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Tsukaya, 2005; Rozendaal, Hurtado & Poorter, 2006; 
Sack et al., 2006; Maslova, Volkova & Gordenko, 2008; 
Xu et al., 2009; Rubio de Casas et al., 2011; Witham, 
Marchiano & Reynolds, 2014). Leaves from the 
inner and peripheral parts of the crown experience 

different temperatures, light and exposure, whereas 
leaves from different crown heights experience 
different hydrostatic constraints because gravity 
limits the delivery of water to the upper levels. Thus, 
both horizontal and vertical environmental gradients 
give rise to a diversity of macromorphological and 
microstructural leaf characters in the same crown, 
and in general terms this is reflected by Zalensky’s 
law (Zalensky, 1904). According to Zalensky, the 
leaves of woody plants developing in the upper region 
of a crown or near the shoot apex are more exposed to 
sunlight and experienced less favourable hydrological 
conditions, and consequently exhibit generally more 
xeromorphic features than leaves elsewhere on the 
plant. Solar radiation, particularly its intensity and 
qualitative composition, is an important factor that 
influences leaf morphology and anatomy, as shown 
by Rubio de Casas et al. (2011) for Olea europaea L., 
in which particular morphological features of sun 
leaves were correlated with the intensity of direct 
radiation, whereas those of shade leaves were mostly 
influenced by diffuse solar radiation. Both solar 
radiation deficit and excess result in leaf growth 
modifications. Leaves in the inner crown part (shade 
leaves) adapt to diffuse radiation and appear to 
reflect genetic differences in the population better 
than sun leaves. Meanwhile, sun leaves are subjected 
to allometric variation in a greater degree (Rubio de 
Casas et al., 2011).

Figure 9.  Variation in petiole length of shade (dark grey 
box plot), sun (white box plot) and intermediate (light grey 
box plot) leaves of Liquidambar formosana, mm. A black 
point in the box indicates the arithmetic mean.

Figure 10.  Size variation of shade (dark gray box plot), sun (white box plot) and intermediate (light grey box plot) leaves of 
Liquidambar formosana. A, Length, mm. B, Width, mm. C, L/W ratio. A black point in the box indicates the arithmetic mean.
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CHARACTERISTIC MORpHOLOGICAL FEATURES OF 
SHAdE And SUn LEAVES OF LIQUIDAMBAR CHINENSIS 

And L. FORMOSANA

Shade leaves of Liquidambar chinensis have laminae 
that are narrower, exhibit a variety of lamina shapes 
(elliptic, obovate, oblong), have less conspicuous 
venation networks and smaller teeth. Sun leaves 
of L. chinensis are exclusively elliptic, with a more 
conspicuous venation network and larger teeth.

Variability of lobing in Liquidambar was earlier 
studied for L. styraciflua L. (Smith, 1967), but then 
the emphasis was on leaf morphological variability 
along unevenly aged shoots at different ontogenetic 
stages. Here we studied morphological variability 
of L.  formosana leaves experiencing different 
microclimatic conditions within the crown. Shade 
leaves of L. formosana are narrower than sun leaves, 
have less conspicuous venation networks and smaller 
teeth. Sun leaves of L. formosana have generally more 
extended lobe tips, a prominent venation network and 
larger teeth. Average values of lamina length and 
width of intermediate morphotypes in L. formosana 
correspond to those of typical shade leaves. In sun 
leaves these values are less variable.

The following trends in the development of 
morphological characters in groups of shade, sun, and 
intermediate leaves of L. chinensis and L. formosana are 

evident from statistical analyses: (1) leaf dimensions 
are more variable in shade leaves than in sun leaves; 
(2) laminae with a higher L/W ratio prevail in shady 
conditions; (3) leaves in the crown centre (intermediate 
between the shade and sun leaves) are more similar 
to shade leaves in their dimensional features; (4) sun 
leaves have somewhat longer lobes in comparison with 
those in shade and intermediate groups and (5) an 
average value of the petiole length is independent of 
the leaf position in the crown; however, this parameter 
shows greater variation in shade leaves.

