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Sunflecks in the upper canopy: dynamics of light-use efficiency
in sun and shade leaves of Fagus sylvatica
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Introduction

The distribution of foliage and branches within a forest canopy,
along with the density and relative arrangement of the trees
themselves, produce a highly heterogeneous spatial environment.
As light penetrates this medium, elements of the canopy will act
as a filter, scattering and preferentially absorbing certain regions
of the spectrum. This creates a vertical gradient in the distribu-
tion of light and its composition, arranged in different propor-
tions of shade, partial shade, and full sunlight (Smith
et al., 1989). Although patterns of irradiance and spectral quality
are highly localized, average light availability will exponentially
decline with canopy depth (Monsi & Saeki, 1953); a decline
which will be steeper in denser canopies. Additionally, daytime
temperatures usually decline while air humidity rises with depth
in the canopy (Stiegel ez al., 2017; Miller ez al., 2021). It is often
assumed that the photosynthetic machinery is optimized towards
carbon gain for a given environment (Pons, 2012; Retkute ez 4/,
2015), therefore this vertical variation in the microclimate means
that leaves need to adopt distinct responses, depending on their
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Summary

¢ Sunflecks are transient patches of direct radiation that provide a substantial proportion of
the daily irradiance to leaves in the lower canopy. In this position, faster photosynthetic induc-
tion would allow for higher sunfleck-use efficiency, as is commonly reported in the literature.
Yet, when sunflecks are too few and far between, it may be more beneficial for shade leaves
to prioritize efficient photosynthesis under shade.

¢ We investigated the temporal dynamics of photosynthetic induction, recovery under shade,
and stomatal movement during a sunfleck, in sun and shade leaves of Fagus sylvatica from
three provenances of contrasting origin.

¢ We found that shade leaves complete full induction in a shorter time than sun leaves, but
that sun leaves respond faster than shade leaves due to their much larger amplitude of induc-
tion. The core-range provenance achieved faster stomatal opening in shade leaves, which
may allow for better sunfleck-use efficiency in denser canopies and lower canopy positions.

e Our findings represent a paradigm shift for future research into light fluctuations in
canopies, drawing attention to the ubiquitous importance of sunflecks for photosynthesis, not
only in lower-canopy leaves where shade is prevalent, but particularly in the upper canopy
where longer sunflecks are more common due to canopy openness.

location within the canopy, if they are to attain optimal carbon
uptake for their position.

A distinction is often made between leaves that developed
under high irradiance, usually at the top of the canopy (hence-
forth called ‘sun leaves’) and those that developed under low irra-
diance, mostly found lower in the canopy (henceforth called
‘shade leaves’). Sun leaves tend to have a higher leaf mass per area
(LMA), nitrogen, chlorophyll and carotenoid content on an area
basis, as well as a higher ratio of chlorophyll /4, compared with
shade leaves (Lichtenthaler ef 4/, 2007; Lichtenthaler ez al,
2013). This means that sun leaves can usually reach higher rates
of electron transfer and carboxylation than shade leaves, at the
expense of higher respiration rates and a higher photosynthetic
light compensation point (Scartazza et al, 2016; Liu et al.,
2019; Zhuang et al., 2021). When accounting for the decline in
irradiance through the canopy, these differences in leaf traits
result in a corresponding vertical gradient of leaf nitrogen, photo-
synthetic rate and capacity (Campany ez al., 2016; Hikosaka,
2016; Liu er al, 2019). Yet, at the canopy level, shaded leaves
often contribute more than half of the gross primary production,
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because of the large proportion of the canopy they occupy (He
et al., 2018).

In the canopy, leaves also experience patches of substantially
higher irradiance than that of the canopy shade, commonly
called sunflecks (McLean, 1919). These can be very brief (less
than a second, Durand et 4/, 2021), or last for several minutes
(sometimes called sun patches, Smith & Berry, 2013), depend-
ing on whether they originate from the movement of the sun,
clouds, or are due to the wind causing mechanical deforma-
tions in the canopy (Kaiser ez al, 2018; Burgess ez al., 2021).
Sunflecks can be responsible for a large (up to 90%) but vari-
able proportion of the total incident irradiance available in the
lower forest canopy (Chazdon, 1988; Pfitsch & Pearcy, 1989).
This will impact carbon uptake, but exactly how photosynthe-
sis is affected by these fluctuations in irradiance depends both
on their timescale, and on the physiological state of the leaf
when they occur. Usually, sunflecks are thought to be more
important for the lower canopy, where shade leaves have been
reported to take less time to complete full photosynthesis
induction (Way & Pearcy, 2012).

We can generally delineate three physiological limitations on
the carbon gained from longer sunflecks, that mainly originate
from the movement of the sun and clouds: (1) the speed of pho-
tosynthetic induction, (2) photoprotection in the form of non-
photochemical quenching (NPQ) and (3) the rate of stomatal
movements. All three factors influence the use of fluctuating light
by the photosynthetic machinery and are described in more detail
later.

