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Abstract
Premise: Microclimatic differences between the periphery and the interior of tree
crowns result in a variety of adaptive leaf macromorphological and anatomical fea-
tures. Our research was designed to reveal criteria for sun/shade leaf identification in
two species of evergreen oaks, applicable to both modern and fossil leaves. We
compared our results with those in other species similarly studied.
Methods: For both Quercus bambusifolia and Q. myrsinifolia (section Cyclobalanopsis),
leaves from single mature trees with well‐developed crowns were collected in the South
China Botanical Garden, Guangzhou, China. We focus on leaf characters often pre-
served in fossil material. SVGm software was used for macromorphological measure-
ment. Quantitative analyses were performed and box plots generated using R software
with IDE Rstudio. Leaf cuticles were prepared using traditional botanical techniques.
Results: Principal characters for distinguishing shade and sun leaves in the studied
oaks were identified as leaf lamina length to width ratio (L/W), and the degree of
development of venation networks. For Q. myrsinifolia, shade and sun leaves differ in
tooth morphology and the ratio of toothed lamina length to overall lamina length.
The main epidermal characters are ordinary cell size and anticlinal wall outlines. For
both species, plasticity within shade leaves exceeds that of sun leaves.
Conclusions: Morphological responses to sun and shade in the examined oaks are
similar to those in other plant genera, pointing to useful generalizations for re-
cognizing common foliar polymorphisms that must be taken into account when
determining the taxonomic position of both modern and fossil plants.
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Within the crowns of large mature trees a range of abiotic
factors create a microclimate gradient from the crown
periphery to the interior (e.g., Zalensky, 1904; Givnish,
1988) that gives rise to a variety of leaf morphological and
anatomical adaptations (e.g., Kürschner, 1997; Balsamo
et al., 2003; Sun et al., 2003; Herrick et al., 2004; Tsukaya,
2005; Gratani et al., 2006; Rozendaal et al., 2006; Sack et al.,
2006; Kouwenberg et al., 2007; Maslova et al., 2008a, 2008b,
2018; Wei et al., 2009; Wu et al., 2009; Xu et al., 2009; Rubio
de Casas et al., 2011; Xiao et al., 2011, 2013; Witham et al.,
2014). Previous studies of sun and shade leaves in modern
woody plants have shown the practical potential of using
morphological features to distinguish sun and shade forms

in fossil leaves (Maslova and Shilin, 2011; Maslova et al.,
2015, 2018).

One of the most important environmental factors is sun-
light. Leaves directly (sun leaves) and indirectly (shade leaves)
exposed to sunlight demonstrate considerable phenotypic plas-
ticity, similar to that in leaves exposed to xerophytic vs. meso-
phytic habitats respectively (Zalensky, 1904). Sun and shade
fagaceous leaves have been studied from different perspectives:
leaf morphology (Bruschi et al., 2003a, 2003b), anatomy (Batos
et al., 2010; Daly and Gastaldo, 2010; Hu et al., 2019), ultra-
structural studies of cuticular membranes (Osborn and Taylor,
1990), leaf physiology (Ashton and Berlyn, 1994; Morecroft and
Roberts, 1999; Kitao et al., 2006; Hu et al., 2015) and leaf

mailto:lssjjh@mail.sysu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fajb2.1706&domain=pdf&date_stamp=2021-08-25


morphological plasticity (Rubio de Casas et al., 2007; Kusi and
Karsai, 2020).

The genus Quercus L. (oaks, Fagaceae) is of great re-
search interest in the field of leaf morphology (e.g., Jensen,
1977, 1988, 1990; Knops and Jensen, 1980; Jensen et al.,
1984, 1993; Castro‐Díez et al., 1997; Kremer et al., 2002; Luo
and Zhou, 2002; Borazan and Babaç, 2003; Zwieniecki et al.,
2004; Gonzalez‐Rodriguez and Oyama, 2005; Rodríguez and
Romero, 2007; Scareli‐Santos et al., 2007; Boratynski et al.,
2008; Viscosi et al., 2009a, 2009b, 2010, 2011; Song et al.,
2015; Viscosi, 2015; Sun et al., 2016; Binh et al., 2018a;
Gailing et al., 2018; Liu et al., 2018; Stephan et al., 2018) as
well as anatomy (e.g., Llamas et al., 1995; Bussotti and
Grossoni, 1997; Luo and Zhou, 2001; Batos et al., 2010;
Panahi et al., 2012a, 2012b, 2012c; Deng et al., 2013b, 2014,
2015a, 2015b, 2017; Hu et al., 2014; Shahbaz et al., 2015; Li
et al., 2016; Liu et al., 2016; Binh et al., 2018a) due to it
encompassing a high number of species, great morpholo-
gical variability, and widespread hybridization and in-
trogression (e.g., Valbuena‐Carabaña et al., 2005; Curtu
et al., 2007; Salvini et al., 2009; Moran et al., 2012; Gerber
et al., 2014; Simeone et al., 2018).

Quercus, the largest genus of Fagaceae, consists of about
300–600 species (e.g., Jensen, 1990; Nixon, 1993, 2006;
Manos et al., 1999; Johnson et al., 2002; Denk et al., 2017)
depending on the study. The genus is widespread, especially
in the Northern Hemisphere (Southeast Asia, North
America, Europe, Northern Africa), but also occurs in the
Southern Hemisphere (South America, Indonesia). Mexico
and Southeast Asia are the centers of recent Fagaceae di-
versity (Nixon, 2006; Simeone et al., 2018). Oaks exhibit a
wide range of habits, and they are the most common ele-
ment in temperate and subtropical forests and woodlands,
as well as in tropical montane forests (Jones, 1986; Nixon,
1993, 2006; Hubert et al., 2014).

Since Quercus species display complex patterns of variation
in leaf and fruit morphology due to widely expressed con-
vergent and parallel evolution (e.g., Tucker, 1974; Borazan and
Babaç, 2003; Oh and Manos, 2008; Kremer et al., 2012; Deng
et al., 2013b, 2015a, 2015b, 2017), their infrageneric classification
is much discussed (e.g., Tucker, 1974; Burger, 1975; Menitsky,
1984; Nixon, 1993; Manos et al., 1999; Denk and Grimm, 2009,
2010; Denk et al., 2017; Simeone et al., 2018). Historically,
Quercus was divided into two subgenera: Quercus (scale‐cup
oaks) and Cyclobalanopsis (Oersted) Schneider (cycle‐cup oaks).
Some elevate Cyclobalanopsis to generic status (e.g., Hsu et al.,
1985; Huang et al., 1999), but most taxonomists recognize it as a
subgenus of Quercus (e.g., Nixon, 1993; Manos et al., 2001; Oh
and Manos, 2008; Deng et al., 2013b, 2017; Binh et al., 2018a,
2018b).

Recently, a different view has emerged based on the
latest molecular and morphological (mainly pollen mor-
phology and ultrastructure) evidence (Denk et al., 2017).
The new infrageneric classification of Quercus has been
formalized into two subgenera: Quercus and Cerris. Sub-
genus Quercus, the “New World clade” (Manos et al., 2001)
or “high‐latitude clade” (Grímsson et al., 2015;

Simeone et al., 2016), consists of five sections: Protobalanus
(the North American intermediate oaks), Ponticae (the
western Eurasian–western North American oaks), Virentes
(the North American “southern live oaks”), Quercus
(= Menitsky's section Quercus), and Lobatae (the North
American red oaks). Subgenus Cerris (the exclusively Eur-
asian “Old World clade”) includes three sections: Cycloba-
lanopsis (the cycle‐cup oaks of East Asia), Ilex (= Menitsky's
subgenus Heterobalanus minus Q. suber) and Cerris
(= Menitsky's section Cerris minus Q. alnifolia).

