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Abstract
Peat remains the primary constituent of horticultural growing media in professional use. However, use of peat in horticultural 
growing media results in greenhouse gas emissions and biodiversity loss due to excavation of natural peatlands. Biochar 
is gaining attention as a sustainable alternative to peat use in horticulture. This study examined the potential of biochar 
produced from a particular type of sawmill residue, as a partial replacement for peat in horticultural growing media. Five 
treatments including peat only, biochar only, biochar and peat in 1:1, 1:3, and 3:1 (V/V) ratios were assessed. The addition 
of biochar into growing media increased the pH and EC of the medium. However, physical properties (air-filled porosity 
and water holding capacity) were negatively affected with the increase in biochar content in the medium. According to the 
germination test results, biochar significantly improved germination and the shoot and root length of germinated seeds of 
cress, lettuce and tomato when compared to peat-only and biochar-only treatments. The inclusion of biochar in 25–50% 
volume ratio improved plant growth parameters compared to peat-only and biochar-only media. Results obtained from this 
study suggest that sawmill residue offers great potential as a feedstock for biochar production and inclusion of biochar has 
positive effects on seed germination and plant growth that might compete with modified peat.
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1  Introduction

Peat extracted for horticultural purposes rapidly oxidizes, 
leading to the emission of the greenhouse gas CO2 from 
previously stored stocks of carbon in the natural environ-
ment (Sohi et al. 2013). Peatlands are wetland ecosystems 
characterized by the accumulation of organic matter and 
currently account for 3% of global land area (Robertson 
1993; Alexander et al. 2008). Peatlands play an essen-
tial role in ecosystem services and contain one-third of 
soil carbon (C) globally (Page et al. 2011). Depending 
on human use, peatlands can act as either C sink or C 
source (Kern et al. 2017). Current use of peat in horticul-
ture involves around 11 million tonnes per year (Clarke 
and Rieley 2010; Bos et al. 2011). Finding sustainable 
substitutes for peat used in horticultural media has been 
recognized as a strategic option by the Dutch government 
to minimize negative impacts on peatlands resulting from 
unsustainable peat extraction (Bos et al. 2011).

Materials suitable for peat substitution need to meet 
several requirements: (i) they must be readily available 
and secure in supply (ii) have good quality and (iii) their 
sources and processing have to be sustainable. Above 
all, the economic viability is a key factor overlying these 
requirements (Sohi et al. 2013), as the cost of peat without 
including all externalities is very low. Several candidate 
materials are already recognized and in use for the replace-
ment of peat in growing media (Barrett et al. 2016) such 
as compost, coir, bark and wood fiber, etc. However, these 
materials also have negative environmental impacts due to 
greenhouse gas emissions associated with processing and 
transport (Schmilewski 2008). As ingredients to growing 
media, these materials can be grouped into three catego-
ries based on their total carbon footprint associated with 
processing, handling and transportation: (i) coir (less than 
500 kg CO2eq t−1) (ii) peat (from UK and Ireland) and 
perlite (500–750 CO2eq t−1) and (iii) peat (Finland), green 
compost, bark, wood fiber and vermiculite (more than 750 
CO2eq t−1) (Defra 2009).

Biochar is gaining attention as a partial peat substitute 
owing to certain attractive physical and chemical proper-
ties (Tian et al. 2012; Fornes et al. 2017). These properties 
include macro-porosity that facilitates the retention and 
release of water, low bulk density, resistance to compres-
sion and shrinkage, the potential for manufacture in dif-
ferent specified particle size ranges and the possibility to 
improve microbial activity due to its internal pore structure 
(Shackley et al. 2010; Weber and Quicker 2018). Biochar 
is produced through slow pyrolysis which is the thermo-
chemical conversion of biomass under an oxygen-limited 
atmosphere (Lehmann et al. 2006). Biochar itself is highly 
recalcitrant in the environment compared to raw feedstock 

material. It will only degrade slowly in the soil environ-
ment and help to sequester atmospheric CO2 (Lehmann 
et al. 2006; Wu et al. 2020). Even though biochar has a 
lot of favorable properties as a non-peat substitute, the 
net effect on cost-effectiveness and environmental sustain-
ability can only be positive if the production of biochar is 
sustainable (Sohi et al. 2013).

When biochar is used as a growing medium component, 
its characteristics play an important role (Huang and Gu 
2019). When biochar is used in relatively larger propor-
tions such as in horticultural growing media (compared to 
biochar use in, e.g., agricultural soil amendment where its 
concentration in soil is typically few wt.% or less), biochar 
characteristics have significant impact on the growing medi-
um’s physico-chemical properties and resulting plant growth 
(Nieto et al. 2016). Thus, proper characterization of bio-
char prior to application is essential to identify the optimal 
characteristics for the growing medium application as well 
as to maintain consistent quality of biochar over sequential 
production batches (Kern et al. 2017). Having a high carbon 
content in biochar increases the stability of the biochar and 
the growing medium (Kaudal et al. 2018; Rathnayake et al. 
2020a, b). Consequently, the biochar’s microbial degradation 
over time is reduced as well as the greenhouse gas emissions 
(Lévesque et al. 2018).

