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Abstract Evolutionary radiations, times of profound
diversification of species against a broader background of
more muted evolutionary change, have long been consid-
ered one of the fundamental patterns in the fossil record.
Further, given the important role geological, environmen-
tal, and climatic processes play in causing speciation,
analyzing the biogeographic context of radiations can yield
important insight into their evolutionary mechanisms. In
this study we examine biogeographic patterns and quantify
rates of speciation in a diverse group of Devonian trilo-
bites, the calmoniids, that has been hailed as a classic
paleontological example of an evolutionary radiation. In
particular, a phylogenetic biogeographic analysis—modi-
fied Brooks Parsimony Analysis—was used to examine the
processes and geographic setting of speciation within the
group. Results indicate that the Malvinokaffric Realm was
a geographically complex area, and this geographic com-
plexity created various opportunities for speciation via
geodispersal and vicariance that created the fuel that fed
the speciation in these taxa. Part of the geographic com-
plexity was created not only by the inherent geologic
backdrop of the region, but the overlying changes of sea
level rise and fall. Rates of speciation were highest when
sea level was lowest. Low sea level encouraged isolation of
faunas in different tectonic basins. By contrast, sea level
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rise facilitated range expansion and geodispersal to other
distinct tectonic basins, and speciation rates concomitantly
fell; however, the taxa with the expanded ranges were later
fodder for diversification when sea level fell again. Here
we present a view of evolutionary radiations driven fun-
damentally by external abiotic factors—geology and cli-
mate—that cause range expansion and opportunities for
geographic isolation with resultant rapid speciation.
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Introduction

Evolutionary radiations are macroevolutionary-level phe-
nomena that can be studied in the extant biota and the fossil
record. Given that one of the basic aspects of evolutionary
radiations is the production of new species, a taxic
approach sensu Eldredge (1979) to the study of these
radiations, with a focus on calculating rates of speciation
and analyzing biogeographic patterns, can yield important
information on the processes that drive them (Eldredge and
Cracraft 1980). Further, a phylogenetic framework is very
useful for studying radiations because phylogenetic infor-
mation is crucial for calibrating underlying rates of diver-
sification. Phylogenies can also be used to tease apart the
relative roles that intrinsic factors (such as competition and
adaptation) and extrinsic factors (such as climate and
geology) play in generating evolutionary radiations. There
has been some difficulty in divorcing process from pattern
in studies of evolutionary radiations; this is apparent by the
pervasive usage of the term adaptive radiation (Eldredge
and Cracraft 1980; Givnish and Sytsma 1997; Vogler and
Goldstein 1997; Schluter 2000). While it is important to
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examine the intrinsic mechanisms of divergence, such as
adaptation, studies of evolutionary radiations have often
overlooked the extrinsic factors—the geological, climatic,
and environmental aspects which are key mechanisms to
speciation (Mayr 1942; Cracraft 1982). One important way
of examining extrinsic factors is to consider the biogeo-
graphic patterns in the radiating clade. In particular, geo-
graphic range is known to affect speciation and extinction
rates and is in turn very much affected by environmental
and geological changes (Rode and Lieberman 2005). Here
we use phylogenetic information in concert with biogeo-
graphic and evolutionary rate studies to analyze a clade of
Devonian trilobites, the calmoniids, that has been hailed as
a classic example (see Eldredge and Cracraft 1980 and
Lieberman 1993) of an adaptive radiation preserved in the
fossil record.

Biogeographic analyses, when performed in a phyloge-
netic context, make it possible to infer mode of speciation
and determine the relative prevalence of vicariant differ-
entiation or range expansion associated with diversifica-
tion. Ultimately, if a primary reason for rapid
diversification is a multitude of allopatric events, it may
suggest that it was not adaptive phenomena that solely or
even primarily motivated the radiation, although at all
times the organisms must have maintained their adaptive
character.

