'.\' frontiers
in Plant Science

ORIGINAL RESEARCH
published: 04 February 2016
doi: 10.3389/fpls.2016.00056

OPEN ACCESS

Edited by:

Marcello Mastrorill,

Consiglio per la Ricerca in Agricoltura
e I’Analisi dell’Economia Agraria, Italy

Reviewed by:

Carl-Otto Ottosen,

Aarhus University, Denmark

Luo Weihong,

Nanjing Agricultural University, China

*Correspondence:
Leo F. M. Marcelis
leo.marcelis@wur.nl;
Tao Li
tao1985@163.com

tPresent address:

Elias Kaiser,

Wageningen UR Greenhouse
Horticulture, Wageningen,
Netherlands

Specialty section:

This article was submitted to
Crop Science and Horticulture,
a section of the journal
Frontiers in Plant Science

Received: 06 September 2015
Accepted: 14 January 2016
Published: 04 February 2016

Citation:

Li T, Kromdijk J, Heuvelink E,

van Noort FR, Kaiser E

and Marcelis LFM (2016) Effects

of Diffuse Light on Radiation Use
Efficiency of Two Anthurium Cultivars
Depend on the Response of Stomatal
Conductance to Dynamic Light
Intensity. Front. Plant Sci. 7:56.

doi: 10.3389/fpls.2016.00056

CrossMark

Effects of Diffuse Light on Radiation
Use Efficiency of Two Anthurium
Cultivars Depend on the Response of
Stomatal Conductance to Dynamic
Light Intensity

Tao Li'?*, Johannes Kromdijk?, Ep Heuvelink?, F. R. van Noort*, Elias Kaiser't and
Leo F. M. Marcelis™

! Horticulture and Product Physiology Group, Wageningen University and Research Centre, Wageningen, Netherlands,

2 Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agriculture Sciences, Beijing,
China, * Carl R. Woese Institute for Genomic Biology, University of lllinois, Urbana, IL, USA, * Wageningen UR Greenhouse
Horticulture, Wageningen, Netherlands

The stimulating effect of diffuse light on radiation use efficiency (RUE) of crops is often
explained by the more homogeneous spatial light distribution, while rarely considering
differences in temporal light distribution at leaf level. This study investigated whether
diffuse light effects on crop RUE can be explained by dynamic responses of leaf
photosynthesis to temporal changes of photosynthetic photon flux density (PPFD).
Two Anthurium andreanum cultivars (‘Pink Champion’ and ‘Royal Champion’) were
grown in two glasshouses covered by clear (control) and diffuse glass, with similar light
transmission. On clear days, diffusing the light resulted in less temporal fluctuations of
PPFD. Stomatal conductance (gs) varied strongly in response to transient PPFD in ‘Royal
Champion,” whereas it remained relatively constant in ‘Pink Champion.” Instantaneous
net leaf photosynthesis (Py) in both cultivars approached steady state P, in diffuse light
treatment. In control treatment this only occurred in ‘Pink Champion.” These cultivar
differences were reflected by a higher RUE (8%) in ‘Royal Champion’ in diffuse light
treatment compared with control, whereas no effect on RUE was observed in ‘Pink
Champion.” We conclude that the stimulating effect of diffuse light on RUE depends
on the stomatal response to temporal PPFD fluctuations, which response is cultivar
dependent.

Keywords: diffuse light, temporal light distribution, radiation use efficiency, dynamic leaf photosynthesis,
stomatal conductance, Anthurium andreanum

Abbreviations: DLI, daily light integral; Fv/Fm, maximum photosystem II (PSII) efficiency; g, stomatal conductance; LAL,
leaf area index; Py, net leaf photosynthesis rate; PAR, photosynthetic active radiation; PPFD, photosynthetic photon flux
density; RUE, radiation use efficiency; TDM, total dry mass; VPD, vapor pressure deficit.
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INTRODUCTION

Plants are usually subjected to rapidly alternating periods of
sun and shade, which are caused by variable cloud cover, shade
from overtopping leaves, leaf flutter, and diurnal rotation of
the solar angle (Pearcy, 1990). Consequently, a large fraction
of CO; assimilation occurs in fluctuating light conditions, and
plant growth strongly correlates with their prevailing light
environment and ability to photosynthesize efficiently during
light transitions.

