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Abstract 

Ozturk I., Ottosen C.O., Ritz C., Streibig J.C., 2011. Non-linear mixed-eff ects modeling for photosynthetic 

response of Rosa hybrida L. under elevated CO
2
 in greenhouses. Hort. Sci. (Prague), 38: 43–47.

Photosynthetic response to light was measured on the leaves of two cultivars of Rosa hybrida L. (Escimo and Mercedes) 

in the greenhouse to obtain light-response curves and their parameters. Th e aim was to use a model to simulate leaf 

photosynthetic carbon gain with respect to environmental conditions. Leaf gas exchanges were measured at 11 light 

intensities from 0 to 1,400 μmol/m2s, at 800 ppm CO
2
, 25°C, and 65 ± 5% relative humidity. In order to describe the data 

corresponding to diff erent measurement dates, the non-linear mixed-eff ects regression analysis was used. Th e model 

successfully described the photosynthetic responses. Th e analysis indicated signifi cant diff erences in light saturated 

photosynthetic rates and in light compensation points. Th e cultivar with the lower light compensation points (Escimo) 

maintained a higher carbon gain despite its lower (but not-signifi cant) quantum effi  ciency. Th e results suggested ac-

climation response, as carbon assimilation rates and stomatal conductance at each measurement date were higher for 

Escimo than Mercedes. Diff erences in photosynthesis rates were attributed to the adaptive capacity of the cultivars to 

light conditions at a specifi c day when the experiments were undertaken. 
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Exploring the diff erences in effi  ciency in energy 

conversion, and photosynthetic capacity in diff erent 

cultivars and/or species under various abiotic condi-

tions is an important strategy to investigate the un-

derlying mechanisms in carbon assimilation. Even 

though pot-grown plants in greenhouses are sup-

plied with standardized nutrients, water, and light 

levels, these plants still experience strong variation 

in light and temperature over the day and across sea-

sons (Poorter et al. 2010). Studies shown that there 

is evidence for inter- and intra-specifi c variability in 

net photosynthesis rate of plants (Ottosen, Mentz 

2000; Barman et al. 2008). Th is suggests that indi-

vidual responses exhibit random deviations. 

Studies of gas exchange provide a tool for evaluat-

ing the impact of abiotic conditions on crop produc-
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tivity (Moon et al. 1987). In gas exchange studies of 

photosynthesis, it is common to use repeated meas-

urements over time to estimate the response curve 

parameters. It is therefore essential to use a suitable 

statistical approach. Mixed models enable an appro-

priate representation of reality and provide us with a 

useful analysis tool. One of the main advantages of 

mixed models is that the ability to analyze repeated 

measurements on the same experimental units or data 

set (Fang, Bailey 2001; Pinheiro, Bates 2002). 

Th e leaves of greenhouse-grown roses show high 

plasticity, and dynamic acclimation (Calatayud 

et al. 2007). Th e changing rates of photosynthesis 

in Rosa hybrida are also attributed to the increased 

leaf area due to training system (Matloobi et al. 

2009) or the eff ect of CO
2
 enrichment in the green-

houses (Baille et al. 1996), rather than the light in-

tercepting capacity of leaves. Th e objectives of this 

study were to investigate the variation in photosyn-

thetic parameters of the two R. hybrida cultivars at 

the leaf level and to determine whether any vari-

ation was associated with current light conditions 

on the day when the measurements took place. 

MATERIAL AND METHODS

Plant material and growth conditions

Th e measurements conducted on eight week old 

R. hybrida cultivars, Escimo and Mercedes in a 

greenhouse at Research Centre Aarslev, Denmark 

from mid winter to early spring 2009. Plants were 

received from commercial growers and kept in the 

greenhouse at 25°C day and 20 ± 2°C night temper-

atures, at 65 ± 5% relative humidity. During gas-ex-

change measurements, the CO
2 

concentration was 

elevated. Plants were provided with nutrient mix-

ture and kept well watered. All plants were supplied 

with supplemental light (Powertone, Son-t Agro, 

400W – Philips) for 18 h a day. Th e experimental 

period was four months. Th e measurement dates 

for Escimo were January 22, February 19, March 6, 

and April 28; for Mercedes they were January 20, 

January 22, March 9, and April 21.

