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ABSTRACT—The integration of Geographic Information System (GIS) methodology within a phylogenetic and statistical framework
provides a background against which to evaluate the relationship between biogeographic changes and evolution in the fossil record. A
case study based on patterns in Middle and Late Devonian phyllocarids (Crustacea) illustrates the usefulness of this integrated approach.
Using a combined approach enhances determination of rates of biodiversity change and the relationship between biogeographic and
evolutionary changes. Because the interaction between speciation and extinction rates fundamentally determines biodiversity dynamics,
and speciation and extinction rates are influenced by the geographic ranges of component taxa, the relationship between biogeography
and evolution is important. Furthermore, GIS makes it possible to quantify paleobiogeographic ranges.
Phylogenetic biogeography resolved patterns of both vicariance and geodispersal and revealed that range expansions were more
abundant than range contractions in Devonian phyllocarids. In addition, statistical tests on GIS-constrained species ranges and evolutionary-rate data revealed a relationship between increasing species’ ranges and increases in both speciation and extinction rates.
Extinction rate, however, increased more rapidly than speciation rate in the phyllocarids. The pattern of extinction rate increasing faster
than speciation rate in the phyllocarids may illuminate aspects of the Late Devonian biodiversity crisis in particular, and protracted
biodiversity crises in general.

INTRODUCTION

between environmental changes and biogeographic and macroevolutionary changes is potentially an important area of paleontological research. An understanding of phylogenetic relationships helps constrain the relationship between
environmental change, biogeography, and evolution (e.g., Croizat
et al., 1974; Platnick and Nelson, 1978; Rosen, 1978; Nelson and
Platnick, 1981; Brooks, 1985; Wiley and Mayden, 1985; Wiley,
1988; Page, 1990; Brooks and McLennan, 1991; Lieberman,
2000; Hunn and Upchurch, 2001); it also aids in the calculation
of rates of biodiversity change (Lieberman, 2001). In this paper,
we analyze phylogenetic biogeographic patterns and also statistical measurements of geographic range obtained from GIS (Geographic Information Systems). The evolutionary and biogeographic patterns of phyllocarid crustaceans during the Middle and Late
Devonian are presented as a case study.
The Middle and Late Devonian encompass a time of extensive
biogeographic and evolutionary change (Boucot, 1975; Oliver,
1976; Oliver and Pedder, 1994; McGhee, 1996). The transition
from the Middle to the Late Devonian is accompanied by an increase in the geographic ranges of species and the loss of endemism. During the Middle Devonian, faunas were differentiated
into distinct biogeographic regions; by contrast, the Late Devonian is characterized by the breakdown of geographic barriers
resulting in the formation of a cosmopolitan fauna (Oliver, 1976;
McGhee, 1981, 1996; Oliver and Pedder, 1994). The expansion
of geographic ranges and the transition from an endemic to a
cosmopolitan biota during the Late Devonian has been documented in many taxa, including trilobites (Feist, 1991), rugose
corals (Oliver, 1976, 1990), brachiopods (Boucot, 1975; McGhee,
1981, 1996), foraminifera (Kalvoda, 1990), fishes (Young, 1987),
conodonts (Klapper and Johnson, 1980; Klapper, 1995), and land
plants (Raymond and Mertz, 1995). These range expansions are
largely attributable to the collapse of climatic and geographic barriers due to tectonic events and sea level oscillations (Oliver,
1976; Oliver and Pedder, 1994; McGhee, 1996). Elevated extinction rates, depressed speciation rates, and an increase in species’
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geographic ranges are the hallmarks of the Late Devonian biodiversity crisis (McGhee, 1988, 1990, 1996; Oliver and Pedder,
1994). Therefore, understanding the relationship between biodiversity loss and geographic range increase is an essential part of
understanding the dynamics of the Frasnian–Famennian extinction.
The phyllocarids were used to examine the relationship between biogeographic change and biodiversity decline during the
Late Devonian. They are a group of arthropods that were diverse
during the Middle and Late Devonian, comprising over 50 species
in four suborders, and patterns of evolution within this group are
well constrained by phylogenetic analysis (Rode and Lieberman,
2002). Although only locally abundant, phyllocarids were a significant macroarthropod group and comprised an important component of marine ecosystems during this time interval (Rolfe,
1969; Hannibal, 1990). The effects of the Frasnian–Famennian
extinction are pronounced within the phyllocarids, as they experienced a significant diversity decline during the transition from
the Frasnian to the Famennian (Rolfe and Edwards, 1979; Hannibal, 1990; McGhee, 1996). We investigate the relationship between changes in the biogeographic ranges of Middle and Late
Devonian phyllocarid species and parameters of biodiversity
change, such as speciation and extinction rate.
PHYLOGENETIC BIOGEOGRAPHIC ANALYSIS

