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Abstract. Retail environments are rarely optimal for ornamental plants, and wilting
caused by water stress is a major cause of postproduction shrinkage. The objective of this
study was to determine the effect of two levels of substrate moisture content (SMC)
applied during greenhouse production on angelonia (Angelonia angustifolia) ‘Angelface
Blue’ and heliotrope (Heliotropium arborescens) ‘Simply Scentsational’ growth and
physiological parameters and subsequent postproduction quality during simulated retail
conditions. At the end of production, angelonia total plant shoot dry weight (DW) was
reduced with 20% SMC compared with 40% SMC, and plants grown with 20% SMC
had higher shoot coloring percentage, reduced internode length, and required less
irrigation labor–related costs compared with 40% SMC. Heliotrope grown at 20% SMC
produced the same size plant as 40% SMC, but had a higher shoot coloring percentage at
the end of production and postproduction, indicating lower SMC resulted in higher visual
quality compared with 40% SMC. For both species, 20% SMC increased plant visual
quality compared with 40% SMC and reduced irrigation water input throughout pro-
duction, resulting in reduced production costs and increased floral crop economic value.

In 2013, the U.S. green industry generated
$136.44 billion in direct output, of which
$16.77 billion were contributed by green-
house and nursery growers (Hodges et al.,
2015). To produce high-quality, uniform, and
consistent products, commercial floriculture
greenhouses and nurseries apply irrigation
and fertilization at a high frequency, thus,
potentially leading to the contamination of
ground and surface water (Richards and
Reed, 2004). Reducing volume or frequency
of irrigation would not only save water, but
could also reduce the greenhouse production
time and costs by reducing water-related
energy, labor, fertilizer, pesticides, growth
regulators, and overhead costs, thus increasing
sustainability (Lichtenberg et al., 2013). Also,
studies show that plants with more sustainable
attributes positively affect consumer prefer-
ences (Behe et al., 2013; Hall et al., 2010).

The portion of crops grown but consid-
ered unsalable is termed shrinkage. The later
the shrinkage occurs in the value chain, the
larger the impact it has on profitability
because more inputs such as overhead,
labor, water, fertilizer, and pesticides have
been used before plants are thrown away. A
recent survey of larger growers reported that

production level shrink ranged from 2% to
10%, with a median of 5%, whereas retail-
level shrink ranged from 8% to 33%, with
a median of 19% (Hall et al., 2011). Leaf
and flower senescence and flower abscission
induced by ethylene or water deficit during
shipping and shelf life causes the plant to
lose its esthetic value, another cause of
postharvest shrinkage for bedding and pot-
ted plants (Starman et al., 2007). Inadequate
irrigation is a major challenge during post-
production (shelf life) because irrigation
systems are almost never ideal in retail
environments because of untrained person-
nel or understaffing.

Nemali and van Iersel (2006) developed
a sensor-based automatic irrigation system to
reduce irrigation water usage by maintaining
distinct and constant SMC levels throughout
the production period. By controlling the
timing and length of lower SMC level,
a controlled water deficit was applied to
potted floral plants. Using controlled water
deficit irrigation during greenhouse produc-
tion could not only reduce water input and
increase plant water use efficiency (WUE),
but also increase plant quality by producing
a more compact plant without applying a
plant growth regulator. Applying water at
a consistent 20% SMC during greenhouse
production of angelonia (A. angustifolia)
‘Angelface Blue’ produced a more compact
crop because of shorter internodes, and re-
duced or prevented wilting during the water

deficit postproduction period, thus increasing
plant postproduction quality. This consistent
water deficit throughout angelonia produc-
tion also increased the WUE (Jacobson et al.,
2015). Similar results were reported for
poinsettia (Euphorbia pulcherrima). A con-
stant 20% SMC was also an effective alter-
native shoot height control method compared
with plant growth retardant (daminozide, B-
Nine) application during poinsettia green-
house production (Alem et al., 2015).