Gas exchange measurements

Measurements were carried out on the fi rst or sec-

ond youngest fully developed leaf on the top of the 

stem. Values of net photosynthetic rate, (P
N

) μmol 

(CO
2
)/m2s, leaf transpiration rate, (E) mmol 

(H
2
O)/m2s, stomatal conductance to CO

2
, ( g

s
) 

mmol (CO
2
)/m2s, sub-stomatal CO

2 
concentration 

(C
i
) (ppm), and vapour pressure defi cit (VPD, kPa) 

between air and internal leaf were provided by the 

CIRAS-II (PP Systems, Amesbury, MA, USA) port-

able infrared gas analyzer, on which a double sided 

leaf cuvette (PL5-U, PP Systems, Amesbury, MA, 

USA) was mounted. During gas exchange measure-

ments, artifi cial light was supplied by the control-

lable LED light resource (PL5-U, PP Systems, USA). 

Leaf temperature, humidity and external air CO
2 

concentration (C
a
) in the cuvette were control-

led by the CIRAS-II and continuously monitored. 

Th e corresponding values were 25°C, 65 ± 5%, 

and 800 ppm, respectively. Light-response curves 

were made by decreasing photosynthetic photon 

fl ux density (PPFD) from 0 to 1,400 μmol/m2s in 

11 steps until steady state values were obtained. Th e 

estimated parameters were R
D

 (dark respiration), 

P
Nsat 

(photosynthesis rate at saturating light and 

elevated CO
2
), α (the apparent effi  ciency of light 

energy conversion on an incident light basis, quan-

tum effi  ciency) (Saroussi, Beer 2007; Le Roux et 

al. 1999). A light compensation point (LCP) param-

eter was deduced from the Mitscherlich function 

(Tosserams et al. 2001; Heschel et al. 2004). Net 

photosynthesis rate presented in the analysis was 

derived from at least four single leaf measurements 

at each measurement date. 

Statistical methods

Data consisted of two layers. First, there were the 

large-scale experimental units corresponding to the 

measurement dates; these units were similar to the 

notion of blocks in a standard randomized block 

design. Second, there are the individual within-date 

measurements, constituting the light response curve 

at a given date and thus under specifi c experimental 

conditions, as determined by the cultivar used. Th e 

statistical analysis was carried out by using the non-

linear mixed-eff ects regression (NLME) procedure 

in R open source statistical software (Ritz, Streibig 

2008; R Development Core Team 2008). 

RESULTS

At elevated CO
2
 concentration level, P

N
 of Mercedes 

reached a plateau at a PPFD value of 1,200 μmol/m2s
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(Fig. 1b) and of Escimo at a value of 1,400 μmol/m2s

(Fig. 1a), with a P
Nsat

 of 16 (± 0.5) μmol(CO
2
)/m2s 

and 22 (± 0.5) μmol (CO
2
)/m2s, respectively. Th e es-

timated parameters between cultivars with respect 

to α, were not signifi cantly diff erent (Table 1). P
Nsat

 

were, howerver, signifi cantly diff erent with higher 

values shown by the cv. Escimo. An analysis showed 

that the LCP of the cultivars was also signifi cantly 

diff erent. Despite its lower quantum effi  ciency (non-

signifi cant), Escimo was characterized by a signifi -

cantly higher P
Nsat

 and lower LCP (Table 1). With 

leaf and ambient temperature ≈ 25°C, relative humid-

ity 65 ± 5%, and a subsequent VPD in the range of 

0.8–1.2 kPa, the cultivar Mercedes illustrated a pro-

portional increase in transpiration (E) and stomatal 

conductance ( g
s
) with increasing light. Escimo was 

characterized by a particular drop in the same pa-

rameters at 800 μmol/m2s PPFD (data not shown).

