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Abstract. Sweet pepper (Capsicum annuum 'Resistant Giant no. 4') seedlings were grown for 6 weeks in 128-cell plug trays 
under 16 day/night temperature (DT/NT) regimes from 14 to 26 °C. Seedling stem length, internode length, stem diameter, 
leaf area, internode and leaf count, plant volume, shoot dry weight (DW), seedling index, and leaf unfolding rate (LUR) 
were primarily functions of average daily temperature (ADT); i.e., DT and NT had similar effects on each growth or 
development parameter. Compared to ADT, the difference (DIF, where DIF = DT —NT) between DT and NT had a smaller 
but still statistically significant effect on stem and internode length, leaf area, plant volume, stem diameter, and seedling 
index. DIF had no effect on internode and leaf count, shoot DW, and LUR. The root : shoot ratio and leaf reflectance were 
affected by DT and DIF. Positive DIF (DT higher than NT) caused darker-green leaf color than negative DIF. The node 
at which the first flower initiated was related to NT. The number of nodes to the first flower on pepper plugs grown at 26 
°C NT was 1.2 fewer than those of plants grown at 14 °C NT. 

Abstract. Sweet pepper (Capsicum annuum ‘Resistant Giant no. 4’) seedlings were grown for 6 weeks in 128-cell plug trays
under 16 day/night temperature (DT/NT) regimes from 14 to 26 °C. Seedling stem length, internode length, stem diameter,
leaf area, internode and leaf count, plant volume, shoot dry weight (DW), seedling index, and leaf unfolding rate (LUR
were primarily functions of average daily temperature (ADT); i.e., DT and NT had similar effects on each growth or
development parameter. Compared to ADT, the difference (DIF, where DIF = DT – NT) between DT and NT had a smalle
but still statistically significant effect on stem and internode length, leaf area, plant volume, stem diameter, and seedlin
index. DIF had no effect on internode and leaf count, shoot DW, and LUR. The root : shoot ratio and leaf reflectance wer
affected by DT and DIF. Positive DIF (DT higher than NT) caused darker-green leaf color than negative DIF. The node
at which the first flower initiated was related to NT. The number of nodes to the first flower on pepper plugs grown at 26
°C NT was 1.2 fewer than those of plants grown at 14 °C NT.
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Day temperature (DT), night temperature (NT), average daily 
temperature (ADT), and differences between day and night tem-
perature (DIF) control plant morphology and physiology. Went 
(1944, 1952, 1957) showed stem elongation was affected by DT 
and NT; plant height increased as DT increased and NT decreased. 
Pinthus and Meiri (1979) showed that reversing DT/NT from 18/ 
10 °C to 10/18 °C reduced leaf and stem elongation and promoted 
tillering in wheat (Triticum aestivum L.). Internode length of 
Lilium longiflorum Thunb. is highly correlated with DIF; intern-
ode length increased 482% as DIF increased from —16 to 16 °C 
(Erwin et al., 1989). Lycopersicon esculentum L. plants grown 
under negative DIF (NT>DT) typically are shorter than those 
grown under positive DIF (DT>NT) (Berghage et al., 1991; Erwin 
et al., 1992). Agrawal et al. (1993) reported that negative DIF 
reduced plant height, node count, fresh weight, dry weight (DW), 
and leaf area in Cucumis sativus L. Managing DT/NT fluctuations 
during a 24-h period is one method to control stem elongation 
(Erwin, 1991; Erwin et al., 1989, 1992; Heins and Erwin, 1990), 
since stem length increases as DIF increases (Heins and Erwin, 
1990; Tageras, 1979). 

Air and soil temperature have a marked effect on pepper 
(Capsicum annuum) plant development and flowering; as tem-
perature decreases, development rate decreases (Deli and Tiessen, 
1969; Rylski, 1972). Rylski (1972) showed that high soil and night 
temperatures reduced the number of leaves that developed from 
the cotyledon stage until flowering. 

