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Abstract:

Nine non-pollen palynomorph (NPP) groups occur in Quaternary marine and brackish
water sediments, representing various phytoplanktonic or micro- to macrobenthic
organisms. Some extant NPP were previously classified as fossil Acritarcha,
Chitinozoa or scolecodonts. We refer to reviews of these fossils and applications for
Paleozoic–Mesozoic biostratigraphy and palaeoecology but focus on extant NPP that
are studied by laboratory culture, genetics or micro-geochemical methods. Marine NPP
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation

include resting cysts of planktonic dinoflagellates and prasinophytes, tintinnids and
other cilates, copepod eggs and skeletal remains, and various microzoobenthos:
microforaminiferal linings, ostracod mandibles and carapace linings, annelid worm egg
capsules and mouthparts. New micro-Fourier Transform Infrared spectroscopy spectra
suggest the affinities of the tintinnid cyst type P and Beringiella . Our applications in
marine biodiversity and provincialism studies emphasize under-studied polar regions
and neglected ice-algae, and compare climate-based NPP distributions to Ocean
Biogeographic Information System realms. Trophic relationships are outlined using
sediment-trap studies. Seasonal to annual-scale investigations of palaeoproduction
provide new perspectives on ocean carbon budgets during times of rapid change in
climate and atmospheric carbon. More taxonomic and source-linkage studies of nondinocyst marine NPP are needed but we outline potentials for studies of global-scale
shifts in marine food webs as driven by ocean warming.
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Table 1. List of foraminiferal species and corresponding organic linings found in the Gulf of St. Lawrence (GSL,
from de Vernal 2009), NW Atlantic Ocean (NWA from de Vernal et al. 1999b), Black Sea (BS) and Chezzetcook
saltmarsh (CSM).

Species

Test type

Region

Organic Lining

Ammobaculites ponticus
Ammonia ammoniformis
Ammonia compacta
Ammonia tepida
Astrononion gallowayi
Bolivina pseudopunctata
Brizalina subaeriensis
Bulimina exilis
Bulimina marginata
Buliminella elegantissima
Cassidulina laevigata
Cibicides lobatulus
Cibicides lobatulus
Elphidium excavatum
Elphidium incertum
Entolingulina deplanata
Fissurina fragilis
Fissurina lucida
Globobulimina auriculata
Islandiella helenae
Jadammina macrescens
Lagena mollis
Melonis zandami.
Miliammina fusca
Nonion matagordanus
Parafissurina dzemetinica
Parafissurina lateralis
Orthomorphina calonesis
Orthomophina drammamensis
Porosononion subgranosus
Reophax scotti
Spiroplectammina biformis
Trochammina inflata

Arenaceous
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
?Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Agglutinated
Carbonate
Carbonate
Agglutinated
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Agglutinated
Agglutinated
Agglutinated

BS
BS
BS
BS
GSL
GSL
GSL
GSL
GSL
NWA
GSL
GSL, NWA
NWA
GSL, NWA
GSL
GSL
BS
BS
GSL
GSL, CSM
CSM
GSL
NWA
CSM
BS
BS
BS
BS
BS
BS
GSL
GSL
CSM

Linear, uniserial
Trochospiral
“
“
Rotalid
Biserial
Biserial
Rotalid
“
Trochospiral
“
Trochospiral
“
Planispiral
Planispiral
Lagenid
“
“
Triserial
Rotalid
?Low trochospiral
Unilocular
Planispiral
Quinquelocular
Planispiral
Unilocular
Unilocular
“
“
Planispiral
Uniserial?
Biserial
Trochospiral
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Abstract. Nine non-pollen palynomorph (NPP) groups occur in Quaternary marine and brackish
water sediments; these groups represent various phytoplanktonic or micro- to macrobenthic
organisms. Some extant NPP were previously classified as fossil Acritarcha, Chitinozoa or
scolecodonts. We refer to reviews of these fossils and their applications for Paleozoic–Mesozoic
biostratigraphy and palaeoecology but focus on extant marine NPP that can be studied by
laboratory culture, genetics or micro-geochemical methods. Marine NPP include resting cysts of
planktonic dinoflagellates and prasinophytes, tintinnids and other cilates, copepod eggs and
skeletal remains, and various microzoobenthos: microforaminiferal organic linings, ostracod
mandibles and carapace linings, annelid worm egg capsules and mouthparts. New micro-Fourier
Transform Infrared spectroscopy spectra suggest the probable affinities of the tintinnid cyst type
P and Beringiella. Our applications in marine biodiversity and provincialism studies emphasize
under-studied polar regions and neglected ice-algae nano-plankton, and compare climate-based
NPP distributions to Ocean Biogeographic Information System realms. Trophic relationships are
outlined using sediment-trap studies. Seasonal to annual-scale investigations of palaeoproduction
provide new perspectives on ocean carbon budgets during times of rapid climate change and
atmospheric carbon increase. More taxonomic and source-linkage studies of non-dinocyst marine
NPP are needed but we outline potentials for studies of hemispheric or global-scale shifts in
marine food webs as driven by ocean warming.

This chapter describes the organic-walled non-pollen palynomorphs (NPP) that are found
in marine and brackish water sediments and are derived from a wide array of micro-organisms
and meiobenthos. Although many of these palynomorphs are derived from organisms
contributing to Net Primary Productivity (also abbreviated as NPP) but in this volume, the
abbreviation NPP exclusively refers to a wide array of non-pollen palynomorphs called NPP
since c. 2005 (Miola 2012). Many of these marine palynomorphs were formerly placed in the
groups Acritarcha, Chitinozoa or scolecodonts. The marine NPP categories range from the well-
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known dinoflagellate cysts (Taylor 1987; Fensome et al.1993; Head 1996; Dale 1996; de Vernal
and Marret 2007; de Vernal et al. 2013) to less well-studied palynomorphs such as tintinnids and
other organic-walled ciliates, ostracod and foraminiferal linings, copepod and worm remains.
Because of this heterogeneity, we first provide background information for each of the larger
microplanktonic and microbenthonic groups. Subsequently, we provide descriptive terminology
for these palynomorph groups, followed by current information on the relationship between the
microfossils in the sediments and the corresponding taxa living in the water column or surface
sediment from which they originate. Improved understanding of the relationship between living
and fossil organisms enables palaeoenvironmental conditions to be better interpreted and fossil
NPP to be assessed more precisely. Furthermore, knowledge of the trophic roles represented by
the microfossils offers important opportunities for reconstructing ancient foodwebs from fossil
evidence and tracking their changes in geological time (Dolan 2013; Hartman et al. 2018).
Finally, we provide examples of the climatic, ecological and productivity relationships for
marine NPP assemblages in biogeographical sections covering the polar to tropical oceans, and
including the low salinity, epicontinental Baltic and Black seas. We place particular emphasis on
new data for the marine NPP of polar regions that have previously been under-studied, and on
use of leading-edge methods of taxonomic study. We primarily focus on novel applications
involving high-resolution studies of marine NPP in Pleistocene to modern sediments but also
refer the readers to reviews of classical applications for older sediments made previously, e.g., by
Reid (1987), Traverse (1988), Mudie and Harland (1996), Penaud et al. (2018) and Williams et
al. (2018).
SECTION A: INTRODUCTION TO MARINE NPP GROUPS
8.1 Microphytoplanktonic NPP
Marine NPP assemblages comprise two major groups of primarily (although not
exclusively) phytoplanktonic micro-organisms: the Dinoflagellata, Acritarcha, and a smaller
group, the Prasinophyta. The dinoflagellate NPP are well-known, as shown in Sect. 8.1.1. The
acritarchs are a less well-defined and heterogeneous group of organic-walled palynomorphs that
includes mostly small (10 – 150 µm) unicellular, organic-walled microfossils of uncertain or
unknown affinity. Acritarchs are most common in marine and brackish environments but may
occur in freshwater; they appear to comprise autotrophic, mixotrophic or heterotrophic
planktonic organisms (Matsuoka and Ishii 2018). The acritarchs are best known as valuable tools
for Proterozoic and Palaeozoic biostratigraphic and palaeoenvironmental studies before the
ascendance of the dinoflagellates during the Mesozoic (Martin 1993; Janouškovec et al. 2017).
However, it is now evident that several fossil acritarch genera, e.g., Cymatiosphaera,
Pterospermella and Tasmanites, survive today as the acid-resistant phycomata of extant
chlorophytic, flagellated prasinophyte algae with alternating motile thecal and resting or lowgrowth stages (Wall 1962; Parke et al. 1978). In addition, recent studies have shown that several
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of these small acritarchs are valuable biostratigraphic markers in high latitude Northern regions
where well-known calcareous and siliceous microfossil marker taxa are sparse and preservation
of their mineral shells is poor compared to organic-walled palynomorphs (Anstey 1992; De
Schepper and Head 2014). Additionally, in the Canadian Arctic, some of living chlorophytic
algae are the primary producers as picoplankton (cells ca. 0.5 – 3 µm), growing in and below the
melting ice margin where they are the dominant phytoplankton group. Hence, following the next
section on dinoflagellates, we provide a general overview of this highly diverse, artificial group
of NPP, and we show some examples of applications.
8.1.1 Dinoflagellates: “red tides and dancing dust of the sea”
From a palynological viewpoint, dinoflagellate cysts are the best-known marine NPP
although the undisputed linkage between the benthic resting cysts (dinocysts) and planktonic
motile flagellate stage was only made in the 1960s by the pioneering work of Wall (1965) and
Wall and Dale (1968), several years after the idea was proposed by Evitt (1961). A few benthic
dinoflagellate taxa may produce resting cysts but these are rare compared to planktonic taxa.
The rapid progress in dinocyst studies over the past few decades is documented by Rochon
et al. (2013), including traditional and new applications, e.g, the potential use as a biodiesel
resource. Overall, the importance of the cysts as the “seed sources” of red tides and toxic algal
blooms (e.g., Reid, 1980, Head 1996; Matsuoka and Fukuyo 2000; Kamiyama et al. 2014;
Matsuoka and Ishii 2018; Ellegaard et al. 2018a) has demanded primary attention. However, the
accelerated use of dinoflagellate cysts as proxies for quantitative reconstruction of past sea
surface temperature (SST), salinity (SSS), sea ice cover (de Vernal et al. 2013; 2019) and for
surface productivity (Reid 1982; Radi and de Vernal 2008; Hardy et al. 2018) have played a
major role in promoting the studies of Quaternary to modern dinocysts. In addition, dinocysts
continue to be of major importance in pre-Quaternary biostratigraphy and petroleum exploration
(Fensome et al. 2016; Williams et al. 2018).
Dinoflagellates (Superphylum Alveolata, Division Dinoflagellata) are eukaryotic
organisms with about 83% of the species living in the oceans or marginal seas (Gómez 2012a)
and most others occurring in freshwater lakes (see McCarthy et al. this volume); there are also a
few species in sea ice (Okolodkov and Dodge 1996; Thompson et al. 2006). Dinoflagellates are a
major phytoplankton group, found in pico-, nano-, micro- and mesoplankton size fractions, and
second only to the diatoms in productivity. They are also considered an important component of
the biological carbon pump (e.g., Falkowski 2012). It is likely that most dinoflagellates occur in
phototic surface waters above the thermocline. However, about 8% of the taxa occupy a marine
benthic (epiphytic) and/or sand dwelling habitat, although at present, few of these benthic taxa
are known to produce fossilizable cysts, e.g., Prorocentrum and Bysmatrum (Limoges et al.
2015; Mertens et al. 2017a). The latest census (Gómez 2012b) indicates total present occurrence
of about 2377 species of dinoflagellates sensu lato within 259 genera, and it documents the range
of complex feeding strategies. According to Gómez (2012b), the majority of extant
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dinoflagellates are heterotrophic (~58%), with others being a mixture of autotrophs, mixotrophs
and symbionts or parasitics; however, Janouškovec et al. (2017) consider that the majority of
dinoflagellates are phototrophic. Nine major orders have been identified based on morphological
and genetic evidence: Dinophysiales, Gonyaulacales, Gymnodiniales, Peridiniales,
Phytodiniales, Prorocentrales, Noctilucales, Pyrocystales and Suessiales (Not et al. 2012).
However, a recent study using metabarcoding reveals that their global diversity could be much
higher (Le Bescot et al. 2016). Marret and Garcés (2013) review the importance of new
molecular analysis methods that help to discriminate species with similar morphologies and that
enable better understanding of 1) cryptic speciation; 2) factors that trigger dinoflagellate bloom
formation, and 3) phenotypic responses to environmental forcing.
Dinoflagellates have a complex life cycle (Fig. 8.1), including asexual and sexual phases,
production of resting cysts or temporary cysts (Kremp 2013; Bravo and Figueroa 2014).
Typically, about 13 – 16 % of the known motile taxa produce a cyst that preserves in sediments
of lakes, seas, oceans or ice (e.g., Head 1996; Penaud et al. 2018) but a higher proportion (36%)
of cysts occur in the low-oxygen sediments of the meromictic Marmara and Black Sea (Mudie et
al. 2017; 2020). Most of the cysts produced are organic-walled and composed of a suite of
complex carbohydrates, collectively called dinosporin, that is distinct from sporopollenin. New
studies using micro-FTIR (Fourier transform infrared) spectroscopy show that the
macromolecular composition of palynomorphs reflects information on taxonomy and trophic
preferences. Details of this new method and its application to marine NPP are given by Bogus et
al. (2014), Gurdebeke et al. (2018a; 2018b; 2019) and Gurdebeke (2019). The data in the socalled FTIR “fingerprint region” of 1800–800 cm-1 have proven to be most informative. Most of
the transparent cysts of autotrophic dinoflagellate taxa reflect a cellulose-like composition, while
heterotrophic taxa differ, with evidence of N-containing functional groups, such as amides, in
their cyst wall (Bogus et al. 2014; Gurdebeke 2019).
Dinoflagellates in taxa such as the Calciodinellaceae and Thoracasphaeraceae produce
calcareous cysts, with about 35 extant species found globally (Zonneveld et al. 2005). Some
cysts of these calcareous-walled taxa, such as species of Scrippsiella, have organic wall layers
that preserve relatively well and are not destroyed during palynological processing (Head et al.
2006). Some of these cysts resemble those produced by Alexandrium tamarense, but reexamination of culture material as well as fossil specimens has confirmed their taxonomic
lineage with Scrippsiella.
The chemical composition of the cyst wall seems to selectively affect preservation under
oxidising conditions. Studies focused on dinocyst preservation in sediments (e.g., Zonneveld,
1997; Zonneveld et al. 2007, 2008, 2010a, 2010b; Bogus et al. 2014) suggest that most
autotrophic species preserve well regardless of oxygenation of the surface sediments and other
environmental conditions whereas some heterotrophic taxa are adversely affected by oxic
conditions. Sensitive taxa include cysts of Protoperidinium species (such as Brigantedinium spp.,
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Echinidinium spp.) and Polykrikos species; the least affected taxon seems to be Operculodinium
centrocarpum (Zonneveld et al. 2019). However, when cyst burial occurs relatively quickly, this
oxidative effect is reduced, as shown by the cyst biogeographical distribution and signal
coherence over large regional domains (e.g. Marret et al. 2008; Hardy et al. 2018). Ribeiro et al.
(2011) report cyst germination dormancy of about 100 years for Pentapharsodininum dalei.
Ellegaard et al. (2013) show that in a Scandinavian fiord sediment study, five dinocyst taxa
germinated after burial periods ranging from a minimum of 5 years for cysts of Protoperidinium
spp. up to maxima of 80 or 90 years for cysts of Scrippsiella and Pentapharsodinium. In the
laboratory, techniques for palynological preparation also have an impact on cyst assemblage
composition when oxidation methods such as acetolysis are used (e.g., Marret et al. 1993;
Mertens et al. 2009b; Chapter 3 of this volume).
Fig. 8.1 goes here: Schematic dinoflagellate life cycle
The motile thecate cell-cyst relationship has been extensively studied since the initial work
of Wall (1965). It was first thought that different species of cysts were produced by a single
motile species (e.g., the Spiniferites complex) but improvement in microscopy observation of
morphology, combined with genetic studies has allowed refinement of this relationship (Lewis et
al. 2001; Rochon et al. 2009; Mertens et al. 2017b). However, a dual nomenclature, under the
International Code for the Nomenclature of Algae, Fungi and Plants (the Shenzhen Code,
Turland et al. 2018) is still in place although its necessity is debated (Head et al .2016; Ellegaard
et al. 2018b). As a result, two systems of classification are currently in place: one for the motile
stage and one for the fossil cysts. For the purpose of this paper, the fossil classification is used
where available. However, it is worth noting that Fensome et al. (1993) have presented a system
of unification between the taxonomy of extant and fossil species.
The oldest confirmed record of organic-walled dinocyst morphotypes goes back to the
early Triassic (e.g., Fensome et al. 1999), although the occurrence of the dinosterane biomarker
has been interpreted as indicating some possible earlier forms of dinoflagellates as old as the
Proterozoic (e.g., Saldarriaga and Taylor 2017; Denne 2018). The molecular study of
Janouškovec et al. (2017) however, suggests that thecate evolution did not begin until the early
Triassic, concomitant with the onset of dinosterol production. Organic-walled dinoflagellate
cysts are well-established biostratigraphic markers (e.g., Traverse, 1988; Fensome et al. 1996;
Penaud et al. 2018) and are the best-known proxies for interpreting marine palaeoenvironmental
conditions from palynological data.
Dinocyst identification is primarily based on morphology which is often genus specific,
such as Spiniferites, using the body shape and reflected (para-) tabulation (Fig. 8.2), including
the shape and position of the archeopyle when present, the wall structure and surface
ornamentation, and cyst wall coloration (transparent versus brown). The Lentin and Williams
Index, revised over time, is a baseline source of information for the names and literature on fossil
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dinoflagellate cysts (see Williams et al. 2019 for latest edition, including Dinoflaj4, an online
database http://dinoflaj.smu.ca/dinoflaj4 ).
Fig. 8.2 goes here: Standard paratabulation according to the Kofoid tabulation system
Despite the availability of these extensive reference resources, the identification of
dinocyst taxa can be challenging because of large morphological variation within and between
species. Recently, several atlases (global and regional) have attempted to summarise geographic
distributions and corresponding abiotic parameters (e.g., Marret and Zonneveld 2003; Zonneveld
et al. 2013) and to illustrate modern dinoflagellate cysts (Rochon et al. 1999; Mudie et al. 2017).
A taxonomic key based on morphology and colour was developed to assist the identification of
dinocysts (Zonneveld and Pospelova 2015; Mudie et al. 2017). Recent works have reviewed and
updated the taxonomy of common dinocyst taxa (Van Nieuwenhove et al. 2019) and some rare
Northern Hemisphere species (Limoges et al .2019; Mertens et al. 2020).
Ecological affinities of modern cyst taxa have been established through the studies of their
distribution in modern sediments, as initiated by Williams (1971) for the North Atlantic Ocean,
and on a global scale, by Mudie and Harland (1996). The most recent review of global
distribution of modern dinocysts documents the occurrence of 91 taxa, with some showing clear
regional biogeographical affinities, whereas others confirm their cosmopolitan character (Marret
et al. 2019). Collaborative studies have also enabled the establishment of global databases
consisting of assemblages of dinocysts from samples prepared in a standard manner and using
standardised taxonomy (e.g., de Vernal et al. 2019). These databases are the basis for the
quantitative reconstruction of past sea-surface conditions such as sea ice cover (de Vernal et al.
2013), tropical productivity (e.g., Marret et al. 2008; Hardy et al. 2018), and other sea surface
parameters, including temperature but particularly salinity that is less well recorded by other
micofossils (de Vernal et al., 2005).
Fig. 8.3 goes here: Representative dinocysts from British Columbian fiords and Marmara Sea.
8.1.2 Group Acritarcha: enigmatic NPP of uncertain ancestry, and prasinophyte marine
microalgae
Evitt (1963) proposed the name Acritarcha, (Greek uncertain “akritos” + “arche” (=
origin) for an artificial, polyphyletic fossil group that contains ‘Small microfossils of unknown
and probably varied biological affinities consisting of a central cavity enclosed by a wall of
single or multiple layers and of chiefly organic composition; symmetry, shape, structure, and
ornamentation [is] varied; central cavity closed or communicating with the exterior by varied
means, for example: pores, a slit-like or irregular rupture, a circular opening (the pylome).’
Jain (2020) provides a well-illustrated review of the Paleozoic taxa that further delimits
acritarchs as a traditional group of Incertae Sedis microfossils with small, single-celled,
organically preserved vesicles, either rounded and smooth-walled (sphaeromorphs) or bearing
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spines or processes (acanthomophs). Jain (2020) further emphasises the importance of acritarchs
as being the earliest eukaryotes and the most complex organisms on Earth for a billion years,
thereby providing ‘… an important window for our understanding of the early life on Earth….’.
Most acritarchs are assumed to be eukaryotes with the cell containing a nucleus and other
organelles enclosed in membranes. The sphaeroidal NPP are now generally thought to be fossil
members of chlorophytic prasinophyte algae such as Halosphaera and Pterosperma that
comprise a diverse paraphyletic group of nine lineages of green algae (Taylor et al. 2009;
Leliaert et al. 2011) with a long fossil record — mid-Proterozoic or older according to Denne
(2018). Williams et al. (2000) provide a glossary of the terminology used to describe both
acritarchs and prasinophytes, and they give detailed line drawings to illustrate 1) the structure
and openings of the vesicles (sutures, elongate slits, macro-or micropylomes); 2) the wall
structure and ornament; and 3) process forms. Al-Ameri (1986) gives details of the wall structure
and excystment mechanisms of selected taxa compared to modern genera. Although it would be
desirable to separate the Acritarcha and Prasinophyta in this review of marine NPP, the
intertwined history of their taxonomic treatment, and the uncertainties regarding the modern
biological affinity of many prasinophyte-like acritarchs prohibit this option. We also exclude
discussion of enigmatic typically Mesozoic taxon Palambages Manum and Cookson 1964
because its biological and ecological affinities are very uncertain (colonial alga or fungal spore,
Wainman et al. 2019); furthermore, a report of its modern marine occurrence (Prauss 2002) may
be in error because the specimen illustrated by Prauss 2002, pl. 2, fig. 11 appears to be a polyad
pollen grain of Acacia.
There is no currently well-accepted natural classification of the acritarchs but the artificial
morphological grouping of Downie et al. (1963) is most commonly used, and Strother (1996)
provides a table that compares Downie’s system with other phenetic classifications. Downie’s
main subgroups are the spinous spherical Acanthomorphitae (from acantha = thorn + morphe =
shape), square- to triangular-bodied Polygonomorphitae, simple spherical Sphaeromorphitae,
spindle-shaped Netromorphitae (netron = spindle), spherical to ellipsoidal Diacromorphiate
(di=two, acron = summit) with bi-polar ornament, the egg-shaped Oomorphitae, the prismatic
Prismatomorphs with flanges or crests, Herkomorphitae (herkos = wall/fence) with crestsurrounded fields on the spherical body surface, and the Pteromorphitae (pteros = wing). The
pteromorphs have a simple spherical central body, often compressed and surrounded by a flange
or wing-like lamella, with or without radial folds or processes, and resembling a miniature fried
egg. Of these fossil-based groups, Taylor et al. (2009, fig. 4.78) assign the Sphaeromorphitae,
Herkomorphitae, Prismatomorphitae and Pteromorphitae to the modern Prasinophyceae.
The morphology of selected acritarch and prasinophyte taxa ranging in age from Devonian
to modern is shown in Fig. 8.4 that also demonstrates the morphological similarity between some
acritarchs and various modern taxa, from dinoflagellates to the Archeomonadaceae sensu
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Deflandre. The archeomonads that are probably the statocysts of chrysophytes, and they are very
commonly associated with Arctic sea ice (Mudie 1992) and with Antarctic landfast or platelet ice
(Riaux-Gobin and Stumm 2006; Thomson et al. 2006); hence, they may also be important
markers of sea ice extent in pre-Pleistocene stratigraphy.
Fig. 8.4 goes here: SEM images of acritarchs and prasinophytes
More enigmatic is the position of several other acritarchs with simple morphology,
including the sphaeroidal taxa Leiosphaeridia, Mecsekia, Micrhystridium and Sigmopollis
(Strother 1996). These taxa are also commonly associated with low salinity inland seas (Mudie et
al. 2011; Bakrač et al. 2012), and with stratified waters of Arctic deltas (Solomon et al. 2000) or
Antarctic ice margins (Hartman et al. 2018). Le Hérissé et al. (2009) consider that a prasinophyte
affinity is plausible for at least some species of Leiosphaeridia but this may be a polyphyletic
genus and further studies of ultrastructure and chemistry of the fossils and living algae are
needed for clarification. Fensome et al. (1990) provide an index of acritarch and fossil
prasinophyte genera and species and they refer to fossil coenobial or coccoid algae, e.g.
Pediastrum, Botryococcus and Gloeocapsomorpha, as “Other Algae”. These “other algae” are
mostly of freshwater origin and are described in detail elsewhere (see Shumilovskikh and Marret,
this volume; McCarthy et al. this volume, and reviews by Batten 1996a, Batten and Grenfell
1996, Zippi 1998, and Wicander et al. 1996). Recent studies show that the enigmatic taxon
Concentricystis sensu lato (including Chomotriletes minor and Pseudoschizaea) probably also
has an algal origin (Milanesi et al. 2006). Until recently, these small spherical organisms with a
Devonian to modern range were never found alive. DNA analysis of single cells from Holocene
sediment now reveals significant homologies with the angiosperm chloroplast genome, although
a relation to living genera of the Zygnemataceae is not excluded.
Fensome et al. (1990) also separate from Acritarcha the fossilizable remains of algae in the
Division Prasinophyta (from Gk. prasino = light green + phyte = plant), based on Tappan’s
(1980) definition of prasinophytes: “Motile stage with ultra-microscopic body scales, and 2 to 4
scaly flagella arising from an apical pit that is surrounded by four apical projections; large axial
plastid; may have colonial, coccoid, palmelloid, or branching stage; cysts or phycoma enlarge
vegetatively”. Matsuoka and Ishii (2018) characterise the prasinophytes as mainly marine,
planktonic autotrophs that produce spherical to subpherical resting-stage phycomata with or
without fenestrate walls and membranous surface ornament.
The phycoma (plural = phycomata) is defined as a decay-resistant, non-motile stage
produced by some marine prasinophytes that differs from a cyst in not being fully dormant but
enlarging and undergoing cell content divisions that produce multiple nuclei, plastids, and
pyrenoids (Williams et al. 2000). The phycoma stage ends with release of the flagellated motile
cells. Fensome et al. (1990) considered the NPP genera Pterospermella Eisenack 1972 and
Tasmanites Newton 1875 to be indisputable prasinophytes but they point to disagreement about
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inclusion of several other sphaerical or subsphaerical genera, e.g. Dictyotidium Eisenack 1955
and Leiosphaeridia Eisenack 1958. This disagreement is also evident in the major palynological
overviews of the Acritarcha by Strother (1996) and the prasinophyte algae by Guy-Olsen (1996),
both of whom include the chlorophyte algal family Prasinophyceae. Dictyotidium cf. D.
dictyotum is now accepted as a small, reticulate pterospermatacean phycoma with a preformed
excystment rupture that occurs in the upper Holocene sediment of the Black Sea (Mudie et al.
2010). Thin walled golden-brown vesicles with irregular slit-like openings in Black Sea
sediments are referred to the pyramimonadalean genus Leiosphaeridia by Wall et al. (1973) and
may have a high oil and starch content (Mudie et al. 2010).
The Prasinophyceae (= Micromonadophyceae) have been introduced as the earliest green
algae, and as the source of a non-motile stage that is fossilizable (Shumilovskikh and Marret, this
volume). These unicellular algae are mainly marine planktonic autotrophs and Throndsen (1993)
describes 17 extant marine genera, of which only three (Pachysphaera, Pterosperma and
Halosphaera) are listed as having fossilizable phycomata stages. However, this list of marine
prasinophytes does not include Cymatiosphaera globosa (Fig. 8.4 t), a common representative of
the Prasinophyceae in Quaternary–Holocene sediments of the Black Sea (Mudie et al. 2010), and
with other Cymatiosphaera spp. common in Osaka Bay NPP assemblages (Matsuoka and Ishii
2018). Based on morphological similarity, Cymatiosphaera cristatum is probably the asexual
cyst of the extant prasinophyte Pterosperma cristatum (Mudie et al. 2010). Head (1992; 1993)
provides detailed information for several non-dinocyst Pliocene NPP algal taxa, and de Vernal
(2009) and Denne (2018) review some of their primary ecological characteristics, while
Matsuoka and Ishii (2018, their table 1) attempt a classification for West Pacific algal NPP in
coastal waters.
Although prasinophytes are typically associated with marine water, some occur in fresh
water and overall, they are more common in cold waters. However, Batten (1996b) considers
that high nutrient levels are more important than salinity or temperature in determining
prasinophyte occurrence. Most prasinophytes are planktonic although a few, e.g., Pyramimonas,
are benthic, being associated with sand or ice (Graham and Wilcox 2000). The phycomata may
have a high oil content that makes them buoyant for a few weeks to four months before they
germinate to release the naked motile cells (Graham and Wilcox 2000). Monospecific blooms of
prasinophytes may cover the sea surface with oily organic films, and the very light δ13C values of
fossil phycomata deposits suggest that the algal blooms recorded in black shales were favored by
low temperatures and salinity (de la Roux et al. 2007).
Martin (1993) estimated the number of species of acritarchs and prasinophytes to be a few
hundred genera and several thousand species. She reviewed the earlier studies of the acritarch
wall that appears to be sporopollenin-like and is chemically very inert although susceptible to
oxidation and carbonization. More recently, Ellegaard et al. (2016) have examined the
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ultrastructure of the haptophyte Isochrysis galbani that produces a resting cyst similar in
appearance to the archeomonad in Fig. 8.4a, and they made the first cultures of the resting stage
of a marine prasinophyte, Mantoniella squamata. Ellegaard et al.’s work established that the
haptophyte cyst wall contains traces of silica, and that cysts grown in culture show variations in
the pylome aperture size, from relatively large and open to smaller and closed by a plug
(operculum). The prasinophyte Mantoniella is phylogenetically quite closely linked to
Micromonas, and remotely to Pyramimonas. Martin (1993) describes the evolution of acritarch
morphology and the history of re-assessment of acritarch biological affinities, including some
transfers to Dinoflagellata, where the morphology of some taxa, e.g., the cyst of Protoperidinium
stellatum, is very similar to that of the Devonian acritarch Palacanthus ledanoisii (Figs. 8.4 q, r).
Another example of such transfer is provided by the study of Pentapharsodinium faroense by
Dale (1977) who showed that this small palynomorph resembling the Eocene acritarch
Micrhystridium bifurcatum of G.L. Williams (unpublished) could be cultured and produces the
thecate species of the dinoflagellate formerly known as Peridinium faroense. Martin (1993, figs.
4, 5) provides diagrams of the life cycles of acritarchs and prasinophytes: the former differ
notably in apparently having no known thecate stage. Comparison of living and morphologically
similar small Paleozoic taxa is complicated, however, by the fact that many of the Palaeozoic
taxa are only from rock samples; consequently 3-D details of wall structure and ornament (septa
and other membranes) cannot easily be determined (see Anstey 1992, her plate 10, for
Cymatiosphaera radiata).
Despite the uncertainties regarding the biological affinity and palaeoecology of acritarchs,
Martin (1993) describes the widespread application of these NPP for biostratigraphic and
palaeoecological studies of the Paleozoic geological record, before the ascendance of
dinoflagellates. Strother (1996) reviews other applications of acritarchs for biostratigraphy,
palaeocology and palaeogeography, and Garcia-Muro et al. (2018) provide an example of how
acritarchs can be used to refine the chronology and correlation of Argentinian Devonian preCordilleran Basin sediments. Martin (1993) and Williams et al. (2017) show the stratigraphic
ranges of the acritarchs, including prasinophytes, as being restricted after the Paleozoic;
however, new studies of high latitude cores and the data we provide for polar regions (Table 1–
3) increasingly indicate common occurrences in middle to latest Holocene sediments (Fig. 8.5A).
The stratigraphic ranges of ciliates (Dunthorn et al., 2015) and other non-dinocyst marine NPP is
less certain but are shown in Fig. 8.5A in comparison to well-established ranges for dinocysts
and pollen, following Martin (1993), Williams et al. (2017), and Selden et al. (2010) for
crustaceans.
More recently, De Schepper and Head (2008, 2014) and De Schepper et al. (2015) have
emphasised the importance of acritarchs, probably including prasinophyte algae, for PlioPleistocene biozonation in ODP cores from the North Atlantic to Bering Sea, particularly at
higher latitudes where other microfossils are sparse and of low diversity. De Schepper and Head
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(2014) show that prasinophyte acritarch abundance acmes seem to mark transitions from warmer
to colder (glacial) intervals, during times of rapid climate changes and ‘commotion in the
oceans’, possibly accompanied by major meltwater events (Fig. 8.5B). Overall, Plio-Pleistocene
dinocyst and prasinophyte acmes alternate, as also evident on a longer timescale in the Paleozoic
– Mesozoic record. De Schepper and Head (2014) also correlate the palaeotemperature ranges
from foraminiferal Mg/Ca ratios with abundances of Cymatiosphaera? acritarch species and
Lavradosphaera to show that these acmes represent SST values similar to modern conditions. De
Schepper et al. (2015) use marine NPP in a model of cooling in the Nordic Seas that co-incided
with the first trans-Arctic migration of cool-water Pacific mollusks around 4.5 Ma BP, followed
by the development of the modern Nordic Seas surface circulation. This regional cooling
precedes global cooling by 0.5 Ma and probably drove the ocean recirculation following the
closure of Bering Strait and the Central American Seaway. Overall, these late Pliocene changes
appear to have triggered the development of a modern circulation in the Nordic Seas that is
essential for cold North Atlantic Deep Water formation and the onset of widespread Greenland
glaciation leading to icesheet formation.
Fig. 8.5. Biostratigraphic ranges and Plio-Pleistocene acritarchs

