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ABSTRACT

Associations of fossil genera and species commonly display repeated
and predictable patterns of change in stratigraphic sections. These
changes exhibit some analogies with the phenomenon of ecological
succession but are longer-term allogenic temporal changes, occurring
over time scales of tens to hundreds of thousands of years, that should
be referred to as biotic (faunal-floral) replacement. Habitat tracking
is one of a suite of possible mechanisms of biotic replacement, but
one that may be important in certain marine settings. Evidence of
tracking includes (1) recurrence of similar replacement series of dif-
fering age; (2) mirroring of vertical replacement of faunas by lateral
gradients of species associations along single time planes; (3) the oc-
currence of similar gradient transects at different time planes; (4) the
correlatability of highs and lows of quantitative faunal curves (e.g.,
variations of detrended correspondence analysis scores) at different
localities despite offsets of absolute scores; and (5) the high fidelity
recurrence of stenotopic species in particular associations represent-
ing narrowly defined environments. The degree of ecological fidelity
(e.g., similarity of species richness, guild structure) that is maintained
during tracking is variable. Recurrent assemblages in different cy-
cles, separated by as much as several million years, can be very sim-
ilar in terms of species composition and trophic structure. Common
species, however, may show significant differences in rank and rela-
tive abundances. This evidence indicates individualistic tracking of
preferred habitat by various species. In shallow-shelf and ramp set-
tings, sea-level fluctuations may produce approximately symmetrical
patterns of biotic replacement where biofacies are arrayed typically
in elongate belts parallel to depositional strike. Asymmetries, how-
ever, are common and may result from variations in sediment supply
during sea-level fluctuation. Hence, the low siliciclastic input typical
of transgressions predictably favors those organisms that require
lower sedimentation or turbidity and perhaps firmgrounds to hard-
grounds, whereas the regressive half cycle at analogous depths favors
more eurytopic organisms that tolerate or prefer higher sedimenta-
tion or turbidity. The phenomenon of tracking may be of consider-
able importance in evolutionary paleoecology. Tracking implies that
species commonly respond to long-term physical changes, not by ad-
aptation, but primarily by migration of species to preferred habitats,
if the rate or magnitude of environmental change is not too great.
Provided that the same basic environment existed through time, de-
spite lateral shifting by up to hundreds of kilometers, most species
of benthic invertebrates were capable of surviving with little or no
evolutionary change. Tracking may be the primary basis of patterns
of morphological stasis, as well as relative stability in biofacies rich-
ness, composition, and trophic structure.
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INTRODUCTION

This paper reviews patterns and definitions of temporal biotic change
in shallow marine biofacies. We review patterns of long-term biotic re-
placement attributed to the process of tracking, present general evidence,
and pose potential tests for tracking. We also discuss deviations from
idealized Waltherian tracking models and their probable causes and, fi-
nally, consider the implications of habitat tracking for evolutionary pa-
leoecology and biofacies stability.

For many years, paleontologists have noted the temporal recurrence of
species and assemblages, also termed associations, communities, paleo-
communities, community types, and biofacies, through stratigraphic suc-
cessions (Johnson, 1964, 1972; Ziegler, 1965; Ziegler et al., 1968; An-
derson, 1971; Cisne and Rabe, 1978; Cisne et al., 1984; Johnson et al.,
1985; Springer and Bambach, 1985; Brett et al., 1990; Jackson, 1994a,
1994b). Renewed interest in this relationship has been fostered by the
development of the sequence-stratigraphic paradigm (Vail et al., 1977,
1991; Van Wagoner et al., 1988; Wilgus et al., 1988; Witzke et al., 1996),
which provides a temporally constrained framework within which to in-
terpret various paleoecologic and evolutionary events, particularly in per-
mitting precise evaluation of the timing of events and understanding how
processes associated with sequence development influence animal com-
munities (Brett, 1998). The processes of sea-level, climate, and sediment-
supply fluctuation have strong biological impacts, controlling spatial dis-
tribution of organisms at a variety of scales and influencing patterns of
immigration, origination, and extinction (Bennett, 1990; Valentine and
Jablonski, 1991; Roy et al., 1994, 1996; DiMichele et al., 2004). Bathy-
metric and sedimentologic factors, in particular, exert major controls on
the distribution patterns of shallow marine benthic organisms. A phenom-
enon observed in the modern realm and inferred from the fossil record
is the zonation of benthic assemblages both along and across depositional
strike (Boucot, 1975; Abbott and Carter, 1997; Scarponi and Kowalewski,
2004; Hendy and Kamp, 2007). The predictable recurrence of depth-
related benthic assemblages (e.g., Ziegler, 1965; Ziegler et al., 1968; Bou-
cot, 1975, 1982; McKerrow, 1979; Boucot and Lawson, 1999) has pro-
vided a useful application of paleontologic data to analysis of sedimen-
tologic and stratigraphic patterns.

Predictably recurring stratigraphic patterns of fossil distribution can be
commonly related to small- and large-scale sedimentary cycles. Indeed,
this notion of cyclic recurrence is fundamental to identification of bio-
facies. For purposes of discussion, we prefer the term biofacies to com-
munity; the latter term has been fraught with ambiguity and may carry a
connotation of a discrete, structured entity. Biofacies, as discussed herein,
are generalized groupings of taxa that characterize particular environ-
ments and, in some cases, represent segments of biotic gradients. Bio-
facies represent the recurrence of similar groups of taxa through strati-
graphic successions and may persist for prolonged periods (up to a few
million years) before being reorganized or replaced during major envi-
ronmental perturbations.
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The temporal pattern of biotic change recorded in particular vertical
stratigraphic sections has been referred to as community replacement
(Kauffman and Scott, 1976; Miller 1986, 1988, 1990a, 1990b). It has
been suggested that replacement commonly reflects a process that has
been termed habitat tracking (Miller, 1990b; Brett, 1998).

This paper focuses on tracking as an alternative to nontracking modes
of biotic replacement emphasized in other recent studies (Bennett, 1990;
Jackson and Overpeck, 2000; DiMichele et al., 2004). Habitat tracking
at the scale of biofacies is only one of the various processes of biotic
replacement and probably does not apply to most continental and many
marine environments. We suggest, however, that it may be a common
pattern in certain settings that are the purview of this special volume:
shallow marine ramps and shelves subject to gradual fluctuations in sea
level. Habitat tracking is one, possibly important, mechanism to generate
recurrence in associations that has implications for the type and rate of
environmental change. Eldredge (1995, 1999) argued that habitat tracking
might be the most important causal mechanism for evolutionary stasis
(see also Gould, 2002, p. 880–881).

Many questions remain with respect to the issues of recurrence and
tracking. To what degree are aspects of species diversity (richness), guild
structure (sensu Root, 1965), species-list, and relative or rank ordering
maintained in successive appearances of a particular biofacies? Can these
attributes of ecological structure, taxonomic composition, or abundance
structure be maintained through a major physical perturbation? Can gra-
dients of species or genus distribution persist through long periods of
time, or do they fluctuate continually? Answers to these questions speak
to important issues in evolutionary ecology. For example, are commu-
nities tightly knit entities with a stability resulting from biotic interac-
tions, as per the Clementsian view (Clements, 1916), or merely collec-
tions of independently responding species that co-occur because of sim-
ilar environmental tolerances, as in the Gleasonian perspective (Gleason,
1926)? Perhaps it is more important to determine the situations under
which species and species associations may persist and track shifting
environments and those under which they do not, for herein may lie an
important control on rates of evolution.

TEMPORAL BIOTIC CHANGES IN RESPONSE TO
ENVIRONMENTAL CHANGES: BIOTIC SUCCESSION

AND REPLACEMENT

Scales of Temporal Biotic Change

Temporal changes in composition of biofacies occur at varying scales
(Table 1). Numerous terms, including community succession (e.g., Don-
ahue et al., 1972; Johnson, 1972; Donahue and Rollins, 1974; Bretsky
and Bretsky, 1975; Walker and Alberstadt 1975), community replace-
ment, or biofacies replacement (e.g., Rollins et al., 1979; Brett, 1998;
Patzkowsky and Holland, 1999), and community reassembly (e.g., Miller,
1986; Miller and Dubar, 1988), have been used by paleontologists to
describe such temporal changes observed in the sedimentary record. The
following section reviews the different temporal levels of biotic change
and suggests a slightly revised terminology.

Biotic Succession.—Short-term biotic change involving compositional
variation on the scale of an individual bed or sediment body may be
termed succession (sensu lato). Such change involves physical or biotic
alteration of the local environment leading to systematic changes in the
biota and operates in ecological time frames of tens to a few hundreds
of years. Walker and Alberstadt (1975) distinguished between autogenic
succession (which is succession sensu stricto of most ecologists; e.g.,
Elton, 1933; Odum, 1971; Pickett, 1976; Connell and Slaytor, 1977),
involving environmental changes brought on by the activities of coloniz-
ing of organisms themselves, and allogenic succession, in which biotic
changes are brought on by external, environmental controls (Walker and
Alberstadt, 1975).

Short-term biotic changes, including true (autogenic) succession, are
rarely resolvable in marine sections given the low rates of background

sedimentation and mixing effects of bioturbation (Schindel, 1980, 1982;
Sadler, 1981). Episodic sediment accumulation, however, may provide
snapshots of seafloor communities in different stages of succession (Tay-
lor and Brett, 1996) that permit indirect reconstruction of successional
patterns. Plausible cases in which several successive seres are preserved
include examples of reefal succession (Walker and Alberstadt, 1975). Al-
logenic succession may include evidence for change from soft- to firm-
to hardground communities resulting from progressive lithification of the
seafloor (see review by Wilson and Palmer, 1992). Taphonomic feedback
represents a special case of short-term change, involving both autogenic
(e.g., skeletal production) and allogenic (e.g., storm aggregation) aspects
in which the accumulation of skeletal debris makes the seafloor disad-
vantageous to burrowing infauna and favors encrusting epifaunal domi-
nated communities (Kidwell and Jablonski, 1983). Larger, allocyclic pro-
cesses may, in turn, mediate all of these types of short-term biotic change.
For example, hardgrounds, shell grounds, and reefal buildups may all be
promoted by low rates of sedimentation during sea-level rise (see
McLaughlin and Brett, 2007).

Biotic Replacement.—Initially, paleoecologists made an analogy be-
tween large-scale temporal changes and the ecological notion of com-
munity succession (Johnson, 1972; Donahue and Rollins, 1974; Bretsky
and Bretsky, 1975; Rollins et al., 1979). For example, the stratigraphic
distribution of Ordovician invertebrate fossil associations observed
through more than 800 m of cyclic sediments in the Nicolet River Valley
was termed long-term succession by Bretsky and Bretsky (1975), and the
stepwise changes were considered successional seres.

Both the time scale and processes involved in these changes were sub-
sequently recognized as being completely different from those associated
with succession as defined by neontologists (e.g., Gould, 1980; McCall
and Tevesz, 1983; Brett, 1998). For example, the changes observed by
Bretsky and Bretsky (1975) occur through tens to hundreds of meters of
stratigraphic section and probably respond to cyclic processes operating
over thousands or tens of thousands of years. Nevertheless, there are
interesting parallels between seres of short-term succession on mud bot-
toms and the longer-term overall patterns. Notably, the pioneer assem-
blages of successions following storm disturbances in shallow water areas
may mimic stable fossil associations in deeper, dysoxic environments
typical of the lower portions of shallowing-upward cycles (Taylor and
Brett, 1996). This is true presumably because stressed and fluctuating
conditions in deeper dysoxic basins favored eurytopic, generalized or-
ganisms that occur broadly in many environments—of the same sorts that
formed pioneers in successions following disturbances in shallow-water
settings. Moreover, fluctuating oxygen levels in dysoxic settings frequent-
ly downgrade successions and maintain communities at a pioneer sere.