Many peppers are produced as plugs for transplanting into 
fields to produce fruit. Controlling height during the plug stage is 
essential to avoid excessively tall plants at transplant, and inducing 
flowers before transplant may hasten early production. The objec-
tives of this research were to determine the response of pepper 
seedlings to DT, NT, and DIF and to determine how this informa-
tion might be used to produce mature, compact pepper seedlings. 
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perature (DIF) control plant morphology and physiology. W
(1944, 1952, 1957) showed stem elongation was affected b
and NT; plant height increased as DT increased and NT decre
Pinthus and Meiri (1979) showed that reversing DT/NT from
10 °C to 10/18 °C reduced leaf and stem elongation and prom
tillering in wheat (Triticum aestivum L.). Internode length o
Lilium longiflorum Thunb. is highly correlated with DIF; inter
ode length increased 482% as DIF increased from –16 to 1°C
(Erwin et al., 1989). Lycopersicon esculentum L. plants grown
under negative DIF (NT>DT) typically are shorter than th
grown under positive DIF (DT>NT) (Berghage et al., 1991; Erwin
et al., 1992). Agrawal et al. (1993) reported that negative D
reduced plant height, node count, fresh weight, dry weight (D
and leaf area in Cucumis sativus L. Managing DT/NT fluctuations
during a 24-h period is one method to control stem elong
(Erwin, 1991; Erwin et al., 1989, 1992; Heins and Erwin, 19
since stem length increases as DIF increases (Heins and E
1990; Tageras, 1979).

Air and soil temperature have a marked effect on pe
(Capsicum annuum) plant development and flowering; as te
perature decreases, development rate decreases (Deli and T
1969; Rylski, 1972). Rylski (1972) showed that high soil and n
temperatures reduced the number of leaves that developed
the cotyledon stage until flowering.

Many peppers are produced as plugs for transplanting
fields to produce fruit. Controlling height during the plug stag
essential to avoid excessively tall plants at transplant, and ind
flowers before transplant may hasten early production. The o
tives of this research were to determine the response of p
seedlings to DT, NT, and DIF and to determine how this infor
tion might be used to produce mature, compact pepper seed
r publication 22 May 1995. Accepted for publication 9 Feb. 1996. We 
cknowledge the support of the Michigan Agricultural Experiment 

e cost of publishing this paper was defrayed in part by the payment of 
s. Under postal regulations, this paper therefore must be hereby marked 
ent solely to indicate this fact. 
ofessor. Current address: Beijing Vegetable Research Centre, South 
 Road, West Suburb, P.O. Box 2443, Beijing, China 100081. 

Soc. HORT. Sci. 121(4):699-704. 1996. 	OC. HORT. SCI. 121(4):699–704. 1996.

for publication 22 May 1995. Accepted for publication 9 Feb. 1996.
acknowledge the support of the Michigan Agricultural Experim
e cost of publishing this paper was defrayed in part by the payme
es. Under postal regulations, this paper therefore must be hereby m
ent solely to indicate this fact.

rofessor. Current address: Beijing Vegetable Research Centre, S
 Road, West Suburb, P.O. Box 2443, Beijing, China 100081.
.

s

t by

pera-
ing a

ere
Materials and Methods 

Two pepper (`Resistant Giant no. 4') seeds were sown per cell 
in 128-cell plug trays (29 x 29 x 50 mm/cell) containing Metro Mix 
510 growing medium (Grace/Sierra, Fogelsville, Pa.) and were 
covered with about 2 mm of fine vermiculite. The trays were 
placed for 17 days in a greenhouse maintained at 21 °C under 
natural sunlight for germination and early seedling growth. When 
the first true leaf started to expand, a 100% stand was established 
by thinning plants to one uniform seedling per cell. Plant flats then 
were placed randomly on tables in one of four (15.1-m3) walk-in 
growth chambers (model UWP 3009-2; Hotpack, Philadelphia, 
Pa.) maintained at 14, 18, 22, and 26 °C. Plant trays were moved 
among chambers at 0800 and 1900 Hit each day to provide 16 DT/ 
NT combinations. Moving plants required about 20 min. Irradi-
ance was maintained at 250 ilmol•m-2.s-1  supplied 11 h/day (9.9 
mol•m-2.d-1) by cool-white fluorescent lamps (Philips VHO F96T12/ 
CW/VHO, Bloomfield, Pa.) and incandescent bulbs (Sylvania 60-
W) with an input wattage of 77% and 23%, respectively. Lamps 
were raised as required to maintain the photosynthetic photon flux 
(PPF) at the canopy top. 

Plants were subirrigated as required with a 14.3 mm N, 2.8 mm 
P, and 4.3 mm K solution of 20N-8.6P-16.6K fertilizer at 2- or 3-
day intervals until they were 4 weeks old. After that time, plants 
were subirrigated at 1- or 2-day intervals until they were 6 weeks 
old, when the experiment was terminated. 

