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Abstract

The growing demand for sustainable alternatives to non-renewable growing media com-
ponents, such as sphagnum peat, has driven interest in compost-biochar combinations
as high-quality horticultural substrates. Nevertheless, the effects of incorporating biochar
at the onset of co-composting on process dynamics and the quality of the resulting end-
products remain poorly understood and insufficiently characterized. This study evaluated
the influence of hardwood residue-derived biochar as an additive on the co-composting of
corn stover and swine manure under greenhouse conditions over 94 days. Three treatments
were established: a Control (C; without biochar), CB1 (10% v/v biochar), and CB2 (20% v/v
biochar), each with three replicates. Physicochemical properties (pH, electrical conductiv-
ity, water holding capacity, bulk density, particle size distribution, total organic carbon),
enzyme activities (FDA hydrolysis, dehydrogenase, urease, arginine ammonification, acid
phosphatase, arylsulfatase), compost stability (Solvita® test), and phytotoxicity (germina-
tion index) were monitored throughout the process and at process completion. Results
showed that biochar addition significantly influenced physicochemical and biological pa-
rameters in a dose-dependent manner. The CB2 treatment reduced electrical conductivity
by 46% relative to the Control (1.87 vs. 3.45 mS/cm) and increased water-holding capacity
by 32% (479 vs. 364%), while all treatments met the Chilean composting standard NCh 2880.
Enzyme activities were generally higher in the Control and CB1 treatments, indicating
that high biochar rates may limit microbial activity due to recalcitrant carbon inputs, yet
a 20% biochar addition improved compost maturity and reduced phytotoxicity. These
findings indicate that, within the tested range (10-20% v/v), biochar incorporation appears
to enhance the quality, supporting its potential as a sustainable component in growing
media formulations as an alternative to peat.
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1. Introduction

The growing global population and the resulting demand for food production have
led to significant environmental impacts, particularly through the generation of agricul-
tural and agro-industrial residues. This situation underscores the urgent need to develop
sustainable technologies for the proper management of these organic materials to mitigate
their negative environmental effects [1-3]. It is estimated that the global annual production
of crop residues such as rice, corn, and wheat reaches approximately 45 Tg [4-7]. Without
appropriate management, these residues can pose a serious environmental threat, as evi-
denced by practices such as stubble burning [8]. However, these carbon-rich materials also
offer opportunities for transformation into value-added products, thereby reducing envi-
ronmental pressure and preventing waste accumulation to promote sustainable systems.

Agricultural residues are highly valuable due to their high organic matter (OM) and
mineral content, making them suitable raw materials for the development of agricultural
bioproducts [8-10]. When incorporated into soils, these materials can improve biological,
chemical, and physical soil properties and enhance crop yields [11,12]. Composting, a
process involving the decomposition, transformation, and stabilization of OM, can reduce
the volume of raw materials by up to 50%, resulting in a stable product that functions as a
biofertilizer [13-15].

Various organic feedstocks have been evaluated for compost production and as compo-
nents of soilless growing media [16-19]. However, compost and the process of composting
can present limitations and issues such as rapid mineralization, high decomposition rates,
emissions of gases, and elevated salinity, which may hinder its use in growing media formu-
lations [19]. To address these challenges, the incorporation of biochar, a carbon-rich material
produced by pyrolysis of organic residues, has gained increasing attention. Biochar shares
many physicochemical characteristics with peat (Sphagnum sp.), including high porosity,
low bulk density, and elevated cation exchange capacity (CEC), making it a promising
peat alternative [18,19]. It is produced through pyrolysis under oxygen-limited conditions
at temperatures ranging from 300 to 800 °C, during which depolymerization, oxidation,
dehydration, and decarboxylation reactions occur [2,20-23]. Biochar production can also
contribute to climate change mitigation by enhancing carbon sequestration and reducing
CO, emissions and increasing the mean residence time of amendments [24,25]. Despite
certain limitations, such as relatively low nutrient content and potential phytotoxicity at
high concentrations, positive results have been reported when biochar is used at rates
below 50% in growing media formulations [19,26].

In recent years, the combination of compost and biochar has emerged as a promising
strategy for producing high-quality growing media. While compost provides nutrients
and microbial activity, biochar contributes with its physical structure and chemical sta-
bility, resulting in a synergistic effect that enhances the overall quality of the mixture.
This combination can improve key substrate properties such as porosity, water-holding
capacity, aeration, and CEC, while simultaneously reducing risks such as salinity, rapid
mineralization, and the presence of phytotoxic compounds [18,19]. Moreover, studies have
reported that biochar can reduce the total and available concentrations of heavy metals in
composting, stabilize organic matter, and promote beneficial microbial activity [17,27,28].
Given the environmental concerns associated with peat extraction, the compost-biochar
combination presents a sustainable and effective alternative for soilless cultivation systems.
Despite the growing body of literature on biochar-compost interactions, critical knowledge
gaps remain. Most studies have incorporated biochar after the composting process rather
than from its onset, limiting our understanding of how biochar shapes microbial dynamics
throughout composting.
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Furthermore, comprehensive enzymatic profiling covering the cycles of carbon, nitro-
gen, phosphorus, and sulfur simultaneously has rarely been reported for co-composting
systems despite their sensitivity as indicators in soil and diverse processes [29]. Finally,
benchmarking the final product against standards for soilless growing media, particularly
as a potential peat substitute, has received limited attention in experimental studies using
composted agricultural residue feedstocks. This study addresses these gaps by evaluating
the effects of two rates of hardwood-derived biochar incorporated from the beginning of co-
composting on the physicochemical and biological quality of the composting process and
the end-product, with a focus on its potential as a sustainable component in growing media
formulations. We hypothesize that integrating biochar into the composting of agricultural
residues not only enhances composting efficiency but also improves the quality of the end-
product, making it a viable alternative in growing media formulations. To our knowledge,
this is the first study to simultaneously (i) incorporate hardwood-derived biochar at the
onset (rather than after completion) of a co-composting process using corn stover and swine
manure as feedstocks; (ii) profile a comprehensive suite of six enzyme activities linked to C,
N, P, and S cycling as real-time indicators of microbial functional diversity throughout the
co-composting process; and (iii) systematically benchmark the resulting compost-biochar
end-products against the Chilean growing media standard (NCh 2880) as potential sphag-
num peat substitutes. This combination of process monitoring, multi-enzyme profiling, and
standardized product quality assessment represents a novel methodological approach in
the context of agricultural residue co-composting research. Given this context, the present
study aims to (i) evaluate the influence of two rates of hardwood-derived biochar (10%
and 20% v/v) incorporated from the onset of composting on the temporal dynamics of
physicochemical properties (pH, EC, water holding capacity, bulk density, particle size
distribution, and organic carbon) throughout a 94-day co-composting process; (ii) charac-
terize the dose-dependent effects of biochar on a comprehensive suite of enzyme activities
linked to carbon, nitrogen, phosphorus, and sulfur cycling; and (iii) assess the suitability
of the resulting compost-biochar end-products as components of soilless growing media,
benchmarked against Chilean quality standard NCh 2880 [30].

2. Materials and Methods

2.1. Feedstock and Composting Process: Utilization of Biochar as an Additive
2.1.1. Feedstock

The feedstock used for composting consisted of corn (Zea mays L.) residues, including
stover, canes, and leaves, with an initial moisture content of approximately 10%. These
materials were pre-chipped (between 2 and 5 cm) to promote homogenization and facilitate
microbial decomposition. Swine manure was sourced from AASA Ltd. (Nancagua, Chile;
34°38' S, 71°07' W), obtained from pigs in the breeding and weaning stages. The manure
contained dietary additives not disclosed by the supplier. Initial characterization of the
feedstock is presented in Table 1.