8.2 Microzooplanktonic NPP
Microzooplanktonic NPP are herein considered to be the acid-resistant remains of motile
heterotrophic or autotrophic organisms, mostly in the size range of 20–200 μm according to
Dolan (2013). These NPP largely represent the resting cysts of unicellular organisms —
primarily tintinnids and other ciliophora — but they also include the resting (diapause) eggs of
marine copepods. Here we also introduce the palynological use of remains of rhizopods,
tardigrades, cladocerans and other freshwater, brackish or soil microorganisms that may also
occur in marine palynological preparations. Other organisms of uncertain origin include
chitinous skeletal remains presumed to be derived from planktonic copepods or their nauplii
larvae (e.g., van Waveren 1993) are discussed in the section on Microzoobenthos NPP (Sect.
3.4).
8.2.1 Tintinnids: “small tinkling bells” and chitinozoans
Tintinnids (Phylum Ciliophora, Class Spirotricha) occur mainly in brackish and marine
environments with only about 10 of 1200 extant species being freshwater taxa. Typically,
tintinnids dominate the ciliate microzooplankton in coastal marine waters (Agatha and Simon
2012; Lipps et al. 2013; Belmonte and Rubino 2019) and they may feed on dinoflagellates.
Tintinnids are unique among planktonic ciliates in that many taxa in the Subclass Choreotrichea
build loricae that ensheath the flagellated unicellular organisms and their resting cysts; tintinnids
in the Order Oligotrichea are aloricate but may also produce resting cysts (Agatha and Strüder-
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Kypke 2014; Belmonte and Rubino 2019). The loricae are typically oblong, vase-, tube-, or bellshaped (Fig. 8.6), from which their name is derived (Latin tintinnare = to ring; tintinnabulum =
"bell"). The loricae range in length from 15–400 µm (Dolan 2013) and after the death of the
ciliates, they settle as sediment particles. Where tintinnids dominate the microzooplankton, their
remains can contribute significant amounts of organic matter to the benthic food web and play an
important role in nutrient recycling. Dolan (2013) describes the changing views of the central
role that tintinnids occupy in pelagic marine food webs but it is likely that these will evolve
further as a wider range of marine and brackish environments are restudied (Lei et al. 2014).
Sivasankar et al. (2018) comment on the environmental sensitivity of ciliates as a whole, and
they find that loricate cilates, mostly Tintinnopsis spp, are important indicators of eutrophication
in estuarine and coastal waters of the NW Arabian Sea.
The elaborate construction of the tintinnid loricae has fascinated scientists for more than 230
years, and the morphological complexity of their life forms is important for understanding
changing marine biodiversity (Dolan 2013). Despite this long record of scientific interest, the
macromolecular nature of the lorica wall and its enclosed resting cell components (Fig. 8.6A) has
been unclear (Agatha et al. 2013). Agatha and Simon (2012) evaluated tintinnid loricae by
multiple methods, and suggested the wall was of a nitrogen-rich proteinaceous composition, with
polysaccharides never being a main component; they also determined that both the loricae and
the cysts of cilates do not have a chitinous wall composition.
Most recently, Gurdebeke et al. (2018a) find that the micro-FTIR spectra for loricae of the
tintinnids Parafavella sp. (reticulate wall) and Stenosemella sp. (agglutinated wall) indicate a
composition comparable to but significantly different from the dinosporin produced by
heterotrophic dinoflagellates. In particular, the loricae lack strong C-O bonds and evidence of a
β-glycosidic linkage. Furthermore, in Fig. 8.9 of this paper, new micro-FTIR spectra are
presented for the tintinnid cyst-type P of Reid and John (1978), showing that they mostly
resemble the spectrum of other ciliate cysts and loricae reported by Gurdebeke et al. (2018a).
The distinctive spectra have dominant absorptions in the region 1800–1500 cm-1, peaks at 1570
cm-1 and 1620 cm-1 (amide I and II bands), and concave-up broad absorptions around 3280 cm-1.
There are still questions about the preservation potential of most tintinnid loricae, which
typically have a thin, semi-transluscent wall. da Silva et al. (2017) report that the earliest
occurrences of organic-walled remains are from the Lower Triassic, and there are several gaps in
the record until the Holocene when they are frequent in marine deposits. It is possible that only
the flask-shaped resting cysts formed within the loricae (Fig. 8.6) of some tintinnids survive
prolonged acid treatment during palynological processing and persist in the marine sediment
record; many other vase- or funnel-shaped palynomorphs may actually represent other ciliates
(tintinnomorphs of da Silva et al. 2017) or metazoan oocytes. Reid (1972) determined that the
loricae in surface sediments around the British Isles were sensitive to prolonged concentrated
HCl acid treatment (3 days to a week) and some did not survive extended storage of the
palynological residues in weak acid. However, it is noted that Reid’s processing included use of
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hot KOH, which is not typically recommended for preparation of Quaternary–Holocene marine
palynomorphs (see Pound et al., this volume). Agatha et al. (2013) reports that although loricae
resist short exposure to hot KOH, they dissolve with long exposure. Reid and John (1978)
comment that although tintinnid cysts withstand emersion in hydrofluoric acid and and
hydrochloric acid (HCl), they start to disintegrate if left in the acids for more than a week.
According to Paranjape (1980, p. 31), “true tintinnid resting cysts are typically thick-walled,
round or oblong (flask-shaped) in shape and are resistant to immersion in HCl, hydrofluoric
acids and hydrogen peroxide for almost a week”. Paranjape found that the loricae of
Helicostomella sublata were common in sediment trap samples from Bedford Basin, Nova
Scotia (Paranjape 1980) but only rare cysts were recovered in palynological residues from a
Holocene sediment core near the trap site (Miller et al. 1982). Furthermore, in the NE Pacific,
some Holocene and recent sediments have consistently more cysts than loricae (Gurdebeke,
personal observation) although Price and Pospelova (2011) found abundant loricae in sediment
trap samples from Saanich Inlet. There is a clear need for more study on the preservation
potential of tintinnid loricae and cysts.
Belmonte and Rubino (2019) provide a systematic list of 141 aloricate tintinnids in the
Order Oligotrichea and show that about 80 of these produce flask-shaped resting cysts in marine
to brackish waters. However, cyst production may be more common among freshwater and soil
taxa when desiccation and starvation drives encystment-excystment cycles (Corliss 1979; Reid
and John 1983; Gutiérrez et al. 2001). Agatha (2011) shows the global distributions of the main
oligotrichous genera, including Strombidium that produces cysts found in NPP assemblages of
surface and Late Holocene sediments in the low salinity Marmara and Black Seas (Fig. 8.7 b, c),
and are markers of polluted areas in Haifa harbor where they are common (Rubino et al. 2017).
The possible biological affinity of tintinnids to the extinct microfossil group Chitinozoa
has been the source of much discussion since the chitinozoans were first discovered more than
80 years ago (Reid and John 1981). Chitinozoans are flask-shaped, organic walled marine
microfossils of uncertain affinity, with transluscent, amber-coloured shells lacking chitin and
commonly believed to represent eggs of an unknown marine metazoan (Williams et al. 2017).
The idea of a tintinnid-chitinozoan linkage is based on the observation that chitinozoans are
encapsulated and therefore presumably represent resting cysts or eggs, not motile organisms. The
morphology of the flask-shaped cysts found within recent tintinnid loricae closely resembles the
morphology of the chitinozoan genus Hoegisphaera although no living organisms combine all
the characteristics of chitinozoa. The chitinozoans evolved rapidly during the Ordovician to
Devonian periods, and they are important biostratigraphic markers of Lower Paleozoic rocks but
most become extinct at the end of the Devonian (Boersma 1978; Miller 1996). Tintinnids appear
to have a longer fossil record, starting in the Proterozoic (Lipps et al. 2013), and flask-shaped
Papulifères cysts have been used for Paleozoic borehole correlations by the petroleum industry
(Reid and John, 1978). However, Dolan (2013) and Denne (2018) consider that the identification
of fossil tintinnids is only certain and reliable from the Jurassic upwards.
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Fig. 8.6 goes here: Main features of the tininnid lorica and semi-enclosed flask-shaped cysts of
the Papulifères
The first review of tintinnid cysts was by Reid and John (1978) who established a simple
terminology for the loricae and semi-enclosed flask-shaped cysts of the Papulifères, as
summarised in Fig. 8.6A. However, van Waveren (1993, fig. 1) and da Silva et al. (2017) used
one of these tintinnids with resting cysts, Favella serrata, to re-interpret the morphology and
apply a more complex terminology for various funnel- to urn-shaped microrganisms called
“tintinnomorphs”. van Waveren proposed three possibilities for the nature of tintinnid
palynomorphs by separating the lorica, cyst and enveloping cyst membrane of Favella as
different morphotypes (Fig. 8.6B). Subsequently, she depicts a series of 12 to 17 shape
categories for spherical, elliptical, egg-shaped or hexagonal morphotypes that she refers to as
tintinnomorphs ‘in order to emphasise that palynomorphs resembling tintinnids cannot always be
separated into loricae or cysts and may even represent cysts of other protozoans’ (van Waveren,
1993, p. 160–161). This informal classification of tintinnomorphs has unfortunately been used to
infer a tintinnid origin for large vase- or bell-shaped marine palynomorphs in several studies of
fossil or modern NPP assemblages, e.g., Head (2007), Matsuoka et al. (2017), Matsuoka and
Ishii (2018), potentially leading to erroneous conclusions about paleo-foodweb dynamics. In
particular, the confusion of tintinnid zooplankton resting cyst sources with vase- or urn-shaped
zoobenthic neorhabdocoel turbellarian or trematode egg capsules has important implications for
palaeoecological interpretations of NPP assemblages (see Sect. 8.3.3). Notably, da Silva et al.
(2017) recently report that in palynological residues, some of van Waveren’s tintinnid
morphotypes may represent sources other than tintinnids, e.g. rotifer or turbellarian remains.
Fig. 8.7 goes here: Tinitinnid cysts and loricas (a–n) and other vase-shaped marine
tintinnomorphs
8.2.2 Other Ciliophora: “hair-bearing microplankton” and planktonic Incertae Sedis
Other Ciliophora represented in the marine NPP records are less well known than the
tintinnids and formerly were often treated as algae in the Order Chlorophyta: Class
Prasinophyceae: Family Pterospermataceae (e.g., Candel et al. 2012). Bujak (1984) considered
some of these may be egg capsules or algal cysts, and Strother (1996) placed them in the
Acritarcha Incertae Sedis. Most recently, Gurdebeke et al. (2018a) used molecular phylogeny
and micro-FTIR methods to show that Hexasterias problematica (syn. Polyasterias
problematica) and Halodinium verrucatum are the cysts of Ciliophora (Order Prorodontida).
Based on macromolecular and morphological studies, it is suggested that Radiosperma is also a
ciliate cyst and not an alga (Gurdebeke et al. 2018a). These unicellular, organic-walled
Ciliophora taxa are rarely dominant in NPP assemblages but small numbers of Radiosperma
corbiferum and Hexasterias problematica may be common in low salinity marine waters (e.g.,
Mudie et al. 2011; Price and Pospelova, 2011; Candel et al. 2012).
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Cleve (1900) first described Hexasterias problematica (Fig. 8.8B) from North Sea
plankton tows as a flat disc 40 µm wide with six hollow processes twice as long as the disc
radius and with distal ends that are truncated denticulate. He tentatively considered the taxon to
be a unicellar alga because of the presence of yellow or greenish chromatophores. Gurdebeke et
al. (2018a) give a full account of the study of this NPP, starting with its first illustration as a
röhrenstatoblast (meaning “tubular resting bud”) and including its designation as Polyasterias
problematica (Cleve) Meunier 2010 because it can have 4–12 processes (Fig. 8.9, i, j).
Gurdebeke et al. (2018a) expanded Cleve’s description to delimit a cyst with a bi-layered
organic wall and subspherical to flattened central body from which coplanar, radial, hollow
processes arise out of the inner wall. The processes are not interconnected and there is a circular
pylome located in a polar position and parallel to the process plane. They also show that in
amolecular phylogeny, Hexasterias problematica forms a clade with the planktonic marine
prostomeciliate Balanion masanensis. Gurdebeke et al. (2018a) also found a relationship to a
clade including the Recent NPP Halodinium verrucatum (Fig. 8.8B; Fig. 8.9 m, n) and the living
prostome genera Urotricha, Plagiocampa and Cryptocaryon irritans. Micro-FTIR spectroscopy
indicates that the wall composition of the NPP Hexasterias problematica and Halodinium
verrucatum is similar to that of tintinnid loricae in Parafavella and Stenosemella. This new work
apparently separates the genus Halodinium from previously suggested categories of microphytoplankton or algae incertae sedis (Bujak 1984; Head 1993) or from the rhizopods (de Vernal et al.
1989). Notably, however, the oldest known occurrence of Hexasterias is mid-Holocene whereas
Halodinium has an Early Pleistocene to modern range.
Gurdebeke et al. (2018a) also found that the micro-FTIR spectra of Radiosperma
corbiferum cyst walls are similar to those of Hexasterias and Halodinium. This finding supports
the suggestion of Cleve (1899) that Radiosperma corbiferum, first described as Fungella arctica
(later called Pacillina arctica) from Spitzbergen, is a ciliate cyst. Radiosperma has a spherical to
conical body, with one end surrounded by a colourless, parachute-like rosette of threads
apparently interlinked in a circle near the base, and by diagonal connections in more distal
positions (Figs. 8.10 a, b). The conical shape of the central body in Radiosperma (Fig. 8.8c)
provides a link between the discoidal shapes of Hexasterias and Halodinium and the morphology
of Palaeostomocystis. In surface sediments, Radiosperma has a widespread distribution,
primarily in temperate regions; it appears to be a Holocene taxon (Ning et al. 2017).
Fig. 8.8 goes here: Line drawings showing morphology of ciliophoran NPP
More enigmatic is the position of the discoidal to vase-shaped NPP Palaeostomocystis and
Beringiella (Guy-Ohlson 1996; Roncaglia 2004a; Warny 2009; Hartman et al. 2018). These taxa
are widespread in coastal waters and low salinity seas from pole-to-pole. Usually present in low
amounts in NPP assemblages, it is notable that large numbers of reworked Palaeostomocystis
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species, including Beringiella (as Palaeostomocystis fritilla), occur in Antarctic coastal regions
(Warny 2009).
Deflandre (1937) established the genus Palaeostomocystis for NPP from Late Cretaceous
sediments of France. He defined Palaeostomocystis reticulata as a small vesicle (ca. 10 to 40
µm) of organic matter characterised by the presence of a pore or a more-or-less large opening
with or without a variably developed collar. The general shape of the vesicle in the known
species is spheroidal, ellipsoidal but he noted that ‘…other shapes will certainly be found’. The
wall surface can be psilate or ornamented. Deflandre initially failed to designate a holotype for
Palaeostomocystis but in 1966, he informally emended the genus by describing the reticulate
ornament as ‘a mesh network membrane perpendicular to the surface’ and with the aperture
‘generally …. at the narrow pole, where at times a sort of collar/flange is formed’ (cited from
Mays and Stilwell, 2012, p. 187). Stover and Evitt (1978) emended the diagnosis to only include
specimens with an autophragm, an elongated profile and reticulate surface with narrow muri and
small lumina of varying shape, and having an opening sometimes with a thickened rim. Mays
and Stillwell (2012, p. 187) further emended the diagnosis of Palaeostomocystis as ‘small,
ellipsoidal cysts with a single pylome at apex; reticulate autophragm constructed of narrow muri
enclosing luminae of variable shape and size; reticulate ornament restricted to external wall
surface’. Mays and Stillwell (2012) followed Fensome et al. (1990) in assigning Palaeostomocystis to the Acritarcha because of its unknown relationship to other groups of organisms.
Fig. 8.9 goes here: Micro-FTIR absorbance spectra of selected palynomorphs
Most Palaeostomocystis species are of Cretaceous to Oligocene age, with a few Neogene
occurrences. However, Roncaglia (2004a) described a new thin-walled Holocene species
Palaeostomocystis subtilitheca (Fig. 8.10 e–g) from Late Holocene (Meghalayan) sediments of
Disko Bugt, central west Greenland. Roncaglia also discusses the morphological similarity
between Palaeostomocystis subtilitheca and the tintinnomorph Pacillina arctica (syn.
Radiosperma corbiferum), and she notes that her Arctic taxon resembles the smooth-walled
ARABNO-1 and -2 morphotypes of van Waveren (1994) from modern tropical marine
sediments. However, Roncaglia (2004a) concludes that the smaller size and the presence of a
large operculum in Palaeostomocystis subtilitheca exclude it from being a tintinnid lorica; she
considered it might be a tintinnomorph cyst with produced by one of the heterotrophic cilates
that are abundant in the waters of Disko Bay. Warny (2009) further endorses this idea in order to
explain the unusually high occurrence of Palaeostomocystis taxa in coastal sediments of
Antarctica, Bering Sea and Greenland.
In the same study, Roncaglia (2004a) found specimens of the Late Pleistocene species
Beringiella fritilla and she transferred this genus of Bujak (1984) to Palaeostomocystis, based on
the similarity of its vase-shape, thick wall and foveolate outer wall ornament. However, Warny
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(2009) commented that the morphology of Beringiella differs from other pre-Pleistocene
Palaeostomocystis species because it has a wider, thinner “macropylome” with a microdenticulate margin. Bujak (1984, pl. 4, fig. 12) also shows an operculum within the pylome of
Beringiella fritilla, and in the Black Sea modern sediments, the operculum is sometimes in place
(Fig. 8.10, d and h). Preliminary micro-FTIR data (Fig. 8.9) now suggest that the
macromolecular composition of Beringiella fritilla is unlike that of ciliate cysts. The absorption
spectra are more similar to those of a spiral microforaminiferal lining than to tintinnids. The key
differences in the absorption spectra are 1) a broader distribution over the spectral “fingerprint
region” than is typically found in cilate cysts and loricae, and 2) the lack of a prominent
absorption at 1610 cm-1 (~ amide I) and lower maximal absorptions at 1520 cm-1 and broadly
around 1340 cm-1 (~ amide III region). More data are needed to further explore these differences.
Pieńkowski et al. (2011) found common Hexasterias, Palaeostomocystis subtilitheca and
P. fritilla in the latest Holocene and modern sediment of Coronation Gulf, Canadian Arctic
Archipelago, and they showed a large variation in the presence and width of a membranous
flange arising from the body in the circum-pylome area (Figs. 8.8, e–g). Pieńkowski et al. (2011)
note the similarity of the Coronation Gulf and other Arctic Palaeostomocystis subtilitheca
specimens (Mudie 1992; Roncaglia 2004a) to Acanthostomella norvegica, a cyst-producing
loricate cilate widely distributed in the Gulf of St Lawrence (Bérard-Therriault et al. 1999, pl.
149, figs. b, c).
Fig. 8.10 goes here: NPP of probable Ciliophoran origin.
8.2.3 Eggs of Crustaceans and Copepods: “insects of the sea”
Copepods are the most diverse and abundant metazoan taxa in marine environments, hence
they are informally called “insects of the sea” although they have no phylogenetic relationship to
the Insecta. Several marine Metazoans produce fossilizable resting eggs, including the
Tardigrada, Rotifera, Cladocera, and many genera of calanoid Copepoda. However, rotifers,
cladocerans and tardigrades are uncommon (eight or fewer species) in fully marine
environments, and resting eggs of cladocerans are rare outside of the low salinity North Adriatic
and Baltic Seas where they can be common (Mahdupratap et al.1996; Belmonte and Rubino,
2019). Resting eggs of Filinia (rotifer) and Bosmina (cladoceran) are also common in coastal
Lake Razim and in channels of the Danube Delta but they are notably sparse in adjacent low
salinity marine shelf waters of the Black Sea (Mudie and Yanko-Hombach 2019; Mudie et al.
2020). According to Belmonte and Rubino (2019), in marine environments, rotifer and
cladoceran resting eggs are generally ovoid-shaped whereas copepod eggs are round (Fig. 8.10).
The ovoid marine rotifer eggs are ca. 80–150 µm long, with a sculptured surface and the
cladoceran eggs are larger (>150 µm), with an almost smooth surface (Figs. 8.11 a, b).
Mahdupratap et al. (1996) review the history of investigations on rhizopod and cladoceran eggs,
and other details are covered in Chapter 7 on freshwater NPP. Here we focus on the study of
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marine copepod resting eggs, particularly the information linking eggs recovered as NPP in
sediment samples to living plankton populations.
Belmonte and Rubino (2019) estimate that 54 species in 15 genera of copepods produce
resting eggs, while Holm et al. (2018) cite a lower number of 42 species in six families:
Acartiidae, Centropagidae, Pontellidae, Sulcanidae, Temoridae and Tortanidae. Most of the
calanoid copepods are coastal taxa in the superfamily Diaptomoidea of the Order Calanoidea that
produce eggs which sink rapidly and would be lost in open water marine settings (Madhupratap
et al.1996). The NPP fossil eggs are not enclosed in an egg sac; hence, it is likely that most NPP
copepod eggs (Fig. 8.10) are derived from calanoid copepods because they are often produced
singly, in contrast to the clustered eggs of planktonic Cyclopoid and benthic Harpacticoid
copepods that remain within egg sacs until hatching. However, Katajisto et al. (1998) noted that
in the Baltic Sea ‘.. Eurytemora affinis differs from Acartia spp. in being able to prevent
‘‘accidental” sedimentation of eggs by carrying them in an egg sac until hatching’. In the Baltic,
the egg colour can also range from white (e.g. Acartia tonsa) to red (Acartia bifilosa).
Production of copepod resting eggs in coastal areas appears to be an overwintering
strategy, but in deeper waters and in tropical regions, nauplii suspended in the neuston may also
produce resting eggs in response to seasonal changes. In contrast, Engel (2005) found that in the
arctic Kara Sea, few copepod eggs hatched from surface sediment samples and that nauplii of
early development stage copepods were very rare. It appears that in the Arctic, calanoid
copepods respond to environmental variability not by resting egg production but by undergoing
dormancy in the developmental stage, by foraging on ice algae and accumulating storage lipids.
The relative sparseness of copepod egg production in the Antarctic region (Engel 2005; Hartman
et al. 2018) also appears to support this interpretation.
Madhupratap et al. (1996) hatched various calanoid copepod egg morphotypes extracted
from sediment samples taken in Kiel Bight and Schei Fiord, outer Baltic Sea, to show their origin
from Eurytemora affinis, Acartia tonsa, Acartia sp. and Centropages hamatus. In this Baltic
study, the resting eggs of different taxa could be distinguished by color (pale to dark) and by
differences in wall ornament (smooth to spiny). However, complications about identifying
copepod sources from their egg morphology arise from the fact that many marine calanoid
copepods produce two or more egg morphotypes. 1) Quiescent subitaneous (temporary) resting
eggs will germinate within days if favourable conditions return, and 2) diapause (= arrested) eggs
that have a prescribed rest period of months and may remain viable for up to 70 years (Hansen et
al. 2010). Santella and Ianora (1990) show that the subitaneous eggs of the Mediterranean
calanaoid species Pontella mediterranean may be thin-walled with a smooth outer surface or
have a multi-layered chorion covered by short spines (Fig. 8.11 a, b). In contrast, the diapause
eggs have a much thicker four-layered chorion covered by long, stout spines (Fig. 8.11 c).
Lohner et al. (1990) show that in Diaptomus sanguineus and Diaptomus spatulocrenatus, the
two egg types differ in the presence of a space between the chorion and the vitteline membrane
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surrounding the contents of eggs preserved in 10% formalin, and stained with Lugol’s iodine
solution. Hansen et al. (2010) show that five types of ornament, from almost smooth to long and
blunt or spine-tipped may appear on the same egg or at successive stages of the egg
development.
Fig. 8.11 goes here: Calanoid copepod egg morphology
The wall variations reported by Mahdupratap et al. (1996), Belmonte and Rubino (2019)
and those shown here for Pontella eggs (Fig. 8.11 a-c) need to be considered in evaluating the
seminal work on crustacean eggs (van Waveren 1992; van Waveren and Marcus 1993) that
reviews earlier studies on morphotypes of Schizomorphitae acritarchs from the Banda Sea and
other tropical waters. Van Waveren (1992) provides a detailed classification of 20 different
groups of Holocene schizomorphitous NPP that she considered of probable planktonic
crustacean egg or “egg envelope” origin. This classification uses shape (from spherical to
discoid), wall thickness and surface texture, and 20 types of surface ornament to delimit 20
groups of NPP. Notably, some of the complex wall terminology proposed seems to reflect the
variable chorion structure associated with subitaneous versus diapause egg morphology of boreal
to Mediterranean taxa (Fig. 8.12). Van Waveren (1992) compares the tropical schizomorphitous
NPP to modern eggs of the calanoid copepods Pseudocalanus elongatus and Temora longicornus
from the Netherlands Waddenzee area. She also lists the sizes reported for 15 taxa of modern
North Sea copepod eggs: these range from 65 µm for Temora discaudata to 240 µm for
Eucalanus elongatus, with the average egg size being 116 µm. Comparison of processed and
living eggs showed no change in egg diameter.
Van Waveren and Marcus (1993) used living eggs of Acartia, Centropages, Labidocera,
Pontella, Temora and Paracalanus from the Gulf of Mexico to determine the effects of
palynological acid treatment. They could relate the treated eggs from the first four taxa to the
Banda Sea NPP, and concluded that copepod egg envelopes are equatorially-splitting spheres
with 1–4 wall layers of massive to alveolar structure, and with smooth to scabrate or spiny
ornamentation of variable length, density and branching. The illustrations, however, depict two
to three-layered chorions, and it remains unclear that all the illustrated egg-types of van Waveren
(1992) are from calanoid copepods. However, it does seem certain that large, ovoid
schizomorphitae eggs are originally sphaerical prior to hatching and splitting open, as consistent
with Belmonte and Rubino’s (2019) observations for calanoid copepod eggs.
Figure 8.12 shows the range of spiny to rugose or smooth-walled crustacean eggs that
occur most commonly in surface sediments of the Northwest Black Sea. Genuario Belmonte
(pers. comm. 2019) considers that almost all the morphotypes in Fig. 8.12 are Calanoida resting
eggs except for the ovoid specimen (Fig. 8.12 i) which is probably a rotifer egg. Belmonte
determines that these copepod eggs are not from the family Calanidae but are more probably
from Acartiidae or Centropagidae. The thin-walled eggs with trifurcate spines in Figs. 8.12 a–c
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are specimens of the widespread NPP called Cobricosphaeridium spiniferum, as described first
for freshwater lake sediment in Australia (Head et al. 2003). The identification of this NPP as a
spiny copepod egg by G. Belmonte confirms the earlier suggested source given by McMinn et al.
(1992) who germinated the egg to produce the nauplius of an unidentified copepod. It is also
noteworthy that the morphologically similar brackish or freshwater taxon Aquadulcum awendae
of Burden et al. (1986) co-occurs with Cobricosphaeridium spiniferum in the low salinity Black
Sea because Head et al. (2003) earlier transferred Aquadulcum to Cobricosphaeridium.
Fig. 8.12 goes here. Crustacean resting eggs from surface and Holocene sediment of the Black
Sea.
8.3. Microzoobenthic NPP
Microzoobenthic NPP are defined here as the acid-resistant remains of heterotrophic
benthic microzooplankton, mostly in the size range of 20–200 μm. These NPP largely represent
the organic linings and skeletal remains of microfossils such as foraminifera (Fig. 8.12) and
ostracods. However, also included here are acid-resistant remains organic remains of various
other metozoan consumers, including annelid and platyhelminth worms although we
acknowledge that these organisms may not all be strictly benthic.
8.3.1 Foraminifera: “hole bearers”
Foraminifera (Protista, formerly Phylum Protozoa, now Class Granuloreticulosae, Order
Foraminiferida) are amoeboid unicellular organisms which most make a test with one or more
chambers interconnected by openings (foramens, Fig. 8.13), and with a terminal aperture through
which cytoplasmic feeding pseudopodia extend. These protista are almost exclusively marine,
brackish water or saltmarsh organisms and are most commonly represented in NPP assemblages
by the organic linings formed between the cytoplasm and surrounding calcareous or arenaceous
shell. At present, there is no published information on the preservation potential of the “naked”
foraminifera (Sub-order Allogromiina); however, the predominantly proteinaceous nature of the
wall of the related rhizopod Gromia (Ní Fhlaitheart et al. 2013) makes long-term preservation of
the allogromiinids unlikely.
Most foraminiferal NPP are acid-resistant, chitinoid-like linings of small (usually <150
μm) microforaminiferal tests recovered in organic residues after palynological processing of
sediments or acid treatment of rock samples (Stancliffe and Matsuoka, 1991; Stancliffe 1996).
Most of the > 40,000 recognised taxa of foraminifera are benthic forms, and are the probable
sources of microforaminiferal linings in palynological samples. It is uncertain if any of the c. 40
calcareous planktonic taxa can survive acid treatment although the calcitic test is deposited on an
organic membrane inside the shell (Kucera 2007). Laboratory experiments by de Vernal et al.
(1992a) show that none of the nine planktonic taxa treated with dilute hydrochloric acid
produced an organic lining. In contrast, 41% of the 39 benthic species tested from the Gulf of St.
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Lawrence had organic linings, compared to 25% of 20 species from deeper water in the NW
Atlantic (Table 1). The microforaminiferal linings of benthic foraminifera are composed of
polysaccharide and protein macromolecules with some chitin derivatives and traces of ligninderived substances (Ní Fhlaithearta et al. 2013). Although the benthic foraminiferal lining record
extends back to the Cambrian, not all benthic foraminiferal linings survive lithification and/or
palynological processing with strong acids. The preservation potential of calcareous benthic
species may be linked to test thickness and the capacity to bind magnesium (Ní Fhlaithearta et al.
2013). However, several non-calcareous, arenaceous (agglutinant) benthic foraminifers also
produce acid-resistant linings (de Vernal 2009; Frail-Gauthier et al. 2019).
Overall, there is usually a recognisable similarity in test and the lining morphology. This
similarity manifests as subspherical unilocular lagenids or uni- to triseriate glandulinids
resembling a chain of beads or small braided bread-loaf (Fig. 8.13), and as spherical rotalid taxa.
In the rotalids, growth occurs outwards from the prolocular chamber, in a flat spiral (planispiral
lining) or a domed (trochospiral) lining. Mudie and Yanko-Hombach (2019) review the limited
literature on variations in chamber number and categories of damage established by Mathison
and Chmura (1995) for tropical salt marsh microforam linings, and they record microforam
lining deformities associated with test growth impairment of rotalids in the polluted bottom
waters of the Black Sea. There have been few experiments to link testate source species with
corresponding microforaminiferal linings in NPP assemblages (summarised in Table 1), but
Frail-Gauthier et al. (2019) and Mudie and Yanko-Hombach (2019) show that fine details of
pore size and distribution can be preserved in the linings, allowing generic and species
recognition of the NPP. Hartman et al. (2018) cite studies that indicate uniserial or triserial
morphotypes are generally infaunal, while trochospiral forms are more commonly epifaunal. In
the highly polluted northwestern Black Sea, however, the typically infaunal Ammonia taxa adopt
a surface habitat, and the pore size and density within the linings can be linked to test
characteristics at the level of species (Mudie and Yanko-Hombach 2019). Petersen et al. (2016)
further show that changes in pore density of the trochospiral rotalid Ammonia are related to
bottom anoxia, with the pores providing a mechanism for regulating gas exchange.
Fig. 8.13 goes here: Microforaminiferal linings
In addition to their widespread use as markers of marine transgression in coastal lakes (van
Geel 1978), microforaminiferal linings are commonly used as indicators of brackish and marine
environments in deltaic regions. Detailed studies have been made for two tropical sites (Amazon
and Mahakan Rivers), the subtropical Mississippi Delta and for several temperate regions, e.g.
Danube and Fraser Rivers (Muller 1959; Hardy and Wrenn 2009; Mathison and Chmura 1995;
Mudie and Yanko-Hombach 2019). Furthermore, linings of Ammonia can be radiocarbon-dated
and used for stable isotope analysis of δ18O and δ13C to provide indices of seawater composition
and productivity, respectively (Ni Fhlaithearta et al. 2013). In palynofacies models, the presence
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or absence of microforaminiferal linings appears to distinguish the transition from coastal lakes
across delta front, prodelta, and shelf sub-environments (Batten 1996b; Hardy and Wrenn 2009).
The organic linings are also a proxy for foraminiferal production and as a dissolution index
where carbonate preservation is reduced. Under these conditions, the benthic foraminiferal
organic linings preserve better than the calcareous shells (de Vernal et al. 1992a; de Vernal and
Pedersen 1997). Benthic productivity is controlled mainly by the availability of free oxygen in
the bottom waters, combined with the amount of nutrient export from surface water to seafloor
(as reviewed by Hartman et al. 2018). Large amounts of epifaunal species can reflect wellventilated bottom-water and pulsed high primary productivity in the surface waters; however,
like pollen and many dinoflagellate cysts, microforaminiferal linings are prone to oxidative
degradation. Hence, microforaminiferal linings may be a better measure of bottom water suboxia
or anoxia than of total production. Thomas et al. (1995) consider that high abundances of
infaunal foraminiferal species could reflect regions with high surface-water productivity and a
sustained seafloor influx of organic matter that consumes oxygen, leading to dysoxic bottom
water.
8.3.2 Ostracods: “seed shrimp”
Ostracods (Arthropoda: Subphylum Crustacea; Class Ostracoda) are small aquatic
crustaceans with a chitin-lined, soft body enclosed in a hinged, calcareous bivalve shell (=
carapace), and with reduced body segmentation (head, thorax and rudimentary abdomen) bearing
six to eight pairs of appendages (Fig. 8.14). Sometimes called “seed shrimp” because of their
resemblance to small seeds ca. 0.3 to 3 mm long, the name ostracod comes from the Greek words
óstrakon and -ōdēs, broadly meaning “like a shell or tile” (Athersuch et al. 1989). The calcareous
carapace is deposited on the outside of a double-walled cuticle surrounding the epidermis, and
the cuticular linings may be recovered in palynological preparations, together with distinctive,
thin-walled, anvil-shaped mandibles with small chitinoid teeth at the narrow distal end (Fig.
8.14). These mainly benthic crustaceans are among the least well-known NPP but they
commonly occur in palynomorph assemblages from Pleistocene to modern sediments of low
salinity environments in epicontinental seas such as the Black and Caspian Seas (Mudie et al.
2011) and are occasionally present in sediments from subtropical waters off western Baja
California (Mudie, unpublished). Different groups of ostracodes live in freshwater (podocopids)
and saltwater habitats (myodocopids), and their remains are common in the deltas of large rivers
discharging to these seas, as well as in freshwater lakes and marine sediments of this region
(Mudie et al. 2011). Van Waveren (1993) does not mention organic remains of ostracodes in her
study of marine palynomorphs originating from crustacean exoskeletons in the Banda Sea
(Indonesia). However, the anvil shape and dentition of her Palynomorph Type 23 is very similar
to that of an ostracod mandible (Fig. 8.14a, Fig. 8.15). Hartman et al. (2019) mention that
Antarctic ostracods may feed on tintinnids but they do not include ostracod remains in their NPP
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assemblages. Athersuch et al. (1989) and Mesquita-Joanes et al. (2012) indicate that ostracods
may be filter feeders, herbivores, detritivores, and carnivores, and rarely, they are parasitic.
Fig. 8.14 goes here: Marine ostracod morphology and cuticle linings, and cladoceran remains.

