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Abstract. The objective of these experiments was to determine if preemergence herbicides
perform similarly across pine bark that was aged for varying lengths of time including 0,
4, 8, and 12 months after bark removal from harvested trees. Three preemergence
herbicides were evaluated for three separate weed species, including 1) Cardamine
flexuosa With. (bittercress) with isoxaben, 2) Digitaria sanguinalis (L.) Scop. (large
crabgrass) with prodiamine, and 3) Oxalis stricta L. (woodsorrel) with dimethenamid-P.
Leaching of herbicides through substrates was evaluated for prodiamine. Weed growth
in the various substrates was variable, but few differences were detected in weed growth
among the pine bark substrates evaluated. For isoxaben and prodiamine, weed control
was similar among the pine bark substrates in most cases when label rates were applied.
Although some differences were detected in prodiamine performance across different
pine bark ages, a high level of control was achieved in all cases at rates well below
manufacturer recommendations. Prodiamine leaching was minimal in all substrates. It
would be recommended that growers test substrates for physical properties before use so
that irrigation and other production inputs could be modified if needed. In most cases,
growers should expect similar performance of preemergence herbicides regardless of
pine bark substrate age.

In the eastern United States, pine bark is
the predominate substrate component in out-
door nursery container plant production. Pine
bark is a byproduct of the timber industry and
is stripped off logs following harvest. Once
the removed pine bark is acquired by a bark
processor, it is generally processed and stored
in piles/windrows and turned as needed to
facilitate the breakdown of the particles and
to reduce excessive heat buildup (Fields
et al., 2014). There are currently no industry
or governmental regulations or guidelines for
the processing, handling, and aging of pine

bark substrates sold and used in the horticul-
tural industry. Consequently, there can be
variability in products between and even
within operations. A study conducted by
Jackson (2014) found that the substrates used
in the nursery industry are typically aged
from 6 weeks to more than a year. Both
physical and chemical properties of sub-
strates are affected by their age and mana-
gement before use. Generally, as substrates
age, wood content and particle size decrease,
which causes a decrease in airspace and
an increase in water holding capacity
(Bilderback et al., 2005; Fields et al., 2014;
Harrelson et al., 2004; Jackson, 2014). In
addition to substrate age, many other factors
such as harvesting methods, pine species,
screening or hammer milling before or after

aging, and time of year the trees were
harvested may also influence the final prod-
uct’s chemical and physical properties.
Most ornamental plant container growers
use aged pine bark, which has generally
been shown to be uniform in physical
properties and ideal for plant growth
(Harrelson et al., 2004; Pokorny, 1979).
However, there is an increasing interest in
the use of fresh or ‘‘green’’ pine bark
because it weighs less and thus reduces
shipping costs (Fields et al., 2012; Kaderabek
et al., 2016). In many cases, growers may
be unaware of how their pine bark has
been processed, handled, or aged or what
differences there may be in physical/chem-
ical properties from different sources or
‘‘batches’’ of bark from the same supplier.
There has been a considerable amount of
research conducted over the past few de-
cades on how to manage production inputs
based on substrate properties (Bilderback
et al., 2005); however, few studies have
focused on how changes in substrate prop-
erties may impact weed growth and/or
preemergence herbicide performance. As
growers must produce weed-free plants to
meet consumer demand (Simpson et al.,
2002), it is important to know if these
herbicides perform differently based on the
substrates to which they are applied.

Wehtje et al. (2009) evaluated prodi-
amine, flumioxazin, and isoxaben when ap-
plied to pine bark compared with WholeTree
and clean chip residual, byproducts of the
forest industry. The authors reported similar
germination of spotted spurge (Euphorbia
maculata L.), large crabgrass (Digitaria san-
guinalis L.), and eclipta (Eclipta prostrata
L.) in all substrates evaluated. Data also
showed that herbicides performed similarly
across all substrates at labeled rates. The
particle size of horticultural substrates has
been shown to affect the germination and
growth rate of weed seeds in some instances.
Wada (2005) demonstrated that as substrate
particle size increased, the germination rate
and growth of pearlwort (Sagina procumbens
L.), northern willowherb (Epilobium cilatum
Raf.), and common groundsel (Senecio vul-
garis L.) decreased. Similarly, a study con-
ducted by Keddy and Constabel (1986)
demonstrated that species with small seeds
had higher germination rates and greater
growth rates in soils with smaller particle
sizes when compared with soils with larger
particle sizes. The observations from both of
these studies are significant, as many of the
common weed species found in container
production have small seeds. However, many
weed species have the ability to germinate
across a wide range of moisture and water
tension levels (Bullied et al., 2012), thus
increased moisture holding capacity is un-
likely to result in a direct increase in germi-
nation of all weed species. Altland and
Boldt (2018) evaluated creeping woodsorrel
(Oxalis corniculata L.) germination in pine
bark substrates amended with sphagnum
peatmoss at ratios including 100:0, 80:20,
and 60:40 and found that although water
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holding capacity increased with increasing
peatmoss percentage, there was no effect on
creeping woodsorrel germination.

