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SUMMARY. Pine (Pinus sp.) wood products have potential to immobilize fertilizer
nitrogen (N) and influence plant growth when used in soilless substrates for the
production of containerized floriculture crops. Peat substrate was amended with (by
volume) 30% pine wood fiber (peat:fiber) during a production phase with fertigation
and a simulated consumer retail phase with clear-water irrigation using container-
grown ‘Supertunia Vista Bubblegum’ petunia (Petunia ·hybrida). The objective was
to evaluate substrate effects on substrate and plant tissue nutrient level and plant
growth, with an emphasis on evaluating N immobilization from wood product
amendments. Substrates consisting of peat amended with hammer-milled pine wood
(peat:wood) or coconut (Cocos nucifera) coir (peat:coir) were used for comparison,
and a 100% peat substrate (peat) served as a control. In Expt. 1, amending peat with
pine wood fiber had no effect on leaf SPAD chlorophyll index, shoot growth, plant
height and width, substrate N, or percent shoot tissueN at the end-of-production. In
Expt. 2, plants grown in peat:fiber had reduced flower number, plant height and
width, and shoot growth compared with plants grown in the 100% peat control.
However, petunia grown in peat:fiber substrates maintained dark-green foliage
with high leaf SPAD chlorophyll index values (‡44.4) and ‡45 flowers/plant, and
therefore were considered marketable plants. During the production phase in both
Expts. 1 and 2,N concentrations remainedwithin the target range for petunia in both
the shoot tissue and root-zone for all substrates. In addition, there was no statistical
evidence of N immobilization for any substrate blend for either of the N drawdown
procedures. In both Expts. 1 and 2, root-zone nutrients became depleted during the
consumer phase when irrigation was with clear water (no fertilizer), and petunia
developed uniform symptoms of leaf chlorosis and N deficiency. Results of this study
indicate that peat amendedwith 30% pinewood fiber, hammer-milled pinewood, and
coconut can be used for production of containerized petunia with minimal effects on
plant growth or need to adjust the fertilizer program.However, increasing pine wood
to >30% of the substrate volume may require growers to increase fertilization and
adjust irrigation practices to compensate for greater risk of N immobilization and
changes in substrate physical properties.

S
oilless substrates containing
wood fiber are increasingly be-
ing used for the production of

containerized floriculture crops in the
United States. This is partially a result
of increasing concerns regarding the
environmental sustainability of sphag-
num peat harvesting (Barrett et al.,
2016; Maher et al., 2008), in addition
to increasing costs to manufacture and
transport peat and other substrate
components. Substrates containing
(by volume) 20% to 40% wood fiber
as a substrate amendment or replace-
ment for peatmoss, perlite, and other
common soilless components have
gained significant market share among
floriculture operations inNorth Amer-
ica (Drotleff, 2018).

Wood fiber components used in
soilless substrates have potential to
immobilize fertilizer N and reduce
N uptake by plants (Blok et al., 2008;
Handreck, 1992a, 1992b, 1993;
Jackson et al., 2009; Maher et al.,

2008; Prasad, 1996a). Substrates with
a carbon:N (C:N) ratio exceeding 30:1
tend to immobilize N due to microbial
decompositionof the availableC, a pro-
cess that requires N (Bunt, 1988;
Nelson, 2011). Wood components
such as composted barks, hammer-
milled wood materials, and sawdust
can have C:N ratios of 300:1 or greater
(Maher et al., 2008; Nelson, 2011;
Prasad, 1996b), and have high poten-
tial to immobilize N from applied
water-soluble fertilizers. Non-wood
components that have high C:N ratios,
such as coconut (Cocos sp.) coir fiber,
can also immobilize N (Maher et al.,
2008; Prasad, 1996a). In contrast,
other organic materials such as peat-
mosses and organic composts tend to
have a near zero N immobilization
effect, or mineralize N (release addi-
tional N) during microbial decomposi-
tion (Bunt, 1988; Prasad, 1980; Raviv,
2005). Factors that affect microbial
activity also tend to influence N immo-
bilization, including substrate temper-
ature, moisture, pH, oxygen level, N
form, and C source (Geisseler et al.,
2010; Handreck, 1993; Jackson et al.,
2009; Schulten and Schnitzer, 1998).

Incorporating wood fiber com-
ponents into peat-based soilless sub-
strates can increase the amount of
fertilizer N needed during produc-
tion as a result of greater N immobi-
lization (Gruda et al., 2000; Jackson
et al., 2008; Maher et al., 2008;
Prasad, 1996a). Previous substrate
research with various wood compo-
nents has shown that increasing the
proportion of wood increases the
amount ofN required for optimal plant
growth (Handreck, 1993; Jackson
et al., 2008; Wright et al., 2008),
and therefore similar results may be
expected with increasing wood fiber
components. Wood materials can dif-
fer in their potential to immobilize
N (Handreck, 1993; Nelson, 2011;
Prasad, 1996b), and also influence
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• https://doi.org/10.21273/HORTTECH04526-19 1 of 10



plant growth by affecting various sub-
strate physical properties (Argo, 1998a,
1998b;Bunt, 1988;Maher et al., 2008).
There is a need to evaluate peat-based
substrates containing wood fiber
components for effects on N immo-
bilization and plant growth to es-
tablish updated best management
practices for commercial floriculture
operations.

The objective was to evaluate
substrate effects on substrate and plant
tissue nutrient level and plant growth,
with an emphasis on evaluating N
immobilization from wood fiber com-
ponents. Two greenhouse experi-
ments were conducted to evaluate
plant growth and N level for peat
substrate amended with (by volume)
30% expanded pine (Pinus sp.) wood
fiber during a production and simu-
lated consumer retail phase with
container-grown petunia (Petunia
·hybrida). Substrates consisting of
peat amended with either 30% ham-
mer-milled pine wood or 30% coconut
coir, in addition to 100% peat sub-
strate, were included for comparison.
In Expt. 2, the same substrate blends,
but without plants, were evaluated in
the laboratory for physical properties
and potential to immobilize N using
the Handreck (1992a) N drawdown
index (NDI) method and the Associ-
ation of German Agricultural Analytic
and Research Institute’s (VDLUFA,
2007) procedure for testing N immo-
bilization andmineralization in soilless

substrates. We hypothesized that peat
containing pine wood fiber and ham-
mer-milled pine wood would increase
N immobilization, reduce N uptake,
and decrease plant growth.

