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ARTICLE INFO ABSTRACT

Article history: Seagrass meadows are marine habitats with high ecological importance. Their detection in the fossil record will
Received 31 January 2014 contribute to our understanding of the development of patterns of marine biodiversity through time and the re-
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Available online 7 February 2015 macrofossils, the reliable identification of seagrass meadows in the fossil record is often challenging. A wide range

of indirect indicators has been applied to infer paleo-seagrass habitats in Late Cretaceous and Cenozoic deposits.
The usefulness of those indicators is determined by various factors, such as their stratigraphic range, fossilization
potential, habitat restriction, and others. Although they have sometimes been briefly summarized in the litera-
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Faunal association ture, a comprehensive review of indirect paleo-seagrass indicators, including an assessment of their value for rec-
Fossil record ognition of this habitat, is not yet available. We summarize them here and explore their usefulness. We aim to
Proxy assist future workers to identify facies and fossil assemblages associated with seagrass beds. Apart from a few
(Paleo)ecology truly diagnostic proxies, combinations of several indicators turn out to be most reliable when aiming to identify

the presence of paleo-seagrass habitats. The presence/absence of many potentially seagrass-associated taxa can-
not serve as a useful indicator due to a lack of habitat restriction, but statistical evaluations of abundance data are
promising to discriminate seagrass beds from neighboring areas. However, such studies are available for only a
few commonly seagrass-associated organism groups. Furthermore, the applicability of many indicators is con-
fined by latitude, because their occurrence is restricted to (sub)tropical or at most warm temperate regions.
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1. Introduction

The deeper understanding of paleo-habitats and their successful
recognition in the geological past help us to investigate their ecolog-
ical responses to small- and large-scale environmental changes, such
as climate change and sea-level fluctuations. In order to evaluate the
development of coastal biodiversity through time it is necessary to
reliably discriminate different marine habitats, because species
numbers and assemblage compositions may vary considerably be-
tween environments (Gray, 2001; Bouchet et al., 2002). Therefore,
the successful recognition and discrimination of paleohabitats are

an indispensable basis for studies on biodiversity, climate and sea
level history.

Here the terms ‘seagrass habitat’, ‘seagrass meadow’, etc. refer to
environments with an area-wide vegetation cover (10s to 100s of m?)
dominated by marine angiosperms. Patchy seagrass occurrences in
other, for instance coral-dominated, environments are not further consid-
ered, because the recognition of dispersed seagrass vegetation appears to
be limited, although not impossible (Zuschin and Hohenegger, 1998;
Kusworo et al., 2015).

Seagrass meadows are distributed worldwide from Australia and New
Zealand to Iceland, Norway and Greenland, spanning the coasts of Africa,

@ Late Cretaceous

O Miocene
O Pliocene

@ Late Paleocene to Eocene 4 /

Fig. 1. Worldwide occurrences of fossil seagrasses; see legend for stratigraphic assignments. The shaded areas represent the range of modern seagrass distribution.

After Green and Short (2003).
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India, The Middle East, North and South America and Europe with the
exception of Antartica (Fig. 1). The habitat is characterized by a three-
dimensional structuring of marine angiosperms and associated
macroalgae.

Seagrasses are a polyphyletic functional group comprising approxi-
mately 60 species in 13 genera, assigned to five different plant families
(Les et al., 1997). They are the only angiosperms that live permanently
in fully marine environments, involving several physiological adapta-
tions (Touchette and Burkholder, 2000). The highest diversity of
seagrass species is found in the tropical Indo-West Pacific around the
Philippines, New Guinea, and Indonesia (Mukai, 1993; Green and
Short, 2003). Marine angiosperms predominantly occur in the tidal
and shallow subtidal zone down to about 15 m, but have also been re-
ported from depths down to 90 m, depending on seagrass species and
light attenuation (Duarte, 1991). In the tropics seagrasses often grow
on reef flats and form compound associations with corals in the transi-
tion zone between intertidal meadows and subtidal reefs (Nienhuis
et al., 1989; Hoeksema, 2007). In the Caribbean the presence of fringing
reefs, which have been the dominant reef type in that region since the
Plio-Pleistocene, is critical for sheltering and facilitating the accumula-
tion of back-reef seagrass meadows and landward fringes of mangroves
(Budd et al., 1999; Spalding et al., 2001; Johnson et al., 2007). Where the
three components are present, seagrasses, coral reefs, and mangroves
are intimately linked both in terms of the genesis of the wider reef sys-
tem and its sedimentation patterns, and chemically through nutrient
transfer (McCoy and Heck, 1976; Ogden, 1997).

Seagrass meadows provide a number of functions that make them
an ecologically highly valuable habitat. Constanza et al. (1997) estimat-
ed the commercial value of ecosystems based on the ecological func-
tions they provide, and rated seagrass meadows as one of the most
valuable biotopes in the world. They contribute significantly to the oce-
anic primary production on a global scale and play an important role in
the oceanic carbon cycle, especially in carbon storage (Duarte and
Chiscano, 1999; Hemminga and Duarte, 2000). Due to their ability of
rapid nutrient uptake in combination with slow decomposition rates,
they can reduce eutrophication, bind organic pollutants and therefore
play an important role in nutrient cycling (Spalding et al., 2003).
Because seagrasses, in contrast to other marine macrophytes, have
true roots, they trap and stabilize sediments and therefore prevent
coastal erosion even under extreme conditions such as hurricanes
(Ball et al., 1967; Scoffin, 1970). Seagrass meadows support local biodi-
versity by providing food, stable sediment conditions, and a three-
dimensional structuring, offering attachment surfaces and shelter
against predation, for numerous associated organisms (e.g., Bostrom
and Bonsdorff, 1997). Seagrasses form complex ecosystems that consist
of several microhabitats for different groups of organisms, i.e., the infau-
nain the sediment, the benthic community on the sediment surface, the
epiphytic community, and planktonic as well as nektonic organisms in
the water column (Den Hartog, 1979). Meadows are also an important
nursery habitat for fish, crustaceans, mollusks and echinoderms, includ-
ing reef-associated and economically important species (Hemminga
and Duarte, 2000). Therefore, species richness and abundance are
often higher in seagrass meadows than in adjacent unvegetated areas
that lack a three-dimensional structuring (Brasier, 1975; Mikkelsen
et al.,, 1995; Hemminga and Duarte, 2000; Barnes and Barnes, 2012).
However, diversity often does not exceed that of other shallow marine
phytal habitats, such as mangrove forests or algal mats, or that of nearby
coral reefs (Hemminga and Duarte, 2000, and references therein;
Sheridan, 1997). Like other coastal marine ecosystems, seagrass
meadows are severely threatened by climate change, eutrophication,
over-exploitation, and mechanical disturbance (Short and Neckles,
1999; Jackson, 2001; Orth et al., 2006; Hughes et al., 2009; Waycott
et al., 2009; Rasheed, 2011).

Fundamental to studies of seagrass habitats in deeper time is the as-
sumption that seagrass meadows in the geological past since their Late
Cretaceous origin provided habitat functions comparable to modern

seagrass meadows and were inhabited by a comparable community of
associated organisms. Despite their ecological importance, our knowl-
edge of the biodiversity of modern seagrass habitats remains surprising-
ly limited, with faunal inventories often being restricted to specific
groups, such as fish or arthropods (e.g., Heck et al., 1989). Other studies
focus on the macrobenthic invertebrate community, often combined
with an assessment of the infauna (e.g., Bostrém and Bonsdorff, 1997;
Barnes and Barnes, 2012), or that of epiphytes (e.g., Marsh, 1973). Stud-
ies of the composition and diversity of the entire macrofauna present in
Recent seagrass meadows are comparatively scarce (Brouns and Heijs,
1985). Likewise, detailed studies of distribution patterns of seagrass
meadows and their response to environmental change during the Ceno-
zoic are very few in number (Brasier, 1975; Eva, 1980; Domning, 2001;
Vélez-Juarbe, 2014). There are no studies examining patterns of biodi-
versity change of seagrasses and associated organisms over global or re-
gional scales. One likely explanation is the challenge of reliable
identification of seagrass meadows in the fossil record. Seagrasses easily
disintegrate, therefore marine angiosperm macrofossils are rare
(Brasier, 1975). In contrast to most land plants, the pollen of seagrasses
is prone to decay, because it lacks the resistant pollen wall used by land
plants for protection against dehydration (Hesse et al,, 1999). Therefore,
a widely used approach has been to infer the former presence of paleo-
seagrass vegetation through sedimentological and taphonomic indica-
tors, and the presence of fossil organisms that are interpreted as typical
for seagrass associations (Brasier, 1975; Eva, 1980; Domning, 1981;
James and Bone, 2007; Reuter et al., 2010). All these indicators can
only provide indirect evidence of seagrass meadows and are therefore
here referred to as IPSIs (Indirect Paleo-Seagrass Indicators). IPSIs
have often been of limited use because of their low fossilization poten-
tial, limited geographical distribution, or occurrences in habitats other
than seagrass meadows. To date no comprehensive summary of indirect
paleo-seagrass indicators is available, neither is an assessment of the
value of those indicators.

In this study we review previous studies of seagrass meadows in the
Late Cretaceous and Cenozoic, focusing on the methods used to identify
this habitat. Our aim is to provide an overview of previously used IPSIs,
to assess their usefulness, and to identify which indicators or combina-
tions of them are most reliable to infer paleo-seagrass vegetation in the
geological record.

2. Material and methods

This study is largely based on a review of the available literature on
modern seagrass meadows, previously identified paleo-seagrass
meadows, and IPSIs of various kinds. Observations made on our own
(in part unpublished) material and results are included. Specimens de-
posited in the Naturalis Biodiversity Center, Leiden, the Netherlands are
indicated by RGM numbers. Specimens deposited in the Natural History
Museum in London, UK are indicated by NHMUK numbers.

We provide a classification for each reviewed IPSI, referring to its ap-
pearance in modern seagrass meadows, the way it has been used as an
indicator, and possible limitations of its usefulness (Sections 2.1.1-2.1.4).

2.1. Definition and quality of IPSIs

The term IPSI is used for every proxy that has been previously
applied to infer seagrass-dominated environments in the fossil record.
This includes the presence and/or abundance of various organisms, the
species and ecological composition of fossil assemblages, sediment char-
acteristics, taphonomic features, and geochemical approaches (4.-5.).
The most commonly used IPSIs are organisms that are characteristic of
paleo-seagrass vegetation. Organisms that occur frequently in modern
seagrass environments, but have never been directly applied as IPSI are
not treated in this study. This includes for instance sponges, brachiopods,
and crustaceans (with the exception of ostracods). Those groups have a
reasonably good fossilization potential and future research on their
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habitat affinities and distribution in the fossil record might reveal addi-
tional possibilities to apply them as IPSIs.

The quality of an IPSI, that is its ability to reliably identify paleo-
seagrass meadows, depends on several factors. For instance, one IPSI
can be strictly confined to seagrass meadows, but is limited by a low
preservation potential. Another IPSI can occur frequently in fossil as-
semblages, but its occurrence is not restricted to seagrass environments.
To assess the usefulness of IPSIs each indicator is reviewed for its com-
pliance with four criteria (see below). In conclusion, the indicators are
ranked as strong IPSIs (including conclusive and highly suggestive indi-
cators), suggestive IPSIs, and weak IPSIs. The latter are only applicable to
strengthen the argument when other IPSIs are present.

Organisms that serve as IPSI may show strong preferences for partic-
ular seagrass species, e.g., depending on size, shape, and life span of spe-
cific seagrass leaves. In general, long-lived and structurally complex
seagrass taxa (e.g., Posidonia and Amphibolis) appear to host a more
abundant and diverse epiphytic community than short-lived taxa such
as Heterozostera (Borowitzka et al., 2006, and references therein).
Although in many cases it is not possible to assign fossil seagrasses to
an individual species, and in cases lacking seagrass preservation it is im-
possible, one should be aware that relations between certain IPSIs and
certain (extinct) seagrass species likely existed in the past and may
bias the record of paleo-seagrass beds towards environments with a
specific seagrass species composition.

A common concern with paleoenvironmental indicators, including
IPSIs, is the possibility of transport out of the original habitat and mixing
of indicators from different environments. Therefore, an otherwise
strong IPSI might not be able to indicate the exact locality of a seagrass
meadow but only its adjacency. When using assemblage compositions
as IPSIs, use of autochthonous assemblages is essential. However, out-
of-habitat transport is rare for fossil organisms, especially in level-
bottom settings, and it is likely that fossil assemblages represent the
original ecological signal (Kidwell and Bosence, 1991; Kidwell and
Flessa, 1996). Where transport is occurring, it usually takes place over
short distances of less than 50 m (Miller and Cummins, 1990).

2.1.1. Stratigraphic and geographic range

Seagrasses are distributed worldwide with the exception of
Antarctica (Fig. 1), and known since the Late Cretaceous (Section 3.1).
Many IPSIs have a narrower geographic range than that of seagrasses
and their use is therefore limited to their region of occurrence. This par-
ticularly concerns the latitudinal distribution of IPSIs, because many are
restricted to low latitudes. Furthermore, any feature or organism that is
highly characteristic for modern seagrass meadows is still not useful as
an IPSI when it is unknown in the fossil record.

2.1.2. Fossilization potential

Here we categorize the fossilization potential of IPSIs as ‘high’,
‘moderately high’, and ‘low’. IPSIs with a high potential for preservation
include organisms with solid, carbonate shells such as mollusks. IPSIs
with a moderately high potential for preservation include organisms
that tend to disarticulate and are usually represented by parts of their
skeleton (e.g., echinoid spines). IPSIs with a low potential for preserva-
tion include those encrusters with fragile skeletons.

2.1.3. Frequency of occurrence

The frequency of occurrence specifies how likely it is that the ad-
dressed IPSI occurs in a randomly chosen seagrass meadow. ‘Frequent’
means that the addressed IPSI is likely to occur in any seagrass habitat
world-wide; other IPSIs are ranked as ‘moderately frequent’ or ‘rare’.
For this classification it is necessary to define a frame of reference. For
instance, an IPSI can occur frequently in modern seagrass meadows,
but very rare in the fossil record (according to its fossilization potential).
Another IPSI may occur very frequently, but only within its limited geo-
graphic range. We here define the frame of reference for the frequency
of every IPSI individually.

2.1.4. Habitat restriction

Whether the indicator is strictly confined to seagrass meadows, or if
it occurs outside this habitat, is of critical importance. Some IPSIs char-
acterize marine macrophyte vegetation, including seagrasses but also
macroalgae. Other IPSIs occur in a wide range of marine habitats.

