N

N

Macrofloral biostratigraphy reflects late Carboniferous
vegetation dynamics in the Nord-Pas-de-Calais
Coalfield, France
Azucena Molina-solis, Christopher J Cleal, Claude Monnet, Borja

Cascales-minana

» To cite this version:

Azucena Molina-solis, Christopher J Cleal, Claude Monnet, Borja Cascales-mifiana. Macrofloral
biostratigraphy reflects late Carboniferous vegetation dynamics in the Nord-Pas-de-Calais Coalfield,
France. Papers in Palaeontology, 2024, 10, 10.1002/spp2.1551 . hal-04728351

HAL Id: hal-04728351
https://hal.science/hal-04728351v1
Submitted on 9 Oct 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04728351v1
https://hal.archives-ouvertes.fr

[Papers in Palaeontology, 2024, e1551]

W) Check for updates

Macrofloral biostratigraphy reflects late Carboniferous
vegetation dynamics in the Nord-Pas-de-Calais

Coalfield, France

by AZUCENA MOLINA-SOLIS'
CLAUDE MONNET"

, CHRISTOPHER J. CLEAL?*®,
and BORJA CASCALES-MINANA®*

'Université de Lille, CNRS, UMR 8198 — Evo-Eco-Paleo, F-59000 Lille, France; azucena.molina.etu@univ-lille.fr, claude.monnet@univ-lille.fr
2School of Earth Science, University of Bristol, Life Sciences Building, Tyndall Avenue, Bristol, BS8 1TQ, UK; chris.cleal@bristol.ac.uk
3CNRS, Université de Lille, UMR 8198 — Evo-Eco-Paleo, F-59000 Lille, France; borja.cascales-minana@cnrs.fr

*Corresponding author

Typescript received 29 June 2023; accepted in revised form 22 December 2023

Abstract: The Nord-Pas-de-Calais Coalfield is formed by
an almost continuous succession of upper Carboniferous
deposits, from which an extremely diverse macroflora has
historically been described. Recent evidence has highlighted a
clear pattern of changing species diversity, showing some dif-
ferences from what is seen in other coalfields of Variscan
Euramerica. We further study this significant macroflora,
focusing on the biostratigraphical changes and their palaeo-
ecological implications. Clustering and ordination analyses
have indicated key floral discontinuities that enable the stan-
dard regional macrofloral biozones to be recognized in the
Nord-Pas-de-Calais Coalfield. By combining these results
with the previous diversity studies, six distinct phases in the
evolution of the coal swamp vegetation in north-eastern
France can be identified: (1) an initial invasion of peat sub-
strate vegetation in the earliest Langsettian; (2) a rapid diver-
sification of the clastic substrate vegetation in the early—

middle Langsettian; (3) a more gradual diversification of the
vegetation of both clastic and peat substrates during the late
Langsettian to middle Duckmantian glacial phase C3; (4) the
appearance of more characteristically late Westphalian, but
less diverse floras during the late Duckmantian to early Bol-
sovian C3-C4 interglacial phase; (5) a marked increase in
species diversity in the middle-late Bolsovian, coinciding
with the onset of the C4 glacial phase; and (6) a marked
reduction in species diversity, and the appearance of new
medullosaleans and marattialeans in the Asturian, possibly
linked to climate change. The evidence clearly shows how
this palaeotropical swamp vegetation was responding to cli-
mate change and orogenic landscape changes during West-
phalian times.

Key words: biozone, Carboniferous, coal swamp, Nord-
Pas-de-Calais, palaeotropics, vegetation evolution.

THE coal swamps were one of the most important early
terrestrial biomes, which extended over nearly 10° km” of
the palaeotropics during late Carboniferous times (area
estimate based on Cleal & Thomas 2005). The develop-
ment of these swamps coincided with major taxonomic
diversifications in terrestrial vegetation (Cleal &
Cascales-Minana 2014, 2021), vertebrates (Dunne
et al. 2018) and insects (Jarzembowski & Ross 1996; Con-
damine et al. 2016). Peat accumulation in the swamps
also acted as a major carbon sink that had a significant
impact on atmospheric composition and global climate
(Gastaldo et al. 1996; Cleal & Thomas 1999, 2005;
Oplustil & Cleal 2007; Cleal et al. 2009a, 2012; Hibbett
et al. 2016; Montanez 2016).

The history of the coal swamps can be broadly broken
down into four phases (Cleal & Thomas 1999, 2005; Cleal
2021a, 2021b): an early phase of ‘proto-coal swamps’ in

© 2024 The Authors.

the early Namurian (e.g. Purkynova 1970; Gastaldo
et al. 2009a, 2009b; Strullu-Derrien et al. 2021); a West-
phalian phase represented by the major Carboniferous
coalfields of Euramerica, and representing the first major
glacial phase of the Late Palaeozoic Ice Age; a Stephanian
interglacial phase mainly seen in the intramontane basins
of Europe and the paralic basins of the southern foreland
of the Variscan Orogen; and a Cisuralian (early Permian)
phase seen in the Cathaysian coalfields mainly of China,
and representing the second major glacial phase of the
Late Palaeozoic Ice Age.

The development and diversification of the coal
swamps in the second of these phases is best documented
in the coalfields of Variscan Euramerica (i.e. that part of
Euramerica adjacent to or part of the Variscan Orogen;
Cleal 2008a, 2008b; Cleal et al. 2009a, 2009b, 2012). Spe-
cies richness of the macrofloras (sensu Cleal et al. 2021)
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has been used to determine the vegetation dynamics in
both paralic-foreland and intra-montane settings in this
area (Cleal 2005, 2007, 2008c; Oplustil & Cleal 2007; Cleal
et al. 2009b, 2012; Uhl & Cleal 2010; Oplustil et al. 2017;
Molina-Solis et al. 2023). These studies have revealed
broad similarities in the vegetation dynamics across Varis-
can Euramerica, but also some significant differences
resulting from local factors such as changes in landscape
and depositional patterns as the Variscan Mountains
migrated northwards (Kelling 1988; Gayer et al. 1993;
Kroner et al. 2008). The vegetation dynamics in the Nord-
Pas-de-Calais Coalfield in northern France (Molina-Solis
et al. 2023) were particularly distinctive, and therefore to
investigate this further a biostratigraphical analysis of the
macrofloras was undertaken, with the aim of determining
which taxa were driving the changes in species richness.
Throughout this paper the stages and substages of the
Heerlen Regional Chronostratigraphy (Wagner 1974;
Wagner & Winkler Prins 2016) have been used because
these provide a better resolution of the upper Carbonifer-
ous terrestrial sequences than the stages of the SCCS
Global Chronostratigraphy (Cohen et al. 2013), which are
defined by stratotypes in marine sequences. However, we
have used the SCCS subsystem divisions of Mississippian
and Pennsylvanian for lower and upper Carboniferous,
with a boundary approximating to the Chokierian—Arns-
bergian substage boundary in the Heerlen scheme.

BIOSTRATIGRAPHICAL BACKGROUND

The distribution of plant macrofossils in the Nord-Pas-
de-Calais Coalfield was first documented by Boulay (1876)
and Zeiller (1888). Zeiller (1894) subsequently divided
the succession into what he called zones; the latter zones
have been widely referred to in the literature (e.g.
Bertrand 1914, 1919; Corsin & Corsin 1970, 1971;
Laveine 1987). However, they were not biozones in the
currently accepted sense, defined purely by the ranges of
the taxa (Cleal 1999). Rather, they were an attempt to
express the differences in the macrofloras of the different
lithostratigraphical intervals recognized here as formations
and members; a similar approach was used by Jong-
mans (1928) in the Netherlands, by Renier (1928) in Bel-
gium, and by Gothan (1929) in the Ruhr.

Dix (1934, 1937) tried to see if a similar pattern of
macrofloral change could be identified in the South Wales
Coalfield (UK), but using a different approach. Rather
than determining the taxonomic composition of the
macrofloras of pre-defined (lithostratigraphical) intervals,
Dix plotted the ranges of the different taxa against the
sequence of coal seams in South Wales and defined
the zones purely on the distribution of the macrofloras
through the stratigraphical sequence. Dix (1934) made a

preliminary comparison of her results with the data from
other coalfields in continental Europe, but was hindered
from further developing her ideas first by the outbreak of
World War II, and subsequently by her ill health (Burek
& Cleal 2005).

Wagner (1984) attempted to integrate these various
biostratigraphies by defining synthetic zones based on the
ranges of the macrofloral species averaged out over
the various Euramerican coalfields. However, Wagner also
often tried to make the zonal boundaries coincident with
the chronostratigraphical stage and substage boundaries
and, as a result, his scheme did not always reflect the true
dynamics of vegetation change. In order to make the
zones better reflect the natural vegetation dynamics,
Cleal (1991) integrated the Wagner (1984) and
Dix (1934) biostratigraphies and the resulting hybrid
(Wagner—Cleal) scheme has been broadly adopted here
(Table 1; see also Cleal & Thomas 1994; Oplustil
et al. 2016, 2022).

Wagner (1984) described the zones in his scheme as
concurrent range zones defined by the overlapping ranges
of two taxa, but they were in fact defined by the overlap-
ping ranges of several taxa and hence are more like
assemblage zones. In some cases, attempts have been
made to give greater precision to the biostratigraphy by
focussing on certain zonal boundaries, such as the bases
of the Linopteris obliqua Zone (Laveine 1977) and Odon-
topteris cantabrica Zone (Cleal et al. 2003); these are
therefore now in essence interval zones.

DATA

This study was based on the plant macrofossil data given
in Molina-Solis et al. (2023, table S1) with a few minor
modifications. As with most palaeobotanical data, the tax-
onomic records deal with fossil taxa as defined in the
International Code of Nomenclature (Turland et al. 2018),
in which separate genera and species names are given to
the different parts of the plants (Cleal 1986; Thomas 1989;
Cleal & Thomas 2010, 2021). Following the approach
used by Molina-Solis et al. (2023; see also Cleal et al.
2012, 2021), to make the data reflect as near as possible
the diversity of the parent vegetation, the fossil taxa for
only one plant part were recorded for each plant group:
we used the stems bearing leaf scars for the lycopsids, the
ovule and pre-pollen cones for the cordaitales, and
the foliage for the other groups. Furthermore, to avoid
overrepresenting diversity, we removed Ulodendron hai-
dingeri and Lepidodendron simile, which are later syno-
nyms of Lepidodendron dilatatum (Alvarez-Vizquez &
Wagner 2014; Alvarez-Vézquez et al. 2018; Thomas &
Cleal 2022). Similarly, we removed Lepidodendron obova-
tum, a non-illustrated record of a species that is probably
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TABLE 1. Correlation of previous western European Namurian—-Westphalian macrofloral zonations and the clusters identified in the

present study.

Bertrand (1914, Dix (1934) Wagner (1984) Cleal (1991) Present
1919) study
Zones Subzones

Linopteris obliqua H Linopteris obliqua Linopteris bunburii VIII

Linopteris miinsteri G Paripteris linguaefolia Paripteris linguaefolia Laveineopteris rarinervis Vil

Alethopteris F Neuropteris semireticulata VI
davreuxii

Alethopteris E Lonchopteris rugosa Lonchopteris rugosa \%
lonchitica

Neuropteris D Calymmotheca hoeninghausii ~ Calymmotheca hoeninghausii  Laveineopteris loshii v
schlehanii C Neuralethopteris I

jongmansii
Pecopteris aspera B Pecopteris aspera Pecopteris aspera II
Rhodea hochstetteri Calymmotheca larischii Calymmotheca larischii I

For the Wagner scheme, the zones names have been simplified to the first species used.

synonymous to Lepidodendron aculeatum (Thomas 1970;
Alvarez-Vazquez & Wagner 2014). Renaultia acutiloba was
also excluded given that Brousmiche (1983) showed that
the pinnule lobes (the main diagnostic feature of the spe-
cies given by Danzé 1956) are indistinguishable in shape
from the better-known Renaultia chaerophylloides. This
resulted in a dataset of 252 fossil species (Data S1).

