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E.; Rékási, M. Short-Term

Decomposition and

Nutrient-Supplying Ability of

Sewage Sludge Digestate, Digestate

Compost, and Vermicompost on

Acidic Sandy and Calcareous Loamy

Soils. Agronomy 2021, 11, 2249.

https://doi.org/10.3390/

agronomy11112249

Academic Editors: Othmane Merah,

Purushothaman Chirakkuzhyil

Abhilash, Magdi T. Abdelhamid,

Hailin Zhang, Bachar Zebib and

Sharon L. Weyers

Received: 20 September 2021

Accepted: 4 November 2021

Published: 6 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute for Soil Sciences, Centre for Agricultural Research, Herman O. Str. 15, 1022 Budapest, Hungary;
uzinger.nikolett@atk.hu (N.U.); szucs-vasarhelyi.nora@atk.hu (N.S.-V.); draskovits.eszter@atk.hu (E.D.);
rekasi.mark@atk.hu (M.R.)

2 Faculty of Military Sciences and Officer Training, Doctoral School of Military Engineering,
University of Public Service, Hungária Str. 9-11, 1101 Budapest, Hungary

3 Bácsvíz ZRt. Water and Sewer Service, Izsáki út 13, 6000 Kecskemét, Hungary; padrapista@gmail.com
4 Inno-Water Inc., Hidegkúti út 80/D, 1028 Budapest, Hungary; sandor.daniel@innowater.hu
5 Faculty of Agrobiotechnical Sciences, Josip Juraj Strossmayer University of Osijek, Vladimira Preloga 1,

31 000 Osijek, Croatia; zloncaric@fazos.hr
* Correspondence: szecsy.orsolya@atk.hu

Abstract: Organic waste and the compost and vermicompost derived from it may have different
agronomic values, but little work is available on this aspect of sewage sludge. A 75-day pot experi-
ment with perennial ryegrass (Lolium perenne) as the test plant aimed to investigate the fertiliser value
and organic matter replenishment capacity of digested sewage sludge (DS) and the compost (COM)
and vermicompost (VC) made from it, applied in 1% and 3% doses on acidic sand and calcareous
loam. The NPK content and availability, changes in organic carbon content and plant biomass,
and the efficiency of the amendments as nitrogen fertilisers were investigated. The final average
residual carbon content for DS, COM, and VC was 35 ± 34, 85 ± 46, and 55 ± 46%, respectively. The
organic carbon mineralisation rate depended on the soil type. The additives induced significant N
mineralisation in both soils: the average increment in mineral N content was 1.7 times the total added
N on acidic sand and 4.2 times it on calcareous loam for the 1% dose. The agronomic efficiency of
COM and VC as fertilisers was lower than that of DS. In the short term, DS proved to be the best
fertiliser, while COM was the best for organic matter replenishment.

Keywords: agronomic efficiency; waste utilisation; organic matter; fertilisation; priming

1. Introduction

The application of organic amendments to improve soil properties is a procedure
widely used all over the world. One of the most common organic materials suitable for this
purpose is sewage sludge. Sewage sludge utilisation has an increasing range of applications,
from agriculture to energy production, building materials, and adsorbents [1–4]. The
utilisation of this material as a fertiliser could reduce the volume of synthetic mineral
fertiliser required [5,6]. Although sewage sludge also acts as an organic amendment,
increasing the organic matter content and water capacity of the soil, it has the drawback
that it may contain inorganic and organic pollutants [7,8]. Another problem is that the
organic matter in sewage sludge decomposes rapidly in the soil, so both its beneficial effect
on the organic matter content of the soil and its ability to supply nutrients only apply in the
short term [9]. However, these barriers to application can be overcome by sludge treatment
processes [10].

Composting is one of the most widely used processes for treating sewage sludge,
as it is able to stabilise the organic matter and nutrient contents [11], possibly leading to
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a slower, more balanced nutrient supply [12]. Moreover, the co-composting of sewage
sludge with green wastes or additives might moderate the environmental risks involved
in its application, as composting decreases not only the number of pathogens and the
concentration of certain organic contaminants, but also the plant availability of inorganic
contaminants [12]. In addition, with appropriate technology, the utilisation of sewage
sludge compost in agricultural fields could contribute to sustainable soil health [10].

One alternative to conventional composting is vermicomposting, during which the
contribution of earthworms to decomposition aids and hastens waste stabilisation [13].
The organic matter formed during vermicomposting may be more stable, with a higher
degree of humification (based on the humic acid/fulvic acid ratio) than that obtained from
conventional composting, therefore having a longer-lasting effect [14,15]. However, con-
tradictory results have been published, showing that the organic matter of vermicompost
may decompose in the soil just as fast or even faster than that of compost [14,16].

