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Abstract

Scaevola aemula is a popular ornamental crop cultivated as a bedding plant or for hanging baskets. We characterized gas exchange properties of

S. aemula ‘New Wonder’ in response to photosynthetically active radiation (PAR), carbon dioxide concentration, and leaf temperature. Net CO2

assimilation rate (A) was responsive to CO2, exhibiting a saturation when intercellular CO2 concentration (Ci) was greater than 600 mmol mol�1.

Net CO2 assimilation rate and dark respiration rate (Rd) were 23.1 and 2.3 mmol m�2 s�1, respectively, at 25 8C and PAR = 1500 mmol m�2 s�1.

Net CO2 assimilation rates were similar at leaf temperatures between 20 and 30 8C but significantly reduced at 15 8C. These gas exchange results

were used to test the extendibility of a coupled gas exchange model previously developed for cut-roses. Utilizing the gas exchange data measured at

25 8C leaf temperature, several model parameters were independently determined for S. aemula. Model predictions were then compared with

observations at different leaf temperatures. The model predicted the rates of net CO2 assimilation and transpiration of S. aemula reasonably well.

Without additional calibration, the model was capable of predicting the temperature dependence of net CO2 assimilation and transpiration rates.

Applying the model to predict the effects of supplemental lighting and CO2 enrichment on canopy photosynthesis and transpiration rates, we show

that this model could be a useful tool for examining environmental control options for S. aemula production in the greenhouse.
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1. Introduction

Scaevola aemula, commonly known as Australian fan flower,

is widely cultivated for hanging baskets or as a bedding plant

(Zhang et al., 2004). Production of vegetative cuttings of S.

aemula is limited by low-ambient light levels during the winter

months particularly in northern areas (Donnelly, 2002). Addition

of 42 or 70 mmol m�2 s�1 high pressure sodium (HPS) lighting

applied to S. aemula ‘New Wonder’ stock plants increased the

number of cuttings harvested by 51 or 73%, respectively, over a

16-week period during winter (Donnelly and Fisher, 2002).

Carbon dioxide (CO2) enrichment can increase plant dry mass,

height, number of leaves, and lateral branching of greenhouse

crops also because of enhanced photosynthesis (Mortensen,

1987). Another benefit of CO2 enrichment is that it increases crop

water use efficiency as a result of reduced stomatal conductance
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in response to high CO2 (Bunce, 2004). Supplemental light and

CO2 are complementary technologies in that the effect of

supplemental CO2 on yield and quality of floricultural crops is

greater as light level increases (Eng et al., 1983; Mortensen and

Moe, 1983). However, as both photosynthetic light and CO2

responses are nonlinear, their combinatory effects are unlikely to

be linear. Another key environmental variable that regulates the

biochemical processes involved in photosynthesis is tempera-

ture. Photosynthetic temperature dependence is also curvilinear

and usually described by peaked functions (Lieth and Pasian,

1990; Medlyn et al., 2002). If photosynthesis is limited by low

light and/or low temperature, the benefits of CO2 enrichment will

be diminished. Information of photosynthetic responses of S.

aemula to the interactive effects of CO2, light and temperature

will be valuable in making environmental control decisions for

greenhouse crop production. To date, however, little is known

about the photosynthetic and stomatal responses of S. aemula to

light, CO2, and temperature.

With limited time and resources to carry out a comprehen-

sive study to examine the interactive effects of environmental
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factors on plant growth and biomass production, a mechanistic

model that integrates key physiological and biochemical steps

in photosynthesis and transpiration can be a useful tool to assess

the benefits of greenhouse controls such as supplemental

lighting, shading, CO2 enrichment, misting, heating, and

cooling. Previously, a model that coupled photosynthesis,

transpiration, and stomatal conductance has been developed for

cut-roses (Kim and Lieth, 2003). This model may be extended

to other C3 greenhouse crops with only minor parameterization

since many of the model parameters can be conserved among

C3 species (Kim and Lieth, 2003). In cases where parameter-

ization is necessary, it may be determined using a modern gas

exchange system without much difficulty.

