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Abstract. Pine tree substrate (PTS) is a relatively new alternative to the commonly used
pine bark and peat-based substrates for container crop production. Physical and
chemical properties of freshly manufactured PTS have been studied; however, this
new substrate will sometimes be manufactured and stored for later use by growers. The
objective of this research was to determine how chemical and physical properties of PTS
were affected by storage duration with or without amendments of limestone or peatmoss.
We also studied how the growth of marigold was influenced by PTS storage time and by
lime and peat amendments. Substrate properties studied were pH, cation exchange
capacity (CEC), electrical conductivity (EC), carbon-to-nitrogen ratio (C:N), bulk
density (BD), and particle size distribution. Pine tree substrate was manufactured by
hammermilling chips of ’’15-year-old loblolly pine trees (Pinus taeda L.) through two
screen sizes, 4.76 mm (PTS) and 15.9 mm [amended with peat (PTSP)]. Pine tree
substrate and PTSP were amended with lime at five rates and a peat–perlite mix (PL)
served as a control treatment. Substrates were prepared, placed in plastic storage bags,
and stored on shelves in an open shed in Blacksburg, VA. Substrates were subsampled at
1, 42, 84, 168, 270, and 365 days after storage. At each subsampling day, twelve 1-L
containers were filled with a subsample of each treatment. Six of the 12 were left fallow
and six were planted with 14-day-old marigold (Tagetes erecta L. ‘Inca Gold’) seedlings.
Substrate was also collected for analysis of CEC, C:N, BD, and particle size distribution.
The pH of non-limed PTS decreased during storage, and at least 1 kg·mL3 lime was
needed to maintain PTS pH 5.4 or greater over the 365-day storage period (Day 1 pH =
5.8) and 2 to 4 kg·mL3 was needed to maintain PTSP pH 5.4 or greater for 365 days (Day
1 pH = 5.2). EC measurements were highest at Day 1 (1.02 to 1.21 dS·mL1) in all
treatments and decreased by Day 42. Cation exchange capacity decreased over time in
non-limed PTS and PTSP. Carbon-to-nitrogen ratio and BD remained the same over
time for all treatments. There were minor changes in particle size distribution for limed
PTS. Marigold growth in all limed PTS and PTSP treatments was equal to or greater
than in PL, except at Day 1; the lower growth in PTS and PTSP at Day 1 compared with
PL suggests that freshly manufactured PTS may contain a phytotoxic substance that was
not present in PTS by Day 42. Pine tree substrate and PTSP are relatively stable when
stored as described previously, except for a pH decrease that can be prevented with
additions of lime before storage.

Pine bark and peatmoss are widely used
substrates for container-grown crops in the
greenhouse and nursery industries. There have

been many recent research reports on the
development of alternative soilless substrates.
This research stems from the increasing cost
in addition to decreasing availability of pine
bark and the cost and sustainability of peat-
moss mining. A wide variety of materials has
been investigated and wood-based substrates
show promise as alternatives to peatmoss and
pine bark. Several of these wood-based sub-
strates are from coniferous species (softwoods)
and are produced from chipped and ground
trunks (with bark; termed PTS; Wright et al.,
2006); chipped and shredded trunks with low
bark amounts (Gruda and Schnitzler, 2004;
Gumy, 2001); whole shoot portions (needles,
limbs, bark and trunk; termed WholeTree�;
Fain et al., 2006, 2008a); or wood, bark,
foliage, and other materials [remains from
in-field chipping operations for the paper

industry; termed clean chip residual (CCR);
Boyer et al., 2008]. Cost, availability, and
sustainability issues of bark and peat sub-
strates can be bypassed by using these substrate
alternatives. These wood-based substrates can
be produced from tree species that are native
to wide geographic ranges and can be grown
specifically for this purpose, harvested, and
replenished locally.

Softwood-based substrates have been
shown to be suitable for at least some horti-
cultural crop species and produce plant growth
that is similar to, or greater than, plants grown
in pine bark or peatmoss (Boyer, 2009; Fain
et al., 2008b; Gruda and Schnitzler, 2004;
Wright et al., 2008). In these studies, sub-
strate particle size and effects of amendments
such as lime, peat, pine bark, and sand were
investigated. Fertilizer regimes have also
been investigated because nitrogen (N) im-
mobilization can decrease plant-available N
in uncomposted wood substrates. Research
has shown that a higher N application rate for
some wood-based substrates is required to
compensate for immobilized N compared
with N application rates for conventional
substrates (Gruda et al., 2000; Jackson et al.,
2008a, 2008b; Wright et al., 2008). However,
Boyer et al. (2012) have reported that N
immobilization in CCR is similar to that in
pine bark and therefore can be fertilized
similarly. In nearly all of these studies, sub-
strates were manufactured just before use or,
in a few cases, stored for up to 144 d. However,
substrate manufacturers and growers may
store these substrates for later sale or use,
and research on the effects of wood-based
substrate storage is needed.

