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Tyrannie heureuse que celle des passions, qui font les plaisirs de notre vie; 

fâcheux empire que celui de la raison, s'il nous ôte les sentiments agréables 

Charles de St Evremont (1616-1703) 

Basic research is what l'rn doing when 1 don't know what l'rn doing 

Wernher Von Braun (1912-1977) 

Celestial navigation is based on the premise that the Earth is the center of the uni verse. The 

premise is wrong, but the navigation works. An incorrect mode! can be a useful tool 

Kelvin Throop III 

1 don't have any solution, but 1 certain/y admire the problem 

Ashleigh Brilliant 
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RESUME 

Le Paléozoïque Inférieur est marqué par une biodiversification importante d'un 

grand nombre d'organismes des milieux marins, où les représentants du phytoplancton (dont 

les acritarches) occupaient une place centrale en tant que producteurs primaires. Ces 

organismes microscopiques, aux affinités incertaines, sont très utiles pour la biostratigraphie 

et auraient un grand potentiel pour les reconstitutions paléogéographiques et 

paléoécologiques. 

Une série d'études a été réalisée, dans les domaines de la taxonomie et de 

l'interprétation de la distribution spatio-temporelle des acritarches du Cambrien Supérieur, de 

l'Ordovicien et du Silurien Supérieur. 

Tout d'abord, avant toute application, une taxonomie cohérente est nécessaire. Dans 

ce but, les statistiques multivariées ont permis 1) de proposer une classification alternative 

des acritarches galéates du Cambro-Ordovicien du Sahara Algérien et 2) de compléter la 

taxonomie usuelle du genre Ne/lia de la même succession d'Algérie. 

Afin d'évaluer la biodiversité des acritarches ordoviciens, une analyse a été réalisée 

sur la base d'une révision complète de la littérature. Les résultats indiquent des schémas de 

diversité mieux exprimés au niveau régional qu'au niveau global. 

En marge des études classiques en biostratigraphie et en paléogéographie, la suite de 

ce travail tente d'approfondir les aspects paléoécologiques des acritarches du Paléozoïque 

Inférieur. La relation entre la morphologie des acritarches galéates cambra-ordoviciens et 

certains paramètres environnementaux (tels que la salinité) a été analysée en comparaison 

avec les kystes de dinoflagéllés modernes. L'étude de la distribution des acritarches le long 

d'un transect latéral dans le Silurien supérieur de l'île de Gotland (Suède) a permis de 

proposer l'utilisation des acritarches en tant que marqueurs de paléoenvironnements. Dans le 

contexte des variations paléoclimatiques du Silurien supérieur, l'analyse de la distribution 

verticale des acritarches de la même région a montré que ces organismes étaient très sensibles 

aux changements environnementaux et pourraient être utiles aux modélisations 

paléoclimatiques dans le Paléozoïque Inférieur. 
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ABSTRACT 

The Lower Palaeozoic is characterised by a major phytoplankton diversification. 

Organic-walled organisms (acritarchs) played an essential role in primary production. This 

group is very useful for biostratigraphy, but has also a high potential for 

palaeobiogeographical and palaeoecological reconstructions. 

Late Cambrian, Ordovician and Late Silurian material was studied in order to analyse 

taxonomy, to review published data and to reconstruct palaeoenvironmental conditions and 

palaeoclimate . This research led to the publications of six articles attached to the present 

thesis. 

Multivariate statistics on Cambro-Ordovician galeate acritarchs from the Algerian 

Sahara allow an alternative classification . The revision of the genus Nellia from the same 

succession is based on the combination of traditional taxonomy and statistical approach to 

demonstrate the high intraspecific variation. 

For the evaluation of Ordovician acritarch biodiversity, a complete review of the 

literature has been carried out. The results reflect more regional trends and do not display 

global diversity patterns. 

The relation between the morphology of the Cambro-Ordovician galeate acritarchs 

and environmental parameters (such as salinity) is analysed in comparison with modem 

dinoflagellate cysts. The acritarch distribution across certain facies boundaries has been 

investigated on a Late Silurian carbonate platform (Gotland, Sweden). Sorne acritarch taxa 

characterise specifie palaeoenvironments. The detailed record of climatic changes in the Late 

Silurian is reflected by changes in the composition of acritarch assemblages from the Gotland 

succession. The sensitivity of acritarchs to environmental changes may represent an 

important tool for the reconstruction of the Lower Palaeozoic climate. 
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UTILISATION DES ACRITARCHES DU PALEOZOÏQUE INFERIEUR POUR LA 

RECONSTITUTION DES PALEOENVIRONNEMENTS- VERSION FRANÇAISE 

1 1 Introduction - Que sont les acritarches? 

Les acritarches constituent un groupe hétérogène de microfossiles représentant la 

grande majorité des microfossiles marins à paroi organique dans les sédiments protérozoïques 

et paléozoïques. Leur première occurrence remonte au Protérozoïque inférieur (Vidal, 1981) 

où les formes observées sont des microsphères dépourvues d'ornementation et peu 

diversifiées. Un développement majeur des acritarches a lieu au cours du Cambrien Inférieur 

(Vidal & Moczylowska-Vidal, 1997) avec l'apparition de formes inédites et abondantes dont 

certaines vont persister pendant tout le Paléozoïque, où la plus grande diversité semble être 

atteinte au cours de l'Ordovicien et du Silurien (Figure 1). 

Number of species 

0 20 40 60 80 lOO 

post Carboniferous 

C arboniferous 

Famerulian 

Precambrian 

Figure l - Nombre d'espèces d'acritarches au cours du temps (Servais et al., 2004 ; modifié d'après Strother, 

1996). La figure 2 présente une version corrigée de l'Ordovicien. 
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Par définition, ces microfossiles ("Acritarcha", du grec akritos, incertain, et arche, 

origine) sont à paroi organique et d'affinité biologique incertaine (Evitt, 1963). Toutefois, 

certains représentants du groupe ont été progressivement rapprochés ou regroupés avec 

d'autres palynomorphes dont la biologie et la classification sont mieux connus. Ainsi, bien 

que certains caractères restent manquants, la morphologie des acritarches les rapproche le 

plus souvent de certains dinoflagellés mésozoïques. Ce rapprochement s'appuie sur des 

recherches récentes (Moldowan et al., 1996; Moldowan & Talyzina, 1998) dans le domaine 

de la biogéochimie qui montrent que des dérivés de dinostéroïdes (substance commmune aux 

dinoflagellés) sont présents dans les sédiments paléozoïques et dans la paroi de certains 

acritarches du Cambrien, ce qui impliquerait la présence de (pré-)dinoflagellés avant le Trias. 

Certains acritarches (par ex. Leiosphaeridia) ont été re-attribués aux prasinophycées sur la 

base de critères morphologiques simples (Le Hérissé, 1989; Colbath & Grenfell, 1995; 

Mullins, 2001). Enfin, d'autres acritarches ont été classés hors du phytoplancton et 

regroupés avec les champignons (Pirozynski, 1976), les algues benthiques (Dorning, 1981) ou 

avec les spores alètes (par ex. Virgatasporites, voir Fensome et al., 1990). Dans l'ensemble, la 

majorité des acritarches paléozoïques sont associés aux sédiments marins et consituteraient 

des représentants du microphytoplancton (Martin, 1993; Colbath & Grenfell, 1995; 

Molyneux et al., 1996). 

L'histoire de l'étude des acritarches a réellement débuté dans les années 1930 (par ex. 

Eisenack, 1931; Wetzel, 1933) alors que les acritarches étaient attribuées au groupe des 

"hystrichosphères" (du grec, hystrichos, porc-épie). Sur la base d'études sur des blocs 

erratiques de la région baltique, Eisenack jetait à cette époque les bases de la taxonomie 

usuelle des acritarches en décrivant quelques-uns des genres les plus communs. D'autres 

genres, comme Micrhystridium ou Veryhachium, ont été ensuité décrits par Deflandre (1937) 

et Deunff ( 1954) dans la même période. 

Evitt (1963) scinde le groupe des hystrichosphères en attribuant une partie du groupe 

aux kystes de Dinoflagellés, le reste des représentants du groupe aux affinités non connues 

constituant alors, par défaut, les acritarches .. Au cours des années suivantes, plusieurs grands 

travaux de systématique des acritarches furent menés pendant le développement de la 

palynologie du Paléozoïque dans plusieurs pays européens (par ex. en Angleterre: Downie, 
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1959; Espagne: Cramer, 1964, 1970; Belgique: Martin, 1969). De même, beaucoup de travaux 

significatifs sont effectués au cours de la même période en Amérique du Nord (Loeblich & 

Tappan, 1969) mais également en Amérique du Sud (ex. Brito, 1967, Pothé de Baldis, 1975) 

et en Union Soviétique, où les travaux de Timofeev (1959) ont contribué à augmenter 

considérablement le nombre de genres et d'espèces décrits. Toutes ces recherches conduisirent 

à la définition des acritarches comme outil biostratigraphique de référence pour le 

Paléozoïque. 

Parallèlement aux travaux de taxonomie et de biostratigraphie, Cramer était 1 'un des 

premiers à employer les acritarches pour la reconstitution paléogéographique à une échelle 

globale (Cramer, 1968, 1971; Cramer & Diez, 1972). Cependant, plusieurs auteurs ont 

critiqué l'emploi de ces provinces palyno1ogiques à grande échelle (Le Hérissé & Gourvennec, 

1995) puisque les assemblages d'acritarches semblaient plus influencés par des paramètres 

locaux et environnementaux que par un contrôle latitudinal. Néanmoins, de par leur 

occurrence, certains acritarches semblent endémiques à des zones climatiques bien définies 

alors que d'autres sont plus cosmopolites (Servais et al., 2003). 

L'utilisation des acritarches en tant qu'outil biostratigraphique et paléogéographique à 

grande échelle est contrainte par leur extrême sensibilité aux variations locales des paléo­

environnements. Les premières études relatives aux aspects écologiques des acritarches 

démarrent dans les années 1960 (Staplin, 1961) et s'étendent jusqu'à nos jours. D'une 

manière similaire aux observations sur la macrofaune (brachiopodes, trilobites), l'intérêt de 

ces recherches s'était orienté vers la reconstitution des variations du niveau marin et vers la 

distribution des espèces dans des transects latéraux (par ex. Jacobson, 1979; Doming, 1981 ). 

La majeure partie des travaux concernant les acritarches sont des études taxonomiques 

où les définitions d'espèces sont généralement fondées sur une approche phénétique à partir 

de l'analyse de quelques dizaines d'individus. La classification ainsi produite regroupe des 

unités arbitrairement appelées "espèces" ou "genres", qui ne correspondraient pas réellement 

à des entités biologiques, si on se réfère à l'écologie et au cycle de vie des dinoflagellés 

actuels. De plus, la classification adoptée par les différents chercheurs fait toujours l'objet 

d'un débat entre "splitters" et "lumpers". La classification induite par la phénétique a amené à 

la création d'un grand nombre d'espèces, produit par les "splitters". A l'inverse, le travail du 
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"lumper" est une approche taxonomique consistant à regrouper un grand nombre d'espèces 

sous un seul taxon. Toutefois, seules les études détaillées semblent en mesure de faire la 

balance entre splitters et lumpers. 

Cependant, comme le souligne Servais (1996), une approche biologique du problème de 

classification des acritarches requiert l'analyse de larges populations de manière à évaluer 

correctement l'ensemble du spectre de la variabilité morphologique. Les études détaillées 

relatives à la variabilité sont relativement récentes, demandant de nouvelles méthodes de 

traitement statistique afin de tester la validité de la taxonomie usuelle. De telles méthodes ont 

été employées ces trente dernières années mais sur des populations réduites, en ignorant le 

problème de ce que constitue un paramètre morphologique et de son évaluation. De fait, les 

statistiques s'avèrent-elles être un outil significatif pour comprendre la variabilité des 

acritarches, si on les applique à de grandes populations. Dans le premier chapître de notre 

travail, nous proposons d'approcher la variabilité du groupe abondant des acritarches 

"galéates" via les statistiques multivariées (Chap. II - A). 

De même, une révision de la littérature du genre Nellia sera proposée en combinaison 

avec une approche statistique multivariée (Chap. II - B). Les conséquences qu'engendrent de 

telles approches sur ce genre restreint à quelques espèces seront exposées dans une seconde 

partie. 

Le chapitre Ill présentera une réflexion sur la biodiversité des acritarches. Est-ce que le 

travail taxonomique usuel apporte une image globale sur la biodiversité des acritarches au 

cours de l'Ordovicien? Les signaux de biodiversité ne sont-ils pas influencés par d'autres 

paramètres? 

Dans le quatrième chapitre, nous essayerons de mieux comprendre les aspects 

paléoécologiques des acritarches. La première approche (Chap. IV - A) discutera de la 

relation probable existant entre la morphologie des acritarches galéates et certains paramètres 

physico-chimiques de l'environnement telle que la salinité. Sur ce point, les acritarches 

galéates réagissent-ils de la même manière aux paramètres environnementaux que les kystes de 

dinoflagellés qui leur sont similaires par leur morphologie ? 

Pour approfondir notre connaissance des aspects paléoécologiques, une étude a été 
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menée dans le Silurien supérieur de l'île de Gotland sur la distribution latérale des acritarches 

au niveau local. En complément des études qualitatives antérieures sur la même période, que 

révèle l'approche quantitative de notre travail ? Les résultats et leurs interprétations sont 

présentés dans un second temps (Chap. IV- B). 

De la même manière, quelques recherches antérieures discutent de l'éventuelle relation 

entre la distribution des acritarches et les paléoeovironnements (par ex. Doming & Bell, 

1987). Dans le Silurien supérieur de l'île de Gotland, de profonds changements 

environnemetaux et climatiques sont indiqués par des excursions importantes d'isotopes 

stables. Notre dernière étude discute de la place des acritarches dans les modélisations des 

variations paléoclimatiques (Chap. IV- C). 

II 1 Variabilité des acritarches 

A- L'apport des statistiques à la classification des acritarches (Stricanne & Servais, 

2002) 

En paléontologie, l'application du concept d'espèce biologique est toujours 

problématique. La classification adoptée reflète le plus souvent une part de biais dans 

l'approche des caractères morphologiques qui constituent le seul paramètre disponible pour 

étudier la variabilité des organismes fossiles. 

Classiquement, l'approche morphologique des acritarches est purement phénétique. La 

caractérisation biométrique constitue une part importante de la diagnose mais les mesures 

sont souvent relevées dans des populations assez réduites (de 10 à 100 spécimens). De plus, 

peu de critères définissent les acritarches, du fait de leur morphologie relativement simple. 

Les diagnoses sont donc souvent limitées à quelques mesures, arbitrairement considérées 

comme significatives pour un taxon étudié, alors que le reste des caractères n'est évalué que 

de manière subjective. Le plus souvent, les. mesures se limitent à la taille de la vésicule (= 

coque) et à celle des processus (= épines). Suivant les auteurs, les diagnoses diffèrent aussi 

par plusieurs paramètres quantitatifs annexes tels que la taille globale (vésicule + processus), 
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la structure ou le nombre de processus. De fait, la taxonomie des acritarches se révèle 

extrêmement confuse, ce qui conduit le plus souvent au recouvrement des diagnoses et à la 

multiplication des espèces dans la littérature. 

Quelques études de traitement statistique ont été réalisées sur les acritarches. 

Toutefois, cette approche s'est révélée souvent limitée à l'emploi d'outils descriptifs simples 

(par ex. moyenne, écart-type) dans le cadre d'analyses bi variées (par ex. Brocke et al., 1997). 

D'autres outils statistiques, comme les tests de conformité du X2 (par ex. Kalvacheva & 

Chobanova, 1974; Vecoli et al., 1999) ont également été utilisés pour contraindre la variabilité 

entre différentes espèces. Les premières applications de statistique multivariée (par ex. 

Wauthoz & Gérard, 1999) ont rapidement montré le potentiel de ces méthodes pour 

approcher la variabilité. Cependant, seules quelques applications statistiques ont été tentées 

sur de petites populations alors que la variabilité des groupes étudiés demandait des outils 

plus performants pour maîtriser la variabilité sur de plus grands ensembles. 

Une classification est rencontrée avec les acritarches "galéates" pour lesquels 83 

espèces et quatre genres (Caldariola, Cymatiogalea, Priscogalea, Stelliferidium) ont été 

décrits. Cependant, un examen plus attentif montre qu'un continuum morphologique semble 

exister entre toutes les variantes généralement attribuées à des espèces ou des genres dans la 

littérature (Servais & Eiserhardt, 1995). Devant un tel "plexus", l'approche usuelle de 

révision taxonomique ("lumping") ne suffit pas pour résoudre le problème de classification, 

dans la mesure où l'importance de chaque caractère n'est pas ré-évaluée. 

Dans le cas des acritarches galéates, notre travail propose d'employer les statistiques 

multivariées et la classification automatique afin de reclasser les individus d'une grande 

population fossile (564 spécimens) d'un sondage pétrolier nord~africain, indépendamment du 

statut taxonomique usuel. Onze critères morphologiques utiles à la classsification ont été 

retenus pour décrire les formes galéates. Ainsi, des critères tels que la couleur de la vésicule 

ou la taille du pylome n'ont pas été retenus dans la mesure où ils constituent des paramètres 

influencés secondairement par des processus taphonomiques. Les critères morphologiques 

ont été rangés dans trois catégories qui sont les paramètres continus (= quantitatifs), semi­

quantitatifs et discrets (= qualitatifs). Les paramètres et les mesures des spécimens ont 
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ensuite été traités par une analyse en composantes principales (ACP). 

L'analyse des résultats indique que seuls cinq des onze paramètres morphologiques 

retenus sont utiles à la classification alors que les autres ne sont que des redondances. Les 

caractères les plus significatifs sont la longueur des processus, le diamètre de la vésicule, la 

présence/absence de ramification distale des processus, la présence/absence de membranes et 

la structuration ornementale (suite morphologique d'apparition de champs polygonaux dans 

le plexus). Dans le cadre de l' ACP, trois facteurs sont retenus et expliquent principalement la 

variabilité par les variations dans la longueur des processus et leur ramification. Un essai de 

classification automatique (Méthode des Nuées Dynamiques) a ensuite été réalisé et montre 

quatre "clusters" (unité de classification) où de nombreux spécimens attribués à des genres 

différents peuvent être réunis au sein des mêmes clusters. 

Cette première approche statistique de la classification des acritarches galéates 

démontre que la taxonomie est biaisée par de nombreux points, dont le nombre et le "poids" 

statistique des caractères sont les plus importants. Notre travail montre que certains 

paramètres ont une importance surévaluée pour la classification. Quantifié par les 

statistiques, le continuum morphologique des galéates revèle également qu'une grande 

majorité des spécimens algériens pourraient éventuellement être regroupés dans une seule 

unité taxonomique puisqu'il est difficile de tracer une limite claire entre des clusters. Cette 

étude représente donc une étape supplémentaire vers l'utilisation des statistiques 

multivariées pour la compréhension de la classification des acritarches. 

B - Révision du genre Nellia - stratigraphie et paléobiogéographie (Stricanne 

et al., accepted) 

L'existence de continuums morphologiques chez les acritarches est également observé 

chez certains diacromorphes cambro-ordoviciens de la région nord-africaine, où le genre Ne/lia 

est retrouvé pour la première fois. Le genre Ne/lia présente des affinités avec un certain 

nombre de diacromorphes (acritarches prés~ntant une bipolarité de la vésicule avec ou sans 

ornementation) dont les genres Acanthodiacrodium, Buchinia, Calyxiella, ainsi que quelques 

espèces des genres Dasydiacrodium et Veryhachium. Cette proximité morphologique indique 

- 18-



L'utilisation des acritarches du Paléozoïque Inférieur pour la reconstitution des paléoenvironnements 
Lower Palaeozoic acritarchs as proxies for the reconstruction of palaeoenvironments 

qu'une révision taxonomique serait nécessaire afin de préciser les relations exactes 

qu'entretiennent les morphotypes des différents taxons. 

Au niveau interspécifique, les quelques espèces de Ne/lia (longiuscula, magna, 

sukatschevii, acifera, ?longispinata) constituent également un plexus de formes où les 

variations sont continues entre chaque pôle morphologique. D'une manière similaire à la 

définition des espèces galéates, le choix des caractères utiles à la diagnose est fait 

arbitrairement par les différents auteurs, lesquels critères sont le nombre et la longueur des 

processus. Afin de caractériser les relations entre les morphotypes algériens de Ne/lia, une 

analyse statistique multivariée (AFC: analyse factorielle des correspondances) et une 

classification automatique (CHA: classification hiérarchique ascendante) ont été réalisées sur 

une population de 113 spécimens, caractérisés par 5 paramètres morphologiques. Les 

résultats montrent que la variabilité de la population peut être traduite par le nombre de 

processus antapicaux et, secondairement, par la hauteur de la vésicule et la longueur des 

processus apicaux. Ces résultats constituent une combinaison des deux schémas précédents 

adoptés pour la classification des espèces de Ne/lia, et indiquent de fait qu'un schéma de 

classification unique ne peut être réellement retenu si on ne tient compte que de la variation 

d'un paramètre. 

Cependant, les deux clusters obtenus par classification automatique des spécimens 

algériens concordent avec le schéma de variabilité observé chez 1 'espèce N acifera et pro 

parte chez N sukatschevii, alors que l'espèce en nomenclature ouverte N. ?longispinata 

n'entre pas dans ce schéma. De manière provisoire, l'ensemble de la variation observée dans 

la population algérienne est attribuée à l'espèce N. acifera. L'analyse d'une plus grande 

population et de matériel d'autres régions semble nécessaire afin de mieux cerner le schéma de 
' 

variabilité des morphotypes de Ne/lia, mais l'approche statistique démontre que ce schéma 

est déjà bien complexe au niveau local. 

Les extensions stratigraphiques du genre Ne/lia sont généralement situées du Cambrien 

supérieur au Trémadocien inférieur. Les précédentes occurrences de Ne/lia combinées à cette 

découverte situent ce genre dans les hautes paléolatitudes et pourraient indiquer qu'il est 

associé à des assemblages d'acritarches caractéristiques des environnements marins froids. 
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ID 1 Biodiversité des acritarches exemple de l'Ordovicien (Servais, Li, Stricanne, 

Vecoli, Wicander, 2004) 

La majeure partie des travaux relatifs aux acritarches concernent la taxonomie alors que 

peu d'études relatives aux affinités biologiques et aux aspects écologiques du groupe existent. 

Il est aujourd'hui reconnu que les acritarches constitueraient une partie du 

microphytoplancton durant le Paléozoïque. Dans le cadre de la biodiversification de la 

macrofaune au cours de l'Ordovicien, est-il possible de caractériser l'évolution du 

phytoplancton à paroi organique? Dans ce but, une révision des données de biodiversité a été 

proposée dans le cadre du PICO (Programme International de Corrélation Géologique) n° 

410, intitulé "La Grande Biodiversification Ordovicienne". Cependant, en référence aux 

problèmes posés par la classification des acritarches, 1' analyse de la biodiversité des 

acritarches à l'Ordovicien indique que les courbes de diversité doivent être interprétées avec 

précaution. 

Les études de biodiversité précédentes (par ex. Tappan & Loeblich, 1973; Strother, 

1996) ont montré que la diversité s'accroît du Précambrien au Silurien, puis décroît 

rapidement du Dévonien au Permien (cf. Figure 1 ). 

La révision de la littérature sur l'Ordovicien proposée dans notre étude est fondée sur 

une revue des données de plusieurs centaines d'articles scientifiques. Bien que la couverture 

soit encore incomplète, les régions étudiées sont majoritairement situées en Europe et en 

Afrique du Nord, ainsi qu'en Chine et en Amérique du Nord. Afin d'établir une liste des 

espèces présentes, un recensement pour chaque région a été effectué, en incluant plusieurs 

informations dont 1' extension stratigraphique. 

La première information apportée par cette liste indique que la somme des espèces 

dans l'Ordovicien s'élève à plus de 1300. Cette quantité est principalement influencée par les 

espèces décrites pour les paléocontinents Baltica, Nord-Gondwana et Laurentia. En 

moyenne, la richesse spécifique s'élève globalement à toujours plus de 250 espèces par étage 

et indique une diminution du nombre d'espèces du Tremadoc à l'Ashgill. La distribution des 

acritarches ordoviciens est présentée dans la figure 2. 
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Figure 2 - Distribution des espèces d'acritarches au cours de l'Ordovicien (Stricanne et Servais, inédit). Les 

extensions stratigraphiques ne sont pas reportées. 

Cependant, les résultats montrés par la figure 2 doivent être interprétés avec beaucoup 

de précaution. Le processus de révision taxonomique met en évidence les synonymies 

potentielles de nombreuses espèces (Chapitre 11). Certains morphotypes pourraient déjà 

avoir été décrits précédemment et introduisent de fait un bi~is. Ainsi que l'indiquent les 

résultats d'approches statistiques de la taxonomie, les continuums morphologiques communs 

à de nombreux groupes d'acritarches compliquent de manière conséquente l'évaluation de la 

biodiversité ainsi que l'approche taxonomique envisagée (par ex. un "splitter" utiliserait 83 

taxons pour classer les acritarches galéates alors qu'un "lumper" tentera de réduire la 

variabilité observée jusqu'à un seul taxon). -De plus, les résultats (Figure 2) montrent moins 

une image de diversité générale que l'état actuel de la description des acritarches. L'inégale 

répartition géographique des espèces décrites est également un facteur de biais dans cette 
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évaluation. Ainsi, plusieurs centaines d'espèces ont été décrites dans l' Arenig de Baltica alors 

que très peu d'espèces sont décrites pour Laurentia pour la même période. Le principal 

résultat de notre étude est qu'il n'existe pour l'instant pas d'image complète de la 

diversification des acritarches à l'Ordovicien, bien que des tendances de diversité s'expriment 

au niveau local. 

III 1 Acritarches et paléoenvironnements 

A - Dynamique des populations : une nouvelle voie pour interpréter la distribution 

des acritarches ? (Servais et al., 2004) 

Dans de nombreux groupes d'acritarches, l'existence de continuums morphologiques 

est reconnue mais l'interprétation de cette variabilité n'a été envisagée que rarement. 

Jusqu'alors, le but des recherches palynologiques a été la solution de nombreux problèmes de 

datation ou de corrélations biostratigraphiques. Toutefois, comme il l'a été montré dans les 

chapitres précédents, l'utilisation des acritarches en tant qu'outil biostratigraphique est 

contraint par la connaissance des aspects biologiques et écologiques du groupe. Or, ces 

aspects ont été ignorés le plus souvent, ce qui a engendré des classifications induites par le 

cadre stratigraphique régional où les acritarches étaient étudiés (par ex. Cramer, 1970). 

Nouvellement discutés, ces aspects nécessitent cependant un examen attentif afin de 

discerner correctement la part de variation morphologique qui peut être attribuée au génotype 

et celle qui revient au phénotype. 

Dans le groupe des acritarches galéates, il a été montré que la variation morphologique 

du groupe était principalement traduite par la longueur des processus et par la complexité de 

leurs terminaisons (Chap. II- A). Afin de comprendre l'origine des variations observées chez 

les galéates, une étude complémentaire à l'analyse statistique multivariée a été menée sur la 

même population d'acritarches galéates du Sahara algérien. Plusieurs paramètres 

morphologiques ont été mesurés et leur évolution a été reportée dans une série 

stratigraphique transgressive à la transition cambro-ordovicienne. L'intérêt d'une telle étude 
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est également de comparer le schéma de variation des acritarches galéates à celui des 

dinoflagellés, qui leur sont proches morphologiquement. 

Les résultats indiquent que le développement des processus, ainsi que leur complexité 

(ramifications distales, striations basales), s'accroît progressivement des niveaux les plus bas 

(environnements "inshore") aux niveaux les plus hauts du sondage (environnements 

"offshore"). Parallèlement, la présence de membranes augmente alors que le nombre de 

spécimens sans ornementation diminue dans l'intervalle. Le diamètre de la vésicule ne montre 

pas de variations ni de tendances significatives. Ces variations progressives de 

1 'ornementation sont corrélées entre elles dans le cadre de la transgression et entrent en 

contradiction avec le schéma taxonomique usuel dans lequel les quatre genres Caldariola, 

Cymatiogalea, Priscogalea et Stelliferidium ont été décrits. 

Dans le cadre de cette étude, l'interprétation de la corrélation positive entre la 

croissance des processus et 1 'augmentation de leur complexité relève des caractéristiques 

morpho-fonctionnelles des processus. En effet, l'allongement de la longueur et le 

développement des ramifications des processus contraint leur structure à développer des 

striations basales pour une plus grande stabilité. Ceci confère moins d'importance en 

taxonomie aux stries dont l'utilisation en tant que caractère avait déjà été critiquée par Rasul 

(1974). 

La croissance des processus est également observée chez les dinoflagellés dans des 

expérimentations en laboratoire (Kokinos & Anderson, 1995). Ainsi, un large spectre de 

variation morphologique est observé au sein d'une même espèce, notamment la croissance des 

processus chez les dinoflagellés actuels. La croissance est interprétée comme une dépendance 

de plusieurs paramètres environnementaux, dont la salinité col)stitue le plus important. Ces 

paramètres controleraient la rupture de la membrane des dinoflagellés et définiraient de fait la 

maturité atteinte par le kyste en formation. Constituant le dernier paramètre en formation, les 

processus sont donc le paramètre le plus variable de la morphologie des kystes de 

dinoflagellés, probablement en réponse aux variations de la salinité. Transposé aux acritarches 

galéates, de tels résultats permettent d'entrevoir de nouvelles explications de leur évolution 

morphologique et une vision alternative aux conceptions classiques de la taxonomie de ces 

organismes. La croissance et la ramification des processus feraient partie intégrante d'une 
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réponse à des variations de paramètres environnementaux, ici supposées être celles de la 

salinité. Une telle assertion demande toutefois à être confirmée par des études 

complémentaires dans des cadres stratigraphiques où les paramètres environnementaux sont 

controlés. 

B - Distribution latérale des acritarches : un exemple dans le Gorstien de Gotland 

(Stricanne et al., 2004) 

L'île de Gotland (Suède) représente une région importante pour l'étude des 

environnements du paléocontinent Baltica au cours du Silurien. Protégés des déformations 

tectoniques et de l'enfouissement, les sédiments siluriens contiennent une grande quantité de 

palynomorphes fossiles très bien conservés. L'étude la plus détaillée relative aux acritarches 

de cette région est celle de Le Hérissé (1989) qui supputait l'influence des conditions 

environnementales sur les populations d'acritarches, en marge d'une large révision 

taxonomique. Plusieurs études corrolaires dans d'autres régions ou sur d'autres périodes ont 

tenté de reconstituer la distribution latérale des acritarches suivant des transects inshore-

offshore (ou proximal-distal). Ces recherches qualitatives ont déterminé que la diversité des 

acritarches augmentait vers les milieux distaux mais également que la distribution de certains 

genres ou espèces était probablement corrélée aux faciès sédimentaires. Peu d'approches 

quantitatives ont été proposées pour appuyer ces modèles de distribution. 

Dans notre travail, une telle approche (valeurs relatives et absolues) a été tentée pour 

mieux caractériser les signatures de la distribution latérale des acritarches dans les sédiments 

du Gorstien (Silurien supérieur) de 1 'île de Gotland. Un transect. inshore-offshore isochrone a 

été suivi et huit localités ont été étudiées. Suite à des études géochimiques (par ex. Samtleben 

et al., 2000), les faciès sédimentaires de ce transect ont été attribués à une période climatique 

humide, caractérisée par un apport substantiel de sédiments terrigènes. 

Les résultats se révèlent conformes aux études précédentes, avec une augmentation 

progressive de la quantité d'acritarches vers les milieux distaux alors que la proportion de 

sphéromorphes diminue. Les autres composants palynologiques (par ex. prasinophytes, 
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chitinozoaires) ne montrent pas de tendance significative. Les quantités absolues 

d'acritarches (porteurs d'ornementation) augmentent progressivement vers les milieux 

offshore de même que leur diversité. A un niveau générique, les acritarches présentent des 

répartitions différentes. Parmi les genres les plus abondants, les proportions de 

Micrhystridium et Dilatisphaera sont plus représentés dans les milieux proximaux que dans 

les milieux distaux où les genres Evittia et Percultisphaera abondent. De même, les trois 

morphotypes (processus courts, M stellatum s.l., longs processus ramifiés) du genre 

Micrhystridium présentent une répartition caractéristique. Alors que les morphotypes aux 

processus courts sont très fréquents en milieu proximal, leur proportion diminue 

progressivement vers les milieux distaux. A l'inverse, les morphotypes aux processus plus 

longs présentent des proportions plus grandes vers les milieux distaux, alors que les grandes 

proportions de M stellatum s.l. ne montrent pas de tendance particulière. 

Ces observations confirment l'ensemble des travaux antérieurs sur les distributions 

ordoviciennes et siluriennes en apportant quelques éléments complémentaires. La corrélation 

de 1 'occurrence des genres avec les environnements de dépôts est précisée mais ne caractérise 

pas spécifiquement un environnement par un assemblage d'acritarches bien défini (cf. 

Dorning & Bell, 1987). Dans notre étude, les assemblages à Micrhystridium sont caractérisés 

de manière informelle par la longueur des processus. L'observation d'un continuum 

morphologique entre toutes les espèces du genre indiquerait que des changements 

environnementaux (par ex. la salinité) continus influencaient probablement l'ornementation de 

ces organismes. Les résultats de ce travail induisent également 1 'utilisation des assemblages 

d'acritarches au niveau générique pour la reconstitution des paléoenvironnements. 

C - Distribution temporelle et variations du climat 

supérieur de Gotland (Stricanne et al., submitted) 

exemple dans le Silurien 

Le Silurien a longtemps été considéré comme une période chaude et sans changements 

environnementaux majeurs, mais les recherches récentes apportent des preuves indiquant de 

profonds changements climatiques. La plupart de ces changements ont été mis en évidence 

par des pics récurrents d'excursions positives de ô13C et le 8180. Le ô13C a été généralement 
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rapporté aux changements de la bioproductivité alors que le o180 serait lié aux variations de la 

salinité et/ou de la température. Au cours du Silurien supérieur (Ludlow), la plus grande 

excursion isotopique du Phanérozoïque est représentée avec des valeurs atteignant 12 %o 

pour le o13C et jusqu'à 4 %o pour le o180. Selon Bickert et al. (1997), les faibles valeurs 

isotopiques sont attribuées à des périodes climatiques humides, les fortes valeurs à un climat 

plus aride aux basses latitudes. Dans les premiers stades des excursions isotopiques, de 

nombreux organismes benthiques (par ex. conodontes et trilobites) disparaissent alors que les 

organismes vivant dans les environnements pélagiques ou hémipélagiques sont affectés plus 

tardivement. 

Toutefois, aucune approche quantitative n'a été entreprise sur les acritarches de cette 

période marquée par ces profonds changements environnementaux. Dans le Silurien inférieur 

de Gotland, Gelsthorpe (sous presse 1 in press) a quantifié en détaille declin progressif de la 

diversité des acritarches et a mis en lumière la sensibilité des acritarches aux variations 

climatiques. Dans la mesure où ces organismes vivraient dans les eaux de surface, une 

approche similaire permettrait de mieux saisir les mécanismes en œuvre lors de l'excursion 

isotopique. A cette fin, notre étude se concentre sur les variations quantitatives (relatives et 

absolues) des palynomorphes du Silurien supérieur de l'île de Gotland lors de l'excursion 

isotopique, interprétée comme une transition humide-aride. 

La majeure partie des palynomorphes sont représentés par les acritarches et les 

sphéromorphes. Chez tous les palynomorphes, il n'y a pas de variations significatives sont 

observées à la fois pour les valeurs relatives et absolues lors de la période humide. Le 

développement de l'excursion isotopique correspond à l'élévation des quantités de spores et 

cryptospores alors que tous les palynomorphes marins mo.ntrent des proportions plus 

réduites. Dans les groupes d'acritarches, la réduction des quantités absolues se repercute 

principalement sur les acanthomorphes et les polygonomorphes. Au niveau générique, le 

même schéma de diminution des valeurs absolues se répète mais les proportions des genres se 

modifient profondément. Pendant la phase humide (valeurs isotopiques faibles), plusieurs 

genres d'acritarches à l'ornementation déveiopée (par ex. Evittia) sont très bien représentés. 

Lorsque les valeurs isotopiques s'élèvent pendant la phase aride, les assemblages se réduisent 

principalement aux genres Micrhystridium, Veryhachium et Eupoikilofusa. Lors de la 
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transition humide-aride, une succession ordonnée de pics d'abondance de certains genres est 

observée. La distribution des morphotypes dans les plexus de Michrystridium et de 

Veryhachium est aussi très caractéristique, avec les formes à l'ornementation développée 

abondante pendant la phase humide et celle à l'ornementation réduite pendant la phase aride. 

Le changement majeur des populations d'acritarches intervient pendant le 

développement de l'excursion isotopique. La diversité réduite observée dans les études 

antérieures s'accompagne d'une forte diminution des quantités absolues ainsi que d'un 

changement radical des groupes dominants dans les assemblages. Ces données indiquent une 

diminution de bioproductivité océanique pendant l'excursion isotopique et montre que 

l'excursion positive du ù13C ne peut être la conséquence d'une productivité accrue. De fait, 

nos résultats confirment le modèle de Bicket et al. (1997) qui expliquent l'excursion 

isotopique plus par des changements de circulation océanique que par des variations de 

productivité. Cependant, selon Bickert et al. (1997), les périodes pendant lesquelles les 

valeurs isotopiques sont hautes peuvent être caractérisées par des salinités élevées. Pendant 

cette période, la réduction de 1 'ornementation observée dans les deux plexus de 

Micrhystridium et de Veryhachium pourrait compatible avec une forte augmentation de 

salinité, en comparaison avec de récentes études sur les dinoflagellés du Quaternaire 

(Ellegaard et al., 2002). 

A tous niveaux, nos résultats confirment que les acritarches seraient sensibles aux 

changements environnementaux. Combinée aux autres palynomorphes, la distribution des 

acritarches pourrait constituer un argument de référence pour la définition des modèles de 

circulation océanique et climatique dans le Paléozoïque inférieur. 
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V 1 Conclusions et perspectives 

Comme notre étude l'a montré, l'un des problémes récurrents relatif aux acritarches est 

que leur taxonomie nécessite encore une révision importante, dont l'ampleur est variable 

selon les groupes considérés. Dans ce contexte, les nouvelles méthodologies sont 

indispensables pour résoudre les problèmes taxonomiques. La classification par des 

techniques statistiques multivariées constitue de fait un élément intéressant, puisqu'elle 

fournit des supports quantitatifs à la révision taxonomique, comme dans le cas des acritarches 

galéates ou du genre Ne/lia. 

Une taxonomie claire engendre toute une série d'applications en aval, telles que la 

biostratigraphie ou l'évaluation de la biodiversité. En cela, notre étude de l'approche de la 

biodiversité des acritarches à l'Ordovicien montre qu'il existe encore des biais majoritairement 

introduits par la taxonomie. 

D'autres approches peuvent être proposées pour rrueux comprendre les aspects 

biologiques des acritarches. Commune aux travaux en écologie, l'étude des populations 

d'acritarches (comme pour les galéates) représente l'une des voies porteuses à cette fin, 

notamment dans le cadre detransects inshore-offshore, où les populations d'acritarches 

montrent des schémas de distribution particuliers. Nos études dans le Silurien supérieur de 

l'île de Gotland ont constitué des études pilotes pour des approches similaires, dans la 

mesure où les schémas de distribution des acritarches doivent être bien connus avant 

l'utilisation de ces palynomorphes pour les recontitutions paléocéanographiques ou 

paléoclimatiques dans le Paléozoïque inférieur. 

L'ensemble des articles présentés dans le cadre de ce travail démontre donc que les 

acritarches pourraient constituer un outil performant pour la reconstitution des paléo­

environnements paléozoïques en dehors de leur utilisation en biostratigraphie classique ou en 

paléogéographie. 

Pour les recherches futures, le prolongement des études des populations d'acritarches 

est important, notamment dans un contexte géologique où les conditions paléo­

environnementales sont mieux contrôlées. Dans la mesure où les facteurs influençant la 
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morphologie et la distribution des acritarches commencent à être mieux connus, de telles 

recherches pourraient apporter une réelle contribution aux modèles de circulation océanique 

et/ou climatique. L'autre apport de ces recherches serait une meilleure appréhension de la 

taxonomie des acritarches, pour laquelle les statistiques multivariées constituent déjà un outil 

adéquat en marge de la révision taxonomique traditionnelle. 

Enfin, après la longue phase de première acquisition de l'information (qualitative), les 

prochaines recherches dans le domaine de la paléoécologie des acritarches vont réclamer 

toujours plus de quantification. Ceci pourrait être également mis en œuvre dans le cadre de 

comparaison de modèles de croissance de l'ornementation chez certains morphotypes 

d'acritarches sélectionnés et les dinoflagellés modernes (en culture de laboratoire) en fonction 

de paramètres physico-chimiques déterminés (température, salinité, etc ... ). En complément 

des études classiques de distribution, ces travaux constitueraient également un test sérieux 

pour mieux caractériser les aspects paléoécologiques des acritarches. Déjà pressenti dans les 

travaux actuels, le futur de la recherche des acritarches passe par une comparaison accrue avec 

le monde des dinoflagellés actuels et fossiles. 
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LOWER P ALAEOZOIC ACRIT ARCHS AS PROXIES FOR THE RECONSTRUCTION 

OF PALAEOENVIRONMENTS- ENGLISH VERSION 

1 1 Introduction - what are acritarchs? 

Acritarchs are a heterogeneous group of microfossils representing the largest part of 

marine organic-walled microfossils in Proterozoic and Palaeozoic sediments. Their first 

occurrence is reported in the lower Proterozoic (Vidal, 1981) where most microfossils are 

devoid of any ornamentation and are of low diversity. A major biodiversification took place 

in the Lower Cam brian (Vidal & Moczylowska-Vidal, 1997) with the appearance of new and 

abundant forms that exist through all Palaeozoic times, where the greatest diversity seems to 

be reached during the Ordovician and the Silurian (Figure 1 ). 
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Figure 1 -Number of acritarch species versus time (Servais et al., 2004 ; modified after Strother, 1996). Figure 

2 shows an updated version for the Ordovician. 
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According to their definition, acritarchs (" Acritarcha", from the Greek akritos, 

unknown, and arche, origin) are organic-walled microfossils of unknown biological affinities 

(Evitt, 1963). However, sorne acritarchs have been successively attributed to other 

palynomorphs of which the biological affinity and classification are better known. Although 

sorne features are missing, the morphology of many acritarchs can be compared to that of 

sorne Mesozoic dinoflagellates. This observation is supported by recent research on 

biogeochemistry showing that dinosteroids (Moldowan et al., 1996; Moldowan & Talyzina, 

1998) are found in Palaeozoic sediments and in the walls of sorne Cambrian acritarchs. This 

implies that pre-dinoflagellates may be present before the Triassic. Sorne acritarchs (e.g., 

Leiosphaeridia) have been re-attributed to prasinophytes based on simple morphological 

criteria (Le Hérissé, 1989; Colbath & Grenfell, 1995; Mullins, 2001). Other acritarchs have 

been classified outside the phytoplankton and attributed to fungi (Pirozynski, 1976), benthic 

algae (Dorning, 1981) or alete spores (e.g., Virgatasporites, see Fensome et al., 1990). On the 

whole, the majority of Palaeozoic acritarchs associated with marine sediments and are 

considered to be part of the microphytoplankton (Martin, 1993; Col bath & Grenfell, 1995; 

Molyneux et al., 1996). 

The history of acritarch study seriously starts in the beginning of the 1930s (e.g., 

Eisenack, 1931; Wetzel, 1933) when acritarchs were still attributed to the group of 

"hystrichospheres" (from the Greek hystrichos, hedgehog). On the basis of the study of 

erratic boulders of the Baltic area, Eisenack defined the bases of the usual taxonomy of 

acritarchs with the description of sorne of the most common genera. Other genera, such as 

Micrhystridium or Veryhachium have been described by Deflandre (1937) and Deunff (1954) 

in the same period of time. 

Evitt (1963) splitted the group of the hystrichospheres attributing one part to 

dinoflagellate cysts, the other part of unknown affinity to the new group of the acritarchs. 

During the following years, severa! important systematical studies were published, 

contributing to the development of the Palaeozoic palynology in Europe ( e.g., England: 

Downie, 1959; Spain: Cramer, 1964, 1~70; Belgium: Martin, 1969). Similarly, other 

significant works were presented in North America (Loeblich & Tappan, 1969), South 

America (e.g. Brito, 1967, Pothé de Baldis, 1975) and in the Soviet Union, where Timofeev 
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( 1959) contributed to the increase of the number of taxa described in literature. These works 

helped the Palaeozoic acritarchs to become an accurate biostratigraphic tool. 

In addition to taxonomical and biostratigraphical works, Cramer was one of the first to 

use acritarchs for palaeogeographical reconstructions on global scale (Cramer, 1968, 1971; 

Cramer & Diez, 1972). However, several authors criticized the use of Cramer's palynological 

provinces (Le Hérissé & Gourvennec, 1995) arguing that acritarch assemblages seem to be 

more influenced by local environmental parameters than by a latitudinal control. 

Nevertheless, sorne acritarchs seem to be restricted to specifie climatic zones whereas sorne 

other are more widely distributed (Servais et al., 2003). 

The use of acritarchs as a biostratigraphic and palaeogeographic tool on global scale is 

constrained by their extreme sensibility to local palaeoenvironrnental variations. First studies 

on ecological aspects of acritarchs started in the earl y 1960s (Staplin, 1961) and extend 

nowadays. In a similar way to macrofaunal studies (brachiopods, trilobites), the interest 

tumed to the reconstruction of sea level changes and to the species distribution according to 

lateral transects ( e.g., Jacobson, 1979; Doming, 1981 ). 

The majority of works on acritarchs are taxonomie studies where the species definition 

is based on a phenetic approach from several tens of specimens. As such, the classification 

gathers units arbitrary called "species" or "genera" which do not really correspond to 

biological units, refering to the ecology of the life cycle of recent dinoflagellate cysts. 

Moreover, the classification concept is still subject to intense discussions between "splitters" 

and "lumpers". The phenetic approach of the classification led to the creation of a large 

number of species, produced by "splitters". On the contrary, the work of "lumpers'" 

consists in grouping a high number of species within a single ta:~on. However, detailed studies 

are necessary to find the right balance between splitters and lumpers. 

Servais (1996) underlined that a biological approach of acritarch classification requires 

the analysis of large populations in order to better evaluate the spectrum of morphological 

variability. The se detailed studies on variability need accurate statistical methods to test the 

validity of the current taxonomy of acritarchs. In the last thirty years, such methods have 

been tentatively used but mostly only on small populations, without an evaluation of the 
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morphological criteria. The following question arises: are statistics a significant tool to 

understand acritarch variability, if applied to large populations? In the first chapter of our 

work. the variability of "galeate" acritarchs is investigated using multivariate statistics 

(Chap.VII-A). 

