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A B S T R A C T

The use of biowaste-based amendments to increase soil organic carbon (SOC) stock in agroecosystems could be an 
important agricultural practice, with potential to counteract SOC depletion. Despite the overall benefits to soil properties, 
potential impacts can be observed on soil biota, due to the biowaste-based amendments composition and/or instability, 
which can be assessed evaluating specific soil biochemical properties. A field study was set-up for two years, with Lolium 
multiflorum Lam, to evaluate the effect of biowaste-based amendments on soil microbial and biochemical properties. 
Dewatered sewage sludge (SS; 6, 12 and 24 t dry matter ha-1), municipal solid waste compost (MSWC), and agricultural 
wastes compost (AWC), with application doses calculated to deliver the same amount of organic matter (OM) per unit 
area, were tested. Generally, enzymatic activities (dehydrogenase, β-glucosidase, acid-phosphatase, cellulase and 
protease), potential nitrification, and soil organic matter fractions (humin, humic acids (HA) and fulvic acids (FA)), 
increased with the treatment doses, and from the first to the second year of application. For some properties, like humin 
and HA, potential nitrification and dehydrogenase activity, their increase was more notorious following both composts 
application, especially in the second year, favoured by the application of more stable OM, while other properties were 
more responsive to SS application, with more active organic matter (e.g., FA, β-glucosidase, acid-phosphatase).
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R E S U M O

O uso de corretivos orgânicos derivados de resíduos para aumentar o armazenamento de carbono orgânico do solo (SOC) 
em agroecossistemas poderá constituir uma prática agrícola importante, com potencial para neutralizar o esgotamento 
do SOC. Apesar dos benefícios gerais para as propriedades do solo, podem ocorrer potenciais impactos na biota do 
solo, devido à composição e/ou falta de estabilidade da matéria orgânica dos corretivos orgânicos utilizados, o que 
pode ser avaliado através de propriedades bioquímicas específicas do solo. Foi montado um ensaio de campo, por dois 
anos, com Lolium multiflorum Lam, para avaliar os efeitos da aplicação de corretivos derivados de resíduos orgânicos 
nas propriedades microbianas e bioquímicas do solo. Lama residual urbana desidratada (SS; 6, 12 e 24 t de matéria seca 
ha-1), composto de resíduos sólidos urbanos (MSWC) e composto de resíduos agrícolas (AWC), com doses de aplicação 
calculadas para fornecer a mesma quantidade de matéria orgânica (OM) por unidade de área, foram testados. Em geral, 
as atividades enzimáticas (desidrogenase, β-glucosidase, fosfatase ácida, celulase e protease), nitrificação potencial e 
frações de matéria orgânica do solo (humina, ácidos húmicos (HA) e ácidos fúlvicos (FA)), aumentaram com as doses 
de tratamento, e do primeiro para o segundo ano de aplicação. Para algumas propriedades, como humina e HA, 
nitrificação potencial e atividade da desidrogenase, o aumento foi mais marcado após a aplicação de ambos os compostos, 
principalmente no segundo ano, favorecidas pela aplicação de OM mais estável, enquanto outras propriedades foram 
mais responsivas à aplicação de SS, com mais matéria orgânica ativa (e.g., FA, β-glucosidase, fosfatase ácida).

Palavras-chave: carbono orgânico do solo, corretivos orgânicos, lamas residuais urbanas, composto, atividades 
enzimáticas do solo, nitrificação potencial.
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INTRODUCTION

In Portugal, as in other Mediterranean countries, 
where soil organic matter (SOM) in agroecosys-
tems are quite below critical levels recommended 
by the UNCCD (United Nations Convention to 
Combat Desertification), the use of biowaste-ba-
sed soil amendments seems an attractive option, 
because this practice enables valuable compo-
nents to be reused (e.g., OM, N, P, K), avoiding, at 
the same time, the landfilling of organic wastes. 
However, there are associated threats, namely of 
soils contamination with potentially toxic trace 
elements (PTEs), organic contaminants, and patho-
genic microorganisms, and their limit values have 
been established for sewage sludge (Decree-Law 
n.º 276/2009), and biowaste-based fertilizers (De-
cree-Law n.º 30/2022 and Portaria n.º 185/2022). Be-
cause of that, it is important to thoroughly analyse 
the risks of each specific material, considering its 
physicochemical characteristics, to compare the 
results with established limit values (Alvarenga 
et al., 2015), and its maturation/stability status (Al-
varenga et al., 2016). However, despite the impor-
tance of their characterization, it is very important 
to evaluate the effects of the application of these 
biowaste-based amendments in field experimen-
ts, which can deliver more robust results, and the 
potential cumulative effects of their application to 
soil (Alvarenga et al., 2017). Generally, these stu-
dies emphasise the effects on soil physicochemical 
properties, more related with soil fertility aspects 
(e.g., pH, OM content, total and available nutrien-
ts’ concentrations, cation exchange capacity), or on 
the accumulation of pollutants (e.g., PTEs, persis-
tent organic contaminants), both in soil and in the 
crop. These studies are very important, but they 
often disregard effects on other soil properties, 
like microbial and biochemical properties, that 
are good indicators of soil overall health (Bhaduri 
et al., 2022). For instance, dehydrogenase activity, 
as well as potential nitrification, are considered 
good indicators, representative of the active micro-
bial population of a soil, while exoenzymes, such 
as hydrolases, can be used to assess the biological 
cycling of the elements, such as N, P, and C. All 
in one, they can be classified as metabolic soil bio-
-indicators, to evaluate ecosystem restoration and 
sustainability (Bhaduri et al., 2022). 