Biochars with high pH could alleviate the complications 
associated with acidic pH in soil substrates and can substi-
tute liming requirements (Margenot et al. 2018). Biochars 
produced from different feedstock materials at the same 
production temperature as well as biochars produced from 
the same feedstock material but under different pyrolysis 
temperatures could have considerably different pH values 
(Ronsse et al. 2013; Weber and Quicker 2018). For example, 
the pH of biochars produced from pruning waste at 300 ºC 
and 500 ºC were 7.53 and 10.30, respectively (Nieto et al. 
2016). On the other hand, the pH of biochars produced of 
mixed soft wood, greenhouse waste and poultry litter at 
550 °C were 8.45, 9.65, and 9.51, respectively (Singh et al. 
2017). Generally, biochars produced from high ash contain-
ing feedstocks and biochars produced at higher pyrolysis 
temperatures have higher pH (Blok et al. 2017). Moreover, 
depending on the biochar content in the growing medium, 
its effect on the resulting growing medium’s pH could be 
varied (Kern et al. 2017; Huang and Gu 2019). For instance, 
the higher the biochar content in the medium, the higher 
the pH of the medium (Vaughn et al. 2013). Also, the mag-
nitude of the changes in pH of the medium with different 
biochar rates is highly dependent on the biochar type, which 
is ultimately dependent on the feedstock composition and 
production temperature (Nieto et al. 2016). On the other 
hand, having a high ash content and high alkalinity could 
lead to phytotoxicity as well as nutrient unavailability and 
antagonistic effects on nutrient utilization (Rogovska et al. 
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2012; Reza et al. 2020). Finally, the presence of potentially 
toxic elements and organic compounds (i.e., volatile organic 
compounds and polyaromatic hydrocarbons) could adversely 
impact seed germination and plant growth (Munzuroglu and 
Geckil 2002; Buss et al. 2016).

In terms of physical biochar properties, the biochar particle 
size distribution affects structural properties (i.e., bulk density, 
water holding capacity, porosity, etc.) and nutrient availability 
in the medium (Ferlito et al. 2020; Prasad et al. 2020). All 
these physical properties of the growing medium are heavily 
dependent on the production conditions (i.e., pyrolysis tem-
perature and heating rate), the type of feedstock material used 
in biochar production and the biochar content in the medium 
(Ronsse et al. 2013; Antonangelo et al. 2019; Keskinen et al. 
2019). For instance, water holding capacities of the growing 
media with 75% (v/v) and 50% (v/v) of pruning waste biochar 
produced at 300 ºC were 38.63% and 40.54%, respectively 
(Nieto et al. 2016). On the other hand, for the same pruning 
waste feedstock material, biochar produced at 500 ºC resulted 
51.73% and 52.74% of water holding capacities when those 
biochars were incorporated in 75% (v/v) and 50% (v/v) in 
the growing medium, respectively (Nieto et al. 2016). Air-
filled porosity could be changed with the biochar type and 
its concentration used in the growing medium. For instance, 
Tian et al. (2012) reported an increase of air-filled porosity 
(i.e., 15.28–21.55%) when green waste biochar content in the 
medium increased from 50% (v/v) to 100% (v/v). Moreover, 
that green waste biochar had higher quantity of particles over 
2 mm compared to peat material used in their study and the 
increase in air-filled porosity was linked to the improvement 
of the macro-porosity of the medium due to these larger bio-
char particles (Tian et al. 2012). Thus, particle size distribu-
tion plays an important role in determining hydro-physical 
properties of the growing medium (Huang and Gu 2019).

In recent literature, biochar has been produced under 
various pyrolysis conditions from various waste feedstock 
sources and their potential to replace peat and peat-based 
commercial growing media has been evaluated. According 
to those studies, paper sludge biochar was able to replace 
50% of brown peat (Méndez et al. 2015), pruning waste bio-
char was able to replace 50–75% of brown peat (Nieto et al. 
2016), green waste biochar was able to replace 50% of peat 
substrate (Tian et al. 2012), sugarcane biochar could replace 
25–50% of peat-based commercial growing media (Webber 
et al. 2018b), pine wood biochar could substitute 25–75% 
of peat-based commercial growing media (Webber et al. 
2018a), and wood biochar was able to substitute 20% of peat 
(Blok et al. 2017) without plant growth inhibition. Moreo-
ver, Tian et al., (2012) reported 20% of plant biomass gain 
after addition of 50% of biochar into the medium. Altland 
et al., (2017) reported that 15–20% of rice hull biochar addi-
tion could increase the tomato shoot growth significantly due 
to favorable physico-chemical properties in the medium. In 

previous work, Blok et al. (2017) reported increased plant 
growth using different types of biochar at 20% (v/v) content 
in replacing peat in potting soil.

The wood processing industry, especially sawmills 
produce a range of co-products, including a fraction that 
arises from ring debarking. This fraction is produced from 
the outer 1 cm of the harvested tree that is removed in the 
absence of dead bark (Arets et al. 2011). Referred to in this 
work as the vascular cambial zone (VCZ), this material has 
been mainly used as a low-cost mulching material in agri-
culture and horticulture, or locally burned for bioenergy gen-
eration. Due to high production volumes of VCZ material 
and its relatively high mineral nutrient composition, it has 
the potential to more usefully create biochar useful to plant 
growth and crop production (Forest Research 2019). In the 
context of finding alternative uses for VCZ materials and 
finding a sustainable peat replacement, we examined biochar 
produced by slow pyrolysis of VCZ from Sitka spruce (Picea 
sitchensis). In addition to assessing the conversion of Sitka 
spruce VCZ to biochar, we also assessed the resulting bio-
char for physico-chemical properties relevant to its potential 
use in partial substitution of peat in horticultural growing 
media, and validated partial peat substitution through ger-
mination and plant growth assays.

2 � Materials and methods

2.1 � VCZ biochar and peat

Production of biochar was carried out using the stage III 
rotary kiln pilot-scale pyrolysis unit at the University of 
Edinburgh (Mašek et al. 2018). The feedstock was sourced 
from the Petersmuir sawmill, BSW Ltd, Scotland. The VCZ 
material was found to comprise 40% wood and 60% bark by 
volume, incorporating the vascular cambium. Whole feed-
stock material was derived from the sawmill residue pro-
duced from Sitka spruce (Picea sitchensis) logs during the 
process of ring debarking. Feedstock material was pyrolyzed 
at nominal highest treatment temperature (HTT) of 550 °C. 
Feedstock material was heated at a rate of 78 °C/min and the 
residence time at HTT was 3.9 min. The peat used in this 
study was a commercial peat intended for use in vegetable 
seedling production which was obtained from Peltracom 
(Belgium) and which consisted of 70% neutralized white 
peat and 30% neutralized black peat of Latvian origin.