Leafnumber was recorded at 3- to 4-day intervals. Shoot and root 
DW, plant width (measured in two directions), leaf area, stem height, 
internode number, length ofthe internode below the first true leaf, and 
stem diameter were recorded after the sixth week of temperature 
treatment. Shoots and roots were weighed after drying for 3 days at 
80 °C in a forced-air oven. Leaf area was measured by an area meter 
(Delta-T Devices). Plant volume was calculated using the formula 
3.14 x (width 1 x width 2)/2 x height, and a seedling index was 
calculated using the following formula (Song et al., 1989): 

Seedling index = dry weight x stem diameter/internode length 
where internode length was calculated by dividing stem height by 
the number of internodes. 

Leaf reflectance was measured 16, 30, and 45 days after tempera-
ture treatments started for Expt 1 and at 45 days in Expt. 2 using a 
spectrophotometer (model 986; X-Rite, Inc., Grandville, Mich.) 

After 45 days of treatment, six plants from each treatment were 
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Materials and Methods

Two pepper (‘Resistant Giant no. 4’) seeds were sown per
in 128-cell plug trays (29 × 29 × 50 mm/cell) containing Metro Mix
510 growing medium (Grace/Sierra, Fogelsville, Pa.) and w
covered with about 2 mm of fine vermiculite. The trays w
placed for 17 days in a greenhouse maintained at 21 °C under
natural sunlight for germination and early seedling growth. W
the first true leaf started to expand, a 100% stand was estab
by thinning plants to one uniform seedling per cell. Plant flats t
were placed randomly on tables in one of four (15.1-m3) walk-in
growth chambers (model UWP 3009-2; Hotpack, Philadelp
Pa.) maintained at 14, 18, 22, and 26 °C. Plant trays were move
among chambers at 0800 and 1900 HR each day to provide 16 DT
NT combinations. Moving plants required about 20 min. Irra
ance was maintained at 250 µmol·m–2·s–1 supplied 11 h/day (9.9
mol·m–2·d–1) by cool-white fluorescent lamps (Philips VHO F96T1
CW/VHO, Bloomfield, Pa.) and incandescent bulbs (Sylvania
W) with an input wattage of 77% and 23%, respectively. Lam
were raised as required to maintain the photosynthetic photon
(PPF) at the canopy top.

Plants were subirrigated as required with a 14.3 mM N, 2.8 mM

P, and 4.3 mM K solution of 20N–8.6P–16.6K fertilizer at 2- or 3
day intervals until they were 4 weeks old. After that time, pla
were subirrigated at 1- or 2-day intervals until they were 6 we
old, when the experiment was terminated.

Leaf number was recorded at 3- to 4-day intervals. Shoot and
DW, plant width (measured in two directions), leaf area, stem he
internode number, length of the internode below the first true leaf
stem diameter were recorded after the sixth week of temper
treatment. Shoots and roots were weighed after drying for 3 da
80 °C in a forced-air oven. Leaf area was measured by an area 
(Delta-T Devices). Plant volume was calculated using the form
3.14 × (width 1 × width 2)/2 × height, and a seedling index wa
calculated using the following formula (Song et al., 1989):
Seedling index = dry weight × stem diameter/internode length

where internode length was calculated by dividing stem heigh
the number of internodes.

Leaf reflectance was measured 16, 30, and 45 days after tem
ture treatments started for Expt. 1 and at 45 days in Expt. 2 us
spectrophotometer (model 986; X-Rite, Inc., Grandville, Mich.)

After 45 days of treatment, six plants from each treatment w
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Table 1. Growth and development responses of Capsicum annuum 'Resistant Giant no. 4' to day temperature (DT) and night temperature (NT). 

DT 	NT 
(°C) 	(°C) 

ADTZ 
(°C) 

DIP 
(° C) 

Stem 
length 
(cm) 

Internode 
length 
(cm) 

Shoot 

dry wt 
(g) 

Root 
dry wt 

(g) 

Root : 
shoot 
ratio 

Seedling 
index 

Plant 
vol 

(cm3) 

Plant 
canopy 

area 
( 2)  

Stem 
diam 
(mm) 

Leaf 
area 

( 2)  

