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Abstract 

The Middle to Late Ordovician was a time of profound biotic diversification, paleoecological 

change, and major climate shifts. Yet studies examining speciation mechanisms and drivers of 

dispersal are lacking. In this study, we use Bayesian phylogenetics and maximum likelihood 

analyses in the R package BioGeoBEARS to reanalyze ten published data matrices of 

brachiopods and trilobites and produce time-calibrated species-level phylogenetic hypotheses 

with estimated biogeographic histories. Recovered speciation and biogeographic patterns were 

examined within four time slices to test for changes in speciation type across major tectonic and 

paleoclimatic events. Statistical model comparison showed that biogeographic models that 
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incorporate long-distance founder-event speciation best fit the data for most clades, which 

indicates that this speciation type, along with vicariance and traditional dispersal, were important 

for Paleozoic benthic invertebrates. Speciation by dispersal was common throughout the study 

interval, but notably elevated during times of climate change. Vicariance events occurred 

synchronously among brachiopod and trilobite lineages, indicating that tectonic, climate, and 

ocean processes affected benthic and planktotrophic larvae similarly. Middle Ordovician inter-

oceanic dispersal in trilobite lineages was influenced by surface currents along with volcanic 

island arcs acting as “stepping stones” between areas, indicating most trilobite species may have 

had a planktic protaspid stage. These factors also influenced brachiopod dispersal across oceanic 

basins among Laurentia, Avalonia, and Baltica. These results indicate that gyre spin-up and 

intensification of surface currents were important dispersal mechanisms during this time. Within 

Laurentia, surface currents, hurricane tracks, and upwelling zones controlled dispersal among 

basins. Increased speciation during the Middle Ordovician provides support for climatic 

facilitators for diversification during the Great Ordovician Biodiversification Event. Similarly, 

increased speciation in Laurentian brachiopod lineages during the Hirnantian indicates that some 

taxa experienced speciation in relation to major climate changes. Overall, this study 

demonstrates the substantial power and potential for likelihood-based methods for elucidating 

biotic patterns during the history of life. 

 

Keywords 

BioGeoBEARS, vicariance, larvae, Laurentia, Great Ordovician Biodiversification Event, End 

Ordovician Mass Extinction 
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1. Introduction 

The Middle to Late Ordovician (~470 to 444 Ma) was a time of profound diversification 

and paleoecological change. This interval began with the Great Ordovician Biodiversification 

Event (GOBE), the greatest increase in marine families and genera in the Phanerozoic (Harper, 

2006). Associated with this dramatic biodiversity increase, marine ecosystems became 

considerably more complex, and widespread metazoan reefs appeared for the first time (Sheehan, 

1996; Servais et al., 2010). Contrastingly, the Ordovician ended with the Late Ordovician 

(Hirnantian) Mass Extinction, the second largest of Earth’s mass extinctions in terms of 

taxonomic loss (Bambach et al., 2004). These biotic changes were coincident with and ultimately 

driven by a series of changes within the Earth system such as shifting oceanographic conditions 

and climate regimes, increased volcanic activity, and widespread carbonate platforms (Algeo and 

Seslavinsky, 1995; Miller and Mao, 1995; Young et al., 2010; Pohl et al., 2016a; Rasmussen et 

al., 2016; Young et al., 2016). Biogeographic processes have long been considered critical for 

facilitating both biodiversity accumulation and ecosystem changes during the Middle to Late 

Ordovician interval (e.g. Miller, 1997; Harper et al., 2013; Wright and Stigall, 2013a; Trubovitz 

and Stigall, 2016; Stigall et al., 2017). However, empirical analyses of dispersal pressures and 

pathways constrained by evolutionary data have been limited to date. 

In this study, we utilize a suite of cutting-edge techniques to estimate biogeographic 

histories and analyze dispersal processes within the Middle to Late Ordovician shallow marine 

faunas of Laurentia, with additional data obtained from Baltica, Avalonia, Gondwana, and the 

intervening Iapetus Ocean. To reconstruct the pattern of dispersal events for the region, species-

level phylogenetic hypotheses of rhynchonelliformean brachiopod and trilobite clades were 
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employed in a time-stratigraphic framework across four temporal intervals during the Middle to 

Late Ordovician, each characterized by a different combination of tectonic and paleoclimatic 

conditions. 

Tremendous methodological developments over the past few decades have provided 

rigorous analytical tools for examining evolutionary changes within a biogeographic context. 

Specifically, phylogenetic paleobiogeography has been used to interpret vicariance patterns and 

dispersal pathways, discern changes in area relationships, and identify areas of origination for 

both fossil and extant invasive taxa (e.g., Lieberman and Eldredge, 1996; Lieberman, 2003; 

Folinsbee and Brooks, 2007; Wright and Stigall, 2013a; Bauer and Stigall, 2014). Traditionally, 

most phylogenetically-informed biogeographic analyses have utilized parsimony-based 

approaches (e.g., Ladiges et al., 1987; Stigall, 2010; Wojcicki and Brooks, 2005; Escalante et al., 

2007). Such approaches have produced novel and insightful results, but typically require 

assumptions of parsimony and congruence of biogeographic patterns among clades, which may 

not be valid in all circumstances. Recent developments have expanded the accessibility of 

maximum likelihood and Bayesian modeling approaches in phylogenetic biogeography (e.g., 

Sanmartin et al., 2001; Costa, 2010; Litsios et al., 2014; Sorenson et al., 2014; Wood et al., 

2014). These methods provide a more robust exploration of probabilistic processes and 

idiosyncratic patterns. The full suite of phylogenetic biogeographic methods can be utilized with 

extant taxa; however, the requirement of contemporaneous terminal taxa curtailed the 

applicability of model-based methods (e.g., LAGRANGE, Ree and Smith, 2008) with fossil data. 

A newer method, BioGeoBEARS (Matzke, 2013; R core team, 2016), removes that limitation, 

and is thus fully compatible with extinct taxa.  
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This study is the first to use the maximum likelihood models implemented within the R 

package BioGeoBEARS to examine evolutionary biogeographic patterns among Paleozoic taxa. 

Specifically, ten published species-level data matrices of Middle through Late Ordovician 

rhynchonelliformean brachiopods and trilobites are re-analyzed using Bayesian methods to 

develop time-calibrated fossil phylogenies (“tip-dating”; Matzke and Wright 2016; Bapst et al., 

2016). These phylogenies are then used in BioGeoBEARS analyses to estimate biogeographic 

history. The results are interpreted in a paleogeographic and paleoceanographic context through 

the Middle and Late Ordovician epochs to 1) reconstruct dispersal pathways and identify 

speciation mode through time, 2) compare shifting biogeographic patterns with 

paleoceanographic and tectonic reconstructions for the Middle to Late Ordovician, and 3) 

identify the impact of different environmental factors on biodiversity during the study interval.  

 

1.1 Middle - Late Ordovician Biogeography, Tectonics, and Paleoceanography 

1.1.1 Geologic Context 

Tectonic and paleoceanographic conditions of Laurentia, Baltica, Avalonia, and 

Gondwana influenced biogeographic patterns of Paleozoic brachiopods and trilobites throughout 

the Middle to Late Ordovician. The entire study interval was associated with active tectonism 

and high rates of seafloor spreading (Servais et al., 2010), leading to widely dispersed continents 

and terranes surrounded by active volcanic island arcs that deposited massive K-bentonite beds 

in North America, Europe, South America, and China (Cocks and Torsvik, 2002; Huff et al., 

1992; 2010; Rasmussen and Harper, 2011). The constriction of the Iapetus Ocean between 

Laurentia and Baltica and the Tornquist Ocean between Avalonia and Baltica produced volcanic 
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island arcs and led to the eventual collision of these paleocontinents in the latest Ordovician 

through middle Silurian (Cocks and Torsvik, 2011).  

Global climate transitioned from greenhouse to icehouse conditions during the study 

interval. The Cambrian through Early Ordovician was characterized by very warm global 

temperatures and high sea-level (Trotter et al., 2008). The Middle Ordovician was an interval of 

cooling, and continental glaciation may have occurred as early as the Darriwilian Age as 

hypothesized by high-resolution geochemical, paleoecological, and backstripping studies 

(Vandenbroucke et al., 2009; Dabard et al., 2015; Amberg et al., 2016; Pohl et al., 2016a; 

Rasmussen et al., 2016), with some studies indicating glaciation may have taken place as early as 

the Early Ordovician (e.g., Turner et al., 2011). Continental glaciation was well-developed by the 

Late Ordovician and likely occurred in pulses separated by relatively stable climate conditions, 

much like the Milankovitch-controlled glaciations that dominated the late Pliocene and 

Pleistocene of the Cenozoic (Zachos et al., 2001; Lisiecki, 2010). 

Increased tectonic activity during the Middle to Late Ordovician created seafloor 

spreading centers that initiated rapid northward drift of continents away from Gondwana and 

produced high first-order sea-level rises, including what may have been the highest sea-levels of 

the Paleozoic occurring in the Late Ordovician (Hallam, 1992; Haq and Schutter, 2008). 

Relatedly, epicontinental seas covered large regions of the widely dispersed paleocontinents, 

which facilitated extensive carbonate sedimentary deposition on tropical shelves (Algeo and 

Seslavinsky, 1995; Walker et al., 2002). 

Ocean surface circulation modeling of the Middle to Late Ordovician oceans by Pohl et 

al. (2016b) reconstructed five major ocean gyre systems, as previously identified and named by 

Poussart et al. (1999) and Herrmann et al. (2004), along with several smaller gyres and currents 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 7 

that characterized Ordovician seas (Fig. 1). Notably, these currents could have operated as 

dispersal vectors among Laurentia, Baltica, and Avalonia, with some influence from Siberia and 

Gondwana (Pohl et al., 2016b).  

 

 

Figure 1. Paleogeographic reconstruction of the latest Middle Ordovician Darriwilian 

Age with oceanic basins and major ocean gyres (numbered) and currents (dotted lines). 

Geographic areas considered in this study are lettered: N, Northern Laurentia (Northwest 

Territories, Nunavut, British Columbia); R, North of the Transcontinental Arch; W, Western 

Midcontinent; U, Upper Mississippi Valley; C, Cincinnati basin; A, Southern Appalachian basin; 

P, Northern Appalachian basin; S, Southern Laurentia (Newfoundland, Quebec, Anticosti 

Island); O, Scoto-Appalachia; V, Avalonia; B, Baltica; G, Gondwana (Kazakh terranes (Kz), 

Australia, Japan, Arabia, Turkey, Bohemia, Spain, France). Ocean gyres are as follows: 1, North 

Panthalassic convergence; 2, South Panthalassic convergence; 3, South Paleo-Tethys 

convergence; 4, North Paleo-Tethys convergence; and 5, the Rheic convergence. Black boxes 
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denote the names of major ocean currents: PCC, Panthalassic Circumpolar Current; IC, Iapetus 

Current; SLC, Southern Laurentia Current; NEC and SEC, North and South Equatorial Currents; 

AC, Antarctic Current; SW, South Westerlies; and GC, Gondwana Current. Large black box 

around Laurentia, Avalonia, and Baltica denotes the area represented in Figure 5. Map modified 

from Torsvik and Cocks (2013); ocean currents and gyres from Pohl et al. (2016b). The 

paleogeographic maps of the Late Ordovician Sandbian Age from Torsvik and Cocks (2013) are 

used throughout the text across all four time slices for illustrative purposes, although 

paleogeography was changing through the study interval. 

 

 

1.1.2 Temporal context 

The Middle Ordovician Epoch (Dapingian–Darriwilian ages) includes the Great 

Ordovician Biodiversification Event (GOBE) in which marine invertebrate biodiversity 

increased dramatically within a 25-million-year timespan (Servais et al., 2010). Recent studies 

have suggested that increasing homogenization of faunas among paleocontinents began to take 

place during this time as inter-continental dispersal was facilitated by Baltica moving closer to 

Laurentia from the southeast and Avalonia shifting to the northeast via the closure of the 

Tornquist Sea (e.g., Harper et al., 2013; Trubovitz and Stigall, 2016). Contemporaneous with 

these tectonic constrictions and faunal diversity increases, oceanic cooling on the order of 4–5°C 

has been reported for the Baltic basin. This cooling occurred shortly after the Dapingian–

Darriwilian boundary and has been interpreted to represent a decline into an icehouse world as 

continental glaciations began to develop (Rasmussen et al., 2016).  
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At the start of the Sandbian Age, the Blountian tectophase of the Taconian Orogeny 

initiated along the southeastern margin of Laurentia (Fig. 2, 3) (Ettensohn, 2010). Accretion of 

island arcs and microcontinents along this margin led to the formation and subsidence of the 

Sevier Basin, which stretched from the Alabama to Virginia promontories and incorporated 

distinct shelf, slope, and basin facies (Shanmugam and Lash, 1982; Ettensohn, 2010). 

Sedimentation within the epicontinental basins of Laurentia was mainly unaffected, and tropical 

carbonate deposition prevailed across Laurentia (Holland and Patzkowsky, 1997).  

During the late Sandbian Age, the depression of the Sebree Trough initiated over the 

Precambrian-Early Cambrian Reelfoot Rift (Kolata et al., 2001), nearly synchronous with the 

initiation of the Taconic tectophase. This narrow depression was located along the eastern edge 

of the Laurentian midcontinent carbonate platform due to increased tectonic stress (Fig. 2). The 

Sebree Trough stretched for hundreds of kilometers and funneled cool nutrient-rich waters into 

the craton from the Iapetus Ocean to the south, resulting in deposition of black shales (Kolata et 

al., 2001). The influx of oceanic water in addition to the deepening of cratonic basins from the 

Taconic tectophase may have initiated epicontinental estuarine-like circulation patterns in the 

midcontinent of Laurentia, generating a density-stratified water column that contained cool, 

oxygen-poor, phosphate-rich oceanic waters that continued until at least the earliest Katian 

(Wilde, 1991; Kolata et al., 2001; Young et al., 2016; Quinton et al., 2017). Consequently, 

carbonate platform deposition ceased and a mixed carbonate-clastic facies prevailed within 

temperate waters across most of east-central Laurentia (Keith, 1989; Ettensohn, 2010). 

Carbonate deposition resumed during the Katian Age due either to the effective infilling of the 

Sebree Trough, which reduced upwelling, or to the globally recognized warming trend known as 
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the Boda Event (Fig. 3) (Fortey and Cocks, 2005, but see Cherns and Wheeley, 2007; Kröger et 

al., 2016).  

Significant events of faunal immigration into epicontinental basins occurred during the 

Late Ordovician. For example, the Katian Richmondian Invasion involved the migration of over 

60 extra-basinal genera into the Cincinnati basin from other areas within Laurentia and Baltica 

(Wright and Stigall, 2013a; Bauer and Stigall, 2014; Lam and Stigall, 2015), which resulted in 

significant ecosystem restructuring (Patzkowsky and Holland, 1996; Holland, 2008; Stigall, 

2010). Even more widespread migration of taxa occurred with the establishment of the 

Hirnantian fauna during the latest Ordovician.  

The Late Ordovician Hirnantian Age includes the end-Ordovician mass extinction event. 

Mounting evidence indicates that cooling associated with Hirnantian glaciation may have begun 

in the Middle Ordovician (Saltzman and Young, 2005; Trotter et al., 2008; Rasmussen et al., 

2016). Generally, taxonomic loss is thought to have been linked to glacial pulses during the 

extinction, although Ghienne et al. (2014) suggested a link to the deglaciation intervals. This 

assumption, however, is not supported by recent modeling scenarios based on 

rhynchonelliformean brachiopods (Finnegan et al., 2016).  
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Figure 2. Paleogeographic map of Laurentia during the late Sandbian showing locations of 

basins, the Reelfoot Rift that led to the creation of the Sebree Trough, the Transcontinental Arch, 

and the Taconian Highlands created from the Taconian Orogeny, hurricane tracks (red arrows) 

and direction of flow of surface currents (black arrows). Basin names and colors correspond to 

those in Figure 1. C, Cincinnati basin; A, Southern Appalachian basin; P, Northern Appalachian 

basin. Paleogeographic map modified after Lam and Stigall (2015) and Kolata et al. (2001).  
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2. Materials and Methods 

2.1 Temporal and Geographic Framework 

Four time slices, termed T1 through T4, were established to characterize speciation 

modes across major tectonic and paleoclimatic events (Fig. 3). Because the dominant speciation 

processes have been previously demonstrated to vary during times of major tectonic and 

paleoclimatic changes (e.g., Stigall, 2010; Wright and Stigall, 2013a; Stigall et al., 2017), time 

slice boundaries were defined to coincide with major sedimentological changes within Laurentia, 

indicative of changing climatic and tectonic conditions. The T1 time slice encompasses the 

Dapingian and the Darriwilian ages, a time of increased global tectonic activity and major 

diversification associated with the Great Ordovician Biodiversification Event (Miller and Mao, 

1995). The T2 time slice spans the start of the Sandbian Age to the M4/M5 sequence boundary 

of the Cincinnati basin (late Sandbian) and includes the Blountian tectophase of the Taconian 

Orogeny (Ettensohn, 1994; Fig. 3). The T3 time slice includes the Taconic tectophase of the 

Taconian Orogeny. It begins at the M4/M5 sequence boundary of the Cincinnati basin in the late 

Sandbian Age and ends at the C3/C4 sequence boundary (mid late Katian Age) (Ettensohn, 

1994). The T4 time slice includes the time from the C3/C4 sequence boundary to the end of the 

Hirnantian Age. Although speciation events were reconstructed with high temporal precision, 

they were grouped into bins of longer duration due to the relatively small number of phylogenies 

available for analysis and the uneven distribution of biogeographic events within the study 

interval. 
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Figure 3. Chronostratigraphic chart of the Middle to Late Ordovician interval, with global 

Stages, North American Series, Stages, and 3
rd

-order depositional sequences of the Cincinnati 

basin after Bergström et al. (2010) and Holland and Patzkowsky (1996). Ages for the base of 

each global Stage are from Cooper and Sadler (2012). Time slices used in this study (T1-T4) are 

indicated above the depositional sequences. Taconian tectophases and dominant carbonate type 

indicate activity and sedimentation that occurred on the southern margin of Laurentia. Key 

paleoclimatic events and carbon isotope excursions are also noted. Depositional sequences that 

begin in the Whiterockian Series of North America are labeled ‘W-a’ and ‘W-b’ pending further 

investigation. Abbreviations: GICE, Guttenberg δ
13

C excursion; HICE, Hirnantian δ
13

C 

excursion; G, Gamachian; H, Hirnantian. Taconian tectophases after Ettensohn (2010); 

occurrence of GICE after Young et al. (2005); occurrence of Boda Event after Fortey and Cocks 

(2005); occurrence of HICE after Bergström et al. (2006). 

