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Abstract. Fresh parboiled rice hulls ground in a hammer mill and screened through
a 1.18-mm screen and collected on a 0.18-mm screen (RH3) and particles with a specific
diameter of 0.5 to 1.0 mm had total pore space (TPS), air-filled pore space (AFP), and
water-holding capacity (WHC) similar to that of Canadian sphagnum peat (peat).
However, RH3 had more available water, a higher bulk density (BD), and a higher
particle density (PD) than peat. When blended with 20% to 40% perlite or 1 cm aged pine
bark, RH3-based substrates had lower TPS, similar AFP, and lower WHC than
equivalent peat-based substrates. The RH3-containing substrates had higher BD and
average PD than equivalent peat-based substrates. When blended with parboiled rice
hulls (PBH), RH3-based substrates had lower TPS than equivalent peat-based substrates.
When blended with 20% to 40% PBH, RH3-based substrates had lower AFP than
equivalent peat-based substrates. RH3-based substrates containing up to 20% PBH had
lower WHC than equivalent peat-based substrates. RH3-based substrates containing
40% PBH had a higher WHC than equivalent peat-based substrates. When blended with
PBH, all RH3-based substrates had higher BD and average PD than equivalent peat-
based substrates. The addition of 40% RH3 to a peat-based substrate containing 20%
perlite decreased substrate TPS, whereas the addition of 10% to 40% decreased AFP.
The addition of 10% to 30% RH3 increased WHC. The addition of 30% RH3 to a peat-
based substrate containing 20% 1 cm aged pine bark decreased substrate TPS and the
addition 0of 20% to 40% RH3 decreased AFP. The addition of 10% RH3 increased WHC,
but the addition of 20% or more RH3 did not affect WHC. The addition of 30% RH3
increased the BD, but the addition of RH3 had no effect on average PD. The addition of
20% or more and 30% or more RH3 to a peat-based substrate containing 20% PBH
decreased substrate TPS and AFP, respectively. The addition 20% RH3 decreased WHC.
The addition of 10% to 40% RH3 increased BD. Overall, RH3 was the ground rice hull
product that had physical properties most similar to peat. Peat-based substrates in which
up to 40% of the peat was replaced with RH3 had physical properties that, although
different from peat controls, were within commonly recommended ranges for substrates
used to grow greenhouse crops.

Soilless root substrates (substrates) are
commonly used in the production of contain-
erized greenhouse and nursery crops (Bunt,
1988; Nelson, 2003). Substrates are formu-
lated from various organic and inorganic
components to provide suitable physical
and chemical properties as required by the
specific crop and cultural conditions (Bunt,
1988). One of the most common materials
used in the formulation of substrates is
sphagnum peat (peat). However, environ-
mental concerns (Barkham, 1993; Buckland,
1993; Robertson, 1993) in the European
Union and cost in markets such as Japan that
are far from commercial sphagnum peat
sources have generated significant interest
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in the development of new substrate compo-
nents that could serve as alternatives to peat
used in substrates. Additionally, an increased
emphasis on sustainability has increased in-
terest in finding uses for agricultural and
municipal byproducts and one of the poten-
tial areas in which such byproducts might be
used is as horticultural substrate components.

Most research on the development of
alternatives to peat in substrates has been
focused on agricultural, industrial, and munic-
ipal waste products. Among these products
were coconut coir (Evans and Stamps, 1996),
cotton gin waste (Wang, 1991), waste paper
products (Chong and Cline, 1993), composted
rice hulls (Laiche and Nash, 1990), kenaf
(Wang, 1994), composted yard waste (Beeson,
1996), ground feather fiber (Evans, 2004),
ground pine tree wood (Jackson et al., 2008),
and various composted animal manures (Tyler
et al., 1993). Although some of these mate-
rials have been successfully used, some were
not produced in large enough quantities to
impact the market, some were too expensive

for their intended use, some had a high degree
of variability, and others had a high likeli-
hood of containing contaminants such as
metal fragments, glass, lead, and mercury.

Rice is produced in many areas of the
world and in the United States extensively in
Arkansas, California, Florida, Louisiana,
Mississippi, Missouri, and Texas. Rice hulls
are a byproduct of the rice milling industry
and consist mainly of hemicellulose, lignin,
and amorphous silica (Juliano et al., 1987).
Kamath and Proctor (1998) estimated that 34
million tons of fresh rice hulls were produced
annually in the United States. According to
Bunt (1988) and Hanan (1998), fresh rice
hulls had a bulk density of 0.10 g-cm3,
water-holding capacity of 20% (v/v), total
pore space of 89% (v/v), and an air-filled pore
space of 69% (v/v). Evans and Gachukia
(2007) demonstrated that the large particle
size of whole parboiled fresh rice hulls in-
creased drainage and air-filled pore space in
peat-based substrates without causing signif-
icant nitrogen immobilization. Evans and
Gachukia (2004) also reported that shoot
and root dry weights of impatiens (/mpatiens
wallerianana Hook), marigold (7agetes
patula L.), and pansy (Viola XWittrockiana
Gams.) grown in perlite-containing sub-
strates were not significantly different from
those grown in parboiled fresh rice hull-
containing substrates.

