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Abstract: Treated bio-residues can be used as biostimulants in crops within the circular economy
approach to reduce the use of traditional fertilisers. In this work, we optimised the combination
rates for three types of treated bio-residues (compost, biochar, and anaerobic digestate (AD)) in
two microcosm trials, one with a combination of compost and biochar and other with biochar and
AD. The crop used was maize, and the variables analysed were plant growth, and soil chemical and
biological properties. The combination of bio-residues improved plant growth and soil biological
activity to a greater extent than one product alone; that is, compost and biochar performed better
than compost alone and biochar, and AD performed better than biochar alone. However, while the
concentration in the plant biomass of several essential nutrients for crops increased in the treatments
with compost and biochar, and with biochar and AD, compared to the untreated controls, the
nitrogen concentration was reduced. This was due to the competition for nitrogen between the
plant and the soil microbiome, whose activity was activated. Due to the importance of nitrogen
in plant growth, the increase in biomass production could be explained not only by the higher
availability of other nutrients but also by the plant-growth-promoting activity exerted by the more
active soil microbiome. Further research should focus on validating this hypothesis and unravelling
the mechanisms involved. From the environmental site, the presence of biochar in the mixtures
of organic residues reduced the soil nitrogen at risk of lixiviation and sequestered carbon, which
partially compensated for the increased CO2 emissions because labile forms of carbon were present
in the remaining organic residues.

Keywords: compost; biochar; anaerobic digestate; organic fertiliser; greenhouse trial; maize; soil
biological activity; bio-residues

1. Introduction

As a result of the increasing demand for food due to the continuous growth of the
human population [1], the need for fertilisers has exponentially increased in the last decade
to cope with crop requirements [2,3]. The process of fertilising crops involves adding
appropriate mineral and/or organic compounds in order to provide nutrients for plants [4].
The use of mineral fertilisers supports current crop yields, but their abuse can cause water
and soil pollution and disrupt natural environments [5,6]. Furthermore, less technologically
advanced mineral fertilisers quickly release nutrients into the soil, and plants are unable to
suitably assimilate them [1]; in such cases, an appropriate management method consisting
of a strict dosage along the crop cycle is necessary to avoid the loss of nutrients at a high
economic and environmental cost. Organic fertilisers not only improve soil biological
activity, but also provide biostimulants for crops that, together with a slower release of
nutrients, enhance the nutrients used by crops. Thus, organic fertilisers are featured
contributors to sustainable agriculture [2].
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The circular economy approach involves the conditioning of bio-residues intended for
use as agricultural inputs, e.g., as organic fertilisers [7]. Much research is being focused on
the development of technologically advanced organic fertilisers. Three environmentally
friendly technologies for treating bio-residues are composting, anaerobic digestion, and
pyrolysis. Composts are still the most frequently used products by farmers as organic
fertilisers [1] due to the high quality of the nutrients they provide to plants and other good
agronomic properties [8–10]. Anaerobic digestate (AD) is a nutrient-rich residue in either a
solid or liquid state (depending on the processing) that has potential to be used as a fertiliser
in agriculture [11]. Treated bio-residues not only provide nutrients to the crops but also
improve the physical soil properties, such as the structure, and consequently improve the
aeration and water holding capacity. They can also increase the biological activity, which
is being considered in this case, as a soil amendment or conditioner. Biochar is obtained
by pyrolysis of bio-residues, and although it provides reduced quantities of nutrients for
crops, it improves their physical, chemical, and biological properties, indirectly affecting
their fertility [2] and becoming an innovative and highly promising soil conditioner for
sustainable agriculture [12,13]. Given the low quantity of assimilable nutrients provided by
the biochar, but its well-known role as an agronomic enhancer, biochar has been selected in
this work to improve the agronomic performance of compost on the one hand and of AD
on the other. In the case of the combination of biochar and AD, biochar was the carrier of
AD, resulting in a solid product.

However, there are few scientific studies on the optimisation of the combination
of treated bio-residues for agriculture. The main aim of this work was to evaluate the
combination of bio-residues, assessing the effects on the soil through the evaluation of
biological and chemical parameters and on the crop as indicators of their performance.
The goal was to optimise the combination of compost with biochar on the one hand and
biochar with AD on the other by testing them at the microcosm scale with maize plants.
Thus, this work contributes to the global search for improved organic fertilisers within a
circular economy context. The optimisation consisted of the determination of the most
effective dose and bio-residue combination, and the evaluation of their effects on biomass
production by plants and on the chemical and biological parameters of the soil.

2. Materials and Methods
2.1. Components Production

The components used were compost, biochar, and AD. The raw material for compost
was a mixture of de-alcoholised grape pomace combined with vinasses of lees and crushed
plant biomass (Table S1). The biochar was produced from the wood of the vine shoots
(Table S2) by slow pyrolysis in a pilot pyroliser with an electrically heated reactor and a
semi-continuous feeding system. The characteristics of the pyroliser and the system for
biochar production are described in [14]. The raw material for the AD was organic residue
from local hotels, restaurants, and cafes (HORECA channel), and it was produced in a
25 L anaerobic continuously stirred tank reactor (CSTR). The average composition of the
feed consisted of fruit peels from pineapples and apples (31.8%); vegetables, including
pumpkin peels, sweet pepper, and cauliflower (46.7%); meat (9.3%); fish (4.2%); and bread
(8%). The material was crushed and homogenised to achieve a particle size of less than
1 cm. The reactor was operated with a hydraulic retention time (HRT) of 30 days under
semi-continuous operation at 35 ◦C. The reactor was supplemented with NH4Cl and
KH2PO4 weekly dissolved in a solution containing micronutrients, with the composition
suggested by [15]. The final composition of the AD is described in Table S3. To further
reduce the particle size and obtain a liquid stream with solid particles smaller than 3 mm,
the AD obtained from the reactor was homogenised and ground. For the combination
of compost and biochar, both components were mixed in a rotary drum and stored at
room temperature.
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2.2. Fertilising Products Description

Several fertilising products were designed based on the combination of the compo-
nents in varying proportions, as described in Section 2.1. Two different families of organic
fertilisers were designed: “compost + biochar” and “biochar + AD” (Table 1).