 

Twelve biogeographic regions were defined for the analysis (Fig. 1). Nine areas were 

defined within Laurentia based on separation of basins by physical (e.g., the Transcontinental 

Arch) and thermal barriers (e.g., the deep-water Sebree Trough which was filled with cooler 

oceanic waters;  Fig. 2): Northern Laurentia, North of the Transcontinental Arch, the Western 
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Midcontinent, Upper Mississippi Valley, Cincinnati basin, Southern Appalachian basin, 

Northern Appalachian basin, Southern Laurentia, and Scoto-Appalachia (Fig. 1). On a global 

scale, the defined areas follow the Middle to Late Ordovician rhynchonelliform brachiopod 

provinces of Harper et al. (2013) and the provinces defined by Meidla et al. (2013) for Late 

Ordovician ostracods. Within Laurentia, the defined areas in this study match those of sponge 

provinces identified by Carrera and Rigby (1999), as well as the areas of distinctive endemic 

faunas of conodonts, corals, brachiopods, and ostracod within the continental interior and 

marginal basins (Amsden, 1974; Thompson and Satterfield, 1975; Elias, 1983; Amsden, 1986; 

Barrick, 1986; Elias and Young, 1992; Mohibullah et al., 2012). Basins of eastern North 

America coincide with the aquafacies of Holmden et al. (1998) based on conodont associations 

for the Late Ordovician of Laurentia. Fewer species occupied the paleocontinents of Avalonia, 

Baltica, and Gondwana, thus each of these continents were counted as separate geographic areas.  

 

2.2 Species Occurrence Data  

Brachiopod and trilobite taxa were employed as focal taxa for this study because these 

organisms comprise a substantial and well-sampled component of the Ordovician benthos. This 

study employs previously published character matrices assembled for species-level phylogenetic 

analysis (Table 1); even though each incorporated data set examined species as the operational 

taxonomic unit, some studies encompass a genus and others encompass a whole family. The 

species-level phylogenetic hypotheses created by parsimony or statistical methods included 

within this study encompass the majority of species-level phylogenetic hypotheses published for 

clades during this time interval.  
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Moreover, brachiopods and trilobites utilized a variety of larval strategies, which permits 

comparison of dispersal patterns across differing larval phases. Clades used for the analysis were 

primarily composed of Laurentian and Baltic species to elucidate dispersal patterns within these 

regions. Members of some clades inhabited basins in Avalonia and Gondwana. Taxa inhabiting 

these geographically separated areas are incorporated in the analysis because they are valuable 

for determining large-scale oceanographic patterns. Future analyses would benefit from 

additional phylogenetic hypotheses of clades other than brachiopods and trilobites not endemic 

to or originating within Laurentia.  

 

Table 1. Focal taxa and their stratigraphic ranges incorporated within the study.  

Clade   
Clade 

size 
Stratigraphic range Reference 

Eochonetes Brachiopoda 14 Sandbian-Aeronian Bauer and Stigall, 2016 

Glyptorthis Brachiopoda 23 Darriwilian-Aeronian Wright and Stigall, 2013b 

Hebertella Brachiopoda 10 Sandbian-Aeronian Wright and Stigall, 2014 

Plaesiomys Brachiopoda 10 Katian-Rhuddanian Wright and Stigall, 2014 

Bumastoides Trilobita 12 Sandbian-Rhuddanian Carlucci et al., 2012 

Deiphoninae Trilobita 21 Darriwilian-Ludfordian Congreve and Lieberman, 2010 

Flexicalymene Trilobita 14 Sandbian-Aeronian Hunda and Hughes, 2007 

Homalonotidae Trilobita 15 Dapingian-Homerian Congreve and Lieberman, 2008 

Tetralichinae Trilobita 12 Darriwilian-Sandbian Carlucci et al., 2010 

Thaleops Trilobita 19 Darriwilian-Katian Amati and Westrop, 2004 

 

Geographic and stratigraphic occurrence data were compiled for each species using 

published literature and online diversity databases such as iDigBio (www.idigbio.org), the 

Paleobiology Database (www.paleobiodb.org), and the Digital Atlas of Ordovician Life 

(www.ordovicianatlas.org; Stigall et al., 2014) (Table 1, Supplemental Table S1). A detailed 

correlation chart was developed to place each species occurrence within the correct time slice for 

analysis. Over sixty stratigraphic columns of the geographic area and stratigraphic formations 
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occupied by focal species were correlated across the Middle through Late Ordovician using 

published literature (Supplemental Table S1, Fig. S2). Correlations were based on conodont and 

graptolite biostratigraphy and chemostratigraphy (e.g., Young et al., 2008; Bergström et al., 

2010) (Supplemental Information S3). Correlations for formations and basins within Laurentia 

and Baltica (e.g., North of the Transcontinental Arch, Upper Mississippi Valley, and the Baltic 

basin) were adjusted in consultation with Dr. Stig Bergström (pers. comm. 2014). Temporal 

estimates for each species necessary for the Bayesian analyses were interpolated from bentonite 

horizon ages published in Cooper and Sadler (2012).  

 

2.3 Phylogenetic Framework 

The biogeographic analyses require estimates of absolute temporal length of branches on 

each phylogeny, the biogeographic area(s) occupied by each species, and a fully bifurcating 

phylogenic topology. Thus, the use of parsimony trees that have been time-scaled through a 

minimum-age method, while usable for parsimony-based biogeography analyses, are not 

appropriate for probabilistic, likelihood-based methods such as LAGRANGE and 

BioGeoBEARS, where some parameters are rates of change per time unit along branches. 

Therefore, the originally published data matrices for the clades used in this study were 

reanalyzed using Bayesian tip-dating methods in Beast2 (Bouckaert et al. 2014) with unweighted 

characters. “BEASTmasteR,” a collection of R functions that read in NEXUS character matrices 

and an Excel file containing dates, priors, and run settings (Matzke, 2016; Matzke, 2017), was 

used to convert each data matrix into the complex XML format required for Beast2. The use of 

BEASTmasteR meant that each of the 10 different clade analyses could be set up simply by 

copying the Excel settings file, pasting in new species names and date information from our 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 17 

dates database, and re-running the BEASTmasteR script. This process is much less error-prone 

than attempting to manually set up all the necessary dates, priors, and settings 10 times 

independently in BEAUTi (the Graphical User Interface (GUI) commonly used to set up Beast2 

analyses). 

Bayesian tip-dating is a rapidly moving field, as the models involved can be complex and 

parameter-rich. Thus, some published dating studies attempt to maintain maximum agnosticism 

about the choice of clock models, tree models, and/or priors, and attempt to choose the best 

model by brute-force computation across many or all possible models. This strategy is 

inappropriate in the present case, because we had no confidence that the small datasets would 

support the most complex models or models with more challenging mixing properties. 

Furthermore, our only goal was to estimate divergence dates that were more realistic than those 

obtained from a minimum-age parsimony method. Therefore, we privileged simpler/older 

models that we judged most likely to mix well for small datasets. The same setup was used for 

each run.  

The tree model used was Birth-Death with Serial Sampling (BDSS; Stadler, 2010). Due 

to the small number of species, a model allowing the possibility of sampled ancestors was not 

used. The site model was Markov-k (Lewis, 2001) with an ascertainment-bias correction for the 

unobservability of invariant characters (Mkv, Felsenstein, 1992) in character matrices originally 

designed for parsimony inference. An Mk-ParsInf model was not attempted due to the 

dramatically slower calculation time (Matzke and Irmis 2017, in press), and might have poor 

performance for small datasets (Allman et al., 2010). Among-site rate variation was modeled 

with a discretized gamma distribution with 4 categories. A strict clock (with a flat Uniform(0,10) 

prior on clock rate) was used for each run. This was chosen because (a) small datasets were 
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unlikely to support good mixing under a relaxed clock analysis, (b) preliminary analysis 

indicated substantial date uncertainty (due to wide date ranges for some fossil tips) even in a 

strict clock analysis, and (c) our only goal was to get more realistic average date estimates for 

each clade, not to exhaustively characterize all possible sources of uncertainty. Each analysis 

was run for 100 million Markov chain Monte Carlo (MCMC) steps, saving a tree every 50000 

steps. This produced Estimated Sample Sizes (ESSs) above 200 for all parameters in the Tracer 

plots (the lowest ESS across all 10 analyses was 576, and almost all parameters had ESSs above 

1200). TreeAnnotator was used on the last 50% of each run to produce a summary dated tree 

using Maximum Clade Credibility (MCC). The MCC trees were used for downstream 

biogeography analysis for each clade.  

 

2.4 Probabilistic Biogeographic Analyses  

Probabilistic inference of ancestral geographic ranges was conducted with the R package 

BioGeoBEARS (Matzke, 2013; R core team, 2016). To date, this method has been primarily 

applied by Cenozoic and Mesozoic biogeographers to discern dispersal and vicariance patterns 

within extant vertebrate, insect, and plant clades (e.g., Pyron, 2014; Thacker, 2015; Dantas et al., 

2016; Dupin et al., 2016; Fagua et al., 2016; Gorscak and O’Connor, 2016; Klaus et al., 2016; 

Poropat et al., 2016; Toussaint and Balke, 2016). In BioGeoBEARS, probabilistic biogeographic 

models are fit to data using Maximum Likelihood (ML). Geography is modeled as presence and 

absence in a series of discrete areas. The probabilistic models allow geographic range to evolve 

along phylogenic branches using a dispersal-extinction (meaning range-expansion and range-

contraction) process, controlled by the rate parameters d and e. Ranges can change during 

cladogenesis under several fixed models that can be modified by a j parameter controlling the 
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relative weight of jump dispersal, also known as founder-event speciation. In founder-event 

speciation, speciation approximately coincides with a dispersal event; while dispersal-associated 

speciation appears rapid at a phylogenetic time-scale, this does not necessarily mean literal 

“instantaneous” speciation, nor does it require assuming the importance of the population-genetic 

founder effect. After ML optimization of each model, statistical model comparison (Burnham 

and Anderson, 2002) was used to determine the best-fit models (Matzke, 2013).  

As the phylogenies are not ultrametric (they are tip-dated), and this is one of the first all-

fossils BioGeoBEARS studies, it is worth commenting briefly on the use of fossils in 

probabilistic biogeography. BioGeoBEARS is programmed to use the input branch lengths 

appropriately in likelihood calculations, even if the tree is non-ultrametric and even for time-

stratified analyses (wherein changing geography is represented by changing rate multipliers in 

different time bins. This requires the complex computational operation of tracking which branch 

segments are in which time bins). Fossil side-branches are treated the same as other branches, 

except that short branches with lengths less than 0.000001 million years are used to represent 

hypothesized or inferred direct ancestor fossils. Cladogenesis processes would not be used for 

these nodes on the tree, as they do not represent cladogenesis events. In addition, since fossil 

specimens might represent presence in a region, but absence of fossils might not represent true 

absence (depending upon background information about the thoroughness of sampling in the 

region, etc.), users can code areas as ambiguous (using a “?”) if their data is agnostic about the 

presence of a particular species in a particular region. In the present study, we used the simplest 

options (none of the tip species are direct ancestors; all fossil ranges are taken to represent true 

presence/absence data). 
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Twelve discrete areas used in the BioGeoBEARS analysis (Fig. 1) are defined above 

from species occurrence data (Supplemental Table S1). Time-calibrated phylogenies from the 

BEAST2 analyses were converted to Newick files for use in analyses. 

Three models from the BioGeoBEARS analyses were compared: Dispersal-extinction-

cladogenesis (DEC) (Ree, 2005; Ree and Smith 2008), DIVALIKE, and BAYAREALIKE. DEC 

allows single-area sympatry, subset sympatry, and narrow vicariance at cladogenesis. The model 

assumes that at cladogenesis at least one daughter only occupies a single area (thus, ABCD->A, 

BCD is an allowed vicariance event, but ABCD->AB,CD is not). The second model, 

DIVALIKE, implements the cladogenetic processes assumed by dispersal-vicariance analysis 

(DIVA) (Ronquist, 1997) in a likelihood framework, namely single area sympatry and any type 

of vicariance, but no subset sympatry. Finally, the BAYAREALIKE model implements the 

cladogenetic processes assumed by the BayArea program (sympatric speciation only, but 

including widespread sympatry across several areas; Landis et al., 2013). Each of these base 

models was also modified to produce founder-event speciation “+J” models (DEC+J, 

DIVALIKE+J, BAYAREALIKE+J), for a total of six models. Founder-event speciation has long 

been considered a crucial speciation process among island clades (Cowie and Holland, 2006; 

Templeton, 2008; Gillespie et al., 2012), an interpretation supported by Matzke (2014). The use 

of these models in this study provides a framework to interpret results of maximum likelihood 

analyses and to assess whether previously untested founder-event speciation was important for 

trans-Iapetus dispersal in the Ordovician Period, as previously published biogeographic analyses 

of this region and time-period used parsimony-based methods that do not have this capability.  

BioGeoBEARS analyses were conducted without dispersal constraints, thus directionality 

and timing of speciation events were uninhibited. The number of areas any taxa could occupy 
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(max_range_size) was set to either 3 or the maximum number of areas occupied by any one 

species per phylogeny, whichever was larger, in order to limit the size of the state space and 

avoid very long computation times. Models for each clade were compared using Akaike 

Information Criterion (AIC), corrected AIC (AICc), the difference between the best model and 

others (∆AICc), and the AICc weight (ωi) as calculated from the log likelihood (lnL) value for 

each model (Table 2; Burnham and Anderson, 2002). AICc values were calculated using the 

number of taxa per phylogeny as sample size (O’Meara et al., 2006).  

Ancestral range estimation was performed under each model, and the estimates for the 

best-fitting model for each clade were used to study the biogeography of speciation processes 

through time. Types of cladogenesis events were counted in each of the four time slices through 

the Middle to Late Ordovician (Fig. 4, Fig. 5). Speciation events occurring at the boundary 

between two time slices were counted as occurring within the later time interval because that 

interval was more likely to include documented occurrences for the species.  

All scripts and input/output files for the BEAST 2 and BioGeoBEARS analyses are 

archived on GitHub at https://github.com/nmatzke/Ordovician_dispersal.  

 

 

3. Results 

3.1 Ancestral Range Estimation and Speciation Mode Analysis  

Across the 10 clades, the best-fitting base model varied among DEC and DIVALIKE 

models. Seven out of ten clades favored “+J” model variants, signifying that founder-event 

speciation was an important process in Ordovician brachiopod and trilobite clades (Table 2). 

Within these clades, the “+J” parameter is small relative to the maximum attainable weight (3.0 
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for DEC+J, 2.0 for DIVALIKE+J), indicating that vicariance and traditional (range-expansion) 

dispersal were also important processes operating within these clades. It should be noted that 

clades where most of the tips inhabit single areas will tend to favor “+J” models. Therefore, jump 

dispersal will tend to be favored if geographic ranges are coded based on specimen location data 

instead of species ranges based on collective species occurrences. This could lead to erroneous 

conclusions about the origination and mode of speciation prominent within a clade. However, 

incomplete occurrence data was not a significant factor in this study, as all geographic ranges 

were constructed based on several occurrences per species. The clades that did not favor models 

with the “+J” parameter (Bumastoides, Flexicalymene, Plaesiomys) are endemic to basins within 

Laurentia.  

