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Abstract. The morphology of dinoflagellate cysts (dinocysts) is related not only to the genetics of the motile

dinoflagellate from which it derives, but is also dependent on a range of environmental factors including salinity, temperature and nutrient status. Although this knowledge improves our understanding of the drivers behind
dinocyst morphological variations, it makes the taxonomy governing their description somewhat complex. In
basins such as the Black Sea, where environmental change can be extreme and occurs on relatively short (millennial) timescales, taxonomy becomes particularly challenging. Morphological continua can be observed between
described forms, displaying a large range of intermediate phenotypes that do not necessarily correspond to any
genetic difference. As these morphological nuances may preserve information about palaeoenvironments, it is
important to find a systematic method of characterising morphotypes. Here, we show a dinocyst matrix within
which dinocysts are described according to their similarity to (or difference from) described forms based on key
descriptive parameters. In the example set out here, cyst shape and degree of process and/or ectophragm development are taken as two key parameters in Pyxidinopsis psilata and Spiniferites cruciformis, and can allow the
description of intermediate forms even though the definitions do not overlap.
We review some frequently occurring morphotypes and propose that using matrices to show the gradual variation between endmember forms is the most pragmatic approach until cyst–theca studies and genetic sequencing
can be used to demonstrate relationships between genotypes and morphotypes. As prior studies propose salinity
to be a primary driver of intraspecific variability, the endmembers presented may represent salinity extremes
within an overall brackish environment. Although we cannot assign each morphotype to a value or a range of
an environmental parameter (e.g. salinity) as the different morphotypes can occur in the same sample, using this
matrix allows preservation of information about morphological variability without creating taxonomic categories
that are likely to require alteration if genetic evidence becomes available.

1

Introduction

Organic-walled dinoflagellate cysts (dinocysts) are the resting phase in the life cycle of single celled eukaryotic plankton of the phylum Dinoflagellata (e.g. Fensome et al., 1993;
Head, 1996). They can preserve easily in anoxic environments and therefore have potential to retain important biostratigraphic and palaeoenvironmental information (de Vernal
and Marret, 2007). Most dinocysts are encountered in marine
environments, although they are also produced by dinoflag-

ellates in fresh (lake) waters (Evitt et al., 1985; Kouli et al.,
2001; McCarthy et al., 2011) and brackish water environments, such as the Sea of Marmara, Black Sea and Caspian
Sea (Mudie et al., 2017). Here, surface water parameters
such as salinity can be highly variable, from < 1 psu in the
Volga delta to ∼ 30 psu in the Sea of Marmara (Tuzhilkin and
Kosarev, 2005; Yalçın et al., 2017).
Dinocysts’ morphological variation in general exhibits
a relationship with water properties. In particular, process
length variation has been observed to mostly change with
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water density (as a function of salinity and temperature)
(Mertens et al., 2011, 2012a). However, other parameters
have been mentioned as drivers of intraspecific variation,
such as water column deoxygenation (Pross, 2001), temperature and nutrients, which have a relationship with intraspecific cyst body size variation (Mertens, 2013; Mousing et al.,
2017). Process development has been considered an environmental adaptation, for example as an aid to clustering in order to promote sinking (Mertens et al., 2009).
Dinocysts from the Black Sea have rather a complex taxonomy due to a combination of factors. They have evolved in
a sporadically isolated setting, presenting uncertainties as to
their genetic affinities that have only recently been broached
(Mertens et al., 2017). They have also been subject to constantly changing environmental conditions (annually and on
longer timescales) through recent geological time, a factor
that is known to drive variations in cyst morphology (Mertens
et al., 2012b; Rochon et al., 2009).
A diverse range of genera, species and subspecies has been
described from the Black Sea region, including some potentially endemic forms (Marret et al., 2004; Mudie et al., 2001;
Wall and Dale, 1973). The ecological affinities of many of
these dinocysts have recently been refined by comparison of
surface sample assemblages with measured sea surface conditions, allowing more accurate interpretations of past water
column parameters (Mudie et al., 2017). However, problems
often arise in the study of Black Sea dinocysts due to the
apparent phenotypic plasticity; many morphotypes fall along
morphological gradients between formally described species
(Wall and Dale, 1973) but cannot correctly be ascribed taxonomically.
Here, we review the morphological variability found in
some of the dinocysts retrieved from the late Quaternary
of the Black Sea. We provide examples of several undescribed dinocysts and suggest using variability matrices as
a method of grouping dinocysts with similar morphologies whilst maintaining morphological information that may
be indicative of palaeoenvironments. This approach is suggested here as an alternative to creating unnecessary and
potentially misleading taxonomic categories. A strict taxonomic approach, although generally vital in palaeontological work, may not be sufficiently flexible to deal with the
morphological plasticity observed in the Black Sea (and the
wider Pontocaspian region) during the Quaternary.
We provide an example of how morphotypes may fall
along gradients between described taxa and that continua
exist between different genera. We have chosen Pyxidinopsis psilata and Spiniferites cruciformis (Wall and Dale in
Wall et al., 1973) as endmembers of our review. Despite advancements in modern DNA extraction techniques, obtaining
marine plankton DNA from pre-Holocene fossil samples remains challenging due to the tendency for DNA degradation
(Boere et al., 2011). We therefore suggest this approach as an
alternative to creating artificial taxonomic categories.