The objectives of this study were (1) to determine

photosynthetic responses to photosynthetically active radiation

(PAR), CO2 concentration, and leaf temperature of S. aemula

leaves, and (2) to examine the extendibility of the coupled

model of gas exchange processes (Kim and Lieth, 2003) to this

species. The model behavior was tested against observations of

S. aemula gas exchange that were not used for calibration. This

model was then applied to evaluate the effectiveness of

supplemental lighting and CO2 in regards to photosynthesis and

water use of S. aemula.

2. Materials and methods

2.1. Plant materials

Vegetatively propagated rooted cuttings of S. aemula ‘New

Wonder’ were received at the Department of Environmental

Horticulture, University of California at Davis (388370N,

1218470W) from Pleasant View Gardens (Loudon, NH, USA)

on 18 April 2001. These plants were transplanted into 15 cm

pots (3.8 L) amended with modified UC Mix, containing sand,

redwood sawdust and peat moss (1:1:1, v/v/v), on 20 April

2001. Plants were irrigated using drip emitters with half-

strength Hoagland solution four times per day. The plants were

grown without shading in the greenhouse.

2.2. Experimental design

Seven plants were randomly selected for leaf gas exchange

measurements. Four recently expanded sunlit leaves of each

plant were selected for measurements. Treatment was the leaf

temperature during gas-exchange measurement controlled

using a photosynthesis system (LI-6400, LI-Cor, Lincoln,

NE, USA). Gas-exchange measurements were taken at four leaf

temperatures over 4 days: 11 May at 25 8C, 14 May at 20 8C, 16

May at 30 8C, and 18 May at 15 8C. Measurements at 20, 25 and

30 8C were taken in the greenhouse, whereas measurements at

15 8C were taken in a growth chamber. For 15 8C treatment,

plants were moved to the growth chamber 2 h before the

measurements for acclimation to this temperature. Only those

leaves that were broad enough to cover the leaf chamber area

(6 cm2) were selected. PAR at plant height inside the growth

chamber was maintained around 200 mmol m�2 s�1 using a

high-pressure sodium (HPS) lamp. PAR near noon above the
canopy inside the greenhouse was near 1500 mmol m�2 s�1

during the experiment. Mean daily air temperature in the

greenhouse was 19.6 8C during the experiment. Mean daily

CO2 concentration in the greenhouse was 380 mmol mol�1.

The effects of leaf temperature on light saturated photosynth-

esis (PAR = 1500 mmol m�2 s�1) were analyzed using analysis

of variance as a randomized complete block design. Individual

plants were used as blocks (seven replications) and the

treatment was leaf temperature (four levels).

2.3. Leaf gas exchange measurements

Photosynthesis, stomatal conductance, and transpiration

measurements were conducted using a portable photosynthesis

system (LI6400) with red/blue LED light source (LI6400-02B)

attached to control the light intensity inside the leaf chamber.

Light response curves were generated using a built-in

automated protocol of the photosynthesis system. Atmospheric

CO2 concentration (Ca) inside the leaf chamber was controlled

at 360 mmol mol�1. Leaf temperature was controlled using dual

Peltier devices that heated or cooled the air circulating through

the leaf chamber (LI-COR, 1998). For each leaf temperature

treatment, photosynthetic light response (A/Q) of a single leaf

was determined at PAR levels of 2000, 1500, 1000, 750, 500,

350, 200, 200, 50 and 0 mmol m�2 s�1. Photosynthetic CO2

response (A/Ci) curves were also determined using those plants

that were not used for light response determination. For these

measurements, PAR inside the leaf cuvette was controlled at

1500 mmol m�2 s�1 and leaf temperature was maintained at

25 8C. A/Ci measurements were made by controlling the

reference CO2 at nine different levels between 0 and

1500 mmol mol�1.

2.4. The coupled gas exchange model

A coupled model for photosynthesis, transpiration, and

stomatal conductance previously developed for cut-rose leaves

(Kim and Lieth, 2003) was extended to predict gas exchange

responses of S. aemula. Seven parameters of the model were

independently calibrated for S. aemula in the present study.