The cycle‐cup oaks of Asia (now sect. Cyclobalanopsis)
with approximately 90 (Deng, 2007) to 150 species (Huang
et al., 1999) are one of the dominant elements in tropical
and subtropical broad‐leaf evergreen forests in East and
Southeast Asia (Zhou, 1993; Huang et al., 1999; Luo and
Zhou, 2002; Xu et al., 2015, 2016; Zhu et al., 2016; Deng
et al., 2018). China and Indochina host a major center of
Cyclobalanopsis diversity with about 69 (Huang et al., 1999;
Deng et al., 2010) to 80 (Song et al., 2015) species. In China,
there are 43 endemic species (Deng et al., 2010).

In China, Quercus bambusifolia Hance and Q. myrsinifolia
Blume (sect. Cyclobalanopsis) are important components of
evergreen or mixed evergreen/deciduous broad‐leaved forests
(Wu, 1980; Liu et al., 2008a, 2016; Lee et al., 2014). These two
species differ considerably in foliar morphology. Quercus bam-
busifolia is characterized by relatively short petioles, elliptic
laminae with entire margins, pinnate primaries, and eu-
camptodromous secondaries, while Q. myrsinifolia differs in
that it displays entire leaves with more prominent petioles, el-
liptic or slightly obovate partly toothed laminae, pinnate pri-
maries and cladodromous, eucamptodromous, and
semicraspedodromous secondaries. The epidermal features of
these two species are peculiar to sect. Cyclobalanopsis. Here, we
compare sun vs. shade leaves in two species of evergreen oaks,
Q. bambusifolia and Q. myrsinifolia.

Our aims were to (1) investigate and document morpho-
logical and epidermal features in sun and shade leaves of two
species of evergreen oaks, Q. bambusifolia Hance and Q. myr-
sinifolia Blume, using light microscopy and scanning electron
microscopy; (2) focus on morphological and epidermal features
readily preserved in the fossil record, and so crucial for paleo-
botanists needing to distinguish sun and shade morphotypes;
and (3) compare results with those obtained earlier for Liqui-
dambar L. (Maslova et al., 2015, 2018, 2019) and Platanus L.
(Maslova et al., 2008a, 2008b) to understand common useful
criteria for sun/shade leaf identification, applicable to both
modern and fossil leaves. The results of this study will be ap-
plied to Quercus leaves from the upper Eocene Huangniuling
Formation, Maoming Basin, South China, and will be published
in a separate paper.

MATERIALS AND METHODS

Leaves of two oak species of the section Cyclobalanopsis, namely
Quercus bambusifolia and Q. myrsinifolia, were collected in the
South China Botanical Garden, Guangzhou City, Guangdong
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Province, China, in April 2018. For each species, specimens
were obtained from a single mature tree with a well‐developed
crown. The tree of Q. bambusifolia was growing surrounded by
other trees, while the tree of Q. myrsinifolia was in a more open
position. Five shoots were harvested, on the same day, from the
inner (shade), middle (intermediate), and outer (sun) parts of
the crown of each tree at about 3 m above the ground
(Figure 1), as Blue and Jensen (1988) recommend. We assume a
different intensity of light flux for leaves from the inner, middle,
and outer parts of the crown for both Q. bambusifolia and
Q. myrsinifolia. However, the tree growing on the open area
(Q. myrsinifolia) experienced more direct sunlight than that
surrounded by other trees, so the light gradient within the
crown of Q. myrsinifolia was more pronounced. In the case of
Q. bambusifolia, where the amount of sunlight was more muted
due to its position among another trees, the overall light gra-
dient within the crown presumably was less pronounced.

All leaves were detached from twigs (Figures 2A, B;
6A, B), scanned, and digitized. In total, 759 leaves were
measured: 433 (93 shade, 294 intermediate, and 46 sun)
from Q. bambusifolia, and 326 (113 shade, 70 intermediate,
and 143 sun) from Q. myrsinifolia. Leaves with insect da-
mage were excluded from the morphometric analysis.

We measured the following macromorphological char-
acteristics of shade, sun, and intermediate leaves: petiole
length (Lp, mm), lamina length (L, mm), lamina width
(W, mm), lamina length with teeth (T, mm), number of
secondary veins (Nv), and number of teeth per 1 cm of the
leaf margin (Nt). We also analyzed the ratio of lamina
length to width (L/W); the ratio of toothed lamina length to
overall lamina length (T/L); and the coefficient of variation
(V) and plasticity (PL). Among epidermal features, we
studied cell shape, length (Dl) and width (Dc), and the type
of anticlinal wall form of ordinary cells, stomata type, sto-
matal length (Sl) and diameter (Sd), and plasticity (PL).

We used SVGm software (https://svgm.cf; Karasev et al.,
2019) for the measurements of morphological character-
istics. Quantitative analyses were performed and box plots

were generated using R version 3.6.1 with IDE Rstudio
(RStudio Team, 2015; R Core Team, 2019). Whiskers of box
plots extend to a maximum of 1.5 × IQR beyond the box,
where IQR is the interquartile range. Notches of box plots
show the 95% confidence interval for the median, given by
(m ± 1.58) × IQR√n (Krzywinski and Altman, 2014).

Plasticity (PL) was calculated using the smallest and the
largest mean values PL = 1–(x/X), where x is the smallest
value and X is the largest value for any leaf measure (Ashton
et al., 1998). Coefficient of variation (V) was calculated as
the ratio of the standard deviation (StDev) to the mean,
expressed as StDev/mean × 100. We used bootstrap tech-
niques to estimate the arithmetic mean error (SE) of mea-
sured characteristics (Davison and Hinkley, 1997). Results
are presented as means ± SE. The number of bootstrap
replicates was 1000. The upper and lower parts of 99%
confidence intervals were calculated using the bootstrap
percentile method. The non‐parametric bootstrap proce-
dures and calculation of confidence intervals were processed
using the “boot” package (Davison and Hinkley, 1997;
James et al., 2013). We used notches of box plots and
confidence intervals obtained by the bootstrap method to
estimate statistical significance. The statistical parameter
values are provided in Appendices S1 and S2.

The Manual of Leaf Architecture (Leaf Architecture
Working Group, 1999; Ellis et al., 2009) was followed for
leaf descriptive terms.

Leaf cuticles were prepared from central parts of the
lamina by immersing them in the solution of acetic acid
(99.9%) and H2O2 (30%) with volume ratio of 1:3 for 1 h at
85°C. Cuticles for LM were dyed using 1% safranin; cuticles
for the scanning electron microscope (SEM) were dehy-
drated for 15 min in an alcohol series (50%, 70%, 80%, 90%,
100%), mounted on standard copper stubs, and coated with
gold. Epidermal features were studied for three leaves col-
lected in the inner part of the crown (shade leaves) and
compared with those from the periphery of the crown (sun
leaves).

Leaves were photographed using a Sony ILCE‐6000 di-
gital camera (Sony, Tokyo, Japan). Photos of fine details of
venation were made with a Leica M165 stereomicroscope
(Leica Microsystems, Wetzlar, Germany) equipped with a
Leica DFC420 digital camera. SEM observations were made
with a Tescan Vega XMU SEM (Tescan Orsay Holding,
Brno, Czech Republic). Light microscope (LM) observations
were carried out using a Carl Zeiss Axio Scope A1 micro-
scope (Zeiss, Baden‐Wurttemberg, Germany) and a Leica S8
APO stereomicroscope.

