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The composition and ecology of Late Carboniferous tropi-
cal, dryland plant communities are described for the first
time. The study focuses on a 700-m-thick succession
through the Langsettian Joggins Formation. Red bed units
(5–110 m thick) bearing isolated pedogenic carbonate nod-
ules occur at fourteen intervals and are interpreted as orig-
inating in a seasonally dry, well-drained, alluvial-plain
setting characterized, in places, by an anastomosing fluvial
geometry. A quantitative quadrat analysis of red bed floral
assemblages preserved as compressions, impressions, cal-
careous permineralizations, and charcoal was undertaken.
Cordaites, represented by woody trunks, branches, pith
casts, leaves, and seeds, comprise 74% of the red bed floral
thanatomass, together with minor pteridosperms and sphe-
nopsids, and rare sigillarian lycopsids. Taphonomic data
demonstrate that while fire-prone cordaite-pteridosperm
vegetation dominated nearly all seasonally dry floodplain
niches, hydrophilic lycopsids and sphenopsids were restrict-
ed to riparian settings where water availability was great-
est. Calculation of standard diversity indices indicates that
growing conditions were generally stressful, consistent with
a seasonal environment. The composition of these dryland
communities differs markedly from lycopsid-dominated
wetland communities known from gray, coal-bearing suc-
cessions at other intervals in the Joggins Formation. Se-
quence stratigraphic analysis of the Joggins Formation
suggests that dryland communities represent the vegetation
of seasonal continental-interior environments in contrast to
wetland communities that grew in humid coastal settings.
Repeated alternations between continental and coastal set-
tings were caused by tectonically and/or eustatically driven
base-level fluctuations that resulted in marine transgres-
sive-regressive rhythms minimally hundreds of kilometers
long.

INTRODUCTION

During Late Carboniferous (Westphalian) times, the
Laurasian supercontinent straddled the equator (Golonka
et al., 1994) and widespread coal-bearing strata preserv-
ing rich fossil floras were deposited across much of pre-
sent-day Europe, North America, and parts of Asia (Cald-
er and Gibling, 1994; Fig. 1). The environments and floral
ecology of this Euramerican Coal Province have been stud-
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ied for more than 200 years (Scott, 1977), and are now un-
derstood in great detail (Pfefferkorn et al., 2000).

Popular textbook reconstructions and museum diora-
mas typically represent the Euramerican tropics as exten-
sive fluvio-deltaic environments covered by high-density
(500–1800 trees per hectare) rainforests (Scott, 1979;
DiMichele et al., 1996a, 2001). Within this rainforest bi-
ome, two main communities have been distinguished
(DiMichele and Phillips, 1994). One occupied nutrient-
poor, peat-forming systems and was dominated by arbo-
rescent lycopsids (mostly Lepidophloios and Lepidoden-
dron, sensu latu) together with subordinate pterido-
sperms, cordaites, tree-ferns, and sphenopsids (DiMichele
and Phillips, 1985, 1988, 1994). The other occupied adja-
cent nutrient-rich, wetland clastic substrates such as
floodbasins and channel levees (Gastaldo et al., 1995), and
was dominated by the same plant groups as those in the
peat mires, but with distinctly different dominance-diver-
sity patterns (DiMichele et al., 2001). Specifically, pteri-
dosperms and sphenopsids dominated well-drained levees
(Gastaldo, 1987), while lycopsids such as Sigillaria, Para-
lycopodites, Lepidodendron, and Lepidophloios dominated
poorly drained floodbasins (Phillips and DiMichele, 1998;
Pryor and Gastaldo, 2000).

However, this popular image of Late Carboniferous ly-
copsid-dominated tropical rainforests may represent only
half of the paleoecological story. Today, humid rainforests
occupy only 40% of the tropical zone (Walter, 1973) and
during drier glacial phases may have covered even smaller
areas (van der Hammen and Hooghiemstra, 2000). A more
widespread tropical biome consists of seasonally dry sa-
vannahs, savannah woodlands, and forests (Walter, 1973).
Although rainfall seasonality in the Late Carboniferous
tropical zone may have been reduced relative to the pre-
sent due to the existence of the equatorial Hercynian
Mountain belt (Rowley et al., 1985; Calder, 1994; Falcon-
Lang, 1999a), it seems highly improbable that no seasonal
biomes existed at all, especially during relatively dry gla-
cial phases (DiMichele et al., 1996b, 2001; Falcon-Lang,
2000a).

The nature of Late Carboniferous dryland tropical eco-
systems frequently has been discussed in the literature
(Mapes and Gastaldo, 1986; DiMichele and Aronson,
1992), often in the context of related upland ecosystems
(e.g., Scott, 1979; Lyons and Darrah, 1989; Falcon-Lang,
2000a), and generally on the basis of minimal data (Di-
Michele et al., 2001). Lack of primary field data concern-
ing Late Carboniferous dryland floras may reflect their
relatively low species richness and poor preservation,
which seem unattractive to study compared with diverse,
well-preserved, intercalated wetland assemblages. This
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FIGURE 1—Late Carboniferous (Langsettian) global paleogeography
showing tropical vegetation biomes (Willis and McElwain, 2002) and
two possible drainage pathways for Joggins fluvial systems to the
open ocean (Calder, 1998; Ziegler et al., 2002).

FIGURE 2—Location details of Joggins study site. (A) Canada. (B)
Nova Scotia.

paper fills this gap by comprehensively describing for the
first time Late Carboniferous floral assemblages in sea-
sonally dry alluvial-plain units. These data, collected from
the famous fossil cliffs of Joggins, Nova Scotia, Canada
(Dawson, 1868; Calder, 1998), provide a crucial missing
dimension to previous studies of Late Carboniferous trop-
ical ecology.

