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Abstract 

A coupled model of leaf photosynthesis and stomatal conductance as a function of 
photosynthetically active radiation (PAR), CO2, leaf temperature, relative humidity, and leaf 
age was calibrated for rose leaves. The photosynthetic parameters: maximum carboxylation 
rate (Vcmax), potential rate of electron transport (Jmax), rate of triose phosphate utilization 
(TPU), and leaf dark respiration rate (Rd) were determined using  gas exchange data of fully 
expanded, young, sunlit leaves. The temperature dependence of Vcmax, Jmax, and TPU were 
determined. The stomatal conductance model was calibrated using the gas exchange data for 
combinations of relative humidity, light, and temperature. The model was calibrated and 
validated for the cut-flower rose variety �Kardinal�. Vcmax and Jmax were also evaluated for 
cultivars �Cara Mia� and �Fire�N Ice�. 
  
1. Introduction 
 

Many crop simulation models are photosynthesis-based. A model to describe CO2 
assimilation is a core of those crop simulation models. Photosynthesis models in horticulture 
have been described in various forms (see review: Marcelis et al., 1998). The biochemical 
model of photosynthesis for C3 leaves (Farquhar et al., 1980) has been widely accepted for 
the merit of its mechanistic basis, although its complexity in parameterization has been 
recognized (Wullschleger, 1993). A coupled approach in a photosynthesis-stomatal 
conductance model has been introduced (Collatz, 1991; Harley et al., 1992; Leuning et al., 
1995) that combines the biochemical model of photosynthesis with the model of stomatal 
conductance (Ball et al., 1987). The coupled model approach could adequately describe the 
photosynthetic behavior of leaves taking into account the biochemical limitation (demand) as 
well as stomatal limitation (supply). Sharkey (1985) included the rate of triose phosphate 
utilization (TPU) as one of the important biochemical limitations in photosynthesis. Harley et 
al. (1992) implemented the TPU limitation in their model. A model for photosynthesis of 
rose leaves as a function of photosynthetically active radiation (PAR), leaf temperature, and 
leaf age was previously developed for �Cara Mia� (Lieth and Pasian, 1990). The model did 
not include CO2 as a driving variable. The biochemical model has been used to study the 
photosynthetic properties of rose canopy (Gonzales and Baille, 2000). 



 

 

We present a coupled model of photosynthesis-stomatal conductance calibrated for 
rose leaves (�Kardinal�) as a function of PAR, CO2, leaf temperature, relative humidity (RH), 
and leaf age. The model is tested under different conditions. We determined two 
photosynthetic parameters, the maximum carboxylation rate (Vcmax) and the potential rate of 
electron transport (Jmax), of three rose cultivars (�Kardinal�, �Cara Mia�, and �Fire�N Ice�) to 
evaluate if the same set of parameters could be used for different cultivars. 
  
2.  Model description 

 
2.1. Photosynthesis model 
 
The biochemical model for C3 photosynthesis by Farquhar et al. (1980) was used as 

modified by de Pury and Farquhar (1997) and Harley et al. (1992). The net photosynthetic 
rate (A) governed by the biochemical demand for CO2 can be written as: 

 { } dpjvdc RAAARVVA −=−−= ,,min5.0 0  (1) 

where Vc and Vo are the rates at which carboxylation and oxygenation occur, respectively, for 
ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco). The factor 0.5 reflects that for 
each of two oxygenations of Rubisco, one molecule of CO2 is released in photorespiration. 
Av, Aj, and Ap are the rates of carboxylation limited by Rubisco acitivity, Ribulose 
bisphosphate (RuBP) regeneration through electron transport, and triose phosphate 
utilization, respectively. Rd (dark respiration) is respiration other than photorespiration. 
Rubisco-limited photosynthesis (Av) is given by: 
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where Vcmax is the maximum rate of carboxylation, Γ* is the CO2 compensation point in the 
absence of mitochondrial respiration, Ci and O are intercellular partial pressures of CO2 and 
O2, and Kc and Ko are Michaelis constants for carboxylation and oxygenation, respectively.  

The photosynthetic rate limited by the rate of RuBP regeneration through electron 
transport (Aj) can be expressed: 
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where J is the rate of electron transport, assuming four electrons are required for the 
regeneration of a single RuBP molecule in Calvin cycle. J is dependent on PAR effectively 
absorbed by Photosystem II (I2), expressed by: 
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where I2 is related to the incident PAR (I0) as follows: I2=I0(1-f)(1-σ)/2. f is the spectral 
correction, σ is the reflectance plus transmittance of the leaf to PAR, I0 is divided by 2 
because light is absorbed by both Photosystem I and Photosystem II to drive one electron 



 

 

from H2O to NADP+. Jmax is the maximum rate of electron transport. θ is a curvature factor 
of response of electron transport to irradiance.   

