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Abstract

The interest in replacing peat with biochar in soilless substrate media is increasing however, the proportion of biochar inclusion in the media
which could improve the media properties as well as the seedling performance of vegetables is still unknown. Therefore, the aim of the current
study was to test different biochar types at different proportions with cotton burr-compost in the growing media on hydro-physicochemical
properties of media, germination, and shoot and root growth of cucumber seedlings. Two trials were conducted in 2022 using cv ‘Picolino’ in
Randomized Complete Block Design with three replications. Control included peat:perlite:vermiculite at 50:25:25 %v/v. Other treatments were
prepared to replace peat either partially [12.5% (v/v) biochar and 12.5% (v/v) compost (Partial hardwood: PHW, Partial softwood: PSW, and Partial
hemp: PH)] or completely [25% (v/v) biochar and 25% (v/v) compost (Full hardwood: FHW, Full softwood: FSW, and Full hemp: FH)]. Biochar-
compost inclusion increased the pH and EC of the medium. Water retention capacity and thermal conductivity of the medium were found to be
improved in hemp biochar-compost treatment. FSW increased fresh shoot weight, the number of leaves, leaf area, and shoot:root ratio by 83%,
33%, 84%, and 46%, respectively compared to control. Root length density and root surface area density increased by 40% and 47%, respectively
in FSW compared to control. Most of the biochar-compost amended media performed better for the cucumber seedling production compared to
control showing a possibility of replacing the peat in the media for sustainable transplant production.
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Introduction

Transplant production in the greenhouse is a well-known
technique for commercial high-value vegetable productionl'l.
The use of soilless mix for transplant production is popular
among commercial greenhouse growers as it provides opti-
mum growing conditions and promotes growth2. Generally,
peat moss is used in soilless potting mixes in commercial
greenhousesBl. However, excessive use of peat is creating envi-
ronmental issues of imbalance in carbon budgeting!®l. After the
disturbance due to peat extraction, peat lands which act as
carbon sinks, turn into a source of carbon dioxide, releasing it
into the atmosphere. This is why the negative carbon footprint
of peat mining demands the need for other alternative sustain-
able substrate media for the horticulture industry!*-l,

Several soilless alternative media have been tested including
coconut coir, sawdust, bark, compost, and biochart3l. Among
them, the combination of biochar-compost to replace peat has
been given importance because of their combined effect in
creating a conducive growth media environment and promot-
ing plant growth7-9., Alvarez et al.®] reported that biochar and
compost can be used as a part of the growing medium to
partially substitute peat. It is known that once applied, biochar
can be effective for more than 100 years in field soil
conditions!'® but short-term studies in soilless media in the
greenhouse can explain the immediate effect of biocharl''l, A
study suggests that the 25% pelletized biochar inclusion in
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sphagnum peat moss improved media hydraulic properties at
high matric potentials while increasing pH in the forest
seedling production system('2],

Previous studies support the idea that biochar inclusion in a
soilless production system improves the physicochemical prop-
erties of the media but full replacement of peat with a greater
proportion of biochar may show negative effects!'3l. Venkatara-
mani et al.l8l reported that soilless peat media amended with
different types and proportions of biochar-compost can
enhance the concentration of some essential macronutrients
like P, Ca, and S in the media. It is believed that these two
components amend the soilless media and promote plant
productivity. It is important to see the effect of biochar and
compost combination on seedling productivity. The transplant
productivity also depends upon the healthy root system of the
transplantsl’. A healthy root system helps to establish the
transplant in the growing media which is dependent upon the
media properties!’sl. The development of the root system
directly influences the ability of transplants to obtain nutrients
from the medial'®l. While the interest is growing in biochar-
compost combination use in soilless media, their effect on
seedling establishment has been yet under-explained.

Cucumber (Cucumis sativus L) is one of the important
vegetable crops that is largely consumed in the US. According
to the report, the import of fresh cucumbers for salads or for
snacking has increased between 1970-2020 reflecting that
domestic production cannot fulfill the increasing demand of
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greenhouse-produced cucumbers!'’l. One of the major prob-
lems with less cucumber production in the greenhouse could
be the lack of selection of appropriate media composition and
healthy transplant production in greenhouse industries. Proper
selection of soilless media is the base for the successful produc-
tion of cucumber or any transplanted vegetables.

Nair & Carpenter!'s] reported that studies are concentrated
on the production of mature plants by transplanting into a
biochar-amended medium; however, there is a knowledge gap
in the direct seeding of vegetable crops in the biochar-
amended with compost medium. It is equally important to
understand the effect of different amendments like biochar and
compost inclusion on germination!’ and the quality of
seedlings produced. Hence, there is a need for studies to evalu-
ate biochar of different types with a proper combination with
other media components such as compost for healthy cucum-
ber transplant production.

Many studies have reported the effect of biochar-compost
inclusion in soilless media on plants' performance but changes
in the physical and chemical properties of the media are still
overlooked. Venkataramani et al.l®! tried to expand knowledge
on the successful production of cucumber in biochar-compost
amended soilless media but lacked how such integration can
influence the seedling phase of the plant. Also, how peat
replacement with biochar-compost can bring change in the
roots of the seedling plants has to be understood well before
using these components in media on a large scale. Hence, the
objective of this study was to compare the combinations of
three biochar types at different proportions with cotton-burr-
compost in the standard growing media, and quantify their
effect on media physicochemical properties, cucumber germi-
nation, and shoot and root growth of cucumber seedlings.

Materials and methodology

Two study trials were conducted at Horticulture Gardens and
Greenhouse Complex, Texas Tech University, Lubbock, TX, USA
(lat. 33°35'2.72" N, long. 101°53'12.95" W). Trial 1 was conducted
from 12 February 2022 to 12 March 2022, while Trial 2 was
conducted from 30 March 2022 to 30 April 2022. The green-
house was east-west oriented, and most of the sunlight was
allowed to be transmitted inside the greenhouse. Both experi-
ments were conducted in a greenhouse where temperatures of
30 °C during the day and 25 °C at night were maintained
throughout the experiment period. No additional lighting was
provided.

