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SuMMARY. Processed loblolly pine (Pinus taeda) wood has been investigated as

a component in greenhouse and nursery substrates for many years. Specifically, pine
wood chips (PWCs) have been uniquely engineered /processed into a nonfibrous
blockular particle size suitable for use as a substrate aggregate. The objective of this
research was to compare the dolomitic limestone requirements of plants grown in
peat-based substrates amended with perlite or PWC. In a growth trial with ‘Mildred
Yellow’ chrysanthemum ( Chrysanthemum xmovifolinm), peat-based substrates were
amended to contain 0%, 10%, 20%, 30%, 40%, or 50% (by volume) perlite or PWC
for a total of 11 substrates. Substrates were amended with dolomitic limestone at
rates of 0, 3, 6, 9, or 12 1b/yard?, for a total of 55 substrate treatments. Results
indicate that pH of substrates amended with 230% perlite or PWC need to be
adjusted to similar rates of 9 to 12 1b/yard? dolomitic limestone to produce similar-
quality chrysanthemum plants. In a repeated study, ‘Moonsong Deep Orange’ af-
rican marigold ( Tagetes evecta) plants were grown in the same substrates previously
formulated (with the exclusion of the 50% ratio) and amended with dolomitic
limestone at rates of 0, 3, 6, 9, 12, or 15 Ib/yard?, for a total of 54 substrate
treatments. Results indicate a similar dolomitic limestone rate of 15 1b/yard? is
required to adjust substrate pH of 100% peatmoss and peat-based substrates
amended with 10% to 40% perlite or PWC aggregates to the recommended pH range
for african marigold and to produce visually similar plants. The specific particle
shape and surface characteristics of the engineered PWC may not be similar to other
wood products (fiber) currently commercialized in the greenhouse industry,
therefore the lime requirements and resulting substrate pH may not be similar for
those materials.

Increased interest in using sub-
strates containing pine wood compo-
nents has led to many unanswered
questions about their performance

crops, including most all bed-
ding, green/foliage, and potted
flowering plants, managing container

ln production of greenhouse

substrate pH is a major nutritional
challenge (Argo and Fisher, 2002;
Nelson, 2012). Recent increases in
the production of controlled environ-
ment container crops, including veg-
ctables, leafy greens, soft fruits, and
cannabis ( Cannabis sativa), have fur-
thered the need for soilless substrates
(Caplan, 2018; Jackson, 2018;

during crop production. Among
these unknown issues are those
relating to the requirements of lime-
stone addition to substrates for
pH adjustment for optimal plant
growth. In previous studies, substrates

containing wood components were
evaluated; however, no indication of
initial (pre-plant) substrate pH test-
ing or changes to lime applications to
the substrates were reported (Bohne,
2004; Starr et al., 2011). Boyer et al.
(2008) incorporated 5 lb/yard® do-
lomitic limestone to substrates pro-
duced from clean chip residuals
(forestry materials left over from
in-field chipping operations) and
reported substrate pH of 6.7 (34 d
after planting) to be above the
optimal pH range (5.5 to 6.0) for
‘Blue Hawaii’ ageratum (Ageratum
houstonianum).

In other studies, initial testing of
substrates indicated the need to
amend substrates with limestone;
however, the rates of limestone addi-
tion resulted in pH of substrates
above the recommended range
for greenhouse crops. Fain et al.
(2008a) processed loblolly pine
(Pinus taedn), slash pine (Pinus elliot-
ti1), and longleaf pine trees (Pinus
palustris) to produce three pine wood
substrates (one from each species)
and reported initial substrate pH of
5.3, 4.5, and 4.6, respectively. Sub-
strates were amended with 3 1b/yard?
dolomitic limestone to adjust the pH.
Substrate testing (30 d after planting)
indicated pH of substrates were 7.1,
6.9, and 7.2, respectively, above the
recommended pH range (5.4 to 6.2)
for growing annual vinca (Catharan-
thus roseus). In addition, Fain et al.
(2008b) amended a pine wood sub-
strate [WholeTree, containing bark,
wood, limbs, and needles (Fain et al.,
2006)] with dolomitic limestone at
arate of 1.78 kg-m™ and reported pH
of all substrates to be higher than the
recommended pH range (5.4 to 6.2)
for petunia (Petunia Xbybrida),
with the exception of the peat-lite

Kingston et al., 2017). Incorporating :’Jont::ivert U.S.to SI To convert Sl to U.S.
limestone into horticultural sub-  myriply by ’ U.S. unit Sl unit multiply by ’
strates i1s common practice of sub- 295735 T oz L 0.0338

strate manufacturers and growers to 3.7854 gl L 0.2642

adjust substrate pH to the recom- 0.7457 horsepower kJs7! 1.3410

mended pH 5.4 to 6.4, for most all 2?-24 i“cﬁ(es) cm ggggi

bedding plants  (Nelson, 2012). %7, igc/n(ii)s kgom-> 36.1273

When determining how much lime- 0.5933 Ib, /yard® kgem® 1.6856

stone to incorporate into substrates, 1 micron(s) pm 1

other variables, including chemical 1 mmho/em mS-cm™! 1

composition, particle size, and hard- 2?;‘3}83 2; Jinch? g-cm’s gg;gg

ness (Argo and Fisher, 2002), should 1 ppm ig'L’l 1

be considered. (F-32) + 1.8 °F °C (°Cx 1.8)+32
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(control), which was at the upper
limit of the recommended pH range.

Some authors have reported that
no lime addition was needed for 100%
wood substrates because substrate
pH was inherently within the range
of 5.5 to 6.4 (Gruda and Schnit-
zler, 2006). Saunders et al. (2005)
reported no advantage of amending
100% pine tree substrate (PTS)
with limestone for african marigold
(Tagetes erecta) growth. They found
the addition of peatmoss or pine bark
to PTS would require limestone in-
corporation as a result of the acidic
nature of those materials.

