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Abstract

Trees regenerating in the understory respond to increased availability of light caused by o i y undergoing a
range of morphological and physiological adjustments. These adjustments include the p: c f thick, sun-type leaves
containing thicker mesophyll and longer palisade cells than in shade-type leaves. We as hether® 'the shade-regenerating
ssible also in leaves that had

been fully formed prior to the increase in irradiance, a response reported so far r a hang.rul of species. We acclimated
potted seedlings to eight levels (from 1 to 100%) of solar irradiance and, in 1 nsferred a subset of them to full
sunlight. Within 30 days, the shaded leaves increased leaf mass per area and b e thicker mostly due to elongation of
palisade cells, except for the most shaded individuals which suffered irr to-oxidative damage. This anatomical

acclimation was accompanied by partial degradation of chlorophyll and a tr: ecline in photosynthetic efﬁciency of PSII
(F, /F M) These effects were related to the degree of pre- shadlng The F. /FM

gaps created during the growing season.

Keywords Forest gaps - Palisade mesophyll -
regeneration

oxidatpve stress - Shade adapted trees - Spongy mesophyll - Tree

Introduction optimization of photosynthetic capacity with respect to light
harvesting (Oguchi et al. 2005). Anatomical acclimation to
Survival and growth of tree v ing in the under-  low irradiance manifests itself with the production of thin
of plant architecture ~ leaves containing single-layered palisade mesophyll, with
cal regulation, together  short cells and a small number of chloroplasts. In contrast,
sht harvesting and improving  leaves produced under high light often contain several layers
budget (Givnish 1988; Valladares  of strongly elongated palisade cells, capable of accommodat-
. ecially important is the acclima-  ing large numbers of chloroplasts needed for absorption and
athon qf leaf structure and physiology, allowing  utilization of the incoming energy (Terashima et al. 2005).
While shade leaves tend to be richer in chlorophyll and con-
tain a similar amount of nitrogen on a mass basis as sun
leaves, the sun leaves, because of their greater thickness,
contain more nitrogen on an area basis and have a reduced
am Mickiewicz University, Faculty of Biology, General chlorophyll/nitrogen ratio, reflecting the shifting balance
Botany Laboratory, ul. Uniwersytet Poznariskiego 6, between factors limiting photosynthesis (Poorter et al. 2019).
61-614 Poznan, Poland . . . .

Other structural modifications in shade may include lower
vein and stomatal density (Scoffoni et al. 2015; Poorter et al.
2019), reduced development of features associated with
phloem loading (Amiard et al. 2005) and increased lamina

and leaf anatomy,
increasing the effifi
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size as well as reduced lobation or dentation (Nicotra et al.
2011), relative to sun leaves.

Leaves are determinate organs, with an early stage of
area expansion and tissue formation lasting usually up to
6 weeks in temperate trees (Niinemets et al. 2004; Ding
et al. 2014) followed by a developmental plateau (Pantin
et al. 2012). According to this accepted view, formation
of the final leaf shape, thickness and tissue structure takes
place during its early stage of growth. Afterward no further
anatomical change is possible, other than accumulation of
storage and cell wall material (Amiard et al. 2005). Accord-
ingly, structural acclimation to light must take place during
that early time window, prior to reaching the stasis stage.
Yet the light environment in the temperate forest canopy is
dynamic, with, e.g., gradual canopy defoliation increasing
the penetration of light late in the season. Occasional forma-
tion of canopy gaps, whether natural or man-made, causes
wholesale increases of irradiance in the understory. In fact,
gap formation is required by many shade-tolerant trees for
growth into the canopy layer. Such sudden increases in irra-
diance may cause photo-oxidative stress in unacclimated
leaves (Oguchi et al. 2006), setting off complex defensive
and acclimative responses (Tognetti et al. 1998; Campa et al.
2017; Oguchi et al. 2017) or causing premature leaf death.
Developmental plasticity allows new leaves of understory
plants produced after an increase in irradiance to match the
new conditions physiologically and structurally. On the other
hand, in pre-existing leaves the extent of physiologicalf par-
ticularly photosynthetic, re-acclimation varies amang< ¥-
cies (Yamashita et al. 2000; Calzavara et al. 205 Martine
and Friedley 2017; Oguchi et al. 2017) and €natc_dcal re-
acclimation is considered rare (Oguchi e#al. 2018).