The slicing type of cucumber cultivar 'Picolino' (Johnny's
Selected Seeds, ME, USA) was used for the trials. Seven diffe-
rent treatments were prepared using different volume combi-
nations of peat, perlite, vermiculite, cotton-burr-compost, hard-
wood biochar, softwood biochar, and hemp biocharl. Control
had peat:perlite:vermiculite (50:25:25, %v/v). The peat had 85%
peat moss and 15% perlite (BM6 Berger, Saint-Modeste, QC,
USA), which was combined with perlite and vermiculite to
make standard peat media. In the remaining six treatments,
peat was either partially [12.5% (v/v) biochar and 12.5% (v/v)
compost (Partial hardwood: PHW, Partial softwood: PSW, and
Partial hemp: PH)] or completely [25% (v/v) biochar and 25%
(v/v) compost (Full hardwood: FHW, Full softwood: FSW, and
Full hemp: FH)] replaced by biochar-compost mixture. Cotton-
burr-compost was purchased from Back to Nature (Slaton, TX,
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USA). Hardwood (HW) and softwood (SW) biochars were
obtained from Wakefield Agricultural Carbon LLC (Columbia,
MO, USA). Hemp biochar was manually prepared by burning
hemp residues in an oxygen-limited 208-liter capacity steel
drum for 24 h. The physicochemical properties of hardwood
and softwood biochar have already been reported in Singh et
all'8l, No fertilizers were added for seedling growth in the
greenhouse. Seedlings were grown in 6-cell trays where each
cell was 3.8 cm? (length x breadth) and 5.7 cm deep (9Green-
box, CA, USA). The treatments were randomized in a Random-
ized Complete Block Design with three replications. Each 6-cell
tray was a replication leading to a total of 18 seedlings per
treatment. The seedlings were watered daily with tap water in
the greenhouse, and the experiment was terminated 30 d after
the sowing of seeds.

pH and Electrical Conductivity (EC)

The pH and EC of the media were measured by a handheld
Orion Star A325 pH/Conductivity Portable Multiparameter
Meter (ThermoScientific, MA, USA) only at the beginning of the
experiment. Four samples were collected for each treatment
media which were mixed, and the measurements were done by
following the protocol previously described by Singh et al.l8l,

Water retention capacity and thermal
conductivity of media

Four core samples were collected using 5 cm X 5 cm stain-
less steel cores (AMS, American Falls, ID, USA) with the help of a
core sampler for each media treatment. The samples were
subjected to different potential pressures (-ve) [0 (saturation),
0.1, 0.3, 1, 10, and 15 bar] in a pressure plate apparatus (Soil
moisture Equipment Corp., Goleta, CA, USA) to obtain a water
retention curve. Porosity and plant available water (PAW) were
calculated as described by Singh et al.l"8l, The thermal conduc-
tivity of the samples was recorded simultaneously at different
pressure by using the KD2Pro Thermal Conductivity Meter (TR-
1 sensor, Edaphic Scientific, Australia).

Germination and seedling height

The germination count was made when the plumule struc-
ture appeared above the media surface. The germination count
was recorded at 4, 5, 6, 7, and 15 Days After Planting (DAP) in
Trial 1 and at 5,7,8,9, 11, and 13 DAP in Trial 2. Seedling height
was measured from the base of the seedling to the tip from
three random seedlings from each 6-cell trays of each treat-
ment after 11, 15, 19, 25, and 31 DAP in Trial 1 and 13, 18, 21,
26, and 30 DAP in Trial 2.

Shoot and root growth parameters

Two random seedlings from each replication of each treat-
ment were selected after 32 DAP in Trial 1 and 31 DAP in Trial 2.
The selected seedlings were separated into shoots and roots.
The shoot length and root length were measured with the help
of a measuring ruler and the elongation ratio or shoot:root ratio
(cm/cm) was calculated by dividing shoot length by root
lengthl'9), The leaves were separated from the seedling stem
and the number of leaves was counted, and the leaf area was
measured using a benchtop leaf area meter (LI-3100C Area
Meter, Lincoln, NE, USA). The fresh shoot weight was measured
using a balance scale.

Root parameters
Each root sample was washed placing them over the fine-
mesh sieve strainer to avoid root escaping. Forceps were used
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to remove any attached soilless particles in the roots. The clean
root samples were stored in 50 ml falcon tubes filled with 40
mm of deionized water. The root samples were scanned by a
scanner (EPSON V800; Reagent Instruments Inc.) and analyzed
for different root parameters including root length density
(RLD), root surface area density (RSAD), and root fineness classi-
fication (% of total root length of each diameter class) using
WinRHIZO Pro version 2016a software (Regent Instruments Inc.,
Canada). Four diameter classes a) 0-0.5 mm, b) 0.5-1.0 mm,
and ¢) 1.0-1.5 mm d) > 1.5 mm were categorized for the total
root length and % of the total root length for each diameter
classes were calculated2),

Statistical analysis

The data were analyzed using R version 3.5.2 with the Agrico-
lae package 1.3-5 to evaluate the effect of each treatment on
the measured parameters. Data for each trial were analyzed
separately. The values presented in tables and graphs are the
average values for each media treatment. Analysis of variance
(ANOVA) was performed, and the Duncan Multiple Range Test
(DMRT) test at a 5% level of significance was used for the mean
separation. SigmaPlot version 14 (Systat Software, San Jose, CA,
USA) was used for preparing graphs and figures.

Results and discussion

pHand EC

The pH of control was acidic (5.2), whereas biochar-amended
media increased the pH to 7.8-9.4 (Table 1). The highest pH
was recorded in FH. The pH of biochar-compost amended
media was increased by 50%-73% than the control and was
comparatively higher in full biochar-compost compared to
partial biochar-compost replacement media (FHW vs. PHW,
FSW vs. PSW, FH vs. PH). This shows that the amount of biochar
in the media can affect the pH of the media. Comparing differ-
ent types of biochar-compost integrations, hemp biochar-
compost treatment maintained the most basic nature of the
media compared to hardwood and softwood biochar-compost
amendments in both replacement rates. This indicates that the
feedstock source of the biochar can also influence the pH of the
media. The result suggests that biochar as a liming agent
prevents acidity in the growing media. The results can be
supported by the study of Martins et al.l2"l which demon-
strated that biochar pH was 8.76 whereas the compost pH was
near to neutral (7.91). Similar results were obtained in previous
studies which reported that the biochar itself is basic in nature
which increases the pH of the substratel22-24, The buffering
capacity of the biochar can be attributed to the negative
charge on the surface of the biochar which prevents rapid
change in pH®L This indicates that biochar contributes to
maintaining pH which depends upon the proportion as well as
the feedstock source of the biochar in the substrate media.

