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Abstract. Cuttings of herbaceous annual bedding plants must be rooted in late winter and
early spring when ambient outdoor photosynthetic daily light integrals (DLIs) are at
seasonally low levels. We evaluated the effect of DLI during root development on growth,
morphology, and quality of nine popular vegetatively propagated annual bedding plant
species. Cuttings of Angelonia angustifolia Benth. ‘AngelMist White Cloud’, Argyranthemum
frutescens (L.) Sch. Bip. ‘Madeira Cherry Red’, Diascia barberae Hook. f. ‘Wink Coral’,
Lantana camara L. ‘Lucky Gold’, Nemesia fruticans (Thunb.) Benth. ‘Aromatica Royal’,
Osteospermum ecklonis (DC.) Norl. ‘Voltage Yellow’, Scaevola L. hybrid ‘Blue Print’, Sutera
cordata Roth. ‘Abunda Giant White’, and Verbena Ruiz ·hybrida ‘Aztec Violet’ were
harvested and propagated in a glass-glazed greenhouse with 23 8C air and substrate
temperature set points. After callusing (’’5 mol�m–2�d–1 for 7 days), cuttings of each
species were placed under one of three different fixed-woven shade cloths providing
’’38%, 61%, or 86% shade or no shade with 16 h of supplemental light for 14 days. There
were no clear trends across species for stem length in response to DLI. Stem caliper of
Argyranthemum, Diascia, and Nemesia increased by 35%, 119%, and 89%, respectively,
as DLI increased from 1.2 to 12.3 mol�m–2�d–1. Depending on species, total, shoot, and root
dry mass increased by 64% to 465%, 50% to 384%, and 156% to 1137%, respectively, as
DLI increased from 1.2 to 12.3 mol�m–2�d–1. The quality index, an objective, integrated,
and quantitative measurement of rooted cutting quality, increased for all species by
176% to 858% as DLI increased from 1.2 to 12.3 mol�m–2�d–1. Our results indicate that
providing a DLI of ’’8 to 12 mol�m–2�d–1 after callusing increases both growth and quality
of rooted cuttings.

Bedding plants are the highest revenue
sector of the U.S. floriculture industry with
a wholesale value over $1.91 billion for the
15 top-producing states (U.S. Department of
Agriculture, 2011). Young plants propagated

from seed (plugs) or shoot-tip cuttings (liners)
are commonly used in herbaceous ornamen-
tal annual bedding plant production and pro-
pagative material for this use is currently valued
at over $166 million (U.S. Department of Ag-
riculture, 2011). Compared with young plants
propagated from seed, rooted cuttings have
increased genetic uniformity, no juvenile stage
to pass before flowering, shorter production
time, and the potential to be produced from
sterile or seedless cultivars (Erwin, 1994).

The goals of propagators include produc-
ing high-quality rooted cuttings by maximizing
root growth, total mass, root-to-shoot mass
ratio, and stem caliper while minimizing pro-
duction time and stem elongation (Lopez and
Runkle, 2008; Pramuk and Runkle, 2005). To
meet the spring and early summer market de-
mand for flowering bedding plants, cuttings
are typically rooted in mid- to late winter and
early spring when ambient outdoor DLIs are
at seasonally low levels (Korczynski et al.,
2002). Further reductions in greenhouse DLIs
often result from glazing material and interior
structures (Hanan, 1998), as well as hanging
baskets suspended above benches for additional
bedding plant production (Faust, 2004). For

instance, greenhouse DLIs across the north-
ern United States in January may be as low as
2–6 mol�m–2�d–1 as a result of reductions of
outdoor DLIs by up to 60% (Korczynski et al.,
2002; Lopez and Runkle, 2008).

Light impacts growth, morphology, and
quality of seedlings (Graper and Healy, 1991;
Oh et al., 2010; Pramuk and Runkle, 2005;
Torres and Lopez, 2011) and rooted cuttings
(Lopez and Runkle, 2008). Although recom-
mendations for light during root development
are given in instantaneous units (mmol�m–2�s–1;
Dole et al., 2006), photosynthetic photon flux
(PPF ) varies greatly over a day, month, and
season (Lambers et al., 2008; Larcher, 2003),
and a more accurate description of PPF dur-
ing crop production is the integrated photo-
synthetic DLI, expressed as mol�m–2�d–1.