Thus, while the long-term process of biotic replacement may in some
ways mirror processes seen in ecological succession, it is not the same
thing, and the term community replacement was eventually substituted
for the term long-term allogenic succession (Walker and Alberstadt, 1975;
Rollins et al., 1979; Miller, 1986, 1990a, 1990b; Table 1). The terms
faunal replacement, floral replacement, or biotic replacement are preferred
to community replacement because of the controversies surrounding the
definition of the term community (see Springer and Miller, 1990).

The vertical changes of biotas in sedimentary cycles occur generally
at time scales of thousands to hundreds of thousands of years, the same
scale as such processes as sea-level and climatic fluctuations; the two are
often closely related as evidenced by lithofacies and biofacies changes in
cycles (e.g., Bennett, 1990, 1997; Cateneaunu, 2002; Coe, 2003). It
should be noted that not all stratigraphic changes in biotic composition
qualify as biotic replacements. Discontinuities ranging from subtle dias-
tems to larger disconformities may juxtapose dissimilar fossil assemblag-
es that were not adjacent or contemporaneous. These changes in fossil
composition, termed heterochronous replacements by Rollins et al.
(1990), are an artifact of missing section and are typical of sequence
boundaries and flooding surfaces of depositional sequences (Holland,
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TABLE 1—Terminology of biotic replacements.

Time scale Stratal pattern Inferred process Examples

Short term (ecological scale):
Within bed/bioherm (10–103 yrs) Succession Autogenic succession pioneer-climax seres in reefs

Allogenic succession softground to hardground biotas
Taphonomic feedback soft substrate-shell ground

Intermediate term:
Bed scale (103–104 yrs) Gradational replacements Habitat tracking gradual change from one biofacies to next

Disjunct replacements Disassembly-reassembly abrupt change from one biofacies to
different one

Formation scale (104–105 yrs) Replacement series Habitat tracking
Dissasembly-reassembly

pattern involving sequential biofacies
replacements

Symmetrical series Habitat tracking symmetrical pattern of replacement with
mirror image recurrence of biofacies

Asymmetrical series Habitat tracking
Disassembly-reassembly

asymmetrical pattern of gradual biofacies
replacements without return to same end-
point

Long term (evolutionary scale):
(104–106 yrs) Disjunct biotic turnover Immigration, evolution

Emigration, extinction
part or all of preexisting biofacies gradient is

replaced by new biofacies not previously
present in local basin

1996). True biotic replacement can only be documented in continuous
stratal sections.

Patterns of Biotic Replacement

Gradual and Disjunct Replacement.—The vertical stacking of changing
fossil assemblages may record a gradual or piecemeal changeover from
one portion of a gradient, of species, or of en echelon replacement sensu
Miller (1990a), or it may be abrupt in a true, biological sense, despite
conformity in the strata. Miller (1990a) identified such abrupt changes as
catastrophic turnovers; such replacement patterns are herein referred to
as disjunct replacement (Table 1). These abrupt changes almost certainly
record a fairly major and rapid environmental change, even if the physical
stratigraphic record appears unbroken and the facies monotonous.

Replacement Series.—In many cases, gradual vertical biotic replace-
ment, or gradational replacement, involves a series of three or more bio-
facies, which is referred to herein as a replacement series. A replacement
is simply a vertical change in biofacies and may or may not reflect Walth-
erian juxtaposition of adjacent biofacies. A critical question to be con-
sidered in evaluating long-term stability is whether replacement series of
different times and places show a predictable stacking order of successive
biofacies.

The vertical pattern of replacement series through a local cycle may
appear nearly symmetrical, with more or less mirror-image recurrence of
fossil assemblages on either side of the cycle center. Brett (1998) termed
this pattern symmetrical tracking, but, as tracking implies a process, rath-
er than a pattern, we substitute the term symmetrical replacement for such
vertical patterns. Conversely, in asymmetrical replacements, the patterns
of biotic replacement may be quite dissimilar in different portions of a
cycle; that is, the regressive half cycle may show a very different pattern
from the transgression. Some asymmetries are a stratigraphic artifact pro-
duced by missing section owing to erosion or condensation. Others, how-
ever, are based on environmental asymmetries during depositional cycles
(Rollins et al., 1979, 1990; Brett, 1998).

Biotic Turnovers.—A special type of disjunct replacement occurs at the
boundaries of ecological-evolutionary units (Brett and Baird, 1995; Shee-
han, 1996). This type of replacement frequently involves the appearance
of a suite of species not previously seen in the basin via immigration or
new evolution, as well as loss of taxa by emigration, and extinction. This
higher-level disjunct replacement is commonly referred to as biotic turn-
over. While such replacements are intrinsically interesting, we do not
consider them further in this paper.

MECHANISMS OF REPLACEMENT

Gradual, en echelon replacement connotes a pattern of stratigraphic
change in fossil assemblages, encompassing hundreds to thousands of
years and recording environmental fluctuations, typically sea-level cycles.
Examples of biotic replacement are abundant in Plio–Pleistocene sedi-
mentary sequences (e.g., Bennett, 1990, 1997; Kitamura et al., 1994;
Abbott and Carter, 1997; Dominici, 2001; Hendy and Kamp, 2004, 2007;
DiMichele et al., 2004), where they result from glacioeustasy, occurring
through time spans of 41–100 ky.

Disassembly-Reassembly

Piecemeal reassembly of faunal associations recruited from various lo-
cal species pools appears to typify certain types of biofacies in particular
settings (Miller, 1986, 1990a, 1990b; Buzas and Culver 1994, 1998). For
example, it is clear that replacements of continental mammal and plant
assemblages in successive Pleistocene glacial-interglacial cycles involved
strongly individualistic behavior and that successive communities typi-
cally involved substantially different combinations of species, including
species that are rarely, if ever, found living together in recent times (non-
analogue assemblage; see Bennett, 1990; Graham et al., 1996; Jackson
and Overpeck, 2000). Similarly, Valentine and Jablonski (1993) and Stan-
ton and Dodd (1997) document substantial flux in species composition
in Plio–Pleistocene marine molluscan assemblages from seemingly anal-
ogous environments that may represent essentially continuous reorgani-
zation of associations from changing species pools. An implication of
these studies is that most species exhibit highly individualistic behavior
and, moreover, may occupy a greater range of environments than those
realized during a point in time, such as the present day, and form a wide
array of different associations with other species.

This view is in line with metacommunity models in which geographical
patterns of species are shaped by chance appearances and disappearances
of local habitat patches (see the review in Jackson and Overpeck, 2000).
Metacommunity models can be treated as null models against which pat-
terns of nonrandom taxonomic associations can be identified. In at least
some cases, the models do not appear to predict distribution patterns of
real species (Harrison, 1994). Harrison (1998) argued that there is no
support for metacommunity models of community assembly: ‘‘Instead, it
appears likelier that species are present in most of their habitats most of
the time’’ (Harrison, 1998, p. 29). This view is in accord with the fossil
record of certain recurring assemblages in ancient marine environments



PALAIOS 231FAUNAL REPLACEMENT AND HABITAT TRACKING

FIGURE 1—Conceptual model of tracking based on the concept of Gaussian dis-
tribution of species along an environmental gradient. A) Distributions of various
species along the depth gradient. Note that biofacies could be recognized as the
overlapping ranges of several species along arbitrary segments of the gradient; no
interactions among species are implied. The four species highlighted are shown in
time-geography diagram below. B) Time-geography plot showing tracking of four
species through several shallowing-deepening cycles, assuming that relative abun-
dances and positions of each species along the gradient are maintained through time.

and the concept of tracking. Conversely, there is no major disagreement
with metapopulation models (see McKinney and Allmon, 1996) that pos-
tulate local decimation of populations followed by reestablishment from
nearby sources or larvae within the water column. It is certainly plausible
that metapopulation dynamics of this type are ongoing but are simply not
resolvable in most time-averaged assemblages; this kind of change occurs
at the scale of biotic succession, rather than biotic replacement.

Habitat Tracking

Replacement series in some marine benthic assemblages commonly
display predictable recurrence of species groups or associations. Although
perfect recurrence of relative abundance, species composition, or richness
is observed rarely (Miller, 1990b; Bennington and Bambach, 1996), there
are often strong similarities between samples of markedly different age
that seemingly derive from similar environments, at least in terms of
water depth and sedimentary regime. For example, Brett et al. (2007)
document the recurrence of 60%–80% of species in samples of diverse
Middle Devonian biofacies that span approximately 5 myr and also show
the same stacking order in several cycles. Arguably, when such predict-
able replacements occur repeatedly in regular succession-like order in
sedimentary cycles, as in Bretsky and Bretsky’s (1975) famous example,
habitat tracking appears as a plausible and parsimonious explanation.

Habitat tracking is defined here as the lateral migration of species or
biofacies in response to shifting environments (Fig. 1). The concept of
habitat tracking should be distinguished carefully from biotic replace-
ment, as the latter denotes a pattern, while the former represents an in-
ferred process. It is further implied that tracking involves temporal and
typically spatial continuity in distribution of populations of particular
species or species associations within a local depositional basin during
migration, rather than local extinction and recolonization from outside
sources.

Species-Level Tracking.—It is also necessary to make a careful dis-
tinction between habitat tracking at the level of particular species, as
opposed to tracking of associations of species or biofacies, which we
refer to as biofacies-level tracking. At a species level, tracking implies
that populations typically do not remain in one site and acclimate or adapt
in the face of gradual environmental change or change habitat tolerances
through time. Moreover, the species need not be recruited from external
sources. Obviously, each species has a particular range of tolerance for
environmental parameters. Most larger organism species probably do not
evolve quickly enough to keep up with changing environments by ad-
aptation and, thus, have only the option of lateral shifting (Jackson and
Overpeck, 2000). The persistence of many species, stasis, implies that
habitat tracking at a species level is a significant phenomenon. Species-
level habitat tracking, however, need not result in habitat tracking by
biofacies.

Biofacies-Level Tracking.—As noted, biofacies-level tracking is only
one possible process among several that may result in patterns of biotic
replacement. Other possibilities include (1) complete disassembly and
reassembly of varying combinations of species from metapopulations,
resulting in nonrecurrent replacement series, and (2) tracking of some
species, but not a majority, with variable reassembly of remaining species.
If species are tracking habitats largely independently of one another, then
biofacies tracking may occur when only one or two major environmental
parameters are changing gradually. If several different environmental fac-
tors are changing independently of one another, then varied assortments
of species may be formed and reformed through time, as well illustrated
in examples of Pleistocene land plants (Jackson and Overpeck, 2000).
Conversely, if some biofacies are more tightly structured with numerous
biotic interactions, as is possibly the case in some high-diversity reef
communities (Pandolfi, 1996), they may track with considerable fidelity,
perhaps even in the face of some range of fluctuation in several physical
parameters.

At the level of species associations, tracking implies that the compo-
sitions of biofacies assemblages are relatively persistent through time;
rank and relative abundance of species may or may not be maintained.
Although it is possible that the local extermination of species followed
by reassembly could lead to closely recurrent assemblages under very
similar environments (Jackson and Overpeck, 2000), when close recur-
rence is seen at multiple successive cycles, persistence and tracking of
associations is likely.

Habitat tracking does not imply that species form discrete, well-
bounded communities (e.g., Aronson and Plotnick, 1998). Rather than
forming discrete communities, marine benthic species typically show gra-
dients of distribution along environmental clines. For example, species
typically show patterns of preferred distribution down a ramp from shal-
low to deep water, or along a particular bathymetric zone (facies belt)
from low- to higher-sedimentation rates (Holland et al., 2001; Webber,
2002; Hendy and Kamp, 2004; Holland and Patzkowsky, 2004). In this
sense, a biofacies or community type (sensu Bennington and Bambach,
1996) may simply be the sum of segments of particular species gradients
(Fig. 1). Quantitatively, biofacies are analogous to clusters of a dendro-
gram and are often defined as such. Conversely, gradients can be depicted
by the continua of ordination (e.g., Holland and Patzkowsky, 2004).