Th e variation in P
N

 at the higher light intensi-

ties and over time was evident. Th e fi tted response 

curves based on the NLME analysis illustrated the 

inter-date variability (Fig. 1a, b). Th e intra-date and 

inter-date specifi c estimated variance components 

indicated that the inter-date variation was approxi-

mately four times as large as the intra-date vari-

ability (2.581 vs. 0.622, respectively). Th e NLME 

analysis showed that the photosynthesis rates of 

both cultivars across the experimental period from 

January 20 to April 28, 2009 were signifi cantly dif-

ferent at the asymptotic values. Under actual envi-

Table 1. Th e non-linear mixed-eff ects regression (NLME) analysis. Estimated photosynthesis-related parameters 

obtained from light response curves for each cultivar

Estimated parameters Escimo Mercedes

R
D

 (μmol (CO
2
)/m2s) –0.98 ± 0.38a –1.58 ± 0.38a

P
Nsat

 (μmol (CO
2
)/m2s) 22 ± 0.5a 16 ± 0.5b

α (μmol/mol) 0.0035 ± 2.2 × 10–4a 0.0040 ± 3.3 × 10–4a

LCP (μmol/m2s) 15.28 ± 2.95a 23.63 ± 3.59b

R
D

 – dark respiration recorded at 0 μmol/m2s photosynthetic photon flux density, P
Nsat

 – light and CO
2
 saturated rate of 

photosynthesis, α – quantum yield, LCP – light compensation point at P
N

 – 0. Parameters are presented with standard 

error of means. Different letters within a row designate statistically significant difference at the 0.001 level

Fig. 1. Light response curves for Escimo (a) and light response curves for Mercedes (b) for each measurement day at con-

stant values of leaf temperature (25°C), relative humidity (65 ± 5%), and at elevated CO
2
 at 800 ppm; where P

N
 represents 

net photosynthetic rate, R
D

 – dark respiration, P
Nsat

 – photosynthesis rate at saturating light and elevated CO
2
, α – the 

apparent effi  ciency of light, and the non-linear mixed-eff ects regression photosynthetic photon fl ux density (PPFD). Th e 

fi tted curve based on non-linear mixed-eff ects regression is shown (solid line). Measurement dates are arranged from 

the highest P
Nsat

 observed to the lowest

PPFD (μmol/m2s) PPFD (μmol/m2s)

P
N

 (
μ

m
o

l/
m

2
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P
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ronmental conditions, P
N

 and g
s
 at each measure-

ment date were higher for Escimo than Mercedes. 

DISCUSSION

Th e light saturation and corresponding P
Nsat

 val-

ues seemed high compared to Baille et al. (1996) 

and Jiao et al. (1991). Th is might be explained by the 

fact that when all the leaves along the fl ower stems 

have a fully developed photosynthetic mechanism, 

the highest photosynthetic capacity is found in the 

uppermost leaves below the fl ower bud (Gonza-

lez-Real, Baille 2000), and it is these leaves that 

were measured in this study. Th e saturation irra-

diance and P
Nsat

 values were on the other hand, 

slightly lower than the values observed by Kim and 

Lieth (2003), and Urban et al. (2007).

A higher P
Nsat

 was evident on a clear sunny day 

for Escimo. Th is may refl ect an increased plastic-

ity of Escimo under conditions of high irradiance 

when other factors were non-limiting. Th e plastic-

ity was related to the higher values of g
s
 recorded at 

sunny days. Th e lower level of R
D

 and g
s
 suggested 

that Mercedes might be more sensitive to VPD, 

since the high air fl ow rate inside the cuvette might 

have decreased the humidity on the leaf surface of 

Mercedes more than on Escimo.

Due to the experimental design, diff erent meas-

urement dates created a random eff ect and NLME 

suggested that the measurement dates (varying 

natural light conditions) signifi cantly infl uenced the 

capacity for CO
2
 assimilation. It was reported that 

the age and the position of the leaves have an eff ect 

on assimilation rates in rose plants, which was asso-

ciated with a varying gradient of nitrogen in young 

and older leaves (Pasian, Lieth 1989). Position, 

age and elongation of the leaves of both cultivars, in 

our study, were approximately the same. However, 

diff erences in water and nutrient status and source-

sink relationship may have contributed to the diff er-

ences in photosynthetic rates. It was also shown that 

photosynthetic leaf nitrogen and Rubisco capacity 

are associated with seasonal acclimation to the light 

conditions in R. hybrida leaves (Gonzalez-Real, 

Baille 2000). We found an interaction between nat-

ural light and photosynthetic activity on April 28 for 

Escimo and on  April 21 for Mercedes. Th ere is evi-

dence indicating that the light is the most important 

determinant of variation in leaf related characteris-

tics and characteristics related to the water balance 

of plant (Poorter 1999). 