2.2 � Biochar and peat characterization

2.2.1 � C, H, N and S analysis

The C, H, N, S analysis of biochar and peat was performed 
in triplicates in a Flash 2000 Elemental Analyzer (Thermo 
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Fisher Scientific, Waltham, MA, USA). The 2,5-bis(5-tert-
butyl-benzoxazol-2-yl) thiophene (BBOT) was used as 
standard reference material during CHNS analysis.

2.2.2 � Ash content, volatile matter content and fixed carbon 
content

Proximate analysis was carried out according to the method 
described in Singh et al. (2017). Briefly, the moisture con-
tent was determined by keeping the sample at 105 °C for 
18 h in a conventional oven. Then, oven-dried weights of 
sample containing crucibles were recorded. Volatile matter 
content was determined by holding the sample containing 
crucibles (with the lid on) at 950 °C for 10 min in a muf-
fle furnace. Ash content was determined after heating the 
sample containing, open crucibles at 750 °C for 6 h in the 
muffle furnace.

2.3 � Growing medium formulation

Five formulations were tested: biochar, peat and three bio-
char–peat mixtures (Table 1). All the biochar–peat mixtures 
were defined on a volume basis and implemented from 
homogeneous ingredients.

2.4 � Physical properties of the growing media

2.4.1 � Particle size distribution

Particle size distribution of each medium was analyzed using 
50 g of dry sample. An AS200 sieve analyzer (Retsch, AS 
2000, Germany) was used to separate different particle size 
fractions by shaking for 15 min. The sieve sizes ranged from 
0.075 mm to 4 mm. Duplicates were carried out for each 
treatment.

2.4.2 � Structural properties

Dry bulk density, total pore space, air space and water hold-
ing capacity were determined using the method described 
in Nieto et al. (2016). Briefly, each substrate was filled into 
a container with a known volume which has sealed drain-
age holes at the bottom. Then, water was added until the 

medium got saturated while being put on a watertight pan. 
Then after saturating, the seal which covered the bottom 
hole was removed and the sample was allowed to freely 
drain overnight. The released water quantity was measured 
to calculate the air space percentage inside the medium. 
The medium and the container were subsequently weighed. 
After that, the medium inside the container was put into a 
pre-weighed pan and put into a drying oven at 105 °C for 
24 h. Then, the oven-dried weight of the medium was used 
to calculate the water holding capacity of the medium. The 
total porosity of the medium was calculated by summing up 
the air space and water holding capacity. Dry bulk density 
was calculated using oven-dried mass of the medium divided 
by the container volume.

2.5 � Chemical properties of the growing medium 
formulations

2.5.1 � pH and EC and organic matter content

The pH and EC of biochar, peat and biochar and peat mix-
tures were measured in 1:10 (m/v) ratio with deionized water 
after shaking for 90 min and using an electrical conductivity 
electrode (WTW-LF537, Germany) and a pH meter (Model 
520, Orion, Boston, MA, USA) according to the method 
described in Singh et al. (2017). Triplicates were analyzed 
for each mixture. To measure the organic matter content, 
0.5 g of the oven-dried (105 °C) material was weighed into 
a crucible of a known mass. The sub-sample was kept in the 
muffle furnace at 550 °C for 4 h. The mass loss on reweigh-
ing was taken as an estimate for organic matter content.

2.5.2 � Elemental composition

The total nutrient content and potentially toxic elements 
in the biochar, peat and, biochar–peat mixtures were ana-
lyzed using the modified dry ashing method described in 
Singh et al. (2017). Briefly, finely ground peat and biochar 
samples were oven dried at 105 °C for 24 h. Approxi-
mately 200 mg of sample was weighed into a digestion 
tube, and subsequently heated at 500 °C for 8 h. After 
the samples cooled down to ambient air temperature, the 
mass of the sample contained in the tube was recorded. 
The samples were then digested with 5 ml of concentrated 
(70%) HNO3 (Chem-Lab, Zedelgem, Belgium) and evapo-
rated until dry. After cooling, 1 ml of HNO3 and 4 ml of 
H2O2 (30% VWR chemicals, Belgium) were added and 
evaporated to dryness. Finally, 2 ml of HNO3 was added 
to dissolve the solids. The resulting solution was filtered 
using Whatman No. 41 filter paper and the filtrate was 
diluted to 50 ml with deionized water. The resultant solu-
tions were analyzed using ICP-OES (Varian Vista MPX, 
Varian Palo Alto, California, USA) and ICP-MS (Varian 

Table 1   Composition of growing medium formulation

Treatment Composition (volume basis)

BC100 Biochar-only (100%)
BC75P25 Biochar (75%): peat (25%)
BC50P50 Biochar (50%): peat (50%)
BC25P75 Biochar (25%): peat (75%)
P100 Peat-only (100%)
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Vista-MPX CCD Simultaneous, Varian Inc., Victoria, 
Australia) for K, Ca, Mg, Fe, Al, Mn, P, Cr, Co, Ni, Cu, 
Zn, As, Mo, Cd and Pb. Triplicate sub-samples were ana-
lyzed from each material.

2.6 � Germination assay

To assess the phytotoxicity of the formulated growing 
media, a germination assay was conducted. Briefly, 10 
seeds of three species were used: cress (Lepidium sativum) 
variety Common, lettuce (Lactuca sativa) variety Appia, 
and tomato (Solanum lycopersicum) variety St. Pierre. 
Seeds and media containing petri dishes were maintained 
at 25 °C for 3 days in an incubation chamber. The num-
ber of germinated seeds and shoot and root length of the 
germinated seeds were counted and recorded. The assay 
was applied with 10 replicates (10 seeds per replicate). 
Ratio of shoot length to root length of germinated seeds 
was expressed as germination index. Germination rate was 
calculated using following Eq. 1.