Recurring replacements of biofacies may be conceived of as the shift-
ing of particular parts of the gradient into or out of the frame of reference
provided by a local outcrop section (Fig. 1). In fact, the concept of track-
ing is quite in line with the occurrence of gradients of species composition
and says nothing about the cohesiveness of communities. Tracking, how-
ever, does imply the persistence of relatively stable gradients of species
tolerances through time, especially with regard to depth preferences. In
this context, the main test of the validity of tracking is whether patterns
of species distribution arrayed along environmental gradients are rela-
tively constant through time and are shifted geographically in response
to changing sea level or other extrinsic forcing factors.

Considerable paleontological literature suggests that species maintain



232 PALAIOSBRETT ET AL.

nearly constant environmental tolerances, particularly relative depth rang-
es, for prolonged time intervals (see Boucot, 1990, for a review). This is
evident in Plio–Pleistocene marine corals and mollusks for which direct
comparisons with modern counterparts yield very similar patterns of rel-
ative distribution along depth gradients (Pandolfi, 1996; Gardiner, 2001;
Scarponi and Kowalewski, 2004; Hendy and Kamp, 2007). Testing the
assumption of constancy in habitat preferences and depth tolerances of
ancient organisms is difficult. Assuming Gaussian distributions of species
along depth gradients, Holland et al. (2001) developed a method for es-
timating the preferred depth, depth tolerance, and peak abundance of
fossil benthic species. Holland and Patzkowsky (2004) applied this meth-
odology to examine the preferred depth, depth tolerance, and peak abun-
dance of various genera through a portion of the Late Ordovician rep-
resenting �2–4 myr. They concluded that a majority of common taxa
maintain a relatively constant paleobathymetric distribution through time,
although they noted several instances in which preferred depths changed
within genera through the studied interval. These changes, however, ap-
parently are not found within single species but between different species
of the same or related genera. Furthermore, as a complex of environ-
mental parameters probably controls the distribution of species, various
combinations of changes may result in modifications of preferred depth.

Olszewski and Patzkowsky (2001) proposed a test of gradient recur-
rence based on quantitative similarities of distribution of species. For
some 51 cyclothems in five sequences in the Pennsylvanian–Permian of
the U.S. midcontinent, they found that, while two major biofacies and
general gradients of faunal composition within each were recognizable,
the specific order of generic association along these gradients was not
consistent from cycle to cycle. To date, this test has not been applied in
other cyclic recurrences, but it seems probable that the exact order of
appearances in cycles may not be recurrent, especially when many species
are eurytopic (see Brett et al., 2007) and several parameters control the
distributions of most species.

Miller (1990a, p. 41) considered biofacies tracking to be an artifact, as
he wrote: ‘‘If habitats recur and if . . . staffing networks remain essen-
tially intact for long intervals of time, ecosystems (as shown by fossil
associations) may appear to track shifting environments.’’ He argued that
most soft-bottom ecosystems familiar to paleoecologists have life spans
of 10–10,000 years. While this may be true of the precise local sectors
of gradients that might be identified by an ecologist as communities,
evidence has been found that general gradients of species occurrence may
persist for periods of several million years (Pandolfi and Jackson, 1997;
Brett et al., 2007). Miller (1990b) further asserted that benthic commu-
nities do not move across the seafloor as well-integrated units that are
somehow able to track preferred environments. In his view, a community
is much more likely to become disorganized, collapse, and perhaps be
reassembled in more or less the same arrangement at a new site. Although
a variety of evidence cited herein and elsewhere indicates that many
species associations are not tightly integrated entities, we disagree with
the notion of frequent collapse and reformulation of these associations
along gradients. In most cases there is no evidence for dramatic collapse
of a regional ecosystem, although local short-term storm disruption of
seafloor patches, as predicted by the successional model of Johnson
(1972), may require recolonization (see later sections below). These dis-
ruptions, however, do not seem to result in permanent changes in overall
biofacies or species gradients; see the discussion of separation of pro-
cesses acting at different hierarchical levels in Pandolfi and Jackson
(1997) and Schopf and Ivany (1998). Time-averaging in most fossil as-
semblages yields an averaged overview of species occupying a given area
through time, frequently smoothing out evidence for such local and short-
term disruptions (Schopf and Ivany, 1998).

In shallow shelf seas and foreland basins that have yielded a good deal
of the marine fossil record, tracking may occur particularly in response
to fluctuations in relative sea level, as indicated by strongly recurrent
species associations (biofacies) during transgressive-regressive cycles
(Rollins et al. 1979; Bennington and Bambach, 1996; Brett and Baird,

1995; Holterhoff, 1996; Pandolfi, 1996; Pandolfi and Jackson, 1997).
That is, collections of species responding to a common environmental
signal migrate following their preferred habitat or environmental param-
eters. In many epeiric ramps, species associations were arrayed in elon-
gate, laterally extensive belts, aligned roughly parallel to shoreline along
gently sloping ramps as evidenced by basin analyses and mapping of
biofacies (cf. the benthic assemblage concept of Ziegler et al., 1968;
Boucot, 1975, 1990; Hurst et al., 1978; see Watkins et al., 2000, for
further discussion of changes in the Silurian). Where outcrop belts par-
allel depositional strike, biofacies may show remarkably little change lat-
erally along time planes (Ziegler, 1965; Boucot, 1975; Brenchley, 1990;
Boucot and Lawson, 1999, and examples therein; Brett et al., 2007).
Changes in relative sea level of even a few meters should result in shifting
of the depth belts for considerable distances up or down a gentle ramp.
Maximum rates of glacioeustatic change can be estimated at about 6–8
mm per year, based on evidence of 100–120 m of sea-level rise in the
past 15,000 years (see Milliman and Emery, 1968). Such rates of sea-
level change are low relative to generation times of benthic invertebrate
animals, and it should be possible for most marine species populations
to keep up with and shift with their preferred environment. Gradual
change in water depth scarcely qualifies as a cause for collapse of an
ecosystem. Obviously, for sessile or weakly vagrant organisms migration
does not involve mobility of adults but, rather, gradual larval dispersal
and differential survival. Figure 1 shows a hypothetical set of species
with differing but overlapping depth tolerances. Through time, the mean
distribution should shift in response to increasing or decreasing relative
depth. Both biofacies and lithofacies respond to sea-level fluctuations.

Tracking inferred from vertical series of biofacies replacements, thus,
invokes Walther’s principle, often called Walther’s Law, of facies stacking
(Walther, 1890–1893; Middleton, 1973; but see Soreghan, 1997, for ex-
amples of non-Waltherian facies replacement). The vertically superposed
biofacies, like the lithofacies themselves, are a manifestation of migration
of belts of biofacies that were arrayed laterally to one another at any
given time plane. At least some faunal or community replacements may
represent tracking and, in these instances, the Waltherian prediction of
lateral-vertical relationships is testable.

TESTS FOR TRACKING

The general validity of biofacies tracking is subject to testing, based
in part on Waltherian principles. General tests of tracking include (1)
orderly recurrence of species and biofacies stacking patterns in cycles of
differing place and time; (2) comparisons of vertical series of faunal
replacements with lateral gradients of fauna along isochronous transects
of the same cycle; (3) comparisons of lateral biofacies gradients along
successive time planes; (4) concordance of curves generated by quanti-
tative gradient analysis, for example, detrended correspondence analysis
(DCA) in different localities, coupled with offsets in absolute values; and
(5) high-fidelity recurrence of endemic stenotopic species in very specific
litho- and biofacies associations. The first test is simply a prerequisite to
further consideration of tracking, for if a majority of species do not recur
or stacking order is very different from cycle to cycle, then the process
of tracking is clearly refuted. The second and third tests are more strin-
gent because they test for patterns of recurrence in three and four di-
mensions, respectively; that is, comparison of vertical and lateral gradi-
ents of species composition along single and across multiple time planes.
The fourth test evaluates tracking quantitatively by testing for similarity
of pattern coupled with offset of quantitative coenocorrelation curves.
The final test assesses whether groups of facies-restricted, and ideally
endemic, species always or frequently occur together. If they are endemic,
they cannot be restocked from other provinces, and if they are only ever
seen in particular biofacies, then they indicate the persistence of a narrow
range of conditions for the duration of their occurrence; this evidence
further indicates that these organisms track this narrow environmental
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FIGURE 2—Study site for gradient analysis of Upper Ordovician Trenton Group marine biotas in the Mohawk Valley of New York State. A) Map view showing general
lithofacies belts; white � carbonate platform facies (Denley Limestone: middle Trenton Group nodular wackestones to packstones); light gray � deep shelf-ramp facies
(Dolgeville calciturbidite); dark gray � black, calcareous shale facies (Utica or Flat Creek Shale); arrows show paleocurrent directions based largely on graptolite orien-
tations. B) Regional cross section of upper middle Trenton Group showing two shallowing-deepening cycles. Note positions of correlated K-bentonites used to establish
isochronous transects (solid lines). Adapted and redrawn from Cisne and Rabe (1978).

window as it shifts geographically. We suggest that these approaches to
assessing tracking form an important future agenda for paleoecologists.

Recurrent Replacement Series

A high proportion of recurrent species in particular associations and in
similar order in sedimentary cycles suggests that species track shifting
habitats and that general biotic gradients can persist for geologically long
periods of time. Conversely, stacking patterns in replacement that differ
strongly from one another may require such alternative explanations as
the presence of discontinuities or stratigraphic incompleteness. Assuming
that such artifacts can be ruled out, the order of appearance of species
and biofacies in vertical shallowing or deepening successions should re-
flect a signature of biotic response to environmental changes (Fig. 1). If
a conformable vertical replacement series appears chaotic, then a random
disassembly-reassembly model may be favored instead. In addition, if
gradients from comparable parts of different cycles show internal order,
but differ substantially from one another in species or generic biotic com-
position or stacking order, then this would further indicate that biotic
gradients are not relatively constant through time. An effort must be made
to compare the most similar facies suites in cycles of different ages be-
cause, as noted in the following sections (and see Brett at al., 2007),
organisms may respond to more than one type of environmental influence
that will fluctuate in addition to bathymetrically related parameters. The
observation of similar biofacies stacking patterns in cycles of different
ages, thus, provides necessary but not sufficient evidence to support a
model of habitat tracking. For example, disassembly-reassembly may also
produce deterministic patterns of replacement.

Lateral Displacement of Biofacies along Isochronous Horizons

A second test of tracking involves direct application of the predictions
of Walther’s Law. Simply stated, it should be possible, within a single
transgressive-regressive cycle, to demonstrate that the lateral progression
of biofacies (or quantitative gradient scores) along single time planes
mirrors the replacement series seen in vertical stratigraphic sections of
that cycle. Such isochronous planes may be marker beds, including K-
bentonites (see Cisne and Rabe, 1978; Figs. 2–3), cycle turnover points,
or flooding surfaces. Within a sequence stratigraphic framework, facies

gradients can be established at least for particular correlated systems
tracts, and these generalized transects permit examination of approxi-
mately synchronous lateral faunal gradients. In other words, when a par-
ticular species or biofacies is absent in one portion of the basin—for
example, because local conditions are too shallow—that species or as-
sociation may be found in coeval strata elsewhere, in this case, shifted
more basinward. If the biofacies cannot be found to exist anywhere within
the basin at certain time planes, then their recurrence at various levels
must be attributed to deterministic reassembly of similar associations
from metapopulation pools, rather than tracking. A practical difficulty in
applying this test is finding sedimentary basins with accessibility of sec-
tions both along and across depositional strike. Again, the basic Walth-
erian prediction of tracking is testable within the context of a single
depositional cycle. Lafferty et al. (1994) and Brett et al. (2007, fig. 7)
discuss examples of this approach involving cycles in the Middle De-
vonian Hamilton Group.