No. 
of 

leaves 

Node 
of 

first 
flower 

14 	14 14.0 0.00 4.8 1.15 169 36 0.21 0.6 208 43 2.56 19 5.2 12.2 
14 	18 16.2 -4 5.7 2.05 225 49 0.22 1.1 324 65 2.90 33 7.4 12.5 
14 	22 18.3 -8 8.9 2.88 327 58 0.18 1.2 843 93 3.24 59 8.0 11.8 
14 	26 20.5 -12 9.7 2.13 395 86 0.22 1.8 1451 131 3.55 84 10.2 11.3 
18 	14 15.8 4 7.7 3.15 269 40 0.15 1.1 544 62 3.28 43 7.8 12.2 
18 	18 18.0 0 8.5 3.32 277 51 0.18 1.3 780 76 3.91 56 8.4 11.7 
18 	22 20.2 -4 10.4 3.97 324 55 0.17 1.3 989 104 3.93 59 8.6 11.7 
18 	26 22.3 -8 12.8 3.05 429 70 0.16 1.8 1916 181 4.20 102 10.6 11.0 
22 	14 17.7 8 10.4 3.67 317 53 0.17 1.2 907 113 3.96 63 8.4 13.0 
22 	18 19.8 4 13.0 3.68 440 64 0.15 1.6 1783 140 4.20 97 9.6 11.0 
22 	22 22.0 0 14.5 4.37 435 65 0.15 1.3 2146 166 3.91 96 9.8 11.7 
22 	26 24.2 -4 11.4 3.43 372 67 0.18 1.7 1823 139 4.30 104 10.0 10.8 
26 	14 19.5 12 11.4 3.30 342 51 0.15 1.2 1210 130 3.90 77 8.6 11.8 
26 	18 21.7 8 14.2 4.10 415 56 0.13 1.2 2240 148 3.81 97 9.4 11.3 
26 	22 23.8 4 14.8 4.52 465 63 0.14 1.3 2471 194 3.91 108 9.4 11.2 
26 	26 26.0 0 14.8 3.90 458 66 0.14 1.6 2146 165 4.18 114 10.4 11.2 
Significance 

DT *** *** *** NS *** * *** *** *** ** *** NS 

Linear *** *** *** NS *** NS *** *** *** ** *** NS 

Quadratic * *** NS NS NS * NS NS *** NS ** NS 

NT *** *** *** *** NS *** *** *** *** *** *** *** 

Linear *** *** *** *** NS *** *** *** *** *** *** *** 

Quadratic ** *** * NS NS NS NS NS NS NS NS NS 

DT x NT *** NS *** * NS NS *** *** ** *** ** NS 

DIF NS * NS *** *** * NS NS NS NS NS NS 

Linear NS ** NS *** ** * NS NS NS NS NS NS 

Quadratic NS NS NS ** * NS NS NS NS NS NS NS 

zADT = average daily temperature. 
YDIF = DT - NT. 
Ns,=,==,==`Nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively. 
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Table 1. Growth and development responses of Capsicum annuum ‘Resistant Giant no. 4’ to day temperature (DT) and night temperature (NT).

Plant Node
Stem Internode Shoot Root Root : Plant canopy Stem Leaf No. of

DT NT ADTz DIFy length length dry wt dry wt shoot Seedling vol area diam area of first
(°C) (°C) (°C) (°C) (cm) (cm) (g) (g) ratio index (cm3) (cm2) (mm) (cm2) leaves flower

14 14 14.0 0.00 4.8 1.15 169 36 0.21 0.6 208 43 2.56 19 5.2 12.2
14 18 16.2 –4 5.7 2.05 225 49 0.22 1.1 324 65 2.90 33 7.4 12.5
14 22 18.3 –8 8.9 2.88 327 58 0.18 1.2 843 93 3.24 59 8.0 11.8

14 26 20.5 –12 9.7 2.13 395 86 0.22 1.8 1451 131 3.55 84 10.2 11.3
18 14 15.8 4 7.7 3.15 269 40 0.15 1.1 544 62 3.28 43 7.8 12.2
18 18 18.0 0 8.5 3.32 277 51 0.18 1.3 780 76 3.91 56 8.4 11.7
18 22 20.2 –4 10.4 3.97 324 55 0.17 1.3 989 104 3.93 59 8.6 11.7
18 26 22.3 –8 12.8 3.05 429 70 0.16 1.8 1916 181 4.20 102 10.6 11.0
22 14 17.7 8 10.4 3.67 317 53 0.17 1.2 907 113 3.96 63 8.4 13.0
22 18 19.8 4 13.0 3.68 440 64 0.15 1.6 1783 140 4.20 97 9.6 11.0
22 22 22.0 0 14.5 4.37 435 65 0.15 1.3 2146 166 3.91 96 9.8 11.7
22 26 24.2 –4 11.4 3.43 372 67 0.18 1.7 1823 139 4.30 104 10.0 10.8
26 14 19.5 12 11.4 3.30 342 51 0.15 1.2 1210 130 3.90 77 8.6 11.8
26 18 21.7 8 14.2 4.10 415 56 0.13 1.2 2240 148 3.81 97 9.4 11.3
26 22 23.8 4 14.8 4.52 465 63 0.14 1.3 2471 194 3.91 108 9.4 11.2
26 26 26.0 0 14.8 3.90 458 66 0.14 1.6 2146 165 4.18 114 10.4 11.2
Significance

