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Abstract: Fossil cuticles were extracted from leaves attributed toCordaites principalis(Germar) Geinitz (Cordaitales)
that were collected from Upper Carboniferous strata in Nova Scotia (Sydney and Stellarton sub-basins) and in New-
foundland (Bay St. George sub-basin). The quality of the cuticular preservation is directly related to the thermal matu-
rity and the grain size and angularity of sediments entombing the fossil leaves. Detailed transmitted light and scanning
electron microscopy of the cuticles revealed that five distinct cuticular morphotypes could be recognized, demonstrating
the variability in epidermal morphology of leaves belonging to one taxon. Two morphotypes show dissimilar and dis-
crete epidermal characteristics, whereas three morphotypes form, more or less, a morphological continuum. Comparison
with cuticles from Euramerican and Angaran floral provinces suggests that only one morphotype is in common with
cuticles described from Europe, while four morphotypes are new for the Carboniferous.
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Résumé: Les auteurs ont extrait les cuticules fossiles de feuilles attribuées auCordaites principalis(Germar) Geinitz
(Cordaitales) qui ont été récoltées dans les strates du Carbonifère supérieur en Nouvelle-Ecosse (Sydney et sous-bassins
Stellarton) et à Terre-Neuve (sous-bassin de la baie St-George). La qualité de préservation du matériel cuticulaire est
directement reliée à la maturité thermique, ainsi qu’à la dimension des grains et à l’angulosité des sédiments où gissent
les feuilles fossiles. Une observation détaillée, par microscopie photonique et électronique par balayage des cuticules,
permet de reconnaître cinq morphotypes cuticulaires distincts, ce qui démontre la variabilité de la morphologie épider-
mique de feuilles appartenant à un même taxon. Deux morphotypes montrent des caractéristiques et des distinctions
nettes, alors que trois morphotypes constituent un gradient morphologique plus ou moins continu. La comparaison avec
des cuticules provenant des provinces florales Euraméricaine et Angaréenne suggèrent qu’un seul morphotype est com-
mun avec les cuticules décrites à partir de l’Europe, alors que quatre morphotypes sont nouveaux pour le matériel de
Carbonifère.

Mots clés: cuticule, Cordaites, Carbonifère, Canada.

[Traduit par la Rédaction] Zodrow et al. 148

Introduction

Cordaiteans constitute a diverse group of extinct gymno-
sperms that had highly variable growth habits and ecological
tolerances. These ranged from swamp-dwelling cordaiteans,
mangrove-like forms up to 5 m tall (Cridland 1964; Ray-
mond and Phillips 1983; Costanza 1985; Raymond 1988),
to small, thicket-forming, understory shrubs (Rothwell and
Warner 1984; Costanza 1985), and forest-forming trees, tens
of metres high. The latter apparently grew on drier, better
drained substrates, such as floodplains, river levees, or extra-
basinal lowlands (Grand’Eury 1877; Mapes and Gastaldo
1986; Rothwell 1988; Rothwell and Mapes 1988). Fossilized
remains attributed to these plants have been recovered from

Namurian to early Permian deposits of Euramerica (Roth-
well 1988), representing a range of ca. 80 million years for
the group.

Parameters for classical taxonomy of cordaitean-leaf spe-
cies of the form genusCordaitesUnger, i.e., size and shape
of the leaves and number of primary veins with number of
intermediate sclerotic strands per foliar centimetre, are now
recognized as having high interspecific variability and are
therefore taxonomically unreliable. In addition, taphonomic
influences on vein-strand patterns (Harms and Leisman 1961)
are known to lead to bias in vein-density counts (Rabitz
1966, p. 312; Bashforth 1999). Improved methods that sup-
plement classical cordaitean taxonomy include integration of
anatomy of leaves, internal cellular arrangements, and epi-
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dermal details from coal-ball petrifactions (Reed and Sandoe
1951; Harms and Leisman 1961; Good and Taylor 1970).

Cuticular studies of Permo-Carboniferous cordaitean leaves
from other parts of the world are numerous and include
works by Florin (1931), Harms and Leisman (1961); Barthel
(1962a, 1962b, 1962c, 1964, 1976), Pant and Verma (1964);
Ledran (1966, summary); Rabitz (1966); Glukhova (1967);
Meyen (1966, 1970); and Šimçnek (1999). The only Cana-
dian cordaitean cuticles that were studied (Florin 1931) were
from Bolsovian strata (ex. Westphalian C) at Minto, Moncton
sub-basin, New Brunswick (Fig. 1). However, cordaitean-
leaf adpressions are widespread and common in the Cana-
dian Carboniferous Maritimes Basin, as defined by Roliff
(1962) (Fig. 1). Dawson (1868, 1871, 1891); Stopes (1914);
and Bell (1938, 1940, 1943, 1944, 1962) recognized two
venation-based cordaitean species, viz.Cordaites principalis
(Germar) Geinitz andCordaites borassifolia(Sternberg) Unger.

The present investigation presents results from a general
taxonomic survey of cordaitean cuticles from three sub-
basins of the Carboniferous Maritimes Basin (Fig. 1). Five
cordaitean cuticular morphotypes are recognized, all attrib-
uted toC. principalis.

Materials and methods

Specimens of leaf adpressions ofC. principalis were collected
from the Carboniferous strata that are exposed in open-pit coal
mines (Sydney and Stellarton, N.S.), and from outcrops in Bay
St. George sub-basin in Newfoundland (Fig. 1). Lithostratigraphy,
chronostratigraphy, and sample characteristics of the study speci-
mens are summarized below.