Analyses of taxonomic rate patterns during evolutionary
radiations are also useful. The general pattern of evolution
can be deconstructed into components of evolutionary rates
(Stanley 1979; Gilinsky and Bambach 1987; Vrba 1987,
Sepkoski 1998; Rode and Lieberman 2005). While an
increase in taxonomic diversity can be caused by unusually
high rates of speciation, normal rates of speciation coupled
with exceptionally low rates of extinction could also cause
such patterns. Thus far, however, it appears that evolu-
tionary rates during evolutionary radiations are generally
associated with high speciation rates, at least early in the
radiation, and these subsequently decline, often quite rap-
idly (Eldredge and Cracraft 1980; Lieberman et al. 1991;
Hulbert 1993; Lieberman 2001).

Eldredge and Cracraft (1980) identified a number of
patterns expected in a clade undergoing an adaptive radi-
ation: rapid appearance of numerous closely related spe-
cies; monophyletic status of the clade; confinement to an
endemic area; and high morphological diversity. These
prerequisites all appear to be present in the calmoniids. In
particular, they are a morphologically diverse group of
acastid trilobites endemic solely to the Malvinokaffric
Realm (Fig. 1) (Eldredge and Ormiston 1979). This study
focuses on a diverse monophyletic clade within the cal-
moniids—the Metacryphaeus group—which contains over
40 species; furthermore, they have been subjects of cla-
distic analysis (Lieberman et al. 1991; Lieberman 1993).
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Fig. 1 Map of the Malvinokaffric Realm ca. 400 Ma (modified from
Cocks and Torsvik 2002) with the position of the South Pole indicated
by a cross. Position of areas used in the biogeographic analysis of
Devonian trilobites also shown

Here, we characterize the dynamics of speciation and
extinction rates in this clade of calmoniids during its evo-
lutionary radiation. Further, we determine the role bio-
geographic and geologic factors played in motivating its
diversification. The calmoniid radiation appears to follow a
pattern of explosion followed by evolutionary quiescence,
and these dynamics seem to be related to the geographic
and geologic setting of their area of endemism: the Malv-
inokaffric Realm. This suggests that adaptation did not play
the formative role in this radiation, although clearly it was
involved at some level.

Materials and Methods
Phylogeny of Metacryphaeus Group

The analyses of paleobiogeography and evolutionary rates
utilized the phylogenetic framework of the Metacryphaeus
group calmoniids presented in Lieberman et al. (1991) and
Lieberman (1993). More recently described species were
appended to the phylogeny, in particular: Metacryphaeus
kegeli and M. meloi from the Parnaiba Basin of Brazil
(Carvalhoet al. 1997); M. australis from the Parana Basin of
Brazil (Carvalho and Edgecombe 1991); Eldredgeia eocry-
phaeus, Wolfartaspis liebermani, and the genus Gemellus
from the Scaphocoelia assemblage and Icla Formation of
Bolivia (Carvalho et al. 2003); Talacastops zarelae and T.
sp. nov. A from the Talacasto Formation of Argentina
(Edgecombe et al. 1994); and M. caffer from the Fox Bay
Formation of the Falkland Islands (Carvalho 2006). The
resulting phylogeny incorporated 44 species (Fig. 2).
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The method used in this study was a modified version of
Brooks Parsimony analysis (hereafter mBPA) which can
capture information about congruent speciation events
resulting from either a contraction of distributional range
(vicariance) or range expansion (Lieberman and Eldredge
1996; Lieberman 2000). This method has been described in
detail in Lieberman and Eldredge (1996); Lieberman
(2000, 2003, 2005) and Maguire and Stigall (2008). A brief
discussion is given here and the interested reader is referred
to these papers and the references therein for additional
discussion. This historical biogeographic method discovers
relationships between biogeographic areas and determines
whether speciation events coincide with geologic processes
separating or joining areas, such as tectonic events and
changes in relative sea level.

