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Abstract
Key message We examined the leaf structure of two basal Cupressus species with a distinct leaf dimorphism. Some 
foliar features are regarded as ancestral and it is suggested that drought adaptation was one of the important ecologi-
cal drivers in the evolution of the Cupressus genus. 
Abstract Leaf morphology and anatomy of two Cupressus species, C. nootkatensis and C. vietnamensis, were investigated 
with classical paraffin technique and scanning electron microscopy (SEM). Like all Cupressus species these two are charac-
terised by a dramatic change in the foliage. Juveniles have needle leaves first before they change abruptly to the mature scale 
leaf type. In C. vietnamensis, needle-leaved shoots occur next to scale-leaved ones even on mature trees, which is unique 
among today´s Cupressus species. Adults of C. nootkatensis develop only scale leaves throughout. In both taxa, the scale 
leaves show a distinct dimorphism between lateral and facial leaves, which are arranged in a flat spray; the foliate shoots are 
two-dimensionally flattened. These scale leaves show several xeromorphic features; e.g. strongly reduced leaf size, stomata 
with high, collar-like Florin rings, the presence of a distinct hypodermis as a continuous layer and well-developed transfusion 
tissue. The needle leaf type is found in Cunninghamia which is the basal member of the Cupressaceae and so is regarded as 
the ancestral condition and scale leaves as a derived one. Scale leaves are found in all the members of the cupressoid clade 
even within the basal taxa from mesic habitats. However scale leaves are a preadaptation to survival under xeric conditions 
and they are likely an evolutionary driver of the radiation of Cupressus into arid environments, as has also been the case in 
genera such a Callitris.
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Introduction

In most gymnosperms, leaves are the major structure for 
photosynthesis. Only in a few taxa are the leaves strongly 
reduced so that photosynthesis is restricted to green stems, 
as is the case in most Ephedra species (Ephedraceae, Gne-
tales). In this genus, the leaves are reduced to tiny, membra-
nous chlorophyll-free scales (e.g., Thompson 1912; Voth 
1934; Cutler 1939; Inamdar and Bhatt 1971; Foster 1972; 
Price 1996; Freitag and Maier-Stolte 2003; Ickert-Bond and 
Wojciechowski 2004; Dörken 2014). In others, e.g. in all 
Phyllocladus species (Podocarpaceae, Coniferales), pho-
tosynthesis is restricted to highly complex phylloclades, 
which represent a fusion product of lateral shoot axes and 
inserted leaves (Keng H 1963a, b, 1973, 1974, 1978; Keng 
RS 1979; Quinn 1987; Tomlinson et al. 1989a, b; Wagstaff 
2004; Dörken et al. 2021). A similar situation occurs in 
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Sciadopitys (Sciadopityaceae, Coniferales), whose “double 
needles” represent a fusion product of two leaves and the 
short shoot axis (Dörken and Stützel 2011).

Leaves in conifers (Coniferales) show the greatest diver-
sity among the recent gymnosperms and various leaf shapes 
can be found (Feustel 1921; Coulter and Chamberlain 1928; 
Krüssmann 1983; Eckenwalder 2009; Farjon 2005, 2010). 
The majority of taxa have single-veined needle leaves, with 
leaves that vary strongly in size depending on the species. 
Additionally, there are numerous scale-leaved taxa with 
strongly reduced leaves, e.g. numerous Cupressaceae and 
Podocarpaceae. However, juveniles of these groups have 
needle leaves, with a distinct change in the foliage in adults 
(Fig. 1) (Feustel 1921; de Laubenfels 1953; Langner 1963; 
Napp-Zinn 1966; Little 2006; Dörken 2013). While age is 
important light and water conditions may also have a strong 
influence on the leaf arrangement, shape and physiology 
(Dörken and Lepetit 2018 (Abies, Pinaceae); Zhang et al. 
2021 (Juniperus, Cupressaceae). In some tropical conifers, 

large multi-veined foliar leaves are developed as is the case 
in, for example, Nageia (Podocarpaceae) or Agathis (Arau-
cariaceae) (Feustel 1921; Page 1990; Dörken and Nimsch 
2019). It is likely that such broad-leaved species are rela-
tively recently evolved from smaller-leaved ancestors in 
response to competition with broad-leaved angiosperms in 
the Tertiary (e.g., see Chen et al. 2022 for podocarp phy-
logeny). In most taxa, there is just a single leaf type, either 
needle leaves, scale leaves or broad foliar leaves.