Some of our data contradict conclusions presented 
by Rubio de Casas et al. (2011) for Olea europaea. 
In that species, the dimensions of sun leaves were 
reported to maximally reflect allometric variation, 
whereas shade leaves are more uniform. According 
to Rubio de Casas et al. (2011) low size variation 
in populations of shade leaves results from their 
development in more diffuse and uniform radiation, 
and the differences in dimensional features between 
shade and sun leaves are mostly defined by variations 
of sun leaf morphotypes. In contrast, our data for two 
Liquidambar spp. demonstrate more dimensional 
variation amongst inner crown shade leaves. This can 
be explained by the selective advantages conferred by 
occupying the optimal position in leaf arrangement 
(variation of the petiole length) or it can result from 

Figure 11.  Lobe size variation of shade (dark grey box plot), sun (white box plot) and intermediate (light grey box plot) 
leaves of Liquidambar formosana. A, Lobe length, mm. B, Lobe width, mm. A black point in the box indicates the arithmetic 
mean.
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relatively different conditions of sun exposure in the 
massive crown of a large tree. Rubio de Casas et al. 
(2011) showed that sun leaves of O. europaea differ 
in having a narrower lamina in comparison to shade 
leaves, and this was explained by an adaptation to 
provide the most effective light penetration to the inner 
crown part. Our data do not support this explanation, 
with the narrower forms (higher L/W ratio) observed in 
the inner part of the crown both for both entire leaves 
of L. chinensis and lobate leaves of L. formosana. The 
same trend was revealed for lobate leaves of Platanus 
acerifolia (Maslova, Volkova & Gordenko, 2008). 
These differences can be explained by the fact that 
Liquidambar trees have much denser crowns than 
olives. We interpret this as meaning that leaves in the 
inner part of the crown require greater morphological 
plasticity, allowing them to more effectively utilize the 
available sunlight.

EpIdERMAL CHARACTERS OF SHAdE And SUn LEAVES 
OF LIQUIDAMBAR CHINENSIS And L. FORMOSANA

Previous publications have documented epidermal 
characters of shade and sun leaves in several tree 
species, and these studies provide useful comparators 
for the work presented here (Zalensky, 1904; Balsamo 
et al., 2003; Sun et al., 2003; Herrick, Maherali & 

Thomas, 2004; Kouwenberg, Kürschner & McElwain, 
2007; Wu et al., 2009; Xiao et al., 2011 etc.). Leaves of 
L. chinensis are dorsiventral, i.e. epidermal features 
of lower and upper surfaces of shade and sun leaves 
differ considerably. The cuticles of sun leaves are 
thicker than those of shade leaves, the anticlinal walls 
of ordinary epidermal cells have distinctive shapes 
(strongly sinuous in shade leaves versus straight or 
slightly curved anticlinal walls in sun leaves) and 
thicknesses (the anticlinal walls are thicker in sun 
leaves). The ED of shade leaves is lower than that 
of sun leaves (Fig. 12). As shown by previous studies 
(Kürschner, 1997; Sun et al., 2003; Herrick, Maherali 
& Thomas, 2004; Xiao et al., 2011 etc.), ED in sun 
leaves is often higher than in shade leaves due to the 
reduced cell size. The stomata are paracytic and the SD 
is higher in sun leaves than in shade leaves (Fig. 12).