2.1.2. Biochar Production and Application

Biochar was employed as an additive in the composting matrix. It was produced via
slow pyrolysis of hardwood residues (chips and sawdust) in a double-chamber furnace.
The pyrolysis process was carried out at temperatures between 450 and 500 °C with a
heating rate of approximately 5 °C min~! and a residence time of 4 h per batch [25]. Before
pyrolysis, the raw materials were oven-dried to a moisture content of 10%. Biochar was
characterized, and the main properties are described in Table 2. Furthermore, before the
application, biochar was sieved to obtain a particle size fraction between 0.15 and 5 mm to
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ensure homogeneous incorporation into the compost mixture and to minimize potential
interference with physicochemical measurements.

Table 1. Initial characterization of feedstock materials used in the co-composting process and reference
values suggested by the Chilean Composting Standard (NCh 2880).

Materials Corn Swine Control * NCh 2880 **
pH 8.59 8.14 8.53 5.0-8.5
EC (mS/cm) 0.974 1.048 2.33 <3.00
Water content (%) 21.2 69.2 58.8 3045
Total solids (%) 78.8 30.8 41.2 55-70
OM (%) 69.9 73 >20
TOC (%) 40.5 423

* Equal volume mixture of corn straw and pig manure. Accepted parameters for base materials for Class A
compost according to NCh 2880. ** NCh 2880 (Instituto Nacional de Normalizacién INN, Chile): Chilean official
standard defining quality requirements and classification criteria (Class A and Class B) for compost derived
from aerobic decomposition of organic matter. EC: Electrical conductivity; OM: organic matter; TOC: total
organic carbon.

Table 2. Chemical characterization of forest biochar (hardwood biochar) used in the co-
composting experiment.

Property Unit Result
pH — 8.13
Electrical conductivity (EC) dS/m 0.13
Organic matter (OM) Y% 99.5
Water retention capacity % 635
Total nitrogen (N) Y% 0.02
Total phosphorus (P) % 0.02
Total potassium (K) % 0.14
Total sodium (Na) Y% 0.02
Calcium (Ca) Y% 0.15
Magnesium (Mg) % 0.05
Ammoniacal nitrogen (NH;"-N) mg/kg 3.50
Nitric nitrogen (NO3~-N) mg/kg 0.70
Ammonium/nitrate ratio (NH4* /NO3 ™) — 5.00
Carbon/nitrogen ratio (C/N) — 2376
Zinc (Zn) mg/kg 52.0
Manganese (Mn) mg/kg 87.9
Iron (Fe) mg/kg 220
Copper (Cu) mg/kg 6.71
Boron (B) mg/kg <LDM

LDM: below method detection limit. pH and EC determined in 1:5 extract. dS/m = mmho/cm; ppm = mg/kg.

2.1.3. Composting Process

Aerobic composting was conducted in a greenhouse facility at the Universidad de
O’Higgins (San Fernando, Chile; 34°35’ S, 70°59’ W) over a period of 94 days. The green-
house maintained average ambient temperatures of 18-22 °C and relative humidity of
55-75% throughout the experimental period. Composting units were placed on benches
under indirect natural light conditions. Each composting unit was prepared with a mixture
of materials and placed in perforated static containers (6 L) to maintain aerobic conditions.
The initial mixture consisted of swine manure and corn residues in a 2:1 (v/v) ratio, adjusted
to a target moisture content of 60% through manual irrigation and around a 25 C/N ratio.
Temperature was recorded daily throughout the composting period. Manual turning was
applied weekly during the mesophilic and thermophilic phases and biweekly during the
cooling and maturation stages to ensure aeration and uniform decomposition [31].
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2.2. Experimental Design

The composting experiment was conducted using a completely randomized design
(CRD) with three replicates per treatment to ensure statistical reliability and reduce experi-
mental error. Three treatments were established to evaluate the effect of biochar addition
on the composting process and final compost properties: (i) Control (C), consisting of a
compost mixture of corn residues and swine manure without biochar; (ii) CB1, the same
compost mixture amended with 10% (v/v) biochar; and (iii) CB2, amended with 20%
(v/v) biochar. The biochar was incorporated before composting to assess its influence on
physicochemical and biological parameters during the entire process. Treatment details
and component proportions are summarized in Table 3. The biochar application rates of
10% and 20% v/v were selected based on rates commonly reported in the growing media
and co-composting literature, where biochar is evaluated as a structural and functional
component of substrate formulations rather than as a soil amendment [18,19,31,32]. These
rates represent the lower and upper bounds of a practical range that has been associated
with improved substrate quality while remaining economically viable for producers.

Table 3. Description of the trials (C, CB1, and CB2) presented in v/v (volume/volume) of corn straw,
swine manure, and biochar as additive of compost and their contribution to the final mixture (%).

Treatment Volume (mL) Corn Straw Swine Manure Biochar
Control without biochar 6000 50% 50% -
CB1 composting mix + 10% biochar 6000 45% 45% 10%
CB2 composting mix + 20% biochar 6000 40% 40% 20%

2.3. Analysis of Physical and Chemical Properties During the Process and End-Products
2.3.1. Physical Properties

Particle size distribution was determined using a set of sieves with mesh sizes of 4.75,
3.35, 2.00, 1.18, 0.60, 0.25, and 0.15 mm. Water holding capacity (WHC) was measured
following the protocols described by Nocentini et al. [18] and Tello and Vega [33]. Briefly,
6 g of each sample was saturated with distilled water on a Whatman 2 filter for 2 h. After
draining, the moist weight was recorded, and the difference from the dry weight was
extrapolated to 12 h. WHC was expressed as a percentage of the dry weight [18].

2.3.2. Chemical Properties

pH and electrical conductivity (EC) were determined following the method of Sadza-
wka et al. [34]. Briefly, 5 g of the compost sample was mixed with 25 mL of distilled water
(1:5 w/v ratio). The pH was measured using a pH meter (Gondo PL700PV, Arquimed,
Taipei, Taiwan). Subsequently, the mixture was centrifuged at 8000 rpm for 15 min. The
supernatant was carefully extracted and used to measure EC with a conductivity meter.

Organic matter (OM) and total organic carbon (TOC) contents were determined via
potassium dichromate and sulfuric acid digestion followed by spectrophotometric analysis
at 600 nm (EPOCH 2 BSC BIOTECK, GrupoBios, Winooski, VI, USA). The procedure was
conducted by adding 10 mL of 0.5 mol/L potassium dichromate to a dry compost sample,
followed by 20 mL of sulfuric acid. The mixture was allowed to stand for 30 min in a fume
hood, then diluted with 70 mL of distilled water and left overnight. An aliquot of the
resulting solution was taken for absorbance measurement at 600 nm [34].

2.3.3. Germination Index (Phytotoxicity Test)

Phytotoxicity was assessed using the germination index (GI) according to the methods
described by Zucconi et al. [35] and Luo et al. [36]. Two substrate dilutions were prepared:
1:10 w/v (5 g substrate: 50 mL distilled water) and 1:15 w/v (3 g substrate: 45 mL distilled
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water), following Rozas et al. [19]. For each treatment and dilution, three Petri dishes
were prepared with filter paper. Ten radish seeds (Raphanus sativus L.) were placed in each
dish, and 10 mL of the corresponding dilution was added. Petri dishes were wrapped
in aluminum foil and incubated at 20 °C £ 5 °C for 72 h. The germination index was
calculated considering the relative germination percentage and radicle growth according to
the following formula:

Number of germinated seeds in extract

GP: 100 1
R Number of germinated seeds in control * @
Radicle length in extract
RRG: Radicle length in control 100 @
~ (RGP * RRG)
GI: 00 (3)

where RGP (1) = relative germination percentage (%); RRG (2) = relative radicle growth
(%); GI (3) = germination index (%).