Few studies have investigated the effects
of storage on wood-based substrate proper-
ties and plant growth. Kostov et al. (1991)
investigated the decomposition of composted
sawdust and pine bark on microorganism ac-
tivity (CO2 evolution, ammonification, nitrifi-
cation) and density. Dickinson and Carlile
(1995) conducted a study on combinations of
composted pine and spruce bark and chip-
board and paper waste. Neither of these afore-
mentioned studies used uncomposted and
untreated wood constituents.

Gaches et al. (2011) found that dry
weight, growth index, and bloom count of
Tagetes patula L. ‘Little Hero’ marigold and
Petunia 3hybrida Vilm. ‘Dreams White’
petunia were higher in a ground pine tree,
peat substrate (1:1, v:v) that was aged for
94 and 169 d than in those produced in the
same substrate that was recently manufac-
tured. The authors suggest differences in
air space and container capacity, rate of N
immobilization, and the presence of an
allelopathic chemical in recently manufac-
tured substrate as explanations for growth
differences. A pH decrease has been ob-
served in both stored PTS and loblolly pine
logs (R. Wright, unpublished data) indicating
that PTS may need lime amendment. Lime
addition to wood-based substrates, similar to
additions to bark and peat substrates, neutral-
izes protons. Lime amendment is suggested
when PTS is amended with peat (Jackson
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et al., 2009a) as a result of the acidifying
nature of peat.

The objective of this work was to de-
termine the effects of storage time on PTS
chemical and physical properties and on plant
growth. Specifically, the effect of storage on
PTS pH, EC, CEC, C:N, particle size distri-
bution, and BD was studied. The influence of
PTS storage time on marigold growth was
also studied.

Materials and Methods

Preparation of substrates. Fifteen-year-
old loblolly pine (Pinus taeda L.) trees grow-
ing in Blackstone, VA, were harvested and
delimbed on 16 Apr. 2009 and chipped on 21
Apr. 2009 with a Bandit chipper (Model 200;
Bandit Industries, Inc., Remus, MI). These
coarse pine chips were then passed through
a hammermill (Meadow Mills, Inc., North
Wilkesboro, NC) on 23 and 24 Apr. using
a 4.76-mm and a 15.9-mm screen size. The
PTS produced with the 4.76-mm screen was
used to produce a 100% PTS, and the coarser
PTS (15.9-mm screen) was amended with
peat (Premier Tech, Quebec, Canada; 3 PTS:1
peat, v:v). Previous work (Jackson et al.,
2008a, 2010) has shown that these screen
sizes produce a PTS and a PTSP with con-
tainer capacity and total air space values
within or near the recommended range of
45% to 65% for container capacity and 10%
to 30% for total air space (Yeager et al.,
2007). A PL substrate (4:1, v:v), similar to
a conventional substrate for greenhouse-
grown crops, was included as a control. Both
PTS and PTSP were amended with pulver-
ized dolomitic limestone (Pro pulverized lime-
stone; Old Castle Stone Products, Atlanta,
GA; calcium carbonate equivalency of 95%)
at the rates of 0, 1, 2, 4, or 6 kg·m–3 for a
total of 10 treatments; PL was amended
with 6 kg·m–3 pulverized dolomitic lime-
stone. Lime rates were chosen to accommo-
date a wide range of pH change possibilities
over the 365-d study period with 6 kg·m–3, the
rate used commonly in the very acidic peat,
as the highest rate. All 11 substrate treatments
were amended with 0.6 kg·m–3calcium sul-
fate (CaSO4; Espoma Organic Traditions,

Millville, NJ). Calcium sulfate has been shown
to improve growth of herbaceous species in
PTS (Saunders et al., 2005). After prepara-
tion, each substrate was placed in 85-L perfo-
rated plastic bags and stored on shelves in an
open shed in Blacksburg, VA, for 365 d.
Monthly high and low temperatures and average
daily temperatures were monitored (Table 1).