Although internal anatomical details of the cordaitean leaves
were destroyed during compaction, cuticles have been preserved
and were extracted from almost all of the adpression specimens
studied. Their preservation resulted from the low thermal maturity
of the fossiliferous strata within the basin (Fig. 1), because of lim-
ited tectonism and burial depth (Hacquebard and Cameron 1989).
Vitrinite reflectance data, an index quantifying maturation levels,
vary from 0.63% at Bay St. George, 0.65% in Sydney, to 0.92%
in Stellarton sub-basin (unpublished data). These data correlate
overall with the best quality of cuticle preservation (least dia-
genetic alteration) at Bay St. George, and overall poorest quality
(most diagenetic alteration) at Stellarton sub-basin, where high-
quality cuticles are rare (see Fig. 6c). Quality is assessed by how
well cell components of stomatal apparati are preserved (Figs. 2a
and 2b).

Source of materials

Sydney sub-basin, Nova Scotia (SYD): Morien Group,
Sydney Mines Formation (Rust et al. 1987), Lloyd Cove
Seam; early Cantabrian age (Stephanian Series, Zodrow
1985)

Cordaitean-leaf remains: Fragmentary adpressions, bases mis-
sing, up to 40 cm long and 5 cm wide, lanceolate, round apex, late-
ral margin vaulted; thickness 40–50µm; 20–24 parallel, thick
primary veins per foliar centimetre, with two to four sclerotic
strands between primary veins.

Adpressions are entombed in grey, fissile shale composed of
22% quartz and 78% clay minerals; maximum size of rounded
quartz grains is 80µm.

Remarks: Principal floral components in the roof shale of the
Lloyd Cove Seam are pecopterids (Gastaldo and Zodrow 1982) and

cordaitean leaves, whereas pteridosperms are very rare. Whether
these floral components relate to the final vegetation of the Lloyd-
Cove mire is as yet unknown, and hence, the question of cordai-
tean transport remains to be studied by means suggested by Gas-
taldo et al. (1995).

Stellarton sub-basin, Nova Scotia(STL): Stellarton
Formation, Coal Brook Member(Naylor et al. 1989),
Foord Seam; Bolsovian – early Westphalian D age(Lyons
et al. 1995, 1996)

Cordaitean-leaf remains: Fragmentary adpressions, bases mis-
sing, up to 35 cm long and 3–9 cm wide, linear to more or less
lanceolate, vaulted lateral margins; thickness 70–10µm; approxi-
mately 20–34 parallel, thick primary veins per foliar centimetre,
with two to four sclerotic strands between primary veins.

Adpressions are entombed in a fine-grained sandstone composed
of 47% quartz and 10% feldspar, with 43% clay minerals; max-
imum grain diameters for the angular quartz and feldspar are
300µm.

Remarks: Thinning observed in cross-sectioned adpressions is
correlated to piercing by angular quartz and feldspar grains
(Fig. 3a) which resulted in mechanical destruction of part of the
cuticle (Fig. 3b). The presence of ripple marks in the sampling ho-
rizon implies transport of the cordaitean leaves.

Bay St. George sub-basin, Newfoundland, Blanche Brook
(BSG): Upper Barachois Group(Knight 1983); Bolsovian
age

Cordaitean-leaf remains: Fragmentary adpressions, bases mis-
sing, up to 30 cm long and 4–5 cm wide, linear to more or less lan-
ceolate, vaulted lateral margins; thickness 20–10µm;
approximately 14–34 parallel, thick primary veins per foliar centi-
metre, with one to six sclerotic strands between primary veins.
Adpression morphology for morphotype 5 is not available.

Adpressions are entombed in muddy siltstone composed of 17%
quartz and 16% feldspar grains, with the remainder being clay
minerals; maximum size of the subrounded quartz and feldspar
grains is 80µm.

Remarks: In comparison with adpression thicknesses from the
other two sample localities, BSG adpressions are the thinnest.
Although they show much iron-staining from pyrite oxidation, and
have methane-gas haloes, the quality of preservation did not suffer.

Sedimentological studies (Bashforth 1999) showed that the co-
rdaitean leaves at BSG are preserved in silty crevasse-splay depos-
its, implying transport of leaves that were derived from trees
growing within, or peripheral to, clastic swamps.

In summary, the large variability of preservation quality of the
cuticles is related to the combined influences of maturation levels,
variability in grain angularity and size, and amounts of quartz and
feldspar. Our study indicates that an increase in grain size and an-
gularity equates to poorer preservation of epidermal cell details,
i.e., cuticles from SYD and BSG have suffered little mechanical
damaged when compared with the badly damaged cuticles from
STL.

Several samples from individual cordaitean adpressions were se-
lected for cuticle study, using two maceration methods. Šimçnek’s
(1999) method consisted of a 3-day maceration process, using 40%
nitric acid with 4–5 g of potassium chlorate, whereas Cleal and
Zodrow’s method (1989) entails a 2- to 8-h maceration process in
70% nitric acid, with 2–5 g of potassium chlorate. After macera-
tion, all cuticles were treated with 4.5% ammonium hydroxide.
Following Kerp (1990), uniformly black adpression samples
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(higher degree of coalification) were treated differently from the
more transparent amber-colored adpressions (higher degree of cut-
inization). The former were macerated in the 70% nitric acid solu-
tion, the latter in the 40% solution. Still, it was not always possible
to obtain from the thicker cuticles inner surfaces free from me-
sophyllous-, xylic-, or sclerenchymatous-cell residue (Fig. 3c).

Thinner cuticles are generally residue free after maceration and
treatment with ammonium hydroxide. They are very easy to re-
cover, as compared with the thin, lower pteridosperm cuticles (see
Kerp and Barthel 1993).

