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Abstract: Low photosynthetic photon flux density (PPFD) under shade is associated with low
blue photon flux density (BPFD), which independent from PPFD can induce shade responses,
e.g., elongation growth. In this study, the response of soybean to six levels of BPFD under constant
PPFD from LED lighting was investigated with regard to morphology, biomass and photosynthesis to
increase the knowledge for optimizing the intensity of BPFD for a speed breeding system. The results
showed that low BPFD increased plant height, leaf area and biomass and decreased leaf mass ratio.
Photosynthetic rate and internode diameter were not influenced. A functional structural plant model
of soybean was calibrated with the experimental data. A response function for internode length
to the perceived BPFD by the internodes was derived from simulations and integrated into the
model. With the aim to optimize lighting for a speed breeding system, simulations with alternative
lighting scenarios indicated that decreasing BPFD during the growth period and using different
chamber material with a higher reflectance could reduce energy consumption by 7% compared to the
experimental setup, while inducing short soybean plants.

Keywords: photomorphogenesis; blue photon flux density; functional structural plant modelling;
indoor farming; LED lighting

1. Introduction

In horticulture and indoor farming, LEDs have several advantages e.g., they save energy, emit less
heat and have a long lifetime [1,2]. A spectrum can be designed depending on the response of
the specific crop and the production aim. However, to fully exploit the spectral flexibility of LED
lighting an increased knowledge of the spectral effects on plant morphology and growth is required [3].
Energy consumption can also be considered during spectral optimization as this can vary between
spectra depending on the LED types [4]. A higher energy consumption of red than of blue LEDs has
been reported [4,5], but theoretically the energy consumption of blue LEDs is higher than of red LEDs
due to the higher energy level per photon of shorter than of longer wavelengths [6].

The advantages of LED lighting can be used in speed breeding, a breeding system developed
particularly for growth chambers. The aim of a speed breeding system is to grow many generations
per year to shorten the time for developing new cultivars. For instance, in a speed breeding system for
several cereals, pea and chickpea six generations can be grown per year [7]. For a more efficient use of
space, plants can be grown in a multi-layer system. For these systems, short plants are desirable to
increase the number of layers of plants and hereby the possibility to include more genotypes at the
same time. Therefore, a spectrum for speed breeding should not delay seed setting (many generations)
and induce a shorter plant height to cultivate in more layers (many genotypes). These requirements

Plants 2020, 9, 1757; doi:10.3390/plants9121757 www.mdpi.com/journal/plants

http://www.mdpi.com/journal/plants
http://www.mdpi.com
https://orcid.org/0000-0001-6713-1863
http://dx.doi.org/10.3390/plants9121757
http://www.mdpi.com/journal/plants
https://www.mdpi.com/2223-7747/9/12/1757?type=check_update&version=2


Plants 2020, 9, 1757 2 of 18

deviate from other indoor plant productions aiming to increase resource use efficiency considering
other properties, such as yield and nutritional value [5]. Recently, a speed breeding protocol for
soybean was developed using LED lighting. Red and blue light was found not to influence flowering
time and was recommended to induce short compact plants. However, only two ratios of red and blue
light (1:1 and 2:1) were studied [8].

The spectral light environment is perceived by the plant photoreceptors, which in a natural
environment induce morphological changes such as those that express shade adaptations [9].
Shaded plants experience a reduced red to far-red ratio perceived by phytochrome [10] and a
reduced photosynthetic photon flux density (PPFD). The latter is associated with a reduced blue photon
flux density (BPFD) perceived by cryptochrome [11]. Typical shade responses of soybean are elongated
internodes and petioles, increased specific leaf area (SLA) and decreased biomass and internode
diameter [12–14]. Under LED lighting, BPFD can be reduced by lowering the ratio of blue light in the
spectrum without a simultaneous reduction of PPFD. By reducing BPFD, some morphological shade
responses, e.g., increased height, can be triggered also under constant PPFD [15,16]. For soybean,
earlier studies found an increased plant height with decreasing BPFD [17–19] showing that high BPFD
can be applied to induce short soybean plants, but these studies used a broad spectrum and included
only one treatment [17] with a blue light ratio over 30%. None of these studies derived a response
function to BPFD for soybean height under LED lighting with narrow peaks and none focused on blue
light ratios between 15–78%. Earlier studies in other species than soybean also explored relatively low
BPFD ratios (<50%) with the aim of avoiding extreme elongation under sole red LED lighting [15] or
explored an intermediate BPFD to maximize biomass [20]. The aim in the present study was to reduce
plant height to its minimum under a high BPFD.

Beside the influences on plant growth through the perceptions of photoreceptors, the light spectra
can also influence the photosynthetic rate. Whereby, carbon assimilation can differ depending on the
spectrum even under a constant PPFD. Photosynthetic pigments of plants absorb light mainly within
the range of wavelength from 400 to 700 nm. The photosynthetic most effective part is considered to be
the light within the red range (600–700 nm) due to a better balance of excitation between photosystem I
and II and due to a more effective transfer between the red light absorbing chlorophylls than from
the blue light absorbing carotenoids to chlorophyll [21]. Despite this, several studies measuring
photosynthesis on plants grown under different light spectra found similar rates of photosynthesis
under spectra with different ratios of light within the blue range (400–500 nm) [22–24].

The optimization of light spectrum for a specific crop and production system is very
time-consuming given the many aspects that have to be considered, e.g., light quality, intensity
and day length. Also, the transfer of knowledge between studies and into practice can be impaired
by variability in several factors, e.g., plant density, type of light source and dimensions of the climate
chambers. In this context, functional structural plant (FSP) modeling can assist as a tool for optimization
of crop production and understanding of plant responses to its environment. An FSP model simulates
plant growth and development, while considering its architectural appearance, by responding to the
experienced environment on the individual organ level [25,26]. Hereby, responses can be related to
the actually perceived spectrum of individual organs. The perceived spectral light environment can
differ from the environment above the canopy and between phytomers due to self-shading and light
reflection, as other studies found focusing on PPFD [27–29] or the red to far red ratio [30–34].

Earlier FSP models using artificial light sources for indoor plant production addressed the light
regime for greenhouse production [35–37], while only one study used an FSP model with LEDs being
the only light source [38]. An FSP model within an LED chamber can be a tool to reduce the amount of
necessary experiments for spectral optimization and assist in the understanding of the plant response
to the indoor environment and in the transfer of knowledge between studies and into practice.