Sambo et al. (2008) reported the physical
properties of various ground nonparboiled
fresh rice hulls. No fresh ground rice hulls
products passed through 1-, 2-, 4-, or 6-mm
diameter screens had the same physical
properties as peat. All ground fresh rice hull
products had higher bulk density, lower total
pore space, higher air-filled pore space, and
lower water-holding capacity than sphagnum
peat.

In most situations, the physical properties
of substrates are largely determined by the
size of the particles of the substrate compo-
nents. Larger particles tend to result in the
creation of larger pores. Larger pores tend to
drain after irrigation and provide the air-filled
pore space of the substrate (Bunt, 1988;
Raviv and Lieth, 2008). As the particle sizes
increase or the proportion of large particles in
the substrate increases, the air-filled pore
space decreases. In contrast, smaller particles
tend to pack more closely together than larger
particles. Closer packing results in a decrease
in air-filled pore space and may result in
a decrease in total pore space, an increase in
water-holding capacity, or both.

Because substrate particle size influences
pore size and pore size directly influences
substrate physical properties, it should be
possible to manipulate the physical proper-
ties of ground parboiled fresh rice hulls by
altering the grind size and the sieve dimen-
sions to produce a product with different
particle sizes or different mixtures of particle
sizes that have physical properties similar to
sphagnum peat. Therefore, the objectives of
this research were to develop a ground par-
boiled fresh rice hull product with physical
properties similar to sphagnum peat and to
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evaluate how the inclusion of such a ground
rice hull product as a complete or partial sub-
stitute for peat with different common aggre-
gates affects the physical properties of the
substrates.

Materials and Methods

Physical properties of ground parboiled
fresh rice hull products. Whole parboiled
fresh rice hulls (PBH) were obtained from
Riceland Foods, Inc. (Stuttgart, AR). Sphag-
num peat was obtained from Sun Gro Horti-
culture (Bellevue, WA). Two ground rice
hull products (RH1 and RH2) were produced
by grinding PBH in a rotary Wiley mill (CSC
Scientific, Inc., Fairfax, VA) using a diamond-
shaped screen with 5-mm wide X 8-mm high
openings. The RH1 product was PBH that
was processed once through the Wiley mill,
whereas the RH2 product was processed twice
through the Wiley mill using the same screen.
A third ground rice hull product (RH3) was
a commercially available, ground PBH mate-
rial (Riceland Foods, Inc.) that was ground in
a hammer mill until it passed through a screen
with 1.18-mm diameter openings and was
collected on a screen with 0.18-mm openings.
These three ground rice hull products were
a mixture of particle sizes and are referred to
as grades in this article.

The particle size distribution of each
ground parboiled fresh rice hull grade and
peat was determined by sieving dry 100-g
samples of each product for 2 min using
a sieve shaker and a series of U.S. standard
sieves with openings 0 2.80, 2.00, 1.00, 0.50,
and 0.25 mm (Fisher Scientific, Pittsburgh,
PA). The amount of material collected on
each screen was weighed, recorded, and cal-
culated as a percentage (w/w) of the total
sample.

An additional six ground rice hull prod-
ucts were produced by sieving the RHI1
product to separate the particle fractions.
The same sieve sizes described were used to
separate the ground rice hull particles. This
produced six ground rice hull products with
discrete particle sizes of greater than 2.8 mm
(P1),2.0 to 2.8 mm (P2), 1.0 to 2.0 mm (P3),
0.5to 1.0 mm (P4), 0.25 to 0.50 mm (P5), and
less than 0.25 mm (P6).

For all of the ground rice hull products
and peat, the total pore space (TPS; v/v), air-
filled pore space (AFP; v/v), water-holding
capacity (WHC; v/v), and bulk density (BD;
g-cm™) were determined using porometers
according to methods described by Byrne and
Carty (1989), Evans et al. (1996), and Fonteno
and Bilderback (1993). The particle density
(PD; g-em™) was determined according to
methods described by Niedziela and Nelson
(1992). An analysis of variance (ANOVA)
was conducted to determine if substrate
physical properties differed significantly
among the components. Single degree-of-
freedom contrasts of each rice hull product
versus peat were conducted to determine
significant differences in physical properties
between each ground rice hull product and
peat.
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Water retention curves were developed by
using a pressure plate system (Soil Moisture
Equipment Corp., Santa Barbara, CA) accord-
ing to methods described by Carter (1993).
Peat and rice hull products were packed into
brass cylinders that were 60 mm tall with
a diameter of 54 mm. The bottom openings of
the cylinders were sealed with cheesecloth.
Samples were subjected to head pressures of
0,1, 10,30, 50, 100, and 300 kPa in a pressure
plate system. In this test, the water released
from 0 to 1 kPa of pressure was considered
to be the AFP space and the water held at
a pressure of 1 kPa was considered to be total
WHC. Water released from 1 to 10 kPa was
considered to be available water (Bunt, 1988;
De Boodt and Verdonck, 1972). Water re-
leased at pressures higher than 10 kPa was
considered unavailable water (Ingram et al.,
1993). Samples were dried in an oven at 80 °C
until they reached a constant weight. The dry
weight was then used to determine the amount
of water held by the substrate at each pressure.
For peat and rice hull products, three cylin-
ders were tested with each cylinder serving
as a replication. Water release curves were
plotted as substrate water content (v/v) versus
pressure. Curve fitting was done using Graph-
Pad Prism 5 (GraphPad Software, Inc., La
Jolla, CA).