A common kind of cordaitean preservation is a naturally macer-
ated cuticle, or a cordaitean leaf diagenetically altered to a state
and color resembling the amber-colored cuticles obtained from
adpressions by chemical maceration. The naturally macerated cuti-
cle requires only cleaning from rock debris by HF. For the study of
stomatal apparati by scanning electron microscopy (SEM) (Fig. 2),
a second maceration process was used in an attempt to remove res-
idue from the inner surfaces of the thicker cuticles (e.g., Fig. 3c).
They were immersed into 30–40% nitric acid for a few minutes
only, to prevent complete oxidation; potassium chlorate was not
used, and the ammonium hydroxide treatment was omitted. Im-
provement was marginal. In comparison, pteridosperm cuticles de-
scribed by Cleal and Zodrow (1989) and Zodrow and Cleal (1998)
did not require this procedure, as the inner surfaces did not show
residue. We found that the size of the cuticles was limited only by
the selected sizes of the adpression, maximum 1.5 × 1.8 cm, and
not by the strength of the nitric acid that was used (compare Krings
and Kerp 1997).

By the chemical treatments described, 1300 cuticle fragments
were obtained and mounted on 199 slides. From these, 51 slides
(including the hypotype slides) were selected for study. Adaxial
and abaxial cuticles are documented from single adpression frag-
ments. Our working hypothesis is that the thicker, flat cuticle, with

comparatively larger epidermal cells and lower stomatal density
than the thinner cuticle, is the adaxial cuticle. This does not hold
for morphotype 1. Cuticular measurements (Table 1) were made
using a light microscope, equipped with Nomarski differential in-
terference. Included in the table are data on the stomatal index (SI)
of how densely stomata are distributed (Kerp 1990). SI is defined
as

[1] SI =
+

100S
E S

whereS is the number of stomata per unit area andE is the number
of epidermal cells per unit area. For SEM examination, cuticles
were gold coated, and a constant accelerating voltage of 15 kV was
used to prevent cuticle burning. Working distance was 19 mm.

From the sampling horizons in the three sub-basins, 25 thin sec-
tions were prepared to study the textural and mineralogical charac-
teristics of the rocks entombing the cordaitean leaves. In addition,
one representative bulk sample from each horizon was analyzed by
X-ray diffraction methods to obtain semiquantitative data (weight
percent) on mineral composition, particularly on quartz and feld-
spar amounts present.

Mounted slides and stubs from SEM studies, thin sections of ad-
pressions, as well as of referenced adpression–cuticles representing
the morphological hypotypes, are curated at the University College
of Cape Breton, Palaeobotanical Collections (ELZ curator).

Results

On the basis of cuticular measurements, SI, and studied
topographies of adaxial and abaxial cuticles, summarized in
Table 1, five morphotypes could be recognized.

© 2000 NRC Canada
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Fig. 1. Carboniferous Maritimes Basin of Eastern Canada and sample locations in the three sub-basins: Sydney, Nova Scotia,
Stellarton, Nova Scotia, and Bay St. George, Newfoundland (Bashforth 1999).

J:\cjb\cjb78\cjb-02\B00-010.vp
Thursday, March 30, 2000 8:11:52 AM

Color profile: Disabled
Composite  Default screen



Cuticular morphotype 1
HYPOTYPE: slide BB-30-228(1)

Figs. 3d, 3e, 4a–4d, and 5a–5c
LOCALITY : BSG.
ADAXIAL (UPPER) CUTICLE: Epidermal cells show dentatelike

features at corners of anticlinal walls (Fig. 3d), and non-
stomatiferous bands are 100–200µm wide (Fig 4a).

Spongy tissue is observed frequently on only these cuti-
cles (Fig. 3e) and may represent sclerenchymatous tissue,
perhaps from the intermediate sclerotic strands.

Stomatiferous bands consist of one to six stomatiferous
rows that may join to form a stomatal band (Fig. 4b). All
cells of a stomatal band belong to stomatal apparati; polar
subsidiary cells belong primarily to two adjacent stomatal
apparati (Fig. 4a).

ABAXIAL (LOWER) CUTICLE : Nonstomatiferous bands below
vascular bundles are 180–350µm wide, whereas those below
sclerotic strips are narrower, 60–90µm wide, and joined on
either side by stomatal bands, for a total width of ca. 250µm
(Figs. 4c and 4d). Nonstomatiferous bands that represent
vascular bundles are about 30µm above the band containing
stomata. Similar situations are common in many gymno-
sperms, and were also described by Barthel (1962b, Fig. 3)
for his Cordaitessp. type 3.

Stomatiferous bands consist of two to six (rarely one)
stomatiferous row. Nearly all cells in a row belong to sto-
matal apparati, and cell components of a stomatal apparatus
are the same as in the adaxial cuticles. However, a polar cell
may be shared by two stomatal apparati (Fig. 5a).

SEM study of a number of stomatal apparati confirmed
measurements that were made on the guard cells by light
microscopy (Figs. 5b and 5c; see Table 1). These images
(Figs. 5b and 5c) show a topography that is interpreted as
the “cuticular extension overhanging the epistomatal cham-
ber” (Harms and Leisman 1961, p. 1055 and Fig. 7B), and
the pair of guard cells.

Cuticular morphotype 2
HYPOTYPES: slides BB-25-4(2)&(3)

Figs. 5d and 4e–4g
LOCALITY: BSG.
ADAXIAL(?) CUTICLE : Nonstomatiferous bands are 40–80µm

wide (Fig. 4e). Stomatiferous bands consist of single rows
that are frequently discontinuous and separated by three to
six rows of epidermal cells (Figs. 4e and 4f). Stomatal ap-
parati are large (Fig. 5d). Surfaces tend to be darker than the
abaxial surfaces.