Leaching of herbicides in different grow-
ing substrates has also been previously in-
vestigated. Most of the research on leaching
of preemergence herbicides labeled for use
on nursery crops demonstrate that they are
highly adsorptive to horticultural substrates.
Research focusing on metolachlor has shown
that it is tightly bound to organic substrates
(Grey et al., 1996; Koncal et al., 1981;
Mahnken et al., 1994). One of the most
common preemergence herbicides in nursery
production, oxyfluorfen, has been shown to
be more mobile in pine bark than peat;
however, it was largely immobile in both
substrates (Case et al., 2005; Horowitz
and Elmore, 1991). A study conducted by
Simmons and Derr (2007) demonstrated that
there was greater pendimethalin leaching
in pine bark compared with a Tetotum fine
loam field soil. In this study, pendimethalin
leached to a depth of 6 to 9 cm compared
with less than 3 cm in field soil based on a
large crabgrass bioassay conducted with soil
columns. Simmons and Derr (2007) con-
cluded that increased mobility of pendime-
thalin was likely due to larger particle size
and void space in the pine bark substrate,
which increased hydraulic conductivity com-
pared with field soil. In contrast, Robertson
and Derr (2017) reported less leaching of
dimethenamid-P in pine bark compared with
field soil. Due to a lack of information on how
herbicides perform on pine bark of varying
ages and physical properties, and previous
work showing that substrate components can
significantly impact leaching (Mahnken
et al., 1994), the objective of these experi-
ments was to determine if age influences
performance and leaching of commonly used
preemergence herbicides when applied to
pine bark substrates.

Materials and Methods

Three experiments were conducted in
Apopka, FL, in 2016. Pine bark aging,
handling, sampling procedures, and physical
and chemical properties of all substrates
evaluated have been reported previously
(Kaderabek et al., 2016). Briefly, fresh long-
leaf pine bark (Pinus palustris L.), was

hammer milled through a 1.6-cm screen,
placed in three replicate piles (17 m long ·
10 m wide · 3.3 m tall) each containing
�250 m3, and turned every 4 weeks for a
period of 12 months. Samples were taken
from the aging piles every month, after
turning, for a period of 1 year. At each
sampling date, samples were composites of
multiple subsamples from all three pine bark
piles and were pulled from below the surface
of the piles. Sampling and sample storage
procedures were based on methods outlined
in the US Composting Council’s Test
Methods for the Examination of Composting
and Compost (Thompson, 2002) and more
thoroughly described by Kaderabek (2017).
Briefly, stratified subsamples (3 L) were
taken from different heights (top, middle,
and bottom) and horizontal depths (0.3, 0.6,
0.9, and 1.2 m) within each sampled pile.
This sampling procedure accounts for varia-
tion within a pile and reduces possible errors
due to stratification of constituents and con-
ditions within the piles (Breitenbeck and
Schellinger, 2004). Samples were stored in-
doors in sealed, 4-mm polyethylene bags at
4 �C to minimize moisture and microbial
changes before samples were shipped to
Apopka for herbicide evaluation on three
separate dates (Table 1). The time between
sampling and shipping of the bark substrates
was never more than 1 week. This allowed
greenhouse trials evaluating herbicide per-
formance to be conducted immediately on
substrate arrival and removed potential var-
iability, as it is unknown how physical or
chemical properties may change during long-
term storage, or what the most appropriate
storage protocol would be to maintain trial
integrity.

As pine bark samples were used in exper-
iments as soon as they were received, two
reproducible substrates were used for com-
parison in each of the three experiments. An

industry ‘‘standard’’ pine bark substrate
(100% bark) was obtained from a Florida
supplier on two separate occasions (first for
Expts. 1 and 2, secondly for Expt. 3) that had
been handled and processed similarly to the
pine bark in NC. The age of this substrate was
unknown but was estimated to have been
aged for �4 to 6 months. In terms of pine
bark, there is no true industry ‘‘standard’’;
growers may prefer bark that is aged, fresh, or
screened to a specific size depending on their
needs and production practices. This standard
substrate was included to have a readily
available and widely used pine bark substrate
for comparison with barks of known ages.
Additionally, a peat:perlite (80:20 v:v) was
also used for comparison in each experiment
along with the standard. The peat:perlite
substrate was chosen as it was readily re-
producible. Before use in weed efficacy
studies, pH was measured on all substrates
with a pH/EC meter (9813-6; Hannah In-
struments, Ann Arbor, MI) and dolomitic
lime was added via incorporation as needed
to bring substrate pH level to 5.5. Fertilizer
[Osmocote Blend (8–9 months) 17–2.2P–
9.1K (ICL Inc., Dublin, OH)] was then in-
corporated into each substrate using a soil
mixer at a rate of 4.4 kg·m–3 based on
manufacturer recommendations. These pro-
cedures were repeated for all experiments
and all experiments were repeated (Table 1).