Lopez and Runkle (2008) quantified the
effects of DLI during propagation on Impa-
tiens hawkeri W. Bull (New Guinea impa-
tiens) and Petunia ·hybrida hort. Vilm.-Andr.
(petunia). However, the effects of using sup-
plemental lighting to increase DLI during
cutting propagation of a broader range of
specialty herbaceous annual bedding plants
has not been reported. Therefore, our objec-
tives were to quantify the impact of DLI
during propagation on growth, morphology,
and quality of several vegetatively propa-
gated annual bedding plant species.

Materials and Methods

Plant material and culture. Stock plants
of Angelonia angustifolia ‘AngelMist White
Cloud’, Argyranthemum frutescens ‘Madeira
Cherry Red’, Diascia barberae ‘Wink Coral’,
Lantana camara ‘Lucky Gold’, Nemesia
fruticans ‘Aromatica Royal’, Osteospermum
ecklonis ‘Voltage Yellow’, Scaevola hybrid
‘Blue Print’, Sutera cordata ‘Abunda Giant
White’, and Verbena ·hybrida ‘Aztec Violet’
were planted in 15-cm (1.7-L volume) round
containers filled with substrate comprised of
(v/v) 80% sphagnum peatmoss and 20% per-
lite (Fafard 1P; Conrad Fafard, Inc., Agawam,
MA) on 9 May 2010. Plants were irrigated
with acidified water supplemented with a
combination of 900 mg�L–1 15N–2.2P–12.5K
Cal-Mag (Peters Excel�; The Scotts Co.,
Marysville, OH) and 300 mg�L–1 21N–2.2P–
16.6K (Peters Excel�; The Scotts Co.) water-
soluble fertilizers to provide (in mg�L–1): 200
nitrogen, 26 phosphorus, 163 potassium, 50
calcium, 20 magnesium, 0.22 boron, 0.14
copper, 1.0 iron, 0.37 manganese, 0.23 moly-
bdenum, and 0.52 zinc. Irrigation water
was supplemented with 93% sulfuric acid
(Brenntag, Reading, PA) at 0.08 mL�L–1 to
reduce alkalinity to 100 mg�L–1 and pH to
a range of 5.7 to 6.0. Stock plants were
maintained in a vegetative state by regularly
pinching shoots and applying foliar sprays
of solutions containing 250 mg�L–1 ethephon
(Florel; Rhône-Poulenc Ag Company, Re-
search Triangle Park, NC) every 2 weeks.
Ethephon sprays were discontinued at least
3 weeks preceding cutting harvest.

The plants were grown in a glass-glazed
greenhouse in West Lafayette, IN (lat. 40� N)
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with an exhaust fan and evaporative-pad
cooling and radiant hot-water heating con-
trolled by an environmental computer (Max-
imizer Precision 10; Priva Computers Inc.,
Vineland Station, Ontario, Canada). The green-
house day and night air temperature set points
were 23 ± 1 �C. The photoperiod was a con-
stant 16 h (0600 to 2200 HR) consisting of
natural daylengths with day-extension light-
ing from high-pressure sodium lamps (HPS)
that delivered a supplemental PPF of 108.9 ±
5.2 mmol�m–2�s–1 at plant height [as measured
with a quantum sensor (LI-COR Biosciences,
Lincoln, NE)] when outdoor irradiance was less
than 250 mmol�m–2�s–1 from 0600 to 2200 HR.
An automatic woven shade curtain (OLS 50;
Ludvig Svensson Inc., Charlotte, NC) was
retracted when the outdoor light intensity
exceeded�1000 mmol�m–2�s–1 throughout the
study to prevent leaf scorch. Greenhouse air
temperature and DLI were measured with an
enclosed thermocouple and quantum sensor,
respectively (Watchdog 2450 Weather Sta-
tion; Spectrum Technologies, Inc., Plainfield,
IL). The mean greenhouse air temperature
and DLI for stock plants was 23.2 ± 1.2 �C
and 11.6 ± 2.0 mol�m–2�d–1, respectively.

Cutting harvest. Forty uniform 2.5-cm
shoot-tip cuttings of every species were har-
vested from stock plants on 4 Sept. 2010,
16 Oct. 2010, and 11 Jan. 2011. Cuttings were
placed in 105-cell propagation trays (28-mL
individual cell volume; T.O. Plastics, Inc.,
Clearwater, MN) filled with a propagation
substrate composed of (v/v) 50% soilless sub-
strate (Fafard 1P; Conrad Fafard, Inc.) and
50% coarse perlite (Strong-Lite Coarse Per-
lite; Sun Gro Horticulture, Bellevue, WA).
Cuttings were sprayed to runoff with a solution
containing 300 mg�L–1 non-ionic surfactant
(CapSil; Aquatrols, Paulsboro, NJ) so that water
would not accumulate on the plant foliage.