DT *** *** *** NS *** * *** *** *** ** *** NS

Linear *** *** *** NS *** NS *** *** *** ** *** NS

Quadratic * *** NS NS NS * NS NS *** NS ** NS

NT *** *** *** *** NS *** *** *** *** *** *** ***
Linear *** *** *** *** NS *** *** *** *** *** *** ***
Quadratic ** *** * NS NS NS NS NS NS NS NS NS

DT × NT *** NS *** * NS NS *** *** ** *** ** NS

DIF NS * NS *** *** * NS NS NS NS NS NS

Linear NS ** NS *** ** * NS NS NS NS NS NS

Quadratic NS NS NS ** * NS NS NS NS NS NS NS

ZADT =  average daily temperature.
yDIF = DT – NT.
NS,*,**,*** Nonsignificant or significant at P < 0.05, 0.01, or 0.001, respectively.
transplanted to 15-cm pots containing Metro Mix 510, and the pots 
were placed in a 21 °C greenhouse. The node of flower set was 
recorded. 

SAS's two-way analysis ofvariance (Proc GLM, SAS Institute, 
1993) was completed forplant growth indices to determine signifi-
cance of linear and quadratic DT and NT responses. Data were 
reanalyzed using one-way analysis of variance to determine linear 
and quadratic DIF responses. Predictive relationships between 
plant indices, ADT, and DIF were determined with SAS's Proc 
REG (SAS Institute, 1993). 

Results 

Stem length, leaf count, leaf area, plant volume, stem diameter, 
and shoot DW after 6 weeks of treatment increased as either DT or 
NT increased (Table 1); thus, each variable was a function of ADT 
(Figs. 1 and 2). The increase in stem length, leaf count, leaf area, 
plant volume, stem diameter, and shoot DW was 210%, 100%, 
500%, 930%, 60%, and 170%, respectively, as ADT increased 
from 14 to 26 °C. Stem length, leaf area, plant volume, and stem 
diameter were not statistically related to DIF when ADT was 
ignored (Table 1); however, each was highly correlated with DIF 
when regressed against DIF and ADT (Figs. 1 and 2). When ADT 
was similar, plants grown under negative DIF were shorter than 
those grown under positive DIF. The relationship of stem diameter 
and DIF was not distributed normally, since there was no relation- 
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700  700
ship with DIF for most treatment means; however, a negative 
linear relationship existed between DIF and the 14 °C DT treat-
ments (Fig. 3B). DIF had no effect on leaf count or shoot DW. 

Internode length increased as ADT and DIF increased (Table 1, 
Figs. 2A and 3A). However, internode lengths were consistently 
shorter for a particular ADT on plants grown with 26 °C NT (Fig. 
2A). When plotted against DIF, internode lengths of plants from 
the 14/14 and 14/18 DT/NT treatments were atypically short 
compared to those of other treatments (Fig. 3A). 

Root DW increased as NT increased and as DIF decreased; 
there was no significant response to DT (Table 1). The root : shoot 
ratio decreased as DT and DIF increased (Table 1, Fig. 3C), and the 
proportion of DW partitioned to the roots decreased from about 
22% to 13%. 

A large seedling index indicates a compact, high-DW seedling. 
Seedling index increased as either DT or NT increased (Table 1); 
thus, it was a function of ADT (Fig. 2D). The index increased from 
0.6 to 1.6 as ADT increased from 14 to 26 °C. Since internode 
length was correlated negatively with DIF, seedling index de-
creased as DIF increased (Fig. 3D). 

Leaf unfolding rate (LUR) was a function of ADT (Fig. 4). LUR 
doubled from about 0.1 to 0.2 leaves/day as ADT increased from 14 
to 26 °C. The calculated base temperature and degree-days per leaf 
were 4.6 °C and 87, respectively, when a linear function was fit to data 
collected at an ADT below 21 °C. DIF had no effect on LUR. 

Leaf reflectance was an indicator of leaf color. Reflectance was 
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higher for plants grown under negative than positive DIF (Fig. 5). 
Differences in reflectance were very small below 500 nm and highest 
at 550 nm. Reflectance at 550 nm increased from 10% to 15% when 
DIF decreased from 12 to -12, a 50% increase (Figs. 5 and 6A). Most 
of the change in reflectance was a response to DT (Fig. 6B). 