Only a handful of studies appear to[ave actually tested
the ability of mature, fully expanded It %es to/djust ana-
tomically to increased irradiance Phlthough'such leaves may
respond to increased irradiance by\iry. Wing leaf mass per
area (LMA), this usually@ars in{the absence of any sig-
nificant increase in th{ knef »Naidu and DeLucia 1997;
Yamashita et al. 2609; Y mashita et al. 2002; Niinemets
et al. 2003; Og#c net al. 2¢06 but see Frak et al. 2001).
Such increasgs 1 LM Acould be explained by accumulation
of carbohi(drates and virious other protoplast components,
as well“as¢_yli walhymaterial, leading to increased leaf tis-
sue & Wity. 1 pgntrast, the majority of studies that exam-
i 3 th amatornical traits that typically contribute to sun vs.
shac eat anatomy (such as lamina thickness, mesophyll or
epiderial thickness or palisade cell length), showed a lack
of adjustment of these traits. Examples include seedlings
of shade-tolerant trees: Acer saccharum and Quercus rubra
(Naidu and DeLucia 1998), Fagus sylvatica (Tognettti et al.
1998), Abies grandis, A. lasiocarpa and Picea engelman-
nii (Youngblood and Fergusson 2003), Betula ermanii and
F. crenata (Oguchi et al. 2005), Q. petraea and Q. cerris
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(Rodriguez Calcerrada et al. 2008), six other species of
trees and two lianas (Oguchi et al. 2006) as well as herbs
Alocasia macrorrhiza (Sims and Pearcy 1992) and Cheno-
podium album (Oguchi et al. 2003). Notable exceptions,
however, have been reported. Thickness of fully expanded
leaves increased in response to increased irradiance in Gly-
cine max (Bunce et al. 1977), Bischofia javanica, Trema
orientalis and Schima mertensiana (Yamashita et al, 2002),
and Acer rufinerve (Oguchi et al. 2005). In G. psax.and A.
rufinerve, the increase in lamina thickness was ¢ jlaihable
by an increase in mesophyll thickness, which in A. ri pefve
was accompanied by an increased area ot 3l wallScontact-
ing intercellular spaces. Another type®of ana_hnigal adjust-
ment, found in B. ermanii and A. {ufinerve, asywell as in C.
album involved expansion ofgsuri se area/of chloroplasts
leading to their increased conv ¥ wic. 2%l walls and result-
ing in enhanced mesopiyll cond stance to CO, (Oguchi
et al. 2003, 2005). MOrc_wer, in a/single case documented
to-date, palisade calls in shad pacclimated leaves of Hedera
helix exposed t&an 11 creased1rradiance underwent divisions
leading to forma Wi Ui additional palisade layer (Watson
1942; Bauer and ' ¥ii 1988). Results of the above stud-
ies indica{c" pthe capacity of fully developed leaves for
anatomical\dcclimation to increased light is species-specific
horobablrather rare. On the other hand, it appears that
only, \small number of species have been investigated using
a experimental design that analyzed anatomical changes in
mi .ure leaves after a shift in irradiance. Moreover, it may be
expected that the extent of re-acclimation should depend on
the original growth irradiance, as a high magnitude increase
in light may trigger photo-oxidative stress leading to cellular
damage and lack of response. Applying multiple levels of
growth irradiance may thus be useful in experimental track-
ing of anatomical responses of mature leaves.

In this study, we examine the ability for anatomical re-
acclimation of leaves of sycamore maple (Acer pseudoplata-
nus L.), a shade-tolerant winter deciduous tree with a broad
distribution in Europe. Typical of shade-tolerant species, A.
pseudoplatanus shows high survival and slow growth at low
light intensities, a low photosynthetic rate at high irradi-
ance and a low light compensation point (Hittenschwiler
and Korner 2000; Kazda et al. 2004). Seeds germinate usu-
ally before forest canopy closure in the spring but establish
and survive under deep canopy shade. Higher irradiance
is, however, required if they are to advance to the canopy
layer (Helliwell and Harrison 1979). Remarkably, on fertile
forest soil, seedlings can survive more than 15 years under
deep shade (Hein et al. 2009). Sycamore maple is relatively
tolerant to late spring frosts which explains the success of
its establishment after the formation of large canopy gaps
(Piovesan et al. 2005). We grew potted seedlings of syca-
more maple under eight irradiance levels, ranging from
deep shade to full sunlight. We then exposed plants to full
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solar irradiance and examined their response after 30 days
to (1) test the hypothesis that mature leaves formed under
the various growth irradiances are capable of anatomical
acclimation to increased irradiance. We additionally (2) ana-
lyzed other responses indicative of acclimation (pigment and
nitrogen and concentrations and photochemical efficiency of
photosystem II) and (3) monitored leaf persistence on the
plants for the remainder of the growing season to evaluate
the extent of permanent damage caused by photo-oxidative
stress.

Materials and methods
Plant cultivation

In late April 2009, 80 two-year old cold-stored, dormant
bare-rooted seedlings of Acer pseudoplatanus L. were
obtained from Poznan University of Life Sciences experi-
mental nursery in Zielonka. Plants were transported to an
experimental garden at Polish Academy of Sciences Institute
of Dendrology in Kérnik (Poland, 55° 15’ N 17° 6’ E). Plants
were immediately potted into SL pots filled with commer-
cial peat-based compost with 10% (v/v) addition of topsoil
from a mature A. pseudoplatanus stand and 3 kg m~> of
slow-release fertilizer (Osmocote 15-10-12) and temporar-
ily placed in a shaded spot. Eight levels of growth irragi-
ance were created by erecting outdoor shade house fsames
and covering them with polyethylene shading clgth 0% -
ferent densities according to manufacturer’s spésificatios