Leaves within plant canopies often experience rapid
fluctuations in the PPFD, which are caused by the variation
of the proportion of direct and diffuse light (Pearcy et al,
2004). Studies have reported that the spatial variation in
light intensity in the canopy become less severe under high
diffuse/direct ratio condition (Gu et al., 2002; Urban et al., 2007a;
Knohl and Baldocchi, 2008; Li et al., 2014a). A homogenous
light distribution over the canopy is more efficient for crop
photosynthesis, as leaf photosynthesis shows a saturating
response to light intensity (Farquhar and Roderick, 2003; Gu
etal., 2003; Mercado et al., 2009). Consequently, crop RUE which
describes the relation between accumulated plant biomass and
intercepted light is higher in diffuse than in direct light (Healey
et al.,, 1998; Sinclair and Muchow, 1999; Alton et al., 2007).
Furthermore, the extent of leaf photoinhibition can be alleviated
by diffuse light as fewer local peaks in light intensity occur
(Urban et al,, 2012; Li et al., 2014a), which further improves
crop RUE.

Apart from spatial light distribution, increasing diffuse/direct
ratio of the incident light results in less variation of temporal
light distribution above the plant canopy, which might also
play a role for improving crop RUE (Li et al, 2014b).
This could be related to the dynamic properties of leaf
photosynthesis, which, among others, depend on the dynamic
properties of stomatal conductance (gs). Many studies have
investigated dynamic stomatal behavior, i.e., comparing plants
from different ecological niches under varying environmental
conditions (Tinoco-Ojanguren and Pearcy, 1993; Whitehead and
Teskey, 1995; Valladares et al., 1997; Zipperlen and Press, 1997).
These studies suggest that the behavior of leaf photosynthetic
performance under dynamic light conditions depends on
stomatal behavior to a large extent. Changes in stomatal aperture
usually take most time to reach a new steady state under transient
light conditions (Pearcy et al., 2004; Way and Pearcy, 2012),
thus the slow responsiveness of stomatal aperture could limit
leaf photosynthesis (Urban et al., 2007b; Kaiser et al., 2014;
Lawson and Blatt, 2014). In addition, the strong fluctuations in
light intensity might trigger stomatal closure, due to intermittent
periods of low light intensity or darkness. Therefore, it can be
speculated that stomatal closure that is induced by dynamic
light can be alleviated when the incident light above the canopy
is made diffuse, because light intensity at a given leaf of the
canopy is expected to show smaller temporal fluctuations, this
may be beneficial for leaf photosynthesis and thus can improve
crop RUE.

Recently diffuse glass has become available that increases
the diffuseness of light without affecting light transmission in

the greenhouse (Hemming et al., 2008). Several studies have
reported that such cover materials increase crop production
(or RUE) in the greenhouse, which is mainly attributed to a
more homogeneous spatial light distribution within the canopies
(Hemming et al., 2007; Markvart et al., 2010; Dueck et al., 2012;
Li et al.,, 2014a). In a recent paper (Li et al., 2014b), we looked
at the response of growth and development to diffuse/direct
ratio of irradiance in two Anthurium andreanum cultivars (‘Pink
Champion’ and ‘Royal Champion’). Surprisingly, growth was
significantly stimulated by diftuse light in only one of the cultivars
(‘Royal Champion’), whereas it was unaffected in the other.
A comprehensive yield component analysis pin-pointed RUE of
biomass accumulation as the main influential factor to explain
this difference. In the current paper, we set out to investigate
why RUE was differentially affected by diffuse light between both
cultivars.

The aim of this study is to investigate whether the effect of the
diffuse/direct ratio of incident light on crop RUE can be explained
in terms of dynamic responses of leaf photosynthesis to temporal
changes in light intensity. The hypothesis is that the magnitude
of the beneficial effect of diffuse light on crop RUE depends
on the response of g to dynamic fluctuations of light intensity.
To test this hypothesis, a study was conducted in glasshouses
covered with clear glass or with diffuse glass which scatters part
of the direct solar beam, without affecting light transmission.
Two Anthurium cultivars (Pink Champion and Royal Champion)
were used in this study; According to grower’s experience these
two cultivars differed in light sensitivity, with ‘Royal Champion’
being more sensitive to light than ‘Pink Champion.’

