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1. Introduction

Shelly macroinvertebrate fossils are common, locally dominant components
of sedimentary rocks and their differential preservation concerns many
aspects of paleontological and geological analysis. Evaluation of post-
mortem effects is essential, for example, to determine the fidelity of the
fossil record as an archive of biological information, whether that informa-
tion is used for paleoecological, evolutionary, or biostratigraphical pur-
poses. In addition, the post-mortem modification of shelly fossils can
provide valuable insights into palechydraulic and diagenetic conditions,
including short-term cycles of deposition, erosion, and omission on the
seafloor.

The abundance and composition of shelly remains are governed by the
complex interaction of many factors. These can be reduced in their simplest
form to (a) the source and rate of shell supply, i.e., the raw material, (b) the
inherent and highly specific susceptibility of those shells to post-mortem
destruction or modification, (c) the taphonomic conditions that shells are
exposed to in their environment of accumulation, and (d) the time scale of
accumulation (Fig. 1). The longer the period of accumulation, the more
likely that the taxonomic and age-class composition of the shell assemblage
will be modified by differential preservation, that shells from successive
generations will be mixed (time-averaged), and that the source, rate of
supply, and local environment of accumulation will change. Some of these
processes will tend to inflate the diversity of the death assemblage relative
to community composition at a single moment in time (for example,
time-averaging), whereas others will tend to diminish diversity and varia-
tion among assemblages (for example, the removal of fragile and mineralo-
gically unstable forms). This ‘‘taphonomic equation” (Fig. 1) also presents
many opportunities for feedback among factors, most notably because of the
potential of accumulating shells to influence pore-water chemistry, seafloor
mass properties, and benthic colonization.

In this review we attempt to assess environmental and temporal
patterns in post-mortem modification, emphasizing actualistic evidence.
These data are unavoidably biased in several ways: (a) toward mollusks,
which dominate many modern shelly faunas; (b) toward physical processes
of shell modification, owing to their experimental tractability relative to
biological processes; and (c) toward the most accessible shallow-water
environments. Conclusions on patterns and especially rates of shell
accumulation thus should be extrapolated to other groups and settings with
caution. Such extrapolations become increasingly problematic as one
moves from Cenozoic to Mesozoic and Paleozoic biotas, owing to sweeping
evolutionary change among hard-part producers and destroyers. Neverthe-
less, Recent systems, because they are amenable to controlled experimenta-
tion, can provide a valuable baseline for determining principles and the
kinds of pathways that can underlie taphonomic patterns.
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FIGURE 1. Major factors affecting the formation of shell assemblages.
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1.1. Terminology

Post-mortem modification is a virtually unavoidable fact of fossiliza-
tion: few faunas enter the record without some alteration, however minor,
even those in spectacular Lagerstitten (Whittington and Conway Morris,
1985). Consequently, rather than reject imperfect records, paleontologists
need reliable means to discriminate among degrees of bias and thus identify
taphonomically comparable assemblages. Recognition of such ‘‘isotaphono-
mic’’ assemblages (sensu Behrensmeyer, 1988) would facilitate paleobiolo-
gical interpretation by holding at least some biasing factors constant.

This is the rationale behind most classification schemes for fossil
assemblages, whether they recognize (a) descriptive categories based on
shell diagenesis (Koch and Sohl, 1983) and biostratinomic features (John-
son, 1960; Brandt, 1989) or (b) inferential categories based on likely source
of shells, scale of time-averaging, or complexity of post-mortem history
(Table I).

Ever since Walther’'s {1893-1894) pioneering work on macroinverte-
brate biofacies, many terms have been introduced, and variously redefined,
to categorize live and dead shelly faunas (Table I). To avoid confusion, we
will use the term community only to denote recurrent groups of living
organisms, Recent or ancient. Assemblage will only be used for accumula-
tions of nonliving material, that is, death assemblages. Assemblages can be
of any age (e.g., modern, subfossil, or fossil} and can be composed of any
mixture of transported and local shells; the unmodified term is also
noncommittal with respect to ecological interactions among the former
organisms. For assemblages thought to reflect ecological relationships
among the preservable (i.e., shelled) portion of former communities, we
prefer the paleoecological term association [sensu Fiirsich (1977); following
Kauffman and Scott (1976)]. This term is less ambiguous than ‘‘life assem-
blage,”” and presumes less about the biological significance of cooccurr-
ences than terms such as ‘‘paleocommunity’’ and ‘‘fossil biocoenosis’’
(Table I).

2. Spatial and Temporal Variation
in Recent Benthic Communities

Among many definitions of communities, that of Mills (1969) is most
relevant for practical treatment of benthic faunas: ‘‘a community is a group
of organisms occurring in a particular environment, presumably interacting
with each other and with the environment and separable by ecological
survey from other groups.’”’ The distribution of such communities com-
monly can be related to areas of differing substratum (Jones, 1950; Hartnoll,
1983) or to environmental gradients in salinity (Cadée, 1968), temperature,
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light, physical disturbance (Hiscock, 1983; Probert, 1984}, and subaerial
exposure (Price et al., 1980).

Communities are recognized by visual or statistical grouping of samples
on the basis of similarity in taxonomic composition and/or relative abun-
dance of species. Unfortunately, no standard quantitative approach has yet
been adopted by marine biologists and actuopaleontologists [see Gauch
(1982) for review], even though multivariate methods are used to deal with
the large data sets obtained from multiple sampling. These often contain
tens to hundreds of taxon occurrences among tens to hundreds of sample
sites.

Notwithstanding these technical problems, two models of benthic
comumunity structure have arisen, largely by analogy with terrestrial plant
communities [Gray (1981) and Erwin {1983), based on Whittaker (1975)].
One model is that species abundance peaks more or less coincide across a
region (Fig. 2A). In benthic systems, such a view derives from large-scale
(1-10 km) studies based on widely spaced samples; community boundaries
and habitat boundaries appear to be closely linked [e.g., early studies of the
open shelf (Petersen, 1914; Jones, 1950)]. The alternative model is that
species distributions vary independently and peak in abundance at different
sites across a region (Fig. 2B). This view reflects finer-scale (10-100 m),
transect-style studies [e.g., benthic zonations documented for sandy and
rocky intertidal environments (Mills, 1969; Hughes and Thomas, 1971)}].
This latter view has gained considerable acceptance with regard to both
littoral and sublittoral settings with steeper environmental gradients (Ste-
phenson et al., 1971; Gray, 1981; Erwin, 1983).

Both models may be valid for a single environment, depending upon
the scale of observation. For example: given a broad shelf with one region of
rippled clean sand adjacent to another with shell gravel, it is likely (e.g., J.
B. Wilson, 1986) that the two substrates would have faunas that could be
distinguished by a grab or box-core kilometer-scale survey. Following Mills
(1969), these would be regarded as separate communities and the distribu-
tion pattern of faunal abundances would resemble model 1 (Fig. 2A).
However, if a more detailed (10-m) scale SCUBA transect survey were
conducted across the boundary of these two substrata, then we would expect
patterns to resemble model 2 (Fig. 2B).

The explanations offered for these patterns are diverse: some may reflect
biotic interactions among species (competition, coadaptation) and others
may reflect shared environmental tolerances, whereas many probably reflect
a combination of causes. For example, based on a series of detailed studies
(Allen, 1899; Vevers, 1952; Brun, 1969; Warner, 1971; Hiscock and Mit-
chell, 1980), it appears that of the 22 species in the Ophiothrix fragilis
community of offshore British waters, five species benefit by feeding on O.
fragilis, while the others are probably present because ‘‘environmental
conditions are suitable or because another food supply is present’”’ (Hiscock
and Mitchell, 1980).
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FIGURE 2. Different views of community structure: (A) Faunal abundances of different taxa
occur in distinct groups A, B, C and D, E, F, possibly coinciding with environmental
boundaries, (B) unrelated abundances of organisms A-G peaking separately along an environ-
mental gradient. [After Gray (1981).]

Abundance patterns commonly are based on faunal surveys over short
time scales and thus provide little insight into the temporal changes now
known to characterize the structure of shelf benthic communities (Gray,
1981; Probert, 1984). Repeated sampling of shelf areas off the Northumber-
land coast of Britain by Buchanan et al. (1978), for example, indicates
important seasonal and annual variation in biomass (Fig. 3A) and species
abundance (Fig. 3B) attributable to larval settlement, winter mortality, and
year-to-year differences in minimum winter water temperatures.

The few long-term surveys that have been carried out indicate that
community structure and composition fluctuate considerably and on dif-
ferent time scales, and can be related to both biological disturbance (Paine,
1966) and natural cycles in the physical environment (Boesch et al., 1976;
Probert, 1984) (see Section 5.2.2). The data base for benthic faunas of the
western English Channel, accrued over almost 100 years of sampling (Fig. 4)
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FIG('IRE 3. Plot of b%ologically long-term changes in {A) species numbers and biomass and (B)
species abundances in benthos off Northumberland coast. [After Buchanan et al. (1978).]

(Carthew and Bosence, 1986), provides a good case in point for physical
controls. Faunas are closely related to shell gravel and mud substrates (Fig.
4B) and have changed in composition over time scales of tens of years (Fig.
4C). The late 19th century faunas are clearly different from the 20th century
faunas [although some of this may arise from differences in sampling
techniques (Carthew and Bosence, 1986)]. The faunas of the 1920s are
similar to those of the 1980s, which in turn are quite different from those of
the 1930s to 1960s (Fig. 4C). These biologically long-term fluctuations (i.e.,
exceeding the lifespan of the organisms studied) in the composition of shell
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gravel communities are also reflected in the plankton communities of the
western Channel (Southward, 1962, 1980). Both correlate with long-term
changes in water temperature. Long-term changes in benthic faunas fol-
lowing the severe winter storms of 1962-1963 in the Dutch Wadden Sea and
shallow German Bight, North Sea, are discussed in Beukema and Cadée
(1986) and Ziegelmeier (1963, 1964), respectively.

Gray’s (1981) model of temporal and spatial fluctuations is particularly
useful for framing a paleoecological concept of benthic communities. This is
based on Hutchinson’s (1978) niche theory that organisms normally inhabit
an optimal niche within a larger habitat, which may also be colonized
following environmental perturbations. Gray (1981; after Holling, 1973)
depicts the stable, core state of a community as a ball within a ‘‘basin of
attraction’ (Fig. 5) whose form is determined by disturbance and other
controlling factors. Disturbance can bring about a shift in dominance and/or
structure of the community to a new successional state (B in Fig. 5); the
community may either revert to state A after the disturbance is removed, or
change further to another state (C or D in Fig. 5) [see Johnson (1972) for a
similar view]. Because these changes can be unrelated and unpredictable,
community structure cannot be understood from any single survey or area;
repeated sampling is required to understand the fauna at any site.

Geologically, this means that shells can be contributed to the death
assemblage from any one of a community’s successive states (Fig. 5). Given
that soft-bottom seafloors aggrade, on average, at rates measured in only
centimeters per 10° years (Schindel, 1980; Sadler, 1981), and that shells can
persist for decades or centuries (see Section 5 on time-averaging), different
community states should rarely be recorded as discrete assemblages in shelf
environments. The details of succession and temporal coexistence of species
are only likely to be preserved where aggradation was episodically rapid in
decimeter-thick increments, minimizing the blurring effects of later biotur-
bation and physical reworking. More positively, death assemblages from
soft-bottom environments can provide good pictures of the long-term
average composition of communities (Peterson, 1977), comparable perhaps
to those produced by summing repeated benthic surveys (Fig. 4C).

Broadly speaking, patterns of community structure on hard substrata
and reefs are similar to those on soft substrata, but some of the controls on

FIGURE 4. Evidence for decade-scale changes in shelf benthos. (A) Locations and dates of
surveys of benthic communities in waters off Plymouth, England. Where surveys overlap, the
more recent survey overlies the older. (B) Plot of first and second axes of Detrended
Correspondence Analysis of live benthic faunas from surveys in (A). Samples have been
contoured by substrate type and this illustrates the close correspondence between samples with
a similar fauna inhabiting similar substrates. (C) Plot as for (B), but samples contoured by date
of survey. For the shell gravel stations in the center of the plot, note the shifts in community
composition through time and the averaging of these shifts by the dead shelly fauna encircled
by heavy line. Surveys are displayed by date of sampling. Publication dates are: Allen, 1899;
Crawshay, 1912; Ford, 1923; Smith, 1932; Holme, 1953, 1961, 1966; Probert, 1973; Carthew
and Bosence, 1986. [After Carthew and Bosence (1986).]
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FIGURE 5. Every benthic community has a variety of locally stable states, represented by' the
spheres on Gray's (1981) conceptual landscape, that differ in species abundances. Perturbations
cause shifts in community composition among states A-D, each of which supplies skeletons
that are subjected to a series of taphonomic filters before entering the death assemblage.
Therefore the composition of the death assemblage at any given locality will depend not only
upon taphonomic filters, but also upon local perturbation history and community response.

species distribution have been demonstrated more successfully. Particularly
well documented has been the importance of physical disturbance (Paine
and Levin, 1981; Graus et al., 1984; Reichelt et al., 1985), grazing pressure
(Steneck, 1983; Steneck and Paine, 1986; Done, 1985), and spatial compe-
tition (Jackson, 1979; Branch, 1984). Because of rapid rates of reef growth
under optimal conditions, short-term biological and physical processes h:':lve
some potential for preservation in ancient reefs (Jackson, 1983), notwith-
standing physical and bioerosion of the reef framework (Schroeder and
Zankl, 1974; Scoffin and Garrett, 1974; Bosence, 1985). Ancient patterns of
ecological succession (e.g., Rowland and Gangloff, 1988; Copper, 1988) can
in some instances be compared directly with experimental evidence from
field surveys and settling plates in Recent environments. For example, in
the Pleistocene of Kenya, Crame (1980) found that early stages of coral reef
growth showed ‘‘facilitation” succession (Connell and Slatyer, .1977]
whereby early colonizers ‘‘prepare the ground’ for later reef builders.
Subsequent reef framework successions were less orderly, so that Crame_ was
only able to recognize early and late colonizers following disturbance within
the reef, perhaps conforming to Connell and Slatyer’s (1977) “inhibition
model” succession [see Kidwell and Jablonski (1983) for other examples
ranging through the Phanerozoic]. On a smaller scale, Bosence (1984) was
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able to show recurring overgrowth sequences of coralline algal and forami-
niferal crusts in thin sections of preserved reef frameworks from patch reefs
in St. Croix, Lesser Antilles. There the succession was the same as had been
recorded by previous settlement plate experiments (Adey and Vassar, 1975).
Disturbance created fresh substrates, which were first colonized by rapidly
dispersing, fast-growing thin corallines, which were later overgrown by the
more massive framework-forming coralline algae.

In cryptic hard-bottom environments, the main late-stage colonizers are
often poorly mineralized and therefore would be underrepresented in fossil
sequences (Rasmussen and Brett, 1985). However, in many instances
interspecies spatial competition has been documented both on shells and on
mobile pebble substrata (Liddell and Brett, 1982; Choi and Ginsburg, 1983;
Taylor, 1984; M. A. Wilson, 1985, 1987). The high fidelity of preservation
of these encrusting skeletal communities indicates the potential for studying
the evolution of ecological dynamics in similar environments through time
in a way that is probably impossible for soft-bottom environments.

