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Plants in natural environments are often exposed to fluctuations in light inten-
sity, and leaf-level acclimation to light may be affected by those fluctua-
tions. Concurrently, leaves acclimated to a given light climate can become
progressively shaded as new leaves emerge and grow above them. Accli-
mation to shade alters characteristics such as photosynthetic capacity. To
investigate the interaction of fluctuating light and progressive shading, we
exposed three-week old tomato (Solanum lycopersicum) plants to either light-
flecks or constant light intensities. Lightflecks of 20 s length and 1000 μmol
m−2 s−1 peak intensity were applied every 5 min for 16 h per day, for 3 weeks.
Lightfleck and constant light treatments received identical daily light sums
(15.2 mol m−2 day−1). Photosynthesis was monitored in leaves 2 and 4 (count-
ing from the bottom) during canopy development throughout the experiment.
Several dynamic and steady-state characteristics of photosynthesis became
enhanced by fluctuating light when leaves were partially shaded by the upper
canopy, but much less so when they were fully exposed to lightflecks. This
was the case for CO2-saturated photosynthesis rates in leaves 2 and 4 growing
under lightflecks 14 days into the treatment period. Also, leaf 2 of plants in the
lightfleck treatment showed significantly faster rates of photosynthetic induc-
tion when exposed to a stepwise change in light intensity on day 15. As the
plants grew larger and these leaves became increasingly shaded, acclimation
of leaf-level photosynthesis to lightflecks disappeared. These results highlight
continuous acclimation of leaf photosynthesis to changing light conditions
inside developing canopies.

Introduction

Acclimation of a plant to a new light environment is
characterized by changes in its phenotype (environmen-
tal plasticity), and is constrained by the plant’s genet-
ics. Acclimation to a given light intensity may include

Abbreviations – A, net photosynthesis rate; A24, daily leaf carbon budget; Aavg, average A during the photoperiod; Amax,
CO2- and light-saturated A; Asat, light-saturated A; Ci, substomatal CO2 partial pressure; Fm

′, maximum fluorescence on
light-adapted leaves; Fs, fluorescence emission in a leaf adapted to actinic light; gs, stomatal conductance; LA, leaf area; PAR,
photosynthetically active radiation; R, leaf respiration in darkness; tA50, time to reach 50% of full photosynthetic induction;
tA90, time to reach 90% of full photosynthetic induction; tgs50, time to reach 50% of final gs; tgs90, time to reach 90% of final
gs; WUEi, intrinsic water use efficiency; ΦPSII, efficiency of electron transport through photosystem II.

changes in the quantity and stoichiometry of components
such as chlorophylls a and b, Rubisco, the cytochrome
b6/f complex, light harvesting complexes of photosys-
tem II, plastocyanin and ATPase, the number of chloro-
plasts per cell and (irreversibly) stomatal and vein density
(Rascher and Nedbal 2006, Schöttler and Tóth 2014,
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Retkute et al. 2015). Light intensity often fluctuates in
natural environments in the order of seconds to min-
utes (Pearcy et al. 1990). Acclimation to fluctuating light
depends on the duration, intensity and frequency of
the lightflecks applied (Walters 2005, Alter et al. 2012,
Retkute et al. 2015): fewer, longer lightflecks seem to
enhance the acclimatory response (Yin and Johnson
2000, Walters 2005, Alter et al. 2012). The acclimatory
response may result in increased light-saturated net pho-
tosynthetic rate (Asat [μmol m−2 s−1]; Wayne and Bazzaz
1993, Watling et al. 1997, Leakey et al. 2003, Zheng
et al. 2006, Blom and Zheng 2009, Retkute et al. 2015)
or increased photosynthetic rate under conditions of
both light- and CO2-saturation (Amax; Yin and Johnson
2000, Zheng et al. 2006). Apart from the steady-state
characteristics of photosynthesis, the dynamic properties
of photosynthesis might also change during acclimation
to fluctuating light. This would mean that in a leaf accli-
mated to fluctuating light, net photosynthesis rates (A) or
stomatal conductance (gs) would change more quickly
after a change in light intensity than in a leaf that is not
acclimated to fluctuating light. In other words, the kinetic
properties of assimilation could be ‘trained’ to respond
more quickly to light intensity fluctuations. Several stud-
ies have investigated this possibility, but have found no
such ‘training’ effect (Sims and Pearcy 1993, Ernstsen
et al. 1997, Leakey et al. 2003, Kubasek et al. 2013).

