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ABSTRACT: Plant production in nurseries, both in the forestry and horticultural sectors,
has a large demand for substrates, making the use of natural resources such as peat
high. The composition of substrates must not only have the necessary characteristics
for good plant development, such as porosity, density, and water retention, but also
look for sustainable and economical production. Biochar is a material derived from
the processing of various organic residues which, due to its physical and chemical
characteristics, presents great potential as a component of substrates for seedlings in
nurseries. However, some issues still need to be resolved for this application, such as
implementation costs, production process variables, feedstock origin and characterization,
as well as the ideal proportions to be employed in formulations. To advance in these
issues, we reviewed studies dealing with the different aspects of the use of biochar
as a component of substrates. The literature suggests biochar can raise the quality of
substrates, improve physical and chemical properties, contribute to waste management,
and reduce production costs.
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INTRODUCTION

Human population has grown exponentially in recent decades, and with it, the consumption
of food and goods, consequently increasing the demand for production and resources,
as well as waste generation. This population growth strongly affects the forestry and
agronomic sectors in which resource use and demand increase. Plant production sector in
nurseries is where it all begins: to maintain the final quality of the plants, it is necessary
to find renewable resources and materials that provide the desirable characteristics
of the substrates, reducing the use of non-renewable materials. Due to the increasing
production costs in nurseries, material availability, and environmental issues, evaluation
studies of these factors have been performed since the 2000s. Replacement of part of
these substrates by wastes is a better environmental and economical option, since they
can cost up to 34 % less than commercial substrates (Carrién et al., 2006).

A suitable destination for several organic residues is the production of biochar, a carbon-
rich material obtained from the thermochemical transformation of plant biomass in
partial or total absence of oxygen at temperatures ranging from 300 to 1000 °C (Zhang
et al.,, 2015; Sanchez-Reinoso et al., 2020). As it can be obtained from a wide variety of
feedstocks, including agricultural and food industry waste, forest residues, and organic
waste, biochar is often described as an important alternative for waste management
(Amin et al., 2016; Herviyanti et al., 2019; Ferndndez et al., 2020; Yang et al., 2020;
Silva et al., 2022). One of the presumptions of its origin is related to the “Amazonian
Dark Earths” in the Amazon, which consists of patches of soil rich in organic carbon, with
high fertility and high biological activity. “Dark Earths” are connected to the activities
of pre-Columbian indigenous people, where the organic matter is in a recalcitrant state
and, thus, reduces the emission of carbon, contributing to its sequestration (Mangrich
et al.,, 2011).

Biochar has been attracting the interest of many researchers, as it is a very versatile
product, with uses ranging from soil improvement, increasing crop productivity, better
waste management, reducing environmental contamination by pathogenic microorganisms,
heavy metals, pesticides, and pharmaceutical contaminants, still with properties of use
as a water and gas filter to the mitigation of greenhouse gases, from its recalcitrant
carbon, which remains in the soil for many years (Novak et al., 2016; Wang et al., 2016;
Borchard et al., 2018; Laird et al., 2017; Cui et al., 2019; Lentz et al., 2019; Sigua et al.,
2019; Yu et al., 2019). The use of this product, since they can cost up to 34 % less than
commercial substrates, provides better waste management generated along different
production chains and helps to reduce the use of fossil fuels, costs and also contributes
to environmental issues, constituting a renewable material, making more sustainable
production systems (Agegnehu et al., 2016; Calamai et al., 2019).

In this way, biochar is a way of better using existing resources, allowing the use of
organic materials that are difficult to eliminate, such as waste from the wood, paper and
paper industry, charcoal production for steel mills, and industrial biofuels (biodiesel and
cellulosic production for ethanol production), as well as sewage sludge and agro-industry
waste (rice husks, for example), biowastes from agriculture, food industry, and forestry
(Shakya and Agarwal, 2017). With this technique, the productive sectors reduce their
environmental liabilities, reducing production costs and avoiding environmental damage
(Mangrich et al., 2011). Furthermore, biochar is a beneficial tool for the environment,
helping to minimize impacts, as it reduces carbon emissions and other GHG (greenhouse
gases), could help in climate change mitigation and technologies with sustainable
development co-benefits (Tripathi et al., 2016; Aiph, 2017; Alvarez et al., 2018b; Smith
et al., 2019), due, mainly, the nature carbon structure with the high stability (Nguyen
et al., 2010; Lehmann et al., 2011), present in the biochar.

One of the biochar applications is its use in the composition of substrates. The good
formation of seedlings for agriculture and forestry is related to the quality of the substrates.
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Substrate composition has been widely studied to obtain growth media that offer uniform
composition, low density, high cation exchange capacity, high water retention capacity, and
good aeration and drainage. Those factors can be achieved from the use of biochar, which
has the potential to provide ideal conditions for germination, growth, and development of
seedlings (Lima et al., 2016; Barros et al., 2019; Basilio et al., 2020). The use of organic
fertilizers becomes more important due to environmental degradation concerns. When
incorporated into the substrate, biochar from different raw materials can enhance the
properties and improve cultivation conditions and, consequently, the quality of the
seedlings.