3. Post-Mortem Modification of Community Structure

Benthic communities are typically composed of taxa having a variety of
skeletal types and thus different preservation potentials. Macroinvertebrate
groups range from those with (a) well-mineralized (= biomineralized) endo-
or exoskeletons composed predominantly of calcite, aragonite, or apatite, to
{b) lightly or locally mineralized proteinaceous and chitinous skeletons, (c)
spiculate tissues, (d) minor mineralized hard parts, particularly feeding
structures, and (e) entirely soft-tissued, hydrostatic ‘‘skeletons.’

Under normal conditions of shelf sedimentation (i.e., relatively slow
net aggradation of the seafloor, well-aerated overlying waters) and early
diagenesis, biomineralized tissue is expected to be preserved, spiculate
tissue to be dispersed, and soft tissues to decay leaving no trace (White,
1879). The first question in considering the quality of the fossil record thus
must address the proportion of well-mineralized (= shelly) taxa in the
benthic community: what is the maximum amount of information that a
shelly assemblage can preserve from the original, total community (Section
3.1)? A second set of questions targets only the shelly portion of benthic
communities: how accurately does the shelly death assemblage preserve the
composition and structure of the shelled portion of the community (Section
3.2)?

3.1. Proportion of Shelled Organisms in Benthic
Communities

The higher the proportion of preservable taxa and individuals, the
greater the likely fidelity of the death assemblage to the live community



126 Chapter 4

(e.g., Lasker, 1976). Proportions of well-mineralized taxa, however, vary
widely from 0 to 70% or more (e.g., Lawrence, 1968; Schopf, 1978; McCall
and Tevesz, 1983]) so that live : dead discrepancies in diversity can range
over nearly two orders of magnitude. Based on a literature review of
soft-bottom benthic faunas, Staff et al. (1985) found no correlation between
proportion of shelly taxa and water depth or sediment grain size (Fig. 6).
Even communities that contain a large number of shelly species are
commonly dominated numerically by soft-bodied taxa, thus yielding poor
agreement between numerical dominance-based diversity measures for the
total community at a given moment and its shelly death assemblage
(Peterson, 1975; Stanton, 1976; McCall and Tevesz, 1983).

Even though most individuals are not preserved, the same death
assemblage can show high fidelity to the original live community if
dominance is measured by biomass and if comparisons are made to a
long-term picture of the benthos rather than to a single census. Because of
their typically larger body sizes and temporally stable populations, shelly
taxa may dominate benthic faunas in biomass even when they do not
dominate in numerical abundance at any one time (Fig. 6) (Cummins et al.,
1986a; Staff and Powell, 1988). In Texas lagoons, Staff et al. (1985) found
that both rank order and trophic structure of the original community could
be recovered using this approach. In fact, Powell et al. (1989) argued that
even numerical abundance data ‘‘indicate real variation in species’ [ecolog-
ical] success’ when the compositions of both live and dead are examined
over time scales exceeding a few years.

Equally reassuring is the observation that the high rates of shell
dissolution documented in Texas lagoons [e.g., 50% of all new shells lost
within 307 days (Powell et al., 1984; Cummins et al., 1986a)] are concen-
trated among juveniles and poorly calcified opportunists smaller than 3mm.
The ecologically most persistent, and thus, it could be argued, the most
characteristic species of the benthic community had immeasurably long
half-lives in the same sediments, and thus dominate death assemblages
much as they dominate any long-term portrait of the combined soft-bodied
and shelly source community. Paleontologists therefore should not despair
[contra M. V. H. Wilson (1988) and others] of the small numbers of shelly
taxa or individuals normally censused in modern marine habitats: data
indicate that high loss rates are focused on the ecologically most transient
parts of communities, i.e., short-lived small or opportunistic forms, so that
the temporally persistent core of the community is captured by the shelly
death assemblage.

There have been few comparable studies in reef or hardground environ-
ments, but Brett (1988) found that shelled taxa usually represent less than
40% of species richness and only 15% of the area originally covered by
encrusters. These figures are largely taken from cryptic biotas (e.g., Kobluk,
1988; Rasmussen and Brett, 1985; Kobluk and van Soest, 1989). By contrast,
Jamaican reef surfaces yield an average of 70% mineralized taxa in shallow
water (60 m); deeper waters yield progressively lower proportions, de-
creasing to 1.8% shelled taxa at 120 m depth (Liddell and Ohlhorst, 1988).
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FIGURE 6. Bar charts illustrating percentages of shelly organisms in benthic communities
from predominantly midlatitude soft substrata. (A) Percent of total individuals. (B) Percent of
total biomass. Based on data compiled by Staff et al. (1985, Table 3).

Shallow-reef biotas thus have higher potential fidelities than deeper biotas.
It remains to be tested how often this potential is actually achieved in death
assemblages, given high water energies and intense biocerosion of live and
dead skeletal material in shallow, photic waters.
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3.1.1. Implications for Trophic Analysis

Although the temporally persistent core of the community can be
captured by the shelly death assemblage, certain trophic groups and life
habits will inevitably be underrepresented and thus it is unlikely that
trophic structure can be satisfactorily resolved. Predators in modern shell
gravel communities, for example, are mainly soft-bodied or lightly miner-
alized polychaetes, arthropods, echinoderms, skates, and rays (Bosence,
1979); birds are important but largely unrepresented factors in some
intertidal communities (Cadée, 1989). The wide range in the proportion of
low-preservation taxa even within single habitats or communities (see
Section 3.1) undermines any possibility of a simple correction factor for
fossil assemblages, even if benthic structures have been constant through
the Phanerozoic. Reconstructing the trophic structure of the total commu-
nity is further complicated by the diversity of food sources exploited by
many benthic invertebrates (Cadée, 1984b).

Most trophic analyses since the late 1960s and early 1970s have not
claimed to characterize the structure of the total original community (R. W.
Scott, 1978; Fiirsich, 1984; Fiirsich and Flessa, 1987). Reconstructed trophic
nuclei are used instead to describe only the shelly portion of ancient
communities, and find primary application in biofacies mapping. Although
in some settings such groupings may result as much from taphonomic
processes as from living communities [e.g., loss of some and exotic input of
others (Stanton and Dodd, 1976; Bosence, 1979)], most actualistic studies
have found good agreement in the spatial distribution of live and dead
shelly taxa at the biofacies scale (Section 3.2.1; Tables II-V).

3.2. Fidelity of Death Assemblages
to Live Shelly Faunas

Even among shelly taxa, species differ in their susceptibility to post-
mortem destruction (see Section 4 for processes and selectivity). Compared
to the potential death assemblage, observed death assemblages can have
lower species richness owing to preferential removal of small or fragile
forms by predators and post-mortem processes. Conversely, they can have
higher species richness than any single census of live shelly fauna owing to
time-averaging of successive community states and the addition of alloch-
thonous shells. In similar ways, size-frequency distributions of death
assemblages may be more or less skewed than the raw input.

Many workers have found broad agreement between the most common
occurrences in live and dead shelly faunas in a variety of environments
(Johnson, 1965; Cadée, 1968; Warme, 1969; Warme et al., 1976; Peterson,
1976; Bosence, 1976b; Ekdale, 1977; Carthew and Bosence, 1986). Shelly
death assemblages often map communities and habitat types better than any
single census of the living shelled community, suggesting both little
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out-of-habitat transport of shells and little change or lateral displacement of
communities during the period of shell accumulation (Column 3 in Tables
-v).

Comparisons among studies are difficult, however, because workers
measure fidelity in different ways and with varying degrees of quantifica-
tion. Consequently, these data are reanalyzed here using a series of stan-
dardized metrics (Tables II-V).

3.2.1. Fidelity with Respect to Species Richness
and Taxonomic Composition

In order to assess species richness and taxonomic composition, three
kinds of information are necessary: number of species found live only (NL),
number of species found dead only (Np), and number of species found both
live and dead (Ng). Unfortunately, these requirements exclude several
studies, most notably Johnson’s (1965) seminal study of Tomales Bay,
California, and Parker’s (1960) data set for the Gulf of Mexico. Sixteen other
studies do meet the requirements, including five from intertidal settings
(Table II), five from subtidal coastal complexes (Table III}, and six from
open-shelf and deep-sea environments (Table 1V). (Table V summarizes the
data.)

Death assemblages tend to have fairly high fidelities when the question
is, “‘what percentage of shelly species found live are also found dead at the
same site?”” [i.e., (Ng X 100)/(N_ + Ng); Table V). In general, most or all
well-mineralized taxa contribute to the local death assemblage: mean
fidelities are 83-95% if data are summed for study areas, and are 75-98% if
the focus is on individual habitats (e.g., sand channels or grass beds within
an intertidal study area). Such high values also characterize Pleistocene
assemblages: Valentine (1989) found that 77% of living bivalves and
gastropods in the Californian Province are known as Pleistocene fossils, and
that the missing species are all rare today and/or minute, fragile, or from
lesser known deep-shelf habitats.

The same data sets yield lower values when the question is, “‘what
percentage of species found dead are also found live?” [i.e., (Ng x 100)/(Nj
+ Ng; Table V]: 33-54% for entire study areas and 42-57% for individual
facies, but the range is great (4-100%). The low fidelities are probably in
part a consequence of the way living communities were (under)sampled:
most studies relied upon a single census or single year of sampling. A
hypothesis of sampling bias is supported by the observation that single
study areas subjected to longer sampling programs showed improved
agreement between live and dead with progressive sampling of live fauna.
Peterson (1976) demonstrated this effect by pooling successive live samples
from a 3-year study: the similarity between live and dead taxa increased
from approximately 20% to 75% as live taxon records accrued over
successive surveys in two warm, temperate lagoons. Knight (1988) found
this same relationship over a 17-year study period in open-shelf habitats by
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- % °§ § 8 relocating sites sampled by previous workers (Table IV). Within a single
8 ~§ £ o 2 ;'E: R N b sampling program (1985/86), 37% of the dead species were found alive; this
=2EG T2 H = EN figure increased to 47% when live taxa from 1971 and 1985/86 were pooled,
é‘gg g & § f s « and increased to 54% when live taxa sampled in 1968, 1971, and 1985/86
- o Fleg 2 were pooled.
Z|e® 0~ This direct relationship between measured fidelity and study duration
suggests that many species found ‘‘dead only” are not exotic or out-
o |22 e of-habitat, but simply have not yet been sampled live because of patchy or
Teew . :é’ =2 3 impersistent populations. Johnson (1965) and others have used the term
S = 22 8¥ S, ‘‘exotic’’ to designate taxa found dead only, but this term should be
3 5EE82 g restricted to demonstrable instances of out-of-habitat transport. Taxa found
£aes = g lee only in death assemblages are best referred to by a more neutral term such as
153 e ‘“dead only’’ (Warme, 1969), because many are simply remnants of older or
very patchy indigenous populations.
’?F . Cadée (1984a, and personal communication, March 1990}, for example,
li - & °§ § § suggested that 26 of 32 dead-only species in molluscan assemblages of the
2 3EE2.. = ZlLd & North Sea were indigenous. The remaining 6 species not sampled live were
& 28 E £ 5 i 2 reworked from Pleistocene intertidal deposits present 50 cm below the
£ 2agFec seafloor. Such leakage from stratigraphically older deposits is one source of
gl = gles = discrepancy between live and dead faunas (S. W. Henderson and Frey,
2 = e ¥ 1986). Another influence on fidelity is environmental change during the
2 period of shell accumulation. Where the sedimentary environment is known
& o 2% to have changed during the study period, such as in Knight’s (1988) study
s e ?.3 8 88 88 of the effects of inert clay-waste pollution in a shallow marine embayment of
g 8% 3 2 the English Channel (Table VI), the death assemblage differs significantly
£ ° from the live community and represents an average of the older and newer
UE) L communities occupying the site. It is thus essential for paleontologists to
. 5128 § use all lines of evidence (e.g., sedimentary matrix, discontinuity surfaces,
: £ 232 o s T2 stratigraphic context, quality of shell preservation, etc.) to determine the
2 E %g e o likelihood of environmental change before death assemblages are inter-
= Egs ’F; ° < ® preted paleobiologically (see Section 5.2.3).
=S flsg @ Although some variation in taphonomic fidelity must reflect differences
Z|o° = in communities, environments, and histories of shell accumulation, the
positive relationship between fidelity and live-study duration described
ol2e . above is interesting on several accounts.
$ v e g 88 & (a) It pinpoints an operational bias in data collection: because most
- Eéfg Sl g'\o death assemblages are time-averaged, a single live census provides an
= ;“: Tsg g 5 inadequate basis for comparison. Estimates of death assemblage fidelity thus
SRR O I should be considered to be minimum estimates until long-term replicate
§ § E g surveys of living fauna yield few new species.
(b) The between-locality variation in Tables II-IV (e.g., Mugu Lagoon
o v versus Strait of Canso) may depend more upon how extensively live faunas
w|_ =% g were sampled than upon real differences in the fidelity of the death
'% -‘-é %3 5 E assemblages.
Sk § a :?g (c) Most importantly from a paleontological perspective, it provides
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direct evidence for scales of time-averaging. The time period over which
samples must be pooled in order for the composition of the living
community to converge with the death assemblage indicates the minimum
period of time-averaging recorded by modern death assemblages. For the
open shelf, living benthos must be sampled over many decades before live
and dead species richnesses show good agreement {Carthew and Bosence,
1986), but evidently only a few years will suffice for lagoons (Peterson,
1976). Systematic studies to determine characteristic periods of time-
averaging for Recent benthic habitats could be extremely useful for
extrapolation to the fossil record because these periods are not always
inherently biogenic, but a consequence of the physical environment acting
on both benthic ecology and taphonomy (see Section 5). Toward these ends,
it is imperative (a) that samples and records from previous faunal surveys
continue to be archived, and (b) that planned and current surveys of live
and dead faunas accurately locate sample sites and ensure that samples are
curated for future restudy.

Finally, yet another set of fidelity estimates results if the question is,
‘“‘what percentage of dead individuals are from species found alive?”’ [i.e.,
(dead individuals of Ng x 100)/(dead individuals of Ny + Ng)]. Variation in
this measure of fidelity is large (6—100%), but the overall average is high
(70-90%; Table V), meaning that species sampled live tend to dominate the
local death assemblage. This is true even for habitats with large numbers of
‘“‘dead-only’’ taxa. For example, only 22-60% of species found dead were
sampled live in subhabitats of Mannin Bay, but these accounted for the
majority of individuals in death assemblages [range 66-97%, average 85%
(Bosence, 1979)] (Table IV). In other words, species not sampled live, either
because they have patchy and ephemeral populations or because they are
truly exotic, tend to be represented by few dead individuals.