MATERIALS AND METHODS
Plant Material and Growth Conditions

Two Anthurium andreanum cultivars (‘Pink Champion’ and
‘Royal Champion, Anthura, Bleiswijk, The Netherlands) were
grown in two Venlo-type glasshouse compartments of 144 m?
(15 m x 9.6 m) with a gutter height of 5.5 m at Wageningen UR
Greenhouse Horticulture in Bleiswijk (The Netherlands, 52°N,
4.5°E). The two compartments were covered by glass (Guardian
Agro, Dudelange, Luxembourg) with 0% haze (clear glass,
control) and 71% haze (diffuse glass), respectively. Haze is defined
as the percentage of transmitted light that is scattered such that
it deviates more than 1.5° from the direction of the incident
beam. The hemispherical transmission of PPFD of the glass was
84% for both glass types. The haze factor and hemispherical
transmission of the glass were measured in an optical sphere
according to ASTM International (2007). The spectral properties
of the two glass types were similar in the visible spectrum
(400-700 nm) as described by Li et al. (2014b). Three quantum
sensors (LI-190, LI-COR, USA) were installed in each of the
glasshouse compartments to measure incident PPFD at intervals
of 5 min. A standard greenhouse computer (Hogendoorn-
Economic, Hogendoorn, Vlaardingen, The Netherlands) was
used to control the glasshouse climate (temperature, air humidity
and CO; concentration). The experiment included two growing
seasons: summer and winter.
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Plants, propagated in vitro, were raised in a glasshouse by
a nursery. When the first flowers had appeared, plants were
repotted and moved to experimental glasshouses. The summer
growing season started from 6 Apr to 28 Aug 2012. The DLI
(mol m—2 d~! PAR) was limited to 7.5 mol m—2 d~! in both
compartments, which was realized by controlling the white
sunscreen (LS 16 F Revolux, transmission of 37% and haze
factor of 10%, Ludvig Svensson, Kinna, Sweden) and blackout
screen (XLS obscural Revolux A/B + B/B, Ludvig Svensson,
Kinna, Sweden). These screens were placed in the top of
each glasshouse compartment (below gutter height). The white
sunscreen was closed when outside global radiation reached
250 W m~2. The blackout screen was closed when DLI in
the glasshouse compartment reached the threshold value in
the afternoon. Opening and closing of screens was controlled
by a standard greenhouse computer. Plants were grown on
potting soil (30% fine peat + 10% coarse peat + 43% coco
peat + 10% bark + 7% perlite) in black plastic pots (12 cm
diameter and 11 cm height) on cultivation tables (4 m x 1.8 m)
with an automatic ebb/flood irrigation system which supplied
irrigation solution once per week in the beginning of the
cultivation, while this increased to three times per week from
week 10 after the start of the experiment onward. In each
compartment, six cultivation tables were used and each table
was equally divided into two sections for the cultivation of both
cultivars. Plants in the outer two rows of each section were
considered as border plants. The starting plant density was 30
plants m~2; this was reduced to 20 plants m~2 3 weeks after
start of the experiment. After each destructive harvest plants
were moved to maintain the same plant density. During the
growing season, climate factors were maintained similar in the
two treatments except for light condition. Average daily outside
global radiation was 16 MJ m~2 d~!. Inside the greenhouses
the average day/night temperature was 25/21°C; relative air
humidity was 75/78%; average daytime CO, concentration was
754 pmol mol~!; average realized DLI was 7.2 mol m~2 d~!
in the control and 7.5 mol m~2 d~! in the diffuse light
treatment.

The winter growing season lasted from September 5, 2012 to
April 25, 2013. The experimental set-up was similar as in the
summer growing season except that high pressure sodium lamps
(Master GreenPower Plus 1000W EL, Philips, Eindhoven, The
Netherlands) were applied to supplement incoming radiation
when outside global radiation was below 100 W m~2, which led
to an average realized DLI of 5.6 mol m~2 d~! in the control
and 5.7 mol m~2 d~! in the diffuse light treatment. Average
daily outside global radiation during the winter growing season
was 6 MJ m~2 d~1; average day/night temperature inside the
greenhouses was 22/19°C; relative air humidity was 75/73%;
average daytime CO, concentration was 802 pmol mol ™.

Plant Measurements

During the summer growing season, total plant dry weight
(including roots) was destructively determined at 4, 10, 16, 18,
and 21 weeks after start of the experiment. Roots were cleaned
with water. Plant organs were dried for at least 48 h at 80°C in
a ventilated oven. At each destructive measurement, two plants

per cultivar were randomly selected from each cultivation table,
which resulted in 12 replicates per treatment.