It can thus be seen that the agronomic value of the original organic waste and the
compost or vermicompost produced from it may be quite different. Several studies have
focused on the comparison of these materials from this aspect. Based on plant biomass yield,
vermicompost has been proven to be much more favourable than compost when the doses
applied had the same contents of plant nutrients [17,18]. According to Kalantari et al., this is
due to the more advantageous element-uptake conditions provided by vermicompost [19].
In regard to their effect on soil microbial activity, Yagi et al. found that it was more enhanced
by vermicompost than by compost [20]. Choosing the appropriate dose is of key importance
for both materials, as an inappropriate dosage could lead to phytotoxic effects. However,
this danger was reported to be less pronounced in the case of vermicompost [21]. According
to Ngo et al., vermicompost is preferable to compost due to its beneficial effect on plant
growth, while having similar positive effects on the quantity and quality of soil organic
matter (SOM) [14]. However, according to Tognetti et al., the more favourable effects of
vermicompost compared with compost cannot be generalised, as both the composition of
the material and the treatment method have a significant effect on the agronomic value of
the resulting material [22].

As shown above, although numerous similar studies have been reported, no agro-
nomic comparison between sewage sludge, as one of the most significant types of organic
waste, and its compost and vermicompost has yet been carried out. For this reason, the
effects of municipal sewage sludge digestate (DS) and of the compost (COM) and vermi-
compost (VC) derived from the same sludge were evaluated from the perspectives of soil
improvement and nutrient supply on an agronomically less valuable acidic sandy soil and
on a more favourable calcareous loamy soil. Their ability to improve the soil was assessed
as the increase in soil organic carbon content caused by the additives by the end of the
experiment, and their contribution to the nutrient supply in terms of the total and potential
plant-available fractions of macronutrients in the soil, the quantity of biomass developed as
the outcome of the treatments, their effectiveness as nitrogen fertilisers, and their influence
on N uptake efficiency. It was hypothesised that the availability of plant nutrients (N, P,
and K) and the resulting biomass would be the highest in the DS treatment, whereas the
increase in soil organic matter content would be greatest in the VC treatment. It is hoped
that the results will contribute to the establishment of a more appropriate strategy for the
utilisation of sewage sludge digestates as fertilisers and soil amendments.

2. Materials and Methods
2.1. Experimental Setup

The effect of DS, COM, and VC on the soil pH, organic matter content, and macroele-
ment content was studied on two soil types taken from the ploughed layer (0–20 cm)
of fields at the experimental stations of the Institute for Soil Sciences and Agricultural
Chemistry, Centre for Agricultural Research, Hungary. The acidic sandy soil (brown forest
soil, Lamellic Arenosol) was from Nyírlugos (47◦43′ N, 22◦00′ E) and the calcareous loam
(calcareous chernozem, Calcaric Phaeosem) was from Nagyhörcsök (46◦54′ N, 18◦31′ E).
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Digested municipal sewage sludge was provided by Bácsvíz Zrt (a company for
water and wastewater services in Kecskemét, Bács-Kiskun County, Hungary). Excess
sludge removed from the sludge treatment system on-site went through a process of
gravity thickening by the addition of a 0.4% polyelectrolyte solution. Sludge digestion
was followed by another dewatering process using polyelectrolytes. COM was produced
from DS in an industrial-scale, actively aerated, and closed-windrow system. A mixture
of digestate and green waste with a volumetric ratio of 1:4 was placed in a windrow
measuring 745 m3, bordered by concrete walls and covered with GORE® membrane. A
21-day actively aerated composting period with a temperature above 60 ◦C was followed
by a 21-day maturing period without aeration. VC made from digested sewage sludge
was produced via vermicomposting in beds measuring 1.2 m × 11 m × 0.4 m placed
on the soil surface. In order to prevent subsequent excessive heat development and to
remove toxic ammonia gas, the DS was aerated by regular turning for two weeks before
the vermicomposting process started. Once the sludge properties were appropriate for the
earthworms, it was treated with vermicompost tea, a solution made from worm castings.
After this, 500,000 earthworms (Eisenia fetida (Savigny)) were placed in the bed. These were
sifted out of the material at the end of the 8-week vermicomposting process.