Recurrence of Lateral Biotic Gradients

Perhaps the best test for consistency of faunal gradients through time
is possible where such multiple isochronous markers as correlated K-
bentonite beds exist in a basin. High-resolution correlations may provide
a time series of snapshots of bathymetric gradients. If the biotic gradients
appear similar but shifted geographically through time, a case can be
made for faunal tracking, as opposed to disassembly and reassembly of
faunal associations. This inference is valid only if the time planes do not
all reflect analogous parts of several cycles. In an outstanding example
of recurring gradients, Cisne and Rabe (1978) were able to establish a
series of transects along a Mid–Late Ordovician carbonate platform-to-
basin trend in the classic Trenton to Utica shale succession of the Mo-
hawk Valley, New York, using correlated K-bentonites as time markers
(Figs. 3–4). Although some of the correlations were later found to be in
error (e.g., Mitchell et al., 1994), the work of Cisne and Rabe (1978) and
Cisne et al. (1984) established the general persistence of species
composition along gradients through time by comparing successive tran-
sects (Figs. 2–3). Offsets in the geographic positions of successive faunal
gradients indicate that the entire gradient could shift, presumably in re-
sponse to sea-level oscillations (Fig. 3). This framework provided the
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FIGURE 3—Plots of distance along west-east Mohawk Valley transect versus time (estimated as thickness in standard reference section). A) Facies change, coded as in
Figure 2, showing transgressive-regressive cycles. B) Faunal replacement patterns plotting gradient analysis (reciprocal-averaging) scores versus time and distance along
transects. Note approximate parallelism of trends in lines for equal scores and facies cyclicity. C) Series of three isochronous gradients along standard east-west transect,
showing fluctuating relative abundance of common genera. Note general similarity of proportional abundance along successive transects, despite offset in position. The
brachiopod Rafinesquina dominates shallow-water facies, and the trilobite Triarthrus typifies deeper-water (east) ends of transects. Figure adapted and redrawn from Cisne
and Rabe (1978).
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FIGURE 4—Detrended correspondence analysis (DCA) of Ordovician faunas from
Kope Formation in northern Kentucky. A) Schematic diagram showing preferred
positions of common genera along the depth gradient based on DCA scores for all
samples. B) R-mode DCA axis 1 vs. axis 2 plot showing distribution of species
along DCA axis 1 inferred to represent relative depth (inset shows Q-mode plot of
all samples). A is adapted from Webber (2002); B is adapted from Holland et al.
(2001).

basis for development of the field of gradient analysis and coenocorre-
lation or the pattern matching of gradient analysis curves (e.g., Springer
and Bambach, 1985; Patzkowsky, 1995; Holland et al., 2001; Olszewski
and Patzkowsky, 2001; Holland and Patzkowsky, 2004).

Alternatively, discovery of gradients of strongly varying composition
at different transects would imply variable reassociation of species and
falsify a process of tracking. Obviously, this test will be applicable only
in special cases in which multiple isochronous gradients exist within sim-
ilar lithofacies gradations.

Correlation of Gradient Analysis Curves

A fourth indirect test of the predictions of Walther’s law is closely
related to the test of multiple gradient transects. Using such ordination
techniques as DCA or nonmetric multidimensional scaling, it is possible
to quantify gradients of species composition and to relate these to envi-
ronmental gradients, especially water depth (e.g., Cisne and Rabe, 1978;
Holland et al., 2001; Miller et al., 2001; Webber, 2002; Holland and
Patzkowsky, 2004; Figs. 4–6). Vertical series of DCA scores based on
biotic replacements in single sections can be used to generate coenocor-
relation curves indicating relative environmental change. A test of track-
ing involves examination of coenocorrelation curves generated from a
series of localities in successively more downramp or upramp positions,
which are independently correlated using event beds, sequence stratig-
raphy, or other high-resolution methods. If groups of species track relative
depth fluctuations, then the coenocorrelation curves should have the same
configuration of DCA scores in correlative horizons, but the absolute
values of the deeper or shallower sections should be consistently offset
(Fig. 5). Lack of concordance between independently correlated curves
could indicate that faunal gradients are impersistent or that species occur
in local patches or random associations, but in any case would argue
against tracking.

Using semiquantitative estimates of the abundance of taxa in the Late
Ordovician of the Cincinnati Arch, Holland et al. (1997, 2001) and Miller
et al. (2001) quantified gradients of brachiopods, trilobites, crinoids, and
other groups that appear to indicate relative depth (Fig. 4). They then
generated curves of DCA scores for various stratigraphic sections based
on vertical sampling of fossil assemblages for various localities (Fig. 5)
that form a proxy record of minor, low-amplitude, sea-level oscillation.
Note that in Figure 5, the general form of the DCA curves is preserved
in different localities, even though the absolute scores are shifted; this
would seem to imply that the general faunal gradient is conserved and is
shifted laterally through time. The degree to which such DCA curves can
be correlated (coenocorrelation) serves to strengthen the argument for
environmental tracking by groups of species, which share similar habitat
preferences. Figure 3 shows a set of curves of equal gradient scores from
the work of Cisne and Rabe (1978). Again, the various curves show
similar patterns indicating shifting of gradients.

The amount of offset of scores along correlative horizons should in-
dicate the relative depth of the sections. Indeed, this inference has recently
been used to good advantage by Scarponi and Kowalewski (2004) to
quantify depth differences between two sections on a Pleistocene ramp.

Environmental Fidelity of Stenotopes

Yet another line of evidence for tracking comes from the distribution
patterns of stenotopic species and may be termed the test of stenotopes.
Obviously, eurytopic species cannot provide a very sensitive test of track-
ing. If, as suggested by Miller (1990a, p. 41), ‘‘most species are repre-
sented in more than one . . . kind of ecosystem,’’ then ‘‘populations in
one local ecosystem may serve as sources for staffing in other systems.’’
Certain species, however, are confined to very specific litho- and bio-
facies. This is especially true in such high-diversity faunal associations
as coral-bed biotas in the Devonian of New York State, wherein more
than half of the species found are confined to these associations (e.g.,
large rugose and tabulate corals; Baird and Brett, 1983; Brett et al., 1996;

Fig. 6). The case for tracking is most strongly made for endemic steno-
topes in semienclosed basins for which much of the record of the basin
is preserved, as in the middle Paleozoic of the Appalachian Basin (Brett
et al., 1996, 2007). Instances of incursion of species not observed in older
samples of biofacies are known, and these must involve recruitment from
external species pools; this process may also be involved in the recurrence
of some species within biofacies. If, however, it can be argued that species
could not have been restocked from other basins, and also that they are
nearly always found together in associations, then it can be inferred that
they must have tracked a suite of rather tightly defined environmental
conditions.

COMPLEXITIES OF REPLACEMENT SERIES

Symmetrical and Asymmetrical Replacement Series

The vertical succession of fossils in a given section may appear nearly
symmetrical, with mirror-image recurrence of assemblages around cycle
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FIGURE 5—Vertical profiles showing detrended correspondence analysis (DCA)
axis 1 scores plotted against stratigraphic thickness. A) Plot of DCA axis 1 scores
versus thickness for middle-upper Kope and Fairview Formations at K445 standard
reference section in cuts along Kentucky Route 445 and adjacent sections on High-
way I-275, near Brent, Kentucky; C 1–1 through C1–4 and C-2 represent deposi-
tional sequences recognized by Holland et al. (1997). B) Expansion of upper portion
of curves of 20-point moving-average scores through upper Kope and Fairview for-
mations for two sections separated by about 80 km, showing general parallelism of
curves despite offset in absolute scores. Offset in absolute scores indicates that the
K445 section was consistently deeper than Holst Creek, but similarity of pattern
indicates that species in each area responded to common environmental (water-
depth) changes during transgressive-regressive cycles. Adapted from Holland et al.
(2001).

FIGURE 6—Recurrence of stenotopic species in successive fourth-order cycles of
the Middle Devonian Hamilton Group and Tully Formation in western-central New
York with relative sea-level curve shown to the left; numbers listed under benthic
assemblage refer to depth-related benthic assemblage zones, as recognized by Boucot
(1975), with BA 4 � deep storm wave base; 5 � dysoxic, below storm wave base
(see Brett et al., 1990). X � the occurrence of the taxon in the shallowest, limestone-
rich portion of given cycles recorded for this duration (� 5.5 myr); gray circles
around X � a common-to-dominant member of the fauna. Note that these species
are not found in any of the deeper-water facies of the cycles anywhere within the
basin but recur with strong fidelity in the shallowest, coral-rich facies and that these
species consistently occur with each other, suggesting that they have collectively
tracked a narrow range of environments. � � apparent extinction of lineages as-
sociated with a major (Taghanic) biotic turnover (Baird and Brett, 2003). Note that
Heliophyllum halli apparently survived an earlier biotic crisis and was reintroduced
into the Appalachian Basin following a period of outage during the time of fauna
IXA.

centers, or markedly asymmetrical. In the case of nearly symmetrical
patterns through sedimentary cycles, there is strong evidence that envi-
ronments at various bathymetrically controlled positions remained nearly
similar through the cycle despite lateral shifts of up to hundreds of ki-
lometers. In particular, sedimentation rates and turbidity must have been
maintained at nearly the same level even as the sea level rose and fell.
In the Middle Devonian Hamilton Group of New York, a cycle typically
shows an upward change from deeper, dysoxic facies with low-diversity
associations dominated by leiorhynchid brachiopods in dark gray shales
upward through the small brachiopod associations (Ambocoelia-chonetids);
the latter in turn are replaced by assemblages rich in phacopid trilobites
in calcareous mudstones, small rugose to high-diversity brachiopod-coral
beds in argillaceous limestones, and these in turn to diverse coral,
brachiopod, and bryozoan assemblages. This trend is followed upward
by an approximate mirror-image spectrum of biofacies showing a tran-
sition back to dysoxic biofacies (Fig. 7; Brett et al. 1990, 2007; Sessa,
2003). Figure 7 shows this pattern quantitatively using DCA to define a
gradient of species composition for the symmetrical Centerfield cycle. A
plot of DCA scores versus sample-position level yields a nearly sym-
metrical pattern of scores (Fig. 7).

Symmetrical replacement patterns such as this are relatively uncom-
mon. In many stratigraphic sections the vertical pattern of community
replacement does not appear symmetrical through a cycle (Holterhoff,
1996; Brett, 1998). Rather, different associations occur at approximately
analogous depth positions in the transgressive systems tract (TST) versus
the late highstand tract (HST; Fig. 8). In many siliciclastic-influenced,
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FIGURE 7—Faunal replacement and cyclicity in the Centerfield Member, Ludlow-
ville Formation, Genesee Valley, western New York State. Detrended correspon-
dence analysis (DCA) axis 1 scores of successive samples plotted against a com-
posite stratigraphic section for the Centerfield Member at Browns Creek and Wheeler
Gully sections, north of Geneseo, Livingston County, New York; note delineation
of a nearly symmetrical cycle, suggesting an orthogonal pattern of tracking of mi-
grating facies belts during this shallowing-deepening cycle. Compare with schematic
shown in Figure 8A. LEV � Levanna Shale Member; FSST � falling stage systems
tract; TST � transgressive systems tract; HST � highstand systems tract. Data from
Savarese et al. (1986).

depositional environments, increased sedimentation or turbidity during
relative sea-level fall favors low-diversity associations of sediment-
tolerant, eurytopic taxa. Conversely, the combination of shallow, clear
water and typically firm to hard media (e.g., hardgrounds, shell gravels)
during sediment-starved, early transgressions makes them especially fa-
vorable to diverse stenotopic taxa, including those forming widespread
shell beds, biostromes, or biohermal horizons (Kidwell, 1991; Kidwell
and Bosence, 1991; Abbott and Carter, 1997; Brett, 1998). Also, note that
in such cases the transgressive portion of the cycle shows greater simi-
larity over broader areas than does the highstand or falling stage (Rollins
et al., 1979, 1990; Holterhoff, 1996). Such asymmetry might appear to
suggest that tracking breaks down and an alternative biofacies is reas-
sembled from metapopulations. This may indeed be true in some instanc-
es. In other cases, however, it is evident that preexisting biofacies have
not disappeared but merely become confined to areas elsewhere in the
basin (Holterhoff, 1996; Brett et al., 2007). Such expansion and contrac-
tion of given biofacies during different phases of cycles, however, does
not necessarily falsify tracking because the faunal associations may shift
laterally along depth-zone belts as well as perpendicular to shore. Bio-
facies may be arrayed along more than one gradient simultaneously, for
example, a depth-related gradient perpendicular to shoreline and a sedi-
mentological gradient along a given bathymetric belt. The three-dimen-
sional trajectory of a given biofacies, thus, can be complex, with a com-

ponent of movement perpendicular to the shoreline as well as a vector
perpendicular to the sediment source area (see Brett, 1998, fig. 6).

