
Dissolved C / N ratio 3.6 £0.2ab 3.5+ 0.2b 4.8 +£ 0.6 ab 3.8+ 0.4ab 5.6 + 2.0 ab 66+1la +6.1 +75.1 -
Total mineral N (mg kg’1 dw) 154.7 +10.3b 2931 +81a 311.3+27.4a 173.6 + 3.1b 177.4 +5.3b 194.5 +10.8b +12.2 + 12 -
NH,;" (mg kg’1 dw) 84.8 + 2.2¢ 1731 +43a 154.1 £ 10.2a 114.1 + 2.8b 117 + 4.5b 97 + 8.4 bc + 34.6 - 15 -
NO3™ + NO; (mg kg’1 dw) 70 + 9.0c 120 + 3.9 ab 157.3+20.1a 59.5 + 5.6¢ 60.4 + 6.0c 97.5 + 8.7 be — 149 +63.9 -
Ash content (g kg ™) 153.1 £ 2.4c 186.6 +17.3bc  201.2+10.8ab  198.3+4.7ab 220.4+11.5ab 233.9+34a +295 +17.9
P(g kg’1 dw) 5.8 £ 0.3c 6.4 + 0.2 be 6.5 + 0.2 be 6.7 + 0.4 bc 7.7 + 0.4 ab 91+03a +17.3 +34.3 -
K(g kg’1 dw) 19.2 + 0.6 ab 19 + 0.8 ab 18.9 + 0.6 ab 17.8 +1.8b 20.2 + 0.6 ab 22.6 £0.7 a -73 + 26.6 -
Ca(g kg’1 dw) 2.1 +0.1b 2.3+ 0.4 bc 2.6 + 0.1 be 2.9+ 0.2 ab 2.9+ 0.1 ab 34+02a + 34.8 +17.8 -
Mg (g kg’1 dw) 9.2 +0.2c 9.7 + 0.4c 10.2 + 0.4c 10.9 + 0.9 be 12.6 + 0.5 ab 142+ 0.4a +18.4 +29.8 -
Cu (mg kg’1 dw) 17.4 + 0.6b 18.2 + 0.5b 20.2 + 1.5 ab 18.6 + 1.6b 18.9 + 1.0 ab 239+ 09a + 6.9 + 28.3 <70
Zn (g kg’1 dw) 0.53 + 0.1b 0.61 + 0.1b 0.62 + 0.0b 0.63 + 0.0b 0.66 + 0.0 ab 0.80+0.1a +17.8 +27.2 <200
Fe (g kg ™' dw) 1.7 + 0.3 ns 1.6 £ 0.2 1.8 £0.2 1.5+ 0.1 1.6 + 0.0 1.7 £0.1 -76  +7.7 -
Ni (mg kg’1 dw) 0.57 £ 0.4 ns 0.58 £ 1.3 0.53 £ 0.6 0.71 £ 2.0 0.36 £ 1.5 0.74 £ 0.4 + 24.6 + 4.7 <175
Cr (mmg kg’1 dw) 4.6 + 4.5 ns 4.1 +1.0 89 +5.3 44 +29 3.7+1.5 99 +64 — 4.6 +125.2 <70
Pb (mg kg’1 dw) 1.2+ 0.9ns 1.0+15 1.4+0.3 1.7 £ 0.5 1.9+0.3 2.0+0.2 + 46.3 + 15.0 <150

Means followed by the same letter are not significantly different (Tukey’s test, P < 0.05).1 (MAPA, 2006; MAPA, 2011; MAPA, 2020). () Attribute not mentioned in the

regulations.
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reduces cost of organic fertilizer transportation and application, among
other benefits (Udo et al., 2011; Powers et al., 2019).

Biological transformations throughout the cattle vermicomposting
process caused decreases in OM (P = 0.0002) and TOC (P < 0.0001),
possibly indicating an increase in organic matter humification. In gen-
eral, the loss of C through respiration tends to be faster than decreases in
N, causing decreases in the vermicompost C/N relationship (Li et al.,
2020), as observed in this study. The NH4 " content expectedly increased
during the initial phase (35%) and decreased in the final phase (15%)
due to the precedence of ammonification over nitrification. Despite
large fluctuations during the 120 days, the NOs~ + NOgy content
increased in the final phase. In general, epigean earthworms signifi-
cantly affect N transformations during vermicomposting due to their
biomass increases, microbial activity stimulation, and modifications in
the vermicompost environmental conditions (Dominguez and Gomez-
Brandon, 2013).