First, Rubisco capacity at 25 8C of leaf temperature (Vcm25)

was determined from the initial slope of A/Ci responses

(Ci < 200 m bar) measured at 25 8C using SAS NLIN

procedure (SAS, version 8, Cary, NC, USA) as described by

Kim and Lieth (2003). The potential rate of electron transport

(Jm25), curvature of electron transport response to PAR (u) and

dark respiration rate (Rd25) at 25 8C were determined from A/Q

response curves. The rate of triose phosphate utilization (Pu25)

was estimated from the saturated region of the A/Ci responses

(Ci > 800 mbar). The sensitivity parameter (m) of the stomatal

conductance model was determined from the A/Ci responses.

The residual conductance (b) was held fixed at 0.01

mol m�2 s�1 (Leuning, 1995). The effect of leaf age was not

considered in the model. All nonlinear regressions for

parameter estimation were highly significant (P < 0.01). All

symbols and parameters estimated or mentioned in the present

study are listed in Table 1. All other model parameters



Table 1

List of symbols and the estimates (� approximately standard error) of the model parameters determined for Scaevola aemula in the present study and corresponding

values for Rosa hybrida by Kim and Lieth (2003)

Symbol Description Units S. aemula R.hybrida

A Leaf net CO2 assimilation rate mmol m�2 s�1

Acan Canopy CO2 assimilation rate mmol m�2 s�1

Amax Light saturated A at ambient Ca (ffi360 mmol mol�1) mmol m�2 s�1

b Minimum stomatal conductance to water vapor mol m�2 s�1 0.01 0.096

Ca Atmospheric CO2 concentration mmol mol�1

Ci CO2 concentration in intercellular air spaces mmol mol�1

E Leaf transpiration rate mmol m�2 s�1

Ecan Canopy transpiration rate mmol m�2 s�1

gs Stomatal conductance to water vapor mol m�2 s�1

Jm25 Potential rate of electron transport at 25 8C mmol m�2 s�1 212.4 � 13.26 162.0

Jmax Potential rate of electron transport mmol m�2 s�1

m Empirical coefficient for the sensitivity of stomatal conductance to A, CO2, and relative humidity – 13.27 � 0.57 10.06

Pu25 Rate of triose phosphate utilization at 25 8C mmol m�2 s�1 14.6 � 1.52 11.55

Rd Dark respiration rate mmol m�2 s�1

Rd25 Dark respiration rate at 25 8C mmol m�2 s�1 2.30 � 0.44 1.26

Vcm25 Photosynthetic Rubisco capacity at 25 8C mmol m�2 s�1 118.6 � 3.44 102.4

Vcmax Photosynthetic rubisco capacity mmol m�2 s�1

u Curvature of response of electron transport to PAR – 0.30 � 0.11 0.7

All other parameters were used as listed in Kim and Lieth (2003).
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including the temperature dependence of photosynthesis

parameters were used as in Kim and Lieth (2003). For

complete description of the model, see Kim and Lieth (2003).

2.5. Canopy gas exchange simulations

The leaf gas exchange model was applied to simulate canopy

gas exchange using a sun-shade scaling method assuming

spherical leaf angle distribution (Campbell and Norman, 1998).

The effects of supplemental lighting and CO2 enrichment on

diurnal patterns of canopy gross photosynthesis (Acan) and

canopy transpiration rate (Ecan) of S. aemula were simulated in

order to demonstrate the application of the model. The climate

data inside the experimental greenhouses at the University of

New Hampshire (UNH), Durham (438130N, 708930W), NH,

USA from 24 October 2000 to 30 November 2000 described in

Donnelly (2002) were used as input for the simulations. Briefly,

supplemental CO2 was added from a compressed gas cylinder

during the photoperiod (average ffi 850 mmol mol�1) in two

greenhouse compartments while the other two compartments

were not supplemented with CO2. Within each greenhouse

compartment, one bench was randomly assigned to ambient

light (average ffi 154 mmol m�2 s�1) while the other bench

received ambient plus supplemental light of 74 mmol m�2 s�1

from HPS lamps. The HPS lamps were run for 11 h beginning

before dawn and ending after dusk each day. Throughout the

experiment vegetative cuttings were harvested regularly and the

experiment began when plants were already well-established (8

weeks after transplant). As a result the leaf area of the canopy

was kept fairly constant. Thus, a constant leaf area index (LAI)