2.7 � Plant growth assay

A plant growth assay was conducted using tomato (Sola-
num lycopersicum) variety St. Pierre inside a laboratory 
growing chamber with controlled daylight for 12 h. The 
experiment was carried out up to four weeks, to assess the 
suitability of the growing medium formulations to support 
early seedling growth. Five replicates per treatment were 
carried out in which 200 cm3 of each pot with a volume of 
275 cm3 were filled. One seedling per pot was maintained 
throughout the plant growth assay. At the end of the four 
weeks after seeding, the number of leaves per seedling was 
recorded. After uprooting the seedlings, the fresh weight 
and lengths of both shoots and roots were measured. Fresh 
seedling samples were dried at 70 °C for 24 h to determine 
the shoot and root dry weights of each seedling.

2.8 � Statistical analysis

Both germination assay and preliminary plant growth 
assay were arranged in a completely randomized design. 
Statistical analyses were performed using Microsoft Excel 
2016 and IBM’s SPSS 22 software packages. Differences 
between the treatments were assessed using Tukey’s post 

(1)
Germination rate(%) = 100 ∗

Number of germinated seeds after 3 days

Total number of seeds sowed
.

hoc test (at a significance level of 0.05) performed after a 
one-way ANOVA (analysis of variance).

3 � Results and discussion

3.1 � Properties of biochar and peat

The results from the basic chemical analysis of biochar and 
peat used in the experiments are shown in Table 2.

The bulk elemental ratio (ultimate analysis) results show 
higher total C content and lower total H and N content in 
biochar compared to peat. Pyrolysis involves the progressive 
elimination of H and O and relative enrichment in C. As the 
relative enrichment in C and depletion in hetero-elements 
like H and O is linked to biochar stability, the H/C ratio 
is widely used as an indicator of biochar stability (Crom-
bie et al. 2013). Although the O/C ratio can fulfill a similar 
function, the O content is rarely determined directly, and 
H/C has been found a more sensitive indicator. Based on the 
molar H/C ratio (0.4 ± 0.02), the stability of biochar used 
in this study was considerably higher than the requirement 
(< 0.70) proposed by the international research community 
(Budai et al. 2013; Schmidt et al. 2016). In contrast, the 
recalcitrance of peat is low relative to the H/C benchmark 
(1.4 ± 0.02). Fixed carbon measured in proximate analysis 
is considered to reflect the content of aromatic moieties in a 
substrate that are not readily mineralized (Leng et al. 2019). 
It is also considered to provide an indication of relative sta-
bility (Crombie et al. 2013). The biochar used in this study 
had a fixed C content of 70 ± 2.43%, indicating higher intrin-
sic stability. The stability of peat is comparatively low. Hav-
ing material with higher stability in growing media could 
increase their resistance towards microbial degradation and 
lower the CO2 emissions upon degradation (Blok et al. 2017; 
Lévesque et al. 2018).

Volatile matter shows the opposite pattern, considered 
to comprise the labile, readily mineralizable fraction of a 
substrate. The ash reflects the inorganic component with 

Table 2   Chemical properties of biochar and peat (means ± standard 
deviation, n = 3). (dwb—dry weight basis)

Property Unit Biochar Peat

Total C content % (dwb) 68.0 ± 2.20 47.6 ± 1.52
Total H content % (dwb) 2.0 ± 0.10 5.4 ± 0.11
Total N content % (dwb) 0.5 ± 0.01 1.3 ± 0.05
C/N ratio mol/mol 157.5 ± 1.65 41.2 ± 2.22
H/C ratio mol/mol 0.4 ± 0.02 1.4 ± 0.02
Ash content % (dwb) 9.0 ± 0.31 4.2 ± 0.02
Volatile matter content % (dwb) 21.0 ± 2.12 70.5 ± 0.80
Fixed carbon content % (dwb) 70.0 ± 2.43 25.3 ± 0.54
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variable elemental composition (Crombie et  al. 2013; 
Antonangelo et al. 2019). The ash includes some nutrient 
elements that can improve plant nutrition, but also poten-
tially phytotoxic elements that inhibit plant growth (Singh 
et al. 2017). The higher ash content in biochar is indica-
tive of a potentially higher nutrient content compared to 
peat (Weber and Quicker 2018). Proximate composition 
of biochar is, therefore, a feedstock-dependent property 
as well as a reflection of pyrolysis conditions (Rathnayake 
et al. 2020b; Reza et al. 2020). Biochar in this study had a 
comparatively lower ash content (9.0 ± 0.31%) compared 
to biochars that are derived from grass or crop residues 
(20–30%) (Vassilev et al. 2010; Weber and Quicker 2018). 
The biochar has a low N content owing to the volatility of 
N under pyrolysis conditions. Consequently, biochar had 
a higher C/N ratio compared to fresh plant biomass and 
also the peat used in this study. Degradable plant residues 
with high C/N ratio can immobilize accessible nitrogen in 
soil, owing to the minimum requirement for N in micro-
bial growth (Carter et al. 2013). Non-degradable C cannot 
result in this effect, but volatile C and chemical N sorption 
by biochar may impact plant N availability (Bhatta et al. 
2016).

