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Preface

The microscope opens up a whole world that is otherwise hidden from the naked
eye. Like any explorers of new worlds, those who study micro-particles will inevi-
tably come across unknown objects. By 2015, my lab had acquired so many images
of unknown but potentially informative micro-particles that we decided to bring
together experts in the analysis of microscopic archaeological remains to see if we
could help identify each other’s mystery objects. That conference, the “Workshop
on the Analysis of Micro-Particles in Archaeological Samples (WAMPAS),” held in
December 2016 at the Max Planck Institute for Evolutionary Anthropology in
Leipzig, Germany, was the inspiration for this book.

This edited volume would not have been possible without the hard work of the
authors, for which they have my profound thanks. The authors represent both senior
researchers who founded their area of research, and junior scientists who have been
pushing the forefront of their field. Rather than discuss their own considerable con-
tributions to the field, each agreed to focus instead on the micro-particle type they
study, to provide a teaching guide and reference to other researchers. We hope you
find it useful!

Leiden, The Netherlands Amanda G. Henry
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Introduction: Micro-Particle Analysis
in Archaeology

Amanda G. Henry

Nearly 20 years ago, Stephen Weiner drew the distinction between macroarchaeol-
ogy—that is, the study of the large objects recovered during excavation, from tem-
ples down to stone tools—and microarchaeology—that is, the application of
scientific techniques to examine the archaeological record beyond what is visible to
the naked eye (Weiner 2010). Microarchaeology has enjoyed an increasing promi-
nence in archaeological studies. Such techniques, ranging from the analysis of wear
on stone tools using light microscopy, to the identification of lipids and residues
using mass spectroscopy, to the recovery and identification of proteins and DNA,
have enabled us to “see” features, habitats, and behaviors that would otherwise be
invisible.

Of these techniques, the use of light microscopy to analyze micro-particles
recovered from archaeological samples is of particular interest for multiple reasons.
First, these micro-particles have the potential to provide fine-grained information
about human behavior and/or about the environments humans used. Some types of
micro-particles can provide species-level identification of the kinds of organisms
that humans interacted with. For example, starch granules from wild grass seeds
have been recovered from dental calculus of Neanderthals, providing direct evi-
dence of the kinds of plants that these individuals ate (Henry et al. 2014). In another
case, eggs from parasites that rely on fish as intermediate hosts were found in sedi-
ments from a Mesolithic Irish site, confirming the heavy consumption of fish during
this period (Perri et al. 2018). Other micro-particles can provide fine-grained infor-
mation about the environments in which humans lived. The changing diatom pro-
files in a Pleistocene site in East Africa record alternating wet-dry cycles that could

A. G. Henry (P<)
HARVEST Project, Faculty of Archaeology, Leiden University, Leiden, The Netherlands
e-mail: a.g.henry @arch.leidenuniv.nl
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be linked to the hominin occupation of the area (Owen et al. 2008). Pollen records
on Rapa Nui (Easter Island) document the increase in grass and non-native species,
and the decrease in palm forests associated with the first arrival of humans to this
island (Rull et al. 2013).

A second benefit of micro-particle analysis is that the micro-particles can remain
intact and identifiable over archaeological time-spans, even in environments where
other archaeologically important macroremains do not. Phytoliths, diatoms, and
other siliceous micro-particles preserve well in acidic environments, in contrast to
bones that often decay. Phytoliths have even been recovered from fossil dinosaur
coprolites dating to the late Cretaceous (Prasad et al. 2005). Fibers, parasite eggs,
and other micro-particles can be preserved in grave sediments, when few other
grave goods are preserved (Juhola et al. 2019).

Finally, the analysis of micro-particles requires less investment in materiel and
equipment than do other microarchaeological techniques, such as FTIR or pro-
teomics. A transmitted light microscope capable of 400x magnification is the only
major expense, putting the analysis of micro-particles well within the budget for
most researchers.

However, even within this relatively well-established realm of micro-particle
analysis using transmitted light microscopy, there remain problems in applying
these techniques to archaeological samples. One of the main issues, and the one that
this book is meant to address, is the problem of the “unknowns.” Such objects often
far exceed the “known’ micro-particles in any archaeological sample. Frequently,
these unknown objects have distinctive, non-random shapes, indicating their likely
biological origin. However, most remain unidentified, simply because a researcher
familiar with starch granules may not know what a parasite egg or fungal spore
looks like. This book is meant as a first reference for those who are analyzing micro-
particles in archaeological samples, to help them understand the wide variety of
micro-particles that they may encounter. It is not meant to provide detailed informa-
tion about any one micro-particle type; other such focused books and resources
exist and are included in the bibliography of each chapter. It is meant, however, to
provide abundant figures and a sufficient description of a broad variety of microre-
main types so that the reader can begin to reduce their “unknowns.”

In the following chapters, the authors have provided information about “their”
micro-particle type and how it’s formed, how it has been used archaeologically to
provide information about human behavior and paleoenvironments, the methods
used to isolate and identify the micro-particle, and the limitations or restrictions of
each micro-particle type. This last point was of special importance given the some-
times fantastic claims made about such micro-particles in the archaeological record.
Finally, there are abundant figures to help orient the novice, and multiple references
provided for further reading.
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Micro-Particles Used Primarily for
Reconstructing Environmental and
Sedimentary Contexts



Coccoliths and Other Marine Microfossils
in Microparticle Analysis

Check for
updates

Jeremy R. Young

1 Introduction

Microfossils produced in freshwater and terrestrial environments such as diatoms
and palynomorphs are widely used in Quaternary science, science-based archaeol-
ogy and forensic science, and such uses are reviewed elsewhere in this volume.
These microfossils are very widespread in human habitats and can provide excellent
environmental data. In consequence, they have well-established roles and expertise
on them is often present in departments of archaeology or quaternary studies.

Marine microfossils are less commonly used in this type of work and so may seem
more esoteric. They are, however, abundant and diverse and while they may be uncom-
mon in terrestrial sciences they play major roles in marine geological research. They
can also provide important environmental data in coastal settings and for marine
archaeology. Equally importantly, they are very common as rock constituents so can
sometimes be used to help in paleoprovenancing of artifacts or building materials
including pottery objects (Tasker et al. 2017, Wilkinson 2017, Williams et al. 2017).

They also can be introduced into non-marine environments, for instance from
erosion of marine sediments. So, it would not be uncommon for someone studying
microparticles to accidentally encounter marine microfossils. Hence, a basic famil-
iarity would be useful.

One purpose of this paper is to provide a very broad overview of the major
microfossil types and some of the ways in which they can be used. In addition, coc-
coliths are discussed in more depth. This is because they are both a particularly
abundant and widespread group of marine microfossils and because they can be
confused with some other important microparticle types, such as starch grains and
dung spherulites.

J. R. Young (D<)
Department of Earth Sciences, University College London, London, UK
e-mail: jeremy.young@ucl.ac.uk
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8 J.R. Young
2 Overview of Marine Microfossils for Archaeologists

There is an immense diversity of marine microfossils and their study typically
requires specialist knowledge. However, anyone involved in microparticle analysis
would be well advised to be able to recognize the main groups (Fig.1) and to be
aware of the basic differences in their ecology, use, and mode of study as discussed
below and summarized in Fig. 1.

2.1 Foraminifera

Foraminifera are single-celled animals which produce chambered shells. They are
immensely abundant in the marine realm, forming a significant part of many eco-
systems and contributing prolifically to the rock record. Indeed, they are probably
the single most common type of fossils. They are also highly diverse with tens of
thousands of species having been described. They occur throughout the fossil record
from the Paleozoic to the present day and are very widely studied by geologists. The
archetypal morphology is perhaps a coiled calcareous shell resembling a minute
ammonite or gastropod but formed of a succession of chambers. They can, however,
vary greatly in both morphology and shell composition. Notably, while calcite
shells are most common, some groups form aragonitic shells and others agglutinate
sand grains. Perhaps more importantly in terms of practical applications there are
three major ecological subgroups within the foraminifera.

Planktonic Foraminifera

These are, as the name indicates, a group of plankton, living in the surface waters of
the ocean. They typically have globular chambers and they are also known as globi-
gerinids, after the common genus Globigerina. They are, with coccoliths, the prime
components of calcareous deep-sea sediments (the Globigerina ooze of older text-
books). These deep-sea sediments provide a continuous record of earth history and
so have played an immense role in paleoceanography (see, e.g., reviews of Schiebel
and Hemleben 2005, Spezzaferri and Spiegler 2005). Planktonic foraminifera are
central to the study of deep-sea sediments both as a means of dating the sediments
and for recording environmental change via assemblage changes and from geo-
chemical proxies such as oxygen isotopes. For example, the critical evidence for
multiple glacial cycles during the Quaternary came from oxygen isotope records
from planktonic foraminifera. Nonetheless, planktonic foraminifera are predomi-
nantly open ocean organisms and so are less likely to be useful in an archaeological
context, other than as rock-forming components.
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Fig. 1 Microfossil groups. Illustrations of the main groups of living marine organisms which have
extensive microfossil records. There are also some entirely extinct groups (e.g., conodonts) and
many groups with less abundant fossil records but these are the main ones which it would be useful
for anyone with an interest in microparticle analysis in archaeology to be familiar with. Ecologically
they can be divided into three groups—phytoplankton, zooplankton, and benthos. Alternatively,
they can be divided by hard-part composition into calcareous, siliceous, and organic categories,
and for practical study this is perhaps more relevant

Smaller Benthic Foraminifera

These are the most common foraminifera, they are similar in size to planktonic fora-
minifera (mostly 0.1-0.5 mm) but live on the seabed, i.e., are part of the benthos.
The seabed environment is diverse in terms of, for example, substrate, water depth,
water temperature, food flows, oxygen content, and other biota. This creates a wide
range of ecological niches and benthic foraminifera exist in virtually all of them,
with the result that thousands of species are present even in the modern fauna and
tens of thousands in the fossil record. This diversity combined with their ubiquity
means they are one of the most useful tools for reconstructing ancient environments.
Moreover, they do extend into shallow marine settings and so can occur in coastal
archaeological sites with marine intervals. For example, in the extended Ancient
Human Occupation of Britain (AHOB) project smaller benthic foraminifera have
been repeatedly used to characterize marine intervals within sites (e.g., Whittaker
1999; Whittaker and Parfitt 2017).
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Larger Benthic Foraminifera

Many foraminifera have developed the ability to host algal symbionts. This adapta-
tion can be highly advantageous in low-nutrient high-light environments. Commonly,
it also favors increased organism size and increasing shell complexity. This can
result in shells several millimeters or even centimeters across with elaborate and
beautiful internal structures. This evolution of large size and complex internal struc-
tures in symbiont-bearing foraminifera has been repeated independently dozens of
times over the past few hundred millions of years giving rise to many separate
groups of large benthic foraminifera. The best known of these are the nummulites
which famously are the main constituents of the Giza Limestone, one of the princi-
pal building stones of the Egyptian pyramids. They are characteristic of shallow
warm water environments such as carbonate banks and the fringes of reefs.

Larger benthic foraminifera typically have rather simple external morphologies
but elaborate internal structures and so typically are studied in thin section. Detailed
identification requires expert knowledge but can yield very useful biostratigraphic data.

2.2 Ostracods

Ostracods are minute crustaceans with two calcareous shells or valves. They are not
especially familiar as organisms to non-specialists but are in fact very widely dis-
tributed. They are similar in size to smaller benthic foraminifera, occur in similar
rock types, and can be prepared and studied using similar methods (typically rocks
are disaggregated and wet sieved and the residue picked under a binocular micro-
scope). Hence, they frequently are studied together with foraminifera. They also
occur in a broadly similar range of environments but with a significant difference
that they also occur in freshwater environments and are often abundant in nearshore
settings. So in archaeological contexts ostracods are liable to be at least as common
and useful as foraminifera. If bivalve-like shells less than 1 mm long are encoun-
tered, then it is likely they are ostracods and specialist study of them may be highly
productive. For example, in the archaeological investigation of British hominid sites
ostracods are routinely used in conjunction with smaller benthic foraminifera to
characterize aquatic environments (Whittaker 1999; Whittaker and Parfitt 2017).
Similar applications in Italian archaeology are reviewed by Mazzini et al. (2017).

2.3 Diatoms and Radiolaria

Diatoms are abundant, widespread, and diverse in freshwater settings and are widely
used in archaeological work (e.g., Hill et al. 2017). They are, however, equally abun-
dant and even more diverse in the marine realm. Benthic diatoms occur in shallow
marine water and in the open ocean pelagic diatoms are the single most important
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group of phytoplankton, especially in high productivity environments such as upwell-
ings. The group is of relatively recent origin with the oldest unambiguous examples
being Early Cretaceous in age (Sims et al. 2006) and only becoming ecologically
prominent in the Cenozoic. Marine diatoms can provide equally rich data to non-
marine diatoms when preserved, however, the diversity of diatoms means that diat-
omists will often specialize on either marine or non-marine. So different expertise may
be needed if non-marine assemblages are to be analyzed. This expertise, as with other
marine microfossils, is most likely to be found in the earth sciences. See also chapter
“Diatom Microfossils in Archaeological Settings” by Stone and Yost in this volume.
Radiolaria are a second group of organisms with siliceous tests but they are uni-
cellular zooplankton rather than phytoplankton (plant plankton). Lazarus (2005)
provides a useful modern introduction to research on the group. They are typically
around 0.1-0.2 mm across and have rather open radial structures in comparison to
the finely perforate dish-like morphology of diatoms. They have a rich fossil record
extending back into the Paleozoic, but they typically occur in the deep photic layer
of open ocean environments and so are less likely to occur in archaeological contexts.

2.4 Dinoflagellates

Dinoflagellates are single-celled flagellates of the phylum Dinoflagellata. They are a
common group of photosynthesising algae, especially in shelf-environments,
although usually less common than diatoms. The vegetative cells do not normally
leave a fossil record but within their life cycles they have a cyst-forming stage which
is much more readily preserved. The cyst walls have similar composition to plant
spores and pollen and like them are very durable. They are widely present in the fossil
record and are an invaluable group for biostratigraphy, notably in petroleum geology.
They also can provide useful paleonvironmental data especially in shallow marine
settings (see, e.g., review of Matthiessen et al. 2005). Abundances of dinoflagellate
cysts in rock are, however, rather low and typically they require acid extraction tech-
niques to prepare them for study. So, they are relatively unlikely to be encountered by
accident as opposed to as part of a specialist palynological investigation.

3 Recognition of Coccoliths and Discrimination from Other
Similar Sized Particles Which Produce Pseudo-Extinction
Figures

3.1 Introduction to Coccoliths

Coccoliths are the smallest of the microfossils, being only 1-10 pm across. Indeed,
they are possibly the smallest organic remains that are routinely identified to species
level. They are, however, enormously abundant. Individual coccoliths are calcareous
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plates which form part of a composite exoskeleton, the coccosphere, of a single-celled
alga, the coccolithophore.

The coccolithophores themselves are a subgroup of the phylum Haptophyta,
which are a group of predominantly marine flagellates. Morphologically they are
fairly simple flagellates typically with spherical or ellipsoidal cells dominated by
the nucleus, a pair of golden-brown chloroplasts, mitochondria, and golgi body. The
flagellate stages are, however, distinctive with two similar smooth flagella and a
third coiling, flagellum-like structure. This structure, the haptonema, is unique to
them. Most haptophytes produce resistant organic scales, these are produced intra-
cellularly in golgi-derived vesicles and then exocytosed to form a cell covering. In
coccolithophores this process is modified with calcification occurring on the scales
to produce much larger and more robust structures, the coccoliths (Young et al. 1999).

Coccolith formation, like scale formation, occurs inside the cell, within a golgi-
derived vesicle. It is a remarkably finely controlled process with precise biotic
determination of both crystal nucleation and growth. After coccolith formation has
ended the coccolith vesicle, which can occupy much of the cell, migrates to the edge
of cell and fuses with the cell membrane exocytosing the coccolith (Taylor et al.
2007). The coccolith then is emplaced within the coccosphere which is an extracel-
lular structure (i.e., outside the cell membrane).

Coccolithophores are not an exceptionally diverse group with only about 250
known species (Young et al. 2003, 2005); however, they do show a remarkable range
of cell morphologies. Coccolith morphologies are equally diverse, but the dominant
coccolith types are circular or elliptical disks with more or less elaborate rims. They
are formed of a radial array of complexly shaped interlocking calcite crystals.

The typical coccoliths just described are termed heterococcoliths and a compli-
cation is that many coccolithophores have a two-phase life cycle—producing het-
erococcoliths during the diploid phase of their life cycle and a different type of
coccoliths, holococcoliths, during the alternate, haploid, phase (e.g., Young and
Henriksen 2003; Billard and Inouye 2004). The holococcoliths are formed of
numerous minute (ca. 0.1 pm) euhedral calcite rhombohedra (Fig. 2g). These holo-
coccoliths are important biologically, but they have much lower preservation poten-
tial than heterococcoliths and so are much less likely to be encountered.

