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AssTrAcT. The effects of photoperiod and the difference between day temperature (DT) and nighttemperature (NT) (DIF)
on stem elongation inVerbena bonariensit.. (tall verbena) were investigated. Plants were exposed to nine treatment
combinations of —10, 0, or 18C DIF and 8-, 12-, or 16-hour photoperiods. Stem elongation was measured and analyzed
by a noncontact computer-vision-based system. Total daily elongation increased as DIF increased; it also increased as
photoperiod increased under positive DIF (DT > NT) and zero DIF (DT = NT), but not under negative DIF. Under positive
DIF, daily elongation was 90% greater under the 16-hour photoperiod than under the 8-hour photoperiod. DIF affected
elongation rate during the daily light span but not during the daily dark span. Total light-span elongation increased as
DIF or photoperiod increased. Total dark-span elongation was not influenced by DIF or photoperiod. Elongation rates
per hour in the light and dark were not significantly affected by photoperiod but increased in the light as DIF increased.
Therefore, for a particular DIF, total elongation during 16-hour photoperiods (long days) was greater than that under
8-hour photoperiods (short days) because there were more hours of light under long days.

A technique for temperature-based height control of greenhoasenomics (Erwin, 1992), yield Gucumis sativuk. (cucumber)
crops was developed by Erwin etal. (1987) and is based on a conimnstad and Frimandslund, 1993), placement of high night tem-
that has been called DIF, where DIF is the difference between dagatures (Kresten-Jensen, 1993), and timing of low-temperature
temperature (DT) and night temperature (NT); i.e., DIF = DT — Npulses (Erwin et al., 1989b; Grimstad, 1993) have been studied. We
Mature internode length is related quantitatively to DIF in mammave observed an interaction with photoperiod, noting that
plant species; therefore, controlling plant height is possible Bgndranthemagrandifloraplants in the same DIF treatment were
controlling DIF. The internode lengthldfium longiflorumRamat. taller under long days than under short days (unpublished data).
(Easter lily) was described as an exponential function of DIF, wh&iece DIF was introduced to greenhouse growers (Heins and
shortestinternodes occurred under negative DIF (DT < NT), and@wlson, 1990; Heins and Erwin, 1990), its use to attain desired plant
longest developed under positive (DT > NT) (Erwin et al., 1989agight has become widespread (Erwin and Heins, 1995; McCann,
Results similar to those found by Erwin et al. (1987) have bekdD1; Myster and Moe, 1995; Roberts, 1991).
reported for a wide range of plant species (Myster and Moe, 1995),Measurements of plant elongation rate are made because the
including Dendranthemacgrandiflora Kitam. (syn.Chrysanthe- elongation of a plant stem can be an important expression of
murmxmorifoliumRamat.) (chrysanthemum) (Karlsson et al., 198physiological events (Christ, 1987). Linear voltage displacement
Ludolph, 1992)Euphorbia pulcherrimaVilld. ex Klotzsch (poin- transducers (LVDTSs) generally are used to measure plant elonga-
settia) (Berghage and Heins, 1994anthium pensylvanicuin  tion (Aimi, 1969; Barlow and Boersma, 1972; Christ, 1987;
(cocklebur) (Erwin, 1991 %treptocarpus nobili€.B. Clarke (cape Gallagher et al., 1976; Penny et al., 1974; Tutty et al., 1994;
primrose) (Erwin, 1991)Campanula isophyllavioretti (Italian Watts, 1974). One disadvantage of LVDTSs is that they must be
bellflower) (Moe and Heins, 1990; Moe et al., 199Bggonia connected to the plant’s shoot tip, potentially affecting stem
xcheimanthd&vertett ex. C. Weber (Christmas begonia) (Jacobselongation because of mechanical stimulation or girdling of the
etal., 1991)BegoniaxhiemalisFotsch (winter flowering begonia) shoot as it expands in a clip or string noose.