RESULTS

Leaf morphology and epidermal features of
Quercus bambusifolia

Leaves are simple and entire (Figure 2C, D), with a petiole
length ≤8.1 mm. The shape of the lamina is elliptic. Mean

F IGURE 1 A diagram illustrating the sampling of sun, shade and
intermediate leaves
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lamina length is 68.5 ± 0.76 mm (range: 12.5–113.3 mm);
mean lamina width is 12.1 ± 0.14 mm (range: 4.6–21.7
mm); and mean lamina L/W is 5.7 ± 0.03 (range: 2.2–8.5).
The apex angle is acute and the apex shape is straight. The
base angle is acute and the base shape is cuneate. The
margins are entire. Primary venation is pinnate, with a
slightly curved midrib. Secondaries number 7–13 on each
side; they are eucamptodromous, with irregular spacing
and intersecondaries. Tertiaries are irregular reticulate
(Figure 2E, F).

The ordinary epidermal cells of adaxial surfaces of
shade leaves are mostly irregularly polygonal to quad-
rangular, 12.0–41.3 × 11.0–25.0 µm, with slightly sinuous
anticlinal walls (Figures 3A; 4A, C, E). Shade leaves' anti-
clinal walls are thinner than those in sun leaves. Ordinary
epidermal cells of the adaxial surfaces of sun leaves are
quadrangular or polygonal, 11.3–37.5 × 11.2–22.5 µm, with
straight anticlinal walls (Figures 3B; 4B, D, F). The or-
dinary epidermal cells of abaxial surface of shade leaves are
polygonal, rarely rectangular, 12.5–37.5 × 10.0–21.3 µm,

F IGURE 2 Shoots and leaves of Quercus bambusifolia Hance. (A) Shoot from inner crown (shade). (B) Shoot from peripheral crown (sun). (C) Shade
leaves. (D) Sun leaves. (E) Detail of shade leaf lamina with weak tertiary veins. (F) Detail of sun leaf lamina with prominent tertiary veins
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with sinuous anticlinal walls (Figure 3C, E). Ordinary
epidermal cells of abaxial surfaces of sun leaves are poly-
gonal, occasionally tetragonal, 12.5–35.0 × 10.0–15.0 µm,
with straight anticlinal walls (Figure 3D, F). On the abaxial
surfaces of both shade and sun leaves, epidermal cells
(including subsidiary cells) have a rounded papilla
(Figures 3C–F; 4). Stomata are anomocytic, with stomatal
length ranging from 15.0 to 23.8 µm, stomatal diameter

ranging from 13.8 to 18.8 µm, and are oval or widely oval
in shape, with 4–6 subsidiary cells (Figure 3C–F). The
stomata are distributed unevenly on the epidermis surface,
concentrated in groups in the areoles (Figure 5A, B). The
trichome bases are single‐celled, without a prominent
pedestal, located on both adaxial and abaxial surfaces
(Figures 3C, D; 4C, D). The cuticles on both adaxial and
abaxial leaf surfaces are coated with a thick, smooth wax

F IGURE 3 Epidermal characters of shade (A, C, E) and sun (B, D, F) leaves of Quercus bambusifolia Hance, LM. (A) Cuticle of adaxial surface of shade
leaf showing slightly sinuous anticlinal walls of ordinary epidermal cells. (B) Cuticle of adaxial surface of sun leaf showing straight anticlinal walls of
ordinary epidermal cells. (C, E) Cuticle of abaxial surface of shade leaf showing anomocytic stomata, a trichome base (arrow) and ordinary epidermal cells
with sinuous anticlinal walls and rounded papillae. (D, F) Cuticle of abaxial surface of sun leaf showing anomocytic stomata, trichome base (arrow), and
ordinary epidermal cells with straight anticlinal walls and rounded papillae
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layer (Figure 4A, B), but show rare, small, and thin platelet
wax flakes on the abaxial surface (Figure 5D–F).

Leaf morphology and epidermal features of
Quercus myrsinifolia

Leaves are simple and entire (Figure 6C, D), with a petiole
length up to 21.1 mm. The shape of the lamina is elliptic.
The mean lamina length is 104.1 ± 1.2 mm and varies be-
tween 58.6 and 165.6 mm, the mean width is 31.2 ± 0.4 mm

and varies between 16.3 and 58.4 mm; the mean lamina
L/W is 3.4 ± 0.02 and varies between 2.4 and 4.1. The apex
angle is acute and the apex shape is acuminate. The base
angle is acute and the base shape is cuneate. The margins
are serrate in the upper part of the lamina, and entire near
the base (Figures 6C, D; 7A, B). Teeth are mostly irregularly
spaced. They are inconspicuous, with a simple apex, one to
three per 1 cm of a leaf margin. The T/L ratio mean value is
0.4 ± 0.05 and varies from 0.0 to 0.6. The tooth shape is
concave/flexuous (Figure 7C–F). Primary venation is pin-
nate, with a straight midrib. Secondaries, numbering 5–12

F IGURE 4 Epidermal characters of shade (A, C, E) and sun (B, D, F) leaves of Quercus bambusifolia Hance, SEM. (А) Cuticle of adaxial surface of shade
leaf, outer view showing thick smooth wax layer and slightly sinuous anticlinal walls of ordinary epidermal cells. (B) Cuticle of adaxial surface of sun leaf,
outer view showing thick smooth wax layer and straight anticlinal walls of ordinary epidermal cells. (C) Cuticle of adaxial surface of shade leaf, inner view
showing slightly sinuous anticlinal walls of ordinary epidermal cells and trichome bases (arrows). (D) Cuticle of adaxial surface of sun leaf, inner view
showing straight anticlinal walls of ordinary epidermal cells and trichome bases (arrows). (E) Cuticle of adaxial surface of shade leaf, inner view showing
polygonal to quadrangular ordinary epidermal cells with slightly sinuous anticlinal walls. (F) Cuticle of adaxial surface of sun leaf, inner view showing
quadrangular or polygonal ordinary epidermal cells with straight anticlinal walls
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on each side, are cladodromous near the lamina base, eu-
camptodromous in the central lamina part without teeth,
and semicraspedodromous in the toothed lamina part.
Tertiaries are percurrent or irregularly reticulate, with 3–6
veins on 1 cm of the secondary vein length (Figure 6E, F).