More significantly for microparticle analysis other coccolithophores produce
calcareous structures which do not really correspond to either the heterococcolith or
holococcolith model, for example, Braarudosphaera (Fig. 2h) and Ceratolithus in
the modern plankton and Discoaster in the fossil record. These forms are collec-
tively termed nannoliths and are studied along with coccoliths, although they prob-
ably have variable relationships to true coccoliths (see Young et al. 1999 for
discussion). When it is necessary to explicitly include both coccoliths and nanno-
liths the terms calcareous nannofossil or calcareous nannoplankton can be used and
these are very widely used in the geological literature. Indeed, geologists are liable
to us the words coccolith and nannofossil almost interchangeably. Nannoliths can
be abundant and useful. Typically they have rather simpler morphologies and are
formed of fewer crystal units than heterococcoliths, and so can be more difficult to
distinguish from non-biogenic particles.
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10 pm (0.01 mm)

Fig. 2 Coccolithophore diversity. Seven extant species, collected from plankton samples, showing
the wide range of shapes and sizes in both the complete coccospheres and their constituent coc-
coliths. (a) Emiliania huxleyi, (b) Gephyrocapsa ericsonii, (¢) Syracosphaera azureaplaneta, (d)
Pappomonas borealis, (e) Helicosphaera carteri, (f) Coccolithus pelagicus, (g) Poricalyptra
isselii, (h) Braarudosphaera bigelowii. All images at the same scale
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3.2 Geological Distribution

Coccoliths first occur in the Late Triassic (ca. 210 Ma) but at low abundances and
diversities. They underwent a major radiation in the Early Jurassic and then became
gradually more abundant and diverse through the Jurassic and Cretaceous (Bown
et al. 2004). The Late Cretaceous was time of very high global sea levels which
brought open marine sedimentary conditions onto the continental shelves and in
particular resulted in chalk being a very widespread rock type. Late Cretaceous
chalk is often predominantly (70-90%) composed of coccoliths and this was clearly
a high point for the group in terms of both diversity and abundance.

At the end of the Cretaceous (66 Ma), the mass extinction severely affected the
group (e.g., MacLeod et al. 1997; Bown 2005). Only a very few species survived
and none of the common Cretaceous species. Subsequently, there was a radiation of
new forms during the Paleocene (66-56 Ma), but the new Cenozoic assemblages are
distinctly different to the Mesozoic ones. During the Paleogene coccoliths probably
recovered to similar abundance levels in the open ocean to those seen in the
Cretaceous although lower sea levels mean that calcareous ooze/chalk sedimenta-
tion was largely confined to deep-sea sediments. Through the Neogene coccolitho-
phores have become less abundant, possibly due to global cooling and/or completion
with diatoms and now form a smaller proportion of deep-sea calcareous sediments
(typical 10-30%) (Sucheras-Marx and Henderiks 2014).

3.3 Recognition of Coccoliths

Hand specimen—coccoliths are too small (<1/100 mm) to seen by the naked eye,
with a hand lens or a binocular microscope. En masse they will appear as fine pow-
der, with Late Cretaceous chalk being the archetypal example.

Thin section—typical rock thin sections are prepared to 35 pm thickness, while
coccoliths are only 5-10 pm thick, so they are usually not easily seen but rather
contribute to the very fine carbonate fraction—micrite. The presence of coccoliths
can, however, be checked for by examining fine particles at the edge of the slide, in
cross-polarized light at high magnification.

Scanning electron microscopy—coccoliths are near the limit of resolution even
for electron microscopes but most instruments are capable of imaging them (Fig. 3).
In pristine sediments identification is easy (Fig. 3a) but with even mild diagenesis
dissolution and overgrowth can make the forms less regular and less obviously bio-
genic (Fig. 3b, c). However, the combination of a ring or disk-like shape, a radial
structure formed of multiple crystals, and consistent rather complex morphologies
are all strongly characteristic. If they are common it should also be relatively easy
to confirm that they really are nannofossils by using standard references to identify
the most abundant forms.
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Fig. 3 Coccolith appearance on SEM surfaces. Three rock samples showing coccoliths on broken
surfaces. (a) Quaternary chalk from the Caribbean showing abundant pristine Coccolithus pelagi-
cus. (b) A typical Cretaceous chalk surface (chalk fill of the Uffington White Horse, UK) showing
numerous moderately well preserved ring-like coccoliths and rod-like nannoliths. (¢) Poorly pre-
served coccoliths and nannoliths in a fragment of hard chalk, from base of a medieval artifact.
Scalebars 10 pm
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Polarized light microscopy of strew mounts—Coccoliths are formed of calcite
which is the most birefringent common mineral (d = 0.172) so they show bright
interference colors in cross-polars. Indeed coccoliths and other nannofossils are
typically only 1-5 pm thick and so show bright first-order birefringence colors
while most other minerals of this size, including clay, quartz, and biogenic silica,
show very low birefringence. Moreover, since most heterococcoliths are radial
arrays of calcite crystals they typically show pseudo-extinction crosses (Fig. 4a, b).
These are readily seen in cross-polars and since different coccoliths have different
crystal arrangements they also are useful for identifying species. So cross-polarized
light is the standard routine technique used both for testing for the presence of coc-
coliths and for assemblage analysis.

Coccoliths are both abundant in rock samples and very readily transported so
they can easily occur in a wide range of samples. Hence, in microparticle analysis it
may be important to be able to confidently identify them. Also they might some-
times be confused with other microparticles which produce pseudo-extinction
crosses, such as starch grains, dung spherulites, or diagenetic crystals. In general,
however, such structures are formed by inorganic processes or by biologically medi-
ated biomineralization under much less precise control than the biologically con-
trolled biomineralization of coccoliths. This results in their structures being less
regular in size and structure and less complex in morphology.

Coccoliths typically show ring like structures rather than simple radial struc-
tures, they are often regularly elliptical (Fig. 4b, e) rather than circular, usually any
individual species in a sample will only show a two- to threefold range in dimen-
sions, and they frequently show complex structures such as spines or central crosses
(Fig. 4e, f). Careful focussing through specimens will often show that the morphol-
ogy is disk-like rather than spherical and that the two sides of the disk are different.
Identifying coccolith species in the light microscope requires some experience but,
as in the SEM, if they really are coccoliths then it should be possible to find reason-
able matches for common forms in a sample.

Nannoliths (e.g., Fig. 4c, d) can cause more problems since some nannoliths
(e.g., Ceratolithus, Minylithus, Quadrum) have simple morphologies which are not
obviously different from non-biogenic particles and others are compact radial forms
which produce simple pseudo-extinction figures (e.g., Sphenolithus, Fasciculithus).
However, it is unusual to have an assemblage in which nannoliths are present with-
out coccoliths being at least as common. As a general rule, if all the specimens are
only vaguely coccolith-like, with no unambiguous coccoliths present, then they are
probably are not coccoliths.

3.4 Applications of Coccoliths in Archaeology and Related
Fields

As with other marine microfossils there are two main types of occurrences and
applications of coccoliths in archaeology; in situ coccoliths which can be used for
environmental and age information and coccoliths contained in artifacts made of
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Fig. 4 Coccoliths in the light microscope. Images of six nannofossil species, each illustrated in
cross-polarized light, phase contrast, and by scanning electron microscopy. The pairs of light
microscope images are of the same specimen; the SEM image is of the same species but a different
specimen. (a) Calcidiscus macintyrei (Pliocene heterococcolith); (b) Cyclicargolithus floridanus
(Miocene heterococcolith); (¢) Discoaster pentaradiatus (Pliocene nannolith); (d) Sphenolithus
moriformis (Miocene nannolith); (e) Grantarhabdus coronadventis (Cretaceous heterococcolith);
(f) Rotelapillus crenulatus (Cretaceous heterococcolith). All light micrographs at the same scale
(scalebar below a); SEMs scalebar = 2 pm
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ceramics or rock which may be used for paleoprovenancing (e.g., Quinn 2017;
Dunkley Jones et al. 2017). Since coccoliths are almost exclusively marine they are
not common in archaeological settings and may be of low diversity. They can, how-
ever, sometimes be useful to determine if environments are marine and if they are
present they may provide age data on the sediments. The use for age determination
is due to the fact that the dominant subgroup, the reticulofenestrids (genera
Reticulofenestra, Gephyrocapsa, Pseudoemiliania, and Emiliania) evolved remark-
ably rapidly during the Quaternary. So it is often possible to give ages to about
100 ka, or to determine for example which interglacial period a sample came from.
This can be useful in ancient archaeological contexts.

For paleoprovenancing of artifacts, the great advantage of coccolith is that they
are extremely small so minute scrapes of material can be studied. So, samples have
been prepared from individual mosaic tesserae (e.g., Wilkinson et al. 2008), from
the underside of stone objects, or even from the chalk ground of paintings (e.g.,
Perch-Nielsen and Plahter 1995). For example, the specimen shown in Fig. 2c was
taken from the base of a medieval artifact, the Folkton Drum. Although the fragment
is less than 0.05 mm across it contains enough identifiable coccoliths to prove it was
from Late Cretaceous chalk, as opposed to the alternative identification of Permian
Magnesian Limestone (Middleton et al. 2004).

The disadvantage of coccoliths for this type of work is that they usually can only
give information on the geological age of the sample and coccolith-bearing rocks of
a given age may be very widespread. Determining the geological age of a rock
specimen is useful but will rarely uniquely determine its provenance. As another
example, a study I was involved in with archaeologists from the British Museum
concerned Egyptian stelae (engraved stone tablets) discovered on Malta (Young
et al. 2009). It had been speculated that the tablets might have been made locally.
Coccoliths from the samples proved to be Eocene in age, whereas the limestones on
Malta are Middle Miocene in age. The Eocene age is typical of limestones used in
Egypt and so supported the alternative hypothesis that the stelae were made in
Egypt and transported to Malta (possibly as ship’s ballast), as was supported by
stylistic analysis of the stelae.

3.5 Sources of Further Information

There is a large specialist literature on fossil coccoliths. The most accessible refer-
ence work is the book Calcareous nannofossil biostratigraphy (Bown 1998) includ-
ing particularly chapters on techniques (Bown and Young 1998), the Neogene (Young
1998), and Quaternary (Hine and Weaver 1998), an older but still valuable synthesis
is provided by Perch-Nielsen (1985a, b) in the book Plankton Stratigraphy (Bolli
et al. 1985). For discussion of broader topics there have been recent reviews on coc-
colith functional morphology (Monteiro et al. 2016), biogeographic distribution
(Poulton et al. 2017), and ecology (Balch 2018). The single most accessible source
is, however, provided by the website Nannotax (www.mikrotax.org/Nannotax3).
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This site has been developed over the past decade and includes a comprehensive
taxonomic catalogue of original descriptions and illustrations linked to a database of
modern taxonomic concepts. It includes ca. 20,000 images and covers all extant and
fossil species. This is one of the most comprehensive databases available for any
group of fossils and has become a standard reference source for workers in the sub-
ject. For non-experts, it allows easy look up of any taxon name to obtain reliable data
on the modern taxon concept and geological range. Identification of taxa on the site
requires some knowledge, but is facilitated by the ability to search by morphological
characters and/or geological age, and by illustrated overviews which allow browsing
through the taxonomy.

4 Conclusion

Marine microfossils are a very large and diverse group of organisms which can
provide an immense amount of data. On the other hand, they are not usually present
in terrestrial environments and so are only occasionally encountered in archaeologi-
cal microparticle analysis. So, while it is useful for researchers undertaking such
studies to be able to recognize marine microfossils there is relatively little require-
ment for any researcher to specialize in the study of marine microfossil in archaeol-
ogy. Instead, it makes better sense to involve micropaleontologists with appropriate
specialist expertise from geological backgrounds when there is need for this type of
analysis.
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1 Introduction

The remains of diatom skeletons (as ecofacts) have been used as a component of
archaeobiology for more than 70 years. Most of the earliest research arose from col-
laboration between diatomists and archaeologists (Battarbee 1988; Florin 1948).
Since then, diatoms have increasingly been used to provide environmental and con-
textual information, both directly and indirectly, which has enhanced the relevance
of their identification in archaeological settings (Battarbee 1988; Cameron 2013;
Juggins and Cameron 2010; Mannion 1987; Miller and Florin 1989; Weiner 2010).
As an environmental indicator for materials collected from archaeological sites,
diatoms are probably under-utilized with respect to their potential; this is likely due
to the need for expert analysis to provide reliable information given the immense
species diversity of diatoms and the associated challenges in identification (Kociolek
et al. 2015b). And, while the use of diatoms in archaeobiology has gained traction,
the information they can provide is more commonly buried in technical reports (see
The Digital Archaeological Record—https://www.tdar.org/) or as supporting infor-
mation (Battarbee 1988; Cameron 2013) instead of being at the forefront of pub-
lished findings.

Case studies exemplifying diatom archaeobiology have been integrated into sev-
eral previous reviews (Battarbee 1988; Cameron 2013; Juggins and Cameron 2010;
Mannion 1987). The intention of this paper is to provide a broad overview of the
application of diatoms in archaeobiology and not just to focus on a few case studies.
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This includes providing non-specialists a guide to recognizing diatoms in their
materials. To that end, this paper discusses what diatoms are, how they can be
extracted for analysis, and how they can be distinguished from other siliceous
microfossils. We also discuss why diatoms are powerful tools for providing environ-
mental and contextual information and provide cautions regarding their use or inter-
pretation. Owing to the complexity of diatom taxonomy and the diversity of skeletal
forms, reviews such as this can not feasibly provide enough information to replace
the need for a specialist. However, a better understanding of the strengths and weak-
nesses of using diatom skeletal remains can, hopefully, provide a better toolkit for
exploring archaeological questions that diatoms may be uniquely capable of
answering.

2 What Are Diatoms?

Diatoms are a microscopic, unicellular golden-brown algae that are common to all
aquatic ecosystems (Round et al. 1990). Typically diatoms are silt-sized, with frus-
tules ranging between 2 and 300 pm; a few very large diatom species can be up to
500 pm in the longest dimension. However, diatoms can live singly or in a range of
colony types that together can be large enough to be visible without the aid of a
microscope (Spaulding et al. 2019). Most diatom species are identified by the char-
acteristics of their siliceous cell wall, known as a frustule. Diatom frustules are com-
posed of two valves. Each frustule has one valve that is slightly larger and older
(epitheca) than the other (hypotheca). The valves fit together similar to a Petri dish
or hatbox and are bound together by a series of linking siliceous bands, known as
cingula (Battarbee et al. 2001). Diatom valves are perforated by a number of differ-
ent types of apertures that can be used to communicate with the environment (Fig. 1).
It is by these openings that diatoms are able to move, attach to substrates, and
exchange waste products or nutrients (Kociolek et al. 2015a, b; Round et al. 1990).

In most aquatic ecosystems, diatoms are major contributors to the primary pro-
duction (Armbrust 2009; Smol and Stoermer 2010). Although some diatoms can be
heterotrophic (Ishii and Kamikawa 2017) or live in symbiotic relationships (Lee
2011), the majority of diatoms are autotrophic, requiring sunlight to grow (Battarbee
et al. 2001; Round et al. 1990). Diatoms can reproduce very quickly, asexually,
through binary fission. Each daughter cell takes one of the parent valves and creates
one new valve internally prior to separating. Because the newly-formed valves are
created internally, the daughter cells typically result in one cell remaining the same
size (formed from the parent’s epitheca) and one cell being slightly smaller (formed
from the parent’s hypotheca). The net effect is that the population clones itself
quickly but gradually diminishes in size (Round et al. 1990). As the population size
decreases, an environmental or size-related trigger occurs and the population
switches to sexual reproduction. Sexual recombination results in the formation of
auxospores, which regenerates the diatom cells to the largest size; this allows the
population to return to asexual reproduction (Mann 2011). As a result of this
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Fig. 1 Scanning electron
image of a diatom frustule
(Encyonema); scale bar

5 pm

reproductive strategy, diatom species identification can occasionally be complicated
when the full species size series does not occur in the materials being analyzed
(Smol and Stoermer 2010).

Diatoms are thought to have evolved ~150 million years ago (Jurassic Period) in
the marine realm and have subsequently developed an enormous species diversity
(Armbrust 2009; Sims et al. 2006). Fossil diatoms are common components of
freshwater lake deposits of Late Eocene (~35 million years ago) age and younger
(Sims et al. 2006; Siver and Wolfe 2007; Wolfe et al. 2006; Wolfe and Edlund 2005).
There is an immense number of diatom taxa, with more than 200 accepted genera
and conservative estimates for extant species starting at around 20,000 (Guiry 2012)
and ranging up to more than 2 million species (Spaulding et al. 2019). Diatoms form
the base of the food web in many parts of modern oceans (Armbrust 2009) and in
nearly all lake and river settings (Battarbee et al. 2001; Round et al. 1990).