(Moe and Mortensen, 199Z)pdiaeunA. Juss (croton) (Kresten- A noncontact system using images eliminates the aforemen-
Jensen and Andersen., 1992), &ufhnum tuberosum. (white tioned problems. Because of video and microprocessor technol-
potato) (Kozai et al., 1992). Since DIF can potentially control plamgy, personal computers have become powerful enough to pro-
height with fewer chemical growth regulators, the effects of DIF oess image data. Image-processing techniques can potentially
greenhouse energy consumption (Amsen and Nielsen, 1991), engasure and analyze objects in a nondestructive, noncontact
productiontime (Jacobsonetal., 1991; Kresten-Jensen and Andersanner and therefore are starting to be used in agriculture (Meyer
1992), interactions with light quality (Moe and Mortensen, 1992)nd Davison, 1987; Shimizu and Oshita, 1991; Trooien and
- Heermann, 1992; Wolfe et al., 1992).
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plant, was selected for this research because it has long interntgely), provided by adjusting the distance between the fluorescent

that make measurement of elongation easier. lamps and the plant canopy, which resulted in a daily intede&tied
of 10.5 mol-rk d*for each treatment. Lights were turned on at 0800
Materials and Methods HR in each experiment. A vapor-pressure deficit of 0.8 kPa was

maintained in all treatments. Each temperature—photoperiod treat-
Stem cuttings o¥erbena bonariensisere rooted in a commer- ment was replicated four times.
cial propagation medium (Oasis) (Smithers-Oasis, Kent, Ohio) andThe measurement system used an image processing technique in
then transplanted to a soilless medium in 15-cm (1.2-L) pots. Plamltich three-dimensional plant elongation could be measured re-
were grown at 20 to 2€ in a glass greenhouse f20 d under motely (Shimizu and Heins, 1995). Front and side images of a plant
natural light levels and photoperiods from September to Marekere captured simultaneously by using a mirror and a charge-
Plants were top-watered as necessary witvNyD.7 nm P, and coupled device (CCD) camera, and were stored on a magneto-
2 mv K from a 20N—4.4P-16.6K all-purpose water-soluble fertibptical disk. Images were obtained at night by irradiating plants with
izer (Peter's professional Peat-lite special; Grace-Sierra Hortiouhvelengths of 800 nm and greater. Images were captured automati-
tural Products Co., Milpitas, Calif.). Supplemental photosynthetially and saved every 12 min for 3 d, and plant stem lengths then
lighting [photosynthetic photon flu¥P@F)] was provided for 9 h were computed by the developed image-processing algorithms
each day at 50 mmol-fs* from high-pressure sodium lamps, an¢Shimizu and Heins, 1995). The length data were filtered by a Fast
the night was interrupted with a 4-h light break from incandescé&aturier Transformation (FFT) to transform time domain data to
lamps at 5 mmol-mis'as measured by a quantum sensor (LI-288equency domain data, allowing us to reduce high-frequency noise
LI-COR, Lincoln, Neb.). and smooth the data series. The size of the window function in FFT
Mean values and 95% confidence intervals for stem elongataperation was selected empirically. Elongation rate then was calcu-
rates of 10 plants randomly sampled following transplanting daéed by numerical differentiation.
illustrated in Fig. 1. The elongation rates were calculated by
numerical differentiation of a Richards function (Richards, 1959), Results
which was fitted to the stem length data obtained by measuring
internode lengths between 0900 and 1@906very morning for 30  Stem elongation rate (SER) during a daily light—dark cycle was
d. Since stem elongation Yerbena bonariensiapproximated a influenced by photoperiod and DIF as shown in Fig. 2. For plants in
sigmoid pattern and the growth rate was not constant (Fig. 1)ha positive DIF treatments, elongation rate was always slowest
group of plants at the same growth stage were selected for furtheing the dark span and fastest during the light span. For plants in
experimentation. the negative DIF treatment, there was little difference in the elonga-
The stage at which the first flower opens is easily recognizatiten rate between the light and dark spans. The patterns of elongation
by its external appearance. Several uniform pteditsfrom flower were similar among replications within a treatment.
were selected and placed for 2 or 3 d in a growth chamber set to on&/hen integrated over a 24-h cycle, DIF and photoperiod inter-
of the experimental conditions described below. One plant jpeted to affect daily stem elongation as shown in Fig. 3. Photoperiod
treatment then was selected and placed in the proper positionhiadlittle or no influence on daily elongation of plants grown under
measurement system for image acquisition (Shimizu and Heins,
1995). Since plants respond quickly to DIF, (Heins and Erwirg. 1. Mean stem elongation rateVierbena bonariensiander zero DIF air

_ ; ; ; peratures (2@ DT/20°C NT). Supplemental photosynthetic lighting from
1990) a 3-d period was considered adequate for data CO”eCtI. Fi]r'nh—pressure sodium lights was provided for 9 h each day|andbnr?s?,

During the experiments, plants were placed on a tray containingg the night was interrupted with a 4-h light break from incandescent lamps at
water to ensure that they did not experience water stress. 5 umol-m?-st. Vertical bars indicate 95% confidence intervals of the means.