Jackson et al. (2009) evaluated
the effect of limestone addition of 0,
1.78, 3.56, 5.35, or 7.12 kg-m™ on
substrate pH and growth of ‘Inca
Gold’ african marigold and ‘Rocky
Mountain White’ zonal geranium
(Pelargonium xhortornm), two pH-
sensitive greenhouse crops grown in
100% PTS and PTS amended with
25% or 50% peatmoss. They reported
substrate pH of marigold and gera-
nium to be highest for 100% PTS and
pH generally decreased as the amount
of peatmoss increased, regardless of
lime rate. They also reported that pH
increased with limestone additions,
but the increase in pH was less re-
sponsive as the amount of peatmoss in
the substrate increased from 25% to
50% (Jackson et al., 2009). In the
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study, 100% PTS did not require
limestone for growth of marigold
(pH 5.1), but they found as the
percentage of peatmoss amended to
PTS increased, there was an increased
need for limestone to increase sub-
strate pH and optimize plant growth.
For zonal geranium, there were no
growth differences when plants were
grown in any substrate amended with
0 kg:m™; however, the addition of
lime increased plant dry weight when
plants were grown in substrates
amended with peatmoss compared
with 100% PTS.

No information is available re-
garding lime requirements for sphag-
num peat-based substrates amended
with PWC aggregates as an alternative
for perlite. Therefore, the objectives
of this study were to determine lime
requirements for pre-plant substrate
pH modification and optimal plant
growth in sphagnum peat-based sub-
strates amended with aggregates of
PWC or perlite.

Materials and methods

PREPARATION OF SUBSTRATES.
On 2 June 2011, 9-year-old loblolly
pine trees were harvested [Apex, NC
(lat. 36°N)] at ground level, de-
limbed, and subsequently stored un-
der shelter for protection from the
weather. On 4 June, logs were chip-
ped (with their bark intact) with
an 18-horsepower chipper (model

356447; DR Power Equipment,
Vergennes, VT) resulting in large
wood chips [1.0 x 0.2 x 1.0-cm
(length x width X height); n = 20
(Fig. 1A)]. Wood chips were then
spread out (1-inch deep) on a con-
crete pad under shelter, turned peri-
odically, and allowed to air dry for 2
d to reduce moisture content, which
has been shown in unpublished stud-
ies to aid in the efficient processing of
wood through hammer mills. In this
experiment, the moisture content of
the fresh wood chips was 45% after
chipping and 36% after air drying for
2 d, resulting in 9% moisture loss.
Wood chips were then hammer-
milled through a 0.25-inch screen
(Meadows Mills, North Wilkesboro,
NC), resulting in smaller PWCs [0.11 x
0.4 x 0.2-cm (length x width x height);
n = 20 (Fig. 1B)].

On 11 June, sphagnum peat-
moss (Pro-Moss Sphagnum Peat,
Quakertown, PA) was taken from
a compressed bale, loosened /fluffed,
and moistened (by hand) to a mois-
ture content of 50% (by weight).
Peatmoss was amended with 10%,
20%, 30%, 40%, or 50% (by volume)
perlite (Carolina Perlite Co., Gold
Hill, NC) or PWC plus a 100% peat-
moss (0% aggregate) to produce a to-
tal of 11 substrate treatments.
Substrate physical properties, includ-
ing air space [AS (percent by vol-
ume)], total porosity [TP (percent

Fisher
Scientific

Fig. 1. Depiction of large loblolly pine wood chips (PWCs) produced by
processing delimbed logs (with bark intact) through a chipper (A) and after 2 d,
wood chips were hammer-milled through a 0.25-inch (6.350-mm) screen

resulting in smaller PWCs (B).
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Table 1. Physical properties of 100% sphagnum peatmoss (PM) or sphagnum peat-based substrates amended (by volume)
with 10%, 20%, 30%, 40%, or 50% perlite or pine wood chip (PWC) aggregates.”

Substrate Total porosity (% vol) Air space (% vol)* Container capacity (% vol)™ Bulk density (g-cm™)"
100 PM 91.3 a* 14.1b 77.2 a 0.10 h
10 Perlite" 90.1 ab 15.7 b 74.4 ab 0.11 fg
20 Perlite 87.2 abc 14.0b 73.2 ab 0.13d
30 Perlite 87.7 ab 142 b 73.5 ab 0.11f
40 Perlite 82.5d 144 b 68.1 cd 0.11 fg
50 Perlite 82.4d 17.1 ab 65.3d 0.11 gh
10 PWC* 91.6a 16.5 ab 75.1 ab 0.12¢
20 PWC 914a 18.0 ab 73.4 ab 0.13d
30 PWC 86.6 bed 155b 71.1 be 0.14 ¢
40 PWC 82.1d 18.0 ab 64.2 de 0.15b
50 PWC 83.0 cd 22.0a 6l1.0e¢ 0.17 a

“Data were collected from three samples per substrate and represented as means. Analysis performed using the North Carolina State University Porometer method (Fonteno

etal., 1995).

YTotal porosity is equal to container capacity + air space.

*Air space is the volume of water drained from the sample + volume of the sample.

“Container capacity is (wet weight — oven dry weight) + volume of the sample.

VBulk density after forced-air drying at 105 °C (221.0 °F) for 48 h; 1 g-em™ = 0.5780 0z/inch?.
"Means were separated within-column by Duncan’s least significant difference test at P< 0.05.
‘Substrates were formulated with sphagnum peat and amended with cither 10%, 20%, 30%, 40%, or 50% perlite or PWC.

*PWCs were produced from 9-year-old loblolly pine trees, delimbed, chipped, and hammer-milled to pass through 0.25-inch (6.350 mm) screen.

Substrate leachate pH

Substrate leachate EC
(mS-cm™)

Fig. 2. Substrate leachate pH (A) and electrical conductivity [EC (B)] of ‘Mildred
Yellow’ chrysanthemum grown in 100% sphagnum peatmoss amended with 0%
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perlite or pine wood chips and incorporated with 0, 3, 6,9, or 12 Ib/yard?

pulverized dolomitic carbonate limestone. Substrate solution was extracted 1 h
after irrigation using the pour-through method and determined at 1, 2, 3, 4, 5, 6,
and 7 weeks after transplant. Each symbol represents a mean of three samples, and
error bars represent sk. Linear (L) and/or quadratic (Q) regression response
within each week is indicated and nonsignificant (Ns) or significant at P< 0.05 (*),
0.01(**),0or0.001 (***);11b/yard®=0.5933 kg:-m>,1 mS-cm™~! = 1 mmho/cm.
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by volume)], container capacity [CC
(percent by volume)], and bulk den-
sity [BD (grams per cubic centime-
ter)] were determined using three
representative samples of each sub-
strate, analyzed using the North Car-
olina State University Porometer
(Fonteno et al., 1995), and are
reported in Table 1.

