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Summary

The light harvest in plants depends on both incident
light and light penetration into the plant mass. A dif-
fuse (Sca) and a direct (Dir) light environment were
designed with otherwise identical climates using con-
trolled daylight gas-exchange chambers. The incident
photosynthetic photon flux densities (PPFD) of Sca
and Dir were identical but a significantly higher photo-
synthetic photon flux fluence rate (PPFFR) was found
in the Sca treatment, demonstrating the higher light
diffuseness. The hypothesis was that increased diffuse-
ness of light results in increased net photosynthesis
and growth and the objectives were to quantify this for
a chrysanthemum canopy in Sca and Dir.

After four weeks the Sca-treated plants had 9 %
higher shoot dry weight, a higher number of lateral

shoots and a larger leaf area than the Dir treatment.
Despite the greater leaf area of Sca and increased in-
ternal shading, the average CO2 assimilation rate per
canopy leaf area for Sca were 5 % greater than Dir.

We have shown that light measurements that in-
clude the proportions of diffused vs. direct light are
important. Classic quantum sensors may not always
give the most correct estimation of incident light in a
canopy. Diffused light increased the growth of chry-
santhemum leaves and shoots, and we suggest includ-
ing measurements of both PPFD and PPFFR in experi-
ments to secure that the effects of diffused light are
clarified.

Key words. diffuse light – light quality – photosynthesis models – radiation – screen – supplemental light
Introduction

Previous research has indicated that the net carbon up-
take is higher in diffuse than in direct light even with low-
er total PPFD (HOLLINGER et al. 1994; GOULDEN et al.
1997). Such studies are often based on measurements
performed on cloudy days having a naturally higher ratio
of diffuse to direct radiation. Measurement of light dif-
fuseness is not often addressed although it is important
for the total crop photosynthesis (GIJZEN and TEN CATE
1988). Model studies have shown a potential increase in
sweet pepper production of 5–6 % during summer using
diffuse greenhouse covering materials (HEMMING et al.
2006). Diffused light has resulted in larger leaves, in-
creased growth and shorter production time for potted
chrysanthemum (HEMMING et al. 2008).

The photosynthetic efficiency at the canopy level de-
pends on plant size, structure and adaptation to the light
environment often measured as incident photosynthetic
photon flux density (PPFD). Several attempts to stand-
ardize PPFD measurements in relation to photosynthesis
have been made (MCCREE 1971, 1972; BARNES et al.
1993). Differences in measurement are affected by the
sensor calibration and variation in different spectral sen-
sitivity of sensors (TIBBITTS et al. 1986; ROSS and SULEV
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2000). Greenhouse climate control is gradually becom-
ing more and more based on models, such as the energy
saving IntelliGrow (AASLYNG et al. 2003, 2005), so crop
photosynthesis models are needed (KÖRNER et al. 2007).
Although photosynthesis models at the leaf or single
plant level have been developed and validated, these
models differ to some extent from those of plant cano-
pies. Comparisons of photosynthesis models at leaf and
canopy become difficult because light interception, mi-
croclimate, crop size and developmental stage all affect
the canopy photosynthesis (TERASHIMA and HIKOSAKA
1995). Modelling studies show that canopy photosynthe-
sis can be over- or underestimated by up to 20 %
(THORNLEY 2002). On the other hand, measurements of
various leaf positions in canopies might improve the
models (GONZALES-REAL and BAILLE 2000; SUBRAHMANYAM
and TATHORE 2004).

CO2 gas exchange measurements of plant canopies in
various light environments are needed to facilitate
up-scaling from the leaf to the canopy level and to im-
prove our mechanistic understanding of canopy photosyn-
thesis to improve greenhouse climate control. The hypoth-
esis was that increased diffuseness of light increases net
photosynthesis and growth of chrysanthemums. The ob-
jective was to estimate the effects of diffused and direct
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light on plant performance when a canopy was exposed to
changing light conditions but with equal incident PPFD. 