Leaves previously acclimated to a long period of shade (typi-
cally > 5 min) will be limited by induction requirements of the
photosynthetic machinery (Kobza & Edwards, 1987; Sassenrath-
Cole & Pearcy, 1992). When an uninduced leaf is exposed to
light, a small initial rise in CO, assimilation is produced, sup-
ported by the leaf’s residual metabolite pools and enzyme activa-
tion state. This is followed by the first phase of the induction
response, which lasts 1-2 min, consisting of rapid light-
activation of enzymes involved in the ribulose-1,5-biphosphate
(RuBP) regeneration pathway (Kirschbaum & Pearcy, 1988;
Sassenrath-Cole & Pearcy, 1992). For leaves experiencing longer
periods of shade, activation of Rubisco is also needed, involving
Rubisco activase (Taylor ez al., 2022), itself requiring electron
transport through photosystem I (PSI) and adenosine 5'-
triphosphate (ATP) production (Campbell & Ogren, 1992).
This process can take > 10 min (Woodrow & Mott, 1989).
Even after full induction, photosynthesis does not respond
instantaneously to a sunfleck, which is something that can hinder
carbon uptake in short (< 1 min) sunflecks when integrated over
long periods (Way & Pearcy, 2012). Other concurrent processes,
such as chloroplast relocation and components of mesophyll con-
ductance may also substantially affect light-use efficiency during
a sunfleck (Flexas e al, 2008; Sztatelman et al, 2016). For
example, mesophyll conductance can limit photosynthetic induc-
tion by up to 35% (Liu er al, 2022). Genotypic variability
behind these processes has been found to affect photosynthetic
efficiency under fluctuating light (Sun e al, 2016; Acevedo-
Siaca et al., 2020; Cowling ez al., 2021).
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Under high irradiance, leaves may receive more energy than
they can use, over-exciting the photosynthetic machinery. To dis-
sipate this excess energy without damaging and inactivating the
photosystems, several protective mechanisms exist such as dissipa-
tion of energy as heat during NPQ. NPQ is principally associated
with the activity of the photosystem II (PSII) subunit S protein
(PsbS) and the xanthophyll cycle (Demmig-Adams & Adams,
1992; Li et al., 2000), but also with the reversible phosphoryla-
tion of light-harvesting complexes, known as state transitions
(Allen ez al., 1981). Whilst the induction of NPQ is rapid, its
relaxation can take several minutes, thus lagging behind fluctua-
tions in irradiance in the canopy (Murchie & Ruban, 2020),
which can limit photosynthesis in shade leaves under low light
(Kromdijk ez al., 2016; Y. Wang ez al., 2020). We will hereafter
refer to photosynthetic recovery as the slow (> 1 min) increase in
photosynthesis which follows its initial sudden decline during the
transition from sunfleck to shade.

Finally, for longer sunflecks (> 1 min), slow stomatal opening
in leaves previously under a prolonged period in the shade can
impose a further limitation on the induction of photosynthesis
by restricting the diffusion of CO, into the leaf (Allen & Pearcy,
2000; Way & Pearcy, 2012). The temporal dynamics of stomatal
movements are dependent on growing conditions (glasshouse
and field-grown poplars: Durand ez al,, 2020), and modulated
by specific environmental factors (drought: Durand ez al., 2019;
ozone: Dusart er al, 2019). The light environment during
growth can have an especially large impact on stomatal dynamics
(sun vs shade: Gérardin er al., 2018; fluctuating light: Matthews
et al., 2018), suggesting that depth in the canopy may present a
limitation to stomatal movement. Stomatal response speed can
also vary greatly both within (Durand ez al, 2019) and between
(McAusland ez al., 2016) species. Thus, adaptations to the local
environment, such as differences in canopy openness, and to the
latitudinal gradient in day length could create further environ-
mental pressures to display a specific syndrome with regard to
stomatal speed and response.

The dynamic regulation of photosynthesis and stomatal con-
ductance in sun and shade leaves of field-grown trees are yet to
be studied. Here, we report on the temporal dynamics of photo-
synthetic induction, recovery under low light, and stomatal
movements in sun and shade leaves of 12-yr old European
beech (Fagus sylvatica) trees from Swedish, German, and Span-
ish provenances growing outside their natural range in Helsinki,
Finland. We investigate whether beech trees can be considered
shade-tolerant because of better sunfleck use, or higher photo-
synthetic rates under shade. We hypothesize that: (1) leaves
growing deeper in the canopy would achieve faster photosynthe-
sis induction, recovery, and/or stomatal movements, allowing
them to use sunflecks more efficiently than leaves at the top of
the canopy; (2) we expect trees from different origins to exhibit
different temporal responses for the three processes because their
adaptation was driven by different environmental selection pres-
sures; (3) when considering time-integrated photosynthetic
rates, we predict that shade leaves would benefit most from
more-frequent, longer and more-intense sunflecks compared
with sun leaves.
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Materials and Methods

Study site and plant material

We performed the experiment in a Fagus sylvatica, L. provenance
trial, at the University of Helsinki, Finland (60.227°N, 25.018°E,
10 m above sea level). The most extreme range-edge provenances
were selected, including from Blaviksliarna southern Sweden (SE)
(leading edge) and Montejo de la Sierra, Madrid (ES), in Spain
(trailing edge) (Supporting Information Table S1; F. Wang
et al., 2020), plus one provenance from the heart of the distribu-
tion in Eichelberg (DE) central Germany (Table S1). These
provenances were chosen for their potentially different behaviour
with regards to sunflecks, driven by adaptations to strongly con-
trasting climates of origin. Single trees from each provenance were
arranged randomly within five blocks over 22 rows (separated by
120 cm) of 12 trees 100 cm apart, planted in 2010. The outer-
most trees, composing the border, were excluded from the analy-
ses. In May 2020, the plot was thinned by removing half of the
trees (see Fig. S1 for a map of the plot), and in the summer of
2021 the average height was 6 m.