RuBP regeneration is limited by the availability of inorganic phosphate arising from 
the failure of triose phosphate utilization in the Calvin cycle under certain conditions such as 
high CO2, high irradiance, and low temperature (Harley et al., 1992; Sharkey, 1985; 
Wullschleger, 1993). The photosynthesis limited by utilization of triose phosphate (Ap) was 
given by: 

 TPUAp ⋅= 3  (5) 

where TPU is the rate of triose phosphate utilization. The temperature dependence of Kc, Ko, 
Rd, Vcmax and TPU are described by an Arrhenius function:  
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where k25 is the parameter values at 25°C at optimal leaf age and Ea is the activation energy 
(kJ mol-1). The photosynthetic parameter values and their activation energy are given in 
Table 1 after de Pury and Farquhar (1997). The temperature dependence of Jmax is described 
by: 
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where Jm25 is the potential rate of electron transport at 25°C at optimal leaf age (≅ 20 days), Ea 
is the activation energy, S is the electron-transport temperature response parameter, and H is 
a curvature parameter of Jmax. The temperature dependence of Γ* was described as: 
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To account for the effect of leaf age on photosynthetic capacity, the parameters Vcmax, 
Jmax, and TPU are modified by: 
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where age is leaf age, d0 is a scaling factor, d1 and d2 are empirical parameters. 
 
2.2. Stomatal conductance model 
 
The photosynthesis model is coupled to a semi-empirical stomatal conductance model 

proposed by Ball et al. (1987) and modified by Harley et al. (1992) as follows: 
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where Ca is the CO2 partial pressure the air, RH is relative humidity in decimal format, g0 is 
the minimum stomatal conductance to H2O at the light compensation point, and g1 is an 
empirical coefficient to represent the sensitivity of conductance to A, Ca, and RH. In this 
model, g0 was fixed at 0.08 mol H2O·m-2·s-1 from the measurement at the light compensation 
point. g1 was then empirically determined by fitting the model to observed Ci. 

 
2.3. Coupling the two models 
 
The biochemical model of photosynthesis uses Ci as a driving variable. Ci results 

from the interaction of A and stomatal conductance (gs) which can be described using the 
following relationship (Collatz et al., 1991):  

 P
gg

ACC
bs

ai ⋅





+⋅−= 37.16.1  (11) 

where the factors 1.6 and 1.37 correct for the difference in diffusivity between CO2 and H2O 
inside and outside the boundary layer, respectively, gb is the boundary layer conductance, and 
P is the atmospheric pressure.  When the model of photosynthesis and stomatal conductance 
are integrated, A and gs become interdependent so that the value of Ci was determined 
iteratively. When Ci, calculated using Eqn. (11), agrees with the initial Ci within 0.1 µbar, the 
iteration procedure was terminated.  
 
Table 1.  Parameters used in the model. Parameter values are for 25 °C. Ea is the 
activation energy in kJ·mol-1. The values with the superscript �a� are from de Pury and 
Farquhar (1997). Others are calibrated in this study. 
Symbol Value Units Ea Symbol Value Units 
Kc25 404a µbar 59.4a d0 1.296 - 
Ko25 248a mbar 36.0a d1 0.1468 - 
Vcm25 98.9 µmol·m-2·s-1 42.6 d2 0.0103 - 
Jm25 159.0 µmol·m-2·s-1 42.2 f 0.15a - 
TPU25 11.0 µmol·m-2·s-1 43.9 g0 0.08 mol·m-1·s-1 
Rd25 1.14 µmol·m-2·s-1 66.4a g1 13.7 - 
    H 197.9 kJ·mol-1 
    O 205 mbar 
    R 8.314 J·mol-1·K-1 
    S 636 J·mol-1·K-1 
    Γ* 36.9a µbar 
    θ 0.7a - 
 σ 0.17 - 

 
3.  Materials and Methods 
 

3.1. Plant materials 



 

 

3-year-old �Kardinal� rose plants in 13L pots were used for the leaf photosynthesis 
measurements for calibration and validation of the model. 3-year-old �Fire�N Ice� plants and 
13-year-old �Cara Mia� plants were used for the evaluation of Vcmax, and Jmax. A potting mix 
containing sand, redwood sawdust, and peat moss (1:1:1, v/v) was used as growing media. 
Tensiometer based irrigation was set up to control root-zone moisture tension with set-points 
of 1.0 and 3.0 kPa. All plants were watered with half-strength Hoagland�s Solution No.2 plus 
micronutrients. Plants were grown in the glasshouse at the Department of Environmental 
Horticulture at the University of California at Davis. Air temperature set-points inside the 
greenhouse were 24 °C day and 20 °C night. 
 

