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During the Silurian, the Swedish island Gotland was positioned close to the equator and
covered by a shallow sea called the Baltic Basin. The sedimentary rocks (predominantly
carbonates) comprising most of the island today were initially formed in this warm sea, and the
relatively complete succession of rocks often contains fossil fragments and scales from early
vertebrates, including heterostracans, anaspids, thelodonts, osteostracans, acanthodians, and a
stem-osteichthyan. Fossils of early vertebrates become increasingly more common in younger
Silurian rocks, but are mostly represented by fragmentary remains and rarer occurrences of
articulated jawless vertebrates (agnathans). However, the record of articulated specimens and
jawed vertebrates (gnathostomes) are more numerous in rocks of the following Devonian
Period. Isolated peaks of agnathan diversity during the Silurian and disarticulated remains of
gnathostomes from this period hint at a cryptic evolutionary history. A micropaleontological
approach with broader sampling may provide a better understanding of early vertebrate
distribution patterns and hopefully give some insights into this history. The objective of this
study was to build upon previous sampling on Gotland and to use established frameworks
for disarticulated remains with the aim of making comparisons with similar studies performed
in the East Baltic. However, difficulties locating the collections from these previous works
necessitated a different focus. Undescribed museum collections and newly sampled material
enabled some taxonomical revisions and greatly improved the understanding of vertebrate
distribution in the youngest part of the Gotland sequence. It also indicated that this interval
may represent the early stages of the diversification of gnathostomes that become increasingly
dominant toward the end of the Silurian. Furthermore, the description of samples from partly
coeval sections in Poland enabled some preliminary comparisons outside of Gotland, and
presented a striking example of restricted environmental occurrences for a thelodont taxon.
This is encouraging for future sampling and investigations on Gotland. Together with the
establishment of a facies-framework comparable to that developed in the East Baltic and
correlations to other areas, this may prove fruitful for an increased understanding of early
vertebrate distribution and evolution during the Silurian.
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1. Introduction

Vertebrates are an extremely diverse and widespread group of organisms that
today inhabit a wide range of environments from deep oceans to high mountains, and occur from pole to pole. All vertebrates (including ourselves) can,
like many other metazoans, trace their origin back to the so called Cambrian
explosion as they make their first appearance in the fossil record in lower and
middle Cambrian rocks from ca. 543–510 Million years ago (Ma) (see
Marshall, 2006; Friedman and Sallan, 2012). A number of soft-bodied animals
preserved in Lagerstätten, such as the lower Cambrian Chenjiang and middle
Cambrian Burgess Shale, have been interpreted as either stem or crown group
vertebrates, or at least related to them (Chen et al., 1999; Shu et al., 1999; Shu
et al., 2003; Holland and Chen, 2001; Mallatt and Chen, 2003; Morris and
Caron, 2014). However, interpreting the features preserved in these fossils is
problematic and the affinities of many of them are uncertain (Donoghue and
Purnell, 2009; Sansom et al., 2010b). Of these, Haikouichthys seems most
likely to be at least a total group vertebrate, since several specimens seem to
preserve diagnostic vertebrate characters, such as paired sensory capsules and
vertebrae (Shu et al., 2003; Sansom et al., 2011; Janvier, 2015).
Today, the only jawless vertebrates (agnathans) around are the hagfishes
and lampreys that, based on both molecular and developmental data
(Heimberg et al., 2010; Ota et al., 2011; Oisi et al., 2013a, 2013b), most likely
form a clade (the cyclostomes) and therefore constitute the sister-group of the
vastly outnumbering jawed vertebrates (gnathostomes). During the early parts
of the Paleozoic, however, the now extinct armored agnathans (collectively
termed “ostracoderms”) were the most prominent component of the vertebrate
faunas (Friedman and Sallan, 2012; Sansom et al., 2015). This evidently
changed during the Devonian Period, often called the “Age of Fishes”, as gnathostomes increased in abundance and diversified to fill a wide variety of
trophic roles (see Friedman and Sallan, 2012). This has been coupled to both
the acquisition of jaws and the shift from benthic to nektonic lifestyles (Klug
et al., 2010; Anderson et al., 2011; Friedman and Sallan, 2012). However,
fragmentary remains and scales of gnathostome affinities from older rocks
(Friedman and Sallan, 2012; Sansom et al., 2015), and subsequently the minimum divergence time between jawless and jawed stem-gnathostomes based
on fossil data (Brazeau and Friedman, 2015), has turned the attention of researchers to Silurian and even older rocks to investigate the origin and early
evolution of gnathostomes. This has, however, proven difficult because the
7

body fossil record of them is not as good as in the Devonian (Friedman and
Sallan, 2012) and there seems to be a facies bias in the early record of fragmentary remains (Sansom et al., 2015). To get a better understanding of the
environmental preferences and lifestyles of these early vertebrates may therefore be important for understanding their early evolution.

Figure 1. Map of the Silurian world (A) and detail of the Baltic Basin (B), both
adapted from Eriksson and Calner (2005) and based on Baarli et al. (2003). C: extent
of the erosional remnant of late Ludlow sediments from the Baltic Basin (see Paper
V for figure references).
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1.1. Gotland and the Baltic Basin
Gotland is an island in the Baltic Sea off the east coast of the Swedish mainland. During the Silurian Period (ca. 444-419 Ma), Gotland and most of southern Sweden was situated close to the equator (Fig. 1A) and covered by a warm
epicontinental sea referred to as the Baltic Basin (Fig. 1B) (Poprawa et al.,
1999; Cocks and Torsvik, 2002). Today, Gotland is entirely built up by sedimentary rocks that originated in this sea and forms part of an erosive remnant
(Fig. 1C) truncated by cratonward erosional limits to the north and northeast,
as well as by the Teisseyre-Tornquist Line toward the southwest (Martinsson,
1958; Flodén, 1980; Poprawa et al., 1999).
The warm waters of the Baltic Basin accommodated reefs that subsequently
formed the majority of the rock formations that build up the island today (Fig.
2) (Calner et al., 2004a; Eriksson and Calner, 2005; Erlström et al., 2009). The
reefs were also home to a plethora of marine organisms, the fossils of which
can be found all over the island today. The succession of sedimentary rocks
(Fig. 3) can be divided into a number of depositional sequences separated by
minor discontinuities that relate to carbonate platform generations (Calner et
al., 2004b). The strata show a prominent transition along the strike, generally
passing from alternations of open marine, argillaceous shelf limestones and
marls in the southwest into contemporaneous, shallow water carbonates to the
northeast (Eriksson and Calner, 2005).
The Gotland sequence has a collective thickness of 500-750 m and represents approximately 10 Million years of time, from latest Llandovery to late
Ludlow (Jeppsson et al., 2006; Erlström et al., 2009; Kaljo et al., 2015). The
strata have been divided into a series of groups and formations (Figs. 2 and 3)
that are mainly built up by carbonates, but siliciclastics also form parts of the
succession (Erlström et al., 2009). The reader is referred to the unpublished
licentiate thesis (Bremer, 2016) prepared for this project, and references
therein, for an exhaustive review of the Gotland stratigraphy, geology, and
depositional environments, as well as for clarifications of the stratigraphical
nomenclature used in Figure 2 and 3, as well as in later sections of this thesis.
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Figure 2. Geological map of Gotland with the geographical extent of the formations
and their lithologies. Based on Eriksson and Calner (2005) and data from the Swedish Geological Survey (SGU).
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Figure 3. Stratigraphical column of Gotland (left) and simplified distribution of lithologies through the entire Gotland section and general differences between southwestern and northeastern areas. Modified from Erlström et al. (2009) with additions
from Samtleben et al. (1996).

The sedimentary rocks of Gotland have experienced little late diagenetic alteration and tectonic displacement (Calner et al., 2004a), and consequently the
fossils display excellent states of preservation (Jeppsson, 1983; Munnecke et
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al., 1999; 2000). This has attracted the interest of scientists since the 18th century (Erlström et al., 2009) and the first fossil vertebrates were reported in the
middle of the 19th century (Von Volborth, 1861). This was followed by infrequent reports of vertebrate remains, but more detailed description of vertebrates were performed by Gross (1968a, 1968b) who also described the first
remains of Andreolepis hedei Gross, 1968a. The most extensive works on Silurian vertebrate remains from Gotland were performed by Fredholm (1988a,
1988b, 1989, 1990). A short review of the history of research on Gotland and
its vertebrates can be found in the unpublished licentiate thesis (Bremer,
2016), and a more exhaustive review of the history of research on Gotland can
be found in Manten (1971). All of the previous reports, including the ones
mentioned above, are reviewed further in section 2.

