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Abstract: Here we explore the spatial, temporal and phylo-

genetic patterns of ecological diversification for the entire

clade of thelodonts, one of the earliest groups of vertebrates

and longest lasting of the Palaeozoic agnathans in the fossil

record. Parsimony and maximum-likelihood methods are

used to reconstruct ancestral states of their geographical distri-

butions, habitats and lifestyles. Our results support the con-

cept that thelodonts originated during the Middle?–Late
Ordovician probably in marine open waters of Laurasia, with

a demersal lifestyle on hard substrates being the ancestral con-

dition for the whole clade. Later, thelodonts underwent a com-

plex ecological diversification and palaeobiogeographical

history, comparable in many aspects to those of some major

groups of living fishes. Different modes of life evolved repeat-

edly and a wide range of habitats were colonized by distinct

groups, including deep waters and brackish marine and/or

freshwater environments. Diadromous strategies presumably

appeared on nine different occasions. The palaeobiogeographi-

cal history of thelodonts reveals significant differences in the

dispersal potential of some major groups. Dispersal of

thelodontiforms entailed displacements over long distances

and the crossing of deep-water biogeographical barriers,

whereas those of furcacaudiforms were always limited to areas

interconnected by shallow platforms. We propose that the evo-

lution of pelagic larval stages in thelodontiforms might explain

this biogeographical pattern and could satisfactorily account

for the greater evolutionary success of this group.

Key words: Thelodonti, early vertebrates, ecological diversi-

fication, lifestyles, habitats, dispersal events.

ECOLOGICAL diversification is the core mechanism that

underlies adaptive radiations (Schluter 2000; Losos 2010)

and is a major player in shaping morphological (e.g. Renaud

et al. 2005; Rintelen et al. 2010), molecular (e.g. Duda &

Palumbi 1999; Jagadeeshan & Singh 2007) and behavioural

traits (e.g. McLaughlin 2001; Bird 2011). The phylogenetic

patterns and the timing of appearance of different ecological

characteristics have been assessed in a considerable number

of vertebrates, including fishes (e.g. Winemiller et al. 1995;

Tringali et al. 1999; Wellenreuther et al. 2007; Betancur-R

2010; Rutschmann et al. 2011; Betancur-R et al. 2012, 2015;

Near et al. 2012; Bloom et al. 2013; Bloom & Lovejoy 2014),

amphibians (e.g. Kozak et al. 2005; Gomes et al. 2009), rep-

tiles (e.g. Melville et al. 2001; Glor et al. 2003; Stephens &

Wiens 2003; Sanders et al. 2004; Ahmadzadeh et al. 2013),

birds (e.g. Owens & Bennett 1995; Richman 1996; Cicero &

Johnson 1998) and mammals (e.g. Patton et al. 2000; Ji et al.

2006; Luo 2007; Wilson et al. 2012; Meng et al. 2015; Slater

2015). However, the extension of such approaches to extinct

groups involves many limitations given that ecological

interpretations are difficult to support in them (mainly due

to the lack of closely-related living representatives) and their

phylogenetic relationships are usually poorly known. In fact,

few studies deal specifically with this topic in early vertebrates

(e.g. Groh 2014; Sallan et al. 2015, 2017; Sansom et al. 2015)

and, as consequence, the patterns of ecological diversification

during the first steps of the evolutionary history of the group

remain basically unknown.

Among early vertebrates, thelodonts constitute one of

first clades in the fossil record, ranging from the Upper

Ordovician (Sansom et al. 1996; M€arss & Karataj�ut_e-

Talimaa 2002; Turner et al. 2004; M€arss et al. 2007) to the

Upper Devonian (Turner 2005; Hairapetian et al. 2016a).

This group includes agnathan fishes showing micromeric

squamations, considered to be functionally analogous to

those of living elasmobranchs (Turner 1982, 1991; M€arss

1986; Karataj�ut_e-Talimaa 1998; M€arss et al. 2007).

Recently, Ferr�on & Botella (2017) have established a useful

comparative framework analysing the relationship between

the squamation pattern and lifestyle in extant sharks and
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assessed the ecology of thelodonts from the study of their

squamations, giving a comprehensive overview of their

modes of life at species level. In addition, some other previ-

ous studies dealing with comparative anatomy (Turner

1992), isotopic data (�Zigait_e et al. 2010; Fadel et al. 2015)

and the sedimentology and taphonomy of several thelodont

localities (Turner 1999; M€arss et al. 2003, 2007; M€arss &

M€annik 2013) have also provided valuable information

about the environments these fishes inhabited. Thus, the

knowledge regarding the ecology, lifestyles and habitats of

these animals is currently fairly broad, which, together with

the recent publication of some phylogenetic trees (Wilson &

M€arss 2004, 2009; see also �Zigait_e et al. 2013a), makes the

thelodonts a suitable group for exploring different evolu-

tionary processes in the earliest vertebrates from an ecologi-

cal perspective. With this aim, we here evaluate the spatial,

temporal and phylogenetic patterns of ecological diversifica-

tion of the entire clade of thelodonts, providing a compre-

hensive interpretation of their dispersal events, habitats and

lifestyles, as well as shedding light onto the ecological evolu-

tionary history of one of the first groups of vertebrates.

METHOD

Ecological diversification of thelodonts was assessed at

species level by means of ancestral character state recon-

struction of their lifestyles, habitats and palaeobiogeo-

graphical distributions.

The data regarding thelodont lifestyles were taken from

Ferr�on & Botella (2017), where all species described so far

are classified into five ecological groups (demersal on

hard substrate, demersal on soft substrate, schooling;

strong swimmers and slow swimmers of the open water).

Habitat interpretations were based on an extensive review

of sedimentological data and associated remains of all

thelodont localities (see Ferr�on et al. 2017), assigning

each of them to one (or a range of) specific environments

(freshwater, brackish, marine littoral, shoal belt, open

platform, subphotic distal shelf/continental slope) follow-

ing Turner (1999). Finally, palaeogeographical and tem-

poral distributions were determined for each species

based on the compilation of thelodont occurrences pub-

lished by M€arss et al. (2007). These data were updated

with more recent information provided by most of the

subsequent works dealing with new descriptions of thelo-

dont localities or species (i.e. Hairapetian et al. 2008,

2016a, b; M€arss 2011; Burrow et al. 2013; Mark-Kurik

et al. 2013; �Zigait_e 2013; �Zigait_e et al. 2013b).

