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RESUMO

CARACTERIZACAO DE UM VERMICOMPOSTO COM DIFERENTES
TEMPOS DE BIOCONVERSAO

AUTOR: Rodrigo Ferraz Ramos
ORIENTADOR: Rodrigo Josemar Seminoti Jacques

A vermicompostagem é um processo ecologicamente correto de biotransformacgéo de
residuos organicos em produtos Uteis. O objetivo do estudo foi avaliar a relacdo entre o
tempo de vermicompostagem e as mudancas em atributos bioldgicos, fisicos e quimicos
durante a vermicompostagem de esterco bovino. Vasos contendo 4 kg de esterco bovino
foram inoculados com Eisenia andrei numa densidade equivalente a 5.000 minhocas
adultas m. Mudangas nos parametros fisico-quimicos e biol6gicos foram avaliadas aos
15, 30, 45, 60 e 120 dias de vermicompostagem e comparadas com 0s conteldos
encontrados no esterco de bovinos em confinamento. A fase inicial da
vermicompostagem (0-45 dias) foi caracterizada pela elevada respiracdo basal enquanto
a fase de maturacdo (45-120 dias) pela elevada densidade e biomassa de minhocas e
concentragdo de nutrientes nos vermicompostos. Durante os 120 dias observou-se o
decrescimento da atividade microbiana (56%), da massa do vermicomposto (35%), da
matéria organica (10%), do carbono organico total (13%), do nitrogénio organico total
(6.0%), da relacdo C / N (8.0%) e da relacdo C / P (45%). Em contrapartida, houveram
incrementos no contetdo de cinzas (53%), condutividade elétrica (23%), K (18%), P
(57%), Ca (62%), Mg (54%), Cu (37%), Zn (51%), NO2" + NOs™ (39%), NH4" (14%), N
mineral total (26%), relacdo C / N organico dissolvido (83%) e na densidade aparente
(34%). A vermicompostagem também resultou em mudancas no grau de aromaticidade
da matéria organica dissolvida. Houve grande crescimento populacional de minhocas na
fase final da vermicompostagem, atingindo valores de 34.000 minhocas m e 87.000
cocons m2. Nossos resultados demonstram que 30 dias de vermicompostagem s&o
suficientes para obter um adubo orgénico de qualidade, porém sao necessarios 120 dias
para obter resultados satisfatério na producdo de minhocas.

Palavras-chave: Adubo organico, Eisenia andrei, espectroscopia do infravermelho,
populacdo de minhocas, reaproveitamento de residuos.



ABSTRACT

CHARACTERIZATION OF A VERMICOMPOST WITH DIFFERENT
BIOCONVERSION TIMES

AUTHOR: Rodrigo Ferraz Ramos

ADVISOR: Rodrigo Josemar Seminoti Jacques

Vermicomposting is an environmental-friendly process of biotransformation of organic
waste into useful products. The aim of the study was to evaluate the relationship between
vermicomposting time and changes in biological, physical, and chemical attributes during
bovine manure vermicomposting. Pots (vermireactors) containing 4 kg of cattle manure
were inoculated with Eisenia andrei at a population density equivalent to 5,000 adult
earthworms m=2. Changes in the physical-chemical and biological parameters were
evaluated at 15, 30, 45, 60 and 120 days of vermicomposting and compared with the
contents found in cattle manure. The initial phase of vermicomposting (0-45 days) was
characterized by high basal respiration while the maturation phase (45-120 days) was
characterized by high earthworm density and biomass and concentration of nutrients in
the vermicompost. During the 120 days, there was a decrease in microbial activity (56%),
vermicompost mass (35%), organic matter (10%), total organic carbon (13%), total
organic nitrogen (6.0% ), the C / N ratio (8.0%) and the C / P ratio (45%). In contrast,
there were increases in ash content (53%), electrical conductivity (23%), K (18%), P
(57%), Ca (62%), Mg (54%), Cu (37%) , Zn (51%), NO2" + NO3 (39%), NH4* (14%),
total mineral N (26%), dissolved organic C / N ratio (83%) and bulk density (34%).
Vermicomposting also resulted in changes in the degree of aromaticity of the dissolved
organic matter. There was a great population growth of earthworms in the final stage of
vermicomposting, reaching values of 34,000 earthworms m and 87,000 cocoons m™.
We have demonstrated that 30 days of vermicomposting is sufficient to obtain a quality
organic fertilizer, however it is necessary 120 days to obtain satisfactory results in the
production of earthworms.

Keywords: Organic fertilizer, Eisenia andrei, infrared spectroscopy, earthworm
population, reuse of waste.
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1. INTRODUCAO GERAL

A producdo mundial de esterco bovino esta crescendo constantemente devido ao
aumento da producéo pecudria para atender a demanda mundial por alimentos. O esterco
bovino pode ser utilizado como um importante fertilizante organico na agricultura por
possuir diversos nutrientes em sua composi¢ao que sdo essenciais para o desenvolvimento
das culturas (POWERS et al., 2019; RINI et al. 2020). No entanto, o uso do esterco bovino
fresco resulta em perdas de nitrogénio por volatilizagdo e pode ser uma fonte de
contaminacdo do ambiente por patégenos e compostos quimicos, entre 0s quais metais
pesados e antibioticos (LAZCANO et al., 2008; ALl et al., 2021).

Uma alternativa econdmica e ecologicamente correta de transformar este residuo
em um adubo bioldgico de grande qualidade é a vermicompostagem (YUVARAJ et al.,
2021; CAO et al., 2021). Este processo envolve a bioxidacdo, transformacdo e a
estabilizacdo dos residuos organicos sélidos através da interacdo entre minhocas e
microrganismos (DOMINGUEZ et al., 2019). Durante a fase ativa da
vermicompostagem, caracterizada pela intensa atividade das minhocas, ocorre a ingestao
e fragmentacdo do substrato organico, reducdo do volume do material e aumento na
densidade populacional das minhocas (DOMINGUEZ et al., 2017). Nessa fase, as
moléculas facilmente assimilaveis (carboidratos simples, peptideos, proteinas, vitaminas,
etc) sdo utilizadas preferencialmente pelas minhocas e pela comunidade microbiana,
enguanto moléculas estruturalmente complexas (recalcitrantes) tendem a se acumular no
substrato. Durante a fase de maturacdo da vermicompostagem, caracterizada pela
migracdo das minhocas em dire¢cdo ao substrato ndo digerido, 0s microrganismos
desempenham papel predominante na transformacdo do substrato que ja passou pelo
intestino dos vermes (DOMINGUEZ et al., 2010; GOMEZ-BRANDON et al., 2020).