ABAXIAL(?) CUTICLE : Nonstomatiferous bands are 45–75µm
wide, and it is difficult to distinguish which are below vascu-
lar bundles, or below sclerotic bands, as their widths are the
same. Stomatiferous bands consist of single rows, sometimes
discontinuous, which are usually separated by three to five
longitudinal cells (Fig. 4g). Similar to the adaxial cuticle, it
shows swallowtails of polar ends of guard cells.

Cuticular morphotype 3
HYPOTYPE: slides BB-34c–1 (1 to 3), 997–294–9/3 (12) and

997–294–10/4 (1 and 2)
Figs. 4h–4j and 6a

LOCALITIES: BSG and STL.
PRESERVATION: In the specimens from the two sample local-

ities, anticlinal walls are generally eroded or mechanically
damaged, preventing accurate observation on epidermal-cell
dimensions and on cuticular topography. Larger fragments
of naturally macerated cuticles from STL have preserved
stomatal apparati. Fragments from BSG are better preserved.
Description of the cuticles is based on all available data
from both BSG and STL localities. SI could not be obtained.

ADAXIAL CUTICLE : Widths of nonstomatiferous bands could
not be measured because of poor preservation.

Stomatiferous bands consist rarely of one, maximally of
three stomatal rows, that may join together as one. Stomatal
apparati are surrounded by round or transversal oval, darker
outer stomatal cavities that are 5–10µm wide and 10–12µm
long (Fig. 4h). Stomatal apparati are probably formed by
four subsidiary cells, or two lateral and two polar cells, with
an outer stomatal cavity among them.

ABAXIAL CUTICLE : Widths of nonstomatiferous bands below
the vascular bundle and sclerotic band are unknown.

Stomatiferous bands are composed of two or three sto-
matal rows that are usually discontinuous (Figs. 4i and 4j).
The widths of nonstomatiferous bands are unknown. Sto-
matal apparati (Figs. 4i and 6a) are probably formed by four
(or more) lateral and polar subsidiary and guard cells. The

© 2000 NRC Canada
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Fig. 2. Cordaitean, haplocheilic, and monocyclic stomatal appara-
tus, morphotype 4, Stellarton sub-basin. (a) Stomatal apparatus.
e, normal epidermal cell of a nonstomatiferous band; ls, lateral
subsidiary cell; p, polar subsidiary cell; so, stomatal aperture.
(b) Enlargement of Fig. 2a. r, edge of the “bowl” containing
sunken stomatal opening with the “cuticular extension overhang-
ing epistomatal chamber,” 8µm long (Harms and Leisman 1961,
p. 1055 and Fig. 7B) (1) and a pair of 5.5µm long, elliptically
shaped guard cells (2). SO, stomatal aperture. SEM stub 66,
998GF-303. See Fig. 6c.
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Fig. 3. (a) Cross section of an adpression (ad) that is indented and pierced by angular quartz (qtz) and feldspar (fld) grains. Stellarton
sub-basin. Slide 997GF-294-3. Scale bar = 50µm. (b) Perforated cuticle (h, holes), as a result of the piercing action by angular quartz
and feldspar. Stellarton sub-basin. Slide 997GF-294-7/1. Scale bar = 250µm. (c) Inner surface of an upper cuticle with remnants of
oxidized xylem, sclerotic, or sclerenchymatous mesophyll tissue that obscures topographic observation. Bay St. George sub-basin. SEM
stub 70, BB-94-25-4-22. Scale bar = 10µm. (d) Adaxial cuticle of morphotype 1, showing dentate extensions at corners of anticlinal
walls of inner surface of epidermal cells. Bay St. George sub-basin. SEM stub BB-30-228. Scale bar = 20µm. (e) Adaxial cuticle of
morphotype 1, showing sclerenchymatous tissue, perhaps in intermediate sclerotic bands. Bay St. George sub-basin. SEM stub BB-30-
228. Scale bar = 30µm.
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guard cells are not visible; only dark spots without an outer
stomatal cavity are present.

Cuticular morphotype 4
HYPOTYPE: slides 980-211-10(29), 981–369/2(46), and 981-

369/6b(25), 997-294-9/4 (9), and SEM stub 66, 998-303
Figs. 6b, 6c, 4k–4m; 7a, 7b, 8a, and 8b

LOCALITIES: SYD and STL.
ADAXIAL CUTICLE : Nonstomatiferous bands, 60–120µm

wide, are composed of four to six large tetragonal epidermal
cells (Figs. 4k).

Stomatal bands are composed of single stomatal rows, and
stomatal apparati in them are separated by oval to oblong
epidermal cells, 30–80 × 15–25µm. Distribution of stomata
is very loose (Fig. 4k).

Figures 6b and 6c show the best documentation of the
complete, fine- structural components of a stomatal appara-
tus, not discernable in such detail under the light micro-
scope. SEM images (n = 5) of other stomata of morphotype
4 confirm this morphology. Length measurements of the
guard cells from light microscopy (Table 1) correlate with
length measurement between the two p’s in the SEM photo-
graph of Fig. 6c.

ABAXIAL CUTICLE : Nonstomatiferous bands, 30–60µm
wide, are formed by two or three rows of juxtapositioned
epidermal cells (Fig. 4l, 7a); the nonstomatiferous bands be-
low sclerotic bands are also 30–60µm wide.

