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ABSTRACT

Aim To reconstruct dinosaur macro-biogeographic patterns through the Mesozosirigra network-
based approach. We test how continental fragmentation affected dinosawr-bmeaeographic
structure and evolutionary rates.

Location A global occurrence database of dinosaur families from the La#ssicito the end-
Cretaceous was used for this study.

Methods Biogeographic and geographic network models were constructed. Continental laasdmass
were linked by direct continental contact and sea level conditiomeactions in geographic networks,
and by shared dinosaur families in biogeographic networks. Biogeographic neweseksun with
raw, novel and first-step connections for all dinosaur, ornithischian,ptbé&r@nd sauropodomorph
taxa.

Results Geographic connectedness declines through time, from peak aggregaitienTinassic-
Jurassic to complete separation in the latest Cretaceous. Biogeographic etmessctshows no
common trend in the raw and novel connection network models, but decreasgs tinmea whilst
showing some correlation with continental fragmentation in moshefitst-step network models.
Despite continental isolation and high sea levels, intercontinental fawterege continued right up
to the end of the Cretaceous. Continental fragmentation and dinosaadestmiogeographic structure
do not share a common pattern with dinosaurian evolutionary rates, altthmnghs evidence that
increased continental isolation resulted in increased originatios irateome dinosaurian lineages
Spatiotemporal sampling biases and early Mesozoic establishment of familgifgkibution patterns
are important drivers of apparent dinosaur macro-biogeographic structure.

Main conclusions There is some evidence to suggest that dinosaur macro-biogeographic structure
was influenced by continental fragmentation, although intercontinental excbbg®saur faunas
appears to have continued up to the end of the Cretaceous. Macro-biogeographic pattescsrac o
by uneven geographic sampling through time and a residual earlier ditesiigtribution which is

sustained up to the end of the Cretaceous.

Key words biogeography, continental fragmentation, dinosaur, Mesozoic, network analysis ,
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INTRODUCTION

The geography of the Earth underwent a series of significant changes thitotighMesozoic Era
(Holtz et al., 2004). The aggregation of the supercontinent Pangaea cetirayathe Late Triassic,
before subsequently undergoing fragmentation throughout the Jurassteeimorthern and southern
landmasses Laurasia (North America, Europe, Asia) and Gondwana (Somghc# Africa,
Madagascar, India, Antarctica, Australia). Continental fragmentation continwedghiout the
Cretaceous (Upchurch, 2008), in tandem with rising sea levels to someabtvenpresent day levels
(Haqg et al., 1987; Miller et al., 2005), resulting in all major laagses being isolated by the end of the
Cretaceous (Smith et al., 1994). The breakup of the supercontinent Pamdjfadher fragmentation
of Laurasia and Gondwana offers a unique case study for the analysis of maemmtappic patterns
across terrestrial environments (Sereno, 1999). The dinosaurs aroseletiate Triassic (~230 Ma)
and dominated terrestrial ecosystems throughout the Jurassic and Creftalt@oing the extinction

of major archosaurian competitors at the end-Triassic mass exti(Sgoeno, 1999; Brusatte et,al.
2008). Continental fragmentation dominated throughout the time of thtemoe@ of the non-avian
dinosaurs (Holtz et al., 2004; Butler et al., 201ths their biogeographic patterns and evolutionary
rates should reflect this by increased endemism, regional extinctiodearehsed migration between
continental landmasses (Sereno, 1999; Turner, 2004).

Previous studies of dinosaur biogeography have used a variety ofdsefhom early
descriptive studies of distributions (Lull, 1910; Nopcsa, 1934), to phehigiz et al., 2004), cladisitic
(Upchurch et al., 2002), and vicariance biogeographic (Sereno, 1997, 1999) methqdsehieesent
a novel usage of a network-based approach to analyse dinodziagaagraphic structure. A network
consists of a group of points, commonly referred tonasles, joined together by a series of lines
commonly referred to a®dges (Newman, 2010). Nodes are bounded entities defined by the analyst
(e.g. a continent, a habitat, a species, an organism); and edges are relatiess betles (e.g. a shared
characteristic or interaction) (Cumming et al., 2010; Newman, 2010). Althibisghteresting to study
the nodes themselves, it is crucial to also understand how they are connecgetthesmanner in which
they are linked can have a large impact on the dynamics and behafviosisystem (Newman, 2003)

Although network theory has been known in physics for centuries (Neya@@a3), it has more recently
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come to the fore in biological (Cumming et al., 2010; Croft e28l1; Moalic et al., 2012; Rutz et,al.
2012; Boyland et al., 2013; Vilhena & Antonelli, 2015) and palaeobiologicabi(%itl al., 2013;
Vilhena et al., 2013) systems.

Here, we compare geographic and biogeographic network models across the Me&sozoic t
examine how supercontinent fragmentation affédinosaur biogeographic structure and whether less
connected landmasses reedlin fewer dinosaurian biogeographic connections. In addition, we
compare networks constructed from this study with dinosaurian originatid extinction rates to

elucidate the influence of biogeography on dinosaur evolution.