In the pot experiment the amendments were applied in their original wet state at
ratios of 1% and 3% m/m on 1 kg of soil, in three replicates per treatment. Before
the experiment the soils were dried, ground, and passed through a 2 mm sieve. It
should be noted that the doses used would be extremely high under field conditions.
The mixing ratios were calculated to correspond to approximately 30 t/ha and 90 t/ha
loads in the upper 20 cm ploughed layer of arable land. The total number of pots was:
2 soils × 3 amendments × 2 doses + control × 3 replicates = 54. The pots had a base area
of 8 × 8 cm, a height of 12 cm, and a surface area of 10 × 10 cm. After thorough homogeni-
sation the mixtures were wetted to 65% of maximum field capacity, placed in pots, and kept
at a constant temperature of 20 ◦C in a dark room for two weeks. The pots were arranged in
the growth chambers using a completely randomised design. After the incubation period,
1.78 g perennial ryegrass (Lolium perenne) seeds were sown in each pot, which is equal to
the optimal sowing density on a 10 × 10 cm soil surface, based on the 1000-seed weight.
After placing the seeds into the loosened, upper soil layer, the soil surface was compressed.
A 12/12 h photoperiod and a temperature of 26/16 ◦C, representing day (600 µmol/m2/s
photon flux density) and night phases, were applied in the growth chamber. The pots were
weighed twice a week and water loss was replaced. At the end of the two-month growing
period the aboveground biomass of the plants was removed and weighed. Soil and plant
samples were dried and prepared for further investigations.

2.2. Chemical Analysis

The pH of soils and additives was assessed according to the ISO Standard in a 1:2.5
soil:water suspension 12 h after mixing [23]. The organic carbon (OC) content was analysed
using a modified Walkley–Black method [24]. The total N contents in soil, additives,
and plants were determined with the Kjeldahl method [25,26]. The NH4-N and NO3-
N concentrations were measured in KCl extracts [27]. The pseudo-total P, K, Ca, and
Mg concentrations of the soil and additives were determined after microwave Teflon
bomb digestion with aqua regia [28]. The plant-available P and K concentrations in the
soil were measured with ammonium-acetate + EDTA (AL) extract [28]. The element
concentrations in the soil and additive extracts were analysed by means of ICP-AES (Jobin
Yvon ULTIMA 2 sequential instrument), using Merck calibration standards and following
the manufacturer’s instructions. The extract of a standard soil sample was also analysed as
a quality control in each measurement session. The chemical properties of the soils and
additives are presented in Table 1. The OC and element contents provided by the different
doses are given in Table 2.
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Table 1. Chemical properties of the soils, digested sludge (DS), compost (COM), and vermicompost
(VC). Values are given in terms of dry matter.

Parameter Acidic
Sand

Calcareous
Loam DS COM VC

pH 5.18 8.14 6.84 7.01 6.77
OC % 0.32 1.65 25 19.1 21.9

Total N % 0.04 0.2 3.72 2.19 3.13
C/N 8 8.25 6.72 8.72 7.00

NH4-N mg/kg 1.92 3 2216 1919 202
NO3-N mg/kg 0.59 2.21 24.7 121 127
Total P mg/kg 233 829 20,606 11,582 24,139
Total K mg/kg 1109 5466 1294 4906 1719
Total Ca mg/kg 595 29,711 49,372 45,536 56,587
Total Mg mg/kg 974 9634 5536 6387 6155

Sand % (<0.05 mm) % 85 17 - - -
Silt % (0.05–0.002 mm) % 10 60 - - -
Clay % (>0.002 mm) % 5 23 - - -

Dry matter * % - - 22.7 65.5 34.8
* Dried at 105 ◦C.

Table 2. Calculated organic carbon, total and mineral N, and pseudo-total element loads in the
digested sludge (DS), compost (COM), and vermicompost (VC) treatments (mg/kg soil).

Treatment OC N NH4-N NO3-N P K Ca Mg

DS 1% 567 84 5.0 0.056 47 2.94 112 12.6
DS 3% 1700 253 15.1 0.168 140 8.81 336 37.7

COM 1% 1252 144 12.6 0.790 76 32.13 298 41.8
COM 3% 3755 431 37.7 2.369 228 96.40 895 125.5

VC 1% 762 109 0.7 0.441 84 5.98 197 21.4
VC 3% 2287 327 2.1 1.323 252 17.95 591 64.3

2.3. Data Processing and Statistical Analyses

Among the soil and plant properties measured, three parameters (residual carbon
content, agronomic efficiency, and apparent nitrogen recovery efficiency) were chosen to
evaluate the additives as soil ameliorants and fertilisers. The following equation was used
to estimate the residual carbon content (RC) of the 3% doses of the additives [29]:

RC (%) = (OCe − OCc)/OCam × 100 (1)

where RC is the percentage OC from the additive remaining in the soil; OCe is the OC% of
the soil at the end of the experiment; OCc is the OC% of the control soil; and OCam is the
amount of OC added in the given treatment.

Two efficiency parameters were used to evaluate the fertiliser efficiency of the organic
amendments, both calculated according to Agegnehu et al. [30]. Agronomic efficiency
(AE) can be defined as the ratio of perennial ryegrass biomass increment relative to the
nitrogen applied:

AE (g biomass increment/g N) = (BMt − BMc)/Na (2)

where BMt is the biomass obtained on treated soil (g), BMc is the biomass produced on
control soil (g), and Na is the amount of nitrogen applied (g).