GEOLOGICAL SETTING

The 1430-m-thick Upper Carboniferous Joggins For-
mation (formally erected by Ryan et al., 1991) is exposed
continuously in a spectacular 5-km-long sea-cliff section
near Joggins village, Chignecto Bay, Bay of Fundy, Nova
Scotia (Fig. 2; Latitude 45842‘N, Longitude 64826‘W; Gi-
bling, 1987), and is assigned to the Langsettian stage on
the basis of palynological and megafloral data (Fig. 3; c.
315 Ma; Dolby, 1991; Wagner, in press). The site initially
was brought to international attention by Lyell (1843),
who described it as ‘‘the finest example in the world of a
Carboniferous exposure’’ (Lyell, 1871, p. 409). The section
subsequently was logged in its entirety by Logan (1845) as
part of the first project of the newly formed Geological Sur-
vey of Canada. Despite more than 150 years of subsequent
research, the Joggins Fossil Cliffs continue to yield excit-
ing new discoveries, being the subject of numerous recent
sedimentological and paleoecological studies (Calder,
1998; Scott, 1998; Falcon-Lang, 1999b, in press; Falcon-
Lang and Scott, 2000; Hower et al., 2000; Davies and Gi-
bling, 2003; Wagner, in press).

The Joggins Formation was deposited in the equatorial,
rapidly subsiding, strike-slip Cumberland sub-basin part
of the larger Maritimes Basin, that developed in SE Laur-
asia following the convergence of Gondwanaland (Gibling,
1995; Scotese and McKerrow, 1990; Pascucci et al., 2000).
Regional paleoflow in the Maritimes Basin was to the
northwest (Gibling et al., 1992), and rivers probably
drained into a mid-European sea (Calder, 1998) or per-
haps into the Angaran Sea north of Scandinavia (Zeigler
et al., 2002; Fig. 1). Either scenario places Joggins at least

1000 km inland from the nearest open-marine region.
However, recent identification of estuarine open-water
units at Joggins (Archer et al., 1995; Davies and Gibling,
2003) demonstrates that that the Cumberland sub-basin
was connected to open-marine waters by a narrow strait
during marine highstand phases. During lowstand phases
the basin became continental, lying hundreds of kilome-
ters from the coastal zone (Fig. 1).

The narrow Cumberland sub-basin was flanked to the
north and south by highland fault blocks (Caledonia and
Cobequid Highlands). Coarse-grained alluvial fan depos-
its (Polly Brook Formation; Figs. 3, 4) that have been
mapped adjacent to these highlands interdigitate with the
predominantly fine-grained fluvial deposits of the Joggins
Formation, which were deposited close to the basin center
(Calder, 1994). Halokinesis—sub-surface diapiric salt
movement—generated another upland zone (Minudie Up-
lands) along the northern basin margins. Consequently,
Joggins never lay more than 8–22 km from zones of ele-
vated topography (Falcon-Lang and Scott, 2000; Fig. 4).

Recent analyses of the sedimentology and sequence
stratigraphy of the Joggins Formation have identified
three main facies associations including, open-water
brackish bay units, in addition to two terrestrial associa-
tions: poorly-drained, coal-forming coastal-plain units,
and well-drained, pedogenic carbonate-forming alluvial-
plain units (Davies and Gibling, 2003; Fig. 3). Facies as-
sociations are organized into sedimentary rhythms, each
beginning with open-water units overlain by gray-colored
coastal-plain deposits, followed by red-colored alluvial-
plain deposits. Each sequence resulted from a rapid base-
level rise resulting in open-water conditions followed by
subsequent progradation of coastal plains followed by con-
tinental alluvial plains. The predominance of flooding sur-
faces and the absence of recognizable sequence boundaries
suggest that sedimentary rhythms were driven by fault-
induced subsidence, although glacial eustasy may have
been an important secondary factor (Davies and Gibling,
2003).

Fossil plants are most abundant in the coastal-plain
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FIGURE 3—Stratigraphic setting of the Joggins Formation. (A) Stratigraphy of Cumberland Basin (after Calder, 1998). (B) Graphic log through
medial part of Langsettian Joggins Formation showing three main facies associations of Davies and Gibling (2003).

units at Joggins and comprise a classic Late Carboniferous
tropical wetland assemblage dominated by lycopsids (Ly-
ell and Dawson, 1853; Scott, 1998; Falcon-Lang, 1999b;
Hower et al., 2000). The vegetation of the dryland alluvial-
plain units differs markedly from that of the coastal-plain,
and it is the facies occurrence, preservational state, com-
position, and ecology of these enigmatic dryland assem-
blages that are the subject of this paper.

MATERIAL AND METHODS

The study focuses on a medial 700-m-thick section of the
Joggins Formation commencing at 50 m north of Little

River and extending to Coal Mine Point. Well-drained al-
luvial-plain units (5–110 m thick), hereafter referred to as
WDP units, comprise approximately 40% of the vertical
thickness of this succession (Figs. 3, 5A). These beds con-
tain depauperate megafloral assemblages at twenty
stratigraphic horizons with scattered occurrences of rare
plant material at many other horizons. Megafloral re-
mains occur as compressions, impressions, calcified per-
mineralizations, and charcoal. Impression and compres-
sion fossils were identified in hand specimen using the
comprehensive Joggins monographs of Bell (1944) and
Wagner (in press). Permineralized and charred speci-
mens, consisting only of pycnoxylic woods, were studied
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FIGURE 4—Schematic basinal setting of Joggins showing its location
in the transpressional/transtensional Cumberland sub-basin and its re-
lationship to local upland areas (after Gibling et al., 1992; Calder,
1994).