Table 1. Designed fertilisers, treatments, and doses used in the microcosm trial with maize and
nutrients provided with the treatment.

Product
Family

Treatment/
Fertilising Product Treatment Code

Dose (kg ha−1) of
the Fertilising

Product

Corresponding
Percentage of
Biochar in the
Final Product

(w:w) or AD in
the Final

Product (v:w)

N-P-K-Ca-Mg
Provided by the

Fertiliser
(Expressed in

kg ha−1)

C
om

po
st

+
bi

oc
ha

r

Compost 2 Compost 2000 0 42-9-41-152-12
Compost 5 Compost 5000 0 104-23-103-381-30

Compost 2 + biochar 3 Compost + B3 2000 3 42-10-42-154-12
Compost 2 + biochar 6 Compost + B6 2000 6 43-10-43-155-13
Compost 5 + biochar 3 Compost + B3 5000 3 106-24-106-384-31
Compost 5 + biochar 6 Compost + B6 5000 6 107-24-109-387-32

Bi
oc

ha
r

+
A

D

Biochar 250 Biochar 250 250 0 2.6-0.6-4.7-5.2-1.2
Biochar 500 Biochar 500 500 0 5.1-1.2-9.3-10.5-2.5

Biochar 250 + AD 1 Biochar + AD1 250 1 2.9-0.8-4.9-5.3-1.3
Biochar 250 + AD 5 Biochar + AD5 250 5 4.1-1.5-5.9-5.7-1.5

Biochar 250 + AD 10 Biochar + AD10 250 10 5.6-2.3-7.2-6.2-1.8
Biochar 500 + AD 1 Biochar + AD1 500 1 5.7-1.6-9.8-10.7-2.6
Biochar 500 + AD 5 Biochar + AD5 500 5 8.2-2.9-11.9-11.4-3.1

Biochar 500 + AD 10 Biochar + AD10 500 10 11.3-4.7-14.4-12.4-3.6

2.3. Phytotoxicity Test and Toxicity Test on Soil Rhizobacteria

The phytotoxicity of the fertilising products resulting from the combination of compost
with biochar as additive and biochar with AD as additive was evaluated for the different
doses of additives by means of the Zucconi test [16], modified by [17]; i.e., compost + B3
and compost + B6, biochar + AD5, and biochar + AD10 were evaluated for phytotoxicity.
Briefly, seeds of lettuce (Lactuca sativa L.), radish (Raphanus sativus L.), cress (Lepidium
sativum L.), tomato (Solanum lycopersicum L.), and sweet pepper (Capsicum annuum L.)
plants were surface-sterilised by soaking for 20 min in 2% (v/v) sodium hypochlorite,
following soaking for 10 min in 70% (v/v) ethanol, then rinsed in sterile distilled water.
Five replicates with 10 seeds each for germination tests were carried out with three con-
centrations (product/sterile distilled water) of the products to be tested: 1:5 (w/v) ratio,
1:10 (w/v) ratio, and 1:25 (w/v) ratio. A control treatment was also performed using sterile
distilled water. The seeds of each species were placed on filter paper (Prat Dumas medium
flow) in 9 cm Petri dishes containing 5 mL of the product to be tested. The Petri dishes
were hermetically sealed and kept in a growth chamber at 25 ◦C under artificial light. Seeds
were considered germinated when the radicle extended to at least 2 mm. The number of
germinated seeds was recorded daily until the control reached 100% germination. The
germination index (GI), expressed as a percentage, was calculated as the product of the
relative germination percentage (RGP) and relative radicle growth (RRG) according to the
formula presented by [16].

The toxicity test on soil rhizobacteria was evaluated using modified version of the
methodology of [18]. This test is a kind of antibiogram that analyses whether a product
placed in a located area of a Petri dish previously inoculated with a bacterium produces
growth inhibition halos around the placed product. The bacteria used were Bacillus sp.,
Pseudomonas sp., and Rhizobium sp. The experimental design was 2 replicates per product
and bacterium. The culture media used were Triptic Soy Agar (TSA; Darmstadt, Germany,
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Sigma-Aldrich) for Bacillus sp. and Pseudomonas sp., and Yeast Mannitol Agar (YMA;
Darmstadt, Germany, Sigma-Aldrich) for Rhizobium sp. Each Petri dish was inoculated with
100 µL from the bacterium, distributed with sterile saline solution 0.8% (w/v) onto the dish
and dried using a laminar flow hood. Three autoclaved 5 mm circles of filter paper (Prat
Dumas medium flow rate) were soaked in the product to be evaluated in each Petri dish,
forming a triangle. The Petri dishes were dried again, hermetically sealed, and incubated
for 3 days (Bacillus sp. and Pseudomonas sp.) and 7 days (Rhizobium sp.) at 28 ◦C.

2.4. Microcosm Trial

Two greenhouse microcosm trials were carried out for fertiliser products with maize
(Zea mays L.) cultivar ‘Antalya’ from the company ‘Euralis Semillas, SA’. In the first trial,
the family of products designated as compost + biochar was evaluated, and in the second
one, biochar + AD was evaluated (Table 1 for a description of the treatments evaluated for
each family). In both trials, the performance of the products was compared with a control
that did not receive any organic fertiliser.