BioGeoBEARS ancestral area estimates indicated high probability of occurrence for few 

areas for most nodes in the phylogenies, indicating that ancestral areas were inferred with high 

confidence (see pie charts at nodes of phylogenies from the BioGeoBEARS analyses in GitHub). 

This suggests clear biogeographic signals in the data.  

 

Table 2. Comparisons of model fits from the BioGeoBEARS analyses. 

 
Model* lnLa AICb AICcc ΔAICcd ωie df eg jh 

Bumastoides DEC -41.66 87.32 88.65 2.70 0.09 0.130 1.2E-01 0 

 
DEC+J -38.72 83.44 86.44 0.49 0.28 0.051 4.5E-02 0.24 

 
DIVALIKE -40.31 84.62 85.95 0.00 0.36 0.130 6.2E-02 0 

 
DIVALIKE+J -39.21 84.42 87.42 1.47 0.17 0.054 4.1E-02 0.11 

 
BAYAREALIKE -45.75 95.50 96.83 10.88 0.00 0.270 2.8E-01 0 

 
BAYAREALIKE+J -39.77 85.54 88.54 2.59 0.10 0.036 3.2E-02 0.62 

          
Deiphoninae DEC -71.83 147.66 148.33 40.00 0.00 0.014 2.8E-02 0 

 
DEC+J -51.49 108.99 110.40 2.07 0.19 0.001 1.0E-12 0.14 

 
DIVALIKE -68.42 140.84 141.51 33.18 0.00 0.016 1.8E-02 0 

 
DIVALIKE+J -50.46 106.92 108.33 0.00 0.55 0.000 1.0E-12 0.27 
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BAYAREALIKE -86.28 176.55 177.22 68.89 0.00 0.022 2.1E-01 0 

 
BAYAREALIKE+J -51.20 108.40 109.81 1.48 0.26 0.000 1.0E-07 0.22 

          
Eochonetes DEC -40.73 85.46 86.55 26.65 0.00 0.034 5.7E-02 0 

 
DEC+J -26.44 58.88 61.28 1.38 0.31 0.000 1.0E-12 0.12 

 
DIVALIKE -37.06 78.12 79.21 19.31 0.00 0.032 1.0E-12 0 

 
DIVALIKE+J -25.75 57.50 59.90 0.00 0.62 0.000 1.0E-12 0.12 

 
BAYAREALIKE -49.43 102.86 103.95 44.05 0.00 0.062 4.3E-01 0 

 
BAYAREALIKE+J -27.87 61.74 64.14 4.24 0.07 0.000 1.0E-07 0.13 

          
Flexicalymene DEC -37.63 79.26 80.35 0.00 0.75 0.019 1.0E-12 0 

 
DEC+J -37.15 80.30 82.70 2.35 0.23 0.017 3.8E-09 0.02 

 
DIVALIKE -41.80 87.60 88.69 8.34 0.01 0.029 1.0E-12 0 

 
DIVALIKE+J -41.27 88.54 90.94 10.59 0.00 0.025 1.0E-12 0.02 

 
BAYAREALIKE -55.09 114.18 115.27 34.92 0.00 0.033 2.5E-01 0 

 
BAYAREALIKE+J -40.65 87.30 89.70 9.35 0.01 0.007 1.0E-07 0.1 

          
Glyptorthis DEC -68.06 140.12 140.72 17.72 0.00 0.049 1.0E-12 0 

 
DEC+J -57.87 121.74 123.00 0.00 0.92 0.019 1.0E-12 0.16 

 
DIVALIKE -66.28 136.56 137.16 14.16 0.00 0.064 2.0E-08 0 

 
DIVALIKE+J -60.49 126.98 128.24 5.24 0.07 0.028 1.0E-12 0.11 

 
BAYAREALIKE -82.33 168.66 169.26 46.26 0.00 0.078 4.8E-01 0 

 
BAYAREALIKE+J -62.21 130.42 131.68 8.68 0.01 0.020 1.0E-07 0.13 

          
Hebertella DEC -23.06 50.12 51.83 1.85 0.18 0.066 1.0E-12 0 

 
DEC+J -19.99 45.98 49.98 0.00 0.45 0.023 1.0E-12 0.11 

 
DIVALIKE -22.72 49.44 51.15 1.17 0.25 0.071 1.0E-12 0 

 
DIVALIKE+J -21.67 49.34 53.34 3.36 0.08 0.034 1.0E-12 0.08 

 
BAYAREALIKE -30.46 64.92 66.63 16.65 0.00 0.071 1.3E-01 0 

 
BAYAREALIKE+J -22.66 51.32 55.32 5.34 0.03 0.023 6.0E-02 0.08 

          
Homalonotidae DEC -29.66 63.32 64.32 10.34 0.00 0.014 1.0E-02 0 

 
DEC+J -23.95 53.90 56.08 2.10 0.23 0.003 1.0E-12 0.07 

 
DIVALIKE -27.33 58.66 59.66 5.68 0.04 0.017 1.0E-12 0 

 
DIVALIKE+J -22.90 51.80 53.98 0.00 0.66 0.004 1.0E-12 0.06 

 
BAYAREALIKE -38.91 81.82 82.82 28.84 0.00 0.027 9.1E-02 0 

 
BAYAREALIKE+J -25.12 56.24 58.42 4.44 0.07 0.002 1.0E-07 0.08 

          
Plaesiomys DEC -37.36 78.72 80.43 5.68 0.04 0.059 1.2E-02 0 

 
DEC+J -34.58 75.16 79.16 4.41 0.08 0.036 1.0E-12 0.13 

 
DIVALIKE -34.52 73.04 74.75 0.00 0.70 0.063 2.4E-08 0 

 
DIVALIKE+J -33.89 73.78 77.78 3.03 0.16 0.050 1.0E-12 0.05 
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BAYAREALIKE -47.85 99.70 101.41 26.66 0.00 0.110 3.9E-01 0 

 
BAYAREALIKE+J -35.86 77.72 81.72 6.97 0.02 0.025 5.5E-02 0.13 

          
Tetralichinae DEC -46.65 97.30 98.63 20.87 0.00 0.036 8.0E-09 0 

 
DEC+J -34.57 75.14 78.14 0.38 0.34 0.009 1.0E-12 0.94 

 
DIVALIKE -41.58 87.16 88.49 10.73 0.00 0.042 2.0E-08 0 

 
DIVALIKE+J -34.38 74.76 77.76 0.00 0.41 0.010 1.0E-12 0.43 

 
BAYAREALIKE -55.26 114.52 115.85 38.09 0.00 0.110 4.6E-01 0 

 
BAYAREALIKE+J -34.87 75.74 78.74 0.98 0.25 0.008 1.0E-07 0.79 

          
Thaleops DEC -63.94 131.88 132.63 22.19 0.00 0.051 1.0E-12 0 

 
DEC+J -51.42 108.84 110.44 0.00 0.69 0.021 1.0E-08 0.24 

 
DIVALIKE -62.32 128.64 129.39 18.95 0.00 0.068 4.9E-08 0 

 
DIVALIKE+J -52.34 110.68 112.28 1.84 0.27 0.024 1.0E-12 0.27 

 
BAYAREALIKE -80.05 164.10 164.85 54.41 0.00 0.078 2.5E-01 0 

  BAYAREALIKE+J -54.27 114.54 116.14 5.70 0.04 0.017 8.3E-03 0.59 

*Best fit models are bolded and based upon the AICc values 

a 
Log-likelihood (lnL) values from the BioGeoBEARS analysis 

b 
Akaike Information Criterion (AIC) 

c 
Corrected AIC (AICc) 

d 
Difference in AIC values compared to best-fit models (ΔAIC) 

e 
Akaike weight, the relative likelihood of model (ωi) 

f 
Measure of dispersal rate along branches within each phylogeny 

g
Measure of extinction rate along branches within each phylogeny 

h 
Measure of relative weight of jump dispersal 
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Figure 4. Cladograms with ancestral range estimates for brachiopod and trilobite taxa using 

maximum likelihood inference with the R package BioGeoBEARS. Geologic ranges for each 

species can be found in Supplemental Table S1. Estimated geographic ranges are indicated by 

color boxes, which match area colors of Figure 1. Eochonetes clarksvillensis, Glyptorthis 

insculpta, Hebertella frankfortensis, Plaesiomys subquadratus, and Flexicalymene meeki images 

from the Digital Atlas of Ordovician Life (Stigall et al., 2014). Bumastoides milleri image from 

Carlucci et al. (2012); Sphaerocoryphe robusta from Museum of Comparative Zoology, Harvard 

University (http://mcz.harvard.edu); Trimerus delphinocephalus from Congreve and Lieberman 

(2008); Probolichas kristiae from Carlucci et al. (2010); Thaleops laurentiana from Amati and 

Westrop (2004).  

 

Of the 140 internal nodes comprising the ten phylogenetic hypotheses analyzed, 106 

could be characterized by allopatric speciation via vicariance or dispersal processes (Table 3, 

Fig. 4, Fig. 5). The other 34 nodes were consistent with sympatric speciation within the same 

biogeographic area(s). Among the 106 classifiable nodes, dispersal events were more frequent 

than vicariance events for all time slices (Table 3). Speciation by vicariance affected two clades 

in particular: the brachiopod genus Plaesiomys and the trilobite genus Flexicalymene. 

 

Table 3. Distribution of cladogenetic events (raw count with percent in parenthesis).  

 

  Brachiopods Trilobites Total 

Time slice Dispersal Vicariance Total Dispersal  Vicariance Total Dispersal Vicariance 

T4 13 (65%) 7 (35%) 20 0 (0%) 0 (0%) 0 13 (65%) 7 (35%) 

T3 7 (87%) 1 (13%) 8 4 (57%) 3 (43%) 7 11 (73%) 4 (27%) 

T2 9 (69%) 4 (31%) 13 30 (83%) 6 (17%) 36 39 (80%) 10 (20%) 

T1 2 (100%) 0 (0%) 2 20 (100%) 0 (0%) 20 22 (100%) 0 (0%) 
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Figure 5. Cladograms depicting speciation processes among brachiopod and trilobite taxa using 

maximum likelihood models generated within the R package BioGeoBEARS. Geologic ranges 

for each species can be found in Supplemental Table S1. Image attributes as in Figure 4.  

 

3.1.1 Comparison with other Geologic Intervals  

Although dispersal was the dominant speciation mode throughout all four temporal 

intervals, vicariance was also an important process that operated both within and among 

continents (Table 3, Fig. 5). The relative frequency of vicariance vs. dispersal differed among 

temporal bins, which is consistent with other analyses that have noted variation in the occurrence 

of vicariance vs. dispersal through geologic time (Stigall, 2010) or the alternation of vicariance 

and dispersal events within clades (Stigall et al., 2017). The high level of dispersal observed for 

the T1-T3 interval is similar to that reported during the Late Devonian Biodiversity Crisis, an 

interval of pervasive interbasinal-species invasion events (Stigall, 2010) that are comparable to 

the many long-distance dispersal events observed in this data set (Fig. 5). Ancestral range 

estimation using modern clades has also recovered shifting dispersal:vicariance ratios through 

geologic time. For example, clownfishes analyzed using BioGeoBEARS evolved primarily 

through dispersal events over the past 15 million years (BAYAREALIKE+J model) (Litsios et 

al., 2014). Similarly, Thacker’s (2015) phylogeny of goby fish, analyzed under DEC+J, showed 

elevated dispersal events across the Eocene (vicariance, 12%; dispersal, 88%) and Oligocene 

(vicariance, 29%; dispersal, 71%). However, the Neogene had equal amounts of vicariance and 

dispersal speciation within the Gobiidae and Gobionellidae lineages. This may indicate that 

dispersal processes that operated in the Middle through Late Ordovician were similar to 

processes operational across island clades during the Eocene and Oligocene, times in which sea 

level was generally more elevated compared to the Neogene (Miller et al., 2005) and would thus 
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have been conducive to dispersal processes. More in-depth paleobiogeographic analyses of 

Ordovician and Cenozoic clades are needed to further elaborate similarities and differences 

among biogeographic drivers of evolution through Earth history. 

 

3.2 Area Relationships and Dispersal Patterns 

3.2.1 T1 Time Slice 

The Middle Ordovician T1 time slice, which incorporates the GOBE, is characterized by 

dispersal speciation only. The BioGeoBEARS results for the T1 time slice suggest substantial 

dispersal among Gondwana, Avalonia, Baltica, and Laurentia within the Deiphoninae, 

Tetralichinae, Homalonotidae, Thaleops, and Glyptorthis clades (Fig. 4, Fig. 5). Most of the 

recovered dispersal routes were either intra-Laurentian or were from Laurentia to other 

paleocontinents (Fig. 6). The focus on Laurentia occurs as a by-product of taxon selection (see 

Methods), nevertheless the evidence for significant dispersal pathways involving other 

paleocontinents is notable. 

Continents were at their maximum dispersion during the T1 time slice relative to the 

other time slices (Cocks and Torsvik, 2002). However, the T1 interval includes the greatest 

number of long-distance dispersal routes in the dataset, principally among trilobites, which 

indicates substantial potential for transoceanic dispersal at this time. Dispersal occurred from 

Laurentia to Gondwana and vice versa, between Gondwana and Avalonia, from Baltica to 

Gondwana, and from Laurentia to Baltica and Scoto-Appalachia. Most of these long-distance 

dispersal events were in an easterly direction, but some dispersal events were westerly as well. 

Like later intervals, the T1 time slice was characterized by significant dispersal among 

Laurentian basins, except the Cincinnati and Scoto-Appalachian basins. Trilobite dispersals 
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occurred in all directions, but the primary pathways were counter-clockwise around central 

Laurentia or oriented centrally toward the Upper Mississippi Valley. The two brachiopod 

dispersal paths both indicate a west to northwest dispersal direction (Fig. 6).  

 

 

Figure 6. Pathways and basin associations reconstructed from maximum-likelihood analyses for 

brachiopod (black lines) and trilobite (red lines) clades. Arrows indicate dispersal direction, with 

solid lines representing dispersal events and dashed indicating vicariance events. Double-headed 

arrows indicate that dispersal or vicariance happened between two areas during the same time 

slice, but not necessarily in the same clade. Single dispersal and vicariance events that took place 

among several basins are drawn as separate events to capture the relationships among areas. In 
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the T1 and T2 time slices, dispersal between Laurentia and Gondwana was reconstructed to cross 

the Paleo-Tethys ocean when Gonwanan taxa occupied the western portion of the continent, but 

to cross the opposite direction when Gondwana taxa occupied the eastern portion of the 

continent.  Paths drawn do not necessarily reflect the true dispersal path, but should be viewed as 

the general direction in which dispersal occurred. See Figure 1 for area names. 

 

3.2.2 T2 Time Slice 

The T2 time slice, which encompasses the majority of the Late Ordovician Sandbian Age 

including the Bloutian tectophase of the Taconian Orogeny, contains the greatest number of 

speciation events and includes both dispersal and vicariance events (Table 3). Compared to the 

T1 time slice, dispersal events between paleocontinents remained frequent, but the locus of 

dispersal shifted away from Gondwana and increased among paleocontinents bordering the 

Iapetus, principally Laurentia, Baltica, and Avalonia. Among dispersal routes, there is a strong 

dominance of southeast to northwest dispersal from Avalonia and Baltica into Laurentia. 

Frequent vicariance events are also recorded among the circum-Iapetus continents. As with the 

T1 time slice, both intra-Laurentian and inter-continental events were common in trilobite clades, 

but all speciation events within brachiopod lineages occurred within Laurentia. 

Within our dataset, inter-continental speciation events were restricted to the 

Holamonotidae, Deiphoninae, Tetralichinae, and Flexicalymene clades (Fig. 5). Episodes of 

dispersal were recovered from Gondwana to Laurentia, Scoto-Appalachia to Avalonia, Laurentia 

to Avalonia and Baltica, Avalonia to Baltica and Laurentia, and Baltica to Laurentia (Fig. 6). 

Although dispersal was the most frequent speciation type in these clades, vicariance also 

occurred. Notably, the Flexicalymene senaria clade records a two-step vicariance of Baltica 
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separating from Avalonia and then Laurentia. Trilobite clades also record speciation events 

occurring within Avalonia, Baltica and Gondwana. 

The Tetralichinae, Flexicalymene, Thaleops, Glyptorthis, and Hebertella clades exhibit 

intra-Laurentian speciation. Many of these events are dispersal events; indeed, these events 

record bidirectional exchange between most Laurentian basins and lack a discernable preferred 

directionality. Northern Laurentia did not directly exchange taxa with the Cincinnati basin or the 

Northern Appalachian basin. Instead, dispersal of taxa between these areas was mediated by 

initial dispersal through more central areas, either the Upper Mississippi Valley or Southern 

Laurentia. The centrally located basins were also the locus of vicariance speciation within 

Laurentia. This combination of dispersal and vicariance among the same basins suggests 

alternating intervals of dispersal and vicariance, such as described in the Biotic Immigration 

Event (BIME) model of Stigall et al. (2017). Alternation of vicariance and dispersal speciation is 

most evident within Glyptorthis (e.g., the G. obesa lineage) and Flexicalymene (e.g., the F. 

senaria lineage) (Fig. 5). 