However, some conifers have a distinct leaf dimorphism, 
which can be classified into two major groups (1) Different 
leaf types e.g. scale and needle leaves, are developed on the 
same tree or even on the same branch; (2) One leaf type is 
developed but the leaves vary strongly in size and shape; 
e.g. scale leaves that can be divided into lateral and facial 
leaves. The first type can be found in some Cupressaceae 
(e.g. Juniperus phoenicea L. or Callitris macleayana (F. 
Muell.) F. Muell.) or in some Podocarpaceae (e.g. Dacrycar-
pus, Falcatifolium, Halocarpus and Manoao) (Eckenwalder 
2009; Farjon 2010; Dörken et al. 2019a; Dörken and Nimsch 
2019). Species belonging to the genus Pinus are exceptional 
because as adults the long shoot leaves are just rudimentary 
membranous scales that have no chlorophyll and photosyn-
thesis is restricted to the needle-shaped short shoot leaves 
(Dörken et al. 2010a, b). This is remarkable because on 
juveniles, long shoot leaves are also photosynthetic needle 
leaves. The change in the long-shoot foliage from needle 
to scaly long-shoot leaves takes place when the first short 
shoots are developed (Powell 2009; Dörken et al 2010a, b; 
Dörken and Nimsch 2021a). The second type of leaf dimor-
phism is quite common for scale-leaved Cupressaceae e.g., 
Austrocedrus, Calocedrus, Chamaecyparis, Platycladus, 
Thuja and Papuacedrus. Cupressus nootkatensis and C. viet-
namensis are the only representatives of the genus Cupressus 
having such a distinct differentiation into lateral and facial 
leaf. The majority of Cupressus species just have a uniform 
type of scale leaf (Eckenwalder 2009; Farjon 2005, 2010; 
Dörken and Nimsch 2019). Cupressus vietnamensis (Farjon 
& T.H. Nguyên) Silba is in several respects quite remark-
able, because: (1) A distinct dimorphism between needle 
and scale leaves also occurs on mature individuals; (2) The 
scale leaves also show lateral and facial leaves; (3) The nee-
dle leaves are arranged in tetramerous whorls and the scale 
leaves are decussate.

In this study, we investigate the morphology and anatomy 
of leaves in Cupressus nootkatensis and Cupressus vietnam-
ensis. The study aims to give new insights into the structural 
differences between the different leaf types and also the eco-
logical reasons leading to leaf dimorphism. C. nootkatensis 
and C. vietnamensis are interesting research objects, not 
just because of their leaf dimorphism. They are regarded 
as representing the most basal taxa within Cupressus and 
occur in completely different environments. C. nootkatensis 

Fig. 1  Cupressus shoot morphology; a C. nootkatensis plagiotropic 
lateral shoot showing a light exposed upper and shaded lower surface; 
b Cupressus vietnamensis foliate shoot with needle and scale leaved 
shoots
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is a northwestern North American species native to Pacific 
coast regions from northern California to southern Alaska. 
It occurs on soils from rocky outcrops to peats, from sea 
level up to 2300 m (Farjon 2005, 2010; Eckenwalder 2009). 
Cupressus vietnamensis is native to subtropical cloud for-
ests and occurs on limestone in the northern Vietnam Bat 
Dai Son Mountains (Ha Giang Province) on rocky slopes 
or strongly eroded ridge tops covered with a thin soil layer 
at about 1000–1300 m above sea level (Farjon 2005, 2010; 
Rushforth 2007; Eckenwalder 2009). Both species occur 
in relatively mesic environments with > 1500 mm rainfall/
annum.

Material and methods

Origin of plant material

All plant material was collected in the Botanic Garden of 
the University of Konstanz, Konstanz, Germany. Due to low 
winter hardiness, C. vietnamensis is cultivated as a pot plant 
in a temperate house.

Methods

Freshly collected material was photographed and then fixed 
in FAA (100 ml FAA = 90 ml ethanol 70% + 5 ml acetic acid 
96% + 5 ml formaldehyde solution 37%) before being stored 
in 70% ethanol.