Herewith, it is known that biochar directly and/or indirectly influences the yield of crops.
A poorly explored use of biochar is the formulation of nursery or soilless substrates in
horticulture. These substrates are primarily composed of organic materials (mainly peat)
and inorganic materials such as vermiculite or perlite, some of which should ideally be
replaced to reduce the use of materials of fossil origin, and that may contribute to the
mitigation of climate change and other environmental issues (Alvarez et al., 2018b;
Gruda, 2019). Also, the use of organic waste as an alternative to peat can help protect
the environment by providing an environmentally and economically benign way to dispose
of organic waste (Zhang et al., 2013). Peat is the main substrate used in horticulture
(Landis and Morgan, 2009) because of its homogeneous and ideal physical characteristics
and high nutrient exchange capacity. Peat was the predominant bulky ingredient
(75.1 %), followed by organic constituents other than peat and compost (10.8 %) and
then compost (7.9 %). Given the environmental and ecological importance of peatlands
and their conservation, there is an ever-increasing interest and trend to replace peat by
using other organic materials such as compost (Schmilewski, 2009).

Although not all biochars can be good substitutes for peat (Steiner and Harttung,
2014), its use is a sustainable alternative in growing media (Carlile et al., 2015; Alvarez
etal., 2017, 2018a), due to its high pH, high surface area, excellent water and nutrient
retention properties (Vaughn et al., 2017), and richness in different forms of N, P, and
K (Gul and Whalen, 2016; Laghari et al., 2016). From the economic and environmental
perspective, using biochar (even in low proportions) would imply benefits for small and
medium producers, represented in lower substrate costs (Gallo-Saravia and Barrera-
Zapata, 2018). Biochar has shown the potential to be added in growing media, combined
with other materials such as peat (Méndez et al., 2015; Prasad et al., 2018), compost
(Nadeem et al., 2017; Huang et al., 2019), coir (Méndez et al., 2015) or vermicompost
(Alvarez et al., 2017).

In this context, this review focuses on the potential use of biochar as a component of
substrates for forestry and horticultural use, and more specifically, on its use in replacing
other materials, the raw materials used for production, as well as positive and negative
aspects of this use. Use for horticulture and forestry production are treated separately
because the plant growth and the parameters required for the plant are different.

MATERIALS AND METHODS

Data collection

The literature, which reported the use of biochar in the composition of substrates for
horticultural and forestry use, was mainly collected from online databases, such as google
scholar, Web of Science, and Scopus platform.

To search for articles, the terms ‘biochar’, ‘substrates’, ‘horticultural use’, ‘forestry
use’, ‘positive aspects’ and ‘negative aspects’, were used in the Google Scholar data-
base. On the Web of Science platform, we searched for the terms ‘use of biochar in the
composition of substrates’, and we found around 60 manuscripts from these searches.
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The terms were then filtered for ‘horticultural use’ and ‘forestry use’. Only biochar in
substrates for horticultural and forestry use were considered in this review analysis to
explore the main aspects of its use in substrates composition.

Biochar use in the composition of substrates for horticultural use

In this section, studies dealing with the use of biochar in the composition of substrates for
ornamental and agronomic use are reviewed. Few studies were conducted in containers
(Altland and Locke, 2013; Vaughn et al., 2013; Street et al., 2014; Zaccheo et al., 2014),
even fewer regarded its utilization as growing substrate for ornamental potted plants
(Tian etal., 2012; Zhang et al., 2014; lacomino et al., 2023). The results and experimental
conditions in those studies are summarized in table 1.

Feedstocks employed

Biochar can be produced from many different raw materials of residual origin, and its
properties depend on the feedstock and pyrolysis conditions (Novotny et al., 2023). As
shown in table 2, biochars tested as components of substrates include feedstocks from
municipal solid waste to industrial waste, like sludges, biomass, food waste, wood, plant,
and crop residues. The most commonly used organic feedstocks for pyrolysis include
biomass from food waste, paper waste, straw waste, walnut shells or animal manure
(Ippolito et al., 2020).

Formulation/Composition of substrates

For substrate formulation, biochar must be blended with other materials, which include
poultry manure, coconut fiber, crop residues (agricultural and forest), and wood from
different species (Table 1). Composition of substrates with biochar, percentage of use,
and ideal formulation for better plant development depends on the specific feedstock
and final use of the substrate. Biochar is typically blended with one to three components,
such as commercial substrate and other organic materials, and the rates of biochar
tested range from 2.5 to 75 % v/v. Also, feedstock types have greatly influenced the
composition of biochar. As happens for other organic materials, its application at high
rates can be negative to production, and the best results are often observed with
low application rates. In this sense, Puentes-Escobar et al. (2022) tested different
concentrations (0, 5, 10 and 20 %) of biochar as a substrate on growth seedlings and
observed that the highest concentrations of biochar unbalanced the base conditions
of the substrate. Silva et al. (2019) observed that the concentration of 5 % biochar
showed viability to be used as a substrate conditioner, while concentrations above
these values did not contribute to the growth of lettuce seedlings. As observed by
Souza et al. (2021), the addition of biochar from coconut husk, in the proportion of
10 % of the substrate volume, was beneficial to the production of papaya seedlings.
Silva (2018) observed the best results at the same rate (10 %) for the production of
lettuce seedlings using biochar from the processing of coffee fruit. Xu (2015) observed
that low concentrations (25 %) demonstrated greater efficiency and better results in the
production of Rosmarinus officinalis. Lima et al. (2013) observed the best production
of beet seedlings using 7.5 % biochar in the substrate composition, corroborating that
using low rates provides better plant results. So, we can conclude the best rates for
biochar use as a component of horticultural substrates would be low, according to the
studies reviewed in this study, with values around 10 %, mainly since those were the
conditions with the best results in these studies.