The ordinary epidermal cells of adaxial surfaces of shade
leaves are mostly polygonal, 13.3–29.3 × 9.3–20.1 µm, with
curved or slightly sinuous anticlinal walls (Figures 8A; 9A, C, E).
Anticlinal walls are thinner than those in sun leaves. The or-
dinary epidermal cells of the adaxial surface of sun leaves are
quadrangular, rarely polygonal, 10.7–22.7 × 6.3–13.2 µm, with
straight or occasionally slightly curved anticlinal walls
(Figures 8B; 9B, D, F). The ordinary epidermal cells of the
abaxial surfaces of shade leaves are polygonal, 11.3–27.5 ×
12.8–26.3 µm, with sinuous, sometimes ameboid, anticlinal

walls where the sinus depth reaches 5 µm (Figure 8C, E). The
ordinary epidermal cells of the abaxial surface of sun leaves are
polygonal, occasionally quadrangular, 11.0–20.0 × 10.1–17.5 µm,
with straight or slightly curved anticlinal walls (Figure 8D, F).
On the abaxial surface of both shade and sun leaves, most of the
epidermal cells (including subsidiary cells) have a rounded pa-
pilla (Figures 8C–F; 10). Stomata are concentrated in groups in
the areoles. They are anomocytic, 12.8–20.0 µm in length, and
the stomatal diameter varies from 11.3 to 14.8 µm; they are oval,
with 5–7 subsidiary cells (Figure 8C–F). Single‐celled trichome
bases without a prominent pedestal are present on the adaxial
surface. Epidermal cells adjacent to trichome bases are pillow‐
like, inflated around the point of attachment (Figure 9D, F). The
cuticles of the adaxial and abaxial leaf surfaces are coated with a
thick, smooth, or occasionally striate, wax layer (Figures 9B;

F IGURE 5 Cuticles of abaxial surface of shade (A, C, E) and sun (B, D, F) leaves of Quercus bambusifolia Hance, SEM. (A, B) Stomata concentrated in
groups in areoles and rounded papillae. (C–F) Аnomocytic stomata, rounded papillae on ordinary epidermal cells and thin platelet wax flakes
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10C, E). On the adaxial surface of sun leaves, small, thin platelet
wax flakes are found (Figure 9B).

Features of shade and sun leaves of Quercus
bambusifolia

We have not found any statistically significant differences in
petiole length between shade and sun leaves of Q. bambu-
sifolia: the mean value of the petiole length in shade leaves is

4.4 ± 0.14 mm and in sun leaves it is 4.6 ± 0.16 mm
(Figure 11А). On the whole, linear dimensions of shade
leaves are smaller than sun leaves. As for lamina length, the
mean value is 66.2 ± 1.96 mm for shade leaves, and 83.2 ±
2.26 mm for sun leaves (Figure 11B). The mean value of the
lamina width is 11.4 ± 0.31 mm for shade leaves, and 16.2 ±
0.33 mm for sun leaves (Figure 11C). The mean L/W ratio
of shade and sun leaves shows a slight difference: 5.8 ± 0.08
in shade leaves, and 5.2 ± 0.09 in sun leaves (Figure 11D).
Secondary veins are prominent on the surface of sun leaves

F IGURE 6 Shoots and leaves of Quercus myrsinifolia Blume. (A) Shoot from inner crown (shade). (B) Shoot from peripheral crown (sun). (C) Shade
leaves. (D) Sun leaves. (E) Detail of shade leaf lamina with weak tertiary veins. (F) Detail of sun leaf lamina with prominent tertiary veins
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and less distinct in shade leaves. They occur in 9.4 ± 0.14
pairs in shade leaves and in 11.3 ± 0.17 pairs in sun leaves.

Shade and sun leaves are clearly distinct regarding PL values
of all morphological features, except for the petiole length,
where this value is slightly higher in shade vs. sun leaves
(0.76 ~ 0.69). The PL values of lamina length, lamina width and
L/W ratio are higher in shade vs. sun morphotypes (0.88 ~ 0.48;
0.75 ~ 0.44; 0.74 ~ 0.44, respectively). The average values of all
measured parameters of the intermediate leaves correspond to
those of typical shade leaves (Figure 12A).

Shade leaves are more variable than sun leaves in terms
of lamina length (V = 29% and 18%, respectively), lamina
width (V = 26% and 14%), and especially in the petiole
length (V = 31% and 24%). The V values of the L/W ratio
vary minimally, and almost do not depend on the leaf
morphotypes (V = 14% and 13%) (Figure 12B).

Ordinary cells of shade leaves are larger than those of sun
leaves. The maximum and minimum cell length and width on
the adaxial surface of the shade leaves are 41.3 and 12.0 µm vs.
37.5 and 11.3 µm in the sun leaves; on the abaxial surface of the

F IGURE 7 Leaves of Quercus myrsinifolia Blume. (A) Shade leaves. (B) Sun leaves. (C, E) Detail of shade leaf lamina with thin tertiary veins and small
teeth. (D, F) Detail of sun leaf lamina with prominent tertiary veins and large teeth
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shade leaves these parameters are 25.0 and 11.0 µm vs. 15.0 and
10.0 in the sun leaves. The stomatal length range in the shade
leaves is 15.0–23.8 µm vs. 18.8–23.8 µm in the sun leaves, and
the stomatal diameter is 13.8–18.8 µm and 15.0–17.5 µm in the
shade and sun leaves, respectively. The anticlinal walls of or-
dinary epidermal cells display distinctive shapes (sinuous in
shade leaves vs. straight in sun leaves). The single‐celled tri-
chome bases are more frequent on the adaxial lamina surfaces

of sun leaves compared to shade leaves (Figure 4C, D). Small,
thin platelet wax flakes are located mostly on the abaxial cuticle
of both shade and sun leaves. In shade leaves, thin, folded flakes
surrounding cells of the stomatal complexes are found, but only
rarely (Figure 5E). In sun leaves, abundant tiny platelet flakes
are distributed randomly (Figure 5D, F).

Like those of morphological features, the PL values of all
epidermal features (length and width of ordinary cells of both

F IGURE 8 Epidermal characters of shade (A, C, E) and sun (B, D, F) leaves of Quercus myrsinifolia Blume, LM. (A) Cuticle of adaxial surface of shade
leaf showing curved or slightly sinuous anticlinal walls of ordinary epidermal cells. (B) Cuticle of adaxial surface of sun leaf showing straight or occasionally
slightly curved anticlinal walls of ordinary epidermal cells. (C, E) Cuticle of abaxial surface of shade leaf showing anomocytic stomata and ordinary
epidermal cells with sinuous, sometimes ameboid, anticlinal walls and rounded papillae. (D, F) Cuticle of abaxial surface of sun leaf showing anomocytic
stomata, trichome bases (arrows), and ordinary epidermal cells with straight or slightly curved anticlinal walls and rounded papillae
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the adaxial and abaxial surfaces, stomatal lengths and stomatal
diameters) are higher in shade than sun leaves (0.71 ~ 0.70; 0.56
~ 0.52; 0.67 ~ 0.64; 0.53 ~ 0.33; 0.37 ~ 0.21; 0.27 ~ 0.14,
respectively).

Features of shade and sun leaves of Quercus
myrsinifolia

Compared to Q. bambusifolia, leaves of Q. myrsinifolia ex-
hibit more variable petiole lengths and leaf margin form.

Elliptic leaf shapes are usual for shade, sun, and inter-
mediate morphotypes. The average petiole length in shade
leaves (12.3 ± 0.30 mm) is less than that in sun leaves
(15.5 ± 0.19 mm). In intermediate leaves, this value (13.8 ±
0.42 mm) falls between those of shade and sun morphotypes
(Figure 13A). Lamina lengths and widths reach higher va-
lues in intermediate leaves (average values are 129.8 ± 2.18
mm and 40.8 ± 0.71 mm, respectively). Comparing these
parameters in shade and sun leaves, average values are
smaller (106.2 ± 1.62 and 30.3 ± 0.49 in shade vs. 89.9 ± 1.07
and 27.3 ± 0.33 in sun leaves, respectively) (Figure 13B, C).

