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■ Abstract Studies of plant and animal assemblages from both the terrestrial and
the marine fossil records reveal persistence for extensive periods of geological time,
sometimes millions of years. Persistence does not require lack of change or the ab-
sence of variation from one occurrence of the assemblage to the next in geological
time. It does, however, imply that assemblage composition is bounded and that vari-
ation occurs within those bounds. The principal cause for these patterns appears to
be species-, and perhaps clade-level, environmental fidelity that results in long-term
tracking of physical conditions. Other factors that influence persistent recurrence of
assemblages are historical, biogeographic effects, the “law of large numbers,” niche
differentiation, and biotic interactions. Much research needs to be done in this area, and
greater uniformity is needed in the approaches to studying the problem. However, great
potential also exists for enhanced interaction between paleoecology and neoecology
in understanding spatiotemporal complexity of ecological dynamics.

INTRODUCTION

The objective of this paper is to review the concept of ecological persistence on the
basis of evidence from the fossil record and to evaluate the extent to which such
evidence supports the proposition that assemblages of organisms can remain “the
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any copyright covering this paper.
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same” over thousands to perhaps millions of years in the face of environmental
perturbations and species invasions. Such claims have been made on the basis of
data from the marine and terrestrial fossil records, although counterarguments are
equally common. In those instances that supposedly document persistence, how
has it been measured, and what is indicated about the underlying cause or causes?

Contrasting views of plant and animal communities as ephemeral or persis-
tent entities can be traced back to the works of Clements and Gleason (Golley
1993, McIntosh 1995), which pitted an “organismal” against an “individualistic”
model of community organization, respectively. In more recent years, this de-
bate has emerged in other guises. Do communities and ecosystems have emergent
properties that might confer some resilience or homeostasis in the face of environ-
mental change? Are they, instead, momentary associations that simply reflect the
independent responses of local populations to changing environments and biotic
interactions, and is continuity through time thus little more than a happenstance?

The role of the fossil record in our understanding of this issue has focused
almost exclusively on Quaternary pollen and spores and to a lesser extent on
insects, which have been cited as empirical confirmation of individualism. Here,
we bring data from the fossil record, particularly that of the pre-Quaternary, to
bear on the questions of long-term stasis in biotic systems. Although conceptual
models founded in modern ecology can be difficult to test directly with fossil data,
the fossil record may reveal patterns that do not follow from direct extrapolation
of neoecological concepts. Finding ways to address empirically the differences
in temporal and spatial scales between these sources of data is the challenge that
could bring us to a richer and more comprehensive ecological theory.

WHAT DO PALEONTOLOGISTS WANT TO KNOW
THAT IS OF RELEVANCE TO ECOLOGISTS?

Paleontologists are interested in the biological, physical, and chemical forces that
have shaped evolution, as well as in the phylogenetic and biodiversity-related
“what” and the genetic “how” of the history of life. Ecological questions in pa-
leontology involve the role of environment in evolution and focus on many of
the same variables that ecologists measure in modern systems (e.g., species rich-
ness and other diversity measures, climate, substrate, and biogeography), except
that paleontologists and geologists can document these variables, with varying de-
grees of resolution, over much longer time periods and compare the resulting pat-
terns in different places and through time. Examples of paleoecological questions
include:

1. To what degree is the differential diversification of lineages related to envi-
ronmental or ecological controls as opposed to intrinsic traits, and why have
some lineages proliferated and diversified over geological time, whereas
others have persisted with little morphological change? This question is
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relevant to current ecological issues such as invasive species and draws on a
rich geological and fossil record of continental connections, climatic shifts,
and successes and failures of lineages over time and in different biogeo-
graphic arenas.

2. Why do some assemblages of organisms coexist for long periods of time,
whereas other assemblages change rapidly and have little long-term conti-
nuity? This question is relevant to current debates about ecological assembly
rules and the resilience or interdependency of organisms that co-occur in the
same environments.

3. Why are some ancient ecosystems more resistant than others to externally
driven biological change (e.g., invasion) or environmental stress (e.g., climate
shifts)? The fossil record includes many examples of ecosystem persistence
in the face of environmental change and also of thresholds where ecosystems
break down and are replaced by novel floral and faunal assemblages.

4. How does ecology affect rates of evolution? Are the effects of species-
environment associations on rates of cladogenesis, anagenesis, and extinc-
tion discernible? At the time scale of modern ecology, do these questions
translate into the effects of environment on ranges and geographic varia-
tion of persistently co-occurring taxa, their ability to invade or colonize new
habitats, and their susceptibility to habitat change? More simply, could the
fossil record provide us with indicators of which species or ecomorphs are
more or less resistant to short-term ecological stress or responsive to new
opportunities?

ECOLOGICAL VERSUS PALEONTOLOGICAL
CONCEPTS AND DATA

Differences in the nature of time, space, and resolution as perceived by ecologists
and paleontologists have often led to differences in terminology. Clarification of
common ground, while also recognizing irreconcilable differences, is important
for future communication. Thus, we begin with a review of basic concepts and
terms that also serves to highlight the different domains and perspectives of the
ecologist and the paleontologist.

The most evident difference is the scale of time over which change is observed.
Ecologists study the response of communities and ecosystems to change on very
short time scales, whereas paleoecologists have access to a wide range of tem-
poral scales (Figure 1). Because both migration and speciation occur over time,
paleoecologists may borrow, though with caution, some of the descriptive tools
developed by ecologists when appropriate for patterns in the fossil record (Miller
1993, 1996; DiMichele 1994). However, a danger of “me-too ecology” exists in
which the paleontologist works too hard to serve up paleoecological evidence on
a neoecological platter and not only misses important biases in the data but also
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Figure 1 Comparison of the spans of temporal resolution that characterize ecological and
paleontological data. Individual fossil assemblages may encapsulate varying degrees of time
(i.e., time-averaging), depending on the circumstances of death and burial (taphonomy) and
collection method, whereas samples of extant communities generally represent single or
repeated censuses over days to decades. In paleontology, long-term floral or faunal records
developed from multiple fossil assemblages are the basis for the analysis of paleocommunity
stasis or change though time (upper gray bar). In ecology, with the exception of speciation,
processes that can be observed or inferred in recent ecosystems (lower gray bar) occur over
much shorter time intervals than can be resolved by paleontological data.

overlooks what might have been truly different about past ecosystems (Olson 1980,
1985).

The basic terms that describe long-term ecosystem behavior have been applied
primarily to models in ecology and, thus, are largely conceptual (Pimm 1984).
“Complexity” can be determined by the number of species in the system (rich-
ness), the number of interspecific interactions (connectance), the magnitude of
the interaction among species (interaction strength), and the relative distribution
of species abundances in an assemblage (evenness). Pimm (1991) described five
ecological meanings for the term “stability.” Each represents a pattern of change
through time, independent of time scale and, therefore, applicable to a discus-
sion of paleoecological stasis. Stability of a system is central to ecological stasis.
A stable system, when at equilibrium, returns to the equilibrium condition after
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perturbation (Holling 1973). A stable system must be understood in terms of a
range of variation around some equilibrium point. Related to stability is “persis-
tence,” an empirical measure of how long a system remains unchanged according
to some defined measures of its state. “Resilience” is the rate at which a dis-
placed variable returns to its equilibrium value. The shorter the return time, the
more resilient a variable or system is. In a different formulation, resilience can be
considered a measure of the amount of disturbance a system at equilibrium can
absorb before moving to a new stable state (Gunderson et al. 2002). “Resistance”
describes the effect on the system of a permanent change in a variable, such as the
response to a disturbance. If other variables show little change, then the system is
resistant to changes in the altered parameter. “Variability” is the degree to which
a parameter varies over time. Although it can be measured with a statistic such as
standard deviation, the duration of the examined interval must be noted so that the
scale of variation can be accounted for.