Physical properties of peat and ground
rice hull-based substrates with varying
concentrations of aggregates. Substrates
were composed of 60%, 70%, 80%, 90%,
and 100% RH3 or peat with the remainder
of the volume being perlite, PBH, or 1-cm
diameter screened aged pine bark. The sub-
strate components were blended in a rotary
mixer for 1 min at 50 rpm. The substrate TPS,
AFP, WHC, BD, and PD were determined in
containers using the tube method as de-
scribed by Niedziela and Nelson (1992).
The experimental design was a completely
randomized design with 15 replications. An
ANOVA was conducted to determine if the
physical properties of the substrates were
affected by substrate composition. Where sig-
nificant differences occurred, single degree-
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of-freedom contrasts were conducted to de-
termine significant differences between root
substrates containing RH3 versus substrates
containing equivalent amounts of peat.
Physical properties of root substrates
containing ground parboiled fresh rice hulls
as a partial replacement of peat. All sub-
strates contained 20% perlite, PBH, or 1 cm
aged screened aged pine bark. The substrates
were composed of 0%, 10%, 20%, 30%, or
40% RH3 with the remainder of the substrate
volume being peat. The substrate TPS, AFP,
WHC, BD, and PD were determined in con-
tainers using the tube method as described by
Niedziela and Nelson (1992). The experi-
ment was a completely randomized design
with 15 replications. An ANOVA was con-
ducted to determine if the physical properties
of the substrates were affected by substrate
composition. Where significant differences
occurred, single degree-of-freedom contrasts
were conducted to determine whether signi-
ficant differences occurred between root sub-
strates containing RH3 versus substrates
containing equivalent amounts of peat.

Results and Discussion

Physical properties of ground parboiled

fresh rice hull products. Peat had the highest

proportion of particles exceeding 2.80 mm.
RH1 was composed primarily of particles
greater than 2.80 mm and 1.00 mm to 2.00 mm
in diameter (Fig. 1). RH2 and RH3 were
composed primarily of particles with diame-
ters of 1.0 mm to 2.0 mm. The primary
difference between RH2 and RH3 was that
RH3 had a higher proportion of particles with
diameters of 0.5 to 1.0 mm.

All of the ground rice hull products,
whether a grade or specific particle size,
had a higher BD and PD than peat (Tables 1
and 2). Generally, as the size of the rice hull
particle decreased, the BD increased (Table
2). Peat had a significantly lower TPS than
RHI1 but a similar TPS as RH2 and RH3
(Table 1). Peat had a lower TPS than P1, P2,
and P3 but a similar TPS as P4, P5, and P6
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Fig. 1. Particle size distribution for sphagnum peat and three ground parboiled fresh rice hull products
(RH1, RH2, and RH3). RHI and RH2 were parboiled fresh rice hulls ground once and twice in a Wiley
mill and passed through a 5-mm wide X 8-mm high screen, respectively. RH3 was a commercially
available rice hull product ground using a hammer mill, passed through a 1.18-mm screen, and
collected on a 0.18-mm screen (Riceland Foods, Stuttgart, AR). Error bars represent the se of the

means.
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Table 1. Physical properties of peat and ground parboiled fresh rice hull products containing a mixture of particle sizes.

Bulk Particle Total pore Air-filled Available Percent

density density space pore space Water-holding water available water
Component” (g-em™) (g-em™) (% v/v) (% v/v) capacity (% v/v) (cm?/100 cm?)® (cm?/100 cm?)*
RHI 0.2 1.3 86.9 39.6 42.3 25.8 61.0
RH2 0.3 1.3 78.8 21.8 57.0 30.2 53.0
RH3 0.3 1.1 74.9 16.2 58.8 31.6 53.7
Peat 0.1 0.4 79.2 13.9 65.3 14.6 22.4
Significance df
Component 3 ok sk * ok ok ok Hxk
RH] versus peat 1 B sk * sskosk sskosk sesksk kK
RH2 versus peat 1 ok ok NS * NS Ak HAE
RH3 versus peat 1 rE HHE NS NS NS HHE HAE

“Peat was a sphagnum peat. RH1 and RH2 were parboiled fresh rice hulls ground once and twice in a Wiley mill and passed through a 5-mm wide X 8-mm
high screen, respectively. RH3 was a commercially available rice hull product ground using a hammer mill, passed through a 1.18-mm screen, and collected on a

0.18-mm screen (Riceland Foods, Stuttgart, AR).

YAvailable water was defined as water held at a pressure of 1 to 10 kPa.
*Percent water available defined as (available water/water-holding capacity) x 100.
Ns, ¥, *¥* *#**Nonsignificant or significant at P > F = 0.05, 0.01, or 0.001, respectively.