 

3.2.3 T3 Time Slice  

The T3 time slice is characterized by the Taconic tectophase of the Taconian Orogeny, 

which produced increased tectonic stress on the eastern margin of Laurentia and caused a switch 

from tropical to temperate carbonate deposition in the southern margin basins. Except for a 

single dispersal event from Avalonia to Southern Laurentia, all dispersal and vicariance events of 

the T3 time slice occurred among Laurentian basins. Dispersal events, in general, occurred less 

frequently than during the T1 and T2 time slices (Table 3, Fig. 6).  
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Two primary biogeographic pathways operated within Laurentia: a central pathway 

linking basins via the Upper Mississippi Valley region and a southern pathway from the Western 

Midcontinent to Cincinnati and the Appalachian basins (Fig. 6). Along the central pathway, 

dispersal events were numerous and took place between the Upper Mississippi Valley into the 

Western Midcontinent, North of the Transcontinental Arch, Northern Laurentia and Scoto-

Appalacian areas. Vicariance also occurred when widespread taxa previously inhabiting multiple 

areas (Upper Mississippi Valley, Southern Appalachian basin, Cincinnati basin, Northern 

Appalachian basin, and Western Midcontinent) were isolated to form new species (Fig. 5). 

Similar to the T2 time slice, vicariance and dispersal events alternated within lineages. Some T3 

vicariance events, such as those within Bumastoides (e.g., B. bellevillensis), occur secondary to a 

dispersal event in the T2 time slice. Another Bumastoides lineage (B. tenuirugosus) exhibits a T3 

dispersal event following a vicariance event in the T2 time slice (Fig. 5).  

 

3.2.4 T4 Time Slice 

The Late Ordovician T4 interval includes the Richmondian Invasion and is characterized 

by the return of tropical carbonate deposition in the southern margin basins of Laurentia, and 

decreased distances among Laurentia, Avalonia, and Baltica as the latter two continents 

continued migrating north and northwest, respectively (Torsvik and Cocks, 2013). Speciation 

frequency was lower during the T1 and T2 time slices, but slightly higher during the T3 time 

slice.  

Speciation was limited to the four brachiopod clades within Laurentian basins during this 

time slice. Biogeographic patterns are similar to the overall patterns of the T3 time slice. The 

northern and southern pathways were still present, although dispersal between the Cincinnati 
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basin and other areas was substantially greater than in previous intervals (Fig. 6). During this 

interval, which includes the Richmondian Invasion, taxa dispersed into the Cincinnati basin from 

Southern Laurentia, Southern Appalachia, the Western Midcontinent, and the Upper Midwest. 

This is a notable change from the T3 time slice, during which the Cincinnati region was 

biogeographically isolated and most Cincinnati area speciation events involved vicariance. All 

four brachiopod genera speciated via dispersal during the T4 time slice, but only Plaesiomys 

exhibited substantial vicariance. Neither Eochonetes nor Hebertella have widely dispersed T4 

taxa, which precludes potential for vicariance in these clades during this interval. As with other 

clades in previous intervals, dispersal and vicariance events alternate within Plaesiomys (P. 

subcircularis lineage), which supports an alternation of dispersal and vicariance processes 

linking and subsequently isolating the Laurentian basins during this time slice. 

 

 

4. Discussion 

 The evolution and biogeography of Middle to Late Ordovician brachiopods and trilobite 

lineages analyzed were controlled by both biotic and abiotic factors, the importance of which 

varied through time. Analysis of these factors provides a context to examine how interactions 

between biology, ocean currents, climate, and tectonics can impact the evolution of clades, and 

particularly provides a context to consider how changes in the Earth system may impact the 

evolution of clades at other times in Earth’s history.  

 

4.1 Biotic Influences on Speciation and Dispersal Patterns 
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Larval ecology has been shown to play a critical role in dispersal distance and patterns 

within marine invertebrates (Treml et al., 2015; Sorte, 2013). Because adult brachiopods are 

sessile organisms, dispersal must occur during the larval state (Rudwick, 1970; Freeman and 

Lundelius, 2005; Muñoz and Benedetto, 2016). Similarly, the incorporated trilobite clades had 

adult phases with limited home ranges (Chatterton and Speyer, 1989), supporting a role for larval 

dispersal. Thus, dispersal patterns observed within this study must be at least partly attributed to 

larval type, time spent in the larval phase, and/or larval position in the water column.  

Studies of Paleozoic articulated brachiopods indicate these organisms produced large 

larval shells (protegulum) that are common among planktotrophic organisms, which suggests 

that Late Ordovician articulate brachiopods had planktotrophic larvae (Valentine and Jablonski, 

1983; Freeman and Lundelius, 2005). Planktotrophic larvae are self-feeding forms capable of 

spending weeks to months in a larval phase (Jablonski and Lutz, 1983). Today, self-feeding 

larval forms have high dispersal potential under adequate oceanographic conditions. Modeling 

studies of Caribbean fish populations recovered dispersal on the scale of 10 to 100 km in one 

generation before larval settlement facilitated by local currents (Cowen et al., 2006). Similarly, 

studies examining dispersal of planula (self-feeding) larvae of tropical Pacific scleractinian coral 

species identified dispersal of 50 to 150 km in a single generation before settlement (Treml et al., 

2008). In addition, Lam and Stigall (2015) found that the majority of invasive taxa into the 

Cincinnati Basin during the Late Ordovician Katian Age had planktotrophic larvae capable of 

long-distance dispersal, which suggests that Ordovician taxa likely exhibited dispersal capacities 

similar to modern analogs.  

Trilobites exhibit a variety of larval types related to their complex life cycle (Chatterton 

and Speyer 1989; Hughes et al. 2006; Park and Choi, 2011). Planktic larval stages have been 
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previously proposed for some of the trilobites included in this study, notably Flexicalymene 

(Chatterton and Speyer, 1989; Crônier et al., 2011). Three clades, the Deiphoninae, 

Homalonotidae, and Tetralichinae, trilobites, have been hypothesized to have had a planktic-

benthic larval life strategy (Chatterton and Speyer, 1989; Congreve, 2010). However, two 

trilobite clades examined in this study, Bumastoides and Thaleops, belong to families previously 

hypothesized to have dominantly benthic larval phases (Chatterton and Speyer, 1989).    

Compared to planktic larvae, the dispersal potential of benthic larvae is lower. Therefore, 

one would expect the dispersal potential of brachiopods, in general, to be higher than trilobites, 

and exhibit increased intercontinental dispersals. However, this expectation is neither indicated 

nor statistically supported in this dataset. Instead, trilobites exhibit the highest number of long-

distance (i.e., intercontinental) dispersal events, notably in the T1 and T2 time slices. Brachiopod 

dispersal is mostly confined to Laurentia and its marginal Scoto-Appalachian basin. This is 

partly due to clade selection during construction of the phylogenetic hypotheses, and thus 

additional brachiopod phylogenies containing cosmopolitan taxa are required to determine if 

brachiopods exhibited long-distance dispersal out of Laurentia. Nonetheless, a clear 

biogeographic signal in the trilobite clades indicates that although some of the organisms 

possessed benthic larval states (e.g., tetralichine trilobites that dispersed from Laurentia to 

Gondwana in the T1 time slice), they were not inhibited by a shorter time spent as larvae. Our 

results indicate that the majority of trilobite species used within this study possessed larvae that 

were capable of longer-distance dispersal. Notably, the deiphonine trilobites, a clade with 

hypothesized planktic larvae (Chatterton and Speyer, 1989, Congreve, 2010), exhibited species 

migration from Baltica to Gondwana and from Laurentia to Gondwana in the T1 time slice, and 

from Avalonia to Baltica and Laurentia to Avalonia in the T2 time slice.  
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Dispersal in trilobite taxa with benthic larvae was likely accomplished via long-distance 

founder-event speciation, as their larvae would not have been affected as greatly by surface 

currents as planktotrophic larvae. The hypothesis that an evolutionary advantageous ‘island 

hopping’ strategy was utilized is supported by the support for the “+J” model variants (Table 2). 

Brachiopods, namely Eochonetes and Glyptorthis, also utilized this strategy to disperse among 

Laurentian basins. This indicates a key role for jump dispersal and founder-event speciation 

within the evolution of the focal clades. 

 Previous studies of Ordovician taxa further support the importance of founder-event 

speciation in Paleozoic clades. For example, islands arcs were previously identified as “stepping 

stones” between paleogeographic areas suitable for larval growth and development by Neuman 

(1972). “Island-hopping” was also proposed by Congreve and Lieberman (2008) as an 

explanation for dispersal among Laurentia, Avalonia, and Arabia (Southern Gondwana) in the 

Homalonotidae trilobites. McKerrow et al. (2000) concluded the oceans separating continents 

were less than 1000 km wide during the Ordovician and suggested that dispersal of organisms 

across oceans during the Late Ordovician were plausible. However, subsequent analyses by Lees 

et al. (2002) estimated substantially wider oceans. Even with significantly wider oceans 

separating shallow water habitats, larval dispersal could have been facilitated by the abundant 

volcanic island arc chains with suitable shallow water habitat that surrounded subduction zones 

of Laurentia, Baltica, Avalonia, and Gondwana.  

Notably, dispersal and vicariance events between brachiopods and trilobites were largely 

synchronous through the early Sandbian to early Katian ages (Fig. 7). This indicates that 

although some trilobites possessed benthic protaspid phases, larval types of the focal taxa 

responded similarly to tectonic, paleoclimate, and paleoceanographic events. Thus, larval type 
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and time spent in a larval state were important factors that affected the dispersal patterns between 

brachiopods and trilobites within this data set.  

 

4.2 Paleoceanographic and Tectonic Influences on Species Dispersal 

Ascertaining extrinsic causal mechanisms for species dispersal requires examining the 

recovered pathways in light of published paleoclimatic and paleoceanographic reconstructions 

for the Middle through Late Ordovician. The connections among continents were compared to 

the surface ocean circulation models of Pohl et al. (2016b) for the Middle Ordovician (460 Ma) 

interval. Although the authors created ocean circulation models for three time slices for three 

different CO2 scenarios that span the Early Ordovician to Early Silurian, we only use the Middle 

Ordovician model created under 8 PAL because major ocean gyres and currents within the 

Middle Ordovician model are still present and relatively unchanged in the Early Silurian model. 

In addition, CO2 concentrations were found to have little effect on the position of ocean currents 

and gyres in the Middle Ordovician, and 8 PAL is considered a conservative, intermediate value 

(Pohl et al., 2016b). We acknowledge that during the study interval, the paleolatitudinal 

distances among continents likely changed significantly (Torsvik et al., 2012). However, because 

of taxon selection in the T3 and T4 time slices of the Late Ordovician, most taxa are confined to 

Laurentian basins and paleodistance among continents I,s therefore, not a substantial factor in 

dispersal analysis of these time slices. 

 

4.2.1 Middle Ordovician T1 Time Slice 
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During the Dapingian to Sandbian ages of the Middle Ordovician T1 time slice, which 

includes the GOBE interval, several dispersal events were identified among Laurentia, Avalonia, 

and Gondwana within trilobite lineages (Fig. 6).  

Three dispersals took place from Laurentia into Gondwana within the trilobite lineages 

Amphilichas encyrtos (into New South Wales and Tasmania; northeastern margin of Gondwana), 

Sphaerocoryphe exserta (into New South Wales; northeastern margin of Gondwana), and 

Lyralichas bronnikovi (into Kazakhstan). Dispersal from Laurentia into Gondwana and the 

Kazakh terranes was accomplished via equatorial currents and large oceanic gyre systems.  

Dispersal from Laurentian basins into New South Wales in the S. exserta lineage, a 

deiphonine trilobite with a planktic larval phase, could have been accomplished via the North 

and South Equatorial currents, as well as the North Panthalassic convergence. Dispersal from 

Laurentia into Gondwana within the A. encyrtos lineage, a tetralichine trilobite hypothesized to 

have an alternate planktic larval form (Chatterton and Speyer, 1989), was likely aided by the 

same currents and gyre systems. Dispersal of this lineage across the Panthalassa Ocean, which 

lacked abundant volcanic island arcs and shallow carbonate platforms compared to the Paleo-

Tethys, is further support for a planktic larval stage. Thus, long distance founder-event speciation 

is evoked to explain the great dispersal distance exhibited by this lineage. 

Determining the dispersal mechanisms for L. bronnikovi from Southern Laurentia and 

North of the Transcontinental Arch is complicated and premature, as this species’ occurrence 

information in the strata of Kazhakstan is severely lacking. Therefore, at this time we do not 

attempt to interpret the dispersal history of this species from Laurentia into the Kazakh terranes. 

Strong hurricane activity, originating around 10°S of the equator that swept across 

Laurentia from the northeast to southwest (Poussart et al., 1999; Jin et al., 2013) (Fig. 2), would 
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have further aided to push deiphonine and tetralichine trilobites that originated in the Laurentian 

Upper Mississippi Valley and northern Laurentian basins, respectively, southward into the 

influence of the North and South Equatorial current and/or the North Panthalassic convergence. 

Storms and hurricanes have been observed in modern clades to greatly influence larval dispersal 

distance (Radford et al., 2014). Several island arcs that surrounded the northern and southern 

margins of the Iapetus Ocean on the Laurentian and Avalonian platforms (McKerrow and Cocks, 

1986; Mac Niocaill et al., 1997) would have also aided in dispersal of benthic trilobite larvae 

across vast ocean basins via long-distance founder-event speciation. 

 

Several dispersal events took place among Laurentian basins during the Middle 

Ordovician (Table 3, Fig. 7). Trilobite dispersal patterns appear random, with no preference for a 

dispersal direction (Fig. 6). This was likely due in part to elevated sea-level during the latest 

Darriwilian, which allowed for breaching of physical barriers by larvae (Patzkowsky and 

Holland, 1996; Haq and Schutter, 2008). Dispersal within Thaleops lineages from the Western 

Midcontinent to the Southern Appalachian basin was promoted by the counter-clockwise flowing 

Southern Laurentian Current (SAC) (Fig. 1). Lineages of Glyptorthis brachiopods dispersed from 

the Northern Appalachian basin west into the Southern Appalachian basin, with subsequent 

dispersals northwest into the Western Midcontinent basin (Fig. 6). This dispersal pattern is 

correlative to infilling of a portion of the Southern Appalachian basin, particularly southwestern 

Virginia, with a switch from a shale- limestone facies to clastic deposition and eventual filling of 

the basin in the Middle Ordovician (Read, 1980). Localized surface currents or coastal upwelling 

zones resulting from the movement of prevailing winds along a shoreline caused offshore 

movement of surface waters due to Eckman transport and were likely responsible for dispersal of 
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brachiopod larvae out of the Southern Appalachian basin into more favorable facies. Additional 

influence of the SAC on dispersal patterns is evident within Plaesiomys lineages as species 

dispersed between the Western Midcontinent and Southern Appalachian basins (Fig. 5, Fig. 6).  

The T1 time slice is characterized by speciation events due to dispersal only (Table 3), 

which suggests that physical and thermal barriers between geographic regions were not 

substantial obstacles for larval dispersal between basins within this dataset. This is especially 

evident within Laurentia, as dispersal occurred in all directions. In addition, geochemical studies 

indicate global cooling during this interval (Trotter et al., 2008), which coincided with increased 

biodiversity pulses (Fig. 7). This pattern is also manifested within trilobite lineages, as numerous 

speciation events occurred during intervals of global cooling. This result matches with previous 

studies showing increased diversification rates during the Middle Ordovician GOBE interval 

(Miller and Foote, 1996; Droser and Finnegan, 2003; Harper, 2006). In addition, the pattern of 

increased speciation during intervals of global cooling has been noted for planktic foraminifera 

and crustaceans throughout the Neogene during the growth of Antarctic and Northern 

Hemisphere ice sheets (Fraass et al., 2015; Davis et al., 2016). Cooling would have caused an 

increased temperature gradient between polar and equatorial regions, leading to increased wind 

strength over the oceans (Brown et al., 2001; Rasmussen et al., 2016). This may have resulted in 

an intensification of wind-driven ocean currents and gyre systems in the Middle Ordovician, thus 

leading to increased dispersal mechanisms for benthic invertebrate larvae. Similarly, Baarli et al. 

(2017) proposed that cooling oceans and intensification of gyre systems following the formation 

of late Neogene polar ice caps promoted dispersal in North Atlantic planktotrophic barnacle 

species.  
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Figure 7. Chronostratigraphy, time slices used throughout this study, sea-level, geochemical 

proxies, biotic events, and tectophases of the Taconian Orogeny graphed with brachiopod and 

trilobite speciation events (from Fig. 5). RI, Richmondian Invasion (Cincinnati basin); HE, 

Hirnantian Extinctions; mapd, meters above present-day sea level. Global sea-level curves from 

Haq and Schutter (2008); generalized δ
13

C carbonate curve from Bergström et al. (2009); δ
18

O 

apatite curve from Trotter et al. (2008), and North American seawater strontium values from 

Edwards et al. (2015). 