Ostracod NPP primarily comprise the mandibles and carapace linings that may have a
smooth, perforated, scalloped or hirsute surface (Fig. 8.13). It is likely that some of their body
parts also contribute to cuticular remains within NPP assemblages, including limb segments,
antaennae, chelate setae, and whisker-like setules on the branchial plates. In the Black Sea, the
ostracod carapace remains differ from those of the cladoceran water flea, Bosmina, in their oval
shape and lack of a posterior carapace “claw” (Figs. 8.13 f, g). Jaws of unknown ostracods found
in Lakes Anzaleh and Sapanca are shown in Mudie et al. (2011, pl. 3, fig. 26), in early Holocene
sediments of the Black Sea (Mudie et al. 2011, pl. 3, fig. 22), and they are common in surface
sediments of the Ukrainian shelf (Figs. 8.14, b, c, e). Athersuch et al. (1989) show that ostracod
shell size and to a lesser extent, the ornament varies with sex and age, and it appears that most
NPP ostracod linings are juvenile stages less than ca. 200 µm maximum length. Little
information is available regarding the composition of the acid-resistant ostracod remains. The
cuticle forming the ostracod exoskeleton consists of an organic matrix of chitin-protein fibrils
and usually includes a calcareous mineral phase (Yamada. 2019). Athersuch et al. (1989)
indicate that ostracods with strongly calcified shells are preserved in Cambrian sediments (ca.
600 Ma) but the chitinised organic remains are rarely reported as fossilized. In the Black Sea,
however, well-preserved ostracod organic shell linings are present throughout the Holocene
sediment record.
8.3.3 Annelids, Other Arthropods, and Scolecodonts: “skeletal remains, worm egg capsules
and worm teeth”
Other zoomorphs in marine palynomorph assemblages include the following NPP. 1)
Polychaete (Phylum Annelida: Class Polychaeta) worm jaw pieces and pincers — the
scolecodonts of Szaniawski (1996), and various morphologically similar palynomorphs; 2)
mandibles of other arthropods (Figs. 8.14 d, g, h, i,k; see also Head 1993); 3) gastropod radulae
(Fig. 8.14a, f, g), and 4) arthropod sclerites, the chitinous exoskeleton plates of van Waveren
(1993). Although annelids (from Latin annelus = little ring) are soft-bodied organisms that
generally do not fossilize, the sclero-proteinaceous, the mineralised jaw parts of eunicid (Family
Eunicida) polychaetes (Gk. polu + khaite = many + long hair) are commonly found back to the
late Cambrian (Szaniawski 1996; Struck et al. 2006). The distinctive eunicid jaw apparatus
consists of a probscid structure comprising shafted, denticulate mandibles and rows of maxillary
pieces with or without basal carrier plates (Figs. 8.14 l, n). Jaw morphologies are similar between
taxa but three major types are evident based on the number of maxillae and the shape of the
maxilla carrier structure: ctenognath, prionognath, and labidognath (Struck et al. 2006). In
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Pliocene to modern sediments, however, NPP annelid remains usually occur only as isolated
parts of the whole jaw apparatus except under conditions of anoxic bottom water sediments
where the proteinaceous linings of whole small nematodes and polychaetes may also be
preserved (Fig. 8.14 p, q). At present, is is unlikely that taxonomic identifications of annelid
microfossils can be made at the sub-class level, but this neglected group of NPP deserves more
attention given their importance for understanding fossil foodwebs and the evolution of
biodiversity, as exemplified by Harvey et al. (2011) for Cambrian Burgess-type shales.
Other relatively large (ca. 60–80 µm) brown, vase-shaped marine NPP are the resting eggs
(oocytes) or egg capsules/cocoons of microturbellarian flatworms (Phylum Platyhelminthes,
Order Neorhabdocoela) that are mostly freshwater organisms (Haas, 1996). However, some
turbellarians are common in coastal marine environments, and predatory marine flatworms
parasitize mussels in the Black Sea (Murina and Grintsov 1998). The egg capsule walls of
marine flatworms tend to be thicker and darker-coloured than those of the freshwater taxa, and
the capsule surface is smooth in light microscope images (Fig. 8.7, o–w). Morphologically
similar NPP that occur in deep sea sediments of the Banda Sea (van Waveren 1994) have been
referred to the chitinous loricas of marine tintinnids. However, it is important to note that
tintinnid loricae typically differ from the flatworm egg capsules in being a lighter, white or
yellowish colour, and usually displaying surface wall texture or ornament, as shown in Fig. 8.6C
(Agatha et al. 2013). The turbellarian egg capsules may be distally open or be closed by an
attached or detachable large semi-circular operculum (Fig. 8.7 o), and they commonly have
filamentous solid stalk with basal divisions that attach the capsule to a solid surface after release
from the uterus (Shinn 1993; Shinn and Cloney 1986). In contrast, although living tintinnid
loricae may temporarily contract the upper opening, they do not have a detachable operculum.
However, some of the tintinnid cysts may have a narrow terminal plug (palula) formed by
thickening of the inner wall that closes the top of the neck (Fig. 8.6A). Reid and John (1978)
refer to this narrow plug as an operculum but it is not the same as the thin-walled detachable
excystment-opening covers of dinocysts or turbellarian eggs.
Fig. 8.15. Scolecodonts from Core B2, Ukrainian coast, NW Black Sea, and other kinds of
arthropod remains.
The sources and amounts of chitinous exoskeleton plates (sclerites) from marine
crustaceans and other arthropods have received little attention from palynologists despite the fact
that on a global basis, chitin is among most abundant natural polysaccharides, and is represented
in Paleozoic to modern palynological records (Traverse 1988; van Waveren 1993). Annual
production of nitrogenous polysaccharides is estimated to contribute 0.4 gigatonnes of organic
carbon to the global oceans, probably mainly due to terrestrial and marine arthropod production.
The arthropod exoskeletons comprise a complex of 15–27% chitin and 12–73% protein within an
inorganic or organic matrix lacking amino acids. For the tropical Banda Sea, van Waveren
(1993) provides a complex classification of 27 NPP types, including specimens resembling the
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scolecodonts in Fig. 8.15. In the deepwater Banda Sea region, 72% of the palynodebris was of
terrigenous origin and 28% comprised Palynodebris Type 1 that laboratory experiments
indicated to be crustacean exoskeletal remains. The study of microbioerosion of chitin particles
also has an important potential to provide a proxy for bottom water oxidation state based on
evidence of amounts and types of bacterial degradation (Wisshak 2012). Under anoxic bottom
water conditions on the Ukrainian Shelf of the Black Sea, there is a near absence of
microbioeroded crustacean remains (Mudie et al. 2020).
SECTION B: APPLICATIONS FOR PROVINCIALISM, PALAEOGEOGRAPHY AND
PALAEOCEANOGRAPHY
Fig. 8.16 goes here. Global ocean climate and biogeographic zones
Previous reviews of provincialism in marine palynology have tended to focus on individual
palynomorph groups, e.g., different Devonian chitinozoans characterised in Northern and
Western Gondwana (Paris 1996), latitudinal zonation evident in Late Cretaceous dinocysts
(McMinn 2002), and the biogeography of dinocysts in modern sediments (Marret et al. 2019).
Stover et al. (1996) have provided details of the changes in Mesozoic and Neogene dinocyst
diversity over time, with a review of regional cyst zonations that includes use of acritarch and
prasinophytes as secondary indicators within global geographic zonations. De Vernal and
Hillaire-Marcel (2006) demonstrate the importance of dinocyst provincialism linked to sea
surface parameters and foraminiferal stable isotopes for measuring high-frequency northward
shifts in NW Atlantic surface and mid-depth water during the Holocene, including a transient
interval marked by a 6o C temperature increase. In our present review of marine NPP, however,
we attempt a more holistic approach that uses all the NPP data within each of the nine major
marine climatic zones (Fig. 8.16A) recognised by Zonneveld et al. (2013). These marine zones
coincide broadly to the 12 major offshore marine zones recognised by OBIS (the global Ocean
Biogeographic Information System) for all documented biota, from phytoplankton to megafauna
(Fig. 8.16B). However, OBIS recognises an additional 18 shelf-slope zones on a spatial scale of
5o latitude x longitude (Costello et al. 2017), some of which correspond to regional subdivisions
of the Zonneveld et al. (2013) NPP assemblage climatic provinces, as described below.
8.4 Polar NPP Assemblages: Arctic vs. Antarctic (= Southern Ocean) realms
Zonneveld et al. (2103) followed a latitudinal climate zonation in referring to the Arctic
and Antarctic regions as comprising Polar and Subpolar zones, as shown in Fig. 8.16A.
However, the OBIS system does not recognise subpolar biogeographic zones and it differentiates
Arctic and Antarctic (Southern Ocean) regions based on significant differences in biota and
biodiversity. Here we explain the geographic basis for this differentiation and we explore its
relationship to distributions of the marine NPP assemblages.
8.4.1 Arctic Ocean, Canadian Arctic Archipelago and Greenland
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The Arctic region broadly includes the semi-enclosed, cold Mediterranean Arctic Ocean
north of Greenland, Europe, Asian and North America, and other sea-ice covered waters
influenced by outflow of low-salinity Arctic Ocean surface water southward to between 60o and
50oN. The present configuration of the large North American and Eurasian continents has
probably been in place since at least the Pliocene, resulting in narrow ocean gateways that
largely isolate the Arctic Ocean from the world’s oceans, and they experience periodic closure
by ice bridges or land exposure during glacial intervals of lowered sea level. Large northwardflowing rivers (Yenesey, Lena, Ob, Mackenzie) in the largest circum-Arctic continents discharge
huge volumes of fresh water into the semi-enclosed Arctic Ocean. Consequently, in most Arctic
areas, surface water salinity in summer (27–32 psu) is significantly lower than either the
Antarctic (ca. 34 psu) or the global ocean average of 35 psu. The northern Polar and Subpolar
regions also differ from the southern Polar/Subpolar oceans in the nature of the ice cover. In the
Arctic Ocean and adjacent waters, ice is present almost entirely as floating sea ice cover (SIC)
less than 7 m thick. Most of this Arctic SIC is less than 2 m thick and it melts for two to eight
months in the summer; in contrast, the Antarctic permanent iceshelves that cover the oceans
surrounding Antarctica are 50 to 600 m thick.
Despite the large amount of temperature, salinity and sea ice variation within the
Arctic/Subarctic realm (see Mudie 1992, table 2), dinocysts are the dominant NPP in almost all
subregions, except within the outflow plume of the Mackenzie and Lena Rivers where
sphaeromorphic acritarchs, e.g., Sigmopollis psilatus and Leiosphaera, or Pediastrum coenobia
dominate (Table 2). Overall, a low diversity of dinocysts (N = 4–18 taxa) dominate the Arctic
marine NPP assemblages (Table 2). There are few detailed studies for the surface sediments of
deepwater basins in the Arctic Ocean (OBIS biogeographic realm 6) but here dinocyst diversity
and concentrations tend to be low (N = 4–11; 75–4194(685) cysts g-1). Remarkably, although the
Arctic dinocyst assemblages are distinguished by common presence of the species Islandinium
minutum, Impagidinium pallidum and Polarella glacialis, there appear to be no endemic taxa
(Marret et al. 2019). In contrast, OBIS records find 19% and 31% unique species in their Arctic
and North American Boreal realms respectively (Fig. 8.16B, #6 and #8). This discrepancy points
to the need for more detailed studies of Arctic dinocysts, as discussed later in Sect. 8.9.2.
The distribution patterns and major taxonomic and palaeoceanographic studies of the
Arctic-Subarctic dinocyst NPP are recently reviewed by Matthiessen et al. (2005), de Vernal et
al. (2013) and Marret et al. (2019). These detailed studies show the unique value of dinocysts as
accurate palaeoecological tracers (within ±1.1/10 on a scale from 0.01 to 10) of mean annual sea
ice cover (SIC), by applying the modern analogue transfer function technique to dinocyst
assemblages in a database with 1968 sites and 71 taxa (de Vernal et al. 2019). The dinocystbased Holocene reconstructions of sea ice cover reveal important regional variations. 1) The
Canadian Arctic Archipelago is characterised by high sea ice concentration (>7/10) and
relatively low variation in extent; 2) Chukchi and Barents Sea reconstructions show large
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amplitude variations of sea ice cover suggesting millennial-scale oscillations and seesaw pacing
in western regions; 3) during the mid-Holocene climatic optimum, minimum sea ice is recorded
quasi-synchronously in eastern Fram Strait, northern Baffin Bay and Labrador Sea but this
minimum does not characterise the entire arctic region.
There are also a few, much longer biostratigraphies that use dinocysts to trace qualitative
changes in sea surface temperature and salinity (SST, SSS) and SIC in the eastern Arctic Ocean
during the Pleistocene (Matthiessen et al. 2001, 2010) and the Paleogene (e.g. Sluijs et al. 2008).
Several ocean drilling programs have also used dinocysts as palaeo-climate proxies in the
Labrador, Greenland Seas and Bering Seas for Plio-Pleistocene intervals (e.g., de Vernal et al.
1992b; Mudie and Harland 1996 and references therein; Marret et al. 2001a; Hennissen et al.
2017). For the Labrador–Davis Strait–Baffin Seaway, from about 52o to 75oN, dinocysts are the
primary palynomorphs used to construct a new event biostratigraphic framework for the
Cretaceous–Cenozoic strata in 19 offshore wells (Fensome et al. 2016). This framework also
includes three acritarchs (Fromea, Microsphaeridium spp.) and four algal taxa (Paralacaniella
indentata, Pediastrum spp., Tetraporina).
There are fewer detailed accounts of the other marine NPP taxa in the arctic seas and most
of these are confined to surface sample sites in coastal and continental shelf regions (KunzPirrung 1998). Like the dinocysts, non-dinocyst NPP diversity is low throughout the Arctic
Ocean basins (1–8 taxa, mean = 5), with minima (N=0–2) below the permanent pack ice of the
Canadian Polar Margin and in the central and western deep basins away from the influence of
inflowing relatively warm, saline water from the North Atlantic (OBIS area #4). Diversity of
total NPP increases over the Barents and Kara-Laptev Shelf areas and the Inner Beaufort Shelf to
maxima of 19 taxa. Total NPP species diversity may also be higher in parts of the silled fiords of
northern Greenland (Limoges et al. 2018) and Ellesmere Island.
Relatively low amounts of specimens, high inter-site variability (e.g. Allan et al. 2019),
taxonomic uncertainties and frequent use of 10 µm sieves for processing that may exclude
recovery of small NPP e.g., chrysophyte cysts and prasinophytes, make it difficult to delineate
meaningful patterns in the Arctic region non-dinocyst NPP distributions. These factors currently
largely exclude valid quantitative analysis. Here, however, we summarise what appear to be the
main distributional and biodiversity features.
1. The ciliate taxon Halodinium is the most widespread Arctic–North American Boreal nondinocyst NPP although in the Arctic Ocean basins it is only sporadically present in low
amounts (<5% of total NPP) west of the Lomonosov Ridge. Halodinium reaches peak
amounts of up to 20% in the Mackenzie Delta discharge area of the Beaufort Sea (Fig.
8.17A), and it is common on the Laptev Shelf off the Lena River Delta (Kunz-Pirrung
1998), suggesting a preference for low salinity stratified surface water. This apparent
relationship is supported by Matthiessen (1991; 1995) who reports common occurrences of
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Halodinium on the East Greenland and west Icelandic shelf sediment where it is
significantly clustered with the freshwater indicator Pediastrum. Halodinium is essentially
ubiquitous in the strongly stratified waters of the Canadian Arctic channels (Pieńkowski et
al. 2011; 2012; 2020) and Ledu et al. (2008; 2010), Baffin Bay-Nares Strait (Caron et al.
2019), and in Hudson Bay (Heikkilȁ et al. 2016), with largest amounts being present in the
eastern CAA and northern Baffin Bay regions. Pieńkowski et al. (2020) consider that the
occurrence of this ciliate cyst may be primarily regulated by biosilica and/or organic carbon
availability, with salinity being only a secondary factor. On the West Greenland margin,
Halodinium and foraminiferal linings are second in abundance to dinocysts (Allan et al.
2019). Here the ciliates display summer-fall blooms linked to meltwater runoff from the
Greenland icesheet that triggers upwelling of nutrient-rich bottom water.
2. Tintinnids are generally very rare in the Arctic Ocean NPP assemblages except in the
Greenland fiords and on the Laptev Shelf and outer Beaufort Sea where they are common in
Holocene sediments (Schell et al. 2008; Bringué and Rochon 2012). In the Canadian Arctic
Archipelago (CAA), tintinnids resembling types E and P of Reid and John (1978) are also
common in sediment younger than ca. AD 1907 for Coronation Gulf (Pienkowski et al.
2011), and further north, loricae and cysts of four other taxa are present. Pieńkowski et al.
(2012; 2020). Allan et al. (2019) illustrate similar resting tintinnid cysts and a lorica from
unspecified samples from the West Greenland Shelf. Farther south, tinntinnids are abundant
in Hudson Bay sediment traps where seven genera occur but it is not clear how many of
these preserve in the sediments (Heikkilȁ et al. 2016). Pieńkowski et al. (2020) discuss the
importance of these ciliates as primary consumers of pico-plankton and prey of metazoans
and they note the paucity of tintinnid loricae within the CAA. Matthiessen (1991, p. 49;
plate 5) shows that several tintinnid lorica and cyst types are present in many cores from the
Greenland and Iceland seas, and Roncaglia (2004b) reports common tintinnids for Holocene
sediments of Skálafjord, Faero Islands.
3. In the Arctic Ocean, other tintinnomorphs of presumed cilate origin are very rare except in
the eastern region. In the eastern Arctic Ocean, four taxa, Hexasterias, Radiosperma and two
species of Palaeostomocystis occur in the North Greenland fiords (Limoges et al. 2018), and
Radiosperma corbiferum is common in Laptev Shelf sediments. In the circum-Arctic region,
only traces of these four tintinnomophs occur in the High Arctic northern Baffin Bay-Nares
Strait cores (Caron et al. 2019) but all four taxa are present in the CAA channels, in variable,
most low amounts of less than 300 specimens g-1 (Pieńkowski et al. 2020). Food availability
and seasonal SIC duration appear to be the primary factors determining the distribution of
these NPP (Pieńkowski et al. 2020). Heikkilȁ et al. (2016) report only Hexasterias and
Radiosperma as present in Hudson Bay sediment traps.
4. The small reddish-brown acritarch Leiosphaeridia sp. of Mudie 1992 (Fig. 8.4 d,h) is also
very widespread in the Arctic Ocean and it can dominate NPP in the outer Beaufort Sea;
however, more taxonomic work is needed to confirm the identity of this acritarch as an
extant member of the otherwise extinct, mostly Paleozoic genus Leiosphaeridia. Other
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5.