Table 2. Physical properties of peat and different particle sizes of ground parboiled fresh rice hulls.

Bulk Particle Total pore Air-filled Water-holding Available Percent
density density space pore space capacity water available water

Component” (g-em™) (g-em™) (% v/v) (% v/v) (% v/v) (cm?/100 cm?)Y (cm?/100 cm?)*
>2.80 mm (P1) 0.18 1.2 84.9 335 514 21.3 41.5
2.00-2.80 mm (P2) 0.14 1.4 89.5 44.4 45.1 34.5 76.5
1.00-2.00 mm (P3) 0.19 1.4 86.3 322 54.2 39.0 71.9
0.50-1.00 mm (P4) 0.30 1.3 76.2 14.6 61.6 37.2 60.3
0.25-0.50 mm (P5) 0.31 1.3 76.6 5.7 70.9 40.6 57.3
<0.25 mm (P6) 0.33 1.3 73.9 4.0 69.9 6.0 8.5
Peat 0.09 0.4 79.2 13.9 65.3 17.0 24.0
Significance df
Components 6 sk *kk sk P sk sk *kk
P1 versus peat 1 HEE ok * okk ok sk sk
P2 versus peat 1 * ®kk P P w3k ®kk *kk
P3 versus peat 1 skskosk KKk kk skskosk sk kkk KKk
P4 versus peat 1 HHE HAE NS NS NS HAE HAk
PS5 versus peat 1 ok HAE NS * NS HAE HAE
P6 versus peat 1 HaE HAE NS *x NS HAE HAE
“Peat was a sphagnum peat. Numbers represent the particle size diameter of the ground rice hull products (P1-P6).
YAvailable water was defined as water held at a pressure of 1 to 10 kPa.
*Percent water available defined as (available water/water-holding capacity) x 100.
Ns, ¥, #**F**¥Nonsignificant or significant at P > F = 0.05, 0.01, or 0.001, respectively.
(Table 2). Peat had a lower AFP than RH1 90
and RH2 but a similar AFP as RH3. Peat had 0 =ret
a lower AFP than P1, P2, and P3 but a higher 2 ——RH1
AFP than P5 and P6. Peat had a similar AFP § 70 ——RH2
as P4. Peat had a higher WHC than RH1 but a 8 &0 —RH3
similar WHC to RH2 and RH3. Peat had a %
higher WHC than P1, P2, and P3 but a similar - 50
WHC as P4, P5, and P6. 8 40

The model that best predicted the effect of 8
increasing pressure on the water content was B 30
a one-phase decay model in which y = (Y0 — 2 20
plateau)®*™® + plateau in which y was water 0 I
content (cm?/100 cm?); X was pressure (kPa);
YO0 was the Y value when X is zero expressed 0

1 10 30 50 100 300

in the same units as Y; plateau was the Y
value at infinite times expressed in the same
units as Y; and K was the rate constant
expressed in reciprocal of the X axis units.
Except for P6, all rice hull products released
more water at lower pressures than peat (Figs.
2 and 3) and thus had higher available water
content and a higher percent of available
water than peat (Tables 1 and 2). The P6
particle size released less water at pressures
up to 10 kPa and thus had less available water
than peat.

The physical properties of the ground rice
hulls can be at least partially explained as
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Pressure (kPa)

Fig. 2. Water release curves for sphagnum peat and various ground parboiled fresh rice hull products. Peat
was a Canadian sphagnum peat. RH1 and RH2 were parboiled fresh rice hulls ground once and twice in
a Wiley mill and passed through a 5-m wide X 8-mm high screen, respectively. RH3 was a com-
mercially available rice hull product ground using a hammer mill, passed through a 1.18-mm screen,
and collected on a 0.18-mm screen. Regression equations for each material were: peat, y = (70.51—
15.5) (00437 4+ 15,5, R* = 0.93; RH1, y = (86.9-17.71)0 %% + 17.71, R* = 0.98; RH2, y = (78.6—
21.04)003%3™) 4+ 21.04, R* = 0.97; RH3, y = (73.96-20.5) %2199 + 15.01, R* = 0.97.

a function of particle size and PD. In most
root substrates, as the particle size decreases,
particles are able to pack more closely

together, which reduces the larger sized pores
and typically increases solids and BD and
reduces AFP (Bunt, 1988; Nelson, 2003;
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Raviv and Lieth, 2008). As the particle size of
the ground rice hulls decreased, or as the
proportion of smaller particles increased in
the ground rice hull grades, TPS and AFP
decreased and WHC and BD increased. Rice
hulls contained up to 20% silica (Juliano
et al., 1987; Kamath and Proctor, 1998),
whereas sphagnum peat was typically 96%
organic matter with only traces of silica. This
difference in composition would have con-
tributed to ground rice hulls having a higher
PD than peat. The higher particle density
would in turn have increased the BD of all
ground rice hull products as compared with
peat.