Particle size distribution of each pine bark
substrate was determined using methods pre-
viously described (Jackson et al., 2009).
Briefly, 100 g of air-dried samples were
determined using soil sieves plus a bottom
pan (Table 2). Sieves and pan were shaken for
10 min with a RX-29 Ro-Tap sieve shaker
(278 oscillations/min, 150 taps/min; W.S.
Tyler, Mentor, OH) and the particle fractions
retained on each sieve and the amount that
passed through the smallest sieve and
retained by the sieve pan was weighed.

Table 1. Treatment dates and substrates used in
three greenhouse experiments evaluating
preemergence herbicide efficacy in 2016.

Expt. 1 Expt. 2 Expt. 3

Treatment dates
3 Feb. 23 June 4 Nov.
24 Feb. 7 July 18 Nov.

Substrates evaluatedz

0 mo. 8 mo. 12 mo.
4 mo. Std. Std.
Std. Peat Peat
Peat
zSubstrate 0, 4, 8, and 12 mo. = pine bark aged for
0, 4, 8, and 12 months, respectively. Std. = standard
pine bark substrate obtained from local supplier of
unknown age. peat = peat: perlite (80:20 v:v) mix.

Table 2. Particle size distribution of standard and aged pine bark (PB) substrates used in herbicide efficacy
trials.

Particle size distribution (%)z

Standard PBy Aged PBx

Sieve (mm)w Expt. 1–2 Expt. 3 0 mo. 4 mo. 8 mo. 12 mo.

>6.3 30.3 22.3 34.0 18.6 12.3 16.4
6.3–2.0 44.3 47.0 45.1 41.5 31.0 36.0
2.0–0.71 16.0 19.6 13.7 21.4 22.8 22.1
0.71–0.5 2.4 3.2 2.8 6.5 10.6 8.7
0.5–0.25 2.9 3.4 2.9 7.2 14.5 11.0
0.25–0.11 2.7 2.5 1.6 3.6 4.6 4.4
<0.11 (pan) 1.3 2.0 0.8 1.4 4.5 1.8
Texturev

Coarse 74.6 au 69.3 b 79.1 a 60.1 c 43.3 e 52.3 d
Medium 18.4 d 23.8 c 16.4 d 28.0 b 33.3 a 30.7 ab
Fine 6.9 de 7.9 d 5.3 e 12.2 c 23.7 a 17.2 b

zParticle size distribution calculated on a dry weight basis using means of three air-dried samples.
yStandard PB was handled and processed similarly to PB obtained from North Carolina, but age was
unknown and was used for comparison purposes.
xAged PB was taken at 4-month intervals from a supplier in North Carolina and shipped to Florida for
evaluation. PB handling, sampling, and aging is described in Kaderabek et al., 2016.
w1 mm = 0.0394 inch.
vTexture grouping: coarse = greater than 2.0mm;medium= greater than 0.5 to less than 2.0mm; fine = less
than 0.5 mm.
uMeans within a row followed by the same letter are not significantly different based on Fisher’s protected
least significant difference (P # 0.05).

HORTSCIENCE VOL. 54(5) MAY 2019 897



Dose-response studies. Amended sub-
strates were used to fill 0.5-L nursery con-
tainers. After filling, containers were placed
in a greenhouse and received 1.3 cm of
irrigation every day via overhead sprin-
klers. After one irrigation event, containers
were removed from the greenhouse and
herbicides including prodiamine (Barricade
4FL; Syngenta Crop Protection, LLC,
Greensboro, NC), isoxaben (Gallery SC;
Dow AgroSciences LLC, Indianapolis, IN),
and dimethenamid-P (Tower 6.0EC; BASF
Corp., Research Triangle Park, NC) were
applied using a CO2 backpack sprayer equip-
ped with a 8004 flat fan nozzle (TeeJet
Technologies, Wheaton, IL) and calibrated
to deliver 468 L·ha–1 at 241 kpa. Prodiamine
and dimethenamid-P were applied at 0.21,
0.45, 0.85, 1.7, and 3.4 kg a.i./ha while
isoxaben was applied at 0.14, 0.28, 0.55,
1.1 and 2.2 kg a.i./ha. These rates correspond
with 0.125, 0.25, 0.5, 1, and 2· the highest
recommended label rate of each herbicide.
Different bioassay species were chosen for
each a.i.: large crabgrass was chosen for
prodiamine, woodsorrel (Oxalis stricta L.)
was chosen for dimethenamid-P, and bittercr-
ess (Cardamine flexuosaWith.) for isoxaben.
Weed species were chosen based on their
prevalence in Florida nurseries and their
sensitivity to the herbicides used in the study.
Seeds of each species (30) were surface sown
to containers 2 d after herbicides were ap-
plied. Pots were then grouped by species in a
completely randomized design with eight
single pot replications per herbicide rate.
Nontreated controls were maintained for all
substrates for comparison purposes. After 10
weeks, weeds were clipped at the substrate
surface and fresh weights were determined.

