
Scientia Horticulturae 101 (2004) 103–119

Effect of changes in substrate salinity on the
elongation ofRosa hybrida L. ‘Kardinal’ stems

Lorence R. Oki∗, J. Heinrich Lieth
Department of Environmental Horticulture, University of California, One Shields Avenue,

Davis, CA 95616-8587, USA

Accepted 18 September 2003

Abstract

Changes in stem elongation rates ofRosa hybrida L. ‘Kardinal’ stems were measured using linear
displacement position sensors (LDPS) while plants were exposed to salinized nutrient solutions for 2 or
12 h. Greenhouse-grown plants were acclimated for at least 24 h in a growth chamber before treatment.
While in the growth chamber under constant 25◦C and continuous light, plants were automatically
irrigated based on substrate moisture tension with half-strength modified Hoagland’s nutrient solution
in demineralized water (NS). In the 2 h exposure experiment, a pretreatment irrigation of NS was
initiated at 1:00 a.m. and was followed 2 h later by an application of demineralized (deionized) water
(DI), NS, or NS with NaCl to increase the solution electrical conductivity (EC) by 1, 2, 4, or 8 dS m−1

(+1, +2, +4, and+8, respectively). A post-treatment irrigation with NS followed after two more
hours.

The shoot elongation rate (SER) of plants treated with DI increased by 0.30 mm h−1 from
0.95 mm h−1, then returned to the pretreatment rate after the final irrigation. Treatment with NS
resulted in a growth rate 0.10 mm h−1 greater than the pretreatment rate. This was unexpected and is
probably due to a temperature effect caused by irrigating with cold solution. The+1 treatment had
no effect on growth rate, but the higher concentrations resulted in decreases in SER of 0.12, 0.23, and
0.86 mm h−1, respectively. Shoot growth rates of salinized plants returned to or exceeded pretreatment
rates after the final leaching irrigation.

In a 12 h exposure experiment, the treatment solution was not leached and data was collected for
12 h after the treatment. Treatment with+2,+4, and+8 caused immediate, but temporary reductions
in SER. Growth rates then increased and restabilized after 4–6 h. Stems of the+2 and+4 treated
plants regained the pretreatment elongation rates, but+8 treated stems only partially recovered at
78% of the pretreatment rate.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Water potential; Solute potential; Shoot elongation; Electrical conductivity

∗ Corresponding author. Tel.:+1-530-754-4135; fax:+1-530-752-1819.
E-mail address: lroki@ucdavis.edu (L.R. Oki).

0304-4238/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.scienta.2003.09.013

Heiner
Text Box
Publication #60



104 L.R. Oki, J.H. Lieth / Scientia Horticulturae 101 (2004) 103–119

1. Introduction

Proper management of water and nutrients is necessary to produce high quality green-
house and nursery crops. Supplying fertilizer or water in either suboptimal or excessive
levels can lead to diminished growth, low quality, or even damage. To maximize quality
and productivity, adequate amounts of water and nutrients must be provided. This is com-
monly accomplished in production systems by providing water and nutrients at luxurious
levels to ensure that sufficient amounts are constantly available. Fertilizers, for example,
may be applied at rates 2–10 times higher than necessary for optimal growth (Cabrera et al.,
1993; Nelson, 1998).

Current strategies to reduce the quantities of underutilized water and fertilizer include
the capture and reuse of surface runoff (closed-system recycling) and the reduction of the
amounts of irrigation water applied while optimizing fertilizer applications. The latter strat-
egy involves the use of electronic and/or computerized systems to monitor soil moisture
(Lieth and Burger, 1989). In an experiment utilizing a substrate (soil) moisture tension
(SMT)-based system as a water conserving method for irrigating roses grown for the pro-
duction of cut flowers, yield (number of stems harvested per meter square) and quality
(stem length) increased (Oki and Lieth, 2001b) despite using 25% less water than grower
managed irrigation.

Stem length is important to producers of rose cut flowers since it is a quality factor that
influences the economic value of the crop. In the US, flowers are graded by length in 4 in.
increments and an increase in the stem length could move a portion of the crop into the
next higher grade, increasing its value. Based on 16 November 2001 wholesale pricing data
from theUSDA (2001), the median price of stems graded as 22–26 in. was 14.3% greater
than stems graded as 18–22 in.