The RH1 ground rice hull product had
a higher percentage of particles with a di-
ameter greater than 2.8 mm than RH2 and
RH3, and RH2 and RH3 had a higher per-
centage of particles with a diameter of 0.5 to
2.0 mm than RH1. The lower percentage of
large particles and the higher percentage of
smaller particles resulted in RH1 having
a higher TPS and AFP and a lower WHC
than RH2 and RH3. Interestingly, the 0.5 to
1.0 (P4) particle size had physical properties
most similar to those of peat and the RH3
material, which also had the properties most
similar to peat and had the highest percentage
of particles in the 0.5- to 1.0-mm diameter.
Pine tree substrates recommended by Jackson
et al. (2008) were comprised primarily of
particles 0.5 to 2.0 mm in diameter, which is
larger than the optimal particle size for
ground rice hulls. However, the TPS and
the AFP of the pine tree substrates were
higher than those of peat and the peat-based
control substrates.

The differences in water release and avail-
able water could also be explained as a func-
tion of particle size. As the rice hull particle
size decreased, or the proportion of smaller
particles in the grade was increased, the
proportion of very small pores that hold water
more tightly would increase. This would in
turn result in water being held at higher
tensions, less water released at low pressures,
and less available water. The P6 particle that
had the smallest particle size had the lowest
amount of available water and was the only
rice hull product to have less available water
than peat. Sambo et al. (2008) also reported
that various ground rice hull products had
a higher percent of available water than peat.
Although available water was defined as
the water that was released by a substrate at
pressures up to 10 kPa (Ingram et al., 1993),
there is no agreement on the exact tension at
which water is unavailable to plants in a soil-
less root substrate nor are there well-developed
recommendations (Buamscha et al., 2007).

According to Yeager et al. (2007), the
recommended BD of containerized crop root
substrates was 0.19 to 0.70 g-cm?®. The
optimal range for TPS in root substrates
was 60% to 85% (Arnold Bik, 1983; Boertje,
1984; Jenkins and Jarrell, 1989), and Bunt
(1988) and Jenkins and Jarrell (1989) both
recommended an APS of 10% to 20%. The
optimal WHC has been reported to be be-
tween 45% (Arnold Bik, 1983; Boertje, 1984)
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and 65% by volume (Jenkins and Jarrell,
1989). Therefore, RH3 and P4 had similar
TPS, APS, and WHC compared with peat and
although BD and PD were different from
peat, all physical properties of RH3 and P6
were within recommended ranges. Because
RH3 was the simplest product to manufacture,
was a readily available commercial product,
and had properties most similar to peat, it was
selected as the ground rice hull product to be
used in subsequent substrate evaluations.
Physical properties of peat and ground
rice hull-based substrates with varying
concentrations of aggregates. Regardless of
the perlite concentration, peat-based sub-
strates had lower BD and PD than equivalent
RH3-based substrates (Table 3). At all perlite
concentrations, peat-based substrates had a
higher TPS than equivalent RH3-based sub-
strates, but AFP was not different between

100

Water content (cm®100cm3)

peat-based substrates and RH-based sub-
strates containing the same concentration of
perlite. Peat-based substrates containing 0%
to 30% perlite had higher WHC than equiv-
alent RH3-based substrates. However, peat-
based substrates containing 40% perlite had
similar WHC as the equivalent RH3-based
substrate.

At all bark concentrations, peat-based
substrates had lower BD and PD than equiv-
alent RH3-based substrates (Table 4). At all
bark concentrations, peat-based substrates
had a higher TPS than equivalent RH3-based
substrates, but AFP was not different be-
tween peat-based substrates and RH-based
substrates containing the same concentration
of bark. Peat-based substrates containing 0%,
10%, 30%, and 40% bark had higher WHC
than equivalent RH3-based substrates. How-
ever, peat-based substrates containing 20%

——Peat

30 50

100 300

Pressure (kPa)

Fig. 3. Water release curves for sphagnum peat and various ground parboiled fresh rice hull particle sizes.
Ground rice hull products P1, P2, P3, P4, P5, and P6 had particle sizes with a diameter greater than
2.80, 2.0, 1.0, 0.5, 0.25, and less than 0.25 mm, respectively. Regression equations for each material
were: peat, y = (70.51-15.5)C %97 + 155 R*=0.93; P1,y = (84.87-15.01) *7°* + 15.01, R*=0.97;
P2,y = (89.49-11.15)C%7%9 + 11.15, R* = 0.99; P3, y = (86.23-15.9) %7 + 15,9, R* = 0.99; P4,
y = (75.65-20.54)C 037579 + 20.54, R* = 0.94; P5, y = (77.95-21.54)C 174" + 21.54, R* = 0.99; P6,

y =(72.06-22.13)0002039) + 22 13, R* = 0.94.

Table 3. Physical properties of substrates comprised of sphagnum peat or ground parboiled fresh rice hulls

amended with perlite.