Leaching study. Column leaching through
substrates was accomplished using the seg-
mented column technique (Weber et al.,
1986; Wehtje et al., 2012; Wu and Santelman,
1975). This technique is more economi-
cal than chemical assay and can be very
sensitive if proper species are chosen for
the herbicide being evaluated (Lavy and
Santelmann, 1986). Polyvinyl chloride pipe
(7.5-cm diameter) was cut into four 3-cm
sections and one 5-cm section and duct taped
together to yield a 17-cm-tall column. The
four 3-cm sections were added to the top of
the column so that leaching could be evalu-
ated at depths of 0 to 3, 3 to 6, 6 to 9, 9 to 12,
and 12 to 17 cm. Nursery ground cloth was
cut and secured to the bottom of the columns
with zip ties. Enough columns were prepared
for each experiment so that each substrate
was replicated four times (four columns).
Columns were then filled with the substrates
described previously by adding in small
volumes of substrate to the columns and then
tapping the columns on a counter 30 times
until the entire column was uniformly
packed. Columns were secured together with
tape to ensure they did not tip over and then
placed in nursery containers for transport to
the greenhouse. The columns remained in the
containers while in the greenhouse and were
irrigated 1.3 cm per day for 7 d to allow for

further substrate settling. At this time, prodi-
amine was applied at a rate of 1.7 kg a.i./ha
over the top of the columns on the substrate
surface using the methods described previ-
ously. After treatment, columns remained in
the greenhouse for 2 weeks under the same
irrigation scheduling, receiving 17.8 cm irri-
gation in total. At this time, a knife was used
to cut through the taped joints and cut
columns into five segments. When a segment
was cut, a metal spatula was placed under-
neath the segment of the pipe, and the sub-
strate inside the pot was placed into small
7.6-cm round plastic pots. For each column,
this yielded five containers representing
depths described previously. Approximately
25 large crabgrass seeds were then surface
sown to all the pots to determine prodiamine
leaching at the various column depths. Crab-
grass was chosen as the bioassay species, as
many Digitaria spp. have shown high sensi-
tivity to prodiamine (Duray and Davies,
1987; Johnson, 1996). After seeding, con-
tainers were kept inside the greenhouse for 4
weeks, at which time shoot weights were
determined by clipping the crabgrass at the
substrate surface and weighing. All column-
leaching trials were completely randomized
with four replications (columns) for each
substrate. Four replications for each substrate
were not treated with any herbicide and used
for comparison. All column-leaching studies
were repeated (Table 1).

Statistical analysis. Shoot weight data
from nontreated controls in each experiment
and round were subjected to analysis of
variance (ANOVA) with the use of the
general linear model procedure in SAS (ver-
sion 9.4; SAS Institute, Cary, NC). Fisher’s
protected least significant difference (LSD)
test (P = 0.05) was used to compare growth
of each weed species based on substrate.
Particle size distribution data were analyzed
similarly. Although multiple soil sieves were
used, particle sizes were placed into three
groups including coarse (>2.0 mm), medium
(0.5 to 2.0 mm), and fine (<0.5 mm) for
statistical comparison.

An 80% reduction in shoot fresh weight
was considered the minimal acceptable level
of weed control in a container nursery for the
purposes of this study. The three-parameter
log-logistic model was used to estimate the
rate of each herbicide that reduced shoot
weight by 80% (ED80) relative to the non-
treated control using the model form:

y = D= 1 + k= 100� kð Þð Þ x=lkð Þb
h i

;

where k = 80, as described by Schabenberger
and Pierce (2002). Log-logistic models were
initially fit using PROC NLIN in SAS and
compared with ANOVA results from PROC
GLM to compute F-tests as described by
Seefeldt et al. (1995). These tests indicated
that the log-logistic model was appropriate
but that the approach should be modified
to account for the completely randomized
design and heterogeneous variation with re-
spect to herbicide rate. Shoot weight was then
fit using PROC NLMIXED (SAS Institute,
Inc.) to incorporate rate-related heterogeneity
of variance and to construct hypothesis tests
for ED80 effects (Schabenberger and Pierce,
2002). The model was fit for each experiment-
herbicide combination and parameters were
included for each round-substrate combina-
tion. For example, a separate D parameter
(weight of the nontreated control) was esti-
mated for each round and substrate combi-
nation. Variance parameters were included
for each round and rate combination to
address heterogeneity of variance with rate.
Contrast statements were used to test ED80
main effects of substrate, round, and round ·
substrate interactions. Estimate statements
were used to calculate ED80 averages and
SEs. When substrate or round was significant,
differences in mean ED80 values were de-
termined using Fisher’s LSD (P = 0.05). This
modeling approach allowed results to be
compared in terms of percent control of each
herbicide based on the nontreated control
using the equation 100 · (1-predicted weight
at rate · / predicted D).