Although assemblages can be composed exclusively of exotic species
(e.g., storm-washovers and turbidites dominated by bulk flow; see Section
4.2.3 and Table IX), a low number of dead individuals prove to be exotic in
level-bottom settings. For example, S. W. Henderson and Frey (1986,
Appendix 1) found no exotic taxa in shallow-shelf assemblages and only
9% exotic species (accounting for 10% of dead individuals} in ebb-
dominated tidal sound assemblages. On intertidal flats, Frey et al. (1988)
found 8-25% exotic species in inner flat assemblages (accounting for 5-8%
of all dead individuals), 38-50% exotic species in middle flat assemblages
(only 6% of dead individuals), and 17-67% exotic species in outer flat
assemblages (only 1-5% of dead individuals). Exotic individuals cannot
always be reliably identified based on shell damage—rafted shells may
arrive in pristine condition—but transport does tend to select shells of
small-bodied, free-living epifauna and very shallow burrowing infauna (see
Section 4.2.3).

The rather high fidelity of death assemblages to source live communi-
ties is encouraging for paleoecological interpretation. It also might be used
to advantage in environmental impact studies (e.g., Samtleben, 1981).
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3.2.2. Fidelity with Respect to Species Dominance

All factors being equal, the most abundant members of a living
community are the ones most likely to enter the fossil record, and the most
abundant fossils are the ones most likely to be sampled by paleontologists.
However, taphonomic processes can alter this simple relationship by
preferentially removing certain species and size classes (see Section 4). As
with species richness data, comparisons among previous studies on the
fidelity of relative abundances are difficult in the absence of standardized
metrics, and are limited by the scarcity of appropriate data sets.

Table VI analyzes fidelity with respect to the six most abundant taxa in
Recent molluscan death assemblages. This number was chosen as a basis for
comparison because (a) it permitted comparison of a larger number of pub-
lished data sets, and (b) in each data set the most abundant (= top} six taxa
are generally confined to the peak of the skewed species-abundance distri-
bution typical of benthic communities. For example, the top 6 living mollusk
species in Copano Bay, Texas, comprise 94% of all live mollusk individuals
(17 species total), and the top 6 species in nearby Laguna Madre comprise
70% of all live mollusk individuals [29 species total; data from Staff et al.
(1985)].

For each data set, fidelity was calculated several ways: (a) the number of
top six taxa in the death assemblage that are also among the six most
abundant taxa in the live community; (b) the percentage of dead individuals
that come from the top six taxa in the live community; (c) the number of top
six taxa that occur in the same rank order in both death assemblage and live
community; and (d) the percentage of dead individuals that come from taxa
ranked identically both dead and live.

Results are as follows (Table VI):

(a) One-sixth to five-sixths (grand mean = one-half) of the top taxa in
the death assemblage were top taxa in the source live community.

(b) The most common live taxa generally account for slightly more than
half of all individuals in the death assemblage (grand mean 57%, but range
of 20-99%).

(c) Very few (zero to half) of the top dead taxa occur in the same order
or ranked abundance as they do in the live community.

(d) These taxa account for about one-third of all individuals in the death
assemblage (grand mean 29%, but range 0-99%).

Given that most live data sets are based on only one sampling of local
communities (Table VI), all of these measures of fidelity are probably
minimum estimates; presumably, fidelity values would increase with study
duration, much as they do for species richness (see Section 3.2.1). The low
estimates nonetheless cast doubt upon biofacies discrimination based on the
rank order of the numerically most abundant species. Differences in the
composition of the top taxa may be biologically meaningful, but differences
in the precise ordering of those top taxa are more likely to be taphonomic in
origin than biologically determined.
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In a unique attempt to assess the effects of ranking species according to
biomass rather than number of individuals, Staff et al. (1985) found that live
and dead assemblages in opportunist- and juvenile-dominated Texas la-
goons show greater agreement when measured in terms of biomass (paren-
thetical values in Table VI). Two-thirds of the top dead taxa were top taxa in
the live community (up from one-third; accounted for 97-98% of dead
biomass), and half of the top dead taxa occurred in the same rank order as
when live {up from zero; accounted for 97-98% of biomass).

3.2.3. Fidelity with Respect to Age- and Size-Frequency Distributions

The extensive literature on size-frequency and survivorship analysis
has been ably reviewed by Dodd and Stanton (1981). Early work in the 1950s
and 1960s emphasized size-frequency data as a means of discriminating
between (a) in situ census assemblages, thought to be characterized by
polymodal or juvenile-dominated curves, and (b) allochthonous and other-
wise taphonomically sorted assemblages, thought to be characterized by
normal, leptokurtic curves. Work in the 1970s shifted to using size—fre-
quency distributions as evidence for mortality patterns among different
organisms (K. R. Walker and Parker, 1976; Alexander, 1977; Hutchinson,
1978) and for the same organism in different habitats (Surlyk, 1972;
Richards and Bambach, 1975; Dzik, 1979).

Actualistic work in the 1980s has provided new insights into tapho-
nomic influences on dead shells and has been largely pessimistic con-
cerning the paleoecological value of size-frequency data. Census assem-
blages (sensu Hallam, 1972) of articulated individuals generally permit a
direct reading of shelly population structure [i.e., the age—frequency distri-
bution of living individuals (Levinton and Bambach, 1970; Tanabe and
Arimura, 1987); but see Kranz {1974a) for preferential escape of juveniles],
but all other assemblages are cumulative in origin, and reflect background as
well as catastrophic mortalities. At best, these assemblages provide records
of local mortality (i.e., age- or size-dependent survivorship) from which
population structure can be back-calculated [see Dodd and Stanton (1981)
for procedures].

Unfortunately for the paleoecologist, any number of different size
distributions can result from a single pattern of mortality owing to tapho-
nomic processes; moreover, any given size distribution can have several
possible explanations. For example, bimodal intertidal populations can
yield (a) juvenile-dominated allochthonous assemblages by current trans-
port, (b) adult-dominated allochthonous assemblages by hermit crab and
bird transport, and (c) platykurtic residual assemblages of disarticulated
shells (Fig. 7).

It appears that even with little collection bias and regardless of taxo-
nomic group and setting, juveniles are generally underrepresented in the
fossil record (Olson, 1957; Kurtén, 1954; Cadée, 1982; Yochelson and
Lindemann, 1986). High taphonomic loss rates for small specimens and
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census assemblage
(Tanabe & Arimura, 1987)

current-transported shells
(Shimoyama, 1985) or
spatial separation of juveniles
during life (Cadée, 1982)

hermit crab or bird transport
(Shimoyama, 1985; Cadée, 1989)
or spatial separation of adults
during life (Cadée, 1982)

time-averaged biostratinomic
residuum (Tanabe & Arimura,
1987; Cadée, 1989)

il [ ] Live

FIGURE 7. Common qualitative changes in the shape of molluscan size-frequency distribu-
tions in intertidal settings, from live (white) to dead (stippled), and documented causes.

% individuals

Dead

juveniles in particular are strongly indicated by some actualistic studies
(Powell et al., 1982; Babcock, 1985; Cummins et al., 1986a). Adults of
small-bodied species are comparatively common in Recent and fossil death
assemblages. The preferential loss of juveniles is possibly related not so
much to size and surface area effects as it is to ontogenetic differences in
degree and style of mineralization (e.g., high intraskeletal porosity and
organic content associated with rapid juvenile growth).

In some circumstances, classes of small organisms may experience
preferential preservation. Bosence (1979) and Arua (1982), for example,
observed that small subtidal bivalves were less subject to borers and
encrusters than were large specimens. Pip (1988) documented a similar bias
against comparatively fragile large-shelled gastropods in freshwater sedi-
ments. Any species not showing an allometric increase in thickness relative
to shell length might be expected to yield juvenile-dominated death assem-
blages owing to preferential loss of large specimens. Highly skewed fre-
quency distributions for individual species can also reflect ecological
phenomena such as spatial separation of juveniles and adults related to
larval settlement (Cadée, 1982), unusually high (or low) juvenile mortality
(Levinton, 1970), stunting of growth (Price, 1982), and dwarfing or paedo-
morphosis [reviewed by Mancini (1978)]. Multispecies assemblages domi-
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nated by small individuals generally reflect (a) hydraulic sorting and
abrasive reduction, as, for example, assemblages found in beach and
washover deposits, or (b) extreme diagenetic filtering by solution or miner-
alization, as, for example, the phosphatic steinkern-rich ‘‘pebble necrocoe-
noses’’ that characterize many Paleozoic formation boundaries in the U. S.
Midcontinent (Tasch, 1955a; B. Witzke, personal communication).

Cadée (1989) suggested that in intertidal settings, size-selective preda-
tion, fragmentation, and transport are probably the rule (see also Shimo-
yama, 1985; Tanabe and Arimura, 1987), so that size-frequency distribu-
tions probably give little information on original population dynamics.
These and other workers (Noble and Logan, 1981; Cummins et al., 1986b;
Westrop, 1986) have argued that size-frequency data are in general probably
most revealing of post-mortem processes, except for data derived from
census assemblages of articulated specimens.

Although the details of population structure are unlikely to survive
taphonomic processes, data from subtidal lagoons (Cummins et al., 1986b)
suggest that in some instances time-averaged death assemblages provide a
fairly good qualitative picture of molluscan mortality patterns. For example,
in 10 out of 13 cases, juvenile-dominated death assemblages are associated
with juvenile-dominated mortality, bimodal assemblages with bimodal
mortality, and adult-dominated assemblages with adult-dominated mor-
tality (Fig. 8). However, modes are commonly displaced by one or more size
classes.

Quantitative tests of these same data yield mixed results. Based on use
of the Kolmogorov-Smirnov test, a test more directly applicable to differ-
ences in the shapes of frequency distributions than the chi-square test used
by Cummins et al. {1986b; Sokal and Rohlf, 1981), 5 of the 13 cases show no
significant difference between expected and observed size distributions (p
< 0.05) (Fig. 8). Because Cummins et al. (1986b) note that their estimates of
juvenile mortality are probably in error by 70-95%, a second Kolmogorov-
Smirnov test was run excluding the 1.0-mm size class; 6 of the 13 cases
showed no significant difference (Fig. 8). In summary, approximately half of
the species showed no significant difference between dead size-
distributions and calculated mortalities, and virtually all show good quali-
tative agreement.

Cummins et al. (1986b) stated that their data suggested a strong
preservational bias acting against juveniles. However, by their own calcu-
lations, only 4 of the 11 cases in which they tracked an ‘“‘input pulse”
showed any significant difference between ‘‘pre- and post-taphonomic loss”’
(their Table 1). Juveniles also appear to be overrepresented in death
assemblages relative to mortality in 8 of their 13 graphs reprinted in our Fig.
8, but this may be a consequence of underestimated mortality, as discussed
above.

The good qualitative agreement, along with quantitative agreement in
half of the size-frequency distributions presented by Cummins et al.
(1986b), suggest that such data may yet be of value to paleobiologists,
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although care must be taken in obtaining and interpreting these data [see, for
example, the exchange between Cadée (1988) and W. Miller and DuBar
(1988a,b)]. The mixed results in Texas lagoons suggest that the general
conclusion that size-frequency distributions are determined primarily by
taphonomy may someday prove to be overly pessimistic, even though the
intertidal record does indeed appear to be strongly biased (but see Hart-
shorne et al., 1987). Further study is warranted to determine whether
time-averaged assemblages of certain taxa, life habits, or depositional
environments might still yield consistently useful size-frequency data.

4. Biostratinomy: Processes and Agents
of Differential Shell Preservation

Death assemblages generally do not enter the permanent record without
modification on the seafloor or within surficial sediment. Throughout this
period, which can include repeated cycles of burial and exhumation,
individual shells and the assemblage as a whole may acquire a taphonomic
overprint related to various post-mortem agents, environments, and time
scales of accumulation. This overprint includes the differential loss of
species and age classes (see Section 3), and the alteration of surface features,
form, and facies distribution of individual shells (this section).

Biostratinomy refers to this aspect of fossilization—literally, the embed-
ding of biological hard parts and in particular their behavior as sedimentary
particles (Seilacher, 1973, 1982a) [Weigelt (1927) originally coined the term
more broadly to include death and soft-tissue decay]. Most biostratinomic
studies have stressed the physical, primarily hydraulic, processes that act on
carcasses and hard parts during the burial interval [see recent reviews by
Brett and Baird (1986), Speyer and Brett (1988), Goldring (1990)]. Because
these conditions are relatively easy to manipulate experimentally, bioclast
behaviors have in some instances been quantified (see below).

The post-mortem behavior of shells is usually not this simple, however,
because biostratinomic histories commonly unfold in the presence of living
organisms, which can bore, gnaw, swallow, break, encrust, reorient, bury,
exhume, transport, trample, disarticulate, disperse, concentrate, and other-
wise interfere with straightforward, physically controlled processes. In
addition, the accumulation of dead shells on and just below the seafloor can
alter the physical and geochemical environment and can influence subse-
quent benthic colonization [taphonomic feedback (Kidwell and Jablonski,
1983; Kidwell, 1991)].

A further analytical complication is that a given preservational state can
reflect any number of life and post-mortem processes (Table VII), so that few
unequivocal interpretations can be drawn in isolation. For example, high
disarticulation might reflect high water energy, active scavenging, or
general bioturbation of decayed carcasses. Future work should thus target
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152 Chapter 4

development of diagnostic criteria for specific taphonomic processes at the
level of both individual shells and whole assemblages, and (b) ranking the
relative importance of different processes in a given environment and
among environments. Essential to this work will be the development of
standardized scales for describing shell condition (last column, Table VIIj.

This review stresses the implications of biostratinomic processes for the
preservation of faunas. For reviews with fuller treatment of their geological
applications, see Brett and Baird (1986), Speyer and Brett (1988; and this
volume, Chapter 11), Goldring (1990), and Kidwell (this volume, Chapter 5).
For a fuller review of the diagenesis of shelly assemblages, see Raiswell and
Canfield (this volume, Chapter 9).

4.1. Basic Patterns

In general, post-mortem modification is a function of the susceptibility -

of shells to a particular suite of processes and the length of time that shells
are exposed to attack (Fig. 1). This susceptibility is largely inherent to the
organism’s life position and to the shape, size, mineralogy, microarchitec-
ture, surface roughness, organic coats, and surface area (including porosity)
of its hard parts. Consequently, it varies not only among major taxonomic
groups, but among species of a single group, among different elements of a
single skeleton, and among individuals at different points in ontogeny.
Susceptibility can also be secondarily changed by taphonomic processes
before final burial (e.g., size reduction by fragmentation, removal of perio-
stracal coverings, early syntaxial overgrowths during temporary burial} and
thus, like other major factors in the taphonomic equation (Fig. 1), it is a
dynamic factor.

Both laboratory and field experiments have shown that individuals and
assemblages alike suffer greater modification as the period of exposure to
post-mortem agents is increased (e.g., references in Table VII). However,
taphonomic damage need not be a direct function of an individual shell’s
age since death, because its exposure to post-mortem processes may be
intermittent rather than continuous. Corrosion, for example, can character-
ize Recent as well as relict shells in shelf death assemblages (Nelson and
Hancock, 1984}, and isolated old shells may be in better condition than
recently-dead shells (Powell and Davies, 1989; Flessa et al., 1990).