F IGURE 9 Epidermal characters of shade (A, C, E) and sun (B, D, F) leaves of Quercus myrsinifolia Blume, SEM. (А) Cuticle of adaxial surface of shade leaf,
outer view showing thick smooth wax layer and curved or slightly sinuous anticlinal walls of ordinary epidermal cells. (B) Cuticle of adaxial surface of sun leaf, outer
view showing thick smooth wax layer with small thin platelet wax flakes and straight or occasionally slightly curved anticlinal walls of ordinary epidermal cells.
(C) Cuticle of adaxial surface of shade leaf, inner view showing curved or slightly sinuous anticlinal walls of ordinary epidermal cells and trichome bases (arrows).
(D) Cuticle of adaxial surface of sun leaf, inner view showing straight or occasionally slightly curved anticlinal walls of ordinary epidermal cells and trichome bases
(arrows). (E) Cuticle of adaxial surface of shade leaf, inner view showing polygonal ordinary epidermal cells with curved or slightly sinuous anticlinal walls. (F) Cuticle
of adaxial surface of sun leaf, inner view showing quadrangular or polygonal ordinary epidermal cells with straight or occasionally slightly curved anticlinal walls and
trichome base with adjacent epidermal cells occasionally pillow‐like inflated around the point of attachment
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The average L/W ratios are somewhat greater in shade
leaves than in sun leaves (3.5 ± 0.02 vs. 3.3 ± 0.02, respec-
tively; pairwise tests P = 1.47E‐16, see also Appendix S3)
(Figure 13D). The average T/L ratio demonstrates sig-
nificant differences between shade and sun leaves (0.3 and
0.4, respectively) (Figure 14A, B). As in Q. bambusifolia,
secondaries are more prominent on the surface of sun leaves
and less distinct in shade leaves. They occur in 8.4 ± 0.09
pairs in shade leaves and in 8.7 ± 0.09 pairs in sun leaves.

Distinct differences in PL values between shade vs. sun
leaves are evident only in respect to petiole length
(0.76 ~ 0.51) and T/L ratio (0.56 ~ 1.00). The PL values of
the lamina length, lamina width, and L/W ratio are very
similar in shade and sun morphotypes (0.53 ~ 0.56, 0.59
~ 0.6, and 0.29 ~ 0.35, respectively) (Figure 15A).

The petiole length and the T/L ratio in intermediate
leaves are the most variable features, showing the highest V
values (Lp equals 27% in shade morphotypes and 15% in
sun ones; T/L ratio equals 23% in intermediate leaves). The
most stable feature is the L/W ratio, with almost identical V
values for shade and sun leaves (7% and 8%, respectively).
The V values of all other characters (lamina length, lamina
width, number of secondaries, and L/W) vary from 11% to
18% and are not significantly different between shade and
sun leaves (Figure 15B). On the adaxial surface of shade
leaves, the maximum and minimum cell length and width
are 29.3 and 13.3 µm vs. 22.7 and 10.7 µm in sun leaves; on
the abaxial surface, these parameters are 27.5 and 11.3 µm
vs. 20.0 and 11.0, respectively. In shade leaves, the stomatal
length and stomatal diameter vary from 12.8 to 20.0 µm and

F IGURE 10 Cuticles of an abaxial surface of shade (A, C, E) and sun (B, D, F) leaves of Quercus myrsinifolia Blume, SEM. (A, B) Stomata concentrated
in groups in areoles and rounded papillae. (C, E) Аnomocytic stomata, rounded papillae on ordinary epidermal cells and thick smooth or occasionally striate
wax layer. (D, F) Аnomocytic stomata, rounded papillae on ordinary epidermal cells and thick smooth wax layer
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from 11.3 to 14.8 µm, respectively, while in sun leaves these
parameters range from 15.0 to 20.0 µm and 11.3 to 13.8 µm,
respectively. Ordinary epidermal cells of the adaxial and
abaxial surfaces have almost identical outlines‐curved or
slightly sinuous, but with some portion of the cells with
straight walls on the abaxial surface of the sun leaves.
Single‐celled trichome bases are more abundant on the

adaxial surface of sun leaves (Figure 9D). They are rarely
observed on the abaxial surface of sun morphotypes, and on
the adaxial surface of shade morphotypes, and they are
nearly absent on the abaxial surface of shade leaves. Pillow‐
like thickenings of the adjacent epidermal cell walls sur-
rounding the point of trichome attachment are present only
in sun leaves (Figure 9D, F). Cuticles of sun leaves are

A B C D

F IGURE 11 Size variation of shade (dark gray box plot), sun (white box plot), and intermediate (light gray box plot) leaves of Quercus bambusifolia
Hance. Measured leaf characters: petiole length (A), lamina length (B) and width (C), lamina L/W ratio (D). Red line shows the arithmetic mean. A green
point with error bars indicates the arithmetic mean and 99% confidence interval

F IGURE 12 Variation plasticity index PL (A) and coefficient of variation V (B) of shade, intermediate, and sun leaves of Quercus bambusifolia Hance

A B C D

F IGURE 13 Size variation of shade (dark gray box plot), sun (white box plot), and intermediate (light gray box plot) leaves of Quercus myrsinifolia
Blume. Measured leaf characters: petiole length (A), lamina length (B) and width (C), lamina L/W ratio (D). Red line shows the arithmetic mean for the
whole sample. A green point with error bars indicates the arithmetic mean and 99% confidence interval
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thicker than those in the shade, especially on the adaxial
surface, making the outlines of epidermal cells less promi-
nent in sun leaves (Figure 9B). In shade leaves, the mainly
smooth wax layer of the abaxial surface bears tiny folds
surrounding the stomata and papillae (Figure 10E). The
adaxial surface of sun leaves is mostly smooth or granulate
to verrucose with small thin platelet wax flakes (Figure 9B),
whereas the abaxial surface of sun leaves is covered with a
smooth layer of wax (Figure 10F).

The PL values of all epidermal features (length and
width of ordinary cells of the adaxial and abaxial surfaces,
stomatal length and stomatal diameter) are higher in shade
than in sun leaves (0.55 ~ 0.53; 0.54 ~ 0.48; 0.69 ~ 0.45; 0.51
~ 0.42; 0.36 ~ 0.25; 0.24 ~ 0.18, respectively).

DISCUSSION

Numerous studies on leaf morphology and epidermis fea-
tures (e.g., Luo and Zhou, 2002; Deng et al., 2013a, 2014,
2015a, 2015b, 2017; Xing et al., 2013), as well as on genetic
variation and differentiation (Chen and Song, 1997; Chen
et al., 1997; Liu et al., 2008b; An et al., 2017; Lyu et al., 2018)

in extant Quercus from China have been carried out to
distinguish different oak species. Oaks are characterized by
high morphological variations among species and popula-
tions, and their leaf features are valuable in species classi-
fication (e.g., Bruschi et al., 2000, 2003a; Borazan and Babaç,
2003; Ponton et al., 2004; Gonzalez‐Rodrıguez and Oyama,
2005; Boratynski et al., 2008). Many publications include
studies on the most significant distinctive morphological
features of oaks (e.g., Rushton, 1983; Jensen et al., 1984;
Viscosi et al., 2009b; Enescu et al., 2013), while the leaf
architecture of oaks has been studied previously using both
traditional morphometric methods (e.g., Jensen et al., 1993;
Borazan and Babaç, 2003; Liu et al., 2008a; Pyakurel and
Wang, 2014) and geometric morphometric methods
(Viscosi et al., 2009a, 2009b, 2010; Albarrán‐Lara et al.,
2010; Viscosi, 2015; Liu et al., 2018; Jiang et al., 2019).