The node at which the first flower formed decreased about one 
node as NT increased from 14 to 26 °C (Table 1). DT and DIF had 
no effect on the node at which the first flower initiated.  

Discussion 

The objectives of this research were to determine the response 
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Fig. 1. Relationship between average daily temperature (ADT) and Capsicum 
annuum 'Resistant Giant no. 4' pepper. (A) Stem length. The solid line represents 
the regression function in which stem length = -28.44 + 3.12 x ADT + 0.16 x DIF 
-0.056 x ADT2  (R2=0.80). In the regression line, DIF was set to 0. (B) Leaf count. 
The solid line represents the regression function in which leaf count = -13.33 + 
1.89 x ADT - 0.038 x ADT2  (R2  = 0.64). (C) Leaf area. The solid line represents 
the regression function in which leaf area = -92.44 + 8.41 x ADT + 0.53 x DIF 
(R2  = 0.82). DIF was set to 0 for the regression line. (D) Plant volume. The solid 
line represents the regression function in which plant volume = -3117 + 228.22 
x ADT + 28.51 x DIF (R2  = 0.69). DIF was set to 0 for the regression line. 
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Fig. 1. Relationship between average daily temperature (ADT) and Capsicum
annuum ‘Resistant Giant no. 4’ pepper. (A) Stem length. The solid line represent
the regression function in which stem length = –28.44 + 3.12 × ADT + 0.16 × DIF
– 0.056 × ADT2 (R2 = 0.80). In the regression line, DIF was set to 0. (B) Leaf count.
The solid line represents the regression function in which leaf count = –13.
1.89 × ADT – 0.038 × ADT2 (R2 = 0.64). (C) Leaf area. The solid line represent
the regression function in which leaf area = –92.44 + 8.41 × ADT + 0.53 × DIF
(R2 = 0.82). DIF was set to 0 for the regression line. (D) Plant volume. The solid
line represents the regression function in which plant volume = –3117 + 22
× ADT + 28.51 × DIF (R2 = 0.69). DIF was set to 0 for the regression line.
of pepper seedlings to DT, NT, and DIF and to determine how this 
information might be used to manage pepper seedling production. 
The data showed that, for 'Resistant Giant no. 4', seedling stem 
length, internode length, stem diameter, leaf area, internode and 
leaf count, plant volume, shoot DW, seedling index, and LUR were 
primarily functions of ADT; i.e., DT and NT had similar effects on 
each growth or development parameter. DIF had a smaller but 
statistically significant effect on stem and internode length, leaf 
area, plant volume, stem diameter, and seedling index. DIF had no 
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regression function in which shoot DW = -852.06 + 98.83 x ADT -1.88 x ADT2  
(R2= 0.69). (D) Seedling index. The solid line represents the regression function in 
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= 0.42). For the regression line, DIF was set to O. 
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Fig. 2. Relationship between average daily temperature (ADT) and Capsicum
annuum ‘Resistant Giant no. 4’ pepper. (A) Internode length. The solid line
represents the regression function in which internode length = –16.16+1.83 × ADT
+ 0.065 × DIF – 0.041 × ADT2 – 0.0086 × DIF2 (R2 = 0.72). For regression line, DIF
was set to 0. (B) Stem diameter. The solid line represents the regression function in
which stem diameter = 1.30 + 0.12 × ADT + 0.017 × DIF (R2 = 0.53). For the
regression line, DIF was set to 0. (C) Shoot DW. The solid line represents the
regression function in which shoot DW = –852.06 + 98.83 × ADT – 1.88 × ADT2

(R2 = 0.69). (D) Seedling index. The solid line represents the regression function in
which seedling index = –3.24 + 0.40 × ADT – 0.017 × DIF – 0.0083 × ADT2 (R2

= 0.42). For the regression line, DIF was set to 0.
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effect on internode and leaf count, shoot DW, and LUR. The root 
: shoot ratio and leaf reflectance were affected by DT and DIF, 
while the node at which the first flower initiated was related to NT. 