In previous studies using multiple species, some
species showed enhanced Asat or Amax when growing
under fluctuating light, while others did not (Wayne
and Bazzaz 1993, Watling et al. 1997, Yin and John-
son 2000, Blom and Zheng 2009, Vialet-Chabrand
et al. 2017). This apparent species specificity may be
explained by differences in the maximum extent or the
rate of acclimation to fluctuating light. In Arabidopsis
thaliana, e.g. the increase of Amax after a transition
from a low- to a high-light intensity took approximately
3–7 days, depending on the genotype (Athanasiou et al.
2010, van Rooijen et al. 2015). Furthermore, it is not
clear how canopy growth and the resulting shading of
the leaf influence the leaf-level acclimation to fluctuat-
ing light. To investigate this, we exposed young tomato
plants to either lightflecks or constant light intensities
and followed the steady-state and dynamic characteris-
tics of photosynthesis of several leaves during canopy
development over the course of 3 weeks.

Materials and methods

Plant material and growth conditions

Solanum lycopersium cv. Cappricia (Rijk Zwaan, De
Lier, the Netherlands) plants were grown in a climate

chamber using 4-l pots and soil (ED73, Einheitserde,
Sinntal-Altengronau, Germany) enriched with nutrients
(0.25% m/v fertilizer salts, pH 5.8). Plants were fed
with nutrient solution once a week (1:100 dilution,
20–5–10–2 N–P–K–Mg; Hakaphos, Scotts, OH), and
watered as needed. Conditions in the climate cham-
ber were: 300 μmol m−2 s−1 photosynthetically active
radiation (PAR) provided by a mixture (50% each) of
mercury (Master HPI-T Plus, 400 W; Philips, Eindhoven,
the Netherlands) and sodium vapor high pressure
lamps (SON-T Agro, 400 W; Philips), 16 h photoperiod,
22/20∘C day/night, 450 μbar CO2 partial pressure and
70% relative humidity.

Treatments

When plants were 23 days old, eight plants were exposed
to flecked light (‘lightfleck’), while another eight plants
were exposed to constant light (‘control’). Apart from the
light treatments, environmental conditions were identi-
cal as described above. Plants were standing in two rows
of four plants each; on a table that was 127 cm long
and 55.5 cm wide. Pot diameter was 21 cm, and the dis-
tance between pots was 5 cm in rows and between rows
(one plant per pot). Lightflecks were applied by moving
an array of five lamps over the plants from one side to
another. These lamps (type 46 900, Schwabe, Eutingen
im Gäu, Germany) were rectangular (10.5×8.7 cm) and
each lamp was comprised of 12 SMD LED chips (Sam-
sung, Seoul, South Korea). The light color of the lamps
was 6400 K. The total array was 43.5 cm wide, 10.5 cm
long and was comprised of 15×4 LED chips. During
each lightfleck, the light intensity was increased above
the background light intensity for approximately 20 s,
every 5 min during the photoperiod (192 lightflecks per
day). Peak light intensity during lightflecks was approx-
imately 1000 μmol m−2 s−1 at the highest part of the
canopy (20 cm below the lamps), while average light
intensity during lightflecks was approximately 650 μmol
m−2 s−1 (Fig. 1A). As the array moved back to its rest posi-
tion with the LEDs off, it produced a ‘shadefleck’, which
reduced the overall light intensity received in the light-
fleck treatment (Fig. 1A). The spectra of the LEDs had
peaks at 450 and 540 nm (Fig. 1B). Plants in treatments
were adjusted daily as follows: (1) the position of every
plant within the treatment was changed in a randomized
fashion, (2) the distance of the tallest part of a plant to
its light source was changed several times per day, as
the highest point in the canopy changed due to plant
growth and leaf movement. Each pot was placed on a
small platform (Swiss Boy lab jacks, Sigma Aldrich, St.
Louis, MO) to adjust the distance between the LEDs and
the growing shoot tip individually. Average light intensity
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Fig. 1. Characteristics of the lightfleck treatment. (A) time course
of photosynthetically active radiation (PAR) during a lightfleck cycle,
measured 0.2 m below the LED array. (B) spectral output of the LED lamps
used to produce the lightflecks.

in both treatment groups was 264± 8 μmol m−2 s−1 PAR
(mean± standard error of means, SEM) at the tip of the
plants, and great care was taken so that both treatment
groups received the same light sum every day (15.2 mol
m−2 day−1). In the lightfleck treatment, 84% of the daily
light sum was supplied by the background light (i.e. the
remaining 16% was supplied by lightflecks), suggesting
that plants under both treatments received roughly the
same light spectrum. Light intensity in the treatments
was measured regularly using the same data logger and
point sensor (LI-189 light meter, Li-Cor Biosciences, Lin-
coln, MO).