The experiment was performed in pots (0.021 m2 in surface and 0.20 m in height)
filled with 400 g of a substrate consisting of a mix of vermiculite/soil (1:4 v:v, respectively).
The soil characteristics are shown in Table S4. The experimental design was a randomised
complete block with three blocks and ten replicates (pots) per treatment. The total number
of pots was 210 for trial 1 and 270 for trial 2. The corresponding treatments were applied to
the substrate before sowing the seeds. Two maize seeds were sown in each pot, and after
germination, only one seedling was left in each pot. The experiment was carried out under
controlled conditions at 20 ◦C with 60% relative humidity in October and November 2017
for a period of five weeks; the substrate was maintained at field capacity.

At harvest, each plant was collected, and its height and fresh weight were measured.
Subsequently, samples were oven-dried at 60 ◦C for 48 h to measure dry aerial biomass
and to analyse the content of nitrogen (N), phosphorous (P), potassium (K), calcium (Ca),
and magnesium (Mg).

The C-CO2 released was determined in one pot for each treatment and block using
the soil respiration method proposed by [19] and modified by [20]. After the C-CO2
measurement, three soil replicates per treatment and block were dried at room temperature,
homogenised, and sieved to 2 mm to analyse the following parameters: soil pH in KCl 1M
(1:5 w/v) using a pH-meter 781 pH/Ion Meter (Metrohm, Herisau, Switzerland); electrical
conductivity (EC) (1:5 (w/v) using a conductivity meter (Cond 3210, Weilheim, Germany);
and total oxidisable organic carbon (TOC) according to Walkley and Black (1934) as described
by [21]. Fluorescein diacetate hydrolytic activity (FDA) was determined following [22].

One-way analysis of variance (ANOVA) and orthogonal contrasts were carried out
using the treatment as a single fixed factor irrespective of the type of dose in the treatment.
Following, a two-way ANOVA was performed using the treatments (compost dose and
biochar dose for the trial 1, and biochar dose and AD dose for the trial 2) as fixed factors
and the block as a random factor. In trial 1, the effects of the compost dose, the biochar
dose, and their interaction were analysed, and in trial 2, the biochar dose and the AD dose
were evaluated. Tukey’s test was performed for mean comparisons. IBM-SPSS software
(v.26.0, IBM Corporation, Armonk, NY, USA) was used for all statistical analyses.

3. Results
3.1. Phytotoxicity Test and Toxicity Test on Soil Rhizobacteria

A dilution rate of 1:25 (w:v) in distilled water was a stimulant for all tested products and
all plant species, with the highest stimulant effect encountered for the product compost + B3
(Table 2). Conversely, a dilution rate of 1:5 (w:v) produced high phytotoxicity for all products
(Table 2). An intermediate dilution rate of 1:10 produced intermediate phytotoxicity, i.e.,
the products compost + B6 and biochar + AD10 were moderately phytotoxic for lettuce
and tomato; biochar + AD5 was moderately phytotoxic for lettuce, tomato, and cress; and



Agriculture 2023, 13, 1557 5 of 19

compost + B3 was moderately phytotoxic only for tomato. For the remaining plant species,
these products were non-phytotoxic.

Table 2. Germination index (GI) (%) according to Zucconi et al. (1981) [16] used to estimate the
phytotoxicity of the indicated products in the plants used. A GI below 50% corresponds to highly
phytotoxic materials, between 50% and 80% corresponds to moderately phytotoxic materials, and
above 80% corresponds to non-phytotoxic materials.

Plant
Compost + B3 Compost + B6 Biochar + AD5 Biochar + AD10

1:5 1:10 1:25 1:5 1:10 1:25 1:5 1:10 1:25 1:5 1:10 1:25

Lettuce 26 102 479 17 73 309 8 57 132 15 66 154
Tomato 10 76 442 9 67 296 0 52 114 7 63 161
Cress 29 110 503 29 95 343 8 71 142 10 84 174

Radish 44 115 541 38 104 464 13 82 178 20 89 288

There was no sign of toxicity in soil rhizobacteria for any of the products or any of the
dilution rates (i.e., no inhibition halos were found; images not shown).

3.2. Plant Parameters in Microcosm Trial: Biomass Production, Height, and Chemical Analysis of
Aerial Biomass

In trial 1, which evaluated the products from the compost + biochar family, the treat-
ments with compost + biochar and the treatment with compost alone showed significantly
higher aerial biomass than the control and no differences in height (Figure 1; Table S5).
Furthermore, the treatments with compost + biochar produced significantly higher aerial
biomass than the treatment with only compost (Table S5).
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Figure 1. Mean values of each treatment for plant dependent variables: fresh aerial biomass (A),
dry aerial biomass (B), and height (C). The treatment compost encompasses the treatments compost
2 and compost 5; the treatment compost + B encompasses the treatments compost 2 + biochar 3,
compost 2 + biochar 6, compost 5 + biochar 3, and compost 5 + biochar 6. Comparison with the
control was performed using orthogonal contrasts (see Table S5) (significance level: *** p ≤ 0.001. ns,
not significant).
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P and Ca content in the aerial biomass (Figure 2; Table S5) was significantly higher in
the treatments with compost and with compost + biochar than in the control. Conversely,
for N and Mg, although the treatments with compost showed a significantly higher content
than the control, the treatments with compost + biochar presented a similar Mg content
and a lower N content than the control. Comparing the treatments with compost and the
treatments with compost + biochar, there were significant differences for all nutrients except
for K and Mg (Table S5), while the content of P and K was higher in the treatments with
compost + biochar than in the treatments with compost alone; the N content contrasted
with these results.
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Figure 2. Mean values of each treatment for the nutrient content in the plant tissue: nitrogen (A),
phosphorus (B), potassium (C), calcium (D), and magnesium (E). The treatment compost encompasses
the treatments compost 2 and compost 5; the treatment compost + B encompasses the treatments
compost 2 + biochar 3, compost 2 + biochar 6, compost 5 + biochar 3, and compost 5 + biochar 6.
Comparison with the control was performed using orthogonal contrasts (see Table S5) (significance
level: *** p ≤ 0.001; * 0.01 < p ≤ 0.05. ns, not significant).