The EC of the control was 0.178 dS/m which was very low
compared to biochar-compost media types. The highest EC was
reported in FH i.e, 1.078 dS/m. This shows that EC was
increased 2-6 times by the biochar-compost amendment
compared to the control. Comparing partial and full replace-
ment treatments, the full replacement treatments (FHW, FSW,
FH) had higher EC compared to partial replacement treatments
(PHW, PSW, PH). Similar to pH, hemp biochar-compost treat-
ment had higher EC values both in partial as well as full
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Table 1. The pH and EC of different media treatments used in
greenhouse cucumber experiments at Lubbock, TX, USA in 2022.

Soilless media type pH EC (dS/m)
C 5.2 0.178
PHW 7.9 0.378
PSW 7.8 0.38
PH 8.7 0.74
FHW 9.0 0.592
FSwW 83 0.612
FH 9.4 1.078

C: Control, FHW: Full hardwood, FSW: Full softwood, FH: Full hemp, PHW:
Partial hardwood, PSW: Partial softwood, PH: Partial hemp.

replacements compared to hardwood or softwood biochar-
compost treatments. Huang & Gul?®! suggested that the
increase in EC due to biochar inclusion in container substrate
can be due to the high EC of the biochar. The high EC of the
substrate can also be due to the high pH of the media compo-
nent2%l, The high EC of the media except the control could be
due to the combined effect of biochar and compost. Similarly,
Venkataramani et al.[®! reported that the EC of the media was
increased with an addition of both biochar and compost
amendments compared to standard peat media. In contrast,
Martins et al.l2l suggested that compost is responsible for
increasing the EC of the media than biochar. This is because
biochar mixes had low cation exchange capacity (CEC) and low
EC because of poor extractable macronutrients than the
compost. The EC varied from 0.378-1.078 dS/m in biochar-
compost amendment treatments which falls under the normal
range (< 1.2 dS/m) of the EC requirement for cucumber
seedlings?”l, This indicates that biochar and compost combina-
tion maintain pH and EC in the normal range and encourages
partial availability of nutrients for growing seedlings and,
hence, ameliorating the media.

Water retention capacity and thermal
conductivity of media

The effect of the biochar-compost inclusion in the media on
water retention capacity and thermal conductivity over differ-
ent pressure bars (-ve) is presented in Figs 1 & 2, respectively.
Biochar-compost amendment improved the hydro-physical
properties of soilless media. In Trial 1, PH maintained compara-
tively greater volumetric water content over different pressure
regimes compared to other treatments although the differ-
ence was not significant (Fig. 1a). But in Trial 2, FH maintained a
noticeable improvement in water retention capacity over
different pressure regimes (Fig. 1b). Both FH and PH in both
trials had greater water retention capacity. Kim et al.l28l
reported that water content in the media was increased
because of the improvement in pore space for water storage in
biochar-amended growing media. We also noticed that
biochar-compost amended media improved porosity and
enhanced the plant’s available water. Porosity was 3% greater
in PH in Trial 1, and 3% and 1.5% more in PHW and FH, respec-
tively in Trial 2 compared to the control (data not shown). Plant
available water (PAW) was 21%, 14%, 8% and 2% greater in PH,
FSW, FH and PSW, respectively in Trial 1, and 16%, 12%, 9%, 7%
and 1% greater in PH, FSW, PHW, FH and PSW, respectively in
Trail 2 compared to the control (data not shown). However,
other biochar-compost amended media did not improve
porosity and PAW, which implies that change in hydro-physical
properties depends on peat and biochar-compost properties as
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Fig. 1 Water retention curve of different media in (a) Trial 1 and
(b) Trial 2. The pressures applied (-ve) were 0, 0.1, 0.3, 1, 5, 10, and
15 bar. Bars in the graph indicate the standard error. * and ***
indicate significant differences at a p <0.05 and p <0.001 level of
significance, respectively. C: Control, FHW: Full hardwood, FSW:
Full softwood, FH: Full hemp, PHW: Partial hardwood, PSW: Partial
softwood, PH: Partial hemp.

well as their proportion in the media. Similarly, Nieto et al.l2]
reported that the hydro-physical properties are influenced by
the types and amounts of different components of the media.
The thermal conductivity of the media depends upon the
amount of perlite and water content in itB%3', Javid®" reported
that thermal conductivity improves substantially when perlite
is present because it establishes a strong relationship with heat
transfer in the medium. In this study, the difference in the ther-
mal property (conductivity) was solely for water content in the
media because perlite was present in every treatment (Fig. 2a &
b). The greater the water content in the media, the higher will
be the thermal conductivity because water is a better medium
for heat transfer than airl3%. That is why there is a sharp increase
in thermal conductivity in FH in Trial 2 (Fig. 2b) when there is a
high volume of water present in the media throughout the
pressure bars (Fig. 1b). Thermal conductivity can be an impor-
tant factor for soilless substrate vegetable production as it
maintains the media temperature and helps in root growth and
development. The temperature of the media environment can
be a prime factor for germination and root system develop-
ment. It can be of more importance during the winter season
for protected agriculture, where growers had to spend lots of
money maintaining an optimum environment to promote
seedling growth. The high thermal conductivity facilitates heat
transfer, which in the short term improves water and nutrient
uptake by reducing water viscosity and by increasing mem-
brane permeability32l. Considering this, most of the biochar-
compost amended treatments, especially FH can be of choice
that not only holds water for a longer time but also improves
the thermal properties of media for optimum seedling growth.

Germination and seedling height
In both trials, biochar-compost-amended media accelerated
the germination process compared to the control (Fig. 3). In

Page 4 0of9

Biochar-compost amendment on soilless media

0.51 Trial 1 a

—e— C
—o=- FHW
v— FSW
-—- FH
omee PHW
o PSW

0.4 {5

0.3

0.2

Thermal Conductivity (W/m/K)

0.1 w ‘ ‘ :
0 0.1 03 1 5 10 15

Pressure (bar)

Fig. 2 Thermal conductivity (W/m/K) of different media in (a)
Trial 1 and (b) Trial 2. The pressures applied (-ve) were 0, 0.1,0.3, 1,
5,10, and 15 bar. Bars in the graph indicate the standard error and
*®, ** *** indicate significant differences at a p <0.05, p £0.01, and
p 0.001 level of significance, respectively. C: Control, FHW: Full
hardwood, FSW: Full softwood, FH: Full hemp, PHW: Partial
hardwood, PSW: Partial softwood, PH: Partial hemp.