Despite DOC and DON content remaining unmodified throughout the
vermicomposting process, there was a significant increase in the dis-
solved C/N ratio (P = 0.0201), indicating a decrease in N content of the
vermicompost soluble fraction. Lazcano et al. (2008) suggested that the

Dissolved organic carbon
Dissolved organic nitrogen

@
@
©
£
k7]
8
£
S
L
E
)
>

Bulk density

pH

Electric conductivity
Total organic nitrogen
Total organic carbon
NH4*

NOs™ + NO2
Phosphorus content

Potassium content
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reduction in DOC and DON contents is desirable for vermicomposting
because high contents may be harmful to plants because of their facili-
tated degradation by the soil microbiota and consequent reduction of
oxygen concentration near roots. Organic fertilizers containing < 4.0 g
DOC kg ! are considered safe for plant growth (Gomez-Brandén et al.,
2008), as obtained in this study.

The sharpest percentage increases in P, K, Mg, Cu, Zn, Fe, and Cr
contents occurred during the final phase, with the sharpest increase in
Ca, Ni, and Pb content in the initial phase (Table 1). The increase in
nutrient availability at the end of vermicomposting compared with the
initial substrate relates to organic matter degradation, nutrient miner-
alization, and a decrease in substrate volume (due to concentration)
(Jain et al., 2018; Cao et al., 2021). Decreases in K content during the
initial 45 days coincided with the sharpest increase of earthworm
growth and reproduction, indicating possible immobilization of K by
those organisms and the microbial community (Malafaia et al., 2015).

Table 1 shows a comparison of all the physical-chemical variables,
and 63% of variables experienced their greatest change (A%) in the final
phase (45-120 days) of vermicomposting. However, there was intense
earthworm and microorganism activity in the initial phase. One reason

Number of adult earthworms
Number of juvenile earthworms
Biomass of adult earthworms
Biomass of juvenile earthworms

Magnesium content
Zinc content

Iron content
Number of cocoons
Basal respiration

Calcium content
Copper content

Moisture content 0.06 -0.04-0.09-0.11-0.07 -0.04 0.01 -0.27 0.19 0.18 0.06 -0.16-0.03 0.04 -0.09 -0.21 0.37 -0.03 0.07 -0.03-0.11-0.01 0.07 1
Vermicompost mass .-0.53 -0.03 -0.35 0.46 0.13 0.18 -0.42 -0.23-0.25
Bulk density 039 0.17 -0.56 0.09 -0.26-0.07 -0.11 0.19 0.41 0.49 0.21 0.07 08
pH 0.56 -0.12-0.49 0.12 -0.28-0.09 0.04 0.42 0.18 0.4 0.37 0.13 0.35-0.15 0.43 0.46 0.52 0.5 0.58 -0.49
Electric conductivity -0.01. 0.31 -0.28-0.04 -0.1 _0.01 0.82_ 06

Total organic nitrogen 0.08 -0.17 0 0.41 -0.03-0.11-0.34 0.02 -0.14-0.12-0.05-0.16 -0.44 0.07 0.05 -0.02-0.08 -0.05

Dissolved organic carbon

Dissolved organic nitrogen

NOs* + NOz

Phosphorus content

Potassium content
Calcium content

Magnesium content

-0.07 0.06 -0.32-0.34-0.41-0,

-0.13-0.05 0.07 0.33 0.36 0.2 0.32 0.22 0.49 0.03 0.24 0.1
NHa* .-0.15 -0.21-0.03 -0.09 0.07 0.04 -0.04 -0.37 -0.15-0.12-0.03 -0.23 0.12 02

-0.04 -0.06-0.07 -0.18 0.16 0.05 0.04 0.09 -0.24-0.14 0.11 -0.23 0.15
- 0.0
--0.2

Copper content
--04
Zinc content ~ 0.26 0.22

Iron content 0.03 0.33 0.28 0.14 0.26 -0.19

Number of adult earthworms -06
Number of juvenile earthworms
Number of cocoons .08
Biomass of adult earthworms

Biomass of juvenile earthworms -10

Fig. 2. Spearman correlation between physical, chemical, and biological variables in cattle manure vermicomposted using Eisenia andrei. Cells with insignificant

correlations (P < 0.01) are shown in white.
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for this behavior is the longer final phase (~75 days) when compared
with the initial phase (~45 days). Furthermore, data from Fig. 1 help to
understand this behavior. The earthworm growth rate (mg per adult d)
and microorganism activity were lower in the final phase; however,
increases in the number and biomass of adult and juvenile earthworms
indicate significant feeding activity, with consequential phys-
ical-chemical modification in the substrate until the end of vermi-
composting. Finally, although microbial activity was low, it continued
and contributed to the change in the substrate in this phase, indicating
that the stabilization process of vermicomposting for 120 days was
incomplete.