Propagation environment and culture. All
cuttings were placed in a glass-glazed green-
house under a 16-h photoperiod with air and
substrate temperature set points of 23 ± 1 �C
and a DLI maintained at �5 mol�m–2�d–1 for
callusing. Resistance-based sensors (External
Temperature Sensor; Spectrum Technolo-
gies, Inc.) recorded air and substrate temper-
atures every 30 s and averages were logged
every 15 min by a data logger (Watchdog
2800 Weather Station; Spectrum Technolo-
gies, Inc.). Two amplified quantum sensors
(SQ-212; Apogee Instruments, Inc., Logan,
UT) measured PPF every 30 s under each
lighting treatment, and the average of each
sensor was logged every 15 min by a data
logger (Watchdog 2800 Weather Station;
Spectrum Technologies, Inc.). Environmental
data during callusing are reported in Table 1.

After 7 d of callusing, 10 cuttings of each
species were placed under DLI treatments
that were created using no shade or fixed-
woven shadecloth providing �0%, 38%,
61%, or 86% shade (XLS F-14, -15, or -16,
respectively; Ludvig Svensson, Inc., Charlotte,
NC) under ambient daylight supplemented
with a PPF of 78.7 ± 8.0, 43.7 ± 4.9, 32.9 ±
4.9, or 13.1 ± 2.1 mmol�m–2�s–1 at plant
height [as measured with a quantum sensor

(LI-COR Biosciences)], respectively, deliv-
ered from HPS lamps from 0600 to 2000 HR.
An automatic woven shade curtain was re-
tracted as previously described.

Every 20 min, 4 s of mist was applied
consisting of tap water supplemented with
a water-soluble fertilizer (Jack’s LX 16N–
0.94P–12.3K Plug Formula for High Alka-
linity Water; J.R. Peters, Inc., Allentown,
PA) providing (in mg�L–1) with each misting
event: 50 nitrogen, 5 phosphorus, 39 potas-
sium, 9 calcium, 4.7 magnesium, 0.05 boron,
0.025 copper, 0.25 iron, 0.125 manganese,
0.025 molybdenum, and 0.125 zinc. Six d
after transfer of cuttings, misting frequency
was reduced to every 30 min beginning and
ending 2 h before and after the photoperiod,
respectively; 8 d after cutting transfer, mist-
ing was reduced to begin and end 1 h before
and after the photoperiod. Ten d after the
placement of cuttings under DLI treatments,
the use of mist was discontinued and cuttings
were hand-irrigated daily with acidified wa-
ter supplemented with water-soluble fertil-
izer as described in the ‘‘Plant Material and
Culture’’ section. Environmental data under
each treatment were measured as previously
described and are reported in Table 2.

Data collected. Data were collected 14 d
after cuttings were placed under DLI treat-
ments. Cuttings were removed from propa-
gation trays and substrate was gently rinsed
off the roots. Stem caliper above the lowest
leaf and stem length from the base of the
cutting to the apical meristem were measured
with a digital caliper (digiMax; Wiha, Schonach,
Germany). Roots were excised from the cut-
ting and roots and shoots were dried separately
in an oven at 70 �C for 3 d and then weighed.
Total dry mass (shoot dry mass + root dry

mass), root:shoot dry mass ratio (root dry
mass/stem dry mass), sturdiness quotient (shoot
length/stem caliper) (Thompson, 1985), and
quality index [total dry mass · (root:shoot dry
mass ratio + sturdiness quotient)] (Dickson
et al., 1960) were calculated.

Experimental design and statistical analysis.
The experiment used a randomized complete
block design in a factorial arrangement. The
factors were DLI (12 levels) and species
(nine levels). The experiment was replicated
three times over time with 10 samples (in-
dividual cuttings) per species per DLI per
replication. Cuttings were randomly assigned
to each DLI treatment, and DLI treatments
were randomized between propagation dates
within the greenhouse. Data were analyzed
using regression analysis (SPSS 17.0; SPSS,
Inc., Chicago, IL) with DLI as the indepen-
dent variable.