The leaf and stem anatomy were studied from repre-
sentative tissues from one plant in serial sections using the 
paraffin technique and subsequent astrablue/safranin stain-
ing (Gerlach 1984). Sections were prepared with a thick-
ness between 12-16 µm. Several leaves were used because 
transverse and longitudinal sections and SEM samples were 
needed. Determinations of the cuticle thickness and the size 
of the epidermal cells were carried out with the Keyence 
VHX-500F software tool box. For each feature, 10 measure-
ments were made on each of 10 leaves and maximum and 
minimum values reported.

For scanning electron microscopy (SEM) analysis, the 
FAA-material was dehydrated in formaldehyde dimethyl 
acetal (FDA) for 24 h (Gerstberger and Leins 1978) and 
later critical point dried. Sputter coating was done with a 
Sputter Coater SCD 50 Bal-tec (Balzers). The specimens 
were examined with an Auriga Zeiss TM.

Macrophotography used a digital camera (Canon Pow-
erShot IS2) and microphotography a digital microscope 
(Keyence VHX 500F) equipped with a high-precision VH 
mounting stand with X–Y stage and bright-field illumination 
(Keyence VH-S5).

Special terms

Lateral and facial leaves: In this study, we describe a contrast 
between lateral and facial leaves for a scale-leaved decussate 
foliage arranged in a flat spray of the shoots with a distinct 
difference in the size and shape between leaves of the alter-
nating pairs.

Taxonomic note

The taxonomic assignment of these two species has been 
the subject of considerable discussion. The Vietnamese 
Golden Cypress (here called Cupressus vietnamensis) 
was discovered in 1999 by Vietnamese botanists (Maerki 
2017). Because of several morphological features such as 
its small seed cones and the distinct leaf dimorphism it was 
described as a new cupressaceous genus—Xanthocyparis 
(Farjon et al. 2002). Due to some structural similarities, the 
Nootka Cypress was also assigned to the new genus and 
was treated as X. nootkatensis. Little et al. (2004) remarked 
that the genus name Callitropsis (first mentioned by Oersted 
1864) had priority over the name Xanthocyparis and treated 
both Xanthocyparis species as Callitropsis nootkatensis Oer-
sted and Callitropsis vietnamensis (Farjon and Hiep) D. P. 
Little. The phylogram from a more recent comprehensive 
study of the phylogeny of gymnosperms (Stull et al. 2021) 
shows the relationship between Xanthocyparis, Callitropsis, 
Hesperocyparis, Cupressus and Juniperus and recognizes all 
five genera as monophyletic. However, the point at which the 
taxa are recognized as monophyletic can be a matter of opin-
ion. The group of four genera (Xanthocyparis, Callitropsis, 
Hesperocyparis and Cupressus) can also be considered as 
monophyletic and sister to Juniperus as shown in the phy-
logram of Stull et al. (2021, supp Fig. 13) although there is 
one juniper species (J. maritima R.P.Adams) nested with 
Hesperocyparis in that figure. We prefer here to retain the 
broader circumscription of the genera as Cupressus due to 
morphological features that have been described elsewhere. 
Compared to the majority of the Cupressus species, the 
Nootka Cypress seed cones are just smaller and have fewer 
ovules. Thus, Jagel and Stützel (2001) supported the treat-
ment of the Nootka Cypress as C. nootkatensis under which 
it was described by D. Don in 1824 as it was also accepted 
by Frankis (1993) and Silba (2005). In a later study car-
ried out by Dörken et al. (2017) dealing with the ontogeny 
and structure of the Vietnamese Golden Cypress seed cones 
it was shown that there is no reliable argument that could 
justify a separation of the species from Cupressus. In Yang 
et al. (2012), both Cupressus vietnamensis and Cupressus 
nootkatensis are placed at the base of the new world Cupres-
sus species. This fits well with the results of Dörken et al. 
(2017), who described both taxa as showing several of the 
ancestral features of the genus Cupressus. Biogeographically 
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the placing of C. vietnamensis as sister to the old world 
cypresses (both are in Europe or Asia) and C. nootkatensis 
as sister to the new world cypresses (both on the American 
continent) in the Stull et al. (2021) phylogram makes sense.