Materials and methods
Expt. 1: University of Florida
greenhouse evaluation of
substrate amendments with
a single peat source

In 2017, a single-factor experi-
ment evaluated four substrates con-
sisting of sphagnum peat amended
with pine wood fiber, hammer-milled
pine wood, and coconut coir fiber
with container-grown ‘Supertunia
Vista Bubblegum’ petunia. The ex-
periment was conducted in a con-
trolled-environment polycarbonate
greenhouse at the University of Flor-
ida in Gainesville (lat. 29.6516�N,
long. 82.3248�W), and plant growth
was evaluated during a production
phase and simulated retail consumer
phase. Daily light integral (DLI) and
average daily air temperature (ADT)
during the experiment were (mean ±
SD) 15.7 ± 4.6 mol�m–2�d–1 and 23.5 ±
1.9 �C, respectively, measured using
a portable data logger (WatchDog
2475 Plant Growth Station; Spec-
trum Technologies, Aurora, IL).

SUBSTRATE BLENDS AND PLANT

CULTURE. Four substrate blend treat-
ments consisted of (by volume) 100:0
sphagnum peatmoss (peat), 70:30
peat:coconut coir fiber (peat:coir),
70:30 peat:hammer-milled pine wood
(peat:wood), and 70:30 peat:pine
wood fiber (peat:fiber). Substrates were
formulated using Latvian sphagnum
peat (Peat Moss Professional-Grower
Grade; Pindstrup, Ryomgaard, Den-
mark), containing long fibers and little
dust [von Post scale 2–3 (Puustjarvi
and Robertson, 1975)], coconut coir
fiber (Black Gold� Just Coir; Sun Gro
Horticulture, Agawam,MA), hammer-
milled loblolly pine (Pinus taeda)wood
(Young’s Plant Farm, Auburn, AL),
and expanded European pine wood
fiber (Forest Gold�, Pindstrup).
Wetting agent (PsiMatric; Aquatrols,
Paulsboro, NJ) was added at 0.15
mL�L–1 of substrate.

On 16 Feb. 2017, vegetatively
propagated cuttings of ‘Supertunia
Vista Bubblegum’ petunia were
obtained from a commercial propaga-
tor (Pleasant View Gardens, Louden,
NH) and were transplanted from 128-
cell trays into 8-inch-diameter plastic

azalea containers filled with each of the
four substrate treatments (Poppelmann
Plastics US, Claremont, NC) at one
plant per container. Each container
represented one replicate. Eight repli-
cates per substrate blend treatment
were arranged on eight greenhouse
benches using a randomized complete
block design, where one bench served
as one block. Initial substrate pH and
electrical conductivity (EC) was mea-
sured in each replicate using the pour-
through method described by Wright
(1986) using a benchtop pH and EC
meter (Orion Dual Star; Thermo
Fisher Scientific, Waltham, MA).

Plants were fertilized at transplant
and at each subsequent irrigation event
using a 17N–2.2P–14.1K–4.0Ca–
1.0Mg commercial water-soluble
fertilizer (GreenCare Fertilizers,
Kankakee, IL) mixed with de-ionized
water at 200 ppm N. Irrigation oc-
curred once the moisture content
across substrate blends dried to an
average of 50% of the maximum wa-
ter-holding capacity. Moisture con-
tent was determined by periodically
placing randomly selected containers
for each substrate blend on aweighing
scale, where container weight had
previously been correlated with mois-
ture content for each blend. Each
container received 500 mL of fertil-
izer solution at each irrigation, result-
ing in a standard amount of N
delivered per plant. Plastic saucers
placed under each container collected
any leachate after irrigation and
allowed for reabsorption into the sub-
strate. At 21 d after transplant, the
plant canopy for each treatment rep-
licate was pruned around the con-
tainer edge to a uniform height and
width of 10 and 20 cm, respectively,
to promote a compact growth habit
and a flush of new growth.

END-OF-PRODUCTION DATA

COLLECTION. On 30 Mar. 2017 (42
d after transplant), data were col-
lected for the production phase of
the experiment. Substrate pH and
EC were measured in leachate col-
lected from each container replicate
using the pour-through method de-
scribed by Wright (1986), using
a benchtop meter (Orion Dual Star).
Leachate samples (20 mL) from each
container were analyzed for ammo-
nium-N (NH4-N) and nitrate (NO3)-
N concentrations using automated
and semiautomated colorimetry
(University of Florida Soil Testing
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Laboratory, Gainesville, FL), and N
forms were summed for total N con-
centration. Percent shoot tissue N
was measured by harvesting 20 g of
recently mature and fully expanded
leaf tissue per replicate, rinsing with
0.05 N hydrochloric acid (HCl) fol-
lowed by de-ionized water, and oven-
drying at 70 �C for 2 d. Dry shoot
tissue was ground to pass through
a 0.017-inch sieve, and N was mea-
sured [using the persulfate digestion
method described by Purcell and
King (1996)] at Quality Analytical
Laboratories (Panama City, FL).

Leaf greenness was determined by
nondestructively measuring leaf SPAD
chlorophyll index for each replicate
using a portable leaf SPAD meter
(Minolta leaf SPAD meter; Spectrum
Technologies). Each replicate valuewas
the average of five leaf SPAD chloro-
phyll measurements from recently ma-
ture leaves, from randomly selected
shoots per plant. Flowering was mea-
sured as the total number of open
flowers per replicate. Plant dimensions
were measured as the greatest height
(centimeters) from the substrate sur-
face and greatest width (centimeters) of
the foliage per replicate.

END-OF-CONSUMER DATA COL-
LECTION. After the production phase,
all replicates were grown for an addi-
tional 61 d for a simulated retail
consumer phase. Containers remained
in the same greenhouse but were
irrigated only with de-ionized water
(no fertilizer nutrients) following the
irrigation methods previously de-
scribed for the production phase. Final
data collection occurred on 30 May
2017 (103 d after transplant). Sub-
strate pH and EC, leaf SPAD chloro-
phyll index, flower number, plant
height and width data were collected
as described for end-of-production
data collection. Plants were destruc-
tively sampled to measure final shoot
dry weight, tissueN, and total shootN
per plant.

STATISTICAL ANALYSIS. Data
from the end-of-production and con-
sumer phases were analyzed sepa-
rately. Analysis of variance with
PROC GLM in SAS (version 9.4;
SAS Institute, Cary, NC) was used
to evaluate substrate effects on sub-
strate pH and EC, plant height and
width, leaf SPAD chlorophyll index,
flower number, substrate N concen-
tration, and percent N in dry shoot
tissue at the end-of-production phase.