Considering the importance that SOM represen-
ts, as a property, to the agroecosystem, influen-
cing soil fertility, nutrient cycling, water reten-
tion, and gases exchange (Weil & Brady, 2017), it is 
very important to evaluate the implications to the 
SOM when organic materials with different charac-
teristics, namely regarding chemical composition 
(lignin, suberin), stability and maturity, are used 
as soil amendments (Alvarenga et al., 2016). The 
particulate fraction (free organic matter, FOM) is 
separated previously by density, and after is done 
via an alkaline extraction of the soil, obtaining the 
so-called humic substances (HS), composed by 
three fractions, operationally defined considering 
their pH-dependent solubility in aqueous solutions 
(humin, humic acids (HA) and fulvic acids (FA)) 
(Weil & Brady, 2017). Humin, insoluble in alkaline 
solutions, is formed by highly condensed, larger 
molecules, complexed with clays, resistant to de-
composition, therefore considered the most stab-
le fraction of SOM. On the other hand, HA (high 
molecular weight, up to 300,000 Da) and FA (lower 
molecular weight, 2,000-50,000 Da), both soluble in 
alkaline solutions, are composed by more reactive 
macro-molecules, HA more stable and less soluble 
than FA (Benites et al., 2003). 

Several authors consider that the humic substances 
obtained in the alkaline extraction do not repre-
sent the nature of most of the organic material that 
exists in nature, and that SOM characterization 
should be performed by direct investigation of or-
ganic matter chemistry in situ, while it is still asso-
ciated with the mineral phase (Weil & Brady, 2017; 
Kleber & Lehmann, 2019). Nevertheless, when the 
edaphoclimatic conditions are similar, variations 
on these soil alkali-extracted fractions are still 
used by many authors to evaluate the influence of 
different soil management options on SOM pro-
perties (Kou et al., 2022).

Taking all these into consideration, the aim of this 
study was to evaluate the effects on SOM frac-
tions, extracted by alkali, and on soil biochemical 
properties (nitrification potential, dehydrogenase 
activity, and soil exoenzymes activity), of the use 
of three different biowaste-based amendments 
(sewage sludge and compost produced from urban 
or agricultural wastes). 
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MATERIALS AND METHODS

Field experiment

The field experiment was established in a Verti-
soil (WRB, 2022), in Beja (Portugal; 38°01′42.08″N, 
7°52′11.70″W), sown with Lolium multiflorum Lam 
The soil amendments used were: (1) dewatered 
sewage sludge (SS; 6, 12 and 24 t dry matter (dm) 
ha-1), (2) mixed municipal solid waste compost 
(MSWC), and (3) agricultural wastes compost 
(AWC), applied in rates calculated to deliver the 
same amount of organic matter (OM) per unit area 
of soil, in two consecutive years (2014-2015). Briefly, 
the SS was obtained in a small municipal wastewa-
ter treatment plant (serving ~6000 inhabitants), af-
ter activated-sludge treatment, with high aeration 
rate, nitrification-denitrification, and mechanical 
dewatering by centrifugation (~15% dry matter con-
tent). The MSWC was obtained from unsorted mu-
nicipal solid waste, mechanically segregated, and 
biologically treated, in a composting plant serving 
~113000 inhabitants. The AWC was produced from 
the wastes of the cleaning of olive groves, and of 
harvesting and processing of olives to produce olive 
oil, and from manure generated in a biological farm 
(61% sheep manure, 21% olive mill waste, 10% olive 
leaves, and 8% meat flour) (Alvarenga et al., 2015). 
Two control treatments were considered: one plou-
ghed and sown, as the others, but without organic 
amendment application (zero (0) ton ha-1 application 
rate), and a control with intact soil (Control). The 
thorough description of the experimental set-up 
and of the results obtained for the physicochemical 
properties of soil, and for the effects on plant and 
on soil PTEs’ accumulation, were already reported 
and discussed (Alvarenga et al., 2017).