Light measurements

To assess the light environment through the canopy, we recorded
spectral photon irradiance (pmol m™ s™') with a CCD array
spectroradiometer Maya 2000 Pro (Ocean Optics, Dunedin, FL,
USA) to which a cosine diffuser (D7-H-SMA; Bentham Instru-
ments Ltd, Reading, UK) was attached with a fibre-optic cable
(FC-UV400-2 400 pm; Avantes, Leatherhead, UK). The device
was calibrated by the Finnish Radiation and Nuclear Safety
Authority (STUK; Ylianttila er al, 2007) in April 2021. Mea-
surements were taken at four locations in the plot, and at depths
of 2, 3 and 4.5 m from the top of the canopy (representing the
top, middle and bottom of the canopy, respectively) once
between 11 and 21 June 2021. The four measuring locations
were typical of the light environment within the plot and were
encircled approximately equidistant from a representative tree of
each focal beech provenance. We recorded sets of 500 scans at an
integration time of 100 ms at each location and height (# = 4).
The diffuser was levelled in a horizontal position, and each
recorded spectrum comprised a nonequispaced set of wave-
lengths: 250.14, 250.62, 251.09, 251.57, ..., 899.77 nm. A
consecutive sequence of spectra was measured to apply correc-
tions for instrument noise in the dark, and for stray light in ultra-
violet (UV) following the protocol in Hartikainen ez /. (2018)
the using 0OACQUIRE R package (Aphalo & Ylianttila, 2021). All
data were recorded within 3 h of solar noon (¢ 13:30) from
10:30 to 15:30, local time. For each measuring point and depth,
we extracted the scans showing the 5% (shade), 50% (median
light environment) and 95% (sunfleck)
photosynthetically-active radiation (PAR).
Sunfleck duration distribution was estimated using hemispher-
ical photographs, taken in RAW format with a Sigma 4.5 mm
£2.8 EX DC HSM circular fisheye lens (Sigma Corp.) combined

quantile in
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with a Nikon D7100 (Nikon Corp., Tokyo, Japan) camera body
with a CMOS 24 MP image sensor. Pictures were taken using a
tripod, under overcast sky, at 2, 3 and 4 m depth, representing
the top to bottom of the canopy in 2020. ISO was fixed at 100
and aperture at F22, varying only exposure time. To reduce varia-
tion due to exposure time, we produced a gamma-corrected and
contrast-stretched blue channel 8-bit jpeg from the RAW files
following Macfarlane ez al. (2014). Sunfleck duration distribu-
tion was then calculated during the growing season (1 May—30
November) for each photograph with Gap Light Analyser
(Simon Fraser University, Burnaby, BC, Canada) using auto-
matic thresholding according to Nobis & Hunziker (2005). The
software defined a sunfleck as the period for which the sensor
experienced direct sunlight.

Light induction by sunflecks

Six leaves, each sampled from a different tree, were measured for
each of the three provenances (Swedish, Spanish, and German) at
two depths (2 and 4 m canopy depth, hereafter referred as sun
and shade leaves), summing to 36 leaves. We chose leaves at the
top of the canopy (2 m depth) that nonetheless experienced
shade part of the day due to surrounding foliage, because we con-
sidered them more representative of the upper canopy than the
very few leaves at the very tip of the main stem that very rarely
experience shading. Since we could not reach the very highest
canopy to measure photosynthesis, the sampling was performed
by randomly choosing a leaf from a cut branch holding at least
10 leaves. The cut end of each branch was immediately sub-
merged under water and kept in the shade, to prevent dehydra-
tion during the measurements (completed within ¢. 90 min from
cutting). Measurements were recorded every 5 s using an infrared
gas analyser (IRGA, LI-6400 or LI-6800; Li-Cor, Lincoln, NE,
USA) from 09:00 to 18:00 between 9 and 28 June 2021. Time
of day did not significantly affect the speed of photosynthesis and
stomatal movement (P > 0.64). Leaves were left to acclimate to
the low light conditions inside the gas-exchange chamber for 30
min (PAR: 20 pmol m™ s™'; CO, concentration: 400 ppm;
block temperature: 25°C; relative humidity: 60%). This acclima-
tion time allowed us to minimize potential effects of having cut
branches. At the end of the acclimation period (SS0), PAR was
raised to 1200 pmol m 2 s ! (SS1), then lowered back to
20 pmol m™2 57! (SS2). At each step, leaves were left for 30
min, or untl stomatal conductance (g) reached a steady-state.
PAR levels represented typical irradiance in the shade and at the
top of the canopy under a clear sky. These measurements also
defined the blue (420-490 nm) to red (620-680 nm) ratio (B :
R), following Sellaro er al. (2010) we used (B : R was 0.96 £
0.08 in the shade and 0.78 £ 0.01 during sunflecks), in order to
better reflect the spectral composition of natural sunlight. At
20 pmol m™ 57!, B : R was set to 1 (equal proportion), and at
1200 pmol m™*s™', B:R was set to 0.71 (500 and
700 pmol m™? 57" of blue and red light, respectively). At high
irradiance, the B : R ratio was also decided by instrumental limi-
tations (maximum blue light of 500 pmol m~2s7h.
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Dynamics of photosynthesis and stomatal conductance

To describe the response of CO, assimilation (A4,) and stomatal
conductance to a change of irradiance, we fitted a sigmoid of the
form:

e

J=0+ (Y_)’o)e Eqn 1
with J the fitted A, or g, y and Y'the starting and ending steady-
state values, 7 and A fitted parameters representing the response
time (in seconds) and the lag time (in seconds), and # the time.
More information on this model and its parameters can be found
in Durand et 2/ (2019), and Vialet-Chabrand ez 2/ (2013).
From this model an estimator of the rate of change, or speed, the
maximum slope (SL,,.,), can be calculated as:

SLmax = ‘ Y_}/?|

Eqn 2

This model was used to fit both stomatal opening and closure, as
well as the increase of A, during photosynthetic induction (after
PAR was raised from 20 to 1200 pmol m™*s7'), and the
increase of A, after its initial decrease when PAR was lowered

back to 20 pmol m 257! (Fig. S2).