A qualidade final do vermicomposto depende de diversos fatores, como as
caracteristicas do substrato inicial, espécie de minhoca e o tempo de bioconversdo dos
residuos (HUSSAIN et al., 2016; DEVI e KHWAIRAKPAM 2020; SANTANA et al.,
2020). As mudancas na densidade populacional de minhocas e biomassa, composic¢éo da
comunidade microbiana, dindmica dos nutrientes e elementos toxicos, pH, relagcdo C/N,
entre outras varidveis, podem ser considerados como indicadores da qualidade do
substrato e estabilidade da matéria organica (YADAV e GUPTA, 2017; GOMEZ-
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BRANDON et al., 2019; SANTANA et al., 2020; BALACHANDAR et al., 2021). Além
disso, as caracteristicas da matéria organica também sdo utilizadas como indicadoras da
estabilidade e qualidade do vermicomposto (CHE et al. 2020). Os métodos espectrais,
incluindo absorbancia ultravioleta especifica (SUVA) e infravermelho por transformada
de Fourier (FT-IR), podem ser usados para investigar mudangas no grau de aromaticidade
da matéria organica (ZHU et al., 2016; BHAT et al., 2017; CHE et al. 2020).

A maioria dos estudos sobre vermicompostagem avaliam o processo por um
periodo relativamente curto (< 45 dias) e analisam poucos indicadores da maturacao do
vermicomposto. Assim, a avaliagdo conjunta da dinamica de popula¢des de minhocas,
mudancas quimicas, fisicas e bioldgicas e as mudancas qualitativas da matéria organica
que ocorrem durante um longo periodo de vermicompostagem de esterco bovino néo foi
considerado na maioria dos estudos até o0 momento. Diante desse contexto, neste estudo
buscou-se abranger 0 maximo de caracteristicas fisicas, quimicas e biolégicas durante
diversos momentos da vermicompostagem, além de investigar as mudangas qualitativas

da matéria organica, através de métodos espectrais inovadores.

1.1. REVISAO DE LITERATURA

1.1.1. Vermicompostagem
A vermicompostagem pode ser definida como um processo biotecnoldgico onde

0s residuos organicos sdo convertidos em um material rico em nutrientes através da
atividade conjunta de minhocas e microrganismos (ALI et al. 2015). A
vermicompostagem também pode ser definida como um processo bioxidativo mesofilico,
onde espécies de minhocas detritivoras interagem sinergicamente com microrganismos,
afetando fortemente os processos de decomposicao, acelerando a estabilizacdo da matéria
organica e modificando muito de suas propriedades fisicas, quimicas e bioldgicas
(DOMINGUEZ et al., 2018).

A vermicompostagem ocorre sobre condi¢Ges controladas de temperatura e
umidade, resultando em um produto final estavel, denominado de vermicomposto. O
vermicomposto produzido ap6s a digestdo e excre¢do pelas minhocas € um material
semelhante a turfa, com baixa relacdo C / N (geralmente inferior a 20), alta capacidade
de retencdo de agua e porosidade, além de conter diversos nutrientes em formas

facilmente assimilaveis pelas plantas e com potencial de aplicacdo em cultivos agricolas
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(ALI et al., 2015; ANJOS et al., 2015). Durante a vermicompostagem, as minhocas
possuem papel central, acelerando o processo de decomposi¢do através da fragmentagéo
dos residuos e alteracdo da composicdo e da atividade da comunidade microbiana
(DOMINGUEZ et al. 2010, GOMEZ-BRANDON et al. 2011, BHAT et al., 2018). Em
contrapartida, os microrganismos presentes no sistema sdo responsaveis pela degradacéao
bioquimica da matéria organica através da producdo de enzimas extracelulares
(SANTANA et al., 2020; SRIVASTAVA etal., 2021).

1.1.2. Minhocas
As minhocas sdo animais terrestres invertebrados e segmentados, possuem

simetria bilateral, sdo hermafroditas e possuem uma estrutura glandular externa
denominada de clitelo (estrutura responsavel por produzir uma cépsula para 0s ovos) e
que da origem aos casulos (ootecas contendo ovos fertilizados) (MARTIN e
SCHIEDECK, 2015). Apesar de serem hermafroditas, geralmente a reproducdo das
minhocas é através de fertilizacdo cruzada (COSIN et al., 2011). As minhocas so
consideradas engenheiras de ecossistema em muitos habitats, por fornecem uma
variedade de funcBes e servigos vitais, como construcdo de estruturas biogénicas
(agregados e galerias) no solo, ingestdo, fragmentacdo e transformacdo de residuos
vegetais, entre outras (LAVELLE et al., 2016). A diversidade conhecida de minhocas
terrestres é superior a 7 mil espécies, contudo, os pesquisadores estimam que exista mais
de 30 mil (ORGIAZZI et al., 2016). Apesar de pertencerem a um mesmo filo (Annelida),
as diferentes espécies de minhocas ocupam diferentes nichos ecoldgicos e podem ser
classificadas em trés categorias principais: epigeicas, endogeicas e anécicas.

