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We analysed patterns of animal dispersal, vicariance and diversification in the Holarctic based on complete
phylogenies of 57 extant non-marine taxa, together comprising 770 species, documenting biogeographic events from
the Late Mesozoic to the present. Four major areas, each corresponding to a historically persistent landmass, were
used in the analyses: eastern Nearctic (EN), western Nearctic (WN), eastern Palaeoarctic (EP) and western
Palaeoarctic (WP). Parsimony-based tree fitting showed that there is no significantly supported general area
cladogram for the dataset. Yet, distributions are strongly phylogenetically conserved, as revealed by dispersal-
vicariance analysis (DIVA). DIVA-based permutation tests were used to pinpoint phylogenetically determined
biogeographic patterns. Consistent with expectations, continental dispersals (WP—EP and WN—EN) are sig-
nificantly more common than palaeocontinental dispersals (WN<«<EP and EN«~WP), which in turn are more common
than disjunct dispersals (EN—EP and WN—WP). There is significant dispersal asymmetry both within the Nearctic
(WN—-EN more common than EN—-WN) and the Palaeoarctic (EP—WP more common than WP—EP). Cross-
Beringian faunal connections have traditionally been emphasized but are not more important than cross-Atlantic
connections in our data set. To analyse changes over time, we sorted biogeographic events into four major time
periods using fossil, biogeographic and molecular evidence combined with a ‘branching clock’. These analyses show
that trans-Atlantic distributions (EN-WP) were common in the Early—Mid Tertiary (70—-20 Myr), whereas trans-
Beringian distributions (WN-EP) were rare in that period. Most EN—EP disjunctions date back to the Early Tertiary
(70—45 Myr), suggesting that they resulted from division of cross-Atlantic rather than cross-Beringian distributions.
Diversification in WN and WP increased in the Quaternary (< 3 Myr), whereas in EP and EN it decreased from a
maximum in the Early—Mid Tertiary. © 2001 The Linnean Society of London
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INTRODUCTION This incongruence is measured in abstract terms, such

as items of error or amount of homoplasy. The in-

The surge of phylogenetic systematics in recent dec-
ades has created an increased interest in phylogeny-
based biogeographic analyses. However, beyond the
fact that such analyses should be based on robust
phylogenies of many groups of organisms with well-
known distributions, there is currently little agree-
ment concerning methodology. The existing approaches
can be roughly characterized as being event-based or
pattern-based (Ronquist, 1997, 1998a). Pattern-based
methods explicitly avoid making assumptions about
evolutionary processes. The analyses identify patterns,
which typically show some incongruence with the data.
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congruence can then be interpreted a posteriori in
terms of biogeographic events, such as dispersal and
extinction. The exact procedure for this a posteriori
translation remains elusive. Furthermore, because no
model is specified, it is difficult to predict the analytical
behaviour of pattern-based methods and counter-in-
tuitive results often occur (e.g. Ronquist, 1995, 1996).

In contrast, event-based methods are explicitly de-
rived from models of biogeographic processes. The
relevant events are identified and associated with costs
that are inversely related to the likelihood of the
events. The analysis consists of a search for the re-
construction, which minimizes the total cost. This
optimal reconstruction explicitly specifies the bio-
geographic events of interest, unlike pattern-based

© 2001 The Linnean Society of London
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analyses, and no a posteriori interpretation is neces-
sary. The direct relation between method, model and
event—cost assignments makes it easy to understand
the properties of an event-based method. For these
reasons, we apply the event-based approach in this
paper.

Phylogenetic biogeographic studies often focus solely
on hierarchical patterns (area cladograms) and rarely
test the significance of the resultant patterns. However,
there is no theory predicting a prevalence of hier-
archical patterns in historical biogeography. We believe
that biogeographers should be more open-minded in
their search for patterns and more critical in evaluating
their results by using significance tests or other pro-
cedures for assessing uncertainty. By analysing each
individual group separately before looking for general
patterns, we have a better chance of finding multiple,
incongruent histories than if the data set is reduced
to a single dominant area cladogram (Noonan, 1988a).

Phylogeny-associated age estimates, whether de-
rived from morphological or molecular clock estimates,
fossil data or external biogeographic events, provide
critical information in phylogenetic biogeographic
studies. For instance, age estimates are essential in
untangling pseudocongruence, that is, similar patterns
of different age (Cunningham & Collins, 1994). There-
fore, we believe that phylogenetic biogeographers
should include age estimates, even if they are un-
certain, in their analyses.

In this paper, we present a comprehensive event-
based analysis of biogeographic patterns in the Hol-
arctic following the principles outlined above.

HOLARCTIC BIOGEOGRAPHY

The southern Hemisphere has been a favourite region
for historical biogeographic studies. One reason for
this is the presence of many widely disjunct but closely
related taxa on the southern continents, spurring in-
terest in biogeographic processes. Another reason is
the relatively simple geological history of the Southern
continents (but see Seberg, 1991 for a different view).
In contrast, large-scale Holarctic distribution patterns
are less obvious and palaeogeographic reconstructions
suggest a more complicated history. Nevertheless,
some patterns have attracted considerable attention.
The best example is perhaps the striking similarity
between the floras of eastern Asia and eastern North
America (Gray, 1840; Li, 1952; Tiffney, 1985a,b; Wolfe,
1969, 1975, 1985; Xiang, Soltis & Soltis, 1998a; Xiang
et al., 1998b; Wen, 1999). The much cited boreotropics
hypothesis (Wolfe, 1985; Tiffney, 1985a) explains this
disjunction as the result of the fragmentation of a
once continuous warm—temperate forest that extended
across the Northern Hemisphere during the Early-Mid
Tertiary, leaving extant remnants only in eastern Asia

and eastern North America. The extinction in other
areas is attributed to a combination of climatic and
geological changes during the Late Tertiary—
Quaternary (Tiffney, 1985b).

The eastern North America—Asia disjunction has
been documented in a long series of plant taxa but
there is still considerable controversy surrounding the
processes that created it and only a few studies have
documented the pattern phylogenetically (Wen, 1999).
Estimates of divergence times based on the molecular
clock suggest that this disjunct pattern evolved mul-
tiple times (polychronically) in the Tertiary (Wen,
1999). The disjunction has thus far only been dem-
onstrated in a few animal groups (Suzuki et al., 1977;
Patterson, 1981; Andersen & Spence, 1992; Enghoff,
1993; Nordlander, Liu & Ronquist, 1996; Savage &
Wheeler, 1999) and there is uncertainty concerning
its general importance in the evolution of Holarctic
faunas.

Another familiar Holarctic pattern is the unequal
distribution of species diversity among infraregions,
which has been extensively documented for temperate
plant species (Latham & Ricklefs, 1993; Qian & Rick-
lefs, 1999, 2000). These authors discussed the causal
factors creating this pattern in the Tertiary using data
from fossil floras and simulated rarefaction of extant
floras. However, their analyses were based on tra-
ditional classifications and did not include explicit
phylogenetic information. Several additional studies
of Holarctic plant biogeography could be mentioned
but, to our knowledge, general Holarctic patterns have
still not been documented in a large set of plant phylo-
genies.

There have been several studies of the biogeographic
history of the Holarctic fauna (Allen, 1983; Noonan,
1988a,b; Enghoff, 1993, 1995; De Jong, 1998) but most
of them cover only one or two of the Holarctic infra-
regions. Enghoff (1995) is the only comprehensive
study of the entire Holarctic. It was based on phylo-
genies of 73 extant non-marine Holarctic animal
groups. The phylogenies were divided into two groups:
family clades (for groups at the family level or above)
and genus clades (for groups at the genus level or
below). The former were presumed to document older
events than the latter, but dating of the clades was
never attempted. Patterns were analysed in terms of
four major areas (‘infraregions’): western North Amer-
ica (WN), eastern North America (EN), western Pa-
laeoarctic (WP) and eastern Palaeoarctic (EP). Using
pattern-based methods, Enghoff (1995) found a strong
hierarchical pattern in the genus clades reflecting the
current continental configuration: ((WN, EN), (WP,
EP)). However, the significance of this result was not
tested and it contrasts with recent palaeogeographic
reconstructions, indicating that the Late Mesozoic and
Cenozoic biogeographic history of the Holarctic follows
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a reticulate scenario (Smith, Smith & Funnell, 1994).
Enghoff (1995) also analysed ancestral areas of each
group and the frequency of different types of dispersal
events. Unfortunately, only one of the dispersal pat-
terns was tested statistically and this test was biased
because it did not correct for differences in species
richness among infraregions. Furthermore, none of
these analyses was explicitly event-based.

Here we present a considerably more detailed ana-
lysis of Holarctic biogeographic patterns. We as-
sembled published phylogenies of 57 non-marine
animal groups occurring mainly or exlusively in the
Holarctic. In contrast to Enghoff (1995), we only in-
cluded phylogenies that were resolved down to the
species level and which included a complete or almost
complete sample of the species in the group. Age es-
timates suggest that the phylogenies in our data set
document events from the Late Mesozoic to the present.
In total, the phylogenies comprised 770 extant species
connected by 713 lineage splitting (speciation) events.
In analysing the data set, we consistently used event-
based methods, searched both for hierarchical and
reticulate patterns, and tested the significance of our
results using permutation tests designed specifically
to reveal phylogenetically constrained biogeographic
patterns. In some analyses, the ages of all nodes were
estimated using various methods to allow tracking of
patterns through time.

SETTING THE SCENARIO

To provide a basis for the discussion of biogeographic
hypotheses pertaining to the Holarctic, we provide a
brief summary of current reconstructions of the history
of this region from the Mesozoic to the present (Figs
1-4).

Early Mesozoic: Pangaea (Cox, 1974; Raven &
Axelrod, 1974)

During the Triassic (200 million years ago (Myr)), all
present continents formed a single landmass, Pangaea.
Splitting of Pangaea started in the Early—Mid Jurassic
(180 Myr) with the division into a northern continent,
Laurasia, comprising North America and Eurasia, and
a southern continent, Gondwana.

The major Laurasian landmasses, the eastern and
western Nearctic and the eastern and western Pal-
aeoarctic, were joined to each other in various com-
binations over time. In the Early Jurassic, Europe
and North America were connected through the proto-
British Isles, which acted as a big ‘stepping-stone’ in
the middle of a narrow Atlantic ocean (Smith et al.,
1994). North America and Asia, however, were widely
separated. This situation persisted through the Late
Jurassic (Fig. 1).

150 Myr (Late Jurassic)

Figure 1. Palaeogeographic reconstruction of the North-
ern Hemisphere in the Late Jurassic (150 Myr) modified
from Barron et al. (1981). Stereographic projection. Emer-
gent land is shaded by grey and major mountain chains
by dark grey. Current coastlines are indicated by thin
lines. Abbreviations: UMt = Ural Mountains.

Late Mesozoic: Euramerica—Asiamerica (Cox, 1974;
Tiffney, 1985a)

In the Mid-Late Cretaceous (100-80 Myr), epi-
continental seaways and intercontinental connections
divided Laurasia into two palaeocontinents:
Euramerica and Asiamerica. Europe and eastern
North America (Euramerica) were still linked across
the Atlantic, whereas Asia and western North America
(Asiamerica) became connected by the Bering land
bridge. Two epicontinental seaways separated
Euramerica and Asiamerica: the Turgai Strait through
central Asia and eastern Europe, and the Mid-Con-
tinental Seaway through central North America (Fig.
2). This continental arrangement lasted around 25-30
Myr, disintegrating at the end of the Cretaceous—Early
Palaeocene (70-65 Myr) with the closing of the Mid-
Continental Seaway.
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80 Myr (Late Cretaceous)

Figure 2. Palaeogeographic reconstruction of the North-
ern Hemisphere in the Late Cretaceous (80 Myr). Major
source, projection and symbols as in Figure 1. Ab-
breviations: MCS =Mid-Continental Seaway, T'S =Turgai
Sea.

Trans-Atlantic land bridges (McKenna, 1983; Tiffney,
1985a,b; Liebherr, 1991)

The opening of the North Atlantic started in the Late
Cretaceous (90 Myr) but terrestrial connections be-
tween Europe and North America persisted along vari-
ous North Atlantic land bridges until at least the Early
Eocene (50 Myr). Three different North Atlantic land
bridges, geographically and temporally separated,
have been postulated (McKenna, 1983; Tiffney, 1985b).

During the Early Tertiary, the Thulean Bridge is
supposed to have connected southern Europe to Green-
land through the British Isles. Greenland, in turn,
was connected westwards with eastern North America
through the Queen Elizabeth Islands (Fig. 3). The
Thulean Bridge is considered to have been the most
important route for exchange of temperate biota in the
earliest part of the Early Eocene (55 Myr), when the
climate became markedly warmer (McKenna, 1983).
This interchange was suddenly interrupted with the
breaking of the Thulean Bridge in the Early Eocene
(50 Myr).

A more northern trans-Atlantic connection, the De
Geer Bridge, persisted until the Late Eocene. It con-
nected Scandinavia (Fennoscandia) to northern Green-
land, and Greenland to eastern North America through
the Canadian Arctic Archipelago. This route is con-
sidered far less important for biotic exchange than
the Thulean Bridge because of its northern position,
restricting it to cold-adapted organisms. Furthermore,
Scandinavia was isolated from direct contact with
Europe by the Danish—Polish trough through much of
the Palaeogene. The Greenland Sea broke this north-
ern route in the Late Eocene (39 Myr). A third con-
nection between Europe and eastern North America,
the Greenland—Faeroes bridge, probably persisted
until the Miocene but this connection was apparently
never more than a chain of islands, and is not con-
sidered to have been an important dispersal route.

Trans-Beringian land bridges (Mathews, 1979;
McKenna, 1983; Lafontaine & Wood, 1988;
Tangelder, 1988; Nordlander et al., 1996)

Asia and Western North America became connected
by land across the Bering Sea in the Mid Cretaceous
(100 Myr). The continents remained joined by the
Bering land bridge until the Pliocene. The Beringian
transgression opened the Bering Strait in the Late
Pliocene (3.5 Myr) but the land connection was re-
established several times during the Pleistocene (e.g.
during the Illinoisan and Wisconsinan glaciations).
The climatic and floristic conditions prevailing on
the Beringian land bridge changed considerably over
time. Thus, the importance of Beringia as a dispersal
route is likely to have varied considerably over time.
Three consecutive phases with different climate and
vegetation in the Beringian area may be recognized.

Beringian Bridge I. During the Early Tertiary, after
some climatic fluctuations in the Palaeocene following
the impact winter that ended the Cretaceous, climates
in the Northern Hemisphere became much warmer
and humid than they are today (the Early Eocene
warming event). A continuous belt of vegetation, the
boreotropical forest, is considered to have extended
over the entire Northern Hemisphere during this
period, from Asia through North America across Ber-
ingia (Wolfe, 1969, 1975, 1978). The boreotropical forest
consisted of a mixture of deciduous hardwoods and
evergreen subtropical elements (Wolfe, 1985). De-
ciduous plants were rare in the Late Cretaceous but
the impact winter at the KT boundary (65 Myr) may
have promoted their rise to dominance in Early Ter-
tiary forests (Wolfe, 1987). The origin of the boreo-
tropical forest is associated with the evolution of a
large number of modern plant taxa in the latest Cre-
taceous and Early Tertiary. The new plants spread
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rapidly over existing land bridges, ultimately forming
a homogeneous flora. During this period, considerable
exchange of terrestrial fauna and flora is thought
to have occurred across the Beringian land bridge,
predominantly in species adapted to warm-temperate
climates and associated with the boreotropical forest
(Tiffney, 1985a).

At the Eocene—Oligocene boundary (35 Myr), there
was a drastic and global decline in climatic conditions,
which became cooler and drier (the terminal Eocene
event). This resulted in the demise of the boreotropical
forest and subsequent trans-Beringian isolation and
vicariance in the organisms living in the forest. The
boreotropical forest was replaced by the mixed meso-
phytic forest (Wolfe, 1987), a mixed deciduous hardwood
and coniferous forest, which became dominant in the
mid-Tertiary. Although faunal exchange of cold—
temperate groups across Beringia probably continued
in the Oligocene and Miocene (Tiffney, 1985a), most
dispersal of temperate groups across Beringia is con-
sidered to have stopped after the terminal Eocene
event, marking the end of Beringian Bridge I.