mBPA replaces the terminal taxa of a cladogram with
their area of occurrence and then performs unordered Fitch
parsimony optimization on each of the ancestral nodes.
Two matrices can be constructed that are used to uncover
evidence for congruence in both vicariance (Table 1) and
geodispersal (Table 2), respectively. A parsimony analysis
is then conducted on the matrices using equally weighted,
ordered, multistate characters. In this particular case, the
exhaustive search option of the PAUP* 4.0b10 software
was utilized to determine the most parsimonious clado-
gram(s) (Swofford 2002). Then, a bootstrap analysis with
1000 replicates was used to test the robustness.
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The areas used in the biogeographic analysis were
defined based on geological criteria and history of ende-
mism of the basins (Fig. 1). In particular, because they
contained large numbers of endemic taxa, Eldredge and
Ormiston (1979) recognized several valid biogeographic
regions within the Malvinokaffric Realm, and our area
designations basically follow theirs. However, the Sub
Andean areas in Bolivia and southern Peru were considered
as a single area, as these locations have strong geological
associations and co-occurring endemic species (Eldredge
and Ormiston 1979; Isaacson and Sablock 1988). While
some Eastern Americas Realm faunal elements have been
found in the middle Amazon Basin (Boucot 1988) and in
the Parnaiba Basin, typical Malvinokaffric Realm cal-
moniids are also found there (Copper 1977), and thus for
this analysis the areas were considered discrete and sepa-
rate biogeographic units within the Malvinokaffric Realm.

Taxonomic Rates

A phylogeny can be used to constrain the timing of clad-
ogenetic events if it is assumed that sister-taxa diversify
concurrently (Edgecombe 1992; Smith 1994). As there are
no grounds for inferring that any one of the taxa considered
was the direct ancestor of any other taxon, this assumption
seems reasonable (cf. Engelmann and Wiley 1977). Spe-
ciation and extinction rates were calculated (Table 3) using
a standard birth-death exponential growth model; (Stanley
1979) was an early advocate for the applicability of the
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Table 1 Matrix used to evaluate biogeographic patterns of geodispersal employing a modified Brooks Parsimony analysis and the area

cladogram in Fig. 2

10 20 30 40 50 60 70 80
Ancestor 000000000 0000000000  OOOOOO0000 0000000000 0000000000 0000000000  0O0O0000000  OOOOOO0000 O
Bolivia 110011111 111111111t 1111111111 1111re1111r o 11rer1111r rrr11rrril 111111111l 11001111110 1
Argentina 111000000 2000000000 0000000000 0000000002 0200000000 0000000000 0000000000 0000000000 O
Falklands 000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000021 1001000000 0O
S. Africa 110111000 0000020000 0000000000 0000000000 0000000000 0000000000 0000000000 2000000000 0
Parand 000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000002 0000000000 O
Parnaiba 000000000 0000200000 0000000000 0000000000 0000000000 0000000000 0000000021 0110000002 O
Amazon 000000000 0002000000 0000000000 0000000000 0000200000 2000020000 0000000000 0000000000 O

The ancestor denotes the ancestral biogeographic condition and serves as the outgroup. The other locations used in the biogeographic analysis are
discrete areas in the Malvinokaffric Realm. Character state “0” is primitive; character states “1” and “2” are derived states. Results from
analysis of matrix presented in Fig. 4

Table 2 Matrix used to evaluate the biogeographic patterns of vicariance employing a modified Brooks Parsimony Analysis and the area

cladogram in Fig. 2

10 20 30 40 50 60 70 80
Ancestor 000000000 0000000000 0000000000 0000000000 0000000000 0000000000  OO0O0000000 0000000000 O
Bolivia 111121211 0110001111 1111111111 1111111110 1011011111  O111101111 1111111110  O211111110 1
Argentina 112110000 1000000000 0000000000 0000000001 0100000000 0000000000 0000000000 0000000000 O
Falklands 000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000010 1112000000 0O
S. Africa 111221100 0000010000 0000000000 0000000000 0000000000 0000000000 0000000000 1000000000 O
Parand 000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000001 0000000000 O
Parnaiba 000000000 0000100000 0000000000 0000000000 0000000000 0000000000 0000000010 0221000001 O
Amazon 000000000 0001000000 0000000000 0000000000 0000100000 1000010000 0000000000 0000000000 O