3.2 � Growing medium physical properties

Particle size distribution of each substrate formulation used 
in this study is reported in Table 3. Particle size distribution 
affects the bulk density of a growing medium and in turn, 
the particle size of its constituents is relevant. The target 
bulk density for a growing medium depends on the plants to 
be grown, their containers (type and size), growing condi-
tions (i.e., outdoor or indoor), type of irrigation, handling 
requirements, etc. (Barrett et al. 2016). Bulk density, air-
filled porosity, water holding capacity and total porosity 
are shown in Table 4. Reflecting the smaller-sized particles 
provided by biochar, dry bulk density was much higher for 
BC100 (0.28 ± 0.02 g/cm3) than for P100 (0.15 ± 0.02 g/
cm3). The differences in total porosity and air-filled poros-
ity were proportionally similar, but inversely related to those 
of bulk density (total porosity of 49.18 ± 0.18% for BC100 
compared to 84.42 ± 0.59% for P100; air-filled porosity 
4.81 ± 0.43% for BC100 compared to 13.71 ± 0.15% for 
P100). The difference in water holding capacity was pro-
portionally greater: 70.72 ± 0.45% for P100 compared to 
44.38 ± 0.25% for BC100. Particle size distribution (PSD) 
affects bulk density, water holding capacity and porosity of 
the growing medium (Nemati et al. 2015). Coarse particles 
provide air voids, while fine particles are associated with 
moisture retention (Landis et al. 2009). The particle size 
distribution has a huge impact on drainage and penetrabil-
ity of a porous medium and makes up its texture (Blok et al. 
2008). The texture of the medium determines the solute and 
gas flows inside the medium (Blok et al. 2017). The most 
desirable particle size fraction for a containerized grow-
ing medium is between 0.25 mm and 2 mm (Méndez et al. 
2015). In the range of 0.25–2 mm, BC100 and P100 had 
the lowest and the highest amount of particles, respectively. 
Addition of biochar reduced the amount of particles in the 
desirable size fraction. Although the biochar used in this 
study diminished the textural quality of the growing media, 
PSD is an adjustable property of biochar and can be tuned 
to requirements (Sohi et al. 2013).

The effect of increasing the biochar content on mixed 
formulations was not linear with respect to the physi-
cal parameters. This is probably because large pores in 

Table 3   Percentage particle size distribution of growing medium for-
mulations

Particle size 
fraction (mm)

Average weight percentage (%)

BC100 BC75P25 BC50P50 BC25P75 P100

 > 4 0.8 1.2 1.3 0.0 1.6
4–2 6.4 5.2 2.7 5.0 6.5
2–1 18.4 13.3 15.4 16.5 19.4
1–0.5 17.6 19.1 19.5 27.3 29.0
0.5–0.25 17.6 31.8 24.2 27.3 24.2
0.25–0.1 19.2 19.7 22.1 16.5 12.9
0.1–0.075 13.2 8.1 8.7 3.3 2.4
 < 0.075 6.8 1.7 6.0 4.1 4.0

Table 4   Physical properties of 
growing medium formulations 
(mean ± SD, n = 3)

Same letters indicate no significant difference at p < 0.05 level along the columns

Treatment Dry bulk density (g/cm3) Air space (%) Water holding 
capacity (%)

Total porosity (%)

BC100 0.28 ± 0.02a 4.81 ± 0.43d 44.38 ± 0.25e 49.18 ± 0.18e

BC75P25 0.23 ± 0.01ab 6.68 ± 0.22c 48.57 ± 0.36d 55.24 ± 0.58d

BC50P50 0.22 ± 0.01b 12.34 ± 0.25ab 54.26 ± 0.21c 66.60 ± 0.46c

BC25P75 0.18 ± 0.03bc 11.14 ± 0.27b 68.57 ± 0.06b 79.71 ± 0.21b

P100 0.15 ± 0.02c 13.71 ± 0.15a 70.72 ± 0.45a 84.42 ± 0.59a
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which smaller-sized particles of denser biochar can reside 
depend on the abundance of the coarser peat ingredient 
(Wallach 2008). Biochar increased dry bulk density by 
47% in BC50P50 compared to P100, but bulk density of 
BC75P25 was only 53% higher than the P100. Small-sized 
biochar particles located in other pores diminish porosity 
less than replacing peat with biochar. Nieto et al. (2016) 
also observed increase in bulk density after incorporation 
of pruning waste biochar into the growing medium. Air-
filled porosity was 10% lower for BC50P50 compared to 
P100, but 51% lower for BC75P25 because of lower poros-
ity in the basic ingredients. Dumroese et al. (2018) also 
reported a decrease of air-filled porosity with the increase 
of wood biochar content in the medium. However, Nieto 
et al. (2016) observed increase and decrease of air-filled 
porosity in the medium when biochars produced at high 
temperature (500 °C) and produced at low temperature 
(300 °C), respectively. Moreover, that effect was noted 
when biochar content in the medium increased from 50% 
to 75% (v/v).

Effects on water holding capacity depend on pore-size 
distribution and pore connectivity rather than directly on 
particle size (Edeh et al. 2020). Larger pores filled with 
porous small particles still exhibit porosity, but lower 
total pore volume and smaller pore size. Consequently, 
water holding capacity of peat–biochar mixtures decreased 
with higher biochar content, being 3% lower for BC25P75 
than P100, 23% lower for BC50P50, and 31% lower for 
BC75P25. Nieto et al. (2016) observed a decrease of total 
porosity in the medium when biochar incorporated, com-
pared to peat-only control. Also, they observed a slight 
increase of water holding capacity with the increase of 
biochar content in the medium from 50% to 75%. However, 
addition of biochar in both 50% and 75% levels decreased 
the water holding capacity in the medium compared to 
peat-only control.