A hypothesis for the increase in stem length is that the SMT-based system avoided
conditions of water stress. Leaf expansion and shoot elongation are the growth processes that
are the most sensitive to water stress (Hsiao, 1990). Since young, growing stems and leaves
have very high transpiration rates, they are particularly sensitive to water stress (Jones,
1992). Roses grown in greenhouses for cut flower production are harvested year-round
which promotes the continuous production of new, young shoots and leaves and makes
these plants highly susceptible to water stress (Raviv and Blom, 2001). Water stress causes
loss of cell turgor and reduces leaf expansion rates (Jones, 1992). This, in turn, leads to a
reduction in the leaf area available for photosynthesis and a loss of productivity and yields
(Kool and Lenssen, 1997). Reduced photosynthesis is also linked to a reduction in the ability
of plants to adjust osmotically and turgor in response to water stress (Auge et al., 1990).

Shoot elongation (Li et al., 2001) and leaf expansion (Cramer and Bowman, 1991) respond
rapidly to changes in the water potential gradient between the substrate solution and the
roots.Li et al. (2001)found that the reduction in tomato fruit size caused by an increase in
transpiration could be offset by reducing the salinity of the nutrient solution. To limit the
vegetative growth of tomatoes,McCall and Atherton (1995)explored using high salinity
levels in the rhizosphere.Bruggink et al. (1987)had proposed that the salinity level be
adapted to the rate of transpiration to enhance plant growth in hydroponic tomato production.
Managing nutrient solutions in this manner could be a feasible approach to maximize the
length of rose stems on plants grown in “hydroponic” systems utilizing a soilless substrate.
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This work focused on describing the short-term (≤12 h) effects that changes in solute
potential have on the elongation rates of rose stems. Our goal was to develop additional
methods to manage substrate conditions with the objective of maximizing stem length. The
first experiment examined the effects of a 2 h change in substrate salinity and subsequent
leaching on stem elongation rates. The effects of a 12 h exposure were observed in the
second experiment.

2. Materials and methods

2.1. Growth conditions and plant material

Rosa hybrida L. ‘Kardinal’ plants were planted in 8 l containers of coconut coir in May
1998 and grown in the greenhouses using a system based on substrate moisture tension
(SMT) (Burger and Paul, 1987; Oki and Lieth, 2001b). These plants were maintained
under a specific regimen of fertilization and irrigation so as to provide plant material for
experimentation. Irrigation for all plants was initiated when the SMT in any of the containers
increased to 3 kPa. Irrigation terminated when at least 90 s had elapsed and the tension
decreased to 1 kPa or when a maximum duration of 180 s had elapsed. Hoagland’s nutrient
solution (Hoagland and Arnon, 1950) was modified to provide nutrients at the following
rates (in ppm): N as NH4+, 6; N as NO3

−, 96; P as PO43−, 26; K, 124; S as SO42−, 16;
Ca, 90; Mg, 24; Fe, 1.6; Mn, 0.27; Cu, 0.16; Zn, 0.12; B, 0.26; Mo, 0.016 (Lane, 2001,
UC Davis, personal communication). This nutrient solution (NS) was provided at each
irrigation.

All imposed treatments were carried out in a growth chamber, at the Department of Envi-
ronmental Horticulture of UC Davis. It was maintained at a constant 25◦C air temperature.
Light was provided 24 h each day by 400 W metal halide lamps (model MH400/U, Philips
Lighting Co., Somerset, NJ) resulting in a mean PAR at plant height of 282�mol m−2 s−1.

2.2. Experimental setup

Six plants, each with a shoot with at least four but not more than nine unfolded leaves,
were selected (Oki and Lieth, 2001a) and moved into the growth chamber 24 h before a
treatment was applied. The irrigation regime used in the greenhouse was maintained until
the onset of the treatment. Each plant received one of the following six treatment solutions:
demineralized (deionized) water (DI), nutrient solution (NS, control), or a nutrient solution
with NaCl added to increase the EC by 1, 2, 4, or 8 dS m−1 (designated as+1, +2, +4,
or +8, respectively). The EC of the treatment solutions were measured before they were
applied. To determine if the addition of NaCl affected the pH of the nutrient solutions, the
EC and pH of a set of solutions was measured. The pH values ranged from 5.80 to 5.86 and
EC increased as expected. Treatment solutions were pumped from 20 l containers placed in
the growth chamber through polyethylene tubing into the appropriate plant containers.

