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Energy utilization for heating is one of the most expensive greenhouse climate control operations.
The temperature set-point is determined by many interrelated environmental, physiological, and eco-
nomic factors but is fundamentally driven by the required growth rate of the plant or crop for quality
and profitability. Temperatures are maintained to maximize production and affect timing of harvest of
greenhouse-grown crops. In general, winter greenhouse environments for most cut-flower roses are
heated to a target temperature of 16–18 ◦C. For rose, such temperature targets are based on grower expe-
rience along with horticultural research and should be considered a compromise across all factors. In the
current research we studied the concept of “potential growth rate” (PGR), based on a thermodynamic
growth model and how PGR relates to the typical temperature recommendation (TTR) for set-points for
greenhouse heating and cooling in commercial horticultural production. PGR of specific growing organs
(leaves, shoot tips, roots, etc) can be deduced using calorespirometric measurements in relation to vari-
ous environmental factors such as temperature effect on biomass production. This research consisted of
two facets: (1) determination of cultivar-specific alternate TTRs based on calorimetric PGR measurement
and then (2) testing these TTRs in greenhouse rose flower production. The results of this study suggested
that TTRs for the cultivar ‘Kardinal’ can be lowered at the time of bud emergence, when this cultivar can
tolerate a lower temperature. Also, since the cultivar ‘Milva’ can tolerate lower temperature at time of
leaflet unfolding, the current TTR can be adjusted to reflect this. We investigated a set of alternate TTRs
by growing rose plants on movable carts and shifting them to various pre-determined night temperature
conditions. During the relevant growing stages, half of the plants were given a cold night temperature

◦ ◦
(14 C) treatment, while control plants were left in the normal greenhouse temperature (18 C). This pro-
cedure was repeated for three flushes of flowering rose shoots. Flower shoots were counted and weighed
(fresh and dry); shoot length was measured several times per week. It was found that the predictions were
valid and (with one exception) no significant effect on the number of flowers, their quality or biomass
was caused by this procedure. The implication of this work is that heating cost can be reduced for some
rose cultivars by allowing night temperatures to be lower than the typical recommendations for those

metab
cultivars that show high

. Introduction
Please cite this article in press as: Raviv, M., et al., Development of alt
on calorimetric plant tissue evaluation. Sci. Hortic. (2010), doi:10.101

Greenhouse cultivation enables a continuous supply of plants,
egetables and cut-flowers even during seasons when outdoor
emperatures would result in little or no growth. During cold sea-

Abbreviations: PGR, potential growth rate; TTR, typical temperature recommen-
ation.
∗ Corresponding author at: Agricultural Research Organization, Newe Ya’ar

esearch Center, Department of Ornamental Horticulture, P.O. Box 1021, Ramat
ishay 30095, Israel. Tel.: +972 4 9539505; fax: +972 4 9836936.

E-mail addresses: mraviv@volcani.agri.gov.il (M. Raviv), jhlieth@ucdavis.edu
J.H. Lieth).

304-4238/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.scienta.2010.08.011
olic activity at such cooler conditions.
© 2010 Elsevier B.V. All rights reserved.

sons the air temperature around the plants is controlled with
heating systems while cooling systems are used during the sum-
mer to avoid excessively high temperatures. Over the years, typical
temperature recommendations (TTR) have been developed that
are used by growers to identify specific day and night tempera-
ture settings for the greenhouse environment control equipment.
While TTRs specific to each cultivar are available, many times the
implemented set-point is a compromise that deviates from the
TTR as the grower balances market factors (e.g. targeted holidays),
ernate cut-flower rose greenhouse temperature set-points based
6/j.scienta.2010.08.011

production factors (e.g. plant disease incidence), economical fac-
tors (the cost of obtaining a specific TTR) and technical feasibility
(e.g. ability to achieve low set-points in the summer or high set-
points in the winter). In many cases, growers use their experience
and perceptions to select actual set-points that are believed to be

dx.doi.org/10.1016/j.scienta.2010.08.011
dx.doi.org/10.1016/j.scienta.2010.08.011
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(five-leaflet leaf) below the flower bud. The typical sample weight
ranged from 1.5 to 4.0 mg DM. Leaflets of uniform size and devel-
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conomically optimal and to ensure desirable quality. This is gen-
rally derived from published or unpublished TTRs and is expected
o minimize production costs while still providing large numbers of
igh-quality vegetables and flowers to maximize a high return on