Results

Growth. Total dry mass increased with
DLI during propagation for all species in this
study, although the magnitude of response to
DLI varied with species (Fig. 1A–C). For
example, although the total dry mass of
Lantana increased from 179 to 294 mg (64%)
as DLI during propagation increased from
1.2 to 12.3 mol�m–2�d–1 (Fig. 1B), total dry
mass of Diascia increased from 32 to 183 mg
(465%) as DLI increased (Fig. 1A). Shoot dry
mass also increased for all species with DLI
during propagation, although species also
varied in their response (Fig. 1D–F). As DLI
increased from 1.2 to 12.3 mol�m–2�d–1, shoot
dry mass of Angelonia, Argyranthemum,
Lantana, Osteospermum, and Scaevola in-
creased by 50% (86 mg; Lantana) to 72%

Table 1. Average daily greenhouse air and substrate temperatures and daily light integral (DLI) during
callusing of nine vegetatively propagated annuals before being placed under DLI treatments.

Propagation date

Temperature (�C)

DLI (mol�m–2�d–1)Air Substrate

4 Sept. 2010 21.3 ± 0.5 22.7 ± 0.5 5.0 ± 0.9
17 Oct. 2010 20.9 ± 0.8 22.6 ± 0.9 4.7 ± 1.2
11 Jan. 2011 20.7 ± 1.1 22.4 ± 1.5 4.8 ± 0.7

Table 2. Average daily greenhouse air and substrate temperatures and daily light integral (DLI) during root
development of nine vegetatively propagated annuals under no shade (0%) or �38%, 61%, or 86%
shade (XLS-14, –16, or –18; Ludvig Svensson, Inc., Charlotte, NC) under ambient daylight
supplemented with 78.7 ± 8.0, 43.7 ± 4.9, 32.9 ± 4.9, or 13.1 ± 2.1 mmol�m–2�s–1, respectively,
delivered from high-pressure sodium lamps from 0600 to 2000 HR.

Propagation Date Shade (%)

Temperature (�C)

DLI (mol�m–2�d–1)Air Substrate

4 Sept. 2010 0 22.2 ± 0.8 22.6 ± 0.5 12.3 ± 1.5
38 21.9 ± 0.8 22.1 ± 0.3 7.2 ± 1.2
61 22.1 ± 0.7 22.2 ± 0.7 5.6 ± 1.2
86 21.9 ± 0.8 23.7 ± 1.1 2.0 ± 0.4

17 Oct. 2010 0 22.4 ± 0.3 23.1 ± 0.4 10.6 ± 1.4
38 22.3 ± 0.6 22.4 ± 0.4 6.4 ± 0.8
61 21.6 ± 0.8 22.0 ± 0.3 3.6 ± 0.4
86 21.9 ± 0.5 22.1 ± 0.3 1.4 ± 0.2

11 Jan. 2011 0 21.8 ± 0.6 22.4 ± 0.6 9.0 ± 0.9
38 21.9 ± 0.7 21.9 ± 0.2 4.9 ± 0.8
61 21.8 ± 0.6 22.0 ± 0.3 2.8 ± 0.8
86 22.4 ± 0.7 23.0 ± 0.6 1.2 ± 0.4
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(106 mg; Argyranthemum), whereas shoot
dry mass of Diascia, Nemesia, Sutera, and
Verbena increased by 110% (67 mg; Verbena)
to 384% (111 mg; Diascia) (Fig. 1D–F). In-
creasing DLI during propagation increased the
root dry mass for all nine species (Fig. 1G–I).
For example, increasing the DLI from 1.2 to
12.3 mol�m–2�d–1 resulted in a 19–mg increase
(156%) in root dry mass of Verbena (Fig. 2I),
whereas root dry mass of Diascia increased
by 40 mg (1137%) (Fig. 1G). Additionally,
the root:shoot dry mass ratio increased for all
species as DLI during propagation increased
(Fig. 1J–L). Although the root:shoot ratio of
Verbena increased by 0.03 (18%) as DLI dur-
ing propagation increased, the root:shoot
ratio of Osteospermum and Scaevola increased
by 0.15 (329%) and 0.17 (419%), respectively
(Fig. 1H–I).