The relationship between diversity/complexity and stability remains at the core
of debate in ecology (May 1974, Tilman 1999, Cottingham et al. 2001). Topics
of contention include the degree to which model systems capture reality, whether
the focus of investigations should be on populations or on communities, and the
very definition of stability itself (DeWoody et al. 2003). A corollary to these
basic concepts is the process of ecosystem assembly and attendant assembly rules
(Lockwood et al. 1997, Belyea & Lancaster 1999, Weiher & Keddy 2001), which
can be divided broadly into rules of access to a resource and rules of coexistence
on that resource.

All these concepts overtly assume that many ecosystems are capable of existing
close to an equilibrium point (for a critique, see Peters 1993). They also are con-
sistent with models of hierarchical ecosystem organization, which recognize that
emergent properties (properties of the system that are not properties of any of the
system’s components, its species) may appear only at certain spatial or temporal
scales of analysis (Allen & Hoekstra 1992, Ulanowicz 1997, Maurer 1999).

Systems also can be characterized on the basis of functional types (Simberloff &
Dayan 1991, Smith et al. 1997), or ecomorphs, which are groups composed of taxa
that are presumed to have similar ecological requirements and to play similar roles
within an ecosystem. Systems with high levels of overlap among functional types
have high levels of redundancy. High redundancy may be most common in unpre-
dictable and variable environments (Walker 1997), although exceptions certainly
abound. Coral reefs, for example, can be considered predictable environments but
also can have high species diversity and high degrees of apparent redundancy.

Paleontologists and paleoecologists deal with samples of organisms and envi-
ronments that are spread out in time as well as in space, and they have developed a
system of new terms for unique concepts or different meanings for existing terms
that reflect this domain. Fossil species, like living species, are not randomly associ-
ated with one another, and this fact allows paleoecologists to recognize biofacies,
“a body of rock distinguished on the basis of its fossil content” or “a local assem-
blage or association of living or fossil organisms, especially one characteristic of
some type of marine conditions” (Jackson & Bates 1997). Biofacies can be mapped
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through both time and space because different taxa are associated with different
environmental conditions. The term has been used primarily in marine deposits
where the composition of the biota is constrained by water temperature, depth,
energy, turbidity, and chemistry, all of which may be independently recorded in
physical and chemical features of the associated sediments. The term has been
applied less often to terrestrial deposits, although it is equally useful there, where
the flora or fauna is constrained by sedimentary characteristics.

The typical paleoecological sample is an assemblage of fossil remains collected
from a single rock layer or stratum or an assemblage combined from individual
samples derived from a specified thickness of strata (Behrensmeyer & Hook 1992).
In certain cases, such assemblages faithfully represent original ecological com-
munities, for example, a community that experienced a catastrophic death and
burial event or one in which all the fossils are composed of rapidly degraded ma-
terials such as leaf litter (Wing & DiMichele 1995). In cases of preserved animal
hard parts or accumulated resistant plant parts, the sample usually represents a
period of time that is long by ecological standards, from 102 to 105 Kyr (thou-
sands of years) (Figure 1) and, thus, may include organismal remains from more
than one ancient assemblage. This incorporation of a temporal element into the
sample is referred to as “time-averaging” (Johnson 1960), and is one of the major
ways that paleontological faunal and some floral lists differ from ecological ones.
Time-averaging also is present in some neoecological studies, such as those that
assess plant damage in extant tropical forest litter, which may involve combining
data from different seasons, years, or even longer intervals. For fossil assemblages
composed of hard parts (e.g., shells, bones, or wood), diversity measures, rank-
order of abundance, and other variables are almost always based on samples that
combine the results of short-term fluctuations and provide average measures of
paleocommunity characteristics over hundreds or thousands of years (Figure 1).
This method can be advantageous (Kidwell 2002, Behrensmeyer et al. 2000), but
significantly time-averaged paleocommunity data cannot be regarded as strictly
comparable to a large proportion of census data for modern ecosystems. Thus,
the short-term cycles or trends over the years or decades observed in ecological
studies are largely invisible to paleontologists and paleoecologists, especially in
the vertebrate or marine invertebrate fossil records. In pre-Quaternary depositional
settings, where high temporal resolution can be achieved, correlation of changes in
the biota at such a fine scale across a large area ordinarily is not possible. Moreover,
the absence of a taxon from a particular assemblage where it might be expected
can be the result of preservational sampling biases, collecting methods, or original
ecological controls. A number of strategies for coping with such problems are
available. These strategies include quantitative assessment of apparent versus real
taxonomic ranges (i.e., origination and extinction rates) (Marshall 1997, Foote
2000, Holland 2003), holding depositional context and taphonomic situation con-
stant through time (isotaphonomy) (Behrensmeyer & Hook 1992, Behrensmeyer
& Chapman 1993), and modeling time-averaging effects on the basis of modern
analogs and “taphonomic control taxa” (Kidwell & Holland 2002).
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In both the marine and the nonmarine realms, “paleocommunity” has come to
mean a group of taxa that form a recurring, recognizable assemblage of organisms.
Criteria for defining the boundaries of biofacies or paleocommunities vary greatly.
One of the most stringent definitions is that of Bambach & Bennington (1996), who
restricted the term community (i.e., paleocommunity) to groups of collections that
cannot be statistically distinguished on the basis of their species composition and
abundance. They used the term community type (i.e., paleocommunity type) for
aggregates of collections and paleocommunities that have similar but not identical
taxonomic composition and occur in similar but not identical environments. This
second term acknowledges that significant variation can exist among individual
collections because of variation among habitats. In other words, a paleocommu-
nity type (or a biofacies) can represent a metacommunity that varies from place
to place on an ecological landscape. Watkins et al. (1973) provided an interesting
distinction between Petersen communities, “a local, descriptive unit of recurring
combinations of species that can be reproduced in the fossil record,” (i.e., a biofa-
cies) and Thorson parallel communities, “groups of Petersen communities related
by common ancestry of contained taxa.” The second concept explicitly introduces
an evolutionary and historical aspect to paleocommunities, which allows them
to have continuity through geologic time and global distribution, despite species
differences, as long as member taxa represent related evolutionary lineages.

Much has been written about turnover and turnover events or pulses in the
land mammal fossil record (e.g., Vrba 1993, McKee 2001). To paleontologists
and paleoecologists, turnover means the proportion of extinctions and originations
relative to the total number of taxa in a specified time interval. Turnover events
are higher than normal rates of turnover relative to a clearly defined “background”
rate. In ecology, turnover most typically means a change in species composition
over a specified geographic or ecological boundary; that is, turnover in space rather
than through time. However, numerous examples exist of turnover occurring over
short time scales (years to decades), such as successional changes in old fields
or after tree fall in forests, or after storms in marine systems. These uses of the
term turnover touch on the much larger issue of the validity of using ecological
variability on a modern time scale as an analog for temporal variability and change
through the geological record.

As in studies of modern ecosystems, functional types, or ecomorphs, have also
been examined in the fossil record in an attempt to reduce the effects of phyloge-
netic history and focus on patterns of stability or change in suites of functionally
related characters. Examples include both whole communities and specific eco-
logical features of fossil mammals (Damuth 1992, Van Valkenburgh 1995, Janis
et al. 2000), plants (Wing & DiMichele 1992, DiMichele et al. 2001b), and insects
(Labandeira 1998, 2002).