Diatoms are highly adaptable and have evolved to live in nearly every known
habitat where some light and at least periodic exposure to water is available (Smol
and Stoermer 2010). Many diatoms have adapted to live in highly specialized
extreme aquatic habitats, including those that are highly acidic (DeNicola 2000),
highly basic (Kociolek and Herbst 1992; Verschuren et al. 1999), hot springs (Bonny
and Jones 2003; Jones and Renaut 2006; Konhauser et al. 2004; Owen et al. 2008a,
b), extremely low nutrient conditions (Cremer and Wagner 2003; Michelutti et al.
2003), within highly saline environments (Clavero et al. 2000; Kirkwood and
Henley 2006), within sea ice (Ligowski et al. 1992), and at extremely high eleva-
tions (Jiittner et al. 2000; Nautiyal et al. 2004). Diatoms can even be found living in
aerophylic environments such as tree bark (Kharkongor and Ramanujam 2014),
tank bromeliad water pools (Killick et al. 2014), moist soils, moss, attached to cave
walls (Lowe et al. 2013) and other surfaces where there is exposure to natural or
artificial light (Johansen et al. 1981; Mcmillan and Rushforth 1985; St. Clair et al.
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1981; St. Clair and Rushforth 1976). Owing to their high diversity and environmen-
tal specialization, diatoms are sensitive to a wide range of environmental parameters.

The morphology of diatom frustules is also often adapted to the environment in
which the diatoms live. As such, many diatoms can be placed into broad ecological
groups, based solely upon features of the frustule. For example, diatoms that live
attached to substrates commonly have a raphe structure—a long slit-like opening in
the valve—that is often used to attach the cell to a substrate or to sibling cells within
a colony (Round et al. 1990). Benthic diatoms commonly use the raphe structure
(Fig. 2) to move along the surface of substrates to which they are attached (Cohn and
Weitzell 1996). Diatoms without raphe structures lack motility, and as such are
either plankton or sessile. Additionally, diatoms are also commonly subdivided
based upon the symmetry type of their valves. Diatoms with frustules that express
symmetry around a point (centric) commonly lack raphe systems, whereas diatoms
with frustules that express symmetry around a plane (pennate) are often subdivided
into araphid and raphid morphological groups (Round et al. 1990). Similarly, many
diatom frustules have distinct morphological structures called apical pore fields,
from which the diatom may exude materials to allow it to attach to substrates. Since
these morphological components of the frustule serve specific purposes, these and
other features of the frustule can provide clues to the life habits of diatoms even if the
species is extinct.

As mentioned above, diatoms may live in a very wide variety of environments.
Diatom habits can broadly be divided into those that float in water (plankton) and
those that live attached to a substrate (benthic). Since almost all diatoms require the
presence of light to live, and deeper water habitats tend to have a very limited num-
ber of sunlit substrates, functionally this division separates most diatoms that are
abundant in deeper water from those that are abundant in shallower water (Stone
and Fritz 2004). However, the types of substrates to which diatoms attach can also
vary widely, enhancing our ability to use them as environmental indicators. For

Fig. 2 Scanning electron
microscope image of a
raphid pennate diatom
(Pinnularia). Arrows
indicate the slit-like
external expression of the
raphe system
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example, some genera are known to exclusively attach to other biota (epizoic). In
some cases, epizoic diatom taxa are highly selective of which biota they grow upon;
for example, the marine genus Tursiocola grows exclusively on the skin of ceta-
ceans (Frankovich et al. 2015) and Synedra cyclopum is an epizoic species com-
monly found living attached to crustacea in cool-water lakes (Patrick and Reimer
1966). Benthic diatoms often inhabit specialized microhabitats, such as living
attached to plants or other macrophytes (epiphytic), attached to mud (epipelic),
attached to rocks (epilithic), attached to sand (epipsammic), flowing water (rheo-
philic), within the near surface of soils (edaphic) or the many subaqueous environ-
ments discussed above (aerophilic). If this information is known for a diatom taxon,
this greatly enhances our ability to interpret their presence in ancient aquatic or
archaeological settings.

Diatom frustules are composed of rigid opaline silica; when the organism dies
the skeleton is readily preserved as a fossil. This characteristic, combined with their
wide distribution and sensitivity to environmental parameters (Fritz 1996), has
resulted in the use of the diatoms to monitor or reconstruct a very large range of
environmental and paleoenvironmental conditions. Examples of reconstructed
parameters include water chemistry (Battarbee et al. 2001; Flower 2017; Fritz
1996), nutrients (Michel et al. 2006; Potapova et al. 2004; Potapova and Charles
2002), salinity (Fritz 1990), pH (Birks et al. 1990), light intensity (Vinebrooke and
Leavitt 1996), water depth (Stone and Fritz 2004; Wigdahl et al. 2014), convective
mixing (Saros et al. 2012; Stone et al. 2016), substrate type (Kingston et al. 1983),
flowing water (Thoms et al. 1999), and to some degree water temperature, although
mostly indirectly (Anderson 2000).

3 How Are Diatoms Useful for Archaeological Research?

Due to their small size, preservable fossil skeleton, and high concentration in both
water and sediments such as lake muds and clays, diatoms are easily transported
away from aquatic environments or ingested by migratory organisms that utilize
water resources. Human settlements also tend to be established near easily accessi-
ble water resources. As such, humans tend to be major agents for the redistribution
of living and fossil diatoms (Kociolek and Spaulding 2000). Diatoms can colonize
practically any reservoir of water that meets their specific requirements for sunlight,
nutrients, and aquatic or semi-aquatic environmental conditions (Battarbee et al.
2001). As a result, diatoms are capable of quickly becoming distributed widely.
Invariably, this results in some fossil diatom materials ultimately preserved together
with any archaeological remains (Battarbee 1988).

Fossil diatom materials have been collected and analyzed from a wide range of
environments that might provide relevant archaeological information (Cameron
2013; Juggins and Cameron 2010; Mannion 1987; Winsborough 1995). Here we
divide their use in archaeological settings into two broad groups: (1) examples
where fossil diatom remains have been found in situ in sediments adjacent to human
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settlements and thus used to provide environmental context; and (2) examples where
diatom microfossil remains have been found directly within archaeological materi-
als, typically introduced by human activities, and subsequently used to provide
information about human culture, practices, or the surrounding environments from
which diatom microremains have been imported (i.e., archaeobiology).

3.1 Use of Diatom Remains from Sediment Records

Traditional uses of fossil diatom assemblages as biological indicators from lacus-
trine, palustrine, or marine sediments have provided numerous examples of context
regarding regional climate or local landscape changes that profoundly influenced
prehistoric civilizations around the world (Jensen et al. 2004; Metcalfe and Davies
2007; Owen et al. 2008a, b; Tapia et al. 2003; Whitmore et al. 1996). Many of these
examples highlight the use of diatoms to reconstruct changes in lake depth, using
the ratio of planktonic to benthic diatom taxa found in sediments (Wolin and Stone
2010), linked to long-term changes in the regional hydroclimate. There are also
many examples of diatoms collected from diatom-rich strata or diatomites within or
adjacent to sites of archaeological interest, particularly in arid settings around spring
deposits in the American Southwest (Blinn et al. 1994; Meltzer 1991; Winsborough
1995), lakes in Mexico (VanLandingham 2004, 2006) and lakes or springs in Africa
(Ashley et al. 2009; Owen et al. 2008a, b, 2012; Robbins et al. 1996; Williams et al.
1979) and wetlands in the Balkans (Ognjanova-Rumenova 2008; Ognjanova-
Rumenova and Zaprjanova 1998); fossil diatom remains are often used in these
settings as a primary tool for developing environmental context.

Fossil diatom remains in lacustrine sediments can also be used to provide infor-
mation about how ancient human activities have modified the landscapes in which
they lived. This can include intensive changes to aquatic environments, such as the
impact of Late Holocene crannog development (O’Brien et al. 2005; Selby and
Brown 2007) and the construction of dams, or more subtle changes, such as evi-
dence of the influence of whaling practices in prehistoric communities (Douglas
et al. 2004). Since diatoms are particularly sensitive to changes in nutrient flux to
lake systems, diatoms have been used extensively, together with changes recorded
in fossil pollen or phytoliths, to track land-use changes and agricultural practices
(Bichet et al. 2013; Ekdahl et al. 2004, 2007; Mannion 1987; Ognjanova-Rumenova
and Zaprjanova 1998; Trombold and Israde-Alcantara 2005; Widgren et al. 2016),
or cultural eutrophication (Fritz 1989; Gillson et al. 2018; Haworth 1985; Mannion
1987; Miller et al. 2004). Changes in fossil diatom assemblages have provided
information on the timing of regional deforestation in a number of studies. These
records often show changes in assemblages driven largely by diatom response to
erosion or changes in regional runoff patterns. Diatoms have been shown to be par-
ticularly useful where anthropogenic deforestation has had a substantial influence
on local water levels (Fritz 1989; Horrocks et al. 2007; Sniderman et al. 2009) or pH
(Stabell 1993). Numerous examples of changes to the landscape produced by pre-
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historic civilizations affecting local lake sedimentation or water quality, and recon-
structed by fossil diatom analysis, are presented in detail in Mannion (1987).

Fossil diatom assemblages from lake sediments also can act as excellent archives
of extreme flooding events. A number of researchers have taken advantage of this in
archaeological settings to explore the effect of catastrophic hydrological events on
Late Holocene prehistoric human settlements. Along the northwestern coast of the
United States, abrupt shifts in the environment identified by using fossil diatom
assemblages have been interpreted as indicators of earthquake-induced subsidence
and tsunami events (Cole et al. 1996; Hemphill-Haley 1995; Sherrod 2001). These
tsunami deposits are thought to have buried numerous occupation sites under a meter
or more of sediment. Winsborough et al. (2012) provide a more direct example of
catastrophic flooding events that affected Pachacamac settlements from sediment
cores collected from a lagoon along the coast of Peru. In that study, fossil diatom
remains were used together with other biological indicators, to provide evidence for
four major floods alternating with severe droughts in the Andean highlands over the
last 2000 years.

This approach has even been extended into the last several million years by ana-
lyzing ancient lake sediments and diatomite deposits to provide answers about global
climatological phenomena that might have had a substantial impact on human evolu-
tion (Campisano et al. 2017; Cohen et al. 2007; Gasse 2000; Gasse and Street 1978;
Stone et al. 2011). Jackson et al. (2015) provide an excellent example of how fossil
diatom remains can provide answers to long-standing anthropological questions.
This study exploited the occurrence of volcanic cryptotephras with Lake Malawi
sediments to explore and ultimately refute the notion that the Toba Eruption
(~75,000 years before present) had a significant bottleneck effect on early human
populations. Their results showed no sustained large-scale changes in the fossil dia-
tom assemblages, or other bioindicators within the sediments (Yost et al. 2018), prior
to or after the eruption. This indicates that the lake and surrounding landscapes that
early humans inhabited were not likely to have been catastrophically affected. More
direct uses of changes in fossil diatom remains include providing information about
the quality or type of water resources adjacent to early human settlements. For exam-
ple, Ashley et al. (2009) showcase the use of fossil diatoms from spring deposits
adjacent to Oldowan sites to provide information about whether hominid use of
water resources changed during extensive wet or dry periods. Here diatoms were
able to provide information regarding the water chemistry (fresh vs. brackish), which
could in turn be used to reconstruct wet and dry periods. From this information, a
pattern emerged regarding materials used and the frequency of artifacts in wetter and
drier periods that helped determine how hominids were exploiting available resources.

Since diatoms are highly adapted to different environments along salinity gradi-
ents, marine and freshwater diatoms are usually easily distinguishable from each
other. This has led to the use of diatom remains in coastal settings where human
settlements occur to help determine whether local water resources were potable,
brackish, or saline. These include some of the earliest studies of fossil diatom
assemblages in archaeological settings (Mannion 1987) and extensive analysis of
diatoms for archaeological environmental context in estuarine settings (Jansma
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1982; Juggins 1992; Miller and Florin 1989; Milne et al. 1983; Nunez and Paabo
1990). This topic has been the focus of several prior reviews of the use of diatoms
in archaeology; fossil diatom remains have provided information regarding the
reconstruction of sea level, river quality, and tidal influence of the Thames during
the early Roman and pre-Roman periods (Battarbee 1988; Juggins 1992; Juggins
and Cameron 2010; Miller and Florin 1989). Here the presence of brackish-water
species could be used to provide context for the timing of the tidal head of the
Thames River into London. This transition could then be dated to provide informa-
tion on the timing (Late Bronze Age) for this event and also provide some under-
standing of how rapid and continuous these transitions were. Using a similar
understanding of the relationship between fresh and brackish-water taxa, diatoms
have also been used to detect patterns of transgressive-regressive sequences affect-
ing abandonment and reoccupation around the coastline of the Baltic Sea (Battarbee
1988; Juggins and Cameron 2010), prehistoric sites around the coast of the
Netherlands (Battarbee 1988; Jansma 1982, 1990; Juggins and Cameron 2010;
Mannion 1987), and ancient Roman harbors (Cameron 2013).

3.2 Use of Diatoms in Archaeobiology

As discussed above, diatoms are capable of colonizing practically any aquatic or
semi-aquatic environment. This includes environments that are only occasionally
wet or contain trace levels of nutrients essential for their growth (Cremer and
Wagner 2003; Kharkongor and Ramanujam 2014; Killick et al. 2014; Lowe et al.
2013). As such diatoms can readily colonize human-built structures designed to
retain or move water (Battarbee 1988; Cameron 2013; Juggins and Cameron 2010).
Fossil diatom remains also have regularly been recovered from clay or rock materi-
als fabricated from lake sediments and diatomite outcrops. One of the most com-
mon applications of diatoms in archaeobiology is as a provenance tool in the
typology of archaeological materials (Battarbee 1988; Juggins and Cameron 2010).
In these cases, something about the diatom assemblage provides information regard-
ing the source of the clays or other earthen materials. Diatom microfossil remains
are small enough to be incidentally digested with other foods and often can pass
through digestive systems without damage to the frustule. Several studies have used
fossil diatoms (together with phytoliths, starch grains, and many other microfossils
discussed in this volume) collected directly from dental calculus (King et al. 2017),
bones (Peabody and Cameron 2010), or fecal materials (Chicoine et al. 2015;
Horrocks et al. 2003) to provide information about prehistoric diets or potentially
food processing techniques (Fig. 3).

Human-built or human-dug structures used to import or retain water within settle-
ments, such as privies, cisterns, canals, ditches (Jansma 1978), moats (Benes et al.
2002; Keevill 2004; Nunez and Paabo 1990), aqueducts, wells (Neely et al. 1995), and
other retention structures, are common sites where fossil diatoms have been found in
archaeological settings (Battarbee 1988; Juggins and Cameron 2010). In these cases,
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Fig. 3 Fragmented
frustule from a marine
diatom (Coscinodiscus)
recovered from human
dental calculus, which
could be used to determine
the salinity of nearby water
sources and suggesting a
potential coastal diet

diatoms are usually assumed to have colonized structures and fossils are thought to
represent in situ assemblages living in built environments (Juggins and Cameron 2010).
Similar to lake sediment studies, analyses of fossil diatom assemblages in these materi-
als have provided archaeologists with the environmental context of the water within the
structures, such as the concentration of organic pollution or salinity (Keevill 2004). In
some cases, context for the aquatic environment can provide important clues about the
function of the structures, for example, the presence of marine diatom taxa has been
used to help identify structures as fish traps, and marsh environments reconstructed
from sediments a hand-dug structure was excavated from was used to help determine
that it was actually a well (Godbold and Turner 1993; Neely et al. 1995).

As water resources are often ported into human settlements for cooking or other
uses, fossil diatom remains can often be obtained from hearths (Risberg et al. 2002),
occupation floors (Bar-Yosef et al. 1992), cooking areas, middens, or other sites
where water collected from local resources are used (Battarbee 1988; Juggins and
Cameron 2010; Mannion 1987) or food is processed (Denys 1992). As a result, it
may also be possible to recover diatom microfossil remains from instruments used
to process, store, or prepare foods, such as stone tools and cooking residue from
steatite and ceramic containers (Fig. 4). Diatoms could also be useful in helping to
identify plant resources such as roots and stems derived from aquatic habitats, par-
ticularly if they are epiphytic or edaphic taxa.

Because fossil diatoms are a common constituent of mud, diatoms have been
collected from bricks (Flower 2017) and clay tablets (Tuji et al. 2014). Diatoms
regularly have been analyzed from other fabricated ceramics, particularly pottery
(Battarbee 1988; Gibson 1986; Hakansson and Hulthén 1988; Jansma 1982; Juggins
and Cameron 2010). This technique suggests they could potentially be recovered
from other commonly constructed items, such as pipes and figurines. There is a long
tradition of using diatom remains in ceramics as a means to trace potential sources
of clay (Battarbee 1988; Gibson 1986; Matiskainen and Alhonen 1984). Battarbee
(1988) discusses several case studies where diatoms have been recovered from
ceramics. Common uses include providing pottery typology, relating clay to local
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Fig. 4 Frustule of an
aerophilic diatom
(Hantzschia) collected
from hearth materials in
archaeological settings

sources, excluding local clay sources, and indicating preferences for clay types in
pottery. Despite numerous examples of the use of diatoms recovered from ceramics,
there are also quite a few potential pitfalls with this approach which can limit its
effectiveness. These are discussed in detail below.