J. Micropalaeontology, 38, 55–65, 2019

2

Materials and methods

Thirty-two samples were selected from the Deep Sea Drilling
Project (DSDP) Site 379 in the central part of the Black
Sea (Location: 43◦ 00.290 N, 36◦ 00.680 E; at 2165 m water
depth; drilling date: May 1975) (Shipboard Scientific Staff,
1978). Sampling was carried out at the international core
repository at the University of Bremen. Sampling was spread
across the interval 45–615 m (of 624.5 m), representing the
last ∼ 1.2 Ma. Details of sampling levels are given in the figure captions and a table is provided in supplementary information which shows all samples and their lithologies according to the original logs (Shipboard Scientific Staff, 1978).
The entire record, in combination with other proxies, will be
presented in Hoyle (2019), Hoyle et al. (2019) and Bista et
al. (2019).
Samples were processed for palynological analysis at
Utrecht University using cold HCl (30 %) to remove carbonates and cold HF (38 %) to dissolve silicates. Samples were
subjected to five minutes in an ultrasonic bath and sieved
through meshes (125 and 10 µm) and the 10–125 µm fraction
was retrieved. The residues were mounted on slides using
glycerine jelly and sealed with lacquer.
Identifications were made using several reference texts
(Marret and Zonneveld, 2003; Mudie et al., 2001, 2002,
2017; Rochon et al., 1999, 2002; Shumilovskikh et al., 2013;
Soliman and Riding, 2017; Sütő-Szentai, 2000, 2010; Wall
and Dale, 1973; Zonneveld et al., 2013).
Transmitted light photographs were taken using a Leica
DM2500 LED differential interference contrast microscope
with a Leica MC 170 HD camera. Transmitted light photographs were all taken at magnification ×630. Scanning
electron microscope (SEM) photographs were taken using
a JEOL JCM-6000 benchtop SEM after adhering the palynological residues to a stub and coating with platinum (6 nm
thick) using a JEOL JFC-2300HR high-resolution fine coater
with a JEOL FC-TM20 thickness controller. Examples are
taken from representative samples, but the morphotypes observed generally occur throughout the sediment sequence.