Ancestral character state reconstruction was implemented

using the software Mesquite 3.2 (Maddison & Maddison

2017). We applied parsimony analysis for reconstructing

ancestral palaeobiogeographical distributions (coded as a

polymorphic multistate character), and maximum likelihood

method for reconstructing ancestral lifestyles (coded as a

monomorphic multistate character) and habitats (each habi-

tat coded as a different binary character). Phylogenetic rela-

tionships considered here are based on the most complete

thelodont phylogeny obtained to date (Wilson & M€arss

2009), which comprises 39 species pertaining to 26 different

genera (equivalent to 26% of the total described diversity). In

order to include into the phylogenetic tree as many species as

possible, we added most of the remaining taxa according to

different criteria. Turiniid thelodonts have been included fol-

lowing the phylogenetic relationships proposed by Hairape-

tian et al. (2016b). Non-represented genera were inserted as

within-family polytomies together with (or as the sister group

of) other representatives of the same family. Similarly, species

with congeneric taxa represented in the phylogeny were

inserted as within-genus polytomies. Finally, Larolepis, Valya-

lepis, Sandivia, Angaralepis and Stroinolepis were nested

together within a polytomy and Nunavutia was considered to

be the sister group of the clade Illoganellia + Loganel-

lia + Talimaalepis. These inclusions follow the systematic

classification proposed by M€arss et al. (2007). Even so, some

taxa without representation at family level in the phylogeny

or incertae sedis species could not be inserted into the tree

but their ecological and palaeobiogeographical data have also

been interpreted here, despite lacking a general phylogenetic

context.

RESULTS AND DISCUSSION

Ecological diversification of thelodonts

The habitat and ecology of the first vertebrates has been

a matter of debate in the past (Chamberlin 1900; Romer

& Grove 1935; Denison 1956; Robertson 1957; Halstead

1973, 1985; Fischer 1978; Boucot & Janis 1983; Mallatt

1984, 1985; Griffith 1987; Dineley 1988; Purnell 2001,

2002; Blieck & Turner 2003; Turner et al. 2004). Cur-

rently, the prevailing view amongst palaeontologists is

that most early vertebrate groups, including thelodonts,

originated in the sea as benthic detritivorous fishes (see

Turner 1991, 1992; Janvier 1996; M€arss et al. 2007; Ling-

ham-Soliar 2014). The ancestral state reconstruction of

the lifestyles and habitats of thelodonts obtained in our

analysis support these ideas, suggesting that the last

common ancestor of the whole clade was a demersal

animal living on hard substrates of the open platform

(Fig. 1, A). From this ancestral condition, different

modes of life evolved and many habitats were later colo-

nized by representatives of this group (Fig. 1).

Lifestyle diversification. A demersal mode of life on hard

substrates is widespread among thelodonts, being the
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plesiomorphic condition in most cases or a derived state

in a few other taxa (evolved from schooling lifestyles in

some nikoliviids, furcacaudids and shieliids, Fig. 1, E, K,

R; and from slow swimmers of the open water in some

loganelliids, Fig. 1, N). According to our approach, a

demersal mode of life on soft substrates appeared inde-

pendently at least four times during the Silurian and the

Devonian (within turiniids in Gondwana, coelolepids in

Baltica and loganelliids and shieliids in Laurentia, Fig. 1,

L–N, R) but probably more if one considers taxa with

uncertain ecological assignations (i.e. archipelepidiforms,

lanarkiids and phlebolepidids; Fig. 1, B, F, Q). Similarly,

ancestral state reconstruction analysis supports the con-

clusion that a schooling lifestyle has evolved repeatedly

among thelodonts. The first representatives belonging to

this ecological group appeared and radiated, during the

Llandovery, on three different occasions (i.e. once in fur-

cacaudiforms and twice within shieliids both in Laurentia

and, possibly, Baltica; Fig. 1, C, R). Interestingly, the

monogeneans, one of the main groups of ectoparasites

with vertebrate hosts, also originated in the Llandovery

(Perkins 2010). The coevolution of these parasitic flat-

worms and vertebrates has sometimes been proposed

although the reasons that promoted such an association

are unknown (Perkins 2010; De Baets et al. 2015). We

propose that, given that high densities of potential hosts

increase the chances of infection by parasites with direct

cycles (such as monogeneans) (Poulin 1991; Ranta 1992;

Richards et al. 2010) the first schools of fishes could have

created appropriate conditions to guarantee the reproduc-

tive success of the parasites. As consequence, the estab-

lishment of social behaviours in the earliest fishes could

have triggered the evolution of parasitic flatworm groups

with vertebrate hosts. After the early Silurian, schooling

appears sporadically four additional times in Devonian

turiniids of Gondwana (Fig. 1, L) and possibly in Prido-

lian talivaliids of Baltica (Fig. 1, S). Our analyses further

suggest that slow swimmers of the open water also origi-

nated repeatedly in different groups of thelodonts includ-

ing lanarkiids (in Avalonia, Fig. 1, F), coelolepids,

shieliids, talivaliids (in Baltica, Fig. 1, M, R, S) and

loganelliids (in Laurentia, followed by an important spe-

cies diversification, Fig. 1, N). The first appearance of this

lifestyle took place before or during the Rhuddanian

(early Llandovery) in the early stages of the ecological

diversification of the group. Finally, adaptations to strong

swimming evolved in apalolepidids (in Baltica, Fig. 1, J),

furcacaudids (in Laurentia, Fig. 1, K), coelolepids (in Bal-

tica, Fig. 1, M), shieliids (in Laurentia, Fig. 1, R) and

Skamolepis fragilis. Ferr�on & Botella (2017) noted that

most active pelagic species, pertaining presumably to dif-

ferent thelodont lineages, appeared simultaneously during

the Early Devonian when the competition in benthic

habitats, together with the availability of abundant

planktonic food, lead to the colonization of the pelagic

realm by many marine groups (the so called Nekton

Revolution; Klug et al. 2010). Our results suggest that

pelagic thelodonts indeed evolved independently up to

five times in the Early Devonian; this supports the view

that agnathan vertebrates also took part in this macroeco-

logical revolution in a most significant way, acquiring the

capability to swim actively in the water column on multi-

ple occasions. Prior to that, only two species presented

squamations adapted to a pelagic lifestyle (Thelodus vis-

valdi in the Sheinwoodian and Praetrilogania grabion in

the Pridoli) giving little support to the existence of a Sil-

urian Nekton Revolution among Palaeozoic agnathans

(Sallan et al. 2015, 2017).