The ancestor denotes the ancestral biogeographic condition and serves as the outgroup. The other locations used in the biogeographic analysis are
discrete areas in the Malvinokaffric Realm. Character state “0” is primitive; character states “1” and “2” are derived states. Results from

analysis of matrix presented in Fig. 4

exponential model and it has been used extensively with
fossil data to study speciation and extinction rates (Lie-
berman 2001; Nee 2006). In our study the methods of
taxonomic rate calculations proposed by Foote (2000a, b)
were applied as these measure diversity crossing interval
boundaries, providing a more seamless estimation of rate
over time that is unaffected by interval lengths and pres-
ence of singleton taxa. Artificial edge effects (see Foote
2000b) are unlikely to play an important role in the origi-
nation and extinction rate values derived herein because the
taxa being analyzed originate in the Lochkovian and dis-
appear in the Frasnian.

The number of first and last appearances was tabulated
using the stratigraphic occurrence data for each species
(Fig. 3). Cladogenesis was also interpreted to involve some
extinction, following the discussion above, as the ancestor
ceases to exist after the speciation event. Correlation of the
different sections was obtained from temporal stratigraphic
correlations of palynomorphs (Grahn 2005, for South
American basins) and event stratigraphy (Cooper 1986, for
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South Africa and Falkland). Consensus on the absolute
chronology of the Devonian is still debated; thus, to avoid
any potential biases and to increase the potential resiliency
of the results, a number of different time scales were used,
in particular, House and Gradstein (2004); Tucker et al.
(1998); and Kaufmann (2006).

Results
Biogeographic Analysis

The phylogeny with biogeographic states mapped to ter-
minals and nodes indicated most speciation events in cal-
moniids transpired within individual areas of endemism.
Many of the transitions between nodes on the tree are
associated with no major changes in geographic range
(Fig. 2), at least not at the scale of major tectonic barriers
and areas of endemism. Whether this actually represents
sympatric differentiation, or smaller scale within-region
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Table 3 Speciation and extinction rates calculated using a standard birth—death exponential growth model

No N; #sp #ex Duration of interval (t) Total rate of diversity A (r) Rate of speciation (S) Rate of extinction (E)
Tetal H& G K Tetal H&G K Tetal H& G K Tetal H& G K
Famennian 2 0 2 145 15.3 154 - - - - - - - - -
Frasnian 5 5 0 3 6 10.8 7.6 —0.153 —-0.085 —0.121 0.000 0.000 0.000 0.268 0.085 0.121
Givetian 22 22 0 17 5 6.5 44 —-0277 -0.228 —0.337 0.000 0.000 0.000 0.296 0.228 0.337
Eifelian 35 35 0 13 6.5 5.7 3.8 —0.077 -0.081 —0.122 0.000 0.000 0.000 0.071 0.081 0.122
Emsian 36 36 0 1 155 9.5 172 —-0.002 —-0.003 —0.002 0.000 0.000 0.000 0.002 0.003 0.002
Pragian 8 56 48 20 4 4.2 32 0.708 0.358 0470 0.486 0463 0.608 0.110 0.105 0.138
Lochkovian 1 32 31 24 4.5 4.8 5.8 0433 —0.153 0.359 0.722 0.770 0.598 0.289 0308 0.239

Abbreviations include N, for standing diversity at the beginning of the stage, Ny for the diversity at the end of a stage, #sp and #ex for number of
speciation and extinction events during a stage. Calculations were performed using three different Devonian time scales: Tucker et al. (1998);
House and Gradstein (2004); and Kaufmann (2006), abbreviated as T et al., H & G, and K, respectively

Fig. 3 Phylogeny of the
Metacryphaeus group calmoniid
trilobites modified from
Lieberman et al. (1991)and
Lieberman (1993). Solid lines
indicate known occurrence of
species sampled in the fossil
record. Dotted lines indicate
inferred origination based on the
ghost-lineage methodology
(Edgecombe 1992; Smith 1994)
of sister taxa divergence.
Devonian time calibrations were
obtained through radiometric
dating (Tucker et al. 1998;
House and Gradstein 2004;
Kaufmann 2006) and
stratigraphic correlations were
based on analysis of
palynomorph and event
stratigraphy (Cooper 1986;
Grahn 2005)

Famennian

Frasnian

Givetian

Eifelian

Emsian

Pragian

Lochkovian

vicariance, could not be determined at this time. However,
there is some evidence for vicariance and geodispersal (see
Fig. 2) as indicated by contractions and expansions
(respectively) of the geographic regions occupied by
ancestors and their descendents.