As mentioned by Deng et al. (2015b), leaf morphology
in Fagaceae, especially in the evergreen genera, mainly
shows a convergent pattern, so the misidentification of ve-
getative specimens (shoots and leaves) in these genera is
very common if leaf epidermal features are not taken into
consideration. Leaf epidermal features were found to vary
widely in Quercus s.l. (e.g., Uzunova and Palamarev, 1985,

F IGURE 14 The ratio of toothed portion of leaf margin to the total margin length (T/L) for shade (dark gray), sun (white), and intermediate (light gray)
leaves of Quercus myrsinifolia Blume. (A) Box plots. A black point in the box indicates the arithmetic mean. A green point with error bars indicates the
arithmetic mean and 99% confidence interval. (B) Histogram showing count of sun, shade and inter leaves and T/L values for each type

F IGURE 15 Variation in plasticity index PL (A) and coefficient of variation V (B) for shade, intermediate, and sun leaves of Quercus myrsinifolia Blume
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1993; Manos, 1993; Bussotti and Grossoni, 1997; Scareli‐
Santos et al., 2007; Fortini et al., 2009; Panahi et al., 2012a;
Tschan and Denk, 2012; Deng et al., 2015b, 2017), but very
few publications have been devoted to micromorphological
features of sect. Cyclobalanopsis leaves (Jones, 1986; Luo and
Zhou, 2001; Deng et al., 2014). These papers showed the
significance of leaf epidermal anatomy for identification and
species separation within sect. Cyclobalanopsis.

Few studies have been undertaken to quantify mor-
phological differences between Quercus sun and shade
leaves (e.g., Blue and Jensen, 1988; Bruschi et al., 2003a,
2003b; Kusi, 2013). We focused on the morphological and
epidermal characters that could be used to distinguish sun
and shade forms in fossil fagaceous leaves. Earlier Maslova
et al. (2008a, 2008b; 2015, 2018), demonstrated the essential
distinctive characters for shade and sun leaves of Platanus
(Platanaceae) and Liquidambar (Altingiaceae). Using these
studies and the Quercus results, we can now advance some
general conclusions.

Influence of light on morphology and anatomy
of shade and sun leaves of Quercus bambusifolia
and Q. myrsinifolia

The photosynthetic function of leaves means that leaf
shapes and sizes have profound influences on plant success,
and variation in leaf morphology and anatomy within tree
crowns has been observed for a number of extant woody
plants (e.g., Zalensky, 1904; Blue and Jensen, 1988; Givnish,
1988; Sun et al., 2003; Tsukaya, 2005; Rozendaal et al., 2006;
Sack et al., 2006; Maslova et al., 2008a, 2008b, 2018; Xu
et al., 2009; Rubio de Casas et al., 2011; Witham et al., 2014).
Moreover, numerous studies have shown that the mor-
phological characteristics of evergreen and deciduous spe-
cies differ in the ways that they adapt to different light
conditions under the same climate (e.g., Young, 1985;
Valladares et al., 2000; Mediavilla et al., 2002; Meng
et al., 2013).

Rubio de Casas et al. (2011) revealed that the archi-
tecture of leaves from inner crown locations (shade mor-
photypes) depends on the degree of diffuse radiation to a
greater extent than sun morphotypes, which are more re-
flective of genetic differences within a population. At the
same time, sun leaves are more likely to display allometric
variation.

The leaves studied here grew on trees in somewhat dif-
ferent conditions. The tree of Q. bambusifolia was sur-
rounded by other trees, and its shoots, even at the periphery
of the crown, were not always exposed to direct sunlight; as a
result, the shoots of the inner crown part experienced very
low light levels. By contrast, the tree of Q. myrsinifolia grew
in an open space, and its peripheral shoots experienced
strong direct sunlight for long periods each day. The light
gradient within the crown of Q. myrsinifolia was more pro-
nounced in comparison with Q. bambusifolia. Thus, we were
able to compare morphological and epidermal characters of

shade and sun leaves within two species of evergreen oaks
with pronounced differences in light conditions.

Measured leaf parameters

The main differing features of shade and sun leaves of
Q. bambusifolia are the L/W ratio and venation promi-
nence. Shade leaves of Q. bambusifolia have laminae that are
narrower than those of sun leaves (average L/W ratio is
5.8 ± 0.08 and 5.2 ± 0.09, respectively, Figure 11D), and
display less conspicuous venation networks.

In Q. myrsinifolia, the principal distinguishing features of
shade and sun morphotypes are the L/W ratio, venation
prominence, tooth size, and T/L ratio. Shade leaves of
Q. myrsinifolia are narrower than sun leaves (average L/W
ratio is 3.5 ± 0.02 and 3.3 ± 0.02, respectively, Figure 13D),
and have less conspicuous venation networks, smaller teeth,
and a smaller part of the lamina supporting teeth (T/L ratio
is 0.3). Conversely, sun leaves are wider and have a promi-
nent venation network, larger teeth, and a larger portion of
laminae with teeth (the average T/L ratio is 0.4, Figure 14).

The differences between the values of the Lp of shade
and sun leaves can be explained in terms of the elongation
of petiole cells (Tsukaya et al., 2002). According to Tsukaya
(2005), in Arabidopsis and many other plants, low light
intensity causes the elongation of the leaf petiole and,
conversely, high light intensity inhibits growth of this organ.
This illustrates the phenomenon termed shade‐avoidance
syndrome (Tsukaya, 2005). Despite this observation, in the
two oaks species studied here, as well as in Liquidambar,
Platanus (Maslova et al., 2008a, 2008b, 2018), and Quercus
(Bruschi et al., 2003a), the petioles of sun leaves do not show
any significant difference from those of shade leaves: the
petiole length in Q. bambusifolia is almost equal for shade
and sun morphotypes (Figure 11A), while in Q. myrsinifolia
it is longer in sun leaves (Figure 13A). At the same time, the
V value of the Lp in both species is higher in shade leaves
(Figures 12B; 15B).

Average values of the lamina length and width are dis-
tinctly different in shade and sun leaves of both species;
however, different trends were observed, due to the different
light conditions where the studied trees grew. The average
length and width of shade leaves in Q. bambusifolia are less
than those in sun leaves (69.4 ± 2.73 mm and 11.8 ± 0.4 mm
vs. 83.6 ± 2.27 mm and 16.2 ± 0.34 mm, respectively,
Figure 11B, C). The larger size of sun leaves clearly results
from a more suitable light regime for this species, given that
sampled tree was surrounded by other trees. It did not re-
ceive direct light, and its peripheral shoots developed larger
leaves compared to leaves on shoots within the inner crown
that experienced low light conditions. Linear dimensions of
intermediate leaves of Q. bambusifolia are similar to those of
the shade leaves; their average length is 65.8 ± 1.94 mm,
their width 11.4 ± 0.31 mm. The average values of all
measured parameters of the intermediate leaves correspond
to those of typical shade leaves.
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A different situation was observed for leaves of Q.
myrsinifolia. The outer crown of this tree experienced di-
rect sunlight, and this was reflected in the linear dimen-
sions of their leaves. The average lengths and widths of sun
leaves of Q. myrsinifolia are significantly smaller than those
of shade leaves (89 ± 1.76 mm and 16.2 ± 0.34 mm vs.
101.4 ± 2.3 mm and 27.0 ± 0.53 mm, respectively; pairwise
tests for length with P = 5.97E‐10 and width with P =
0.000296; see also Appendix S3). The leaves of Q. myrsi-
nifolia in the central crown part (intermediate leaves) had
optimal light and humidity conditions, and their linear
dimensions exceed those of both shade and sun leaves
(average length 129 ± 2.33 mm, average width 40.7 ± 0.77
mm; Figure 13B, C).