or by combining cloth layers. Relative irra€ianc_%in each
shade house was determined by taking sisfiultaneous; feas-
urements of photosynthetic photon flix density (PPFD,
covering wavelengths between 400 and, Q0 nmy inside the
house and under open sky using t\ga.sensors (Apogee Instru-
ments, Utah, USA) that gave nearly 1¢;< Wl readings (N=5
readings per house, Supp@@entary{Information Table S1).
Measurements were ca ‘ucte Lon asunny day with average
(«SD) outside PPPB= 1.0 + 254 umol m~2 s~! (n=35).
Average relativei Jadiancey ior the different houses were
1.1%, 3.4%, 4.6%, 15 3%, 21.5%, 29.4% and 50.0% of full
solar irragiance (hereaiter rounded to full numbers). On
May 4,w_ " dud) were beginning to break, plants were
rand@@ly dise wted among the shade houses (V=10 plants
feacl \An additional set of 10 plants were left unshaded
(10¥_jirradiance). Average plant height at that time was
37.6+72.9 cm (range 12.5-74 cm; Supplementary Infor-
mation Table S2) and there was no significant difference in
mean height among irradiance levels (Anova F;.;9=1.09,
P=0.380). During the experiment, plants were watered reg-
ularly to field capacity. They were rearranged haphazardly
within each shade house at 3—4 week intervals and kept apart
to minimize mutual shading. On August 6, when all terminal

buds had formed, leaf samples were collected from all plants
(hereafter the PRE treatment). Half of the plants from each
shade level were randomly selected and transferred to full
irradiance (hereafter, the transferred group, TRANS), with
the rest remaining under original growth irradiance (the con-
trol group, CONT). Plants were maintained for the rest of
the season. Daily minimal and maximal temperatures and
direct sunshine hours for the location were obtained from a
local weather station (Supplementary Informatiosf Fig. S1).

Chlorophyll fluorescence

Chlorophyll a fluorescence was measured < hthe/morning
on August 6, i.e., immediately prifir to transfey of plants to
full irradiance (day 0), then gn ti_\following day (day 1)
and finally on September 4 (¢ W 2529 transfer) using a
Plant Efficiency Analyzgt (PEA ansatech, Norfolk, UK).
Measurements were gonc_hted usitig the same permanently
marked leaves (one.per plar hin the evening before meas-
urements, darké€ning clips were placed on the leaves. The
following morni Wtiic 2 A fiberoptic was inserted into the
clip and .1 s pulse Wsaturating light (4000 umol m=2 s~ 1)
was delivirc Bppthe leaf surface. Maximal quantum yield
(Fy/Fyp wad callulated from the leaf fluorescence emission
agearding tothe formula Fy/Fy = (Fy—F,)/F); where Fy; is
max_hal fluorescence under saturating pulse and F, is fluo-

ascelce in dark adapted state (Maxwell and Johnson 2000).

! eaf sampling

On August 5, i.e., one day before transfer to full irradiance,
a leaf from one of the lower nodes was collected from each
plant. Care was taken to select a leaf that was not shaded by
other leaves of the same plant. A ca. 6 cm* segment not con-
taining midrib was first cut for determination of leaf mass
per area. A 5 X2 mm fragment was excised from the middle
part of the lamina, excluding major veins, for anatomical
analysis. Remaining leaf material, after removing major
veins, was dried and used for determination of nitrogen and
carbohydrates. An adjacent, usually opposite, leaf was col-
lected for chlorophyll determination. Sampling was repeated
on September 5 (30th day after transfer), where possible
using leaves from equivalent positions on the stem.

LMA and leaf anatomy

The exact area of the ca. 6 cm? leaf segment was deter-
mined using a desk-top scanner and the sample was dried in
a forced circulation drier at 65 °C for 72 h. Each dry sample
was weighed. Leaf mass per area (LMA, g m~2) was deter-
mined as ratio of lamina mass to lamina area after subtract-
ing the content of nonstructural carbohydrates from lamina
mass. The 5X2 mm leaf fragments were fixed overnight

@ Springer
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at 4 °C in a solution consisting of 2% glutaraldehyde and
2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.0).
Samples were then dehydrated in a graded ethanol series,
transferred to acetone and infiltrated with Spur’s resin in a
stepwise manner using three overnight incubations in solu-
tions of resin in acetone at graded concentrations followed
by 48 h incubation in 100% resin. Infiltration steps were con-
ducted at 4 °C followed by polymerization in molds at 45 °C,
60 °C and 75 °C for 48 h at each temperature. The embedded
tissue was cut to 2 pm sections using an ultramicrotome
(Leica, Austria). Sections were stained with 0.1% toluidine
blue in 1% borate buffer and photographed through a light
microscope (Axioskop, Zeiss, Germany) using Powershot
G5 digital camera (Canon, Japan). Anatomical measure-
ments were taken from digital images using LSM510 soft-
ware (Zeiss, Germany). Two sections per leaf were analyzed.