6.

7.

8.

Arctic Ocean acritarchs that need taxonomic study are archeomonads (Fig. 8.4 a-c) that may
be chrysophyte statocysts, and a Cyclopsiella sp. with sporadic occurrences in Nansen Basin
(Mudie 1992).
In the Arctic Ocean, the abundances of phycomata and other presumed prasinophytic algal
resting spores appears to be low. Cymatiosphaera occurs almost exclusively in the warmer
eastern areas (Table 2), with only two other occurrences — on the Canadian Polar Margin
and in Beaufort Sea. Cymatiosphaera phycomata are also notably absent in the arcticsubarctic regions except the warmer Greenland and Icelandic seas where it co-occurs with
Pediastrum coenobia (Matthiessen 1991) and is associated with both oceanic and neritic
conditions. In contrast, the putative prasinophytes Leiosphaera sp. and Sigmopollis are
occasional to abundant in channels of the Canadian Arctic Archipelago (CAA) and some
Beaufort Sea samples.
Other algal NPP in Arctic marine sediments include rare Cosmarium (Desmidiaceae) spores
that are essentially confined to the Beaufort and Laptev sea shelves except in the path of seaice discharged from Lapev Sea where they may be re-deposited in Nansen Basin with icerafted detritus (Pfirman et al. 1989). Rare occurrences of Chlamydomonas glacialis spores in
Nansen Basin may also reflect melting from pack ice that experiences seasonal blooms of
this red-pigmented alga, now the center of focus because of its vital role in changing the
albedo of glacial ice (Stibal et al. 2017). Zygnemataceae spores occur only in Beaufort Sea
and typical palynological markers of eutrophic conditions such as Anabaena (Cyanobacteria)
and Botryococcus coenobia are rare throughout the Arctic region, presumably reflecting the
unpolluted and oligotrophic Arctic surface waters. In contrast, the chlorophyte Pediastrum is
common in the discharge plume areas of the Mackenzie and Lena Rivers with maxima of
1108 and 3000 coenobia g-1, respectively (Matthiessen et al. 2001). In general, Pediastrum is
the most consistent marker of freshwater runoff to the Arctic Ocean and adjacent seas.
Microforaminiferal linings are the most common zoobenthic NPP in the Arctic and N.
American Boreal realm (Tables 2, 3) but appear to be rare in the deep basins and to be
restricted to fiords and outer wide shelves. Where present, rotalid morphotypes are usually
most common, with linear forms also occurring on the Canadian Polar margin, and common
biseriate linings occurring in Coronation Gulf and Parry Sound (maximum total of 680
linings g-1). Pieńkowski et al. (2020, table 3) list six lining morphotypes based on an
unknown source referenced to Stancliffe (1996); unfortunately, the lining types are not
described. De Vernal et al. (1992a) related the rotalid microforaminiferal linings in sediment
samples to five species of trochospiral or planispiral foraminifera, and used the log of the
ratio of organic lining concentrations to calcareous shells as an index of carbon dissolution in
cores from southern Davis Strait. This index was also applied to a study of carbonate
compensation depth fluctuations in the Gulf of Alaska (OBIS realm #7) during the Late
Pleistocene – Holocene (de Vernal and Pedersen 1997).
Although large calanoid copepods commonly dominate the Arctic zooplankton biomass
(Seuthe et al. 2007), copepod eggs are notably rare in the Arctic Ocean realm (OBIS #6),
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occurring at only three sites outside of the Laptev Shelf and outer Beaufort Sea, and not
recorded by Matthiessen (1991) for the Greenland-Icelandic Seas. However, they are common
in large numbers in Coronation Gulf and Hudson Bay, with lower numbers (<2400 g-1) in
other areas of the CAA and northern Baffin Bay. This distribution pattern supports the
likelihood that egg-production is not the primary survival strategy for Arctic calanoids as
suggested by Engel (2005). Turbellarian egg capsules also appear to be rare thoughout the
region except in Greenland fiords. In the circum-Arctic, egg capsules occur in Coronation
Gulf, CAA channels, Hudson Bay, and Igaliku Fiord and in southern Greenland (as tintinnid
loricae of Roncaglia and Kuijpers 2004).
9. A possible exception to the apparent pattern of low invertebrate egg occurrences throughout
the Arctic region may involve correct identification of the enigmatic Acritarch-type P of
Mudie (Fig. 8.12) with a widespread distribution in the CCA similar to that of Halodinium.
This common arctic NPP resembles the Ordovician acritarch Velatasphaera hudsonii Miller
and Williams 1988. The large (>50 µm wide), bi-layered palynomorph, with an elongated
apical pylome, is also present in most sediment samples on the Barents and the Beaufort Sea
continental shelves, Baffin Bay fiords, and Davis Strait, in addition to cores of Holocene
sediment from Coronation Gulf and Barrow Strait. The size and morphology of Acritarchtype P (Fig. 8.12 m) resembles that of a reproductive structure (gemmule) of a geodid sponge.
Geodid sponge reefs are common in many areas characterised by Acritarch-type P.
10. Scolecodonts and chitinous invertebrate remains also appear to be notably rare in surface
sediments throughout the entire Arctic region: occasional chironomid and polychaete
mandibles and rare ostracod mandibles are reported for Coronation Gulf. Minor amounts
(<200 g-1) of unspecified invertebrate mouthparts occur in surface sediments of the CAA
(Pienkowski et al. 2020) but chitinous remains are generally sparse.
11. Fungal spores and other remains are also notably sparse in Holocene sediments of the
Arctic region although they were abundant and diverse during the Paleocene when the
Arctic Islands were forested (Parsons and Norris 1999) and they are common off
theMackenzie Delta (Solomon et al. 2000).
8.4.2 Antarctic Ocean and Sub-Antarctic region: the Southern Ocean
The Antarctic Ocean, also known as the Southern Ocean or South Polar Ocean (OBIS
biogeographic zone #30), is broadly defined as the water surrounding Antarctica, and it can be
delimited by the northernmost extent of Antarctic sea ice (Abram et al. 2013). Unlike the Arctic
— an ocean basin surrounded by land — the Antarctic is a big continent surrounded by a large
ocean. Because of this geography, the Antarctic sea ice has more room to expand in the winter
and it also stretches into warmer latitudes, leading to melting in summer as far as ca. 55oS.
Antarctic sea ice peaks in September (the end of Southern Hemisphere winter) and usually
retreats to a minimum in February. The sea ice boundary shows inter-annual variation but is
generally at its northernmost limit around 60o S latitude (Abram et al. 2013). However,
biogeographers (see Costello et al. 2017) include the Sub-Antarctic waters off Tierra del Fuego
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(Argentina) in this South Polar region, and Zonneveld et al. (2013, fig. 2) also depict a Southern
Subpolar region extending to South America; hence, in this section, we make some comparisons
with Sub-Antarctic NPP found in surface samples.
It is also important to note that studies of marine NPP in pre-Quaternary sediments, e.g.
Williams et al. (2004) take an even broader view in defining the Southern Ocean to extend as far
north as the Tasmanian Strait around 44oS. These authors summarize previous DSDP/ODP
biostratigraphic studies using dinocysts, as well as providing a calibrated dinocyst zonation for
Late Cretaceous to Quaternary organic-walled dinocysts. The calibration allowed comparison
between Southern and Northern Hemisphere dinocyst biozonations, and the documentation of
preliminary evidence for hemispheric differentiation in dinocyst distributions after the uniformly
warm Cretaceous Period. McMinn (1995) has asked “Why are there no post-Paleogene
dinoflagellate cysts in the Southern Ocean?” but Marret et al. (2019) show that today there are at
least three bipolar dinocyst taxa (Impagidinium pallidum, Islandinium minutum and Polarella
glacialis) and three Antarctic endemics: Selenopemphix antarctica, Cryodinium meridianum and
Nucicla umbiliphora. Furthermore, there are also several undescribed gymnodinioid taxa in the
Adélie region (Hartman et al. 2019) and it is likely that there are still potentially new taxonomic
discoveries to be made in both southern and northern polar regions. The richness of endemic
Antarctic dinoflagellate taxa is a strong contrast with the Arctic-North American Boreal realms
where no endemics are yet known, and it is in line with the OBIS record of 17% endemics
reported for all Southern Ocean taxa (Costello et al. 2017).
Data for Antarctic NPP in surface sediments for regions south of 60oS are relatively sparse,
including only about 40 sites in the Southern Ocean (Harland and Pudsey 1999; Pieńkowski et
al. 2013; Hartman et al. 2018, and unpublished data of Marret and Sangiorgi, Table 3); an
additional 22 samples are reported for Beagle Strait (Candel et al.2012). Almost all the samples
are from deep water (>500 m) beyond the grounded ice shelves that cover most of the continental
shelf area surrounding Antarctica; only the Beagle Channel samples are from shallow, fiord-type
environments 30–200 m deep.
As in the Arctic region, dinocysts dominate the Southern Ocean NPP assemblages at most
sites, followed by cilates and microforaminifera. The relatively low dinocyst abundances are
comparable to those of the Arctic realms: average of 678 cysts/ml (169–2613 ml-1) in the
southern Indian Ocean and SW Pacific sediments (Table 3). In the Weddell Sea, West
Antarctica, the diversity of dinocysts (N = 6–10 taxa) is also low, with concentrations varying
from a high of 5561 cysts/g in Gustav Bay to extremely low amounts (0–10 g-1) shoreward in
Larsen Bay and seaward in Jane Bay (Pieńkowski et al. 2013). These minimum values rise to
amounts of 49–236 cysts g-1 further north in the warmer Scotia Sea (Harland and Pudsey, 1999).
All the dinocyst assemblages in the Antarctic Ocean are dominated by heterotrophic taxa. In the
Sub-Antarctic Beagle Channel (OBIS Rio Plata realm, #24), the average abundance and diversity
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are higher — 2632 dinocyst g-1 and N= 16–17, with the presence of autotrophic Spiniferites spp.,
Trinovantedinium and the cyst of Pentapharsadinium dalei in addition to heterotrophic
protoperidinioids and polykrikoids.
Other Southern Ocean marine NPP are often rare and are usually dominated by
microforaminiferal zoomorphs. The organic linings are primarily rotalid type, but unilocular,
uni- and triserial serial morphotypes are also present. In the SE Pacific area of eastern Antarctica
at Scott Bay and at two sites off Adélie Land, however, tintinnids are the most common nondinocyst NPP. In contrast, tinntinids are very rare in the samples from the SW Pacific. Other
cilates are rare and only Halodinium is present at only 3 sites except in Beagle Channel where
Polyasterias and Radiosperma are also present. Prasinophyte algal spores (Cymatiosphaera,
Tasmanites, Leiosphaeridia, Pterosperma) are mostly rare but at the Adélie Land IODP Site U
1357, 1000 m water depth, Hartman et al. (2018) record a large diversity of prasinophyte taxa in
the Holocene sediment interval, including Mecsekia and four species of Pterosperma. Other
larger algal NPP are generally rare throughout the Southern Ocean, particularly the coenobia of
green algae. Pediastrum appear to be absent throughout, and Botryococcus is found only in
Gustav Bay; however, this alga is common at locations in Beagle Channel with runoff from
small rivers draining glaciers.
As in the Arctic Ocean, other NPP such as copepod eggs and skeletal remains of
invertebrates appear to be rare at most sites. However, subitaneous eggs are abundant in some
intervals of the IODP Adélie Land core, and the mouthparts, endites and spermatophores of
Ophryotrocha orensanzi are present (Fig. 8.15). The resting eggs of a macrobiotid tardigrade
also occur in this core (Hartman et al. 2019) whereas tardigrades have not been reported for the
Arctic sediments. Other unspecifed invertebrate remains are reported for the Weddell Sea region
(see Harland and Pudsey 1999; Pieńkowski et al. 2013), and Acritarch-type P is present in
Weddell Sea and off Adélie Land.
8.5 Temperate Ocean Assemblages
8.5.1 Temperate Atlantic Ocean
The temperate Atlantic Ocean waters delimited by Zonneveld et al. (2013) broadly
encompass the region from about 50–23oN and 23–50oS, and they are characterised by summer
surface water temperatures of 10–20 oC, with well-defined seasonal variation but an absence of
sea ice except in the most northerly and southerly bays and estuaries where there is thin, annual
sea ice cover for 1–2 winter months. As a whole, the Atlantic Ocean surface waters are notably
warmer and more saline (33–37 psu) than those of the Pacific Ocean (Reid 1961).
The importance of dinocysts and acritarchs sensu lato for pre-Quaternary biostratigraphy
and petroleum exploration on the margins of the North Atlantic Ocean and its extension into
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Labrador Sea is well-known (e.g., Sarjeant 1974; Traverse 1988; de Verteuil and Norris 1996;
Fensome et al. 1996; 2016). Williams and Bujak (1977) also used data from petroleum
exploration wells in the NW Atlantic region to map ecological preferences of selected taxa.
Williams et al. (1993) also surveyed the morphology and stratigraphic occurrences of Mesozoic–
Cenozoic dinocyst taxa, mainly from temperate regions of the Northern Hemisphere. Harland
(1994) and Mudie and Harland (1996) review the expanding use of dinocysts and acritarchs for
Neogene biostratigraphic and palaeoenvironmental studies at various pelagic sites selected by the
Ocean Drilling Program as being of crucial importance to understanding the tempo and driving
forces behind global climate changes. De Schepper and Head (2008) have refined the taxonomy
and stratigraphic importance of dinocysts and acritarchs in the Eastern North Atlantic, while
Egger et al. (2018) recently fine-tuned the dating of dinocyst bioevents in the western N. Atlantic
Ocean.
Distributions and abundances of dinocysts in surface sediments of the temperate Atlantic
region are mapped by Turon (1984), Rochon et al. (1999), and Zonneveld et al. (2013), while
Faye et al. (2018) recently have mapped the dinocyst distributions off Patagonia in the SW
Atlantic Ocean. Classical studies of dinocyst cyst distributions in relation to continental shelf and
slope environments in the North Atlantic (Wall et al. 1977) and SW Atlantic (Davey and Rogers
1975, Zonneveld et al. 2001) have recently been fine-tuned by detailed studies of dinocyst
biogeography in the NW Atlantic estuaries, fiords and bays (Price et al. 2016). The work of Price
et al. is the first to show that the spatial distribution of North Atlantic dinocyst taxa corresponds
to the classical biogeographic provinces established for other marine organisms. The study
shows that Cape Cod separates the northern Acadian Province with abundant Dubridinium spp.
and Islandinium? cezare from the southern Virginian Province characterised by common
Lingulodinium machaerophorum and Polysphaeridium zoharyi. Notably, this pattern conforms
more closely to areas proximal to the boundaries of the OBIS NW Atlantic realm #18 (Fig.
8.15B) and tropical W. Atlantic realm #11 (Fig. 8.16B) than to the temperate climate zone (Fig.
8.15A) that spans both of these realms. Marret et al. (2019) report that on a global scale, the
species diversity of dinocysts appears to be highest in the Atlantic Ocean from 30–50oN (up to
70 dinocyst taxa when binned into latitudinal bands, or up to 35 for single assemblages).
Dinocyst concentrations in the Irish-Celtic Sea range from c. 2300 to 11 000 cysts g-1 dry weight,
with an average of c. 5000 g-1 (Marret and Scourse 2002). In the Southern Atlantic, Faye et al.
(2018) report higher abundances but lower species diversity for the southern-central San Jorge
Gulf of Patagonia where there is a maximum of 45 848 cysts g-1 and average of 12 858 cysts g-1
for 29 taxa. In the upwelling area off SW Africa (Fig. 8.16B #27), Zhao et al. (2017) show
amounts of ca. 10 000 to 30 000 cysts cm-3 for 23 dinocyst taxa.
Dinoflagellates are the second most important component of the global eukaryotic
phytoplankton community (Lopez de Santos 2017) and in most temperate regions, dinocysts
strongly dominate the temperate Atlantic marine NPP assemblages. In a survey of the Irish and
Celtic Sea within the OBIS NE Atlantic biogeographic realm (Fig. 8.16 #3), Marret and Scourse
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(2002) find that dinocysts were the dominant NPPs, with the only other groups being
microforaminiferal linings (rare to common), and two rare occurrences of Pediastrum. However,
in the coastal waters, estuaries and fiords within the same realm, Reid (1972) shows that
although dinocysts usually strongly dominate marine NPP assemblages (30 to 50%),
microforaminifera are equally or more abundant at 31 of 190 study sites, mainly bordering the
Irish Sea. Unfortunately, the data are reported as relative abundances of total assemblages
including sporomophs, and hence cannot be simply compared to values in Tables 1–3. However,
Reid (1972) also reports sporadic occurrences of Concentricystis, prasinophytes (Pterosperma,
Pterosphaera, Tasmanites) and two cilates, Radiosperma (as Pacillina) and Saturni, and he
illustrates several types of copepod resting eggs. Turon (1984) maps the presence of tintinnids,
Hexasterias problematica and copepod eggs in surface sediments east and south of Iceland but
does not mention the occurrence of organic linings of foraminifera. Turon (1984) also notes that
very high concentrations of tintinnids occur in summer water samples of the Gironde Estuary,
where he also found prasinophyte phycomata, Concentricystes and Pediastrum coenobia in water
samples from the estuary.
Abundances of dinocysts and tintinnids in sediments around the British Isles have been
related to North Atlantic plankton-tow and sediment trap-data (Reid 1978; Reid and John 1978;
1981). Continuous plankton recorder (CPR) and trap data (Reid 1978; Reid et al.1987) indicate
that high NPP abundances in sediments represent an accumulation of cysts over numerous years.
Analysis of North Atlantic CPR records points to a long-term shift in abundances of copepods
and dinoflagellates in the world oceans (Reid et al. 2015). Improved calibration of links between
living and fossil NPP records has important potential for monitoring of long-term changes in
plankton regimes. Sediment traps on the SW coast of England in 1984 (Reid et al. 1987)
recorded periodic spring blooms of a planktonic oligotrich ciliate cyst with a flux of about
35 000 m-2 d-1. The cyst morphology indicates the source as Strombidium crassulum which was
common in the water at the time. However, it was noted that the total number and percentage of
cysts with organic contents decreased rapidly after the encystment event, leading to much lower
cyst fluxes and a minimum of 200 cysts m-2 d-1 after about one year. The trap data also showed
that resuspension of bottom sediments by tides and storms ensured re-circulation of viable cysts
into the water column during the winter, with a potential for excystment and the initiation of a
new motile population under suitable conditions in the next year. For the Bay of Brest, NE
Atlantic, Lambert et al. (2018) do not record tintinnids for their 150-yr ultra-high-resolution
record but they show large fluctuations of other ciliates, algal spores and foraminiferal linings on
a 1–5 yr time scale. Recent increases in the ratio of their categories ‘continental derived NPP’
(Concentricystis, Halodinium, Euglypha and Arcella amoebians, and Pediastrum) to ‘marine
derived NPP’ (Hexasterias and microforaminiferal linings) are interpreted as evidence of post1945 eutrophication or pollution impacts on phytoplankton, combined with increased runoff
related to a warming climate trend. Another high-resolution study of a core from the Vigo River
estuary, NW Spain, documents fluctuations in the freshwater algal spores Debarya, Spirogyra
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and Pseudoschizaea as part of its reconstruction of shifts in the North Atlantic Oscillation that
determine annual-scale precipitation volume in NW Spain (García-Moreras et al. 2018).
Head (1993) provides one of the most detailed studies of non-dinocyst NPP in the NE
Atlantic region, based on four samples of the Pliocene St Erth’s beds in Cornwall, SW England.
In addition to dinocysts, this study documents a wide range of NPP. Head (1993) illustrates
various freshwater algal spores, fungal spores and germlings, microforaminiferal linings,
scolecodonts, chitinous remains, and mandibles like those of freshwater crustaceans. The algae
include several freshwater zygnematacean genera (Debarya, Mougeotia, Zygnema, Lecaniella)
and zygospores of possible desmidiacean affinity, although it is concluded that the depositional
environment was in a nearshore marine setting. Prasinophytes and “algae incertae” including
Halodinium scopaeum, Leiosphaeridia sp., Sigmopollis sp., Micrystridium spp., tasmanitid spp.,
and Cyclopsiella. Although dinocysts dominate all the NPP assemblages, two of the four samples
have almost equal amounts of scolecodonts, including Scolecodont form 1(Head, 1993, fig. 6-1).
Notably, the vermiculate morphology of Head’s 1993 Scolectodont form 1 appears to indicate a
small nematode, possibly preserved because of pyrite rich anaerobic sediments, as in the Black
Sea (see Sect. 8.7.1).
In the Western North Atlantic, information on Pleistocene–Holocene non-dinocyst NPP is
less comprehensive but de Vernal (2009, her table 1) provides a generalised list of the main
linkages between these palynomorphs and palaeoenvironments from freshwater to pelagic
offshore marine waters. Three examples of applications are given: 1) a large spike in freshwater
dinocysts and Pediastrum coenobia marks the transition from freshwater to marine conditions in
the silled Lake Bras d’Or, eastern Nova Scotia, and is used to estimate the rate of sea level rise;
2) ratios of pollen to dinocyst concentrations provides an index of terrestrial vs. marine organic
matter content in the Gulf of St. Lawrence, as validated by δ13Corg measurement; and 3) in
Saguenay Fjord, near the head of the Gulf estuary, the abundances and distributions of
microforaminiferal linings, Pediastrum, tintinnids, and the ciliates Halodinium and Radiosperma
were correlated with landslide sediments following an earthquake in 1663 and preceding
recovery of normal hemipelagic marine conditions (St. Onge et al. 1999, fig. 8).
Other studies of Late Pleistocene to modern NPP in the Atlantic focus almost exclusively
on dinocysts as tracers of salinity change and impacts of anthropological activity. For example,
Pospelova et al. (2003) studied the dinocyst assemblage distributions in surface sediments of
Buzzards Bay, Massachsetts, and determined that nutrients and toxic pollutant levels were the
primary factors influencing cyst concentrations and diversity, with the influence of salinity and
temperature variability being low in comparison to the anthropogenic factors. In the mesohaline
region of Chesapeake Bay, Willard et al. (2015) found that enrichment of dinocysts and bacterial
biomarkers marked changes in carbon delivery and was correlated with increased human
population size and fertilizer use in the watershed, particularly after the 1950s. One study of a
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coastal lagoon in southeastern Brazil uses dinocysts, fungal spores, microforaminiferal linings,
algal coenobia and other smaller spores, including Micrhrystridium, to trace the evolution of the
coastal plain over the past ca. 5400 cal yr BP (Kuhn et al. 2017). In the SE Atlantic off
Namaqualand (i.e., S. Namibia and NW South Africa), Davey and Rogers (1975) and later, Zhao
et al. (2017) record non-dinocyst NPP, including Pediastrum, Concentricystis, scolecodonts and
microforaminiferal linings. However, they find no clear trend in the distributions of the nondinocyst NPP other than a slight increase in freshwater algae from about 3100 to 640 yr BP.
8.5.2 Temperate North Pacific
Compared to the Atlantic Ocean, there are fewer studies of NPP from the Pacific Ocean
and most of these focus on in the use of dinocysts for biostratigraphy and palaeoceanographic
interpretation in the Northern Pacific Ocean (Matsuoka 1983; 1985a; Bujak 1984; de Vernal and
Pedersen 1997; Marret et al. 2001). The pioneering work of Bujak (1984) includes acritarchs in
the palynological study but Roncaglia (2004) and Gurdebeke et al. (2018a) now show that two of
Bujak’s acritarch genera, Halodinium and Beringiella, are a tintinnomorph and another type of
protist, respectively. Bujak (1984, p. 195) thought that Beringiella may be an egg capsule or an
algal cyst; our new micro-FTIR data do not show the strong nitrogen (amide I) “fingerprint” of
an algal cyst, and they show a closer resemblance to the composition of foraminiferal organic
linings than tintinnid ciliate cysts or loricae (Fig. 8.9).
The temperate Pacific Ocean surface salinity is an average of 1 psu lower than the Atlantic,
and the water is denser throughout the water column (Reid 1961). Furthermore, more Pacific
Ocean regions are dominated by the upwelling of nutrient-rich deep water characterised by high
diatom productivity. A study of one such upwelling region off the northeastern coast of Japan
(Matusoka 1976) showed that the motile dinoflagellate assemblages were dominated by
Protoperidinium species, and the underlying sediments had correspondingly large amounts of
cysts from Protoperidinium species. Similar assemblages are recorded by Bujak (1984) for the
deepwater sites south of the Aleutian archipelago: they are dominated by protoperidiniacean
cysts and co-associated with abundant diatoms and lesser amounts of silicoflagellates. McCarthy
et al. (2004 and references therein) show how co-variations of terrigenous palynomorphs, windblown dust from Asia, dinocyst concentrations and dinocyst assemblage composition are related
to anomalous intervals of carbonate preservation below the lysocline in Late Pliocene to Early
Pleistocene pelagic sediments at ODP Site 1179 in the central North Pacific.
Other temperate-region Pacific Ocean drillsite studies that use organic-walled dinocysts as
tracers in areas of high diatom production poor carbonate preservation include Saanich Inlet
ODP Site 1034B (Mudie et al. 2002), Santa Barbara Basin Site 893A (Pospelova et al. 2006),
and the Chilean margin ODP Site 1233 in the SE Pacific (Verleye and Louwye 2010). The Late
Pleistocene–Holocene dinocyst record at ODP Site 1233 on the continental slope off Chile
(OBIS realm #25) provides a detailed record at a resolution of 200 yr intervals for the past 25
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000 years. Verleye and Louwye (2010) linked the major changes in cyst assemblage composition
and concentrations, and the variation in Operculodinium centrocarpum morphology to changes
in sea surface temperature (SST), sea surface salinity (SSS), palaeoproductivity and upwelling
intensity. Marret et al. (2001b) studied dinocysts and other NPP, including Pediastrum,
microforaminiferal linings and prasinophytes at DSPD site 594 in the SW Pacific off South
Island, New Zealand. The dinocyst records indicate large fluctations in SST and SSS co-inciding
with Late Pleistocene glacial–interglacial intervals over the past 140 000 years. Pediastrum and
microforaminiferal lining concentrations show notable increases during glacial stages MIS 2 and
MIS 5e–d, respectively while prasinophyte concentrations are mostly very low but have
conspicuous peaks during the warm interglacial stages MIS5e and 1.
Other studies of NPP in the NE Pacific focus on the surface distribution of dinocysts and
its relationship to productivity and upwelling in OBIS realms #7 (Radi and de Vernal, 2004; Radi
et al. 2007) and #12 (Pospelova et al. 2008). Data from 76 sites in the cool temperate OBIS
realm #7 from 40–60oN reveal a total species diversity of N=32 dinocyst taxa. The cyst
concentrations vary along a gradient from a nearshore high of 34 000 cyst cm-3 dominated by
protoperidinioids to lower values dominated by autotrophic taxa offshore, and notable absence of
Lingulodinium machaerophorum throughout. In the more southerly NE Pacific OBIS Gulf of
California realm #12, 43–25°N, Pospelova et al. (2008) record N=7–31 dinocyst taxa (average of
22) that also decreases offshore. Here the cyst concentrations average ca. 6000 cysts g−1, ranging
from ca. 35 000 g-1 dry wt. at coastal sites to 100 g-1 dry wt. offshore. They also report that
concentrations of foraminiferal organic linings follow the same pattern, averaging 4000 linings
g−1 with maxima of c. 5000 linings g−1in the most productive nearshore sites. They find that
warmer waters are presently distinguished by presence of Lingulodinium machaerophorum,
Spiniferites mirabilis, S. ramosus, S. delicatus/bulloideus, Bitectatodinium spongium and
Polykrikos cf. kofoidii, while cooler water environments are marked by Selenopemphix
nephroides (now S. undulata Verleye et al. 2011, Trinovantedinium variable and cysts of
Pentapharsodinium dalei.
Pospelova et al. (2008) apply the large database of cyst distribution data to high resolution
analyses of laminated sediment cores or sediment traps in subsequent studies from Santa Barbara
Basin (Bringué et al. 2013; 2014), Saanich and Effingham Inlets, Vancouver Island (Price and
Pospelova 2011) in the eastern North Pacific. The Santa Barbara Basin record includes
supplementary data on tintinnids, microforaminiferal lining and copepod egg abundances that are
present in large numbers for most years from 1968–2007. The ciliate fluxes range from 24 700 to
179 200 specimens m-2 d−1, with variable seasonality peaks, while fluxes of copepod eggs
averaged 50 900 eggs m-2 d-1 with maxima up to 272 000 m-2 d-1 following an interval of active
upwelling. The dinocyst data provide seasonal-scale records of abundance and taxon variability
and demonstrate 20th century warming in the Santa Barbara Basin.
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In Saanich Inlet, a sediment trap deployed at c. 97m water depth from 2007–2010 recorded
high dinoflagellate cyst fluxes averaging ~777 000 cysts m−2day−1 (~149 000 to ~2.4 x106 cysts
m−2 d−1) and a surface sediment assemblage, with almost identical dinocyst species composition
(Price and Pospelova 2011). The traps also record sporadic influxes of tintinnids (cf.
Acanthostomella novegica, Helicostomella and cf. Ptyochocylis spp., Cyrtostrombidium
boreale), along with the ciliates Hexasterias and Radiosperma in amounts up to 1 x 106 m−2 d−1.
Smaller fluxes of Halodinium minor, copepod eggs and microforaminiferal linings are
documented, and rare occurrences of the radiolarian Keratella spp. as also reported by Mudie et
al. (2002) for sediment samples. Unfortunately amounts of marine NPP in Price and Pospelova’s
surace sediment sample are not recorded, but the trap values are much higher than surface values
of ca. 30 000 cysts g-1 yr-1 reported by Mudie et al. (2002) for a deeper water site in Saanich
Inlet.
For the NW Pacific Ocean, Pospelova and Kim (2010) summarise previous studies of
coastal waters by Matsuoka (1987; 1992; 1999) and others, e.g. Qi et al. (1996) for the East
China and northern South China seas. Most of these studies focus on the problem of toxic cyst
outbreaks, particularly as related to aquaculture production. Pospelova and Kim (2010)
document the correlation between cysts distributions and aquaculture production in western
South Korea; they illustrate fish scales and a rotalid microforaminiferal lining but do not
document other non-dinocyst NPP. They show that increased relative abundance of cysts of
heterotrophic dinoflagellates, particularly Polykrikaceae and Diplopsalidaceae are correlated
with high nutrient levels for the water column and high sediment total nitrogen values. The
dominance of cysts identified as cysts of toxic Cochlodinium polykrikoides is also correlated
with blooms of this species in the phytoplankton. Matsuoka et al. (2018) present an innovative
study that links resuspension of sediment containing Alexandrium cysts to outbreaks of paralytic
shellfish poisoning (PSP) following the Chilean Great Earthquake in 1960 and the Great East
Japan earthquake in 2011.
Matsuoka and Ishii (2018) provide the only detailed study of non-dinocyst NPP available
for the NW Pacific region (OBIS biogeographic realm #29), and they make an important start on
providing taxonomic descriptions of the non-dinocyst NPP found in the warm, shallow waters
(ca. 10 – 60 m) of Osaka Bay 35.5oN, 135.5oE. These authors document and illustrate seven algal
spore types (five chlorophytes: Pediastrum simplex and endemic Pediastrum Biwae,
Staurastrum, Desmodesmus, Pseudoschizaea rubina), two prasinophytes (Cymatiosphaera,
Pterosperma) and the acritarchs Baltisphaeridium, Micrhystridium and Ovoidites).
Microzooplankton include several tintinnid cysts (five Strombidium spp., two Crytrostrombidium
spp., loricae of Codonellopsis and Protorhabdonella sp.) and tintinnomorphs resembling the egg
capsules of turbellarians (Matsuoka and Ishii 2018, figs. a–e), together with the ciliates
Halodinium and Radiosperma spp. and common rotalid and lagenid microforminiferal linings.
Matsuoka and Ishii also document presence of wide-ranging amounts of reticulate and spinate
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crustacean resting eggs (1– 4550 g-1 dry sediment) and rare to abundant crustacean body parts.
They also report occurrence of cysts of the ichthyo-toxic Raphidophyte Chatonella. McMinn et
al. (2010) record various toxic dinocysts for the temperate waters around Australia, and illustrate
organic linings for calcareous cysts of Pentapharsodinium tyrrhenicum and Ensiculifera
carinata, but overall, there is a sparcity of information regarding the non-dinocyst NPP from the
Australian region.
8.6 Tropical-Subtropical Assemblages
The tropical and subtropical climatic regions (Fig. 8.16A) are the oceans and coastal waters
spanning the Equator from the Tropic of Cancer at 23.5oN to Tropic of Capricorn at 23.5oS,
including the Cariaco Basin and Gulf of Mexico in the Atlantic region, the Gulf of California in
the Pacific, the Banda Sea of Indonesia, central W. Pacific, and the northern Indian Ocean from
NW Australia to West Africa and the Gulf of Oman. Here the summer temperatures are above
20oC and seasonal temperature differences are small. It is notable that the OBIS tropicalsubtropical realms (Fig. 8.16B) include a much wider latitudinal range than the climate zones in
the Indian Ocean and SW Pacific regions. For example, the OBIS Indian Ocean realm #19
extends from 20oN to 50oS, bordering the Southern Ocean, and the SW Pacific Mid Tropical
South Pacific” realm #17 occupies a large part of the Pacific temperate climate region. Presently,
there are insufficient data on NPP from the offshore regions to comment on the significance of
these large discrepancies in the definition of marine provinces but future studies may benefit
consideration of the OBIS tropical realm boundaries.
8.6.1 Banda Sea and East Indian Ocean
The Banda Sea (within OBIS realm #13) is situated between c. 0–10oS and 122–134oE,
with water depths of 78–5334 m, in an area essentially surrounded by large islands, e.g., New
Guinea, Sulawesi and Timor. The Banda Sea is the location of the classic pioneering studies of
van Waveren on marine NPP, particularly study of the non-dinocyst components. Many of the
main features of van Waveren’s taxonomic efforts to classify the non-cyst NPP have been
documented in Sect. 8.3 and 8.4 above. Therefore, here we focus on the highlights of a synthesis
paper (van Waveren and Visscher 1994) that points to the significance of non-NPP studies for
full understanding of global carbon budgets. Van Waveren (1993) also concluded that most of
the thin-walled, colourless sclerites originate from planktonic copepods which dominate the
zooplankton biomass.
Studies of box cores along three neritic to deep-water transects in the Banda Sea show that
palynomorph and palynodebris comprise primarily terrigenous and zooplankton, with minor
contributions from phytoplankton and organic remains of benthos (van Wavern and Visscher
1994). Large proportions of egg envelopes and copepod exoskeletal remains mark areas of high
productivity and are an important sink for ocean carbon derived from primary consumers.
Preservation of the polysaccharide and more labile chitinous and cellulosic remains is enhanced
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by the deep water setting and high sedimentation rates that may be analogs for good preservation
in Paleozoic sediments despite thermal maturation alteration. The authors propose a ‘lability
index’ for the organic remains, based on the relative friability of the transparent chitinous
remains to the other palynomorphs and debris particles. They show how this index varies with
depth, having high values in the troughs compared to the seabed highs. They also find that the
average total palynomorph concentration (50 000 g-1) in this tropical region is lower than in the
Black Sea, and that dinocysts (primarily protoperidinioids) are second in relative abundance (c.
25%) to copepod eggs and skeletal remains plus tintinnids that comprise ca. 60% of the
palynomorphs, followed by a notably small proportion (c. 10%) of microforaminiferal remains
(van Waveren and Vissher 1994, fig. 8b).
McMinn (1992a, b) reports that little is known of the pre-Quaternary cysts in the tropical
seas of the Southern hemisphere. He records a cyst-based biostratigraphy for DSDP site 765 in
the Argo Abyssal Plain southwest of the Banda Sea, in the eastern Indian Ocean off Australia.
Notably, he finds that middle Miocene to Holocene dinocysts assemblages are characterized by
abundant gonyaulacoid taxa, particularly Polysphaeridium zoharyi and Spiniferites bulloideus,
with abundances of Impagidinium and Nematosphaeropsis spp. reflecting the shelf-to-slope
origin of assemblages. The monotypic dinocyst Blysmatodinium argoi is endemic to this region
and has a Late Pliocene last occurrence (McMinn 2002). Earlier, McMinn (1989) also reported
the predominance of gonyaulacoids in Holocene and modern sediments of the sub-tropical
estuaries and bays around Sydney, SE Australia. In contrast, Bint (1988) found a relatively low
diversity of dinocyst taxa (N=17) dominated by protoperidinioids (82%) for the recent coastal
sediments of tropical NW Australia, together with common tintinnids and oligotrichs of
uncertain affinity.