Application of Watkins et al.’s (1973) concept and related concepts that in-
corporate a historical dimension to communities has led to research in the global
paleobiogeography and evolutionary history of diverse paleocommunities (Boucot
1975, Boucot & Lawson 1999). On the basis of this work, Boucot (1983) defined a
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series of Ecologic-Evolutionary Units (EEUs) in the Phanerozoic and emphasized
the ecological context of evolution within this framework. Other workers, how-
ever, following Gleasonian traditions, maintain that paleocommunities are simply
associations of taxa with similar habitat preferences and do not represent an emer-
gent level of biotic organization (Hoffman 1979, Jablonski & Sepkoski 1996).
Resolving this dispute remains an important focus in evolutionary paleobiology.

ARE PERSISTENT COMMUNITY
ASSEMBLAGES POSSIBLE?

At least four hypotheses have been proposed to explain the persistence of com-
munity composition over geological time. First, species co-occurrence may re-
flect evolved ecological relationships that confer net mutual benefits when species
occupy the same environment at the same time. Such species interactions may
determine community structure and function (e.g., competition, symbiosis, or pre-
dation). Second, a significant overlap in species environmental tolerances may
exist such that some species almost always occupy the same environment. Third,
geographic isolation may occur because of such factors as place of evolutionary
origin, vicariance patterns, and natural geographic barriers; these factors, previ-
ously set in motion, may be responsible for species co-occurrence at any given time.
Fourth, the “law of large numbers” may apply, which states that the most abundant
species remain most abundant because they tend to produce more offspring than
the less abundant species.

Individualistic Versus Interactive Models

Central to ecological stasis is the nature of the organization of ecological assem-
blages. Are communities simply short-term associations of species living together
because of momentarily similar responses to environmental conditions (Gleason
1926), or are such assemblages integrated in some manner that leads to emergent,
system-level properties (Clements 1916)? This discussion dates to the early twen-
tieth century (Golley 1993) but continues today in debates over assembly rules
(Belyea & Lancaster 1999, Weiher & Keddy 2001), the effects of biodiversity on
ecosystem stability and productivity (May 1974, Cottingham et al. 2001), and the
proper construction of null models (Gotelli & Graves 1996, Hubbell 2001).

Until now, the paleontological studies that have been most widely recognized by
neoecology are those that have offered support to the proposition that “communi-
ties” are transient associations of species that share similar resource requirements
under a given set of climatic/environmental conditions. Most of this evidence came
initially from palynological studies of the last interglacial interval in the Northern
Hemisphere temperate zone (Davis 1986, Webb 1987). More recently, the records
of terrestrial vertebrates (Graham 1997) and marine invertebrates (Jablonski &
Sepkoski 1996, Patzkowsky & Holland 1999) have been used to document the
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same position, but examples to the contrary have also been presented (Pandolfi
1996, 2000). The nature of this individualism is not universally agreed upon, how-
ever, and may be dependent on scale of analysis; it may be most evident at some
smaller scales within environmentally bounded species pools (biomes in the terres-
trial world) but not at larger scales between species pools, where species exchange
is less common.

Patterns of Stratigraphic Persistence

Olson (1952, 1958, 1980) was among the first paleontologists to document com-
munity persistence through well-defined intervals of rock strata by presenting case
studies from the Permian deposits of Texas and Oklahoma. Olson established the
term chronofauna for such assemblages of vertebrate taxa that recurred through
long stratigraphic intervals and attempted to reconstruct food webs for the compo-
nent species (Olson 1952). Numerous examples of fossil vertebrate faunas reflect
some degree of continuity through time, although whether these faunas could be
considered communities in the ecological sense is debatable. North American
Cenozoic “Land Mammal Ages” and their equivalents on other continents are
based on the persistence of suites of taxa for particular chronostratigraphic inter-
vals, which allows correlation over wide geographic areas (Woodburne 1987, Janis
et al. 1998). At a rather coarse level of resolution, the success of such schemes
attests to the persistence of at least some components of mammalian faunas and
the communities of which they were a part. Basically, the pattern at both regional
and continental scales is similar to that observed in the marine invertebrate and
plant fossil records; long intervals of relative stability are punctuated by periods
of rapid change.

A similar pattern of assemblage persistence has been described by Boucot
(1978, 1983) in the course of carrying out biostratigraphic and evolutionary stud-
ies of marine faunas. He recognized that invertebrate assemblages did not demon-
strate patterns of continuous turnover but rather were organized into temporally
coherent units between which significant differences existed (EEUs) and within
which smaller units, or communities, could be recognized on the basis of recurrent
patterns of composition (Sheehan 1996).

Brett & Baird (1995) introduced the term coordinated stasis to connote a pattern
of bimodal evolutionary turnover within benthic marine biofacies of the Silurian
and Devonian of the Appalachian Basin (Table 2). They reported a pattern in
which the majority of species within a biofacies showed little, if any, evolutionary
change over a period of several million years (Myr), followed by rapid extinction
and replacement of those species in the same environment. To provide explicit
criteria for comparison with other time periods and geographic areas, Brett et al.
(1996) stated that coordinated stasis units should exceed 1 Myr in duration, during
which approximately 60% of species should persist and show little morphological
change. In this scheme, fewer than 40% (typically fewer than 20%) of species
cross the bounding intervals, which should be no more than one tenth of the
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duration of the static intervals. Speciation and extinction are concentrated in the
intervals of rapid turnover. The pattern of coordinated stasis need not imply strong
Clementsian codependence within a community. Episodic environmental change
could affect many evolutionary lineages that act independently of one another. In
such a case, a pattern of coordinated stasis would reflect the timing and severity
of punctuated environmental changes. Additionally, samples from a coordinated
stasis unit need not all display identical species composition or abundance; room
for environmental variability exists within a biofacies, as acknowledged in the
definition of Bennington & Bambach’s (1996) paleocommunity types (similarly
by Olson 1952, 1985). Rather, the pattern is defined by coincident turnover that
punctuates protracted periods of community-wide morphological stasis. Although
the pattern of coordinated stasis could simply result from episodic environmental
change, some authors have interpreted it as reflecting the influence of ecological
interactions on the evolutionary trajectory of the lineages within a community.
Morris et al. (1995) suggested a mechanism of ecological locking, “a mechanism
by which ecological interactions prevent evolutionary change, resulting in long-
lasting, stable systems capable of resisting some types of disturbance” (Morris
et al. 1995, p. 11,272), as the necessary implication of coordinated stasis in the
fossil record. Whether or not ecological locking is correct, it is not the only possible
explanation of the pattern of coordinated stasis.

Coordinated stasis has been challenged because of the supposed implications
of strong species interactions as a cause of the pattern (e.g., Buzas & Culver
1994, Patzkowsky & Holland 1999). In addition, strong arguments have been
made regarding the need for statistical analysis of supposed patterns of persistence
(Bennington & Bambach 1996, Bambach & Bennington 1996); that is, just how
much variation can occur if assemblages are to be considered the same through
time? Alroy (1996) carried out a statistical analysis of an extensive compilation
of mammalian stratigraphic ranges and determined that the expectations of the
coordinated stasis model, such as pulse-like turnover of species, did not hold.

Is the “Unified Neutral Theory of Biodiversity and
Biogeography” a Link Between Rates of Taxonomic
Change and Community Structure?