Application of mBPA to the data matrix in Table 1
yielded a single best vicariance tree with a number of well-
resolved branches (Fig. 4). There were 12 parsimony
informative characters and the tree length was 93 steps,
with a consistency index of 0.936, a retention index of
0.739, and a g; = —0.62. The g; value supports a left
skewed tree distribution at a P = 0.01 (Hillis and Huel-
senbeck 1992). A bootstrap analysis showed high support
for area relationships between Bolivia and South Africa,
Argentina, and Bolivia-South Africa, and the Falklands and
Parnaiba Basin. The parsimony analysis of the geodispersal

matrix (Table 2) produced one best tree of length 106 steps
with a consistency index of 0.877, a retention index of
0.48, and a g; = —0.265. The g, statistic also shows a left
skewed tree distribution, though the P-value does not show
statistical significance (Hillis and Huelsenbeck 1992). Only
the Falkland and Parnaiba branch and the Bolivia-South
Africa-Argentina branch had a bootstrap support value over
50 on the geodispersal tree. Except for the failure of Parana
to consistently associate with the Parnaiba-Falkland branch
in the vicariance tree, the vicariance and geodispersal area
cladograms are identical. (Note, the two trees are not in
conflict as the position of Parana in the vicariance tree
simply reflects absence of evidence.) When the vicariance
and geodispersal trees are similar, it suggests the biogeo-
graphic processes controlling vicariance are the same as
those governing geodispersal (Lieberman and FEldredge
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Fig. 4 Results of a modified
Brooks Parsimony analysis
examining the biogeographic
relationships of areas within the
Malvinokaffric Realm during
the Devonian. Numbers on
branches indicate bootstrap
support over 50. A, Area
cladogram derived from
analysis of the geodispersal
matrix. B, Area cladogram
derived from analysis of the
vicariance matrix.
Abbreviations TL, RI, CI, g; are
used for tree length, retention
index, consistency index, and
skewness

1996; Lieberman 2000, 2003). This typically implicates
cyclical processes that may at times cause vicariance and
other times geodispersal. In the case of marine inverte-
brates like trilobites, those cyclical processes likely
involved repeated episodes of sea level rise and fall (Lie-
berman and Eldredge 1996; Lieberman 2000, 2003, 2005).

Taxonomic Rates

There are only two stages in the Devonian over which any
speciation transpires. Results for speciation rate basically
agree for the Kaufmann (2006) and House and Gradstein
(2004) timescales. In particular, in both cases there is a
very high initial speciation rate during the Lochkovian,
which declines during the second stage of the Devonian.
By the Emsian speciation rate falls to zero. Using dates

TL=106
Rl = 0.48
Cl=0.877
gi=-0.265

Ancestor

Amazon

Parana

Parnaiba

N
Falkland /

Argentina

South Africa

Bolivia

from Tucker et al. (1998), speciation rate starts lower, and
plateaus during the Early Devonian (Fig. 5).

The different timescales show very similar patterns in
extinction rate (Fig. 6). The initial moderate extinction rate
is—for the most part—due to cladogenetic extinction.
There are no recorded last appearances during the Emsian,
but the rate of extinction increases during the Middle
Devonian, peaks during the Givetian and stays moderately
high into the Late Devonian.

The pattern of diversity change during the evolutionary
radiation appears to be divided into three discrete phases:
initial high speciation rate for the early Devonian; an
interval of stability with no speciation or extinction events
for about 9-17 Ma during the Emsian; and a final phase
of no speciation rate coupled with moderate extinction
rate.