Méndez et al. (2015) reported an increase of bulk density, 
air-filled porosity, water holding capacity and total porosity 
by 88%, 30%, 20% and 21%, respectively, after addition of 
50% (volume basis) deinking sludge biochar into a peat-
based growing medium. On the other hand, Tian et al. (2012) 
observed an increase in bulk density and water holding 
capacity by 23% and 1% and a decrease of total porosity and 
air-filled porosity by 15% and 41%, respectively, after addi-
tion of 50% of green waste biochar into peat-based growing 
media. According to Méndez et al. (2015), the most desir-
able values for water holding capacity, air-filled porosity and 
total porosity are 60–100%, 10–30% and 50–80%, respec-
tively. BC25P75, BC50P50 and P100 treatments in our study 
are in the optimum range for air-filled porosity. Only P100 
and BC25P75 are in the optimum range of the water holding 
capacity. Except BC100, all the other treatments are in the 

optimum range for the total porosity. BC25P75 and P100 fall 
within the optimum range for all these parameters.

3.3 � Growing medium chemical properties

The initial pH, EC and organic matter content of the sub-
strate formulations are listed in Table 5. P100 had relatively 
higher organic matter (OM) content than the BC100. Thus, 
OM content in growing medium increases with the peat 
content. As peat is made of accumulated organic materials, 
peat has higher organic matter content (94–99%) (Girkin 
et al. 2019). Even though biochar had a higher total car-
bon content and fixed carbon content than peat used in this 
study, lower organic matter content compared to peat was 
observed. Additionally, the biochar used in this study had 
a higher ash content than the peat as well. The apparent 
contradiction in organic matter content and carbon content 
may be due to the difference in chemical composition of the 
organic matter in peat and biochar. During pyrolysis, most 
of the organic materials present in the feedstock convert into 
chemically more aromatic forms (thus more C rich, while 
lower in H and O content compared to the feedstock). Thus, 
biochar could have higher carbon content and fixed carbon 
contents. Having higher organic matter content in a growing 
medium is essential for improving water holding capacity 
and nutrient retention (van der Wal and de Boer 2017).

Typical growing media exhibit pH in the range of 
5.5–6.5, and exhibit EC less than of 1 mS/cm (Blok et al. 
2008; Barrett et  al. 2016). Addition of biochar to the 
medium increased the alkalinity of the medium and only 
P100 and BC25P75 fell within the optimum pH range for 
growing media. The alkalinity of biochar depends largely 
on the amount and composition of its ash, which is in 
turn is a function of the feedstock material and the extent 
of mass reduction during pyrolysis, particularly affected 
by temperature (Dumroese et al. 2011). The presence of 
excessive salts is liable to damage seed germination and 
early stage growth through an increase in osmotic pressure 
(Mumme et al. 2018). On the other hand, plant uptake 
of key nutrients is pH sensitive and liming agents are 

Table 5   pH, electrical conductivity (EC) and organic matter (OM) 
content of growing medium formulations (mean ± SD, n = 3)

Same letters indicate no significant difference at p < 0.05 level along 
the columns

Treatment pH EC (mS/cm) OM (%)

BC100 9.9 ± 0.1a 0.4 ± 0.11a 93.3 ± 1.54a

BC75P25 9.5 ± 0.0a 0.3 ± 0.13a 93.6 ± 2.89a

BC50P50 7.1 ± 0.2b 0.2 ± 0.01a 94.7 ± 2.65a

BC25P75 5.9 ± 1.2b 0.2 ± 0.03a 95.9 ± 3.31a

P100 5.6 ± 0.5b 0.2 ± 0.02a 97.9 ± 1.36a
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typically required to raise the pH of peat-based growing 
media to optimal levels. Alkaline biochar has a potential to 
mitigate the requirement for liming materials and mitigate 
the typical downward drift of pH that occurs in the grow-
ing media over time (Kern et al. 2017). In short, the bal-
ance in content of nutrient elements versus nutrient- and 
non-nutrient saline and/or alkaline elements will deter-
mine the benefits of including biochar in growing media. 
Optima may be hard to achieve without flexibility in feed-
stock and processing options (Margenot et al. 2018).

In previous work, Blok et al. (2017) advised that bio-
char with high nutrient content could result in salinity and 
alkalinity issues in growing media and feedstock with lower 
nutrient content should be preferred and used for pH adjust-
ment in growing media containing acidic peat. Other studies 
have already reported the potential for biochar to increase 
the pH and EC of the medium (Steiner and Harttung 2014; 
Nieto et al. 2016). Biochar had significantly higher macro- 
and micronutrient content compared to peat (Table 6). The 
macro- and micronutrient content of the growing medium 
increased with biochar content. Proper plant growth 
depends on the correct balance of available plant nutrients 
in the growing medium to avoid deficiencies while avoid-
ing toxicity or antagonistic effects. The ratio of macro- and 
micronutrients in biochar is entirely dependent on the ash 
composition of the biomass feedstock, their concentration 
and biochar alkalinity (relative to peat) affects their avail-
ability to plants (Blok et al. 2017; Antonangelo et al. 2019). 
The results in Table 6 show the initial nutrient content of 
the growing medium formulations, which is relevant to 
early stage plant growth. Such potentially positive effects 

on macro- and micronutrient content resulting from mixing 
biochar and peat were also previously reported by Gaskin 
et al., (2008).

Elemental analysis does not confirm increased nutrient 
availability, however, since this is affected by pH and the 
effects of physical properties on the availability of water in 
the medium. Although BC100 had the highest initial nutrient 
content of the tested media, a combination of sub-optimal 
EC, pH and PSD were liable to affect its potential benefits to 
plant growth as shown in previous studies (Nieto et al. 2016; 
Margenot et al. 2018). Since the elemental ratios in ash are 
fixed and the concentration of ash increases during pyrolysis, 
the possibility for toxicity to disturb or restrict metabolic 
functions must be considered (Hoover 2018). In this study, 
neither peat nor biochar displayed concentrations of poten-
tially toxic elements (PTEs) in excess of those proposed by 
IBI or EBC (Budai et al. 2013; Schmidt et al. 2016). The 
biochar had higher concentrations of Cr and Zn compared 
to peat (Table 7).

