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ABSTRACT
Pleistocene faunas of the eastern Pacific shelf are characterized by thermally anomalous species assemblages—i.e., coexisting
species that inhabit different climatic regimes today. We used data
on the latitudinal ranges of 2887 extant molluscan species to determine the biological basis of the Pleistocene faunal migrations.
Overall, the species exhibiting the most extensive range shifts
(termed extraprovincial species) were not drawn randomly from the
available species pool, and the pattern is climatically asymmetrical.
The latitudinal ranges of southern extraprovincial species are significantly wider on average than those of the species pool from
which they were drawn, but the ranges of northern extraprovincials
resemble those of their parent pool. This contrast is primarily a
consequence of the biogeographic structure of the eastern Pacific
fauna; water-mass boundaries are more effective barriers for southern species migrating north in response to changing climatic conditions than for northern species moving south. Our analysis of
Pleistocene marine mollusks provides a biological and environmental context for species response to environmental change and permits predictions about the movement of eastern Pacific species relative to major environmental barriers in the face of future global
change.
INTRODUCTION
Pleistocene marine assemblages have long been known to contain thermally anomalous associations—i.e., co-occurring species
that today inhabit distinct climatic regimes. This pattern has been
particularly marked for the eastern Pacific mollusks (early references include Carpenter, 1866; Arnold, 1903; Smith, 1919). Increasing knowledge of Pleistocene biogeography has shown that these
anomalies are part of a more general pattern of community breakup
and species reassortment in response to climatic changes. Individualistic species response to climate change was evidently the rule
during the Pleistocene, as documented for terrestrial floras (e.g.,
Davis, 1986; Webb, 1992; Prentice et al., 1991; Servant et al., 1993),
insects (reviewed by Elias, 1994), mammals and herpetofaunas
(Graham and Grimm, 1990; Holman, 1993), as well as benthic marine organisms (e.g., Valentine and Jablonski [1993] for mollusks
and Cronin and Ikeya [1987] for ostracods). While such geographic
shifts bear significantly on many evolutionary and ecological questions (including the design of biological reserves, see Graham and
Grimm, 1990; Jablonski, 1991), few studies have addressed the biological basis for the differential extent of migration, particularly in
marine organisms. In this paper, we show that the species that exhibit the most significant range shifts, having crossed provincial
boundaries relative to their present-day distributions, are not a random sample of the eastern Pacific fauna. This pattern has implications for the origin of thermally anomalous assemblages and for
their biological consequences.
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CALIFORNIAN PLEISTOCENE FAUNA
The Pleistocene molluscan record of the extratropical eastern
Pacific shelf is well documented by large collections from nearly 400
localities (Valentine, 1989). Over 75% of the living molluscan species of the Californian province (extending from Cedros Island
[288N], Baja California, to Point Conception [34.58N], California;
see Valentine, 1966) are also present as Pleistocene fossils; no common or ecologically important species are missing (Valentine, 1989;
Valentine and Jablonski, 1993). However, of the 750 species in our
Californian Pleistocene database, 90 live only to the north or south
of the Californian province today (Fig. 1). These extraprovincial

Figure 1. Present-day distribution of Pleistocene extraprovincial molluscan species along eastern Pacific shelf. Numbers in parentheses
are number of extraprovincial species whose ranges end at that latitude. Arrows indicate that southern limits of four northern extraprovincial species and northern limits of five southern extraprovincial species fall outside area shown.
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species are the focus of this study. The vast majority of Pleistocene
mollusks of the Californian province show evidence of migration
(i.e., their latitudinal range endpoints do not coincide with their
present range limits; Valentine and Jablonski, 1993) and can be
termed ‘‘extralimital’’ at some localities. However, the distinction
between species that crossed provincial boundaries (i.e., extraprovincial species) and those that only migrated within the province is
important, not only because of the scales of migration involved, but
also because of the nature of the physical barriers crossed. Eastern
Pacific provincial boundaries coincide with contacts between contrasting water masses or water types with distinctive temperature
regimes and hence represent important physical barriers to species
migration (see Valentine, 1966; Roy et al., 1994); extraprovincial
species thus crossed much more formidable physical barriers than
did those that shifted intraprovincially. The Pleistocene pattern described here is robust to sampling bias because it depends not on
negative evidence but on the Pleistocene co-occurrence of species
that today are disjunct.