3

Results

Among the dinocysts retrieved from all the samples analysed,
we focus on presenting some selected forms to demonstrate
the morphological variability encountered in the late Quaternary sediments (Figs. 1 and 2).
Figure 1 shows transmitted light photographs of several dinocysts that cannot be directly attributable to existing species. Several round cysts with smooth outer walls
and precingular archeopyle, resembling Pyxidinopsis psilata
(Fig. 1a–c), cannot formally be attributed to Pyxidinopsis psilata sensu stricto due to the presence of incipient processes
and/or faint parasutural ornamentation. Dinocyst D (Fig. 1d)
is the most extreme form, displaying full processes at least in
www.j-micropalaeontol.net//38/55/2019/
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some parts of the cyst, some of which tend to be similar to
spines of the genus Spiniferites, but without furcations.
Figure 1e, f and i show Caspidinium rugosum (Marret et
al., 2004) (equivalent to Gonyaulax apiculata of Mudie et
al., 2004), displaying variations in ornamentation from classic low, wide parasutural ridges (Fig. 1f), to relatively narrow ridges (Fig. 1i). A noded form of Spiniferites (Fig. 1g)
and Impagidinium spp. (Fig. 1h) demonstrate the similarity
in tabulation patterns between these two genera, with the
main difference being the presence of trifurcate processes on
Spiniferites, but absent in Impagidinium.
Figures 1m–p and 2c show transmitted light and SEM images of variations in cyst form similar to Pyxidinopsis psilata of Soliman and Riding (2017; their plate V, 9–12). However, some of these also closely resemble Komewuia? sp. A
(Fig. 1n) and Komewuia? sp. B (Fig. 1o) from the same authors. During our review, we observed a further morphotype
with similar wall structure, but no trace of apical or antapical nodes (Figs. 1p and 2e). Figure 2d shows a specimen
that most closely resembles the Gonyaulax apiculata cysts
of Evitt et al. (1985), but also shows some similarities with
the (invalidly described?) Virgodinium asymmetricum primus
of Sütő-Szentai (2010; their plate 1, number 1).
Several unknown dinocysts were observed during this review. Figures 1j–l and 2j–k show Dinocyst sp. A (Figs. 1j
and 2j–k) and Dinocyst B (Fig. 1k–l). These may represent extreme morphotypes of the genus Spiniferites, but this
suggestion is purely speculative. Figures 1q–r and 2i show
Dinocyst F. This cyst shows apparent similarity to Galeacysta etrusca (Corradini and Biffi, 1988) with variation in
the outline shape of the internal corpus ranging from cruciform to rounded rhomboidal with an ectophragm. However,
it cannot be attributed to that genus because the ectophragm
of Dinocyst F attaches at the apex and antapex, extending
ventrally (and sometimes also dorsally) on the dextral side
of the cyst. Galeacysta etrusca, on the other hand, has an
appressed endophragm and periphragm in the dorsal region,
absent in the region of the sulcus (ventrally). It also appears
similar to some forms of Pterocysta cruciformis of Rochon et
al. (2002; their plate 2, number 4), although the ectophragm
does not appear narrow, wing-like and purely on the ventral
side, as per the species description of Rochon et al. (2002).
The internal body of this cyst is more similar to Spiniferites
cruciformis form 3 and form 4 of Mudie et al. (2001; their
plate 1, numbers 2–5). Better images are available in Mudie
et al. (2004), our Figs. 1s–t and 2g. Classic Spiniferites cruciformis (form 2 of Mudie et al., 2001) can be seen for comparison in Fig. 2f. Figure 2a shows Impagidinium var. cruciform, a form that often appeared to exhibit a slightly cruciform shape but that has not been formally described. A close
up of the apical series can be seen in Fig. 2b, demonstrating
the unequal sizes of plate 10 and 40 . These plates should be of
equal size in Impagidinium species, but are unequal in Leptodinium (an extinct genus). Variations on this theme were
observed regularly during our review, including specimens
www.j-micropalaeontol.net//38/55/2019/
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with psilate wall structure and squarer cingular plates (e.g.
left lateral view in Fig. 2h).

4

Discussion

Dinoflagellate cyst morphology is controlled not only by genetics, but also by reaction to environmental stimuli, such as
salinity (Mertens et al., 2009, 2012b; Verleye et al., 2012).
Changes in these parameters can therefore affect the appearance of cysts so that key features, such as processes, can
change morphology, or size, or even disappear completely
(Ellegaard et al., 2002).
As key diagnostic characteristics may change in reaction to environmental parameters, dinocysts belonging to the
same (cyst based) genus may no longer be attributable unequivocally to that genus once an alteration has occurred.
For example, when a cyst attributable to Spiniferites loses its
processes it becomes by definition Impagidinium (Mertens et
al., 2017). Theoretically and ideally, each specimen should
be attributable to one taxon. However, morphological variability due to changing environmental conditions can cause
dinocyst specimens to fall into grey areas between definable
taxa (Fig. 3). Creating a new species for each defined cyst
morphology could be an option. However, this would make
for a cumbersome and unwieldy taxonomic system that has
the additional disadvantage of not actually relating to genetic
species, thereby potentially introducing unnecessary errors.
On the other hand, some specimens that have been attributed to the same (dinocyst based) species are quite different in some aspects. For example, Pyxidinopsis psilata of
Wall and Dale in Wall et al. (1973) is generally psilate to
scabrate and has quite different ornamentation from the Pyxidinopsis psilata of both Marret et al. (2004) and Soliman and
Riding (2017), which tend to show more robust form and
sometimes vermiculate ornamentation. Mudie et al. (2017)
also show Pyxidinopsis psilata with several variants including possession of an apical horn and with coarse ornamentation. The description of the species Pyxidinopsis psilata allows for a relatively large amount of intraspecific variability
(Wall and Dale in Wall et al., 1973). However, the description
is also contradictory in places, as: “There are no grooves that
might represent either a cingulum or a longitudinal sulcus”,
but, “atypically, some traces of reflected tabulation are discernible [. . . ] these ridges may reflect parts of a cingulum,
an apical, antapical or even a precingular and postcingular
series”. Although this ambiguity is pragmatic, as it allows a
flexible approach to identification in settings where ecophenotypical variation presents problems for taxonomy, grouping of specimens into a category to which they may not usefully belong is erroneous. Such grouping limits the distinction of clearly different morphotypes, such as those shown
in Fig. 3a, b, e, f, i and m. This is especially the case when
specimens fall at the very edge of species descriptions, or
have been noted as atypical. For example, specimens of PyxJ. Micropalaeontology, 38, 55–65, 2019
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Figure 1. Examples of the morphotypes observed during the current study by transmitted light microscopy. Sample codes give core number