1.2. Evolutionary history and interrelationships of early
vertebrates
The “ostracoderms” effectively form a grade on the stem leading up to gnathostomes and are generally set apart from the living cyclostomes by having
dermal hard tissues (Janvier, 2015), although their interrelationships are still
unclear (see Fig. 4). The earliest records of potential dermal vertebrate remains composed of layered hard tissues (including a dentine-like tissue) come
from the late Cambrian to Middle Ordovician deposits of Euramerica and Australia (Repetski, 1978; Smith et al., 1996; Young et al., 1996; Clark et al.,
1999). These remains are mostly attributed to Anatolepis and even though they
share similarities with a younger vertebrate group called arandaspids
(Friedman and Sallan, 2012), their affinity remains unclear (Janvier, 2015).
Arandaspids form a potentially paraphyletic assemblage near the root of the
gnathostome stem that are viewed by some as related to heterostracans
(Janvier, 1996; Sansom et al., 2001; Friedman and Sallan, 2012). Together
with the similar astraspids (Janvier, 2015), they make up the oldest articulated
specimens of definite “ostracoderms” that come from a handful of middle to
late Ordovician rocks in Australia (Young, 2009), North America (Sansom et
al., 2001), and Bolivia (Gagnier and Blieck, 1986). Fragmentary material that
share similarities to these has also been found in other parts of the world
(Wang and Zhu, 1997; Blieck and Turner, 2003; Karatajūtė-Talimaa and
Smith, 2004; Sansom et al., 2009).
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Figure 4. Roughly time-calibrated phylogenetic tree and fossil record of extinct and
extant vertebrates. Phylogeny mainly based on Sansom et al. (2010a) after Janvier
(2015), but excluding conodonts and with some collapsed nodes to reflect the uncertain interrelationships discussed in the text. Ranges of groups are based on Sansom
et al. (2015), Janvier (2015), and references discussed in the text. Individual records
outside the tree represent reports of isolated remains of potentially “ostracoderm”
(Anatolepis) and gnathostome (Skiichthys, mongolepids and sinacanthids) taxa. Note
that the single branches do not necessarily denote monophyly (e.g., acanthodians
and placoderms). Time-line based on Cohen et al. (2013). See Figure 5 for individual figure references.
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Besides astraspid and arandaspid remains, rocks of Ordovician age have also
produced scales of thelodonts and fragmentary remains of possibly heterostracan-, placoderm-, as well as acanthodian- (e.g., Skiichthys, Fig. 4) or even
chondrichthyan-grade taxa (Sansom et al., 1996, 2001, 2012; Smith et al.,
1997; Young, 1997; Donoghue et al., 2003; Friedman and Sallan, 2012). However, the potential gnathostome affinities of these remain unresolved (see
Friedman and Sallan, 2012; Janvier, 2015).
Fossils of vertebrates are scarce also in lower Silurian rocks, but the oldest
articulated thelodonts (Dineley and Metcalf, 1999) and the “naked” agnathan
Jamoytius have been found in rocks from the middle of the Llandovery series
(ca. 444–433 Ma) (Janvier, 1996; Sansom et al., 2010a). Anaspid remains
have been described from upper Llandovery rocks of Scotland and the first
articulated specimens of Lasanius and Birkenia come from end-Llandoveryaged rocks in the same area (Blom et al., 2002). Specimens of galeaspids and
possible heterostracans occur in upper Llandovery strata of China (Zhao and
Zhu, 2007) and Canada (Janvier, 1996; Soehn et al., 2001) respectively. Body
fossils of definite heterostracans and osteostracans have been found in rocks
from the succeeding Wenlock series (ca. 433-427 Ma) (Janvier and Blieck,
1993; Wilson and Caldwell, 1993; von Bitter et al., 2007). Gnathostomes are
commonly represented by microremains from the Silurian Period: chondrichthyan-like scales (mongolepids, Fig. 4) and acanthodian-type spines (sinacanthids, Fig. 4) have been found in upper Llandovery rocks (KaratajūtėTalimaa, 1995; Janvier, 1996; Sansom et al., 2005b; Zhao and Zhu, 2007;
Zigaite et al., 2011), isolated placoderm plates and stem-osteichthyan fragments occur in faunas of Wenlock age in China (Zhao and Zhu, 2007; Qu et
al., 2010) and in Ludlow sites elsewhere (Janvier, 1996; Friedman and
Brazeau, 2010) including Gotland (Botella et al., 2007). The oldest articulated
gnathostomes are represented by both placoderms and crown gnathostomes in
rocks of latest Ludlow age (ca. 427-423 Ma) (Zhu et al., 1999; Zhu et al.,
2009; Zhang et al., 2010).
An enigmantic and often controversial group not mentioned above are the
conodonts (Fig. 5A). Their affinity has been debated ever since the discovery
of these isolated tooth-like elements (Fig. 5A) in the mid-1800s (Donoghue,
1998), with suggestions ranging from vertebrates to annelid worms (see
Turner et al., 2010). The nature of the conodont elements became much clearer
with the discovery of soft-bodied, eel-like animals that had a complex feeding
apparatus composed of these tooth-like elements in its mouth-region (see
Donoghue, 1998; Turner et al., 2010; Dzik, 2015).
Conodont elements are phosphatic and composed of a solid basal body of
dentine-like tissue, and a crown of lamellar, enamel-like tissue and so called
white matter, but the interpretation of the composition of these tissues has varied (see Donoghue, 1998 for a thorough review). Conodonts were historically
divided into the three groups protoconodonts, paraconodonts, and euconodonts that were initially proposed to form a grade in that order (Murdock et
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al., 2013), but it has been shown that protoconodonts are instead related to
chaetognaths (Szaniawski, 1982). However, it has also been demonstrated that
euconodonts most likely derived from the paraconodonts (see Murdock et al.,
2013 and references therein), which also led to the conclusion that their hard
tissues had evolved convergently to those of vertebrates, rather than being homologous (Murdock et al., 2013; Donoghue and Rucklin, 2016). Despite this,
the vertebrate-like morphological features of whole-body specimens (head
with large eyes, myomere-like structures along the body, and a caudal fin)
have led some researchers to suggest that they are vertebrates (see Janvier,
2015), while others are more skeptical of these similarities and have questioned their vertebrate, and even chordate, affinity (Turner et al., 2010). Therefore, paraconodonts and euconodonts could either be placed within the vertebrate clade in Figure 4, or on the stem leading up to them. Regardless of their
affinity though, conodonts must have been an important component of past
ecosystems, since they are so abundantly found in mainly shallow marine
Paleozoic rocks. Furthermore, the works on conodonts from Gotland by Lennart Jeppsson (1940–2015) and colleagues have resulted in a highly detailed
biostratigraphical framework for the Gotland sequence (summarized in
Jeppsson et al., 2006), which has been of great importance to this work.
Out of the vertebrate groups mentioned above, the ones so far recognized
on Gotland (Fig. 5B-C) are anaspids, thelodonts, heterostracans, osteostracans, acanthodians, and the stem osteichthyan (Botella et al., 2007) Andreolepis hedei.

1.2.1. Heterostracans
Heterostracans were a taxonomically large and diverse group of “ostracoderms” (Keating et al., 2015; Randle and Sansom, 2016) with a fossil record
ranging from early Silurian times to the latter half of the Devonian (Janvier,
1996). They had oblong, fusiform bodies covered in scales and a head composed of two large shields (Fig. 5B), one dorsal and one ventral, a differing
number of branchial plates in between, and an array of plates in a fan-like
arrangement below the mouth (Janvier, 1996). The dermal armor of heterostracans consisted of a basal laminated layer and a middle honeycomb-like
layer of trabecular bone, as well as a top bone layer with canals underneath
individually grown tubercles or ridges (odontodes) composed of dentine with
an enameloid cap (Janvier, 1996; Keating et al., 2015; Keating and Donoghue,
2016). Both the overall morphology and histology of heterostracans are similar to astraspids and arandaspids, and they are therefore often gathered (Fig.
4) in the pteraspidomorphs (Sansom et al., 2005a). However, heterostracans
only had a single pair of common branchial openings while the other two had
several (Janvier, 1996; Janvier, 2015).
Only one taxon, Archegonaspis lindstroemi Kiær, 1932, has been found on
Gotland, and only from a restricted interval of the sequence (Fredholm, 1988a,
15

1988b). It is mostly represented by fragmentary and disarticulated remains
(Fig. 5B), but the dorsal and ventral head shields from the Lau channel described by Lindström (1895) are still the most complete remains of vertebrates
ever found on Gotland.

Figure 5. Sketches of a conodont (A) and the early vertebrates represented on Gotland (B-G), as well as examples of microremains from respective group that form
the basis for this work. B: heterostracan, C: anaspid, D: thelodont, E: osteostracan,
F: acanthodian, G: Andreolepis hedei. The microremains are not representative of
the sketched species, except for D (Phlebolepis elegans). A from Aldridge et al.
(1993), B from Soehn and Wilson (1990), C from Blom et al. (2002), D from
Ritchie (1968), E from Janvier (1996) based on Ritchie (1967), F from Romer
(1964), and G modified from Chen et al. (2012).

1.2.2. Anaspids
Anaspids (Fig. 5C) were a group of jawless vertebrates characterized by laterally compressed and slender bodies covered in mineralized scales, a fusiform head covered by small plates, a hypocercal tail, and tri-radiate spines
behind a slanting row of external branchial openings (Janvier, 1996; Blom and
Märss, 2010). The scales of anaspids (Fig. 5C) are composed of a basal laminated bone layer, an upper layer with more vascularized laminar bone, as well
as a superficial layer of tubercles (Blom et al., 2002, 2003) composed of
16

spheritic mineralizations, possibly being derivatives of odontode dentine and
enamel (Keating and Donoghue, 2016).
As mentioned before, the earliest definite fossil anaspids show up in lower
Silurian rocks, and their fossil record extends into the Lower Devonian (Blom
and Märss, 2010). However, the relationship of anaspids to “naked” forms
such as Jamoytius (placed near the basal node of the vertebrate tree, or associated with cyclostomes, or even nested within anaspids) mentioned earlier,
their monophyletic status, as well as their relative position along the gnathostome stem compared to heterostracans (see Fig. 4) have been debated
(Sansom et al., 2010a; see Blom and Märss, 2010; Blom, 2012; Keating and
Donoghue, 2016).
Both articulated and isolated material from the Northern Hemisphere (including the Baltic Basin) of birkeniid anaspids were studied in detail by Blom
et al. (2002) and provided a taxonomical framework for disarticulated scales
and platelets. This has been of great importance to this work because anaspids
are only represented by such remains on Gotland. These occur sporadically
through the Gotland sequence and are mainly concentrated to two stratigraphical levels (see section 2).

1.2.3. Thelodonts
Thelodonts (Fig. 5D) were a cosmopolitan group of jawless fishes with a fossil
record stretching from the Late Ordovician (Sansom et al., 1996; Märss and
Karatajūtė-Talimaa, 2002) to Late Devonian times (Märss et al., 2007;
Hairapetian et al., 2016). They have remained enigmatic since their discovery
and their relation to the other vertebrate groups (Fig. 4) is unclear (see Keating
et al., 2015). Most of them were small animals with a total body length of only
a few centimeters, but some reached lengths of at least 60 cm (Märss et al.,
2007). As summarized by Märss et al. (2007), the group displays a range of
body proportions and morphologies, but three main body types have been recognized: 1) dorsoventrally flattened with wide head region that narrows behind the branchial structures into a slender body that ends in a generally large
hypocercal tail; 2) fusiform head and trunk, i.e. more rounded in in cross section, with more laterally flattened and slender bodies with hypocercal tails; 3)
fork-tailed, laterally compressed, and deep-bodied forms with multilobate tail
fins. Many thelodonts probably also had pectoral fin folds, as well as dorsal
and anal midline fins (see Märss et al., 2007).
The entire body surface as well as the buccopharyngeal cavity of thelodonts
were covered by individual, non-growing scales (Fig. 5D) with bases composed of laminated bone and crowns composed of dentine tissue capped with
enameloid (Donoghue et al., 2006; Märss et al., 2007). Articulated specimens
of thelodonts are rare (Märss et al., 2007), in fact, only 29 out of 147 described
species are known from articulated material (Ferron and Botella, 2017). The
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majority are described from so called scale-associations, where scales displaying a range of morphologies can be ascribed with some certainty to a single
taxon using a body-zonation framework that has been developed and refined
for thelodonts (see Märss et al., 2007). This has proven crucial for any work
about thelodonts on Gotland, since they are only represented by isolated
scales.

1.2.4. Osteostracans
Osteostracans are another large and diverse group of jawless fishes with a fossil record ranging from lower Silurian to Upper Devonian rocks (Janvier,
1996). They generally had bullet- to horseshoe-shaped head shields, paired
pectoral fins, one or two dorsal fins, and a epicercal tail sometimes with a
small lobe underneath (Fig. 5E) (Janvier, 1996). The body was covered by
scales of different sizes that were probably formed by the fusion of smaller
scales or by the addition of new odontodes (Keating et al., 2012; Qu et al.,
2015). The dermal skeleton of osteostracans (Fig. 5E) consisted of a basal
layer of laminated bone, a vascular middle layer of cellular bone, and a superficial layer (often of individual tubercles) composed of dentine with an
enameloid cap (see Keating et al., 2015; Qu et al., 2015), although the detailed
composition of the middle layer may be more complicated (Qu et al., 2015).
Osteostracans are generally considered as the sister-group of gnathostomes
(Sansom, 2009), (Fig. 4), largely based on features preserved by their extensively calcified or ossified endoskeleton of the head (otherwise only seen
among galeaspids), as well as in their pectoral girdles and fins (Janvier, 1996;
Janvier et al., 2004; Janvier, 2015).
Another study of great importance to this work is the extensive review and
revision of both articulated and isolated material of Silurian osteostracans
from the East Baltic by Märss et al. (2014), which provided a framework for
the material from Gotland.