From the above, it appears that the previous gen-
eralizations for linear dimensions of leaves from different
crown parts (i.e., shade leaves are always larger than sun
leaves; e.g., Zalensky, 1904; Larcher, 1976) should be
modified. In crowns of large trees experiencing strong
direct sunlight, there is a more complex zonation within
the crown depending on the level of sunlight penetration
(shade‐intermediate‐sun). In the case of strong direct
sunlight, the most optimal light conditions for leaf
growth will be in the central part of the crown, resulting
in larger sizes of intermediate leaves as was shown by the
example of Q. myrsinifolia. By contrast, in Q. bambusi-
folia, more optimal light conditions occurred in the
periphery of the crown, where the linear dimensions of
sun leaves exceeded those of shade leaves. Hence, linear
dimensions alone are not reliable criteria for distin-
guishing shade and sun leaf morphotypes without con-
sidering other leaf characters.

L/W ratio

Leaf size is influenced by abiotic and physiological condi-
tions constrained by within‐taxon plasticity. The L/W ratio
is rather stable for some species, and this parameter is of
great value in taxonomic identifications (Tsukaya, 2002). As
mentioned previously (Song et al., 2015; An et al., 2017), the
L/W ratio is a key diagnostic morphological characteristic
that can be applied to identify Quercus species, and even to
distinguish their hybrids.

In both Q. bambusifolia and Q. myrsinifolia, leaves in
the inner crown (shade morphotypes) are narrower than
those in the crown extremities (sun morphotypes). The
same trend was revealed for leaves of Platanus acerifolia
(Aiton) Willd. (Maslova et al., 2008a), Liquidambar chi-
nensis Champ., and L. formosana Hance (Maslova et al.,
2018). By contrast, Rubio de Casas et al. (2011) showed that
sun leaves of Olea europaea L. are narrower than shade
leaves. They interpreted this as a response that provides
better light penetration to the interior of the crown. Our
current explanation of this fact is that Olea trees have much
sparser crowns than other studied trees. We assume that
leaves in the inner crown part are characterized by greater

morphological plasticity allowing better optimization of the
available sunlight.

Because the L/W ratio is a very important parameter
in studies of leaf shape, an attempt to identify the nature
of genes that regulate the L/W ratio has been made and
mechanisms that ensure the stability and plasticity of the
L/W ratio have been identified (Tsukaya, 2002). Leaf
shape controls were studied in a non‐woody model plant,
Arabidopsis thaliana (L.) Heynh., with a focus on genes
responsible for leaf development alongside the influence
of abiotic factors (Tsukaya, 2003, 2005). In many species,
low light intensity inhibits the expansion of leaf laminae
and, by contrast, high light intensity promotes the ex-
pansion of leaf laminae (Tsukaya, 2005). The differences
of leaf laminae sizes under different light conditions are
due to the number and sizes of cells in the leaf laminae
(Tsukaya et al., 2002). According to Tsukaya (2005), the
differential control of leaf petiole and lamina growth
under various light conditions is unique for each organ,
and morphogenesis of leaf petioles and leaf laminae are
not yet understood.

The differences in the L/W ratio in shade and sun leaves,
together with a comparison of other morphological and
epidermal characteristics used in paleobotanical studies for
the distinction of shade/sun morphotypes in fossil leaves
(Maslova and Shilin, 2011; Maslova et al., 2015, 2018), will
be of great importance in future research.

Teeth and T/L ratio

Leaf margin tooth types are of value in the systematic
identification of leaves (Hickey and Wolfe, 1975). In pa-
leobotanical studies, fossil leaf tooth type and size are
considered to be significant distinctive characters, so
understanding of variation in the tooth type of shade/sun
leaves deserves special attention. Luo and Zhou (2002)
studied leaf architecture variation in the subgenus
Cyclobalanopsis and concluded that the tooth type shows
stable yet diverse variation among the species. In
Q. myrsinifolia we noted a difference in the tooth size of
shade and sun leaves: teeth of sun leaves are 1.5–2 times
larger (Figure 7D, F) than those of shade leaves
(Figure 7C, E). The same differences in the tooth size of
shade and sun leaves were found in Liquidambar species
(Maslova et al., 2015, 2018, 2019).

The T/L ratio differs in shade and sun leaves of
Q. myrsinifolia: on average, it is nearly the same for shade
and intermediate leaves (0.3 on average), but statistically it
is significantly larger for sun leaves (0.4 on average; t‐test
report: t = –15.46, df = 251.8, P = 2.35e‐38) (Figure 14A).
The observed difference is essential for the identification of
dispersed fossil fagaceous leaves. Often the pattern of tooth
disposition, density, shape, and size are important dis-
tinctive characters used for erecting new species
(e.g., Chelebaeva, 1980; Iljinskaya, 1982; Leng, 1999; Kvaček
et al., 2011; Grímsson et al., 2016; Barrón et al., 2017).
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Characteristic epidermal features of shade and
sun leaves of Quercus bambusifolia and Q.
myrsinifolia

Reliable identification of fagaceous leaves based only on
their macromorphology, without cuticle characters, may be
doubtful, given that many species are superficially similar
but differ in their epidermal features. Significant leaf mor-
phological variability is inherent in oaks with a high po-
tential for introgression (e.g., Burger, 1975; Petit et al., 2003;
McVay et al., 2017; Simeone et al., 2018). In contrast to
morphological features, epidermal characters are more
stable and provide more reliable data for distinguishing the
systematic position of plants. Leaf epidermal features show
considerable variation in oaks and have been widely applied
to the systematics of fossil and modern oaks, as well as to
the identification of hybrids (e.g., Jones, 1986; Kvaček and
Walther, 1989; Uzunova and Palamerev, 1993; Zhou et al.,
1995; Bussotti and Grossoni, 1997; Uzunova et al., 1997;
Luo and Zhou, 2002; Fortini et al., 2009; Panahi et al.,
2012a, 2012b, 2012c; Xing et al., 2013; Deng et al., 2014).

Deng et al. (2014) proposed a suite of epidermal features
that characterize cycle‐cup oaks. Among them, the trichome
type and trichome base type, anomocytic and cyclocytic
stomata, smooth layers and platelet epicuticular wax flakes
were specified.

The epidermal characters of shade and sun leaves in
Q. bambusifolia and Q. myrsinifolia show differences. The
primary trends are similar in many modern species of
woody plants (e.g., Zalensky, 1904; Balsamo et al., 2003; Sun
et al., 2003; Herrick et al., 2004; Kouwenberg et al., 2007;
Wu et al., 2009; Xiao et al., 2011; Maslova et al., 2018; Hu
et al., 2019). Shade leaves of both species principally differ
from sun leaves in possessing distinct sinuous anticlinal
walls of ordinary epidermal cells, relatively larger ordinary
cells on both lamina surfaces, and a smaller number of
trichomes on the leaf surfaces (Appendix S4).