Table 3. Shoot fresh weightz of three container weed species as influenced by substrate.

Bittercress Large crabgrass Oxalis

Substratey Round 1 Round 2 Round 1 Round 2 Round 1 Round 2

Expt. 1
0 mo. 6.4 bx 4.1 a 22.4 ab 23.0 b 6.2 b 6.1 b
4 mo. 7.5 ab 3.2 b 20.2 b 30.5 a 8.3 a 8.3 a
Std. 3.6 c 2.2 c 19.7 b 17.4 b 4.5 b 3.8 c
Peat 8.9 a 4.2 a 27.2 a 33.3 a 8.8 a 8.2 a

Expt. 2
8 mo. 4.5 a 2.5 b 14.4 a 9.8 a 4.4 b 4.6 a
Std. 2.6 b 3.3 ab 12.7 a 5.6 b 4.1 b 3.7 a
Peat 4.3 a 4.4 a 12.5 a 11.5 a 6.6 a 4.5 a

Expt. 3
12 mo. 3.9 b 3.3 a 6.8 a 6.2 a 3.9 ab 2.9 b
Std. 5.0 b 4.8 a 6.1 a 6.0 a 2.9 b 3.9 ab
Peat 7.0 a 3.3 a 7.4 a 5.9 a 5.9 a 4.2 a
zFresh weights were harvested at 10 weeks after seeding in all trials.
ySubstrate 0, 4, 8, and 12 mo. = pine bark aged for 0, 4, 8, and 12 months, respectively. Std. = standard pine
bark substrate obtained from local supplier of unknown age, peat = peat: perlite (80:20 v:v) mix. All
substrates included 4.4 kg·m–3 of Osmocote 17–5-11 via incorporation.
xMeans within a column and experiment followed by the same letter are not significantly different
according to Fisher’s protected least significant difference (P = 0.05).
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For column-leaching studies, data were
converted to percent shoot weight of the
nontreated control before analysis. Data were
subjected to ANOVA using SAS and arcsine
transformed as needed to meet the assump-
tions of ANOVA. Means from each column
depth were separated using Fisher’s LSD

(P = 0.05). A Student t test was used to
determine differences between shoot weights
of treated vs. nontreated columns at each
depth evaluated.

Results

Particle size distribution. The standard
bark substrate used in Expts. 1 and 2 (75%)
and the 0 month substrate (79.1%) contained
a higher percentage of coarse particles than
any other substrate (Table 2). The standard
substrate used in Expt. 3 had the next highest
percentage of coarse particles (69%), and the
8- and 12-month bark had the lowest at 43%
and 52%, respectively. The 8-month bark
also had the highest percentage of medium
particles (33%), although the 12-month bark
was similar (31%). The 8- and 12-month bark
had the highest percentage of fine particles.
The decrease in fine particles over time
(months) has been reported in previous stu-
diues and is likely attributed to microbial/
biological degradation of the bark particles
over time and the breakage of particles during
each of the turning/handling activities over
time (Kaderabek, 2017).

Weed growth/shoot fresh weight. Due to
significant round · substrate interactions,
results for each experiment were analyzed
by round. In both rounds of Expt. 1, bittercr-
ess growth was reduced in the standard bark
substrate compared with other substrates
evaluated (Table 3). Bittercress growth was
generally greatest in the peat substrate, but

Table 4. Estimated ED80 values for 80% shoot growth inhibition three preemergence herbicides applied to multiple horticultural growth substrates.z

Dimethenamid-P/oxalis Isoxaben/bittercress Prodiamine/large crabgrass

Meany ±SE Mean ±SE Mean ±SE

Expt. 1
ED80 mean 2.45 0.17 1.23 0.14 0.27 0.01
ED80 Rd. 1 2.58 0.30 1.68* 0.26 0.35* 0.01
ED80 Rd. 2 2.32 0.17 0.78 0.08 0.18 0.02
0 mo. 3.06 a 0.44 1.17 0.21 0.28 a 0.02
4 mo. 2.06 bc 0.14 1.40 0.32 0.28 a 0.02
Std. 1.86 c 0.30 0.98 0.35 0.29 a 0.02
Peat 2.81 ab 0.38 1.37 0.19 0.22 b 0.02