METHODS
Data
Fossil occurrence data were downloaded from the Paleobiology DatabaseoD@al
(https:\\paleobiodb.org) on 6 September 2013 (last accessed 15 April 201&teangle-processing
consised of 4762 dinosaur occurrences (Carrano et al., 2013). Data were compgiedarnily level
as few dinosaur genera (or species) are recorded as occurring onhaorerte major landmass.
Families may represent a more robust taxonomic measure than gespegies as, like genera they
represent monophyletic clades, and genera (which are dominantly mono¥peuificpecies are
frequently revised and renamed in light of new data and taxonomic lysiarienton, 2008; Tschopp
et al., 2015). However, it must also be noted that family-levelaatgproduce a number of problems
in quantitative studies such as this, brought about by issues with monapid/lglisproportionate
numbers of species or genera per family caused by different taxononticgwacross clades and
across the stratigraphic record.

Fossil occurrences were assigned to one of nine continental landmafsies Antarctica,
Asia, Australia, Europe, India, Madagascar, North America, South Ameriddhan binned into ten
time intervals constructed in accordance with Geological Timescale 2012 @snastsil., 2012). The
ten time bins were: (1) Late Triassic; (2) Early Jurassic; (3) Mid Siara@l) Late Jurassic; (5)
Berriasian-Barremian; (6) Aptian-Albian; (7) Cenomanian-Turonian; @)i&ian-Santonian; (9)

Campanian; (10) Maastrichtian. Chronostratigraphic Stages wergaanatked within time bins to



100 mitigate uneven sampling. Continental landmasses were defined a®lgtiediamajor continental
101 Ilandmasses at the end of the time series (end of the Maastlicitidnough these broad landmass
102 definitions will undoubtedly lead to an oversimplification lmbgeographic structure, it would be
103 problematic to subdivide the landmasses further. For examplepaftesubdivide North America into
104 the western landmasses of Laramidia and the eastern landmass @fcAjgahd Asia into a number
105 of sub-continental landmasses. However, most of these landmasgegared by changing coastlines
106  which are very difficult to identify through geological time. Thedilyins were produced as such to
107 meet two criteria; (i) to keep fossil occurrence samplefaidg even (to within an order of magnitude),
108 and (ii) to align time bin boundaries with major continentalttpdj/collision events. Continental
109 arrangement and geograplsonnection data were obtained from Smith et al. (1994) and sea level data
110 from Hag et al. (1987). Although this study does not consider paladiw®astd climatic barriers as
111 these are poorly known in contrast to the well constrained cordinemsitions (Upchurch, 2008),
112 effects of changing coastlines across entire networks are accountgdrfootporating sea level into
113 the models. Climatic barriers almost certainly would have limited dispersattain dinosaurian taxa,
114 both within and between continental landmasses, and evidence for clicoatiol on terrestrial
115 tetrapod diversity has been detected in Permo-Triassic PangaeanetSidior2005; Ezcurra, 2010;
116 Whiteside et al., 2011; Whiteside et al., 2015) and Cretaceous Gaal{&enson et al., 2012; Amiot
117 etal., 2015) communities. However, climatic barriers were most likelygampl®nounced than in the
118 present day as through much of the Mesozoic pole-equator gradieatasMew as at any other point
119 in the entire Phanerozoic (Huber et al., 2002; Holtz et al., 2084nhn et al., 2012; Mannion et al.
120 2014) and dinosaurs appear to have been able to migrate large distancesaeddrelimate belts in
121 order to colonize new environments (Longrich, 2014).

122

123 Network models

124  Network analysis is employed to capture the dynamic aspect of biagéigand geographic (tectonic)

125 systems through the Mesozoic. Each of the nine continental landma

signed to a separate node
126 in each network model. The edges between nodes were; (i) continentattbom for the geographic

127 networks; and (ii) number of shared dinosaurian families for thgebigraphic networks. Two
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geographic networks were developed. The first is a simple geographic néGETY model which
only considered direct, continuous continental connections where contineatssigered connected
if they are not separated by a seaway (unweighted network of O drethew land masses were
connected or not). For example, direct connections between North Armedi&urope and Europe and
Asia would also result in a further connection between Northrismend Asia, via Europe, even if
there is no direct contact between North American and Asiamiasgkes. A second model conditions
connections on sea level (SL), where shalkbelf seas retained a probability of containing ‘land-
bridges’ with respect to the average sea level dtttime bin (probability network of 0-1 for edge

weight). Sea level conditioning was calculated to obtain a probability of land-§Rdgeccurrence:

meang,

PLB =1 —
maxgy,

where the mean relative sea level (mgpaf each time bin was divided by a value slightly higher than
the maximum sea level (maX of the entire time series (300 m), with the result then subttfim

1. The highest mean sea level of 262.22 m in the Campanian theréfonedea probability of land
bridge formation across shallow seaways of 0.13, vels¢ie lowest mean sea level of 54.68 m during
the Early Jurassic returned a probability of 0.82. The method here assunadatihieship between sea
level and land bridge emergence to be linear. Although this is almitainbea simplification of a rda
world system where shallow shelf seas were of variable area atil, dedoes provide a simple
calculation by which the effects of changing sea levels in the afdeundreds of metres can be
incorporated in to our network models.