FIGURE 5—Dryland facies and plant assemblages. (A) Joggins sec-
tion, 400 m south of Lower Cove showing typical WDP strata (the
cliffs are ;20 m high); 1 indicates Facies 1 (anastomosing river chan-
nel sandstone units); 2 indicates Facies 2 (crevasse splay sheet sand-
stone units); 3 indicates Facies 3 (crevasse feeder-channel); and 4
indicates Facies 4 (red floodbasin mudstone units). (B) Example of
plant-debris bed in Facies 1 channel base showing charcoal and Ar-
tisia pith cast (coin, 15 mm diameter); this kind of material was the
subject of the quadrat analyses.

using standard transmitted light microscopy and scan-
ning electron microscopy techniques, and identified using
Lepekhina (1972) and references therein. All figured spec-
imens are stored in the Palaeontology Collection of the
Nova Scotia Museum of Natural History.

The facies distribution of fossil taxa was studied quali-
tatively, with data simply recorded in terms of presence
and absence. In addition, quantitative studies were under-
taken on the twenty most plant-rich bedding planes to an-
alyze the relative abundance of the most common plant
taxa. This was achieved by measuring the percentage area
of bedding-plane surface covered by each taxon within a
20 cm by 20 cm quadrat (divided into 400 squares), a pa-
rameter hereafter referred to as Percentage Cover. The
quadrat size was chosen as a trade off between data qual-
ity and time available for the study. Only detrital (allo-
chthonous/parautochthonous) plant material was ana-
lyzed; autochthonous remains such as stumps and rooted
horizons were recorded as being present or absent but not
included in the quadrat measurements. Percentage Cover
analysis is a very approximate measure of a taxon’s rela-
tive thanatomass (sensu Scott, 1977; i.e., its relative bio-
mass in the original community modified by taphonomic
biases). The relationship between areal cover and biomass
is not precise because, of course, a thin leaf and a thick
stem may have a similar areal cover when compressed but
different original biomasses. Nevertheless it is a useful
method for quantifying fossil plant abundance and diver-
sity in a reproducible way because it incorporates a stan-
dard sample size and fossil surface area is closely related
to photosynthetic area, an ecologically significant param-
eter (Scott, 1977).

Simpson and Shannon-Weaver diversity indices and
evenness (Magurran, 1988; Ludwig and Reynolds, 1988)
were calculated using the Percentage Cover data for each
facies and for the whole assemblage to assess levels of eco-
logical stress in the WDP communities. These techniques
require the number of biological species present to be
known. However, there are difficulties in ascertaining this

parameter because (1) several organ species in an assem-
blage may have been shed from a single biological species
thereby leading to an over-estimate of true diversity, and/
or (2) poor preservation may result in several biological
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TABLE 1—Brief notes on the taxonomy, preservational states, and facies distribution of the floral remains in the WDP units.

Form taxon Preservation Facies Description

Cordaites
Artisia transversa (Artis) Stern-

berg, 1838
Sandstone cast or

compression
1, 3 Isolated septate pith casts, up to 3.5 cm diameter and 25 cm

long; septa spaced 1.3 mm apart; locally occur flattened.
Cordaicarpus dawsoni Bell, 1938 Impression or com-

pression
4 Small, oval seeds, 9 mm long, 6 mm diameter; characterized

by an apical projection and medial groove.
Cordaites principalis (Germar)

Geinitz, 1855
Impression or com-

pression
1–4 Strap-like leaves, up to 20–35 cm long and 6 cm wide, with

pronounced parallel veination; usually preserved intact.
Dadoxylon materiarium Dawson,

1865
Calcareous minerali-

zation or charcoal
1–2, 4 Pycnoxylic wood characterized by 30–40 mm diameter tra-

cheids with contiguous, oval, 2–3-seriate, alternate, bor-
dered pitting on radial walls; 2–8 clustered, araucarioid
cross-field pits; and 1–2-seriate rays, 4–56 cells high. In
biological connection with Artisia.

Dadoxylon acadianum Dawson,
1865

Calcareous minerali-
zation or charcoal

1–2 Pycnoxylic wood, differing from D. materiarium in its larger
tracheids (60–80 mm diameter) and more numerous bor-
dered pits (3–5-seriate). Occurs in biological connection
with Artisia.

Woody branches Compression 2 Slender branches, up to 27 mm diameter, bearing abundant
helically arranged oval leaf scars, some with attached
leaves with broad (.14 mm wide) decurrent bases.

Woody trunks Permineralization,
impression, or
compression

1–4 Slender trunks with ropy bark, up to 24 cm diameter and
1.2 m long, locally exhibiting septate Artisia-type piths;
where permineralized containing Dadoxylon-type wood.

Pteridosperms
Alethopteris decurrens (Artis)

Zeiller, 1899–1901
Impression or com-

pression
2 Fragments of tripinnate fronds, up to 12 cm long, bearing

elongate decurrent pinnules, 25 mm long by 7 mm wide.
Eusphenopteris laxifolia Van

Amerom, 1975
Impression 2, 4 Poorly preserved tripinnate fronds, up to 35 cm long, bear-

ing lobate pinnules, 8 mm long by 5 mm wide.

Enigmatic gymnosperms
Dadoxylon recentium Dawson in

Penhallow, 1907
Calcareous minerali-

zation or charcoal
1, 3 Pycnoxylic wood characterized by 25–30 mm diameter tra-

cheids with contiguous, uniseriate (rarely biseriate, alter-
nate) bordered pitting with oblique, crossed apertures on
radial walls; 1–2 opposite, circular, cuppressoid cross-field
pits; and uniseriate rays, 1–14 cells high.

Female cone Compression 1 Large cone, 9 cm high, 3 cm wide.
Branching roots Compression or im-

pression
2 Vertically oriented tap roots (4–10 cm diameter) that turn

toward a horizontal orientation several centimeters below
the paleosurface and branch into a fine network of root-
lets.

Lycopsids
Stumps Sandstone cast 2 Upright sandstone-cast stumps up to 70 cm diameter with

flared bases and weak, vertical surficial furrows.
Stigmaria sp. Impression 1–2 Sediment-casts rooting systems with numerous large root

hairs.
?Sigillaria sp. Impression or com-

pression
1 Partially decorticated trunks characterized by parallel files

of leaf scars (conceivably decorticated Lepidodendron).