After formulation of the sub-
strates, initial substrate pH was de-
termined by the 2:1 saturated media
extraction method [2 parts deionized
water: 1 part substrate (Argo and
Fisher, 2002)] using a hand-held
pH and electrical conductivity (EC)
meter (HI 9813-6; Hanna Instru-
ments, Woonsocket, RI). After de-
termining initial substrate pH,
a pulverized dolomitic carbonate
limestone (85% CaCO3-MgCOg3;
Rockyardale Quarries Corp., Roanoke,
VA) was incorporated at rates of 0, 3,
6, 9, or 12 Ib/yard?, yielding a total
of 55 treatments (11 substrates X
5 lime rates). A screening of the
pulverized dolomitic carbonate lime-
stone showed 100% of the liming
material passed through a 2000-pm
(#10) screen, 90% passed through
a 84-um (#20) screen, 60% passed
through a 250-um (#60) screen,
and 35% passed through a 149-um
(#100) screen. Substrates were incu-
bated for 2 d in sealed plastic bags to
allow for lime/pH equilibration.

CHRYSANTHEMUM GROWTH
TRIAL. On 8 July, rooted cuttings of
‘Mildred Yellow” chrysanthemum
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Fig. 3. Substrate leachate pH of ‘Mildred Yellow’ chrysanthemum grown in
sphagnum peatmoss amended with perlite (by volume) at 10% (A), 20% (B), 30%
(C), 40% (D), or 50% (E) or pine wood chips (by volume) at 10% (F), 20% (G), 30%
(H), 40% (I), or 50% (J) and incorporated with 0, 3, 6, 9, or 12 Ib/yard?
pulverized dolomitic carbonate limestone. Substrate solution was extracted 1 h
after irrigation using the pour-through method and determined at 1, 2, 3, 4, 5, 6,
and 7 weeks after transplant. Each symbol represents a mean of three samples, and
error bars represent sk. Linear (L) and/or quadratic (Q) regression response
within each week is indicated and significant at P< 0.05 (*), 0.01 (**), or 0.001

(***); 1 1b/yard?® = 0.5933 kg-m™>.

(Chrysanthemum Xmorifolinm)in 51-
cell liner trays (27.2 mL individual
cell volume; Raker-Roberta’s Young
Plants, Litchfield, MI) with similar

222

heights were selected and transplanted
one plant per 6-inch-diameter (1.3 L)
container (ITML Horticultural Prod-
ucts, Middlefield, OH) filled with each

substrate treatment resulting in a total
of 330 containers/plants (55 treat-
ments X 6 single plant replications).
All plants were irrigated as needed
(when the substrate surface began to
dry) depending on weather conditions.
Plants were fertilized at each irrigation
with 200 mg-L'" nitrogen (N) deliv-
ered by a water-soluble fertilizer in-
jector (MiniDos; Hydro Systems Co.,
Cincinnati, OH) providing 20N-
4.4P-16.6K  (Peters  Professional;
Scotts Co., Marysville, OH), contain-
ing 8.1% ammonium (NH4-N) and
11.9%  nitrate-nitrogen  (NO3-N).
Plants were grown in a glass-glazed
greenhouse [North Carolina State
University, Marye Anne Fox Science
Teaching Laboratory Greenhouse,
Raleigh (lat. 36°N)] at 23/17 °C
(day/night) air temperature and un-
der ambient daylight (light intensity
not monitored during growth trial).

Data were collected weekly for 7
weeks after transplant (WAT). At each
collection date, substrate solution was
extracted 1 h after irrigation using the
pour-through method (Wright, 1986)
and analyzed for pH and EC using
a hand-held pH meter (Hanna In-
struments). At 7 WAT, all plants were
destructively harvested by severing
the stem at the substrate surface, in-
dividually bagged, and oven dried at
70 °C for 7 d before plant dry weight
(PDW) was determined.

MARIGOLD GROWTH TRIAL. Ex-
cept where indicated, procedures for
the african marigold growth trial were
as described for the chrysanthemum
growth trial. On 28 May 2012,
‘Moonsong Deep Orange’ african
marigold seeds were sown into 288-
cell (5 mL individual cell volume)
plug trays containing moistened
(50% moisture) propagation substrate
(Fafard Super Fine Germination Mix;
Sun Gro Horticulture, Agawam, MA)
consisting of (by volume) 65% peat,
20% perlite, and 15% vermiculite.

On 17 June, 9-year-old loblolly
pine trees were harvested and pro-
cessed as previously described. Sub-
strates were formulated with moistened
peatmoss amended with 10%, 20%,
30%, or 40% (by volume) perlite or
PWC plus a 100% peatmoss (0% ag-
gregate) to produce a total of nine
substrate treatments. In this experi-
ment, the 50% substrate treatments
(for both perlite and PWC aggre-
gates) were excluded based on poor
growth performance observed in the
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Fig. 4. Substrate electrical conductivity (EC) of ‘Mildred Yellow’ chrysanthemum
grown in sphagnum peatmoss amended with perlite (by volume) at 10% (A), 20%
(B),30% (C),40% (D), or 50% (E) or pine wood chips (by volume) at 10% (F), 20%
(G), 30% (H), 40% (1), or 50% (J) and incorporated with 0, 3, 6,9, or 12 1b/yard?
pulverized dolomitic carbonate limestone. Substrate solution was extracted 1 h
after irrigation using the pour-through method and determined at 1, 2, 3, 4, 5, 6,
and 7 weeks after transplant. Each symbol represents a mean of three samples, and
error bars represent sk. Linear (L) and/or quadratic (Q) regression response
within each week is indicated and significant at P< 0.05 (*), 0.01 (**), or 0.001
(***); 1 1b/yard® = 0.5933 kg'm™3, 1 mS-cm™! = 1 mmho/cm.

chrysanthemum growth trial. Dolo-
mitic limestone was amended at rates
of 0, 3, 6,9, 12, or 15 Ib/yard?,
making for a total of 54 treatments (9

Horllochnology + April 2020 30(2)

substrates X 6 lime rates). A higher
rate (15 1b/yard?®) of limestone was
amended to substrates as a result of
observations in the chrysanthemum

growth trial, where pH levels never
plateaued (stopped rising) at the
highest (12 Ib/yard?) limestone rate.