Measurements

Gas exchange measurements – All gas exchange mea-
surements were performed with the LI-6400 photo-
synthesis system (Li-Cor Biosciences, Lincoln, MO),

equipped with the fluorescence chamber (Li-6400-40,
area: 2 cm2). The light in the fluorescence chamber was
supplied by a mixture (90/10%) of red and blue LEDs.
The intensity of red LEDs peaked at 635 nm, that of blue
LEDs at 465 nm; the bandwidth of half-maximum inten-
sity was 10 nm in both LED types.

Lightfleck responses – To test the reaction of leaves
to lightflecks, the fluorescence chamber was clamped
on the leaves and they were adapted to 250 μmol
PAR m−2 s−1 until gs was stable (30–90 min). Then,
leaves were exposed to lightflecks of 20 s duration and
1000 μmol PAR m−2 s−1 once every 5 min for 60 min,
to mimic the lightfleck environment experienced under
the lightfleck treatment. Conditions in the cuvette were:
400± 3 μbar CO2 partial pressure, 22±0.2∘C cuvette
temperature, 70± 3% relative humidity and 500±1 mol
s−1 flow rate of air through the cuvette.

Photosynthetic induction – To assess the rate of
change of A and gs after a step change in light inten-
sity, leaves were dark-adapted until gs was steady
(60–120 min). Then, the light intensity was increased
to 1000 μmol m−2 s−1, and data were logged every
second for 60 min. Other conditions were as described
in ‘lightfleck responses’. The times to reach 50 and 90%
of photosynthetic induction (tA50, tA90) and the times to
reach 50 and 90% of final gs (tgs50, tgs90) were calculated
as in Kaiser et al. (2017).

Diurnal photosynthesis – To follow the diurnal trends
of light interception, A, gs, and intrinsic water use effi-
ciency (WUEi, A gs

−1) of plants in their respective treat-
ments, gas exchange of leaves of several layers in the
canopy was measured several times per day. For these
measurements, the upper part of the leaf chamber fluo-
rometer was removed, while the cuvette was still intact
and sealed with a transparent window (2 cm2). Mea-
surements were logged once per second. In the light-
fleck treatment it was ensured that a whole lightfleck
sequence, including the period between lightflecks, was
captured in each case, and the average of the 5 min
sequence was calculated. In the control treatment, aver-
ages of 2 min were used. Other conditions were as
described in ‘lightfleck responses’.

A/Ci curves – To compare the response of A to differ-
ent substomatal CO2 partial pressures (Ci), leaves were
adapted to 500 μbar CO2 and 1000 μmol PAR m−2 s−1

for 30 min. Then, leaves were exposed to a range of
CO2 partial pressures between 50 and 1500 μbar. At each
step in CO2 partial pressure, after reaching steady-state
A, data were logged every 5 s, and an average of 1 min
was used to calculate A and Ci. Additionally, to assess
the relationship between Ci and the efficiency of elec-
tron transport through photosystem II (ΦPSII), a satu-
rating flash was applied at each CO2 partial pressure
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and chlorophyll fluorescence parameters Fm
′ (maximum

fluorescence on light-adapted leaves) and Fs (fluores-
cence emission in a leaf adapted to actinic light) were
recorded. ΦPSII was calculated as ΦPSII = (Fm

′−Fs)/Fm
′.

Saturating flashes were applied using a multiphase flash
protocol (Loriaux et al. 2013) consisting of three phases,
with 7400–7800 μmol m−2 s−1 maximum flash inten-
sity, 60% decrease of flash intensity during the second
phase (60% ramp) and 0.3, 0.7, and 0.4 s duration for
the three phases, respectively. Measuring light intensity
was approx. 1 μmol m−2 s−1. Other conditions were as
described in ‘lightfleck responses’.

Leaf area growth – To follow the growth of
whole-shoot leaf area over time, length and width
of single leaves was measured using a generic flexible
ruler. These measurements were performed between
10:00. and 12:00. An empirical linear relationship
(slope=0.3493, R2 = 0.96) between leaf area and leaf
length × width was obtained by destructively measuring
leaf area (using the LI-3100 leaf area meter, Li-Cor
Biosciences). These measurements were performed
on additional plants that did not belong to any of
the treatment groups but had grown under the same
conditions.

Biomass and leaf area – Shoots were harvested after
the end of the treatment, split into leaves and stems and
weighed. Leaf area was determined using the LI-3100
leaf area meter. After drying samples at 85∘C for 13 days,
dry weights of leaves and stems were determined.