Sphenopsids
Calamites sp. Impression or com-

pression
1–2 Fragmented stems exhibiting parallel striation and distinct

nodes, up to 30 cm long and 6 cm diameter.
Asterophyllites sp. Compression 1 Small stems bearing slender whorled leaves.

species being lumped together in single form taxon lead-
ing to an under-estimate of true diversity (e.g., Zodrow et
al., 2000). Because it is not possible to correct adequately
for either of these two biasing factors, species richness was
simply taken to be the number of form species within each
assemblage. The likely impact of this approach on the cal-
culated diversity indices is discussed later in the paper.

FLORAL ASSEMBLAGES IN WELL-DRAINED
ALLUVIAL FACIES

Megafloral remains in the WDP units include cordaites,
pteridosperms, enigmatic gymnosperms, sphenopsids,

and lycopsids. These form taxa are described in detail in
Table 1 and many are illustrated in Figures 6–8. Cordaites
are represented by Artisia pith casts, Cordaicarpus seeds,
Cordaites leaves, Dadoxylon woods (2 species), woody
trunks, and woody branches. Both types of Dadoxylon
wood are referable to cordaites because they occur locally
in biological connection with Artisia-type pith casts.
Woody trunks are referable to cordaites because they ex-
hibit either Artisia piths or Dadoxylon-type wood struc-
ture, or they possess a ropy surficial morphology identical
to specimens that do contain unequivocal cordaite pith or
wood features. Two woody branches, a rare element of the
WDP flora, tentatively are referred to cordaites because
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both their diameter (up to 27 mm) and their helically ar-
ranged broad-based leaves are comparable with anatomi-
cally preserved cordaite branches such as Cordaixylon
(Rothwell and Warner, 1984). Pteridosperms are repre-
sented by Alethopteris and Eusphenopteris pinnae. Other
as yet enigmatic gymnosperms consist of wood specimens
of Dadoxylon recentium, which bear closest similarity to
the woods of some Early Carboniferous (late Viséan) gym-
nosperms such as Bilignea (Andrews, 1940; Galtier and
Scott, 1991), branching rooting systems, and a single large
gymnospermous cone. Finally, free-sporing plants are rep-
resented by sphenopsids (Calamites and Asterophyllites)
and lycopsids (Sigillaria, Stigmaria, and unidentifiable
decorticated stumps). Floral remains are distributed in
four WDP facies as follows:

Facies 1

Facies 1 consists of heterolithic channel bodies (3–6 m
thick) composed of multiple, channel-fill units with width:
thickness ratios of ,15 and a basal relief on the order of 2
m (Falcon-Lang, 1999a). In many intervals, multiple
channels occur at the same horizon forming laterally ex-
tensive, composite units (Davies and Gibling, 2003). Chan-
nel-fill deposits consist of fine-grained subarkosic sand-
stone, but locally 10-cm-thick beds of reworked pedogenic
carbonate gravel occur. When viewed in thin section, this
carbonate gravel preserves cylindrical, root-like struc-
tures (Falcon-Lang, 1998). Planar-laminated beds with
primary current lineation, trough cross-beds, and ripple
cross-lamination are common in some channel-fill depos-
its, but others are massive.

This facies locally contains abundant autochthonous
sandstone-cast Calamites stems (4–6 cm diameter, 31–43
cm high; Fig. 6) that are closely spaced (between 7 cm and
87 cm apart), and locally originate on siltstone laminae
capping bank-attached bars within the channel-fill units.
A single impression of a Stigmaria rooting system occurs
on one channel-margin sandstone unit.

In addition, highly abundant plant fragments occur ei-
ther concentrated in scour hollows of channel bases (up to
41% cover) or associated with sand-and-gravel channel-fill
units (up to 12% cover). These allochthonous assemblages
may include compressed or partially charred Artisia pith
casts (3.5 cm diameter, 17 cm long; Fig. 6), permineralized,
charred, and partially charred wood fragments, and laths
up to 15 cm long of Dadoxylon acadianum, D. materiarium
and D. recentium (Figs. 7 and 8), trunks with ropy bark lo-
cally containing Artisia-type pith casts (4–17 cm diameter,
1.2 m long; Fig. 6), Cordaites leaves (20 cm long), indeter-
minate putative gymnosperm cones (9 cm long, 3 cm
wide), Calamites stems (5–30 cm long), and fragmented
Asterophyllites. Rarely, partially decorticated lycopsid
trunks (23 cm diameter, 80 cm long) also occur. Prominent
vertical ribbing tentatively allows their assignment to Sig-
illaria, although decorticated Lepidodendron also may ex-
hibit this morphology (Calder et al., 1996).

Facies 2

Facies 2 consists of horizontally bedded heterolithic
units (up to 12 m thick) dominated by thin- to medium-
bedded (2–35 cm thick), fine-grained subarkosic sand-

stone sheets with undulose geometry and erosive bases,
interbedded with red, blocky siltstone units (Davies and
Gibling, 2003).

Poorly preserved plant material in growth position is
widespread. At four separate horizons, single, isolated
sandstone-cast decorticated stumps of lycopsids (30–100
cm high; Fig. 6E) occur. Bark compressions are absent, al-
though some individuals exhibit weak impressions pre-
serving vertical ribbing, which may be suggestive of Sigil-
laria. Stigmaria rooting systems occur at two other inter-
vals. Sandstone-cast Calamites stems (up to 20 cm high)
are locally numerous and closely spaced, and occur in
growth position at five intervals, twice in association with
lycopsids. Small-diameter (4–10 mm) root traces sur-
rounded by reduction haloes and exhibiting many orders
of branching are locally very common at other intervals,
typically occurring lateral to channel bodies of Facies 1
and 3. Root traces, which are probably gymnospermous,
differ from those of lycopsids and sphenopsids in their
slender, branching morphology (Table 1).