Habitat diversification. Most thelodont species inhabited

shore belt associated areas and/or open platform environ-

ments (Fig. 1). Ancestral state reconstruction analysis

reveals that colonization of subphotic waters of the distal

shelf or the continental slope took place at different times

and around various continents throughout the evolution-

ary history of this group. Several examples can be found

among nine different families (archipelepids, lanarkiids,

furcacaudids, turiniids, coelolepids, loganelliids, phlebole-

pidids, shieliids and talivaliids; Fig. 1, B, F, K–N, Q–S).
This contrasts with the typical habitats of most other

Palaeozoic agnathans, which were usually restricted to

near-shore or continental environments (with the excep-

tion of anaspids) (Janvier 1996). Our approach also sug-

gests that most thelodonts displayed a wide tolerance to

water salinity and reveals repeated expansions away from

true marine environments (Fig. 1). About 50 species have

been reported from presumed brackish and/or freshwater

sediments and, in fact, maximum likelihood reconstruc-

tion supports the notion that the ancestral habitats of a

considerable number of groups comprise non-true-marine

environments (this is the case for some lanarkiids, shieli-

ids and talivaliids; Fig. 1, E, F, J–L, R, S). So far, only a

few species have been found in sediments with a freshwa-

ter origin and just lanarkiids and one clade of turiniids

apparently diversified from entirely non-marine ancestors

(Fig. 1, F, L). Conversely, thelodonts with brackish affini-

ties are better represented and it seems to be the ancestral

condition for several major groups (Fig. 1, J–L). Many

other Palaeozoic agnathans, such as galeaspids, osteostra-

cans, heterostracans and pituriaspids, also colonized and

succeeded in brackish and freshwater habitats (e.g. Janvier

1996; Groh 2014; Sansom et al. 2015; Blieck & Elliott

2017). The invasion of non-marine environments by ver-

tebrates has been interpreted as a gradual process with a

first important occupation of brackish waters in the Wen-

lock and fluvial systems in the Pridoli–Lochkovian (Hal-

stead 1985). In general, with few exceptions, the revised

stratigraphical ranges and ancestral state reconstructions
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F IG . 1 . Ancestral state reconstructions for lifestyles, habitats and geographical distributions of thelodonts. Numbers in brackets indi-

cate main dispersal events and first colonizations of palaeocontinents by major groups (see Fig. 4). Timescale: E, Early; M, Middle; L,

Late; Ll, Llandovery; We, Wenlock; Lu, Ludlow; Pr, Pridoli. Stages: Tr, Tremadocian; Fl, Floian; Dp, Dapingian; Da, Darriwilian; Sa,

Sandbian; Ka, Katian; Hi, Hirnantian; Rh, Rhuddanian; Ae, Aeronian; Te, Telychian; Sh, Sheinwoodian; Ho, Homerian; Go, Gorstian;

Lu, Ludfordian; Lo, Lochkovian; Pg, Pragian; Em, Emsian; Ei, Eifelian; Gi, Givetian; Fr, Frasnian; Fm, Famennian. Palaeocontinent:

Lau, Laurasia; Bal, Baltica; Aval, Avalonia; Sib, Siberia; Gon, Gondwana. Clades: A, Thelodonti; B, Archipelepidiformes; C, Furcacaudi-

formes; D, Thelodontiformes; E, Nikoliviidae; F, Lanarkiidae; G, Pezopallichthyidae; H, Drepanolepididae; I, Barlowodidae; J, Apalole-

pididae; K, Furcacaudidae; L, Turiniidae; M, Coelolepidae; N, Loganelliidae; O, Longodidae; P, Helenolepididae; Q, Phlebolepididae;

R, Shieliidae; S, Talivaliidae. Palaeogeographical reconstructions from Scotese (2014a, b).
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F IG . 1 . Continued.
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of the habitat of thelodonts closely match this pattern

(Figs 1, 2). In any case, these interpretations should be

treated cautiously as the marine or freshwater origin of

some thelodont localities is still under discussion (M€arss

et al. 2007; Turner et al. 2017) and our interpretations of

the habitats of some species could be affected by sampling

bias and/or lack of sedimentological evidence.

Several thelodonts (mostly Pridolian and Lochkovian

species) display spatial distributions compatible with

diadromous lifestyles, apparently occurring in both fresh-

water and true marine sediments. This is documented in

many representatives of nikoliviids, turiniids and talivali-

ids (Fig. 1, E, L, S). Presumably, some of these species

inhabited a wide range of habitats and displayed long

migrations between the continental slope or the open

platform and fluvial systems (e.g. Nikolivia balabayi,

N. oervigi, N. gutta, Lanarkia horrida, Turinia pagei,

T. polita, Loganellia unispinata, Paralogania ludlowiensis

and Talivalia elongata). This indicates that the diadro-

mous strategies and/or the range of habitats occupied by

some early vertebrates were comparable to those found in

many living groups (Nelson et al. 2016; Froese & Pauly

2017). Ancestral-state reconstruction analysis supports the

independent evolution of diadromy up to nine times

among thelodonts, and indicates that it was already pre-

sent in the last common ancestor of all Nikolivia spp.,

some Turinia spp. and the whole clade of Talivaliidae

(Fig. 1, E, L, S). Diadromous lineages rarely gave rise to

entirely freshwater species, supporting the idea that dia-

dromy does not usually play a role as a pathway for mar-

ine/freshwater evolutionary transitions (Bloom & Lovejoy

2014 and references therein). In addition, transitions from

marine to freshwater habitats seem more frequent than

the contrary, as previously reported in many other groups

(Betancur-R et al. 2015). In fact, only two freshwater lin-

eages re-colonized oceanic habitats (lanarkiids and some

turiniids; Fig. 1, F, L).

Ecological diversity overview. The joint consideration of

lifestyles and habitats of thelodonts allows some aspects

of the ecological diversity of this group to be interpreted

in a more comprehensive way (Fig. 3). Freshwater thelo-

dont communities were probably characterized by a high

proportion of schooling species and the absence of strong

swimmers (although some non-marine gnathostomes

could already have been playing this ecological role dur-

ing the Palaeozoic; Denison 1978, 1979; Ginter et al.

2010). In brackish and marine environments, the best-

represented ecological groups of thelodonts were demersal

species on hard substrates and, to a lesser extent, school-

ing species. As expected, the percentage of slow species of

the open water increases towards deeper habitats and

constituted an important part of the thelodont communi-

ties that resided in subphotic waters of the open platform

and the slope (note that this group is also comparatively

well represented in freshwaters but all these cases denote

presumed diadromous species). A similar pattern is fol-

lowed by demersal species of soft substrates, being more

common in non-marine waters and distal marine envi-

ronments. This trend could be expected as muddy

F IG . 2 . Diversity dynamics of thelodonts adapted to non-mar-

ine (freshwater and brackish) habitats and presumed diadro-

mous species. Timescale: E, Early; M, Middle; L, Late; Ll,

Llandovery; We, Wenlock; Lu, Ludlow; Pr, Pridoli. Stages are

shaded on the graph. Colour online.

F IG . 3 . Diagram showing the relative abundance of each thelo-

dont lifestyle in the different occupied habitats. Abbreviations:

DS/CS, subphotic distal shelf and continental slope; OP, open

platform; SB, shoal belt; ML, marine litoral; BR, brackish; FR,

freshwater. Drawing of the continental margin courtesy of Hugo

Sal�ais (HS Scientific Illustration).
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bottoms are usually found in the lower course of the riv-

ers, deltas and estuaries as well as in outer shelf regions.

The most distal marine environments were also character-

ized by a low representation of strong swimming thelo-

donts, which were mainly restricted to shoals and open

platforms. This indicates that the potential for long-

distance migrations beyond the neritic realm would be

limited to thelodonts from this ecological group despite

showing active swimming lifestyles (see next section for

further discussion about dispersal capabilities of thelo-

donts).