Some authors have studied some mechanisms responsible for the negative effects on
germination and growth. Zhang et al. (2020) reported that phenolic compounds have
been shown to influence plant growth negatively. Lian and Xing (2017) observed that, in
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the growth and development of plants, the presence of environmentally persistent free
radicals (EPFRs) in biochar is related to the inhibition of plant germination and survival.
Buss and Masek (2014) reported that the presence of Volatile Organic Compounds
(VOCs) in biochar had an inhibitory effect on the germination and growth of plants.
Visioli et al. (2016) demonstrated that electrical conductivity and Cu negatively affected
germination and root elongation at a different biochar application rate. Brtnicky et al.
(2021) also reported some biochar mechanisms that affect and cause negative risks to
plant germination and growth, such as trace elements, high pH, high sorption capacity
(CEC), combined feedstocks, contents of PAHs, PTEs and ash contents.

Substrate properties and plant growth

Studies in the literature have reported positive effects of biochar in plant growth of
different species in horticultural production, as well as on the physical, chemical and
biological properties of the substrates. In this sense, it is important to keep in mind that
the production results depend on the feedstock, the conditions used in the process, and
the application rates, presenting both positive and negative results.

Modification of substrate properties

Xu (2015) reported that the formulation of substrates using biochar, peat, and poultry
manure in different proportions (% v: v) increased the air volume, decreased the shrinkage
of the substrate, and helped to increase the pH or electrical conductivity and increased
the organic matter content. Also observed by Silva et al. (2022), biochar from rice husks
incorporated into the substrate improved the physical properties, such as increased
specific surface area, which is related to nutrient absorption. Alvarez et al. (2019), using
vermicompost and commercial biochar to compound substrates (4 and 12 %) to produce
Petunia and Pelargonium, reported that only bulk density was affected by the addition
of vermicompost and biochar, with an increase in values.

Regarding fertility and chemical properties, Souza et al. (2021) observed that biochar
promotes changes in the physicochemical properties of the substrates, providing adequate
seedling growth through the improvement of nutritional characteristics and adequate
nutrient supply in the case of macronutrients such as K, Ca, Mg, S and P. Sasmita et al.
(2017), with rice husk and wood biochar, Bahrun et al. (2017) and Herviyanti et al. (2019),
with coconut waste biochar, and Bahrun et al. (2020), with cocoa pod husk, reported
that the increase of biochar rates either alone or in combination with organic fertilizers
increased available P, exchangeable base cations (N, K, Ca, Na and Mg) and pH, and
reduced exchangeable Al and H in growing media of Cacao. Similar observations are
reported by Alvarez et al. (2019), who observed biochar addition could be a significant
source of potassium in growing media and may be considered in fertility programs for
ornamental plants.

Plant growth and production

Due to its intrinsic characteristics, biochar improves the physical and chemical properties
of substrates, thus enhancing plant growth and production when used as a conditioner.
A high production of lettuce seedlings has been observed by Silva (2018), in Bioplant®
commercial substrate based on biochar. According to Fascella et al. (2015), plants grown
with biochar addition were positively influenced, as were their growth, development and
production. Properties such as stem diameter, leaf area, number of flowers, root length
and dry biomass showed high values when compared to substrates without biochar,
which corresponds to the potential use of biochar for this purpose. Similar results were
reported by Souza et al. (2021), who observed that biochar provided adequate seedling
growth by improving biometric variables, like plant height, stem diameter, and number
of leaves. Oliveira (2022) reported that biochar promoted a greater gain in root dry
biomass for Acrocomia aculeata than treatments with NPK fertilization.
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Table 1. Research on the use of biochar in the composition of substrates for horticultural use