Soil organic matter fractionation

SOM was separated in operationally defined frac-
tions (humin, HA and FA), extracted following the 
simplified methodology described by Benites et al. 
(2003). A soil sample with, approximately 30 mg to-
tal organic carbon, was extracted with NaOH 0.1 M, 
shaken for 24 h (200 rpm) at 25 °C in the absence of 
light, and after centrifuged at 5,000 g for 30 min. 
This extraction procedure was repeated twice, 
and allowed the separation of the humin fraction, 
which is retained, insoluble, in the precipitate, 

from the extract with soluble HA and FA frac-
tions. The extract was then acidified to pH = 1.0, 
with H2SO4 20% (w/w), to allow their separation: 
HA, with higher molecular weight, which precip-
itates in acid solutions, from FA, with lower mo-
lecular weight, which remains in the supernatant. 
The separation of both fractions was performed by 
filtration, through a 0.45 µm filter, under vacuum. 
The HA precipitate, retained in the filter, was fur-
ther solubilized, by washing it with NaOH 0.1 M. 
Organic carbon in the three fractions (humin, in 
the precipitate, and HA and FA, in each extract), 
was quantified by the Walkley-Black method: titra-
tion with Mohr’s salt (ammonium iron (II) sulfate, 
(NH4)2Fe(SO4)2(H2O)6), with ferroin indicator, after 
oxidation of each fraction with K2Cr2O7 (0.1667 M  
for humin and 0.0125 M for HA and FA extracts), 
with concentrated H2SO4, at 150 °C for 30 min. All 
samples were measured in triplicate.

Soil enzymatic activities 

At the end of the experiment, soils were collected 
and maintained at field moisture content before 
analysis. Enzymatic activities analytical proto-
cols were thoroughly described by Alvarenga et al. 
(2009), all using 2-mm sieved samples, and with 
the activities expressed on oven-dried weight ba-
sis (105 °C, 48 h). Dehydrogenase activity (Tabata-
bai, 1994) was measured as soon as possible after 
soil sampling (< 48 h), while for β-glucosidase (Alef 
& Nannipieri, 1995a), acid phosphatase (Alef et al., 
1995), cellulase (Hope & Burns, 1987), and prote-
ase (Alef & Nannipieri, 1995b), soil samples were 
kept refrigerated at 4 °C, and let to equilibrate for 
1 h, at room temperature, before analysis. All ana-
lytical measurements were carried out in triplicate.

Potential nitrification 

Potential nitrification was measured according to 
Berg & Rosswall (1985), with some modifications. 
Field-moist soil samples were incubated for 5 h at 
25°C using ammonium sulphate 1 mM as substrate 
(2 g soil: 8 mL solution), in the presence of sodium 
chlorate has a nitrite oxidation inhibiter. Nitrite re-
leased during incubation was extracted with po-
tassium chloride and determined colorimetrically 
at 540 nm.
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Data analysis and statistical treatment of data

To avoid biased results related with soil sampling 
in different years, all results were expressed as a 
percentage, relative to the result obtained for the 
same variable in the control plot (Control) in that 
same year. Results were analysed using descripti-
ve statistics (mean, and standard deviation), and 
were subjected to a two-way ANOVA to evalua-
te statistical differences between the results, and 
the interaction of the tested independent variables 
(treatment × year). Whenever significant differen-
ces were found (p ≤ 0.05), a post hoc Tukey Honest 
Significant Difference (HSD) test was used to fur-
ther elucidate differences among means (p ≤ 0.05). 
All statistical analyses were performed with the 
STATISTICA 7.0 (Software™ Inc., PA, USA, 2004).

RESULTS AND DISCUSSION

Soil organic matter fractionation

SOM alkali extracted fractions (humin, FA and 
HA), increased with the treatment doses, and, as a 
general trend, from the first to the second year of 
the study, evidencing the benefit of amending the 
soil with exogenous sources of organic matter.