Similarly, a review of the published works on the genus Ne/lia is proposed, combined 

with a multivariate statistic approach (Chap. VII-B). The consequences of this approach on 

the genus are exposed in the second part of this chapter. 

Chapter Vlll presents a ret1exion about acritarch biodiversity. Does the current 

taxonomical knowledge provide us with a global picture of acritarch biodiversity in the 

Ordovician? Or are biodiversity signais influenced by other parameters? 

In the chapter IX, we will try to better understand the palaeoecological aspects of the 

acritarchs. The first approach (Chap. IX-A) v.riU discuss the probable relation between 

galeate acritarch morpholot:,ry and sorne environmental parameters, such as salinity. May the 

galeate acritarchs be compared to the dinoflage!late cysts, regarding their morphological 

changes? 

Approaching the palaeoecological aspects of the acritarchs, a study have been irùtiated 

in the upper Silurian of Gotland in order to understand the lateral distribution at a 1oca1 scale. 

What reveals our quantitative approach in comparison to earlier qualitative studies in the 

same time slice? The results and their interpretations are presented in the second part (Chap. 

IX-B). 

Sorne previous studies discussed the possible relation of acritarch distribution and 

pa1aeoenviroments (e.g., Doming & Be11, 1987). In the Late Si1wian of Goltand, strong 

environmental and climatic changes are indicated by strong excursions of stable isotopes. Our 

last investigation focuses on the acritarch distribution across the isotope excursion in order to 

test the most recent palaeoclimatic models (Chap. lX-C). 
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VII- Approach of the acritarch variability and new methodologies 

A- Statistical approach of aeritarch classification (Stricanne and Senais, 2002) 

In palaeontolO!,'Y, the use of the biolot.:ricai species concept is problematic. The 

classification often mirrors a bias in the approach of morphological criteria, which are the 

only parameters available to investi gate the variability of fossil organisms. 

Usually, morphological studies use a phenetic approach. Biometrie characterisation 

represents an important part of the diagnosis but measurements are often limited to small 

populations (10 to 100 specimens). Moreover, because of their simple morphology, only 

few morphological criteria define the acritarchs,. Thus, diagnoses are often limited to few 

measurements, considered to be relevant for the studied taxa, v.rhile other parameters are 

subjectively evaluated. Generally, fhe measurements are limited to the vesicle and processes 

(=spines) size. Following various authors, different diaoonoses are produced and gather sorne 

other quantitative parameters, such as the overall size (vesicle + processes ). the structure and 

the number of processes. Ali these different approaches often lead to the overlapping of 

diagnoses and a high number of species described in literature. 

Sorne statistical studies have been conducted on acritarchs. However, most 

investigations were limited to the use of simple statistical tools ( e.g., mean, standard 

deviation) in bivariate analyses (e.g., Brocke et at, 1997). Other statistical tools, such as x! 
tests (e.g., Kalvacheva & Chobanova, 1974; Vecoli et al., 1999) have been used to constrain 

the vruiability in diffèrent species. First applications of multivariate statistics (e.g., Wauthoz 

and Gérard, 1999) have shown the great potential of these methods to approach acritarch 

variability. However, these few sh1dies have been carTied out on s1nall populations wh ile the 

variability of these groups necessitates modem tools to control acritarch variability at a Im·ger 

scale. 

"Galeate" acritarchs represent a large plexus in which 83 species and tour genera 

(Caldariola, Lymatiogalea, Priscogalea, Stellijèridium) have been described. However. 

detailed observations have shmvn that a morphological transition exists between ali 

morphotypes generally attributed to diffèrent species and genera in the current literature 

(Servais & Eiserhardt, 1995). The existence of such a plexus implies that the usual 

taxonomical review ("lumping") cannot solve this classification problem because the 

-34-



L'utilisation des acritarches du Paléozoïque Inférieur pour la reconstitution des paléoenvironnements 
Lower Palaeozoic acritarchs as proxies for the reconstruction of palaeoenvironments 

relevance of each morphological criteria is not evaluated. 

Our study introduces the use of multivariate statistics and an automatic classification 

in order to re-classify galeate specimens from a large population (564 specimens) from a 

North-African borehole, independently from the usual taxonomical status. Eleven 

morphological criteria, have been used for the classification of galeate morphotypes. Sorne 

criteria, such as the vesicle col our or the py lome size, have not been retained because the se 

criteria represent parameters influenced by taphonomical processes. The remaining 

morphological criteria have been classified into three categories: continuous (=quantitative), 

semi-continuous, and discrete (=qualitative) parameters. These parameters and the 

measurements were successively treated through a principal component analysis (PCA). 

The results show that only five of the eleven morphological parameters retained in the 

analysis are really useful for the classification while the other parameters introduce 

redundancy. The most significant parameters are the process length, the vesicle diameter, the 

presence of distal ramifications, the presence of membranes and the omamental structure 

(which traduces the progresssive apparition of polygonal fields in the plexus). The PCA 

shows also that three factors may be retained and mainly explain the galeate variability 

through the variations in process length and ramification. A tentative automatic classification 

(K-Mean Analysis) has been performed and shows four "clusters" (classification units) in 

which numerous specimens currently attributed to different genera may be grouped. 

This first statistical approach of the galeate acritarch classification demonstrates that 

several problems results in a complex taxonomy, such as the number and the relevance of 

morphological criteria. Our study shows that sorne parameters have been overestimated for 

the classification. Quantified by statistics, the morphological çontinuum in galeate acritarchs 

reveals also that most Algerian specimens might be gathered into a single taxonomical unit as 

it is still difficult to put a clear limit between the clusters of the automatic classification. 

Thus this study represents a further step to the use of multivariate statistics to better 

understand acritarch classification. 
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8 - Review of the genos Ne/lia - stratigraphie and palaeobiogeographic aspects 

(Stricanne, Servais, Talyzina, Vanguestaine, accepted) 

Large morphological transitions are observed m sorne Cambro-Ordovician 

diacromorphs of the North African area, where the genus Ne/lia has been reported for the 

first time. Ne/lia shows affinities with numerous diacromorphs (acritarchs characterised by a 

bipolarity of the vesicle with or wothout ornamentation) including the genera 

Acanthodiacrodium, Buchinia, Calyxiella, but also sorne species of Dasydiacrodium and 

Veryhachium. This morphological resemblance lead to a taxonomical review in order to 

typify the relations of morphotypes in this plexus. 

The species of Nellia (longiuscula, magna, sukatschevii, acifera, ?longispinata) 

represent a plexus of morphotypes in which morphological variability seems to be 

continuous between each morphological pole. In a similar way to the species definition for 

galeate acritarchs, the choice of morphological features used for classification is arbitrary. In 

order to characterise the relations between the Algerian morphotypes of Nellia, a multivariate 

statistical analysis (CF A: Correspondence Factor Analysis) and a cluster analysis have been 

preformed on a population of 113 specimens, each described by five morphological criteria. 

In this population, the results show that the variability can be explained by the number of 

antapical processes, and secondarily, by the height of the vesicle and the antapical process 

length. These results represent a combination of two previous classifications schemes of 

Nellia species, but also indicate that a unique classification cannot be obtained if only one 

parameter is taken into account. 

However, the two clusters produced by the automatic classification are in agreement 

with the variability scheme previously observed for the species N. acifera and N. 

sukatschevii pro parte, but the species N ?longispinata is not retained in these results. In our 

study, we decided to attribute ali the se morphotypes to the species N acifèra. The analysis 

of larger populations from other areas is necessary to better understand the who le scheme of 

variability of Ne/lia morphotypes, but the statistical approach of our work yet indicates that 

this scheme is really complex at a local scale. 

The stratigraphical range of the genus Ne/lia embraces an interval spanning from the 
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Upper Cambrian to the lower Tremadocian. Combined to the present record of Ne/lia in 

North Africa, the previous occurrences indicate that the genus may be characteristic of high 

palaeolatitudes is are associated with cold-water acritarch assemblages. 

VIII 1 Acritarch biodiversity: an example in the Ordovici an (Servais, Li, Stricanne, 

Vecoli, Wicander, 2004) 

Most of the works dealing with acritarchs are related to taxonomy, while very few is 

currently known about the biological and ecological aspects of these microfossils. Acritarchs 

are nowadays considered to be a part of Palaeozoic microphytoplankton. However, dealing 

with the major biodiversification events in the Ordovician, is it possible to characterise the 

evolution of the organic-walled phytoplankton? To this end, a review of biodiversity data 

has been proposed following a suggestion of the IGCP (International Geological Correlation 

Programme) n° 410 "The Great Ordovician Biodiversification Event". Due to the problems of 

acritarch classification the study of the Ordovician acritarch biodiversity show that diversity 

curves have to be interpreted with caution. 

Previous biodiversity studies (Tappan & Loeblich, 1973; Strother, 1996) have shown 

that acritarch diversity increases from Precambrian to Silurian times, and then decreases 

significantly from Devonian to Permian times (Figure 1 ). 

In our study, the literature review dealing with Ordovician acritarchs is based on 

several hundreds of scientific articles. Many regions have been investigated, such as Europa 

and North Africa, but also China and North America although ail areas have not been studied. 

In order to establish a consistent species list, counts for each region have been made, 

including ail available information ( e.g., stratigraphical range). 

The first results provided by the species list indicate that the species number is above 

1 ,300. This quantity mainly results from the counts for Baltica, North-Gondwana and 

Laurentia palaeocontinents. The species richness rises up to more than 250 species per stage 

and indicates a decrease in acritarch species number at the end of the Ordovician. Figure 2 

shows the distribution of acritarch species over time in the Ordovician. 
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Figure 2 - Distribution of acritarch species m the Ordovician (Stricanne & Servais, unpublished). 

Stratigraphical ranges are not reported. 

The results of Figure 2 should be interpreted with great caution. A critical view of the 

taxonomy indicates the possible synonymy of numerous acritarch species (see Chapter VII). 

Sorne morphotypes could have been already described and thus introduce a skew in the 

counts. As indicated above, many groups show a morphological continuum that complicate 

the evaluation of biodiversity (e.g., a "splitter" would use 83 taxa to classify galeate 

acritarchs while a "lumper" would reduce the variability observed to a single taxon). 

Accordingly, our results (Figure 2) show the status in the acritarch description rather than a 

real diversity picture. Another skew is caused by the unequal geographical repartition of the 
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species described in the literature. For example, several hundreds of species have been erected 

from Arenig sediments of Baltica while very few species have been described for Laurentia 

during the same time interval. The main result of our study is that a global picture of the 

acritarch biodiversification in the Ordovician cannot be displayed so far, although at a 

regional scale biodiversity trends can clearly be observed. 

IX/ Acritarchs and palaeoenvironments 

A - Population dynamics : a new way to interpret acritarch distribution? (Servais, 

Stricanne, Montenari, Pross, 2004) 

In many acritarch groups, morphological continuums have been previously reported 

but the interpretation of this variability has been rarely attempted. Up to now, dating 

sediments and establishing biostratigraphical correlations have been the main goals of 

acritarch research. However, as shown above, the use of acritarchs as biostratigraphical tools 

partly remains problematic because many biological and ecological aspects of acritarchs are 

still unknown. For a long time, these aspects have been mostly ignored and led to 

classifications influenced by the stratigraphical frame in which acritarchs were studied ( e.g. 

Cramer, 1970). These aspects need to be approached with caution in order to determine the 

part of morphological variation attributable either to the genotype or to the phenotype. 

In the galeate acritarch plexus, it has been shown that the morphological variability is 

mostly expressed by the process length and the complexity oftheir ramifications (Chap. VII­

A). ln order to better understand the origin of these variations, a complementary study to the 

statistical approach has been conducted on a galeate acritarch population of the Algerian 

Sahara. Several morphological parameters have been measured and their changes have been 

reported through the stratigraphical succession, that is characterised by a marine 

transgression crossing the Cambro-Ordovician boundary. The interest of our study is also to 

compare the variability of galeate acritarchs to that displayed by dinoflagellate cysts. 

Our results show that the process length and the complexity of related features (distal 
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ramifications, basal striae) increase progressively from the lower ("inshore" environments) to 

the higher levels of the borehole ("offshore" environments). Similarly, the presence of 

membranes increases while the number of specimens without omamentation decreases in the 

succession. The vesicle diameter neither shows a significant variation nor a trend. In this 

transgressive section, the variations of the omamentation are correlated to each other and 

contradict the usual taxonomical scheme in which the four genera Ca/daria/a, Cymatiogalea, 

Priscogalea and Stelliferidium are described. 

In this study, the positive correlation between process length and the increase of the 

omamentation is interpreted as a morphofunctional character of the processes. Indeed, the 

progressive increase in process size probably lead to the development of basal striae to 

increase the process stability. This hypothesis would imply that the taxonomical relevance 

of striae is lower than previously thought, as underlined by Rasul ( 197 4 ). 

The growth of dinoflagellates processes has been observed in laboratory experiments 

(Kokinos & Anderson, 1995). A large spectrum of morphological variations is observed 

within a single species, especially the growth of modem dinoflagellate cyst processes is 

highly variable. The growth is thought to depend on several environmental parameters of 

which the most important seems to be salinity. These parameters probably control the 

breakdown of dinoflagellate membranes and the maturity reached by the dinoflagellate cyst 

during their formation. Processes are thus the most variable morphological parameter in 

dinoflagellate cysts, and probably at least partly in relation to salinity. Applied to galeate 

acritarchs, such a scheme would allow new interpretations of their morphological evolution 

and propose an alternative view to the classical taxonomy of these organisms. Process 

growth and ramifications probably represent a specifie response to environmental changes, 

here thought to be salinity variations. However, such an hypothesis needs to be tested by 

further studies in stratigraphical frames with an accurate control of environmental 

parameters. 
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B - Lateral distribution of acritarchs : an example in the Gorstian of Gotland 

(Stricanne, Munnecke, Pross, Servais, in press) 

The island of Gotland (Sweden) represents an important area for the study of Silurian 

palaeoenvironments of the palaeocontinent Baltica. Protected from tectonic stress and deep 

burial, Silurian sediments yield a great quantity of very well preserved fossil palynomorphs. 

The most detailed study conceming acritarchs of this area was carried out by Le Hérissé 

(1989) who evaluated the influence of palaeoenvironmental conditions on acritarch 

populations, together with a large taxonomical review. In other areas and time intervals other 

studies tried to reconstruct the lateral distribution of acritarchs along inshore-offshore 

(=proximal-distal) transects. These qualitative investigations determined that the genera and 

species diversity was probably correlated with sedimentary facies. However, few 

quantitative approaches were proposed to assess these models of distribution. 

In the present study, such an approach (with absolute and relative values) bas been 

tentatively introduced to better characterise the acritarch distribution in Gorstian sediments 

(upper Silurian) of Gotland. Eight localities have been investigated along an isochronous 

inshore-offshore transect. According to geochemical studies (e.g., Samtleben et al., 2000), the 

sedimentary facies of this transect have been deposited during a humid climate period, 

characterised by a significant input of terrigenous material. 

Our results are in agreement with the observations of previous studies, showing a 

progressive increase of acritarch proportions towards distal facies while the percentages of 

sphaeromorphs decreases. The other palynological components ( e.g., prasinophytes, 

chitinozoans) do not show any relevant trend. Process-bearing acritarchs also show an 

increase of the absolute values towards offshore environments, as weil as an increase of the 

diversity. At the genus level, acritarchs show various distribution patterns. Among the most 

abundant genera, the percentages of Micrhystridium and Dilatisphaera are more important in 

proximal facies whereas Evittia and Percultisphaera are more represented in distal facies. 

Additionally, the three morphotypes of the genus Micrhystridium (short processes, M 

stellatum s.l., long and ramified processes) show a specifie distribution. The morphotypes 

with short processes show a larger abundance in proximal than in distal facies. The 
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morphotypes with longer processes show an inverse scheme with higher percentages in distal 

than in proximal facies, whereas high percentages of M stellatum s.l. are represented in the 

whole transect without any significant trend. 

These results confirm those of previous studies on Ordovician and Silurian acritarch 

distribution. Although a correlation exists between the occurrence of sorne genera and the 

depositional environments, no attempt to characterise each palaeoenvironment with a set of 

given species is made (such as in Dorning & Bell, 1987). Micrhystridium assemblages are 

typified herein by the process length. A morphological continuum between all species of this 

genus would indicate that continuous palaeoenvironmental changes probably influence the 

ornamentation of these organisms. The potential use of acritarch assemblages, at the genus 

level, as a tool for the reconstruction of palaeoenvironments is th us confirmed. 

C- Vertical distribution and climate variations : an example in the Late Silurian of 

Gotland (Stricanne, Munnecke, Pross, submitted) 

The Silurian was considered for many years as a warm period without significant 

environmental changes, but recent studies brought new evidence of large climatic changes 

during this time. Most ofthese changes have been deduced from recurrent positive o13C and 

0180 excursions. The o13C values are generally interpreted as indices for bioproductivity 

changes while o180 values are probably linked to salinity and/or temperature variations. 

During the Ludlow (upper Silurian), the strongest positive isotope excursion of the whole 

Phanerozoic occurs with values for the o13C up to 12o/oo and for 0180 up to 4%o. According to 

Bickert et al., ( 1997) low isotope values are attributed to humid climatic periods, higher 

values to more arid climate at low latitudes. At the very beginning of the isotope excursions, 

a progressive turnover of numero us benthic organisms ( e.g., conodonts, trilobites) occurs 

while pelagie or hemipelagic organisms are affected later. 

However, in this time slice no investigation has been conducted on acritarchs, regarding 

these pronounced environmental changes. ln the lower Silurian of Gotland, Gelsthorpe (in 

press) quantified the progressive turnover of acritarchs and highlighted that acritarchs are 
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probably sensitive to climatic changes. As these organisms would live in surface waters, a 

quantitative approach (absolute and relative values) would ailow to better understand the 

active mechanisms during the isotope excursion. Therefore, our study concentrates on 

quantitative variations of upper Silurian palynomorphs of Gotland across the excursion, 

interpreted as a transition from humid to arid conditions. 

The major part of palynomorphs in this time interval is represented by process-bearing 

acritarchs and sphaeromorphs. In ali palynomorph categories, no significant variations are 

observed in both absolute and relative values during the humid period. With the development 

of the isotope excursion, higher proportions of spores and cryptospores are represented 

while lower percentage values typify the development of marine palynomorphs. Within 

acritarch groups, the reduction in absolute values is mostly shown by acanthomorphs and 

polygonomorphs. At the genus level, the same pattern of reduction in absolute values is 

shown but severa! acritarch genera show significant differences in their percentages. During 

the humid period (low isotope values), severa! acritarch genera with prominent 

omamentation (e.g., Evittia) are weil represented. With the increase of the isotope values 

during the arid period, the assemblages are restricted to only a few number of genera, such as 

Micrhystridium, Veryhachium and Eupoikilofusa. At the humid-arid transition, an distinct 

succession of abundance peaks of several genera is observed. The morphotypes distribution 

in Micrhystridium and Veryhachium is also very particular, with abundant omamented forms 

during the humid and less-omamented forms better represented during the arid period. 

The major changes in acritarch populations take place during the development of the 

isotope excursion. The decrease in diversity observed in previous studies accompanies the 

strong reduction in absolute values as weil as the dramatic change in dominant groups in 

acritarch assemblages. These data indicate a reduction of ocean bioproductivity during the 

isotope excursion, and show that the positive ô13C excursion cannot be the result of enhanced 

bioproductivity. Therefore, our results confirm the model of Bickert et al. (1997) who 

explain the excursion by changes in oceanic circulation rather than by productivity changes. 

However, according to Bickert et al., (1997) the time of high isotope values should be 

characterised by enhanced salinities. The observed reduction of omamentation within the 

Micrhystridium and Veryhachium during this time may be compatible with a strong increase 
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of salinity, when compared to recent studies on Quaternary dinoflagellates (Ellegaard et al., 

2002). 

In general, our results confirm that acritarchs may be sensitive to palaeoenvironmental 

changes. Combined with other palynomorphs, acritarch distribution would represent a 

powerful tool for the definition of Palaeozoic ocean circulation and climatic models. 

X 1 Conclusions and perspectives 

A recurrent problem for acritarchs is that the classification of many taxa still needs a 

significant review, of which the importance is different among the various groups. New 

methodologies are helpful to solve taxonomical problems. The classification via multivariate 

statistics is interesting because it provides a quantitative background to taxonomical reviews, 

as it has been shown for the galeate acritarchs and for the genus Ne/lia. 

A clear taxonomy facilitates all further applications, such as biostratigraphy or 

biodiversity studies. However, our preliminary study on the acritarch biodiversity in the 

Ordovician shows that numerous problems still exist, mostly because of a lack of a 

consistent taxonomy. 

Other approaches can be proposed in order to better understand biological apsects of 

acritarchs. Well known in modern ecology, the study of acritarch populations (as for galeate 

acritarchs) represents a promising new approach, especially in inshore-offshore transects, 

where acritarch populations show specifie distribution patterns. Our studies in the upper 

Silurian of Gotland initiate further investigations because the distribution patterns of the 

acritarchs should be necessarily well known usmg these palynomorphs for 

palaeoceanographical or palaeoclimatical reconstructions in the Lower Palaeozoic. 

The set of articles presented in this work demonstrates that acritarchs could represent 

an accurate tool for the reconstruction of Palaeozoic palaeoenvironments, in addition to the 

applications to the classical use of these microfossils for biostratigraphical purposes or for 

palaeogeographical reconstructions. 
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For future research the continuation of acritarch population studies in sections with a 

control of palaeoenvironmental conditions is important. As the factors influencing the 

acritarch morphology and their distribution are better known, such approaches may have a 

significant impact on oceanic circulation and/or climatic models. Another benefit of this 

research would be a better understanding of acritarch taxonomy, for which multivariate 

statistics yet represent an accurate tool together with the usual taxonomical review. 

Hence, after the long period of qualitative works, the next turn of the research on 

palaeoecological aspects of acritarchs will probably need much more quantification. This 

could lead to a comparison between models of ornamentation growth in selected acritarch 

morphotypes and modern dinoflagellate in laboratory experiments where environmental 

parameters are controlled ( e.g., salinity, temperature). Combined with classic studies on 

distribution, such works could also represent a significant test to better characterise 

palaeoecological aspects of acritarchs. The future of acritarch research necessarily needs a 

comparison with modern and fossil dinoflagellates. 
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Abstract 

The investigation of large populations of galeate acritarchs recovered from the Late Cambrian to Early 
Ordovician of the Algerian Sahara allows the definition of Il morphological criteria which may be useful for the 
differentiation of individual morphotypes. These parameters have been used for statistical analyses to understand 
better the classification of this important acritarch plexus. Following a critical evaluation of ali parameters, five of 
them can be retained for multivariate and cluster analyses. The current taxonomie model, with a differentiation into 
the four genera Ca/dariola, c_vmatiogalea, Priscogalea and Stelliferidium, cannot be maintained. The most important 
variables appear to be the process length and the presence/absence of ramifications of the distal end of the processes. 
A provisional four cluster model is proposed to classify the galeate acritarchs from the Algerian assemblages. This 
study is a first step in the process of investigating the potential use of multivariate statistics in galeate acritarch 
classification and may serve as a model for future studies to understand acritarch taxonomy. © 2002 Elsevier Science 
B.V. Ali rights reserved. 

Keywordv: acritarchs; Cambrian; Ordovician; statistics; làctor analysis; taxonomy 

1. Introduction 

The basis of classification in both the Linnaean 
system and the modem system of taxonomy is the 
species, which is the basic rank in both botanical 
and zoological nomenclature. Palaeontologists 
have difficulties applying the definition of a bio­
species to fossils, as determination of genetic com­
patibility is no longer possible. The classification 
is therefore generally a parataxonomy based es-

* Corresponding author. Present address: Institut für Geo­
wissenschaften, Sigwartstrasse 10, D-72076 Tübingen, Ger­
many. Fax: +33-3-20-43-69-00. 

E-mail address: ludovic.stricanne@ed.univ-lille l.fr 
(L. Stricanne). 

sentially on morphological criteria. The basic 
taxonomie unit in palaeontology is thus, in gen­
eral, the morphospecies. However, genetic differ­
ences are not always expressed morphologically. 
On the other hand, a different morphology is not 
necessarily a signal of a genetic difference, but 
very often the result of changing ecological con­
ditions (genotype versus phenotype). 

Several classical examples of parataxonomy ex­
ist in palaeontology, and especially in palaeobot­
any and palynology, where the names of detached 
plant parts, such as leaves or cones, and the 
names of the micro- or megaspores are commonly 
different to the name of the whole plant. 

Another special case in palaeontological no­
menclature is that of the organic-walled micro-

0034-6667/02/$- see front matter© 2002 Elsevier Science B.V. Ali rights reserved. 
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phytoplankton. For example, during the life-cycle 
of the dinoflagellates, involving sexual reproduc­
tion and cyst formation, a wide range of morphol­
ogies can be observed. However, in general, only 
the resting cyst can be fossilised. The thecate, 
motile cells are generally unknown as fossils. As 
recent cultural experiments have shown (e.g. 
Kokinos and Anderson, 1995), the level of mor­
phological maturity of the encysting cell, and 
thus the morphology of the resting cysts which 
may be preserved in the sediment, primarily 
depends on how much development occurs before 
rupture of the expanding outer membrane during 
the life-cycle of the dinoflagellate. In addition, the 
resting cyst morphology is greatly influenced by 
parameters such as temperature and salinity (e.g. 
Dale, 1996; Ellegaard, 2000). A single dinoflagel­
late biospecies can thus produce a wide range of 
morphologies which might be attributed to a large 
number of taxonomie morphospecies. On the oth­
er hand, it is also possible to observe similar cyst 
morphologies from completely different species. A 
debated question in the classification of fossil phy­
toplankton is thus the species concept. 

The group Acritarcha is generally interpreted as 
the major part of the microphytoplankton in late 
Precambrian and Palaeozoic oceans. Proposed 
originally (Evitt, 1963) as an informai, utilitarian 
category to group palynomorphs of unknown bio­
logical affinities, the acritarchs can be considered 
as a palaeontological 'catch-aU' category of paly­
nomorphs with unknown affinity, which probably 
include different protists such as the dinoflagel­
lates or different divisions of the green algae, 
such as the Prasinophyta, Chlorophyta or Eugle­
nophyta (Servais et al., 1997). Acritarch classifica­
tion is generally purely phenetic. Acritarchs are 
grouped into different boxes by simple morpho­
logical comparisons. The criteria used as dividers 
for the generic, specifie and infraspecific levels 
greatly vary from one author to another. The 
search for important characters to delimit individ­
ual taxa is still a debated question between acri­
tarch workers (Servais, 1996). 

Statistical techniques are potentially useful 
tools to evaluate the morphological criteria for 
acritarch classification. However, statistical anal­
yses of acritarch morphology are rare in the liter-

ature. Pioneer studies were the publications of 
Deunff and Evitt (1968) and Gardiner and Van­
guestaine (1971), who used bivariate- analyses 
(measurement of the central body diameter and 
the process length (PL)) to explain the variability 
of morphotypes of Tunisphaeridium and Micrhy­
stridium dissimilare, respectively. Such bivariate 
analyses have subsequently been used in several 
papers dealing with acritarch taxonomy, showing 
very often that previously separated morphotypes 
belong to a single entity, once they are observed 
in larger populations. Typical examples for such 
investigations are the studies on the genera Frank­
ea (Servais, 1993) and Dicrodiacrodiwn (Servais et 
al., 1996). 

Kalvacheva and Chobanova (1974) were the 
first to attempt biometries using histograms and 
z2 tests on a population of rectangular Very­
hachium, with the main conclusion that ali inves­
tigated specimens belong to the same unit. r 
tests, together with bivariate analyses and fre­
quency histograms, were also used by Vecoli et 
al. (1999) to analyse Frankea populations from 
different localities. Molyneux and Leader (1997) 
introduced semi-quantitative values in their data­
set. These authors used not only bivariate mea­
surements, but also histograms of the frequency 
of concave, straight and convex sides to under­
stand the morphotypes of Coryphklium. So far, 
the most complex attempt to support acritarch 
taxonomy with the help of statistical methods is 
the study of Wauthoz and Gérard (1999) who 
used principal component analysis, cluster analy­
sis and discriminant analysis to classify 62 speci­
mens of Domasia. 

The aim of the present work is to understand, 
with the help of statistical analyses, the taxonomy 
of the galeate acritarch plexus. The investigations 
are based on large populations from the Algerian 
Sahara, from which the plexus was originally de­
scribed. The galeate acritarchs are very important 
in the Late Cambrian and Barly Ordovician at a 
world-wide level. However, their classification is 
confused so far. 

The major objectives of this study are to eval­
uate critically ali morphological criteria which can 
be considered to be useful for the classification of 
the galeates, and to try to find out if these param-
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c: 

Fig. 1. Idealised line drawings of the four genera of galeate acritarchs. (a) Caldariola; (b) Cymatioga/ea: (c) Pri.vcogalea; (d) Stel­
f!feridium. See text for explanation. 

eters can be placed in a hierarchical order with the 
help of statistical methods. Of major interest for 
the palaeontologist is the question whether the 
galeate acritarch plexus can be divided by means 
of statistical analyses into individual morphotypes 
which may be used for biostratigraphical, palaeo­
biogeographical or palaeoecological purposes. 

It is beyond the scope of the present paper to 
provide a stable classification scheme of the ga­
leate acritarch plexus. This paper only tries to 
show that statistical methods may help to debate 
the question how highly variable acritarch mor­
photypes may be classified. 

2. The galeate acritarchs 

The term 'galeate' acritarchs was proposed by 
Servais and Eiserhardt (1995) for those Lower 
Palaezoic taxa characterised by a hemispherical 
vesicle outline and a large opening (pylome) 
closed by an operculum. The ornamentation of 
the vesicle can be by various means: processes, 
membranes, and/or sculptural elements. Accord­
ing to the distribution of these ornaments on the 
vesicle surface, four genera have been used to 
subdivide the galeate plexus (Fig. 1). The genus 
Caldariola Molyneux in Molyneux and Rushton 
( 1988) shows no ornaments and, th us, represents 
the basic form: a smooth vesicle (Fig. la). Cy­
matiogalea Deunff, 1961 is characterised by a 
vesicle surface that is divided into polygonal 
fields, which may be interpreted as a para-tabula­
tion (Fig. lb). This second genus has been 
emended several times (Deunff, 1964; Deunff 
et al., 1974; Rasul, 1974). The third genus, Pris­
cogalea Deunff, 1961, is a galeate taxon with pro­
cesses distributed at random, but without poly­
gonal fields and without membranes (Fig. le). 

This latter genus has been emended by Martin 
(1973) and by Rasul (1974). Stelliferidium Deunff 
et al., 1974 is characterised by striations that ra­
diate away from the base of the processes (Fig. ld). 

As pointed out by Servais and Eiserhardt 
(1995), this classification scheme into four genera 
is not without problems. First of ali, there are so 
many emendations by workers using different cri­
teria that the taxonomie concept of the individual 
genera is no longer clear. At the specifie level 
classification is even more complicated. A litera­
ture review shows that 83 species have been de­
scribed so far (Table 1). Due to the confused state 
of the taxonomy at the generic level, it is presently 
possibly to assign sorne of these species to differ­
ent genera. Many species have indeed been placed 
in two or more genera according to different in­
terpretations of the hierarchy of the morphologi­
cal criteria or due to different observation condi­
tions. For example, sorne taxa, such as 
Stelliferidium stelligerum (Gorka, 1967) Deunff 
et al., 1974, show both polygonal fields and the 
striations radiating away from the process bases. 
Thus, the species could be placed in both Stelli­
feridium and Cymatiogalea. On the other band, if 
the observation technique does not allow recogni­
tion of the striate ornamentation typical of Stelli­
feridium, such specimens could also be placed in 
Priscogalea (compare Servais and Eiserhardt, 
1995, pl. 5, figs. 3 and 4). 

In addition, it is possible to consider sorne taxa 
as representing extreme poles of the complete 
plexus of galeate forms, and it is imaginable to 
find all kinds of intermediates between these poles 
(Servais and Eiserhardt, 1995, Fig. 1). Several au­
thors published the presence of 'intermediate pas­
sages' between individual species and even genera. 
lntern1ediates between smooth ( Caldariola-type) 
and striate (Stelliferidittm-type) galeate forms 
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Table 1 
List of galeate acritarch species described in the litcrature, including the authors of the original description and the name of the 
genus to which the species is presently attributed 

Species Author(s), Year Actual position 

alandicum Tynni (1982) Stelliferidium 
ancora Paris and Deunff (1970) Cymutioga/ea 
anonwlum Di Milia et al. (1989) Stellif'eridium 
apertum Burmann (1970) Stell(lericlium 
aspergilla Martin and Dean (1988) Cymatioga/ea 
barbara Deunfr (1961) Priscogalea 
bellicosa Deunff (1961) Cymatiogalea 
b(/i1rmta Timofeev (1959) Cymatiogalea 
houl'ardii Martin (1973) Cymutioga/ea 
brevipa/matum Albani (1989) Stelliferidium 
carinatum Vavrdova (1982) Stdliferidium 
catherinae Paris and Deunff ( 1970) ()mat iogalea 
che1•ronensis Vanguestaine (1974) Priscogalea 
cortinulanwrphum Paalits ( 1995) Stelliferidium 
cortinulum Deunff (1961 ) Stellffèridium 
crassa Urnnova (1975) ()'matioga/ea 
crassula Vavrdova (1990) Cymatiogulea 
cristata Downie (1958) Cymlltioga/ea 

CUI•i/lierii Deunff (1961) (vmatiogalett 
cuvillierii jiu·ata Martin (1973) (vmatioga/ea 
cylindrattU11 Rasul (1974) Stel/(feridium 

decora Umnova (1971) Priscogalea 
den{(lfea Paalits ( 1992) Cymutioga/ea 

dew!tfii Jardiné et al. (1974) (vnullioga/ea 

distinctum Rasul (1974) Stell!feridium 
diw!rsita Rasul (1974) Cymatiogalea 

echina ta Salujha et al. (1971) Priscogalea 
fascicularis Yin (1985) (l•matioga/ea 
jimbriclfa Volkova (1990) Cymatioga/ea 

fimbrium Rasul (1974) Stell(fèridium 
jùrcatum Deunff (1961 ) Stel/ijèridium 

gautier ii Martin (1973) Stellijèridium 
gemma ta Vavrdova (1978) Cymatiogalea 

geometrica Di Milia et al. (1989) (l'lllllliogalea 
glabra Martin (1973) Caldariola 
gorkae Rauscher (1974) Cymatiogalea 
granula ta Vavrdova (1966) (rmatiogalea 

grumosa Aristova (1980) Priscoga/ea 
hunjiangensis Yin (1985) Cymatioga/ea 

ianischeli'Skyi Timotèev (1959) (rmatiogalea 

lel•is Jardiné et al. (1974) (~mratiogalea 

margaritata Deunff (1961 ) Cynultiogalea 
membrana Rasul (1974) (vmatiogalea 
nrembranm·eu Naumova (1950) (rmatiogalea 
membranispina Deunff (1961) C.vmatiogalea 
nressamulensis Jardiné et al. (1974) Cymatiogalea 
minor Tirnofeev ( 1959) Cymatiogalea 
moclestum Gorka (1967) Stellijèridium 
multarea Deunft' (1961 ) Cyma t iogalea 
multiclaustra Deunff (1961) Cynuu iogalea 
operculata Timofeev (1959) Priscogalea 
orna ta Pôthé de Baldis (1974) Priscogalea 
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Species 

paradoxa 
parva 
parvil'ela 
perjèmua 
philippotii 
pingiculum 
plenae 
primordialis 
prisma 
proclll•illierii 
promptusa 
ramosa 
redonensi.1· 
regula ris 
.l'errata 
simple x 
spinata 
stelligerum 
striatulum 
stylifera 
suecica 
testudinis 
timojèevii 
trel'isanii 
tr{fidum 
1•anguestainei 
!'elatum 
1•elijèra 
1•irgulta 
wironia 
::agoriensis 
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Author(s), Year 

Yin and Li (1978) 
Vecoli (1996) 
Di Milia (1991) 
Uutela (1989) 
Henry (1966) 
Martin and Dean ( 1988) 
Fanderftit in Umnova and Fanderflit (1971) 
Yin (1985) 
Martin (1973) 
Paalits (1995) 
Yin (1985) 
Di Milia ct al. (1989) 
Paris and Deunff ( 1970) 
Yin (1985) 
Naumova ( 1950) 
Deunff (1961) 
Yin (1995) 
Gorka (1967) 
Vavrdovâ (1966) 
Umnova (1971) 
Eisenack (1959) 
Yin and Li (1978) 
Dcunff (1961) 
Di Milia and Tongiorgi (1993) 
Rasul (1974) 
Connery and Higgs ( 1999) 
Vecoli (1996) 
Downic (1958) 
Martin and Dean ( 1988) 
Paalits (1992) 
Dcunff (1977) 

Actual position 

Cymotiogalea 
Cymatiogalea 
Cymatiogalea 
Priscogalea 
Ste/lijèridium 
Stellijèridium 
Priscogaleu 
Priscogalea 
Priscogalea 
Cymatioga/ea 
Priscogalea 
Cymatiogalea 
Stell({eridium 
Cymatioga/ea 
Priscogalea 
Ste/liferidium 
Cymatiogalea 
Stell[feridium 
Ste/liferidium 
C.rnwtiogalea 
Cymatioga/ea 
Cymatioga!ea 
Stel/iferidilun 
Cymatiogaleu 
Stel/ijèridium 
Cyn1(1tioga/ea 
Stel/{fèridium 
Cymatiog,llea 
C.l'matiogalea 
C.J'matiogalea 
Cymatiogalea 
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have, for example, been discussed by Tongiorgi in 
Bagnoli et al. (1988). Servais and Molyneux 
(1997) illustrated the passage from smooth speci­
mens to others with polygonal fields ( Cymatioga­
lea-type). Such observations lead to various inter­
pretations of the classification concept of the 
galeate plexus. In the original description of the 
two genera Cymatiogalea and Priscogalea, Deunff 
(1961) adopted the first concept by classifying ail 
taxa from the Algerian Sahara into two units. By 
integrating further results from material of vari­
ous localities, but mostly by considering new data 
from Poland and France, Deunff et al. (1974) 
proposed another subdivision of the plexus into 
two genera, Cymatiogalea and Stelliferidium, 
while Priscogalea became a junior synonym of 
Cymatiogalea. In this classification scheme the 
striate ornament was considered as an important 

criterion for classification at the generic levet. At 
the same time. Rasul (1974), however, used but 
modified the two genera, considering striate orna­
ments to be of infrageneric significance. Subse­
quently. various concepts were used by individual 
workers without consistency (for a revision see 
Servais and Eiserhardt, 1995). Molyneux in Mo­
lyneux and Rushton (1988) first reviewed the 
problem and added Caldariola to the plexus. As 
noted by Servais and Eiserhardt ( 1995). the com­
plete galeate plexus can thus be divided into four, 
three or two units, depending on the taxonomie 
ideas adopted. It is even possible to go further: 
the observation of large populations including ail 
parameters used for the generic distinction sug­
gests that the complete plexus belongs to a single 
entity, as all intermediates between individual 
morphotypes can be found. Considering this con-
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Table 2 
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List of parameters commonly used in the literature 

Quantitative parameters Semi-quantitative parameters Qualitative parameters 

Vesicle 
V esicle diameter1 

Ove rail size w 

Pylome 
Pylome diameter1 

Operculum 
Opcrculum diameter2 

Processes 

Vesicle 
Vesicle surface texture2 
Vesicle colour2 

Processes 
Number of proccsscs, 
Process filled/hollow 1 

Pylome 
Pylome outline geometry2 

Operculum 
Presence of the opcrculum2 

Opcrculum outline geometry5 

Processes 
Processcs bifurcation, Length of processes2 

Thickncss of processcS(, 
Length of pinnae8 

'Antapical' Process length 11 

Distance between processcS<} 

Number of proccsscs!polyg. side2 

Membrane 
Membrane height2 

Polygonal fields Polygonal fields 

Membrane 
Membrane definition, 

Size of polygonal fields5 Number of polygonal fields1 
Field geometrys 

Polygonal fields 
Polygonal field definition, 

Tabulation pattem6 

Striae 
Striae definition1 

References are given for the first use of each parameter. 1: Downie (1958); 2: Deunff (1961); 3: Henry (1966); 4: Vavrdova 
(1966); 5: Martin (1973); 6: Rasul (1974); 7: Vavrdova (1982); 8: Martin and Dean (1988); 9: Tongiorgi in Bagnoli ct al. 
(1988); 10: Vavrdova (1990); 11: Vecoli (1996). 

fused state of taxonomy, it seems evident that a 
stable classification scheme cannot yet be pro­
vided. However, for the above mentioned reasons 
it appears highly interesting to try to approach 
the classification of the group with statistical tech­
niques. 

lt is evident that the 83 species described are 
palaeontological morphospecies, divided arbitrari­
ly into four morphogenera. Most of these species 
are described on the basis of a limited number of 
specimens and many without a comparison with 
previously described morphotypes. lt is therefore 
likely that many species are synonyms. 

3. Geological setting, material and methods 

The material used in this study cornes from the 

Cambro-Ordovician transition in the borehole Nl 
2 of the Algerian Sahara. The borehole bas been 
drilled in the area of Hassi-Rmel, some 400 km 
south of Alger. Galeate acritarchs have been mea­
sured from six samples from the borehole at the 
following depths: 3065.3 rn, 3060.8 m, 3056.5 rn, 
3053.9 rn, 3039.8 rn and 3029.6 m. The precise 
location of the borehole, an introduction to the 
regional geology and to palynological studies can 
be found in previous publications, as this bore­
bote and other drillings from this area have 
been extensively investigated for acritarchs since 
the late 1950s. One of the first publications on 
acritarchs from this area was Deunff's (1961) in­
vestigation, which included the description of the 
galeate taxa Cymatiogalea and Priscogalea. There­
fore, this area can be considered as the type-local­
ity of the galeates. Subsequent publications of the 
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richly diversified and weil preserved acritarch as­
semblages are the pa pers of Deunff (1964 ), Com­
baz (1967, 1968) and Jardiné et al. (1974). The 
borehole NI 2 has recently been reinvestigated 
by Vecoli (1999). For a general understanding of 
the geology of the area, the reader is referred to 
Legrand, 1973, 1985 (and references therein). 

Standard palynological techniques were used, 
including sieving with a 12 Jlm mesh. The material 
was observed using transmitted and reflected light 
on Zeiss Axioskop 2 and Zeiss Axioplan 2 micro­
scopes. Microphotographs were taken on a Zeiss 
Axioplan 2 microscope with a Plan-Apochromat 
63 x/1.40 oil objective and on SEM. Image aqui­
sition and measurements were aU made in optical 
microscopy, partly using a Zeiss Axiovision 2.0 
programme installed on a PC using a standard 
video camera. The material is housed in the col­
lections of the Department of Palaeobotany and 
Palynology of Liège University. 
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4. Morphological criteria of galeates retained for 
statistical analyses 

4.1. Parameters used for dijjèrentiation of galeate 
morphotypes in the literature 

Before considering statistical analyses on the 
galeates, all parameters used for the description 
and distinction of morphotypes must be taken 
into consideration, including ali criteria used for 
both specifie and generic classification. As for all 
acritarchs, the criteria used are exclusively mor­
phological characters. Table 2 indicates all param­
eters used in previous studies, with reference to 
the publications which they were first mentioned. 
These parameters can be divided into quantita­
tive, semi-quantitative and qualitative criteria. 

The two most frequently used parameters are 
quantitative: the vesicle diameter (VD) and the 
process length (PL). Fig. 2 illustrates a graph on 

6 

23 

0 1 
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 

Vesicle diameter (IJm) 

Fig. 2. Diagram showing the values of YD and PL of 39 spt.><:ies described in the literature. Plotted data are directly derived 
from the original descriptions or, if not available in the original definition, from other literature data. l - Caldariok1 morpho­
types: Caldttrio/a glabra. 2-24 ·· Cymatiogalea morphotypes: 2- C. ancora; 3 -· C. aspergilla; 4- C. he/licosa; 5 - C. mtherinae; 
6 C. cms.wla; 7 - C. cristata; 8 - C. c1tl'illierii; 9 - C. deunffii; 10 - C. dil•ersita; li · C. gemmata; 12 -- C. gorkae; 13 - C. 
granulata; 14 -- C. nwrgaritata; l5 - C. membmna; 16 - C. membmnispilw; 17 - C. mes.wumdii; 18 -· C. multarea; 19 -· C. parva; 
20 C. pan•ivela; 21 - C. spinata; 22 C. tre1•i.mnii; 23 - C. vanguestainei; 24 -· C. virgulta. 25-29 - Priscogu/e(l morphotypes: 
25 - P. barbara; 26 - P. chevrone1uis; 27 - P. distincta; 28 -- P. fem; 29 -·- P. pe1forata. 30-39 - Stelliferidium morphotypes: 30 

S. alandicum; 31 S. apertum; 32 - S. carinatum; 33 ·· S. cortinulum; 34 -- S. c:vlindmtum; 35 S. Jitrcatum; 36 -- S. modes­
tum; 37 -· S. redonensis; 38 ··· S. stelligerum; 39 S. striatulum. 
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which these two parameters are plotted for 39 
previously described species. The values plotted 
are those available from the original descriptions 
which include information on the VD and the PL. 
The graph illustrates that most of the galeate ac­
ritarchs have a VD between 20 and 45 ~rn, rang­
ing from 10 to 60 f.liD. The PL varies generally 
from 2 to 15 f.liD, but ranges from smooth speci­
mens ( Caldariola) without outgrowths to process­
es with a length up to 17 ~m. This graph clearly 
illustrates that there is a general overlap of the 
values, and it is almost impossible to distinguish 
separate morphotypes on the basis of these two 
parameters alone. 

Other quantitative parameters used in the liter­
ature are the pylome and the operculum diame­
ters. Besides total length, measurements of the 
processes include their thickness, the length of 
the terminal pinnae, and the distance between 
the bases of the processes. Additionally, sorne au­
thors distinguished the length of 'antapical' pro­
cesses or the length of processes around the py­
lome ('polar' processes). The height of the 
membrane and the diameter of the polygonal 
fields are other parameters frequently encountered 
in the literature. 

Among the semi-quantitative parameters, 
vesicle surface texture and vesicle colour were in­
troduced by Deunff (1961). The number of pro­
cesses on the whole vesicle and along the side of a 
polygonal field can be counted. lt has also been 
observed that some processes are hollow, while 
others are filled. The number of polygonal fields 
has been counted and sorne authors used the field 
geometry and the 'tabulation' pattern for classifi­
cation purposes. 