3.4 � Seed germination

Results of the germination assay are shown in Fig. 1. Ger-
mination assays can be used to evaluate the phytotoxicity 
of the growing medium formulations. Cress, lettuce and 
tomato seeds are used in most of the past studies due to 
their higher growth response and sensitivity to phytotoxic 
substances. Both promotion and inhibition of seed germina-
tion after mixing with biochar were observed by other stud-
ies (Margenot et al. 2018; Mumme et al. 2018; Rathnayake 
et al. 2021). In our study, for lettuce, germination rate was 

Table 6   Initial micronutrient and macronutrient concentrations (mg/kg) for each growing medium formulation (mean ± SD, n = 3) 

Same letters indicate no significant difference at p < 0.05 level along the columns

Treatment Mg P K Ca Fe Mn Cu Zn

BC100 1364.7 ± 137.5a 673.2 ± 101.7a 2193.1 ± 284.6bc 12,995.3 ± 1805.9a 500.6 ± 11.3a 56.6 ± 6.8a 3.9 ± 0.5a 43.9 ± 2.4ab

BC75 1342.4 ± 82.1a 651.1 ± 51.4a 2704.2 ± 52.2a 14,207.4 ± 329.8a 459.9 ± 32.3a 54.9 ± 3.2a 5.1 ± 0.6a 42.1 ± 1.4b

BC50 1398.7 ± 72.2a 614.8 ± 30.7a 2570.4 ± 76.8ab 12,041.3 ± 242.5a 441.1 ± 77.6a 50.6 ± 2.7a 4.2 ± 0.2a 47.9 ± 1.4a

BC25 1051.6 ± 48.4b 318.9 ± 16.3b 1888.1 ± 30.9c 7341.1 ± 227.5b 296.4 ± 34.1b 29.7 ± 0.1b 4.3 ± 0.7a 30.4 ± 1.2c

P100 685.2 ± 3.6c 106.7 ± 1.6c 192.2 ± 2.6d 3225.1 ± 6.5c 325.5 ± 19.7b 11.1 ± 0.3c 4.9 ± 0.1a 28.7 ± 0.5c

Table 7   Potentially toxic element concentrations (mg/kg) for each growing medium formulation (mean ± SD, n = 3)

Same letters indicate no significant difference at p < 0.05 level along the columns

Treatment Al Cr Co Ni As Mo Cd Pb

BC100 211.8 ± 27.3b 3.9 ± 0.3a 0.3 ± 0.0a 1.9 ± 0.1bc 0.4 ± 0.1a 0.5 ± 0.0b 0.02 ± 0.0b 2.7 ± 0.4a

BC75 291.8 ± 43.4ab 3.1 ± 0.3ab 0.3 ± 0.0a 3.6 ± 1.1a 0.3 ± 0.1a 0.7 ± 0.1a 0.02 ± 0.0b 2.5 ± 0.1a

BC50 363.7 ± 84.7a 3.2 ± 0.6ab 0.3 ± 0.1a 2.4 ± 0.3ab 0.3 ± 0.0a 0.6 ± 0.1ab 0.03 ± 0.0b 2.9 ± 0.1a

BC25 272.2 ± 27.6ab 2.2 ± 0.3b 0.2 ± 0.0b 1.8 ± 0.2bc 0.3 ± 0.0a 0.3 ± 0.0c 0.03 ± 0.0b 1.8 ± 0.4b

P100 364.3 ± 19.6a 0.9 ± 0.2c 0.1 ± 0.0b 0.9 ± 0.1c 0.3 ± 0.0a 0.2 ± 0.0c 0.09 ± 0.0a 2.6 ± 0.01a
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6% higher in BC75P25 and BC25P75 treatments compared 
to P100. BC50P50 and BC100 had the highest germination 
rate (19% and 13% increase, respectively) for lettuce com-
pared to other treatments. For tomato, BC50P50 exhibited 
17% higher germination rate compared to peat while B100 
revealed 7% reduction of germination rate. However, cress, 
tomato and lettuce seeds did not show any significant differ-
ence in germination rate among the treatments. Higher vola-
tile matter content, higher ash content, and higher alkalin-
ity in biochar could adversely impact seed germination due 
to the salt stress and disruption of cell metabolic pathways 
(Torbaghan 2012; Pavel et al. 2013; Dalias et al. 2018; Intani 
et al. 2019). Furthermore, phytotoxicity of biochar could 
arise from volatile organic compounds associated with the 
biochar arising from post-handling, etc. (Buss and Mašek 
2014). Finally, metal stress imposed by potentially toxic ele-
ments could contribute to the inhibition of seed germination 
which depends on the seed structure (seed coating, etc.) and 
plant species (Munzuroglu and Geckil 2002).

Shoot and root lengths of the germinated seeds were 
significantly different among plant species and treatments. 
For cress, BC50P50 and BC75P25 showed 19% and 10% 
increment in shoot length compared to P100. However, 
BC100 and BC25P75 showed 40% and 23% reduction in 
shoot length compared to P100. Lettuce shoot length was 
7% lower for BC25P75 compared to P100. On the other 

hand, all the other treatments exhibited an increase of the 
shoot length in germinated lettuce seeds (71%, 58% and 
67% in BC50P50, BC75P25 and BC100, respectively). 
For tomato, BC75P25 and BC50P50 treatments had high-
est shoot lengths in germinated seeds compared to P100 
(240% and 258% increase in BC75P25 and BC50P50, 
respectively). Root length is a key indicator for the initial 
establishment phase of seedlings in growing media (Lan-
dis et al. 2009; Ferlito et al. 2020). Root lengths of the 
germinated seeds were significantly higher in BC50P50 
treatment compared to P100. This was 69%, 121% and 
146% increase in cress, lettuce and tomato seeds, respec-
tively. This may be due to the combined effect of P con-
tent and physico-chemical properties in BC75P25 and 
BC50P50 treatments compared to P100 and B25P75 treat-
ments. Even though, BC100 had the highest P content, 
the overall effect on root elongation could be negative 
from the poor physical properties in the medium due to 
the low porosity (Table 4). The germination index was 
also higher for BC100 than for P100 or any of the for-
mulated mixes. There is a variation in germination index 
across the media, with greater shoot length in BC75P25 
and BC50P50. Shoot length increased for lettuce seeds 
when biochar content exceeded 25%. Several studies have 
reported the positive effects of biochar on seed germina-
tion (Gravel et al. 2013; Hoover 2018). However, soluble 