Expt. 2
ED80 mean 0.67 0.05 1.55 0.25 0.19 0.01
ED80 Rd. 1 0.78* 0.06 1.16 0.19 0.19 0.02
ED80 Rd. 2 0.56 0.08 1.95 0.46 0.19 0.01
8 mo. 0.79 0.07 0.85 b 0.27 0.17 0.02
Std. 0.65 0.08 0.79 b 0.20 0.20 0.02
Peat 0.57 0.10 3.02 a 0.66 0.19 0.01

Expt. 3
ED80 mean 4.10 1.13 1.52 0.63 0.33 0.01
ED80 Rd. 1 6.87* 2.26 0.68 0.10 0.46 0.03
ED80 Rd. 2 1.33 0.09 2.35 1.26 0.19 0.01
12 mo. 1.56 0.31 1.76 1.61 0.25 b 0.02
Std. 6.79 2.94 0.60 0.08 0.40 a 0.03
Peat 3.95 1.58 2.19 1.01 0.33 a 0.02
zSubstrate 0, 4, 8, and 12mo. = pine bark aged for 0, 4, 8, and 12months, respectively. Std. = standard pine bark substrate obtained from local supplier of unknown
age; peat = peat: perlite (80:20 v:v) mix. All substrates included 4.4 kg m–3 of Osmocote 17–5–11 via incorporation.
yMeans within a column and experiment followed by the same letter are not significantly different according to Fisher’s protected least significant difference (P =
0.05). Asterisk (*) shows significant differences between average ED80 values between rounds.

Fig. 1. Percent reduction in shoot fresh weight of oxalis (dimethenamid-P), bittercress (isoxaben), and
large crabgrass (prodiamine) in response to herbicide rate and substrate for round 1 (left) and 2 (right)
in Expt. 1. Substrates included pine bark that had been aged for 0month, 4 months, a standard pine bark
from local supplier of unknown age (standard), and a peat:perlite (80:20 v:v) substrate (peat).
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use of 4-month and 0-month pine bark
resulted in similar growth in rounds 1 and
2, respectively. Use of the standard bark
substrate also resulted in less growth in round
1 of Expt. 2. In Expt. 3, no differences were
detected between the standard bark substrate
and the 12-month substrate in round 1 and
bittercress grew similar in all substrates in
round 2. Fewer differences were noted in
crabgrass and oxalis throughout the trial. For
crabgrass, there were no differences detected
in any pine bark substrate in round 1 of Expt.
1, round 1 of Expt. 2, or in Expt. 3. For oxalis,
some differences were observed in substrates
in Expt. 1, most notably the reduced growth
that occurred in the standard substrate in
round 2. Oxalis growth was also greater in
4-month pine bark compared with 0-month
bark in Expt. 1. However, pine bark sub-
strates resulted in similar growth in Expts. 2
and 3.

Dose-response experiments. There were
significant differences in ED80 for
dimethenamid-p (woodsorrel) based on sub-
strate in Expt. 1 (Table 4), and significant
round and substrate · round interactions in
Expts. 2 and 3. In Expt. 1, ED80 was
significantly higher in both peat (2.82 kg·ha–1)
and 0-month (3.06 kg·ha–1) substrates com-
pared with the standard (1.86 kg·ha–1), in-
dicating a higher rate of dimethenamid-P was
needed in peat and the 0-month bark substrate
to achieve 80% control. The log-logistic
model did a poor job of fitting data from
lower rate ranges in round 2 of Expt. 1
(Fig. 1) but curves were reasonable in the
range of ED80 (Fig. 1). In Expt. 2, significant
round · substrate interactions (P = 0.001)
were caused by the 8-month substrate having
the highest and lowest ED80 in round 1 and
2, respectively (Fig. 2). On average, no
differences in ED80 of dimethenamid-p
were observed in any of the three substrates
evaluated in Expt. 2, and in general,
dimethenamid-P provided better control
across all substrates than was observed in
other experiments. In Expt. 3, round · sub-
strate interactions were mostly related to
poor control achieved when dimethenamid-
P was applied to the standard substrate and
80% control was not achieved (Fig. 3).

The only significant differences in ED80
for isoxaben (bittercress) were due to round
(P = 0.001) in Expt. 1 and substrate (P =
0.005) in Expt. 2 (Table 3). In Expt. 1, the
higher isoxaben rate was required for round
1. In Expt. 2, a higher rate of isoxaben was
needed for 80% bittercress control when
applied to the peat substrate (3.02 kg·ha–1)
compared with the 8-month (0.85 kg·ha–1) or
standard substrate (0.79 kg·ha–1). In Expt. 3,
the lack of significant differences were in part
due to a greater degree of variation in control
observed for different substrates (Fig. 3).
Graphs comparing predicted percent control
to percent control calculated from treatment
means (Fig. 1–3) suggest the log-logistic
model described the data reasonably well.
However, isoxaben rates required to achieve
80% bittercress control sometimes exceeded
the label rate.