On 21 June, germinated african
marigold seedlings were transplanted
one plant per 6-inch-diameter (1.3 L)
plastic container filled with each sub-
strate, resulting in a total of 324
plants (54 treatments X 6 single plant
replications). Substrate solution was
extracted from three representative
plants/containers, using the pour-
through method each week for 4
WAT and was analyzed for pH and
EC. On 18 July, plant height was
determined by measuring from the
substrate surface to the apical meri-
stem. Plant diameter was determined
by measuring the widest dimension
and the axis perpendicular to the
widest dimension and averaged.
Growth index [GI = (height + widest
diameter + perpendicular widest di-
ameter) + 3] was calculated for each
plant. Following GI assessment,
shoots were severed at the substrate
surface, dried in an oven at 70 °C for 1
week, and weighed to determine
PDW. Root balls of plants grown in
substrates amended with either 0%,
20%, or 40% perlite or PWC and
amended with any limestone rate
were washed. Roots were bagged
and oven dried at 70 °C, and after 1
week, root dry weight (RDW) was
determined.

Both growth trials used a com-
pletely randomized design. On each
sampling date, data were collected
on three experimental units (individ-
ual plants) for pour-through (pH
and EC) data. For chrysanthemum
PDW, data were collected on six
experimental units. For african mari-
gold, GI, PDW, and RDW data were
collected on six experimental units
per substrate per limestone rate. Data
were analyzed using SAS (version 9.4;
SAS Institute, Cary, NC) general
linear model (PROC GLM) for anal-
ysis of variance. For substrate physical
properties, means were separated by
Duncan’s least significant differences
(1sp). For GI, PDW, and RDW,
where significant differences oc-
curred, regression analysis using re-
gression procedure (PROC REG)
was conducted and means were sepa-
rated by Duncan’s rsp. Within each
growth trial, pour-through data for
aggregate type (perlite or PWC) X
dolomitic  limestone rates were
reported across WAT. Regression
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Table 2. Plant dry weight (PDW) of ‘Mildred Yellow’ chrysanthemum plants
grown for 7 weeks in 100% sphagnum peatmoss (PM) or peat-based substrates
amended (by volume) with 10%, 20%, 30%, 40%, or 50% perlite or pine wood
chips (PWCs) and incorporated with 0, 3, 6, 9, or 12 1b/yard?® pulverized

dolomitic carbonate limestone.

Dolomitic limestone rate (Ib/yard?)"

0 3 6 9 12

Substrate” PDW (g)” Significance*
100 PM 9.58ab¥ 17.18a 18.03abc 19.05ab 18.15a Lr** Q***
10 Perlite® 6.82 ¢ 16.07 ab 18.32 abc 16.38 bed 15.55 ¢ Lr** Q***
20 Perlite  7.68 de 16.88a 1798 abc 18.62ab 15.30cd L** Q***
30 Perlite 8.03cde 1755a 1948a 1542 cd 1693 abc L** Q***
40 Perlite 827 bcd 16.42ab 1740 abc 16.60 bcd 15.85 bc  L*** Q***
50 Perlite  9.10abc  17.68 a 16.02 bcd 17.83bc  18.22ab  L*** Q**
10 PWC* 8.53abcd 1747a 18.82a 21.45a 15.33 cd  L** Q***
20 PWC 8.60abcd 18.77a 19.65a 18.15bc  18.62a Lr*x Q***
30 PWC 9.37abc  17.85a 1495de 1623 bcd 18.40a Lx** QNS
40 PWC 9.15abc 1593 ab 1583 cd 16.37bcd 14.83cd L** Q***
50 PWC 9.65 a 13.70b 13.53¢ 13.88 d 13.00d L* Q***

“Substrates were formulated with sphagnum peat and amended with either 10%, 20%, 30%, 40%, or 50% perlite or

PWC.
"1 Ib/yard® = 0.5933 kg'm™3, 1 g = 0.0353 oz.

*Nonsignificant (Ns) or significant at P< 0.05 (*), 0.01 (**), or 0.001 (***); L = linear; Q = quadratic response

across measurement dates (7 weeks) at *, ** or ***.

“Means were separated within-column using Duncan’s least significant differences test at P< 0.05.
"Substrates were formulated with sphagnum peat and amended with either 10%, 20%, 30%, 40%, or 50% perlite or

PWC.

Y"PWCs were produced from 9-year-old loblolly pine trees, delimbed, chipped, and hammer-milled to pass through

0.25-inch (6.350-mm) screen.

analysis within WAT with dolomitic
limestone rate as the independent
variable were performed using SAS
(version 9.4) PROC REG. For all
analyses, a P < 0.05 was used to
determine significant effects.

Results and discussion

SUBSTRATE PHYSICAL PROPERTIES.
TP was highest in peatmoss (91.3%)
and similar in substrates amended
with 10% or 20% PWC and 10%,
20%, or 30% perlite (Table 1). The
TP of 30% PWC-amended substrate
was similar to 10% to 30% perlite-
amended substrates and similar to
those amended with 40% or 50%
PWC. The addition of aggregates to
peatmoss does not always change TP.
Evans (2011) reported the TP of
peatmoss amended with perlite at
10%, 15%, 20%, 25%, and 30% to be
in the range of 83.3 to 85.8, respec-
tively. The greatest AS (22.0%) oc-
curred  when  substrates  were
formulated with 50% PWC aggre-
gates (Table 1). AS of substrates
amended with 10%, 20%, and 40%
PWC and 50% perlite were similar. All
other formulated substrates were sim-
ilar in AS, with 100% peatmoss result-
ing in the lowest of 14.1%. Previous
work by Smith (2018) amended peat-
moss with 15%, 30%, and 45% perlite
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and reported no effect on the AS
values compared with 100% peatmoss
by itself. Evans and Gachukia (2007)
reported the physical properties of
peatmoss amended with perlite at
rates of 20%, 30%, 40%, and 50% (by
volume) to have AS that only in-
creased from 9.5% to 12.7%. The
resulting change in TP or AS of
peatmoss when amended with perlite
(or other aggregates) is likely influ-
enced by the particle size of the
aggregate material, not just the per-
centage of amendment. CC for 100%
peatmoss was 77.2% (Table 1) and
similar among substrates formulated
with 10% and 20% PWC and 10% to
30% perlite. However, similar CC was
observed when the proportion of peat
replaced was not more than 30% for
both aggregate types. For instance,
the CC of the 30% PWC-amended
substrate was similar to substrates
amended with 10% and 20% PWC
and 10% to 30% perlite. CC of sub-
strates amended with 30% and 40%
PWC were similar to substrates
amended with 40% and 50% perlite,
respectively, and substrates amended
with 40% and 50% PWC were similar.
Compared with 100% peatmoss, sub-
strates containing 30% to 50% PWC,
and 40% and 50% perlite decreased
the CC to 16.2%, 9.1%, and 11.9%,