(first number), section number (second number), depth within core (third number, in centimetres) and depth of the middle of the sample in metres below sea floor (m b.s.f.). (a) “Pyxidinopsis psilata? var. A” but with incipient process formation (29-R-1-W, 41–44 cm,
263.93 m b.s.f.). (b) “Pyxidinopsis psilata?” with dome-shaped processes (29-R-1-W, 41–44 cm, 263.93 m b.s.f.). (c) “Dinocyst C” (29-R1-W, 41–44 cm, 263.93 m b.s.f.). (d) “Dinocyst D” (possibly equivalent to extreme version of P. psilata? var. A, note antapical flange)
(29-R-1-W, 41–44 cm, 263.93 m b.s.f.). (e) Caspidinium rugosum with low, thick paratabular ridges (17-R-1-W, 15–17 cm, 149.65 m b.s.f.).
(f) Caspidinium rugosum with low, thick paratabular ridges (17-R-1-W, 15–17 cm, 149.65 m b.s.f.). (g) Spiniferites sp. (30-R-2-W, 1.5–5 cm,
274.53 m b.s.f.). (h) Impagidinium sp. (17-R-1-W, 15–17 cm, 149.65 m b.s.f.). (i) Variation on Caspidinium rugosum with lighter ornament
(13-R-6-W, 100–102.5 cm, 120.41 m b.s.f.). (j) “Dinocyst B” (27-R-3-W, 14–16.5 cm, 247.65 m b.s.f.). (k) “Dinocyst A” (27-R-3-W, 14–
16.5 cm, 247.65 m b.s.f.). (l) “Dinocyst A” (27-R-3-W, 14–16.5 cm, 247.65 m b.s.f.). (m) Pyxidinopsis psilata of Soliman and Riding (2017)
with apical and antapical notches (52-R-3-W, 91–93.5 cm, 476.42 m b.s.f.). (n) “Pyxidinopsis? Thick wall” with apical notch (52-R-3-W, 91–
93.5 cm, 476.42 m b.s.f.). (o) Virgodinioid?/Komewuia? antapical notch (52-R-3-W, 91–93.5 cm, 476.42 m b.s.f.). (p) “Pyxidinopsis? Thick
wall” no notches (52-R-3-W, 91–93.5 cm, 476.42 m b.s.f.). (q) “Dinocyst F” with ectophragm (19-R-4-W, 129.5–133 cm, 174.31 m b.s.f.).
(r) “Dinocyst F” with ectophragm (19-R-4-W, 129.5–133 cm, 174.31 m b.s.f.). (s) Spiniferites cruciformis of Mudie et al. (2001) equivalent
to Dinocyst F internal corpus with no ectophragm? (19-R-4-W, 129.5–133 cm, 174.31 m b.s.f.). (t) “Dinocyst F” internal corpus (similar to
S. cruciformis form 5 of Mudie et al., 2001) (30-R-2-W, 1.5–5 cm, 274.53 m b.s.f.).
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Figure 2. Examples of the morphotypes observed during the current study by scanning electron microscopy. Sample codes give core number