8.6.2 Various Other Tropical-Subtropical sites
Pospelova and Kim (2010) list the main dinocyst distribution studies for the western
tropical Pacific Ocean, including the coastal waters of the Philippines and Malaysia studied by
Matsuoka (1981), Azanza et al. (2004) and reviewed by Furio et al. (2012). Mudie and Harland
(1996, p. 180) also outline dinocyst assemblage characteristics for the tropical waters of the
China Sea, suggesting a gradient from assemblages with low diversity and concentrations in
nutrient-poor oceanic areas to the high concentration assemblages dominated by Protoperidinium
in the waters of the Banda Sea and Indonesian archipelago.
One of the earliest studies that include non-dinocyst NPP was made on surface samples
from the southern Gulf of California (Cross et al. 1966) in the eastern tropical Pacific. The Gulf
of California is an unusual evaporative subtropical sea, with an annual temperature range
increasing from 9 – 15o C from south to north (Wall 1986). Cross et al. (1966) record the
common presence of dinocysts, fungal spores and microforaminiferal linings, Concentricystis,
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and small sphaeromorphic acritarchs resembling Sigmopollis and Micrhystridium. Duncan Wall
(1986) reports a total dinocyst species diversity of N=25 for 30 samples within three subzones of
the Gulf of California. He records dinocysts in amounts from ca. 200 g-1 to 22 311 g-1 concurrent
with about half as many microforaminiferal linings. Wall (1986) characterises the NPP
assemblages as being dominated by Spiniferites spp. and a spiny round brown taxon that he
called Solisphaeridium. Wall (1986) unfortunately used acetolysis as part of his processing
method, and it is likely that his assemblages underestimate amounts of thin-walled
protoperidinioid taxa, e.g., Brigantedinium, that are reported as abundant in the NW Gulf by
Pospelova et al. (2008, their fig. 8B). Price et al. (2013) later use dinocysts in a core of varved
sediments from Guymas Basin in the Gulf of California to establish three palynozones roughly
corresponding to MIS 1 to 3, with the warmer stages dominated by cysts of heterotrophs (mainly
Brigantedinium), and the glacial stage MIS 2 having more variable assemblages and higher
percentages of cysts produced by autotrophs.
Limoges et al. (2010) studied the distribution of dinocysts and microforaminiferal linings
in surface sediments along the west coast of Mexico from 14.76°N to 24.75°N. They record 32
cyst taxa, with a wide range of concentrations from 65 to 26 000 cyst g-1, often dominated by
heterotrophic Brigantedinium and Echinidinium species but sometimes with large amounts of
cysts from phototrophs, including the tropical species Bitectatodinium spongium. Their four cyst
assemblage zones are linked to the upwelling intensity and productivity within the Gulf of
Tehuantepec. Wall (1986) described two low diversity (average N=10) dinocyst assemblages
dominated by the phototrophic taxa Spiniferites (15 – 21%) and Achomosphaera in the
subtropical waters west of Baja California (see Mudie and Harland 1996 for details). However,
new studies of nine surface samples from shelf to pelagic sites in this region (Mudie,
unpublished) indicate that Brigantedinium and other round brown cysts dominate the shelf
assemblages from 23.23oN – 24.38oN, together with similar or larger amounts of various
foraminiferal linings, including a dominance of uniserial taxa at some sites. Other non-dinocyst
NPP are abundant fungal spores, common nematodes, copepod eggs, chitin fragments and other
crustacean skeletal remains, together with sporadic amounts of tinninid cysts, rare
Palaeostomocystis, ostracod linings and tubellarian egg capsules. Algal taxa were also rare:
primarily Botryococcus or Gleocapsomorpha coenobia and small amounts of Micrhystridium and
Concentricystis in the northermost samples. Two of the shelf sites also included common organic
remains resembling the ascidian spicule “wrappings” reported for the Cariaco Basin (Mertens et
al. 2009a, figs. 5, i-l).
One of the few tropical East Pacific studies to include a wide range of non-dinocyst NPP
was made by Matsuoka (2005), using four surface samples and a short core from shallow water
(<10 m) inlets on the shores of Santa Cruz Island of the Galapagos Archipelago off Peru [0o 10’
N, 90o 20’W]. Here he found a relatively low diversity (N=7) and low concentrations (37–169
cysts g-1) of dinocysts dominated by Spiniferites cf. scabratus and produced by autotrophic
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dinoflagellates in contrast to the heterotroph-dominated assemblages recorded for the tropical
waters off the coast of Mexico, Guatemala and Peru (Limoges et al. 2010; Lewis et al. 1990;
Rosales-Loessener et al. 1996). Matsuoka (2005) also reports the presence of rare occurrences of
Halodinium spp. and the acanthomorphic acritarch Domasiella spp, with common tintinnids,
coiled microforaminiferal linings and copepod eggs in numbers exceeding those of the dinocysts
in several samples.
The most comprehensive study of modern tropical NPP is the study of Matsuoka et al.
(2017) that is focused on the marine palynomorphs in the shallow water (mostly <20 m) of
tropical coastal areas of Selangor (3o 17’N) and the Manjung River estuary (4o 14’N) in
Malaysia, NW of the Banda Sea in OBIS realm #13. This study includes a table (Matsuoka et al.
2017, fig. 4) of dinocysts, acritarchs, prasinophytes, chrysophytes algae, tintinnomorphs,
amoebae, microforaminiferal linings, copepod eggs and body remains for shallow water areas of
Oman (NW Indian Ocean) and Okinawa (East China Sea) around the Tropic of Cancer, at about
23.5o and 26.5oN respectively, showing maximum amounts of 133 specimens g-1 for the
estuarine environment. Mudie and Harland (1996, p. 860, 862) summarise the work of Bradford
(1975) and Bradford and Wall (1984) on the taxonomy and distribution of dinocysts from surface
sediments of the relatively shallow (<140 m) subtropical waters in the Persian Gulf, Abu Dhabi
Lagoon and Gulf of Oman in the NW sector of OBIS realm #13, where 31 taxa occur in
assemblages mostly dominated by gonyaulacoids. For shelf to deep water areas of the Arabian
Sea, NW Indian Ocean, Zonneveld (1997) determined the presence of four dinocyst associations
that are primarily linked to monsoon-driven seasonal upwelling.
In the Atlantic tropical-subtropical region, almost all NPP studies have been focussed on
dinocyst distributions, and only incidental data are reported for non-dinocyst NPP except in the
Cariaco Basin studies of Mertens et al. (2009a) and Bringué et al. (2018). The pioneer studies of
Traverse and Ginsberg (1966) and Muller (1959) record variations in microforaminiferal lining
concentrations for the shallow surface sediments in the Bahamas, the Oronoco Delta and
offshore, respectively. Limoges et al. (2013) show very variable amounts of linings for the
coastal waters at 44 sites in the Gulf of Mexico. Dinocyst abundances in the Gulf of Mexico 17 –
29oN are reported as 78 – 3576 dinocysts·g−1 dry weight sediment which is similar to the range
found in the tropical Asian and Indian regions by Matsuoka et al. (2017). In contrast, in deeper
waters with areas of upwelling off West Africa (6 – 17oN), dinocyst concentrations appear to be
higher, with an average of ca. 7250 cysts g-1 and maximum of 65 600 cysts g-1 (Bouimetarhan et
al. 2009). Here four cyst associations are linked to upwelling, fluvial discharge and bottom
oxygen: 1) high productivity association related to seasonal coastal upwelling in the north, off
Senegal; 2) a more tropical regime receiving high-nutrient waters from river discharge; 3) an
intermediate regime with seasonal upwelling and fluvial input of terrestrial nutrients, and 4) an
offshore regime with low chlorophyll-a concentrations in surface waters and high bottom
oxygen. In this region, associations of Bitectactodinium spongium together with cysts of
heterotrophic dinoflagellate taxa can be used to characterise past variations in river outflow.
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The most detailed papers on non-dinocyst NPP in the tropical Atlantic region (OBIS realm
#11) are the studies of Mertens et al. (2009a) and Bringué et al. (2018; 2019) for the 1400 mdeep Cariaco Basin, in the southern Caribbean Sea off NW South America, at ca. 10oN. Here
Bringué et al. (2018) use sediment traps data to document seasonal variations in production of 57
dinocyst taxa over three years. Average cyst fluxes are high (17 100 cysts m−2 day−1) and show
great seasonal and interannual variability for the years 1996 to 1999. At this site, all the
assemblages are dominated by cysts of heterotrophs, being predominantly (51%)
Brigantedinium, and the dinocyst amounts increase during strong upwelling. Fluxes of
Echinidinium spp. and cf. Cochlodinium polykrikoides are linked to weaker upwelling and strong
El Niño conditions, respectively. Production of Protoperidinium stellatum cysts appeared to be
associated with haptophytes and/or CaCO3 fluxes, and most Protoperidinium fukuyoi and
Gymnodinium nolleri cyst production occurred during brief secondary upwelling events marked
by peaks of coccolithophores, cryptophytes, and chlorophyte abundances, suggesting that these
groups were the food sources for the motile dinoflagellates. On interterannual timescales, the
dinocyst production appeared to be influenced by a strong 1997/98 El Niño event after a 1-year
lag (Bringué et al. 2019).
The earlier paper of Mertens et al. (2009a) for Cariaco Basin ODP Hole 1002C documents
accumulation rates of non-dinocyst NPP and shows a dominance of zooplankton faunal remains
(copepod eggs, microforaminiferal linings, scolecodonts and tintinnids). The tintinnids and
scolecodonts show similar trends, including peaks during the Younger Dryas and the Heinrich
H1 cold events. In contrast, copepod eggs and microforaminiferal linings have peak ocurrences
during the warm Bölling/Alleröd and Preboreal intervals. Halodinium is present in minor
amounts, and organic remains of calcareous dinocysts show peak influxes during the Late
Glacial Maximum. At this tropical site, unusual faunal remains are organic ‘wrappings’ of
ascidian spicules (marine indicators) and two terrrigenous indicators: lepidopteran wing scales
and fungal remains (fruiting bodies, ascospores, etc.) that have similar influx maxima during the
Late Glacial. Chlorophyte algae (>20 µm diameter) are also very common: Pediastrum and
Botryococcus co-vary with pollen influxes and mark intervals of increased humidity and
freshwater runoff.
8.7. Low Salinity, Semi-enclosed Seas
There have been several major studies and reviews of NPP assemblages that characterise
large, semi-isolated, epicontinental seas, including the Baltic Sea (OBIS realm #1), and the
Marmara, Black and Azov seas (OBIS realm #2) that are together known as the Pontic Seas
(Brenner 2001, 2005; Mudie et al. 2011, 2017, 2020; Ellegaard et al. 2017). These semi-enclosed
seas are connected to the world’s oceans only by narrow silled channels: the Dardanelles,
Bosporus, Kerch and Denmark Straits (the Kattegat-Skagerrak Straits). Inflow of dense, saline
bottom water of marine origin and outflow of mixed marine and freshwater that forms a low-
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salinity marine surface water layer of less than 19 – 21 psu drives the estuarine circulation that
typifies these semi-isolated seas.Within the epicontinental seas, water circulation is estuarine,
being driven by inflow of dense, saline bottom water of marine origin and the outflow of mixed
marine and freshwater that forms a low-salinity marine surface water layer of less than 19 – 21
psu. Fewer studies have been made of NPP in the large, isolated inland Caspian and Aral Seas
where surface salinity ranges from ca. about 5 to15 psu (reviewed by Mudie et al. 2011; 2017).
In general, like the semi-enclosed Arctic Ocean, the NPP assemblages in the Pontic and Baltic
Seas are dominated by dinocysts. However, the temperate region low-salinity seas have higher
dinocyst concentrations, ranging from about 2000 to 43 000 cyst/g (mean 7400/g) compared to
the Arctic Ocean average of about 2000 cysts/g. In the marine-connected epicontinental seas,
NPP taxon diversity is 7–16, (mean N=10); this average is higher than the Arctic Ocean basins
but comparable to that of the circum-Arctic seas.
8.7.1 Ponto-Caspian Seas
The Ponto-Caspian seas are located in the temperate climate region from c. 38 – 48oN, and
they include the Marmara, Black and Caspian Seas with basins up 2 km deep, and the shallower
Azov and Aral seas. Mudie et al. (2017) give details of the oceanographic characteristics of these
stratified low salinity or hypersaline seas. Previous palynological studies of the Ponto-Caspian
seas show that NPP in these land-locked seas, estuaries and lakes are important markers of
salinity, nutrient loading and human activity, including deforestation, farming and soil erosion
(Mudie et al. 2011). A total of 48 NPP taxa (Mudie et al., 2011, table 2) are listed for 37 surface
sediment samples along a salinity gradient from <16 psu off the Danube Delta to >39 in the
Aegean, Mediterranean and Red Seas, and including two Crimean saline lakes, the brackish
water Caspian and the now hypersaline Aral Sea. The NPP assemblages in the ocean basins are
further compared to the assemblages found in lakes near Marmara Sea and in the mountains of
Iran and Kazakhstan. Subsequent papers have shown the importance of process length variation
in the dinocyst Lingulodinium machaerophorum for quantitative in reconstruction of
palaeosalinity during trangressive-regressive cycles in the Black Sea (Mertens et al. 2012b;
Bradley et al. 2012), following the earlier work of Mudie et al. (2001) using variations in the
morphology of Spiniferites cruciformis calibrated against δ18O from planktonic foraminifera in
Marmara Sea. Arpe and Leroy (2007) also used variations in L. machaerophorum abundances to
document large-scale cycles of increased or reduced water-level fluctuations. These cycles have
great importance in understanding the early settlement of the Caspian and Aral Sea shorelines
and forecasting future possible inundations of modern villages and mining enterprises.
Leroy et al. (2007, figs. 10, 11) further use a suite of 14 algal NPP spores to document the
impact of changes in river discharge to the land-locked Caspian Sea during the Middle through
Late Holocene. Increased runoff is reflected in peaks in the algal spores of Anabena, Coelastrum
Aphanizomenon, Gleotrichia, Botryococcus, Pediastrum boryanum and P. simplex,
Concentricystis spp. (now Pseudoszchizaea), Chomotriletes, Scenedesmus, Spirogyra and