Fig. 5 Speciation rates of 1
calmoniid trilobites plotted
against stages of the Devonian. 0.9 —&—House and Gradstein (2004) -
Rates were calculated based on —-+-=Tucker et al. (1998)
a birth—death mod?l using the 0.8 '\ —x—Kaufmann (2006) M
first appearance of fossil taxa «
coupled with sister-taxa 0.7 O
divergence to constrain the \\\ s
origination times to a 0.6 ~ ‘\\ A}
phylogeny. Calculations were o\
performed using three different 0.5 \
Devonian time scales: Tucker 04 Y
et al. (1998); House and ' \\\
Gradstein (2004); and 03 \
Kaufmann (2006) ' ‘\\

0.2 \

0.1 \

0 x x # # #
Lochkovian Pragian Emsian Eifelian Givetian  Frasnian
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—e—House and Gradstein (2004) ||
==4-=Tucker et al. (1998)

—X=Kaufmann (2006)

Fig. 6 Extinction rates in 1
calmoniid trilobites plotted

against stages of the Devonian. 0.9
Rates were calculated based on

a birth—death model and the 0.8
inferred appearance of fossil

taxa as shown in Fig. 3. 0.7
Calculations were performed

using three different Devonian 0.6
time scales: Tucker et al.

(1998); House and Gradstein 0.5

(2004); and Kaufmann (2006)

0.4

Lochkovian

Discussion

We have employed a taxic approach (sensu Eldredge 1979)
to study an evolutionary radiation, emphasizing analyses of
rates of speciation and biogeographic patterns. Results
using mBPA suggest that the context of speciation events
in the Malvinokaffric Realm was crucial for this particular
radiation: Earth history factors played a fundamental role
in the radiation, with a complex geographic setting, and
changing climatic factors overlaid, setting the stage for the
calmoniid radiation. As such, the radiation seems to rep-
resent an excellent example of species sorting mediated by
Vrba’s (1984) effect hypothesis. In particular, early on
there were multiple opportunities for geographic barriers to
form and fall as sea level fell and rose, allowing for
vicariance and geodispersal to effectively multiply oppor-
tunities for speciation events in trilobites manifold (Fig. 7a
and b). Our biogeographic results indicate strong signal in
both the geodispersal and vicariance matrices, which sug-
gests some overlying congruent geological or climatic
processes were influencing the radiation. Further, we note
that the strong support for a close association of Bolivia,
South Africa, and Argentina (Fig. 2) in the area clado-
grams makes sense given the geographic position of these
basins during the Devonian (Isaacson and Sablock 1988).
(The only divergent relationship in this regard is the
position of the Falkland Islands. Although they grouped
biogeographically with the Parnaiba Basin, the Falklands
may have been on the eastern side of South Africa at the
time (Torsvik and Cocks 2004)). Moreover, most of the
speciation events appeared to have occurred in situ in
Bolivia, probably involving repeated vicariance and geo-
dispersal within the smaller basins contained therein
(although there were also geodispersal and vicariance
events between Bolivia and other parts of the

Pragian Emsian Eifelian Givetian  Frasnian

Malvinokaffric (Fig. 2)). Bolivia seems to have served as
the biodiversity hotspot of the Malvinokaffric Realm.
Others have advanced the idea that evolutionary radiations
involve a centralized biodiversity hotspot (Erwin 1979);
however, these ideas have usually focused on adaptive
shifts as the mode, without considering allopatric specia-
tion as the primary mechanism (Vogler and Goldstein
1997).

Not only do the congruent patterns in the individual area
cladograms indicate Earth history factors played a key role
in the radiation, but the similarity between the vicariance
and geodispersal trees suggest it was repeated episodes of
sea level rise and fall that played the primary role. This
provides a means for explaining why the radiation hap-
pened, but it also provides a means for explaining why the
evolutionary rates subsequently subsided and the radiation
ended. In particular, not only were there several major
episodes of sea level rise and fall in the Devonian, but
overall, relative sea level was increasing throughout the
Devonian (Johnson et al. 1985; Cooper 1986).