The developmental responses of LUR, internode count, and 
leaf count are similar to those found for other species in which plant 
development rate is a function of the ADT rather than DT, NT, or 
DIF (Alm et al., 1988; Karlsson et al., 1988, 1989). One would 
expect internode and leaf count to have the same response to the 
environment as LUR because LUR is a number calculated from 

effect on internode and leaf count, shoot DW, and LUR. The
: shoot ratio and leaf reflectance were affected by DT and 
while the node at which the first flower initiated was related to 

The developmental responses of LUR, internode count,
leaf count are similar to those found for other species in which 
development rate is a function of the ADT rather than DT, NT
DIF (Alm et al., 1988; Karlsson et al., 1988, 1989). One wo
expect internode and leaf count to have the same response
environment as LUR because LUR is a number calculated 
A 	 • • 

• 
14118 

• 
14/14 

• 

• • 

• • 
• -• 

fb. 
14/26 • 

14/22 • 
14/18 	I°  

1411 4 

• 

R
o

o
t 

to
  S

h
o
ot

  R
a
ti

o
  

5 

4 - 

3 - 

2 - 

0 

5 - 

C 
• • 

• 

• - 	• 
• • 

• 

• 
• 
• 

• 

• 

1.5 

73'c  1.D  

c.) 
0.5 

0.0 

-15 	-10 	-5 	0 	5 	10 	15 

DIF (C) 
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The solid line represents the regression function in which internode length = -
16.16 + 1.83 x ADT + 0.065 x DIF - 0.041 x ADT2  - 0.0086 x DIF2  (R2= 0.72). 
For the regression line, ADT (average daily temperature) was set to 20. (B) Stem 
diameter. The solid line represents the regression function in which stem diameter 
= 1.30 + 0.12 x ADT +0.017 x DIF (R2 = 0.53). For the regression line, ADT was 
set to 20. (C) Root : shoot ratio. The solid line represents the regression function 
in which ratio = 0.27 - 0.0049 x ADT - 0.0029 x DIF (R2  = 0.34). For the 
regression line, ADT was set to 20. (D) Seedling index. The solid line represents 
the regression function in which seedling index = -3.24 + 0.40 x ADT - 0.017 x 
DIF - 0.0083 x ADT2  (R2  = 0.42). For the regression line, ADT was set to 20. 
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Fig. 3. Relationship between Capsicum annuum ‘Resistant Giant no. 4’ pepper and
the difference between day and night temperature (DIF). (A) Internode length.
The solid line represents the regression function in which internode length
16.16 + 1.83 × ADT + 0.065 × DIF – 0.041 × ADT2 – 0.0086 × DIF2 (R2 = 0.72).
For the regression line, ADT (average daily temperature) was set to 20. (B) Stem
diameter. The solid line represents the regression function in which stem diam
= 1.30 + 0.12 × ADT +0.017 × DIF (R2 = 0.53). For the regression line, ADT wa
set to 20. (C) Root : shoot ratio. The solid line represents the regression func
in which ratio = 0.27 – 0.0049 × ADT – 0.0029 × DIF (R2 = 0.34). For the
regression line, ADT was set to 20. (D) Seedling index. The solid line represent
the regression function in which seedling index = –3.24 + 0.40 × ADT – 0.017 ×
DIF – 0.0083 × ADT2 (R2 = 0.42). For the regression line, ADT was set to 20
leaf count over time. LUR is often described as a linear function of 
ADT within a species' specific limited temperature range (Alm et 
al., 1988; Karlsson et al., 1988; Ritchie, 1991). For pepper, LUR 
could be described by a linear model from 14 to about 20 °C (Fig. 
4). Using the linear model, the base temperature for pepper LUR 
is about 5 °C, and 87 degree-days are required to unfold one leaf. 

One would expect pepper seedling stem length to be correlated 
with ADT, since a stem length is determined by number and length 
of internodes and internode count increased as ADT increased 
(Fig. 1B). Stem and internode length also were influenced by DIF 
(Fig. 3A). These results are consistent with previous research that 
showed internode and stem length were influenced by DIF and 
ADT (Erwin et al., 1989; Karlsson et al., 1989; Went, 1952). 

For chrysanthemum, Fuchsia xhybrida 'Dollar Princess', and 
Pelargonium xhortorum L.H. Bailey 'Red Elite', Erwin et al. 
(1991) reported that total chlorophyll concentration and the chlo-
rophyll a : b ratio were affected by DIF and ADT. Total chlorophyll 
per unit of leaf area and per unit of leaf DW increased with 
increasing positive DIF. Although chlorophyll was not quantified 
in this experiment, leafreflectance increased at wavelengths above 
500 nm as DT decreased (DIF decreased), indicating decreasing 
leaf chlorophyll as DIF decreased from positive to negative. Plants 
were visibly more chlorotic as DIF decreased. These results are the 
same as those reported for other crops under negative DIF tempera-
ture conditions (Berghage et al., 1991; Erwin et al., 1991; Heins 
and Erwin, 1990). 