The objective of this study was to de-
termine the effect of water deficit using two
levels of SMC applied by the dry-down
method during greenhouse production on
angelonia and heliotrope growth and physio-
logical parameters. The dry-down method
used in this study was conducted by irrigating
to container capacity (CC) when the target
SMC level was indicated by the sensor
reading. The root substrate was dried back
down to the target SMC and re-watered to CC
repeatedly as needed throughout the experi-
ment. We also studied the effects on post-
production performance during simulated
retail conditions. Lastly, we examined the
effects on associated economic costs. Our
hypothesis was that lower SMC during green-
house production would lower irrigation
costs, better acclimate plants for the retail
environment, and allow plants to maintain
higher quality during postproduction.

Materials and Methods

Plant material and growing conditions.
Rooted cuttings of angelonia and heliotrope
(H. arborescens) ‘Simply Scentsational’
were obtained from a commercial propagator
(EuroAmerican Propagators, Bonsall, CA)
during production week 4 (26 Jan. 2016)
and graded for uniformity on arrival. One
rooted cutting was planted in each of 40 3.79-
L nursery containers (Nursery Supplies Inc.,
Kissimmee, FL) with commercial peat-based
soilless root substrate (85% Canadian sphag-
num moss and 15% perlite; BM 6, Berger,
Saint-Modeste, Canada) with 17 g of 15N–
3.9P–9.9K slow release fertilizer per container
(Osmocote, Peters Professional; Scotts-Sierra,
Marysville, OH) incorporated evenly through-
out before planting. Plants were grown in
a glass wall and polycarbonate roof green-
house in College Station, TX, for the green-
house production stage [from11Feb. (production
week 6) to 17 Apr. (production week 16),
2016.]. Plants were treated with an etridia-
zole and thiophanate-methyl (Banrot; Everris
NA Inc., Dublin, OH) root substrate drench to
prevent root rot. Plants were then allowed 14 d
for root establishment before initiation of irri-
gation treatments. During this time, they were
watered once in addition to the Banrot drench.

The average temperature in the green-
house during the experiment was 24.7 �C
day/19.7 �C night. Average daily light in-
tegral (DLI) was 23.43 mol·m–2·d–1 and
relative humidity was 56.2% during the
greenhouse production stage of the experi-
ment. Environmental data were measured by
WatchDog 450 data loggers and LightScout
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quantum light sensors (Spectrum Technolo-
gies Inc., Aurora, IL).

At week 13 (1 Apr. 2016), plants were
deemed to be marketable based on industry
standards. At this time, plants went through
a simulated shipping process. Simulated
shipping consisted of hand-watering to CC
before moving plants by cart into a dark
laboratory for 48 h at 20 ± 2 �C and 42.1%
relative humidity. After shipping, plants were

returned to the greenhouse by cart and held
under 50% shadecloth for 2 weeks (week 14
and 15) for simulated shelf life, during which
plants were only watered when wilting began
to occur. During the postproduction, the
average temperature in the greenhouse dur-
ing the experiment was 22.4 �C day/19.8 �C
night. Average DLI was 11.1 mol·m–2·d–1 and
relative humidity was 65.1%.

Substrate moisture content treatments.
Two irrigation treatments (20% and 40%
SMC) were applied in two experiments (one
species per experiment) starting at produc-
tion week 8 and ending at production week 13
(the greenhouse production stage). SMC was
defined as Vw/VT (Vw is the volume of water;
VT is the total volume of substrate particles,
water, and air space). The 40% SMC treat-
ment (well-watered, traditional irrigation
method) consisted of allowing the substrate
to dry down to 40% SMC before hand-
watering to CC (59.6% SMC), which was
until the initiation of drainage. The 20% SMC
treatment (alternative irrigation method) con-
sisted of allowing substrate to dry down to
20% SMC before hand-watering to CC. Sub-
strate moisture contents were monitored by
a watchdog 1000 series Micro Station, and
SM 100 WaterScout soil moisture sensors
(Spectrum Technologies, Inc., Aurora, IL).
There was one sensor per treatment per
species inserted in the root substrate of
a container that was closer to the center of
the greenhouse bench to reflect the average
SMC of the treatment and avoid the drying
effect of the bench edges. Sensors recorded
SMC every 30 min and each irrigation event
was determined based on the sensor read-
ings (observed daily) and the calibration of
the sensor (Fig. 1). All irrigations used
reverse osmosis water.