The sequence was divided into five formations and 12
members (in French, termed Assise and Faisceau, respec-
tively) following currently accepted lithostratigraphical
nomenclature (Becq-Giraudon 1983). For analytical pur-
poses, each member was further subdivided into three
informal units (lower, middle and upper). The distribu-
tion of the fossil species was then tabulated through the
resulting 36 stratigraphical units. The resulting range
charts are shown in Figures 1 and 2.

METHOD

The resulting data were investigated using a set of comple-
mentary multivariate techniques. Floral discontinuities
were investigated using stratigraphically constrained hier-
archical cluster analyses via the unweighted pair-group
method with arithmetic mean (Grimm 1987; Hammer &
Harper 2006). The analyses were done by contrasting the
Serensen/Dice and Raup—Crick coefficients (Dice 1945;
Serensen 1948; Raup & Crick 1979; Shi 1993). This strat-
egy elucidated the significant discontinuities in the macro-
floral sequence, reflecting the most important changes in
the macrofloral composition (Cascales-Minana 2011;
Cascales-Minana et al. 2013; Pardoe et al. 2021). Signifi-
cance of the resulting clusters was tested using one-way
analysis of similarity (ANOSIM; Clarke 1993). This was

complemented by ordination analyses to investigate grada-
tional relationships between stratigraphical intervals:
non-metric multidimensional scaling (NMDS) and
detrended correspondence analysis (DCA) (Shi 1993, 1995;
Hammer & Harper 2006; Legendre & Legendre 2012; Par-
doe et al. 2021). Data analysis was conducted using the
vegan (v2.5.7; Oksanen et al. 2023) and ade4 (v1.7.22;
Dray et al. 2023) packages from R software (v4.1.3; R Core
Team 2013).

RESULTS

Multivariate analysis identified eight stratigraphical clus-
ters (Figs 3, 4), which provided highly significant ANO-
SIM values (R = 0. 95; p = 0.001). They were further
supported by a very low NMDS stress value (<0.05),
which suggests an excellent representation of the data in
reduced dimensions. The obtained cluster I-VIII model
is also coherent with major floristic changes observed
from range charts (Figs 1, 2). The main species that
delineate these zones and associations are shown in
Figures 5-9.

Cluster I

This occurs in the lower Bruille Formation (Stérile
Member), which has been dated as Arnsbergian on faunal
evidence (Chalard 1960; Becq-Giraudon 1983). These
low-diversity macrofloras are essentially Mississippian in
character, including Archaeocalamites radiatus, Cardio-
neuropteris antecedens, Neuralethopteris larischii, Lepidoden-
dron veltheimii and Sphenophyllum tenerrimum (Fig. 1).
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Namurian
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1 | |

Bruay Fm.

Six-Sillons ‘ Ernestine
I 1 1 I

Dusouich| Edouard
L1 L1

L]

Archaeocalamites radiatus
Cardioneuropteris antecedens
Lepidodendron veltheimii
Mariopteris laciniata
Neuralethopteris larischii
Sphenophyllum tenerrinum
Neuralethopteris jongmansii
Pecopteris aspera
Lepidodendron aculeatum
Mariopteris mosana
Sigillaria elegans
Eusphenopteris hollandica
Calymmotheca hoeninghausii
Karinopteris acuta

FParipteris gigantea

Sigillaria rugosa

Annularia radiata
Alethopteris urophylla
Sphenophyllum cuneifolium
Ulodendron minus
Bothrodendron minutifolium
Alethopteris decurrens
Calamophyllites verticillatus
Lepidodendron dichotomum
Lepidodendron dilatatum

Calymmotheca Pecopteris
larischiiZone | asperaZone

Lepidophloios laricinus
Sigillaria davreuxii

Sigillaria elongata

Sigillaria laevigata
Neuralethopteris schlehanii
Karinopteris dernoncourtii
Pinakodendron ohmannii
Asterophyllites grandis
Bothrodendron punctatum
Alethopteris valida
Pecopteris vedrinei
Laveineopteris loshii
Sphenophyllum myriophyllum
Alethopteris davreuxii
Eusphenopteris neuropteroides

5

Laveineopteris
loshii
Subzone

Lonchopteris

Neuropteris

rugosa Zone semireticulata

Subzone

Laveineopteris
rarinervis
Subzone

Linopteris
obliqua Zone

Eusphenopteri laria
Neuropteris obliqua
Mariopteris odontophylla
Palmatopteris furcata
Sphenopteris woodwardi
Eusphenopteris trigonophylla
Lonchopteris rugosa
Zeilleria delicatula
Pecopteris pennaeformis
Corynepteris angustissima
Corynepteris essinghii
Mariopteris muricata
Pecopteris corsinii
Lobatopteris miltonii
Corynepteris coralloides
Hymenophyllites quadridactylites
Mariopteris lobatifolia
Renaultia gracilis
Pecopteris avoldensis
Urnatopteris herbacea
Pecopteris plumosa-dentata

FIG. 1. Macrofloral biostratigraphy of the Nord-Pas-de-Calais Coalfield (Part 1). Stratigraphical ranges correspond to the key species
of major floral changes only. Biozones according to Oplustil et al. (2022). Asterisk indicates Neuralethopteris jongmansii Subzone.
Abbreviations: Arns., Arnsbergian; Chand., Chandeleur; Chok., Chokierian; Mod., Modeste; Ol., Olympe; St Ge., St Georges; Stér.,

Stérile.
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Sphenopteris andraeana
Crossotheca schatzalarensis

Pecopteris bourozii
Paripteris linguaefolia
Karinopteris nobilis
Urnatopteris tenella
Karinopteris soubeiranii

Renaultia chaerophylloides
Renaultia crepinii
Asterophyllites equisetiformis

Sigillaria reticulata
Karinopteris jacquotii

Sigillaria principis
Mariopteris sauveurii
Eusphenopteris striata
Mariopteris bourozii
Corynepteris tenuissima
Crossotheca bourozii

—
—
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Boweria schatzlarensis

Asolanus camptotaenia
Pecopteris cf. simoni
Renaultia rotundifolia

Sphenopteris latinervis
Sphenopteris pecopteroides
Alethopteris densinervosa
Laveineopteris rarinervis
Macroneuropteris scheuchzeri

Lonchopteris monomakhoffii
Sphenopteris rotundiloba
— Discopteris occidentalis

|

Sphenopteris rutaeifolia
Alethopteris bertrandii
Mariopteris robusta
Palaeoweichselia defrancei
De: is longifolia
Annularia microphylla
Cordaianthus volkmannii

Equisetites bretonii
Linopteris subbrongniartii
Sigillaria deutschii
Sigillaria micaudii
Sigillaria nudicaulis
Ulodendron majus
Pecopteridium vermelenii

Mariopteris nervosa-sauveurii
Diplotmema leonardii
Eremopteris artemisiafolioides
Pecopteridium leratii
Sphenopteris sewardii
Sphenopteris villeti

Sturia amoena

— Laveineopteris morinii
Lepidodendron jaraczeuwskii
— Pecopteris cf. hemitelioides
—e Sphenopteris dixonii
—s

Sphenopteris kilimli

¢————————— Neuropteris ovata

il

— Pecopteris prepolymorpha
Calymmotheca Pecopteris " Laveineopteris | Lonchopteris Neuropteris Laveineopteris Linopteris
larischiiZone | aspera Zone loshii rugosa Zone semireticulata rarinervis obliqua Zone

Subzone Subzone Subzone

FIG. 2. Macrofloral biostratigraphy of the Nord-Pas-de-Calais Coalfield (Part 2). Stratigraphical ranges correspond to the key species of
major floral changes only. Biozones according to Oplustil et al. (2022). Asterisk indicates Neuralethopteris jongmansii Subzone. Abbreviations:
Arns., Arnsbergian; Chand., Chandeleur; Chok., Chokierian; Mod., Modeste; Ol., Olympe; St Ge., St Georges; Stér., Stérile.
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FIG. 3. Cluster analysis of the palaeofloristic composition of the Nord-Pas-de-Calais Coalfield. A, Serensen/Dice clustering results.

B, Raup—Crick clustering results.

Cluster II

These macrofloras occur in the upper Bruille Formation
(St Georges Member) and lower Flines Formation
(Marie Member). Although still of relatively low diver-
sity, they represent a marked change in composition,
with the appearance of Eusphenopteris hollandica
(Fig. 5F), Lepidodendron aculeatum, Mariopteris mosana
(Fig. 8A), Neuralethopteris jongmansii, Pecopteris aspera,
Sigillaria elegans and, a little higher at the Bruille—Flines
transition, by the appearance of Karinopteris acuta
(Fig. 6D) and Calymmotheca hoeninghausii (Fig. 1); sev-
eral of the typically Mississippian species also disappear
at about the base of this interval, including

Archaeocalamites  radiatus, Cardioneuropteris antecedens
and Lepidodendron veltheimii.

Cluster IIT

This consists of the macrofloras of the Olympe Member
(upper Flines Formation). It includes several species also
found in the underlying Namurian macrofloras such as
Alethopteris urophylla (Fig. 5C, D), Calymmotheca hoenin-
ghausii, Karinopteris acuta (Fig. 6D) and Neuralethopteris
schlehanii (Fig. 8E), but also includes the appearance of
Alethopteris decurrens and various arborescent lycopsid
species such as Bothrodendron minutifolium, Lepidodendron
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FIG. 4. Ordination analysis of the palaeofloristic composition of the Nord-Pas-de-Calais Coalfield. A, Serensen/Dice-based non-
metric multidimensional scaling (NMDS) results (stress value = 0.045). B, detrending correspondence analysis (DCA) results.
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FIG. 5. Main species of the palacofloristic associations from the Nord-Pas-de-Calais Coalfield (Part 1). A, Alethopteris davreuxii
Brongniart (Medullosales); fragment of frond showing the insertion of primary pinnules; USTL 4178, Westphalian (Duckmantian)
Anzin Formation. B, Alethopteris densinervosa Wagner (Medullosales); detail of secondary pinnules with venation; USTL 4146, West-
phalian (Bolsovian) lower Bruay Formation. C-D, Alethopteris urophylla (Brongniart) Goppert (Medullosales); primary pinnules from
distal part of frond: C, USTL 4180, Westphalian (Langsettian) Vicoigne Formation; D, USTL 4181, Westphalian (Bolsovian) lower
Bruay Formation. E, Alethopteris valida Boulay (Medullosales); fragment of primary pinnule showing the typical venation; USTL 4156,
Westphalian (Duckmantian) Anzin Formation. F, Eusphenopteris hollandica (Gothan & Jongmans) Novik; detail of secondary pinnules;
USTL 4210, Namurian (Alportian—Yeadonian) lower Flines Formation. Specimens are housed in the palacobotanical collections of the

University of Lille. Scale bars represent: 1 cm (A-E); 0.5 cm (F).

dichotomum, Lepidodendron simile, Sigillaria davreuxii and
Sigillaria elongata (Fig. 1).