Biogeographic networks models were developed for; (i) all dinosaur (i@xarnithischian
taxa; (iii) theropod taxa; and (iv) sauropodomorph taxa (weightedories of 0-n for the number of
shared dinosaur families). The first, raw model, consilell dinosaurian family connections for each
select group in each time bin. However, the raw model is prosyeati-temporal sampling error and
cumulative connectivity, where family-level distributions are estaldigt@ly in the time series and
persist through subsequent time bins. Therefore, only extinction (regionglobal) can cause
permanent reductions in network connectivity in the raw model. A senord| connections model,

only consideed new dinosaurian family connections, i.e. only the first established ciiomef a
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particular taxon between specific landmasses were recordedidamat thclude the same connections
in subsequent time bins. The novel connections model thus eliminates the ciamoatectivity
problem by only considering connections that occur within a singke lin, but is still vulnerable to
spatio-temporal sampling error. A third, first-step model, only cemnsitthe first connection between
two landmasses made by a particular taxon and ignored all connections igtbatiparticular taxon
in subsequent time bins irrelevant of continental landmass. The fipstrstdel therefore avoids the
cumulative connectivity problem and reduces geographic sampling error tr@sgire network but
cannot account for subsequent range expansions fafiotke “first step” between two or more
continental landmasses. See Fig. S1 in Appendix S1 for biogeographic networlsofaedtic.

We also apply the novel and first-step models to a standardized data setddeeveeights are
controlled for bias associated with wide and narrow-ranging families wegghts are controlled so
the individual edge weight for a particular dinosaur familaiiry one time bin equals the number of
newly colonized continents divided by the number of possible edgesx&ample, a dinosaur family
expanding from an existing range of four continents to a single new comtioelat contribute 4 to the
total edge weight in the original data analysis, and is thus biasadi®already wide-ranging families.
In contrast, this would only contribute a value of 1 in the standardizagisis (0.25 per edge). We also
carry out a directed network analysis on the standardized novel argtdpstodels where we record
the direction of movement from the existing range to new continents irieechin to decipher which
landmasses were most important for dinosaur migration events throughblégbeoic.

We use two metrics to quantify the connectedness of the geograpbiogedgraphic network

models, Link Density (LD) and Average Link Weight (ALW) (Newman, 2010):

LD = £
T n(n-1)
aw = =Y
- E

where E = number of edges=mumber of potential edges, and Zij = the weight of the edge between
nodesiand j. LD calculates the density of the network (i.e. hag eloy network is to being completely
connected) and ALW records the connection strength of a weighted network (i.eatheafue of all

edge weights within a network). The importance of each no@adh biogeographic network was
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calculated to determine how biogeographically connected each continentahtnwas using degree
centrality (&) (Nieminen, 1974; Freeman, 1978) where a given nageaR at most be adjacent to the
value of n - 1 other nodes in a network. The maximumggPg}, therefore, is the value of-nl, then

the proportion of other points that are adjacenttis:P

K
i=1 Eik

Cp(Py) = 1
whereE;;, is the value of a weighted edge between nodes i and k, if i areldonnected by an edge,
and O otherwise (Freeman, 1978).

Network analyses were carried outin R 3.1.1 (R Core Team, 2014 }hsipgckagesdgraph’
1.0.1 (Csardi & Nepusz, 2008)network’ 1.11.3 (Butts et al., 2014JMASS” 7.3-42 (Venables &
Ripley, 2002);‘Matrix” 1.1-5 (Bates & Maechler, 2015%n& 2.32 (Butts, 2014)“Netindices 1.4.4

(Kones et al., 2009), antnet’ 3.0.11 (Opsahl, 2009).

Origination and extinction rates of dinosaur families
Origination (Q) and extinction (B rates were calculated for the entire dinosaurian clade as well as for
the subclades of Ornithischia, Theropoda, and Sauropodomorpha. The methodmtmycéa by

Foote (2000) and modified by Foote (2003) was used:

Np¢
0, = —-In———
" th + th
N
ET — _ln$
Npp + Ny

where N is the number of taxa crossing both the bottom and top boundaridsref bin, N is the
number of taxa first appearing in a time bin and crossing the taplbouof that particular time bin,
and N is the number of taxa crossing the bottom boundary of the timéudi having their last
appearance in that particular time bin. Rates are not normaligetime bin duration, so although this
may cause underestimation of rates in shorter time bins relatilanger time bins, Foote (2005)
demonstrated that both extinction and origination are pulsed rdtherspread throughout time

intervals.
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Statistical tests
Geographic and biogeographic network LDs and ALWs and evolutionary rates weraldd using

generalised differencing (script obtained from Graeme Lloyd:

http://www.graemetlloyd.com/methgd.hfimNetwork model LDs and IAVs and evolutionary rates

were compared using Spearman rank correlation tests, both fawhend generalised differenced
data, with false discovery rate corrections applied using the meftiBzohjamini and Hochberg (1995)

All statistical analyses were carried out using R 3.1.1.