Materials and Methods

We used four semi-closed canopy daylight gas exchange
chambers, each with a volume of 1.3 m3 and a bench area
of 0.42 m2 (JENSEN et al. 2006; MARKVART et al. 2009).
Spatial integrated light was measured by photodiodes
(G1125-02, Hamamatsu Photonics, Japan) (AASLYNG et
al. 1999) placed in white table tennis balls, 40 mm (No.
511006, Stiga® CUP, China) to measure the photosynthet-
ic photon flux fluence rate (PPFFR; µmol m–2 s–1) (EIN-
HORN et al. 2004). Two spherical sensors were placed 2–
5 cm above the canopy (moved every third to fourth day)
and two within the canopy 4 cm above the growth media.
A cosine-corrected (180 °) quantum sensor (LI-190SA,
LI-COR, Lincoln, USA) was used to measure the photo-
synthetic photon flux density (PPFD) 40 cm above the
growth media, above the canopy (Fig. 1.).

The spherical sensors were calibrated in a light-tight
black cabinet against a quantum sensor (LI-190SA,
LI-COR, Lincoln, Nebr., USA) with a white halogen light
source (Philips, K4, Brilliantline, 50 W, 12 V, the Nether-
lands) from above.

Cuttings of Chrysanthemum × morifolium Ramat ‘Mid-
night time’ were grown in Grodan® blocks (Grodan® Delta
6,5 20/15, Grodan BV, Roermond, NL) to reduce effects
of substrate respiration. The plants were kept well irrigat-
ed using a full nutrient solution. After four weeks of prop-
agation 144 visually equal plants were distributed in four
Fig. 1. Schematic representation of the chambers with the
positioning of screens, lamps and sensors (not scaled accu-
rately). Black curtains were used for the direct treatment
(Dir). The diffuse treatment (Sca) was created by using a dif-
fusing screen on the top and southern side of the chamber
(not shown) together with white curtains to scatter the sup-
plemental and natural light.
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homogeneous groups of 32 plants, each with a similar
distribution of plant height using a smooth fractionation
sampling (GARDI et al. 2006; WULFSOHN et al. 2009) while
16 plants were used for destructive start measurements
(Start). The plants were acclimatized for one week in the
chambers prior to the experiment.

Climate and treatments

Two light treatments were used: Diffuse (Sca) and Direct
(Dir). As a replication over time, two plant groups were
exposed to a diffused (ScaP1 and ScaP2) and two plant
groups to a direct (DirP1 and DirP2) light environment.
Long-day treatment was applied from 00:00 h to 18:00 h
using incandescent light bulbs (< 5 µmol m–2 s–1 PPFD at
plant level) to avoid flower initiation. Two high-pressure
sodium lamps (600 W SON-T, Green Power, Philips, Brus-
sels, Belgium) were placed above each chamber with two
light settings: High (HL) and low (LL), obtained by using
1200 and 300 W. Supplemental light accounted for ≈
200 µmol m–2 s–1 PPFD (HL) and ≈ 60 µmol m–2 s–1 PPFD
(LL) of the total light to ensure different light levels being
represented during the experiment. During acclimation,
LL was applied from 00:00 h to 12:00 h. The experiment
lasted four weeks from 23 February until 23 March 2009.
LL was used during the first and third experimental week,
and HL during weeks two and four from 00:00 h to
12:00 h to prevent adaptation to high/low light levels.
The plant groups and treatments were rotated between
chambers twice a week to obtain replications in time and
to repeat measurements with the same light intensity in
different chambers thus obtaining realistic replications of
plant performance in time and to eliminate marginal
chamber differences. After four weeks each of the plant
groups had been placed in all four chambers twice.

The Sca treatment was made using a spectrally neutral
light diffusion screen (XLS 10 FIREBREAK, AB Ludvig
Svensson, Kinna, Sweden) on top of the chamber to scat-
ter both natural and supplemental light. To obtain equal
levels of PPFD, exchangeable curtains of either black (Lo-
brene® Groundcover, Don & Low Ltd, Forfar, Angus, UK)
or white (ILS Hortiroll Revolux w/w, Ludvig Svensson,
Kinna, Sweden) materials were used on the north, west
and east sides (Fig. 1). The exchangeable curtains al-
lowed natural sunlight to enter the chambers from early
morning to late evening and enabled easy swop of treat-
ments (Dif/Sca).