 

4.2.2 Early Late Ordovician (Sandbian-M4/M5 Sequence Boundary) T2 Time Slice 
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 The T2 time slice, encompassing the majority of the early Late Ordovician Sandbian 

Age, included several dispersal events and elevated speciation by vicariance compared to the T1 

time slice (Table 3). This time interval was characterized by the beginning of the Blountian 

tectophase of the Taconian Orogeny on the southern margin of Laurentia (Fig. 7). The recovered 

dispersal from Gondwana into the Northern Laurentian basin (western Canada) was likely aided 

by the counter-clockwise south Paleo-Tethys convergence and the North and South Equatorial 

currents that flowed westward (Fig. 1). Two dispersal events in trilobite lineages that took place 

from Baltica into the Northern and Southern Laurentian basins were likely facilitated by the 

decreased width of the Iapetus Ocean and volcanic island arcs surrounding the paleocontinents. 

The ocean circulation models of Pohl et al. (2016b) indicate that a small counter-clockwise gyre 

system flowed between Laurentia and Baltica, which--along with island arcs--would have aided 

in species dispersal between these areas. In addition, an increased number of dispersal events 

from Avalonia into southern margin basins of Laurentia are observed during this time slice. 

Throughout this time, Avalonia was moving closer to Laurentia and Baltica as the Iapetus and 

Tornquist seas closed (Cocks and Torsvik, 2011). This likely caused Avalonia to move into 

warmer temperatures similar to those found on the southern margin of Laurentia, which would 

have facilitated dispersal of Avalonian lineages of trilobites into southern Laurentia via habitat 

tracking. Homogenization of faunas during the Sandbian has been identified in brachiopod 

lineages among Baltica, Laurentia, and Avalonia as the three paleocontinents moved closer 

together through the Sandbian (e.g., Hansen and Harper, 2007). 

Vicariance events between Baltica and southern and western Laurentian basins were 

likely facilitated by increased tectonic activity during this time, as evidenced by the decreasing 

87
Sr/

86
Sr values (Fig. 7), which would have enhanced barriers including subaerially exposed 
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arches, deep-water forearc basins, and/or structural depressions between paleobiogeographic 

basins, especially on the southern margin of Laurentia (Cracraft, 1985). Barriers would have 

restricted dispersal among southern margin basins; however, several dispersal events from 

Avalonia into the Southern and Northern Appalachian basins indicate that emplaced barriers may 

have acted to block dispersal from the east while allowing dispersal from the south.  

Within Laurentia, dispersal occurred among all basins, with the exception of North of the 

Transcontinental Arch, with most dispersal events taking place into the Western Midcontinent 

and Upper Mississippi Valley. Dispersal into or from North of the Transcontinental Arch basin 

was likely hindered by its namesake, the Transcontinental Arch, a series of tectonically-

rejuvenated structural highs that trended northeast-southwest across the midcontinent of 

Laurentia (reviewed in Carlson, 1999) (Fig. 2). Separate early middle Sandbian vicariance events 

in the brachiopod lineages of Glyptorthis and Hebertella indicate the Southern Appalachian 

basin became separated from both the Cincinnati basin and the Western Midcontinent. This 

signal indicates that barriers between the Cincinnati basin and Appalachian area were being 

emplaced throughout the later phase of the Blountian tectophase, and that the Transcontinental 

Arch or other intracratonic highland areas shielded dispersal from southern basins.  

 

4.2.3 Late Ordovician (late Sandbian to mid-late Katian) T3 Time Slice 

 The T3 time slice is characterized dominantly by brachiopod dispersal and trilobite 

vicariance events (Table 3). After a brief quiescent period following the Blountian tectophase, 

the Taconic tectophase began with the locus of activity shifted towards the New York 

promontory (Shanmugam and Lash, 1982; Ettensohn, 1994; Fig. 7), which would have led to 

rejuvenation of intracratonic highlands and barriers. Emplacement of intracratonic barriers 
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between the Northern Appalachian basin with surrounding basins is evident in vicariance events 

that took place within Bumastoides and Flexicalymene trilobite lineages.  

Increased tectonic activity on the southern margin of Laurentia led to the initiation and 

deepening of the Sebree Trough. Introduction of cooler oceanic waters from the Iapetus Sea led 

to a sedimentological switch from tropical to temperate water carbonates at the M4/M5 sequence 

boundary within southern Laurentian basins, from the Southern Appalachian basin north into 

Quebec (Keith, 1989; Lavoie, 1995; Ettensohn, 2010). The switch was accompanied by 

increased abundance and distribution of siliciclastic sediments and more widespread distribution 

of phosphatic rocks (Patzkowsky et al., 1997). These lithologic changes have been interpreted to 

suggest increased turbidity, nutrient levels, and decreased water temperatures within this region 

(Lavoie, 1995; Holland and Patzkowsky, 1996, 1997; Pope and Read, 1997). In addition, the 

Guttenberg δ
13

C (GICE) excursion took place within this interval, which some authors have 

interpreted to be from increased upwelling and productivity (Young et al., 2005). Associated 

with these changes were several vicariance events within trilobite lineages and one brachiopod 

dispersal that took place into the Cincinnati basin from the Southern and Northern Appalachian 

basins, Western Midcontinent, Upper Mississippi Valley, and the peri-cratonic Scoto-

Appalachian basin. The elevated vicariance signal in trilobites compared to brachiopods in this 

timeslice indicates that environmental factors affected trilobite and brachiopod larvae differently 

within Laurentia. This may reflect larval type differences; however, vicariance and dispersal data 

points are limited, and more information is needed to conclusively determine if benthic and 

planktic larval types were affected differently. Dispersal was likely aided by strong storm 

activity as previously discussed, as well as upwelling zones developed on the margins of the 

Sebree Trough. Vicariance between the Western Midcontinent, Upper Mississippi Valley, 
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Southern and Northern Appalachian basins and the Cincinnati Basin was likely accomplished via 

the emplacement of barriers between basins or the shift from tropical to temperate carbonates in 

the Cincinnati basin which could have ended successful migration and settlement of trilobite 

larvae. One speciation event into the Scoto-Appalachian basin and two out of the basin took 

place within the brachiopod genus Eochonetes, which indicates that the Scoto-Appalachian Basin 

may share closer faunal affinities with epicontinental basins than previously considered (cf. 

Bauer and Stigall, 2014).  

 Previous authors have noted that geographic range restrictions and extinctions occur in 

conjunction with lithologic changes caused by the introduction of cool waters into Laurentia 

(reviewed in Patzkowsky and Holland, 1993). Our analysis agrees with these interpretations, as 

several vicariance events are observed on the southern margins of Laurentia within trilobite 

clades. The Southern and Northern Appalachian basins and the Cincinnati basin are 

characterized by vicariance speciation events that separated these basins from basins located to 

the north. Dispersal events within brachiopod and trilobite clades are dominantly confined far to 

the east and north of the southern margin basins that were involved in the Taconian Orogeny.  

  

4.2.4 Late Ordovician (Late Katian to Hirnantian) T4 Time Slice 

 During the late Katian to Hirnantian ages of the Late Ordovician T4 time slice, dispersal 

is observed exclusively within the brachiopod genera Plaesiomys, Hebertella, Eochonetes, and 

Glyptorthis. This time interval is associated with the return of tropical carbonate deposition in 

the southern margin basins of Laurentia due to the global warming interval known as the Boda 

Event (Holland and Patzkowsky, 1996; Holland, 1997; Fortey and Cocks, 2005), or to the 

cessation of cool Iapetus waters that infiltrated the craton through the Sebree Trough that was 
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beginning to become filled by the Maysvillian Age (Ettensohn et al., 2002). Infilling of the 

trough would have led to the eventual cessation of midcontinent counter-clockwise circulation 

patterns (Kolata et al., 2001). The sedimentological change from temperate to tropical carbonate 

deposition likely facilitated the dispersal of brachiopods into the Cincinnati basin, as species 

could establish communities within newly favorable habitats. Hurricane activity during the Late 

Ordovician was especially strong, as several tempestite and “cornflake” beds recorded from the 

Cincinnati basin indicate regional-scale hurricane or tsunami events (Holland and Patzkowsky, 

1996; Aucoin and Brett, 2015). The dispersal of Glyptorthis larvae from the Western 

Midcontinent into the Southern Appalachian basin and Cincinnati basin could have been assisted 

by storm activity. In addition, a major transgression took place at the Richmondian Age C5 

sequence boundary of the Cincinnati basin (Holland, 1997). Hurricanes and elevated sea-levels 

could have also promoted the longer-distance dispersal from midcontinent basins into Southern 

Laurentia (Fig. 2) within species of Plaesiomys and Hebertella, as there is a strong 

biogeographic signal that several speciation events occurred into this basin. Dispersal in an 

eastern direction into Southern Laurentia could have been accomplished as basins were infilled, 

removing physical and thermal barriers (e.g., the Transcontinental Arch and deep-water 

Maquoketa belt) among basins (Copper and Grawbarger, 1978; Elias, 1983). 

 During the Late Ordovician, Laurentian brachiopods exhibit a greater proportion of 

vicariance events than during other intervals (35% vicariance vs. 65% dispersal) (Fig. 6), all of 

which are concentrated around the early Hirnantian Age and a major eustatic regression (Fig. 7). 

This sea-level change likely inhibited dispersal from the southern margin basins (Cincinnati 

basin, Northern and Southern Appalachian basins) with North of the Transcontinental Arch and 

Southern and Northern Laurentia in some species. Previous analyses have linked the Late 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 48 

Ordovician mass extinction events with global cooling, increased ice volume on Gondwana, and 

related lowering of sea-level that would have eliminated shallow shelf areas and crucial niche 

space for marine organisms (Brenchley, 1988; Brenchley et al., 1994; Benton, 1995; Sepkoski, 

1997; Finnegan et al., 2011; Harper et al., 2014). However, this study indicates that, although 

there is unrefuted evidence for biodiversity decline in many clades during the Hirnantian 

glaciation, speciation continued within these brachiopod clades and thus some clades were 

unaffected by loss of shallow shelf space.  

 

4.4 Temporal trends in biogeographic drivers 

 Principal drivers of biogeographic patterns and speciation type shifted during the four 

Middle to Late Ordovician time slices. During the T1 and T2 time slices, climatic shifts and 

ocean gyres exerted primary controls over biogeographic patterns, particularly on inter-

continental dispersal patterns. As inter-continental dispersal declined in later intervals, tectonic 

uplift and regional upwelling patterns within Laurentia became the primary drivers of 

biogeographic structure. This temporal shift reflects both a shift in the Earth system and 

evolutionary changes in the focal taxa, as “life and earth evolve together” (Croizat, 1964). 

During the Middle Ordovician, global cooling has been linked to biodiversification pulses 

(Trotter et al., 2008), a correlation supported in this dataset by the elevated percent of dispersal 

events in trilobite lineages (Table 3, Fig. 7). Most of the trilobite clades utilized long-distance 

founder-event speciation (Table 2), presumably aided by the abundance of island arcs 

surrounding paleocontinents and surface currents. In addition, vicariance and dispersal events 

between brachiopods and trilobites are mostly synchronous. This implies three main points: 1) 

that increased diversity of organisms during the GOBE correlates with the spin-up of gyre 
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systems and ocean currents due to global cooling, as suggested by Rasmussen et al. (2016) (Fig. 

7), which may have been essential to organismal dispersal mechanics during this time interval;  

2) because several trilobite lineages that exhibit long-distance dispersals, some which were 

previously hypothesized to have primarily benthic or an alternative planktic/benthic larval phase, 

likely exhibited planktic larval phases; and 3) larval type and time spent in a larval phase are 

important factors that affected dispersal patterns of benthic invertebrates.   

 Speciation events within Laurentia were influenced by tropical storm activity and surface 

currents across the entire study interval. Intense upwelling zones created by the Sebree Trough 

prevailed from the late Sandbian to the early Katian, which facilitated dispersal across deeper 

water regions within Laurentia. Timing of many dispersal events are correlated with major 

transgressions, such as during the Sandbian Age (Fig. 7) as larvae could disperse over physical 

barriers. In addition, several speciation events occur during times of rapid sea-level change, such 

as during the Darriwilian and late Katian–Hirnantian ages (Fig. 7). Furthermore, there is 

evidence that rapidly fluctuating sea-level influenced the alternation of dispersal and vicariance 

processes in some lineages, as basins were connected and later separated (e.g., Plaesiomys 

subcircularis evolution in the Hirnantian Age, Fig. 5). The combination of fluctuating sea-level 

and variation in tectonic flexure within Laurentia promoted alternating dispersal-vicariance 

speciation patterns, such as within Glyptorthis and Flexicalymene lineages during the Blountian 

tectophase (Fig. 5). Three of the four temporal bins include clades with alternating speciation 

histories, a pattern previously reported by Stigall et al. (2017) as resulting from cyclical 

connectivity of basins which alternatively promote and hinder speciation. Thus, the patterns 

recovered here further support Stigall et al.’s (2017) BIME model as a characterization of 

speciation and diversity accumulation processes.  
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Once the Taconian Orogeny began on the southern margin of Laurentia, increased 

vicariant speciation processes in both brachiopod and trilobite clades (Table 3) were promoted 

by the emplacement of barriers or rejuvenation of existing structural highs (Fig. 7). In particular, 

the brachiopod genus Plaesiomys and the trilobite genus Flexicalymene exhibited higher rates of 

vicariance speciation, possibly because both were largely endemic to Laurentia and speciation 

was driven mainly by tectonic events. The timing of vicariance events are broadly synchronous 

between brachiopods and trilobites (Fig. 7), indicating that although the clades had different 

larval tactics, environmental factors may have influenced these clades similarly. However, 

emplacement of barriers during the Taconian Orogeny seems to have affected benthic trilobite 

larvae more strongly than planktic brachiopod larvae, as trilobites exhibit the highest percent of 

vicariance speciation throughout this event (T2 and T3 time slices; Table 3). During the late 

Katian to Hirnantian (T4 time slice), brachiopods exhibited the highest amount of speciation via 

vicariance, which was largely due to the major regression that occurred during this time that may 

have led to subaerial exposure of land and topographic highs, which would have blocked 

dispersal. The elevated speciation that takes place during the late Katian and Hirnantian ages (T4 

time slice) indicates that rapid fluctuations in climate and sea-level promote speciation processes 

in some clades, a time where other clades exhibited severe diversity decline during the end-

Ordovician extinction (Fig. 7).  

 

 

5. Conclusions 

This study is the first of its kind to utilize Bayesian dating methods and maximum-

likelihood biogeography for Paleozoic taxa. Time-scaled phylogenies and biogeographic 
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histories were estimated for ten brachiopod and trilobite clades to compare speciation processes 

and dispersal routes through the Middle to Late Ordovician. Speciation types were dominated by 

dispersal, with varying percentages of vicariant speciation. Biogeographic evolution of most 

clades was optimized by models that incorporated long-distance founder-event speciation, 

indicating this was an important speciation process for Middle to Late Ordovician taxa. Dispersal 

was facilitated by volcanic island arcs and shallow-water carbonate basins acting as stepping-

stones among paleobiogeographic areas and paleocontinents. On longer geologic timescales, 

most speciation events within clades took place during times of substantial climate change, 

notably global cooling. Several speciation events within brachiopod lineages during the Late 

Ordovician Hirnantian Age do not indicate depressed speciation associated with the Late 

Ordovician extinction pulses, indicating that fluctuating climate conditions promoted speciation 

in some Laurentian clades. During the Dapingian through late Sandbian ages, dispersal occurred 

among major paleocontinents and was facilitated by major ocean currents and gyre systems. 

Global cooling throughout the study interval could have led to a spin-up of ocean currents, thus 

greatly affecting the long-distance dispersal potential of larvae, especially during the GOBE. 

During the latest Sandbian to Katian ages speciation events were restricted to Laurentia, and 

were controlled by tectonics, upwelling zones, and surface currents. Notably, paleoclimate and 

oceanographic factors impacted trilobite and brachiopod larvae similarly, as vicariance events 

occurred broadly synchronously between these clades. We found that larval type and time spent 

in a larval phase were the main factors that influenced the long-distance dispersal exhibited by 

trilobites and was the key determinant of dispersal patterns among focal taxa rather than larval 

position in the water column. To further elucidate the links between evolution and Earth system 

processes in the Ordovician, additional phylogenies from various clades are needed. This effort 
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will support increasingly powerful statistical techniques utilizing probabilistic methods, and will 

elucidate other speciation patterns hidden in paleontological collections, ultimately leading to a 

deeper understanding of speciation type, patterns, and processes across major climate shifts and 

through time.  

 

 

Acknowledgments 

All scripts and input/output files for the BEAST 2 and BioGeoBEARS analyses are archived on 

GitHub at https://github.com/nmatzke/Ordovician_dispersal. We owe a great deal to many 

friends and researchers for helpful insight and discussions during this research. We thank David 

Kidder, R. Damian Nance, Gregory Springer, David Bapst, David Wright, Jennifer Bauer, and R. 