The ANOVA results for the factors compost dose and biochar dose in trial 1 are
described in Table S6. The two factors produced significant differences in most of the
dependent variables, except for the height and the Mg content. The interaction between
the compost and biochar doses was significant only for Ca content. For the compost
dose 2 t ha−1, the 3% and 6% biochar doses produced significantly higher values than
the absence of biochar for the fresh aerial biomass and K and Ca content, and conversely
produced significantly lower values for the N content (Table 3). The P content was higher
for the treatments with biochar, but the significance of the differences was restricted to the
comparison between the 6% biochar dose and the absence of biochar (Table 3). Similarly,
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for the 5 t ha−1 compost dose, 3% and 6% biochar doses produced significantly higher
values than the 0% biochar dose for the Ca content and significantly lower values for the N
content; moreover, for the P content, only the 6% dose produced significantly higher values
than the absence of biochar. For the remaining dependent variables, in the 5 t ha−1 compost
dose, there were no significant differences between the different biochar doses (Table 3).

Table 3. Mean values for the dependent variables measured in maize plants. Means followed by the
same letter did not differ significantly at p ≤ 0.05 in Tukey’s test.

Compost
Dose

(t ha−1)

Biochar
Dose
(%)

Fresh
Aerial

Biomass
(mg)

Dry
Aerial

Biomass
(mg)

Height
(cm)

N
(%)

P
(mg

kg−1)

K
(mg

kg−1)

Ca
(mg

kg−1)

Mg
(mg

kg−1)

2
0 2585 a 322.4 a 28.36 a 2.75 b 1413 a 12,969 a 8921 a 2961 a
3 2982 b 351.4 ab 28.52 a 2.15 a 1465 ab 14,082 b 9571 b 3204 a
6 3092 b 381.8 b 28.83 a 1.90 a 1527 b 14,573 b 9858 b 3423 a

5
0 3079 a 373.9 a 28.87 a 2.71 b 1503 a 15,707 a 11,247 a 3091 a
3 3113 a 387.5 a 29.19 a 2.09 a 1645 ab 16,385 a 12,225 b 3216 a
6 3285 a 401.5 a 29.55 a 1.84 a 1752 b 16,906 a 13,019 c 3279 a

In trial 2, which evaluated the products from the family biochar + AD, the treatments
with biochar + AD presented significantly higher aerial biomass than the control, while
the treatments with biochar only showed no differences with respect to the control. The
treatments with biochar presented significantly shorter plants in terms of height than the
control (Figure 3; Table S7). Moreover, the biochar + AD treatments produced significantly
higher aerial biomass than the biochar-only treatments (Table S7).
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Figure 3. Mean values of each treatment for the nutrient content in the plant tissue: fresh aerial
biomass (A), dry aerial biomass (B), and height (C). The treatment biochar encompasses the treatments
biochar 250 and biochar 500; the treatment biochar + B encompasses the treatments biochar 250 + AD5,
biochar 250 + AD10, biochar 500 + AD5, and biochar 500 + AD10. Comparison against control
was performed with orthogonal contrasts (see Table S7) (significance level: ** 0.001 < p ≤ 0.01;
* 0.01 < p ≤ 0.05. ns, not significant).
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The content of P and K in the plant tissues were significantly higher in the treatments
with biochar + AD than in the control. Conversely, the N and the Ca contents, were
significantly lower in the treatments with biochar and in the treatments with biochar + AD
than in the control (Figure 4; Table S7). The N, P, and K contents were significantly higher
in the treatments with biochar + AD than in the biochar-only treatments (Table S7).
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Figure 4. Mean values of each treatment for the nutrient content in the plant tissue: nitrogen (A),
phosphorus (B), potassium (C), calcium (D), and magnesium (E). The treatment biochar encompasses
the treatments biochar 250 and biochar 500; the treatment biochar + B encompasses the treatments
biochar 250 + AD5, biochar 250 + AD10, biochar 500 + AD5, and biochar 500 + AD10. Comparison with
the control was performed using orthogonal contrasts (see Table S7) (significance level: *** p ≤ 0.001;
** 0.001 < p ≤ 0.01; * 0.01 < p ≤ 0.05. ns, not significant).

The results of ANOVA for the factors biochar dose and AD dose in trial 2 are shown in
Table S8. Both factors produced significant differences in most of the dependent variables
analysed, except for the height and the Mg content. In contrast, only the biochar dose
produced significant differences in the Ca content, as did the AD dose in the P content.
The interaction between biochar and AD doses was significant only for the K content. For
the 250 kg ha−1 biochar dose, the 10% AD dose produced significantly higher N, P, and K
contents in the biomass compared to the biochar without AD. For the remaining variables,
there were no significant differences between the different AD doses (Table 4). For the
500 kg ha−1 biochar dose, the 10% AD dose produced significantly higher aerial biomass
than the 0% and 1% AD doses; conversely, the 10% AD dose produced a significantly lower
Ca content than the biochar without AD. Interestingly, the 5% and 10% AD doses produced
significantly higher K content than the other AD doses (Table 4).
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Table 4. Mean values for the dependent variables measured in maize plants. Means followed by the
same letter did not differ significantly at p ≤ 0.05 in Tukey’s test.