3. Seagrass associations in the fossil record

Seagrass associations in the fossil record can be divided into two cat-
egories: 1) associations with seagrass preservation (see Section 3.1),
and 2) associations identified based on IPSIs. In addition, the presence
of IPSIs can strengthen the interpretation of a sedimentary deposit con-
taining only rare remains of seagrasses or of ‘seagrass-like’ plants that
cannot be reliably identified (Collinson, 1996). Studies on fossil associa-
tions including preserved seagrass remains reveal similarities to mod-
ern seagrass habitats, indicating that observations on today's seagrass
systems are applicable to the past and vice versa. For instance, the use
of seagrass leaves as an attachment surface is attested by encrusting or-
ganisms preserved on seagrass leaves from the Eocene of Florida, USA
and France and the Pliocene of Greece (Ivany et al., 1990; Taylor and
Todd, 2001; Moisette et al., 2007). Another example is the high abun-
dance of juvenile echinoderms, also observed in the Eocene of Florida,
which may indicate the function of seagrass meadows as nursery habi-
tats in the geological past (Ivany et al., 1990).

3.1. Plant macrofossils

Considering the worldwide distribution of seagrasses and their orig-
ination in the Late Cretaceous, records of fossilized seagrass remains are
very sparse (Fig. 1). The oldest known seagrass fossil comprises a stem
of Thalassocharis muelleri from the early Campanian of the
Netherlands (Debey, 1848, 1851; Pomel, 1849). Late Campanian
seagrass stems, occasionally with attached leaves, have been described
from Westphalia, Germany (Hosius and von der Marck, 1880). Two
early Maastrichtian seagrass leaves are known from Tennessee, USA
(Dilcher, in press). Anatomically preserved seagrass stems and roots
are described from the late Maastrichtian of the Netherlands (Voigt
and Domke, 1955; Voigt, 1981). Those seagrass fossils are associated
with various bryozoan species and also include examples of
bioimmuration (Voigt, 1981; 3.2). Van der Ham et al. (2007) described
silicified fragments and chert imprints of seagrass leaves from the late
Maastrichtian and earliest Danian of Belgium and the Netherlands. A
late Paleocene seagrass record is known from Belgium (De Saporta
and Marion, 1878). Chandler (1961) and Collinson (1996) have record-
ed remains of seagrass-like leaves, axes and rhizomes (some possibly
representing Posidonia-like seagrass), associated with diverse forami-
nifera, bryozoans, and a highly diverse mollusk fauna, from a thin bed
within the middle Eocene Selsey Formation (formerly Upper
Bracklesham Beds) of southern England. Both Curry (1965) and Tracey
et al. (1996) have briefly discussed the fauna and have interpreted it
as indicating a seagrass or mixed seagrass/macroalgal habitat, which
contrasts strongly with the assemblages and inferred habitats present
throughout much of this formation. Plant remains similar to those
from Selsey are known from the London Clay Formation (early Eocene)
of Herne Bay, England (Chandler, 1961; Collinson, 1983) and from the
Brussels Sand Formation (middle Eocene), Belgium (Stockmans,
1936). A well-preserved seagrass bed with a rich associated fauna is
known from the middle Eocene Avon Park Formation, Florida, USA
(Lumbert et al., 1984; Ivany et al., 1990; Benzecry and Brack-Hanes,
2008). Associated organisms include various epiphytes and juvenile
echinoids, but also sirenian bones and remains of a sea turtle (Ivany
et al., 1990). Further Eocene records of seagrasses are from the Paris
Basin, France (Phillips and Mefiez, 1988), southern Germany (Gregor,
2003), and northern Italy (Gregor, 1991). Laurent and Laurent (1926)
reported fossil seagrass from the Miocene of Sulawesi, Indonesia. Fur-
thermore, recently we have found a locality with preserved probable
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seagrass leaves of early Tortonian (late Miocene) age in East Kaliman-
tan, Indonesia, but the plant identifications have yet to be verified.
Fossilized Posidonia leaves as well as in-situ rhizomes are known from
the late Pliocene Kritika Section, Rhodes Formation of Rhodes, Greece
(Moisette et al., 2007). A diverse assemblage of organisms, such as cor-
alline algae, foraminifera, serpulids, mollusks, bryozoans, and ostracods,
was collected from this section, including 121 species associated with
the leaves and 57 species associated with the rhizomes. Another
Pliocene record of seagrass leaves is from northern Italy (Gregor, 1991).

The following records are not depicted in Fig. 1: a fossil from the late
Cretaceous Izumi Sandstone in Japan (Koriba and Mikki, 1958) that was
later doubted to represent a marine angiosperm (Brasier, 1975; Kuo and
McComb, 1989), and an Oligocene record of Cymodocea seagrass men-
tioned by Brasier (1975) that actually refers to the freshwater plant
Cymodoceites (Chesters et al., 1967).

3.2. Bioimmured seagrass

Bioimmuration is both the process and the result of the organic over-
growth of an organism by the skeleton of another. This process provides
a route by which unmineralized or weakly mineralized taxa may enter
the fossil record, in some cases the only means (Todd and Taylor,
1992). In the fossil record, just as today, seagrass provides a substratum
for relatively large skeletonized epiphytic organisms, such as encrusting
bivalves (e.g., true oysters: Ostreidae). These encrusters, in turn, pre-
serve an external mould of the seagrass, in this example the leaf, on
their basal attachment surface. Typically this becomes visible after the
seagrass tissue itself disintegrates. This manner of preservation of
body fossils has been termed substratum bioimmuration (Taylor,
1990). Because encrusters secrete their skeletons in different ways,
the degree of fidelity of the resulting external mould differs between or-
ganisms. The most accurate moulders are cementing bivalves, such as
oysters, and serpulid worm tubes. Both of these taxa may reproduce a
negative with sub-micrometer scale fidelity of the surface they attach
to (Todd, 1994). External moulds of seagrass leaves and stems (the lat-
ter referred to Thalassocharis) bioimmured by the base of encrusting
bryozoans (especially cyclostomes) have been described and illustrated
from the Maastrichtian (late Cretaceous) of Limburg, the Netherlands
(Voigt, 1956, 1981). This assemblage comprised 50 species of bryozoans
on stems, roots and leaves preserved by bioimmuration. The growth di-
rection of most colonies was parallel to the axes of the roots and stems,
although some were transversely oriented and enveloped the substrate
(Voigt, 1981). Other examples of basal surfaces of encrusting bryozoans
that bioimmure seagrasses are known from Burdigalian celleporiform
bryozoans from India (Reuter et al., 2010) and from attachment surfaces
of arborescent colonies belonging to the genera; Metrarabdotos,
Adeonellopsis, Cigclisula, and Gemelliporella from the Mio-Pliocene of
the Cibao Valley, Dominican Republic (Cheetham and Jackson, 1996;
see Section 4.6 for more information on bryozoans in seagrass
meadows). These external molds may be surprisingly common;
Cheetham and Jackson (1996) report their presence on 75% of the
basal surfaces of 125 colonies of Metrarabdotos examined. These bryo-
zoans comprised seven species and occurred over 5 million years of
deposition.

At best such fossils preserve details of the leaf epidermis and there-
fore allow confident taxonomic attribution. A good example is
the bioimmured epidermal patterns recorded by Cheethan and
Jackson (1996: Fig. 8.10) that strongly resemble the epidermis of the Re-
cent seagrass Halodule. Importantly, when taken together with
Metrarabdotos' preferred paleo-bathymetries at the present day, this
suggested taxonomic affinity allows one to infer the presence of rela-
tively deep-water seagrass assemblages. However, it must be noted
that frequently the encruster's attachment surface is worn or, in the
case of cementing bivalves, has been subject to diagenesis so that the
thin aragonitic cement layer (Harper Layer: Todd, 1993) has been lost.
In this case a lower resolution mould (‘undermould’) may be preserved

in the underlying outer shell layer of the encruster (Todd, 1993). In
these cases unambiguous interpretation of the taxonomic identity of
flat ‘vegetal’ substrates as being of macroalgal or seagrass origin may
be difficult (see illustrations in Voigt, 1956, 1979). The same accounts
for the bioimmuration of seagrass rhizomes by oysters as reported
from upper Oligocene deposits of NW Germany (Diedrich, 2008). Such
imprints can be conclusive indications of seagrass vegetation, but only
if the external mould preserved on a shell can be confidently identified.

4. IPSIs—taxonomic groups
4.1. Benthic foraminiferal assemblages

The assemblage composition of foraminifera and the occurrence of
individual species associated with seagrasses have received considerable
attention (e.g., Langer, 1993; Semeniuk, 2001). Worldwide, numerous
species (>100) are reported in association with seagrasses. Species num-
bers per seagrass leaf can be up to 24 (Richardson, 2004), and typical
densities range from 14 to 80 specimens/cm? (Richardson, 2000, 2004;
Wilson, 1998; W. Renema, unpublished data on various seagrass
meadows in Indonesia). Foraminifera inhabit both leaves and exposed
rhizomes of seagrasses, which can bear distinctly different communities
(Langer, 1993; Ribes et al., 2000). Langer (1993) distinguished between
four functional groups of foraminifera in phytal habitats. Those are
defined by distinct morphotypes and different life modes,
i.e, permanently attached (Section 4.1.1; Fig. 2A-C), motile with attach-
ment surface, permanently motile suspension feeders, and permanently
motile grazers. All functional groups were found on most types of
seagrass and macroalgae (Langer, 1993). For tropical environments, a
fiftth group is here proposed: motile photosymbiotic foraminifera
(Sections 4.1.2-4.1.3; Fig. 2D-G). Interpretations especially based on
symbiont-bearing, benthic foraminifera assemblages as seagrass-associ-
ated are frequently justified by citing only one or a limited number of
publications reporting the occurrence of these taxa in seagrass meadows
without considering that they may occur in other environments as well
(e.g.,Cushman, 1922; Eva, 1980; Steinker and Clem, 1984; Langer, 1993),
which is not sufficient for such a general statement. In fact, most taxa
that are generally associated with seagrass habitats occur also outside
these habitats, either epiphytic on algae or even on other substrates.
Murray (1970) and Steinker and Steinker (1976) argue that seagrass-
associated assemblages are more diverse than assemblages from adja-
cent non-vegetated habitats. However, as far as we can tell, there are
no quantitative analyses that would support this statement. Available
comparisons, at most, are restricted to vegetated versus directly adjacent
non-vegetated environments, and are limited concerning the identified
taxonomic levels (Murray, 1970; Scoffin, 1970). Higher species diversity
was not confirmed for seagrass-associated foraminifera occurring on
reef flats in the Spermonde Archipelago, Indonesia (W. Renema, unpub-
lished data) and Berau shelf (Renema, 2006). Furthermore, Ribes et al.
(2000) found that assemblages on natural and artificial seagrass leaves
did not differ significantly, suggesting that foraminifera are mainly
attracted to a long-lived flat surface and do not necessarily depend on
seagrasses. It also has to be accounted for that the groups of seagrass-
associated foraminifera discussed in the following share a common
issue: Most studies are confined to tropical regions and seagrass-
characteristic foraminifer taxa are often larger, photosymbiotic ones
that do not occur in temperate and polar climate zones. Therefore, it is
unlikely that foraminifer assemblages can perform as IPSIs in high
latitudes.

4.1.1. Abundance of permanently attached foraminifera

In modern seagrass meadows: Sessile epiphytic foraminifera are char-
acterized by a comparatively large size, a complex internal structure,
and a discoidal shape (e.g., Eva, 1980; Fig. 2A-C). Groups that are com-
monly reported as associated with seagrasses include soritids
(Marginopora, Sorites, and Amphisorus; Fig. 2A-B), planorbulids
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Fig. 2. Some common fossil and Recent shallow-water foraminifera from Indonesia. All scale bars equal 0.5 mm. A-C) Permanently attached foraminifera. A) Sorites sp. (RGM 3270,
Kembang Sokkoh, Java, early Burdigalian). B) Planorbulina sp. (UPG 24, Spermonde, Sulawesi, Recent). C) Amphisorus sp. (UPG 24, Spermonde, Sulawesi, Recent). D-E) Motile porcelaneous
photosymbiotic foraminifera. D) Peneroplis sp. (UPG 24, Spermonde, Sulawesi, Recent). E) Pseudotaberina vandervlerki (BA 18, Banyunganti, Java, early Burdigalian). F-G) Motile hyaline
photosymbiotic foraminifera. F) Amphistegina lobifera (UPG 21, Spermonde, Sulawesi, Recent). G) Calcarina sp. (UPG 35, Spermonde, Sulawesi, Recent).

(Planorbulina, Fig. 2C), cymbaloporids (Cymbaloporetta), nubeculariids
(Nubecularia), and the acervulinid genus Gypsina. Primary sources that
report these taxa as more abundant on seagrass leaves compared to
other phytal substrates, or even as restricted to seagrasses, are rare.
Wilson (1998) found that Gypsina squamiformis was the most abundant
species living attached to seagrass leaves of Thalassia and Syringodium.
Wilson (2008) found that planorbulinids dominate the biocoenosis on
seagrass leaves in Nevis (West Indies), but that they also occur in the
thanatocoenosis in sediments outside the studied seagrass meadows.
Furthermore, densities of Sorites sp. were reported as much higher on
seagrass leaves compared to most other substrates (Kloos, 1984; Fujita
and Hallock, 1999; Richardson, 2000; W. Renema, pers. obs. on diverse
reefs in Indonesia).

Use as IPSI: The above-listed taxa were reported from fossil assem-
blages interpreted as seagrass-associated (Renema, 2008a; Reuter
et al., 2010; O'Connell et al., 2012). Moisette et al. (2007) is the only
one of these studies in which encrusting foraminifera were actually
found still attached to seagrass moulds. Occurrences of Marginopora

vertebralis in the fossil record have frequently been associated with
seagrass environments (e.g., Brasier, 1975; Cann and Clarke, 1993;
James and Bone, 2007; O'Connell et al., 2012). However, many of
these occurrences include misidentifications due to frequent confusion
within the genera Amphisorus and Marginopora. The genus Nubecularia
was also reported as IPSI (e.g., Cann et al., 2006; O'Connell et al., 2012).

Stratigraphic and geographic range: Applicable for all time intervals.
The photosymbiotic taxa included in the group are restricted to the
(sub)tropical climate belt.

Fossilization potential: Moderately high. Attached foraminifers have a
limited potential for preservation in seagrass-surrounding sediments
compared to free-living forms due to their thinner tests (Martin,
1986; Martin and Wright, 1988; Buchan and Lewis, 2008).

Frequency of occurrence: Frequently occurring in modern seagrass
environments, moderately frequent in the fossil record.