Mark Leckie for insightful discussions and critical comments on an earlier version of this 

manuscript. The manuscript was greatly improved by detailed and thoughtful comments by 

Christian Rasmussen (Copenhagen), Thijs Vandenbroucke (Ghent) and two anonymous 

reviewers. This study was supported by NSF (EF-1206750, EAR-0922067 to A.L.S.) and the 

Dry Dredgers Paleontological Research Award, the Paleontological Society Arthur J. Boucot 

Award, and an Ohio University Graduate Alumni Research Grant to A.R.L. N.J.M. was 

supported by Discovery Early Career Researcher Award (DECRA) DE150101773, funded by the 

Australian Research Council, and by The Australian National University. He was also supported 

by the National Institute for Mathematical and Biological Synthesis (NIMBioS), an Institute 

sponsored by the National Science Foundation, the U.S. Department of Homeland Security, and 

the U.S. Department of Agriculture through NSF Awards #EFJ0832858 and DBI-1300426, with 

additional support from The University of Tennessee, Knoxville. In addition, a NIMBioS short-

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 53 

term visitor award allowed A.R.L. to visit NIMBioS to begin collaboration with N.J.M. This is a 

contribution to the International Geoscience Programme (IGCP) Projects 591- The Early to 

Middle Paleozoic Revolution and 653- The Onset of the Great Ordovician Biodiversification 

Event.  

 

 

References 

Algeo, T.J., Seslavinsky, K.B., 1995. The Paleozoic world: continental flooding, hypsometry, 

and sealevel. American Journal of Science 295, 787-822.  

Allman, E.S., Holder, M.T., Rhodes, J.A., 2010. Estimating trees from filtered data: 

identifiability of models for morphological phylogenetics. Journal of Theoretical 

Biology, 263, 108-119. https://dx.doi.org/10.1016/j.jtbi.2009.12.001.  

Amati, L., Westrop, S.R., 2004. A systematic revision of Thaleops (Trilobita: Illaenidae) with 

new species from the Middle and Late Ordovician of Oklahoma and New York. Journal 

of Systematic Palaeontology 2 (3), 207-256. 

http://dx.doi.org/10.1017/S1477201904001439. 

Amberg, C.E.A., Collart, T., Salenbien, W., Egger, L.M., Munnecke, A., Nielsen, A.T., Monnet, 

C., Hammer, Ø., Vandenbroucke, T.R.A., 2016. The nature of Orodovician limestone-

marl alternations in the Oslo-Asker District (Norway): witnesses of primary glacio-

eustasy or diagenetic rhythms? Scientific Reports 6, 18787. 

http://dx.doi.org/10.1038/srep/18787.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 54 

Amsden, T.W., 1974. Late Ordovician and Early Silurian articulate brachiopods from Oklahoma, 

southwestern Illinois, and eastern Missouri. Oklahoma Geological Survey Bulletin 119, 

154 pp.  

Amsden, T.W., 1986. Part I. Paleoenvironment of the Keel-Edgewood oolitic province and the 

Hirnantian strata of Europe, USSR, and China. Oklahoma Geological Survey Bulletin 

139, 1-55.  

Aucoin, C.D., Brett, C.E., 2015. Refined stratigraphy of the Late Ordovician (Katian; 

Richmondian) Waynesville Formation across the northeastern and northwestern margin 

of the Cincinnati Arch. Stratigraphy 12 (3-4), 307-317.  

Baarli, B.G., Malay, M.C.M.D., Santos, A., Johnson, M.E., da Silva, C.M., Meco, J., Cachão, 

M., Mayoral, E.J., 2017. Miocene to Pleistocene transatlantic dispersal of Ceratoconcha 

coral-dwelling barnacles and North Atlantic island biogeography. Palaeogeography, 

Palaeoclimatology, Palaeoecology 468, 520-528. 

https://doi.org/10.1016/j.palaeo.2016.12.046.  

Bambach, R.K., Knoll, A.H., Wang, S.C., 2004. Origination, extinction, and mass depletions of 

marine diversity. Paleobiology 30 (4), 522-542. https://dx.doi.org/10.1666/0094-

8373(2004)030<0522:OEAMDO>2.0.CO;2. 

Bapst, D.W., Wright, A.M., Matzke, N.J., Lloyd, G.T., 2016. Topology, divergence dates, and 

macroevolutionary inferences vary between different tip-dating approaches applied to 

fossil therapods (Dinosauria). Biology Letters 12 (7), 20160237, http://dx.doi.org/ 

10.1098/rsbl.2016.0237.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 55 

Barrick, J.E., 1986. Conodont faunas of the Keel and Cason Formations. In: Amsden, T.W., 

Barrick, J.E. (Eds.), Late Ordovician-Early Silurian Strata in the Central United States 

and the Hirnantian Stage. Oklahoma Geological Survey Bulletin 139, pp. 57-89.  

Bauer, J.E., Stigall, A.L., 2014. Phylogenetic paleobiogeography of Late Ordovician Laurentian 

brachiopods. Estonian Journal of Earth Sciences 63 (4), 189-194. 

http://dx.doi.org/10.3176/earth.2014.17. 

Bauer, J.E., Stigall, A.L., 2016. A combined morphometric and phylogenetic revision of the Late 

Ordovician brachiopod genera Eochonetes and Thaerodonta. Journal of Paleontology 90 

(5), 888-909. http://dx.doi.org/10.1017/jpa.2016.56.  

Benton, M.J., 1995. Diversification and extinction in the history of life. Science 268, 52-58. 

Bergström, S.M., Saltzman, M.M., Schmitz, B., 2006. First record of Hirnantian (Upper 

Ordovician) δ
13

C excursion in the North American Midcontinent and its regional 

implications. Geological Magazine 143, 657-678. 

http://dx.doi.org/10.1017/S0016756806002469. 

Bergström, S.M., Chen, X., Gutiėrrez-Marco, J.C., Dronov, A., 2009. The new 

chronostratigraphic classification of the Ordovician System and its relations to major 

regional series and stages and to δ
13

C chemostratigraphy. Lethaia 42, 97-107. 

http://dx.doi.org/ 10.1111/j.1502-3931.2008.00136.x. 

Bergström, S.M., Young, S., Schmitz, B., 2010. Katian (Upper Ordovician) δ
13

C 

chemostratigraphy and sequence stratigraphy in the United States and Baltoscandia: A 

regional comparison. Palaeogeography, Palaeoclimatology, Palaeoecology 296 (3-4), 

217-234. https://dx.doi.org/10.1016/j.palaeo.2010.02.035.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 56 

Bouckaert, R., Heled, J., Kühnert, D., Vaughan, T., Wu, C.-H., Xie, D., Suchard, M.A., 

Rambaut, A., Drummond, A.J., 2014. BEAST 2: A Software Platform for Bayesian 

Evolutionary Analysis. PLoS Computational Biology 10 (4), e1003537. 

https://dx.doi.org/10.1371/journal.pcbi.1003537.  

Brenchley, P.J., 1988. Environmental changes close to the Ordovician-Silurian boundary. 

Bulletin of the British Museum Natural History (Geology) 43, 377-385.  

Brenchley, P.J., Marshall, J.D., Carden. G.A.F., Robertson, D.B.R., Long, D.G.F., Meidla, T., 

Hints, L., Anderson, T.F., 1994. Bathymetric and isotopic evidence for a short-lived Late 

Ordovician glaciation in a greenhouse period. Geology 22, 295-298.  

Brown, E., Colling, A., Park, D., Phillips, J., Rothery, J., Wright, J., 2001. Ocean Circulation, 

second ed. Open University Oceanography Course Team, New York.  

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A Practical 

Information-Theoretic Approach, second ed., Springer, New York.  

Carlson, M.P., 1999. Transcontinental Arch- a pattern formed by rejuvenation of local features 

across central North America. Tectonophysics 305 (1-3), 225-233. 

https://dx.doi.org/10.1016/S0040-1951(99)00005-0.  

Carlucci, J.R., Westrop, S.R., Amati, L., 2010. Tetralichine trilobites from the Upper Ordovician 

of Oklahoma and Virginia and phylogenetic systematics of the Tetralichini. Journal of 

Paleontology 84 (6), 1099-1120. https://dx.doi.org/10.1666/10-012.1.  

Carlucci, J.R., Westrop, S.R., Amati, L., Adrain, J.M., Swisher, J.E., 2012. A systematic revision 

of the Upper Ordovician trilobite genus Bumastoides (Illaenidea), with new species from 

Oklahoma, Virginia, and Missouri. Journal of Systematic Paleontology 10 (4), 679-723. 

http://dx.doi.org/10.1080/14772019.2011.637518.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 57 

Carrera, M.G., Rigby, J.K., 1999. Biogeography of Ordovician sponges. Journal of Paleontology 

73 (1), 26-37. https://dx.doi.org/10.1017/S0022336000027517.  

Chatterton, B.D.E, Speyer, S.E., 1989. Larval ecology, life history strategies, and patterns of 

extinction and survivorship among Ordovician trilobites. Paleobiology 15 (2), 118-132. 

https://dx.doi.org/10.1017/S0094837300009313.  

Cherns, L., Wheeley, J.R., 2007. A pre-Hirnantian (Late Ordovician) interval of global cooling- 

The Boda event re-assessed. Palaeogeography, Palaeoclimatology, Palaeoecology 251 (3-

4), 449-460. https://dx.doi.org/10.1016/j.palaeo.2007.04.010.  

Cocks, L.R.M, Torsvik, T.H., 2002. Earth geography from 500 to 400 million years ago: a faunal 

and palaeomagnetic review. Journal of the Geological Society 159, 631-644. 

http://dx.doi.org/10.1144/0016-764901-118.  

Cocks. L.R.M., Torsvik, T.H., 2011. The Palaeozoic geography of Laurentia and western 

Laurussia: A stable craton with mobile margins. Earth-Science Reviews 106 (1-2), 1-15. 

https://dx.doi.org/10.1016/j.earscirev.2011.01.007.  

Congreve, C.R., Lieberman, B.S., 2008. Phylogenetic and Biogeographic Analysis of Ordovician 

Homalonotid Trilobites. The Open Paleontology Journal 5, 24-32. 

http://dx.doi.org/10.2174/1874425700801010024.  

Congreve, C.R., Lieberman, B.S., 2010. Phylogenetic and Biogeographic Analysis of 

Deiphonine Trilobites. Journal of Paleontology 84 (1), 128-136. 

https://dx.doi.org/10.1666/09-026.1.  

Cooper, R.A., Sadler, P.M., 2012. The Ordovician Period. In: Gradstein, F., Ogg, J., Schmitz, 

M., Ogg, G. (Eds.), A Geologic Time Scale 2012. Elsevier, Kidlington, Oxford, pp. 489-

523. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 58 

Copper, P., Grawbarger, D.J., 1978. Paleoecological succession leading to a Late Ordovician 

biostrome on Manitoulin Island, Ontario. Canadian Journal of Earth Sciences 15 (12), 

1987-2005. https://dx.doi.org/10.1139/e78-209.  

Costa, W.J.E.M., 2010. Historical biogeography of cynolebiasine annual killifishes inferred from 

dispersal-vicariance analysis. Journal of Biogeography 37 (10), 1995-2004. 

http://dx.doi.org/10.1111/j.1365-2699.2010.02339.x.  

Cowen, R.K., Paris, C.B., Srinivasan, A., 2006. Scaling of Connectivity in Marine Populations. 

Science 311 (5760), 522-527. http://dx.doi.org/10.1126/science.1122039.  

Cowie, R.H., Holland, B.S., 2006. Dispersal is fundamental to biogeography and the evolution of 

biodiversity on oceanic islands. Journal of Biogeography 33 (2), 193-198. 

http://dx.doi.org/ 10.1111/j.1365-2699.2005.01383.x.  

Cracraft, J., 1985. Biological diversification and its causes. Anals of the Missouri Botanical 

Garden 72 (4), 794-822. http://dx.doi.org/10.2307/2399222.  

Croizat, L., 1964. Space, Time, Form: The Biological Synthesis. Author, Caracas. 

Crônier, C., Bignon, A., François, A., 2011. Morphological and ontogenetic criteria for defining 

a trilobite species: The example of Siluro-Devonian Phacopidae. Comptes Rendus 

Palevol 10, 143-153. 

Dabard, M.P., Loi, A., Paris, F., Ghienne, J.-F., Pistis, M., Vidal, M., 2015. Sea-level curve for 

the Middle to early Late Ordovician in the Armorican Massif (western France): Icehouse 

third-order glacio-eustatic cycles. Palaeogeography, Palaeoclimatology, Palaeoecology 

436, 96-111. http://dx.doi.org/10.1144/M38.1. 

Dantas, S.M., Weckstein, J.D., Bates, J.M., Krabbe, N.K., Cadena, C.D., Robbins, M.B., 

Valderrama, E., Aleixo, A., 2016. Molecular systematics of the new world screech-owls 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 59 

(Megascops: Aves, Strigidae): biogeographic and taxonomic implications. Molecular 

Phylogenetics and Evolution 94, 626-634. 

https://dx.doi.org/10.1016/j.ympev.2015.09.025.  

Davis, K.E., Hill, J., Astrop, T.I., Wills, M.A., 2016. Global cooling as a driver of diversification 

in a major marine clade. Nature Communications 7, 13003. 

http://dx.doi.org/10.1038/ncomms13003.  

Droser, M.L., Finnegan, S., 2003. The Ordovician radiation: a follow-up to the Cambrian 

explosion? Integrative and Comparative Biology 43 (1), 178-184. 

https://dx.doi.org/10.1093/icb/43.1.178.  

Dupin, J., Matzke, N.J., Sarkinen, T., Knapp, S., Olmstead, R.G., Bohs, L., Smith, S.D., 2016. 

Bayesian estimation of the global biogeographical history of the Solanaceae. Journal of 

Biogeography 44 (4), 887-899. http://dx.doi.org/10.1111/jbi.12898. 

 Edwards, C.T., Saltzman, M.R., Leslie, S.A., Bergström, S.M., Sedlacek, A.R.C., Howard, A., 

Bauer, J.A., Sweet, W.C., Young, S.A., 2015. Strontium isotope (
87

Sr/
86

Sr) stratigraphy 

of Ordovician bulk carbonates: Implications of primary seawater values. Geological 

Society of America Bulletin 127 (9-10), 1275-1289. http://dx.doi.org/10.1130/B31149.1.  

Elias, R.J., 1983. Middle and Late Ordovician solitary rugose corals of the Cincinnati Arch 

region. U.S. Geological Survey Professional Paper 1066-N, 1-13.  

Elias, R.J., Young, G.A., 1992. Biostratigraphy and biogeographic affinities of latest Ordovician 

to earliest Silurian corals in the east-central United States. In: Webby, B.D., Laurie, J.R. 

(Eds.), Global Perspectives on Ordovician Geology, CRC Press, Florida, pp. 205-214.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 60 

Escalante, T., Rodríguez, G., Cao, N., Ebach, M.C., Morrone, J.J., 2007. Cladistic biogeography 

analysis suggests an early Caribbean diversification in Mexico. Naturwissenschaften 94 

(7), 561-565. http://dx.doi.org/10.1007/s00114-007-0228-0.  

Ettensohn, F.R., 1994. Tectonic control on the formation and cyclicity of major Appalachian 

unconformities and associated stratigraphic sequences. In: Dennison, J.M., Ettensohn, 

F.R. (Eds.), Tectonic and Eustatic Controls on Sedimentary Cycles: SEPM. Concepts in 

Sedimentology and Paleotology, vol. 4, pp. 217-242.  

Ettensohn, F.R., 2010. Origin of Late Ordovician (mid-Mohawkian) temperate-water conditions 

on southeastern Laurentia: Glacial or tectonic? In: Finney, S.C., Berry, W.B.N. (Eds.), 

The Ordovician Earth System. Geological Society of America Special Paper 466, pp. 

163-175.  

Ettensohn, F.R., Hohman, J.C., Kulp, M.A., Rast, N., 2002. Evidence and implications of 

possible far-field responses to Taconian Orogeny: Middle-Late Ordovician Lexington 

Platform and Sebree Trough, East-Central United States. Southeastern Geology 41, 1-36.  

Fagua, G., Condamine, F.L., Horak, M., Zwick, A., Sperling, F.A.H., 2016. Diversification shifts 

in leafroller moths linked to continental colonization and the rise of angiosperms. 

Cladistics 0, 1-18. http://dx.doi.org/10.1111/cla.12185.  

Felsenstein, J., 1992. Phylogenies from restriction sites: a maximum-likelihood approach. 

Evolution 46 (1), 159-173. http://dx.doi.org/10.2307/2409811.  

Finnegan, S., Bergmann, K., Eiler, J.M., Jones, D.S., Fike, D.A., Eisenman, I., Huhges, N.C., 

Tripati, A.K., Fischer, W.W., 2011. The magnitude and duration of Late Ordovician–

Early Silurian glaciation. Science 331 (6019), 903-906. 

http://dx.doi.org/10.1126/science.1200803.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 61 

Finnegan, S., Rasmussen, C.M.Ø., Harper, D.A.T., 2016. Biogeographic and bathymetric 

determinants of brachiopod extinction and survival during the Late Ordovician mass 

extinction. Proceedings of the Royal Society B 283, 20160007. 

http://dx.doi.org/10.1098/rspb.2016.0007. 