Calculations

The daily leaf carbon budget (A24; mmol day−1) was
determined for leaf 2 on days 2, 5, 9, 12 and 16, and
for leaf 4 on days 5, 9, 12 and 16, as:

A24 =
((

Aavg × 16
)
− (R × 8)

)
× (3600∕1000) × LA (1)

where Aavg (μmol m−2 s−1) is the average of the net leaf
photosynthesis rate of five point measurements spread
over approximately 8 h during the photoperiod. R (μmol
m−2 s−1) is leaf respiration in darkness, and was deter-
mined as net photosynthesis rate in leaves that had been
dark-adapted for 60–120 min. LA (m2) is the area of
the leaf. Aavg and R were multiplied by the duration
of the light (16 h) and dark (8 h) periods, respectively,
and values were scaled from rate per second to rate
per hour (3600) and from μmol to mmol (1000). R was
determined on days 4, 11, and 18, and linear interpo-
lation was used to determine its values on the desired
dates. Because no significant difference was found for
R between treatments, the same values were assumed
for lightfleck and control leaves. LA was measured on

Fig. 2. Leaf area growth under constant (control, C; solid lines) or
flecked light (lightfleck, LF; dotted lines). (A) Total leaf area per tomato
plant. (B) Area of individual leaves 1, 2, and 3 (counting from below).
(C) Area of leaves 4, 5, 6, and 7. P-values denote significant treatment
effects on total leaf area (panel A) and leaf area of single leaves (panels
B and C). n.s. denotes absence of significant treatment effects on area
of single leaves. Averages ± SEM, n=7–8.
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Table 1. Growth parameters of aboveground plant parts. Tomato plants were grown for 3 weeks under constant (control) or flecked light (lightfleck)
and then harvested destructively. Numbers denote average± SEM, n=7–8. P-values of two-sided student’s t-tests or Mann–Whitney U-tests are
shown; values that show a significant difference (P <0.05) are shown in bold. aData have been analyzed using nonparametric Mann–Whitney U-test.

Treatment

Growth parameter Control Lightfleck P-value

Leaf Fresh weight (g) 207.1 ± 6.2 191.4 ± 7.2 0.125
Dry weight (g) 16.7 ± 0.7 15.8 ± 0.6 0.341
Area (m2) 0.44 ± 0.01 0.42 ± 0.01 0.263
Specific leaf area (cm2 g−1) 21.4 ± 0.1 22.1 ± 0.3 0.040a

Dry matter content (%) 8.1 ± 0.1 8.3 ± 0.2 0.536a

Stem Fresh weight (g) 51.8 ± 0.5 45.0 ± 2.1 0.014a

Dry weight (g) 2.96 ± 0.05 2.52 ± 0.13 0.014a

Dry matter content (%) 5.71 ± 0.06 5.60 ± 0.15 0.955a

Whole shoot Fresh weight (g) 259 ± 6 240 ± 8 0.079
Dry weight (g) 19.7 ± 0.7 18.3 ± 0.7 0.206

days 3, 8, 11, 15, and 18 (data in Fig. 2); second degree
polynomials (R2

>0.99) were used to determine its val-
ues on the desired dates.

Statistical tests

Most values are shown as average± SEM. In order to
detect significant differences between treatments, data
were first tested for homogeneity of variances (Bartlett’s
test) and for normal distribution (Shapiro–Wilk test).
Values that were measured repeatedly on the same
experimental units were tested using analysis of vari-
ances (ANOVA), and day of measurement was included
as a treatment factor. For values that were determined
once, a two-sided student’s t-test was conducted.
Datasets that violated the assumptions for ANOVA or t-test
were log-transformed. If data after log-transformation
still violated the necessary assumptions, then the non-
parametric Kruskal–Wallis ANOVA (instead of ANOVA)
or Mann–Whitney U-test (instead of the t-test) was
performed on the original data. All statistical tests
were performed using Genstat 18th edition (VSN
International, Hempstead, UK).

Results

Growth of plants under constant and flecked light

Stems of plants growing under flecked light (lightfleck)
weighed less than stems of plants growing under con-
stant light (control), both in fresh (P=0.01) and dry
weight (P= 0.01; Table 1). Also, leaves of plants growing
under flecked light were significantly thinner (larger
SLA; P=0.04) than those of control plants (Table 1).
Throughout the experiment, lightfleck plants displayed
a significantly smaller total leaf area than control plants
(P=0.006; Fig. 2A). Furthermore, several leaves that

were high in the canopy in the early stages of the
experiment (leaves 3 and 4, counting from the bottom)
had a significantly smaller leaf area in lightfleck plants
(Fig. 2B, C). The interaction term between day of mea-
surement and treatment was not significant for either
total leaf area (P= 0.583) or area of leaves 3 (P= 0.443)
and 4 (P=0.553), indicating that leaf area was signif-
icantly affected by the lightfleck treatment throughout
the complete period of the experiment. However, total
leaf area was not significantly different at the final
harvest after 22 days (Table 1). Hence, with progressive
canopy closure, the initial difference between treatments
disappeared.