Biochar
Pyrolvsis Raw Mixture/ End-use Results Reference
yroly materials blend
600-800 °C Peat 50 % Substrate Vermicompost and biochar can help producers Alvarez et
biochar ornamental plant reduce the use of peat and chemical fertilizes al. (2019)
Biochar and
Pinus 4 8 and vermicompost used  Plants showed similar or enhanced physiological Alvarez et
600-800 °C monticola 5o as a growing media response to those grown in the control using
12 % ) X al. (2018a)
wood replacement in commercial peat-based substrate
horticulture
Commercial 0,4,8 Substitute of Mixtures with low-medium vermicompost Alvarez et
600-800 °C biochar and 12 % growing media in and biochar induced more growth and flower al. (2017)
biochar ornamental plants production than that of the control ’
Biofertilizer
(peat and wheat)
to inoculate The use of Trichoderma as a biofertilizer
. ) . . Bader et al.
- - - Trichoderma and ~ component with peat and wheat is an economical
\ . X (2020)
evaluate its effects and promising technique
on the growth of
plant
Carbonization Cocoa pod 10¢g Growth of Cocoa Cofcoa_ pod hl.JSk biochar can bg recommglrmded Bahrun et
4-6h husk biochar kg seedlings or improving cocoa prod.uctlon and soil-C al. (2020)
sequestration
0, 2.5, 5.0, . . . . o .
_ 75 and Soil conditioner Blpchar acted as a corrective for soil .aC|d|ty, but in Basilio et
450 °C Pequi peel o for common bean  higher doses, there was a decrease in bean plant
10 % v/v of | ’ al. (2022)
biochar plants production
Influence on weed . -
, 20,30and  infestationand - combined application of poultry manure and gy o o)
450 °C Corncobs 1 ; biochar appears essential for sustainable coffee
40 Mg ha growth of Arabica X . (2019)
seedling production
coffee
Composts
from melon, Substrate for . T . Carrién et
- pepper ornamental plants A material with higher mineral compounds al. (2006)
zucchini
. . The combined application of biochar and .
i Commercial . Growth and quality . " Chavez et
biochar 20 g kg of cocoa seedlings biofertilizers on the sgbstrates can enhlance the al. (2020)
growth and quality of cocoa seedlings
Commercial " Gl gnd CjLEli Biochar tends to enhance both the growth and Chavez et
- . 20 g kg of arabica coffee . . .
biochar plants quality of coffee seedlings in the nursery al. (2022)
. 0, 15, 30, Biochar as a Pgat A substrate with 60 % conifers wood biochar and
Conifer ,, reduced-growing o R o Fascella et
45 and 60 % 40 % sphagnum peat is suitable for obtaining
wood . substrate for \ i al. (2015)
biochar marketable plants with high ornamental value
ornamental plants
Conlfgrous Peat-based substrate amendment with 25 %
wood biochar ) .
. 0, 25, 50 coniferous wood biochar could be adopted as a
Coniferous B as a substrate - X o Fascella et
- and 75 % sustainable production system for containerized
wood component of . al. (2020)
by volume N lavenders, with no adverse effects on plant growth
two containerized .
L . and ornamental quality
avender species
B|ochar. as a Peat Growing substrate containing 40 % brown peat
. 20, 40, 60, substitute for o . X .
o Conifers o : and 60 % conifers wood biochar was the more Dispenza et
450 °C wood 80.and 100 % growing substrates suitable mixture, allowing a high quality of potted  al. (2016)
biochar v: v for ornamental ' 9 gnh g yorp ’
plants
plants
Pruning Biochar as a Peat Biochar can serve as a partial peat substitute for
800 °C wood and 10, 15 and substitute in ornamental as well for some horticulture species lacomino et
activated 100 % v: v growth media for when applied at a relatively low application rate al. (2023)
biochar ornamental plants (10 %)
Continue
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Continuation

Biochar
Pyrolvsi Raw Mixture/ End-use Results Reference
yrolysis materials blend
Forest
wood, 05 10 Peat additive/ Wood biochar of beech, spruce, and pine and
400-600 °C husks and 1'5 'and’ partial Peat fertilized biochar of fruit trees were more Chrysargyris
500-600 °C paper ) replacement in promising for peat replacement for cabbage etal. (2019)
. 20% v: v . . . .
fiber and growing media seedling production
bamboo
E\{aluatlon o Plants planted in the orange biochar soil mixture
ioch horticultural seed h d isticallv similar behavi ith th .
450 °C L sl Biochar at germination in showed a statistically similar ehavior with t e Garcia
10 % M/M . control treatment, however, the biochar of passion (2018)
substrate with . .
) fruit and banana had a deleterious effect
biochar
From 0, 40, 80 and Effect on soil ' Re5|duq| effect of biochar provided a 5|gqlﬁcant Guimaries
- charcoal . increase in total nitrogen contents and an increase
. 120 Mg ha*! contents . . (2017)
kilns in C/N ratio
0,0.5,1.0, Improve chemical Hervivanti
i Coconut 1.5 and properties of The application of 2 % of biochar increased total N ot gl
waste 2.0 % of  ultisols and growth and exchangeable cations (K, Ca and Mg) .
: (2020)
biochar coffee
Acacia 100 Mg dry Biochar to Changes in soil carbon/nitrogen ratios indicated Katterer et
- wood height of increased soil biochar application increased nitrogen al. (2019)
biochar fertility mineralization from native soil organic matter '
Tree 7.5 and Growth of sugar . . . .
200-500 °C species 15%o0f  beet seedlings with Biochar can conditioner ;ubstrate, even in the Lima et al.
; . case of commercial substrates (2013)
wood biochar biochar
5,10 and
20 % v/v Substrate on Biochar promoted further growth, but its Puentes-
500 °C Coffee husk  for each granadilla growth effectiveness decreased at a concentration of 20  Escobar et
type of parameters % al. (2022)
biochar
Burned log 2 03 } EﬁECt. ol ol Application of biochar was also able to increase ~ Rahayu and
- 2,3,4% on soil and plant . : .
of woods . the growth and biomass of coffee seedlings Sari (2017)
biochar growth
Sr']cdexﬁiilé 0,1,2,4 Application on acid The increase of biochar rate without organic Sasmita et
350-400 °C o and 6 % soil as growing fertilizer decreased the total dry weight of cacao
albizia . o . . o . al. (2017)
wood v/v medium for Cacao  and combination with organic fertilizer increased
e el Biochar as a
o and green Combination of coconut shell biochar showed Silva et al.
450 °C - substrate to S :
coconut di ducti better results to germination of seedlings (2022)
shell seedling production
0.0, 0.9, Biochar addition to the commercial substrate,
i Coffee fruit 1.8 and Substrate in the proportion of 10 % mass, showed viability Silva (2018)
straw 2.7 % m/m component in the conditioning and production of lettuce
biochar seedlings
Eucalyptus 5,10, 15, Substrate Biochar addition to the commercial substrate, at a Silva et al
: cawdust 25,50 and conditioner concentration of 5 % mass, showed feasibility to (2019) ’
75 % m/m be used as a substrate conditioner
Comn silage, Productivity of
500 °C manure and 2:1 by Pelar onigm The best crop performances were found using Calamai et
vegetable volume ravgeolens biochar al. (2019)
waste 9
0, 0.15,
o . 0,75 and Seedling root Biochar had positive effects on soybean seedling Zhu et al.
450 °C Rice husks 1.5 % w/v growth growth (2018)
biochar
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Table 2. Main feedstocks employed for biochar production