This variability owes to several phenomena. One is that taphonomic
agents themselves are not always relentless: both bioerosion and pore-water
chemistry, for example, can be strongly seasonal (Aller, 1982a; Hutchings,
1986; Reaves, 1986). Second, shells can gain temporary refuge by burial or
encrustation, which isolate the shell from some taphonomic agents.
Temporary or permanent sanctuary from one set of post-mortem agents
(e.g., from physical abrasion or undersaturated seawater at the seafloor) of
course may merely expose the shell to another set [e.g., acidic pore waters
in the shallow subsurface (Driscoll, 1970)]. Moreover, shells can undergo
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several phases of modification related to burial-exhumation cycles and
other environmental changes. Modification rates therefore probably vary
during the history of individual shells and cannot readily be extrapolated
from short-term experimental values; short-term values provide estimates of
maximum rates. Shells do not attain true sanctuary from biostratinomic
processes until final burial below the reach of bioturbation and storm
reworking, at which time they enter the realm of later diagenesis.
Environments differ in their rates of shell supply and favorability for
preservation, but a general correlation exists between shell condition and
the short-term dynamics and net rate of sediment accumulation [for reviews
see Kidwell, 1985, 1986a, and this volume, Chapter 5; Brett and Baird, 1986;
Brandt, 1989). Both continuous, rapid sedimentation and episodic deposi-
tion of thick sedimentary increments can speed the transit of shells through
the biostratinomically active zone; this rapid burial favors good preserva-
tion. Conversely, slow net rates of sedimentation and repeated exhumation
retard final burial, and increase the average exposure time of shells to
surficial and near-surface taphonomic agents. This should lead to poorer
overall preservation of the fossil assemblage, but not necessarily to a deposit
with low abundance of shells, since low dilution by sediment promotes
shell concentration and positive taphonomic feedback. In these ways the
time-averaging, quality of shell preservation, and paleoecology of fossil
assemblages may be linked (Kidwell, 1986a, and this volume, Chapter 5).

4.2, Modification by Hydraulic Processes

4.2.1. Reworking and Reorientation of Shells

Well-documented effects of hydraulic reworking include (a) sorting by
size and shape, including right-left differences in pelecypods and brachial-
pedicle differences in brachiopods (Table VII), (b) abrasive size reduction
according to skeletal microarchitecture (Sorby, 1879; Force, 1969; Hoskin et
al., 1983; Greenstein, 1989a), and (c) reorientation into a variety of highly
ordered fabrics. These fabrics include bedding-plane accumulations in
which elongate elements are oriented parallel, transverse, or oblique to
current, and matrix- and shell-supported fabrics in which bioclasts are
concordant, oblique, or perpendicular to bedding [reviewed in Miiller
(1979), Kidwell et al. (1986), Goldring (1990)] (Table VIII).

Well-ordered fabrics typically reflect steady or regularly varying flows
(e.g., beach swash-backwash, tidal ebb and flood, subtidal wave oscilla-
tion), whereas poorly ordered fabrics reflect greater turbulence at the
seafloor (Kellings and Williams, 1967), turbulent deposition of suspended
shells (e.g., as observed in debris flows and some storm deposits and
turbidites), or presumably bioturbation (Toots, 1965). Hydraulic reworking
does not always result in convex-up orientations of bowl-shaped shells, and
thus this is not a foolproof guide to water energy and ‘‘stratigraphic



154

Chapter 4

TABLE VIII. Processes of Shell Orientation

Orientation Hydraulic processes Other processes
PLAN VIEW
Unimodal Unidirectional current acting on shells (free Rheotaxic life position
—-— or tethered) whose critical threshold ve- (Frey et al., 1987)
—_— ~ , locities are lower than surrounding sedi-
\\:’\ ment; the more turbulent the flow, the
N greater the angular deviation (Kelling and
Williams, 1967; Erickson, 1971; Brenner,
1976; Futterer, 1978a,b)
Bimodal As for unimodal patterns except reversing Free-rolling Oliva

No strong trend

currents (wave oscillation, tidal ebb and
flood); shell long axes aligned perpendic-
ular to oscillatory current directions (Na-

when alive; rheo-
taxic life position in
oscillating currents

gle, 1967; Kelling and Moshriff, 1977)

Flow velocities below or near critical

threshold levels for shell movement
(Bayer, 1978}, OR sediment moves at
lower velocity than shells, leading to shell

(Frey et al., 1987)

Life position (Allmon,

1988)

burial without azimuthal reorientation
(Futterer, 1978b), OR very turbulent flow
conditions, OR interference among shells
or between shells and other particles
(Brenchley and Newall, 1970; Futterer,
1978b)

CROSS-SECTIONAL VIEW

Concordant

Concordant and
convex-down

N’ o N

Concordant and

convex-up
NN S N

Perpendicular

7V W

Redeposition of platey fragments and shells
out of suspension, OR rotation during
compaction, OR complete exhumation of
vertically embedded infauna by gentle
winnowing (Emig, 1986)

Redeposition out of suspension, associated
with turbidity and turbulent storm cur-
rents (Middleton, 1967; Futterer, 1978c;
Allen, 1984), OR redeposition on leesides

of migrating bedforms (Clifton and Boggs,
1970}, OR overturning of hemispheric cor-

als, etc. (Abbott, 1974), OR burial at sub-
threshold velocities (Richter, 1942; John-
son, 1957; Futterer, 1978c)

Reorientation by currents on high-friction
seafloor (Richter, 1942; Johnson, 1957;
Futterer, 1978a)

Oscillatory wave and current action on
abundant shells, interference effects for
edgewise stacking (Grinnell, 1974; San-
derson and Donovan, 1974; Seilacher &
Meischner, 1965), OR vertical embedding
of nekton (Raup, 1973; Reyment, 1980)

Life position (Stanley,
1970)

Life position of conca-
voconvex brachio-
pods; bioturbation
on seafloor (Emery,
1968; Clifton, 1971)
and within sedi-
ments (Salazar-
Jimenex et al.,
1982)

Life position (Abbott,
1974)

Life position of soli-
tary or clustered
individuals (Papp,
1944; Frey et al.,
1987)

{continued)
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TABLE VIII. (Continued)

Orientation Hydraulic processes Other processes

Oblique (30-60°) Interference effect of unidirectional or tidal Life position

current resulting in imbricate or shingled (Alexander, 1986a)
& [TTIAN stack, with shells dipping up-current
(Greensmith and Tucker, 1969; Futterer,
1978b; Seilacher, 1982b)
Stacked Both convex-up and convex-down stacks are  Life position of mutu-

A associated with storm-reworked concentra-
N . :

Xz ﬁ tions; probably a result of interference
among shells during transport (Kidwell et
al., 1986; Kidwell and Holland, 1989)

Turbulent stirring of seafloor (Greensmith

ally attaching epi-
fauna (e.g., anomiid
bivalves)

»)

No strong trend Life position {Allmon,

QA

and Tucker, 1969], OR rapid deposition
out of high-density turbulent flows such
as debris flows (Middleton, 1967), OR
burial by sediment scour at subcritical ve-
locities (Futterer, 1978b)

1988), OR bioturba-
tion presumably

(Elias et al., 1987),
OR biogenic graded
bedding (van Straa-

ten, 1956)

way-up.’’ Moreover, organisms may be efficient rearrangers of shells on the
seafloor and within the sediment (Tables VII and VIII), yielding both ordered
and disordered fabrics. Biological influences thus must be ruled out before
shell orientations are interpreted hydraulically. The association of well-
ordered shells with physical sedimentary structures, textures, and/or hy-
draulically equivalent sediment often provides the best evidence in such
situations.

Because hydraulic reorientation requires that shells be mobilized, the
selective reorientation, flipping, and size sorting of shells in assemblages
should permit paleocurrent velocities to be bracketed (Alexander, 1986a).
For paleocurrent direction indicators to be reliable, the seafloor must be
sufficiently firm for shells to move freely—that is, the threshold velocity for
surrounding sediment must be higher than that for the shells—and so the
most dependable measurements come from bedding plane surfaces where
sediment dewatering has increased the internal ‘‘bed friction’’ of the sand or
mud (Futterer, 1978¢; Allen, 1984) and where there are few obstacles (e.g.,
other shells, low-amplitude bedforms). Flume studies by Futterer (1978a,b)
illustrate the often surprising equilibrium orientations assumed by bioclasts,
particularly when shells are in sufficient abundance to interfere with
free-rolling behavior.

When the threshold velocity of surrounding sediment is lower than for
shells, shells sink or rotate into the substratum by settling into scours formed
around them. Appropriately oriented shells become traps for sediment in
motion, further reducing the likelihood of shell transport and hastening
shell burial to a lag position at the base of migrating bedforms (Johnson,
1957; Clifton and Boggs, 1970; Futterer, 1978a,b). Shells can thus be
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hydraulically buried and concentrated without necessarily acquiring a
“hydraulically stable’’ orientation [and see R. L. Watson (1971) for subaerial
formation of shell lags]. Presumably, most shells on seafloors above fairwea-
ther wavebase are subject to such rapid burial [e.g., burial of 85% of dead
shells within 21 days observed by Conover (1975)]. It should also be impor-
tant wherever bedforms migrate more episodically in response to storms. In
all cases, rates of shell burial should not be limited by the typically slow net
rates of seafloor aggradation (centimeters per thousand years) that charac-
terize level-bottom marine settings; nor should hydraulic concentration and
burial of shells be limited to the rare, high-energy events capable of causing
ecologically catastrophic slumps and sediment-laden plumes.

When flow exceeds shell threshold velocities, shells are set in free
motion and may themselves create bedforms (see Kidwell, this volume,
Chapter 5). Such hydraulic deposits include shell megaripples and trough
concentrates on tide- and wave-dominated shelves (J. B. Wilson, 1986;
Norris, 1986) and sheets of storm- or turbidity-emplaced shells (Meldahl,
1987a; Aigner and Reineck, 1982; Pilkey and Curran, 1986). Bioclasts will
tend to be size- or shape-sorted according to their effective diameter [a
function of size, aspect ratio, and density (Ruhrmann, 1971; Seibold et al.,
1973; Futterer, 1978c)]. When taxa differ significantly in hydraulic proper-
ties, size sorting may be misinterpreted as having an ecological rather than
taphonomic origin (Westrop, 1986).

Although convex-up orientations pervade traction-dominated flow con-
ditions (but shell orientations can be modified by organisms during slack
flow; Table VIII}, concave-up orientations are common in turbidites and
other mass-flow deposits. Laboratory experiments (e.g., Middleton, 1967;
Futterer, 1978c; Allen, 1984; Hesselbo, 1987) have shown that resuspended
shells settle concave-up through both stagnant and moving water columns,
and entrain suspended sediment and thus increase in effective mass during
settling. Consequently, as the effective density of the fluid increases, so does
the frequency of concave-up positions [23-40% in low-density flows,
50-69% in high-density flows (Middleton, 1967)], resulting in changing
proportions of concave-up orientations [and of shell size (van Tassell, 1981)]
within single beds. In the absence of bioturbation and tractive movement
after settling, this diversity of concave-up, oblique, and vertical positions
can be preserved (Jeffry and Aigner, 1982).

Because shells are often coarser than surrounding sediment, shell-rich
bedforms and lags can have higher preservation potential than nonbioclastic
deposits. This is a consequence of both the high threshold velocities of
individual shells and the interlocking fabrics that bioclasts can assume.
Such concentrations can armor sediments against subsequent erosion (Fut-
terer, 1978a) and become basal * ‘reference horizons’’ for the accumulation of
complexly amalgamated coquinas (Seilacher, 1985; Kidwell and Aigner,
1985; Pickrill, 1985), thus increasing the preservation potential of shelly
assemblages.
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4.2.2, Disarticulation and Fragmentation of Shells

These phenomena are commonly attributed to physical reworking and
in particular to shell transport [e.g., the influential paper by Menard and
Boucot (1951)], but until recently few systematic studies have been con-
ducted on environmental differences and on the relative roles of physical
and biological agents. In general, disarticulation should decrease with
decreasing water energy, and in fact Eager (1978), S. W. Henderson and Frey
(1986), and others have reported higher incidences of articulated dead
bivalves in open-shelf relative to nearshore environments. Rapid burial and
low-energy anoxic conditions are most frequently invoked to explain good
preservation of articulated hard parts (Seilacher et al., 1985).

Controlled laboratory studies indicate that disarticulation is not a
simple function of water energy or distance of transport. Instead, it is
strongly influenced by the life habit [e.g., epifauna are more prone than
infauna (Callender et al., 1990)], amount of connective tissue (Ruhrmann,
1971), and extent of organic decay before physical reworking (Schifer, 1972;
Meyer, 1971; Allison, 1986, 1990; Kidwell and Baumiller, 1990). Anoxia is
relatively ineffective in preventing decay (Plotnick, 1986; Allison, 1988;
Kidwell and Baumiller, 1990), but nonetheless favors preservation of
articulated specimens by reducing biogenic reworking (Plotnick, 1986) and
promoting early mineralization of organic connective tissues (Allison,
1986). By contrast, low temperature is very effective in retarding decay
(Kidwell and Baumiller, 1990). Well-articulated specimens thus should
preferentially occur in environments characterized either by frequent cata-
strophic burial [obrution (Brett and Seilacher, 1991)] or by low temperature
and anoxia.

Susceptibility to disarticulation is also governed by how skeletal
elements fit together. For example, owing to their interlocking stereom,
many echinoids fracture across plates rather than separate along plate
sutures even after decay of connective tissue (A. B. Smith, 1984), and the
hinges of many brachiopods must break before the valves can separate
(Sheehan, 1978; Alexander, 1990). Pelecypods also vary in their tendency to
disarticulate owing to phylogenetic differences in ligament size and type. If
kept moist, the abductin-rich types of ligament apparently remain flexible
almost indefinitely. For example, oysters from subtidal middens associated
with the 18th century New Haven, Connecticut, town pier were still pliable
when removed from the anoxic harbor mud in the 1960s (K. M. Waage,
personal communication). Butterflied scallop shells dredged from shelf
fisheries, and laminated silt fills in articulated infaunal bivalves [Fig. 7 in
Kidwell (this volume, Chapter 5); see Holland (1988) for brachiopod
examples] indicate that individuals can survive exhumation and exposure
even on current-swept seafloors without disarticulation.

For fragmentation, waves and currents are most effective when they act
against anvils such as hard-packed sand, gravel, or bedrock (Hollmann,
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1966). These conditions yield distinctive ‘‘surf breaks’’ in thin convex shells
(a single hole punctured in the arc of the shell or hollow test) and
impact-cratered surfaces on thick-shelled specimens. Because of the cush-
ioning effect of water, this method of mechanical fracture is more common
in beach than in subtidal settings. Alternatively, shells can be pulverized
among mobile gravel (Myers, 1981) or broken by water after becoming
wedged in fissures. Much fragmentation may be biogenic rather than
hydraulic in origin (e.g., Cadée, 1968; J. B. Wilson, 1967; Trewin and
Welsh, 1976; Bosence, 1976a; Meldahl and Flessa, 1990), but data are sparse
on the proportional contribution or environmental trends (see biological
effects below, Section 4.3).