2.3.4. Compost Stability Analysis

The Solvita® test (Woods End Laboratories) was employed to assess compost stability
by measuring carbon dioxide (CO,) and ammonia (NHj3) emissions [37]. Fresh, undisturbed
compost samples were placed into 50 mL plastic bottles up to the volume specified by
the manufacturer. The samples were gently tapped to compact the material, after which
specific Solvita® gel paddles for CO, and NHj; detection were inserted into each bottle.
The bottles were incubated at 25 °C for 4 h. After incubation, the paddles were removed
and analyzed using the Solvita reader Software Version 1.6.0.10. (Bath, ME, USA), which
interprets color changes to quantify the CO, and NHj released by the substrate. These
measurements correlate with the stability level of the composted material. The Solvita®
colorimetric test has been validated against direct gas measurement methods for CO,
and NHjz in multiple composting studies [37,38] and provides semi-quantitative indices
of biological activity and compost maturity. While this method has lower precision than
direct gas chromatography, it offers a rapid, standardized screening tool appropriate for
comparative studies. Its accuracy is reported by the manufacturer as £0.5 units for the
Compost Maturity Index under standard incubation conditions.

2.3.5. Elemental Composition and Metal Contents

To evaluate potential toxic elements such as heavy metals, elemental analysis was con-
ducted via inductively coupled plasma optical emission spectrometry (ICP-OES; DV 5300,
Perkin Elmer, Waltham, MA, USA). Samples underwent microwave-assisted acid digestion
using modified aqua regia (nitrohydrochloric acid), following the protocol described by
Medina et al. [12]. Analyses focused on the Control (C) and the highest biochar treatment
(CB2) to provide contrasting insights on the effects of biochar addition during compost-
ing. The results of the elemental composition and metal content analysis are presented in
Table S2 of the Supplementary Data.

2.4. Biological Activities, Enzymes Activities

To determine how biochar affects the biological activity of the composting process,
enzyme activities associated with OM transformation and the cycles of nitrogen, phos-
phorus, and sulfur were evaluated from samples obtained at the beginning of the process
and the end of composting (day 94) (Table 5). The enzyme activity of dehydrogenase
(DHA) was determined using the methodology described by Camifia et al. [39], where the
amount of INFT mL~! (iodophenyl-nitrophenyl-pheny! tetrazolium formazan) generated
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after incubation of composted material with INT substrate was quantified. The enzyme
activity fluorescein diacetate hydrolysis (FDA) was determined using the methodology
described by Schnurer and Rosswall [40], where the amount of fluorescein mL~! produced
after incubation of composted material with FDA substrate was quantified.

For acid phosphatase activity (related to P cycling), it was determined by the method-
ology described by Tabatabai [41], where the amount of p-nitrophenyl phosphate pro-
duced (p-NFF/g PS h~1) was quantified after incubation of the composted material with
p-nitrophenyl phosphate (p-NFF) substrate. The enzyme activity of urease (UA) and argi-
nine ammonification (AA) (related to N cycling) was determined using the methodology
described by Kandeler and Gerber [42] and Alef and Kleiner [43], respectively, where the
amount of ammonium (N-NH4 ") produced after incubation of the composted material with
Urea and L-arginine as substrate, respectively. Finally, the enzyme activity of arylsulfatase
(ARY) was determined by the methodology described by Alef [43] and Nannipieri et al. [44],
where the amount of p-nitrophenyl (p-NF) was quantified after incubation of the composted
material with p-nitrophenyl potassium sulfate as substrate. For all enzymes, colorimetric
evaluation was performed using a microplate spectrophotometer (EPOCH2 BSC BIOTECK,
GrupoBios, Winooski, VT, USA).

2.5. Statistical Analysis

To evaluate physicochemical end-product characteristics, one-way analysis of vari-
ance (ANOVA) was performed with treatment as the single factor. For enzyme activity
data, a two-way ANOVA was conducted with treatment (C, CB1, CB2) and sampling
time (Day 1 and Day 94) as fixed factors, along with their interaction (treatment x time).
Before ANOVA, assumptions of normality of residuals and homogeneity of variances were
verified using Shapiro-Wilk and Levene’s tests, respectively. When significant differences
were detected (p < 0.05), Tukey’s honestly significant difference (HSD) test was applied
for pairwise comparisons. Pearson correlation coefficients were calculated to assess bi-
variate relationships among enzyme activities and phytotoxicity indices. All statistical
analyses were performed using InfoStat (version 2020) and R (version 4.2.1; R Core Team,
2022). Full ANOVA and statistical analyses tables are provided in the Supplementary
Data (Tables S3 and S4); a summary table with F-values, degrees of freedom, p-values, and
partial n? is also presented in the main text (Table 6). Regarding the two-way ANOVA for
enzyme activities, a significant treatment x time interaction indicates that the direction
or magnitude of the temporal change in enzyme activity (from Day 1 to Day 94) differed
significantly among treatments, that is, biochar’s effect on enzyme dynamics was not
uniform over time. A non-significant interaction indicates that the temporal trend was
parallel across treatments, irrespective of biochar dose. This distinction is used explicitly
when interpreting results in Section 3.6.

3. Results
3.1. Influence of Biochar on Physicochemical Properties of Compost—Temperature Profile

The composting process was closely monitored for temperature and key chemical
properties, including pH and EC (Figure 1A,D). In addition, various physicochemical
parameters such as PSD, BD, WHC, TOC, and the germination index (GI) of the final
compost products were analyzed at the end of the 94-day experiment. These values were
evaluated in the context of Chilean normative standards (NCh 2880) [30] and compared with
relevant literature references to assess the suitability of the compost products as growing
media components. The evolution of temperature throughout the 94-day composting
period is shown in Figure S1. All three treatments exhibited temperatures consistently above
ambient greenhouse conditions (1822 °C), confirming active microbial decomposition
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throughout the experimental period. An initial mesophilic phase was observed during
approximately the first 14 days, during which temperatures increased gradually across all
treatments. A moderate temperature peak was reached at approximately day 25, with a
maximum recorded value of 47.5 °C in the Control treatment. Temperatures did not reach
the typical thermophilic threshold (>55 °C) for an extended period, which is attributed
to the small container volume (6 L) and the passive aeration design, consistent with the
recognized limitations of bench-scale composting systems. Following the initial active
phase, temperatures declined progressively, converging toward ambient values during the
maturation stage (approximately days 60-94), indicating a reduction in microbial metabolic
activity and increased organic matter stabilization. No consistent treatment-dependent
differences in temperature profile were detected, suggesting that the two biochar rates
tested did not substantially alter the overall thermal dynamics of the composting process at

this scale.

