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Preface

Palaeoecology uses the fossil record to reconstruct the life habits of past organ-
isms, their association in communities and their relationship to the environ-
ments in which they lived. Traditionally, studies have concentrated on case
histories, using an array of fossil assemblages to reconstruct past ecosystems.
However, in recent years the focus of palacoecology has been broadening as
it has become more fully appreciated that the biosphere is intimately linked
to the history of the planet as a whole. Progressively, there have been more
studies of the evolution of the ecological world. now comprising a sub-disci-
pline of evolutionary palaeoecology. Other studies have focussed on the inter-
play between the physical and biological world to show that, as in a Gaian
system, influences may work both ways; climate may influence the prevailing
ecosystems, but they in their turn may modify the climate systems. These are
the big themes with which we introduce the book. In the following sections
we have covered the traditional fields of palaecoecology, but have also explored
the ways in which palaeoecology can contribute to a broader understanding
of the evolution of the Earth. We have described how basic ecological infor-
mation comes from applying knowledge of living organisms to the study of
past ecosystems and to the reconstruction of the past ecological world, at
population, community and biogeographic levels. We have also shown how
preservation affects the record on which such reconstructions are based. Such
palaeoecology knowledge is the basis for a better understanding of past envi-
ronments, but it is also the basis for a broader appreciation of the role of
ecological systems in the evolution of our planet. In the later parts of the
book the nature of ecological evolution is explored in both marine and terres-
trial environments with emphasis on changes in diversity, periods of radiation
and times of extinction and how these might relate to climate change, pertur-
bations of the ocean, bolide impact, but also to the momentum of organic
systems themselves.

We are grateful to numerous colleagues and friends who have contributed
to this book with advice, discussion and support; in particular Jim Marshall,
Charlie Underwood, Euan Clarkson and Mike Benton, who were generous
with both their time and help. Special thanks go to Mike Benton, Euan
Clarkson, Andy Jeram, Paddy Orr, Alan Owen, Chris Paul, Ron Pickerill,
John Hudson, Derek Briggs, Andrew Smith, Paul Wignall, Jim Marshall and
Charlie Underwood who read chapters and offered good advice.

We would like to thank Dianne Edwards, Ed Jarzembowski, Andy Jeram,
Martin Lockley, Ron Pickerill, Euan Clarkson, John Hudson and Richard
Fortey for providing photographs for inclusion in the book.

The book arose from initial discussions with Simon Tull and we were
encouraged to continue writing by Ruth Cripwell and Ian Francis who has
seen the book through to completion. To these we offer our thanks.

Lastly, but very importantly we would like to acknowledge the work of
Kay Lancaster who has prepared all the figures for publication and so has
given her special stamp to the finished work. We have greatly appreciated
her skill, advice and perseverance.
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Investigating the history
of the biosphere

Life has been evolving on Earth for nearly 4 billion years. Estimates
of current biodiversity suggest there are now anywhere between 3 and
10 million living species (Wilson, 1992), yet probably due to the
vagaries of preservation and incomplete labours of palaeontologists,
less than 200,000 fossil species have ever been described. Nevertheless,
throughout geological time life has evolved in terms of both complexity
and diversity. Not only have individual taxa evolved but also the bio-
sphere, as a whole, has changed since its origin over 3800 my ago.
The complex interactions between past organisms and their environ-
ments have formed an important aspect of the planet’s evolution.
Biotic systems have evolved with time and must be viewed as an
integral and interacting part of the entire planet within a deep-time
framework.

1.1 INTRODUCTION

Palaeoecology studies the relationships of fossil organisms to past
physical and biological environments. The subject is multidisciplinary,
based first on taxonomic palaeontology but also involving geochem-
istry, palaeobiology, palaeoclimatology, palaeoceanography and of
course geology.

Although Neanderthal man collected and displayed fossils in caves,
Greeks such as Herodotus and Xenophanes were among the first to
document their significance. Nevertheless apart from studies by
Leonardo da Vinci (1452-1519), Nicolaus Steno (1638-1686) and
Robert Hooke (1625-1703) palaeontology was not formally established
until the late 1700s and the early 1800s. During the 19th century
the exciting discoveries of dinosaur bones, marine reptiles such as the
ichthyosaurs and plesiosaurs, the first bird Archaeopteryx and
Neanderthal man, together with a wealth of detailed monographs,
firmly established palaeontology as an investigative science; whereas
the development of the concepts of evolution and adaptation by
Charles Darwin and extinction by George Cuvier promoted a more
theoretical base to the science. Additionally polymaths like Alexander
von Humboldt provided a basis for biogeography during investigations
of the distribution of vegetation.
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Palaeontologists have been describing new taxa and attempting to
reconstruct the anatomy of fossil animals and plants for over 200 years;
but palaeoecology, the study of the relationships of organisms to each
other and the environment, is a relatively new discipline, deriving real
momentum as recently as the 1950s. Nevertheless palaeoecological
studies are not a recent innovation. Long before Ernest Haeckel pro-
posed the term ecology for, literally, the household or economy of
nature, in the late 1860s, the foundations of modern ecology had been
established by the work of many biologists and geologists including
Darwin, Barrett, Carpenter, Forbes, Wyville Thomson and von
Humboldt. Living marine communities were mapped against environ-
mental gradients by Edward Forbes and his colleagues around the
Scottish coasts and the Aegean and by Wyville Thomson and William
Carpenter in the Atlantic and Mediterranean, whereas Charles Darwin
(1859) in his Origin of Species emphasized the relationship between
adaptation in organisms and their environment through natural selec-
tion. Darwin’s treatise was illustrated with palaeontological examples,
whereas Edward Forbes and Joseph Prestwich had extended knowledge
of modern marine faunas to the fossil assemblages and sediments,
respectively, in the Cretaceous and Eocene strata of the Isle of Wight
(Lyell, 1850). The versatile Alexander von Humboldt addressed the
origin and geographic distribution of living and fossil floras based on his
travels throughout Europe and in the tropical rainforests; while in an
effort to understand Cenozoic molluscs and shell beds in the Caribbean
region, Lucas Barrett investigated, during the early 1860s, living coral
and mollusc communities off Jamaica, with tragic consequences.

Painted landscapes and seascapes, of course, provide an animated
synthesis of both adaptational and community data. Duria Antiquior,
or Ancient Dorset, was an accurate attempt by Sir Henry De la Beche,
in the 1840s, to reconstruct an early Jurassic seascape. Although rep-
resentations of the ‘Carboniferous and Transition’ era together with
one of the ‘Fresh-water’ period were planned, they may not have been
completed. A more vivid and actual diorama was provided by the
‘Geological Illustrations’ constructed by Waterhouse Hawkins and oth-
ers at Crystal Palace during 1854. The life-size models of the marine
and terrestrial reptiles of the Secondary (Mesozoic) Era and mammals
of the Tertiary (Cenozoic) attempted realistic and spectacular recon-
structions of ancient life (Owen, 1854). These studies, however, also
helped establish an important trend; the graphical illustration of both
marine and terrestrial palacocommunities remains the summit of many
palaeoecological investigations (McKerrow, 1978).

It was not, however, until the early 20th century that more focussed
and detailed ecological studies on fossil material were published.
Studies in the 1920s by, for example, Sardeson (1929) and in the 1930s
by Lamont (1934) related the shell shapes of brachiopods to various
life modes in different environments. Elias (1937) presented one of
the first integrated discussions of palaeocommunities; his analysis
of the Carboniferous faunas of the Big Blue Group in Kansas related
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the distribution of marine faunas to changing water depth and other
environmental factors. These papers formed the basis for a number of
further studies during the 1940s and 1950s. By the late 1950s and early
1960s palaeoecology was firmly established as a new and exciting
branch of palaeontology (Ager, 1963; Hecker, 1965). Nevertheless the
German school of Actuopaliontologie continued to develop the more
biological aspects of palaeoecology (Richter, 1928) emphasizing a
uniformitarianism approach to fossil organisms and communities
through the study of the living analogues of fossil representatives
(Schifer, 1965, 1972) .

During the 1960s community palaeoecology advanced with studies
of depth-related Silurian brachiopods (Ziegler, 1965) and substrate-
related Mesozoic brachiopods (Ager, 1965) appearing simultaneously.
More recent studies have developed community ecology with the
statistical analyses of the composition and distribution of animal and
plant associations together with investigations of biomass and trophic
structures of ancient communities (Boucot, 1981). The ecological
studies of individual taxa have been aided by more rigorous inves-
tigative techniques together with computer and physical modelling. But
like palaeontology, palaeoecology too needs a time frame.

The history of life cannot be explained without reference to the
theory of evolution. Similarly the development of adaptation, behav-
ioural patterns and biological relationships together with long-term
changes in community patterns must also be modelled by evolutionary
paradigms (Boucot, 1983). Long-term and large-scale biological
changes have been apparent since the late 1800s. John Phillips
(1800-1874) had already defined three major eras based on the fossil
content and diversity of most of the geological systems (Fig. 1.1):
Palzozoic (old life), Mesozoic (middle life) and Cenozoic (new life).
Much more recently John Sepkoski’s three evolutionary faunas (see
Chapter 9), the Cambrian, Palacozoic and Modern faunas, amplified
the same concept although Sepkoski’s faunas were defined differently,
relying on the dominance of particular groups of organisms for defi-
nition of each of his three units.

The majority of palaeoecological studies, to date, have employed a
reductionist strategy, focussed on the detailed analysis of relatively
small biotic units. Importantly, palacoecology may have a major input
into planetary-scale phenomena. Changes through time in the atmos-
phere, hydrosphere and the lithosphere are intimately linked and
related to the evolution of the biosphere. The development of palaeo-
ecology has helped to clarify the patterns of evolution and extinction
against a background of environmental change, including for example
the controls on resilient and vulnerable organisms and communities.
Large subject areas such as evolutionary biology and the study of
human-induced biotic change may in the future rely heavily on studies
of evolutionary palaeoecology. Suggestions that environmental change
may partly drive evolution (Vrba, 1983) and moreover that selection
may take place above the species level (Stanley, 1975) complement
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Figure 1.1 John Phillips’ divisions of the Phanerozoic based on evolving life
in groups of geological systems. This approach contrasts with differently
defined evolutionary faunas of Sepkoski (see Chapter 9), based on the relative
abundance of groups or organisms through time. (Replotted from Phillips,
1860.)

the importance of extinction events (Raup and Sepkoski, 1984) in
shaping biotic change. In addition many biological processes may be
scale independent (Aronson, 1994); changes at the population and
community level may be highly significant in the generation of large-
scale biotic change. A more holistic approach involving a view of entire
ecosystems against a background of chemical and physical change in
the planet’s other systems is long overdue. Investigation of the
changing dynamics of ecosystems through time provides a logical and
timely expansion of palaeoecology.

1.2 DEFINITIONS AND PRINCIPLES

Palaeoecology attempts to discover and elucidate the life modes and
relationships of fossil organisms to each other and their surrounding
environments. Two main branches of the science have developed: first,
palaeoautecology addresses the functions and life styles of individual
organisms and secondly palaeosynecology is concerned with the oper-
ation of associations or communities of organisms. For example aut-
ecology tackles the function and operation of an individual coral,
whereas synecology is concerned with the workings of an entire coral
reef. Evidence of the activity and behaviour of organisms preserved
as trace fossils, the study of ichnology, is another strand of palaeo-
ecology as is the investigation of the geographical distribution of
animals and plants through the study of palaeobiogeography.
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Palaeoecological studies have a number of limitations. Animals and
plants are rarely preserved in life position. Moreover, once dead, the
soft tissues of skeletal organisms together with the soft-bodied compo-
nents of communities rapidly decay or may be removed by scavengers.
Clearly some environments are more likely to be preserved than others
and the geological record is selective, with only a relatively small and
biased sample of the planet’s biological history available for study.
Deductions regarding the life modes of extinct organisms are difficult,
while the strict application of uniformitarianism is often dangerous
against a background of changing life styles and habitats through time.

Nevertheless, some basic principles can be applied to most palaeo-
ecological studies. All organisms are adapted and restricted to a par-
ticular environment; the environment, however, may range across an
entire continent or be limited to part of the intestine of a mouse.
Animals and plants are usually adapted to a specific life style and
virtually all organisms have a direct or indirect dependence on other
organisms. But in marked contrast to ecological studies the functions
and relationships of fossil organisms cannot be observed directly.
Palaeoecology has one major advantage over ecological studies of living
biotas — individuals and communities can be described and analysed
through time. Description and analysis of evolutionary palaeoecology,
changes in the planet’s biota and its relationship to environment
through geological time, is a principal focus of this book.

There are a number of schemes for classifying organisms in an
ecological context. Fossil organisms can be associated with a particular
environment or a range of environments, whereas the life mode or
strategy of an organism can help define ecogroups. Feeding strategies
or the position of an organism in the food chain may usefully describe
a range of trophic categories and the entire trophic structure of
communities as a whole.

1.3 MARINE AND TERRESTRIAL ENVIRONMENTS

The majority of fossils and fossil communities are preserved in marine
environments associated with a range of habitats in estuaries and tidal
marshes, rocky and sandy shores, to littoral and open ocean (Fig. 1.2).

Terrestrial environments are mainly governed by elevation, humid-
ity, latitude and temperature, although organisms have inhabited a wide
range of continental environments ranging from the Arctic tundras to
the lush forests of the tropics (Table 1.1). Terrestrial habitats include
lakes, ponds, streams and wetlands together with a wide range of
settings associated with grasslands, forests, shrub land and deserts.
Their development. varies through the tropics and subtropical and
temperate latitudes to the poles.

Some of the most abundant and diverse communities inhabit the
littoral zone where rocky shores hold some of the most varied and
extensively studied of all faunas. For example nearly 2000 individual
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Figure 1.2 Spectrum of marine environments from marine marginal conditions to the abyssal depths; both
benthic and pelagic zones are indicated. (Redrawn from various sources.)

organisms have been recorded from a 25 cm? sampling grid or quadrat
on an exposed wave-battered platform around the Scottish island of
Oronsay. Unfortunately few rocky coasts have been recorded from the
geological record, although Johnson (1988) has reviewed this envi-
ronment through geological time, commenting on its neglect by
palaeontologists.

Environments have been classified according to taphonomic condi-
tions (Table 1.2). The degree of bioturbation, relative autochthoneity
to allochthoneity of the biotas together with the homogeneity or

Table 1.1 Classification of terrestrial environments

Continental
Inland basins (which also include the other categories)
Soils (in special circumstances)
Aeolian deposits (such as loess and sand-dunes)
Volcanic ashes and similar deposits
Glacial deposits
Fluvial
Piedmont
River deposits (including levees and flood plain sediments)
Deltas
Estuaries
Paludal
Swamp deposits of various kinds, lake, backwater, paralic
Lacustrine
Fresh-water (various categories)
Saline
Lagoons
Spelaean
Cave deposits
Fissure fillings
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Table 1.2 Schifer’s taphonomic classification of environments, based on
studies in the North Sea area

1. Vital nonstrate Indigenous benthos
(astrate) No bedding or current structures

2. Vital heterostrate Indigenous benthos, often reworked
(lipostrate) Burrows and trails

Some accumulated pelagics
Mechanical reworking

3. Lethal heterostrate No indigenous benthos
(lipostrate) No burrows or trails
Accumulated transported benthics and pelagics
Mechanical reworking of sediment
Current structures
Sorting and separation of valves

4. Vital isostrate Indigenous benthos
(pantostrate) Burrows and trails
Accumulated pelagics
Continuous sedimentation; some bio-reworking;
no current reworking

5. Lethal isostrate No indigenous benthos
(pantostrate) No burrows or trails
Accumulated pelagics
Continuous sedimentation; well bedded
Benthos transported
No current disturbance

heterogeneity of the surrounding sediments are all useful environ-
mental indicators.

1.4 LIFE MODES AND TROPHIC STRATEGIES

Animals and plants can also be identified on the basis of their life
modes and strategies together with their mode of feeding and their
diet. Organisms can be characterized by their life style and their occu-
pation. For example, animals in benthic communities may be fixed or
active, they may be infaunal or epifaunal, they can be suspension
feeders, detritus feeders or carnivores. As benthic communities devel-
oped and expanded, tiering strategies evolved both above and below
the sediment-water interface, while a spectrum of crawling, nekto-
benthic organisms patrolled the seafloor itself. The water column was
populated by a range of nektonic organisms capped by surface waters
punctuated by plankton and epiplankton. Benthos contains a variety
of suspension- and detritus-feeding organisms together with predators,
scavengers and some herbivores and omnivores. Nevertheless organ-
isms do change their life styles and diet during their ontogeny and, in
the longer term, during phylogeny.