TREATMENTS . Stem elongation was quan-
tified for plants exposed to nine combinations 20
of photoperiod and DIF. Photoperiods con- ;
sisted of 8, 12 or 16 h of light. Day and night __
air-temperature settings within each photope-

riod treatment were selected to provide 10, 65 %’”{\I\H
or—10°C DIF using 15, 20, and 26. Actual £ 15 + A JENs
temperature of the shoot tip varied from airS . /[ +

settings because of thermal heating from they AT
lamps. Measured bud temperatures (0.127§ _
mm thermocouple) were 28°€ (DT) and 1.0 T
16.4°C (NT) for the 10 DIF treatment (actual © - T T 1
DIF of 12°C), 24.6°C (DT) and 20.7C (NT)
for the O DIF treatment (actual DIF of 30®),
and 18.9C (DT) and 24.9C (NT) for the =10
DIF treatment (actual DIF of —61C). For
simplicity, DIF treatments will be referred to £
as positive, zero, and negative throughout thi
paper, even though the zero DIF was actually)
positive. 0.0
PPF at canopy level was364, 243, and . - -
182 pmol-m2s? in the three photoperiod -20 -15 10 S 0 5 10

treatments (8, 12 or 16 h of light, respec- Days after flowering

n
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Photoperiod = 8 h 12 h 16 h actual differences in elongation rate during each
3 span. Therefore, elongation was partitioned fur-
IEEEEESSS—  ammmmmw mmmsw | ther based on elongation per hour within the light
A and dark spans (Etind EH, respectively) (Fig.
4E and F). According to this analysis, elongation
was influenced significantly by DIF, not photope-
riod.

Discussion

Typical stem elongation rate patternsvier-
bena bonariensisinder positive, zero, and nega-
tive DIF are shown in Fig. 2. SER under a 12-h
B photoperiod was similar during the dark under all
DIF conditions but varied greatly during the light.
It more than doubled after plants were transferred
to light under positive DIF but decreasedD%

me under negative DIF. The observed increase in SER
T I I I

during the daily dark to light transition under
positive DIF is similar to that observed by Tutty et
al. (1994) and Erwin etal. (1992hendranthema
xgrandiflora. However, Tutty et al. (1994) ob-
served a faster SER only on positive-DIF-grown
Dendranthemagrandiflorafor 3 to 4 h before the
C SER decreased to a rate below that during the
previous dark period. In contrast, SER/efbena
bonariensisplants grown in positive DIF was
higher during the entire light span than at any time
in the dark. Erwin et al. (1992) and Tutty et al.
(1994) observed a large peak in SER immediately
after the light—dark transition for negative-DIF-
grown plants; however, we observed only a small
increase in SER during this same period.
T | — Erwin and Heins (_1995) observed that the rate
0 4 8121620 0 4 8 121620 0 4 8 12 16 20 24 ofplantstem elongatlon decreased during the I.|ght
and increased during the dark under both positive
Hour and negative DIF iDendranthemagrandiflora.

Stem elongation rate (mm-h™")

0

Fig. 2. Stem elongation rates\éérbena bonariensigrown underA) positive
DIF, (B) zero DIF, and@) negative DIF. Air temperature DIF values were 10Fig. 3. Influence of photoperiod and DIF on total daily stem elongatiderbena
0, and —10C while measured bud temperature DIF values were 12, 3.9, and bonariensiplants just after the first florets opened. Vertical bars indicate 95%
6 °C, respectively. The dark bar over each graph column represents the perioanhfidence intervals of the means of 12 observations.
of darkness during the 24-h cycle. Each line within a graph represents
a one-plant replication.

35
negative DIF, but it had a great influence on those grown : EL‘EiZiZZ:EZ fzhh

under positive DIF: daily elongation was 90% greateL_ 3 | -A- Photoperod: foh
under the 16-h photoperiod than under the 8-h photopg-
riod.

Daily elongation was separated into light and dark 25
components. Elongation during the light spap) (B- ©
creased as the light-span duration increased and decreé‘s’edzo
during the dark span {Eas the dark-span duration de—g’
creased (Fig. 4A and B), ihcreased less under negativeC
DIF as photoperiod increased than under zero or positi®e 15
DIF. DIF did not affect & =

Daily elongation was separated further into elongatiog 10
percentage during the light and dark spans éPd PE,
respectively). The REncreased linearly as photoperiod
and DIF increased, while BHecreased linearly as photo- 5 :
period and DIF increased (Fig. 4C and D).