B
8.2- *
I - 1 4 Control
ns
8.0 . A CB1
. f — A CB2
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(o9
7.6
} X
7.4
6.5 T T T T T 7.2 | | |
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Figure 1. Change in pH and electrical conductivity by the addition of biochar to the composting
process. (A) Pattern of pH change during the composting process; (B) pH compost final stage;
(C) electrical conductivity (EC) of compost mixtures measured at different stages during the compost-
ing process; and (D) EC compost final stage. Mean value pH and EC (mean + SEM, n = 4) on day
94, with different percentages of biochar added. CB1 corresponds to compost + 10% (v/v) biochar;
and CB2 corresponds to compost + 20% (v/v) biochar. Asterisks represent statistically significant
differences in a one-way ANOVA with a Tamhane T2 post hoc test (* p-value < 0.05, ** p-value < 0.01,
*** p-value < 0.001). ns, indicates that there is no statistical difference. Time is expressed in days

of composting.
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3.2. Influence of Biochar on pH and Electrical Conductivity During Composting

Initial pH values were alkaline, exceeding 7.5 across all treatments, followed by
a noticeable decline until day 14, consistent with organic acid formation during early
decomposition stages. Subsequently, pH values gradually stabilized, settling between 7.5
and 7.9 by the end of composting. The Control treatment without biochar consistently
exhibited the highest final pH (7.9), while biochar-amended treatments tended to maintain
slightly lower but stable pH levels, which was statistically significant when 20% v/v of
biochar (CB2) was added (Figure 1B). Electrical conductivity showed dynamic changes
throughout the composting process, reflecting shifts in soluble salt concentrations. The
Control treatment demonstrated the highest EC at the end of the process (3456 mS/cm).
Conversely, biochar addition appeared to moderate EC increases (Figure 1C,D and Table 4).

Table 4. Physical and chemical properties of composting end-products and the reference values
according to NCh 2880 [30,44]. Treatments: Control (swine manure + corn straw); CB1 (swine
manure + corn straw + 10% biochar); CB2 (swine manure + corn straw + 20% biochar).

Treatments

Control CB1 CB2 NCh 2880 Abad et al. [45]
pH 79a 75b 75b 5.0-7.5 52-6.3
EC (mS/cm) 345a 2.18b 1.87b 5 0.75-3.5
BD (kg/m3) 1522 a 1394 a 1849 a - <400
WHC (%) 363.5¢ 418.5b 4792 a - 55-70
TOC (%) 313a 283 a 27.5a - -
OM (%) 539 a 489 a 474 a >45 >80
Significance el il i

Notes: Values correspond to means for 3 replicates. Different letters indicate significant differences between
treatments. EC: Electrical conductivity; BD: bulk density; WHC: water holding capacity; OM: organic matter;
TOC: total organic carbon. Significance level: *** p < 0.05.

3.3. Compost Stability-Solvita® Respiration Test

For the analysis of compost stability, the results obtained from the Solvita® test, which
measures compost respiration and maturity, are shown in Figure 2. CO; emissions (Figure 2)
increased on days 28 and 94 compared to day 1. On the first day, the treatments exhibited
similar emission levels. By day 28, both biochar-amended treatments showed the same
percentage of CO; emissions, while the Control treatment, without biochar, presented the
highest emission at 6%, compared to 2.89% in the biochar treatments. Regarding NHj3
emissions recorded by Solvita ©, there was a significant decrease towards the end of the
composting process, reaching zero on day 94 for all treatments (Figure 52). A minor, non-
statistically significant difference in NH3 emissions was noted on the first day, with the
CB2 treatment emitting 0.75 mg of NH3 during incubation. In contrast, the Control and
CB1 treatments emitted 1.03 mg and 1.08 mg of NHj, respectively. Moreover, the compost
maturity index (CMI), which is calculated by reading both probes and determining the
interrelation of the two indicators (CO, and NH3), showed a higher level of maturity
in biochar-treated compost (>6), corresponding to advanced composting being cured
according to the manufacturer.

3.4. Physical and Chemical Properties of Compost End-Products

By the end of the composting period (Day 94), the incorporation of biochar significantly
influenced the physical and chemical properties of the final composts (p < 0.05). Particle
size distribution (PSD) patterns varied across treatments, with biochar-amended composts
(CB1 and CB2) displaying more heterogeneous granularity, likely due to the structural
contribution of biochar fragments (Table S1). Bulk density increased progressively with
biochar content, from 139.4 kg/m? in the Control to 185.9 kg/m? in CB2, reflecting enhanced
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compaction and structural integrity; however, no statistical differences were observed.
Water holding capacity (WHC) showed a marked statistical increase with biochar addition,
reaching 479.2% in CB2, compared to 418.5% in CB1 and 363.5% in the Control, highlighting
the porous nature and sorptive properties of biochar. Meanwhile, no statistically significant
differences were observed in total organic carbon (TOC) and organic matter (OM) contents,
ranging from 27.5 to 31.27% and from 47.42 to 53.91%, respectively.

8_
I Control
6 B CB1
~ Bl CB2
@)
O 4
B
2_
O_

1 28 94
time (days)

Figure 2. Solvita © test. The CO, (%) of compost mixtures was measured at different stages during
the composting process. Time is expressed in days of composting.

3.5. Phytotoxicity Assessment—Germination Index

For the phytotoxicity analysis (Figure 3), all treatments, except for CB1 at the 1:10 dilu-
tion, exhibited higher germination rates than the Control, suggesting a general reduction
in phytotoxicity following the composting process. Notably, CB2 demonstrated signifi-
cantly improved germination percentages (p < 0.01) in both dilutions, showing significantly
higher GI than CB1 and the Control within the tested range. These results indicate reduced
phytotoxicity and suggest improved compost maturity in the biochar-amended treatments,
particularly at 20% v/v. Moreover, the addition of biochar at a higher dose reduced the
concentration of several metals in the compost mixtures, such as copper and zinc (146.3 and
1369.2 mg/kg, respectively), at the end of the process compared to the Control, with values
of 221.5 and 2109.9 mg/kg for Cu and Zn, respectively. However, the levels of other metals
such as Al and Cd were higher in comparison to the Control at the end of composting (5652
and 0.203 mg/kg, respectively (Table S2).

3.6. Influence of Biochar on Enzyme Activities Linked to Nutrient Cycling

Two-way ANOVA revealed that biochar addition (treatment factor) had a significant
effect on the activities of FDA (F = 11.45, p < 0.01), acid phosphatase (F = 5.24, p < 0.05),
urease (F = 47.56, p < 0.001), arginine ammonification (F = 27.61, p < 0.001), and dehydroge-
nase (F = 8.98, p < 0.01), but not on arylsulfatase (F = 1.85, p = 0.20). The time factor was
significant for acid phosphatase (F = 17.95, p < 0.01), urease (F = 35.97, p < 0.001), arginine
ammonification (F = 36.31, p < 0.001), and arylsulfatase (F = 5.33, p < 0.05), but not for FDA
or DHA. A significant treatment x time interaction was detected for acid phosphatase
(F =791, p <0.01) and arginine ammonification (F = 16.42, p < 0.001), indicating that
temporal dynamics differed across treatments for these enzymes (Tables 5 and 6).
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Figure 3. Germination index (GI, %) of Raphanus sativus seeds exposed to aqueous extracts
(1:10 and 1:15 w/v dilutions) of compost end-products for each treatment: Control (C; swine
manure + corn stover without biochar), CB1 (+10% v/v biochar), and CB2 (+20% v/v biochar).
“Water Control” indicates the GI obtained with distilled water used as a reference in the phytotoxicity
bioassay. Different letters indicate statistically significant differences (Tukey’s HSD, p < 0.05). Values
are means + SEM (n = 3).

Table 5. Enzyme activities (mean £+ SEM, n = 3) at Day 1 and Day 94 during co-composting of
agricultural organic waste with biochar. Treatments: Control (swine manure + corn stover, without
biochar); CB1 (+10% v /v biochar); CB2 (+20% v/v biochar).