Stomatiferous bands consist rarely of one, more often of
two or three stomatal rows. Distribution for fully developed
stomatal apparati is illustrated in Figs. 4l and 4m and for
underdeveloped apparati in Figs. 7a and 7b. The latter are
considered underdeveloped because of smaller stomata, nar-
rower lateral subsidiary cells, and shorter epidermal cells.
Stomatiferous bands are not as highly cutinized as those in
Figs. 4l and 4m, which could be explained by a young, unde-
veloped leaf. Alternatively, this situation could simply repre-
sent morphological variability on a leaf. Stomatal apparati
are densely placed in the rows and may be separated by
smaller oblong or square cells with round corners, 20–30µm

long and 15–20µm wide. The anticlinal walls of lateral sub-
sidiary cells toward stomata are more strongly cutinized than
other anticlinal walls (of lateral cells), and walls of lateral
subsidiary cells are convex toward the stomatal aperture, so
that the outline of a stomatal apparatus appears oblong rect-
angular (Figs. 7a, 8a, and 8b).

DISTRIBUTION: Morphotype 4 is the most frequently en-
countered type in SYD.

Cuticular morphotype 5
HYPOTYPE: slide BB-30-(100)

Figs. 7c, 7d, 8c, and 8d
LOCALITY: BSG.
ADAXIAL CUTICLE : Nonstomatiferous bands are ca. 100µm

wide and composed of five or six rows of irregularly shaped
cells that are randomly oriented (Fig. 7c). The anticlinal
walls are less cutinized. The epidermal cells differ in shape
from those in the stomatal bands that are probably composed
of several discontinuous stomatal rows.

Stomatiferous bands, ca. 90–100µm wide, consist of sev-
eral irregular rows. The stomatal apparati are not fully devel-
oped, although two lateral subsidiary and two polar cells are
discernable. The guard cells, are recognizable as inner ob-
long (rectangular) outlines with concave walls whose cor-
ners elongate into salients or projections.

ABAXIAL CUTICLE : Nonstomatiferous bands are ca. 120µm
wide (Fig. 7d), but widths below the vascular bundle and
sclerotic band are unknown. Epidermal cells in the nonsto-
matiferous bands are irregularly shaped, with less cutinized
cell walls than in stomatal bands.

Stomatiferous bands, ca. 100µm wide, consist of several
stomatal rows. Epidermal cells in the stomatiferous bands
are elongated, with thick anticlinal walls and narrow salients
formed at corners. Stomatal apparati are underdeveloped, as
in the adaxial cuticle (Figs. 8c and 8d).

OCCURRENCE: Morphotype 5 is very rare in the Carbonifer-
ous Maritimes Basin and restricted to BSG, where only one
specimen was collected.

© 2000 NRC Canada
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Morphotype 1 Morphotype 2

Cell shape Length Width Cell shape Length Width

Adaxial cuticle
Epidermal cell (non-stomatiferous band) Rectangular 60–160 10–12 Tetragonal 40–100 10–20
Polar subsidiary cell Oval-ellipsoid 20–35 10–22 Round-oval 20–45 15–22
Lateral subsidiary cell Oblong 40–75 10–15 Bean-shaped 45–60 10–15
Pair of guard cells Ellipsoid 8–13 6–8 Elliptic 23–34 10–15
Stomatal density (no./mm2) 440–560 104
SI 18–22 10–11

Abaxial cuticle
Epidermal cell nonstomatiferous band

(below vascular bundle)
Spindlef-orm 80–160 6–15 Tetragonal 45–90 10–20

Epidermal cell (below sclerotic band) Rectangular 35–80 10–20 Tetragonal 45–90 10–20
Polar subsidiary cell Oval 15–35 10–12 Oval 25–35 15–20
Lateral subsidiary cell Oblong 30–60 10–15 Bean-shaped 50–70 10–15
Pair of guard cells Elliptic 6–9 5–6 Elliptic 25–35 10–15
Stomatal density (no./mm2) 328 64–128
SI 11–14 10–12

*na, not available.

Table 1. Observations and measurements (µm) on the five cuticular morphotypes from the Carboniferous Maritimes Basin.
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Discussion

Characteristics and variability of the morphotypes
Morphotype 1 is characterized by possessing (i) the widest

nonstomatiferous bands, (ii ) oblong lateral subsidiary cells,
(iii ) smallest guard cells (up to 13µm in length), and (iv) the
densest stomatal distribution (largest SI). Although stomatal
density is highly variable, with an average of ca. 330 mm2,
based on the combination of the characteristics, the mor-
photype is distinct and morphologically discontinuous with
morphotypes 2, 3, 4, and 5. The presence of the wide non-
stomatiferous bands is a conspicuous cuticular topographical
feature for typification.

Morphotypes 2, 3, and 4 are the most similar and are
discussed as a group. Morphotype 2 is characterized by
possessing (i) narrow nonstomatiferous bands, (ii ) stomatal
apparati similar in size on both ad- and ab-axial surfaces,
(iii ) the largest lateral subsidiary and guard cells, and
(iv) swallowtail ends of shared polar subsidiary cell between
pairs of guard cells (Figs. 4e and 4g). Morphotype 3 shows
(i) square-shaped polar cells on abaxial surfaces and
(ii ) guard cells having dimensions that fall between those of
morphotypes 1 and 2. Morphotype 4 is characterized by pos-
sessing (i) the narrowest nonstomatiferous bands; (ii ) rare
single stomatal rows, more often double and triple rows;
(iii ) large lateral subsidiary cells; and (iv) overall smallest
SI.