Analysis of variance with PROC GLM
was used to evaluate the same param-
eters at the end-of-consumer phase,
with the addition of shoot dry weight
gain. Mean separation used Tukey’s
honestly significant difference (HSD) at
a = 0.05.

Expt. 2: University of New
Hampshire greenhouse
evaluation of substrate
amendments with two peat
sources

In 2017, a greenhouse experi-
ment evaluated the same substrate
blends used in Expt. 1 (peat, peat:-
coir, peat:wood, peat:fiber), but
formulated using two different com-
mercial sources of sphagnum peat and
pine wood fiber [from Pindstrup
and Klasmann-Deilmann (Geeste,
Germany)]. The experiment was con-
ducted in a controlled-environment
glass greenhouse at the University
of New Hampshire, Durham (lat.
35.9940�N, long. 78.8986�W),
where DLI and ADT during the
experiment were (mean ± SD) 19.0 ±
8.3 mol�m–2�d–1 and 23.0 ± 3.8 �C,
respectively, measured using a porta-
ble data logger (WatchDog 2475
Plant Growth Station, Spectrum
Technologies).

SUBSTRATE BLENDS AND PLANT

CULTURE. Sphagnum peat and pine
wood fiber from two different com-
mercial sources (sources 1 and 2)
were used to formulate four substrate
blends for a total of eight substrates
(four substrate blends · two peat and
wood fiber sources).

Source 1 (Pindstrup) blends
consisted of (by volume) 100:0 peat,
70:30 peat:coir, 70:30 peat:wood,
and 70:30 peat:fiber, formulated us-
ing the samematerials andmethods as
in Expt. 1. Source 2 blends consisted
of 100:0 peat and 70:30 peat:coir,
peat:wood, and peat:fiber blends for-
mulated using peat and pine wood
fiber consisting of a coarse Lithua-
nian sphagnum peatmoss (Klasmann-
Dielmann) containing long fibers
and little dust [von Post scale 1 to 2
(Puustjarvi and Robertson, 1975)] and
scots pine (Pinus sylvestris) wood fi-
ber (GreenFibre; Klasmann-Dielmann),
respectively. Source 2 substrates used
the same hammer-milled pine wood
and coconut coir as in Expt. 1. Addi-
tional wetting agent (PsiMatric; Aqua-
trols) was added at 0.15 mL�L–1 of
substrate.

On 11 May 2017, vegetatively
propagated cuttings of ‘Supertunia
Vista Bubblegum’ petunia in 128-
cell trays were received from a com-
mercial propagator (Pleasant View
Gardens) and transplanted into 8-
inch-diameter plastic azalea con-
tainers (Poppelmann Plastics US)
filled with each treatment blend,
with one plant per container. Eight
replicates per substrate blend were
arranged on greenhouse benches
using a randomized complete block
design with eight blocks. Each
block was a separate greenhouse
bench, and all benches were located
within the same greenhouse. Initial
substrate pH and EC was measured
in each replicate using the pour-
through method described by Wright
(1986).

Plants were fertilized at trans-
plant and at each subsequent irriga-
tion event using the same commercial
water-soluble fertilizer described in
Expt. 1, but at 250 ppm N. Plants
were irrigated using the samemethods
described in Expt. 1, and containers
had plastic saucers underneath to col-
lect leachate for reabsorption.

END-OF-PRODUCTION DATA

COLLECTION. Data were collected 42
d after transplant on 22 June 2017 for
the end-of-production. Leaf SPAD
chlorophyll index, flower number
per plant, plant height and width,
and substrate N was measured for
each replicate using the same
methods described in Expt. 1. Four
replicates per substrate treatment
were destructively sampled by har-
vesting all plants in the first four
adjacent blocks to measure shoot dry
weight gain and percent N in dry
shoot tissue. Similar to Expt. 1, shoot
dry weight was collected on 20 extra
petunia transplants harvested at the
start of the experiment. Total shoot
dry weight gain was calculated by
subtracting the average shoot dry
weight per petunia transplant from
the total shoot dry weight per repli-
cate at the end-of-the-consumer
phase. Percent N in dry shoot tissue
was also measured using the persul-
fate digestion method from Expt. 1.
Total N in shoot tissue was calculated
by multiplying the percent N in dry
shoot tissue by the total shoot dry
weight per plant. Total accumulation
of shoot tissue N was then calculated
by subtracting the average shoot N
weight per petunia transplant at the
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start of the experiment from the shoot
N weight per replicate at the end-of-
the-production phase.

END -O F - CON SUMER DA T A

COLLECTION. On 22 June 2017, the
four remaining blocks and four repli-
cates per substrate blend continued
for an additional 42 d during a simu-
lated retail consumer phase. Containers
remained in the same greenhouse and
were irrigated with de-ionized water
(no fertilizer nutrients) following irri-
gation methods previously described
for the production phase. On 3 Aug.
2017, final data for the end-of-the-
consumer phase were collected on the
leaf SPAD chlorophyll index, flower
number, plant height and width, shoot
dry weight gain, percent shoot tissue
N, and total accumulated N in shoot
tissue, as previously described in the last
section for the end-of-production.

SUBSTRATE PHYSICAL PROPERTIES

AND NITROGEN IMMOBILIZATION.
Samples of each substrate blend (not
used for growing plants) were evalu-
ated in the laboratory for percent air
and water-filled pore space, dry bulk
density, and potential to immobilize
fertilizer N. Air and water-filled pore
space and dry bulk density was mea-
sured for each substrate blend in
8-inch-diameter plastic azalea con-
tainers (Poppelmann Plastics US),
using methods described by Bilder-
back (2009). Potential for N immo-
bilization was measured on substrate
without plants using the NDI proce-
dure described by Handreck (1992a)
and the VDLUFA procedure for test-
ing N immobilization/mineralization
in soilless substrates (VDLUFA, 2007).

STATISTICAL ANALYSIS. Analysis
of variance from PROC GLM in
SAS (version 9.4) was used to evaluate
substrate effects on plant height and
width, leaf SPAD chlorophyll index,

flower number, shoot dry weight gain,
substrate N, percent shoot tissue N,
and total accumulatedN in shoot tissue
at the end-of-production and end-of-
consumer phases.