Cluster IV

A visual inspection of the range chart shows many species
appearing at about the base of the Vicoigne Formation
and this important change is clearly represented in the
cluster analysis using Serensen/Dice coefficients, but less
so in the two ordination analyses, and very little in the
cluster analysis using Raup—Crick coefficients (Fig. 3B).
This discrepancy in the analyses, which will be discussed
later, seems to occur because the change is mainly due to
species appearances with few accompanying extinctions.
Characteristic species of this cluster include Alethopteris
davreuxii (Fig. 5A), Alethopteris urophylla (Fig. 5D),
Eusphenopteris nummularia, Eusphenopteris trigonophylla,
Karinopteris acuta (Fig. 6D), Laveineopteris loshii, Lobatop-
teris miltonii, Lonchopteris eschweileriana (Fig. 7C),
Mariopteris muricata (Fig. 8B), Neuralethopteris schlehanii
(Fig. 8E), Neuropteris heterophylla (Fig. 9A), Neuropteris
obliqua and Pecopteris pennaeformis.

Corsin  (1962) differentiated the macrofloras of the
Modeste and Chandeleur members, with the former being
characterized by Palmatopteris furcata, Paripteris gigantea,
Sigillaria elegans, S. laevigata, Sphenophyllum cuneifolium
and Sphenopteris laurentii; and the latter by Alethopteris
valida (Fig. 5E), Karinopteris daviesii, Lonchopteris
eschweileriana, L. rugosa, Mariopteris muricata and Neu-
ropteris heterophylla, and, to a lesser extent, Paripteris
gigantea. However, this distinction is not noticeable in
our range chart (Figs 1, 2) or in any of the numerical
analyses (Figs 3, 4).

Cluster V

The macrofloras remain essentially similar throughout the
Vicoigne Formation and into the lower Anzin Formation.
However, a weak vegetation change is evident at the base
of the Anzin Formation, most notably in the cluster anal-
ysis using Serensen/Dice coefficients and along axis 2 in

both ordinations (Figs 3A, 4). The change is most distin-
guished in the extinction of several taxa characteristic of
Langsettian and earlier floras, including Calymmotheca
spp. (notably C. hoeninghausii), Karinopteris acuta
(Fig. 6D), Neuralethopteris spp. (notably N. schlehanii)
and Paripteris gigantea. The cluster is nevertheless charac-
terized by the abundance of Alethopteris valida (Fig. 5E),
Karinopteris daviesii (Fig. 6E), Laveineopteris tenuifolia
(Fig. 7A), Lonchopteris eschweileriana (Fig. 7C), Lonchop-
teris rugosa (Fig. 7D), Mariopteris muricata (Fig. 8B),
Neuropteris heterophylla (Fig. 9A) and Pecopteris volkman-
nii (Fig. 9D). Other important Meuniere species are Par-
ipteris gigantea, Pecopteris pennaeformis, Sigillaria elongata,
S. scutellata and Sphenophyllum myriophyllum (Fig. 1).

Cluster VI

The base of cluster VI represents one of the most signifi-
cant changes in the macrofloras, involving both species
appearances and (at about the same level) extinctions,
and is most marked in the Raup—Crick cluster analysis
and on axis 2 of the DCA ordination (Figs 3, 4). The
cluster VI macrofloras range throughout the Pouilleuse
Member and lower to middle Six-Sillons Member, and
are characterized by abundant Alethopteris davreuxii
(Fig. 5A), Alethopteris densinervosa (Fig. 5B), Alethopteris
urophylla (Fig. 5D), Fortopteris latifolia (Fig. 6C), Macro-
neuropteris scheuchzeri (Fig. 7E), Mariopteris sauveurii
(Fig. 8D), Paripteris pseudogigantea (Fig. 9B) and Pecop-
teris avoldensis (Fig. 9C); also Asolanus camptotaenia,
Boweria schatzlarensis, Corynepteris tenuissima, Eusphen-
opteris neuropteroides (Fig. 6A), Eusphenopteris striata
(Fig. 6B), Lonchopteris rugosa (Fig. 7D), Pecopteris volk-
mannii (Fig. 9D), Renaultia rotundifolia, Sphenopteris
pecopteroides and rare Reticulopteris muensteri (Fig. 9E).

Cluster VII

The range chart shows another significant change at the
upper Six-Sillons Member (lower Bruay Formation), and
this is confirmed by both the cluster analysis and a
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FIG. 6. Main species of the palaeofloristic associations from the Nord-Pas-de-Calais Coalfield (Part 2). A-B, general view of secondary
pinnules: A, Eusphenopteris neuropteroides (Boulay) Novik (Lyginopteridales); USTL 4197, Westphalian (Duckmantian) Anzin For-
mation; B, Eusphenopteris striata (Gothan) Novik (Lyginopteridales); USTL 4202, Westphalian (Duckmantian) Anzin Formation.
C-E, detail of secondary pinnules with venation: C, Fortopteris latifolia (Zeiller) Boersma (Lyginopteridales); USTL 4187, Westphalian
(Bolsovian) lower Bruay Formation; D, Karinopteris acuta (Brongniart) Boersma (Lyginopteridales); USTL 4165, Westphalian (Langset-
tian) Vicoigne Formation; E, Karinopteris daviesii (Kidston) Boersma (Lyginopteridales); USTL 4169, Westphalian (Duckmantian)
Anzin Formation. F, general view of a primary pinnule; Laveineopteris rarinervis (Bunbury) Cleal et al. (Medullosales); USTL 3402,
Westphalian (Asturian) upper Bruay Formation. Specimens are housed in the palacobotanical collections of the University of Lille.

Scale bars represent: 1 cm (A); 0.5 cm (B-F).

notable increase in axis 2 scores of the DCA ordination
(Figs 3B, 4B). However, many of the species that appear
here are relatively rare (e.g. sphenopteroid ferns and sigil-
larians, such as Sphenopteris rotundiloba, S. rutaefolia or
Sigillaria nudicaulis), the notable exceptions being Eusphen-
opteris mneuropteroides (Fig. 6A), Eusphenopteris striata
(Fig. 6B), Laveineopteris rarinervis (Fig. 6F), Linopteris
subbrongniartii (Fig. 7B), Mariopteris sauveurii (Fig. 8D),
Palaeoweichselia  defrancei,  Paripteris  pseudogigantea
(Fig. 9B) and Reticulopteris muensteri (Fig. 9E).

Cluster VIII

The cluster analysis with Serensen/Dice coefficients shows
a significant break in the macrofloral sequence at the base
of the Dusouich Member (upper Bruay Formation)
(Fig. 3A). This change is also clearly reflected by signifi-
cantly higher scores on axis 2 of the DCA ordination and,
to a lesser extent, low axis 2 scores on the NMDS ordina-
tion (Fig. 4). One of the advantages of DCA ordination is
that it can show which taxa are causing assemblages to
have high or low scores on specific axes, and in this case
the high axis 2 scores are due to the presence of typically
late  Westphalian species including Neuropteris ovata,
Laveineopteris dussartii, and several rare marattialean and
callistophyte species. In addition, there are many species
also found in the earlier macrofloras such as Laveineop-
teris rarinervis (Fig. 6F), Mariopteris nervosa (Fig. 8C) and
Reticulopteris muensteri (Fig. 9E).

DISCUSSION

Biostratigraphy and floral characterization of the Nord-Pas-
de-Calais Coalfield

The biostratigraphical model proposed here compares
well with the previously established biozonations for the
Nord-Pas-de-Calais (Zeiller 1894; Bertrand 1914, 1919;
Corsin & Corsin 1970, 1971), as well as the synthetic
regional scheme developed by Wagner (1984) and
Cleal (1991); see also Oplustil et al. (2022). There is also

broad agreement with the various informally recognized
palaeofloristic associations recognized by Corsin (1962)
(Figs 10, 11). However, our zones have the merit of hav-
ing been developed using objective numerical analyses of
the data.

The recognition of two macrofloral clusters (I and II)
for the Namurian part of the succession separated at
about the boundary between the Stérile and St Georges
members (boundary of Arnsbergian and Chokierian sub-
stages; Chalard 1960; Becq-Giraudon 1983) is in broad
agreement with most of the earlier schemes; only Zeil-
ler (1894) did not differentiate these Namurian biozones,
referring to them together as subzone A;, probably due to
the relative low diversity of these macrofloras in Nord-
Pas-de-Calais. The stratigraphically older cluster repre-
sents typically Mississippian macrofloras, and corresponds
to the Mariopteris lacinata Subzone of Corsin & Cor-
sin (1971) and the Calymmotheca larischii Zone in the
Wagner—Cleal biostratigraphy. Similar low-diversity floras
are known from South Wales (Dix 1933), Belgium
(Stockmans & Williere 1953), Upper Silesia (Purkynova
1970), the Donets (Novik 1974) and northern Turkey
(Jongmans 1955); the general low diversity of these
macrofloras is interpreted as a consequence of the wide-
spread regression that took place at the onset of the
Pennsylvanian, resulting in a non-depositional gap imme-
diately after the Mississippian (Wagner 1984).

Cluster II corresponds to the Neuralethopteris larischii —
Pecopteris aspera Subzone of Corsin & Corsin (1971) and
the Pecopteris aspera Zone in the Wagner—Cleal scheme.
Comparable macrofloras are generally rare in Euramerica
but have been reported from the Ruhr Coalfield (Jos-
ten 1983), Belgium (Stockmans & Williere 1953) and the
Svoge in Bulgaria (Tenchov 1977).

Clusters III and IV range throughout the Langsettian
part of the succession, corresponding to the Calym-
motheca hoeninghausii Zone of the Wagner—Cleal scheme
and approximately to Zeiller’s (1894) Zone A, and Corsin
& Corsin’s (1971) Neuralethopteris schlehanii — Lyginop-
teris hoeninghausii — Karinopteris acuta Subzone (upper
Neuralethopteris Zone). The base of the interval is the
most important change in the Nord-Pas-de-Calais macro-
floras as shown by both cluster analyses (Fig. 3), and
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FIG. 7. Main species of the palaeofloristic associations from the Nord-Pas-de-Calais Coalfield (Part 3). A, Laveineopteris tenuifolia
(Sternberg) Cleal et al. (Medullosales); general view of secondary pinnules with venation; USTL 4191, Westphalian (Bolsovian—Astu-
rian) Bruay Formation. B, Linopteris subbrongniartii Grand’Eury (Medullosales); fragment of terminal part of primary pinnule; USTL
3335, Westphalian (Bolsovian—Asturian) Bruay Formation. C, Lonchopteris eschweileriana Andrd (Medullosales); fragment of frond
showing the insertion of primary pinnules; USTL 4152, Westphalian (Langsettian) Vicoigne Formation. D, Lonchopteris rugosa Brong-
niart (Medullosales); fragment of frond showing the characteristic disposition of pinnules; USTL 4150, Westphalian (Duckmantian)
Anzin Formation. E, Macroneuropteris scheuchzeri (Hoffmann) Cleal et al. (Medullosales); detail of secondary pinnules with venation;
USTL 4189, Westphalian (Bolsovian) lower Bruay Formation. Specimens are housed in the palacobotanical collections of the Univer-

sity of Lille. Scale bars represent: 1 cm (A-D); 0.5 cm (E).

represents the appearance and diversification of the typi-
cal coal swamp vegetation (Molina-Solis ef al. 2023).