Qualitative parameters include the outline ge­
ometry of the pylome (polygonal, rounded, etc.) 
and operculum, as weil as the presence/absence of 
the latter. The operculum may or may not be 
ornamented by concentric rings or other elements. 
Around the opening, a collar may be present, 
which may be striated or not. The distal termina­
tion of the processes has been used frequently to 
discern new taxa. The presence/absence of a mem­
brane was considered to be important, as weil as 
its morphology. Some articles also include a de-

tailed description of the polygonal fields and of 
the striate ornamentation. 

The literature review shows that the parameters 
are mostly used inconsistently. ln addition, in 
sorne publications the importance of selected cri­
teria has been exaggerated to allow new descrip­
tions. It is likely that sorne of the parameters have 
a limited or no value for taxonomical investiga­
tions. Vesicle colour, for example, cannot consti­
tute a taxonomie parameter, because the colour­
ation of the organic matter in palynomorphs is a 
secondary phenomenon due to taphonomy and 
diagenesis of the sediments. The presence/absence 
of the operculum can also be a simple matter of 
preservation. Diagenesis and preservational as­
pects are very important. Many process termina­
tions can be broken and most of the delicate 
membranes are generally destroyed in moderately 
or poorly preserved material. Microsculptural or­
naments can also be modified by the depositional 
changes to the organic matter. 

4.2. Parameters retained for statistical 
investigations 

The aim of the present study is to approach ali 
parameters of galeate morphology and to select 
those useful for classification, in order to under­
stand and develop a hierarchy of characters with 
the help of statistical methods. Sorne parameters 
among those used in the literature cannot be used 
for statistical techniques. ln addition, some values 
must be regarded critically, because their statisti­
cal analysis would lead to results which may be 
misinterpreted. 

The selection in this study of sorne parameters 
is of course partly arbitrary. lt is not always with­
out problems and can surely be debated. It is 
important to consider that this study is a fust 
approach, which can provide results which are 
valid for the investigated material, but which 
probably needs a revision when other galeate pop­
ulations, displaying additional parameters, are in­
vestigated in detail. 

In order to obtain reliable results from a statis­
tical analysis, it is important to start with the 
distinction between continuous and discrete pa-
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rameters and to control their relationship in order 
to avoid misinterpretations. 

4.2.1. Continuous pararneters 
Although six classical quantitative morpholog­

ical criteria can be measured (Fig. 3), only four of 
them can be used as continuous parameters in the 
statistical analysis. These four parameters used in 
this study are the VD, the PL, the ratio between 
PL and VD (PLIVD) and the total diameter (TD). 
The latter value is the sum of the VD and the PL 
(maximal value) of both sides of a specimen. 

lt is very important to remember that the VD 
measured (in most works in the literature and also 
in this study) is the diameter of the fiattened 
specimen. As ail specimens are no longer pre­
served in three dimensions, but fiattened in more 
or less the same way (fiattening of an almost 
spherical body), this parameter can be used for 
statistical analyses. However, the pylome diameter 
(PD) cannot be integrated in a statistical analysis, 
because practical measurements are not possible. 
Taphonomic aspects explain the difficulty of using 
this parameter: the galeate cysts can indeed show 
different positions in palynological slides. Only if 
the pylome is in polar view (view inside the 
vesicle) does the opening show its real dimension, 
which is identical to that of the operculum, if the 
latter is still attached or if it remains in the vesicle. 
However, if the fiattened vesicle is laying in an 
oblique or in a perpendicular position to the plane 
of the palynological slide (lateral view of the 
vesicle), the pylome is crushed and may show a 

much larger value than that of the original dimen­
sion. In the material observed in this study, speci­
mens which show the real dimension of the py­
lome (identical to the operculum size) represent 
less than 15% of the total number of measured 
specimens. For these reasons this parameter 
(PD) has not been used and ali quantitative pa­
rameters related to the polar opening, such as the 
ratio PLIVD, cannot be employed. The values of 
'antapical' and 'polar' (around the pylome) PLs 
were also not used here. In the present study, all 
processes were measured and an average of these 
values is used for the statistical dataset. 

Other quantitative parameters used in the liter­
ature, such as the thickness of the processes, the 
length of pinnae, the membrane height, etc., have 
not been used in this study, because they are ir­
relevant for the material in this investigation and 
for most galeate acritarchs in general. 

4.2.2. Discrete parameters 
In addition to the quantitative values, sorne 

qualitative parameters can be selected for the sta­
tistical analysis (Fig. 3). Such parameters, used as 
bimodal values, are the absence/presence of polyg­
onal fields (POL), the absence/presence of mem­
branes (MBR), the absence/presence of striae 
(STR) and the absence/presence of ramifications 
at the distal ends of the processes (RAM). These 
discrete parameters were used as simplified bimo­
dal (presence/absence) values, because it is diffi­
cult to recognise a clear order of differentiation 
within these criteria. For example, the membrane 

PARAMETERS 

QIWititadve 
(VO) 
Vesicle diamercr 
(PD) 
Pylome diameter 
(PL) 

Proœss length 
(TD) 

Total diamcter 

Ratios: 
PDIVD 
PUVD 

QaaHtative 
I.(POL) 
2.(M8R) 
J.(STR) 
4.(RAM) 

Fig. 3. Quantitative (continuous) and qualitative (discrete) parameters of galeate acritarch classification retained for the statistical 
analyses. 
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thickness and its morphology have been used 
commonly in the literature to distinguish individ­
ual morphotypes. However, it is difficult to in­
elude these values in a statistical analysis. On 
the other hand, the striae at the bases of the pro­
cesses may show different microornamental ele­
ments, which are difficult to analyse statistically, 
as they are highly variable and generally impossi­
ble to qualify or quantify, not only on different 
specimens, but also on a same vesicle. The process 
ramifications also display great variability. Com­
monly used for the distinction of 'new' taxa in 
publications, including detailed descriptions of 
the morphology of the distal termination (bi-, 
tri-, or multifurcate, etc.), the ramifications may 
be highly variable within a single specimen and 
are difficult to place in a statistical dataset. In 
the present study, the morphology of the process­
es is thus simplified as a bimodal value : ramified 
or not. Although the absence/presence of polygo­
nal fields has been introduced in the statistical 
database as a bimodal value, a further, semi­
quantitative parameter related to the polygonal 
arrangement of the sculptural elements has been 
introduced. 

4.2.3. Semi-quantitative parameter 
The additional semi-quantitative parameter de­

fined in this study is named ornamental structure 
(OS). As already discussed above, the galeate 
plexus often presents intermediate specimens be­
tween the different pre-defined morphotypes. For 
instance, Deunff ( 1961) defined Cymatiogalea as a 
morphotype with an " ornamentation constituted 
by processes ( ... ) disposed according to polygonal 
areas on the surface of the vesicle". However, 
observation of the polygonal fields within the 
large populations of material from the Algerian 

0 
0 1 2 

Sahara leads to the conclusion that a continuous 
transition exists. This transition is not refl.ected by 
the CUlTent generic classification of galeates, 
which attributes morphotypes with polygonal 
fields to Cymatiogalea and those without the po­
lygonal arrangement to Priscogalea or Stelliferidi­
um. The transitional evolution of the OS is sche­
matically presented in Fig. 4. According to this 
scheme, the appearance of the polygonal fields 
and their complexity can be coded according to 
an ordinal scale. The first leve! displays no pro­
cesses and no ornament. The second leve! includes 
more or less distinguishable polygonal areas with 
a process at the corners of the fields. Additional 
steps may be observed with an increasing number 
of processes on the sides of the fields. Another 
leve! is represented by an irregula.r distribution 
of processes on the vesicle. As it is really difficult 
to define a graduate scale of growth for the po­
lygonal fields, it has been attempted in this study 
to integrate this semi-quantitative parameter of 
OS in the statistical dataset in order to observe 
a possible signal. lt is important to note that the 
OS closely related to the bimodal parameter of 
absence or presence of polygonal fields. This latter 
value bas therefore been eliminated from future 
investigations. 

The number of polygonal fields could be used 
as a fUiiher parameter. However, it is not em­
ployed here. because for most specimens it is 
not possible to count the total number of fields 
on a vesicle. The geometry of the polygonal fields 
was also not used because it may greatly vary 
from quadrangular to hexagonal on a single speci­
men, as indicated severa! times in the descriptions 
of Cymatiogalea morphotypes in the literature, as, 
for example, by Martin ( 1973) for the description 
of Cymatiogalea cuvillierii fuca ta. 

,rB .. _r-
3 4 

Fig. 4. Illustration of continuous variation of OS in galeate morphology. 
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Table 3 
Spearman's rank correlation coefficient test 

VD PL PLND TD 

VD l 
PL 0.141 1 
PLND 0.013 0.9833 1 
TD 0.628 0.83 0.7386 

Table of rs values, produced by the crossing of variables. 
Values indicated in bold and italics are those where distribu­
tions are the nearest. Values in bold are those where the dis­
tributions are partially correlated. The other values show 
only weak interrelationships. 

5. Statistical analyses 

5.1. Tests and method~ used in this study 

The six samples studied in this work aU in­
cluded high numbers of galeate acritarchs. Among 
them, the specimens which display ali measurable 
parameters (perfectly flattened specimens without 
folds, presence of complete, unbroken processes, 
etc.) are used for the dataset. A total of 564 speci­
mens were employed in the analyses, and for ali of 
them the following 11 values were measured and/ 
or coded: quantitative parameters: VD, PD, PL, 
TD, ratio PD/VD, ratio PL/VD; qualitative val­
ues: POL, MBR, STR, RAM; semi-quantitative 
value: OS. 

As already mentioned above, the parameters 
related to the PD (PD and ratio PD/VD) are dif­
ficult to interpretate, and they were therefore ex­
cluded from the dataset. The presence/absence of 
polygonal fields has also been eliminated, as it is 
very close to the definition of the OS. It is possible 
that sorne of the other eight variables are linked. 
To avoid misinterpretations in the following mul­
tivariate analyses, non-parametric tests have been 
performed in order to detect whether these eight 
variables are really independent, and with the aim 
of establishing their degree of relation. Indeed, 
any repetitive information could deform the fol­
lowing multivariate analysis. The Spearman's 
rank correlation coefficient has been tested to con­
trol the quantitative data and x? tests are used to 
verify the independence of the qualitative and the 
semi-quantitative parameters. A contingency coef-

ficient has been calculated to understand the rela­
tions between two of the qualitative and one of 
the quantitative parameters. 

The following statistical study was conducted in 
two steps. A factor analysis (principal component 
analysis method) was used to detect the structure 
in the relationships between variables, in order to 
classify and rank ail variables and to define polar­
ities. The second step is a K-mean analysis (dy­
namic cluster analysis) which was conducted to 
recognise structures in scatter plots, to minimise 
the variability within clusters and to maximise 
variability between clusters. Analysis of variance 
(ANOV A) test calculations (ratio of variances) 
were used to indicate the consistency between 
the variables (for more details on these methods, 
see also Wauthoz and Gérard, 1999). 

5.2. Critical evaluation of statistical parameters 

The most current rank correlation to determine 
the degree of linking between quantitative varia­
bles is the Spearman correlation rank coefficient 
( -1 < r 5 values< 1). If r 5 is close to l (or -1), 
orderings become identical and the two variables 
are strongly correlated (inverse orderings if rs is 
close to -1 ). If rs is close to 0, orderings become 
uncertain and variables are independent. 

Table 3 indicates the results of the Speatman's 
rank correlation coefficient of the four quantita­
tive parameters VD, PL, PL/VD and TD. The 
distributions of the two variables PL and ratio 
PLIVD are very close and, thus, very probably 
related. For this reason, the parameter PLND 
has been eliminated and was not used for further 

Table 4 
Table of values of ;i calculated for every couple of qualita­
tive variables 

os MBR STR RAM 

os 0 
MBR 2.9 0 
STR 6.685 2.848 0 
RAM 4.907 1.674 10.14 0 

The value of ;i for the theorie distribution is 3.84 to the 
threshold of S'X>. To the threshold of 5 %o, it is 7.88. 
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Table 5 
Values of r and contingency coefficient C, for the 2 X 2 ta­
bles crossing PL (two classes) and STR, as weil as for PL 
and RAM 

r values 
C values 

PL vs STR 

58.64 
0.307 

PL vs RAM 

104.45 
0.395 

analyses. Another problematic parameter is the 
TD. As this variable is closely linked to both 
PL and VD, it is also best avoided for multivari­
ate analyses. The two most valuable quantitative 
parameters for use in the following multivariate 
analyses are thus PL and VD. 

As rank correlations cannot be used for qual­
itative variables, r tests have been performed to 
verify the assumption of linkages between these 
variables. Table 4 displays the :(- test performed 
on the semi-quantitative (OS) and the qualitative 
parameters (MBR, STR, RAM). The results indi­
cate that a strong relationship exists between the 
presence/absence of the striae and the process 
ramification, but no relevant relation between 
the other parameters. 

To compare the values of the quantitative pa­
rameters with those of the quantitative and the 
qualitative parameters, the contingency coefficient 
'C bas been calculated (Table 5). Although the ,i 
tests indicate that there is no correlation between 
PL and STR distributions (nor for the distribu­
tions of PL and RAM), the contingency coeffi­
cient [C = J x2 /(X2 + n)] indicates a stronger re­
lation between PL and STR than between PL and 
RAM. For this reason, the presence/absence of 
striae is not used in the following multivariate 
analyses. 

Finally, a total of five parameters can be used 
for the multivariate methods: VD, PL, OS, RAM, 
and MBR. 

Table 7 
ANOVA test indicating the P values for each mode! of grouping 

2 3 4 5 

MBR 1.3 x w-3 6x w-s 1.5 x/0-9 2.3 x w-8 

RAM 0 0 0 0 
VD 4.1 x w-2 1.4 x w-7 0 0 
PL 0 0 0 0 
os 0 0 0 0 

Table 6 
Multivariate analysis (factor analysis with principal compo­
nent analysis) 

Factor 1 Factor 2 Factor 3 

MBR 0.432 -0.544 -0.487 
RAM 0.792 0.033 O.o75 
VD 0.230 0.838 -0.386 
PL 0.837 -0.066 0.096 
os 0.693 0.103 0.684 
Variance percentage 41'Y.· 20.33% 17.42% 

Table showing the eigenvalues for each parameter. 

5.3. Multivariate analysis 

The multivariate analysis (factor analysis with 
principal component analysis extraction) indicates 
that three factors can be selected as they hold the 
most important part of the information, 78.75°;() 
of the total variance. As illustrated in Table 6, 
each factor can be interpreted as follows: 

- factor 1 is best explained by the variables PL 
and RAM. Along this axis, morphotypes without 
processes are opposed to those with long and 
ramified processes and a large overall size; 

- factor 2 is mainly explained by the variables 
VD and MBR. The two poles are represented by 
morphotypes with large vesicles without a mem­
brane for the first pole and by specimens with a 
small vesicle and a large membrane at the other 
end of the axis; 

- factor 3 is explained by the variables OS and 
MBR. This axis essentially opposes morphotypes 
with large membranes and no structural ornamen­
tation to those with complex polygonal fields but 
without membranes. 

Factor 1 is by far the most important, with 4lcX> 
of the total variance. Factors 2 and 3 follow with 
20.33 and 17.42%, respectively. The most impor­
tant parameter to approach the variability of the 
564 specimens observed in the six samples of the 
Algerian Sahara appears to be the PL. 

6 7 8 9 

1.5 x w-7 5.8x w- 6 1.8 x w-6 7.6x w-6 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
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Table 8 
Main parameters of the four cluster model from the K-mean analysis 

Cluster 1 

Number of specimens 154 
VD mean value 32.7 
VD min--max 19 to 47.6 
PL mean value 1.9 
PL min-max 0 to 8 
OS mean value 1 
OS min max 0 to 3 

Ali means and range values (except for OS) in Jlm. 

5.4. Dynamic cluster ( K-mean) analysis 

A K-mean (dynamic cluster) analysis was con­
ducted to identify structures in scatter plots. This 
analysis is based on the same five parameters used 
for the factor analysis. Table 7 shows the results 
of the ANOV A test, where different clustering 
models (from 2 to 9) are evaluated. This analysis 
retains a four cluster model which provides an 
optimal grouping of ali specimens observed in 
the six samples. The second best model is a dis­
tribution model into five clusters. 

The specimens of the Algerian Sahara can thus 
be attributed to four morphological groups, which 
are defined by the statistical analysis using five of 
the Il originally selected variables. Between these 
four groups it is possible to find sorne hinge ele­
ments. Table 8 indicates the attribution of the 
measured specimens into the four clusters and 
the boundaries of the latter. The four groups 
show no overlap and ali specimens are attributed 
to one of the four clusters. Fig. 5 illustrates the 
four cluster model according to the different fac­
tors. The first graph illustrates the distribution of 
ail specimens in the four clusters according to 
factors 1 and 2, white the second graph illustrates 
the same specimens distributed according to fac­
tors 1 and 3. 

6. Interpretation 

6.1. Interpretation of the clustering 

Based on the 564 specimens from the six sam­
pies investigated, the results of the statistical anal-

Cluster 2 Cluster 3 Cluster 4 

93 187 130 
37.6 34.1 30.4 
32.9 to 50.4 24 to 44.1 21 to 36.4 
3.6 7.7 2.5 
0.7 to 6 5.4 to 12.5 0.5 to 6.5 
4 3 5 
3 to 5 2 to 5 4 to 5 

yses show that a classification scheme into four 
units (clusters) can be proposed. This is one of 
the possible models of classification, but other 
distributions into three or five clusters could 
also be considered. 

The four clusters are defined by the data indi­
cated in Table 8, using the five parameters that 
had been retained. The most important parame­
ters appear to be PL and the absence/presence of 
ramifications at the distal end of the processes, 
but ali other parameters also have their impor­
tance. Sorne groups of specimens seem to be re­
lated to others, as continuous variation between 
morphotypes can be observed. Such transitions 
indicate that these morphotypes cannot easily be 
differentiated and that they should not be attrib­
uted to different taxonomie units (genera or spe­
cies). On the other hand, four clusters have been 
defined by the K-mean analysis. The clusters rep­
resent major separate units, which could be pro­
posed as groupings, which may represent entities 
in a classical taxonomical scheme. It is interesting 
to compare this classification scheme into four 
groups with the classical palaeontological classifi­
cation models of the galeates into up to four gen­
era and into 83 species. 

Cluster I includes 154 specimens. Processes are 
generally short and the structural ornamentation 
is limited to the levels 0-3 according to Fig. 4 
(compare Table 8). Many of these specimens can 
be attributed to previously described species of 
the genera Caldariola, Cymatiogalea and Stelliferi­
dium. Although the first two genera are generally 
used as separate entities in the classical classifica­
tion schemes, it has been shown that transitions 
exist (Servais and Eiserhardt, 1995; Servais and 
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Fig. 5. Figure illustrating the four cluster mode!. A distinction of a fifth cluster is possible in cluster III. 

Molyneux, 1997). In addition, it is well known 
that transitions between specimens with very short 
to somewhat longer processes may exist, as Rasul 
(1974), for example, mentioned in the description 
of his specimens of Cymatiogalea cuvillierii 

(Deunff, 1961) Deunff, 1964: 'all gradations exist 
between granules to short processes'. Many of the 
specimens in this study can indeed be attributed 
to Caldariola glabra (Martin, 1973) Molyneux in 
Molyneux and Rushton, 1988 (e.g. Plate 1, panel 
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1 ). Other specimens show a transitiona1 develop­
ment of the polygonal fields and a progressive 
elongation of the processes (e.g. Plate I, panels 
2-5). These morphotypes could be attributed to 
the following species described in the litera ture: 
C. cuvillierii Deunff, 1961 pro parte (subsp. cuvil­
/ierii autonym and subsp. fuca ta Martin, 1973 ), 
Cymatiogalea ancora Paris and Deunff, 1970, 
Cymatiogalea dentalea Paa1its, 1992, Cymatioga­
lea procuvillierii Paalits, 1995, Cymatiogalea van­
guestainei Connery and Higgs, 1999, and Cyma­
tiogalea levis Jardiné et al., 1974. On the other 
hand, specimens without any structured distribu­
tion of the ornaments could be attributed to the 
following species: Priscogalea barbara Deunff, 
1961, Priscogalea perfora/a Uutela, 1989, or, 
when striate ornaments at the bases of the pro­
cesses are visible, Stelliferidium modestum Gorka, 
1967, and Stelliferidium redonensis Paris and 
Deunff, 1970. 

Cluster II includes some 93 specimens recog­
nised in the populations of the six samples. Pro­
cesses are generally longer than in cluster I (com­
pare Table 8). Several of them could be attributed 
to the following species described in the literature: 
Cymatiogalea cuvillierii Deunff, 1961 pro parte, 
Cymatiogalea virgulta Martin in Martin and 
Dean, 1988, Priscogalea prisma Martin, 1973, 
and Stelliferidium carinatum Vavrdova, 1982. 

The 1argest number of specimens ( 187) is attrib­
uted to cluster III which includes numerous speci­
mens with the longest processes. These morpho­
types can be attributed to species of 
Cymatiogalea, such as Cymatioga/ea aspergilla 
Martin in Martin and Dean, 1988, Cymatioga/ea 
cristata Downie, 1958 pro parte, Cymatiogalea 
deunffii Jardiné et al., 1974, Cymatiogalea gorkae 
Rauscher, 1974, Cymatiogalea margaritata 
Deunff, 1961, Cymatiogalea membranispina 
Deunff, 1961, Cymatiogalea messaoudensis Jardiné 
et al., 1974 pro parte, Cymatiogalea multarea 
Deunff, 1961, Cymatiogalea multiclaustra Deunff, 
1961 pro parte, Cymatiogalea spinata Yin, 1995, 
and Cymatiogalea velifera Downie, 1958, or to 
species of Stelliferidium, such as Stelliferidium 
alandicum Tynni, 1982, Stelliferidium furcatum 
Deunff, 1961, Ste!liferidium simple x Deunff, 

1961, Stelliferidium stelligerum Gor ka, 1967 and 
Stelliferidium striatulum Vavrdova, 1966. 

Finally, cluster IV includes specimens with gen­
erally sh01ier and unramified processes, and a 
well developed OS (levels 4 and 5 of Fig. 4), in­
cluding specimens close to Cymatiogalea cuvillierii 
Deunff, 1961 pro parte, Cymatiogalea cristata 
Downie, 1958 pro parte, Cymatiogalea membra­
nispina Deunff, 1961 pro parte, Cymatiogalea par­
va Vecoli, 1996 and Cymatiogalea pm·vivela Di 
Milia, 1991 pro parte, Stelliferidium cortinulum 
Deunff, 1961, and Ste/liferidium velatum Veco1i, 
1996. 

6.2. The impact of statistical analyses on galeate 
classification 

The association in a same cluster of specimens 
which classically would be attributed to different 
galeate genera, as weil as the observation of inter­
mediate passages between previously distin­
guished morphotypes suggest that a complete re­
vision of the taxonomy of the galeates is required. 

In the classical method of galeate classification 
and in the classical way of describing new galeate 
taxa, the importance of individual parameters use­
fui for the distinction of a morphotype is gener­
ally exaggerated. Some of the parameters selected 
by the authors have no or only limited weight, 
according to the statistical analyses realised in 
this work. These parameters should therefore pos­
sibly be avoided for the distinction of morpho­
types. On the other hand, descriptions of galeate 
acritarchs that attempt to introduce all available 
parameters are rare. However, in order to under­
stand the importance and independence of a 
selected taxon, it is important to consider all 
morphological criteria. Otherwise, only the mor­
phological extremes will be described as separate 
taxa. 

As only a part of the galeate plexus is usually 
present in an assemblage, not ali the characters 
useful for classification are present in the dataset 
of an individual worker. This is the reason why 
discussion about the selection of morphological 
criteria still exists. The statistical analyses of the 
Algerian material show useful insights for a pos-
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sible future classification scheme. However, it is 
important to note that the statistical analyses in 
this study are valid for the galeate material of the 
Algerian Sahara, but not necessarily for assem­
blages from other localities of the same or of a 
different age. lt is evident that sorne criteria, 
which may be very important for the understand­
ing of the complete plexus of galeate acritarchs, 
have not been introduced in the dataset used in 
this study, because sorne parameters are not 
relevant for the Algerian material. On the other 
hand, sorne parameters which may have a sub­
stantial importance have not been selected for 
the statistical methods. This shows clearly that 
the statistical techniques may help to understand 
the classification of the galeates, but that the 
methods are also limited, because of an arbitrary 
selection of the criteria. In future studies, all use­
fui parameters for the description of galeate mor­
phology must be critically evaluated, which may 
result in a modification of the galeate (para-) 
taxonomy. 

Nevertheless, a series of important conclusions 
can be drawn following this preliminary work on 
a selected assemblage. First of all, it appears evi-

dent that a separation into four distinctive genera 
is not necessarily justified. Ali intermediates exist 
between the four genera as defined so far. Ca/da­
rio/a should be considered a synonym of Cyma­
tiogalea and/or Stelliferidium. 

Another important conclusion concerns the 
striate ornament. Are Priscogalea and Stelliferidi­
wn distinct units or do they belong to the same 
entity? The parameter of the striate ornamenta­
tion has been used by sorne authors as an impor­
tant criterion for the distinction at a generic level 
(Deunff et al., 1974), while other authors limited 
this importance to the specifie level (Rasul, 1974). 
1t is important to note that striate forms occur 
more frequently when the PL is increasing. In 
addition, the correlation tests indicated that the 
presence of the striae on the vesicle surface can 
be correlated with the process ramification. The 
process illustrated in Plate l, panel 20, for exam­
ple, clearly shows a complex ramification and a 
striation which extends up to the process stem. 
This relation between striate ornament, PL and 
process ramification implies that, during the for­
mation of the cyst, these parameters are very 
probably linked and are related to the process 

Plate l. Galeate acritarchs from the Late Cambrian to Early Ordovician of the Algerian Sahara. Ali magnifications approximatcly 
x 725, except for panel 13, approximately X 1150, panel 20, approximately x 17 000, panel 21, approximately X 8000. 

1. specimen with a smooth vesicle attributable to Caldariola - slide no. 55141 (depth 3039.8 rn) - England Finder Graticule 
Coordinates (EF):V 45. 

2. specimen attributable to Cymatiogalea cuvillierii ·· 55141 (3039.8 rn)- EF:W 34-3. 
3. specimen attributable to Cymatiogalea cm·illierii -- 55141 (3039.8 rn) EF:T 54. 
4. specimen attributable to Cymatiogalea mvillierii- 55141 (3039.8 rn) - EF:R 38-4. 
5. specimen attributable to Cymatiogalea cuvillierii- 55117 (3029.6 rn) - EF:S 34-4. 
6. intermediate specimen between Caldariola and Priscogalea -- 55117 (3029.6 rn)··· EF:R 45. 
7. specimen attributable to Priscogalea 55141 (3039.8 rn)- EF:S 35. 
8. specimen attributable to Cymatiogalea sp. ·· 55117 (3029.6 rn) ·· EF:K 39-4. 
9. intermediatc specimen between Cynuttiogalea and Stelliferidium 54512 (3056.5 rn) - EF:E 36. 
10. specimen attributable to Cymatiogalea- 55117 (3029.6 m)- EF:K 40-3. 
Il. specimen attributable to Cymatiogalea ·· 55117 (3029.6 m) - EF:Q 45-4. 
12. specimen attributable to Priscogalea- 55141 (3039.8 rn) -- EF:V 37-1. 
13. specimen attributable to Ste/lifèritlium - 54512 (3056.5 rn) · EF:F 42-3. 
14. specimen attributable to Stellijèridiwn 55117 (3029.6 rn) EF: L 44-2. 
15. specimen attributable to Stelliferidium 55141 (3039.8 rn) EF:X 43. 
16. specimen attributable to Priscogalea ·· 55117 (3029.6 rn)-- EF:S 33-4. 
17. specimen attributable to Stellijèrülium 55117 (3029.6 rn) -· EF:M 40. 
18. specimen attributable to Priscogalea - 55117 (3029.6 rn) -· EF:W 65-4. 
19. specimen attributable to Stell(fèridium- 55141 (3039.8 rn)-· EF:V 53. 
20. multifurcated process with pinnae ramification - depth 3053.9 m. 
21. polygonal field with the characteristic striation at the base of each process depth 3053.9 m. 
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construction. This confirms the idea that the striae 
are not only an ornamentative element, but that 
they have a functional purpose related to pressure 
in the water column (Montenari and Servais, 
2000). 

A further question is the distinction or not of 
the two genera Cymatiogalea and Stelliferidium. 
Arguments that both units cannot be distin­
guished come from both the statistical analysis 
and from the observation on the microscope. 
The statistical analysis integrates specimens from 
both units into the same clusters. The observation 
on the Algerian material indicates in addition that 
numerous morphotypes commonly show process­
es which are disposed along the sides of polygonal 
fields and which show radial striations at the base 
of each process. A clear illustration for this kind 
of structure is indicated in a SEM microphoto­
graph in Plate 1, panel 21. Such structures have 
been described in Stelliferidium modestum (Gorka, 
1967), Stelliferidium carinatwn Vavrdova, 1982, 
Cymatiogalea dentalea Paalits, 1992, Cymatioga­
lea procuvillierii Paalits, 1995, Cymatiogalea wiro­
nia Paalits, 1992, and are probably also present in 
Cymatiogalea vanguestainei Connery and Higgs, 
1999. Rauscher (1974) also illustrated a schemat­
ical mode! to indicate that the striate ornament of 
Stelliferidum stelligerwn (Gorka, 1967) Deunff et 
al., 1974 may create a polygonal network all over 
the vesicle. The taxonomie value of the striae is 
thus debatable. lt should not be neglected, but its 
significance at the generic level is maybe over­
stated. Their importance should be at least infra­
generic, as proposed by Rasul (1974). The pres­
ence of the striae is very probably related to the 
process construction, which is very probably 
linked to ecological parameters (Montenari and 
Servais, 2000). 

These arguments show that a distinction of the 
four galeate taxa can be debated. Intermediates 
exist between ali genera and possibly ali these 
forms belong to a same biospecies. However, it 
is at present impossible to make this statement, 
as the biological affinity of the galeate organism 
is unknown, although the recovered microfossils 
indicate many similarities in morphology and in 
spatial distribution to fossil and modern dinofla­
gellates. 

7. Conclusions 

Although the statistical methods have their lim­
itations, it appears evident that the techniques are 
very useful and that they provide interesting in­
sights in the classification of extremely variable 
organisms such as the galeate acritarchs. 

The most important result from the observation 
of large populations of galeates from the Cam­
bro-Ordovician boundary beds of the Algerian 
Sahara and their integration in a statistical anal­
ysis is the conclusion that the four galeate acri­
tarch genera Caldariola, Cymatioga/ea, Priscoga­
lea and Stelliferidium should be debated. It is not 
evident to maintain the four units as separate 
taxa, as ali intermediates exist. 

As shown by factor analysis, the PL appears to 
be the most significant morphological parameter 
in the Algerian assemblages. The branching of the 
processes appears to be associated with PL, as is 
the presence of striate ornament at the base of 
each process. The second most important expia­
nation of variability is characterised by the pres­
ence of membranes and the VD. Finally, a com­
bination of the presence of membranes and 
development of the OS constitutes the third order. 

lt is weil known that dinoflagellate species are 
very sensitive to environmental factors such as 
salinity or temperature, and the variations are 
very often reflecting process size and ramification 
( e.g. Kokinos and Anderson, 1995; Ellegaard, 
2000). lt is obvious that, during the life of the 
galeate organism, environmental conditions have 
affected sorne morphological features more than 
others. However, it is very difficult to attribute the 
variability of a given parameter to a selected en­
vironmental factor. lt is therefore impossible to 
understand if the morphological differences in 
the galeates are expressions of genetic changes 
or are ecological variants (genotype versus pheno­
type). So far, no answer can be given using the 
multivariate analyses, as no accurate and indepen­
dent data (e.g. geochemistry, indicating informa­
tion on the palaeosalinity, palaeotemperature) are 
associated with the dataset. 

The four cluster model proposed here can be 
regarded as a first outline of variability in the 
galeate plexus of the Algerian assemblages. On 
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the basis of this model and with the help of addi­
tional statistical studies, the classical taxonomy 
used for the galeate plexus should be revised. In 
future analyses, it is necessary to approach the 
galeate variability with additional parameters 
(e.g. distance between processes for density indi­
cation, ratio between 'polar' and 'antapical' PL). 
Additional multivariate analyses (correspondence 
and discriminant analyses) may also help to better 
understand this fairly complex plexus of acri­
tarchs. 

Finally, it appears evident that a classification 
model that can reach a consensus will probably 
integrate both classical phenetics and modern sta­
tistical methods. 
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with 3 figures, 1 Plate, 2 Tables 

STRICANNE, L., SERVAIS, T., TALYZINA, N. & VANGUESTAINE, M. (200X): Reevaluation of 

the Upper Cambrian-Lower Ordovician acritarch Nellia acifera. [Auswertung des 

oberkambrischen-unterordovizischen Acritarchen Nellia acifera]. N. Jb. Geol. PaHiont., 

200x: xx-xx; Stuttgart. 

Abstract 

The acritarch genus Ne/lia GOLUB & VOLKOVA in VOLKOVA & GOLUB, 1985, is 

reported for the first time from the Cambrian/Ordovician of North Africa. Multivariate 

statistical analyses demonstrate the presence of a continuons morphologie variability 

between the species of Ne/lia. The relation of the genus Nellia to the other diacrodian 

acritarch genera is shortly discussed. The stratigraphical and palaeogeographical 

distribution of Ne/lia is summarized: the genus and its species are so far found in latest 

Cam brian and earliest Ordovician sections of Baltica, A valonia and Gondwana, from 

localities in high latitudes (> 60°S) in the southern hemisphere. 
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Zusammenfassung 

Das Vorkommen der Acritarchengattung Nellia GOLUB & VOLKOVA in VOLKOVA & GOLUB, 

1985, wird hier zum ersten Mal im Kambrium-Ordovizium Nordafrikas nachgewiesen. 

Multivariate statistische Analysen belegen eine durchgehende morphologische Variabilitiit 

zwischen den Arten der Gattung. Die V erbindungen zu anderen diakromorphen Acritarchen 

werden diskutiert. Die stratigraphische und paUiogeographische V erbreitung zeigt, dass die 

Gattung Nellia und deren Arten bisher in Abfolgen des Oberen Kambriums und des Unteren 

Ordovizium von Baltica, A valonia und Gondwana in Lokalitaten angetroffen wurden, die 

sich in hohen Breitengraden (> 60°S) der südlichen Erdhalbkugel befanden. 

Résumé 

Le genre d'acritarches Nellia GOLUB & VOLKOVA in VOLKOVA & GOLUB, 1985, a 

été retrouvé pour la première fois dans le Cambro-Ordovicien de 1 'Afrique du Nord. Des 

analyses statistiques multivariées démontrent l'existence d'une variabilité morphologique 

continue entre les espèces de Nellia. Les relations avec les autres acritarches diacrodiens 

sont discutées et les distributions stratigraphique et paléogéographique du genre Nellia sont 

résumées : le genre et ses espèces sont trouvés jusque maintenant uniquement dans le 

Cambrien Supérieur et l'Ordovicien Inférieur dans des séquences de Baltica, A valonia et 

Gondwana, dans des localités qui se trouvaient à haute latitude (> 60°S) dans l'hemisphère 

sud. 
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Introduction 

The species is the key systematic unit for biology. However, in palaeontology direct 

biological affinities are not always easy to follow and palaeontologists therefore use the 

morphospecies, that is based essentially on morphological criteria, as the basic classification 

unit. By definition, acritarchs are microfossils that cao not be firmly assigned to any group 

of living organisms (Evrrr, 1963). Acritarchs are commonly described as species and 

genera, but in acritarch investigations, a .. species" must be considered rather as a 

.. morphotype" because the classification is purely based on morphology. Which characters 

are the most relevant for a differentiation of acritarch taxa is a subject of a continuous 

debate. Gross morpho] ogy, wall omamentation, shape, excystment structure and size are 

criteria that have been commonly taken into account (e.g., LE HÉRISSÉ, 1989; SERVAIS, 

1996). 

Today it is widely accepted that most Palaeozoic acritarch morphotypes probably 

represented cysts of organisms that constituted the organic-walled microphytoplankton in 

the Palaeozoic oceans. Acritarch morphotypes may include dinoflagellates, prasinophycean, 

chlorophycean and zygnemaphycean algae, crustacean eggs and exoskeletal remains, 

spores, fungal palynomorphs, tintinnomorphs or remains of cyanobacteria (SERVAIS et al., 

1997). Recently, the presence of dinoflagellate related taxa among Earl y Cam brian 

acritarchs has been estimated, but not yet proved, using combined morphological and 

biogeochemical (biomarker) analysis (MOLDOWAN & TALYZINA, 1998; TALYZINA et al., 

2000). 

Recent studies on modem phytoplankton, particularly on dinoflagellates, show that 

gross morphology and especially the size of dinoflagellate cyst processes may vary 
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considerably inside one species (e.g., KOKINOS & ANDERSON, 1995; ELLEGAARD, 2000). 

The variation depends on several factors of which the level of morphological maturity of a 

cyst during its formation may represent the most relevant factor (KOKINOS & ANDERSON, 

1995, p. 155). The difference in the process ornamentation of dinoflagellate cysts can also 

be caused by environmental factors. lt bas been demonstrated that in conditions of a higher 

salinity morphotypes of the same species have processes that are shorter, thicker and/or 

more membranous (ELLEGAARD, 2000). 

The analysis of acritarch variability requires not only a great number of specimens 

and a good preservation of the palynomorphs, but includes necessarily the comparison with 

similar morphotypes from other areas and/or stratigraphical levels. However, most acritarch 

species and genera were originally described on the basis of a limited number of specimens 

and without considerations of morphological variability. This led to overlaps of diagnoses 

and to an enormous amount of species, sorne of which having a confusing taxonomy. The 

variability of several significant acritarch morphotypes was investigated in the last years by 

using bivariate or multivariate statistical analyses and the taxonomy of the investigated taxa 

bas been reviewed. SERVAIS (1993), SERVAIS et al. (1996), BRüCKE et al. (1998) and FATKA 

& BRüCKE (1999) used bivariate analyses to discuss the taxonomomy of the Ordovician 

genera Frankea, Dicrodiacrodium, Aureotesta and Arbusculidium, respectively, white 

statistical tests and multivariate analyses were used by VECOLI et al. (1999), WAUTHOZ & 

GERARD (1999), STRICANNE & SERVAIS (2002) and WAtrrHOZ et al. (2003) to better 

understand the variability of Frankea, Deunffia-Domasia, and the galeate acritarchs 

(Caldariola, Cymatiogalea, Priscogalea, and Stelliferidium), and Crassiangulina 

respectively. 

In the present study, the Cambrian/Ordovician acritarch genus Nellia is analysed. 

4 



Article II - "Reevaluation of the Upper Cambrian-Lower Ordovician acritarch Ne/lia 
acifera Golub & Volkova", accepted for publication in Neues Jahrbuch jür Geologie und 
Palaontologie, Stuttgart, Germany 

Morphotypes belonging to this genus are here reported for the first tirne from the 

Tremadocian of North Africa, from a sample in the borehole Nl 2 near Hassi-Messaoud in 

the Algerian Sahara. The investigation of the population allows a discussion of the 

relationships between Nellia and other members of the diacrodian acritarch plexus, such as 

Veryhachium dumontii VANGUESTAINE 1973, or Dasydiacrodiutn caudatutn VANGUESTAINE 

1973. 

A multivariate statistical analysis gives new insights on the intraspecific variability of 

Nellia. Most of the specimens recovered in the Algerian assemblage are attributable toN. 

acijera (UMNOVA in UMNOVA & VANDERFLIT 1971) VOLKOVA 1990. A large variability and 

numerous intermediate specimens are also observed indicating possible relationships 

between N. acifera and N. sukatschevii (TIMOFEEV 1959) VOLKOVA 1990. 

Material and Methods 

The specimens investigated in this study come from the borehole NI 2 at Bordj Nili, 

near Hassi-Messaoud in the Algerian Sahara (Fig. 1). For detailed descriptions of the 

geology of the area the reader is refered to LEGRAND (1973, 1985). The acritarch 

assemblages of the Cambrian-Ordovician of this area and from this borehole were 

previsouly investigated by COMBAZ (1967) and JARDINÉ et al. (1974) and more recently by 

VECOLI and coworkers (for full references see VECOLI, 1999 and PARIS et al., 2000). The 

sedimentary succession of the Upper Cambrian in the NI 2 borehole is represented by 

quartzites with "tigillites" in the lower part, which intercalate with green shales higher in 

the succession. This succession is attributed to the lithostratigraphic unit "Grès de Miribel". 

The upper part of the Upper Cambrian rocks includes interbedded quartzitic sandstones and 

black shales of the lithostratigraphic unit "Grès de Bordj Nili" (LEGRAND 1973). On the 
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basis of the occurrence of individual acritarch taxa YECOLI et al. (1995) suggested a 

Cambrian-Ordovician boundary in the overlying interbedded shales and fine-grained 

chloritic sandstones of the "Grès de Bordj Nili" unit ( -3048 rn). 

The specimens of Nellia GOLUB & VOLKOVA in VOLKOVA & GoLUB, 1985, 

discussed in the present paper come from a sample taken at the depth of -3029.3 rn, sorne 

meters above the Cambro-Tremadocian boundary as defined by VECOLI et al. (1995). The 

"Grès de Bordj Nili" sediments are overlain by the interbedded shales and grey-green 

siltstones of the lithostratigraphic unit "Argiles d'El Gassi". An early Tremadocian (Barly 

Ordovician) age for this unit has been suggested on the basis of to the presence of 

graptolites belonging to Rhabdinopora flabelliformis s.l. (LEGRAND, 1973). 

Microfossils were extracted from the rock applying standard palynological 

techniques by using HCI and HF acids and filtering with 12 Jlm meshes. The mounting 

medium "Euparal" by Chroma-Gesellschaft was used for the palynological preparations. 

The examination of palynomorphs was carried out under transmitting light using a Carl 

Zeiss Axioskop II microscope with Plan-Neofluar objectives. For the measurements, the 

image acquisation and analysing system Carl Zeiss Axiovision 2.0 was used. The sediments 
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Figure 1: Localisation of the borehole Nl 2 in the Algerian Sahara. 
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of the investigated section are extremely rich in palynomorphs as previous studies already 

indicated (e.g., VECOLI et al., 1995, VECOLI, 1999, STRICANNE & SERVAIS, 2002). The 

studied microfossils are well preserved, yellow to amber in colour, which roughly 

corresponds to a thermal alteration index (TAI) 2 (HAYES et al., 1983). A total of 113 

specimens belonging to the genus Nellia are recovered from the palynological slides no 

54509 and n° 54510. The preparations are stored in the micropalaeontological collection at 

Liège University and have a reference abbreviation 54509 Algérie NL2-3029.3 and 54510 

Algérie NL2-3029.3, respectively. 

The statistical approach used to characterise the relations between the morphotypes 

is a multivariate analysis. A correspondence factor analysis (CFA) is used to take into 

account both quantitative and qualitative data and in order to understand non-linear 

relationships between variables. Subsequently, the specimens are classified by hierarchie 

ascendant classification on the basis of the coordinates of each specimen in the scatterplot 

drawn up with the CFA method. To petform such automatic classification, Ward's method 

(WARD, 1963) bas been used for minimalloss of the total inertia during the processing. To 

improve the classification accuracy, the n-clusters models provided by the automatic 

classification have been tested by a discriminant analysis. 

The genos N ellia and its species 

The genos NeUia 

The genus Nellia was erected by Goum and VOLKOVA in VOLKOVA & Goum 

(1985) for diacromorph acritarchs, that are also named diacrodian acritarchs, with a 

rectangular to heteropolar vesicle with one pole showing few short, wide conical processes 
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and the other bearing long spiny processes, that are parallel to the vesicle and thus form a 

rectangular outline of this pole. Anastomosing features and membranes were described to 

be present in sorne cases at the second pole. 

According to its original diagnosis (see a translation in Appendix 1), the genus 

Nellia clearly belongs to the diacrodians. The relation and differences with sorne of the 

constituents of the Late Cambrian to Tremadocian diacrodians is summarised in Fig. 2. 

Nellia is comparable to other diacrodian genera by having a vesicle outline bearing two 

poles. The basic differences with sorne other diacrodians are as follows (Fig. 2): 

Dasydiacrodium TIMOFEEV 1959, ex DEFLANDRE & DEFLANDRE- RIGAUD 1962 (Fig. 2f-h) 

may show a similar vesicle outline, but it never presents a membrane at one of the poles. 

Arbusculidium 0EUNFF 1%8, emend. WELSCH 1986, emend. FATKA & BRüCKE 1999 (Fig. 

2j-l) bears processes that branch at one of the pol es, but also has no membranes. The genus 

Stephanodiacrodium VAVROOVA 1986 also has sharp-tipped processes, but with an 

irregular net at one pole. Calyxiella GOLUB & VOLKOVA in VOLKOVA & GOLl1B, 1985, 

emend. DI MILIA et al. 1989 (Fig. 2n) possesses a bunch of filaments, sometimes connected 

by a net or a membrane. Overlapping of this genus with Ne/lia is thus possible. Barakella 

CRAMER & DIEZ 1977 (Fig.2o) possess few processes with a bunch of haüy processes at 

one pole. The genus Buchinia YOLKOVA 1990 (Fig. 2p; translation of the diagnosis in 

Appendix 1) displays numerous hair-like processes at one of the poles, that may also show a 

membrane or anastomosing hairs (for a translation of the original diagnosis see the 

appendix). Ladogella GOLUB & VOLKOVA in VOLKOVA & GOLUB, 1985 (Fig. 2q-s; 

translation of the diagnosis in Appendix 1) is also characterised by a bunch of hairy 

processes. However, these smaller outgrowths are always surrounded by larger processes. 