Canopy Light Interception

Canopy PPFD interception was determined during the summer
growing season, which was measured on four overcast days (May
11, June 15, July 17, and August 24) and three clear days (May
23, June 20, and July 25). These days were close to the period
when destructive measurements were taken. The measurements
were done with a line light probe, in relation to a reference
sensor just above the crop (Sunscan, Delta-T, Cambridge, UK).
Six measurements were done above as well as below the canopy
for each cultivar on each cultivation table. Measurements at
the top of the canopy were taken just above the highest leaf,
while the bottom measurements were done at pot height. All
measurements were carried out between 10 AM and 3 PM during
a day.

Crop Radiation Use Efficiency

Crop RUE was defined as the ratio between the accumulated
TDM and the sum of intercepted PPFD during the experimental
period, which was estimated by the slope of the linear relationship
between the accumulated TDM and the sum of intercepted PPFD.
Accumulated TDM was determined by using TDM from each
destructive measurement minus TDM determined at the first
destructive measurement. For calculating the sum of intercepted
PPED, the time course of fraction of intercepted PPFD was
estimated from the four periodic canopy PPFD interception
measurements on cloudy days (Eq. 1). These data represent the
fraction of intercepted PPFD over the growing season because
the fraction of intercepted PPFD measured on clear days was
similar as on cloudy days (data not shown). In each treatment,
the fraction of intercepted PPFD could be well fitted by a negative
exponential curve with number of days after the start of the
experiment and reaching a plateau in the end (2 = 0.99 for all
treatments)

I(L)/Iy=1—e (1)

where, I(L)/1, is daily fraction of intercepted PPFD, in which I(L)
is PPFD at LAI L, I,, is PPFD at top of canopy; a is a coefficient
which is derived from the curve fitting; d is number of days after
start of the experiment.

Daily PPFD intercepted by the canopy was calculated as the
product of the interpolated daily fraction of intercepted PPFD
[I(L)/I,] multiplied by the measured DLI. Integrating the daily
PPFD intercepted by the canopy during the designated growing
period yielded the sum of intercepted PPFD.

Net Leaf Photosynthesis

Net leaf photosynthesis (P,) was measured with a portable
gas exchange device (LI-6400XT; LI-COR, Lincoln, NE, USA).
During the summer growing season, the transparent leaf chamber
(Part No. 6400-08) was used to measure instantaneous P, in
the control treatment (clear glass) on three clear days for each
cultivar. The leaf chamber was horizontally positioned. Three
measurements from three plants were taken for each cultivar.
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In each measurement, P, g; and incident PPFD were recorded
at 1 min intervals on one fully expanded leaf and continuously
measured for 2-4 h.

During the winter growing season, instantaneous P, was
measured on four clear days for each cultivar in both treatments.
The measurement procedure was similar as during the summer
growing season. Furthermore, instantaneous P, of both cultivars
were measured on overcast days in the control treatment to
further verify their responses to diffuse light. Steady state P, light
response curves were measured with the portable gas exchange
device equipped with a leaf chamber fluorometer (Part No. 6400-
40). Six fully expanded leaves were randomly selected from each
cultivar in each treatment for this measurement. Selected leaves
were adapted at 300 wmol m~2 s~! PPFD for 10 min before
the measurements were taken. PPFD was varied stepwise in the
following sequence: 700, 600, 500, 400, 300, 200, 100, 50, 25, and
0 pmol m™2 s~!. At each PPED, the measurements were taken
when the P, reached steady state.

All measurements were carried out between 9 and 16 h.
In the measurement chamber, VPD was kept around 1 kPa,
reference CO, concentration was set at 800 wmol m~2 s, leaf
temperature at 27 and 25°C for the summer and winter growing
season, respectively. These parameters were close to those in the
glasshouse.

Chlorophyll Fluorescence

During the summer growing season, maximum photosystem II
(PSII) efficiency (Fv/Fm) was measured in week 16 after start
of the experiment. Measurements were taken with a portable
chlorophyll fluorometer (PAM-2000, Walz, Germany) at five time
points (9:00, 11:00, 13:00, 15:00, 17:00 h) on clear days. Red light
was used as measuring light (0.5 pmol m~2 s~!) and saturating
flashes (8000 wmol m~2 s~1). At each time point, four fully
expanded leaves of each cultivar in each treatment were randomly
selected. A leaf clip holder (DLC-8) was used for dark adaptation
for 30 min prior to measurements.