The Langsettian macrofloras were not divided in the
Zeiller (1894) or Corsin & Corsin (1971) biostratigra-
phies, but Dix (1934) distinguished Zones C and D,
which Cleal (1991) then used to differentiate the Neura-
lethopteris jongmansii and Laveinopteris loshii Subzones of
the Calymmotheca hoeninghausii Zone. Cluster III, as dif-
ferentiated in both cluster and ordination analyses (Figs 3,
4), corresponds to the N. jongmansii Subzone and
involves a major increase in diversity of the arborescent
lycopsids (Bothrodendron, Lepidodendron, Sigillaria and
Ulodendron). This reflects the expansion of the coal
swamp biome that occurred over much of the Variscan
Foreland at the start of the Westphalian (marked by the
Subcrenatum goniatite level), to form the first major trop-
ical rainforests (Cleal & Thomas 1994; Cleal et al. 2009b).
Examples of these macrofloras are generally rare, the best
documented examples being from the Nant Llech beds in
South Wales (Dix 1933).

The cluster IV macrofloras of the Modeste and Chan-
deleur members reflect a major diversification among pte-
ridosperms, including some of the most characteristic
adpression taxa found in the lower Westphalian of the
Variscan Foreland. This cluster corresponds to the Lavei-
neopteris loshii Subzone in the Wagner—Cleal scheme and
its appearance coincides with the disappearance of marine
bands such as that above the Farewell Rock in the Lower
Coal Measures of South Wales (Cleal 2007) and the base
of the Bochum Formation in the Ruhr (Josten 1991).

Cluster V in the Meuniere Member is broadly equiva-
lent to the Lonchopteris rugosa Zone in the Wagner—Cleal
scheme and to Zone E in the Dix (1934) scheme. They
represent the most diverse coal swamp macrofloras from
the lower half (Langsettian—-Duckmantian) of the West-
phalian in Nord-Pas-de-Calais (Molina-Solis et al. 2023)
and can be compared with similarly diverse floras such as
at the Barnsley Seam in Yorkshire (Cleal 2005), the Upper
Nine Feet Seam in South Wales (Cleal 2007), and the
Essen Formation in the Ruhr (Josten 1991; Uhl &
Cleal 2010). However, an examination of the Nord-Pas-
de-Calais range chart (Figs 1, 2) indicates that the base of
this cluster is less sharply marked than some of the other

cluster or biozone boundaries recognized here, and that
other more subtle compositional changes also occur at
other levels throughout the Meuniere Member. The gen-
eral pattern of upper Langsettian to middle Duckmantian
macrofloras, therefore, seems to involve a gradual vegeta-
tion change rather than a sudden turnover reflecting a
major ecological disruption. The gradual nature of this
change explains the discrepancies in the number of bio-
zones and their boundaries in previously proposed
biostratigraphies (Fig. 11). However, our more objective,
numerical analysis of the data appears to corroborate that
the Meuniére Member macrofloras represent a coherent,
identifiable floristic biozone, equivalent to the Lonchop-
teris rugosa Zone of the Wagner—Cleal scheme.

The cluster and ordination analyses (Figs 3, 4) show
the base of cluster VI to be the most important change in
the Westphalian macrofloras. It can be correlated with
the base of the Paripteris linguaefolia Zone (Neuropteris
semireticulata Subzone) in the Wagner—Cleal scheme and
of Zone F of Dix (1934), and coincides with the
re-appearance of several marine bands in the British suc-
cessions (Table 1). Zeiller (1894), Bertrand (1914, 1919)
and Corsin & Corsin (1970, 1971) placed the equivalent
biozonal change rather higher in the Nord-Pas-de-Calais
succession, in the upper Pouilleuse Member. This is prob-
ably because marine flooding did not occur here until
rather later. For instance, in the British coalfields there is
a series of marine bands throughout the upper Duckman-
tian and lower Bolsovian (Waters et al. 2001), whereas in
Nord-Pas-de-Calais there is only one significant marine
band in this interval (the Rimbert), at the Duckmantian—
Bolsovian boundary. Nevertheless, our numerical analyses
indicate that a significant change in the Nord-Pas-de--
Calais macrofloras occurs at about the Meuniere—Pouil-
leuse member boundary, which is equivalent in age to the
base of the Paripteris linguaefolia Zone in the Wagner—
Cleal scheme.

Macrofloras similar to the Nord-Pas-de-Calais cluster
VI are known from the Middle Coal Measures of South
Wales such as the Four Feet Seam (Dix 1934; Cleal 2007).
They are also known from the Middle Coal Measures of
northern England (Cleal 2005) and the Horst and Dor-
sten formations of the Ruhr (Uhl & Cleal 2010), but in
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FIG. 8. Main species of the palaeofloristic associations from the Nord-Pas-de-Calais Coalfield (Part 4). A, Mariopteris mosana
Williere (Lyginopteridales); detail of secondary pinnules with venation; USTL 4208, Namurian (Alportian—Yeadonian) lower Flines
Formation. B, Mariopteris muricata Schlotheim (Lyginopteridales); general view of frond showing the typical bifurcation and pinnules
disposition; USTL 4163, Westphalian (Duckmantian) Anzin Formation. C, Mariopteris nervosa Brongniart (Lyginopteridales); general
view of distal part of frond showing the pinnules disposition; USTL 4184, Westphalian (Asturian) upper Bruay Formation.

D, Mariopteris sauveurii (Brongniart) Stur (Lyginopteridales); fragment of secondary pinnules showing the characteristic venation; USTL
4158, Westphalian (Bolsovian) lower Bruay Formation. E, Neuralethopteris schlehanii Stur (Medullosales); fragment of frond showing
the insertion of primary pinnules and secondary venation; USTL 4174, Westphalian (Langsettian) Vicoigne Formation. Specimens are
housed in the palaeobotanical collections of the University of Lille. Scale bars represent: 0.5 cm (A); 2 cm (B); 1 cm (C-E).

both these areas vegetation diversity was in decline, prob-
ably due to changing landscape and sedimentation pat-
terns. Indeed, there is a clear increase in arenaceous
deposits in the Horst and Dorsten formations, indicating
a change in landscape to upper delta and higher energy
fluvial systems (e.g. Uhl & Cleal 2010). It is difficult to be
sure whether such changes in species diversity are caused
by sampling (‘artefacts’), although in the Pennines data at
least some of the stratigraphically younger but lower
diversity floras (e.g. from the Shafton Coal) are reason-
ably well-sampled. Furthermore, similar-age macroflora,
but from upland coal swamps, are known from the Sulz-
bach Formation of Saar-Lorraine (Laveine 1989), the
lower Radnice Member of West and Central Bohemia
(Pesek 1994), and the Zd’arky Member of the Intra Sud-
etic Basin (Oplustil et al. 2017).

The appearance of cluster VII macrofloras in the upper
Six-Sillons Member is accompanied by a significant
increase in species richness (Molina-Solis et al. 2023) and
is clearly represented in the cluster analysis using Raup—
Crick coefficients (Fig. 3B) and in axis 2 of the DCA
ordination (Fig. 4B). It was recognized in the biostratigra-
phy of Zeiller (1894) as the base of Zone C and the base
of the Fortopteris latifolia — Linopteris subbrongniartii —
Mariopteris nervosa — Laveineopteris tenuifolia Zone by
Corsin & Corsin (1971). The appearance of Laveinopteris
rarinervis suggests an equivalence with the L. rarinervis
Subzone in the Wagner—Cleal scheme and Zone G of
Dix (1934) (Table 1). Macrofloras of this type are rela-
tively unusual, the most diverse being from the lower
Pennant Formation of South Wales, such as that from the
No. 2 Rhondda Coal (Cleal 1978, 2007), and the Tracy
Coal of the South Bar Formation of Cape Breton, Canada
(Bell 1938; Zodrow & Cleal 1985).

The base of cluster VIII coincides with the base of the
C, Subzone of Zeiller (1894) and that of the Eusphenop-
teris (‘Diplotmema’) leonardii Subzone of Corsin & Cor-
sin (1971). The most obvious change to the macrofloras
is a dramatic decline in species richness, especially of the
lyginopteridaleans and of sphenopteroid ferns (e.g. species
of Renaultia and Urnatopteris), which appears to be not
merely an effect of poor sampling or an ‘edge-effect’
(Molina-Solis et al. 2023). However, this level also

involves the appearance of Neuropteris ovata, which is
usually taken as marking the base of the Linopteris obliqua
Zone, which, in turn, is taken as an indicator of the base
of the Asturian (‘Westphalian D’) Substage (Laveine
1967, 1977). Linopteris obliqua Zone macrofloras are best
documented elsewhere in South Wales (Cleal 1978, 1997,
2007) and Saar-Lorraine (Cleal 1984a; Laveine 1989) and,
to a lesser extent, in the Canadian Maritime Provinces
(Bell 1938; Zodrow & Cleal 1985) and northern Spain
(Wagner & Alvarez—Vézquez 1991, 2010).

Evolution of Nord-Pas-de-Calais swamp vegetation

The results of this analysis are in general agreement with
the various previous biostratigraphical schemes (Table 1).
These schemes were developed using different methodo-
logical approaches, suggesting that the underlying pattern
of macrofloral change that they show is robust and pro-
vides a good indication of the vegetational dynamics in
the Westphalian-age coal swamps.

The present study used numerical analyses to identify
the underlying distributional patterns. Constrained cluster
analysis using Raup—Crick coefficients produced the clear-
est groupings, which confirms evidence from previous
studies (e.g. Cleal 2008a, 2008b; Cleal et al. 2012;
Fig. 3B). The Raup—Crick coefficients were particularly
sensitive for detecting the macrofloral changes when there
are comparable numbers of species extinctions and
appearances, such as at the base of the Olympe
and Pouilleuse members (Fig. 3B). However, when there
are mainly only species appearances with few accompany-
ing extinctions, or mainly only species extinctions and
few appearances, the Raup—Crick coefficients are much
less sensitive. This is because Raup—Crick coefficients are
not true measures of similarity, but represent the proba-
bility of observing at least # common species between the
compared samples (Raup & Crick 1979). When the
observed difference between assemblages is mainly due to
either a loss or a gain of species, Raup—Crick coefficients
will show little change because it is assumed that the
missing taxa in the smaller sample are the result of a ran-
dom effect such as sampling effort. Serensen/Dice
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FIG. 9. Main species of the palacofloristic associations from the Nord-Pas-de-Calais Coalfield (Part 5). A, Neuropteris heterophylla
Brongniart (Medullosales); fragment of frond showing the insertion of secondary pinnules; USTL 4194, Westphalian (Langsettian)
Vicoigne Formation. B, Paripteris pseudogigantea Potonié (Medullosales); fragments of secondary pinnules; USTL 3874, Westphalian
(Bolsovian) lower Bruay Formation. C-E, fragments of frond showing the secondary pinnules: C, Pecopteris avoldensis Stur (non-
marattialean ferns); MBL36 (Dalinval 1960, pl. 57, fig. 2), Westphalian (Bolsovian) lower Bruay Formation; D, Pecopteris volkmannii
Sauveur (non-marattialean ferns); MBL180 (Dalinval 1960, pl. 26, fig. 1), Westphalian (Duckmantian) Anzin Formation;

E, Reticulopteris muensteri Eichwald (Medullosales); USTL 4171, Westphalian (Bolsovian—Asturian) Bruay Formation. Specimens are
housed in the palaeobotanical collections of the University of Lille. Scale bars represent: 1 cm (A, C, D); 0.5 cm (B); 2 cm (E).
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FIG. 10. Palaecofloristic associations and relative position of the Namurian macrofloral biozonations in the Nord-Pas-de-Calais Coal-
field. In floral associations, species appear in decreasing order of abundance. Sources: 1, Corsin (1962); 2, Loboziak (1971); 3,

Laveine (1987); 4, Corsin & Corsin (1971); 5, Oplustil et al. (2022). Abbreviations: Chok., Chokierian; Fm., Formation; HBNPC,
Houilleres du bassin du Nord et du Pas-de-Calais; Mbr, Member; St Ge., St Georges; Subst., Substage; WE, western European.

coefficients, in contrast, provide a more direct indication
of both how many species are in common between
assemblages and how many are absent in one but not
the other (although the absences have less effect than in
the related Jaccard similarity analysis). Consequently,
Serensen/Dice coefficients have shown, more clearly
than the Raup—Crick coefficients, the pulse of species
appearances at the base of the Modeste Member and of
extinctions at the base of the Dusouich Member
(Fig. 3A). This demonstrates the value of using different

approaches in parallel in such studies, given that each
will elucidate a different aspect of the structure of a
complex dataset.

