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Abstract: Increasing environmental and economic concerns necessitate the research for peat moss
alternatives, aiming to balance ecological sustainability with cost-effectiveness. This study assessed
whether biochar (BC) and hydrafiber (HF) could be a partial replacement for peat moss as substrate
components. Twelve substrates were formulated by either mixing BC (20%, 40%, and 60%, by vol.)
with HF (20%, 40%, and 60%, by vol.), with the remaining being peat moss or mixing BC (0%, 20%,
40%, and 60%, by vol.) with the commercial substrates (CS) to grow zinnia (Zinnia elegans) and
snapdragon (Antirrhinum majus) plants in containers. The physical properties of the substrates,
including container capacity, total porosity, air space, bulk density, and chemical properties including
leachate pH and electrical conductivity (EC) were measured. Plant growth parameters including
growth index (GI) and leaf greenness (indicated with SPAD), biomass, and number of flowers were
measured biweekly. The results showed all the substrate mixes had similar air space, bulk density,
and SPAD. Treatment with 20% BC and 80% CS yielded the highest GI, biomass, and numbers of
flowers in both zinnia and snapdragon. In conclusion, BC could be used to partially (20%) replace
commercial substrate mix for container-grown zinnia and snapdragon.

Keywords: container; growth index; physical properties; chemical properties; growing media;
floriculture

1. Introduction

The escalating environmental and economic concerns about peat moss have under-
scored the urgency of identifying viable alternatives for container substrate. The global
production of peat moss reached a total of 2.89 million tons in 2020 [1]. In the United States,
peat moss accounts for more than 80% usage of growing media in horticulture [1]. Peat
moss has excellent chemical and physical properties for plant growth and development,
such as high water-holding capacity, high cation exchange capacity, high air space, and
light weight [2-4]. However, while having beneficial properties, peat moss faces issues
with rewetting and nutrient leaching due to its hydrophobicity [5]. In addition, the exten-
sive exploitation of peatlands for farming and agricultural purposes has raised significant
environmental concerns [3,4]. Peatlands are crucial reservoirs of terrestrial carbon and play
a pivotal role in the global carbon cycle [5-7]. Peatland disturbance not only interferes
with its function as a vital carbon pool but also poses a risk of wild animal extinction, as
many of these animals rely on the peatland ecosystem [6,7]. Furthermore, the increasing
costs associated with peat extraction and its sustainability issues, given the slow rate at
which peat regenerates, have prompted a re-evaluation of its widespread use [5,8]. As such,
researchers have been exploring peat moss alternatives for the past several decades [5,9,10].

Biochar (BC) is rich in carbon and made of a variety of renewable feedstocks such as
green wastes, coconut coir, rice hull, and wood bark that undergoes pyrolysis at 400 °C
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to 1200 °C with absent or limited oxygen [3,4,10]. Recent research has highlighted the
potential of BC as a cost-effective and environmentally friendly option for container plant
production. The raw materials of BC can be made from local industries and farms, which
reduces the costs of transportation [4]. Substituting peat moss with BC could reduce
peat moss harvesting, and protect the peatland ecosystem [3]. Biochar provides many
advantages, including enhancing plant nutrient uptake and water use efficiency and
mitigating nutrient leaching [5,8,11-13]. The formation of micropores and increased surface
area enhance substrate container capacity [12,14,15]. Biochar with high cation exchange
capacity (CEC), higher specific surface area, and rich micropores could decrease loss of
nutrients such as NO;~, NH;*, and K*, which are essential nutrients for plant growth,
thereby potentially improving nutrient use efficiency [5,12,16]. For instance, the exponential
nitrate release curve showed that substrate with 10% BC had less nitrate leach than 5% and
0% BC, indicating more nitrate retention in the sphagnum peat moss and perlite (85:15 v/v)
glass column over time [16].

The optimal incorporation of BC into soil significantly enhances plant growth and
physiological functions, but exceeding certain thresholds can inversely affect plant devel-
opment. For instance, incorporating oak-derived hardwood BC, at 10% and 25% (v/v by
vol.) enhanced growth, biomass, root length, and flowering in pansy (Viola cornuta), while
adding 50% decreased plant growth and flowering [17]. Similarly, beach roses (Rosa rugosa)
grown in 25% (v/v by vol.) conifer wood BC mixes had water use efficiency, numbers
of flowers and SPAD value, rate of photosynthesis, and total pigment content (including
chlorophyll and carotenoids) comparable with those in 100% peat moss substrates, whereas
higher concentrations resulted in reduction of plant growth and pigment levels [18]. Fur-
thermore, 60% BC and 15% vermicompost mixes had the highest total dry weight and
growth index for basil (Ocimum basilicum) and tomato plants (Solanum lycopersicum), yet
80% BC mixes had lower total dry weight and growth indexes for tomato plants [19].