1.2.5. Acanthodians
Acanthodians are perhaps more “fish-like” in appearance than any of the
groups described above (Fig. 5F) and they are often referred to as “spiny
sharks” owing to their many fin spines, the two dorsal fins, the epicercal tail
fin, and separate gill slits (Janvier, 1996). Their bodies were covered in growing (possibly polyodontode) scales (Fig. 5F) consisting of bony bases that
could either be acellular or cellular, and a layered dentinous crown often with
an enameloid cap (Janvier, 1996). Besides scales, the head and shoulder girdle
were also covered in small bony platelets (tesserae), or sometimes by larger
dermal bony elements (Denison, 1979; Janvier, 1996). The mouths of acanthodians were often equipped with tooth spirals, tooth whorls, or powerful jaw
bones with large and firmly attached teeth (Janvier, 1996). Acanthodians were
18

classically considered a clade united in part by the presence of fin spines in
front of all paired and mid-line fins (except the tail fin), as well as a series of
intermediate spines in some forms (Denison, 1979; Janvier, 1996). However,
paired fin spines have since been described in early chondrichthyans (Miller
et al., 2003; Maisey et al., 2017) and a few fossil osteichthyans were also discovered to have median and paired fin spines (Zhu et al., 1999; Zhu et al.,
2009). Together with cranial data, this has led to the rejection of a monophyletic Acanthodii (Brazeau, 2009; Davis et al., 2012). Instead, acanthodians are
now considered as a paraphyletic assemblage within the chondrichthyan total
group (Fig. 4) (Zhu et al., 2013; Giles et al., 2015; Burrow et al., 2016; Qiao
et al., 2016). Definite remains from representatives of this paraphyletic assemblage have been found in lower Silurian to Permian rocks (Janvier, 1996;
Davis et al., 2012).
Only a single near complete acanthodian has been reported from strata
older than the Devonian (Burrow and Rudkin, 2014). Hence, the Silurian
acanthodians of the Baltic Basin are only known from scales and other disarticulated material such as tesserae, fin spines and jaws. The acanthodians on
Gotland can generally be divided into three groups based on these disarticulated remains (mainly scales), the “nostolepid”, “gomphonchid”, and poracanthodid scale types. However, the details regarding the taxonomy of these
remain problematic and are discussed in Papers III, IV, and V. Acanthodians
make a late appearance in the Gotland sequence, and they generally see an
increase in numbers toward late Silurian times (see section 2).

1.2.6. Andreolepis hedei
The description of And. hedei by Gross (1968a) was based on scales and a
single bone fragment, but other remains (parts of the shoulder girdle and tooth
plates) were described later by Janvier (1978). The understanding of the squamation pattern in this fish was greatly improved in a study by Chen et al.
(2012). They used geometric morphometrics on large amounts of isolated
scales and comparative anatomy to identify body positions of the different
kinds of Andreolepis scales.
In the earlier studies, And. hedei was considered an actinopterygian (rayfinned fish) within crown group osteichthyans (bony fishes and tetrapods), but
its phylogenetic placement shifted down onto the osteichthyan stem (Fig. 4)
based on features in jaw bones with similar sculpture from the same localities
(Botella et al., 2007). Investigation of these jaw bones has led to new insights
into the evolution of tooth replacement among osteichthyans (Chen et al.,
2016). The scales of And. hedei (Fig. 5G) consist of a base of cellular bone
covered by several generations of odontodes (polyodontode) composed of
dentine with enamel caps (Gross, 1968a; Qu et al., 2013), all being interconnected by a complicated system of vascular canals (Qu et al., 2016).
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Andreolepis hedei and a related species have been found in sediments of
similar age or slightly younger in other parts of the Baltic Basin (Vergoossen,
1999a; Märss, 2001), as well as in other regions in England and Russia (Märss,
2001), but so far it is only know from disarticulated material.
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2. Climatic and environmental influences on
vertebrate distributions

The Silurian Period follows the end-Ordovician Hirnantian glacial episode,
which is associated with one of the “big five” mass extinctions in Earth history
(Raup and Sepkoski, 1982). Furthermore, the Silurian is characterized by extremely large and more frequent isotopic shifts compared to any other part of
the Phanerozoic, which indicates major changes in the global carbon cycle
during this time (Calner, 2008; Munnecke et al., 2010). These were most likely
the result of normal but abrupt changes in the global climate (Calner, 2008)
and are associated with changes in the global sea-level (Munnecke et al.,
2010). Friedman and Sallan (2012) pointed out that the generally scarce fossil
record of vertebrates in the Ordovician makes it frustratingly difficult to evaluate the impact of this end-Ordovician episode on vertebrates, and the climatic
perturbations of the Silurian may obscure potential recovery patterns among
them. However, looking at microremains, Blieck and Turner (2003) and
Turner et al. (2004) identified some large-scale patterns among vertebrates
during the Ordovician, including a faunal turnover towards the end of the period and an enigmatic gap in the fossil record between Late Ordovician and
early Silurian times, which they named Talimaa’s Gap (Turner et al., 2004).
Overall though, the vertebrates generally show comparably greater abundance
and diversity during the Silurian (Qu et al., 2010).
During investigations of conodont biostratigraphy and distribution on Gotland, it became evident that the conodont faunas were affected by a series of
perturbations and extinctions (Jeppsson, 1984, 1987). These were associated
with changes in rock facies connected to carbonate production, and the sedimentary changes were later confirmed on a global scale by Brunton et al.
(1998). The discoveries led Jeppsson (1990) to present a model explaining
these changes, or events, by the switchover between to two separate stable
oceanic states and climatic episodes. This model was later refined and expanded upon (Jeppsson, 1997; Jeppsson and Aldridge, 2000, 2001) and the
Silurian was divided into more than 20 alternating stable episodes and associated transitional events (Jeppsson, 1998). Following Lennart Jeppsson’s discoveries, isotopic studies on Gotland by Wenzel and Joachimski (1996) and
Samtleben et al. (1996) demonstrated that the shift between stable oceanic
states were coupled with significant and parallel stable isotope excursions in
δ13C and δ18O isotopes. Similar patterns were observed both on Gotland and
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globally in other works (Talent et al., 1993; Samtleben et al., 2000; Bickert et
al., 1997; Saltzman, 2001; Cramer and Saltzman, 2005, 2007) and the discoveries were accompanied by alternative models to explain them (Wenzel and
Joachimski, 1996; Samtleben et al., 1996; Bickert et al., 1997; Munnecke et
al., 2003; Cramer and Saltzman, 2005; Cramer et al., 2005). A total of eight
events have been described on Gotland: Ireviken, Ansarve, Boge, Valleviken,
Mulde, Linde, Lau, and Klev events (Jeppsson, 1993, 1998, 2005b; Aldridge
et al., 1993; Jeppsson et al., 1995; Jeppsson and Aldridge, 2000). Out of these,
the Ireviken Event, Mulde Event, and Lau Event have been recognized globally (e.g., Märss, 1992; Jeppsson, 1993, 1998; Märss et al., 1998; Jeppsson
and Aldridge, 2000; Calner et al., 2004a) and had faunal, sedimentary, and
long lasting isotopic effects (Eriksson and Calner, 2005). A thorough review
of the models, isotopic shifts, and repercussions of the events was presented
in my unpublished licentiate thesis (Bremer, 2016). Fredholm (1989) compared some of the stratigraphical distribution of vertebrates on Gotland to the
emerging patterns of conodont distribution observed by Jeppsson and speculated that low numbers of thelodont scales could be associated with two of
these episodes.
One of the isotopic events, the Lau Event, was the focus of a study by
Eriksson et al. (2009). They investigated what impact this had on the vertebrate fauna on Gotland and concluded that the vertebrates were affected by
the event in a similar fashion to the conodonts with step-wise disappearances
of taxa. The thelodont Paralogania martinssoni Gross, 1967 disappeared at
the onset of the event, while A. lindstroemi, And. hedei, and the thelodonts
Phlebolepis elegans Pander, 1856 and Thelodus carinatus Pander, 1856 go
before the top of När Formation. They are joined by the acanthodian Nostolepis striata Pander, 1856, while another acanthodian Gomphonchus sandelensis Pander, 1856 was found in a sample also from lowermost Eke Formation. Thelodus parvidens Agassiz, 1839 ranges through the När Formation
and was recovered in a sample from lower Eke Formation but was lacking in
three samples from the upper part. However, N. striata, G. sandelensis, and
Th. parvidens re-appear in later strata of the Burgsvik Formation. The samples
of uppermost När Formation (middle of Lau Event) see the first appearance
of the thelodont Lanarkia horrida Traquair, 1898 but no more remains of it
were reported above lower Eke Formation, while another thelodont, Paralogania ludlowiensis Gross, 1967 makes its first appearance in the top of Eke
Formation and also occurs in younger strata (Eriksson et al., 2009). The postevent recovery was rapid according to Eriksson et al. (2009), with the return
of many taxa as well as the addition of the acanthodian Poracanthodes porosus Brotzen, 1934, the anaspids Septentrionia mucronata Blom et al., 2002
and Tahulalepis elongituberculata Blom et al., 2002, and the thelodont Thelodus sculptilis Gross, 1967. The extinction of And. hedei was pinpointed before
the top of Botvide Member (När Formation). However, fragmentary scales
and potentially other remains of this taxon was found in a sample from
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Uddvide (upper Burgsvik Sandstone Member) described in Paper III, although a potential re-deposition of these scales cannot be excluded. On a larger
scale, the event saw a shift from gnathostome-dominated faunas before the
event to a thelodont-dominated fauna in the aftermath according to Eriksson
et al. (2009). This faunal turnover among vertebrates had previously been
identified by Märss (1992), which she named the And. hedei Event, but it
seems to be represented in more detail in the Gotland succession (see Paper
III).
In later years, investigations in other parts of the Baltic Basin, where the
sedimentary setting was less sensitive to changes in sea-level, have failed to
identify the extinction patterns observed on Gotland (Jarochowska and
Munnecke, 2016). Instead, they suggested that the patterns in the Gotland conodont fauna may partly be the result of shifting biofacies parallel with the
changing sea-level and unconformity bias.
Changes in facies has been suggested as an impeding factor for our understanding about early osteostracan evolution and distribution (Sansom, 2008;
Märss et al., 2014). Following this, Sansom et al. (2015) investigated the impact of sea-level driven facies change on the fossil record of heterostracans,
thelodonts, galeaspids, osteostracans, and gnathostomes. They concluded that
the fossil record of galeaspids, osteostracans, and to some extent heterostracans are more affected by these changes compared to the less ecologically
restricted thelodonts and gnathostomes, and the possible origination dates of
the former extend much further back than their first appearances in the fossil
record. Sansom et al. (2015) therefore suggested that a micropaleontological
approach in addition to extended sampling in Upper Ordovician to lower Silurian rocks might help us understand the early evolution of these stem gnathostomes. This was also one of the main purposes of this PhD-project.