Ordination is intended to identify gradational relation-
ships rather than discontinuities in data (Pardoe
et al. 2021) and hence is less successful in elucidating bio-
zonal boundaries. Nevertheless, ordination has been help-
ful in confirming the underlying structure of the data
revealed by cluster analysis, especially given that it
arranges the data in a multidimensional space, rather than
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FIG. 11. Palaeofloristic associations and relative position of the Westphalian macrofloral biozonations in the Nord-Pas-de-Calais
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in a simple one-dimensional structure. In this study, the
DCA was particularly informative (Fig. 4B). Axis 1
accounts for c. 80% of the total variance of the data.
Although the two groups of Namurian floras were clearly
distinguished (clusters I and II), much of the Westphalian
shows an essentially gradual decrease in axis 1 scores
throughout the succession (Fig. 4B). However, the Astu-
rian macrofloras (Dusouich and Eduard Members; cluster
VIII) are clearly separated by much higher axis 2 values
(axis 2 represents c. 20% of the total variance) suggesting
a significant vegetational change (Fig. 4B). The high
scores on axis 2 show that this is largely due to the pres-
ence of taxa such as Neuropteris ovata, Laveineopteris dus-
sartii, and various callistophytes and marattialeans; the
appearance of which taxa has been linked to the signifi-
cant vegetation changes that occurred in the late West-
phalian in response to alterations in landscape and
climate (e.g. Cleal et al. 2009a, 2012).

By comparing this biostratigraphy with the species
diversity curve described by Molina-Solis et al. (2023, fig.
6), it is possible to interpret the broad pattern of vegeta-
tion change throughout the Nord-Pas-de-Calais succes-
sion. The mixed marine—terrestrial Namurian deposits
preserve a low-diversity, essentially allochthonous macro-
floral record (clusters I and II), possibly derived from the
early coal swamp vegetation found some 500 km to
the southwest in the lower Loire area (e.g. Strullu-Derrien
et al. 2021, 2022, 2023). More autochthonous vegetation
remains appear at the base of the Langsettian (lower
Westphalian), with the presence of a lycopsid-dominated
pioneer community (cluster III). Shortly after, coinciding
with a lowering of sea level probably linked to the onset
of Late Palaeozoic Ice Age glacial phase C3 (Fielding
et al. 2008, 2023), there is a rapid increase in diversity of
the coal swamp vegetation. However, although this diver-
sification (the base of cluster VI) was partly due to
increased numbers of arborescent lycopsid species that
represented the ecological keystone taxa of the biome
(DiMichele & Phillip 1995), it was mainly due to diversi-
fication of the clastic substrates vegetation. Whether this
is because the better-drained clastic substrates could sup-
port a more diverse vegetation, or there was a greater
diversity of habitats with such substrates, or both, is pres-
ently unclear.

Through the rest of the Langsettian to the upper Duck-
mantian, the coal swamp macrofloras continue to gradu-
ally diversify (Molina-Solis et al. 2023, fig. 6). There is a
minor change at the Vanderbeckei Marine Band, known
locally as the Poissonniere Marine Band (boundary
between clusters IV and V), but, overall, the history of
the coal swamp vegetation during the c. 2 myr from the
middle Langsettian to the late Duckmantian is character-
ized by gradual change and diversification.

The next major change, between clusters V and VI at
the base of the Pouilleuse Member (Fig. 3), introduces
macrofloras that have more of an upper Westphalian
character; this was interpreted by Trueman (1946) as
being the most important change to have occurred in ter-
restrial habitats in Euramerica during the Westphalian
(see also Dix 1937; Dix & Trueman 1937). It also sees a
flattening of the species diversity curve (Molina-Solis
et al. 2023, fig. 6), which seems to be concurrent with a
similar flattening seen in South Wales and the Ruhr, and
even a downturn in the Central Pennines. In the British
coalfields this coincides with the recurrence of intervals of
marine flooding probably due to an interglacial causing
raised sea levels (between glacial phases C3 and C4; Fiel-
ding et al. 2023). Although marine flooding in this inter-
val was less prevalent in Nord-Pas-de-Calais (the only
reported marine band in this interval is the Rimbert, at
the Duckmantian—Bolsovian boundary), it seems to have
had a clear (if indirect) impact on the composition of the
coal swamp vegetation here.

The onset of the Late Palaeozoic Ice Age glacial phase
C4 of Fielding et al. (2008, 2023) and the resulting drop
in global sea levels seems to coincide with the appearance
of cluster VII macrofloras occurring at the middle Bolso-
vian Six-Sillons Member (Fig. 3). The change is weakly
identifiable in both ordinations and cluster analyses
(although less clearly in the Serensen/Dice cluster analy-
sis, Fig. 3A). This coincides with a significant increase in
species diversity, especially among the herbaceous (non-
marattialean) ferns and medullosaleans (Molina-Solis
et al. 2023, fig. 6). The macrofloral change can be compa-
rable to the base of the Laveineopteris rarinervis Subzone
as identified in South Wales (Cleal 2007), which has been
interpreted as the result of the cessation of marine flood-
ing here. The later (early Bolsovian) flooding events are
not represented in the Nord-Pas-de-Calais succession.
However, they also seem to have had an indirect (‘far-
field’) impact on the vegetation in the latter area.
Figures S1, S2 show a series of reconstructions of typical
areas of the upper Carboniferous coal swamps from the
paralic basin of the Nord-Pas-de-Calais.

The start of cluster VIII marked by the appearance of
Asturian-age macrofloras also involves a significant reduc-
tion in species diversity (Molina-Solis et al. 2023, fig. 6).
A similar significant drop in diversity was reported in the
upper Bolsovian in South Wales (Cleal 2007), where it
was shown not to be correlated with any significant depo-
sitional changes and may have been caused by climate
change. This change in the macrofloras has been the sub-
ject of several detailed studies in other areas (Laveine
1977; Cleal 1978, 1984a, 1984b, 2007; Zodrow &
Cleal 1985; Wagner & Alvarez—Vézquez 1991, 2010; Cleal
et al. 2009a, 2009b) and seems to represent a significant
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change in the vegetation during the later evolution of the
coal swamp biome in Euramerica.

CONCLUSION

This study has demonstrated the value of using a range
of approaches to investigate vegetation dynamics in deep
time, including species diversity analysis, ordination and
cluster analyses involving different similarity coefficients.
Each method gives different insights into the structure
of the palaeobotanical data, enabling elucidation of a
new macrofloral biozonation scheme for the Nord-Pas-
de-Calais Coalfield. Using this approach it has also been
possible to establish the broad pattern of vegetation
change in the Westphalian-age (late Bashkirian to early
Moscovian) coal swamps of this coalfield, and how it
potentially relates to climate and landscape change. This
history may be summarized as occurring in six distinct
steps:

1. Earliest Langsettian: an initial invasion of peat sub-
strate vegetation dominated by arborescent lycopsids.

2. Early to middle Langsettian: a rapid diversification of
vegetation of the clastic substrates, probably due to
the exposure of extensive areas of continental shelf.

3. Late Langsettian to middle Duckmantian: a steady
diversification of both peat and clastic substrates veg-
etation, with the onset of glacial phase C3.

4. Late Duckmantian to early Bolsovian: a reduced spe-
cies diversity and the appearance of more characteris-
tically late Westphalian floras, possibly linked to the
C3—C4 interglacial phase.

5. Middle to late Bolsovian: further gradual changes to
more typically late Westphalian vegetation, possibly
linked to the C4 glacial phase.

6. Asturian: a marked reduction in species diversity and
the appearance of new medullosaleans and marattia-
leans, possibly linked to climate change.

However, further detailed comparisons are needed with
other comparable sequences of Variscan Euramerica,
including both those that have already been studied in
detail (e.g. Britain, the Ruhr) and others that have been
less well-documented such as in Belgium and the Nether-
lands. This extensive area of ancient swamp represents a
valuable natural laboratory with the potential for testing
ideas concerning the relationship between wetland vegeta-
tion, landscape and climate in deep time.
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Additional Supporting Information can be found online (https://
doi.org/10.1002/spp2.1551):

FIG. S1. Palaeofloristic reconstructions of the Nord-Pas-de-
Calais Coalfield (Part 1). A, main morphologies of lycopsids,
Equisetales and Cordaitales: Lepidodendron; Ulodendron; Lepi-
dophloios; Sigillaria; Sphenophyllum; Archaeocalamites; Calamites;
Cordaites. B, main morphologies of seed ferns: Alethopteris;
Diplotmema; Neuropteris; Mariopteris; Tetratmema. Reproduced
with permission from Corsin & Corsin (1970, pls. 22-23).

FIG. S2. Palaeofloristic reconstructions of the Nord-Pas-de-
Calais Coalfield (Part 2). A, main morphologies of herbaceous
and tree ferns: Pecopteris; Corynepteris; Sphenopteris; Rhodea. B,
Westphalian (Bolsovian) landscape of Nord-Pas-de-Calais: Mar-
iopteris; Paripteris; Pecopteris; Neuropteris; Reticulopteris; Diplot-
mema;  Crossotheca;  Alethopteris; Calamites;  Sphenophyllums;
Sigillaria;  Dicksonites; Ulodendron; Lepidodendron; Cordaites.
Reproduced with permission from Corsin & Corsin (1970, pls.
24-25).

Data S1. Raw data used in this study.

REFERENCES

Alvarez-Vizquez, C. and Wagner, R. H. 2014. Lycopsida from
the lower Westphalian (Middle Pennsylvanian) of the Mari-
time Provinces, Canada. Atlantic Geology, 50, 167-232.

Alvarez—Vézquez, C., Bek, J., Knight, J. A. and Wagner, R. H.
2018. Revision and significance of the Westphalian (Middle
Pennsylvanian) arborescent lycopsid Bergeria dilatata (Lindley
& Hutton) Alvarez-Vazquez & Wagner. Spanish Journal of
Palaeontology, 33, 5-40.

Becq- Giraudon, J.-F. 1983. Synthese structurale et paléogéographique
du basin houiller du Nord et du Pas-de-Calais. Mémoires du
Bureau de Recherches Géologiques et Minieres, 123.

Bell, W. A. 1938. Fossil flora of Sydney Coalfield, Nova Scotia.
Canada Department of Mines and Resources, Geological Survey
Memoir, 215, 1-334.

Boulay, N. 1876. Le terrain houiller du Nord de la France et ses
veégétaux fossiles. Lefebvre-Ducrocq, Lille.