Carbohydrates and N

Leaf material was dried as above and ground to fine pow-
der using a Culatti mill (IKE Labortechnik Staufen, Ger-
many). The concentrations of total nonstructural carbohy-
drates (TNC, the sum of reducing sugars and starch) were
determined by a modification of the method described by
Haissig and Dickson (1979) and Hansen and Mgller (1975).
Sugars were extracted in methanol-chloroform-water, and
tissue residuals were used for determination of starch £0r
tent. Soluble sugars were determined colorimetricald{ Wyith
anthrone reagent at 625 nm within 30 min. Starck/itirthe

sue residue was gelatinized and converted to/8i hose witly
amyloglucosidase. Glucose concentrationghwere 1. _isured
using the peroxidase-glucose oxidase-o-£ianisidine diliydro-
chloride reagent. Absorbance was meas sed at 450 nm after
a 30 min. incubation at 37 °C against g€ standards.
For determination of nitrogen col & Mgation, powdered tis-
sue was subjected to analysis in al\ Zletiental Combustion
System CHNS-O 40104Cox :ch Ingtruments, Italy/USA).
Nitrogen concentration<_ms‘c [ ¥Ssed on a nonstructural-
carbohydrate-fregfleaf mad Wbasis (V) and a leaf area
basis (Nyey)-

mass

Pigment:

H wan Yusis of photosynthetic pigments, tissue samples
of 4.950 mg fresh weight per leaf were collected while
excluajig major nerves. The samples were cut into small
pieces and incubated in 5 ml of 100% DMSO saturated with
CaCOj; at 60 °C until the solution became clear (approxi-
mately 5 h). The absorbance of the extract was measured at
665, 648, and 470 nm. Calculations of chlorophyll a, b, and
total carotenoid concentration followed Barnes et al. (1992).
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Concentrations were expressed on a leaf fresh mass basis
(Chl Car and an area basis (Chl_,., Car

mass?’ mass) area area)'

Leaf shedding

Prior to the beginning of autumnal leaf shedding, petioles of
ten leaves per plant were tied to the stem using dental floss to
facilitate keeping track of individual leaves. Abscised leaves
were censused at 3—4 day intervals until no leaveg/femained
attached to stems. The percentage of leaves retai h/On the
plants in each treatment was calculated for a given da; Mean
day-of-year of abscission was calculatél ¥or eacly giowth
irradiance in the TRANS and the CONT gre .

Statistics

Individual plants were gbnsiderc hindependent replicates,
with typically ten sagipic hgepresenting the PRE treatment
and five samples_in each % NS and CONT group. All
plants survived{the| xperimént; however, sporadic sample
mishandling res¢ it ¢ final sample number being lower
in some treatments pd for some variables (Supplementary
InformatiGii Wiale, S3). Since plants from the lowest (1%)
irradiance W€vel/lost all leaves upon transfer to full irradi-
ampc. and bicause the 100% irradiance plants formed one
groc, ) our experimental set-up was unbalanced. For analysis

f vajlance, we therefore excluded the 1% irradiance plants
(& Tstill show the data). Additionally, we randomly divided
the 100% irradiance plants into two subgroups, assigning
one as TRANS and the other as CONT, to produce a com-
plete factorial design. This was, however, only possible for
LMA and chemical traits, for which all plants were sam-
pled. For anatomical analysis, only 5 plants were sampled
from the 100% irradiance plants, we therefore excluded this
group from analysis of variance and for anatomical traits
conducted Anova on growth irradiances from 3 to 50% (but
still show the complete data). We thus applied two-way Ano-
vas with growth irradiance at six or five levels and three
types of transfer treatment (PRE, CONT and TRANS), fol-
lowed by pre-planned contrasts between treatments within
each growth irradiance. For growth irradiances not included
in the Anova design (i.e., 1% irradiance for both anatomi-
cal and chemical traits, and 100% irradiance for anatomi-
cal traits), we calculated contrasts between PRE vs. CONT
plants. Significant contrasts between PRE and CONT plants
indicated change in time, whereas contrasts between CONT
and TRANS plants indicated the effect of an increased irra-
diance. Morpho-anatomical and chemical trait data were log
transformed prior to analysis of variance, except for the chlo-
rophyll a/b ratio. Linear regression relationships between
pigment and N concentrations and LMA were obtained using
individual leaves as replicates, and the effects of treatments
on slopes and intercepts were evaluated using analysis of
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covariance. Where non-significant Ancova interaction indi-
cated that slopes were not different, the interaction term was
dropped from the model and intercepts were compared.

For analysis of the leaf shedding data, half of the 100%
irradiance plants were assigned to the TRANS group to
obtain a complete design, as described above. Analysis of
covariance was performed, with mean day-of-year of leaf fall
as the dependent variable, transfer treatment as main effect
and growth irradiance as continuous covariate. Because the
interaction was not significant, it was excluded from the
model and the analysis repeated.