Photoperiod responses shown in Fig. 3 might be attrib- 84 6 -4-20 2 4 6 8101214

utable to the length of the light and dark spans rather than Difference between day and night temperature (°C)

|
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|_|g ht Dark The effect of DIF or temperature on elongation during the
day or night period has been investigated using transducers
30 connected to plant shoots. According to Christ (1987), the
: Seaae OIF total elongation rate of stems and leavagiticum aestivum
A Positive DIF L. ‘Probus’ (‘Probus’ wheat), which was measured as the
20 upward fastened position of the leaf tip using an LVDT, was
=60% to 70% lower during the night than during the day. His
experiment was conducted in a growth chamber &C20
10 4 — during the day and night with a 14-h photoperiod each day.
= Underfield conditions, leaf extension rat& gficum aestivum
during the night was also less than that during the day
' ' ' (Gallagher et al., 1976). However, since the leaf-extension
measurementwas conducted in the field, there is no doubt that
100 C 100 pl temperature during the day was higher than it was during the
night and that DIF was positive. Likewise, positive DIF is
possible on plants even when air temperatures are constant
due to radiant heating of plant tissue under sunny conditions.
Neily et al. (1997) reported the SERZdnaviolaceaCav.
(‘Pompon’ zinnia) in visible bud and preanthesis stages was
faster during the day than during the night under O DIF
& conditions, and found the magnitude of SER during the day
depended on the developmental stage of plants. However,
8 12 16 8 12 16 Erwin et al. (1992), using an angular-displacement trans-
ducer, found that elongation during the dark span was faster
E F| thanthatduringthe light spariendranthemagrandiflora
A similar result was reported fdendranthemagrandiflora
where elongation during the night was faster than that during
the day in a constant 18@Gtemperature regimen (Tutty etal.,
T 1994). Bertram and Karlsen (1994) also noted that the SER of
- Dendranthemaxgrandiflora and Lycopersicoresculentum
——F - Mill. (ftomato) plants was greater during the night than during
the day under a constant 20 In the present study, Bf
| : 0 i , | Verbena bonariensiat zero or positive DIF was more pro-
12 16 8 12 16 nounced than Funder 12- and 16-h photoperiods; however,
Photoperiod (h) Photoperiod (h) there was not as much &s E in an 8-h photoperiod. These
results combined suggest that the magnitude of elongation
during the day compared with that during the night is species-
Fig. 4. Influence of photoperiod and DIF on daily stem elongation durinéjhe (dependent.
Iig;\t”arr]\tdaﬁzjcgrz gﬁ(riogri%fd tgfetg?g ;ergﬁgﬁ%ﬁ Ozju?;ri]ly ee:?]r;%é;tijounnﬂg;g Ehe Results herein indicate that DIF significantly affecteddad
I(ight Egmd £) dark pe?iod of the day.yVerticaI bgrs ind?cate 95% confidencreesr.)orlse to .DII_:.lncreased as PhOtOperIOd increased. DIF had no
intervals of the means. Statistically significant effect ong=the absolute values of Enm)
under all DIF treatments were similar (Fig. 4B), &ecreased
In contrast, we observed a sharp increase in SER in positive-Billightly as photoperiod increased from 8 to 16 h, W&s a direct
grown plants immediately after the transition from night to dagpnsequence of changes in BEe to DIF and photoperiod (Fig. 4C
followed by a slight rise until the maximum value occurred. Aftand D).
the peak, SER decreased gradually until the night period started. O8ome but not all differences in daily elongation (Fig. 3) attributed
the other hand, SER under negative DIF decreased slowly aftetdHelF and photoperiod may have been influenced by differences in
night—day transition until a low point was reached, and increase@rage daily temperature. For example, temperature may have
gradually thereafter. The SER'’s shape at zero DIF was similar to thmattributed to the greater daily elongation measured under positive
at positive DIF, probably because the actual temperature yield&l compared to negative DIF in the 16-h photoperiod because
slightly positive DIF. However, the magnitude of response wasgerage daily temperature was 5greater under positive DIF.
lower. The SER during the dark showed a similar pattern and valdeyever, average temperature cannot explain differences in elon-
and there were small oscillations in SER in all DIF treatments. gation in the 12-h and 8-h photoperiods. In the 12-h photoperiod,
Positive DIF enhances internode elongation more than zer@egrage temperature was only @5greater under positive DIF,
negative DIF in many species, and this effect results in greater stémie average temperature under positive DIF was actualiC2.5
elongation. A guantitative response to DIF was showtilitim  lower than under negative DIF in the 8-h photoperiod. Therefore,
longiflorum (Erwin et al., 1989aj;ampanula isophyll@oe and changes in daily elongation caused by DIF and observed in Fig. 3
Heins, 1990) andétuphorbia pulcherrimgBerghage and Heins, were not due to differences in average daily temperature.
1991). Internodes were shorter as DIF decreased from a positive thleily et al. (1997) stated that, fdmnia violacea DIF influ-
a negative number. The experiments in this study demonstrarded mainly the SER pattern during the light span. Our results show
similar phenomena. Plant stem elongation increased markedly whtit more Ewas caused by more-positive DIF or a longer photope-
increasing DIF, irrespective of photoperiod duration (Fig. 2). riod, and less Eoccurred with a more-negative DIF or a shorter