Hydrafiber (HF) has emerged as an innovative wood- and bark-based fiber product
and presents potential as another peat moss alternative [20]. Hydrafiber is made through
a specialized process that refines wood pulp into long, thin fibers using mechanical and
thermal techniques, resulting in a porous, durable material ideal for horticulture [20].
Those unique features are proposed by the manufacturer to reduce overwatering issues,
thus having the potential to partially substitute peat [14,15]. The mix of HF and peat
(40:60 by vol.) reduced biomass by up to 50% and 45% for containerized tomato (Solanum
lycopersicum) and chrysanthemum (Chrysanthemum morifolium), respectively, compared to a
bark and peat mix [9].

Although very few studies have explored HF effects on plant growth, studies have
evaluated wood fiber that shares similar bulk density, higher air space and pH, and better
drainage but lower water-holding capacity than HF [8-10]. Petunia (Petunia hybrida) grown
in 20% wood fiber mixes had similar growth compared to the control (those in commercial
mixes) while adding 50% wood fiber reduced flower numbers [21]. Moreover, incorporating
40% wood fiber adversely impacted the micro- and macro-nutrient levels in the leaves
and inhibited the growth of geranium (Interspecific geraniums), while adding 20% wood
fiber into peat moss increased the number of flowers [22]. Similarly, the Supertunia Vista
Bubblegum petunia (Petunia hybrida) grown in 30% wood fiber combined with peat moss
substrate had higher leaf SPAD values but fewer flowers, and smaller plants compared
with those in the peat moss mixes [23].

Most researchers have tested the effects of BC or HF on plant growth separately.
The co-effects of BC and HF have not been studied much yet. Thus, the objective of this
research was to (1) compare the BC and HF as a container substrate component; and
(2) investigate the co-effects of BC and HF mixture as container substrate components for
zinnia and snapdragon.
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2. Materials and Methods
2.1. Plant Materials and Substrate Treatments

Snapdragon (Antirrhinum majus, Madame Butterfly Cherry Bronze F1, hybrid Snap-
dragon) and Zinnia (Zinnia elegans, Giant Dahlia Flowered Orange) seeds (Johnny’s Selected
Seeds, Winslow, ME, USA) were sown in 128-cell propagation trays (cell depth: 5.72 cm;
cell top length and width: 53.98 cm and 28.58 cm; volume: 25.07 cm®) on 21 February
2023, with propagation media (Pro-Mix FPX Bio-fungicide media, Quakertown, PA, USA).
Uniform zinnia and snapdragon seedlings were transplanted into 6-inch (15.24 cm) azalea
pots (depth: 10.8 cm; top diameter: 15.5 cm; bottom diameter: 11.3 cm; volume: 1330 mL)
on 9 March 2023, after two true leaves emerged. Plants were fertilized every week with
400 mL of 240 mg L~! water-soluble fertilizer 20 mg L™!' N, 8.6 mgL~! P, and 16.6 mg L'
K; Plantex Master Plant (Prod Inc., Leipsic, OH, USA)). Each substrate was irrigated at the
same scheduled time and with the same amount of greenhouse tap water (pH at 6.56, and
EC at 20.0 mS m~!) with 10-20% leaching rate and maintained at a greenhouse located at
the University of Georgia, Griffin, Georgia. The average humidity and temperature during
the experiment were 61% and 26.1 °C, respectively.