Humin (Figure 1A), is the most persistent and sta-
ble fraction of SOM, which plays a very important 
role in C sequestration in soil. Humin was dominant 
over the other fractions (between 80-91% of the total 
C in humin, for all treatments), as was expected in 
an agricultural soil (and in a Vertisoil). For HA (Figu-
re 1B), more stable than FA, their content in the soil 
increased more markedly following the composts 
application, with statistically significant differences 
after the AWC higher application dose (p<0.05), rea-
ched in the second year of the study. The effects of 
SS application were more evident for the FA increase 
(Figure 1C), especially in the first year of their appli-
cation. FA correspond to more active and soluble 
compounds (Benites et al., 2003; Kou et al., 2022), and 
it is expected that SS, an organic material less stabi-
lized and with a higher rate of mineralization com-
pared with both composts (Alvarenga et al., 2016), 
would have a more marked effect on the FA fraction 
of SOM. In fact, in the second year of the study, the 
higher application dose of SS led to a slight decrease 
in humin, and to an increase in FA.

Effects on soil biochemical indicators

Except for SS application in some cases or for some 
doses, overall, the biochemical indicators were 
positively affected by organic amendments appli-
cation (Figure 2), with considerable increases in 
their values, relatively to the control or to the seed-
ed non-amended plot. 

Regarding dehydrogenase activity (DHA), an 
overall indicator of soil microbial activity (Figure 
2A), while in the first year of the study the bene-
ficial effect of SS application was higher than that 

Figure 1 - Effects of the treatments on soil organic matter 
fractions in the two years of the study: (A) humin, 
(B) humic acids and (C) fulvic acids (mean ± 
standard deviation, n=4).  Results are reported as 
percentage, relative to the result obtained in the 
Control. Columns marked with the same letter are 
not significantly different (Tukey test, p>0.05). 
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observed for both composts application, the second 
year of application of the same material evidenced 
an opposite tendency, with a decrease in DHA ac-
tivities with increasing SS application rates. An op-
posite tendency was observed following composts 
application, with more stabilized OM, leading to 
an increase of DHA activity, with the increase in 
the application rates of both composts. As for po-
tential nitrification (Figure 2B), the response of 
this biochemical indicator followed the same trend 
as the DHA, but with values, for SS, considerable 
higher than the controls in the second year of the 
study (p<0.05).

As for these biochemical parameters, associated 
with microbial activity, there is an apparent benefit 
of applying stable high-quality organic matter, at 
least in the medium term, with a negative response 
to the consecutive application of non-stabilized 
organic matter, still in an active mineralization 
phase, as SS.

Generally, soil enzymatic activities (β-glucosidase 
(Figure 2C), acid-phosphatase (Figure 2D), 

cellulase and protease), increased with the treat-
ment doses, and markedly from the first to the sec-
ond year of the study. In fact, following the first 
year of application of the amendments, the differ-
ences for the enzymatic activities of β-glucosidase 
and acid-phosphatase, between the amended and 
non-amended soil, were not significant (p>0.05), 
but their activities increased markedly in the sec-
ond year of application, especially for SS applica-
tion, with statistically significant higher activities 
than with the compost application, MSWC and 
AWC (p<0.05). 

As for, cellulase and protease, their activities were 
below the quantification limit of the technique 
in the first year but increased their activities to 
quantifiable values following the second year of 
amendment applications (data not shown). Their 
activities were, however, still low and, because of 
that, with high standard deviation between repli-
cates. Nevertheless, it was possible to observe that 
SS was the amendment which promoted the high-
est increase in their activities, possible because of 
the higher rate of mineralization of SS, compared 

Figure 2 - Effects of the treatments on soil biochemical properties in the two years of the study: (A) dehydrogenase activity 
(DHA), (B) potential nitrification, (C) β-glucosidase activity, and (B) acid-phosphatase activity (mean ± standard 
deviation, n=4).  Results are reported as percentage, relative to the result obtained in the Control. Columns marked 
with the same letter are not significantly different (Tukey test, p>0.05).
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to the stabilized composts, already pointed by Al-
varenga et al. (2017), when discussing the effects 
of the treatments on the soil physicochemical 
parameters.

Despite the rather higher response of the hydro-
lases to the SS application, when compared to the 
compost application, the application of 24 t ha-1 of 
SS, in the second year of application, also induced a 
decrease in the enzymatic activity of β-glucosidase 
(Figure 2C) and cellulase (data not shown), both 
enzymes from the C-cycle. 

CONCLUSIONS

These results emphasize the importance of 
applying biowaste-based amendments to boost 
microbial and biochemical properties of soil, whi-
ch increased by their application doses (especially 

with the 12 and 24 t ha-1 application doses), and 
from the first to the second year of application. 
However, for some properties, mainly those re-
lated with microbial activity, like DHA activity 
and potential nitrification, the positive respon-
se decreased in the second year of application of 
less stabilized organic materials, like SS, while the 
same properties continued to increase with com-
posts application. 
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