Diatom microfossils can also be recovered directly from human structures that
use or are built within earthen materials, such as cave walls (Cennamo et al. 2012;
Falasco et al. 2014), gravesites (Sdlkovi et al. 2015), and dwelling structures with
earthen floors or daubed with mud. The abandonment of archaeological features,
such as pit houses, post holes, storage pits, or agricultural plots, also can lead to
microhabitats favorable for the growth of diatoms. Diatom analyses of these materi-
als can often provide information regarding the original sources of building materi-
als or the nature of the aquatic environments from which they are derived.

For example, a recent study revisited a classic prehistoric wetland settlement in
the UK known as Glastonbury Lake Village with a multi-proxy microfossil approach
(Hill et al. 2019). This Iron Age site was a coastal settlement that had layers of occu-
pation floors preserved. Prior research had assumed to be derived from nearby coastal
mudflats; however, diatom analysis of these sediments showed that the origin was a
purely freshwater source. These findings suggest that materials were transported
from longer distances by settlers, despite the presence of local wetland mud sources.

A particularly interesting study is presented in Bathurst et al. (2010), which uses
diatom microfossil remains to explore turf structures from an ancient Viking Age
farmstead in Iceland. Although turf traditionally was used as one of the main
building components in this region at the time, often there is little evidence of their
existence remaining on the landscape today. In this study, fossil diatom remains
imbedded in the turf were used not only to identify the presence of turf-based struc-
tures but also to discriminate different archaeological features based on the types of
diatoms associated with them. Because a subset of diatoms can live in soils, attached
to moist cave walls, and other subaerial habitats, it may be difficult to separate fossil
diatoms occurring within materials being used from those of aerophilic species that
may be in situ, having colonized the built environments.
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Diatom frustules are siliceous and as such will not dissolve in most acids; they
can pass through the digestive systems of organisms and can readily be recovered
from dung (Golyeva 2012), human coprolites (Horrocks et al. 2003), or guano, to
provide important information about landscape uses or cultural practices related to
food sources. In cases where human coprolites are recovered, fossil diatoms recov-
ered from these materials can also be used to help determine something about the
diet of the people who consumed them. For example, the presence of marine dia-
toms in coprolites has been used to help determine whether people consumed
marine fish (Horrocks et al. 2007). Diatom frustules are also capable of entering the
lungs of organisms when water is aspirated and can pass through alveoli in the lungs
and enter the bloodstream. There they eventually become deposited in the marrow
of bones, allowing fossil diatom remains to potentially be recovered directly from
the bones of organisms, including human remains (Peabody and Cameron 2010).

4 How Are Diatoms Recovered from Archaeological Samples

The diatom frustule is made of an opaline silica. This makes it easy to preserve and
resistant to most acid-based chemical processing that might be used to extract diatom
fossil materials from samples. Processing techniques required tend to be specific to the
type of sample materials being analyzed. However, generally, diatom fossil extraction
techniques are meant to reduce any materials that may obscure a complete view of the
frustule in light microscopy or scanning electron microscopy. These techniques often
follow a pattern of first digesting any organic materials and then removing carbonates
or other easily dissolved materials. For most archaeobiological materials, additional
treatments will be required to remove detrital grains, which can include filtering, timed
settling, or heavy liquid separation techniques. For diatom frustules that are incorpo-
rated into artifacts or manufactured materials, additional chemical treatments may be
required to extract diatom frustules. It should be noted that fossil diatom remains are
readily observable in a microscope from simple wet mounts or smear slides, but typi-
cally require extraction from the sample for species-level identification.

4.1 Extraction of Diatoms from Indurated or Ceramic Materials

Where the diatom materials are highly indurated or not easily extracted through
chemical processing techniques, sometimes diatom fossil materials can be recov-
ered in sufficient concentrations by simply scraping or grinding the original materi-
als. Afterward, processing techniques described above as appropriate for the
material type can be used on the scraped or ground materials. This sort of approach
has commonly been used when diatom frustules need to be extracted from diato-
mites (Ashley et al. 2009; Owen et al. 2004), where the concentration of diatom
frustules makes it possible to avoid damaging most of the valves when separating
them from the source rock.
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Diatom frustules can be observed in microscopic thin sections, which is a com-
mon approach to analyzing ancient ceramics. However, species identification in thin
sections is challenging. Valves can be obscured by clay particles and thin sectioning
may result in diatom valves that are exposed in transected views (Hakansson and
Hulthén 1986; Harris-Parks 2016). In most cases, diatom frustules can be extracted
by dissolving fired clays without damage to the valves. When diatoms are being
extracted from pottery or other clay-based artifacts, the original materials are typi-
cally broken into small pieces and placed in a weak concentration (10%) of phos-
phoric acid at a constant temperature of 50 °C for 7-10 days (Hakansson and
Hulthén 1986). Because diatom frustules for some species are delicate, aggressive
techniques may fragment or destroy fossil remains. Particular care should be taken
to limit exposure to strong bases, which can result in the dissolution of opaline silica
(Barker et al. 1994; Ryves et al. 2001) or extensive or aggressive agitation such as
long exposure to intense vibrations in an ultrasonic water bath (Battarbee et al. 2001).

4.2 Extraction of Diatoms from Sediments

To recover fossil diatoms from lake sediments, peats, or other organic-rich materi-
als, samples are often treated with a strong oxidizer (typically 30-35% hydrogen
peroxide) or a strong acid, to digest the organic carbon components (Battarbee et al.
2001). In cases where there are substantial or resistant organic materials, nitric or
sulfuric acid can be substituted for hydrogen peroxide or samples can be gently
heated to accelerate the digestion (Battarbee et al. 2001; Serieyssol et al. 2010).
After the digestion of organic materials is completed, the samples should be rinsed
several times with reverse-osmosis purified water. After each rinse, samples can
either be centrifuged or allowed to settle. The supernatant fluids may be decanted or
removed with a sink aspirator between rinses. Removal of carbonates in the original
materials can be accomplished by adding a weak acid (typically 10% hydrochloric
acid) and afterward samples can be rinsed as above (Battarbee et al. 2001). Similar
strong acid-digestion techniques can be applied for use on organic materials col-
lected from bones or other organic tissues (Cameron 2013; Verma 2013).

In many cases, archaeological samples include a substantial fraction of sand- and
silt-sized detrital components. Detrital grains cannot be easily removed through
chemical processing treatments. Even after organic and carbonate materials are
removed, detrital components can obscure the visibility of diatom frustules in
microscopic slides or diatom concentrations within the samples are so low as to
make detection difficult. Because sand-sized detrital components will settle more
readily than silt-sized components, such as diatom frustules, timed settling tech-
niques or in some cases filters can be used to separate diatom fossil materials from
sand-sized detrital fractions (Battarbee et al. 2001). However, the frustules of most
diatoms are silt-sized particles and these can often be difficult to sort from detrital
silt particles. When this is an issue, fossil diatom samples can be concentrated by
floating diatom fossil materials through heavy liquid extraction techniques. This
technique capitalizes on the density differences between opaline siliceous materials
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and detrital siliceous materials to float diatom frustules in heavy liquids that can be
mixed to specific densities. Fossil diatoms and other opaline silica materials can be
concentrated by extracting the materials from the boundary between two or more
heavy liquids of variable densities (Tapia and Harwood 2002). This technique can
also be utilized to extract diatom materials from samples that are rich in siliceous
clays. Although not optimized for the recovery of large or delicate diatoms, phyto-
lith extractions often contain significant numbers of diatoms and can inform on the
potential success of a diatom-specific analysis. If low diatom concentrations are
anticipated, especially for non-lacustrine or non-riverine contexts, dual phytolith-
diatom extraction methods can be developed to better optimize diatom recovery.

4.3 Mounting Diatom Extractions for Analysis

Once the diatom particles are extracted and/or concentrated from the original mate-
rials, the extracted materials can be settled onto “number 1 type (or thinner) micro-
scope coverslips and evaporated to dry (Battarbee et al. 2001). A specialized
semi-permanent resin mountant with a high refractive index (e.g., Naphrax, Hyrax,
Z-rax) cured by volatilizing admixed toluene on a hot plate is typically used to
adhere the coverslips to microscope slides for appropriate viewing in light micro-
scopes. To identify diatoms to species often requires high magnification (oil immer-
sion, 600—1000x magnification) light microscopy or scanning electron microscopy
imaging. For SEM imaging and analyses, diatom extractions are typically evapo-
rated directly onto stubs or specialized attachable coverslips and sputter-coated with
a conductive material to reduce charging (Battarbee et al. 2001).

5 How Are Diatoms Distinguished from Other Microfossils?

Diatom frustules are always siliceous, silt-sized particles, and tend to be highly sym-
metrical either around one or more points (centric, see, e.g., Plate 1) or one or more
planes (pennate, see, e.g., Plates 2, 3, 4, 5, 6, and 7), and as such can be quickly dis-
tinguished from most other biological remnants in any setting (Kociolek et al. 2015a,
b). However, other organisms with siliceous elements or skeletons produce microfos-
sil remains that have the potential to be confused with diatom frustules. As discussed
above, diatom frustules are composed primarily of two valves, which when found
together as whole frustules clearly will distinguish diatoms from all other siliceous
microfossil remains. However, often in materials where diatoms are preserved as
fossils, the linked cingula that hold the frustule together will disarticulate, resulting
in a separation of the two valves (Battarbee et al. 2001); also, depending on how the
materials have been processed to extract or concentrate the diatom fossils and the
quality of the fossil preservation in the original materials, diatom remains recovered
from archaeological settings frequently can be highly fragmented (Battarbee 1988;
Hakansson and Hulthén 1988; Mannion 1987). Together, these factors can compli-
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Fig. 5 Example of a
diatom fragment
(Naviculoid) collected
from archaeological
settings. The presence of a
raphe indicates this as a
benthic (shallow water)
taxa
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cate the identification of fossil diatoms substantially (Fig. 5). The diversity of forms
in living and fossil diatom species is also immense, which makes identification to
species level challenging enough that commonly an expert is required, but the char-
acteristics and features that can be used to identify that a particle is a diatom frustule,
rather than another siliceous microfossil, are fairly limited.

Diatom frustules are never completely isodiametric. As a result, diatoms typi-
cally can be viewed in orientations where either the valve face is exposed (referred
to as “valve view —see Plate 1, Fig. m) or where the cingula are exposed (referred
to as “girdle view”—see Plate 1, Fig. 1) and the valve face is seen in profile (Round
et al. 1990). For many diatoms, species identification is primarily accomplished in
a light microscope by features visible when the frustule is in valve view, although
characteristics of diatoms in girdle view may also be very important for the identi-
fication of some genera (Battarbee et al. 2001; Round et al. 1990; Spaulding et al.
2019), for example, Aulacoseira (see Plate 1, Figs. t, u).

Another common feature of pennate diatom frustules that is helpful to distin-
guish them is the presence of a raphe structure (Kociolek et al. 2015a). The raphe
system is usually nested within a thickened section of the valve (sternum), which,
because of the additional silica, tends to be one of the last components of the diatom
valve to dissolve. As a result, even poorly preserved fossil diatom valves can some-
times be readily identified and used to provide some information regarding aquatic
environments (Barker 1992; Battarbee et al. 2005; Ryves et al. 2001, 2002).

5.1 Other Common Microfossils That Have the Potential
to Be Confused with Diatoms

In terrestrial settings, there are three other major groups of siliceous microfossil
remains that, because of their composition and size, could potentially be mistaken
for a diatom by a non-expert. Diatoms are commonly found together in aquatic and
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semi-aquatic settings with all three groups: chrysophyte cysts or scales, sponge
spicules, and phytoliths. In deep marine environments, there are other siliceous
microfossils, such as silicoflagellates and radiolaria, which potentially might be
confused with diatoms but are less likely to be found in abundance in most archaeo-
logical settings. Most other microfossil remains that have strongly symmetrical
forms or surface ornamentation that might be confused with diatoms, such as pol-
len, pediastrum, cosmarium, desmids, or other green algae, can occasionally persist
through organic digestion processes that are used to extract diatom microfossils but
generally can be excluded by non-experts based upon composition.

Chrysophyte Scales and Cysts

Chrysophytes are a major group of single-celled golden-brown algae that are com-
mon in freshwater systems. Like diatoms, they are photosynethic, although almost all
chrysophytes are facultatively heterotrophic when inadequate sunlight is available
(Siver 2015). A subset of chrysophytes (synurophytes) also can cover the surface of
their cells with fine siliceous scales that often have fine ornamentation that might be
confused with a fragment of a diatom frustule, but the scales tend to be much smaller
than most diatom species (typically less than 5 pm) and while they can be perforated,
unlike diatom frustules they tend to lack symmetry and do not have other features
and structures common to diatom valves (Zeeb and Smol 2001). Like diatoms, many
chrysophytes have environmental preferences and tolerances that allow them to be
used to provide information about past aquatic settings (Charles et al. 1991; Garcia-
Rodriguez 2006; Pla and Catalan 2005; Riihland et al. 1999; Zeeb et al. 1994).
Many synurophyte algae can enter a resting stage triggered by sudden changes in
the environment or by population density, creating a spherical stomatocyst (Siver
2015). Chrysophyte cysts rarely share obvious characteristics with the encysting
organism, and as a result, a very small fraction of the cysts have been clearly linked
with the encysting species (Fig. 6). Chrysophyte stomatocysts are siliceous in com-
position and typically range in size from 2 to 30 um, and as such could potentially

Fig. 6 Examples of highly ornamented chrysophyte stomatocysts. Scale bar is 10 pm
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be mistaken for a diatom valve. Stomatocysts are generally hollow and globe-
shaped, but some synurophytes can form oval or flattened cysts (Duff et al. 1995;
Zeeb and Smol 2001). The interior of the cyst is always smooth, but the external
surface of some stomatocysts can be highly ornamented with ridges, spines, and
other features. However, stomatocysts can always be distinguished from diatoms
and other siliceous microfossils by the presence of a distinct aperture (pore) that
defines the anterior hemisphere of the cyst (Siver 2015). Pores may also be sur-
rounded by a thickened rim (collar) of varying complexity. For a more complete
description of synurophyte algae and the structural components of stomatocysts, see
Duff et al. (1995) and Siver (2015).

Sponge Spicules

Sponges are large multicellular filter-feeding organisms that can be found in fresh
and saltwater ecosystems. There are several thousand known species of sponges;
most of these are found in marine settings (Hooper and van Soest 2002). While there
is no risk of mistaking a sponge for a diatom, the body of siliceous sponges com-
monly includes numerous spicular elements that can act as supporting structures
and help deter predators (Uriz et al. 2003). Sponge spicules can range in size from
those that are visible to the naked eye down to microscopic components known as
microscleres (Fig. 7). Microscleres are commonly of hydrated silica composition
and roughly within the size range of diatoms, although most tend to be larger than
freshwater diatom taxa. Microscleres are often highly symmetrical and occur in a
very large range of geometric shapes (Uriz et al. 2003). Sponge spicules can also be
highly ornamented with spines, knobs, radiating elements, and other granular com-
ponents that could appear, superficially, to resemble diatoms in a light microscope.
Most microscleres can be distinguished from diatom microfossil remains by their
needle-like shape and an obvious hollow axial canal, which is visible in light

Fig.7 Examples of light microscope images of sponge spicules; right image showcasing the axial
canal
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microscopy. Like other microfossil remains, sponge spicules can also provide some
information regarding past aquatic environmental conditions (Guerreiro et al. 2018;
Kahlert and Neumann 1997).

Phytoliths

Phytoliths are microscopic mineralized particles that form within plants. Like
sponge spicules, most phytoliths provide support for the plant or protection
from predators. Most phytoliths are composed of rigid opaline silica and thus
have the capacity to be preserved long after the plant that formed them has
expired. Phytoliths can form within plant cells or between multiple cells, which
can result in some phytoliths having highly symmetrical shapes (Fig. 8). Many
phytoliths are robust and capable of surviving through burning of the original
plant materials and as such can often be readily transported from terrestrial
landscapes into aquatic or semi-aquatic landscapes where diatom microfossil
remains are common (Jackson et al. 2015; Yost et al. 2018). Most phytoliths
lack symmetry or surface ornamentation that could be mistaken for a diatom.
However, fragments of leaf phytoliths from riverweeds (Podostemaceae), sedge
achenes (Cyperaceae), and hackberry drupes (Celtis sp.), for example, could
potentially be confused for fragments of poorly preserved diatoms by a non-
specialist (see Piperno (2006) for images of these phytoliths). Phytoliths have
been used extensively for reconstructing information about past human settle-
ments and are progressively being used more frequently to infer past landscape
environments (Ball et al. 2016; Yost et al. 2013, 2018); for a more detailed
description of phytoliths and their uses in archaeological settings, see chapter
“Phytolith Analysis in Paleoecology and Archaeology” by Cabanes in
this volume.