Trial 1, FH, PH, and PSW had all the germination (18 seeds) at 6
DAP whereas FHW, PH, and PSW had full germination after 9
DAP in Trial 2. Except for others, PHW had only 17 seeds germi-
nated in Trial 1 at 11 DAP (Fig. 3a) whereas FH, FSW, and, PHW
had only 17 seeds germinated in Trail 2 (Fig. 3b). It is evident
that the control achieved full germination only at 11 DAP in
both trials. Also, looking at the trend in both trials, FH and PH
tend to have a faster germination rate than other treatments.
Phosphorus (P), a macronutrient responsible for seed germina-
tion is found in higher concentrations in hemp biochar-
compost amended media than in other biochar-compost treat-
ments®l. It may also be due to the higher water retention
capacity of hemp biochar amended media (Fig. 1), which could
have helped in faster germination. It has been well-reported
that biochar can enhance the germination of different
vegetable crops including tomatol'':33], pepper!’'1534], cucum-
ber33 and lettucel3®). However, there are some reports that
show biochar did not influence or negatively influenced the
germination of some cropsB7-39. This difference in germina-
tion using different biochar amendments is because of the
difference in concentration of nutrients present in the biochar,
which is largely affected by the source of biochart041],

The significant difference in height among the different
media started from the very beginning (Fig. 4). FSW media
constantly maintained a greater seedling height in both trials.
In Trial 1, FSW had the highest seedling height of 8.5 cm after
31 DAP (Fig. 4a); whereas, in Trail 2, it had a 5.9 cm seedling
height after 30 DAP (Fig. 4b). Comparing full and partial
replacement treatments, FSW had significantly taller seedlings
than FHW and FH, and PSW and PHW had significantly taller
seedlings compared to PH in Trial 1. FSW and PHW produced
significantly taller seedlings compared to PSW and FHW,
respectively. In Trial 2, FSW had significantly taller seedlings

Kafle et al. Technology in Horticulture 2024, 4: e001



Technology in

Biochar-compost amendment on soilless media Horticulture
20
= C Trial 1 a Trial2 b
18 {mmm FH 1 i 1
BN FSW
16‘- FHW
=== PH
|mmm PSW
14 e PHW
S
g 10
Q
O 81
6_
4..
2-
O_
4 5 6 7 11 5 7 9 11 12

Days after planting (DAP)

Fig. 3 Germination counts of cucumber seeds in (a) Trial 1 and (b) Trial 2. Germination count was recorded at 4, 5, 6, 7, and 11 DAP in Trial 1
and 5, 7,9, 11, and 12 DAP in Trial 2. C: Control, FHW: Full hardwood, FSW: Full softwood, FH: Full hemp, PHW: Partial hardwood, PSW: Partial

softwood, PH: Partial hemp.
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Fig. 4 Cucumber seedling height in (a) Trial 1 and (b) Trial 2. Bars in the graph indicate the standard error. ** and *** indicate significant
differences at a p £0.01 and p <0.001 level of significance, respectively. C: Control, FHW: Full hardwood, FSW: Full softwood, FH: Full hemp,

PHW: Partial hardwood, PSW: Partial softwood, PH: Partial hemp.

compared to FHW and FH, but the height was comparable
among PSW, PHW, and PH. It was only FSW that had signifi-
cantly taller seedlings than PSW among full and partial replace-
ment treatments. This finding is in accordance with the previ-
ous study of Venkataramani et al.8l, where authors reported
that softwood biochar amended with compost can accelerate
the height of cucumber seedlings compared to other biochar
types. Control had the poorest growth and had a height of 4.3
cm and 3.16 cm in Trial 1 and Trial 2, respectively. The poor
growth in the control can be attributed to low pH and EC,
where these were higher in other biochar-compost amended
treatments (Table 1). The low pH impacts the seedlings growth
by limiting the availability of essential nutrients and increasing
the toxicity of aluminum (Al) and manganese (Mn). The low EC
indicates ion imbalance and less dissolved salts including
essential nutrients. It may also be because the control had
relatively poor water holding capacity (Fig. 1) and lower ther-
mal conductivity (Fig. 2). This indicates that control media

Kafle et al. Technology in Horticulture 2024, 4: €001

tends to dry up quickly which reduced the growth of cucum-
ber seedlings. The results are supported by previous studies
where seedling height was enhanced by biochar amendment
compared to un-amended medial*243l. Another reason for the
increased height in cucumber seedlings in biochar-compost
amended media was the cotton-bur compost present in the
media. The compost might have provided some nutrients to
the seedlings in a manner that stimulated growth in all treat-
ments except control. A similar result was obtained by Tosca et
all*4 where Photinia sps growth was accelerated in biochar
cum compost media compared to control. The growth of orna-
mental crops like Syngonium podophyllum was also improved
through the inclusion of biochar or biochar-compost mixture in
peat substratel*5], The seedling height has an important role for
transplant nursery growers('%], and it is better to have a vigor-
ous seedling transplant than a poor stunted one for sustain-
able crop production.
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Shoot and root growth parameters

The different media showed significant effects on fresh shoot
weight, the number of leaves, leaf area, and shoot:root ratio of
cucumber seedlings (Table 2). Fresh shoot weight, number of
leaves, and leaf area were significantly higher in FSW compared
to other full, and partial replacement treatments (Table 2). In
Trial 1, control had 82%, 35%, 82%, and 45 % less fresh shoot
weight, number of leaves, leaf area, and shoot: root ratio,
respectively compared to FSW. In Trial 2, fresh shoot weight,
number of leaves, leaf area, and shoot: root ratio reduced by
84%, 31%, 85%, and 47%, respectively in control compared to
FSW. FSW only had significantly greater fresh shoot weight,
number of leaves and leaf area compared to other full replace-
ment treatments (FHW and FH) as well as partial replacements
treatments (PSW, PHW and PH) in both trials. Similar results
were obtained by Venkataramani et al.!®! on the dry biomass of
cucumber plants where softwood biochar-compost amended
treatments contributed to higher vegetative growth of cucum-
ber plants compared to other treatments. The greater fresh
weight, number of leaves, leaf area, and shoot:root ratio in FSW
can be due to greater seedling height compared to other treat-
ments (Fig. 4). The results show that biochar when used as a
component of the media with compost can produce a health-
ier and more vigorous transplant compared to control. This
claim is supported by Parkash & Singh!“®! and Regmi et al.l*”]
who reported that biochar has a larger surface area which
tends to allow more water and nutrient retention leading to
vigorous young growing plants. Another study by Dispenza et
al.l22 reported that conifer biochar in potting mixture media
increased shoot weight, leaf number, and leaf area in Euphor-
bia x lomi plant. Due to the presence of humic acid in the
compost, seedlings are protected through osmoregulation and
ion-homeostasis against potential salt stress caused by biochar
and compost leading to healthy growth of the seedlings(24849],