Beringian Bridge II. As climates continued to de-
teriorate during the Miocene, the Beringian forest
became successively more dominated by coniferous
elements. From the Middle-Late Miocene (14—10 Myr)
to the Late Pliocene (3.5 Myr), a continuous coniferous
forest belt connected northern Asia with northern
North America across Beringia. The forest was similar
in composition to the present taiga but with the same
conifer species occurring in both Siberia and North
America. During this period, trans-Beringian dispersal
was presumably dominated by boreal elements, while
warm—temperate groups were restricted to widely dis-
junct refugia in the south (Lafontaine & Wood, 1988).
Further deterioration of climatic conditions during
the Pliocene and Pleistocene resulted in vicariance of
the boreal coniferous forest into an eastern and a
western portion. The division was reinforced in the
Late Pliocene (3.5 Myr), when a marine transgression
opened the Bering Strait and broke the terrestrial
connections between America and Asia. Palaeoarctic
and Nearctic forests have never come into contact since.
These climatic, geographic and vegetational changes
assumedly resulted in massive trans-Beringian vicar-
iance in boreal groups, which is reflected by the high
proportion of Nearctic—Palaeoarctic species pairs in
the taiga fauna (Lafontaine & Wood, 1988). Today, all
species of conifers, and most other tree species as well,
are different on the Siberian and Alaskan sides of
Beringia (Pielou, 1979; Lafontaine & Wood, 1988).

Beringian Bridge III. During the Pleistocene gla-
ciations (1.5-1.0 Myr), terrestrial connections between

Asia and North America were re-established. A con-
tinuous tree-less steppe, the tundra, then connected
Siberia with Alaska across Beringia. The tundra hab-
itat acted as a barrier to mixing of taiga species,
separating the Nearctic and Palaeoarctic portions of
the boreal forest during the Pleistocene. During this
period, trans-Beringian biotic exchange was probably
dominated by arctic, tundra-adapted groups. Dispersal
was eventually interrupted in the Late Pleistocene—
Holocene, with the retreat of the ice-sheets and the
final marine transgression of the Bering area. Tundra
species are still much the same on both sides of the
Bering strait (Pielou, 1979; Lafontaine & Wood, 1988).

The Nearctic (Allen, 1983; Tiffney, 1985b; Noonan,
1986, 1988a; Tangelder, 1988; Askevold, 1991)

In the mid Cretaceous (100 Myr), the Mid-Continental
Seaway, located to the east of the Rocky Mountains,
completely divided the North American continent into
an eastern and a western half from the Gulf of Mexico
tothe Canadian Arctic Archipelago (Fig. 2). The seaway
partially retreated in the Late Cretaceous (84 Myr),
allowing connections in the north, and finally dis-
appeared at the end of the Cretaceous (70 Myr). This
was presumably followed by an Early Cenozoic period
of floral and faunal exchange between the eastern and
western Nearctic. However, the disappearance of the
Mid-Continental seaway was concurrent with the up-
lift of the Cordilleran Mountain System in the Late
Cretaceous: the Rocky Mountains and the Sierra
Madre Occidental (Fig. 3). As they rose, the Rocky
Mountains cast an increasingly large rain shadow to
the east. By the Late Eocene (35 Myr), this had created
a dry-habitat barrier between the western and eastern
Nearctic, even though migration corridors with wetter
habitats persisted along rivers. The Eocene—Oligocene
climatic deterioration resulted in the contraction of
the original boreotropical flora in the western moun-
tains and in the eastern part of North America, and
in the geographical expansion of temperate deciduous
elements in the mixed-mesophytic forest. By the Oli-
gocene (30 Myr), erosion had completely wiped out the
early Rocky Mountains and the entire Cordilleran
range became a peneplain. This presumably enabled
a second Cenozoic period of extensive dispersal be-
tween the western and eastern sides of the Nearctic.

In the Late Oligocene (25 Myr), and continuing in
the Miocene, a new orogenic phase gave rise to the
present western Cordilleran System, including new
folding of the Rocky Mountains and Sierra Madre
Occidental and the uplift of Sierra Madre Oriental
(Fig. 4). This resulted in cooler and drier climates and,
eventually, in the development of grassland biomes in
central North America. The new topographic barrier
definitively divided the western and eastern sides of
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Figure 3. Palaeogeographic reconstruction of the North-
ern Hemisphere in the Early Tertiary (50 Myr). Major
source, projection, and symbols as in Figure 1. Ab-
breviations: DG =‘De Geer’ North-Atlantic bridge, RMt-
Rocky Mountains, TH =‘Thulean’ North-Atlantic bridge,
TS =Turgai Sea.

the mixed-mesophytic forest and was presumably as-
sociated with massive vicariance in Nearctic biotas.
The mesophytic elements became restricted to eastern
North America and the west side of the Rocky Moun-
tains, while a more drought-tolerant, temperate de-
ciduous flora evolved in the western mountains
(Tiffney, 1985b). Finally, the last remnants of the
mixed-mesophytic forest were wiped out from western
North America during the Pleistocene glaciations.

The Palaeoarctic (Cox, 1974; Tiffney, 1985b;
Tangelder, 1988)

From the Mid-Jurassic (180 Myr) to the Late Tertiary
(30 Myr), the Palaeoarctic was divided into an eastern
and a western half by an epicontinental seaway, the
Turgai Strait, located at the east of the Ural Mountains
(Figs 1-3). However, some authors argue that floral and
faunal exchange between Europe and Asia persisted

20 Myr (Early Miocene)

Figure 4. Palaeogeographic reconstruction of the North-
ern Hemisphere in the Late Tertiary (20 Myr). Major
source, projection, and symbols as in Figure 1. Ab-
breviations: RMt=Rocky Mountains, UMt = Ural Moun-
tains.

along the coasts and islands of the Tethys Seaway
(Tiffney, 1985b). Temporary regression of the Turgai
Sea in the Palaeocene allowed connections in the north
but they were interrupted by a new transgression in
the Eocene. The Turgai Strait finally dried up during
the Oligocene (30 Myr), permitting extensive biotic
exchange between both sides of the Palaeoarctic (Fig.
4). The closing of the Turgai Strait introduced a more
continental climate in western Siberia. This led to the
evolution of increasingly drought-tolerant, deciduous
communities of plants, which ultimately invaded Eur-
ope from the east, replacing the mixed-mesophytic
forest. The last remnants of the latter forest became
extinct in Europe during the Quaternary glaciations
(Tiffney, 1985b).

Several partial barriers between the two sides of the
Palaeoarctic appeared after the Turgai Strait dried up.
In the Late Oligocene, the uplift of the Tibet Mountains
isolated Europe and West Asia from East Asia (Macey
et al., 1999). During the Late Pliocene—Pleistocene,
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exchange between Asia and Europe was interrupted
several times because of climatic fluctuations, which
periodically reinforced the West-Siberian dry con-
tinental climate barrier (Beschovski, 1984). Opening
of the Japanese Sea, which resulted in the vicariance
between Japanese and Asian biotas, started in the
Miocene but did not completely isolate the Japanese
islands until the Late Miocene—Early Pliocene (6 Myr).
The Himalayan Mountains were formed by the collision
of India with Asia in the Middle Eocene, with the most
intense orogenic phase occurring in the mid-Miocene

(15 Myr) (Tangelder, 1988).

BIOGEOGRAPHIC HYPOTHESES

Based on the current views on the history of the
Holarctic, reviewed above, we extracted the following
hypotheses and ideas that we wanted to test.

A general area cladogram for the Holarctic?

Although the palaeogeographic history of the four Hol-
arctic infraregions since the Late Mesozoic cannot
easily be summarized in a general area cladogram,
Enghoff (1995), using pattern-based methods (com-
ponent analysis), found considerable support for the
area cladogram (WN, EN), (WP, EP)) in his genus
phylogenies. However, the statistical significance of
this result was not tested. To clarify whether Holarctic
biogeography can be adequately summarized in a gen-
eral area cladogram, we searched for such patterns
both in Enghoff’s and our own data using event-based
methods and permutation tests to assess the sig-
nificance of the results.

Large-scale Holarctic patterns

Holarctic geographic history combined with the effects
of extinction and diversification predict that, among
the events documented in phylogenies of extant or-
ganisms, continental dispersals (within the present
landmasses North America and Eurasia, WN<—EN and
WP—EP) should be more frequent than palaeo-
continental dispersals (trans-Beringian and trans-At-
lantic dispersals, WN«<EP and EN—WP), which in
turn should be more frequent than disjunct dispersals
between infraregions that have never been directly
connected (EN—EP, WN—WP). Enghoff (1995), using
cladistic subordinateness as an indicator of dispersal
(Enghoff, 1993), found a pattern consistent with this
expectation but he did not correct for the effects of
regional differences in species diversity, nor did he
use explicit event-based methods in identifying the
dispersals.

Continental patterns

Because the Turgai Sea divided the Palaeoarctic for a
much longer time than the Mid-Continental Seaway

isolated western and eastern North America, floral
and faunal exchange should have been more frequent
in the Nearctic than in the Palaeoarctic. Enghoff’s
(1995) pattern-based analysis supported this pre-
diction weakly, but the significance of the result was
not tested.

Although there is no obvious geological evidence for
dispersal asymmetries in the Palaeoarctic, Enghoff
(1995) found that dispersals from the eastern to the
western Palaeoarctic were more common than dis-
persals in the other direction. Again, the significance
of this result was not tested. This is problematic since
the extant fauna of most groups of organisms is con-
siderably more diverse in the eastern than in the
western Palaeoarctic. Thus, by pure chance one would
expect extant faunas to document more dispersal
events from the east to the west than in the other
direction. We re-examined Enghoff’s results, correcting
for such diversity differences.

The Tertiary orogenic activity in the western Ne-
arctic presumably created cold and dry adapted forms
that later became successful in the eastern Nearctic
when climates in general deteriorated towards the end
of the Tertiary and in the Quaternary. In addition, the
dry continental climates of interior North America first
originated close to the Rocky Mountains and then
spread east as the mountains rose. Therefore, Tertiary
and Quaternary dispersal in the Nearctic should have
been predominantly from the west to the east. The
role of western North America as a source area of
continental dispersal is consistent with the presence
there of many relict forms and a high proportion of
endemic taxa (Shear & Gruber, 1983; Kavanaugh,
1988). Enghoff’s (1995) analyses indicated pre-
dominantly eastwards dispersal in the Nearctic, but
the statistical significance of this asymmetry was not
tested. Here, we address this hypothesis.

Trans-Beringian and trans-Atlantic exchange

Nearctic—Palaeoarctic disjunctions have usually been
explained as being derived from ancestral distribution
ranges extending across the Bering land bridge (Dar-
lington, 1957). However, recent studies suggest that
trans-Atlantic dispersal may have played a more im-
portant role in this type of disjunction than is com-
monly assumed (Tiffney, 1985b; Noonan, 1986, 1988b).

Trans-Beringian dispersal is presumed to have been
more frequent from the eastern Palaeoarctic to western
North America than in the other direction, at least
during the Pleistocene (Pielou, 1979). The reason is
that, during full-glacial periods, Beringia was es-
sentially an eastward extension of Siberia. The land
covered with ice was more extensive in western North
America than in Asia and the unglaciated parts of
Alaska and Yukon were separated from the rest of
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North America by the Laurentide and Cordilleran ice-
sheets. Thus, only a small portion of the American
fauna could access Beringian Bridge III. Beringia is
considered to have contributed the bulk of tundra
species that now range across northern North America,
whereas forest and prairie species from non-Beringian
areas of North America made little or no contribution
to the present fauna of Siberia (George, 1988; Lafon-
taine & Wood, 1988). We tested whether this predicted
directional asymmetry was evident in our data.

The eastern North America-Asia disjunction

Although well known in plants, this disjunction has
rarely been documented in animals (but see Suzuki et
al., 1977; Patterson, 1981; Andersen & Spence, 1992;
Enghoff, 1993; Nordlander et al., 1996; Savage &
Wheeler, 1999). However, the boreotropics hypothesis
predicts that this pattern should be common in animals
associated with warm-temperate forests of boreo-
tropical origin, in which case the pattern should be
common in our data set.

There is considerable controversy concerning the
origins of this disjunction. Faunal (and floral) exchange
between Asia and eastern North America could have
taken place via two different routes: either across
Beringian Bridge I or across the Thulean Bridge. Bot-
anists have usually considered the trans-Beringian
route most important (Li, 1952) but Tiffney (1985b)
argued that the boreotropical flora dispersed mainly
across the North Atlantic land bridge. An important
difference between these two hypotheses is in the
predicted age of the disjunction. Trans-Beringian dis-
persal in warm-temperate groups presumably peaked
during the warm period in the Eocene, which ended
in the terminal Eocene event (about 35 Myr), whereas
trans-Atlantic dispersal was unlikely after the break-
up of the Thulean Bridge (about 50 Myr). We tested
these predictions with dated phylogenies.

In contrast to the eastern North America—Asia dis-
junction, disjunct distributions between western North
America and Europe have hardly been discussed in
the literature. Thus, we expected such disjunctions to
be significantly less frequent than EN-EP disjunctions.

Diversification patterns

For most organism groups, species richness differs
widely among Holarctic infraregions. The eastern Pal-
aeoarctic is usually the richest region whereas the
western Palaeoarcticis the poorest (Latham & Ricklefs,
1993; Monkkoénen & Viro, 1997; Li & Adair, 1994; Guo,
1999; Wen, 1999). Two different hypotheses have been
proposed to explain these differences.

The refugium hypothesis explains them as a result
of climatic changes in the Quaternary (Tiffney, 1985b).
During the Pleistocene, continental ice-sheets covered

most of Europe and advanced deeply into eastern North
America (Pielou, 1979). Glaciation and the associated
climatic cooling were supposedly associated with high
extinction rates. In Asia, however, the ice never
reached as far south and, in addition, the Asian fauna
and flora could disperse freely into the warmer habitats
of the Oriental region. Thus, thermophilic taxa that
went extinct elsewhere survived in Asia, resulting in
the high extant diversity of Asian faunas and floras
(Tiffney, 1985a).

The diversification hypothesis assumes that the di-
versity asymmetries arose already in the Tertiary,
before the climatic cooling and widespread extirpations
of the Quaternary. The richness of the Asian flora and
fauna would have resulted because the net di-
versification rates were higher in Asia than in other
Holarctic infraregions during the Tertiary (Latham &
Ricklefs, 1993; Nordlander et al., 1996; Qian & Ricklefs,
1999, 2000). We tested these hypotheses with our dated
phylogenies.

MATERIAL AND METHODS

SELECTION OF GROUPS FOR ANALYSIS

Groups were selected according to the following cri-
teria: (a) the group must be monophyletic and ex-
clusively or predominantly Holarctic in distribution.
(b) It must be represented in at least two of the
Holarctic infraregions. (¢) It must comprise four or
more species (at least three nodes in the cladogram).
(d) The phylogeny must include all or at least 95% of
the species of the group. In a clade that is not resolved
to species level, a terminal bifurcation may include
numerous subsequent speciations. Failing to include
all speciation events in the analysis would under-
estimate both the frequency of biogeographic events
and the age of the group (see below under ‘Dating’).
(e) The cladogram must be well resolved. Phylogenies
with more than one tetratomy or more than two tri-
chotomies were considered too ambiguous for our ana-
lyses and were discarded. We selected all groups fitting
these criteria that we could find in the literature. The
selected groups and references are listed in Table 1;
the area cladograms are given in the Appendix. We
ended up with 57 phylogenies representing most
groups of terrestrial and limnic organisms (Fig. 5A).
Because we used different selection criteria, only 39
of our groups were identical with groups analysed by
Enghoff (1995). Even for these groups, our data differed
from that of Enghoff (1995), among other things be-
cause we never collapsed terminal clades of species
occurring in the same area.