(first number), section number (second number), depth within core (third number, in centimetres) and depth of the middle of the sample in
metres below sea floor (m b.s.f.). (a) Impagidinium var. cruciform, refer to (b) for the close-up, which shows mismatch between plates 10 and
40 , (13-R-6-W 100–102.5 cm, 120.41 m b.s.f.). (b) Impagidinium var. cruciform (showing mismatch between plates 10 and 40 ) (13-R-6-W
100–102.5 cm, 120.41 m b.s.f.). (c) Pyxidinopsis psilata of (Wall and Dale, 1973) (20-R-3-W, 95–100 cm, 181.98 m b.s.f.). (d) Pyxidinopsis?
TW/Komewuia? but with suture partly visible (19-R-4-W, 129.5–133 cm, 174.31 m b.s.f.). (e) “Pyxidinopsis? Thick wall” (27-R-3-W 14–
16.5 cm, 247.65 m b.s.f.). (f) Spiniferites cruciformis (20-R-3-W, 95–100 cm, 181.98 m b.s.f.). (g) Spiniferites cruciformis form 4 of Mudie
et al. (2001) similar to internal corpus of Dinocyst F (19-R-4-W, 129.5–133 cm, 174.31 m b.s.f.). (h) Impagidinium var. cruciform (13R-6-W, 100–102.5 cm, 120.41 m b.s.f.). (i) Dinocyst F (19-R-4-W, 129.5–133 cm, 174.31 m b.s.f.). (j) Dinocyst A (27-R-3-W 14–16.5 cm,
247.65 m b.s.f.). (k) Dinocyst A (27-R-3-W 14–16.5 cm, 247.65 m b.s.f.).
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Figure 3. Dinocyst variability matrix showing continua between described forms. Sample codes give core number (first number), section
number (second number), depth within core (third number, in centimetres) and depth of the middle of the sample in metres below sea floor
(m b.s.f.). (a) Pyxidinopsis psilata (6-R-1-W, 3–5.5 cm, 45.54 m b.s.f.). (b) “Pyxidinopsis psilata? var. A” (21-R-6-W, 20–23, 195.56 m b.s.f.).
(c) Dinocyst C (29-R-1-W, 41–44 cm, 263.93 m b.s.f.). (d) Dinocyst D (29-R-1-W, 41–44 cm, 263.93 m b.s.f.). (e) Pyxidinopsis psilata (12R-2-W, 66.5–69 cm, 104.18 m b.s.f.). (f) “Pyxidinopsis psilata? var. A” rhomboid (8-R-4-W, 9–13 cm, 69 m b.s.f.). (g) Spiniferites cruciformis form 1 of Mudie et al. (2001) or Impagidinium var. cruciform (13-R-6-W 100–102.5 cm, 120.41 m b.s.f.). (h) Spiniferites cruciformis form 1 of Mudie et al. (2001) (37-R-5-W, 120.5–123 cm, 346.92 m b.s.f.). (i) Pyxidinopsis psilata (6-R-1-W, 3–5.5 cm, 45.54 m b.s.f.).
(j) Spiniferites cruciformis form 5 of Mudie et al. (2001) (29-R-1-W, 41–44 cm, 263.93 m b.s.f.). (k) Spiniferites cruciformis form 4 of Mudie
et al. (2001) (14-R-6-W, 131–133.5 cm, 129.03 m b.s.f.). (l) Spiniferites cruciformis form 1 of Mudie et al. (2001) (37-R-5-W, 120.5–123 cm,
346.92 m b.s.f.). (m) Pyxidinopsis psilata (6-R-1-W, 3–5.5 cm, 45.54 m b.s.f.). (n) Spiniferites cruciformis form 5 of Mudie et al. (2001) (29R-1-W, 41–44 cm, 263.93 m b.s.f.). (o) Spiniferites cruciformis form 2 of Mudie et al. (2001) (8-R-4-W, 9–13 cm, 69 m b.s.f.). (p) Spiniferites
cruciformis (8-R-4-W, 9–13 cm, 69 m b.s.f.).
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idinopsis psilata with small conical projections (potentially
similar to Fig. 3b) are detailed briefly in the description of
P. psilata, but only as atypical occurrences (Wall and Dale
in Wall et al., 1973). Noting and counting unusual or aberrant specimens according to a variability matrix allows the
collection of information that would otherwise be neglected.
Such information, if recorded routinely can reveal patterns of
gradation between described morphotypes and will serve as
a framework for the relationship between morphological and
species concepts when genetic sequencing of these forms becomes available. Variability matrices may also become useful predictors for palaeoecological trends such as how certain
(genetic) species react to environmental change.
In Fig. 3, we present a matrix which we use as a qualitative tool to describe morphological variability. It presents 16
representative cysts that fall along gradients according to two
of the most common descriptive parameters used in dinocyst
taxonomy: corpus shape (on a y axis gradient, from round to
cruciform) and ornamentation (on an x axis gradient, from
no ornamentation to heavily developed ornamentation).
Some of the cysts depicted fall within described taxa, such
as Pyxidinopsis psilata (Fig. 3a, e, i and m) and Spiniferites
cruciformis (Fig. 3o and p). However, other forms clearly
have morphological similarities to one (or both) species but
may not unambiguously be attributed to either, based on
the published descriptions (Head, 1994; Wall et al., 1973).
For example, Fig. 3b–d display identical corpora forms and
archeopyle configurations to the round form of Pyxidinopsis
psilata (Fig. 3a), but differ in their possession of increasingly
well-developed processes from left to right. Figure 3h, j, k, l
and n show corpora identical to Spiniferites cruciformis but
differ in the development of an ectophragm (Fig. 3h, k and
l), or in the truncation of the processes (Fig. 3j and n). Other
dinocysts in Fig. 3f, g and j do not fit into either of these
species descriptions.
The specimen in Fig. 3d (“Dinocyst D”) even possesses
similar processes to those of Spiniferites cruciformis form 2
of Mudie et al. (2001), yet does not have a cruciform body
and it is clearly attributable to neither S. cruciformis nor P.
psilata. Following the diagonal line from top left to bottom
right of Fig. 3, it is clear that many configurations are possible on a continuum between described species, and that
placement of the boundaries between species is a significant
problem. This is especially relevant in Paratethyan and Pontocaspian dinocyst taxonomies due to extreme environmental
changes (mostly salinity) through time over longer (million
years) and shorter (millennial) timescales, as well as spatial
variation, causing the existence of different salinities within
basins and in different (but adjacent) basins.
It has already been noted by Head (1994) and Mudie et
al. (2017) that some paratypes of Pyxidinopsis psilata could
well be the endocysts of Spiniferites cruciformis. While the
described species of S. cruciformis and P. psilata obviously