2.1. Previous studies
Several studies of environmental preferences among early vertebrates have
been done before. Märss and Einasto (1978) compared faunas from different
facies belts of the Estonian and north Latvian deposits. They concluded that
osteostracans and anaspids were most common in lagoonal and shoal belts,
heterostracans mostly inhabited the open platform and the distal shelf, thelodonts commonly occurred in all facies belts, and acanthodians were most common in the shoal and open platform in the Silurian (Fig. 6). Furthermore, Andreolepis and another stem osteichthyan, Lophosteus (Botella et al., 2007),
mostly occurred in shoal and open shelf facies (Fig. 6). Differences among the
widespread thelodonts were indicated in a comprehensive review of their occurrences by Turner (1999). She described thelodont communities of different
ages and identified some large-scale distributional patterns, as well as differences in distributions pertaining to differing environments.
23

Figure 6. Average number of scales (left) in samples from different facies (top) of
osteostracans (a), anaspids (b), heterostracans (c), thelodonts (d), acanthodians (e)
and stem osteichthyans (f) as presented by Märss and Einasto (1978) in Wenlock
(yellow), Ludlow (red), and Pridoli (blue) strata. Modified from Turner (1999) and
based on Märss and Einasto (1978).

Märss and Einasto (1978) also noted that out of the two most widespread
groups (thelodonts and acanthodians), thelodonts were more common than
acanthodians during Wenlock and Ludlow, while the opposite was true in the
Pridoli. The temporal and spatial distribution of Silurian vertebrates in Estonia
and Latvia was studied in great detail by Märss (1986a), and in a later work
she concluded that the early vertebrate assemblages are similar in a wide range
of environments, from carbonate to siliciclastic deposits (Märss, 1989). Märss
(1991) described early vertebrates as mainly living in the neritic belt but also
in more offshore pelagic zones, thereby confirming previous observations.
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Their presence among reefs was supported by vertebrate remains being found
in sedimentary traps such as coral lacunae, but they appeared to not have inhabited “mature” bioherms or extreme environments rich in cyanobacteria.
Some distributional patterns of vertebrates related to depositional environments were also observed by Fredholm (1988a, 1988b, 1989, 1990) on Gotland. The heterostracan A. lindstroemi was suggested as a nektonic animal that
preferred environments with muddy bottom waters (Fredholm, 1989). Remains of anaspids and osteostracans were only found at certain stratigraphical
levels and, similar to the East Baltic sections, they tended to co-occur according to Fredholm (1989). A similar pattern was observed in Paper IV, where
anaspid and osteostracan remains are abundant in the Burgsvik Sandstone and
Burgsvik Oolite members in the Sudret area, but missing entirely in the potentially coeval sediments of Burgen outlier. The fragmentary state of these
remains, together with the potential near-shore nature of the concerned deposits led Fredholm (1989) to suggest that these were washed out from nearby
rivers. Fredholm (1989) concluded that most thelodonts on Gotland were bottom-dwelling taxa in near-shore, muddy and more quiet environments, but a
few species evidently preferred higher-energy, reef-associated areas. Spiny
scales of the taxa that inhabited muddier waters were tentatively compared to
studies done on shark scales (Reif, 1982, 1985), and Fredholm (1989) subsequently suggested that the spines served a protective purpose against ectoparasites. A switch from an acanthodian-dominated fauna in the middle part of
the Hemse Group to a thelodont-dominated fauna toward the top of it was
observed by Fredholm (1988a, 1988b), who explained this with a shift from
deep-water to shallow-water facies. The acanthodians on Gotland were
viewed as less dependent on bottom conditions, but seemed to have preferred
higher water energy (Fredholm, 1988a).

2.2. A different approach
Besides looking at what kinds of rocks preserve what kinds of vertebrates,
researchers have also looked at the fossils themselves to investigate the ecology and swimming capabilities of Paleozoic vertebrates. Studies with this approach has seen an increase during the last decade, which can complement the
investigations discussed in the previous section. Botella and Fariña (2008) investigated the flow patterns around the head-shield of a heterostracan and concluded that its shape was important both for generating lift and increasing maneuverability when the animal was swimming. The importance of flow patterns, both over the entire fish and on a smaller scale, were also pointed out
by Fletcher et al. (2014) in a review of hydrodynamic adaptations among fossil
fishes. They discussed the possible lifestyles and the presence of drag-reducing adaptations among some Paleozoic groups such as thelodonts, acanthodians, and anaspids.
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In an extensive study by Ferron and Botella (2017), the connection between
the lifestyles of modern sharks and the morphology of their scales developed
by Reif (1982, 1985) was used to investigate the paleoecology of thelodonts.
This connection had been implied before (e.g., Fredholm, 1989; Reif, 1978;
Märss et al., 2007), but Ferron and Botella (2017) quantified this by creating
a large database of shark scale-morphologies and using statistical methods
(morphometrics) to couple them with the lifestyles of the sharks. This effectively created a statistical framework which could then be used to infer the
ecology of thelodonts based on their squamation. After analyzing the squamation patterns in a large number of both articulated and scale-based taxa, they
concluded that thelodonts display a wide range of lifestyles and habitat preferences, but four main ecological groups were recognized: demersal thelodonts on hard substrates, shoaling or schooling thelodonts, slow-swimming
thelodonts in open water, and pelagic swimming specialist thelodonts. A potential fifth type, demersal thelodonts on soft substrate, was also identified.
The vast majority of thelodonts seemed to be demersal taxa living on hard
substrates, and Ferron and Botella (2017) suggested that the micromeric squamation gave thelodonts more flexible bodies which presented an advantage in
restricted environments over the less mobile “ostracoderms” covered in large
plates. A surprising number also indicated shoaling or schooling patterns, suggesting that grouping behaviors were important also for thelodonts (Ferron
and Botella, 2017).
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3. Silurian vertebrate distribution on Gotland

A historical account of previous works reporting vertebrate remains from the
Silurian of Gotland was given in the licentiate thesis (Bremer, 2016). Most of
these reports were also summarized and included in Paper I. Figure 7 includes
all of this data, plus the vertebrate remains reported in Papers II, III, and IV,
as well as unpublished material (detailed below). The description of new material in Papers II-IV necessitated some taxonomical revisions of previous
reports by Fredholm (1988a, 1990), Nilsson (2005), and Eriksson et al. (2009).
However, despite extensive efforts to locate these collections, their whereabouts remain unknown, thereby limiting any taxonomical revisions.
The oldest vertebrate remains on Gotland were reported by Fredholm
(1990) from the Lower Visby Formation (unit b). These are represented by
one Loganellia sp. scale (Fredholm, 1990, fig. 4A) and one Thelodus sp. scale
(Fredholm, 1990, fig. 6B) from the Rönnklint 1 and Brusviken 1 localities,
respectively (see Appendix for map with localities). Before this, scales described as Thelodontida gen. et sp. indet had been reported from Högklint Formation (topostratigraphical unit c, below Pterygotus beds in Figure 7) from
Vattenfallet section by Ørvig (1979, p. 249, fig. 73), which Turner (1999) putatively considered as a waterworn trilobatiform scale or as belonging to the
squamation of Thelodus laevis Pander, 1856. Martinsson (1967) reported a
possible thelodont fragment from Svarven 1 (Svarvarhuk) in sediments that
are now considered to belong to the upper Tofta Formation (Jeppsson, 2005a;
Paper I). Märss (1989) also reported loganellid scales in the upper Tofta Formation. A sample collected from lower Hangvar Formation during this project
at Lixarve 1 (G14-12OB) contained a single “gomphonchid” acanthodian
scale (Fig. 8), which is the earliest record of acanthodians on Gotland.
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Figure 7. Taxonomical ranges of vertebrate taxa through the stratigraphy of
Gotland with the identified events to
the right. Stratigraphical column and
the event intervals based on Jeppsson et
al. (2006). Gray lines indicate uncertain
taxonomical designations. Distribution
of taxa and references are given in the
text.

Figure 8. Gomphonchus sp. scale (PMU 23112),
the oldest acanthodian remains found on Gotland
from Lixarve 1 (G14-12OB) in lower Hangvar Formation. Photographed at the PMU using a Nikon
DS-Fi1 mounted on a Leica MZ95 stereomicroscope and stacked image created with the software
CombineZP (Hadley, 2005). Scale bar equals 0.5
mm.

Besides the sporadic occurrences listed above, few vertebrate remains have
been found in the lower part of the Gotland stratigraphy despite extensive
sampling (Fredholm, 1990). Vertebrate fragments remain scarce also in the
lower Slite Group with only Loganellia grossi Fredholm 1990 appearing in
broskogs formation (Rhipidium tenuistriatum beds) at Oivide 1, Sojvide 1, and
Valdarve 1. The first definitive record of Th. laevis was reported by Fredholm
(1990) from the “Slite Marl” (middle Slite Group) at Slitebrottet 2. Both these
taxa co-occur from the bottom of eskelhem formation to the top of the länna
formation. The thelodonts are joined by two anaspid fragments (Fredholm,
1990: fig. 7K, L) and two osteostracan fragments (Fredholm, 1990: fig. 8D,
E) in an especially vertebrate-rich sample from the top of eskelhem formation
(Pentamerus gothlandicus Layer) at Slitebrottet 1. The former represents the
earliest known occurrence of anaspids on Gotland and was referred to as
Birkeniida sp. D by Fredholm (1990), but later reassigned as Pterygolepis nitida Kiær, 1911 by Blom et al. (2002). The osteostracan fragments were referred to as Procephalaspis? by Fredholm (1990: fig. 8D-E), but the figured
specimens are more reminiscent of Ateleaspis sp. cf. A. tessellata (Märss et
al., 2014) described from the lower Loganellia grossi Vertebrate Zone Märss
et al., 1995 in the Maasi Beds of Jaagarahu Regional Stage (RS), Saaremaa
island, Estonia. Two more samples described from the P. gothlandicus Layer
at Hide 1 in Fredholm (1990) collectively contained a similar fauna, but the
anaspids were only described as Birkeniida sp. Another anaspid fragment was
also described together with Log. grossi and Th. laevis in a sample from Hide
Fiskeläge 1 in the overlying länna formation.
Based on differences in scale morphologies and different stratigraphical
occurrences in Estonia, Märss (1996) separated Loganellia einari Märss, 1996
from the Log. grossi scale set. She did, however, report both forms in the same
sample from the Samsungs 1 locality on Gotland and explained their co-occurrence here by a stratigraphical overlap not present in the East Baltic. The
full range of Log. einari in the Gotland stratigraphy is currently unknown and
until the material collected by Fredholm is tracked down it is unclear whether
some of the scales referred to Log. grossi in those samples are more similar to
Log. einari or not.
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A sample from the top of länna formation at Skenalden 2 contained the
youngest scales of Log. grossi, as well as Th. laevis and two osteostracan fragments described as Oeselaspis sp. (Fredholm, 1990: fig. 8G). These fragmentary remains share similarities with both Oeselaspis and Saaremaaspis (Märss
et al., 2014). The following Fröjel Formation seems depauperate in vertebrate
remains, except for four scales of Th. laevis from the Svarvare Member at
Svarvare 3, and one Thelodus sp.? scale from a level corresponding to
Gannarve Member in the Närborrningen 1 drill core (Fredholm, 1990). Both
Log. grossi and Log. einari disappear somewhere in this interval and do not
return in the Gotland sequence (Fredholm, 1990).
Only two scales of Th. laevis were recovered from a sample at Bara 1 in
lowermost Halla Formation (Fredholm, 1990). This taxon is joined by the first
appearance of Paralogania martinssoni on Gotland in a level corresponding
to lower parts of the Mulde Brick Clay Member. These taxa co-occur throughout Halla Formation and into the lower part of the following Klinteberg Formation (Fredholm, 1990; Paper II). The middle part of Halla Formation is
rather poor in vertebrate remains with only Th. laevis and Par. martinssoni
occurring in samples from Robbjäns kvarn 3, Värsände 1, Stora Vikare 1, and
Mulde Tegelbruk 1 (Fredholm, 1990). One section, divided into the two localities Möllbos 1 and 2, in the same interval proved extremely productive and
a series of samples from this section were described in an unpublished manuscript by Fredholm. The samples contained thousands of Th. laevis scales, but
less than a hundred Par. martinssoni scales. These two taxa were also joined
by a spiny variant of Th. laevis seemingly unique to this section, although
some of the Th. laevis scales described from the Gothemshammar section in
Paper II also had spine-like extensions. Fredholm (1992) speculated that the
development of these spines in Th. laevis was a response to environmental
pressures and in the unpublished manuscript she discussed whether the low
abundance of Par. martinssoni was the result of competition. The samples
from Möllbos also contained remains of Birkeniida sp. D and Birkeniida sp.
(Fredholm, 1990: fig. 7J, M-N). The former was revised as Rhyncholepis
butriangula Blom et al., 2002 in conjunction with the establishment of this
taxon, but no successful comparison has been made for the latter. Blom et al.
(2002) also reported Schidiosteus mustelensis Pander, 1856 from Möllbos 1.
One sample from Möllbos 1 contained a single osteostracan fragment which
Fredholm (1990) referred to as Tremataspis sp., which was later referred to
Tremataspis schmidti Rohon, 1892 by Märss et al. (2014) based on figured
specimens from other localities (see below).
New samples from the upper part of Halla Formation in the Gothemshammar section on eastern Gotland was described in Paper II, and previous reports from the same area were reviewed and partly revised in the process. In
summary, this section has produced remains of the thelodonts Th. laevis, Par.
martinssoni, Oeselia mosaica Märss, 2005, the anaspids Pt. nitida, Rh. butri30