Biochar
Dose

(kg ha−1)

AD Dose
(%)

Fresh
Aerial

Biomass
(mg)

Dry
Aerial

Biomass
(mg)

Height
(cm)

N
(%)

P
(mg

kg−1)

K
(mg

kg−1)

Ca
(mg

kg−1)

Mg
(mg

kg−1)

250

0 1738 a 266.5 a 26.23 a 2.29 a 1393 a 11,167 a 5725 a 2420 a
1 1907 a 282.5 a 26.39 a 2.43 ab 1468 ab 12,047 ab 5688 a 2500 a
5 1916 a 297.9 a 26.41 a 2.47 ab 1502 ab 12,120 ab 5628 a 2471 a

10 1964 a 298.5 a 26.55 a 2.52 b 1587 b 13,770 b 5619 a 2440 a

500

0 1791 a 275.3 a 25.10 a 1.90 a 1400 a 11,478 a 5231 b 2370 a
1 1897 a 294.4 ab 25.46 a 1.88 a 1498 a 12,057 a 4971 ab 2358 a
5 2000 ab 320.2 bc 25.90 a 1.93 a 1550 a 12,903 b 4484 ab 2399 a

10 2246 b 335.7 c 25.95 a 1.99 a 1663 a 16,041 c 3758 a 2447 a

3.3. Soil Chemical and Biological Parameters

In trial 1, the treatments with compost and the treatments with compost + biochar
presented significantly higher values than the control for all soil parameters (Figure 5;
Table S9). Furthermore, the treatments with compost + biochar produced significantly
higher values than the treatments with only compost for the FDA and C-CO2 released, and
significantly lower values for the TOC (Figure 5; Table S9).
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Figure 5. Mean values of each treatment for the following soil parameters: pH (A), EC (B), FDA (C),
C-CO2 (D), and TOC (E). The treatment compost encompasses the treatments compost 2 and compost
5; the treatment compost + B encompasses the treatments compost 2 + biochar 3, compost 2 + biochar
6, compost 5 + biochar 3, and compost 5 + biochar 6. Comparison with the control was performed
using orthogonal contrasts (see Table S9) (significance level: *** p ≤ 0.001; ** 0.001 < p ≤ 0.01.).
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The ANOVA results for the factors compost dose and biochar dose in trial 1 are
shown in Table S10. The two factors produced significant differences in the FDA, the
C-CO2 released, and the TOC, while the EC was only affected by the compost dose, and
the pH was only affected by the biochar dose. For the 2 t ha−1 compost dose, the 6%
biochar dose resulted in significantly higher values of FDA and lower values of TOC, with
respect to the other two doses, and of C-CO2 released, with respect to the 0% biochar dose
(Table 5). For the 5 t ha−1 compost dose, the addition of biochar to the compost released
a significantly higher amount of C-CO2, regardless of the dose. Moreover, the addition
of each increasing dose of biochar to the compost produced a significant increase in the
FDA compared to the immediately lower dose. Furthermore, 6% biochar in the compost
reduced the TOC compared to compost without biochar (Table 5). Finally, there were no
significant differences between the biochar doses for the pH and the EC for both compost
doses (Table 5).

Table 5. Mean values for the dependent variables measured in the soil. Means followed by the same
letter did not differ significantly at p ≤ 0.05 in Tukey’s test.

Compost Dose
(t ha−1)

Biochar Dose
(%) pH EC

(dS·m−1)
FDA

(mg·kg−1·3 h−1)

C-CO2
(mg·m−2

soil·day−1)

TOC
(%)

2
0 6.46 a 0.168 a 143.8 a 411.5 a 4.74 b
3 6.63 a 0.168 a 179.4 a 457.2 ab 4.61 b
6 6.76 a 0.191 a 235.9 b 466.4 b 4.10 a

5
0 6.51 a 0.218 a 190.7 a 448.1 a 4.65 b
3 6.70 a 0.218 a 217.6 b 512.1 b 3.90 ab
6 6.79 a 0.228 a 269.2 c 548.7 b 3.68 a

In trial 2, the treatments with biochar + AD showed significantly higher values than
the control for all soil parameters. The biochar without AD only increased the pH and
the FDA, while it decreased the EC (Figure 6; Table S11). Moreover, the treatments with
biochar + AD presented significantly higher values than the treatments with only biochar
for all soil parameters (Table S11).

The results of the ANOVA for the factors biochar dose and AD dose in trial 2 are
shown in Table S12. The two factors produced significant differences in all soil parameters,
but the interaction of both factors was significant only for the FDA. For the two biochar
doses, 250 kg ha−1 and 500 kg ha−1, the responses of the soil parameters to the different
AD doses were similar for the pH, the FDA, and the C-CO2 released. For the pH, the 10%
AD dose produced significantly higher values than the other AD doses. For the FDA and
the C-CO2 released, the 5% and 10% AD doses produced significantly higher values than
the other AD doses (Table 6). Interestingly, the TOC was significantly higher for the 1% and
5% AD doses with respect to the biochar alone for the 250 kg ha−1 biochar dose and for the
10% AD dose for the 500 kg ha−1 biochar dose (Table 6).



Agriculture 2023, 13, 1557 11 of 19

Table 6. Mean values for the dependent variables measured in the soil. Means followed by the same
letter did not differ significantly at p ≤ 0.05 in Tukey’s test.