For prodiamine and crabgrass, there were
significant substrate and round effects in both
Expts. 1 and 3, and significant round · sub-
strate interactions in all three experiments. In
Expt. 1, ED80 was lower for peat compared
with the pine bark substrates, and in Expt. 3,
12-month substrate had a lower ED80 com-
pared with peat or the standard. The ED80 for
crabgrass occurred at very low rates for all
substrates in all three experiments (Table 3)
and were well below label recommendations.
Significant differences were inconsequential
as ED80 values were not consistent with
substrate as indicated by the significant in-
teraction and ranged from 0.19 to 0.40 across
all experiments and substrates compared with
a labeled use rates of up to 1.7 kg·ha–1.

Column-leaching experiments. In Expt. 1,
all pine bark substrates treated with prodi-
amine showed reduced crabgrass growth
at the 6- to 9-cm depth when compared
with similar depths of nontreated columns
(Table 5). Crabgrass shoot weight ranged
from 48% to 61% of the control group at
the 6- to 9-cm depth. No differences were

observed between crabgrass reduction in 0-
to 3-cm and 3- to 6-cm depths in 0-month
pine bark or the standard pine bark. For peat,
prodiamine leaching was minimal. Although
no differences were detected in treated and
nontreated columns in any but the top depth
(0–3 cm), both 0 to 3 cm (7% of the non-
treated control) and 3 to 6 cm (63% of the
nontreated control) had reduced crabgrass
shoot growth compared with the 9- to 12-
cm depth. In Expts. 2 and 3, minimal leaching
occurred in all substrates. No differences
between treated and nontreated columns
were observed in 8-month, 12-month, stan-
dard, or the peat substrate at depths below 3
cm. Further, no differences were observed
within substrates when comparing crabgrass
growth at depths ranging from 3 to 17 cm.

Discussion

Few consistent trends were observed in
weed growth within the different substrates.
In several instances, weeds growing in the
standard bark substrate (bittercress in Expt. 1,

Fig. 2. Percent reduction in shoot fresh weight of oxalis (dimethenamid-P), bittercress (isoxaben), and
large crabgrass (prodiamine) in response to herbicide rate and substrate for round 1 (left) and 2 (right)
in Expt. 2. Substrates included pine bark that had been aged for 8 months, a standard pine bark from
local supplier of unknown age (standard), and a peat:perlite (80:20 v:v) substrate (peat).
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round 1, round 1 Expts. 2 and 3; large
crabgrass in rounds 1 and 2, Expt. 1, round
2 Expt. 2; oxalis in round 1 and 2 Expt. 1) and
the 0-month substrate (large crabgrass in
round 2 Expt. 1, oxalis in round 1 and 2 of
Expt. 1) grew less than those in the peat
substrate or other pine bark substrates. As all
pots were irrigated similarly regardless of

physical properties, greater growth in the peat
or aged substrates may have been related to
greater water holding capacity.

Overall, woodsorrel control with
dimethenamid-P was variable in all three
experiments, with average ED80 across all
substrates ranging from 0.67 to 4.1 kg·ha–1.
The reason for this variability is unknown, as

dimethenamid-P typically provides a high
level of woodsorrel control (Neal et al.,
2017). Although leaching potential was not
assessed for dimethenamid-P, it is unlikely that
significant leaching occurred in any of the
substrates evaluated. Previous research has
shown that dimethenamid-P is tightly bound
to organic growth substrates (Robertson and
Derr, 2017). In general, few differences were
noted in dimethenamid-P efficacy on oxalis at
label rates when aged pine bark was evaluated,
with the exception of round 1 in Expt. 3.

Isoxaben performed similarly in all pine
bark substrates across all three experiments.
Use of peat as a substrate resulted in ED80
values that were higher than the label rate, but
in most cases, growers would not use a peat-
based substrate for outdoor container pro-
duction. Differences that were observed
would likely have no practical significance,
as growers would likely achieve a high level
of control with label rates.