Because multiple factors (the
peat source, the wood fiber source
and processing method, and the
pre-plant nutrient charge) differed
between substrate sources, the exper-
imental design was not a simple
balanced factorial where, for example,
only peat source or wood fiber were
varied. The source 1 and 2 substrates
were therefore analyzed separately.
Analysis of variance with PROC
GLM was also used to evaluate sub-
strate blend effects on nitrogen draw-
down index measured using the
Handreck (1992a) and VDLUFA
(2007) methods. Mean separation
used Tukey’s HSD at a = 0.05.

Results
Expt. 1: University of Florida
greenhouse evaluation of
substrate amendments with
a single peat source

END-OF-PRODUCTION PHASE. At
the end-of-production phase, sub-
strates differed in substrate pH [P £
0.01 (Table 1)], where pHwas lowest
for peat:coir (5.14) and greater for
peat (5.60), peat:wood (5.59), and
peat:fiber (5.80). Initial pH at the
beginning of the production phase
was (mean ± SD) 5.29 ± 0.15, 6.04 ±
0.07, 5.85 ± 0.10, and 6.04 ± 0.08 for
peat:coir, peat, peat:wood, and peat:-
fiber, respectively. Multiple factors
interact to influence pH after blend-
ing substrates and during production,
and include the substrate compo-
nents, fertilizer N form, nutrient con-
centrations, water quality, and plant
species (Argo and Fisher, 2002;
Fisher et al., 2014). Interactions

among these factors can be complex
and likely contributed to differences
in pH among the substrate blends.
There was no significant difference
among substrate treatments for EC,
and EC remained within the suffi-
ciency range (1.0 to 2.6 mS�cm–1

using the pour-through method) rec-
ommended by Nelson (2011) for
general bedding plants. The initial
EC at the start-of-production phase
was 1.33 ± 0.68, 1.63 ± 0.21, 1.03 ±
0.24, and 0.93 ± 0.14 mS�cm–1

for peat, peat:coir, peat:fiber, and
peat:wood, respectively.

Flower number per plant was
affected by substrate [P £ 0.05 (Ta-
ble 1)], which ranged from 11
flowers/plant for peat:wood to 30
flowers/plant for peat:coir. As men-
tioned previously, plants were pruned
after 21 d as a production strategy
to promote a compact growth habit,
which may have delayed flowering
and reduced total flower number.
Leaf SPAD chlorophyll index and
plant height and width were unaf-
fected by substrate in this experi-
ment (Table 1). Plants exposed to
all treatments had dark-green foliage
and no visual symptoms of nutrient
deficiency

Substrate affected substrate N
concentration at the end-of-produc-
tion [P £ 0.01 (Table 1)], where N
was lowest for peat:coir (118.3 ppm
N) and greatest for peat (201.1 ppm
N) and peat:wood (182.8 ppm N),
with peat:fiber as intermediate (170.7
ppm N) (Table 1). Nitrogen was
within the range recommended for
leachate NO3-N by Nelson (2011)
for bedding plants (100 and 199 ppm
NO3-N), and NO3-N averaged
90.6% of total substrate N across
substrate blends in this experiment
(remainder as NH4-N, data not

Table 1. Effects of 100:0 (by volume) peat and 70:30 peat:coir, peat:wood, and peat:fiber substrate blends on substrate pH
and electrical conductivity (EC), leaf SPAD chlorophyll index, flower number, plant height and width, substrate nitrogen
(N) concentration, and percent shoot tissue N for petunia at the end-of-production phase for Expt. 1.

Substrate
Substrate

pH
Substrate EC
(mS�cmL1)z

Leaf SPAD
chlorophyll

index

Flowers
(no./
plant)

Width
(cm)z

Ht
(cm)

Substrate
N (ppm)z

Tissue N
(%)

Peat 5.60 ay 2.15 a 49.0 a 25 ab 68.1 a 28.9 a 201.1 a 5.62 a
Peat:coir 5.14 b 1.89 a 47.7 a 30 a 74.1 a 29.7 a 118.3 b 4.68 a
Peat:wood 5.59 a 2.04 a 46.3 a 11 b 67.7 a 28.5 a 182.8 a 5.32 a
Peat:fiber 5.80 a 2.00 a 48.3 a 25 ab 67.4 a 29.3 a 170.7 ab 5.31 a

** NS NS * NS NS ** NS

z1 mS�cm–1 = 1 mmho/cm, 1 cm = 0.3937 inch, 1 ppm = 1 mg�L–1.
yData represent least squaremeans of eight replicates, andmean separation used Tukey’s honestly significant difference at a = 0.05.Means with the same lowercase letter are not
significantly different. NS, *, **Nonsignificant or significant at P £ 0.05 or 0.01, respectively.

4 of 10 • https://doi.org/10.21273/HORTTECH04526-19

RESEARCHREPORTS



shown). Percent N in dry shoot tissue
was unaffected by substrate and was
within the optimal range recommen-
ded for petunia (3.85% to 7.60% N)
by Mills and Jones (1996) for all
substrates (Table 1).

END-OF-CONSUMER PHASE.
Similar to results at the end-of-
production, substrate pH was lower
at the end-of-consumer phase for
peat:coir (5.49) compared with peat
(6.22), peat:wood (6.02), and peat:-
fiber (6.13) [P £ 0.01 (Table 2)].
Substrate EC differed among sub-
strates [P £ 0.05 (Table 2)], which
ranged from 0.61 mS�cm–1 for peat to
1.17mS�cm–1 for peat:fiber. Substrate
EC values were either near or below
the lower limit of the sufficiency range
(1.0 to 2.6 mS�cm–1) recommended
by Nelson (2011), indicating deple-
tion of root-zone nutrients after 61
d of clear-water irrigation.

Substrate affected flower num-
ber at the end-of-consumer phase

[P £ 0.01 (Table 2)], which was
lowest for peat (134 flowers/plant),
peat:wood (127 flowers/plant), and
peat:fiber (133 flowers/plant) and
greatest for peat:coir (175 flowers/
plant). Substrate also affected final
shoot dry weight [P £ 0.01 (Table
2)], which ranged from 72.5 g for
peat:wood to 85.8 g for peat:coir.
Leaf SPAD chlorophyll index and
plant height and width were not
influenced by substrate at the end of
the experiment (Table 2).