respectively. Therefore, substrates
with similar CC would likely provide
similar water and aeration to plants,
resulting in similar plant growth. Sub-
strate BD was greatest when sub-
strates were amended with 50%
PWC and decreased with increasing
proportion of peat compared with
those amended with perlite (Table
1). The BD of perlite-amended sub-
strates did not change with increasing
percentage of perlite. Compared with
substrates amended with PWC or
perlite aggregates, 100% peatmoss
had the lowest BD of 0.10 g-cm™.
CHRYSANTHEMUM GROWTH
TRIAL. Before dolomitic limestone in-
corporation, initial substrate pH of
PWC-amended substrates averaged
a pH of 4.4, compared with an aver-
age pH of 4.0 for perlite-amended
substrates and pH of 3.4 for 100%
peatmoss (data not shown). Of all the
substrates formulated, the pH of
those containing PWC aggregates
were generally higher than perlite-
amended substrates, and pH among
all substrates generally decreased with
increasing proportion of peatmoss.
This is consistent with work by Evans
and Gachukia (2008), who reported
increasing parboiled rice hulls or perlite
resulted in an increase in substrate pH.
Similarly, substrate EC levels before
limestone amendment were highest in
PWC-amended substrates compared
with perlite-amended substrates, and
generally decreased with increasing
peatmoss proportion (data not shown).
Over the duration of this trial,
substrate leachate pH (Figs. 2A and
3A-]) at all substrates increased qua-
dratically with increasing dolomitic
limestone incorporation rate at each
sampling time, although to different
magnitudes. At 1 WAT, the pH of
substrates amended with the lime rate
of 0 Ib/yard® decreased compared
with the initial substrate pH values
(data not shown). At 1 WAT, pH of
PWC-amended substrates at the 0 1b/
yard® dolomitic limestone rate in-
creased as the proportion of peatmoss
decreased, compared with perlite-
amended substrates. This is consis-
tent to previous work by Jackson et al.
(2008), who reported 100% PTS and
PTS amended with 25% and 50%
peatmoss at 0 kg-cm™ to have a pH
of 5.1, 4.0, and 3.9, respectively.
Over the duration of 7 weeks, pH of
PWC- and perlite-amended sub-
strates increased as the proportion of
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Fig. 5. Substrate leachate pH (A) and electrical conductivity [EC (B)] of
‘Moonsong Deep Orange’ african marigold plants grown in 100% sphagnum
peatmoss amended with 0% perlite or pine wood chips and incorporated with 0, 3,
6,9, 12, or 15 Ib/yard?® pulverized dolomitic carbonate limestone. Substrate
solution was extracted 1 h after irrigation using the pour-through method and
determined at 1, 2, 3, and 4 weeks after transplant. Each symbol represents a mean
of three samples, and error bars represent sk. Linear (L) regression response within
each week is indicated and nonsignificant (Ns) or significant at P< 0.05 (*) or
0.001 (***); 1 Ib/yard® = 0.5933 kg'-m™>, 1 mS-cm™! = 1 mmho/cm.

peat decreased and pH increased with
increasing dolomitic limestone rates.
Analysis of substrate solution from
100% peatmoss (Fig. 2A) and 10%
perlite-amended substrates (Fig. 3A)
indicated the requirement of 12 1b/
yard® dolomitic limestone to adjust
substrate pH to the recommended
pH range of 5.5 to 6.3 for optimal
chrysanthemum growth (Whipker
et al., 2000). Substrates formulated
to contain <40% perlite (by volume)
aggregates (Fig. 3D and E) and
amended with dolomitic limestone
rates of 9 and 12 1b/yard?, adjusted
substrate pH to the recommended
pH range. In addition, substrates
formulated to contain up to 50%
perlite [by volume (Fig. 3E)] would
require lime rates of 6 to 12 1b/yard?
to adjust substrate pH to the recom-
mended range. From 1 to 3 WAT, the
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substrate containing 50% perlite (by
volume) aggregates at dolomitic
limestone rate 12 1b/yard?, achieved
apH of 6.3, the upper pH limit of the
recommended pH range (Whipker
et al., 2000).

Overall, increasing the propor-
tion of PWC in a substrate resulted in
an increase in substrate pH. This re-
sult is supported by the previous work
of Jackson et al. (2009). Substrate
amended with 10% PWC [by volume
(Fig. 2F)] aggregates required dolo-
mitic limestone rates of 9 and 12 1b/
yard?® for pH adjustment to the rec-
ommended pH range for optimal
chrysanthemum growth. Recommen-
ded pH range was determined in
substrates containing <30% PWC ag-
gregates (Fig. 3H) at dolomitic lime-
stone rates of 6 to 12 Ib/yard?.
Substrates containing 40% (Fig. 31)

and 50% PWC [by volume (Fig. 3])]
aggregates achieved pH values above
the recommended pH range at lime
rates 6 to 12 1b/yard?. The increased
pH levels reported in substrates con-
taining higher percentages of pine
wood may be due to wood having
less pH buffering capacity than peat-
moss. Therefore, as the percent wood
increases and the percent peatmoss
decreases, the change in pH can be
more pronounced at lower lime rates.
The pH butftering capacities of pine
wood substrate materials has not been
fully understood or reported. Among
all substrates, there were no visual
mineral deficiencies or toxicities re-
lated to substrate pH below or above
the recommended pH range for
chrysanthemum.

In general, substrate solution EC
(Figs. 2B and 4A-J) varied with in-
creasing dolomitic limestone incor-
poration rate throughout the trial,
although to different magnitudes.
The highest EC levels occurred in
the 100% peatmoss (2.37 mS-cm™).
In PWC-amended substrates, the
lower CC may have contributed to
decreased EC levels due to nutrient
leaching or N immobilization. After 3
WAT, EC levels of all substrates de-
creased (Figs. 2B and 4A-J), with the
lowest EC levels occurring at 7 WAT,
which were similar among all sub-
strates (data not shown).