Good quality vermicompost for agricultural usage, as per Brazilian
and international laws, were sufficiently obtained after 30 days (Brinton
2000, MAPA 2020). All parameters regulated in the laws (P, K, Ca, Mg,
Cu, Zn, Fe, TOC, TN, and C/N ratio) were within the permissible limits
(Table 1). Furthermore, the highest mineral nitrogen (NH4" 4+ NO3™ +
NO;y") content was observed after 30 days (Table 1), an important
nutrient for plant growth which is normally used to determine the
required dose of vermicompost. Although there was an increase in heavy
metal contents (Cu and Zn), they were substantially lower than the
permissible limits for organic agricultural substrates of international
laws (Cu = 100 mg kg’1 andZn=4.0g kg’l) (Balachandar et al., 2021).

The strong positive correlation between microbial activity and sub-
strate mass (p = 0.95) and TOC (p = 0.77) (Fig. 2) indicates that higher
carbon content, easily degradable during the initial vermicomposting
phase, determines microbial action. Increases in earthworm population
result in substrate mass reduction and degradation, causing increases in
nutrient content (Rini et al., 2020; Cao et al., 2021), indicated by the
significantly positive correlation between the number of adult earth-
worms and nutrient content (P = 0.44, K = 0.52, Ca = 0.18, Mg = 0.27,
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Cu=0.42,Zn = 0.22, and EC = 0.32) (Fig. 2). The significantly negative
correlation between microbial respiration and the remaining biological
variables resulted from the distinction among the vermicomposting
phases: the initial phase characterized by high microbial activity and
low earthworm density and biomass and the final phase characterized
by decreases in microbial activity and higher earthworm density and
biomass. The positive correlation between inorganic nitrogen forms (p
= 0.52) is caused by nitrification promoted by the microbial community
with the N-NH4" mineralization in vermicomposts, resulting in rapid
transformation into NO3~ + NO5~ (Lv et al., 2019).

3.3. Principal components analysis

PCA showed that 50.1% and 9.1% of the data remained in PC1 and
PC2, respectively (Fig. 3). Most of the variables that contributed to total
covariance in PC1 were biological, while chemical variables played the
same role in PC2 (see supplementary materials). The PCA allowed var-
iables to be grouped according to each vermicomposting phase. The
variables, NO3~ 4+ NO,~, NH4", basal respiration, and mass of vermi-
compost, were closely related and correlated to the initial phase (smaller
ellipse of Fig. 3), while TOC, DON, and TN formed an intermediate
group between both phases (ellipses overlap). The initial phase of ver-
micomposting was characterized by intense microbial activity that
promoted the reduction in cattle manure volume by converting organic
matter into CO and consequently promoted nitrogen mineralization
(Santana et al., 2020). However, all other variables (EC, BD, number of
adults and juveniles, biomass of adults and juveniles, number of co-
coons, and P, K, Mg, Cu, and Zn content) were grouped in the final phase
(larger ellipse of Fig. 3). The production of high biomass of earthworms
only occurs in the final stage of vermicomposting when there is also a

5.01
251
| |

< s DAE
= 0 Cocoonsgjp gcBD®™ &
2o
o

-2.54

5.0

-10 -5.0

5.0

PC1 (50.1%)

Fig. 3. Principal components analysis among physical, chemical, and biological variables in cattle manure vermicomposted using Eisenia andrei. White and black
squares are individual values grouped in the initial and final phases, respectively. The ellipse areas in white and black represent variables grouped in the initial and
final vermicomposting phases, respectively. DOC, dissolved organic carbon; DON, dissolved organic nitrogen; TOC, total organic carbon; TN, total organic nitrogen;
P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Zn, zinc; Cu, copper; Fe, iron; BD, bulk density; MV, mass of vermicompost; NO3™ + NO, ", nitrite + nitrate;
NH,", ammonium; EC, electrical conductivity; BAE, biomass of adult earthworms; BJE, biomass of juvenile earthworms; DAE, number of adult earthworms; DJE,

number of juvenile earthworms; and MCV, moisture of the vermicompost.
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higher concentration of nutrients because of the mineralization of more
easily degradable natural compounds and consequent reduction in the
volume of the substrate (ZZiwa et al., 2021).