Acanthodiacrodium TIMOFEEV 1959, emend. IJEH.A.NI:llli & IÀHANŒE-RIGAUD 1%2 (fig. 2m), 
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Figure 2: a - Nellia? longispinata PARSONS & ANDERSON 2000 ; b - Nellia acifera (UMNOV A in UMNOV A & 

VANDERFLIT 1971) VOLKOVA, 1990; c- Nellia sukt:uschevii (fiMOFEEV 1959) VOLKOVA, 1990; d- Nellia 

magna VOLKOVA 1990; e- Nellia longiuscula GOLUB and VOLKOVA in VOLKOVA & GoLUB, 1985 ; f-

Dasydiacrodium sp.; g- Dasydiacrodium glabrum COMBAZ 1967; h- Dasydiacrodium tumidum (DEUNFF 

1961) TONGIORGI in BAGNOU et al. 1988; i - Veryhachium dumontii VANGUESTAINE 1973 ; j to 1 -

Arbusculidium filamentosum (VAVRDOVA 1965) VAVRDOVA 1972, FATKA & BROCKE 1999 emend.; rn -

Acanthodiacrodium angustum (DoWNIE 1958) COMBAZ 1967; n- Calyxiella izhoriensis VOLKOVA & GoLUB 

1985; o - Barakella fortunata CRAMER & DtEZ 1977; p - Buchinia VOLKOVA 1990 ; q - Ladogella 

rotundiformis VOLKOVA & GoLUB 1985; r - Ladogella vollwvae DI MILIA in Dl MILIA, RIBECAI & 

TONGIORGI , 1989 ; s - Ladogella filifera Dl MIUA in Dl MILlA, RIBECAI & TONGIORGI, 1989. 
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a genus that bas been emended numerous times (see PAALITS & HEUSE, 2000), and to 

which severa! hundreds of species have been assigned, is always bipolar (two identical 

poles) and shows no membranes. 

Although the differences between Nellia and the genera cited above have been considered 

to be evident in taxonomical conceptions published in literature, the boundaries between the 

different taxa are not always clear. For example, specimens that can taxonomically be 

attributed to Nellia longiuscula (Fig. 2e) and Nellia magna (Fig. 2d) are indeed 

morphologically very close to species of the genera Buchinia (Fig. 2p) and Calyxiella (Fig. 

2n). Attributions to other taxa and misinterpretations can easily be made. This is based on 

the fact that the taxonomical status of sorne diacrodian genera, that were established by 

different authors, is highly problematical so far. The plexus of diacromorph acritarchs 

surely needs a detailed revision on the basis of a literature review and of a revision of large 

populations, including those from the Baltica continent. Such a complete review is not the 

objective of the present paper, that is limited to a revision of the constituent species of the 

genus Nellia. 

History and current status of the species of Ne/lia 

The first species, Nellia sukatschevii, was first described by TIMOFEEV (1959, p. 76) 

as a species of Acanthodiacrodium among 51 other Acanthodiacrodium species (see a 

translation of the original diagnosis in Appendix 1 ). The specimen drawn by TIMOFEEV 

(1959, pl. 4, fig. 36) is unique, showing a quadrangular vesicle with four long and acute 

processes with stiff processes at one side (left side of the figured specimen) and the ends of 

the processes at the other pole are curved in order that their tips are tumed towards each 
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other. TIMOFEEV indicated the size of this species comprised between 36 and 40 Jlfl (54-69 

Jlm with processes comprised). 

UMNOVA in UMNOVA & VANDERFLIT (1971) created the new species 

Acanthodiacrodium bucerum (pl. 1, figs 18, 19) and the variety A. bucerum var. aciferum 

(plate 1: figs 20, 21) later attributed respectively to Nellia sukatschevii and N. acifera by 

VOLKOVA (1990). The original illustration of A. bucerum consists of drawings of two 

specimens also figured as pictures in UMNOVA (1975, pl. 12, figs 21. 22). Shorter apical and 

longer curved antapical processes are discernable. A fifth possible smaller additional 

antapical process is present on the paratype. UMNOvA (1975, pl. 12, figs 23. 24) also figured 

two specimens of A. bucerum var. aciferum bearing a single apical and 4-5 antapical 

processes. 

GOLUB & VOLKOV A in VOLKOv A & GOLUB (1985) designated the species Nellia 

longiuscula as the type species of their new genus. This type species (see a translation of the 

original diagnosis in Appendix 1) was described as being retangular in outline with one pole 

bearing 4 to 6 short (2-5 pm) conical processes and the other pole with numerous longer 

(14-20 pm) processes that forma tight bunch that may also show membranes between the 

long processes. 

Subsequently, VOLKOVA (1990) described one additional species, Ne/lia magna and 

transfered the species A. buciferum and its variety aciferum to the genus Nellia: N. 

sukatschevii (TIMOFEEV 1959) VOLKOVA 1990 and N. acifera (UMNOVA in UMNOVA & 

VANDERFLIT 1971) VoLKOVA 1990. Nellia magna (see a translation of the original 

diagnosis in Appendix 1) has its first pole decorated with 2 to 4 short processes (3 to 12 pm 

in length) and the other pole with long processes (25 to 40 pm) connected by a membrane. 

Nellia acifera (see a translation of the diagnosis in Appendix 1) was described as bearing a 
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rectangular to rounded vesicle. The first pole bears one to three simple processes that are 3 

to 13 pm long, while the other pole shows 3-6 processes of a length between 7 to 15 pm, 

that are connected by a membrane, that is often not visible, however, according to the 

original diagnosis (possibly due to preservational problems). Ne/lia sukatschevii (see a 

translation of the diagnoses in Appendix 1) presents a similar body shape and on most 

specimens with two processes, more rarely up to five processes, at one pole. These 

processes are between 9 to 16 pm long, according to this diagnosis. Two processes are also 

present at the other pole and they are connected by a membrane. One or two additional 

processes may be present at this second pole. However, this diagnosis does not fit with the 

original specimen figured by TIMOFEEV (1959, pl. VI, fig. 36). 

More recently, a further new species was questionably attributed to the genus: 

Ne/lia? /ongispinata PARSONS & ANDERSON (2000). Thus PARSONS & ANDERSON (2000) 

described this new species with one prominent process at the first pole. They questionably 

attributed this species to Ne/lia because they did not clearly observe a membrane at the 

second pole, that would be necessary for the attribution to the genus. 

Pive species are therefore currently attributed to the genus, of which one attribution 

remains questionable. Similarly to the somewhat confused taxonomical status of the genus, 

the distinction of the species does also not appear to be without problems, as possible 

overlaps exist between the five species following their original descriptions. The main 

diagnostic features retained for the specifie recognition are the number and the lengths of 

the processes which are two parameters known to be highly variable in acritarch 

morphotypes (as in dinoflagellate cysts). The taxonomical status of these five species 

therefore appears somewhat uncertain and the observation of larger population may be 

useful for a better understanding of the relation between the different species. 
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In summary, ali five species show a first pole with fewer and smaller processes 

following the observation of TIMOFEEV (1959). This pole was generally named, for 

convenience, the "apical" pole. The processes are in number of one or two, and may rarely 

reach the number of six. Their length varies from a few Jtm to up to about 15 Jlm. The other 

pole, named "antapical" pole, usually has a higher nurnber of longer (up to 40 Jlffi) processes 

that are often bent towards each other and may show a membrane. 

Nellia morphotypes in Algeria 

A continuons morphological variability can be recognized in the population of 

Nellia observed in the acritarch assemblage investigated in the present work. The 

morphological variability was observed on both poles of the specimens of Nellia, but it is 

particularly weil expressed on the "apical" pole. A selection of specimens are illustrated in 

Figure 4. 

Among the 113 well-preserved specimens of Nellia from the Algerian Sahara, 86 

specimens possess one process on the apical side of the central body. 18 specimens display 

two or three apical processes and three specimens have four processes. Six specimens did 

not have processes on the apical pole, or the number of processes was not possible to define 

because of preservational conditions. 

On the "antapical" pole, commonly two or three processes, more rarely four 

processes were observed. These processes usually have a similar length. In a few specimens 

the processes branch at the basis. The processes, and particularily their tips often bend 

towards each other, which feature also guides the attribution of the specimens to the genus 

Nellia. A delicate membrane connecting processes of the "antapical" pole was observed in 
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sorne specimens. However, in many other specimens the membrane was absent, probably 

due to degradation, as it was also described by VOLKOVA (1990). 

Among the Ne Ilia specimens observed, one of the antapical processes seems shorter 

and is situated slightly higher than the other processes at this pole, which may be due to the 

flattening during sedimentation, diagenesis, or the processing of the samples. Two 

additional processes situated in the middle part of a specimen have also been recorded. Such 

processes were mentioned in the diagnosis of Nellia acifera by VOLKOVA (1990). It is 

important to note that the majority of the Algerian specimens do not possess a complete 

membrane between the antapical processes. The attribution to Nellia is therefore limited to 

the gross morphology. A simple split opening was observed in sorne specimens in a 

meridian position between the apical and antapical poles. 

Statistical investigation 

Because of the simple morphology of Nellia morphotypes, five parameters have been 

considered for the multivariate analysis of which four were retained for a statistical 

description (Tab. 1). The following dimensions have been measured: the vesicle height VH 

(i.e. the distance between base of the apical process an the middle of the line between 

antapical processes), the length of the apical APL and antapical processes ATPL, the 

distance between the antapical processes DBA TP. 

VH DBATP APL ATPL 
Minimal value 11 4 0 0 
Maximal value 37 25 14.5 23 

Mean 23.7 16.3 1,9 5.8 
Standard 

4.3 3.7 2.7 3.9 
deviation 
Variance 18.7 14.1 7.2 15.7 

Table 1: Descriptive statistics of the five morphological parameters. Minimal, maximal and 

mean values in ~tm. 
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The number of antapical processes bas been added to the database as a discrete 

parameter. However, as the two/three antapical processes are undistinguishable in length 

one from the others, we considered the addition of the lengths of the antapical processes as 

a single continuous morphological feature. 

The results of the CF A are interpreted through different factors of which a relevant 

selection is taken. Fig. 3-A displays the distribution of specimens in the first plane (Factor 1 

- Factor 2) in which more than 26 % of total inertia (i.e. variability) can be recovered. Fig. 

3-A presents the results of the cluster analysis in a hierarchie tree. Fig. 3-B illustrates also 

the results of the cluster analysis with the outlines of two clusters where sorne specimens 

are indicated (at the contact between the clusters and in sorne extreme parts). Table 2 shows 

the results of the discriminant analysis. The values of the "Wilks Lambda" index support 

the model with two clusters which corresponds to the best partition of morphotypes. Such 

interpretation is corroborated by the total reallocation provided by the analysis, while other 

models propose lower rates of reallocations. 

The best discriminant parameter on Factor 1 (Fig. 3-B) is obviously the number of 

antapical processes which divides the scatterplot in two areas with strong relationships: an 

area with specimens having two antapical processes (negative values of F1) and the other 

one with specimens having three antapical processes (mostly, positive values of FI). The 

factor 1 also shows a complete gradation in length of antapical processes. This variation 

represents the main scheme of continuous variation in the Algerian population but does not, 

however, allow any discrimination between morphotypes having shorter and longer 

antapical processes. 

The Factor 2 is best explained by the body height and the length of the apical 

process. lt presents the distribution of morphotypes having a low body height and a small 
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Figure 3: A - Cluster analysis of the Algerian specimens of Nellia., retaining two clusters. X-Axis: specimens 

of the study; Y -Axis: relative distance in percent. ln black: cluster l; in grey: cluster 2; p.l: phenon tine. 

Vertical scale of the Y-Axis converted in percent distances to the total agregation distance. B - Figure 

illustrating the first plane of the Correspondence Factor Analysis. The two clusters are indicated following the 

results of the cluster analysis and the discriminant analysis. 
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2clusters 3 clusters 4 clusters 
Wilks 

0.00239 0.82558 0.75183 
Lambda 

%Correct 
100% 66% 53% 

reallocation 

Table 2: Results of the discriminant analysis. Values of the Wilks Lambda show a great consistency (minimal 

value) for a model with 2 clusters, rather than three or four as proposed by the cluster analysis. Respective 

correct real location is also provided for each model. 

apical process (negative values of F2) and the other fonns are represented by morphotypes 

with a greater body height and a longer apical process (positive values of F2). 

Questionable specifie attributions 

In previous works, two ways of classification have been suggested for the 

morphotypes included in the genus Ne ilia. The first, by VOLKOV A (1990), is based on the 

number of antapical processes covered by a membrane, i.e. Ne/lia longiuscula GOLUB and 

VOLKOVA in VOLKOVA & ÜOLUB, 1985, N. acifera (UMNOVA in UMNOVA & VANDERFLIT 

1971) VOLKOVA 1990, N. magna VOLKOVA 1990, N. sukatschevii (TIMOFEEV 1959) 

VOLKOVA 1990. A second classification is based on the number and prominance of the 

apical process(es) whereas body shape is considered to be variable (PARSONS & ANDERSON 

2000), i.e. Nellia? longispinata PARSONS & ANDERSON 1996. These two morphological 

classification schemes overlap in sorne cases. For instance, the specimen of N. acifera 

illustrated by VOLKOVA (1990: pl. 24, fig. 12) fits partly into the definition of Nellia? 

longispinata PARSONS & ANDERSON 2000. 

Within the Algerian population, the two clusters drawn up with the automatic 

classification are partly in accordance with the usual taxonomy of the species in Nellia. The 
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automatic classification (Fig. 3-A) gives further details on the way the partition is realised. 

Morphotypes from cluster I (32 specimens) may be attributed to N. sukatschevii after 

VOLKOVA (1999) and PARSONS & ANDERSON (2000), with specimens having two antapical 

and one single apical processes. Although rare, the occurrence of specimens with numerous 

(up to four) or without any apical process is recorded (for negative values of Fl and low 

values of F2). Extreme morphologies are also recorded for less discriminant criteria. For 

high values of Factor 2, morphotypes having a large (high) vesicule and longer processes 

are present. 

Links with cluster II are carried out by morphotypes with both short antapical and 

apical processes and a smaller vesicle. The cluster II (81 specimens) is characterised by 

morphotypes with a large variability in apical/antapical processes lengths. Two other 

extreme mophologies are recorded. The first extreme shows a longer apical process with a 

large (high) vesicle, the second is characterised by shorter apical process(es) and longer 

antapical processes. These morphotypes fit also in the descriptions of N. acifera from the 

East European Platform (VOLKOV A, 1990, 1999). 

Cluster II includes also sorne morphotypes which may be attributed to N. 

longiuscula (for negative values of F2 and low positive values of Pl). The morphotypes 

show sorne more variability on the apical pole, where two apical processes are frequent, 

althought there are still three antapical processes. In N. longiuscula, the variability indicated 

by ÜOLUB and VOLKOV A in V OLKOV A & ÜOLUB ( 1985) is weil expressed on both pol es 

with four to six processes, which is a higher number of processes in comparison with the 

Algerian specimens of our study. For this reason, it is problematic to assign without 

difficulties sorne morphotypes from cluster II toN. longiuscula, as these morphotypes are 

not weil separated by the multivariate analysis. 

18 



Article II - "Reevaluation of the Upper Cambrian-Lower Ordovician acritarch Nellia 
acifera Golub & Volkova", accepted for publication in Neues Jahrbuch for Geologie und 
Paliiontologie, Stuttgart, Germany 

! 

1 - c L----·-~-··-·····-------------- ----···-·---.l----' 

1 

l-

I 

~ 
r-----------·---
l r 

1 

~--·---------L.-.-10 

-h 

Figure 4: For ali microphotographs, scale bars: 10 !J.m. a-d: specimens attributable to N. sukatschevii; e: 

specimen attributable to N. acifera, with the antipical membrane; f-g: specimen attributable to N. acifera; h: 

specimen attributable to N. longispinata. 
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Sorne of the morphotypes from the two clusters correspond to the specimens figured 

as N. sukatschevii by VOLKOVA (1999) and PARSONS & ANDERSON (2000). However, both 

works do not demonstrate that the specimens with two antapical processes constitute a pole 

of the population of the quadrispinosed N. sukatschevii morphotypes as shown by 

TIMOFEEV (1959). We therefore exclude herein their specimens from the species N. 

sukatschevii and attribute the trispinosed-quadrispinosed morphotypes of our study to N. 

acifera, according to the diagnosis of this species proposed by VoLKOVA (1990), which 

describes such kind of morphological features (Appendix 1). Moreover, the multivariate 

analysis and the automatic classification both indicate that the pattern of morphological 

variation does not allow an optimal discrimination between the clusters. The pattern of 

variation of the apical process length recognized by PARSONS & ANDERSON 2000 for the 

definition of N.? longispinata is not considered he re as valid because no significant step in 

the analysis bas been recognized for this parameter. As the Algerian plexus of Nellia seems 

to be a complex unit of morphotypes with a large morphologie variability, we suggest the 

attribution of the whole Algerian population to the species N. acifera. 

Discussion 

The classification of Ne/lia, used in previous works, did not fully include the 

morphological variation expressed in the populations. In the Algerian material investigated 

here, two morphotypes are present, which are attributed to N. acifera, based on the 

statistical analysis showing possible connections between the populations as seen between 

cluster I and II (Fig. 3). These morphotypes are characterised by specimens having a 

trispinosed-quadrispinosed triangular to rounded-quadrangular vesicle with measurements 
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indicated on Table 1. 

Such morphotypes were not figured by TIMOFEEV (1959) who illustrated only one 

large specimen of N. sukatschevii with bispinosed apical and antapical potes, without any 

membrane. Comparable morphotypes from the Moscow area were presented by UMNOV A & 

VANDERfLIT (1971, pl. 1, fig. 18) and UMNOVA (1975, pl. 22, fig. 21) as 

Acanthodiacrodium bucerum and Dasydiacrodium bucerum, respective} y. Other 

morphotypes with more antapical processes but only one single apical process are also 

shown in both works (UMNOVA & VANDERFLIT, 1971: pl. 1, figs 19, 20, 21; UMNOVA, 

1975: pl. 22, figs 22, 23, 24). In other acritarch populations from the Leningrad district, 

VOLKOV A ( 1990) illustrated sorne specimens of N. sukatschevii with two apical processes 

(pl. 24, figs 5-8). In this area, these morphotypes seem to be more common, apart from 

sorne specimens with more processes on the two poles. In the diagnoses of N. sukatschevii 

and N. acifera, VOLKOV A (1990) mentions the presence of a membrane. In the Leningrad 

district, VOLKOVA (1999) presented also sorne acritarch assemblages where morphotypes 

attributed to N. sukatschevii (pl. 2; figs 4-5) are Jess abundant than N. acifera. These 

sukatschevii morphotypes are characterized by one or two apical processes and two 

antapical processes, white N. acifera is represented by specimens with single short apical 

process and three antapical processes, similar to the specimens figured by UMNOV A & 

VANDERfLIT (1971) and UMNOVA (1975). The material from Newfoundland figured by 

PARSONS & ANDERSON (2000) is mostly represented by morphotypes having a single apical 

and 2-5 antapical processes. Their measurements show that the apical process is on an 

average longer in N. sukatschevii and N.? longispinata than in N. acifera. A large variation 

in the apical process length characterises the specimens that they illustrated as N.? 

longispinata. Comparable morphotypes are represented in the Algerian population. In our 
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material, the specimens with a single apical process are predominant and 2-3 antapical 

processes are present. Furthermore, the variation in size of the apical process follow nearly 

the same pattern of variation but it is more expressed in specimens having three antapical 

processes (cluster Il) which represent the most frequent morphotype. 

Considering the whole population of Ne/lia from different areas, the Algerian 

material comprises morphotypes comparable with those of Newfoundland and partly with 

those from Russia. Nevertheless, any comparison with other areas should be limited as local 

environmental influences may imply large differences in the morphology of Nellia 

specimens. Moreover, our interpretations are limited to material from the Algerian Sahara 

and do not include detailed variability studies on material from Russia or Newfoundland. 

For these reasons, we make no formai taxonomical proposai in this study. 

The statistical investigations of the specimens of Nellia from the Algerian material 

allow also a comparison with other genera. The material figured in this study is characterised 

by morphotypes having a morphological variability centered on triangular to pyramidal 

vesicle outlines, with one or several processes at the apical pole white the antapical pole 

always bas more processes. This morphological feature is shared with sorne other 

diacrodians. The distinctive feature is represented by the antapical membrane which is only 

present in Nellia, white other genera rather present, with few antapical processes, either a 

bunch of thin hairy processes (i.e. Barakella, Buchinia, Calyxiella, Ladogella) either a 

reticule (i.e. Arbusculidium) or numerous processes without any additional structure (i.e. 

Acanthodiacrodium). The nearest forms from the Algerian morphotypes of Ne/lia are 

represented by morphotypes in Dasydiacrodium and Veryhachium. Sorne Nellia-like 

morphotypes of both genera have been attributed to different species such as 

Dasydiacrodium caudatum and Veryhachium dumontii by Vanguestaine (1973). After its 
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original diagnosis, D. caudatum presents a triangular to oval granulate vesicle with one 

apical process (sometimes two) and 6 to 14 antapical processes. The diagnosis of V. 

dumontii also describes a granulate triangular vesicle with three main processes (with one 

inflated pole, defining the apex) and usually additional processes at the antapex. Considering 

the large variation observed in Nellia, it is possible that sorne specimens of Algeria may 

constitute intermediate morphologies with morphotypes of D. caudatum and V. dumontii. 

Sorne specimens previously published in the literature are morphologically close to Nellia. 

For instance, we consider that the specimens of D. caudatum figured by Vecoli (1999; pl. 6, 

figs. 3-4) are very close to those attributed to Nellia in this study. However, the present study 

remains limited to the genus Nellia and its interspecific variability and further investigations 

on Dasydiacrodium and Veryhachium are still necessary to understand the relations between 

these three genera. 

Stratigraphy and palaeobiogeography 

The genus Nellia is known from several localities in Russia and Newfoundland, but 

it is recorded as Ne !lia in the Algerian Sahara for the first ti me. GOLUB and V OLKOV A in 

VOLKOVA & GOLUB (1985) defined Nellia and its type species N. longiuscula from Upper 

Cambrian sediments of the Leningrad district in Russia. VoLKOVA (1990, 1999) recorded 

previously the presence of the four species N. acifera, N. longiuscula, N. magna and N. 

sukatschevii in the Upper Cambrian of the Yaroslav'l region from Russia. In the acritarch 

assemblages of the East European Platform, PAALITS (in HEINSALU et al. 1991, in MENS et 

al. 1993) and ÜLARU (2000) noted also the occurrence of Nellia longiuscula in the Upper 

Cambrian of north-eastern Estonia and Romania, respectively. 
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In Newfoundland, the species Ne/lia acifera, N. sukatschevii and N.? longispinata 

were recovered in the the biozones Ra 9 to RalOb, the latter being attributed to the 

Tremadocian (PARSONS & ANDERSON, 2000, tab. 1). However, the definition of these 

biozones by using the Ne/lia species remains problematical. The morphologie variations 

observed in the species of Ne/lia in Algeria show the need of a revision of the status of these 

biozones, which were defined partly by N. acifera (and Ooidium rossicum) for the biozone 

Ra9, and by both N. sukatschevii and N.? longispinata for the biozone RalOa. 

In Algeria, the sample of our study is situated in the range attributed to the lower 

Tremadocian by VECOLI et al. (1995) and VECOLI (1999), where the occurrence of Ne/lia 

bas never been reported in previous studies. Thus the range of the genus Nellia is so far 

known from the Upper Cambrian to the lower Tremadocian. 

Regarding the palaeogeography during the Early Ordovician (see for example 

BASSETI et al. 2002; fig. 1-B), the occurrences of Ne/lia cited above are distributed in 

localities situated on A valonia, Bal ti ca and the northem mar gin of Gondwana. Ali these 

localities are close to palaeolatitudes of 60° Sor higher. These areas at high palaeolatitudes 

are related to cold water areas and may imply that Nellia was palaeogeographically limited 

to the high latitudes of the southem hemisphere and possibly to cold marine environments. 

Conclusions 

The genus Ne/liais recorded in the Algerian Sahara for the first time. 1t is apparently 

distinguishable from Acanthodiacrodium, Arbusculidium, Buchinia, Calyxiella, 

Dasydiacrodium, Ladogella and Veryhachium. However, due to the large variability and 

different preservational conditions, the Nellia specimens may be confused with sorne of 
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these genera and sorne of their species (e.g. Dasydiacrodium caudatum; Veryhachium 

dumontii). Further investigations are necessary to clarify the exact relations and boundaries 

between these taxa. 

The morphological variability between morphotypes formerly attributed to the 

species N. acifera, N.? longispinata and N. sukatchevii implies that ali of them may 

correspond to one and the same unit, of which the status still needs to be clarified. Indeed, 

many intermediate specimens are recorded in the Algerian material and the statistical 

analysis has shown that the differences between these morphotypes are not enough relevant 

to support any attribution to the different species described in the usual literature. In our 

study, the morphological differences observed on the specimens currently attributable toN.? 

longispinata PARSONS & ANDERSON 2000 is of a low level of statistical significance. Thus, 

these specimens are included in the species N. acifera. Similarly, the morphological 

differences between the species N. sukatschevii and N. acifera does not allow a clear 

discrimination and ail Algerian specimens currently related to the two species are also 

attributed to the species N. acifera. However, further investigations from other localities are 

still needed before a definitive taxonomical statement can be made. Such examinations 

should similarly clarify the position of sorne morphotypes currently described in open 

nomenclature. 

According to the previous studies, the stratigraphical range is shown to be within the Upper 

Cambrian-lower Tremadocian. Palaeogeographically, the genus Ne/lia is so far limited to 

high latitudes of the southern hemisphere, but more research is necessary to provide the 

evidence that Nellia is part of a cold-water assemblage. 
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Appendix 1 

Translation of diagnoses of some taxa (from Russian) 

Buchinia VOLKOVA in VOLKOVA (!990), p. 59. 

The vesicle is quadrangular in outiine, heteropolar. Omamentation is conc.entrated at poles. 

At one pole there are 1-3 simple pt"Oœsses. At the other, there are 1-5 simple processes, 1-3 

of which can be significantly longer than others. At L'lis pole a bunch of thin hairs is 
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situated. The last can he connected by anastamoses or a membrane. Hollow bases of 

pocesses at both poles freely communicate with the vesicle cavity. The surface of vesicle 

and processes is smooth or has a ver-y weak: omamentation. 

Ladogella GOLUB & VOLKOV A in VOLK(W A & ÜOLUB ( 1985), p. 95. 

The vesicle is rounded, rounde.d-re.ctangular or irregular rounded mu]ti-angular in outline. 

The wallis relatively thick. The wall surface is smooth or shagreen and bears processes of 

two types. Processes of the tïrst type are distributed more or less evenly on the vesicle 

surface. They are simple, non-branching wîth conical hollow basis, which later transforms 

into a thin solid spine of a middle size. The top of the last is sharpened and can be slightly 

widened. The spine surface ïs smooth, granulated or covered with small spines. Processes of 

the second type are grouped in a small bunch on antapical pole (for the antapical is tak:en a 

pole with structure) and is a bunch of thin hairy-like processes, with basis thickened in a 

shape of grain or small hillock. 

Nellia GoLUB & VoLKOVA in VoLKOVA &GoLUB (1985), p. 96. 

Vesicle is rectangular, heteropolar in outline. Omamentation is concentrated at poles. One 

of the poles possess few short wide conical processes, the other has long spiny processes. 

The last are parallel to the longitudinal axis of the vesicle, and compose the rectangular 

outline of this pole. The spîny processes can be connected by anastamoses or membrane. 

Hollow basis of processes on both poles freely communicates with the vesicle cavity. The 
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surface of the equatorial zone and processes is smooth and shagreen. 

Nellia acijera (lJMNOVA in UMNOVA & VANDERFUT 1971) VOLKOVA i990 in VOLKOVA 

(1990), p. 73. 

Vesicle shape is rectangular-rounded. The wall is thin, the wall surfac.e is microgranulate 

shagreen and smooth. 1-3 spine-looking proc.esses of 3-13 ~m long are developed on one 

pole. On the other pole, there are 3-6 spine-looking processes of 7-15 ~tm long, which are 

connected by a membrane aH along the processes, including their top. Commonly, ends of 

processes are bent towards the center of the vesicle. The membrane is often not preserved, 

but the bending of tips of processes is almost always observed. ln the middle part of 

vesicles of some samples 1-2 processes without membrane are often observed. Processes on 

both poles are hollow. with inner cavity treely c.ommunicating with the vesicle cavity, tips 

are blunt. Vesicle length including processes 30-50 f.tiD, width 15-24 ~tm. Measured 18 

specimens. 

Nellia longiuscula GOLUB & VOLKOVA in VOLKOVA & GoLUB (1985), p. 96. 

The vesicle is rectangular in outline. One pole possesses 4-6 weekly developed wide conical 

processes of 2-5 ~tm. The other pole is ornamented with multiple long spine-like processes, 

basis of which is situated one and the same levet AH along, processes are connected by 

anastomoses, between which a membrane can be present. Processes compose a tight bunch, 
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parallel to the longitudinal axis of the vesicle. The surface of the wall and the processes is 

smooth. Size (in ~t.m): length of vesicle (induding processes) 25-45, width 15-24 (holotype 

20-36), length of bunch of spine-looking processes 14-20 (holotype 18). 

Nellia magna VOLKOVA in VOLKOVA (1990), p. 74. 

The vesicle is rectangular in outline. One pole possess 2-4 small processes with wide 

conical basis, 3-12 ~-tm (in holotype 4 f!ID) long. On the other pole, there are long hollow 

spine-looking processes, which are connected with each other by a membrane all along the 

processes. Ends of processes are slightly bent inside the vesicle. The wall of vesicle and 

processes is thin, the surface is smooth or shagreen. The vesicle length including processes 

is 55-75 !J.ffi (holotype 58 !J.ffi), width 20-28 !lill (holotype 25 !J.m), length of the bunch of 

spine-looking processes is 25-40 f.tlll (holotype 38 !lm). 

Ne/lia sukatschevii as Acanthodiacrodium sukatschevii in TIMOFEEV (1959), p. 76. 

Vesicles are rectangular in outline, solid; each corner possesses one sharpended, long spine. 

The length of each spine is _ of the vesicle diagonal. At one of the pol es, spines are bent so 

that they are turned with the sharp ends tm;vards each other. The sculptural background is 

shagreen. The col our is light yellow-grey. 

Neflia sukatschevii (TIMOFEEV 1959) VOLKOVA in VOLKOVA (1990), p. 74-75. 

The vesicle outline is rounded-rectangular, which sometimes reminds trapezium. The 

?Q 
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vesicle wall is thin; the surface is microgranulate, less commonly smooth. One pole possess 

2, seldomly 1 to 5 spiny hollow processes 3-14 ~-tm long. Two spiny processes are situated 

at corners of the opposite pole. Processes are hollow, 9-16 Jtm and bent towards each other. 

They are connected by a membrane ail along, sometimes excluding tips. Seldomly, this pole 

possess 1-2 additional processes, but the membrane is absent from these processes. Cavities 

of processes freely communicate with the vesicle cavity, ends are blunt. Membrane between 

processes is often not preserved, but bending of processes towards each other is usually 

observed. Totallength of the vesicle with processes is 33-35 JLm; width is 17-22 JA.ffi. 12 

specimens measured. 

Appendix2 

List of citations of NeUia species in literature 

TIMOFEEV ( 1959): Acanthodiacrodium sukatschevii 

TIMOFEEV ( 1966): Acanthodiacrodium sukatschevii 

UMNOVA& VANDERFLIT (1971): Acanthodiacrodium bucerum (UMNOVA) 

var. aciferum 

UMNOVA (1975): Dasydiacrodium bucerum var. aciferum 

VOLKOVA & GOLUB ( 1984): Ne/lia longiuscula 

VOLKOV A & GoLUB (1985): Ne/lia longiuscula 

10 
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VOLKOV A ( 1990): 

HEINSALU et al. (1991): 

MENS et al. {1993): 

VOLKOV A { 1995): 

VOLKOV A & KIR 'y ANOV ( 1995): 

PARSONS & ANDERSON {1996): 

VOLKOVA (1997): 

VOLKOVA(1999): 

ÜLARU {2000): 

PARSONS & ANDERSON (2000): 

Nellia acifera 

Nellia magna 

Nellia sukatschevii 

Ne/lia longiuscula 

Nellia longiuscula 

Ne/lia longiuscula 

Nellia magna 

Nellia longiuscula 

Nellia magna 

Nellia acifera 

Nellia sukatschevii 

Nellia magna 

Nellia acifera 

Nellia longiuscula 

Nellia magna 

Nellia sukatschevii 

Nellia longiuscula 

Nellia acifera 

Nellia? longispinata 

Nellia sukatschevii 
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T he organisms thar produced rhc <tcritan::hs are 
thoughr ro have been [he major cornponem of 

rhe organic-wallc:d mîcrophyroplanhon in Prorero­
zoic and Paleozoic oo;c:ans. A~ the primai}' producers, 

these organisms represcnt the base of the food chain 

ln the Proterozoic and Paleozoic marine ecosysœm. 

In order ro understand the functioning <llid evolution 

of the Paleozoic marine ecosystem,. it is essential ro 

undcrstand the marine phywplankron. im imercst­
ing question discussed by such authon; as Strorhcr er 

al. (1996b) is whether Phanerozoic phytoplankron 

divcrsit:y and invenebrare diversit;' Jrc 1inked or de­

coupled f-rom cach otheL 

h biodiversification of the mai or Ordm,icîan fossil 

groups related co the evolution of the micmpbyw­

plankton, rè>r exarnple, acritarchs? This t--hapter dis­

:usscs some of rhc· prublems in pmdu::ing an Ordo­

vician phytoplankwn (acrirarcb} divemty curve and 

whcther biodivc:rsification, speciation, and radîadon 

events can be idemified, as they seemingly have for 

rhe major macrofossil groups. 

• The Group '~critarcha" (TS, RW") 

Definitùm and lnterprettltùm 

During the early l960s, p~uynologim were able to 

attribute most lvlesozoic "hysuichosphcres" (organic­

wallcd microfossih ·with a "sphetical" body and 

"spines") to the dinoHagellarc:s (a dass of rhe Pyrrho-

phyra). Ho>vever, rhere remained a large number of 

predorninandy Prorerozok and Paleozoic organic· 

\val.lcd microi:Ossils whosc biologie affinities wcre stili 

uncena.in. Evitt {1963) rhus proposed t:he œrm 
'!\critarcha" to indude ail ort!'anÏC-\valled microfossils 

of variabk shape and size and of unknO\'ln biologie 

affinity. Erymologically, acritau:b means "of unc.ertain 

origin" (from rhe Greck: ttkritos,. uncen:ain, confused; 

and arche, odgin). Acrirarchs arc:, therefore, by clef· 

inition, an informal polyphyleric group of organic­

walied incertrœ sedis microfossils \vithow: any nomen· 

datural rank or status and must be considered a 

paiynological catchall caregory. For a derailed revievv 

of subsequent definitions and a discussion on the 

value and meaning of the rerm t?C!Ùttrcb, sec Servais 

er aL 0 997). 
The inrerpn.::tation of whar acrit;m:hs arc c:i.:s [<l 

<.UlS>ver the gue.'ition about rh·:::ir biological ai:1inities, 

thar is, to which biologie emides can the differem 
acritarch murphorypes be assigned? A consensus cx­

ists roday that most acrirarchs are probably the cy.m of 

diverse rnarine microphytoplankton groups and that 

most of them \Vere probabiy "pre-dinoflagelhues." 

Although microfossils displaying rhe morphologic1l 
criteria of dinof!agdlate cysrs {e.g., the presence of 

an "archeopyle" excystment opening and paratabu~ 

l:ation) fim appear in the JVliddle Triassic. there is 

now sufficient ulm.<structural and molecular phylo­
gt·netîc evidence ro indicare chat the dinoflagdlarcs, 
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togecher with orher groups of the alveolate lineage, 

such as che ciliates and apicompk'<anS, possibly di~ 
verged as carly as the Prorerozoic (Fensome er al. 

1996). Additionally, geochemical (biomarker} studies 

(Moldowan ~t :U. 1996) suggcst rhat sorne Early 
Paleozoic acrirarchs, particulady acanr.hornorphic 

acritarchs, may belong ra the dinoflagdlares {Talyz~ 
ina er al. :2000). 

Many acrirarchs display openings chat can be com~ 

parcd wirh excystmenr srrucrurcs, thus strengthening 

the bclief thar they probably represenr cysrs of uni~ 

cellular algae belonging to the Dinophyceae. Sorne 

morphotypes are, however, undoubredly phycomaca 

of unicdiular prasinophyce:m green algae (Colbath 
and Grenfèlll995), while others can likely be <lttrib­

uted to chlorophycean algae (Brenner and Foster 

1994), the Chlorococcales (fàmilies Hydrodictyacea 

and Scenedesmaceae), and Zygnemarales (family 
Zygnemaraccac) (Wood and :V1iller 1996). 

There are also rhose acrita.rch morphotypes rhar 

probably do not belong ro che microphyroplankron 

but are relaœd to miospores (reproductive d~ments 
of planes), the exoskdetal remains of higher organ~ 

isms (Fatka and Konzalova 1995), or even egg cases 

of meroplanktonic zooplankron (Van Waveren and 
Marcus 1993). However, the number of Ordovician 

acritarch species thar belong ro rhese latter groups is 

probably quite limited. 

As stated earlier, acrirarchs are generally inrcr­

prered as marine organisms. Most ta.xa certainly lived 
i.n marine environmems based on their association 
wirh various known marine r<>ssils. A few caxa·;' how­

ever, indicare probable brackish or even freshwarer 
cnvironmenrs, and a small number of nonmarine 

acritarchs are known from borh modern :md ancienr 

oceans (Riding and DlL'<bury 1993). 

Dcspite the problems of attributing biologie 
affinity, most aurhors today agree thar acrirarch mor~ 

phorypes represent, in most cases, cysts of various 

marine phytoplanktonic organisms. Therefore, acri­

tarch diversity changes during the Paleozoic do not 

reflcct rhe evolution of a single biologie group but 

rather rhc whole organic-walled phyroplankron (even 
if one includes the very lirnired number of taxa rhat 

may possibly be rclared ro nonalgal groups). An 
ana.lysis of Ordovician acrirarch diversity rhus :.lt­

temprs m w1dersrand the biodiversificarion. indud­
ing radiations and extinctions, of the cyst-forming 

Acritarcbs 3-t-9 

organic-\valled microorganisms thar formed rhc: major 

pan of the marine microphytoplankron and rhus the 
evolucion of the principal pritnat')' producers of rhe 
Ordovician oceans. 

Hist01J' mzd iYlethods 

Alfred Eisenack, a pioneer workcr on Paleowic 

organic~walled microfossils, firsr published on Ordo­
vician ;tcritarchs, as weil as chirinozoans and melano­

sclcriLes, during the early 1930s. However, mari­

graphie palynological research di~ nor seriously 
devdop unril rhe I950s, when the oil i~dusrry recog- · 

nized rhe value of palynomorphs tor dating and cor­
relation. Sinœ thar cime, acrirarch investi'garions have 

greatly incrcased in number. A review of the liœrarure 
on Ordovician acrirarchs (Servais 1998) shm.vs thar 

si nee the early 1960s bet\veen 10 and 20 papers have 
been published every year, versus Jess than 43 papers 

per year betore 1960. Compared with most Ordovi­

cian macrofossil groups, the srudy of acritarchs is srill 

in its infànq. 
In analyzing acrirarchs, che enclosing rock marri..-: 

often derermines rhe method of study. In most cases, 
standard palynological preparation techniques involv~ 

ing dissolution of the rock wirh hydrochloric (HCl) 
and hydrotluoric acid (HP} are employed (Wood et 

al. 1996). The liberated specimens can rhcn be 

srudied by lighr or scanning electron microscopy. 

ln low~grade rnetamorphic rocks, where they are 

oft:en the only fossils still present and typically are 

poorly preserved, acritarchs can be smdied only by 

means of petrographie thin sections. This is because 

palynological extraction using acids yields only frag­
menrs of organic matter rhat can no longer be 
identifi.cd. The technique of polished sections (Mun­

necke and Servais 1996) is very useful for the obser­
vation of specimens in situ, thar is, inside rhc rock 

matrix. Howcver, neither of rhese techniques is suit­

able for routine biostrarigraphic smdies. 

Acrirarchs, as silt-sized particles, normally occur in 
mudstones, but they may also occtu in low numbers 

in limestoncs and fine-grained sandsrones. They are 
less frequent and gcnerally absent in coarse .~and­

swnes bec:J.use rhey have been wa.shed our or destroyed 
by raphonomic processes. Acritarchs arc rypically com­
plerely Aattencd in clastic sediments, but they may. in 
sorne limestoncs, be rhrce-dimensionally preserved. 
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Acrirarchs generally range in si7..e bet\'vc::en 20 <Uld 
100 micromctt:rs (microns}. Sorne forms, howevcr, 
are smaller (less rhan 10 microns') but remain al most 
totally undescribed because the fiJtcrs used in paJyno­
logical preparation are rypically 1 O-micron mesh size 
and usually only the fraction grc::arer than this size is 
analy-z.ed. Although sorne Prmerozoic acritarc:hs are 
as large as severa! hundred microns in diameter, 
most Ordovician acritarchs described are be{l.veen 20 

and 50 microns, while morphorypes in most posr~ 
Devonian rocks are small ( typically less th an 20 mi­
crons) and display a very simple morphology Gvfoly­
neux et al. 1996}. 

The number of acritarch specimens in Lower Palco­
z.oic sedimenrs is commonly bet\veen 20 and 100 
individuals per gram of rock but can casily reach 
1 0,000 specimens in well-preserved marerial. Dorn­

ing (1999) noted thar the Tremadocian Shineton 
Shales of the Welsh Borderland conrained many sam­
pies with more chan 100,000 acrirarchs pcr gram. The 
large number of individuals available for smdy con­
stituees both advantages and problems for che group. 
Highly diverse acritarch assemblages wich abundant 
specimens provide a large databasc with a high po­
remial for meaningful biosrracigraphic, paleoecologic, 
and paleobiogeographic interpretations. However. the 
complete description of all constîtuenrs in a. large set 
of samples can easily take many years ro complete. 

Biostratigrapbic, Paleoecologic, and 
Paleobiogeographic Distribtttio1t. 

Jusr as for rhe dinoflagcllates in Mesozoic and 
Cenozoic sediments, acritarchs have a high biosrrari­
graphic potçntial rhat is not yet realized. Publishcd 
Ordovician stratigraphie schcmes inregrare acritarch 

zones with a durariOfïof abour 2 million years (Cooper 
et al. 1995). Because of a pronounccd provincialism 
rhat is also observed in most orher Ordovician fossil 

groups, the publication of a global acritarch wnation 
appears at clüs rime to be unrealistic. Although the 
exact stratigraphie range of many acritarchs rcmains 
to be derermined, the first-appearance datum (FAD) 

of some selected species with a restricœd stratigraphie 
range is now known (Brocke et al. 1995) and should 

be very useful for the definition ofbiohorizons. 
It is noteworrhy thar the last-appearance datum 

(ù\D) is difficult to cstablish, as small palynomorphs 

can commonly be recyded inro younger rocks. ln rhc 
peri-Gondwanan area, which indudes not only the 
British Isles but also sourhern China, the formai 
definition of a succession of biohorizons, based on 
rhe EI\D of sclected taxa, should soon be possible for 
the Trcmadocian (Dorning 1999), as weil as orher 
parts of the Lower and Middle Otdovician (Li ct al. 
2002a). The duracion of thesc zones should be about 
2 million years, perhaps even shoner. For some re­

gions and sorne age intervals iris reasonable to expect 
zones of about a 1-million-year duration. 

In terms of paleogeography, rwo widcly accepted 
"provinces" have been defined on the basis of rhc 
occurrence of certain raxa. Volkova ( 1997) defined 
a "warm-warer" province that is charaeterized by the 
presence of the genera Athabascaella. Aryballomorpha, 
and Ltta in the Tremadocian of Balt:ica, Laurenria, 

Australia, and Norch China. Li (1989) redefined the 
"MecÜrcrranean" province on the presence of suc:h 
taXa as Arbuscttlidittm jilammtosum, Coryphidittm, 
and Striatotheca. This lan:er geographie assemblage, 
also named "peri-Gondwanan" province, oc:curs from 

high to low latitudes in many localiries along the 
border of Gondwana {Li and Servais 2002) during 
the Early and Mid Ordovic:ian. Although taxa from 
borh provinces are present on Balt:ica, a dear distinc­
tion bctween rhe assemblages of peri-Gond·wana and 
Baltica can be drawn (Servais and Fatka 1997). 

Modern and fossil dinoflagdlates reflect nor only a 
latimdinal (climatic) signal but also a coasral-neriric 

signal, that is, a nearshore-offshore trend, as well a~ a 
salinity signal. They are therefore very useful for pale­
oceanographie rec:onsrrucrions (Dale 1996). Similar ro 
the dinoflageiJares, the composition of an acrirarch 

assemblage resulrs from a combinarion of environ· 
mental paramcters. Thesc indude such facrors as tem­

perature, lighr, nutrienr supply, v.rarer chemisrry, t."alin­
iry, pH, waœr depth, surface currents, and rurbidiry. 

The porential of acritarchs for Paleozoic paleo­
ecologic interpretations has yet to be realized. Vari­
ous studies have dcmonstrated nearshore to offshore 
trends (Sraplin 1 961; Do ming 1981 ; \X·'icander and 
\Xfood 1 997; Vecoli 2000) and rhat the highest diver­

siry of acrirarchs occurs at inœrmediate depths. Fu­
turc detailed studies are needed w bercer understand 
the influence of fluctuating sea levels on the compo­
sition of acritarch assemblages. Thus far, only a fcVI·' 

sucb srudies have been done, and these concern the 
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Lace Ordovician of Laurcntia (Jacobson 1979; Col­
hath 1980). 

As wirh ail fossil groups, taphonomy must be 

considered when reconstructing che phytoplankton 
biocoenosis. ln terms of fossilization potential, it is 
interescing to note thar only 17 percent of modern 
dinofl.agellate species produce resring cysts {Head 
1996). Furthermore, it is well known thar oxygena­

tion, burial diagenesis, and metamorphism can 

damage or desrroy the organic matter comained in 

the sediments. This is the reason wh y many originaUy 

palyniferous sediments have proved ro be barren aftcr 

laboratory processing. Nevertheless, it is important 
ra remember thar the exrremely resistant acritarchs 

have onen been rhe only tossils found in otherwise un­
fossiliferous sediments. Furthermore, acritarchs have 

proved ra be extremcly useful for undcrsta.nding the 
geo!ogy of ~mcient basins and orogenesis as well as 

being biosrratigraphically uscful in mildly tnt:tamor­
phosed sediments, such a-; phyllites (Momenari et al. 

2000). 

P1'evious Compilations 

Sorne 40 ycars a&er Eisenack's first investigations, 

Tappan and Loeblich (1973) summarized rhe starus 
of acritarch research. They counted more thau 400 

species dcscribed from the Ordovician, making ir the 
system with che highest recorded number of species. 

Six years lacer, Cramer and Dk.c ( 1 979) compiled an 

index listing the diagnoses and stratigraphie ranges of 
ali known Paleozoic acritarch genera. r 

Du ring the ensuing years, t:he data set of acritarchs 

increased, and rhanks to a consortium of oïl campa­

nies thar brought together their databases, Fensome 

et al. (J 990) published the first complete catalog of 
acritarch species for ail geologie epochs, induding a 

species index listing almost ali species dcscribed ro 

1989. 