Assessing photosynthesis under various sunfleck patterns
(optimization routine)

In order to examine how leaves at different canopy depths are
physiologically disposed to use different patterns of light fluctua-
tions, we modelled photosynthesis integrated over time at differ-
ent canopy depths and under diverse sunfleck patterns.
Measurements of gas-exchange on leaves 2 and 4 m deep in the
canopy were performed on 9 and 18 June 2021 using the LI-
6400 IRGA. We used a chamber with a transparent top made
from cellulose diacetate film, with conditions inside the chamber
similar to those outside to avoid the need for acclimation to the
chamber’s conditions (PAR: variable; CO, concentration: 400
ppm; block temperature: 23°C, relative humidity: 45-65%,
unregulated). The leaf was left inside the chamber until the con-
ditions were equalized (typically 90 s), then the measurement
was recorded. From the measured A, and PAR irradiance (/), a
nonrectangular hyperbola was ficted Xu ez al., 2019), separately
for the two canopy depths (Fig. S3), of the form:

(a x ]+Am)—\/(a X 1+Am)2—4 X CxaxI X Ag
Ay = —Ry

" 2C
Eqn 3

with a the quantum yield of assimilation, A, the light-
saturated net photosynthetic rate, C the convexity of the curve
and Ry the dark respiration rate. Due to light being highly
heterogeneous in the canopy, measured A, can be lower than
expected among those leaves that have been uninduced by pro-
longed shade and then inadvertently transferred to higher
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irradiance during the measurements, or because of discrepancies
between the irradiance experienced by the leaf in the chamber
and that recorded by the PAR sensor a few centimetres away.
To account for these scenarios we used only the data showing
maximum A, at each PAR.

Adding the calculated dynamic parameters of photosynthetic
induction and recovery allowed us to calculate the time-
integrated A, for a sunfleck of any duration, frequency and
amplitude against a background shade of 20 pmol m™* s™". For
a change in PAR different from the one we measured (20—
1200 pmol m™ s'), we first need to calculate steady-state A,
for a given PAR using Eqn 3. Then, the time-related parameters
7 (response time) and A (lag time) have to be recalculated because
they are dependent on the amplitude of the response (i.e. for a
change from 20 to 600 pmol m~2 57!, £ would be about half as
long). We re-calculated 7 using steady-state A, and SL,,, by re-
arranging Eqn 2, and A by assuming a constant 7 : 4 ratio. Time-
integrated A, was then calculated for a sunfleck-shade cycle (as in
Fig. 1), according to different given sunfleck durations and fre-
quencies, and assuming the same degree of photosynthetic recov-
ery regardless of sunfleck properties. This exercise also presumes
leaf photosynthesis is uninduced, in order to fit the conditions
under which the dynamic parameters were estimated. Finally, we
ran an optimization routine (‘optiz’ in R) to find sets of sunfleck
properties (amplitude, duration and frequency) that would result
in similar time-integrated A, between sun and shade leaves, giv-
ing us insight into the behaviour of sun and shade leaves under
fluctuating light.

Statistical analysis

Statistical analyses were made using R v.4.0.2 (R Core Team,
2021) with the packages car (Fox & Weisberg, 2019), EMMEANS
(Searle et al., 1980) and murLTcomP (Hothorn et 4/, 2008). Dif-
ferences between canopy depth, category of light condition (i.e.
sunfleck or shade), sun and shade leaf, and provenances were
assessed using Type II ANOVAs (Table S2). Normality and
homoscedasticity were checked graphically. Post hoc contrast
analyses were performed to test for differences between modali-
ties of each factor, and P values were adjusted to control the false
discovery rate. Significant differences were considered at P <
0.05 for all tests.

Results

Gradients in the light environment and leaf morpho-
physiological traits with canopy depth

Gradients in the amount and properties of light in the beech
provenance trial were highly variable, but nevertheless there were
clear trends in the strength, composition, and heterogeneity of
irradiance according to canopy depth, and sunfleck/shade distinc-
tion. This produced strong physiological differences between
leaves at the top and bottom of the canopy (Tables I, S3).
Median PAR irradiance at the canopy top was 6.7 and 10 times
higher than in the middle and bottom of the canopy, respectively

© 2022 The Authors
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Fig. 1 Example of a time course of light induction by a sunfleck. The
example curve shown here was recorded on a sun leaf at the top of the
canopy, from the Fagus sylvatica Swedish provenance. The CO,
assimilation and stomatal conductance are shown in red and blue,
respectively. The grey and white area represent periods of low

(20 pumol m™2 s7") and high (1200 pmol m=2 s™") irradiance, respectively.

(Fig. 2a, P < 0.01). Similarly, the typical irradiance during a
sunfleck at the top of the canopy was approximatively double that
of sunflecks in the middle or bottom layers. Finally, while the
pairwise comparison did not detect significant differences
between canopy depths in the shade, there was a significant corre-
lation (P < 0.001, B = 0.8) of decreasing irradiance in shade
from top to the bottom canopy layer.

While the strength of irradiance did not differ between the
bottom and middle of the canopy, we did find a change in its
spectral composition (Fig. 2b). The B : R was 27% higher in the
shade at the middle of the canopy than at the bottom, but there
was no significant difference in B : R among sunflecks between
canopy layers. In the shade the B : R was 28%, 43%, and 53%

serichy 304

higher than during a sunfleck for the bottom, middle and top of
the canopy, respectively.

Concerning the patterns of sunfleck duration (Fig. 2c), we
found that over the whole growing season the top of the canopy
experienced 1.7 and 1.3 times as many 1 min-long sunflecks rela-
tive to the middle and bottom of the canopy, respectively. For
longer sunflecks this trend is exacerbated, with 6.2 and 10.4 times
as many sunflecks of 10 to 30 min-long in the top of the canopy,
compared with the middle or bottom canopy, respectively. For
sunflecks longer than 30 min, there were more than 250 times as
many in the top of the canopy (191.1) than at the bottom where
sunflecks were almost nonexistent (0.75 on average over the
whole season); with the longest recorded sunfleck in the upper
canopy being 168 min-long. Overall, irradiances at the bottom
and middle of the canopy were relatively similar. The greater
openness of the top layer of the canopy meant that its periods of
shade and sunflecks were more equitably distributed than in the
lower layers.