CO
2
 enrichment reduced R

D
 in the two rose cul-

tivars. Th e parameter estimates regarding α were 

similar to those reported by Peek et al. (2002). It 

was shown that the quantum effi  ciency is an intrin-

sic characteristic, and its upper ceiling in C
3
 plants 

is set fi rmly by physiochemical limitations (Skill-

man 2008). Under steady-state and non-stressed 

conditions, quantum yield is generally regarded as 

constant (Ehleringer, Bjorkman 1977; Oberhu-

ber et al. 1993). Th e signifi cantly lower LCP value of 

Escimo suggested that this cultivar might be more 

tolerant to lower light levels than Mercedes, as LCP 

was reported to be a good indicator for shade tol-

erance (Timm et al. 2002). Th e variability in LCP 

might be attributed to photosynthetic induction 

caused by frequently changing natural light condi-

tions (Ogren, Sundin 1996; Pearcy 1990). 

Mixed model approach allow regression analysis 

of data collected outside of a fi xed design matrix 

and for unbalanced or incomplete data sets (Noth-

durft et al. 2006). Th e variability in response, due 

to the random eff ect, was successfully represented. 

Th e Mitscherlich function explained the data and 

provided us with parameters of biological relevance. 

Th e NLME was found to be appropriate to predict 

the leaf photosynthesis, mainly because of its ability 

to incorporate random predictors into the model. 

Ac k n o w l e d g m e n t

We wish to acknowledge financial support from 

the Faculty of Agricultural Sciences, Aarhus Uni-

versity. We would like to thank Helle Sørensen 

and Ruth Nielsen, Department of Horticulture, 

Aarhus University, for their assistance on gas ex-

change measurements and for maintaining the 

optimum experimental conditions in the green-

house. 

R e f e r e n c e s

Baille M., Romeroaranda R., Baille A., 1996. Gas-ex-

change responses of rose plants to CO
2
 enrichment and 

light. Journal of Horticultural Science, 71: 945–956.

Barman T.S., Baruah U., Saikia J.K., 2008. Irradiance in-

fl uences tea leaf (Camellia sinensis L.) photosynthesis and 

transpiration. Photosynthetica, 46: 618–621.

Calatayud A., Roca D., Gorbe E., Martinez P.F., 2007. 

Light acclimation in rose (Rosa hybrida cv. Grand Gala) 

leaves after pruning: Eff ects on chlorophyll a fl uorescence, 

nitrate reductase, ammonium and carbohydrates. Scientia 

Horticulturae, 111: 152–159.



 47

Hort. Sci. (Prague) Vol. 38, 2011, No. 1: 43–47

Ehleringer J., Bjorkman O., 1977. Quantum yields for CO
2
 

uptake in C
3
 and C

4
 plants – dependence on temperature, 

CO
2
, and O

2
 concentration. Plant Physiology, 59: 86–90.

Fang Z.X., Bailey R.L., 2001. Nonlinear mixed eff ects mod-

eling for slash pine dominant height growth following inten-

sive silvicultural treatments. Forest Science, 47: 287–300.

Gonzalez-Real M.M., Baille A., 2000. Changes in leaf 

photosynthetic parameters with leaf position and nitrogen 

content within a rose plant canopy (Rosa hybrida). Plant 

Cell and Environment, 23: 351–363.

Heschel M.S., Stinchcombe J.R., Holsinger K.E., Sch-

mitt J., 2004. Natural selection on light response curve 

parameters in the herbaceous annual, Impatiens capensis. 

Oecologia, 139: 487–494.

Jiao J., Tsujita M.J., Grodzinski B., 1991. Infl uence of radia-

tion and CO
2
 enrichment on whole plant net CO

2
 exchange 

in roses. Canadian Journal of Plant Science, 71: 245–252.

Kim S.H., Lieth J.H., 2003. A coupled model of photosynthe-

sis, stomatal conductance and transpiration for a rose leaf 

(Rosa hybrida L.). Annals of Botany, 91: 771–781.

Le Roux X., Grand S., Dreyer E., Daudet F.A., 1999. 

Parameterization and testing of a biochemically based 

photosynthesis model for walnut ( Juglans regia) trees and 

seedlings. Tree Physiology, 19: 481–492.