Xiao et  al. (2011) showed a similar pattern in 
the epidermal features of shade and sun leaves of 
L. formosana. The differences between shade and sun 
morphotypes are particularly marked in respect of 
the outline of anticlinal walls of ordinary epidermal 
cells and in the ED and SD values. In L. formosana 
the upper epidermis is a better differentiator between 
sun and shade leaves than the lower epidermis, 
particularly in respect of the degree of anticlinal 
wall undulation. Xiao et al. (2011) suggested that 

Figure 12.  Variation of stomatal (SD) and epidermal cell (ED) density of shade (dark grey box plot) and sun (white box 
plot) leaves of Liquidambar chinensis. A, Stomatal density, per 1 mm2. B, Epidermal cell density, per 1 mm2. A black point 
in the box indicates the arithmetic mean.
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this may represent a more sensitive response of the 
upper epidermis to environmental variations. Xiao 
et al. (2011) also concluded that anatomical features 

are more variable in sun leaves than in shade leaves, 
suggesting sun leaves may be more sensitive to 
environmental changes.

Figure 13.  Fossil leaves of Liquidambar, Eocene, Maoming Basin, South China. A, Shade lobed leaf of L. maomingensis, MMJ3-
151a-1 (Maslova et al., 2015, fig. 29), L/W ratio is about 1, venation inconspicuous, teeth small. B, Shade lobed leaf of Liquidambar 
sp., MMJ2-2–279, L/W ratio is more than 1, venation inconspicuous, teeth small. C, Sun lobed leaf of L. maomingensis,  
MMJ3–129a-1 (Maslova et al., 2015, fig. 10), L/W ratio is < 1, venation prominent, teeth relatively large. D, Sun lobed leaf of 
Liquidambar sp., MMJ2-2-114a, L/W ratio is c. 1, venation prominent, teeth relatively large. Scale bars, 10 mm.
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Epidermal characters of L.  chinensis, with the 
previously published data for L. formosana (Xiao et al., 
2011), reveal distinctive shade and sun variability. 
The observed trends are similar in both the modern 
species we studied. Shade leaves principally differ 
from sun leaves in possessing sinuous anticlinal 
walls of ordinary epidermal cells (especially on the 
upper lamina surface) and relatively larger ordinary 
cells on both lamina surfaces (Fig. 2C). There are also 
differences in the ED and SD values: both are lower 
in shade leaves. Lower values of ED and SD in shade 
leaves are also evident in L. styraciflua L. (Herrick, 
Maherali & Thomas, 2004).

IMpLICATIOnS FOR pALAEOBOTAnY

Taxonomic determination of fossil leaves is usually 
based on gross morphological (including venation) 
features and sometimes epidermal characters, which 
are more rarely preserved. The number of fossil 
leaf taxa in a given locality can be overstated when 
different morphotypes are considered to be separate 
taxa without regard to intra-species variability (e.g. 

Samsonov, 1964; Golovneva, 2004). A large selection 
of fossil leaves of the same taxon allows the range of 
variations to be properly evaluated and potentially 
reveals which specimens represent sun or shade forms 
(e.g. Barbacka et al., 1998; Wu et al., 2009; Maslova 
et al., 2015). Often, poor preservation means that 
the study of epidermal characters is impossible, but 
it is important in clarifying systematic affinities 
of the leaves and understanding variation due to 
environmental factors (e.g. shade or sun leaves). In 
the absence of epidermal features, data on possible 
variability within morphological characters are critical 
for correct systematic assignment. Criteria used to 
define a fossil leaf environmental morphotype (shade/
sun) can only be derived from large samples of modern 
analogues where the studied material is unlimited and 
the environmental factors can be determined.

Morphological and epidermal characters of shade 
and sun leaves of two modern Liquidambar spp. 
with different lamina forms (unlobed with pinnate 
venation in L. chinensis and palmately trilobate with 
basally actinodromous venation in L.  formosana) 
illustrate different morphological responses to sun 

Figure 14.  Fossil entire leaves of Liquidambar maomingensis, Eocene, Maoming Basin, South China. A, B, Shade leaves 
with small teeth and inconspicuous venation, MMJ3-159a-1 and MMJ3-162-1 (Maslova et al., 2015, figs 37 and 35), respect-
ively. C, Sun leaf with prominent venation and relatively large teeth, MMJ3-463-2. Scale bars, 10 mm.
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