nvestment.
Winter greenhouse environments for most cut roses are heated

o 18 ◦C. With rising fuel costs and the quest to minimize
reenhouse gases emissions and conserve energy, it has become
ecessary to re-evaluate both physiological and economical opti-
al minimal temperatures to provide growers with alternative,

ower TTRs. An observation that strengthened this research trend
as that “Kardinal” roses showed a differential response to tem-
erature, when its effect on time for flowering was determined.
hile in general, low temperatures increased the time from bud

reak to flowering, most of the effect was concentrated during the
ime from visible bud to flowering. However, the temperature dur-
ng the period from bud break to visible bud had only a minor
ffect (Shin et al., 2001). Marcelis van Acker (1995) showed that
lthough time until bud break decreased with increasing temper-
ture, the total number of leaves preceding the flower decreased
ith increasing temperature resulting in a decrease in harvested
ower stem quality. Several efforts were devoted over the years
o the aim of conserving energy, based on various approaches (e.g.
ijsdijk and Vogelezang, 2000; Dieleman and Meinen, 2007). How-
ver proving the validity of such approaches necessarily involves
he use of costly and lengthy greenhouse trials.

The temperature set-point is determined by many interrelated
nvironmental and physiological factors. TTRs are fundamentally
otivated by the need for specific growth rates of different plant

rgans. A plant’s actual growth rate can generally be characterized
s the mediation of its potential growth rate (PGR) by the multitude
f environmental factors to which it is exposed. While it is possi-
le to quantify actual growth, predicting potential growth has not
een possible in the past. Calorespirometry has been suggested as a
ethod to characterize PGR along with plant adaptation to various

nvironmental conditions (Criddle et al., 1991).
Calorespirometry is a technique where plant tissue is evalu-

ted with regard to its rate of heat generation and its respiration
ate; microcalorimetry involves precision measurement of heat
eneration in small (∼1 cm3) ampoules under precisely controlled
emperatures (Matheson et al., 2004). By measuring metabolic heat
ates and tissue respiration rates, it is possible to predict the effect
f various factors such as temperature on the ability of the tested
lant organ to accumulate biomass (Matheson et al., 2004; Smith
t al., 2006). In a previous study we showed that different growing
rgans of “Kardinal” rose flowers have different calorespiromet-
ic responses to temperatures (Raviv et al., 2001). While growing
eaflets had an optimum around 25 ◦C, emerging buds had an opti-

um below 15 ◦C (Fig. 1). One implication of that work was that
uring crop production where all (or numerous) plants are in syn-
hronized stages of development, it may be feasible to use different
emperature set-points for specific time periods. For example, the
nding of Raviv et al. (2001) suggested that for the time when
ardinal is producing emerging buds, significantly lower tempera-

ures may be feasible for producing biomass, even if development
s slightly delayed. This is contrary to the TTR for rose that suggests
hat temperatures in a heated greenhouse should always be above
6 ◦C. It is well known that TTRs are different for different culti-
ars suggesting that calorespirometry might be a feasible method
or determining alternate TTRs during various stages of rose crop
evelopment.

The objective of this study was to evaluate TTR values for bud
reak and leaflet development of several cut-flower rose cultivars.
Please cite this article in press as: Raviv, M., et al., Development of alt
on calorimetric plant tissue evaluation. Sci. Hortic. (2010), doi:10.101

n addition we also sought to test the feasibility of using such
TRs for commercial greenhouse flower production by evaluating
iomass production and crop development under alternating TTRs.
Fig. 1. Calorimetric RSG response of ‘Kardinal’ breaking buds and unfolding leaflets
(after Raviv et al., 2001).

2. Materials and methods

Rose plants were grown in temperature-controlled greenhouses
at two locations, one in Israel (from August 2004 to March 2006),
and the other in California, USA (from April 2006 to April 2007). At
the Newe Ya’ar Research Center, Agricultural Research Organiza-
tion, Israel, the rose plants were grown under a temperature range
of 17 ◦C (at winter nights) to 28 ◦C (the high on some summer days),
according to the commercial recommendations for roses in Israel.
This range was maintained with a heating system in the winter and
fan-and-pad cooling in the summer. The plants were treated as a
commercial cut-flower rose crop. Weak stems were pinched and
bent down to maximize photosynthesizing leaf area.

At the University of California in Davis, CA roses were grown in
containers at a range of 18–28 ◦C; most of the plants were grown
in the greenhouse, but at various growth stages plants were placed
during night time in growth chambers to impose particular tem-
perature treatments (see Section 2.2).