In this study, two separate exposure regimes were used. In the first experiment from De-
cember 2000 to March 2001, 13 groups of six plants were exposed to the various treatments
for 2 h. After this exposure, the solutions were leached from the substrate. In the second
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Table 1
Electrical conductivity (dS m−1 ± S.E.) of treatment solutions prior to application in the first and second experi-
ments

Treatment First experiment (2 h exposure) Second experiment (12 h exposure)

DI 0.00± 0.000 0.00± 0.000
NS 1.18± 0.026 1.15± 0.038
+1 2.28± 0.026 2.22± 0.058
+2 3.35± 0.028 3.18± 0.024
+4 5.45± 0.050 5.16± 0.033
+8 9.35± 0.074 8.76± 0.092

experiment from May to August 2001, 13 other groups of six plants were exposed for 12 h
to observe the persistence of the induced effects.

In the first experiment, NS was applied directly from the greenhouse supply line, whereas
in the second experiment, NS was pumped from a 120 l container located within the growth
chamber to remove solution temperature effects.

Both experiments were designed as randomized complete blocks with each plant serving
as a block. To eliminate possible position effects within the growth chamber, the treatments
were randomized with respect to the plant position. At 1:00 a.m., plants were irrigated with
NS (pretreatment irrigation). To avoid natural, diurnal changes in shoot elongation rates,
the treatment solutions were applied in the early morning.Bravo-Plasencia (1993)showed
a substantial circadian rhythm in stem elongation rates, although they were nearly constant
during the night. Thus, the treatments were imposed at 3:00 a.m. so as to avoid natural,
diurnal fluctuations in shoot elongation. In the first (2 h exposure) experiment, the plants
were leached with NS at 5:00 a.m. (post-treatment leaching). Each application consisted of
at least 12 l of solution (1.5× plant container volume). The EC of the treatment solutions
was measured prior to application (Table 1).

2.3. Measurement equipment

Changes in shoot length were monitored using Linear Displacement Position Sensors
(LDPS) with a 100 mm stroke (model 604, Duncan Electronics, BEI Technologies, Tustin,
CA) attached to a datalogger (Campbell CR23X, Campbell Scientific, Logan, UT). The
sensors were modified with a model aircraft control rod and sleeve (Gold-N-Rod #505,
Sullivan Products, Baltimore, MD) with an attached screen cone (Fig. 1). Each LDPS was
attached to a length (ca. 50–75 cm) of 6.35 mm2 (0.25 in.2) balsa wood stick mounted
adjacent and parallel to a shoot to be measured. Wire ties glued to the sleeves on the control
rod were used to position and hold the shoot tip under the screen cone. The 45 g mass of the
LDPS core was offset with a counter weight. A line guide used for fly fishing rods with a
low friction, ceramic insert (model BFG07, Pacific Bay International, Sequim, WA) served
as a pulley at the top of the balsa stick. Because it has a low friction coefficient, a length
of fluoropolymer fiber dental floss (Glide®, W.L. Gore & Assoc., Flagstaff, AZ) connected
the core and lead weights through the line guide. The amount of weight was adjusted so
that the screen rested on the shoot tip without excess pressure and allowed movement of
the LDPS core. One shoot in each of the treatments was fitted with an LDPS.
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Fig. 1. Linear position displacement sensor (LDPS) modified for measuring stem elongation.

Electrical conductivity of the substrate solution was measured using a modified EC probe
(Eymar et al., 2001). For these experiments, a dip-style EC cell with platinum-plated elec-
trodes (model 525, Amber Science, Eugene, OR) was used and an attachment was con-
structed using a porous ceramic cup from a tensiometer (model M, Irrometer Co., Riverside,
CA) (Fig. 2). Six EC probes were connected to a single digital conductivity meter that pro-
vided automatic temperature compensation (model 1056, Amber Science, Eugene, OR). The
probes were sequentially connected to the meter through a multiplexer. The recorder output
from the meter was connected to an input port on the datalogger which was programmed to
control the multiplexing of the EC cells. Each EC probe was calibrated using solutions of
NaCl at known concentrations from 0.5 to 10.0 dS m−1. When the probes were installed in
plant containers, the free end of the tubing was lowered to 100 cm below the top of the ce-
ramic cup creating a negative pressure head and resulting in a slow flow of substrate solution
through the EC sensor. The response time for detecting changes in substrate EC was ap-
proximately 9 min. The EC data that was collected was time shifted (moved back) to reflect
this.