Small, light shells can be entrained in turbulence and literally float on
the surface or above the benthic boundary layer (D. W. J. Bosence, personal
observation), and thus might suffer disproportionately less damage from
hydraulic processes than will larger shells. Certainly, large, thin shells
(length:thickness =10) require significantly lower stresses to fracture (S.
Vogel, 1988). Older shells are more sensitive to stress than are new
(recently dead) shells: bivalve shells lose mechanical strength as they dry
out (Currey, 1980) and even when held in seawater [up to 50% strength loss
in the bivalve Donax variabilis within 3-4 days (M. LaBarbera, personal
communication, June 1990). Resistance to fracture also varies with skeletal
microarchitecture. Among mollusks, nacre is strongest under virtually all
conditions (tension, compression, impact); prismatic structures are the
most flexible and cross-lamellar the least; foliated structures are least able to
withstand compression (Taylor and Layman, 1972; Currey, 1980, 1988). All
of these observations suggest preservational bias as a function of size, age at
death (proportion of mineral and organic phases may vary ontogenetically),
phylogeny, and time between death and stress.

4.2.3. Shell Transport: The Question of Spatial Fidelity

Out-of-habitat transport of shells is a major concern for paleontological
interpretation. However, field and experimental studies indicate that mass
(or bulk) flow is the most effective mechanism of transporting shells in large
abundance or over great distances, so that allochthonous assemblages are
most common in steeply sloped or episodically high-energy settings (Table
IX). These deposits, such as storm- and tidal-surge washovers, turbidites,
and slumps, are usually identifiable by their distinctive sedimentary struc-
tures and facies context, and the resulting predominantly allochthonous
assemblages commonly occur in the form of concentrations. These may (but
do not always) exhibit good size sorting of shells; shell orientations and
concentrations typically are closely related to physical sedimentary struc-
tures.

In contrast, out-of-habitat transport is much less important in level-
bottom sublittoral environments (Table IX). The literature suggests that: (a)
most lateral movement is within-habitat [this is corroborated by the facies-
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level fidelity of death assemblages seen in Tables II-IV (Zenetos, 1990)]; (b)
most exotic shells are derived from immediately adjacent habitats; (c)
tractive transport is highly selective, affecting noncemented epifauna,
small, thin shells, and shallowest-burrowing infauna in particular (van
Straaten, 1956, 1960; Cadée, 1968; Shuto, 1973; Bosence, 1979; Aigner and
Reineck, 1982; S. W. Henderson and Frey, 1986; Knight, 1988; Kondo,
1989); and (d) even when exotic shells account for a large percentage of
species, they often comprise a minority of individuals in the assemblages
that receive them (~10%; Tables II-IV). Data in Tables II-IV on the propor-
tions of ‘‘dead omly’’ taxa are maximum estimates of exotic (i.e., out-
of-habitat) species: some of these ‘‘dead only’’ taxa are indigenous but were
not sampled live because of patchy and/or episodic distributions, whereas
others are mixed from local relict deposits (Sarnthein, 1971; Cadée, 1984a;
S. W. Henderson and Frey, 1986).

The level-bottom settings with the largest exotic component seem to be
those adjacent to habitats with abundant epifauna or epiphytic communities
subject to rafting (Table IX). These exotic species will in some instances
constitute distinctive trophic groups not otherwise represented in the
recipient (soft-bottom) assemblage. Knowledge of the basic ecology of fossil
taxa and of the regional facies context of the assemblage is thus of great help
in anticipating the likely abundance and source of exotic elements.

While out-of-habitat transport is rare, it is obvious [and quantifiable
(Cummins et al., 1986c¢)] from the few shells preserved in life positions that
small-scale, within-habitat movement of shells is extremely common. The
critical question for paleontologists is the extent to which this small-scale
movement limits the detail in which ecological variation in species abun-
dance can be interpreted from the fossil record: how much of the original
gradient in community composition (e.g., Fig. 2) is smeared by post-mortem
disturbance of shells? That is, what is the precise spatial fidelity of shell
material and how does this fidelity vary among environments?

As discussed in Section 3, analyses of Recent level-bottom assemblages
have repeatedly demonstrated (a) the nonrandom distribution of dead shells,
(b) their association with benthic communities of similar composition, and
(c) the significant association of both live and dead with distinct habitats
(i.e., lithofacies; Tables II-VI). The basic loyalty of death assemblages to life
environments applies not only to generally low-energy, protected settings
(Ekdale, 1977; Peterson, 1976; A. 1. Miller, 1988) but also to many persis-
tently high-energy settings such as macrotidal flats (Fiirsich and Flessa,
1987; Meldahl and Flessa, 1990} and tide-swept shelves (Holme, 1961; J. B.
Wilson, 1986; Carthew and Bosence, 1986). In fact, 75 years ago Kindle
(1916) used a live:dead comparison of benthos from the macrotidal Bay of
Fundy to prove that post-mortem transport does not homogenize death
assemblages, and argued that fossils were reliable for paleoenvironmental
interpretation even in such high-energy settings.

This correspondence indicates that net movements of shells in level-
bottom settings are generally small compared with the time-averaged spatial
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range of live individuals. A. I. Miller and Cummins (1989, 1990), for
example, found that physically and ecologically discrete habitat patches 10
m wide (seagrass beds) and 50-60 m wide (sandy areas) were readily
detected by abundance changes in death assemblages in back-reef areas of
St. Croix (also see Masse et al., 1989). Smaller-scale, within-habitat ecolog-
ical variability was not detectable in death assemblages, but presumably had
been smeared by limited transport and temporal patchiness in benthic
settlement. Spatial resolution on the low-gradient macrotidal flats of Cholla
Bay, Mexico (Firsich and Flessa, 1987) is on average coarser (five assem-
blage types can be discriminated across a 3-km shore-to-sea transect; habitat
patches range from 10 m to hundreds of meters), but local peaks in live
abundance of some species are often matched by peaks of dead individuals.
On the hurricane-stirred Texas continental margin, high-fidelity death
assemblages distinguish three habitats [a 15-km-wide inner shelf, 100-km-
wide middle shelf, and 25-km-wide outer shelf (S. E. Walker et al., 1989)].
Death assemblages thus commonly show good fidelity to life habitat, and the
spatial resolution of these assemblages varies from very fine in very patchy
shallow-water settings (on the order of tens of meters) to much coarser on
more homogeneous open shelves (tens of kilometers to 100 km].

225 spp.

Selectivity of transport;
net effect on assemblage at
depositional site
Conus, and Lucina), rare individuals; (2)
transport limited to 6 spp. (epifauna and
shallow-burrowing infauna); total tabu-

lated molluscan fauna
is presumably entirely allochthonous in

with diverse indigenous epifaunal assem-
Mulinia and Nassarius; final assemblage
composition

worked from relict Pleistocene; mixed
blage (no quantitative data)
(1) Transport limited to 3 spp. (Bursa,

Exotic Bittium, Turritella, and Mactra re-
Exotic specimens dominated by =< 1.5-cm

Nektonic cephalopods

No data
) and transport by predators (small quantities, highly

-flow processes associated with steep gradients (long-distance transport of entire

VIII). Although rare instances of post-mortem drift have been documented
for benthic organisms (Reyment, 1986), greatest drift has been documented
for cephalopods. Saunders and Spinosa (1979), for example, documented
1000 km of drift among Recent Nautilus, underscoring the potential of
taphonomic processes to increase the biostratigraphic utility of some groups
(Kennedy and Cobban, 1976). Propensity for drift among cephalopods

shore to deeper shelf
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assemblages is possible) or unusual surge conditions (large quantities of shells typically moved short distances

components of recipient assemblages. The major exceptions are transport by mass
localized deposits); exotic shells typically dominate these assemblages.

“Most hydraulic transport removes shells only to adjacent habitats and selects for small speciments and/or epifaunal species; exotic species are usually only minor
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predation and pathological infestations by endobionts, and an array of
post-mortem live:dead interactions. Many live:dead interactions reflect
highly selective behavior [e.g., species- and surface-selective settlement of
bryozoa on dead bivalves (Bishop, 1988, 1989; Ward and Thorpe, 1989)} and
possibly obligate behavior in some cases [e.g., deep-sea limpets that graze
exclusively on dead squid beaks, fish, and whale bones (Hickman, 1983;
Marshall, 1987)]. Other organisms select dead substrata more opportunisti-
cally on the basis of size or shape [e.g., choice of shell domiciles by hermit
crabs and octopods (McClintock, 1985; Mather, 1982; Iribarne, 1990),
choice of camouflage/stilt shells by Xenophora spp. (Ponder, 1983}],
whereas still other live:dead interactions seem to be nothing more than
post-mortem bad luck. This latter category would include dead shells
exhumed by bioadvection (McCave, 1988; Oliver et al., 1985) or inadvert-
ently crushed by durophagous crabs (S. E. Walker, 1988) and rays (Gregory
et al., 1979) (Table VII). Schifer (1962, 1972) noted many of these factors in
his North Sea studies, but few have been thoroughly examined or had their
importance quantified in different environments.

Recent shelly deposits commonly show both bioerosion and biofrag-
mentation (J. B. Wilson, 1967; Cadée, 1968; Trewin and Welsh, 1976;
Bosence, 1979; P. J. Davies and Hutchings, 1983), but the importance of
these processes relative to physical ones is poorly known (but see Meldahl
and Flessa, 1990). Wignall and Myers (1988) make a good argument for
exclusively biogenic fragmentation in Jurassic mudstones where they found
a consistent correlation between fragmentation and bioturbation. Compared
with organic-rich laminated shales, the organic-poor bioturbated mudstones
contain higher-diversity shell layers with extensive fragmentation, sug-
gesting that fragmentation was linked with oxygenation and thus with
improved access to benthic prey by predators. Extensive fragmentation is
not correlated with coarser-grained layers such as would be expected had
fragmentation been hydraulic or the shells exotic.

Bioturbation is a commonly invoked agent of post-mortem modification
of shelly faunas and is thought to have multiple effects, but none has been
adequately tested. Bulldozing species are thought to disarticulate and rotate
shells within the sediment, yielding random orientations (Toots, 1965; Brett
and Baird, 1986). In our separate studies of shell gravels, however, we have
encountered many shallow-water accumulations with large proportions of
concave-up shells, suggesting that predators and bioturbators might prefer-
entially create concave-up rather than random fabrics within the sediment
(also see Salazar-Jimenez et al., 1982). Concave-up orientations on the
seafloor have been attributed to ‘‘flipping’’ by scavengers (Emery, 1968;
Clifton, 1971; J. B. Wilson, 1986) [but see Callender et al. (1990), who
postulate that this is an artifact of human fishing activity].

Other postulated effects of bioturbators on the preservation of shelly
fauna are fragmentation (Knight, 1988), dispersion of small-scale concen-
trations (Kidwell, 1986a), and burial +/— concentration of shells by
subsurface deposit feeders (van Straaten, 1952; Rhoads and Stanley, 1965;
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Trewin and Welsh, 1976; Cadée, 1976; Meldahl, 1987b). None of these
effects has been tested in aquaria or under controlled field conditions. The
only rigorously tested relationship between bioturbation and shell preser-
vation is that sediment irrigation by macrobenthos can increase dissolution
rates (Aller, 1982a; Raiswell and Canfield, this volume, Chapter 9).

Predators and scavengers are responsible for an undetermined amount
of shell breakage, disarticulation, and dispersion. Organisms that exhume
shelled infauna expose these shells to post-mortem conditions on the
seafloor that they might otherwise have avoided, and some predators are
capable long-distance transporters (Tables VII and IX). Digestive acids
presumably accelerate destruction, as may organic coating of egested and
defecated material. Such coats may make shells more attractive to microbial
communities and thus to rasping grazers [see discussion in Scoffin (1987, p.
65)]. Coralline algal coats, on the other hand, seem to significantly reduce
shell damage by borers (Smyth, 1989).

Algal and other organic coatings do not necessarily seal the post-
mortem fates of exposed shells. For example, Cutler (1989) found that a
critical density of dead shells is required to support a community of grazers;
at subcritical densities, shells escape attack and thus have significantly
higher likelihood of preservation. Organic coatings might actually enhance
preservation potential by sealing shell carbonate from ambient, corrosive
waters (Henrich and Wefer, 1986), much as periostraca protect freshwater
mollusks from dissolution before death (Philippon and Plaziat, 1975;
Hunter, 1990). Many encrusting organisms may actually strengthen dead
shells (Stachowitsch, 1980).

Bioeroders attack live and dead shell material alike, although some are
highly selective. Endobionts (boring fungi, algae, sponges, barnacles, bi-
valves, echinoids, various worms, bryozoa) perforate shells, thereby re-
ducing shell strength and increasing surface area exposed to abrasion,
dissolution, and maceration [see review by Young and Nelson (1988)];
raspers alter the shell surface, exposing shell layers more susceptible to
dissolution (Table VII). Encrusters and other epibionts with penetrating
attachment structures [e.g., lichens, byssate bivalves, foraminifera (Boeks-
choten, 1966; Poag, 1969)] might also hasten destruction. Measured rates of
sediment production by bioeroders in carbonate habitats vary from 0.2 to 16
kg/m? per year (Scoffin, 1987), indicating the very large amounts of
carbonate that can be removed by these processes [often equal to biogenic
carbonate production (e.g., Bak, 1990)]. Some of these organisms produce
distinctive shell damage (e.g., clionid and spionid borings, crab peel marks,
whelk chips, bird attack), but not all fragments of such activity are
diagnostic and many organisms generate as yet unrecognizable debris
(especially predators that ingest and internally crush shells). Even distinc-
tive fragments and perforations become nondescript with further breakage
and bioerosion, until physical disintegration is so complete that the shell is
unidentifiable (Adjas et al., 1990).

The extent of shell damage by borers and encrusters and their frequency
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within an assemblage are usually interpreted as proportional to exposure
time on the seafloor (e.g., Driscoll, 1970); this is one criterion among many
commonly used to infer net rates and dynamics of sediment aggradation
(Kidwell and Aigner, 1985; Brett and Baird, 1986; Brandt, 1989; Kidwell,
this volume, Chapter 5, Section 3.1.1). However, not all infesters leave an
identifiable skeleton or trace (some encrusters leave only vague attachment
scars; Cutler, 1987), and infesting groups vary in abundance along depth
and salinity gradients and over ecological time (Lawrence, 1969; Budd and
Perkins, 1980; Scoffin et al., 1980; P. J. Davies and Hutchings, 1983; Akpan
and Farrow, 1984, 1985; Hutchings, 1986; Kobluk and van Socest, 1989;
Sammarco and Risk, 1990; Giinther, 1990). Inferences on relative periods of
exposure thus should only be made among samples from similar environ-
ments.

Taphonomic damage must be distinguished from damage incurred
while the host was alive. Infested interior surfaces of shells or of any surface
thought to have been covered by soft tissues during life are the most reliable
evidence. Exterior surfaces of infauna as well as epifauna may be infested
during life, particularly the posterior margins of shallow-burrowers
(Schifer, 1972; Hertweck, 1979; Peterson, 1983). The distribution and
orientations of infesters may in some instances be used to distinguish
between life and post-mortem attack (Seilacher, 1969, 1982b; Sando, 1984;
Elias, 1986; Baird et al., 1989).

Some further caveats may be made on the biostratinomic influence of
living organisms.

(a) Some encrusters and borers can thrive below the sediment surface,
particularly within coarse rubbly deposits (Scoffin and Henry, 1984), and
thus shell modification does not always cease with ‘‘burial.”’