2.1. Calorimetric experimentation (Israel)

2.1.1. Tested plant material
The following four rose cultivars were used for the calorespiro-

metric study: Golden Gate® (Kordes), Prophyta® (De Reuter), First
Red® (NIRP) and Milva® (Tantau). Eighteen rose plantlets of each
selected cultivar, grafted onto Rosa indica Major were grown in
2-L containers, filled with coconut coir. Using light-weight con-
tainers facilitated the transport of the plants to the laboratory in
order to minimize the time between organ excision and start of the
measurement. The measurements started when the plants were
1-year-old.

2.1.2. Calorespirometric measurements
Calorespirometric measurements were conducted using two

differential scanning calorimeters Model CSC 4100 (Calorimetry
Sciences Corporation, Provo, UT, USA) at Newe Ya’ar, allowing
for six replicates in each run. They were operated in isothermal
mode at a particular constant temperature: 10, 12, 14, 16, 18,
20 or 22 ◦C. Two types of plant tissues (organs) were evaluated:
axillary buds or young, unfolded leaflets. Upper buds were sam-
pled 4–5 days after cutting back the stems, above the first “true”
ernate cut-flower rose greenhouse temperature set-points based
6/j.scienta.2010.08.011

opmental age (ca. 10 mm, 8–13 mg FM, 2.0–3.5 mg DM) were used.
Each calorimeter had four removable ampoules, three of which
were used for simultaneous measurements of rate of heat produc-

dx.doi.org/10.1016/j.scienta.2010.08.011
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ion while the fourth ampoule was used as a reference. Fifty �l
f water was dispensed into the ampoules and the leaflets’ and
uds’ bases were inserted in the water. It was assumed that the
H within the ampoule reached close to saturation shortly after
ealing the ampoule lid. Heat generation of the sampled plant mate-
ial stabilized after about 45 min. At this time the measurement
as terminated. The RCO2 , representing the amount of CO2 emit-

ed through respiration was determined via the method of Hansen
t al. (2005). In order to measure RCO2 the cover of a micro Eppen-
orf tube (“base traps”) filled with 40 �l of 0.4N NaOH was inserted

nto each ampoule to absorb CO2 produced by respiring tissue
amples. The heat of the exothermic reaction between CO2 and
aOH forming carbonate was used to estimate respiration rates
alorespirometrically. The CO2 reaction heat rate divided by the
hange in enthalpy between the reaction of CO2 with NaOH in the
ase trap (108.5 J mol−1) was used to determine RCO2 (Hansen et
l., 1994). Specific metabolic heat rate (q) released by the different
rgans is typically very uniform, thus 6–8 replicates were used to
stimate this variable. The resulting q values were analyzed for pat-
erns with increasing temperature. Analysis of variance methods
ere used to identify whether the means of q for each cultivar were

ignificantly different at various temperature treatments. Since the
mpoule temperatures controlled by the calorimeter are precise
nd accurate to several decimal places, it was also possible to
se the temperature as a continuous variable so as to determine
egression equations relating q and ampoule temperature. Thus the
ata were analyzed to determine linear and quadratic equations
nd to evaluate levels of significance and degree of correlation of
ach.

RCO2 is generally much less uniform than q, so 12 or more repli-
ates were tested. Based on q and RCO2 , and the thermodynamic
odel proposed by Hansen et al. (1994) for the specific rate for

onversion of photosynthates to biomass, RSG was calculated for
uds and leaflets of the four rose cultivars. For this purpose we
sed the equation suggested by Ellingson et al. (2003):

SG �Hb = (−�HCO2RCO2 − Rq)

here RCO2 is the specific rate of CO2 production by respiration;
HCO2 is the heat of combustion of respiratory substrate per mole

f CO2 and Rq is the specific metabolic heat rate.
The resulting patterns were analyzed to identify temperature

anges that might lend themselves to exploitation as alternate TTRs.
he available facilities allowed the testing of TTRs of 14 and 18 ◦C
ight temperatures as representatives of current industry standard,
nd a much lower set-point.

.2. Validation experiment (CA, USA)

The cultivars Kardinal and Milva were selected for use in the
alidation experiment. The selection of Kardinal was motivated
y the Raviv et al. (2001) study and the focus for this selection
as on lowering the temperature during the period of bud emer-

ence. ‘Milva’ was selected because its calorespirometric response
iffered markedly from that of ‘Kardinal’. For ‘Milva’ we sought to
alidate the hypothesis that an alternate TTR could be developed
or the period of time when leaf unfolding occurs, since this cultivar
howed high RSG values at relatively low temperature during this
eriod.