Percent N in dry shoot tissue
differed among substrates at the
end-of-consumer phase [P £ 0.001
(Table 2)], and it was greatest for peat
(2.18% N), peat:wood (2.12% N),
and peat:fiber (2.16% N), and it was
lowest for peat:coir (1.78% N). How-
ever, shoot tissue N for each substrate
was below the sufficiency range rec-
ommended for petunia (3.85%
to 7.60% N) by Mills and Jones
(1996). Substrate N was unaffected

by substrate blend (Table 2), and
substrate N was near depleted by the
end-of-consumer phase. All plants
developed general symptoms of leaf
chlorosis and yellowing, and symp-
toms matched descriptions of N de-
ficiency reported for petunia by
Gibson et al. (2007). Shoot tissue
was also analyzed for other plant
essential elements, which were also
below the recommended values for
petunia [Gibson et al., 2007; Mills
and Jones, 1996 (data not shown for
essential elements other than N)].

Expt. 2: University of New
Hampshire greenhouse
evaluation of substrate
amendments with two peat
sources

END-OF-PRODUCTION PHASE.
Like the results from Expt. 1, all
petunia plants had dark-green foliage
at the end-of-production phase. Leaf
SPAD chlorophyll index differed

Table 2. Effects of 100:0 (by volume) peat and 70:30 peat:coir, peat:wood, and peat:fiber substrate blends on substrate pH
and electrical conductivity (EC), leaf SPAD chlorophyll index, flower number, plant height and width, substrate nitrogen
(N) concentration, percent N in dry shoot tissue, and shoot dry weight gain for petunia at the end-of-consumer phase for
Expt. 1.

Substrate
Substrate-

pH

Substrate-
EC

(mS�cmL1)z

Leaf SPAD
chlorophyll

index
Flowers

(no./plant)
Width
(cm)z Ht (cm)

Substrate N
(ppm)z

Tissue N
(%)

Shoot dry
wt gain

(g/plant)z

Peat 6.22 ay 0.61 b 30.8 a 134 b 128.8 a 34.9 a 0.62 a 2.18 a 75.1 bc
Peat:coir 5.49 b 0.81 ab 30.1 a 175 a 112.8 a 37.4 a 0.58 a 1.78 b 85.8 a
Peat:wood 6.02 a 0.64 ab 26.8 a 127 b 119.2 a 38.8 a 0.58 a 2.12 a 72.5 c
Peat:fiber 6.13 a 1.17 a 35.4 a 133 b 122.2 a 35.7 a 0.48 a 2.16 a 79.6 ab

** * NS ** NS NS NS *** **
z1 mS�cm–1 = 1 mmho/cm, 1 cm = 0.3937 inch, 1 ppm = 1 mg�L–1, 1 g = 0.0353 oz.
yData represent least square means of eight replicates, andmean separation used Tukey’s honestly significant difference at a = 0.05.Means with the same lowercase letter are not
significantly different. NS, *, **, ***Nonsignificant or significant at P £ 0.05, 0.01, or 0.0001, respectively.

Table 3. Effects of 100:0 (by volume) peat and 70:30 peat:coir, peat:wood, and peat:fiber substrate blends on leaf SPAD
chlorophyll index, flower number, plant height and width, shoot dry weight, substrate nitrogen (N) concentration, and
percent N in dry shoot tissue of petunia at the end-of-production phase for Expt. 2. Source 1 and 2 substrate blends differed
in the source of peat and wood fiber. Source 1 substrates contained Latvian sphagnum peat and expanded European pine
wood fiber. Source 2 substrates contained Lithuanian sphagnum peatmoss and scots pine wood fiber.

Substrate
Leaf SPAD

chlorophyll index
Flowers

(no./plant) Width (cm)z Ht (cm)
Shoot dry wt gain

(g/plant)z
Substrate N

(ppm)z Tissue N (%)

Source 1 Peat 48.7 ay 86 a 58.6 a 15.6 a 27.4 a 57.9 ab 4.41 a
Peat:coir 47.9 ab 84 a 58.4 a 15.7 a 26.9 a 60.9 a 4.26 a
Peat:wood 45.8 ab 92 a 57.9 a 15.7 a 29.1 a 53.5 b 4.08 a
Peat:fiber 44.4 b 45 b 47.6 b 13.2 b 18.4 b 59.4 ab 4.17 a

* *** * * ** * NS

Source 2 Peat 50.3 a 77 a 63.3 a 15.5 a 25.3 a 73.8 a 4.80 a
Peat:coir 50.2 a 62 ab 54.3 ab 16.5 a 22.4 ab 76.3 a 4.01 c
Peat:wood 50.8 a 53 b 52.9 b 15.6 a 20.0 ab 62.2 a 4.45 ab
Peat:fiber 49.7 a 47 b 47.5 b 13.7 a 16.9 b 69.8 a 4.34 bc

NS ** ** NS ** NS **
z1 cm = 0.3937 inch, 1 g = 0.0353 oz, 1 ppm = 1 mg�L–1.
yData represent least square means of four replicates, and mean separation used Tukey’s honestly significant difference at a 0.05. Means with the same lowercase letter are not
significantly different. NS, *, **, ***Nonsignificant or significant at P £ 0.05, 0.01, or 0.0001, respectively.
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between source 1 substrates [P £ 0.05
(Table 3)], but not between source 2
substrates. Leaf SPAD chlorophyll
index with source 1 substrates was
lowest for plants grown in peat:fiber
(44.4) and greatest for peat (48.7),
with peat:coir (47.9) and peat:wood
(45.8) as intermediate (Table 3).

Substrate pH was not signifi-
cantly different among substrate
treatments after the production phase
(data not shown), and ranged from
6.53 (peat:wood) to 6.58 (peat:coir)
with source 1 substrates and from
6.28 (peat:fiber) to 6.30 (peat:wood)
with source 2 substrates. Initial sub-
strate pH at the beginning of the
experiment for peat, peat:coir, peat:-
wood, and peat:fiber was (mean ± SD)
6.40 ± 0.26, 6.10 ± 0.06, 6.40 ±
0.17, and 6.38 ± 0.14 for source 1
substrates and 5.98 ± 0.32, 5.74 ±
0.13, 5.80 ± 0.12, 5.30 ± 0.22 for
source 2 substrates, respectively. Sub-
strate EC after the production phase
ranged from 1.52 mS�cm–1 (peat:-
fiber) to 1.94 mS�cm–1 (peat:coir)
with source 1 substrates and from
3.15 mS�cm–1 (peat:wood) to 4.43
mS�cm–1 (peat) with source 2 sub-
strates. Initial substrate EC at the
beginning of the experiment was
0.48 ± 0.21, 1.20 ± 0.24, 0.60 ±
0.28, and 0.40 ± 0.35 mS�cm–1 for
source 1 substrates and 1.69 ± 0.35,
1.85 ± 0.57, 1.31 ± 0.28, and 1.32 ±
0.24 mS�cm–1 for source 2 substrates,
respectively.