Habitat restriction: Most permanently attached foraminifera that are
common on seagrasses also encrust macroalgae, such as Halimeda and
Sargassum, and occur furthermore on coral rubble covered by coralline
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algae (Hohenegger, 1994; Renema and Troelstra, 2001; Renema, 2006).
Modern M. vertebralis has been found on seagrasses, but is more abun-
dant on other shallow marine, exposed substrates (e.g., Maxwell, 1968;
Ross, 1972; Lobegeier, 2002), whereas other taxa occur on sand and rub-
ble substrates, sometimes overgrown by macroalgae (Reymond et al.,
2011; Great Barrier Reef, Vanuatu: W. Renema, pers. obs.). In addition,
Debenay and Payri (2010) found that in New Caledonia M. vertebralis
changed their position from being attached to seagrasses in the warm
season, to being mainly attached to macroalgae in the cold season.

Most occurrences of the genus Amphisorus are in reefal habitats
(Hohenegger, 1994; Renema and Troelstra, 2001; Renema, 2006).
However, the occurrence of large? Amphisorus sp. along the West
Australian coast is highly localized and associated with seagrass beds
(W. Renema, pers. obs.).

Sorites orbiculus, although occurring more frequently on seagrass
leaves than on any algae species, is not exclusive to seagrasses (Kloos,
1984; Fujita and Hallock, 1999; Renema, 2006; W. Renema, pers. obs.).
In a comparison between assemblages of attached foraminifera from
Caulerpa versus seagrass, Mateu-Vicens et al. (2010) found that the tax-
onomic composition was similar, but seagrass was inhabited by longer-
lived species, such as Planorbulina mediterranense. In the same study,
Nubecularia was more abundant in the Caulerpa thanatocoenosis
(Mateu-Vicens et al,, 2010).

Conclusions: Suggestive IPSI. It is likely that the abundant occurrence
of epiphytic encrusters, such as Planorbulina, discorbids, and others in
fossil assemblages is associated with seagrass vegetation. A high abun-
dance of Sorites in a fossil assemblage, although the genus also occurs
on macroalgae, is more likely to be associated with seagrass meadows,
because seagrasses occur in stands of meters to hundreds of meters,
and macroalgae mostly as individual plants. The genera Marginopora
and Amphisorus are weak IPSIs (taxonomic issues: e.g., Gudmundson,
1994; Lee et al., 2004; lacking habitat restriction).

4.1.2. Abundance of motile porcelaneous photosymbiotic foraminifera

In modern seagrass meadows: The group includes motile forms,
such as Austrotrillina, peneroplids (e.g., Peneroplis; Fig. 2D), and
archaiasinids (e.g., Archaias). The latter group is most frequently associ-
ated with seagrasses (Fujita and Hallock, 1999). Modern Peneroplis was
observed attached to seagrass rhizomes (Renema, 2006), but can also be
abundant on sandy or algal substrates (Hohenegger, 1994; Renema,
2006).

Use as IPSI: Various papers report porcelaneous photosymbiotic fora-
minifera as frequently associated with seagrasses (e.g., Brachert et al.,
1998; Cann et al.,, 2006; Brandano et al., 2009; Reuter et al., 2010;
O'Connell et al., 2012). For instance, the high abundance of the extinct
archaiasanid genus Pseudotaberina in Indonesia and India helped to in-
dicate the presence of seagrass vegetation (Renema, 2008b; Reuter
et al., 2010; Fig. 2E). Most of these taxa likely had chlorophytes as
photosymbiotic algae and are therefore indicative of shallow, well-
illuminated environments (which are also preferred by seagrasses),
but are not dependent on seagrasses.

Stratigraphic and geographic range: Archaiasinids in general: Eocene
to Recent, circum(sub)tropical, most abundant in the fossil record in
the Paleogene of the Middle East and the Pliocene of the Caribbean.
Austrotrillina: early Oligocene to early Miocene; tropical Pacific, (sub)
tropical Africa and Eurasia (Adams, 1968; Renema, 2008b).
Pseudotaberina: early to middle Miocene; Middle East to Papua New
Guinea. Peneroplids are scarcely mentioned in literature on fossil larger
benthic foraminifera.

Fossilization potential: High.

Frequency of occurrence: Frequently occurring in modern seagrass
meadows and in the fossil record.

Habitat restriction: None of the modern taxa included in this group is
confined to seagrasses (Hallock and Peebles, 1993; Hohenegger, 1994;
Fujita and Hallock, 1999; Renema, 2006). Most taxa (e.g., Borelis,
Peneroplis, and Archais) have been observed in other environments as

or even more frequently than in seagrass meadows (Hallock and
Peebles, 1993; Hohenegger, 1994; Fujita and Hallock, 1999; Renema
and Troelstra, 2001; Renema, 2006). Out of three extant taxa of
archaiasinids, the optimal habitat of only one, Archais angulatus, was
found to be in seagrass meadows (Hallock and Peebles, 1993).
Furthermore, A. angulatus was abundant on seven out of ten epiphytic
substrates including five species of macroalgae (Fujita and Hallock,
1999). Pseudotaberina is associated with seagrass-facies in the fossil
record, but the genus is extinct, therefore it is not possible to observe its
habitat relation in modern environments.

Conclusions: Pseudotaberina is probably the best suggestive IPSI in
this group, due to its close association with seagrass facies. However,
its habitat restriction remains unclear and its stratigraphic and
geographic range is very restricted (see above). Possibly Archaias can
be used as a suggestive IPSI when occurring in high abundance.

4.1.3. Abundance of motile hyaline photosymbiotic foraminifera

In modern seagrass meadows: The group includes for instance
amphisteginids (e.g., Amphistegina, Fig. 2F), calcarinids (Calcarina;
Fig. 2G), which can be very abundant in seagrass meadows. The spines
of calcarinids are adaptations to living attached to phytal substrates by
pseudoplasm plugs (Hohenegger, 1994; Renema, 2010).

Use as IPSI: Riordan et al. (2012) used the occurrence of Amphistegina
as an IPSI. We are not aware of any studies that have used calcarinids as
seagrass indicators.

Stratigraphic and geographic range: Most of the Cenozoic,
circumtropical, apart from calcarininids which are late Miocene to
Recent, Indo-West Pacific (Renema, 2010).

Fossilization potential: High.

Frequency of occurrence: Frequently occurring in modern
environments and fossil associations. Listed taxa, apart from calcarinids,
are among the most abundant fossils in shallow marine environments.
Calcarinids are frequent only in the Pleistocene of the West Pacific.

Habitat restriction: In turbid-water reefs near Java some species of
Calcarina appear to prefer macroalgal stands, and other seagrasses, but
this difference is most likely related to other environmental parameters
(Renema, 2008a). In more oceanic reefs, the same species that are found
in seagrass meadows and macroalgal stands have their highest densities
on turf algae in high-energy settings (Hohenegger, 1996; Renema,
2006). In addition, the taxonomy of calcarinids is not well understood
(e.g., Renema and Hohenegger, 2005; Renema, 2008a). Conclusions:
Weak IPSI (taxonomic uncertainty and lacking habitat restriction).

4.1.4. Abundance of motile hyaline foraminifera (genus Elphidium)

In modern seagrass meadows: The group includes elphidiids
(Elphidium), which can be very abundant in seagrass meadows.

Use as IPSI: Some species of Elphidium (e.g., E. crispum) have been
found in high abundance on seagrasses, and were therefore used as
IPSIs (Betzler et al., 2000; Puga-Bernabéu et al., 2007).

Stratigraphic and geographic range: Cenozoic (incl. Recent),
worldwide.

Fossilization potential: High.

Frequency of occurrence: Frequently occurring in modern environ-
ments and fossil associations. Elphidiids are among the most abundant
and ubiquitous fossils in shallow marine environments.

Habitat restriction: Elphidiids are hard to identify; Elphidium itself is
one of the most eurytopic genera and their use as IPSI is restricted to
cases where they can be reliably identified to species level. However,
even if species-level identifications are possible, the problem remains
that at least E. crispum occurs abundantly in habitats other than seagrass
meadows.

Conclusions: Weak IPSI (taxonomic uncertainty and lacking habitat
restriction).
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4.2. Specific growth forms of crustose coralline red algae

In modern seagrass meadows: The epiphytic algal community in
seagrass meadows is often dominated by red algae in terms of species
numbers and biomass (Borowitzka et al., 2006). Red algae encrusting
seagrass leaves or stems may preserve a distinct morphology
(see below).

Use as IPSI: Crustose coralline red algae were suggested as IPSIs, be-
cause the morphology of their attachment surface is influenced by the
encrusted substrate, e.g., seagrass leaves (Pusey, 1975). Beavington-
Penney et al. (2004) proposed coralline red algae with a flat attachment
surface and a ‘hooked’ shape as IPSI. The ‘hooked’ forms were observed
in a modern seagrass habitat; they originate when coralline algae grow
over the leaf margin. Similar forms have been found in the Eocene of
Oman (Beavington-Penney et al., 2004) and the late Miocene of Spain
(Fig. 3A-B; Sola et al., 2013). Coralline algae, mainly belonging to the
genus Mesophyllum, grow attached to Posidonia seagrass and develop
relatively large structures, several tens of cm wide, that form a variably
complex framework of foliose, contorted ‘branches’. This kind of growth
form is also recorded in the Miocene of Spain (Sola et al., 2013). The
seagrass-encrusting coralline algae Synartrophyton patenta develops
flat mushroom-like growth forms (Womersley, 1996; Browne et al.,
2013). Furthermore, crustose coralline algae can form tubes around
stems and leaf axes of seagrasses (Fig. 3B; Davies, 1970; Sola et al.,
2013).

Stratigraphic and geographic range: Applicable for all time intervals.
Thin talli (e.g., Hydrolithon and Pneophyllum) that encrust seagrass
leaves and may form ‘hooked’ shapes have a world-wide distribution,
as do laminar growth forms (e.g., Hydrolithon and Lithophyllum) that
may form tubes. The distinct growth forms described above for
Mesophyllum are only known from the Mediterranean. The
mushroom-shaped Synartophyton patenta is found in the temperate
zone of the Southern Hemisphere (Womersley, 1996; Browne et al.,
2013).

Fossilization potential: Low. Red algae crusts are usually thin and
fragile; only the thickest forms have a chance of preservation
(Beavington-Penney et al., 2004).

Frequency of occurrence: Frequently occurring in modern seagrass
meadows, but abundance varies considerably among different localities
also within the same climate zone (].C. Braga, pers. comm.). Rare in the
fossil record. ‘Hooked’ and ‘tubular’ coralline algae crusts occur less fre-
quently than crusts with simple, flat attachment surfaces.

Habitat restriction: Flattened expanses, which are regarded as typical
for seagrass-attached algae, also develop through encrustation of other
substrates (Woelkerling et al., 1993). ‘Hooked’ and ‘tubular’ coralline
red algae are more characteristic of seagrasses, but may also occur on

other marine macrophytes (Beavington-Penney et al., 2004). The
mushroom-shaped S. patenta encrusts various substrates besides
seagrasses (Womersly, 1996; Browne et al., 2013).

Conclusions: (Highly) suggestive IPSL. ‘Hooked’ and ‘tubular’ crustose
coralline red algae are good indicators for marine macrophyte vegeta-
tion. Their high abundance is likely to be associated with seagrass
meadows.

4.3. Abundance of articulated coralline red algae

In modern seagrass meadows: The abundance of fragments of articu-
lated coralline red algae is often higher in seagrass-associated sedi-
ments than in adjacent unvegetated areas (Davies, 1970).

Use as IPSI: A high abundance of articulated coralline red algae was
observed in Oligocene to middle Miocene and in late Pliocene to early
Pleistocene seagrass facies in Australia (Lukasik et al., 2000; James and
Bone, 2007).

Stratigraphic and geographic range: Applicable for all time intervals
and regions.

Fossilization potential: Low, but higher than for crustose coralline red
algae. Articulated coralline algae easily disarticulate, hindering taxo-
nomic identifications (Aguirre et al., 2000). However, the abundance
of articulated red algae in general is here considered as IPSI, therefore
identifications to lower taxonomic levels are not needed.

Frequency of occurrence: Frequently occurring in modern seagrass
meadows, moderately frequent to rare in the fossil record.

Habitat restriction: Not restricted to seagrass meadows. Articulated
coralline red algae occur abundantly in a wide range of marine environ-
ments including rocky shores and coral reefs (e.g., Benedetti-Cecchi,
2001; Shears and Babcock, 2002).

Conclusions: Weak IPSI. Useful additional facies-character when
other indicators are present.

4.4. Occurrence of hydroids (genus Dynamena)

In modern seagrass meadows: Hydroids (e.g., genus Dynamena) are
commonly found in the epiphytic community in seagrass meadows
(Den Hartog, 1979; Borowitzka et al., 2006; Ben Brahim et al., 2010).
Some hydroid species are reported as obligate seagrass epiphytes
(e.g., Hughes et al., 1991).

Use as IPSI: Among seagrass-associated hydroids only genus
Dynamena is recorded as a fossil. A single site in the ‘Sables Moyens’
(middle Eocene, Paris Basin, France) preserves numerous examples of
a species of a thecate hydroid, belonging to the genus, preserved as
epibiont bioimmurations (sensu Taylor, 1990) in the attachment area
of the small ostreid oyster Cubitostrea cubitus. This oyster is frequently,

Fig. 3. Cut sample of Messinian (late Miocene) limestone containing ‘hooked’ and tubular coralline red algae (Poniente Basin, Almeria, Spain). Scale bars equal 8 mm. Material housed in
Facultad de Ciencias, Estratigrafia y Paleontologia, Universidad de Granada, Spain. Photos provided by J.C. Braga. A. Hooked coralline red algae (indicated by arrows). B) Tubular coralline

red algae (encircled) and some smaller hooked coralline red algae (indicated by arrows).
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but not obligately, cemented via a large amount of its attached valve to
flat, strap-like vegetal substrates. A few specimens preserve fine details
of venation in the Harper Layer cement, indicating in these cases that
the substratum was seagrass rather than macroalgae. As an oyster
grew over the substratum its shell and cement engulfed and
bioimmured any epiphytes present. The hydroid Dynamena is common
and occurs on >25% of substratum bioimmurations (J.A. Todd, pers.
obs.), and both its basal stolonal system and its erect branches are
preserved, the latter pushed over by the oyster in its direction of growth
(Fig. 4; Taylor and Todd, 2001).

Stratigraphic and geographic range: Dynamena is currently distribut-
ed worldwide, but its only fossil records are from a few horizons from a
single site in the middle Eocene (Lutetian).

Fossilization potential: In general low for soft-bodied hydroids.
Dynamena is common, at a single site, in part due to the abundance of
well-preserved encrusters with large attachment areas.

Frequency of occurrence: Moderately frequent in modern seagrass
meadows, rare in the fossil record.

Habitat restriction: Dynamena is not restricted to seagrass meadows,
but abundantly recorded from macroalgae (e.g., Rossi et al., 2000).
Other hydroids are obligate seagrass epiphytes, but unknown in the fos-
sil record.