DELIMITATION OF AREAS

We used large areas because we needed a sufficient
number of observations for adequate significance test-
ing of the biogeographic hypotheses and because we
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Table 1. Overview of the 57 Holarctic groups analysed in this study. For the 39 phylogenies that were dated in some
analyses, the age and evidence used for dating is given for each dated node (see Appendix for the position of the dated
nodes in the phylogenies)

Group References Node': Evidence?®
Date (Myr)
Xestia (Schoyenia) Lafontaine et al., 1983 1: 2 IF
(Insecta, Lepidoptera, Noctuidae) 2: 1 BBIII
Trichosilia Lafontaine & 1. 17 IF
(Insecta, Lepidoptera, Noctuidae) Kononenko, 1986 2: 8 BBIIL
Sathon® Williams, 1988 1: 50 F+N-AT
(Insecta, Hymenoptera, Braconidae) 2: 25 Cu
3:8 BII
4: 6 North and South America connected
Symmorphus debilitatus-group® Cumming, 1989 1: 17 F+IF
(Insecta, Hymenoptra, Vespidae) 2: 8 BBII
3:6 JAP
Ibaliidae® Nordlander et al., 1996 1: 150 PAN
(Insecta, Hymenoptera) Ronquist, 1999 2: 8 BBII
3:6 JAP
4:1 BBIII
Limnoporus® (Insecta, Hemiptera, Gerridae) Andersen & Spence, 1: 55 F
1992 2: 35 BBI
Andersen, 1993 3: JAP
4:1 BBIII
Aquarius® (Insecta, Hemiptera, Gerridae) Andersen, 1990 1: 55 F
Nabicula (Limnonabis) Asquith & Lattin, 1990 1: 150 IF
(Insecta, Heteroptera, Nabidae) 2: 80 EU-AS
3: 50 N-AT
4: 25 Cu
Nephrotoma dorsalis-group® Tangelder, 1988 1: 35 F+TE
(Insecta, Diptera, Tipulidae) 2: 15 HiMm
3: 10 Development of grasslands (Great
Plains)
4: 8 Development of boreal forests
5:6 JAP
6: 3.5 Opening of Bering strait
72 Spread of arctic conditions
Potamanthidae® (Insecta, Ephemeroptera) Bae & McCalfferty, 1: 150 F+PAN
1991 2: 35 TE
3: 35 Formation of the South China sea
4: 8 Late Miocene cooling
Blethisa® (Insecta, Coleoptera, Carabidae) Goulet & Smetana, 1: 17 F+IF
1983 2: BBIIL
3:1 BBIII
Elaphrus (Elaphroterus)® Goulet, 1983 1: 35 F+IF
(Insecta, Coleoptera, Carabidae) 2: 35 BBI
3:1 BBIII

continued
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Table 1. continued

Group References Node': Evidence?®
Date (Myr)
Elaphrus (Neoelaphrus)® Goulet, 1983 1: 35 F+BBI
(Insecta, Coleoptera, Carabidae) 2: 35 TE
3:8 BBII
4: 3 Late Pliocene cooling event
5:1 G (Pyrenees)
Sericoda (Insecta, Coleoptera, Carabidae) Liebherr, 1991 1: 17 IF
2: 8 BBII
3:1 BBIII
Anchonemus (Insecta, Coleoptera, Carabidae) Liebherr, 1991 1: 35 BBI
2:1 G
Myadi (Insecta, Coleoptera, Carabidae) Allen, 1980 1: 50 N-AT
Loricera (Insecta, Coleoptera, Carabidae) Ball & Erwin, 1969 1: 65 Ir
2: 35 BBI
3: 10 Sierra Madre uplift (Miocene)
4:1 G
5:1 BBIII
Laccornis® Wolfe & Rougley, 1990 1: 100 F +opening of Turgai strait
(Insecta, Coleoptera, Dytiscidae) 2: 80 EU-AS
3: 35 BBI
4: 35 TE
5: 25 Cu
6:1 G
Agabus affinis-group Nilsson & Larson, 1: 17 Ir
(Insecta, Coleoptera, Dytiscidae) 1990 2: 8 BBII
3:1 BBIII
Dytiscus® Roughley, 1990 1: 150 PAN
(Insecta, Coleoptera, Dystiscidae)
Gymnusa Klimaszewski, 1979 1: 65 Ir
(Insecta, Coleoptera, Staphylinidae) 2: 50 N-AT
3:35 BBI
Deinopsis Klimaszewski, 1979 1: 65 IF
(Insecta, Coleoptera, Staphylinidae) 2: 35 BBI
Cicindela sylvatica-group Spanton, 1988 1: 40 Temperate-deciduous forests in
(Insecta, Coleoptera, Cycindelidae) North America
2: 8 BBII
3: 8 Dispersal from boreal forests to
grasslands in central N. Am.
Pytho® (Insecta, Coleoptera, Pythidae) Pollock, 1991 1: 150 F+PAN
2: 50 N-AT
3: 8 BBII
4: 6 JAP
Hydrochara (Insecta, Coleoptera, Smetana, 1980 1: 80 EU-AS
Hydrophilidae) 2: 50 N-AT
3: 35 BBI

continued
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Table 1. continued

Group References Node': Evidence®

Date (Myr)
Plateumaris® Askevold, 1991 1: 150 F+PAN
(Insecta, Coleoptera, Chrysomelidae) 2: 80 McS

3: 25 Cu

4:1 G (Nearctic)
Hypochilus® Catley, 1994 1: 150 F+PAN
(Arachnida, Araneae, Hypochilidae) 2: 25 Cu

3:1 G (Illinoisan)
Pimoa® (Arachnida, Araneae, Pimoidae) Hormiga, 1994 1: 80 F+EU-AS

2: 35 BBI
Callilepis® Platnick, 1975, 1976 1: 80 F+PAN+EU-AS
(Arachnida, Araneae, Gnaphosidae) 2: 50 N-AT

3: 35 BBI

4: 25 Cu
Esox® (Teleostei, Esocidae) Nelson, 1972 1: 65 F

2: 50 N-AT
Umbridae® (Teleostei) Wilson & Veilleux, 1: 65 F

1982 2: 50 N-AT

3:1 BBIII
Catostomidae® (Teleostei) Smith, 1992 1: 65 F

2: 50 F

3: 22 F

4: 8 F
Oncorhynchus® Shedlock et al., 1992 1:5/2:45/3: Mc
(Teleostei, Salmonidae) Domanico & Philips, 4.3.4:3.5/5:

1995 2:9/6:26/17:

2.5
Alectoris® Randi, 1996 1:6/2:24/ 3: Mc
(Aves, Galliformes, Phasianidae) 2.0/4:1.0/5:

1.2/6:3
Anthus® Voelker, 1999a,b 1:7/2:56/ 3: Mc
(Aves, Passeriformes, Motacillidae) 4.2/4:2.7/5:

1.3/6:1.8/7:

09/8:4.7/9:

2.3
Sorex longirostris-group”® George, 1988 1: 2 F
(Mammalia, Soricidae) 2: 1.5 G (Wisconsinan)

3:1 BBIII
Ursidae® Talbot & Shields, 1996 1:125/2: 7/ 3: Mc
(Mammalia, Carnivora) Zhang & Ryder, 1994 6/4:5/5:15/

6:5/7:6.1
Chabaudgolvania® Adamson & 1: 35 F (fossil of host)+BBI

(Nematoda, Ascaridida, Quimperiidae)

Richardson, 1989

continued
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Table 1. continued

Group

References

Node':
Date (Myr)

Evidence?

Daphnia longispina-group®
(Crustacea, Cladocera)

Heterotrissocladius (Insecta, Diptera,
Chrinomidae)

Hydrobaenus (Insecta, Diptera,
Chironomidae)

Mosillus (Insecta, Diptera, Ephydridae)
Pachyneuridae (Insecta, Diptera)

Lotophila (Insecta, Diptera, Sphaeroceridae)

Keroplatus (Insecta, Diptera, Keroplatidae)
Rocatelion (Insecta, Diptera, Keroplatidae)
Coelosia (Insecta, Diptera, Mycetophilidae)
Paraclemensia (Insecta, Lepidoptera,
Incurvariidae)

Nitidotachinus (Insecta, Coleoptera,
Staphylinidae)

Lygus (Insecta, Heteroptera, Miridae)
Atractotomus (Insecta, Heteroptera, Miridae)
Oxyethira (Insecta, Trichoptera,
Hydroptilidae)

Flexamia (Insecta, Homoptera, Cicadellidae)
Taenionema (Insecta, Plecoptera,
Taeniopterygidae)

Gasterosteiformes (Pisces, Teleostei)

Larus (Aves, Ciconiiformes, Laridae)
Marmota (Mammalia, Rodentia, Sciuridae)

Taylor et al., 1996
Lehman et al., 1995

(cladograms 1 and
2) * 1: 100/ 2: 100

3:53/4:6/5:
18/6:14/7:1/
8:35/9:1/10:
26.5/11: 30
(cladogram 3) *1:
100
2:53/3:6/4
18/5:14/6:1/
7:35/8:'1/9:
26.5/10: 65/ 11:
30

Saether, 1975
Saether, 1976

Mathis et al., 1993

Wood, 1981

Norrbom & Kim, 1984
Norrbom & Marshall, 1988
Matile, 1990

Matile, 1990

Seli, 1997

Nielsen, 1982

Campbell, 1993

Schwartz & Foottit, 1998
Stonedahl, 1990
Kelley, 1985

Dietrich et al., 1997
Stanger & Baumann, 1993

Paepke, 1983
Chu, 1998
Kruckenhauser et al., 1998

MC+F
Mc

* Three different solutions of the trichotomy (see Appendix).

E Groups belonging to the externally dated set (only nodes dated with external evidence were considered in this analysis).

! Numbers refer to the numbered nodes in the cladogram of each group (see Appendix).

2Dating evidence: F=Fossil, G=Vicariance during Pleistocene glaciations, IF=Inferred from the age of a younger, dated
node, MC =Molecular clock, PAN =Laurasia—Gondwana vicariance, TE = Vicariance due to the climatic cooling at the Terminal
Eocene event. Other codes (BBI, CU, MCS) are explained in Table 4. Only F, MC and PAN datings are considered based on
external evidence (the externally dated set).
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Figure 5. Pie charts summarizing various aspects of the data set analysed in this paper. (A) Taxonomic composition
(number of groups). (B) Number of terminal taxa distributed in each Holarctic infraregion. (C) Type of evidence used
for testing the basal divergence of each group (number of groups per category): fossil record (Fossil), molecular clock
(Molecular), non-Holarctic biogeographic events (Non-Holarctic events), and Holarctic biogeographic events listed in
Table 4 (Holarctic events). (D) Number of groups whose first divergence event is included within each time class.

wanted our results to be comparable with those of
Enghoff (1995). Thus, the Holarctic was divided into
four infraregions, each corresponding to a historically
persistent landmass according to palaeogeographic re-
constructions (Cox, 1974): the eastern and western
Nearctic and the eastern and western Palaeoarctic.
The eastern Nearctic (EN) was defined as North Amer-
ica east of the former Mid-Continental Seaway; the
western Nearctic (WN) as North America west of the
Mid-Continental Seaway; the western Palaeoarctic
(WP) as Europe, North Africa and Asia west of the
former Turgai Sea; and the eastern Palaeoarctic (EP)
as non-tropical Asia east of the Turgai Sea.

The Holarctic region and its infraregions were in-
terpreted in a wide sense. Thus, many Mexican dis-
tributions were considered as western Nearctic
because Central America was connected to WN during
the time of the Mid-Continental Seaway, and many
Mexican taxa show close relationships with western
North America via the Cordilleran Mountain System
(Liebherr, 1991). However, tropical Mexican dis-
tributions were considered as outside occurrences (NT'
in Appendix). Similarly, taxa occurring in the northern
part of the Oriental region (e.g. northern India
(Burma), South China, Indochina, northwest Thailand,
West Malaysia) were scored as eastern Palaeoarctic.

These terranes rifted from the margin of eastern Gond-
wana during the Late Carboniferous—Early Permian
but were part of the Laurasian landmass by the Late
Triassic—Early Jurassic (Yin, 1994). During the Early
Tertiary, they were covered by the same boreotropical
flora as Japan and China, indicating that, at least
during that period, connections existed between the
eastern Palaeoarctic and Oriental regions (Wolfe, 1977;
Tiffney, 1985a).

The distribution of taxa was interpreted according
to the original study. For example, if the author stated
that a taxon occurs mainly in WN and that EN records
are sporadic, unreliable, or due to late dispersal, the
taxon was scored exclusively as WN.

The western Palaeoarctic is the least represented
infraregion in the data set (n=158) (Fig. 5B). The
western Nearctic is the most common infraregion (n=
289), followed by the eastern Nearctic (n=263) and
the eastern Palaeoarctic (n =248). This is significantly
different from expected if taxa were equally distributed
in the four infraregions (‘goodness of fit’ y*=40.6, df =
3, P<0.01). Comparison with the geographic dis-
tribution of species in groups whose Holarctic fauna
is well known suggests that, in our data set, the eastern
Palaeoarctic is underrepresented and the Nearctic pos-
sibly over-represented (Table 2).
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ANALYSES

Testing the hierarchical scenario

An event-based tree-fitting criterion, Maximum Vicar-
tance (MV) (Page, 1995; see also Ronquist, 1998a,b) was
used to test for the existence of a general hierarchical
vicariance pattern for the Holarctic. MV was used to
fit each of the 18 possible labelled histories for the four
Holarctic infraregions (Fig. 6) in turn to all the 57
cladograms in the data set using TreeFitter 1.0 (Ron-
quist, 2001). MV finds the maximum number of vicar-
iance events that can be explained by a particular
hierarchical scenario given the data set, disregarding
the other events that must be postulated. The larger
the number of vicariance events, the better the hier-
archical scenario explains the observed data.

To test for significant fit between the best hier-
archical scenario and the data set, we randomly per-
muted the terminal distributions in the original data
set 10 000 times and then calculated the fit between
each random data set and the best hierarchical scen-
ario using TreeFitter 1.0. The P value was estimated
as the proportion of the random data sets fitting the
biogeographic scenario at least as well as the original
data.

Widespread taxa (taxa distributed in more than one
area) pose a problem for reconstructing hierarchical
patterns because they introduce ambiguity in the data
set (Morrone & Crisci, 1995). This problem has not yet
been satisfactorily solved in the literature. Here, we
treated widespread taxa using each of three novel
event-based options (Ronquist, in press). The recent
option assumes that the wide distribution is of recent
origin and explains it by dispersal; the ancient option
considers the wide distribution to be of ancient origin
and explains any mismatch between the distribution

and the area cladogram by extinction (possible vicar-
iance events within the widespread terminal not coun-
ted); and the free option treats the widespread terminal
as an unresolved higher taxon consisting of one lineage
occurring in each area, and permits any combination
of events and any resolution of the terminal polytomy
in explaining the wide distribution.

All possible dichotomous resolutions were considered
for polytomous cladograms. Each alternative di-
chotomous cladogram was weighted such that the sum
of the alternatives corresponded to the single clado-
gram of a fully resolved group. Thus, if there were
three possible dichotomous cladograms, the results
from each were weighted with 1/3.

General Holarctic patterns

Dispersal-vicariance analysis (DIVA; Ronquist, 1996,
1997), an event-based parsimony method, was used to
find general biogeographic patterns in the data set.
Unlike other methods, DIVA does not enforce hier-
archical area relationships so it can be used to address
reticulate biogeographic scenarios. DIVA was first used
to infer the biogeographic history of each individual
group. If several equally optimal reconstructions ex-
isted, all alternatives were considered and each pos-
sibility down-weighted such that the sum of all
alternatives corresponded to a single unambiguous
reconstruction. DIVA reconstructions specify vicar-
iance events, dispersal events, diversification events
(speciation within a single unit area), and ancestral
distributions (allowing assessment of past species rich-
ness in different unit areas). The frequencies of these
inferred events and ancestral distributions were
summed over all 57 cladograms.

We assessed the significance of the results in two

Table 2. Species richness in each Holarctic infraregion for some well-documented groups. Introduced species have not
been counted, nor have species only occurring in areas formerly covered by the Mid-Continental Seaway or the Turgai
Sea. The number of species per infraregion in our data set is also shown

Number of species

Taxon WN EN WP EP
Testudines' (except Chelonidae and Dermochelyidae) 12 25 9 23
Amphibia® 73 126 76 262
Aves® 476 318 435 800
Total 561 469 520 1085
(21%) (18%) (20%) (41%)
Holarctic data set (this study) 289 263 158 248
(30%) (27%) (16%) (26%)

! Tverson (1992).
2 Frost (1985), Duellman (1993).
3Howard & Mooe (1991).
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Figure 6. The 18 possible hierarchical scenarios for the Holarctic region. There are 15 possible branching arrangements
of the four Holarctic infraregions. However, each of the three symmetrical branching arrangements produces two
posssible labelled histories if the sequence of the splitting events is taken into account (the first two and the four

bottom scernarios). This gives a total of 18 scenarios.

steps. First, we tested whether DIVA detected any
overall patterns that were phylogenetically conserved
by comparing the observed total cost over all 57 cla-
dograms with the total cost over each of 100 data
sets for which the terminal distributions had been
randomly shuffled. Second, we tested whether the
relative frequency of particular biogeographic events,
relating to the hypotheses we wanted to test, differed
from what would be expected by chance by a modified
y%-test, in which the expected frequency and the ref-
erence distribution were both calculated from 100 ran-
domly permuted data sets. For simplicity, this
permutation-based test statistic will be labelled % but
it should not be confused with an ordinary y*test using
the standard y? distribution to assess significance.