Substrate blend affected flower
number per plant with both source 1
substrates (P £ 0.001) and source 2
substrates [P £ 0.01 (Table 3)].
Flower number ranged from 45
flowers/plant for peat:fiber to 92
flowers/plant for peat:wood with
source 1 substrates, and from 47
flowers/plant for peat:fiber to 77
flowers/plant for peat with source 2
substrates. Plant width was lowest for
peat:fiber with source 1 substrates
and for peat:fiber and peat:wood with
source 2 substrates [P £ 0.05 (Table
3)], resulting in a more compact
growth habit. Plant height was lowest
for peat:fiber (13.2 cm) with source 1
substrates [P £ 0.05 (Table 3)], and it
was unaffected by source 2 substrates.

Shoot dry weight gain was af-
fected by substrate blend and was
consistently lowest for peat:fiber [P
£ 0.01 (Table 3)]. Shoot dry weight
gain ranged from 18.4 g for peat:fiber
to 29.1 g for peat:wood with source 1

substrates, and from 16.9 g for peat:-
fiber to 25.3 g for peat with source 2
substrates (Table 3). Amending peat
with coir (peat:coir) and hammer-
milled pine wood (peat:wood) did
not influence dry weight gain com-
pared with 100% peat. Previous trials
have evaluated hammer-milled pine
wood chips incorporated in peatmoss
at rates of 30% and also reported no
difference in shoot growth of zinnia
(Zinnia elegans) and marigold
(Tagetes patula) when grown at sim-
ilar N rates (Owen et al., 2016).
Shoot dry weight gain was positively
correlated with flower number per
replicate with both source 1 and 2
substrates [r > 0.90 (data not
shown)], indicating that plants with
greater shoot growth also had a greater
number of flowers.

Substrate N concentration was
affected by substrate blend with
source 1 substrates [P £ 0.05 (Table
3)], but not with source 2 substrates.
Substrate N ranged from 53.5 ppmN
for peat:wood to 60.9 ppm N for
peat:coir with source 1 substrates,
and from 62.2 ppm N for peat:wood
to 76.3 ppm N for peat:coir with
source 2 substrates (Table 3) and
were within the acceptable range for
NO3-N (40 to 99 ppm NO3-N)
recommended by Nelson (2011) for
bedding plants. Shoot tissue N con-
centration differed between substrate
blends with source 2 substrates [P £
0.01 (Table 3)], but not with source 1
substrates. Percent shoot tissue Nwas
within the optimal sufficiency range
(3.85% to 7.60% N) recommended
for petunia by Mills and Jones (1996)
for all substrate treatments.

Source 1 and 2 substrates af-
fected total accumulation of N in
shoot tissue (which was calculated
from the shoot dry weight gain mul-
tiplied by the tissue N concentration
shown in Table 3 [P £ 0.05 (Fig.
1A)]. The N accumulation was con-
sistently lowest for peat:fiber (776
and 735 mg N, respectively). Nitro-
gen accumulation with source 1 sub-
strates was greater for peat (1208 mg
N), peat:coir (1144mgN), and peat:-
wood (1186 mg N) compared with
peat:fiber. With source 2, N accumu-
lation was greater for peat [1216 mg
N (Fig. 1A)] compared with peat:-
fiber. Nitrogen uptake efficiency
could be estimated as the amount of
N in shoot tissue divided by the
amount of N applied from the

water-soluble fertilizer per replicate,
which ranged from 59.7% (peat:fiber)
to 92.9% (peat) with source 1 sub-
strates and from 56.6% (peat:fiber) to
93.6% (peat) with source 2 blends
(data not shown).

END-OF-CONSUMER PHASE. Simi-
lar to plants in Expt. 1, all plants
developed symptoms of leaf chloro-
sis and yellowing by the end-of-the
consumer phase and appeared N-
deficient following 42 d of clear-water
irrigation. Leaf SPAD chlorophyll in-
dex was affected by substrate blend
with source 2 substrates [P £ 0.05
(Table 4)], but not with source 1
substrates. However, leaf SPAD chlo-
rophyll index values for plants grown
in all substrate treatments were below
35 (Table 4), which was the approx-
imate leaf SPAD value threshold
where visual symptoms of chlorosis
were first observed. Flower number
and plant height and width were un-
affected by substrate blend with
source 1 or source 2 substrates (Table
4).

Substrate affected shoot dry
weight gain at the end-of-consumer
phase [P £ 0.01 (Table 4)], and trends
were consistent between source 1 and
2 substrates. Shown in Table 4, shoot
dry weight gain was lowest for peat:-
wood (49.9 and 44.0 g) and greatest
for peat (68.2 and 57.0 g) and peat:-
coir (65.8 and 53.9 g), with peat:fiber
as intermediate (62.0 and 48.3 g)
(Table 4) with source 1 and source 2
substrates, respectively.

Substrate N was unaffected by
source 1 or source 2 substrates (Table
4) and was near zero at the end-of-
consumer phase (consistent with
Expt. 1). Percent shoot tissue N
values were also below the optimal
range (3.85% to 7.60% N) reported
for petunia by Mills and Jones
(1996). Substrate affected accumula-
tion of N in shoot tissue for source 1
and 2 substrates [P £ 0.05 (Fig. 1B)],
where N accumulation was consis-
tently lowest for peat:wood (849
and 886 mg N) and greatest for peat
(1358 and 1249 mg N).

SUBSTRATE PHYSICAL PROPERTIES

AND NITROGEN IMMOBILIZATION. Sub-
strate physical properties differed
among source 1 substrates [P £ 0.05
(Table 5)], but not source 2 sub-
strates. Air-filled porosity was lowest
for peat:coir (29.9%) and greatest for
peat:wood (37.4%), whereas peat
(34.3%) and peat:fiber (34.2%) were
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intermediate with source 1 substrates.
In contrast, water-filled pore space
was lowest with peat:wood (48.0%)
and greatest with peat:coir (58.6%).
Dry bulk density was also greater for
peat:wood (103.4 g�L–1 substrate)
and lower for the remaining source
1 substrate blends. Overall, amending
peat with pine wood fiber did not
influence the physical properties mea-
sured in this study with source 1 or 2
substrates.