of 2.0 (m2 (leaf area) m�2 (ground area)) was assumed for

the simulations. The simulations were run for the entire

7-week period of the experiment with 30 min interval using the

average climate data of each treatment combination described

above.
3. Results

3.1. Leaf gas exchange responses to CO2 and PAR

S. aemula was responsive to CO2 exhibiting an A/Ci

response in which a rapid increase in A was followed by a

gradual saturation (Fig. 1a). At Ca � 370 mmol mol�1 with

PAR = 1500 mmol m�2 s�1 at leaf temperature = 25 8C, aver-

age Ci was 258 � 6.5 mmol mol�1 resulting in the ratio of Ci/Ca

near 0.7 with gs of 0.43 � 0.06 mol m�2 s�1. S. aemula shows

A/Q responses with a smooth transition from light limited

(RuBP limited) to light saturated (Rubisco Limited) responses.

The light saturated net photosynthesis (Amax) at PAR =

1500 mmol m�2 s�1 was 23.1 � 1.15 mol m�2 s�1 at ambient

Ca and with a leaf temperature = 25 8C.

3.2. Responses to temperature

Light saturated net photosynthesis (Amax) was similar at leaf

temperatures between 20 and 30 8C but significantly reduced at

15 8C (P < 0.001; Fig. 2a). The rates of transpiration (E) and

dark respiration (Rd) increased with leaf temperature (Fig. 2b

and c). A was similar between 15 and 30 8C up to PAR

�500 mmol m�2 s�1 but was greater at 30 8C than 15 8C as

PAR increased (Fig. 2d).

3.3. Model parameterization and validation

The estimates of Vcm25, Jm25, and Pu25 in this study were

118.6, 212.4, and 14.6 mmol m�2 s�1, respectively (Table 1).

Dark respiration rate (Rd) at 25 8C was 2.3 mmol m�2 s�1. The

transition from light limited to light saturated A in A/Q response

was characterized by a curvature factor (u) of 0.304. The

sensitivity parameter (m) of stomatal conductance (gs) was

estimated to be 13.3 (Table 1). Without calibrating temperature



Fig. 1. Leaf net CO2 assimilation rate (A) of Scaevola aemula in response to CO2 and PAR at a leaf temperature = 25 8C. (a) Photosynthetic CO2 (A/Ci) response. (b)

Photosynthetic light (A/Q) response. Circles represent observations that have been used for model calibration. Lines represent model predictions.

Fig. 2. Measured and predicted leaf gas exchange properties in response to leaf temperature: (a) net CO2 assimilation rate (A) at PAR = 1500 mmol m�2 s�1; (b)

transpiration rate (E); (c) dark respiration rate (Rd); (d) A/Q responses at leaf temperature = 15 8C (open circle) and 30 8C (filled circle). All symbols represent

mean � S.E. of observations (n = 7). Lines represent model predictions. All r2 values determined by the linear regression of measured values as a function of

predicted values were significant at P < 0.01.
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related parameters, the model was capable of describing the

temperature dependence of A, E, and Rd between 15 and 30 8C
of leaf temperature (Fig. 2). Model predictions were well

correlated with measurements as shown by the highly

significant values of the coefficient of determination (r2)

(Fig. 2).