45

Tetraedon spores or coenobia. These influxes correpond to alternations in dinocyst assemblages
between slightly brackish indicators with abundant Pyxidinopsis psilata and Spiniferites
cruciformis, to more brackish indicators dominated by Impagidinium caspienense (the cyst of
Gonyaula baltica). Flow modifications of the Uzboy River and the Volga River are traced to
salinity changes of the Caspian Sea, and to reconstructions of major water-level fluctuations,
during the later Holocene (<4 ka BP), including changes related to increased meltwater inflow to
the Caspian from higher latitudes and/or the Amu-Daria River draining the western Tian Shan
Mountains. The Caspian Sea cores also record occasional presence of small amounts of
Radiosperma but other ciliates, and zoomorphs, including microforaminiferal lings are not
mentioned although they are sparing present, at least in the Northern Caspian region where they
are important markers of flood or storm surge levels (Richards et al. 2016). Pliocene Caspian
assemblages contain significant amounts of spheroidal acritarchs that are important in linking
this basin with the European Pannonian basin (Richards et al. 2018)
There is a notable difference in representation of both dinocyst and non-dinocyst NPP in
the more saline Black and Marmara Seas compared to the brackish inland Caspian Sea Mudie et
al., 2011, table 2). An early study by Mudie et al. (2002) documents a relatively low diversity of
acritarchs (Sigmopollis psilatum, Concentricystes cf. C. rubinus and cf. Acritarch-8 of Traverse
1978) in Marmara Sea cores and notes their absence in the eastern Mediterranean Aegean Sea
cores. These authors also find that these non-dinocyst NPP decrease in abundance with
increasing salinity as determined from δ18O planktonic foraminiferal data, probably consistent
with the fact that these microalgal taxa may include freshwater species. Fungal remains show a
similar temporal distribution pattern to the freshwater acritarchs, indicating their origin from
terrestrial environments. In this study, freshwater NPP taxa were Chlorococcales mostly
confined to the Black Sea but had rare occurrences concomitant with flood-related sapropel
intervals in the Aegean Sea, indicating long-distance transport from large Northern Black Sea
rivers, e.g. Danube, Dniester, Dnieper and Don. Microforaminiferal linings are abundant in the
Marmara Sea but are largely absent in deep water of the Black Sea, consistent with the sparsity
of testate benthic foraminifera below the oxycline. Verleye et al. (2009) list 17 non-dinocyst
NPP for a long core of latest Pleistocene–Holocene sediment from 1242 m on the continental
slope east of Bosphorus Strait, SW Black Sea. These data show common occurrences of
microforaminiferal linings (apparently mostly rotalid), metazoan eggs, and ?Cobricosphaeridium
spiniferum calanoid copepod eggs, as well as minor amounts of unspecified scolecodonts
throughout core. On the Turkish Shelf of the SW Black Sea, the change in abundance of algal
coenobia rotalid microforamineral from lacustrine to marine inundation phases of the Black Sea
are most clearly tracked by relative abundances of Pediastrum coenobia and microforaminiferal
lining concentrations (Marret et al. 2009; Mudie unpublished data for Core MAR02-45).
The greatest difference in non-dinocysts NPP assemblages of the temperate Pontic seas
compared to the Arctic mediterranean basins is the more consistent presence of zoomorphs,
particularly copepod eggs, turbellarian egg capsules, ostracod mandibles and organic linings, and
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other scolecodonts. The latter includes the jaws of chironomids, polychaetes and gastropods, as
shown by Yanko-Hombach et al. (2014) who use these in a palaeodelta model to reconstruct the
marine flooding of the Ukrainian Shelf after ca. 8.6 kyr BP. Another recent study compares the
morphology of microforaminiferal linings in surface sediment of the Danube Delta region with
foraminifera in the same samples to show a broad correlation between organic lining
distributions and benthic rotalid and lagenid taxa (Mudie and Yanko-Hombach 2019). Data from
23 surface samples from the Danube delta plain and offshore in the northwest (NW) Black Sea
demonstrate the relationship between benthic foraminifera and their linings in a qualitative
model characterising sub-environments from delta plain (-1.8 m water depth) to outer shelf and
continental slope (>90 m), along a surface salinity gradient from about 5 to 17 psu. This study
shows that the microlining abundances of the low salinity marine Danube- region sediments are
relatively low but they often exceed the foraminiferal abundances at the same site. The
Dissolution Index log (OL/CS), of de Vernal et al. (1992a), shows that calcite preservation is low
in most of the Danube Delta sub-environments, apparently reflecting the near hypoxic bottom
conditions. Foraminiferal test and organic lining deformities, large lining pore-size, and
pyritization of tests and the organic linings also appear to reflect hypoxia and eutrophication. On
this shelf strongly influenced by the Danube River plume, unilocular foramina are not
represented in the linings. In contrast, on the outer Ukrainian Shelf and upper continental slope,
they are common together with a low diversity of rotalid linings at 45 sites in the eutrophic,
methane-rich sediments (Mudie et al. 2020). In these areas of methane gas vents, zoobenthos
(ostracode and arthropod) remains are common and well preserved, and the quasi-endemic
dinocyst species Peridinium ponticum is abundant, replacing the otherwise ubiquitous species
Lingulodinium machaerophorum.
Low salinity (<2 psu) delta channels and coastal lakes (limans) in the northwest Black Sea
are characterised by abundant chitinous remains of Bosmina longispina (Fig. 8.13), and the eggs
of the rotifer Filinia longiseta; the latter were also found in sediments from the freshwater Lake
Sapanca near the Marmara Sea. Unusual features of the Ukrainian Shelf are the common
occurrence of insect wing scales in the surface sediment samples, presumably reflecting
infestations of moths that periodically occur in forests of this region. Notably, Brenner (2006)
also illustrates the occurrence of the wing scales in Baltic Sea samples, in addition to the findings
of Mertens et al. (2009a) for the Late Glacial interval of the tropical Cariaco Basin.
8.7.2 Baltic Sea
The semi-enclosed Baltic Sea (OBIS realm #1) differs from the Ponto-Caspian Seas in its
more northerly location from ca. 53–66oN, its shallower basin depths (mean = 54 m, maxima in
inner basins are 239–459 m), and its lower salinity surface waters (3–9 psu) inside of the shallow
(<20 m) entrance sills surface salinity is ca 7–9 (HELCOM, 2018). Marine water entering from
the North Sea forms a bottom water salinity in the Baltic Sea basins of 14–18, and the estuarine
circulation is driven by discharge of freshwater form about 200 rivers, forming a steeply
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stratified system with a gradient from 4 psu in the northeastern Bothnian Bay to the more mixed
water over the Denmark Straits where surface and bottom salinities of 20–28 in the outermost
reaches (HELCOM 2018). Canals also link the Baltic Sea with the Arctic Ocean White Sea and
the North Sea, as well as the Black and Azov Seas via a series of interconnected rivers.
Most of the Baltic NPP studies have focussed on the use of dinocysts as an index of
salinity and eutrophication in fiords of the outer Baltic (Dale 1976; Dale et al. 1999). As in the
Ponto-Caspian seas, dinocysts are the dominant marine NPP, usually comprising at least half of
the total assemblages in surface sediments and sediment cores. Dale (2009) reviews the
importance of these NPP as proxies of eutrophication in coastal waters and in strongly stratified,
semi-enclosed seas that are prone to development of anoxic bottom sediment called “creeping
dead zones” by NOAA (https://oceanservice.noaa.gov/facts/deadzone.html). Dale (2009)
determines that there are two different eutrophication signals in dinocyst records. 1) In the
Oslofjord off the Danish Straits, there is a large increase of total dinocyst concentrations,
probably reflecting increased phytoplankton productivity. These assemblages are dominated by
Lingulodinium polyedrum cysts: apparently this species responds well to nutrients from cultural
eutrophication in late summer when other nutrients may be depleted. 2) Several other Norwegian
fiords display a heterotroph signal that involves either increased cyst concentrations or no cyst
increases but a large rise in proportion of cysts from heterotrophic dinoflagellates. Dale (2009)
interprets the latter pattern as possibly reflecting larger populations of diatoms and other prey of
heterotrophic dinoflagellates, and/or less favourable conditions for autotrophs. However, he
notes that these signals should be examined critically, and there is need to distinguish between
co-occurrence of eutrophication and climate changes. Some of his cores importantly show that
the cyst signals are linked to the timing of local fisheries collapses at different times within the
past fifty years along the Norwegian Skagerrak coast; this evidence lends support to the fish
biologists’ idea that eutrophication was a possible cause of the fisheries demise. The local
eutrophication events are also related to regional variation in the North Atlantic Oscillation
(NAO) that can pump pulses of nutrient loaded, saline North Sea water into the system.
Other Baltic NPP studies have included non-dinocyst NPP in their palynological
assemblages. Brenner (2006) describes and illustrates the main non-dinocyst microalgal, zooplanktonic and zoobenthic organic remains associated with postglacial freshwater and brackish
water sediments in the Baltic Sea. Most of these non-dinocyst NPP include the same spectrum of
taxa found in the Ponto-Caspian Seas, but the variety of microforaminiferal linings appears to be
lower than those of the Black Sea. In a study of three postglacial cores from basins within the
Baltic Sea, Brenner (2001) included freshwater chlorophytes: predominantly Pediastrum
boryanum, Pediastrum kawraiskyi and a few other species, including P. simplex and P. duplex
that are restricted to water with salinity <5. He notes that P. boryanum and P. kawraiskyi are
more typically found in low salinity brackish water than rivers; he also reported small amounts
of Botryococcus, Scenedesmus and Staurastrum in the three sediment cores. Brenner (2001)
records concentrations of Cladoceran remains, probably those of Bosmina longispina that grows
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best in salinity 2.57, with no growth below 0.5 psu. He further notes that chitinous cladoceran
remains are very sensitive to oxidation, and he correlates their co-occurrence with large amounts
of Pediastrum and an index of nutrient enrichment and low bottom oxygen. Copepod egg
abundances are provisionally interpreted as increases in salinity, as also for grouped
“Acritarchs”, including Halodinium, Radiosperma and Hexasterias, based on their occurrences
in the North Sea and other ocean sediments. Cyanobacterial resting spores (akinetes) of
Anabena- and Rivularia-types are interpreted as markers of eutrophication.
Absolute abundance and morphometric measurements of these microfossils are used for an
ecostratigraphic correlation and interpretation of the environmental changes in the central Baltic
Sea basins after the last glaciation (Brenner 2001; 2005). The non-dinocysts NPP in three cores
show increasing abundance of freshwater micro-phytoplankton and -zooplankton during the final
stage of the Ancylus Lake, followed by a slow eutrophication and salinisation of the inner Baltic
Sea. The uppermost sections of all the cores show a large increase in abundances of cladoceran
remains, coenobial green algae, and copepod eggs relative to dinocysts. In a second study of the
core from the Gotland Basin, Brenner (2005) provides an 11 000 yr BP time framework for the
succession of freshwater and brackish-marine NPP and he emphasises the notable peak of
cladoceran remains around 7500 yr BP. This event begins shortly before the 8200 yr BP cooling
event in the Northern Hemisphere and the marine transgression into the Gotland basin when
freshwater dinocysts are abruptly replaced by marine dinocysts. For a nearshore Holocene
sediment core off SE Sweden, Ning et al. (2017) find that the distributions of Radiosperma
corbiferum and Spiniferites spp. are in close accord with strontium isotope ratio values, with
Radiosperma concentrations decreasing rapidly at salinity above 8 psu. In comparison, salinity
estimates based in process length of Operculodinium centrocarpum consistently overestimate the
strontium values, showing an average of c. 14 throughout the section compared to a range of 6 to
12 for 87Sr/86Sr. Ning et al. (2017) record fluctuations in loricae of tintinnids, including
Tintinnopsis sp and Stenosemella sp., but these NPP do not show a correlation with either
salinity, TOC, C/N or dinocyst compostion.
Another major study of low salinity marine and freshwater NPP in the Baltic Sea records a
sequence of events during the first quarter of the Eemian interstadial following the penultimate
galcial interval, MIS 6 (Head, 2007). Samples from a cliff section at Ristinge Klint, 54.51oN, are
broadly dated as approximately equivalent to an interval of about 13 000 years during MIS 5e.
Head (2007) shows a dinocyst record with strong Mediterranean or Lusitanian affinity that is
interpreted as reflecting an increasing marine influence. Dinocysts in concentrations of ca. 5000
– 40 000 cyst g-1 comprise over 50% of the total NPP assemblages. Non-dinocyst NPP records
include common Pediastrum and Sigmopollis sp. of Head et al. 2005, and traces of Zygnemaand Mougeotia -type spores, rare Cymatiosphaera spp. and Botryococcus as microalgae.
Tintinnomorphs are represented by low amounts of Halodinium major, Radiosperma corbiferum
and ‘tintinnid loricae’; illustrations of the latter (Head 2007, figs. 12: l, m) however, are not
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clearly distinguishable from the turbellarian egg capsules illustrated by Haas (1996). Four types
of invertebrate eggs are noted and distinguished by spiny to spongy wall characteristics, and
grouped invertebrate mouthparts/appendages are listed. The most notable features of the nondinocyst NPP are the succession of first arrivals (Head 2007, fig. 3), ranging upwards from the
concurrent appearance of invertebrate remains, resting eggs, and “tintinnids” following the initial
freshwater algal phase, followed by Halodinium, then a brief appearance of Radiosperma. Other
striking features of these data are the apparent absence of foraminiferal linings and ostracod
remains although these taxa are well represented by microfossils in the sediments at Ristinge
Klint.
8.8 Biogeographic Trends and Provincialism in Modern Marine NPP assemblages
Reid and Harland (1977) included 22 dinocysts and one non-dinocyst taxon in their pioneer
biogeographic study of the Atlantic region, linking the prasinophyte Cymatiosphaera spp. with
the low salinity, stratified Black Sea. Mudie and Harland (1996) made the first global scale
study, using 81 organic-walled dinocyst taxa but providing only anecdotal information on
acritarchs and prasinophytes, mostly based on earlier studies of Mudie (1992) for circum-Arctic
palynomorph assemblages. Chen et al. (2011) analyse global dinocyst biodiversity in terms of
cyst size and possible advantages of larger cyst sizes in deeper water areas, especially in warmer
regions where summer water is stratified, and sinking rates are reduced. Marret at al. (2019, fig.
1, tables 1 and 2) recently updated the dinocyst global biogeographic database, and they
document distributions for 91 dinocyst taxa in surface samples at 3636 sites world-wide. We
now attempt to broaden these zonations by including our new data on Acritarcha sensu lato
(including chlorophytes and tintinnomorphs), and organic zoopalynomorph remains. Rigorous
statistical treatment in not possible because of lack of consistency in processing methods,
different units used to report abundances of the non-dinocyst NPP (often presence or absence
only), and variable morphological criteria used for microzoomorph identification. However, we
consider that pointing out the primary distributional themes will encourage refinement of marine
NPP studies, including the following aspects: 1) more documentation, formal descriptions, and
refined quantification of non-dinocyst NPP data; 2) standardization of non-dinocyst NPP
taxonomy and units of abundance (e.g., number per gram dry weight of sediment cf. sediment
wet weight g-1 or volume cm-3); 3) more quantitative data, laboratory cultures or biomolecular
data showing the links between non-dinocyst marine NPP and their biological sources.
Mudie and Harland (1996, p. 682) outlined six primary trends linking marine water sources
(hence SST and SSS and sea ice cover) to dominant NPP groupings, e.g, autotrophic or
heterotrophic dinocyst source, prasinophytes or other chlorophyte algal spores. Here we use the
new data reported in Part B to update and expand on those primary trends as follows.
8.8.1 Polar Assemblages
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On a global basis, marine NPP assemblages are almost invariably dominated by dinocysts,
in accord with the predominance of dinoflagellates in the phytoplankton. However, the polar seas
are distinguished by lower dinocyst diversity and abundance relative to temperate regions. Polar
dinocyst species diversity is typically N = 4–18(5) taxa, and an average concentration of 685
cysts g-1. In contrast to this reduced dinocyst diversity, ice-covered regions are generally
associated with relatively high proportions of prasinophytes, archeomonads and other algal
spores. The large increase in Antarctic studies since 1996 reveals that there may be small
amounts of dinocysts (Islandinium minutum and Polykrikos spp.) in sediments below iceshelves
after their collapse (Pieńkowski et al. 2013).
There is a general poleward increase in protoperidinioid and gymnodinioid cysts relative to
gonyaulacoids, although this trend is modified where there is strong inflow of warm surface
water, e.g., in the sub-arctic Icelandic and eastern Norwegian seas and around Tierra del Fuego
in the Southern Ocean. Brigantedinium tends to be the dominant dinocyst taxon in both polar
realms, and there are three bi-polar species: Impagidinium pallidum, Islandinium minutum and
Polarella glacialis that are largely confined to cold oceans. Marret et al. (2019) further show that
Islandinium cezare, Echinidinium karaense, and the gymnodinioid cyst of Polykrikos sp. arctic
morphology (previously assigned to Polykrikos quadratus and now excluded from the order
Gymnodiniales) are also essentially Arctic taxa, while Selenopemphix antarctica and
Cryodinium meridianum are Southern Ocean taxa, with Impagidinium variaseptum also being
most common in (although not confined to) Antarctic waters of the Pacific Ocean.
Seven other features characterise the polar ocean NPP assemblages. 1) The diversity of
typical non-dinocyst NPP in the size fraction >10 µm is low: average N=5 in the Arctic, and less
in most parts of the Southern Ocean, excluding the Late Holocene sediment off Adelie Land and
parts of the Weddell Sea; 2) Polar sea microzoobenthos assemblages are dominated by
foraminiferal linings and marked by widespread presence in both Arctic and Antarctic regions of
Acritarch-type P of Mudie in Scott et al. 1984. 3) Fungal spores are rare or absent except off
large river deltas, e.g. Mackenzie River (Solomon et al. 2001). 4) Copepod eggs, skeletal or
chitin remains and scolecodonts are rare, particularly in pelagic waters or under permanent sea
ice. 5) Arctic-Subarctic non-dinocyst planktonic NPP assemblages differ from those of the
Antarctic in the widespread occurrence of the Pediastrum, the prasinophyte Leiosphaeridia, the
prorodontid ciliophoran Halodinium, and the presence of snow alga spores, Chlamydomonas
glacialis. In contrast, within the Antarctic realm, Pediastrum, Botryococcus and Halodinium are
only common in Weddel Sea, following the collapse of the iceshelves in this area (Pieńkowski et
al. 2013). 6) Diversity of prasinophytes and other small algal spores in the Arctic appears to be
lower than in the Antarctic except off major rivers, e.g., Lena and Mackenzie Rivers, and
Mecsekia has only been reported for the Antarctic. 7) Some Antarctic assemblages notably
include tardigrade eggs that are rarely found in other marine environments and have not been
recorded for the Arctic.
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Although polar non-dinocyst algal spore diversity appears to be low, the occurrence in the
Arctic of abundant small Archeomonas statotocysts and undescribed sphaeromorphic acritarchs
recovered from under-ice sediment traps or ice samples (Fig. 8.4) indicate the need for more
careful examination of the <10 µm residue fraction. Detailed studies are needed on the
preservation potential of these nano- and picoplankton-sized non-dinocyst taxa that may compete
with dinoflagellates and cilates for bacterial and small diatom food sources in polar seas (Onda et
al. 2017). Likewise, there is need for more detailed study of Arctic tintinnids. Amounts of Arctic
tinntinnid loricae in surface sediments generally appear to be lower than in the Antarctic, in
general accord with the occurrence (Gavrilova and Dovgal 2018) of 89 Arctic tintinnid species
compared to 207 Antarctic species. However, there are important unanswered questions about
the production and preservation of Arctic marine tintinnid loricae and cysts, as indicated by the
finding of Onda et al. (2017) who used biomolecular sequencing on water samples from
Amundsen Gulf to determine the presence of 141 ciliate taxa, including Tintinnidium and
Strombidium, in addition to 251 dinoflagellate taxa. Pieńkowski et al. (2020) conclude that in the
CAA, tintinnomorph NPP amounts and distributions are most strongly correlated with biosilica
distribution, implying that siliceous organisms may shape the NPP content of the palynological
record.
8.8.2 Deltaic environments
Mudie and Harland (1996) characterised modern NPP assemblages off large rivers as
being marked by high relative abundances of protoperidinioids, high diversity of colonial
chlorophytes and small sphaeromorphic spores, regardless of latitude. There are some interesting
similarities and differences in NPP morphologies between the modern Mackenzie Delta-Beaufort
Sea microplankton assemblages and the early Silurian acritarch distributions with distance
offshore (Fig. 8.17) that are recorded by Al-Ameri (1986) and Paris et al. (2012), respectively).
The diagrams illustrate the remarkable extinction resistance of the ecologically diverse acritarch
clades, despite their displacement by dinoflagellates from the Mesozoic to Recent. Low salinity,
stratified inland seas with estuarine water circulation, e.g., the Baltic and Black Seas, differ from
deltaic marine assemblages in having relatively low amounts of chlorophytes after the first
reconnection of isolated lakes with the global oceans at which time there may be a large peak in
prasinophytes, e.g. Cymatiosphaera globosa. Coastal lagoons of the Ponto-Caspian seas,
however, may have large amounts of Cyanobacteria; peaks of these and chlorophyte spores may
record floodwater events in the Caspian Sea (Leroy et al. 2007). Mudie and Yanko-Hombach
(2019, their fig. 8) show that within the Black Sea, the shelf sediments beneath the plume of the
Danube River record a gradient in non-dinocyst NPP from delta channels to the continental
slope, with the delta and deltafront facies distinguished by presence of Filinia resting eggs and
skeletal remains of Bosmina. Microforaminiferal linings are absent in the Danube Delta
channels, and show an inverse relationship to dinocyst concentrations from the deltafront to outer
shelf environments. The lining abundances and distributions conform to the benthic foram
distributions, with abundance and diversity decreasing strongly from prodelta to bathyal
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environments. Notably, in the Black Sea algal spores are nowhere common in the recent
sediments, and there are no clear trends in prasinophyte or chlorophyte distributions, in contrast
to the trends seen off Mackenzie and Lena Rivers. However, as in the Arctic, dinocyst abundance
and diversity increase from absent in Danube Delta channels to maxima of 36 000 g-1 offshore.
Fig. 8.16 goes here. Sketches of prasinophyte and other marine NPP distributions with distance
offshore.
8.8.3 Nearshore-offshore gradients
Mudie and Harland (1996) concluded that temperate region continental shelves and
shallow epicontinental seas usually have higher proportion of protoperidinioids than continental
slope and oceanic environments where gonyaulacoids dominate. Richerol et al. (2008) also
mapped this trend on dinocyst assemblages on Beaufort Shelf in the western Arctic Ocean. The
new data from Radi and de Vernal (2004) for the NE Pacific shows that the higher amounts of
heterotrophic dinocyst taxa in the coastal zones seems to be closely related to diatom prey
availability. Hence, these authors conclude that primary production and seasonal upwelling
constitute the major parameters controlling the distribution pattern of dinocyst assemblages on a
regional scale. The data of Pospelova et al. (2008) from 43oN to 25oN in the eastern North
Pacific also show that the offshore areas have lower dinocyst concentrations than the coastal
sites, with the steepest gradient evident where productivity is highest. In this study, benthic
zooplankton microforaminiferal linings are the second most abundant NPP, with their
concentrations also decreasing offshore. Pospelova et al. (2008) also show that dinocyst species
richness is lower at offshore sites compared to inshore areas, and that overall, the greatest species
richness occurs at warmer water sites off northern Baja California where the number of
thermophilic autotrophic taxa increases in addition to the predominant heterotrophs.
For the tropical/subtropical waters off the west coast of Mexico, Limoges et al. (2010)
use redundancy analysis to show that dinocyst distribution is most strongly linked to distance
from coast, followed by productivity in the upper water column that is linked to upwelling
intensity. These authors note that the effect of distance offshore involves several parameters,
including turbulence, nutrient availability and water mass stratification. However, contrary to
earlier interpretations about the importance of terrigenous nutrient input to nearshore waters,
δ13C and C:N ratios in Limoges’s study area show that terrigenous nutrient supply is not a
primary factor, being lower than marine production in this eastern Pacific region. Limoges et al.
show that microforaminiferal linings notably exceed dinocyst amounts in the Gulf of California
subregion and in the transition to tropical waters off SW Mexico; elsewhere, however, amounts
of these two dominant NPP groups appear to be approximately equal. For the tropical waters of
the Gulf of Mexico, Limoges et al. (2013) also show that distance from the coast (and/or water
depth) and annual temperature are the primary and secondary factors controlling dinocyst
distributions. The nearshore–offshore trend is marked by prevalence of Polysphaeridium zoharyi
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and Impagidinium spp., respectively. In the northern subtropical waters of the Gulf of Mexico,
microforaminiferal linings amounts are approximately equal or more abundant than dinocysts
(Limoges et al. 2013). In contrast, these zoomorphs are notably less abundant than dinocysts in
the more tropical southern Gulf of Mexico waters and linings are near absent in most of 12
Mexican lagoons.
Presently there are too few data to draw definite conclusions re nearshore–offshore trends
in non-dinocyst NPP other than the foraminiferal lining trends and the Arctic Ocean distributions
noted above. In general, however, chlorophyte and prasinophyte algae usually show high to low
nearshore–offshore gradients. Also, within the temperate and substropical climatic zones, higher
amounts and morphological diversity of ciliates, zoobenthos and zooplankton mandibles and
skeletal remains occur in warmer coastal waters of semi-enclosed embayments with nutrient
enrichment than in more oligotrophic outer neritic, continental slope or bathyal regions. For
example, in the tropics, Matsuoka et al. (2017) found that high densities of microforaminiferal
linings, tintinnomorphs, and crustacean remains characterise the coastal shallow-water marine
sediments. In Brazil, da Silva et al. (2017) note that tintinnid species with agglutinated lorica
preferentially inhabit proximal environments and may be good indicators of brackish waters or
proximity to freshwater discharge. Maps of the global distributions of tintiinids show that
although most tintinnids have cosmopolitan distributions, seven of the 53 genera (Favella,
Helicostomella, Leprotintinnus, Metacylis, Tintinnopsis and Stenosemella) are restricted to
neritic settings (Pierce and Turner 1993). These authors find that many neritic taxa
characteristically incorporate mineral flakes into the loricae, and the walls are weaker in the
absence of particle availabily; in contrast offshore taxa e.g., Codonella, Codonaria,
Codonellopsis and Dictyocysta may embed coccoliths in their loricae. Neritic tintinnids also
typically produce resting cysts that sink into to the sediment and do not excyst until exposed to
light by mixing back into the water column. In contrast, cyst production in deeper water is less
common because they are unlikely to be recycled to surface water except in regions of strong
upwelling.
For tintinnomorphs as a whole, da Silva et al. (2017) comment that the abundance of these
NPP in modern marine sediments is always subordinate to other marine groups, including
dinocysts, microforaminiferal linings, copepod eggs and other acritarchs. The tintinnomorph
abundances in sediments is often inversely correlated to the depth of the water column in
samples from outer shelf to lower continental slope in the Sunda Sea. They conclude that the
slope assemblages suggest a mixed signal of transported high productivity estuarine species and
oceanic low productivity species. For copepod egg production, Belmonte and Rubino (2019)
report that in all temperate latitudes where seasonal changes occur, eggs of Calanoid copepods
are more abundant in shallower coastal sediments than in open- and deep-sea areas. Furthermore,
resting egg abundance in the sediments is often higher than the active stages in the water column.
The spine length on eggs of Centropages typicus eggs is inversely correlated with water
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temperature and directly related to water density, suggesting that the spines slow the sinking rate
to allow recycling into the photic zone on germination or avoidance of anoxic bottow water.
8.8.4 Upwelling areas
Major upwelling of nutrient-enriched, cool bottom water is a wind-driven feature that
typically occurs along the edges of the eastern boundary currents of the Pacific and Atlantic
oceans, notably along the California, Chilean, Peruvian, Canarian and West African Benguela
coasts, although it may occur elsewhere e.g., in the Labrador and Greenland seas and in the
western Indian Ocean. The areas of major upwelling are of particular importance because the
nutrient enrichment supports essential fisheries for the regional human populations along these
coasts; hence, any changes in the upwelling system, e.g. during El Niño years, are of great
concern. Mudie and Harland (1996) report that upwelling areas are generally characterised by a
dominance of protoperidiniod dinocysts, and that periodic failure of upwelling is marked by
dominance of gonyaulacoids.
Important new high-resolution applications include the work of Verleye and Louwye
(2010) who use dinocyst proxy-data records from the Chilean margin to show that the SE Pacific
climate record was generally driven by changes in the Southern Hemisphere high-latitudes but
during the Holocene, tropical forcing due to periodic warming of the Pacific Equatorial current
was also involved, as evident in decadal-scale El Niño Southern Oscillation (ENSO) events and
variable Hadley cell intensity. Pospelova et al. (2008) show that the dinocysts marking active
upwelling on the coast of California are predominantly Brigantedinium spp., Echinidinium spp.
and cysts of Protoperidinium americanum whereas offshore taxa associated with low
productivity are Impagidinium spp., Nematosphaeropsis labyrinthus, Pyxidinopsis reticulata and
Operculodinium centrocarpum. Interannual increases of Lingulodinium machaerophorum in
annual varved sediments of Santa Barbara basin are linked to strong El Niño events and toxic red
tide blooms during the 20th century (Mudie et al. 2002). Bringué et al. (2014) use a 260-yr-long
record of these varved sediments to show a strong link between production of Brigantedinium
cysts and decadal-scale warm-cold oscillation of the Pacific Decadal Oscillation (PDO). These
authors also report that marked increases in Lingulodinium machaerophorum and Spiniferites
ramosus begin after 1900, in conjunction with El Niño-like conditions of warm, relaxed
upwelling. The concentration of these autotrophic taxa increases during the 20th century,
reflecting warmer SST and possibly stronger stratification during summer and fall. The dinocyst
record provides clear evidence of persistently warmer and/or more stratified conditions by the
late 1920s, and importantly show that the phytoplanktonic communities shifted towards a regime
of reduced lower primary productivity and more frequent red-tide events after the start of the 20th
century.
For the tropical Cariaco Basin, Bringué et al. (2018) use a 3-yr-long sediment trap record
to show that fluxes of Echinidinium spp. are linked to strong upwelling while Cochlodinium
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polykrikoides characterises strong El Niño conditions. In the tropical Indian Ocean, upwelling is
related to monsoon events that involve semi-annual reversals of wind patterns — SW monsoon
in the boreal summer versus NE monsoon in the boreal winter. Zonneveld (1997) found that the
tropical central Arabian Sea is relatively oligotrophic and has dinocyst assemblages dominated
by the gonyaulacoids Impagidinium spp. and Nematosphaeropsis. In this region, however,
typical SW monsoon upwelling species have a predominance of Polykrikos and cysts of other
heterotrophs, together with Spiniferites ramosus. In contrast, NE monsoon eutrophic marker
species are primarily Operculodinium centrocarpum but include cysts of heterotrophic
protoperidinioids. In this region, a fourth association of predominantly heterotrophic cyst species
shows no distinct relationship to monsoon-related gradients.
8.8.5 Tropical assemblages
The characteristics of various Pacific tropical dinocyst assemblages are described in detail
by Mudie and Harland (1996) but little information is given on non-dinocyst NPP. Recently
Matsuoka et al. (2017) examine the literature on tropical Pacific dinocyst assemblages and
provide new data for the Malayasian coastal waters. They determine that the subtropical–tropical
dinocyst assemblages are generally characterised by low cell/cyst concentrations/g (dinocysts
108–3147 cysts g-1), especially for cysts of phototrophic dinoflagellates. These authors suggest
that this reflects low primary production combined with high sedimentation rates. By
comparison, the concentrations of other heterotrophic marine palynomorphs, tintinnomorphs, and
crustacean remains are typically high in tropical, coastal shallow marine sediments. The authors
comment that the dominance of heterotrophic taxa in the dinocyst assemblages and the high
concentrations of other heterotrophic microbiota is enigmatic because of the low plankton
productivity in these tropical waters.
For the NE Gulf of Mexico, Limoges et al. (2013) characterise the tropical/subtropical
assemblages as having high species diversity (47 taxa) and being dominated by phototrophic
gonyaulacoid taxa (60–100%) although Brigantedinium cysts are also usually present throughout
the Late Pleistocene–Holocene interval on ODP Site 625B. The dominant autotrophs are 1)
Impagidinium aculeatum, with highest relative abundances in oligotrophic offshore waters; 2)
the cosmopolitan species Operculodinium centrocarpum; 3) Polysphaeridium zoharyi and
Spiniferites mirabilis sensu stricto that typically occur in productive tropical coastal waters; 4)
Operculodinium israelianum, a warm water high salinity species, and 5) Lingulodinium
machaerophorum, a widespread species with highest relative abundances near river mouths. The
temperature and salinity ranges of these key taxa are shown in Fig. 8.17. Limoges et al. (2013)
show that Impagidinium spp. and O. centrocarpum dominate the cooler glacial stage intervals in
the tropics where Mg/Ca ratios on associated foraminifera indicate that temperatures were 1 – 2
o
C cooler than now. Notably, at this site, microforaminiferal linings g-1 are almost always higher
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than dinocyst concentrations, during both colder and warmer intervals; the only exception is
during the thermal maximum of Marine Isotope Stage 5e.
Other important tropical dinocyst species are Bitectatodinium spongianum, Melitasphaeridium choanophorum and Dapsilidinium pastielsii. The last two “living fossil” species
appear to be examples of interesting relicts that have survived only in the tropics, possibly
because of the lower dinoflagellate production, hence competition, in these waters (Mertens et al.
2014; Price et al. 2017). Interesting, apparently unique tropical non-dinocyst NPP are the organic
wrappings of ascidian spicules (Mertens et al. 2009a, their figs. 5 I to L).
Fig. 8.18 goes here: Temperature (black) and salinity (grey) ranges of dominant
tropical/subtropical species
SECTION C: ADVANCEMENTS IN ANALYTICAL METHODS AND IMPLICATIONS
FOR RAPID CLIMATE AND SEASONALITY SHIFTS
8.9 New methods to complement morphological studies
Application of biomolecular methods for genetic study of single dinoflagellate cysts has
led to important new insights regarding the presence of cryptic species and re-evaluation of the
traditional morphology-based classification of dinocysts. Matsuoka and Head (2013) have
reviewed the history of studies on cyst–motile stage equivalencies based on cyst incubation, and
they report on the limitations of laboratory experiments, including taxonomic uncertainties for