Sensor calibration. Soil moisture sensors
were calibrated by filling five 1-L plastic
beakers with 1-L volume of oven dried root
substrate. Substrate density was standardized
by tapping dry substrate filled plastic beakers
five times from a uniform height �3–6 cm
above a sturdy table (Fonteno et al., 1995).
Each beaker was emptied into one of five poly-
ethylene plastic bags (Ziploc; S.C. Johnson
& Son, Inc., Racine, WI), and 100, 200,
300, 400, or 500 mL of water was poured
into one of the five bags. Root substrate was
mixed with the water thoroughly and allowed
to incubate for 24 h. All DW, wet weight
(WW), and net weight of the beakers were
measured and recorded. Root substrate was
repacked into the same plastic beaker as before.
Three sensor readings were taken at three
different locations in the beaker, avoiding
taking readings too close to the edge of the

beaker according to the WaterScout SM 100
SoilMoisture Sensor ProductManual. Substrate
moisture content was calculated as SMC =
(WW – DW) · 100%/1000 (Cai et al., 2012).

Data collection. For the economic anal-
ysis of water usage, containers were weighted
before each irrigation event during the
production and postproduction stage of
the experiments. After irrigation, containers
were allowed to drain for 1 h and then
reweighed. The weight difference was calcu-
lated and recorded to determine total irriga-
tion volume. Each irrigation event was
documented and summed to determine total
number of irrigation events during produc-
tion and/or postproduction.

Starting production week 6, substrate
leachate electrical conductivity (EC) and
pH were monitored weekly for 40% SMC,
and measured after each irrigation event for
20% SMC using the pour-thru method
(LeBude and Bilderback, 2009; Wright,
1986), with a LAQUAtwin EC22 Meter and
a LAQUAtwin pH22 Meter (Spectrum Tech-
nologies Inc.). The pH for both angelonia and
heliotrope was 6.0 at the beginning of the
experiment and 5.5 at the end of the exper-
iment. For both angelonia and heliotrope,
EC decreased as the experiment proceeded
and was unaffected by the SMC treatment
(Fig. 2).

Plant height and width were recorded
weekly. Plant height was measured from the
root substrate surface to the plant growing
point. Two plant widths were measured
across the greatest plant width and the per-
pendicular width. Growth index (GI) was
calculated as GI = plant height/2 + (plant
width 1 + plant width 2)/4 (Niu et al., 2007).

At the end of postproduction, all 10
replications for both species were destruc-
tively harvested. Data taken on angelonia at
the end of postproduction included flower
and bud number/stem on three major stems
on each plant, total plant shoot DW, and total
raceme number. Angelonia stems were di-
vided into three sections: vegetative, flower,
and bud. The length and node numbers of the
three sections of the stemwere measured, and
internode length was calculated as length
divided by node number. Flowers were those
with the reproductive organs visible and buds
were those not fully revealing the reproduc-
tive organs. Data taken on heliotrope at the
end of postproduction included total flower
number, cyme number, and total plant shoot
DW. Total plant shoot DW was determined
after being oven-dried at 80 �C for 48 h to
constant weights.

To quantify the quality of plants, photos
of shoots for both species were taken from

Fig. 1. Fourteen days (1–14Mar. 2016) of 20% and
40% substrate moisture content (SMC) treat-
ment sensor readings during greenhouse pro-
duction. The 20% and 40% SMC substrates
were irrigated to container capacity when the
target SMC levels were indicated on the sen-
sors. SMC was calculated as SMC = (substrate
wet weight – substrate dry weight) · 100%/
1000.

Fig. 2. Electrical conductivity (EC) of Angelonia
angustifolia ‘Angelface Blue’ and Helio-
tropium arborescens ‘Simply Scentsational’
throughout the greenhouse production stage
of the experiment (production weeks 6–13).
*** indicates significance of the linear regres-
sion at P # 0.001. SMC = substrate moisture
content.

Table 1. The effect of substrate moisture content (SMC) on total plant shoot dry weight (DW), total raceme number, total stem length, bud stem node number,
vegetative stem internode length, and flower stem internode length at the end of the postproduction (week 15) of Angelonia angustifolia ‘Angelface Blue’.
Substrate moisture content was calculated as SMC = (substrate wet weight – substrate DW) · 100%/1000.