Holarctic patterns over time

In order to analyse the variation of biogeographic
patterns over time, DIVA-inferred events were sorted
into time classes.

Events. The frequencies of most dispersal events were
too low to infer patterns of variation through time.
Instead, the variation in the frequency of two-area
distributions was used as an indicator of the ap-
pearance and disappearance of dispersal barriers.
When two isolated areas become connected, the cor-
responding two-area distributions should increase in
frequency. As long as the areas are connected, the two-
area distributions should remain common. When a
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dispersal barrier separates the connected areas, we
expect to see massive vicariance across the barrier and
concomitant decrease in the frequency of the two-area
distributions. We also recorded the variation in species
richness and diversification in each infraregion over
time.

Time classes. Age estimates (see below) suggest that
the biogeographic events documented by the clado-
grams span from the Late Mesozoic to the present.
This period was divided into four time classes (Table
3): old (before 70 Myr), medium (70-20 Myr), young
(20-3 Myr), and recent (3—0 Myr). A finer division
into more traditional geological periods (e.g. Eocene,
Oligocene, Miocene, etc.) was not feasible because the
dated events were too few, particularly in the older
time periods. Time classes were delimited based on
two criteria: (a) they must be wide enough to contain
a sufficient number of cladogenetic events in our phylo-
genies; and (b) each time class should preferably con-
tain or be delimited by only one of the postulated
Holarctic dispersal-vicariance events of interest. The
latter was not always possible to achieve. For instance,
the medium time class included both the trans-Atlantic
bridge (60 Myr) and the first Beringian Bridge (35
Myr). To separate trans-Atlantic and trans-Beringian
dispersal routes, we used another division into four
time classes, in which the medium time class was
divided into two subclasses, 70—45 and 45-20 Myr,
while the young and recent time classes were pooled.
The time boundary of 45 Myr was chosen to assure
that, in the younger time class, the dispersal route
between North America and Eurasia had switched
definitely to Beringia from having been predominantly
North Atlantic. This hypothesized event, when the
cross-Atlantic Thulean route broke up and Beringia
became warmer, has been dated to approximately 50
Myr (Pielou, 1979).

Dating. We used two different methods of dating,
resulting in two different dated subsets of the data:
the externally and fully dated sets. Table 1 indicates
for each cladogram the dated nodes and the evidence
used for dating them.

In the externally dated set, we used fossil evidence,
molecular clock estimates or non-Holarctic bio-
geographic events for dating (Fig. 5C; Table 1). Mo-
lecular clock dates were taken from the original papers.
All clocks were calibrated with the fossil record of the
group in question, except for the genus Anthus (Voelker,
1999a). For fossil evidence, the oldest known fossil of
the group was used to date the root node in the phylo-
geny. Occasionally, some internal nodes were also
dated using fossil evidence (e.g., Catostomidae). Plei-
stocene fossils were only used if the group actually

did originate during the Quaternary according to the
author(s) of the original paper (e.g. Sorex longirostris-
group). Non-Holarctic biogeographic events that were
useful for dating included the split up of Pangaea (150
Myr) and the formation of a land bridge between
Northern and Southern America (6 Myr) (Pielou, 1979).
Twenty-seven of the phylogenies could be at least
partially dated using these techniques (Fig. 5C).

In the fully dated set we used certain Holarctic
biogeographic events as additional temporal reference
points. The idea was to increase temporal resolution
for patterns other than those used for dating and to
allow dating of more phylogenies. Table 4 shows the
vicariance events that were used and the dates as-
signed to each of them. In the case of vicariance in-
volving the Beringian land bridges, the habitat
specificity of each group was used to assign the event
to the correct bridge (Table 4). Occasionally, the dated
event was associated with a terminal species, in which
case the date was assigned to the terminal node itself.
To reduce investigator bias, the events listed in Table
4 were only used for dating if they were explicitly
mentioned in the original study. Our dating, however,
does not necessarily coincide with that of the authors,
since the biogeographic-geologic events used for dating
took place during a time interval. For example, vicar-
iance across the first Beringian bridge was dated as
35 Myr, although dispersal of temperate groups was
possible after that date. Patterns that could not be
dated unambiguously, such as the disjunctions EN—EP
and WN-WP, were not used for dating even if they
were dated in the original study.

If the age of one or more internal nodes but not the
basal node could be fixed using biogeographic events
listed in Table 4, the basal node was assigned a date
consistent with the age of the internal node(s). Thus,
the basal node was dated to 150 Myr in groups showing
an internal Euramerica—Asiamerica vicariance (EU-
AS), to 65 Myr for groups with internal trans-Atlantic
(N-AT) or first trans-Beringian vicariance (BBI); to 17
Myr for groups with internal second trans-Beringian
vicariance (BBII); and to 2 Myr for groups with internal
third trans-Beringian vicariance (BBIII). Thirty-nine
groups could be at least partially dated using external
(molecular, fossil, or non-Holarctic events) or Holarctic
reference points (Fig. 5C). The remaining 18 groups
could not be dated because of insufficient information
in the original study. The age (root node age) of all
dated phylogenies is summarized in Figure 5D.

Branching clock. For both the fully and externally
dated sets, after the dates of one or more internal
nodes had been fixed, a ‘branching clock’ was used to
determine the age of the remaining nodes. First, any
dated interior nodes were connected to each other,
forming a backbone of dated nodes. This was done by
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Table 3. The four time classes used in this study. For each time class, the geological period covered by the time-class,
the Holarctic biogeographic events that took place during that period (codes correspond to those in Table 4 and Fig.
10), and the main characteristics of the groups that originated during that period, are given

Time class Time period  Geological period Biogeographic events Groups originating in this
period
Old >70 Myr Late Mesozoic (before  Euramerica—Asiamerica (EU-AS) Warm—temperate groups
Late Cretaceous) Groups with Southern

Hemisphere sister groups

Medium 70-20 Myr Early-Mid Tertiary Trans-Atlantic (N—AT) Warm-temperate groups
Trans-Beringian (BBI) associated with the
boreotropical-mixed
mesophytic forest

Young 20-3 Myr Late Tertiary Trans-Beringian (BBII) Boreal groups associated with
taiga—coniferous forests

Recent 3-0 Myr Quaternary Trans-Beringian (BBIII) Arctic groups associated with
tundra vegetation

Table 4. Holarctic dispersal—vicariance events used for dating ancestral nodes in the phylogeny of the groups studied
(the fully dated set). For each biogeographic event, the geologic event that caused the vicariance, the habitat specificity
of the groups affected by the event, and the date assigned to it, are given

Biogeographic event Code (date) Geologic event (habitat specificity)
Euramerica—Asiamerica EU-AS (80 Myr) Separation of the palaeocontinents
(WN +EP)—(EN +WP) Euramerica—Asiamerica
Trans-Atlantic (EN-WP) N-AT (50 Myr) Closing of the Thulean North Atlantic bridge'
(Warm—temperate groups)
Beringian bridge I BBI (35 Myr) Terminal Eocene event
(WN-EP) (Warm—temperate groups)
Beringian bridge II BBII (8 Myr) Late Miocene—Pliocene cooling®
(WN-EP) (Boreal—coniferous groups)
Beringian bridge III BBIII (1 Myr) Arctic climates dominant (Arctic—tundra groups)
(WN-EP)
Nearctic (WN-EN) (1) McS (80 Myr) (1) Opening of Mid-Continental Seaway
(2) Cu (25 Myr) (2) Uplift of Cordilleran Mountain System*
Palaeoarctic (WP-EP) PAL (30 Myr) Closing of Turgai Strait
Other minor events:
Himalaya—Central Asia (1) HiM (15 Myr) (1) Himalayan orogeny
Japan—Continental Asia (2) JAP (6 Myr) (2) Opening of Japanese Sea

! Subsequent North Atlantic land bridges (Late Eocene—Miocene) were presumably restricted to cold-adapted groups and far
less important for cross-Atlantic faunal exchange (McKenna, 1983).

2 Although the opening of the Bering Strait took place at 3.5 Myr, most authors explain trans-Beringian vicariance of boreal
groups as a result of increasing climate cooling during the Later Miocene—Pliocene.

*Mountain folding continued through the Miocene but most authors indicate the Late Oligocene as the age of the main
orogenic phase (Tiffney, 1985b). In some cases, the second Nearctic vicariance was dated 35 Myr if the author explained this
vicariance as a result of the Late Eocene cooling event.



362 1. SANMARTIN ET AL.

104 e

20k e

304

504 (.

Myr
A Delayed

B Accelerated

Figure 7. Schematic illustration of the branching clock method of estimating node dates. First, the longest sequence
of speciation events linking the dated root (r) to a terminal is identified (thick line). Then the branches in this sequence
are assigned equal time duration (50 Myr/5=10 Myr). Finally, the remaining undated nodes (labelled a and b) are
assigned one of the dates in this sequence. (A). In delayed speciation, the undated nodes are assigned the youngest
possible date. (B) In accelerated speciation, the undated nodes are assigned the oldest possible date.

first connecting the nodes separated by the fewest
intermediate nodes. These intermediate nodes were
then dated assuming equal branch lengths in the path
between the dated nodes. Then, the next dated node
closest to this backbone was connected and the inter-
mediate nodes dated, until all dated nodes had been
connected. Then, each tip of the dated backbone, which
often consisted of only the root node (Fig. 7; node r),
was connected to one of the terminal nodes from which
it was separated by the largest number of speciation
events (Fig. 7; bold line). Each branch in that sequence
was assumed to have the same time duration. Finally,
all remaining undated nodes (Fig. 7; node a and b)
were assigned one of the dates of the nodes in the
closest dated clade by using one of two different
methods. In delayed speciation, each node was assigned
the youngest possible date (Fig. 7A); in accelerated
speciation, the oldest possible date was used instead
(Fig. 7B).

Significance tests. To identify significant variation in
the frequency of biogeographic patterns over time,
as evidenced by external dating, we compared the
observed frequencies in each time class with the ex-
pected frequencies from 100 random data sets in which
terminal distributions were randomly permuted. The
permutation test could not be used with the fully dated
set, since the age of some internal nodes in this set

was determined based on the distributions of the ter-
minals. If these distributions were permuted, the dat-
ing of the nodes would be nonsensical.

RESULTS

TESTING THE HIERARCHICAL SCENARIO

Figure 8 shows the cost of fitting each of the 18 possible
hierarchical scenarios to the 57 phylogenies in our
data set. Regardless of the event-based option used to
treat widespread taxa (free, ancient or recent), the
hierarchical scenarios 1 and 2 (Fig. 6) showed the best
fit (the maximum number of vicariance events). These
scenarios correspond to the same area cladogram ((WN,
EN), (WP, EP)), depicting a basal separation of North
America and Eurasia followed by eastern—western
vicariance within each continent. They only differ in
that scenario 1 assumes the eastern—western division
to be older in the Palaeoarctic than in the Nearctic,
whereas the reverse is true for scenario 2 (Fig. 6).
The difference in number of vicariance events be-
tween the best and the worst scenarios is quite small
for the recent option but distinctly larger for the ancient
option (Fig. 8). For the free option, the relative dif-
ference is small but the absolute difference is similar
to the ancient option. Recall that the ancient option
forces wide terminal distributions to be interpreted
as supporting area relationships, whereas the recent
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Figure 8. Bar diagrams showing the results of fitting each of the 18 Holarctic hierarchical scenarios (Fig. 6) to the
entire data set of 57 Holarctic animal groups: (A) Free (P>0.99); (B) Ancient (P>0.99); (C) Recent (P>0.99). The
Maximum vicariance (Page, 1995; Ronquist, 1998a,b) criterion was used and the exact cost of each scenario was
calculated using TreeFitter 1.0 (Ronquist, 2001). Maximum vicariance maximizes the number of vicariance events in
the data that can be explained by the given scenario. Widespread taxa were treated using one of three event-based
options: free, ancient or recent (see text). The statistical significance of the fit of the best scenario to the data was
tested by comparison with the expected number of vicariance events in 10 000 data sets in which the distributions had
been randomly permuted in each group. For all options of treating widespread taxa, the fit was found to be non-
significant (P>0.9999). This extraordinarily high P value is caused by strong distribution duplication patterns (see

text).

option never builds area relationships on widespread
taxa. Thus, the small difference under the recent option
indicates that the support for the best scenarios under
the other options mainly comes from the prevalence of
wide continental distributions (WN +EN or WP +EP)
among terminals, whereas internal nodes essentially
group distributions randomly.

Permutations of the distributions showed that, re-
gardless of the option used for widespread taxa, the
best hierarchical scenarios did not fit the data set
significantly better than expected by chance. Actually,
all 10 000 random data sets had more vicariance events
than the original data, a highly significant result run-
ning in the opposite direction of the expected outcome
(P>0.9999). Such apparently anomalous results are
expected in maximum vicariance analysis when local
diversification (duplication) is common (Ronquist, in
press). In any case, these results indicated that there

was no hierarchical vicariance pattern that could ad-
equately describe the data.

We also analysed Enghoff’s (1995) data sets: the
genus clades (groups at the genus level or below) and
the family clades (groups at the family level or above).
For the genus clades, the best hierarchical scenarios
were numbers 1 and 2 (Fig. 6) (corresponding to RAC
13 in Enghoff, 1995) but the fit was not statistically
significant, regardless of option used for widespread
taxa (P=0.95 for all options). For the family clades,
the best hierarchical scenarios were again 1 and 2
for the free and ancient options but the fit was not
statistically significant (P=0.80 for the free option and
P=0.65 for the ancient option). For the recent option,
however, the best hierarchical scenario was number
17 (Fig. 6), which showed a statistically significant fit
to the data (P=0.01). Scenario 17 has an initial split
between Euramerica and Asiamerica, followed by
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further division within these palaeocontinents, the
first being within Euramerica (Fig. 6).

GENERAL HOLARCTIC PATTERNS

Overall, DIVA analysis indicated less dispersal for the
original data set than for any of the 100 permuted
data sets. Thus, the observed number of dispersal
events is significantly smaller than expected by chance
(P<0.01), which means that the observed distributions
are strongly phylogenetically conserved.

Table 5 and Figure 9 show comparisons of the ob-
served and expected frequencies of different types of
dispersal events. Several general patterns were found.

Large scale patterns

Continental dispersals (WN—EN and WP—EP) are
significantly more frequent than palaeocontinental
(WN<EP and EN—WP) and disjunct (EN—EP and
WNoWP) dispersals (x2=6.434, P<0.01). Palaeo-
continental dispersals, in turn, are significantly more
frequent than disjunct dispersals (x>=1.965, P<0.01).

Continental patterns

The absolute number of dispersals within the Nearctic
region (WN«EN) is larger than the number of dis-
persals within the Palaeoarctic region (WP—EP). How-
ever, when compared with expected frequencies, the
opposite pattern is found: Palaeoarctic faunal exchange
is significantly more frequent than expected by chance
(x2=38.389, P<0.01). Within each continent, there is
significant directional asymmetry. Dispersal from
western North America to eastern North America
(WN-EN) is significantly more frequent than in the
other direction (EN—-WN): (32=2.656, P=0.03). In
the Palaeoarctic, westward dispersals (EP—-WP) are
significantly more frequent than eastward dispersals
(WP-EP): (y2=2.542, P=0.01).

Trans-Beringian and trans-Atlantic exchange

In absolute numbers, trans-Beringian dispersal be-
tween the eastern Palaeoarctic and western North
America (WN—EP) is more frequent than trans-At-
lantic dispersal between eastern North America and
the western Palaeoarctic (EN—WP). However, the dif-
ference is not significant (y2=0.0062; P=0.87). West-
ern North America (WN—EP) is more frequently the
source area of trans-Beringian dispersal than the east-
ern Palaeoarctic (EP—WN), contrary to expectations,
but the difference is not significant (3*=0.597, P=
0.32). There is no significant directional asymmetry in
the trans-Atlantic faunal exchange (EN—WP) (y%=
1.221, P=0.23).

EN-EP and WN-WP disjunctions

There is no significant difference between the fre-
quency of the eastern North America—eastern Pal-
aeoarctic dispersals (EN—EP) and the western North
America—western Palaeoarctic dispersals (WN—WP)
(x2=0.000002, P>0.99). Dispersal from western Pal-
aeoarctic to western North America (WP—WN) is sig-
nificantly more frequent than in the other direction
(WN-WP) (x2=38.692, P<0.01), whereas there is no
directional dispersal asymmetry for the EN-EP dis-
junction.