Bulk  Avgparticle Total pore Air-filled Water-holding

density density space pore space capacity
Substrate composition” (grem™) (g-em™) (% v/v) (% v/v) (% v/v)
100% peat:0% perlite 0.09 0.38 71.1 12.8 58.3
90% peat:10% perlite 0.09 0.41 71.0 13.5 57.6
80% peat:20% perlite 0.10 0.40 69.3 13.6 55.7
70% peat:30% perlite 0.10 0.44 70.6 16.2 54.5
60% peat:40% perlite 0.10 0.41 69.5 17.0 52.5
100% RH3:0% perlite 0.20 0.74 66.4 12.8 53.6
90% RH3:10% perlite 0.20 0.68 65.4 12.3 53.1
80% RH3:20% perlite 0.19 0.65 64.6 13.6 51.0
70% RH3:30% perlite 0.19 0.62 63.4 13.7 49.7
60% RH3:40% perlite 0.19 0.65 65.3 14.0 51.3
Significance df
Peat versus RH3 1 ok HAE ok NS oAk
100% peat versus 100% RH3 1 ok oAk *E NS *
90% peat versus 90% RH3 1 HHE HHE HrE NS *
80% peat versus 80% RH3 1 ok Ak woE NS *
70% peat versus 70% RH3 1 ok HoAk ok NS *
60% peat versus 60% RH3 1 HHE HHE * NS NS

“Substrate composition indicates percentage sphagnum peat (peat), ground parboiled fresh rice hulls

(RH3), and perlite.

Ns, *, #* *F**¥Nonsignificant or significant at P > F = 0.05, 0.01, or 0.001, respectively.
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bark had similar WHC as the equivalent
RH3-based substrate.

Regardless of the PBH concentration,
peat-based substrates had lower BD and PD
than equivalent RH3-based substrates (Table
5). At all PBH concentrations, peat-based
substrates had higher TPS than equivalent
RH3-based substrates. Peat-based substrates
containing 20%, 30%, and 40% PBH had
higher AFP than equivalent RH3-based sub-
strates, but peat-based substrates containing
0% and 10% PBH had similar AFP as equiv-
alent RH3-based substrates. Peat-based sub-
strates containing 0%, 10%, and 20% PBH
had higher WHC than equivalent RH3-based
substrates. However, peat-based substrates
containing 40% PBH had lower WHC than
RH3-based substrates with 40% PBH. Peat
and RH3-based substrates containing 30%
PBH had similar WHC.

The higher BD for all RH3-containing
substrates as compared with equivalent peat-
containing substrates can be at least partially
explained by the higher PD of ground rice
hulls, which resulted in a higher average
particle density for RH3-containing substrates.
Additionally, BD would have been affected by
differences in settling that would have occurred
as a result of differences in the particle size
distribution between RH3- and peat-based sub-
strates. Regardless of the aggregate or the
percent aggregate, the BDs of all substrates
were within acceptable ranges (Yeager et al.,
2007). Although TPS was always higher in
peat-based substrates than in RH3-based sub-
strates, TPS was within acceptable levels for all
substrates (Arnold Bik, 1983; Boertje, 1984;
Jenkins and Jarrell, 1989). The AFP was not
significantly different between equivalent peat-
and RH3-based substrates except for substrates

Table 4. Physical properties of substrates comprised of sphagnum peat or ground parboiled fresh rice hulls

amended with 1 cm aged pine bark.

Bulk Avg particle Total pore  Air-filled  Water-holding

density density space pore space capacity
Substrate composition” (g-em™) (g-em™) (% v/v) (% v/v) (% v/v)
100% peat:0% bark 0.09 0.37 70.9 12.6 58.4
90% peat:10% bark 0.10 0.41 70.5 114 59.1
80% peat:20% bark 0.11 0.48 71.2 13.4 57.8
70% peat:30% bark 0.11 0.50 71.0 12.7 58.2
60% peat:40% bark 0.10 0.44 69.0 12.2 56.8
100% RH3:0% bark 0.20 0.69 64.6 12.2 52.4
90% RH3:10% bark 0.21 0.77 66.8 12.5 54.4
80% RH3:20% bark 0.20 0.83 67.9 11.8 56.1
70% RH3:30% bark 0.20 0.74 67.4 13.7 53.8
60% RH3:40% bark 0.20 0.70 65.9 13.1 52.8
Significance df
Peat versus RH3 1 ok ok HoHE NS ok
100% peat versus 100% RH3 1 ok ok ok NS *E
90% peat versus 90% RH3 1 ok ok * NS *
80% peat versus 80% RH3 1 ok ok * NS NS
70% peat versus 70% RH3 1 ok ok * NS *
60% peat versus 60% RH3 1 ok ok * NS *

“Substrate composition indicates percentage sphagnum peat (peat), ground parboiled fresh rice hulls

(RH3), and perlite.

Ns, ¥, **¥***¥Nonsignificant or significant at P > F = 0.05, 0.01, or 0.001, respectively.

Table 5. Physical properties of substrates comprised of sphagnum peat or ground parboiled fresh rice hulls

amended with PBH.