Apparent nitrogen recovery efficiency (ARE) represents the N uptake efficiency of
perennial ryegrass as a function of the nitrogen applied:

ARE (%) = (Nt − Nc)/Na × 100 (3)
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where Nt is the nitrogen uptake of treated plants (g), Nc is the nitrogen uptake of control
plants (g), and Na is the amount of nitrogen applied (g).

The experimental data were analysed for treatment effects using factorial analysis
of variance (ANOVA) and Tukey’s post hoc test. Significant differences between the
treatments were calculated at the level of p < 0.05. The number of replicates may result in
some limitations in the interpretation of the data. At the same time, great care was taken to
homogenise the soils and amendments used and to cultivate the plants uniformly, thus
minimizing the amount of error caused by external conditions. Statistica v.13 (StatSoft Inc.
Tulsa, OK, USA) software was used for all the statistical evaluations.

3. Results
3.1. Properties of the Organic Amendments

Substantial differences were detected in the concentrations of the components in COM
and VC, compared both to the original material (DS) and to each other (Table 1). The
percentage of OC, in line with the total N content, was the highest in DS and the lowest
in COM. The ratio of inorganic nitrogen forms compared to the total N content proved
to be highest in the case of COM. Regarding the mineral nitrogen forms, in DS the ratio
of NH4-N to NO3-N was 90, whereas in COM and VC this value was only 16 and 1.6,
respectively. As for the total P and K contents, COM contained around 50% less P and three
times more K than DS and VC, the latter two having nearly the same concentration. The
C/N ratio of all three materials proved to be below 10. This value was almost equal in the
case of DS and VC (6.72 and 7.00, respectively), while it was higher for COM (8.72). Based
on the inorganic nitrogen concentrations in the dry matter, COM could be expected to be
the most effective fertiliser in the short term, followed by DS and VC (Table 2).

3.2. Soil Properties
3.2.1. Changes in the pH and Organic Carbon Content of the Soils

A significant increase in pH was observed in the acidic sandy soil in all the treatments
except 1% DS; the highest increase, 1 pH unit, being recorded for the 3% COM dose. In the
calcareous loamy soil, although significant decreases in soil pH could be observed in all
the treatments, the soil continued to be slightly alkaline (Figure 1).

Agronomy 2021, 11, x FOR PEER REVIEW 5 of 15 
 

 

ARE (%) = (Nt − Nc)/Na × 100 (3)

where Nt is the nitrogen uptake of treated plants (g), Nc is the nitrogen uptake of control 
plants (g), and Na is the amount of nitrogen applied (g). 

The experimental data were analysed for treatment effects using factorial analysis of 
variance (ANOVA) and Tukey’s post hoc test. Significant differences between the treat-
ments were calculated at the level of p < 0.05. The number of replicates may result in some 
limitations in the interpretation of the data. At the same time, great care was taken to 
homogenise the soils and amendments used and to cultivate the plants uniformly, thus 
minimizing the amount of error caused by external conditions. Statistica v.13 (StatSoft Inc. 
Tulsa, OK, USA) software was used for all the statistical evaluations. 

3. Results 
3.1. Properties of the Organic Amendments 

Substantial differences were detected in the concentrations of the components in 
COM and VC, compared both to the original material (DS) and to each other (Table 1). 
The percentage of OC, in line with the total N content, was the highest in DS and the 
lowest in COM. The ratio of inorganic nitrogen forms compared to the total N content 
proved to be highest in the case of COM. Regarding the mineral nitrogen forms, in DS the 
ratio of NH4-N to NO3-N was 90, whereas in COM and VC this value was only 16 and 1.6, 
respectively. As for the total P and K contents, COM contained around 50% less P and 
three times more K than DS and VC, the latter two having nearly the same concentration. 
The C/N ratio of all three materials proved to be below 10. This value was almost equal in 
the case of DS and VC (6.72 and 7.00, respectively), while it was higher for COM (8.72). 
Based on the inorganic nitrogen concentrations in the dry matter, COM could be expected 
to be the most effective fertiliser in the short term, followed by DS and VC (Table 2). 

3.2. Soil Properties 
3.2.1. Changes in the pH and Organic Carbon Content of the Soils 

A significant increase in pH was observed in the acidic sandy soil in all the treatments 
except 1% DS; the highest increase, 1 pH unit, being recorded for the 3% COM dose. In 
the calcareous loamy soil, although significant decreases in soil pH could be observed in 
all the treatments, the soil continued to be slightly alkaline (Figure 1). 