Conclusion: The occurrence of bioimmured seagrass epiphytes re-
ported from the Lutetian of the Paris Basin is currently unique. The ma-
jority of the substratum bioimmurations at this site (including that in
Fig. 4) lack fine surface detail, and despite their suggestive form this ob-
viates their conclusive identification as seagrass. The shared presence of
common Dynamena and other typical seagrass epiphytes on confirmed

Fig. 4. Bioimmuration of Dynamena hydroid colony attached to a seagrass leaf, preserved
by the oyster Cubitostrea, middle Eocene, Paris Basin.
From Taylor and Todd (2001).

seagrass, as well as the less well preserved substrates, suggests that all
of the strap-like substrates at this site represent seagrass. Pending fur-
ther discoveries in the fossil record, where the bioimmured epiphyte
helps identification of the substratum, such records cannot be regarded
as generally useful IPSIs.

4.5. Abundance of specific coral taxa

In modern seagrass meadows: Shallow-water seagrass beds in the
Caribbean have a characteristic associated coral community including
the free-living Manicina areolata (Fig. 5A) and Siderastrea radians
(Lewis, 1989; Johnson, 1992) as well as attached forms (Cladocora
arbuscula, Porites divaricata). Free-living Meandrina braziliensis are
found in seagrass meadows off Brazil (Laborel, 1967). In contrast, mod-
ern free-living corals in the Indo-West Pacific are commonly found on
flat, undisturbed sand flats, often in reef-base or inter-reef environ-
ments, and only occasionally associated with rather sparse seagrass
vegetation (Fisk, 1983; Hoeksema and Best, 1991; B.W. Hoeksema,
pers. comm., 2013).

Use as IPSI: Abundant free-living meandroid corals (Teleiophy!llia,
Placocyathus, Thyasanus, Trachyphyllia; Fig. 5B-C) were associated
with seagrass vegetation in the Miocene and Pliocene in the

Fig. 5. Seagrass-associated Recent and fossil corals (photos by NHM London photo unit,
provided by K.G. Johnson). All scale bars equal 2 cm. A) Manicina areolata (Carrie Bow
Cay, Belize, Recent). B) Trachyphyllia bilobata (NHMUK PI CO R28753, Neogene,
Dominican Republic). C) Thyasanus excentricus (NHMUK PI CO R28754, Jamaica,
Neogene).
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Dominican Republic (Budd et al., 1996; Costa et al., 2001). This is
supported by the presence of seagrass bioimmured by the basal
attachment surface of Metrarabdotos bryozoans (Cheetham and
Jackson, 1996; 3.2.) and by occurrences of the snail Smaragdia viridis
(Costa et al., 2001; 4.7 4).

Stratigraphic and geographic range: Modern Manicina-Siderastrea—
Porites assemblage: middle/late Holocene to Recent, with the exception

of Cladocara arbuscula: late Pleistocene to Recent, Caribbean. Meandrina
braziliensis: late Pleistocene to Recent; Brazil (occurred in the Caribbean
until ~ 2000 years BP). Fossil Teleiophyllia-Placocyathus-Thyasanus-
Trachyphyllia assemblage: Miocene to Plio-Pleistocene, Caribbean. The
group largely became extinct during the Plio-Pleistocene turnover of
Caribbean reef corals (Johnson et al., 1995, 2008).

Fossilization potential: High.

Fig. 6. Recent bryozoans associated with seagrass (adapted from Di Martino and Taylor, 2014). All scale bars equal 5 mm. A-E) Bryozoans developing cylindrical colonies wrapping around
seagrass stems (Blanche Point, Adelaide, South Australia). A) Adeonellopsis sp. (NHMUK 2013.7.12.2). B) Triphyllozoon sp. (NHMUK 2013.7.12.5-6). C) Celleporaria sp. (NHMUK
2013.7.12.1). D) Densipora sp. (NHMUK 2013.7.12.4). E) Thornelya sp. (NHMUK 2013.7.12.3). F) Electra posidoniae encrusting a seagrass leaf of Posidonia oceanica (NHMUK 2013.7.12.7,
Ischia, Italy).
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Frequency of occurrence: Frequent occurrence in modern environ-
ments and in the fossil record but only within their limited stratigraphic
and geographic ranges.

Habitat restriction: None of the above-listed modern species is re-
stricted to seagrass vegetation (Goreau, 1959). It remains unclear
whether or not the Caribbean Mio-Pliocene free-living coral association
was confined to seagrass vegetation.

Conclusions: Suggestive IPSI within their limited stratigraphic and
geographic ranges if a reef framework has been inferred to be absent.

4.6. Morphology and species composition of bryozoans

In modern seagrass meadows: Bryozoans colonize leaves and stems
as well as exposed rhizomes of seagrasses (see review of seagrass-
associated modern and fossil bryozoans: Di Martino and Taylor, 2014;
Fig. 6). An estimated total of at least 154 bryozoan species has been re-
ported from Posidonia oceanica meadows from different parts of the
Mediterranean Sea (e.g., Geraci, 1974; Hayward, 1974; Harmelin,
1976). Epiphytic bryozoans on seagrass leaves are photophilous and
adapted to the relatively ephemeral nature and flexibility of the sub-
strate with unilaminar encrusting forms predominant (Balata et al.,
2007). Encrusting bryozoans often develop small colonies oriented par-
allel to growth direction of the leaf, whereas bryozoans growing on ex-
posed rhizomes are shade-loving and long-lived (Zabala, 1986).
However, the assemblage composition of rhizomes and leaves may
change according to depth: rhizomes from shallow sites are often colo-
nized by species otherwise considered characteristic of leaves, whereas
shade-loving species characteristic of rhizomes may colonize the leaves
in deeper sites (e.g., Geraci and Cattaneo, 1980; Nesti et al., 2009). Over
60 bryozoan species have been reported from seagrass meadows of geo-
graphical areas other than the Mediterranean, such as tropical America,
Japan and Australia. Many of those develop cylindrical colonies that
wrap around seagrass stems (Fig. 6A-E; Bone and James, 1993;
Davies, 1970).

Use as IPSI: Encrusting bryozoans that preserve external moulds of
seagrass leaves on their underside and therefore provide direct evi-
dence of seagrasses are discussed in Section 3.2. In addition, bryozoans
may perform as IPSIs based on holdfasts (Lukasik et al., 2000). Holdfast
morphologies are difficult to identify as seagrass-related and are there-
fore here considered as indirect indicators. Bryozoans in association
with seagrasses are already known from the Maastrichtian (late Creta-
ceous) of the Netherlands (Voigt, 1981; 3.2). Voigt (1981) described a
few distinctive and unusual morphological characters observed mainly
on species encrusting seagrass or algae, and not found in species
encrusting hard substrates. Seagrasses as bryozoan substrates become
more common in the fossil record since the Miocene (Taylor and
James, 2013). Vavra (1984) reported a dominance of the cheilostome
Schizoporella geminipora in a middle Miocene bryozoan association
from Poland. The presence of holes on the undersides of the zooids
was tentatively interpreted as an adaptation for attaching the colony
to seagrass leaves. This species, although extinct, has been used as IPSI
(Vavra, 1979). Moissette (2012) listed 58 species of seagrass-
associated bryozoans from the late Pliocene of Greece, most of which
are extant and occur in present-day Posidonia oceanica meadows. Addi-
tionally, celleporiform colonies offer evidence for seagrass environ-
ments in the tube-like form of the colony, indicating encrustation of
an organic stem (Reuter et al., 2010). For instance, Celleporaria cristata
at the present day grows only on the stems of Amphibolis, and its
presence in late Pliocene-early Pleistocene carbonates in Western
Australia strongly suggests that seagrass was one of the major compo-
nents of this paleoenvironment (James and Bone, 2007).

Stratigraphic and geographic range: In general applicable for all time
intervals and potentially for all regions. However, due to their limited
preservation potential, very few studies have dealt with fossil bryozoan
communities unequivocally associated with seagrass. Those are restricted
to the Maastrichtian of The Netherlands, the Eocene of Florida, the Oligo-

Miocene of Australia, the middle Miocene of India, East Kalimantan
(Indonesia), Poland and Czech Republic, and the Pliocene of Greece and
tropical America (see above). Recent records have been mainly reported
from the intensively investigated Mediterranean Sea. Only a few records
exist outside of this area (northern Saudi Arabia, Japan and southern and
western Australia; see above).

Fossilization potential: Low for thin encrusters of leaves, moderate for
more robust forms.

Frequency of occurrence: Frequently occurring in modern seagrass
meadows, moderately frequent to rare in the fossil record.

Habitat restriction: Voigt (1981) interpreted the cheilostomes
Kunradina bicincta and Onychocella spinifera from the Maastrichtian of
the Netherlands as restricted to seagrass habitats. However, Recent
encrusting bryzoans show almost no restriction habits. Unilaminar
encrusting forms, often found as epiphytes, may also dominate bryozo-
an associations on hard substrates (e.g., shells, corals and rocks). Like-
wise, bryozoans growing on exposed rhizomes are similar to the
community on hard rocky substrates (Zabala, 1986). Exceptions in-
clude: the Mediterranean Electra posidoniae, which may be considered
as an obligate epiphyte of P. oceanica leaves (Fig. 6F; Gautier, 1952);
Microporella trigonellata, which has been found exclusively on seagrass
leaves in Japan (Kouchi et al., 2006); and the above-mentioned C.
cristata. Hagiosynodos tregouboffi encrusts small gastropods living in
Posidonia meadows (Gautier, 1952). None of the seagrass-associated
bryozoans listed by Moissette (2012) is confined to seagrasses.

Conclusions: The species composition of bryozoans is a weak IPSI, be-
cause only a few modern species from different regions are confined to
seagrasses (Gautier, 1952; Kouchi et al., 2006). Additionally, records of
Recent and fossil seagrass-associated bryozoans are biased towards
(sub)tropical and warm-temperate climate-zones. Therefore, it remains
questionable if they can perform as IPSIs in higher latitudes. There are
no studies that aim to distinguish seagrass-associated bryozoans from
other bryozoan communities based on abundance data using quantita-
tive, multivariate methods. Such studies might also improve the poten-
tial of bryozoans to perform as IPSIs. Abundant tube-like bryozoan
colonies and holdfast structures perform as highly suggestive IPSIs,
but have a comparatively low potential for preservation.

4.7. Mollusks

4.7.1. Composition of bivalve assemblages (taxa and functional groups)

In modern seagrass meadows: Bivalves occurring in seagrass
meadows include taxa with various life modes, such as epifaunal,
semi-infaunal and infaunal forms. Infaunal bivalves in seagrass
meadows include common and widespread families of suspension and
deposit feeders, such as Nuculidae, Carditidae, Cardiidae, Veneridae,
and Tellinidae (Davies, 1970; Jackson, 1972; Brasier, 1975; Mikkelsen
etal,., 1995; Deehr et al., 2001). Furthermore, chemosymbiotic bivalves,
such as Lucinidae and Solemyidae, are often common in seagrass beds
(4.7.2). Commonly-occurring epifaunal species include members of
the families Arcidae, Mytilidae, Pteriidae, Pectinidae, and Ostreidae.
Pinnidae may be present among semi-infaunal bivalves (4.7.2). Abun-
dances of specific bivalve taxa may vary significantly among seagrass
meadows and neighboring habitats as demonstrated for modern
shallow-marine environments in the Red Sea where bivalves character-
ize the mollusk association with muddy seagrass vegetation (Zuschin
and Hohenegger, 1998; Zuschin and Oliver, 2003).

Use as IPSI: We are not aware of the previous use of the species com-
position of bivalve assemblages in itself as IPSI, but bivalves are included
when entire mollusk faunas have been used to indicate paleo-seagrass
meadows (James and Bone, 2007; Reich et al., 2014). A higher abun-
dance of deposit feeders such as tellinids and nuculids might be expect-
ed in seagrass beds compared to neighboring areas, like those present in
the Caribbean since the Pliocene when the food webs in seagrass
meadows became commonly detritus-based (Domning, 2001;
Leonard-Pingel et al.,, 2012). In the same region, shallow infaunal
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venerid bivalves of the genus Chione became relatively more abundant
following the presumed onset of increasing seagrass coverage (Paul
and Herbert, 2014). The genus represents also the most abundant bi-
valve taxon in the seagrass-associated Banyunganti-assemblage (early
Miocene of Java, Indonesia; Reich et al., 2014). Other more specific
cases are discussed below, i.e., the occurrence of Pinnidae, the abun-
dance of lucinids (4.7.2), and the bivalve/gastropod ratio (4.7.6).

Stratigraphic and geographic range: Applicable for all time intervals
and regions.

Fossilization potential: High.

Frequency of occurrence: Highly variable: ranging from frequent to
absent in modern seagrass meadows, and therefore in fossil assem-
blages (4.7.6).

Habitat restriction: An inventory of Recent mollusks living in the
Indian River Lagoon, Florida (Mikkelsen et al., 1995) illustrates that
seagrass-dwelling bivalves are generally not restricted to this habitat.
Of 61 infaunal species recorded in seagrass vegetation only 11 species
were found exclusively in seagrass. Each of those was recorded only
once or twice. Of 14 epifaunal taxa five species, including all four
present species of Pectinidae, were only found associated with seagrass
vegetation, suggesting that the additional attachment surface provided
by marine angiosperms supports higher species-richness of epifaunal
bivalves.

Conclusions: The abundance and species composition of seagrass-
associated bivalve communities are highly variable, therefore it is diffi-
cult to characterize a single association typical for seagrass meadows.
However, abundant deposit-feeders and additionally the high abun-
dance of small, potentially epiphytic, epifaunal bivalves may strengthen
the argument when other indicators are present. A direct relationship
between the abundance of Chione and the presence of seagrass
meadows is not yet established. The higher abundance of the genus in
the late Pliocene of Florida could also represent a time-averaging artifact
(Vermeij and Herbert, 2004; Paul and Herbert, 2014).

4.7.2. Occurrence of Pinnidae (in life position)

In modern seagrass meadows: Modern Pinnidae (fan-mussels) most
frequently occur in seagrass habitats (Lemer et al., 2014).

Use as IPSI: The occurrence of fossil Pinnidae in life position has been
used, among others, as an IPSI in the middle Miocene of the Styrian
Basin, Austria (Reuter and Piller, 2011; Reuter et al., 2012)

Stratigraphic and geographic range: Lower Carboniferous — Recent;
circumtropical, Mediterranean, and North East Atlantic (Schultz and
Huber, 2013).

Fossilization potential: High, but lower than for many other bivalves
due to comparatively thin shells (Beesley et al., 1998)

Frequency of occurrence: Moderatly frequent in modern seagrass
meadows and in the fossil record.

Habitat restriction: Fossil Pinnidae in life position, although present
in seagrass meadows, also occur in other habitats, such as unvegetated
sand and mud bottoms, for instance in the London Clay Formation
(early Eocene) of England, and are widespread in Jurassic deposits
when seagrasses did not yet exist (Davis and Elliot, 1957; Fiirsich,
1980).