Statistical Analysis
The non-rectangular hyperbola function (Eq. 2), (Cannell and
Thornley, 1998) was fitted to steady state P, light response data:

_ Ia+ Puax — v/ (Ia + Prax)* — 41aOPpax

P
" 20

—Rg (2

where, P, is net leaf photosynthesis rate (jumol m=2 s, I
is incident PPFD (umol m~2 s™!), Ppay is maximum net leaf
photosynthesis rate (umol m~2 s™1), a is the leaf photosynthetic
efficiency (nmol CO, pwmol ! photons), © is the curvature
parameter, and Ry is dark respiration (umol m~2 s~ 1).

Eq. (2) was also fitted to the measured instantaneous P,
light response data. The purpose of this fitting was to obtain
the standard error of the fit to quantify the variability of the
instantaneous P, in response to incident PPFD. Comparisons
of the standard error of the fit, photosynthesis light response
parameters as well as the time course of maximum PSII
efficiency (Fv/Fm) between treatments were evaluated by analysis

of variance (ANOVA), assuming replications in the same
glasshouse compartment as being independent. Differences
between treatments in RUE were tested by multiple linear
regression.

RESULTS

Crop RUE and Biomass Production

The diffuse light treatment stimulated crop RUE by 8% in ‘Royal
Champion’ compared with control (Figure 1B); while this effect
did not occur in ‘Pink Champion’ (Figure 1A). Consistent with
the increased crop RUE, the diffuse light treatment significantly
increased biomass production in ‘Royal Champion’ (P = 0.01),
but not in ‘Pink Champion’ (P = 0.52). For detailed information
about biomass production see Li et al. (2014b).

Steady State P,

In the winter growing season, steady state P, light response data
could be well fitted with a smooth non-rectangular hyperbolic
curve (Figure 2). Fitted photosynthetic light response curve
parameters (i.e., Ppay, 4,0, Ry) in both cultivars were not
influenced by the diffuse light treatment (see Supplementary
Table S1). Leaf photosynthetic capacity in ‘Pink Champion” was
higher than in ‘Royal Champion’ in both treatments (Figure 2).

Stomatal Conductance (gs) and P,

Response to Dynamic Light
On clear days, gs in ‘Pink Champion’ varied slightly when
incident PPFD was temporally fluctuating in the control

700
& (A) ‘Pink Champion’ | {B) ‘Royal Champion’
€

600 3
% ------- o Control ¢
@ 500  —eDiffuse L
€ [0]
> ad
5 400 r - ]
Io
S 300 - )
o)
o
© 200 | : /
3 4
g 74
g 100 RUE conio =078 [ £ RUE o =0.622
< RUE giruse = 0.78 RUE iryse = 0.67 b

0 1 1 1 1 1 1

0 200 400 600 0O 200 400 600 800
Cumulative intercepted PPFD (mol m-2)

FIGURE 1 | Relationship between accumulated TDM and cumulative
intercepted PPFD for ‘Pink Champion’ (A) and ‘Royal Champion’ (B) in
the control and diffuse light treatments. Solid and dashed lines represent
fitted linear relationships for diffuse light and control treatments, respectively.
The slope of the fitted linear relationship is the RUE of biomass production

(g dry mass mol~" PPFD). Dashed line in ‘Pink Champion’ is obscured by the
solid line. Error bars show £+SE (n = 12). Letters show statistical significant
differences (P < 0.05).
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0 200 400 600 800
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FIGURE 2 | Steady state net leaf photosynthetic (P,,) light response
curves in ‘Pink Champion’ and ‘Royal Champion’ in the control and
diffuse light treatments. The measurements were taken in March 2013
(winter growing season). During the measurements, air temperature, CO»
concentration, VPD in the measurement chamber were maintained at 25°C,
800 wmol mol~", and between 0.5-1 kPa, respectively. Lines represent the fit
of the non-rectangular hyperbola function (Eq. 2). Error bars show + SE

(n = 6).

treatment (Figures 3A,C); while in ‘Royal Champion, g strongly
responded to the variation of incident PPFD (Figures 3B,D).
In diffuse light treatment, gs in both cultivars showed only
minor fluctuations when incident PPFD was relatively constant
on clear days (Figures 3E,F). Furthermore, g was also relatively
constant in both cultivars in the control treatment on overcast
days when global radiation was stable and fully diffuse (data not
shown).