The temperature set point was 25 °C, and CO2 was
maintained at 900 ppm by CO2 injections during light
hours. The chambers were ventilated for respired CO2 for
45 min just before the supplemental light period started
at midnight to reach the CO2 set point.

Biometrical analysis

Plant growth measurements took place on days 0, 7, 14,
21, and 28. We used systematic uniform random (SUR)
sampling of plants with a period of two and with a ran-
dom start (providing a sampling fraction of half of the
canopy) (MARKVART et al. 2009; WULFSOHN et al. 2009).
We recorded height, number of shoots on the main stem
with two leaves > 2 cm by length and flower initiation
signs. Non-destructive measurements of the total canopy
leaf area (CLA) were conducted using a stereological
sampling procedure involving sampling of leaves and
Europ.J.Hort.Sci. 6/2010



Markvart et al.: How is Canopy Photosynthesis of Chrysanthemums Affected by Light? 255
point-counting of leaf areas (WULFSOHN et al. 2009). Sys-
tematic sampling of leaves were conducted on the 16
SUR-sampled plants (fp = half of the canopy). On days 0,
7, and 14 the leaves adjoined to every third node, and on
days 21 and 28 every fifth node, were SUR-sampled (fl =
one-third and one-fifth of sampled plant surface area, re-
spectively). A point-grid size (ap) of 2.24 cm2 per point
was used on day 0 and 7 whereas it was 3.43 cm2 per
point at day 14, 21 and 28. The equation used was:

,

where ap is the area per point on the point grid used, Ps is
the total number of points of the randomly placed square
point counting grid on the final sample of leaves, fp is the
fraction of SUR sampled plants and fl is the fraction of
SUR sampled leaves. Shoot dry weight (DWShoot) was
measured in fractions of stem DWStem and leaves DWLeaves
per plant at day 0 for plant group Start and at day 28 for
16 SUR-sampled plants of DirP1, DirP2, ScaP1 and ScaP2.

The net CO2 assimilation of the canopy (A) in
µmol CO2 s–1 was calculated (MARKVART et al. 2009)
minute-based with moving averages spanning over seven
values as the difference between CO2 supply and CO2
leakage between two time points (t1 and t2) and the
change in the amount of CO2 absorbed. The canopy leaf
area (CLA) in the time interval of one minute was calcu-
lated by making a linear function for each experimental
week using the CLAs from each measuring days. Analysis
of A/CLA is based on average calculations of A/CLA per
day. The average leaf area index (LAI) was calculated by
dividing the estimated CLA by the bench area.

Statistical methods

Days when plants were moved were not included in the
analysis of the climate. Overall means for CO2 concentra-
tion, air temperature, relative humidity, PPFD and PPFFR
per plant group/ treatment per week were analysed using
the mixed model procedure (PROC MIXED) of SAS (SAS
9.1 for Windows, SAS Institute, Cary, NC) with plant
group (P) and treatment (T), respectively, as the explan-
atory variable. Experimental weeks (ExpWk) were in-
cluded as random effects. Means for A/CLA, CO2 concen-
tration, air temperature, RH, PPFD and PPFFR per treat-
ment (Dir and Sca) per day were analysed for the effect
of T, chamber (C) and the interaction between them
(T×C), and with experimental days (D) included by the
mixed model as random effects. We analysed the daily
means for A/CLA, PPFD and PPFFR per treatment (Dir
and Sca) for each experimental week separately for the
effect of T using the mixed model procedure (PROC
MIXED) of SAS with D included as a random effect.

The biometrical growth was analysed for each week
with a one-way ANOVA with P and T respectively as the
explanatory variable, based on data from 16 plants per
plant group and 2x16 plants from each treatment.