The offshore muddy sand community of the present-day Irish Sea
is dominated by detritus feeders, many infaunal with some epifaunal
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Figure 1.3 Life modes of marine organisms. Reconstruction of a living offshore muddy sand community
in the Irish Sea with a range of bivalves (a, b, ¢, d, e, 1), gastropods (f), scaphopods (g), annelids (h, j),
asterozoans (i), crustaceans (k, r), echinoids (m, n) and fishes (o, p, q); with insets illustrating large and
small burrowers. This Modern biota is dominated by deposit-feeders. (Based on McKerrow, 1978.)

deposit feeders, mobile benthic and nektonic carnivores (Fig. 1.3);
relatively few are suspension feeders.

1.5 GEOLOGICAL FRAMEWORK

Palaeoecology and palaeoecological change must be viewed within
a geological framework; this structure is provided by stratigraphy
(Doyle et al., 1994). The fundamental discovery of ‘superposition’,
by Nicolaus Steno, was enhanced by the ability of Giovanni Arduino
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to organize rocks into Primary, Secondary and Tertiary systems.
The concept of deep time demonstrated by James Hutton hinted
at the immense length of geological time, whereas William Smith
established the use of fossils in correlation, laying the foundations for
biostratigraphy. Through the subsequent 1800s all the geological
systems had been defined, providing suitable reference sections for the
geological periods. These and smaller divisions now form the basis of
chronostratigraphy, a global standard for geological time, although
each time unit is subject to precise definition and refinement (Holland,
1986).

Spatial control is provided by plate tectonic models, providing mech-
anisms to move crustal plates. These plates split apart to form new
oceanic floors, collide to either trigger the obduction and subduction
of oceanic crust or in the case of continent—continent collision form
huge mountain ranges; plates may merely move past each other along
strike slip fault zones. Plate tectonic processes have been fundamental
in driving both climatic and environmental change (Windley, 1995).

1.6 GLOBAL CHANGE

There have been striking changes to both the physical and biological
nature of the Earth, from the mainly sterile conditions of the early-
mid Precambrian, lit by a dim red sun with orange skies and brown
oceans, to the bright, colourful landscapes and seascapes of the planet
today (Fig. 1.4). All the main systems of the planet, the lithosphere,
the atmosphere, the hydrosphere and the biosphere have changed and
each one has interacted with another.

1.6.1 The Atmosphere

The atmosphere largely owes its nature to the gases derived from the
lithosphere and those that result from the activity of plants. The
primary atmosphere was probably dominated by CO, and water
vapour together with smaller proportions of H,S, CO, CH,, NH;, HF,
HCL and Ar. This atmosphere was derived from volcanic exhalations
during the Archaean and apparently lacked significant amounts of free
molecular oxygen and so was a reducing atmosphere. Two main
processes appear to have initially generated oxygen, which distin-
guishes the Earth’s atmosphere from that of other planets: first, water
can be broken down into hydrogen and oxygen by ultra-violet radia-
tion, and secondly, photosynthesis splits water molecules into O, and
H, while CO, and H, combine to form organic material. The subse-
quent history of the atmosphere can be viewed as a progressive enrich-
ment in O, through the Precambrian until it approached a level similar
to that of the present day (Fig. 1.5) and smaller variations about this
level which can be recognized at least through the Phanerozoic. Free
oxygen in the atmosphere had risen substantially by about 2.4-1.9 Ga,
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Figure 1.4 A. A barren mid Precambrian landscape with intense volcanic and chemical activity, low oxygen
levels and limited biological activity signalled by stromatolites. B. A modern landscape, some 2.5 Gy later,
dominated by the affects of human colonists and evolving technology. (Based on Kershaw, 1990 and
Watson, 1983.)

suggesting oxygenic photosynthesis was active in the late Archaean.
Banded ironstone formations (BIF), red beds and evaporites all
provide geological evidence for increasing levels of oxygen in the
Precambrian. Most animals take up oxygen by diffusion so that it was
not until the Earth’s atmosphere attained an oxygen level of about
5-10% of present day values that larger and more complex multi-
cellular organisms could evolve (Fig. 1.5). Later, there was also a sig-
nificant increase in oxygen in the late Palaeozoic (Fig. 1.6) which is
thought to be related to the colonization of terrestrial environments
by land plants. There has been speculation that this increased level of
oxygen might have promoted a synchronous radiation in terrestrial
and possibly marine faunas and floras. If so there are clearly important
feed-back relationships between the atmosphere and the biosphere.
The proportion of CO, in the atmosphere has also varied signifi-
cantly throughout geological time. The initial generation of biological
O, during the Archaean may have oxidized reducing gases such as CO
and CH,, raising levels of CO, in the atmosphere and the oceans. High
concentrations of CO, may have promoted a greenhouse effect
inhibiting early Precambrian refrigeration resulting from the low solar
luminosity of the primitive sun. The Phanerozoic variations in CO,
(Fig. 1.6) result from the interaction of the lithosphere, the biosphere
and the hydrosphere. Large amounts of CO, are generated by
degassing of lavas at the mid-ocean ridges, and by the metamorphism
of limestones and sediments rich in organic carbon. CO, is lost from
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Figure 1.5 Change in partial pressure of O, through time and its relationship
to the appearance of prokaryotes, eukaryotes and metazoans. (Replotted from
Van Andel, 1994.)

Figure 1.6 Interpreted changes in O, and CO, levels through the Phanerozoic
relative to current gaseous levels. (Replotted from Van Andel, 1994.)

the atmosphere during the weathering of silicates, the formation of
limestones and when organic-rich muds are buried. The balance
between CO, production and loss determines the CO, levels in the
atmosphere and whether a greenhouse or ice-house climate is likely
to prevail. There appear to have been major switches from greenhouse
to colder conditions through the Phanerozoic which broadly correlate
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Figure 1.7 Climatic change through time, defined in terms of Ice-house and
Greenhouse phases from a, Fischer (1984) and b, Frakes et al. (1992).

with estimated CO, levels in the atmosphere. Two intervals of green-
house climate were recognized by Fischer (1984), one spanning the
Cambrian to Devonian, but interrupted by a short ice-house phase in
the late Ordovician, and a second spanning the late Trias to early
Cenozoic (Fig. 1.7a). This scheme has been somewhat modified by
Frakes et al. (1992) who referred to warm and cool phases with a wave-
length of about 150 my and identified a cool phase in the late
Cretaceous (Fig. 1.7b). It has been suggested that the periods of warm
climate coincide with times of increased volcanicity, high CO, levels
and high sea-levels (Fig. 1.8). Climate probably has long-term effects
on the diversity of the biota and rapid climatic change may have been
one of the causes of mass extinctions. Cyclic climatic change appears
to affect the degree to which cyanobacteria are calcified and are
preserved in stromatolites and other microbial carbonates. Periods of
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Figure 1.8 Climatic change through time, defined in terms of ice-house and
greenhouse phases and related to fluctuations in sea-level and the intensity
of volcanic activity. (Modified from Fischer, 1984.)
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warm global climate apparently correlate well with extensive develop-
ment of calcified cyanobacteria, while they are largely absent during
cool climatic phases.

1.6.2 The Hydrosphere

The broad composition of the hydrosphere appears to have been estab-
lished early in Earth history and to have retained a relatively stable
condition that has allowed continuity of marine life, punctuated by
extinctions of varied severity in response to local, regional or global
perturbations of the system.

Most oceanic water had been generated by about 4 Ga. The initial
molten crustal ‘ocean’ may have contained up to 20% water and con-
servative estimates suggest a depth of 50 km, adequate to provide
sufficient water for the early Archaean hydrosphere. The composition
of seawater is determined partly by gases from volcanic sources, but
solid and dissolved material, including a large proportion of essential
nutrients, enter the hydrosphere through river systems. There appears
to have been a remarkable equilibrium between the supply of soluble
compounds and their utilization and precipitation in the ocean, such
that ocean salinity has remained constant throughout most of geological
time. As a consequence the body fluids of marine organisms are
unlikely to have changed significantly over the 3 Ga since they first
developed. The main changes in the hydrosphere are driven by changes
in the atmosphere or by biological changes within the ocean. Global
changes in climate have important effects on the thermal structure of
the oceans, which in turn causes radical changes in ocean circulation
patterns. One consequence can be more vigorous upwelling associated
with a rich supply of nutrients and phytoplankton blooms. The gener-
ation of organic matter and its storage on the ocean floor is part of the
carbon cycle which appears to be intimately involved with the biological
state of the ocean as indicated by the sharp changes in carbon cycling
that coincide with many of the episodes of mass extinction.

The hydrosphere is also constantly interfacing with the atmosphere
by diffusion of gases from one to the other. The changing levels of
CO, in the atmosphere will have been linked with similar changes in
dissolved CO, in the oceans. Correlated in time with these changes
are cyclic alternations in the mineralogy of non-skeletal carbonate in
ooids and cements from calcite at times of high CO, to aragonite at
times of lowered CO, (Fig. 1.9).

At a smaller scale the hydrosphere interfaces directly with the litho-
sphere at deep-sea hot springs: here the huge volumes of water that
circulate through the hot crust of mid-oceanic ridges vent to the sea-
floor carrying dissolved calcium, iron, manganese and silica together
with CO,. The emerging brine at temperatures in excess of 300° C then
deposits manganese and iron hydroxides and hydroxides rich in impu-
rities such as copper and silver. Some of the deep sea vents exuding
abundant H,S have a special community of organisms that do not rely



[ 14 l I Investigating the history of the biosphere

Figure 1.9 The aragonite—calcite cycle through time. (Modified from Sandberg,
1983.)

on solar energy but can utilize chemical energy at the base of the food
chain.

On a broader scale there is an interaction between the hydrosphere
and the organisms that inhabit it. The organisms rely on nutrients to
metabolize, O, for respiration, CO, for photosynthesis and dissolved
material to synthesize their shells. Their abundance and activity influ-
ences the amount of O, and CO, being withdrawn from the water and
potentially being stored as organic carbon or carbonate. The diverse
fauna and flora of a coral reef ecosystem, a marine analogue of the
tropical rain forest, is a significant sink for CO, together with a large
variety of other chemicals from seawater that precipitate in the
carbonate skeletons.

1.6.3 The Lithosphere

The lithosphere is the main source of nutrients for living matter, it is
a major source of carbon dioxide, it is the source of the main chemical
constituents of seawater and its shape determines the landscape and
seascape on which many organisms live. In spite of all the varied
tectonic and magmatic events within the Earth’s crust, the atmosphere
and hydrosphere have remained remarkably stable throughout geolog-
ical time. Once the crustal structure of the Earth was established in
the early Archaean, changes in the lithosphere have been largely
driven by plate tectonics. Changes in the global activity of plate move-
ments have played an important role in determining CO, levels in the
atmosphere. At times of rapid seafloor spreading, mid-ocean ridges
are active and generate CO,. On the other hand continental collision
generates mountain belts, such as the Himalayas, in which the very
active weathering of siliciclastic rocks tends to lower levels of CO,,
but the metamorphism of carbonates or carbonaceous sediments could
raise the levels in the atmosphere. The estimated contribution and loss
of CO, through the changing plate and palacogeographic configura-
tions of the Earth have formed the basis for estimating the history of
CO, in the atmosphere (Fig. 1.6). On a shorter time-scale, periods
of intense volcanicity, such as the explosive eruptions of Toba, in
Sumatra, at 70,000 BP, or the immense basaltic eruptions of the Deccan
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Traps at the end of the Cretaceous in India, inject vast quantities of
volcanic gases into the atmosphere over a very short period of time,
potentially with catastrophic effects.

Plate movements also change the distribution of continents and
oceans, which affects currents within the oceans and the ability of organ-
isms to migrate within the oceans or on land. Consequently the number
of biogeographic provinces has changed throughout the Phanerozoic.

The changing nature of the lithosphere has had an important effect
on the nature of the sedimentary record. During the early-mid
Archaean, sedimentary facies were dominated by mafic-felsic volcani-
clastics together with cherts, while shallow water clastics, turbidites
and terrestrial alluvial facies have been recognized in late Archaean
rocks; by the early Proterozoic more mature quartz sandstones were
common in shelfal settings. Plate tectonic movements have influenced
how much of the Earth’s surface consisted of stable cratonic crust with
slow subsidence rates and how much included tectonically active areas
at subduction margins or zones of continental collision. Under marine
conditions the former tends to be characterized by shallow marine
shales, quartzose sandstones and limestones, while the latter commonly
has deeper marine shales and turbidites deposited rapidly and forming
thick sequences. Consequently, the plate tectonics of the globe influ-
ences the proportion of different facies and different environments
that are available for exploitation by the existing biota. This proportion
will be further moderated to an important degree by sea-level changes
that determine the extent to which continental crust is covered by
marine waters.

1.6.4 Biological change

Evolutionary change in organisms was first recognized in the mid-1800s
(Darwin, 1859); although the mechanisms for evolutionary change have
been widely debated (Dawkins, 1995) biological change at the species
level is the fundamental feature of evolution. But groups of organisms
such as coevolutionary partners, entire communities and even whole
evolutionary faunas show similar patterns of change throughout
geological time. These changes can be documented through palaeo-
ecological studies (Boucot, 1983; Sheehan, 1992). In crude terms the
appearance of major groups of faunas and floras can be correlated
with changing environmental conditions. Most commonly the sequen-
tial appearances of the prokaryotes, eukaryotes and metazoans are
plotted against the increasing partial pressure of atmospheric oxygen
(Fig. 1.10).

1.7 GEOPHYSIOLOGY

In the search for an inclusive model for the operation and evolution
of the planet, James Lovelock has presented Earth as a superorganism
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Figure 1.10 Some geological events together with the main evolutionary events in the planet’s biota plotted
against the exponential increase in atmospheric oxygen. (Redrawn from Kershaw, 1990.)

driven by its geophysiology. This model contrasts with the views of
Robert Garrels who treated the Earth as primarily a chemical factory
where carbon and sulphur are recycled; carbon is buried as limestone
(calcium carbonate) and sulphur as gypsum (calcium sulphate). Both
processes stabilize the level of oxygen in the atmosphere. The idea,
however, of Gaia is not new. The Scottish scientist Sir James Hutton
not only established the concepts of deep time and uniformitarianism
during the late 1700s, he also modelled the Earth as a superorganism.
The Gaia concept presents the planet as a living entity, regulating itself
through interactions between the atmosphere, biosphere and the
hydrosphere and to a lesser extent the lithosphere. So, for example,
these interactions will control the planet’s chemical composition and
the climate through time. This planetary superorganism is called Gaia,
the Greek name for the Earth.
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Dead planets, such as Mars and Venus, have atmospheres in near
chemical equilibrium. But a living planet, like Earth, has to cycle raw
materials and waste products through its atmosphere, generating a
disequilibrium amongst its chemical components. The atmosphere of
Venus dominated by carbon dioxide but on Earth methane and oxygen
coexist — two incompatible gases. Clearly another explanation must be
found for this coexistence — the presence and functions of living organ-
isms.

The planet, however, suffers a spectrum of climate conditions
between two extremes: (a) a greenhouse effect — the heating up of the
Earth’s atmosphere by solar radiation trapped and re-emitted by
greenhouse gases such as methane and carbon dioxide — and (b) an
ice-house effect — cooling of the Earth with a loss of heat through
the Earth’s atmosphere. There are, however, many self-regulating
processes. The control of albedo (reflectivity of solar radiation by the
Earth) by variations in cloud cover is one such process. Clouds
condense around the nuclei of sulphur gases generated by some marine
algae. This cloud cover promotes a local cooling which can inhibit the
spread of the algae. Eventually a balance is achieved between the
optimum heat for the growth of the algae and amount of sulphur gas
produced.