Dynamic response of photosynthesis and stomatal
conductance to a sunfleck

When looking at the dynamic response of photosynthetic induc-
tion during a 30 min-long simulated sunfleck (Figs 3a, 4a—d),
we found large differences both according to canopy depth and
provenance of the trees. Leaves at the top of the canopy exhibited
a greater amplitude of induction than leaves at the bottom (3.6,
2.5 and 2.8 times higher for trees from Sweden, Germany, and
Spain, respectively, Fig. 4a). Correspondingly, the response time
(7) was also 1.6, 2.6, and 1.4 times longer in leaves from the top
of the canopy, for Swedish, German, and Spanish trees, respec-
tively. The trees of German origin had the largest differences in 7

Table 1 Summary of steady-state values for photosynthetic induction by a sunfleck in leaves from the bottom or top of the canopy, in three provenances

of Fagus sylvatica trees grown in Helsinki.

Net CO, assimilation,

Stomatal conductance, Intrinsic water use efficiency,

Provenance Canopy depth State A, (umol m™2 s7") gs(molm2s7) An/gs (umol mol™")
Blaviksliarna Bottom SSO 1.01 £ 0.14a 0.013 + 0.002 ab 93.33 £ 25.03 e
Sweden (SE) SS1 476 £047b 0.059 =+ 0.009 abc 89.49 + 15.89 e
SS2 111 £0.15a 0.013 + 0.002 ab 97.72 £ 1733 e
Top SSO 0.49 £ 0.18a 0.05 £+ 0.018 abc 24.35 + 10.52 abc
SS1 1437 £137¢ 0.183 + 0.029 de 86.52 + 14.7 de
SS2 057+ 0.15a 0.047 + 0.015 abc 1944 £7.14a
Eichelberg Bottom SSO 0.71 £ 0.16a 0.014 + 0.002 ab 58.57 + 14.77 abcde
Germany (DE) SS1 5,51+ 0.56b 0.078 £ 0.013 ¢ 79.06 + 12.02 becde
SS2 0.73 £ 0.11a 0.014 + 0.002 ab 62.86 + 16.28 abcde
Top SSO 0.29 £ 0.15a 0.027 + 0.009 ab 22.34 +9.68 ab
SS1 1253 £ 1.63¢ 0.144 + 0.028 d 99.23 £15.05¢
SS2 0.34+0.12a 0.027 + 0.006 ab 31.05 + 19.1 abced
Montejo de la Sierra Bottom SSO 0.77 £ 0.18a 0.012 + 0.003 a 89.97 + 34.29¢
Spain (ES) SS1 6.43 £ 0.66b 0.091 £ 0.014 ¢ 78.9 + 10.94 cde
SS2 0.79 + 0.18a 0.018 + 0.004 ab 50.15 + 9.39 abcde
Top SSO 0.31+0.19a 0.055 + 0.009 abc 6.26 + 4.03a
SS1 16.41 + 1.25d 0.229 £ 0.031e 80.79 + 15.94 cde
SS2 031 +0.11a 0.061 + 0.013 bc 642 +261a

S50, low light before the sunfleck (20 pmol m=2 s="); 551, high light during the sunfleck (1200 pmol m=2 s~"); 552, low light after the sunfleck. Values are
means + standard error. Letters represent statistically significant differences between groups tested by post hoc pairwise comparisons (P < 0.05).
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rately for each class of sunfleck duration.

with canopy depth, and uniquely had a significantly longer lag
time (4, almost doubled) in leaves at the top of the canopy.
Lastly, due to the proportionally smaller increases in 7 than
amplitude, the speed of photosynthetic induction of leaves at the
top of the canopy was about twice as fast as that of leaves at the
bottom of the canopy, in all except for the German provenance
(Fig. 4d).

Steady-state g was very similar under low light before and after
the 30 min-long sunfleck (Table 1; Fig. 3c,d), giving a similar
amplitude between stomatal opening and closing (Fig. 4e¢). Over-
all, g amplitude was 35% and 43% higher in the Spanish trees
than in the Swedish or German trees, respectively, and 2.8, 1.8,
and 2.2 times higher in leaves at the top of the canopy compared
to those at the bottom for the Swedish, German, and Spanish
trees, respectively. The 7 and A for g responded similarly, with no
significant differences between provenances, being about twice as
high in leaves at the top than those at the bottom of the canopy

New Phytologist (2022) 235: 1365-1378
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(Fig. 4f,g). Overall, 7 was 20% longer during stomatal closure
than during their opening (P = 0.05). Differences between open-
ing and closure were neither dependent on provenance nor
canopy depth, however stomatal opening was on average 50%
faster than closure (P < 0.01, Fig. 4h), since they had a very sim-
ilar amplitude. This difference was particularly striking in trees
from Germany in which the speed of stomatal opening of
canopy-top leaves was less than half that of leaves at the bottom
of the canopy (adjusted P = 0.03).