85U017 SUOWILIOD BAIIaD) 8|qed!dde ay) Aq pausenob ae sspie YO ‘88N J0 Sejni 1oy AriqiT 8UlIUQ A3|IA UO (SUORIPUOD-PUE-SWB)W0D A8 | IMAteIq 1 U1 UO//:SANY) SUOIIPUOD pue WS | 8U188S *[7202/70/20] Uo Ariqiauljuo A3|1Mm ‘soueld aueiyoo Aq TSST 2dds/Z00T 0T/10p/w0o A8 | Areiqijeuljuo//Sdny wouy papeojumod ‘Z ‘¥20 ‘20829502


https://doi.org/10.1002/spp2.1551
https://doi.org/10.1002/spp2.1551

MOLINA-SOLIS ET AL.: NORD-PAS-DE-CALAIS COALFIELD 21

Bertrand, P. 1914. Les zones végétales du terrain houiller du Nord
de la France. Leur extension verticale par rapport aux horizons
marins. Annales de la Sociétée Géologique du Nord, 43, 208-254.

Bertrand, P. 1919. Les zones végétales du terrain houiller du
Nord de la France. Comptes Rendus de I’Académie des Sciences,
Paris, 168, 780—782.

Brousmiche, C. 1983. Les fougeres sphénoptéridiennes du bassin
houiller Sarro-Lorrain. Publication Société Géologique du Nord,
10, 1-480.

Burek, C. V. and Cleal, C. J. 2005. The life and work of Emily
Dix (1904-1972). Geological Society, London, Special Publica-
tions, 241, 181-196.

Cascales-Minana, B. 2011. New insights into the reading of
Paleozoic plant fossil record discontinuities. Historical Biology,
23, 115-130.

Cascales-Minana, B., Cleal, C. J. and Diez, J. B. 2013. What is
the best way to measure extinction? A reflection from the
palaeobotanical record. Earth-Science Reviews, 124, 126—147.

Chalard, J. 1960. Contribution a I’étude du Namurien du bassin
houiller du Nord de la France. Etudes Géologiques pour I’Atlas
Topographie Souterraine, 3, 1-299.

Clarke, K. R. 1993. Non-parametric multivariate analyses of
changes in community structure. Austral Ecology, 18, 117-143.

Cleal, C. J. 1978. Floral biostratigraphy of the upper Silesian Pen-
nant Measures of South Wales. Geological Journal, 13, 165-194.

Cleal, C. J. 1984a. The Westphalian D floral biostratigraphy of
Saarland (Fed. Rep. Germany) and a comparison with that
of South Wales. Geological Journal, 19, 327-351.

Cleal, C. J. 1984b. The recognition of the base of the Westpha-
lian D Stage in Britain. Geological Magazine, 121, 125-129.

Cleal, C. J. 1986. Identifying plant fragments. 53-65. In Spicer,
R. A. and Thomas, B. A. (eds) Systematic and taxonomic
approaches in palaeobotany. Systematics Association Special
Volumes, 31.

Cleal, C. J. 1991. Carboniferous and Permian biostratigraphy.
182-215. In Cleal, C. J. (ed.) Plant fossils in geological investi-
gation: The Palaeozoic. Ellis Horwood.

Cleal, C. J. 1997. The palaeobotany of the upper Westphalian
and Stephanian of southern Britain and its geological signifi-
cance. Review of Palaeobotany & Palynology, 95, 227-253.

Cleal, C. J. 1999. Plant macrofossil biostratigraphy. 220-224.
In Jones, T. P. and Rowe, N. P. (eds) Fossil plants and
spores: Modern techniques. Geological Society, London.

Cleal, C. J. 2005. The Westphalian macrofloral record from the
cratonic central Pennines Basin, UK. Zeitschrift der Deutschen
Gesellschaft fiir Geowissenschaften, 156, 387—402.

Cleal, C. J. 2007. The Westphalian—Stephanian macrofloral
record from the South Wales Coalfield, UK. Geological Maga-
zine, 144, 465-486.

Cleal, C. J. 2008a. Palaeofloristics of Middle Pennsylvanian lygi-
nopteridaleans in Variscan Euramerica. Palaeogeography,
Palaeoclimatology, Palaeoecology, 261, 1-14.

Cleal, C. J. 2008b. Palacofloristics of Middle Pennsylvanian
medullosaleans in Variscan Euramerica. Palaeogeography,
Palaeoclimatology, Palaeoecology, 268, 164—180.

Cleal, C. J. 2008c. Westphalian—Stephanian macrofloras of the
Southern Pennines Basin, UK. Studia Geologica Polonica, 129,
25—-41.

Cleal, C. J. 2021a. Paleozoic Plants. 461-475. In Encyclopedia of
geology, Vol. 3. Elsevier.

Cleal, C. J. 2021b. Tiering on land — trees and forests (Late
Palaeozoic). In John Wiley & Sons Ltd (ed.) eLS. https://doi.
org/10.1002/9780470015902.20029273

Cleal, C. J. and Cascales-Minana, B. 2014. Composition and
dynamics of the great Phanerozoic evolutionary floras. Lethaia,
47, 469-484.

Cleal, C. J. and Cascales-Minana, B. 2021. Evolutionary floras:
revealing large-scale patterns in Palaeozoic vegetation history.
Journal of Palaeosciences, 70, 31-42.

Cleal, C. J. and Thomas, B. A. 1994. Plant fossils of the British
Coal Measures. Palaeontological Association Field Guides to
Fossils.

Cleal, C. J. and Thomas, B. A. 1999. Tectonics, tropical forest
destruction and global warming in the Late Palaeozoic. Acta
Palaeobotanica, Supplement, 2, 17-19.

Cleal, C. J. and Thomas, B. A. 2005. Palaeozoic tropical rainfor-
ests and their effect on global climates: is the past the key to
the present? Geobiology, 3, 13-31.

Cleal, C. J. and Thomas, B. A. 2010. Botanical nomenclature and
plant fossils. Taxon, 59, 261-268.

Cleal, C. J. and Thomas, B. A. 2021. Naming of parts: the use of
fossil-taxa in palaeobotany. Fossil Imprint, 77, 166—186.

Cleal, C. J., Dimitrova, T. K. and Zodrow, E. L. 2003. Macrofloral
and palynological criteria for recognising the Westphalian—Ste-
phanian boundary. Newsletters on Stratigraphy, 39, 181-208.

Cleal, C. J., Oplustil, S., Thomas, B. A. and Tenchov, Y. 2009a.
Pennsylvanian vegetation and climate in tropical Variscan
Euramerica. Episodes, 34, 3-12.

Cleal, C. J., Oplustil, S., Thomas, B. A., Tenchov, Y., Abbink, O.
A., Bek, J., Dimitrova, T., Drabkova, J., Hartkopf-Froder, C.,
Hoof, T. van, Kedzior, A., Jarzembowski, E., Jasper, K., Liber-
tin, M., McLean, D., Oliwkiewicz- Miklasinska, M., Psenicka,
J., Ptak, B., Schneider, J. W., Schultka, S., Simtnek, Z., Uhl,
D., Waksmundzka, M. 1., Waveren, I. van and Zodrow, E. L.
2009b. Late Moscovian terrestrial biotas and palaeoenviron-
ments of Variscan Euramerica. Netherlands Journal of Geos-
ciences, 88, 181-278.

Cleal, C. J.,, Uhl, D., Cascales-Minana, B., Thomas, B. A.,
Bashforth, A. R., King, S. C. and Zodrow, E. L. 2012. Plant
biodiversity changes in Carboniferous tropical wetlands.
Earth-Science Reviews, 114, 124—155.

Cleal, C. J., Pardoe, H. S., Berry, C. M., Cascales-Minana, B.,
Davis, B. A. S., Diez, J. B., Filipova-Marinova, M. V., Gie-
secke, T., Hilton, J., Ivanov, D., Kustatscher, E., Leroy, S. A.
G., McElwain, J. C., Oplustil, S., Popa, M. E., Seyfullah, L. J.,
Stolle, E., Thomas, B. A. and Uhl, D. 2021. Palaeobotanical
experiences of plant diversity in deep time. 1: how well can
we identify past plant diversity in the fossil record? Palaeogeo-
graphy, Palaeoclimatology, Palaeoecology, 576, 110481.

Cohen, K. M., Finney, S. C., Gibbard, P. L. and Fan, J.-X. 2013.
The ICS International Chronostratigraphic Chart. Episodes
Journal of International Geoscience, 36, 199-204.

Condamine, F. L., Clapham, M. E. and Kergoat, G. J. 2016.
Global patterns of insect diversification: towards a reconcilia-
tion of fossil and molecular evidence? Scientific Reports, 6,
19208.

85U017 SUOWILIOD BAIIaD) 8|qed!dde ay) Aq pausenob ae sspie YO ‘88N J0 Sejni 1oy AriqiT 8UlIUQ A3|IA UO (SUORIPUOD-PUE-SWB)W0D A8 | IMAteIq 1 U1 UO//:SANY) SUOIIPUOD pue WS | 8U188S *[7202/70/20] Uo Ariqiauljuo A3|1Mm ‘soueld aueiyoo Aq TSST 2dds/Z00T 0T/10p/w0o A8 | Areiqijeuljuo//Sdny wouy papeojumod ‘Z ‘¥20 ‘20829502


https://doi.org/10.1002/9780470015902.a0029273
https://doi.org/10.1002/9780470015902.a0029273

22 PAPERS IN PALAEONTOLOGY

Corsin, P. 1962. Caractéristiques paléobotaniques des faisceaux
de Terrain Houiller du Nord de la France. Comptes Rendus de
I’Académie des Sciences, 254, 792—795.

Corsin, P. and Corsin, P. 1970. Un siecle et demi de
Paléobotanique dans le Nord de la France. Annales de la
Société Géologique du Nord, 90, 223-252.

Corsin, P. and Corsin, P. 1971. Zonation biostratigraphique du
Houiller des bassins du Nord-Pas-de-Calais et de Lorraine.
Comptes Rendus de PAcadémie des Sciences, Paris, 273, 783—
788.

Dalinval, A. 1960. Contribution a I’étude des Pécoptéridées. Les
Pecopteris du Bassin Houiller du Nord de la France. Etudes
Géologiques pour I'Atlas Topographie Souterraine, 1 (3), 1-222.

Danzé, J. 1956. Contribution a I'étude des Sphenopteris. Les
fougeres Sphénoptéridiennes du bassin houiller du Nord de la
France. Ftudes Géologiques pour P’Atlas Topographie Souter-
raine, 1 (2), 1-568.

Dice, L. R. 1945. Measures of the amount of ecologic association
between species. Ecology, 26, 297-302.

DiMichele, W. A. and Phillip, T. L. 1995. The response of hier-
archically structured ecosystems to long-term climate change:
a case study using tropical peat swamps of Pennsylvanian age.
123-155. In Stanley, S. M., Knoll, A. J. and Kennett, J. P.
(eds) Effects of past global change on life. National Research
Council, Washington, DC.

Dix, E. 1933. The succession of fossil plants in the millstone grit
and the lower portion of the Coal Measures of the South
Wales Coalfield (near Swansea) and a comparison with that of
other areas. Palaeontographica Abteilung B, 78, 158-202.

Dix, E. 1934. The sequence of floras in the Upper Carboniferous,
with special reference to South Wales. Transactions of the
Royal Society of Edinburgh, 57, 789—838.

Dix, E. 1937. The succession of fossil plants in the South Wales
Coalfield with special reference to the existence of the Stepha-
nian. 159-184. In Jongmans, W. J. (ed.) Deuxieme Congres
Pour I’Avancement Des Etudes de Stratigraphie Carbonifere.
Heerlen, Septembre 1935. Compte Rendu, Vol. 1. E. van Aelst,
Maastricht.