Results

Analysis of variance showed that LMA and all leaf tissues
adjusted to growth irradiance (Table 1). LMA increased from
lowest to highest PPFD without showing saturation (Fig. 1a).
When plants maintained under the same shading intensities
were resampled after 30 days (black vs. gray bars), the LMA
value was significantly higher while retaining the positive
relationship with irradiance. In plants that were transferred
to full sun, LMA increased further, except for those originat-
ing from the 29% and 50% treatment. Adjustment of LMA to
growth irradiance and to change in irradiance was to a large

diance level (I, at 3, 5, 13, 21, 29 and 50% of solar irradi
100% irradiance also included for LMA) and transfer tre

Data were log transformed prior to analysis

Trait Source DF SS F
LMA I 6 10. 110.152 <0.001
802  <0.001
2.133 0.020
Leaf thickness 27.612 <0.001
21.924 <0.001
1.248 0.280
Palisade thickness 5.085 33.903 <0.001
T 2 2.853 47.552 <0.001
T 10 0.433 1.444 0.183
Spongy ilkne I 5 1.637 6.407 <0.001
T 2 0.134 1.311 0.277
IxXT 10 0.382 0.749 0.676
Up 1s thickness 1 5 0.447 3471 0.008
T 2 0.046  0.890 0.416
IXT 10 0.498 1.934 0.057
Lower epidermis thick- 1 5 0.468 4.030 0.003

ness

T 2 0.154 3.308 0.043
IxT 10 0.111 0.477 0.899

Significant effects (P <0.05) are highlighted by bold font

N

extent caused by adjustment in lamina thickness (Figs. 1b,
2, 3a) and was strongly related to thickness of the palisade
layer (Figs. lc, 2, 3b). Specifically, palisade cells became
slightly longer in mature leaves between the two sampling
dates at most irradiances and responded to transfer to full
light with further elongation. This additional elongation
response was especially strong in leaves formed at the lowest
irradiance levels. Adjustment to growth irradiance was also
found with respect to the thickness of spongy
and upper and lower epidermis (Fig. 1d-f). H
was no clear increment between samplin or
spongy layer and upper epidermis in th i
There was also no clear effect of tra

thickness of these three tissue laygf's.
Growth irradiance and trapsfe

atmeyits significantly
when expressed
able 2). Total Chl

mass

etween sampling dates (Fig. 4a,
caused a drastic decline in Chl, .,
ced in plants from the deepest shade,
clines in Chl,, (Fig. 4a,b). For plants
asferred irom 1% irradiance to full light, we observed
photobleaching (Fig. 5) and subsequent leaf drop.
lorophyll a/b ratio was highest at low irradiance,
11y, ®ased between sampling dates across irradiance levels
nd increased drastically after transfer to full light, espe-
cially in the most strongly shaded plants (Fig. 4c). Concen-
tration of carotenoids was inversely (Car,,, ) or positively
(Car,,,) related to growth irradiance, showed little change
between sampling dates but, in case of Car,,, declined in
leaves exposed to full irradiance (Fig. 4d, €). N, Was also
inversely related to growth irradiance and declined across
shading levels between sampling dates (Fig. 4f). In contrast,
N, Was positively related to growth irradiance and showed
no significant change between sampling dates (Fig. 4g).
Transfer to full light did not significantly affect the N,
but slightly and erratically increased N,,., (Fig. 4f, g).

The diversification of LMA, pigment and N contents by
differences in growth irradiance in the first part of the grow-
ing season resulted in significant relationships between indi-
vidual leaf LMA chlorophyll, carotene and N concentrations.
These relationships were negative for mass-based, and posi-
tive for area-based concentrations (Fig. 6a—f). The slopes of
Chl,,, and Car_, . vs. LMA were reduced slightly between
sampling dates. The exposure to higher light resulted in a
further reduction in slope for Chl, but not for Car_,
(Fig. 6a, c). For area-based pigment concentrations, there
were no differences in slopes. Intercepts of the Chl,, vs.
LMA relationships decreased relative to the PRE leaves both
because of time lapse and due to increased irradiance. There
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«Fig. 1 Responses of morpho-anatomical traits of mature leaves of A.
pseudoplatanus seedlings to a sudden increase in irradiance. Means
and standard errors for carbohydrate-free leaf mass per area (LMA;
a), leaf lamina thickness (b), palisade mesophyll thickness (c),
spongy mesophyll thickness (d), thickness of upper (e) and lower (f)
epidermis are shown. Leaves were sampled on August 5, i.e., prior
to transfer to full irradiance (PRE) and 30 days later (TRANS trans-
ferred plants, CONT plants left under the original irradiance). Sig-
nificant contrasts between treatment groups within the same initial
growth irradiance are indicated by different letters above bars. For
analysis of variance see Table 1. Data for TRANS plants originally
grown under lowest irradiance are missing because of the photo-oxi-
dative damage to leaves