Fig. 8 Example of light
microscope image of
phytoliths observed in life
position in charcoal
fragments from Lake
Malawi. Scale bar is 10 pm




40 J. R. Stone and C. L. Yost

6 What Are the Potential Biases in Fossil Diatom Remains?

The size ranges, the vast diversity of forms, and subtle or cryptic differences between
species mean that even for experts, diatom taxonomy is often quite challenging.
Analysis of the fossil remains of diatoms almost always requires the use of a high-
resolution light microscope, or in some cases, even scanning electron microscopy to
correctly distinguish between diatom species. As a result, in most cases, diatom
identification usually requires analysis by a specialist. Endemic species are fairly
common (Kociolek and Spaulding 2000) and regional taxonomic guidebooks of
diatom flora are relatively rare in remote places, which can increase the difficulty in
correctly identifying species (Battarbee 1988; Battarbee et al. 2001).

In highly saline or alkaline lake settings, where pH values of 9 or greater are
common, diatom frustules can dissolve, potentially biasing the sediment record or
in some cases removing all traces of fossil diatoms (Barker 1992; Battarbee et al.
2005; Ryves et al. 2001). Large diatoms may also become fractured by mechanical
means, particularly when materials containing fossil diatoms are transported,
eroded, or crushed. When analyzing diatom assemblages for environmental infor-
mation, most diatomists use a number of techniques to ensure that the data they are
generating are not biased by small sample sizes. Typically 200-500 diatoms are
identified when analyzing sediment assemblages, to provide a robust interpretation
(Battarbee et al. 2001). In coastal settings, planktonic taxa found in sedimentary
assemblages may represent specimens washed in by tides. More commonly in these
cases, benthic taxa are given more weight in analyses, since they likely represent
autochthonous assemblages. Additionally, exotic markers of known, constant quan-
tities (such as microspheres or exotic pollen) are often added to each sample after
processing to provide a means of determining changes in diatom concentration
between samples and may reflect the preservation biases discussed above.

As we have attempted to showcase through numerous examples described above,
diatoms are useful as environmental indicators because their skeletal remains are
siliceous, and as such, they are highly resistant to most degradation. However, this
also means that they may persist in environments long after the organism dies and
thus may not be representative of the environments in which they are ultimately
found. Because microfossil remains of diatoms are often found in low concentration
in archaeobiological analyses, there always lies the possibility the materials recov-
ered from ancient deposits are reworked from even older deposits and are inherited
in environments where human settlements occur (Battarbee 1988).

As mentioned above, diatoms are readily transported as living cells but can also
be remobilized as fossil components by a variety of means within an environment.
As such, diatom fossils have a strong potential to be introduced as contaminants.
For example, it is possible that diatoms from desiccating lake basins and river val-
leys can be transported by wind to nearby archaeological sites. Under these condi-
tions, sudden increases in fossil diatom remains may indicate drier rather than
wetter conditions. Humans can also act as agents for mobilizing diatom fossil mate-
rials from local lake mud sources, either intentionally or inadvertently. For example,
fossil diatoms in sediments can be introduced into human settlement environments
as contaminants to structures that are commonly trampled by humans, such as on
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dwelling floors (Bathurst et al. 2010). Thus, the presence of diatoms in terrestrial
contexts must always be interpreted cautiously. Additionally, trade was an important
part of most ancient societies. There is great potential for materials containing dia-
toms to be transported substantial distances before ultimately being incorporated
into archaeological settings (Juggins and Cameron 2010).

Although the analysis of diatom fossils recovered from ceramics and other arti-
facts is a popular use for multiple purposes, it is rarely as straightforward as it may
first seem. Fossil diatom remains may be difficult to extract or identify because of
their low concentrations within the materials used (Hakansson and Hulthén 1988).
Clays used in pottery also may be derived from multiple sources; in some cases, this
is done intentionally in the fabrication process, mixing local and regional sources
(Kligmann and Calderari 2012). Fossil diatom remains within ceramics also may be
destroyed or substantially altered by heating during the firing of ceramics, particu-
larly when fired at higher temperatures (Battarbee 1988; Kligmann and Calderari
2012). Determining the provenance of ceramics through diatom microfossil remains
also requires a significant understanding of local and regional clay sources and the
diatoms found therein (Battarbee 1988; Juggins and Cameron 2010; Kligmann and
Calderari 2012; Quinn 2008); considering all of these issues, Kligmann and
Calderari (2012) suggest that using fossil diatoms from ceramics may actually only
have very limited usefulness, except in cases where it is used to refute local ceramic
provenances.

Finally, where diatoms are found directly within human remains, there is always
the potential to over-interpret their meaning. For example, recent studies have
shown that dental calculus may not be entirely representative of foods consumed,
since there are many other ways in which microfossils may become trapped in
human mouths or incidentally digested (Radini et al. 2017). For example, fossil
diatom remains recovered from dental calculus may be derived from dust or grit that
is inadvertently introduced during the preparation or storage of foodstuffs.
Understanding the potential biases of small sample populations is critical because
diatoms often occur sparsely in archaeological settings.

7 Conclusions

Despite the use of diatoms in archaeobiology for over 70 years, diatoms are still an
underutilized ecofact in archaeological investigations. In the past, diatoms have
typically been used to provide a paleoenvironmental context for archaeological
sites, but they have much more to offer. The developing subfield of ceramic petrog-
raphy and a steady increase in the analysis of dental calculus, coprolites, and cook-
ing residue provide a few examples of emerging areas of diatom microfossil
recovery. However, given that diatoms can be found in most archaeological con-
texts, their full potential in archaeology has yet to be realized.
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Description of the Plates

The following selection of plates is meant to showcase a wide range of diatom
images to give readers enough examples to be able to distinguish diatoms from
other microfossils. For a more complete collection of diatom images that could be
used for genus or species level identification, we recommend visiting online guides
representative of regional flora, such as Diatoms of the US (Spaulding et al. 2019)
or Freshwater Diatom Flora of Britain and Ireland (Jiittner et al. 2018).

The following images have been arranged into broad groups, starting with “cen-
tric” diatoms. Centric diatoms have symmetry around one or more points (see, e.g.,
Plate 1). Most centric diatoms live either as solitary planktonic organisms, repre-
senting open water (Plate 1, Figs. a—d, f-k, n—r) or filamentous colonies represent-
ing environments ranging from open water (Plate 1, Figs. t—v), to flowing water
(Plate 1, Figs. e, w), to aerophylic habitats (Plate 1, Fig. I, m, s).

The remaining images represent “pennate” diatoms, which are characterized by
symmetry around one or more planes (see Plates 2—7). Pennate taxa can be further
grouped by the absence/presence of their raphe structure on one or both valves, the
type of raphe present, and the type of valve symmetry typically expressed. Most
araphid pennate diatoms (Plate 2) are colonial (see Plate 2, Figs. i, s) and may rep-
resent either shallow or deep water environments. In contrast, most diatoms with
one or more valve with a raphe structure present (Plates 3—7) typically represent
aquatic environments where benthic substrates are sunlit.

All images in the plates were collected using a light microscope outfitted with
differential interference contrast, collected at 1000x magnification. All images for
the plates are identically scaled; all scale bars shown in Plates 1-7 are 10 pm
in length.

>
>

Plate 1 (continued) view, collected from a stream in lowa, US. (f) Coscinodiscus sp.—Valve view,
collected from Saginaw Bay, Michigan, US. (g) Cyclostephanos invisitatus—Valve view, collected
from the Des Moines River, lowa, US. (h) Lindavia ocellata—Valve view, collected from June
Lake, California, US. (i) Cyclostephanos malawiensis—Valve view, collected from Lake Malawi,
Malawi, Africa. (j) Stephanodiscus sp. —Valve view, collected from Foy Lake, Montana, US. (k)
Thalassiosira sp.—Valve view, collected from Paleolake Mababe, Botswana, Africa. (1) Orthoseira
roeseana—Girdle view, collected from Emerald Lake, Wyoming, US. (m) Orthoseira roseana—
Valve view, collected from Hidden Lake, Montana, US. (n) Actinocyclus normanii—Valve view,
collected from the Ohio River, US. (o) Lindavia sp.—Valve view, collected from Lake Malawi,
Malawi, Africa. (p) Lindavia radiosa—Valve view, collected from Hidden Lake, Montana, US. (q)
Cyclotella meneghiniana—Valve view, collected from Paleolake Mababe, Botswana, Africa. (r)
Discostella stelligera—Valve view, collected from Beauty Lake, Wyoming, US. (s) Ellerbeckia
arenaria—Valve view, collected from Beauty Lake, Wyoming, US. (t) Aulacoseira sp.—Girdle
view, collected from Miocene diatomite deposits, Idaho, US. (u) Aulacoseira muzzanensis—Girdle
view, collected from the Mississippi River, US. (v) Aulacoseira muzzanensis—Valve view, col-
lected from the Mississippi River, US. (w) Melosira varians—Girdle view, collected from Union
Slough, Towa, US
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Plate 1 Examples of centric diatoms. (a) Coscinodiscus sp.—Valve view, collected from the Patos
Lagoon, Brazil. (b) Actinoptychus splendens—Valve view, collected from the Patos Lagoon, Brazil.
(¢) Lindavia sp.—Valve view, collected from Miocene diatomite deposits, Idaho, US. (d) Lindavia
intermedia—Valve view, collected from June Lake, California, US. (e) Pleurosira laevis—Valve



J. R. Stone and C. L. Yost

LR B

o
-

-
2

ot et i

B

|




Diatom Microfossils in Archaeological Settings 45

<
<

Plate 2 Examples of Araphid Pennate diatoms. (a) Ulnaria sp.—Valve view, collected from Iowa,
US. (b) Fragilaira crotonensis—Valve view, collected from Gavins Point Dam, South Dakota, US.
(¢) Tabularia fasciculata—Valve view, collected from Lazy Lagoon, lowa, US. (d) Tabellaria
fenestrata—Valve view, collected from Cumbres Bog, New Mexico, US. (e) Distrionella incog-
nita—Valve view, collected from the Flathead River, Montana, US. (f) Asterionella formosa—
Valve view, collected from Saginaw Bay, Michigan, US. (g) Ulnaria sp.—Valve view, collected
from the Des Moines River, lowa, US. (h) Pseudostaurosira pseudoconstruens—Valve view, col-
lected from Mt. Everest, Tibet. (i) Staurosira construens—Colony, girdle view, collected from
June Lake, California, US. (j) Hannaea arcus—Valve view, collected from Mt. Everest, Tibet.
(k) Staurosira construens var. venter—Valve view, collected from June Lake, California,
US. () Diatoma vulgaris—Valve view, collected from Antelope County, Nebraska, US.
(m) Meridion anceps—Valve view, collected from Emerald Lake, Wyoming, US. (n) Staurosirella
martyi—Valve view, collected from Saginaw Bay, Michigan, US. (o) Pseudostaurosira parasit-
ica—Valve view, collected from Cumbres Bog, New Mexico, US. (p) Odontidium sp.—Valve
view, collected from Mount Everest, Tibet. (q) Meridion circulare—Valve view, collected from
Saginaw Bay, Michigan, US. (r) Tetracyclus glans—Valve view, collected from Emerald Lake,
Wyoming, US. (s) Fragilaria sp.—Colony, girdle view, collected from Lazy Lagoon, Iowa, US. (t)
Stauroforma  exiguaformis—Valve view, collected from Beauty Lake, Wyoming, US. (u)
Staurosirella africana—Valve view, collected from Paleolake Mababe, Botswana, Africa. (v)
Fragilaria vaucheriae—Valve view, collected from June Lake, California, US. (w) Staurosirella
pinnata—Valve view, collected from Mount Everest, Tibet. (x) Psuedostaurosira ct. brevistriata—
Valve view, collected from Mount Everest, Tibet
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Plate 3 Examples of Eunotioid diatoms. (a) Eunotia sp.—Valve view, collected from Cumbres
Bog, New Mexico, US. (b) Eunotia diadema—Valve view, collected from Victoria Island, Canada.
(¢) Eunotia faba—Valve view, collected from Victoria Island, Canada. (d) Peronia sp.—Valve
view, collected from Victoria Island, Canada. (e) Eunotia sp.—Valve view, collected from Victoria
Island, Canada. (f) Semiorbus hemicyclus—Valve view, collected from Victoria Island, Canada. (g)
Eunotia sp.—Valve view, collected from Victoria Island, Canada. (h) Eunotia cf. perpusilla—
Valve view, collected from Victoria Island, Canada. Examples of Monoraphid diatoms. (i)
Eucocconeis sp.—Valve view, collected from Victoria Island, Canada. (j) Cocconeis placentula—
Valve view, raphe valve, collected from Saginaw Bay, Michigan, US. (k) Cocconeis pediculus—
Valve view, raphe valve, collected from Saginaw Bay, Michigan, US. (1) Cocconeis
placentula—Valve view, rapheless valve, collected from June Lake, California, US. (m)
Planothidium holstii—Valve view, rapheless valve, collected from Beauty Lake, Wyoming, US.
(n) Planothidium holstii—Valve view, raphe valve, collected from Beauty Lake, Wyoming, US. (o)
Psammothidium sp.—Valve view, rapheless valve, collected from Beartooth Lake, Wyoming, US.
(p) Psammothidium sp.—Valve view, raphe valve, collected from Beartooth Lake, Wyoming, US.
(q) Planothidium joursacense—Valve view, rapheless valve, collected from Kintla Lake, WY, US.
(r) Planothidium joursacense—Valve view, raphe valve, collected from Kintla Lake, Wyoming,
US. (s) Planothidium sp.—Valve view, rapheless valve, collected from Beartooth Lake, Wyoming,
US. (t) Achnanthidium sp.—Valve view, raphe valve, collected from Emerald Lake, Wyoming, US.
(w) Achnanthidium sp.—Valve view, raphe valve, collected from Mouth Everest, Tibet. (v)
Rossithidium pussilum—Valve view, raphe valve, collected from Beartooth Lake, WY, US. (w)
Rossithidium pussilum—Valve view, rapheless valve, collected from Beartooth Lake, WY, US. (x)
Karayevia nitidiformis—Valve view, raphe valve, collected from Beauty Lake, WY, US. (y)
Karayevia nitidiformis—Valve view, rapheless valve, collected from Beauty Lake, WY, US. (z)
Achnanthidium exiguum—Valve view, raphe valve, collected from June Lake, California, US
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Plate 4 Examples of Naviculoid diatoms. (a) Gyrosigma sp.—Valve view, collected from Kinta
Lake, Wyoming, US. (b) Stauroneis sp.—Valve view, collected from Victoria Island, Canada. (c)
Navicula radiosa—Valve view, collected from Center Lake, Iowa, US. (d) Neidium sp.—Valve
view, collected from Victoria Island, Canada. (e) Anomoeoneis sp.—Valve view, collected from the
St. Mary of the Woods Campus, Indiana, US. (f) Navicula sp.—Valve view, collected from June
Lake, California, US. (g) Navicula reinhardtii—Valve view, collected from Saginaw Bay,
Michigan, US. (h) Aneumastus rostratus—Valve view, collected from June Lake, California, US.
(i) Brachysira vitrea—Valve view, collected from Foy Lake, Montana, US. (j) Nupela impexifor-
mis—Valve view, collected from Emerald Lake, Wyoming, US. (k) Sellaphora pupula—Valve
view, collected from Emerson Bay, lowa, US. (1) Diploneis sp.—Valve view, collected from
Hidden Lake, Montana, US. (m) Frustulia sp.—Valve view, collected from Victoria Island,
Canada. (m) Mastogloia lacustris—Valve view, collected from Foy Lake, Montana, US. (o)
Placoneis sp.—Valve view, collected from Mouth Everest, Tibet. (p) Pulchella schwabei—Valve
view, collected from Beauty Lake, Wyoming, US. (q) Luticola sp.—Valve view, collected from
Mouth Everest, Tibet. (r) Luticola sp.—Valve view, collected from the Ohio River, US. (s)
Cavinula scutelloides—Valve view, collected from June Lake, California, US. (t) Sellaphora sp.—
Valve view, collected from Lake Malawi, Malawi, Africa
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Plate 5 Examples of Pinnularioid diatoms. (a) Pinnularia sp.—Valve view, collected from Lake
Malawi, Malawi, Africa. (b) Pinnularia sp.—Valve view, collected from Foy Lake, Montana, US.
(¢) Caloneis amphisbaena—Valve view, collected from lIowa, US. Examples of Cymbelloid
Diatoms. (d) Cymbella sp.—Valve view, collected from Saginaw Bay, Michigan, US. (e) Cymbella
Plate 5 (continued) sp.—Valve view, collected from Gar Lake, lowa, US. (f) Encyonema triangu-
lum—Valve view, collected from High Lake, lowa, US. (g) Cymbella cf. prisca—Valve view,
collected from Paleolake Mababe, Botswana, Africa. (h) Cymbopleura subaequalis—Valve view,
collected from Foy Lake, Montana, US
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Plate 6 Examples of Cymbelloid, Gomphonemoid, and Amphoroid diatoms. (a) Oricymba sp.—
Valve view, collected from Mount Everest, Tibet. (b) Encyonopsis sp.—Valve view, collected from
Foy Lake, Montana, US. (¢) Gomphonema sp.—Valve view, collected from Mount Everest, Tibet. (d)
Gomphonema sp.—Valve view, collected from the Pantanal, Brazil. (e) Navicymbula pusilla—Valve
view, collected from Foy Lake, Montana, US. (f) Gomphonema cf. sphaerophorum—Valve view,
collected from Marion, Kentucky, US. (g) Gomphonema truncatum—Valve view, collected from
June Lake, California, US. (h) Gomphonema sp.—Valve view, collected from Mount Everest, Tibet.
(i) Encyonema silesiacum—Valve view, collected from Foy Lake, Montana, US. (j) Encyonema sp.—
Valve view, collected from Mount Everest, Tibet. (k) Amphora cf. pediculus—Valve view, collected
from June Lake, California, US. (1) Halamphora veneta—Valve view, collected from Union Slough,
Towa, US. Examples of Nitzschioid diatoms. (m) Nitzschia recta—Valve view, collected from
Maybury Creek, Michigan, US. (n) Nitzschia sp.—Valve view, collected from Saginaw Bay,
Michigan, US. (o) Nitzschia sp.—Valve view, collected from Lake Ohrid, Macedonia. (p) Nitzschia
sp.—Valve view, fragment, collected from Hidden Lake, Montana, US. (q) Nitzschia sp.—Valve
view, collected from Kettle Lake, South Dakota, US. (r) Nitzschia sp.—Valve view, collected from
Kabua Gorge diatomites, Kenya, Africa. (s) Nitzschia sp.—Girdle view, collected from Union Slough,
Towa, US. (t) Nitzschia sp.—Girdle view, collected from Union Slough, lowa, US. (u) Nitzschia
sp.—Girdle view, collected from Kettle Lake, South Dakota, US. (v) Nitzschia sp.—Girdle view, col-
lected from Herd Lake, Idaho, US. (w) Nitzschia sp.—Girdle view, collected from Lake Tanganyika,
Tanzania, Africa. (x) Nitzschia sp.—Girdle view, collected from Union Slough, Iowa, US
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Plate 7 Examples of Epithemioid diatoms. (a) Epithemia sp.—Valve view, collected from Lake
Okoboji, lowa, US. (b) Epithemia turgida—Valve view, collected from Iowa, US. (¢) Epithemia
smithii—Valve view, collected from June Lake, California, US. (d) Rhopalodia gibba—Valve
view, collected from Union Slough, lowa, US. (e) Rhopalodia gibberula—Valve view, collected
from Paleolake Mababe, Botswana, Africa. (f) Denticula cf. tenuis—Valve view, collected from
Mount Everest, Tibet. (g) Denticula sp.—Valve view, collected from Iowa, US. (h) Denticula
sp.—Valve view, costae valve, collected from Iowa, US. Examples of Surirelloid diatoms. (i)
Cymatopleura sp.—Valve view, collected from Upper Gar Lake, lowa, US. (j) Cymatopleura
solea—Valve view, collected from Paleolake Mababe, Botswana, Africa. (k) Surirella sp.—Valve
view, collected from Dugout Creek, lowa, US. (1) Surirella iowaensis—Valve view, collected from
High Lake, Iowa, US. (m) Campylodiscus clypeus—Valve view, collected from Paleolake Mababe,
Botswana, Africa
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Non-Pollen Palynomorphs