As minhocas epigeicas sao pequenas cavadoras e habitam o horizonte organico ou
estdo presentes na serapilheira, em contato com a superficie do solo, ou seja, o seu habitat
restringe-se a regido de interface entre solo-serapilheira (EISENHAUER e
EISENHAUER, 2020). Os representantes desse grupo possuem uma dieta baseada na
ingestdo de grandes quantidades de residuos organicos ndo decompostos. Devido a grande
capacidade de ingestdo e fragmentacdo de residuos organicos, esse grupo também é
conhecido como “transformadoras de serapilheira” ou “transformadores de residuos
vegetais”. As espécies epigeicas sdo estrategistas R, ou seja, possuem pequeno tamanho
corporal, atingem rapidamente a fase adulta sexual, possuem alta taxa de reproducéo e
baixo investimento de recurso por descendentes (DOMINGUEZ, 2018). Por habitarem a
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interface solo-serapilheira, esse grupo desenvolveu pigmentos para se proteger da
radiacéo solar, assim, os representantes desse grupo geralmente séo pigmentados. Entre
as espécies conhecidas desse grupo estdo Eisenia fetida, E. andrei, Eudrilus eugeniae,
Lumbricus rubellus, Perionyx excavatus, etc (CHATELAIN e MATHIEU, 2017; RINI et
al., 2020).

Contrariamente ao grupo anterior, as espécies de minhocas endogeicas
dificilmente sdo encontradas na superficie do solo, uma vez que vivem em profundidades
maiores no perfil. Esse grupo possui uma dieta baseada na ingestdo de particulas do solo
associadas a matéria organica. As espécies endogeicas sdo excelentes construtoras de
galerias, construindo principalmente ramificagdes horizontais para a sua movimentagao
ao longo do perfil de solo (BARETTA et al., 2011). Como seu habitat restringe-se a
camadas mais profundas, os representantes desse grupo sdo geralmente pouco ou nédo
pigmentados. As espécies desse grupo sao estrategistas K, ou seja, possuem uma baixa
taxa de reproducdo, necessitam de um longo periodo para atingir a fase adulta sexual e
investem uma maior quantidade de recursos por descendentes. As minhocas endogeicas
possuem um periodo de diapausa, uma parada no desenvolvimento induzida pela
necessidade de ajustes fisioldgicos nos individuos, que € obrigatéria e fisiologicamente
controlada (BRIONES e ALVAREZ-OTERO, 2018). Entre os representantes desse grupo
encontram-se as espécies Allolobophora caliginosa, Aporrectodea caliginosa, Octolasion
cyaneum, etc (LE COUTEULX et al. 2015; CESARZ et al., 2016; SALVIO et al., 2016).

O ultimo grupo é representados pelas minhocas anécicas. Os individuos desse
grupo vivem em galerias construidas na vertical, que podem chegar at¢é 3 m de
profundidade e geralmente sdo poros permanentes (PALM et al., 2013). As minhocas
desse grupo coletam material organico na superficie do solo e transportam para horizontes
mais profundos no solo. Quando vem a superficie, depositam seus excrementos em
estruturas tipicas conhecidas como middens, que sdo compostas por material organico
triturado e digerido, mesclado com particulas de solo (EISENHAUER e EISENHAUER,
2020). O habito de alimentacdo baseia-se na ingestdo de residuos vegetais e excrementos
de animais. Durante o dia essas minhocas permanecem protegidas nas suas galerias,
alimentando-se geralmente durante o periodo noturno. Esse grupo possui estratégia de

reproducéo intermediaria entre o0 grupo das minhocas epigeicas e endogeicas. Entre as
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espécies conhecidas desse grupo estdo Lumbricus terrestres e Aporrectodea longa
(McTAVISH et al., 2020).

Apesar de existir uma grande diversidade de minhocas, nem todas sdo adequadas
para uso na vermicompostagem. Uma vez que a vermicompostagem objetiva realizar a
conversdo de um residuo orgdnico em um material estavel e Util, e as condi¢des do
processo ocorrem em ambiente protegido e controlado, somente espécies adaptadas a
essas condicOes apresentam sucesso de criacdo. Entre as caracteristicas biologicas das
minhocas desejadas para a vermicompostagem destaca-se: a) capacidade de crescer e se
reproduzir em um ambiente rico em material organico e na auséncia de solo, b) alta
capacidade de ingestdo e fragmentagdo desses residuos, ¢) capacidade de se reproduzir
em cativeiro, d) alta taxa de reproducdo e e) atingir rapidamente a fase adulta sexual
(ANJOS et al., 2015). As minhocas epigeicas, as transformadoras da serapilheira, séo o
Unico grupo que possuem espécies que relinem todas essas caracteristicas.

No grupo das minhocas epigeicas, as espécies Eisenia fetida e E. andrei séo as
mais utilizadas na vermicompostagem (DOMINGUEZ et al., 2018). Em geral, as espécies
E. fetida e E. andrei sdo consideradas modelos nos estudos sobre vermicompostagem,
apresentando boa adaptacdo a substratos organicos de origem vegetal (residuos de
vassoura escocesa, bagaco de uva, residuos florais, palha de arroz, folhas e caule de
bananeira) e de origem animal (estercos de gado, ovelha e elefante), além de residuos
agroindustriais como o lodo de esgoto (Tabela 1). Contudo, além dessas espécies ha
outras que podem ser utilizadas na vermicompostagem e que ja foram testadas para
diferentes residuos organicos. Em alguns estudos, as espécies Eudrilus euginae e
Perionyx excavatus apresentaram boa capacidade de bioconversdo dos substratos
organicos e estabilizacdo dos vermicompostos (SUTHAR et al., 2012; DEVI e
KHWAIRAKPAM, 2020; RINI et al., 2020; DEEPTHI et al. 2021).

Apesar de E. fetida e E. andrei pertencerem a espécies diferentes, o isolamento
reprodutivo dessas espécies é incompleto, podendo ocorrer a hibridizacdo, inclusive com
descendentes férteis (PLYTYCZ et al. 2020). Assim, o ciclo de vida de ambas as espécies
é muito semelhante. O tempo entre a fase de casulo até a maturacéo sexual (produgdo de
novos casulos) é de aproximadamente 50 dias (LOURENCO, 2014). O acasalamento
resulta na producdo de casulo em aproximadamente 48 horas apés a fecundacgéo, sendo

gue em média cada individuo adulto pode produzir até um casulo ao dia. A partir de cada
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casulo podem eclodir de 2 a 4 individuos, com viabilidade da prole estimada em 80%
(ANJOS et al., 2015). A longevidade maxima dos individuos dessas duas espécies é de
aproximadamente 6 anos, incluindo a manutencdo da sua capacidade reprodutiva
(PENNING e WRIGLEY, 2018).