Enzymes Control CB1 CB2 ANOVA
D1 D94 D1 D94 D1 D94 T/Ti/T x Ti

FDA T:F =11.45; **
Hg . 1346 +58.8 aA 1327 £ 54.3aA 1123 +£ 134 abA 1287 £97.1aA 870.0 £ 77.5bA 994.8 £ 69.7 abA Ti:F=1.64;ns
Fluorescein T % Ti:F = 0.62: s
mL~! H=L05
Aﬁi hatase T =524;"
p PNF 16,379 £ 2600 aA 3683 £ 332aB 11,288 £ 2099 abA 4658 £+ 1903 aB 3843 £ 940 bA 5024 + 1603 aA Ti:F =17.95; **
HEP; T x TisF=7.91;*
mL
Urease (UA) T:F = 47.56; ***

g N-NH4* 1338 +185aA
mL~!

1918 =52.6 aB 757.8 = 99.5bA 1578 £92.2aB 526.3 £ 54.3bA 675.5+91.6 bA Ti:F = 35.97; ***
T x Ti:F=5.19;*

Arylsulfatase T:F=1.85;ns
(ARY_}\IF 3247+ 153 aA 7774+ 367 aA 209.8 + 35.4 aA 535.6 + 106 aA 1292+59.6aA  3171+253aA  TiF=533;*

Hg Ii’l T X Ti:F=0.30;ns
mL

Arg. Amm. T:F=27.61;**
(AA) q1774271aA  3426+361aB  903+51aA 1826+197bB  83.6+65aA 719+ 85cA Ti:F = 36.31; ***

ng N-NH, T % TiF = 16.42; #+*
mL~! : 42;
Dehydrogenase T:F=8.98;**
(DPK‘I;T 4279 + 633aA 6964+ 1398aB 4730 +527aA 4075+477abA 2331+ 940aA 2218 + 303bA Ti:F = 0.96; ns

Hg Iy T X Ti:F =252 ns

Lowercase letters indicate significant differences between treatments at the same time point (Tukey’s HSD,
p < 0.05). Uppercase letters indicate significant differences between Day 1 and Day 94 within the same treatment
(Tukey’s HSD, p < 0.05). ANOVA column: T = treatment main effect; Ti = time main effect; T x Ti = interaction. ns:
not significant; * p < 0.05; ** p < 0.01; *** p < 0.001. Enzyme units: FDA: pg fluorescein mL~; acid phosphatase
and arylsulfatase: ug p-NF mL~!; urease and arginine ammonification: pg N-NHz* mL~!; DHA: ug INFT mL~1.
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Table 6. Two-way ANOVA summary for enzyme activities: F-values, p-values, and partial n? for
the main effects of treatment (T), time (Ti), and their interaction (T x Ti). Values from InfoStat/R
output (S5).

Enzyme Treatment (T) Time (Ti) T x Ti
F p n? F p n? F P n?
FDA 114 0.00166 0.651 1.62 0.22476 0.014 0.62 0.55237 0.094
Acid phosphatase 5.2 0.02309 0.931 17.9 0.00116 0.914 7.9 0.00643 0.916
Urease (UA) 47.5 1.98 x 107° 0.773 35.9 6.24 x 1075 0.96 5.1 0.0237 0.89
Arylsulfatase (ARY) 1.8 0.2000 0.416 53 0.0395 0.006 0.3 0.7460 0.923
Arginine amm.(AA) 27.6 3.24 x 1075 0.821 36.3 5.98 x 1075 0.752 16.4 0.000368 0.732
Dehydrogenase (DHA) 8.9 0.00413 0.599 0.9 0.34715 0.444 2.5 0.12240 0.807

Biochar addition emerged as the dominant factor shaping most enzymatic responses,
while the influence of time and the treatment X time interaction varied across enzymes.
FDA activity was significantly reduced by biochar addition (p < 0.01), which alone explained
70% of the variability; neither time nor the treatment X time interaction had a significant
effect. FDA activity was significantly lower in CB2 compared to the Control at Day 1
(870.0 £ 77.5 vs. 1346.2 + 58.8 pg Fluorescein mL~1; p < 0.05), while CB1 remained inter-
mediate (1122.5 £ 133.7 pg Fluorescein mL~!) and did not differ significantly from either
treatment. No significant temporal change was observed within any treatment between
Day 1 and Day 94, and no treatment x time interaction was detected, indicating that
the inhibitory effect of high biochar rates on general microbial activity was established
from the onset and remained stable throughout composting. Acid phosphatase activity
showed the most complex response pattern (treatment x time: F = 7.91, p < 0.01). At
Day 1, the Control (16,378.6 & 2599.8 ug p-NF mL_l) was significantly higher than CB2
(3842.5 £ 940.0 pg p-NF mL~1; p < 0.05), with CB1 intermediate (11,288.2 £ 2098.8 pg
p-NF mL~1). A significant temporal decline was observed in the Control and CB1 (p < 0.05
each), while CB2 showed no significant change over time, resulting in convergent activity
values across all treatments by Day 94 (3683.1-5023.9 g p-NF mL~1). Urease (UA) activity
increased significantly from Day 1 to Day 94 in the Control (1337.6-1917.9 ug N-NH,*
mL~!; p < 0.05) and CB1 (757.8-1578.0 ug N-NH4* mL~1; p < 0.05), while CB2 showed
no significant temporal change (526.3-675.5 pg N-NH,* mL~!). At both time points, CB2
was significantly lower than the Control (p < 0.001). By Day 94, CB1 recovered to activity
levels not significantly different from the Control, whereas CB2 remained significantly
lower than both (p < 0.05), consistent with the significant treatment x time interaction
(F=5.19, p <0.05). Arginine ammonification (AA) activity increased significantly from
Day 1 to Day 94 in the Control (117.4-342.6 pug N-NHy* mL~!; p < 0.001) and CB1
(90.3-182.6 ng N-NHy* mL~!; p < 0.05), whereas no significant temporal change was de-
tected in CB2 (83.6-71.9 ug N-NH,* mL~!). By Day 94, significant differences were detected
among all three treatments (Control > CB1 > CB2; p < 0.05), consistent with the highly sig-
nificant treatment x time interaction (F = 16.42, p < 0.001). Arylsulfatase (ARY) activity was
not significantly affected by biochar addition (F = 1.85, p = 0.20) or by the treatment x time
interaction (F = 0.30, p = 0.75) but showed a significant increase from Day 1 to Day 94
across all treatments (F = 5.33, p < 0.05). Although mean values were numerically higher
in the Control and CB1 than in CB2, no pairwise between-treatment differences reached
significance at either time point, suggesting that sulfur-cycling activity responded primarily
to temporal dynamics and was less sensitive to biochar dose within the range tested.

Dehydrogenase (DHA) activity was significantly reduced by biochar addition
(F = 8.98, p < 0.01), with CB2 showing the lowest values at both time points. A signif-
icant temporal increase was detected only in the Control (4278.9-6964.4 ug INFT mL~};
p < 0.05), while no significant temporal change was observed in CB1 or CB2. Neither the
main time effect (F = 0.96, p = 0.35) nor the treatment x time interaction (F = 2.52, p = 0.12)
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reached global significance, indicating that the temporal increase in DHA was limited to
the Control compost.