Folinsbee, K.E., Brooks, D.R., 2007. Miocene hominoid biogeography: pulses of dispersal and 

differentiation. Journal of Biogeography 34 (3), 383-397. 

http://dx.doi.org/10.1111/j.1365-2699.2006.01641.x.  

Fortey, R.A., Cocks, L.R.M., 2005. Late Ordovician global warming-The Boda Event. Geology 

33 (5), 405-408. http://dx.doi.org/10.1130/G21180.1.  

Fraass, A.J., Kelly, D.C., Peters, S.E., 2015. Macroevolutionary history of the planktic 

foraminifera. Annual Review of Earth and Planetary Sciences 43, 139-166. 

https://dx.doi.org/10.1146/annurev-earth-060614-105059.  

Freeman, G., Lundelius, J.W., 2005. The transition from planktotrophy to lecithotrophy in larvae 

of Lower Palaeozoic rhynchonelliform brachiopods. Lethaia 38 (3), 219-254. 

http://dx.doi.org/10.1080/00241160510013330.  

Ghienne, J.-F., Desrochers, A., Vandenbroucke, T.R., Achab, A., Asselin, E., Dabard, M.-P., 

Farley, C., Loi, A., Paris, F., Wickson, S., Veizer, J., 2014. Nature Communications 5 

(4485), 2014. http://dx.doi.org/10. 1038/ncomms5485.  

Gillespie, R.G., Baldwin, B.G., Waters, J.M., Fraser, C.I., Nikula, R., Roderick, G.K., 2012. 

Long-distance dispersal: a framework for hypothesis testing. Trends in Ecology & 

Evolution 27 (1), 47-56. https://dx.doi.org/10.1016/j.tree.2011.08.009.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 62 

Gorscak, E., O’Connor, P.M., 2016. Time-calibrated models support congruency between 

Cretaceous continental rifting and titanosaurian evolutionary history. Biology Letters 12 

(4), 20151047. http://dx.doi.org/10.1098/rsbl.2015.1047.  

Hallam, A., 1992. Phanerozoic sea-level changes. Columbia University Press, New York.  

Hansen, J., Harper, D.A.T., 2007. The late Sandbian-earliest Katian (Ordovician) brachiopod 

immigration and its influence on the brachiopod fauna in the Oslo Region, Norway. 

Lethaia 41 (1), 25-35. http://dx.doi.org/10.1111/j.1502-3931.2007.00038.x.  

Haq, B.U., Schutter, S.R.A., 2008. A chronology of Paleozoic sea-level changes. Science 322 

(5898), 64-68. http://dx.doi.org/10.1126/science.1161648.  

Harper, D.A.T., 2006. The Ordovician biodiversification: setting an agenda for marine life. 

Palaeogeography, Palaeoclimatology, Palaeoecology 232 (2-4), 148-166. 

https://dx.doi.org//10.1016/j.palaeo.2005.07.010.  

Harper, D.A.T., Hammarlund, E.U., Rasmussen, C.M.Ø., 2014. End Ordovician extinctions: a 

coincidence of causes. Gondwana Research 25 (4), 1294-1307. 

https://dx.doi.org/10.1016/j.gr.2012.12.021.  

Harper, D.A.T., Rasmussen, C.M.Ø., Liljeroth, M., Blodgett, R.B., Candela, Y., Jin, J., Percival, 

I.G., Rong, J., Villas, E., Zhan, R.B., 2013. Biodiversity, biogeography and 

phylogeography of Ordovician rhynchonelliform brachiopods. In: Harper, D.A.T., 

Servais, T. (Eds.), Early Palaeozoic biogeography and palaeogeography. Geological 

Society of London, Memoris vol. 38, pp. 127-144. http://dx.doi.org/doi: 10.1144/M38.11. 

Herrmann, A.D., Haupt, B.J., Patzkowsky, M.E., Seidov, D., Slingerland, R.L., 2004. Response 

of Late Ordovician paleoceanography to changes in sea level, continental drift, and 

atmospheric pCO2: potential causes for long-term cooling and glaciation. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 63 

Palaeogeography, Palaeoclimatology, Palaeoecology 210, 385-401. 

http://dx.doi.org/10.1016/j.palaeo.2004.02.034.  

Holland, S.M., 1997. Using time/environment analysis to recognize faunal events in the Upper 

Ordovician of the Cincinnati Arch. In: Brett, C.E., Baird, G.C. (Eds.), Paleontological 

Event Horizons: Stratigraphic, Ecological, and Evolutionary Implications. Columbia 

University Press, New York, pp. 309-334.  

Holland, S.M., 2008. The type Cincinnatian: an overview. In: McLaughlin, P.I., Brett, C.E., 

Holland, S.M., Storrs, G.W. (Eds.), Stratigraphic Renaissance in the Cincinnati Arch: 

Implications for Upper Ordovician Paleontology and Paleoecology: Cincinnati Museum 

Center Scientific Contributions 2, Cincinnati, Ohio, pp. 174-184.  

Holland, S.M., Patzkowsky, M.E., 1996. Sequence stratigraphy and long-term paleoceanographic 

change in the Middle and Upper Ordovician of the eastern United States. In: Witzke, B.J., 

Ludvigson, G.A., Day, J.E. (Eds.), Paleozoic Sequence Stratigraphy: Views from the 

North American Craton: Geological Society of America Special Paper, 306, pp. 117-129.  

Holland, S.M., Patzkowsky, M.E., 1997. Distal orogenic effects on peripheral bulge 

sedimentation: Middle and Upper Ordovician of the Nashville Dome. Journal of 

Sedimentary Research, Section B: Stratigraphy and Global Studies 67 (2), 250-263.  

Holmden, C., Creaser, R.A., Muehlenbachs, K., 1998. Isotopic evidence for geochemical 

decoupling between ancient epeiric seas and bordering oceans: Implications for secular 

curves. Geology 26 (6), 567-570. http://dx.doi.org/doi:10.1130/0091-7613(1998)

026<0567:IEFGDB>2.3.CO;2.  

Huff, W.D., Bergström, S.M., Kolata, D.R., 1992. Gigantic Ordovician volcanic ash fall in North 

America and Europe: Biological, tetonomagmatic, and event-stratigraphic significance. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 64 

Geology 20 (10), 875-878. http://dx.doi.org/doi: 10.1130/0091-7613(1992)

020<0875:GOVAFI>2.3.CO;2. 

 Huff, W.D., Bergström, S.M., Kolata, D.R., 2010. Ordovician explosive volcanism. Geological 

Society of America, Special Paper 466, 13-28. http://dx.doi.org/10.1130/2010.2466(02).  

Hughes, N.C., Minelli, A., Fusco, G., 2006. The ontogeny of trilobite segmentation: a 

comparative approach. Paleobiology 32, 603-627. 

Hunda, B.R., Hughes, N.C., 2007. Evaluating paedomorphic heterochrony in trilobites: the case 

of the diminutive trilobite Flexicalymene retrorsa minuens from the Cincinnatian Series 

(Upper Ordovician), Cincinnati region. Evolution & Development 9 (5), 483-498. 

http://dx.doi.org/10.1111/j.1525-142X.2007.00186.x.  

Integrated Digitized Biocollections. https://www.idigbio.org/ (accessed 1/01/2014 to 1/11/2014). 

Jablonski, D., Lutz, R.A., 1983. Larval ecology of marine benthic invertebrates: paleobiological 

implications. Biological Reviews 58 (1), 21-89. http://dx.doi.org/10.1111/j.1469-

185X.1983.tb00380.x.  

Jin, J., Harper, D.A.T., Cocks, L.R.M., McCausland, P.J., Rasmussen, C.M.Ø., Sheehan, P.M., 

2013. Precisely locating the Ordovician equator in Laurentia. Geology 41 (2), 107-110. 

http://dx.doi.org/10.1130/G33688.1.  

Keith, B.D., 1989. Regional facies of the Upper Ordovician Series of eastern North America. In: 

Keith, B.D. (Ed.), The Trenton Group (Upper Ordovician Series) of Eastern North 

America. American Association of Petroleum Geologists Studies in Geology 26, 1-16.  

Klaus, K.V., Schulz, C., Bauer, D.S., Stützel, T., 2016. Historical biogeography of the ancient 

lycophyte genus Selaginella: early adaptation to xeric habitats on Pangea. Cladistics, 1-

12. http://dx.doi.org/10.1111/cla.12184.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 65 

Kolata, D.R., Huff, W.D., Bergström, S.M., 2001. The Ordovician Sebree Trough: an oceanic 

passage to the Midcontinent United States. Geological Society of America Bulletin 113 

(8), 1067-1078. http://dx.doi.org/10.1130/0016-

7606(2001)113<1067:TOSTAO>2.0.CO;2.  

Kröger, B., Ebbestad, J.O.R., Lehnert, O., 2016. Accretionary Mechanisms and Temporal 

Sequence of Formation of the Boda Limestone Mud-Mounds (Upper Ordovician), Siljan 

District, Sweden. Journal of Sedimentary Research 86 (4), 363-379.  

Ladiges, P.Y., Humphries, C.J., Brooker, M.I.H., 1987. Cladistic and biogeographic analysis of 

Western Australian species of Eucalyptus L’Herit, informal subgenus Monocalyptus 

Pryor & Johnson. Australian Journal of Botany 35 (3), 251-281.  

Lam, A.R., Stigall, A.L., 2015. Pathways and mechanisms of Late Ordovician (Katian) faunal 

migrations of Laurentia and Baltica. Estonian Journal of Earth Sciences 64 (1), 62-67. 

http://dx.doi.org/10.3176/earth.2015.11. 

Landis, M.J., Matzke, N.J., Moore, B.R., Huelsenbeck, J.P., 2013. Bayesian analysis of 

biogeography when the number of areas is large. Systematic Biology 62 (6), 789-804. 

https://dx.doi.org/10.1093/sysbio/syt040.  

Lavoie, D., 1995. A Late Ordovician high-energy temperate-water carbonate ramp, southern 

Quebec, Canada: implications for Late Ordovician oceanography. Sedimentology 42 (1), 

95-116. http://dx.doi.org/10.1111/j.1365-3091.1995.tb01273.x.  

Lees, D.C., Fortey, R.A., Cocks, L.R.M., 2002. Quantifying paleogeography using 

biogeography: a test case for the Ordovician and Silurian of Avalonia based on 

brachiopods and trilobites. Paleobiology 28 (3), 343-363. 

https://dx.doi.org/10.1666/0094-8373(2002)028<0343:QPUBAT>2.0.CO;2.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 66 

Lewis, P.O., 2001. A Likelihood Approach to Estimating Phylogeny from Discrete 

Morphological Character Data. Systematic Biology 50 (6), 913-925. 

https://dx.doi.org/10.1080/106351501753462876.  

Lieberman, B.S., 2003. Biogeography of the Cambrian radiation: deducing geological processes 

from trilobite evolution. Special Papers in Palaeontology 70, 59-72.  

Lieberman, B.S., Eldredge, N., 1996. Trilobite biogeography in the Middle Devonian: geological 

processes and analytical methods. Paleobiology. Paleobiology 22 (1), 66-79. 

https://dx.doi.org/10.1017/S009483730001602X.  

Lisiecki, L.E., 2010. Links between eccentricity forcing and the 100,000-year glacial cycle. 

Nature Geoscience 3, 349-352. http://dx.doi.org/10.1038/ngeo828. 

Litsios, G., Pearman, P.B., Lanterbecq, D., Tolou, N., Salamin, N., 2014. The radiation of the 

clownfishes has two geographic replicates. Journal of Biogeography 41 (11), 2140-2149. 

http://dx.doi.org/10.1111/jbi.12370.  

Mac Niocaill, C., Van der Pluijm, B.A., Van der Voo, R., 1997. Ordovician paleogeography and 

the evolution of the Iapetus ocean. Geology 25 (2), 159-162. 

http://dx.doi.org/10.1130/0091-7613(1997)025<0159:OPATEO>2.3.CO;2.  

Matzke, N.J., 2013. Probabilistic historical biogeography: new models for founder-event 

speciation, imperfect detection, and fossils allow improved accuracy and model-testing. 

Frontiers of Biogeography 5 (4), 242-248.  

Matzke, N.J., 2014. Model selection in historical biogeography reveals that founder-event 

speciation is a crucial process in island clades. Systematic Biology 63 (6), 951-970. 

https://dx.doi.org/10.1093/sysbio/syu056.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 67 

 Matzke, N.J., 2016. The evolution of antievolution policies after Kitzmiller versus Dover. 

Science 351 (6268), 28-30. http://dx.doi.org/10.1126/science.aad4057.  

Matzke, N.J., 2017. BEASTmasteR: automated conversion of NEXUS data to BEAST2 XML 

format, for fossil tip-dating and other uses. http://phylo.wikidot.com/beastmaster. 

Matzke, N.J., Irmis, R., 2017. Including autapomorphies in paleontological datasets is important 

for tip-dating with clocklike data, but not with non-clock data. PeerJ, accepted 

publication.  

Matzke, N.J., Wright, A.M., 2016. Inferring node dates from tip dates in fossil Canidae: the 

importance of tree priors. Biology Letters 12 (8), 20160328. 

http://dx.doi.org/10.1098/rsbl.2016.0328.  

McKerrow, W.S., Cocks, L.R.M., 1986. Oceans, island arcs and olistostromes: the use of fossils 

in distinguishing sutures, terranes and environments around the Iapetus Ocean. Journal of 

the Geological Society 143, 185-191. http://dx.doi.org/10.1144/gsjgs.143.1.0185.  

McKerrow, W.S., Niocaill, C.M., Ahlberg, P.E., Clayton, G., Cleal, C.J., Eagar, R.M.C., 2000. 

The Late Palaeozoic relations between Gondwana and Laurussia. Geological Society, 

London, Special Publications 179 (1), 9-20. http://dx.doi.org/ 

10.1144/GSL.SP.2000.179.01.03.  

Meidla, T., Tinn, O., Salas, M.J., Williams, M., Siveter, D., Vandenbroucke, T.R.A., Sabbe, K., 

2013. Biogeographical patterns of Ordovician ostracods. Geological Society, London, 

Memoirs 38 (1), 337-354. http://dx.doi.org/10.1144/M38.21.  

Miller, A.I., 1997. Dissecting global diversity patterns: examples from the Ordovician Radiation. 

Annual Review of Ecology and Systematics 28, 85-104. 

https://dx.doi.org//10.1146/annurev.ecolsys.28.1.85.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 68 

Miller, A.I., Foote, M., 1996. Calibrating the Ordovician radiation of marine life: Implications 

for Phanerozoic diversity trends. Paleobiology 22 (2), 304-309. 

https://dx.doi.org/10.1017/S0094837300016237. 

Miller, A.I., Mao, S., 1995. Association of orogenic activity with the Ordovician radiation of 

marine life. Geology 23 (4), 305-308. http://dx.doi.org/10.1130/0091-

7613(1995)023<0305:AOOAWT>2.3.CO;2.  

Miller, K.G., Kominz, M.A., Browning, J.V., Wright, J.D., Mountain, G.S., Katz, M.E., 

Sugarman, P.J., Cramer, B.S., Christie-Blick, N., Pekar, S.F., 2005. The Phanerozoic 

Record of Global Sea-Level Change. Science 310 (5752), 1293-1298. 

http://dx.doi.org/10.1126/science.1116412. 

Mohibullah, M., Williams, M., Vandenbroucke, T.R.A., Sabbe, K., Zalasiewicz, J.A., 2012. 

Marine ostracod provinciality in the Late Ordovician of paleocontinental Laurentia and 

its environmental and geographic expression. PLoS one 7 (8), e41682. 

https://dx.doi.org/10.1371/journal.pone.0041682.  

Muñoz, D., Benedetto, J., 2016. The eoorthid brachiopod Apomorphine in the Lower Ordovician 

of NW Argentina and the dispersal pathways along western Gondwana. Acta 

Palaeontologica 61, 633-644. http://dx.doi.org/10.4202/app.00241.2016.  

Museum of Comparative Zoology, Harvard University. http://mcz.harvard.edu (accessed 

5/09/2016). 

Neuman, R.B., 1972. Brachiopods of Early Ordovician volcanic islands. Proceedings of the 24th 

International Geological Congress, Montreal, vol. 7, pp. 297-302.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 69 

O’Meara, B.C., Ane, C., Sanderson, M.J., Wainwright, P.C., 2006. Testing for different rates of 

continuous trait evolution using likelihood. Evolution 60 (5), 922-933. 

https://dx.doi.org/10.1554/05-130.1.  

Paleobiology Database. https://paleobiodb.org/#/ (accessed 1/01/2014 to 1/11/2014).  

Park, T.-Y., Choi, D.K., 2011. Constraints on using ontogenetic data for trilobite phylogeny. 

Lethaia 44, 250-254. 

Patzkowsky, M.E., Holland, S.M., 1993. Biotic response to a Middle Ordovician 

paleaoceanographic event in eastern North America. Geology 21 (7), 619-622. 

http://dx.doi.org/10.1130/0091-7613(1993)021<0619:BRTAMO>2.3.CO;2. 