Tabela 1. Substratos organicos (residuo), espécies de minhocas e tempo de
vermicompostagem relatados por alguns autores.

Substrato Espécie Tempo Referéncia
(dias)

Vassoura escocesa (Cytisus Eisenia andrei 91 Dominguez et al.
scoparius) (2019)
Bagaco de uva (Vitis vinifera) Eisenia andrei 42 Gbémez-Branddn et al.

(2020)
Bagaco de uva (V. vinifera) Eisenia andrei 720 Santana et al. (2020)
Folha de bananeira e esterco Eisenia fetida 105 Mago et al. (2021)
bovino
Caule de bananeira e esterco Eisenia fetida 60 Khatua et al (2018)
bovino
Residuos florais e esterco Eisenia fetida 45 Sharma et al. (2021)
bovino
Lodo de esgoto e palha de arroz  Eisenia fetida 60 Lv etal. (2019)
Esterco de gado e de ovelha Eisenia fetida 94 - 148 Cestonaro et al. (2017)
Residuos de Lantana camara Eisenia fetida e Eudrilus 45 Devi e Khwairakpam
(planta daninha) euginae (2020)
Esterco de gado Perionyx  excavatus e 90 Rini et al. (2020)

Eudrilus eugeniae

Esterco de gado Perionyx excavatus 75 Suthar et al. (2012)
Esterco de gado e de Elephas Eudrilus eugeniae 90 Deepthi et al. (2021)
maximus

1.1.3. Material orgéanico
As minhocas dependem de um ambiente adequado para seu crescimento e

reproducdo. Assim, a qualidade e a natureza do material organico sdo condicGes que
determinam a reprodugcdo e o crescimento das minhocas durante o processo de

vermicompostagem (BHAT et al., 2018). Diversos materiais organicos ja foram testados
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como substrato para o desenvolvimento das minhocas: esterco de animais (bovinos,
suinos, aves, ovelhas, cavalos, elefantes, etc.), residuos vegetais (bagaco de uva, folhas
de bananeira, palha de trigo, palha de arroz, bagaco de cana etc.), lodo de esgoto e outros
residuos agroindustriais (ALI et al., 2015; BIABANI et al., 2018; LV et al., 2019;
GOMEZ-BRANDON et al. 2020; RINI et al., 2020; DEEPTHI et al., 2021; MAGO et
al., 2021). Os materiais organicos com teores de umidade proximos a 80%, pH entre 7,7
— 8,0 e baixos teores de metais pesados sdo favoraveis para 0 processo de
vermicompostagem (DOMINGUEZ et al., 2014; BHAT et al., 2018).

Os materiais organicos utilizados na vermicompostagem diferem na qualidade, e
assim, influenciam diretamente na taxa de crescimento e reproducéo das minhocas e na
qualidade do vermicomposto. Rini et al. (2020) observaram que as minhocas E. eugeniae
e P. excavatus apresentaram maiores taxa de crescimento e reproducédo quando o substrato
foi esterco de bovinos Bos indicus oriundo de animais alimentados com pastagens, em
comparacdo com esterco de bovinos Bos taurus oriundo de animais alimentados com
racdo. Ainda, a proporc¢do das misturas dos materiais organicos também pode resultar no
aumento ou diminuicdo do nimero de minhocas. Cestonaro et al. (2017) reportaram que
nenhuma minhoca Eisenia fetida sobreviveu a uma dieta 100% de cama de ovelha,
contudo, a adicéo gradual de esterco bovino aos vermirreatores permitiu a sobrevivéncia
e areproducdo das minhocas, enquanto o0 aumento da proporcao de esterco bovino reduziu
0 tempo de vermicompostagem. A reducdo no nimero ou morte das minhocas pode ser
devido a natureza toxica ou ambiente desfavoravel no substrato alimentar (BHAT et al.,
2018). Isso demonstra que nem todos os materiais organicos apresentam qualidade

adequada para o desenvolvimento de minhocas em cativeiro.

1.1.4. Fases da vermicompostagem
A vermicompostagem pode ser dividida em duas fases distintas. A primeira,

denominada de fase ativa, é caracterizada pela intensa atividade das minhocas no
substrato, resultando na ingestdo, fragmentacdo, degradacdo e homogeneizagdo do
material organico (DOMINGUEZ et al., 2017). Durante essa fase as minhocas selecionam
0 substrato fresco mais palatavel, enquanto os microrganismos selecionam as moléculas
mais facilmente assimilaveis (MAGO et al., 2020; RINI et al., 2020). A atividade
mecanica das minhocas resulta no aumento da area de exposicdo das particulas aos

microrganismos e consequentemente no aumento da respiracéo basal do vermicomposto,
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uma medida que esta diretamente relacionada a atividade microbiana (DOMINGUEZ et
al., 2010).

Na segunda fase da vermicompostagem, denominada de maturacdo, ocorre uma
reducdo na atividade das minhocas e microrganismos, devido a menor disponibilidade de
residuos frescos e aumento da presenca de matéria organica recalcitrante. Nessa fase, 0s
microrganismos desempenham papel predominante, dando continuidade & transformacéo
dos compostos organicos que ja passaram pelo intestino das minhocas (DOMINGUEZ et
al., 2010; GOMEZ-BRANDON et al., 2020; SANTANA et al., 2020). Durante a fase de
maturacdo o vermicomposto torna-se um material organico homogéneo, estavel e com
baixo risco ambiental para aplicacdo em solos agricolas.

A disponibilidade de alimento fresco durante a fase ativa resulta no aumento da
biomassa das minhocas, que posteriormente direcionam 0s recursos para a reproducao.
Em contrapartida, com o esgotamento dos alimentos nos estdgios finais da
vermicompostagem, ha diminuicdo da biomassa das minhocas, seguida da reducdo da
taxa de reproducdo. Rini et al. (2020) observaram que durante a fase inicial da
vermicompostagem de esterco bovino (primeiros 30 dias) a biomassa média das minhocas
aumentou de 250 mg para 610 mg, mas com esgotamento de residuos frescos na fase final
(30-60 dias) a biomassa decresceu para 320 mg.