  
Figure 1. Changes in soil pH and organic carbon content (OC) 75 days after the application of digested sludge (DS), digested 
sludge compost (COM) and digested sludge vermicompost (VC) in 1% and 3% doses. Error bars represent the standard devia-
tion (SD) of the mean with 3 replicates. Uppercase letters indicate significant differences between treatments on acidic sand 
and lowercase letters significant differences between treatments on calcareous loam (p < 0.05). 

Figure 1. Changes in soil pH and organic carbon content (OC) 75 days after the application of digested sludge (DS), digested
sludge compost (COM) and digested sludge vermicompost (VC) in 1% and 3% doses. Error bars represent the standard
deviation (SD) of the mean with 3 replicates. Uppercase letters indicate significant differences between treatments on acidic
sand and lowercase letters significant differences between treatments on calcareous loam (p < 0.05).

There was only a significant increase in the OC content of the acidic sandy soil in the
3% COM treatment. Compared to the control soil, no significant increase in OC content
could be verified statistically for the loam soil (Figure 1).
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RC values were used to evaluate the effects of the 3% dose of amendments. On the
acidic sandy soil, the OC increment was equal to 49%, 81%, and 24% of the amount of
organic matter added with DS, COM, and VC, respectively, while on the calcareous loam
these ratios were 22%, 88%, and 86%, respectively. However, despite the large discrepancies
between the soils, the differences were not significant (Table 3). Based on the mean values,
the mineralisation level of the organic matter was the highest in the case of DS, followed
by the VC and COM treatments.

Table 3. Residual carbon content (RC, percentage of added organic carbon remaining in the soil,
Equation (1)) for digested sludge (DS), digested sludge compost (COM), and digested sludge vermi-
compost (VC) on the two soils (%). Data are the mean ± SD of the 3 replicates. Uppercase letters
indicate significant differences between columns and lowercase letters significant differences between
rows (p < 0.05).

Soils DS COM VC

Acidic sand 49 ± 18 aA 81 ± 27 aA 24 ± 35 aA
Calcareous loam 22 ± 44 aA 88 ± 67 aA 86 ± 33 aA

Mean 35 ± 34 85 ± 46 55 ± 46

3.2.2. Macroelements (N, P, and K) in Soils

None of the treatments resulted in significant differences in the total N content of
the acidic sandy soil compared to the control (Figure 2). On the calcareous loamy soil,
however, both 3% COM and 3% VC produced a significant 20% increase in total N content
in comparison with the control soil (Figure 2).
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The NH4-N concentration was raised significantly by all the treatments on both soils,
but no great differences could be detected between either the additives or the doses, with
the exception of 3% COM on acidic sand. The mean NH4-N concentration increased more
than 60 times compared to the control on the calcareous loam, while this increment was
25-fold on the sandy soil.

The concentration of NO3-N was also raised significantly by all the treatments com-
pared to the control, but in this case there were also detectable differences between the
treatments. With the exception of the 3% DS treatment, the NO3-N concentrations mea-
sured in the calcareous loamy soil were higher than in the acidic sand, while the control
concentrations in the two soils were fairly close (2.2 and 1.3 mg/kg, respectively). The
average increase in NO3-N concentration was 158-fold on acidic sand and 180-fold on
calcareous loamy soil compared to the control. On calcareous loam the 3% doses of COM
and VC doubled the NO3-N concentration compared with the 1% dose, while DS raised
the NO3-N concentration to the same extent in both doses. On acidic sand the 3% doses of
DS and COM increased the NO3-N concentration two-fold compared to the 1% dose, while
this increase was only 1.5-fold for VC and could not be verified statistically.

To evaluate the materials as N sources, it is necessary to examine how the amount
of N added in each treatment relates to the inorganic N (NH4-N + NO3-N) content of the
soil. Except for the 3% COM and VC treatments on acidic sand, the increment in inorganic
N content was higher than the total N content supplied by the amendments. Relatively,
the 1% doses were found to be more effective in increasing the mineral N concentration
in the soil. On acidic sand the increment in inorganic N concentration was twice as high
as the total N content of the 1% DS treatment, 1.4 times more than that of the 1% COM
treatment and 1.7 times more than that of the 1% VC treatment. On calcareous loam the
same values were 5.5 for 1% DS, 3 for 1% COM, and 4 for the 1% VC treatment. In the case
of the 3% doses, the increase in mineral N concentration did not reach twice the amount of
N delivered, with the exception of the 3% VC treatment on calcareous loam (Figure 2).