Results

Cupressus nootkatensis

Lateral branchlets are plagiotropic to downward, so that 
there is a light exposed upper and a shaded lower shoot sur-
face (Fig. 1a). On adult trees, there are only scale leaves 
(Figs. 2a, 3a). On lateral branchlets there is a slight differ-
ence between leaves as lateral leaves are keeled to folded 
while facial leaves are somewhat flattened (Fig. 2a). Lateral 
leaves are 2.3–3.2 mm long and 1.0–1.5 mm wide, facial 
leaves are 2.8–3.6 mm long and 0.6–1.0 mm wide. The tips 
of the facial leaves overtop those of the lateral ones (Figs. 2a, 
3a). The adaxial leaf surfaces are strongly appressed to the 
shoot axis so that the foliate shoots are flattened (Fig. 1a). 
Both lateral and facial leaves terminate in a distinct hyaline 
tip (Fig. 3b). Leaves on the upper, light-exposed shoot sur-
face are dark green (Fig. 2a), while those of the lower shoot 
surface are light green (Fig. 2a). Conspicuous wax markings 
are absent but leaves on both shoot surfaces are covered with 
a distinct cuticle, thicker on the shaded surface than the light 
exposed one (Table 1).

Stomata are developed mostly on the shaded leaf surfaces. 
The majority is developed on leaf surfaces of the lower side 
of the shoot axis (Fig. 3a) and on shaded parts of lateral 
leaves Fig. 3b), which are located towards the facial leaves. 
In the stomatal fields they are irregularly arranged without 
any special orientation of the stomatal pore (Fig. 3c). The 
stomata are surrounded by a high, collar-like Florin ring 

(Fig. 3d), which is 38–46 µm long and 25–35 µm wide. The 
stomatal pore is 13–18 µm long. There is a large respiratory 
chamber (Fig. 4c). Below the epidermis, there is a well-
developed hypodermis consisting of strongly lignified cells 
(Fig. 4b). The leaves are inverse-bifacial. The mesophyll is 
dimorphic with palisade parenchyma located towards all 
light-exposed parts of the leaves, while spongy parenchyma 
is located towards all shaded parts (Fig. 4a) and has a sparse 
cell density. The leaf is supplied with a single collateral vas-
cular bundle strand, with xylem located towards adaxial and 
phloem towards abaxial surfaces (Fig. 4d). A distinct bundle 
sheath is absent (Fig. 4d). There is a large accessory trans-
fusion tissue consisting of numerous transfusion tracheids 
(Fig. 4d). Below the vascular bundle there is one resin duct 
showing a well-developed sclerenchymatic, multi-layered 
sheath (Fig. 4e). This feature is developed in both leaf types, 
lateral and facial leaves. Due to the fact that the resin ducts 
are not located at the same level, it is impossible to observe 
them all in one section and to illustrate them in a single 
image. They are non-secreting and on facial leaves visible 
as a small, longitudinal depression below the tip (Fig. 2a).

Cupressus vietnamensis

There is a distinct leaf dimorphism with needle and scale 
leaves even on mature individuals. The needle-leaved shoots 
are in various orientations and the lateral-scale leaved shoots 
are ascending or orthotropic (Fig. 1b), so leaves of both 
shoot surfaces have more or less similar light exposure.

Needle leaves

On mature individuals, needle-leaved shoots can be found in 
different regions of the crown (Fig. 1b). Leaves are arranged 
in whorls of four, and eight orthostichies are formed. The 

Fig. 2  Cupressus foliage a C. nootkatensis mature foliage, in facial 
leaves of both surfaces there is a central depression below the tip, 
which is formed by the non-secreting resin duct (arrows); b, c C. viet-

namensis b needle leaves: c adult scale leaves, lower surface slightly 
less light exposed, paler green
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needle leaves are bifacial structures showing an upper light 
exposed and a lower shaded surface (Fig. 2b). The adaxial 
side is dark green, and the abaxial one light green with two, 
whitish longitudinal bands marking the stomatal fields. A 
well-developed midrib occurs on both sides of the leaf. The 
leaves are 16–23 mm long and 1.3–2.4 mm wide. The broad-
est part of the leaf is the lowest fourth. Stomata are mostly 
abaxial in 20–26 longitudinal rows and are divided by the 
raised midrib into two bands (Figs. 2b, 5a). Adaxial stomata 
are sparse and many leaves were found without any. There is 
no distinct Florin ring in the majority of stomata; only a few 

show a weakly developed, flat one (Fig. 5b–d). The stomatal 
pore is 22–28 µm long and 7–10 µm wide underlain by a 
large respiratory chamber (Fig. 6e).