3.2. Photosynthesis measurements 
 
We used a LI6400 photosynthesis system (Li-Cor, Lincoln, NE, USA) with a blue/red 

LED light source attached to generate light and A/Ci response curves under various 
environmental conditions. Fully developed young leaves (approximately 20 days after 
unfolding) of the flowering shoots developed under sunlight during September through 
November 2000 were used for the photosynthetic measurements. We determined standard 
A/Ci response of individual leaves at 0, 50, 100, 200, 300, 400, 600, 800, 1200 and 1500 
µmol·mol-1 CO2 under 1500 µmol·m-2·s-1 of incident PAR at a leaf temperature of 25 °C and 
with RH inside the leaf chamber at about 50-60 %. The atmospheric pressure at the site was 
kept between 100.1 and 102.5 kPa during the measurements. We determined the light 
response at several PAR levels between 0 and 2000 µmol·m-2·s-1 at a 25 °C leaf temperature 
and 350 µmol·mol-1 CO2 inside the leaf chamber. We investigated the A/Ci response at 
various leaf temperatures (10, 15, 20, 25, 30, 35, and 40°C) to determine the temperature 
dependence of the photosynthetic parameters. Responses of gs to RH (0.05 to 0.90), PAR (> 
100 µmol·m-2·s-1), and leaf temperature (10 to 40°C) was determined separately to calibrate 
the stomatal conductance model. Light response curves of several leaves of different ages (5 
to 180 days after unfolding) were determined to test the model behavior for leaf age effect. 
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Figure 1.  Model calibration. (a) A/Ci responses at  two temperatures, (b) temperature 
response at three Ca levels (µbar), (c) light response at Ca of 350 µbar at 25°C, (d) the 
relationship between stomatal conductance (gs) and A*RH/Ca. Curves are models fitted to 
observed data (symbols). 
 
4.  Results 
 

4.1. Parameterization 
 
Photosynthetic capacity parameters at standard temperature (Vcm25, Jm25 and TPU25), 

their temperature dependence and Rd25 were calibrated by fitting the model to the measured 
data. We used the parameters of leaf age dependence after Kim and Lieth (2000). Other 
parameters were obtained from de Pury and Farquhar (1997). We applied a nonlinear 
regression technique to parameterize the model using SAS 8.0 NLIN procedure. The stomatal 
conductance model (Eqn. 10) was fit to corresponding data set. The individual components 
of the photosynthesis model (Eqn.1-9) were fit to corresponding data using the measured Ci 
to obtain preliminary estimates of the parameters. Finally, the parameters (Vcm25, Jm25, TPU25, 
H, S, and Ea for Vcmax, Jmax, and TPU) were simultaneously fitted to the measured data using 
iteratively estimated Ci in the coupled model (Table 1). The model satisfactorily describes 
the photosynthetic responses to PAR, CO2 and temperature of rose leaves after calibration 
(Fig. 1). 
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Figure 2.  Model validation. (a) A/Ci responses at two incident PAR levels (70 and 200 
µmol·m-2·s-1) at 25°C, (b) temperature response at three Ca levels under incident PAR of 
200 µmol·m-2·s-1, (c) light response of young leaves (8 and 30 days old) at ambient CO2 
(350 µbar) at 25°C, (d) light response of old leaves (68 and 180 days old) at ambient CO2 
(350 µbar) at 25°C.  Curves are model predictions for corresponding conditions. 

 
Table 2.  Photosynthetic parameters at 25°C for three different rose cultivars. The 
parameters (unit: µmol·m-2·s-1) were estimated using the measured Ci. TPU limitation was 
not accounted for in this estimation. SD represents for standard deviation. Values with the 
same letter within a column are not significantly different by Tukey-Kramer method of 
mean comparisons at α= 0.05. 
Cultivar N Vcm25 SD Jm25 SD 
Cara Mia 10   97.7 a 10.43 155.4 b 18.04 
Fire�N Ice 10 104.0 a 10.39 183.8 a 13.29 
Kardinal 15 104.8 a   9.31 163.8 b   8.28 

 
4.2. Validation 
 
A data set of �Kardinal� that was not included in calibration was used for the 

validation (Fig. 2). The validation data set was obtained under different conditions than the 
calibration data. The A/Ci responses and temperature responses were determined at 200 
µmol·m-2·s-1 PAR and leaves of different ages (8, 30, 68 and 180 days after unfolding) were 
used for the light responses. We also investigated A/Ci responses of �Fire�N Ice� and �Cara 



 

 

Mia� to evaluate the applicability of the estimated parameters to other cultivars. For this 
purpose, only Vcmax and Jmax at 25 °C were determined for each cultivar using measured Ci 
(as opposed to the Ci estimated by the coupled model). A simple ANOVA was then 
performed to test if the parameters are the same among different cultivars (Table 2). Jm25 for 
�Fire�N Ice was different than that of �Kardinal�, whereas Vcm25 of both cultivars was not 
different. 
 