Subsampling. At 1, 42, 84, 168, 270, and
365 d of storage, substrate subsamples from
each treatment were transferred to twelve 1-L
plastic containers. Six containers were left
fallow and six were each planted with one
14-d-old marigold (Tagetes erecta L. ‘Inca
Gold’) seedling; seedlings were grown in a
144-cell plug tray using Fafard Superfine
Germinating Mix (Conrad Fafard, Inc., Aga-
wam, MA). At Day 1, �4 L each of PTS,
PTSP, and PL without lime and gypsum
amendments were placed in plastic freezer
bags and stored in a freezer at –15 �C for
future CEC, C, N, BD, and particle size
distribution analysis. For the remaining stor-
age periods, �4 L of each of the 11 treat-
ments was collected for the same analyses as
at Day 1 and frozen as described previously.

Fallow containers. Fallow substrate-filled
containers were arranged in a completely
randomized design on a greenhouse bench
with average day and night temperatures of
24 and 19 �C, respectively. Each container
was irrigated (beaker-applied) with 500 mL
tap water to ensure thorough wetting, and the
next day, substrate solution was extracted
(six containers per treatment) using the pour-
through method (Wright, 1986). Substrate
solution pH and EC were measured using
a Hanna HI 9811 instrument (Hanna Instru-
ments, Woonsocket, RI).

Containers with marigolds. Substrate-
filled containers with marigolds were arranged
in a completely randomized design on a bench
adjacent to the fallow containers. Each con-
tainer was irrigated (beaker-applied) with
500 mL of a 300 mg·L–1 N (8% ammonium,
12% nitrate), 20N–4.4P–16.6K, complete fer-
tilizer solution (Jack’s Professional, Allen-
town, PA). The next day 250 mL of fertilizer
solution was applied, which resulted in an
�20% leaching fraction. Until the time of
harvest (3 weeks), all containers received
250 mL fertilizer solution based on plant
need for irrigation; when substrate solution
EC values (measured weekly) were 2 dS·m–1

or greater, tap water was used to irrigate all
containers. After 3 weeks, substrate solutions
were extracted using the pour-through tech-
nique (six containers per treatment) and ana-
lyzed for pH and EC as described previously.
Growth index (GI) was determined by di-
viding the sum of marigold height, greatest
width, and perpendicular width values by 3.
Marigold dry weight (DW) was determined
by cutting the stems at substrate surface,
drying in an oven at 65 �C for 4 d, and weighing.
At Day 270 (Jan. 2010), plants were provided
supplemental lighting using 400-W metal
halide lamps from 0600 HR to 2000 HR daily.

Cation exchange capacity, carbon-to-
nitrogen ratio, particle size distribution,
and bulk density. Cation exchange capacity,

C:N ratio, particle size distribution, and BD
were determined for five treatments: non-
limed PTS, non-limed PTSP, limed PTS
(1 kg·m–3), limed PTSP (4 kg·m–3), and the
PL control. These analyses were conducted
on non-limed substrates stored for 1, 168, and
365 d and limed substrates stored for 168 and
365 d. Because we assumed that the initial or
Day 1 values would be the same for non-
limed and limed substrates, no analyses were
conducted on the limed substrates at Day 1.
The 1- and 4-kg·m–3 lime rates were chosen
because the substrate solution pH values of
these lime treatments were maintained in the
5.4 to 6.5 range, the recommended range for
soilless greenhouse crops (Nelson, 2003).
These analyses were conducted on the pre-
viously mentioned frozen subsamples with
three replicates per treatment. Substrates were
analyzed for CEC (A & L Eastern Laborato-
ries, Richmond, VA) using the Association of
Official Analytical Chemists method 973.09
for peat materials (Thorpe, 1973). Values for
CEC were measured in meq/100 g substrate
and converted to cmol·L–1 substrate using BD
values (g·cc–1). For C:N ratios, removal of
any residual lime was necessary to obtain
accurate C values in the limed treatments;
thus, a modified acid fumigation method of
Harris et al. (2001) was used. Acid-treated as
well as non-acid treated samples were ana-
lyzed for C and N (Univ. of Florida Soil and
Water Science Department Wetland Biogeo-
chemistry Laboratory using a Thermo Elec-
tron Flash EA 1112 Nitrogen/Carbon Analyzer
with MAS 200 R autosampler; three repli-
cates). Substrate BD was determined using
the North Carolina State University Poro-
meter Method (Fonteno and Hardin, 2003)
for each of the five selected treatments with
three replicates per treatment. For particle
size distribution, �40 g oven-dried substrate
was shaken for 10 min on a Fisher-Wheeler
Sieve Shaker, Model #5 (700 vibrations per
minute) with 14 sieves ranging in size from
greater than 6.3 mm to 0.63 mm and a bottom
collection pan. Weights of each particle size
fraction were recorded including the fraction
in the pan. For ease and clarity of presenta-
tion, particle size textural classes of coarse,
medium, and fine are presented here. Coarse,
medium, and fine particles are segregated
into 2 mm or greater in diameter, less than
2 mm but 0.5 mm or greater in diameter, and
less than 0.5 mm in diameter, respectively.