1.1.5. Transformacdes do material organico
Durante a vermicompostagem ocorre diversas mudancas fisicas, quimicas e

bioldgicas no substrato organico. O ganho de biomassa pelas minhocas, associado a perda
de C-CO: pela respiracdo bioldgica, resulta na reducdo da massa e volume do material
organico ao longo da vermicompostagem. Com a reducdo do volume do vermicomposto,
ocorre aumento da densidade aparente e reducdo da densidade de particulas, e essas
propriedades podem influenciar a condutividade térmica, porosidade, resisténcia ao fluxo
de ar e taxa de degradacdo do vermicomposto (JAIN et al., 2018). Disto também resulta
0 aumento da concentracdo de nutrientes nos vermicompostos em formas assimilaveis
pelas plantas. Assim, a vermicompostagem € um processo que reduz os riscos ambientais
associados a dificuldade de armazenamento ou descarte de grandes volumes de residuos
organicos, além de possibilitar o reaproveitamento dos vermicompostos na agricultura.
Em geral, a maioria dos trabalhos destaca as mudangas quimicas durante o

processo de vermicompostagem (Tabela 2). Aumentos e diminuigdes no pH do
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vermicomposto em relacdo ao substrato inicial podem ocorrer como resultado da
atividade das minhocas e microrganismos. Durante a mineralizagdo da matéria organica
pode ocorrer a liberagdo de acidos humicos, fulvicos e outros &cidos organicos que
resultam na acidificagdo do ambiente. Contudo, as minhocas possuem glandulas
calciferas que sdo estimuladas pelo aumento da concentracdo de CO> no sistema
circulatorio, liberando, assim, particulas de carbonato de célcio (CaCOsz) no ambiente e
alcalinizando o vermicomposto (VERSTEEGH et al., 2014; SHARMA e GARG 2019).
O processo de mineralizacdo também resulta na liberacdo de sais soltveis como aménio,
nitrato e fosfato e, consequentemente, pode ocorrer aumentos da condutividade elétrica
do vermicomposto (CHE et al., 2020).

Tabela 2. Teores de nutrientes em vermicompostos obtidos a partir de diferentes residuos
organicos citados na literatura. Esterco bovino (EB), esterco suino (ES), bagaco de uva
(BU) e residuos de caule de bananeira misturados com esterco de vaca 1:1 (m/m) (CB).

Vermicomposto EB!? ES? BUS cs*

Inicial Final Inicial Final Inicial Final Inicial Final

pH 8,3 7,6 9.0 9.4 4.4 7,5 8,8 7,6

CE (dSm™) 125 0,78 74 7,7 1,3 7,9 nd nd
TOC (g kg'}) 399,2 3140 270 2544 484,2 457,7 472 324
N total (g kg?) 236 283 30,0 280 20,2 39,4 9,5 37,7
Relacdo C/ N 170 111 89 9,1 24,0 11,6 75,8 8,6
DOC (g kg™) 4.4 52 204 272 4,0 1,82 nd nd
DON (g kg}) 2,2 3,7 nd nd <0,001 2,6 nd nd

NH4* (mg kg?) 610,0 276,0 nd nd <0001 490 nd nd
NOs+NO, (mgkg?!) 19 9170 nd nd <0001 420 nd nd

P (g kg™®) 02 01 41 49 40 37 39 52
K (g kgl Nd nd 31,8 300 305 156 20,0 228
Ca (g kg}) Nd nd nd nd 34 99 120 184
Cu (g kg™) Nd nd 07 08 002 02 001 003
Zn (g kg'h) Nd nd 1,9 23 001 07 003 014

! Lazcano et al. (2008), ? Zhu et al. (2016), * Santana et al. (2020), * Khatua et al. (2018)
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Como consequéncia da mineralizagéo da matéria organica e liberagdo de CO; pela
respiracéo, ocorre uma redugéo dos teores de carbono organico total. Em geral, a perda
de carbono é mais rapida que a reducdo nos teores de nitrogénio organico, resultando
assim em uma reducdo na relacdo C / N ao longo do processo de vermicompostagem.
Contrariamente a essas variaveis, 0s teores de nutrientes tendem a aumentar & medida que
ocorre redugdo da massa e volume do substrato. O aumento dos teores de nutrientes nos
vermicompostos € uma caracteristica desejada, uma vez que aumenta a qualidade do
vermicomposto enquanto um corretivo organico com potencial de aplicacdo na
agricultura (RINI et al., 2020). Contudo, conforme a legislacéo brasileira (MAPA 2020),
existe algumas exigéncias em relacdo as propriedades quimicas dos vermicompostos para
uso agricola, como por exemplo, possuir valores de carbono organico dissolvido
inferiores a 4.0 g kg, nivel de condutividade elétrica inferiores a 4.0 mS cm, relagéo C
/ N inferior a 20, carbono organico total superior a 150 g kg™, teores de Cu, Zn e Mn
inferiores a 0,6 g kg, 3 g kg™ e 0,6 g kg, respectivamente.

1.1.6. Produtos da vermicompostagem
O processo de vermicompostagem resulta no vermicomposto, um material organico

estavel, com elevada concentracdo de nutrientes em formas disponiveis para as plantas,
além da presenca de microrganismos e moléculas organicas benéficas que podem
estimular o crescimento vegetal e a defesa da planta contra patégenos. O vermicomposto,
em mistura com solo ou outros materiais, pode ser utilizado como um substrato adequado
em viveiros para o crescimento de mudas. Devido ao grande interesse da sociedade em
obter alimentos saudaveis e de forma sustentivel, muitos centros urbanos possuem
espacos coletivos ou domiciliar reservados para a vermicompostagem de residuos
domésticos e utilizam o vermicomposto como um substrato para o crescimento de
hortalicas.