Biochar Dose
(kg ha−1)

AD Dose
(%) pH EC

(dS·m−1)
FDA

(mg·kg−1·3 h−1)

C-CO2
(mg·m−2

soil·day−1)

TOC
(%)

250

0 6.55 a 0.122 a 106.5 a 246.9 a 3.18 a
1 6.63 a 0.143 b 117.5 a 301.8 b 3.23 b
5 6.75 ab 0.164 c 158.4 b 374.9 c 3.21 ab

10 6.90 b 0.173 c 172.3 c 438.9 d 3.18 a

500

0 7.57 a 0.117 a 119.3 a 274.3 a 3.22 a
1 7.68 ab 0.155 b 124.9 a 329.2 a 3.25 a
5 7.82 bc 0.166 b 194.6 b 429.8 b 3.27 a

10 7.97 c 0.182 c 208.6 c 457.2 b 3.30 b
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Figure 6. Mean values of each treatment for the soil parameters: pH (A), EC (B), FDA (C), C-CO2 (D),
and TOC (E). The treatment biochar encompasses the treatments biochar 250 and biochar 500; the
treatment biochar + AD encompasses the treatments biochar 250 + AD5, biochar 250 + AD10, biochar
500 + AD5, and biochar 500 + AD10. Comparison with the control was performed using orthogonal
contrasts (see Table S11) (significance level: *** p ≤ 0.001; * 0.01 < p ≤ 0.05. ns, not significant).
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4. Discussion
4.1. Phytotoxicity Test and Toxicity Test on Soil Rhizobacteria of the Products Tested

As expected, in Zucconi’s test, a highly concentrated aqueous extract from the eval-
uated products exerted phytotoxicity, but under appropriate dilution, they all showed
a biostimulant effect. Thus, the products tested are suitable as organic fertilisers as is
and as feedstocks for organic fertilisers because when used at adequate doses, they are
phytostimulants. The doses used in the microcosm test were adequate to produce a positive
effect on the crop (see Section 4.2 for further discussion). The phytotoxicity observed for
concentrated aqueous extracts from biochar in Zucconi’s test has been previously observed
by [23,24], who reported slower germination for the highest concentrations. Accordingly,
in our experiments, the aqueous extract from compost + biochar produced a lower GI for a
higher biochar rate; that is, compost + B6 (with 6% of biochar in weight with respect to the
final product) was more phytotoxic than compost + B3 (with 3% of biochar), and the former
had less of a phytostimulant effect than the latter (the phytotoxic or phytostimulant effect
depends on the concentration of the aqueous extract). These results indicate that biochar is
not a good substrate for seeds germination, but it is a good component for organic fertilisers
because the biomass produced by plants fertilised with compost + biochar was higher than
those fertilised with compost alone (see Section 4.2 for further discussion).

For AD, there was a similar situation, i.e., while a highly concentrated aqueous extract
from AD exerted phytotoxicity in Zucconi’s test, a low concentration was phytostimulatory.
Therefore, our results are consistent with those of other authors who also observed that
the application of undiluted AD produced phytotoxicity [25]. High pH, EC [26,27], and
NH4

+ [28] have been recognised as potential sources of phytotoxicity in digestates. Addi-
tionally, other authors have also observed that diluted AD is a stimulant [29–31], producing
a GI of up to 140% [30], 150% [29], and even 341% [31], with this last value for a diluted
combination of AD with molasses. However, interestingly, AD was less phytotoxic than
biochar because an aqueous extract of biochar + AD5 (with 5% AD in volume with respect
to the weight of the final product) was more phytotoxic and less phytostimulant (GI 52% to
82% and 114% to 178%, respectively) than the extract of biochar + AD10 (with 10% AD) (GI
63% to 89%, and 174% to 288%, respectively). As indicated by [31], this could be due to
hormone-like substances that can be harboured by AD.

Finally, the absence of toxicity in soil Rhizobacteria makes the combination of bio-
residues suitable for the development of organic fertilisers.

4.2. Plants Growth and Biomass Composition in the Microcosm Trial

The addition of compost to the soil increased the plant biomass compared with the
unfertilised control, as expected due to the nutrients provided to the crop by the compost,
as reported elsewhere [1,9,10]. Interestingly, the addition of biochar to the finished compost
further increased the biomass compared with plain compost. Another work [32] combined
compost and biochar, but unlike ours, biochar was added before the composting process
and thus there was a co-composting process; in that work, the authors added the resulting
product into the soil and cultivated a halophyte plant, observing that for a 10% addition in
weight with respect to the soil weight, biomass production increased.

Unexpectedly, in trial 2, the addition of biochar to the soil did not increase plant
biomass production; however, other authors such as those in [33] also found no signifi-
cant impact of biochar on plant growth. Nevertheless, it is more common to observe a
plant biomass increase because of biochar addition (e.g., [23,34,35]). In contrast, in our
experiment, the addition of biochar + AD produced a significant increase on plant biomass,
similar to that previously reported by [23,35]. The explanation for the biomass increase
with biochar + AD and not with biochar alone could be the presence of more nutrients for
the crop in the AD [11,36]. Complementarily, another explanation could be the presence of
hormone-like substances in AD that act as plant growth stimulants [31].

In both trials, the increase in biomass triggered by compost + biochar with respect
to compost alone and by biochar + AD with respect to the control with no treatment was
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accompanied by a decrease in the N concentration in the biomass. A reduction in the
N concentration when biomass production increases is quite common because there is a
‘dilution effect’ of this element in the biomass, although usually the total amount of N
extracted by the plant from the soil increases. However, in our case, there was a decrease
not only in the N concentration in the biomass but also in the total N extracted from the
soil. This result is similar to that obtained by [37], which showed a decrease in shoot N
concentration and in soil NH4

+ and NO3
− concentration for a treatment that received

biochar compared to a control with no biochar incorporated. Some authors consider
it possible that biochar’s high surface charge density enhances N retention through an
improved cation and anion exchange capacity [38,39]. This explanation is based on the
fact that some biochars have polar and non-polar sites on their surfaces that can adsorb
NH4

+-N to NO3
−-N because of the feedstock and processing circumstances [38,40–44].