angula, Rhyncholepis parvula Blom et al., 2002, Rytidolepis quenstedtii Pander, 1856, and the osteostracans Saaremaaspis mickwitzi Rohon, 1892, Thyestes verrucosus Eichwald, 1854, Oeselaspis pustulata Patten, 1931, Tr.
schmidti, Tremataspis milleri Patten, 1931, Meelaidaspis gennadii Märss et
al., 2014. One fragment figured as Osteostraci gen. et sp. indet. (Paper II: fig.
8Q) may be referable to M. gennadii based on similarities to a special fragment
figured in Märss et al. (2014: fig. 18H). Fredholm (1990) presented several
samples from the upper Halla Formation on western Gotland, but these only
produced a few Th. laevis and Par. martinssoni scales.
One sample in Paper II comes from the lowermost Klinteberg Formation,
just above the boundary to Halla Formation (following the suggestion of
Calner and Jeppsson, 2003), and contains Th. laevis (a few of these scales have
spiny extensions), Par. martinssoni, O. mosaica, Pt. nitida, Rh. parvula, R.
quenstedtii, S. mickwitzi, and T. verrucosus. Samples in Fredholm (1990) from
lower Klinteberg Formation at Gothemshammar only contained Th. laevis and
Par. martinssoni scales. The Hällinge 1, Godrings 1 and 3, and Rågåkre 1
localities in central parts of Gotland, where lower Klinteberg Formation crops
out, only produced scales of these two thelodonts as well. One sample from
Gröndalen 1, on the small island Lilla Karlsö just west of Gotland, contained
Th. laevis scales and fragments of Tremataspis sp. (Fredholm, 1990: fig. 8L)
referred to Tr. schmidti by Märss et al. (2014). However, the precise placement
of this island within the Gotland stratigraphy has proven difficult (Frykman,
1989). Only three samples from the upper part of Klinteberg Formation (one
from Lilla Snögrinde 2 and two from Smiss 1) produced Th. laevis and Thelodus sp. scales (Fredholm, 1990).
Following Klinteberg Formation is a relatively long interval through the
lower half of Hemse Group with scarce reports of vertebrate remains. The
exception is the so called Phlebolepis ornata layer in the middle of petes formation where thelodonts Phlebolepis ornata Märss 1986b, Thelodus sp., and
Par. martinssoni occur (Fredholm, 1990). Possibly just above this level,
Fredholm (1990) presented samples containing scales of Thelodus carinatus
together with Par. martinssoni. In the following Etelhem Formation, a sample
from Sigvalde 2 contained the thelodonts Th. carinatus and Phlebolepis elegans, anaspid fragments of Birkeniida sp. D (Fredholm, 1990: fig. 12C & D)
referred to Sch. mustelensis and R. quenstedtii respectively by Blom et al.
(2002), as well as osteostracan remains described as definite Dartmuthia gemmifera Patten, 1931 by Fredholm (1989, not figured) and others figured as
Tremataspididae sp. in Fredholm (1990: fig. 12A-B). The latter fragments are
difficult to place taxonomically, but the flat external surface interrupted by
large pore-like structures is reminiscent of Tremataspis mammillata Patten,
1931 from largely coeval layers of the East Baltic (Märss et al., 2014). It
should be mentioned that the relation of the old Hemse units (used to place
these samples stratigraphically in previous works) to the new subdivisions of
the Gotland stratigraphy used in Figure 7 is unclear in some places.
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The thelodonts Phl. elegans and Th. carinatus are joined by Thelodus parvidens in some samples in the Etelhem Formation, and all three taxa range
through the remainder of the Hemse Group with rare and sporadic occurrences
of Par. martinssoni in the När Formation and Loganellia cuneata Gross, 1947
or/and Lanarkia horrida toward the top (Fredholm, 1988a; Eriksson et al.,
2009). Previous reports of Log. cuneata were revised as Lan. horrida by
Nilsson (2005), but both taxa may be present (discussed in Paper III). Besides
the mention of a Tremataspis sp. fragment in an undescribed sample from
Botvide 1 (0.59-0.52 m below the Hemse/Eke boundary) in Fredholm (1989),
no more anaspid or osteostracan remains were reported from the rest of Hemse
Group by Fredholm (1988a, 1988b). Nilsson (2005) reported three indeterminable osteostracan fragments referred to as Gen. et sp. indet. A from Botvide
1 and 11 fragments described as Gen. et sp. indet. B from Nyan 2. These share
similarities with fragments of Procephalaspis oeselensis Robertson, 1939 described from the East Baltic (Märss et al., 2014), but their affinities remain
uncertain.
It is worth noting that scales described as Thelodonti sp. A (Nilsson, 2005,
fig. 13c) occur in several samples from the Botvide Member in the collection
of Lennart Jeppsson at Naturhistoriska Riksmuseet (NRM) in Stockholm
(pers. obs. 2017). These display morphologies reminiscent of loganellid thelodonts, but with the addition of a pair of thornlets on either side of the crown
on some scales. Thirty similar scales from older parts of the När Formation
were presented by Fredholm (1988a: fig. 4E, F) and described as “Logania”
martinssoni, but according to Fredholm (1988a) the material was not enough
for sufficient comparisons to older representatives of Paralogania martinssoni on Gotland, nor from other regions. Other scales described as ?”Logania”
martinssoni by Fredholm (1988a: fig. 8G) from the Gogs 1 locality (När Formation) are similar to scales described in Paper III (Fig. 19F-G) and Paper
IV (Fig. 3M). These were referred to the palmatilobate scales of Paralogania?
described by Märss (2006) from the Tahula Beds of the Kuressaare Stage in
the East Baltic.
När Formation in the top of Hemse Group also sees an unprecedented number of gnathostomes on Gotland with the addition of the acanthodians Nostolepis striata and Gomphonchus sandelensis, as well as Andreolepis hedei.
The heterostracan Archegonaspis lindstroemi also appears at this level
(Fredholm, 1988a, 1988b; Eriksson et al., 2009). However, most of these taxa,
along with some of the thelodonts, disappear toward the top of the formation
(see section 5) and no other heterostracan remains are known on Gotland outside this interval.
Microremains described by Spjeldnaes (1950) came from the lower Eke
Formation at Lau Backar and contained one N. striata scale, nine G. sandelensis scales, a number of Th. parvidens scales, as well as an unknown number
of scales similar to both Log. cuneata (Spjeldnaes, 1950; pl. 1, fig. 3) and Lan.
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horrida (Spjeldnaes, 1950: pl. 1, fig. 4). Fredholm (1989) presented preliminary picking results of samples from 31 localities with Eke Formation strata.
One sample from Lau Backar 1 and Burgen 5 of lower Eke Formation only
contained one Thelodus sp. and one Loganellia? sp. scale respectively. Two
samples from Botvide 1 in lowermost Eke Formation presented in Eriksson et
al. (2009) collectively produced six G. sandelensis scales, one Th. parvidens,
one possible Lan. horrida, as well as one Paralogania sp. and one Thelodus
sp. scale. Only one sample from middle Eke Formation produced a single scale
of Th. parvidens (Eriksson et al., 2009). The upper Eke Formation is more
productive, with around one hundred Par. ludlowiensis and Paralogania sp.
scales, but only a few Th. parvidens scales and two osteostracan fragments of
unknown affinities (Fredholm, 1989; Eriksson et al., 2009).
The publications of Fredholm (1988a, 1988b, 1990) discussed above only
treated vertebrate contents of samples from the lowermost stratigraphy on
Gotland and up to the top of the Hemse Group. She did, however, sample the
remaining part of the Gotland sequence and described some preliminary results in her PhD-thesis (Fredholm, 1989). Eriksson et al. (2009) presented the
contents of three samples from Burgsvik Formation and Blom et al. (2002)
described anaspids from the Burgsvik Sandstone Member. These earlier reports are discussed in Paper III, and more material from both the Burgsvik
Sandstone and Burgsvik Oolite members is described, as well as one new sample from Kapellet 1 in the Burgen outlier. The samples from the sandstone and
oolite collectively contained the thelodonts Th. parvidens, Th. trilobatus, Par.
ludlowiensis, Log. cuneata, Lan. horrida; anaspids Septentrionia mucronata,
Liivilepis curvata Blom et al., 2002, Tahulalepis elongituberculata; osteostracan Tahulapsis ordinata Märss et al., 2014; the acanthodians N. striata, G.
sandelensis, as well as novel appearances of poracanthodids; three fragmentary scales and potentially two larger fragments of And. hedei. Samples from
Burgen outlier produced Th. parvidens scales, one Th. trilobatus scale at
Närshamn 2, as well as remains of N. striata, G. sandelensis, and poracanthodids. The most conspicuous difference between Burgen outlier and the
Burgsvik Sandstone and Oolite members is the complete lack of anaspids and
osteostracan remains in the former (Paper III).
No samples from the lowermost part of Hamra Formation were studied by
Fredholm (1989). Eriksson et al. (2009) described one sample from Ängvards
5 and one from Skradarve 1. The former only contained scales of N. striata
and G. sandelensis, and the latter contained the thelodonts Th. parvidens, Th.
sculptilis, Thelodus sp., Par. ludlowiensis, Paralogania sp., the acanthodian
Por. porosus scales, as well as several indeterminable osteostracan fragments.
The remainder of the sample from Skradarve 1 in Lennart Jeppsson’s collection at NRM was described in Paper IV, together with additional samples
from Hamra Formation. Scales identified as Th. parvidens, Log. cuneata, Par.
ludlowiensis, palmatilobate scales, two indeterminable osteostracan frag33