RESULTS

Geographic networks

The geographic network models show significant trends of decreasing demjtar(l connection
strength (ALW) through time (Fig. 1 and Fig S2 in Appendix &k Table S1 in Appendix S1 for
network trends). The SL model allows for higher density and coomnestiength in the Late Triassic
and Early Jurassic and also facilitates greater connection strength throinghBatly and early Late
Cretaceous (Fig. 1). However, from the late Early Cretaceous onwardsectaitfragmentation is well
advanced so the SL network is relatively isolated (i.e. low density); delspiteonnection strength
score remaining fairly high until the Campanian. Although GEO and @lels correlate closely in the
raw data, they do not correlate significantly after detrending, suggesithough both models depict
a long-term trend of increased fragmentation, sea-level inducededittes in birte-bin changes
during the Late Jurassic-earliest Cretaceous obscthi® relationship over shorter timescales (see

Tables S259in Appendix S1 for network correlation coefficients).

Biogeographic networks

The raw biogeographic models for all dinosaur, ornithischian, and therayadlisplay a significant
trend of increased density through time (Fig. 2a) with raw ornitldaachetwork density correlating
negatively with the geographic networks. The Maastrichtian is the most densely ednnext of the
raw biogeographic network models despite being the least geographically connert2d;(Fgs. S3-

S6in Appendix S1). Low network density in the Middle Jurassic is a phenon seen across all groups
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along with a second commonly observed dip in network density in the early-mid Ltdedores (Fig.
2a). Connection strength (ALW) is initially low before risimgathigh plateau through the Late Jurassic
to Aptian-Albian, before a dip into the Late Cretaceous (Fig. 3a)diflesaur sub-clades show variable
patterns with theropod connection strength showing a significant increasing trendakoia the Late
Cretaceous and correlating negatively with the geographic network modgls34f. In contrast,
ornithischian and sauropodomorph connection strength peaks in theilzesid before falling through
the rest of the Mesozoic, albeit with a significant rise in thestafretaceous in the ornithischian data
set (Fig. 3a). In all data sets, the Laurasian (Asia, Europe, Norénica) and Samafrican (Africa,
South America; Upchurch (2008)) continents display the highest degree afctivity, with East
Gondwanan (Antarctica, Australia, India, Madagascar; Upchurch (2008))dasdmonly assuming a
more connected role from the Aptian-Albian onwards (Figs. S7a-S10a in Ap&h)dix

The novel biogeographic models for all dinosaur and theropod taxa show nailisceend
in density through time and do not correlate with the geographic network rilige2b). Novel model
density is highest amongst all dinosaurs and theropods during the@assic, Aptian-Albian and the
Maastrichtian, with lows that match those in the raw networkkdarMiddle Jurassic and early-mid
Late Cretaceous (Fig. 2b; Figs. S11-S14 in Appendix S1). Ornithisshiisplay low network density
until the Late Jurassic before a significant increasing trermlidghr the rest of the Mesozoic which
correlates negatively with the geographic networks. Sauropodomorplirke®nsity peaks in the Late
Triassic-Early Jurassic before significantly decreasing through tddi®urassic-Cretaceous (Fig.
2b). Novel connection strength starts low before a sharp increasheritate Jurassic, where we see
the highest number of connections across all dinosaurs, ornithischidnsa@oepodomorphs, with
theropod connection strength peaking slightly later in the BerriasiaresB@n (Fig. 3b). Connection
strength then decreases through the Cretaceous before a universal incrédaseCiampanian-
Maastrichtian (Fig. 3b). Standardized connection strength largely refleciastendardized data, but
with a more pronounced peak in the Late Jurassic and by relativeetedannectivity in the Early
Jurassic, Aptian-Albian, and Maastrichtian (Fig 3c). Standardized connectergthtrcorrelates
positively with geographic network density in the all dinosaur and padamorph data. The novel

biogeographic data sets are similar to the raw data sets with regard to thetigdgrof individual



264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
201

11

nodes with Laurasian and Samafrican landmasses dominating, and Easta@amadwentinents not
featuring significantly until the Aptian-Albian (Figs. S7b-S10bAppendix S1). The majority of
Jurassic-Early Cretaceous connections are routed into African anaslaautandmasses with most of
these connections occurring out of Europe (Figs. 4ab). In the Late Cretahechighest proportions
of connections originate from North America, Asia and South Araend there are a higher proportion
of East Gondwanan destinations (Figs. 4ab). One striking pattern is that althoogl &wwws a high
degree of outward connectivity in the Jurassic-Early Cretaceous, dremo inward connections to
Europe in the Early-Mid Jurassic or the Aptian-Albian (Fig. 4c).