Plasticity of acclimation to flecked light

In order to follow single leaves through their life cycle,
we monitored photosynthetic characteristics of the 2nd
and 4th leaves (counting from the bottom). Since both
leaf ages showed similar responses to the two treatments,
only data depicting the behavior of leaf 4 are shown here;
the photosynthetic responses of leaf 2 are shown in Figs
S1–S3 and S7 (Supporting information) and Table 2.

During progressive shading by other leaves, the photo-
synthetic capacity (measured as the steady-state response
of photosynthesis, A, to substomatal CO2 partial pres-
sure, Ci) of leaves 2 and 4 slowly decreased in both
treatments (Fig 3 and Fig. S1). An ANOVA of the response
of A or ΦPSII to the highest Ci value, representing
the leaf’s photosynthetic capacity, revealed a signifi-
cant interaction between day of measurement and treat-
ment (P< 0.05) in both leaf 4 and 2, for A as well as
ΦPSII. Thus, in leaf 4, both A and ΦPSII were unaffected
on day 7 (Fig. 3A) while on day 14, both were signif-
icantly enhanced in leaves under the lightfleck treat-
ment (Fig. 3B). On day 20, ΦPSII remained significantly
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Fig. 3. Response of net photosynthesis rate (A, black symbols) and ΦPSII

(gray symbols) to substomatal CO2 partial pressure (Ci) in leaf 4 (counting
from below) of tomato plants growing under constant (control; closed
symbols, solid lines) or flecked light (lightfleck; open symbols, dotted
lines) on different days during the treatment. Black (gray) stars denote
significant (P <0.05) treatment effects on A (ΦPSII) at highest Ci on a
given day of measurement. Symbols denote averages ± SEM, n=3.

enhanced in lightfleck leaves while A was not signifi-
cantly different (Fig. 3C). Similarly, in leaf 2, both A and
ΦPSII were not significantly different on days 0 and 7
of the experiment (Fig. S1A, B). However, on day 14,
CO2-saturated A and ΦPSII were significantly higher in
plants growing under flecked light (Fig. S1C), but that
difference disappeared on day 20 (Fig. S1D).

In contrast to the steady-state photosynthetic capacity
assessed by A/Ci (or ΦPSII/Ci) curves, repeated mea-
surements of diurnal variations in A, gs, Ci and WUEi
revealed no systematic differences between leaf 4 of

plants growing under constant or flecked light (Fig. 4).
Data from leaf 2 confirmed that impression (Fig. S2).
While the incident PAR on leaf 4 was slightly but con-
sistently higher on days 5–12 in the lightfleck treatment,
on day 16 it had decreased in both treatments to the
same level (Fig. 4D), indicating that leaf 4 was becom-
ing overgrown by leaves higher up in the canopy. We
additionally tested whether differences in diurnal gas
exchange characteristics could be discerned in young
leaves that had grown and developed under the two
treatments: For this, half of the plants were swapped
between treatments on the last day of the experiment
(day 21) and A, gs and light-use efficiency were deter-
mined in leaf 9 in each of the four groups (i.e. plants
grown under constant light were measured under con-
stant and flecked light, as were plants grown under
flecked light). The results clearly showed that there were
no effects of the growth light treatments on A, gs or
light-use efficiency in these leaves (Fig. S3).

To closely examine the photosynthetic properties
under dynamic light conditions, gas exchange character-
istics were measured during a series of lightflecks. Across
the 3 days of measurement (days 6, 13, and 19), A was
significantly larger both during (P=0.021) and between
lightflecks (P=0.041; Fig. 5A, C, E). Additionally, A
during lightflecks was significantly lower (P= 0.018)
on day 13, compared to responses on days 6 and 19,
which were not significantly different from one another;
A between lightflecks was not significantly affected by
day of measurement. Treatment effects on A were not
accompanied by corresponding changes in gs, i.e. gs
was not significantly affected by the lightfleck treatment
(or by day of measurement) on either of the days of
measurement (Fig. 5B, D, F). Detailed time courses
of the responses of A and gs during these lightfleck
measurements can be found in Figs S4–S6. In leaf 2, no
treatment effects were detected, either on A or gs (Fig.
S7). No significant interaction between treatment and
day of measurement was found for either A or gs, both in
leaf 4 and 2.