Twelve substrates were formulated by either mixing BC (20%, 40%, or 60%, by vol.)
with HF (20%, 40%, or 60%, by vol.), with the remaining being peat moss (P) or mixing BC
(0%, 20%, 40%, and 60%, by vol.) with the commercial substrate (CS). The twelve treatments
were T1 (20BC:20HF:60P), T2 (40BC:20HF:40P), T3 (60BC:20HF:20P), T4 (20BC:40HF:40P),
T5 (40BC:40HF:20P), T6 (60BC:40HF), T7 (20BC:60HF:20P), T8 (40BC:60HF), T9 (20BC:80CS),
T10 (40BC:60CS), T11 (60BC:40CS), and T12 (100CS, the control, Figure 1). Substrate mix
components used in the study included the mixed hardwood BC (Proton Power, Inc.,
Lenoir City, TN, USA), HF (HF Ultra 160WB from HF Advanced Substrate, Buffalo Grove,
IL, USA), P (Peat: THE GOLD Canadian Sphagnum Peat Moss by Fertilome, Worth, TX,
USA), and CS (Jolly Gardener Pro-line C/25 Growing Mix, Oldcastle Lawn & Garden Inc.
Atlanta, Georgia, USA). The BC was made from fast pyrolysis with a pH of 10.6 and EC
of 1010 mS m~! [24]. The pH of HE P, and CS was 4.89, 5.00, and 5.72, respectively, and
EC was 112mS m~ !, 179 mS m~!, and 2383 mS m ™}, respectively, measured with the
pour-through methods [25]. The CS was used as the control and consisted of 55% aged
pine bark and the remaining 45% was composed of Canadian sphagnum peat moss, perlite,
and vermiculite.
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7,

I

NN

TL T2 T3 T4 T5 T6 T7 T8 T9 T10 T1l TI12
Treatments

Figure 1. Twelve substrates used in this study with different ratio in biochar (BC), hydrafiber
(HF), peat moss (P), and commercial substrate mix (CS), by vol. Treatment 1 (20BC:20HF:60P), T2
(40BC:20HF:40P), T3 (60BC:20HF:20P), T4 (20BC:40HF:40P), T5 (40BC:40HF:20P), T6 (60BC:40HF), T7
(20BC:60HF:20P), T8 (40BC:60HF), T9 (20BC:80CS), T10 (40BC:60CS), T11 (60BC:40CS), T12 (100CS,
control). Chemical properties of BC: pH at 10.6 and EC at 1010 mS m~!. Chemical properties of HF:
pH was 4.89 and EC was 112 mS m~ L. Chemical properties of P: pH was 5.0 and EC was 179 mS m~ L.
Chemical properties of CS: pH was 5.72, EC was 2383 mS m™!.
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2.2. Physical and Chemical Properties of the Substrates

Three replicates of the 12 substrate mixes were included to determine physical prop-
erties including the container capacity, air space, total porosity, and bulk density. The
physical properties of substrates were measured by using the North Carolina State Uni-
versity Horticultural Substrates Laboratory porometers [26]. The pH and EC of substrates
were measured using the pour-through method with a pH/EC meter (HI 98129, Hanna
Instruments, Woonsocket, RI, USA) biweekly starting at 2 weeks after transplanting (WAT).
Substrate particle size distribution was determined by passing 100 g of the substrate
through 8.0, 4.0, 2.0, 1.0, 0.50, and 0.25 mm soil sieves. Weight was measured to determine
the percentage of each particle size.

2.3. Plant Growth and Development

Height and two perpendicular widths were recorded biweekly starting at 0 WAT. The
growth index (GI) was calculated using the formula: GI = height/2 + (widthl + width
2/4) [27]. Leaves’ greenness (SPAD) was recorded by averaging SPAD from three mature
leaves of each plant with a chlorophyll meter (SPAD-502 Minolta Camera Co., Osaka, Japan)
biweekly starting at 2 WAT for zinnia and 4 WAT for snapdragon, respectively. When the
plants started flowering, the numbers of flowers, flower buds, and flower sizes (measuring
two perpendicular flower widths) were recorded biweekly. Plants’ dry weights (DW) were
determined at the end of 8 WAT for zinnia plants and 10 WAT for snapdragon plants by
placing the shoots into the air-forced dry oven for 48 h.

2.4. Experimental Design and Statistical Analysis

The experiment was conducted in a randomized complete block design (RCBD) with
12 blocks. Each block contained all 12 treatments. The treatments with 6 replicants were
randomly assigned to pots within each block. One-way analysis of variance (ANOVA)
was used to test the effects of substrate mix on physical and chemical properties, plant
growth, and development. Data were analyzed using R (R.3.5.2, The R Foundation, Vienna,
Austria), and RStudio (R 1.1.463, Boston, MA, USA). When the main effect was significant,
Tukey’s honestly significant difference (HSD) test or Dunnett’s test was used to determine
the differences among treatments (p < 0.05).