The cultivar difference in g response to the transient
light condition resulted in a distinct difference between
cultivars in their response of instantaneous P,. In ‘Pink
Champion, instantaneous P, followed a non-rectangular
hyperbolic relationship with incident PPFD on clear days
in both treatments (Figures 4A,C,E). Similar response
patterns observed for ‘Royal Champion’ in the
diffuse light treatment on clear days (Figure 4F). However,
instantaneous P, of ‘Royal Champion’ as a function of
incident PPFD showed a highly variable (scattering) response
in the control treatment on clear days (Figures 4B,D); this
phenomenon was more obvious in the summer growing
season than in the winter growing season (Figures 4B,D).
Differences in the scattering of the instantaneous P, as a
function of incident PPFD were quantified by comparing the
standard errors of best-fits of the data to non-rectangular
hyperbolic curves, which showed that standard errors
in ‘Royal Champion’ significantly larger than in
‘Pink Champion’ in the control treatment (Figure 5).
In the diffuse light treatment, standard errors were low
and no significant difference between cultivars was found
(P =0.824).

were

were

DISCUSSION

The spatial distribution of diffuse light within the canopy is
more homogeneous than that of direct light, which results in an
enhanced canopy photosynthesis (Spitters, 1986; Healey et al.,
1998; Roderick et al., 2001; Li et al., 2014a). At the leaf level,
diffusivity of the incident light above the canopy also strongly
reduces the temporal variation in light intensity (Li et al., 2014b),
which mainly due to diffuse light minimized the effects of
local shade by construction parts, and produced less variation
of temporal light distribution above canopies. Accordingly, we
speculate that the temporal variation of light intensity within the
canopy was also significantly reduced under diftuse light. To our
knowledge, we are the first to show that the effects of an increased
ratio of diffuse/direct light (by diffuse glass cover) on crop RUE
are mediated by a decrease in temporal variation of light intensity
at leaf level. We explain how differences in dynamic stomatal
properties between varieties can modulate the response of crop
RUE to diffusivity of incident light.

What could be the Potential Explanation
for the Stimulating Effect of Diffuse Light
on RUE?

Radiation use efficiency provides the measure that directly
reflects the efficiency of a crop to utilize the radiant energy
for producing biomass, which is usually determined by an
integration of many factors, for instance, leaf photosynthetic
capacity, plant growth environment, canopy structure as well as
nutrient condition (Sinclair and Muchow, 1999). In this study,
increasing the diffuse/direct ratio of incident light resulted in
8% increase in RUE in ‘Royal Champion’ (Figure 1B). The
stimulating effect of diffuse light on RUE has been found in
many studies on a variety of plant species and was mainly
explained by a more homogeneous vertical light distribution
within the canopy (Sinclair et al, 1992; Healey et al., 1998;
Alton et al, 2007; Zhang et al., 2011). We observed that the
fraction of light intercepted by the canopy as a function of
LAI was not affected by treatments in this study (Li et al,
2014b), indicating that the vertical light distribution was not
affected. The absence of such effect can be explained by the fact
that anthurium pot-plants have a short and compact canopy
structure, which is less responsive to scattering of the light
(Li et al., 2014b). Additionally, shading screens were applied
in both treatments, which already transformed a portion of
direct solar light into diffuse (10%). Li et al. (2014a) showed
that diffuse light is also more homogeneously distributed in
the horizontal plane within a tomato canopy compared to
direct light. Although we did not investigate the horizontal
light distribution within the canopy in this study, we speculate
that its effect on crop RUE was small, since approximately
80% of the time incident PPFD was below 300 pmol m™2
s~! in both treatments during the summer growing season,
implying that P, during a large part of the growing season
was likely in the linear range of the photosynthesis light
response curve (Figure 2). Therefore, it seems likely that the
homogeneity of the spatial light distribution within the canopy
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FIGURE 3 | Stomatal conductance (gs, dashed line) and PPFD (solid line) in compartment with clear glass (control: A-D) and diffuse glass (E,F). ‘Pink
Champion’ is shown in (A,C,E) and ‘Royal Champion’ in (B,D,F). The measurements were taken at 1 min interval.

did not play an important role for improving crop RUE in this
study.