Low substrate EC levels are con-
sistent with previous research by
Wright et al. (2008), who reported
nutrient levels of 0.53 mS-cm™ in
a 100% PTS compared with 1.58
mS-cm™ in a peat-lite substrate con-
taining 45% peat, 15% perlite, 15%
vermiculite, and 25% bark (by vol-
ume). They reported chrysanthemum
grown in 100% PTS to require an
additional 100 mg-L' N compared
with plants grown in the peat-lite
substrate. Also, lower substrate nutri-
ent levels in PTS compared with peat-
lite may relate to increased microbial
N immobilization (Tisdale et al.,
1993). However, low nutrient levels
were consistent among all substrates
7 WAT, therefore N immobilization
most likely did not contribute to
the decline of substrate nutrients.
According to Nelson (2012), a con-
stant fertigation of 200 mg-L™! N is
sufficient for proper chrysanthemum
growth, which was supplied to all
plants in this experiment, although
lower nutrient levels are likely related
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Fig. 6. Substrate leachate pH of ‘Moonsong Deep Orange’ african marigold plants
grown in sphagnum peatmoss amended with perlite (by volume) at 10% (A), 20%
(B), 30% (C), or 40% (D) or pine wood chips (by volume) at 10% (E), 20% (F), 30%
(G), 40% (H) and incorporated with 0, 3, 6,9, 12, or 15 1b/yard? pulverized
dolomitic carbonate limestone. Substrate solution was extracted 1 h after
irrigation using the pour-through method and determined at 1, 2, 3, and 4 weeks
after transplant. Each symbol represents a mean of three samples, and error bars
represent s. Linear (L) and/or quadratic (Q) regression response within each
week is indicated and significant at P< 0.05 (*), 0.01 (**), or 0.001 (***); 1 1b/

yard?® = 0.5933 kg-m™.

to the increased growth stage of chry-
santhemum plants occurring between
3 and 7 WAT. According to Whipker
et al. (2000), nutrient concentrations
(EC) between 0.0 and 1.0 mS-cm™
may not be able to sustain rapid plant
growth. For chrysanthemum produc-
tion, increasing the rate of N would
likely increase substrate EC levels to the
recommended EC range of 2.60 to
4.60 mS-cm™ (Whipker et al., 2000).
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Comparable PDW of chrysan-
themum plants occurred between
substrates formulated to contain sim-
ilar proportions of PWC and perlite
aggregates. Chrysanthemum plants
grown in 50% PWC-amended sub-
strates at the 0-lb/yard® lime rate
were higher in PDW (Table 2). In
general, and for both aggregate types,
as the proportion of peatmoss in-
creased from 50% to 90%, PDW of

chrysanthemum plants decreased.
Similar PDW occurred among all
PWC-amended substrates and in sub-
strates containing 50% perlite (by
volume) aggregates and 100% peat-
moss. Equivalent PDW occurred
among all substrates at the 3-1b/yard?
lime rate, with the exception of plants
grown in the 50% PWC-amended
substrate, which were similar to plants
grown in 40% PWC- and 10% and
40% perlite-amended substrates. At
the 6-1b/yard® dolomitic limestone
rate, the greatest PDW occurred in
plants grown in 10% to 20% PWC-
and 30% perlite-amended substrates
and similar to PDW of chrysanthe-
mum plants grown in 100% peatmoss
and 10% to 40% perlite-amended sub-
strates. Plants grown in substrates
containing 50% perlite aggregates
were similar to those grown in sub-
strates amended with 30% and 40%
PWC aggregates, and similar to PDW
of chrysanthemum plants grown in
the 50% PWC-amended substrate.
Maximum PDW occurred in 100%
peatmoss, 10%, 40%, and 50% PWC-
and 20% perlite-amended substrates
at the 9-1b /yard?® dolomitic limestone
rate. Increasing the dolomitic lime-
stone rate up to 12 Ib/yard?® resulted
in maximum plant growth of chrysan-
themum grown in 30% PWC- and
50% perlite-amended substrates. In-
creasing beyond the lime rate of 12
1b/yard?® is unknown, therefore max-
imum PDW of chrysanthemum grown
in these substrates is likely correlated
to the substrate pH within the rec-
ommended pH range for optimal
chrysanthemum growth.

These data indicate that PWC
aggregates can substitute for perlite
in greenhouse substrates to grow
chrysanthemum. Increasing dolo-
mitic limestone rates and aggregate
proportion of substrates affected sub-
strate pH, EC, and plant growth.
Substrates containing perlite or
PWC aggregates require similar do-
lomitic limestone rates to adjust sub-
strate pH. Lower substrate EC levels
observed in substrates containing
high proportions of both PWC or
perlite aggregates can be overcome
with an additional N supply. For most
substrates, maximum chrysanthe-
mum growth occurred between do-
lomitic limestone rates of 6 and 9 1b/
yard?, which adjusted substrate pH to
the recommended range for growing
chrysanthemum.
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Fig. 7. Substrate electrical conductivity (EC) of ‘Moonsong Deep Orange’ african
marigold plants grown in sphagnum peatmoss amended with perlite (by volume)
at 10% (A), 20% (B), 30% (C), or 40% (D) or pine wood chips (by volume) at 10%
(E), 20% (F), 30% (G), 40% (H) and incorporated with 0, 3, 6,9, 12, or 15 1b/
yard? pulverized dolomitic carbonate limestone. Substrate solution was extracted
1 h after irrigation using the pour-through method and determined at 1, 2, 3, and
4 weeks after transplant. Each symbol represents a mean of three samples, and
error bars represent st. Linear (L) and/or quadratic (Q) regression response
within each week is indicated and nonsignificant (Ns) or significant at P< 0.05 (*),
0.01 (**),0r0.001 (***); 11b/yard®=0.5933 kg:'m=,1 mS-cm~! = 1 mmho/cm.

AFRICAN MARIGOLD GROWTH
TRIAL. Over the duration of this trial,
substrate leachate pH (Figs. 5A and
6A-QG) at all substrates was higher
with increasing dolomitic limestone
incorporation rate at each sampling
time throughout the trial, although
to different magnitudes. At 0 WAT,
pH of substrates at the 0-1b/yard?
dolomitic limestone rate were similar
with the exception of 100% peatmoss

Horllochnology + April 2020 30(2)

with a pH of 4.4. Similar to the
chrysanthemum trial, substrate pH
response increased as dolomitic lime-
stone rate increased and proportions
of peatmoss decreased. For example,
substrates amended with 10% PWC
aggregates required a dolomitic lime-
stone rate of 15 Ib/yard® (Fig. 6D) to
increase substrate pH compared with
substrates amended with 40% PWC
requiring a dolomitic limestone rate

of 9 Ib/yard® (Fig. 6G). Therefore,
buffering capacity was greater in sub-
strates amended with higher propor-
tions of aggregates.