The important data set of Fensome er <Ù. (1990) 
was used by Strother { 1996) to establish distribution 

curvcs of genera rhrough rime. The latter auchor in­
corporated the age information provided by Fen­
sorne er al. (1990) tor the holocype of each taxon ro 

plot rhe number of al! valid1y puhlished genera over 

ti mc by normalizing the values pcr million years. This 
confirmed che general temporal trend inferred by 
Tappan and Loeblich (1973). After a conrinuous in-
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creasc in acrirarch diversity from the Preaunbrian ro 
the Devonian, a rapid decrease occurred neac the end 

of rhc Devonian. This decline led to a "phytopla.nkton­
blackout" during the Carboniferous and. Permian 
(Riegell996:133) and was tollowcd by the replace­

ment of acritarchs by dinoflagellates in the Middle 
Triassic. 

Strorher ( 1996) also uscd Downie's ( 1984) review 

of Paleozoic British acritarchs co compile summary 

charrs showing t:he stratigraphie distribution of se­

lected acritarchs from the Cambrian through the 

Oevonian. Scrother ( 1996), in applying the data sers 

ofDownie ( I 984) and Fensome et al. (1990), was the 
firsc ro pl or the distribution of acritarchs ·tor the Paleo­

zoic since Tappan and Loeblich (1973). 
Do•.:vnie's ( 1984) data set was based on his own in­

vesdgations during the previous 25 years and on the 
Ph.D. research of seven of his smdems, four of whom 

investigated che British Ordovician. In Downie's 

( 1984) compilation, che ranges of 57 Cambrian, 

131 Ordovician, 122 Silurian, and 104 Devonian 

specîes were given for the British series and stages. 

The indicated ranges induded bot:h the disrribution 
of d1e aforementioned species in the British Isles and 

cheir ranges elsewhere in che world. 
We also use Downie's (1984) daca set in rhis srudy 

(figure 32.1). However, we also indude the data ava.il­

able from the Llanvirn wirh reference ro British srrari­

gr-.tphic nomenclature (Forrey et al. 2000). The plotted 

results {figure 32.1) provide a biodiversiry curve for 

t:he Cambrian through Devonian for the British Isles, 

d1at is, the eastern part of Avalonia. Becau.se the 

British sequence is by far the best srudied of ail global 
sections, and because only a few new species have 
been described since the mid-1980s, the distribution 

curve given in figure 32.1 provides the most up-to-date 
information about the biodiversity of Paleozoic acri­

tarchs, ar leasr for Britain and orher parts of Avalonia. 
According ro rhese data, acrirarch diversiry increased 

from che Lare Cambrian ro rhe Trcmadocian and 
Arenig (more th<m 40 species present), reaching a peak 

in che Uanvirn (about 70 species). A rapid decrease in 

the number of spccies can be observee! in the Caradoc, 

and rhis t:rend is even more accentuated in theAshgiii. 
This doc::s nor neccssarily refiect a dccreasc in diversity 

bur rhe fuct rhat, at this time, almost no acricarch 

studies had been conducced on Caradoc a.nd Ashgill 
assemblages of rhe British Isles and other areas. 
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FIGURE 32.1. Number of acricarch species from the Precam­
brian to imm.ediately post Carboniferous, based on Downic's 
{1984) data set from the British Isles (following Strother 1996). 

• The Data Set (TS, LS) 

A rnarked contrast ex.iscs between the Proterozoic 
and Carnbrian acritarch biodiversity patterns of 
speciation and extinctions, and the total number of 
species never exceeds 100, according co Vidal and 
Moczydlowska-Vidal ( 1997). The situation in the 
Ordovician appears to be more cornplex, with a de­
veloping provincialisrn and much greater diversity, 
making a general overvie\'l.r more difficuJr. 

Following a suggestion from the International 
Geological Correlation Programme (IGCP) no. 410, 
"The Great Ordovician Biodiversification Event," 
Ordovician acritarch workers forrned an acrirarch 
clade group with rhe objective of assernbling ali data 
to establish a global biodiversity curve for Ordovician 
acritarchs. Accordingly, ali the known Ordovician 
acritarch lirerature was first compiled (Servais 1998) 
into a complete bibliographie index with more than 
700 references, including rheses and absrraccs, and 
listings of more chan 250 acritarch genera from the 
Ordovician. 

The compilation of published papers updated ro 
2001 is plotted on a paleogeographie rnap (figure 32.2) 

ro document the current srarus of Ordovician acri­
tarch research. Most studies (severa! hundred papers) 
have been concentrared in Europe (Baltica, A·va.lonia, 
and peri-Gondwana) and North Africa. The docu­
mentation from other regions comprises 50 papers 
from China (about 40 from the Yangtze Platform 
alone), 25 papers from North America, about 10 ar­
ticles from South America, and 4 papers from Aus­
tralia (2 thar only included detailed descriptions of 
taxa). Sorne paleocontinenrs still have no coverage . 

The next step for the acritarch clade team was to 

establish a complete database of Ordovician species 
(Servais and Srricanne 2001). The team compiled files 
thar included for each species (1) irs currenr generic 
attribution, (2) the year of irs description, (3) the 
author(s), (4) the age of the type macerial, and 
(5), where possible, the stratigraphie range of the 
species. Compilation is now in the final stage and in­
eludes almost ali species (more than 1,300). Together 
with the other taxa thar have been described from 
older or younger sediments, the number of species 
known to have existed during the Ordovician cur­
rencly exceeds 1,500. 

The exact: stratigraphie range for most species is 
not known. Whereas many Ordovician taxa have been 
described in monographie works in which the bio­
stratigraphy was not the first objective, others have 
come from samples of sediments lacking indepen­
dent age control. Many acritarch investigations had 
as their prime objeaive the daring of otherwise un­
fossiliferous rocks, commonly from areas with a com­
plex geologie history, involving orogenesis and meca­
rnorphisrn (Albani 1989). Thus, for many of the 
l ,300 known species from the Ordovician; the age of 
rhe holorype has not been satisfactorily esrablished. 

Anorher problem is thar for many species the 
holotype was neither well illusrrared nor described, 
leading to numero us potencial synonymies. Th us, the 
real number of Ordovician species is probably lower 
chan docurnented. Nevertheless, many species from 
well-invesrigated sequences are currencly well known 
and are extremely useful in the biostratigraphy of 
sorne areas (especially in the Lower and Middle Or­
dovician of Baltica and peri-Gondwana, including 
South China). 

The compilation of a catalog of Ordovician acri­
rarch species indicates chat for most species a taxo­
nomie revision is needed and precise stratigraphie 
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FIGURE 32.2. Number of arrides on Ordovician acritarch research plom:d on a paleogeographie reconsuuction of Li and Servais 

(2002) for che Arenig (- 480 Ma), based on the lirerarure compilation of Servais (1998). Data from Avalonia are from Newfoundland, 

che British Isles, Belgium, and Germany. The area of "sourhem Gondwana and peri-Gondwana" includes che data from Iran, Pakistan, 

Saudi Arabia, Jordan, and northern Africa. 

ranges must be established before attempting to draw 
diversiry curves. 

The counring of ali new Ordovician species indi­
cates thar many species were described from the 
Balcica continent, induding parts of che former So­
viet Union, with 150 ro 200 spedes for each of the 
British series. In the investigations of Ordov.ician 
acritarchs from southern Europe and North Àfrica, 
more than 1 00 new species were described in both 
the Tremadocian and Arenig, more than 80 species 
in che Llanvirn, but fewer rhan 40 species in both the 
Caradoc and Ashgill. New species from the Lower 
and Middle Ordovician of Laurenria are few in num­
ber. However, more chan 1 00 species are described in 
the Upper Ordovician of this continent. Only a few 
species are described from Australia, and Chinese Or­
dovician acrirarchs. are mosdy described from che 
Arenig (more chan 70 species for this imerval). 

The data set also provides the first estimation of 
the coral number of species in the Ordovician. Al­
though this number never exceeds lOO and generally 
lies between 30 and 60, compared with the Cam brian 
(Vidal and Moczyd}owska-Vidal 1997), the Ordovi­
cian appears to have a much higher diversity, with 

possibly more chan 200 species being present world­
wide during ail time inrervals of this period. 

In view of this information, ir is premature to pro­
pose a global biodiversiry curve. However, the revi­
sion of regional diversiry trends of areas that have been 
investigated in more detail provides sorne useful in­
sights, as shown in the ne.'{t section. 

a Local and Regional Diversity Trends 

Sorne research projects have included investigations 
of acritarch assemblages from concinuous sections 
with excellent independent biosrratigraphic control. 
These indude monographs thar depict local or re­
gional biodiversity trends. Summarized in the fol­
lowîng paragraphs are results from Baltica and a re­
evaluation of publications from three other areas, the 
aim being to document those regional biodiversity 
trends possibly in relation co geologie events. 

Baltica 

The acritarch data sec from Baltica is the largest 
compared with ocher areas in terms of the number 
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of described taxa. However, ir is difficulr to provide 
an overview for this region hecause different authors 
have tended to adopt different taxonomie concepts. 
Manr monographie articles indude a large number 
of new species, but most Jack definitive biostrati­
graphic control. 

Because of the possibility oflarge numbers of syn­
onymous species, ir is difficulr to estahlish acritarch 
diversity trends for Baltica. Nevertheless, the detailed 
study of one section in Esronia provides very useful 
information (Uutela and Tynni 1991). This section, 
the Rapla borehole (sorne 60 km south ofTallinn), is 
biostratigraphically weil documented, and the diver­
sity patterns of the acritarchs were compared not only 
with those of the chitinozoans but also with the 
changing lithofacies (Kaljo et al. 1996). A major re­
suit was recognition of regularly alternating acritarch 
and chitinozoan peaks (high acritarch diversity corre­
sponding to low chitinozoan diversity and vice versa), 
except at the beginning of the Uanvirn, when both 
groups radiated strongly. The extinction curves ofboth 
groups are similar, with major extinctions occurring 
during the lare Caradoc {Keila) and lare Ashgill 
(Pirgu), the latter refleeting the Lare Ordovician ex­
tinction event. 

North America (RW) 

The current Ordovician acritarch data set indicares 
thar 103 genera and 337 species thar are reporred in 
the lirerature occur in North American Ordovician 
strata. Of rhese, 26 genera and 153 species were orig­
inally described as new. 

Despite what appears to be a reasonably large data 
set for North American Ordovician acritarchs, many 

. pf the papers o_nly describe one or a few acritarch 
species and do not indude the entire acritarch as­
semblage. Furthermore, several of che described assem­
blages are based on only one or a few samples from a 
single locality and do not represem an encire forma­
tion. Most of the reported occurrences are not from 
continuous sections. Moreover, the sampling did not 
include several formations and lithotopes; nor did ir 
cross series or stage boundaries. This makes ir diffi­
cult to determine precise stratigraphie ranges for many 
species and to compare assemblages. Additionally, 
sorne of the illustrations and original descriptions of 

species are inadequate for positive attribution in sub­
sequent srudies, resulting in new species being cre­
ated and a consequendy higher diversity than acrually 
existed. Furthermore, numetous species have been 
erected on the basis of only a few specimens, poten­
rially leading to a large number of synonymies. 

Reporred occurrences ofLower Ordovician (Trema­
docian and Arenig) acritarchs from North America 
are sparse (Dean and Martin 1978, 1982; Martin and 
Dean 1981; Martin 1984, 1992; Barker and Miller 
1990). The acritarch assemblages descrihed hy Dean 
and Martin (1978) and Martin and Dean (1981) are . 
from sections in eastern Newfoundland, Canada (part 
of Avalonia), and have little in common with the 
Laurentian assemblages discussed in the following 
paragraphs. 

Lower Ordovician Laurentian acritarch assemblages 
have b~:en described by Dean and Martin (1982), 
Martin (1984, 1992), and Barker and Miller (1990). 
Dean and Martin (1982) and Martin (1984, 1992) 
reported on Tremadocian and Arenig acritarch as­

semblages from Wùcox Pass, Alberta, Canada. At this 
localiry, assemblages were reported from the Survey 
Peak Formation (Tremadocian) and the Outram and 
Skoki formations (Arenig). Twenty-four species were 
recorded (six new) from these three formations, the 
majority from the Survey Peak Formation. Impor­
tant taxa include Arybaliomorpha grootaertii, Athabas­
caella playfordii, A. rossi, and Lutz erdaopuziana, which 
are also found in northeastern China (Martin and 
Yin 1988). 

Barker and Miller (1990) reported a Tremadocian 
acritarch assemblage recovered from a Stratigraphie 
test welJ in Terrell County, Texas. The assemblage was 
dominated by sphaeromorphic and acanthomorphic 
acrirarchs, including representatives of. the genera 
Aryballomorpha, Athabascaella, and Lzea. 

The genera Aryballomorpha. Athabascaella, and Lutz 
have been reporred from Laurentia, norrheastern 
China, Ausrralia, and Ùland, Sweden. This associa­
tion is considered by sorne authors to he characteristic 
of a warm-warer province (Barker and Miller 1990; 
Servais and Fatka 1997; Volkova 1997). Except for 
Gland, the aforementioned locations ali were located 
at low latitudes during the Tremadocian, and Oland 
(part ofBaltica} was located in intermediate latitudes, 
berween the warm- and cold-water assemblages. 
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There are no Middle Ordovician acritarch assem­
blages reporred from North America. Loeblich and 
Tappan (1978 and authors quoted therein) did, 
however, describe numerous new acritarch species 
from rhe Mountain Lake Member of the "Middle Or­
dovician'' Bromide Formacion of Oklahoma. But, as 
reported by Bauer (1994), conodonts indicate thar che 
Mountain Lake Member is not Mid Ordovician but 
lare Whicerockian co early Mohawkian in age, which 
corresponds co che early Caradoc. 

The Upper Ordovician has received the grea test at­
tention, and most reported occurrences come from 
locations with well-documented stratigraphie and 
paleontological control. Upper Ordovician localicies 
from North America indude Indiana (Loeblich and 
Tappan 1978; Colbarh 1979), Kansas (Wright and 
Meyers 1981), Kentucky (Jacobson 1978; Loeblich 
and Tappan 1978), Missouri (Miller 1991; Wicander 
et al. 1999), Ohio (Loeblich and Tappan 1978), 
Oklahoma (Loeblich and Tappan 1978), Anticosti 
Island, Quebec, Canada (Staplin et al. 1965; Jacob­
son and Achab 1985; Jacobson 1987), St. Lawrence 
Lowland in the Ottawa, Montreal, and Quebec City 
areas, Ontario and Quebec, Canada (Martin 1983), 
and Gaspé, Quebec, Canada (Macrin 1980). These 
assemblages are very diverse with representation of 
rhe following genera: Baltisphaeridium, Dorsennid­
ium, Eupoikilofosa, Leiofosa, Lophosphaeridium, 
lv!ultiplicisphaeridium, Orthosphaeridium, Peteino­
sphaeridium, Po/ygonium, and Veryhachium. Many of 
the species thar occur in severa! North Amerittan lo­
calities are also found outside North America and are 
thus useful for correlating Upper Ordovician strata. 
These include Dorsennidittm hamii, Excultibrachium 
concinnum, Multip/icisphaeridium irregulare, Orthos­
phaeridittm ins,-ulptum, O. rectangulare, and Villo­
sacapsula setosapellicula. 

An understanding of biodiversification trends in 
North American (Laurenrian) Ordovician acrirarch as­
semblages remains still in its intàncy. Only a few areas 
have been srudied in the Lower Ordovician ofLauren­
tia, making conclusions for chis cime interval specula­
tive. Additionally; no North American Middle Ordovi­
cian acritarch assemblages have been reported in the lit­
erarure. Even the besc-known Upper Ordovician North 
American acritarch assemblages require further srudies 
before any meaningful trends can be ascertained. 

Acritarchs 3ss 
South China (LJ) 

During the Ordovician, China was probably com­
posed of a series of paleoconrinents. Three of these 
major blacks are the North China (Sino-Korean), 
Tarim, and South China places. More chan 50 pub­
lications have dealt with Ordovician acritarchs of 
China, and sorne of chese include detailed taXonomie 
analyses. 

Only a tèw publications concern North China. 
This area has so far been investigated only tor the 
biostratigraphy of acritarchs across dte Ca.mbro­
Ordovician boundary, espeeially in the Dayangcha 
section (Yin 1985). J\.lchough the divex;sity trend in 
this section is not precisely established, a graduai in­
crease in the number of species can be seen from the 
latest Cam brian co the earl y Tremadocian. The only 
srudies from the Tarim Plate concern che Qilang For­
mation (e.g., Li 1995). The acritarchs are from the 
mid-Caradoc graptolire-based Dicranograptm clin­
gani Zone. Diversity trends are not yet dererminable 
because acrirarch srudies of the underlying and over­
lying strata are still in progress. 

Most investigations have focused on the Lower 
and Middle Ordovician of South China, thar is, on 
the Yangtze Platform and the Jiangshan-Changshan­
Yushan ( J CY) area, from levels berween the lace Tre­
madocian and early Darriwilian. The acritarchs of 
the Yangtze Platform have been detailed by several 
groups of workers but are principally based on the 
Ph.D. theses of Li (1991), Xu (1995), and Brocke 
(1998). Thirty-nine publications covering this region 
have been published to date and are lisred in Li et al. 
(2002b). 

The paleogeography and the paleoecology of the 
Yangtze Platform are fairly well undersrood, as this 
area h.as been better studied chan any other region 
of China (Chen et al. 2001). The dominance of car­
bonates and maris indicaces a relatively stable carbon­
ace platform persisting from the lare Tremadocian 
throughout the remainder of the Ordovician. Souch­
eastward, these carbonate rocks gradually change into 
the graptolicic shale facies of rhe Jiangnan Bdt, which 
includes the JCY area and [ocally comprises sorne 
intercalated, lenricular beds oflimestone. Local litho­
facies changes can be observed within the Yangtze 
Platform, and these are reflected by biofades changes 
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from shelly to graptolire-dominated faunas. Sea leve] 
on the platform generally rose through earliesr Ben­
digonian (early Arenig) to Darriwilian cime. 

Acritarchs have been recovered from many sec­
tions of the Yangtze Platform. The assemblages dearly 
reflect: a graduallithofacies change from the northwest 
to the southeasr as indicared by changing abundance 
and diversiry patterns thar can be observed in the as­
semblages recovered from samples in the graptolire­
based Azygograptus suecicus Zone (earliest Mid Ordo­
vician) (Li et al. 2002a). In the shallow-water parc of 
rhe western Yangtze Platform in eastern Yunnan, rhe 
acritarch as~emblages are not very rich, with low 
abundance and diversiry. Acritarch assemblages from 
deeper-water conditions to the east show much higher 
diversiry, but with variable composition, depending 
on their location on the platform. Within the deeper 
parts of the basin, thar is, toward the JCY area, the 
diversiry again decreases (albeit based on poorly 
preserved acrirarch assemblages). These compositional 
differences probably refiect, in part, a nearshore to 
offshore trend (Li et al. 2002a). 

In sorne continuous sections, acritarchs have been 
invesrigated from a succession of graptolite zones. To­
gether with shorcer stratigraphie sections representing 
shorter cime intervals, the data set of acritarch sam­
pies is today quite large, providing a fairly complete 
spatial and temporal picrure of acritarch distribution 
for this area. 

The highest number of taxa recorded are from 
samples within the graptolite-based A. sur!cicus Zone. 
A review of the acritarchs from this zone indicates a 
total of Ill acritarch species, 26 of which were newly 
described with 35 species remaining in open nomen­
clature. This number is probably too high and refiects 
"splitting" oF taxa by some authors. Tongiorgi et al. 
(1995), for example, named more than 60 taxa from 
a single sample of this interval in the Daping section, 
and Yin (1995) provided a different list of 60 species 
from a sample of the same interval from the nearby 
Huanghuachang section. Taxonomie reconsiderations 
including the analysis of synonymies are necessary in 
order to understand the real acritarch diversity in 
southern China. ln the present study, we use an inter­
nally consistent acritarch taxonomy based on Brocke 
and his co-workers (Brocke et al. 2000; Li et al. 
2002a) in arder to establish the diversiry rrend in the 
Yangtze Platform, as shown in figure 32.3. 
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FIGURE 32.3. Diversity trends in the Yangtte Platform, South 

China (numbers refer to the species described from intervals be­

tween the middle Tremadocian and the lower Darriwilian). Time 

slices ( TS) are after Webby et al., chapter 2. 

Eight acritarch assemblages have been distinguished 
(Li 1987; Brocke 1997; Brocke et al. 2000; Li et al. 
2002a). The first three acritarch assemblages have 
been documented by Brocke (1997). The oldesr asso­
ciation appears in the early Tremadocian (conodont­
based Cordylodus angulatus Zone) and continues into 
the mid Tremadocian, showing a low diversiry of 
9 species. This assemblage is here referred to TS.l b-e 
(figure 32.3; see time slices in chapter 2). The sec­
ond assemblage of late Tremadocian (conodont­
based Paltodus deltifer Zone, TS.l d) age also displays 
low diversity, with only 7 species recorded by Brocke 
(1997). The na...'l: assemblage, identi6.ed in the Yangtze 
Platform, is of latest Tremadocian and early Arenig 
age and is here attributed to TS.2a-b. It is moderatdy 
well preserved, with upwardly increasing diversiry, 
and comprises 23 species (Brocke 1997). The assem-
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blage recorded in the graptolice-based Didymograptus 
(Corymbograptus) dejlexzts Zone (Li 1987, unpubl. 
data) and here assigned to TS.2c shows a similar di­
versity (21 species recorded). 

The ocher four assemblages are documented in 
Brocke et al. (2000). A single acritarch assemblage is 
recorded from graptolire zones-the A. suecicus Zone 
and in the lower part of the Exigraptus clavus (formerly 
sinodentatuslne."(tts) Zone ( TS.3a)-with a ma.'Cimum 
of 49 species recorded (Brocke er al. 2000; Li et al. 
2002a). In the lower part of this assemblage, char is, 
in che A. suecicus Zone, the diversity is higher than in 
the upper part, chat is, in the lower E clavus Zone; the 
middle part contains almost no acritarchs. This in rer­
val wich no acritarchs corresponds to che reddish car­
bonates and nodular limestones of the middle parts of 
the Dawan and Meitan formations and is considered 
to represent a regressive marine phase. In the middle 
and upper parts of the E. clavus Zone ( TS.3b), the 
diversity is highly variable and refleccive of various 
sedimentologic facies (Brocke et al. 2000). The diver­
sity in the samples from chis interval is generally lower 
than in the previous assemblage, but the total num­
ber of species, recovered from different facies types, 
is closely consonant with the A. suecicus Zone (50 
species). The nexr acritarch assemblage, from the base 
of the Darriwilian (graptolite-based Undulograptzts 
austrodentatus Zone}, is assigned to TS.4a and is only 
moderately diversified, wirh 32 species recorded by 
Brocke et al. (2000). The youngest assemblage so far 
recorded in the Yangtze Platform is placed approxi­
mately in TS.4b. les diversity is scilllower chan chat in 
the A. suecictts Zone, wirh sorne 42 species identified. 

The Yangtze Platform srudies demonsrrate the dif­
ficulty of establishing diversity trends without knowl­
edge of the biostratigraphy and lithofades conditions 
of the wider area .. Although the influences oflichofacies 
(nearshore-offshore trends) are not yet completely un­
derstood, and despite sorne remaining biosrratigraphic 
problems, the following conclusions can be drawn: 

1. There is evidence for a continuous increase in 
acritarch diversity from rhe lower Tremadocian up 
co the lowermost Middle Ordovician ( TS.3a). This 
increase most probably corresponds ro the general 
transgression observed in southern China. 

2. The highest diversity is observed in the lower 
part of the Middle Ordovician (A. suecicu.s Zone). 
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Following a brief regression, coinciding wirh the local 
occurrence of reddish carbonates and barren samples, 
the acritarch diversity remains high in the E. clavm 
Zone ( TS.3b) and can possibly be attributed to re­
newed transgression. 

3. At the base of the Darriwilian, a further decline 
in diversity is possibly relared co the regional regres­
sion during this interval. 

Further data from concinuous acrirarch successions 
in southern China, rogether wirh a more consistent 
taxonomie approach by all involved workers and 
greater · biostratigraphic resolution, are needed to 
achieve a more comprehensive analysis. ~ 

North Africa (MV) 

The analysis of Ordovician acritarch diversity of 
North Africa is based principally on borehole sec­
tions in Algeria, Libya, and Tunisia investigated by 
the present aurhor (Vecoü 1996, 1999) and col­
leagues (Vecoli et al. in press). Orher sources are 
published and unpublished data from palynologiscs 
work.ing for the French oil industry during the 1960s 
and 1970s (e.g., Deunff1961; Combaz 1967;Jardiné 
er al. 1974). More recently published work {e.g., 
Molyneu.x 1988; Oulebsir and Paris 1995; Paris et al. 
2000a) was used mainly for calibrating the biostrati­
graphic correlations. Palynological data from orher 
sources ( e.g., the Ordovician of Mo rocco; Cramer 
and Dfez 1977; Elaouad-Debbaj 1988a, 1988b, and 
references therein) were taken into accounr but not 
used directly to derive the current d.iversity curve, 
which is based only on the author's database. 

Compared wirh orher areas, and despite sorne 
problems of stratigraphie conrinuity as discussed lacer, 
che North African Ordovician acricarch record pre­
sents sorne advanrages. These include accurate Ca.""<o­
nomic studies of rhe acritarch floras (Vecoli 1996, 
1999), typically excellent preservation, and very high 
palynomorph abundance, as weil as independent bio­
stratigraphie control provided by co-occurring macro­
tàuna (graptolites; not very abundant but important 
at particular levels) and microf..<una (chitinozoans; 
of great importance in ali post-Tremadocian sedi­
mentary strata). 

Theretore, for the dating and correlation of Or­
dovician strara in the Sahara Plarform subsurface, 
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acritarchs can now be considered indispensable tools, 
complementary ro the chicinozoans (Vecoli et al. in 
press). Recent acritarch studies in North Africa have 
permitted placement of the Cambrian-Ordovician 
boundary (Vecoli 1996), as weil as paleobiogeographic 
(Colbath 1990) and paleoenvironmental reconstruc­
tions (Paris et al. 2000a; Vecoli 2000). Based on 
analyses of approximately 500 samples from severa! 
subsurface sections in Algeria (boreholes Ucl 01 and 
Nl2), southern Tunisia (boreholes Ttl, Stl, Snl), 
and Libya (boreholes Al-70, Al-23, BI-23, B2-34, 
CI-34, Al-70, A2-70, and A3-70), a first attempt is 
made here ta assess semiquancita.tively the diversity 
dynamics and the main evolutionary trends of North 
African Ordovician acritarchs. Acritarch diversity has 
been calculated as simply the number of species per 
cime slice (TS), thus representing the "standing diver­
sity" for each time interval (figure 32.4). Moscly di­
rect or indirect correlation of acrîtarch biosrracigraphy 
with chitinozoan or macrofossil (i.e., graptolites) 
formai zonations permits a stratigraphie resolution 
comparable to the duration of a rime sliée (or a chiti­
noz.oan zone). In sorne specifie chronostratigraphic 
intervals (i.e., the lower Tremadocian), it is even pos­
sible ro propose a finer resolution, as discussed lacer. 

The present study is only preliminary and, in 
part, incomplete because of the presence of two major 
stratigraphie hiatuses in the studied area (spanning 
the middle Tremadocian through the lower Arenig 
and the middle Caradoc through middle Ashgill; see 
figure 32.4). The aurhor is currently completing a 
more comprehensive study of the area. Moreover, 
although the data used herein were derived from a 
relarively restricted area (i.e., approximately equiva­
lent ro the ~xtension of the Ghadainis Basin sensu 
lata) and therefore might not be totally representative 
for the encire North Saharan Platform, they at least 
represent a workable base for future srudies. Sorne im­
portant features of acritarch diversification dynamics 
can thus be outlined as follows. 

1. Cambro-Ordovician radiation. Uppermost 
Cambrian acritarch associations of North Africa are 
fairly diversified. Together with sorne typical Cam­
brian genera that became extinct at or about the sys­
remic transition (e.g., Timoftevia, Tnmculumarium, 
Ooidium, Cristallùziu.m, Phenacoon, Ladogelia), Late 
Cambrian acritarchs already indude taxa thar became 
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FIGURE 32.4. Diversity trends in North Africa (data from Alge­

ria, Tunisia, and Libya). LREE =Lange Ranch Eustatic Event; 

ARE= Acerocare Regressive Evenr-see also chapter 10; and 

timt slices ( TS) afrer \Vebby et al., chapter 2. 

well established during the Early Ordovician (e.g., 
C;matiogalea, Stelliftridium, Acanthodiacrodium, Vul­
canisphaera). Overall, the Cambro-Ordovician tran­

sition is characterized by increased diversicy. 
2. Early Tremadocian differem:iation. The early 

Tremadocian is characrerized by a conspicuous increase 
in morphological variecy among cl1e diacromorph 
and galeate (herkomorph) acritarchs. The increase 
in diversity occurs enrirely within TS.l a; according to 

Vecoli (1996), a lowermost assemblage is recogniza­
ble (HM/B of Vecoli 1996) thar is here tentacively 
correlated with the lowermost parr of TS.la (fig­
ure 32.4). In general, Stelliftridium, Cymatiogalea, 
and Acanthodiacrodium tend co dominate the early 
Tremadocian assemblages, and innovative morpholo­
gies such chose of Arbusculidium (probabJy rdated ro 
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the Upper Cambrian genus Ladogella) evolved. Nu­
merous species of Vulcanisphaera also first appear dur­
ing the earl y Tremadocian, as Rasul (197 6) observed 
in the Tremadocian Shineton Shales of Shropshire, 
England. The FAD of the morphologically distinc­
tive Acanthodiacrodium angustum can be considered 
as defining a horizon approximadng the Cambrian­
Ordovician boundary. 

3. Middle to upper Arenig record. Arenig strata, 
only partly represented in the investigated North 
African sections, include relatively well-diversified 
acritarch assemblages, wirh first appearances of such 
genera showing innovative morphologies as Coryphid­
ium, Vitvrdovella, Dicrodiacrodùtm, and Frankea. The 
Tremadocian-Arenig transition corresponds to a strati­
graphie hiarus in the study area, and therefore the 
acritarch dynarnics of the transition from Tremadocian 
to cypical Arenig are not observable. 

4. Uanvirn radiation and differenciation. The basal 
Llanvirn exhibirs a marked increase in acritarch di­
versity. The assemblages commonly contain up to 

60-70 species, many with complex morphologies 
such as strongly sculprured, polyhedral vesicles bear­
ing simple or, more commonly, complexly branched 
processes (e.g., species of Arkonia, Frankea, Dicro­
diacrodium, Coryphidium, Au1·eotesta, Striatoteca, 
Multiplicisphaeridium, and Vogtlandia). Sorne genera 
thar originared during Tremadocian-Arenig times 
show characteristic patterns of diversification, such as 
Acanthodiacrodimn (A. costatttm, A. zmiforme), St;lli­
feridiwn (S. striatttlum, S. stelligerum), Cymatiogalea 
( C. granulata), Peteinosphaeridium (P velatttm), and 
Liliosphaeridium (L. pennatttm). The following genera 
were imroduced in the North African region during 
Llanvirn times: Ericanthea, Orthosphaeridimn, Ordo­
vz'cidium, Stellechinatz1m. and Villosacapsula. 

5. Lower Caradoc diversity decrease. Only data 
on acrirarchs from the basal part of the Caradoc, 
which have a sufficienc degree of ta.'Conomic accuracy, 
are available. Correlation with the chirinozoan bio­
zonation of Oulebsir and Paris (1995) and results 
from unpublished investigations by the present au­
thor shows thar probably only TS.5a and Sb of the 
Caradoc are represented in norchern Algeria, as weil 
as rhe Ghadamis Basin of Libya. Upper Caradoc 
acritarchs have been recovered from the Illizi Basin 
in sourhern Algeria, but taxonomie information is not 
available. In general, Caradoc acritarch assemblages 
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are of relatively low diversity and include species 
ranging from Llanvirn strata; they are dominated by 
bach criangular and quadrangtùar forms of ltéry­
hachium, netromorphic acritarchs, Multiplicisphaerid­
ium, and less commonly species of Ordovicidium. 
Alchough incomplete, chese data ind.icate thar the 
Caradoc was most probably characterized by very low 
inception rates among microphytoplankton biot:as. 

6. Upper Ashgill record. ln che upper Ashgill, the 
acritarch floras appear almosc completely renewed 
and show relatively low generic yet high specifie 
diversiry. The most represenred morphorypes are 
veryhachiid (bach criangular and rectangular and in­
cluding the genus Villosacapsula) and nerromorphic 
acritarchs (e.g., Dactylofosa, Poikilofusa). Uncommon 
or rare occurrences of characteristic forms such as 
Baltisphae1idium, Ordavicidittm, and iVIultiplicisphaer­
idium are noted. Just as important, che Ashgill record 
in eludes the first occurrence of distinct genera having 
a "Silurian" affiniry, such as Diexallophasis (= Evittia) 
and Oppilatala. 

The observed pattern of fossil microphytoplank­
con diversification in the Ordovician of North Atrica 
is tentatively correlated wirh the main geologie and 
paleoenvironmental changes affecting the region dur­
ing this rime (figure 32.4). Given the complexiry of 
factors influencing microphytoplankton dynarnics, no 
direct causative relationships are implied in figure 32.4. 
The observed evidence suggests that the most abun­
dant and diverse acritarch assemblages correspond to 
periods of intense recto nic activiry that cook place in 
che more peripheral parts of North Gondwana and 
also to periods of sea level highstand in che Gond­
wanan plarforms. Latest Cambrian-early Tremado­
cian and Arenig-Lianvirn times were, in face, periods 
of plume-induced rifring of the North Gondwanan 
margin (Winchester et al. 2002) rhac caused che sep­
arations of various rerranes (including Avalonia) and 
perhaps were primarily responsible for sea level flue­
mations. During lare Arenig rhrough Llanvirn times, 
the dispersal of rhe plate assembly in the region of the 
Gondwana-Balrica interface was at its maximum, and 
this paleogeographie and paleoceanographic situation 
was probably reflected in acritarchs by strong provin­
cial differenciation. 

The late Ashgill acritarch assemblages of che 
North Sahara Placform cerrainly reflect the response 
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of microphytopJankron communities ta the paleo­
environmental perturbations linked ta the end Ordo­
vician glaciation. It has been recencly demonstrated 
(Paris et al. 2000a) that the upper Ashgill sediments 
of the Algerian basins actually correspond to the final 
stages of glaciation and the beginning of the post­
glacial climatic amelioration. Although of relarively 
low generic diversity, the late Ashgill North African 
acritarch floras are characterized by extreme poly­
morphism within the veryhachiid and netromorphic 
groups and by the first occurrences of numero us new 
morphotypes such as Dicommopa/la, Diexa//ophasis, 
Leprotolypa, Cheleutochroa, and Oppilatala. It is inrer­
esting to note thar most members of the latter group 
of acricarch genera have a definite "Silurian affinity" 
and survive the end Ordovician biotic crisis. The 
acritarch signal of the "end Ordovician mass extinc­
tion" is difficult co detect; acrually, our data suggest 
that during the end Ordovician and the Ordovician­
Silurian transitions, origination rates were unusually 
high, and bence it would be more suitable to use the 
term "end Ordovician turnover" rather than "mass 
extinction" for the acritarch flora. 

• Summary 

lt is impossible at this cime to compile a global di­
versity curve, as the taxonomy of many species remains 
obscure and the exact stratigraphie ranges of most 
species are srill unknown. However, regional diversity 
trends can be observed. The plotting of the informa­
tion of the data set of British acrirarchs by Downie 
( 1984) indicates an ongoing diversification in the Early 
and Mid Or.dovician with a peak of diversity in the 
mid ta lare Darriwilian (Llanvirn) before a decrease 
of the diversity in the Lare Ordovician (figure 32.1). 

Following derailed investigations in regional areas 
such as China (figure 32.3) and North Africa (figure 

32.4), it appears that acritarch dîversity basically 
rnirrors transgressive-regressive trends. During marine 
transgressions, acrirarch diversity increases, and during 
regressive phases the reverse applies. Similar trends 
can be seen among the Mesozoic-Cenozoic dino­
flagellate floras in whîch diversity changes are closely 
linked co relative sea levd fluctuations {Stover et al. 
1996: figure 5). The present data set is not precise 
enough, however, to provide information about the 
nature of specifid generic diversifications/ extinctions 
or turnover rates of the phyroplankronic organisms 
thar produced the resting cysts thar were preserved in 
the fossil record. lt is thus today srill difficulr co es­
tablish relations between the evolution of the marine 
phyroplankton and the invertebrate diversity in the 
Ordovician. 
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POPULATION DYNAMICS OF GALEATE ACRITARCHS 

AT THE CAMBRIAN -ORDOVICIAN TRANSITION IN 

THE ALGERIAN SAHARA 

by THOMAS SERVAIS, LUDOVIC STRICANNE, MICHAEL MONTENARI 

and JORG PROSS 

ABSTRACT. Galeate acritarchs are a major component of Late Cambrian and Early Ordovician palynological 
assemblages. The populations of galeate acritarchs from the Cambrian-Ordovician transition section in borehole 
Nl-2 of the Algerian Sahara show a gmdual increase in process length and in complexity of the process structures 
through the succession. White the number of striate elements at the process base, the number of distal ramifications, 
and the number of membranes between the processes increases progressively, the central body diameter shows only 
minor variation within the succession. The galeate acritarchs are here interpreted as probably being resting cysts of a 
microorganism similar to modem dinoftagellates. Published laboratory culture experiments on living dinoftagellates 
document a considerable morphological variation with respect to the process morphology of the resting cysts that can 
be produced by a single biologically defined species. Based on these experiments, it is possible to interpret the 
morphological changes in the galeate acritarchs as being possibly related to changing ecological conditions. By 
analogy to the cyst distribution of modern dinoftagellates, changing salinity may have played an important role. 
Depending on environmental parameters, and perhaps on the maturity attained before rupture of the outer membrane 
during cyst formation, the galeate acritarchs may show a wide variety of process morphologies that have to date been 
used to describe four genera (morphogenera) and 84 species (morphospecies). 

KEYWORDS: acritarchs, dinoftagellates, ecophenotypism, Cambrian-Ordovician, Algeria. 

PAL A E oz o 1 c acritarchs prove to be ex tremel y useful for dating lithological units, even from tectonised 
and metamorphically affected areas where they are often the only fossils that have been preserved (e.g. 
Molyneux 1999; Montenari et al. 2000). Research on the biological affinities of Palaeozoic acritarchs, 
however, bas been limited so far. 

Because most acritarch studies have been biostratigraphically orientated, the acritarch classifications 
used were established such that they provided maximum biostratigraphical value. Cramer (1970), for 
example, noted that his system of acritarch classification was clearly defined by the stratigraphical purpose 
of his studies. Most other authors probably used a similar concept. This led to the morphological 
differences between specimens within a geological sequence being generally attributed to evolutionary 
changes in the acritarch-forming organism. Specifically, parameters such as variations in the number and 
length of the processes, the process arrangement or the structure of their distal terminations, or the 
presence of microsculptural elements have been considered to be of biostratigraphical importance ( e.g. 
Smjeant and Stancliffe 1994). Surprisingly, these parameters were rarely considered with respect to 
ecological conditions. This may be owing to the fact that sedimentological and palaeoecological data on 
the lithological succession containing the acritarchs were often not available. Sorne authors even proposed 
phylogenetic trends for acritarch taxa (e.g. Tappan and Loeblich 1971; Di Milia et al. 1989). These 
interpretations appear problematical because the specimens on which these models are based have to be 
considered to represent cysts of organisms that probably have a complex life cycle that is completely 
unknown. 

Many acritarch species have been described based on a limited number of specimens, especially in the 
descriptions before the 1980s. During the last decade, however, new insights have been provided by 
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variability studies that included biometrical investigations comprising bivariate and multivariate analyses 
on larger populations of selected acritarch taxa. The revisions of sorne Cambrian and Ordovician 
morphotypes, such as Arbusculidium (Fatka and Brocke 1999), Aureotesta (Brocke et al. 1998), 
Cristallinium (Vanguestaine 2002), Dicrodiacrodium (Servais et al. 1996), and Frankea (Servais 1993; 
V eco li et al. 1999), have shown that morphological transitions can often be observed between taxa that bad 
previously been considered to be separate species. Brocke et al. (1998), for example, demonstrated that 
Aureotesta clathrata and Man·ocanium simplex belong to a single taxonomie unit, of which the two 
extreme morphologies were previous1y described as two different genera. 

Although the studies cited above document that many acritarch morphotypes are high1y variable, none 
of them interpreted the se morphological changes in terms of genetics, palaeoecology, or functional 
biology. If a wide variability within one morphotype is observed in a single sample, it is impossible to 
attribute this variation to an evolutionary trend that can be used biostratigraphically. On the other band, if 
the morphological changes are observed in different samples from a continuous section, it is difficult to 
interpret this variation. First, it is not al ways clear how genetic differences are expressed morphologically. 
Second, it is not possible to recognise which palaeoecological parameters inftuenced the morphology. 
Third, the biologica1 fonction and the construction mechanism of morphological elements. such as 
acritarch processes, have never been discussed in acritarch literature so far. 

The major resulting questions are, therefore, as follows: how much morphological variation was 
governed by the genotype? How much variation was the result of the palaeoecology, i.e. the result of 
physical and chemical parameters during development? And finally, what was the biological function of 
sorne morphologies? 

Despite the scarcity of palaeoecological investigations on Palaeozoic acritarchs, it is widely accepted 
that sorne differences in the composition of acritarch assemblages reftect inshore-offbore trends. Less 
diverse associations are found in shallow-water and open marine environments, whereas the most 
diversified and richest assemblages generally occur on the shelf (e.g. Doming 1981; Molyneux et al. 
1996). However, the question of which environmental parameters (such as temperature, water chemistry, 
light, salinity or nutrient availability) inftuenced the morphology of an individua1 acritarch taxon within a 
continental-slope transect bas never been discussed in detail and the possibility of ecophenotypism in 
acritarchs bas not been mentioned so far. 

ln the present paper, we document and evaluate the variability of one particular group of acritarchs, the 
galeates, in order to understand if the morpho1ogical changes observed are related to evolutionary trends or 
to palaeoenvironmenta1 changes. The galeates are very common in deposits of Late Cambrian and Earl y 
Ordovician age ( e.g. Servais and Eiserhardt 1995). Our study foc uses on excellently preserved material 
from the A1gerian Sahara, the area from which Deunff (1961, 1964) originally described the first galeate 
morphotypes. The section investigated in borehole Nl-2 is particularly interesting because the Cambrianl 
Ordovician boundary bas recently been defined in this borehole on the basis of acritarchs (Vecoli et al. 
1995). The materia1 investigated here was first studied by Stricanne and Servais (2002), who used a 
statistical approach for a reclassification of galeate acritarchs. Our paper aims to assess if the galeate 
acritarchs show clear evolutionary changes that enable the establishment of biozones, or if the different 
morphologies are the result of palaeoenvironmental changes and bence may represent ecophenotypes only. 

ACRITARCHS VERSUS DINOFLAGELLATES 

Following the original definition of the informai incertae sedis group Acritarcha by Evitt (1963) as a catch­
ali category to include a11 pa1ynomorphs of unknown or uncertain biological affinities, acritarch 
morphotypes can by definition not be related to any living or fossil biological unit. Today, however, it 
is widely agreed upon that most Palaeozoic acritarch species are probably cyst stages of diverse algal 
groups such as dinophyceans, prasinophyceans, chlorophyceans or zygnemaphyceans (e.g. Colbath and 
Grenfell 1995). Only a minority of the described acritarch taxa are probably of non-algal aftinity; these 
morphotypes may represent crustacean eggs or exoskeletal remains of higher organisms, plant spores, 
fungal palynomorphs, remains of cyanobacteria, or other groups (e.g. Servais et al. 1997). Hence, 
acritarchs very probably constituted the major component of the marine microplanktonic algae during the 
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Palaeozoic. Many of them may be considered 'pre-dinoflagellates' (e.g. Le Hérissé 1989) that played a 
similar role in the Palaeozoic phytoplankton as dinoflagellates in Triassic-Recent phytoplankton. 

Organic-walled microfossils that can without doubt be related to dinoflagellate cysts only appeared in 
the Middle Triassic, before the first major radiation of the group in the Jurassic (Fensome et al. 1996). 
However, Leppig and Montenari (2000) described 'protodinoflagellates' from the Lower Permian. In 
addition, comparative ultrastructural examinations (Taylor 1999), molecular phylogenic studies (Fensome 
et al. 1999) and biomarker investigations (e.g. Moldowan and Talyzina 1998) suggest that dinoflagellates 
originated in the late Precambrian and were already common in the earl y Palaeozoic, although sorne of the 
morphological criteria that characterise modern dinoflagellate cysts, such as a paratabulation and an 
archeopyle, have not yet been observed in organic-walled microfossils from pre-Mesozoic sediments. 

In order to understand the environmental factors that may have influenced the morphology and 
distribution of Palaeozoic acritarchs, it may thus be useful to consider the environmental signais in 
present-day marine phytoplankton. Studies on modern dinoflagellates show that the morphology and size 
of dinoflagellate cysts may vary considerably within a single biological species (e.g. Kokinos and 
Anderson 1995; Lewis and Hallett 1997). The results of laboratory culture experiments indicate that the 
resting cysts may show a wide range of morphologies, particularly with respect to the number, distribution, 
length and structure of the processes. Kokinos and Anderson (1995), for example, observed that 
differences in the morpho! ogy of Lingulodinium polyedrum, the cyst of the modern dinoflagellate species 
Gonyaulax polyedra, are related to the degree of maturity that the cyst reached during its formation. An 
early rupture of the outer membrane surrounding the dinoftagellate theca and cyst during cyst formation 
resu1ted in a reduction of process 1ength and modifications in process shape. 

Since salinity is a prime factor controlling osmotic exchanges in microorganisms, it also plays a role in 
the distribution of dinoflagellates (e.g. de Vernal et al. 1993). The influence of salinity changes on 
dinocysts has been reconstructed by using morphological changes within specifie dinocyst taxa and 
changes in assemblage composition. 