Lyudmila S. Shumilovskikh and Bas van Geel

1 What Are Non-Pollen Palynomorphs?

Non-pollen palynomorphs (NPP) are microscopic objects of about 10-250 pm in
size, which can be found along side pollen during routine pollen counting. These
“extra” microfossils in pollen slides (van Geel 2001) have an outer organic wall
with a characteristic morphology, which is resistant to decomposition processes and
standard palynological laboratory treatments. NPP consist of a large inhomoge-
neous group of remains of organisms, their parts or life stages, which lived in past
environments and therefore represent a “memory of former, often strictly local envi-
ronmental conditions” (van Geel 2001).

Microfossils in pollen slides have received attention since the very beginning of
palynology as science. Karl Rudolph published in 1917 his work “Untersuchungen
iiber den Aufbau Bohmischer Moore. I. Aufbau und Entwicklungsgeschichte
Stidbohmischer Hochmoore™ (Studies on the composition of Bohemian peatlands.
1. Composition and development history of South-Bohemian peat bogs), where besides
pollen and botanical macroremains he described and drew microfossils of animal and
fungal origin and used them in paleoenvironmental reconstructions (Rudolph 1917).
For example, he correctly identified testate amoebae (rhizopods), drew
“Hochmoortonchen” that he identified as coming from the cocoons of Nephelis (the
correct identification as a shell of the testate amoeba Amphitrema flavum was found
later), and also presented other animal remains (spermatophores of copepods, oocytes
of Rhabdocoela) without a taxonomic identification. In 1929, Herbert Hesmer pub-
lished an article “Mikrofossilien in Torfen” (“Microfossils in peat deposits”), where he
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provided information on ecology and in some cases also microphotographs of differ-
ent microfossils such as pollen infected with spores of the chytrid Olpidium pendulum,
conidia of Helicosporium, teleutospores, different species of testate amoebae, sper-
matophores of copepods, the egg of Macrobiotus echinogenitus, and the shell of the
heliozoan Clathrulina elegans. Later on, David G. Frey (1964) published in his work
“Remains of animals in Quaternary lake and bog sediments and their interpretation” a
comprehensive overview of the microfossils of animal origin from Holocene lacus-
trine sediments and peat deposits.

Systematic studies on NPP only began recently, particularly by the work of the
second author and his colleagues of the Hugo de Vries Laboratory at the University
of Amsterdam (e.g., Bakker and van Smeerdijk 1982; Pals et al. 1980; Kuhry 1985;
van der Wiel 1982; van Geel 1978; van Geel et al. 1981, 1983, 1986, 1989). During
routine pollen counting, they documented all unknown “extra” microfossils under a
type number (Type 1, Type 2, Type 3 etc.). Morphological descriptions of NPP were
provided with microphotographs and where possible assignment to extant taxa, in
combination with discussions on their stratigraphic position and indicator values.
The identification was carried out with help of biological literature and consulting
of colleagues in mycology, phycology, zoology, and plant anatomy. Even though the
majority of the types have not yet been identified, they can be used as paleoecologi-
cal indicators. This systematic approach of NPP documentation led to a strong
development of the field in the last 40 years, and the total amount of NPP types
exceeds 1300 (Miola 2012).

While NPP represent a large group of resistant remains of any kind of organisms,
taxonomically they belong to a wide variety of groups such as cyanobacteria, green
algae, cysts of dinoflagellates (dinocysts), vascular plants, testate amoebae, rotifers,
tardigrades, Cladocera (water fleas), Rhabdocoela (flat worms), and fungi from
Ascomycetes, Basidiomycetes, Hyphomycetes, and Zygomycetes. Some of these
groups, like dinocysts, Cladocera, or testate amoebae are subject of a special analy-
sis, but they can also be considered as NPP in routine palynological studies. Here
we concentrate on the NPP that are important for environmental reconstructions at,
or close to archaeological sites in connection with human impact. Therefore, only a
limited number of NPP groups is presented and discussed here with illustrations and
environmental information. The presented examples are chosen to reflect the broad
range of NPP analyses and their paleoecological use.

2  What Do Non-Pollen Palynomorphs Tell Us About
Environments?

NPP can be found in any type of sediment, from aquatic to terrestrial environments
(Table 1). The range of the types tracing special human activities can differ, depend-
ing on the type of archive.
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Table 1 Appearance of NPP in different archives

Archive type
NPP group Marine Lacustrine ‘ Peat ‘ Soil
Algae
Green algae (+) ++ + (+)
Cyanobacteria +) ++ +) +)
Cysts of dinoflagellates ++ (+) - -
Prasinophyta ++ — - -
Vascular plants
Stomata +) + ++ +)
Epidermis - +) ++ —
Zoological remains
Rotifera (eggs, shells) - + ++ —
Testate amoebae +) + ++ +)
Chironomids (head capsules) - ++ +) -
Tardigrades (eggs, fragments) (+) (+) ++ +)
Copepods (fragments, spermatophores) - ++ + -
Cladocera (fragments) - ++ + _
Helminths (eggs) + + + +
Rhabdocoela (oocytes) - ++ + —
Insects (fragments) + + + +
Fungi
Coprophilous fungi (+) + ++ +
Ligninolytic fungi (+) + + +
Carbonicolous fungi (+) + + +
Rust fungi (+) + 4+ +)
Smut fungi (+) + ++ (+)
Arbuscular mycorrhizal fungi (+) + ++ -
Fibers - - - +
Unidentified NPP + + + +
2.1 Soils

Soils are the most frequent archives in archaeology. However, due to rapid
decomposition of pollen in soils and taphonomic processes, palynological analysis
is rather seldom applied for archaeological layers in sites with dry preservation
(Dimbleby 1985). This is possibly a reason that there are just a few studies of NPP
from dry soil contexts (van Geel et al. 2003; Kvavadze and Gagoshidze 2008;
Kvavadze and Kakhiani 2010; Kvavadze et al. 2010, 2015; Gavrilov et al. 2016;
Wieckowska-Liith and Heske 2019). However, due to restricted dispersal possibili-
ties of spores, NPP and especially fungal spore analysis often provide a very local
signal, which can be directly connected to human activities. Van Geel et al. (2003)
highlighted richness and good preservation of spores of coprophilous (feces inhabit-
ing) fungi in archaeological sites, which clearly indicate the presence of animals
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near the sample site, providing important information to animal husbandry, espe-
cially when the animal bones are not preserved. Combined phytolith, pollen, and
NPP studies of the medieval settlement Zhankent in Kazakhstan (Gavrilov et al.
2016) demonstrated the use of dung for mud brick construction, while places of
organic and dung deposition could be identified. Several studies were undertaken on
material from burials where microremains of textile fibers were documented and
identified (Kvavadze and Gagoshidze 2008; Kvavadze and Kakhiani 2010; Kvavadze
et al. 2010, 2015). Studies from the Early Bronze Age Paravani Kurgan (southern
Georgia) reveal a cover of the burial chamber and ceremonial wagon with flax tex-
tile, while pollen spectra and numerous mite remains indicate early summer as the
season of burial (Kvavadze and Kakhiani 2010). In the Bedeni Plateau (southern
Georgia), pollen and NPP studies indicated that honey and medical plants were
involved in the funerary process (Kvavadze et al. 2015). In the late Bronze Age buri-
als from Saphar-Kharaba (southern Georgia), clothing were made of flax and cot-
ton, indicating trade relations between Caucasus and India (Kvavadze et al. 2010).
The character of microscopic fiber remains from the weaving workshop Dedoplis
Gora palace (AD first century) showed production of cotton and flax fabrics mixed
with silk, revealing the involvement of the Caucasus in the “Silk Road” trade
(Kvavadze and Gagoshidze 2008). The study of Wieckowska-Liith and Heske
(2019) is another example of investigations on NPP from archaeological sites with
dry preservation. The study deals with on-site living conditions during the Late
Bronze Age/Early Iron Age at the Hiinenburg hillfort—settlement complex. In this
study, the analysis of the horizons of pit findings shows microscopic (NPP and pol-
len) evidence for stockpiling, plant processing, waste management, and hygienic
conditions within the settlement area.

2.2 Caves

NPP studies have been successfully applied in archaeological and paleontological
cave deposits. Thus, Kvavadze et al. (2009) found wild flax fibers in the Upper
Paleolithic layers of Dzudzuana Cave (Georgia), indicating production of cords for
hafting stone tools, weaving baskets, or sewing garments. In Pleistocene (1.5 mil-
lion to 200 ka years ago) cave sequences from the Trinchera area (Sierra de
Atapuerca, Burgos), algal palynomorphs helped to identify dry and wet local condi-
tions of deposition, Glomus spores indicated increased erosion phases, spores of
coprophilous fungi suggested the presence of herbivores, and saprophytic fungi
point to accumulation of organic matter possibly due to the presence of hominins or
animals in the cave (Expésito et al. 2017).
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2.3 Peat Bogs

Peat bogs represent rich archives of NPP, characterized by high diversity, high
abundance, and good preservation. In raised bogs located at relatively large distances
to settlement sites, human indicators, for example spores of coprophilous fungi, are
rare, even during the intense regional human occupation (van Geel et al. 2003).
However, small peat bogs (<2 ha) can be used for reconstruction of pastoral history.
For example, combining a modern analogue NPP data set with fossil NPP spectra,
Cugny et al. (2010) reconstructed grazing pressure phases, alternating with aban-
donment of the territory over the last 700 years in the Sourzay basin, western
Pyrenees (France). Using NPP, Blackford et al. (2006) investigated the impacts of
hunter-gatherers on vegetation during the Mesolithic period. Also in the Swiss Alps,
agro-pastoral activities in the past were reconstructed using NPP from a peat deposit
(Dietre et al. 2017).

2.4 Archaeological Water-Logged Sites

Archaeological water-logged sites represent the best opportunity to trace the
economy of the past societies or change in settlement environments (van Geel et al.
1983, 1986; Bos et al. 2005; Revelles et al. 2016). Thus, combined macrofossils,
diatoms, and NPP studies from the deposits near Enkhuizen (The Netherlands) con-
firmed the hypothesis about abandonment of Bronze Age settlements due to a rise
of the water table (van Geel et al. 1983). Paleoecological investigations of a Late
Bronze Age watering-place at Bovenkarspel (the Netherlands) reveal the presence
of spores of coprophilous fungi and eggs of Trichuris, indicating the presence of
feces in the fill (Buurman et al. 1995). Furthermore, construction of medieval dikes
in coastal areas of the Netherlands was clarified by NPP studies, showing inunda-
tion of the area by saline and brackish water, indicated by foraminifer linings, dur-
ing storms already in the thirteenth century (van Geel 1983, 1986). Studies from the
early medieval urban habitats of Gdansk (N. Poland) reveal poor sanitary condi-
tions, confirmed by the presence of intestinal parasite eggs (Trichuris and Ascaris)
and a high frequency of spores of coprophilous fungi (Sordaria, Sporormiella,
Chaetomium) in the sediments (Swiqta—Musznicka et al. 2013). Revelles et al.
(2016) applied NPP analysis to the waterlogged site La Draga (Spain), reconstruct-
ing a change from lacustrine to a wetland environment, where settlement formation
started. Increased fungal decomposition could be linked to the collapse of pile
dwellings, increased erosion possibly induced by deforestation, and final abandon-
ment of the settlement and spread of eutrophic peatlands. Bos et al. (2005) recon-
structed trampling and/or eutrophication resulting from the presence of large
herbivores and people at a Mesolithic site in the Netherlands.
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2.5 Lakes

Lakes represent mostly off-site archives and reflect environmental changes in a
rather large area around the lake as well as in situ. Gauthier et al. (2010) recon-
structed medieval farming activities in southwestern Greenland indicated by phases
of pastoral activities and increased erosion alternating with abandonment of the
area. McAndrews and Turton (2010) described and identified spores of crop-
parasitizing smuts and rusts, which recorded two phases of crop cultivation in
Crawford Lake (Ontario, Canada) in the second millennium AD. NPP studies of
human impact of Early Neolithic communities in NE Iberia (Revelles and van Geel
2016) demonstrated that deforestation caused wood decay, increased erosion, and
changing turbidity of lake water. Furthermore, soil disturbance and increased pas-
ture were linked with local habitation during the Late Neolithic—Chalcolithic. NPP
studies on the sediments from Lake Durankulak (Bulgaria) revealed Early Bronze
Age activities of nomadic tribes including stock-breeding and grazing as well as
Late Bronze Age and Early Iron Age occupation phases (Marinova and Atanassova
2006). Human impact on freshwater resources was traced by studies of algal and
cyanobacterial palynomorphs in Poland (van Geel et al. 1994), in Switzerland
(Hillbrand et al. 2014), as well as in the Great Lakes region (McCarthy et al. 2018)
and in Cook’s Bay (Danesh et al. 2013) in Canada, reflecting cultural eutrophication
and soil erosion in the catchment.