do not intergrade, this is purely an artefact of their (fossilbased) morphological definitions, and in no way does it prewww.j-micropalaeontol.net//38/55/2019/
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clude the existence of multiple intermediate morphotypes.
This is not altogether surprising given the huge amount of
documented variation in both S. cruciformis (e.g. Kouli et
al., 2001; Marret et al., 2004; Mudie et al., 2001, 2004) and
P. psilata (e.g. Mudie et al., 2017; Wall and Dale in Wall et
al., 1973).
Matrices demonstrating the full variety of dinocysts
present in assemblages according to given observable characteristics, as shown here, provide a useful method for grouping
(without the need to construct artificial categories), and provide a systematic approach to simplifying a hugely complex
taxonomy. This matrix (Fig. 3) has been designed as an aid to
the visualisation of the taxonomic complexity of certain late
Quaternary Black Sea dinocysts and to aid description, but
it is not intended to infer ecological interpretations. Instead
it represents morphological plasticity and serves as a mechanism for grouping and associating forms that are very similar
to one another, as well as separating those that are different.
Attempts have been made to establish biometric variants of
Galeacysta etrucsca and Spiniferites cruciformis using quantitative methods (Ferguson et al., 2018; Popescu et al., 2009).
However, even with the application of statistical approaches,
the results appear to support the concept of a morphological
continuum with no clear limits between species sub-groups
(Popescu et al., 2009). Morphometric approaches such as
these are not counter to the matrix approach shown here,
but large sample sizes and a high number of whole, wellpreserved dinocysts are nonetheless necessary for their success. Ferguson et al. (2018), for example, used a quantitative
approach to differentiate Spiniferites cruciformis from other
similar morphotypes, although the outcome was hampered to
some degree by sampling constraints (S. cruciformis n = 65),
so it is unlikely to represent the full range of morphological variability in S. cruciformis. Matrices provide a qualitative first-order assessment whilst being quick and easy to
use. However, ultimately, genetic studies are the only way to
draw clear conclusions about the relationship between genotypes and ecophenotypes. Many cysts from the Black Sea and
Caspian Sea region have not yet been successfully cultured to
produce motile dinoflagellates (Mudie et al., 2017), although
such studies are becoming more common (e.g. Lewis et al.,
2018; Mertens et al., 2017).
With increased understanding of the functional morphology in dinoflagellates and their cysts (Mertens et al., 2009;
Verleye et al., 2012) coupled with a flexible approach to descriptive parameters in dinocysts, along the lines of that applied by Marret et al. (2004) and Mudie et al. (2001), we hope
that grouping dinocysts according to the matrix approach will
provide a useful tool for palaeoecologists and palynologists
working in the Black Sea region.
Consideration must naturally be given to the general useability of such matrices. The matrix proposed by Williams et
al. (2015), for example, was opposed by Bijl et al. (2016) on
the grounds of practical limitations and that it necessitated
the erection and emendation of unnecessary taxa. It was also
J. Micropalaeontology, 38, 55–65, 2019
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highlighted that Fensome’s matrix used a primary characteristic (the shape of the intercalary archeopyle) that was difficult to observe in reality (Bijl et al., 2016; Williams et al.,
2015). As such, matrices should not lead to the creation of
unnecessary taxa and should preferably define groups based
upon characteristics that are observable in the majority of
specimens, even when cysts are folded or oriented in an unfavourable direction. Here we suggest that the degree of ornament development (processes and/or ectophragm) and the
ambitus (shape in cross section) (especially the degree of
concavity in the precingular and postcingular series) are two
easily observable characteristics that serve well for grouping
or splitting specimens that are otherwise very similar.
To our knowledge, it has never been observed for ecophenotypic variation to be expressed in the paraplate organisation, although archeopyle configuration has been observed
to change significantly, even within species (Bijl et al., 2016;
Wall, 1967). It is therefore important that the matrix approach
should not be seen as a replacement for taxonomy at higher
ranks, and the morphological distinctions between families
and genera should remain more prominent than those used to
distinguish ecophenotypic variants.
A relationship between cyst morphology and the genetics
of the motile form cannot simply be assumed without availability of cyst–theca studies and genetic analyses (Mertens et
al., 2017). This is because environmental factors also have a
significant effect on cyst formation (Ellegaard et al., 2017).
It is also not satisfactory to assume that one variable may
be entirely responsible for driving species diversity. As we
have observed different morphotypes in the same sample during this review, it is possible that certain dinocyst forms are
linked to the combination of different environmental parameters (Finkel et al., 2007; Mousing et al., 2017; Pross, 2001).
In this case, even where salinity estimates are available, a
linear relationship with one particular environmental variable
cannot be assumed. Alternatively, the morphology could vary
at a timescale shorter than the time represented by a sample
(usually 1 or 0.5 cm thick in a sediment sequence). Use of
sediment trap material, or sampling in areas with very high
sediment accumulation rates could potentially help developing quantitative analyses of different morphotypes to test for
relationships with certain parameters.