ments, and scales identified as G. sandelensis were found in this sample. Paralogania ludlowiensis was only found in two more samples, also from lower
Hamra Formation. Besides Skradarve 1, only one more sample which came
from the upper Hamra Formation contained palmatilobate scales. A number
of fragments similar to Tah. ordinata were recovered from a sample from Hoburgen Lighthouse. Nostolepis striata and Gomphonchus sandelensis were
present in several samples, but poracanthodids were only found at Skradarve
1 (two scales) and Hoburgen Lighthouse (four scales). No scales or fragments
of anaspids were recovered in the samples treated in Paper IV, but Blom et
al. (2002) reported remains of Sep. mucronata, L. curvata, and Hoburgilepis
papillata Blom et al., 2002 from Hamra Formation.
Fredholm (1989) described four samples from the Sundre Formation. One
sample from the lower part at Juves 4 produced three Th. parvidens scales.
Two samples were described from Västerbackar 1 with one containing an
ischnacanthiform tooth and a Th. parvidens scale, while the other produced
scales of G. sandelensis, N. striata, and Th. parvidens. An additional sample
from Västerbackar 1 presented in Paper IV displayed a similar composition,
but with the addition of one typical Log. cuneata scale. The final sample described from Sundre Formation by Fredholm (1989) came from Holmhällar 1
and contained Th. parvidens, Th. sculptilis, N. striata, and G. sandelensis
scales. The remaining scales of the samples from Västerbackar 1 and
Holmhällar 1 presented in Fredholm (1989) are described in Paper IV, together with additional material from Sundre Formation. The content of these
samples agreed with previous findings.
A single sample in Fredholm (1989) came from submarine strata off the
south coast of Gotland and contained scales of N. striata, G. sandelensis, as
well as one “Loganellia sp.” scale.
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4. Gotland in a broader context

The natural place to start when comparing the fossil vertebrate faunas of Gotland to other parts of the Baltic Basin is with the well-described sections in
Estonia and Latvia. There have been several correlations between the Gotland
and East Baltic sections (see Bassett et al., 1989), but one of the most detailed
work was done by Jeppsson et al. (1994) using conodont faunas. However, the
biostratigraphy of both Gotland and the East Baltic has been refined and revised since then (Jeppsson et al., 2006; Märss and Männik, 2013). The correlated sections in Figures 8 and 9 are based on comparisons of the local conodont biozones on Gotland and in the East Baltic, except Uduvere Beds which
is based on isotope stratigraphy and vertebrate faunas (see Paper IV). It does
not, however, take into account potential local eco-stratigraphical trends
among conodont taxa (Kaljo et al., 2015) and should only be regarded as tentative. References for the occurrences in the East Baltic section discussed below, and presented in Figures 9 and 10, are presented in the figure captions.
Fredholm (1988a, 1988b, 1990) made some comparisons of the vertebrate
faunas of Gotland to those described from the East Baltic sections (and other
areas) and some of these were further commented on by Turner (1999). The
older parts of the sections were discussed in Fredholm (1990) and both areas
seem fairly barren in Llandovery and lower Wenlock strata, with only rare
Loganellia sp. and Thelodus sp. that are difficult to determine taxonomically.
Eventually, scales identified as Loganellia grossi, Loganellia einari, and
Thelodus laevis start to appear in both sequences (Fig. 9). These thelodonts
are joined by one or two taxa of anaspids and osteostracans in the eskelhem
formation and the Maasi Beds of Jaani RS in Estonia (Blom et al., 2002; Märss
et al., 2014). The reports of Gomphonchus sp. in the Llandovery and G. sp.
and Nostolepis sp. in the early Wenlock of the East Baltic were previously
unmatched in the Gotland sequence (Fredholm, 1990). Fredholm (1988b)
speculated that their absence on Gotland might result from a lack of suitable
environments during these times. However, the discovery of a “gomphonchid”
scale from lower Hangvar Formation (section 2) confirms their earlier presence on Gotland, although the reason for their scarcity in lower Silurian rocks
is still unclear.
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Figure 9. Correlation of
taxonomical ranges for
thelodonts and anaspids
in the Gotland (from Fig.
7) and East Baltic sections. Gray lines indicate
taxonomical uncertainties, and red taxa are not
represented on Gotland.
Gotland stratigraphy
based on Jeppsson et al.
(2006) and East Baltic
stratigraphy based on
Märss and Männik
(2013). East Baltic taxonomical ranges from
Märss (1986, 1992,
1996, 2005, 2006),
Märss et al. (2007), and
Blom et al. (2002).

Figure 10. Correlation of taxonomical ranges for osteostracans,
acanthodians, heterostracans, and
Andreolepis in the Gotland (from
Fig. 7) and East Baltic sections.
Gray lines indicate taxonomical
uncertainties, and red taxa are not
represented on Gotland. Gotland
stratigraphy based on Jeppsson et
al. (2006) and East Baltic stratigraphy based on Märss and Männik
(2013). Ranges for East Baltic taxa
from Märss et al. (2014) and Märss
(1986).

The low number of vertebrate remains in the Wenlock strata sees a drastic
change in the Halla Formation on Gotland (comparable to the Rootsiküla RS)
as a range of anaspid and osteostracan taxa appear in the fossil record
(Fredholm, 1990; Paper II). The high diversity of osteostracans in the
Wenlock and the presence of phylogenetically disparate groups suggest that
the early evolutionary history of this group is largely obscured by facies bias
(Sansom, 2008).
Following a relatively barren interval through upper Klinteberg Formation
and the lower Hemse Group, there is a distinct level with the thelodont
Phlebolepis ornata together with Paralogania martinssoni on Gotland
(Fredholm, 1988b). Phlebolepis ornata also occurs in the East Baltic, but is
restricted to an interval of only a few decimeters in the upper Sauvere Beds of
Paadla RS (Märss, 1986a, b), possibly corresponding to the upper part of the
Phl. ornata layer on Gotland (Fredholm, 1988b). A coeval placement of the
Sauvere Beds is also supported by conodont data. This interval is comparably
more diverse in the East Baltic and also contains anaspid and osteostracan
remains. The following Himmiste Beds produce even more anaspid and osteostracan taxa, as well as the first records of Gomphonchus sandelensis and
Nostolepis striata (Fig. 10). The (possibly) younger Etelhem Formation on
Gotland is slightly more diverse than the Phl. ornata layer, with three thelodont, two anaspid, and two osteostracan taxa, but the stratigraphical positions
of some samples in the historical divisions of units c and d in the Hemse Group
is unclear. Large parts of the remaining Hemse Group on Gotland (När Formation) have a potential time-equivalent in the Uduvere Beds of upper Paadla
RS in the East Baltic (Paper IV). The faunas of the two regions are similar to
the underlying strata, consisting mostly of thelodonts and acanthodians, but
with the addition of heterostracans. Fredholm (1988b) suggested that at least
some of the fragmentary Archegonaspis sp. remains from the East Baltic
(Märss, 1977) might be conspecific with Archegonaspis lindstroemi on Gotland. Another addition to the faunas in both sections is Andreolepis hedei.
Following the discovery of And. hedei scales in the Burgsvik Formation (as
well as in younger sediments elsewhere), Märss (1992, 2001) concluded that
And. hedei occurs in one older faunal association with Phl. elegans, and one
younger faunal association with Paralogania ludlowiensis or Th. sculptilis
(Märss, 2001). A few osteostracan remains have been reported, but no
anaspids occur in this interval in any of the sections.
The youngest parts of the Gotland sequence, the Hamra and Sundre formations, have historically been correlated with Kuressaare RS in East Baltic
(e.g., Jeppsson et al., 1994). More recently however, it has been suggested that
the topmost Sundre Formation only reaches levels equivalent to lowermost
Kuressaare RS (Kaljo and Martma, 2006; Kaljo et al., 2015), which is also
supported by conodonts (Märss and Männik, 2013). Therefore, the Eke,
Burgsvik, Hamra, and Sundre formations may represent a hiatus between
Paadla and Kuressaare stages in the East Baltic. The lower part of Kuressaare
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RS (Tahula Beds) displays a diverse thelodont fauna with several new taxa
not found on Gotland, and an increasing amount of acanthodian remains in
younger parts (Kaljo and Märss, 1991). In Paper V, vertebrates from sections
in the Holy Cross Mountains, Poland, that have been correlated to Hamra and
Sundre formations on Gotland were described as largely similar to those observed on Gotland (Paper IV). Märss (1997) reported vertebrate remains from
drill-cores in Poland, but most of those faunas were dominated by acanthodians and are probably considerably younger than those on Gotland (Paper IV).
The distribution of Silurian vertebrates and the succession of several distinct faunal assemblages in Lithuania was summarized in Karatajūtė-Talimaa
and Brazauskas (1994). No detailed correlations have been performed, but
some comparisons can be made. In general, Wenlock faunas display low diversities with only Log. grossi and a few other indeterminable thelodonts
(comparable to lower parts of the Gotland sequence). The following fauna
from early Ludlow is similar, but sees the replacement of Loganellia with Paralogania sp. In mid-Ludlow times, the fauna is slightly more diverse and
contains Thelodus laevis, Th. parvidens, Par. martinssoni, Phlebolepis cf. elegans, Archegonaspis sp. as well as acanthodians, which is comparable to the
upper parts of the Hemse Group on Gotland. The following interval, representing late Ludlow time, is even more diverse with a fossil fauna composed
of Th. parvidens, Th. sculptilis, Paralogania ludlowiensis, Archegonaspis sp.,
acanthodians, as well as a number of taxa that are probably younger than those
on Gotland. The acanthodian succession was summarized by Valiukevičius
(2006) and displays a low diversity only represented by “gomphonchid” and
“nostolepid” forms through Wenlock and the first half of Ludlow, but several
new taxa occur toward the end of Ludlow and early Pridoli.
Vergoossen (1999a, 2002a, 2002b, 2003a, 2004) described vertebrate remains from several outcrops in the Öved Sandstone Formation in Scania,
southern Sweden. The age of these strata has proven challenging to determine,
with suggested ages ranging from late Ludlow or early Pridoli (Jeppsson and
Laufeld, 1986; Siveter, 1989) to early Devonian (Mehlqvist et al., 2015). Vergoossen used the vertebrate faunas to place the localities in the following relative, temporal order: sample SW 24 from Rasmåsa D was viewed as the oldest mainly because it contained Th. carinatus scales (Vergoossen, 2002c); a
sample from Helvetesgraven was viewed as the second oldest based on the
presence of And. hedei together with Th. sculptilis and Thelodus admirabilis
Märss, 1982 (Vergoossen, 1999a); another sample from site D (Q 685) was
viewed as slightly younger since it lacked any Th. carinatus scales and contained Th. sculptilis (Vergoossen, 2002c); samples from site E also contained
Th. sculptilis, but were more diverse and shared poracanthodid acanthodians
with potentially younger samples (Vergoossen, 2004); a similar age was proposed for samples from Klinta and Rinnebäcks bro that similarly only contained Th. sculptilis out of the zonal index fossils, but they produced fewer
poracanthodids (Vergoossen, 2002b); the youngest Ramsåsa assemblages
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were those from site C (Vergoossen, 2003a) and site H (Vergoossen, 2002a)
because they were dominated by Th. admirabilis and Th. sculptilis respectively (Vergoossen, 2004).
The faunas from Scania are peculiar, especially the occurrence of And.
hedei together with Th. sculptilis and Th. admirabilis (Vergoossen, 1999a).
This occurrence was not included in the review of Andreolepis by Märss
(2001), but Vergoossen (1999a) suggested it as the second place, besides the
central Urals, where And. hedei and Th. sculptilis co-occurred. Vergoossen
(2002d) did not identify his Andreolepis scales as the younger species Andreolepis petri Märss, 2001 and argued that it could be coeval with the Burgsvik
Formation on Gotland (Vergoossen, 1999a). In the works mentioned in the
previous paragraph, there were several attempts to correlate the Scanian faunas to those on Gotland. This was complicated by the attempted comparison
of oldest Ramsåsa fauna in the SW 24 sample (Vergoossen, 2002c) to a loose
slab described by Fredholm (1989) as coming from lower Eke Formation. This
slab has been argued by Eriksson et al. (2009) to have been transported and
misplaced, probably deriving from younger layers, which is corroborated here.
Nevertheless, Vergoossen generally viewed the faunas of the Öved Sandstone
Formation as potentially transitional between those described from the Uduvere Beds (Paadla RS) and Tahula Beds (Kuressaare RS) in the East Baltic.
Therefore, they may potentially represent the same hiatus as proposed for the
youngest parts of the Gotland sequence. The compositions and richness of the
Scanian samples are intriguing and could be an important source of information about the late Ludlow faunal shifts discussed in Papers III and IV,
and in section 4.
Sedimentary rocks of Silurian age in Ringerike, Norway, have produced
both articulated specimens and microremains of vertebrates (Turner and
Turner, 1974; Davies et al., 2005). As pointed out by Märss (1989), many of
these are the same as, or similar to, the taxa in the Rootsiküla RS of the East
Baltic and the Halla and Klinteberg formations on Gotland. Four species of
articulated anaspids have been described from the Rudstangen locality, two of
which (Pterygolepis nitida and Rhyncholepis parvula) have been described
from Gotland (Blom et al., 2002; Paper II). The vertebrate microfossils have
been reported from separate calcarenitic lenses or thin horizons (Turner and
Turner, 1974) in clastic sediments interpreted as formed in a coastal plain environment (Davies et al., 2005). The latter authors viewed the calcarenitic
lenses as stratigraphically uncontrolled and claimed that they contained vertebrate remains that indicated widely different ages. Vertebrate remains from
other localities in Norway are briefly discussed in Turner (1999), but detailed
comparisons cannot be made until this material is better described.
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5. Conclusions and future directions