The Daisyworld model (Fig. 1.11) is a simple attempt to simulate
Gaia (Lovelock, 1989). Two parameters are used — the growth of a
single species of organism (a daisy) and the environment represented
by temperature. Imagine planet Earth with few clouds and low concen-
trations of greenhouse gases; the albedo of the planet will determine
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Figure 1.11 Evolution of Daisyworld based on A, conventional wisdom and B, geophysiology. The upper
panels show the relative changes in daisy populations whereas the lower panels show temperature changes
in degrees Celsius. Conventional models (A) predict that with increasing temperature the daisies first
flourish and then die. A Gaian approach predicts that the competitive growth of the dark (a) and light
(b) daisies will regulate the planet’s temperature; the dashed line in the lower panel indicates increasing

temperature without Gaian controls. (Replotted from Lovelock, 1989.)
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Figure 1.12 Transition from the Archaean to Proterozoic; model of a bio-
sphere consisting of photosynthetic bacteria and methanogens. The upper
panel shows the average global temperature, dashed line without life and the
solid line with. The lower panel shows changes in abundance of carbon dioxide
and methane; the abundance of these greenhouse gases decreases through
time with the influx of oxygen from photosynthesizers. (Replotted from
Lovelock, 1989.)

its temperature. Plenty of daisies grow on the planet’s surface, well
supplied by nutrients and water. Two types of daisy have evolved, both
do not grow below 5°C or above 50°C but prefer temperatures of
22.5°C. During the first season the dark daisies prosper since they
absorb heat and are generally warmer than the planet’s surface. Over
the next few seasons this morphotype multiplies but triggers a rise in
the planet’s temperature. But at temperatures above 22.5°C they
decline and meet competition from the light daisies, seeking to lower
temperature to those of more optimum conditions. So as the sun or
star evolves, possibly heating up, so too must the mixed population
of dark and light daisies to safeguard their own survival.

The evolution of the Earth’s atmosphere and biotas can be presented
in the so-called ages of Gaia (Lovelock, 1990): the Archaean, the
middle ages and modern time. Early Precambrian life was dominated
by bacteria; the cyanobacteria removed carbon dioxide from the
planet’s reserve of greenhouse gases tending to cool the Earth, anal-
ogous to the effect of the light daisies. The methanogens, however,
added methane to the atmosphere and like the dark daisies promoted
global warming. During the Archaean the sun was probably cooler
and greenhouse gases were required to maintain the planet’s temper-
ature. By the mid-Proterozoic temperatures had approached an equi-
librium with atmospheric carbon dioxide at about 1% (Fig. 1.12).
Today if CO, is not removed by, for example, skeletal organisms, the
planet would become too hot for life.
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Figure 1.13 Evolution of the biosphere. The lower panel shows changes
in climate in a live (solid) and lifeless (dashed) world; note the sharp fall in
temperature when oxygen appears. The middle panel shows the changing
abundance in atmospheric gases. The upper panel tracks changes in the popu-
lation of ecosystems; both the photosynthesizers and methanogens increase
initially when oxygen appears but the methanogens eventually decline to a
much lower level of abundance. (Replotted from Lovelock, 1989.)

The planet’s middle ages are signalled by the influx of large amounts
of oxygen from cyanobacteria; initially most of the oxygen was
removed during the oxidation of sediments, the burial of carbon in
carbonate material and by solution in oceans. Nevertheless there was
a gradual reduction of the anaerobic sector as atmospheric oxygen
slowly built up and methane levels were reduced; the removal of this
greenhouse gas promoted a drop in temperature. Although the temper-
ature of the sun is currently increasing, the hike in atmospheric oxygen
levels during the latest Precambrian and early Phanerozoic has helped
regulate temperature, control climate and sustain the development of
the planet’s ecosystems (Fig. 1.13).

Gaia has helped focus biological research on a number of global
issues. Life is in fact a planetary-scale phenomenon where living organ-
isms must regulate their environment. The Gaia hypothesis comple-
ments Darwinian evolution; both organisms and their environment must
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be considered in a more integrated evolving system. Geophysiology may
be a useful model to help understand very recent changes in the planet’s
systems forced by agricultural practices involving deforestation and
industrial practices generating changes in the concentrations of green-
house gases and ozone depletion.

1.8 STRATEGY

Palaeoecology is a field-based science deriving information from the
collection and description of geological and palaeontological data. The
palaeoecological sample, however collected, is the basic unit of
analysis. From these samples the interrelationships of organisms and
their environment through geological time are described and analysed.
The field of evolutionary palaeoecology, combining the broader trends
of biological evolution with physical and chemical changes in the planet
through time, provides a more holistic approach to Earth history.

This book approaches palaeoecology from a time framework,
accepting that there is an evolutionary, together with a spatial, compo-
nent to ecological systems. Fundamental is the description of the
factors that limit the distribution of individuals and communities
(Chapter 2) together with the many ways in which fossils are preserved
(Chapter 3). The adaptive morphology of organisms (Chapter 4) links
evolution to habitats and environments and also drives major biotic
radiations. Trace fossils (Chapter 5) record the behavioural patterns
of organisms through time; fossils are thus useful environmental indi-
cators (Chapter 6) and have evolved through time as integral parts of
populations and communities (Chapter 7) with changing biogeogra-
phies (Chapter 8). Finally discussion of the simultaneous evolution of
the marine (Chapter 9) and terrestrial (Chapter 10) biospheres is
derived from the basic concepts of the book. The evolution of organ-
isms and their characters together with community and large-scale
biotic change may be linked to other planetary-scale changes involving
climate and environment.

1.9 SUMMARY POINTS

e Palaeoecology is the study of the functions and relationships of
ancient organisms and their communities.

e Fossil organisms, like their living counterparts, were probably
restricted to particular habitats and environments - their
‘addresses’.

e Understanding the life and trophic modes of fossil organisms — their
‘occupations’ — is an essential part of both aut- and synecology.

e The evolution and histories of the atmosphere, hydrosphere and
lithosphere are linked to each other and to changes in the bio-
sphere.
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e The Gaia hypothesis suggests that the planet is a self-regulating
organism involving the relationship, through time, between organ-
isms and their environment.
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Environmental controls
on biotic distribution

The biosphere has a hierarchical structure, with the individual animal
or plant at the lowest level, then the population, the species, the com-
munity and the biogeographic province at the highest level. Each level
of organization occupies a specific volume within ecospace; the volume
occupied by a species is the niche, that by a community is the eco-
system. The way that physical and chemical factors such as light,
temperature and oxygen determine the range of organisms is described
and examples of how these controls can be recognized in the fossil
record are discussed using specific examples.

2.1 THE STRUCTURE OF THE BIOSPHERE

The life of an organism is controlled by a wide range of physiological
processes. These can generally operate only under a relatively narrow
range of environmental conditions and each organism has its own toler-
ance of factors such as temperature and salinity. Organisms also
attempt to maintain constant internal conditions (homeostasis), in the
face of a fluctuating external environment, and their ability to do so
sets limits to their environmental range.

The environment can be envisaged as multidimensional space,
with each dimension representing a different environmental variable.
An individual organism will have a specific range for each variable
and when the ranges of all the environmental parameters are consid-
ered they will define a specific volume. Figure 2.1a shows the area
occupied if only two parameters are considered and Figure 2.1b shows
the volume if three parameters are considered. Further parameters
cannot be represented diagrammatically, but the total volume could
potentially be defined by multivariate mathematics. Most organisms
do not occur singly but are part of an interbreeding population. The
tolerance ranges of the individuals constituting a population are
. likely to vary a little so that the volume occupied by a population will
be somewhat larger than that of any individual. The ecospace poten-
tially occupied by a species is that volume occupied by all its
constituent populations and is termed the prospective niche. Most
species do not fully occupy their prospective niche, partly because
they may be better adapted to part of the range, or because they are
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Figure 2.1(a) The prospective niche of a species defined by its temperature
and salinity ranges. The cross-hatched area is that part of the niche which the
species does not exploit and the stippled area is the realized niche.

Figure 2.1(b) The volume in ecological space occupied by a species, defined
by its range of temperature, salinity and oxygen requirements.

in competition with other species, so they occupy a realized niche
(Fig. 2.1a).

A hierarchical structure extends further upwards through the ecolog-
ical scale (Fig. 2.2). Species that co-exist within a similar range of envi-
ronmental parameters form communities, such as the Littorina
community on rocky shores or the Macoma community on sandy
beaches, each characterized by its own ecosystem, which in turn is
mainly determined by the properties of the component niches (see
Chapter 7).

When the distribution of communities is regarded on a global scale
it is clear that groups of communities commonly occupy discrete parts
of the globe. These community groups whose boundaries are
commonly defined climatically or by physical barriers are biogeo-
graphical provinces and constitute the largest subdivision of the bio-
sphere (see Chapter 8).

Figure 2.2 The hierarchical structure of the biosphere.
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The palaeontological record helps to show how the number and
range of niches have increased with time, it can show the change in
community structure in response to environmental change and on a
larger scale it records the changes in the number and distribution of
biogeographic provinces in response to climatic change and plate
movements.

2.2 DIVISIONS OF THE MARINE ENVIRONMENT

A profile from the shoreline to the bottom of the deep oceans shows
the continental shelf, which is a nearshore region on average about
120 km wide sloping relatively gently down to a depth of about
200 m, then the continental slope extending down to about 4000 m and
finally abyssal plains, deep-sea trenches and volcanic rises at greater
depths (Fig. 1.2). Environments in the coastal zone include rocky
shorelines, sandy or pebbly beaches, estuaries, lagoons and deltas and
may show rapid lateral change along a stretch of coastline. Stretches
of sandy coasts have a shoreface with intertidal beach environments
on their landward side and a transition into more muddy shelf envi-
ronments at about 10-20 m on their seaward side. Environments tend
to become more uniform away from shore where mud forms the typical
substrate, but even in deep-sea environments there may be consider-
able heterogeneity.

The environments that occur in waters on the continental shelf are
referred to as meritic, whilst those further oceanwards are pelagic. The
pelagic environments are divided by depth into epipelagic (<200 m),
mesopelagic (<1000 m) bathypelagic(<4000 m) and abyssopelagic
(<11,000 m). Greater depths are referred to as hadal.

Benthic organisms are bottom-living organisms and animals may live
on the sea-floor as epifauna or below the sediment surface as infauna.
The organisms may be immobile (sessile) or active (vagile). Plankton
consists of organisms that float passively in the water, or at most, are
active only in keeping themselves afloat. Holoplankton are organisms
that live through all their life cycle afloat in the ocean waters, except
for brief resting periods in some instances. Meroplankton, which
includes many marine species with a planktonic larval stage, spend
alternate periods of their life cycle as benthos and plankton. Nekton
are those organisms that are active swimmers.

2.3 LIMITING FACTORS ON THE DISTRIBUTION OF
ORGANISMS

The potential niche of a species is defined by many parameters, but,
within a particular environment, some factors have a more profound
effect in determining the range of the species than others, and are
termed limiting factors. For example, in normal marine surface waters,
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salinity and oxygen levels are relatively constant and remain well
within the tolerance range of most organisms, so do not determine
their presence or absence. On the other hand, temperature in marine
waters can vary considerably and may be an important limiting factor
in determining the range of a species. In the following sections the
various physical factors that influence the distribution of species are
discussed.

24 LIGHT

Light is the fundamental source of energy for primary producers at
the base of the food chain. In most photosynthetic plants light energy
reacts with photosynthetic pigments, such as chlorophylls, and fixes
carbon dioxide into organic compounds. Primary producers which
create their own organic material in this way are termed autotrophs,
as opposed to heterotrophs which utilize organic matter synthesized
by other organisms. Diatoms, dinoflagellates, coccolithophorids and
some cyanobacteria are typical of the phytoplankton that are depen-
dent on light. Benthic algae are the main primary producers in
nearshore areas. Primary productivity amongst plankton is influenced
mainly by the intensity of light and the availability of nutrients (see
section 2.5). The intensity of light decreases exponentially from the
sea-surface downwards so that most photosynthetic activity has
stopped at depths of about 150 m. However, the highest photosynthetic
rates are commonly 10-20 m below the surface (Fig. 2.3), not at the

Increasing photosynthetic rate ———

Depth

Photosynthetic rate

~ 100m /

Increasing light intensity ———

Figure 2.3 Generalised sketch of vertical profiles of light intensity and corre-
sponding photosynthetic rate in a clear marine water column with uniform
distribution of phytoplankton. (Modified from Barnes and Mann, 1991.)
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Figure 2.4 The relationship between illumination and depth. The limits to
phytoplankton growth in clear ocean waters and clear coastal waters are
shown by points A and B. The limit to light perception by deep-sea fish is
shown by point C.

surface, because a high intensity of solar radiation can apparently
inhibit photosynthesis by photo-oxidative reactions, and because of the
destructive effects of high levels of ultra-violet light. The intensity of
light penetrating a water surface varies with the angle of incidence
of the light (light intensities will generally be lower in high latitudes)
and with the amount of dissolved and particulate matter in the water.
The depth range from the ocean surface through which there is net
photosynthetic production is known as the photic or euphotic zone.
Figure 2.4 shows the higher light penetration in clear ocean waters
(down to about 200 m) as compared with typical coastal waters (about
40 m). Waters in estuaries and deltas are generally turbid and have a
particularly low light penetration.

Marine phytoplankton and benthic algae show a very pronounced
variation in both diversity and abundance down through the water
column, with maxima several metres below the surface, decreasing to
very low levels of productivity within 20-150 m of the surface depend-
ing on the intensity of the incident light, the clarity of the water and the
degree of disturbance of the water surface. The maximum depth of
the photic zone is estimated to be about 250 m, and this marks the limit
to most algal productivity. However, some planktonic algae are found
living at depths of thousands of metres, benthic red algae are recorded
at 180 m, brown algae to a depth of 300 m and crustose coralline algae
to 400 m. It is not clear whether these algae are especially adapted to
very low light levels or are partially or wholly heterotrophic.

There is a zonation of benthic algae within the photic zone that is
determined, at least partly, by their ability to absorb light. It was orig-
inally thought that it was the composition of their pigments that deter-
mined the depth to which the larger algae (macrophytes) could grow
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and that green algae would be expected in shallow waters and red
algae in deeper waters. The zonation of algae with increasing depth
from green to brown to red is unfortunately rarely clear, though green
algae are particularly common in shallow water. Recent work has
shown that it is the quantity of pigments rather than their composition
that plays a dominant role in regulating algal growth at low light levels.
Within the major groups of algae a distinct zonation of species has
been recognized among red algae and in the genus of green algae,
Hallimeda. A problem that affects the geologist in using algae as bathy-
metric indicators is that many disintegrate and are easily reworked.
This is particularly true of the green, dasycladacean and codiacean
algae, which in the case of Penicillus disintegrate into aragonite needles
and in Hallimeda into gravel-sized particles. Crustose coralline algae
which are robust and commonly firmly attached to the substratum may
prove useful bathymetric indicators when more is known about their
zonation in shallow clear water.

Algae also play a major part in the infestation of carbonate grains
(endolithic algae) that are penetrated by minute borings that are
commonly filled by microcrystalline calcite or aragonite (micrite).
Micrite may rim the grain, forming a micrite envelope, or partially or
wholly replace the grain. Many endolithic algae are photosynthetic and
so are restricted to the photic zone, but other organisms such as
sponges, fungi and bacteria, also micritize grains so that although
extensive micritization is normally confined to the photic zone, it is
not wholly diagnostic of shallow marine environments.

2.4.1 Palaeoecology

The vertical zonation of phytoplankton in response to decreasing levels
of light is not recorded in the fossil record, but the distribution of
benthic algae has been used to estimate bathymetry. As a general rule
the presence of a varied benthic algal flora identifies the photic zone
and commonly indicates the upper part of that zone, i.e., depths down
to about 20 m, particularly if green algae are common. Similarly, the
pervasive micritization of carbonate grains is generally a good indi-
cator of shallow seas (see box 2.1).

2.5 NUTRIENTS

Nutrients are the inorganic and organic substances that are essential
for the growth of plants. Together with light they exert a dominant
control on productivity. The most important nutrient elements are
nitrogen and phosphorus, but iron and silica may have a significant
effect on productivity in some circumstances. Nitrogen is essential for
the synthesis of amino-acids, proteins and nucleic acids and so plays
an essential part in the growth of organisms. Phosphorus plays a partic-
ularly important role in the metabolism of an organism.
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Figure 2.6 (a) Position of a typical carbonate mud mound low on a ramp. Figures b, ¢, and d show
successive stages in the growth of a mound. (b) Start of the growth of the mound, (c) micritization
affects the top of the mound, (d) micritization extends to the base of the mound, calcareous
algae are 90 m higher and the top of the mound is at sea-level. (Adapted from Lees and Miller,
1985.

the crest was in very shallow water, so the mound apparently stood 220 m above the basin
floor at this stage. The lower limit to calcareous algae would have been about 90 m above
basin floor. The successive stages of mound growth can now be reconstructed (Fig. 2.6)
and it can be seen that growth started at depths of more than 300 m (Fig. 2.6b) and grew
upwards and outwards at shallower depths as sea-level fell (Fig. 2.6c and d). Nevertheless
a substantial part of the mound was apparently constructed at depths below the produc-
tive levels of the photic zone suggesting that algal growth might have been heterotrophic
not autotrophic. The main reservation about this conclusion is whether the limits of micriti-
zation are a reliable indicator of the base of the photic zone.