2.6 Marine Sediments

Marine sediments are rather difficult to connect to human activities due to a very big
source area for terrestrial NPP (e.g., Mudie et al. 2010). However, the first occur-
rence of new species of dinoflagellates (dinocysts) in the sea can indicate on one
hand a merchant transport and therefore possible trade with distant areas and on the
other hand a very early human-induced invasion of some species in the area (e.g.,
Marret et al. 2009; Shumilovskikh et al. 2016b). Human-induced changes in ecosys-
tems can be traced in ancient harbors, which, as economic centers and points for
naval navigation, represent important archives of geological, biological, and archae-
ological information (e.g., Morhange et al. 2014). For example, NPP studies from
the ancient harbor of Elaia (western Turkey) provided new information on human-
environment interactions in the Eastern Mediterranean since the last 7500 years
(Shumilovskikh et al. 2016b). A marine lagoon indicated by dinocysts and fora-
minifer linings was transformed to a harbor in Hellenistic times. The flourishing
period of the harbor shows increased soil erosion and pastoral farming, indicated by
Glomus spores and spores of coprophilous fungi, respectively. Helminth eggs point
to the presence of sewerage in the city, leading to a continuous eutrophication of the
harbor through time, indicated by changes in dinocyst assemblages. Furthermore,
maritime contacts with the Black Sea and Marmara Sea are suggested from the
temporal presence of the Black Sea endemic dinocyst species Peridinium ponticum.
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In intensively used coastal areas, agricultural practices can be easily traced. For
example, Zong et al. (2007) studied NPP from coastal marshes close to the site
Kuahugiao (lower Yangtze region, East China) regarding the origin of wet rice cul-
tivation systems. This detailed paleoecological study shows that the earliest rice
cultivation system was located in slightly brackish coastal reed-swamps and rice
cultivation involved clearance and management of the coastal marsh vegetation by
fire. A marine inundation ended the settlement and rice cultivation in this environ-
mentally unstable coastal ecosystem.

As we show with examples above, the environmental reconstructions based on
NPP are very diverse and provide different insights on human life, activities, and
environment, helping to obtain a deeper understanding of human-environment
interactions in the past. Especially efficient is the usage of NPP in a multi-proxy
approach, allowing us to test indicative values of different NPP types. We encourage
palynologists working with archaeological material to pay special attention to these
“extra microfossils.”

3 How Can Non-Pollen Palynomorphs Be Recovered
from Archaeological Samples?

NPP analysis began and is still used as a supplementary method to traditional pollen
analysis (van Geel 2001). Therefore, recovery of NPP from archaeological samples
occurs with the help of a standard methodology of pollen sample preparations.
However, the “standard” methodology is a combination of different laboratory
treatments (Moore et al. 1991) and varies from one laboratory to another. The labo-
ratory preparation of samples depends on the sediment composition and can include
treatments with hydrochloric acid to dissolve carbonates, potassium hydroxide or
sodium hydroxide to disaggregate the sediment, fluoride acid to dissolve silicates or
different heavy liquids to remove the minerogenic part, acetolysis to degrade cel-
lulose, sieving on 200-250 pm meshes to remove large pieces, sieving on meshes
with size of 1-10 pm and ultrasonication to remove small particles. Such a great
variety of methods implies different preservation of pollen and also NPP.

The first NPP studies were performed on material treated with harsh laboratory
methods (van Geel 2001; Chambers et al. 2011). Nowadays more and more studies
compare the influence of lab preparation methods on the palynomorph assemblage
composition and highlight the sensitivity of remains to chemical procedures, espe-
cially to acetolysis (Enevold et al. 2019). Special attention to the laboratory prepara-
tion was given to specific NPP groups such as fungal spores generally, spores of
coprophilous fungi, algae, and testate amoebae.

McAndrews and Turton (2010) compared the influence of gentle (KOH, HCI,
sieving at 10 and 200 pm) and harsh (KOH, HCI, sieving on 10 and 200 pm, hot HF,
hot acetolysis mixture) laboratory processing on fungal spores. They demonstrated
that fungal spore abundance was six times lower when using the harsh method, indi-
cating poor resistance of fungal spores to acetolysis in comparison to pollen grains.
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Van Asperen et al. (2016) compared four preparation methods of spores of dung
fungi: boiling with sodium hydroxide, sieving at 125 and 6 um, treatment with
hydrochloric acid, and acetolysis. The study demonstrated that fungal spores are not
preserved uniformly: hyaline and unpigmented spores degrade easily, while pig-
mented thick-walled spores experience different impact of the different methods.
The most diverse assemblage was achieved by sieving only. For paleoecological
material, the authors suggest to use the less corrosive method starting with sieving
and swirling, then boiling in KOH and treatment with HCI, then heavy liquids, then
boiling in NaOH and no acetolysis.

Methodological studies on algal remains also emphasize the destructive nature of
acetolysis. Marret (1993) shows destruction of the cysts of protoperidinioid dinofla-
gellates. Mertens et al. (2009) suggest to avoid the use of oxidation, KOH, warm
acids, acetolysis, large (>15 pm) mesh sizes, and long (>1 min) ultrasonication for
determination of reproducible absolute abundances. Acetolysis also decreases the
abundance of desmids and biases the assemblage toward more robust forms (Riddick
et al. 2016). Loricae of euglenoid algae Trachelomonas, an important indicator of
organic pollution, get dissolved by acetolysis (Shumilovskikh et al. 2019). In con-
trast, green algae such as Pediastrum, Botryococcus, or spores of Zygnemataceae,
all of which have a cell wall which is reinforced with sporopollenin-like material,
are resistant to acetolysis (Jankovskd and Komarek 2000; van Geel 2001; Riddick
et al. 2016).

Several tests were performed also on testate amoebae. Swindles and Roe (2007)
tested dissolution of testate amoebae under acidic conditions and showed a large
variability in dissolution sustainability of taxa. However, comparison of water-treated
samples with palynological ones demonstrated that many taxa are destroyed in pol-
len preparations, but remaining taxa show similar abundance to the water-treated
samples, suggesting that preserved assemblages, while reduced, are not biased and
therefore can be used for paleoenvironmental reconstructions (Payne et al. 2012).

Comparison of the extraction techniques on different NPP groups demonstrates
different resistance of taxa to laboratory preparation and achievement of higher
diversity by using non-destructive methods. In paleoecological studies, the choice
of the applied techniques depends on the sediment composition, influencing the
NPP assemblages and abundance. When interpreting NPP records, one should be
aware of this problem.

NPP data are usually represented in the form of diagrams, either together with
pollen data or separately. NPP data can be calculated as percentage of the pollen
sum or concentrations, or — in case of a good age-depth model — accumulation rates
(influx). NPP taxa are often grouped according their ecological affinities.

4 How Can Non-Pollen Palynomorphs Be Identified?

A specific and formal NPP identification seems to be rather difficult because the
microfossils represent just a part of an organism or a specific life stage, while the bio-
logical taxonomy is based mostly on the complete organism. Therefore, specialized
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literature of algologists, mycologists, and zoologists can only be used to a limited
extent. Furthermore, an atlas of Quaternary NPP is still not available.

The best printed overview of the NPP with descriptions and photographs is a
compilation from previous publications by Bas van Geel and colleagues and initial
reports of the Hugo de Vries-Laboratory “A study of non-pollen objects in pollen
slides. The types as described by Dr. Bas van Geel and colleagues” (van Hoeve and
Hendrikse 1998). Miola (2012) reviewed the “classical” NPP literature and pro-
vided a list of more than 1300 NPP described until 2011. This work provides the
first standardization of the NPP naming between different laboratories and is widely
used in NPP research. In order to systematize the NPP, an NPP webpage is estab-
lished http://nonpollenpalynomorphs.tsu.ru/, including a database with search func-
tion by morphological criteria and an NPP gallery as a visualization tool. The basis
for the search function is the recording system suggested by Coles (1990).

Nevertheless, there are efforts in identification of different groups. Below we
provide an overview of the most common NPP applicable for archaeological studies
and references for identification.

4.1 Cyanobacteria and Algae
Cyanobacteria

Cyanobacteria (formerly blue green algae) are photosynthetic prokaryotes able to
produce oxygen and to fix nitrogen. They can be found in terrestrial and aquatic
habitats and are known for causing blooms, which can be toxic. In fossil material,
cyanobacteria, especially akinetes of Aphanizomenon (HdV-600 by Ralska-
Jasiewiczowa and van Geel 1992 and van Geel et al. 1994) and Anabaena (HdV-601
by van Geel et al. 1994), showed phosphate-eutrophication of a Medieval lake as a
consequence of intensification of farming and fertilization of the area around the
lake (van Geel et al. 1994, 1996). There is no identification key for fossil
Cyanobacteria (Fig. 1), and we refer to the descriptions in Ralska-Jasiewiczowa and
van Geel (1992), van der Wiel (1982), and van Geel et al. (1983, 1994, 1996).

Colonial Green Algae

Colonial green algae, Pediastrum and Botryococcus, are very well-known objects in
palynology (Fig. 2). Besides them Coelastrum (UG-1233, Gelorini et al. 2011),
Tetraedron (HdV-371, Bakker and van Smeerdijk 1982), and Scenedesmus (HdV-770,
Bakker and van Smeerdijk 1982; UG-1239, Gelorini et al. 2011) occur in pollen
slides. Different species of Pediastrum demonstrate different responses to environ-
mental parameters such as turbidity, water chemistry, nutrient status, pH, and geog-
raphy. Therefore, Pediastrum is a good indicator for recording changes in the trophic
status of a lake (e.g., Nielsen and Sgrensen 1992; Jankovska and Komdarek 2000).
Identification and paleoecological interpretation of the fossil green algae can be done
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Fig. 1 Remains of Cyanobacteria: (1) Gloeotrichia-type, colony; (2) Gloeotrichia-type, sheath;
(3) Anabaena, akinetes; (4) Aphanizomenon, akinetes

using overview works of Komarek and Marvan (1992), Jankovskd and Komarek
(2000), and Komarek and Jankovska (2001).

Conjugatophyceae: Zygnematales

Conjugatophyceae are charaphycean green algae reproducing by conjugation to
produce resting spores with a sporopollenin-like wall. They contain two orders:
Zygnematales and Desmidiales. Zygnemataceae are unbranched filamentous green
algae, inhabiting shallow, stagnant, oxygen-rich freshwater lakes, ponds, small
pools, or wet soils. A few species inhabit salt water, but there are no marine repre-
sentatives. During their sexual reproduction, Zygnemataceae produce thick-walled
zygospores, which can fossilize and be found in the sediment archives. Apart from
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Fig. 2 Algal remains: (1) Operculodinium centrocarpum, dinocyst (Shumilovskikh et al. 2013);
(2) Lingulodinium machaerophorum, dinocyst (Shumilovskikh et al. 2013); (3) Spiniferites sp.,
dinocyst (Shumilovskikh et al. 2013); (4) Botryococcus, colonial green alga; (5) Pediastrum, colo-
nial green alga; (6) Mougeotia, zygospore; (7, 8) Spirogyra, zygospore or aplanospore; (9)
Debarya, zygospore; (10-12) Zygnema-type, zygospore or aplanospore
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zygospores, asexual resting spores (aplanospores) can also be formed. The spores
allow the algae to overcome unfavorable conditions such as drying of the sediment
surface during summer or freezing during winter. In most cases, the morphological
characteristics of zygospores and aplanospores are necessary for identification to the
species level. For information on extant Zygnemataceae, reference is made to
Transeau (1951), Randhawa (1959), Kadlubowska (1984), and Hoshaw and McCourt
(1988). Fossil spores recorded in pollen slides are: Mougeotia, Zygnema-type,
Spirogyra, Debarya (Fig. 2). They have been described and their use as paleoenvi-
ronmetal indicators was started by van Geel (1976). However, until now there is no
formal identification key for spores of Zygnemataceae, and the descriptions and
photographs of these fossil spores occur only in a handful of papers such as Ellis-
Adam and van Geel (1978), van Geel and van der Hammen (1978), van Geel and
Grenfell (1996), van Geel (1976, 1979, 2001), and van Geel et al. (1989, 1994).

Conjugatophyceae: Desmidiales

Other representatives of Conjugatophyceae are the unicellular green algae
Desmidiales. They inhabit mostly freshwater and may be found between Sphagnum
mosses in peat bogs. Their cells are divided into two symmetrical parts separated by
an isthmus. However, in the fossil stage they are represented by a half of the cell.
Several genera of Desmidiales were recorded in NPP studies: Penium (HdV-66, van
Geel 1978), Cosmarium (HdV-304, several types of HdV-332, Cosmarium spec. by
Kramer et al. 2010), Closterium (HdV-60), Staurastrum (HdV-983, Carrion and van
Geel 1999).Together with other algal palynomorphs, desmids can be used as proxies
of human impact on lacustrine ecosystems (McCarthy et al. 2018). Identification of
the fossil remains to genus or species level is possible by using algological literature
(Coesel and Meesters 2007, 2013; gt’astny 2010, 2013).

Cysts of Dinoflagellates

Cysts of dinoflagellates (dinocysts) are found mostly in marine sediments but also
in freshwater. They represent resting stages in the life cycle of dinoflagellates that
are microscopic unicellular algae belonging to the phylum Dinoflagellata. Two sys-
tems exist for the identification of the dinoflagellates: (1) for biologists based on
motile cells and (2) for paleontologists based on resting stages (Fig. 2). Since only
10-20% of dinoflagellate species produce cysts composed of highly resistant dino-
sporin, dinocyst assemblages provide only limited information about the former
ecological community. Nevertheless, numerous studies on the distribution of dino-
cysts highlight their usefulness for reconstruction of salinity, temperature, ice-cover,
and productivity or eutrophication (de Vernal and Marret 2007; Marret and
Zonneveld 2003; Zonneveld et al. 2013). Dinocyst studies belong to a special branch
of palynology, and several common identification keys for Quaternary dinocysts
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exist as papers or online resources (Rochon et al. 1999; Mudie et al. 2017; https://
www.marum.de/Karin-Zonneveld/dinocystkey.html).

4.2 Fungi

Fungal remains often occur in the pollen samples in the form of thick-walled
normally dark-colored spores or dark-colored hyphae. While hyphae cannot be
identified morphologically, the varieties of the fungal spores have distinct
morphological characteristics. Fossil fungi are known since the Proterozoic (Taylor
et al. 2015), and they are actively studied in geology (e.g., Elsik 1976; Graham
1962; Taylor and Osborn 1996). A special system has been developed for the
description of fossil fungal remains (Elsik 1983) summarized by Kalgutkar and
Jansonius (2000), presented in the online database of fossil fungi: https://advance.
science.sfu.ca/fungi/fossils/Kalgutkar_and_Jansonius/.

While working with deep-time geology, it is difficult to establish the connection
of fossil finds to the modern mycoflora, but this is possible to do with Quaternary
material. Taxonomically the majority of fungal spores recorded in paleoecological
studies belong to Ascomycetes, Basidiomycetes, and Hyphomycetes (van Geel
2001), and in rare cases to Zygomycetes (e.g., zygospores of Mucor sp. described
by Shumilovskikh et al. 2015a). However, for interpretation purposes, they are usu-
ally grouped by their nutritional strategies rather than by taxonomy: (1) saprotrophs,
general or specialized on dung (coprophilous fungi), wood (lignicolous fungi),
charred material (carbonicolous fungi), or soil; (2) parasites such as rusts and smuts;
and (3) mycorrhizal fungi (Webster and Weber 2007).

Coprophilous Fungi

Coprophilous fungi represent a large group of saprophytic fungi able to grow on
dung or soil contaminated with dung. The coprophilous fungi inhabit or are associ-
ated with dung of wild and domesticated mammals, both herbivores and carnivores,
of birds and rarely of other vertebrates and invertebrates. Spores of many coprophi-
lous taxa germinate after passage through the digestive tract (Webster 1970), while
germination, hypha growth, and sporulation occur in the fresh dung deposited in
warm and moist conditions. Identification of coprophilous fungi is based on the
morphology of fruiting bodies and spores. There are several general and specialized
identification keys (Ahmed and Cain 1972; Bell 1983, 2005; Doveri 2007; Krug and
Cain 1974; Luck-Allen and Cain 1975; Lundqvist 1972; Mirza and Cain 1969).
Taxonomically, coprophilous fungi belong to Ascomycetes, Basidiomycetes,
Zygomycetes, and Myxomycetes (Krug et al. 2004), but almost exclusively
Ascomycetes produce dark-colored thick-walled spores resistant to decomposition
and laboratory treatments. Davis (1987), for the first time, used spores of
Sporormiella for the reconstruction of herbivore density and megaherbivore
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extinction (see also Davis and Shafer 2006). Later paleoecological studies pro-
vided descriptions of a spectrum of spores of coprophilous fungi (Table 2; Fig. 3)
and highlighted their potential for the reconstruction of the local presence of her-
bivores as well as for pastoral activities (e.g., Blackford et al. 2006). It is worth to
mention that sometimes Sporormiella is rare, or even absent, while other spore
types of coprophilous taxa are of regular occurrence. This means, there are no
good reasons to just and only make records of Sporormiella. Among more than
150 genera of coprophilous ascomycetes (Krug et al. 2004), 16 spore types are
known from the late Pleistocene and Holocene sediments. Some of these genera
are represented by several NPP types (Table 2). Until now there is only one iden-
tification key created for paleoecological use covering several types of Podospora
spores (Schliitz and Shumilovskikh 2017). For identification of other genera, it is
best to use the mycological literature mentioned above, original descriptions of
NPP types (Table 2), and studies on the influence of laboratory preparation meth-
ods on spores of coprophilous fungi (van Asperen et al. 2016).