(b) Many encrusters prefer cryptic areas on the undersides of shells as a
means of avoiding competition with algae and rasping organisms (Bosence,
1979; Jackson, 1977; Ward and Thorpe, 1989; K. McKinney, personal
commuunication) or avoiding sedimentation (Bishop, 1988; Cadée, 1991).
Heavily encrusted surfaces thus do not provide clear-cut evidence for
‘‘way-up”’ (contra Brett and Baird, 1986); they are at least as likely to
indicate ‘‘way-down.”

(c) Encrusters and borers modify the hydraulic behavior of dead shells.
For example, circumrotary overgrowths by bryozoans, hydroids, and corals
transform plate- and stick-form fragments into spheres and add weight
(Kissling, 1973; Balson and Taylor, 1982). Perforated bivalve shells have
different transport characteristics than intact shells (Lever and Thijssen,
1968).

(d) Hermit crabs (a Jurassic innovation) carry dead shells, particularly
from gastropods, on their backs as domiciles, thereby transporting, delaying
burial, and facilitating damage and modification that create a number of
distributional anomalies (Conover, 1975; Shimoyama, 1985; S. E. Walker,
1988, 1989). These shells can be identified by distinctive patterns of boring,
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encrustation, and physical abrasion (S. E. Walker, 1988; Smyth, 1990) and
should be evaluated separately from other parts of the death assemblage.
(e) To corroborate whole-assemblage data, individual bioclasts should
be examined for multiple-phase, post-mortem histories consistent with
delayed burial or repeated burial-exhumation cycles. Not all individuals
will exhibit such features (Frey and Howard, 1986}. In fact, the hallmark of
time-averaged shell accumulations having complex histories is the admix-
ture of shells in different states of preservation, from fresh to completely
altered (Kidwell and Aigner, 1985; Kidwell, this volume, Chapter 5).

4.3.1. Discrimination of Physical and Biogenic Effects

In general, shell assemblages influenced by physical processes should
bear some imprint of such or have an appropriate stratigraphic context, e.g.,
high-energy sedimentary structures. If post-mortem processes are predomi-
nantly hydraulic, then all shells of similar or lower critical threshold
velocities should be affected, whereas biological processes, if selective at
all, will tend to select on other features, such as sizes and shapes most
vulnerable or rewarding to infestation. With careful study, results of
different processes can be distinguished. Scoffin (1987), for example, found
that in situ mechanical breakdown of skeletons yields a broad range of grain
sizes, whereas boring produces predominantly fine grains (also see Sam-
marco and Risk, 1990).

As exposure to post-mortem processes increases, taphonomic features
tend to become less readily interpretable because of progressive destruction.
In addition, shells can be recycled from one post-mortem environment to
another through vertical reworking and time-averaging as well as by
transport, and thus can accrue a succession of different taphonomic signa-
tures. This is particularly true in concentrations of exotic shells, where
taphonomic features may be more informative of shell source than of the
final depositional process and thus should be interpreted with caution. For
example, shells in the Recent Black Shell Turbidite (Prince et al., 1987)
show all stages of abrasion and have a range of radiocarbon ages, suggesting
that fragmentation reflects not only downslope transport, but also initial
accumulation as a time-averaged shallow-water assemblage [also see D. J.
Davies et al. (1989a) for similar conclusions for shallow-water tempestites].
This is why stratigraphic workers have consistently used bedding features—
physical scale, geometry, microstratigraphic complexity, overall bioclastic
fabric, facies context—as the primary evidence for modes of shell concen-
tration rather than relying solely upon features of component shells (see
Kidwell, this volume, Chapter 5).

4.4. Geochemical Modification

The breakdown of carbonate shells into their constituent microscopic
elements (prisms, needles, fibers, flakes, and granules) can proceed both on
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the seafloor and during shallow burial. Shells exposed on the seafloor are
subject to the chemistry of overlying waters. Most open marine waters at
shelf depths are saturated or oversaturated with respect to calcium carbonate
and are slightly alkaline, so that aragonitic and calcitic bioclasts are
chemically stable. Under such conditions, shell breakdown is largely by
boring, although these pits can become micritized in warm oversaturated
waters (Alexandersson, 1972; Gunatilaka, 1976). Chemical leaching or
microbial decay of organic matrix can also be a factor, leading to chalky
textures (Alexandersson, 1972; Lewy, 1981).

In undersaturated seawater (cold water, whether shallow or deep) and
in acidic brackish and freshwater settings, carbonate shells can be etched
and leached (Alexandersson, 1972; Pip, 1988) (Table VIII). Microscopic (and
preferably SEM) inspection of shell surface features is almost always
required in order to distinguish among the effects of chemical dissolution of
crystallites, organic leaching, fungal or algal microboring, and physical
abrasion [Cutler (1987); contra 12 X magnification used by D. J. Davies et al.
(1989a); Staff and Powell (1990)]. Brett and Baird (1986} used the term
corrasion (combining abrasion and corrosion) for dulled surfaces of uncer-
tain origin.

Upon shallow burial, shells may pass through a series of pore-water
zones whose chemistries are determined by the quantity of buried reactive
organic matter and iron and by fluid exchange with overlying waters
[reviews by Aller {(1982b), Allison (1988), Raiswell and Canfield (this
volume, Chapter 9)]. Near-surface pore waters are generally oxidizing and
supersaturated owing to good exchange with saturated overlying water; the
effects of this exchange generally overcompensate for acids produced by
aerobic decomposition of organics. Carbonate shells thus should suffer little
dissolution in this thin surficial zone unless overlying waters are undersa-
turated (D. E. Canfield, personal communication, March 1989).

In contrast, actively bioturbated sediments just below the surface {(and
extending some tens of centimeters to the depth of active burrowing) are
characterized by undersaturated pore waters of high pCO, and low pH
which promote carbonate dissolution (Aller, 1982a). Sediments are so well
irrigated with sulfate-rich overlying waters that little alkalinity can build
up, notwithstanding high rates of sulfate reduction and bicarbonate ion
production. The accumulation of Ca?* in these pore waters (Aller, 1982a)
and SEM evidence of shell pitting indicate that shell dissolution occurs
within the bioturbated zone. This is recorded even in sites of net carbonate
accumulation such as Florida Bay, where dissolution has been reported to
remove fine particles of high-Sr aragonite (Walter and Morse, 1984; Walter
and Burton, 1990). If reactive detrital iron is present (as in most siliciclastic
marine sediments), diagenetic pyrite forms locally by sulfate reduction; later
oxidation of these reduced pockets yields sulfuric acid, which further
lowers pore-water pH to levels inimical to carbonate preservation (Aller,
1982a). Where bioturbation is intense, at least seasonally, even sediment
molds of dissolved shells have low likelihood of preservation.
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Below the zone of sediment irrigation, anaerobic decomposition can
lead to high bicarbonate levels (high alkalinity) in both carbonate and
siliciclastic sediments (Raiswell and Canfield, this volume, Chapter 9). This
creates supersaturated conditions that favor carbonate shell preservation.
Presumably, shells must be moved quickly into this zone if they are to
become part of the fossilized shelly fauna (Aller, 1982a; D. ]J. Davies et al.,
1989b). This may be accomplished by the piping of shells down open
burrows (Aller, 1982a; Seibold et al., 1973; Wanless et al., 1987}, downward
advection by surface and subsurface deposit feeders (Cadée, 1976), scouring
to the base of migrating bedforms (Johnson, 1957; Clifton and Boggs, 1970),
and catastrophic burial by storms, slumps, and turbidites (Aigner, 1985a).

Sedimentary environments that favor carbonate shell preservation are
thus those with little reactive organic matter and iron, e.g., carbonate
grainstones, where any local undersaturation can be quickly buffered by
dissolution of carbonate mud or can be corrected by flushing with overlying
saturated seawater. Similarly, local clusters of shells in otherwise disadvan-
tageous sediments might create their own favorable pore-water microenvi-
ronment by partial dissolution and bicarbonate buffering. There thus is
potential for a positive diagenetic feedback between shell abundance and
shell preservation potential [see discussion in Kidwell (1986a, 1989, and
this volume, Chapter 5). Sediments with bioturbated zones that are thin,
heterogeneous (i.e., characterized by discrete burrows rather than by thor-
ough admixing), or highly seasonal in development should also .favor
carbonate shell preservation by providing various time and space windows
for shells to escape undersaturated pore-water conditions (Kidwell, 1989).

Alternatively, shells can persist in the face of antagonistic geochemical
conditions if their reactivities are modified soon after death. Although the
mineralogies of shells are generally well known (Milliman, 1974; Scoffin,
1987; Lowenstam and Weiner, 1989; Saelen, 1989), the kinetics of shell
dissolution is less well understood, inasmuch as species are not always lost
in the order or at the rates predicted by their chemical activities (Berner and
Morse, 1974; Walter and Morse, 1984, 1985; Walter, 1985; Morse, 1986).
Peterson (1976), for example, estimated the differential preservability of
shelly benthos from Mugu Lagoon (California) by tracking weight loss of
individual shells over 7.5 months (shells =2 cm) (C. H. Peterson, personal
communication, June 1990). After 50-cm-deep burial in either sand or
muddy sand, high-Mg calcite echinoids and some aragonitic gastropods had
suffered 10-20% weight loss, but most aragonitic species lost only 0-4%,
and the only low-Mg calcite scallop lost 0.14%. Linear extrapolation
suggests that the post-mortem longevities of the different taxa ranged from
4 to 894 years.

High surface area and disseminated organic material tend to speed shell
destruction, and may even reverse the susceptibilities of aragonitic and
calcitic bioclasts (Flessa and Brown, 1983; Walter and Morse, 1984, 1985;
Ameziane-Cominardi and Roux, 1987; Schott et al., 1989). High organic
content, for example, appears to be an important factor in the rapid
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post-mortem destruction of calcitic brachiopods relative to many aragonitic
bivalves (Collins, 1985; Gaspard, 1989; Curry et al., 1989; Emig, 1990;
Kidwell, 1990). On the other hand, organic coatings on shells (Henrich and
Wefer, 1986; Morse, 1986), adsorption of less soluble ions [surface ‘‘poison-
ing”” by Zn, Mg, PO,, and others (Berner and Morse, 1974; Walter and
Hanor, 1979; Morse, 1986)], periostracal coverings (Phillippon and Plaziat,
1975; Hunter, 1990), and conchiolin layers within shells (Lewy and Samt-
leben, 1979) can significantly impede dissolution. Rapid conversion of
high-Mg calcite to low-Mg calcite quickly stabilizes the tests of some
echinoderms and bryozoans (Nelson, 1978), but not all [e.g., rapid destruc-
tion of ophiuroids (Jensen and Thomsen, 1987)].

The importance of kinetics in determining shell loss rates is under-
scored by the abundance of shells that accumulate in sites where water
chemistry should not permit shell preservation. Deep-sea ocozes, for exam-
ple, can accumulate on seafloors overlain by undersaturated water despite
metastable mineralogies (Morse, 1986). Kinetics is also implicated in the
persistence of shell carbonate on and shallowly buried within modern shelf
sediments at low, middle, and high latitudes (Nelson, 1988), even where
total carbonate production rates are low.

Work in Long Island Sound (New York) on carbonate productivity and
carbonate dissolution illustrates this apparent paradox of preservation in
estuarine siliciclastic muds. Macrobenthic carbonate production has a mean
of 67 g CaCO,/m? per year [ranging from 6 to 180 g/m?* per year (Sanders,
1956)], similar to rates established from other temperate level-bottom
environments (Bosence, 1980). In the same area, carbonate dissolution rates
of 10-70 g CaCO,/m” per year (Aller, 1982a) have been measured from pore
waters, depending on season and bioturbation intensity. Similar budgets
have been documented for Californian and Texan lagoons (Peterson, 1976;
Cummins et al., 1986a).

Based on measured oxygen demands in muds, D. J. Davies et al. (1989b)
calculated that the potential for dissolution is much more extreme on
continental shelves—ranging from 400 to >2000 g CaCO,/m? per year and
usually > 1000 g/m? per year in surficial, bioturbated sediments. Because
these values exceed average rates of carbonate production (300-500 g/m? per
year), they predicted that shells should only be preserved if they are quickly
buried to a depth below the bioturbated zone. Although logical, and
certainly one viable scenario for shell preservation often invoked in the
paleontological literature, this conclusion is belied by the presence of
abundant old shells in surficial sediments across many clastic-starved
shelves (Nelson, 1988; Kidwell, this volume, Chapter 5} (see data in Section
5.1) and even in the bioturbated, organic- and clastic-rich Texas shelf (S. E.
Walker et al., 1989). In addition, field studies demonstrate that much of
early diagenetic dissolution is probably focused on fine particulate car-
bonate (e.g., Walter and Morse, 1985), leaving shells of several millimeters
or larger intact. It is thus clear that, notwithstanding high rates of carbonate
dissolution measured for single seasons or burrow systems, and the high

Taphonomy and Time-Averaging of Marine Shelly Faunas 173

rates that can be calculated if these short-term rates are multiplied out to
their annual values {e.g., D. J. Davies et al., 1989b), individual shells face a
temporally and spatially heterogeneous diagenetic environment and can
survive by many pathways other than immediate deep burial. These path-
ways include very early post-mortem modification of shell structure and
composition that alter the kinetics of dissolution.

Loss rates definitely are high for many juvenile mollusks: notwith-
standing high juvenile mortality following large larval settlements, juve-
niles are rare in most Recent and fossil death assemblages (Section 3.2.3).
Shell loss is thus not a simple matter of shell size or surface area, but also of
microarchitecture, including organic content. Based on a capture/recapture
method (Powell et al., 1982), Cummins et al. (1986a, Table III) estimated
that small (0.8-3.12 mm) aragonitic mollusks have post-mortem ‘‘half-
lives’’ of less than 40-307 days in two Texas lagoons (half-life = length of
time for half the members of a larval cohort to disappear from the death
assemblage). It should be noted, however, that variance is very high: three
out of the four taxa that occur in both lagoons (Acteocina, Caecum,
Laevicardium) showed high loss in one but no loss (i.e., immeasurably long
half-lives) in the other lagoon, even after 20 months of study. Four other
numerically dominant taxa in the Texas death assemblages also showed no
loss (all size classes of Anomalocardia, Chione, and Brachiodontes; Tagelus
plebius > 16 mm). Because the shortest half-lives and highest loss rates are
documented for the most juvenile and presumably most susceptible mem-
bers of the shelly fauna, these values should not be taken as typical of all
aragonitic taxa and all size classes (contra M. V. H. Wilson, 1988, and Brett
and Baird, 1986).

5. Estimating Relative and Absolute Scales
of Time-Averaging

Most benthic fossil assemblages are time-averaged accumulations dom-
inated by indigenous material: instantaneous census assemblages are rare,
as are assemblages composed entirely of exotic shells. One of the major
challenges in taphonomic analysis, then, is to recognize and quantify
degrees of time-averaging in fossil assemblages [and see Fiirsich and
Aberhan (1990); which appeared as this volume went into production].