3. Results
3.1. Physical and Chemical Properties of the Substrates

Among all the mixes, T12 (100CS) had the highest percentages (58.5%) of particles in
the coarse-sized fraction (>2 mm) and the lowest percentages (5.5%) of particles in the fine-
sized fraction (<0.25 mm) (Table 1). In contrast, T7 (20BC:60HF:20P) had the lowest amount
of coarse particles (>2 mm) at 36.5%. T7 (20BC:60HF:20P) had the highest percentage of
particles in the fine-sized fraction at 16.5% (Table 1).

Table 1. Percentage of particle size of substrates mixes containing biochar (BC), hydrafiber (HF), peat
(P), and commercial substrate (CS) with 4 standard deviation (n = 3).

Size Fraction (%)

Substrate
<0.25 mm 0.25-0.5 mm 0.5-1 mm 1-2 mm >2 mm

1-20BC:20HF:60P 132 + 1.2 abc 2 122 +2.1ab 16.0 = 0.2 ab 169 +1.0ab 41.8 1.9 def
2-40BC:20HF:40P 14.7 £ 2.0ab 11.7+ 14 ab 15.8 = 0.8 ab 177 03 a 40.1 & 3.7 def
3-60BC:20HF:20P 11.8 = 2.1 bc 9.6 &= 1.0 bed 14.0 + 0.7 bed 177+ 00a 469 £+ 3.8 cd
4-20BC:40HF:40P 14.0 £ 0.9 abc 11.0 £ 0.4 abc 14.3 £ 0.5 bc 16.4 £+ 0.5 abc 443 + 2.0 cde
5-40BC:40HF:20P 162+ 1.3 ab 119+ 0.5ab 154+ 04 ab 1754+ 0.7 a 39.0+14ef

6-60BC:40HF 10.0 £ 1.3 cd 8.7+ 0.7 cd 13.0 = 0.7 cd 178 £05a 50.6 = 3.0 bc
7-20BC:60HF:20P 165+ 28a 1294+ 0.7 a 164+ 08a 177+ 14a 36.5+23f

8-40BC:60HF 152+ 15ab 12.0 + 0.8 ab 15.2 4+ 0.1 ab 171+ 09 ab 40.5 4+ 1.4 def

9-20BC:80CS 6.3+ 1.1de 8.5+ 0.7 cd 125+ 0.7 cd 147 £ 03¢ 58.0 £ 2.9 ab
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Table 1. Cont.

Size Fraction (%)

Substrate
<0.25 mm 0.25-0.5 mm 0.5-1 mm 1-2 mm >2 mm
10-40BC:60CS 12.8 4+ 0.8 abc 126 =08 a 154+ 0.7 ab 15.4 + 0.4 be 43.8 4+ 2.6 cdef
11-60BC:40CS 6.7 +£ 0.7 de 754+1.0d 121 +13d 172 + 0.2 ab 56.5 + 3.3 ab
12-100CS 55+07e 8.7 £ 0.8 cd 12.8 = 0.5 cd 1454+02c 585+ 19a

Z Means within a column followed by the same letter were not significantly different according to Tukey-Kramer’s
HSD test at p < 0.05.

There was no significant difference in the air space and bulk density among all the
treatments (Table 2). Container capacity and total porosity of T4 (20BC:40HF:40P), T5
(40BC:40HF:20P), and T7 (20BC:60HF:20P) were significantly higher than those of the
control. T4 (20BC:40HF:40P) had the highest significantly different container capacity and
total porosity among all the treatments, while T11 (60BC:40CS) had the significantly lowest
container capacity and total porosity among all the treatments (Table 2).

Table 2. Container capacity, air space, total porosity, and bulk density of biochar (BC), hydrafiber
(HF), peat (P), and commercial substrate (CS) mixes (by vol. three replications) + standard deviation.

Substrate Container Capacity (%) Air Space (%) Total Porosity (%) Bulk Density (g cm—3)
20BC:20HF:60P 56.89 + 1.8 abc Z 458 +£2.1 61.47 + 3.2 abc 0.16 £ 0.05
40BC:20HF:40P 57.25 + 1.3 abc 5.06 £0.8 62.31 + 2.1 abc 0.13 £ 0.00
60BC:20HF:20P 56.18 + 3.7 bc 839 £37 64.57 + 2.1 abc 0.14 £ 0.09
20BC:40HF:40P 68.11 £09a 9.83 £41 7795 +32a 0.12 £ 0.00
40BC:40HF:20P 60.38 = 1.7 ab 1335 £ 1.7 73.73 £25ab 0.11 £ 0.00