cultured motile stages and cysts. They describe the advent of molecular characterization of
dinoflagellates in the 1980s and 1990s, culminating in the 2000s with the application of the
single-cell (cyst) polymerase chain reaction (PCR) technique; they also illustrate the importance
of PCR analysis for elucidating the phylogeny and taxonomy of spiny brown protoperidinioids,
round brown gymnodinioids and Scrippsiella taxa. Another good example of the impact of this
new methodology is the work of Luo et al. (2016) who make the first-ever recording of a
Scrippsiella species (S. plana) for the Caspian Sea (Luo et al. 2016), based on germination and
molecular sequencing of an otherwise unidentifiable spherical, hyaline organic-walled cyst
lacking traces of paratabulation. This study also revealed the magnitude of environmental
plasticity for Scrippsiella plana, showing that some strains grow in the marine water of the South
China Sea while others live in the brackish Caspian Sea (salinity <15 psu). The molecular
phylogeny of Luo et al. (2016) shows that S. plana is nested within the Calciodinellum clade.
This study also shows that ‘Peridinium’ wisconsinense and three other freshwater dinocyst
species are in a different clade from the type species Peridinium cinctum, suggesting that there
have been multiple evolutionary transitions of the Peridiniales from marine to freshwater.
An important example of the impact of molecular phylogenetic data on the generic-level
classification of dinocystsis is the finding that the thecate stage of the cyst species Impagidium
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caspienense is strongly heterosporous (Mertens et al. 2017b). This dinocyst was thought to be
endemic to the Caspian Sea but germination and single-cell PCR analysis show that I.
caspienense is related to Gonyaulax baltica which produces Spiniferites-type cysts with a
widespread distribution in the Baltic Sea and capable of producing cysts in salinities from 10–50
psu. The rDNA-based phylogeny of Mertens et al. (2017b) suggests that the genera
Impagidinium and Spiniferites are not monophyletic, and that Pyxidinopsis psilata, another
Ponto-caspian endemic, and the widespread species Ataxiodinium choane are close to Gonyaulax
verior and Gonyaulax polygramma, respectively. These Gonyaulax species belong to different
clades, implying that the motile-based genus Gonyaulax is not monophyletic and needs to be
split into different genera.
It is expected that increased application of these new technologies will reveal the presence
of a higher dinocyst biodiversity in understudied marine biogeographic areas. For example,
although the Arctic dinocyst assemblages are distinguished by common presence of Islandinium
minutum, Impagidinium pallidum and Polarella glacialis, there appear to be no endemic taxa
(Marret et al. 2019). In contrast, OBIS records find 19% and 31% unique species in their Arctic
and North American Boreal realms respectively (Fig. 8.15B, #6 and #8). Ongoing studies (e.g.,
Van Nieuwenhove et al. 2019; Mertens et al. 2020), however, show that there are still problems
to resolve regarding the taxonomy of Arctic-Subarctic dinocysts, and further research may
uncover cryptic endemic taxa. For example, Mertens et al. (2012a) provide the first evidence of
pseudo-cryptic speciation for Operculodinium centrocarpum (motile stage Protoceratium
reticulatum). A similar approach applied to the biodiversity of tintinnids in the global oceans led
to the discernment of two endemic Antarctic-Subantarctic genera Cymatocylis and
Laackmanniella (Pierce and Turner 1993). Lopez dos Santos et al. (2017) provide good
examples of the results importance of of applying biomolecular methods to prasinophyte algae.
These authors show that prasinophytes clade VII constitutes a highly diversified group that has
previously been neglected in evaluations of marine microbial diversity and carbon cycling
although it is a key component of phytoplankton in open oceanic waters.
In addition to these molecular studies, further effort should be carried out to deepen our
knowledge on cyst-thecate relationship. Whereas some dinocyst species have been well studied,
the origin of others remains a mystery, e.g. most Impagidinium species that are largely offshore
taxa. Combining culture and genome analyses should help to narrow down the search for the
thecate species that are the source for these taxa. Such innovative methodological approaches
could certainly shed light on possible cryptic species, such as those already determined for
Operculodinium centrocarpum (e.g. Wang et al. 2019) and Spiniferites ramosus (de Vernal et al.
2019).
In Sect. 8.3.2, we have given examples of how biomolecular methods are beginning to be
applied to tintinnomorphs and other non-dinocyst NPP by Gurdebeke (2019) and Gurdebeke et
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al. (2018a), with important consequences for understanding the relationship between the marine
NPP and their sources. In this paper (Fig 8.9), we have also presented a glimpse of the usefulness
of micro-FTIR spectroscopy for gaining insight into the affinity of non-dinocyst NPP. Matsuoka
and Ishii (2018) emphasise that the use of non-dinocyst NPP is important for
palaeoenvironmental studies and potentially, for food-web analysis. At present, however, their
full significance is masked by lack of basic information on their parental organisms. These
authors particularly comment on the need for more laboratory experiments with non-dinocyst
NPP, including the demonstration of resting egg formation and germination in these organisms.
To date, few laboratory experiments have been made, mostly using prasinophytes, copepods
(e.g., Kashawara et al.1974; McMinn et al. 1992, Katajisto et al. 1998; Holm et al. 2010) or
tintinnids (Paranjape 1980), and PCR methods could also be used to investigate NPP source
linkages for these organisms. Matsuoka and Ishii (2018) also point to the need for more studies
of microbenthic foraminiferal linings and linkages to their sources because frequently, the lining
numbers are much higher than the testate microfossil counts. Data from surface sediment off the
Danube Delta in the Black Sea suggest that some of this numerical discrepancy may reflect
dissolution of small calcareous shells (Mudie and Yanko-Hombach 2019), and examination of
the <63 µm size fraction is recommended for studies linking foraminifera and their organic
remains.
8.10 Palaeoproduction and food webs
The relationship between the rapid rise in atmospheric concentration of the greenhouse gas
CO2 and its exchange with ocean waters and marine plankton production is poorly quantified.
Hence, there is an urgent need to evaluate the roles that the marine biological pump (the
biologically mitigated atmosphere–ocean transfer of carbon carbon) and oceanic primary
productivity play in the global carbon budget, on time-scales of millennia or less. Photosynthetic
carbon fixation by marine phytoplankton accounts for about half of the global biospheric
productivity, with 30% of this carbon being exported below the euphotic zone and ~0.4% buried
in sediment (Radi and de Vernal 2008). Given that dinoflagellates are the second most important
component of the global eukaryotic phytoplankton community (Lopez de Santos 2017) and that
chlorophytes are the fourth main component of the global phytoplankton, quantification of the
role of these palynomorphs as proxies for marine primary productivity is of high importance.
Radi and de Vernal (2008) analyzed a database of 1171 surface sediment sites sites from the
North Atlantic, North Pacific and Arctic Oceans and compared the dinocyst data with seasonal
primary productivity data from satellite observations. Correspondence analysis against eight sea
surface parameters — winter and summer salinity and temperature, sea-ice cover (SIC), summer,
winter and annual primary productivity — shows that primary productivity is a determinant
parameter of dinocyst assemblages for both phototrophic and heterotrophic taxa in the North
Atlantic, North Pacific and at hemispheric ocean scale. This relationship is particularly strong for
the North Pacific, and is weakest in the Arctic Ocean where productivity is lowest and SIC is the
primary factor related to dinocyst production. Radi and de Vernal (2008) determine that
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dinocysts can be used to reconstruct productivity with an accuracy equivalent to that of the
primary productivity estimated from satellite observations. They also apply a derived
palaeocological transfer function to a 25 000 yr-long dinocyst record in sediment core from the
NW Atlantic Ocean and show that dinocyst productivity was lower during glacial intervals and
higher than now during the early Holocene warm interval of maximum insolation.
Diatoms are the largest primary producers in the global oceans but unfortunately silica
dissolution often reduces their value as proxy-palaeoproductivity indices. Price et al. (2013) have
now established some important relationships between dinocysts, biosilica (as a diatom proxy)
and total organic carbon (TOC) in the Gulf of California — a hypersaline sea that is considered
one of the most productive of the world’s ocean regions and where low bottom oxygen ensures
good preservation of palynomorphs. The magnitude of dinocyst production in Guaymas Basin
within the Gulf of California is of the same order as that in the globally most productive
upwelling areas off Chile, California and West Africa. Price et al. (2013) report that despite the
abundance of biosilica from high seasonal diatom production, TOC % (as a measure of carbon
storage) did not vary seasonally and actually showed inverse values to biosilica. This finding
might imply that other biological sources were more important for carbon storage, or that there is
a preferential preservation of biosilica over organic compounds whereby TOC is diluted by
biosilica. Likewise, they found that despite the predation of diatoms by heterotrophic
dinoflagellates, amounts of biosilica and dinocyst production g-1 were not strongly linked,
although in Saanich Inlet sediment traps, Price and Poseplova (2011) found a significant
correlation between biogenic silica flux day-1 and heterotrophic dinocyst fluxes. Price et al.
(2013) suggest that measurement of opal accumulation rate may provide a better index of diatom
productivity when comparing with dinocyst palaeoproduction.
Chlorophytes are the fourth main component of the global phytoplankton but they are
mostly in the pico-plankton (< 2 µm) fraction that is not recovered in palynological organic
residues because a 10 to 20 µm sieve mesh is used to remove fine particulates. Le Hérissé et al.
(2009) consider that a prasinophyte affinity is plausible for many acritarch taxa, but they warn
although it is tempting to equate the fossil phytoplankton cysts with primary productivity, their
abundance may not be directly proportional to the parent phytoplankton concentration. These
authors consider that the number of preserved cysts or phycomata probably represent a complex
interplay of several factors, including motile cell numbers, reproductive strategies, taphonomy
and sedimentation rate.
Inclusion of quantitative non-dinocyst NPP data in palynological studies opens a doorway
for possible application in microfossil palaeo-foodweb studies and for better understanding of
Paleozoic and other ancient marine environments. For example, Vandenbroucke et al. (2013)
compare δ13C values of bulk organic matter with scolecodonts and chitinozoans to evaluate
knowledge about carbon cycling in a Silurian subtropical shelf environment. The δ13C values of
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the palynomorphs are mostly less marine (lighter) than values of the bulk organic matter
extracted from the carbonate sediment matrix, and the δ13C values of the benthic scolecodont
δ13C values are consistently lighter than those of the planktonic chitinozoans. The difference
between bulk sediment and marine NPP values may partially reflect the trophic state of the NPP,
pointing to a diet based on more terrigenous sources. The authors further consider that the lighter
scolecodont values relative to chitinozoans (these are assumed to be derived from tintinnid-like
plankton sources) might imply an infaunal mode of life for the polychaetes from which the
scolecodonts are derived. Vandenbroucke et al. (2013) examine the possibility that fluctuations
in the stable isotope (SI) values are correlated with acritarch abundances as a proxy for primary
marine productivity but they find that some other environmental factor prevailed.
Bringué et al. (2018; 2019) explore possible trophic interactions for 2.5 to 12-yr-long
records of sediment trap samples from Cariaco Basin, using photopigment data and nondinocysts NPP (tintinnids, mandibles, copepod eggs, ciliates, microforaminiferal linings) as
proxies for micro- and meio/macrozooplankton production. Bringué et al. (2019) show that
autotrophic dinoflagellates appear not to compete with diatoms for inorganic nutrients because
silicic acid limits diatom production during active upwelling intervals. Bringué et al. (2019) use
unspecified mandibles and copepod eggs as zooplankton abundance proxies and show their cooccurence with protoperidiniacean cyst taxa during active upwelling (Fig. 8.19). The highest
abundances of microforaminiferal organic linings occur after the main upwelling or during
relaxed upwelling conditions. Bringué et al. (2019) show that production of Protoperidinium
stellatum cysts appears to be associated with haptophytes and/or CaCO3 fluxes, implying that
coccoliths may be key food sources for this dinoflagellate.
Bringué et al.’s studies also assume that the sediment traps involve only capture of
planktonic crustacean sources; however, the foramineral linings are most likely to be of benthic
microfaunal origin because linings of planktonic foraminifers normally do not survive acid
treatment. It would also be very useful if the invertebrate mandible sources could be specified
because we have shown (Sect. 8.3.5) that there are multiple potential sources for mandibles,
including other benthic meio- and macrofaunas as well as planktonic crustaceans. Nonetheless,
in the Cariaco Basin, the zooplankton mandibles and copepod egg occurrences show coherent
variations, with higher fluxes linked to active upwelling event although diapause egg fluxes often
persist for several more months. This occurrence is consistent with the fact that upwelling of
copepod eggs may be an important mechanism in the life cycle of calanoid copepods (Pierce and
Turner 1993; Belmonte and Rubino 2019). In the Cariaco basin, ciliates also typically show
maximum abundances after strong upwelling intervals but these maxima do not co-incide with
the annual upwelling peaks.
Fig. 8.19. Summary of Cariaco Basin sediment trap data showing amounts of NPP representing
marine microplankton autotrophic and dinoflagellate producers, zoophytoplankton (primarily the
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mandibles and eggs of copepods, and tintinnid ciliates) and relatively few microzoobenthos (as
microforaminiferal linings) and their relationship to upwelling events (vertical blue shading) at
monthly intervals from 1997 to 2008 (adapted from Bringué et al. 2019).
8.11 Impacts of rapid climate change and seasonality shifts
Important applications of standardised NPP biogeographic data, including non-dinocyst
NPP, are the monitoring of temporal shifts in the biodiversity of marine microplankton and
microzooplankton, and the tracking of immigration or invasive species pathways related to
climate change and commercial ship traffic. Good examples of the need for more studies to link
non-dinocyst NPP to zooplanktonic sources are given by Beaugrand et al. (2002) and Beaugrand
and Reid (2003). These authors document the ecological characteristics of the calanoid copepods
and show that large-scale biogeographic changes have occurred in the NE Atlantic where warmwater assemblages have extended northwards by >10o latitude, displacing colder water copepod
species. This shift is further linked to changes in three trophic levels: a 1982 decline in
euphausids, 1984 increase in copepods, 1986 increase in phytoplankton but loss of Calanus
finmarchicus, and culminating in a decline of salmon stocks in 1988. This cascading trophic
response is linked to climate warming beginning in 1982 and accelerating after 1986. It remains
to be determined if these trends in NPP crustacean remains (copepod eggs, microphytoplankton
and chitinous skeletal remains) can be discerned in sediment cores. However, the work of
Katajisto et al. (1998) points to good calanoid resting egg production and preservation in Kiel
Bay whereas our NPP data suggest that copepod egg production is supressed in large areas of the
Arctic Ocean although not in outer Beaufort Sea or Barrow Strait adjacent to the North Water
Polynya. This distribution of copepod eggs in marine NPP samples appears to match the finding
of Seuthe et al. (2007) that food availability is insufficient to offset metabolic energy required for
copepod egg production outside of polynyas.
Using sediment trap data from Saanich Inlet on Vancouver Island, western Canada, Price
and Pospelova (2011) found that seasonal and interannual variation in dinocyst assemblages
reflect changes in SST, SSS, solar insolation, river discharge, and biogenic silica flux, with
highest fluxes of autotrophic dinoflagellates in winter when temperature and salinity are lower.
Pospelova et al. (2018) expand this understanding of seasonal- and inter-annual scale dinocyst
variation by making a detailed inter-site comparison of Spiniferites cyst production in sediment
traps from eight different geographic regions, with subarctic to tropical locations. These authors
show that cyst fluxes of all Spiniferites species increased or decreased simultaneously in all the
records, apparently responding synchronously to local environmental signals at each site. No
uniform seasonal pattern could be discerned but total Spiniferites fluxes coincided with intervals
of local seasonal environmental change at each site. and it appeared that nutrient availability
might be an important factor stimulating production. Highest Spiniferites cyst fluxes occur
during intervals of minimal turbidity, some water column stability or stratification, nutrient
availability and absence of sea-ice.
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Onda et al. (2017) compare cilate communities collected in summer and fall from 2003 to
2010 in Amundsen Gulf, Western Canadian Arctic, and show that microzooplankton community
composition change was associated with the record ice minimum in the summer of 2007.
Specifically, occurrences of smaller predatory species like Laboea, Monodinium, and
Strombidium and several unclassified ciliates increased in the summer after 2007, while the other
usually summer-dominant dinoflagellate taxa decreased. The ability to exploit smaller prey is
predicted to dominate the future Arctic, and could be an advantage to smaller ciliates in view of
the direction of global climate changes.
8.12 Conclusion
This comprehensive overview of common to rare non-pollen palynomorphs found in
marine sediments not only highlights their high potential to reconstruct palaeoenvironmental
conditions, but also all the progress made in the last decades due to technological and
methodological improvements. The databases for the polar regions are particularly important
given that ongoing climate changes and associated re-organization of marine plankton
communities are amplified by diminishing sea ice and rapid albedo changes at high latitudes.
Although our review shows that dinocysts usually dominate marine palynomorphs assemblages,
the addition of non-dinocyst NPP data to routine dinocyst counts provides a multi-proxy glimpse
into ecosystem shifts associated with ocean warming, carbon cycling and storage. However,
there remains a large need for further studies to elucidate the origins of some less-well known
marine NPP, particularly in distinguishing planktonic tintinnid loricae from zoobenthic “lookalike” oocytes of annelids that are often erroneously grouped as tintinnomorphs. There is also
need for better understanding of the preservation potentials for non-dinocyst NPP outside of
anoxic basins and for quantitative calibration of seabed NPP concentrations with trap data that
record their abundance in the water column. However, studies of Holocene paleoecological
records point to the usefulness of cilates such as Radiosperma as accurate salinity proxies in low
salinity seas, and our review indicates the need for more attention on quantifying chitinous
exoskeletal remains and their preservation potential, given that on a global scale, natural
polysaccharide sources amount to roughly 13% (0.4 Gt of a total 3 Gt) of annual marine biota
carbon storage.
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Tables
Table 1. List of benthic foraminifera with foraminiferal linings from the Gulf of St. Lawrence
(GSL) (de Vernal 2009), Northwest Atlantic Ocean (NWA, de Vernal et al. 1992b) and other
taxa from the northwest Black Sea (BS) and Chezzetcook saltmarsh (CSM) Nova Scotia, that
have been identified to species or genus.
Table 2. NPP from surface sediments in the Arctic Ocean basins and shelves.
Table 3. NPP from surface or latest Holocene sediment available for the Southern Ocean.
Figure captions
Fig. 8.1. Schematic dinoflagellate life cycle, from planktonic thecate vegetative (haploid) or
sexual (diploid) phase to thin-walled benthic temporary pellicle stages and thick-walled dormant
benthic resting cyst stages (adapted from Bravo and Figueroa 2014). The benthic phase
terminates with excystment and migration of the motile haploid or diploid cells into surface
water.
Fig. 8.2. Standard paratabulation according to the Kofoid tabulation system for Gonyaulacales
(A) and Peridiniales (B) in different views where as = anterior sulcal plate; ps = posterior sulcal
plate; c = cingular (after Evitt, 1985). Orange paraplates (resting cyst equivalents of thecal
plates) mark the archeopyle-forming plates 3” and 2a that open to release motile cells.
Fig. 8.3. Representative dinocysts from British Columbian fiords and Marmara Sea. Scale bar =
10 μm. (a) cyst of Polykrikos schwartzii sensu Matsuoka et al. 2009, KS15-595;(b) SEM of cyst
of Polykrikos sp. IODP Hole 1034 Saanich; (c, d) Quinquecuspis concreta, KS 15-593, dorsal
view of archeopyle, (d) SEM from ODP Hole 1034, ventral view with flagellar pores (fp) within
the sulcal furrow; (e) Votadinium pontifossatum, KS-15-600; (f) Brigantedinium simplex, dorsal
view of intercalary archeopyle, KS 15-609; (g) cyst of Gymnodinium sp., chasmic archeopyle,
IODP Hole 1034, Saanich; (h) cyst of Protoperidinium americanum, KS 15-634; (i)
Echinidinium granulatum, KS 15-634; (j) SEM of Echinidinium sp., ODP Hole 1034; (k)
Operculodinium centrocarpum sensu Wall and Dale 1966, dorsal view of pre-cingular
archeopyle, KS15-1609; (l) SEM of Lingulodinium machaerophorum with compound archeopyle
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(loss of 3 plates), Marmara Sea; (m) Nematosphaeropsis labyrinthus Marmara Sea Core 88P; (n)
Spiniferites bentori KS 15-609; (o) SEM of Spiniferites mirabilis, dorsal view of archeopyle
Marmara Sea; (p) cyst of Alexandrium sp., KS 15-684. LM images a, c, e, f, h, i, k, n, p by PRG
from the Holocene of Kyuquot Sound, British Columbia, Canada (see Gurdebeke 2019); Fig. 8.3
m and SEM images by PJM.
Fig. 8.4. SEM images of acritarchs and prasinophytes, and LM images of look-alike dinocysts or
phycomata from modern sediments. Scale bar is 10 microns except where shown otherwise. (a)
smooth-walled spheroidal Pliocene acritarch with wide pylome (ODP 644A, 32-2); (b)
Sphaeromorphic cyst-form (statocyst?) of Archeomonas with narrow, raised, open apical
pylome. (c) LM of a cluster of picoplankton-sized short-spined archeomonads in a faecal pellet
from the North Water polynya, Baffin Bay; (d, h) LM and SEM images of a common reddish
brown spheroidal acritarch with tectate ornament and small pylome; widespread in the Arctic; (e)
“winged” Pterosperma-type acritarch from beneath permanent pack ice, Axel Heiberg Shelf; (f)
Phycoma of Pterosperma moesii, North Sea (image of PCR), shown for the rare view of an
excystement slit; (g) Unknown polygonal acritarch from Eurasian Basin sample ARKIV-3 GKG,
showing a polygonal/key-hole shaped excystment aperture; (i and m–r) various acanthomorphic
taxa;(i) - unknown Pliocene acritarch with strap-shaped processes and small, raised pylome,
(ODP Site 644A, sect 32-2); (m) Unknown acritrarch with sturdy spinous processes; from below
permanent pack ice, Axel Heiberg Shelf; (n) Unknown Pliocene aritarch sp. with cryptic
excystment suture and processes with smooth-curved bases (ODP 644B, 32-2); (o, p)
Nannobarbophora cf. N. walldalei Head 1996, Pliocene ODP Site 644 32-2, showing wide
pylome (o) and processes with short spines (p); j – l Prismatomorphic Pliocene acritarchs, ODP
Sit 644, 32-2:(j, k) Cymatiosphaera icenorum antapical view of crests with solid gonal processes
and apical view of polygonal pylome; (l) Cymatiosphaera? invaginata, with wide membranous
crests. (q, r) Acanthomophic modern dinocyst (q) and Devonian acritarch Palacanthus
ledanoisii (r); 8.4 (s, t) Prismatomophic Devonian acritarch (s) and Holocene holotype of
modern prasinophyte Cymatiosphaera globosa. Images r and t from García Muro et al. (2018).
Fig. 8.5. A. Biostratigraphic ranges of marine NPP versus terrestrial pollen; B. North Atlantic
Plio-Pleistocene acritarch biostratigraphy calibrated against the Neogene global geomagnetic
time scale and fine-tuned to the benthic foraminiferal Marine Isotope Stage (MIS) chronology by
de Schepper and Head (2008). Numbered isotope stages are MIS 45–104, Gaussian stages G1–
19, Keanae and Mammoth stages K and M, Gilbert stages GiGi2–28, and Sidufjal stages SID.
Cinv = Cymatiosphaera? invaginata; Clat. = Cymatiosphaera latisepta; Lcris = Lavradosphaera
crista; Lluc = Lavradosphaera lucifer; Lroc = Lavradosphaera rockallensis. Dinocyst
stratigraphic markers are listed in de Schepper and Head (2008).
Fig. 8.6. Main features of the tininnid lorica and semi-enclosed flask-shaped cysts of the
Papulifères according to Reid and John (A), van Waveren (B) and Agatha 2010 (C). (a) Fusopsis
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cyst with an operculum-like inner wall thickening (a plug) at the distal end; (b) Cyst-type O of
Reid and John 1978; (c) Cyst-type P of Reid and John 1978; (d) Parundella caudata (Ostenfeld)
and flask-shaped cyst; (e) Parafarvella dentiiculata (Ehrenberg) and thin-walled spherical cyst;
(f) Leprotintinnus pellucidus (Cleve) with flask-shaped cyst; (g) Helicostomella subulata
(Ehrenberg) with flask-shaped cyst; (h) Dictyocysta mitra Haeckel: SEM of perforated lorica
enclosing lorica sac of specimen with cilia extended beyond the closure apparatus (CA); (i) view
of empty lorica; (j) sketch of Codonellopsis pacifica: lateral view cut-away to show the CA.
Fig. 8.7 Tinitinnid cysts and loricas (a–n) and other vase-shaped marine tintinnomorphs (o–w).
(a) Codonellopsis pusilla lorica, Holocene, IODP Core 318, east Antarctica (image of Hartman);
(b–f) cysts and loricae from NW Black Sea surface sediment: Strombidium sp. (b, sta. H12),
cyst-type O of Reid and John, 1978 (c, Sta. H12), cyst-type P of Reid and John, 1978 (d, Sta.
H1), Codonellopsis sp. (e, f Sta. H1); (g, h) Tintinnid loricas from IODP site U1357B, core 1H,
east Antarctica (images of Hartman): Laackmanniella naviculaefera, 40–42 cm (g); Cymatocylis
convallaria sensu stricto, core, 4– 6 cm (h);.Tintinnid loricas from IODP Core 318, east
Antarctica (images of Hartman); (i) Cyst type O of Reid, 1972;(j). Cyst type M of Reid, 1972;
(k, l). Cyst type E of Reid, 1972, surface (k) and optical (l) foci; (m) Cyst-type P of Reid, 1972,
showing protoplasm content; (n) Cyst type L of Reid, 1972, with operculum on the pylome; (o –
u) NW Black Sea surface samples: (o) Trematode oocyte with operculum, site H17; (p) ?lorica
of Ptychocylis, site H12; (q – t) Trematode oocytes from Site 16 (q, r) and Saskia coastal lake (s,
t); (u, v) ?Trematode oocytes with thin walls and wide openings with irregularly crenate
margins; from NW Black Sea site H15 (u) and from the Holocene of Kyuquot Sound, BC, 15683 (v); (w) oocyte from Kyuquot Sound, BC; images of P Mudie except v, w are images of PR
Gurdebeke; Hartman images a, g, h, and i–n images of Reid 1972.
Figure 8.8. Line drawings showing morphology of ciliophoran NPP. A. Palaeostomocytis in
lateral and polar views (redrawn from Roncaglia 2004); B. Hexasterias (a, b) and Halodinium
(c–e) drawings modified from Gurdebeke et al. 2018a.
Fig. 8.9 Micro-FTIR absorbance spectra of selected palynomorphs extracted from coastal surface
sediments: planispiral microforaminiferal linings, Beringiella fritilla and cyst type P of Reid and
John,1978, compared to selected dinoflagellate cysts. The yellow shaded area delineates the
fingerprint region (1700–800 cm-1). M4S8, M4S17 from the Vilaine estuary, Bretagne (sample
BV5 of Gurdebeke et al. 2018b); sample M1S6 from Izmir Bay; samples M6S6 and M6S7 from
the German Wadden Sea. Spectral analysis method and sample location details are described in
Gurdebeke et al. (2018a) and Gurdebeke (2019). For comparison, micro-FTIR spectra are shown
for a cyst of a heterotrophic dinoflagellate, Votadinium spinosum, Kyuquot Sound, M12S13 (in
Gurdebeke et al. 2019) and from an autotrophic species, Spiniferites elongatus, Dee estuary (in
Gurdebeke et al. 2018b).
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Fig. 8.10. NPP of probable Ciliophoran or tintinnid origin. (a) Radiosperma corbiferum polar
(central and upper right) and oblique views (from Dolan 2000); (b and c) Specimens of R.
corbiferum from late Holocene sediment of Coronation Gulf, polar (b) and lateral (c) views; (d
and h) Beringiella ?fritilla, eastern Ukrainian Shelf sta. H15, apparently with cell contents before
loss of the operculum; (e – g) Paleostomocystis subtilitheca from late Holocene sediment of
Coronation Gulf, lateral view with attached operculum (e), polar view of typical specimen without
a membranous flange (f) and specimen with very wide flange (g); i-k) Hexasterias problematica
cysts from coastal British Isles (P.C. Reid) with 7 (i) to 5 (j) processes, and SEM of a typical cyst
from Beaufort Sea site NP2; (l) Halodinium minor, SW Black Sea core M05-4, 150 cm; (m-n)
Halodinium verrucatum from Skagerrak, Baltic Sea and Vilaine Estuary, respectively (m, n
images from Gurdebeke et al. 2018a; SEM image of PJM). Scale is 50 µm except where shown
otherwise.
Fig. 8.11. Calanoid copepod egg morphology. Pontella mediterranea eggs: subitaneous eggs
with thin, smooth wall (a) or thicker wall ornamented with short spines (b); diapause eggs with
4-layered chorion and long-spined surface ornament (c), redrawn from Santella and Ianora
(1990); (d) Acartia tonsa eggs: range of spine structure (from van Waveren and Marcus 1993;
(e) wall structure of Labidocera aestiva eggs: bi-layered with smooth or scultured surface and
trilayered with reticulate or columellate surface (modified from van Waveren and Marcus 1993).
Fig. 8.12. Crustacean resting eggs from surface and Holocene sediment of the Black Sea. Optical
cross-section (a) and high focus (b) on specimen of Cobricosphaeridium spiniferum from
southwest shelf core MAR 4G, and another specimen (c, mid-focus) from a deeper water core
GeoB7625-2 of Verleye et al. (2009). Other specimens are from the Ukrainian Shelf or
continental slope; (d-e) large dark brown egg with reticulate wall surface and sturdy, unbranched
hollow spines with pointed tips, Sta. H42; (f) colourless egg, always with long, thin, unbranched
solid spines, Sta. H5; (g,h,j,k) probably the pale yellow or colourless eggs of Acartia tonsa, with
short unbranched tips (g mid focus; h high focus, Sta. H28), with mixed short bifurcate and
serrate spines (j, Sta. H1), and serrate to blunt short spines (k, Sta. H4); (i) ovoid colourless
rotalid resting egg with scabrate wall surface (Sta.H5); (l) thick-walled, orange resting egg of
calanoid copepod origin (Sta. H18), possibly from Acartia bifilosa that produces red eggs; (m)
SEM image, holotype of Acritarch-type P showing sphaerical pylome (A) and 3 µm wall (B),
core 77-5-1, 560 cm; (n-o) SEM of copepod eggs from ODP Hole 1034B, Saanich Inlet: (n)
Cobricosphaeridium sp.; (o) outward-directed spines of long-spine egg type; (p) short-spined
egg type.
Fig. 8.13. Microforaminiferal linings: line drawings of shape categories and terminology of the
main morphological features (after El-Sorogy 2015), with corresponding microforaminiferal
linings, and an imaginary cross-section of a planispiral rotalid test (from BGS, 2019) and
corresponding planispiral and trochospiral microforaminiferal linings. The low trochospiral
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organic lining for Miliammina fusca notably includes a well-preserved small nematode. i - iv
surface ornament types: i) punctate, ii) ridged, iii) reticulate, iv) striate.
Fig. 8.14 Marine ostracod morphology and cuticle linings, and cladoceran remains recovered
after palynological processing. (a) male podocopid anatomy, after Horne and Athersuch et al.
(1998), with permission; m = mandible; (b-e) carapace linings from Black Sea Holocene
sediment, b, c smooth surface, Core 342, 110 cm (b), MAR45P (c,d,e) linings with dimpled
surfaces from cores MAR02-45P, 430 cm (d) and MAR05-13P (e); (f, g) carapace linings of
Bosmina longirostris from Danube Delta surface sediment (f) and early Holocene sediment in
SW Black Sea core MAR05-13P, 770 cm (g).
Fig. 8.15. Scolecodonts and other kinds of arthropod remains. (a-k, m) are from Core B2,
Ukrainian coast, NW Black Sea: gastropod radula (a, f, g); ostracod mandibles (b, c); arthropod
mandible (d, e, h, i, k); arthropod leg segment (j); (l) labidognath maxillary complex, North Sea;
(m) chironomid head capsule; (n, o) from Antarctic IODP site U1357: mandibular forceps of
Eunicid Polychaete, e.g. Ophytrocha (n), and copepod spermatophores (o, r); nematodes from
NW Black Sea (p) and Chezzetcook salt marsh, SE Canada (q).
Fig. 8.16. Global ocean climate and biogeographic zones. A. World map of climate zones over
the oceans used for study of global dinocyst distributions by Zonneveld et al. (2013). White
shading indicates the main icesheets covering continental areas today. B. Global ocean
biogeographical subdivisions recognised by OBIS (see Costello et al. 2017). Numbers refer to
the 30 OBIS biogeographical realms mentioned in text.
Fig. 8.17. Sketches of prasinophyte and other marine NPP distributions in relation to distance
offshore. A. Mackenzie Delta and Beaufort Sea modern assemblages; B. Silurian acritarchs
(from Paris et al. 2012). 1a. sphaeromorphs, thin-walled; 1b. sphaeromorphs, thick walled; 2a
Leiosphaeridia; 3. Halodinium; 4. Pterospermella and Cymatiosphaera. 5a. Islandinium
minutum; 5b. Operculodinium centrocarpum; 6a. Spiniferites; 6b. various acanthomorphic taxa
with branched processes; 7. Various Veryhachium-like forms; 8-11: acritarchs without modern
counterparts; 12. Various simple “round, browns” - heterotrophic dinocysts”
Fig. 8.18. Temperature (black) and salinity (grey) ranges of dominant tropical/subtropical
species, in modern sediments, where thicker bar areas represent higher relative abundances.
Modified from Price et al. 2014, using data from Zonneveld et al. 2013.
Fig. 8.19. Summary of Cariaco Basin sediment trap data showing amounts of NPP (units are
specimens m-2 day-1) representing marine microplankton autotrophic and dinoflagellate
producers, zoophytoplankton (primarily the mandibles and eggs of copepods, and tintinnid
ciliates) and relatively few microzoobenthos (as microforaminiferal linings) and the relationship
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of the marine NPP to upwelling events (vertical blue shading) at two-week long intervals from
1997 to 2008 (adapted from Bringué et al. 2019). For comparison of trap and seabed sediment
data, sedimentary accumulation rates of selected NPP groups are shown by data for the 30 kyr
record in the core studied by Mertens et al. 2009.
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Table 2. Arctic Ocean marine NPP
Location
Barents Sea
Barents Slope
Nansen Basin
Laptev
Water depth m
200
884
2873
3003
3039
3755
4045
3177
3324
2229
<100
Sample
GKG 269 GKG 280 GKG 287 GKG 296 GKG 310 GKG 340 GKG 356 GKG 365 GKG 371 GKG 423 92 sites
Total NPP N
7
7
4
4
6
6
8
4
5
4
8
Dinocysts/g
916
1920
5104
5032
7429
196
165
75
87
3926 10-4000
Dinocysts N
14
17
16
18
15
11
11
7
10
15
nd
G:P ratio
0.8
0.9
1.3
1.6
1.4
1.8
2
1.0
0.7
1.4
nd
Acritarch %
Indet. Taxon
2.0
6.0
Archeomonads
1.8
20.0
18.0
Cyclopsiella
0.8
10.0
Halodinium
4.5
3.0
2.0
3.0
2.0
2.0
3.0
250/g
Leiosphaeridia
3.0
1.50
17.0
7.0
15.0
3.0
4.0
2.0
Algae %
Botryococcus
X
Chlamydomonas
X
Cymatiosphaera
3.0
2.0
2.0
2.0
3.0
Cosmarium
X
Botryococcus
X
C
Pediastrum
X
9.0
1.0 7-3800
Ciliates%
Beringiella
Hexasterias
X
Palaeostomocystis
X
Radiosperma
100-880/g
Tintinnids
<100-1094
Zoomorphs %
0-500/g
Copepod egg C
0.9
Acritarch-type P
45.0
1.0
Microforam/g
830
74
246
100-2700
Rotalid
X
Other
834
Location
Nansen B
Lomonosov Alpha R
NEGrnld**
Water depth m
3675
>2000
803
2400
3858
4002
4019
3000
1882
100
55-154
Sample
FIII-1
FIII-9
FIII-7
FIII-3
FII-4
FII-1
FII-5
B25
C103
88-43/91 16 sites
Total NPP N
1
2
1
1
1
1
1
2
3
3
3-8
Dinocysts/g
933
4194
2800
334
108
76
113
481
293
520 50-700
G:P
2.0
1.3
3.0
2.0
0.5
0.3
1.3
0.3
0.6
0.5
nd
Acritarch %
Indet. Taxon
Archeomonads
10.0
8.0
20
Halodinium
2
125/g
Leiosphaeridia
4
Algae %
Cosmarium
Cymatiosphaera
cf.?
Cyclopsiella
Pediastrum
Ciliates %
Beringiella
100/g
Hexasterias
500/5
Palaeostomocystis
200/g
Zoomorphs %
Copepod egg C
Cyst-type P
Microforams/g
200-20900
Rotalid %
Other
Location
Beaufort Sea
Beaufort$ Canada B
Water depth m
<25
218
>2000
Sample
BS-01
BS-02
BS-03
BS-04
BS-05
BS-06
BS-07
BS-08
BS-09
1 site
FL41
dinocysts/g
108
1625
7429
2600
2990
3400
4200
2617
3400
6000 60-192
Total NPP N
4
5
3
2
4
3
6
3
2
10
1-3
Dinocysts N
0
10
16
6
6
4
8
7
8
8
2-4
G:P
0
0.1
0.4
0.2
0.2
1.0
0.3
0.2
0.3
nd
nd
Acritarch %
Archeomonads
7000
Halodinium
20.0
10.0
2.0
1.0
400/g
7000
Leiosphaeridia
20.0
2.0
6.0
8.0
63.0
22.0
72.0
66.0
8.0
Sigmopollis
C
Algae %
Cymatiosphaera
2.0
Cosmarium
20.0
1.0
Cyclopsiella
Botryococcus
Pediastrum
40.0
10.0
2.0
X
Zygnemataceae
X
X
X
Ciliates %
Beringiella
2.0
Hexasterias
50
Tintinnids
4/g
Zoomorphs %
Copepod egg C
10.0
Cyst-type P
2.0
2.0
2.0
Microforams/g
2000/g
Sources of published data:
* Kunz-Pirrung Laptev Sea ** Limoges et al., 2019 NE Greenland; ! Solomon et al., 2001; Bringue et al. 2012
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T able 3. Southern Ocean NPP database
Re gion