Time-averaging was defined by K. R. Walker and Bambach (1971) for
‘““fossil assemblages . . . that accumulate from the [local] live community
during the time required to deposit the containing sediment.’’ They argued
that because sediment accumulation rates are slow relative to organism life
spans, such assemblages do not reflect community structure at any instant,
but instead are composites spanning decades, and that short-term fluctua-
tions in populations are canceled out by the predominance of ecologically
persistent, long-term trends. This concept quickly gained wide acceptance
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and, corroborated by actualistic studies (Peterson, 1977; Staff et al., 1986;
Staff and Powell, 1988), has become a cornerstone of paleoecological
analysis.

5.1. Controlling Factors

Given sufficiently durable shells, the fundamental control on scales of
time-averaging should be the rate of sediment accumulation, which deter-
mines the approximate stratigraphic separation of successive faunas. Be-
cause deposition is generally episodic on short time scales (e.g., Barrell,
1917; Sadler, 1981), the time span encompassed by a given deposit and its
fossil assemblage cannot simply be back-calculated from longer-term sedi-
ment accumulation rates (sensu Schindel, 1980, 1982). Moreover, shells of
several ages may be incorporated even into rapidly deposited beds [e.g.,
reworking of new and old shells into a single storm-bed (Kidwell, this
volume, Chapter 5)], and presumably may be added later by bioadvection
and other stratigraphic leakage [e.g., stratigraphic disordering sensu Flessa
et al. (1989; Cutler and Flessa, 1990)]. Thus, to reconstruct the likely scale
of time-averaging for a specific assemblage, the short-term dynamics of
sediment accumulation must be evaluated along with shell sources and
histories. This requires a variety of biostratinomic, paleoecological, sedi-
mentological, and stratigraphic lines of evidence (e.g., Goldring, 1964;
Einsele and Seilacher, 1982; Behrensmeyer, 1982; Kidwell, 1982, 19864,
this volume, Chapter 5; Kidwell and Aigner, 1985; Brett and Baird, 1986;
Parsons et al., 1988).

The mixed ages of shells found in surficial sediments of Recent envi-
ronments indicate that many shells can endure periods of time-averaging of
up to tens of thousands of years. For example, mid-shelf shell gravels from
around the British Isles yield radiocarbon dates of up to ~10,000 years BP
(J. B. Wilson, 1982; Sturrock, 1982}, and shell gravels from the clastic-
starved outer shelf of the southeastern United States yield dates as old as
10,000-15,000 years BP (Milliman et al., 1972). Shells sampled from
surficial carbonate-rich sediments in warm temperate and subtropical set-
tings yield radiocarbon dates of 0-3100 years BP in south Florida,
1425-1600 years BP in the Bahamas, and 1000-4805 years BP in coastal Baja
California (Taft and Harbaugh, 1964). Sealevel flooding curves for areas
where Holocene sediments are still being reworked, such as Florida Bay
(Bosence, 1989a,b), also indicate time-averaging over a period of 3000-4000
years, as do direct dates on beach accumulations of shells (Gould and
McFarlan, 1959; Albertzart and Wilkinson, 1989; Powell and Davies, 1989)
and intertidal biogenic graded beds (Meldahl, 1987b; Flessa et al., 1990). In
deep-sea cores, Broecker et al. (1988) found that even among assemblages of
coexisting planktonic foraminifera, radiocarbon ages differ by 60-3100
years within sampling horizons. Assemblages composed of shells of mixed
ages, formed under conditions of slow net aggradation, commonly record
more than one community {(owing to environmental change during the
period of accumulation) and several different states of degradation [see
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Kidwell and Aigner (1985) for fossil examples; Kidwell (this volume,
Chapter 5)].

Many authors have postulated that time-averaging is also governed by
the depth of sediment (and presumably faunal) reworking by bioturbators
[for recent examples, see Schiffelbein (1985), Backman (1986), Meldahl
(1987b)]. This model, although often invoked, has yet to be tested for
macroinvertebrates; some recent analyses suggest that bioturbation can
yield a far more complex record. Kershaw et al. (1988), for example, found
that only fine carbonate particles are vertically mixed by bioturbators in
areas of slow clastic sedimentation (0.02-0.3 cm/year) within the Irish Sea.
Notwithstanding a deep-burrowing shrimp (Callianassa subterranea) which
moves sediment to the surface from depths =140 ¢cm and an echiuran worm
(Maxmuelleria lankesteri) which moves surface sediment to depth, large
Turritella communis shells increased in age down-core from 270 to 4250
years BP. In contrast, radiocarbon ages of bulk carbonate (particles <1 mm)
were roughly constant at 10,000~-15,000 years BP throughout each 0.6- to
2.7-m-long core. These results suggest that the large Turritella communis
retained their stratigraphic positions, whereas fine-grained sediment and
shell fragments were homogenized by advection. The preservation of a
relative age stratigraphy among large molluscs in ~70-cm cores of biotur-
bated sediment from Texas bays [Powell et al. (1989}, dated using free amino
acids] provides a second, independent example of this ‘‘no-homogen-
ization’’ model within the errors of dating. Numerical simulation of bioad-
vection by Flessa et al. (1989; Cutler and Flessa, 1990) yielded comparable,
well-ordered synthetic stratigraphies.

Many of the consequences of time-averaging for shelly faunas have
already been discussed (see Sections 2 and 3). These include heightened
species richnesses in death assemblages, relative abundances that reflect
long-term averages rather than successional states, and poor records of
short-term ecological structure. The following discussion focuses on
methods of estimating absolute scales of time-averaging and on criteria for
identifying taphonomically comparable assemblages. [Contrary to Fiirsich
and Aberhan (1990), we have found little evidence that time-averaging
lowers the species richness of death assemblages (see Tables [1-1V}.]

5.2. Magnitudes of Time-Averaging

Census assemblages and biostratigraphically condensed assemblages are
end members in the spectrum of time-averaging (Fig. 9; Table I). Assem-
blages that accumulate over intermediate time scales may form: (a) during
periods in which the physical environment remained stable (within-habitat
assemblages); such assemblages sum within-habitat perturbations in com-
munity state or physical environment; or (b) during periods of significant
physical environmental change at the site of accumulation [environmental
condensation sensu Fiirsich (1975)]; these assemblages are derived from two
or more successive communities and reflect taphonomic overprints of two or
more environments. [Compare with Fig. 6 of Fiirsich and Aberhan (1990).]
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FIGURE 9. Estimates for relative and absolute scales of time-averaging in census, within-habitat, environmentally
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5.2.1. Census Assemblages

Sudden burial [‘‘obrution’’; for review see Brett and Seilacher (1991)]
can entomb a benthic community, yielding a census assemblage that has
undergone little or no time-averaging. Such assemblages provide the
highest resolution records of community structure, including virtual ‘‘snap-
shots”’ of species relative abundances and size-frequency distributions.
Other ecological features such as commensal relationships, substratum
preferences for byssate or pediculate taxa, and individual spacing can also
be preserved.

The hallmarks of such assemblages should be high proportions of
articulated specimens, with many in life position, and sedimentary evi-
dence of rapid permanent burial or asphyxiation {graded sediment caps,
“smothering” black mud, early concretion formation, escape traces).
Census assemblages are typically associated with single beds or bedding
planes and, if shells are densely packed, these concentrations are typically
thin and local in distribution [pods, pavements, and thin beds; local
overgrowths on hard substrata; = simple event-concentrations in Kidwell
(this volume, Chapter 5)].

Catastrophic mortality and/or burial can be an important mode of
assemblage formation in environments of variable oxygenation, salinity, or
temperature such as lagoons, deep basins, and inland seas (Noe-Nygaard et
al., 1987; Oschmann, 1988). In higher-energy and persistently aerobic
soft-bottom environments, recognizable census assemblages are less likely
to be preserved, owing to physical reworking and bioturbation, even though
mass mortality may be common.

Preservation of discrete census assemblages depends upon the imme-
diacy, thickness, and permanence of burial sediments (Kidwell, 1990). In
the presence of burrowing organisms, burial increments must be at least tens
of centimeters thick to sequester the death assemblage from taphonomic
modification and time-averaging (Bjerstedt and Erickson, 1989). A min-
imum thickness of sedimentary cover [ ~30 cm for Recent infauna (Nichols
et al., 1978)] is also necessary to limit the number of organisms that can
escape entombing sediments, with mobile epifauna fleeing the scene and
infauna burrowing up to a new equilibrium position; such behaviors have
considerable potential to bias census assemblages (Kranz, 1974a,b). The lack
of an entombing sedimentary increment may explain in part the failure of
the extraordinary 1983-1984 mass mortality of the Caribbean urchin Dia-
dema antillarum to leave a signal in the record (Greenstein, 1989b). Census
assemblages are probably more common on hard substrata where encrusters
and largely sessile borers and cavity dwellers can be entombed by later
encrustations and organic frameworks, although cross-cutting relationships
must be carefully distinguished before the true census community can be
recognized (Firsich, 1979; Jackson, 1983; Brett and Brookfield, 1984; M. A.
Wilson, 1985).

Biological interpretation of census assemblages is not necessarily
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straightforward: buried along with the catastrophically censused commu-
nity will be the shelly remains of any earlier colonists of the site together
with introduced shelly material. Moreover, few mass mortalities kill all
individuals of a species or all species in a community (e.g., Rees et al., 1977;
Von Esternhagen and Dethlefsen, 1983; Hunte et al., 1986; Mah and Stearn,
1986; Stebbins, 1987; Lessios, 1988), with local exceptions (Tsuchiya,
1983), and nonobrution types can be markedly diachronous or involve time
lags in mortality (Knowlton et al., 1981; Lessios, 1988), or even fail to leave
a record (Greenstein, 1989b). Thus, strictly speaking, only some of all
assemblages conventionally categorized as census types are likely to reflect
complete censuses or truly zero time-averaging of shelly faunas. Absolute
time resolution for census assemblages therefore ranges from zero to perhaps
a few decades (Fig. 9).

5.2.2. Within-Habitat Time-Averaged Assemblages

Death assemblages that accumulate through sporadic, attritional mor-
tality or that sum several census events are necessarily more complex, both
biologically and taphonomically. The longer the period of accumulation,
the greater the number of biological processes that can influence shell
supply and preservation even within a single environment, and the greater
the likelihood of both short- and long-term changes in the local physical
environment, whether driven by external forces, by the community itself
(sediment baffling, growth up into shallower waters), or by live/dead
interactions (taphonomic feedback) (Figs. 1 and 5).

Time-averaged indigenous assemblages from a single environment,
here termed within-habitat assemblages, should be good sources of paleoe-
cological information, judging by analyses of Recent examples (e.g., most
entries in Tables II-VI). Environmental conditions during the period of shell
accumulation need not be static: the background or average state may be
punctuated by short-term events and natural oscillations in water energy,
emersion, salinity, temperature, and oxygenation, any of which might have
ecological and taphonomic consequences for the time-averaged assemblage.
Equally important, the substratum itself might change, owing to erosion,
dewatering (firming), cementation, deposition of new sediment, or accumu-
lation of shells; many of these processes can be biologically mediated.

Low-density fossil assemblages embedded within a larger homogeneous
sedimentary body [e.g., Thorson’s (1957) stereotypic Venus community ina
bioturbated muddy sand facies] are likely to reflect within-habitat time-
averaging. Other typical features include (a) diverse mixture of shells
supplied by different community states (sensu Johnson, 1972, and Gray,
1981) (Fig. 5), (b) mixture of shells with differing degrees of physical,
biological, or chemical damage, (c) association of apparently indigenous but
ecologically disparate forms, such as soft-bottom and shell-gravel taxa in
shell-rich intervals, owing to taphonomic feedback [Kidwell and Jablonski
(1983); one pathway of faunal condensation sensu Fiirsich (1978}], and (d)
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fine-scale heterogeneity in composition owing to incomplete mixing of
successive states by physical or biogenic reworking [another pathway of
faunal condensation sensu Fiirsich (1978)].

The repetitive and distinctive associations of taxa [recurrent assem-
blages of Johnson (1962); Valentine and Mallory (1965)] that characterize
stratigraphic facies provide strong circumstantial evidence that many fossil
assemblages are time-averaged over periods that encompass the entire range
of within-community variability (K. R. Walker and Bambach, 1971), i.e.,
over at least decades to centuries on the open shelf. If fossil assemblages
typically formed over shorter time scales, then the record should be far more
mosaic in its composition and less likely to yield recurrent associations in a
given facies type.

The fossil record of a community or habitat can be made more complex
by taphonomic feedback between accumulating dead shells and living
benthos (Kidwell and Jablonski, 1983; Kidwell, 1986b; K. B. Miller et al.,
1988). Dead shells, whether supplied by local mortality or by transport from
adjacent habitats, provide substrata for attachment and might eventually
transform a soft substratum into coarser, firmer seafloor. Such a change
could inhibit the initial soft-bottom fauna and facilitate colonization and
survival of new taxa that tolerate or prefer shell-gravel conditions (e.g., J. B.
Wilson, 1988), modifying both the lithofacies and community structure.
Actualistic studies suggest that changes driven by live/dead interactions
require many decades to accomplish. Knight (1988; Knight and Bosence,
1988), working in a coastal shelf embayment where the timing of clastic
deposition was well known, found that while shell accumulation over
several decades resulted in some changes in the benthic fauna (facilitation of
encrusters and borers not otherwise present in the soft-bottom habitat),
longer periods would be required to generate a community-wide change in
faunal composition by live/dead interactions.

Absolute scales for within-habitat time-averaging can be estimated in a
number of ways from Recent faunas. One approach (Section 3.2.1) measures
the number of years over which a local fauna must be sampled before its
cumulative species richness approximates that of the local death assem-
blage. By this method, data from the English Channel suggest at least 70
years of time-averaging in shell gravel habitats {(Carthew and Bosence,
1986), whereas the less diverse faunas of Californian lagoons with higher
sedimentation rates require only 3 years of pooled data (Peterson, 1976).

Another approach that provides minimum estimates of time-averaging
is based on the temporal scale of physical and biological variability in
modern environments. For example, the natural hydrographic period for
coastal environments, over which storms and other perturbations become a
steady-state process, is on the order of a few decades, whereas the natural
period for the depth-buffered open shelf is on the order of a century (Moore
and Curray, 1964; Swift, 1970, 1976). From a sedimentological perspective,
only those sampling programs that span these long cycles can reveal the true
“‘average condition’’ of the coast or shelf as a depositional system, and
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detect the infrequent but high-energy processes that dispropqrtionately
influence the permanent rock record. Because benthic populations com-
monly track physical environmental fluctuations even on seasonal scgles
(e.g., Nichols and Thompson, 1985), these long-term scales almost certainly
influence the composition of death assemblages. . '

Analyses of benthic ecosystems yield virtually identlc-al estlrpates f.or
the minimum period over which a community must be studied for its entire
range of states to be sampled (e.g., Livingstone, 1987). Pearson and Barnett
(1987) suggested that observations along coasts of western .Europe should
span =25 years and preferably 50-70 years, and that in general. the
minimum length of study should equal the lifespan of the longest-lived
organisms in the target community (also see Connell and Sousa, 1983).
Because populations can oscillate over periods of several years or more,
even benthic surveys separated by several decades cannot always differen-
tiate between short-term ‘‘noise” and long-term unidirectional trepds or
stasis (Gray and Christie, 1983; Nichols and Thompson, 1985; Shillabeer
and Tapp, 1990). . :

All of these lines of evidence estimate the minimum period over which
communities and their within-habitat death assemblages are time-averaged:
from years to decades in coastal environments and from many decgdes to
centuries on the open shelf (Fig. 9). Maximum periods may be estlmate?d
from rates of habitat migration and change. Coastal environments can Shl.ﬂ
rapidly, in part because of their mosaic nature, so that a single habitat is
unlikely to persist at a single site for time-averaging over more than a f'ew
thousand years. In contrast, open-shelf habitats are typically more extens.lve
and more intergradational in nature, so that time scales of habitat mlgrapon
will more closely approximate those of transgression and regression,
yielding within-habitat scales of time-averaging up to ‘tens of thousands of
years (Fig. 9). These minimum and maximum estluna}tgs thus bracket
time-averaging values derived from absolute dating of individual shells (see
Section 5.1).