Radiation use efficiency could also be affected by other
environmental factors such as temperature (Andrade et al., 1993),
relative humidity (Stockle and Kiniry, 1990), water availability
(Jamieson et al., 1995), and nutrient condition (Allen et al., 2005).
However, these factors were kept similar in both treatments.
Due to relative humidity highly modulate the response of
stomatal, we checked the daily variation of relative humidity
in both treatments on fully clear days and could not found
large differences (Supplementary Figure S1). This eliminated
the potential effect of these factors as explanations for the
differences in RUE between treatments. Although shade plants
are particularly susceptible to photoinhibition when exposed to
high light (Long et al., 1994) or sunflecks (Powles and Bjorkman,
1981), Fv/Fm was consistently around 0.8 during a clear day
in this study (see Supplementary Figure S2), indicating a well-
functioning photosynthesis apparatus.

Radiation use efliciency can be improved via increases in
P, (Sinclair and Muchow, 1999). Steady state P, showed

similar response to PPFD in both treatments and both cultivars
with a smooth rectangular hyperbola curve during the winter
experiment (Figure 2; Supplementary Table S1). Similarly, steady
state P, was also not influenced by the treatments in the summer
experiment (Li et al.,, 2014b). Therefore, it is clear that steady state
P,, did not contribute to the stimulating effect of diffuse light on
crop RUE. A higher leaf photosynthetic capacity was observed
in ‘Pink Champion’ than in ‘Royal Champion’ (Figure 2), which
correlates with higher RUE in ‘Pink Champion’ than in ‘Royal
Champion’ (Figure 1).

Effects of Diffuse Light on RUE Depends
on the Dynamic Properties of Leaf

Photosynthesis

Despite the absence of an effect of the diffuse light treatment
on the light response of steady state P, in both cultivars, the
effect of the diffuse light treatment on the light response of
instantaneous P, differed between cultivars (Figure 4). Plants
usually experience frequent variations in light intensity, which are
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FIGURE 4 | Relationship between instantaneous net leaf photosynthesis rates (P,) and transient PPFD in compartment with clear glass (control:
A-D) and diffuse glass (E,F). ‘Pink Champion’ is shown in (A,C,E) and ‘Royal Champion’ in (B,D,F). P, and incident PPFD were recorded at 1 min interval on
one fully expanded leaf and continuously measured for 2—4 h. Lines represent the best fit of a non-rectangular hyperbola (Eq. 2). Each panel shows an example of
one measurement (one replicate) under the specific treatment on clear day.

of particular importance because interactions between stomatal
and photosynthesis responses may result in prolonged periods
where a steady state is not achieved (Knapp and Smith, 1990b).

When incident PPFD fluctuated, the two cultivars showed
different responses with respect to gs (Figure 3). In ‘Pink
Champion, g remained relatively constant in both treatments
irrespective of the short term fluctuations in incident PPFD
(Figures 3A,C,E). This is likely due to the slow responses
of guard cells to changes in PPFD or the initial g5 was
already at its maximum level even at low PPFD (Knapp and
Smith, 1990b). In ‘Royal Champion’ g; varied considerably with
fluctuations in PPFD (Figures 3B,D). This behavior may reflect
the intrinsic characteristics of stomata that might maximize water
use efficiency at the expense of carbon gain (Knapp and Smith,
1990a; Lawson, 2009; Vico et al., 2011). The strong fluctuations
in g in ‘Royal Champion’ were not observed in the diffuse light
treatment where the temporal changes of incident PPFD were
smaller on clear days (Figure 3F).

The response in stomatal movement usually lags behind the
response of photosynthesis in fluctuating light (Barradas and
Jones, 1996; Lawson and Blatt, 2014). Therefore, g5 can limit
leaf photosynthesis under dynamic light conditions, which was
indicated by the strong scattering of the instantaneous P, when
plotted as a function of incident PPFD in ‘Royal Champion’ in

the control treatment on clear days (Figures 4B,D and 5). In
‘Pink Champion, instantaneous P, in many cases approached the
values of steady state P,, when compared at similar PPFD. This
indicates that in ‘Pink Champion’ g; did not impose a limitation
to leaf photosynthesis under dynamic light conditions because of
a smaller response of g, to variations of incident PPFD.