Statistical analyses. Regression analysis
(JMP 8; SAS Institute, Cary, NC) was used to
describe data within substrates; analysis of
variance with Tukey’s honestly significant
difference means comparison was used to
separate treatment means between and within
substrates (JMP 8; SAS Institute).

Results and Discussion

Substrate solution pH (fallow containers).
On Day 1, pH values of all treatments, with
the exception of non-limed PTSP (pH value
of 5.2), were within or slightly above the
generally accepted range (5.4 to 6.5; Nelson,
2003) for non-ericaceous crops (Table 2).

Table 1. Monthly high, low, and average daily
temperatures at the Urban Horticulture Center
in Blacksburg, VA, where substrates were
stored in plastic storage bags on shelves in an
open shed.

High (�C) Low (�C)
Avg daily

(�C)

Apr. 2009 30 –1 18
May 2009 27 1 16
June 2009 30 9 21
July 2009 29 10 20
Aug. 2009 30 14 21
Sept. 2009 29 7 18
Oct. 2009 29 –3 11
Nov. 2009 23 –3 8
Dec. 2009 15 –12 1
Jan. 2010 12 –13 –2
Feb. 2010 7 –8 –2
Mar. 2010 22 –6 6
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Non-limed PTSP pH values were at least 0.6
units lower than non-limed PTS pH values
throughout the study as a result of the acidi-
fying effect of peat, an effect that has been
observed by others (Jackson et al., 2009a;
Wang, 1998; Wang and Konow, 2002). By
Day 42, pH values of all treatments decreased
and at least 1 and 2 kg·m–3 lime were needed
to maintain PTS and PTSP pH values, re-
spectively, at 5.4 and higher (Table 2). The
pH for non-limed PTS decreased over time
and was less than the lower recommended
pH value for most greenhouse crops (5.4;
Nelson, 2003) but suitable for ericaceous
species (recommended pH values of 4.5 to
5.5; Yeager et al., 2007). For non-limed
PTSP, pH was less than 4.5 for all sampling
dates after Day 1. From Day 42 to Day 84 for
limed PTS and limed PTSP treatments, pH
increased (Table 2). Values remained rela-
tively stable throughout the remainder of the
experiment for all limed PTS treatments
(Table 2). In contrast, pH values of PTSP
limed treatments decreased from Day 84
(Table 2). In the 2-, 4-, and 6-kg·m–3 lime
rates of PTS, and the 6-kg·m–3 lime rate of
PTSP, pH values were higher than the
suggested upper recommended limit (6.5;
Nelson, 2003) at 1 or more subsampling days.
Like with PTS and PTSP, PL pH decreased
from Day 1 to Day 42 (6.5 to 6.2) and
stabilized at 6.4 to 6.5 thereafter (Table 2).
The pH of PL (limed with 6.0 kg·m–3) was
generally lower than PTS and PTSP pH limed
at 4 and 6 kg·m–3 and was similar to pH
values of PTS limed at 1 and 2 kg·m–3 and
PTSP limed at 4 kg·m–3. Thus, less lime is
required to adjust PTS and PTSP pH com-
pared with lime additions for PL.

Substrate solution electrical conductivity
(fallow containers). Day 1 EC values were
between 1.02 and 1.21 dS·m–1 for all sub-
strate and lime treatments (Table 2). By Day
42, EC values decreased by 50% in PTS, 20%

to 40% in PTSP, and 25% in PL. The de-
crease in substrate solution salt indicates salt
uptake, most likely by microorganisms pres-
ent in the substrate during the first 42 d of
storage. Salts in wood, the most abundant of
which are calcium, potassium, and magne-
sium, contributing to EC, are mainly from
deposits in cell walls and lumina (Sjöström,
1993). Although peat is considered stable, the
addition of lime to this substrate at the initi-
ation of storage may have activated microor-
ganisms present in peat (Carlile and Wilson,
1991), and the subsequent microbial prolif-
eration could result in microbial immobiliza-
tion of solution salts. The salt contribution
from irrigation water was minor because ir-
rigation water EC value was 0.1 dS·m–1. The
EC contribution from lime was also low be-
cause non-limed substrate EC values were
similar to limed substrates. After Day 42,
EC values were approximately the same or
higher throughout the rest of the experiment,
but never as high as Day 1 values.