Whereas the total P concentration of the calcareous loamy soil was almost four times
higher in the control treatment than that of the sandy soil, the available P fraction was
nearly the same in both soils (Figure 3). The total amount of P applied with the VC
treatments was nearly equal to that of the COM treatments, while the P content of the DS
doses was only around half as much (Table 2). The total P content in acidic sand was only
enhanced considerably by the 3% doses, especially in the 3% DS and COM treatments,
where the increase was nearly 50% (Figure 3). On calcareous loam, the total P content only
increased significantly in the 3% VC treatment compared with the control soil.
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Agronomy 2021, 11, 2249 8 of 15

As for the plant-available P fractions, none of the 1% doses resulted in significant
changes on the two soils compared to the control. However, when the 3% doses were
applied, the available P fraction increased more on calcareous loam than on acidic sand.
Among the 3% treatments, the COM treatment raised the available P concentration to the
greatest extent on acidic sand, but the other two amendments also increased it significantly
compared with the control soil. On calcareous loam, only the 3% COM and VC treatments
resulted in statistically verified, equal differences compared to the control. The plant-
available P content was thus enhanced to the largest extent by COM on acidic sand and by
VC and COM on calcareous loam.

The amount of K added with the amendments was negligible compared to the original
K content of the soil (Figure 4). Therefore, the change in K content induced by the treatments
was not significant in either of the soils compared to the control. As for the plant-available
K, a significant increase was only verified in the case of the 3% COM dose on both soils.
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3.3. Plant Biomass and Agronomic Efficiency of Organic Amendments

On the calcareous loam the aboveground ryegrass biomass was increased significantly
(1.5-fold) by all the organic amendments compared to the control, except for the 1% COM
treatment (Figure 5). On acidic sand the effects of the treatments on biomass were diverse.
The highest biomass increase (2.7-fold) compared with the control was observed for the 3%
doses of DS and COM. The 3% VC dose caused a slightly smaller, 2.5-fold increase in the
biomass of perennial ryegrass. A mean increase of nearly 40% was detected in the biomass
for the 3% dose of all three amendments compared with the 1% dose. Among the 1% doses,
the DS treatment was the most effective, resulting in a more than two-fold increase in the
average biomass, but the 1% dose of the other two amendments gave similar results.

The effect of each treatment on the biomass can only be assessed as the amount of
nutrients they deliver to the soil and the availability of these nutrients to the plants. AE
and ARE values were used to evaluate the efficiency of the amendments as fertilisers.
Correlation analysis showed that the nutrient most closely correlated with plant biomass
was N on both soils (Table 4). Phosphorus only exhibited a correlation with biomass on
acidic sand, while changes in soil K content had no significant effect on plant biomass.
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Table 4. Correlation coefficients between soil nutrient contents and the aboveground biomass of perennial ryegrass on the
investigated soils.

Total N Inorganic N Total P Plant-Available P Total K Plant-Available K

Biomass on
acidic sand 0.491 * 0.907 *** 0.813 *** 0.777 ** NS NS

Biomass on
calcareous loam 0.587 ** 0.533 * NS NS NS NS

Significant at * p < 0.05, ** p < 0.01, *** p < 0.001; NS: not significant.

The mean AE was about 10% higher on acidic sand (5.04) than on calcareous loam
(4.59). The highest AE values were seen on both soils in the 1% DS treatment, which
contained the lowest amount of N (Table 2). On acidic sand the 3% DS, 1% COM, and
1% VC treatments had the same AE values, though the N content in 3% DS was 2.5 times
higher than in 1% VC (Figure 6). The least efficient treatment on acidic sand was 3% COM,
which contained the highest amount of N. The same trends in AE values were observed
on calcareous loam. The most effective material in regard to agronomic efficiency was DS,
with an average AE value of 6.8, while the AE values of COM and VC were similar, being
3.4 and 4.2, respectively.
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The mean ARE values were nearly the same on acidic sand and calcareous loam (19.7%
and 19.6%, respectively). Compared to the decreasing trend observed as a function of N
doses for the AE values, the main difference for the ARE values was the outstanding value
recorded in the 3% DS treatment on both soils. Considering both the soils, not only was the
average yield the highest in the 3% DS treatment, but the plants also had the highest N
content (Figure 5), resulting in the highest N uptake of all the treatments.

4. Discussion
4.1. Amendment Properties

The relatively lower OC, P, and N contents and the higher K content of COM were
the result of the addition of green waste [31]. Based on the NO3-N to NH4-N ratio, both
composting and vermicomposting enhanced nitrification [32]. It can be assumed that the
high mineral N content of COM as opposed to its total N content was caused by elevated
microbial activity [22]. The total N concentration decreased slightly compared to DS due to
the process of vermicomposting. This could be partly the consequence of NH3 loss during
ventilation prior to vermicomposting and partly the result of NO3-N being leached into
the soil. Moreover, the procedure of vermicomposting itself might contribute to N loss,
depending on the quality of the materials applied [33]. It can be assumed that the main
reason for the differences in the properties of COM and VC was the green waste applied
prior to composting, because the nutrient content and availability of the end products of
the composting and vermicomposting of DS were almost the same [34]. The low C/N ratio
of all three amendments might have promoted their rapid mineralisation and mitigated
N immobilisation [35]. The relatively higher C/N ratio of COM could be attributed to
the presence of plant residues. Regarding the composition of organic matter, DS consists
mostly of bacterial cytoplasm that can be easily decomposed, while COM and VC may
contain humified organic components that are not readily decomposable [36].