Bulk Avg particle Total pore  Air-filled  Water-holding

density density space pore space capacity
Substrate composition” (g-em™) (g-em™) (% v/v) (% v/v) (% v/v)
100% peat:0% PBH 0.08 0.36 70.5 12.6 57.9
90% peat:10% PBH 0.09 0.41 72.5 15.3 572
80% peat:20% PBH 0.09 0.44 74.4 21.8 52.7
70% peat:30% PBH 0.09 0.46 74.9 25.9 49.1
60% peat:40% PBH 0.11 0.52 73.5 30.7 42.8
100% RH3:0% PBH 0.21 0.72 65.6 13.0 52.6
90% RH3:10% PBH 0.20 0.73 67.0 15.9 51.1
80% RH3:20% PBH 0.19 0.66 65.2 16.4 48.8
70% RH3:30% PBH 0.19 0.65 65.5 18.6 46.9
60% RH3:40% PBH 0.16 0.60 67.5 20.8 46.6
Significance df
Peat versus R_[_I3 1 skskk sksksk sksksk kK sksksk
100% peat versus 100% RH3 1 ok ok Hok NS *E
90% peat versus 90% RH3 1 HrE HrE HHE NS HrE
80% peat versus 80% RH3 1 ok ok Ak HoE *
70% peat versus 70% RH3 1 ok ok oAk HAd NS
60% peat versus 60% RH3 1 HHE * HHE HAE *

“Substrate composition indicates percentage sphagnum peat (peat), ground parboiled fresh rice hulls

(RH3), and PBH.

Ns, ¥, #*¥*F**¥Nonsignificant or significant at P > F = 0.05, 0.01, or 0.001, respectively.
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containing 20% or more PBH. PBH has been
reported to create large pore spaces as a result
of cross-bridging of the elongated nature of the
PBH particle (Evans and Gachukia, 2007). As
the amount of PBH increased, the proportion of
large pores increased. An abundance of large
pores in which fine RH3 particles could settle
could therefore reduce the proportion of large
pores and thus reduce the AFP. The larger peat
particles would have been less able to settle and
fill in these large pores. In most of the sub-
strates, peat-based substrates had higher WHC
than equivalent RH3-based substrates. How-
ever, when perlite or bark was used as the
aggregate, WHC of all substrates were within
acceptable levels. When PBH was used as
the aggregate, WHC of peat-based substrates
containing up to 20% PBH were within accept-
able ranges (Arnold Bik, 1983; Boertje, 1984).
These results are consistent with previous
research (Evans and Gachukia, 2007) on PBH
in which it was reported that incorporating high
proportions of PBH greatly reduced the WHC
of substrates.

The physical properties of 100% RH3
reported for this experiment were slightly
different from those reported in the previous
experiment. These differences are likely the
result of the different methods used to de-
termine the physical properties. In the first
experiment, the porometer method was used
to determine physical properties, whereas in
subsequent experiments, the tube method was
used. Niedziela and Nelson (1992) reported
differences in physical properties between
various methods and the tube method, al-
though the differences were reported to be
small. Regardless of the method used to de-
termine physical properties, they were within
recommended ranges for greenhouse sub-
strates. Furthermore, although there were
differences in physical properties between
peat- and RH3-based substrates with the in-
corporation of different amounts of common
aggregates, physical properties of all RH3-
based substrates were within commonly rec-
ommended ranges. Therefore, based on these
physical property results, RH3 could be used
as a substrate component in lieu of peat and
combined with different common aggregates
to achieve a substrate with acceptable phys-
ical properties.

Physical properties of root substrates
containing ground parboiled fresh rice hulls
as a partial replacement of peat. When
perlite was used as the substrate aggregate,
substrates containing 10% RH3 had a similar
BD as the substrate containing 0% RH3
(Table 6). However, when the concentration
of RH3 was 20% or higher, the substrates had
a higher BD than the peat control. Particle
density was not significantly different among
the substrates. Total pore space was similar
for all perlite-amended substrates except for
the 40% RH3 substrate, which had a lower
TPS than the peat control. All substrates that
contained RH3 had lower AFP than the peat
control. Substrates containing 10% to 30%
RH3 had higher WHC than the peat control,
but substrates containing 40% RH3 had
a similar WHC as the peat control.
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When bark was used as the substrate
aggregate, substrates containing 10%, 20%,
and 40% RH3 had a similar BD as the
substrate containing 0% RH3 (Table 7).
However, substrates containing 30% RH3
had a higher BD than the peat control.
Particle density was not significantly differ-
ent among the substrates. Total pore space
was similar for all bark-amended substrates

except for the 30% RH3 substrate, which had
a lower TPS than the peat control. The sub-
strate containing 10% RH3 had a similar
AFP as the peat control, but all other RH3-
containing substrates had lower AFP than the
peat control. The substrate containing 10%
RH3 had a higher WHC than the peat control,
but all other RH3-containing substrates had
a similar WHC as the peat control.