Methods.There are a variety of phylogenetic biogeographic
methods (e.g., Platnick and Nelson, 1978; Page, 1990; Brooks and
McLennan, 1991; Morrone and Crisci, 1995; Lieberman, 2000;
Ebach and Edgecombe, 2001). The method used herein is a modified Brooks Parsimony Analysis (BPA) described in detail in Lieberman and Eldredge (1996) and Lieberman (2000, 2003). We
chose this method because it has frequently been applied to the
study of biogeographic patterns in the fossil record and also can
be used to compare patterns of vicariance and patterns of geodispersal.
Phylogenetic patterns and geographic distributions are from
Rode and Lieberman (2002). Six areas were identified for biogeographic analysis: 1) the Appalachian Basin of eastern North
America (ENA); 2) the Michigan Basin of ENA; 3) Armorica; 4)
western Canada; 5) Bolivia; and 6) South China. The boundaries
of these areas of endemism were defined by large-scale geologic
features and their existence was established by the presence of
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TABLE 1—Biogeographic character states for the modified BPA data matrix coded for the vicariance analysis. Ancestor refers to the ancestral biogeographic
condition for the clades considered; the other biogeographic areas were the areas considered in this analysis. 0 represents absence in a region, the presumed
primitive condition. Character states 1 and 2 represent the derived condition of present and present via range restriction, respectively. Characters refer to
node and terminal branch position, beginning with the basal part of the cladogram moving upward.
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large numbers of unique taxa in each region. Further, these regions have been used in several other analyses of Devonian biogeography (e.g., Boucot, 1975; Oliver, 1976; Eldredge and Ormiston, 1979; Feist, 1991; Oliver and Pedder, 1994). There are
also two poorly preserved species of phyllocarids, one taxon from
Australia and the other from India, that were not included in this
biogeographic analysis, because biogeographic regions containing
only one species tend to map artifactually as biogeographically
basal (Fortey and Cocks, 1992; Lieberman, 1997, 2000).
The vicariance and geodispersal matrices used in the modified
version of BPA are derived from the phyllocarids and presented
in Tables 1 and 2. The BPA data matrix was coded following the
modifications of Lieberman (2000). Under these modifications,
different coding schemes are used to produce two matrices, one
to capture vicariance patterns and the other to recover geodispersal events. Each data matrix was analyzed using the exhaustive
search option on PAUP* 4.0b10 (Swofford, 2002) with all characters ordered.
Results.Parsimony analysis of the vicariance matrix revealed
a singlemost parsimonious tree of length 91 steps (Fig. 1.1). The
consistency index is 0.967 and the retention index is 0.864. This
value for the consistency index significantly exceeds consistency
indices derived from sets of similarly sized matrices constructed
from random data at the 0.05 level of significance, following
Klassen et al. (1991). The g1 statistic calculated for a distribution
of 10,000 random trees obtained from this data set is 20.823,
which is significant at the P 5 0.01 level (Hillis and Huelsenbeck,
1992). The amount of support for specific nodes within the recovered cladogram was further characterized using bootstrap and
jackknife analysis, both performed using a full heuristic search
with 1,000 replicates, and groups compatible with the 50 percent
majority rule consensus tree were retained. The confidence values
for the nodes duplicated in the bootstrap and jackknife analyses
are presented in Figure 1.1.
Parsimony analysis of the geodispersal matrix produced two
most parsimonious trees of length 109 steps. The strict consensus
tree is presented in Figure 1.2. The consistency index is 0.881
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and the retention index is 0.458. This value for the consistency
index significantly exceeds consistency indices derived from sets
of similarly sized matrices constructed from random data at the
0.05 level of significance, following Klassen et al. (1991). The g1
statistic, for a distribution of 10,000 random trees, is 20.484,
which is significant at the P 5 0.05 level (Hillis and Huelsenbeck,
1992). Bootstrap and jackknife analysis were also implemented
as explained above, and the confidence values for the nodes duplicated in the bootstrap and jackknife analyses are presented in
Figure 1.2.
Discussion.The various resolved branches of the vicariance
and geodispersal trees both appear moderately to well supported
by a variety of measures. They each provide different information
about biogeographic relationships. Areas that share a sister relationship on the vicariance tree were recently separated from one
another; sister areas on the geodispersal tree were recently joined
(Lieberman, 2000).
The vicariance cladogram records a sister area relationship between Armorica and the Appalachian Basin and these areas in
turn have a sister-area relationship with western Canada (Fig. 1.1).
These biogeographic patterns correspond well to those presented
in Oliver (1976) and Eldredge and Ormiston (1979). The rest of
the cladogram is unresolved. The lack of resolution between the
remaining branches may be indicative of the general lack of vicariance within this group of animals during the Devonian (Rode
and Lieberman, 2002).
The geodispersal tree provides evidence for replicated geodispersal events between Armorica and the Appalachian Basin (Fig.
1.2). This result is congruent with paleocontinental reconstructions for the Devonian (e.g., Kent, 1985; Scotese, 1998) in which
the Appalachian Basin and Armorica are positioned proximate to
one another during the Acadian orogeny, potentially allowing dispersal between these regions. The geodispersal tree also indicates
a combined biogeographic relationship between Armorica, the
Appalacian Basin, and western Canada. This reiterates biogeographic patterns recovered by Oliver (1976), Eldredge and Ormiston (1979), and Oliver and Pedder (1994). Further, this pattern