Eighteen plants of each cultivar were grown in a greenhouse
n the Department of Plant Sciences, UC Davis, California, under
Please cite this article in press as: Raviv, M., et al., Development of alt
on calorimetric plant tissue evaluation. Sci. Hortic. (2010), doi:10.101

tandard conditions in 12-L containers filled with coconut coir,
ounted on moveable carts. After an adaptation period of 6 weeks,

ll plants were cut back on 14 August 2006 to create a uniform flush
f synchronized flowering rose shoots. The plants of each cultivar
ere paired into 9 pairs of apparently equivalent plants so that
 PRESS
lturae xxx (2010) xxx–xxx 3

two groups of plants were created; one of each pair was used for
the control and the other for imposing treatments.

Three to five uniform shoots per plant were identified and
tagged after every pruning and served for detailed measurements.
All other flowering buds/stems were also harvested and recorded.
During the relevant growing stages (bud break for ‘Kardinal’ and
leaf unfolding for ‘Milva’), half of the plants were transferred nightly
to a cold chamber for a 14 ± 1 ◦C “cold treatment” (CT) while the
control plants were left in the normal greenhouse night tempera-
ture (18 ◦C). Throughout the study, all plants were together in the
same greenhouse at 18–25 ◦C during the day.

After the first flush was harvested, the plants were pruned again
on 26 October 2006, to induce a second uniform flush of flowers.
On 13 January 2007 a third flush was initiated through pruning.

Thus ‘Kardinal’ plants received the CT for the time from imme-
diately after cutting back (pruning or harvesting) until visible bud
emergence (5 mm) on most of the tagged shoots. This happened
after 8, 10 and 10 days in the first, second and the third flush, respec-
tively. From this stage on, and until harvest, the plants stayed in the
greenhouse.

All ‘Milva’ plants were given the CT once the first leaflet of the
majority of the newly developed shoots had unfolded. The daily
transfer into the CT was repeated until the stage of visible flower
bud was reached by most of the tagged shoots. The duration of
the CT was 17, 13 and 14 days in the first, second and third flushes,
respectively. From this stage on, and until harvest, the plants stayed
in the greenhouse both day and night.

It should be noted that the second flush occurred during a period
of very low light intensity, leading to a relatively high “blindness”
percentage. Supplementary photosynthetic lighting was installed
and operated during day hours of the third flush.

Data loggers were installed on representative carts so that exact
temperature trajectory for each treatment was recorded. The length
of all tagged shoots was measured three times per week. At each
harvest, flower length, flower number, fresh and dry weight of all
flowers was measured.

3. Results

3.1. Calorespirometric experiment

The response of the specific growth rate (RSG) showed consid-
erable variation for the means at each of the calorimeter ampoule
temperatures for the cultivars measured during the course of this
study.

3.2. Bud break heat production rate (q)

The values of q calculated from the measured heat rates for
buds of the four rose cultivars had mean values that ranged from
7.7 to 10.7 �J s−1 mg−1 at an ampoule temperature of 10 ◦C, to
>30 �J s−1 mg−1 at an ampoule temperature of 20 ◦C (Table 1).
For each cultivar there was an increasing trend with temperature
(Fig. 2) which was significant at the 99.99% level; the slopes of
each linear regression fit was significant at levels greater than 99%.
These slopes ranged from 1.0 to 1.6 �W mg−1 ◦C−1). The analysis
of the quadratic model (solid curve Fig. 2) showed that quadratic
term was significant only for ‘First Red’. A stepwise regression anal-
ysis showed that the quadratic term was always included when
attempting to do a forward stepwise analysis, so that the selected
model for q(T) for buds was quadratic model (Table 1).
ernate cut-flower rose greenhouse temperature set-points based
6/j.scienta.2010.08.011

3.3. Leaflet growth heat production rate (q)

The values of q calculated from the measured heat rates for the
four cultivars of leaflets had mean values in the various temper-

dx.doi.org/10.1016/j.scienta.2010.08.011
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Table 1
Means and standard errors for q (�J/sec/mg DW) for buds.