Amending peat with pine wood
fiber, hammer-milled pine wood, and
coconut coir did not have a significant
effect on N immobilization in this
study. Nitrogen drawdown index

values of less than 1, greater than 1,
and equal to 1 would indicate N
immobilization (N drawdown), N
mineralization (N release), and no
N immobilization/mineralization ef-
fect, respectively. Each substrate
blend had NDI values not statisti-
cally different from 1 for both the
Handreck (1992a) and VDLUFA
(2007) methods. Nitrogen index
values ranged from 0.90 (peat:coir)
to 1.18 (peat:fiber) with source 1
substrates and from 0.86 (peat) to
0.99 (peat:fiber) with source 2 sub-
strates using the Handreck (1992)
method, and from 0.90 (peat:-
wood) to 1.05 (peat) with source 1

substrates and from 0.97 (peat:-
wood) to 0.99 (peat) with source 2
substrates using the VDLUFAmethod
(data not shown).

Discussion
Results indicate that peat-based

substrates amended with 30% of ei-
ther pine wood fiber or hammer-
milled pine wood were suitable for
the production of containerized pe-
tunia. In Expt. 1, amending peat
with pine wood fiber had no effect
on leaf SPAD chlorophyll index,
plant growth, height and width, sub-
strate and shoot tissue N at the end-
of-production, although peat with
hammer-milled pine wood had the
lowest flower number (Table 1).
Amending peat with wood fiber re-
duced flower number, plant height
and width, shoot dry weight gain,
and N accumulation compared with
100% peat in Expt. 2 (Table 3, Fig.
1A), although peat:fiber substrates
still had dark-green foliage and ade-
quate flowering as evidenced by rel-
atively high leaf SPAD chlorophyll
index values (‡44.4) and flower
number per plant (‡45 flowers/
plant). With constant fertigation in
a commercial greenhouse operation,
it would be straightforward to in-
crease applied fertilizer level if
needed to compensate for N immo-
bilization when producing petunia
using wood products.

During the consumer phase,
when no fertigation occurred, there
was evidence of reduced plant perfor-
mance with peat:wood. Substrate N
concentration was depleted in both
Expts. 1 and 2 during the consumer
phase with all substrate blends follow-
ing several weeks of clear-water irri-
gation, resulting in leaf chlorosis and
symptoms of N deficiency (Tables 2
and 4). Growing plants in peat:wood
resulted in the lowest shoot dry
weight during the consumer phase
in Expts. 1 and 2 (Table 2). Previous
research has shown that without a re-
sidual fertilizer charge supplied during
production, bedding plant growth
and quality can decline rapidly for
the consumer (Argo and Biernbaum,
1993; Armitage, 1993; de Oliviera
et al., 2016). One approach would
be to top-dress additional fertilizer at
the end-of-the-production phase to
compensate for N immobilization by
hammer-milled wood (and to improve
performance with all substrates).

Fig. 1. Effects of 100:0 (by volume) peat and 70:30 peat:coir, peat:wood, and
peat:fiber substrate blends on milligrams of nitrogen (N) accumulated per plant in
shoots of petunia at end-of-production (Fig. 1A) and end-of-consumer (Fig. 1B)
phases during Expt. 2. Source 1 and 2 substrate blends differed in the source of peat
and wood fiber. Source 1 substrates contained Latvian sphagnum peat and expanded
European pine wood fiber. Source 2 substrates contained Lithuanian sphagnum
peatmoss and scots pine wood fiber. Data represent least square means of four
replicates, and mean separation used Tukey’s honestly significant difference at a =
0.05. Bars with the same lowercase letter are not significantly different. Coefficient
of variation for source 1 and 2 substrate blends was 20.6% and 24.4% at the end-of-
production phase and 20.9% and 18.8% at the end-of-consumer phase, respectively;
1 mg = 3.5274 · 10L5 oz.
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Amending peat with coir de-
creased air porosity, and hammer-
milled pine wood increased air
porosity, with source 1 substrates
compared with peat, but this method
had no effect on source 2 substrates
(Table 5). Given that the same pine
wood and coir was used for sources 1
and 2, the differing effects on porosity
may have resulted from differences in
particle size and distribution between
peat sources. Sphagnum peatmoss and
pine wood fiber are both fibrous ma-
terials with similar texture (Maher
et al., 2008), which may explain why
amending peat with 30% wood fiber
had no effect on substrate physical
properties in Table 1.

The laboratory methods used in
this study did not indicate N immo-
bilization from wood products, and
alternative methods may be needed.
Biological respiration measured as the
consumption of oxygen (O2) or pro-
duction of carbon dioxide (CO2) is
often used to determine the stability
of organic soilless substrates (Blok
et al., 2008). Bugbee and Heins
(2018) tested seven types of sawdust
and shredded wood materials and
found that biological oxygen demand
was 2-fold greater compared with
sphagnum peat, and demand in-
creased another 2-fold when mate-
rials were incubated with N. Jackson
et al. (2009) found similar trends

measuring CO2 production, where
CO2 efflux was greater in pine tree-
based compared with peat-based sub-
strate and was positively correlated
with applied fertilizer N. Biological
activity would also increase with easily
degradable organic materials and dur-
ing Nmineralization (N release) from
composts, and would need to be
accounted for when using O2 con-
sumption/CO2 efflux to evaluate N
immobilization in wood substrates.

Shoot dry weight gain and accu-
mulation of N in shoot tissue are
useful methods to evaluate N avail-
ability in wood substrates and result-
ing effects on plant growth. In the
second experiment, shoot dry weight

Table 5. Percent total pore space, percent air and water-filled pore space and dry bulk density for 100:0 (by volume) peat and
70:30 peat:coir, peat:wood, and peat:fiber substrate blends. Source 1 and 2 substrate blends differed in the source of peat and
wood fiber. Source 1 substrates contained Latvian sphagnum peat and expanded European pine wood fiber. Source 2
substrates contained Lithuanian sphagnum peatmoss and scots pine wood fiber.