SMC (%)
Total plant

shoot DW (g)
Total raceme

number
Total stem
length (cm)

Bud stem
node number

Vegetative stem
internode length (cm)

Flower stem
internode length (cm)

20 15.62 bz 11.0 b 57.3 b 5.1 b 11.8 b 1.9 b
40 19.06 a 12.7 a 60.4 a 6.0 a 13.2 a 2.0 a
zMeans separation by Student’s t test, multiple comparisons at P # 0.05.
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above at the end of production and post-
production to determine the shoot coloring
percentage (the percentage of the shoot cov-
ered by flowers). To determine how SMC
affected root orientation in the container, root
ball photos were taken at the end of post-
production from the bottom of the root ball
and both sides of the root ball. Root ball
covering percentage was the percentage
of the substrate surface covered by roots
after removal from the container. The shoot
coloring percentage and root ball cover-
age percentage were analyzed with Photo-
shop CS6 (Adobe Systems Inc., San Jose,
CA). Photoshop quantified the colored area
(flowers) and green area (leaves), and the

total shoot area was calculated as colored
area + green area. The shoot coloring per-
centage was then calculated as colored area
divided by total shoot area. To determine root
ball coverage percentage Photoshop quanti-
fied the total root ball area as root area +
substrate area. The root ball coverage per-
centage was calculated as root coverage area
divided by total area.

The relative greenness of leaves was
measured by using a chlorophyll meter (Spe-
cial Products Analysis Division; SPAD-502
Minolta Camera Co., Osaka, Japan) starting
in week 10. SPAD readings of three fully
expanded green leaves per plant were taken
from three plants of each treatment. SPAD

readings ranged from 0 to 100 by measuring
the light transmission at wavelengths of 650
and 940 nm (Markwell et al., 1995).

Experimental design and data analysis.
The experiment was a randomized complete
design with 10 replications and two treat-
ments (20% and 40% SMC). Each species
was analyzed separately. The data were
analyzed by using SAS (version 9.4; SAS
Institute, Cary, NC). Mean separation was
conducted using student t tests, if significant
at the 5% level. The EC and GI were plotted
against production weeks and linear or cubic
regression was conducted and the significance
was analyzed using JMP (SAS Institute).

Economic analysis. Partial budget model-
ing procedures were used to measure the
costs and potential benefits of short-run
changes in cultural practices in the produc-
tion systems analyzed. For both tested plants,
estimated container number per bench was
calculated based on an industry standard
bench size (19.5# · 5.5#) and the finished
plant width. Space saved was calculated
based on final spacing difference between
the alternative irrigation method (20% SMC)
and the traditional irrigation method (40%
SMC). Labor saved was calculated based on
the difference in the number of irrigation
events between the alternative irrigation
method and the traditional irrigation method.
Total water input was documented during
each irrigation event. Irrigation amount saved
was calculated based on the difference be-
tween total irrigation applied during the
alternative irrigation method and the tradi-
tional irrigation method.

Results and Discussion

Plant morphology. At the end of post-
production (production week 15), there was
no difference between SMC treatments for
angelonia flower or bud stem lengths, vege-
tative or flower stem node numbers, flower or

Fig. 3. Effect of 20% and 40% substrate moisture content (SMC) on weekly growth index [GI = plant
height/2 + (plant width 1 + plant width 2)/4] from production week 6–13, and postproduction from
week 14–15 of Angelonia angustifolia ‘Angelface Blue’. SMCwas calculated as SMC = (substrate wet
weight – substrate dry weight) · 100%/1000. *** indicates significance of the cubic regression at P#
0.001.

Table 2. Cost of Angelonia angustifolia ‘Angelface Blue’ grown at two substrate moisture contents (SMCs) (20% and 40%) in greenhouse production and
postproduction.