Indian

Site / No. sample s

SW Pacific SE Pacific Ade lie

NW W e dde l *

SW Atlantic**

10

8

A-BC 22+U1357B GustavB Larse n BJane B

Latitude S

49.9-65.7

49.2-54.8

76.800

66.400

64.05

64.5

c.62-64

Longitude

90-144.9 E

147-168E

168.0 E

140.4 E

-58.2 W

509

-40-42.5 W43 - 48 W -76.6

764

509

3870

3807

3338

0-100

14

260

4

10

10

49-236

140/g

5

Water depth m

615-4300

567-5583

800

1022

Total NPP w/o dinos

4-75(38)

0-156(42)

900

404
44

Dinocyst counts

90-144(110)

101-208

52

169-2313

169-3426

1585/g

Dinocysts/ml (or g)

Scotia S Be lling.
54-56.5

67.3

5561/g

Acritarchs/Prasino.
Acritarch T ype AB

0

?Cyclopsiella

0

Cym atiosphaera

0-5(1.1)

Leiosphaeridia 2 spp.

0

Meckseckia spp.

0

Pterosperm a (4 spp)

0

Tasm anites

0-1

Acritarch-type P

11

52

6

54

0-2 (0.75)

2

2
5
0-5

0

R

Botryococcus

0

R

Pediastrum

0

Prasinophytes

0

Spirogyra

0

O the r Algae

Zygnem ataceae

R
0-4

0

Tintinnids - inde t.

0-6 (0.6)

Codonellopsis glacialis

0

nd

10

+

3

Cym otocylis convllaria/affinis nd
Dictyocystis lorica

20/g

0-18/g

1
18

nd

824

19

Laackm anniela naviculaefera nd

17

Lorica Type 1 Harm an 2019 nd

1

O the r ciliate s
Beringiella

0

1

3

Halodinium >65 μm

0-1

Halodinium <65 μm

0

Palaeostom . reticulata

0

1

Palaeostom .s sphaerica

0

7

6

Polyasterias sp.

0

Radiosperm a corbiferum

0

3

0-1

75/g

R

C rustace ans
Copepod eggs

0

+

R-2026/g

Invertebrate denticles

0

6

R

Copepod setae

0

4

Copepod spermatophores

0

10

Crustacean endites

0

0

0-75(35)

0-154(48)

22

209

Rotalid

0

0

14

145

Linear

0

0

8

Bi/triseriate

0

0

Tardigrade :macrobio.

0

0

2-30(6.5)

0-8(4)

0-4

0-1

0

0-8

0-4

0-6

Foram lining total

+
150/g

64
7

+

C once ntration/ml or /g
Cym atiosphaera
Halodinium >65 microns
Halodinium < 65 microns
T asmanites
Prasinophytes
foram lining total

0-6
0-428(178) 0-3188(564)

T hecamoebians

0-24(3.1)

0

T intinnid - T otal

0-12(1.2)

0

671/g

27356/g

AbioBC22 = data of F. Sangiorgi;* Pienkowski et al. 2013

** Harland & Pudsey, 1999 for Scotia and Bellinghausen Sea

A=abundant; O = occasional, R = rare; macrobio = macrobiotid
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