All dinosaur, theropod, and sauropodomorph first-step biogeographic kedeasities peak
in the Early Jurassic whilst ornithischians peak in the Late Jui@gic2c and Fig. 5; Figs. S15-S17
in Appendix S1). All clades exhibit a declining trend (which is stesily significant in all dinosaurs
and sauropodomorphs) through the Cretaceous with Bliedpeaks in the Campanian (Fig. 2c). All
dinosaur and sauropodomorph first-step network density correlatéscaiggty with the geographic
network models. First-step connection strength is initially low before a shanp ia peak in the Late
Jurassic-earliest Cretaceous followed by a decline throught¢éhEdaly-Late Cretaceous before a rise
in the latest Cretaceous in all groups apart from the sauropodasr{eigh3d and Fig. 5), which display
a significant declining trend through the Mesozoic and correlate pgitinth the geographic network
models. Standardized connection strength differs from the unstandardized data aiwislydligher
connection strength in the Middle Jurassic and early Late Cretacemsaflian and by relatively
reduced connection strength in the Early Jurassic and Maastrichtian (FigV8e see positive
correlations between standardized connection strength and geographic networlkadéensitynection
strength in the sauropodomorph and theropod data sets. As expeetidt-tep models show more
sporadic node connectivity than the raw and novel biogeographic connection mottelsn wiven
lower prevalence of East Gondwanan connectivity (Figs. S7c-SHmpiendix S1) as most dinosaur
families occur on Laurasian and Samafrican landmasses beforérthé&ntt Gondwanan occurrences.
The majority of JurassiBarly Cretaceous “first steps” are routed into North America and Asia with
most of these connections occurring out of South America and E(Fogpe 4de). In the Late

Cretaceous, almost all of the “first steps” occur between Laurasian landmasses with a small proportion
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of inward “first steps” to South America and outward “first steps” to Australia and South America (Figs.
4de). The pattern of European high outward but low inward conneciivithe Jurassic-Early

Cretaceous persists in the first-step model.

Origination and extinction rates of dinosaur families

All dinosaur clades show initially high origination rates hie Early-Middle Jurassic before
rates decline through the Late Jurassic and Cretaceous (Fig. Sigeeimdix S1). Dinosaur origination
rates correlate significantly with the GEO and SL geographic models,higher origination rates
corresponding to a higher density and connection strength of coatinenhection. These significant
results are repeated in all the dinosaur subclades. However, alntbst sifjnificant correlations are
lost after detrending the data. Sauropodomorph origination ratedatersignificantly with first-step
biogeographic network density and novel and first-step network connection st(erigthal and
standardized data); suggesting high sauropodomorph origination ratesnéeenmoraneous with
continental aggregation and a greater density of intercontinental “first steps”. Dinosaur origination rates
correlate negatively with novel (original and standardized data), and firstestepction strength after
generalised differencing (Fig. 6a), suggesting reductions in the biagddgrconnectivity result in
increases origination rates. Similar negative correlations are olisafter generalised differencing,
between ornithischian origination rates and first-step biogeograghigork density and connection
strength and between sauropodomorph raw and novel biogeographic network densitgination
rates (Fig. 6bc).

Extinction rate trajectories vary amongst dinosaur clades. Dinassia whole display high
initial extinction rates early in the Mesozoic which decline throtighJurassic before rising in the
Early Cretaceous and fall into the Late Cretaceous (Fig. S18b in Agp&ddli Theropod and
ornithischian extinction rates are lower in the Early-Middle Jurassic and pea§ the Late Jurassic-
Early Cretaceous whilst sauropodomorph extinction rates are hightst Early Jurassic and Late
Cretaceous. Dinosaur extinction rates correlate positively with SLonetdensity. Ornithischian
extinction rates correlate negatively with the GEO network densiy détrending, suggesting that

increases in continental connectivity result in reductions imebain rates. Theropod extinction rates



320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346

347

13

correlate positively with novel connection strength, suggesting that ategraumber of novel
connections lead to higher extinction rates. Sauropodomorph extinctiocoeteate positively with
SL connection strength after detrending, suggesting that increases in geographectivity

correspond to increases in sauropodomorph extinction rates.

DISCUSSION

The geographic network models display the sequence of continental frajoreabserved throughout
the Mesozoic, from total aggregation in the early Mesozoic to congaateental isolation by the end
of the Cretaceous. The conditioning of connectivity on sea level allows $sibfminter-continental
connectivity between all major landmasses up until the BerriasiaesBi@m, whereas the Middle
Jurassic represents the minimum time period when all continent®mmected by direct continental
aggregation. Sea level conditioning has little effect on corvilgcith the latest Cretaceous, as sea level
is so high that the probability of land bridge formation is very With possible links persisting only
between Europe and Asia.