Production

SMC(%)

Estimated
container

number/bench
Space saved

(%)
Total no. of

irrigation events
Labor saved

(%)
Irrigation amount

(L/pot)
Irrigation amount

saved (%)

20.0 77.0z 9.0y 6.0x bw 25.0v 6.5u b 16.3t

40.0 70.0 0.0 8.0 a 0.0 7.8 a 0.0

Postproduction

SMC(%)

Estimated
container

number/bench
Space saved

(%)
Total no. of

irrigation events
Labor saved

(%)
Irrigation amount

(L/pot)
Irrigation amount

saved (%)

20.0 45.0 20.6 2.0 a 0.0 2.3 b 8.8
40.0 36.0 0.0 2.0 a 0.0 2.5 a 0.0
zEstimated container number/bench was calculated as standard bench size (19.5# · 5.5#)/average canopy size of the plant.
ySpace saved was calculated based on final spacing difference between the alternative irrigation method 20% SMC and the traditional irrigation method 40%
SMC.
xTotal no. of irrigation events during 8 weeks of greenhouse production.
wMeans separation by Student’s t test multiple comparisons at P # 0.05. Means with the same letter are not different.
vLabor saved was calculated based on irrigation events number difference between the alternative irrigation method (20% SMC) and the traditional irrigation
method (40% SMC).
uTotal irrigation amount per container was the sum of each irrigation water input during 8 weeks of greenhouse production.
tIrrigation amount saved was calculated based on total irrigation amount difference between the alternative irrigation method (20% SMC) and the traditional
irrigation method (40% SMC).
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bud number per stem, total flower or bud
numbers, or bud stem internode length (data
not shown). Substrate moisture content at
40% increased total plant shoot DW, total
raceme number, total stem length, bud stem
node number, and vegetative and flower stem
internode lengths (Table 1). Angelonia GI
was greater with 40% SMC 1 week after
SMC treatment began (week 9) and contin-
ued to be greater throughout production and
postproduction (Fig. 3).

For heliotrope, there was no difference
between SMC treatments for cyme number,
shoot DW, or GI; only flower number dif-
fered between SMC treatments (data not
shown). At the end of production, all helio-
trope had 22 cymes (SD = 1.9). Total flower
number was greater with 20% SMC (567
flowers, SD = 38.6) compared with
40% SMC (389 flowers, SD = 40.9), which

indicated that an average cyme was larger
with 20% SMC than with 40% SMC, im-
proving the visual quality of 20% SMC
plants. Heliotrope GI was not different be-
tween SMC treatments at the end of green-
house production (39.3 cm, SD = 1.5 cm,
week 13) or postproduction (44.2 cm, SD =
1.3 cm, week 15). At the end of postproduc-
tion (week 15), shoot DW was unaffected by
SMC treatments (31.3 g, SD = 0.9 g).

The reduction in final GI (Fig. 3) and DW
for angelonia was due to reduced internode
length in the vegetative and flower stem
sections. Reduced internode length has been
associated with the inhibition of cell expan-
sion during water deficit (Taiz et al., 2015).
When water was deficient, shoot osmotic
adjustment occurred slowly, cell wall loos-
ening ability did not change, and the meri-
stem was hydraulically isolated from the
vascular system. When high evaporative de-
mand exposed leaves to further water poten-
tial reduction, plant shoots became more
sensitive and less favored to growth under
water stress (Hsiao and Xu, 2000).

Other studies have documented varying
species response to reduced irrigation vol-
ume. Poinsettia (E. pulcherrima), crimson
bottlebrush (Callistemon citrinus), hibiscus
(Hibiscus acetosella), gardenia (Gardenia
jasminoides), english lavender (Lavandula
angustifolia), fan flower (Scaevola aemula),
geranium (Pelargonium zonale), impatiens
(Impatiens walleriana), oleander (Nerium
oleander L.), big bend bluebonnet (Lupinus
havardii), dusty miller (Cineraria maritima),
petunia (Petunia ·hybrida), and plumbago
(Plumbago auriculata) were reported to have
lower GI and DW when irrigation volume
was reduced (Alem et al., 2013, 2015;
�Alvarez et al., 2011; Andersson, 2000; Bayer
et al., 2013, 2015; Chyli�nski et al., 2007; Niu
et al., 2006, 2007, 2008; Starman and Lom-
bardini, 2006). However, the morphology of
lantana (Lantana camara), cardinal flower
(Lobelia cardinalis), geranium (Pelargonium
hortorum), agastache (Agastache urticifolia),

ornamental pepper (Capsicum annuum), and
vinca (Catharanthus roseus) were unaffected
by reducing irrigation volume (Chyli�nski
et al., 2007; Niu et al., 2006; Starman and
Lombardini, 2006).