Under low light, A, in leaves at the top of the canopy was
about half that of those at the bottom, but under high light, 4,
at the top was three times greater than at the bottom of the
canopy (Table 1). Differences in g between canopy depths
were between two and four times higher in leaves at the top of
the canopy compared to those at the bottom, depending on
provenance. Under high light, A, increased by 4.5, 7.6, and
8.2 times, and g by 4.5, 5.6 and 7.4 times for leaves at the

© 2022 The Authors
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mean. The open points indicate the timepoint when the rate of change is at its maximum, with the dotted lines representing the maximum speed (SL ).
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bottom of the canopy in Swedish, German and Spanish trees.
However, the A, of leaves at the top of the canopy increased
under high light by 27, 40 and 53 times from their value under
low light, while g increased only by 3.7, 5.3 and 4.0 times for
Swedish, German and Spanish trees, respectively. Thus,
increases under high light between A, and g were much more
similar for leaves at the bottom of the canopy than for those at
the top. This led to significant increases in intrinsic water-use
efficiency under high light in leaves at the top of the canopy
(by 3.9, 3.7 and 12.7 times in Swedish, German and Spanish
trees, respectively, Table 1), but not at the bottom.

Regarding photosynthetic recovery, overall there was a 52%
larger amplitude (P < 0.01), 57% longer 7 (P < 0.05), and A4
more than doubled (2 < 0.01) in leaves at the top of the canopy
compared to those at the bottom (Figs 3b, 4i—k). Also, there was

© 2022 The Authors
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a small but nonsignificant trend towards faster photosynthetic
recovery in leaves at the bottom of the canopy (Fig. 41). How-
ever, large variations in the data, partly due to noise inherent to
the measurements of small fluxes using the gas-exchange system
prevented us from detecting specific differences between prove-
nances by pairwise comparisons.

Photosynthesis under different sunfleck properties

An optimization routine was applied to find sets of sunfleck prop-
erties giving the same time-integrated A, for leaves at the top and
at the bottom of the canopy during a sunfleck—shade cycle. An
example using beech trees from the Swedish provenance is pre-
sented in Fig. 5. For a sunfleck lasting 5 min with an amplitude of
1500 pmol m™* s™", we found that a frequency of 0.3 h™" (or

New Phytologist (2022) 235: 1365-1378
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once every 20 min) leads to the same A4, between leaves at the top
and bottom of the canopy (Fig. 5a). A sunfleck with the same fre-
quency and amplitude, but lasting longer will result in higher A,
for leaves at the top of the canopy, due to their CO, assimilation
under high light being three times higher (Table 1), and their pho-
tosynthetic induction faster (Fig. 4). The same is true for sunflecks
of increasing frequency or amplitude, undl light saturation is
reached. Generally, sunfleck properties that increase the amount of
time a leaf spends under high irradiance (increased amplitude, fre-
quency or duration) will benefit leaves at the top of the canopy,
and faster induction only reinforces this trend. In contrast, sun-
flecks properties that increase the amount of time spent under
shade (reduced amplitude, frequency or duration) will result in
higher A, in leaves at the bottom of the canopy that attain double
the photosynthesis under shade.

Theoretically, to reach similar 4, between canopy depths as sun-
flecks increase in amplitude, sunflecks must either decrease in fre-
quency (Fig. 5b), or occur for a shorter duration (Fig. 5¢). For
example, a similar A, between canopy layers is reached with sun-
flecks lasting 2 min occurring every 50 min, and for 6-min sun-
flecks occurring every 5 h. The peak in Fig. 5(b) and corresponding
trough in Fig. 5(c) are due to differences in convexity (parameter C
in Eqn 3) between the light response curves of top and bottom
canopy leaves (Fig. S3), resulting in larger differences in A, between
canopy depths at 300 pmol m™ s™" than at 1500 pmol m™ s,

New Phytologist (2022) 235: 1365-1378
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Discussion

Faster photosynthetic induction in leaves at the top of the
canopy

Shade leaves are thought to be better adapted than sun leaves to
the dynamic light environment of the understorey (Way &
Pearcy, 2012). One proposed mechanism is that faster rates of
photosynthetic induction under shade would improve light-use
efficiency during a sunfleck, and thus enhance carbon assimila-
tion in the lower layers of the canopy. Support for this hypothesis
has been provided by studies reporting shorter response time in
shade leaves during induction (Kiippers & Schneider, 1993;
Chen & Klinka, 1997; Urban et 4/, 2007) compared to sun
leaves (but see: Bai et al, 2008). In accordance with these
reports, our results also show shorter response time (z) in leaves
at the bottom of the canopy, compared to those at the top (Fig.
4b). Although, the reason for this was because of much higher
rates of A, after full induction in leaves at the top. In fact, when
taking into account the magnitude of induction in both types of
leaves, we find that leaves at the top of the canopy are capable of
faster induction than leaves at the canopy bottom (Fig. 4d),
which runs contrary to our expectations. This means that the
larger size of the Calvin cycle metabolite pool and enzymes in
leaves at the top of the canopy takes proportionally less time to

© 2022 The Authors
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achieve full activation than in leaves at the bottom of the canopy.
Indeed, differences between A, before and after induction are
much larger in leaves at the top of the canopy than at the bottom,
due to their higher A, at saturating irradiance, as has been often
reported (Lichtenthaler ez al, 2007; Utrban ez al., 2007; Liu
et al., 2019; F. Wang et al., 2020).

It should be noted that 30 min of acclimation to low irradi-
ance simulated the Rubisco activation level we would expect
under shade rather than inducing complete deactivation of
Rubisco. Thus, differences of activation levels under low irra-
diance, and/or of deactivation speed during this 30 min
period, may partly contribute to the differences in photosyn-
thesis induction between canopy depths. The speed of Rubisco
deactivation has been found to vary between species (Pearcy
et al., 1996), and is increasingly considered as a potential tar-
get for productivity improvements under fluctuating light
(Taylor ez al., 2022).