was no such change in the case of Car,,, (Fig. 6b, d). Reduc-
tions in the intercepts of N, vs. LMA and slopes of N,
vs. LMA relationships were due only to time (Fig. 6e—f).
Immediately prior to transfer, the chlorophyll fluores-
cence parameter F,/Fy; was above 0.80 in shaded plants up
to 25% of full irradiance, with values in more strongly illu-
minated plants being somewhat lower (Fig. 7a). Transfer to
full light resulted in overall reduction of F,/F), (to as low
as 0.35 in plants from 1% irradiance) and the magnitude of
this decline was in reverse proportion to growth irradiance
(Fig. 7b). However, by day 29 after transfer, the F/F), recov-
ered to 0.70 or more, except for the 1% irradiance plants that
had lost all leaves due to photobleaching (Fig. 7c¢).
Autumnal leaf shedding began in early September, and
was complete in early November (Fig. 8a, b). The duratign
of leaf retention on the plants in the autumn (measuztd qs
mean day-of year of leaf fall) was scattered amopg 11%_¥i-
ances (Fig. 8a, b); however, it showed no detgftable rei
tionship with irradiance intensity in TRAMS  %=0.33
P=0.102) or CONT plants (R*=0.06 P50.820), ors P5oth
treatments analyzed jointly (Ancova F{;=1.94 P=0.181;
Fig. 8c). The transfer to full light reduce| ‘eaf ret£ntion time
across irradiances (Ancova F| |; 3gL2.57 F=0.004; Fig. 8c).

rea

Discussion

In this study, w&t hclimatey A. pseudoplatanus plants to
eight levels of solar¥ dadiance, from extreme shade to full
sun. We tien used theie plants to test the ability of fully
mature fec Js/advepped under the different irradiance levels
to peliust o wtemically toward the high-light phenotype.
Jin rel alts were consistent with our leading hypothesis.
Alti_sgeh I€aves on plants grown in the deepest shade (1%
irradiai ce) experienced severe photo-oxidative stress as indi-
cated by bleaching, and died within a few days, anatomical
re-acclimation was evident in plants from higher irradiances.
It involved near-doubling of the palisade cell length in plants
from the 3% irradiance and relatively smaller increases of
palisade tissues in leaves from higher light levels. In con-
trast, neither spongy tissue nor any of the epidermal tissues

increased in thickness due to increased irradiance, making
palisade tissue the sole structure capable of adjustment,
and responsible for the increase in lamina thickness. It
was likely also a major contributor to the increased LMA.
This main result extends the list of known species capable
of expanding palisade mesophyll in mature leaves (Bunce
et al. 1977; Bauer and Thoni 1988; Yamashita et al. 2002;
Oguchi et al. 2005) and suggests that this mechanism may
be more widespread than is accepted (Oguchi et/l..2018).
Although our study species belongs to genus Ace, o whidh
a similar mechanism was found previously (Oguct het/al.
2005), it may be representative of an & ¥re guild or late
successional, shade-tolerant broadleafsees; hore/of which
should be investigated for similar fapabilities.

The important question is whet| y and hpw this palisade
cell growth contributes to 4% Npatici¥T photo-oxidative
stress and allows leaved to mai hain or improve carbon
uptake following a rgpic Wcrease/in irradiance? The long
palisade cells mayfacilitatc?_hstimation of individual chlo-
roplasts to locaf ligi | intensity and provide additional vol-
ume for chlorop W poiCment and surface area for chloro-
plast contact with" Wspaces (Terashima et al. 2011). The
high photgsi Fpatic’rates typical of sun leaves, however, are
supported a}$o by other anatomical features, such as densely
a@nsed stomta and small veins, and a greater development
of ¢\ wall labyrinth in phloem parenchyma (Amiard et al.
20051 Poorter et al. 2019). Although we did not investigate
i, 8t of these additional traits in our study, it is unlikely
that new stomata or veins would have been formed upon
exposure of mature leaves to stronger light. Thus, the addi-
tional thickness of palisade mesophyll would not have been
matched by a larger number of stomata or by denser veins.
It is interesting whether such structurally imbalanced leaves
with sun-type palisade but retaining shade-type stomatal and
vascular arrangement will nevertheless be able to perform
faster photosynthesis. We posit that the answer to this ques-
tion is yes, because increased photosynthetic capacity with-
out accompanying anatomical changes has been documented
in similarly designed studies (Mohammed and Parker 1999,
Oguchi et al. 2006). However, it is also likely that such
leaves will experience greater stomatal limitation of pho-
tosynthesis, especially under conditions of strong sunlight
coupled with water stress. Leaf cooling ability may also be
compromised. Additionally, the survival of sun leaves in
microsites with high light, wind and water deficit exposure
is improved by the various mechanical structures, thicker
cuticle and more strongly developed epicuticular wax (Scof-
foni et al. 2015; Coble and Cavaleri 2017). The acclima-
tive potential of these traits in mature leaves needs yet to
be examined.

Even though the increase in dimensions of palisade cells
could provide space for the expansion of chloroplasts, we
actually observed an accompanying decline in Chl and

mass?®
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Fig.2 Anatomical adjustment of fully formed leaves of A. pseudo-
platanus in response to transfer from low to high irradiance. Light
microscope images represent leaf cross-sections from plants main-
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o
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Lamina thickneg \ (mm)

Fig.3 Linear relationships of leaf mas; a_(LMA) vs. lamina

t also partly result from dilution
“ie accumulating biomass, as suggested

indicating an over-response. It was also lower at compara-
ble LMA, showing that exposure to high light disturbed the
coordination between structure and function, at least with
reference to undisturbed leaf phenotypes. Also, the strongly
preferential degradation of chlorophyll b, a molecule asso-
ciated mainly with peripheral antennas, was indicative of

@ Springer
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under the original irradiance (CONT). In (a) points are means and
bars indicate standard errors. In (b) values for individual leaves are
plotted and lines are fitted to each treatment

acclimative antenna size reduction, and consistent with the
development of high-light leaf phenotype (Lichtenthaler and
Babani 2004). However, the chlorophyll a/b ratios in light
exposed leaves from the lowest irradiances exceed those
typically reported in high-light leaves (Naidu and DeLu-
cia 1998; Yamashita et al. 2000; Lichtenthaler and Babani
2004), suggesting that the experimental treatment induced
a stoichiometric imbalance in the photosynthetic apparatus.