Substrate moisture tension was monitored using tensiometers with electronic pressure
transducers attached to the datalogger. Each tensiometer was calibrated using a water
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Fig. 2. EC probe. A flow-through EC cell was inserted into a plastic tube that was attached to a porous ceramic
cup. A plastic plug in the ceramic cup reduced the internal volume of the cup and guided the substrate solution
into the EC cell.

manometer and a linear regression was used to create a calibration curve relating voltage
to tension.

Logged environmental data consisted of PAR (LI-190SA Quantum sensor, Licor, Lin-
coln, NE) and air temperature (copper-constantan, T-type thermocouple). During the 12 h
exposure experiments, additional thermocouples were used to measure the temperature of
the substrate, treatment solutions, pressure transducers, and nutrient solution in the 120 l
container. This was done when it became apparent that the temperature differences of the
greenhouse nutrient solution and the treatment solutions affected shoot elongation. The
current output transducers in the tensiometers were also found to exhibit slight signal fluc-
tuations related to temperature variations.

2.4. Data collection and analysis

Two Campbell CR23X Microloggers (Campbell Scientific, Logan, UT), were used for
all electronic data collection and to control the application of all liquids. Sensors were read
every 10 s and averaged every 6 min by the dataloggers.

The attachment of the LDPS to the plant occasionally resulted in a setup that yielded no
usable data for a particular plant. This was generally due to a malfunction of the mechanical
linkages of the sensor to the plant. For the first experiment, data collection was repeated
on sets of six plants until at least 10 replicates had been completed for each treatment.
Sample sizes for the DI, NS,+1, +2, +4, and+8 treatments were 13, 11, 12, 12, 10, and
10, respectively. For the second experiment, data collection was repeated until at least six
replicates were obtained for each treatment. Sample sizes for the DI, NS,+1, +2, +4, and
+8 treatments were 6, 7, 7, 8, 10, and 9, respectively.

The SERs for each of the 2 h intervals were calculated from the LDPS data. Statistical
analyses using SAS GLM procedures (SAS 8.00, SAS Institute Inc., Cary, NC, USA)
included analyses of variance on mean SERs for each interval during both experiments.
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Mean substrate temperatures for each interval during the second experiment were also
analyzed.

Comparisons of mean SERs within treatments were performed using Tukey’s Studentized
Range analysis (Tukey, 1953, Princeton University, unpublished). The least square means
of SERs were used for comparisons across treatments within intervals since the number
of replications in the treatments varied. When replication sizes are unequal, SAS uses
Tukey–Kramer procedures (Kramer, 1956) when the Tukey Studentized Range method is
specified (SAS/STAT, SAS Institute Inc., Cary, NC, USA).

For the first experiment, SERs within each treatment were transformed by subtracting
the mean pretreatment SER from all rates to determine the change in the elongation rates
relative to the pretreatment rate. The change in SER due to the application of the treatment
solutions and leaching was regressed against the change in EC using SAS PROC GLM to
determine the effect on growth rates. The EC during the last 30 min of each period was
always stable and was used to calculate the substrate EC for that period.

3. Results

3.1. First experiment, 2 h treatment

The EC of the substrate for all plants was found to be close to 1.0 dS m−2 after the
pretreatment irrigation with NS (Fig. 3). When DI was applied as a treatment, substrate EC
decreased over 2 h to about 0.1 dS m−2. Irrigation with NS had little effect on substrate EC.
Application of the+1, +2, +4, and+8 solutions increased the EC to 2.0, 2.8, 4.7, and
7.6 dS m−2, respectively, and values stabilized within 1 h.

Fig. 3. Changes in the substrate electrical conductivity from the first experiment due to applications of treatment
solutions and subsequent leaching with nutrient solution as measured with the EC probe. Error bars indicate±1
S.E.
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Fig. 4. Changes in stem elongation rates during the pretreatment, treatment, and post-treatment periods. Error bars
represent±1 S.E.