One of the difficulties of studying community stability in the fossil record is that
most ecological models of community structure implicitly assume a static equi-
librium for species richness and abundances (see review by Tokeshi 1993). An
alternative approach that has received much recent attention is neutral modeling
of community dynamics. Hubbell’s (2001) The Unified Neutral Theory of Bio-
diversity and Biogeography assumes that local communities maintain a constant
number of individuals. Consequently, new individuals can only enter the com-
munity by filling vacancies opened by the death of established individuals. Three
mechanisms of replacement exist in Hubbell’s model. First, a death can be offset by
the birth to a parent already present in the local community. Second, an individual
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from the surrounding metacommunity can be recruited to fill the vacant slot and
can represent a species that is not already a member of the local community. Third,
a local birth could also be a speciation event, so the replacement individual repre-
sents an entirely new species. This system is neutral because all individuals have
an equal probability of dying, reproducing, and speciating in a given time interval,
regardless of their species identity.

The model predicts an equilibrium abundance distribution and expected rich-
ness, given the size of the community, the degree of exchange with the surrounding
metacommunity, and the rate of per capita speciation (incorporated into Hubbell’s
fundamental biodiversity number). In contrast to statistical or niche-partitioning
models (Tokeshi 1993), Hubbell’s model predicts change in the taxonomic com-
position through time because of community drift, which reflects the constant
stochastic elimination and replacement of individuals. Although common species
are expected to endure longer than rare species, a consequence of large numbers
effects, newborn species (or previously rare species colonizing new habitat) are not
likely to rise to dominance, and previously dominant species are not likely to go
extinct. The rate and likelihood of these events depends on the model parameters.

The potential usefulness of a neutral modeling approach for paleoecology lies
not in whether it is right or wrong, but rather that it provides a first step toward
developing a theory that ties evolutionary history to the structure of ecological
communities and focuses on aspects that can be measured by use of fossil data
(i.e., rates of origination and abundance distributions). Time will tell whether this
potential will be fulfilled (Chave 2004), but some paleontological tests have already
been formulated (Pandolfi 1996, Pandolfi & Jackson 1997, Clark & McLachlan
2003, Olszewski & Erwin 2004).

CASE STUDIES: TERRESTRIAL RECORD

The case studies mentioned in this section are summarized in Table 1.

Palynofloras: Compositional Stasis
and Temporal Scale of Observation

Stasis in the composition of biotas has been observed over a wide variety of spatial
and temporal scales, but many of the observations that suggest rapid and unpre-
dictable change in community composition were derived from the past 40 Kyr
of Earth history—the time during which samples can be dated by radiocarbon
methods. An important question, particularly in considering the relevance of pa-
leontological data for ecological theory, is whether changes in the temporal scale
of sampling affect the detection of stasis.

To test whether temporal scale has an effect on detecting stasis in composition,
we downloaded fossil pollen data from the World Data Center for Paleoclimatology
(WDCP) (http://www.ngdc.noaa.gov/paleo/pollen.html). Each dataset consisted
of counts of the abundances of pollen taxa in core samples. Abundance data are
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desirable because over geologically short time periods, local extinction or immi-
gration of species is rare. We also used pollen data from the Paleogene (Wing &
Harrington 2001).

Change in the composition of the pollen assemblages through time was quan-
tified by application of squared chord distance (Cdi j ), a dissimilarity measure
that incorporates relative abundance data (Overpeck et al. 1985). Time-steps be-
tween samples (t) were calculated from age models in the WDCP pollen database
(Quaternary data), or from magnetostratigraphic, biostratigraphic, and isotopic
correlation to the Global Magnetic Polarity Time Scale (Paleogene data). Ages of
samples between dated horizons were interpolated.

If community composition were completely static, Cdi j would equal 0 between
any pair of samples. In the real world, fluctuations in sample composition result
from small changes in assemblage composition (e.g., tree falls or local fires) or
from small changes in the way the vegetation is represented by the pollen sample.
If these small, unpredictable fluctuations in composition are not directional, no
correlation should exist between the Cdi j and the time difference (t) between
samples i and j. If change in floral composition is directional, a significant positive
correlation should exist between Cdi j and t.

The analysis of both Quaternary and Paleogene assemblages reveals that large
changes in composition are rare, and most change in composition is fluctuating;
therefore, Cdi j is poorly correlated with t. Consequently, samples of similar age
give high rates of compositional change (Cdi j/t is large because t is small), whereas
samples separated by more time yield low rates (Cdi j/t is small because t is large).
Rates of change in floral composition are, thus, highly inversely correlated with
t, and rates measured over different intervals are difficult to compare. Short-term
(e.g., less than 10 Kyr) fluctuations in composition are likely missed in deep-time
datasets, which would, thus, appear to be stable. Conversely, Quaternary datasets
generally are too short to capture rare extinctions or immigrations; thus, they do not
show the irreversible changes in species-pool composition that are seen in many
deep-time records. Differing temporal resolution thus complicates the comparison
of rates of change.

Carboniferous Wetland Assemblages

The Late Carboniferous (Pennsylvanian) was a time of generally cool global cli-
mate with intervals of intense tropical precipitation that supported rainforests
(Gastaldo et al. 1996) and vast peat swamps that became the coal beds of Europe
and the eastern United States. Upper Carboniferous rocks appear to reflect, in part,
glacial periodicity and may preserve Milankovitch cyclicity (Algeo & Wilkinson
1987). Fossil remains of the plants from peat swamp (mire) forests are preserved
as “coal balls” (petrified peat), as compression-impression fossils in mudstones
and sandstones, or as spores and pollen. The occurrence of plant fossils in mul-
tiple coal beds and in the intervening rocks permits the study of changes in plant
composition through time under recurrent, common environmental conditions
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(isotaphonomy, sensu Behrensmeyer & Hook 1992). Within coal beds, fossil plant
and spore-pollen samples can be collected incrementally, which permits vegeta-
tional dynamics to be resolved at time scales of less than 100 Kyr. In addition,
dynamics can be examined at many sampling horizons (i.e., coal beds) and, thus,
through multiple glacial-interglacial cycles and in response to both background
and large-scale extinctions (Phillips et al. 1985).

Phillips and coworkers (DiMichele & Phillips 1996a,b; DiMichele et al. 1996;
DiMichele et al. 2002) examined more than 50 coal beds, which represented more
than 10 Myr, and reported the following basic patterns. Within any one coal bed,
multiple, recurrent plant communities can be identified statistically. These com-
munities recur in successive coals, recognized by the approximate rank-order of
abundance of the dominant elements; minor taxa vary widely in abundance. A
major extinction eliminated nearly two thirds of the species at the Middle–Late
Pennsylvanian boundary, approximately 306 million years ago (Mya). This extinc-
tion appears to have been caused by a short pulse of global warming and drying in
the tropics (Phillips & Peppers 1984, Frakes et al. 1992). After a brief interval of
high variability in dominance patterns immediately after the extinction (Peppers
1996), peat-forming landscapes reorganized, and groups previously in low abun-
dances, particularly opportunistic tree ferns, rose to dominance by replacing the
prior dominants that had been eliminated by the climatic changes. This represented
an internal reorganization of the ever-wet peat-substrate species pool. The pattern
of vegetational persistence has been detected in Late Pennsylvanian peat-forming
environments (Willard et al. 2004) by an analysis of rank-order distribution of dom-
inant tree ferns in several successive coals in eastern Illinois. A parallel change
in dominance patterns in tropical floodbasin floras occurred at approximately the
same time, although the reported taxonomic resolution is at the level of families
and classes (Pfefferkorn & Thomson 1982).