Although direct measurements of photosynthetic rate were
not performed, the recovery of variable fluorescence to a level
only slightly lower than control following a transient but dras-
tic decline, indicated that partial photosynthetic recovery took
place concomitantly with palisade development. This recovery
might have occurred through structural mechanisms, with, e.g.,
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Table 2 Analysis of variance for the effects of original growth irradi-
ance level (I, at 3, 5, 13, 21, 29, 50% and 100.0% of solar irradiance)
and transfer treatment (T, at three levels: PRE, CONT and TRANS)
on chemical leaf traits

Trait Source DF SS F P
Chlorophyll (mg g™!) I 6 1.088 5461 <0.001
T 2 7.507 113.040 <0.001
IXT 12 1.512 3795  <0.001
Chlorophyll (gm™2) I 6 5219 15861 <0.001
T 2 1.315 11994 <0.001
IXT 12 0.867 1.318 0.218
Chlorophyll a/b 1 6 61.726 6.489 <0.001
T 2 152.537 48.107 <0.001
IXT 12 53.561 2.815 0.002
Carotenoids (mg g™!) I 6 0.541 2.726 0.016
T 2 0.725 10952 <0.001
IXT 12 0.726 1.828 0.051
Carotenoids (g m?) I 6 7.060 21.885 <0.001
T 2 0.910 8.460 <0.001
IXT 12 0.683 1.058 0.402
N (mg g™ | 6 0.845 7.511 <0.001
T 2 1.265 33.724 <0.001
IXT 12 0.079 0.353 0.977
N (gm™>) I 6 6.157 29.463  <0.001
T 2 0.385 5.534 0.005
IXT 12 0.456 1.092 0.374

Data were log transformed prior to analysis except for the chlor,
a/b ratio. Significant effects (P <0.05) are highlighted by bol

onta
tate

the expansion of palisade cells providing an inérea

capacity in tree seedlings may be detected as soon as 5 days
after increased exposure (Oguchi et al., 2006), whereas in an
experiment with walnut an accumulation of N and enhance-
ment of carboxylation capacity began within 4 weeks and
was coordinated with a gradual increase in LMA (Frak
et al. 2001). Ultimately, the problem may be solved if tools

permitting experimental manipulation of mesophyll develop-
ment independently of external light level become available
(Munekage et al. 2015).

Plasticity of traits controlling light harvesting, such as
crown structure, leaf arrangement, leaf size and shape, as well
as the anatomical structure of leaves, is a salient element of
the ecological strategy of late successional trees that typically
regenerate in shady forest understories and reach canopy or

formation during
re, given the require-

uggests that the degree and rate of
ot fully effective for protection against

ap''s from trgrisferred plants were still shorter and chlorophyll
.. \ts was lower than in leaves experiencing full irradiance
, the whole season). Since our objective was to test leaves
ere fully developed, i.e., not only expanded but also hav-
ing fully formed cell walls, our experiment was conducted in
the second half of the growing season. In experiments with
walnuts, the timing of increased exposure was critical, with
exposure at 58 d after bud burst resulting in significant struc-
tural and photosynthetic acclimation of existing leaves and
exposure at 91 days resulting in no acclimation (Frak et al.
2001). It is thus likely that anatomical responses would have
been stronger if the transfer to high light occurred significantly
earlier, when cell walls were more elastic and there was more
time remaining until autumn (Frak et al. 2001).

Although A. pseudoplatanus forms terminal buds rela-
tively early in the growing season, it does have the ability for
sylleptic (Lammas) growth, similarly to many other woody
species. An alternative option to leaf re-acclimation is there-
fore production of new sun-type leaves (however often with
a carry-over effect; Yamashita et al. 2000; Martinez & Fried-
ley 2018). New leaves are certainly more costly in terms of
biomass expense than the adjustment of pre-existing leaves.
The balance between costs and benefits should depend on
the extent of photo-oxidative damage to pre-existing leaves
(itself dependent on initial growth irradiance) and on the
timing of gap formation with respect to the anticipated
length of the growing season, resulting in varied expected
photosynthetic income. A trade-off may be expected, and
needs to be tested, between the ability to modify pre-existing
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Fig.4 Effect of growth irradiance and sudden increase in irradiance
on leaf pigment and N content in mature A. pseudplatanus leaves.
Means and standard errors for Chl_, (a), Chl,., (b), chlorophyll a/b
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shown. For analysis of variance see Table 2; other details as in Fig. 1
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Fig.5 A. pseudoplatanus individual grown at 1.1% irradiance suffer-
ing photo-oxidative damage after transfer to 100% irradiance

leaves and the efficiency of production of new, additional
leaves in response to increased irradiance.