Origin Feedstock Process References
Tree/residues pruning Pyrolysis Baronti et al. (2014)
Municipal solid waste
Sewage sludge Pyrolysis Figueiredo et al. (2017)
Crop residues Pyrolysis Dumroese et al. (2011) and Chavez et al. (2022)
Sugar cane bagasse Pyrolysis Nie et al. (2018) and Matos et al. (2021)
Sugar cane/Wheat straw Pyrolysis Quan et al. (2020)
Agricultural waste
Rice husks Pyrolysis Zhu et al. (2018) and Silva et al. (2022)
Coffee husks/straw Pyrolysis Silva (2018)
Green coconut husk/shell Pyrolysis Souza et al. (2021) and Silva et al. (2022)
Poultry manure Pyrolysis Billa et al. (2019)
Animal waste
Chicken manure Pyrolysis Boldrin et al. (2010)
Industrial sludge Pyrolysis Novotny et al. (2023)
Industrial waste
Paper and cellulose Pyrolysis Méndez et al. (2015) and Novotny et al. (2023)
Eucalyptus sawdust/wood Pyrolysis Rezende et al. (2016); Gwenzi et al. (2018); Silva

et al. (2019); Santos et al. (2022)

Quality and plant yield of different species are also commonly improved by adding biochar,
as observed by many researchers (Sasmita et al., 2017; Bahrun et al., 2020; Djenatou
et al., 2020; and Puentes-Escobar et al., 2022) who reported that the use of biochar
improved the growth quality of cocoa seedlings, improving their establishment, adaptation
and production, similar to the effect of conventional mineral fertilization. Biochar also
has potential to reduce nematode populations, weed infestation and vegetative growth,
as reported by Rahayu and Sari (2017) and Billa et al. (2019). Besides, Zhu et al. (2018)
observed that biochar can promote soybean root growth at the seedling stage, maintaining
adequate root biomass, accelerating plant growth, and increasing seedling plant biomass.
The same was reported by Chavez et al. (2022) in a study that coffee seedlings showed
a higher response trend in growth and quality to the combined application with biochar
in its composition. Also, Silva et al. (2022) report better seedling germination with the
combination of biochar from green coconut husk fibers. Martins et al. (2023) observed
that the germination of Passiflora mucronata seeds showed significant responses to the
physiological quality of the plants. Callejo (2023) found that adding biochar did not favor
the germination of forest plants. The same was reported by Reyes et al. (2015), in which
biochar did not influence the germination of forest species. According to Phoungthong
et al. (2018), heavy metals leaching from biochar into soil water solution inhibited seed
germination.

In turn, some studies have reported no influence or even negative effects of biochar, in
particular at high doses. Garcia (2018) observed that a blend of soil with orange biochar
at 10 % (m/m) showed similar behavior to peat production in horticultural seedlings. In
contrast, Herviyanti et al. (2019) observed that adding up to 2 % of biochar from young
coconut waste has not significantly increased coffee growth. Gallo-Saravia and Barrera-
Zapata (2018) observed that the replacement of commercial substrate by pine or rice husk
biochar in proportions of 20 and 50 % for the cultivation of tomatoes promoted positive
results in comparison with the results without biochar. However, substrates with biochar
in larger proportions seem to negatively affect the crop, due to the nutrient deficiency
in the culture medium. Martins et al. (2023) observed that eucalyptus biochar in smaller
proportions showed the best results for plant growth. Silva et al. (2022) observed an
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increase in the number of germinated seeds with the mixture of green coconut fiber
biochar. The type of feedstock and the parameters used in the process influence the
final product. Therefore, it is necessary to characterize the feedstock before the process
and determine the pyrolysis parameters according to the required end use to avoid
negative effects.

Biochar use in the composition of substrates for forest use

The number of studies about biochar application for seedling production in the forestry
sector is higher than in horticulture. Its use is very important in this sector, since it
allows the reduction of costs and mainly the use of fertilizers and inorganic materials,
presenting itself as a good practice in environmental terms, although it still needs
further study, as mentioned previously. The optimization of the production process,
such as the feedstock type, determines the best arrangement for its use. The studies
reviewed here are summarized in table 3.

Feedstocks employed

Several types of feedstocks can be used for biochar production, especially woody
materials (Table 2). Eucalyptus spp. wood is a raw material widely used for biochar
production, as reported by Souchie et al. (2011) and Sdlis et al. (2021). Fascella et al.
(2015) found that coniferous wood biochar can be a good alternative to compound
substrates. Other feedstocks, such as sewage sludge or rice husk, are also used in the
composition of substrates for forest use (Monteiro et al., 2020).