4. Discussion

4.1. Leaf gas exchange responses

S. aemula exhibited photosynthetic responses that were

typical of C3 species. That is, Awas sensitive to CO2 exhibiting a

saturation near Ci = 600 mmol mol�1. The Ci/Ca ratio was near

0.7 which is a typical value in C3 species (Jones, 1992). The

estimates of Vcm25 and Jm25 were 118.6 and 212.4, respectively,

exhibiting relatively high photosynthetic productivity compared

with other dicot C3 species. The average estimates of Vcmax and

Jmax at normal temperatures (i.e., 20–30 8C) for dicot agricultural
Fig. 3. Diurnal simulations of canopy gross photosynthesis and transpiration rates of S.

These simulations were selected out of the 7-week period simulations based on avera

during October and November 2000 (Donnelly, 2002). (a) Measured PAR. Black solid

HPS lighting; (b) measured CO2. Black solid line represents ambient [CO2] without en

photosynthetic rates (Gross Acan); and (d) predicted canopy transpiration rates (Ecan)

ambient PAR with CO2 enrichment (red long dashed), supplemental HPS lighting with

enrichment (green dashed dot). Mean measured relative humidity was 48.1%. Wind spe

2.0. (For interpretation of the references to color in this figure legend, the reader is r
crops were 90 and 171 mmol m�2 s�1, respectively (Wulls-

chleger, 1993). The ratio of Jmax/Vcmax at 25 8C was 1.79 which

was similar to the range of average ratios reported in the literature

of from 1.67 (Medlyn et al., 2002) to 2.04 (Leuning, 2002). The

smooth transition from light limited to light saturated A in A/Q

response resulted in a curvature factor (u) of 0.304 which was

lower than the value (=0.7) normally used for C3 plants (Evans

et al., 1993). This low u indicated that photosynthesis of S.

aemula would be sensitive to PAR even when PAR is relatively

high and thus this species would be productive under high light

conditions.

The temperature responses of A, E, and Rd were predicted

well by the model (Fig. 2). Note that all the temperature

parameters used in the present study were taken directly from

Kim and Lieth (2003) without calibration. The temperature

dependence of C3 photosynthesis may differ between species

and growth environment. Our results indicated that the

temperature responses of S. aemula may be similar to that of

cut-roses when both species are grown in the similar
aemula over 3 days in response to supplemental HPS lighting and CO2 enrichment.

ge climate data from four glass greenhouse compartments in Durham, NH, USA

line is for ambient PAR and blue dashed line for ambient PAR plus supplemental

richment and red solid line for [CO2] with enrichment; (c) predicted canopy gross

. Simulations were run for ambient PAR without CO2 enrichment (black solid),

out CO2 enrichment (blue short dashed), and supplemental HPS lighting with CO2

ed in the greenhouse was assumed as 2.0 m s�1. Leaf area index was assumed to be

eferred to the web version of the article.)
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environment. This adds to the findings that the temperature

responses of key photosynthetic parameters (i.e., Vcmax and

Jmax) are relatively well conserved across C3 species (Leuning,

2002; Medlyn et al., 2002). This also suggests that additional

parameterization of the temperature dependence may not be

necessary for extending the coupled gas exchange model to

other greenhouse grown C3 plants, therefore simplifying the

effort of modeling photosynthesis in horticultural crops. This

result is promising in that the coupled gas exchange model can

be extended to other C3 horticultural crops without extensive

calibration.

4.2. Model application: effects of HPS lighting and CO2

fertilization on photosynthesis and transpiration

Daytime supplemental HPS lighting and CO2 fertilization

have been shown to increase total biomass and cutting

production of S. aemula (Donnelly, 2002; Donnelly and Fisher,

2002). We applied the coupled gas exchange model to simulate

the effects of supplemental lighting and CO2 enrichment on

canopy gross photosynthesis (Acan) and transpiration (Ecan) of

S. aemula based on measured climate data from Donnelly’s

(2002) study, in four glasshouse compartments located at

Durham, NH, USA. Selected diurnal patterns of the climate

data (i.e., PAR and CO2) and simulation results (Acan and Ecan)