TABLE 2—Biogeographic character states for the modified BPA data matrix coded for the geodispersal analysis. Ancestor refers to the ancestral biogeographic
condition for the clades considered; the other biogeographic areas were the areas considered in this analysis. 0 represents absence in a region, the presumed
primitive condition. Character states 1 and 2 represent the derived condition of present and present via range expansion, respectively. Characters refer to
node and terminal branch position, beginning with the basal part of the cladogram moving upward.
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The vicariance and geodispersal trees show a congruent pattern
with respect to the relationships of western Canada, Armorica,
and the Appalachian Basin. Congruence between the geodispersal
and vicariance trees suggests that cyclical biogeographic processes, especially sea level rise and fall, had an influence on biogeographic patterns (Lieberman, 2000). The tectonic events associated with the Acadian Orogeny as well as cycles of sea level rise
and fall have previously been shown to influence Devonian biogeographic patterns (Boucot, 1975; Oliver, 1976; Oliver and Pedder, 1994; Lieberman and Eldredge, 1996; Rode, 2002; Rode and
Lieberman, 2003).
QUANTIFICATION OF GEOGRAPHIC RANGE

FIGURE 1—Area cladograms derived from modified BPA analysis. 1, Vicariance tree. Tree length is 91 steps; the retention index is 0.864,
consistency index is 0.967, and g1 statistic is 20.823. Bootstrap values
are indicated in italics, jackknife values are indicated in bold. 2, Geodispersal tree. Tree length is 109 steps; the retention index is 0.458,
consistency index is 0.881, and g1 statistic is 20.484. Bootstrap values
are indicated in italics, jackknife values are indicated in bold.

matches the paleogeographic reconstruction of Dineley (1984),
which suggests intermittent shallow marine connections between
these areas. The sister-area relationship between the Michigan Basin and Bolivia possibly represents jump or traditional dispersal
events (sensu Humphries and Parenti, 1986), since no Devonian
paleocontinental reconstructions support a close position of these
areas. The branch support for this clade is considerably weaker
than for the other branches, which may pertain to the chance
nature of this type of dispersal event. Eldredge and Ormiston
(1979) also discussed a pattern of faunal relatedness between Bolivia and ENA.