Dedicated cyst–theca studies, in combination with genetic
analyses, are still needed to clarify molecular phylogenies
and develop full understanding of cyst–theca relationships
in many instances (Mertens et al., 2017, 2018). However,
until these relationships are known, a pragmatic yet rigorous approach is to adopt and develop dinocyst variability
matrices using easily observable traits such as cyst shape,
process and ectophragm development. This approach can be
user-developed and is an aid to grouping (or splitting) similar (eco-)morphotypes objectively. Crucially, it retains important information on morphological sub-populations without the need for extraneous taxonomic categories, which are
likely to require significant alteration if genetic evidence can
be obtained.
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Conclusions

Even with significant advances made over the last 20 years
or so (Marret et al., 2004; Mertens et al., 2017; Mudie et al.,
2001, 2002, 2017, 2018), the extreme morphological plasticity of the (Quaternary) Black Sea dinocysts represents a
constant challenge to environmental reconstructions. Here
we have made a review and have presented the idea of using
dinocyst variability matrices as a way to draw dividing lines
between forms retrieved from sediments in the late Quaternary of DSDP Site 379.
J. Micropalaeontology, 38, 55–65, 2019

reviewed by two anonymous referees.

References
Bijl, P. K., Brinkhuis, H., Egger, L. M., Eldrett, J. S., Frieling, J.,
Grothe, A., Houben, A. J. P., Pross, J., Kasia, K. Ś., and Sluijs,
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