are demonstrated for three consecutive days from 4 November

to 6 November, 2000 (Fig. 3). The model predicted that

supplemental lighting with 74 mmol m�2 s�1 over an 11-h

photoperiod would increase gross Acan in S. aemula by 44%

over Acan from ambient sunlight (average 154 mmol m�2 s�1

over 11-h) over the 7-week experimental period. In addition,

the model predicted that CO2 enrichment (850 mmol mol�1

CO2 during the photoperiod) would increase gross Acan by 12%

over a CO2 level of 430 mmol mol�1. When both supplemental

lighting and CO2 were combined, the model predicted that

gross Acan would increase by 62% over ambient sunlight and

CO2. Daily canopy photosynthesis is closely related to potential

biomass production. The simulation results for gross Acan

correspond reasonably well with the experimental results of

Donnelly (2002) over the same 7 weeks period, where the dry

weight of vegetative cuttings and waste harvested during the

experiment was increased by 56, 21, and 71% in response to

supplemental lighting, CO2 enrichment, or both supplemental

light and CO2, respectively. The simulation results indicated

that the positive effects of CO2 fertilization on biomass

production would be more pronounced when supplemental

lighting was used.

Daily canopy transpiration corresponds to plant water use

and is a good indicator of irrigation requirement. The model

predicted that CO2 enrichment would decrease canopy

transpiration (Ecan) by 21% whereas HPS lighting would

increased it by 34% (Fig. 3d). When the two treatments were

combined, the model predicted that Ecan would increase only

1% due to the counteracting effects of supplemental lighting

and CO2 fertilization on plant water use in comparison with the

scenario where neither was supplemented. Stomata respond to

both light and CO2 in a fashion that stomatal conductance (gs) is
positively related to light but negatively related to CO2 (Jones,

1992). These changes in gs due to light and CO2 consequently

alter transpiration rates. This relationship was well captured by

the coupled gas exchange models (e.g. Kim and Lieth, 2003;

Leuning, 1995). The simulations in the present study stress the

fact that not only biomass production but also water use would

be significantly affected by both CO2 enrichment and

supplemental lighting and therefore an adjustment in irrigation

management would be needed with the use of these

supplemental technologies. While the direct improvement in

photosynthesis and thus biomass accumulation may be less

apparent in response to CO2 fertilization in winter conditions,

CO2 enrichment can present an additional effect on plant water

use which can be beneficial in terms of irrigation management.

Here, a simple application of the coupled gas exchange model

demonstrated that supplemental lighting and CO2 enrichment

can be complementary technologies to each other not only

because they contribute to increase biomass accumulation but

also because CO2 enrichment can improve crop water use

efficiency. Note that the current model does not take into

account photosynthetic acclimation to high CO2. Plant

responses to high Ca can be mitigated by various acclimation

mechanisms (Stitt, 1991). As demonstrated here, this model

may be used as a tool to evaluate environmental control options

for S. aemula production in the greenhouse.

5. Conclusions

S. aemula plants were sensitive to CO2 and light levels, and

both modeling and greenhouse studies showed that supple-

mentation of CO2 and light can improve production of S.

aemula plants through enhanced photosynthesis. Calibration of

five photosynthesis (Vcm25, Jm25, Pu25, Rd25, and u) and two

stomatal conductance model parameters (b and m) seemed

adequate to extend the coupled gas exchange model previously

developed for rose leaves to S. aemula. The temperature

dependence of S. aemula was well described by the model

without calibration. This is promising in that the model can be

extended to other C3 horticultural crops without extensive

calibration.

This model may be used as a tool to evaluate environmental

control options for other C3 horticultural crops in the greenhouse

such as supplemental lighting, CO2 enrichment, and irrigation

management in order to optimize economic yield. For example,

the model predicted a complementary effect of supplementary

light and CO2 on yield of S. aemula, and that biomass production

would increase more using supplemental lighting of 74 mmol

m�2 s�1 with HPS lamps than by doubling of CO2 during the

winter. This prediction was confirmed by Donnelly’s (2002)

study, which found that harvested cutting yield increased by 43,

19, and 72% in response to supplemental lighting, CO2

enrichment, or both supplemental light and CO2, respectively.
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