Formulation/composition of substrates

Formulation and composition of the tested substrates are diverse, varying according
to the types of feedstocks and species, as shown in table 4. The rates of biochar
employed in this case vary from low values such as Gonzalez-Zamora et al. (2020),
who tested 2.5 % of biochar, or Soares et al. (2021), who tested 8.3 %, reaching
maximum values of 50 %, as reported by Aradjo (2016) and Lopes (2019), or 75 %
(Solis et al., 2021). Saavedra and Miguel (2021) tested different percentages of biochar
concentration (10, 20 and 30 %). For forest use, the concentration most recommended is
20-30 %, according to Monteiro et al. (2020), Rezende et al. (2016) and Siqueira (2022).
Thus, in contrast to what has been observed in studies in horticulture in the previous
section, medium doses of biochar present the best results for seedling production in
the forest sector.

Substrate properties and plant growth

Modification of substrate properties

Physical properties of forestry substrates are improved with the addition of biochar,
in particular porosity, water retention, and availability (Xu, 2015; Siqueira, 2022).
Aeration is also enhanced, which results in better oxygenation of the root system and
better evacuation of carbon dioxide gas (Morales-Maldonado and Casanova-Lugo,
2015; Delaye et al., 2020). Segura (2018) reported an increase of available water in
mixtures of two types of biochar, which increased water retention by approximately
0.4 g of water/g of biochar when used at a 5 % ratio. The same was reported by Monteiro
et al. (2020); as the proportion of biochar in the substrate composition increased, there
was a decrease in density and, consequently, an increase in total porosity. Rezende
et al. (2016) also observed lower substrate densities with adding biochar and porosity
values close to the established optimal, which is between 70 and 80 % (Santos et al.,
2022). For production of Moringa oleifera, all physical properties of the substrates,
such as porosity, field capacity, water availability, were positively affected by biochar
(Soares et al., 2019).
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Table 3. Consulted literature about using biochar in the composition of substrates for forest use

Biochar
. Raw . End-use Results Reference
Pyrolysis " Mixture/blend
materials
10. 20 30. 40 Substrate Biochar produced by 300 °C could
300-500 °C  Sewage sludge '50 ty v"v ’ for seedling be used as a substrate for seedling Araujo (2016)
o production production
. Sawdust from 25, 50, 75, Production of Substrates with activated biochar anq Barros et al.
450 °C : . o) Eucalyptus the nursery substrate presented superior
native species 100 % v: v : (2019)
urograndis results
Biochar effect Application of biochar and biofertilizers
i Cocoa husk 5 g/pound of on growth plants  together showed better results; after 40 Gaén and
substrate of Ochroma days, a greater role and their interaction Cedefio (2022)
pyramidale (Balsa) with biochar was evidenced
Eilee o1 (e 121 Biochar use as a soil amendment has a Gonzdlez-
0 0.25,5,10 and on the growth and . : .
464 °C Wood o : great potential for ecological restoration ~ Zamora et al.
20 % v/v survival of forest .
g on degraded soils (2020)
species
. . Combined compost and biochar had the
Soil properties .
. strongest effects on soils and growth
Commercial and tree growth . 2 Gosh et al.
- . - . : of the urban species, and applications
biochar in a tropical urban - . . (2015)
1 containing biochar resulted in the most
environment - o
significant soil improvements
Production of
Anadenanthera . . .
o Eucalyptus 0, 5,10, 20 and macrocarpa Elfocr Sl il N.and P Lima et al.
500 °C o the substrate shows potential for the
wood 35 % v/v (Benth.) Brenan . X . (2016)
X : production of quality seedlings
seedlings with
biochar
Biochar and
0 X
Wood of 20 .and 30 % - organic comlpound Substrates formed with a mixture of .
o . of biochar and for seedling . : Lima et al.
200-500 °C  Cerrado native . . cattle manure and biochar are effective
species dystrophic red production in improving the production of seedlings (2015)
latosol of Magonia
pubescens
Substrates with 50 and 75 % of biosolid
350 °C Biosolid e 50. i ol oflforestry provided higher quality seedlings, being  Lopes (2019)
75 % biochar seedlings X
those inoculated
Concentration of organic carbon
650-700 °C Urban pruning 0, 10,20 and  Growth of Prosopis in the substrate increased after Saavedra and
residues 30 % biochar limensis the incorporation of biochar as an Miguel (2021)
amendment product
20. 25 30. 35 Pyrolysis process enhanced the
o Yy Substrate for characteristics of sewage sludge as a Monteiro et al.
300-600 °C  Sewage sludge  and 40 % SS- . . o
. seedlings component of substrates, with 20 % (2020)
biochar )
biochar
Soil quality and Filter cake biochar promoted good o
0,
Filter cake 1,24, .and 8% growth of Cerrado  growth and physiological responses and Oliveira
v/v biochar . ; . (2022)
plants improved soil properties
Effect on
750 °C Leaves and i germination of The use of biochar has effects that Reyes et al.
fine branches different tree stimulate germination (2015)
species
SubsFr_ate The use of 25 % activated biochar added
o 25,50 composition for . ; Rezende et al.
450 °C Fresh sawdust o . to the commercial substrate is enough to
and 75 % production of teak . ; (2016)
. improve seedling growth performance
seedlings
0,7.5,15,22,5 Blos.tlmulan.t n The proportions containing around
Eucalyptus o forming Schinus I : . Santos et al.
- and 30 % biochar e 15 % biochar presented seedlings with
wood D terebinthifolius . . (2022)
and biostimulant . the highest quality
seedlings
Continue
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Continuation