Substrate moisture tensions decreased sharply after each irrigation. After 15 min, tensions
returned to 1.3–1.6 kPa in every treatment. The level of water loss from each container was
relatively small so that the plants were essentially at uniform tension (container capacity)
during each treatment.

Stem elongation rates (SER) increased abruptly after the application of the NS (control)
treatment solution and decreased rapidly after the leaching irrigation (Fig. 4). This pattern
also appeared in the DI, and+1 treatment data, but not in the+2, +4, and+8 plots.
After the application of the+4 and+8 treatments, stem elongation nearly ceased and then
slowly increased. The application of the leaching irrigation to the+8 treatment caused a
large temporary increase in SER which declined and returned to near the pretreatment rate
after about 30 min. This pattern was also exhibited to a lesser degree with the+2 and+4
treatments.

The sudden increase in shoot elongation rate after the treatment and the decrease after
leaching that appear in the NS treatment were unexpected. Because of these results, during
three treatment dates (14, 22, and 26 February, 2001), the substrate temperature of one of
the plants was monitored to observe temperature fluctuations that may occur. The substrate
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Table 2
Comparison of mean stem elongation rates (mm h−1 ± S.E.) during intervals within a treatment in the first
experimenta

Treatment Interval

Pretreatment, 1:00–3:00 a.m. Treatment, 3:00–5:00 a.m. Post-treatment, 5:00–7:00 a.m.

DI 0.95± 0.10 b 1.25± 0.11 a 0.93± 0.09 b
NS 0.94± 0.07 a 1.03± 0.10 a 0.98± 0.08 a
+1 0.82± 0.09 a 0.89± 0.08 a 0.93± 0.11 a
+2 0.82± 0.12 ab 0.71± 0.11 b 0.95± 0.11 a
+4 0.82± 0.08 ab 0.59± 0.07 b 1.04± 0.15 a
+8 1.08± 0.13 a 0.22± 0.05 b 1.35± 0.14 a

a Different letters within a row indicate significant differences atP < 0.05 using Tukey’s Studentized Range
comparisons.

temperature was 23.7◦C before the pretreatment irrigations were applied. It was discovered
that the application solution (NS) from the greenhouse supply line lowered the substrate
temperature by as much as 8.3◦C as the solution in the pipes were exposed to low night-time
air temperatures (data not shown). Following that irrigation, substrate temperatures slowly
increased 4◦C, but the application of the treatment solution at 3:00 a.m. caused a rapid
increase to 23.2◦C. The substrate warmed slightly by 0.3◦C during the next 2 h only to
drop sharply to 14.9◦C following the final leaching irrigation with NS.

Application of DI caused a significant increase in SER from 0.95 to 1.25 mm h−1 (Table 2).
The leaching with NS that followed caused the SER to return to the pretreatment level. The
application of the NS,+1 treatments, or the leaching irrigations following these treatments
did not cause any significant changes in SER. The application of the+2 and+4 and treatment
solutions did not change SERs. However, the leaching irrigation did significantly increase
SERs. The+8 treatment caused a significant decrease in the SER. Following leaching with
NS, the SER recovered to the pretreatment rate. A comparison of SERs across treatments
revealed a decrease in SER with increasing EC (Table 3).

The change in shoot elongation rate (�SERA) was negatively correlated with the change
in electrical conductivity (�EC) due to the application of the treatment solutions

Table 3
Comparison of least square mean stem elongation rates (mm h−1 ± S.E.) due to treatments within the same interval
in the first experimenta

Treatment Interval

Pretreatment, 1:00–3:00 a.m. Treatment, 3:00–5:00 a.m. Post-treatment, 5:00–7:00 a.m.

DI 0.95± 0.04 a 1.25± 0.04 a 0.93± 0.04 a
NS 0.94± 0.03 a 1.03± 0.03 ab 0.98± 0.03 a
+1 0.82± 0.05 a 0.89± 0.05 abc 0.93± 0.05 a
+2 0.82± 0.04 a 0.71± 0.04 bc 0.95± 0.04 a
+4 0.82± 0.07 a 0.59± 0.07 dc 1.04± 0.07 a
+8 1.07± 0.09 a 0.22± 0.09 d 1.35± 0.09 a

a Different letters within a column indicate significantly different rates atP < 0.05 using Tukey–Kramer range
comparisons.
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Fig. 5. Regressions of changes in elongation rates due to changes in EC from the first experiment. Actual change
in elongation due to change in EC caused by the treatments (A) or by the leaching irrigation (B).