Holterhoff (1996) argued that certain associations of species were
unique to the transgressive systems tracts, forming an alternative com-
munity. He noted that all of the crinoid species present in the unusual
transgressive biofacies were also present at least very rarely in other
biofacies. He surmised that these species survived in suboptimal meta-
populations during regressions and that unique associations reassembled
in the distinctive environmental conditions that characterized transgres-
sion, although he also acknowledged that the transgressive biofacies could
have existed in localized areas during the less favorable conditions of the
late highstands or regressions. This possibility cannot be ruled out unless
a large portion of the basin is preserved and available for study.

Holterhoff’s alternative community explanation rests on the fact that
most taxa examined were eurytopic to a degree, and in this case reassem-
bly of various combinations of taxa into alternative communities is plau-
sible. Moreover, alternative-community states may be anticipated in times
of such rapidly fluctuating climates as the Carboniferous when Waltherian
facies shifting may break down (Soreghan, 1997).

In other cases, however, a majority of species in high-diversity bio-
facies (see discussion of Diverse Coral Bed Biofacies; Brett et al., 2007)
appear to be restricted to a narrow range of conditions. Such stenotopic
organisms, adapted to low turbidity and low sedimentation rates, prolif-
erated during transgressions. Obviously, however, they did not entirely
disappear during regressions but merely became confined to a smaller
proportion of the basin where their preferred habitats persisted. Studies
of depositional sequences in the Middle Devonian Hamilton Group con-
fined to the eastern and central portions of the Appalachian foreland basin
would conclude that coral-rich associations did not exist, as such, during
regressive portions of cycles; direct tracing shows that such associations
were, in fact, present in typical form on the western basin margin during
these regressive phases. Likewise, nearly all faunal associations typical
of both transgressive and regressive portions of Plio–Pleistocene cycles
are known to exist contemporaneously on modern shelves of New Zea-
land (Hendy and Kamp, 2007). The modern shelf molluscan assemblages
primarily reflect those species that are tolerant of higher siliciclastic input,
as predicted by the general highstand condition of modern New Zealand
shelves. Associations of species that are stenotopic to low-sedimentation
environments, however, still exist in some areas that are sheltered from
siliciclastic input. This pattern implies not only shore-perpendicular but
also lateral migration of biotas along depositional strike (cf. Holterhoff,
1996, p. 72).

During TSTs with the predicted sequestering of siliciclastic sedi-
ments, low-sediment stenotopic organisms could flourish over a much
broader area. Conversely, those organisms that tolerate or favor higher-
sedimentation rates or particular (e.g., silty) sediment textures may be-
come confined to a smaller part of their former distribution. An important
inference is that low-diversity, eurytopic assemblages may be much more
widespread during regressive phases of cycles, while diverse, stenotopic
assemblages, including coral biostromes, may be much more widespread
during transgressions. Rollins et al. (1990, p. 28) noted that bathymetri-
cally arranged, parallel communities should be most obvious in the trans-
gressive part of the cycle. Similarly, Scarponi and Kowalewski (2004, p.
991) note that, in Pleistocene shallow marine benthic species, ‘‘samples
are highly uniform taxonomically during late TSTs and highly variable
in . . . HSTs’’ (also see Abbott and Carter, 1997; Hendy and Kamp,
2007). We would agree that this is true in areas strongly affected by
siliciclastic input. Such bathymetrically zoned communities, however, are
equally well displayed during highstand and falling-stage systems tracts
in areas away from the clastic sources where nearly symmetrical cycles
may be developed (Savarese et al., 1986; Brett, 1998; 2007; Fig. 7, here-
in).

Within limits, the expansion or contraction of habitable area does not
appear to seriously affect species or their associations. For example,
shallow-water, high-diversity coral-brachiopod biofacies in the Middle
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FIGURE 8—Symmetrical and asymmetrical replacement patterns within a single cycle in (A) western and (B) west-central New York State. Note distinct difference in
faunas of correlative lower shallowing-upward cycle between the two areas and similarity of pattern in the transgressive (upper) portion of cycle throughout the region.
Lithological symbols: A � skeletal limestone; B � grey mudstone; C � dark platy shale; D � calcareous shale; E � quartz arenites; F � favositid coral; G � rugose
coral; H � brachiopod shell bed. Biofacies codes (a–f) are defined in Brett (1998), from which this figure has been adapted. Abbreviations for sequence stratigraphic
terminology: TST � transgressive systems tracts; EHST � highstand systems tracts; LHST � late highstand systems tracts; SB � sequence boundary; MFS � maximum
flooding surface; PB � precursor bed.

Devonian Hamilton Group show approximately a fourfold reduction in
outcrop area of occurrence during regressions relative to earlier trans-
gressions (Brett et al., 2007); however, these areas are still probably many
thousands of square kilometers in size and provided ample areas for
survival of nearly all species. This fractionation of the high-sedimentation
and low-sedimentation faunal assemblages into TSTs and HSTs, respec-
tively, has a broader implication for tracking. Species do not respond to
a single factor, such as depth fluctuations, but to a complex combination
of variables. Moreover, not all species were responding to precisely the
same combination of variables (Jackson and Overpeck, 2000).

Interactions of Succession and Replacement Series: Fine-Scale Noise

An important aspect of replacement series is a pattern of high-
frequency variation in specific composition that emerges when many suc-
cessions are sampled at a scale of individual beds. For example, Figure
5A (modified from Holland et al., 2001) shows a degree of high-
frequency variation in DCA scores that is equal in magnitude to the major
stratigraphic trends that tracking can explain quite well. The samples in
this study were relatively small, which undoubtedly increases the variance
of ordination scores, but such noise is present even in ordinations with
larger samples (Bennington and Bambach, 1996). This phenomenon prob-
ably arises because of preservation of snapshots of patchy benthic com-
munities that developed over various periods of time following distur-
bance of the seafloor and episodic pulses of rapid sedimentation that
prevent the smoothing effects of time-averaging (cf. Johnson, 1972). As
already noted, short-term successions may partially mirror replacement
series in that early pioneering colonizers are dominated by opportunistic,
eurytopic species that also dominate in such stressed environments as

dysoxic or turbid deeper parts of stratified basins. The superposition of
episodic disturbance events, especially blanketing of seafloors by muds,
on a longer-term signal of environmental change (e.g., shallowing or
deepening) may well produce the high-frequency noise seen in these stud-
ies. Episodic disturbance may produce significant local, short-term dis-
ruption. Indeed, evidence from widespread obrution deposits, traceable
for up to a few hundred square kilometers (Brett et al., 1986; Brett and
Taylor, 1997) indicates that seafloor biotas could be locally or even re-
gionally annihilated, and, yet, overlying beds show no reduction in num-
bers of the species involved. Recolonization probably involved settlement
by juveniles or larvae recruited from nearby nondisrupted areas of larvae
in the water column. Thus, at a fine scale, disruption and reassembly of
benthic populations and associations must take place, as per metapopu-
lation models. This fine-scale pattern does not argue against tracking but
may show how the pattern operates at a fine scale.

The pattern in Figure 7 appears much more consistent with faunal
tracking and presents a strong contrast to the previous example. The
reasons for this are not entirely clear, but this Middle Devonian section
is probably more condensed than the Ordovician Kope Shale example;
time-averaging may have smoothed out the high-frequency signals, as
has been done in the moving point average curves in Figure 5. Similarly,
Webber (2003) demonstrated a significantly greater consistency of DCA
scores in time-averaged limestone beds than in shales of the Kope For-
mation.

Variation in the Relative Abundance and Taxonomic
Composition of Biofacies

Despite sometimes marked similarities, no two recurring biofacies sam-
ples are ever identical (e.g., Bennington and Bambach, 1996). Presum-
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ably, this is because bathymetrically and sedimentologically analogous
environments are never exactly constant in other physical-chemical as-
pects (e.g., hydraulic regime, sediment consistency, nutrient availability)
through time and because species respond independently to a variety of
parameters, many of which are not obviously recorded in sediments.

Subtle variation in the taxonomic composition of recurrent biofacies
through time is inevitable. For example, Pseudoatrypa, normally a
common-to-dominant taxon in diverse brachiopod biofacies, becomes un-
common to very rare in certain cycles in the Middle Devonian Hamilton
Group (Brett et al., 1990). These taxa clearly show an individualistic
response to an as yet unknown environmental perturbation (e.g., a
species-specific pathogen). The remainder of the fauna is quite similar to
that of analogous biofacies in other cycles. Neither such outages nor
epiboles of normally rare species appear to cause major restructuring of
the remainder of biofacies.

In addition, detailed studies involving quantitative abundance data have
shown that, even in cases in which taxonomic composition is very similar
between samples of different age, the rank and relative abundance of taxa
may show significant differences. This is well exemplified in studies of
Pennsylvanian marine faunas in the Appalachian Basin (Bennington and
Bambach, 1996) and in small brachiopod assemblages (Bonuso et al.,
2002b) and recurrent coral-brachiopod-rich beds (Bonelli et al., 2006) in
the Middle Devonian Hamilton Group. Fürsich and Aberhan (1990) found
that rank abundance of abundant species in Jurassic level-bottom assem-
blages was relatively stable through time, but less common forms showed
fluctuations.

Differences in rank abundance of various species in compositionally
similar assemblages may represent slight differences in conditions not
recognizable in the sedimentary record (e.g., temperature, water chem-
istry). These environmental changes are not sufficient to break down gra-
dients or eliminate stenotopes but may still shift the balance in favor of
one species or another. Alternatively, shifts in rank abundance could in-
dicate random differences related to dispersal (i.e., because species track
independently); species may, by chance or by better dispersal, become
established first and then become more abundant than before (Bennington
and Bambach, 1996).

DISCUSSION

Variable Patterns of Recurrence and Replacement of Biofacies

Multiple lines of evidence indicate that biofacies can recur with con-
siderable fidelity during all phases of depositional cycles. This further
suggests that biofacies tracking, at least in shallowly dipping shelf and
ramp settings, is a real and perhaps widespread phenomenon. This is not
to say that other such patterns as disassembly and reassembly may not
apply in many other situations. Furthermore, at a fine scale, deterministic
reassembly, for example, after local decimation of populations along ex-
tensive biofacies belts, may be a part of tracking; the key point is that
general biofacies gradients do not break down.

Several questions arise with respect to the notion of replacement that
are considered in reviewing several recent studies: (1) how similar are
recurrent biofacies, and (2) how similar is their order of recurrence along
gradients or in vertical stratigraphic cycles? The first question needs to
be considered in terms of a hierarchical approach as advocated by Allen
and Starr (1982) and Rahel (1990). Samples of comparable biofacies can
be compared, in order of successively stronger degrees of stability, in
terms of species richness, guild structure, species or generic membership,
or relative and rank abundance.