Allochthonous, fragmented plant material includes Cal-
amites impressions and compressions (up to 10 cm long)
and charred Dadoxylon acadianum cordaite wood (2–5
mm diameter) on three bedding surfaces. Two additional
horizons contain large cordaite branches with helically ar-
ranged leaves, while three other horizons preserve frag-
mented impressions and compressions either of Cordaites
leaves, or Eusphenopteris and Alethopteris pinnae.

Facies 3

Facies 3 consists of small single-storey channel bodies (up
to 1.5 m thick and 2–3 m wide) locally exhibiting heterolithic
lateral accretionary bedforms, and ripple cross-lamination.
These channel units typically are associated intimately with
Facies 2 strata and contain fine-grained subarkosic sand-
stone and siltstone (Davies and Gibling, 2003).

No plant fossils in growth position were observed in this
facies; however, allochthonous plant fragments are locally
abundant, being concentrated in the scour hollows of the
basal channel-lag deposits (up to 13% cover). The assem-
blage consists of compressed and partly charred Artisia
pith casts (3 cm diameter, up to 25 cm long), trunks with
ropy bark locally containing Artisia-type pith casts (up to
19 cm diameter, and 65 cm long), charred and perminer-
alized Dadoxylon acadianum and D. materiarium (1–4 cm
diameter), Cordaites compressions and impressions (up to
20 cm long), and fragmented Calamites compressions.

Facies 4

Facies 4 consists of blocky, red mudstone and siltstone
units (up to 5 m thick) containing thin fine-grained, subar-
kosic sandstone beds, desiccation cracks, and rain-prints.
Scattered pedogenic carbonate nodules (up to 12 cm di-
ameter) locally occur but never form a continuous petro-
calcic layer; they are classified as stage II calcic accumu-
lations (Davies and Gibling, 2003). Locally thin (20 cm) in-
tervals characterized by variegated red-gray-mottled
mudstone also occur.

Although plant remains in growth position have not
been observed, impressions of unfragmented Cordaites
leaves (20–35 cm long) occur at twelve horizons scattered
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FIGURE 6—Examples of compression and impression floral elements in WDP units, Joggins. (A) Cordaites (ubiquitous) and Eusphenopteris
(bottom left corner), parautochthonous in Facies 4, pen-knife is 8 cm long. (B) Upright Calamites stem rooted on bar-top within channel; note
adventitious rhizome to second stem; Facies 1; scale bar indicates 5 cm. (C) Woody cordaite branch showing helically arranged broad leaves;
allochthonous in Facies 2; scale bar indicates 1 cm. (D) Woody cordaite trunk with ropy bark showing Artisia-type pith; allochthonous in Facies
1; scale bar indicates 2 cm. (E) Upright decorticated lycopsid trunk rooted in 1-cm-thick gray lamination in Facies 4; tape measure is 1.5 m
long.
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FIGURE 7—Examples of permineralized Dadoxylon acadianum wood in WDP units, Joggins; parautochthonous in Facies 4. (A) Multiseriate,
alternate bordered tracheid pits, RLS, scale bar is 20 mm long. (B) Tall, 1–2-seriate rays, TLS, scale bar is 80 mm long. (C) Tracheids in TS,
growth rings absent, scale bar is 350 mm long.

across red mudstone bedding surfaces (up to 56% cover),
while at another three horizons impressions of large Eus-
phenopteris fronds (15–35 cm long) are present. An addi-
tional horizon is dominated by Cordaites impressions to-
gether with rare Eusphenopteris impressions (Fig. 6). A
single interval of variegated red-gray-mudstone units
within a thick red-mudstone unit contains compressions
and impressions of Cordaites, Cordiacarpus, slender
woody cordaite trunks with ropy bark (18–24 cm diame-
ter) containing Dadoxylon acadianum-type wood, isolated
charred and permineralized cordaite wood fragments of D.
acadianum (Fig. 7) and D. recentium (Fig. 8D-I), and leaf-
less pteridosperm axes (3–11 mm diameter).

Percentage Cover Analysis
Percentage Cover data for these WDP plant assemblages

are given in Table 2. Additional plant taxa that did not occur
within one of the twenty measured quadrats, but neverthe-
less were noted in elsewhere each facies, also are indicated
on Table 2 by the letter P (for present). Because the number
of quadrats measured for each facies was not constant (due
to the heterogeneous facies distribution of plant material),
the mean value of Percentage Cover for each plant taxon in
each facies was calculated by incorporating a weighting de-
pendent on the number of quadrats measured. These data
indicate that cordaite remains dominate the thanatomass
(74.3%), with subordinate pteridosperm (15.8%) and sphe-
nopsids (9.9%), and rare lycopsids. Ecological analysis of the
Percentage Cover data indicates that the WDP assemblages
generally possess very low diversity indices (D and H’) and
low evenness values (Table 3). The significance of these re-
sults is outlined in the following discussion.

INTERPRETATION OF ENVIRONMENTS AND
PLANT COMMUNITIES

Paleoenvironment
Davies and Gibling (2003) interpreted the four WDP fa-

cies as follows: Medium-sized channelized sandstone units

(Facies 1) were considered to be the deposits of 3–4 m
deep, fixed-locus river channels. The predominance of ver-
tically accreting channel fills coupled with the concentra-
tion of multiple channels at particular stratigraphic inter-
vals strongly indicate that they were formed in an anas-
tomosing network of small channels (Fig. 9), as previously
interpreted for younger parts of the Joggins section (Rust
et al., 1984). In addition, the dominance of heterolithic
strata may imply seasonal variations in flow strength. Un-
dulatory sheet sandstones (Facies 2) represent levee com-
plexes and crevasse splays into floodbasin regions, while
small, associated channelized sandstone units containing
lateral accretion sets (Facies 3) represent sinuous crevasse
feeder channels. Finally, red mudstone/siltstone units
(Facies 4) represent the low-energy suspended-load depos-
its of interchannel regions. The local presence of scattered
stage II carbonate nodules in Facies 4 indicates that flood-
basin soils were well drained and seasonally dry (Goudie,
1983). Red coloration of sediments is almost certainly a
primary feature as red rip-up clasts locally occur in over-
lying gray-colored units (Davies and Gibling, 2003). A
probable close modern analogue for the WDP is the anas-
tomosing channel networks of the Channel Country of
Central Australia that exhibit distinctly seasonal flow pat-
terns, although the Joggins climate was probably season-
ally tropical rather than truly arid as in the Channel
Country (Gibling et al., 1998).