Diversity differences

The distribution of species richness among infra-
regions, summing over all ancestral nodes but dis-
regarding terminal species, is significantly different
from the distribution expected if species were dis-
tributed randomly with respect to infraregion (y%=
38.891, df =3, P<0.01). The western Palaeoarctic (WP)
has the smallest diversity (153 ancestral species), fol-
lowed by EP (244), EN (264) and WN (273) (cf. Fig.
5B, giving the species richness for extant species). The
amount of diversification (the number of speciation
events within each infraregion) is similarly distributed
(WP=43, EP=116, EN=135, WN=138; »*>=54.796,
P<0.01). These differences, however, are the result of
the unequal representation of the four infraregions
among terminal species. If the observed values are
compared with the expected values obtained in the
random data sets, i.e. correcting for the regional bias
in extant faunal richness, differences are not sig-
nificant (P=0.78 for species richness, and P=0.87 for
diversification). Thus, there are no phylogenetically
determined differences in overall species richness or
overall diversification rate among infraregions in our
data set.

HOLARCTIC PATTERNS OVER TIME

Dating accuracy

With external dating, the branching clock was used to
estimate the age of many internal nodes. Some of these
nodes could also be dated using Holarctic biogeographic
events (Table 4). This provided a useful test of the
branching clock (Fig. 10; results shown for delayed
speciation). The comparison reveals that the branching
clock does well, at least for the older biogeographic
events. In most cases, it appears to sort events correctly
into one of the four broadly defined time classes we
used. The most serious problem is with the younger
events, which are consistently dated as being older
than they are by the branching clock (Fig. 10). This
bias is expected since the branching clock distributes
nodes equally over time whereas, if speciation rates
are roughly clock-like, extinctions will make sure that
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Table 5. Comparisons of the frequencies of different types of dispersals in the Holarctic
data set. For each comparison, expected frequencies and statistically significant deviations
from these were calculated based on 100 randomly permuted data sets (see text)

Dispersal events compared Observed Expected Significance
Large-scale patterns frequency frequency

Continental 138.570 113.300 <0.01
Palaeocontinental + Disjunct 70.117 86.576
Palaeocontinental 47.898 42.149 <0.01
Disjunct 22.220 27.968

Nearctic (WN—EN) 79.474 89.823 <0.01
Palaeoarctic (WP—EP) 59.097 48.748
Trans-Beringian (WN—EP) 33.721 33.472 0.87
Trans-Atlantic (EN—WP) 14.177 14.426

Disjunct

(EN—EP) 13.379 13.376 0.99
(WN-WP) 8.841 8.844

Asymmetry Nearctic

(WN-EN) 44,272 37.025 0.03
(EN->WN) 35.202 42.449

Asymmetry Palaeoarctic

(EP-WP) 40.169 34.114 0.01
(WP-EP) 18.928 24.983

Asymmetry Trans-Beringian

(WN-EP) 17.146 19.364 0.32
(EP-WN) 16.575 14.357

Asymmetry Trans-Atlantic

(WP-EN) 8.278 6.213 0.23
(EN->WP) 5.899 7.964

Asymmetry Disjunct EN-EP

(EP-EN) 7.929 8.363 0.83
(EN-EP) 5.450 5.016

Asymmetry Disjunct WN-WP

1 (WP-WN) 5.850 3.120 <0.01
2 (WN-WP) 2.991 5.721

fewer of the old and more of the young speciations
are retained among the splits documented by extant
lineages. Because the ages of a larger number of nodes
were fixed in the fully dated set, the amount of bias
introduced by the branching clock is smaller for this
data set. Furthermore, delayed speciation gave slightly
more accurate dates than accelerated speciation be-
cause it decreased the bias, even though the differences
between these two options were small.

Two-area distributions in the externally dated set

Figure 11 shows the variation over time of the fre-
quency of two-area distributions in the 27 groups dated
with external evidence. The patterns are only given for

delayed speciation; accelerated speciation gave almost
identical results.

Continental, palaeocontinental and disjunct dis-
tributions. Continental distributions within North
America (WN-EN, Fig. 11A) and Eurasia (WP-EP,
Fig. 11B) are most frequent in the youngest time
classes (young and recent; 20-0 Myr). In contrast,
disjunct distributions are most frequent in the oldest
time classes: EN-EP in the medium time class (70-20
Myr; Fig. 11E) and WN-WP in the old time class
(Fig. 11F). Palaeocontinental distributions show an
intermediate pattern: WN—EP is most frequent in the
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Figure 9. Diagrammatic, polar views of the Holarctic region, showing the frequency of dispersal between different
infraregions in the data set. The thickness of the arrows is proportional to the frequency of the dispersal in question.
Abbreviations: WN — western Nearctic, EN — eastern Nearctic, WP — western Palaoearctic, EP — eastern Palacoarctic.
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Figure 10. Plot showing the accuracy of the branching
clock assessed by the presumed dates of some Holarctic
biogeographic events (Table 4). The box-whisker plots
show the estimated age of certain nodes (mean, standard
deviation and minimum and maximum values) using the
branching clock calibrated with external evidence (from
the fossil record, non-Holarctic biogeographic events, or
molecular evidence). The arrows indicate the presumed
age of the same nodes according to Holarctic biogeographic
events (Table 4). The number of observations are as
follows: Trans-Atlantic (N-AT, n=6), Beringian Bridge I
(BBI, n=21), Beringian Bridge II (BBII, n=17), Beringian
Bridge III (BBIII, n=15), Cordilleran orogeny (CORD,
n=_8), Japanese sea (JAP, n=9), Euramerica—Asiamerica
vicariance (EU-AS, n=5).

recent time class (Fig. 11C), whereas EN-WP is most
frequent in the medium class (Fig. 11D).

Continental distributions. The frequency of Nearctic
distributions (WN-EN) shows a decrease in the
medium time class, followed by a rapid increase in the
young and recent time classes (Fig. 11A). This pattern
differs significantly from that expected by chance
(P<0.01). The frequency of Palaeoarctic distributions
(WP-EP) is low in the old and medium time classes
(>20 Myr) but increases rapidly in the young time
class (20-3 Myr; Late Tertiary), followed by a slight
decrease in the recent time class (3-0 Myr; Fig. 11B).
However, these differences were not significant (P=
0.53).

Trans-Beringian and trans-Atlantic distributions. The
frequency of trans-Beringian distributions (WN-EP)
decreases over time with the lowest value being in the
young time class (20-3 Myr), followed by a strong
increase in the recent time class (3—-0 Myr; Fig. 11C).
Differences among frequencies were significantly con-
strained by phylogeny (£<0.01). The frequency of trans-
Atlantic distributions (EN-WP) shows a distinct peak
in the medium time class and decrease strikingly in
the young and recent time classes (Fig. 11D). This
pattern was close to being statistically significant (P=
0.11).

EN-EP and WN-WP disjunct distributions. The fre-
quency of the disjunct distribution eastern North
America—eastern Palaeoarctic (EN-EP) increases rap-
idly in the medium time class (70—-20 Myr) to decrease
markedly in the young and recent time classes (20-0
Myr; Fig. 11E). Again, differences among frequencies
were close to being statistically significant (P=0.10).
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Figure 11. Frequency of the six possible two-infraregion distributions plotted against time for the externally dated
set of 27 Holarctic groups. Because some time classes cover a longer time span than others, the frequency of each two-
infraregion distribution is given as a percentage of the total number of two-infraregion distributions in each time class.
Abbreviations: WN — western Nearctic, EN — eastern Nearctic, WP — western Palaeoarctic, EP — eastern Palaeoarctic.

The P values are based on permutation tests.

In contrast, the frequency of the disjunct distribution
western North America—western Palaeoarctic (WN-
WP) shows a constant decrease over time, with the
peak frequency in the old time class, before the Late
Cretaceous (>70 Myr; Fig. 11F). This pattern is highly
significant (P<0.01).

Two-area distributions in the fully dated set

Figure 12 shows the frequency of two-area dis-
tributions over time for the 39 groups in the fully dated
set using delayed speciation (accelerated speciation
gave almost identical results). The observed bi-
ogeographic patterns are similar to those found in the
smaller externally dated set of phylogenies, with some
exceptions. For WN-EN, the distributions are on av-
erage dated older, such that the distinct increase in
the frequency of these distributions in the two youngest
time classes becomes more gradual (Fig. 12A). This
presumably occurs because the Holarctic events used
for dating (Table 4) push these distributions back in
time. For the Palaeoarctic distributions (WP-EP), on
the other hand, the increase in the youngest time
classes becomes more prominent in the fully dated set,

suggesting a significant frequency change between the
medium and young time classes (Fig. 12B). Finally,
the lowest frequency of trans-Beringian distributions
shifts from the young (20-3 Myr; Fig. 11C) to the
medium time class (70-20 Myr; Fig. 12C).

The eastern North America—Asia disjunction

The age of this disjunction was examined in more
detail by dividing the medium time class into two
subclasses (70-45 and 45-20 Myr), while pooling the
young and recent time classes (Fig. 13). The frequency
of the eastern North America—eastern Palaeoarctic
(EN-EP) distributions (Fig. 13C, D) and of trans-
Atlantic (EN-WP) distributions (Fig. 13E, F) showed
a similar pattern of variation, with a sharp peak in
the Early Tertiary time class (70—45 Myr). In contrast,
the frequency of trans-Beringian (WN-EP) dis-
tributions dipped in the Early Tertiary, followed by an
increase during the later time classes (Fig. 13A, B).
The peak of the EN-EP distributions was sharper in
the externally dated set than in the fully dated set, in
which some (but less than 50%) of the EN-WP and
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Figure 12. Frequency of the six possible two-infraregion distributions plotted against time classes for the fully dated
set of 39 Holarctic groups. The frequency is given as the percentage of the total number of two-infraregion distributions
in each time class. Abbreviations: WN — western Nearctic, EN — eastern Nearctic, WP — western Palaeoarctic, EP —
eastern Palaeoarctic. Permutation tests could not be used to determine the significance of these patterns because the
dating of nodes was dependent on the association between terminals and distributions.

WN-EP distributions had been dated using the hy-
pothesized age of certain Holarctic biogeographic
events (Table 4).

Diversification and changes in species richness

The plots of species richness and diversification over
time were similar for the externally and fully dated
sets; here, the trends are shown for the considerably
larger fully dated set (Figs 14, 15). The eastern Pal-
aeoarctic (Fig. 14D) and eastern North America (Fig.
14B) show a similar pattern of variation, with an
increase during the Tertiary (70-3 Myr), followed by
a decrease in the Quaternary (3—0 Myr). The decrease
is more noticeable in eastern North America than in
the eastern Palaeoarctic. In contrast, western North
America (Fig. 14A) and the western Palaeoarctic (Fig.
14C) showed a low or relatively low species richness
during the Tertiary (70-3 Myr), followed by a distinct
increase during the Quaternary. The western Palaeo-
arctic (Fig. 14C) presents the lowest species richness
of all infraregions in all four time classes. Similar
patterns were found when diversification within infra-
regions was plotted against time (Fig. 15).

DISCUSSION

A GENERAL AREA CLADOGRAM FOR THE HOLARCTIC?

Enghoff (1995) presented a general area cladogram
for the Holarctic reflecting the present continental
configuration: (WN, EN), (WP, EP)). He found strong
support for this pattern in his genus clades but he used
pattern-based methods and did not test the statistical
significance of the signal.

Our data set is similar to Enghoff’s genus clades.
Thus, it is not surprising that we find similar results for
our data and for the genus clades. The area cladogram
presented by Enghoff, reflecting current continental
configurations, fits the observations in both sets better
than any other hierarchical scenario. However, this is
almost entirely due to the prevalence of continental
distributions among widespread terminals. The phylo-
genies do not predominantly group areas according to
the continental area cladogram and, thus, the latter
does not fit the data better than expected by chance.
Actually, it fits the data much worse than expected by
chance and this result occurs because terminal species
are often found in the same area as their closest
relatives. Maximum vicariance analysis is excessively
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Figure 13. Frequency of trans-Beringian (WN-EP), trans-Atlantic (EN-WP) and disjunct distributions (EN-EP)
plotted against time for the externally dated set (27 groups) (A, C, E) and for the fully dated set (39 groups) (B, D, F).
To increase resolution in the Early Tertiary, a different division into time classes was used. Note that some of the
trans-Beringian and trans-Atlantic events were dated according to the presumed age of the corresponding biogeographic
event in the fully dated set (B, F). However, the disjunct distributions (D) were not dated.

sensitive to such distribution duplication patterns
(Ronquist, in press). When they are common, randomly
permuted data sets tend to have more vicariance events
than the observed data.

For the family clades, which presumably document
older biogeographic events, Enghoff (1995) did not
find a clearly dominant pattern using pattern-based
methods. Under the free and ancient options of treating
widespread taxa, we find that the family clades behave
as the genus clades. However, under the recent option,

a different hierarchical scenario is favoured, and the
support for this scenario is significantly larger than
expected by chance. Recall that the recent option dis-
regards any evidence for area relationships provided
by widespread terminals and only groups areas based
on older clades. Thus, the chance of detecting phylo-
genetically determined biogeographic patterns is
better with the recent option than with the free and
ancient options.

The scenario supported by the family clades under
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Figure 14. Species richness per infraregion plotted against time for the fully dated set (39 groups) (the externally
dated set showed similar trends). Species richness is measured as the number of nodes (ancestral species) occurring
in each infraregion. To correct for the unequal duration of time classes, the species richness per region is given as the
percentage of the total species richness in each time class.
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Figure 15. Diversification per infraregion plotted against time in the fully dated set (39 groups) (the externally dated
set showed similar trends). Diversification is measured as the number of speciation events occurring exclusively within
each infraregion (i.e. among-region vicariance events are not considered). Diversification per region is given as the
percentage of the total number of diversification events in each time class.

the recent option is number 17 (Fig. 6). This scenario
has an initial division between the palaeocontinents
Euramerica and Asiamerica, followed by vicariance
first within Euramerica and then within Asiamerica.
Interestingly, Enghoff (1995) found the same pattern
(his RAC 15) to be the most frequent for his family
clades when he treated widespread taxa using as-
sumption 2, a pattern-based option similar to the free

option in event-based analysis. However, because it
was not clearly dominant, he did not consider this a
general Holarctic biogeographic pattern. Our analysis
indicates that this is the only robust hierarchical pat-
tern in Enghoff’s (1995) data sets. Interestingly, this
MV result agrees well with the variation of two-area
distributions over time in that it clearly dates the
Euramerican (EN-WP) vicariance as being older than



HOLARCTIC BIOGEOGRAPHY 371

the Asiamerican (WN-EP) vicariance (compare scen-
ario 17 in Fig. 6 with Figs 11-13).

In conclusion, although old Holarctic biogeographic
events documented by higher phylogenies appear to
fit a Euramerican-Asiamerican pattern, it is clear that
no general area cladogram can adequately describe
Holarctic area relationships as evidenced by our data
or the data of Enghoff’s genus clades.

LARGE-SCALE HOLARCTIC PATTERNS

Enghoff (1995) found that continental dispersals
(within the present continents) were significantly more
frequent than palaeocontinental dispersals (between
areas once connected in the former continents
Asiamerica and Euramerica), and these in turn were
more frequent than disjunct dispersals (between infra-
regions never connected) in his data set of 73 Holarctic
groups. This result was based on a test of deviation
from equal probabilities of all dispersals. However, the
Holarctic infraregions are not equally well represented
in his data set, nor are they in ours (Fig. 5B), and
hence dispersal frequencies should be expected to differ
considerably even if they were assigned randomly to
categories. Our test based on random permutation
of terminal distributions takes the unequal species
diversity of different infraregions into account. Never-
theless, Enghoff’s result holds: continental dispersals
are more frequent than palaeocontinental dispersals,
which are more common than disjunct dispersals.

This pattern is undoubtedly an effect of time and past
continental connections (Enghoff, 1995). According
to palaeogeographic reconstructions, the palaeo-
continental configuration persisted for a long time,
even longer than the present configuration. Thus, we
might have expected Asiamerican (trans-Beringian)
and Euramerican (trans-Atlantic) dispersals to be at
least as frequent as continental dispersals. However,
extinction has undoubtedly wiped out the traces of
many of the palaeocontinental events, making them
rarer than the continental events among the dispersals
documented by extant species and their phylogenies.
Disjunct dispersals could be rare because the disjunct
areas have never been connected directly, or because
disjunct patterns are the remnants of very old events.
The variation in the frequency of two-area distributions
over time (Figs 11, 12) suggests that the second ex-
planation is more important. Disjunct distributions,
particularly EN-EP, are not rare; they are common in
the old time classes. This should not be interpreted
to mean that these distributions or dispersals were
necessarily originally disjunct. In most cases, the old
distributions were presumably continuous and the dis-
persals took place between adjacent infraregions. The
disjunct pattern arose later by extinction in inter-
vening areas.