The epidermis of both surfaces is covered with a dis-
tinct cuticle (Table 1, Fig.  6b, c, e). A hypodermis is 
discontinuous, being found only below the vascular bun-
dle strand and at the lateral leaf margins, consisting of 
one or two rows of strongly lignified cells (Fig. 6b). The 
mesophyll is dimorphic with well-developed palisade 
parenchyma towards the adaxial side and spongy paren-
chyma towards the abaxial one (Fig. 6a). There is a single 

Fig. 3  Cupressus nootkatensis, 
morphology of scale leaves 
(SEM-images); a lower surface 
of a shoot axis showing the 
stomatal distribution; b detail of 
a lateral leaf showing numerous 
stomata developed in the shaded 
part which is located towards 
the facial leaf; c stomatal field; 
d stoma with a high Florin 
ring (arrow) 

Table 1  Measurements of epidermal cell size and cuticle thickness from transverse leaf sections (values are listed as minimum and maximum)

Species Cuticle thickness on light 
exposed surface [µm]

Cuticle thickness on 
shaded surface [µm]

Epidermal cell size on light 
exposed surface [µm]

Epidermal cell size 
on shaded surface 
[µm]

Cupressus nootkatensis 1.3–3.1 5.1–7.1 7.6–14.2 5.2–12.6
Cupressus vietnamensis
 Needle leaves 2.6–3.8 1.9–2.3 8.7–22.5 10.5–16.4
 Scale leaves 3.7–8.2 2.3–3.5 9.9–13.3 13.6–15.9
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collateral vascular bundle, with xylem towards the adaxial 
side and phloem towards the abaxial one (Fig. 6a, d). A 
distinct bundle sheath is absent. There are some acces-
sory transfusion tracheids close to the vascular bundle 
(Fig. 6d). A resin duct with a single layer of parenchymatic 
cells is located below the vascular strand (Fig. 6a).

Scale leaves

Despite the distinct leaf dimorphism, on mature trees the 
majority of shoots are scale-leaved (Fig. 1a). There are 
no transitional leaves leading from needle to scale leaves. 
The change in the foliage is abrupt. The phyllotaxis on 

Fig. 4  Cupressus nootkaten-
sis, anatomy of scale leaves; a 
cross section of a foliate shoot; 
all light exposed upper leaf 
surfaces with sun leaf character, 
the ones of the lower shaded 
side with shade leaf character; 
b leaf cross section showing the 
palisade of the abaxial surface; 
c stomata in more or less the 
same plane as the epidermis; 
d vascular bundle of a facial 
leaf with numerous accessory 
transfusion tracheids; e resin 
duct with sclerified multilayered 
sheath; X xylem, P phloem
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scale-leaved shoots is decussate, forming four orthostichies 
(Figs. 2c, 8a). The scale leaves can be categorized into 
keeled lateral and flattened facial leaves (Fig. 2c). The lat-
eral ones are 2.7–4.0 mm long and 0.7–1.0 mm wide. The 
midrib on facial leaves is raised and roundish. Facial leaves 
are 1.2–3.0 mm long and 1.0–1.4 mm wide. The position of 
the leaf tips is various, facial leaves are in the same plane 
as the tips of the lateral ones, or they are longer or shorter 
(Figs. 2c, 7a). The basal adaxial leaf surfaces of the lateral 
leaves are strongly appressed to the shoot axis while the 
distal parts spread from the shoot axis (Fig. 7a, b). The entire 
adaxial surface of facial leaves is strongly appressed to the 
shoot axis so that scale-leaved shoots are flattened (Fig, 8a). 
Both lateral and facial leaves terminate in a distinct hyaline 
tip (Figs. 2c, 7a, b).