Além do vermicomposto, as minhocas também sdo um produto do processo de
vermicompostagem. A biomassa dos individuos e o nimero de minhocas aumenta ao
longo do tempo de vermicompostagem. Dependendo da duragdo deste processo, 0
namero de minhocas ao final da vermicompostagem pode ser superior a 10 vezes o inicial.
Assim, as minhocas podem ser comercializadas como matrizes para novos criadouros
comerciais ou domesticos ou servir de fonte alternativa de proteina in natura ou na

fabricacdo de racOes para animais, especialmente aves, ras e peixes (MUSYOKA et al.,
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2019). Em alguns casos, minhocas de determinadas espécies podem ser inoculadas
juntamente com vermicomposto no solo contaminado com o objetivo de acelerar o
processo de remedicéo de poluentes organicos ou inorganicos (CHACHINA et al., 2015;
SANTANA et al., 2019). Por exemplo, a inoculacdo de minhocas em solo contaminado
com cobre aumentou a absorcao e translocagdo desse metal para a parte aérea em plantas
de Canavalia ensiformis (SANTANA et al., 2019).

Além disso, as perspectivas sdo de aumento da populacdo mundial nos proximos anos,
com estimavas de 9 bilhdes de pessoas para o ano de 2030. Consequentemente, ocorrera
um aumento na demanda mundial de alimentos, especialmente proteicos. Nesse cenario,
a criacdo de minhocas para fornecer uma fonte alternativa de proteina para a alimentacdo
humana é uma possibilidade que esta sendo avaliada por diversos pesquisadores.
Atualmente, alguns estudos demonstram que as minhocas podem ser utilizadas para
producdo de farinhas e podem ser seguras para 0 uso na alimentacdo humana, inclusive
apresentando teor proteico superior a outros produtos similares (SUN e JIANG 2017;
TEDESCO et al.,, 2019, 2020). Entretanto, nem todos os substratos organicos sdo
adequados para produzir minhocas direcionadas a alimentacdo humana e a utilizacao de

minhocas para esse fim dependera da aceitacdo publica e sua insercdo voluntaria na dieta.

1.2. HIPOTESE
O aumento do tempo de vermicompostagem resulta em um vermicomposto com

maior grau de aromaticidade da matéria orgénica, maior concentracdo de nutrientes e

maior populagdo de minhocas.

1.3. OBJETIVO GERAL
Caracterizar as mudancas fisicas, quimicas e bioldgicas de um vermicomposto com

diferentes tempos de bioconversao.

1.3.1 Objetivos especificos
1. Avaliar as mudangas na atividade microbiana, densidade e biomassa da populacéo de

minhocas durante um processo de vermicompostagem de 120 dias;
2. Estudar as mudancas fisicas e nos teores de nutrientes do vermicomposto durante este

periodo;
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3. Determinar as alteracfes no grau de aromaticidade da matéria organica dissolvida
durante 120 dias de vermicompostagem de esterco bovino.

2. ARTIGO: Vermicomposting of cow manure: effect of time on earthworm biomass
and chemical, physical, and biological properties of vermicompost

Abstract
Vermicomposting is a biological process for efficient cattle manure treatment, but the

vermicomposting time determines the quality of the vermicompost. The objective of this
study was to evaluate the effect of cattle 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.

Key words: Cattle manure, Eisenia andrei, Nutrient, Organic matter aromaticity, Infrared

spectroscopy.

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
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environmental 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 fragmentation of the organic substrate occur
along with material volume reduction at the beginning of the vermicomposting process,
characterized 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, vitamins, etc.), while structurally complex
(recalcitrant) molecules tend to accumulate in the substrate (Gémez-Brandén et al., 2019).
Microorganisms 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
microorganisms 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 vermicomposting helps determine when this process should take place
to meet the interest of the producer. Ultimately, the variation in vermicomposting time
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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.

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 cm) and inoculated
with 20 adult Eisenia andrei (Bouché, 1972) individuals (equivalent to 5,000 earthworms

per m-2).

2.2. Experimental design and vermicomposting
The experiment was a randomized design with six treatments and six repetitions.

Treatments were defined by vermicomposting time: 0 (substrate), 15, 30, 45, 60, and 120
d. Thus, 36 vermireactors were maintained at 28 °C (x 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.
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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 juveniles and adults and total dry mass. The reproduction rate was calculated as
the relationship between the number of cocoons and adult earthworms 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-1), given per Eq. 1:

Xtx—Xti
Ntx

Growth rate =

1)
Where: Xtx is the average biomass (mg) in x time, JXfi is the average initial biomass (mg),
and Ntx is the time (days) from the beginning of the vermicomposting process.

The vermicompost microbial activity was determined as the CO> production in 20
g of wet-mass samples incubated in hermetically sealed flasks for 6 h at 28 °C. The
produced CO2 was captured using 0.1 M NaOH, titrated with standardized HCI (0.02 M),
after adding phenolphthalein and excess BaCl2 (Anderson, 1982).

2.4. Physicochemical analysis of the vermicompost
The vermicompost wet mass was determined by weighing the content 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 P (spectrophotometry), K (flame
photometry), Ca, Mg, Cu, Zn, Fe, Ni, Cr and Pb content was determined using a Flash
EA 1112 elemental analyzer (Thermo Finnigan, Milan, Italy). The NHs" and NOs™ + NO>
content was determined using the micro-Kjeldahl method. The bulk density (BD) of the
substrate was determined using the beaker method (Jain et al., 2018).

The Zhu et al. (2016) method was modified to determine the dissolved organic
carbon (DOC) and dissolved organic nitrogen (DON) 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 supernatant
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was extracted and filtered through 0.45 um 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

Shimadzu model UV-Vis 2600-PC spectrophotometer in the wavelength range of 200-
800 nm. All solutions were diluted to DOC concentrations of 1 mg mL™. The specific UV
absorption was determined by normalizing the UV absorbance at 254 nm (SUVA254) 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 spectrophotometer 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 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
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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 vermicomposting 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 (average of 23 mg C-CO2 kg? h?, 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-CO2 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 microbial activity (Dominguez et al., 2010). The final phase
of vermicomposting 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 d (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 d 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 substrate
degradation by earthworms in addition to increases in biomass (Fig. 1E-F) and

reproduction during the initial phase.