For all substrates (Figs. 5A and
6A-Q), the addition of 0- and 3-1b/
yard® dolomitic limestone rates did
not adjust substrate pH to the rec-
ommended pH range of 6.0 to 6.6 for
optimal african marigold growth
(Whipker et al., 2000). As a result of
low substrate pH, visual symptoms of
low pH-induced iron/manganese
toxicity were observed in this study
at the 0- and 3-lb/yard® dolomitic
limestone rates. To increase substrate
pH to the recommended pH range
for african marigold, dolomitic lime-
stone rates of 9, 12, or 15 1b/yard?
were required. Therefore, substrates
containing 20%, 30%, and 40% PWC,
10% to 40% perlite aggregates, and
100% peatmoss required similar rates
of dolomitic limestone between 15,
12, and 12 Ilb/yard?, respectively,
with the exception of 10% PWC-
amended substrates, which required
an additional 6 lb/yard® compared
with 10% perlite-amended.

The interaction between increas-
ing dolomitic limestone rate and sub-
strates evaluated in the trial was not
significant with regard to substrate
solution EC. EC at 0 WAT was similar
among all substrates and dolomitic
limestone rates (data not shown).
In general, substrate solution EC
(Figs. 5B and 7A-G) at all substrates
was either unaffected or significantly
influenced with increasing dolomitic
limestone incorporation rate through-
out the trial, although to different
magnitudes. For most substrates,
EC levels at 1 to 4 WAT were similar
and in the optimal EC range of 1.00
to 2.60 mS-cm™ (Whipker et al.,
2000). Over the duration of the
study, the change in leachate color
was observed (W.G. Owen, personal
observation). Transparent leachates
were observed at the 0 1b/yard?® do-
lomitic limestone rate and darkened
as limestone rate and proportion of
aggregated increased. This occurred
for both aggregates, but leachate
color for PWC seem to be most prom-
inent (W.G. Owen, personal observa-
tion). The correlation between leachate
color and PWC-amended substrates
may likely be a function of the chemical
composition of the substrate compo-
nent. It is postulated and supported
by literature indicating the presence
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of phenolic compounds, terpenes, and
organic acids (Morel and Guillemain,
2004; Ortega et al., 1996) contained
in the bark and wood of softwood
trees may be the result of the leachate
color; however, further investigation
is warranted.

Growth indices of african mari-
gold plants were influenced by in-
creasing dolomitic limestone rate to
different magnitudes (Table 3). At
dolomitic limestone rates of 0, 9,
and 12 1b/yard?®, GI of all african
marigold plants were unaffected
by increasing proportions of perlite,
PWC, or 100% peatmoss. Smaller
plants were observed when substrates
were formulated with 10% or 30%
perlite aggregates and amended with
a dolomitic limestone rate of 3 lb/
yard®. In general, for most substrates,
the largest plants were observed when
substrates were amended with 6 b/

yard® dolomitic limestone, in which
the substrate pH ranged from 5.4 to
5.8.

PDW of african marigold plants
was significantly influenced by in-
creasing dolomitic limestone rate to
different magnitudes (Table 3). PDW
was unaffected by substrate at the
0 1b/yard® dolomitic limestone rate.
Increased african marigold PDW oc-
curred as a response to increased
dolomitic limestone rate and adjusted
pH. In general, the greatest PDW
occurred when the 40% perlite sub-
strate was amended with rates of 6 to
15 1b/yard® dolomitic limestone. In
contrast, Jackson et al. (2009)
reported maximized PDW of african
marigold and zonal geranium plants
at the similar dolomitic limestone rate
of 3.56 kg-cm™ amended to a sub-
strate containing 50% PTS (by vol-
ume). Greatest african marigold

PDWs were those grown in substrates
containing 10% PWC aggregates and
occurred at the dolomitic limestone
rate of 9 Ib/yard®. Substrates
amended with 10% (pH 5.8) and
40% (pH 5.4) PWC aggregates were
not in the recommended pH range
for african marigold plants, therefore
lower substrate pH could account for
the differences in PDW. At the 12-
Ib/yard?® lime rate, maximum african
marigold PDW occurred when plants
were grown in a substrate containing
40% perlite (by volume) aggregates.
Similar to the 40% perlite-amended
substrate, maximized PDW occurred
when african marigold plants were
grown in 100% peatmoss substrates
and limed with 12 Ib/yard?®. A similar
dolomitic limestone rate of 12 Ib/
yard® was required to adjust pH of
20% (pH 5.9) and 30% (pH 6.3) PWC
aggregates to achieve maximum

Table 3. Growth indices (GIs), plant dry weight (PDW), and root dry weight (RDW) of ‘Moonsong Deep Orange’ african
marigold plants grown 4 weeks in 100% sphagnum peatmoss (PM) or peat-based substrates amended (by volume) with 10%,
20%, 30%, or 40% perlite or pine wood chips (PWCs) and incorporated with 0, 3, 6,9, 12, or 15 1b/yard? pulverized

dolomitic carbonate limestone.

Dolomitic limestone rate (Ib/yard?)”