(Fig. 5A) as:

�SERA = −0.15�EC+ 0.176 (1)

with R2 = 0.771. Following the leaching irrigations, the change in SER was also linearly
related to the resulting change in EC (Fig. 5B) as:

�SERA = −0.23�EC− 0.123 (2)

with R2 = 0.591.

3.2. Second experiment, 12 h treatment

The average substrate EC among the treatments ranged from 1.0 to 1.4 dS m−1 prior to
the application of the treatment solutions (Fig. 6). Following irrigation with the salinized

Fig. 6. Change in substrate EC in response to the treatments from the second experiment. The EC of the treatment
solutions before application are indicated on the right side of the graph. Error bars indicate±1 S.E.
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solutions, EC rapidly increased for about 1 h. After 2 h, the substrate EC of the+1,+2, and
+4 treatments was nearly equal to the EC of the treatment solutions. The substrate EC of
the+8 treatment continued to increase slowly before reaching the treatment solution EC.
The application of DI caused a decrease in EC that continued for about 2 h before settling
at about 0.03 dS m−1.

Substrate moisture tensions decreased rapidly following irrigations and attained container
capacity 12 min after the irrigations were initiated. Over the 12 h exposure, tension increased
at approximately 0.2 kPa h−1 in all treatments, representing a slight, but consistent water loss
from each container. No differences in substrate tensions were observed between treatments.
The maximum mean tension for all treatments ranges from 1.71 (+8) to 2.05 kPa (DI).
Storing all of the solutions within the growth chamber eliminated the fluctuations in substrate
temperature when solutions were applied.

There was an increase in SER after DI was applied (Fig. 7). The application of NS caused
a steady increase in growth rate through the treatment period. There was no effect of the+1
treatment on SER. The+2, +4, and+8 treatments each caused an immediate decrease in
SER following the application of the treatment solutions. Shoot elongation nearly ceased

Fig. 7. Stem elongation rates during the second experiment. Error bars indicate±1 S.E.
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Table 4
Comparison of mean stem elongation rates (mm h−1 ± S.E.) within each treatment during the second experiment (treatments were applied at the end of the first interval)a

Treatment Time interval

1:00–3:00 a.m. 3:00–5:00 a.m. 5:00–7:00 a.m. 7:00–9:00 a.m. 9:00–11:00 a.m. 11:00–1:00 p.m. 1:00–3:00 p.m.

DI 1.02± 0.09 b 1.22± 0.12 a 1.17± 0.13 ab 1.31± 0.09 a 1.34± 0.10 a 1.34± 0.12 a 1.30± 0.12 a
NS 1.06± 0.15 c 1.09± 0.17 bc 1.10± 0.14 bc 1.28± 0.13 ab 1.25± 0.15 abc 1.33± 0.18 a 1.37± 0.15 a
+1 1.23± 0.15 a 1.19± 0.12 a 1.13± 0.07 a 1.26± 0.13 a 1.24± 0.13 a 1.29± 0.14 a 1.35± 0.17 a
+2 1.03± 0.15 ab 0.85± 0.15 b 1.04± 0.15 ab 1.21± 0.15 a 1.17± 0.17 a 1.12± 0.11 a 1.15± 0.10 a
+4 1.19± 0.14 ab 0.84± 0.11 c 1.04± 0.14 b 1.20± 0.13 ab 1.26± 0.13 a 1.24± 0.12 a 1.27± 0.12 a
+8 1.34± 0.16 a 0.48± 0.12 d 0.74± 0.14 c 0.98± 0.15 bc 1.04± 0.15 b 1.05± 0.14 b 1.02± 0.12 b

a Different letters within a row indicate significantly different rates atP < 0.05 using Tukey’s Studentized Range comparisons.
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for 1 h after the application of the+8 treatment. The elongation rate recovered from the
treatment effect after 2 h in the+2 treatment and 5 h in the+4 and+8 treatments despite
the persistence of the treatments. In the+2 and+4 treatments, SER recovered to the
pretreatment level. In the+8 treatment, however, SER stabilized at about 1.05 mm h−1,
lower than the pretreatment rate of approximately 1.34 mm h−1.