Detailed quantitative studies of recurring biofacies have reported vary-
ing levels of similarity and at a variety of scales (Table 2). Many of these
studies, which have been undertaken on varied scales, have come to
markedly different conclusions with regard to compositional and relative
abundance similarity of species assemblages from purportedly analogous
environments. On the one hand, studies like that of Buzas and Culver
(1994) and Stanton and Dodd (1997) suggest that species- and even ge-

nus-level composition of analogous biofacies are ephemeral (but see Buz-
as and Culver, 1998), that communities are highly dynamic in terms of
membership, and that gradients do not persist. Other studies have dem-
onstrated at least some degree of persistence in guild structure, richness,
and composition at the genus level (Olszewski and Patzkowsky, 2001;
Holland and Patzkowsky, 2004). Still others find similarities in richness
and composition at a species level, with minor to substantial variation in
relative and rank abundance (Fürsich and Aberhan, 1990; Brett and Baird,
1995; Bennington and Bambach, 1996; Pandolfi, 1996; Scarponi and Ko-
walewski, 2004; Visaggi, 2004; Bonelli et al., 2006; Brett et al., 2007).

Differences in conclusions among these studies probably reveal a mix-
ture of real and apparent effects. Such settings as the highly mosaic,
localized environments of the California Salton Trough may favor rapid
species turnover and rather random and fluctuating composition of bio-
facies through time (Stanton and Dodd, 1997). In contrast, broad shore-
parallel belts of biofacies along epeiric ramps may have favored much
more taxonomic stability and long persistence of at least generic, if not
species, associations and gradients (Table 2). Certain times of generally
stable conditions, albeit with sea-level oscillations, may have promoted
stability in biotic composition and tracking, while times of more variable
or higher-intensity changes may have favored a much more random and
rapid pattern of biofacies change.

In at least some cases, however, the observed differences may be a
sign of incomplete sampling. It is unlikely that strong recurrence will be
observed through all cycles at a single locality or limited geographic area.
Progradational shallowing and changing patterns of subsidence or epei-
rogenic uplift and sediment depocenters through time may limit access
to particular depth-related facies through time. Furthermore, even if the
same array of bathymetric settings is recorded in a given area, long-term
changes in sedimentation patterns and depocenters may result in preser-
vation of very different environments through time.

It should be noted that, even if a basin is incompletely known, the
occurrence of samples of very similar biofacies at multiple levels within
the limited framework supports an interpretation of tracking. Conversely,
claims for nonrecurrence of biofacies (e.g., Bonuso et al., 2002a) can be
considered valid only if a large portion of a depositional basin is available
and has been examined, as the appearance of dissimilarity among samples
of different age may reflect chance interception of different portions of
environmental gradients. Equivalence can be established by limiting com-
parisons to samples of differing age with shared taxa (Olszewski and
Patzkowsky, 2001; see also Brett et al., 2007).

Significance of Tracking for Evolutionary and Ecological Stasis

The phenomenon of long-term morphologic stasis (taxonomic stasis),
as well as relative stability of faunal-floral associations (ecological stasis),
may be related to the ability of species to track or migrate with preferred
environments. The term coordinated stasis (see Brett and Baird, 1995;
see also DiMichele, 1994; Baumiller, 1996; Brett et al., 1996; Ivany,
1996; Miller, 1997; Patzkowsky and Holland, 1997; Buzas and Culver,
1998) was intended to denote a pattern of approximately concurrent long-
term stability and abrupt change in many taxa. During a large proportion
of geologic time, a majority of species shows little or no net change in
morphology (see the review in Eldredge et al., 2005). The concept of
coordinated stasis further suggests that these periods of stasis may be
concurrent for many different species. Moreover, associations of species
or biofacies also may be similar throughout blocks of stability referred
to as ecological-evolutionary units and ecological-evolutionary subunits.

Taxonomic stasis may be partially explained by the ability of species
(individualistically) to track preferred environments. Provided that pop-
ulations can survive simply by shifting their distribution patterns, they
may have little tendency to adapt to change. As Eldredge (1995) has put
it, evolution may be the solution of last choice. Conversely, the mixing
of metapopulations during environmental change may also act to undo
any anagenetic changes that accumulate owing to natural selection in



240 PALAIOSBRETT ET AL.

TABLE 2—Summary of recent publications dealing with faunal replacement and tracking. The fourth column indicates the temporal duration of the total study interval (upper
number) and of each cyclic increment (lower number); the last four columns indicate whether a strong degree of similarity was found in comparison of temporally separated,
analogous biofacies in terms of (1) richness, that is, the number of species (spp.) or genera (gen.) considered in the study and whether they were found to be relatively constant
(�60% persist) or variable through the study interval; (2) guild structure; (3) taxonomic composition (Comp.) at a species or genus level; and (4) relative or rank abundance
(Abund.).

Age and Location
Taxa and

environment Publication Interval-Duration Richness
Guild
struct.

Comp.
species
genera

Abund.
Relative-

Rank

Pleistocene:
1 TR cycle; Po Plains, Italy

mollusks
shallow shelf

Scarponi and
Kowalewski, 2004

125 kyr 132 spp.
�constant

yes yes
yes

yes

Pleistocene:
two reefs, Bahamas

gastropods Gardiner, 2001 4–5 kyr
1.5 kyr

54 spp.
�constant

yes yes
yes

?

Pleistocene:
reefs; Papua, New Guinea

corals
reef crest shoal

Pandolfi, 1996 95 kyr
95 kyr

109 spp.
�constant

yes yes
yes

no

Pliocene, shallow marine shell
beds in Pecten Zone
Kettleman Hills, California

varied invertebrates
local basins

Stanton and Dodd, 1997 4 myr
400 kyr

�50 spp.
variable

yes no
no

no

Tertiary: 55 My
Atlantic Coastal Plain

foraminifers
shallow shelf

Buzas and Culver, 1994 55 myr
1.5–24 My

356 spp.
variable

? no
yes

no

Oligocene:
3 100-kyr cycles
Coastal Plain, Alabama

mollusks
shelf

Visaggi, 2004 �300 kyr
�100 kyr

94 spp.
�constant

yes yes
yes

no

Mid-Late Jurassic:
6 depositional sequences
Western Interior, USA

mollusks
foreland basin

Tang and Bottjer, 1996 20 myr
several myr

4–41 spp.
variable

yes yes
yes

?

Pennsylvanian:
5 major cyclothems
Midcontinent, USA

crinoids,
epeiric sea

Holterhoff, 1996 1.2 myr
400 kyr

�30 gen.
approx. similar

yes yes?
yes

?

Pennsylvanian-Permian:
52 cyclothems; 4 major cy-
cles
Mid-continent, USA

brachiopods, mollusks
epeiric sea

Olszewski and
Patzkowsky, 2001

2.5 myr
50 kyr

40 gen.
variable

yes no?
yes

no

Late Ordovican:
2 3rd-order sequences
Cincinnati Arch, Kentucky

brachiopods,
mollusk

Holland and
Patzkowsky, 2004

2.0 myr
400 kyr

40 taxa
variable

yes no
yes

no

Middle-Late Cambrian
1 grand cycle
Great Basin, USA

trilobites
shallow shelf

Westrop, 1996 �5 myr
0.1–1.0 myr

�40 gen.
variable

no no

isolated populations, yielding net stasis (Eldredge et al., 2005). In fact,
the development of subtle anagenetic trends within particular biofacies,
as documented in brachiopods by Lieberman et al. (1995), may indicate
relative stability of biofacies through time, despite their lateral translation
in space, as predicted in the plus ça change model of Sheldon (1996), in
which anagenetic evolution is argued to be more likely in stable than in
fluctuating environments.

In turn, ecological stasis, to the extent it exists, appears to be linked
to tracking (Ivany, 1996). The retention of habitat preferences by species
is a most important aspect of ecological stasis, and it has been eclipsed
by arguments about the integrity of communities. In some ecosystems,
consistent groups of species tend to occur together and form recurring
biofacies primarily because most species maintain a set of similar and
broadly overlapping physical tolerances.

Viewed in this perspective, the variable results of many recent
ecological-evolutionary studies, some showing long-term stability and
others showing more nearly continuous changes (Table 2), should come
as no surprise. As emphasized by Jackson and Overpeck (2000), not all
ecosystems behave in the same way. The highly variable environmental
mosaics of continental environments thus rarely show evidence of bio-
facies tracking; the same may be true of some marine environments.
Although some of these results may reflect an artifact of incomplete data
and a failure to compare analogous samples, many may represent genuine
differences in conditions at various times and places. Tracking of biofa-
cies belts may be largely a feature of broad, gently dipping shelves and
ramps and thus should not be expected in such mosaic environments as
the California borderland basins studied by Stanton and Dodd (1997).
Biofacies gradients do appear to be resilient to major sea-level changes,

and therefore similar biofacies may recur following major sea-level
changes that, for example, produce sequence boundaries (as in the Ham-
ilton example). Tracking of assemblages, however, will be observed only
where most conditions are maintained within a narrow range with only
a few parameters (e.g., relative sea level) changing gradually. As noted
by Ricklefs (1990), apparent ecological stasis suggests persistence of en-
vironments for evolutionary time scales. Even in such cases, the specific
sites of particular parts of faunal gradients can be displaced laterally and
altered considerably as a result of variations in other parameters. If cli-
mate, salinity, or other parameters are highly variable, then species com-
positions will be comparably variable (e.g., Aberhan, 1993, 1994).

A common response of marine benthic species to sea-level change and
other normal environmental disruptions is not evolution, extinction, or
large-scale emigration but, rather, local migration (Jackson and Overpeck,
2000). Major disruptions, extinction, evolution, and immigration may also
be precipitated by sea-level change, but probably only when that change
is accompanied by regional loss of habitat being tracked. Under appro-
priate conditions, however, most species and biofacies in a local ecosys-
tem can persist for intervals several times as long as the Pleistocene
Epoch.

CONCLUSIONS

In this paper we review and discriminate among patterns of biotic
change in shallow marine biotas at varying temporal scales from ecolog-
ical succession to intermediate-long term replacement and biotic turnover.
We define and contrast the process of habitat tracking at species and
biofacies level with nontracking modes of replacement. We then develop
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a series of tests for tracking at the biofacies level, based largely on Walth-
erian principles. Habitat tracking at a biofacies level is a special case of
semi-independent tracking by species; tracking by biofacies is favored by
gradual variation in a few such parameters or composite factors, such as
water depth. It may be important in cases of gradually sloping ramps and
shelves in which biofacies are arrayed in long shore-parallel belts, as is
demonstrably true for many epicontinental sea and foreland-basin set-
tings.

To summarize, consider again the questions posed at the outset and
their implications for larger issues in evolutionary paleoecology. Is track-
ing real at a species level? Yes, evidence of persistence of stenotopic,
endemic taxa indicates that species track specific environments with con-
siderable fidelity. In many cases it is not necessary to postulate external
reservoirs and continual restaffing of local communities from outside
sources. Consideration of endemic stenotopic species and associations
certainly suggests that locally shifting biofacies belts are the primary
reservoirs.

Do biofacies track? A high degree of recurrence of species in particular
marine shelf associations and in similar order in sedimentary cycles of
different age suggests strongly that general biotic gradients can persist
over periods of several million years. In some cases, particular biofacies
maintain very similar species richness and guild structure through time.
Habitat tracking applied at the level of biofacies, however, is not a group
phenomenon. Most species appear to have independently tracked their
preferred environmental parameters. It is likely that the recurrence of
biofacies with similar species lists represents similar ranges of tolerance
of many species and, therefore, similar responses to environmental fluc-
tuations, not tight ecological structure (contra Sterelny, 2001).

What degree of ecological similarity is observed in recurrent assem-
blages? Most species appear to maintain similar ranges of habitat toler-
ance (especially bathymetric ranges) through time; this applies to rare as
well as common species (cf. McKinney, 1997). Certainly in many cases
the basic guild structure, in terms of proportions of various trophic and
life habit groups, may recur with great similarity in particular biofacies
(e.g., Bennington and Bambach, 1996; Brett et al., 2007). Moreover, over-
all values of richness may recur (or be maintained) to within just a few
species more or less in recurrent samples. Hence, the physical tolerance
ranges do persist within most species, although different species of the
same genus may show markedly different habitat preferences and toler-
ances.