The aim of this study was to find an optimal BPFD inducing short soybean plants under a narrow
peaked red and blue LED spectrum, also considering energy consumption. We hypothesize that an
optimum BPFD for minimum plant height, not influencing flowering time, could be determined with a
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combination of experiments and FSP modelling. The objectives were to (i) examine the influence of
different levels of BPFD under constant PPFD on soybean biomass, photosynthesis and morphology and
(ii) calibrate an FSP model of soybean and integrate a response function to BPFD for internode length
and (iii) to find by simulation the minimum BPFD to reduce plant height and energy consumption.

2. Results

2.1. Experimental Data—Plant Scale

Biomass and leaf area per plant showed similar differences among the six light treatments with a
BPFD of 60, 110, 160, 210, 260 and 310 µmol m−2 s−1 (B60–B310). The treatments B110–B160 resulted in
the highest values and B210–B310 in the lowest values, whereas plant height consistently decreased
with increasing BPFD (Figure 1).
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Figure 1. Final plant height (A), biomass (B) and leaf area (C) under different blue photosynthetic flux
densities (BPFD). Error bars indicate standard error of the mean (n = 8).
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Plant height responded rapidly after beginning of the experiment and the differences between
treatments became more pronounced over time with differences between the highest and lowest values
of 34%, 46%, and 34% on day 9 and 77% 75% and 72% on day 23 for plant height, biomass, and leaf
area, respectively (Supplementary Materials, Figure S1).

2.2. Experimental Data—Phytomer Scale

2.2.1. Biomass

At the third phytomer, significant differences between treatments were found for biomass of
internodes and leaf laminas. An increase in BPFD decreased the biomass of internodes and leaf laminas
with the minimum of 0.022 and 0.078 g under B260 and the maximum of 0.046 and 0.136 g under B160.
The same tendency was found for biomass of the second internode and the petiole, with the latter
being less expressed with no significant differences between treatments. The leaf mass ratio (LMR)
differed significantly between BPFD levels with a minimum value of 0.64 under B160 increasing to
0.69 under B60 and 0.71 under B310. The internode mass ratio of the stalk (IMRS) decreased from 0.72
under B260 to 0.63 under B60 (Table 1).

Table 1. Least square means of the final measurement of organ biomass, leaf mass ratio (LMR) and
internode mass ratio of the stalk (IMRS) at phytomer scale under different blue photosynthetic flux
densities (BPFD). Letters indicate significant differences between treatments (p < 0.05).

Phytomer Level Organ/Ratio
Treatment

B60 B110 B160 B210 B260 B310

Second Internode (g) 0.082 a 0.082 a 0.076 a,b 0.058 b,c 0.047 c 0.049 c

Third Internode (g) 0.041 a 0.044 a 0.046 a 0.030 b 0.022 b 0.023 b

Petiole (g) 0.016 a 0.018 a 0.018 a 0.015 a 0.013 a 0.013 a

Leaf lamina (g) 0.127 a 0.136 a,b 0.116 a,c 0.100 a,c 0.078 c 0.081 b,c

LMR 0.69 a,b 0.68 b,c 0.64 c 0.67 b,c 0.71 a 0.71 a

IMRS 0.72 a 0.72 a 0.71 a 0.68 a,b 0.62 b 0.63 b

2.2.2. Leaf Morphology and Physiology

At the third phytomer, the SLA significantly increased from 303 under B110 to 346 cm2 g−1

under B310. No significant differences were observed for carbon assimilation, but there was a slight
reduction with increased BPFD from 28.81 µmol CO2 m−2 s−1 under B110 to the minimum assimilation
of 26.53 µmol CO2 m−2 s−1 under B310. SPAD values did not differ significantly between treatments
and showed no tendency (Table 2).

Table 2. Least square means of the final measurement of specific leaf area (SLA), carbon assimilation
(A) and SPAD at phytomer scale under different blue photosynthetic flux densities (BPFD). Letters
indicate significant differences between treatments (p < 0.05).

Phytomer Level Measurement
Treatment

B60 B110 B160 B210 B260 B310

Third SLA (cm2 g−1) 324.35 a,b 303.04 b 327.68 a,b 327.02 a,b 341.41 a,b 346.38 a

SPAD value 26.51 a 30.08 a 31.65 a 28.81 a 30.37 a 30.92 a

Youngest fully developed A (µmol CO2 m−2 s−1) 27.49 a 28.81 a 27.78 a 27.03 a 26.79 a 26.53 a

2.2.3. Elongation

The internode responded more to a decrease in BPFD at the third than the second phytomer with a
length of 2.14 cm under B310 and 3.81 cm under B60, corresponding to a 78% increase (Figure 2; Table 3).
Whereas, the second internode increased from 4.33 to 6.86 cm, corresponding to 59%. The response
of the petiole was smaller with a length increase from 4.46 cm under B310 to 5.61 cm under B160,
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corresponding to a 26% increase. The tendency differed from that of the internodes with a maximum
length under B160 and an insignificant decrease until B60. Increasing BPFD from B160 also decreased
the length of the petiole, but with no significant differences from B210 to B310. Length of the leaf lamina
did not respond significantly but had a tendency to decrease from B160 to B310, similarly to the petiole.
The internode elongation was not accompanied by a reduced internode diameter, which showed no
significant differences with a slight tendency of responding similar to the petiole.

Figure 2. Soybean grown under B310 (A) and B60 (B).

Table 3. Least square means of the final measurement for lengths of internodes, petioles and leaves and
diameter of internodes at phytomer scale under different blue photosynthetic flux densities (BPFD).
Lower case letters indicate significant differences between treatments (p < 0.05).

Phytomer Level Organ
Treatment

B60 B110 B160 B210 B260 B310

Second Internode (cm) 6.86 a 5.86 b 5.39 b 4.70 c 4.26 c 4.33 c

Third Internode (cm) 3.81 a 3.41 a,b 3.28 a,b 2.75 b,c 2.28 c 2.14 c

Petiole (cm) 5.11 a,b 5.08 a,b 5.61 a 4.80 b,c 4.72 b,c 4.46 c

Leaf lamina (cm) 5.25 a 5.07 a 5.27 a 4.58 a 4.49 a 4.48 a

Internode diameter (mm) 3.09 a 3.29 a 3.52 a 3.41 a 3.46 a 3.28 a

2.2.4. Growth Dynamics

Growth of the individual organs was fitted to the beta-function and parameters for the third
phytomer showed significant differences for internode and petiole, but not for the leaf lamina.
The absolute differences of the parameters for all three organs were relatively small and did not show
any tendency to change with decreased BPFD (Table 4).

Table 4. Least square means of estimated parameters of the beta-function. Time of elongation (te) and
time of maximum elongation (tm) for internode, petiole and leaf at the third phytomer under different
blue photosynthetic flux densities (BPFD). Letters indicate significant differences between treatments
(p < 0.05).