Biochar
Pvrolvsi Raw Mixt blend End-use Results Reference
yrolysis materials ixture/blen
0 05 1 2and Application of biochar to the planting
200-500 °C Fire Wood PR Soil conditioner hole time increased moderate to low Silva (2018)
4 kg biochar
development of the eucalyptus plants
Biochar in the The use of biochar in the substrate
i Commercial 20, 30 and composition of composition is a viable and Siqueira
biochar 50 % biochar P environmentally sustainable alternative (2022)

SUlbEEEs to produce native forest seedlings

The use of the biostimulant in the

Biostimulant in treatment of the seeds and biochar in

Eucalyptus 0,7.5,15,22,5 the production e . Soares et al.
- . . the composition of the substrate did not
0,
charcoal mill and 30 % ansdeggﬁ::tysof provide an increase in the growth of the (2021)
9 plants
Dry coconut ' . . .
4 R shell/sewage land2 % Composition of quchar |_mproved physmal cid chemlcal Soares et al.
00-500 °C - soil quality, promoting a better Moringa
sludge/orange biochar substrates leif i | (2019)
bagasse sludge oleifera Lam. seedlings development.
Biochar as Biochar is a good option as biological
i Eucalyptus 5,12.5, 25 and amendment amendment to the substrate for the Souchie et al.
wood 50 % biochar to substrate of creation of healthy and more resistant (2011)
seedlings seedlings of Tachigali vulgaris

. Biochar improved cutting rooting
- Grlea 25, 211 Sloeiiietie concerning peat, which might mitigate Xu (2015)

0,
manure aliel 15 el Telp sl that it contained growth stimulators

Table 4. Main composition and formulations used in substrates for forest seedlings

Biochar rate Feedstocks Species References

%

Gonzéalez-Zamora et al. (2020);

2 PBEGRHS (e Saavedra and Miguel (2021)

8.3 Guazuma ulmifolia Soares et al. (2021)

10 Crescentia alata Gonzalez-Zamora et al. (2020)

15 Cedrela odorata Souchie et al. (2011)
Urban solid waste

20 Agricultural waste Eucalyptus Monteiro et al. (2020)

25 Industrial waste and Tabebuia aurea Gonzélez-Zamora et al. (2020)

Animal materials
Pityrocarpa

30 s ; Monteiro et al. (2020)
moniliformis

40 Handroanthus Araijo (2016)
impetiginosus

50 Erythrina velutina Lopes (2019)

75 Tectona grandis Solis et al. (2021)

Rev Bras Cienc Solo 2024;48:€0240027 1




Natalli et al. Use of biochar as a component of substrates in horticulture and forestry...

’r-
‘
Y\

Table 5. Main growth parameters improved with the addition of biochar

Plant growth parameters

Species Biochar References

Height and stem diameter

Height, neck diameter and dry
mass

Stem diameter

Height, number of leaves and
diameter

Steam, leaf and total dry
matter biomass

Balance distribution of
biomass

Root development

Physiological characteristics

Initial development

Agbna et al. (2017)

Tachigali vulgaris Eucalyptus sp. Souchie et al. (2011)

Tectona grandis Rice husk Rezende et al. (2016)

C. odorata Agroforestry biomass residues Sélis et al. (2021)

Cedrela odorata, Tabebuia

X Gonzalez-Zamora et al. (2020)
rosea, Crescentia alata

Acacia pennatula wood

Sapindus saponaria Eucalyptus Charcoal mill Soares et al. (2021)

Eucalyptus grandis;
Senna multijuga; Schinus
terebinthifolius

Eucalyptus bark; Biosolids;
Eucalyptus wood

Lopes (2019); Sartori (2021);
Santos et al. (2022)

Loyola-Savedra and Miguel

Residual biomass; Filter cake (2021); Oliveira (2022)

Forest species

Erythrina velutina Sewage sludge Araujo (2016)

Regarding fertility and chemical properties, biochar acts to retain nutrients and provide
a more balanced release of these nutrients to seedlings, which would also lead to
lower loss of nutrients from the substrate by percolation or leaching (Maia et al., 2021).
According to Soares et al. (2019), biochar improves chemical properties compared to the
control, mainly pH, EC, CEC, sum of bases and base saturation, which improve seedlings
production in all cases. Gosh et al. (2015) observed that combining soil/compost/biochar
(3:2:1; 3:1:1; 3:1 proportions) increased N, P and K concentrations. Barros et al. (2019)
also found a higher concentration of K in substrates with activated biochar. Lima et al.
(2016) reported that the interaction between biochar and N benefited the quality and
foliar concentration of Mg in Anadenanthera macrocarpa (Benth.) Brenan seedlings. When
applying biochar and P, they showed greater quality and efficiency in the use of Ca and
K nutrients. Siqueira (2022) reported higher concentrations of nutrients (P, K, Zn and Fe)
in substrates with 50 % biochar. Lopes (2019) and Monteiro et al. (2020) observed that
substrates composed of biochar had the highest pH values and available P.