Conclusions: The presence of Pinnidae in general is a weak IPSI due to
their lack of habitat restriction. However, if they occur in high abun-
dance it can strengthen the argument for the former presence of
seagrasses.

4.7.3. Occurrence of lucinids (and other chemosymbiotic bivalves)

In modern seagrass meadows: Lucinidae (e.g., Anodontia, Codakia,
Lucina among the larger taxa) can be abundant or may even numerically
dominate the deeper infauna in seagrass meadows (Jackson, 1972;
Greenway, 1995; Mikkelsen et al., 1995; Zuschin and Hohenegger,
1998; Barnes and Hickman, 1999; Johnson et al., 2002; Nakaoka et al.,
2002; Zuschin and Oliver, 2003; Meyer et al., 2008). Members of the
family live in symbiosis with sulfide-oxidizing bacteria and therefore

require habitats with high input of organic matter and sufficient oxygen
levels (e.g., Glover and Taylor, 2007; Taylor et al., 2011), which also
characterizes seagrass meadows on muddy substrates. A mutualistic re-
lationship among seagrasses, lucinids, and their chemosymbionts has
been hypothesized: lucinids and their associated bacteria reduce sulfide
levels in seagrass beds that otherwise would reach toxic levels, and
lucinids profit from the oxygen release of seagrass roots in a sulfide-
rich depositional environment (Fisher and Hand, 1984; Van der Heide
et al,, 2012). Lucinidae were present in 97% of tropical and 90% of sub-
tropical seagrass beds, but only in 56% of temperate seagrass beds inves-
tigated by Van der Heide et al. (2012), probably due to the temperature-
dependent production of sulfur. Likewise, the statistical evaluation of
lucinid abundance data identified seagrass beds in the subtropical Red
Sea (Zuschin and Hohenegger, 1998), whereas such evaluations were
not able to discriminate seagrass meadows in the temperate northern
Adriatic Sea (Weber and Zuschin, 2013). Other chemosymbiont-
bearing bivalves, for instance Ungulinidae (e.g., Diplodonta) and
Solemya, are frequently reported from Recent seagrass meadows as
well (Greenway, 1995; Mikkelsen et al., 1995).

Use as IPSI: Shallow-water Lucinidae are common in fossil faunas as-
sociated with seagrasses (James and Bone, 2007; Moisette et al., 2007;
Reuter et al., 2010; Reich et al., 2014). The evolutionary diversification
of the family is closely associated with the origination of mangrove
swamps and seagrass meadows at the end of the Cretaceous as shown
by its rapid increase in taxonomic diversity and abundance in these hab-
itats after a long period of apparent low diversity extending from the
Silurian (Stanley, 2014). Bretsky (1978) used the presence of lucinid bi-
valves to support Petta and Gerhard's (1977) interpretation of the
Cretaceous Pierre Shale, Colorado, USA, as representing a seagrass hab-
itat. Nowadays it is known that the locality represents a deep-sea meth-
ane seep deposit (Kauffman et al, 1996). In a seagrass horizon of the
middle Eocene Selsey Formation, southern England, a more diverse
lucinid fauna is present than in neighboring horizons, and a species of
Solemya is fairly frequent, though absent elsewhere in the British Paleo-
gene stratigraphic succession (J.A. Todd, pers. obs.).

Stratigraphic and geographic range: Applicable for all time intervals.
Most useful in the (sub)tropics. Likely not applicable for temperate
and polar regions.

Fossilization potential: High.

Frequency of occurrence: Frequent in modern (sub)tropical seagrass
meadows (and likewise in the fossil record), moderately frequent to ab-
sent in temperate seagrass beds.

Habitat restriction: Not restricted to seagrass meadows. Lucinids
(like other chemosymbionts) occur in a wide range of habitats and
can be very abundant in non-seagrass environments, for instance coral
reefs or mangrove swamps; they were abundant components of bivalve
faunas before seagrasses even existed (Beesley et al., 1998; Glover and
Taylor, 2007, and references therein).

Conclusions: Lucinids cannot indicate seagrasses by their mere
presence, because they lack habitat restriction. However, if
chemosymbiotic bivalves are absent in a well-preserved (sub)tropical
mollusk assemblage it might rather exclude the assemblage from being
a seagrass association. The usefulness of lucinid abundance data is strong-
ly influenced by latitude: wheras statistical evaluations of lucinid abun-
dance may serve as a highly suggestive proxy in (sub)tropical settings,
this IPSI is probably not applicable in temperate and polar regions.

4.7.4. Species composition of gastropods

In modern seagrass meadows: Gastropods are a common and diverse
component of the benthic macrofaunal assemblage in seagrass beds,
and are often more abundant and species-rich in meadows than in
other adjacent habitats (e.g., Mikkelsen et al., 1995; Sheridan, 1997;
Barnes and Barnes, 2012). Several gastropod families, e.g., Strombidae,
Xenophoridae, and Hipponicidae, show strong preferences for seagrass
habitats (e.g., Janssen et al., 2011; Stoner and Waite, 1991; Table 1).
Furthermore, the benthic gastropod assemblage commonly includes
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Table 1
Gastropod taxa commonly reported from modern seagrass meadows.
Reported Taxon References
life mode
Benthic  Trochidae: Barnes and Barnes (2012); Beesley et al.
Cantharidinae, e.g., (1998); Davies (1970); Rueda et al. (2009a)
Jujubinus

Calliostomatidae:
Calliostoma
Phasianellidae:
Eulithidium, Tricolia
Cerithiidae spp.

Davies (1970); Rueda, et al. (2009a)

Barnes and Barnes (2012); Beesley et al.
(1998); Davies (1970); Reich, 2014

Davies (1970); Houbrick (1992); Taylor and
Lewis (1970)

Diastomidae: Houbrick (1981, 1984)

Diastoma melanoides

Strombidae: Greenway (1995); Stoner and Waite (1991);
Strombus Taylor and Lewis (1970)

Rissoidae Barnes and Barnes (2012)

Columbellidae: e.g.,
Mitrella

Arroyo et al. (2006); Davies (1970); Greenway
(1995); Rueda et al. (2009a)

Hipponicidae Janssen et al. (2011)
Xenophoridae: Janssen et al. (2011)
Xenophora
Conidae spp. Taylor (1971)
Infaunal  Ringiculidae: Beesley et al (1998)
Ringicula
Cylichnidae: Beesley et al (1998)
e.g., Cylichna
Epiphytic Trochidae spp. Nakaoka et al. (2001)
Colloniidae: Zuschin and Hohenegger (1998); Zuschin et al.
Bothropoma (2009)

Neritidae: Smaragdia
Cerithiidae: Bittiinae

see Section 4.7.4

Albano and Sabelli (2011); Greenway (1995);
Houbrick (1993); Marsh (1976); Mikkelsen
et al. (1995); Morgan and Kitting (1984);
Rueda et al. (2009a)

Cerithiidae: Houbrick (1992); Jackson (1972); Taylor and
Cerithium Lewis (1970)
Dialidae: Diala Jernakoff and Nielsen (1998); Ponder and De

Modulidae: Modulus
modulus
Hydrobiidae:
Hydrobia

Rissoidae: Rissoina,
Zebina

Keyzer (1992); Zuschin and Hohenegger
(1998)

Houbrick (1980)

Bostrom and Bonsdorff (1997)

Greenway (1995)

cerithioideans; for example, several species of cerithiids are reported to
be associated with seagrasses (Davies, 1970; Houbrick, 1992; Taylor and
Lewis, 1970; Table 1). The only extant diastomatid species, Diastoma
melanoides, is restricted to seagrass and algal beds in south to west
Australia (Houbrick, 1981, 1984; Table 1). Gastropods are also common,
or even dominant, as epiphytes in seagrass meadows (Jackson, 1972;
Marsh, 1973; Bostrom and Bonsdorff, 1997). Common epiphytic gastro-
pods include small cerithioideans in the subfamily Bittiinae that graze
on microalgae occurring on seagrasses (Houbrick, 1993; Table 1).
Bittium and related genera are often reported as significantly abundant
or even numerically dominant in seagrass habitats worldwide (Marsh,
1976; Morgan and Kitting, 1984; Greenway, 1995; Mikkelsen et al.,
1995; Rueda et al., 2009a; Albano and Sabelli, 2011). The shallow-
water species of shallow infaunal gastropods of the families
Ringiculidae and Cylichnidae occur predominantly close to seagrass
beds (Beesley et al, 1998). Zuschin and Hohhenegger (1998) showed
that various modern shallow-marine facies, including two different
seagrass facies, in the Northern Red Sea are characterized by the compo-
sition of mollusk death assemblages. The latter study also identified
facies-characteristic gastropod-associations that can serve as indicator
taxa for seagrass vegetation in the region. Reich (2014) showed that sig-
nificant differences exist between the compositions of gastropod death

assemblages from seagrass-vegetated and unvegetated sand flats at San
Salvador, Bahamas, and identified several statistically significant indica-
tor species (Fig. 7A-D).

Use as IPSI: The composition of gastropod assemblages as well as the
presence and abundance of certain taxa have been commonly used to
infer the presence of seagrass meadows (Mandic et al., 2002; James
and Bone, 2007; Zuschin et al., 2007; Reuter et al., 2010; Harzhauser,
2014; Reich et al., 2014). Paleo-environmental interpretations of differ-
ent seagrass localities in the Miocene of Java and East Kalimantan,
Indonesia are likewise largely based on common gastropod taxa
(Reich et al,, 2015; Fig. 7E-H).

Stratigraphic and geographic range: Potentially applicable for all time
intervals and regions. However, comparative studies of seagrass versus
non-seagrass gastropod associations are confined to (sub)tropical re-
gions. Therefore, it is unknown if gastropods can serve as IPSIs in higher
latitudes. Fossilization potential: High.

Frequency of occurrence: Frequently occurring in modern seagrass
habitats worldwide. Moderately frequent in the fossil record consider-
ing that autochthonous assemblages are needed.

Habitat restriction: None of the gastropod taxa listed here (Table 1) is
restricted to seagrass meadows. Bittium, for instance, also occurs abun-
dantly on macroalgae (Chemello and Milazzo, 2002; Leite et al., 2009).
The lack of habitat restriction of most gastropods is shown using
Mikkelsen et al.'s (1995) inventory of mollusks in the Indian River
Lagoon, Florida: of 103 gastropod species (including Sacoglossa and
Nudibranchia) that have been recorded in seagrasses, 86 species
occurred in at least one additional habitat. The 17 remaining species,
including the only obligate seagrass feeder, Smaragdia viridis
(Section 4.7.4), occurred at low frequencies. Likewise, all indicator
species identified by Reich (2014), apart from S. viridis, were also re-
ported from non-seagrass habitats.

Conclusions: Presence/absence data of certain gastropod taxa may at
most perform as a suggestive IPSI due to a lack of habitat restriction.
However, studies on modern death assemblages indicate that the statis-
tical evaluation of abundance data provides clear distinctions between
gastropod associations from seagrass meadows and neighboring areas
in the investigated regions (Zuschin and Hohenegger, 1998; Reich,
2014), and therefore serves as a highly suggestive IPSI. The ecological
composition of gastropod associations should be taken into consider-
ation as well (Section 4.7.5).

4.7.5. Occurrence of Smaragdia

In modern seagrass meadows: The neritiid snail Smaragdia is closely
associated with seagrass vegetation worldwide (Taylor and Lewis,
1970; Kay, 1979; Higo et al., 1999; Rueda et al., 2009a; Zuschin et al.,
2009). Two species, S. viridis (Fig. 7D) and the Hawaiian endemic S.
bryanae, have been demonstrated to be selective feeders on seagrass tis-
sue (Rueda and Salas, 2007; Unabia, 2011). The radular characteristics
of the genus, which are different from other neritiids, suggest that all
other species are obligate seagrass feeders too (Rueda et al., 2009b). In
addition, the validity of Smaragdia as an indicator taxon for seagrass
vegetation was confirmed by one of us (Reich,2014) using modern-
day associations.

Use as IPSI: As an obligate associate, the genus is a useful IPSI
(Unabia, 1980). Its occurrence was applied as an indicator in the
Miocene to Pliocene of the Dominican Republic (Costa et al., 2001),
the early Miocene of India and Indonesia (Harzhauser, 2014; Reuter
et al., 2010; Reich et al., 2014; Fig. 7]), and the middle Miocene of the
Paratethys (Zuschin et al., 2007). The genus also occurs at various local-
ities in the late Miocene of Indonesia (Reich et al., 2015; Fig. 71).

Stratigraphic and geographic range: Early Miocene-Recent;
Indo-West Pacific, Red Sea, West Atlantic (Florida to Brazil, including
the Caribbean), East Atlantic (Straits of Gibraltar to Senegal), Mediterra-
nean Sea (based on the geographic distribution of S. viridis and S.
rangiana, the most widespread Recent species; Costa et al., 2001;
Dekker, 2000).
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Fig. 7. Common Recent and fossil seagrass-associated gastropods. All scale bars equal 1 mm. A-D) Recent gastropods from seagrass beds at San Salvador, Bahamas (Reich, 2014).
A) Cerithium lutosum (RGM 783.157). B) Zebina browniana (RGM 783.159).C) Eulithidium thalassicolum (RGM 783.153). D) Smaragdia viridis (RGM 783.154). E-]) Fossil gastropods
from the Miocene of Indonesia. E) Cerithium sp. 4 (RGM 794.000, locality TF 508, East Kalimantan, Tortonian). F) Rissoina (Rissoina) banyungantiensis (RGM 784.843, Java, early
Burdigalian). G) Bothropoma mediocarinata (RGM 784.746, Java, early Burdigalian). H) Cerithidium cf. perparvulum (RGM 784.758, Java, early Burdigalian). I) Smaragdia semari (RGM
794.002, locality TF 508, East Kalimantan, Tortonian). J) Smaragdia jogjacartensis (RGM 784.754, Java, early Burdigalian).

Fossilization potential: High.

Frequency of occurrence: Moderately frequent in modern seagrass
meadows and in the fossil record.

Habitat restriction: Restricted to seagrass vegetation.

Conclusions: Highly suggestive, especially when occurring in high
abundance. In addition, low specimen numbers of Smaragdia may indi-
cate the presence of dispersed seagrasses in other shallow marine envi-
ronments, such as coral carpets (Kusworo et al., 2015).