Despite the orthotropic short orientation there is usu-
ally minor deviation from the vertical plane so there is 
some development of more light exposed and more shaded 
sides of a shoot. This results in more light-exposed sur-
faces being darker green than the slightly shaded surfaces. 
The stomatal fields are recognisable by their conspicu-
ous white wax markings. The leaves are amphistomatic 

with the majority of stomata developed on shaded leaf 
surfaces, mostly on the lower side of the shoot axis and on 
shaded parts of lateral leaves, which are located towards 
the facial leaves. In the stomatal fields, they are irregularly 
arranged, with no special orientation of the stomatal pore 
(Fig. 7c). All stomata are surrounded by a high, collar-
like Florin ring (Fig. 7d), which is 33–46 µm long and 
17–26 µm wide. The stomatal pore is 17–27 µm long with 
a large respiratory chamber below (Fig. 8c). The epidermis 
of both leaf surfaces is covered by a distinct cuticle and 
there are blunt papillae on the surface (Fig. 7c). There is a 
distinct and continuous hypodermis below the epidermis, 
which consists of one row of lignified cells with very thick 
walls (Fig. 8a, b). The mesophyll is dimorphic. Palisade 
parenchyma is located towards all light-exposed surfaces 
and spongy parenchyma with large intercellular spaces 
towards all shaded surfaces. The leaves are supplied by a 
single collateral vascular bundle. Xylem is located towards 
the adaxial and the phloem towards the abaxial side. There 
are accessory transfusion tracheids adjacent to the vascu-
lar bundle. A distinct bundle sheath is absent (Fig. 8d). 

Fig. 5  Cupressus vietnamensis, 
morphology of needle leaves 
(SEM-images); a abaxial 
surface with stomata arranged 
in longitudinal lines; b stomatal 
field; c; stoma without a Florin 
ring; d stoma with a slightly 
developed Florin ring
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In both leaf types, lateral and facial leaves, there is one 
resin duct with a single-layered parenchymatic sheath 
located below the vascular bundle (Fig. 8a, e). However, 
the resin ducts are not located all at the same level. Thus, it 
is impossible to hit them all in one section and to illustrate 
them in a single image.

Discussion

Leaf bifaciality

In the investigated species there are two types of leaves—
needle and scale leaves. Bifaciality of two types was found: 
(1) that which affects the single leaf (needle and scale leaves 

Fig. 6  Cupressus vietnamen-
sis, anatomy of needle leaves; 
a cross section of a bifacial 
needle leaf; palisade paren-
chyma is placed towards the 
light exposed adaxial surfaces; 
a hypodermis is only developed 
above and below the vascular 
bundle and at the leaf margin; 
b detail of the leaf margin; c 
leaf cross section of the adaxial 
surface; d vascular bundle with 
some accessory transfusion tra-
cheids; below the bundle strand 
there is a single resin duct with 
parenchymatic single-layered 
sheath; e stomata and epidermis 
in more or less the same plane; 
X xylem, P phloem, TT transfu-
sion tracheids



1275Trees (2023) 37:1267–1279 

1 3

of C. vietnamensis) (Figs. 1b, 5, 6, 7 and 8), (2) that which 
affects not the single leaf but the entire shoot axis (scale 
leaves of C. nootkatensis) (Figs. 1a, 3, 4). In both cases, 
palisade parenchyma occurs towards the light-exposed sur-
faces and spongy parenchyma towards the shaded ones. 
The needle leaves of C. vietnamensis (Figs. 1b, 2b, 5, 6) 
are flat structures with classical bifaciality as is typical for 
the majority of land plants. The situation in the C. vietna-
mensis scale leaves (Figs. 7, 8) is quite different. Despite 
some minor difference in the green colour intensity between 
the two sides of the shoot, due to their upright nature, pali-
sade is developed on both sides of the lateral scale leaves 
but only on the abaxial side of the facial leaves, i.e., on the 
sun-exposed parts. A hypodermis occurs on the more light-
exposed side but not on the shaded side, similar to scale 
leaves of C. nootkatensis where there is only hypodermis on 
the sun-exposed upper side of the shoot. Thus for both spe-
cies, the morphologically adaxial surface is the functional 
lower surface and the morphologically abaxial side is the 
functional upper surface. In earlier work, this phenomenon 
was referred to as ‘inverse-dorsiventral’ (e.g., Imamura 
1937; Fitting 1950; Napp-Zinn 1966) but more recent work 

almost always refers to it as ‘inverse-bifacial’. It occurs in 
many scale-leaved gymnosperms and angiosperms as well 
(Carlquist 1991; Kaplan 2001; Dörken and Parsons 2018). 
Thus, all light-exposed leaves have a sun leaf character, 
leaves on the lower shoot surface that of shade leaves. The 
bifaciality in C. nootkatensis (Fig. 8a) is more pronounced 
than in C. veitnamensis and does not only affect a single leaf 
but the entire foliate shoot due to its plagiotropic orientation.