Results

The plant groups were exposed to the same climate ex-
cept for light diffuseness. There were no differences be-
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tween all abiotic factors but PPFFR as measured by the
spherical sensors. The variability in climate within cham-
bers and treatments was minor as the daily estimates per
plant group and per chamber of CO2 concentrations were
in the range 949–961 ppm, air temperature 24.8–
24.9 °C, and RH 60.0–67.5 %. Weekly means analysed
with T as the explanatory variable and with random ef-
fect of ExpWk showed no differences between the climate
for Dir and Sca except for significant differences regard-
ing PPFFR (Fig. 2 and 3). The estimates for the different
climate parameters for Dir and Sca by daily means were
close to the weekly means and no interacting effect be-
tween C and T were found (data not shown).

Natural and supplemental light intensities varied be-
tween weeks, but in all weeks the PPFFR of Sca were high-
est (Fig. 3). The PPFFR was on average 2.0 and 2.4 times
greater than PPFD. The PPFDs were equal between the
plant groups and treatments irrespective of the supple-
mental light intensity varied being highest week two and
four (HL) (Fig. 2A and 3A). The overall higher light inten-
sity during week four was a combination of more natural
light, increasing day-length and HL treatment (Fig. 3).

When daily A/CLA was analysed, no interacting effect
between C and T were found (P = 0.749). Two chambers
were not significantly different regarding the measured
A/CLA by the least square mean test (P = 0.805). The two

Fig. 2. The weekly averages per plant group of A) PPFD and B)
PPFFR. The error bars are ± least square means for standard
errors from the mixed model analysis with plant group as ex-
planatory variables and random effect of the weeks. Differ-
ent letters indicate significant differences between plant
groups at P < 0.05.
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divergent chambers were omitted leaving one Sca and
one Dir treatment being rotated between the two equal
chambers twice per week. The statistical result of using
daily A/CLA from the two chambers with the days as rep-
etitions showed no difference between the chambers (P =
0.655) but significant difference between Dir and Sca (P
= 0.038) (Fig. 4).

No differences were found in plant height, leaf area,
number of lateral shoots, dry weights and signs of flower
initiation between the plant groups, but tendencies of
larger Sca plants (Fig. 5). Leaf area and dry matter ana-
lysed with T as the explanatory variable differed signifi-
cantly at day 28 and the Sca treatment gave 7 % greater
leaf area than the Dir treatment (Table 1).

The CLA estimated using SUR sampling and point
counting was estimated to be 4.7 % greater than the leaf
area measured by the leaf area meter at day 0. At day 28
the difference was 6.1, 5.1, 6.6 and 5.1 % for plant
groups DirP1, DirP2, ScaP1 and ScaP2, respectively thus
quite stabile compared to destructive measurements. The
estimation of CLA showed that the average number of
leaves per plant was 14 at day 0 and 74, 68, 78 and 78 for
DirP1, DirP2, ScaP1, and ScaP2, respectively, at day 28. Av-
erage number of nodes per plant was 13 at day 0 and 30
for all plant groups at day 28. The average LAI was 0.85,
1.60, 2.85, 4.64 and 6.97 at days 0, 7, 14, 21 and 28, re-
spectively.

No significant differences were found between the
plant groups at day 28 with respect to dry weights

Fig. 3. Daily averages per week and total experiment of A)
PPFD and B) PPFFR for the direct (Dir) and diffuse (Sca) treat-
ment. The error bars are ± least square mean standard errors.
Different letters indicate significant differences between
treatments at P < 0.05.
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(Fig. 5C). There was no significant difference in DWStem,
but a significant difference in DWLeaves (P = 0.025) and
DWShoot (P = 0.046) was found between the treatments
(Table 1). The estimated DWShoot per plant of Sca was
9 % higher than the Dir treated plants.

Despite the long day, Sca plants were in general more
generatively induced at the end of the experiment
(Fig. 4D), which explains why the Sca plants had a higher
number of lateral shoots (Table 1). The Sca plants turned
reproductive faster that the Dir plants. 