4.7.6. Trophic composition of gastropod assemblages

In modern seagrass meadows: Small gastropods grazing on
microalgae (e.g., Rissoidae, Cerithiidae, Trochidae, Phasianellidae)
have often been reported as most abundant in modern seagrass-
associated mollusk communities (e.g., Nakaoka et al., 2001; Arroyo
et al., 2006). Taylor (1978) showed that species richness of predatory

gastropods in different habitats at Addu Atoll, Maldives was higher in
seagrass beds compared to adjacent algal-dominated habitats, but
lower than in reefal environments. The comparatively high diversity
of seagrass-associated organisms, including the common occurrence of
sessile, filter-feeding organisms, such as sponges, sea anemones and
others (Ogden, 1980), may lead to a comparatively high diversity of gas-
tropod feeding ecologies present in seagrass habitats, including para-
sites and other highly specialized carnivores.

Use as IPSI: The high abundance of small grazers has been often con-
sidered as IPSI (Moulinier and Picard, 1952; Davies, 1970; Brasier, 1975;
Ivany et al., 1990; James and Bone, 2007; Moisette et al., 2007; Reuter
etal,, 2010; Reich et al., 2014). Furthermore, the feeding guild composi-
tion of whole mollusk assemblages, including herbivorous as well as
carnivorous taxa, may be a useful indicator. In view of the high variabil-
ity in the abundance of infaunal bivalves in seagrass habitats
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(Section 4.7.7) we suggest that gastropod feeding ecology should be
treated seperately when comparing feeding guild compositions. A com-
parison of patterns in feeding ecology of fossil gastropod assemblages
from different shallow marine habitats has been made by Kusworo
etal. (2015), showing a clear difference between the feeding guild com-
position of an early Miocene seagrass-associated mollusk fauna
(Banyunganti, Java, Indonesia) and a late Miocene fauna from a coral
carpet environment (Bontang, East Kalimantan, Indonesia). The
seagrass fauna showed a significant difference between the feeding
guild compositions based on species richness and based on abundance,
whereas no such difference was observed in the coral-associated fauna
(Fig. 8A-B). This might be a characteristic feature of seagrass-associated
gastropod communities. Gastropods from the Miocene of Java,
Indonesia (Reich et al., 2014) and a modern assemblage from Spain
(Rueda et al,, 2009a) show almost the same feeding guild composition,
in terms of both species richness and abundance (Fig. 8B-C), suggesting
that a consistent ecological signature of seagrass-inhabiting mollusks may
exist both across regions and over larger time-scales. A paired study of
Panamian Caribbean Holocene and modern mollusk death assemblages

n=1018 specimens

n=4086 specimens

n=87 species

n=408850 specimens

Fig. 8. Feeding guild composition of gastropod faunas based on numbers of species (right
column) and numbers of specimens (left column); with HD = herbivores and detritivores,
CP = predatory carnivores, CB = browsing carnivores, S = suspension feeders. A) Fossil
assemblage from a coral-carpet habitat. Late Miocene, TF 102, East Kalimantan,
Indonesia. B) Fossil assemblage from a seagrass meadow. Early Miocene, Banyunganti,
Java, Indonesia. C) Modern assemblage from a seagrass meadow. Alboran Sea, Spain.
Data from Rueda et al. (2009a; nudibranchs removed).

showed no significant difference in the trophic ecological composition
of seagrass-associated faunas (Fredston-Hermann et al., 2013), likewise
indicating that feeding ecology of seagrass-associated mollusks remained
constant. Macroalgae-associated mollusk assemblages are also dominated
by herbivores, but appear to be less diverse in carnivorous gastropods
than seagrass-associated assemblages (Leite et al., 2009). Modern gastro-
pod death assemblages from seagrass-vegetated versus unvegetated
sandflats at San Salvador, Bahamas (Reich, 2014) showed a significant
difference in feeding guild composition between assemblages only
when measured using species richness, but not using abundance. In this
case, this might be due to mixing of shells from different habitats (includ-
ing seagrass meadows) at unvegetated sandflats, stressing that autoch-
thonous assemblages should be used for this type of study.

Stratigraphic and geographic range: As for species composition of
gastropods (Section 4.7.4).

Fossilization potential: High.

Frequency of occurrence: Data are not sufficient to make a statement
about the frequency of occurrence of a specific feeding guild pattern in
seagrass-associated gastropod assemblages.

Habitat restriction: A high abundance of herbivorous gastropods is
also found in other habitats, for instance in estuarine faunas (Lozouet
and Plaziat, 2008), in death assemblages from unvegetated sandflats
(Reich, 2014), and especially in macroalgae assemblages (Chemello
and Milazzo, 2002; Leite et al., 2009). However, studies based on species
richness and abundance of all feeding guilds suggest that the ecological
composition of gastropod faunas may be characteristic for seagrass en-
vironments (Kusworo et al., 2015; S. Reich, pers. obs.).

Conclusions: Suggestive IPSI. Additional research is needed to con-
firm the generality of this pattern over space and time.

4.7.7. High gastropod/bivalve ratio (epifaunal/infaunal ratios)

In modern seagrass meadows: Cummins et al. (1995) found that gas-
tropod/bivalve ratios (epifaunal/infaunal ratios) of whole shells from
death assemblages sampled at seagrass sites and unvegetated sites in
Pigeon Creek, San Salvador, Bahamas, were considerably higher in
seagrass meadows. This might be due to a reduced food supply for in-
faunal filter-feeders at densely vegetated sites, because dense vegeta-
tion results in reduced near-bottom water flow (Hemminga and
Duarte, 2000). Furthermore, dense seagrass vegetation also results in a
dense rhizome mat that can inhibit the establishment of an infauna
(Davies, 1970; James and Bone, 2007).

Use as IPSI: We are not aware of comparative studies of gastropod-
bivalve ratios from different marine paleohabitats. However, Paul and
Herbert (2014) observed a change in the ratio of infaunal predatory
naticid gastropods and epifaunal predatory muricid gastropods in the
Pliocene of Florida, with epifaunal muricids becoming relatively more
abundant with the presumed expansion of seagrass vegetation after
the early Pliocene, due to their better adaption to consolidated
substrates.

Stratigraphic and geographic range: Applicable for all time intervals
and regions.

Fossilization potential: High.

Frequency of occurrence: Moderately frequent. The abundance of in-
faunal bivalves, and therefore the gastropod/bivalve ratio, varies re-
markably among different seagrass meadows. Although infaunal
bivalves can be entirely absent in some seagrass environments
(Davies, 1970), they can be the most abundant mollusk group in others
(Taylor and Lewis, 1970), which would result in a low gastropod/bi-
valve ratio. After the early Pliocene when seagrass meadows extended
in the Caribbean region, the relative abundance of the shallow infaunal
venerid bivalve Chione increased (Paul and Herbert, 2014). Although a
direct relation between the high abundance of Chione and the increase
of seagrass vegetation has not been established (Vermeij and Herbert,
2004; Paul and Herbert, 2014), this would likewise lead to comparative-
ly lower gastropod/bivalve ratios in the region.
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Habitat restriction: Comparatively high gastropod/bivalve ratios
are not restricted to seagrass meadows. A study by Jarochowska
(2012) at the same locality investigated by Cummins et al. (1995)
showed high gastropod/bivalve ratios in various environments, with
the highest ratio recorded in a mangrove environment, not in a seagrass
meadow.

Conclusions: Weak IPSI. Probably in some cases high gastropod/bi-
valve ratios at sites that can be identified as seagrass meadows based
on other IPSIs can be applied to infer high vegetation densitiy, but addi-
tional research is needed to confirm such a relation. The ratio of inaunal
naticids versus epifaunal muricids might provide a rather rough IPSI in
the Pliocene of Florida, but a general relationship is not yet established.

4.8. Species composition of ostracod assemblages

In modern seagrass meadows: Some ostracod species preferentially
live on marine macrophytes (Benson, 1961; Frenzel et al., 2005, and ref-
erences therein; Kamiya, 1988). Kamiya (1988) compared ostracod as-
semblages associated with different microhabitats in a Zostera bed in
central Japan, namely the epiphytic assemblage and the assemblage as-
sociated with the sandy sediment surface. The studied assemblages
contained congeneric taxa, but differed in species composition and in
carapace morphology (4.9).

Use as IPSI: The species compositions of ostracod assemblages might
offer a good tool for the discrimination of marine vegetated and
unvegetated areas (Cronin et al., 2001; Frenzel et al., 2005). A high
abundance of epiphytic ostracod genera (e.g., Aurila, Loxoconcha,
Xestoleberis, Hemicytherura, Cythere and Paradoxostoma) suggests the
presence of nearby seagrass vegetation (M. Yasuhara, pers. comm.,
2013). However, most (if not all) of these genera include benthic species
living in or on soft sediment as well as epiphytic species. Epiphytic spe-
cies can be recognized by carapace morphology (Section 4.9) or known
habitat information of each species if available. A study on ostracod as-
semblages in the Baltic Sea showed that epiphytic taxa were lacking in
water with very low salinities and therefore were not able to indicate
phytal habitats in the transition zone of fresh to brackish water
(Frenzel et al., 2005).

Stratigraphic and geographic ranges: Loxoconcha and Xestoleberis:
Cretaceous to Recent; Paradoxostoma: ?Cretaceous/Eocene to Recent;
Cythere: Eocene to Recent; Aurila and Hemicytherura: Pliocene to Recent
(Moore, 1961; Yamaguchi and Goedert, 2010). Each of these genera has
a worldwide distribution.

Fossilization potential: High, but lower than for foraminifera and
mollusks.

Frequency of occurrence: Frequently occurring in modern seagrass
meadows; moderately frequent in the fossil record.

Habitat restriction: In Kamiya's (1988) comparative study, only the
dominant Zostera-associated species Loxoconcha japonica was restricted
to seagrass leaves; all other taxa in the epiphytic assemblage occurred
on macroalgae as well. Benthic taxa are not confined to any vegetated
habitat (Kamiya, 1988).

Conclusions: Suggestive IPSI. Ostracod assemblages largely com-
posed of epiphytic taxa most likely represent phytal environments, al-
though not necessarily seagrass meadows. Due to the occurrence of
epiphytic and benthic species within the same genus, it could be diffi-
cult to discriminate vegetated from other habitats if identifications at
species level are not possible, but carapace morphology can additionally
be applied to identify epiphytic taxa (Section 4.9). The composition of
ostracods assemblages may yield an IPSI that is applicable in high lati-
tudes, although not in environments with very low salinities.

4.9. Carapace morphology of ostracods
In modern seagrass meadows: In a comparative study of ostracod as-

semblages from a seagrass meadow in Japan, Kamiya (1988) found that
seagrass leaf-associated ostracods differ from substrate-associated

congeneric species in carapace morphology. The latter have elongated
carapaces with a flat ventral area, whereas epiphytic species have
round carapaces with a convex ventral area. The differing morphologies
reflect adaptations of copulation behavior of epiphytic species to the un-
stable nature of the substrate (Kamiya, 1988).

Use as IPSI: Carapace morphology has so far not been applied as an
IPSI. Only Yamaguchi and Goedert (2010) suggested that Loxocorniculum
sp. from the Eocene McIntosh Formation, Washington State, USA, was a
dweller in marine macrophytes based on its round ventral margin in lat-
eral view.

Stratigraphic and geographic range: So far only observed in a Recent
seagrass meadow in Japan (Kamiya, 1988).

Fossilization potential: In general as for ostracods assemblages
(Section 4.8): High, but lower than for foraminifera or mollusks.

Frequency of occurrence: Frequently occurring in modern seagrass
meadows; moderately frequent in the fossil record.

Habitat restriction: Further studies on modern and fossil faunas from
different habitats are needed to confirm the general possibility of
distinguishing between environments using carapace morphology. It
still remains difficult to discriminate epiphytic assemblages from
seagrass meadows from those occurring in macroalgae habitats
(Rosenfeld, 1979; Frenzel et al., 2005).

Conclusions: Possibly has potential to be a useful suggestive IPSI, at
least for marine macrophyte vegetation. An advantage of carapace mor-
phology over species composition maybe that no detailed taxonomic
knowledge is necessary to discriminate the carapaces of epiphytic and
benthic species, therefore also non-specialists on ostracod taxonomy
perhaps will be able to identify epiphytic assemblages in the fossil
record.

4.10. Abundance and occurrence of specific taxa of echinoderms

In modern seagrass meadows: Common echinoderms in seagrass
meadows include the regular echinoid genera Diadema, Tripneustes,
Lytechinus, Toxopneustes, the irregular Clypeaster, ophiuroids, and
deposit-feeding holothurians (Brasier, 1975; Byrne et al., 2004). Fur-
thermore, seastars, and particularly their juveniles, inhabit seagrass
meadows (e.g., Bos et al., 2008). Some echinoids (e.g., Lytechinus
variegatus) graze extensively on seagrass material, occasionally
resulting in defoliation and loss of entire seagrass patches (Larkum
and West, 1990; Valentine and Heck, 1991).

Use as IPSI: Batuk and Radwanski (1977) mentioned, among other
indicators, the abundance of echinoid and holothurian remains in gen-
eral, as well as the echinoid genus Echinocyamus and free-living
comatulid crinoids of the Antedon type in particular, as characteristic
for seagrass vegetation in the Miocene of Poland. Ivany et al. (1990) re-
ported the high abundance of juvenile echinoderms (ophiuroids,
oreasterid asteroids, and regular echinoids) in a seagrass bed in the Eo-
cene of Florida with ophiuroids being the most common motile inverte-
brate in the seagrass-associated community.

Stratigraphic and geographic range: Applicable for all time intervals
and regions regarding (juvenile) echinoderm remains in general. For
specifically mentioned taxa: Diadema: (late Eocene?) early Miocene to
Recent; Caribbean, tropical South America, tropical East Atlantic,
warm-temperate North Atlantic, Mediterranean, Red Sea, West Indian
Ocean, New Zealand. Echinocyamus: upper Cretaceous to Recent; world-
wide. Lytechinus: early Miocene to Recent; Panamian North Pacific, Gulf
of Mexico, Caribbean and tropical South America, and fossil from
California, Japan and Fiji (with L. variegatus: late Miocene to Recent;
Gulf of Mexico, Caribbean and tropical South America). Tripneustes:
early Miocene to Recent; Panamian North Pacific, Caribbean, Red Sea,
West Indian Ocean, West Pacific (fossil only); Toxopneustes: Pliocene
to Recent; Panamian North Pacific, Red, Sea, Indo-Pacific, Japan.
Clypeaster: fossil since the upper Eocene: circum(sub)tropical (with
many species from the Neogene of Cuba) and Europe (with many spe-
cies from the Miocene of Italy); Recent: circum(sub)tropical, Japan,
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New Zealand; Protoreaster nodosus (see below): Recent only; (sub)trop-
ical West Pacific, West Indian Ocean, Spain. Antedon: Miocene to Recent;
worldwide with the exception of polar seas (all information from
Boxshall et al, 2014 and Kier and Lawson, 1978).

Fossilization potential: Moderately high. Often only fragments, spines
and disarticulated plates are found (Kier, 1977; Greenstein, 1991).