Organ of
Third Phytomer Parameter

Treatment

B60 B110 B160 B210 B260 B310

Internode te 13.96 b 14.39 a,b 14.21 b 14.41 a,b 14.67 a 14.36 a,b

tm 5.23 a 6.86 a 6.60 a 6.33 a 6.60 a 6.13 a

Petiole te 15.76 c 16.03 b,c 15.85 c 16.47 a,b 16.39 a,c 16.68 a

tm 9.79 b 10.25 a,b 10.18 a,b 10.25 a,b 10.74 a 10.70 a

Leaf lamina te 13.94 a 14.12 a 14.04 a 14.11 a 14.19 a 13.89 a

tm 5.19 a 5.04 a 4.57 a 4.55 a 5.50 a 4.95 a
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2.2.5. Energy Consumption

The highest energy consumption was measured under a high BPFD (Table 5). The consumption
increased from 94.4 W under B60 to 107.2 W under B310 corresponding to an increase of 14% under B310.

Table 5. Measured energy consumption (Watt) of the LED chambers under different blue photosynthetic
flux densities (BPFD).

Treatment Energy Consumption (W)

B60 94.4
B110 95.1
B160 96.4
B210 97.6
B260 101.7
B310 107.2

2.3. Modelling

Simulations based on the found parameters of the beta-function resulted in simulated length of
internodes, petioles and leaf laminas following the measurements well (exemplified by the treatments
B60 and B310 in Supplementary Materials, Figure S2).

2.3.1. Blue Light Response Function of Internodes

Based on the simulated BPFDper, the relative elongation response of the second and third internode
were closer to each other compared to using the emitted BPFD (Figure 3). Especially at high BPFD
levels, the response of the two internodes was close, implying a common response function to BPFDper.

Figure 3. Least square mean of length of second (point) and third (triangle) internode relative to B310
in response to BPFD emitted by the LED modules (A) or simulated BPFD perceived by the internode
(B). Dashed line showing the function fitted to relative internode lengths higher than one and dotted
lines showing the interception of the function with 1. Black line showing the final response function to
BPFD. Error bars indicate standard error of the LS-mean (n = 8).

Due to the relatively small differences between the parameters te and tm of the beta-function and
no clear tendencies in their response to BPFD, only differences in the final length of the internode
(Lmax) were considered in the response function. Internodes with a relative length to B310 below one
were considered to have no elongation response to BPFDper and a common function for final internode
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length was fitted to the BPFDper of the internodes under treatments with a relative length to B310
higher than one (Figure 3B).

The common function for the relative length of the second and third internode was:

Lrel = −0.01 ∗ BPFDper + 1.91, (1)

The interception of this function with one was at 79.38 µmol m−2 s−1 BPFDper, which was hereby
the minimum amount of BPFD that an internode should perceive to express no elongation response
to BPFDper.

This resulted in the BPFD response function:

Internode length = Lmin
(
1 + (79.38− BPFDper

)
∗ 0.01), 79.38− BPFDper > 0, (2)

where Lmin is the final internode length with no elongation response to BPFDper and BPFDper is the
BPFD perceived by the internode. The black line in Figure 3B shows the response function in the range
from the minimum (16.78 µmol m−2 s−1) to maximum (108.13 µmol m−2 s−1) perceived light during
the simulations.

2.3.2. Evaluation and Light Optimization

During the simulations based on the found response function, Lmin and the growth parameters te

and tm were set according to the treatment B310 (baseline scenario). The simulated height until the third
internode fitted well with the measurement at the last day, which was also used for parameterization
of the model. This shows that the response function was well integrated in the model. Comparing to
earlier measurement days which were not used for parameterization of the model, the simulations
had a tendency of underestimating the height under low BPFD levels (B60–B110). Importantly for
the alternative scenarios the simulated height until third internode fitted well under the higher BPFD
levels (B160–B310) (Figure 4).

Figure 4. Simulated (line) and measured (points) plant height until the third node and root mean
square error (RMSE) between simulations and measurements. Error bars indicate standard error of the
mean (day 9–20: n = 4, day 23: n = 8).

The simulations from the first scenario with a reflective surface of pots, soil and bottom resulted
in an increase of perceived BPFD. The total height until the third node decreased under all treatments
(Figure 5A) compared with the experimental chamber design (Figure 4). In the experimental design,
the minimum height was reached between B260 and B310, while in the alternative scenario it was
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reached between B210 and B260. The simulated length of the second and third internode (Figure 5B,C)
showed that the shorter height was a result of an increase in the perceived BPFD of the second internode,
where the minimum length was already reached between B160 and B210 (Figure 5B).

Figure 5. Simulated height until the third node (A) and length of second (B) and third (C) internode
with a reflective surface of pots, soil and bottom.

The optimization indicated by the first scenario was applied in the second scenario by optimizing
BPFD during the growth period. When the third internode started to develop the treatment changed
from B210 to B260 and hereby increased BPFD. The results of the second scenario showed that increasing
BPFD on day nine resulted in the minimum length of both internodes and the minimum height of
11.28 cm until the third node. The reduction in the average BPFD emitted by the LED modules resulted
in a reduction of energy consumption from 107.2 W in the experimental scenario to 101.7 W in the first
and 100.1 W (−7%) in the second scenario (Table 6).

Table 6. Average energy consumption during 23 days of growth for the three simulated scenarios to
reach the minimum plant height.

Scenario Light Spectra Average Energy Consumption (W)

Experimental B310 107.2
First scenario B260 101.7

Second scenario B210/B260 100.1

3. Discussion

3.1. Biomass and Photosynthesis

During the experiments, data on photosynthesis and biomass was collected. This data shows the
response of carbon assimilation and translocation to BPFD, which is of minor importance in a speed
breeding system, but of interest for improving yield in indoor farming.

No significant influence on carbon assimilation per leaf area was observed with increased BPFD,
which is in agreement with earlier studies, although red light is considered to be the most effective for
photosynthesis [21,39]. An increased maximum assimilation with increased BPFD in cucumber was
associated with an increased leaf thickness [16,22]. Similar, the tendency of decreased assimilation
in this study was associated with thinner leaves under high BPFD. In ice plant He et al. [23] found
no change in saturated assimilation between BPFD ratios of 10 and 100%. Although an increasing
BPFD ratio from 0 to 20% increased photosynthesis in lettuce, it dropped again at 30% [24]. In this
study, the lowest BPFD ratio was 15% under the B60 treatment and an effect below this ratio cannot
be excluded.