The abaxial cuticles of the morphotypes 2–4 are character-
ized by almost consistent increases in the cellular dimensions,
with measurements that overlap. The following sequence de-
scribes that situation: the measurements in morphotype 2 are
greater than in morphotype 4, which are greater than in
morphotype 3. This was not observed in the adaxial cuticles.
Nevertheless, morphotype 2 can be recognized by having
abaxial surfaces characterized by single stomatal rows, a
feature which morphotype 4 lacks. Specimen 997-294-9/4
(9) was included as a hypotype for morphotype 4, because
it illustrates the presence of single stomatiferous rows but

lacks the swallowtail feature. (That feature is unique to mor-
photype 2.) The poor preservational quality of morphotype 3,
however, presents a problem for future morphological study
and comparison.

Morphotype 5 is characterized by possessing (i) nonstom-
atiferous bands that are uniform in width, in contrast to the
variable widths for the other four morphotypes; (ii ) epider-
mal cells in nonstomatiferous bands that are different from
those in stomatal bands; and (iii ) underdeveloped guard cells.
Morphotype 5 does not represent the younger ontogenetic
stage of morphotype 1, the most common type from BSG, as
the cells of the latter were much narrower than those of
morphotype 5. Nor does morphotype 5 represent morpho-
type 2, because the latter had single stomatal bands, whereas
stomatal apparati of morphotype 5 were situated in relatively
wide stomatal rows (90–100µm), and guard cells are not
fully developed (Fig. 8c). Alternatively, this could also rep-
resent the mature stage, because strongly cutinized epider-
mal cells were present in the stomatiferous bands. Guard
cells could be submerged and hidden behind the strongly
cutinized thickening, which under light-microscope exami-
nation, could resemble a state of underdeveloped guard cells.
Epidermal cells in nonstomatiferous bands of morphotype 5
are relatively wide, short, and their orientation is frequently
random, whereas in fully developed stages, elongated cells
are parallel to veins. These features distinctly separate mor-
photype 5 from all of the other erected morphotypes.

Tests performed on thirty cuticle mounts representing the
three sub-basins, after the five morphotypes were established
(independent sampling), showed that those mounts could be
unambiguously grouped in one of the five morphotypes es-
tablished in this paper. These results strengthen our claim of
distinct morphotypes.

In summary, we propose five cuticular morphotypes of
C. principalis, possibly a sixth if the cuticle from the
Moncton sub-basin is considered, based on a critical survey
of cordaitean cuticles from the Carboniferous Maritimes Ba-
sin of eastern Canada.
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Morphotype 3 Morphotype 4 Morphotype 5

Cell shape Length Width Cell shape Length Width Cell shape Length Width

Oblong 40–50 20–30 Tetragonal 60–100 15–20 Pentahexagonal 22–45 16–28
Oblong-oval 30–50 25–30 Oval 25–55 20–25 Ovate-elongate 20–38 10–15
Bean-shaped 40–50 20–30 Bean-shaped, irregular 55–70 20–30 Ovate-elongate 30–45 10–15
Ellipsoid? 15–18 10–12 Elliptic 22–30 10–18 Underdeveloped 15–20 12–16
120–150 20–40 na
na 2–4 na

Abaxial cuticle
Oblong? ? 18–25 Oblong 30–90 15–20 ? ? ?

Tetragonal ? ? Tetragonal 30–90 15–20 Penta hexagonal 20–55 14–26
Round-oval-square ? 20–30 Round 20–40 15–30 Ovate-elongate 20–50 10–18
Oblong bean-shaped? ?25–40 10–20 Oval to oblong round corners 35–60 20–35 Ovate-oblong 30–60(90) 9–18
Elliptic? ?18–27 9–15 Oblong? 20–30 8–15 Underdeveloped 15–20 12–15
188–196 168–204 na
na 10–11 na
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Fig. 4. (a) Adaxial cuticle, morphotype 1, stomatal apparati. Polar cells are outlined in thicker, black borders. Stomatiferous bands are
composed of one or four rows of stomata; ns, nonstomatiferous band. Apertures are esigmoidal in shape. Bay St. George sub-basin.
Hypotype slide BB-30-228(1). Scale bar = 50µm. (b) Distribution of stomatal apparati in single to four discontinuous rows (arrow) in
a stomatal band. Based on Fig. 4a. Scale bar = 200µm. (c) Abaxial cuticle, morphotype 1. Polar cells are outlined by thicker, black
borders. ns, wider nonstomatiferous band below a vascular bundle; st, nonstomatiferous band below a sclerotic strip; sb, stomatal band.
Bay St. George sub-basin. Hypotype slide BB-30-228(1). Scale bar = 50µm. (d) Distribution of stomatal apparati, two to four rows
per stomatal band. Based on Fig. 4c. Scale bar = 200µm. (e) Adaxial cuticle, morphotype 2; stomatal apparati, noting rows with miss-
ing stomata, a presence of swallowtail ends of shared polar subsidiary cell between pairs of guard cells (e.g., arrows). Bay St. George
sub-basin. Hypotype slide BB-30-25-4(3). Scale bar = 25µm. (f) Distribution of stomatal apparati in single rows. Based on Fig. 4e.
Scale bar = 200µm. (g) Abaxial cuticle, morphotype 2, showing single stomatal bands that are separated by three to six longitudinal,
epidermal cells (= nonstomatiferous band); stomatal apparati show variable dimensions of lateral subsidiary cells, and swallowtail ends
of shared polar subsidiary cell between pairs of guard cells (e.g., arrows). Bay St. George sub-basin. Hypotype slide BB-30-25-4 (2).
Scale bar = 30µm. (h) Adaxial cuticle, morphotype 3. Stomatal apparati are surrounded by oval, transversal outer stomatal cavities
(heavy, black outline).They may not represent anticlinal walls, but rather mechanical degradation. St. George sub-basin. Hypotype slide
BB-34c-1 (3). Scale bar = 50µm. (i) Naturally macerated, abaxial(?) cuticle, morphotype 3, rather unoriented epidermal cells and
stomatal apparati that are probably biodegraded. Sydney sub-basin. Hypotype slide 997-294-10/4 (2). Scale bar = 50µm. (j) Distribu-
tion of stomatal apparati as discontinuous stomatal rows, although not all stomatal apparati are visible. Based on Fig. 4i. Scale bar =
200 µm. (k) Adaxial cuticle, morphotype 4. Shown are three single rows of stomatal apparati, each separated by four or five epidermal
cells (= interstomatal band), noting large distances between apparati in each row. Sydney sub-basin. Hypotype slide 980-211/10 (29).
Scale bar = 75µm. (l) Abaxial cuticle, fully developed stomata, morphotype 4. Double stomatiferous rows are separated by a
nonstomatiferous band (ns), noting lack of some stomata in each row. Sydney sub-basin. Hypotype slide 981-369/2 (46). Scale bar =
50 µm. (m) Distribution of stomatal apparati based on Fig. 4l. Scale bar = 200µm.
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Cuticular comparisons, including cuticles from coal
balls.