Patterns similar to those found in coals have been documented in floras from
floodbasin sedimentary rocks (sandstones and mudstones) lying between coal beds.
In deep-core samples from the beginning of the Late Carboniferous ice age taken
from the Ostrava-Karvina coal basin in the Czech Republic, three to four vegeta-
tional units that conform to distinct sequential rock formations, separated by abrupt
compositional turnover, were identified statistically (Pfefferkorn et al. 2000). In
Westphalian B age clastic rocks from England, Scott (1978) identified recurrent
patterns of species association with particular sedimentary environments (biofa-
cies) over a 3-Myr time interval. Specific, recurrent sedimentary environments
have been tied to qualitatively identified plant assemblages of distinctively differ-
ent dominance and diversity patterns in the well-known Joggins section in Nova
Scotia (Falcon-Lang 2003). The temporal patterns of vegetational change have
been placed in a sequence-stratigraphic framework, in which rock units have been
related to cycles of rising and falling sea level, presumably controlled in large part
by cycles of glaciation and eustasy.

In the north temperate Angaran floristic province, Meyen (1982) documented
an extensive stratigraphic sequence of Carboniferous floras at the species level. As-
semblage membership persists in this stratigraphic sequence over many sampling
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units (beds) though time. Floristic changes occur essentially instantaneously be-
tween longer intervals of persistence.

Biome Exchange Patterns in the Late Paleozoic Tropics

During the Late Pennsylvanian and Early Permian, floras dominated by phyloge-
netically advanced, xeromorphic seed plants began to appear in the tropics. The
fossil record shows these new plants intercalated between wetland floras in asso-
ciation with indicators of seasonally dry climatic conditions (Cridland & Morris
1963, Mamay & Mapes 1992, Rothwell & Mapes 1988). Ziegler (1990) referred
to this biome as “summer wet.” The seasonally dry/summer-wet biome and its
flora ultimately replaced the ever-wet biome in the tropics as global glaciation
ended in the Early Permian (see papers in Martini 1997). Broutin et al. (1990) and
DiMichele & Aronson (1992) demonstrated that little floristic mixing occurred
between these two species pools. Fragmentary evidence of the seasonally dry
biome, in the form of transported conifer scraps, appears millions of years before
the first in situ macrofossils (Lyons & Darrah 1989), which suggests growth in
remote, well-drained upland areas. A biome characteristic of yet drier conditions,
composed of still more phylogenetically derived plants, characteristic of the Late
Permian and Mesozoic, appeared in the Early Permian in association with gypsum
beds (DiMichele et al. 2001a). This unusual and unexpected flora reiterates the
earlier pattern of precocious conifer occurrence and again implies strong ties of
different biomes or vegetation types to different climatic-edaphic conditions.

These examples demonstrate that when similar environmental conditions can
be identified over long intervals of time (in effect, removing significant environ-
mental variation as a causative factor), species-pool composition may persist, and
quantitative relationships among these species also may recur. This observation
does not mean that similar environments caused the persistence. In fact, neither
the persistence of species dominance-diversity patterns nor sharply defined, long-
lasting boundaries between species pools are general expectations under the tenets
of species individualism, given the continuously occurring effects of disturbance,
migration, and low-level environmental variation.

Stability Within Versus Between Trophic-Level Interactions:
Fossil Insect Patterns

Typically, most paleoecological data are collected within a trophic level, a taxo-
nomic group, or both, such as analyses of Paleozoic corals, Mesozoic ammonites,
or Cenozoic plants. Intertrophic data and comparisons usually focus on taxon-
specific ecological interactions that have a relatively good and persistent fossil
record, such as Paleozoic platyceratid gastropods and their crinoid and blastoid
associates (Baumiller & Gahn 2002) or Cenozoic naticid gastropods and their
molluscan prey (Kelley & Hansen 2001). Insect-feeding traces on fossil leaves
provide evidence for the broadest effects of one trophic level on another in terms
of diversity, abundance, and persistence of associations and in their implications
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for community-level ecological reorganization. A broad spectrum of insect dam-
age has been documented on various plant organs, especially leaves, throughout
the post-Silurian terrestrial record (Labandeira 2002).

Two case studies are relevant to establishing intertrophic inferences: the sud-
den end-Cretaceous extinction event, and the Early Cenozoic Thermal Maximum
(ECTM) (Table 1). The Cretaceous-Paleogene and ECTM studies detect sudden
to prolonged intervals of persistent insect damage patterns as well as wholesale
shifts in community-wide structure that involved a cascade of floral changes that
had significant impact on feeding patterns of constituent insect herbivores.

Fossil floras from the late Cretaceous and early Paleogene provide an excellent
record of insect damage in lieu of a poor record of insect body fossils (Labandeira
et al. 2002). In the geographically extensive Williston Basin of North Dakota, 143
floras from 106 time slices encompass a 2.2-Myr interval that straddles 183 m
of the Cretaceous-Paleogene boundary (Table 1). The average geochronologic
resolution is 20 Kyr, although the stratigraphic placement of samples throughout
the section is not uniform. Patterns of insect herbivory were diverse and persistent
before the boundary. This abundance was followed by a significant decrease in
the diversity and level of insect herbivore damage at the Cretaceous-Paleogene
boundary. Host-specialist insects suffered preferentially greater extinction at the
boundary than generalists. Finally, no post-event rebound is evident within the
0.8-Myr interval of the earliest Paleocene, although other data (Wilf et al. 2001)
indicate return several Myr later.

A profound change in the physical global environment occurred from the latest
Paleocene through early-middle Eocene (Zachos et al. 2001), described as the
ECTM, mentioned above. A study in which floras from the Greater Green River
and Uinta Basins of the Western Interior were used (Wilf et al. 2001) documented
insect herbivory from the beginning of the ECTM (56 Mya; humid warm-temperate
to subtropical climate, predominantly deciduous plants) to near the maximum
(53 Mya; humid subtropical climate, mixed deciduous and evergreen plants) and
significantly after the peak warming (43 Mya; seasonally dry subtropical climate,
mixed deciduous and thick-leaved evergreen plants). Throughout the entire 13-Myr
interval, significantly more herbivory occurred on plant hosts with shorter-lived and
thinner leaves than on plants with longer-lived and thicker leaves. This variance
in herbivore modes was statistically separable throughout the three time slices
examined and widened during the middle Eocene. These data, consistent with
modern herbivore defense theory (Coley & Barone 1996), demonstrate that during
these major climatic shifts, herbivory was partitioned into an accommodationist
strategy that allowed for high levels on deciduous mesic hosts and an antiherbivore
defensive strategy of lower levels on strongly defended, mostly evergreen plants.

These studies represent two very different modes of community-level reorga-
nization among insects and their plant hosts. The Cretaceous-Paleogene boundary
study indicates a major disruption of associational diversity that took until the
Paleocene-Eocene boundary to return to predisturbance levels. As for the latest
ECTM, no significant loss of insect feeding types within floras or local community-
wide rearrangement of insect-plant associations occurred, but significant changes
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did occur in intensity and distribution of damage based on highly defended versus
poorly defended plant antiherbivore strategies.