Incident PPFD with less temporal variation may smooth the
fluctuations in g, especially in those plants with stomata that
react strongly to fluctuations in PPFD. Consistent with this
hypothesis, the diffuse light treatment reduced the temporal
variation in the incident PPFD (Li et al, 2014b), and
consequently alleviated stomatal limitation to leaf photosynthesis
in ‘Royal Champion.” This was illustrated by the reduced
scattering of instantaneous P, as a function of incident PPFD
in the diffuse light treatment on clear days (Figures 4F
and 5); a similar phenomenon was observed in the control
treatment on cloudy days when global radiation was fully
diffuse (data not show). Therefore, we conclude that less
stomatal limitation (i.e., small variation in g;) in diffuse light
treatment was beneficial for leaf and canopy photosynthesis
in ‘Royal Champion’ and consequently improved RUE. This
effect did not occur in ‘Pink Champion, mainly because
of a smaller response of g5 to the fluctuations of incident
PPFD.
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FIGURE 5 | Standard error of fitting non-rectangular hyperbola to
instantaneous net leaf photosynthesis rates as a function of incident
PPFD (Eqg. 2) in summer growing season in the control treatment

(n = 3), and in winter growing season in the control as well as in
diffuse light treatments (n = 4; as see in Figure 4 which shows one
replicate under each specific condition). Data used for curve fitting in this
figure were collected on clear days. Error bars show =+ SE. Letters within each
growing season show statistical significant differences (P < 0.05).

To further verify our finding, the non-rectangular
hyperbola function (Eq. 2) was fitted to instantaneous leaf
photosynthesis light response data in the diffuse light treatment
on clear days. These fitted curves were compared to the
measured instantaneous leaf photosynthesis light response
data in the control treatment on clear days. From this
comparison, the cumulative estimated leaf photosynthesis
in the diffuse light treatment were 21 and 6% higher than
in the control treatment for ‘Royal Champion’ and ‘Pink
Champion, respectively (see Supplementary Figure S3).
Considering the instantaneous leaf photosynthesis was
measured during clear periods, while the growing season
was not always on clear period, and diffuse radiation
roughly accounted for 50% of global radiation in the
Netherlands (Li et al., 2014a); moreover, instantaneous leaf
photosynthesis was measured only in top leaves. Therefore,
these differences of 21 and 6% in cumulative leaf photosynthesis
could comparable to the 8 and 0% increases in RUE in
diffuse light treatment for ‘Royal Champion’ and ‘Pink
Champion, respectively. This further indicates that diffuse
light reduced the limitation on leaf photosynthesis for the
plants with stomata that react strongly to fluctuations in
PPFD.

The scattering response of instantaneous P, as a function
of incident PPFD for ‘Royal Champion’ in the control
treatment was more pronounced in the summer growing season
than in the winter growing season (Figures 4B,D and 5).
This could be a consequence of the higher fraction of
direct light on clear days entering the greenhouse in the

summer season compared to the winter season. Therefore,
it can be speculated that the stimulating effect of diffuse
light on crop RUE in areas with a seasonal climate is
more pronounced in the summer season than in the winter
season.

In the experiment, anthurium pot-plants were grown
at 800 pwmol mol™! CO,, as this is commonly applied
for cultivating shade tolerant pot plants. Under such CO,
condition, photosynthesis rates of these two cultivars were still
limited by CO, concentration as shown by the continuous
strong increase in leaf photosynthesis rates with raising CO,
concentration in the range of 50-1600 pwmol mol~! (see
Supplementary Figure S4).

CONCLUSION

Increasing the diffuse/direct ratio of the incident PPFD reduces
the temporal variation of incident PPFD at leaf level. In
cultivars where stomata respond strongly to fluctuations of
PPFD, transient rates of P, and subsequently RUE increased
when the ratio of diffuse/direct PPFD was increased. In such
cultivars, g; becomes relatively constant and less limiting
for P, when the ratio of diffuse/direct PPFD increases.
For cultivars with relatively insensitive stomata to the
fluctuations of PPFD, the effect of the homogeneous temporal
distribution of PPFD on RUE was non-existing. We conclude
that additional to previously reported benefits of diffuse
light associated with improved spatial light distribution, the
stimulating effect of diffuse light on crop RUE can also depend
on the dynamic response of g; to incident PPFD at leaf
level.
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