The decrease in biomass at high BPFD found in this study was most probably related to similar
differences in leaf area, which decreased light interception and consequently carbon assimilation
per plant. Another reason could be an increased root biomass, but earlier studies found no change
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in the biomass ratio of soybean under BPFD ratios of 10 and 25% [19]. In addition, an influence of
BPFD on the assimilation over time could reduce biomass. For instance, the photosynthetic rate of
tomato decreased more in the afternoon under monochromatic red and blue light than under a broader
spectra [40].

Increased LMR under high BPFD confirming earlier results [18,19] indicated a reduced carbon
export from the leaves. In tomato, light spectra also influenced the ratio of carbon export from the
leaves, but not in agreement with this study as export increases under monochromatic blue and orange
light at intermediate PPFD [40]. This can be caused by different responses comparing monochromatic
spectra with broader spectra exploring ratios between wavelengths. A decreased fraction of the
carbon translocated from the leaves to the stem (internode and petiole) was located in the internodes
(low IMRS) under increased BPFD. These results of biomass proportion between organs showed,
that an elongation response to reduced BPFD increased the translocation of carbon from the leaves to
the stem, but with a higher priority of internodes than petioles. Extensions of the FSP model could
assist in the exploration of carbon assimilation and translocation between organs following a similar
approach as Bongers et al. [33] combining response functions to light environment with increased
carbon demand of specific organs.

3.2. Response to BPFD Under Shade

Low BPFD in Nature is associated with low PPFD and low red to far-red ratio under shade,
which trigger morphological responses, e.g., by interactions of the photoreceptors cryptochrome and
phytochrome, to increase light interception [41]. The performed experiments represented unnatural
spectra that do not occur in nature and hereby show the response of soybean to BPFD without
interactions with PPFD and red to far-red ratio.

The elongation response of internode and petiole to low BPFD was in accordance with a shade
avoidance response of soybean to low PPFD [12,42] and show that low BPFD can trigger the response
also under high PPFD and in the absence of far-red light. The stronger response of internodes than of
petioles supports earlier indications of internode elongation being the main shade avoidance response
to low PPFD (associated with low BPFD), whereas petiole elongation responded strongly to low red
to far-red ratio [12]. The slight decrease in SLA under low BPFD in this study is not in accordance
with earlier studies in soybean, which found no response to BPFD in SLA under high PPFD [18,19].
This could be an effect of the lower maximum BPFD ratios applied in earlier studies. Cucumber
under low BPFD responded with an increased SLA, which indicates differences between species or an
effect of the lower light intensity (100 µmol m−2 s−1) applied in these studies [16,22]. Decreased SLA
and unchanged internode diameter under low BPFD differ from the soybean response to low PPFD
resulting in increased SLA [12,18,19] and decreased internode diameter [12,42]. This indicated that SLA
and internode diameter are not regulated by the perception of low BPFD associated with low PPFD,
but instead supports earlier studies indicating that SLA is regulated e.g., by sugar signaling [43–45].

3.3. BPFD Response Function

A linear function described well the response to BPFD and was applied for the simulations.
Kahlen and Stützel [46] also applied a linear response to PPFD and red to far-red ratio for modeling
the response of cucumber to light environment. Other studies found a non-linear response function
to BPFD for stem length of soybean [17–19]. This can be due to lower BPFD levels in these studies
(BPFD levels < 5%) based on which a non-linear function could be fitted [19]. A continuation of the
function in the present study below a BPFD ratio of 15% could evolve non-linear, but in the context
of speed breeding this low BPFD levels are not important as this would result in tall plants. For the
speed breeding system, it was important to determine the point of a saturated response to BPFD
to reach short plants and reduce the BPFD to reduce energy consumption. A saturated response to
emitted BPFD was reached under treatments between 210 and 310 µmol m−2 s−1 in the experimental
setup. Two earlier studies on soybean found a saturated response already under 30–50 µmol m−2 s−1
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BPFD [17,18], whereas one study also found an effect from higher BPFD (130 µmol m−2 s−1) [19],
indicating interactions with other factors resulting in these discrepancies. One aspect could be the
light spectrum, as earlier studies used broader spectra containing green and far-red light [17–19] and
additionally included UV-A light in the BPFD [19]. Green light can influence cryptochrome antagonistic
to blue light and especially under high PPFD [47]. The addition of green light to a red and blue
spectrum increased plant height of soybean under a PPFD of 200 µmol m−2 s−1 but had no influence
under 500 µmol m−2 s−1 [48]. Far-red light can lead to an increase in plant height by reducing the red to
far-red ratio perceived by phytochrome as shown for soybean by adding far-red light to a broad light
spectrum [12]. In addition, a broader spectrum within the blue range can influence the magnitude of
the blue light effect on cryptochrome. For hypocotyl elongation of Arabidopsis thaliana (L.) Heynh., the
action spectrum of cryptochrome to monochromatic light did not change within the range 390–530 nm,
but an increased stability of CRY2 protein was observed under monochromatic light compared to a
broader blue spectrum [49]. These differences in the reactions under narrow peaks compared to the
reactions during the response to high PPFD, here imitated with high BPFD, indicated that a broader
spectrum within the blue range could affect the BPFD level necessary to avoid an elongation response.

In the experiments, the elongation response of the third internode to low BPFD was slightly
stronger than at the second internode, and a higher BPFD level was necessary to achieve the minimum
length of the third internode. Simulations indicated that this was due to self-shading, which was
larger at the third than the second internode. Based on the simulated BPFDper, a common response
function was found for the second and third internode. This emphasizes the importance of knowing
the perceived light environment at organ-level, e.g., as in this study by means of simulations with an
FSP model, as it enables a better evaluation of the influence from the light microclimate than relating
the response directly to the light emitted from the light source [46].

The parameters te and tm of the beta-function were in most cases not significantly different between
treatments and no trend was present, which indicated that a common parameter could be used for
all levels of BPFD only changing Lmax according to the BPFDper. This was confirmed by the accurate
simulations of internode length at all BPFD levels based on te and tm found under B310. Importantly,
the small difference in height between B310 and B260 were well simulated, showing that the model
was very useful to determine the necessary BPFD to reach the minimum height.

3.4. Optimization of Light Spectrum

The decreased biomass with increased BPFD is in accordance with earlier studies in soybean [19]
and other species [5,23]. This results in a decreased efficiency of the applied PPFD in indoor farming
producing biomass, but in a speed breeding system there are no apparent advantages of a high biomass.
Further consideration for a spectral optimization would be whether the minimum necessary BPFD
found here could be reduced through other light microclimatic factors. Light intensity would be an
important factor to determine possible interactions between absolute and relative amount of BPFD on
morphology and interactions between PPFD and BPFD on photosynthesis. Further studies could also
investigate whether the necessary BPFD could be reduced with an increased effect on cryptochrome
with a broader blue spectrum or the addition of other wavelengths.