Dix, E. and Trueman, A. E. 1937. The value of non-marine
lamellibranchs for the correlation of the Upper Carboniferous.
1185-1201. In Jongmans, W. J. (ed.) Deuxieme congres pour
Pavancement des études de stratigraphie Carbonifere. Heerlen,
Septembre  1935. Compte Rendu, Vol. 1. E. van Aelst,
Maastricht.

Dray, S., Dufour, A.-B., Thioulouse, J. 2023. ade4: Analysis of
ecological data: exploratory and Euclidean methods in envi-
ronmental sciences. R package version 1.7-22. https://cran.
r-project.org/web/packages/ade4/index.html

Dunne, E. M., Close, R. A., Button, D. J., Brocklehurst, N.,
Cashmore, D. D., Lloyd, G. T. and Butler, R. J. 2018. Diversity
change during the rise of tetrapods and the impact of the
‘Carboniferous rainforest collapse’. Proceedings of the Royal
Society B, 285, 20172730.

Fielding, C. R., Frank, T. D., Birgenheier, L. P., Rygel, M. C,
Jones, A. T. and Roberts, J. 2008. Stratigraphic imprint of the
Late Palaeozoic Ice Age in eastern Australia: a record of alter-
nating glacial and nonglacial climate regime. Journal of the
Geological Society, 165, 129—140.

Fielding, C. R., Frank, T. D. and Birgenheier, L. P. 2023. A
revised, late Palacozoic glacial time-space framework for east-
ern Australia, and comparisons with other regions and events.
Earth-Science Reviews, 236, 104263.

Gastaldo, R. A., DiMichele, W. A. and Pfefferkorn, H. W.
1996. Out of the icehouse into the greenhouse: a late Paleo-
zoic analog for modern global vegetational change. GSA
Today, 6, 1-7.

Gastaldo, R. A., Purkyiovd, E. and Simunek, Z. 2009a. Mega-
floral perturbation across the Enna Marine Zone in the Upper
Silesian basin attests to late Mississippian (Serpukhovian)
deglaciation and climate change. PALAIOS, 24, 351-366.

Gastaldo, R. A., Purkyniovd, E., Simunek, Z. and Schmitz, M. D.
2009b. Ecological persistence in the late Mississippian (Serpu-
khovian, Namurian A) megafloral record of the Upper Silesian
basin, Czech Republic. PALAIOS, 24, 336-350.

Gayer, R. A,, Cole, J. E., Greiling, R. O., Hecht, C. and Jones, J. A.
1993. Comparative evolution of coal-bearing foreland basins
along the Variscan northern margin in Europe. 47-82. In Gayer,
R. A, Greiling, R. O. and Vogel, A. K. (eds) Rhenohercynian and
Subvariscan fold belts. Vieweg & Sons, Braunschweig.

Gothan, W. 1929. Die Steinkohlenflora der westlichen para-
lischen Carbonreviere Deutschlands. Lieferung 1. Arbeiten aus
dem Institut fur Palaobotanik und Petrographie der Brennsteine,
1, 1-48.

Grimm, E. C. 1987. CONISS: a FORTRAN 77 program for stra-
tigraphically constrained cluster analysis by the method of
incremental sum of squares. Computers & Geosciences, 13, 13—
35.

Hammer, ©. and Harper, D. A. T. 2006. Paleontological data
analysis. Wiley.

Hibbett, D., Blanchette, R., Kenrick, P. and Mills, B. 2016. Cli-
mate, decay, and the death of the coal forests. Current Biology,
26, R563-R567.

Jarzembowski, E. A. and Ross, A. J. 1996. Insect origination and
extinction in the Phanerozoic. Geological Society, London, Spe-
cial Publications, 102, 65—78.

Jongmans, W. J. 1928. Stratigraphische Untersuchungen im Kar-
bon von Limburg (Niederland). 335-396. In Jongmans, W. J.
(ed.) Congres pour l'avancement des études de stratigraphie Car-
bonifere, Heerlen, 7-11 Juin 1927: Compte Rendu. Vaillant-
Carmanne, Liege.

Jongmans, W. J. 1955. Notes paléobotaniques sur les Bassins
houillers de I'’Anatolie. Mededelingen van de Geologische Stichting,
9, 59-89.

Josten, K.-H. 1983. Die fossilen floren im Namur des Ruhrkar-
bons. Fortschritte in der Geologie von Rheinland und Westfalen,
31, 1-327.

Josten, K.-H. 1991. Die Steinkohlen-Floren Nordwestdeutsch-
lands. Fortschritte in der Geologie von Rheinland und Westfalen,
36, 1-434.

Kelling, G. 1988. Silesian sedimentation and tectonics in the
South Wales Basin: a brief review. 38—42. In Besly, B. M. and
Kelling, G. (eds) Sedimentation in a synorogenic basin complex.
Blackie.

Kroner, U., Mansy, J.-L., Mazur, S., Aleksandrowski, P., Hann,
H. P., Huckriede, H., Lacquement, F., Lamarche, J., Ledru, P.,
Pharaoh, T. C., Zedler, H., Zeh, A. and Zulauf, G. 2008.

85U017 SUOWILIOD BAIIaD) 8|qed!dde ay) Aq pausenob ae sspie YO ‘88N J0 Sejni 1oy AriqiT 8UlIUQ A3|IA UO (SUORIPUOD-PUE-SWB)W0D A8 | IMAteIq 1 U1 UO//:SANY) SUOIIPUOD pue WS | 8U188S *[7202/70/20] Uo Ariqiauljuo A3|1Mm ‘soueld aueiyoo Aq TSST 2dds/Z00T 0T/10p/w0o A8 | Areiqijeuljuo//Sdny wouy papeojumod ‘Z ‘¥20 ‘20829502


https://cran.r-project.org/web/packages/ade4/index.html
https://cran.r-project.org/web/packages/ade4/index.html
https://cran.r-project.org/web/packages/ade4/index.html

MOLINA-SOLIS ET AL.: NORD-PAS-DE-CALAIS COALFIELD 23

Variscan tectonics. 599-664. In McCann, T. (ed.) The geology
of central Europe: Vol. 1: Precambrian and Palaeozoic. Geologi-
cal Society, London.

Laveine, J.-P. 1967. Contribution a I’étude de la flore du terrain
houiller. Les Neuroptéridées du Nord de la France. Etudes
Géologiques pour Atlas Topographie Souterraine, 1 (5), 1-344.

Laveine, J.-P. 1977. Report on the Westphalian D. 71-83. In
Holub, V. and Wagner, R. H. (eds) Symposium on Carboniferous
stratigraphy. Geological Survey, Prague.

Laveine, J.-P. 1987. La flore du basin houiller du Nord de la
France, Biostratigraphie et méthodologie. Annales de la Société
Géologique du Nord, 106, 87-93.

Laveine, J.-P. 1989. Guide paléobotanique dans le terrain houiller
Sarro-Lorrain. Houilleres du bassin de Lorraine, Merlebach.
Legendre, P. and Legendre, L. 2012. Numerical ecology: Develop-

ments in environmental modelling. Elsevier.

Loboziak, S. 1971. Les micro- et mégaspores de la partie occi-
dentale du bassin houiller du Nord de la France. Palaeontogra-
phica Abteilung B, 132, 1-127.

Molina-Solis, A., Cleal, C. J., Capel, E. and Cascales-Minana, B.
2023. Vegetation dynamics in the Early-Middle Pennsylvanian
coal swamps of the Nord-Pas-de-Calais Coalfield, France.
Palaeoworld. https://doi.org/10.1016/j.palwor.2023.04.005

Montanez, I. P. 2016. A Late Paleozoic climate window of
opportunity. Proceedings of the National Academy of Sciences,
113, 2334-2336.

Novik, E. O. 1974. Zakonomernosti razvitiya kamennougolnoi
flori yuga Europeiskoi chasti SSSR. [Regularities of develop-
ment of the Carboniferous flora of the south of the Euro-
pean part of the USSR]. Naukova Dumka, Kiev, 140 pp.
[in Russian]

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P.,
Minchin, P., O’Hara, R., Solymos, P., Stevens, M., Szoecs, E.,
Wagner, H., Barbour, M., Bedward, M., Bolker, B., Borcard,
D., Carvalho, G., Chirico, M., De Caceres, M., Durand, S.,
Evangelista, H., Fitzjohn, R., Friendly, M., Furneaux, B., Han-
nigan, G., Hill, M., Lahti, L., McGlinn, D., Ouellette, M.,
Ribeiro Cunha, E., Smith, T., Stier, A., Ter Braak, C. and
Weedon, J. 2023. vegan: community ecology package.
https://cran.r-project.org/package=vegan/

Oplustil, S. and Cleal, C. J. 2007. A comparative analysis of
some Late Carboniferous basins of Variscan Europe. Geological
Magazine, 144, 417-448.

Oplustil, S., Schmitz, M., Cleal, C. J. and Martinek, K. 2016. A
review of the Middle-Late Pennsylvanian west European
regional substages and floral biozones, and their correlation to
the geological time scale based on new U-Pb ages. Earth-
Science Reviews, 154, 301-335.

Oplustil, S., Simanek, Z., Psenicka, J., Bek, J. and Libertin, M.
2017. A 25 million year macrofloral record (Carboniferous—
Permian) in the Czech part of the Intra-Sudetic Basin; biostra-
tigraphy, plant diversity and vegetation patterns. Review of
Palaeobotany & Palynology, 244, 241-273.

Oplustil, S., Cleal, C. J., Wang, J. and Wan, M. 2022. Carbonif-
erous macrofloral biostratigraphy: an overview. Geological
Society, London, Special Publications, 512, 813—863.

Pardoe, H. S., Cleal, C. J., Berry, C. M., Cascales-Minana, B.,
Davis, B. A. S., Diez, J. B., Filipova-Marinova, M. V.,

Giesecke, T., Hilton, J., Ivanov, D., Kustatscher, E., Leroy, S.
A. G., McElwain, J. C., Oplustil, S., Popa, M. E., Seyfullah, L.
J., Stolle, E., Thomas, B. A. and Uhl, D. 2021. Palaeobotanical
experiences of plant diversity in deep time. 2: how to measure
and analyse past plant biodiversity. Palaeogeography, Palaeocli-
matology, Palaeoecology, 580, 110618.

Pesek, J. 1994. Carboniferous of central and western Bohemia
(Czech Republic). Czech Geological Survey, Prague.

Purkynovd, E. 1970. Die Unternamurflora des Beckens von
Horni Slezsko (CSSR). Paliontologische Abhandlungen, Abtei-
lung B, 3, 129-268.

R Core Team. 2013. R: A language and environment for statistical
computing. R Foundation for Statistical Computing.
https://www.r-project.org/

Raup, D. M. and Crick, R. E. 1979. Measurement of faunal simi-
larity in paleontology. Journal of Paleontology, 53, 1213—1227.
Renier, A. 1928. Un nouveau tableau synoptique des échelles
stratigraphiques des bassins houillers de la Belgique. 571-593.
In Jongmans, W. J. (ed.) Congres pour Pavancement des études
de stratigraphie Carbonifere, Heerlen, 7—11 Juin 1927: Compte

Rendu. Vaillant-Carmanne, Liege.

Shi, G. R. 1993. Multivariate data analysis in palaeoecology and
palaeobiogeography: a review. Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology, 105, 199-234.

Shi, G. R. 1995. Spatial aspects of palacobiogeographical data
and multivariate analysis. Memoirs of the Association of Aus-
tralasian Palaeontologists, 18, 179—188.