Although nitrogen is the most abundant gas in the atmosphere and
is also dissolved in sea-water it is not available for organic metabo-
lism until it is oxidized to form nitrate, nitrite or nitrous oxide.
Nitrogen fixation is performed by certain bacteria that synthesize
ammonia which is in turn modified to form nitrite and nitrate by oxida-
tive steps within the food chain. Some additional nitrate is supplied
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Figure 2.7 Primary production in the world’s oceans. (From Barnes and Mann, 1991.)

to the ocean from the atmosphere and some from rivers. In contrast
to nitrogen, most phosphorus is ultimately derived from continental
weathering and much of it is transferred to the oceans bound to organic
material. It is therefore thought that the supply of phosphorus to the
oceans might have been considerably less prior to the evolution of
terrestrial vegetation (Brasier, 1995).

Most organic production occurs in the surface layers of the ocean
because light is necessary for photosynthesis (see previous section),
but it is the availability of nitrogen and phosphorus that largely deter-
mines the geographic and temporal variations in productivity. A map
of ocean productivity (Fig. 2.7) shows that high levels are found on
the continental shelves where nutrient levels from continental run-off
are high, and also in regions of the oceans where there are upwelling
currents bringing nutrients from deeper waters.

In those parts of the ocean where the supply of nutrients is steady but
relatively low, primary production (the fixation of carbon by photosyn-
thetic organisms) creates new production in the form of phytoplankton.
The organic matter is efficiently recycled through the food chain and
nutrients released for further growth (regenerated production) (Fig. 2.8).
Consequently, there is little fall-out of organic material from the
euphotic zone (export production). In situations where there is turbulent
mixing, or more commonly upwelling, nutrient supply is high and there
are associated high levels of new production. As a result large amounts
of organic material may be exported to greater depths. This can sink as
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Figure 2.8 The cycling of nutrients and organic matter within the oceans. The
thick solid lines show the paths of nutrients and the broken lines show the
movement of organic matter.

dissolved organic material (DOM) or as particulate organic material
(POM) which can be sedimented to form organic-rich muds. Some of
the export production may ultimately be oxidized within the water
column or at the sea-floor and be recycled from either site (Fig. 2.8).

Oceans, marine basins and lakes with low levels of nutrient supply
are referred to as oligotrophic. Stable, nutrient-poor systems tend to
produce ecosystems that have a high diversity of organisms but have a
low abundance of individuals. Systems in which there is a rich supply
of nutrients are referred to as eutrophic and are characterized by high
productivity and abundant individuals of a relatively few species. High
nutrient levels may be related to vigorous upwelling of nutrient-rich
waters or to a high nutrient flux from land and increases in nutrient
supply are generally related to climatic change, to new circulation pat-
terns in the oceans or to changes in sea-level (Brasier, 1995a). Climatic
change affects nutrient supply by determining the thermal regime in
the oceans; stable, warm climates tend to produce oligotrophic oceans,
while glacial periods favour eutrophic oceans. Climatic change can also
influence the amount of run-off of fresh water from land.

Nutrient supply is thought to have a particularly strong affect on
reef ecosystems (Hallock, 1988). The zooxanthellate organisms, partic-
ularly colonial corals, that contribute largely to the framework of reefs
are adapted to low nutrient levels, while filamentous and fleshy algae
and bioeroders (organisms that bore and destroy carbonate material)
favour high nutrient levels. Consequently reefs generally flourish under
oligotrophic conditions. Under somewhat more nutrient-rich, meso-
trophic conditions growth tends to be suppressed and bioeroders create
large amounts of carbonate mud, while under eutrophic conditions,
carbonate production as a whole is reduced and bioeroded hard-
grounds and carbonate non-sequences may develop.

Biological evidence for high productivity in areas of upwelling
includes the abundance of certain species of foraminifera, planktonic
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gastropods, the particular types of dinoflagellate cysts present and the
abundance of siliceous diatoms and radiolaria. Nutrients clearly play
an important role in determining the biofacies in upwelling systems,
but related factors, such as temperature and oxygen, may also play an
important role and it is commonly difficult to isolate one limiting factor
from others.

2.5.1 Palaeoecology

The abundance of certain species of fossil microplankton in sediments
of late Cenozoic to Recent age has been used to identify upwelling areas.
Planktonic foraminifera associated with the cold waters of upwelling
zones may be recognised by their coastal biogeographic distribution,
lack of spines and absence of supplementary apertures (e.g. Globigerina
bulloides). Conversely, spiny forms with supplementary apertures
(e.g. G. ruber) are associated with more oligotrophic conditions. (See
Brasier, 1995, for a review.) Biogenic silica deposits formed from
siliceous diatoms and radiolaria are commonly associated with up-
welling. Prior to the proliferation of siliceous diatoms in the Cretaceous,
reconstructions may be more difficult; nevertheless, the abundance of
radiolaria, siliceous sponge spicules and assemblages with phosphatic
skeletons (conodonts, inarticulate brachiopods, fishes’ teeth) has been
used to suggest high nutrient supply in rocks as old as the Cambrian.
The presence of phosphatic deposits may be a reflection of high nutrient
levels and high productivity in some situations, but they can accumu-
late under other circumstances. Dark, carbon-rich shales give an
equivocal message because they may form under nutrient-rich upwelling
areas but they may also form where the bottom waters were anoxic and
productivity was only moderate (see section 2.6). A radical change in
the cycling of nutrients associated with climatic change has been
invoked as a major factor in major extinctions at the end of the
Ordovician (Brenchley et al., 1994), the middle to late Eocene (Brasier,
1995b) and in the Miocene (Arbry, 1992). In each case, cooling at high
latitudes is thought to have promoted vigorous ocean circulation and
upwelling and a switch from oligotrophic to eutrophic ecosystems with
a consequent decrease in diversity. Changes in nutrient supply are
believed to have played a major role in the growth and demise of reefs
and may have affected the nature of carbonate systems in general.
Brasier (1995) has made a more general case for nutrient supply and
changes in the carbon cycle being involved in many of the major
ecological revolutions, both extinctions and radiations, in earth history.

2.6 OXYGEN

Almost all eukaryotic organisms require oxygen for their metabolism.
Oxygen requirements generally increase with the size and activity of
an organism. Many very small-bodied organisms take up oxygen by
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Figure 2.9 The vertical distribution of dissolved oxygen (concentration in
ml/ I'! and mol/ 1) in the ocean of south California, in the eastern part of
the south Atlantic Ocean and in the Gulf Stream. OMZ = oxygen minimum
zone.

diffusion, but most larger animals have respiratory devices, such as
gills and a circulatory system and many have respiratory pigments that
increase the carrying capacity of the blood. The oxygen content of sea-
water varies between 8.5 and 0 ml/l (millilitres of oxygen per litre of
water), but is mainly in the range of 6 to 1 ml/l, which is viable for
the majority of marine organisms, though many live in the upper part
of that range and some are ‘uncomfortable’ at lower oxygen levels.
Oxygen starts to become an important limiting factor where concen-
trations fall below about 2 ml/l.

In the upper layers of the oceans the rate at which oxygen is added
to marine waters by solution from the atmosphere and by the photo-
synthetic activity of phytoplankton is roughly balanced by that lost
during respiration and oxidative processes, though fluctuations in
productivity may result in fluctuating oxygen levels. Below the photic
zone oxygen is not replenished by photosynthesis but is consumed by
organic respiration and microbial degradation of organic material,
leading to a fall in the levels of dissolved oxygen in the water.
Consequently there is generally a well-developed oxygen profile in the
ocean (Fig. 2.9) with the high levels of oxygen in the upper part of
the ocean generally decreasing to depths of between 100 and several
hundreds of metres, at which level the rate at which oxygen is
consumed by the oxidation of organic matter exceeds the supply of
oxygen by diffusion, giving rise to an oxygen minimum zone (OMZ)
in which oxygen levels reach their lowest values. Below the OMZ,
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Table 2.1 Classification of oxygen regimes, biofacies and physiological regimes according to different

authors
OXYGEN)| Tyson and Byers (1977)| Tyson and Savrda and Wignall (1995)
ml per | | Pearson (1991) Pearson (1991) | Bottjer (1991)
OXYGEN| OXYGEN BIOFACIES PHYSIO-
ml per l. | REGIME LOGICAL
REGIME
—38.0 Oxic . Aerobic Aerobic Aerobic Normoxic
Anaerobic
—2.0
mod Dysaerobic
—1.0
Dysoxic sev. Dysaerobic Poikilo
—0.5 Dysaerobic | Dysaerobic -aerobic Hypoxic
extreme
—0.2 Exaerobic
—0.1 suboxic Quasi Quasi Anaerobic
. -anaerobic -anaerobic
—0.0 Anaerobic
Anoxic Anaerobic Anaerobic Anoxic

oxygen levels may rise again in association with mid- to deep-water
circulation of oxygenated waters. As a general rule oxygen levels
within the OMZ are reduced by 25 to 50% of their initial level
and this may not have a profound affect on organisms (Tyson and
Pearson, 1991). However, where organic production in upwelling areas
is particularly high, the depletion of oxygen in the underlying OMZ
may produce dysoxic or even anoxic conditions (see South California,
Fig. 2.9). Oxygen levels in deeper waters depend on the circulation
structure of the oceans. In stable, well-stratified oceans, deep water
circulation may be very sluggish and oxygen levels may be low, while
in oceans with a vigorous thermohaline bottom circulation, oxygen
levels will be relatively high.

Classifications of oxygen levels in the environment refer to the levels
of dissolved oxygen using the suffix ‘oxic’ (Table 2.1). Other classifi-
cations are based on the biofacies present and use the suffix ‘aerobic’.
A classification based on biofacies, dividing environments into anaer-
obic (<0.1 ml/l1 O,), dysaerobic (0.1-1.0 ml/l O,) and aerobic (>1.0 ml/]
0,), according to their levels of dissolved oxygen (Byers, 1977), has
been found useful in analysing the effects of oxygen on organic distri-
bution. Three more recent classifications (Savrda and Bottjer, 1991;
Tyson and Pearson, 1991; Oschmann, 1991 and Wignall, 1994) have
redefined or further subdivided the categories of oxygen poor envi-
ronments (Table 2.1), recognizing that the dysaerobic facies can be
fully exploited, either permanently (exaerobic biofacies) or sporadi-
cally (poikiloaerobic biofacies).

The biotic response to low oxygen levels is varied. There is a marked
decrease in faunal diversity when dissolved oxygen falls below about
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Figure 2.10 Change in species abundance with depth and dissolved oxygen in
the Black Sea, where the sill depth is 100 m. Values above 130 m fluctuate
from 2 ml/l upwards. Note the sharp decline in diversity at about 130 m where
the dissolved oxygen level falls below 2 ml/l. (From Rhoads and Morse, 1971.)

2 ml/l. This is well illustrated by the faunal distribution in the stagnant
waters of the Black Sea (Fig. 2.10). Shelf benthos appears to be more
affected by oxygen levels in the range 2-1.4 ml/l than animals in the
oceanic oxygen minimum zone. Those animals on the shelf that can
survive at oxygen levels below 2 ml/l will commonly migrate away from
the low oxygen area if they are active benthos or nekton, or will rise
to the sediment surface if they are infaunal benthos. Adaptations to
low oxygen levels can be morphological, physiological or behavioural
(Oschmann, 1994). Morphological adaptation is shown by some
bivalves (e.g. ‘paper pectens’) and a variety of ‘flat worms’ that have
developed a flat body, which increases the surface area through which
oxygen can be received by absorption or diffusion. Other animals adapt
physiologically to periods of low oxygen lasting days or even weeks by
drastically slowing down their metabolic rate, by having a particularly
effective circulatory system and by having oxygen-binding pigments.
During short periods of anoxia some organisms can metabolize via an
anaerobic pathway. In most animals oxygen-binding pigments become
less efficient at the lowered pH generated from the respiratory pro-
duction of CO,, but some polychaetes and ‘blood cockles’ have devel-
oped pigments that can tolerate these low pH levels. The problems
caused by the toxic effects of the hydrogen sulphide that is generated
in many anaerobic sediments is counteracted in some animals by having
H,S binding and transporting pigments. Alternatively, some organisms,
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including 26 Recent bivalve species, belonging to five families, are
chemosymbiotic and incorporate chemo-autotrophic bacteria, that
oxidize H,S and so prevent its toxic effects, but are ultimately ingested
by their host. Chemosymbionts require sources of both sulphide and
oxygen, which do not normally coexist, so the modern environments
from which they have been recorded are generally rather specialized
ones, such as deep-marine hydrothermal vents, petroleum seeps, the
sea-floor close to the decaying carcasses of large marine animals and
shallow marine areas colonized by seagrass where the abundant supply
of decaying organic material promotes the generation of sulphide. The
importance of chemosymbiosis in the colonization of oxygen-poor envi-
ronments and their recognition in the fossil record is still a matter of
debate (Oschmann, 1994; Wignall, 1994).

Where anoxia is seasonal some organisms adapt their life cycle to
produce larvae at the start of the summer anoxic period and allow
them to settle during the better-oxygenated autumn season. This
behavioural adaptation allows a species to survive severe annual
summer anoxia. More moderate levels of oxygen deficiency are
survived by species with morphological or physiological adaptations
(Oschmann, 1994).

In bottom waters with normal levels of dissolved oxygen the surface
layers of the underlying sediment are well aerated and sustain a varied
infauna, some of which burrow deep into the sediment while others
exploit shallower levels, leading to a tiering of the animal traces (Fig.
2.11). With progressively lower levels of oxygen in the bottom waters,
burrows penetrate less deeply and tiering is less pronounced.
Anaerobic sediments with no bioturbation normally occur where there
is a high flux of organic matter to the sediment surface and conse-
quently the oxygen levels in the bottom waters are very low. Oxygen
becomes exhausted in the near-surface layers, bioturbation is con-
sequently suppressed and H,S may be generated creating a toxic
environment (see Chapter 6).

2.6.1 Palaeoecology

Shelled benthic faunas decline in diversity with reduced levels of
oxygen and become rare in dysaerobic facies. In the Jurassic, for
example, a few species of bivalves generally dominate in dark shale
facies, though gastropods may be common at some horizons. In more
oxygen-poor facies fossils are sparse except for exceptional bedding
planes covered with fossils, commonly of a single species. Some of
these fossils belonged to opportunistic benthic species capable of colo-
nizing environments with low oxygen levels, others may have been
infaunal benthos which emerged on to the sediment surface in response
to a sudden lowering of oxygen availability, while others appear to
have been species of epibenthos that lived a floating life attached
to some object or were possibly pelagic forms. From his studies of the
finely laminated dark grey shales of the upper Jurassic Kimmeridge
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Figure 2.11 (a) Five trace fossil biofacies (labelled 1-5) determined by
dissolved oxygen levels in the bottom waters and within the sediment (Savrda
and Bottjer, 1991). Note decrease in burrow diversity, size and depth with
decreasing oxygen availability. Note also the reduction in tiering in an offshore
direction. (b) Concentrations of dissolve oxygen within bottom waters and
below the sediment-surface interface. (From Savrda and Bottjer, 1991.)

Clay in England, Oschmann (1994) identified bivalve faunas which he
interpreted as chemosymbionts and others that he regarded as adapted
through their life cycle to seasonal oxygen depletion. The evidence for
chemosymbiosis is that the lucinid Mesomiltha concinna and Solemya
sp. grew to 4 cm, which is ten times larger than all the co-occurring
endobenthic taxa. Comparison with Recent forms suggests that this is
likely to be related to faster growth in chemosymbionts than in co-
existing non-chemosymbiontic taxa. The evidence for a seasonal
strategy for survival comes from those bivalve faunas and the inartic-
ulate brachiopod Lingula that are continually present in small numbers
through the sequence, suggesting they are adapted to low-oxygen
conditions, but also occur in dense concentrations of articulated spec-
imens on bedding planes. Such assemblages are typical of infaunal
species that have reacted to a rise in the redox boundary by emerging
to the surface and there suffered mass mortality. The recurrence of
densely packed bedding planes suggests repeated mortalities, but the
continual colonisation implies a fauna that can survive by its seasonal
reproductive strategy. (See Chapter 6 for further discussion of oxygen
poor biofacies.)
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is well preserved, while the upper surface is commonly poorly so. The implication drawn
is that the skeletons lay in anoxic sediments but protruded into oxic or dysoxic bottom
waters.