60BC:40HF 47.05+£1.8cd 11.09 £5.2 58.14 + 4.3 bc 0.11 £0.01
20BC:60HF:20P 6197 £ 1.7 ab 11.57 £ 1.5 73.54 £ 0.4 ab 0.10 £ 0.00
40BC:60HF 51.75 + 1.0 bed 13.79 £ 6.9 65.53 + 7.6 abc 0.12 £0.01

20BC:80CS 4436 £5.6d 9.01£05 5337 £6.0c 0.15 £ 0.00

40BC:60CS 53.56 & 1.2 bed 598 £1.2 59.53 £ 1.5bc 0.18 £ 0.00

60BC:40CS 3055+31e 578 +14 3634 +27d 0.12 £0.01

100CS 4717 £1.7 cd 6.03 £0.5 5319 £1.1c 0.16 £ 0.01

Z Means within a column followed by the same difference were not significantly different according to Tukey—
Kramer’s HSD test at p < 0.05 test.

For zinnia plants at 8 WAT, T1 (20BC:20HF:60P) and T4 (20BC:40HF:40P) had sig-
nificantly lower pH than the control, with T4 being the lowest (5.27). In contrast, T6
(60BC:40HF), T8 (40BC:60HF), T10 (40BC:60CS), and T11 (60BC:40CS) had significantly
higher pH (6.67, 6.64, 6.29, and 6.67, respectively) than the control (5.86), with T6 and T11
being the highest (Figure 2a).

For snapdragon plants at 10 WAT, T1 (20BC:20HF:60P) had the lowest pH (5.33).
whereas T6 (60BC:40HF) had the highest (6.70). Moreover, the pH values of T6 (60BC:40HF),
T8 (40BC:60HF), and T10 (40BC:60CS) were 6.67, 6.64, and 6.29, respectively, and were
significantly higher than that of the control (T12, 5.86) at 10 WAT (Figure 2b).

At 2 WAT, all the treatments had significantly lower or similar EC to the control except
T9 (20BC:80CS) for both zinnia and snapdragon (Figure 3a,b). At 4 WAT, all the treatments
had similar EC, except for T6 (60BC:40HF, zinnia), which had significantly higher EC
(334 mS m~!) than the control (148 mS m™1). At 6 WAT, there was no significant difference
in EC among all the treatments for either plant. At 8 WAT, EC values of T7 (20BC:60HF:20P)
and T8 (40BC:60HF) were significantly higher than those of other treatments in zinnia
448.0 mS m~! and 752.0 mS m~!, respectively), and EC values of T1 (20BC:20HF:60P),
T2 (40BC:20HF:40P), and T6 (60BC:40HF) were significantly higher than those of other
treatments in snapdragon (577.0 mS m~! 4683 mSm~!, and 357.3 mSm !, respectively).
At 10 WAT, only T1 (20BC:20HF:60P) had significantly higher EC substrate values than the
other 11 substrates (607.5 mS m™1).
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Figure 2. Substrates” pH (mean =+ standard error) in leachates of containers of zinnia (a) and
snapdragon (b) at 2, 4, 6, 8, 10 (snapdragon only) weeks after transplanting (WAT), respectively.
Treatment 1 (20BC:20HF:60P), T2 (40BC:20HF:40P), T3 (60BC:20HF:20P), T4 (20BC:40HF:40P), T5
(40BC:40HF:20P), T6 (60BC:40HF), T7 (20BC:60HF:20P), T8 (40BC:60HF), T9 (20BC:80CS), T10
(40BC:60CS), T11 (60BC:40CS), T12 (100CS, control). * Indicates that means were significantly different
from the control using Dunnett’s test at p < 0.05.
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Figure 3. Substrates” EC (mean =+ standard error) in leachates of containers of zinnia (a) and
snapdragon (b) at 2, 4, 6, 8, 10 (snapdragon only) weeks after transplanting (WAT). Treatment 1
(20BC:20HF:60P), T2 (40BC:20HF:40P), T3 (60BC:20HF:20P), T4 (20BC:40HF:40P), T5 (40BC:40HF:20P),
T6 (60BC:40HF), T7 (20BC:60HF:20P), T8 (40BC:60HF), T9 (20BC:80CS), T10 (40BC:60CS), T11
(60BC:40CS), and T12 (100 CS, control). * Indicates that means were significantly different from
the control using Dunnett’s test at p < 0.05.