Geographic ranges of species can be mapped and quantified
using a Geographic Information System (GIS). The use of GIS
has many advantages over traditional mapping of species ranges
because GIS range maps can be constructed dynamically and can
be designed to illustrate both temporal and spatial variability (Berry, 1995; Chou, 1997; Burrough and McDonnell, 1998). GIS
methods have been implemented heavily in neoecological studies
within this context (i.e., Stoms et al., 1993; Iverson and Prasad,
1998; Haltuch et al., 2000), but their use in paleontology has been
limited to date. Paleontological extensions of GIS have included
the mapping of ranges for Tertiary and Quaternary mammals,
such as the FaunMap project (Juliusson and Graham, 1999; Graham, 2000), and other applications in invertebrate paleontology
(Rode and Lieberman, 2000, 2001; Ferguson et al., 2001). The
GIS approach allows the calculation of the geographic ranges and
can also illustrate changes in geographic range by a taxon through
time.
Methods.The ranges of archaeostracan phyllocarid species
considered in the phylogenetic analysis were determined using
maps created with ArcView 3.2 (ESRI, 1999). Each of the 37
species that occurred during the Givetian, Frasnian, or Famennian
stages was mapped individually as a separate coverage. Separate
coverages were also created for each stage in which the species
appears, resulting in 45 total species’ range coverages. These coverages were based on data from over 300 museum- and literaturebased specimens representing over 150 localities. Species-distribution maps were produced by first creating a point theme which
maps known fossil collection localities as individual points with
associated data tables. The data tables linked to each shape file
include the plate code for use with PaleoGIS (Ross and Scotese,
2000), latitude, longitude, state, and county of occurrence, time
of first and last appearance of the species, and geological formation of occurrence. Localities were mapped at the county scale
with a single point plotted in the center of each county of occurrence. The distribution coverages and base maps were imported
into PaleoGIS (Ross and Scotese, 2000) and rotated onto paleocontinental positions based on the attribute data listed in linked
tables. An example of a rotated point coverage of a species geographic range is presented in Figure 2.1. Reconstructions derived
from Ross and Scotese (2000) are based on the underlying data
from the PaleoMap project of Scotese (1998) and are reconstructed using several data sources including paleomagnetism, paleobiogeography, paleoclimatology, and tectonic and geologic history, which produce maps that are more robust to anomalies that
can occur when only a single data source, such as either paleomagnetism or paleoclimatology, provides the entire basis for paleocontinental reconstructions (Scotese and McKerrow, 1990).
Since Laurentian species are the primary focus of this analysis,
and the position of Laurentia is relatively conserved across different paleogeographic reconstructions of the Devonian (e.g.,
compare reconstructions of Van der Voo, 1988; Scotese and
McKerrow, 1990; Dalziel et al., 1994; Ross and Scotese, 2000),
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2.2. (Copies of additional range maps can be requested from A.
Rode.)
The values for geographic ranges used in the analysis consist
of median values for all species extant during each stage (Table
3). Both mean and median values were initially determined for
geographic ranges, but the mean values for the Givetian were
found to be overly influenced by a single outlier range value, that
of Paraechinocaris punctata (Hall, 1863), as described below.
Mean and median species range for the Givetian were calculated
in two ways that incorporated two different definitions of P. punctata: P. punctata sensu stricto; and P. punctata sensu lato (Table
3). Paraechinocaris punctata s.s. includes only fossils described
as P. punctata in the Appalachian Basin, while P. punctata s.l.
includes fossils described as Paraechiocaris sp. cf. P. punctata
collected from Bolivia, France, and Burma. Although these latter
specimens have the diagnostic characters of Paraechinocaris
Rode and Lieberman, 2002, their state of preservation does not
permit specific assignment within that genus. The median species
ranges were the same for both calculations, 1.59 3 103 km2 and
1.60 3 103 km2 for the Givetian and Frasnian, respectively. The
mean species range for the Givetian, however, increased by a
factor of 24 from 21.0 3 103 km2 to 507 3 103 km2 when specimens described as P. sp. cf. P. punctata were included within
the range of P. punctata.
Results.Median species ranges increase from the Givetian to
Famennian (Table 3). This pattern is consistent with the Late Devonian decline in endemism described above.
ANALYSIS OF BIODIVERSITY CHANGE

FIGURE 2—1, Rotated point coverage of geographic range of Paraechinocaris punctata (Hall, 1863) during the Givetian Stage derived using
PaleoGIS (Ross and Scotese, 2000) and method described in the text.
Circles represent occurrences of P. punctata s.s., and squares represent
occurrences of P. cf. P. punctata; 2, regional view of interpreted geographic range of the Paraechinocaris punctata s.s. during the Givetian
Stage.

the reconstructed species’ paleogeographic ranges and area calculations are robust to a change in paleogeography.
The reconstructed coverages were then exported to ArcView
3.2 for manipulation. A polygon coverage was digitized to enclose
the counties in which the species was shown to occur by the point
coverage, and the area of each polygon was then calculated.
Where a species range occupied more than one biogeographic
region, a narrow band was digitized to connect occurrences in
distinct regions across a known Devonian waterway based on the
reconstructions of Scotese (1998). Although other methods for
reconstructing species ranges could be envisioned, this is a conservative and repeatable method that can be consistently implemented for all taxa. For species that are known only from a single
locality outside of the United States, the geographic area was
recorded to be the average size of a county included in this study.
Range maps were produced for each stage in which a species
existed and plotted onto a base map of Devonian paleocontinents.
A typical example of a completed range map is shown in Figure