CONTINENTAL PATTERNS

Enghoff (1995) found that dispersals within North
America (WN«<—EN) were more frequent in his data
set than dispersals within the Palaeoarctic region
(WP-EP). He did not test whether this difference was
significant but he nevertheless attributed it to the
difference in duration of the epicontinental seaways,
which were presumably important dispersal barriers
for the terrestrial and limnic fauna. The Nearctic was
divided by the Mid-Continental Seaway for only 30
Myr, from 100 to 70 Myr, while the Turgai Strait
divided the Palaeoarctic much longer, from 180 to 30
Myr. However, the dominance of American dispersals
is probably entirely due to the overrepresentation of
American taxa in Enghoff’s data set. Using per-
mutation tests we find that, considering the number
of lineages that could have dispersed, faunal exchange
has actually been significantly more extensive in the
Palaeoarctic than in the Nearctic. This does not mean
that the Turgai Strait was not an effective barrier:
the dated phylogenies show that almost all of the
Palaeoarctic exchange occurred after the closing of the
Turgai Strait in the Oligocene, 30 Myr (Figs 11, 12).
However, it does imply that faunal exchange has been
less extensive between the Nearctic infraregions after
the disappearance of the Mid-Continental Seaway than
one might have expected.

The variation in the frequency of Palaeoarctic dis-
tributions over time (Figs 11, 12) fits palaeogeographic
reconstructions well. During the time it was open, the
Turgai Strait apparently provided an effective barrier
to dispersal between the eastern and western Pal-
aeoarctic, resulting in a very low frequency of WP-EP
distributions in the Cretaceous and Early-Mid Ter-
tiary time classes (>20 Myr). The closing of the Turgai
Strait about 30 Myr made it possible for groups present
in Asia or in Europe to expand their ranges, leading
to a distinct increase in WP-EP distributions in the
Late Tertiary time class (20-3 Myr). Dispersal rates
remained high in the Quaternary (3-0 Myr). Thus,
recent Palaeoarctic barriers, like the Pleistocene West—
Siberian barrier (Beschovski, 1984), do not seem to
have been effective in preventing Palaeoarctic faunal
exchange.

The Nearctic pattern is more difficult to interpret
(Figs 11, 12). The two predicted dispersal waves, first
after the closing of the Mid-Continental Seaway about
70 Myr and then after the erosion of the early Rocky
Mountains in the Oligocene (30 Myr) are not evident
in the Early-Mid Tertiary time class (70-20 Myr).
However, it is possible that these events are entirely
concealed by the effects of the uplift of the early Rocky
Mountains in the Palaeocene—Eocene in this broad
time class. The predicted dispersal waves and the
effects of Rocky Mountain orogeny may eventually be
detected using more narrow time classes, a larger set
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of phylogenies, and more accurate dating. Neither the
uplift of the Cordilleran range in the Late Oligocene—
Miocene (25-20 Myr), nor the Quaternary glaciations
appear to have been significant in preventing faunal
exchange between the western and eastern Nearctic,
since WN-EN distributions are common in both the
Late Tertiary and Quaternary (20-0 Myr) (Figs 11,
12). In plants, the close biogeographic relationship
found between western and eastern North America
also suggests that the Cordilleran range was not an
effective barrier to floristic exchange between the east-
ern and western Nearctic (Wen, 1999).

The highly significant directional asymmetries in
continental dispersals (Table 5) show that, during the
Tertiary and Quaternary, western North America and
the eastern Palaeoarctic acted as the main source
areas of continental dispersals in the Nearctic and
Palaeoarctic, respectively. This agrees with Enghoff’s
(1995) conclusions and with observations by other
authors (Kavanaugh, 1988). The predominance of east-
ward dispersals in the Nearctic is expected based
primarily on the orogenic activity in the west. The
uplift of the early Rocky Mountains and subsequently
the Cordilleran Range created cooler climates in west-
ern North America. This presumably drove the evolu-
tion of cold-adapted organisms, which could spread to
the east when climatic cooling later created similar
conditions there. Mountain building also created an
increasingly large rain shadow to the east, causing
aridification of central North America. The spread of
dry habitats in turn pressed wet-adapted elements
to the east. These habitat changes were presumably
associated with large-scale eastward dispersal of both
dry-adapted and wet-adapted organisms. The mixed-
mesophytic forest, for instance, which had extended
across the continent in the Early-Mid Tertiary, shifted
eastward in the Late Tertiary and was replaced in the
west by more xerophytic plants, such as Pinus (Tiffney,
1985a). Many animals dependent upon this forest fol-
lowed it to eastern North America (Rosen, 1978; As-
kevold, 1991), where they continued to diversify. This
pattern is, for instance, observed in the most species-
rich phytophagous groups of beetles, Curculionidae
and Chrysomelidae, which are both maximally diverse
in eastern North America (Allen, 1983; Noonan, 1986,
1988a; Askevold, 1991). The effects of the Pleistocene
glaciations may also have contributed to the pre-
dominantly easterly dispersals in the Nearctic. The
Pacific slope of North America was hit harder by the
glaciations than the Atlantic slope, and since this made
it more difficult for organisms to survive in the west,
long-distance dispersals to glacial refugia in the east
may have been more successful than dispersals in
the other direction (Pielou, 1979; Latham & Ricklefs,
1993).

It is more difficult to explain the directional dispersal

asymmetry in the Palaeoarctic. It is clear that the
extant fauna of the eastern Palaeoarctic is considerably
richer than that of the western Palaeoarctic and the
difference is often assumed to be the effect of extinction
in the western Palaeoarctic during Pleistocene gla-
ciations. However, because the permutation tests cor-
rect for differences in species richness, the dispersal
asymmetry cannot simply be an artefact due to massive
extinction in the western Palaeoarctic. It is possible
that orogenic activity and the development of arid
habitats in the eastern Palaeoarctic favoured the evolu-
tion of species that became successful invaders of
Europe, similar to the hypothesised forces driving
asymmetric dispersal in the Nearctic. According to
Tiffney (1985b), the final closure of the Turgai straits
in the Oligocene (30 Myr) initiated an influx of Asiatic
and eastern European vertebrate fauna and flora into
western Europe, which resulted in the extinction and
replacement of the local biota (‘The Grande Coupure’).
Another possibility is that extinction rates were higher
in the western Palaeoarctic in the Tertiary because
Europe mostly consisted of a number of isolated islands
during this time period. Species that went extinct due
to the small size of these islands could have been
continuously replaced from the east, causing dir-
ectional dispersal asymmetry. Future studies will have
to further clarify the reasons for the predominantly
easterly dispersal of the Palaeoarctic fauna during the
Tertiary and Quaternary.

TRANS-BERINGIAN AND TRANS-ATLANTIC EXCHANGE

Intercontinental disjunctions between North America
and Eurasia are usually explained as the remnants of
ancient distributions spanning across the Bering land
bridge, whereas cross-Atlantic distributions are con-
sidered less important (Darlington, 1957; Andersen,
1993). The main reason for this is the long duration
of the Bering land bridge, which existed from the Early
Tertiary to the Late Pliocene—Pleistocene. In contrast,
the most important North Atlantic connection, the
Thulean route, was only favourable for dispersal in
the earliest part of the Early Eocene, and was broken
around 50 Myr (McKenna, 1983). Furthermore, the
climate of the Beringian area was warmer than today
through most of the Tertiary and Quaternary, facilit-
ating dispersal of warm-adapted groups.

However, it has also been suggested that the Atlantic
route, via the Thulean Bridge, was more important
than the Beringian route in the Early Tertiary. Ac-
cording to palaeogeographic reconstructions of this
time period, Beringia was situated closer to the North
Pole than it is today. This means that it would have
been in a considerably higher palaeolatitude than the
North Atlantic Bridge (McKenna, 1983), so dispersal
across Beringia should have been severely constrained
by climate and light regimes (Tiffney, 1985b).
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Two other, more northern trans-Atlantic bridges con-
tinued to exist after the disappearance of the Thulean
Bridge: the De Geer route and the Greenland—Faeroes
bridge. However, the former was in the far north
and was presumably restricted to cold-adapted groups,
while the latter was no more than a chain of islands.
Therefore, most authors seem to agree that after the
Thulean Bridge was broken 50 Myr (Early Eocene),
the main dispersal route between North America and
Eurasia definitely switched to Beringia, since the Ber-
ingian region became warmer and the North Atlantic
wider (Pielou, 1979). According to Raven & Axelrod
(1974), Beringia has been more important than the
North Atlantic Bridge for migrating land plants since
the Middle Eocene (45 Myr).

The variation in the frequency of two-area dis-
tributions over time (Figs 11-13) suggests that the
latter scenario is essentially correct for cross-Atlantic
faunal exchange. Trans-Atlantic distributions (EN-—
WP) are frequent in the Early Tertiary (70-45 Myr),
coinciding with the time period when the North At-
lantic Thulean Bridge existed (Fig. 13E). The frequency
decreases during the Mid Tertiary (45-20 Myr), just
after the Thulean route was closed 50 Myr, and almost
reaches zero in later time periods. Presumably, dating
errors causes the peak of cross-Atlantic distributions
to extend slightly into the Mid Tertiary, rather than
being entirely restricted to the Early Tertiary (Fig.
13E). In the fully dated set, where 40% of the cross-
Atlantic events were dated, the remaining cross-At-
lantic events were all sorted into the Early Tertiary
time class (Fig. 13F). Overall, our data showed no
significant difference between the amount of trans-
Beringian and trans-Atlantic dispersal (Table 5). This
indicates that, despite the short duration of the
Thulean Bridge, it was a more important dispersal
route than has commonly been assumed.

As described in the introduction, faunal migration
over the Bering Bridge was primarily controlled by
the prevailing climatic and floristic conditions. Thus,
it is possible to recognise three consecutive time periods
of exchange across the Bering area. The first Beringian
Bridge (Early—Mid Tertiary), which partly coincided
with the Thulean Bridge, was covered with mixed-
mesophytic forest and was presumably dominated by
dispersal of faunal elements associated with this forest.
The second bridge (Late Tertiary) was covered by taiga
forest and inhabited by associated faunal elements,
whereas the third bridge (Quaternary) was dominated
by tundra habitats.

Our time plots (Figs 11-13) suggest that the first
Beringian Bridge (Early-Mid Tertiary) was relatively
unimportant for intercontinental faunal exchange. In-
stead, Early Tertiary intercontinental exchange ap-
pears to have been dominated by the trans-Atlantic
Thulean Bridge. Faunal exchange was more important

across the second Beringian Bridge (Late Tertiary time
class, 20-3 Myr, Fig. 12) and even more frequent across
the third bridge (Quaternary, 3-0 Myr, Figs 11, 12).
The relatively high frequency of trans-Beringian dis-
tributions in the Cretaceous time-class (before 70 Myr)
is unexpected. Before 70 Myr, western North America
and the eastern Palaeoarctic were only connected at
high latitudes. However, Alaska and Siberia may have
had a much warmer climate in the Mid and Late
Cretaceous than they have today (Cox, 1974).

Contrary to expectations, we did not find any pre-
dominance of eastward dispersals across the Beringian
land bridge due to the effect of Pleistocene glaciations.
Actually, dispersals from western North America to
the eastern Palaeoarctic were more common than dis-
persals in the other direction, although the difference
was not significant (Table 5). This result may indicate
that most of the dispersal evidenced by our data oc-
curred before the Pleistocene glaciations or in inter-
glacial periods across the Bering Strait.

THE EASTERN NORTH AMERICA-ASIA DISJUNCTION

Disjunctions between eastern North America and east-
ern Asia (EN-EP) are well known in the temperate
flora of the Northern Hemisphere (Wen, 1999). Similar
disjunctions have also been reported in arachnids (Su-
zuki et al., 1977), fresh-water fishes (Patterson, 1981),
pondskater bugs (Andersen & Spence, 1992); mil-
lipedes (Enghoff, 1993), parasitic wasps (Nordlander
et al., 1996), and Diptera (Savage & Wheeler, 1999)
but our study is one of the first to document the EN-EP
disjunction in a large set of animal groups.

The disjunction has traditionally been explained as
the remnants of a widely distributed warm-temperate
forest in the Northern Hemisphere during the Early—
Mid Tertiary, which disappeared in western North
America owing to the orogeny and climatic changes
during the Late Tertiary and Quaternary, and then
became extinct in Europe during the Quaternary gla-
ciations (Wen, 1999).

One might expect animals living in this temperate
forest to show similar EN-EP disjunctions. Thus, Sav-
age & Wheeler (1999) pointed out an association be-
tween groups of insects of Early-Mid Tertiary origin
and the EN-EP disjunction (which they attributed to
the arise of the Western Cordillera in the Mid Tertiary
and the subsequent drying of the Great Plains in the
rain shadow of the mountains). Our study, based on a
large and more diverse group of animals, even more
clearly supports the association between the EN-EP
disjunction and the boreotropical-mixed-mesophytic
forest. Almost all EN-EP distributions date back to
the medium time class (Early-Mid Tertiary, 70-20
Myr), corresponding to the height in the development
of the mixed-mesophytic forest, whereas the frequency



374 1. SANMARTIN ET AL.

is low both in younger time classes and in older time
periods (Figs 11, 12).

The spread of the boreotropical flora could have
taken place during the Early Tertiary, when climates
were uniformly warm and humid across the Northern
Hemisphere, and continental connections facilitated
exchange between the Palaeoarctic and Nearctic
(Tiffney, 1985b). During that period, two different
routes were available. One route involved dispersal
across the first Beringian Bridge, preceded or followed
by dispersal between western and eastern North Amer-
ica through the mid-continental area. Alternatively,
the exchange could mainly have been through trans-
Atlantic dispersal on the Thulean Bridge, preceded or
followed by dispersal between Asia and Europe across
the Turgai Strait. Botanists have often considered the
first route as the most likely for two reasons (Li, 1952;
Gould & Donoghue, 1998; Li et al., 1998; Qian &
Ricklefs, 1999, 2000). First, the Beringian land bridge
lasted longer than the North Atlantic Bridge. Second,
dispersal between Asia and Europe was prevented
from the Mid Jurassic (180 Myr) to the Oligocene (30
Myr) by the presence of the Turgai Strait, whereas
the Mid-Continental Seaway separating eastern and
western North America disappeared at the end of the
Cretaceous, allowing Nearctic exchange during the
Early Tertiary.

However, some palaeobotanists (Wolfe, 1975; Tiffney,
1985b) have defended the importance of the trans-
Atlantic route. Tiffney (1985b: 265) said “the sim-
ilarities of the modern flora of eastern Asia and eastern
North America were probably due to an Early Tertiary
linkage between the two areas, involving the North
Atlantic land bridge”. To explain dispersal between
Asia and Europe, they invoke migration along the
coasts and islands of the Tethys Seaway, which ran
in an easterly—westerly direction. Furthermore, they
point out the high palaeolatitude of the Beringian
Bridge in the Early Tertiary, and the adverse climatic
conditions and light regimes that must have existed
there at this period compared to the more favourable
conditions prevailing on the Thulean Bridge (Mc-
Kenna, 1983, Tiffney, 1985b). These conditions would
have effectively prevented dispersal of the subtropical
elements of the boreotropical flora across the Beringian
Bridge. Palaeobotanical evidence indicates that the
Eocene Beringian Bridge was primarily covered by
deciduous hardwood forests, with only a thin southern
fringe of evergreen, subtropical communities (Wolfe,
1975; Tiffney, 1985b). It has also been suggested that
the terranes containing the Early Tertiary subtropical
flora of Alaska actually represent more southern con-
tinental fragments that were ripped off the western
coast of North America and collided with southern
Alaska relatively recently (Tiffney, 1985b).