3.2. Plant Growth and Development

For zinnia plants, all the SPAD values were similar to or significantly lower than those
of the control at 2, 4, 6, and 8 WAT (Figure 4a). AT 8 WAT, all the treatments had similar
SPAD values, and there was no significant difference among all the treatments. Similarly,
for snapdragon plants, all the SPAD values were similar to or significantly lower than those
of the control at 4, 6, 8, and 10 WAT (Figure 4b).

For both zinnia and snapdragon plants (Figures 5 and 6), all the treatments had a
similar GI to the control except for T1 (20BC:20HF:60P) and T6 (60BC:40HF) for snapdragon
plants, which had a significantly lower GI than the control at 10 WAT. Snapdragon plants
grown in T1 (20BC:20HF:60P) mixes had the lowest GI (14.2), while in T3 (60BC:20HF:20P),
T5 (40BC:40HF:20P), T9 (20BC:80CS), T10 (40BC:60CS), T11 (60BC:40CS), and T12 (100CS),
they had significantly higher GIs (62.0, 64.4, 59.2, 60.6, 62.2 and 63.8, respectively).
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Figure 4. The SPAD values (mean =+ standard error) of zinnia (a) and snapdragon (b) plants grown in
12 substrates at 2, 4, 6, 8, and 10 (snapdragon only) weeks after transplanting (WAT). Treatment 1
(20BC:20HF:60P), T2 (40BC:20HF:40P), T3 (60BC:20HF:20P), T4 (20BC:40HF:40P), T5(40BC:40HF:20P),
T6 (60BC:40HF), T7 (20BC:60HF:20P), T8 (40BC:60HF), T9 (20BC:80CS), T10 (40BC:60CS), T11
(60BC:40CS), and T12 (100CS, control). * Indicates that means are significantly different from the
control using Dunnett’s test at p < 0.05.
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Figure 5. Growth indexes (mean = standard error) of zinnia (a) and snapdragon (b) plants grown in
12 substrates at 8 and 10 weeks after transplanting (WAT), respectively. There were no significant
differences among treatment for zinnia. Treatment 1 (20BC:20HF:60P), T2 (40BC:20HF:40P), T3
(60BC:20HF:20P), T4 (20BC:40HF:40P), T5(40BC:40HF:20P), T6 (60BC:40HF), T7 (20BC:60HF:20P), T8
(40BC:60HF), T9 (20BC:80CS), T10 (40BC:60CS), T11 (60BC:40CS), and T12 (100CS, control). Means
indicated by the same alphabet letters are not significantly different according to Tukey—Kramer’s
HSD test at p < 0.05.

Zinnia plants grown in T9 (20BC:80CS) mixes had the highest shoot dry weights
(26.09 g), while in T7 (20BC:60HF:20P) mixes had the lowest dry weights (11.12 g, Figure 7a).
Snapdragon plants grown in T9 (20BC:80CS) and the control T12 (100CS) had the highest
dry weights (23.99 g) while those grown in T1 (20BC:20HF:60P) had the lowest dry weights
(1.48 g, Figure 7b).
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Figure 6. Plant growth of zinnia (a) and snapdragon (b) plants at 8 and 10 WAT, respectively.
Treatment 1 (20BC:20HF:60P), T2 (40BC:20HF:40P), T3 (60BC:20HF:20P), T4 (20BC:40HF:40P), T5
(40BC:40HF:20P), T6 (60BC:40HF), T7 (20BC:60HF:20P), T8 (40BC:60HF), T9 (20BC:80CS), T10
(40BC:60CS), T11 (60BC:40CS), and T12 (100CS, control).
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Figure 7. Shoot dry weight (mean =+ standard error) of zinnia (a) and snapdragon (b) plants harvested
at 8 and 10 weeks after transplanting, respectively. Treatment 1 (20BC:20HF:60P), T2 (40BC:20HF:40P),
T3 (60BC:20HF:20P), T4 (20BC:40HF:40P), T5 (40BC:40HF:20P), T6 (60BC:40HF), T7 (20BC:60HF:20P),
T8 (40BC:60HF), T9 (20BC:80CS), T10 (40BC:60CS), T11 (60BC:40CS), and T12 (100CS, control). Means
indicated by the same alphabet letters are not significantly different according to Tukey—Kramer’s
HSD test at p < 0.05.