To better constrain the influences of biogeographic patterns on
biodiversity, information about speciation and extinction rates was
obtained so that correlations could be established between changes in these rates and changes in geographic range.
Methods.Numerous recent papers have dealt with the validity
of various speciation and extinction metrics (Foote, 1994, 2000a,
2000b; Lieberman, 2001). Simple speciation and extinction metrics, such as the total number of speciation events or extinction
events per unit time, were not used because Foote (1994, 2000a,
2000b) has shown the dependence of these metrics on the length
of the stratigraphic interval being studied. Speciation rates were
derived using the theoretical principles underlying the equation:
Nf 5 N0ert
where N0 is standing diversity at the beginning of the interval, Nf
is the final diversity, t is the duration of the interval, and r is the
rate of increase of the clade expressed in units per time. Phylogenetic information was also used to help constrain the origin of
lineages in the manner of Smith (1994). The recommendations of
Foote (2000a, 2000b) were followed and the total rate of diversity
change, r, was calculated by using the N0 value from the overlying
stage as the Nf value for the stage in question. For example, rGivetian5 (ln N0Frasnian 2 ln N0Givetian)/tGivetian. This assures continuity
within the data set, as the final diversity for one stage must necessarily be the same as the initial diversity for the next stage. In
this way, lineages that are known not to persist from one interval
to the next are not counted in the final diversity of a stage, since
that lineage must have become extinct sometime during the stage
in question. Thus, the calculated extinction rates are conservative
values (Foote, 2000a, 2000b). Speciation rates for a given interval
were calculated similarly; however, the observed Nf for the given
stage was used, as this value includes all speciation events that
occurred during the interval in question (Foote, 2000a, 2000b).
Thus, for example, SGivetian5 (ln NfGivetian 2 ln N0Givetian)/tGivetian. The
rate of increase, r, is equal to the speciation rate, S, minus the
extinction rate, E. Therefore, the extinction rate was calculated
by subtracting the speciation rate from the rate of diversity
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TABLE 3—Geographic ranges (km2) of each species calculated using the method described in the text. Descriptive statistics are calculated considering two
definitions of Paraechinocaris punctata: w/o Paraechinocaris cf. P. punctata includes only P. punctata sensu stricto as defined in the text; w/ Paraechinocaris cf. P. punctata includes all occurrences considered to comprise P. punctata sensu lato as described in the text.
Emsian
Carinatacaris scaphoptera (Clarke in
Hall and Clarke, 1888)
Dithryocaris oceani (Hall and Clarke, 1888)
Dithryocaris oculeus Racheboeuf, 1998
Echinocaris auricula Eller, 1935
Echinocaris beecheri Copeland, 1960a
Echinocaris castorensis Copeland, 1960a
Echinocaris cf. E. multinodosa Whitfield, 1880
Echinocaris cf. E. sublaevis Whitfield, 1880
Echinocaris clarkii Beecher, 1902
Echinocaris condylepis Hall and Clarke, 1898
Echinocaris consanguina Eller, 1935
Echinocaris crosbyensis Eller, 1937
Echinocaris hunanensis Han and Zhou, 1993
Echinocaris multinodosa Whitfield, 1880
Echinocaris multispinosis Feldmann and McKenzie, 1981
Echinocaris ohioensis Sturgeon, Hlavin, and Kesling, 1964
Echinocaris randallii Beecher, 1902
Echinocaris socialis Beecher, 1884
Echinocaris sublaevis Whitfield, 1880
Echinocaris turgida Eller, 1935
Echinocaris whidbornei (Jones and Woodward, 1889)
Eleutherocaris whitfieldi (Clarke, 1885)
Elymocaris capsella Hall and Clarke, 1888
Elymocaris siliqua Beecher, 1884
Herbertocaris wideneri Stumm and Chilman, 1969
Montecaris lehmannii Jux, 1960
Montecaris strunensis Jux, 1959
Nahecaris bipennis (Clarke, 1898a)
Nahecaris stuertzi Jaeckel, 1921
Ohiocaris wycoffi Rolfe, 1962
Paraechinocaris cf. P. punctata (Hall, 1863)
Paraechinocaris punctata (Hall, 1863)
Pephricaris horriplata Clarke, 1898b
Ptychocaris novaki Copeland, 1960b
Rhinocaris columbina Clarke in
Hall and Clarke, 1888
Rhinocaris ehlersi Stewart, 1933
Rhinocaris veneris (Hall and Clarke, 1888)
Tropidocaris alternata Beecher, 1884
Tropidocaris bicarinata Beecher, 1884
Tropidocaris brittanica Morzadec and Rolfe, 1968
Tropidocaris interrupta Beecher, 1884
Tropidocaris salsiusculus Feldmann, Boswell, and Kammer,
1986
Mean species range (w/o Paraechinocaris cf. P. punctata)
Median species range (w/o Paraechinocaris cf. P. punctata)
Mean species range (w/ Paraechinocaris cf. P. punctata)
Median species range (w/ Paraechinocaris cf. P. punctata)