Matloobi M., Ebrahimzadeh A., Khaligi A., Hasan-

dokht M., 2009. Training system aff ects whole canopy pho-

tosynthesis of the greenhouse roses (Rosa hybrida ‘Habari’). 

Journal of Food Agriculture & Environment, 7: 114–117.

Moon J.W., Flore J.A., Hancock J.F., 1987. A comparison 

of carbon and water-vapor gas-exchange characteristics 

between a diploid and highbush blueberry. Journal of the 

American Society for Horticultural Science, 112: 134–138.

Nothdurft A., Kublin E., Lappi J., 2006. A non-linear 

hierarchical mixed model to describe tree height growth. 

European Journal of Forest Research, 125: 281–289.

Oberhuber W., Dai Z.Y., Edwards G.E., 1993. Light depend-

ence of quantum yields of Photosystem II and CO
2
 fi xation in 

C
3
 and C

4
 Plants. Photosynthesis Research, 35: 265–274.

Ogren E., Sundin U., 1996. Photosynthetic responses to 

variable light: A comparison of species from contrasting 

habitats. Oecologia, 106: 18–27.

Ottosen C.O., Mentz J., 2000. Biomass accumulation and 

photosynthesis of ornamentals in elevated CO
2
 conditions. 

Gartenbauwissenschaft, 65: 35–39.

Pasian C.C., Lieth J.H., 1989. Analysis of the response of net 

photosynthesis of rose leaves of varying ages to photosyn-

thetically active radiation and temperature. Journal of the 

American Society for Horticultural Science, 114: 581–586.

Pearcy R.W., 1990. Sunfl ecks and photosynthesis in plant 

canopies. Annual Review of Plant Physiology and Plant 

Molecular Biology, 41: 421–453.

Peek M.S., Russek-Cohen E., Wait D.A., Forseth I.N., 

2002. Physiological response curve analysis using nonlinear 

mixed models. Oecologia, 132: 175–180.

Pinheiro J., Bates D., 2002. Mixed Eff ects Models in S and 

S-Plus. Berlin, Springer-Verlag.

Poorter H., Niinemets U., Walter A., Fiorani F., Schurr 

U., 2010. A method to construct dose-response curves for 

a wide range of environmental factors and plant traits by 

means of a meta-analysis of phenotypic data. Journal of 

Experimental Botany, 61: 2043–2055.

Poorter L., 1999. Growth responses of 15 rain-forest tree 

species to a light gradient: the relative importance of 

morphological and physiological traits. Functional Ecol-

ogy, 13: 396–410.

R Development Core Team, 2008. R: A Language and 

Environment for Statistical Computing. Available at: 

http://www.R-project.org

Ritz C., Streibig J.C., 2008. Nonlinear Regression with R. 

New York, Springer-Verlag.

Saroussi S., Beer S., 2007. Alpha and quantum yield of 

aquatic plants derived from PAM fl uorometry: Uses and 

misuses. Aquatic Botany, 86: 89–92.

Skillman J.B., 2008. Quantum yield variation across the 

three pathways of photosynthesis: not yet out of the dark. 

Journal of Experimental Botany, 59: 1647–1661.

Timm H.C., Stegemann J., Kuppers M., 2002. Photosyn-

thetic induction strongly aff ects the light compensation 

point of net photosynthesis and coincidentally the apparent 

quantum yield. Trees-Structure and Function, 16: 47–62.

Tosserams M., Visser A., Groen M., Kalis G., Magen-

dans E., Rozema J., 2001. Combined eff ects of CO
2
 con-

centration and enhanced UV-B radiation on faba bean. 

Plant Ecology, 154: 197–210.

Urban O., Kosvancova M., Marek M.V., Lichtenthaler 

H.K., 2007. Induction of photosynthesis and importance 

of limitations during the induction phase in sun and shade 

leaves of fi ve ecologically contrasting tree species from the 

temperate zone. Tree Physiology, 27: 1207–1215.

Received for publication September 14, 2010 

Accepted after corrections December 3, 2010

Corresponding author:

Isik Ozturk, Aarhus University, Faculty of Agricultural Sciences, Research Center Aarslev, 

Kirstinebjergvej 10, DK-5792 Aarslev, Denmark

phone: + 45 899 919 00, fax: +45 899 934 90, e-mail: Isik.Ozturk@agrsci.dk