Reconstruction of Plant Communities Based on
Taphonomic Data

Cordaite remains, including woody trunks, branches,
pith casts, leaves, and seeds, preserved as compressions,
impressions, permineralizations, and charcoal, dominate
the fossil plant thanatomass in all WDP facies except Fa-
cies 2 where they co-dominate with sphenopsids (Table
1,2). Measurements of thanatomass normally cannot be
related directly to biomass representation in the original
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FIGURE 8—Examples of charred floras in WDP units, Joggins; all SEM micrographs. (A–C) Dadoxylon materiarium and (D–I) D. recentium;
allochthonous in Facies 1. (A) Multiseriate, alternate bordered tracheid pits, RLS. (B) 2–8 araucarioid cross-field pits, RLS. (C) Tracheids in
TS, growth rings absent. (D) Uniseriate, contiguous bordered tracheid pitting, RLS. (E) 1–2 cupressoid cross-field pits, RLS, (F) Short uniseriate
rays, TLS. (G) Biseriate, alternate tracheid pitting, crossed apertures, RLS. (H) 1–4 cupressoid cross-field pits, RLS. (I) Tracheids distorted in
TS, growth rings absent.

plant community due to taphonomic biases (Scott, 1977;
Pryor and Gastaldo, 2000). However, the dominance of
cordaite remains in all four facies, and across a wide range
of tissue types (e.g., woods, seeds, and foliage) and preser-
vational modes (e.g., compressions, impressions, permi-
neralizations, and charcoal; Tables 1,2), strongly suggest
that cordaites were indeed the dominant vegetation in
WDP environments, and their fossil dominance is not a
taphonomic artifact (Fig. 9). It is unlikely that differences
in phenological response between the various taxa would
have led to biases in the fossil record because both pteri-
dosperms and cordaites were evergreen (Falcon-Lang and
Scott, 2000).

Assemblages in Facies 4 are interpreted as parauto-
chthonous, given their occurrence in low-energy floodba-
sin muds (Gastaldo et al., 1995), and indicate that cordaite
trees dominated seasonally dry floodbasin soils. Biometric
analysis (Niklas, 1994) of the slender woody trunks (4–24
cm diameter, N59) suggests that these cordaites were
generally medium-sized trees (ø 10–15 m high). Subordi-
nate Eusphenopteris remains, probably derived from a

shrub with medium stature or perhaps a liana (Wagner, in
press), indicate that pteridosperms formed understory
vegetation at a few sites. Autochthonous assemblages in
Facies 2 indicate that gymnospermous vegetation also
dominated on flood-deposited sandy splay substrates
proximal to river channels, as indicated by extensive root-
ing systems of possible gymnosperm affinity. Associated
plant fragments are interpreted as parautochthonous or
perhaps allochthonous, given the low transport potential
of waning overbank flood deposits (Gastaldo et al., 1995),
and suggest that the gymnospermous splay communities
were composed specifically of cordaites or pteridosperms.
However, stems in growth position demonstrate that local
thickets of sphenopsids and isolated arborescent lycopsids
were interspersed with these gymnosperms at some sites.
Autochthonous assemblages in Facies 1 demonstrate that
sphenopsid thickets grew in bar-top settings within ac-
tively aggrading anastomosing river channels (cf., Scott,
1978; DiMichele and Phillips, 1996), while rare isolated ly-
copsids inhabited channel-margin niches where the wa-
ter-table was probably higher (based on the ecological re-
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TABLE 2—Results of quantitative quadrat analysis of floral remains in each WDP facies expressed in terms of Percentage Cover. Note that
a few of the rarer taxa recorded in Table 1 did not occur in the measured quadrats. The figures indicated by the symbol ` include very small
quantities of noncordaite Dadoxylon recentium wood. P 5 Present; A 5 Absent.

Facies 1 Facies 2 Facies 3 Facies 4 Mean % Flora

Quadrats (N) 9 3 2 6

Cordaites principalis
Artisia transversa
Woody trunks/branches
Dadoxylon charcoal
Cordaicarpus dawsonii

6.05
1.27

11.08
1.22`
A

P
A
P

0.50
A

4.00
2.75
4.00
4.87
A

22.31
A
P
P`
P

9.82
0.84
5.38
1.11
P

42.50
3.66

23.32
4.81
P

Total cordaites 19.62 0.50 15.62 22.31 17.16 74.29

Eusphenopteris laxifolia
Alethopteris decurrens

A
A

P
P

A
A

12.17
A

3.65
P

15.80
P

Total pteridosperms A P A 12.17 3.65 15.80

Calamites sp.
Asterophyllites sp.