Eifelian

Givetian

Frasnian

1.59 3 103
35.0 3 103
1.60 3 103

1.85 3 103
1.00 3 103
16.0 3 103
1.37 3 103

1.60 3 103

1.59 3 103
8.23 3 102

1.60 3 103
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1.60 3 103

103
103
103
103

change. For example, EGivetian5 SGivetian 2 rGivetian. Correlations between speciation and extinction rate were established using linear
regression analysis performed with Minitab Release 11 (Minitab
Inc., 1996).
Stochastic approaches used in the calculation of probabilities
of speciation and extinction such as those described in Lieberman
(2001) were not used due to limitations in the data and inadequate
available resolution within the Devonian time scale. Finally, the
precise age of Echinocaris hunanensis Han and Zhou, 1993 was
difficult to constrain because of stratigraphic uncertainties in the
Chinese sections (Han and Zhou, 1993). Its first appearance was
treated as in the Famennian stage since its closest relatives are
also Famennian in age. Three different time scales have been
advocated for the Devonian, and to constrain our rates each analysis used: Bayer and McGhee (1989) (emended after Oliver and
Pedder (1994), McGhee (1996), and McGhee (personal commun.,
2002), Tucker et al. (1998), and GSA (1999).
Results.Results of speciation and extinction rate calculations
are presented in Table 4. To examine trends in biodiversity change
over time, speciation and extinction rates are plotted by stage.
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Speciation rates increased during the second half of the Devonian,
although a Frasnian decline or plateau is observed (Fig. 3). Discrepancies in speciation rate emerge when different time scales
are used. For example, speciation rates calculated using the Tucker et al. (1998) time scale are roughly equivalent for the Givetian
and Famennian stages with speciation rate for both stages slightly
higher than during the Frasnian. The speciation rates based on the
GSA (1999) stage duration values, however, produce a gradual
trend of increasing speciation rate from the Eifelian to the Famennian. Meanwhile, calculations using Bayer and McGhee’s
(1989) [emended after Oliver and Pedder (1994), McGhee (1996),
and McGhee (personal commun., 2002)] time scale suggest that
speciation rates increased from the Eifelian to Givetian, remained
similar during the Givetian and Frasnian, and then increased
sharply in the Famennian. Extinction rates increased during the
Devonian (Fig. 4). The trajectories for rate calculations based on
different time scales are once again divergent but less markedly
so than was found with the speciation rates (compare Figs. 3, 4).
Speciation and extinction rates are positively correlated in Devonian phyllocarids (Fig. 5) and correlations are significant at the
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TABLE 4—Speciation and extinction rates during Devonian stages incorporating information from stratigraphy and phylogeny. Abbreviations used are No for
the standing diversity at the beginning of the stage; Nf for the final diversity of a stage; #sp and #ext for the number of speciation and extinction events,
respectively; t for time; r for total rate of biodiversity change; S for speciation rate; and E for extinction rate. Devonian time scales used to determine stage
lengths were by Bayer and McGhee (1989), Tucker et al. (1998), and GSA (1999), which are abbreviated in the table as B 1 M, T et al., and GSA,
respectively. Since only the GSA (1999) time scale includes Carboniferous dates, it was the only time scale that permitted calculation of speciation rates
for the Tournaisian.
Duration

Tournaisian
Famennian
Frasnian
Givetian
Eifelian
Emsian

No

Nf

1
5
10
11
12
5

2
46
18
23
13
14

Total rate of diversity change

t
t
t
# sp # ext (GSA) (B 1 M) (T et al.)
1
41
8
12
1
9

45
13
13
2
2

12
10
6
10
11
9

6
9
12
7
6

13.6
6
5
6.5
15.5

r
(GSA)
20.161
20.116
20.010
20.008
0.097

r
r
(B 1 M) (T et al.)
20.268
20.077
20.008
20.012
0.146

20.118
20.116
20.019
20.013
0.056

Rate of speciation

Rate of extinction

S
S
S
E
E
E
(GSA) (B 1 M)(T et al.) (GSA) (B 1 M)(T et al.)
0.058
0.222
0.098
0.074
0.007
0.114

0.168
0.065
0.061
0.011
0.172

0.163
0.098
0.148
0.012
0.066

0.383
0.213
0.083
0.015
0.017

0.294
0.142
0.069
0.024
0.026

0.282
0.213
0.167
0.026
0.010

level of P , 0.05 under all three time scales investigated, with
r-squared values ranging from 0.78 to 0.95 (Table 5). Only the
results from the emended Bayer and McGhee (1989) time scale
are shown in Figure 5 for the purposes of brevity and clarity.
Although the Famennian point lies to the right, examination of
residuals shows that this point alone is not driving the observed
pattern. Residuals for the data points in Figure 5, from left to
right, are 20.006, 0.018, 20.017, and 0.004. When the Famennian point is removed, a similar, but less significant trend can be
observed. In addition, the position of the Famennian point is well
constrained by the underlying data. Consequently, its position is
probably not an artifact but likely represents an accurate representation of speciation and extinction rate values for that stage.
Table 6 lists the P-values retrieved from an analysis of variance
(ANOVA) of the data. Both the emended Bayer and McGhee
(1989) and GSA (1999) time scales show significant results (P ,
0.05). The ANOVA results are significant at a lower level (P ,
0.03 vs. P , 0.01), but this is to be expected given that linear
regression recovers continuous variability while ANOVA examines classes (Sokal and Rohlf, 1995), and the data analyzed represent continuous values.
Although clearly it would be desirable to have additional data
points in Figure 5 to better help tease these issues apart, it must
be recognized that the data points themselves are derived from a
large database including several hundred specimens and a phylogeny of more than 40 taxa.