This feature can also be found in other scale-leaved taxa 
with more or less plagiotropic or pendulous branchlets 
with a light-exposed and shaded surface (e.g. Chamae-
cyparis, Thuja and Thujopsis). In this case, bifaciality no 
longer corresponds to the morphologically ad- or abaxial 
side of a single leaf (e.g. Imamura 1937; Fitting 1950; 
Napp-Zinn 1966; Dörken 2013). This is environmentally 
controlled and generally reversible as earlier studies have 
shown (Imamura 1937; Fitting 1950; Napp-Zinn 1966; 
Dörken 2013). It is greatly influenced by light exposure, 
which can be proven in a simple experiment. When a pla-
giotropic shoot axis is brought into a new plane the for-
mally shaded lower shoot surface becomes the new light-
exposed one. Thus, the new foliage will develop palisade 

Fig. 7  Cupressus vietnamensis, 
morphology of scale leaves 
(SEM-images); a lower surface 
of a shoot axis showing the 
stomatal distribution; b detail of 
a lateral leaf showing numerous 
stomata developed in the shaded 
part which is located towards 
the facial leaf; c stomatal field 
with blunt papillae; d stoma 
with a high Florin ring (arrow)
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parenchyma exclusively towards light-exposed leaf sur-
faces and stomata will be developed on the new shaded 
surface. Thus, this special type of bifaciality affecting the 
entire foliate shoot and not just a single leaf is an anatomi-
cal response of the foliage to the angle of light exposure of 
the entire shoot and not to gravitational forces (Imamura 
1937; Fitting 1950; Napp-Zinn 1966; Dörken 2013).

Evolutionary and ecological implications

All scale-leaved Cupressaceae are characterized by a dra-
matic change in the foliage from needle-leaved juveniles to 
scale-leaved adults (Fig. 1) (Feustel 1921; de Laubenfels 
1953; Langner 1963; Napp-Zinn 1966; Little 2006; Dörken 
2013). Mature individuals of C. vietnamensis also produce 
needle-leaved shoots in addition to scale-leaved ones. In 

Fig. 8  Cupressus vietnamensis, 
anatomy of scale leaves; a cross 
section of a foliate shoot; facial 
and scale leaves are inverse 
bifacial, palisade parenchyma is 
placed towards all light exposed 
surfaces; b leaf tissues, showing 
the palisade of the abaxial sur-
face; c stomata in more or less 
the same plane as the epidermis; 
d vascular bundle with some 
accessory transfusion tracheids; 
e resin duct with parenchymatic 
single-layered sheath; X xylem, 
P phloem, TT transfusion 
tracheids
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all other Cupressus species mature individuals are exclu-
sively scale leaved. The length of time before the foliage 
changes from juvenile needle leaf type to mature scale leaf 
varies greatly between species. Rushforth (2007) describes, 
in particular, the East Asian Cupressus species as taxa that 
retain the juvenile foliage for a decade or even longer so 
that juvenile and semi-adult/adult foliage occur even on the 
same branch as also found in Callitris macleayana (Dörken 
et al. 2019a).

Most Cupressus species are well adapted to drought. The 
majority of the New World Cupressus occur in relatively 
xeric habitats (Rushforth 1987; Eckenwalder 2009) but the 
Old World ones occurs over a broader climatic range includ-
ing mesic environments (Little 2006). Thus, the leaf reduc-
tion from needle leaves to scale leaves might reflect an adap-
tation to drought and heat stress. There is a distinct difference 
between the foliage of most Cupressus and C. nootkatensis 
whose decussate foliage is arranged in a flat frond-like shoot 
axis. Due to the way the lateral and facial leaves are arranged 
the shoot axis is flattened which should maximise light cap-
ture of the scale leaves. This is advantageous for the species 
as it grows in a wet temperate environment where there is 
often considerable cloud cover producing diffuse, often low 
light conditions. In addition, its habitat experiences high 
snowfall so the microphyllous habit would aid snow shed-
ding, helping to prevent tree damage due to heavy snow load.