For the zinnia plants, the control (100CS) had the highest numbers of flowers (11),
whereas T6 (60BC:40HF) had the least numbers of flowers on average (3.5, Figure 8a). For
the snapdragon plants, T9 (20BC:80CS) had more flowers (3.8) than the control (3.3), while
T1 (20BC:20HF:60P) and T6 (60BC:40HF) had the least numbers of flowers (0.17 and 0.33,
Figure 8b).
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Figure 8. Numbers of flowers (unopened and opened flowers) (mean =+ standard error) of zinnia (a)
and snapdragon (b) plants harvested at 8 or 10 weeks after transplanting, respectively. Treatment 1
(20BC:20HF:60P), T2 (40BC:20HF:40P), T3 (60BC:20HF:20P), T4 (20BC:40HF:40P), T5 (40BC:40HF:20P),
T6 (60BC:40HF), T7 (20BC:60HF:20P), T8 (40BC:60HF), T9 (20BC:80CS), T10 (40BC:60CS), T11
(60BC:40CS), and T12 (100CS, control). Means indicated by the same alphabet letters are not signifi-
cantly different according to Tukey-Kramer’s HSD test at p < 0.05.

4. Discussion
4.1. Physical and Chemical Properties of the Substrates

Incorporating BC into substrate affected the container capacity and total porosity [2,27,28].
For instance, integrating 20% pine wood BC into a peat-based substrate resulted in the
highest total porosity and container capacity. As the percentage of BC increased from 20%
to 100%, container capacity decreased [27]. Additionally, the addition of 20% and 35% BC
to composted green waste substrates significantly increased substrates’ total porosity com-
pared to the control (100% composted green waste) [28]. In our study, only T9 (20BC:80CS)
and T10 (40BC:60CS) showed that an increase in BC rate increased container capacity and
total porosity but this increase was not significant for either zinnia or snapdragon plants.
However, mixing BC up to 60% with CS had negative effects on container capacity and
total porosity of substrates. Similarly, a study found that increasing the BC rate from 0%
to 75% in a peat-based substrate reduced water content from 58.7% to 44.8% and particle
density from 1602.2 ¢ L~! to 1805.3 g L~ [18]. Biochar contains macropores for aeration
and micropores for holding water content. As the BC rate increases, increasing the macrop-
ore sizes, so does the porosity: more macropores for aeration while fewer micropores for
holding water thereby reduces container capacity [29]. The total porosity is affected by both
air spaces and container capacity. There was no effect of BC rate in peat-based substrate on
total porosity [30]. The variation was due to the differences in substrate components used
and different particle sizes of BC in each study [2].

Similarly, HF percentage influences the mix of physical properties. For instance,
incorporating 30% HF with peat moss gave the highest container capacity, compared
to those incorporated with 15%, 45%, and 60% HF in peat-based substrates [31]. Total
porosity and bulk density increased as the HF percentage increased from 15%, 30%, and
45% to 60% [31]. Similarly, incorporating 40% HF in 20% BC and 40% P gave the highest
container capacity and total porosity, however, they both decreased when HF increased
from 40% to 60%. This may due to the BC rate exceeding 25%, which increases air space
and bulk density, but decreases water content, container capacity, and total porosity [32].
Additionally, increasing the wood fiber percentage from 0% to 80% in peat-based substrate
increased total porosity but decreased container capacity [33]. However, this study did
not find this trend because T4 (20BC:40HF:40P) had higher total porosity and container
capacity than T1 (20BC:20HF:60P) and T7 (20BC:60HF:20P) but not significantly higher.
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This may have been due to the 20% BC incorporation helping neutralize the effect of HF on
container capacity, resulting in no significant differences between T1, T4, and T7 [34].

The optimal pH range for maximum container growth was between 5.4 and 6.8 [35]. All
the treatments (except 2 WAT) were within this range for zinnia plants throughout the grow-
ing period. At 2 WAT, only T1 (20BC:20HF:60P), T4 (20BC:40HF:40P), T5 (40BC:40HF:20P),
and T12 (100CS) were within this range. All the treatments developed into the optimal pH
range at 4 WAT. For snapdragon plants, most treatments had high initial pH (many of them
were above 8 at 2 WAT) and dropped to optimal range during the experiment. The increase
in pH might have been due to the addition of hardwood BC, which had an initial pH of
10.1 [2]. The pH of all the treatments was lower or similar to that of the control treatments
at 8 or 10 WAT due to fertilizer application throughout the experiment [2].