3.00
0.19

1.25
A

6.62
A

A
A

2.19
0.08

9.52
0.37

Total sphenopsids 3.19 1.25 6.62 P 2.28 9.89

Sigillaria sp.
Stigmaria sp.
Lycopsid stumps

P
P
A

A
P
P

A
A
A

A
A
A

P
P
P

P
P
P

Total lycopsids P P A A P P

FIGURE 9—Summary of Joggins well-drained alluvial plain (WDP) paleoenvironments and fire-prone cordaite-dominated plant communities.
PDP indicates poorly drained coastal-plain units underlying WDP units. Upland zone represents the Minudie Anticline, 8 km upstream of the
Joggins Basin (cf., Fig. 4).

quirements of these plants). Allochthonous and typically
charred assemblages in river-channel and splay feeder-
channel deposits (Facies 1 and 3) are consistent with hav-
ing been derived from the same kind of cordaite-dominat-
ed communities as described from coeval floodbasin depos-

its (Facies 2 and 4). Alternatively, these cordaite remains
may have been transported from nearby uplands (sensu
Pfefferkorn, 1980), as argued in earlier papers (Falcon-
Lang, 1999b; Falcon-Lang and Scott, 2000) on the basis of
three considerations: (1) the close proximity of uplands in-
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TABLE 3—Ecological analysis of Percentage Cover data given in Ta-
ble 2. Diversity indices: Simpson (D) 5 S((ni(ni 2 1))/(N(N 2 1))),
where ni equals number of observations of ith species, and N is total
number of observations for all species; Shannon-Weaver (H9) 5 2Spi-

lnpi, where pi is the proportional abundance of the ith species. Even-
ness (e) 5 H9/lnS.

Species
richness

(S)
Simpson
index (D)

Shannon-
Weaver

index (H9)
Evenness

(e)

Facies 1
Facies 2
Facies 3
Facies 4

8
8
5
5

0.33
0.59
0.22
0.54

1.33
0.74
1.57
0.66

0.64
0.36
0.97
0.41

Total 12 0.27 1.52 0.61

terpreted to have been only 8–22 km upstream of Joggins
(Fig. 4), (2) the high capacity of wood charcoal to undergo
hundreds of kilometers of transport intact (Blong and Gil-
lispie, 1978), and (3) the association of charred cordaite de-
bris with concentrated flow-channel facies interpreted as
resulting from a post-fire increase in erosion and sediment
discharge from geomorphically sensitive slopes (Fig. 9).
Given the evident adaptation of cordaites to dry lowland
environments, there seems no physiological reason why
cordaites should not have existed also in uplands.

Environmental Seasonality and Ecological Stress

The close association of cordaite-dominated plant re-
mains with scattered pedogenic carbonate nodule-bearing
floodbasin units and the occurrence of calcrete-bearing
vertisols in coeval rocks elsewhere in the Cumberland sub-
basin (Calder, 1994; Chandler, 1998), strongly imply that
vegetation grew under climatic conditions that were sea-
sonally dry. The widespread occurrence of cordaite re-
mains as charcoal (5% of all plant material; Table, 2; Fig.
8), which is the product of wildfire (Scott, 1989), further
supports a seasonal interpretation. In the present-day
tropics, fires occur most frequently in seasonally dry bi-
omes (Falcon-Lang, 2000a), although fire may have been
more widespread in Carboniferous tropical vegetation if
atmospheric oxygen levels were elevated, as suggested by
limited paleontological data (Robinson, 1991; Wootton and
Kukalova-Peck, 2000) and model results (Beerling et al.,
1998; Beerling and Berner, 2000).

Furthermore, standard diversity indices and evenness
values for WDP cordaite-dominated vegetation are very
low (Table 3). Given that biological species richness may
be over-estimated by counting each organic taxon as an in-
dividual species (a minimum of six biological species are
present: two cordaites, two pteridosperms, one sphenop-
sid, and one lycopsid), diversity indices actually may have
been even lower. Low diversity indices generally have
been interpreted as indicative of communities that exist
under physically or chemically stressed conditions, or ex-
periencing some other environmental instability (Pryor
and Gastaldo, 2000, citing Hughes, 1986). Again these
data are entirely consistent with seasonally stressed, fire-
prone vegetational biome.

However, one difficulty with this seasonal tropical for-
est interpretation is the complete absence of true growth

rings in the WDP cordaite woods (Falcon-Lang and Scott,
2000). To date only extremely weakly developed growth
interruptions (sensu Ash and Creber, 1992; Schweingrub-
er, 1992) have been recognized in some of the Joggins
woods. This apparent conflict between growth ring and
sedimentological paleoclimate data previously has been
recognized at two paleotropical sites (Demko et al., 1998;
Falcon-Lang, 1999a), where the suggestion was made that
growth ring absence could be explained by permanently
high water tables, which buffered trees against drought.
However, this cannot be the case at Joggins, otherwise one
would expect the floodbasins to have been dominated by
hydrophilous lycopsids. A more probable explanation is
that cordaites may not have expressed seasonality in their
wood production readily due to their long leaf-retention
time (Rothwell, 1993). This is a phenomenon observed in
many modern and fossil araucarian conifers with long
leaf-retention times (Falcon-Lang, 2000b; Brison et al.,
2001). A potential second explanation is that Joggins WDP
floras were subject to only very weakly developed rainfall
seasonality. Tandon and Gibling (1994) have noted that
groundwater calcrete can form locally even in humid, sub-
tropical climates with only a short (1–2 month) annual dry
season. Weak seasonality is suggested by the cordaite fos-
sils themselves whose broad leaves and large-diameter
tracheids do not exhibit any obvious physiognomic adap-
tation to water stress (Mapes and Gastaldo, 1986). Assum-
ing the WDF cordaites had long leaf-retention times and
grew under a weak seasonality, they may have been simi-
lar to the extant, broad-leafed, araucarian rainforests of
subtropical Asia (118S) and Australia (178S), which grow
under a seasonal tropical climate, yet do not always make
distinct growth rings (Whitmore, 1966; Ash, 1983).