The alternative scenarios showed that the amount of necessary BPFD of the emitted light could be
reduced through increased reflection of the bottom and soil and by changing the amount of BPFD during
the growth period. Within the used LED modules, the blue LEDs had a higher energy consumption than
the red LEDs, as expected from theory [6]. Simulations with BPFD levels optimized for the alternative
chamber design showed the potential to decrease energy consumption. Additionally, decreased BPFD
can increase water use efficiency by decreasing stomatal conductance [5]. The simulations showed a
high potential for light optimization in indoor crop production and speed breeding as the model can be
adjusted to the dimensions, LED types and placements and reflective properties for a system-specific
recommendation for the light spectrum. Further development of the model could include response
functions to more wavelengths and light intensities and make the model sink-source driven [33].
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4. Materials and Methods

4.1. Experimental Setup

Soybean plants were grown inside three LED chambers (Compled Solutions GmbH, Dresden,
Germany) with the dimensions: 1.1 m high, 0.5 m wide and 0.7 m deep inside a larger climate
chamber at the University of Hohenheim (Germany). The LED chambers had openings at the top
and bottom enabling ventilation to keep a constant temperature around 27 ◦C. Seeds of the soybean
(Glycine max (L.) Merr.) cultivar Merlin (Saatbau Linz eG, Leonding, Austria) were inoculated
(Soya BeanInoculant, Legume Technology Ltd., Nottinghamshire, UK) and sown in a mixture of peat
substrate (Substrat 5 + Perlite; Klasmann-Deilmann GmbH, Geeste, Germany). The initial three plants
per pot were thinned to one plant according to homogenous development on day nine by the start
of the plant measurements. Twelve pots (9.5 × 9.0 × 9.0 cm) were distributed evenly within each
chamber (0.35 m2) resulting in a plant density of around 34 plants m−2. The twelve pots were placed in
a common tray and irrigated regularly to avoid water limitations. The experiment consisted of four
runs within three LED growth chambers to achieve two repetitions for each of the six light treatments.

4.2. Light Treatments

Within each chamber, four LED modules (Sunsim VIS_v3; Compled Solutions GmbH, Dresden,
Germany) were placed which allowed to adjust light intensity for the different wavelength ranges.
The applied light treatments were comprised only of red and blue light, with one peak in the blue
range at 440 nm and two peaks in the red range at 620 and 640 nm (Figure 6). The day length was
set to 10 h and all treatments had a PPFD of 400 µmol m−2 s−1 to test the influence of different levels
of BPFD independent from changes in PPFD. The spectrum of the six light treatments had a BPFD
of 60, 110, 160, 210, 260 and 310 µmol m−2 s−1 (B60–B310) (Figure 6), while the remaining PPFD
was delivered by the red LEDs. The light spectrum did not include any far-red light to exclude
differences in phytochrome-mediated responses between the light treatments. Setting of the spectral
intensity of the treatments was performed at 80 cm distance from the LED modules according to the
measurements from a FLAME-S-XR1-ES spectrometer (Ocean Optics Germany GmbH, Ostfildern,
Germany). The spectrometer measured in the range from 200–1025 nm with a resolution of around
2 nm and was equipped with a collimating lens (74-UV-MP) and a right-angle reflector with cosine
corrector (74-90-UV-CC3). The photon flux density was recorded for 400–700 nm (PPFD), 400–500 nm
(BPFD) and 600–700 nm (red light).

Figure 6. The measured spectrum of the six treatments with a BPFD of 60, 110, 160, 210, 260 and
310 µmol m−2 s−1.

Energy consumption of the treatments was measured with a volt-ohm meter (Voltcraft, Energy
Check 3000, Conrad Electronic SE, Wernberg-Köblitz, Germany). The measurements were reasonable
as compared to the estimated energy consumption given by the software of the LED chambers.
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4.3. Plant Measurements

Biomass and leaf area were measured on five dates during each run. For the first four measurements
(on day 9, 13, 16 and 20), two plants were randomly selected, and the remaining four plants were used
for the final measurement on day 23. On each of the five dates, total plant height (from soil to apical
bud), and leaf area and biomass of each phytomer of the two/four plants were determined. Leaf area
was estimated with ImageJ [50] from pictures of the leaves and dry mass was measured separately for
internodes, petioles and leaf laminas after drying for at least 48 h at 60 ◦C until constant weight.

On day 23—when start of flowering was observed under all treatments—additional measurements
of the photosynthetic rate and SPAD values were performed on the remaining four plants. The SPAD,
which is representative for chlorophyll content, was measured using a SPAD meter (SPAD 502 Plus,
Konica Minolta, Inc., Tokyo, Japan) and the photosynthetic rate was measured on the youngest
fully developed leaf on each of the four plants per light treatment with a LCpro-SD portable system
(ADC BioScientific Ltd., Hoddesdon, UK). Measurements were performed under ambient conditions
within the chambers (clear glass cover to measure under the applied light treatments). Values were
recorded when a steady photosynthetic rate was reached (after around 20 min).

LMR was calculated from leaf biomass/above ground biomass and IMRS was calculated from
internode biomass/biomass of stalk (internode plus petiole).

Morphological measurements were performed at seven dates (day 9, 11, 13, 16, 18, 20, and 23) on
the four plants within each chamber used for the final measurements. These measurements were used
for calibration of the FSP model of soybean and for statistical analysis of the influence of BPFD on
growth dynamics. They comprised length and diameter of internodes and petioles, length and width
of leaflets, angle between internodes and petioles and angles of the leaf lamina. The latter comprising
the lamina inclination measured from the base to the tip of the lamina, and the rotation angle around
the midrib. To describe the unfolding of the leaf lamina, the angle between the midrib and each of the
two halves of the leaf lamina was determined. Diameters were measured with a caliper, length and
width with a ruler and angles with a protractor.

4.4. Statistical Design and Analysis

Measurements of growth dynamics of internodes, petioles and leaflets of each phytomer were
used to fit the beta-function (Equation (3)) [51]:

L(t) = Lmax
(
1 + te−t

te−tm

)(
t
te

) te
te−tm 0 ≤ tm < te

L(t > te ) = Lmax

(3)

where L(t) is the size at day t, Lmax is the final size, te is the day when the final size is reached and tm

is the day on which the growth rate peaks. The parameters Lmax, te and tm were estimated with the
nls-function in the R-package stats [52].

To determine the plants used for the destructive measurements during each experiment,
randomizations were performed within two blocks (plant location). The first block comprised
the first and last row and the second block the two center rows (Figure 7).