Morphology. Stem length of species was
affected differently by DLI during propagation

(Fig. 2A–C). For example, stem length of
Lantana and Nemesia increased by 0.7 (20%)
and 1.9 cm (20%), respectively, as DLI dur-
ing propagation increased from 1.2 to 12.3
mol�m–2�d–1 (Fig. 2B), whereas stem length of
Diascia increased by 5.3 cm (76%) (Fig. 2A).
Stem length of Argyranthemum, Osteospermum,
and Scaevola was unaffected by DLI during
propagation (Fig. 2A–C). Whereas stem cal-
iper of Lantana, Scaevola, and Sutera was
unaffected by DLI, stem caliper of Angelonia,
Argyranthemum, Diascia, Nemesia, Osteo-
spermum, and Verbena increased with DLI
during propagation (Fig. 2D–F). As DLI
increased from 1.2 to 12.3 mol�m–2�d–1, stem
caliper of Verbena increased by 0.2 mm (11%)
(Fig. 2F), whereas stem caliper of Diascia and
Nemesia increased by 1.1 (119%) and 1.2 mm
(89%), respectively (Fig. 2D–E). Daily light
integrals during propagation affected the
sturdiness quotient of species differently (Fig.

2G–I). Although the sturdiness quotient of
Nemesia increased from 0.14 to 0.22 (58%)
as DLI during propagation increased from 1.2
to 12.3 mol�m–2�d–1 (Fig. 2H), the sturdiness
quotient of Angelonia, Diascia, Lantana,
Scaevola, Sutera, and Verbena was unaffected
by DLI during propagation (Fig. 2G–I).

Quality. The quality index increased dif-
ferently for all species as DLI during propa-
gation increased (Fig. 3A–C). For example,
although the quality index of Lantana in-
creased by 63 (53%) (Fig. 3B) as DLI in-
creased from 1.2 to 12.3 mol�m–2�d–1, the
quality index of Diascia increased by 78
(960%) (Fig. 3A).

Discussion

An important characteristic of seedlings
and rooted cuttings is overall growth or bio-
mass accumulation during propagation (Lopez

Fig. 1. (A–L) Relationships between mean daily light integral (DLI) and total dry mass, shoot dry mass, root dry mass, and root:shoot dry mass ratio of Angelonia,
Argyranthemum, Diascia, Lantana, Nemesia, Osteospermum, Scaevola, Sutera, and Verbena measured after 14 d under different DLIs during propagation.
Each symbol represents the mean of 10 plants, and error bars represent SEs of the mean. Regression lines are presented for significant correlations only with
corresponding r2 and R2 presented. NS, *, **, *** indicates nonsignificant or significant at P # 0.05, 0.01, or 0.001, respectively. Species are grouped
alphabetically within rows from L to R for each dependent variable.
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and Runkle, 2008; Pramuk and Runkle, 2005).
Biomass accumulation tends to be positively
correlated with light during propagation (Graper
and Healy, 1991; Lopez and Runkle, 2008; Oh
et al., 2010; Pramuk and Runkle, 2005; Torres
and Lopez, 2011), and this relationship was
observed for all species tested in our study
(Fig. 1A–C). All species exhibited increased
shoot dry mass in response to increasing
DLI during propagation (Fig. 1D–F), a trend
consistent with other studies of young plant

production and DLI (Lopez and Runkle,
2008; Pramuk and Runkle, 2005; Torres and
Lopez 2011). Similarly, we observed an in-
crease in root dry mass in response to increas-
ing DLI for each species (Fig. 1G–I). Lopez and
Runkle (2008) reported that root dry mass
of ‘Celebrette Red’, ‘Harmony Magenta’, and
‘Harmony White’ New Guinea impatiens and
‘Double Wave Spreading Rose’, ‘Supertunia
Mini Purple’, and ‘Tiny Tunia Violet Ice’
petunias all increased with increasing DLI

during propagation (Lopez and Runkle, 2008).
Of particular interest to cutting propagators is
the impact of DLI on root growth. For a rooted
cutting to be considered ready for transplant
and saleable, it must have a large enough root
mass so that the plug may be easily removed
from the propagation tray, termed a ‘‘pullable
plug’’ (Lopez and Runkle, 2008). Our results,
when taken together with Lopez and Runkle
(2008), clearly indicate that increasing DLI
during propagation of herbaceous annual

Fig. 2. (A–I) Relationships between mean daily light integral (DLI) and shoot length, stem caliper, and sturdiness quotient of Angelonia, Argyranthemum,
Diascia, Lantana, Nemesia, Osteospermum, Scaevola, Sutera, and Verbena measured after 14 d under different DLIs during propagation. Each symbol
represents the mean of 10 plants, and error bars represent SEs of the mean. Regression lines are presented for significant correlations only with corresponding r2

and R2 presented. NS, *, **, *** indicates nonsignificant or significant at P # 0.05, 0.01, or 0.001, respectively. Species are grouped alphabetically within rows
from L to R for each dependent variable.