4.2. Organic Carbon Content

The only treatment that proved to be efficient in increasing the OC content was the
addition of 3% COM to acidic sand. This could be partly due to the high amount of organic
matter present in this treatment, and partly because the mineralisation of the green waste
components in COM is much slower than that of DS or VC, which contain no materials of
plant origin, so the increase in OC could be more durable in the COM treatments [31].

The degradation of the organic matter added to soil is primarily influenced by the pH,
texture, and moisture content of the soil. A lower pH and a finer texture may retard de-
composition processes. A lower pH may weaken microbial activity, while a higher content
of clay is able to protect organic compounds from decomposition by adsorption [29,37].
Based on the RC values, in the present experiment the soil texture proved to be the most
decisive factor in the decomposition of organic compounds from VC and the soil pH in
the decomposition of DS, while no clear distinction could be made in the case of COM
decomposition. The similar RC values recorded for COM on the two soils may be traced
back to the high ratio of plant material in this amendment, since, according to Scott et al.,
soil texture has a moderate effect on the decomposition rate of plant residues [38]. The
RC values indicated that the organic matter of DS was decomposed to a lesser extent
on acidic sandy soil, which is in line with the results of Hamdi et al., who reported that
sewage sludge applied to sandy soil with a lower pH probably increased the organic matter
content more than the same amount of sewage sludge applied on sandy loam with a higher
pH [39]. Torri et al. also found that soil pH was the most decisive factor for sewage sludge
decomposition in the soil, resulting in lower residual carbon values in soils with a higher
pH [29]. The pH dependence of the decomposition of the organic matter in sewage sludge
is presumably due to the high proportion of this substance that contains a labile organic
matter fraction consisting of low-molecular-weight compounds, the solubility of which is
significantly affected by pH [29,40].
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Although there was no statistically verifiable difference between the RC values ob-
tained on the two soils, the results are nevertheless worth discussing in more detail.
Comparing the two processed materials, the RC values in the 3% COM and VC treatments
were almost the same (88% and 84%, respectively) on loamy soil, while on sandy soil the
residual carbon in the 3% COM treatment was almost four times higher than in the 3%
VC treatment (83% and 22%, respectively). These results are in agreement with earlier
findings where similar trends could be observed: equal decomposition rates for VC and
COM on soil with 50% clay and 1.9 g/kg of OC [14], and a faster decomposition of VC
than COM on soil with 10% clay and 9.87 g/kg of OC [16]. Based on these observations
Ngo et al. suggested that a higher SOM content may result in VC being decomposed faster
than COM [16]. However, in the present study VC decomposition was faster than that of
COM in the sandy soil despite its lower SOM content, suggesting that the texture could
have had a more decisive influence on the decomposition rates of the two materials, and
that the OC of VC may be more prone to decomposition in coarser textured soils.

4.3. Nutrient Content

Data in the literature suggest that initial ammonification occurs within the first
15–20 days after organic materials are added to the soil, followed later by a decrease
in the NH4-N concentration due to nitrification and immobilisation [41,42]. Minerali-
sation and immobilisation occur in the soil simultaneously, and their ratio depends on
soil properties and the characteristics of the organic material added [43]. The compara-
ble NH4-N concentrations measured in the soils in spite of dissimilarities between the
treatments were possibly due to the incomplete mineralisation of the organic matter in
the amendments during the experimental period. As a result, measurements carried
out 75 days after application showed that the equilibrium between ammonification and
nitrification/immobilisation characteristics of the given soil had been reached. The equi-
librium value was thus characteristic of the soil type rather than of the quality of the
materials applied.

The higher inorganic N contents in calcareous loamy soil than in acidic sandy soil after
the treatments can be explained by several factors. The microbial activity of calcareous
loamy soil is higher than that of acidic sand, which may cause more intense N mineral-
isation, resulting in higher NH4-N and NO3-N concentrations [44]. The decrease in pH
as a result of the treatments may also have contributed marginally to the increased am-
monification on calcareous loam, since the ammonification of organic matter incorporated
into the soil increases with the acidification of the medium, but this relationship is only
significant below a pH of 6 [45]. Additionally, due to the higher cation exchange capacity
of the loamy soil, it can bind more NH4

+ ions, which may also contribute to the higher
NH4-N concentration [46]. Moreover, in terms of the nitrification process, both the pH
and the microbial activity are more favourable on calcareous loam soil, which explains the
higher average NO3-N concentrations [45,47].