Geographical distribution and dispersal events of thelodonts

Ancestral state reconstruction supports a Laurentian origin

of thelodonts in the Middle?–Late Ordovician (Fig. 1, A),

in accordance with some previous proposals based on the

location of the earliest occurrences of the group (Smith

et al. 2002; Blieck & Turner 2003; Turner et al. 2004). The

archipelepidiforms (which constitute the most basal group

of thelodonts) and the furcacaudiforms, are likely to have

originated and diversified during the early/middle Silurian,

also in Laurentia (Fig. 1, B, C). Conversely, the origin of the

thelodontiforms is situated in Baltica (Fig. 1, D). Several

dispersal events are predicted to have occurred through the

evolutionary history of the clade (Figs 1, 4). According to

our analyses, a first dispersal wave to Baltica occurred dur-

ing the Late Ordovician giving rise to the Thelodontif-

ormes. From that moment, representatives of this group

experienced a complex palaeobiogeographical history

entailing several dispersal events accompanied by important

diversifications. Multiple dispersals took place from Baltica

to Gondwana (in the Early Devonian by turiniids and coe-

lolepids), Laurentia (in the Late Ordovician by loganelliids,

in the early Silurian by loganelliids, shieliids, coelolepids, in

the middle Silurian possibly by phebolepidids, in the late

Silurian by shieliids and in the Early Devonian by talivali-

ids) and Siberia (in the early Silurian by loganelliids and

possibly in the late Silurian by helenolepidids). After that, a

significant number of groups experienced a second dispersal

(i.e. loganelliids dispersed from Laurentia to Baltica, Avalo-

nia and Siberia in the early-middle Silurian; shieliids dis-

persed from Laurentia to Baltica and Gondwana in the

middle–late Silurian; and turiniids dispersed from Gond-

wana to Baltica during the early Devonian). On the other

hand, Furcacaudiformes showed a simpler palaeobiogeo-

graphical history, undergoing only some dispersals from

Laurentia to Avalonia (in the middle Silurian by lanarkiids

and in the Early Devonian by nikoliviids) and Baltica (in

the Early Devonian by apalolepidids and nikoliviids). Sub-

sequent dispersals from these continents were extremely

rare and only apalolepidids dispersed to Avalonia after their

arrival in Baltica during the Early Devonian.

Palaeogeographical reconstructions of the early and mid-

dle Palaeozoic suggest that the thelodontiform dispersals

entailed displacements over long distances and the crossing

of deep water biogeographical barriers, whereas those of

furcacaudiforms were always limited to areas intercon-

nected by shallow platforms (Fig. 4). Such contrast in the

dispersal potential of the two groups may be a result of dif-

ferences in their swimming capabilities and/or the modes

of life of their larvae (McKerrow & Cocks 1995). The first

option seems unlikely in this case as most dispersal events

of thelodontiforms occurred within typically demersal and/

or neritic groups. Rather, the evolution of meropelagic

development in the first evolutionary steps of this clade (in-

volving neritic adults and planktonic larval stages) seems a

more plausible scenario, allowing long-range larval disper-

sal mediated by oceanic currents (Turner & Tarling 1982;

Klug et al. 2010). This might explain the greater evolution-

ary success of thelodontiforms, allowing them to disperse

over deep ocean basins and colonize and diversify in distant

regions during the early and middle Silurian (Siberia, Lau-

rentia, Avalonia and Gondwana) (see Blieck & Janvier

(1993) and �Zigait_e & Blieck (2006) for further detail about

the Siberian thelodontiform radiation). By contrast, furca-

caudiforms never colonized Gondwana or Siberia and their

dispersal to Baltica and Avalonia did not take place until

the middle Silurian, after the formation of suitable path-

ways through the coastal waters of Laurasia. However by

then, thelodontiforms had already become established there

occupying most of the marine habitats, and most Baltic

and Avalonian furcacaudiforms were relegated to non-mar-

ine environments.

Current limitations and future concerns

Comprehensive analytical studies compiling information

from different fields are crucial for shedding light on

issues of wider scope and broader interest. Unfortu-

nately, on some occasions the large amount of data that

needs to be compiled makes these kinds of studies sus-

ceptible to inheriting (or even magnifying) errors from

previous works. In the particular case of our approach,

the reliability of the conclusions reached is dependent on

the data quality of the ecological, environmental and

phylogenetic interpretations. The ecological inferences on

the lifestyle of thelodonts considered here are supported

by a solid methodological framework provided by Ferr�on

& Botella (2017), based on the well-recognized functional

analogy between the squamations of thelodonts and liv-

ing sharks (Turner 1982, 1991; M€arss 1986; Karataj�ut_e-

Talimaa 1998; M€arss et al. 2007). Despite the effort

made by Ferr�on & Botella (2017) to assess the ecology

of the whole thelodont clade, lifestyle interpretations are

still lacking or inconclusive for some species because of

FERR �ON ET AL . : THELODONT ECOLOGICAL DIVERS IF ICAT ION 7



F IG . 4 . Dispersal events of thelodonts through time. Numbers indicate main dispersal events and first colonizations of palaeocontinents

by major groups (see also Fig. 1). Arrows on palaeomaps denote dispersal events from one palaeocontinent to another but do not intend

to represent the real dispersal pathways. Palaeocontintents: Bal, Baltica; Aval, Avalonia; Gon, Gondwana; Lau, Laurasia; Sib, Siberia.

Colour online.
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preservational particularities of their squamation. In any

case, these taxa represent less than 10% of described the-

lodont species and seem not to occupy key phylogenetic

positions, thus not marring our understanding of the

main aspects of the ecological diversification of the

group (Fig. 1). On the other hand, as already mentioned

above, environmental interpretations based on sedimen-

tology and associated remains are usually difficult to

assess and in most cases might be simplistic. Turner

(1999) made a comprehensive and rather detailed study

of the environments occupied by thelodonts known at

that time, providing a helpful initial framework for

exploring the major habitat changes of thelodonts from

a phylogenetic and temporal perspective. Even so, our

interpretations should be treated with caution awaiting

further sedimentological work and more confined facies

categorizations (Bremer & Blom 2015). Finally, the phy-

logenetic framework considered in our study has been

constructed from the latest and most complete phy-

logeny of thelodonts (Wilson & M€arss 2009) by inserting

unrepresented taxa into polytomies following the system-

atic classification proposed by M€arss et al. (2007). This

kind of procedure, in which it is assumed that taxonomy

reflects phylogeny, is usually applied in similar studies

dealing with ancestral state reconstruction (e.g. Ackerly

2004; Staggemeier et al. 2010; Donoso 2014; Turcotte

et al. 2014; Gilbert & Manica 2015) but of course is sus-

ceptible to error. Interestingly, in our study, the addition

of polytomies does not seem to affect the overall conclu-

sions significantly, as very similar results are obtained if

the analysis is repeated including only those species con-

sidered by Wilson & M€arss (2009). In either case, the

results suggest a complex ecological diversification entail-

ing the reiterative evolution of different lifestyles and the

repeated colonization of different environments. Never-

theless, any new well-resolved and more complete

phylogenetic tree would be helpful for future macroevo-

lutionary analyses.