Frequency of occurrence: Moderately frequent in modern seagrass
meadows and in the fossil record.

Habitat restriction: The echinoid Lytechinus variegatus, although
abundant in modern seagrass meadows, also occurs on rocks and
open sandflats (Moore et al.,, 1963; Greenway, 1995). Studies on mod-
ern Echinocyamus species show a preference for coarse-grained sedi-
ments in high-energy settings (Telford et al., 1983). Echinocyamus
crispus is reported as rare in seagrass beds, but abundant in other
habitats (Nebelsick and Kowalewski, 1999). Studies on modern Antedon
species show affinities to types of environments other than seagrass
meadows, such as soft-corals on rocky walls (Fishelson, 1974). The
juveniles of some modern species of seastars, however, are potentially
restricted to seagrass meadows (e.g., Protoreaster nodosus: Bos et al.,
2008).

Conclusions: Weak IPSI (lack of habitat restriction; even taxa charac-
teristic of modern seagrass meadows are in most cases not restricted to
the environment). Known obligates, such as juvenile Protoreaster
nodosus, are unknown in the fossil record. However, the high abundance
of juvenile echinoderms in a fossil assemblage can be used to strengthen
the argument for paleo-seagrass vegetation if other indicators are pres-
ent. We are not aware of any quantitative studies that aim to distinguish
seagrass-associated echinoderms (or specific groups of echinoderms)
from other echinoderm associations. Such studies might be able to im-
prove the potential of echinoderms to perform as IPSIs.

4.11. Otoliths (of juvenile sciaenids)

In modern seagrass meadows: Fish are abundant and species-rich in
seagrass meadows. The habitat also serves as an important nursery hab-
itat for juvenile fish (Hemminga and Duarte, 2000, and references
therein).

Use as IPSI: To our knowledge the only available study that applied
fossil otoliths as IPSI is Green (2002) who used the presence of juvenile
sciaenid otoliths as an additional character for the interpretation of the
Eocene Moody's Branch Formation, Louisiana and Mississippi, USA, as a
seagrass habitat.

Stratigraphic and geographic range: For sciaenids: Eocene-Recent;
worldwide.

Fossilization potential: Generally high for otoliths.

Frequency of occurrence in the fossil record: Moderately frequent to
rare.

Habitat restriction: Although often most abundant in seagrass
meadows, juvenile sciaenids in the Gulf of Mexico were also observed
in unvegetated areas and, sometimes abundantly, along the edge of
marshes (Neahr et al., 2010). Little habitat selection was observed for
adult specimens.

Conclusions: Weak IPSI. May offer additional indication in combina-
tion with stronger IPSIs. Further studies on the distribution of otoliths
of seagrass-associated fish in shallow-marine facies, preferably using
abundance data, might reveal a higher potential of otoliths as IPSIs.

4.12. Occurrence of prorastomid, protosirenid and dugongid remains

In modern seagrass meadows: Sirenians (dugongs and manatees) are
the only extant herbivorous marine mammals (Domning, 2001).
Dugongs predominantly feed on marine angiosperms, although algae
may be used to supplement limited seagrass supply (MacFadden et al.,
2004). Manatees feed on a variety of plants, including freshwater plants
and true grasses, and occur in a wider range of habitats than dugongs
(Domning, 1982; Ames et al., 1996). Sirenians have been extensively

studied and much more data on their ecology and evolution is available
(e.g., Domning, 1981, 2001; Marsh et al., 2011).

Use as IPSI: Because of the high dependence of modern dugongs on
seagrasses as a food source, their fossil remains are considered as IPSIs
(Domning, 1981, 2001; Ivany et al., 1990; Vélez-Juarbe et al., 2012;
Vélez-Juarbe, 2014). Sirenian remains in association with fossilized
seagrasses are known from the Eocene of Florida (Domning et al.,
1982; Ivany et al., 1990). Seagrass herbivory of extinct dugongids and
protosirenids from the middle Eocene onwards has been inferred from
dental and rostral features, particularly a high angle of rostral deflection
(Domning, 1977). Furthermore, the large tusks of some species are
regarded as an adaptation for harvesting seagrass rhizomes (Domning
and Beatty, 2007). Seagrass herbivory is also supported by isotopic evi-
dence on teeth of prorastomids, protosirenids and dugongids, including
records from the middle to late Eocene of Egypt and France (Clementz
et al., 2006), the middle Eocene to Pliocene of the Tethys-Mediterra-
nean (Clementz et al., 2009), and the middle Eocene to Pliocene of
Florida (MacFadden et al, 2004).

Stratigraphic and geographic range: Middle Eocene to Recent. The dis-
tribution of prorastomid, protosirenid and dugongid fossils is shown in
Fig. 9.1t should be noted that their fossil occurrences are concentrated in
the Caribbean and Europe and are comparatively scarce around the
Indo-Pacific. This might reflect a pattern of search effort. Today dugongs
live only in coastal areas of the (sub)tropical Indo-Pacific, whereas man-
atees inhabit the (sub)tropical Atlantic and Caribbean.

Fossilization potential: High compared to other mammals because of
dense bone structure (Vélez-Juarbe, 2014).

Frequency of occurrence in the fossil record: Moderately frequent to
rare, depending on region.

Habitat restriction: Although dugongids and probably also
prorastomid and protosirenids largely rely on seagrasses as their primary
food source, they are active swimmers and therefore not strictly confined
to seagrass meadows. Because of their wider habitat and food range, the
interpretation of manatees as seagrass-associated should be regarded
with caution.

Conclusions: Not strictly associated with seagrass facies, but strongly
suggestive for the presence of paleo-seagrass beds within a region.
Particularly useful in time intervals and regions where records of
seagrass remains and/or other IPSIs are lacking (Vélez-Juarbe, 2014).

5. IPSIs—sedimentology, taphonomy, and geochemistry
5.1. Occurrence of unsorted fine sediments

In modern seagrass meadows: Sedimentological features of seagrass
meadows are linked to the ability of seagrasses to baffle currents and
trap and stabilize sediments. Reduced resuspension promotes the accu-
mulation of fine-grained sediments, partly sourced from the in-habitat
production of skeletal carbonate (Scoffin, 1970; Nelsen and Ginsburg,
1986; Fornos and Ahr, 1997). As observed in seagrass meadows in the
Mediterranean, seagrass-associated sediments are usually poorly
sorted, with abundant silt, carbonate mud and coarse skeletal compo-
nents, typically of carbonate-producing invertebrates and foraminifera
(Fornos and Ahr, 1997). In contrast, sediments that surround the
seagrass meadow are sorted and display sedimentary structures
(Fornos and Ahr, 1997). In addition, the selective concentration of sed-
iment can result in the formation of low mounds that are elevated com-
pared to the non-vegetated seafloor (Pérés and Picard, 1964). However,
there are other examples of seagrass beds in sub-tropical and temperate
seas, where a dense vegetation cover does not promote the deposition
of muddy sediment. This occurs where carbonate mud production is
low and does not balance sediment resuspension (Perry and
Beavington-Penney, 2005).

Use as IPSI: The presence of unsorted fine grained sediments with sur-
rounding higher-energy deposits may indicate the former presence of a
seagrass meadow (Davies, 1970; Scoffin, 1970). Such sedimentological
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Fig. 9. Worldwide distribution of fossil prorastomid, protosirenid and dugongid occurrences.

After Domning (1996).

features were interpreted as seagrass facies in late Miocene inner carbon-
ate ramp deposits in the Balearic Islands, Spain (Pomar, 2001). Poorly-
defined, undulated bedding in bryozoan-bivalve floatstone to rudstone
in the late Miocene of southern Spain was likewise interpreted as a result
of a mounded seafloor due to seagrass vegetation (Betzler et al., 2000).

Habitat restriction: Sedimentary features such as grain size and
sorting depend on various parameters (depth, energy, etc.) and cannot
be regarded as restricted to any habitat.

Conclusions: Weak IPSI, but a useful additional facies-character when
other indicators are present.

5.2. Fining-upward sequences

In modern seagrass meadows: Wanless (1981) described fining-
upward sedimentary sequences in a modern, very shallow (1-2 m
depth) seagrass setting off Florida, which are generated by the seaward
migration of blowout structures (sensu Patriquin, 1975).

Use as IPSI: Wanless (1981) suggested the application of characteris-
tic fining-upward sedimentary sequences as IPSI. However, we are not
aware that they actually have been used to identify paleo-seagrass
meadows.

Frequency of occurrence: Moderately frequent in modern seagrass
meadows: The formation of fining-upward sequences is restricted to
predominately clastic settings, and mainly occurs in shallow environ-
ments that are exposed to wave and current action (Wanless, 1981).
Fining-upward sedimentary sequences are frequent in the fossil record,
but no information is available on the occurrence of strictly seagrass-
associated fining-upward sequences.

Habitat restriction: Not restricted to seagrass meadows. Fining-
upward sedimentary sequences are generated by changes in depth, en-
ergy, or distribution of depositional systems.

Conclusions: Weak IPSI. Fining-upward sequences are common in
many sedimentary contexts. Additional facies-character for seagrass en-
vironments when other indicators are present.

5.3. Abundance of ‘constructive’ micrite envelopes
In modern seagrass meadows: Reduced energy conditions and the

high supply of organic material in seagrass environments create favor-
able conditions for the formation of so-called ‘constructive’ micrite

envelopes that occur on carbonate grains and are associated with
biofilms comprising mucilage, cyanobacteria, bacteria, and diatoms
(Perry, 1999).

Use as IPSI: The high abundance of carbonate grains with distinctive
‘constructive’ micrite envelopes is considerd to be a useful IPSI (Perry,
1999). Such envelopes have also been identified in a seagrass facies in
the Eocene of Oman (Beavington-Penney et al., 2004).

Fossilization potential: High.

Frequency of occurrence: Moderately frequent to rare. Besides their
being restricted to carbonate environments, high levels of water energy
may prevent the development of micrite envelopes in seagrass environ-
ments with otherwise favorable conditions (Jarochowska, 2012).

Habitat restriction: ‘Constructive’ micrite envelopes do occur in other
low-energy environments as well, but they are less abundant and thin-
ner than in seagrass beds (Perry, 1999).

Conclusions: Highly suggestive IPSI when very abundant.

5.4. Taphonomic signature of skeletal remains

In modern seagrass meadows: The taphonomic signature of skeletal
remains includes all alterations a shell or test has undergone after
death, for instance fragmentation, abrasion, and bioerosion. Leonard-
Pingel (2005) studied the taphonomic signatures of mollusk shells
from seagrass versus beach environments in different modern situa-
tions in the Bahamas, Florida and Mexico. She found that the best taph-
onomic characters to discriminate between the two environments were
a combination of edge-rounding, abrasion, dissolution and fragmenta-
tion. Seagrass-associated shells were typically characterized by compar-
atively low rates of edge-rounding and abrasion, and comparatively
high rates of bioerosion. Buchan and Lewis (2008) performed a study
on benthic foraminifer tests from modern sites with different seagrass
density. They found that dense vegetation protects the tests, resulting
in higher densities, lower numbers of broken tests, and higher rates of
grain cementation at densely vegetated sites. Reich (2014) likewise
concluded that mollusk shells sampled from seagrass meadows are
less affected by taphonomic alteration than shells from unvegetated
sandflats due to the protective nature of seagrasses, especially at dense-
ly vegetated sites.

Use as IPSI: Leonard-Pingel (2005) included fossil, presumably
seagrass-associated, mollusk assemblages from Louisiana, USA
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(late Eocene) and Panama (Pleistocene) in her study. Based on an
evaluation of taphonomic signatures, both assemblages were assigned
to seagrass environments, but high error rates preclude those results
from being truly significant (Leonard-Pingel, 2005). Miocene seagrass-
associated shell assemblages from siliciclastic environments in
Indonesia are characterized by high rates of fragmentation, but very
low rates of edge rounding and abrasion, with exceptionally well-
preserved details of the ornament (Fig. 7E-H; Reich et al., 2014).

Fossilization potential: High.

Frequency of occurrence: Frequent (applicable for all environments
with preserved mollusk assemblages).

Habitat restriction: A specific taphonomic signature that is restricted
to seagrass meadows does not exist (Leonard-Pingel, 2005).

Conclusions: Weak IPSI; useful for additional support, if other IPSIs
are present.

5.5. Root etchings on shells

In modern seagrass meadows: Unlike macroalgae, seagrasses have
real roots and rhizomes. When in contact with shells, marginal dissolu-
tion may occur due to locally corrosive pore waters caused by the plant's
metabolism (Parsons and Brett, 1991). Root etchings are distinctive fea-
tures that consist of fine, chalky, sometimes branched lines, and can be
distinguished from carbonate crusts that originated from algae-induced
precipitation (Cutler, 1995).

Use as IPSI: The oldest published record of shell etchings that we are
aware of is from the middle Miocene of Poland (Batuk and Radwanski,
1977). However, root etchings have also been observed on bivalve shells
from the Miocene Choptank and Calvert Formations, Maryland, USA,
and from the Lutetian (middle Eocene) Calcaire Grossier of the Paris
Basin, France, housed in the collections at University of Rochester, USA
(J. Cottrell, pers. comm., 2014).

Stratigraphic and geographic range: The oldest record is possibly from
the middle Eocene (see above), but root etchings might potentially be
present since the late Cretaceous, worldwide.

Fossilization potential: High.

Frequency of occurrence: Rare compared to other taphonomic
signatures.

Habitat restriction: Restricted to seagrass meadows.

Conclusions: Conclusive IPSI, if reliably identifiable.

5.6. Presence of root casts

In modern seagrass meadows: Root casts are calcified structures that
originate due to the transport of nutrients towards roots during transpi-
ration. By this means Ca-cations may accumulate in and around the
roots, leading to the formation of CaCO3 and the preservation of the
root shape (Cramer and Hawkins, 2009).

Use as IPSI: Froede (2012) used seagrass root casts, preserved in the
late Holocene of Florida, USA as an indicator for sea-level highstand.

Stratigraphic and geographic range: Only published from the Holo-
cene of Florida, but potentially present since the late Cretaceous,
worldwide.

Fossilization potential: Low.

Frequency of occurrence: Rare in the fossil record.

Habitat restriction: Restricted to seagrass meadows.

Conclusions: Conclusive IPSI, provided that the preserved structures
can be distinguished from other roots, e.g., from mangroves or marsh
plants (Froede, 2012).

5.7. Carbon isotope signals of mollusk shells

In modern seagrass meadows: Seagrasses are characterized by com-
paratively enriched &'3C values of typically —10 to —11%. (Smith and
Epstein, 1971; Hemminga and Mateo, 1996), especially in the tropics.
Seagrass meadows are highly productive ecosystems and store a

considerable amount of their net primary production within the habitat
(Duarte and Cebrian, 1996; Duarte and Chiscano, 1999), resulting in
enriched 6'3C values of sedimentary organic carbon in modern seagrass
beds (— 9.8 to — 14%., in contrast to — 20%. in other marine sediments;
Fry et al.,, 1977, and references therein).