5.2.3. Environmentally Condensed Assemblages

When environmental change is rapid relative to net rates of sediment
aggradation, faunas from successive habitats can accumulate: in situ to form
a single fossil assemblage. These assemblages, such as mlght"be‘ formed
during salinity fluctuations in marine embayments (e.g., Fiirsich and
Kauffman, 1984} or marine transgression of a sediment-starved shelf (e.g., J.
B. Wilson, 1988; Kidwell, 1989), are examples of environmental condensa-
tion as defined by Fiirsich (1975; Fiirsich and Kauffman, 1984, P 505):
‘‘faunas representing different environments in time are telescoped into one

igraphic horizon.”

Strat%fvgonmental condensation should be suspected for assemblages that
(a) lie along facies boundaries or along discontinuity surfa.ces of any pre, (b)
occur as dense concentrations, particularly if these coquinas are microstra-
tigraphically complex and extend laterally into adjacent facies, (¢) have
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shell infills that differ from the surrounding matrix, or (d) include shells
showing a wide range of preservational states (Firsich, 1978; Kidwell and
Aigner, 1985). On both hard and soft substrata, these assemblages com-
monly show features consistent with multiple cycles of burial and exhuma-
tion, early diagenesis, and benthic recolonization including taphonomic
feedback. In carbonate settings, the matrix can undergo early cementation
and thus may also be subjected to dissolution, bioerosion, and encrustation
(e.g., Schroeder and Zankl], 1974; Scoffin and Garrett, 1974; Palmer and
Fiirsich, 1974; Fiirsich, 1978; Walker and Diehl, 1985).

Almost by definition, time scales of environmental condensation fall at
the high end of those estimated for within-habitat time-averaging (Fig. 9).
These processes operate on time scales that approach or exceed the limits of
direct observation, so that Quaternary cores and surficial deposits are the
chief evidence. Up to 15,000 years of in situ time-averaging during the
Holocene transgression are recorded by mixed nearshore and shelf faunas
(see Section 5.1). Similarly, thousands of years of shell accumulation with
only microstratigraphic separation of successive, faunas has been docu-
mented in a variety of Holocene coastal settings. Examples include the
amalgamation of open marine and lagoonal assemblages off Mauritania
(Einsele et al., 1974), the reworking of ~9000-year-old intertidal shells into
modern subtidal communities in the North Sea (Cadée, 1984a), and biogenic
mixing of upper and lower intertidal shells whose ages range from 0 to
~4000 years in the Gulf of California (Meldahl, 1987b)

5.2.4. Biostratigraphically Condensed Assemblages

If net rates of sediment aggradation are so slow that a time-averaged
assemblage includes taxa that ordinarily have mutually exclusive geological
ranges (i.e., taxa from different biozones), then that assemblage is more
precisely described as biostratigraphically condensed (Wendt, 1970;
Jenkyns, 1971) (Fig. 9). Assemblages can also be mixed biostratigraphically
in the absence of time-averaging, for example by stratigraphic leakage
(exhumation, reworking) of older taxa into a young assemblage (Middle-
miss, 1962; Frey et al., 1975; W. Miller, 1983; Goldring, 1990; Ruffell,
1990), or by piping of young taxa into an older assemblage (Garrison et al.,
19887) (Table I). These phenomena, along with a number of others discussed
in Sections 5.2.2 and 5.2.3, all fall under the general concept of faunal
condensation sensu Fiirsich (1978).

Given that biostratigraphically condensed deposits must encompass
evolutionarily significant periods of time (perhaps 100,000 years or more),
most shelf-depth and shallower examples will record environmental con-
densation as well (Machalski and Walaszczyk, 1987). Within-habitat bio-
stratigraphic condensation, in contrast, is most likely to occur in deep-sea
sediments, where time scales of facies change can be slow relative to
evolutionary rates, although environmental condensation can occur even
here (Wendt, 1970, 1988; Bernoulli and Jenkyns, 1974; Urlichs, 1975;
Bergner et al., 1982).



182 Chapter 4

5.3. Identifying Taphonomically Comparable
Assemblages

In his paleoecological analyses of Jurassic molluscan faunas, Fiirsich
(1977, 1984, 1986) focused on beds containing relatively few, dispersed
shells and on monospecific shell pavements. By avoiding the most shell-rich
beds, even though these are conspicuous, he restricted his paleobiological
interpretations to the taphonomically most comparable census and within-
habitat accumulations. This strategy could be applied effectively in many
other settings.

When shell gravels are the predominant lithofacies or are the benthic
habitat of interest, some degree of taphonomic comparability can be
achieved by grouping them according to the inferred process and time scale
of concentration (Kidwell, 1982, 1986a, this volume, Chapter 5). Shell
assemblages can be time-averaged to varying degrees before final deposi-
tion, of course, and so there will not always be a precise correlation between
the time scale over which the concentration formed and the age spectrum of
constituent shells. For example, a Recent tempestite could incorporate
shells from a single mass mortality (i.e., census assemblage), from a
time-averaged indigenous assemblage, from exotic sources, from relict
Pleistocene deposits, from eroded Miocene strata, or from any combination
of these.

Nonetheless, simple event-concentrations formed by brief episodes of
shell influx or reworking should generally be taphonomically more straight-
forward than shell concentrations formed by the amalgamation or stacking
of many event-concentrations. Such multiple-event, composite concentra-
tions commonly involve environmental condensation and other mixing
processes, so that samples that are taphonomically comparable to those from
simple event-concentrations will be difficult to extract, even by microstra-
tigraphic dissection. The cumulative effects of taphonomic processes should
tend to be most pronounced in stratigraphically condensed hiatal concen-
trations and in erosional lags (Kidwell, 1982, and this volume, Chapter 5).

6. Bathymetric Variation in the Preservation
of Shelly Faunas

All factors in the basic taphonomic equation—quantity and suscepti-
bility of shells, post-mertem environment, time scale of accumulation (Fig.
1)—are likely to vary over ecological time scales, among environments, and
through the Phanerozoic. Comparative actualistic studies are rare, however,
and, owing to little standardization or quantification in the description of
taphonomic features, it is difficult to compare among published accounts
and thus to characterize bathymetric and other gradients in much detail.
Moreover, because many actualistic studies describe taphonomic end-prod-
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ucts rather than processes, extrapolation to the fossil record is uncertain,
particularly for Mesozoic and Paleozoic strata.

Figure 10 summarizes bathymetric trends in the taphonomy of benthic
marine faunas, as developed in an aggradational facies tract. Long-term
condensed accumulations are excluded (see Kidwell, this volume, Chapter
5, Fig. 16), as are anaerobic and dysaerobic environments. Environments
within tidal range and within SCUBA depths are best known; reef work is
only getting underway, and very little evidence is available for deeper-shelf
environments.

In terms of shell condition, soft substrata of the outer shelf and
presumably the slope evidently yield the best preservation: low frequency of
fragmentation, virtually no abrasion or bioerosion, and deep infauna artic-
ulated though generally not in life positions (S. E. Walker et al., 1989, and
unpublished data). Nearshore, beach, and other shoal environments within
the photic zone show the poorest preservation, whereas intertidal, sheltered
coast, and middle-shelf environments are highly variable (Fig. 10}.

Bathymetric trends in time-averaging can only be postulated on the
basis of stratigraphic evidence and a handful of direct-dated assemblages.
Within-habitat assemblages should occur in all settings, whereas censuses
are likely to be preserved only in areas of rapid and/or substantial episodic
deposition; these include lagoons, reefs, and the transitional zones of open
shelves. Environmentally condensed assemblages should be most common
in higher-energy and shallow-water environments where environments shift
most rapidly. These trends broadly correspond with bathymetric patterns in
shell concentration (Kidwell, this volume, Chapter 5, Fig. 15). [Compare
with Fig. 6 of Fiirsich and Aberhan (1990).]

Dissolution rates are poorly constrained, as indicated by the ranges in
Fig. 10, with rates varying from low in sands to high in muds. Precipitation
within micrite envelopes, between particles, and in intraskeletal pores is
better documented. In tropical and subtropical environments, early precip-
itation is found in fully marine environments characterized by frequent
wave pumping through pore spaces.

Despite poorly understood limitations on applicability to the pre-
Cenozoic fossil record, owing to the evolution of shell-producing and
shell-destroying organisms (Efremov, 1940; Behrensmeyer and Kidwell,
1985; Speyer and Brett, 1988; Kidwell, 1990), actualistic studies provide
valuable insights into the variety of end-products that can arise under a set
of relatively well-understood and tightly constrained conditions. Some of
this variation is environmentally arrayed, although the broad range of
preservational quality even within single environments underscores just
how difficult it will be to characterize taphofacies uniquely. This does not
mean that taphofacies analysis (e.g., Speyer and Brett, 1986, 1988; Norris,
1986; Kidwell et al., 1986; D. J. Davies et al., 1989a; Staff and Powell, 1990)
is premature, but its state of development resembles that of conventional
facies analysis in the early 1960s. It is also more difficult, simply because
patterns and effects can be generated by more than one agent, shells can
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experience more than one cycle of modification, and generations can be
time-averaged to many different degrees. These complications make it all
the more important to establish objective, preferably quantitative descriptors
of post-mortem alteration (see references in Table VII), and to design studies
that directly link taphonomic patterns and effects to processes. Meldahl and
Flessa (1990), for example, focused on the taphonomic behavior of a single
bivalve species into order to rank the relative importance of diverse factors
among intertidal to shallow subtidal environments.

7. Interpretation of the Fossil Record:
Conclusions and Strategy

1. After decades of stressing post-mortem loss of information, tapho-
nomic studies provide ample evidence for the wealth of sedimentological
and paleoecological information preserved in shelly assemblages. One
miajor challenge for taphonomy in the 1990s is geological: how to improve
the reliability and sophistication of taphonomic criteria bearing on deposi-
tional and diagenetic histories of sedimentary deposits. The second chal-
lenge is biological and lies in quantifying the ratio of signal to noise in the
paleontological record: what is the fidelity of shelly assemblages to original
biological patterns, how does fidelity vary as a function of environment and
scale of time-averaging, and how are these values best estimated for different
assemblages?

2. Many kinds of shell modification can be generated by more than one
agent (Table VII). For example, much surface dulling and shell loss casually
referred to as ‘“dissolution”’ is attributable to leaching of organic matrix,
microboring, and bicabrasion rather than to dissolution of mineral phases
alone; SEM examination allows these processes to be distinguished. The
origin of many shell fragments remains ambiguous: we cannot yet distin-
guish the effects of different mechanical and biological processes. These
complications underscore the importance of developing objective, quanti-
tative descriptors of taphonomic features and of improving the criteria used
to recognize the effects of separate processes.

3. Although shell transport has been documented in virtually all
environments, its effect on the composition of open-shelf shelly assemblages
appears to be minor at the scale of facies. This justifies a host of paleonto-
logical applications, from biofacies analysis to evolutionary paleoecology.
Except for settings characterized by steep gradients or bulk-flow phenom-
ena, death assemblages show strong loyalty to life habitats (Tables II-IV and
VIII). Out-of-habitat transport in level-bottom settings usually only moves
shells into adjacent habitats and involves mainly small, epifaunal shells;
these exotic shells generally constitute a small minority of individuals in the
recipient assemblage. Shell movement within habitats, on the other hand, is
pervasive, as evidenced by the scarcity of fossils preserved in life positions.
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These processes (small-scale transport, disruption by bioturbators) smear
ecological patterns, so that within-habitat details of community structure
usually must be derived from exceptional, instantaneously buried commu-
nities.

4. The temporal resolution of shelly assemblages varies immensely,
from high-resolution census assemblages to low-resolution biostratigraphi-
cally condensed accumulations. Intermediate scales of time-averaging char-
acterize most of the fossil record. These assemblages can form either (a)
during a period of environmental stability (within-habitat time-averaging),
or (b) during a period of environmental change (environmental condensa-
tion). Absolute scales of time-averaging can be bracketed on the basis of rates
of environmental and community change in Recent settings, and these
estimates are corroborated by direct-dated shells in Recent death assem-
blages. The sparse data suggest some systematic variation in scales of
time-averaging among environments (Figs. 9 and 10).

5. Actualistic investigations indicate that the compositions of death
assemblages are in many respects faithful reflections of long-term commu-
nity structure, further justifying certain kinds of paleobiological interpreta-
tion. Based on studies of level-bottom soft-substrata conducted over the last
25 years, it appears that (a) virtually all live shelly taxa leave some record in
the local death assemblage, whether examined at the facies or larger scale,
(b) species found ‘‘dead only’’ are usually low-abundance taxa, indicating
that ecologically transient and exotic species will only dominate assem-
blages in unusual situations, even though they may constitute a large
proportion of the species richness of an assemblage, and (c) only half of the
top (most abundant) dead taxa are top taxa in the living community (Tables
II-VI). The longer the period over which live data are pooled, the higher the
measured fidelities of the death assemblages, underscoring the time-
averaged nature of most shell accumulations in surficial marine sediments
and the importance of long-term baselines of live data for comparison.
Consequently, much of the variance and many of the low resemblance
values may be attributable to inappropriate comparisons of time-averaged
death assemblages with living communities sampled for only 1 or 2 years.
Surprisingly, fidelity with respect to species presence/absence and relative
abundance does not appear to vary strongly across environmental gradients
(Tables II-VI). Discriminating biofacies and interpreting community struc-
ture on the basis of the rank abundance of the most common species (rather
than of the entire assemblage) cannot be justified actualistically (Table VI).
The fidelity of size-frequency data in time-averaged assemblages is highly
variable; further work might yet demonstrate such data to be biologically
meaningful, at least in some environments.

The results of actualistic studies are fundamentally encouraging for
both geologists and paleontologists. Taphonomic criteria for paleoenviron-
mental interpretation show great promise, although still in an early stage of
development. Moreover, when viewed at the appropriate scale, the record
clearly yields more biological signal than noise, and this can be scaled



188 Chapter 4

B

quantitatively for Recent environments. The greatest difficulty in extrapo-
lating these results to the older fossil record, whether for geological or
paleontological application, will be biological factors—namely, evolu-
tionary changes in the behavior and environmental deployment of organ-
isms as producers, utilizers, and destroyers of dead hard parts. A strategy
informed rather than ruled by actualism will thus be the most fruitful.
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