3.4. SUVAgzs4, E4/E6 and FT-IR spectroscopy

SUVAgs4 (specific UV absorption at 254 nm) has been used as an
index for aromatic compounds in the water extractable organic matter
(WEOM) (Weishaar et al., 2003). SUVAgs4 values of the DOM corrobo-
rate the division into initial and final vermicomposting stages (Table 2).
These values increased until the 45th day, a period characterized by
intense substrate degradation. Earthworms and microorganisms likely
acted selectively towards aliphatic molecules, targeting those which are
easily degradable and contain a higher nutritional value (Che et al.,
2020). According to Caricasole et al. (2010), the increase in SUVAgs4
could be associated with the fast transformation of non-aromatic com-
pounds, which led to a relative enrichment in aromatics. Additionally,
an increase of SUVAys54 value proposes a higher degree of aromaticity
and molecular weight (He et al., 2011). After 45 days, SUVAgs4 values
decreased from 4.09 to 3.53 L/(mg m), likely due to the increase in
earthworm density. The coelomic fluid, constantly expressed by earth-
worms, and coprolites have high gluconate proteins and glycosidic
molecule contents, enriching the substrate with new aliphatic molecules
with low molecular mass (Gomez-Brandon et al., 2011; Yadav et al.
2015). Although this variable was not measured, it was possible to
observe higher substrate stickiness in reactors as earthworm density
increased, especially after 60 days. The E4/E6 ratio is related to the
degree of aromatic polycondensation and the molecular weight of the
humic substances (Zhu et al. 2016). In the present study, the E4/E6 ratio
was not a clear indicator of changes in organic matter (Table 2). How-
ever, Saab and Martin-Neto (2007) demonstrated that the E4/E6 ratio is
more associated with condensed aromatic groups and not with the total
aromaticity of the samples.

FT-IR spectroscopy ensures easy identification of chemical functional
groups, where the change in the intensity of the absorption band can be
used to assess vermicompost stability (Lim and Wu, 2015). FT-IR spectra
obtained from different treatments show differences in the relative in-
tensity of absorption bands (see supplementary materials). The final
vermicompost showed a significant decrease in the peak intensity at
3401 cm ! (O — H stretch), indicating phenol and carbohydrate
decomposition (Srivastava et al., 2020). The reduction in peak intensity
at 2922-2853 cm™! (C — H stretching of aliphatic methylene groups)
during the treatment suggests degradation of lipid and carbohydrates
due to a decrease in aliphatic structures. A decreasing relative intensity
was observed at approximately 1653 cm™! (C = O stretching of amide
groups, quinonic C = O and/or C = O of H-bonded conjugated ketones)
(Zhu et al., 2016). The peak intensities increased at 1606-1421 em ! (C
= C stretching of aromatic groups) because of elevated levels of aromatic
groups during vermicomposting. The peak at 1046 cm ™! is related to C
— O stretching of polysaccharides. These results corroborate the
SUVA,s4 observations and indicate a preferential degradation of easily
degradable compounds by earthworms and microorganisms, increasing
the DOM aromaticity.

Earthworm population and microbial activity divide vermicompost
into initial (45 days) and final (45-120 days) phases. The vermicompost
produced for 30 days has optimal moisture, pH, conductivity, and
nutrient content. The largest physical-chemical transformations and
major earthworm density occurred in the final phase. In the initial
period of vermicomposting, the interative effect between the earth-
worms and the high microbial activity promoted an increase in the de-
gree of aromaticity of the organic matter. However, the large increase in
earthworm density resulted in the formation of less aromatic organic
matter. Vermicomposting time promotes changes in the functional
groups of organic matter because of the degradation of phenols, car-
bohydrates, and lipids, resulting in the reduction of aliphatic structures
and increasing the degree of aromaticity of organic matter.
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Table 2
SUVA,s4 and E4/E6 values of DOC from vermicomposting.

Attribute Manure Worm-processed material (days)
15 30 45 60 120
SUVAgs4 (L/ 33+03 31+ 2.7 £ 41+ 3.1+ 3.5+
(mg m)) ab 0.1b 0.2b 0.4a 0.2 ab 0.2 ab
E4/E6 4.8 + 49 + 4.7 + 5.0 + 4.7 + 5.0 +
0.0c 0.0b 0.0d 0.0a 0.0d 0.0a

4. Conclusions

Vermicomposting time has a role in modifying the chemical, phys-
ical, and biological properties of the vermicompost, including the
aromaticity of organic matter. Because of the high activity of earth-
worms and microorganisms at the beginning of vermicomposting, in 30
days it is already possible to use this organic fertilizer in agriculture.
However, the largest physical-chemical transformations of the vermi-
compost and the increase in the earthworm population occur from 45 to
120 days. Therefore, vermicomposting must last at least 120 days to
produce Eisenia andrei earthworm matrices.
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