Turnover in Miocene Mammalian Faunas of Pakistan

More than 3 decades of work on the vertebrate faunas of northern Pakistan has
generated a 10-Myr record of stasis and change in the mammalian community
of this region and allows a comprehensive examination of evolutionary and eco-
logical change in relation to environmental parameters (Barry et al. 2002). The
intensively sampled Siwalik deposits (more than 40,000 fossil specimens) provide
a temporal resolution of 100 Kyr between 10.7 and 5.7 Mya, which Barry et al.
(2002) suggest may be the finest feasible level of resolution for long sequences
of vertebrate-bearing strata. By use of a large suite of 115 mammal taxa, Barry
et al. (2002) demonstrated a moderately high and persistent level of “background”
turnover (50% to 60%) over a period of 5 Myr. Superimposed on this background
are three separate short-term turnover events that also changed the character of
the mammalian community. The first event involves extinction of many long-lived
taxa that are recorded in southern Asia before their demise 10.3 Mya. The second
and third events are separated by only about 500 Kyr and occur at 7.8 and between
7.3 and 7.0 Mya during a time of independently documented climate change to-
ward intensified monsoons and the spread of grassland habitats (Dettman et al.
2000). Barry et al. (2002) concluded that this study supports neither the notion
of coordinated stasis nor environmentally driven turnover events as the dominant
mode of faunal change through time. However, turnover events documented in
the Siwalik record have 3 to 13 times the expected rate relative to the background
turnover (background average of 1.5 taxonomic appearances or disappearances per
100 Kyr compared with 9, 5, and 20 times the expected rate during the three turnover
events). This finding provides evidence for some degree of stability of faunas in
the Siwalik ecosystem over time intervals that were very long relative to modern
communities. Reinforcing this notion is the fact that major changes through time
in the Siwalik fluvial systems had no apparent impact on the composition of the
fauna; that is, no correlation of lithologic or paleoenvironmental change with the
turnover events occurred. This observation indicates that the mammalian fauna, in
successive time-averaged samples of approximately 100 Kyr each, was resistant
to changes in the substrate environment but sensitive to the major climate changes
of the late Miocene.

Stability and Change in the East African
Pliocene Mammal Record

The African late Cenozoic fossil record has been subject to intensive research
because of interest in human evolution, and this research provides some of the
highest resolution paleontological evidence available for mammalian commu-
nity structure through time. Deposits along the lower Omo Valley in southern
Ethiopia include a sequence of nearly 800 m of sediments from approximately 4 to
1 Mya (Brown 1994, de Heinzelin 1983, Feibel et al. 1989). A large and carefully
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documented collection of more than 40,000 fossil specimens from the Shungura
Formation provides examples of faunal change at a number of different temporal
scales (Bobe et al. 2003, and references therein). Analysis for ecological patterns
has been done for specific groups of mammals (bovids, suids, and hominins and
other primates), and time intervals can be resolved to approximately 103 years in
parts of the sequence (de Heinzelin 1983).

The time encompassed by the Shungura Formation coincided with major cli-
matic and environmental changes in Africa (deMenocal 1995, Vrba 1995), and
some of these changes are correlated in time with changes in the mammalian
fauna (Alemseged 2003, Bobe et al. 2002, Bobe & Eck 2001). Species turnover,
based on first and last occurrences, is low overall between 3.5 and 2.0 Mya; the
only marked turnover event occurred at 2.85 Mya and corresponds to the onset
of Northern Hemisphere cooling (deMenocal & Bloemendal 1995). Examination
of the relative abundances of the major mammalian taxa (4,820 specimens) pro-
vides a higher resolution record of faunal change in which a period of stability
between 2.8 and 2.5 Mya (five stratigraphic sample levels) is followed by a cycli-
cal pattern of shifting taxonomic dominance over 100-Kyr intervals up to 2.0 Mya
(Bobe et al. 2002). Statistical tests indicate that the interval of stasis is unlikely to
be sampling error, which provides evidence for ecological stability over several
hundred thousand years, when global climates were becoming cooler and more
variable (deMenocal & Bloemendal 1995). Bobe et al. (2002) speculate that the
paleo-Omo River system, with its large drainage area, helped to buffer the lower
riverine floodplain and gallery forest habitats from the impact of larger-scale cli-
mate change. This effect persisted for several hundred thousand years, until around
2.5 Mya, when external changes finally penetrated the local system and destabi-
lized the ecological communities of the lower Omo Valley.

The Shungura sequence provides additional evidence for faunal stability and
ecological persistence. The two most abundant species of the dominant family
(Bovidae) co-occur throughout the interval from about 3.5 Mya to 2.0 Mya, with
Aepyceros shungurae (early impala) and Tragelaphus nakuae (similar to bongo)
alternating in first and second place (Bobe & Eck 2001). This persistent association
may indicate that both species had similar tolerance limits for the wooded and
moist environments of the Pliocene-Pleistocene lower Omo River. After 2.0 Mya,
during a period of increased environmental change, T. nakuae became extinct, and
A. shungurae became a less conspicuous element of the Omo bovid fauna.

CASE STUDIES: MARINE RECORD

The case studies mentioned in this section are summarized in Table 2.

Soft-Bottom Benthic Invertebrate Faunas

Studies of turnover through time in pre-Quaternary, marine, soft-bottom commu-
nities can be somewhat arbitrarily divided into two categories on the basis of their
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temporal resolution (Table 2). High-resolution studies focus on communities at
less than 1 million year resolution, whereas long-duration studies focus on changes
over more than 1 million years. Although this distinction is somewhat artificial,
the critical difference is whether evolutionary turnover is expected within the units
being compared. High-resolution studies should show little evolutionary change
within a time interval, whereas in long-duration studies, even background rates of
turnover can result in observable change. In addition, high-resolution studies are
usually based on individual collections, whereas long-duration studies are based
on compiled lists.

High-resolution studies are noted in Table 2, grouped in the lower portion of
the table. Such studies require a stratigraphic framework that allows correlation at
levels finer than the time between turnover events (if these events occur in the study
interval). One reason that three of the five cited studies in Table 2 (Bennington
& Bambach 1996, Holterhoff 1996, Olszewski & Patzkowsky 2001) come from
the Carboniferous-Permian period is the strong stratigraphic cyclicity that char-
acterizes these rocks. Despite some of the distinct differences in these studies,
none refute the observation that biofacies are recurrent (even in the face of signif-
icant environmental change). However, all five studies found that the composition
of local communities within a biofacies can be quite flexible and that stability
was only evident at a larger geographic scale. Also worth noting is Holterhoff’s
(1996) report of a nonanalog crinoid assemblage like the nonanalog Quaternary
plant assemblages reported by Overpeck et al. (1992), which suggests that com-
munities outside the Pleistocene could also respond to environmental change by
reassembling rather than by extinction of member lineages.

Longer-term, soft-bottom marine studies are grouped together at the top of
Table 2. These studies range in age from Cambrian to Jurassic (Table 2). These
studies focus on durations of more than 10 Myr and generally consist of faunal
lists from stratigraphic intervals of less than 1 Myr duration. The spatial scale of
these studies usually includes multiple biofacies of an entire basin or platform. A
number of generalizations can be made from examining Table 2. First, most stud-
ies do show times of elevated taxonomic turnover relative to background rates,
although the rates themselves vary greatly. At least some studies (Tang & Bottjer
1996, Patzkowsky & Holland 1997, Olszewski & Patzkowsky 2001) show that
episodes of elevated first appearance do not necessarily coincide with, or imme-
diately follow, episodes of disappearance (as in Westrop 1996 and Brett & Baird
1995). In those studies that distinguished biofacies (Westrop 1996, Brett & Baird
1995, Olszewski & Patzkowsky 2001), the history of turnover appeared to differ
between biofacies.