In response to the ‘oxic-waters’ interpretation of Kauffman, it has been suggested that
the sea-floor might have been affected at intervals by storm-generated currents but the
prevailing bottom conditions were anoxic. The geochemical and much of the biotic evidence
suggest, on balance, that anoxia generally prevailed, but the environment was episodically
disturbed by more dysaerobic events. Alternatively the environment could be regarded as
poikiloaerobic.

Figure 2.12 (a) ‘Inoceramus’ palacocommunity encrusting the shell surface of a dead ammonite; (b)
Reconstruction of opportunistic colonisation of the seafloor by Bositra, which is here interpreted as
being benthic (modified from Kauffman, 1981); (c) An example of an ammonite which was encrusted
on the flanks and particularly towards the aperture by oysters while the animal was living; (d) shows
the encrustation extends around the venter onto both flanks of the ammonite. The ammonite is
Buchiceras bilobatum from the Cretaceous of Peru. (Modified from Seilacher, 1960.)
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Figure 2.13 Principle of 3C/"2C fractionation between surface and deep waters. (A) Particulate organic
matter sinks below the thermocline, where it is oxidized and releases dissolved carbon that migrates
upwards and downwards by diffusion. (B) World-ocean average 33C profile. High productivity in the
photic zone removes ?C from the surface reservoir. 2C is released as organic matter is oxidized in the
thermocline, producing progressively more negative 33C values to the base of the thermocline. (C)
Conceptual model of changing 83C profile in response to increasing productivity (a<b<c). (Modified from
Berger and Vincent, 1986.)

2.7 TEMPERATURE

Temperature is one of the most pervasive influences on the distribution
of organisms. It is probably a limiting factor in establishing the range
of many organisms within the ocean and plays a major role in deter-
mining the latitudinal partitioning of the biosphere into biogeographic
provinces (see Chapter 8).

Most marine invertebrates and fishes are poikilotherms that do not
regulate their body temperature to a constant level but have the same
body temperature as seawater. On the other hand, marine mammals
are homoeotherms that maintain a constant body temperature.
Temperature has a major influence on body metabolism. The rate of
metabolism, measured by the rate of oxygen consumption and referred
to as Qy, generally increases two or three times in poikilotherms for
every 10°C rise in temperature. The majority of marine invertebrates
live within a temperature range from -1.7°C to 30°C. A few animals
are recorded from hot springs with temperatures up to 55°C and
bacteria are known to live in waters of 100°C. Most marine animals
apparently live within a relatively narrow range of temperature that
is commonly determined by the optimal temperatures for reproduction
and early growth. However, many organisms have some ability to
adapt to fluctuating temperatures.

Temperature in the oceans in mid- and low latitudes decreases
downwards along a sharp temperature gradient to the base of the
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Figure 2.14 Thermal layering within the oceans. (a) Temperature profile with
depth in the open tropical ocean (b) Profile in mid-latitudes with a summer
season thermocline, (c) Almost uniform temperatures in the high latitude
oceans, except for a cold layer at about 50 m and a seasonal summer ther-
mocline above.

permanent thermocline at about 1000 m in low latitudes and then very
gradually below that level, reaching temperatures of about 2°C on the
ocean floor (Fig. 2.14a). In mid-latitudes, where there are big differ-
ences between summer and winter temperatures there is also a
seasonal thermocline which develops at a depth of a few tens of metres
during the spring and summer months but is lowered to a depth of
200-300 m at a winter maximum, when autumn and winter storms
increase the depth of the mixed surface layer (Fig. 2.14b). At high lati-
tudes temperatures are uniformly low below the surface layers except
for a particularly cold layer of relatively less saline water at about
50-100 m and a shallow summer thermocline above (Fig. 2.14c). The
influence of temperature on animals is likely to be most clearly shown
in their depth distribution in the permanent or seasonal thermoclines.
Temperature also changes with latitude (Fig. 2.15) and plays a large
part in determining the broad geographic distribution of organisms.
Because the circulation of surface ocean waters is organized into dis-
crete currents or gyres, each with its own temperature range, the dis-
tribution of planktonic and benthic communities often shows sharp
discontinuities at the boundaries of these water masses. This is well
illustrated by the bivalve communities along the west coast of North
America whose overall latitudinal distribution is probably determined
by the regional temperature gradient, but the sharp boundaries
between one group of communities and the next is related to the bound-
aries between water masses impinging on the coast (see Chapter 8).
The stability of the thermal regime is also a factor influencing bio-
logical adaptation to temperature (Clarke, 1993). The tropics, polar
regions and the deep sea, all have stable thermal regimes, while in tem-
perate regions the thermal regime is unstable, with seasonal surface



Temperature ‘ ) 45 1

— n
o 8 &

Temperature (°C)
IS

5

0

_5 11 1 1 A 1 1 1 ul 1 1 1 1

N70° 40° 20° 0° 30° 70°S
Latitude

Figure 2.15 Latitudinal variations in sea-surface temperatures in the Atlantic,
Pacific and Indian oceans.

temperatures varying by as much as 20°C. High rates of temperature
change may have a strong affect on faunas, particularly those adapted to
a stable thermal regime. For example, the El Nino Southern Oscillilation
of 1982-1983 brought warm waters to the Pacific coast of South America
causing the total extinction of the bivalve Mesodesma donacium, which
formerly constituted over 90% of individuals in the fauna, and its
replacement by Donax peruvianus, which was previously rare.

2.7.1 Palaeoecology

Although temperature is almost certainly a limiting factor in the distri-
bution of many species it is difficult to demonstrate its effects on most
fossil faunas. However, the boundaries of many palaeobiogeographic
provinces was probably determined largely by temperature (see
Chapter 8). Some of the most fruitful palaeontological studies have
been those on Quaternary microfossils from ocean cores. Phleger et
al. (1953), using cores from the Atlantic, identified low-, mid- and high-
latitude assemblages by comparison with Modern faunas (taxonomic
uniformitarianism) and plotted warmer-than-present and colder-than-
present intervals through the sequence. Subsequently the details of the
climatic record from ocean cores has been greatly enhanced by corre-
lating the cyclical fluctuations in warm and cold water microfossil
assemblages with the oxygen isotope record (see Box 2.4). This has
convincingly demonstrated that climate varied on a time-scale of about
20,000, 40,000 and 100,000 yrs, which are the Milankovitch cycles of
solar insolation.

The most comprehensive reconstructions of climates for time-slices
in the geological past are those of CLIMAP (CLIMAP, 1976, 1981,
1984) which reconstructed global climate at the Last Glacial Maximum
(18,000 BP) and ocean temperatures for the Last Interglacial (~122,000
BP). The reconstructions of the oceans were based on the assemblages
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Figure 2.16 Record of the last interglaciation in a North Atlantic core. Sea-
surface temperatures (SST) for summer and winter were estimated using
assemblages of Foraminifera. 3'80 values measured from benthic foraminifera
reflect changes in ice volume and are used to identify the interglacial interval
and to correlate between cores. The star marks the estimated last interglacial
level. (Modified from CLIMAP, 1984.)

of foraminifera, radiolaria or coccoliths in numerous deep-sea cores
with the 880 record (Fig. 2.16). Estimates of sea-surface temperatures
(SST) were made using a powerful analytical technique, known as
the transfer function. This provides a means of translating numer-
ical descriptions of the planktonic biota in the deep-sea cores into
past seasonal sea-surface temperatures (CLIMAP, 1976), based on
a knowledge of biotic assemblages found in modern deep-sea sediments.

The results for the Last Interglacial showed that sea-surface temper-
atures were similar to those at the present day. The results for the
Last Glacial Maximum showed that while the tropical and sub-tropical
sea-surface temperatures were similar to that at the present day, cooler
water migrated towards the equator and the subpolar and transitional
zones were narrowly constricted, indicating a high latitudinal temper-
ature gradient (Fig. 2.17).

Comparison of fossil assemblages with modern forms and the appli-
cation of transfer functions becomes progressively less reliable with
pre-Pleistocene assemblages as the proportion of extant species
declines. Nevertheless, it is still commonly possible to recognise assem-
blages of microplankton that are confined to distinct biogeographic
regions and probably reflect bodies of ocean water with a particular
temperature regime and circulation (see Murray, 1995 for a brief
review). In a general way the diversity of foraminiferal assemblages
decreases towards high latitudes, but diversity is affected by other
factors such as nutrient supply, so that the pattern is complex in detail.

Reliable indicators of past temperature levels in macrofossils are not
common. As a general rule the abundance of shell-bearing animals
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Figure 2.17 (a) Map of sea-surface isotherms in the Modern Ocean; (b) map
of isotherms at the Last Glacial Maximum (18, 000BP). Note the closely spaced
isotherms and contraction of climatic belts in the northern Atlantic, but the
similarity of temperatures in the subtropics. (From CLIMAP, 1981.)

increases towards equatorial regions so that the presence of thick,
shelly limestones is a good indicator of low latitudes, though there are
some exceptions. The morphology of macrofossils can be used as a
temperature indicator in some circumstances. Polar bivalve faunas are
thin-shelled, have little or no ornamentation, are generally of small
size and growth rings show that they grew slowly; forms that are
cemented to the substrate, such as oysters, are generally absent. Many
of the features of polar faunas are also found among the cold water
abyssal bivalves. With increasing water temperatures shells tend to be
more strongly ornamented. This is exemplified by the nature of spines
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which are absent on bivalves living in temperatures of less than 10°C,
are <10 mm long in waters <20°C, whereas longer spines are found
above this temperature and the longest, most delicate spines are
confined to waters of 25°C or more.

One of the most significant effects of temperature on the fossil
record may be its role in causing mass extinctions, though this is still
controversial (see Chapter 9). It appears likely that it is the rate at
which global seawater temperatures changed that is the significant
factor in some mass extinctions (Clarke, 1993). If global temperature
changes are slow and not too extreme, their effect will be to shift
climatic belts and the associated faunas should move with them. If on
the other hand global temperature change is large and rapid, the biota
may be unable to adjust to the new conditions. For example, evidence
from oxygen isotopes shows that the late Ordovician mass extinction
is associated with rapid cooling at the onset of the Gondwana glacia-
tion (Brenchley et al.,, 1994) (see Chapter 9) and a similar extinction
event in the Miocene also appears to be associated with rapid cooling
at the onset of a glacial phase (Arbry, 1992).
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Figure 2.18 Oxygen isotope fractionation between calcium carbonate at sedimentary temperatures.
Fractionation is expressed as the difference between the 3'30 of calcium carbonate compared to PDB
and 880 of water compared to SMOW. (Modified from Anderson and Arthur, 1983.)

are, however, several reasons why temperature estimates can be wrong (Marshall, 1992).
Not all organisms precipitate their shells in equilibrium with seawater, instead their phys-
iology produces quite different fractionation effects (vital effects); corals, calcareous algae
and echinoderms are known to produce poor results for this reason. Many shells are
affected by diagenesis and the 330 values recorded are commonly derived from both shell
material and cement. Cements generally have lighter values than shell material deposited
in equilibrium with seawater so that the ‘mixed’ value is commonly light, falsely implying
higher marine temperatures than really existed. Additionally, estimates of palaeotemper-
atures are made on the assumption that the seawater from which they were precipitated
was the same as normal recent ocean waters. In general this assumption is valid for sub-
Recent open marine waters which are well mixed and relatively homogeneous, but marginal
marine waters may be brackish or hypersaline and these have abnormal '®0 values (see
below). There is a greater problem about the changes in isotopic composition of ocean
waters with time. It is known that the composition varies between non-glacial and glacial
periods, like those of the present day, when it reflects the volume of ice caps. Isotopic
composition may also have varied through other causes throughout the Phanerozoic, so
relative changes in 380 values are commonly more useful as an indication of temperature
or water-composition change than as absolute values.

Deviations in the isotopic values of water, away from seawater, arise through fraction-
ation during vapourization and condensation. When vapour forms from seawater the lighter
isotope %0 is preferentially fractionated and the vapour which rises into the atmosphere
has a light isotopic value. However, the reverse happens during condensation of water
vapour as rainfall which is then relatively enriched in *O and is relatively heavy. As the
water vapour in the atmosphere moves inland it progessively loses heavy oxygen by conden-
sation and precipitation so that the rainfall becomes isotopically lighter (Fig. 2.19). As a
consequence, inland rain and river water tend to be isotopically light. This effect is rein-
forced by condensation at low temperatures, e.g. over high mountains and towards low
latitudes. When isotopically light vapour is precipitated as snow and stored in polar ice
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Figure 2.19 Fractionation during evaporation of sea-water enriches water vapour in °O. Fractionation
of water vapour during condensation to rain preferentially removes 20 leading to progressive enrich-
ment of O in clouds with distance from their ocean source. (Modified from Siegenthaler, 1979.)

caps it leaves the oceans depleted in °O. Hence 880 values in seawater are higher during
glacial periods and lower during interglacials and in non-glacial times. The isotopic shift
caused by ice-volume change from the last glaciation to the present interglacial is thought
to have been about —1.5%0 and from the present to a non-glacial state would be ~1.0-1.2%o.
Note that both the increased volume of ice and the lowered temperatures during a glacia-
tion cause the 3'0 values to shift positively, and it difficult to isolate one effect from the
other.

The fractionation of oxygen isotopes into water vapour affects the hydrological cycle in
ways that have been widely used to estimate palaeosalinities. In enclosed marine areas,
such as hypersaline lagoons, where evaporation exceeds precipitation 30 becomes enriched
and shell material gives heavy values. Conversely, in fresh and brackish waters fed from
isotopically light rain or river water, 880 values tend to be light (see box 2.5).

2.8 SALINITY

Most ocean waters have relatively uniform levels of salinity to which
the majority of marine animals are well adapted. Salinity generally
only becomes an important limiting factor in marginal marine envi-
ronments that are brackish or hypersaline.

Animals normally have a constant concentration of dissolved ions
within their cell fluids. Water will enter a cell across its semi-permeable
membrane by osmesis if the internal solution is more concentrated than
that outside and will exit a cell if the difference in concentration is
reversed. Most marine animals are isotonic (isosmotic) with seawater
and live within a narrow range of salinities (they are stenohaline). Some
other organisms are isotonic with seawater, but can tolerate a broader
range of salinities (they are euryhaline) while others, particularly
Crustacea, can keep their internal solutions constant in spite of fluctu-
ating levels of salinity by a variety of methods of osmoregulation.
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Figure 2.20 Classification of salinity levels and generalized relationship of
species diversity with respect to salinity. Note that brackish and freshwater
faunas are of low taxonomic diversity and the diversity of marine species
increases as salinity increases and peaks at average seawater salinity levels.
(From Hudson, 1990.)

Figure 2.21 Map of the Baltic Sea. The Skagerrak opens into the North Sea
with normal marine waters. (Modified from Robertson, 1989.)

Most oceans and seas have seawater with a salinity within the range
30-40%. (parts per thousand of dissolved salts in seawater). Faunal
diversity is generally highest within this range and decreases with
higher or lower salinities (Fig. 2.20). The decrease in diversity as waters
become more brackish is well exemplified by the faunas of the Baltic
Sea (Fig. 2.21, Table 2.2). Faunas that can tolerate brackish waters (in
the range 30-0.5%.) appear to be composed mainly of euryhaline
marine species together with some osmoregulators that are specially
adapted to low salinities. The latter group of organisms are also
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Table 2.2 Table showing the decrease in salinity and the associated
decline in numbers of species from the euryhaline waters of the Kattegat to
the oligohaline (very brackish) waters of the Gulf of Bothnia (from
Segerstrale, 1957)

Kattegat  Belt Sea  Arkona Sea Gulf of  Gulf of
Finland  Bothnia

Salinity (%)

bottom 30-34 14-30 13-17 8-9 4-7
surface 20-30 10-16 7-10 c5 3-6
Marine groups

Hydroids c47 36 21 1 -
Polychaetes 193 147 15 3 -
Bivalves 92 34 24 4 -
Amphipods 132 c.52 17 5 -
Decapods 64 c.25 5 2 -
Fishes 75 55 30 22 -

commonly well adapted to cope with the fluctuations in salinity which
are particularly common in marginal marine environments, such as
estuaries. Fresh water environments generally have a distinct fauna
adapted to the particular chemistry of fresh water, though a few species
may penetrate very brackish (oligohaline) waters and so slightly raise
the diversity.