METHODS
The Pleistocene faunal distributions were compared to the latitudinal ranges of 2887 species of bivalves and gastropods living
today in waters shallower than 200 m from Peru to the Arctic Ocean.
The Holocene latitudinal ranges of these species were compiled
from museum collections and the primary molluscan literature (see
Jablonski and Valentine, 1990; Roy et al., 1994). The Pleistocene
data set comprises about 750 molluscan species that are known to
have been present in the Californian region during the past ;1 m.y.
Of these, 62 species are represented today by populations living only
in provinces to the south of the Californian province, whereas 28 live
only to the north. We compared the present latitudinal ranges of (1)
all extraprovincial Pleistocene species to those of the rest of the
Holocene fauna, (2) the southern extraprovincial Pleistocene species to the rest of the Panamic species—i.e., the species pool from
which they were drawn, and (3) the ranges of the northern extraprovincial species to those of the rest of the species living to the
north of the Californian province. Because the frequency distributions of ranges are not normal, nonparametric statistics were used
throughout.
RESULTS AND DISCUSSION
The present-day latitudinal ranges of the extraprovincial Pleistocene species tend to be significantly wider than those of the rest
of the eastern Pacific fauna (Table 1; Fig. 2A). However, an interesting asymmetry emerges when the southern extraprovincials are
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Figure 2. Comparisons of frequency distributions of latitudinal ranges
of eastern Pacific molluscan species. Each bar represents 2° of latitude. See Table 1 for statistical treatments.

treated separately from the northern ones. The southern extraprovincial species are drawn from the widespread end of the frequency
distribution of geographic ranges of their source biota in the Panamic province, and the frequency distributions of these extraprovincials
are significantly different from those of their source biota (Table 1
and Fig. 2B). In contrast, the latitudinal range frequency distribution of the northern extraprovincials is statistically indistinguishable
from that for the Oregonian and Arctic province species—i.e., the
pool from which the northern extraprovincials were drawn (Table 1
and Fig. 2C).
The difference between the northern and southern extraprovincial species can be understood in terms of eastern Pacific biogeography. For southern forms that expanded their ranges during
warming trends, the warmer waters found to the north tend to be at
shallow depths. Furthermore, species that range into very shallow
waters (intertidal to 1 m) tend to have extensive geographic ranges
and physiological tolerances (see Jackson, 1974; Jablonski and Valentine, 1981; Jablonski et al., 1985), and so these are the species
preadapted for extensive migrations. In contrast, for northern forms
migrating southward during cooling trends, cooler waters can be
found in both shallow and deep environments, and cool upwelling
patches provide opportunities for latitudinal range extensions beyond water-type boundaries (Valentine, 1955; Emerson, 1956).
Therefore, in this case, migrators can be drawn from any depth on
the shelf, and the water-mass barriers are ‘‘leaky’’ filters that are less
demanding of thermal or other tolerances for the northern forms
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than for the southern ones. A given provincial barrier is thus perceived differently by northern and southern species.
Two lines of evidence support this interpretation of barrier
effectiveness. First, a significantly greater percentage of the northern latitudinal range endpoints of extant eastern Pacific mollusks
cluster at the major provincial boundaries, compared to the southern range endpoints. The five provincial boundaries between the
equator and 718N account for 31% 6 2% of all the northern range
endpoints, but only 17% 6 2% of the southern range endpoints
(error bars represent 95% confidence limits calculated following
Raup, 1991); the distributions of northern and southern latitudinal
range endpoints are also significantly different on the basis of both
Kolmogorov-Smirnov and Mann-Whitney U tests ( p , 0.0001).
This result indicates that the contacts between different water
masses serve as effective barriers to the migration of southern species but are less effective when approached from the north. Second,
a comparison of the present-day bathymetry of the Pleistocene
southern extraprovincials to that of the rest of the Panamic species
shows that the former not only have a significantly higher percentage of species in the shallowest waters, but overall have significantly
shallower depth distributions than the species pool from which they
were drawn (Table 2). The same, however, is not true for the northern extraprovincial species, where the percentage of shallowest water forms is indistinguishable from that of the Oregonian and Alaskan species pool (Table 2). Further, this contrast demonstrates that
the patterns observed here are not simply due to a sampling bias
toward shallow-water species in the fossil record, as might be suspected if both sets of Pleistocene extralimitals were composed of
shallow-water forms.