Fig. 1   Shoot length, root length, shoot to root length ratio and germination rate of germinated seeds of cress, lettuce and tomato (mean ± SD, 
n = 100). Same letters indicate no significant difference at p < 0.05 level
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phytotoxic compounds have previously been considered 
implicated in inhibited germination and root and shoot 
growth of germinated seeds (Buss and Mašek 2014).

3.5 � Preliminary plant growth

Growth of tomato plants over 4 weeks was greater for the 
peat–biochar formulations than for P100, but P100 per-
formed better than BC100 (Table 8). Number of leaves 
was 25% higher in BC25P75 and 25% lower in B100 com-
pared to P100. In terms of shoot length, only BC25P75 and 
BC50P50 showed an increase of shoot length (19% and 25% 
in BC25P75 and BC50P50, respectively). Shoot length was 
14% and 43% lower compared to P100 in BC75P25 and 
BC100, respectively. BC25P75, BC50P50 and BC75P25 
showed 46%, 47% and 26% gain in root length compared 
to P100. Tomato can resist higher proportions of biochar in 
the medium due to its resistivity towards salinity (Dumroese 
et al. 2018). However, BC100 showed 33% lower root length 
compared to P100. This may be due to the poor physico-
chemical properties in BC100 (Table 4). Shoot dry weight 
was increased by 44% in BC25P75 and BC50P50 compared 
to P100. On the other hand, BC75P25 and B100 showed 18% 
and 61% reduction in root dry weight compared to P100. 
Based on shoot and root lengths, BC50P50 and BC25P75 
showed the best performance. This result was reflected in 
shoot and root dry weight which was higher for BC50P50 
and BC25P75 compared to all other media formulations. 
This may be due to the favorable physical properties such as 
air-filled porosity and water holding capacities in BC25P75 
and BC50P50 compared to other treatments.

The adverse effect of using only biochar has been previ-
ously reported (Nieto et al. 2016). The harvested seedlings 
were not chemically analyzed to assess nutrient uptake and 
the pH and EC of the media at the end of the assay. Based on 
the other analyses conducted (pH, EC, elemental composi-
tion and germination assay), it may be inferred that the nutri-
ent status, pH and EC were positively affected by biochar in 
the formulated mixes. Although Table 4 highlights potential 
for negative effects arising from the physical/structural prop-
erties of biochar, these may not have been accentuated under 

the controlled conditions of the study. In formulations where 
biochar was in a high proportion of a growing medium, these 
negative effects may have become more apparent (Dumroese 
et al. 2011).

4 � Conclusions

This study assessed the potential of VCZ biochar produced 
from sawmill residue to replace peat use in horticulture. The 
partial replacement of biochar in peat increased tomato plant 
growth compared to pure peat and pure biochar as growing 
media, as well as germination of tomato, lettuce, and cress 
seeds. At higher biochar contents in biochar–peat media, 
air-filled porosity and water holding capacity of the medium 
decreased though not beyond the optimum range for the 
growing media. The effects of biochar at contents of 25% 
and 50% by volume were positive in terms of macronutrients 
and not negative concerning pH or EC when compared to 
peat. These effects outweighed potentially adverse effects 
on physical properties, at least under the controlled moisture 
conditions used in this study. The foundation laid by this 
study can help in consecutive investigation of the use of 
VCZ biochar in horticultural growing media for optimizing 
plant growth under different agronomic conditions.

Acknowledgments  The authors gratefully thank all reviewers for 
their comments and suggestions in improving the manuscript. Also, 
the authors would like to thank BSW ltd. for providing the sawmill 
co-products used in this study.

 Funding  The study reported here received financial support from the 
European Union Horizon 2020 Research and Innovative Training Net-
work program under the Marie Sklodowska-Curie grant agreement No 
721991. In the UK, H. Creber received financial support from the E4 
Doctoral Training Partnership of the Natural Environment Research 
Council and from Forest Research.

 Data availability  All data generated or analyzed during this study are 
included in this article.

Table 8   Plant growth 
parameters obtained through 
preliminary plant growth assay 
with tomato (mean ± SD, n = 5) 

Same letters indicate no significant difference at p < 0.05 level

Treatment No. of leaves Shoot length (cm) Root length (cm) Shoot dry 
weight (mg) 
d.b

Root dry 
weight (mg) 
d.b

BC100 3.0 ± 1.00a 4.6 ± 0.50c 5.1 ± 1.40b 7.7 ± 2.01c 2.8 ± 0.90b

BC75P25 4.0 ± 0.00a 6.9 ± 1.00b 9.6 ± 1.21a 28.4 ± 7.91bc 5.9 ± 0.91ab

BC50P50 4.0 ± 1.00a 10.0 ± 0.90a 11.2 ± 0.90a 81.0 ± 12.50a 10.3 ± 1.30a

BC25P75 4.0 ± 1.00a 9.5 ± 1.10a 11.1 ± 2.01a 73.3 ± 21.12a 10.4 ± 4.41a

P100 4.0 ± 0.00a 8.0 ± 0.71ab 7.6 ± 1.50ab 58.0 ± 7.71ab 7.2 ± 2.10ab
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