Biochar treatments incorporated with CS had generally higher EC than other treat-
ments. Higher EC in BC in CS-based substrate could have been a result of the higher
concentration of soluble salts in CS [36]. This explains T9(20BC:80CS), T10(40BC:60CS),
T11(60BC:40CS), and T12(100CS) having almost 10 times higher EC than other treatments.
The optimal EC for container-grown plants ranged from 270 to 460 (mS m~1) [37]. At
8 WAT for zinnia plants, only T7 (20BC:60HF:20P), T9 (20BC:80CS), and T11 (60BC:40CS) were
within the optimal range, and at 10 WAT for snapdragon plants, only T2 (40BC:20HF:40P), T4
(20BC:40HF:40P), T5 (40BC:40HF:20P), and T6 (60BC:40HF) were within the optimal range.

4.2. Plant Growth and Development

This study found no significant difference in SPAD value associated with increasing
HF percentage, aligning with previous research findings across various plant species
and substrates. For example, HF percentage had no effect on SPAD for Supertunia Vista
Bubblegum petunia (Petunia hybrida) compared with other treatments including hammer-
milled pine wood or coconut (Cocos nucifera) coir [23]. Similarly, no difference was found
in SPAD and HF percentage components in the peat-based substrate in petunia (Petunia
hybrida) [31]. In addition, the SPAD value was not significantly different from the control
(100% peat) when treating plants with 10%, 20%, and 30% wood fiber with 90%, 80%, and
70% peat, respectively, in geranium (Interspecific geraniums) [22]. However, 40% wood fiber
in peat-based substrate led to smaller and fewer flowers, and lower SPAD value [22]. This
may be explained by two reasons. First, wood material may reduce nutrient availability and
uptake, and produce phytotoxic compounds. Second, the use of wood material may create
the need for additional N fertilizer for geranium, which requires substantial N to achieve
optimal growth in plants [22]. In our study, there were no negative effects associated with
increasing HF percentage in leaf greenness because zinnia and snapdragon plants need low
to medium levels of N during plant growth [38].

Our study’s findings of plant growth, plant weight, and number of flowers align with
those of previous research. The previous study found a reduction in the fresh weight of
geranium (Interspecific geraniums) with an increased proportion of pine wood fiber [22].
Similarly, blending pine wood fiber with peat did not significantly alter the shoot growth,
height, and width of Supertunia Vista Bubblegum petunia (Petunia hybrida) when compared
to substrates of hammer-milled pine wood or coconut coir [23]. One study noted a decline
in both the number of flowers and dry weights with a higher percentage of HF [31].
Furthermore, incorporating 10% and 25% BC into a peat-based substrate benefited plant
growth in four Viola cornuta cultivars, whereas a 50% BC mixture adversely affected plant
biomass [17]. In addition, a study discovered that a high BC concentration (70%) diminished
flowering and plant growth, whereas a lower BC content (30%) did not negatively impact
the flowering or growth of pelargonium plants [32].

5. Conclusions

This study found incorporating mixed hardwood BC along with commercial substrate
mix had better growth effects on plant biomass, and the number of flowers than HF, BC,
and peat moss substrate mixes for zinnia and snapdragon plants. Mixing 20% BC with
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CS-based substrate and 100% CS gave the highest biomass and flower numbers for zinnia
and snapdragon plants. Increasing the BC percentage reduced plant growth. No treatments
were significantly different in SPAD values, air space, and bulk density. Substrate mixed
with 20BC:40HF:40P had the greatest container capacity and total porosity. Among all
HF-containing substrates, T1 (20BC:20HF:60P), T3 (60BC:20HF:20P), T4 (20BC:40HF:40P),
T5 (40BC:40HF:20P), and T6 (60BC:40HF), generally had better performance in substrate
properties, plant growth, biomass, and flower numbers of zinnia and snapdragon plants
(except T1 and T6), indicating a potential value of substituting partial peat percentage in
horticultural practices.

In conclusion, this study recommends 20% BC with CS or 100% CS for growing zinnia
and snapdragon. While HF did not prove to be the most effective substrate component
for cultivating zinnia and snapdragon, it still holds potential for partial peat substitution
given its impact on biomass, plant growth, and floral yield. More studies need to be
conducted to evaluate the effects of different BC types and rates and HF on a broader range
of plant species.
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