Cation exchange capacity. Cation ex-
change capacity values decreased linearly
over the 365-d period from 2.0 to 1.7 cmol·L–1

for non-limed PTS and from 5.7 to 4.6 cmol·L–1

for non-limed PTSP (Table 3). Values for
limed PTS increased from Day 1 to Day 168;
the Day 365 value was the same as the Day
168 value. Values for limed PTSP decreased
from Day 1 to Day 168, but the Day 365 value
was the same as the Day 1 value. Cation
exchange capacity would not play a signifi-
cant role in supplying plants with nutrients
as a result of the relatively high nutrient
amounts of commercial fertilizer regimes,
and so these relatively small changes would
be inconsequential in conventionally fertil-
ized plant production systems. The addition
of peat to PTS (PTSP substrate) nearly tripled
the CEC of PTS (Table 3). There was no
change in PL CEC over the 365-d storage
period (Table 3), but values were six times

that of PTS and approximately two times that
of PTSP, showing one of the advantages of
a peat-based substrate over a PTS substrate
and one reason why more fertilizer is re-
quired for PTS compared with a PL mix
(Jackson et al., 2009b).

Carbon-to-nitrogen ratio. The C:N ratios
over time for PTS without lime ranged from
177 to 179 (sampling at Days 1, 168, and 365)
and from 155 to 179 for the 1-kg·m–3 lime
treatment (Table 4). Ratios were the same for
limed and non-limed PTS at sampling Days
1, 168, and 365 and at each of these sampling
dates. The day 1 C:N ratio of non-limed PTS
was 179:1, a much lower value than the value
reported by Jackson et al. (2008b) for non-
limed PTS. Carbon-to-nitrogen ratios for
PTSP with and without lime ranged from
88:1 to 92:1. Similar to PTS, the PTSP C:N

Table 2. Pine tree substrate (PTS), PTS:peat substrate (3:1, v:v, PTSP), and peat:perlite substrate (4:1, v:v, PL) solution extract pH values and electrical
conductivity (EC) levels at varying lime rates after 1, 42, 84, 168, 270, and 365 d of storage (n = 6).

Substrate Day 1 Day 42 Day 84 Day 168 Day 270 Day 365

Lime rate (kg·m–3) pH EC (dS·m–1) pH EC (dS·m–1) pH EC (dS·m–1) pH EC (dS·m–1) pH EC (dS·m–1) pH EC (dS·m–1)
PTS

0 5.8 ez 1.10 bc 5.2 g 0.55 de 5.3 e 0.69 d 5.2 f 0.73 abc 5.0 g 0.73 ab 5.0 g 0.75 ab
1 6.2 cd 1.18 ab 5.8 e 0.62 e 6.3 c 0.74 cd 6.4 d 0.70 bc 6.2 e 0.73 ab 6.3 d 0.72 abc
2 6.3 bc 1.20 a 6.0 d 0.63 cd 6.7 b 0.79 bcd 6.6 c 0.71 c 6.6 c 0.69 ab 6.5 b 0.68 bc
4 6.5 ab 1.15 ab 6.3 b 0.58 de 6.8 b 0.82 bc 6.8 a 0.72 abc 6.8 b 0.74 ab 6.7 a 0.62 c
6 6.6 a 1.21 a 6.5 a 0.58 de 7.0 a 0.81 bc 6.9 a 0.70 c 7.0 a 0.69 ab 6.8 a 0.71 abc

Significancey Q*** Q* Q*** NS Q*** Q*** Q*** NS Q*** NS Q*** Q**
r2 value 0.84 0.24 0.94 0.89 0.44 0.88 0.92 0.89 0.29

PTSP
0 5.2 f 1.09 bc 4.3 i 0.71 b 4.4 g 0.80 bcd 4.4 h 0.74 abc 4.1 i 0.70 ab 4.1 i 0.64 bc
1 5.7 e 1.15 ab 5.0 h 0.70 bc 5.1 f 0.76 bcd 5.1 g 0.70 c 4.8 h 0.72 ab 4.7 h 0.65 bc
2 6.1 d 1.13 ab 5.4 f 0.71 b 5.7 d 0.78 cd 5.7 e 0.72 bc 5.5 f 0.69 ab 5.4 f 0.64 bc
4 6.4 ab 1.02 c 6.1 c 0.82 a 6.4 c 0.81 bc 6.4 d 0.82 a 6.2 e 0.80 a 6.1 e 0.70 abc
6 6.6 a 1.14 ab 6.4 a 0.86 a 6.8 b 0.86 b 6.7 b 0.79 abc 6.6 c 0.80 a 6.4 c 0.80 a