RLD significantly varied among the media treatments (Table
3). In Trial 1, RLD increased by 37%, 38%, 21%, and 8% in FSW,
FH, PHW, PSW, respectively; whereas, in Trial 2, it increased by

Table 2. Effect of different media types on fresh shoot weight (g),
number of leaves, leaf area, and shoot:root ratio of cucumber seedlings in

Biochar-compost amendment on soilless media

43%, 3%, 17%, 14% in FSW, PHW, PSW, PH, respectively
compared to control. RLD decreased by 7% and 12% in FHW
and PH, respectively in Trial 1 whereas it decreased by 8% and
26% in FHW and FH, respectively in Trial 2 compared to control.
FSW and FH had significantly higher RLD compared to PSW and
PH, respectively but PHW increased RLD significantly than FHW
in Trial 1. FSW had significantly higher RLD than PSW but
contrarily PH increased RLD more than FH in Trial 2 while others
remained comparable. RSAD was also affected by various
media types (Table 3). In Trial 1, RSAD increased by 38%, 46%,
and 24% in FSW, FH, and PHW, respectively, and decreased by
3%, 15%, and 1% in FHW, PSW, and PH, respectively compared
to control. However, all the biochar amended media enhanced
RSAD in Trial 2 by 19%, 55%, 9%, 23%, 35%, and 28% in FHW,
FSW, FH, PHW, PSW, and PH respectively, compared to control.
Similar to RLD, FSW and FH had significantly higher RSAD
compared to PSW and PH, respectively, and PHW increased
RSAD significantly than FHW in Trial 1. A significant increase in
RSAD was obtained in FSW compared to PHW in Trial 2.
Comparing different types of biochar-compost treatments,
softwood biochar- and hemp biochar-compost amended
media in full replacement increased RLD and RSAD in Trial 1,
but only softwood biochar full replacement outnumbered the
other two full replacements in Trial 2. PHW had significantly
higher RLD than PH, and significantly greater RSAD than PSW
and PH in Trial 1. No significant difference was observed among
partial replacements for RLD and RSAD in Trial 2. This suggests
that roots are sensitive to media components which also affect
other physical properties of the media. The space for root
growth is limited in soilless culture, and hence seedling tends
to increase root density®%. This increased root density indi-
cates more oxygen and nutrient consumption per unit volume
at the root zone. In such limited rooting volume, the seedling
tends to utilize the available resources like space, nutrients, and
water32511, In this study, the greater RLD and RSAD in

Table 3. Effect of different media types on root length density (RLD), root
surface area density (RSAD), and root classification categories (0.0-0.5 mm,
0.5-1.0 mm, 1.0-1.5 mm, > 1.5 mm) of cucumber seedlings in Trial 1 and
Trial 2 in greenhouse experiment at Lubbock, TX, USA in 2022.

Root classification category (% of

Trial 1 and Trial 2 in greenhouse experiment at Lubbock, TX, USA in 2022. RLD RSAD total root length per diameter)
Freshshoot No.of  Leafarea Trial - meda (cm% (cm;)/ 0.0-0.5 05-1.0 1-15 >15
Trial Media weight (g) Iea\./es (cm?) Shoot:Root cm cm .mm. 'mm' mn'1 mﬁw
Trial 1 @ 0.82c* 3.00d 11.88¢ 0.30c Trial1 C 6.08c* 0.76c 77.22b 18.52ab 2.59d 1.66cd
FHW 1.85bc 4.16ab 23.26bc 0.41bc FHW 569c 0.74c 77.21b 17.47ab 2.43de 2.88ab
FSW 4.77a 4.66a 69.07a 0.55a FSW 9.69a 1.22ab 76.59bc 18.04ab 3.35bc  2.00c
FH 1.54bc 3.66bc 17.97bc 0.35¢ FH 9.88a 1.41a 73.87cd 18.20ab 4.38a 3.54a
PHW 1.68bc 4.00b 22.48bc 0.48ab PHW  8.17ab 1.00b 78.09b 16.60b 3.13cd 2.16bc
PSW 2.15b 4.00b 30.29b 0.39bc PSW 6.62bc 0.66c 84.82a 12.23c¢ 1.73e  1.20d
PH 1.38bc 3.16cd 16.70bc 0.37bc PH 538c 0.75¢ 73.35d 19.79a 3.98ab 2.86ab
Trial 2 @ 0.56b 3.00b 8.36b 0.19d Trial2 C 6.58bc 0.71d 83.57a 12.67d 2.05d 1.69ab
FHW 1.26b 3.00b 16.07b 0.30bc FHW 6.04bc 0.88bcd 70.04cd 24.25a 3.83ab 1.86ab
FSW 3.52a 4.33a 54.60a 0.36ab FSW 11.48a 1.58a 75.58b 18.04c 3.96ab 2.40a
FH 1.55b 3.16b 17.08b 0.41a FH 521c 0.78cd 69.18d 24.07a 4.46a 2.28a
PHW 1.16b 3.00b 16.77b 0.26cd PHW 6.80bc 0.92bcd 73.75bc 21.70ab 3.09bc  1.44b
PSW 1.40b 3.16b 22.02b 0.34abc PSW 797b  1.09b 75.17b 19.91bc 3.24bc 1.65ab
PH 1.20b 2.83b 15.85b 0.33bc PH 7.65b 0.99bc 75.50b 20.46bc 2.72cd  1.30b