Are relative and rank abundance of species maintained in recurring
associations? No, a majority of studies do not observe persistence of
precise rank and abundance structure. Just as no two samples of a given
lithofacies are ever exactly the same, so no two recurrent biofacies are
identical (Bambach and Bennington, 1996; Bonuso et al., 2002a, 2002b;
Bonelli et al. 2006). This result has important implications for evolution-
ary ecology, as it indicates that species do not form tightly integrated
stable entities (contra Morris et al., 1995). Biofacies may track shifting
environments, not because they form cohesive units, but primarily be-
cause individual species have closely overlapping environmental toler-
ances (cf. Buzas and Culver, 1998).

Important issues for future research include (1) development of more
thorough, rigorous tests for tracking of biofacies, and (2) further explo-
ration of nontracking modes of species replacement and comparative
studies to further determine settings that favor tracking versus various
assortive reassociation processes. Last, the relationship of modes of re-
placement to evolutionary stability needs further attention. Tracking of
biofacies, when it does occur, may be important in maintaining patterns
of concurrent stasis, and the converse also may be true.
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FÜRSICH, F. T., and ABERHAN, M., 1990, Significance of time-averaging for paleocom-

munity analysis: Lethaia, v. 23, p. 143–152.
GARDINER, L., 2001, Stability of late Pleistocene reef mollusks from San Salvador

Island, Bahamas: PALAIOS, v. 14, p. 372–386.
GLEASON, H., 1926, The individualistic concept of the plant association: Bulletin of

the Torrey Botanical Club, v. 53, p. 1–20.
GOULD, S.J., 1980, The promise of paleobiology as a nomothetic evolutionary dis-

cipline: Paleobiology, v. 6, p. 96–118.
GOULD, S.J., 2002, The Structure of Evolutionary Theory: Belknap Press, Harvard

Press, Cambridge, Massachusetts, 1,464 p.

GRAHAM, R.W., LUDELIUS, E.L., JR., GRAHAM, M.A., SCHROEDER, E.K., TOOMEY, R.S.,
III, ANDERSON, E., BARNOSKY, A.D., BURNS, J.A., CHURCHER, C.S., GRAYSON, D.K.,
GUTHRIE, R.D., HARINGTON, C.R., JEFFERSON, G.T., MARTOM, L.D., MCDONALD, H.G.,
MORLAN, R.E., SEMKEN, H.A., JR., WEBB, S.D., WERDELIN, L., and WILSON, M.C.,
1996, Spatial response of mammals to Late Quaternary environmental fluctuations:
Science, v. 272, p. 1,601–1,606.

HARRISON, S., 1994, Metapopulations and Conservation, in Edwards, P.J., Webb,
N.R., and May, R.M., eds., Large-Scale Ecology and Conservation Biology:
Blackwell Scientific, Oxford, p. 111–128.

HARRISON, S., 1998, Do taxa persist as metapopulations in evolutionary time?, in
McKinney, M.L., and Drake, J.L., eds., Biodiversity Dynamics: Turnover of Pop-
ulations, Taxa, and Communities: Columbia University Press, New York, p. 19–
30.

HENDY, A.J.W., and KAMP, P.J.J., 2004, Late Miocene to early Pliocene biofacies of
Wanganui and Taranaki Basins, New Zealand: Applications to paleoenvironmental
and sequence stratigraphic analysis: New Zealand Journal of Geology and Geo-
physics, v. 47, p. 769–785.

HENDY, A.J.W., and KAMP, P.J.J., 2007, Paleoecology of Late Miocene–Early Pliocene
sixth-order glacioeustatic sequences in the Manutahi-1 core, Wanganui-Taranaki
Basin, New Zealand, PALAIOS, v. 22, p. 325–337.

HOLLAND, S.M., 1996, Recognizing artifactually generated coordinated stasis: Impli-
cations of numerical models and strategies for field tests: Palaeogeography, Pa-
laeoclimatology, Palaeoecology, v. 127, p. 147–156.

HOLLAND, S.M., MILLER, A.I., DATILLO, B.F., and MEYER, D.L., 1997, Cycle anatomy
and variability in the storm-dominated type Cincinnatian (Upper Ordovician):
Coming to grips with cycle delineation and genesis: Journal of Geology, v. 105,
p. 135–152.

HOLLAND, S.M., MILLER, A.I., and MEYER, D.L., 2001, Sequence stratigraphy of the
Kope–Fairview interval (Upper Ordovician, Cincinnati, Ohio area), in Algeo, T.J.,
and Brett, C.E., eds., Sequence, Cycle, and Event Stratigraphy of Upper Ordovi-
cian and Silurian Strata of the Cincinnati Arch Region: Kentucky Geological Sur-
vey Field Trip Guidebook no. 1, Kentucky Geological Survey, Lexington, p. 93–
102.

HOLLAND, S.M., MILLER, A.I., MEYER, D., and DATILLO, B.F., 2001, The detection and
importance of subtle biofacies within a single lithofacies: The Upper Ordovician
Kope Formation of the Cincinnati, Ohio Region: PALAIOS, v. 16, p. 205–217.

HOLLAND, S.M., and PATZKOWSKY, M.E., 2004, Ecosystem structure and stability:
Middle Upper Ordovician of central Kentucky, USA: PALAIOS, v. 19, p. 316–
331.

HOLTERHOFF, P.F., 1996, Crinoid biofacies in Upper Carboniferous cyclothems, mid-
continent North America: Faunal tracking and the role of regional processes in
biofacies recurrence: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 127,
p. 47–81.

HURST, J.M., HANCOCK, N.J., and MCKERROW, W.S., 1978, Wenlock stratigraphy and
Palaeogeography of Wales and the Welsh Borderland: Proceedings of the Geolog-
ical Association, v. 89, p. 197–226.

IVANY, L.C., 1996, Coordinated stasis or coordinated turnover?: Exploring intrinsic
vs. extrinsic controls on pattern: Palaeogeography, Palaeoclimatology, Palaeo-
ecology, v. 127, p. 239–256.

JACKSON, J.B.C., 1994a, Community unity?: Science, v. 264, p. 1,412–1,413.
JACKSON, J.B.C., 1994b, Constancy and change of life in the sea: Philosophical Trans-

actions of the Royal Society of London, ser. B, v. 344, p. 55–60.
JACKSON, S.T., and OVERPECK, J.T., 2000, Responses of plant populations and com-

munities to environmental changes of the late Quaternary, in Erwin, D.H., and
Wing, S.L., eds., Deep Time: Paleobiology’s Perspective: Paleobiology, v. 26, no.
4, suppl., p. 194–220.

JOHNSON, R.G., 1964, The community approach to paleoecology, in Imbrie, J., and
Newell, N.D., eds., Approaches to Paleoecology: John Wiley & Sons, New York,
p. 107–134.

JOHNSON, R.G., 1972, Conceptual models of benthic marine communities, in Schopf,
T.J.M., eds., Models in Paleobiology: Freeman, Cooper & Co., San Francisco, p.
174–189.

JOHNSON, R.G., KLAPPER, G., and SANDBERG, C.A., 1985, Devonian eustatic fluctua-
tions in Euramerica: Geological Society of America Bulletin, v. 69, p. 567–587.

KAUFFMAN, E.G., and SCOTT, R.W., 1976, Basic concepts of community ecology and
paleoecology, in Scott, R.W., and Kauffman, E.G., eds., Structure and Classifi-
cation of Paleoecommunities: Dowden, Hutchinson, & Ross, Stroudsburg, Penn-
sylvania, p. 1–28.

KIDWELL, S.M., 1991, The stratigraphy of shell concentrations, in Briggs, D.E.G.,
and Allison, P.A., eds., Taphonomy: Releasing Information from the Fossil Re-
cord: Plenum Press, New York, p. 211–290.

KIDWELL, S.M., and BOSENCE, D.W.J., 1991, Taphonomy and time-averaging of ma-
rine shelly faunas, in Briggs, D.E.G., and Allison, P.A., eds., Taphonomy: Re-
leasing Information from the Fossil Record: Plenum Press, New York, p. 116–
211.

KIDWELL, S.M., and JABLONSKI, D., 1983, Taphonomic feedback: Ecological conse-



PALAIOS 243FAUNAL REPLACEMENT AND HABITAT TRACKING

quences of shell accumulation, in Tevesz, P.J., and McCall, P.J., eds., Biotic In-
teractions in Recent and Fossil Benthic Communities: Plenum Press, New York,
p. 195–248.

KITAMURA, A., KONDO, Y., SAKAI, H., and HORII, M., 1994, 41,000-year orbital obliq-
uity expressed as cyclic changes in lithofacies and molluscan content, Early Pleis-
tocene Omma Formation, Central Japan: Palaeogeography, Palaeoclimatology, Pa-
laeoecology, v. 112, p. 345–361.

LAFFERTY, A., MILLER, A.I., and BRETT, C.E., 1994, Comparative spatial variability
in faunal composition along two Middle Devonian paleoenvironmental gradients:
PALAIOS, v. 9, p. 224–236.

LIEBERMAN, B.D., ELDREDGE, N., and BRETT, C.E., 1995, A study of stasis and change
in two lineages from the Middle Devonian of New York State: Paleobiology, v.
21, p. 15–27.

MCCALL, P.L., and TEVESZ, M.J.S., 1983, Soft-bottom succession and the fossil re-
cord, in Tevesz, M.J.S., and McCall, P.L., eds., Biotic Interactions in Recent and
Fossil Benthic Communities: Plenum Press, New York, p. 157–194.

MCKERROW, W.S., 1979, The Ecology of Fossils: MIT Press, Cambridge, Massachu-
setts, 400 p.

MCKINNEY, M.L., 1997, How do rare species avoid extinction?: A paleontological
view, in Kunin, W.E., and Gaston, K.J., eds., The Biology of Rarity: Chapman &
Hall, London, p. 111–129.

MCKINNEY, M.L., and ALLMON, W.D., 1995, Metapopulations and disturbance: From
patch dynamics to biodiversity dynamics, in Erwin, D.H., and Anstey, R.L., eds.,
New Approaches to Speciation in the Fossil Record: Columbia University Press,
New York, p. 123–183.

MCLAUGHLIN, P.I., and BRETT, C.E., 2007, Signatures of sea-level rise on the carbon-
ate margin of a Late Ordovician foreland basin: A case study from the Cincinnati
Arch, USA: PALAIOS, v. 22, p. 245–267.

MIDDLETON, G.V., 1973, Johannes Walther’s Law of the correlation of facies: Geo-
logical Society of America Bulletin, v. 84, p. 979–988.

MILLER, A.I., 1997, Coordinated stasis or coincident relative stability?: Paleobiology,
v. 23, p. 155–164.

MILLER, A.I., HOLLAND, S.M., MEYER, D.L., and DATTILO, B.F., 2001, The use of
faunal gradient analysis for intraregional correlation and assessment of changes
in sea-floor topography in the type Cincinnatian: Journal of Geology, v. 109, p.
603–613.

MILLER, W., III, 1986, Paleoecology of benthic community replacement: Lethaia, v.
19, p. 225–231.

MILLER, W., III, 1988, Community local history: Lethaia, v. 21, p. 95–96.
MILLER, W., III, 1990a, Hierarchy, individuality, and paleoecosystems, in Miller, W.,

III, ed., Paleocommunity Temporal Dynamics: The Long-Term Development of
Multispecies Assemblies: Paleontological Society Special Publication no. 5, p. 31–
47.

MILLER, W., III, 1990b, Community replacement pathways: What do fossil sequences
reveal about marine ecosystem transitions?, in Miller, W., III, ed., Paleocommunity
Temporal Dynamics: The Long-Term Development of Multispecies Assemblies:
Paleontological Society Special Publication no. 5, p. 262–272.

MILLER, W., III, and DUBAR, J.R., 1988, Community replacement of a Pleistocene
Crepidula biostrome: Lethaia, v. 21, p. 67–78.