Serensen, T. 1948. A method of establishing groups of equal
amplitude in plant sociology based on similarity of species
content, and its application to analysis of vegetation on Danish
commons. Kongelige Danske Videnskabernes Selskab, Biologiske
Skrifter, 5, 3-34.

Stockmans, F. and Williere, Y. 1953. Végétaux namuriens de la
Belgique — text. Association pour I'Etude de la Paléontologie et
de la Stratigraphie houilleres, 13, 3—382.

Strullu-Derrien, C., Cleal, C. J., Ducassou, C., Spencer, A. R. T.,
Stolle, E. and Leshyk, V. O. 2021. A rare late Mississippian
flora from Northwestern Europe (Maine-et-Loire Coalfield,
Pays de la Loire, France). Review of Palaeobotany & Palynology,
285, 104359.

Strullu-Derrien, C., Spencer, A. R. T., Cleal, C. J. and Leshyk, V.
0. 2022. The 330-320 million-year-old Tranchée des Malécots
(Chaudefonds-sur-Layon, south of the Armorican Massif,
France): a rare geoheritage site containing in situ palaeo-
botanical remains. Geoheritage, 14, 42.

Strullu-Derrien, C., Ballevre, M., Spencer, A. R. T., Guillou, E,,
Gislard, J.-P., Lardeux, H. and Cleal, C. J. 2023. The Carbon-
iferous (Serpukhovian) macroflora from the “Coteaux du Pont
Barré”, Beaulieu-sur-Layon (Maine-et-Loire), South of the
Armorican Massif, France. Botany Letters, 170, 183—193.

Tenchov, Y. 1977. Flora und Biostratigraphie des Oberkarbons
im Svoge-Becken (VR Bulgarien). Schriftenreihe fiir Geolo-
gische Wissenschaften, 7, 1-163.

Thomas, B. A. 1970. Epidermal studies in the interpretation of
Lepidodendron species. Palaeontology, 13, 145-173.

Thomas, B. A. 1989. Disarticulated plant fossils. 421-423. In
Briggs, D. E. G. and Crowther, P. (eds) Palaeobiology: A syn-
thesis. Blackwell.

85U017 SUOWILIOD BAIIaD) 8|qed!dde ay) Aq pausenob ae sspie YO ‘88N J0 Sejni 1oy AriqiT 8UlIUQ A3|IA UO (SUORIPUOD-PUE-SWB)W0D A8 | IMAteIq 1 U1 UO//:SANY) SUOIIPUOD pue WS | 8U188S *[7202/70/20] Uo Ariqiauljuo A3|1Mm ‘soueld aueiyoo Aq TSST 2dds/Z00T 0T/10p/w0o A8 | Areiqijeuljuo//Sdny wouy papeojumod ‘Z ‘¥20 ‘20829502


https://doi.org/10.1016/j.palwor.2023.04.005
https://cran.r-project.org/package=vegan/
https://cran.r-project.org/package=vegan/
https://www.r-project.org/
https://www.r-project.org/

24 PAPERS IN PALAEONTOLOGY

Thomas, B. A. and Cleal, C. J. 2022. A reassessment of the leafy
shoots of Pennsylvanian-age arborescent lycopods. Botany Let-
ters, 169, 466—494.

Trueman, A. E. 1946. Stratigraphical problems in the Coal Mea-
sures of Europe and North America. Quarterly Journal of the
Geological Society, 102, xlix—xcii.

Turland, N. J., Wiersema, J. H., Barrie, F. R., Greuter, W.,
Hawksworth, D. L., Herendeen, P. S., Knapp, S., Kusber, W.-H.,
Li, D.-Z., Marhold, K., May, T. W., McNeill, J., Monro, A.
M., Prado, J., Price, M. J. and Smith, G. F. 2018. International
Code of Nomenclature for algae, fungi, and plants (Shenzhen
Code) adopted by the Nineteenth International Botanical Con-
gress Shenzhen, China, July 2017. Regnum Vegetabile. Vol. 159.
Koeltz Botanical Books, Glashiitten.

Uhl, D. and Cleal, C. J. 2010. Late Carboniferous vegetation
change in lowland and intramontane basins in Germany.
International Journal of Coal Geology, 83, 318-328.

Wagner, R. H. 1974. The chronostratigraphic units of the Upper
Carboniferous in Europe. Bulletin de la Société Belge de
Géologie, de Paléontologie et d’Hydrologie, 83, 235-253.

Wagner, R. H. 1984. Megafloral zones of the Carboniferous.
109-134. In Sutherland, P. K. and Manger, W. L. (eds)
Compte Rendu Neuvieme Congres International de Stratigraphie
et de Geologie du Carbonifere (Washington and Champaign-
Urbana, May 17-26, 1979), Vol. 2. Southern Illinois University
Press.

Wagner, R. H. and Alvarez—Vézquez, C. 1991. Floral characteri-
sation and biozones of the Westphalian D Stage in NW Spain.

Neues Jahrbuch fir Geologie und Paliontologie — Abhandlungen,
183, 171-202.

Wagner, R. H. and Alvarez—Vézquez, C. 2010. The Carbonifer-
ous floras of the Iberian Peninsula: a synthesis with geological
connotation. Review of Palaeobotany & Palynology, 162, 239—
324.

Wagner, R. H. and Winkler Prins, C. F. 2016. History and cur-
rent status of the Pennsylvanian chronostratigraphic units:
problems of definition and interregional correlation. Newslet-
ters on Stratigraphy, 49, 281-320.

Waters, C. N., Somerville, I. D., Jones, N. S., Cleal, C. J., Collin-
son, J. D., Waters, R. A,, Besly, B. M., Dean, M. T., Stephen-
son, M. H., Davies, J. R., Freshney, E. C., Jackson, D. I,
Mitchell, W. I, Powell, J. H., Barclay, W. J., Browne, M. A.
E., Leveridge, B. E., Long, S. L. and McLean, D. 2001. A
revised correlation of Carboniferous rocks in the British Isles.
Geological Society, London, Special Report 26.

Zeiller, R. 1888. Bassin houiller de Valenciennes: Description de la
flore fossile. Etudes des Gites Mineraux de la France, Maison
Quantin.

Zeiller, R. 1894. Sur les subdivisions du Westphalien de la
France d’apres les caracteres de la flore. Bulletin de la Société
Géologique de France, Série 3, 22, 483-501.

Zodrow, E. L. and Cleal, C. J. 1985. Phyto- and chronostratigra-
phical correlations between the late Pennsylvanian Morien
Group (Sydney, Nova Scotia) and the Silesian Pennant Mea-
sures (south Wales). Canadian Journal of Earth Sciences, 22,
1465-1473.

85U017 SUOWILIOD BAIIaD) 8|qed!dde ay) Aq pausenob ae sspie YO ‘88N J0 Sejni 1oy AriqiT 8UlIUQ A3|IA UO (SUORIPUOD-PUE-SWB)W0D A8 | IMAteIq 1 U1 UO//:SANY) SUOIIPUOD pue WS | 8U188S *[7202/70/20] Uo Ariqiauljuo A3|1Mm ‘soueld aueiyoo Aq TSST 2dds/Z00T 0T/10p/w0o A8 | Areiqijeuljuo//Sdny wouy papeojumod ‘Z ‘¥20 ‘20829502



	 Abstract
	 BIOSTRATIGRAPHICAL BACKGROUND
	 DATA
	 METHOD
	 RESULTS
	 Cluster�I
	spp21551-fig-0001
	spp21551-fig-0002
	 Cluster II
	 Cluster III
	spp21551-fig-0003
	spp21551-fig-0004
	 Cluster IV
	 Cluster�V
	 Cluster VI
	 Cluster VII
	spp21551-fig-0005
	 Cluster VIII

	 DISCUSSION
	 Biostratigraphy and floral characterization of the �Nord-Pas-de-�Calais� Coalfield
	spp21551-fig-0006
	spp21551-fig-0007
	 Evolution of �Nord-Pas-de-�Calais� swamp vegetation
	spp21551-fig-0008
	spp21551-fig-0009
	spp21551-fig-0010
	spp21551-fig-0011

	 CONCLUSION
	spp21551-supitem
	 REFERENCES
	spp21551-bib-0001
	spp21551-bib-0002
	spp21551-bib-0003
	spp21551-bib-0004
	spp21551-bib-0005
	spp21551-bib-0006
	spp21551-bib-0007
	spp21551-bib-0008
	spp21551-bib-0009
	spp21551-bib-0010
	spp21551-bib-0011
	spp21551-bib-0012
	spp21551-bib-0013
	spp21551-bib-0014
	spp21551-bib-0015
	spp21551-bib-0016
	spp21551-bib-0017
	spp21551-bib-0018
	spp21551-bib-0019
	spp21551-bib-0020
	spp21551-bib-0021
	spp21551-bib-0022
	spp21551-bib-0023
	spp21551-bib-0024
	spp21551-bib-0025
	spp21551-bib-0026
	spp21551-bib-0027
	spp21551-bib-0028
	spp21551-bib-0029
	spp21551-bib-0030
	spp21551-bib-0031
	spp21551-bib-0032
	spp21551-bib-0033
	spp21551-bib-0034
	spp21551-bib-0035
	spp21551-bib-0036
	spp21551-bib-0037
	spp21551-bib-0038
	spp21551-bib-0039
	spp21551-bib-0040
	spp21551-bib-0041
	spp21551-bib-0042
	spp21551-bib-0043
	spp21551-bib-0044
	spp21551-bib-0045
	spp21551-bib-0046
	spp21551-bib-0047
	spp21551-bib-0048
	spp21551-bib-0049
	spp21551-bib-0050
	spp21551-bib-0051
	spp21551-bib-0052
	spp21551-bib-0053
	spp21551-bib-0054
	spp21551-bib-0055
	spp21551-bib-0056
	spp21551-bib-0057
	spp21551-bib-0058
	spp21551-bib-0059
	spp21551-bib-0060
	spp21551-bib-0061
	spp21551-bib-0062
	spp21551-bib-0063
	spp21551-bib-0064
	spp21551-bib-0065
	spp21551-bib-0066
	spp21551-bib-0067
	spp21551-bib-0068
	spp21551-bib-0069
	spp21551-bib-0070
	spp21551-bib-0071
	spp21551-bib-0072
	spp21551-bib-0073
	spp21551-bib-0074
	spp21551-bib-0075
	spp21551-bib-0076
	spp21551-bib-0077
	spp21551-bib-0078
	spp21551-bib-0079
	spp21551-bib-0080
	spp21551-bib-0081
	spp21551-bib-0082
	spp21551-bib-0083
	spp21551-bib-0084
	spp21551-bib-0085
	spp21551-bib-0086
	spp21551-bib-0087
	spp21551-bib-0088
	spp21551-bib-0089
	spp21551-bib-0090
	spp21551-bib-0091
	spp21551-bib-0092
	spp21551-bib-0093
	spp21551-bib-0094
	spp21551-bib-0095
	spp21551-bib-0096
	spp21551-bib-0097
	spp21551-bib-0098
	spp21551-bib-0099
	spp21551-bib-0100
	spp21551-bib-0101
	spp21551-bib-0102
	spp21551-bib-0103
	spp21551-bib-0104
	spp21551-bib-0105
	spp21551-bib-0106
	spp21551-bib-0107
	spp21551-bib-0108
	spp21551-bib-0109
	spp21551-bib-0110
	spp21551-bib-0111
	spp21551-bib-0112
	spp21551-bib-0113
	spp21551-bib-0114