Discussion

The method of moving the plants and treatments be-
tween the chambers meant that treatments only differed
in the diffuseness of the light. We consider these analyses
sufficient to pinpoint differences of relevance for photo-
synthesis and plant performance.

The PPFFR was higher in the diffused light treatment
in all weeks so we succeeded in creating treatments with
identical amount of incident PPFD but differing in dif-
fuseness. The average natural daylight was fairly stable
the first three weeks, and the higher light level measured
during week two was due to the supplemental light (HL).

The decreasing A/CLA from weeks one to three was
caused by decreasing light at the lower canopy level due
to increased LAI, while the increase in A/CLA from week
three to four was caused by the higher light level in week
four. As A was measured on the entire canopy in each
chamber, the CLA is needed for all plants per chamber to
be able to calculate A/CLA.

We found an increased growth in the Sca treated
plants due to a larger leaf area, more lateral shoots, and
higher total biomass. The higher DWShoot for the Sca
treatment was caused by increased leaf growth since no
significant differences in DWStem were found, although a
difference was found for DWLeaves. We can not conclude
that the increased growth was caused by light penetrat-
ing deeper into the canopy in the Sca treatment, as two
spherical sensors below the canopy did not show difference

Fig. 4. Daily averages of A/CLA per treatment for each sepa-
rate week and the total experiment. The results derive from
the mixed model analyses with treatment (T) and chamber
(C) as the explanatory variables and experimental days (D) in-
cluded as random effects. The error bars are ± least square
mean standard errors. Different letters indicate significant
differences between treatments at P < 0.05.
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in the PPFFR in the lower part of the canopy. With a LAI
> 2.8 after the second week, very little light was reach-
ing the bottom of the canopy by the end of the experi-
ment.

The light quality in terms of diffuseness is also impor-
tant for the light harvest at leaf level. The loose packing
of palisade parenchyma and the high proportion of
spongy mesophyll of shade leaves may increase the intra-
cellular reflectance and thus facilitate light capture in the
light limited lower cell layers of the leaves (DELUCIA et al.
1996). The directional quality of the light significantly af-
fects leaf photosynthesis. Leaves grown in high light had
10–15 % more efficient photosynthesis in direct light
than when exposed to diffuse light, while leaves of plants
grown under low light utilized direct and diffuse light
similarly (BRODERSEN et al. 2008). Leaves grown in high
light had a different leaf anatomy, with a thicker palisade
layer that may facilitate the penetration of direct but not
diffuse light, thereby influencing the photosynthetic per-
formance (BRODERSEN and VOGELMANN 2007).

Table 1. The average of different growth parameters for treat-
ment Dir (Direct) and Sca (Diffuse) at day 28. Values followed
by a common letter in a row are not significantly different at
P<0.05. 

Dir Sca

Plant height (cm) 35.7 a 35.5 a

Leaf area per plant (cm2) 829.9 a 894.6 b

Lateral shoots per plant 18.6 a 20.5 b

Stem dry weight (g) 1.3 a 1.4 a

Leaves dry weight (g) 2.9 a 3.2 b

Total shoot dry weight (g) 4.2 a 4.6 b

a
a

aa

0.00

0.02

0.04

0.06

0.08

0.10

0.12

L
e
a
f 
a
re

a
 p

e
r 

p
la

n
t 
(m

2
)

0

5

10

15

20

25

 

a

b

a

b

a
a

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Start Dir
P1

 

Average DW Stem Average DW Leaves

Day 0

b b

cc c c

0

10

20

30

40

50

60

70

80

90

100

Day 28

Dir
P2

Sca
P1

Sca
P2

Start Dir
P1

Day 0 Day 28

Dir
P2

Sca
P1

Sca
P2

Start

Day 0

Start

Day 0

D
W

 p
e
r 

p
la

n
t 
(g

)

F
lo

w
e
r 

in
it
ia

ti
o
n
s
 s

ig
n
s
 (

%
 p

la
n
ts

)
L
a
te

ra
l 
s
h
o
o
ts

 p
e
r 

p
la

n
t 
(n

b
)

A) B)

C) D)
Europ.J.Hort.Sci. 6/2010
In our experiment, the canopies were exposed to
changing irradiance levels so the advantage of using dif-
fuse light becomes more universal. The most active leaves
developed during a week of HL were therefore not adapt-
ed to LL and vice versa in the following week. Due to the
weather and time of the year, week four had higher light
level but none of the weeks could be regarded high light.