Discussion.Different patterns were retrieved using the different time scales, yet determining which time scale to accept is
not a simple task. Currently, there is no single accepted absolute
timescale for the Devonian, although many have been proposed
[for a thorough discussion, see Williams et al. (2000)]. Since each
time scale is based on a different set of data and underlying assumptions, it is possible to evaluate which hypothesis of stage
duration might be the best fit for the Devonian based on these
assumptions. The Bayer and McGhee (1989) time scale [emended
after Oliver and Pedder (1994), McGhee (1996), and McGhee
(personal commun., 2002)] may be a good estimate of stage duration to use with this analysis because it is based on models of
cyclic sediment accumulation. Consequently, this time scale is
based on several hundred underlying data points. Radiometric isotopic studies such as those of Tucker et al. (1998) and GSA (1999)
are based on less than 15 radiometric ages whose calibrations are
based on underlying assumptions about the relative length of conodont zones. The Bayer and McGhee (1989) analysis is not limited by these assumptions and is instead tied to models of sediment accumulation rather than the inferred relative speed of
conodont evolution.
Another important factor to consider when examining the extinction rate data in Figures 4 and 5 is potential inflation of the
Famennian values due to the edge effect (see Foote, 1994, 2000b).
(Because Foote’s [2000a, 2000b] method was used, there will be

FIGURE 3—Speciation rates derived from Table 4 plotted versus Devonian
stage for all phyllocarids calculated using phylogenetic constraints on
timing of lineage divergence for the three different time scales: Bayer
and McGhee (1989) [as emended by Oliver and Pedder (1994),
McGhee (1996), and McGhee (personal commun., 2002)]; Tucker et
al. (1998); and GSA (1999); only Eifelian through Famennian values
are shown.

FIGURE 4—Extinction rates derived from Table 4 plotted versus Devonian
stage for all phyllocarids calculated using phylogenetic constraints on
timing of lineage divergence for the three different time scales: Bayer
and McGhee (1989) [as emended by Oliver and Pedder (1994),
McGhee (1996), and McGhee (personal commun., 2002)]; Tucker et
al. (1998); and GSA (1999); only Eifelian through Famennian values
are shown.
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TABLE 5—Results of regression analyses that considered the correlation between speciation rate and extinction rate using the three time scales described in the text. † indicates significance at P , 0.01 level. ‡ indicates
significance at P , 0.05 level.
Analysis

Time scale

Speciation rate vs. extinction rate

FIGURE 5—Linear regression of speciation rate versus extinction rate
based on the Bayer and McGhee (1989) time scale [as emended by
Oliver and Pedder (1994), McGhee (1996), and McGhee (personal
commun., 2002)]. Regression y 5 0.550X 1 0.004 and r2 5 0.947.

no edge effects for the Famennian speciation rate values in Figure
3.) Since the Bayer and McGhee (1989) and Tucker et al. (1998)
time scales only focused on the Devonian period, consideration
of species that evolved in the Tournaisian Stage of the Mississippian was impossible, and edge effects may have occurred when
these time scales were used. Furthermore, even when Tournaisian
age constraints could be included in a calculation, which is possible with the GSA (1999) time scale, insufficient data are available on boundary-crossing phyllocarids from the latest Devonian
into the Mississippian to incorporate them in the rate calculations
utilized. Thus, something is occurring in the pattern of phyllocarid
stratigraphic distribution, perhaps associated with the Late Devonian biodiversity crisis, that makes it impossible to eliminate
completely the potential role of edge effects in this database (see
Figs. 4, 5). The rise in extinction rates of the phyllocarids in the
Frasnian and Famennian, although moderate, may be a manifestation of the more general pattern of increasing extinction rates
that has been documented for several other taxa by McGhee
(1996) associated with the Late Devonian biodiversity crisis.
From the data presented here, there is no general sense that speciation rates declined precipitously at the same time.
The correlation between speciation and extinction rates recovered here has also been recognized in numerous other paleobiological studies (e.g., Eldredge, 1979; Stanley, 1979, 1990; Vrba,
1980). Two features of the regression in Figure 5 warrant discussion, however: the slope and y-intercept values. Regarding the
slope, extinction rate increases at a higher rate than speciation
rate; the y-intercept is also positive. Therefore, at low rates of
speciation and extinction, speciation exceeds extinction and net
biodiversity increases. At higher rates of speciation and extinction, however, extinction outstrips speciation, and a biodiversity
decline occurs. If these results from the phyllocarids can be generalized, they may have implications for our understanding of
macroevolution. Our results suggest it may be important to factor
in not only speciation and extinction rates, but also the dynamics
between them, in analyses of major evolutionary radiations and
mass extinctions.
GAUGING THE RELATIONSHIP BETWEEN GEOGRAPHIC RANGE AND
RATES OF BIODIVERSITY CHANGE