Use as IPSI: A study of the potential value of stable carbon and oxygen
isotope ratios of fossil mollusk shells as indicators for paleo-seagrass
habitats has been recently made (Reich et al., 2015). Carbon isotopic sig-
nals were able to discriminate paleo-seagrass environments from coral-
dominated environments within the same region and time frame. Shells
from seagrass environments had enriched carbon isotopic values of 2%o
on average; shells from other habitats had values < 1%o.

Stratigraphic and geographic range: Applicable for all time intervals.
The method is likely to be restricted to (sub)tropical regions because
of a relative depletion of 6'C of seagrasses in temeperate areas
(Hemminga and Mateo, 1996).

Fossilization potential: Moderately high. Chemically unaltered shells
are needed for this type of study.

Frequency of occurrence: Data are not sufficient to investigate how
frequently enriched carbon values occur in modern and fossil seagrass
habitats. However, this signature is not conclusive, because seagrass-
associated shells may be comparatively depleted in '>C due to freshwa-
ter or light organic carbon input (Simenstad and Wissmar, 1985; Lin
etal, 1991).

Habitat restriction: Data are not sufficient to support the existence of
a seagrass-specific carbon isotope signature of mollusk shells. Although
shells from modern marine settings lacking seagrass vegetation com-
monly display depleted §'>C values > 1%, exceptions with
values > 2%, can be found in shallow marine settings (Keith et al., 1964).

Conclusions: Weak IPSI, but can offer additional support of environ-
mental interpretations, if material from different environments of the
same region and time interval is available for comparison.

5.8. Molecular fossils of seagrass biomolecules

In modern seagrass meadows: Biological molecules of different organ-
isms differ chemically, for instance concerning the structure of the car-
bon skeleton (e.g., the lengths of carbon chains). This is also the case
for seagrass leaves, for which it was demonstrated that their outer
membrane differs chemically from that found in terrestrial higher
plants (Eglinton and Hamilton, 1967; Frewin, 1993 in De Leeuw et al.,
1995). Because seagrass meadows may cover large areas of 100 s of
m? and store a high amount of organic carbon within the habitat, their
specific organic compounds may contribute considerably to the sedi-
ments accumulated in a meadow (De Leeuw et al., 1995; Duarte and
Cebrian, 1996).

Use as IPSI: A small percentage of biologically derived organic matter
(0.1 to 1%) gets selectively preserved in the sedimentary record, and
therefore differs from the composition of organic compounds in living
organisms (De Leeuw et al., 1995). Those preserved organic compounds
can be wused as so-called molecular biomarkers to indicate
paleoenvironmental conditions using methods outlined in De Leeuw
et al. (1995). Molecular fossils of seagrass-specific biomolecules are
higher-plant long-chain «,m-dicarboxylic acids (Czs-Czg), and in
the case of Zostera marina from temperate regions a specific series of
«,3-diOH-fatty acids (Nichols et al., 1982; Nichols and Johns, 1985;
Frewin, 1993; De Leeuw et al.,, 1995). Frewin (1993) in De Leeuw et al.,
1995) detected the presence of seagrasses in the lower section of a
Holocene core from Florida Bay, USA, based on the presence of long-
chain carbon molecules, whereas the upper part of the core was charac-
terized by shorter carbon chains attributed to mangrove vegetation.
Sonshine (2012) reconstructed the eelgrass-derived organic carbon
input in sediments of Maquoit Bay and Casco Bay, Maine, USA, over the
past 50 years. Furthermore, the relative abundance of n-alkane lipid bio-
markers was confirmed as an indicator for seagrass-derived organic mat-
ter in modern settings (e.g., Hernandez et al., 2001; Kennedy et al,, 2010).
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Stratigraphic and geographic range: We are not aware of studies of
seagrass-derived biomolecules in sediments older than Holocene.
Geographic range congruent with that of seagrasses.

Fossilization potential: Higher-plant long-chain acids found in leaf
waxes appear to remain constant over time (Logan et al., 1995; Huang
et al,, 1996; Pancost and Pagani, 2006). However, their preservation in
sediments, disconnected from preserved plant remains, depends on
factors such as sedimentation rate and nature of different lipids and
different plant species as studied for Miocene lacustine sediments
(Logan et al.,, 1995; Huang et al., 1996). Plant fossils were still present
in the sediments investigated in the latter studies.

Frequency of occurrence: Occurring in all seagrass meadows.

Habitat restriction: Although lipid biomarkers from seagrass leaves
can be distinguished from lipids derived from a number of other organ-
ism groups, such as terrestrial higher plants (e.g., Eglinton and
Hamilton, 1967, they are not strictly confined to seagrasses (J.W. De
Leeuw and R.D. Pancost, pers. comm., 2014). Studies in modern settings
use two- or three-endmember mixing models to infer the percentage of
seagrass organic carbon, and exclude (for instance) the contribution of
marsh plants (e.g., Kennedy et al., 2010; Sonshine, 2012).

Conclusions: A set of methods to identify seagrass-derived biomole-
cules in the geological record has not yet been established (Sonshine,
2012). Further research in this field is required before a generally useful
IPSI can be characterized. However, biomarkers cannot be applied as an
indicator independent of other IPSIs (J.W. De Leeuw and R.D. Pancost,
pers. comm., 2014).

6. Discussion and conclusions

The strength of an IPSI is context-dependent. We have yet to find an
IPSI that can provide straightforward identification of paleo-seagrass
habitats on a global scale throughout the stratigraphic range of
seagrasses and that is common in the fossil record. In addition, our char-
acterization of IPSIs is based on perfectly preserved material and poorer
preservation will hamper the use of individual IPSIs by differing
amounts.

The record of paleo-seagrass facies is strongly biased towards the
(sub)tropics and warm-temperate regions (e.g., the Mediterranean).
Paleo-seagrass meadows from warm climate zones are easier to identify
than those occurring in cold-temperate and polar regions, because var-
ious IPSIs (e.g., photosymbiotic foraminifers, corals, and ‘constructive’
micrite envelopes) are restricted to lower latitudes. This relation can
be well illustrated by the example of lucinid bivalves (4.7.3). The fre-
quency of occurrence as well as the abundance in seagrass meadows
of those chemosymbiotic bivalves considerably decreases from (sub)
tropical to temperate regions (Van der Heide et al., 2012). Large-scale
studies like the one conducted by Van der Heide et al. (2012) do not
exist for other seagrass-associated taxa. Studies on occurrences, abun-
dance and species richness of seagrass-associated organisms in high lat-
itudes are scarce in general. Therefore, it is unclear whether and to what
extent many of the associations between seagrass and higher taxa that
exist in the tropics are present in temperate and polar regions. In con-
clusion, it is likely that paleo-seagrass beds in temperate and polar re-
gions remain unidentified in the paleontological record. Possibly,
ostracod assemblages are useful IPSIs for low-latitude seagrass
meadows, because genera typically associated with marine vegetation
do have a worldwide distribution. However, it might be difficult to dis-
tinguish seagrass assemblages from other epiphytic ostracods assem-
blages (4.8-9.).

A common problem is that many IPSIs are not restricted in their
occurrence to seagrass meadows. Taxa that commonly occur in
modern-day seagrass habitats have often been used to infer paleo-
seagrass meadows without taking into consideration that they may be
equally abundant in other habitats. This concerns, for instance, various
foraminifera (e.g., Elphidium), mollusks and echinoids. The mere
presence of such taxa is not able to distinguish paleo-seagrass from

non-seagrass environments and exceptions of obligate seagrass-
associated organisms with a good preservation potential that can
serve as indicator taxa are scarce. Therefore, the community structure
of fossil assemblages in terms of abundance of taxa and functional
groups (e.g., feeding guilds) provides more reliable IPSIs. Comparative
studies of modern-day mollusk death assemblages from (sub)tropical
shallow-marine habitats showed that multivariate statistical evalua-
tions of abundance data are able to clearly discriminate seagrass and
non-seagrass associated assemblages (Zuschin and Hohenegger, 1998;
Reich, 2014). Such studies are comparatively time-consuming and re-
quire in-situ assemblages that are rich in specimens, and a profound
taxonomic knowledge of the studied organism group. This might ex-
plain why such studies are relatively rare compared to evaluations
using the presence of only one or a few taxa as IPSL In addition, the
characteristics for mollusk death assemblages from modern environ-
ments (e.g., indicator taxa) might not be necessarily transferable to fos-
sil assemblages, particularly those from other geographic regions. In
addition, some shallow-marine habitats might be more easily distin-
guishable from seagrass meadows than others. Whereas seagrass-
associated mollusk assemblages differ from those found on unvegetated
sand or in coral-dominated environments in specific regions (Zuschin
and Hohenegger, 1998; Reich, 2014; Kusworo et al., 2015), differentia-
tion may be more challenging when it comes to other vegetal marine
habitats with a three-dimensional structuring, such as macroalgae-
dominated environments. Relatively poorly-preserved substrate
bioimmurations may not contain enough information to conclusively
identify the systematic affinities of the vegetal substrate (J.A. Todd,
pers. obs.). Therefore, one should be cautious in inferring that strap-
shaped ‘vegetal’ substrates are seagrass leaves. A high abundance of cer-
tain IPSIs, such as specific foraminifera or ‘hooked’ red algae, is more
likely to indicate seagrass meadows, because seagrasses occur in
dense stands of meters to hundreds of meters in diameter, but
macroalgae mostly occur as individual plants, with a few exceptions
such as kelp forests. In conclusion, all IPSIs should be thoroughly
checked for their habitat restriction when aiming to identify seagrass
vegetation in the fossil record. A high abundance in modern seagrass
habitats is not sufficient to qualify them as strong IPSIs.

Table 2 provides our proposed classification of IPSIs, divided into
strong (conclusive or highly suggestive), suggestive, and weak indica-
tors. This classification is only intended to be a simple and practical
guide to their use.

Conclusive IPSIs are those that document the presence of seagrasses
by preserving imprints, etchings, or casts of roots, rhizomes, stems, or
leaves. These IPSIs are both rare in the fossil record and represent struc-
tures that can be difficult to distinguish from those related to other
plants and algae. Suggestive IPSIs are most reliable for identifying
seagrass meadows in the fossil record when a combination of at least
two indicators can be applied. They also strengthen the interpretation
in combination with highly suggestive IPSIs. Weak IPSIs may always
be used to additionally support a seagrass interpretation when other in-
dicators are present, but are not independent indicators for paleo-
seagrass. Furthermore, they can be useful for an additional characteriza-
tion of paleo-seagrass meadows. For instance, a high gastropod/bivalve
ratio and a low abrasion rate of shells suggest a dense vegetation cover;
and abundant lucinid bivalves and comparatively high carbon isotope
ratios point to a high sedimentary organic content.

Naturally, the more numerous the IPSIs present, the stronger is the
argument for the presence of a paleo-seagrass meadow. In previous
works a combination of IPSIs was often applied to infer seagrasses. For
instance, a paleo-seagrass bed in the early Miocene of India was
identified based on foraminifera, lucinids, gastropods, tube-like
bioimmurations by bryozoans, and sedimentological features (Reuter
et al.,, 2010). An early Miocene seagrass locality in Java, Indonesia
could be identified according to foraminifera and mollusks (including
feeding guild composition); the paleoenvironment was later con-
firmed using the carbon isotope signal of mollusk shells (Reich
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Table 2
Classification of IPSIs.

Direct seagrass indicators
Plant fossils
High-resolution bioimmurations of seagrasses

Strong IPSIs

Conclusive IPSIs

Rhizome imprints preserved by oysters
Root casts

Root etchings on shells

Seagrass specific biomolecules

Suggestive IPSIs
Low-resolution bioimmurations (undermoulds) of leaf like structures
Abundance of permanently attached foraminifera (Planorbulina, Sorites)

Abundance of motile porcelaneous photosymbiotic foraminifera (Pseudoteberina, Archais)

Other specific growth forms of crustose coralline red algae
Species composition of coral associations

Presence of gastropod taxa

Feeding guild composition of gastropod assemblages
Species composition of ostracod assemblages

Carapace morphology of ostracods

Weak IPSIs
(additional characters)
Abundance of permanently attached foraminifera (Marginopora, Amphisorus)
Abundance of specific hyaline foraminifera
Abundance of articulated coralline red algae
Occurrence of ‘Dynamena’
Species composition of bryozoans
General species composition of bivalves (abundant deposit-feeders)
High relative abundance of s
Pinnidae in life position
Occurrence of lucinids (and other chemosymbiotic bivalves)
High gastropod/bivalve ratio (epifaunal/infaunal ratio)
Abundance of small epifaunal bivalves
Species composition and occurrence of specific echinoderm taxa
Otoliths (of juvenile sciaenids)
Occurrence of unsorted fine sediments
Fining-upward sequences
Taphonomic signature of shells
Carbon isotope signals of mollusk shells
Molecular fossils of seagrass biomolecules

Highly suggestive IPSIs

Abundance of tube-like encrustations of coralline algae and bryozoans
Abundance of ‘hooked’ crustose coralline red algae

Gastropod abundance data

Occurrence of Smaragdia

Occurrence of prorastomid/protosirenid/dugongid remains
Abundance of constructive micrite envelopes

etal., 2014, 2015). Seagrass facies in the Plio-Pleistocene of Australia
were identified based on foraminifera, coralline algae, bryozoans,
mollusks (including lucinids), and sedimentological features
(James and Bone, 2007). Such integrative approaches using sedi-
mentology, paleontology, paleoecology, taphonomy, and (if possi-
ble) geochemistry are clearly preferable for characterizing
potential seagrass facies and fossil associations.

Among higher taxa, mollusks provide the widest variety of IPSIs,
including indicator species, taxonomic and ecological composition
of assemblages, bioimmuration, and carbon isotopic signals of
shells (Table 2). All together, one conclusive, one strongly indica-
tive, two suggestive, and seven weak IPSIs are provided by
mollusks. They have a high preservation potential, are abundant
in seagrass environments, and are common in the fossil record.
Therefore, mollusks are a useful group to identify seagrass
vegetation in the geological record. Likewise, foraminifera are
abundant and commonly preserved organisms in seagrass
meadows. A combination of fossil mollusk and foraminiferal faunas
that can be interpreted as seagrass-characteristic provides a good
suggestive IPSI. Both organism groups are often common and
comparatively diverse in fossil assemblages and therefore offer an
excellent first approach for paleohabitat interpretations. However,
as discussed before, these IPSIs serve well for (sub)tropical and
warm-temperate regions, but are probably not applicable in cold-
temperate and polar climatic zones.
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