The six light treatments of the experiment were performed with two replicates. Given three LED
chambers, three out of the six light treatments could be tested in the same run, i.e., each replicate
comprised two runs, resulting in four runs in total (Supplementary Materials, S1). For the arrangement
of treatments within the LED chambers over time and space, an α-design with two replicates and a
block (time) size of two was used. The effect of BPFD on biomass, morphology, leaf physiology and
parameters of the beta-function was tested. The second and mostly third phytomer (hypocotyl counted
as first phytomer) were chosen for specific analysis, because they comprised the most comprehensive
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measurements from beginning to end of growth. According to the experimental design, the following
mixed model was used to analyze the data in the SAS® software (SAS Institute, Inc., Cary, NC, USA):

yiklmn = µ+ bk + ikl + pklm + rklmn + τi + eiklmn (4)

where µ is the intercept, bk is the fixed effect of the kth complete replicate, ikl is the random effect of the
lth incomplete block (time) within the kth replicate, pklm is the random effect of the mth chamber within
the lth run, rklmn is the random effect of the nth block (plant location) within the mth chamber of the
lth run and the kth replicate, τi is the main effect of the ith light treatment, and eiklmn is the error effect
of observation yiklmn with homogeneous variance. Residuals were checked graphically for normal
distribution and homogeneous variance. After finding significant effects via F-test, a multiple t-test to
compare least square means was used to create a letter display [53]. Note that least square means are
presented in the results section as data was not balanced, because only three out of six light treatments
were tested within each run. Least square means are based on model (Equation (4)) to adjust for
block effects.

Figure 7. Illustration of the randomization for the plants used for the destructive measurements
within the first (light blue square) and second (dark blue square) block (plant location). The numbers
exemplarily show the day of the destructive measurements the plants were used for.

4.5. FSP Model

An existing 3D model of the LED growth chamber [54] in the modelling platform GroIMP [55] was
used. The virtual LED chamber can be adjusted in its dimensions and the placement of the LED modules
and proved to simulate the spectral light distribution with a high accuracy [54]. The single LED types
are defined by their spectral and physical light distribution and total emitted power. Then, individual
LEDs can be placed according to their position within the LED module. The simulations of the spectral
light distribution were performed with the integrated spectral Monte-Carlo ray tracer GPUFlux [56]
set to a spectral resolution of 5 nm within the 400–800 nm range. The optical properties (reflection,
absorption and transmittance) of the sidewalls were zero transmission and an absorption of 0.02 within
the 400–600 and 700–800 range and 0.04 within the 600–700 range.

The optical properties of the chamber were not changed from the setting in the original model [54]
as the side wall material was the same. The optical properties of the soybean leaf and the substrate were
set in a 5 nm resolution according to measurements from a typical soybean leaf ([57], Supplementary
Materials, Figure S3) and peat [58]. The adjustments of the original model of the virtual LED chamber
were location and intensity of the individual LEDs and the location of the LED modules. The intensity
of the virtual LEDs were parameterized to emit the same intensity of red and blue light at 80 cm distance



Plants 2020, 9, 1757 14 of 18

as in the experimental treatments (Supplementary Materials, Figure S4) using virtual sensors [54].
The virtual LEDs were set to emit 25 million rays with a maximum of 50 reflections, ensuring that
all rays were absorbed by an object or reflected outside of the virtual chamber before reaching the
maximum number of reflections.

Within the virtual LED chamber, an FSP model of soybean was constructed based on the generic
model FSPM-P [27]. Internodes and petioles of the virtual plants were constructed as simple cylinder
objects, while the shape of the leaf lamina was triangulated, based on a picture of a soybean leaflet and
was composed of 42 triangles (Supplementary Materials, Figure S5).

Each leaflet was constructed from two half leaflets enabling unfolding of the leaflet from the
midrib according to measurements (Supplementary Materials, Figure S5A,B). Simultaneously with
the unfolding of the two leaflet halves, the leaflet moved from a vertical position with the leaflet tip
pointing upwards towards a final inclination according to the measurements from leaflet base to tip
and rotation around the midrib according to measurements from one side of the leaflet to the other
(Supplementary Materials, Table S2; Figure S5C). The leaflet unfolded with 0.7◦/hour.

The virtual plants grew according to the found growth parameters of the beta-function to simulate
the plant structure according to the experimental observations. Additional inputs taken from the
experiment were final organ length, petiole angles and length to diameter ratio of internodes for each
treatment and ratio between length of side leaflets and center leaflet of the trifoliate leaf, leaflet length to
leaflet area ratio and length to diameter ratio of petioles as an average of all treatments (Supplementary
Materials, Table S2).

According to the experimental design, twelve virtual plants were simulated at the beginning,
and then during the simulation two of them were randomly chosen within the two blocks to be taken
out of the virtual scene on day 9, 13, 16, and 20, respectively.

4.6. Response Function

The response function was derived and integrated following four steps: (1) fit beta-function for
all treatments, (2) run FSP model to obtain perceived BPFD of internodes for each treatment, (3) derive
response function across all treatments for internode length in dependence of simulated perceived
BPFD and (4) integrate the derived response function into the model for all treatments.

Based on the experimental observations, the parameters for the beta-function were derived for
each light treatment. Based on these parameters, the FSP model of soybean dynamically simulated the
plant architecture over time under each of the six light treatments.

At this stage, the growth of the internodes stopped at a final length according to the measurements.
During the simulations, BPFD perceived by the internodes was recorded for each hour. The simulated
perceived BPFD was used to fit a response function to the internode length observed under the different
BPFD treatments:

Internode length = Lmin
(
1 +
(
BPFDmin − BPFDper

)
a
)

BPFDmin − BPFDper > 0 (5)

where Lmin is the minimum possible length of the internode, BPFDmin is the lowest BPFD giving Lmin,
BPFDper is the average perceived BPFD of the internode during the first four days of growth and a
is the slope of the response to BPFDper. The first four days of growth were used due to a very rapid
growth inhibiting effect of blue light [59] and according to the results of Kahlen and Stützel [46] who
found four successive days starting one week before reaching maximum growth rate to be particularly
sensitive to changes in PPFD.

The found BPFD response function was integrated in the FSP model to determine Lmax of the
beta-function and the final internode length. They were hereby simulated in dependence of the
perceived BPFD during the simulations and at this stage no longer determined by experimental
measurements. Internode two until nine elongated according to the integrated response function,
with Lmin, and tm set for each internode according to the found parameter values for the treatment



Plants 2020, 9, 1757 15 of 18

B310 (baseline scenario with shortest internodes). Because the first internode (hypocotyl) grew before
thinning and beginning of experimental measurements, its length was set to grow to the final average
length of all treatments.