Significance Q*** NS Q*** L*** Q*** Q** Q*** L** Q*** L*** Q*** Q***
r2 value 0.98 1.00 0.72 0.99 0.36 1.00 0.27 1.00 0.39 1.00 0.52

PL
6 6.5 a 1.15 ab 6.2 bc 0.87 a 6.5 c 1.02 a 6.4 d 0.81 ab 6.4 d 0.74 ab 6.4 c 0.71 abc

zMeans within columns across substrates separated by Tukey’s honestly significant difference (P # 0.05).
y
NS = Nonsignificant or significant at *P # 0.05, **0.01, or ***0.001; L = linear, Q = quadratic response for lime rate at *, **, or ***.

Table 3. Cation exchange capacity (CEC) of non-
limed and limed pine tree substrate (PTS),
PTS:peat substrate (3:1, v:v, PTSP), and
peat:perlite substrate (4:1, v:v, PL) after 1,
168, and 365 d of storage (n = 3).

Substrate CEC (cmol·L–1)

Lime rate
(kg·m–3) Day 1

Day
168

Day
365 Significancez

PTS
0 2.0 1.9 by 1.7 b L***, r2 = 0.90
1 2.0 2.5 a 2.5 a Q*, r2 = 0.80

PTSP
0 5.7 5.4 a 4.6 a L*, r2 = 0.93
4 5.7 5.3 a 5.7 a Q**, r2 = 0.82

PL
6 13.1 12.2 12.3 NS

zChange in CEC over storage time; NS =
nonsignificant or significant at *P # 0.05,
**0.01, or ***0.001; L = linear, Q = quadratic
response for storage time at *, **, or ***.
yMeans separated within columns (between lime
rates within each substrate).
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ratios for with and without lime treatments
were the same over time and ratios were the
same for lime and without lime at Days 1,
168, and 365 (Table 4). Amending PTS with
peat (25% by vol.) decreased the C:N ratio by
50%. The C:N ratio for PL ranged from 51:1
to 54:1 over time and was unaffected by stor-
age time. Because the PL C:N ratio (�53:1)
is considerably lower than the PTS ratio, the
PTSP C:N ratio was expectedly lower than
PTS. The PL C:N ratio found in this study
is consistent with other reported peat C:N
values (Marrush, 2007; Tripepi, 2008). Be-
cause C:N ratios in all substrates, regardless
of lime rate, were the same over time, we
infer that there was no appreciable decom-
position of PTS and PTSP during 365 d of
storage. Although this demonstrates substrate
stability, the maintenance of a relatively high
ratio over time will result in N immobiliza-
tion when these stored substrates are used,
and higher than conventional N application
rates will be required for crop production.
Jackson et al. (2009b) showed that N immo-
bilization is substantially greater in PTS than
in PL. These authors have also shown that
plants grown in PTS and PTSP required more
N than plants grown in PL (Wright et al.,
2008).

In the C:N determination methodology,
limed PTS samples were treated with acid or
without acid to measure the contribution of
the C in the lime amendment to the ratio.
Acidification of samples would convert the
C associated with the lime to a gas and
therefore would not be measured in the C:N
analysis. The C:N ratios for limed PTS of
acid-treated and non-acid-treated samples
were the same at Day 168 and Day 365 (data
not shown). The same result was also true
for limed PTSP. The calculated amount of
C contributed by 1 kg·m–3 lime to PTS was
1.1 g·kg–1 of substrate, a relatively insignifi-
cant contribution to the C:N ratio. The amount
of C contributed by 4 kg·m–3 lime to PTSP
would be 4.3 g·kg–1. Although there were no
differences between non-acidified and acidi-
fied C:N ratios for the 4-kg·m–3 lime rate

Table 4. Carbon-to-nitrogen ratio (C:N) of non-
limed and limed pine tree substrate (PTS),
PTS:peat substrate (3:1, v:v, PTSP), and peat:
perlite (4:1, v:v, PL) after 1, 168, and 365 d of
storage (n = 3).