Although the scenario we tested was equivalent to a
sudden gap formation, light availability may also change
slightly and gradually throughout the growing season due
to upper canopy defoliation (Rozendal and Kobe 2016) and
to the changing leaf or solar angle. Such changes may not
induce sudden stress and allow a more gradual anatomica
and physiological acclimation. Notably, our data indegd
showed that some palisade cell expansion occurreg{al
between August 6 and September 4 even in CO
This effect was unexpected but was consist

palisade cell length in developed leav
irradiance of various rate and magnitu
ment the numerous mechanism!
increased light in late successiona
Youngblood and Fergus

By employing
mental design o

leaf mass per area, leaf thickness, leaf density and stomatal
density is strongest in low irradiance with trends approach-
ing saturation at higher irradiance levels. Their dataset,
however, combined plastic responses of individual species
with the adaptive interspecific differences. Only a limited
number of studies have attempted to determine the shape
of analogous dose-response relationship for leaf anatomy
within a single species. Most of such information

1999; Posada et al. 2009; Coble
2014; Coble and Cavaleri 2047)

. 1996) relation-
phenotype within the
by other environmental
iance, such as temperature

:cki et al. 2004). Furthermore, the
iance at the leaf position in the canopy

als, usudily seedlings, to light, generally applying two or
radiance levels (e.g., Strauss-Debenedetti and Berlyn
Seldom have larger number of levels been used (five
11:, Jach Sims et al. 1998 and Pons and Poorter 2014, six in
oorter 1999, eight in Babaei Soustani et al. 2014). Moreo-
ver, studies using multiple levels of irradiance tend to focus
on integrated traits, such as leaf mass per area (or its recip-
rocal, specific leaf area) and lamina density and thickness,
rather than detailed tissue structure. With our eight levels
of irradiance, we show that the thickness responses of all
tissues contributing to lamina thickness are not saturated
within the biologically relevant range of irradiance, simi-
larly to the LMA. This finding is in contrast with the major-
ity of the previously cited reports, mostly, however, based
on within-canopy variation. Certainly, irradiance might not
have been the only player in our experiment, as it probably
co-varied with frequency of occurrence of high tempera-
ture, vapor pressure deficit and higher wind speed. All these
factors alone, or by aggravating leaf-level water stress, are
known to affect the leaf structure by increasing the leaf
thickness (Wu et al. 2016; Oguchi et al. 2018) and the vari-
ous components of density, especially the sizes of structural
and vascular tissues (Poorter et al. 2009; Coble and Cavaleri
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Fig.7 Efficiency of PSII in A. 1.0 -
pseudplatanus leaves accli- adayO [ ] CONT
mated to eight levels of irradi- 0.8 - = == o T o ] TRANS
ance immediately before trans-
fer to full sun (a), one day after 0.6
transfer (b) and 29 days after
transfer (¢). Means =+ standard 0.4 -
errors for plants transferred to
full solar irradiance (TRANS) 0.2
or remaining under the original 0.0
irradiance (CONT) are shown. '
Asterisks indicate significant b dav 1
contrasts between treatments y Fhk kkk kkk kkk
within each irradiance level 0.8 1 = - m [ W M M
(*P<0.05, #**P <0.001) o | :
= 0.6 7
L
S~
>
L 04
4
0.2 1
0.0
c day 29 * * k%% *
0.8 M. M M= [
0.6
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2015). Such multiple factors differ also
story gaps, likely reinforcing the effec
ance. In our experiment, howev
water stress was certainly reduced
of mature trees or natura,
small plant size.

In summary, o

iginal growth irradiance (%)

potential to contribute to dissipation of photo-oxidative
stress and to enable increased photosynthetic gain under
greater availability of light. Both aspects need further
study. The ability to re-acclimate mature leaves may be a
significant component of the species’ response to gap for-
mation during the growing season, with a potential bearing
on forest dynamics and successional processes. In addi-
tion, we have documented a non-saturated light response
relationship between growth irradiance and thickness of
particular leaf tissues, contrasting with findings of the few
analogous reports available.
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Fig. 8 Effect of increased irradi-
ance on autumnal shedding of
leaves of A. pseudoplatanus
plants acclimated to eight levels
of irradiance. Proportion (%)

of leaves remaining on plants

in each treatment are plotted
against day-of-year for plants
remaining under the original
growth irradiance (CONT; a)
and transferred to full solar
irradiance (TRANS; b). The
mean day-of-year of leaf fall

is shown for each treatment in
relations to initial growth irradi-
ance (c¢). Lines in (a) and (b)
show exact determinations for
c. 50 leaves in each treatment.
Means per plant + standard
errors (N=15) are shown in (c).
Slopes of the regression lines in
(c) are not significantly different
(Ancova interaction P=0.259)
and the common slope Ancova
indicated lack of irradiance
effect (P=0.181) but there

was a significant transfer effect
(P=0.004). Note that a log
scale for x-axis was used in (c¢)
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