The initial aim of this project was to compare the well-sampled sequence of
Gotland to other parts of the Baltic Basin in order to create a more complete
picture for investigations of the distribution of Paleozoic vertebrates during
the Silurian and how the depositional environment affected this. Important
questions were: how much of the patterns that we see (e.g., those coupled to
isotopic events) are real and how much is caused by sampling bias? Subsequently, the sampling-strategy for this project was to complement the material
from previous studies. Paper I reflects the early stages of this work as it reviewed and digitized the data from all previous studies and put the samples in
an updated stratigraphical framework. A crude division of facies based on
Erlström et al. (2009) was also implemented. The licentiate thesis represents
the other component of this ground-laying work, namely to establish a detailed
geological and sedimentological context for vertebrate samples through the
entire Gotland sequence.
The realization that the material from previous studies would not be available for study necessitated a different approach. The focus of the project
shifted to describing newly collected (Paper II) and undescribed material
from museum collections (Papers III and IV). These studies confirmed previous finds and provided confidence for revisions of some previous reports.
The new samples also produced taxa not reported from Gotland before, as well
as novel appearances of familiar groups within the stratigraphy (i.e. earliest
records of acanthodians, section 2). This provides incentive for further sampling and investigation of the Gotland sequence. However, these studies also
made it clear that some taxonomical issues will remain unresolved or uncertain until the original material is found or until the same localities are re-sampled.
The taxonomical framework established for thelodonts (Märss et al., 2007),
anaspids (Blom et al., 2002), and osteostracans (Märss et al., 2014) proved
extremely useful for the identification of isolated scales and fragmentary material in this work. Papers III-V made it clear that there is a dire need of a
similar framework for acanthodians. Detailed investigations of the acanthodian scale-types (including histology) from different parts of the Baltic Basin
in a stratigraphical and geographical context, as well as comparing them to the
variations within the squamation of articulated specimens could potentially
help elucidate this. This would also aid in evaluating the rise in both abun41

dance and diversity of acanthodians through the late Silurian evident on Gotland and other areas of the Baltic Basin, as well as making it possible to compare them to similar studies performed on the Lithuanian sections
(Valiukevičius, 2006).
Paper V described vertebrate microremains from an otherwise poorly studied area (with regards to Silurian vertebrates) on the opposite side of the Baltic
Basin relative to Gotland. A striking example of environmental preferences
for a single thelodont taxon was observed, which largely agrees with the distribution of this thelodont on Gotland. Sequence- and chemostratigraphy was
used in previous studies to correlate the Polish sections to the Hamra and Sundre formations on Gotland. The fossil vertebrate fauna was similar to that observed on Gotland, but it was difficult to place it within the vertebrate biozonation established for the East Baltic.
Following the conclusions presented above a few future directions can be
suggested:
 sampling for conodont- and isotope-stratigraphy to investigate the stratigraphical position of some problematic areas (e.g., Burgen outlier). This,
together with sequence stratigraphical investigations, could also aid in
correlating the sequence outside of Gotland
 sampling for microfacies analysis and further sedimentological investigations may help resolve uncertainties regarding the depositional environment and mode of formation for less investigated areas of Gotland
 development of a detailed facies-framework for Gotland compatible with
the one developed for the East Baltic (see Märss and Einasto, 1978)
 re-sampling to elucidate some of the taxonomical concerns flagged in this
work (if the old collections of Doris Fredholm and Eva Nilsson are not
recovered)
Environmental preferences have been identified among Silurian vertebrates
before. The results presented in this thesis encourage further, detailed investigations of vertebrate occurrences on Gotland. The suggestions outlined above
may also enable better comparisons of the distribution on Gotland to the East
Baltic and other parts of the Baltic Basin to give a more complete picture, as
well as testing for potential effects of climatic perturbations or biases in the
fossil record of Silurian vertebrates. This could complement studies such as
the ones presented in section 4.2 to give a more complete picture of the ecology of early vertebrates during the Silurian, and perhaps help elucidate some
of their cryptic history highlighted in previous works.
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6. Svensk sammanfattning