However, there is another possible explanation for the reduction in the N concentration
in the plant biomass, and it is related to the increase in soil biological activity, resulting in
a consumption of the soil N that reduces its availability for the plants (see Section 4.4 for
further details). Irrespective of the explanation for the lower N concentration, the fact is that
there is less soil N available for plant absorption, and thus, there are also less ionic forms
of N prone to be leached. Moreover, increased biomass production for less N availability
avoids overconsumption by plants.

However, unlike N, the P concentration was higher in compost + biochar compared
to compost alone; considering that biochar does not provide more P in assimilable forms
than compost, this increase could be due to the improvement in the assimilation of soil
nutrients by plants because of the recognised beneficial effects of biochar in the soil [45,46].
Alternatively, it could be a consequence of the direct interaction between biochar and the
plant, which can improve the efficiency in nutrient uptake because of increased activity in
membrane transporters for nutrients in plants treated with biochar, as already reported
by [47]. Conversely, the observed increase in P and K concentrations in the biomass of
plants that received biochar + AD compared to the biochar alone and to the control with
no treatment is easily explained by the nutrients provided by the AD. Our results are in
accordance with those reported by [23] but only partially because they showed that biochar
alone does not increase the concentration of P and K in the plant biomass, but unexpectedly,
they showed a reduction in the P and K concentration when they added a combination of
biochar and AD to the soil, which clearly differs from our results.

Finally, the addition of biochar and biochar + AD generally reduced the concentrations
of Ca and Mg in the biomass, as observed by [23]. We hypothesise that such a decrease
might be associated for both treatments with an increase in the soil pH because of the
biochar addition, which favours the formation of carbonates, making calcium unavailable
for plant uptake [10].

4.3. Soil Chemical and Biological Parameters

The soil was slightly acidic (pH 6.23), and the pH increased for all treatments in the two
microcosm trials compared to the untreated control. This should be due to the basic condi-
tion of the compost, the biochar, and the AD, but according to some authors [33,48–51], it
could also be favoured by the increased soil microbial activity experienced as a consequence
of the addition of organic substances to the soil. This result is similar to that obtained
by [23], who observed the highest significance values for the soil pH with biochar addition
and especially biochar with AD addition.

The significant increase in EC observed in the treatments with compost, compost + biochar,
and biochar + AD compared to the untreated control is quite common, as previously
observed by [9,52] for compost and biochar and by [23] for a combination of wood biochar
and AD. The main reason is the presence of nutrients in the compost and AD that increase
the ions present in the soil, but it has also been reported that an increase in the EC can
be due to the presence of functional groups (e.g., hydroxyl and carboxylate) in compost
and AD [53–55] and also to the release of organic substances of low molecular weight as a
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result of organic matter mineralisation [53,56]. Conversely, for the biochar alone, the EC
decreased, which is consistent with the results obtained by [34] using rates of 1% and 5%
biochar, similar to ours. This decrease could be due to the lower available ions in the soil
because of the ion adsorption by biochar.

In general, the biological activity of the soil increased with the addition of compost,
compost + biochar, and biochar + AD, and to a lesser extent with the addition of biochar
alone. The biological activity has been estimated in this work from the FDA and C-CO2
released, with the former being directly related to the total microbial activity in the soil and
the latter to the activity of soil edaphofauna, including microorganisms. The increase in
FDA as a result of compost addition, which we observed, has also been reported by [57],
who detected a direct correlation between the FDA and the compost application rate.
Moreover, it has been demonstrated that compost and AD increase the nutrients available
in the soil for use by microorganisms [53,58], thus promoting soil microbial activity, which
is detected by an increase in the amount of C-CO2 released [52]. More controversial is the
effect of biochar alone on soil microbial activity; in our case, the FDA increased slightly but
significantly, but the C-CO2 released was not affected. In fact, some works have reported
that biochar increases microbial activity in the soil [9,55], but others have observed no
significant effect in the FDA for biochar additions compared to a control [59] or even a
decrease in basal respiration of biochar alone compared to the control [60]. It seems that
biochar does not exert a direct effect on the soil microbial activity, but rather exerts an
indirect effect consisting of an increase in the soil microbial biomass and its microbiological
activity in the long term [61] because of the improvement of the soil physico-chemical
conditions, e.g., the regulation of the pH and the increase in the water holding capacity [62].

The significant increase in TOC observed for the treatments with compost and biochar
+ AD compared to the control without fertilisation is undoubtedly due to the carbon
provided by the organic products added to the soil as previously observed by [52] and [63].
The addition of biochar alone to the soil usually increases the TOC because it provides
organic carbon [34]; consequently, there is an increase in the TOC value [52]. However, in
our experiment, even if the addition of biochar alone to the soil slightly increased the TOC
compared with the control, the increase was not significant. Moreover, unexpectedly, the
treatment with compost + biochar showed a significantly lower TOC than the treatment
with compost alone, even if the biochar had a higher concentration of carbon than the
compost. This result could be due to the higher microbial activity of the treatment with
compost + biochar, which is explained by the higher FDA and C-CO2 released; the increased
microbial activity liberates the easily assimilable fraction of C contained in the compost in
the form of CO2, and the consequence is the reduction in TOC in the soil.