There is little correlation between continental fragmentation and ramoweel dinosaur
biogeographic connectivity through the Mesozoic. In fact, the raw and noviiischian and raw
theropod biogeographic models correlate negatively with the geographic sisaggesting the
movement of dinosaur families increased as continental fragmentatiomeatcPatterns observed in
the raw and novel biogeographic connection networks can thus be explained psotesses; (i) a
residual function of taxonomic rank, where long-lived dinosaurian iiesiave become established in
their biogeographic distributions earlier in the Mesozoic before susgainis pattern through to the
end of the Cretaceous (Ali & Krause, 2011; Benson et al., 2012; EzcurgndliA, 2012b, a); and (ii)
a spatiotemporal sampling effect where the latter stages of tetadgous (i.e. Campanian-
Maastrichtian) are the best sampled time bins (Lloyd et al., B20&tt et al., 2009; Starrfelt & Liow,
2015), which contain many biogeographic connections that were establishedipahe Mesozoic,
but are not recovered from previous, more poorly sampled time digs @enomanian-Santonian)
(Barrett et al., 2009; Mannion & Upchurch, 2011; Benson et al., 2013; St&rifedtv, 2015). This is

particularly true amongst the Gondwanan landmasses.
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The residual distribution effect is mitigated by the novel biogeogragamnection model, but
the sampling effects are still problematic, particularly in the Easid®anan landmasses where
sampling is known to be particularly poor (Smith et al., 2008; Alir&use, 2011; Benson et al., 2013)
For example, we see limited biogeographic connectivity between th&&aditvanan landmasses until
the later Cretaceous, when sampling of Gondwanan taxa is knowmptovenBenson et al., 2013).
However, it is also noteworthy that direct inter-continental conmestbetween the most southerly
landmasses are thought to have remained intact more recently than éh@eerbmore northerly
landmasses; e.g. Antarctica-Australia 84 Ma (Veevers, 2004), MadagadieaBh5 Ma (Ali &
Krause, 2011), South America-Africa 100 Ma (Gheerbrant & Rage, 2006); Santeédst&ondwana
138 Ma (Smith et al., 1994); a factor which may partly explainttieased importance of Gondwanan
connections from the Aptian-Albian onwards. Whilst most time bins arendoea by the Laurasian
and Samafrican landmasses, Australia assumes a more connected rdie fiptiein-Albian onwards,
Antarctic faunas are sparse throughout the entire sequence but show incorassdivity in the
Campanian-Maastrichtian, and Madagascar and India are most connetied/iaastrichtian. All of
these connections to East Gondwanan continents are inward and the majdirkysalurian families
(e.g. Abelisauridae, Dromaeosauridae, Dryosauridae, Hadrosauridae anduxiddgshehind these
connections are already well established in their distributions on Beanadind Laurasian landmasses
(Ezcurra & Agnolin, 2012b, a), as reflected by the absence of East Gondwatiatep connectivity
after the Lower Jurassic. This suggests that this delayed cotitydntihe East Gondwanan continents
reflects a geographic sampling bias where these landmasses are mdyespomied than their
Samafrican and Laurasian counterparts (Ali & Krause, 2011; Benson et al., 2013).

The first-step biogeographic model bypasses the problems of the rafigtribUtion effect
and reduces the effect of uneven geographic sampling by only considering a taxon’s first inter-
continental connection. As a result, we see reductions in connethirotygh time in the all dinosaur
and sauropodomorph first-step models that correlate well witiinemtal fragmentation. Despite being
more robust to sampling error, the first-step model fails kmwvathe possibility of further range
expansion following the initial inter-continental connections of any paatidalxon. It is therefore

likely that this model underestimates connectivity across the entiveonketLack of correlation
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between ornithischian and theropod first-step models and the geograplickmaodels may be partly
explained by the greater motility of these clades. In comparisith the sauropodomorphs,
ornithischians and theropods contain many small genera which may hawvenbez likely to cross

narrow seaways via swimming or rafting, a process that is hypothesisademtcurred in other
Mesozoic vertebrates (Longrich et al., 2015). This analysis also in@uidastheropods (birds), which
have increased dispersion capabilities via flight and whose distributions aréesisulikely to be

exclusively controlled by vicariant processes. This has been shown to basthdor other flying

Mesozoic vertebrates (i.e. pterosaurs) (Upchurch et al., 2015).