Temperature (◦C) Golden gate Prophyta First red Milva

10 07.70 ± 0.72 a 10.73 ± 0.41 a 08.64 ± 0.53 a 08.59 ± 0.19 a
12 10.20 ± 1.11 ab 12.62 ± 0.88 a 09.60 ± 0.69 ab 11.24 ± 2.17 a
14 13.60 ± 0.64 b 13.64 ± 1.10 a 12.34 ± 0.69 ab 12.19 ± 0.89 a
16 12.65 ± 1.42 b 19.28 ± 1.31 b 14.02 ± 1.13 ab 16.57 ± 1.30 b
18 20.32 ± 2.42 c 20.27 ± 2.47 b 15.52 ± 1.69 b 18.33 ± 1.16 b
20 21.25 ± 1.47 c 30.31 ± 2.96 c 21.70 ± 3.62 c 19.18 ± 2.16 b
22 25.66 ± 2.35 d 27.23 ± 0.96 c 25.80 ± 1.88 c 19.99 ± 1.41 b

Golden gate Prophyta First red Milva

Models for bud q in relation to ampoule temperature
q = a0 + a1 × T

Intercept (a0) −7.60 *** −6.12 ** −7.81 ** −0.74 –

Slope (a1) 1.460 *** 1.578 *** 1.453 *** 1.001 ***

Model significance *** *** *** ***

R-square 0.65 0.68 0.50 0.52
q = a0 + a1 × T + a2 × T2

Intercept (a0) 4.93 – 0.75 – 15.67 – −12.80 –

Slope (a1) −0.196 – 0.649 – −1.634 – 2.604 **

Quadratic term (a2) 0.0515 – 0.0295 – 0.0952 * −0.0501 –

Model significance *** *** *** ***

R-square 0.66 0.69 0.53 0.54

Different letters next to means within a column indicate significant differences.

ated.

a
a
a
a
9
m
w

F

– Model and term significance levels for less than 90% are indicated.
* Model and term significance levels for more than 90% are indicated.

** Model and term significance levels for more than 95% are indicated.
*** Model and term significance levels for more than 99% confidence level are indic

ture treatments that ranged from below 15.1 �J s−1 mg−1 at an
mpoule temperature of 10 ◦C, to greater than 35 �J s−1 mg−1 at an
Please cite this article in press as: Raviv, M., et al., Development of alt
on calorimetric plant tissue evaluation. Sci. Hortic. (2010), doi:10.101

mpoule temperature of 22 ◦C (Table 2). For each cultivar there was
n increasing trend with temperature which was significant at the
9.99% level. It should be noted that the heat evolution for the leaf
aterial was generally higher at the same temperature compared
ith the bud q at the same temperature. The patterns do show cur-

ig. 2. Heat evolution rates (q) as a function of ampoule temperature for buds and leaflet
vature (Fig. 2), but the quadratic effect was only significant at the
90% level for First Red and Golden Gate (Table 2).
ernate cut-flower rose greenhouse temperature set-points based
6/j.scienta.2010.08.011

3.4. Bud break RSG

The mean RSG values for the tested temperature range had vari-
able patterns for ‘Golden Gate’ (Fig. 3A), with significantly high

s of the four rose cultivars along with linear (dotted) and quadratic (solid) models.

dx.doi.org/10.1016/j.scienta.2010.08.011
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Table 2
Means and standard errors for q (�J s−1 mg−1 DW) for leaves.

Temperature (◦C) Golden Gate Prophyta First Red Milva

10 15.10 ± 0.69 a 13.84 ± 0.75 a 13.28 ± 0.49 a 14.02 ± 0.69 a
12 18.20 ± 0.97 b 19.16 ± 0.71 b 17.89 ± 0.57 b 17.33 ± 1.01 a
14 19.03 ± 0.79 b 22.44 ± 1.28 bc 22.67 ± 1.74 c 15.78 ± 1.34 a
16 25.91 ± 0.65 c 23.77 ± 1.45 c 29.62 ± 0.87 d 21.99 ± 0.81 b
18 29.26 ± 1.15 d 32.40 ± 0.70 d 28.16 ± 1.07 d 28.97 ± 1.23 n
20 38.09 ± 1.44 e 34.70 ± 1.36 d 31.90 ± 0.97 d 37.46 ± 2.17 d
22 39.29 ± 0.72 e 40.23 ± 0.77 e 36.36 ± 2.20 e 35.11 ± 0.93 d

Golden Gate Prophyta First Red Milva

Models for leaf q in relation to ampoule temperature
q = a0 + a1 × T

Intercept (a0) −8.49 *** −7.33 *** −2.89 – −10.06 ***

Slope (a1) 2.184 *** 2.124 *** 1.782 *** 2.139 ***

Model significance *** *** *** ***

R-square 0.895393 0.88 0.760321 0.760904
q = a0 + a1 × T + a2 × T2

Intercept (a0) 5.09 – −1.61 – −19.32 * 6.05 –

Linear coefficient (a1) 0.397 – 1.343 – 3.951 *** 0.030 –

Quadratic coefficient (a2) 0.0550 * 0.0248 – −0.0673 * 0.0653 –

Model significance *** *** *** ***

R-square 0.90 0.88 0.77 0.77

D

ated.

v
2
s
2
n
R

F
c

ifferent letters next to means within a column indicate significant differences.
– Model and term significance levels for less than 90% are indicated.
* Model and term significance levels for more than 90% are indicated.