3.7. Bivariate Relationships, Pearson’s Correlation Coefficient Analysis

Figure 4 presents the Pearson correlation matrix among the analyzed variables. FDA
activity, as a general indicator of overall microbial activity, showed strong correlations
with acid phosphatase and urease activities (r = 0.8 and 0.7, respectively) and a moderate
correlation with DHA (r = 0.6). Acid phosphatase was significantly correlated with all
other enzymatic activities except ARY and exhibited the strongest negative correlation
with the germination index at 1:10 dilution (IG P 1:10; r = —0.71, p < 0.05). Arginine am-
monification (AA) activity was negatively correlated with GI at 1:10 dilution (r = —0.68,
p <0.05), while DHA also showed a moderate negative association with phytotoxicity at
this dilution. Urease and FDA activities were strongly intercorrelated (r = 0.82, p < 0.01),
consistent with their shared microbial origin. In contrast, arylsulfatase (ARY) showed no
significant correlation with phytotoxicity at either dilution tested, nor with most of the
remaining enzymatic variables, suggesting a distinct response pattern relative to the other
enzymes analyzed. Together, these correlations suggest two complementary pathways by
which phytotoxicity was mitigated across treatments: an enzymatic pathway, where higher
microbial activity (reflected in acid phosphatase and arginine ammonification) promoted
organic matter mineralization and a reduction in phytotoxic compounds (Control and
CB1); and a physicochemical adsorption pathway, where biochar directly adsorbed phyto-
toxic molecules independently of microbial activity (CB2). This mechanistic distinction is
consistent with the divergent enzyme-phytotoxicity pattern observed between high- and
low-biochar treatments.

- o n
3 g < & b = =
E & o] < } (a] o o 1
FDA
0.8
Pacid 0.6
UA L 0.4
0.2
ARY
)
AA
t-0.2
DHA 0.4
P 1:10 06
0.8

P 1:15

Figure 4. Bivariate correlation (Pearson’s R) between the variables analyzed corresponding to phy-
totoxicity assay (P 1:10 and P 1:15) and enzymes evaluated. FDA: Fluorescein diacetate hydrolysis;
Pacid: acid phosphatase; UA: urease; ARY: arylsulfatase; AA: arginine ammonification; DHA: dehy-
drogenase. Red boxes show negative correlations, whereas blue boxes show positive correlations—
analysis values between —1 and +1. The crosses boxes indicate a statistically non-significant correla-
tion. Non-crossed boxes show significant correlations (p < 0.05).
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4. Discussion
4.1. Influence of Biochar Addition in Composting

The addition of biochar to composting mixtures has been extensively studied for
its potential to enhance compost quality by improving nutrient retention, promoting
microbial activity, and accelerating organic matter stabilization. In this study, we evaluated
the chemical and enzymatic changes in compost amended with biochar derived from
hardwood material.

4.1.1. Chemical Changes in Compost

Addressing objective (i) to evaluate the temporal dynamics of physicochemical proper-
ties, the results demonstrated significant dose-dependent effects of biochar on pH and EC
throughout the 94-day composting process, as detailed below. According to the literature,
the lower initial pH observed in this study aligns with typical patterns in regular compost-
ing operations, where acidic conditions can be attributed to multiple interconnected factors.
During the early stages of biodegradation, certain bacterial groups can produce short-chain
organic acids (e.g., lactic and acetic acids) as metabolic byproducts, while simultaneous
microbial immobilization of NH* further contributes to pH depression [43,44,46,47]. The
subsequent pH increase observed towards the end of the biodegradation process can reflect
several overlapping mechanisms: the progressive degradation and consumption of organic
acids, enhanced OM mineralization, and active NH4* production and the subsequent con-
version to NHj as the composting process matured [47]. At the end, the Control treatment
showed significantly higher final pH (7.9) compared to the CB1 and CB2 treatments (7.5),
attributed to the buffering effect of biochar [32]. Both biochar treatments were within the
pH range recommended by NCh 2880, whereas the Control slightly exceeded the upper
limit, indicating that biochar helped moderate alkalinity during composting [48]. The re-
duction in EC observed in biochar-amended treatments is consistent with previous reports
of biochar’s ion-adsorption capacity during composting [49,50], and is likely attributable to
the binding of dissolved ionic species onto biochar surface functional groups, including
carboxyl and hydroxyl moieties. In composting systems derived from swine manure, the
primary contributors to EC are macronutrient-associated ions such as NHy*, K*, Na™, Ca?t,
and Mg?* arising from organic matter mineralization; however, given the characteristically
high Cu and Zn loading of this feedstock, the contribution of heavy metal cations to ionic
strength should not be disregarded. In this regard, the concurrent reductions in Cu and
Zn concentrations observed in the CB2 end-product (Cu: 146 vs. 222 mg/kg; Zn: 1369
vs. 2110 mg/kg) suggest that co-precipitation and surface adsorption of these cations
onto the biochar matrix may have contributed to the lower EC values recorded, a rela-
tionship explored further in Section 4.3. By contrast, the contribution of AI** and Cd?* to
EC differences is considered minor, given their relatively low concentrations and limited
solubility at the measured pH range (7.5-7.9). From a growing media perspective, the EC
values recorded for CB1 (2.18 mS/cm) and CB2 (1.87 mS/cm) fall within acceptable ranges
for horticultural substrate formulations, while the Control (3.45 mS/cm) approached the
upper threshold associated with phytotoxicity risk in sensitive species [51]. The practical
implications of these findings for growing media design are discussed in Section 4.4.

4.1.2. Physical Changes in Compost

Particle size distribution analysis revealed that the CB2 treatment had the highest
proportion of particles in the C range (2-0.25 mm), considered optimal for root develop-
ment [45,52], while the Control showed higher proportions in the A range (>4.75 mm). This
difference reflects the fine particle size of biochar material, promoting greater disintegration
and improved size distribution toward smaller ranges, which can be required for substrate
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formulation [53]. All treatments exhibited low bulk density (<400 kg/ m?), which meets the
organic substrate requirements [52]. This characteristic facilitates material handling and
limits substrate compaction [54,55]. Water holding capacity (WHC) correlated inversely
with particle size, with CB2 showing the highest WHC among treatments, followed by
CB1 and Control [56]. Enhanced WHC in biochar treatments can result from an increased
specific surface area due to the porous structure and functional groups of biochar. In this
sense, the differences were statistically significant, consistent with previous findings indi-
cating that the use of biochar obtained at higher pyrolysis temperatures tends to enhance
the WHC of biochar derived from plant-based materials.

4.1.3. Compost Stability and Maturation

Solvita® respiration analysis showed CO, emissions increasing from 1% (day 1) to
6% (day 28) in the Control treatment, which can be associated with an enhanced microbial
activity [38]. NH3 emissions decreased from 1 mg (day 1) to near-zero (days 28 and 94), indi-
cating nitrification processes under low-temperature conditions [38]. The reduction in NH3
emissions toward process completion indicates material stabilization. The germination
index (GI) exceeded 80% in all treatments and dilutions, surpassing phytotoxicity thresh-
olds established by Emino and Warman [57]. GI values were high in all treatments, and
the biochar-amended composts, particularly CB2, consistently showed the strongest phyto-
toxicity reduction, supporting their suitability for horticultural applications, attributed to
the capacity of biochar to adsorb NHj3 molecules among other compounds released during
OM decomposition [38]. The reduced NHj3 emissions observed in Solvita® tests are in
accordance with the high germination rates across treatments. The evaluation using 1:10
and 1:15 dilutions simulated practical substrate mixing scenarios with mineral or organic
components, demonstrating the compost’s suitability for horticultural applications [19].