Morphological changes in dinocysts resulting from Iow salinity or other environmental stress were first 
described by Wall et al. (1973) and Wall and Dale (1974) based on material from the Black Sea. Wall et al. 
(1973) interpreted the bulbous process terminations observed in the dinoflagellate cyst Lingulodinium 
maclwerophorwn from the Quatemary of the Black Sea to be the result of a low salinity estuarine 
environment. Wall and Dale (1974) not only observed an increased number of cysts with reduced 
processes, but also variations in septal development and a cruciform rather than a rounded endocyst in low­
salinity environments as compared to normal-salinity assemblages. Moreover, changes in archeopyle 
formation have also been attributed to salinity fluctuations (Wall et al. 1977). Turon (1984) correlated 
reduced process length in L. machaerophorum with lower salinity. The hypothesis that salinity was a factor 
in determining process length in various chorate dinocysts was later corroborated by studies on 
L machaerophorum/L polyedrum (e.g. Nehring 1994), Operculodinium centrocmpum (e.g. de Vernal 
et al. 1989; Matthiessen and Brenner 1996), and Spiniferites spp. (e.g. Dale 1996; Ellegaard 2000). The 
idea that a cruciform endocyst may indicate the influence of a 1ow-salinity environment bas been 
corroborated by the work of Dale (1996) and a recent study on cruciform Spiniferites cysts from a 
Iacustrine setting in northern Greece (Kouli et al. 2001). Ellegaard (2000) provided evidence that under 
reduced salinity conditions several modern dinoflagellate cysts, including L. polyedrum, display shorter 
processes. Taking these hypotheses a step further, Brenner (2001) used process length variations in 
O. centrocatpum to reconstruct Holocene salinity changes in the Baltic Sea. 

Publications on ecophenotypy in fossil, pre-Quatemary dinoflagellate cysts remain scarce. Monteil 
( 1991) reviewed the Cretaceous Muderongia/ Phoberocysta cyst complex. He proposed that Phoberocysta 
(specimens with processes and scallops) represented ecotypes of Muderongia (without processes), with the 
genus Phoberocysta being abundant in inner shelf sediments. Feist-Burkhardt and Pittet ( 1996) pointed out 
that detailed morphological studies on the Jurassic Mendicodinium/Ctenidodinium dinoflagellate cyst 
plexus suggest that the two taxa are the final stages of a morphological series, and that the increase and 
decrease of surface ornamentation are the result of environmental factors following an inshore-offshore 
trend in the Swiss Jura Mountains. 

Laboratory findings indicate a more complex relationship between cyst morphology and salinity. After 
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the study of Lewis and Hallett (1997), who provided evidence that the process lengths in L. machaer­
ophorum are reduced at low salinities, Lewis et al. (1999) demonstrated that the development of different 
morphotypes in Spiniferites membranaceus and S. ramosus also occurs under stable salinity. Thus, it 
appears that salinity is not the only controlling factor for these morphological changes. Combining data 
from the literature and the results of cultural experiments, Hallett (2000) finally demonstrated that the 
process length in L. polyedrum is essen ti ally a function of temperature and salinity. On the who le, he found 
process length to increase in higher salinities and to decrease in higher temperature. 

lt is evident that these studies on modem phytoplankton have important repercussions for palaeontol­
ogists working with dinoftagellates and/or acritarchs. Acritarch specialists working as stratigraphical 
palynologists should probably reconsider not on! y the taxon orny of sorne of their species, but possibly also 
the interpretation of the distribution of these taxa, which may be more ecologically controlled than 
previously thought. 

GALEATE ACRITARCHS AND POSSIBLE DINOFLAGELLATE EQUIVALENTS 

Definition of the galeates 

Deunff (1961, 1964) originally described two new acritarch genera from the Tremadocian (Early 
Ordovician) of the Algerian Sahara. Both genera are characterised by a hemispherical vesicle outline 
and a large circular opening (pylome) closed by an operculum. Deunff ( 1961) split this plexus of forms 
into the two following units: ( 1) the genus Cymatiogalea, which included ail specimens showing polygonal 
fields on the vesicle, defined by sculptural elements such as processes, granules or membranes, and (2) the 
genus Priscogalea, comprising specimens without paratabulation. The taxonomie status of the two genera 
was debated in subsequent publications, and two additional genera have been added to describe this group 
of acritarchs. Deunff et al. (1974) erected Ste/liferidium for specimens with 'crests radiating from the 
process bases'. Molyneux (in Molyneux and Rushton 1988) created Caldariola for specimens without 
omament, processes or membranes. 

Servais and Eiserhardt ( 1995) proposed the term 'galeate' for this group of acritarchs, containing over 
80 species described in literature. They reviewed the different classification concepts and noted that, 
according to different authors, a distinction into four, three or two genera was used. 

Stricanne and Servais (2002) aimed to resolve the classification problem by using a statistical approach. 
They listed the 84 species of the galeate plexus described in the literature and reviewed ali morphological 
criteria that have been used for their desc1iption. Eleven of these criteria were used for multivariate and 
cluster analyses. The statistical analysis demonstrated that it is impossible to maintain the subdivision into 
the four genera Caldariola, Cymatiogalea, Priscogalea and Stelliferidium, because ali intermediates exist 
between the individual morphotypes formerly considered separate entities. According to available data, 
the most important variables appear to be process length and presence/absence of distal process 
ramifications. 

These results lead to the following dilemma: how can palaeontologists delimit and name taxa in an 
assemblage if ali intermediates exist within a population? This question is a major problem in galeate 
classification and in acritarch classification in general. Should each morphotype receive its own name, 
or should ali specimens be lumped together under one name representing a single taxonomical unit 
that is highly variable? The study of large numbers of specimens of individual morphotypes clearly 
shows that it may be problematical to use single specimens in order to answer geological questions. 
Only large populations can be used to understand the high variability of organisms such as the 
aclitarchs. In order to depict biostratigraphical, palaeobiogeographical or palaeoecological changes, it 
appears evident that the evolution of an entire population of a given morphotype in time and space 
must be analysed. 

Based on the results of Stricanne and Servais (2002), the major aim of the present paper is towards 
understanding the population dynamics of the galeate acritarch plexus within one continuous sequence, the 
Cambrian/Ordovician boundary in the Algerian Sahara, and to interpret the changes in comparison with 
examples known from Mesozoic and Cenozoic dinoftagellates. 
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Galeate acritarchs: 'pre-dinoflagellates '? 

As genetic compatibility is no longer possible to determine and because biochemical analyses have not yet 
been applied in order to detect the presence of dinosteranes in galeate acritarchs, the comparison of the 
galeates with fossil and living dinoftagellates is so far limited to morphological similarities. In sorne 
aspects, the galeate acritarchs strongly resemble dinoftagellates. Besides similar size ranges and 
morphology, the large 'polar' opening (pylome) of the galeates may be compared to the archeopyle of 
the dinoflagellates. However, in contrast to the dinoftagellates (which show a polygonal shape of the 
archeopyle following the plate organisation of the cyst), the opening of the galeates is always circular or 
rounded. Galeates attributed to the genus Cymatiogalea show an arrangement of polygonal fields on the 
vesicle surface that is similar to the paratabulation displayed by most dinoftagellate cysts. However, other 
galeates do not show these polygons. On the other band, many dinoftagellate cysts also lack a 
paratabulation pattern. Although there is no evidence for a cingulum and a sulcus in galeate acritarchs, 
the process structure and large variation of the distal terminations, including the presence of membranes, is 
very similar to that of many dinoftagellates, among them the primitive Triassic dinoftagellate cyst genus 
Suessia, which is characterised by a large polar archeopyle and a vesicle covered by polygonal fields. 
Other dinoftagellates with a galeate-like morphology are classified in the family Areoligeraceae, which 
shows a wide variation of morphotypes in Cretaceous and Tertiary assemblages, and which displays a 
hemispherical vesicle with varying omament. Specifically, Eatonicysta, a dinoftagellate cyst from the 
Eocene with a hemispherical vesicle with varying process terminations, strongly resembles the outline of 
galeate acritarchs. 

GEOLOGICAL SETTING 

The material investigated cornes from the Cambrian-Ordovician transition in borehole Nl-2 (Bordj-Nili 
No. 2) from the Hassi-Rmel gas field, sorne 400km south of Algiers, in the Algerian Sahara (Text-fig. 1). 
The general geology of the area bas been described by Legrand (1985, and references therein). The 
borehole Nl-2 and other drillings from this area have been extensively studied for acritarchs and 
chitinozoans, starting with investigations by palynologists working for French oil companies in the 
1960s and 1970s. A review of the palynologicalliterature for the area bas been provided by Vecoli (1999) 
and Paris et al. (2000). 

According to Legrand (1974), the sedimentary succession of the Cambrian/Ordovician boundary in the 
Nl-2 borehole (Text-fig. 2) is characterised from the bottom to the top by (1) the 'grés de Rassi Miribel' 
Formation (also named 'grés de Miribel'), consisting of quartzites with rare intercalations of siltstones in 
the lowermost part and followed by quartzite-siltstone altemations that contain lingulids in the upper part; 
(2) the 'grés de Bordj Nili' Member, a sandstone-siltstone altemation of quartzitic sandstones and black 
shales with overlying interbedded shales and fine-grained chloritic sandstones with debris of lingulids and 
brachiopods; (3) the 'argiles d'El Gassi' Member, composed of a homogeneous interbedding of black and 
grey-green shales and siltstones. Levels of this unit have been dated as being of Tremadocian age based on 
the occurrence of the graptolite Rhabdinopora flabelliformis s.l. (Legrand 197 4 ). 

Legrand (1974, 1985) considered the first unit to be oflatest Cambrian age and the last as belonging to 
the Ordovician. He noted that the Cambro-Ordovician boundary should be within the second unit. This 
boundary was defined in the borehole Nl-2 at the depth of 3048 rn ( ± 2 rn) by Vecoli et al. ( 1995) in the 
upper part of the 'Grés de Bordj Nili' Member, on the basis of the fust occurrence of the acritarchs 
Acanthodiacrodium aff. angustum and Stelliferidium furcatum, the latter species belonging to the galeate 
plexus. 

Detailed sedimentological studies of the succession in borehole Nl-2 are not available. However, a 
transition from sediments dominated by coarse-grained sandstones ('grés'), probably deposited in 
shallower water, to siltstone layers ('argiles'), very probably deposited in a deeper environment, bas 
been described (Legrand 1974, 1985). This sedimentary facies transition is possibly a consequence of a 
graduai deepening of the basin, as the siltstone intercalations become more and more abundant towards the 
siltstones of the 'Argiles d'El Gassi' Member (Legrand 197 4, 1985). However, the available dataset is too 
limited for clear statements about the evolution of the palaeoenvironment to be made. 
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TEXT-FIG. 3. Quantitative and qualitative parameters used in the galeate acritarch classification that proved to be useful 
for the statistical analyses. VD, vesicle diameter; PL, process length; 1, branching style of the distal termination of the 
process; 2, presence/absence of membranes between the processes; 3, presence/absence of striated omament at the 

process bases (after Stricanne and Servais 2002). 

MATERlAL AND METHODS 

Six siltstone samples from the 'Grés de Bordj Nili' Member were taken at 3065·3, 3060·8, 3056·5, 3053·9, 
3039·8 and 3029·6 rn (Text-fig. 2). For palynomorph extraction, standard palynological techniques were 
used, including sieving with a 12 J.tffi mesh. The palynological material was observed in transmitted 
and reflected light using Carl Zeiss Axioskop II and Axioplan II microscopes. Image aquisition and 
measurements were ali made using optical microscopy and a Carl Zeiss Axiovision 2·0 image analysis 
program, using a standard CCD video camera. Ali material is housed in the collections of the Department 
ofPalaeobotany and Palynology of Liège University, Belgium, except the SEM stubs, which are housed in 
the collections of the Institute of Geosciences of the University of Tübingen, Germany. 

Only perfectly preserved galeate specimens (with an unfolded central body and complete, unbroken 
processes) were measured. Altogether 564 specimens were investigated. They are distributed in the six 
samples as follows: 3065-3m (45 specimens measured), 3060·8m (123), 3056-5m (56), 3053·9m (73), 
3039-8 rn ( 170) and 3029·6 rn (97). 

The morphological criteria selected by Stricanne and Servais (2002) for the statistical analyses to 
classify the galeates included six quantitative parameters (vesicle diameter, VD; pylome diameter, 
PD; process length, PL; total diameter, TD; the ratio PD/VD; and the ratio PUVD), four qualitative 
parameters (presence/absence of polygonal fields, of membranes, of striae, and of distal ramifications), and 
one semi-quantitative parameter (ornamental structuration). 

The changes of five morphological parameters measured in the galeate population through the six 
samples are discussed in this paper. These are the process length (PL), the vesicle diameter (VD), as weil 
as the presence/absence of (1) distal ramifications of the processes, (2) membranes between the processes, 
and (3) striae radiating from the process bases (Text-fig. 3). 

MORPHOLOGICAL CHANGES IN THE GALEATE POPULATION 

The acritarch assemblages of the 'Grés de Bordj Nili' Member are rich, highly diverse and weil preserved. 
Galeate acritarchs are abundant in ali samples, forming a plexus with numerous morphotypes that are 
difficult to distinguish. Text-figure 4 illustrates the morphotypes recorded in the sequence. Smooth 
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specimens without omamentation correspond to Caldariola; those with polygonal fields fit with the 
diagnosis of Cymatiogalea; specimens without polygonal fields have been attributed to Priscogalea if they 
show no omament, orto Stelliferidium if they have striae radiating from the process bases. Specimens are 
frequently found that are intermediate between these four 'classical' genera. A selection of morphotypes is 
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illustrated in Plate 1, demonstrating the transition of specimens with short, commonly simple processes to 
those with longer, commonly furcated specimens. Plate 2 illustrates a selection of process types, including 
simple, bifurcated and multifurcated, but also truncated processes. 

The measured values of the different morphological parameters in the galeate population through the six 
samples are indicated in Table 1. For each sample the mean values ofboth the average process length (PL) 
and the vesicle diameter (VD), the ratio PLND, and the percentages of specimens with (1) distal 
ramifications of the processes (BRA), (2) membranes between the processes (MEMB), (3) striae radiating 
from the process bases (STR), (4) no ornament (NO ORN) and (5) polygonal fields on the vesicle surface 
(POL YG) are indicated. In addition, the mean values of these parameters for ali 564 specimens in the six 
samples have been calculated. 

The change in process length (PL) through the succession is illustrated in Text-figure 5. For each of the 
564 specimens in the succession, ali processes were measured and the average for each specimen was used 
in the dataset. Subsequently the mean value of ali specimens was calculated for each sample. These mean 
values are plotted in Text-figure 5. ln the three lowermost samples (3065·3, 3060·8, and 3056·5 rn) the 
mean value of the PL slowly increases from 2·4 to 2·8 J.Lffi, before reaching the value of 4·1 J.Lffi in sample 
3053·9 m. The PL reaches the value of 4·9 J.Lffi in sample 3039·8 rn and 6·9 J.Lffi in the uppermost sample in 
the borehole (3029·6 rn). These values indicate that the PL increases in the six samples from the bottom to 
the top of the succession, and that in the uppermost sample the average length of the processes in the 
galeate population is almost three times longer than in the lowermost sample. 

Text-figure 6 indicates the mean vesicle diameter (VD) of ail of the specimens through the section. This 
parameter remains almost constant in ali samples. The mean vesicle diameter of 34·0 J.Lffi in the lowermost 
sample (3065·3) rn is almost identical to the value of 33·9 J.Lffi in the uppermost sample (3029·6), the lowest 
value of 32· 2 J.Lffi being measured in sample 3053·9 m. 

The proportion of specimens with polygonal fields among ail galeate specimens varies through the six 
samples between 17·5 and 34·5 percent, without showing a significant trend. These values are not, 
therefore, illustrated here. 

The change of sorne of the qualitative parameters is particularly interesting (Text-fig. 7). The 
measurements illustrated in Text-figure 7 clearly indicate that there is an increase in the proportion of 



Article IV - Reprinted from ''Population dynamics ofgaleate acritarchs at the Cambrian­
Ordovician transition in the Algerian Sahara", by permission of Blackwell Publishing, 
Oxford, UK. 

404 PALAEONTOLOGY,VOLUME47 

%~~--~------------------~------------~----------~--~~ 
50 

• t.. Brançhlng (1) 

'o-. Membrane (2) 
····Striee (3) 
"+. No Omament (4) 

40 

30 

20 

1 ..... 
10[1( / 

1 
1 '· 

~/ ""+-

0 b. "' "' E E E 

"' i i .;, 

1 

---+- ·-. 
·"'· 
E 
'!' 

"' g 
Samplee (borehole depthe) E 

cp 

1 

___ .... 
----- --~ 

TEXT-FIG. 7. Fluctuation of the qualitative parameters in the galeate population in the sequence of the Cambrian/ 
Ordovician boundary in borehole Nl-2. 

specimens with processes (branching) ramified. In the lowermost sample (3065-3 rn), only about 2 percent 
of the specimens show rami fied processes. This number increases to about 20 percent in sample 3060-8 rn, 
22 percent in sample 3056-5 rn and 27 percent in sample 3053·9 rn, before final! y reaching values of about 
42 percent and about 48 percent, respectively, in the two uppermost samples, 3039·8m and 3029·6m. 
Hence, as for the evolution of the PL, a continuous increase in the proportion of specimens with ramified 
processes is observed between the bottom and the top of the succession. 

A similar observation is made on the presence/absence of membranes between the processes 
(Text-fig. 7). None of the galeate acritarchs in the four lowermost samples has membranes. Membranes 
only appear in the samples at 3039·8 rn (c. 6 percent of all specimens) and 3029·6 rn (c. 18 percent). 

The presence/absence of striae follows a similar trend to that of the previous two criteria (Text-fig. 7). 

EXPLANATION OF PLATE 1 

Scanning electron micrographs of galeate acritarch specimens from the Cambrian-Ordovician transition of borehole 
Nl-2, Algerian Sahara. Ali micrographs are from the sample at depth 3053·9 m. 

Fig. 1. Stelliferidium sp., lateral view; x 1066. 
Fig. 2. Cymatiogalea sp, lateral view; x 1366. 
Fig. 3. Cymatiogalea sp., apical view; x 1250. 
Fig. 4. Priscogalea sp., lateral view; x 1033. 
Fig. 5. Stelliferidium sp., apical view; x 1100. 
Fig. 6. Stelliferidium sp., lateral view; x 1400. 
Fig. 7. Stelliferidium sp., lateral view; x 1200. 
Fig. 8. Stelliferidium sp., lateral view; x 1350. 
Fig. 9. Stelliferidium sp., lateral view; x 1050. 
Fig. 10. Stelliferidium sp., lateral view; x 1265. 
Fig. Il. Stelliferidittm sp., lateral view; x 1150. 
Fig. 12. Stelliferitlium sp., lateral view: x 1100. 
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SERVAIS et al., galeate acritarchs 
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TABLE 1. Mean values in each of the six samples of both the average process length (PL). and the average vesicle 
diameter (VD); ratio PLND; and percentages of specimens with ( 1) distal ramifications of the processes (BRA), (2) 
membranes between the processes (MEMB), (3) striae radiating from the process bases (STR), (4) no ornament (NO 
ORN) and (5) polygonal fields on the vesicle surface (POLYG). Total: mean values for all564 specimens in the six 
samples. 

3065·3m 3060·8m 3056·5m 3053·9 rn 3039·8m 3029·6m Total 

PL 2·4 2·7 2·8 4·1 4·9 6·9 4·3 
VD 34·0 33·7 32·5 32·2 33·6 33·9 33·4 
PLND 0·07 0·08 ().()9 0·13 0·14 0·21 0·13 
%BRA 2·2 20·7 22·4 27·8 42·7 48·5 31·7 
%MEMB 0·0 0·0 0·0 0·0 6·4 18·7 5·9 
%STR ll·l 20·3 25·5 28·7 36·3 44·3 33·0 
%NOORN 20·0 13·2 3·6 2·7 1·1 0·0 5·7 
% POLYG 17·8 22·8 34·5 34·2 24·6 17·5 24·7 

Only about Il per cent of the specimens show striae radiating from the process bases in the lowermost 
sample (3065·3 rn). This value continuously increases in the overlying samples: 3060·8 rn (c. 20 percent), 
3056·5 rn (c. 25 percent), 3053·9 rn (c. 29 percent), 3039·8 rn (c. 36 percent) and 3029·6 rn (c. 44 percent). 

In addition to these parameters, the number of specimens without omamentation (Caldariola-type) has 
also been plotted on Text-figure 7. The high proportion of 20 per cent of smooth specimens in the 
lowermost sample (3065·3 rn) decreases towards the top of the succession: 3060·8 rn (c. 13 per cent), 
3056·5m (c. 4 percent), 3053·9m (c. 3 percent), 3039·8m (c .1 percent) and 3029·6m (no smooth 
specimens recorded). 

The results, illustrated in Table 1 and in Text-figures 5-7, thus indicate that sorne parameters do not 
evolve significantly through the succession: the vesicle diameter remains almost constant, whereas the 
proportion of specimens with polygonal fields shows no significant trend. However, other criteria evolve 
progressively from the lowermost (3065·3 rn) to the uppermost (3029·6 rn) sample. The mean value of the 
process length increa'ies together with ( 1) the number of specimens with distal ramifications, (2) the 
number of specimens that show striae at the bases of the processes, and (3) the number of specimens with 
membranes. 

INTERPRETATION OF THE POPULATION DYN AMI CS OF THE GALEATES 
AT THE CAMBRIAN-ORDOVICIAN TRANSITION IN BOREHOLE NL-2 

Process structure and functiona/ morpho/ogy 

The measurements of 564 galeate specimens from six samples covering the Cambrian-Ordovician 
transition in borehole Nl-2 clearly indicate that the most impot1ant morphological changes through the 
sequence concern the process development, but not the vesicle size nor the percentage of specimens 
showing polygonal fields. Hence, three criteria concerning the processes evolve with a similar tendency. 
The process length (PL) increases, together with the frequency of star-shaped striae at the process bases, 
ramifications at their distal end, and membranes between the process stems. 

A first conclusion is that a population with numerous specimens with longer processes commonly 
contains more specimens with a striate ornament at their bases. The process structure of a galeate acritarch 
can be schematically explained as shown in Text-figure 8. The processes that seem to grow out from the 
membrane of the central vesicle, probably from an extemallayer ('ectophragm', compare the scanning 
electron micrographs of galeates in Servais and Eiserhardt 1995, pl. 4, fig. 4), start to build Iongitudinally 
arranged structural elements at the process base, presumably in order to provide greater stability (Plate 2). 
The crests or striae radiating out from the process bases would thus very probably be an element of 
functional morphology and not a simple decoration or omament. Thus, in terms of classification of the 
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TEXT-FIG. 8. ldealised reconstruction of the process of a galeate acritarch; for 
explanation, see text. 

407 

galeate acritarchs, they should not be considered as parameters to distinguish different taxa, and certainly 
not at the gene rie lev el. This interpretation is in agreement with the classification model of Rasul (197 4 ), 
who considered the striae of low taxonomie importance and who retained only two genera for the 
classification of the galeates (Cymatiogalea and Priscogalea). The interpretation is, however, in direct 
opposition to the taxonomie scheme of Deunff et al. (1974) who added a third genus (Stelliferidium) for 
specimens with star-shaped striae at the bases of the processes. 

A similar conclusion concems the tips of the processes. According to the galeates analysed in our study, 
a population containing numerous specimens with short processes includes only a few morphotypes with 
distally ramified processes, and most of the processes are simple and not ramified. The ramifications, 
including different styles (bifurcate, trifurcate or multifurcate; with first, second or third etc. order 
branching), generally occur only on longer processes in the galeates of the Algerian sequence. In addition, 
with increasing process length, the number of membranes between the process stems are also found in 
greater numbers. 

Comparison with laboratory culture experiments on dinojlagellates 

Laboratory culture experiments on modem dinoflagellates have provided evidence that the processes of 
resting cysts grow within a relatively short time interval. The transition from the motile planozygote to the 
resting cyst of Lingulodinium polyedrum takes approximately 10-20 minutes (Kokinos and Anderson 
1995). According to this latter study, the development of the resting cyst ends with process formation, just 
before the rupture of the outer membrane surrounding theca and cyst. L polyedrum cyst process formation 
comprises two steps. First, the shafts develop centrifugally and secondly the tips are formed. These tips 
show a very large morphological variability (Kokinos and Anderson 1995; Hallett 2000). As noted by 
Kokinos and Anderson ( 1995), the distal endings of the processes only appear if maturity is reached in the 
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TEXT-FIG. 9. Morphological changes in the morphotypes of the galeate acritarch plexus in the sequence of the 
Cambrian/Ordovician boundary in borehole Nl-2. The line represents the change in process length. For explanation, 

see text. 

cyst construction. In most cases, the outer membrane ruptured prematurely before the processes were 
morphologically mature, resulting in fewer processes with an irregular distribution or truncated processes 
(Kokinos and Anderson, 1995). 

ln light of these studies on their presumed modem equivalents, it is possible to imagine that the galeate 
acritarchs may represent resting cysts of possibly a single biological species. Depending on the prevailing 
ecological parameters (e.g. salinity, temperature) and on the maturity attained before rupture of the outer 
membrane, these cysts may show a wide variety of process morphologies, which so far have been 
described under four generic (morphogenera) and 84 specifie (morphospecies) names. 

Interpretation: a change of salinity? 

Text-figure 9 summarises schematically the results obtained conceming the morphological changes of the 
galeate specimens in the Cambrian/Ordovician boundary interval in the upper part of the 'Grés de Bordj 

EXPLANATION OF PLATE 2 

Figs 1-12. Scanning electron micrographs of processes of Stell!feridium specimens from the Cambrian-Ordovician 
transition of borehole Nl-2, Algerian Sahara. AH micrographs are from the sample at depth 3053-9 m. 1. Trifurcate 
process with first order branching and striae at the process base; x 5500. 2, distally rami fied, multifurcate process 
with striae at the process base; x 5500. 3, rami fied and truncated processes with basal striae; x 2600. 4. multifurcate 
process with basal striae joining those r'ddiating from neighbouring processes; x 7500. 5, complexely ramified (third 
order branching) process, with characteristic basal striae on the vesicle; x 9000. 6, heterogeneous (distally simple 
and branching) processes with basal striae; x 5000. 7, process with striae reaching the process step; x 6600. 
8, truncated process with characteristic striae; x 12,000. 9, vesicle with joining basal striae between the processes; 
x4000. 10, truncated and ramified processes (second order branching) with basal striae; x2100. Il, truncated, 
multifurcate and simple process with basal striae; x 3300. 12, long, multifurcate processes with striae on the vesicle; 
x2300. 
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Nili' Member. The only sedimentological data available are the lithological change that possibly indicates 
that the lowermost levels (at 3065·30 rn) were deposited in a shallower water environment than the 
uppermost level analysed here (at 3029·60 rn) . More precise sedimentological data are needed, however, to 
confirm such an interpretation. Nevertheless, it is clear that most morphological parameters observed in 
the galeate populations seem to have changed gradually, possibly reftecting a continuous change in the 
conditions affecting the variability. 

Based on observations of modern marine dinoftagellates (e.g. Wall et al. 1973; Turon 1984; de Vernal 
et al. 1989; Nehring 1994; Matthiessen and Brenner 1996; Ellegaard 2000; Brenner 2001) and cultural 
experiments (see discussion above), it appears that at 1east sorne groups of living rnicroplankton produce 
longer processes under higher salinity. Temperature may also influence process formation in the 
dinoftagellate cysts (e.g. Hallett, 2000), but no information is available concerning temperature changes 
in the sequence of the borehole Nl-2. 

Hence, a tentative interpretation could suggest that the process length of the galeates increases with 
greater salinity, i.e. in offshore environments. This interpretation is plausible, as it is probable that in the 
deeper facies (in the uppermost samples) the salinity was higher (open marine environment) than in the 
shallower facies (in the lowermost samples). A similar observation has been made for the galeates in 
the Lower-Middle Ordovician of the Yangtze Platform, southern China (Brocke 1998; Li Jun, pers. 
comm. 2002), where specimens with longer processes were observed more commonly in deeper water 
environments. 

The fact that the vesicle diameter in the galeate populations examined is rather constant is compatible 
with observations on living marine dinoflagellates in cultural experiments. 

Future studies are needed to confirm the tentative interpretation provided in this paper. Many parameters 
interact in acritarch distribution. Salinity is probably an important factor, but future research is needed, 
including investigations on the taphonomy and on the hydrodynamic properties of the different 
morphotypes, in arder to propose complete, representative models. 

POSSIBLE FUTURE AIMS OF ACRITARCH RESEARCH 

The interpretations presented above can possibly be extended to other acritarch morphotypes. Future 
studies on large numbers of specimens are necessary for a better understanding of the population dynamics 
of other morphologically highly variable acritarchs such as Baltisphaeridium, Goniosphaeridium, 
Micrhystridium or Multiplicisphaeridium. These taxa are of limited biostratigraphical significance and 
currently serve as dustbin genera for morphotypes of spherical, polygonal, small and complexely branched 
forms, respectively. They may possibly become more useful for palaeoecological considerations if the 
fluctuation of sorne of the ir morphological criteria in different depositional environments can be detected. 

One of the form-groups for which such a study may yield positive results is the Ordovician plexus of 
peteinosphaerid acritarchs that includes the genera Cycloposphaeridium, Liliosphaeridium and Peteino­
sphaeridium. These genera and their species are highly variable and are essentially distinguished on 
differences in process size and morphology. The recent description of new species of Liliosphaeridium 
from the Middle Ordovician of Oland, Sweden, by Bagnoli and Ribecai (2001) indicate a trend in two 
sections towards a progressive reduction in the vesicle wall ornamentation and an increase in the height of 
the 'calyx' of the processes. These progressive changes may be of palaeoecological significance and it 
would be very interesting to re-interpret the documented distribution of the genus Liliosphaeridium by 
considering sedimentological and palaeoecological information from the sections analysed. 

Another field for such analyses would be the Silurian genus Visbysphaera, which is known to be 
extremely variable in process morphologies (Le Hérissé 1989; Mullins 2001). A re-investigation of this 
genus, including sedimentological and palaeoecological investigations in the type sections of the Welsh 
Borderland, United Kingdom, and the well-studied sequences of the island of Gotland, Sweden, would 
very probably lead to new interpretations. 

Studies on the population dynamics could also be undertaken on acritarchs with triangular and 
rectangular vesicles in arder to understand better the relationships between veryhachid acritarchs (e.g. 
Veryhachium, Dorsennidium). The different populations of Frankea sartbernardensis observed by Servais 
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(1993) may possibly be interpreted as environmentally inftuenced. The assemblages of the type levels at 
Sart-Bernard, Belgium, considered to be deeper water facies owing to the presence of cyclopygid trilobites 
(Owens et al., 2001), show only a little intraspecific variability. However, the assemblages from samples 
of the Czech locality of K.rusna Hora, deposited in a shallower water facies, display not only a much higher 
diversity (Vavrdova 1990), but also a larger variation of process morphologies of the species 
F. sm1bemardensis (see Servais 1993). The biostratigraphical significance of Frankea species may thus 
be less than suggested by Vecoli et al. (1999). Different process lengths in Frankea may not necessarily 
indicate a different age, but possibly different palaeoenvironmental conditions. 

CONCLUSIONS 

An important result from cultural experiments on modern dinoftagellates is the observation that 
considerable morphological variation with respect to the size and shape of the processes can be produced 
by a single biologically defined species. This result is particularly significant from a palaeontological point 
of view. The galeate acritarchs in the Cambrian-Ordovician transition in borehole Nl-2 show a graduai 
increase in the average process length and complexity of their structure through the six samples that were 
investigated. The number of striae at the process bases, which are considered here to stabilize the 
processes, increases together with the process length and the ramifications on the distal termination of the 
processes. The graduai increase in average process length, number of basal striae and distal ramifications is 
possibly related, by analogy with modern dinoftagellates, to increasing salinity, i.e. possibly with more 
open marine conditions. Striae at the bases of processes, the distal terminations and the presence of 
membranes can be used as parameters to distinguish groups of morphotypes. However, this classification 
may not necessarily reftect biological species and therefore must be regarded very critically before 
drawing biostratigraphical conclusions. 

As the galeates occur continuously and with wide variability in the Cambrian-Ordovician transition of 
the borehole studied, it is difficult to determine the Cambrian/Ordovician boundary on the basis of the 
galeate acritarch biostratigraphy. The selection of a galeate acritarch (Stel/iferidium furcatum) as a 
biostratigraphical marker (Vecoli et al. 1995) may, therefore, be questionable. 

These results do not diminish the stratigraphical importance of acritarchs. However, in order to detect 
significant biostratigraphical markers, the First Appearance Datum (FAD) of clearly distinguishable 
taxa must be selected, and not arbitrarily chosen morphotypes that show only a few differences from 
comparable taxa. 
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Abstract 

To better understand palaeoecological signatures in Palaeozoic acritarch assemblages, the distribution of palynomorphs has 
been quantitatively studied in eight localities from the Gorstian, lower Ludlow (Late Silurian) of Gotland, Sweden. The 
localities are situated along an inshore-offshore transect comprising shallow marine lagoonal environments to distal shelf 
facies. Process-bearing acritarchs and sphaeromorphs constitute the main components within the palynomorph assemblages. 
The lateral distribution of palynomorphs exhibits characteristic features at three different levels as follows. ( 1) With regard to 
the overall composition of the palynomorph assemblages, the abundance of process-bearing acritarchs increases towards the 
distal shelf, while the abundance of sphaeromorphs decreases. (2) At the generic leve!, the acritarchs Micrhystridium and 
Dilatisphaera are more abundant in the proximal facies, while Evittia, Percultisphaera and Oppi/atala are more common in 
distal environments. (3) At an infrageneric leve!, Micrhystridium morphotypes with shorter processes are mainly present in 
proximal environments, while those with longer and ramified processes occur in more distal shelf environments. The 
palynomorph distribution along the inshore-offshore transect highlights the potential of acritarchs and prasinophytes as 
palaeoenvironmental indicators. 
© 2004 Elsevier B. V. Ali rights reserved. 

Keywords: acritarchs; palynomorphs; palaeoecology; Gotland; Silurian; Ludlow 

1. Introduction 

lt is weil known that the Silurian sediments of 
Gotland contain abundant and very weil preserved 
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palynornorphs, with three-dirnensional preservation 
being recognized in rnicritic limestones (Munnecke 
and Servais, 1996). The Late Silurian palynological 
assemblages of Gotland are rnainly cornposed of 
process-bearing acritarchs, sphaerornorphs and prasi­
nophytes. They have been previously investigated in 
detail by Le Hérissé (1989). Other less abundant 
palynornorphs are chitinozoans (Laufeld, 1974b ), 
scolecodonts (Bergman, 1989), trilete spores and 
cryptospores (Hagstrôrn, 1997) and sorne tubu1ar or 
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filamentous debris attributed to the nematophytes (Le 
Hérissé, 1989). 

Classical studies in Silurian palynology ( e.g., 
Cramer, 1970) demonstrated that acritarchs are of 
great biostratigraphical value. Accordingly, the first 
investigations on acritarchs from Gotland also 
helped to establish their biostratigraphical distribu­
tion in the Silurian (Eisenack, 1954, 1959, 1965; 
Cramer et aL, 1979). To date, however, attempts to 
decipher the palaeoecological potential of Palae­
ozoic palynomorphs have been rare. This is in 
contrast with the situation in the Mesozoic where 
many studies over the last 30 years have concen­
trated on dinoflagellate cyst-based palaeoenviron­
mental reconstructions or dinoflagellate (cyst) 
palaeobiology. Such studies have highlighted the 
potential of dinoflagellate cysts as palaeoceano­
graphical or palaeoclimatic indicators in the Qua­
temary (e.g., Wall et aL, 1977; de Vernal et al., 
200 l ), Neogene ( e.g., Versteegh, 1994 ), Palaeogene 
(e.g., Brinkhuis, 1994, Pross and Schmiedl, 2002), 
Cretaceous (e.g., Brinkhuis et al., 1998), and Jo­
rassie (e.g., Riding and Hubbard, 1999) (see Pross 
and Zonneveld, in press, for a detailed review). 
However, the palaeobiological and palaeoecological 
characteristics of Palaeozoic, marine, organic-walled 
microphytoplankton assemblages remain poorly 
known. 

Some palynological studies on Upper Palaeozoic 
sediments have attempted to locate the palaeoshore­
line or to recognize transgressive/regressive cycles 
within vertical or lateral transects by using the 
fluctuations of microphytoplankton/spore ratios 
(e.g., de Jekhowsky, 1963; Richardson and Rasul, 
1990; Wicander and Wood, 1997). However, in 
lateral transects without land plant-derived spores 
or in Lower Palaeozoic sections where land plant­
derived spores are absent, the palaeoshoreline can­
not be directly indicated based on this approach. A 
few quantitative studies have described acritarch 
assemblages that were interpreted to be character­
istic of specifie palaeoenvironments (e.g., Staplin, 
1961; Jacobson, 1979; Doming, 1981 b, 1987; Al­
Ameri, 1983; Doming and Bell, 1987; Richardson 
and Rasul, 1990). Hence, the use of differences in 
the composition of acritarch assemblages may pro­
vide an interesting approach of palaeoenvironmen­
tal reconstructions in the Palaeozoic. 

This paper describes the lateral distribution of 
Late Silurian (Ludlow) palynomorphs from the is­
land of Gotland, Sweden, based on the quantitative 
investigation of large populations from localities 
situated along an inshore-offshore transect in the 
Gorstian (lower Ludlow). We have deciphered a 
relationship between facies distribution and palyno­
morph assemblages at three different levels: (l) 
changes in the overall palynomorph distribution; 
(2) fluctuations at the generic level; and (3) varia­
tions at the infrageneric levet. The results of these 
observations are compared with the data available 
from previous studies, especially with those from the 
transects in the Wenlock and Ludlow of the Welsh 
Borderland, Great Britain (Doming, 1981 b, 1987; 
Doming and Bell, 1987). 

2. Previous research on the palynomorphs of 
Gotland and on Palaeozoic acritarch palaeoecology 

2.1. Pa(ynommphs of Gotland 

Based on several hundred samples, Le Hérissé 
( 1989) investigated the organic-walled microphyto­
plankton of Gotland in great detaiL According to his 
study, the acritarch and prasinophyte assemblages of 
Gotland were less diverse in the Ludlow than in the 
Llandovery or the Wenlock. Some genera [e.g., 
Domasia Downie 1960, Deunffia (Downie 1960) 
Thusu 1973] disappeared, while other genera became 
more common and diverse in the Ludlow. The list of 
acritarchs in the Ludlow of Gotland is generally 
limited to the following genera: Micrhystridium 
Deflandre 1937, Evittia Brito 1967 (sensu Lister 
1970), Dilatisphaera Lister 1970, Oppilatala Loe­
blich and Wicander 1976, and Percultisphaera Lister 
1970 (acanthomorphs); Eupoikilofusa Cramer 1970, 
Leiofusa Eisenack 1938 (netromorphs); Ve1yhachium 
Deunff 1954, Neoveryhachium Cramer 1970, and 
Dorsennidium Wicander 1974 (sensu Stancliffe and 
Saijeant, 1996) (po1ygonomorphs). The assemblages 
also include the prasinophyte genera Cymatiosphaera 
Wetzel 1933, Dictyotidium Eisenack 1955, and 
Duvernaysphaera Staplin 1961. In the Ludlow of 
Gotland, Laufeld ( l974b) observed a reduced diver­
sity in the chitinozoan assemblages, which are dom­
inated by the genera Conochitina Eisenack 1931, 
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Ancyrochitina Eisenack 1955, Angochitina Eisenack 
1931, Linochitina Eisenack 1968, Gotlandochitina 
Laufeld 1974b and Sphaerochitina Eisenack 1955. 
Scolecodonts are represented by the genera Kettner­
ites Zebera 1935 and Lanceolatites Bergman 1987 
(Bergman 1989). 

Although previous studies mainly focused on 
taxonomy or biostratigraphy, Le Hérissé ( 1989) also 
discussed the influence of palaeoenvironmental 
parameters on the composition of the assemblages 
and the morphology of the taxa he observed. ln 
addition, Le Hérissé (1989) also recorded acritarchs 
with abnormal process morphologies (e.g., in sorne 
species of the genera Evittia, Salopidium and Ver­
yhachium) which he re1ated to palaeoecological 
disturbances. 

2.2. Previous investigations on Palaeozoic acritarchl 
prasinophyte palaeoecology 

The earliest paper on acritarch palaeoecology (Sta­
plin, 1961) interpreted the distribution and abundance 
of Devonian microplankton from Alberta, Canada. 
Staplin (1961) observed the common occurrence of 
thin-spined acritarch specimens close to reef areas and 
a higher abundance of morphotypes with longer and 
thicker omamentation at a greater distance from the 
reefs. 

A palaeoecological approach was also tentatively 
introduced by Riegel (1974) in his investigation of 
Lower and Middle Devonian rocks of western Ger­
many. According to his study, acritarch diversities 
may be used to differentiate between a low-diversity 
neritic facies and a higher diversity pelagie facies. 
Riege1 (1974) concluded that the composition of the 
microphytoplankton assemblages was probably con­
trolled more by facies differences than by climatic or 
phy1ogenetic variations. 

Jacobson (1979) reported the abundance of sev­
era! Middle and Upper Ordovician acritarch groups 
in vertical sections of North American strata and 
suggested that sorne of them follow the distribution 
patterns of conodonts and chitinozoans. He retained 
three acritarch categories and concluded that the 
"leiosphaerid class" reflected near-shore shallow 
water environments, while the "peteinosphaerid­
Dicommopal/a" and "baltisphaerid-veryhachid-Po/y-

gonium class" reflected shoal and open-sea environ­
ments, respectively. 

Col bath ( 1980) studied the abundance variations of 
Late Ordovician acritarchs from the Eden Shale of 
Indiana, USA. He defined a model where changes in 
microplankton abundance were explained by water 
mass fluctuations. 

Models for the lateral distribution patterns of 
Silurian palynomorphs include a study from Libya 
by Al-Ameri (1983), and four papers on the distri­
bution of acritarchs in the Welsh Borderland and 
Wales (Doming, 1981 b, 1987; Dorning and Bell, 
1987; Richardson and Rasul, 1990). Dorning 
( 1981 b) reported the occurrence of acritarch "bloom 
assemblages" in the late Ludlow at sorne localities. 
Following a semiquantitative approach, he divided 
the assemblages into three classes which were 
named "near-shore", "offshore" and "deep water". 
Dorning (1987) and Doming and Bell (1987) sub­
sequently observed similar patterns on the Wenlock 
shelf of the same area. Doming and Bell (1987) 
reported four typical assemblages: the "Leiosphaer­
lidia wen!ockia Assemblage" was recorded from 
the reef limestone; the "Leiofusa tumida Assem­
blage" from shallow shelf carbonates; the "Micrhy­
ystridium intonsurans Assemblage" from open shelf 
carbonates, and the "Salopidium granuliferum As­
semblage" from deeper shelf environments. ln the 
same area, Richardson and Rasul ( 1990) described 
the vertical distribution of the palynological compo­
nents in the regressive sequence of the Ludlow and 
Pridoli Series. They proposed a palynofacies inter­
pretation in which specifie associations of micro­
phytoplankton ( .. phases") correspond to the 
depositional environments observed. They showed 
that sphaeromorphs (together with micrhystrids) 
were weil represented in the marine environment 
while sporomorphs occurred in large quantities 
during an episode of shoaling in the upper part of 
the studied section. The lower part of the section 
was characterized by high percentages of various 
polygonomorphs and acanthomorphs. Thus, the ac­
ritarch, chitinozoan, and scolecodont associations 
were used to defme a marine influence, while 
sporomorphs, micrhystrids and tasmanitids were 
used to assess the proximity of the shoreline. 

Vanguestaine et al. ( 1997) observed variations in 
diversity and generic content in acritarch assemb-
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lages from two Late Frasnian sections from Belgium. 
Finely omamentated specimens attributable to the 
acritarch genera Elektoriskos, Gorgonisphaeridium, 
Lophosphaeridium, and prasinophyte genera such as 
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Cymatiosphaera, Duvernaysphaera, Maranhites and 
Pterosperme/la are present in the lower part of the 
sections, interpreted as a semireefal shallower envi­
ronment. The upper part of the sections (attributed to 

Eke/Burgsvik Beds 

_____ .
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Reel and shoal a reas 
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Fig. 1. (A) Position of the island of Gotland in the Baltic Sea. (B) Facies disnibution mapped for the Hemse Beds and san1ple localities (after 
Samtleben et al., 2000). (C) Position of the eight localities on the supposed Ludlow carbonate shelf. 
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deep-sea off-reef conditions) was characterized by the 
association ofacritarch genera such asMicrhystridium, 
Solisphaeridium and Unellium. Vanguestaine et al. 
( 1997) concluded that these observations are consis­
tent with the model of Staplin ( 1961) in which hys­
trichosphere becomes more abundant with increasing 
distance from the reef. 

More recently, Li et al. (2004-this volume) 
evaluated the distribution of acritarchs along an 
inshore-offshore transect based on seven localities 
exposing the Early/Middle Ordovician boundary in 
the Yangtze Platform, southem China. Their main 
conclusion is that the offshore assemblages are 
more diverse and complex than the assemblages 
from neritic environments. 

3. Geological and palaeoenvironmental setting 

The Silurian sediments of Gotland (Sweden) 
were deposited in a warm epicontinental sea situ-

m 1/) 

"i:: i Graptolites Conodont 
8$ (/) Biozones Biozones 

~ B. b. tenUJs acme 
-' --------

A p/oeckensis 

ated near the Silurian equator. The island of Got­
land is situated on the Baltic shield (Fig. lA) 
which protected the sediments from deep burial or 
tectonic stress. Therefore, the rocks are unde­
formed. The unfolded strata dip less than 1 o 

towards the SE. Lithification took place in the 
sballow marine burial realm, and late diagenetic 
alteration is negligible (Munnecke and Samtleben, 
1996 ). These conditions have resulted in exception­
ally well-preserved calcareous and organic-walled 
fossils and thus are responsible for the reputation of 
Gotland as one of the world's most famous Silurian 
Fossillagerstiitte. 

The oldest sediments on Gotland are situated on 
the NW coast of the island and are oflate Llandovery 
age. The youngest rocks are of late Ludlow age and 
crop out along the SE coast. The Silurian sequence is 
mainly built up of limestone-marl altemations inter­
rupted four times by massive stromatopore and coral 
reef structures and extended carbonate platfonns 
(Samtleben et al., 1996). 

PIS HIA Stratigraphy 
Episodes Periods on Gotland 
Etelhem lower Ludfordian w E 

Secundo H-period 
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uppel' Gorstian reef$& 
maris 

~ o '-"' 
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O. e. hamata --------
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je: 
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~-~ Sproge lower Gorstian ..J~ Primo H-period 

O. excavata Episode 
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N nilssoni Klinteberg 

0 b. bohemica Beds 

Fig. 2. Synoptic presentation of the biostratigraphic zonations (graptolites and conodonts), P/S episodes after Jeppsson and Aldridgc (2000) and 
HIA periods aftcr Sickert et al. (1997) and Samtleben ct al. (2000). The samplcd time slice is marked in grey. 
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Fig. 3. Lithological succession and sample sites in the short sections of the eight loealitics. 