The cordaitean cuticle from New Brunswick (Florin 1931,
p. 499 and Fig. 105e) showed large, elongate polar cells that
were shared with adjacent stomatal apparati in rows, and ob-

long lateral subsidiary cells. The arrangement and epider-
mal-cell dimensions loosely resemble morphotype 4. (Flo-
rin’s deposited reference material at the Redpath Museum
of McGill University in Montreal could not be located for
comparison.)
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Fig. 5. (a) Abaxial cuticle, morphotype 1. Stomata with polar subsidiary cells (←p). Bay St. George sub-basin. SEM stub 71, BB-30-
228a/3. Scale bar = 10µm. (b) Abaxial cuticle, morphotype 1, showing stomatal apparatus with “cuticular extension overhanging
epistomatal chamber” (1) and an elliptical pair of guard cells (2); stomatal opening is slitlike. Bay St. George sub-basin. SEM stub 71,
BB-30-228a/3. Scale bar = 5µm. (c) Abaxial cuticle, morphotype 1, showing closed aperture “cuticular extension overhanging
epistomatal chamber” (1) and oval-round pair of guard cells (2). Bay St. George sub-basin. SEM stub 60, BB-30-206. Scale bar = 5µm.
(d) Adaxial cuticle, morphotype 2, detail of two stomatal apparati with large apertures; ls, large bean-shaped lateral subsidiary cells; g,
larger guard cell; p, oval-round polar subsidiary cell, Bay St. George sub-basin. Hypotype slide BB-30-25-4(3). Scale bar = 20µm.
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Meyen (1966) distinguished among eight “cuticular types”
of the genusCordaites from the Angara floral province
(mostly from the Kuzbass Basin), based on compressions–
impressions that were usually determined only at the generic

level asCordaitesspp. Even if guard cells of Meyen’s type
II, i.e., Cordaites (Sparsistomites) gorelovae Meyen, are
similar to some European and the Canadian (= Euramerican)
cordaitean cuticles, the shape of the lateral cells of Type II
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Fig. 6. (a) Naturally macerated, abaxial cuticle, morphotype 3, showing rows of stomatal apparati. However some stomata-like objects
(black areas) and lines showing anticlinal walls are probably a result of biodegradation. Sydney sub-basin. Hypotype slide 997-294-
10/4(2). Scale bar = 50µm. (b) Adaxial cuticle, morphotype 4, location of stomatal apparatus (arrow) enlarged in Fig. 6c. Stellarton
sub-basin. Hypotype SEM stub 66, 998-303. Scale bar = 20µm. (c) Enlarged Fig. 6b; stomatal apparatus showing partially opened ap-
erture; “cuticular extension overhanging epistomatal chamber” (1) and pair of guard cell in a sunken, faintly outlined bowl-shaped de-
pression (2). p, polar subsidiary cell (see Fig. 2). Scale bar = 5µm.
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is different from that of our morphotypes. Also, epidermal
cells show much more irregularities in size and shape than
the presently studied specimens. In contrast to the published
EuramericanCordaitesspp., Angaran cordaitean cuticles of-
ten show papillae (Meyen 1966). Unfortunately, Meyen was
only able to work with small cuticular fragments because of
the brittle nature of the coalified leaves, a circumstance that
prevented the critical study of cuticular topography.

Ledran (1966) described 22 foliar cordaitean species be-
longing to the generaPachycordaitesLedran,Dorycordaites
Zeiller, andPoacordaitesGrand’Eury, based on the old col-
lections by Grand’Eury and Zeiller in the 19th century. The
drawings of the extracted cuticles of individual species are
schematic and stomata are shown mostly without guard
cells, i.e., atmospheric oxidation probably contributed to the
deterioration of cuticle quality over time. This situation
makes comparison with our material and morphotypes im-
possible.

A study by Šimçnek (1999) of a large number of cordai-
tean cuticles from the Westphalian to early Permian, Bohe-
mian Massif, Czech Republic, demonstrated that four
venation-based species yielded 27 different morphotypes.
His morphotype 9 resembles our morphotype 4, insofar as
the presence of swallowtail ends of a shared polar subsidiary
cell between pairs of guard cells is concerned.

Comparison between morphotype 4 and Barthel’sCor-
daitessp. type 4 (1962c) shows that morphotype 4, on aver-
age, had slightly longer and narrower stomata, and larger
epidermal cells on the abaxial cuticles. Moreover, cells on
the adaxial cuticles were larger and differentiated into non-
stomatiferous bands and stomatal rows, and SI was higher in
morphotype 4 than in Barthel’s type.