Introduktion
Idag är ryggradsdjuren en extremt framgångsrik djurgrupp som lever i alla
möjliga miljöer från djupa hav till höga berg och från pol till pol. Likt de flesta
djurgrupper kan ryggradsdjuren (inklusive oss själva) spåra sitt ursprung tillbaka till den kambriska explosionen, då de första fossila lämningarna börjar
dyka upp i ungefär 543–510 miljoner år gamla sedimentära bergarter. De enda
käklösa ryggradsdjur som lever idag är ett fåtal arter pirålar och nejonögon,
som tillsammans troligen bildar en monofyletisk grupp (rundmunnar) och utgör systergruppen och en parallell utvecklingslinje till alla käkförsedda ryggradsdjur. De käkförsedda ryggradsdjuren var vanliga redan under tidsperioden
devon för 419–359 miljoner år sedan (mås), även om de vid denna tid framförallt utgjordes av olika typer av fiskar eftersom de ännu inte hade invaderat
land. Innan devon, under ordovicium (485–444 mås) och silur (444–419 mås),
dominerades dock fiskfaunorna av flera grupper av så kallade pansarrundmunnar, det vill säga käklösa fiskar som oftast var täckta av hudbenplattor eller
fjäll. Forskare har börjat intressera sig alltmer för perioderna silur och ordovicium för att undersöka de tidiga fiskarnas utveckling. Kroppsfossil av käkförsedda fiskar från ordovicium och silur är ovanliga och de flesta spår består
av fragment eller isolerade fjäll vars förekomster tycks vara begränsade till
specifika levnadsmiljöer som de tidiga fiskarna föredrog. En bättre förståelse
för miljöpreferenser hos de tidiga ryggradsdjuren kan därför bidra till en ökad
förståelse för deras tidiga evolution.
Gotland och merparten av södra Sverige var under silur beläget nära ekvatorn och täckt av ett varmt och grunt inlandshav som kallas för den Baltiska
bassängen. I detta hav avsattes sediment som sedermera bildade den berggrund, framförallt kalksten (ofta i form av fossila revkroppar), som utgör Gotland idag. Det levde även en mängd olika djurarter bland dessa rev, inklusive
både käklösa och tidiga käkförsedda fiskar, vars fossila lämningar man nu kan
hitta över hela ön. Den lagrade berggrunden på Gotland har en sammanlagd
tjocklek på 500-750 m och motsvarar ca 10 miljoner år. Lagren har delats in i
flera formationer av olika åldrar som generellt även visar en tydlig gradient i
avsättningsmiljön från grundare vatten i nordost till djupare i sydväst.
De första fossilen av fiskar från Gotland rapporterades redan 1861, men
den mest omfattande kartläggningen av dessa utfördes under slutet av 1900talet av Doris Fredholm. Majoriteten av de fossil som har rapporterats utgörs
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dock av isolerade fjäll eller fragment. Av de tidiga fiskgrupper som levde under silur har heterostracer (pansarpirålar), anaspider, thelodonter, osteostracer
(pansarnejonögon), acanthoder (taggpansarhajar), samt Andreolepis hedei hittats på Gotland. De två sistnämnda är stam-broskfiskar respektive stam-benfiskar, medan övriga tillhör de s.k. pansarrundmunnarna som, namnet till trots,
troligen alla är närmare besläktade med käkförsedda fiskar än de nu levande
käklösa fiskarna. Tandlika fragment från ytterligare en utdöd djurgrupp, konodonter, är också vanligt förekommande. Det är dock oklart exakt var dessa
djur hör hemma i livets träd, men de har varit extremt betydelsefulla för att
etablera en detaljerad biostratigrafi på Gotland, vilket har varit till stor användning i detta arbete.
I det här arbetet sammanfattas tidigare rapporter i en uppdaterad kontext
(artikel I) och en del av taxonomin revideras. Dessutom beskrivs nya fossil
från olika delar av Gotlands stratigrafi (artikel II-IV), samt från samtida lager
i centrala Polen (artikel V) som var beläget på andra sidan av den Baltiska
bassängen.
Klimatet och miljöns påverkan på de tidiga fiskfaunorna
Silurperioden efterföljer den Hirnantiska istiden som inträffade vid slutet av
ordovicium och som är kopplad till ett av de fem stora massutdöendena i livets
historia. Även silur verkade vara en instabil period, då ovanligt många isotopförändringar av ovanligt stora magnituder har identifierats i berglager från silur. Dessa var troligtvis kopplade till klimatförändringar som i sin tur orsakade
förändringar i havsnivåerna. På Gotland identifierades dessa förändringar, eller episoder, först bland konodonterna då de uppvisade periodvisa faunaförändringar, som senare även upptäcktes bland andra djurgrupper på Gotland
och även globalt. En tidigare undersökning tittade närmare på en av dessa episoder bland fiskarna och drog slutsatsen att även fiskfaunorna påverkades.
Förändringar i havsnivån ledde såklart även till förändringar i avsättningsmiljön i det grunda hav som täckte Gotland, vilket i sin tur påverkade fiskarnas
livsmiljöer. En mängd studier har undersökt miljöpreferenser hos de tidiga
fiskarna och det verkar som att thelodonter förekom i en mängd olika vattendjup och marina miljöer, medan anaspider och osteostracer föredrog landnära
och mer skyddade områden. Acanthoder levde både på djupt vatten och i
strandnära miljöer mot slutet av silur, men innan dess verkar det som att de
var betydligt mer restriktiva i sin utbredning. Heterostracer verkade vanligast
i djupt vatten under silur, men blir vanligare i grundare vatten senare. Andra
studier har visat att vår förståelse för de tidiga ryggradsdjurens evolution är
begränsad mycket på grund av deras levnadsmiljöpreferenser. Syftet med det
här projektet var därför att öka vår förståelse för de tidiga ryggradsdjurens
utbredning i olika avsättningsmiljöer genom att inkorporera Gotlands fiskfaunor i tidigare undersökningar, samt att jämföra dem med andra områden i den
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Baltiska bassängen. Potentiellt kan detta komplettera ett växande fält där statistiska metoder används för att analysera de fossila fiskarnas hydrodynamiska
egenskaper jämfört med djur som lever idag.
Tidiga fiskar på Gotland
De äldsta delarna av Gotlands stratigrafi är relativt fattiga på fiskfossil och
endast enstaka fjäll från thelodonter har hittats i Visby-, Högklint-, Tofta- och
Hangvarformationerna, trots omfattande tidigare provtagning. Under detta
projekt hittades dock ett acanthodfjäll i ett prov från nedre Hangvarformationen, vilket är det äldsta av sitt slag på Gotland. Käkförsedda fiskar lyser
annars med sin frånvaro på Gotland i ytterligare några miljoner år innan ett
flertal plötsligt dyker upp på en och samma gång.
Slitegruppen är också fattig på fiskfossil och förutom ett kort intervall med
två thelodonter, en anaspid och en osteostrac, dröjer det till toppen till Hallaformationen innan fler fiskarter dyker upp på Gotland. Förutom åtminstone
tre arter av thelodonter dyker minst fem olika anaspider och sex olika osteostracer upp. Flera av dessa beskrevs i artikel II, där även en del äldre fynd
reviderades taxonomiskt. Fiskfossilen blir dock ovanliga nästan lika plötsligt
igen vid basen av Klintebergformationen, och förblir ovanliga genom resten
av Klintebergformationen och den nedre halvan av efterföljande Hemsegruppen. En distinkt nivå har dock identifierats i mitten av Hemsegruppen där en
viss thelodontart, Phlebolepis ornata, förekommer endast i ett kort intervall
tillsammans med ytterligare en thelodont innan den försvinner. Ganska snart
därefter dyker dock den närbesläktade Phlebolepis elegans upp som får sällskap av ytterligare två nya arter av thelodonter, samt ett par anaspider och
osteostracer. De sistnämnda två grupperna blir dock kortvariga och lite senare
får thelodonterna istället sällskap av de tidigare nämnda käkförsedda fiskarna
(acanthoder och Andreolepis), samt den enda heterostracen som har hittats på
Gotland.
Två av fyra thelodonter och heterostracen förvinner vid toppen av Hemsegruppen, medan de två andra thelodonterna bara försvinner tillfälligt i Ekeformationen och dyker upp igen i den efterföljande Burgsviksformationen.
Acanthoderna försvinner också bara tillfälligt och även fossil av Andreolepis
hedei (som förmodades ha dött ut under en av isotop-episoderna som nämndes
tidigare) har hittats i Burgsviksformationen (artikel III). Det är dock oklart om
de senare fragmenten har blivit omarbetade från äldre sediment eller inte. En
ny thelodont dyker upp i toppen av Ekeformationen och är tillsammans med
en osteostrac extremt vanlig i Burgsviksformationen (artikel III), framförallt i
sandstenen och ooliten där det även förekommer fyra arter av anaspider. Dessutom får de två acanthodgrupperna som hittills varit representerade på Gotland
sällskap av ytterligare en variant.
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I de yngsta delarna av Gotlands stratigrafi försvinner många av de fiskar
som var vanliga i Burgsvikformationen, men thelodonten Thelodus sculptilis,
som ofta ses som ett viktigt indexfossil, blir allt vanligare (artikel IV).
Gotland i ett större perspektiv
Det bästa stället att jämföra Gotlands fossila fiskfaunor med är de väl undersökta och till stora delar jämngamla lagren i östra Baltikum (framförallt Estland och Lettland), vilket även till viss del gjordes i de tidigare studierna på
Gotland. Det verkar som att de östbaltiska sektionerna har ett flertal luckor
(hiatus) på grund av avbrott i sedimentationen, luckor som Gotland möjligtvis
kan fylla i. Dessutom kan avsättningsmiljöerna i Estland komplettera de som
finns bevarade på Gotland.
I stort stämmer de två geografiskt separerade sektionerna väl överens, med
enstaka fossila fynd i de äldre delarna (framförallt thelodontfjäll och sällsynta
acanthodfjäll) och en plötslig och hög taxonomisk mångfald i lager i östra
Baltikum som är jämngamla med den fossilrika Hallaformationen på Gotland.
Det distinkta, efterföljande lagret med Phl. ornata finns också representerat i
den östbaltiska sektionen. De något yngre lagren på Gotland (toppen av Hemsegruppen) där acanthoder blir allt vanligare, samt där Andreolepis och heterostracen återfinns, verkar också ha en östbaltisk motsvarighet. Efter detta följer dock ett hiatus som troligen motsvaras av Eke, Burgsvik-, Hamra- och
Sundreformationerna på Gotland. Där Gotlands sektion tar slut verkar den östbaltiska sektionen ta vid och flera nya arter dyker upp i dessa lager. Dessutom
blir de käkförsedda fiskarna så småningom allt vanligare och får en allt större
artrikedom.
Sektioner i Litauen är inte riktigt lika väl korrelerade med Gotland, men ett
storskaligt mönster som liknar det man ser både på Gotland och östra Baltikum
kan observeras. De yngsta lagren på Gotland kan möjligtvis ha motsvarigheter
både i Polen (artikel V) och i Skåne, vilket potentiellt kan ge ytterligare insikter i hur miljöberoende faunorna var och hur de förändrades under denna tid i
och med den ökade betydelsen av käkförsedda fiskar.
Det finns även likheter med sedimentära bergarter i Norge där fiskfaunor
(däribland välbevarade anaspider) med liknande sammansättning som de på
Gotland har återfunnits. Detaljerade jämförelser måste dock vänta tills de fragmentariska och disartikulerade fiskfossilen från dessa sektioner har blivit
bättre beskrivna och placerade i ett stabilt stratigrafiskt ramverk.
Slutsatser och framtida arbete
Det ursprungliga syftet med det här arbetet var att bygga vidare på tidigare
undersökningar om Gotlands fossila fiskfaunor, framförallt de som gjordes av
Doris Fredholm under 80-talet. Tanken var att göra detaljerade undersökningar om de tidiga vertebraternas miljöpreferenser och hur detta påverkar vår
förståelse för deras evolution. I artikel I sammanfattades merparten av tidigare
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rapporter och de gamla proverna placerades i en uppdaterad stratigrafi. Den
andra komponenten av detta grundläggande arbete, nämligen en detaljerad genomgång av Gotlands geologi och stratigrafi, sammanfattades sedermera i en
licentiatavhandling. Ungefär halvvägs in i projektet stod det dock klart att vi
trots idoga försök inte skulle kunna hitta de prover som Doris Fredholm undersökte. Således ändrades projektets inriktning och artikel II-IV beskriver
därför nya prover från Gotland, samt en del annat material från olika museer
som fanns tillgängligt.
De taxonomiska ramverk som har utvecklats för att inkludera även disartikulerat material från thelodonter, anaspider och osteostracer var till stor hjälp
för undersökningarna i detta projekt. Det blev dock tydligt att ett motsvarande
gediget och jämförbart ramverk saknas för acanthoder. Något liknande kommer troligtvis behövas innan ytterligare undersökningar om deras evolutionära
mönster under silur kan genomföras tillfredställande, eftersom de mestadels
är representerade av isolerade fjäll. Kanske kan detaljerade undersökningar av
acanthodfjäll i ett kontrollerat geografiskt och stratigrafisk sammanhang, samt
jämförelser med fjällvariation på artikulerade exemplar vara till hjälp.
Den sista artikeln (artikel V) erbjöd en möjlighet att studera fiskfaunorna i
en annars dåligt beskriven och till stora delar okänd del av den siluriska Baltiska bassängen. Dessa polska faunor liknade delvis de yngsta delarna på Gotland, vilka dessa sekvenser hade korrelerats med tidigare. Dessutom visade en
specifik thelodontart en tydlig miljöpreferens då den enbart fanns i en av de
jämngamla sekvenserna, nämligen i ett prov från väldigt grunt vatten som till
stora delar liknar något äldre sediment på Gotland där samma art också är
väldigt vanlig (artikel III).
Det finns en del föreslagna riktningar som framtida undersökningar kan ta.
Ytterligare provtagning för konodonter och isotopstratigrafi kan hjälpa till att
tidsplacera vissa problematiska områden på Gotland. I samband med s.k. sekvensstratigrafiska undersökningar kan detta dessutom underlätta korreleringar med områden utanför Gotland. Ytterligare sedimentologiska undersökningar på Gotland skulle också kunna förbättra vår förståelse för dess varierande och ibland svårtolkade avsättningsmiljöer. Ett etablerat facies-ramverk
för Gotland som är kompatibelt med det som har utvecklats i tidigare arbeten
om östra Baltikum skulle också underlätta framtida jämförelser. Sammantaget
skulle detta kunna leda till en än mer komplett bild av de tidiga ryggradsdjurens utbredning under silur och förhoppningsvis leda till en ökad förståelse för
de tidiga fiskarnas evolution.
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Appendix. Geological map of Gotland with the geographical extend of the formations and the localities and drill cores mentioned in the text. Based on Eriksson
and Calner (2005) and data from the Swedish Geological Survey (SGU).
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