CONCLUSIONS

For the first time the ecological diversification of a whole

clade of early vertebrates is explored in a spatial, temporal

and phylogenetic context. Ancestral state reconstruction

analysis supports the origination of thelodonts in marine

open waters of Laurasia as demersal fishes on hard sub-

strates. This group underwent a complex ecological diver-

sification and palaeobiogeographical history, comparable

in many aspects to those of some major clades of living

fishes. Different modes of life repeatedly evolved in non-

closely related taxa and a wide range of habitats were

recurrently colonized by distinct groups, including non-

marine aquatic environments. On the other hand, the

palaeobiogeographical history of thelodonts reveals signif-

icant differences in the dispersal potential of some major

groups. It is proposed that the evolution of mero-

pelagic development with pelagic larval stages in

thelodontiforms, the most diverse clade of thelodonts,

may satisfactorily account for the greater evolutionary

success of this group.

Acknowledgements. We would like to thank the palaeoillustrator

Dr Hugo Salais (HS Scientific Illustration) for providing artistic

assistance during the elaboration of Fig. 3. We also acknowledge

the comments of the editor (Dr Imran Rahman) and the review-

ers (Dr �Zivil_e �Zigait_e, Dr Henning Blom and Dr Sally Thomas)

that considerably improved the final manuscript. This work was

supported by the Spanish Ministry of Economy and Competi-

tiveness (Research Project CGL2014-52662-P); and the Valencian

Generality (Research Project GV/2016/102). HGF is a recipient

of a FPU Fellowship from the Spanish Ministry of Education,

Culture and Sport (Grant FPU13/02660).

DATA ARCHIVING STATEMENT

Data for this study are available in the Dryad Digital Repository:
https://doi.org/10.5061/dryad.n6k72

Editor. Imran Rahman

REFERENCES

ACKERLY, D. D. 2004. Adaptation, niche conservatism, and

convergence: comparative studies of leaf evolution in the Cali-

fornia chaparral. The American Naturalist, 163, 654–671.
AHMADZADEH, F., FLECKS, M., CARRETERO, M. A.,

B €OHME, W., ILGAZ, C., ENGLER, J. O., HARRIS , D.

J., €UZ €UM, N. and R €ODDER, D. 2013. Rapid lizard radia-

tion lacking niche conservatism: ecological diversification

within a complex landscape. Journal of Biogeography, 40,

1807–1818.
BETANCUR-R, R. 2010. Molecular phylogenetics supports

multiple evolutionary transitions from marine to freshwater

habitats in ariid catfishes. Molecular Phylogenetics & Evolution,

55, 249–258.
-ORT�I, G., STEIN, A. M., MARCENIUK, A. P. and

ALEXANDER PYRON, R. 2012. Apparent signal of

competition limiting diversification after ecological transi-

tions from marine to freshwater habitats. Ecology Letters, 15,

822–830.
--and PYRON R. A. 2015. Fossil-based comparative

analyses reveal ancient marine ancestry erased by extinction in

ray-finned fishes. Ecology Letters, 18, 441–450.
BIRD, C. E. 2011. Morphological and behavioral evidence for

adaptive diversification of sympatric Hawaiian limpets (Cel-

lana spp.). Integrative & Comparative Biology, 51, 466–473.
BLIECK, A. and ELLIOTT, D. K. 2017. Pteraspidomorphs

(Vertebrata), the Old Red Sandstone, and the special case of

FERR �ON ET AL . : THELODONT ECOLOGICAL DIVERS IF ICAT ION 9

https://doi.org/10.5061/dryad.n6k72


the Brecon Beacons National Park, Wales, UK. Proceedings of

the Geologists’ Association, 128, 438–446.
-and JANVIER, P. 1993. Silurian–Devonian vertebrate

biostratigraphy of the Siberia and neighbouring terranes. 87–
103. In LONG, J. A. (ed.) Palaeozoic vertebrate biostratigraphy

and biogeography. Belhaven Press.

-and TURNER, S. 2003. Global Ordovician vertebrate bio-

geography. Palaeogeography, Palaeoclimatology, Palaeoecology,

195, 37–54.
BLOOM, D. D. and LOVEJOY, N. R. 2014. The evolutionary

origins of diadromy inferred from a time-calibrated phylogeny

for Clupeiformes (herring and allies). Proceedings of the Royal

Society of London B, 281, 20132081.

-WEIR, J. T., P ILLER, K. R. and LOVEJOY, N. R.

2013. Do freshwater fishes diversify faster than marine fishes?

A test using state-dependent diversification analyses and

molecular phylogenetics of New World silversides (Atherinop-

sidae). Evolution, 67, 2040–2057.
BOUCOT, A. J. and JANIS , C. 1983. Environment of the

early Paleozoic vertebrates. Palaeogeography, Palaeoclimatology,

Palaeoecology, 41, 251–287.
BREMER, O. and BLOM, H. 2015. An updated stratigraphic

and environmental framework for the distribution of Silurian

vertebrates on Gotland. Estonian Journal of Earth Sciences, 64,

13–18.
BURROW, C. J., TURNER, S., NOWLAN, G. S. and

DENISON, R. H. 2013. Vertebrate microremains from the

Late Silurian of Arisaig, Nova Scotia, Canada. Journal of Pale-

ontology, 87, 1041–1059.
CHAMBERLIN, T. C. 1900. On the habitat of the early verte-

brates. The Journal of Geology, 8, 400–412.
CICERO, C. and JOHNSON, N. K. 1998. Molecular phy-

logeny and ecological diversification in a clade of New World

songbirds (genus Vireo). Molecular Ecology, 7, 1359–1370.
DE BAETS , K., DENTZIEN-DIAS , P., UPENIECE, I.,

VERNEAU, O. and DONOGHUE, P. C. 2015. Constrain-

ing the deep origin of parasitic flatworms and host-interac-

tions with fossil evidence. 93–135. In DE BAETS , K. and

LITTLEWOOD, T. (eds). Fossil parasites. Advances in Para-

sitology, 90. Academic Press, 458 pp.

DENISON, R. H. 1956. A review of the habitat of the earliest

vertebrates. Fieldiana, Geology, 11 (8), 359–457.
-1978. Handbook of paleoichthyology. Vol. 2. Placodermi.

Gustav Fischer, Stuttgart, 128 pp.

-1979. Handbook of paleoichthyology. Vol. 5. Acanthodii.

Gustav Fischer, Stuttgart, 62 pp.