Different responses of plants to controlled
water deficit in studies reported in the liter-
ature could be due to different experimental
methods or the anatomical and morphologi-
cal variation among different plant species.
Studies indicated that prolonged exposure to
severe water deficit reduced plant growth,
whereas short periods of moderate water
deficit did not affect plant growth (Jacobson
et al., 2015; Niu et al., 2006). When gera-
niums were kept at 30% SMC for 10 d, there
was no significant effect on plant growth
(Chyli�nski et al., 2007). In another study,
reduced irrigation during geranium’s entire
production cycle showed significant growth
inhibition (Andersson, 2000). Various results
of water deficit effects may be due to species
specific leaf morphology including leaf size,
cuticle thickness, leaf surface texture, or
number and structure of trichomes, which
all affect transportation rate (Taiz et al.,
2015). The different response to water deficit
between species in this study may be due to
the dense short hairs on both sides of helio-
trope leaf surfaces (Cormier et al., 2011;
Sakazaki, 2011) forming a thicker boundary
layer, thus reducing transpiration under water
deficit situations. Leaf hairs, formed by tri-
chome cells, reduce transpiration water loss
by covering the stomata crypts and increas-
ing moisture in the boundary layer of the
leaf surface (Begg, 1980; Monneveux and
Belhassen, 1996).

Water usage and economics. In this study,
we considered the 40% SMC treatment as the
traditional well-irrigated method that is cur-
rently used by floral industry growers. Com-
pared with angelonia grown under 40%
SMC, plants grown under 20% SMC have
a smaller canopy; thus, they required less
bench space, which may translate to lower
overhead costs associated with bench space.

Table 3. Cost of Heliotropium arborescens ‘Simply Scentsational’ grown at two substrate moisture contents (SMCs) (20% and 40%) in greenhouse production
and postproduction.

Production

SMC(%)

Estimated
container

number/bench
Space saved

(%)
Total no. of

irrigation events
Labor saved

(%)
Irrigation amount

(L/pot)
Irrigation amount

saved (%)

20.0 56.0z 2.8y 6.0xbw 25.0v 7.5ub 5.3t

40.0 54.0 0.0 8.0a 0.0 8.0a 0.0

Postproduction

SMC(%)

Estimated
container

number/bench
Space saved

(%)
Total no. of

irrigation events
Labor saved

(%)
Irrigation amount

(L/pot)
Irrigation amount

saved (%)

20.0 31.0 –12.0 2.0 a 0.0 1.19 a 3.5
40.0 35.0 0.0 2.0a 0.0 1.23 a 0.0
zEstimated container number/bench was calculated as standard bench size (19.5# · 5.5#)/average canopy size of the plant.
ySpace saved is calculated based on final spacing difference between the alternative irrigation method 20% SMC and the traditional irrigation method 40% SMC.
xTotal no. of irrigation events during 8 weeks of greenhouse production.
wMeans separation by Student’s t test multiple comparisons at P # 0.05. Means with the same letter are not different.
vLabor saved is calculated based on irrigation events number difference between the alternative irrigation method (20% SMC) and the traditional irrigation
method (40% SMC).
uTotal irrigation amount per container was the sum of each irrigation water input during 7 weeks of greenhouse production.
tIrrigation amount saved is calculated based on total irrigation amount difference between the alternative irrigation method (20% SMC) and the traditional
irrigation method (40% SMC).

Fig. 4. The shoot coloring percentage of Angelonia
angustifolia ‘Angelface Blue’ and Helio-
tropium arborescens ‘Simply Scentsational’
at the end of production (week 13) and the
end of postproduction (week 15). Values ob-
tained through Photoshop image process. Mean
separation for both production times was ob-
tained by using Student’s t test multiple com-
parisons at P # 0.05. Means with the same
letter are not different. Substrate moisture
content (SMC) was calculated as SMC = (sub-
strate wet weight – substrate dry weight) ·
100%/1000.
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Compared with 40% SMC, angelonia grown
under 20% SMC saved 9.0% and 20.6%
space during production or postproduction
(Table 2), respectively. During production,
20% SMC required less irrigation; thus,
angelonia saved 25.0% in irrigation labor–
related costs during production. However,
postproduction irrigation event was unaf-
fected by SMC treatment. Compared with
40% SMC, 20% SMC saved 16.3% and 8.8%
irrigation amount during production or post-
production (Table 2), respectively.