The values represent the mean value of individual treatment in each of the
trials. * The different letters in a column and s indicate a significant
difference at p <0.05. C: Control, FHW: Full hardwood, FSW: Full softwood,
FH: Full hemp, PHW: Partial hardwood, PSW: Partial softwood, PH: Partial
hemp.
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biochar-compost amended treatments indicate that this
combination promotes root growth compared to the peat-
dominated control treatment. Root growth is crucial for trans-
plants because transplanting shock may occur with poor root
structure, and later reduce the overall performance of the
cropl'. The roots are important for anchorage, water, and
nutrient uptake throughout the growth stages of the
plant233l, The increase in roots biomass suggests that the
transplants produced in the amendment treatments will help in
successful acclimatization and adaptability after transplanting.
The distribution of roots among different diameter classes
also varied among media treatments (Table 3). Although there
was some variation in diameter classes (% of total root length
per diameter) in Trial 1 and Trial 2, but it is noticeable that the
greatest share in root diameter classes was 73.35% to 84.82% in
0.0-0.5 mm followed by 12.23% to 19.79% in 0.5-1.0 mm,
1.73% to 4.38% in 1.0-1.5 mm, and 1.20% to 3.54% in > 1.5 mm.
This indicates that cucumber seedling has more proportion of
fine roots with a diameter of 0.0-0.5 mm which can penetrate
the tiny pores of media for extracting water and nutrients as
well as for developing a robust root system. Judd et al.l>Z
suggest that plants grown in soilless substrates tend to develop
finer roots. A similar proportion of roots was found by Parkash
et al.2% in cucumbers in field conditions. This implies that
cucumber plants tend to develop fine roots in soilless media as
well as in field soil conditions, and extracts water and nutrients
for developing plants. Another, interesting finding of this
experiment was to record the highest root distribution in FH
among all the classes (> 0.5 mm) in both trials. PH also
contributed a similar proportion in Trial 1 only. This may be
attributed to higher pH and EC, and greater water retaining
capacity of the hemp biochar-cotton compost amendment in
the media compared to other treatments. This is in agreement
with the statement by Balliu et al.B2 and JonesP4 that the
physical and chemical properties of the media alter nutrient
and water availability which in turn affect root growth. Thermal
property (temperature) can also influence root growth. Balliu et
al.B2 reported the vital role of root zone temperature in
enhancing the root density of lateral roots of peas. This
suggests how roots interact with the complex media environ-
ment and alter root morphology depending on water and
nutrient availability and thermal property. Bldhal®® even
reports the importance of root growth by stating a conception
that a 1% change in root system can bring a 2% change in crop
yield which was further highlighted by Balliu et al.BZ. All this
signifies the importance of the study of root system architec-
ture that will explain its adaptation to the growing environ-
ment and its contribution to crop growth and performance.

Conclusions

This experiment aimed to prepare a suitable substrate
combination by adding different biochar types with cotton burr
compost at different proportions to see their effect on the
seedling performance of cucumber. Biochar-compost amended
treatments acted as a liming agent that prevented the media
from acidity and improved electrical conductivity. Among the
treatments, full hemp biochar-compost treatment (FH) had the
largest increase in pH and EC. FH significantly increased the
volumetric water content and thermal properties of the media,
indicating its potential to retain more water in the media and
maintain warmness around the growing roots. Germination
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was accelerated by the biochar-compost amendment, which
can be profitable for industries that require a supply of a large
number of transplants for commercial production. Full soft-
wood biochar-compost treatment (FSW) increased shoot as
well as root growth of cucumber seedlings. This study suggests
that biochar-compost can replace peat either partially or even
completely and improve properties for vigorous seedling
production.

Author contributions

The authors confirm contribution to the paper as follows:
conceptualization: Kafle A, Singh M, Singh S; methodology:
Kafle A, Singh M, Venkataramani S; data collection: Kafle A,
Venkataramani S; data curation: Kafle A; software and analysis:
Kafle A; writing-original draft preparation: Kafle A; supervision:
Singh S; review and editing: Deb S, Singh S, Saini R. All authors
reviewed the results and approved the final version of the
manuscript.

Data availability

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.

Acknowledgments

This project did not receive any external funding. We would
like to acknowledge the Horticulture Gardens and Greenhouse
Complex, Department of Plant and Soil Science, Texas Tech
University for providing all the necessary facilities and support
during the study period. We also thank Preetaman Bajwa for
assisting in the experiment.

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 1 November 2023; Accepted 22 December 2023;
Published online 12 January 2024

References

1. Marcelis LFM, Netherlands WUT, Costa JM, Heuvelink E, de Lisboa
Portugal U, et al. 2019. Achieving sustainable greenhouse produc-
tion: present status, recent advances and future developments,
eds. Marcelis LFM, Netherlands WUT. London: Burleigh Dodds
Science Publishing. pp. 1-14. https://doi.org/10.19103/as.2019.
0052.01

2. Gruda NS. 2019. Increasing sustainability of growing media
constituents and stand-alone substrates in soilless culture systems.
Agronomy 9:298

3. Alvarez JM, Pasian C, Lal R, Lépez R, Diaz MJ, et al. 2018. Morpho-
physiological plant quality when biochar and vermicompost are
used as growing media replacement in urban horticulture. Urban
Forestry & Urban Greening 34:175-80

4. Eulenstein F, Schindler U, Saljnikov E, Klemm M, Lihmann T, et al.
2021. Development of alternative growing media with hydrochar
from extensive grassland biomass and evaluation of their soil-
chemical quality. Acta Horticulturae 1305:263-70

Page 7 of 9


https://doi.org/10.19103/as.2019.0052.01
https://doi.org/10.19103/as.2019.0052.01
https://doi.org/10.3390/agronomy9060298
https://doi.org/10.1016/j.ufug.2018.06.021
https://doi.org/10.1016/j.ufug.2018.06.021
https://doi.org/10.17660/ActaHortic.2021.1305.36

Technology in
Horticulture

5.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Fryda L, Visser R, Schmidt J. 2019. Biochar replaces peat in horticul-
ture: environmental impact assessment of combined biochar &
bioenergy production. Detritus 5:132—-49

Regmi A, Singh S, Moustaid-Moussa N, Coldren C, Simpson C.
2022. The negative effects of high rates of biochar on violas can be
counteracted with fertilizer. Plants 11:491

Luo X, Liu G, Xia Y, Chen L, Jiang Z, et al. 2017. Use of biochar-
compost to improve properties and productivity of the degraded
coastal soil in the Yellow River Delta, China. Journal of Soils and
Sediments 17:780-89

Venkataramani S, Kafle A, Singh M, Singh S, Simpson C, et al. 2023.
Greenhouse cultivation of cucumber (Cucumis sativus L.) in stan-
dard soilless media amended with biochar and compost.
HortScience 58:1035-44

Zheng H, Wang X, Chen L, Wang Z, Xia Y, et al. 2018. Enhanced
growth of halophyte plants in biochar-amended coastal soil: roles
of nutrient availability and rhizosphere microbial modulation.
Plant, Cell & Environment 41:517—32

Vista SP, Khadka A. 2017. Determining appropriate dose of biochar
for vegetables. Journal of Pharmacognosy and Phytochemistry
6:673-77

Luo X, Wang Z, Meki K, Wang X, Liu B, et al. 2019. Effect of co-appli-
cation of wood vinegar and biochar on seed germination and
seedling growth. Journal of Soils and Sediments 19:3934—-44
Dumroese RK, Heiskanen J, Englund K, Tervahauta A. 2011.
Pelleted biochar: chemical and physical properties show potential
use as a substrate in container nurseries. Biomass and Bioenergy
35:2018-27