In addition, the frequency and magnitude of regional turnover episodes ap-
pear to decrease with time (Olszewski & Patzkowsky 2001). Whether this pattern
will hold up to future scrutiny is not clear, but it does have implications for global
Phanerozoic diversity patterns, which show decreasing rates of extinction and
origination through time. This pattern may reflect decreasing susceptibility of
ecological communities or their component taxa to turnover events caused by
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environmental perturbations of sufficient magnitude. Whether or not this inter-
pretation is corroborated by future work, it makes the point that the fossil record
can provide information on intermediate scales that connect ecological and bio-
geographic processes to paleontological patterns at Phanerozoic scales (Miller
1998).

Quaternary Coral Reef Dynamics

The ecological dynamics of living reef communities observed over yearly to
decadal time scales is characterized by fluctuating species composition with chang-
ing environmental conditions (Connell 1978, Sale 1988, Tanner et al. 1994, Bak
& Nieuwland 1995, Connell et al. 1997). Thus, community structure varies un-
predictably over small temporal scales. Similarly, studies at small spatial scales
(small areas on single reefs, less than 1 km) have shown convincingly that both fish
(Williams 1980, Sale & Douglas 1984, Sale & Steel 1989, Doherty & Williams
1988, Sale 1988, Sale et al. 1994) and corals (Tanner et al. 1994, Connell et al.
1997) show a high degree of variability in community structure. Thus, living coral
reefs appear to show a large degree of disorder in community composition at small
spatial and temporal scales.

In contrast, results from several recent studies of Quaternary reefs all point
to remarkable persistence in taxonomic composition and diversity during mul-
tiple episodes of global climate change over the past 500 Kyr (Jackson 1992;
Hubbard et al. 1994; Stemann & Johnson 1992; Pandolfi 1996, 1999; Aronson
& Precht 1997; Greenstein et al. 1998). Pandolfi (1996, 1999) assembled and
analyzed data on species distribution patterns from reef coral assemblages, aged
between 125 Kyr and 30 Kyr, from three sites along 35 km of the Huon Penin-
sula in Papua New Guinea. Persistence in species composition was found among
assemblages that lived during nine successive, glacially induced, high–sea level
stands (Figure 1) (Pandolfi 1996, 1999). Data on species distribution patterns
from reef coral assemblages, aged between 220 Kyr and 104 Kyr, from three
sites along 25 km of Barbados also showed persistence in species composi-
tion among assemblages that lived during four successive, glacially induced,
high–sea level stands. These patterns were shown by use of species relative-
abundance data, and the rare taxa showed similar trends to the common taxa
(Pandolfi 2000).

Aronson & Precht (1997) and Aronson et al. (2002, 2004) documented a change
in the dominant coral in Belize and Panama that occurred recently. In the Belize
lagoon, Acropora cervicornis, dominant for the past 3000 years in cores, was re-
placed by Agaricia tenuifolia in the 1980s as the dominant coral species. Similarly,
in the Bocas del Toro lagoon in Panamá, Porites spp., dominant for over 3000 years,
also has now been replaced as the dominant coral by Agaricia tenuifolia.

These consistent species-distribution patterns demonstrate that Pleistocene reef
communities comprised more predictable associations of reef coral species, over
broad spatial and temporal scales, than those observed by ecologists on living
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reefs at smaller scales. Such broad-scale persistence in community structure is in
good agreement with several studies on living reefs of fish (Ault & Johnson 1998,
Robertson 1996) and corals (Geister 1977) examined at a scale of less than 1 km,
as well as with a recent study that documented broad-scale predictability in living
adult coral abundance for over 2,000 km of the Great Barrier Reef, Australia
(Hughes et al. 1999). Patterns of persistence in space and time are, thus, well
documented for coral reef communities.

Two underlying causes for persistence in coral reef community structure have
been offered. Hubbell (1997) interpreted Pandolfi’s reef coral data from Papua
New Guinea in terms of the unified neutral theory (Hubbell 2001). He asserted
that patterns of persistence in community structure could come about as easily
by a “law of large numbers” as they could by niche differentiation and limited
membership, as advocated by Pandolfi (1996, 1999). However, his comments were
tempered by an impression that Pandolfi had used only the common corals in his
analysis, when, in fact, patterns were similar whether the analyses were confined to
common species or included rare species. Moreover, data analyzed from Barbados
showed that patterns in persistence of common taxa were exactly mimicked in the
rare taxa, further evidence that large population size is immaterial to persistence
in coral reef communities (Pandolfi 2000). The data from Papua New Guinea and
Barbados appear to indicate limitations on membership in reef coral associations
in space and time and suggest that these associations are not random assemblies
of available species.

DISCUSSION

The case studies are derived primarily from the authors’ areas of research and
provide only a subset of paleontological research that could be brought to bear
on the question of community persistence through time. However, they serve to
illustrate the following points.

Improving the Exchange Between Paleoecology and Ecology

Many aspects of communities can be described from fossil data, such as richness,
species abundances, and trophic interactions, at temporal resolutions ranging from
100 to 106 years. Useful generalizations about the ecological and evolutionary
processes that underlie these patterns depend on our ability to compare different
studies. A good deal of confusion has been caused by workers who examined
patterns at different geographic, temporal, or taxonomic scales and came to ap-
parently contradictory conclusions. Our intention in this review is not to set down
“correct” procedures or standard sampling protocols (of necessity, these must
reflect the stratigraphic and taphonomic context of the study), but to clarify the
information that can and should be stated explicitly in any study, theoretical or
empirical, of community evolution in the fossil record. To compare the results of
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different studies, others need to know the spatial and environmental resolution and
extent, temporal resolution and duration, and taxonomic and ecomorphic nature
of the data. Many of these recommendations already are in use, which reflects
broadening recognition of the issues that surround the relationship between the
structure of ecological communities and rates of evolution.

First, the spatial resolution and extent of the study should be stated explicitly.
How large was the area investigated? In addition, and perhaps more significant, the
degree of habitat variability in the area also must be reported. The community of a
large, environmentally uniform region may be more comparable to a smaller patch
in a more environmentally variable region. When communities of different ages are
compared, are the units of comparison individual collections, are they biofacies or
paleocommunities that are based on many collections but represent a single habitat,
or are they gradients or landscapes that cross multiple habitats? Have habitats been
tracked geographically to assess the constancy of species composition through
space and time or have they been observed only as recurrent, and temporally
separated, sampling intervals within the study area? An additional issue is how
biofacies or larger gradients have been identified and whether those of one study
are really comparable to those of another study.

Second, the degree of environmental resolution should be considered. Is more
than one habitat represented? Are environmental gradients present, and how have
such gradients been sampled? What is the range in environmental variability? Is
this study conducted within or between habitats?

Third, the temporal resolution and duration of the study should be noted and the
degree of time-averaging in individual samples should be included (e.g., Tables
1 and 2). Even a crude estimate can be helpful in providing perspective on the
appropriate scale of inferred ecological processes. Stratigraphic horizons, even in
some Paleozoic successions, can be resolved at scales of less than 106 years, in some
cases even representing in situ communities buried catastrophically. Stratigraphic
resolution is critical to distinguish between intervals of slow background change
or stasis and short episodes of rapid turnover. What is the duration of the study?
Some Quaternary studies may represent 105 to 106 years—an interval that is below
the resolution of some (not all) deep-time studies. That the results of studies at
different scales may have implications for one another is not in dispute, but they
cannot be compared directly as if they were equivalent.