Table 6. Physical properties of sphagnum peat-based substrates amended with 20% perlite and the
remaining volume being ground parboiled fresh rice hulls

Bulk  Avg particle Total pore  Air-filled Water-holding
Substrate composition (% v/v)* density density space pore space capacity
Peat RH3 Perlite (grem™)  (gem™) (% v/v) (% v/v) (% v/v)
80 0 20 0.10 0.72 79.1 21.5 57.6
70 10 20 0.11 0.73 77.2 14.5 62.7
60 20 20 0.14 0.90 78.2 14.0 64.2
50 30 20 0.15 0.85 76.3 12.5 63.8
40 40 20 0.12 0.70 72.5 12.5 60.0
Significance df
Substrate 4 ok NS NS Hk *E
0% RH3 versus 10% RH3 1 NS NS NS ** **
0% RH3 versus 20% RH3 1 HoEE NS NS HE ok
0% RH3 versus 30% RH3 1 ok NS NS HoAk *E
0% RH3 versus 40% RH3 1 * NS * HHE NS

“Peat was a sphagnum peat. RH3 was a commercially available parboiled rice hull product ground using
a hammer mill, passed through a 1.18-mm screen, and collected on a 0.18-mm screen (Riceland Foods,

Stuttgart, AR).

NS, ¥, *¥* ***Nonsignificant or significant at P > F = 0.05, 0.01, or 0.001, respectively.

Table 7. Physical properties of sphagnum peat-based substrates amended with 20% 1 cm aged pine bark
and the remaining volume being ground parboiled fresh rice hulls.

. Bulk  Avgparticle Total pore Air-filled Water-holding
Substrate composition (% v/v)* density density space pore space capacity
Peat RH3 Bark (grem™)  (gem™) (% v/v) (% v/v) (% v/v)
80 0 20 0.12 0.73 79.0 21.2 57.8
70 10 20 0.12 0.88 80.1 18.4 61.7
60 20 20 0.14 0.83 76.2 16.5 59.7
50 30 20 0.15 0.67 73.4 15.4 58.0
40 40 20 0.11 0.79 74.7 17.7 57.0
Significance df
Substrate 4 NS NS * * *
0% RH3 versus 10% RH3 1 NS NS NS NS *
0% RH3 versus 20% RH3 1 NS NS NS * NS
0% RH3 versus 30% RH3 1 * NS * Hk NS
0% RH3 versus 40% RH3 1 NS NS NS * NS

“Peat was a sphagnum peat. RH3 was a commercially available parboiled rice hull product ground using
a hammer mill, passed through a 1.18-mm screen, and collected on a 0.18-mm screen (Riceland Foods,

Stuttgart, AR).

Ns, ¥, *¥* ***Nonsignificant or significant at P > F = 0.05, 0.01, or 0.001, respectively.

Table 8. Physical properties of sphagnum peat-based substrates amended with 20% PBH and the remaining

volume being ground parboiled fresh rice hulls.

Bulk  Avg particle Total pore  Air-filled ~ Water-holding
Substrate composition (% v/v)* density density space pore capacity
Peat RH3 PBH (grem™)  (g-om™) (% v/v)  space (% V/v) (% v/v)
80 0 20 0.09 0.68 82.0 245 57.5
70 10 20 0.11 0.78 80.9 23.9 57.0
60 20 20 0.11 0.62 76.2 24.9 513
50 30 20 0.14 0.85 77.6 19.9 57.7
40 40 20 0.16 0.89 76.4 16.9 59.5
Significance df
Substrate 4 ok NS oK ok ok
0% RH3 versus 10% RH3 1 wox K NS NS NS
0% RH3 versus 20% RH3 1 HEH NS ok NS ok
0% RH3 versus 30% RH3 1 ok ok * ok NS
0% RH3 versus 40% RH3 1 HEE ok ok HEE NS

“Peat was a sphagnum peat. RH3 was a commercially available parboiled rice hull product ground using
a hammer mill, passed through a 1.18-mm screen, and collected on a 0.18-mm screen (Riceland Foods,

Stuttgart, AR).

Ns, ¥, ***F**¥Nonsignificant or significant at P > F = 0.05, 0.01, or 0.001, respectively.
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When PBH was used as the aggregate, all
RH3-containing substrates had a higher BD
than the peat control (Table 8). However, the
average PD was higher for the 10%, 30%, and
40% RH3-containing substrates than the peat
control. The 10% RH3 substrate had a similar
TPS as the peat control, but all other RH3-
containing substrates had lower TPS than the
peat control. The 10% and 20% RH3 sub-
strates had a similar AFP as the peat control,
but all other RH3-containing substrates had
lower AFP than the peat control. Substrates
containing 10%, 30%, and 40% RH3 had
similar WHC as the peat control, but the
substrate containing 20% RH3 had lower
WHC than the peat control.

Incorporation of RH3 as a partial replace-
ment of peat resulted in less predictable results
in physical properties than when RH3 was
used as a complete peat replacement. Several
factors had a role in the differences in physical
properties. With the mixing of three types of
particles, the unique ways in which the com-
binations settled and packed was less predict-
able. Because less RH3 was added to these
substrates, the effect of RH3 on the substrate
was reduced as compared with substrates in
which RH3 replaced 100% of the peat. Finally,
as the number of components increased, the
potential for errors from mixing and blending
of the substrates could have introduced in-
creased variability. Regardless of the amount
or type of aggregate, all substrates had phys-
ical properties within acceptable ranges for
greenhouse crops (Bunt, 1988). Based on
physical properties, substrates could be for-
mulated with RH3 as a complete or as a partial
alternative to peat with various aggregates to
produce substrates with suitable physical
properties for greenhouse crop production.
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