Steiner C, Harttung T. 2014. Biochar as a growing media additive
and peat substitute. Solid Earth 5:995-99

Leskovar DI, Stoffella PJ. 1995. Vegetable seedling root systems:
morphology, development, and importance. HortScience
30:1153-59

Nair A, Carpenter B. 2016. Biochar rate and transplant tray cell
number have implications on pepper growth during transplant
production. HortTechnology 26:713—-19

Bu X, Ji H, Ma W, Mu C, Xian T, et al. 2022. Effects of biochar as a
peat-based substrate component on morphological, photosyn-
thetic and biochemical characteristics of Rhododendron delavayi
Franch. Scientia Horticulturae 302:111148

USDA. 2021. Fresh cucumber imports capture nearly 90 percent of
the U.S. market. Economic Research Service. https://www.ers.usda.
gov/data-products/chart-gallery/gallery/chart-detail/?chartld=
101346

Singh M, Singh S, Parkash V, Ritchie G, Wallace RW, et al. 2022.
Biochar implications under limited irrigation for sweet corn
production in a semi-arid environment. Frontiers in Plant Science
13:853746

Agathokleous E, Belz RG, Kitao M, Koike T, Calabrese EJ. 2019. Does
the root to shoot ratio show a hormetic response to stress? An
ecological and environmental perspective Journal of Forestry
Research 30:1569—-80

Parkash V, Singh S, Singh M, Deb SK, Ritchie GL, et al. 2021. Effect
of deficit irrigation on root growth, soil water depletion, and water
use efficiency of cucumber. HortScience 56:1278-86

Martins TC, Machado RMA, Alves-Pereira |, Ferreira R, Gruda NS.
2023. Coir-based growing media with municipal compost and
biochar and their impacts on growth and some quality parame-
ters in lettuce seedlings. Horticulturae 9:105

Dispenza V, De Pasquale C, Fascella G, Mammano MM, Alonzo G.
2016. Use of biochar as peat substitute for growing substrates of
Euphorbia x lomi potted plants. Spanish Journal of Agricultural
Research 14:e0908

Park JH, Choppala GK, Bolan NS, Chung JW, Chuasavathi T. 2011.
Biochar reduces the bioavailability and phytotoxicity of heavy
metals. Plant and Soil 348:439-51

Page 8 of 9

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Biochar-compost amendment on soilless media

Zhang L, Sun X, Tian Y, Gong X. 2014. Biochar and humic acid
amendments improve the quality of composted green waste as a
growth medium for the ornamental plant Calathea insignis. Scien-
tia Horticulturae 176:70—-78

Huang L, Gu M. 2019. Effects of biochar on container substrate
properties and growth of plants—a review. Horticulturae 5:14

Fan R, Luo J, Yan S, Zhou Y, Zhang Z. 2015. Effects of biochar and
super absorbent polymer on substrate properties and water
spinach growth. Pedosphere 25:737-48

Chartzoulakis KS. 1992. Effects of NaCl salinity on germination,
growth and yield of greenhouse cucumber. Journal of Horticultural
Science 67:115-19

Kim HS, Kim KR, Yang JE, Ok YS, Kim WI, et al. 2017. Amelioration of
horticultural growing media properties through rice hull biochar
incorporation. Waste and Biomass Valorization 8:483-92

Nieto A, Gasco G, Paz-Ferreiro J, Fernandez JM, Plaza C, et al. 2016.
The effect of pruning waste and biochar addition on brown peat
based growing media properties. Scientia Horticulturae
199:142-48

Ghanbarian B, Daigle H. 2016. Thermal conductivity in porous
media: percolation-based effective-medium approximation. Water
Resources Research 52:295-314

Javid F. 2015. Analysis of heat transfer through porous perlite with
varying pore size and moisture content. Doctoral dissertation,
Southern lllinois University, Edwardsville.

Balliu A, Zheng Y, Sallaku G, Fernandez JA, Gruda NS, et al. 2021.
Environmental and cultivation factors affect the morphology,
architecture and performance of root systems in soilless grown
plants. Horticulturae 7:243

Vaughn SF, Byars JA, Jackson MA, Peterson SC, Eller FJ. 2021.
Tomato seed germination and transplant growth in a commercial
potting substrate amended with nutrient-preconditioned Eastern
red cedar (Juniperus virginiana L.) wood biochar. Scientia Horticul-
turae 280:109947

Liopa-Tsakalidi A, Barouchas PE. 2017. Effects of biochar on
pepperoncini (Capsicum annuum L cv. Stavros) germination and
seedling growth in two soil types. Australian Journal of Crop
Science 11:264-70

Ma G, Mao H, Bu Q, Han L, Shabbir A, et al. 2020. Effect of
compound biochar substrate on the root growth of cucumber
plug seedlings. Agronomy 10:1080

Revell KT, Maguire RO, Agblevor FA. 2012. Influence of poultry
litter biochar on soil properties and plant growth. Soil Science
177:402-08

Bargmann |, Rillig MC, Buss W, Kruse A, Kuecke M. 2013. Hydrochar
and biochar effects on germination of spring barley. Journal of
Agronomy and Crop Science 199:360—-73

Rogovska N, Laird D, Cruse RM, Trabue S, Heaton E. 2012. Germina-
tion tests for assessing biochar quality. Journal of Environmental
Quality 41:1014-22

Solaiman ZM, Murphy DV, Abbott LK. 2012. Biochars influence
seed germination and early growth of seedlings. Plant and Soil
353:273-87

Gaskin JW, Steiner C, Harris K, Das KC, Bibens B. 2008. Effect of low-
temperature pyrolysis conditions on biochar for agricultural use.
Transactions of the ASABE 51:2061-69

Mumme J, Getz J, Prasad M, Lider U, Kern J, Masek O, et al. 2018.
Toxicity screening of biochar-mineral composites using germina-
tion tests. Chemosphere 207:91-100

Headlee WL, Brewer CE, Hall RB. 2014. Biochar as a substitute for
vermiculite in potting mix for hybrid poplar. BioEnergy Research
7:120-31

Tian Y, Sun X, Li S, Wang H, Wang L, et al. 2012. Biochar made from
green waste as peat substitute in growth media for Calathea
rotundifola cv. Fasciata. Scientia Horticulturae 143:15-18