When dark-adapted leaves were exposed to a step
change in light intensity (1000 μmol m−2 s−1), there were
no differences between the treatments in steady-state A
at 0 and 1000 μmol m−2 s−1 on either day 15 or 18 (data
not shown). On day 15 of the experiment, however, leaf
2 under the lightfleck treatment showed a significantly
shorter time to reach 90% of the final steady-state A
(Table 2). This difference in the rate of photosynthetic
induction was not caused by faster stomatal opening
(Table 2), larger initial gs (P= 0.81), different initial A
(P= 0.77), or different final A (P= 0.75). No differences
in induction kinetics of A or stomatal opening were seen
in leaf 4 (measured on day 18, Table 2).
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Fig. 4. Diurnal changes of incident photosynthetically active radiation (PAR; A–D), net photosynthesis rate (A; E–H), stomatal conductance (gs; H–K),
substomatal CO2 partial pressure (Ci; L–O) and intrinsic water use efficiency (WUEi; P–S) in leaf 4 (counting from below) of tomato plants growing
under constant (control; closed symbols, solid lines) or flecked light (lightfleck; open symbols, dotted lines) on different days during the treatment.
Symbols denote hourly averages ± SEM, n=4–5.
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Fig. 5. Response of net photosynthesis rate (A) and stomatal conductance (gs) of leaf 4 (counting from below) of plants grown under constant
(control, closed symbols) or flecked light (lightfleck, open symbols) to a series of lightflecks (1000 μmol m−2 s−1 for 20 s) in a lower background light
intensity (250 μmol m−2 s−1 for 280 s), on different days during the treatment. During measurements, leaves were exposed to lightflecks produced in
the gas exchange cuvette. Rates were averaged for the time between lightflecks (shaded area on the left side of figures) and for the duration of each
lightfleck (right side of figures). Bars above panel A indicate significant treatment effects on A, both during and between lightflecks, on all 3 days of
measurement; bars above panel B indicate absence of significant treatment effects on gs. Symbols denote mean± SEM, n= 4–5.
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Table 2. Time (min) to reach 50 or 90% of final net photosynthesis rates
(tA50 or tA90, respectively) and time to reach 50 or 90% of final stomatal
conductance (tgs50 or tgs90, respectively) after a stepwise increase in
light intensity from 0 to 1000 μmol m−2 s−1 in dark-adapted leaves.
Measurements were conducted on day 15 of the lightfleck experiment
in leaf 2 and on day 18 in leaf 4. Numbers denote mean ± SEM, n=4.
P-values of two-sided student’s t-tests are shown; values that show a
significant difference (P <0.05) are shown in bold.

Treatment

Leaf no. Parameter Control Lightfleck P-value

2 tA50 2.6 ± 0.2 2.1 ± 0.4 0.361
tA90 27.2 ± 1.2 21.8 ± 0.8 0.010
tgs50 27.3 ± 1.1 27.1 ± 0.6 0.872
tgs90 48.9 ± 0.4 48.7 ± 0.9 0.841

4 tA50 2.5 ± 0.2 2.1 ± 0.5 0.484
tA90 21.8 ± 1.6 20.4 ± 0.9 0.479
tgs50 23.9 ± 2.2 24.9 ± 2.0 0.754
tgs90 47.6 ± 1.4 49.2 ± 2.7 0.624

Carbon budgets of plants growing under flecked
and constant light

Differences in whole-plant light-use efficiency was
determined by calculating the daily leaf carbon budget
of leaves 2 and 4. Leaves growing under fluctuat-
ing light used the light they received on average 17
and 22% less efficiently than leaves growing under
constant light (Tables 3 and S1). This difference was
caused by both lower A on an area basis (Figs 4, S2)
as well as lower light capture due to smaller leaves
(Fig. 2 B, C). In leaf 2, the negative effects of the light-
fleck treatment on daily leaf carbon budget almost
completely diminished as the leaves became more
strongly shaded (days 12 and 16; Fig. S2); they acquired
only 1.8% less carbon on those days than the control
leaves (Table S1).