Methods.The relationships between median geographic range
and speciation rate and median geographic range and extinction

Bayer and McGhee (1989)
Tucker et al. (1998)
GSA (1999)

r2 value
.947†
.775‡
.951†

rate were analyzed statistically. Linear regression of both speciation and extinction rate against median geographic range (Table
3) was performed using Minitab Release 11 (Minitab Inc., 1996)
and are presented in Table 7. Each analysis was performed using
speciation and extinction rates calculated with the Bayer and
McGhee (1989) [adjusted after Oliver and Pedder (1994), McGhee (1996), and McGhee (personal commun., 2002)], Tucker et
al. (1998), and GSA (1999) time scales, since the choice of time
scale may have a significant effect on results, as described previously.
Results.Linear regression of speciation rates versus median
geographic range produced a significant correlation, with a slightly positive slope, for the Bayer and McGhee (1989) and GSA
(1999) time scales (Table 7). The P-values retrieved from an
analysis of variance (ANOVA) of the regression fit are not significant and are not shown.
Linear regression of extinction rate versus geographic range
produced comparable results, though correlation is only significant when the emended Bayer and McGhee (1989) time scale is
used (Table 7). Again, the P-values retrieved from an analysis of
variance (ANOVA) of the regression fit are not significant and
thus not shown.
Discussion.Speciation rate appears to increase as median
geographic range increases, though this is not significant for one
of the time scales used. As discussed above, the comparison of
Famennian values between time scales suggests that edge effects
do not significantly inflate rates of biodiversity change calculated
for the Famennian. The recovered pattern of increasing extinction
rate with increasing median geographic range is significant, but
only for one of the time scales. This association of increased
extinction rates at larger geographic ranges is consistent with the
modern invasive species theory, in which it is hypothesized that
(e.g., Cohen and Carlton, 1998; Eldredge, 1998) a proliferation
of invasive species with expanded geographic ranges will reduce
total biodiversity. In modern ecosystems, this is frequently due to
competitive exclusion of previously established species, though
such causal factors cannot be applied to these fossil taxa.
CONCLUSIONS

Phylogenetic biogeography provides information on how geographic areas are related in terms of vicariance and geodispersal.
Geological and climatic processes, such as the onset of the Acadian Orogeny and cyclical sea level changes, may have produced
geodispersal and vicariance between western Canada, Armorica,
and the Appalachian Basin, while traditional dispersal events likely controlled the distribution of phyllocarid species within Michigan, Bolivia, and South China. The geodispersal tree is more
TABLE 6—Results of analysis of variance of the regression fit. ‡ indicates
significance at P , 0.05 level.
Analysis
Speciation rate vs. extinction rate

Time scale
Bayer and McGhee (1989)
Tucker et al. (1998)
GSA (1999)

P-value
.027‡
.120
.025‡
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TABLE 7—Results of regression analyses that considered the correlation between speciation rate and median geographic range and extinction rate and median
geographic range using the three time scales described in the text. ‡ indicates significance at P , 0.05 level.
Analysis
Speciation rate vs. geographic range
Extinction rate vs. geographic range

Time scale
Bayer and McGhee (1989)
Tucker et al. (1998)
GSA (1999)
Bayer and McGhee (1989)
Tucker et al. (1998)
GSA (1999)

resolved than the vicariance tree, which is unusual when compared to results of other analyses (e.g., Lieberman and Eldredge,
1996; Lieberman, 1997), suggesting congruent episodes of geodispersal were more common in phyllocarids of this period than
episodes of vicariance (Rode and Lieberman, 2001, 2002).
We also uncovered evidence that speciation and extinction rates
are correlated and increase in concert, and these may in turn be
correlated with increases in species ranges, though the latter result
is more equivocal. Further, extinction rate increased faster than
speciation rate in the phyllocarids. This may be an effect of the
correlation between invasive species and rates of extinction. The
pattern of extinction rate increasing faster than speciation rate in
the phyllocarids, if corroborated with other taxa, may illuminate
aspects of the Late Devonian biodiversity crisis in particular, and
protracted biodiversity crises in general. This is because biodiversity is about the interplay between speciation and extinction
rates through time (Stanley, 1979; McGhee, 1996). Even a modest
increase in speciation rate, if coupled with a greater increase in
extinction rate, can result in a severe diversity decline.
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