Kafle et al. Technology in Horticulture 2024, 4: e001


https://doi.org/10.31025/2611-4135/2019.13778
https://doi.org/10.3390/plants11040491
https://doi.org/10.1007/s11368-016-1361-1
https://doi.org/10.1007/s11368-016-1361-1
https://doi.org/10.21273/HORTSCI17257-23
https://doi.org/10.1111/pce.12944
https://doi.org/10.1007/s11368-019-02365-9
https://doi.org/10.1016/j.biombioe.2011.01.053
https://doi.org/10.5194/se-5-995-2014
https://doi.org/10.21273/HORTSCI.30.6.1153
https://doi.org/10.21273/HORTTECH03490-16
https://doi.org/10.1016/j.scienta.2022.111148
https://www.ers.usda.gov/data-products/chart-gallery/gallery/chart-detail/?chartId=101346
https://www.ers.usda.gov/data-products/chart-gallery/gallery/chart-detail/?chartId=101346
https://www.ers.usda.gov/data-products/chart-gallery/gallery/chart-detail/?chartId=101346
https://doi.org/10.3389/fpls.2022.853746
https://doi.org/10.1007/s11676-018-0863-7
https://doi.org/10.1007/s11676-018-0863-7
https://doi.org/10.21273/HORTSCI16052-21
https://doi.org/10.3390/horticulturae9010105
https://doi.org/10.5424/sjar/2016144-9082
https://doi.org/10.5424/sjar/2016144-9082
https://doi.org/10.1007/s11104-011-0948-y
https://doi.org/10.1016/j.scienta.2014.06.021
https://doi.org/10.1016/j.scienta.2014.06.021
https://doi.org/10.3390/horticulturae5010014
https://doi.org/10.1016/S1002-0160(15)30055-2
https://doi.org/10.1080/00221589.1992.11516227
https://doi.org/10.1080/00221589.1992.11516227
https://doi.org/10.1007/s12649-016-9588-z
https://doi.org/10.1016/j.scienta.2015.12.012
https://doi.org/10.1002/2015WR017236
https://doi.org/10.1002/2015WR017236
https://doi.org/10.3390/horticulturae7080243
https://doi.org/10.1016/j.scienta.2021.109947
https://doi.org/10.1016/j.scienta.2021.109947
https://doi.org/10.1016/j.scienta.2021.109947
https://doi.org/10.21475/ajcs.17.11.03.pne328
https://doi.org/10.21475/ajcs.17.11.03.pne328
https://doi.org/10.3390/agronomy10081080
https://doi.org/10.1097/SS.0b013e3182564202
https://doi.org/10.1111/jac.12024
https://doi.org/10.1111/jac.12024
https://doi.org/10.2134/jeq2011.0103
https://doi.org/10.2134/jeq2011.0103
https://doi.org/10.1007/s11104-011-1031-4
https://doi.org/10.13031/2013.25409
https://doi.org/10.1016/j.chemosphere.2018.05.042
https://doi.org/10.1007/s12155-013-9355-y
https://doi.org/10.1016/j.scienta.2012.05.018

Biochar-compost amendment on soilless media

44,

45.

46.

47.

48.

49.

50.

Tosca A, Valagussa M, Martinetti L, Frangi P. 2021. Biochar and
green compost as peat alternatives in the cultivation of photinia
and olive tree. Acta Horticulturae 1305:257—-62

Zulfigar F, Younis A, Chen J. 2019. Biochar or biochar-compost
amendment to a peat-based substrate improves growth of Syngo-
nium podophyllum. Agronomy 9:460

Parkash V, Singh S. 2020. Potential of biochar application to miti-
gate salinity stress in eggplant. HortScience 55:1946—-55

Regmi A, Poudyal S, Singh S, Coldren C, Moustaid-Moussa N, et al.
2023. Biochar influences phytochemical concentrations of Viola
cornuta flowers. Sustainability 15:3882

Jiménez-Arias D, Garcia-Machado FJ, Morales-Sierra S, Garcia-
Garcia AL, Herrera AJ, et al. 2021. A beginner's guide to osmopro-
tection by biostimulants. Plants 10:363

Sani MNH, Yong JWH. 2022. Harnessing synergistic biostimulatory
processes: a plausible approach for enhanced crop growth and
resilience in organic farming. Biology 11:41

Tazel Y, Balliu A. 2020. Advances in liquid-and solid-medium soil-
less culture systems. In Advances in Horticultural Soilless Culture,
eds Gruda NS. London: Burleigh Dodds Science Publishing. pp.
213-48. https://doi.org/10.1201/9781003048206-10

Kafle et al. Technology in Horticulture 2024, 4: €001

51.

52.

53.
54.

55.

Technology in
Horticulture

Shi K, Hu W, Dong D, Zhou Y, Yu J. 2007. Low O, supply is involved
in the poor growth in root-restricted plants of tomato (Lycopersi-
con esculentum Mill.). Environmental and Experimental Botany
61:181-89

Judd LA, Jackson BE, Fonteno WC. 2015. Advancements in root
growth measurement technologies and observation capabilities
for container-grown plants. Plants 4:369—92

Wraith JM, Wright CK. 1998. Soil water and root growth.
HortScience 33:951-59

Jones JB. 1985. Growing plants hydroponically. The American Biol-
ogy Teacher 47:356—58

Blaha L. 2019. Importance of root-shoot ratio for crops production.
Journal of Agronomy & Agricultural Science 2:12

Copyright: © 2024 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This

article is an open access article distributed under Creative
Commons Attribution License (CC BY 4.0), visit https:/creative-
commons.org/licenses/by/4.0/.

Page 9 of 9


https://doi.org/10.17660/ActaHortic.2021.1305.35
https://doi.org/10.3390/agronomy9080460
https://doi.org/10.21273/HORTSCI15398-20
https://doi.org/10.3390/su15053882
https://doi.org/10.3390/plants10020363
https://doi.org/10.3390/biology11010041
https://doi.org/10.1201/9781003048206-10
https://doi.org/10.1016/j.envexpbot.2007.05.010
https://doi.org/10.3390/plants4030369
https://doi.org/10.21273/HORTSCI.33.6.951
https://doi.org/10.2307/4448083
https://doi.org/10.2307/4448083
https://doi.org/10.2307/4448083
https://doi.org/10.24966/aas-8292/100012
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methodology
	pH and Electrical Conductivity (EC)
	Water retention capacity and thermal conductivity of media
	Germination and seedling height
	Shoot and root growth parameters
	Root parameters
	Statistical analysis

	Results and discussion
	pH and EC
	Water retention capacity and thermal conductivity of media
	Germination and seedling height
	Shoot and root growth parameters

	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	References