© 2022 The Authors
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Our findings thus show that induction times are not, by them-
selves, an adequate indicator of induction speed, as the time to
complete photosynthetic induction is dependent on the magni-
tude of induction itself. Confusion may also be born from con-
sidering a process to be ‘faster’ because of its shorter duration in
reaching completion, or because of differences in the speed of
induction, both meanings commonly used in the scientific litera-
ture. Somewhat corollary to our findings, Naumburg &
Ellsworth (2000) concluded from their review that species’ shade
tolerance is not generally related to photosynthetic induction
speed. However, our conclusion that leaves in the upper and
lower canopy differ in their photosynthetic induction, was only
possible because of a novel and comprehensive examination of
induction processes. We accounted for the amplitude, duration
and speed of these processes, in a large dataset from a measure-
ment campaign specifically designed for this purpose. Therefore
we advocate reporting both speed and amplitude of
New Phytologist (2022) 235: 1365-1378
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photosynthetic induction in future studies evaluating light-use
efficiency under dynamic light conditions.

Differences in lag times (4) of photosynthetic induction, but
also A of stomatal response when induction is limited by stomatal
opening, can affect the duration, and thus the speed of the overall
induction response (Wachendorf & Kiippers, 2017). In our
experiment, 4 of the stomatal response was longer in leaves at the
top of the canopy and was positively correlated with the magni-
tude of the stomatal response (R = 0.49). This suggests that to
achieve a larger change in stomatal conductance more time for
perception and signalling may be required, e.g. to activate and
deactivate the ion channels on guard cells that are responsible for
the change in stomatal aperture; processes thought to be related
to A (Durand ez 4/, 2019).

Faster photosynthetic recovery during a high to low irradiance
transition has been related to faster NPQ relaxation in Nicotiana
tabacum (Kromdijk ez al., 2016). We found that recovery of
photosynthesis was similar across canopy layers among beech
trees, although the initial loss of A, was greater in leaves at the
top of the canopy (Fig. 4i,j). If NPQ relaxation is the dominant
process affecting photosynthesis recovery, the pattern we report is
in agreement with the similarly longer relaxation times found in
Avocado (Persea americana) leaves with increased NPQ capacity
(Jia et al, 2013). The kinetics of NPQ relaxation are seldom
explored, especially 77 situ on tree species (D’Haese ez al., 2004;
Murchie & Ruban, 2020), and very little is known of their envi-
ronmental determinants. Still, NPQ induction and relaxation
kinetics were found to be cultivar-specific and function indepen-
dently from each other in Triticum aestivum (McAusland ez al.,
2019), whereas we did not detect differences in photosynthesis
recovery among provenances. It should be emphasized that pho-
tosynthetic recovery is not only due to NPQ relaxation, but the
product of many processes including: chloroplast relocation
(Sztatelman et al, 2016), state transitions (Mullineaux &
Emlyn-Jones, 2005), and respiration rates (Atkin ez a/, 2000).
The relative contribution of each to photosynthetic recovery cur-
rently remains unexplored, yet understanding these processes
may hold the key to improve productivity (Kromdijk ez 4f,
2016; Taylor et al., 2022).

Dynamics of stomatal movements in sun and shade leaves
is dependent on local adaptations at the provenance level

To our knowledge, ours is the first stcudy comparing the dynamics
of stomatal movements in sun and shade leaves of mature trees.
Similar studies generally use seedlings grown in the understorey
or in the open (Bai ez 4/, 2008), or under various levels of shade
in the glasshouse (Kiippers & Schneider, 1993). We found evi-
dence for intra-specific differences in stomatal response speed,
with the leaves of one German beech provenance, Eichelberg, dis-
playing faster stomatal opening at the bottom of the canopy.
A study of photosynthesis in rice canopies by Acevedo-Siaca et al.
(2021) found no difference in stomatal response speed between
two canopy levels in three closely related species, and likewise
between upper and lower canopy leaves in two shade-intolerant

poplar species (Roden & Pearcy, 1993b). Although, it should be
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noted that both studies also reported a lack of those physiological
and morphological differences between leaves or canopy levels
that typically allow for a distinction between sun and shade
leaves. Three other studies have focused on the stomatal dynam-
ics of plants growing under high or low irradiance. In Arabidopsis
thaliana,
460 pmol m™? 5" in controlled conditions tended to have faster

plants grown under an average irradiance of
stomatal opening than those grown under half this irradiance
(Matthews ez al., 2018). Similarly, tobacco plants in growth
chambers under 400 pmol m™* s~ illumination displayed faster
stomatal closure, but not opening, compared to those grown
under 40 pmol m™2 s~ (Gérardin er al, 2018). This report
appears contrary to our results. However, across a set of 11 rain-
forest tree species, Kardiman & Rebild (2018) concluded that
the speed of stomatal movement between saplings grown under
high and low irradiance was strongly species-specific, as stomatal
movement in some species was faster and some slower under
shade, a pattern that was not necessarily dependent on succes-
sional stage. In our study, not only was stomatal opening faster in
the German beech provenance in the leaves at the bottom of the
canopy, but we also found it to be the only provenance where
photosynthetic induction operated at a similar speed in leaves at
the top and bottom of the canopy. This consistency may be
partly explained by a reduced lag time of induction in leaves in
lower canopy layers (Fig. 4c). Taken together, these results sug-
gest that this provenance from the core of the species distribution
for beech may be able to benefit from a more efficient use of sun-
flecks in the lower canopy, compared to the other two range-edge
provenances. While we do not have information on canopy struc-
ture at the provenances’ origin, it is possible that the more
favourable environment in central Germany could allow for a
denser canopy (Rajsnerovd ez al., 2015), placing stronger selec-
tion pressures on efficient sunfleck use in the lower canopy in this
provenance.

Are sun leaves more efficient at using sunflecks than shade
leaves?