Further correlation with the mesic habitat of the two 
species is emphasized by the comparatively large amount 
of intercellular space in the spongy mesophyll of both the 
needle and scale leaves. This is also the case in needle 
leaves of Cunninghamia (Dörken and Nimsch 2021b). 
This contrasts with the much denser cell packing in the 
very similar scale leaves of arid-adapted taxa such as Cal-
litris (Dörken et al. 2019a). The strong leaf reduction of 
most Cupressus (and Callitris) forms foliate shoot axes 
representing green photosynthetic columns that show two 
great advantages over the needle leaves: (1) The transpir-
ing surface is strongly reduced, which leads to a reduction 
in water loss via the photosynthetic surface; (2) The light 
interception of these photosynthetic columns at midday, 
which is mostly the hottest time of the day, is minimized 
because direct solar radiation strongly strikes only a min-
imum of the total leaf surface. Most leaf surfaces only 
receive diffuse radiation so heat load at the hottest time of 
the day is decreased. Light interception, however, is maxi-
mized early and late in the day when the temperatures are 
cooler and consequently water stress should be less severe 
(Falster and Westoby 2003; Yates et al. 2010; Dörken et al. 
2023). Such reduction in leaf size and appression to the 
stem also occurs in numerous microphyllous angiosperms 
where leaf reduction is so strong, that photosynthetic 
columns are formed, such as for some Asteraceae and 

Myrtaceae due to microphyllous peltation and reflexion 
(Dörken et al. 2023).

In general, there is a strong tendency to form small 
leaves in dry conditions (Carlson et al. 2010; Dörken and 
Parsons 2017; Dörken et al. 2018, 2019a, b, 2020; Wang 
et al. 2022). Cunninghamia, with needle leaves, is basal to 
all cupressaceous taxa and occurs in mesophytic forest in 
Asia (Farjon 2005). Thus, the retention of needle leaves in 
C. vietnamensis seems a plesiomorphic trait and the reduc-
tion of needle leaves to scale leaves in the species involves 
characteristics that are xeromorphic or scleromorphic, such 
as a well-developed hypodermis or vascular bundles with 
large accessory transfusion tissue. The absence of a Florin 
ring in the majority of stomata on the needle leaves, which 
is typical for taxa from mesic sites, also fits well to a mesic 
origin for ancestral Cupressus.

While both species occur in generally mesic environ-
ments, the local sites in which they grow tend to have nutri-
ent-poor soils (Farjon 2005) and may suffer from water defi-
cit due to the skeletal soils (for C. vietnamensis) or freezing 
winter temperatures (for C. nootkatensis). As noted above 
for C. nootkatensis the microphyllous foliage in combination 
with pendulant, drooping branches may help to shed snow 
more easily from the crown than species with larger needle 
leaves and plagiotropic branchlets, so that mechanical dam-
ages caused by heavy snow loads would be reduced.

On the one hand, a microphyllous foliage reduces the heat 
load and transpiration in times of drought, and while this is not 
likely to be relevant to either species, on the other hand, it also 
facilitates nutrient uptake from infertile soils during cooler and 
wetter conditions (Yates et al. 2010). Thus, different selective 
forces can lead to quite similar adaptations to particular envi-
ronments. In the case of Cupressus, where numerous species 
not only occur in hot and dry climates but also on sandy and 
rocky soils, the adaptation to nutrient-poor soils could also 
have played an important role in evolution and speciation. It 
remains open if the leaf reduction in Cupressus was initially a 
xeromorphic or scleromorphic adaptation. However, the ten-
dency of species in the most mesic habitats to retain juvenile 
foliage for longer than species from xeric habitats tends to 
indicate water deficit is the more pressing evolutionary force 
(e.g., New Caledonian Callitris species, Farjon (2005), Calli-
tris macleayana Dörken et al. (2019a)). Despite what the initial 
driver for the evolution of scale leaves in Cupressus was, the 
microphyllous foliage was an important preadaptation to sub-
sequently conquer habitats with either xeric or nutrient-poor 
conditions. This is very similar to what has been suggested 
from physiological studies of the very similarly structured 
Callitris where evolution in that genus has been attributed 
to increasing aridity from the Oligocene (Larter et al. 2017). 
Thus, in many of today´s Cupressus species the scale leaves are 
important structural traits that benefit the species in environ-
ments that are characterized by both water and nutrient deficit.
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