Substrate C:N

Lime rate
(kg·m–3) Day 1

Day
168

Day
365 Significancey

PTS
0 179 178 az 177 a NS

1 179 155 a 169 a NS

PTSP
0 90 91 a 92 a NS

4 90 88 a 90 a NS

PL
6 53 51 54 NS

zMeans separated within columns (between lime
rates within each substrate) by Tukey’s honestly
significant difference (P # 0.05).
yChange in C:N over storage time; NS = non-
significant at P # 0.05.
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PTSP, total C values of non-acidified samples
were 6 and 11 g·kg–1 higher than acidified
samples for Day 168 and Day 365, respec-
tively (data not shown). Acid fumigation of
samples for C:N determinations of substrates
seems warranted with this rate of lime addi-
tion. Regardless of lime amendment rate,
acid fumigation would dissolve lime aggre-
gates present in the substrate and result in
a more accurate value than without acid
fumigation.

Particle size analysis. Particle size frac-
tions for non-limed and limed (1 kg·m–3 treat-
ment) PTS were unaffected over the 365-d

storage period with the exception of an in-
crease over time (from 72% to 78%) in
medium-sized particles of the limed treat-
ment. The reason for this change is unclear.
For non-limed PTS, the medium particle size
fraction was constant at�71%. For both non-
limed and limed PTS, the coarse particle size
fraction was �4% and the fine particle size
fraction was 25% and 22% for PTS non-
limed and PTS limed, respectively. It is the
fine particle texture group that has a major
influence on the physical characteristics of
potting substrate, e.g., air space, container
capacity, and ease of water release (Handreck,

1983). Pine tree substrate, therefore, appears
to be relatively stable physically over the
course of one year.

Bulk density. Bulk densities remained
relatively unchanged over 365 d of storage
for all substrates (data not shown). Bulk
density values for PTS, non-limed and limed,
and PL were�0.11 g·cc–1, whereas values for
PTSP, non-limed and limed, were 0.12 g·cc–1.
Unchanging BD values further indicate the
physical stability of PTS.

Marigold growth. Shoot DW for PL
(limed at 6 kg·m–3) at 1 d of storage was
higher than DW for PTS and PTSP regardless

Fig. 1. Marigold dry weight by substrate solution pH at six subsampling days from Apr. 2009 to Apr. 2010 for pine tree substrate (�, PTS) and PTS:peat (3:1, v:v)
substrate (s, PTSP). (A) Day 1 (no significant differences for PTS or PTSP); (B) Day 42 (PTS: y = –2.6624 + 0.7970x, r2 = 0.44, P < 0.0001 and PTSP:
y = –2.7281 + 0.8974x, r2 = 0.76, P < 0.0001); (C) Day 84 (PTS: y = 1.2056 + 0.2862x, r2 = 0.32, P = 0.0011 and PTSP: y = 0.7305 + 0.3170x, r2 = 0.40,
P = 0.0002); (D) Day 168 (PTS: y = 0.3616 + 0.1873x, r2 = 0.46, P < 0.0001 and PTSP: y = 0.4567 + 0.1672x, r2 = 0.59, P < 0.0001); (E) Day 270 (PTS:
y = 0.3873 + 0.2016x, r2 = 0.23, P = 0.0092 and PTSP: y = 0.5465 + 0.2124x, r2 = 0.34, P = 0.0010); (F) Day 365 (PTS: no significant differences and PTSP:
y = 1.1625 + 0.4029x, r2 = 0.48, P < 0.0001).
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of lime rate (Table 5). After Day 1, DW for
PTS and PTSP was the same as or higher than
DW for PL. Exceptions are non-limed PTS at
Day 270 in which the pH was 5.4; non-limed
PTSP on Days 42, 270, and 365 in which the
pH values were 5.0, 4.0, and 4.3, respec-
tively; and PTSP limed at 1 kg·m–3 on Day
270 in which the pH value was 4.8; values
less than 6.0 are considered undesirable for
marigold growth (Whipker et al., 2000). There
was no relationship between marigold shoot
DW and substrate solution pH for PTS or
PTSP stored for 1 d (Fig. 1A). The pH values
for PTS ranged from 6.1 to 6.7 (Table 5)
within or near the recommended 6.0 to 6.6
range recommended for marigold culture
(Whipker et al., 2000), whereas pH values
for PTSP ranged from 5.5 to 6.5 (Table 5). By
Day 42, there was a positive relationship
between DW and pH for both PTS and PTSP
(Fig. 1B). Day 42 PTS pH values ranged from
6.0 to 6.9, whereas PTSP pH values ranged
from 5.0 to 6.8 (Table 5). Positive relation-
ships between DW and pH were also found
for both PTS and PTSP for the duration of the
storage period (Fig. 1C–F) except for PTS at
Day 365. For PTS, minimum pH values for
these last four sub-sampling days ranged
from 4.5 to 5.4, whereas maximum pH values
ranged from 6.3 to 6.9 (Table 5). For PTSP,
minimum pH values ranged from 4.0 to 4.5,
whereas maximum pH values ranged from
6.2 to 6.7 (Table 5). Comparison of PTS and
PTSP coefficients of determination (r2 values;
Fig. 1B–F) consistently showed a closer re-
lationship between marigold DW and pH in
PTSP than in PTS. Low r2 values for PTS
indicate that other factor(s) influenced mari-
gold DW. Absence or presence of relation-
ships between GI and pH for PTS and PTSP
were the same as those of DW and pH (data
not shown). Differences in pH resulting from
substrate and lime rate were consistent with
pH levels found with fallow containers at
each sampling date (Table 2). The lower
marigold DW values in PTS compared with
PL at Day 1, when pH for PTS was within an
acceptable range, suggests that there may be
some inhibitory substance(s) or phytotoxin(s)
at Day 1 in PTS that is no longer present
or present in a relatively low concentration
by Day 42. Phytotoxic compounds are wood
extractives, extractives defined as the non-
structural constituents of wood that are
soluble in neutral organic solvents or water
(Sjöström, 1993). This possibility of phyto-
toxic compounds in PTS inhibiting plant
growth is supported by work of Gruda et al.
(2009) who found that lettuce and tomato
seed radical length values were lower when
sown on germination paper saturated with hot
or cold water extracts of PTS as compared
with values when sown on germination paper
soaked with distilled water. This study also
showed that leaching PTS with cold or hot
water and then conducting the radical length
determination reduced the growth inhibitory
influence compared with non-leached PTS.
In this same study, marigold DW in a freshly
manufactured non-limed PTS was less than
in a PL control, but DW was the same as PL