2.8.1 Palaeoecology

Facies deposited in normal marine waters are characterized by steno-
haline groups such as brachiopods, corals, echinoderms, ammonoids
and larger benthic forminifera. Brackish water facies generally have a
low diversity of bivalves, crustaceans, ostracodes, smaller benthic
foraminifera and gastropods. Hypersaline faunas are of low to very
low diversity and may contain ostracods, gastropods, bivalves etc.
Although diversity is generally low in brackish and hypersaline facies,
fossils of a small number of species may be abundant and occur as
crowded bedding-plane assemblages. Brackish water species tend to
be small and are commonly stunted, but certain animals, such as the
bivalves Mya and Scrobicularia and the gastropod Hydrobia are well
adapted to brackish conditions and may actually be larger there.

Detailed studies of salinity changes within Mesozoic and Cenozoic
rocks have generally interpreted the salinity levels of biofacies by
comparison with modern faunas. A study of the Great Estuarine
Group (M. Jurassic) in Scotland (Hudson, 1963) identified broadly
brackish environments using sedimentary evidence and faunal
evidence, such as:

1. the low diversity of the fauna;
2. absence of stenohaline forms;
3. presence of euryhaline forms.
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Changing salinity levels through the sequence were estimated by
making comparisons with similar taxa in the Recent (see Box 2.5).
Using a similar approach, detailed salinity profiles were constructed
for Upper Eocene marginal marine and fresh water facies of the
Hampshire Basin, England, using ostracode assemblages. More contro-
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Figure 2.22 Detailed log of part of the Jurassic Kildonnan Member (Great Estuarine Group), illustrating
the variations in macrofauna and palynoflora and inferred palaeosalinity. Crosses illustrate oligohaline
biotas; stipple indicates polyhaline biotas. Note the co-occurrence of dinoflagellate cysts with polyhaline
bivalves and Botryococcus with an oligohaline-low mesohaline macrofauna. (Modified from Hudson et al.,
1995.)

versially it has been suggested that extensive areas of epeiric seas may
have had lowered salinities at times in the past. A study of end-Triassic
beds in the Alpine region and northwestern Europe during the
Rhaetian transgression (Hallam and El Shaarawy, 1982) showed that
the diversity of bivalves, foraminifera and ostracodes decreased and
stenohaline forms, such as ammonites, disappeared northwestwards
away from the fully marine Tethyan area. This was interpreted as being
related to a regional salinity gradient in this shallow epeiric sea.

2.9 SUBSTRATE COMPOSITION

The grain size of sediment is one of the most easily assessed physical
parameters that palaeontologists can relate to faunal distribution.
However, the role of substrate as a limiting factor is a complex one
and grain size is one amongst many contributing aspects of substrate.
Although a new population of marine animals may become established
by the random settlement of larvae on the sea-floor, more commonly
larvae select the site where they will settle. The choice of substrate
is made according to a wide variety of criteria. Some do appear to
select according to sediment grain size, but current movement and
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turbulence are important to many larvae and others select according
to such factors as the organic covering of the grains, the roughness of
a surface, light levels, and the chemistry of the sediment. For example,
the wood-boring larvae of the ‘ship worm’ (a highly specialized bivalve,
Teredo), are responsive to the chemistry of lignin and so actively select
a wood substrate (they are chemotaxic), while the larvae of the Recent
polychaete worm Ophelia bicornis select clean sand guided by the
organic coating to the particles.

Studies of modern communities have generally shown that there is
a broad correlation between community distribution and the grain size
of the substrate, though there are a few studies in which this relation-
ship is seen to be weak. In nearshore environments the species diver-
sity of animals is generally highest in muddy sands, moderate in sandy
muds, low in pure sands and may be near zero in soft muds.
In many instances it is the firmness of the sediment that is an impor-
tant factor in influencing faunal distribution. Sediments vary from
soupy muds with a very high water content, to soft loose sediments, to
firmgrounds and hardgrounds, and both the shelled fauna and soft bod-
ied infauna vary accordingly (see Chapter 6). Bioturbation of sediment
by deposit-feeders also affects faunal distribution; intensive reworking
of the surface layers produces a soft, faecal-rich sediment that is prone
to resuspension and the resultant turbidity appears to inhibit colo-
nization of the area by suspension-feeders. In general, suspension-
feeders favour the less muddy sediments, while deposit-feeders are
more common in the more organic-rich muddy sediments. A more spe-
cific relationship between organisms and their substrate is seen among
those that require a hard surface on which to attach themselves. For
example, the majority of large seaweeds live on rocky or stony shores
which provide an anchor-site for the algal holdfast. Among epifaunal
animals, barnacles, most large colonial corals and some bivalves require
a hard substrate for attachment, while some sponges, bryozoans and
bivalves live infaunally within the borings they have made.

The relationship between animals and the substrate is not simply
one way, because a fauna can modify the substrate on or in which it
lives. The effects of bioturbating organisms has already been described,
but the shell-bearing animals in a community can also modify the
substrate by generating dead shells and shell fragments that can play
an important role in providing varied settlement sites in an otherwise
fine-grained sediment (this process is referred to as taphenomic feed-
back). Taphonomic feed-back is a sporadic feature of siliciclastic
environments, but is prevalent in many carbonate environments where
the substrate is largely of biogenic origin. For example, it is common
for disaggregated crinoids to form loose coarse sand to granule sedi-
ments, shells of brachiopods or bivalves form larger clasts for attach-
ment, while corals may form even more stable attachment sites (see
Brett, 1991 for an excellent description of biogenic modification of
sediments in the Silurian).
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Figure 2.23 Hardground surface bored and colonised by epifaunal animals
some of which are moulded to the surface. (From Brett and Liddell, 1978.)

2.9.1 Palaeoecology

Important information about the nature of the substrate is provided
by the types of trace fossils present and their preservation. Trace fossils
record the activities of animals which may in turn reflect the nature
of the sediment in which they lived. For example, animals living in
loose silt or fine sand commonly line their burrows, as with the pellet-
lined walls of Ophiomorpha, while animals living in firmgrounds may
leave scratch marks as clear, sharp traces. Preservation of traces
becomes more distinct as the sediment becomes firmer; thus burrows
in soupy sediment become compressed and have indistinct boundaries,
while in contrast burrows in firmgrounds are uncompressed and have
sharp outlines.

The morphology of both epifaunal and infaunal animals can reflect
the nature of the substrate where they lived (Chapter 6). Further, a
careful study of the attachment area of sessile organisms can show the
nature of the substrate to which the animal was attached. The identi-
fication of rocky shorelines and hardgrounds at which carbonate sedi-
ment had become at least partially cemented on the sea-floor, depends
largely on fossil evidence of a hard surface (Fig. 2.23). For example,
oysters have an attachment area that is moulded to the rock surface
so that the shape of the lower, attached, shell is considerably modified
according to the configuration of the substrate, and the upper shell
too may reflect the shape, though less precisely. Attached crinoids too
commonly provide valuable evidence of their former substrate; those
that were attached to firm or hard surfaces have a thickened base to
the stem and an attachment disk shaped to the surface on which the
crinoid lived. Those crinoids that lived on soft sediment have branching
rooting systems. In addition, the presence of rock borings penetrating
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both bioclasts and cement, made particularly by bivalves and sponges,
is important evidence of a hard substrate.

In some fossils the shape of the attachment area may reflect a host
organism to which the animal had been attached. Examples of this are
known from oysters that had encrusted ammonites, belemnites,
gastropods, echinoids and corals. Studies of ammonites have shown
examples of encrustation on both flanks of the ammonite, suggesting
the ammonite was still living and of encrustation on one side only,
indicating that the ammonite was dead and lying on its side (Box 2.2).
Particularly interesting are the examples of attachment areas that
reflect the shape of soft-tissued organisms which had little chance of
survival as fossils. Oysters have been shown to record the impressions
of the roots of Eocene mangrove roots, and bryozoans the impressions
of Cretaceous sea-grass.

A more general correlation between fossil faunas and substrate type
has been found in several studies. Benthic bivalve communities in the
Corallian (Jurassic) have been shown to vary in overall diversity and
in the relative proportions of epifauna and infauna according to the
associated substrate (Fiirsich, 1976), and, in the Ordovician, benthic
communities largely composed of brachiopods have been shown to be
depth-related, but also influenced significantly by sediment type
(Pickerill and Brenchley, 1979).

There are, however, pitfalls in inferring an ecological association
between fossils and the sediment in which they are found. In many
instances fossil assemblages are formed by current winnowing from
the underlying sediment (see Chapter 3), so that it is not uncommon
for an animal that lived on a mud substrate to be found in a storm-
sandstone bed. It is important that evidence of sediment reworking is
taken into account in reconstructing animal/sediment relationships.
This problem is of course absent in dealing with trace fossils (see
Chapter 5).

2.10 SUBSTRATE MOBILITY, SEDIMENTATION RATES
AND TURBIDITY

Sediment mobility and the turbidity of the water are important limiting
factors in certain nearshore environments. Epifaunal animals in partic-
ular are seriously affected by mobile substrates, but most animals have
difficulties in surviving on very mobile sand. Some infaunal animals
have adapted to sediment instability by rapid and/or deep burrowing.
Animals may burrow rapidly downwards if they are in danger of being
eroded out of the sediment, or may burrow upwards if they are in
danger of being deeply buried by rapid sedimentation. Cockles (the
bivalve Cardium) are shallow burrowers and may be excavated in large
numbers from beach sediments during storms, but can re-establish
themselves rapidly afterwards. The razor shells (Ensis and Solen) are
both deep-burrowing and burrow rapidly if threatened with exposure.
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Figure 2.24 Block diagram of a stable sand wave in the Kiel Bight showing the colonization of the trough
between the sand waves by an infauna of polychaetes and bivalves. (From Wilson, 1986.)

Few animals can survive on very mobile substrates such as rapidly
migrating sand waves and only a relatively few epifaunal animals can
survive the high-energy conditions on a beach or upper shoreface.
Observations on the tidal shelf around the British Isles show that the
tidally scoured shelf and fields of rapidly migrating sand waves have
sparse to very sparse faunas. Where sand waves become stabilized for
a short period they become colonized, particularly in the troughs (Fig.
2.24); in lower-energy areas of rippled sand where tidal currents are
generally less than 50 cm/sec, a rich fauna is commonly maintained.
Unusually high rates of sedimentation during storms or floods can
cause mass mortalities. For example, the deposition during a flood of
~10 cm silt and mud in the low-energy areas of a lagoon on the coast
of California caused extensive but selective mortality; some bivalves
were Killed and buried at the base of the deposit, but others migrated
upwards and survived. Mortality was greatest among suspension-
feeding species, individuals of large size and populations that were
densely packed (Peterson, 1985).

Muds that lack cohesion and are easily resuspended to create high
turbidity have a serious effect on suspension-feeders and some deposit-
feeders. Bioturbation tends to promote resuspension of mud, so favour-
ing deposit-feeders at the expense of suspension feeders, whose gills or
other feeding organs tend to become clogged. Turbid environments are
common in estuaries and deltas and may temporarily occur more off-
shore through the activities of storms.
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2.10.1 Palaeoecology

Ancient nearshore mobile-sand environments include those formed in
strongly tidal seas, a variety of channel settings (deltas, estuaries) and
those of the upper shoreface and beach. Generally the sandstones
in these situations have a low faunal diversity and low abundance of
fossils, though under certain conditions one or two species may occur
in abundance. The general absence of fossils in mobile-sand facies is
particularly pronounced in Palaeozoic rocks because the predominant
shallow marine fauna consisted of epifaunal brachiopods that were ill-
suited to such substrates. Very sparsely fossiliferous Palaeozoic sand-
stone facies are exemplified by the Greés Armoricain, which is a thick
Lower Ordovician tidal and storm-influenced sand body spreading
thousands of square kilometres across Gondwanaland (Spain, France,
N. Africa, Jordan, Arabia) and containing little else but trace fossils,
such as Skolithos and Monocraterion. It was not until the Mesozoic
and even more the Cenozoic that the active deep-burrowing mode of
life developed more widely amongst bivalves and fitted them for a life
in nearshore sands.

In shelf environments the effects of high sediment mobility are
generally related to short-lived storm events. Storm-event sandstones
rarely contain an indigenous fauna but may have shell concentrations
at the base of a bed, winnowed from the underlying sediment. Rapid
rates of sedimentation associated with storms, floods and turbidity
currents may in some instances be recognized by escape burrows
adjacent to which the sedimentary laminae are disturbed by the move-
ment of the burrowing organism as it attempts to escape being buried.
Some event beds have been shown to have a layer of mud several
centimetres thick at the top, which is thought to have been deposited
from suspension at a late stage in a storm and must have had delete-
rious effects on any benthos that had survived the turbulent phase
of the storm. Exceptional preservation of whole crinoids in their
vertical life-orientation is thought to reflect rapid burial by a mud
blanket.

2.11 DEPTH

The effects of depth of water on an organism are experienced through
the increase in hydrostatic pressure. This can have both physical and
chemical consequences. Water does not undergo significant distortion
with increasing pressure, nor does the the soft tissue or shells of organ-
isms. Gas on the other hand does suffer marked changes with the
increasing pressure felt with increasing water depth, so the physical
consequences are mostly experienced by those animals that have
enclosed pockets of gas in their bodies. For example, at 10 m depth
there is an increase of 1 atmosphere pressure, and the swim bladder
in a fish may be reduced to a half its volume. This generally has severe
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limiting effects on the depths to which animals with swim bladders,
lungs, and gas-filled shells can go. For example, Nautilus pompilius
lives abundantly at depths of about 600 m around Fiji, but was found
to implode at depths between 730-900 m when lowered in a cage
(Westermann and Ward, 1980). It appears that in nautiloids the curva-
ture and thickness of the septa are designed to optimize strength and
buoyancy. In spite of the effects of hydrostatic pressure, animals such
as whales, some sharks and diving birds of the auk family dive to a
depth of a few hundred metres, and sperm whales to a depth of over
1000 m, having adaptations that allow them to dive deeper and stay
down longer than would be expected.

The second major aspect of depth as a limiting factor is its effect
on the solubility of calcium carbonate. Surface ocean water is super-
saturated with respect to CaCO;, but becomes undersaturated with
increasing depth. The depth at which significant dissolution of calcium
carbonate begins is the lysocline, and the depth at which carbonate
dissolution exceeds supply and all carbonate is dissolved is the
carbonate compensation depth (CCD). The depth of the CCD varies
considerably with carbonate production but is generally about 3—4 km,
but it is shallower for aragonite (aragonite compensation depth, ACD)
which is more soluble so that the ACD is rarely more than 1-2 km.
Benthic animals find it more difficult to construct large thick shells as
the lysocline is approached and neither calcareous benthic nor pelagic
faunas are preserved below the CCD. This knowledge has been effec-
tively used in the reconstruction of the depths of Tethyan basins in
the Alpine region, where the shallower basins preserve calcareous
oozes whereas the deeper basins have only terrigenous mudstones.

Apart from the effects of hydrostatic pressure and the solubility of
carbonate, depth alone has relatively little effect on biotic distribution.
However, many of the other limiting factors, such as temperature,
substrate and turbulence, discussed earlier in this chapter are depth-
related and are commonly used to infer relative depth in environ-
mental reconstructions (see Chapter 6).

2.12 THE EFFECTS OF LIMITING FACTORS IN DIFFERENT
ENVIRONMENTS

Several physical factors have a strong limiting effect on the distribution
of animals in nearshore environments and others have an influence on
the faunas in deep marine situations. In between these two ends of
the depth spectrum the faunas of open marine shelves appear to be
more subtly controlled (Fig. 2.25).

Light and nutrients are essential to primary productivity in the
surface layers of marine waters. Nutrients are generally most abun-
dant in shallow marine regions and areas of upwelling, but food is
generally amply available in most neritic ecosystems and only becomes
a seriously limiting factor on biomass production in deep marine
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Figure 2.25 A shoreline to basin transect showing the relative importance of
different physical factors in determining the distribution of faunas. The dashed
oxygen line indicates episodes of shelf anoxia. (Modified from Brenchley and
Pickerill, 1993.)

waters. However, temporal variations in the amount of nutrients
reaching the surface have an important role in determining the nature
of ecosystems, i.e., whether they are eutrophic systems or oligotrophic
systems.