Although the raw biogeographic networks tell us little about the movemennas$alirian
families as patterns are obscured by the residual effectsliet édesozoic familial distributions, the
novel connection and first-step models should give information about thermeat of dinosaur
families throughout the Mesozoic. All the novel network models show a caditaopdistribution of
dinosaurian taxa through the Triassic, Jurassic and Early Cretaceous, alldb#taseobscured by
variation in spatiotemporal sampling intensity. The widely acceptedypsampled Middle Jurassic
and early Late Cretaceous (Wang & Dodson, 2006; Barrett et al., 2009; Mannipoh&rch, 2011;
Upchurch et al., 2011; Benson et al., 2013; Stubbs et al., 2013; Dunhilllg, @0115; Starrfelt &
Liow, 2015) time bins stand out as periods of apparent low biogeographicteima all the network
models. The first-step models echo the novel connection networkriopolitanism” up until the
earliest Cretaceous, a result that is consistent with other studiesré&&adhgnolin, 2012a), before we
seea sharp deline in the number of “first steps” leading into the Aptian-Albian. These results concur
with the patterns observed in the geographic networks, where the possibilityl network
connectivity persists up until the Berriasian-Barremian. The novel biogeograpimiection networks
record decreased connectivity between Europe and the other Lauradiaasaes and Africa during
the Aptian-Albian, which is partially concurrent with the isolatidrEarope during the Barremian-
Aptian detected by Ezcurra and Agnolin (2012a). It also worth notatgththe European connections
in this time bin are outgoing, i.e. no new taxa migrating into Eu¢Bjge 5¢). This may be indicative
of a sampling bias where the European record is poor in thivahtdowever, there are over 100

dinosaur occurrences in the Aptian-Albian of Europe. Biogeographic corityedéclines through the
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more poorly sampled Cenomanian-Santonian before a resurgermesbénd first-step connections in
the Campanian between the Laurasian landmasses and South Amexite, algparent continental
isolation and high sea levels. This could be a sampling artefact where the Campaniandarbptézl
than the earlier Cenomanian-Santonian (Mannion & Upchurch, 201%pBet al., 2013). However,
this result is also consistent with the Campanian-Maastrichd@antogea” faunal province of linked
Laurasian and Euro-Samafrican-East Gondwanan landmasses propBgedrog & Agnolin (2012a)
The apparent prolonged faunal exchange amongst major landmasses throudtatet@etaceous is
not consistent with the geographic network models and adds support tdethehat, although
continental splitting undoubtedly reduced intercontinental faunabexyh it did not completely inhibit
the migration of terrestrial clades.

The high origination rates across all dinosaur clades in their earlytiewalry history are
consistent with other studies that have identified high levels ofdifieation in the lower half of the
dinosaur tree using phylogenetic methods (Lloyd et al., 2008). Extinctes vary between major
dinosaurian clades with the sauropodomorphs showing a very diffexttern to the ornithischians and
theropods with Middle Jurassic peaks in extinction rates associatethevilemise of the prosauropod
lineages (e.g. Yunnanosauridae) and basal sauropods (e.g. VulcanodontidaeJrataceous peak
associated with the demise of characteristic Late Jurassic-Eadyac€ous lineages (e.g.
Camarasauridae, Brachiosauridae, Diplodocidae).

The close, positive correlations observed between dinosaurian originatigmaundtthe density
and connection strength of the geographic network models suggests a greater armootitental
connection results in increased origination rates. We also setvepasirrelations between the
sauropodomorph novel and first-step models and origination rates, suggesting dad¢argimber of
novel and first-step connections resulted in higher origination rates. fdsgts are contrary to the
expected pattern that increased continental isolation and decreased imtentahfaunal exchange
would lead to increased levels of allopatric speciation via isolation of dinosaur ottt separate
landmasses. There are two explanations why this may not be the ctheealialyses are carried out at
a higher taxonomic rank, i.e. families, across relatively long time bins asreéfdle, extinction and

origination rates observed at generic or species level may be somevidrantifand (ii) this finding
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may be the result of autocorrelation where the geographic andtépstbiogeographic models and
origination rates share a downward trend through time, but where @mferagtbles is not necessarily
driving the other. Indeed, it is likely that these patterns agsudtrof the fact that origination rates were
highest in the early part of dinosaur evolution (Lloyd et al., 2008hwhst so happens to coincide
with a period of maximum continental aggregation, before the dampehbrigination rates through
the evolution of the dinosaurian clade and concurrent fragmentation of the Pangde@sta This is
highlighted by the fact that this correlation is not retained afteeniding. Although we still see a
significant positive correlation between the GEO model and sadooparph origination rates after
generalised differencing, we also see a number of strong, negatigkations between the novel and
first-step biogeographic models and origination rates after detrendingsugests that reductions in
novel intercontinental exchanges and “first steps” are concurrent with increases in origination rates,
supporting a hypothesis that reduced intercontinental migration arehged isolation of dinosaurian
populations caused an increase in lineage splitting.