Heliotrope canopy size was unaffected by
SMC treatment during production; thus, the
overhead-related savings was only 2.8%
during production and even a negative 12%
during postproduction. During production,
20% SMC saved 25% in labor but was unaf-
fected by SMC treatment during postproduction.

Compared with 40% SMC, 20% SMC saved
5.3% and 3.5% irrigation amount during
heliotrope production and postproduction
(Table 3), respectively.

These results show that the costs of pro-
duction were reduced by using an alternative
watering method (20% SMC) compared with
the traditional irrigation method (40% SMC).
The reduction in costs are a result of reduced
bench space required (which reduced the res-
idency cost or overhead costs), reduction of
total irrigation water applied, and the irrigation
labor–related costs (e.g., checking emitters).

Visual quality. Shoot coloring percentage
was greater for both species with 20% SMC
at the end of production and postproduc-
tion (Fig. 4). For angelonia, shoot coloring
percentage was 36.0% or 26.1% during pro-
duction and 25.7% or 20.7% during postpro-
duction, for 20% or 40% SMC, respectively.
For heliotrope, shoot coloring percentage
was 11.8% or 8.2% during production and
11.9% or 8.0% during postproduction, for
20% or 40% SMC, respectively. For helio-
trope, the 20% SMC produced plants with
higher shoot color percentage by increasing
the number of flowers in a cyme, resulting in
increased cyme size. Shoot color percentage
declined during postproduction for angelo-
nia, but not for heliotrope. Root ball covering
percentage also varied with species. Angelo-
nia had fewer roots at the side of the container
but not at the bottom of the containerwith 20%
SMC compared with 40% SMC. Heliotrope

had more roots at the bottom of the container
but not at the sides of the container with 20%
SMCcomparedwith 40%SMC (Figs. 5 and 6).

For angelonia and heliotrope, in the first 2
weeks of treatment (week 10–11), 40% SMC
had higher SPAD; however, 3 weeks after
starting SMC treatment, 20% SMC had higher
leaf chlorophyll index throughout the pro-
duction stage. During postproduction, SPAD
readings were not different for angelonia,
but for heliotrope, the 20% SMC still had
higher SPAD readings compared with 40%
SMC (Fig. 7). The higher SPAD reading for
20% SMC in angelonia and heliotrope could
have been because of increased leaf thickness,
lower leaf water content, or increased leaf
chlorophyll content (Martínez and Guiamet,
2004). SPAD readings provided a quick, non-
destructive, and objective estimation of visual
quality of plant foliage (Wang et al., 2005).

Conclusions

Angelonia shoot and root growth were
reduced with 20% SMC compared with 40%
SMC, manifested as reduced total shoot DW
and lower root ball coverage percentage on
the sides of the pot. The visual quality of 20%
SMC was higher at the end of production and
postproduction, as shown by the higher shoot
coloring percentage and shorter internode
length, compared with 40% SMC. In short,
20% SMC produced more compact ange-
lonia plants with increased visual quality.

Heliotrope morphological and physiolog-
ical responses to SMC treatments were in
contrast to those of angelonia. Shoot growth
was unaffected by SMC treatment and there
was greater root ball coverage percentage on
the bottom of the container with 20% SMC.
Heliotrope grown at 20% SMC had higher
shoot coloring percentage at the end of pro-
duction and postproduction compared with
40%SMC, indicating that lower SMC resulted
in higher visual quality. Therefore, 20% SMC
produced the same size heliotrope with more
potential for a higher survival rate and a better
visual quality compared with 40% SMC.

The 20% SMC reduced total irrigation
event number and associated costs for both
angelonia and heliotrope during production.
Angelonia responded to 20% SMC with re-
duced plant canopy size compared with 40%
SMC, thus reducing the bench space needed,
thereby reducing the overhead costs incurred
during greenhouse production. Based on par-
tial budget modeling procedures we used in
this experiment, 20% SMC proved to be
a more cost-efficient production method for
angelonia and heliotrope greenhouse growers.
Further studies should be conducted to explore
how other plant species respond to reduced
SMC and their impact on economic value.
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