DINELEY, D. L. 1988. The radiation and dispersal of Agnatha

in Early Devonian time. 567–577. In MCMILLAN, N. J.,

EMBRY, A. F. and GLASS , D. J. (eds). Devonian of the world:

Proceedings of the 2nd International Symposium on the Devonian

System — Memoir 14, Volume III: paleontology, paleoecology and

biostratigraphy. CSPG Special Publications, Calgary.

DONOSO, D. A. 2014. Assembly mechanisms shaping tropical

litter ant communities. Ecography, 37, 490–499.
DUDA, T. F. and PALUMBI , S. R. 1999. Molecular genetics

of ecological diversification: duplication and rapid evolution

of toxin genes of the venomous gastropod Conus. Proceedings

of the National Academy of Sciences, 96, 6820–6823.

FADEL, A., �ZIGAIT _E, �Z., BLOM, H., P�EREZ-HUERTA,

A., JEFFRIES , T., M €ARSS, T. and AHLBERG, P. E.

2015. Palaeoenvironmental signatures revealed from rare earth

element (REE) compositions of vertebrate microremains of

the Vesiku Bone Bed (Homerian, Wenlock), Saaremaa Island,

Estonia. Estonian Journal of Earth Sciences, 64, 36–41.
FERR �ON, H. G. and BOTELLA, H. 2017. Squamation and

ecology of thelodonts. PloS One, 12, e0172781.

- MART�INEZ-P�EREZ, C., TURNER, S., MAN-

ZANARES, E. and BOTELLA, H. 2017. Data from: Pat-

terns of ecological diversification of thelodonts. Dryad Digital

Repository. https://doi.org/10.5061/dryad.n6k72

FISCHER, W. A. 1978. The habitat of the early vertebrates:

trace and body fossil evidence from the Harding Formation

(Middle Ordovician), Colorado. The Mountain Geologist, 15,

1–26.
FROESE, R. and PAULY, D. 2017. FishBase. http://www.fish

base.org

GILBERT, J. D. and MANICA, A. 2015. The evolution of

parental care in insects: a test of current hypotheses. Evolution,

69, 1255–1270.
GINTER, M., HAMPE, O. and DUFFIN, C. 2010. Hand-

book of paleoichthyology. Vol. 3D. Chondrichthyes (Paleozoic

Elasmobranchii: teeth). Friedrich Pfeil, M€unchen, 168 pp.

GLOR, R. E., KOLBE, J. J., POWELL, R., LARSON, A.

and LOSOS, J. B. 2003. Phylogenetic analysis of ecological

and morphological diversification in Hispaniolan trunk-

ground anoles (Anolis cybotes group). Evolution, 57, 2383–
2397.

GOMES, F. R., REZENDE, E. L., GRIZANTE, M. B. and

NAVAS, C. A. 2009. The evolution of jumping performance

in anurans: morphological correlates and ecological implica-

tions. Journal of Evolutionary Biology, 22, 1088–1097.
GRIFFITH, R. W. 1987. Freshwater or marine origin of the

vertebrates? Comparative Biochemistry and Physiology, A: Physi-

ology, 87, 523–531.
GROH, S. 2014. Patterns of diversification in osteostracan evolu-

tion. Unpublished Master’s thesis, University of Uppsala, 43 pp.

HAIRAPETIAN, V., BLOM, H. and MILLER, C. G. 2008.

Silurian thelodonts from the Niur Formation, central Iran.

Acta Palaeontologica Polonica, 53, 85–95.
- ROELOFS, B. P., TRINAJSTIC, K. M. and

TURNER, S. 2016a. Famennian survivor turiniid thelodonts

of North and East Gondwana. Geological Society, London, Spe-

cial Publications, 423, 273–289.
-BLOM, H. and TURNER, S. 2016b. Early Frasnian the-

lodont scales from central Iran and their implications for turi-

niid taxonomy, systematics and distribution. Journal of

Vertebrate Paleontology, 36, e1100632.

HALSTEAD, L. B. 1973. The heterostracan fishes. Biological

Reviews, 48, 279–332.
-1985. The vertebrate invasion of fresh water. Philosophical

Transactions of the Royal Society of London B, 309, 243–258.
JAGADEESHAN, S. and SINGH, R. S. 2007. Rapid evolu-

tion of outer egg membrane proteins in the Drosophila mela-

nogaster subgroup: a case of ecologically driven evolution of

female reproductive traits. Molecular Biology & Evolution, 24,

929–938.

10 PALAEONTOLOGY

https://doi.org/10.5061/dryad.n6k72
http://www.fishbase.org
http://www.fishbase.org


JANVIER, P. 1996. Early vertebrates. Oxford University Press,

408 pp.

J I , Q., LUO, Z.-X., YUAN, C.-X. and TABRUM, A. R.

2006. A swimming mammaliaform from the Middle Jurassic

and ecomorphological diversification of early mammals.

Science, 311, 1123–1127.
KARATAJ �UT _E-TALIMAA, V. 1998. Determination methods

for the exoskeletal remains of early vertebrates. Fossil Record,

1, 21–51.
KLUG, C., KROEGER, B., KIESSLING, W., MULLINS ,

G. L., SERVAIS , T., FR �YDA, J., KORN, D. and

TURNER, S. 2010. The Devonian nekton revolution.

Lethaia, 43, 465–477.
KOZAK, K. H., LARSON, A., BONETT, R. M. and HAR-

MON, L. J. 2005. Phylogenetic analysis of ecomorphological

divergence, community structure, and diversification rates in

dusky salamanders (Plethodontidae: Desmognathus). Evolu-

tion, 59, 2000–2016.
LINGHAM-SOLIAR, T. 2014. The first vertebrates, Jawless

fishes, the Agnathans. 11–31. In LINGHAM-SOLIAR, T.

(ed.) The vertebrate integument. Vol. 1. Origin and evolution.

Springer, 268 pp.

LOSOS, J. B. 2010. Adaptive radiation, ecological opportunity,

and evolutionary determinism. The American Naturalist, 175,

623–639.
LUO, Z.-X. 2007. Transformation and diversification in early

mammal evolution. Nature, 450, 1011–1019.
MADDISON, W. P. and MADDISON, D. R. 2017. Mes-

quite: a modular system for evolutionary analysis. Version 3.2.

http://mesquiteproject.org

MALLATT, J. 1984. Feeding ecology of the earliest vertebrates.

Zoological Journal of the Linnean Society, 82, 261–272.
-1985. Reconstructing the life cycle and the feeding of

ancestral vertebrates. 59–68. In FOREMAN, R. E., GORB-

MAN, A., DODD, J. M. and OLSSON, R. (eds). Evolu-

tionary biology of primitive fishes. Springer, 463 pp.