*** Model and term significance levels for more than 99% confidence level are indic

alues at 10 and 20 ◦C, and significantly low values at 14, 18, and
2 ◦C so that no conclusive pattern was evident. ‘Prophyta’ had a
Please cite this article in press as: Raviv, M., et al., Development of alt
on calorimetric plant tissue evaluation. Sci. Hortic. (2010), doi:10.101

omewhat more conclusive pattern (Fig. 3B). At temperature of
0 ◦C the RSG was very low suggesting that this temperature is
ot ideal for bud break in this cultivar. This cultivar showed high
SG values at 14 and 18 ◦C, suggesting that these temperatures

ig. 3. Relative potential growth rate (RSG, expressed as � Joule s−1 mg DM−1) of emergin
ultivars.
might be advantageous for bud breaking. ‘First Red’ had its highest
RSG for bud break at 18 ◦C (Fig. 3C) but without significant differ-
ernate cut-flower rose greenhouse temperature set-points based
6/j.scienta.2010.08.011

ences along the tested range. ‘Milva’ had low RSG values (<0) for all
ampoule temperatures below 20 ◦C (Fig. 3D). At 20 and 22 ◦C the
mean RSG values were the highest, suggesting the need for a rather
high optimal temperature for bud break.

g buds and unfolding leaflets of ‘Golden Gate’, ‘Prophyta’, ‘First Red’ and ‘Milva’ rose

dx.doi.org/10.1016/j.scienta.2010.08.011
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Table 3
Flower count, biomass and stem length of ‘Kardinal’ flowers, as affected by the cold
treatment (CT) in each of the three flushes.

Flower count
(number/plant)

Flower biomass
(g DM/plant)

Average flower
stem length (cm)

Flush #1
Control 6.2 a1 57.4 a 54.4 a
CT 6.6 a 66.8 a 59.4 a
Significance ns ns ns

Flush #2
Control 2.4 a 17.2 a 56.6 a
CT 2.6 a 18.4 a 58.6 a
Significance ns ns ns

Flush #3
Control 3.1 a 28.9 a 56.2 a
CT 4.8 a 45.2 a 56.9 a
Significance ns ns ns

F
t
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.5. Leaflet growth RSG

At p < 0.05 no differences were found among any mean leaflet
rowth RSG value for all tested cultivars. The mean RSG values for
eaflet growth of ‘Golden Gate’ showed a slight increasing trend

ith increasing temperature (Fig. 3E). ‘Prophyta’ (Fig. 3F) had neg-
tive RSG means for 10, 12, 18 and 20 ◦C temperatures while the
SG values at 14, 16 and 22 ◦C were positive. ‘First Red’ had the
ighest RSG mean values for 10 and 12 ◦C while the means for all
igher ampoule temperatures were lower (Fig. 3G). ‘Milva’ (Fig. 3H)
howed highest mean leaflet growth RSG values at 14 and 22 ◦C. The
inimum RSG level was at 18 ◦C.
The temperature response curves for ‘Golden Gate’ and ‘Pro-

hyta’ were similar to ‘Kardinal’ in that they had high RSG values of
merging buds and relatively low RSG values for unfolding leaflets
n relatively low temperatures (Fig. 3A and B, E and F). ‘First Red’
nd ‘Milva’, on the other hand, showed high RSG values for leaf
nfolding at relatively low temperature while the respective val-
es for bud emergence were low (Fig. 3C and D, G and H). ‘Kardinal’
nd ‘Milva’ were selected as representatives of cultivars having dif-
erent predicted responses to low temperatures during different
tages of their growing cycle, namely bud emergence for ‘Kardinal’
nd leaf unfolding for ‘Milva’.

.6. Validation experiment

The general patterns of the cultivars responses to the cold night
reatment, vs. the controls were similar along the three flushes, as
an be seen in Table 3. Rose stem growth of tagged flowers of ‘Kar-
inal’ and ‘Milva’ cultivars in the validation experiment followed
sigmoid pattern over the 66 days during which the flowers were

racked (Fig. 4), terminating at harvest. Both the elongation rate
nd final flower stem length were not significantly affected by the
old night treatment for either cultivar.