Cuticle peculiarities

The adaxial and abaxial cuticles of sun leaves are thicker than
those of shade leaves in both species studied. Both species are
characterized by a thick, smooth wax layer on the cuticles of
both leaf surfaces. The borders of ordinary epidermal cells on
the adaxial leaf surface (viewed from the outside) are less dis-
tinct in sun leaves that in shade leaves (Figures 4A, B; 9A, B) for
both species. In Q. bambusifolia, sun leaves have abundant,
randomly distributed, tiny platelet wax flakes, and shade leaves
differ by having thin, folded wax flakes surrounding cells of the
stomata. In shade leaves of Q. myrsinifolia, the stomata and
papillae are surrounded by tiny cuticular folds, whereas the
abaxial surfaces of sun leaves are covered by a thicker smooth
layer of wax. Sun leaves of Q. myrsinifolia are characterized by
smooth or granulate to verrucose adaxial leaf surfaces with small
thin platelet wax flakes, in contrast to mainly smooth adaxial
surfaces in shade leaves.

Ordinary epidermal cells

Of the measured cell parameters (length and width), both
species demonstrate something that is already well known:
that ordinary epidermal cells in shade leaves are larger than
those in sun leaves (e.g., Zalensky, 1904; Larcher, 1976).
Interestingly, in Q. myrsinifolia, where the light gradient
was more pronounced, the sizes of the ordinary epidermal
cells of shade and sun leaf morphotypes differ more than
those in Q. bambusifolia with a less pronounced light gra-
dient (Appendix S4). The differences in the anticlinal walls
of the ordinary epidermal cells in shade vs. sun leaves also
show that shade leaves have sinuous to ameboid cell walls,
while sun leaves have straight walls. They also differ in cell
wall thickness in that anticlinal walls are thicker in sun
leaves.

Stomata

One of the main characteristics of the cycle‐cup oaks is the
arrangement of stomata in groups within areoles (e.g., Deng
et al., 2014). Both Q. bambusifolia and Q. myrsinifolia
possess anomocytic stomata with uniform lengths and
diameters, grouped within areoles (Appendix S4).

Trichomes

Oak trichomes have been studied comprehensively (e.g.,
Kim et al., 2011; Deng et al., 2013b, 2014, 2017; Fernández
et al., 2014). Nine trichome types and two trichome base
types are characteristic for oaks from the sect. Cyclobala-
nopsis (Deng et al., 2014). As in many species, leaf tri-
chomes in both Q. bambusifolia and Q. myrsinifolia have a
tendency to shed when leaves mature (Deng et al., 2014).
Only rare single‐celled trichome bases without a promi-
nent pedestal are developed on both adaxial and abaxial
leaf surfaces in Q. bambusifolia (Figures 3C, D, F; 4C, D).
In Q. myrsinifolia, quite frequent single‐celled trichome
bases without a prominent pedestal, but with pillow‐like
inflated epidermal cells surrounding the point of trichome
attachment, are present on the adaxial surface of sun leaves
(Figure 9C, D, F).

It is well known that a dense arrangement of trichomes
on a leaf surface is often considered a xeromorphic char-
acter (e.g., Moreno et al., 2010; Ichie et al., 2016; Amada
et al., 2017). Non‐glandular trichomes protect plant organs
against various abiotic (e.g., Skelton et al., 2012; Fernández
et al., 2014; Konrad et al., 2015; Xiao et al., 2017;
Karabourniotis et al., 2020) and biotic (e.g., Gruner et al.,
2005; Dalin et al., 2008; Agrawal et al., 2009) assaults. Ap-
parently, the more hairy adaxial leaf surface in sun leaves of
Q. myrsinifolia likely reflects the exposure of the studied tree
to high light intensities and wind energies. Trichomes serve
to increase the thickness of the boundary layer and protect
the leaf from desiсcation.
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Leaf plasticity

Phenotypic plasticity is the ability of the genotype to pro-
duce different phenotypes in response to varying environ-
mental conditions (e.g., Sultan, 1995; Kim et al., 2005;
Gratani, 2014). Variability within individual plant mor-
phological features reflects plasticity. Within‐tree plasticity
results from both environmental influences and plant reg-
ulatory signals (e.g., Sack et al., 2006; Rubio de Casas et al.,
2007). Plants demonstrate plasticity in leaf morphological,
anatomical, and physiological features in response to light
conditions and thereby optimize photosynthetic efficiency.
Within‐tree plasticity also provides the opportunity to ex-
tend ecological ranges and preserve the stability of plant
populations. For the quantitative illustration of that phe-
nomenon, the PL index is used (Ashton et al., 1998).

Oaks are particularly known for their adaptability and
for exhibiting highly plastic phenotypes (Tsukaya, 2005). In
our study, shade leaves of Q. bambusifolia exhibited more
variability than sun leaves in terms of lamina length (V
values 29% vs. 18%), lamina width (V values 26% vs. 14%)
and petiole length (V values 31% vs. 24%) (Figure 12B), and
smaller minimum V values were obtained for L/W ratio
regardless of shade or sun morphotypes (14% ~ 13%). Shade
and sun leaves of Q. bambusifolia are clearly distinct in
respect of PL values for all morphological features except
petiole length; this parameter is almost identical and just a
little higher in shade morphotypes (0.76 ~ 0.69). The PL
values of lamina length (0.88 ~ 0.48), lamina width (0.75 ~
0.44), and L/W ratio (0.74 ~ 0.44) are higher in shade than
sun morphotypes (Figure 12A).

As for the variability of lamina features in Q. myrsini-
folia, we observed the essential V value only for the petiole
length (27% in shade leaves vs. 15% in sun ones), but all
other studied features are rather stable (Figure 15B). Shade
and sun leaves of Q. myrsinifolia do not differ in PL values
for most of the studied features, in contrast to Q. bambu-
sifolia, where these values are different. Nevertheless, in Q.
myrsinifolia, the PL values of petiole length (0.76 in shade
leaves vs. 0.51 in sun leaves) and T/L ratios (0.56 in shade
leaves vs. 1.00 in sun leaves) allow us to separate these
morphotypes confidently (Figure 15A).

In both species studied, the PL values for all measured
epidermal parameters in shade leaves are greater than in sun
leaves (Appendix S4).

CONCLUSIONS

We compared morphological and epidermal features of
shade and sun leaves belonging to two evergreen oak spe-
cies, Q. bambusifolia and Q. myrsinifolia (sect. Cyclobala-
nopsis), under different light conditions. In both species,
irrespective of the intensity of the light flux, leaf morpho-
logical features distinguishing shade and sun leaves are the
L/W ratio and venation prominence. In addition, in
Q. myrsinifolia, shade and sun leaves exhibit significant

differences in tooth morphology and the T/L ratio where
sun morphotypes are characterized by larger teeth and a
higher T/L ratio. The well‐known postulate that shade
leaves are larger than sun leaves should be reconsidered, as
leaf linear dimensions are strongly dependent on intensity
of the light flux: both extreme high and extreme low light
intensities result in small leaf sizes. As in many other plants,
epidermal features such as the size of ordinary epidermal
cells and the character of their anticlinal walls differ greatly
between shade and sun leaves.

The PL values of shade leaves in both Q. bambusifolia
and Q. myrsinifolia are generally higher than those of sun
leaves. Petiole length (especially in the case of Q. myrsini-
folia), and lamina length and width (for Q. bambusifolia)
showed most variability and plasticity. The L/W ratio is the
most stable parameter.

Shade and sun leaves in crowns of mature woody plants
from different systematic groups exhibit some common
attributes and can be used as additional criteria for the
identification of oak species and hybrids. Taxonomical
conclusions based upon leaf characteristics should be tested
for shade vs. sun leaf allometry and phenotypic plasticity
patterns.

Based on the data presented here and in previous in-
vestigations we conclude that characteristic features of sun
and shade morphotypes in modern taxa can be used to
attain more precise identification of fossil fagaceous leaves.
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