Thermally anomalous molluscan assemblages might be generated by factors other than climatic change (see DeVries and Wells,
1990, for a Holocene example). Of the hypotheses formulated for
the Pleistocene mollusks of the eastern Pacific, reworking of deepwater species into shallow assemblages (Woodring et al., 1946) appears unlikely, given the postmortem behavior of shells (see Zinsmeister [1974] and Kidwell and Bosence [1991] on hydrodynamic
transport). At any rate, most of the extraprovincial species are
known to range into fairly shallow waters. Our results also argue
against the hypothesis that the thermally anomalous eastern Pacific
molluscan assemblages resulted from temporary changes in current
patterns that transported tropical larvae into cooler waters, giving
rise to isolated, ephemeral populations (Zinsmeister, 1974). Not
only are the extraprovincial species locally abundant in Pleistocene
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assemblages, but some of these species lack a planktotrophic larval
stage (e.g., the northern Searlesia dira and Nucella lima) and thus are
unlikely to take advantage of short-term fluctuations in current patterns (Valentine, 1980). Some extraprovincial species do have pelagic larval stages, but that may simply reflect the correlation of
dispersal ability and geographic range (Scheltema, 1971, 1988; Jablonski, 1986).
A general correlation between faunal histories for the eastern
Pacific and thermal histories derived from stable isotopes lends support to a climatic explanation for the extraprovincial migrations.
Improved dating of Pleistocene terraces has shown that molluscan
assemblages rich in northern extralimital species generally correspond to cooler-than-present intervals, whereas assemblages with
many extralimital southern species correspond to intervals characterized by climates warmer than the present (see Valentine, 1980;
Kennedy et al., 1988, 1992; Muhs et al., 1994). This is also consistent
with recent findings that significant changes in the composition of
marine species assemblages can occur over ecological time scales in
response to warming trends (see Barry et al., 1995). Our results
suggest that environmental tolerances of individual species (and
associated latitudinal ranges) played a fundamental role in determining the responses of marine species to such changes and that the
biogeographic situation mediated these responses.
The model of faunal response presented here depends on the
relative differences in water temperature and other physical factors
across provincial boundaries rather than on absolute magnitudes of
such differences. Although each of the eastern Pacific provinces
recognized today can be traced back through the Pleistocene (see
Valentine, 1961; Kennedy, 1978; Valentine and Jablonski, 1991), it
is clear that oceanic paleotemperatures off California have fluctuated in a complex manner during that time. For example, Muhs and
Kyser (1987), using stable isotopic compositions of fossil mollusks,
have inferred cooler-than-present water temperatures off the California coast during oxygen-isotope substages 5a, 5c, and 5e. This
inference is consistent with faunal data (e.g., Kennedy, 1978), but
the reasons for such among-interglacial variations are poorly understood. However, the model presented here should be robust to
such second-order fluctuations so long as the relative differences
between the water masses across provincial boundaries are maintained, as seems to be indicated by the maintenance of strong provinciality throughout Pleistocene time.
Our results also have implications for the design of biological
reserves and for modeling the biotic consequences of future global
change. Previous studies have used Pleistocene examples to argue
for incorporating into such models the individualistic response of
species to climate change (see Graham and Grimm, 1990; Jablonski,
1991). However, although the Pleistocene is replete with empirical
observations about community breakup and reassembly, in most
cases the controls of environmental parameters and physiological
tolerances on species distributions are poorly understood (see
Davis, 1990; Cronin and Schneider, 1990). Our analysis of Pleistocene marine mollusks puts the individualistic species responses into
a biological and environmental context that permits predictions
about the movement of eastern Pacific species relative to major
environmental barriers in the face of future global change. Furthermore, given the nature of the changes described here, the insights
gained from this study are probably also applicable to the nonmolluscan species in benthic marine communities, including commercially important demersal fishes and crustaceans.
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