The average number of flowers of ‘Kardinal’ was 6.4 per plant
uring the first flush with no significant difference between CT and
ontrol (Table 3). During the second flush there were fewer flow-
Please cite this article in press as: Raviv, M., et al., Development of alt
on calorimetric plant tissue evaluation. Sci. Hortic. (2010), doi:10.101

rs per plant with an average of 2.5 Subsequent to this, during
he third flush, the average flower count per plant was 4.0 flow-
rs/plant; again the means between the control and CT were not
ignificantly different. When expressed as biomass productivity,
he same pattern emerged where the productivity was very low

ig. 4. Mean length and rate of change of tagged ‘Kardinal’ (top) and ‘Milva’ (bottom)
reatment (CT) vs. control (18 ◦C). Number of replicates: ‘Kardinal’ – 18; ‘Milva’ – 21.
1 Different letters between control and CT indicate significant differences at
P < 0.05 for each flush using HSD test.

during the second flush and during each flush there was no signif-
icant difference between the mean flower biomass produced per
plant in the control versus the CT.

Flower stem length for ‘Kardinal’ averaged 57.0, 57.6, and
56.6 cm for the first, second and third flushes (Table 3). The mean
flower stem length at the end of each flush was not significantly
different between control and CT (Table 3).

The average flower count per ‘Milva’ plant was 9.9 flowers/plant
during the first flush, followed by means of 2.3 and 3.8 flowers/plant
during the second and third flushes, respectively (Table 4). As with
‘Kardinal’, the mean flower counts per treatment showed no signif-
icant treatment differences for ‘Milva’ (Table 4). As with the flower
counts, the biomass productivity for ‘Milva’ was much lower in the
second flush (average 28.7 g DM/plant) than the averages in the first
and third flush (116.1 and 59.4 g DM/plant, respectively).

Average flower stem length for ‘Milva’ was significantly affected
by the CT during the first flush with flowers in the CT being 7.8 cm
shorter on average (Table 4). In the second and third flush there
were no significant differences in stem length. The average stem
ernate cut-flower rose greenhouse temperature set-points based
6/j.scienta.2010.08.011

length of ‘Milva’ flowers was relatively short in the first flush
(57.6 cm) and longer in the second and third flushes (67.8 and
64.6 cm, respectively).

rose stems, following pruning and until harvest, as affected by cold (14 ◦C) night
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Table 4
Flower count, biomass and stem length of ‘Milva’ flowers, as affected by the cold
treatment.

Flower count
(number/plant)

Flower biomass
(g DM/plant)

Average flower
stem length (cm)

Flush #1
Control 9.7 a1 120.6 a 61.6 a
CT 10.1 a 111.7 a 53.8 b
Significance ns ns *

Flush #2
Control 2.4 a 31.8 a 68.9 a
CT 2.1 a 25.7 a 66.6 a
Significance ns ns ns

Flush #3
Control 3.7 a 57.4 a 64.1 a
CT 3.9 a 61.4 a 65.1 a
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Significance ns ns ns

1 Different letters between control and CT indicate significant differences at
< 0.05 for each flush using HSD test.

. Discussion

.1. Calorespirometric measurements

Heat production rate is a function of respiration rate. Models
or respiration in relation to temperature typically are exponential
r power functions, i.e. non-linear with curvature (e.g. Kruse and
dams, 2008). Our observations here show that such models are
robably not appropriate for rose buds or leaflets. Even in instances
here the patterns have a significant quadratic term, the patterns
o not show the exponential curvature that would be expected.

n fact, in two instances the curvature suggests that the heat rate
evels off with increasing temperature, rather than climbing expo-
entially.

The RSG data showed considerable variation at each ampoule
emperature for each mean as reflected in the fairly large stan-
ard error bars (Fig. 3), suggesting that these data are primarily
seful for discerning general patterns and trends. We focused on
oting differences between RSGs for cool temperatures as a group
e.g. 10–14 ◦C) versus night TTRs used in cut-flower rose green-
ouse production (16–20 ◦C). In this regard, the patterns suggest
hat ‘Golden Gate’ and ‘Prophyta’ could be grown at low night tem-
eratures during the bud break phase while ‘First Red’ and ‘Milva’
ould not be good candidates for low night temperature during

his period. In a previous study (Raviv et al., 2001) ‘Kardinal’ also
xhibited a pattern that suggested that this cultivar might be fea-
ible to use low night temperatures during this phase of growth.
t should be noted that there is some variability in this pattern
or ‘Golden Gate’ with an RSG mean value of −5 at 14 ◦C deviat-
ng from this pattern. We do not know the reason for this outlier,
ut because of it we chose not to use ‘Golden Gate’ in the valida-
ion phase of the project. The cultivar ‘Kardinal’ was chosen for this
urpose as it showed in a previous study high RSG values at low
emperatures.