Fig. 3. (A–C) Relationships between mean daily light integral (DLI) and quality index of Angelonia, Argyranthemum, Diascia, Lantana, Nemesia, Osteospermum,
Scaevola, Sutera, and Verbena after 14 d under different DLIs during propagation. Each symbol represents the mean of 10 plants, and error bars represent SEs
of the mean. Regression lines are presented for significant correlations only with corresponding r2 and R2 presented. NS, *, **, *** indicates nonsignificant or
significant at P # 0.05, 0.01, or 0.001, respectively. Species are grouped alphabetically within rows from L to R for each dependent variable.
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shoot-tip cuttings increases root growth, can
increase rooted cutting quality, and poten-
tially reduce production time. Although all
producers of rooted cuttings could realize
energy and labor savings as a result of re-
duced production time, increasing the DLI
during propagation with supplemental lighting
would be particularly beneficial for growers
at northern latitudes (Runkle, 2010), where
DLIs in greenhouses are low and heating
costs are high during late winter and early
spring (Korczynski et al., 2002; Runkle et al.,
2009).

Although higher overall biomass for
young plants is generally desirable, assessing
biomass partitioning into shoot and root
growth is an important consideration for seed-
lings and rooted cuttings, because luxurious
shoot growth at the expense of root growth is
not desirable in transplant production. We
observed that when root and shoot dry mass
were taken together, the root:shoot dry mass
ratio increased with DLI for all species in this
study (Fig. 1J–L). The root:shoot dry mass
ratio of three New Guinea impatiens cultivars
and three petunia cultivars all increased with
increasing DLI during propagation (Lopez and
Runkle, 2008). Therefore, it appears that in-
creasing the DLI during propagation of cut-
tings not only increases shoot and root growth,
but partitioning of biomass into roots is fa-
vored during propagation of rooted cuttings
under increasing DLI.

The effects of DLI during propagation on
stem length varied with species in this study
(Fig. 2A–C). Our data on the relationship bet-
ween stem length and DLI during propagation
are comparable with the variation reported in
other studies on DLI and propagation (Lopez
and Runkle, 2008; Pramuk and Runkle, 2005;
Torres and Lopez, 2011). For example, Torres
and Lopez (2011) reported that as DLI during
propagation increased from 0.75 to 25.2
mol�m–2�d–1, height of Tecoma stans (L.) Juss.
ex Kunth (tecoma) ‘Mayan Gold’ seedlings
increased by 3.5 cm. However, in another
study (Pramuk and Runkle, 2005), stem length
of Celosia argentea var. plumosa L. ‘Gloria
Mix’ and Tagetes patula L. ‘Bonanza Yellow’
increased with increasing DLI during propa-
gation, whereas stem length of Impatiens
wallerana Hook. ‘Accent Red’ and Salvia
splendens Sell. ex Roem. & Schult. ‘Vista
Red’ decreased with increasing DLI. When
cuttings of ‘Tiny Tunia Violet Ice’, ‘Double
Wave Spreading Rose’, and ‘Supertunia Mini
Purple’ petunia and ‘Celebrette Red’, ‘Har-
mony Magenta’, and ‘Harmony White’ New
Guinea impatiens were propagated under
DLIs ranging from 1.2 to 5.9 mol�m–2�d–1,
shoot height decreased for all petunia culti-
vars as DLI increased and stem length of New
Guinea impatiens was unaffected by DLI
(Lopez and Runkle, 2008). Similarly, we
found no differences in stem length of rooted
cuttings of ‘Magnum Salmon’ New Guinea
impatiens cuttings propagated under DLIs
ranging from 2.5 to 15.6 mol�m–2�d–1 (un-
published data). Faust et al. (2005) reported
there were no consistent trends in the height
across eight annual bedding plant species

grown under DLIs ranging from 5 to 45
mol�m–2�d–1, indicating similar variation on
the effect of DLI during finishing on plant
height or stem length. When these data are
taken together with the results of our study, it
appears that DLI influences stem length of
species differently and the cause of this vari-
ation remains unknown.