30

Population density is a significant variable to determine the adequacy 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™
(Fig. 1B). The juvenile population reached 15,000 ind m? (Fig. 1B), and the cocoon
production increased to ~87,000 cocoons m (Fig. 1C). Lalander et al. (2015) observed
maximum densities of 3,086 adults m? and 12,344 juveniles m™ after 109 days, 83% and
18% lower than those observed in this study, respectively. In addition, it was possible to
produce ~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. Physico-chemical characteristics of vermicomposting and correlation analysis
After 120 days, earthworm activity changed 19 out of 27 physical-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
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(Jain et al., 2018). The treatment of organic residues aims to decrease the substrate mass
and volume because it increases nutrient concentration and commercial value and 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 general, 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  + NO2 content increased in the final phase. In general, epigean earthworms
significantly affect N transformations during vermicomposting due to their biomass
increases, microbial activity stimulation, and modifications in the vermicompost
environmental conditions (Dominguez and Gémez-Branddn, 2013).

Despite DOC and DON content remaining unmodified throughout the
vermicomposting process, there was a significant increase in the dissolved C/N ratio (P
= 0.0201), indicating a decrease in N content of the vermicompost soluble fraction.
Lazcano et al. (2008) suggested that the reduction in DOC and DON contents is desirable
for vermicomposting because high contents may be harmful to plants because of their
facilitated 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-Branddn 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 mineralization, 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).



32

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 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 physical-chemical modification in the substrate until the end of
vermicomposting. 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" + NO3” + NO2") 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 and Zn = 4.0 g kg?) (Balachandar et al., 2021).

The strong positive correlation between microbial activity and substrate mass (p
= 0.95) and TOC (p = 0.77) (Figure 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 earthworms and nutrient
content (P =0.44, K=0.52, Ca=0.18, Mg = 0.27, Cu=0.42, Zn = 0.22, and EC = 0.32)
(Figure 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
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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
NOs + NO2 (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 (Figure 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 variables to be grouped according to each vermicomposting
phase. The variables, NOs™ + NO2", NH4", basal respiration, and mass of vermicompost,
were closely related and correlated to the initial phase (smaller ellipse of Figure 3), while
TOC, DON, and TN formed an intermediate group between both phases (ellipses
overlap). The initial phase of vermicomposting was characterized by intense microbial
activity that promoted the reduction in cattle manure volume by converting organic matter
into CO2 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 cocoons, and P, K, Mg, Cu, and Zn content) were grouped in
the final phase (larger ellipse of Figure 3). The production of high biomass of earthworms
only occurs in the final stage of vermicomposting when there is also a 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. SUVAzs4 and FT-IR spectroscopy
SUVA254 (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). SUVA254 values of the DOM corroborate 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 SUVA254 could be associated with the fast transformation of non-
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aromatic compounds, which led to a relative enrichment in aromatics. Additionally, an
increase of SUVA254 value proposes a higher degree of aromaticity and molecular
weight (He et al., 2011). After 45 days, SUVA254 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 earthworms, and coprolites have high gluconate proteins and glycosidic
molecule contents, enriching the substrate with new aliphatic molecules with low
molecular mass (Gémez-Brandén 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/EG6 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). However, Saab and Martin-Neto (2007) demonstrated that
the E4/EG 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 intensity of absorption bands (see
supplementary materials). The final vermicompost showed a significant decrease in the
peak intensity at 3401 cm-1 (O-H stretch), indicating phenol and carbohydrate
decomposition (Srivastava et al., 2020). The reduction in peak intensity at 29222853
cm-1 (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=0 stretching
of amide groups, quinonic C=0 and/or C=0 of H-bonded conjugated ketones) (Zhu et
al., 2016). The peak intensities increased at 1606-1421 cm™ (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
SUVAZ254 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
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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 earthworms and the high
microbial activity promoted an increase in the degree 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, carbohydrates, and lipids,
resulting in the reduction of aliphatic structures and increasing the degree of aromaticity

of organic matter.

4. Conclusions
Vermicomposting time has a role in modifying the chemical, physical, and

biological properties of the vermicompost, including the aromaticity of organic matter.
Because of the high activity of earthworms 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 vermicompost
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.

E-supplementary data of this work can be found in online version of the paper.
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Highlights
- Forty-four variables were evaluated during 120 days of vermicomposting.

- The first 45 days characterized the initial vermicomposting phase.
- The largest physical-chemical changes occurred in the final phase.

- At least 120 days are required to produce earthworm matrices.

- The dissolved organic matter aromaticity was modified by vermicomposting.
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List of Figures:

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).

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.

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; NOz™ + NO2’, nitrite +
nitrate; NH4*, 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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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

Humidity (%)

VM (g / vermireactor dw)
Bulk density (g cm™)

pH

EC (mScm™)

OM (%)

TOC (g kgt dw)

Total N (g kg™ dw)

C / N ratio (total)

C/P ratio

DOC (g kg™)

DON (g kg™)

Dissolved C / N ratio
Total mineral N (mg kg™ dw)
NH4* (mg kg™ dw)

NOs + NOz (mg kg dw)
Ash content (g kgt)

P (g kg™ dw)

K (g kg™ dw)

Ca (g kg tdw)
Mg (g kg™ dw)

Cu (mg kg™ dw)

Zn (g kg™ dw)
Fe (g kg™t dw)
Ni (mg kg™ dw)
Cr (mg kgt dw)
Pb (mg kgt dw)

Manure Worm-processed material (days) A (%)