4.2. Effect of Biochar on Enzyme Activity

Addressing objective (ii) to characterize dose-dependent effects on a comprehensive
enzyme suite, the results revealed that biochar addition modulated six enzymatic activi-
ties in a complex, enzyme-specific pattern that reflects the interplay between recalcitrant
carbon inputs, pH changes, and microbial community dynamics. Enzymatic activity is a
sensitive indicator of microbial function and the transformation of OM during compost-
ing. Enzyme activities reflect the metabolic status of microbial populations associated
with the availability of substrates [58-60]. The significant negative correlations observed
between acid phosphatase and amidase activities and phytotoxicity (IG P 1:10; r = —0.71
and —0.68, respectively) suggest that higher enzymatic activity, reflecting greater organic
matter mineralization and nutrient cycling, is associated with a reduction in phytotoxic
compounds in the compost extract. This pattern was particularly pronounced in the Control
treatment at Day 94, where elevated enzyme activities coincided with lower phytotoxicity
values. Notably, CB2 exhibited comparatively lower enzymatic activity yet also reduced
phytotoxicity, suggesting that biochar may contribute to phytotoxicity mitigation through
physicochemical adsorption mechanisms that operate independently of microbial activity.
The strong intercorrelation between FDA and urease activities (r = 0.82, p < 0.01) is consis-
tent with their shared dependence on active microbial biomass and reinforces the utility
of FDA as a proxy for broader enzymatic functioning during co-composting. Notably, the
divergent temporal dynamics observed between the Control and CB1 treatments showed
significant increases in UA, AA, and DHA activity by Day 94, while CB2 maintained stable
or declining levels, further supporting the interpretation that high biochar rates constrain
the temporal development of microbial functional capacity during composting. The ab-
sence of significant correlations between arylsulfatase and phytotoxicity indicators at either
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dilution suggests that sulfur-cycling enzymes are less responsive to the accumulation of
organic acids and ammonia, which are primary drivers of phytotoxicity in this system,
and may therefore reflect a biochemical pathway less directly coupled to compost matu-
rity under these experimental conditions. Notably, CB2 exhibited comparatively lower
enzymatic activity yet also reduced phytotoxicity, suggesting that biochar may contribute
to phytotoxicity mitigation through physicochemical adsorption mechanisms that likely
operate alongside, rather than instead of, microbial processes.

4.2.1. Effect of Biochar on Generalist Enzymes

The results obtained demonstrate that biochar addition presents differentiated effects
on enzymatic activity during the composting process. For fluorescein diacetate (FDA) hy-
drolysis activity, a key indicator of active microbial biomass [29,61]. At Day 1, CB2 showed
the lowest FDA activity (870.0 pg fluorescein mL~!), significantly lower than the Control
(1346.2 pg fluorescein mL~L; p < 0.05), while CB1 remained intermediate. Importantly,
no significant temporal change was detected within any treatment from Day 1 to Day
94, indicating that the dose-dependent inhibitory effect of biochar on general microbial
activity was established from the beginning of composting and was maintained throughout
the process. This pattern suggests that biochar does not so much modify the temporal
trajectory of microbial activity as it sets a dose-dependent baseline that persists across
the composting period. The absence of proportionality between biochar dose and FDA
activity can be explained by the increase in recalcitrant carbon contribution as biochar
application intensity increases. This difficult-to-decompose carbon may limit microbial
activity, as reported by Chen et al. [62] and Pukalchik et al. [63]. Additionally, the intrin-
sic characteristics of biochar, derived from its production process (biomass type, particle
size, pyrolysis temperature), generate significant changes in parameters such as pH and
electrical conductivity, which are determining factors for microbial biomass activity [22].
Dehydrogenase activity (DHA) showed a treatment-dependent temporal pattern: a signif-
icant increase was observed only in the Control (4278.9-6964.4 ug INFT mL~!; p < 0.05),
while neither CB1 nor CB2 showed significant temporal changes, maintaining lower ac-
tivity levels throughout the process. Overall, DHA was significantly reduced by biochar
addition (F = 8.98, p < 0.01), with CB2 recording the lowest values at both time points
(D1: 2331.0 + 939.5; D94: 2217.6 + 302.9 ug INFT mL~!). This decrease could be linked to
the reduction in fungal biomass due to the pH increase caused by biochar [64—66]. The
observed decreasing trend agrees with findings by Albiach et al. [65], who attribute this
decrease to the progressive depletion of nutrients and easily assimilable carbon during the
composting process advancement.

4.2.2. Phosphorus and Sulfur Cycle Enzymes

Acid phosphatase activity, a crucial indicator of organic matter mineralization and
phosphorus availability [65,67,68], showed a decrease toward the end of the process in all
treatments except CB2. These results corroborate Chen et al.’s [68] proposal regarding the
dose-dependent relationship of biochar’s effect. Increased application dose may generate
important pH changes that limit phosphorus availability, which tends to precipitate in
different chemical forms. Variations in acid phosphatase activity are also related to biochar
processing aspects, particularly pyrolysis temperature and the type of raw material used,
factors that can limit phosphorus concentration in the final substrate and, consequently,
enzymatic activity [69,70]. For arylsulfatase (ARY), an enzyme that catalyzes the hydrolysis
of aromatic sulfated esters, an increase in activity was observed toward the end of the
process in all treatments, although without significant differences between them. This
behavior agrees with Li et al. [71], who reported that biochar application density favors the
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water retention capacity of the substrate, increasing moisture levels, which, together with
high organic matter content, favor activation and increase microbial biomass.

4.2.3. Nitrogen Cycle Enzymes

Urease (UA) activity showed a treatment-specific temporal pattern consistent with
the significant treatment x time interaction (F = 5.19, p < 0.05). Significant temporal in-
creases were observed in the Control (1337.6-1917.9 ug N-NHy* mL~!; p < 0.05) and CB1
(757.8-1578.0 pg N-NH4* mL~1; p < 0.05), indicating progressive nitrogen cycling capacity
during organic matter decomposition in these treatments. In contrast, CB2 showed no
significant temporal change (526.3-675.5 pg N-NH4* mL~!; p > 0.05), remaining signifi-
cantly lower than the Control at both time points (p < 0.001). This suppression of urease
dynamics in CB2 is likely related to the high C/N ratio of the hardwood-derived biochar
(C/N = 2376), which may limit nitrogen availability and thereby reduce the substrate for
urease-mediated reactions [46,58,72]. Additionally, pH modification by high biochar rates
may alter the ionic environment for enzyme-substrate interactions [73], while the structural
pore network of biochar could compete with available nitrogen by immobilizing NH4*
onto surface functional groups [50].

Arginine ammonification (AA) activity exhibited the most pronounced treatment
x time interaction of all enzymes evaluated (F = 16.42, p < 0.001). The Control showed
the greatest temporal increase (117.7-342.6 ug N-NHy* mL~!; p < 0.001), consistent with
active ammonifying microbial populations and the progressive mineralization of organic
nitrogen during composting [74,75]. The value for CB1 also increased significantly over
time (90.3-182.6 pg N-NH;* mL~!; p < 0.05), though to a lesser extent, suggesting partial
preservation of ammonifying activity under moderate biochar addition. In contrast, CB2
showed no significant temporal change and remained at the lowest activity level at Day 94
(71.9 & 8.5 pug N-NH4* mL 1), significantly lower than both the Control and CB1 (p < 0.05).
This pattern indicates that the inhibitory effect of 20% v/v biochar on nitrogen-mineralizing
microorganisms was sufficiently strong to prevent the temporal activation of ammonifying
activity that was evident in lower-biochar treatments.