MARK-KURIK, E., BLIECK, A., BURROW, C. J. and

TURNER, S. 2013. Early Devonian fishes from coastal De

Long Strait, central Chukotka, Arctic Russia. Geodiversitas, 35,

545–578.
M €ARSS , T. 1986. Squamation of the thelodont agnathan Phle-

bolepis. Journal of Vertebrate Paleontology, 6, 1–11.
-2011. A unique Late Silurian Thelodus squamation from

Saaremaa (Estonia) and its ontogenetic development. Estonian

Journal of Earth Sciences, 60, 137–146.
-and KARATAJ �UT _E-TALIMAA, V. 2002. Ordovician

and Lower Silurian thelodonts from Severnaya Zemlya Archi-

pelago (Russia). Geodiversitas, 24, 381–404.
-and M €ANNIK, P. 2013. Revision of Silurian vertebrate

biozones and their correlation with the conodont succession.

Estonian Journal of Earth Sciences, 62, 181–204.
-PERENS, H. and KLAOS, T. 2003. Sedimentation of the

Himmiste-Kuigu fish bed (Ludlow of Estonia) and taphonomy

of the Phlebolepis elegans (Thelodonti) shoal. Proceedings of the

Estonian Academy of Science, Geology, 52, 239–265.
- TURNER, S. and KARATAJ �UT _E-TALIMAA, V.

2007. Handbook of palaeoichthyology. Agnatha II. Friedrich

Pfeil, Munich, 143 pp.

MCKERROW, W. S. and COCKS, L. R. 1995. The use

of biogeography in the terrane assembly of the Variscan

belt of Europe. Studia Geophysica et Geodaetica, 39, 269–
275.

MCLAUGHLIN, R. L. 2001. Behavioural diversification in

brook charr: adaptive responses to local conditions. Journal of

Animal Ecology, 70, 325–337.
MELVILLE, J., SCHULTE, J. A. and LARSON, A. 2001. A

molecular phylogenetic study of ecological diversification in

the Australian lizard genus Ctenophorus. Journal of Experimen-

tal Zoology A, 291, 339–353.
MENG, Q.-J., J I , Q., ZHANG, Y.-G., L IU, D., GROSS-

NICKLE, D. M. and LUO, Z.-X. 2015. An arboreal doco-

dont from the Jurassic and mammaliaform ecological

diversification. Science, 347, 764–768.
NEAR, T. J., DORNBURG, A., KUHN, K. L., EASTMAN,

J. T., PENNINGTON, J. N., PATARNELLO, T., ZANE,

L., FERN �ANDEZ, D. A. and JONES, C. D. 2012. Ancient

climate change, antifreeze, and the evolutionary diversification

of Antarctic fishes. Proceedings of the National Academy of

Sciences, 109, 3434–3439.
NELSON, J. S., GRANDE, T. C. and WILSON, M. V.

2016. Fishes of the world. John Wiley & Sons, 752 pp.

OWENS, I. P. and BENNETT, P. M. 1995. Ancient ecologi-

cal diversification explains life-history variation among living

birds. Proceedings of the Royal Society of London B, 261, 227–
232.

PATTON, J. L., DA SILVA, M. N. F. and MALCOLM, J.

R. 2000. Mammals of the Rio Juru�a and the evolutionary and

ecological diversification of Amazonia. Bulletin of the American

Museum of Natural History, 244, 1–306.
PERKINS, E. 2010. Family ties: molecular phylogenetics, evo-

lution and radiation of flatworm parasites (Monogenea: cap-

salidae). Unpublished PhD thesis, The University of Adelaide,

115 pp.

POULIN, R. 1991. Group-living and the richness of the para-

site fauna in Canadian freshwater fishes. Oecologia, 86, 390–
394.

PURNELL, M. A. 2001. Feeding in conodonts and other early

vertebrates. 401–404. In BRIGGS, D. E. G. and

CROWTHER, P. R. (eds). Palaeobiology II. Blackwell

Science, 600 pp.

-2002. Feeding in extinct jawless heterostracan fishes and

testing scenarios of early vertebrate evolution. Proceedings of

the Royal Society of London B, 269, 83–88.
RANTA, E. 1992. Gregariousness versus solitude: another look

at parasite faunal richness in Canadian freshwater fishes.

Oecologia, 89, 150–152.
RENAUD, S., MICHAUX, J., SCHMIDT, D. N., AGUI-

LAR, J.-P., MEIN, P. and AUFFRAY, J.-C. 2005. Morpho-

logical evolution, ecological diversification and climate change

in rodents. Proceedings of the Royal Society of London B, 272,

609–617.
RICHARDS, E. L., OOSTERHOUT, C. VAN and

CABLE, J. 2010. Sex-specific differences in shoaling affect

parasite transmission in guppies. PLoS One, 5, e13285.

RICHMAN, A. D. 1996. Ecological diversification and

community structure in the Old World leaf warblers (genus

FERR �ON ET AL . : THELODONT ECOLOGICAL DIVERS IF ICAT ION 11

http://mesquiteproject.org


Phylloscopus): a phylogenetic perspective. Evolution, 50, 2461–
2470.

RINTELEN, K. VON, GLAUBRECHT, M., SCHUBART,

C. D., WESSEL, A. and RINTELEN, T. VON 2010. Adap-

tive radiation and ecological diversification of Sulawesi’s

ancient lake shrimps. Evolution, 64, 3287–3299.
ROBERTSON, J. D. 1957. The habitat of the early vertebrates.

Biological Reviews, 32, 156–187.
ROMER, A. S. and GROVE, B. H. 1935. Environment of

the early vertebrates. American Midland Naturalist, 16, 805–
856.

RUTSCHMANN, S., MATSCHINER, M., DAMERAU,

M., MUSCHICK, M., LEHMANN, M. F., HANEL, R.

and SALZBURGER, W. 2011. Parallel ecological diversifica-

tion in Antarctic notothenioid fishes as evidence for adaptive

radiation. Molecular Ecology, 20, 4707–4721.
SALLAN, L., FRIEDMAN, M., SANSOM, R. and SANSOM,

I. 2015. The Silurian nekton revolution: Paleozoic jawless fishes

exhibited modern form-dependent modes of habitat use. Geolog-

ical Society of America Abstracts with Programs, 47 (7), 632.

----2017. Paleozoic jawless fishes exhibited

body form-dependent modes of habitat use and dispersal. 67–
68. In GINTER M. (ed.) Conference Abstracts and Field-trip

Guidebook. 14th International Symposium on Early and Lower

Vertebrates. Ichthyolith Issues Special Publication, 13, Chezciny,
Poland.

SANDERS, K. L., MALHOTRA, A. and THORPE, R. S.

2004. Ecological diversification in a group of Indomalayan pit-

vipers (Trimeresurus): convergence in taxonomically important

traits has implications for species identification. Journal of

Evolutionary Biology, 17, 721–731.
SANSOM, I. J., SMITH, M. M. and SMITH, M. P. 1996.