By comparing time-integrated A, in leaves at the top and bottom
of the canopy under a common set of sunfleck properties
(Fig. 5), we found that the canopy traits that produce a longer
duration of shade (i.e. shorter and less frequent sunflecks)
resulted in leaves at the bottom of the canopy exhibiting higher
time-integrated A, than leaves at the top. When added to our
findings of faster induction in the leaves (Fig. 4), and longer and
more frequent sunflecks (Fig. 2) at the top of the canopy, this
paints a picture of leaves in the upper canopy being more efficient
at using sunflecks. On the contrary, leaves at the bottom appear
more efficient at using the lower irradiance of the shaded envi-
ronment (Fig. 5; Table 1).

Typically, sunflecks are thought to be more common in, and
useful for, the lower layers of the canopy. Therefore, most
research on sunflecks has focused on understorey species (Chaz-
don, 1988; Kirschbaum et 4/, 1988; Pfitsch & Pearcy, 1989;
Chazdon & Pearcy, 1991) and tree regeneration (Pearcy, 1983;
Kiippers & Schneider, 1993; Kursar & Coley, 1993). Our
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findings thus represent a paradigm shift for future sunfleck
research, drawing attention to the importance of sunflecks for
photosynthesis in the upper canopy.

That is not to say that sunflecks in the lower canopy are unim-
portant. The total amount of time under direct radiation due to
sunflecks was 95 h and 977 h at the bottom and top of the
canopy, respectively. This represented 3.4% and 34.4% of the
total daylight hours between 1 May and 31 October 2021. How-
ever, this was equivalent to 70% of the total PAR irradiance
received in the lower canopy, compared with 83% (only 13%
more) at the top of the canopy (Fig. 2¢), because sunflecks had
an irradiance 67 times higher than the shade at the bottom of the
canopy, but only nine times higher at the top (Fig. 2a). More-
over, shade leaves seem to maintain a high photosynthetic induc-
tion state for a longer period in low light than sun leaves
(Kiippers et al., 1996), which could partly compensate for the
lower likelihood of sunfleck occurrence in the bottom canopy
layers. The lack of an increase in water-use efficiency under sun-
flecks in leaves at the bottom of the canopy, has parallels with
findings from Eucalyptus tereticornis, and also supports the idea
that shade leaves may ‘lie in wait’ for sunflecks (Campany ez 4/,
2016).

It should be noted that our modelling simulations considered
only a static view of the canopy light environment. In natural con-
ditions, changes in wind speed and direction will produce move-
ment of branches, and leaf fluttering (Roden & Pearcy, 1993a),
depending on the mechanical properties of the canopy (Burgess
et al., 2016). In turn, this will create a highly dynamic light envi-
ronment, with often very short sunflecks (< 1 s) named ‘wind-
flecks” (Burgess et al., 2021; Durand ez al., 2021). Because of
their short duration, individual windflecks are less likely to affect
induction processes than leaf processes operating at similar
timescales, such as the short-lived sustained CO, assimilation
after illumination (Pons & Pearcy, 1992). Nonetheless, sunflecks
also often occur in clusters (Vierling & Wessman, 2000), for
example as a result of gusts of wind, and in those cases induction
speeds are likely to affect overall carbon uptake. Short frequent
sunflecks also serve as an impediment to Rubisco deactivation.
Our modelling assumed leaves had an appropriate Rubisco activa-
tion state for a constant 20 pmol m™? 5" illumination, while in
practice this would likely be higher when accounting for sun-
flecks. Since leaves at the bottom of the canopy were slower to
reach full induction, this difference may mitigate their lower
capacity to use sunflecks, as compared to leaves at the canopy top.
We also assumed a similar photosynthetic recovery regardless of
sunfleck properties. In practice, natural conditions provide stronger
and more frequent sunflecks, likely to induce stronger photoprotec-
tive mechanisms, which will depress 4, to various degrees under
shade especially in leaves at the top of the canopy where sunflecks
last longer and occur more frequently, and where leaves have
greater photoprotective potential (Demmig-Adams, 1998).

Conclusion

The study of photosynthesis under fluctuating light is rapidly
becoming a central question in plant science (Murchie ez al,
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2009; Kaiser ez al., 2018). With the recognition that plants rarely
experience stable steady-state conditions in natural conditions,
their slow response to fluctuations in light presents great potential
for improvements in the efficiency of carbon assimilation (Law-
son et al., 2012; Carmo-Silva et al., 2015; Ort et al., 2015). In
this article, we have shown how ubiquitous sunflecks are, being
prevalent throughout all canopy depths of European beech trees
of diverse origin. In particular, the relatively high openness in the
upper canopy layers, creates many opportunities for light fluctua-
tions to occur. We also found leaves in the upper layers of the
canopy to be more efficient at using longer sunflecks (> 5 min),
both because of their faster photosynthetic induction and higher
rates of CO, assimilation under high light. This challenges the
paradigm that sunflecks are primarily valuable for carbon uptake
in the lower canopy and understorey and highlights their rele-
vance for photosynthesis throughout the canopy. Our modelling
allowed us to utilize the dynamic response of photosynthesis to
calculate carbon uptake under any sunfleck. Further examination
of the dynamics of induction loss under shade of different depths
and durations will allow us to model photosynthesis under any
time series of light fluctuations. Beyond this, accounting for the
dynamics of photosynthesis under fluctuations in light that are
shorter than a second (see fig. 1 in Way & Pearcy, 2012) will
pave the way for accurate estimation of carbon uptake in natu-
rally fluctuating conditions integrated across timescales.
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Fig. S1 Map of the provenance trial plot.

Fig. $2 Example curve fitting for photosynthesis and stomatal
conductance.

Fig. S3 Photosynthetic light response curves from gas-exchange
on beech leaves at the top and bottom of the canopy.

Table S1 Information on the four beech provenance in the trial
plot.

Table S2 Dataset used for statistical analysis.

Table S3 Leaf-mass per area and chlorophyll content per leaf
area with regard to canopy depth in three provenances of beech
trees grown in Helsinki, Finland.
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