A comparison of the mean SER for each 2 h period within a treatment showed an increase
in shoot growth rate after DI was applied (Table 4). The NS solution caused an increase in
SER that stabilized after 8 h. No changes were detected with the+1 treatment. Treatment
with +2, +4, and+8 caused a decrease in elongation rate to 0.85, 0.84, and 0.48 mm h−1,
respectively, immediately after the application. The+2 and+4 treated stems recovered to
the pretreatment rate after 2 h. The elongation rate of stems in the+8 treatment increased
after the treatment, but stabilized after 4 h at about 1.04 mm h−1, which was 78% of the
pretreatment rate.

The comparison of the least square mean SERs due to treatments within each 2 h period
revealed differences in the rates only during the 3:00–5:00 a.m. interval immediately fol-
lowing the treatment application (not shown). The SERs resulting from the DI, NS, and+1
treatments were significantly greater than the SER obtained in response to the+8 treatment.
The SERs due to the+2 and+4 treatments were not different from the other SERs within
the interval.

4. Discussion

4.1. Effects of salinity on growth

Especially evident in the+8 treatment of the first experiment is the near cessation in
growth following the treatment and then the acceleration of growth after leaching.Munns
et al. (2000)also found a large transient increase in corn leaf growth rate when the saline
solution was leached with nutrient solution. They attributed the rapid response in leaf
elongation to changes in leaf water status and cell turgor. Irrigating corn (Munns et al.,
2000) or wheat and barley (Passioura and Munns, 2000) with a salinized nutrient solu-
tion caused leaf elongation to decrease rapidly and then restabilize at a rate less than
the pretreatment rate, a result similar to that found in the+8 treatment of the second
experiment.

Urban et al. (1994)found that irrigating ‘Sonia’ roses with solution with an EC of
3.8 dS m−1 over a period of several months was not stressful and found no evidence of
osmotic adjustment. The lack of stress symptoms may be due to the length of the test pe-
riod. As seen in the+2 treatment of the second experiment (Fig. 7), which is a less severe
treatment at 2.8 dS m−1, there was a brief reduction in SER followed by a recovery to the
pretreatment growth rate.Munns et al. (2000)also indicated that root signals probably were
not an influence on shoot growth for at least the first few hours after a change in soil salinity
and that a separate control system operating at a time scale in tens-of-minutes overrides the
rapid effects of changes in leaf water status.

An increase in EC from 1.25 to 2.75 dS m−1 was detrimental to ‘Forever Yours’ (Hughes
and Hanan, 1978) and only 5 mM NaCl (≈0.5 dS m−1) reduced stem lengths of ‘Kardinal’
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(Wahome et al., 2000). In contrast, ‘Sonia’ yield was not affected by an EC of 3.8 dS m−1

(Urban et al., 1994) andCabrera (2001)found no effect on stem lengths of ‘Bridal Pink’ with
up to 30 mM NaCl (≈2.9 dS m−1) suggesting a cultivar dependent tolerance to substrate
salinity. In comparison, the rate of stem elongation was not affected when plants were
exposed for 2 or 12 h to the+1 treatment in these experiments.

4.2. Substrate EC and temperature

The measured EC of salinized substrate was always slightly lower than the EC
of the treatment solution. EC measurements are consistent between the first and second
experiments. For example, 2 h after treatment, the total EC values in the+8 treatments
were 7.6 and 7.7 dS m−1, respectively (Figs. 3 and 6) compared to the treatment solu-
tion ECs of 9.4 and 8.8 dS m−1, respectively. Similarly, the total EC values in the+4
treatments were 4.6 and 4.7 dS m−1, respectively compared to the treatment
solution ECs of 5.5 and 5.2 dS m−1, respectively. The lower values for substrate EC
after a salinized treatment may be due to dilution by the pretreatment substrate solu-
tion. That is, the substrate solution was not completely displaced by the treatment so-
lutions. The integration of the treatment solutions into the substrate involves dispersion
processes that include hydrodynamic dispersion and molecular diffusion (Marshall et al.,
1996).