Discussion

Plants grow more slowly under fluctuating light:
limitations to light-use efficiency

Plants growing under flecked light used the light less effi-
ciently, as evidenced by lower stem weight (Table 1) and
smaller leaf area during growth (Fig. 2). The finding of
a lower light-use efficiency in fluctuating light (Tables 3,
S1) despite identical light sums is in agreement with pre-
vious reports from similar experiments (Watling et al.
1997, Leakey et al. 2003, Zheng et al. 2006, Alter et al.
2012, Kubasek et al. 2013, Vialet-Chabrand et al. 2017).
After a stepwise increase in light intensity, the increase
in A will respond with a delay, because increases in
(1) the pool size of metabolites in the Calvin cycle, (2)
the activation state of Calvin cycle enzymes, and (3)

gs do not respond instantaneously but with their own,
characteristic delays (reviewed in Pearcy et al. 1996,
Kaiser et al. 2015). After decreases in light intensity,
a surplus of metabolites will keep A at a transiently
higher rate than its steady-state value at low irradiance
(post-illumination CO2 fixation; Sharkey et al. 1986).
However, this transient increase in A can be diminished
by (1) the post-illumination CO2 burst, which is caused
by enhanced rates of respiration of phosphoglycolate
(Vines et al. 1983) and (2) transiently reduced elec-
tron transport rates due to relatively slow relaxation of
non-photochemical quenching (Armbruster et al. 2014,
Kromdijk et al. 2016). Altogether, integrated A in a real
leaf during and after a lightfleck is reduced compared
to a hypothetical leaf whose A would respond instanta-
neously to changes in light intensity (Pearcy et al. 1985).
Also, judging from the typical steady-state response
of A to light intensity, the light intensities used for
the constant light treatment (approximately 260 μmol
m−2 s−1) and for background light in the lightfleck treat-
ment (approximately 250 μmol m−2 s−1, Fig. 1A) are
more efficiently used per quanta than the light inten-
sity that was applied during the lightflecks (650 μmol
m−2 s−1 on average). This means that even if A had
reacted instantaneously to changes in light intensity, the
light-use efficiency under lightflecks would still have
been lower than under control conditions. The car-
bon gain of plants growing under lightflecks is there-
fore reduced because of transient reductions in A dur-
ing a lightfleck, and because of the nonlinearity of the
response of A to light intensity, compared to plants
receiving the same light sum but at a constant light
intensity.

Acclimation of leaf photosynthesis to lightflecks vs
acclimation to shade

During this three-week experiment, we characterized
various aspects of leaf gas exchange and chloro-
phyll fluorescence on a daily basis, i.e. responses
of A, ΦPSII and/or gs to (1) CO2 partial pressure in
the steady-state, (2) series of lightflecks, (3) stepwise
increases in light intensity after leaves had been
dark-adapted, and (4) the light environment under
which leaves were developing. Measurements were
repeated several times during the day. Despite this
broad and very frequent characterization, capturing the
changes induced by the lightfleck treatment remained
challenging.

Similar to previous reports on A. thaliana (Yin and
Johnson 2000) and Gerbera jamesonii (Zheng et al.
2006), we found that after exposing plants to fluctuating
light for several days, Amax increased in tomato leaves
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Table 3. Daily leaf carbon budget of leaf 4 (mmol day−1) of plants growing under fluctuating (lightfleck) or constant (control) light conditions, as
calculated by Eqn. (1) on days 5, 9, 12, and 16 during the experiment.

Day of experiment

Parameter Treatment 5 9 12 16

Aavg (μmol m−2 s−1) Control 6.6 7.6 7.6 5.1
Lightfleck 6.4 7.1 7.1 4.3

R (μmol m−2 s−1) Both treatments 1.9 2.0 1.9 1.3
Leaf area (m2) Control 0.0060 0.0156 0.0249 0.0401

Lightfleck 0.0056 0.0142 0.0226 0.0362
Daily leaf carbon budget (mmol day−1) Control 1.95 5.93 9.59 10.30

Lightfleck 1.73 4.99 7.94 7.55
Treatment effect on leaf C budget (%) −13.1 −18.8 −20.8 −36.5

(Figs 3 and S1). It was recently shown that although
Asat was not significantly increased and Amax was
significantly lower in A. thaliana leaves growing under
fluctuating light, when both parameters were expressed
per leaf mass instead of per leaf area they were both sig-
nificantly larger under fluctuating light (Vialet-Chabrand
et al. 2017). At the same time, leaves grown under fluctu-
ating light intensities had equal or lower concentrations
of photosynthetic proteins, suggesting that acclima-
tion to fluctuating light enabled them to use these
proteins more efficiently compared to leaves grow-
ing under constant light intensities (Vialet-Chabrand
et al. 2017). Further, Vialet-Chabrand et al. (2017)
reported significantly thinner leaves of plants grown
under fluctuating light, which is consistent with the
present and several other studies (Sims and Pearcy
1993, Wayne and Bazzaz 1993, Zheng et al. 2006,
Kubasek et al. 2013).