Scales of thelodont and shark-like fishes from the Ordovician

of Colorado. Nature, 379, 628–629.
SANSOM, R. S., RANDLE, E. and DONOGHUE, P. C.

2015. Discriminating signal from noise in the fossil record of

early vertebrates reveals cryptic evolutionary history. Proceed-

ings of the Royal Society of London B, 282, 20142245.

SCHLUTER, D. 2000. The ecology of adaptive radiation.

Oxford University Press, 296 pp.

SCOTESE, C. R. 2014a. Atlas of Devonian Paleogeographic

Maps, PALEOMAP Atlas for ArcGIS, Vol. 4, The Late Paleo-

zoic, Maps 65–72, Mollweide Projection. PALEOMAP Project,

Evanston, IL.

-2014b. Atlas of Silurian and Middle–Late Ordovician Pale-

ogeographic Maps (Mollweide Projection), Maps 73–80, Vol.
5, The Early Paleozoic, PALEOMAP Atlas for ArcGIS. PALEO-

MAP Project, Evanston, IL.

SLATER, G. J. 2015. Iterative adaptive radiations of fossil

canids show no evidence for diversity-dependent trait evolu-

tion. Proceedings of the National Academy of Sciences, 112,

4897–4902.
SMITH, M. P., DONOGHUE, P. C. and SANSOM, I. J.

2002. The spatial and temporal diversification of Early Palaeo-

zoic vertebrates. Geological Society, London, Special Publica-

tions, 194, 69–83.
STAGGEMEIER, V. G., DINIZ-FILHO, J. A. F. and

MORELLATO, L. P. C. 2010. The shared influence of

phylogeny and ecology on the reproductive patterns of Myr-

teae (Myrtaceae). Journal of Ecology, 98, 1409–1421.
STEPHENS, P. R. and WIENS, J. J. 2003. Ecological diversi-

fication and phylogeny of emydid turtles. Biological Journal of

the Linnean Society, 79, 577–610.
TRINGALI , M. D., BERT, T. M., SEYOUM, S., BER-

MINGHAM, E. and BARTOLACCI , D. 1999. Molecular

phylogenetics and ecological diversification of the transisth-

mian fish genus Centropomus (Perciformes: Centropomidae).

Molecular Phylogenetics & Evolution, 13, 193–207.
TURCOTTE, M. M., DAVIES , T. J., THOMSEN, C. J.

and JOHNSON, M. T. 2014. Macroecological and

macroevolutionary patterns of leaf herbivory across vascular

plants. Proceedings of the Royal Society of London B, 281,

20140555.

TURNER, S. 1982. A new articulated thelodont (Agnatha) from

the Early Devonian of Britain. Palaeontology, 25, 879–889.
-1991. Monophyly and interrelationships of the Thelodonti.

87–119. In CHANG, M. M., L IU, Y. H. and ZHANG, G.

R. (eds). Early vertebrates and related problems of evolutionary

biology. Science Press, Beijing, 514 pp.

-1992. Thelodont lifestyles. 21–40. In MARK-KURIK, E.

(ed.) Fossil fishes as living animals. Academy of Sciences of

Estonia, Tallin, 299 pp.

-1999. Early Silurian to Early Devonian thelodont assem-

blages and their possible ecological significance. 42–78. In

BOUCAT, A. J. and LAWSON, J. D. (eds). Palaeocommuni-

ties: a case study from the Silurian and Lower Devonian. World &

Regional Geology, 11, Cambridge University Press, 911 pp.

-2005. Thelodonts from Gondwana. Ichthyolith Issues Special

Publication, 8, 24–28.
-and TARLING, D. H. 1982. Thelodont and other

agnathan distributions as tests of Lower Palaeozoic continental

reconstructions. Palaeogeography, Palaeoclimatology, Palaeo-

ecology, 39, 295–311.
-BLIECK, A. and NOWLAN, G. S. 2004. Vertebrates

(agnathans and gnathostomes). 327–335 & 395–466. In

WEBBY, B. D., PARIS , F., DROSER, M. L. and PERCI-

VAL, I. G. (eds). The Great Ordovician Biodiversification

Event. Columbia University Press, New York, 496 pp.

-BURROW, C. J., WILLIAMS, R. B. and TARRANT,

P. 2017. Welsh Borderland bouillabaisse: Lower Old Red

Sandstone fish microfossils and their significance. Proceedings

of the Geologists’ Association, 128, 460–479.
WELLENREUTHER, M., BARRETT, P. T. and CLE-

MENTS, K. D. 2007. Ecological diversification in habitat use

by subtidal triplefin fishes (Tripterygiidae). Marine Ecology

Progress Series, 330, 235–246.
WILSON, M. V. and M €ARSS , T. 2004. Toward a phylogeny

of the thelodonts. 95–108. In ARRATIA, G., WILSON, M.

V. H. and CLOUTIER, R. (eds). Recent advances in the ori-

gin and early radiation of the vertebrates, honoring Hans-Peter

Schultze. Friedrich Pfeil, Munich.

--2009. Thelodont phylogeny revisited, with inclusion

of key scale-based taxa. Estonian Journal of Earth Sciences, 58,

297–310.
WILSON, G. P., EVANS, A. R., CORFE, I. J., SMITS , P.

D., FORTELIUS , M. and JERNVALL, J. 2012. Adaptive

12 PALAEONTOLOGY



radiation of multituberculate mammals before the extinction

of dinosaurs. Nature, 483, 457–460.
WINEMILLER, K. O., KELSO-WINEMILLER, L. C. and

BRENKERT, A. L. 1995. Ecomorphological diversification

and convergence in fluvial cichlid fishes. Environmental Biology

of Fishes, 44, 235–261.
�ZIGAIT _E, �Z. 2013. Endemic thelodonts (Vertebrata: Thelo-

donti) from the Lower Silurian of central Asia and southern

Siberia. Earth & Environmental Science Transactions of the

Royal Society of Edinburgh, 104, 123–143.
-and BLIECK, A. 2006. Palaeobiogeographical significance

of Early Silurian thelodonts from central Asia and southern

Siberia. GFF, 128, 203–206.

-JOACHIMSKI , M. M., LEHNERT, O. and BRA-

ZAUSKAS, A. 2010. d18O composition of conodont

apatite indicates climatic cooling during the Middle Pridoli.

Palaeogeography, Palaeoclimatology, Palaeoecology, 294, 242–
247.

-RICHTER, M., KARATAJ �UT _E-TALIMAA, V. and

SMITH, M. M. 2013a. Tissue diversity and evolutionary

trends of the dermal skeleton of Silurian thelodonts. Historical

Biology, 25, 143–154.
-KARATAJ �UT _E-TALIMAA, V., GOUJET, D. and

BLOM, H. 2013b. Thelodont scales from the Lower and

Middle Devonian Andree Land Group, Spitsbergen. GFF, 135,

57–73.

FERR �ON ET AL . : THELODONT ECOLOGICAL DIVERS IF ICAT ION 13