The source of the surplus inorganic N in the soil after the treatments was the native
soil N content of SOM, which may have been mineralised by micro-organisms in the
priming process or, in terms of the N cycle, may have been due to a positive added nitrogen
interaction. The basis for this is that the excess N added with the amendments causes a
C deficiency in the soil, which is compensated for by the micro-organisms from the soil’s
own OC stock [48].

The 1% doses of the amendments triggered proportionally higher rates of native soil
N mineralisation. On the calcareous loamy soil there was no significant difference in the
aboveground biomass produced by the 1% and 3% doses. The aboveground biomass of
perennial ryegrass is directly proportional to its root biomass [49]. Plant roots play a crucial
role in priming. The SOM turnover rate in the rhizosphere is 2–3 times higher than in the
soil [50]. It can be assumed that the 1% and 3% doses resulted in equal quantities of root
biomass on calcareous loam, so the priming effect could also be considered to be equal
for the two doses. Consequently, the 1% dose was relatively more efficient in enhancing
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priming than the 3% dose. On the acidic sandy soil, the aboveground biomass was larger
in the 3% treatments, meaning that the larger root biomass developed in these treatments
caused a more intensive priming effect. Therefore, the differences observed in the ratio of
added N to native soil N mineralisation between the 1% and the 3% treatments were not as
pronounced as on the loamy soil.

The pH value of the calcareous loam was more favourable for P mobility, as shown by
the plant-available P content of this soil [51]. On the acidic sand, the relatively low efficiency
of VC in increasing the plant-available P content compared to COM can presumably be
attributed to the fact that the P in this additive was still bound to the Fe and Al salts used in
wastewater treatment, while in COM more P can be found in the organic fraction [52]. The
release of P is inhibited by the low solubility of these salts, especially in acidic soils [53].

An increase in the plant-available K concentration was only observed in the case of
the 3% COM treatment. This might be because, firstly, the largest K load was applied in
this treatment and secondly, because the plant residues in COM contained a significant
amount of readily released K [54,55].

4.4. Plant Biomass and Agronomic Efficiency

The positive effect of the amendments on biomass growth was not unexpected, as
the doses were high enough to supply a significant quantity of nutrients, but were below
the level where sewage-sludge-based materials have a detrimental effect on the growth of
perennial ryegrass [22,56].

The higher AE values obtained on acidic sand were in accordance with the findings
of Agegnehu et al., who reported that, on soil with lower control yields, the efficiency
of N fertilisation was higher [30]. Increasing N doses are usually accompanied by a
decrease in AE [30,57]. Low AE values may also indicate an environmental risk, since
a low N utilisation rate may lead to N loss and potential NO3-N contamination of the
groundwater [58]. The higher AE of DS is no doubt the consequence of the intensive
priming effect of this material (Figure 2). There were no significant differences in the AE
values for the same doses of VC and COM, which contradicts the results of Doan et al.,
who found that VC made from buffalo manure resulted in greater plant biomass than
conventional compost produced from the same material [17]. The AE values observed in
the experiment can generally be said to be low, no doubt due to the high nitrogen doses
applied. [30].

The ARE values in the DS treatments (35% on average) were close to the values
obtained by Cookson et al. under field conditions using mineral fertiliser, with perennial
ryegrass as the test plant (43% on average) [59]. The outstanding ARE values in the 1%
DS treatment can be explained by the priming effect, but in the case of 3% DS it can be
hypothesised that the nutrient availability and balance were the most favourable in this
treatment, resulting in more efficient N uptake [30].

5. Conclusions

Composting and vermicomposting significantly lowered the NH4-N/NO3-N ratio
of DS. Due to the presence of green waste, COM contained around 50% less P and three
times more K than DS and VC. The ratio of inorganic N forms compared to total N was the
highest in COM.

The mineralisation of VC organic matter took place faster than that of COM in the
acidic sandy soil, while the degradation rates of these two materials were the same in
calcareous loam. This difference might be due to the texture of the soils.

Each amendment improved the nutrient content in both soils. The additives induced
significant N mineralisation in both soils, with the result that the inorganic N content was
higher than the total N content of the amendments. This effect was more pronounced in
the case of DS and on calcareous loamy soil, probably due to the more intensive microbial
activity in this soil.
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With regard to agronomic efficiency, the most effective material was DS in this short-
term experiment. Its AE value was twice as high as that of COM and 50% higher than that
of VC.

Based on the results obtained in this limited assessment, COM proved to be the best
amendment, since its OC content was the most recalcitrant of all the materials investigated,
probably due to the addition of green waste. However, the efficiency of COM as a fertiliser
was the same as that of VC, and both materials were less effective than DS from this point
of view.
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