Fourth, biological resolution of the study should be determined. Most paleon-
tological studies use taxa—species, genera, or higher groups—as the basic unit of
analysis. However, different levels of taxonomic resolution produce very different
expectations for patterns of stability through time. Is the study restricted to a single
clade, or does it attempt to include all available groups? Alternatively, functional
diversity and ecomorphs also can be examined through time and may produce very
different patterns than taxonomic analyses.

Fifth, when patterns are reported, basic descriptive data should be included, in
addition to derived measures, because such data allows calculation of alternative
metrics or statistics as well as assessment of the amount of data available.
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Environmental Tracking

The concept of environmental tracking by floras and faunas has had a mixed
reception in the ecological literature. On the basis of the data reviewed here,
biotas do appear to track climates, but such tracking is certainly influenced by
geographic and physicochemical barriers. Environmental tracking is important for
understanding long-term ecological patterns because it removes certain high-level
taphonomic megabiases in the study of the factors that may influence the patterns;
thus, the range of extrinsic environmental variables that must be considered as
causative factors is reduced.

Embedded within this issue is the question of species individuality. The clear
recognition of Quaternary “nonanalog” floras (Overpeck et al. 1992) begs the ques-
tion of scale. Miller (1993) argued that environmental tracking was a characteristic
of community types rather than specific communities of marine invertebrates. In
effect, a “community type” might be considered to be a “biome” in the sense of
terrestrial vegetation. Biomes have been shown in both empirical studies (e.g.,
Ziegler 1990) and modeling studies (e.g., Kutzbach et al. 1998) to approximate
climatic boundaries closely and to expand and contract in concert with climatic
changes. Species individuality seems most strongly expressed within these biome-
level units (DiMichele et al. 2004).

Limits to biome membership may reflect historical patterns of clade origin and
distribution (Valentine 1980). Unexpectedly strong relationships between eco-
logical niche and phylogenetic relatedness of species have been documented for
extant plants (Prinzing et al. 2001) and were labeled “phylogenetic niche conser-
vatism.” Similar conservatism appears to underlie long-term patterns of within-
environment, within-clade, species replacement in Permo-Carboniferous tropical
ecosystems (Knoll 1984, DiMichele & Phillips 1996a), rather than such mecha-
nisms as “ecological locking.” This feature is not just a pattern found in plants.
Quaternary fossil insects (Coope 1994), both individual species and communi-
ties, show strong conformance to shifting climatic conditions. Small Pleistocene
mammals exhibit strong patterns of co-occurrence, with little disassociation in re-
sponse to climate change (Alroy 1999). Depending on the scale of analysis, some
marine invertebrate communities also show strong long-term persistence within
limits of oceanographic conditions (Jackson 1994; Pandolfi 1996, 2000; Brett &
Baird 1995); however, such patterns have not been widely demonstrated for many
kinds of marine communities (Jablonski & Sepkoski 1996).

Strong environmental tracking does not require high levels of species interac-
tion. However, some recent studies suggest that interspecific interactions can have
strong stabilizing effects. A study of Holocene pollen from eastern North America,
for example (Clark & McLachlan 2003), found that species abundances stabilized
rapidly after glacial retreat and have remained stable over broad geographic scales,
which counters the long-standing view of Holocene forests as randomly assembled
and ever-changing species associations. Milchunas et al. (1988) have proposed that
feedback in subhumid grassland ecosystems that have a long history of grazing
has led to “switching mechanisms” and divergent selection that allow different
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species to become dominant under different stress conditions. This pattern con-
trasts with that in semiarid grasslands, where dominant species become yet more
dominant under stress, and convergent selection reigns. The responses to grazing
in grasslands with short evolutionary histories involve little feedback and are char-
acterized by individualistic species’ responses to grazing pressure. The existence
of “switching mechanisms” among different species could lead to a situation in
which different dominance patterns occur in an otherwise stable community. Both
of these studies conflict with predictions of Hubbell’s (2001) “community drift”
model, which emphasizes persistent dominance patterns as simply the result of the
“law of large numbers,” and not a result of interspecific interactions.

Nonetheless, environmental boundaries and species conformance with them
may be the single most important cause of long-term persistence of taxonomic
associations in the fossil record. At least species-by-environment conformance is
much more easily examined in the fossil record than are interspecific interactions.
The key to the matter seems to be spatial scale, related directly to environmental
scale. As noted by Zeigler et al. (2003), species distributional patterns may be con-
strained mainly by atmospheric and oceanic circulation patterns, which have sharp
boundaries. Identifying the limits to these boundaries and the nature of their change
through time is key to understanding the persistence of assemblages of organisms.

CONCLUSIONS

Above we noted that there are four underlying factors that could contribute to
the persistence of species assemblages through long periods of geological time.
First was the matter of evolved mutualisms. This factor is without a doubt the
most difficult to identify in the fossil record (or in modern communities), but some
illuminating research has been conducted on the subject. Studies of reef corals
(Pandolfi 1996, 2000) suggest limited membership in certain environments, which
points to selectivity, possibly the result of biotic interactions. Similarly, studies of
temperate tree patterns (Clark & McLachlan 2003) and grasslands (Milchunas et al.
1988) also suggest mutualisms that may lead to community persistence. Patterns
of within-clade ecomorphic replacement in late Paleozoic coal-swamp ecosys-
tems (DiMichele and Phillips 1996a) also hint at the possibility that interspecific
interactions may partly control replacement dynamics. Plant-insect associations
across sudden and protracted environmental shifts indicate that levels and types
of herbivory recoup from regional extinction throughout the fossil record (Wilf
et al. 2001, Labandeira & Phillips 2002, Labandeira et al. 2002). Much needs to
be done in this area, and most of the work will come from neoecology, with results
extrapolated to the fossil record primarily through models.

Second is the issue of environmental control. Nearly all the examples given in
this review point strongly to the fact that species are neither randomly nor contin-
uously distributed across the landscape. Boundaries to species distribution clearly
exist, and many species have very similar, strongly overlapping ranges and limits.
This broad pattern is one that permits the recognition of evolutionary-ecological
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units and, at the same time, can limit the utility of local studies for global geologi-
cal temporal correlation. Thus, this situation may be one in which matters of scale,
spatial and temporal, can be most clearly seen as important system constraints.

Third is consideration of the effect of historical contingency, which is mani-
fested in biogeographic patterns. Biogeographic limitations lie a level above those
placed on species associations by climatic and other environmental factors. Bio-
geographic factors control the species pool at a fundamental evolutionary level
and underlie many of the studies discussed here, without being made explicit, as
indicated by the patterns of geographic restriction.

Fourth, the “law of large numbers” has been offered as a null explanation for
persistence (Hubbell 2001). This model generally predicts a rapid decrease in
community similarity as spatial distance and periods of time increase. The law
of large numbers is invoked only when the predictions of other explanations are
not borne out. Studies of coral reefs (Pandolfi 2000) and temperate Holocene
forest composition (Clark & McLachlan 2003) have challenged this assertion by
showing, respectively, that rare taxa can also show persistence within assemblages
and that spatial decay in assemblage similarity is not the rule in some biomes. This
“law” still needs to be evaluated when claims of community persistence are made.

In conclusion, the fossil record offers considerable evidence for the persistence
of species assemblages at many different spatial and temporal scales. It suggests a
hierarchy of ecological organization and that variance is not uniformly distributed
throughout that hierarchy. Some levels show greater spatial and temporal persis-
tence of patterns than others. The case studies and discussion presented above point
to several possible causes for these patterns and provide a range of possibilities
and recommendations that we hope will encourage more uniform approaches and
increased exchange between paleoecologists and neoecologists in the future.
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