These temporal facies changes coïncide with 
partly very large changes in the stable carbon 
and oxygen isotope values (up to 9%o in <5 13C, 
Samtleben et aL, 1996, 2000), and with changes in 
the composition of conodont communities (Jepps­
son, 1990). Although the oceanic circulation is 
interpreted differently, Jeppsson (1990) and Bickert 
et aL ( 1997) agree that times of increased reef and 
carbonate platform growth represent intervals of 

Plate L For ali photographs, seale bars: 20 l!fi1-

arid conditions in low palaeolatitudes, whereas 
times of increased deposition of marly sediments 
are interpreted as resulting from higher terrigeneous 
input during more humid conditions. According to 
Jeppsson (1990), hurnid and arid times are tenned 
P and S episodes, respectively, (with the transitions 
being termed "Events"), whereas they are referred 
to as H and A periods in Bickert et aL (1997) 
(Fig. 2). 

1. Micrhystridium morphotype with short proeesses, attributable to Micrhystridium parinconspicuum Dctlandre 1945. Slide G 4 a. 
2. Micrhystridium stel/atum Deflandre 1945. Slide MI 1 a. 
3. Micrhystridium morphotype with ramified processes, attributable to Micrhystridium imitatwn Deflandre 1945. Slide G 4 a. 
4. Oppilatala septispinosa Lister 1970. Slidc G 1 a. 
5. Percultisphaera stiphrospinata Lister 1970. Slide Ml 1 a. 
6. Evittia demictdata Cramer 1970. Slide MI 1 a. 
7. Leiofitsa parvilatis Loeblieh 1970. Slide MI 1 a. 
8. Four-processed veryhachid attributable to Dorsennidium europaeum ( Stockmans and Willièrc, 1960) Sarjeant and Stancliffe 1994. SI ide MI 1 
a. 
9. Neovel)l/wchium carminae Cramer 1970. Slide S 5 a. 
1 O. Leiosphere. Slide KR 4 a. 
Il. Ptemspermopsis martinii Cramer 1967. Slide G 2 a. 
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ln the present study, eight localities have been 
investigated. These localities lie along an inshore­
offshore transect from extremely shallow matine 
environments in the NE coast to distal shelf facies 
in the SW coast of the island of Gotland (Fig. 1 B 
and C). According to the isotope stratigraphy of 
Samtleben et al. (2000), the deposits in the sampled 
localities are nearly contemporaneous. The samples 
belong to the upper part of the lower Gorstian H 
period of Samtleben et al. (2000) , roughly 
corresponding to the late Sproge Primo Episode of 
Jeppsson and Aldtidge (2000) (Fig. 2). During this 
humid interval (H period), reef formation was strong­
ly reduced (Samtleben et al. , 2000). Along this 
transect, the localities investigated are Djaupviksud­
den 1 and 2, Sigvalde 3, Gardsby 3, Likmide 1, 
Mickels l , Lukse 1, Krokvat 4 and Alsvik 4 (Fig. lB 
and C). Further information about the location and 
description of these localities is provided by Lautèld 
( 1974a), Ramskold ( 1986) and Samtleben et al. 
(2000). 

The marginal marine facies in the northeastern 
part of the transect (locality Djaupviksudden 1- 2) is 
characterized by rapid alternations of mudstones and 
grainstones (Samtleben et al., 2000). Sorne beds are 
devoid of macrofossils, while others are extremely 
rich in low-diversity assemblages of, e.g., brachio­
pods, gastropods or bryozoans. These abundant, but 
low-diversity benthic communities are typical for 
extreme environmental conditions. Additionally, os­
cillation ripple marks and dessication cracks indicate 
shallow environments and intervals of subaerial 
exposure. 

The sediments in Sigvalde, Gardsby and Likmide 
(Fig. lB and C) have been deposited in open marine 
proximal shelf environments in moderate water 
depth between fair weather wave base and stonn 
wave base (Samtleben et al. , 2000). The sediments 
consist mostly of alternating grey, bioturbated, wavy 
to nodular bedded, micritic limestones and maris. 
The lithology is dominated by wackestones, but 
mudstones, packstones and grainstones are also 
observed. The micritic rocks point to a depositional 
environment below fair weather wave base. Howev­
er, the intercalated grainstones indicate short inter­
vals when the wave base reached the sea floor. The 
rocks contain an abundant and fully marine benthic 
fatma with brachiopods, molluscs, trilobites, ostra­
cods, crinoids, bryozoans, stromatopores and corals. 

Four localities have been sampled in tl1e distal 
facies area (Mickels l, Lukse 1, Krokvat 4, Alsvik 4; 
Fig. lB and C). The sediments consist of alternations 
of bioturbated rnicritic limestones and maris (mostly 
mudstones to wackestones) deposited below storm 
wave base. Fossils are relatively rare, but the general 
composition of the communities is similar to those of 
the shallower proximal shelf environment. The palae­
owaterdepth has been estimated at 50 rn maximum 
(Samtleben et al., 2000). 

4. Material and methods 

The localities used in this study have been 
precisely located from the coordinates indicated in 
Samtleben et al. (2000). A description of the 

Plate Il. Sc ale Bar: 10 J.!m (specimens 1 to 4; 7 to 12 ), 2 J.11l1 (5 and 6 ). 

1. Micrhystridium morphotype with short processes, attributable to Micrhystridium nannacantlmm Deflandre 1945. Mowlt G4-Gardsby. 
2. Micrhystridium morphotype wilh short processes, attributable to Micd1ystridium pariuconspicuum Dcflandrc 1945. Mow1t G4-Gardsby. 
3. Micrhystridium stellalllm Dcflandre 1945 . MoWJt 01-0jaupviksudden. 
4. Micrhystridium morphotype with rarnified processes, attributable to Micrhystridiwn imitatum Deflandre 1945. Mount G4-Gardsby. 
5. Vesicle omamentation of Micrhystridium slellatum. Detail picture of the specimen figured in 3. 
6. Detail of the vesicle ornamentation of Micrhyçfridium stel/atum. Mount 01-Djaupviksudden. 
7. Dilatisphaera tu bu/a Le Hérissé 1989. Mount 08-Djaupviksudden. 
8 Evillia dellficu/ata Cramer 1970. Mount G4-Gardsby. 
9. Pterospermopsis martinii Cramer 1967. MoWJt G4-Gardsby. 
1 O. Oilatisphaerd tubula Le Hérissé 1989. Mowlt 0 1-0jaupviksudden. 
Il . Percultisphaera stiphrospinata Lister 1970. Mount G4-Gardsby. 
12. Hapsidopa/la jeandew!ffii Le Hérissé 1989. Motmt G4-Gardsby. 
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sample area was given by Laufeld ( l974a). The 
number of samples varies for each locality (Fig. 3 ). 
At some localities, severa! samples (up to nine) 
have been collected in order to analyze the paly­
nological content from different lithologies in the 
srune outcrop. A total of 27 samples from the eight 
localities has been investigated, including nine from 
Djaupviksudden, five from Sigvalde, three from 
Gardsby, two from Likmide, one from Mickels, 
two from Lukse, two from Krokvat and three from 
Alsvik. 

Sample preparation was conducted using stan­
dard palynological processing techniques. One hun­
dred grams for limestones and 50 g for maris were 
used for each preparation. The material was boiled 
in 33% HCI and treated with 40% HF. Subsequent 
to chemical preparation, the material was sieved 
using a ll-f..Lm nylon mesh. Five Lycopodium tab­
lets were used for limestone samples and eight 
tablets for mari samples in order to facilitate the 
calculation of absolute palynomorph abundances 
(per g of sample). Relative (%) abundances have 
been calculated based on the total number of speci­
mens of ail palynomorph categories. The slides 
were prepared using glycerine jelly as an embed­
ding medium. 

The palynological slides were studied by trans­
mitted light microscopy, using an Olympus BX 51 
microscope with UplanFl 40 x and Achromat 
60 x objectives. Photomicrographs were made us­
ing an Olympus CAMEDIA digital camera. Scan­
oing Electron Microscope (SEM) photomicrographs 
were digitally acquired from a LEO 1450 VP 
GEMINL The figured material is housed in the 
1nstitute for Geoscienees, University of Tübingen, 
German y. 

5. Results 

For each sample, a mmrmum of 250 acritarch 
specimens was counted. All acritarchs and prasino­
phytes were identified at the species level where 
possible (Appendix A). Together with the other com­
ponents (chitinozoans, spores, scolecodonts), the rel­
ative and absolute abundance of the microphytoplank­
ton are listed in Appendix B. 

5.1. General microphytoplankton distribution along 
the transect 

The organic-walled microphytoplankton bas been 
divided into the following three categories: sphaero­
morphs, process-bearing acritarchs, and prasino­
phytes. The sphaeromorphs include ali spherical 
palynomorphs with neither processes nor omamenta­
tion. They constitute most probably a polyphyletic 
unit that, despite their simple morphologies (e.g., 
Plate 1, 1 0), may include unomamented acritarchs, 
but also alete spores or cryptospores (land plant­
derived) and/or prasinophytes (e.g., Tasmanites Wall 
1962). The process-bearing acritarchs include al! 
acritarchs with processes that cannot be attributed to 
the prasinophytes. The latter unit constitutes a group 
of the unicellular green algae that includes both some 
sphaeromorphs (see above) and morphotypes resem­
bling recent prasinophyte phycomata (e.g., Tappan, 
1980). As the identification of leiospherid prasino­
phytes is difficult with the optical microscope, only 
the omamented morphotypes belonging to the genera 
Cymatiosphaera Wetzel 1933, Dictyotidium Eisenack 
1955, Duvernaysphaera Staplin 1961, G(vptosphaera 
Kitjanov 1978, Melikeriopa/la Tappan and Loeblich 
1971, and Pterospermopsis Wetzel 1952 (e.g., Plates 
1, Il and II, 9) are here attributed to the prasinophyte 
group. 

Fig. 4A and B illustrate the relative and absolute 
abundance of process-bearing acritarchs, sphaero­
morphs and prasinophytes as well as the gemis- and 
species-level diversities of the process-bearing acri­
tarchs (Fig. 4C). The process-bearing acritarchs are 
generally the most common component of the organ­
ic-walled microplankton in the transect. Their mean 
relative abundance increases from 37% in the proxi­
mal facies of Djaupviksudden to 72% in the offshore 
environments in the distal shelf facies at Alsvik. This 
increase is almost continuous, with the only break in 
the regular pattern observed between the two most 
offshore localities (Krokvat and Alsvik). The propor­
tion of sphaeromorphs shows an opposite trend. It 
decreases regularly from a mean of 58% in the 
proximal facies to 19% in the most distal facies. 

Absolute abundance counts (in specirnens/g of 
sediment) indicate increasing values for both the 
process-bearing acritarchs and the sphaeromorphs 
from proximal to distal settings (Fig. 4B). The former 
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varies from a mean of 300 in Djaupviksudden up to 
more than 1800 specimens per g of sediment in 
Krokvat, and the latter varies from a mean of 460 
(in Djaupviksudden) up to 650 specimens per g of 
sediment (in Krokvat). The most distal locality, Als­
vik, contains fewer specimens with about 250 speci­
mens of process-bearing acritarchs and about 70 
specimens of sphaeromorphs per g of rock. 

The generic and specifie diversity of process­
bearing acritarchs through the transect is illustrated 
in Fig. 4C. The number of process-bearing acritarchs 
increases from a mean of 12 species for the most 
proximal locality up to 17 species at the localities 
Likmide and Mickels. Within the same transect, the 
variations of the generic diversity values increase 
from a mean of 4 genera at Djaupviksudden to 12 
genera at Alsvik. 

5.2. Distribution of process-bearing acritarch genera 
through the transect 

The most common acanthomorph acritarch (spher­
ical morpho types with processes) genera in the tran-

% distal 

sect are Micrhystridium (Plates I, 1-3 and Il, 1-6), 
Dilatisphaera (Plate Il, 7 and 10), Evittia (Plates 1, 6 
and Il, 8), Percultisphaera (Plates I, 5 and Il, Il) and 
Oppilatala (Plate 1(4). Other genera that occur with 
lower frequencies are: Salopidium Doming (198la), 
Histopalla Playford (1977) (Plate II, 12), Multiplici­
sphaeridium Staplin ( 1961 ), Gorgonisphaeridium Sta­
plin et al. ( 1965) and, even less common, 
Visbysphaera Lister ( 1970) and Baltisphaeridium 
Eisenack (1958). Within the polygonomorph acri­
tarchs (morphotypes with polygonal central body 
and processes), Dorsennidium (Plate I, 8), Neovety­
hachium (Plate l, 9) and Ve1yhachium constitute the 
most common genera. The netromorph acritarchs 
(with a fusiform central body) are represented by the 
two genera Leiofusa (Plate l, 7) and Eupoikilofusa. 

Fig. 5 illustrates the distribution of the five 
most common acritarch genera along the inshore­
offshore transect. Micrhystridium and Dilatisphaera 
show generally decreasing proportions from prox­
imal to more distal settings. However, white 
Micrhystridium is present in ali localities, Dilati­
sphaera is limited to the three most proximal 
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localities (from Djaupviksudden to Gardsby). Micr­
hystridium is the most common genus, with about 
a mean of 4 7% in the proximal locality of 
Djaupviksudden. The highest proportion is reached 
at Sigvalde, where Micrhystridium represents about 
73% of ali process-bearing acritarchs. This proportion 
decreases progressively to the lowest values at Alsvik 
(13%). On the other hand, Evittia, Oppilatala and 
Percultisphaera generally show increasing propor­
tions from proximal to distal localities, although Evit­
tia percentages decline in Alsvik. 

5.3. Micrhystridium morphotypes through the 
transect 

As indicated above, Micrhystridium is the most 
abundant genus in the samples analyzed in this study. 
This genus, to which several hundreds of species have 
been attributed (Fensome et al., 1990), is extremely 
variable, and intermediate morphotypes between pre­
viously described species can easily be observed. 

Micrhystridium is here divided into three cate­
gories, following a taxonomical proposai of Deflan-

80 

c 
c 
D 

dre 1945. The first category in eludes ali 
morphotypes with short processes that correspond 
to the species Micrhystridium nannacanthum 
Deflandre 1945 and Micrhystridium parinconspic­
uum Deflandre 1945. The former species bas a 
globular vesicle (less than 20 J.Ull in diameter) with 
very short, densely distributed, processes, that are 
not longer than l 1-1m. Micrhystridium parinconspic­
uum also has a globu1ar vesicle with longer pro­
cesses, of about l/3 of the body diameter. The 
second category is represented by the species Micr­
hystridium stellatum Deflandre 1945, which has 
simple processes that are longer than the half of 
the body diameter. Deflandre 1945 attributed speci­
mens with long and ramified processes (only bifur­
cate) to the species Micrhystridium imitatum 
Deflandre 1945, which corresponds to our third 
category. Satjeant and Stancliffe (1994) indicated 
in their revised diagnosis of the genus Micrhystri­
dium the existence of small distal bifurcations of 
the processes in sorne specimens. The variability of 
the process ramification on the specimens of Micr­
hystridium from the Ludlow of Gotland is generally 
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Fig. 6. Diagram showing the distribution of the Micrhystridium morphotypes within the profile. The mean value for localities with a large 
numerical variation is indicated with an oblique cross. 
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limited to a single short bifurcation at the tip of the 
processes and is here considered as an infrageneric 
variation. Thus, we decided to retain the morpho­
types with these bifurcate processes in the genus 
Micrhystridium, although they could be attributed to 
Multiplicisphaeridium by other authors. 

In this study, ali Micrhystridium morphotypes 
with processes that are not longer than one-half of 
the vesicle diameter are included in the frrst category 
"morphotypes with short processes" (Plates l, 1 and 
Il, l-2). Ali specimens with processes that are 
longer than one-half of the vesicle diameter, but 
without ramifications, are included in the second 
category that is here named "Micrhystridium stella­
tum s.l." (Plates 1, 2 and Il, 3). Ail morphotypes 
with long and ramified processes represent the third 
category (Plates l, 3 and II, 4). 

Fig. 6 illustrates the relative abundance of the three 
categories listed above. The Micrhystridium morpho­
types with short processes show a rapid decline in the 
most distal parts of the section. ln contrast, those with 
long and ramified processes become more abundant 
towards the distal part of the shelf. The Micrhystri­
dium stellatum population is the most abundant cate­
gory. It represents about 60% of ali micrystrids 
counted. They occur in more or less stable propor­
tions, except for the most distal locality (Alsvik) 
where they increase. 

6. Discussion and conclusions 

Based on 27 samples collected from different 
lithologies at eight localities, the qualitative and 
quantitative evaluation of the organic-walled micro­
plankton indicates distribution patterns along an in­
shore-offshore transect that can be observed at three 
different levels. 

The distribution of aU of the components of the 
organic-walled microplankton indicates that proximal, 
shallow water environments yielded low quantities, 
while samples collected from the shelf area contained 
the highest numbers of organic-walled microphyto­
plankton specimens. The process-bearing acritarchs 
become more frequent (% abundance) and more abun­
dant (per g of sample) towards the distal part of the 
shelf. Sphaeromorphs represent the most frequent 
marine organic-walled microphytoplankton in shallow 

water, proximal environments. The number of mor­
photypes that can be attributed to omamented prasi­
nophytes (i.e., with membranes) is not sufficiently 
high to draw any conclusions. 

The five most abundant process-bearing acritarch 
genera in the Ludlow transect of Gotland are Micrhy­
stridium, Dilatisphaera, Evittia, Percultisphaera and 
Oppilatala. While Micrhystridium and Dilatisphaera 
are more frequent in more proximal assemblages, 
Evittia, Percultù;;phaera and Oppilatala become in­
creasingly more frequent towards the shelf. Micrhy­
stridium is generally the most abundant genus. lt has 
been recorded in aU localities, but with a relative 
abundance decreasing towards offshore environments. 
A tentative distinction into three morphotypes [(l) 
morphotypes with processes shorter than a half of 
the central body diameter; (2) with processes longer 
than a half of the central body diameter; (3) morpho­
types with long and ramified processes] indicates a 
tendency towards higher relative abundance of fonns 
with long and ramified processes towards the distal 
shelf, white specimens with short processes are rela­
tively more frequent in proximal environments. Fonns 
with simple processes are generally equally abundant 
in alllocalities except the most distallocality (Alsvik) 
where they increase. 

ln summary, it appears that in the Ludlow shelf 
section investigated in this study the organic-walled 
microphytoplankton (including acritarchs, sphaero­
morphs and prasinophytes) are more abundant towards 
the distal shelf area. The microplankton with processes 
and complex process structures are also more abundant 
towards the distal shelf area. More simple morpholo­
gies ( acritarchs with short processes or without pro­
cesses, i.e., sphaeromorphs) are more frequent in the 
proximal environments of the transect. 

Since the carly 1960s ( e.g., de Jekhowsky, 1963) 
it has been well known that marine microplankton 
is most abundant on the shelf areas, with numbers 
decreasing towards both proximal and open marine 
environments. This general trend can also be ob­
served on our transect of Gotland. 

Previously published studies on the lateral distri­
bution of Palaeozoic organic-walled microphyto­
plankton along inshore-offshore transects generally 
provided only estimated frequencies and abundances 
of individual morphotypes. Estimations of the distri­
bution of selected Silurian taxa through the Wenlock 
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and Ludlow shelves of the Welsh Borderland were 
given by Dorning (198lb, 1987). In addition, the 
publication of Doming and Bell (1987) included a 
semiquantitative analyses, with the relative abundan­
ces of selected taxa through a Wenlock carbonate 
shelf transect. lt is particularly interesting to compare 
the results from the Wenlock transect in the Welsh 
Borderland and the Ludlow transect of Gotland. 
Doming and Bell ( 1987) distinguished four different 
"assemblages'' from shallow to deep-water environ­
ments that cannot be recognized on Gotland. lndeed, 
the Ludlow acritarch assemblages of the Welsh 
Borderland are of different taxonomical composition 
compared to our study material. Sorne genera such 
as Cymbosphaeridium Lister 1970 or sorne species 
such as Micrhystridium intonsurans (Lister 1970) 
Doming 198la are not recorded in our study. How­
ever, the relative abundances indicated by Doming 
and Bell (1987, fig. 15.8) indicate sorne analogies 
with the results of our study. Doming and Bell 
(1987) recorded the genus Leiosphaeridia ali over 
the platform with decreasing proportions towards 
offshore environrnents. This distribution corresponds 
to the observation on the carbonate shelf platform of 
Gotland. The distribution of Micrhystridium in Dom­
ing and Bell (1987) also corresponds to our obser­
vations, with a presence ail along the transect, but 
higher abundances on the middle part of the shelf. 
Both Evittia [classified as Diexallophasis by Dorning 
and Bell (1987) following Loeblich (1970)] and 
Oppilatala were indicated to be very rare in the 
proximal environrnents of the Wenlock platform of 
the Welsh Borderland, but were shown to be more 
abundant in the distal parts of the shelf. This 
distribution is also confirmed in our study. 

Other comparisons are possible with Ordovician 
distribution schemes along lateral transects. Jacob­
son ( 1979) interpreted the acritarch assemblages 
from the Middle and Upper Ordovician of the 
American mid-Continent in terms of palaeoenviron­
ment, attributing a "leiospherid class" to near-shore 
shallow water environrnents. The "peteinosphaerid­
Dicommopalla class", i.e., assemblages including 
morphotypes with complex process structures, was 
considered to correspond to shelf environments, while 
the "baltisphaerid-veryhachid-Po(vgonium class", i.e., 
assemblages with morphotypes with simple processes, 
was attributed to open-sea environrnents. Li et al. 

(2004-this volume) described the distribution of acri­
tarch assemblages on the Lower-Middle Ordovician 
Yangtze Platform in southern China and concluded 
that the composition of the assemblages changes from 
more simple morphologies in near-shore environments 
to specimens with longer and more complexly 
branched processes on the shelf. 

Despite the differences in the composition of the 
assemblages, partly due to different compositions 
between Ordovician and Silurian assemblages, it 
appears that genera with a more complex omamenta­
tion are more frequent in offshore environments, not 
only in the Ordovician (Yangtze Platform and Amer­
ican mid-Continent), but also in the Silurian (Welsh 
Borderland and Gotland) and in the Devonian (Bel­
gium and Alberta). 

The increasing process length towards offshore 
environrnents, occurring in the morphotypes of the 
genus Micrhystridium, possibly represents a response 
to palaeoenvironmental changes. However, it would be 
premature to attribute these morphological changes to 
any specifie parameter, such as salinity (compare Ser­
vais et al., in press). Future research is needed to better 
understand the variability of the micrhystrid plexus 
before any ecophenotypism can clearly be identified. 
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Appendix A 

Counts of prasinophyte, sphaeromorph, and acri­
tarch species in the marginal marine locality 

Marginal marine area 

Genus 

Prasinophytes 
Cymatiosphaera 
Cymatiosphaera 
Dictyotidium 
Dictyotidium 
Dictyotidium 
Duvenraysphaera 
Pterospermopsis 
G~vptosphaera 

Melikeriopal/a 

Sphaeromorpbs 
Leiosphaeridia 
Tasman iles 

Acrltarchs 
Ammonidium 
Baltisphaeridium 
Comasplrae1·idium 
Dilatisphaera 
Dilatisphaera 
Evittia 
Evittia 
Dorsennidium 
Dorsemridium 
Eisenackidium 
Eupoikilofusa 
Floriçp/raeridium 
Gorgoniçp/raeridium 
Hapsidopalla 
Helosphaeridium 
Histopal/a 
Leiofusa 
Miduystridium 
Michi)'Siridium 
Miciii)'Siridium 
Miclll)>stridium 
Multiplicisphaeridilllll 
Multiplicisphaeridium 
Neovery4rachium 
Onondagaella 
Oppilata/a 
Oppilatala 
Percultisplraera 
Quadraditum 

Specics 

salopensis 
mirabilis 
stenodictyum 
alveolatum 
jàvijomre 
aranaides 
martinii 
speciosa 
amydra 

sp. 
sp. 

micmc/adum 
muricatum 
brevLvpùrosum 
laevigata 
tu bu/a 
denticulata 
sanpetrensis 
etwopaeum 
injlatum 
wenlockensis 
tenuistriata 
castellum 
succinwn 
jeandewif.Jli 
pseudodictyum 
margarita 
pan,itatis 
imitatum 
nannacallthum 
parinconspicuum 
stel/atum 
arbusculum 
.fimJuillum 
carminae 
asymmetrica 
.firmdis 
septispinosa 
stiphrospinata 
((mtasticum 

Dl4 

16 
0 
0 
3 
0 
0 
0 
0 
0 

538 
15 

0 
0 
0 
0 

25 
29 
20 
34 

5 
5 

25 
0 
0 
0 
0 
5 
0 
0 
5 

39 
59 

0 
0 
0 
0 
0 
0 
0 
0 

D13 

9 
0 
0 
2 
0 
0 

0 
2 

477 
0 

0 
0 
3 

14 
53 
17 
0 

37 
12 
18 
19 
0 
0 
0 
0 
Il 
0 
1 
9 

15 
52 

0 
0 
0 
0 
0 
0 
0 
0 

Dll 

20 
0 
0 
0 
9 
0 
4 
0 
0 

371 
5 

0 
2 
0 

14 
33 
26 

6 
31 

2 
20 
15 
0 
0 
0 
0 
0 
0 
0 

12 
22 
60 

0 
0 
0 
0 
0 
0 
0 
0 

(Djaupviksudden), proximal shelf localities (Sig­
valde, Gardsby and Likmide ), and distal shelf 
environments localities (Mickels, Lukse, Krokvat 
and Alsvik). 

DIO 

26 
0 
0 
0 
0 
0 
0 
0 
0 

663 
0 

0 
0 
8 

25 
33 
17 
0 
8 
0 

25 
0 
8 
0 
0 
0 
0 
8 
0 

33 
8 

66 
0 
0 
0 
0 
0 
0 
0 
0 

D9 

6 
0 
0 
4 
0 
0 
6 
0 
0 

447 
7 

0 
0 
0 

41 
129 
24 

0 
14 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
4 

12 
30 

0 
0 
0 
0 
0 
0 
0 
0 

D8 

2 
0 
0 
0 

1 
0 
0 
0 

252 
5 

0 
0 
2 

60 
123 

JO 
0 
Il 
2 
0 
4 
1 
0 
0 
0 
0 
0 
0 
0 
6 

25 
0 
0 
0 
0 
0 

0 
0 

D6 

6 
0 
3 
3 
0 
0 
0 
0 
2 

496 
4 

0 
2 
2 

32 
39 
30 
13 
Il 
4 
0 
2 
2 
6 
0 
0 
2 
9 
0 

41 
19 
34 
0 
0 
0 
0 
0 
0 
0 
0 

D3 

0 
36 

0 
9 
0 
0 
0 
0 
0 

209 
0 

0 
0 
0 
0 

JO 
3 
0 

18 

0 
0 

0 
0 
0 
0 
0 
0 
3 
1 

25 
185 

0 
0 
0 
0 
0 
1 

0 

Dl 

10 
0 
0 
0 
1 
0 
0 
0 
0 

324 
0 

0 

0 
4 

18 
3 
0 

81 
5 
0 
1 
0 
0 
0 
0 
0 
0 
0 

12 
53 

228 
0 
0 
0 
0 
0 
0 
2 
0 
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Appendix A (continued) 

Marginal marine area 

Genus 

Sa/opidium 
Schismatosphaeridium 
7imLçphaeridium 
rylotopal/a 
Ve1yhachium 
Ve1yhachium 
Visbysphaera 

Proximal shelf 

Genus 

Prasinophytes 
Cymatiosphaera 
Cymatiosphaera 
Dictyotidium 
Dictyotidium 
Dictyotidium 
Duverna_vsphaera 
Pterospe1mopsis 
Glyptosphaera 
Melikeriopalla 

Sphaeromorphs 
Leiosphaeridia 
Taçmanites 

Aeritarchs 
Ammonidium 
Baltisphaeridium 
Comasphaeridium 
Dilatisphaera 
Dilatisphaera 
Evittia 
Evittia 
Dorsennidium 
Dorsennidium 
Eisenackidium 
Eupoikilt~{usa 

Florisphaeridium 
Gorgonisphaeridiwn 
Hapsidopal/a 
Helosplraeridium 
Histopolla 
Leiofitsa 
Miclnystridium 
MichiJ'Siridium 
MichiJ'stridium 
Mich1ystridium 
Multiplicisphaeridium 
Multiplicisphaeridium 
Neove1J'hachium 

L. Stricanne et al. 1 Review ,~f Palaeobotany and Palynology xx (2004) :ux-n:x 

Species 

wen/ockensis 
rugulosum 
parvum 
deerlijkianum 
reductum 
trispinosum 
microspùwsa 

Species 

salopensis 
mirabilis 
stenodictyum 
a/veo/Mum 
faviforme 
ara na ides 
martinii 
speciosa 
amydra 

sp. 
sp. 

microc/adum 
muricatum 
brevispinosum 
laevigata 
tu hu/a 
dellficulata 
sanpetrensis 
europaeum 
injlatum 
wenlockemis 
tenuistliata 
castellum 
succinum 
jeandew!tfii 
pseudodictyum 
margarita 
pan,itatis 
imilatum 
nmmacanthum 
parinconspicuum 
stel/atum 
arbusculum 
forquillum 
c01minae 

Dl4 

SI 

0 
0 
0 
0 
0 
0 
0 

6 
0 
0 

0 
0 
0 
0 

192 
0 

5 

0 
27 

0 
65 

5 
0 
1 
0 

0 
0 

16 
0 
Il 
2 

16 
65 

7 
0 
1 

Dl3 

0 
0 
0 
0 

12 
0 
0 

S2 

8 
0 
0 
0 
0 
0 
0 
0 
3 

237 
0 

0 
0 
3 
3 
0 

39 
0 

45 
9 
0 
0 
1 
0 
0 
0 
2 
0 
5 

20 
36 
93 

0 
0 
0 

Dll 

0 
0 
0 
0 
6 
0 
2 

S3 

Il 
0 
0 
5 
0 
0 
0 
0 
3 

266 
13 

0 
0 
3 
3 
0 

27 
0 

63 
36 
0 
0 
0 
0 
0 
0 
7 
0 

16 
33 
37 
92 

0 
0 
0 

DIO 

0 
0 
0 
0 
8 
0 
0 

S4 

13 
0 
0 
0 
0 
0 

0 
5 

231 
0 

0 
0 
3 
0 
0 

41 
0 

56 
8 
0 
0 
0 
0 
0 
0 
5 
0 
Il 
14 
29 
86 

0 
0 
0 

D9 

0 
0 
0 
0 
0 
2 
0 

S5 

8 
0 
0 
0 
4 
0 
0 
0 
0 

161 
0 

0 
0 
0 
0 
0 

37 
0 

61 
9 
0 
0 
0 
0 
0 
0 
9 
0 
6 
2 

15 
96 
0 
0 
8 

D8 

0 
0 
0 
0 
4 
0 
0 

G4 

0 
3 
0 
0 
0 

0 
0 
0 

133 
3 

0 
0 
0 
0 
0 

71 
0 

43 
7 
0 
0 
0 

0 
1 
0 
0 
1 
0 

Il 
47 

0 
0 
0 

D6 

0 
0 
0 
0 
0 
0 
0 

G2 

0 
4 
0 
0 
0 
0 
8 
0 
0 

119 
8 

0 
0 
0 
7 
0 

69 
0 

45 
4 
0 

0 
0 
0 
0 
0 
0 
5 
3 

13 
60 
4 
0 
0 

D3 

0 
0 
0 
0 
0 

0 

Gl 

1 
0 
0 
0 
0 
2 
3 
0 
0 

137 

0 
6 
0 
4 
0 

22 
0 

37 
49 

0 
7 
0 
0 
0 
3 
0 
1 
8 
8 

29 
54 
4 
0 
0 

Dl 

0 
0 
0 
0 
0 

21 
0 

LIKI 

0 
3 
0 
0 
0 
2 
0 
0 
0 

89 
0 

0 
0 
3 
0 
0 

42 
4 

39 
4 
0 
0 
0 
5 
4 
0 

15 
40 

3 
5 

19 
52 

0 
0 

17 

LIK4 

0 
10 
0 
0 
0 
0 
1 
0 
0 

148 
0 

0 
0 
7 
0 
0 

39 
0 

61 
9 
0 
0 
0 
0 
0 
0 
Il 
2 
4 
0 

27 
66 
6 
0 
0 

(continued 011 next page) 
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Appcndix A (conlinued) 

Proximal shelf 

Genus 

Onondagaella 
Oppi/atala 
Oppilatala 
Perr:ultisphaera 
Quadraditum 
Sa/opidium 
Schisma/osphaeridium 
nmisphaeridium 
Ty/otopalla 
Vetyhachium 
Ve~yhacllium 

Visbysphaera 

Distal shelf 

Gemts 

Prasinophytes 
Cymatio.\phaera 
Cymatiosphaera 
Dictyotidiwn 
Dictyotidium 
Dictyotidium 
Duvemay.\phaera 
Pterospermopsis 
Glyptosplzaera 
Melikeriopal/a 

Sphaeromorphs 
Leiospllaeridia 
Tasman ires 

Acritarchs 
Ammonidium 
Baltisplzaet"idium 
Comasphaeridiunt 
Dilatisplwera 
Dilatisphaera 
Evittia 
Evittia 
Dm·sennidium 
Dm·sennidium 
Eisenackidium 
Eupoikih?fi•sa 
Flot·isphaeridium 
Gorgottisphaeridium 
Hapsidopalla 
Helosphaeridium 
Histopal/a 
Leiofitsa 
Miclztystridium 
Miciii)'Stridium 

L. Su·icanne et al. 1 Review of Pa/aeobotany and Polyno/ogy xx (2004) xxx- xxx 

Species 

asymmelrica 
jirmdis 
septispinosa 
sliphrospinata 
fantasticum 
wenlockensis 
rugulosum 
parvum 
deer/ijkianum 
reductum 
trispinosum 
microspinosa 

Specics 

sa/opensis 
mirabilis 
stenodictyum 
alveo/atum 
.faviforme 
aranaides 
martinii 
speciosa 
amydra 

sp. 
sp. 

microcladum 
muricatum 
brevispiltosum 
laevigata 
tu hu/a 
denticulata 
sanpetrensis 
europaeum 
in.flatum 
wenlockensis 
/enuistria/a 
castellum 
succinun1 

jeandeunffii 
pseztdodictyum 
margarita 
parvitatis 
imilatwn 
namwcanthum 

SI 

0 
0 
0 
9 
0 
0 
0 
0 
0 
0 
0 
0 

Mil 

0 
0 
0 
0 
0 
0 

0 
0 

96 
0 

0 
0 
3 
0 
0 

27 
0 

54 
15 

1 
0 
0 
0 
0 
0 
6 

27 
12 
2 

S2 

0 
0 
0 
1 
0 
4 
0 
0 
0 
0 

0 

LU2 

0 
9 
0 
0 
0 
2 

0 
0 
0 

94 

0 

0 
0 
0 
0 
0 

65 
1 

59 
28 

0 
3 
0 
0 
0 
0 
4 
8 
4 
3 

S3 

0 
0 
0 
5 
0 
0 
0 
0 
0 
0 
0 
0 

LU4 

0 
2 
0 
0 
0 
0 
0 
2 
0 

99 

0 

0 
0 
0 
0 
0 

76 
2 

32 
18 
0 
0 
0 
0 
0 
0 
6 

10 

8 
0 

S4 

0 
0 
0 
2 
0 
3 
0 
0 
0 
0 
3 
0 

KR2 

0 
2 
0 

0 
0 

2 
3 
2 
0 

92 
0 

0 
0 
0 
0 
0 

114 
5 

37 
16 
0 
0 
0 
0 
9 
0 

20 

7 
0 

ss 
0 
0 
0 
5 
0 
0 
0 
0 
0 
2 
2 

0 

KR4 

0 
19 

0 
0 

Il 
0 
0 
0 

110 

0 

0 
0 
0 
0 
0 

113 
0 

16 
14 
0 
0 
0 
0 
0 
0 
4 

10 

8 
0 

G4 

0 
0 

17 
45 

0 
0 
0 
0 

0 
0 
3 

Al 

2 

16 
0 
0 
0 
3 
0 
0 
0 

58 
0 

1 
0 
0 
0 
0 

85 
0 

23 
42 

0 
0 
0 
0 
0 
0 
0 
8 
3 
0 

G2 

0 
0 

18 
41 

0 
0 
0 
0 
0 
0 
0 
3 

A2 

0 
6 
0 
0 
0 
4 

0 
8 

54 
0 

0 
0 
0 
0 
0 

42 
0 

26 
23 

0 
0 
0 
0 
0 
0 
2 

12 
0 
0 

Gl 

0 
0 

13 
10 

0 

0 
0 
0 
0 
0 
0 

A3 

0 
12 
0 
0 
0 
2 
0 
1 
0 

101 

0 

0 
0 
0 
0 
0 

34 
0 

47 
3 
0 
0 
0 
0 
0 
0 
0 

13 
14 
0 

LIKI 

0 
0 
0 

19 

0 
4 
0 
0 
0 
2 

7 
0 

LIK4 

0 
0 
2 

13 
0 
9 
0 
0 
0 
3 
6 
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Michrystridium 
Appendix A (colllinued) 

Distal shelf 

Genus 

Michrystridium 
Multiplicisphaeridium 
Multiplicisphaeridium 
NeoveiJI/wchium 
Onondagael/a 
Oppilata/a 
Oppilatala 
Percultisphaera 
Quadraditum 
Salopidium 
Schismatosphaeridium 
Ttmisphaeridium 
l).J/otopalla 
Veryhachium 
Veryhachium 
Vishysphaera 

Appendix B 

parinconspicuum 

Species 

stel/atum 
arhtLçculum 
forquillum 
c01minae 
asymmetrica 
ji-on dis 
septispinosa 
stiphmspinata 
fantasticum 
wenlockensis 
rugulosum 
parvum 
deerlijkianum 
reductum 
trispùwsum 
microspinosa 

21 

Mil 

47 
0 
0 
0 
0 
0 
6 

23 
0 
5 
0 
0 
0 
2 
6 
0 

7 

LU2 

19 

0 
0 
0 
4 
0 
4 

22 
0 
6 
1 
0 
0 
6 
6 
0 

Table showing the relative (%) and absolute (per 
g of sample) abundance of palynomorph components 
within the transect. For convenience, the samples of 

014 013 Olt DIO 

Components (%) 
Process-bearing acritarchs 24.4 36.0 36.9 
Sphaeromorphs 54.5 58.4 55.4 
Prasinophytes 1. 9 1. 9 4.8 
Chitinozoans 9.9 0.9 0.5 
Scolecodonts 9.4 2.8 2.5 
Spores 0 0 0 

Partie/es (lg sed) 
Process-bearing a<-Titarchs 187 468 214 
Sphaeromorphs 417 758 321 
Prasinophytes 14 23 26 
Chitinozoans 76 12 3 
Scolecodonts 72 36 15 

Genera(%) 
Micrlrystridium 55.3 39.9 48 
Evittia 28.2 8.8 16.5 
Dilatisphaera 13.2 34.7 23.6 
Perc:ulti.sphaera 0 0 0 
Oppilatala 0 0 0 

26.1 
69.4 

2.7 
0.0 
1.8 
0 

506 
1344 

50 
0 

35 

44.8 
7.4 

24.1 
0 
0 

09 

34.6 
61.6 
2.2 
0.8 
0.8 
0 

177 
315 
Il 
4 
4 

19.0 
JO 
71.0 

0 
0 

4 

LU4 

34 
0 
0 
0 
0 
0 
6 

16 
0 
4 
0 
2 
0 
4 

28 
0 

0 

KR2 

17 
2 
0 
0 
0 
0 
7 

21 
0 

14 
0 
0 
0 
0 

17 
8 

4 

KR4 

Il 
0 
0 

Il 
0 
5 

16 
1 
3 

26 
0 
0 
0 

13 
0 

0 

Al 

28 
1 

2 
5 
4 

58 
0 
0 
0 
0 
0 
1 
2 
0 

0 

A2 

22 
7 
0 
8 
3 
5 
1 

88 
0 

0 
3 
0 
1 
3 

0 

A3 

26 
0 
2 

17 
0 

Il 
0 

106 
0 
0 
0 
0 
0 
1 
0 
0 

the first rows are indicated by the first letters of the 
locality denomination followed by a sample number: 
D x-Djaupviksudden; S x-Sigvalde; G x­
Gardsby; LIK x-Likmide; MI x-Mickels; LU 
x-Lukse; KR x-Krokviit; A x-Alsvik. 

08 

48.6 
49.6 

0.8 
0.0 
1.0 
0 

105 
107 

2 
0 
2 

13.5 
4.4 

80.4 
0 
0.4 

06 

32.4 
64.7 

1.8 
0.0 
1.1 
0 

56 
Ill 

3 
0 
2 

39.3 
19.6 
29.5 
0 
0 

03 

47.0 
39.4 

8.4 
0.0 
4.4 
0.8 

435 
364 
64 

0 
41 

93.1 
7.4 
4.6 
0.6 
0.6 

Dl 

55.6 
42.0 

1.4 
0.1 
0.9 
0 

519 
392 

13 

12 

91.1 

0.9 
6.9 
0.7 
0 

SI S2 S3 

51.1 47.0 46.5 
41.6 42.5 40.3 

1.7 2.0 2.7 
0.2 0.7 0.1 
5.4 7.7 10.3 
0 0.2 0 

675 614 382 
549 556 331 

22 25 21 
3 9 1 

72 101 84 

57.9 74.4 79.8 
16.5 18.8 12.1 
0.8 1.4 1.3 
5.3 0.5 2.2 
0 0 0 

S4 S5 

44.2 53.9 
39.1 35.1 

3.2 2.6 
2.9 1.3 

10.5 7.1 
0.2 0 

632 497 
559 324 

42 22 
41 12 

150 66 

72.2 70.3 
21.1 21.6 
0 0 
1.0 2.7 
0 0 

(continued on next page) 



Article V - Reprinted from "Ac:,ritarch distribution along an inslwre-offih.ore transect. 

in the Gorstian (lower Ludlow) of Gotland, Swedens", by permission ofElsevier Publisher, 
Amsterdam, The Netherlands. 

20 L. Stricamre et al. 1 Review of Palaeohotany and Palynology x\· (2004) .\:\:\:-xxx 

Appendix B (cmrtinued) 

DI4 DJ3 DII DIO D9 D8 D6 D3 DI SI S2 S3 S4 S5 

Micrlrystrids 
(%) 

Short processes 42.9 31.2 36.1 38.5 34.2 19.4 63.6 12.3 22.1 19.5 36.4 39.3 30.7 14.1 
stellatum s.l 57.1 67.5 63.9 61.5 65.8 80.6 36.4 86.5 77.9 68.8 60.4 51.7 61.4 80.8 
Ramified processes 0 1.3 0 0 0 0 0 1.2 0 11.7 3.2 9.0 7.9 5.1 

G4 G2 Gl LI KI LIK4 Mil LU2 LU4 KR2 KR4 Al A2 A3 

Components 
(%) 

Process-bearing acritarchs 62.6 65.2 62.3 67.9 60.2 67.5 64.9 67.8 68.8 61.1 76.4 75.2 63.1 
Sphaeromorphs 33.8 30.2 33.3 23 33.5 25.7 24.4 26.8 21.4 25.6 16.7 15.6 23.5 
Prasinophytes 1.1 2.9 1.5 1.3 2.5 0.3 2.9 1.1 2.1 7.3 6 5.4 3.5 
Chitinozoans 0 0 0 4.3 2.0 3.7 4.2 1.6 4.9 3.8 0.6 2.2 6.5 
Scolecodonts 2.5 1.7 2.7 1.8 1.6 2.9 2.1 1.6 1.9 1.9 0.3 1.0 3.5 
Spores 0 0 0.2 1.8 0.2 0 1.6 1.1 0.9 0.2 0 0.6 0 

P(lrticles 
(lg sed) 

Process-bearing acritarchs 734 269 978 1037 1651 806 681 1122 2504 1204 235 171 326 
Sphaeromorphs 396 124 523 351 919 306 256 444 778 504 51 36 121 
Prasinophytes 12 Il 22 18 64 3 27 17 69 112 14 9 16 
Chitinozoans 0 0 0 66 56 44 44 27 178 75 2 5 33 
Scolecodonts 29 7 42 27 43 35 22 27 68 37 2 18 

Gener·a 
(%) 

Micrhystridilun 29.8 36.4 60.4 31.3 51.3 39.6 21.1 25.8 10.6 10.5 15.2 11.1 18 
Evittia 35.5 30.9 13.4 18.0 20.6 13.0 42.1 43.8 52.7 50.5 41.7 21.2 15.8 
Dilatisphaera 0 3.2 2.4 0 0 0 0 0 0 0 0 0 0 
Percultisphaera 22.7 18.2 6.1 7.4 6.9 11.1 14.0 9 9.3 7.3 28.4 43.9 48.6 
Oppilatala 8.5 8.2 7.9 0 1.1 2.9 2.6 3.4 3.1 2.3 4.4 3.2 5 

Micrhystrids 
(%) 

Short proccsses 19 20 37.4 30 27.8 28 29.2 8.7 0 17.4 0 0 0 
stellatum s.l. 78.6 73.8 54.5 66.3 68 57.3 58.3 73.9 70.8 47.8 90.3 100 65 
Ramified processes 2.4 6.3 8.1 3.8 4.1 14.6 12.5 17.4 29.2 34.8 9.7 0 35 
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Abstrad 

The Silurian is characterised by strong environmental changes, as indicated by several 

pronounced positive ô13C and ô180 excursions. The mechanisms responsible of these isotopie 

shifts are a matter of intense debate. The purpose of the present study is a quantitative high­

resolution evaluation of the palynomorph distribution across the late Ludfordian isotope 

excursion on Gotland. Marine and terrestrial palynomorphs have been chosen as 

palaeoenvironmental indicators because they are widely distributed and exceptionally weil 

preserved. Moreover the combined analysis of marine and terrestrial palynomorphs allows the 

reconstruction of contemporaneous palaeoenvironmental change in the marine and terrestrial 

realms. In order to correlate our results exactly with the carbon isotope stratigraphy, we have 

sampled only localities with published isotope data from diagenetically unaltered brachiopod 

shells. Our results show that the acritarchs are closely correlated with the stable isotope 

development. Low abundances of acritarchs occur in times of high stable isotope values, and vice 
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versa indicating that an increase in marine productivity cannot have been the reason for the 

positive b13C excursion. The results are in good agreement with climatic models for the Silurian 

assuming altemating humid and arid climatic conditions in low latitudes. Times of high isotope 

values correspond to arid climatic conditions in low latitudes, with low input of terrestrial 

nutrients resulting in impoverished acritarch and conodont comrnunities, whereas times of low 

isotope values correlate with humid clim.ate, high nutrient input, and abundant and diverse 

acritarch communities. The major change in the acritarch communities took place during the 

increase of the isotope values after hemipelagic planktic or nektonic organisms (graptolites, 

conodonts) have been affected. This indicates that environmental changes connected with the 

isotope excursion at frrst affected deeper-water settings, and later on the photic zone. The 

abundance of terrestrial spores closely mirrors the marine ô13C and ô180 development showing 

that both the marine and the terrestrial realm are synchronously affected by the climatic changes. 