4.4. Agronomic and Environmental Effects of the Addition of Compost with Biochar and the Use of
Biochar as a Carrier for AD

The agronomic performance of compost in maize plants was improved by the ad-
dition of biochar to the compost in terms of crop biomass production. However, the N
concentration in the biomass decreased, both when compared to compost alone and even
to the untreated control. Concomitantly, the P and Ca concentrations increased, and the K
concentration was not affected. Thus, despite the increase in the content of plant nutrients
in the plant due to the addition of organic products, there was less assimilation of N by
plants, and this could be due to the competition with microorganisms for N because of
the increase in soil microbial activity. Due to the importance of N in plant growth, the
increase in biomass production for less available N was unexpected, which could be ex-
plained by the higher availability of other nutrients. Moreover, we hypothesise that better
crop performance could be due to the plant-growth-promoting activity exerted by the soil
microbiome, which has been activated by biochar addition to the compost. Such beneficial
microorganisms can stimulate plant growth and solubilise phosphates and Ca, which are
typical modes of action of Plant Growth Promoting Rhizobacteria (PGPR) [64–66].
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Unexpectedly, the addition of biochar alone to the soil did not increase the agro-
nomic performance of the crop in terms of biomass production, but rather decreased the
N concentration in the biomass; in this case, there was no significant increase in soil mi-
crobiome activity. The most likely explanation of the reduced N availability to the crop
is the adsorption of the soil NH4

+-N and NO3
−N by biochar. Despite this result, biochar

has been demonstrated to be a good carrier for AD because the addition of low AD doses
(between 5% and 10%) improved agronomic and environmental parameters, namely in-
creased crop biomass, and increased soil microbiome activity for a reduced N concentration
in plant biomass. In this case, the explanation for this result could be the same as that
for compost + biochar, consisting of increased soil microbial activity with a predominance
of PGPR.

From the environmental site, biochar reduces the N at risk of lixiviation and sequesters
carbon because it is a carbon sink [24]; the carbon sequestered by biochar partially compen-
sates for the increased CO2 emissions because of the higher microbial activity due to the
addition of compost, making the use of compost as fertiliser more sustainable.

5. Conclusions

The organic products tested exerted a phytostimulatory effect at appropriate dilution
rates, as proven by Zucconi’s test, and this could be due to the stimulant substances
(some of which are hormone-like products) contained in the extracts from the organic
products. In addition, the microcosm trials demonstrated that compost + biochar improved
the biomass production of maize plants compared to the treatment that received only
compost; moreover, biochar + AD improved the biomass production compared to the
treatment that received only biochar. In both cases, these effects were accompanied by
improved soil biological activity. Concomitantly, a reduction in the N concentration in the
plant biomass with respect to the control that did not receive any organic substance was
observed; however, the P concentration increased.

Regarding doses, the best agronomic results for compost + biochar were obtained
for the highest biochar dose (6%) and a dose between 2 and 5 t ha−1 of the final fertiliser
product. In the case of biochar + AD, the best results were for an AD dose between 5% and
10% and a dose of 500 kg ha−1 of the final fertiliser product.

The combination of bio-residues tested improved plants growth to a greater extent
than one product alone. Further research should be focused on validating the hypothesis
that the PGPR population improves as a result of the addition of organic mixes and on
unravelling the mechanisms involved in plant-growth promotion for reduced rates of
available N.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture13081557/s1, Table S1: Composition of the compost
used for the experiment; Table S2: Composition of the biochar used for the experiment; Table S3:
Composition of the anaerobic digestate used for the experiment; Table S4: Soil analysis prior to the
experiment in the microcosm trial; Table S5: ANOVA and contrasts for the dependent variables:
biomass production, height, and in-plant ionomic analysis. The plot was considered a random factor.
Values correspond to the F-statistic (ANOVA) and t-statistic (orthogonal contrasts), followed by the
level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; * 0.01 < p ≤ 0.05. ns, not significant). df: degrees
of freedom; Table S6: ANOVA carried out for the independent variables, compost dose, biochar dose,
and the compost dose × biochar dose interaction, on different dependent variables measured in
maize plants. Values correspond to the F-statistic, followed by the level of significance (*** p ≤ 0.001;
** 0.001 < p ≤ 0.01. ns, not significant). df: degrees of freedom; Table S7: ANOVA and contrasts for
the dependant variables: biomass production, height, and in-plant ionomic analysis. The plot was
considered a random factor. Values correspond to the F-statistic (ANOVA) and t-statistic (orthogonal
contrasts), followed by the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; * 0.01 < p ≤ 0.05. ns,
not significant). df: degrees of freedom; Table S8: ANOVA performed for the independent variables,
biochar dose, AD dose, and the biochar x AD dose interaction, on different dependent variables
measured in maize plants. Values correspond to the F-statistic, followed by the level of significance
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(*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; * 0.01 < p ≤ 0.05. ns, not significant). df: degrees of freedom;
Table S9: ANOVA and contrasts for the dependent variables: pH, Electrical conductivity (EC), FDA,
Carbon as CO2 (C-CO2), and Total organic carbon (TOC). The plot was considered a random factor.
Values correspond to the F-statistic (ANOVA) and t-statistic (orthogonal contrasts), followed by the
level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01. ns, not significant). df: degrees of freedom.
Table S10: ANOVA performed for the independent variables, compost dose, biochar dose, and the
compost x biochar dose interaction, on different dependent variables measured in the soil. Values
correspond to the F-statistic, followed by the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01;
* 0.01 < p ≤ 0.05. ns, not significant). df: degrees of freedom; Table S11: ANOVA and contrasts for
the dependant variables: pH, Electrical conductivity (EC), FDA, Carbon as CO2 (C-CO2) and Total
organic carbon (TOC). The plot was considered a random factor. Values correspond to the F-statistic
(ANOVA) and t-statistic (orthogonal contrasts), followed by the level of significance (*** p ≤ 0.001;
** 0.001 < p ≤ 0.01. ns, not significant). df: degrees of freedom. Table S12: ANOVA performed for
the independent variables, biochar dose, AD dose, and the biochar dose x AD dose interaction, on
different dependent variables measured in the soil. Values correspond to the F-statistic, followed by
the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; * 0.01 < p ≤ 0.05. ns, not significant). df:
degrees of freedom.
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