It is important to mention that coprophilous fungi are first of all saprophytic
fungi and their genera include species with different degrees of coprophily as many
of the species inhabit soils (e.g., Watanabe 2010; Guarro et al. 2012; Perrotti and
van Asperen 2019). Krug et al. (2004) suggested the division of genera into three
groups: (1) species predominantly coprophilous or occupying dung-impregnated
litter, but for which the genus may include one or more non-coprophilous species;
(2) species primarily found on other substrates, but for which the genus may contain
one or more coprophilous species or records; (3) genera typically with many cop-
rophilous and non-coprophilous species (Table 2). For interpretation of the cop-
rophilous fungal record, one should be aware of this problem. In order to identify
some of the coprophilous fungal spores to species level, more review and laboratory
work on spores is required. As the studies on Podospora spores show (Schliitz and
Shumilovskikh 2017), spores of different genera can be grouped together or in some
cases even species can be identified. Similar work would be worth to do on other
genera with variable spore morphology such as Apiosordaria, Arnium,
Bombardioidea, Cercophora, Delitschia, Gelasinospora, Saccobolus, Sporormiella,
and Trichodelitschia. Unless such reviews have been done, the source of the cop-
rophilous fungal spores should be interpreted with caution and with reference to
recent mycological literature (e.g., Doveri 2007; Guarro et al. 2012; Watanabe 2010).

Carbonicolous Fungi

Carbonicolous fungi can be found only or preferably on burned substrates. There
are several links: heat from fire stimulates spore germination or triggers the fungus
to produce fruiting bodies; fire kills microorganisms that are competitive or antago-
nistic to carbonicolous fungi; fire changes soil chemistry by increasing alkalinity
through ash (e.g., McMullan-Fisher et al. 2011; Widden and Parkinson 1975). In
paleoecological studies, ascospores of fungi Gelasinospora (Fig. 3) and Neurospora
were identified as taxa of interest through the work of van Geel (1978) and Bakker
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Table 2 Overview of the genera of coprophilous fungi documented in paleoecological studies
with their degree of coprophily (based on Krug et al. 2004) and associated NPP types (http://
nonpollenpalynomorphs.tsu.ru/)

Fungal genus

Degree of
coprophily

Associated NPP types

Apiosordaria

Primarily on other

HdV-169 (van Geel et al. 1983), UG-1171 (Gelorini et al.

substrates 2011)
Arnium Predominantly HdV-261 and HdV-262 (van Geel et al. 2003)
coprophilous
Ascodesmis Primarily on other | UG-1285 (Gelorini et al. 2011)
substrates
Bombardioidea | Predominantly HdV-575 (Bos et al. 2005)
coprophilous

Cercophora

Coprophilous and
non-coprophilous

HdV-112 (van Geel et al. 1981), HdV-1013 (van Geel
et al. 2011), UG-1183 (Gelorini et al. 2011)

Chaetomium

Coprophilous and
non-coprophilous

HdV-7A (van Geel 1978), HdV-1009 (van Geel et al.
2011)

Coniochaeta

Coprophilous and
non-coprophilous

HdAV-172 (van Geel et al. 1983), TM-16 and TM-211
(Cugny et al. 2010), UG-1208 (Gelorini et al. 2011)

Delitschia

Predominantly
coprophilous

BRN-4 (Feeser and O’Connell 2009), TM-6 and-TM
23A-B (Cugny et al. 2010), UG-1066 (Gelorini et al.
2011)

Gelasinospora

Coprophilous and
non-coprophilous

HdV-1 and HdV-2 (van Geel 1978), HdV-528 (van Geel
et al. 1986), HAV-1093 and HdV-1351 (van Geel et al.
2011), UG-1093 and UG-1139 (Gelorini et al. 2011)

Neurospora Primarily on other | HAV-55C (van Geel 1978)
substrates
Podospora Predominantly BRN-6 and-BRN 9 (Feeser and O’Connell 2009),
coprophilous HdV-368 (van Geel et al. 1981), HdV-466 (Kuhry 1985),
TM-110 (Cugny et al. 2010), Podospora curvispora
(Shumilovskikh et al. 2016a, b), several Podospora types
(Schliitz and Shumilovskikh 2017)
Saccobolus Predominantly Saccobolus minimus-type (Shumilovskikh et al. 2016a, b)
coprophilous
Sordaria Predominantly HdAV-55A (van Geel 1978), HdV-1012 (van Geel et al.
coprophilous 2011), UG-1178 and UG-1180 (Gelorini et al. 2011)
Sporormiella Predominantly HdAV-113 (van Geel et al. 2003)
coprophilous
Trichodelitschia | Predominantly HdV-546 (van Hofwegen 1983)
coprophilous

and van Smeerdijk (1982). The occurrence of these spores correlated with the pres-
ence of charred material, highlighting their potential as indicator of local fires,
which was tested by later works (e.g., Blackford et al. 2006; Innes et al. 2004).
Nevertheless, both genera contain coprophilous species as well (Table 2).
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Fig. 3 Ascospores of coprophilous and carbonicolous fungi: (1, 2) Saccobolus; (3) Apiosordaria;
(4, 5) Delitschia-type, (6, 7) Cercophora-type; (8—13) Coniochaeta; (14) Gelasinospora retispora,
(15, 16) Sordaria-type (HdV-55A) (Podospora inflatula-type sensu Schliitz and Shumilovskikh
2017); (17) Sordaria-type (HAV-55A); (18-20) Sporormiella-type; (21, 22) Podospora-type (HdV-
368) (Podospora decipiens-type sensu Schliitz and Shumilovskikh 2017); (23) Chaetomium-type;
(24, 25) Arnium-type
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Rusts

Rusts (Pucciniales, formerly Uredinales) are a specialized parasitic group of
Basidiomycetes which are found on various plant species. They have a complex life
cycle with several stages on different hosts: uredospores (urediniospores), teleuto-
spores (teliospores), basidiospores, spermatia, aeciospores. Uredospores (summer
spores) and teleutospores (winter spores) have a thick wall that is resistant to bio-
logical degradation and palynological laboratory treatments (Fig. 4). Teleutospores
of rusts (Puccinia) are known NPP types: HdV-357 (van Geel et al. 1981), HdV-529
(van Geel et al. 1986). Furthermore, summer and winter spores parasitizing cereals,
such as Puccinia sorghi, P. graminis, and Uromyces appendiculatus, were used for
the reconstruction of Canadian agriculture in the second millennium AD
(McAndrews and Turton 2010). Further morphological studies are required to
develop an identification key of the spores. For mycological literature, we refer to
Grove (1913), Ellis and Ellis (1997), and Kuprevich and Ulyanishchev (1975).

Smuts

Smuts (Ustilaginales) represent another big group of plant parasitic Basidiomycetes
that grow mainly on angiosperms, especially on monocots, with some exceptions
for saprophagy (Vanky 2013). Due to their specialization on different plant species,
spores are important indicators for the presence of host plants. Thus, McAndrews
and Turton (2010) identified Ustilago maydis and Tilletia cf. caries and used them
as an indication for crop plants. The presence of Glomosporium leptideum in harbor
sediments indicated the presence of Chenopodium in the surrounding area
(Shumilovskikh et al. 2016b). Other spore balls of smut fungi were described from
paleoecological contexts (Fig. 4): Thecaphora (HdV-364) by van Geel et al. (1981),
Urocystis (UG-1079) by Gelorini etal. (2011), and Thecaphora sp. by Shumilovskikh
et al. (2016b). However, a comprehensive overview and identification key of these
spores in paleoecological contexts is still missing and we refer to mycological lit-
erature for further details (Schellenberg 1911; Vanky 1985, 2013; Vanky and
Shivas 2008).

Other plant parasitic fungi

There are also plant parasitic fungi in other taxonomic groups. For example,
Pithomyces is a genus of the dematiaceous Hyphomycetes (Ellis 1971). The conid-
iospores of Pithomyces chartarum were described from lagoon sediments of
Hellenistic times (Fig. 4; Shumilovskikh et al. 2016b). P. chartarum is a largely
saprophytic fungus (Ellis 1971) and a pathogen of cereals (Chong and Sheridan
1982; Téth et al. 2007). Isolates of P. chartarum produce the mycotoxin sporides-
min causing facial eczema (Collin et al. 1998), known in New Zealand and Europe.
It appears when P. chartatum sporulates profusely after rain in late summer and
autumn (van Wuijckhuise et al. 2006; Di Menna et al. 2010).
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Fig. 4 Spores of plant parasitic fungi: (1, 2) Glomosporium leptideum, teliospore ball of smut
fungi (Shumilovskikh et al. 2016b); (3,4) Thecaphora, teliospore ball of smut fungi (Shumilovskikh
etal. 2016b); (5-9) Urocystis, teliospore ball of smut fungi; (10-13) uredospores of rust fungi; (14)
Pithomyces chartarum, conidiospore; (15) Glomus-type, chlamydospores; (16, 17) Puccinia-type,
teliospores of rust fungi
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Mycorrhizal Fungi

The most important representatives of mycorrhizal fungi in paleoecological research
are chlamydospores of arbuscular mycorrhizal fungi (AMF) of Glomeromycota. In
paleoecological studies, spores of different groups of Glomeromycota are mostly
merged under Glomus-type or just named Glomus (Fig. 4). Several NPP types are
attributed to this group: HdV-207 (van Geel et al. 1989), HdV-1103 (van Geel et al.
2011), UG-1103, and UG-1291 (Gelorini et al. 2011). Spores of several
Glomeromycota species from peat material are shown by Kotaczek et al. (2013).
AMF produce spores below the ground and therefore their occurrence in lacustrine
and marine sediments is used as indicator of the soil erosion in the catchment (e.g.,
Bos et al. 2005; Gauthier et al. 2010; Miehe et al. 2009; Shumilovskikh et al. 2016b;
van Geel et al. 1989), while in peat and soil sediments it can occur through roots
growth into the sediment (Kotaczek et al. 2013).

4.3 Zoological Remains

In comparison to an intensive use of cyanobacteria, algae, and fungi in palynological
research applied to solve archaeological questions, microscopic animal remains are
less represented. The most important of them are helminth eggs and testate amoebae.

Helminth Eggs

Helminth eggs (Fig. 5) are often found in sediments, indicating the presence of
parasitic worms, their host, and the disease in the area. In palynological studies,
especially very resistant eggs such as of Trichuris (HdV-531 by van Geel et al. 1986;
Brinkkemper and van Haaster 2012; Fernandes et al. 2005; Florenzano et al. 2012;
Le Bailly et al. 2007; Maicher et al. 2017), Ascaris (Brinkkemper and van Haaster
2012), Capillaria (Shumilovskikh et al. 2016b; Bosi et al. 2011; Le Bailly et al.
2007), Dicrocoelium (Shumilovskikh et al. 2016a; Le Bailly and Bouchet 2010;
Bosi et al. 2011; Florenzano et al. 2012), and Diphyllobothrium (Le Bailly et al.
2007; Florenzano et al. 2012) occur. While harsh palynological laboratory treat-
ments might change the morphology of the eggs, identification of resistant helminth
eggs is still possible (e.g., Lardin and Pacheco 2015). Studies on helminths eggs
from sediments and latrines have developed to a special field of paleoparasitology,
where gentle methods of sample preparation are used (see chapter “Parasite
Microremains: Preservation, Recovery, Processing, and Identification” by Camacho,
Perry and Reinhard, this volume).
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Fig. 5 Zoological remains: (1) Hesciola hepatica, egg; (2, 3) Trichuris, egg (Shumilovskikh et al.
2016b); (4) Ascaris, unfertilized egg; (5) Ascaris, fertilized egg; (6, 7) Capillaria, egg
(Shumilovskikh et al. 2016b); (8) Arcella sp., testate amoeba; (9) Assulina sp., testate amoeba; (10)
Amphitrema flavum, testate amoeba; (11, 12) Dicrocoelium sp., egg

Testate Amoebae
Testate amoebae are a group of eukaryotic microorganisms with a decay-resistant

shell, which can get fossilized (Fig. 5). While studies on testate amoebae are a sub-
ject of specialized analysis (Charman et al. 2000; Mitchell et al. 2008), the shells
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can be identified from pollen slides and used for reconstructions of hydrological
changes, eutrophication, or pollution (Grospietsch 1952; Mazei and Tsyganov 2006;
Payne et al. 2012; Swindles and Roe 2007). Several NPP types were assigned to
testate amoeba such as Amphitrema flavum (HAV-31A), A. wrightianum (HdV-31B)
by van Geel (1978), HdV-186 (van Geel et al. 1983), t-22 (Kuhry 1988), Assulina
muscorum (HAV-32A), and A. seminulum (HdV-32B) (van Geel 1978).

5 Potential Problems and Biasing Factors

When interpreting NPP records, one should be aware of several potential problems
and biasing factors such as a choice of the laboratory treatment, identification bias,
and taphonomic problems.

As discussed in the methodological section, sample preparation can significantly
influence the diversity of NPP assemblages and composition. In general, less harsh
methods are suggested to use in order to get more diverse spectra (Marret 1993;
McAndrews and Turton 2010; Payne et al. 2012; Riddick et al. 2016; van Asperen
et al. 2016; Enevold et al. 2019). However, using different laboratory approaches
makes comparison of the NPP assemblages between sites challenging.

NPP identification is the next problem. As we have shown above, the absence of
an NPP atlas for Quaternary sediments makes identification a time-consuming pro-
cess, where one should be aware of several hundreds of papers with NPP descrip-
tions and general biological literature about very different groups of organisms. One
step forward represents the NPP database, which is in development. Furthermore,
more studies on biological affinities of NPP should be conducted in order to under-
stand the ecological value of these objects. Recently, several review studies were
carried out on fungal spores (e.g., Hawksworth etal. 2016; Schliitzand Shumilovskikh
2013, 2017; Shumilovskikh et al. 2015b; van Geel et al. 2006), highlighting the
potential of these types for paleoenvironmental reconstructions but also emphasiz-
ing restrictions in interpretation. In addition, further research is required for under-
standing of the association between modern-day NPP assemblages and current
environmental conditions and/or taphonomic processes (e.g., Prager et al. 2006;
Blackford and Innes 2006; Medeanic 2006; Cugny et al. 2010; Ghosh et al. 2017).

Understanding of the NPP origin is crucial for environmental reconstructions.
The best example is provided by a study on spores of the arbuscular mycorrhizal
Glomeromycota (Glomus) (Kotaczek et al. 2013), which, when found in lacustrine
sediments, are very good indicators of erosion in the catchment. But the results of
that study also show that application of Glomus to peat sediments is highly ques-
tionable, because the spores may originate from mycorrhiza on the roots of a plant
growing at the sampling site. Furthermore, NPP often provide a very local signal,
making an intercorrelation between sites difficult (Expésito et al. 2017). Revelles
et al. (2016) show that NPP distribution is mainly influenced by taphonomic or
anthropic processes rather than by natural ecological or climate dynamics. The dis-
persal of the fungal spores that we find is less efficient in comparison with the pollen
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of wind-pollinated trees, possibly due to the position of fruiting bodies mostly close
to the ground (van Geel et al. 2003).

One of the possible solutions to trace taphonomic problems is the application of
a multiproxy analysis. Thus, comparison of frequencies of coprophilous Coleoptera
and percentages of coprophilous fungi from the sediment core Lac des Lauzons
(French Alps) show a complete discrepancy: dung beetles are abundant in the lower
lacustrine part of the sediment and disappear to the top, where coprophilous fungal
spores increase (Ponel et al. 2011). Even by the same grazing pressure, this change
was explained by the authors as a change from open water environment, where
beetles could fall down and sink, to peat, where locally produced spores could get
embedded.

6 Conclusion

NPP-analyses open up new opportunities for more detailed environmental
reconstructions in the frame of archaeological contexts. With regard to archaeological
stratigraphies, the analysis of NPP can provide information about temporal and/or
spatial changes in specific conditions, thus helping to reconstruct how former struc-
tures and settlement areas have been used in the past. NPP are often better preserved
than pollen at sites with dry deposition, making them valuable indicators for on-site
characterizations at archaeological locations. As a whole, combination of NPP with
pollen and with geochemical and sedimentary records can provide a more inclusive
picture of environmental conditions and human behavior.
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