Studies by Agrawal et al. (1993) indicated that Cucumis sativus 
(`Poinsett' and 'Ashley') plants grown under negative DIF pro-
duced one-half to one-third less growth than those grown under 

oot
IF,
T.

and
lant
 or
ld

to the
rom

leaf count over time. LUR is often described as a linear function
ADT within a species’ specific limited temperature range (Alm
al., 1988; Karlsson et al., 1988; Ritchie, 1991). For pepper, L
could be described by a linear model from 14 to about 20 °C (Fig.
4). Using the linear model, the base temperature for pepper L
is about 5 °C, and 87 degree-days are required to unfold one le

One would expect pepper seedling stem length to be correl
with ADT, since a stem length is determined by number and len
of internodes and internode count increased as ADT increa
(Fig. 1B). Stem and internode length also were influenced by D
(Fig. 3A). These results are consistent with previous research
showed internode and stem length were influenced by DIF 
ADT (Erwin et al., 1989; Karlsson et al., 1989; Went, 1952).

For chrysanthemum, Fuchsia ×hybrida ‘Dollar Princess’, and
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Fig. 4. Leaf unfolding rate (LUR) of Capsicum annuum 'Resistant Giant no. 4' in 
response to average daily temperature (ADT). The solid curved line represents the 
regression function in which LUR = -0.25 + 0.035 x ADT - 0.00067 x ADT2  (R2  
= 0.73), while the linear line at ADT below 21 °C represents the regression 
function in which LUR = -0.054 + 0.012 x ADT (R2 = 0.79). 
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Fig. 4. Leaf unfolding rate (LUR) of Capsicum annuum ‘Resistant Giant no. 4’ in
response to average daily temperature (ADT). The solid curved line represents the
regression function in which LUR = –0.25 + 0.035 × ADT – 0.00067 × ADT2 (R2

= 0.73), while the linear line at ADT below 21 °C represents the regression
function in which LUR = –0.054 + 0.012 × ADT (R2 = 0.79).
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positive DIF, based on stem height, leaf area, and top DW. In our 
research, pepper plugs grown at negative DIF (18/22 DT/NT) were 
20% shorter and had 26% and 39% less leaf area and shoot DW, 
respectively, compared to those grown at positive DIF (22/18 DT/ 
NT). Likewise, plant canopy area and root DW were 26% and 14% 
less for negative-DIF-grown plants. The reduction in DW is likely 
related to reduced photosynthesis associated with less leaf chloro-
phyll and lower leaf temperatures. 

Rylski (1972) found that low temperature caused a delay in 
pepper anthesis and an increase in the number of leaves formed 
before the first flower when the plants were exposed to low 
temperature from the cotyledon stage to the three-leaf stage and 
that low night temperature caused more leaves to form before first 
flower. Our fmdings are similar. 

The seedling index was developed to merge plant DW, intern-
ode length, and stem diameter data into a useful tool to identify 
plants with desirable horticultural characteristics. The ideal seed-
ling transplant would, on a relative scale, have high DW, thick 
stems, and short internodes (Song et al., 1989). Such a seedling 
should be easier to transplant to the field and more tolerant of 
transplant stress than a seedling with low DW, thin stems, and long 
internodes. The seedling index used in this study combined these 
three plant properties into one number. Seedling index was a 
function of ADT and DIF; it increased as ADT increased from 14 
to about 20 °C and as DIF decreased. The direct effect of ADT on 
the index was through increased DW, and that of DIF through 
decreased internode length. Not included in the index, but impor-
tant to early production, is the node of first flower that decreased 
as NT increased. A combination of all parameters suggests that the 
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temperature) on relative leaf reflectance of Capsicum annuum 'Resistant Giant no. 
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reflectance between 14/26 and 26/14 DT/NT. 
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reflectance at 550 nm and (A) difference between day and night temperature 
(DIF) and (B) day temperature (DT). The solid line represents the regression 
function in which leaf reflectance = 11.18 — 0.19 x DIF + 0.0081 x DIF2  (R2  = 
0.45). Average daily temperature (ADT) was set to 0 for the regression line. 
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optimum conditions for production of pepper seedling transplants 
is to grow the plants with an ADT of at least 20 °C under negative 
DIF. We suggest a DT of 18 to 20 °C and an NT of 22 to 26 °C. 
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