Substrate
Total pore
space (%)

Air-filled pore
space (%)

Water-filled pore
space (%)

Dry bulk
density (g�LL1)z

Source 1 Peat 87.0 ay 34.3 b 52.7 b 96.8 b
Peat:coir 88.6 a 29.9 c 58.6 a 94.6 b
Peat:wood 85.4 a 37.4 a 48.0 c 103.4 a
Peat:fiber 86.4 a 34.2 b 52.2 b 96.8 b

NS ** *** *
Source 2 Peat 82.2 a 26.5 a 55.7 a 86.9 a

Peat:coir 86.5 a 28.2 a 58.3 a 81.4 a
Peat:wood 84.6 a 31.1 a 53.5 a 88.0 a
Peat:fiber 84.9 a 28.4 a 56.6 a 89.1 a

NS NS NS NS

z1 g�L–1 = 0.1%.
yData represent least square means of three replicates; andmean separation used Tukey’s honestly significant difference at a = 0.05.Means with the same lowercase letter are not
significantly different. NS, *, **, ***Nonsignificant or significant at P £ 0.05, 0.01, or 0.0001, respectively.

Table 4. Effects of 100:0 (by volume) peat and 70:30 peat:coir, peat:wood, and peat:fiber substrate blends on leaf SPAD
chlorophyll index, flower number, plant height and width, shoot dry weight gain, substrate nitrogen (N) concentration, and
percent N in dry shoot tissue of petunia at the end-of-consumer phase for Expt. 2. Source 1 and 2 substrate blends differed in
the source of peat and wood fiber. Source 1 substrates contained Latvian sphagnum peat and expanded European pine wood
fiber. Source 2 substrates contained Lithuanian sphagnum peatmoss and scots pine wood fiber.

Substrate

Leaf SPAD
chlorophyll

index
Flowers (no./

plant)
Width
(cm)z

Ht
(cm)

Shoot dry wt gain
(g/plant)z

Substrate N
(ppm)z

Tissue N
(%)

Source 1 Peat 28.2 ay 141 a 88.9 a 22.6 a 68.2 a 0.42 a 1.99 a
Peat:coir 27.7 a 123 a 91.8 a 22.2 a 65.8 a 0.54 a 1.73 a
Peat:wood 27.2 a 115 a 83.8 a 24.5 a 49.9 b 0.46 a 1.71 a
Peat:fiber 29.7 a 140 a 85.1 a 25.1 a 62.0 ab 0.46 a 1.95 a

NS NS NS NS ** NS NS

Source 2 Peat 27.9 ab 88 a 84.5 a 25.1 a 57.0 a 0.85 a 2.20 a
Peat:coir 32.2 a 115 a 90.8 a 25.4 a 53.9 a 0.31 a 1.98 a
Peat:wood 23.8 b 99 a 90.2 a 23.5 a 44.0 b 0.19 a 2.06 a
Peat:fiber 25.8 ab 99 a 84.5 a 21.9 a 48.3 ab 0.20 a 2.04 a

* NS NS NS ** NS NS

z1 cm = 0.3937 inch, 1 g = 0.0353 oz, 1 ppm = 1 mg�L–1.
yData represent least square means of four replicates, andmean separation used Tukey’s honestly significant difference at a = 0.05.Means with the same lowercase letter are not
significantly different. NS, *, **Nonsignificant or significant at P £ 0.05 or 0.01, respectively.
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gain and accumulation of shoot tissue
N was greatest with 100% peat at
the end-of-production and end-of-
consumer phases (Tables 4 and 5,
Fig. 1). In contrast, shoot dry weight
gain and N accumulation were lowest
for peat:fiber at the end-of-produc-
tion phase and for peat:wood at the
end-of-consumer phase (Tables 4 and
5, Fig. 1). Decreased shoot growth
for petunia grown in peat:fiber was
also correlated with decreased flower
number and plant height and width
(Table 3), which are other indicators
of plant performance and quality.
Horticultural operations often ana-
lyze dried shoot tissue for nutrient
concentrations when monitoring
crop fertility, and therefore already
collect the measurements needed
to calculate shoot dry weight and
N accumulation. Comparing plant
growth and N uptake between plants
grown in peat amended with wood vs.
100% peat may be a practical ap-
proach for growers and substrate
manufacturers to evaluate peat:fiber
and peat:wood substrates in horticul-
tural practice.

Increasing the proportion of
pine wood to greater than 30% of
the substrate volume may require
commercial growers to increase N
fertilization and adjust irrigation
practices to maintain optimal plant
growth. Amended substrates in this
study were primarily comprised of
peat (70% to 100% by volume). Pre-
vious research has consistently shown
that increasing wood proportions
tends to increase N immobilization
(Handreck, 1993; Jackson et al.,
2008; Prasad, 1996a; Wright et al.,
2008), especially with greater than
40% wood by volume. In addition to
N immobilization, certain wood ma-
terials can leach toxic compounds that
inhibit plant growth into the root-
zone (Bugbee and Heins, 2018;
Bunt, 1988; Ortega et al., 1996),
particularly if the wood has not been
sufficiently aged or processed. Be-
cause wood components typically re-
tain less water by volume compared
with sphagnum peat (Argo, 1998a;
Bugbee and Heins, 2018; Maher
et al., 2008), greater proportions of
wood may reduce substrate water-
holding capacity and require more
frequent irrigation. Based on results
from this study, amending peat with
30% pine wood fiber or hammer-
milled pine wood would likely require

minimal adjustment to the fertilizer
and irrigation programs during pro-
duction of container-grown petunia.

Conclusions
Reduced N accumulation in

plant tissue was observed during the
production phase when plants were
grown with peat:fiber, and during the
consumer phase with peat:wood,
compared with 100% peat. However,
results found peat substrate amended
with 30% pine wood fiber, hammer-
milled pine wood, and coconut coir
had minimal effects on plant growth
or the need to adjust the fertilization
program during production of con-
tainerized petunia. All substrate
treatments resulted in petunia with
dark-green foliage and a marketable
flower number at the end-of-
production phase, and N concentra-
tions remained within target ranges
for petunia in both the shoot tissue and
the root-zone. In the consumer phase,
when plants were irrigated with de-
ionized water (no fertilizer nutrients),
substrate N became depleted in all
substrates, and plants developed symp-
toms of leaf chlorosis and N deficiency.
To reduce the risk ofNdepletion under
clear-water irrigation, it would be de-
sirable to provide residual fertilizer
during the consumer phase regardless
of the substrate.
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