Previous studies had consistently found that acclima-
tion to fluctuating light did not entail a faster transient
response of A or gs to a step change in light inten-
sity. These studies were conducted on widely differing
species, such as basil (Ocimum basilicum) and the peren-
nial Impatiens wallerana (Ernstsen et al. 1997), seedlings
of the dipterocarps Shorea leprosula and Hopea nervosa
(Leakey et al. 2003) and the understory shrub Alocasia
macrorrhiza (Sims and Pearcy 1993). Unlike these stud-
ies, in the present work, leaf 2 of tomato plants from
the lightfleck treatment displayed a significantly shorter
time to reach 90% of full photosynthetic induction when
subjected to a stepwise increase in light intensity after
having been dark-adapted (on day 15 of the experiment,
Table 2). Notably, this was found 1 day after a large
increase in Amax was observed in the lightfleck treat-
ment. The increase in t90 could not be explained by
stomatal responses, such as faster stomatal opening or
larger gs before switching to high-light intensity (Kaiser
et al. 2016). Considering that these differences were
observed in leaves that were very likely partially shaded

(on day 14, LAI of leaves above leaves 2 and 4 was
approximately 1.5 and 0.8, respectively), this may indi-
cate that lightflecks promote retention of the components
that are required for rapid photosynthetic induction and
the CO2 response of photosynthesis, such as Rubisco
activase.

Despite the changes in Amax and photosynthetic
induction detected in the lightfleck plants, diurnal gas
exchange measured in several leaves in the canopy did
not indicate corresponding effects by the light treatment
(Figs 4 and S3). One might expect stomata to open
more widely under lightflecks than under constant light
intensities, and therefore diurnal gs to be larger through-
out the day in the lightfleck treatment. However, this
was clearly not the case. It might be that gas exchange
under the prevailing light was not affected because the
duration of lightflecks applied in this study was too short
to fully elicit the responses observed in the steady state
(Walters 2005).

Positive effects of lightflecks on partially shaded
leaves: interaction with shade acclimation
and nitrogen allocation?

In erect canopy stands such as tomato, light intensity
decreases exponentially with canopy depth (Monsi
and Saeki 2005). As light intensity is a strong driver
for nitrogen content on a leaf area basis (Evans 1989,
Anten et al. 1995, Hikosaka et al. 2016), leaf nitro-
gen content declines with progressive shading, which
correlates with lower Amax, dark respiration, gs, and
earlier onset of senescence in shaded leaves (Pons and
Pearcy 1994, Anten et al. 1995, Evans and Poorter
2001). In this way, plants maintain a nitrogen dis-
tribution such that whole-canopy carbon gains are
very close to the theoretical optimum (Anten et al.
1995). A leaf which has acclimated to high-light inten-
sities at the top of the canopy therefore has high
nitrogen and protein contents per unit leaf area that
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allow it to achieve high Amax, and it will keep those
characteristics until it is overgrown and shaded by
younger leaves (Pons and Pearcy 1994). Decreases in
leaf nitrogen content can be observed quickly, e.g.
within 3 days of shading in Glycine max (Pons and
Pearcy 1994).

It can be hypothesized that a leaf that is partially
shaded will retain leaf nitrogen contents when it is regu-
larly exposed to lightflecks. Together with the leaf nitro-
gen, Amax would then be retained, as was seen after
14 days in our data (Figs 3B and S1). As lightflecks did not
increase Amax in fully exposed leaves (as seen from mea-
surements after 7 days, Fig. 3A), it may be that lightflecks
were too short to lead to a high-light acclimation type
response. Under partial shade, additional light provided
by the transient lightflecks may have allowed retention
of leaf nitrogen and high Amax by counteracting shade
acclimation. After a longer exposure to deeper shade
(e.g. after 20 days, when LAI above leaves 2 and 4 was
approximately 3.1 and 2.0, respectively), probably the
shade acclimation response prevailed over the effects
of lightflecks (which would still be penetrating through
the canopy) to maintain leaf nitrogen levels and Amax
(Fig. 3C). More targeted research, including analysis of
leaf nitrogen and protein contents, is required to inves-
tigate the possible role of lightflecks in leaf acclimation
during canopy growth.

Conclusions

In conclusion, we show here that photosynthetic accli-
mation of leaves to lightflecks within a growing canopy
is in itself a complex and continuous phenomenon.
The positive effects of lightfleck acclimation on leaf gas
exchange may be observed when leaves are partially
shaded by younger leaves. In this situation, lightflecks
may slow down shade acclimation and reduction of leaf
nitrogen and protein levels. As leaves get increasingly
shaded, the impact of acclimation to lightflecks disap-
pears again.
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