DISCUSSION

Some Late Carboniferous dryland tropical floral ecosys-
tems consisted of seasonally dry, fire-prone, gymnosperm-
dominated vegetation growing under considerable ecolog-
ical stress. The dominance of seed-bearing gymnosperms
in this environment is not surprising given that they were
the only Late Carboniferous plant group whose reproduc-
tive cycle was not dependent on surface water availability
(DiMichele and Phillips, 1996). This edaphic hypothesis
for explaining cordaite dominance is supported by the re-
striction of the rare free-sporing lycopsids and sphenop-
sids to riparian settings where surface water availability
would have been greatest, and by the occurrence of only
the most drought-tolerant lycopsid genus, Sigillaria (Phil-
lips and DiMichele, 1992; DiMichele and Phillips, 1994).

The cordaite-dominated WDP vegetation type is dis-
tinctly different from the well-documented wetland lycop-
sid-dominated vegetation, which was widespread across
the entire Late Carboniferous tropical zone (DiMichele
and Phillips, 1994; DiMichele et al., 2001). But what was
the precise environmental and ecological relationship be-
tween Late Carboniferous wetland and dryland tropical
vegetation communities? This question can be addressed
most easily with reference to the Joggins Formation itself.
As noted in the introduction, sedimentological analysis of
the Joggins Formation long has identified numerous sedi-
mentary rhythms (Dawson, 1865; Copeland, 1959), each of
which typically consists of limestone-bearing units, inter-
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preted as brackish bay deposits (BOW units), overlain by
coal-bearing units, interpreted as poorly drained coastal-
plain deposits (PDP units), and capped by dryland alluvi-
al-plain units (WDP units). The PDP units contain the re-
mains of typical wetland lycopsid peat-mire ecosystems.

The sedimentary rhythms are interpreted by Davies
and Gibling (2003) as having originated from a rapid base-
level rise (resulting in BOW units) followed by shoreline
progradation during highstand (resulting in PDP units)
and subsequent aggradation of the alluvial plain above
mean water-table and/or base-level fall (resulting in WDP
unit). Given that the most direct connection between the
Maritimes Basin and the open ocean was through either
eastern (Calder, 1998) or northern Laurasia (Ziegler et al.,
2002), BOW units represent the distal toes of marine
transgressions, minimally hundreds of kilometers long
(Fig. 1). Paleoclimatic alternation between humid coastal
coal-forming wetlands and seasonal drylands probably re-
flects the proximity of the ocean. During WDP deposition,
Joggins may have been in an intermontane, continental-
interior setting—a location that would have received little
moisture from regional air masses. However, following
marine transgression, the greater proximity of large open-
water bodies would have increased atmospheric humidity,
resulting in PDP units (Ziegler et al., 2002). Applying this
basin-evolution model suggests that the fire-prone cordai-
te-dominated dryland communities represent the vegeta-
tion of the seasonal continental-interior, while lycopsid-
dominated wetland communities represent humid coast-
al-zone vegetation (Falcon-Lang, in press).

Because sedimentary rhythms are highly variable in
thickness (25–210 m thick), the base-level fluctuations
that drove rhythmic facies changes probably resulted pri-
marily from tectonic downwarping followed by subsequent
progradation (Davies and Gibling, 2003). However, a like-
ly additional factor driving base-level fluctuations was the
repeated glacial-interglacial climate rhythms that are
known to have operated during the Langsettian (Heckel,
1986; Collier et al., 1990; Maynard and Leeder, 1992), al-
though the effects of these climatic rhythms are now par-
tially masked by the dominant tectonic signature (cf., De-
mko and Gastaldo, 1996). This is suggested by the occur-
rence of thick coals directly beneath BOW units, which in-
dicate that each rhythm began with a gradual base-level
rise over a period of hundreds of years—a scenario incon-
sistent with simple fault-induced subsidence. It is there-
fore possible that the WDP units and their dryland cordai-
te ecosystems formed preferentially during seasonallydry,
lowstand glacial phases, and the PDP units and their wet-
land lycopsid ecosystems formed preferentially during hu-
mid, transgressive interglacial phases (Falcon-Lang, in
press).

Recently, the response of Quaternary tropical vegeta-
tion to glacial-interglacial climate rhythms has been the
focus of much research. The prevailing paradigm, based
on computer models and palynological studies of well-dat-
ed lacustrine and deltaic sediments, is that the rainforest
biome attained maximum extent during humid intergla-
cial phases, but contracted into isolated refugia surround-
ed by fire-prone savannah during subsequent dry glacial
phases (Hooghiemstra and van der Hammen, 1998; van
der Hammen and Hooghiemstra, 2000). Although a grow-
ing number of scientists hotly dispute this hypothesis (e.g.,

Colinvaux et al., 2000), all agree that some vegetation
turnover occurred during glacial times either by the alti-
tudinal migration of montane species into the lowlands
(Colinvaux et al., 1996), or by the contraction of the rain-
forest margins (Mayle et al., 2000). Given that Joggins lay
adjacent to a mountainous belt, it is possible that repeated
alternations between lycopsid-dominated wetlands and
cordaite-dominated drylands may record similar vegeta-
tional turnover in response to Late Carboniferous glacial-
interglacial rhythms (Falcon-Lang, in press). This provoc-
ative hypothesis needs to be tested by further field study.

CONCLUSIONS

(1) Red bed units (5–110 m thick) occur at fourteen in-
tervals in the classic Upper Carboniferous (Langsettian)
succession of Joggins, Nova Scotia, Canada, and are inter-
preted as originating in a seasonally dry, well-drained, al-
luvial-plain setting characterized by anastomosing river
channels.

(2) Quantitative quadrat analysis of fossil-plant thana-
tomass preserved as compressions, impressions, calcare-
ous permineralizations, and charcoal in these beds indi-
cates that fire-prone cordaite vegetation dominated these
environments together with minor pteridosperms, sphe-
nopsids, and rare sigillarian lycopsids. Standard diversity
indices suggest these were ecologically stressed commu-
nities.

(3) Cordaite-dominated dryland units repeatedly alter-
nate with lycopsid-dominated wetland units through the
Joggins section. Alternations in seasonally dry and humid
vegetation types may have been driven by glacial-intergla-
cial phases.
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