Many nearshore environments are subject to large diurnal and
seasonal changes in temperature and the effects of salinity can be
important in lagoonal, estuarine and deltaic situations; substrate type
is commonly very varied, ranging from the hard substrates of the rocky
shore, to the sands of the shoreface and the muds, silts and sands in
estuaries and deltas. Nearshore substrates are commonly mobile and
the overlying waters may be turbid.

Towards the other end of the depth spectrum, i.e., in deep water, it
is light, food and in some places oxygen that tend to be limiting factors.
Primary productivity is largely confined to the photic zone, so primary
producers are excluded from deep water environments. Much of the
organic material generated in the photic zone is consumed in the water
column so that the food available at depth is limited. Oxygen levels
are generally low in the oxygen minimum zone which is most likely
to impinge on the sea-floor on the continental slope. Very low levels
of oxygen may also be associated with stagnant parts of deep oceans
and in some circumstances the central parts of cratonic basins (see
Chapter 6). In the mid-part of a shoreline to basin transect, marine
conditions are at their most constant and the environment is not
strongly stressed. Salinity variations are small, turbidity and turbulence
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are low except during major storms, substrate is relatively uniform and
temperature variations are not extreme. Food levels are sufficient for
an abundant and diverse fauna and the sediment-water interface is
generally well oxygenated except during exceptional transgressive
episodes. In such a situation the physical controls on distribution may
be quite subtle differences of temperature, substrate, or depth, which
possibly influence larval settlement.

2.13 SUMMARY POINTS

e The biosphere has a hierarchical structure with each level
contributing to a larger structure, e.g., the individual is part of a
population, which is part of a species and so on.

e The niche of a species is its ecological range, controlled by multiple
physical and biological parameters that define a specific volume in
ecological space.

e Some factors play a particularly important role in determining the
limits to a niche. These are referred to as limiting factors.

e Light is a limiting factor for all photosynthetic organisms, confining
most to the photic zone.

e Nutrients are limiting in that they affect the structure of an
ecosystem and determine whether it is oligotrophic or eutrophic.

e Oxygen becomes limiting where the loss of oxygen through oxida-
tion of organic material exceeds the oxygen dissolved in the
seawater. This may occur in the oxygen minimum zone or in basins
with a stratified water column. Oxygen depletion occurs in the
upper layers of sediment and this is commonly reflected in the trace
fossil assemblages.

e Temperature is a pervasive control on faunal distribution, but it
cannot generally be demonstrated in the fossil record, except in the
broad distribution of biogeographic provinces according to latitude.

e Salinity can be an important limiting factor in nearshore brackish
and hypersaline environments.

e Substrate clearly has an influence on faunal distribution but the
control may be grain size, firmness, chemistry etc.

e Sediment mobility is an important limiting factor in high energy,
sandy nearshore environments. Turbidity may be important in more
muddy environments.

e Salinity, substrate, substrate mobility and turbidity are important
factors in nearshore environments. Temperature is particularly
important in shallow waters generally. Light, oxygen and food are
commonly limiting in deeper waters.
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Taphonomy

The aim of this chapter is, first, to discuss the extent to which the fossil
record is a true record of past biotas, and secondly, to show that the
manner in which fossils are preserved can contribute to an under-
standing of past ecology and environments.

3.1 THE STUDY OF FOSSIL PRESERVATION

The fossil record provides a striking but incomplete history of the
changing biology of the Earth through geological time. Although fossil
assemblages collected in the field can provide important information
about past ecology and evolutionary history, it is important to under-
stand the degree to which that information is incomplete and may have
been biased by the preservational history of the fauna. The ‘science
of the laws of burial’ is termed taphonomy. Although important infor-
mation is lost from the record during burial, there can also be a gain
in information because the style of preservation of many fossil assem-
blages can provide important insights into the depositional environ-
ment in which the shells accumulated and the shallow diagenetic
environment in which they were preserved.

3.2 PRESERVATION POTENTIAL AMONGST BIOLOGICAL
COMMUNITIES

Living marine benthic communities are composed of both plants and
animals, some of which are soft bodied or only weakly skeletonized,
but some have mineralized skeletons which have a good prospect of
being preserved. Non-biomineralized plants largely disappear without
trace, but the soft-bodied fauna is partially recorded by the tracks,
burrows and trails (trace or ichno-fossils; see Chapter 5) which record
the activity of this part of the biota. Some groups, such as the annelids
(worms), are very rarely preserved as body fossils but have left a
variety of trace fossils; other groups, such as the Crustacea, have a
patchy body and trace fossil record and some groups such as the ophi-
uroids (brittle stars) have a very limited fossil record, though they have
been part of the marine biota since the Palaeozoic.
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Studies of living communities have shown that the proportion of
shelled species that stands a good chance of being preserved as fossils
varies from 7 to 70% or more (Lawrence, 1968; Kidwell and Bosence,
1991). Studies of shelf faunas mainly consisting of polychaetes, crus-
taceans, molluscs and echinoderms have shown that the likely preserv-
able fauna off Southern California was 33% but was only 21% on the
Georgia shelf. Individuals in the shelled portion of a community
constitute, on average, about 40% of those in the total fauna, and
form about 50% of its biomass. The loss of the soft-bodied compo-
nents of faunas has serious implications for attempts to reconstruct
the biological relationships within a community. For example, most of
the algae, which are the primary producers at the bottom of the food
chain, are lost and so are many important predators higher in the
food chain, such as polychaetes and starfish, so that it is difficult to
reconstruct the feeding structure of most past communities (see also
Chapter 7).

3.3 THE FIDELITY OF FOSSIL ASSEMBLAGES

Accepting the limitations imposed on palaeoecology by the general
absence of fossils of soft-bodied organisms, a further concern in many
palaeoecological studies is the extent to which the fossil shell assem-
blages were transported from their place of life and do not reflect the
live shelled population of the area. However, the results from studies
of Recent environments are generally encouraging for the palaeo-
ecologist. Where dead shell assemblages have been compared with the
living populations of the same environment, the assemblages have been
broadly comparable in most cases, though there is commonly a loss
of small or fragile forms. The similarity of the death assemblages to
the live populations (its fidelity) can be measured in different ways.
In a study of live and dead assemblages in Texas Bays, Staff et al.
(1986) found that, of six parameters studied, taxonomic composition
and the biomass of the assemblages showed the closest similarities. In
other studies it has been shown that when a census of live species is
compared with the dead species from the same site, the agreement is
generally good: mean fidelities are 83-95% if data are related to the
study area (Table 3.1 column, A) and are 75-98% if the focus is on
individual habitats or facies (Table 3.1, column, B). In most studies,
only a small number of individuals (<10%) in the dead assemblages
are ‘out-of-habitat’, exotic species. It is only in particular environ-
mental situations, such as in turbidites, tidal channels, beaches or wash-
over fans that a high proportion of the individuals are exotic. When,
however, the census of live species, obtained by single ‘grab’ samples,
is compared with the census of dead species, it is the live species that
appear to be missing (Table 3.1, column C). This is partly a conse-
quence of grab sampling, which commonly captures only a part of the
living material in marine waters, but it also reflects an important differ-
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Table 3.1 The fidelity of shell assemblages in terms of A. the % of live species found dead in the
study area and B. the % live species found dead within the same facies. C. shows the % of dead
species found live within the study area (from Kidwell and Bosence, 1991)

A B C
What % of live species What % of live species What % of dead species
are found dead within are found dead within are found alive within
the study area? the same facies? the study area?

Setting Mean Range Mean Range Mean Range
Intertidal 83% 45-100% 90% 62-100% 54% 27-100%
Coastal 95% 87-100% 98% 82-100% 33% 10-58%
subtidal
Open Marine 84% 54-97% 75% 30-100% 45% 38-64%
Grand Means 87% 88% 44%

ence in the nature of death assemblages. An assemblage of dead shells
commonly represents the accumulation of material over a period of
time and is likely to be a mixture of many successive populations. The
assemblage is referred to as ‘time averaged’ and it is a commonly a
better measure of the ‘typical’ community within a habitat than that
made by grab sampling the live population at any one time. If samples
of the living population are made over a long period the total species
census progressively resembles the dead census more closely.

Shells, because of their large size and relatively stable production
levels, reflect an important part of any community in terms of biomass.
Most dead shells recorded in modern environments belong to species
living in the same area. Preserved shell accumulations appear to record
a time-averaged species census of the shelly portion of the living
communities with relatively little dispersal between habitats, though
small patchy populations may become mixed. The study of fossil accu-
mulations is therefore a realistic basis for reconstructing the shelly part
of palaeocommunities.

When tracking the fate of a biota on its path to being fossilized, it
is useful to identify the successive stages through which it passes. The
living assemblage is a biocoenosis, which is transformed into a thana-
tocoenosis after death and decay. Various taphonomic processes act
on the remaining skeletons to create a taphocoenosis, which is the
fossil assemblage that is finally preserved. Many palaeontologists alter-
natively refer to assemblages preserved in their life position as life
assemblages (= autochthonous thanatocoenoses) and reworked assem-
blages as death assemblages (= allochthonous taphocoenoses). Before
fossil assemblages can be used with confidence in community recon-
structions, some estimate must be made of their fidelity, based on
evidence of the degree to which it was transported from its original
habitat or mixed with members of other communities. It is possible to
characterize assemblages into three categories according to their
degree of dislocation, as follows.
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1. Life assemblages are fossil assemblages which retain life orienta-
tions of some of the organisms. The shells of bivalved animals are
commonly still joined and skeletons composed of plates or weakly
joined parts may be complete. Shells may commonly be in clusters
and in the orientation in which they lived (Fig. 3.1).

2. Neighbourhood assemblages (Fig. 3.2) are composed of shells which
have been disturbed and displaced from their original living posi-
tion but are believed to be in their original habitat. Bivalved shells
are commonly separated, but breakage and abrasion is rare.
Assemblages from adjacent beds commonly have a similar species
composition, suggesting that they have not been mixed with other
communities.

3. Transported assemblages (Fig. 3.3) commonly contain broken and
sometimes abraded shells and the species composition of adjacent
assemblages may be variable.

The distinction between neighbourhood and transported assem-
blages is not always clear, partly because the two categories are inter-
grading.

3.4 POST-MORTEM PRESERVATION AND LOSS

The fossils that are preserved in sedimentary sequences probably
represent only a small proportion of the original shelled fauna.
Although there are no reliable estimates of the proportion that survive,
Raup and Stanley (1971, p. 15) have noted that the number of shells

Figure 3.1 An assemblage of the Lower Silurian brachiopod, Pentamerus, in
life position (the block is upside down X0.75). The brachiopods lived in clus-
ters with their umbones buried in the sediment.
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Figure 3.2 A neighbourhood assemblage of bryozoans and brachiopods on the surface of a bioclastic
limestone bed from the Wenlock Limestone, Dudley, England (Silurian). Some of the brachiopods
are articulated and some bryozoans with delicate branches are present, but the fossils are clearly not
in life orientations.

that would have occupied a quarter square metre of the sea floor over
a period of a million years could be in excess of 100 million, more
than enough to fill the museums of the world if none were lost. Some
shelled communities are preserved almost entire, others are affected
by mechanical or biological degradation and/or chemical dissolution
and may disappear completely. Shells on the sediment surface in
shallow marine waters are particularly likely to be affected by mechan-
ical destruction or bioerosion (boring or predation), while they are
more likely to suffer dissolution in deep marine waters. In general,
the resistance of shells to destruction is related to their mineralogy,
their internal structure and the amount of organic matter distributed
within the shell. Calcite is more stable than aragonite, though calcite
solubility increases with magnesium content. Consequently shells that
are composed of calcite stand the best chance of survival, shells
composed of high Mg calcite are more prone to dissolution and
aragonite shells are the least resistant (Table 3.2). Palaeozoic faunas
usually have more taxa with preserved calcite than later faunas. The
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Figure 3.3 A transported assemblage of the bones of small amphibious reptiles, fish bones and teeth
and coprolites from the base of a thin sandstone bed (the Rhaetic Bone Bed, Jurassic), Westbury
on Severn, England. The organic remains are preserved in phosphate and the matrix is largely pyrite.

preservation of aragonitic shells becomes progressively rare with age
amongst Cenozoic and Mesozoic rocks, though fossils of aragonitic
shells are commonly preserved as moulds or calcite casts.

Table 3.2 Mineralogical composition of the skeletons of major groups of organisms

low Mg calcite high Mg calcite aragonite

brachiopods, trilobites, echinoderms most benthic molluscs scleractinian corals some
bryozoans, belemnites many foraminifera some sponges, sponges, bryozoans and rhodophytic
rugose and tabulate corals, tabulate corals, bryozoans, and chlorophytic algae

pelagic foraminifera ostracodes and rhodophytic

coccolithophorid and algae

charophytic algae some
bivalves (parts of oysters),
sponges ostracodes
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3.5 DESTRUCTION BY PHYSICAL, BIOLOGICAL AND
CHEMICAL PROCESSES AT THE SEDIMENT SURFACE

Post-mortem destruction of shells and skeletons on the sediment
surface commonly occurs through physical and biological processes.
The component parts of many skeletons, such as the plates forming
an echinoid test, or the two halves of a bivalve, are held together by
organic material that progressively decays on death so that the parts
become disarticulated and commonly dispersed. Many shells are robust
when the animal is alive but rapidly loose strength by decay of organic
matter after death. Shells that have a microstructure that incorporates
relatively large amounts of organic matrix disintegrate into crystallites
relatively rapidly after death (Glover and Kidwell, 1993). Mechanical
destruction of shells is most common where waves and currents batter
the shells against a hard substrate or where the shells are transported
among mobile gravel. Away from the shoreline shells are locally
reworked and redistributed by waves and currents, but it is unlikely
that they are commonly fragmented unless weakened by bioerosion.

Bioerosion and biofragmentation has been shown to be one of the
most important processes in shell degradation in modern environ-
ments. In carbonate habitats the measured rates of sediment produc-
tion resulting from bioerosion may be as high as the rate at which
shell material is being generated by organisms. This helps to explain
the huge amount of shell debris accumulated in some thick limestone
formations. Bioerosion is generally caused by organisms such as fungi,
algae, sponges, barnacles, bivalves, echinoids, worms, and bryozoans
that bore or excavate shells and so weaken them. In quiet, offshore
environments it has been shown that fragmentation is correlated with
the degree of bioturbation, suggesting that there it is related to biolog-
ical rather than hydrodynamic processes.

Biofragmentation can be caused by predators and scavengers, such
as fishes and large crustaceans, that crush shells. In some instances,
the shell material is abandoned on the sea-floor, in other cases it is
ingested and may be preserved as faecal accumulations. It is commonly
difficult to distinguish between particles formed by physical and biolog-
ical processes. However, it seems likely that bioerosion forms mainly
fine-grained material, while physical fragmentation and biofragmenta-
tion forms a wide spectrum of grain sizes. The shape of the debris
formed by the crushing of shells resembles that formed by physical
fragmentation, but some fragments produced by shell crushing have a
distinctive morphology (see Fig. 7.27).

The likelihood of shells being dissolved on the sediment surface
depends largely on the degree of saturation of water with respect to
CaCO;. Most Recent shallow-marine waters are saturated or oversat-
urated with respect to CaCO,, so there is little dissolution of shell
material. On the other hand, some brackish and fresh waters are acidic
and shells may suffer corrosion or total dissolution. In marine envi-
ronments there appear to have been periods in the past when the
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degree of saturation was reduced and aragonite dissolution may have
occurred in relatively shallow marine waters. In deep oceanic waters
undersaturation increases with depth, partly as a result of the oxidation
of organic matter and consequent increase in CO, but due also to a
lesser degree to the effects of increasing pressure and decreasing
temperature on calcite solubility. Where dissolution equals the supply
of carbonate (the carbonate compensation depth or CCD), only small
amounts of carbonate sediment will be preserved. In modern oceans
the CCD is usually between 3 and 4 km although if the predominant
carbonate shell material is aragonite it can be as little as 1 km.

3.6 PRESERVATION AND DESTRUCTION BELOW THE
SEDIMENT SURFACE

Once biological material is buried, its preservation potential is related
to the nature of the enclosing sediment and the associated chemical
environments.

In most sandy sediments organic carbon in soft tissue is usually
oxidized in the well-irrigated surface layers, but the fate of shell mate-
rial depends largely on the nature of the enclosing pore fluids during
burial. If at any stage the fluids become acidic or undersaturated with
respect to calcite, then dissolution is likely to occur. However, if there
has already been some cementation of the sandstone, shells may be
preserved as moulds.