The high abundance of spores during the isotope excursion might be explained by an increased 

aeolian input caused by an intensified atmospheric circulation. 

Keywords: palynomorphs; Gotland; Silurian; Ludlow; stable isotopes; bioevents 

1. Introduction 

Over the last decade, the Silurian bas been increasingly recognised as a time of 

pronounced environmental changes. Several distinct positive oxygen and carbon isotope 

excursions have been identified on various low-latitude palaeo-continents (e.g., Andrew et al. 

1994; Samtleben et al. 1996, 2000; Wenzel and Joachimski 1996; Kaljo et al1997, 1998, 2003; 

Wigforss-Lange 1999; Bourque et al. 2001; Saltzman 2001). These isotope excursions coïncide 

with distinct lithological and biotic changes (see summary in Munnecke et al. 2003). Although 

each of these events bas its own characteristics, their conspicuous similarities indicate similar 

controlling mechanisms (Munnecke et al. 2003). The amplitudes of the Silurian stable isotope 

excursions are extremely high compared to Mesozoic and Cenozoic excursions. "Classical" 

approaches such as productivity changes (for ô13C) and temperature changes and/or glacial 

effects (for ô180) therefore fail to account for the extreme amplitudes observed (see discussion in 

Bickert et al. 1997). The identification of the strongest ô13C excursion of the entire Phanerozoic 
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Fig. 1: Compilation of positive ô13C excursions in the late Ordovician, Silurian, and early Devonian (adapted from 

Munnecke et al. 2003; excursion in the early Devonian after Saltzman 2002). 

in this time interval (late Ludfordian; compare Munnecke et al. 2003; Fig. 1) with up to 4%o for 

ô180 and 12%o for ô13C values appears especially surprising given the fact that the Silurian 

previously had been considered a time of relatively stable environmental conditions (Bassett and 

Edwards 1991). To explain the Silurian C- and 0-isotope excursions, different models have been 

proposed. Wenzel and Joachimski (1996) suggested periods of high ô13C values on Gotland to 

have been characterised by high productivity resulting from high nutrient supply caused by 

continental runoff during times of low sea level. Kump et al. (1999) proposed a "weathering 

hypothesis" as explanation for the isotope excursion of the late Ordovician glaciation, and from 

the similarity between the late Ordovician and the Silurian events, Kump et al. (1999) and Kaljo 

et al. (2003) inferred the existence of glaciations also in the Silurian. 

Sickert et al. (1997) and Munnecke et al. (2003) attributed the repeated shifts from low to 

high C- and 0-isotope values in the late Ordovician and Silurian to changes from relatively 

humid ("H-periods") to relatively arid climate conditions ("A-periods") in the low latitudes. 

As already noted above, the isotope excursions are all associated with biotic extinction 

events. At the very beginning or even prior to the increase of C- and 0-isotope values, many 

groups of organisms are affected. Especially conodonts, graptolites and trilobites, but also 

acritarchs, chitinozoans, ostracods, brachiopods, and corals show extinctions, sometimes with a 
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step-wise nature, and organisms living in hemipelagic environments were more strongly affected 

than organisms dwelling in shallow-water settings ( e.g., Le Hérissé, 1989; Melchin, 1994; 

Jeppsson, 1997a, b, c, 1998; Jeppsson et al., 1994, 1995; Kaljo et al., 1995; Mikulic and 

Kluessendorf, 1999; Nestor et al. 2002). However, little information is yet available on the 

reactions of organisms from the photic zone (i.e., phytoplankton). Despite the fact that in the Late 

Silurian a pronounced adaptive radiation of spores took place (Richardson and Lister, 1969; 

Burgess and Richardson, 1995; Steemans, 1999), it is also yet completely unknown how the 

record of early land plants correlates with the marine stable isotope data. 

The purpose of the present study is a quantitative high-resolution evaluation of the 

palynomorph distribution in the Ludlow of Gotland across the upper Ludfordian A-period, which 

is the strongest positive ô 13C excursion of the Phanerozoic (Fig. 1 ). Marine and terrestrial 

palynomorphs have been chosen as palaeoenvironmental proxies for several reasons. Firstly, they 

are useful pa1aeoenvironmental indicators in a wide variety of depositional settings. The 

combined analysis of marine ( acritarchs, chitinozoans prasinophytes, scolecodonts) and 

terrigenous palynomorphs (miospores) in marine sediments allows to reconstruct coeval 

palaeoenvironmental change in the marine and terrestrial realms, yielding a one-to-one land/sea 

correlation. Within the spectrum of marine palynomorphs, acritarchs and prasinophytes reflect 

surface water conditions, whereas scolecodonts provide data on benthic environments. Moreover, 

palynomorphs are excellently preserved in the Silurian of Gotland. The relative timing of facies 

changes, stable isotope shifts, and the development of different marine and terrestrial 

palynomorph groups is presented and their palaeoclimatic implications are discussed. 

2. Facies and stable isotope development in the Silurian of Gotland 

The Silurian sediments on Gotland have been deposited in a shallow, warm, 

epi continental sea slightly south of the Silurian equator. They represent a time span from the late 

Llandovery to the late Ludlow, and show an extremely low diagenetic overprint because they 

never underwent deep burial conditions and tectonic stress (Jeppsson 1983, Hagenfeldt 1996). 

They are built up by about 450m of carbonate rocks covering a wide variety of carbonate facies. 

While on the western si de of Gotland nearly the entire succession is developed as altemations of 

limestones and maris deposited in an open-marine distal shelf environment, the central and 
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Fig. 3: Lithostratigraphy of the Ludlow succession of western Gotland, with localities sampled for the present study 

and stable isotope stratigraphy. Stable isotope data are from Samtleben et al. 2000. 

eastern parts consist of reefs, back reef sediments, and other rocks of very shallow water 

environments (Samtleben et al. 1996, 2000). 

The succession is characterised by repeated facies changes (Jeppsson 1990, Samtleben et 

al. 1996, 2000). In the early Sheinwoodian, late Homerian, late Gorstian, and late Ludfordian, 

carbonate platforms expanded and reefs were abundant. The times in between are dominated by 
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unifonn sequences of micritic limestones and maris, with reef development being considerably 

reduced. The carbon and oxygen isotope records measured from diagenetically unaltered 

brachiopod shells correspond closely to the facies development (Samtleben et al. 1996). Lower 

values are recorded in periods dominated by deposition of argillaceous sequences, while higher 

values are observed in periods dominated by reefs and extended carbonate platfonns. As already 

noted in Chapter 1, the transitions from low to high isotope values are associated with marked 

extinction events in severa! groups of organisms (see overview in Munnecke et al. 2003). 

Generally, the oxygen isotope data show similar trends as the carbon isotope curve. However, 

ô180 values exhibit a higher variability than the ô13C curve, and, especially in extremely shallow 

environments, a trend to more negative values. This is interpreted as an effect of local warming in 

restricted shallow-water areas (Samtleben et al. 2000). The present investigation focuses on the 

Ludlow sediments from western and southem Gotland (Fig. 2; for a detailed description of the 

facies development see Samtleben et al., 2000). 

These sediments are attributed to the Hemse Beds, Eke Beds, Burgsvik Beds, and 

Hamra/Sundre Beds (Fig. 3). On western Gotland, the lower and middle part of the Hemse Beds 

(maximum thickness: 90 rn) is composed of altemations of grey, bioturbated, wavy-bedded to 

nodular micritic limestones and maris of an open-marine shelf facies deposited below the storm 

wave base (Samtleben et al. 2000). 

This facies is characterised by sparse, but diverse benthic assemblages mainly composed 

of brachiopods, ostracods, and trilobites. Grainstones are very rare. In the upper part of the 

Hemse Beds, the facies changes into laminated, grey, silty, well-bedded micritic limestones and 

maris. Benthic fossils are very rare, and the laminated nature of the sediments points to oxygen­

depleted, probably anoxie bottom water. In sorne beds, the small brachiopod Dayia navicula is 

very common ("Dayia-flags"). It is not clear if this species was able to tolerate low-oxygen 

conditions or if it lived in a pseudoplanktonic mode, attached to drifting organisms such as 

cephalopods (Samtleben et al. 2000). 

In the uppermost part of the Hemse Beds, the lamination decreases, and the benthic fauna 

(mainly brachiopods) becomes increasingly diverse. These rocks grade into grey, thinly bedded, 

argillaceous, micritic limestones and maris of the Eke Beds. The boundary to the overlying Eke 

Beds (thickness: 15m) is defined by the frrst occurrence of oncolites. The latter differ from the 

underlying Hemse Beds by the great abundance of oncolites and oncolitic crusts, the abundant 

and fully marine diverse benthic fauna ( especially brachiopods ), and the bioturbated character of 
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the sediments. Most fossils are more or less intensively encrusted by cyanobacteria (Girvanella, 

Rothpletzella) forming oncoids. 

In the shallower facies areas on eastern Gotland, a discontinuity surface is developed at 

the boundary between the Hemse and Eke Beds (Cherns, 1982). The deposits overlying this 

surface are composed of detritic lime stones, small reef mounds, and stromatolithic al gal deposits. 

In the lower part of the Eke Beds several small hollows, separated by sharp-crested ridges occur. 

They are interpreted as erosional features in coastal or subaerial environments (Cherns, 1982). 

The Hemse-Eke boundary interval is characterised by a strong increase of stable carbon 

and oxygen isotope values (Fig. 3; 0 to 8.5 %o for ô13C and -6 to -2.5%o for ô180; Samtleben et al. 

2000). This interval spans the top of the P. siluricus and the C. dubius conodont zones, and 

comprises a sequence of five conodont extinction events (Jeppsson and Aldridge, 2000). The first 

two extinctions occur within the Dayia-flags and coïncide with the initial ô 13C increase. The 

second event, located in the upper part of the Dayia-tlags, is associated with the disappearance of 

P. siluricus and is located within the hiatus in the eastern part of Gotland. The last three events 

occur within the Eke Beds (Jeppsson 1998). Furthermore, the Hemse-Eke boundary interval 

corresponds to minor extinctions of graptolites, chitinozoans, and fishes (summarised in Jeppsson 

and Aldridge 2000). 

Plate 1 

For aU microphotographs, scale bars: 20 f.tm, except PL IV -3, where scale bar: 1 f.tm. 

1.Evittia denticulata (Cramer 1970) Le Hérissé 1989. Slide B1-55a. Bodudd 1. 

2.Evittia denticulata (Cramer 1970) Le Hérissé 1989. Slide B1-14a. Bodudd 1. 

3.Evittia denticulata (Cramer 1970) Le Hérissé 1989. Slide B1-14a. Bodudd 1. Same specimen as in 3. 

4.Micrhystridium morphotype with short processes, attributable to Micrhystridium nannacanthum Deflandre 1945. 

Slide RI2-la. Rivet 2. 

5.Micrhystridium stellatum Deflandre 1945. Slide KR3-4b. Krokviit 3. 

6.0ppilatala septispinosa Lister 1970. Slide KR3-4b. Krokviit 3. 

7. Veryhachium reductum Deunff 1958. Slide B 1-14a. Bodudd 1. 

8.Veryhachium trispinosum Eisenack 1938. Slide B1-20a. Bodudd 1. 

9 .Dorsennidium europaeum (Stockmans & Willière 1960) Sarjeant and Stancliffe 1994. Slide KR3-4b. Krokvat 3. 

10.Quadraditumfantasticum Cramer 1964. Slide KR3-4b. Krokviit 3. 

11.Leiofosa parvitatis Loeblich 1970. Slide KR3-4b. Krokvat 3. 
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The Eke Beds are overlain by well-sorted foreshore sandstones of the Burgsvik Beds 

(maximum thickness: 47 rn) with a sparse, but fully marine brachiopod fauna. Cross bedding, 

ripple marks, and load casts are common. The uppermost part of this series consists of thinly 

cross-bedded oolitic limestones. The stable isotope values of the Burgsvik Beds are slightly lower 

than those of the upper part of the Eke Beds, but are still very high (>7%o ô13C). The oolitic 

limestones of the upper Burgsvik Beds pass gradually into oncolites of the Hamra/Sundre Beds 

(thickness: 50 rn), containing bioclasts of normal marine fauna. Reefs and crinoidallimestones 

interlocking with back-reef deposits towards the NE and open marine shelf deposits towards the 

SW overlie these deposits. On southernmost Gotland, the carbonate platform of the 

Hamra/Sundre Beds passes into a limestone-marl sequence of proximal shelf facies. 

3. Material and methods 

104 samples from 33 localities have been investigated on their palynomorph contents 

(Fig. 2). To correlate our results exactly with the carbon isotope stratigraphy, we have sampled 

only localities with published isotope data from diagenetically unaltered brachiopod shells 

(Samtleben et al. 2000). The description of localities is given in Samtleben et al. (2000). ln the 

Hemse Beds, a minor positive isotope excursion (l%o ô13C) has been reported by Samtleben et al. 

(2000). 

Plate Il 

l.Multiplicisphaeridium saharicum Lister 1970. Slide B1-55a. Bodudd 1. 

2.Visbysphaera microspinosa (Eisenack 1954) Lister 1970. Slide KR4-2d. Krokviit 4. 

3.Eupoikilofusa tenuistriata Pothé de Baldis 1975. S1ide K1-1a. Klasard 1. 

4 .Cymbosphaeridium pilaris (Cramer 1964) Lister 1970. Slide RVK 1-1 a. Rivviken 1. 

5.0nondagella asymmetrica (Deun:ff 1954) Cramer & Diez 1972. Slide B1-39a. Bodudd 1. 

6.Cymatiosphaera octaplana Deunff 1958. Slide B 1-39a. Bodudd 1. 

7.Cymatiosphaera octaplana Deun:ff 1958. Slide Bl-39a. Bodudd 1. Same specimen as in 6. 

8.Pterospermopsis martinii Cramer 1967. Slide BOV3-7a. Boviken 3. 

9.Cymatiosphaera mariae Cramer, Diez, Rodriguez & Fombella 1976. Slide B1-39a. Bodudd 1. 

10.Cymatiosphaera mariae Cramer, Dîez, Rodriguez & Fombella 1976. Slide B1-39a. Bodudd 1. Same 

specimen as in 9. 

11. Dictyotidium stenodictyum Eisenack 1965. Slide B1-74a. Bodudd 1. 
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The base of this isotope excursion has been chosen as reference level by Samtleben et al. 

(2000) ("base of Linde Event" = 0 rn). For consistency, we use the same reference level in the 

present paper. Palynological sample preparation followed standard techniques (e.g., Wood et al., 

1996). After spiking with Lycopodium marker spores to facilitate the calculation of absolute 

palynomorph abundances, 100 g (limestones and sandstones) or 50 g (maris) of sample material 

were treated with 33% HCI and 40% HF. Subsequent to each chemical preparation step, the 

residue was sieved through a 11 f.lffi nylon mesh. Strew mounts were prepared using glycerine 

jelly as mounting medium. 

For each sample, a minimum of 250 palynomorphs were counted using an Olympus BX 

51 light microscope and identified to the species level. For a broad characterization of the 

palynological assemblages, the identified palynomorphs were attributed to the foliowing groups: 

process-bearing acritarchs (for convenience here termed "acritarchs"), sphaeromorphs (acritarchs 

devoid of processes and ornamentation; PL IV 6), acanthomorph acritarchs (ali acritarchs with 

more than 10 processes), polygonomorph acritarchs (all acritarchs than 3 to 6 processes), 

netromorph acritarchs ( acritarchs with two processes at the ends ), prasinophytes (PL II 6-11 ), 

scolecodonts, chitinozoans, and spores (land plant-derived palynomorphs; PL III 2-3). 

Microphotographs were made with an Olympus CAMEDIA digital camera. Scanning 

Electron Microscope (SEM) photographs were digitally acquired using a Cambridge Stereoscan 

240. Ali material is filed in the collection of the Institute of Geological Sciences, University of 

Tübingen, Germany. 

4. Results 

4.1 Distribution patterns in major palynomorph groups 

4.1.1 Absolute abondances 

Acritarchs and sphaeromorphs are by far the most abundant components of the 

palynomorph assemblages throughout the sections examined, with maximum abundances 

reaching up to 10.000 specimens per gram of sediment (Fig. 4a). 

The absolute abundance curves of ali marine palynomorph groups show a trend towards 

reduced values during the ô 13C excursion. In the late stage ofthe excursion, with ô13C values 

approaching pre-excursion levels, absolute acritarch, sphaeromorph, prasinophyte, chitinozoan, 

and scolecodont abundances increase steadily until pre-excursion values are reached. In contrast, 
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shown for comparison are from Samtleben et al. (2000). 
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absolute spore abundances, which represent a terrestrial signal, show an opposite distribution 

pattern. With the onset of the ô13C excursion, they increase strongly, reaching values of 100 and 

more specimens per gram of sediment. Absolute spore abundances remain high throughout the 

excursion interval and decrease again when ô13C values reach pre-excursion levels. 

4.1.2 Relative abondances 

Whereas the relative abundances of the marine palynomorph groups show only low 

fluctuations throughout the pre-excursion interval of the examined succession, strong changes 

can be observed with the onset of the ô13C excursion. Towards the end of the excursion, relative 

percentages of ali marine palynomorph groups approach pre-excursion levels (Fig. 4b ). 

More specifically, acritarchs make up for more than 50% of the total pre-excursion 

palynomorph assemblages. A strong drop in relative acritarch abundances accompanies the 

decline of ô13C values. Throughout the excursion interval, acritarch percentages remain low, and 

only in the late stage of the excursion (with strongly declining ô13C values) they rise to near pre­

excursion levels. Sphaeromorph, prasinophyte, chitinozoan, and scolecodont percentages show 

only minor changes throughout the examined succession. The curve of spore percentages, in 

contrast, closely mirrors the ô13C curve. Pre-excursion percentages do not exceed 3% of total 

palynomorphs, but a strong increase (to up to 10% of total palynomorphs) occurs during the 

major isotope shift. With the decline of ô13C values later during the excursion, spore percentages 

also decrease until pre-excursion percentages are reached. 

4.2 Distribution patterns in process-bearing acritarch groups 

4.2.1 Absolute abondances 

Before the onset of the ô13C excursion, the absolute abundances of acanthomorphs and 

polygonomorphs are mostly between 100 and more than 1.000 specimens per gram of sediment 

(Fig. Sa). Netromorphs are somewhat rarer and their absolute abundances are predominantly 

between 10 and 100 specimens per gram of sediment. 
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comparison are from Samtleben et al. (2000). 
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With the onset of the ô13C excursion, absolute abundances of process-bearing acritarchs 

rise to the highest values throughout the examined succession (Fig. 5a). Subsequently, they show 

a pronounced drop, with absolute abundances of acanthomorphs and polygonomorphs decreasing 

from more than 1.000 to a minimum of less than 10 specimens per gram of sediment in the 

middle part of the excursion. The decrease in absolute netromorph abundances is slightly less 

pronounced, but still clearly visible. With the decline of ô 13C values later during the excursion, 

absolute abundances of acanthomorphs, polygonomorphs, and netromorphs increase again until 

pre-excursion percentages are reached. 

4.2.2 Relative abondances 

In the lower part of the profile, acanthomorphs and polygonomorphs together usually 

make up more than 90% of the acritarch assemblage and th us the ir percentages show an inverse 

correlation (Fig. 5b ). The percentages of acanthomorphs and polygonomorphs are highly 

variable. Percentages of netromorphs remain low and never exceed 10% of total process-bearing 

acritarchs. 

During the strong rise of ô 13C values at the onset of the excursion, polygonomorph 

percentages show a pronounced maximum. Subsequently, they decrease and a simultaneous rise 

in netromorph percentages can be observed. Acanthomorph percentages peak between the highs 

ofthe polygonomorph and netromorph percentages (Fig. 5b). 

Later during the excursion, acanthomorph percentages faU and then rise again, whereas 

polygonomorph percentages show an inverse pattern. After reaching a maximum during the onset 

of the excursion, netromorph percentages show a second peak in the middle part of the excursion. 

With ô13C values approaching pre-excursion levels, netromorph percentages also return to pre­

excursion values. Acanthomorph percentages, however, do not recover to pre-excursion levels, 

whereas polygonomorph percentages steadily increase in the topmost part of the succession (Fig. 

5b). 

Plate DI 

l.Duvernaysphaera aranaides (Cramer 1964) Cramer & Diez 1972. Slide BOV1-3a. Boviken 1. 

2.Spore attributable to Ambitisporites sp. Slide KUHL2-2a. Kuhlaken 2. 

3.Spore attributable to Ambitisporites sp. Slide BOV3-la. Boviken 3. 

4.Veryhachium reductum Deunff 1958. Mount Bl-16. Bodudd 1. 
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5.Veryhachium trispinosum Eisenack 1938. Mount Bl-4. Bodudd 1. 

6.Dorsennidium europaeum (Stockmans & Willière 1960) Sarjeant and Stancliffe 1994. Mount SN4-1. Snoder 4. 

7.Micrhystridium morphotype with short processes, attributable to Micrhystridium nannacanthum Deflandre 1945. 

Mount SN4-1. Snoder 4. 

8.Micrhystridium morphotype with short processes, attributable to Micrhystridium parinconspicuum Deflandre 1945. 

Mount B 1-4. Bodudd 1. 

9.Micrhystridium morphotype with long and ramified processes, attributable to Micrhystridium imitatum Deflandre 

1945. Mount B1-4. Bodudd 1. 
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4.3 Distribution patterns in selected acritarch genera 

4.3.1 Absolute abundances 

The absolute abundances of the acritarch genera Micrhystridium (Pl. I 4-5; Pl. II 7-9), 

Evittia (Pl. I 1-3; Pl. IV 1), Veryhachium (Pl. I 7-8; III 4-5), Dorsennidium (Pl. I 10; Pl. III 6), 

Multiplicisphaeridium (Pl. II 1; Pl. IV 4-5), Oppilatala (PL I 6), Percultisphaera (Pl. IV 2-3), 

Histopalla, Leiofusa (Pl. I 9), and Eupoikilofusa (Pl. IV 8) show relatively strong variations 

during the pre-excursion interval of the examined succession (Fig. 6). The onset of the excursion 

is marked by a transient rise in absolute abundances in ali genera. During the middle part of the 

excursion, ali genera show reduced abundances, and it is only when ô 13C values approach pre­

excursion levels that absolute abundances recover to values as they are encountered in the lower 

part of the section. 

Micr. Evittia Very. Dorsen. MuHipl. Oppi/. PercuH. Histo. Leiot Eupoik. 
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Fig. 6: Absolute abundances of selected acritarch genera throughout the sampled section. Note logarithmic scale of 

the X-axis. ô13C data shown for comparison are from Samtleben et al. (2000). Micr. = Micrhystridium, Very. = 

Veryhachium, Multipl. = Multiplicisphaeridium, Oppil. = Oppilatala, Percult. = Percultisphaera, Histo. = 

Histopalla, Leiof. = Leiofusa, Eupoik. = Eupoikilofusa. 
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4.3.2 Relative abondances 

With the exception of Micrhystridium, Evittia, Veryhachium, and Eupoikilofusa, aU 

selected acritarch genera show reduced relative abundances during the ô13C excursion (Fig. 7a). 

For the interval comprising the onset of the excursion, the selected acritarch genera reveal a 

succession of increased relative abundances (Fig. 7b ). Specifically, a sequence of temporarily 

increased relative abundances of Multiplicisphaeridium, Oppilatala, Percultisphaera, Histopalla, 

Leiofusa, and Eupoikilofusa (in the order of appearances) can be observed. 

4.4 Distribution patterns within the Micrhystridium and Veryhachium plexus 

4.4.1 Absolute abondances 

Morphotypes within the Micrhystridium plexus (i.e., morphotypes with short processes -

M. nannacanthum and M parinconspicuum, Pl. I 4, Pl. III-7 and Pl. III 8, respectively), M 

stellatum sensu stricto (Pl. I 5), and morphotypes with long ramified processes - M imitatum (Pl. 

III 9) show variations in absolute abundances before the onset of the ô13C excursion, with 

absolute abundances mostly varying between 100 and 1.000 specimens per gram of sediment 

(Fig. 8a). 

During the onset of the excursion when ô13C changes are most rapid, M stellatum sensu 

stricto and the morphotypes with long and ramified processes decline in abundances. They 

remain very low or are even absent during the middle part of the excursion. This only changes in 

the upper part of the excursion when ô13C values decrease again and the abundances of both 

morphotypes recover to pre-excursion values. Micrhystridium morphotypes with short processes 

also show reduced absolute abundances during the isotope excursion, but the drop in values is 

less strong than in the other Micrhystridium morphogroups (Fig. 8a). 

A slightly different picture emerges for morphotypes from the Veryhachium plexus. Both 

V. reductum (Pl. I 7; Pl. III 4 - short processes) and V. trispinosum (Pl. I 8; Pl. III 5 - short 

processes) are abundant elements of pre-excursion acritarch assemblages. During the onset of the 

excursion, they reach their highest absolute abundances within the entire succession. Later during 

the excursion, the ir abundances decline, and it is only towards the end of the excursion that pre­

excursion abundances are regained. 
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Fig. 7: Relative abundances of selected acritarch genera (A) throughout the sampled section and (B) during the 

interval of strongest ô13C shifts. ô 13C data shown for comparison are from Samtleben et al. (2000). Micr. = 

Micrhystridium, Very. = Veryhachium, Multipl. = Multiplicisphaeridium, Oppil. = Oppilatala, Percult. = 

Percultisphaera, Histo. = Histopalla, Leiof. = Leiofosa, Eupoik. = Eupoikilofusa. 

4.4.2 Relative abondances 

Within the Micrhystridium plexus, the relative abundances of morphotypes with short 

processes and M stellatum sensu stricto show inverse distribution patterns (Fig. 8b ). The relative 
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abundances of morphotypes with short processes mirror the isotope excursiOn by strongly 

increasing during the onset of the excursion, remaining on a high lev el in the middle part of the 

excursion, and declining when ô 13e return to pre-excursion values. The relative abundances of M. 

stellatum sensu stricto show an opposite trend. Within the Veryhachium plexus, relative 

abundances of V. reductum roughly mirror the isotope excursion, whereas relative abundances of 

V. trispinosum exhibit an inverse pattern (Fig. Sb). 

5. Discussion 

The Late Ludlow is characterised by global changes in biota, facies development, and the 

development of stable carbon and oxygen isotopes (Bickert et al. 1997, Jeppsson 1998, Jeppsson 

and Aldridge 2000, Samtleben et al. 2000, Jeppsson et al. 2002, Munnecke et al. 2003). The 

strongest ô13e excursion of the entire Phanerozoic is observed on a global scale in this time 

interval. lt has been termed "upper Ludfordian A-period" (Bickert et al. 1997) owing to the 

strong palaeoclimatic/-oceanographic changes that have been postulated by these authors. 

According to Bickert et al. (1997), an arid climate prevailed in the low latitudes during this time, 

resulting in low terrestrial nutrient input into the marine realm. 

Very similar isotope excursions, also associated with facies changes and extinction 

events, are observed not only in the Silurian, but also in the eambrian and Ordovician, and are 

likewise interpreted as times of arid climate (Fig. 1; see summary in Munnecke et al. 2003). The 

strong similarities of these events indicate similar steering mechanisms. The conclusions derived 

from the present study, therefore, probably are transferable to the other A-periods in the Early 

Palaeozoic. 

5.1 Productivity changes and ô13C values 

In Mesozoic and eenozoic sediments, positive excursions of ô 13e values often can be 

attributed to enhanced bioproductivity and/or enhanced deposition of organic matter (black 

shales; e.g., Berger and Vincent 1986; Kump and Arthur 1999; Herrle et al. 2003). These 

explanations can be ruled out for the upper Ludfordian A-period for three reasons: 
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(1) The absolute abundance of marine phytoplankton (acritarchs) decreases, indicating reduced 

planktic productivity; 

(2) The extreme amplitude of nearly 10%o in ô13C values on Gotland is by far too high to be 

explained by productivity changes (see discussion in Bickert et al. 1997); 

(3) oxygenated deep shelf sediments of this time period do not indicate an increased, but a 

reduced deposition of organic matter (Wenzel, 1997). 

Therefore, the results presented here, i.e. that the absolute abundance of organic-walled 

phytoplankton is reduced during the isotope excursion, confinn the interpretation of Jeppsson 

(1990) and Bickert et al. (1997) who assume the upper Ludfordian to representa time ofreduced 

bioproductivity. The extreme amplitude of ô13C values is probably caused by changes between 

estuarine and anti-estuarine circulation in the ocean (Bickert et al. 1997). During the Silurian, 

euxinic conditions prevailed below the surface waters in the pelagie ocean, resulting in a strong 

fractionation in carbon isotopie composition between surface and deep waters produced by the 

settlement and deposition of 12C-rich organic material in deep-sea sediments (black shales). 

Under arid clirnate conditions (A-periods), the formation and downwelling of saline surface water 

caused an anti-estuarine circulation pattern in shallow seas and 13C-enriched open ocean surface 

water reached the shelf areas, resulting in high ô13C values. 

During humid conditions (H-periods), upwelling of 12C-enriched deep-water lead to low ô13C 

values. This upwelling of nutrient-rich deep water as well as input of terrigenous nutrients 

resulted in abundant and diverse acritarch communities. During A -periods terrestrial nutrient 

input was low and upwelling ceased, resulting in irnpoverished acritarch communities. 

1t is, however, important to note that the change in phytoplankton bioproductivity 

obviously did not considerably change the carbon isotopie composition of the seawater, because 

times of high productivity are correlated with low ô13C values and vice versa. The probable 

reason for this observation is that the difference between a biological pump with maximum 

activity and a strangelove ocean state is only on the order of 2 to 3%o in ô13Cmc (Berger and 

Vincent, 1986) This is Jess than one third of the amplitude observed, and is considerably lower 

than the effect of varying input of 12C-enriched subsurface water or an influx of 13C-enriched 

surface water. 

23 



Article VI - ''Assessing mechanisms of global change in the Late Si/urian: Palynologica! data 
from Gotland, Sweden ", submitted to Palaeogeography, Palaeoclimatology, Palaeoecology, Elsevier 
Publisher, Amsterdam, The NetherlandS. 

Plate IV 

1. Evittia denticulata (Cramer 1970) Le Hérissé 1989. Mount B1-4. Bodudd 1. 

2. Percultisphaera stiphrospinata Lister 1970. Mount B1-4. Bodudd 1. 

3. Detailed view of the wall structure of the specimen in 2. 

4. Multiplicisphaeridium pardaminum Diez & Cramer 1976. Mount B 1-41. Bodudd 1. 

5.Multiplicisphaeridium saharicum Lister 1970. Mount B1-41. Bodudd 1. 

6.Sphaeromorph, attributable to Leiosphaeridia sp. Mount SNV1-2. Snauvalds 1. 

7.Cymatiosphaera mariae Cramer, Diez, Rodriguez & Fombella 1976. Mount SNV1-2. Snauvalds 1. 

8.Eupoikilofusa tenuistriata Pothé de Baldis 1975. Mount B1-41. Bodudd 1. 
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5.2 Timing and causes of biotic changes 

Ail of the isotope excursions summarised in Fig. 1 coïncide with biotic extinction events. 

The strongest faunal changes in hemipelagic organisms (e.g. conodonts, graptolites) are observed 

at the beginning or even prior to the increase of ô 13C values (see summary in Munnecke et al., 

2003; Jeppsson et al., 2002). Organisms thriving in shallow-water environments, e.g., reefs, were 

only little affected. Therefore environmental changes that are directly connected with the stable 

isotopie composition of the sea water (e.g. growth if ice caps, temperature and sea-level changes) 

can be excluded to be responsible for the early extinctions. Obviously, the most strongly affected 

area during that time was the outer shelf area, whereas shallow-water communities are less 

affected (see discussion in Munnecke et al. 2003). Munnecke et al (2003) have speculated that the 

extinctions were caused by an influx of euxinic deep-water masses in peripheral marine areas 

resulting from the breakdown of the front between oxygenated surface water and anoxie deeper 

water during the turnover from an estuarine to an anti-estuarine circulation. Such a scenario 

would have affected not only benthic organisms on the deep shelves, but also the deep migrating 

zooplankton and nekton (e.g. conodonts, graptolites), whereas phytoplankton should have been 

less affected. Sedirnentologically, this hypothesis is corroborated by the lamination in the upper 

Hemse Beds, which also indicate anoxie or disoxic bottom water conditions. 

Our results show that the distribution patterns of ali marine palynomorph groups are 

closely correlated with the carbon isotope development. For the interval of increased carbon 

isotope values, acritarchs generally show a strong decrease in absolute abundances (Figs. 4a, 5a, 

6). A similar picture emerges for sphaeromorphs, prasinophytes, chitinozoans, and scolecodonts 

(Fig. 4a). Moreover, a pronounced turnover in the composition of acritarch assemblages can be 

observed (Figs. 4 to 8). This turnover is strongest during the initial rise of carbon isotope values 

and th us postdates the extinction events in conodonts. Obviously, the phytoplankton was affected 

later by the oceanographic/climatic changes than deeper-water organisms. A similar behaviour is 

known from the Ireviken Event close to the Llandovery/Wenlock boundary. Here, a turnover of 

the acritarch assemblages occurs in the Upper Visby Beds contemporaneous to the ascent of 

carbon isotope values, but clearly after the extinction event of conodonts, graptolites, and 

trilobites (Le Hérissé, 1989; Jeppsson, l997a,c; Gelsthorpe, 2002). 

The reduction in marine palynomorph abundances during the isotope excursion could be 

explained by a low-latitude climatic shift from relatively humid to more arid conditions, which 
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decreased the chemical weathering on the continents, and consequently led to a reduction in the 

input of terrestrial nutrients. The succession of several distinct maxima in the abundance of 

different acritarch genera during the initial increase of ô 13C values (Fig 7) indicates continuously 

changing environmental conditions in the photic zone, with optimum ecological conditions for 

single genera often being restricted to Jess than one meter of strata, and thus only lasting for a 

relatively short time interval. This sequence ofblooms in different acritarch generais best visible 

in the distribution pattern of Multiplicisphaeridium, Oppilatala, Percultisphaera, Histopalla, 

Leiofosa, and Eupoikilofusa (Fig. 7b ). These genera probably exploited specifie 

palaeoenvironmental conditions. As many acritarchs probably represent the Palaeozoic 

equivalents of Meso- and Cenozoic organic-walled dinoflagellate cysts ( e.g., Servais et al. 1997, 

Moldowan & Talyzina 1998, Talyzina et al. 2000), the observed blooms may weil be the results 

of environmental changes as they are known to affect Meso- and Cenozoic organic-walled 

dinoflagellate cyst assemblages. Hence, it may be speculated that the blooms were controlled by 

changes in productivity, temperature, salinity, oxygen availability, and/or stratification in the 

surface waters (compare Pross et al. in press, and Slujis et al. subm., for reviews on the ecology 

of cyst-forming dinoflagellates). 

5.3 Morphological variation in acritarchs, acritarch ecophenotypism, and surface water 

properties 

The time of elevated isotope values probably represents a period of arid climate in low 

latitudes. This is weil documented by the high ô180 values of the upper Ludfordian A-period 

measured in diagenetically unaltered brachiopod shells (Fig. 3; Samtleben et al. 1996, 2001). The 

shift of about 4%o in ô180 values is too high to be explained by decreasing temperatures because 

it requires a temperature drop in low-latitude surface waters of about l6°C, a value that is totally 

unrealistic (Samtleben et al. 1996, Bickert et al. 1997). Thus, salinity changes must be taken into 

account to exp lain the large ô 180 amplitude observed. lndependent evidence for enhanced salinity 

is provided by the widespread occurrence of calcareous cyanobacteria on Gotland, in Scania 

(Sweden), in the Holy Cross Mountains (Poland), and in Australia (Cherns, 1983, Wigforss­

Lange 1999, Samtleben et al. 2000, Jeppsson et al. 2002, Kozlowski 2003), typically favouring 

elevated salinity. However, because salinity changes were obviously the dominant factor 
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influencing the ô 180 development, even increased sea-surface temperatures during the upper 

Ludfordian A-period cannot be ruled out. 

Acritarch genera that are normally abundant in distal environments on Gotland (i.e. 

Evittia, Percultisphaera) are almost absent during the upper Ludfordian A-period, whereas 

genera typical for proximal environments (e.g., Veryhachium, Micrhystridium, Leiofusa) are 

more frequent during that time (Stricanne et al. in press). This observation is in accordance with 

the lithological development on western Gotland. Sediments deposited during this time are 

composed of shallow-water carbonates, (i.e. reefs, reef-related strata, foreshore sandstones, 

oncolitic limestones, and proximal shelf deposits), whereas the preceding lower Ludfordian H­

period is strongly characterized by open-marine distal shelf deposits. 

Our acritarch data show a marked shift within the Micrhystridium and Veryhachium 

plexus. In the lower Ludfordian H-period specimens with long and ramified processes prevail, 

whereas in the upper Ludfordian A-period a dominance of specimens with short processes is 

observed (Fig. 8). In a previous study of the present authors (Stricanne et al. in press) it is shown 

that Micrhystridium morphotypes with short processes show a decline in relative abundance from 

proximal to distal environments in the lower Hemse Beds on Gotland, and specimens with long 

and ramified processes become more abundant towards the distal shelf environments. The shifts 

observed in the Micrhystridium and Veryhachium plexus in the present study are much more 

pronounced thau th ose of the inshore-offshore transect mentioned above, and the Micrhystridium 

ste/latum population, which does not show significant differences in relative abundance in the 

inshore-offshore transect, shows a strong decrease during the isotope excursion. Therefore, these 

shifts cannot be explained solely by decreasing water depth. Instead, they may be connected with 

the physical properties of the ambient sea water. Whereas it is unknown if temperatures during 

the A-period were higher or lower compared to the preceding H-period (see above), the salinity 

and therefore also the density of the surface waters was most probably higher. If an analogy of 

Palaeozoic acritarchs to Meso- and Cenozoic organic-walled dinoflagellate cysts is assumed (see 

above ), our findings on acritarch process lengths are compatible with the environmental changes 

inferred from the oxygen isotope records. According to studies on fossil and recent organic­

walled dinoflagellate cysts, sorne taxa develop a reduced omamentation in water of higher 

temperature (Wall et al., 1973; Wall and Dale, 1974; Turon, 1984; Kokinos and Anderson, 1995; 

Hallett, 1999). Moreover, laboratory experiments show a reduction in process length in 

dinoflagellate cysts under elevated as well as under reduced salinity (Ellegaard et al., 2002). 

27 



Article VI - ''Assessing mechanisms of global change in the Late Silurian: Palynological data 
from Gotland, Sweden ", submitted to Palo.eogeography, Paùreoclirnatology, Palaeoecology, Elsevier 
Publisher, Amsterdam, The Netherlands. 

However, as the exact systematic position of acritarchs is yet unclear, the function of their 

processes remains speculative. lt may be hypothesized that the function of the processes was 

related to the buoyancy of the surrounding waters. In that case, the reduction in process length 

during the upper Ludfordian A-period might represent an adaptation to higher-density waters. 

5.4 The terrestrial signal 

Both the absolute and relative abundances of terrestrial palynomorphs ( cryptospores and 

trilete spores; compare with Hagstrôm, 1997) closely rnirror the ô13C curve (Fig. 4a, b). The 

strong negative correlation of absolute spore and marine palynomorph abundances indicate that 

both the marine and terrestrial realms were synchronously affected by the environmental changes 

that also caused the isotope excursion. The following explanations are possible: 

1) Sea-level change. The high absolute abundance of miospores might be the result of a sea-level 

drop. Such a drop would drain large shallow-water settings, thus providing extended areas 

for colonisation by early land plants. At the same time, the increased proximity of the 

depositional setting would fa v our the deposition of miospores as these have a relatively low 

buoyancy and therefore are predominantly deposited in near-shore settings ( e.g. Holmes, 

1994; Traverse 1994). However, in a previous study on palynomorphs from the lower 

Ludlow on Gotland no increase of spore abundances toward shallow environments has been 

observed (Stricanne et al. in press). Additionally, the lithological development on Gotland 

indicates an increase in water depth during deposition of the Burgsvik and Hamra/Sundre 

Beds (Samtleben et at. 2000). 

2) Humid climate. An increase of humidity on the continents would not only have improved 

environmental conditions for early land plants, but would also have led to increased fresh 

water runoff by t;vers. At the same time, a humid climate would have increased chemical 

weathering and thus the influx of clay and nutrients into the marine realm. However, 

carbonate facies development, stable isotope geochemistry, and acritach abundances argue 

against this scenario. The carbonate sediments of the upper Ludfordian A-period are 

characterised by clay-poor shallow-water carbonates, and the ô180 development indicates 

arid climate conditions (Fig. 3; Samtleben et al. 1996, Bickert et al. 1997). Moreover, 

acritarch abundances are likely to have increased in the case of higher nutrient availability. 
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Our data show that this is not the case. Jnstead, absolute acritarch abundances decline 

during the isotope excursion. 

The only major clastic influx on Gotland during the upper Ludfordian A-period is 

represented by the Burgsvik Sandstone which is composed of well-sorted, mostly medium­

grained foreshore sandstones and is overlain by oolites. The source area for this sandstone may 

be sought in the rising Caledonides. Additionally, the uplift of the Caledonides may have 

accelerated continental run-off into the Baltic epicontinental seas. However, the co-occurrence of 

sandstones and oolites was also observed far offshore in the Holy Cross Mountains of Poland 

(Kozlowski 2003) and also in Australia during that time (Jeppsson et al. 2002). This might 

indicate that global low-latitude weathering conditions on the continents were favourable for the 

formation of sand; an arid climate as proposed by Bickert et al. (1997) with significant diurnal 

temperature variations could have led to breaking up of rocks through thermal expansion and 

contraction. ln this respect, the frequent occurrence of sandstones and siltstones in A-periods (see 

summary in Munnecke et al. 2003) could be taken as an argument for an arid climate in the low 

latitudes. At the same time, the oligotrophic conditions in the marine realm favoured the 

formation of oolites. 

Generally, spores are silt-sized components and are brought into the marme system 

predominantly by rivers (Holmes, 1994; Traverse 1994). On the other hand, well-sorted 

sandstones normally are devoid of palynomorphs because of their different hydrodynamic 

behaviour compared to the quartz grains (Holmes, 1994). Surprisingly, the marine Burgsvik 

Sandstones on Gotland contain high absolute abundances of spores (Fig. 4). This indicates a 

different transport mechanism for the spores such as possibly aeolian input through strong winds. 

In accordance, the hiatus observed in shallow-water settings at the beginning of the upper 

Ludfordian A-period (and also of most A-periods summarised in Fig 1) could be interpreted as 

the result of a deepening of the wave base due to increasing wind energy, resulting in submarine 

erosion in shallow-water settings (see discussion in Munnecke et al. 2003, page 120). Stronger 

winds could have originated, e.g., from an intensification ofthe Hadley cell. Altematively, if A­

periods represented intervals of cooler high-latitude temperatures, stronger winds could have 

resulted from increased atmospheric heat transport from low to high latitudes. The fact that at 

least one of the A-periods is associated with polar glaciation (Hirnatian glaciation, Late 

Ordovician) might support this assumption (Munnecke et al. 2003). However, these scenarios are 
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currently highly speculative, and exceptionally well-dated material from high palaeo-latitudes has 

to be investigated before a global climatic model can be solidly established. 

6. Conclusions 

-The development of acritarch communities in the Ludlow of Gotland is closely correlated with 

the stable isotope development. High stable isotope values are correlated with low 

abundances of acritarchs, and vice versa. A similar pattern is known for conodonts 

(Jeppsson and Aldridge, 2000). This clearly shows that an increase in marine 

palaeoproductivity cannot have been considered as reason for the positive ô 13C excursion. 

-The results are in good accordance with those climatic models for the Silurian that assume 

alternating humid and arid climatic conditions in low latitudes (Jeppsson 1990, Bickert et 

al. 1997). Times of high isotope values correspond to arid climatic conditions in low 

latitudes, with low input of terres trial nutrients re sul ting in impoverished acritarch (and 

conodont) communities. During times oflow ô 13C and ô180 values, humid climate prevails, 

and the input of terrestrial nutrients resulted in abundant and diverse phytoplankton 

communities. 

-The major turnover of the composition of the acritarch communities took place during the 

increase of the isotope values after hemipelagic planktic or nektonic organisms like 

graptolites and conodonts have been affected. A similar pattern is observed at the Ireviken 

Event close to the Llandovery-W enlock boundary. This indicates that environmental 

changes connected with the isotope excursions at frrst affected deeper-water settings, and 

only later influenced the photic zone. 

-The dominance of acritarchs with short, non-ramified processes during the upper Ludfordian A­

period might be the re suit of enhanced water density caused by higher salinity. 

-The abundance of terrestrial spores closely mirrors the marine stable isotope development 

indicating that both realms are synchronously affected by the climatic changes. The high 

abundance of spores during the upper Ludfordian A-period could be explained by an 

increased aeolian input. 
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Appendix (next page) 

Quantitative table showing absolute abundances (part. per g 1 sediment) of ali 

palynomorphs groups and acritarch species through the profile. For convienience, the samples of 

the first row are indicated by the frrst letters of the locality name followed by a locality number X 

(see Laufeld, 1974, and Samtleben et al, 2000 for explanations and position of the samples) and 

sample number Y: SP X-Y- Sproge; SN X-Y- Snoder; LA X-Y- Lakskar; BOV X-Y- Bovik; 

SM X-Y- Smissarve; VAK X-Y- Vakten; A X-Y- Alsvik; MI X-Y- Mickels; LU X-Y­

Lukse; KR X-Y- Krokvat; NIS X-Y- Nisse; SNV X-Y- Snauvalds; DR X-Y- Drakarve; SNI 

X-Y- Snippsnyte; V X-Y- Vaktârd; K X-Y- Klasârd; B X-Y- Bodudd; NÂ X-Y- Nas; TOM 

X-Y- Tomsarve; KULH X-Y- Kulhaken; UD X-Y- Uddvide; RI X-Y- Rivet; RIV X-Y­

Rivviken; BAR X-Y - Barshageudd; KLE X-Y - Klehammarsârd. 
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