MILLIMAN, J.D., and EMERY, K.D., 1968, Sea levels during the past 35,000 years:
Science, v. 162, p. 1,121–1,123.

MORRIS, P.J., IVANY, L.C., SCHOPF, K.M., and BRETT, C.E., 1995, The challenge of
paleoecological stasis: Reassessing sources of evolutionary stability: Proceedings
of the National Academy of Sciences, v. 92, p. 11,269–11,273.

ODUM, E.P., 1971, Fundamentals of Ecology: W.B. Saunders Co., Philadelphia, 574 p.
OLSZEWSKI, T.D., and PATZKOWSKY, M.E., 2001, Measuring recurrence of marine bi-

otic gradients: A case study from the Pennsylvanian-Permian mid-continent: PA-
LAIOS, v. 16, p. 444–460.

PANDOLFI, J.M., 1996, Limited membership in Pleistocene reef coral assemblages
from the Huon Peninsula, Papua, New Guinea: Constancy during global change:
Paleobiology, v. 22, p. 152–176.

PANDOLFI, J.M., and JACKSON, J.B.C., 1997, The maintenance of diversity on coral
reefs: Example from the fossil record: Proceedings of the 8th International Coral
Reef Symposium, v. 1, p. 397–404.

PATZKOWSKY, M.E., 1995, Gradient analysis of Middle Ordovician brachiopod bio-
facies: Biostratigraphic, biogeographic, and macroevolutionary implications: PA-
LAIOS, v. 10, p. 154–179.

PATZKOWSKY, M., and HOLLAND, S.M., 1997, Patterns of turnover in Middle and Upper
Ordovician brachiopods of the eastern United States: A test of coordinated stasis:
Paleobiology, v. 23, p. 420–443.

PATZKOWSKY, M.E., and HOLLAND, S.M., 1999, Biofacies replacement in a sequence
stratigraphic framework: Middle and Upper Ordovician of the Nashville Dome,
Tennessee, USA: PALAIOS, v. 14, p. 301–323.

PICKETT, S.T.A., 1976, Succession: An evolutionary interpretation: American Natu-
ralist, v. 110, p. 107–119.

RAHEL, F.J., 1990, The hierarchical nature of community persistence: A problem of
scale: American Naturalist, v. 136, p. 328–344.

RICKLEFS, R.E., 1990, Long-term development of biological communities, in Miller,
W., III, ed., Paleocommunity Temporal Dynamics: The Long-Term Development
of Multispecies Assemblies. Paleontological Society Special Publication no. 5, p.
1–11.

ROLLINS, H.B., CAROTHERS, M., and DONAHUE, J., 1979, Transgression, regression and
fossil community succession: Lethaia, v. 12, p. 89–104.

ROLLINS, H.B., WEST, R.R., and BUSCH, R.M., 1990, Hierarchical genetic stratigraphy
and marine ecosystems transitions?: in Miller, W., III, ed., Paleocommunity Tem-
poral Dynamics: The Long-Term Development of Multispecies Assemblies, Pa-
leontological Society Special Publication no. 5, p. 273–308.

ROOT, R.B., 1965, The guild concept and community analysis: Bulletin of the Eco-
logical Society of America, v. 46, p. 177.

ROY, K., JABLONSKI, D., and VALENTINE, J.W., 1994, Eastern Pacific molluscan prov-
inces and latitudinal diversity gradient: No evidence for ‘‘Rappoport’s rule’’: Pro-
ceedings of the National Academy of Sciences, v. 91, p. 8,871–8,874.

ROY, K., VALENTINE, J.W, JABLONSKI, D., and KIDWELL, S.M., 1996, Scales of climatic
variability and time averaging in Pleistocene biotas: Implications for ecology and
evolution, Trends in Ecology and Evolution, v. 11, p. 458–463.

SADLER, P.J., 1981, Sediment accumulation rates and the completeness of stratigraph-
ic sections: Journal of Geology, v. 89, p. 569–284.

SAVARESE, M., GRAY, L.M., and BRETT, C.E., 1986, Faunal and lithologic cyclicity
in the Centerfield Member (Middle Devonian: Hamilton Group) of western New
York: A reinterpretation of depositional history, in Brett, C.E., ed., Dynamic Stra-
tigraphy and Depositional Environments of the Hamilton Group (Middle Devo-
nian) in New York State, Part I: New York State Museum Bulletin, v. 457, p. 32–
56.

SCARPONI, D., and KOWALESKI, M., 2004, Stratigraphic paleoecology: Bathymetric
signatures and sequence overprint of mollusk associations from late Quaternary
sequences of the Po Plain, Italy: Geology, v. 32, p. 989–992.

SCHINDEL, D.E., 1980, Microstratigraphic sampling and the limits of paleontologic
resolution: Paleobiology, v. 6, p. 408–426.

SCHINDEL, D.E., 1982, The gaps in the fossil record: Nature, v. 297, p. 282–284.
SCHOPF, K.M., and IVANY, L.C., 1998, Scaling the ecosystem: A hierarchical view of

stasis and change, in McKinney, M.L., and Drake, J.L., eds., Biodiversity Dynam-
ics: Turnover of Populations, Taxa, and Communities: Columbia University Press,
New York, p. 187–211.

SESSA, J.A., 2003, The dynamics of rapid, asynchronous biotic turnover in the Middle
Devonian Appalachian Basin: Unpublished M.S. thesis, University of Cincinnati,
Cincinnati, Ohio.

SHEEHAN, P., 1996, A new look at Ecologic Evolutionary Units (EEUs): Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology, v. 127, p. 21–32.

SHELDON, P.A., 1996, Plus ça change—A model for stasis and evolution in different
environments: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 127, p.
209–227.

SOREGHAN, G.S., 1997, Walther’s Law, climate change, and upper Paleozoic cyclos-
tratigraphy in the Ancestral Rocky Mountains: Journal of Sedimentary Research,
v. 67, p. 1,001–1,004.

SPRINGER, D.A., and BAMBACH, R.K., 1985, Gradient versus cluster analysis of fossil
assemblages: A comparison from the Ordovician of southwestern Virginia: Le-
thaia, v. 18, p. 181–198.

SPRINGER, D.A., and MILLER, A.I., 1990, Levels of spatial variability: The ‘‘com-
munity problem,’’ in Miller, W., III, ed., Paleocommunity Temporal Dynamics:
The Long-Term Development of Multispecies Assemblies: Paleontological Society
Special Publication no. 5, p. 13–30.

STANTON, R.J., and DODD, J.R., 1997. Lack of stasis in late Cenozoic marine faunas
and communities, central California: Lethaia, v. 30, p. 239–256.

STERELNY, K., 2001, The reality of ecological assemblages: Biology and Philosophy,
v. 16, p. 437–461.

TANG, C., and BOTTJER, D.J., 1996, Long-term faunal stasis without evolutionary
coordination: Jurassic marine benthic paleocommunities, Western Interior, United
States: Geology, v. 29, p. 815–818.

TAYLOR, W.L., and BRETT, C. E., 1996, Taphonomy and paleoecology of echinoderm
Lagerstätten from the Silurian (Wenlockian) Rochester Shale: PALAIOS, v. 11, p.
118–140.

VAIL, P.R., AUDEMARD, F., BOWMAN, S.A., EISNER, P.N., and PEREZ-CRUZ, C., 1991,
The stratigraphic signatures of tectonics, eustasy and sedimentation: An overview,
in Einsele, G., Ricken, W., and Seilacher, A., eds., Cycles and Events in Stratig-
raphy: Springer, New York, p. 617–659.

VAIL, P.R., MITCHUM, R.M., JR., and THOMPSON, S., III, 1977, Seismic stratigraphy
and global changes of sea level, Part 4: Global cycles of relative changes in sea
level, in Payton, C.E., ed., Seismic Stratigraphy Applications to Hydrocarbon Ex-
ploration: American Association of Petroleum Geologists, Memoir no. 26, p. 83–
97.



244 PALAIOSBRETT ET AL.

VALENTINE, J.W., and JABLONSKI, D., 1991, Biotic effects of seal level change: The
Pleistocene test: Journal of Geophysical Research, v. 96, p. 6,873–6,878.

VALENTINE, J.W., and JABLONSKI, D., 1993, Fossil communities: Compositional vari-
ation at many time scales, in Ricklefs, R.E., and Schluter, D., eds., Species Di-
versity in Ecological Communities: University of Chicago Press, Chicago, p. 341–
349.

VAN WAGONER, J.C., POSAMENTIER, H.W., MITCHUM, R.M., III, VAIL, P.R., SARG, J.F.,
LOUTIT, T.S., and HARDENBOL, J., 1988, An overview of the fundamentals of se-
quence stratigraphy and key definitions, in Wilgus, C.K., Hastings, B.S., Kendall,
C.G., Posamentier, H.W., Ross, C.A., and Van Wagoner, J.C., eds., Sea-Level
Changes: An Integrated Approach: Society of Economic Paleontologists and Min-
eralogists, Special Publication no. 42, p. 39–45.

VISAGGI, C.C., 2004, Testing for patterns of faunal persistence in the Early Oligocene
Byram Formation of Mississippi: Unpublished M.S. thesis, Syracuse University,
Syracuse, New York, 106 p.

WALKER, K.R., and ALBERSTADT, L.P., 1975, Ecological succession as an aspect of
structure in fossil communities: Paleobiology, v. 1, p. 238–257.

WALTHER, J., 1890–1893. Einleitung in die Geologie als historische Wissenschaft: v.
1–3, Verlag Gustav Fischer, Jena, Germany, 1,055 p.

WATKINS, R., COOROUGH, P.J., and MAYER, P.S., 2000, The Silurian Dicoelosia com-
munities: Temporal stability within an Ecologic Evolutionary Unit: Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology, v. 162, p. 225–237.

WEBBER, A.J., 2002, High-resolution faunal gradient analysis and an assessment of
the causes of meter-scale cyclicity in the type Cincinnatian Series (Upper Ordo-
vician): PALAIOS, v. 17, p. 545–555.

WEBBER, A.J. 2003, Methodological advances in the use of faunal gradient analysis
for regional paleoecological investigations in the type Cincinnatian series (Upper
Ordovician). Unpublished Ph.D. dissertation, University of Cincinnati, Cincinnati,
Ohio, 113 p.

WESTROP, S., 1996, Temporal persistence and stability of Cambrian biofacies: Sun-
waptan (Upper Cambrian) trilobite faunas from North America: Palaeogeography,
Palaeoclimatology, Palaeoecology, v. 127,1–4, p. 33–46.

WILGUS, C.K., HASTINGS, B.S., KENDALL, C.G., POSAMENTIER, H.W., ROSS, C.A., and
VAN WAGONER, J.C., eds., 1988, Sea-Level Changes: An Integrated Approach:
Special Publication no. 42, Society of Economic Paleontologists and Mineralo-
gists, Tulsa, Oklahoma, 407 p.

WILSON, M.A., and PALMER, T.J., 1992, Hardgrounds and Hardground Faunas: Insti-
tute of Earth Studies Publications, University of Wales, Aberystwyth, v. 9, p. 1–
131.

WITZKE, B.J., LUDVIGSON, G.A., and DAY, J.E., 1996, Introduction: Paleozoic appli-
cations of sequence stratigraphy, in Witzke, B.J., Ludvigsen, G.A., and Day, J.E.,
eds., Paleozoic Sequence Stratigraphy: Views from the North American Craton:
Geological Society of America Special Papers, v. 306, p. 1–6.

ZIEGLER, A.M., 1965, Silurian marine communities and their environmental signifi-
cance: Nature, v. 207, p. 270–272.

ZIEGLER, A.M., COCKS, R.M., and BAMBACH, R.K., 1968, The composition and struc-
ture of Lower Silurian marine communities: Lethaia, v. 1, p. 1–27.

ACCEPTED NOVEMBER 19, 2006