15 30 45 60 120 0-45 45-120  Limits!
77.6+0.4ns 77.8+04 78.4+0.6 77.3+0.6 77509 77704 -0.4 0.5 -
924+0.0a 878+£5.3b 777+£56¢C 679+5.4d 669+7.1d 490+ 104e -26.9 -27.2 -
0.38+0.0¢c 0.40+0.0 bc 0.46+0.0ab 0.48+0.0a 0.48+0.0a 051+00a +264 +6.8 -
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 +129 >6
22+00c 2.3+0.1bc 2.310.1bc 2.4+0.0bc 24+00b 27+0.1a +89 +149 -
84.7+0.3a 81.3+1.7ab 79.9+1.1bc 80.2+ 0.5 bc 78+ 1.1bc 76.6+0.3¢c -53 -4.4 -
3942+57a 372.7+4.7ab 3705+2.7ab 361.2+25bc 351.4+10.1bc 3413%56¢C -8.4 -55 >100
26.4+0.5bc 275+ 0.6ab 29.1+03a 289+0.2a 294+04a 248+009c +9.2 -14.2 >5
15+04a 13.6+0.2 hc 12.7+0.1 bcd 125+0.1cd 11.9+0.2d 13.8+0.3bc -163 +105 <20
69.0+23a 58.7 + 2.2 abc 60.6 + 3.4 ab 54.4+ 3.6 bc 46.2 £ 3.2 cd 378+12d -21.2 -30.5 -
2.39+0.2ns 237+£0.1 252+0.1 2.30+£0.2 263102 287102 -3.8 +249 -
0.67+0.1ns 0.69+0.0 0.54+0.0 0.63+0.1 054+0.1 0.49+0.1 -6.5 -21.8 -
36+02ab 35+02b 48+0.6ab 3.8+04ab 56+20ab 66+11la +6.1 +75.1 -
154.7+103b 293.1+8.1a 311.3+27.4a 173.6+3.1b 177.4+53b 1945+108b +122 +12 -
848+22c 173.1+4.3a 154.1+10.2a 114.1+28b 117+450D 97 £8.4 bc +346 -15 -
70+9.0c 120+ 3.9ab 157.3+20.1a 59.5+5.6¢C 60.4+6.0c 97.5+8.7 hc -149 +639 -
153.1+24c 186.6 +17.3bc  201.2+10.8ab 198.3+4.7ab  2204+115ab 2339+34a +295 +17.9
58+0.3c 6.4+0.2 bc 6.5+ 0.2 bc 6.7 0.4 bc 7.7+04ab 9.1+03a +173 +343 -
19.2+0.6ab 19+0.8ab 18.9+ 0.6 ab 178+18b 20.2+0.6ab 226+0.7a -7.3 +26.6 -
21+0.1b 2.3+0.4bc 2.6+0.1bc 29+02ab 29+0.1ab 34+02a +348 +178 -
9.2+0.2c 9.7+04c 102+04c 10.9+0.9 bc 126 +0.5ab 142+04a +184 +298 -
174+06Db 18.2+05b 202+15ab 186+16b 189+1.04ab 239+09a +6.9 +283 <70
053+0.1b 061+0.1b 062+0.0b 0.63+0.0b 0.66+0.0ab 080+0.1a +17.8 +27.2 <200
1.7+0.3ns 1.6+0.2 1.8+0.2 15+0.1 1.6+0.0 1.7+0.1 -76 +7.7 -
0.57+0.4ns 058+1.3 0.53+0.6 071120 03615 0.74+04 +246 +47 <175
46+45ns 41+10 8.9+53 44+29 3.7+£15 9.9+64 -4.6 +125.2 <70
1.2+0.9ns 1.0+15 14+0.3 1.7+£05 1.9+0.3 2.0+0.2 +46.3 +15.0 <150

The means followed with the same letter are not significantly different (Tukey's test, p <0.05). *MAPA, 2006, 2011, 2020. (—) Attribute not mentioned in the

regulations.



Table 2. SUVA254 and E4/E6 values of DOC from vermicomposting.

45

Attribute Worm-processed material (days)
Manure
15 30 45 60 120
SUVAs, (L/(mg m)) 33+03ab 31%01b 27+02b 41+04a 31+02ab 35+02ab
E4/E6 48+00c 49+00b 47+00d 50+00a 47+00d 50x+00a
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Figure 1.
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Calcium content
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Zinc content
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Number of adult earthworms ~ 0.24 0.29
Number of juvenile earthworms
Number of cocoons
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Supplementary material

Table S1. Total coliform count and Escherichia coli count by the most probable number
method (MPN) using the Colilert-18 kit (IDEXX, Brazil).

Treatment Total coliforms (MPN) Escherichia coli (MPN)
Manure 11.6 x 10* 2.0 x 10
15 days 16.9 x 10* 0.9 x 10*
30 days 7.3 x 10* 2.0 x 10*
45 days 2.1x 10 1.0 x 10*
60 days 1.6 x 10* 1.0 x 10*

120 days 1.0 x 10* <1.0x 10
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Figure S1. Balance between adult and juvenile individuals in the vermireactors during 120 d
of cattle manure vermicomposting by using Eisenia andrei. Gray and white bars represent adult

and juvenile earthworms, respectively.
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vermicompost during 120 d of vermicomposting using Eisenia andrei compared to cattle

manure (substrate). (A): MCV, moisture of the vermicompost; BR, basal respiration; VM,

vermicompost mass; DAE, density of earthworms; BAEing, individual biomass of adult

earthworms; and BAEyg, total biomass of earthworms. (B): pH; EC, electrical conductivity; BD,

bulk density; AC, ash content; P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Cu,

copper; Zn, zinc; and Fe, iron. (C): OM, organic matter; TOC, total organic carbon; TN, total

organic nitrogen; C/N, C/N ratio; DOC, dissolved organic carbon; DON, dissolved organic
nitrogen; C/Nd, dissolved organic C/N ratio; NH4", ammonium; NOx, nitrite (NO2") + nitrate

(NO3’); TMN, total mineral nitrogen; and C/P, C/P ratio.
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Figure S3. (A) Assignment of typical infrared bands in FT—IR spectra of manure and
vermicompost. (B) Fourier-transform infrared spectroscopy (FT-IR) obtained from cattle

manure and the vermicompost produced using Eisenia andrei in different vermicomposting

times.
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Figure S4. Contribution of physical, chemical, and biological variables in the cattle manure
vermicomposted using Eisenia andrei for the (A) first and (B) second principal components.

Dashed lines on the charts (A and B) indicate the mean expected contribution of the variables.

DOC, dissolved organic carbon; DON, dissolved organic nitrogen; TOC, total organic carbon;

P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Zn, zinc; Cu, copper; Fe, iron; BD,

bulk density; MV, mass of vermicompost; NOs™ + NO2", nitrite + nitrate; NH4", 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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