5.  Discussion 

 
The biochemical model of photosynthesis has been extensively adopted in studies of 

ecological modeling. However, application of the biochemical model in crop simulation 
models for agricultural or horticultural purposes was limited, probably due to the complex 
parameterization procedure. Recent developments in gas exchange measurement systems 
(e.g., LI6400, Li-Cor, Lincoln, NE) made it less difficult to determine the model parameters. 
The number of parameters to be fitted can be reduced by assuming some are invariant across 
species of C3 plants. We assumed the values of Rubisco parameters (i.e., Kc, Ko, Γ* and their 
temperature dependencies) as used in de Pury and Farquhar (1997). Estimation of Ci from 
given Ca is critical for practical use of the model. Ci may be estimated to be proportional to 
Ca under certain conditions. However, in some studies, the ratio of Ci/Ca is assumed constant 
(0.7-0.8). Use of the fixed Ci/Ca ratio, however, may not be appropriate for dynamic crop 
simulation models, as they should cover a variety of conditions where the ratio may not hold 
true. 

The A/Ci responses at low temperature (10°C) shows that short-term increase of CO2 
did not result in increased photosynthesis (Fig. 1a). We hypothesized this response as TPU 
limitation and implemented it in the model accordingly after Harley et al. (1992). Inclusion 
of the TPU limitation improved the model prediction at low temperature and high CO2 levels. 
The inclusion of the TPU limitation in the model could be critical for greenhouse crops, 
including cut-flower roses, in particular, because many commercial greenhouses practice 
CO2 enrichment. The model could assist in making the decision whether to practice the CO2 
enrichment at specific temperature and light conditions. 

When tested against an independent data set, the coupled model predicted 
assimilation reasonably well at various conditions (Fig. 2). However, there was considerable 
variation in the estimation of gs that was not explained by the coupled model (data not 
shown). The estimation of Vcmax and Jmax of three rose cultivars using measured Ci revealed 
that different parameter values may be needed for different cultivars (Table 2). Although the 
differences in Jmax of �Fire�N Ice� and the other two cultivars was significant, the values of 
Vcmax and Jmax of all three cultivars were within a reasonable range. 

Wullschleger (1993) reported in the meta-analysis of the parameters of 109 species 
that woody perennials averaged 44 and 97 µmol⋅m-2⋅s-1 for Vcmax and Jmax, respectively. The 
productivity of rose crops in the greenhouse may be greater than other woody perennials in 
general, assuming that those values reported in Wullschleger (1993) represented young, 
actively photosynthesizing, sunlit leaves. 

 Gonzalez-Real and Baille (2000) reported Vcmax of 66 µmol⋅m-2⋅s-1 and Jmax of 155.8 
µmol⋅m-2⋅s-1 for the young leaves of rose �Sonia�. These values agree reasonably with ours, 



 

 

although their estimate of Vcmax is lower than our values. They showed that the 
photosynthetic parameter values could greatly vary with position in a rose canopy. We 
implemented leaf age as a driving variable regulating the photosynthetic capacity in the 
model. In modeling canopy photosynthesis, the vertical profile of leaf age distribution in a 
canopy, then, could be used to account for the distribution of photosynthetic capacity 
throughout the canopy. Modelers have employed leaf nitrogen content as a driving variable 
to account for the gradient of photosynthetic capacity in a canopy (e.g., de Pury and 
Farquhar, 1997).  The relationship between leaf age and nitrogen content was addressed in 
relation to the distribution of nitrogen content in a canopy (Field, 1983). 

The present model needs to be further evaluated and validated with data collected 
from different locations and time. The feasibility of extension to different cultivars should be 
tested more comprehensively. If a separate set of the parameter estimates is necessary for 
different cultivars, the calibration and validation could be more effectively achieved by 
collaboration among modelers, breeders, and growers. The model could be further extended 
to couple the transpiration model using an energy balance approach (e.g., Collatz et al., 1991; 
Leuning et al., 1995).  
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