0 3 6 9 12 15
Substrates” GI (cm)™ Significance*
100 PM 189 a” 18.7 be 19.7 b 212a 20.6a 22.2a Lx** QNS
10 Perlite" 185a 18.6 bc 21.3a 21.6a 21.0a 21.0 ab L*** Q**
20 Perlite 18.1a 20.1 ab 19.3b 21.0a 21.7a 21.4 ab Lx** QNS
30 Perlite 18.3a 182 ¢ 22.8a 20.8 a 21.3a 20.5cb L** Q**
40 Perlite 195a 20.0 ab 21.5a 20.8 a 204 a 20.9 ab L* Q*
10 PWC* 19.7 a 19.5 be 214 a 21.1a 214a 21.9 ab L*** QNS
20 PWC 19.1a 200b 222a 22.3a 214a 21.0ab L** Q***
30 PWC 19.1a 19.8 ab 214a 209 a 20.5a 20.7 ab L* Q*
40 PWC 194 a 21.3a 22.1a 20.7 a 20.4 a 19.2 ¢ LN Q***
PDW (g)
100 PM 2.15a 2.44 abc 2.51d 3.36 abc 3.82ab 3.59 ab Lx** QNS
10 Perlite 1.98 a 2.33 abc 2.78 dc 3.35 abc 3.65 be 3.47 ab L*** Q*
20 Perlite 1.89a 2.34 abc 2.34d 3.11 be 3.54 be 3.74 ab Lx** QNS
30 Perlite 1.83a 2.34 abc 3.50 ab 3.65 ab 3.67 be 392a L*** Q**
40 Perlite 1.96 a 1.97 ¢ 394a 391a 421 a 3.61 ab Lx** Q***
10 PWC 2.10a 2.62 ab 3.12 be 3.78 ab 327 ¢ 3.68 ab Lx** QNS
20 PWC 1.96a 2.43 abc 3.39b 3.36 abc 3.62 be 3.54 ab Lr** Q***
30 PWC 1.85a 2.44 be 3.10 be 3.50 abc 3.67 be 320b Lx*x Q***
40 PWC 2.03a 2.22 abc 3.29 be 2.84 ¢ 2.74d 2.67c LNS Q***
RDW (g)
100 PM 1.15a 0.60 a 1.28 be 0.60 cd 198 a 1.13b LNS QNS
20 Perlite 1.00 a 0.60 a 0.80 ¢ 048 d 1.43b 1.35 abc L** Q**
40 Perlite 0.80 a 0.52a 1.80 ab 0.90 bc 1.65 ab 1.15b L* QN
20 PWC 0.88a 0.62 a 1.65 ab 1.03 ab 1.48 b 1.58a L** QN
40 PWC 098 a 0.70 a 2.08a 1.28a 1.43b 1.40 ab Lx** QNS

“Substrates were formulated with sphagnum peat and amended with either 10%, 20%, 30%, or 40% perlite or PWC.

Y1 Ib/yard® = 0.5933 kg:m™3, 1 g = 0.0353 oz.

*Nonsignificant (Ns) or significant at P< 0.05 (*), 0.01 (**), or 0.001 (***); L = linear; Q = quadratic response across measurement dates (4 weeks) at *, ** or ***,
“Growth index (GI) = [(height + widest width + perpendicular width) + 3]; 1 cm = 0.3937 inch.

YMeans were separated within-column using Duncan’s least significant differences test at P< 0.05.

“Substrates were formulated with sphagnum peat and amended with either 10%, 20%, 30%, 40%, or 50% perlite or PWC.

‘PWCs were produced from 9-year-old loblolly pine trees, delimbed, chipped, and hammer-milled to pass through 0.25-inch (6.350-mm) screen.
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PDW. At a similar dolomitic lime-
stone rate of 15 lb/yard?, african
marigold plants grown in 30% (pH
6.4) and 40% (pH 6.6) perlite-
amended substrates achieved the
maximum PDW.

RDWs were similar among all
substrates at dolomitic limestone
rates of 0 and 3 lb/yard?® (Table 3).
In general, RDW followed the similar
trend of GI. Maximum RDW oc-
curred among 20% and 40% PWC-
and 20% perlite-amended substrates
at the dolomitic limestone rate of 6
Ib/yard®, where the largest RDW
occurred in substrates containing
40% PWC. The dolomitic limestone
rate of 12 Ib/yard?® amended to the
100% peatmoss and 20% perlite-
amended substrates resulted in max-
imum RDW; however, the RDWs
were significantly different. De-
creased RDW of african marigold
plants occurred when substrates were
amended with the lime rate of 15 1b/
yard® and is consistent to previous
work (Chrustic and Wright, 1983;
Gillman et al., 1998).

Results indicate that similar rates
of 9 and 12 Ib/yard® dolomitic lime-
stone are required to adjust substrates
amended with 20%, 30%, or 40%
PWC or perlite aggregates, to the
recommended range for african mari-
gold growth. Substrate pH followed
the similar trend, increasing with lime
rate and with decreasing proportion
of peatmoss. Substrate solution EC
was generally similar for all substrates
from 0 to 4 WAT.

Conclusion

Based on these results, PWC ag-
gregates can be a suitable alternative
for perlite in greenhouse substrates for
the production of chrysanthemum
and african marigold. Along with de-
termining recommended lime rates for
PWC-amended substrates, these stud-
ies have demonstrated the variation in
substrate pH associated with lime rates
and plant growth. Therefore, the im-
portance of understanding green-
house substrates, their components,
and the proportion in which they are
formulated, is vital with regard to
limestone amendment and the in-
creased interest in using alternatives.
Acknowledging the initial pH of sub-
strates and substrate components
should be considered before formu-
lating substrates for greenhouse crop
production. The common practice of
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amending a standard rate of lime to
a substrate can impact durability of
substrate pH and crop performance.
It is recommended to initially test
substrates before amending with
pre-plant limestone. This practice is
especially true when growers adopt/
use commercial wood products that
may be different from the PWC
reported in these works.

For chrysanthemum and african
marigold production, changes in lim-
ing practices are often not needed
when substituting perlite with PWC.
Based on the growth trial of chrysan-
themum, it is recommended that pH
of substrates amended with 230%
perlite or PWC aggregates to be
adjusted using dolomitic limestone
rates of 9 and 12 Ib/yard®. Under-
standing plant requirements is vital in
terms of plant quality. As observed in
the african marigold growth trial, iron
toxicity related to low substrate pH
affected plant growth and visual qual-
ity. Based on the results of the african
marigold growth trial, it is recom-
mended that substrate pH be ad-
justed using limestone rates of 9 and
15 Ib/yard?, for optimal african mari-
gold growth and quality. Overall,
PWC can be used in production of
greenhouse crops without changing
liming practices and offers green-
house growers in the southeastern
United States a more local /regional
and organic alternative to perlite.

PWCs are engineered and pro-
cessed to specific sizes and shapes to
be functional as aggregates in a con-
tainer substrate. Not all wood com-
ponents are designed, or capable of
improving/influencing the physical
and chemical behavior of a substrate
the same. The influence of particle
size and surface area (internal and
external) on microbial decomposi-
tion, nutrient immobilization, and
pH buffering (among other things)
is not well understood for wood sub-
strate components, but it is hypothe-
sized to be significant. For example,
wood processed into fibers (increased
surface area) and amended with peat
may show different pH adjustments
and plant growth response during
cultivation, in addition to changing
the substrate air and water relations
much differently from PWC-sized
particles. Based on the known vari-
ability of many wood components
being developed, commercialized,
and marketed, it is suggested that

all substrate wood components be
tested /trialed before large-scale use.
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