Pramuk and Runkle (2005) stated that
transplants with larger stem caliper were de-
sired for commercial production for easier
handling and transplanting. We observed an
increase in stem caliper for six of the nine spe-
cies used in this study in response to in-
creasing DLI during propagation (Fig. 2D–F).
There are few reports of the effect of DLI
during propagation on stem caliper of seed-
lings and cuttings. Torres and Lopez (2011)
reported that as DLI during propagation in-
creased from 0.75 to 25.2 mol�m–2�d–1, stem
caliper of ‘Mayan Gold’ tecoma increased by
1.2 mm (233%). Similarly, we found that after
14 d in propagation, stem caliper of ‘Magnum
Salmon’ New Guinea impatiens increased
from 3.9 to 5.4 mm as DLI increased from
2.5 to 15.6 mol�m–2�d–1 (unpublished data). It
appears that increasing DLI during propaga-
tion either increases or has no effect on stem
caliper, depending on the species.

Another desirable characteristic of rooted
cuttings is that they appear ‘‘sturdy’’ when
shipping rooted cuttings from propagators
to finish growers and subsequent forcing after
transplant. The sturdiness quotient is the ratio
of stem caliper to stem length (Thompson,
1985), and although we have found no reports
of using the sturdiness quotient to assess young
herbaceous plants, we feel that the sturdiness
quotient accurately describes the strength of
a rooted cutting. In our study, we found that the
sturdiness quotient increased for Argyranthe-
mum, Nemesia, and Osteospermum (Fig. 2G–
H). Although stem caliper of Angelonia,
Diascia, and Verbena increased with DLI,
stem length of these species increased pro-
portionally to stem caliper with increasing
DLI. A common practice in cutting propa-
gation is to shear or trim a tray of fully rooted
cuttings to remove excess shoot growth. If
growers were to propagate cuttings under
higher DLIs and trim excess shoot growth,
rooted cuttings could have a high sturdiness
quotient as a result of a large stem caliper as
a result of high DLI and shortened stem length
from trimming.

When total dry mass, sturdiness quotient,
and root:shoot dry mass ratio are taken to-
gether, the quality index of all species in our
study increased with DLI during propagation
(Fig. 3A–C). The quality index was origi-
nally designed for assessing the quality of
Picea abies (L.) H. Karst. and Pinus strobus
L. seedlings produced for forestry purposes
based on growth and morphological charac-
teristics and indices that were positively cor-
related with post-transplant growth (Dickson
et al., 1960). To our knowledge, this is the
first herbaceous greenhouse crop study to use
the quality index as an objective, integrated,
and quantitative measurement of quality.
Although growth and morphology may not

directly reflect the physiological status of
a rooted cutting or seedling per se, it does in-
dicate the potential for subsequent growth
and development of a young plant after trans-
planting (Thompson, 1985) and has been
validated for use as an indicator of post-
transplant success (Ritchie, 1984). As a result,
the use of the quality index as a quantitative
measurement of seedling or rooted cutting
quality could assist researchers and producers
in assessing the effect of various environmen-
tal conditions and cultural practices on young
plant quality.

Conclusions

The results of our research indicate that
increasing the DLI during propagation with
supplemental lighting can increase shoot and
root growth, impact morphology, and, there-
fore, increase overall quality of rooted cuttings
of the nine herbaceous annual plants used in
this study. However, in addition to increasing
overall quality, increasing root growth may
lead to reduced production time of rooted
cuttings. Based on our results, we recom-
mend that cutting propagators provide �10
mol�m–2�d–1 during root development to in-
crease growth and quality of most annuals
used in this study. When DLIs inside a green-
house are below 10 mol�m–2�d–1, we suggest
providing supplemental light to achieve 10
mol�m–2�d–1, although the amount of supple-
mental lighting necessary will vary with green-
house structure, location, and time of year.

Our results expand the general under-
standing of how increasing the DLI during
propagation impacts growth and morphol-
ogy of rooted cuttings using supplemental
photosynthetic lighting. However, the lack of
understanding of how DLI affects the physiol-
ogy of cuttings in propagation warrants further
investigation into how DLI impacts carbohy-
drate, chlorophyll, and gas-exchange dynamics
of cuttings undergoing ontogenic changes.
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