when the PTS was previously washed or
leached.

Gaches et al. (2011) also speculated that
some chemical is present in recently manu-
factured WholeTree substrate that inhibits
plant growth. Jackson et al. (2009a) reported
that marigold (Tagetes erecta L. ‘Inca Gold’)
DW for PTS and PTSP was equal to or higher
than that of PL, and the PTS and PTSP (3
PTS:1 peat, v:v) used were manufactured 105
and 135 d before planting. Thus, this time lag
from substrate manufacture to planting may
have allowed the phytotoxic compounds in
PTS to be degraded and may be the likely
reason that the DW values of the aforemen-
tioned wood-based substrates of Jackson et al.
were the same as DW values for PL. The re-
lease of these extractives from PTS may also
explain the decrease in pH seen in all PTS
and PTSP treatments by Day 42 (Table 2).
Extractives are readily consumed by micro-
organisms and their degradation leads to
production of organic acids and a decrease
in pH (Crawford, 1983; Gray et al., 1971;
Tuomela et al., 2000). Apparently the major-
ity of these extractives were degraded by
Day 42, because pH values after this day de-
creased slowly compared with the Day 1 to
Day 42 period. This would also be a possible
explanation for the finding that marigold DW
of PTS and PTSP at all lime rates, except
non-limed PTSP, is similar to PL by Day 42.
Complete degradation of phytotoxins may
also help explain why there was no relation-
ship between pH and DW in PTS at Day 365.
We suggest that growers lime PTS and store
the substrate for 6 weeks to avoid problems
with phytotoxins of fresh PTS.

In conclusion, results of this work have
shown that the pH of PTS and PTSP de-
creases during storage with the majority of
the decrease occurring by 6 weeks of storage.
The likely mechanism behind this initial de-
crease is the microbial degradation of easily
accessible extractives resulting in production
of organic acids. The addition of 1 kg·m–3

lime to PTS before storage maintained the pH
of this substrate within recommended pH
limits for soilless substrates, whereas at least
2 to 4 kg·m–3 lime addition was needed to
maintain PTSP pH within recommended
limits. Results of the marigold growth exper-
iment support the hypothesis for the presence
of phytotoxic extractives in freshly manufac-
tured PTS. The results of these experiments
were conducted on an annual plant species
with a liquid fertilization regime; thus, results
may not be extrapolated to woody perennial
species or plants fertilized with controlled-
release fertilizers.
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