The changes in shoot elongation rate due to temperature effects caused by the application
of the pre- and post-treatment irrigations and the treatment solutions in the first experiment
were apparent in the DI, NS and+1 treatments (Fig. 4). Following the application of NS
at 5:00 a.m., SERs were low for about 30 min due to the cooling of the substrate by the
irrigation. After the treatment application, there was a sharp increase in growth rate due
to the increase in substrate temperature. These solutions were warmer having been stored
in the growth chamber prior to use. These temperature related changes in elongation rate
did not appear in the+2, +4, and+8 treatments of the first experiment. The effects of
temperature on SER were probably overcome by the greater effects of salinity at those
concentrations.

There was little change in SER following the NS and+1 treatment applications in the sec-
ond experiment (Fig. 7). In that experiment, the nutrient solution used for the pretreatment
irrigation was stored within the growth chamber so that there was little temperature differ-
ence compared to the substrate. The results from this illustrate that shoot growth responds
quite rapidly to changes in substrate temperature.

Gent and Ma (2000)showed that tomato plants whose roots were heated to a constant
21◦C accumulated biomass faster than unheated control plants or plants whose roots were
heated only during the day. Similarly, pepper plants whose roots are held at 20◦C had more
leaves, greater leaf number and dry weight than plants whose root temperatures fluctuated
diurnally under ambient conditions (Dodd et al., 2000). The roots exposed to constant tem-
peratures were found to have greater hydraulic conductivity. When spinach roots growing
at 20◦C were cooled to 5◦C, there was an immediate decline in root hydraulic conductance
(Fennell and Markhart, 1998). The drop in SER following the substrate cooling in the first
experiment may be due to a reduction in hydraulic conductance and the subsequent effects
on plant water potential (Dodd et al., 2000).
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5. Conclusion

These experiments focused on the effects of salinity on rose stem elongation rates to
support a hypothesis that SMT-based irrigation resulted in longer flowering stem lengths
by avoiding stressful conditions. This work demonstrates that increases in substrate salinity
can reduce stem elongation rates.Wahome et al. (2000)also found that when constantly
exposed to 10 mM NaCl (0.95 dS m−1), ‘Kardinal’ produced shorter stems but without a
reduction in biomass. This was due to smaller cell size and was further evidence of the
effect of the soil salinity on shoot water potential, cell turgor, and the consequential effects
on cell enlargement. The rapid response of SER to changes in substrate salinity presented
herein is additional evidence that variations in substrate potential can have an immediate
and direct effect on cell turgor.

Stem length is a major quality character of cut flower roses: longer stems have a higher
value. Because leaf and stem growth are sensitive to water stress (Hsiao, 1990; Jones, 1992),
managing factors affecting plant water status is desirable in order to maximize crop growth.
Plant water potential can be managed by manipulating environmental variables such as
light (Auge et al., 1990), relative humidity (Katsoulas et al., 2001), and substrate salinity
(Hughes and Hanan, 1978; Urban et al., 1994; Wahome et al., 2000).

Brun and Chazelle (1996)found that the greatest rate of nitrate uptake occurred during
the day when transpiration was also at maximal rates. At night, water uptake rate declined
disproportionately more than the rate of nitrate uptake and resulted in a decrease in nitrate
concentration of the nutrient solution.Fynn et al. (1993)increased the fresh and dry weights,
diameters, and heights of New Guinea impatiens plants by irrigating alternately with nutrient
solution in the evening and fresh water in the morning. An extension of the proposal to
modify nutrient solution salinity in response to transpiration (Bruggink et al., 1987), then,
is to adjust the nitrate level to correspond to the concentration of its uptake. Lower nitrate
concentrations during the day would increase the substrate water potential during periods
of high transpiration rates. When it is supplied at adequate levels, nitrate uptake is not
dependent on its concentration (Cabrera et al., 1993) and depriving roses of nitrate for
short durations has no effect on cumulative N uptake during the flowering cycle (Cabrera
et al., 1996). Increasing the concentrations at night during those periods when demand for
water is lower may result in ample levels of the nutrient overall. Adjusting nutrition in this
manner is feasible in rose production since current “hydroponic” growing methods allow for
greater control of the substrate environment. This may maximize shoot elongation rates and
increase flower quality by maximizing the water potential gradient between the substrate
solution and the roots during periods of greatest transpiration. In addition, this management
method may also reduce the use of nitrogen fertilizers.
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