Diffused light has been found to be an advantage dur-
ing high light conditions (HEMMING et al. 2006). Whether
diffuse light is an advantage might depend on many fac-
tors. We found that it does matter how the light is meas-
ured if treatments of plants at different locations are to be
compared. For the purpose of modelling crop photosyn-
thesis and growth a score of diffuseness as well as PPFFR
and plant size may improve the observed relationships.

The A/CLA was dependent on plant size and de-
creased with increasing plant age. Increased leaf area in-
creased the gross photosynthesis and DWShoot. We would
expect to have a higher A/CLA in diffuse light due to the
better light penetration, but this was partly counteracted
by larger leaf area, thus resulting in more internal shad-
ing in Sca canopies.

Using spherical light sensors, the Sca treatment was
found to receive 12 % more light than the Dir treatment,
which is in the same range as the increase in DWShoot and
CLA, whereas PPFD was identical for the treatments.
Thus the spherical sensor seems more adequate for re-
flecting the amount of light harvested by the plants in
treatments differing in terms of diffuseness.

We have shown that the diffuseness is important for
plant growth and there is a need for a simple method to
measure it. In a multi-directional light environment such
as in greenhouse production, the problem is even en-
hanced. One solution is to use a combination of a co-
sine-corrected and a spherical quantum sensor. Accord-
ing to BIGGS (2008) there is no unique relationship be-
tween the PPFD and the PPFFR. For a collimated beam at
normal incidence, the two parameters are equal; while

Fig. 5. Averages plant size
days 0 and 28 for the four
plant groups for: A) leaf
area B) number of lateral
shoots and C) dry weight
per plant in proportions of
stem and leaves. D) %
plants with signs of flower
initiation. Different letters
indicate significant differ-
ences between plant
groups for data from day
28. The error bars are ±
least square mean stan-
dard errors of the analysis
with plant group as ex-
planatory variable.
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for perfectly diffuse radiation, the PPFFR is four times
higher than PPFD. As a relative measure of diffuseness,
we suggest using the ratio: PPFFR/PPFD, where one is
perfectly direct light, and four perfectly diffuse light.

When diffusing screens are used in greenhouses, they
reduce PPFD with 10–20 % depending on the type and
brand, while we retained the same level. The diffused
light increased the net canopy photosynthesis per leaf
area due to better light penetration, which potentially
could compensate for the loss of light due to use of diffus-
ing screens in greenhouse. A diffusing screen will pre-
sumably only be of advantage in direct light conditions
and when the light intensity does not seriously limit pho-
tosynthesis.

In conclusion we have been able to obtain treatments
with identical amount of incident light (PPFD) but differ-
ing in diffuseness, and have found increased growth in
the diffuse grown chrysanthemum plants (Sca) due to a
larger leaf area, more lateral shoots and higher total bio-
mass. The higher dry matter of the plants in the Sca treat-
ment was caused by increased leaf growth. Despite the
larger leaf area of Sca the total A/CLA of Sca was 5 %
greater than Dir. The result shows that diffused light en-
hance leaf growth of chrysanthemum, thus confirming
the hypothesis that the diffused light results in higher
photosynthesis of the whole plant. The diffuseness is thus
important for plant growth even under low light condi-
tions, and there is a need for a simple method to measure
it. We found that the PPFFR explained the difference in
growth between Dir and Sca better than the traditionally
used PPFD. In light environment of a greenhouse, the dif-
fuseness is not monitored, but we suggest that measure-
ments of both PPFFR and PPDF to be useful as they reflect
the difference in growth between diffuse and direct light.
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