A breakdown of the taxonomic rates during the diversi-
fication of the Metacryphaeus group shows high initial
speciation rates for the first nine myrs, followed by no
speciation events (Fig. 5). It appears that speciation rates
were highest when sea level was relatively low. In a sense,
oscillations in sea level, facilitated by osciliations in climate
and geological changes, may be what was turning on and
turning off the speciation faucet. However, when sea level
became too high (Fig. 7c), subsequent oscillations in sea
level no longer caused geographic isolation and vicariance
and formerly endemic regions stayed homogenized and the
speciation faucet remained in the off position.

Notably, a pattern of initial peak in rates of evolution,
with subsequent decline, was recognized previously in the
calmoniids (Eldredge and Cracraft 1980) and has been
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Fig. 7 A model showing how sea-level changes might affect
biogeographic patterns and episodes of speciation in species such as
trilobites inhabiting different marine basins. Regression allows for
physical separation of the basins leading to vicariance (a).

described for other evolutionary radiations. In these other
radiations, this was generally explained by invoking the
initial filling of ecological space in an adaptive radiation
sense (Simpson 1953; Phillimore and Price 2008). The
types of taxa considered in our study make it very difficult
to consider the ecological aspects of the radiation, and we
would not preclude these as playing some role in the
radiation. However, biogeographic patterns in the cal-
moniids also indicate the important influence of external
physical factors.

The flip side of the radiation is of course the demise of
the calmoniid group. Extinction rates in the calmoniids
show bimodality with time. Early on in the Devonian,
extinction rates were high. However, this was due to
cladogenetic extinction associated with divergence of
ancestral lineages. Extinction falls to zero in the early part
of the Middle Devonian, and then there is an uptick later in
the Middle and in the Late Devonian (Fig. 6). Over these
intervals, rates of extinction involved true lineage disap-
pearance. Still, these extinction rates in the late Middle
Devonian and Late Devonian can only be considered
moderate and were not dramatically high (e.g., Stanley
1979; Vrba 1987; Lieberman 2001). It would appear that it
was the absence of speciation after the Early Devonian,
coupled with moderate extinction that caused the ultimate
demise of the calmoniids. This matches a more general
pattern documented for the Late Devonian biodiversity
crisis: it was not precipitated by a dramatic increase in
extinction rates, but instead by a decline in speciation rates
associated with a decline in geographic provincialism
(McGhee 1996; Rode and Lieberman 2004, 2005). This
pattern may be due to the lack of opportunities for allo-
patric differentiation caused by the global rise in relative
sea level (Rode and Lieberman 2004, 2005).
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Sea level

[

Transgression joins formerly isolated basins and allows for range
expansion of taxa leading to geodispersal (b). If overall sea-level
becomes too high, sea level rise and fall may no longer be sufficient to
cause vicariant events (c)

Given the apparent association between external physi-
cal factors—sea level changes and climate—and speciation
rates in this radiation, this vindicates the important role
these play in the history of life (Vrba 1980; Eldredge 1989;
Lieberman 2000). Often, the adaptive character of evolu-
tionary radiations is stressed (though not always, e.g., El-
dredge and Cracraft 1980; Vrba 1980; Cracraft 1982;
Platnick 1992; Lieberman 1993) and clearly these must
have played some role. Ultimately, though, “adaptive”
radiations are also likely a product of geologic complexity
coupled with recurrent union and separation of areas
causing multiple allopatric events. Subsequent morpho-
logical divergence may have caused the uniquely adapted
forms, with apparent adaptive patterns, but an initial cause
is the abiotic processes facilitating isolation.

This examination of an evolutionary radiation finds
important associations between abiotic processes and rapid
speciation through multiple events of geodispersal and
vicariance in a geographically complex area. A future
promising avenue for research may be examining other
evolutionary radiations to take into account the geographic
setting and abiotic factors affecting speciation via oppor-
tunities for allopatry.
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