Plant growth parameters and production

The studies carried out by the authors in table 5 show the main plant growth parameters,
varying according to the characteristics of the biochar used. Regarding plant growth
parameters, Agbna et al. (2017) found that biochar increases root growth, improves
plant height, stem diameter, and fresh weight of its components and fruits, and increases
crop yields. Souchie et al. (2011) observed that biochar from Eucalyptus sp. as substrate
conditioner improved height, neck diameter, and dry mass of seedlings of Tachigali
vulgaris. An increase in stem diameter and growth performance of teak seedlings (Tectona
grandis) was observed by Rezende et al. (2016) by adding biochar in substrates. Due
to greater root development, Sélis et al. (2021) observed positive effects of biochar on
height, number of leaves, and diameter of C. odorata, which also improves nitrogen
absorption. Seedlings of six forest species, including Cedrela odorata L, Swietenia humilis
Zuuc, Tabebuia rosea, Cordia alliodora, Guazuma ulmifolia Lam and Crescentia alata,
produced greater steam, leaf, total dry matter biomass, greater root biomass with biochar
(Gonzalez-Zamora et al., 2020). The balance in the biomass distribution in the seedling
was studied by Soares et al. (2021), who observed that addition of biochar maintained
a balance in the biomass distribution in the seedling.
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Phenological characteristics also improved with biochar (Loyola-Savedra and Miguel,
2021). Substrates blended with different materials, such as coconut fiber, vermiculite,
biosolid and biochar, provided good root development for the production of seedlings
(Lopes, 2019; Sartori, 2021; Santos et al., 2022). According to Soares et al. (2019),
different types of biochar positively affected the growth parameters of M. oleifera
seedlings. Oliveira (2022) observed that biochar application and filter cake biochar
contributed positively to the growth and physiology of forest species in the ‘Cerrado’
and can be indicated for planting. Positive effects were also observed by Aratjo (2016),
improving the quality and initial development of Erythrina velutina seedlings.

In turn, some studies have not found the influence of biochar in seedling growth
parameters. Soares et al. (2021) observed that biochar did not increase the production
characteristics of Sapindus saponaria seedlings. Souchie et al. (2011) reported that the
production of Tachigali vulgaris seedlings with biochar did not affect the emergence of
seedlings in the composition of substrates. By applying biochar from Cerrado wood to
planting holes, Silva (2018) reported improvements in diameter, height, and canopy
area in Eucalyptus urograndis seedlings. Lima et al. (2016) observed that pure biochar
substrates were ineffective in improving seedlings’ growth parameters. Rezende et al.
(2016) observed that biochar without an activation procedure does not improve the
quality parameters of seedlings when compared with a commercial substrate. Finally,
negative effects have been observed, such as those reported by Sartori (2021), who
indicated that doses over 15 % of biochar produced at pyrolysis temperatures of 450
and 600 °C are not recommended.

Regarding germination effects, most studies have demonstrated no adverse effects when
rates of biochar <5 % are used in coniferous and deciduous trees (Gundale et al., 2016;
Bu et al., 2020; Thomas, 2021). Germination percentage, seedling height, number of
nodes, and seedling length root of Prosopis limensis were increased using biochar from
organic residues, when compared to a substrate of the mix of river sand, chakra soil and
the mix of both (Saavedra et al., 2022). Reyes et al. (2015) observed that biochar did
not modify Acacia, Pinus and Quercus germination. According to Herrera et al. (2018),
the type of biochar, depending on the feedstock used, influences the germination time
of forest species. They also point out that low doses of biochar are recommended for
the germination and growth of species. Carrari et al. (2018) suggested that a biochar
level lower than 20 % did not affect germination. Jayakody et al. (2023), adding 250
g of biochar, showed a high seed germination rate for the species P. conscens and
F. limonia. According to Vannini et al. (2022), the application of biochar produced from
deciduous broadleaf trees did not affect seed germination or plant growth of European
beech (F. sylvatica) and Turkey oak (Q. cerris), two of the most common tree species
in Italian broadleaf forests.

Differences in biochar performance observed in these studies are likely due to its intrinsic
characteristics, since biochar can be produced from different types of feedstocks,
potentially with different characteristics, such as moisture, elemental composition,
granulometry, porosity, mineral composition, heavy metals concentration, and these
will influence its application and behavior. Also, its performance changes in relation
to the conditions used in the production process, such as temperature or residence
time. Although characteristics such as density, porosity, water retention are essential
and indispensable for the quality of the substrates, their management regarding the
availability of nutrients, quantity to be used, and intensity of irrigation or fertilization are
different and must be treated separately. Studies demonstrate that process parameters
directly influence the final characteristics of biochar, thus determining its appropriate use.
Therefore, the study of biochar characteristics as a function of process parameters is a
possible solution to finding the efficient use of biochar according to its final characteristics.
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CONCLUSION

Use of biochar in the formulation of substrates for horticultural and forest use has
been reported in many field experiences under different conditions, allowing us to
produce some conclusions about this application and identify some limitations and
opportunities for future studies. The effects of biochar on substrate properties include
the improvement of their physical and chemical properties, density, water retention,
porosity, VOC contents, and the retention and availability of nutrients to plants. Plant
properties have also been observed to improve, including plant growth and yield,
quality of seedlings, and phenological properties such as height, stem diameter or
leaf area. In this sense, the use of biochar as a component of soilless substrates is an
important alternative for reusing residues and represents an alternative to promote
the growth and quality of seedlings in nurseries for horticulture and forest production,
showing positive effects and benefits to plants, depending on the raw material and
composition used, could replace partial some inorganic materials, like peat. However,
it is still necessary to find the proper doses to avoid negative effects. In general, the
application of lower doses showed the best results. Although, the feedstocks used and
the parameters used in the production process need to be explored, as both factors
influence the final characteristics and performance of the biochar after application.
Finally, we should deepen our knowledge in points such as production costs, new
technologies, characterization models, or process safety so that biochar can be used
in the best possible way, encompassing its environmental aspects, accompanied by a
perspective of change, making systems more sustainable.
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