Our detailed time plots (Fig. 13) suggest that the

trans-Atlantic route was the most important pathway
for the spread of boreotropical elements. Most EN—-EP
disjunctions date back to the Early Tertiary (70-45
Myr), before the breaking of the Thulean Bridge at 50
Myr, whereas few disjunctions date to the terminal
Eocene event (35 Myr) considered the most important
vicariance event for warm—temperate elements in the
Bering area. This pattern is very clear in the externally
dated set (Fig. 13C). In the fully dated set (Fig. 13D),
where some trans-Atlantic (EN-WP) and trans-Ber-
ingian (WN-EP) events had been dated, the age of the
EN-EP disjunctions became somewhat less certain,
contrary to expectations. It is difficult to determine
currently if this means that, after all, some of the
boreotropical exchange took place through the Ber-
ingian route, or whether the fully dated set failed in
improving the date estimates. Our results contrast
with those from plants, where molecular estimates of
divergence times in 11 genera place the origin of the
EN-EP disjunction between 2 and 25 Myr, “at least
into the Early Miocene” (Wen, 1999). Even younger
estimates (Xiang et al., 1998a,b) exist but they refer to
a broader, not comparable disjunct pattern, involving
eastern Asia as the sister-area to both western and
eastern North America. Tiffney (1985b) considered
that the floristic exchange between eastern North
America and the eastern Palaeoarctic could have taken
place at five different periods during the Tertiary, but
that the majority of boreotropical taxa (many ever-
green) migrated in the Early Eocene through the North
Atlantic Bridge.

Eastern Asia has been suggested as the centre of
origin of the boreotropical flora because the greatest
diversity of this flora is now found there. If so, most
dispersal of boreotropical elements should have been
from Asia to other areas. However, our study shows
no significant difference between the frequency of Asia
and eastern North America as the source area of
EN-EP dispersals (P=0.83, Table 5). This fits better
with the idea that the boreotropical flora had a diffuse
origin involving several areas of the Northern Hemi-
sphere (Wolfe, 1975; Tiffney, 1985a), and that there
was no directionality in the spread of the boreotropical

flora (Tiffney, 1985b).

THE WESTERN NORTH AMERICA-EUROPE
DISJUNCTION

In contrast to the EN-EP disjunction, the disjunction
between western North America and Europe (WN-WP)
has hardly been discussed at all in the literature.
However, the WN-WP disjunction was not significantly
less frequent than the EN-EP disjunction in our data
(Table 5), so this pattern decidedly deserves more
attention. Like the EN-EP disjunction, the WN-WP
disjunction could have arisen in two different ways. It
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could have resulted through dispersal between Europe
and North America across the Atlantic, followed by
subsequent extinction in eastern North America. Al-
ternatively, it could have resulted from dispersal be-
tween North America and Asia through the Beringian
Bridge, followed by dispersal to Europe and then ex-
tinction in Asia. The trans-Atlantic route seems the
most likely since most WN-WP disjunctions date back
to the oldest time class, before the latest Cretaceous
(>70 Myr, Figs 11, 12). Europe and eastern North
America were connected by land as early as the Early
Jurassic, through the proto-British Isles and a narrow
Atlantic ocean (Smith et al., 1994), whereas Asia and
western North America were not connected by land
until the Late Cretaceous, when Asiamerica formed.
Even after that, cross-Beringian connections were at
high latitudes, whereas Euramerica was connected in
the south as well as in the north (Cox, 1974). It is true
that between the Mid and Latest Cretaceous, the Mid-
Continental seaway separated the western and eastern
parts of North America. However, the required dis-
persal between the Nearctic infraregions, if the
WN-WP pattern originated by trans-Atlantic faunal
connections, could have taken place both before and
after this time period.

There is a clear asymmetry in the directionality of
dispersal creating the WN-WP distributions. Europe
was more frequently the source area for these dis-
persals than western North America, and this dif-
ference was statistically significant (P<0.01, Table 5).
It is worth noting that EN-WP dispersals, which are
presumably trans-Atlantic, show a similar asymmetry
in that dispersals from the western Palaeoarctic to
eastern North America are more common than dis-
persals in the other direction, and almost significantly
more frequent than expected by chance (P=0.07). If,
as indicated above, WN-WP disjunctions also arose
through trans-Atlantic dispersal, there may be a gen-
eral direction in dispersals across the Atlantic, from
Europe to North America. The reason for this asym-
metry is unclear, particularly since the WN-WP and
the EN-WP dispersals appear to be of different age
(Figs 11, 12).

DIVERSIFICATION PATTERNS

The eastern Palaeoarctic and eastern North America
show a similar pattern of diversification over time:
elevated diversification rates and increased species
richness during the Tertiary (70-3 Myr), followed by
a decrease during the Quaternary (3-0 Myr) (Figs 14,
15). These patterns may reflect the development of the
boreotropical-mixed-mesophytic forest and its as-
sociated fauna, which survived to a larger extent in
these regions than elsewhere in the Northern Hemi-
sphere. The decrease in species richness and di-
versification during the Quaternary appears to have

been more pronounced in eastern North America than
in the eastern Palaeoarctic (Asia); this may be due to
the effects of Pleistocene glaciations. Although the two
regions share similar climatic and ecological conditions
today (Boufford & Spongberg, 1983), the Pleistocene
glaciations supposedly struck eastern North America
much harder than Asia. Among other factors, this was
due to the north-south orientation of the Appalachian
Mountains, which conveyed cold Arctic air masses
to interior eastern North America (Tiffney, 1985a).
Furthermore, warm-adapted elements of eastern
North America could not easily disperse to low-latitude
tropical regions during the glacial periods. This scen-
ario is supported by our data, in which a severe Qua-
ternary effect on the eastern Nearctic fauna was
evident, despite that the eastern Nearctic was better
represented in current distributions than the eastern
Palaeoarctic (cf. Fig. 5B). On the other hand, Latham
& Ricklefs (1993) found little evidence of extinction of
genera of temperate trees in North America during
the Late Tertiary and Holocene. Instead, fossil data
reveal that eastern North America had lower tree
diversity than eastern Asia in the Early Tertiary, sug-
gesting that diversification in Asia, rather than ex-
tinction in North America, explains the diversity
difference between both regions (Qian & Ricklefs, 1999,
2000, but see Tiffney, 1985b for the opposite view).
Today, Asia has the most diverse temperate forests
in the Northern Hemisphere, both in terms of species
richness and taxonomic composition, while the forests
of the western Palaeoarctic have the lowest diversity
(Latham & Ricklefs, 1993). Similarly, many groups of
animals are most diverse in eastern Asia (Table 2; see
also Tangelder, 1988; Nordlander et al., 1996; Martin-
Piera & Sanmartin, 1999, and references cited therein).
These patterns agree well with our data set, in which
the western Palaeoarctic is the poorest region (Fig.
5B). The eastern Palaeoarctic is considerably richer,
and it is presumably only under-sampling that pre-
vents it from being the most diverse infraregion.
Botanists have traditionally attributed the regional
diversity differences to differential extinction during
Pleistocene glaciations (the refugium hypothesis).
Eastern Asia was less affected by the Pleistocene gla-
ciations and is presumed to have served as a refugium
for thermophilic taxa during glacial periods (Tiffney,
1985a). Several factors contributed to this. First, the
extent of land covered by ice was smaller in Asia than
in other infraregions. Second, a corridor of mesic forest
connected the tropical and temperate floras in Asia,
allowing southward movement of warm-adapted or-
ganisms to low-latitude regions during glaciations.
This was not possible in any other Northern Hemi-
sphere region. Third, Asia was protected from Arctic
air masses by east—west oriented mountains, which
nevertheless had sufficient passages permitting south—
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north movement of organisms (Tiffney, 1985a). In con-
trast, Europe was almost completely covered by ice
sheets during the glacial periods, and the east—west
orientation of the mountains effectively prevented or-
ganisms from migrating to southern refugia. Con-
sequently, massive extinctions occurred in both the
European flora and fauna (Pielou, 1979; Latham &
Ricklefs, 1993; see Coope, 1978 for a different view).
During this period, the last remnants of the mixed-
mesophytic forest became extinct in Europe (Tiffney,
1985b).

Other authors argue that Pleistocene rarefaction of
a widespread Holarctic fauna is unlikely to explain
differences in species diversity among Holarctic infra-
regions. In the Tertiary, continuous land connection
between all Holarctic regions occurred only briefly
during the Early Eocene (McKenna, 1983). Therefore,
it is unlikely that the Holarctic shared a similar flora
and fauna in the Late Tertiary, before the first gla-
ciations. Instead, considerable regional species rich-
ness differences probably arose already in the Tertiary
and these differences may at least partly have survived
the Quaternary (the diversification hypothesis) (Nord-
lander et al., 1996). In particular, the rich eastern
Palaeoarctic fauna and flora may have evolved in the
Tertiary because tropical and temperate Asia was a
major centre of diversification (Simpson, 1953; Wolfe,
1972; Goulet, 1983; Tangelder, 1988; Latham & Rick-
lefs, 1993; Nordlander et al., 1996). The region was
topologically diverse and encompassed a rich mosaic of
habitats and climates, which presumably accelerated
speciation rates compared to other infraregions (Qian
& Ricklefs, 2000).

The glaciations have been associated with mass
extinction but also with elevated speciation rates. For
instance, most divergence in insect groups at the spe-
cies level has traditionally been explained as a con-
sequence of isolation in glacial refugia (Darlington,
1957). Pleistocene speciation is also the most commonly
invoked cause for recent divergence in mammals
(George, 1988; Talbot & Shields, 1996) and birds (Vo-
elker, 1999a, and references herein). However, there
appears to be an emerging consensus that these ideas
are incorrect and that the speciation rate was actually
lower in the Pleistocene than in any other period. For
instance, most of the insect fossil record from the
Quaternary corresponds to extant species, whereas the
youngest beetle fossils, which can be safely assigned
to extinct or ancestral species, date back to the Late
Miocene (Mathews, 1977; Coope, 1970; Spanton, 1988;
Asquith & Lattin, 1990; Pollock, 1991). Similarly, Vo-
elker (1999a,b) argued that the Pleistocene glaciations
had little effect in generating modern species of pas-
serine birds.

Our study suggests that the differences between

eastern and western Palaeoarctic faunal richness can-
not be explained simply by Pleistocene extinction (Figs
14, 15). If so, then the western and eastern Palaeoarctic
patterns would be similar, except that the western
Palaeoarctic values would generally be lower and
would decrease more in the youngest time class. In-
stead, it appears that the latest Tertiary and Quat-
ernary was characterised by considerably elevated
rates of speciation in the western Palaeoarctic, perhaps
but not necessarily associated with the Pleistocene
glaciations. Based on our data, it is not possible to
exclude the possibility that the eastern and western
Palaeoarctic faunas developed similarly in the Tertiary,
and then the Tertiary fauna was almost completely
wiped out in the western Palaeoarctic in the Late
Pleistocene by massive glacial extinction. Latham &
Ricklefs (1993) found that the fossil tree genera of
Europe in the Tertiary are just as rich as in the eastern
Palaeoarctic, suggesting extinction as the main cause
for differences in contemporary diversity between the
two infraregions. However, a simpler explanation of
the differences is that the net diversification rate was
lower in the western Palaeoarctic through most of the
Tertiary. Note that the diversification rate and species
richness of the western Palaeoarctic appears to have
decreased in the Tertiary compared to the Cretaceous,
contrary to the pattern seen in the eastern Palaeoarctic
(Figs 14, 15). This decrease is unlikely to be the effect
of massive extinction of a western Palaeoarctic Tertiary
fauna similar to that of the eastern Palaeoarctic.

Like the western Palaeoarctic fauna, the western
Nearctic fauna appears to have developed in a different
fashion than the eastern Palaeoarctic and eastern
Nearctic faunas. The diversification and species rich-
ness increased in this region in the later part of the
Tertiary and in the Quaternary. It is unlikely that
elevated speciation rates during Pleistocene gla-
ciations contributed significantly to this trend, since
the increase in diversity apparently started before the
Quaternary. Instead, the accelerated diversification
rate is probably mainly due to the increased litho-
spheric and climatic complexity of the region in the
Mid-Late Tertiary due to the uplift of the Rocky Moun-
tains and the Cordilleran Range. The Cordilleran oro-
geny, and subsequent aridification, appears to have
favoured an extraordinary diversification of herb-
aceous plant taxa in western North America in the
Mid-Late Tertiary (Qian & Ricklefs, 2000).

CONCLUSIONS

Analytical historical biogeography has been char-
acterized by considerable methodological controversies
during the last decades and few significant general
results have appeared from the empirical work. This
has created a well-justified scepticism among other
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workers for the usefulness of phylogeny-based bio-
geography. We hope with this study to have shown
that analyses of large sets of dated phylogenies using
process-based methods and statistical evaluation of
the results allow powerful testing of specific hypotheses
and can contribute significantly to the development of
historical biogeographic reconstructions.
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APPENDIX

Cladograms of the 57 studied groups. Numbers refer to dated nodes in Table 1. Species are followed by their
distributions. WN = Western Nearctic, EN = Eastern Nearctic, WP = Western Palaeoarctic, EP = Eastern Palaeoarctic,
AF = Afrotropical, AU = Australian, NT =Neotropical, OR = Oriental.

Xestia (Schoyenia)
(Insecta, Lepidoptera, Noctuidae)

intermedia WN EP
thula WN EP
alaskae WN EP
aequaeva WN

2 brachyptera EP

1 quieta EN WN WP EP

bryntai WN
lingei WN WP EP

2 similis EP
woodi WN

2 magadanensis EP
fergusoni WN

P liquidaria WN EP

Trichosilia
(Insecta, Lepidoptera, Noctuidae)

manifesta EN
geniculata EN
austrina EN
honesta EP

1 2 mollis EN WN
artica EP
nigrita WN EP

2 woodiana WN

boreana WN
beringiana WN EP

Sathon
(Insecta, Hymenoptera, Braconidae)

lateralis WP
papilionae WN
eugeni WP
leavidorum NT

1 6 aggeris NT
masoni WN

2 cinctiformis EN
circumflexus WN
neomexicanus WN EN
8 falcatus WP EP

Symmorphus debilitatus-group
(Insecta, Hymenoptera, Vespidae)

debilitatus WP
3 cliens EP
1 connexus WP EP
2 canadiensis WN EN

Ibaliidae
(Insecta, Hymenoptera)

Eileenella catherinae OR
Heteribalia aureopilosa EP
H. subtilis EP

H. divergens EP

O H. nishijimai EP

1 3™ H. confluens EP

Ibalia mirabilis EP

. japonica EP

. hunanica EP

. kalimantani EP

.anceps EN

. ornata EP

. jakowlevi WP EP

. aprilina EP

. rufipes WN EN WP EP

. montana WN

. kirki WN

. arizonica WN

. ruficollis WN

. leucospoides WN EN WP EP

4

Limnoporus
(Insecta, Hemiptera, Gerridae)

canaliculatus EN
esakii EP
1 notabilis WN
> dissortis EN
> rufoscutellatus WN WP EP
3 genitalis EP

Aquarius
(Insecta, Hemiptera, Gerridae)

g i

chilensis NT
najas WP
cinereus WP
ventralis WP
remigis WN EN
nyctalis WN EN
amplus WN
elongatus EP
conformis EN
nebularis EN
paludum WP EP
_|__|: adelaidis EP OR
distanti AF
— antigone AU
L— fabricii AU
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Nabicula (Limnonabis)
(Insecta, Heteroptera, Nabidae)

-5

propinqua WN EN

lineata WP
_ﬁ pontica WP
2 ussuriensis EP

demisa EP

sauteri EP

Nephrotoma dorsalis-group
(Insecta, Diptera, Tipulidae)

O

i

electripennis EP
nigricauda EP
kaulbacki EP
libra EP
pamirensis EP
pjotri EP
violovit EP
perobliqua EP

Potamanthidae
(Insecta, Ephemeroptera)

Rhoenanthus coreanus EP
R. youi EP

R. magnificus EP

R. obscurus EP

R. distafurcus EP OR

R. speciosus EP
Anthopotamus vericis EN
A. neglectus EN

A. myops EN

A. distinctus EN
Potamanthus huoshanensis EP
. luteus WP EP

. sabahensis EP

. macrophtalmus EP
yooni EP

. formosus EP
idiocerus EP
kwangsiensis EP

. longitibius EP

. sangangensis EP

. yunnanensis EP

TUUUUUUUTUD

ramulifera WN WP EP  Blethisa

spicula EP
dorsalis WP EP
sachalina EP
cirrata EP
gaganboi EP
difficilis EP
lunulicornis EP
koreana EP
angustitria EP
scurra WP EP
microcera EP
helvetica WP
quadristiata WP EP
laticrista EP
profunda EP
barbigera EP
minuticornis EP
sodalis (WN) EN
rogersi EN
penumbra (WN) EN
macrocera EN
gnata EN
cingulata EN
tenuis EN
cornifera EN
okefenoke EN
urocera EN
gracilicornis EN
polymera EN
eucera EN
euceroides EN
oosterbroeki WN
excelsior WN
occipitalis WN EN EP
brevicornis EN
vittula WN
subnulicornis EP