4.7. Model Evaluation and Alternative Scenarios

The light simulations were evaluated in an earlier study by comparing light measurements and
simulations within a soybean canopy grown under two treatments identical to this study (B110 and
B160) [38]. The integration of the parameters of the beta-function used to calibrate the dynamic model
in this study was evaluated by comparing length over time for internodes, petioles and leaf laminas
at all phytomer levels under all treatments. Model simulations after integration of the response
function to blue light were evaluated by comparing the measured and simulated plant height until the
third phytomer (hypocotyl counted as first phytomer). The comparison included the eight plants per
chamber selected for the first four dates of destructive measurements, which were not used for the
model parameterization.

Then, the model was applied for spectral optimization with the aim of minimizing BPFD emitted
by the LED modules to reduce energy consumption, but still reach the minimum internode length.
The first alternative scenario was run with a different virtual LED chamber design for evaluating
the effect on the perceived BPFD. The chamber design was changed by setting the reflection of the
bottom, pots and substrate to the same level as the sidewalls of the chamber. This was chosen for
simulating a situation similar to e.g., hydroponics with plants placed in more reflective containers
than the substrate and black pots in the experiment. This change in chamber design was expected
to increase the perceived BPFD and hereby reduce BPFD emitted by the LEDs that is necessary to
induce short plants. Simulations from the first scenario indicated that the spectrum could be optimized
according to the developmental stage. The suggested optimization was applied in the second scenario
by changing the emitted BPFD during the growth period.

5. Conclusions

The length of internodes and petioles increased under low BPFD, similar to the shade response
under low PPFD, whereas the limited response of SLA and internode diameter indicated that the shade
responses of these might not be regulated by cryptochrome. Further studies could investigate alternative
regulation of these together with extended photosynthetic measurements over time to increase the
understanding of carbon assimilation and translocation under different BPFD levels. Several aspects of
the exact spectral effects on morphology and physiology should be further investigated, both for narrow
peaks independent and the interactions with broader spectra.

Internode length dependent on perceived BPFD was well simulated in the FSP model and the
simulations gave an increased insight into the response of the second and third internode based on the
perceived BPFD. The model was a useful tool to determine the minimum necessary BPFD within an
alternative chamber environment. Modelling with an FSP can be applied for further optimizations of
indoor plant production implementing advances in knowledge of spectral effects on plant morphology
and physiology.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/12/1757/s1,
Figure S1: Plant height (A), biomass (B) and leaf area (C) per plant and under different blue photosynthetic flux
densities (BPFD). Error bars indicate standard error of the mean (day 9–20: n = 4, day 23: n = 8), Figure S2:
Simulated (line) and measured (points) length of petioles, internodes and leaf laminas under the treatments B310
and B60, Figure S3: The absorption, reflection and transmission of radiation (%, relative to the incident radiation)
from 400–700 nm by a soybean leaf used for the optical properties of the simulated soybean leaves. Data taken
from Kasperbauer (1987), Figure S4: The simulated spectra (total PFFD of 400 µmol m−2 s−1) of the six treatments
with a simulated BPFD of 60, 110, 160, 210, 260 and 310 µmol m−2 s−1, Figure S5: Visualizations of the simulated
unfolding (A, B) and fully developed (C) trifoliate leaf, Table S1: The spread of the six treatments within three
chambers over time, Table S2: Model inputs to determine ratios and angles of organs.

http://www.mdpi.com/2223-7747/9/12/1757/s1
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34. Gautier, H.; Měch, R.; Prusinkiewicz, P.; Varlet-Grancher, C. 3D Architectural Modelling of Aerial
Photomorphogenesis in White Clover (Trifolium repens L.) using L-systems. Ann. Bot. 2000, 85, 359–370.
[CrossRef]

35. Buck-Sorlin, G.; de Visser, P.H.; Henke, M.; Sarlikioti, V.; van der Heijden, G.W.; Marcelis, L.F.; Vos, J.
Towards a functional–structural plant model of cut-rose: Simulation of light environment, light absorption,
photosynthesis and interference with the plant structure. Ann. Bot. 2011, 108, 1121–1134. [CrossRef]
[PubMed]

36. Dieleman, J.A.; De Visser, P.H.B.; Meinen, E.; Grit, J.G.; Dueck, T.A. integrating morphological and
physiological responses of tomato plants to light quality to the crop level by 3D modeling. Front. Plant Sci.
2019, 10, 839. [CrossRef]

37. Kalaitzoglou, P.; van Ieperen, W.; Harbinson, J.; van der Meer, M.; Martinakos, S.; Weerheim, K.; Nicole, C.C.S.;
Marcelis, L.F.M. Effects of continuous or end-of-day far-red light on tomato plant growth, morphology,
light absorption, and fruit production. Front. Plant Sci. 2019, 10, 322. [CrossRef]

38. Hitz, T.; Henke, M.; Graeff-Honninger, S.; Munz, S. Simulating light spectrum within a soybean canopy in
an LED growth chamber. In Proceedings of the 6th International Symposium on Plant Growth Modeling,
Simulation, Visualization and Applications (PMA), Hefei, China, 4–8 November 2018; pp. 120–125.

http://dx.doi.org/10.3390/plants8040093
http://dx.doi.org/10.1105/tpc.112.097972
http://dx.doi.org/10.1093/jxb/erq132
http://dx.doi.org/10.3389/fpls.2017.00361
http://dx.doi.org/10.1007/s13580-016-0093-x
http://dx.doi.org/10.1093/jxb/erp345
http://dx.doi.org/10.1007/s11704-015-4472-8
http://dx.doi.org/10.1093/aob/mcw242
http://dx.doi.org/10.1007/s10265-016-0807-2
http://dx.doi.org/10.1111/j.1469-8137.2007.02161.x
http://dx.doi.org/10.1111/j.1469-8137.2007.02168.x
http://dx.doi.org/10.1093/aob/mcm172
http://www.ncbi.nlm.nih.gov/pubmed/17766311
http://dx.doi.org/10.1093/aob/mcx151
http://www.ncbi.nlm.nih.gov/pubmed/29280992
http://dx.doi.org/10.1006/anbo.1999.1069
http://dx.doi.org/10.1093/aob/mcr190
http://www.ncbi.nlm.nih.gov/pubmed/21856634
http://dx.doi.org/10.3389/fpls.2019.00839
http://dx.doi.org/10.3389/fpls.2019.00322


Plants 2020, 9, 1757 18 of 18

39. McCree, K.J. The action spectrum, absorptance and quantum yield of photosynthesis in crop plants.
Agric. Meteorol. 1972, 9, 191–216. [CrossRef]