For the leaf unfolding period, there were also two cultivars that
istinguished themselves as being candidates for the validation
hase. ‘First Red’ and ‘Milva’ both showed high RSG mean values for
he low temperature range suggesting that these cultivars can grow
nder cooler temperatures, while ‘Golden Gate’ and ‘Prophyta’ did
ot. ‘Milva’ was selected for the validation test.

.2. Validation experiment
Please cite this article in press as: Raviv, M., et al., Development of alt
on calorimetric plant tissue evaluation. Sci. Hortic. (2010), doi:10.101

Lowering the greenhouse night temperature from the standard
ommercial level of about 18 ◦C to a relatively low level of 14 ◦C
uring specific time windows, as predicted by the calorespiromet-
ic study, resulted in similar yields and essentially the same flower
 PRESS
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quality, except in one case (‘Milva’ flower length, first flush). This
exception may be related to the fact that ‘Milva’ plants received
low night temperatures for a longer period in the first flush (17
days) than in the second and third flushes (13–14 days). This fact
emphasizes the need for clear definitions and close inspection of
the developmental stage of the plants, required in order to apply
the proposed approach.

It should be noted that the time of year when reducing temper-
atures set-points is of greatest economic benefit is the winter. The
two flushes in this study that grew during the winter were flush
#2 (without lamps) and #3 (with lamps) showed no significant
differences in any of the measured characteristics.

Another interesting observation related to the sharp decrease
in flower number and biomass produced by the plants during the
second flush (Tables 1 and 2) is that there was no interaction
between the sharp change in light intensity and the effect of the
cold treatment. Thus, while the low-light conditions did cause a
serious decline in productivity, the 10–14 days of lower night tem-
peratures did not make it worse. This would seem to suggest that
growers have little to lose by letting the night temperature drop
to 14 ◦C for ‘Kardinal’ just after cutting back the previous flush for
about 10 days or for ‘Milva’ during leaf unfolding.

Our hypothesis in this research was that predictions made on
the basis of the calorespirometric RSG data could provide a method
for making operational decisions regarding greenhouse night TTRs.
Typically such TTRs are developed over long periods of time with
extensive investment in production research. Our findings suggest
that the use of calorimetrically-derived RSG values can be used to
identify cases where lower than normal night temperatures (18 ◦C)
would be feasible. For example, growers who pinch roses to grow
a big flush of cut-flower roses for a holiday may find that short-
term lowering of temperatures to coincide with bud break, could
be beneficial for cultivars which have relatively high RSG values
during that period. In our study ‘Golden Gate’ (Fig. 3) and ‘Kardi-
nal’ (Fig. 1) show evidence that this might be feasible. While many
growers elevate temperatures around time of bud break, it is now
clear that this is not ideal for all cultivars. In Table 5 we diagram
how growers might adjust their current set-points for the partic-
ular cultivars used in this study with respect to the two periods
of flush development: bud break (the first few days) and leaflet
unfolding (middle of the flush). Similar research would need to be
done for other existing cultivars in use in the trade. It would be
interesting to investigate what happens when the cold night treat-
ment (CT) is applied for situations that are not suitable according
to a calorespirometric analysis.

By grouping varieties that can be grown with lower tempera-
tures together into the same greenhouse, growers can grow such
varieties with less energy costs.

Another important implication of this work is for breeders of
roses who seek to develop cultivars that are more suitable for
cool climate production or to evaluate existing cultivars. Using the
approach identified here means that potential growth at various
rose cultivars can be predicted in a very short time and at less
expense than the current procedure of greenhouse trials. Breed-
ers should also be able to use this tool to identify genetic material
of low temperature requirement and use it in their breeding pro-
grams. It can be envisaged that in the future it will be possible to
extend this approach to other heat-demanding greenhouse crops,
thus leading to an even greater fuel savings.

It is especially important to note that the technique described
here for using calorimetric tissue measurements to develop new
temperature recommendations involves substantial amount of
variation in RCO2 which, along with q is used in estimation of RSG.
ernate cut-flower rose greenhouse temperature set-points based
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Thus it is important that this method be viewed as a screening
tool and that any newly proposed TTRs be first tested using crop
production trials.

dx.doi.org/10.1016/j.scienta.2010.08.011
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Table 5
Potential direction of change in the TTR for the night to or from existing TTR for each cultivar explored in this study.
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