Overall ranges of cuticular measurements from Table 1
fall into the average range of cuticular measurements for
C. principalis from coal balls given by Harms and Leisman
(1961). Topographical differences are noticeable, especially
in the number of stomatal rows (lower cuticle), which are
higher in the coal-ball cuticles than in our specimens.
Whether this is taxonomically significant is difficult to say,
as stomatal rows are known to be variable. Other specific
differences include the fact that their cuticles, in contrast
with the five amphistomatic morphotypes erected, are bor-
derline amphistomatic, i.e., their designated upper cuticles
are virtually astomatal, with 6 stomata/mm2. Moreover, the
abaxial cuticle of morphotype 4 differs morphologically from

those of C. principalis described by Harms and Leisman
(1961). On balance, Barthel’s type 4 (Westphalian D age)
and our morphotype 4 (early Cantabrian age), both assigned
to C. principalis, are similar, as far as can be determined
from the published Euramerican (and Angaran) cordaitean
cuticles. Therefore, of the five morphotypes reported from
the Carboniferous Maritimes Basin, only one has been found
in the European cuticles studied thus far, while four of our
morphotypes are new for the Carboniferous.

Taxonomic and nomenclatural problems
The venation densities of the studied adpression samples,

i.e., 12–34 primary veins per foliar cm, with one to six scle-
rotic strands between primary veins, conform with the vein-
morphological variability ofC. principalis (summarized in
Šimçnek 1999). However, in the Euramerican floral prov-
ince, leaves fitting the diagnosis ofCordaitesoccur in vari-
ous other plant taxa, but not all cordaitean species can be
accommodated by this taxon (see Meyen 1984 for sum-
mary). For example, leaves with vein characteristics similar
to C. principalis are thought to belong toCordaixylon bi-
rame (Trivett 1992)=Mesoxylon birameof Baxter (1959),
Trivett and Rothwell (1988, 1991)=Pennsylvanioxylon bi-
rame (Costanza 1985). However, leaves conforming very
closely to C. principalis have also been attributed toCor-
daixylon iowensis(Trivett 1992; Trivett and Rothwell 1991),
and these authors consider these leaves to be different from
those of theP. birameplant.

The holotypes of bothC. principalis and C. borassifolia
lack preserved cuticles (Barthel 1976). The question is what
to do with cuticles that are extracted from cordaitean leaves
whose vein morphologies fit both species? Meyen (1970)
proposed that the nameCordaitesbe reserved only for cor-
daitean species without preserved cuticles. For those with
preserved cuticles, the genusRufloria Meyen, or the subgen-
era Sparsistomitesand Papillophyllites, were proposed. The
proposal is inapplicable to the Euromerican floral province,
because the generic and subgeneric taxa have as yet not been
identified. More importantly, in the light of our investigation
we cannot accept a proposed nomenclature that separates
taxa based on preservational differences, i.e., differing matu-
ration levels.

In conclusion, it is recognized that Permo-Carboniferous
cordaitean “species” based on leaf and vein morphology
show more than one cuticular morphology. Meyen (1966)
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Fig. 7. (a) Abaxial cuticle, not fully developed stomata, morphotype 4. Irregular, single stomatiferous rows, separated by a
nonstomatiferous band (ns). Sydney sub-basin. Hypotype slide 981-369/6 b (25). Scale bar = 50µm. (b) Distribution of stomatal
apparati; based on Fig. 7a. Scale bar = 200µm. (c) Adaxial cuticle, morphotype 5, showing that cells in stomatiferous zones, stippled
areas with very cutinized anticlinal walls, differ from those in nonstomatiferous band. Bay St. George sub-basin. Hypotype slide BB-
30-(100). Scale bar = 100µm. (d) Abaxial cuticle, morphotype 5, showing features similar to those in the adaxial cuticle (Fig. 7c).
Bay St. George sub-basin. Hypotype slide BB-30-(100). Scale bar = 100µm.
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exemplified this situation for the Permian cuticles from the
Angaran, and Barthel (1962a, 1962b, 1964, 1976), Šimçnek
(1999), and the present study for the Carboniferous cuticles
from the Euramerican floral province. Šimçnek’s study
(1999) is particularly impressive in that it demonstrates large

inherent intra- and inter-specific variability in cordaitean cu-
ticles. It is reasonable, therefore, to regard the variability of
the five morphotypes as being intraspecific toC. principalis.
In general, plasticity is manifested in a conservative leaf
morphology, with considerable diversity in the epidermal
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Fig. 8. (a) Abaxial cuticle, morphotype 4, not fully developed stomata, showing five stomatiferous rows, each separated by one to four
rectangular epidermal cells (nonstomatiferous row). For arrow see Fig. 8b. Sydney sub-basin. Hypotype slide 980-211/10 (29). Scale
bar = 100µm. (b) Arrow, Fig. 8a; stomatal apparatus showing characteristic convex lateral subsidiary cells, resulting into oblong-
rectangular stomatal outline (or). Scale bar = 50µm. Nomarski phase contrast photographs. (c) Abaxial cuticle, morphotype 5, showing
a stoma with an underdeveloped pair of guard cells situated between the two lateral subsidiary cells (ls). Bay St. George sub-basin.
Hypotype slide BB-30-(100). Scale bar = 25µm. (d) Adaxial cuticle, morphotype 5. s, stomatiferous band; ns, adjacent
nonstomatiferous band. Bay St. George sub-basin. Hypotype slide BB-30-(100). Scale bar = 50µm.
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features for Euramerican cordaitean species, which makes
natural species delineation very difficult.
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