(Insecta, Coleoptera,Carabidae)
inexpectata WN

julii EN

multipunctata WN EN WP EP
oregonensis WN

tuberculata EP

catenaria WN EP
eschscholtzi EP

quatricollis WN EN

Pl LML

Elaphrus (Elaphroterus)
(Insecta, Coleoptera, Carabidae)

punctatus EP
—1¢ [ aureus WP

purpurans WN
'—2L|:o angusticollis WN WP EP
3™ ultrichi WP

Elaphrus (Neoelaphrus)
(Insecta, Coleoptera, Carabidae)

splendidus EP
japonicus EP
uliginosus WP EP
pyrenaeous WP
fuliginosus EN
lindrothi EN
cicatricosus EN
sibiricus EP
cupreus WP EP
clairvillei WN EN
olivaceus WN EN
4 laevigatus WN

1
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Sericoda Laccornis
(Insecta, Coleoptera, Carabidae) (Insecta, Coleoptera, Dytiscidae)

quadripunctata WN EN WP EP kocai WP

lissoptera EP
obsoleta WN EN
1 bogemanii WN WP EP
ceylonica EP
bembidioides WN NT
2 montana EN

Anchonemus
(Insecta, Coleoptera, Carabidae)

yukihikoi EP
leucopus EP
virescens WP
cyaneus WP
dorsalis WP
dohrnii WP
quadratus WN
aeneolus WN
funebris WN
capensis WN

Myadi
(Insecta, Coleoptera, Carabidae)

Myas chalibasus WP

Neomyas coracinus EN
1 N. cyanescens EN

N. lindrothi EN

Loricera
(Insecta, Coleoptera, Carabidae)

wollastoni WP

punctata WN
foveata WN
rotundicollis WN
aptena WN
stevensi EP
mirabilis EP
ovipennis EP
obsoleta EP

conoideus WN EN
pacificus WN
oblongus WN WP EP
latens EN

difformis EN

etnieri EN

schusteri EN
deltoides EN
nemorosus EN

Agabus affinis-group
(Insecta, Coleoptera, Dytiscidae)

yakutiae EP
unguicularis WP EP
semipunctatus WN EN
affinis WP EP
biguttulus WP EP

3 velox WN EN

(Insecta, Coleoptera, Dytiscidae)

verticalis EN
— harrisii EN WN

hybridus EN WN

marginicollis WN
habilis WN
semisulcatus WP EP
sharpi EP

carolinus EN
fasciventris WN EN
hatchi WN

cordieri WN EN
mutinensis WP

pilicornis WN EN WP EP

dimidiatus WP
pisanus WP
marginalis WP EP
persicus WP EP
delictus EP
latissimus WP EP
circumcictus WN EN WP EP
alaskanus WN EN
dauricus WN EN EP
lapponicus WP EP
circumflexus WP EP
thianshanicus WP EP
latro EP

sinensis EP

|
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Gymnusa
(Insecta, Coleoptera, Staphylinidae)

grandiceps EN

brevicollis EP WP

atra WN EN EP

variegata EP WP

2 pseudovariegata EN WN

knopackii WN
campbelli WN EN

3 smetani WN EN EP WP
inexpectata EP

Deinopsis
(Insecta, Coleoptera, Staphylinidae)

queenslandica AU
texana WN EN
virginiana WN EN
iflinoisensis WN EN
rapida WN EN
rhadina WN EN
harringtoni WN EN
canadensis WN EN
minor EP

modesta EP

erosa WP (EP)
pulawski WP

Ni =4

Cicindela sylvatica-group
(Insecta, Coleoptera, Cycindelidae)

lacteola EP
japana EP
gemmata EP
soluta WP
nebraskana WN
longilabris WN EN
sylvatica WP EP
granulata EP

a5

Pytho
{Insecta, Coleoptera, Pythidae)

seidititzi WN EN
strictus EN
P kolwensis WP EP
1 4 nivalis EP
niger WN EN
{O— abieticola WP
47 jezoensis EP

E planus WN EN
3

depressus WP EP

Hydrochara
(Insecta, Coleoptera, Hydrophiliidae)

caraboides WP EP
dichroma WP EP
brevipalpis EN
obtusata WN EN
soror EN
spangleri EN

) oculta EN

D leechi WN EN

r— smenovi WP

— libera EP

0 cultrix + flavipalpis AF

1 ellliptica AF

vitalisi EP

flavipes WP EP
affinis EP

3 similis OR
rickseckeri WN

lineata WN

Plateumaris
(Insecta, Coleoptera, Chrysomelidae)

shoemakeri WN EN
dubia WN
metallica EN
neomexicana WN
notmani EN

balli EN

schafferi EN
nitida WN EN
frosti WN EN
sericera WP EP
shirahatl EP

Hypochilus
(Arachnida, Araneae, Hypochilidae)

Ectatostica davidi EP
Hypochilus bonetti WN
. jemez WN

. kastoni WN

. petrunkevitchi WN
. bernardino WN
gertschi EN
pococki EN

torelli EN

. sheari EN

. coyei EN

ITIIIIIIT
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Pimoa
(Arachnida, Araneae, Pimoidae)

rupicola WP
brevili WP

1 cthulhu WN
vera WN
mono WN
hespera WN
haden WN
hellisoni WN
nematoide EP
sinuosa EP

2 anatolica EP

indiscreta EP

crispa EP

ganchii EP

[— petita WN

atticulata WN

breviata WN
curvata WN
edenticulata WN

laureae WN

Calillepis
(Arachnida, Araneae, Gnaphosidae)

concolor WP
nocturna WP
pluto WN EN
chisos WN
imbecilia EN
gertschi WN

4
1= gosoga WN

eremella WN
o mumaivn
schuszteri WP EP

3

Esox
(Teleostei, Esocidae)

lucius WN EN WP EP
reicherfi EP
2 masquinongy EN
1 niger EN
americanus EN

Umbridae
(Teleostei)

Novumbra hubbsi WN

Dallia pectoralis WN EP
1 Umbra krameri WP

u. Fygmaea EN

U. limi

2 EN

Catostomidae

(Teleostei)
2
—1
Ol
1
20
g

Amyzon EN

Ictiobus cyprinellus EN
| labiosus EN

I. bubalus EN

I. niger EN

Carpioides cyprinus EN
C. velifer EN

C. carpio EN
Myxocyprinus asiaticus EP
Cycleptus elongatus EN
Catostomus commersoni EN
. insignis WN

. bernardini WN
occidentalis WN

. latipennis WN
macrocheilus WN
ardens WN

snyderi WN
fumeiventris WN
tahoensis WN
catostomus EN
columbianus WN
rimicolus WN
microps WN
wigginsi WN

leopoldi WN

. plebeius WN

. platyrhynchus WN
santaanae WN

. discobolus WN

clarki WN
Xyrauchen texanus WN
Deltistes luxatus WN
Chamistes brevirostris WN
Ch. cuyus WN

Ch. liorus WN
Mynitrema me lanops EN
Erymizon tenuis EN

E. sucetta EN

E. oblongus EN
Moxostoma anisurum EN
. papillosum EN

. duquesnei EN

. macrolepidotum EN
. poecilorum EN

. lacerum EN

. erythrurum EN
carinatum EN

hubsi EN
valenciennesi EN
austrinus EN
mascotae EN
congestus EN
robustus EN
lachneri EN
rupiscartes EN
cervynus EN
aryomnus EN
atripinnis EN
hamiltoni EN
rhotoeca EN
etowanum EN

H. roena EN

H. mis EN

00000000000000000000

IAAA00000OONZIZTZIZTZTZIZZZ
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Oncorhynchus
(Teleostei, Salmonidae)

clarki WN

mykiss WN
kisustch WN
tschawytscha WN
masou EP

keta WN EP
gorbuscha WN EP
nerka WN EP

Alectoris
(Aves, Galliformes, Phasianidae)

melanoc WP
6 barbara WP
rufa WP
graeca WP
D) chukar WP EP
magna EP
" philbyi WP

Anthus
(Aves, Passerifornes, Motacillidae)

trivialis EP

hodgsoni EP

gustavi EP

cervinus WP

roseatus EP

spinoletta EP

petrosus WP

pratensis WP
rubescens Colorado WN
rubescens Siberia EP

Sorex longirostris-group
(Mammalia, Soricidae)

longirostris EN
preblei WN
1 fontinalis EN
2 3 cinereus WN EN EP
haydeni WN

Ursidae (Mammalia, Carnivora)

Ailuropoda melanoleuca EP
Tremarctos ornatus NT
Ursus ursinus EP OR

. thibetanus EP

U. americanus WN

U. malayanus EP OR

U. maritimus WN EN WP EP
U. arctos WN EN WP EP

=

Chabaudgolvania
(Nematoda, Ascaridida, Quimperiidae)

terdentata WP
elongata EN

1 waldeni WN
moraveci WN

Daphnia 1
(Crustacea, Cladocera)

longiremis WN EN WP
dubia EN

laevis WN EN
umbra EN
longispina WP EP
cucullata WP EP
mendotae WN EN
galeata WP EP
thorata WN

rosea Nam WN EN
rosea lta. WP EP
hyalina WP EP
rosea Slov. WP EP
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Daphnia 2
(Crustacea, Cladocera)

dubia EN

laevis WN EN
longiremis WN EN WP
umbra EN
longispina WP EP
cucullata WP EP
mendotae WN EN
galeata WP EP
thorata WN

rosea Nam WN EN
rosea lta. WP EP
hyalina WP EP
rosea Slov. WP EP

Daphnia 3
(Crustacea, Cladocera)

longiremis WN EN WP
dubia EN

laevis WN EN
umbra EN
longispina WP EP
cucullata WP EP
mendotae WN EN
galeata WP EP
thorata WN

rosea Nam WN EN
rosea lta. WP EP
hyalina WP EP
rosea Slov. WP EP

Heterotrissocladius
(Insecta, Diptera, Chironomidae)

—oliveri WN EN

L— subpilosus WP
maeariWpP
marcidus WN EN WP
hirtapex EN
latilaminus WN
cooki EN
scutellatus WP
changi WN EN
grimshawi WP

Hydrobaenus
(Insecta, Diptera, Chironomidae)

laticaudus WN
lunzensis WP
conformis EN WP
travisi EN
fusystilus WN EN
laponnicus WP
glacialis EP
lugubris WP EP
rufus WP

virgo EN

pilipes EN WP
scapulapilosus WN EN
hudsoni EN
martini EN WP
pilipodex EN
johannseni EN
kondoi EP
distylus WP
spinnatis EN WP

Mosillus
(Insecta, Diptera, Ephydridae)

subsultans WP EP
bracteatus AF
bidentatus WN EN
_Estegmaieri WN EN
ibialis WN EN

Pachyneuridae
(Insecta, Diptera)

Pachyneura fasciata EP WP
Haruka elegans EP
Pergratospes holoptica EP
Cramptonomia spencer WN

Lotophila
(Insecta, Diptera, Sphaeroceridae)

{atra WN EN WP EP
confusa WN EP

norrbomi EP
pallida EP
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Keroplatus
(Insecta, Diptera, Keroplatidae)

rufus OR
nipponicus EP
estaceus WP
ispar WP
reamurii WP
lausus EN
biformis EP
ipuloides WP
erminalis WN EN
carbonarius EN
militaris EN

Rocatelion
(Insecta, Diptera, Keroplatidae)

—fenestrale EN
L————humerale WP

__]:fasciatum WN
fasciolum WN

Coelosia
(Insecta, Diptera, Mycetophilidae)

fusca WP
distylata EP
flava WP

limpida WP
burmensis EP
fuscicauda EP
bicornis WP
pygophora WN
scopariata WN
modesta WN EP
succinacea EN
sapporoensis EP
vockerothi WN EN
longilobata WN
brevilobata WN

Paraclemensia
(Insecta, Lepidoptera, Incurvariidae)

cyanella WP
caerulea EP

—viridis EP
|_|:0Iigospina EP
cyanea EP

acerifoliella EN
'_Einceda EP

monospina EP

Nitidotachinus
(Insecta, Coleoptera, Staphylinidae)

adachii EP
tachyporoides WN EN
taiwanensis EP

agilis WN

excellens EP
sadawai EP
impunctatus EP

lanei WN

scrutator EN

horni EN

—_
Lygus
(Insecta, Heteroptera, Miridae)

lineolaris WN EN
unctuosus WN EN
plagiatus WN EN
rufidorsus WN EN
ruboclarus WN EN
vanduzeei EN
convexicollis WN
mexicanus WN EN
rolfsi WN

ceanothi WN
aeratus WN
humeralis WN
oregonae WN
abroniae WN
tibetanus EP
striatus WN
bradleyi WN

lupini WN

polueasis EP
rugulipennis WN WP EP
sibiricus EP

adsperus WP EP
potentillae WN EN
italicus WP

maritimus WP
pachycnemis EP
izyaslavi EP

discrepans EP

paradiscrepans EP

shulli WN EN

wagneri WP EP

hesperus WN

pratensis WP EP

atriflavus WN

solidaginis WN

keltoni WN

robustus WN

punctatus WN EN WP EP
—L

elisus WN
scudderi WN
rubrosignatus WN EN
borealis WN EN
atritibialis WN EN
hsiaoi EP
gemellatus WP EP
renati EP
monticola EP
dracunculi EP
orientis EP
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Atractotomus
(Insecta, Heteroptera, Miridae)

cooperi WN
persquamosus WP
magnicornis WP
—morio WP EP
kolenatii WN WP
marcoi WP
parvulus WP
pallidus WN
chiapas WN
prosopidis WN
iturbide WN
r—agrifoliae WN
ovatus WN
miniatus EN
quercinus WN
schaffneri WN
quercicola WN EN
polymorphae WN
albidicoxis WN
oaxaca WN

mitla WN
morelos WN
jalisco WN
russatus WN
acaciae WN
nicholi WN
atricolor WNN EN
arizonae WN
cercocarpi WN
balli WN

reuteri WN

tuthilli WN
rubidus EN
ramentum EN
taxcoensis WN
nigripennis WN
schwartzi WN

ﬁﬂﬂﬁﬁ\ il

Oxyethira
(Insecta, Trichoptera, Hydroptilidae)

sida EN

lumosa EN
savanniensis EN
coercens EN
rivicola EN
grisea EN
novasota EN
bogambra OR
paramartha OR
campanula EP
ramosa OR
allagashensis EN
simplex WP

frici WP

mithi WP
delcourti WP
rossi EN

hartigi WP
tenuella WP
tristella WP
falcata species complex WP EP

Ecornuta EN WP

flavicornis WP

ey

Flexamia

(Insecta, Homoptera, Cicadellidae)

%
E
&

Taenionema

areolata EN
sandersi EN
clayi EN
delongi WN
graminea EN
dakota EN
atlantica EN
producta EN
prairiana EN
reflexa EN
grammica EN
albida EN
serrata EN

n. sp. EN
youngi WN
decora WN
modica WN
celata EN
stylata EN
arenicola EN
flexulosa EN
arizonensis EN
pyrops EN
picta EN
inflata EN
bandarita EN
gila WN
mescalero WN
pectinata EN
collorum EN
abbreviata EN
minima EN
surcula EN
curvata EN
doeringae WN
zacate EN
canyonensis WN

(Insecta, Plecoptera, Taeniopterygidae)

grinnelli WN
pallidum WN
jewetti WN
raynorium WN
californicum WN
oregonense WN
umatilla WN
atlanticum EN
pacificum WN
uinta WN
jacobii WN

: japonicum EP

kincaidi WN
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Gasterosteiformes Marmota
(Teleostei) (Mammalia, Rodentia, Sciuridae)
Aulichthys japonicus EP ———— marmota WP
Aulorhynchus flavidus WN —— bobak WP EP
Spinachia spinachia WP baibacina EP 5
Apeltes quadracus WN EN — camtschatica E
Pungitius platygaster WP — menzbieri EP
P. pungitius WN EN WP EP caudata EP
Culaea inconstans EN ————— monax WN EN
Gasterosteus wheatlandi EN — flaviventris WN
G. aculeatus WN EN WP EP vancouverensis WN
_E olympus WN
caligata WN
Larus
(Aves, Ciconiiformes, Laridae)
livens WN
dominicanus NT
fuscus WP

cachinnans WP EP

marinus EN WP

argentatus WP EP
schistisagus EP
occidentalis WN

argentatus WN EN
glaucoides EN

hyperboreus WN EN WP EP
glaucensis WN EP

thayeri EN
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