4.3. Effect of Biochar on Heavy Metal Dynamics

The following results contribute additional context to objective (iii), related to the
assessment of the end-product for growing media suitability by evaluating the effect of
biochar on potentially phytotoxic elements. The addition of 20% biochar (CB2) resulted
in a notable reduction in Cu (146.3 vs. 221.5 mg/kg in the Control) and Zn (1369.2 vs.
2109.9 mg/kg in the Control) concentrations in the final compost. These reductions are
consistent with biochar’s well-documented capacity to adsorb divalent heavy metal cations
through mechanisms including electrostatic attraction to negatively charged surface func-
tional groups, complexation with organic ligands, and co-precipitation as metal hydroxides
or phosphates at higher pH [28,76]. The elevated Cu and Zn concentrations in the feed-
stock likely originate from the dietary copper sulfate and zinc oxide supplementation
commonly used in swine production [28]. Importantly, the reduction achieved in CB2
approaches the upper limit for Class A compost as defined by NCh 2880 (Cu: 300 mg/kg;
Zn: 1500 mg/kg), suggesting that biochar amendment may be a practical strategy to reduce
heavy metal phytotoxicity risk in composts derived from swine manure. In contrast, Al
and Cd concentrations were higher in CB2 (Al: 5652 mg/kg; Cd: 0.203 mg/kg) than in the
Control. The elevated Al content likely reflects the mineral composition of the hardwood
feedstock and possible residual ash from the pyrolysis process, rather than contamination
during composting [32]. The slight increase in Cd, while remaining below NCh 2880 limits
(Cd: 3 mg/kg for Class A), warrants attention and should be characterized in the biochar
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raw material in future studies. These reductions are consistent with biochar’s capacity to
retain divalent cations and may have contributed to the lower EC values observed in CB2.
These results underscore the importance of thorough biochar characterization, including
elemental impurity profiling, as a prerequisite for its use in composting systems intended
for food crop production.

4.4. General Implications

The results obtained demonstrate that biochar’s effect on enzymatic activity during
composting does not follow a uniform pattern but depends on the enzyme evaluated, the
applied dose, and the specific characteristics of the biochar used. These findings underscore
the importance of considering biochar physicochemical properties and their interactions
with the substrate matrix to optimize its application as an amendment in composting
processes. The variability observed in enzymatic responses suggests that the selection
of biochar type and dose should be made with consideration of the specific objectives
of the composting process and the desired characteristics of the final product. The CB2
treatment (20% v/v biochar) showed consistently favorable performance across multiple
quality indicators, including reduced EC, higher WHC, lower phytotoxicity, and improved
compost maturity indices. These results suggest that, within the range tested (10-20% v/v),
higher biochar rates may provide greater benefits for growing media applications. However,
given that only two biochar rates were evaluated and that the study was conducted at
laboratory scale under partially controlled conditions, these findings should be interpreted
as indicative rather than definitive. Additional studies testing a broader range of biochar
rates (e.g., 5, 10, 15, 20, 30% v/v) and different biochar feedstocks would be required to
identify a true optimum concentration for this type of co-composting system. On the
other hand, the limitations of the present study should be acknowledged. The experiment
was conducted under greenhouse conditions without full climate control, meaning that
ambient temperature fluctuations, although within a moderate range of 18-22 °C, may have
contributed to variability in the composting rates. The small container volume (6 L) and the
absence of forced aeration or temperature regulation precluded the development of a true
thermophilic phase, which is a recognized limitation of small-scale composting studies [51].
Additionally, the use of swine manure containing undisclosed dietary additives (including
potentially copper- and zinc-based growth promoters) introduced variability in the metal
content of the feedstock, as reflected in the relatively high Cu and Zn concentrations in
the Control compost. Future studies should replicate these findings at a larger scale and
with multiple composting cycles to confirm the robustness of the observed biochar effects.
Furthermore, the experiment was conducted as a single temporal run (one composting
cycle), which limits the statistical generalizability of the findings. Replication across seasons
or at different times of year would be necessary to confirm the consistency of the observed
biochar effects, given the sensitivity of composting processes to ambient temperature.

Taken together and despite the study limitations, the results of this research support
the hypothesis that integrating biochar into the composting of agricultural residues en-
hances both the composting process efficiency and the physicochemical and biological
quality of the resulting product. Specifically, (i) the 10% and 20% biochar treatments
significantly reduced EC and moderated pH, improving the chemical suitability of the
end-product for growing media applications; (ii) water holding capacity increased sig-
nificantly with biochar addition, with CB2 showing a 32% increase over the Control;
(iii) phytotoxicity was reduced in biochar-amended treatments, particularly at 20% ad-
dition; and (iv) enzyme activities revealed a dose-dependent trade-off, where moderate
biochar rates (10%) sustained microbial functional diversity while high rates (20%) reduced
overall activity but did not compromise end-product quality. The hypothesis of this study,
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that integrating biochar into the composting of agricultural residues not only enhances
composting efficiency but also improves the quality of the end-product, making it a viable
alternative in growing media formulations, is supported by the results with the following
qualifications. (i) Regarding composting efficiency, while a clear thermophilic phase was
not achieved due to the small-scale design, all treatments completed active decomposition
and reached the maturation stage (according to Solvita), with biochar addition moderating
pH and substantially reducing EC. (ii) Regarding end-product quality, CB1 and CB2 met
the NCh 2880 standard for all evaluated parameters, and the CB2 treatment additionally
showed the highest WHC and the lowest phytotoxicity index, supporting its potential as a
growing media component. (iii) Regarding dose dependence, the hypothesis is confirmed
within the tested range (10-20% v/v), but the absence of intermediate concentrations and
the single-cycle design preclude identification of a true optimum. Therefore, the hypothesis
is partially confirmed, with the understanding that broader dose-response studies and
replication under different conditions are required to fully establish the generalizability of
these findings.

5. Conclusions

This study contributes new empirical evidence on the role of biochar incorporated from
the onset of co-composting in shaping the physicochemical and biological characteristics of
the composting process and the resulting end-product. Three main findings are highlighted:

First, biochar addition significantly modified pH and EC dynamics in a dose-
dependent manner throughout the 94-day process. The 10% and 20% v/v treatments
reduced final EC to values within acceptable ranges for growing media formulations, and
the biochar-amended treatments were closest to the pH range recommended by NCh 2880.
Second, addressing objective (ii), enzyme activities showed a dose-dependent response to
biochar addition, with higher biochar rates (20% v/v) generally reducing overall microbial
activity (FDA, DHA) while sustaining or even increasing some nutrient-cycling activities
(UA). This dose-dependent trade-off suggests that moderate biochar rates (10% v/v) better
sustain microbial functional diversity during composting, whereas higher rates (20% v/v)
may partially inhibit microbial metabolism through recalcitrant carbon inputs and pH
modification. Third, addressing objective (iii), the 20% v/v biochar treatment showed the
highest water-holding capacity (479%) and the lowest phytotoxicity index (GI > 90% in both
dilutions) among the rates tested, indicating the most favorable physicochemical quality
profile for growing media applications within the tested range. However, given that only
two biochar concentrations were evaluated in a single composting cycle at laboratory scale,
these results should be interpreted as indicative rather than definitive. Additional studies
testing a broader range of biochar doses and different feedstock combinations, replicated
across seasons and at a larger scale, are required to identify an optimum application rate
and to confirm the consistency of the observed effects. Taken together, these findings
support the hypothesis that biochar incorporated at the onset of co-composting enhances
both the composting process and the physicochemical quality of the end-product, with
the qualification that dose optimization is critical for balancing biological activity and sub-
strate quality. This study provides a methodological and empirical foundation for future
research on the sustainable valorization of agricultural residues and livestock by-products
as components of horticultural growing media.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy16131268/s1, Figure S1: Temperature evolution during
co-composting of agricultural residues and hardwood biochar in a 94 days-composting process.
Figure S2: Solvita © test. The NHj3 (%) of compost mixtures was measured at different stages during
the composting process. Time is expressed in days of composting. Table S1: Particle Size Distribution
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composition of compost samples. Table S3: Physicochemical Properties Statistical Analysis. Table S4:
Enzymatic activities statistical analysis.
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