30
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photoperiod. The REand PE obviously depended on DIF and the and development of greenhouse cucumber and tomato plants during
length of the photoperiod. Positive DIF and long photoperiodgropagation. Scientia Hort. 53:53-62. _

caused a high REand low PE, and negative DIF and shortGrimstad, S.0. and E. Frimandslund. 1993. Effect of different day and
photoperiods caused a low P&nd a high PE However, since night temperature regimes on greenhouse cugum_beryoung.plant produc-
actual changes in,EBvere very small, daily plant elongation wa?_f"?n’ flower bgo\l/\f/olzmatloln andlea”y y"zld' Scie dntla Ho(;t. 53|'1.91‘204'h.
determined mainly by EBecause we provided the same dainIighte'nS’ R.D.and W.H. Carlson. 1990. Understanding and applying graphi-

. . ; . - cal tracking. Greenhouse Grower 8(5):73-80.
integral in all treatment§PF during the light span is confounded s, R D. and J. Erwin. 1990. Understanding and applying DIF: Here's

with photoperiod. Itis not possible from this experiment to separaigyw to use this powerful production tool. Greenhouse Grower 8(2):73—
the effects oPPF and photoperiod. 78.

Elongation per hour during the light and that during the dark weegobson, L.H., M.G. Amsen, and O.F. Nielsen. 1991. Negative DIF: Mean
not significantly affected (Fig. 4E and F) by photoperiod duration;oom temperature control and its effect on short-day plants. Danish J.
while elongation per hour in the light increased with more-positivélant Soil Sci. 95:441-447. _

DIF treatment. The EHundoubtedly was affected by DIF, but théarlsson,M.G., R.D. Heins, J.E. Erwin, R.D. Berghage, W.H. Carlson, and
differences in EHwere not statistically significant (Fig. 4F). The ;iﬁﬁeilgerr:;%?;srgh tlrfrgij;‘Z?]’(E’()etrggﬁo%rr‘geﬁ:‘g:}%sﬁg‘vtvheerti'ﬁitgt‘%mnf('juexr
response to DIF is quantitative (Erwin et al., 1987; Heins and Erwi oy . .

1990; Moe and Heins, 1990). The quantitative relationship betw short-day conditions. J. Amer. Soc. Hort. Sci. 114:158-163.

. %Qai, T., S. Kushihashi, C. Kubota, and K. Fujiwara. 1992. Effect of
elongation and DIF was shown clearly as BRd EH. Each DIF jiterence between photoperiod and dark period temperatures, and

had inherent EHand EH, so E increased anddecreased as  photosynthetic photon flux density on the shoot length and growth of
photoperiod extended. potato plantlets in vitro. J. Jpn. Soc. Sci. 61:93-98.

We conclude that DIF primarily affects stem lengtefbena Kresten-Jensen, H.E. 1993. Influence of duration and placement of a high
bonariensisby affecting the rate of elongation during the lightnight temperature on morphogenesisDEndranthema grandiflora
period of the day, not the dark period. Final stem length will increaskzvelev. Scientia Hort. 54:327-335. _
as photoperiod increases because the faster elongation rate okéggtgn-Jensen, H.E. and H. Andersen. 1992. Effects of high temperatures
for a longer time each day. Longest plant stems occur under Iﬁﬁgd DIF on potted foliage plants. Acta Hort. 305:27-36. .
photoperiods and positive DIF, while shortest stems occur un o olph, D. 1992. Height control of ornamental plants without chemical

hort phot iod d tive DIF growth retardants. Ohio Florist's Bul. 748:1-4.
short photoperiods and negative ) McCann, K.R. 1991. Clicking with DIF. Greenhouse Grower 9(6):14-16.
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