Patzkowsky, M.E., Holland, S.M., 1996. Extinction, invasion, and sequence stratigraphy: 

patterns of faunal change in the Middle and Upper Ordovician of the eastern United 

States. Geological Society of America Special Paper 306, 131-142.  

Patzkowsky, M.E., Slupik, L.M., Arthur, M.A., Pancost, R.D., Freeman, K.H., 1997. Late 

Middle Ordovician environmental change and extinction: Harbinger of the Late 

Ordovician or continuation of Cambrian patterns? Geology 25 (10), 911-914, 

http://dx.doi.org/10.1130/0091-7613(1997)025<0911:LMOECA>2.3.CO;2. 

Pohl, A., Donnadieu, Y., Le Hir, G., Ladant, J.-B., Dumas, C., Alvarez-Solas, J., 

Vandenbroucke, T.R.A., 2016a. Glacial onset predated Late Ordovician climate cooling. 

Paleoceanography 31 (6), 800-821. http://dx.doi.org/10.1002/2016PA002928.  

Pohl, A., Nardin, E., Vandenbroucke, T.R.A., Donnadieu, Y., 2016b. High dependence of 

Ordovician ocean surface circulation on atmospheric CO2 levels. Palaeogeography, 

Palaeoclimatology, Palaeoecology 458, 39-51. 

https://dx.doi.org/10.1016/j.palaeo.2015.09.036.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 70 

Pope, M.C., Read, J.F., 1997. High-resolution stratigraphy of the Lexington Limestone (late 

Middle Ordovician), Kentucky, U. S. A.: a cool-water carbonate-clastic ramp in a 

tectonically active foreland basin. In: Noel, P., Clarke, J.A.D. (Eds.), Cool-Water 

Carbonates. Special Publication-Society of Economic Paleontologists and Mineralogists, 

pp. 410-429.  

Poropat, S.F., Mannion, P.D., Upchurch, P., Hocknull, S.A., Kear, B.P., Kundrat, M., Tischler, 

T.R., Sloan, T., Sinapius, G.H., Elliott, J.A., Elliott, D.A., 2016. New Australian 

sauropods shed light on Cretaceous dinosaur palaeobiogeography. Scientific Reports 6, 

34467. http://dx.doi.org/10.1038/srep34467. 

Poussart, P.F., Weaver, A.J., Barnes, C.R., 1999. Late Ordovician glaciation under high 

atmospheric CO2: A coupled model analysis. Paleoceanography 14 (4), 542-558. 

http://dx.doi.org/10.1029/1999PA900021.  

Pyron, A., 2014. Biogeographic analysis reveals ancient continental vicariance and recent 

oceanic dispersal in amphibians. Systematic Biology 63 (5), 779-797. 

https://dx.doi.org/10.1093/sysbio/syu042.  

Quinton, P.C., Law, S., MacLeod, K.G., Herrmann, A.D., Haynes, J.T., Leslie, S.A., 2017. 

Testing the early Late Ordovician cool-water hypothesis with oxygen isotopes from 

conodont apatite. Geological Magazine, 1-15. 

https://dx.doi.org/10.1017/S0016756817000589. 

R Core Team, 2016. R: A Language and Environment for Statistical Computing. Vienna, 

Austria: R Foundation for Statistical Computing. http://www.R-project.org.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 71 

Radford, B., Babcock, R., Van Niel, K., Done, T., 2014. Are cyclones agents for connectivity 

between reefs? Journal of Biogeography 41 (7), 1367-1378. 

http://dx.doi.org/10.1111/jbi.12295.  

Rasmussen, C.M.Ø., Harper, D.A.T., 2011. Did the amalgamation of continents drive the end 

Ordovician mass extinction? Palaeogeography, Palaeoclimatology, Palaeoecology 311 

(1-2), 48-62. https://dx.doi.org/10.1016/j.palaeo.2011.07.029.  

Rasmussen, C.M.Ø., Ullmann, C.V., Jakobsen, K.G. Lindskog, A., Hansen, J., Hansen, T., 

Eriksson, M.E., Dronov, A., Frei, R., Korte, C., Nielsen, A.T., Harper, D.A.T., 2016. 

Onset of main Phanerozoic marine radiation sparked by emerging Mid Ordovician 

icehouse. Scientific Reports 6, 18884. http://dx.doi.org/10.1038/srep18884.  

Read, J.F., 1980. Carbonate ramp-to-basin transitions and foreland basin evolution, Middle 

Ordovician, Virginia Appalachians. American Association of Petroleum Geologists 

Bulletin 64 (10), 1575-1612.  

Ree, R.H., 2005. Detecting the historical signature of key innovations using stochastic models of 

character evolution and cladogenesis. Evolution 59 (2), 257-265. 

https://dx.doi.org/10.1554/04-369.  

Ree, R.H., Smith, S.A., 2008. Lagrange: software for likelihood analysis of geographic range 

evolution. Systematic Biology 57, 4-14.  

Ronquist, F., Cannatella, D., 1997. Dispersal-vicariance analysis: a new approach to the 

quantification of historical biogeography. Systematic Biology 46 (1), 195-203. 

https://dx.doi.org/10.1093/sysbio/46.1.195.  

Rudwick, M.J.S., 1970. Living and Fossil Brachiopods. Hutchinson, London.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 72 

Saltzman, M.R., Young, S.A., 2005. Long-lived glaciations in the Late Ordovician? Isotopic and 

sequence-stratigraphic evidence from western Laurentia. Geology 33 (2), 109-112. 

https://dx.doi.org/10.1130/G21219.1.  

Sanmartin, I., Enghoff, H., Ronquist, F., 2001. Patterns of animal dispersal, vicariance, and 

diversification in the Holarctic. Biological Journal of the Linnean Society 73 (4), 345-

390. http://dx.doi.org/10.1111/j.1095-8312.2001.tb01368.x.  

Sepkoski, J.J., 1997. Biodiversity: past, present, and future. Journal of Paleontology 71 (4), 533-

539. https://dx.doi.org/10.1130/G21219.1. 10.1017/S0022336000040026.  

Servais, T., Owen, A.W., Harper, D.A.T., Kröger, B., Munnecke, A., 2010. The Great 

Ordovician Biodiversification Event (GOBE): the palaeoecological dimension. 

Palaeogeography, Palaeoclimatology, Palaeoecology 294 (3-4), 99-119. 

https://dx.doi.org/10.1130/G21219.1. 10.1016/j.palaeo.2010.05.031.  

Shanmugam, G., Lash, G.G., 1982. Analogous tectonic evolution of the Ordovician foredeeps, 

southern and central Appalachians. Geology 10 (11), 562-566. 

http://dx.doi.org/10.1130/0091-7613(1982)10<562:ATEOTO>2.0.CO;2.  

Sheehan, P.M., 1996. A new look at ecological evolutionary unites (EEUs). Palaeogeography, 

Palaeoclimatology, Palaeoecology 127 (1-4), 21-32. http://dx.doi.org/10.1016/S0031-

0182(96)00086-7.  

Sorenson, L., Allen, G., Erdmann, M., Dai, C.-F., Liu, S.-Y., 2014. Pleistocene diversification of 

the Pomacentrus coelestis species complex (Pisces: Pomacentridae): historical 

biogeography and species boundaries. Marine Biology 161 (11), 2495-2507. 

http://dx.doi.org/10.1007/s00227-014-2521-8.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 73 

Sorte, C.J.B., 2013. Predicting persistence in a changing climate: flow direction and limitations 

to redistribution. Oikos 122 (2), 161-170. http://dx.doi.org/10.1111/j.1600-

0706.2012.00066.x.  

Stadler, T., 2010. Sampling-through-time in birth-death trees. Journal of Theoretical Biology 267 

(3), 396-404. http://dx.doi.org/10.1016/j.jtbi.2010.09.010.  

Stigall, A.L., 2010. Invasive species and biodiversity crises: testing the link in the Late 

Devonian. PLoS one 5 (12), e15584. http://dx.doi.org/10.1371/journal.pone.0015584.  

Stigall, A.L., Bauer, J.E., Brame, H.-M.R., 2014. The Digital Atlas of Ordovician Life: 

Digitizing and mobilizing data for paleontologists and the public. Estonian Journal of 

Earth Sciences 63 (4), 312-316. http://dx.doi.org/doi: 10.3176/earth.2014.36.  

Stigall, A.L., Bauer, J.E., Lam, A.R., Wright, D.F., 2017. Biotic immigration events, speciation, 

and the accumulation of biodiversity in the fossil record. Global and Planetary Change 

148, 242-257. http://dx.doi.org/10.1016/j.gloplacha.2016.12.008.  

Templeton, A.R., 2008. The reality and importance of founder speciation in evolution. BioEssays 

30 (5), 470-479. http://dx.doi.org/10.1002/bies.20745.  

Thacker, C.E., 2015. Biogeography of goby lineages (Gobiiformes: Gobioidei): origin, 

invasions, and extinction through the Cenozoic. Journal of Biogeography 42 (9), 1615-

1625. http://dx.doi.org/10.1111/jbi.12545.  

Thompson, T.L., Satterfield, I.R., 1975. Stratigraphy and conodont biostratigraphy of strata 

contiguous to the Ordovician-Silurian boundary in eastern Missouri. Missouri Geological 

Survey Report of Investigations 57, 61-108.  

Torsvik, T.H., Trond, H., Van der Voo, R., Preeden, U., Mac Niocaill, C.M., Steinberger, B., 

Doubrovine, P.V., van Hinsbergen, D.J., Domeier, M., Gaina, C., Tohver. E., Meert, J.G., 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 74 

2012. Phanerozoic polar wander, palaeogeography and dynamics. Earth-Science Reviews 

114 (3), 325-368.  

Torsvik, T.H., Cocks, L.R.M., 2013. New global palaeogeographical reconstructions for the 

Early Palaeozoic and their generation. Geological Society, London, Memoirs 38 (1), 5-

24. http://dx.doi.org/10.1144/M38.2.  

Toussaint, E.F.A., Balke, M., 2016. Historical biogeography of Polyura butterflies in the oriental 

Palaeotropics: trans-archipelagic routes and South Pacific island hopping. Journal of 

Biogeography 43 (8), 1560-1572. http://dx.doi.org/10.1111/jbi.12741.  

Treml, E.A., Ford, J.R., Black, K.P., Swearer, S.E., 2015. Identifying the key biophysical 

drivers, connectivity outcomes, and metapopulation consequences of larval dispersal in 

the sea. Movement Ecology 3 (1), 17. http://dx.doi.org/10.1186/s40462-015-0045-6.  

Treml, E.A., Halpin, P.N., Urban, D.L., Pratson, L.F., 2008. Modeling population connectivity 

by ocean currents, a graph-theoretic approach for marine conservation. Landscape 

Ecology 23, 19-36. http://dx.doi.org/10.1007/s10980-007-9138-y. 

 Trotter, J.A., Williams, I.S., Barnes, C.R., Lecuyer, C., Nicoll, R.S., 2008. Did cooling 

oceans trigger Ordovician biodiversification? Evidence from conodont thermometry. 

Science 321, 550-554. http://dx.doi.org/10.1126/science.1155814.  

Trubovitz, S., Stigall, A.L., 2016. Synchronous diversification of Laurentian and Baltic 

rhynchonneliform brachiopods: Implications for regional versus global triggers of the 

Great Ordovician Biodiversification Event. Geology 44 (9), 743-746. 

http://dx.doi.org/10.1130/G38083.1.  

Turner, B.R., Armstrong, H.A., Holt, P., 2011. Visions of ice sheets in the early Ordovician 

greenhouse world: Evidence from the Peninsula Formation, Cape Peninsula, South 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 75 

Africa. Sedimentary Geology 236 (3-4), 226-238. 

http://dx.doi.org/10.1016/j.sedgeo.2011.01.009.  

Valentine, J.W., Jablonski, D., 1983. Larval adaptations and patterns of brachiopod diversity in 

space and time. Evolution 37 (5), 1052-1061. http://dx.doi.org/10.2307/2408418.  

Vandenbroucke, T.R.A., Armstrong, H.A., Williams, M., Zalasiewicz, J.A., Sabbe, K., 2009. 

Ground-truthing Late Ordovician climate models using the paleobiogeography of 

graptolites. Paleoceanography 24 (4), PA4202.  

Walker, L.J., Wilkinson, B.H., Ivany, L.C., 2002. Continental drift and Phanerozoic carbonate 

accumulation in shallow-shelf and deep-marine settings. The Journal of Geology 110 (1), 

75-87. http://dx.doi.org/10.1086/324318.  

Wilde, P., 1991. Oceanography in the Ordovician. In: Barnes, C.R., Williams, S.H. (Eds.), 

Advances in Ordovician geology. Geological Survey of Canada, Paper, vol. 90, pp. 225-

344.  

Wojcicki, M., Brooks, D.R., 2005. PACT: an efficient and powerful algorithm for generating 

area cladograms. Journal of Biogeography 32 (5), 755-774. 

http://dx.doi.org/10.1111/j.1365-2699.2004.01148.x.  

Wood, S., Paris, C.B., Ridgwell, A., Hendy, E.J., 2014. Modeling dispersal and connectivity of 

broadcast spawning corals at the global scale. Global Ecology and Biogeography 23 (1), 

1-11. http://dx.doi.org/10.1111/geb.12101.  

Wright, D.F., Stigall, A.L., 2013a. Geologic drivers of Late Ordovician faunal change in 

Laurentia: investigating links between tectonics, speciation, and biotic invasions. PLoS 

one 8 (7), e68353. http://dx.doi.org/10.1371/journal.pone.0068353.  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 76 

Wright, D.F., Stigall, A.L., 2013b. Phylogenetic revision of the Late Ordovician orthid 

brachiopod genera Plaesiomys and Hebertella from Laurentia. Journal of Paleontology 

87 (6), 1107-1128. https://doi.org/10.1666/12-083.  

Wright, D.F., Stigall, A.L., 2014. Species-level phylogenetic revision of the Ordovician orthide 

brachiopod Glyptorthis from North America. Journal of Paleontology 12 (8), 893-906. 

http://dx.doi.org/10.1080/14772019.2013.839584.  

Young, A.L., Brett, C.E., McLaughlin, P.I., 2016. Upper Ordovician (Sandbian-Katian) sub-

surface stratigraphy of the Cincinnati Region (Ohio, USA): transition into the Sebree 

Trough. Stratigraphy 12 (3-4), 297-305.  

Young, S.A., Saltzman, M.R., Bergstöm, S.M., 2005. Upper Ordovician (Mohawkian) carbon 

isotope (δ
13

C) stratigraphy in eastern and central North America: Regional expression of 

a perturbation of the global carbon cycle. Palaeogeography, Palaeoclimatology, 

Palaeoecology 222 (1-2), 53-76. http://dx.doi.org/10.1016/j.palaeo.2005.03.008.  

Young, S.A., Saltzman, M.R., Bergström, S.M., Leslie, S.A., Xu, C., 2008. Paired δ
13

Ccarb and 

δ
13

Corg records of Upper Ordovician (Sandbian-Katian) carbonates in North America and 

China: Implications for paleoceanographic change. Palaeogeography, Palaeoclimatology, 

Palaeoecology 270 (1-2), 166-178. http://dx.doi.org/10.1016/j.palaeo.2008.09.006.  

Young, S.A., Saltzman, M.R., Ausich, W.I., Desrochers, A., Kalijo, D., 2010. Did changes in 

atmospheric CO2 coincide with latest Ordovician glacial-interglacial cycles? 

Palaeogeography, Palaeoclimatology, Palaeoecology 296 (3-4), 376-388. 

http://dx.doi.org/10.1016/j.palaeo.2010.02.033.  

Young, S.A., Gill, B.C., Edwards, C.T., Saltzman, M.R., Leslie, S.A., 2016. Middle-Late 

Ordovician (Darriwilian-Sandbian) decoupling of global sulfur and carbon cycles: 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 77 

Isotopic evidence from eastern and southern Laurentia. Palaeogeography, 

Palaeoclimatology, Palaeoecology 458, 118-132. 

http://dx.doi.org/10.1016/j.palaeo.2015.09.040.  

Zachos, J., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001. Trends, Rhythms, and 

Aberrations in Global Climate 65 Ma to Present. Science 292 (5517), 686-693. 

http://dx.doi.org/10.1126/science.1059412.  

  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 78 

DISPERSAL IN THE ORDOVICIAN: SPECIATION PATTERNS AND 

PALEOBIOGEOGRAPHIC ANALYSES OF BRACHIOPODS AND 

TRILOBITES 

 

Adriane R. Lam
a*

, Alycia L. Stigall
b
, Nicholas J. Matzke

c 

 

Highlights 

 Bayesian and ML methods were successfully implemented with Ordovician taxa 

 Founder event speciation was important in the evolution of Paleozoic taxa 

 Taxa with different larval strategies responded similarly to climate shifts 

 Ocean currents were key influences on invertebrate dispersal patterns 

 Results indicate most evolution within clades occurred during climate shifts 

ACCEPTED MANUSCRIPT