Positive correlations between geographic connectedness and extinction eateslso
observed, suggesting increased continental connectivity resulted in increasksdolf dinosaurian
extinction. Again, this could be an autocorrelative effect wheredidinrates were high during the
early evolution of dinosaur subclades when continental aggregationseas éb greatest, a hypothesis
backed by the fact that these correlations disappear after detrendingnd®itive and positive
correlations were observed between geographic connectedness and extitesicafter detrending
suggesting that both increasing and decreasing continental isolatidredeis increased regional

extinction rates.

CONCLUSIONS

Dinosaur macro-biogeographic structure was influenced by contifeagatentation and rising sea
levels throughout the Mesozoic, with fewer first-step family-levehesations occurring in the later
Cretaceous than in the Triassic, Jurassic and earlier Cretaceous when congénentsorve closely

aligned. The lack of a negative trend in connectivity observed throughoutakezMc in the raw

biogeographic models, despite the reduced geographic connectivity, suggestsridinosecro-
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biogeographic structure, at least at higher taxonomic levels, was establismegdtderdurassic and
earlier Cretaceous and then sustained through to the end of the Cretddenlack of a relationship
between geographic and biogeographic connectedness in the raw and novel biogeagnaphton
networksis likely a result of this residual connectivity and spatiotemporal sampling biases, dsdt
Gondwanan landmasses in particular, have a very poorly recorded &ussill up until the latest
Cretaceous. A possible future method of allaying sampling iséye®rly sampled geographic regions
such as East Gondwana could be to incorporate phylogeny into the netadeks by considering
ghost ranges on phylogenetic trees coupled with ancestral areas analysiscidpgadcies between
the geographic and biogeographic network models, i.e. the reduced but continumzhtimental
faunal exchange right up to the end of the Cretaceous, suggestgthbaglalcontinental splitting
certainly reduced the exchange of terrestrial clades, it did not completely inhibit

There is some evidence to suggest that increased continental and bioge dgpkgtitio led to
increased origination and extinction rates in some dinosaurianscldtiese findings fit with the
hypothesis that dinosaurian evolution was influenced by decreased midratideen continental
landmasses and increased regional extinction throughout the Mesozoic (B¥&8hdut dinosaurian
macroevolutionary and biogeographic patterns were not exclusively theatesniform vicariant or
dispersive processes (Rowe et al., 2011; Xu et al., 2013).

A network-based approach offers a simple and elegant method of guantiymplex
biogeographic patterns by combining detailed insights into underlying bigdug structure and
easily interpretable reconstructions of biogeographic connectivity. Thusdivork method$ave
been seldom used in palaeobiological analysis (Sidor et al., 2013; Vilheha2£113) and they offer

a multitude of opportunities in the fields of both palaeo- and contemporaygdgraphy.
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693 Figure Legends

694

695 Figure 1l Time series of geographic network models through the Mesozoic depletisgty (LD) of
696 GEO and SL models and sea level conditioned connection strength (ALW)rab&kl. GEO LD =
697 link density of GEO model; SL LD = link density of SL mod8L, ALW = average link weight of sea
698 level model. There is no GEO ALW as the GEO model is binary (Ocenoection or 1 = connection).
699

700 Figure?2 Times series of biogeographic network density (LD) for Dinosauriatt@schia, Theropoda,
701 and Sauropodomorpha; (a) raw network model; (b) novel network modits{etep network model.
702 E = Early; M = Middle; L = Late.

703

704 Figure 3 Times series of biogeographic network connection strength (ALW) foodauria,
705  Ornithischia, Theropoda, and Sauropodomorpha; (a) raw network modedvgd)network model; (c)
706 standardized novel network model (d) first-step network model (e) standarditestedp network
707 model. E = Early; M = Middle; L = Late.

708

709 Figure 4 Directed connectedness of continental nodes through the Mesozdie fDinosauria. (a)
710 standardized novel network model inward connections; (b) standardized novel network meded out
711 connections; (c) directed connections from Europe during the Aptlaiam (d) standardized first-step
712 network model inward connections; (e) standardized first-step network moderdw@nnections. EJ
713 = Early Jurassic; MJ = Middle Jurassic; LJ = Late Jurassic; B-B raB&m-Barremian; A-A = Aptian-
714  Albian; C-T = Cenomanian-Turonian; C-S = Coniacian-Santonian; Ca = Campakian=
715 Maastrichtian.

716

717 Figure 5 First-step biogeographic network models for all dinosaur taxa thrdughviesozoic.
718 Thickness of lines represents number of families shared betweenalssehn (a) Late Triassic; (b)
719 Early Jurassic; (¢) Mid Jurassic; (d) Late Jurassic; (e) BaneBarremian; (f) Aptian-Albian; (g)

720 Cenomanian-Turonian; (h) Coniacian-Santonian; (i) Campanian; (j) Maaisimicht
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Figure 6 Scatterplots showing significant negative correlations after detrebéimgeen origination
rates and (a) standardized novel network connection strength (ALW) acrBssosihuria; (b) novel
network density (LD) across the Sauropodomorpha; (c) first-stépork density (LD) across the

Ornithischia.
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