No differences were observed in prodi-
amine leaching when comparing pine bark
substrates in any experiment. However, pro-
diamine was detected at a greater depth in
Expt. 1 (6–9 cm) compared with Expts. 2 and
3 (0–3 cm). Greater leaching is likely related
to the larger particle sizes of the bark sub-
strates used in Expt. 1. These results are
similar to previous research by Simmons
and Derr (2007) in which greater pendime-
thalin leaching was observed in pine bark
compared with field soil due to greater pore
space in pine bark. As a group, dinitroaniline
herbicides, such as prodiamine, have low
solubility and are less prone to leaching
compared with many other herbicides
(Senseman, 2007; Weber, 1990). These her-
bicides are also strongly sorbed to organic
particles, such as a pine bark substrate.
Weber (1990) concluded that as a group,
downward leaching of dinitroaniline herbi-
cides would be very rare, but would be
possible in coarse-textured soils under high
precipitation regimes. A higher percentage of
coarse-textured particles in pine bark sub-
strates used in Expt. 1, paired with frequent
irrigation, may have caused greater prodi-
amine leaching than was expected.

It should be noted that all three experi-
ments were conducted inside a temperature-
controlled greenhouse and were irrigated
similarly regardless of substrate physical

Fig. 3. Percent reduction in shoot fresh weight of oxalis (dimethenamid-P), bittercress (isoxaben), and
large crabgrass (prodiamine) in response to herbicide rate and substrate for round 1 (left) and 2 (right)
in Expt. 3. Substrates included pine bark that had been aged for 12 months, a standard pine bark from
local supplier of unknown age (standard), and a peat:perlite (80:20 v:v) substrate (peat).

Table 5. Prodiamine movement in soilless pinebark substrates of different ages in comparison with an industry standard pinebark and peat:perlite substrates as
indicated by large crabgrass bioassay.

Expt. 1 Expt. 2 Expt. 3

Substratez

0 mo. 4 mo. Standard Peat 8 mo. Standard Peat 12 mo. Standard Peat

Depth (cm) Shoot weight (% of nontreated)

0–3 2 by* 1 c* 4 d* 7 c* 5 b* 7 b* 1 b* 0 b* 5 b* 1 b*
3–6 25 b* 40 b* 27 cd* 63 b 81 a 79 ab 86 a 66 a 90 a 99 a
6–9 61 a* 52 b* 48 bc* 85 ab 97 a 93 a 113 a 80 a 98 a 93 a
9–12 76 a 88 a 70 ab 101 a 98 a 93 a 94 a 81 a 108 a 95 a
12–17 90 a 93 a 83 a 91 ab 103 a 100 a 101 a 93 a 92 a 105 a
zSubstrate shows pinebark that had been aged for 0 or 4 months (Expt. 1), 8 months (Expt. 2), or 12 months (Expt. 3). in Expts. 1–3, a peat:perlite (80:20 v:v) and
industry standard pinebark substrate of unknown age were used for comparison.
yMeans within a column followed the same letter are not significantly different according to Fisher’s least significant difference (P = 0.05). Asterisk (*) indicates
significant difference in comparison with nontreated soil at a similar depth based on Student’s t test (P = 0.05).
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properties. Persistence and efficacy of herbi-
cides in general are influenced by soil type,
temperature, and soil moisture (Kulshrestha
and Singh, 1992). Physical properties did
vary with the substrates across the three
experiments, as aging did occur (Kaderabek
et al., 2016). In addition, peat is known to
hold a significantly greater amount of avail-
able water compared with pine bark sub-
strates that drain more readily due to greater
particle sizes (Fields et al., 2014; Naasz et al.,
2005; Verdonck et al., 1984), likely contrib-
uting to differences observed in weed growth
among the substrates. As the peat substrate
theoretically held a greater amount of mois-
ture throughout the experiments, herbicides
applied to this substrate could have been
more prone to degradation through hydroly-
sis. Most nursery preemergence herbicides,
including those evaluated in these experi-
ments are primarily degraded by microbial
activity (Senseman, 2007). However, micro-
bial activity can be significantly influenced
by soil moisture levels (Brockett et al., 2012).
The higher ED80 values needed for the peat
substrate in some instances were possibly
related to higher soil moisture levels, whereas
higher ED80 values required in pine bark
substrates, specifically those that were not
aged for multiple months, could be related
more toward increased leaching due to larger
particle sizes. In most instances, differences
observed were of minimal practical impor-
tance, as satisfactory weed control was
achieved in most substrates, specifically with
isoxaben and prodiamine.

Overall, findings from these experiments
are similar to those reported by Wehtje et al.
(2009) in that few differences were observed
in terms of herbicide performance across
multiple horticultural substrates when herbi-
cides were applied at recommended label
rates. It is recommended that growers request
or conduct physical property analysis of their
chosen substrate before use so that irrigation
and other production inputs can be modified
if needed (Bilderback et al., 2005). It would
also be recommended that growers work with
pine bark suppliers to ensure consistent sub-
strate materials so that weed growth and
agrochemical performance could be more
predictable over time. Although few differ-
ences were noted in weed control, growers
may achieve more consistent crop growth
with aged pine bark as has been reported
previously (Harrelson et al., 2004).
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