40. Lanoue, J.; Leonardos, E.D.; Grodzinski, B. Effects of light quality and intensity on diurnal patterns and rates
of photo-assimilate translocation and transpiration in tomato leaves. Front. Plant Sci. 2018, 9, 756. [CrossRef]

41. Pierik, R.; de Wit, M. Shade avoidance: Phytochrome signaling and other aboveground neighbor detection
cues. J. Exp. Bot. 2014, 65, 2815–2824. [CrossRef]

42. Feng, L.; Raza, M.A.; Li, Z.; Chen, Y.; Khalid, M.H.B.; Du, J.; Liu, W.; Wu, X.; Song, C.; Yu, L.; et al.
The influence of light intensity and leaf movement on photosynthesis characteristics and carbon balance of
soybean. Front. Plant Sci. 2019, 9, 1952. [CrossRef]

43. Park, Y.; Runkle, E.S. Far-red radiation and photosynthetic photon flux density independently regulate
seedling growth but interactively regulate flowering. Environ. Exp. Bot. 2018, 155, 206–216. [CrossRef]

44. Kim, G.-T.; Yano, S.; Kozuka, T.; Tsukaya, H. Photomorphogenesis of leaves: Shade-avoidance and
differentiation of sun and shade leaves. Photochem. Photobiol. Sci. 2005, 4, 770. [CrossRef] [PubMed]

45. Weston, E.; Thorogood, K.; Vinti, G.; López-Juez, E. Light quantity controls leaf-cell and chloroplast
development in Arabidopsis thaliana wild type and blue-light-perception mutants. Planta 2000, 211, 807–815.
[CrossRef] [PubMed]

46. Kahlen, K.; Stützel, H. Modelling photo-modulated internode elongation in growing glasshouse cucumber
canopies. New Phytol. 2011, 190, 697–708. [CrossRef] [PubMed]

47. Sellaro, R.; Crepy, M.; Trupkin, S.A.; Karayekov, E.; Buchovsky, A.S.; Rossi, C.; Casal, J.J. Cryptochrome
as a Sensor of the blue/green ratio of natural radiation in Arabidopsis. Plant Physiol. 2010, 154, 401–409.
[CrossRef]

48. Snowden, M.C.; Cope, K.R.; Bugbee, B. Sensitivity of seven diverse species to blue and green light: interactions
with photon flux. PLoS ONE 2016, 11, e0163121. [CrossRef]

49. Ahmad, M.; Grancher, N.; Heil, M.; Black, R.C.; Giovani, B.; Galland, P.; Lardemer, D. Action spectrum for
cryptochrome-dependent hypocotyl growth inhibition in Arabidopsis. Plant Physiol. 2002, 129, 774–785.
[CrossRef]

50. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods.
2012, 9, 671–675. [CrossRef]

51. Yin, X.; Goudriaan, J.; Lantinga, E.A.; Vos, J.; Spiertz, H.J. A flexible sigmoid function of determinate growth.
Ann. Bot. 2003, 91, 361–371. [CrossRef]

52. R Core Team. R: A Language and Environment for Statisticalcomputing; R Foundation for Statistical Computing:
Vienna, Austria, 2019; Available online: https://www.R-project.org/ (accessed on 10 December 2020).

53. Piepho, H.-P. An algorithm for a letter-based representation of all-pairwise comparisons. J. Comput. Graph. Stat.
2004, 13, 456–466. [CrossRef]

54. Hitz, T.; Henke, M.; Graeff-Hönninger, S.; Munz, S. Three-dimensional simulation of light spectrum and
intensity within an LED growth chamber. Comput. Electron. Agric. 2019, 156, 540–548. [CrossRef]

55. Henke, M.; Buck-Sorlin, G.H. Using a full spectral raytracer for calculating light microclimate in
functional-structural plant modelling. Comput. Inform. 2018, 36, 1492–1522. [CrossRef]

56. Van Antwerpen, D.G. Unbiased Physically Based Rendering on the GPU. Master’s Thesis, Delft University
of Technology, Delft, The Netherlands, 2011.

57. Kasperbauer, M.J. Far-red light reflection from green leaves and effects on phytochrome-mediated assimilate
partitioning under field conditions. Plant Physiol. 1987, 85, 350–354. [CrossRef] [PubMed]

58. Jacquemoud, S.; Baret, F.; Hanocq, J.F. Modeling spectral and bidirectional soil reflectance. Remote Sens.
Environ. 1992, 41, 123–132. [CrossRef]

59. Parks, B.M.; Folta, K.M.; Spalding, E.P. Photocontrol of stem growth. Curr. Opin. Plant Biol. 2001, 4, 436–440.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0002-1571(71)90022-7
http://dx.doi.org/10.3389/fpls.2018.00756
http://dx.doi.org/10.1093/jxb/ert389
http://dx.doi.org/10.3389/fpls.2018.01952
http://dx.doi.org/10.1016/j.envexpbot.2018.06.033
http://dx.doi.org/10.1039/b418440h
http://www.ncbi.nlm.nih.gov/pubmed/16121290
http://dx.doi.org/10.1007/s004250000392
http://www.ncbi.nlm.nih.gov/pubmed/11144265
http://dx.doi.org/10.1111/j.1469-8137.2010.03617.x
http://www.ncbi.nlm.nih.gov/pubmed/21251000
http://dx.doi.org/10.1104/pp.110.160820
http://dx.doi.org/10.1371/journal.pone.0163121
http://dx.doi.org/10.1104/pp.010969
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1093/aob/mcg029
https://www.R-project.org/
http://dx.doi.org/10.1198/1061860043515
http://dx.doi.org/10.1016/j.compag.2018.11.043
http://dx.doi.org/10.4149/cai_2017_6_1492
http://dx.doi.org/10.1104/pp.85.2.350
http://www.ncbi.nlm.nih.gov/pubmed/16665700
http://dx.doi.org/10.1016/0034-4257(92)90072-R
http://dx.doi.org/10.1016/S1369-5266(00)00197-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Experimental Data—Plant Scale 
	Experimental Data—Phytomer Scale 
	Biomass 
	Leaf Morphology and Physiology 
	Elongation 
	Growth Dynamics 
	Energy Consumption 

	Modelling 
	Blue Light Response Function of Internodes 
	Evaluation and Light Optimization 


	Discussion 
	Biomass and Photosynthesis 
	Response to BPFD Under Shade 
	BPFD Response Function 
	Optimization of Light Spectrum 

	Materials and Methods 
	Experimental Setup 
	Light Treatments 
	Plant Measurements 
	Statistical Design and Analysis 
	FSP Model 
	Response Function 
	Model Evaluation and Alternative Scenarios 

	Conclusions 
	References