The preservation potential of shell material, particularly calcite
shells, in carbonate sediments is generally relatively good and the
detailed morphology of shells is commonly well preserved. In shallow
marine carbonates the sediment commonly becomes lithified at an
early stage, prior to compaction. The early cements can be marine,
usually occurring as a fringe of aragonite or high magnesium-calcite
needles perpendicular to the surface of grains and replaced by calcite
in ancient limestones. Most commonly the main pore-filling cement is
a clear, drusy cement (cement with an increase in crystal size away
from the substrate) which may succeed the early fibrous cement or
itself be the first cement. Many drusy cements are thought to be
deposited from meteoric waters (fresh waters) in the phreatic zone
(below the water table) though where there is evidence of fracturing
of grains and cements they may have been formed at substantially
greater depths. Calcite shells in limestones commonly retain their orig-
inal shell structure, but aragonite shells are generally dissolved away
and the resulting cavity filled with a drusy cement or the aragonite is
neomorphically replaced by calcite. In mudrocks the fate of organic
material is determined largely by the geochemical environment in the
top few metres of sediment. Some shells pass through these sediments
unaltered except for the loss of organic tissue, others are enclosed
within carbonate concretions, others are coated, filled or replaced by
phosphate, pyrite, or silica, whilst others are lost by dissolution. Shells
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Figure 3.4 Diagenetic zones in the near-surface layers of marine muds. These
are the favoured locations for concretion growth and pyrite formation.

that survive through the surface layers commonly suffer compaction
with further burial and may be subject to further mineralization or
dissolution.

3.6.1 The shallow diagenetic environment

In the surface layers of muddy sediments there is a zonation of chem-
ical reactions, promoted by bacterial activity, from the sediment
surface downwards (Fig. 3.4). In the thin near-surface layer the muds
are continuously oxygenated by diffusion from the overlying seawater.
Organic material is oxidized with the mediation of bacteria. In the
underlying anoxic layers microbes utilize manganese oxides, nitrates,
iron compounds and sulphates as alternative reducing agents of organic
matter. The suboxic zones of manganese, nitrate and iron reduction
are generally thin, and are important sites for the growth of phosphate
and glauconite, but it is the sulphate reduction zone that appears to
play a dominant role in determining the fate of most potential fossil
material and in the growth of pyrite and chert. Within this zone soluble
sulphide can produce acidic, undersaturated pore waters favouring
dissolution of shell material. On the other hand, when the effects of
sulphides are diminished by reactions with iron and the sulphate is
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rapidly exhausted, the resultant high alkalinity favours precipitation of
carbonate and the preservation of shells. The state of the sulphate
reduction zone generally determines the fate of shell material as it
becomes buried. Where there is pervasive bioturbation, oxic pore
waters penetrate deeper into the sediment and the development of
alkalinity is suppressed and acidity, caused by oxidation of organic
matter, leads to the dissolution of shells. Conversely, where bioturba-
tion is weak the sulphate zone is commonly well developed and is
associated with high alkalinity and shells are more likely to be
preserved. The availability of iron also affects the preservation poten-
tial of shells. In sediments where the iron content is low, acidity
develops in the absence of iron reduction, while alkalinity and preser-
vation of shells is favoured in more iron-rich sediments.

Below the sulphate reduction zone, where sulphate has become
exhausted, any surviving organic material is degraded by microbial
processes to produce methane and CO, (zone of methanogenesis).
Preservation and precipitation of CaCO; is generally favoured in this
zone and some of the methane generated can diffuse upwards into the
sulphate reduction zone where it is oxidized (zone of methane oxida-
tion) and may contribute to further deposition of carbonate (Raiswell,
1988). Within the zone of methanogenesis, precipitation of carbonate
in association with iron, already reduced to the ferrous form, may result
in the formation of iron carbonates, such as ferroan calcite and siderite.

3.6.2 Preservation in carbonate concretions

Many of the best-preserved fossilized shells and skeletons have been
recovered from concretions. Examples include uncompacted ammon-
ites from the Lower Jurassic of the Dorset coast, the Old Red
Sandstone (Devonian) ‘Fish Beds’ of Caithness, Scotland, and the
amazingly varied Pennsylvanian fauna of Mazon Creek, Illinois. In all
these examples the concretions grew in the near-surface sediment,
prior to compaction.

Concretions reflect carbonate deposition that was focussed around
a nucleus, such as carcass or shell, or along particular horizons to form
spherical or ellipsoid bodies, or in some situations, continuous
carbonate beds. The formation of carbonate concretions in the
sulphate reduction zone is favoured by rapid burial of organic matter,
restricted bioturbation, the presence of iron and possibly skeletal
debris and, importantly, a pause in sedimentation that allows time for
concretions to grow. In fresh waters the conditions for concretion
formation are rather different. Concentrations of sulphate ions are
much lower in fresh water, consequently the sulphate reduction zone
is virtually absent. In the absence of high levels of sulphide production
but where carbonate activities remain high and there is a supply of
iron, siderite nodules form. Siderite nodules that may yield well-
preserved fossils are widespread in various fresh water mudrocks,
particularly in lacustrine sediments.
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3.6.3 Pyritic preservation

Most pyritized fossils are found in mudrocks because their formation
requires organic carbon, iron and sulphate and these constituents are
commonly available in marine muds, but one or more is deficient in
other sediments. Limestones, for example, generally lack pyrite
because there is a deficiency of sedimentary iron in most carbonate
environments and pyrite is generally absent in sandstones because
organic carbon is destroyed by oxidation in the well-irrigated surface
sediments.

Most pyritization occurs within the sulphate reduction zone in
mudrocks within a few metres of the sediment surface. There, H,S,
generated by sulphate reduction, combines with reactive iron minerals
to produce finely particulate iron monosulphides (FeS). These in turn
react with sulphur, formed by the bacterial breakdown of H,S, to
produce pyrite (FeS,) (see Canfield and Raiswell, 1991, for a detailed
discussion of pyrite formation). Formation of pyrite is favoured in
sulphidic sediments in environments that are neither anoxic nor
strongly oxic at the sediment surface but in which anoxia develops at
shallow depths (Fisher and Hudson, 1987). The form of the pyrite is
related to the diagenetic environment in which it grows, determined
largely by the degree of oxygenation in the surface layers of sediment
and by the rate of sedimentation (Brett and Baird, 1986). In the well-
oxygenated muds, pyrite is sparse because most organic matter is
destroyed by oxidation (Fig. 3.5, field A.). In more weakly oxygenated
environments that are nevertheless bioturbated, pyrite will not gener-
ally form in the body of the sediment but forms in anaerobic micro-
environments, commonly within shells, where it forms internal moulds
(Fig. 3.5, fields B and C). The early pyrite is generally framboidal, but
later pyrite has equant crystals and may create stalactitic growths. In
anaerobic environments, associated with dark grey to black mudstones,
there is commonly a plentiful supply of dispersed organic matter, iron
and sulphate, so diffusion gradients are low and pyrite forms fram-
boids dispersed throughout the sediment (Fig. 3.5, field D). More
rarely pyrite occurs as a shell replacement, or it may form a coating
on soft tissue or be disseminated within the tissue. In addition to
oxygenation levels, rate of sedimentation can also influence pyrite
formation. Where sedimentation rates are low, organic matter is
commonly destroyed before it reaches the zone of sulphate reduction
(Fig. 3.5, field E). Where rates of sedimentation are high, sulphate
reduction may be restricted because there is a dilution of organic
matter and also because sediment may be buried so quickly that it
passes rapidly through the sulphate reduction zone (Fig. 3.5, field F).

3.6.4 Preservation in phosphate

Many of the most exquisite fossils are preserved in phosphate.
Replacement of shells or organic tissue may occur at such an early
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Figure 3.5 Pyrite growth in sediments in relationship to levels of oxygenation
and sedimentation rate. The fields A to F are explained in the text. (Modified
from Brett and Baird, 1986.)

stage that the original fine detail is preserved. Phosphate also cements
and replaces bone, preserves faecal material as coprolites and replaces
or encrusts limestones. Most commonly the phosphate occurs as
concretions, sometimes preserving the delicate anatomy of soft-bodied
animals (Fig. 3.6), but it may replace small fossils which are then
encased within a carbonate concretion.

Phosphatization involves the replication of organic material by
carbonate-fluorapatite. The phosphorus required for the formation of
phosphates is derived from organic matter that has been sedimented
from the water column plus some detrital phosphate. The phosphorus
is released by microbial activity and potentially diffuses back into the
water column, unless burial or changes in the redox of the surface
layers allows further microbial activity in an anoxic environment to fix
the dissolved phosphate. This process appears to be one of the earliest
phases of early diagenetic mineralization, occurring in the suboxic
zones, which accounts for the instances of soft tissue preservation.
Conditions favouring the growth of phosphate are low rates of sedi-
mentation coupled with high productivity of phytoplankton leading to
rapid sedimentation of organic matter, bottom sediments that are
anaerobic and rarely bioturbated and low levels of CO, that would
otherwise inhibit the growth of apatite. Upwelling systems in the
oceans are particularly favourable sites for the formation of primary
phosphate, but phosphatized fossils are recorded from a wide range
of environmental settings including both shelf and marginal marine
environments.
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Figure 3.6 The shrimp Pseudogalatea ornatissima preserved in phosphate, from the Granton Shrimp
Bed, upper Carboniferous, Granton, Scotland. (Photograph by courtesy of E.N.K. Clarkson.)

3.6.5 Preservation in silica

Silica can replace calcite and aragonite shells, permineralize (permeate
the pore spaces) of wood or peat or pervasively fill burrow systems with
cement. It can also form nodules and layers of chert, replacing carbon-
ate sediment and it can surround or fill fossils, so that if the fossil is later
dissolved it will be preserved as an external or internal mould. Silica has
been particularly important in preserving algal cells and filaments in
Precambrian rocks, so providing evidence of the early stages of evolu-
tion and it has also preserved the plants in the Devonian Rhynie Chert,
which is one of the earliest records of an in situ terrestrial flora.
There are three common modes of shell replacement:

1. as a granular white crust;
2. as finely granular replacement; and
3. as concentric rings of silica (beekite rings).

All internal shell structure is destroyed during silification, and some
details of the surface morphology can be obscured, particularly with
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beekite replacement. Nevertheless, in some circumstances details of
the external morphology are perfectly preserved.

Deposition of silica appears to depend on an adequate supply of
silica and suitably acidic conditions in the diagenetic environment.
Sources of the silica are mainly biogenic (radiolarians from the Ordo-
vician onwards, sponges from the Cambrian onwards and siliceous
Crysophyta (diatoms) from the Cretaceous onwards), or volcanogenic,
though the alteration of clays also releases some silica too. Most
silicification appears to occur during early burial in a wide variety of
situations, but some cherts are formed at greater burial depths.

Precipitation of silica in shallow marine sediments mainly occurs in
the sulphate reduction zone where reactions that praduce acidity may
favour the dissolution of carbonate and the deposition silica. The
process is strongly influenced by the solubility of the available biogenic
silica. The conditions favouring the growth of siliceous nodules are
similar to those for carbonate concretions, namely, a sufficiently rich
source of organic matter and a pause in sedimentation that allows time
for nodules to grow. Environments where silification appears to be
favoured are shallow marine basins and lakes, in some instances with
evaporites, where evaporation increases the pH and mobilizes silica.
Silicification may also occur in particularly acidic conditions, such as
peat bogs, provided there is a sufficient supply of silica.

Chert is not exclusively the product of the diagenetic replacement
of carbonate and evaporitic rocks. Bedded chert, formed by the diage-
netic transformation of biogenic silica (mainly radiolarian oozes), is
widely recorded from deep marine environments and it is claimed that
much of the chert in the banded ironstones of the Proterozoic, Gunflint
Formation was deposited directly from seawater.

3.7 PRESERVATION OF SOFT TISSUE

The rare instances in which evidence of soft tissue is preserved provide
important information about the morphology of the organisms and,
where a whole biota is preserved, about their ecology (see Allison
and Briggs, 1991a).

Non-mineralized animals, such as worms, can survive considerable
transport immediately after death but disaggregate rapidly as soon as
decay starts (Allison, 1986). The putrefaction of some larger organ-
isms on the sediment surface can influence the state of their final
preservation. Most organisms, such as fishes and marine reptiles, have
negative buoyancy on death and sink to the sea-floor, where putre-
faction will begin. After a certain period of decay, gases build up within
the organs and tissues and the carcass will ‘bloat and float’. If disin-
tegration occurs while the carcass is floating, various parts of the body
can become dispersed and the bones will be deposited as isolated parts.
If the carcass loses buoyancy while it is entire, the body will be
deposited as a whole skeleton.
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In most situations scavenging of organic material begins immediately
after death and putrefaction begins within a few days. Destruction of
organic matter is mediated by microbial activity, which is initiated in
the near-surface oxic environment and continues with shallow burial
in the anoxic sulphate reduction zone. Any surviving organic material
will normally be consumed in the fermentation zone. The extent to
which organic tissue is destroyed depends partly on the rate at which
it is oxidized or attacked by microbial activity and also on the resis-
tance of the organic matter to decay; the macromolecules of some
tissue are more resistant than others. Very labile tissue is most easily
destroyed, followed by chitin, cellulose, and then lignified cellulose.
Although the more refractory materials normally suffer biodegradation
and chemical transformation to more resistant molecular structures,
the original morphology of the tissue can be preserved.

3.8 FOSSIL LAGERSTATTEN - THE EXCEPTIONAL
PRESERVATION OF FOSSILS

Exceptionally well preserved individual fossils and fossil assemblages
yield a disproportionately large amount of important palaeontological
information. Lagerstiitten is a German term for economic bodies of
ores or minerals, and was applied to fossils by Seilacher for ‘bodies
of rock unusually rich in palaeontological information, either in a
qualitative or quantitative sense’ (Seilacher et al., 1985). Lagerstitten
include fossil discoveries ranging from particularly thick accumulations
of shells, life assemblages overwhelmed in situ, preserved soft-bodied
faunas, and soft-bodied organisms exquisitely preserved in phosphate.
Although the preservation of Lagerstitten represents special circum-
stances, they are one end of a spectrum of normal sedimentary and
preservational processes.

Lagerstitten can be usefully divided into two main types (Fig. 3.7):
first, concentration deposits, which are notable for the close-packing
and abundance of shells they contain, e.g. oyster beds, bone beds and
varied coquinas (section 3.9); and secondly, conservation deposits,
which are notable for the quality of preservation, particularly of organ-
isms with soft tissues. Conservation deposits arise in a variety of ways
associated with differences in rates of deposition, oxygenation of
bottom waters and the diagenetic environment in the near-surface
sediments. Nevertheless, two broad types, ‘obrution deposits’ and
‘stagnation deposits’, can be distinguished.

Obrution deposits are formed by short-lived events such as storms
or turbidity currents that lead to the rapid burial of a fauna.
Preservation of soft-bodied faunas is favoured where the bottom
waters in the depositional area are anaerobic or the sediments are
anoxic, so inhibiting bioturbation and slowing bacterial decay.
Obrution deposits include smothered hardground faunas, clustered
fossils, such as trilobites, indicating gregarious behaviour and faunas
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Figure 3.7 Classification of Lagerstitten, with examples. (Modified from Seilacher, et al. 1985.)

transported and buried in turbidites or storm flows. An example of
the last type of preservation is the Lagerstdtten in the Middle
Cambrian Burgess Shale in the Rocky Mountains of Canada. A rich
and varied soft-bodied fauna was carried offshore and downslope by
turbidity currents or storm flows and rapidly deposited in a mainly
anaerobic environment. Most of the fauna is now seen as silvery films
which commonly outline even the most delicate structures on the
fossilized animal. The films appear to be formed of phyllosilicates on
a coating of kerogenized carbon. Fossils come from two main levels,
the lower of which, the Phyllopod Bed, has alone yielded about
65,000 specimens belonging to more than 100 species. The fauna is
particularly rich in arthropods, but has a good variety of sponges,
echinoderms, priapulid worms and species belonging to several other
known groups. In addition there is a variety of forms that cannot be
easily assigned to established taxa (Conway Morris, 1986). More than
90% of the living fauna was soft-bodied and is not normally preserved,
though Lagerstétten similar to the Burgess Shale fauna have now been
discovered in the USA, Greenland and China. The Burgess Shale-type
Lagerstétten offer an exceptional opportunity to record a wide range
of rarely preserved Cambrian biota and have been the basis for impor-
tant discussions of the origins and evolutionary divergences of major
taxa. The exceptionally wide range of organisms preserved has also
offered an opportunity to reconstruct the ecosystem of the fossil assem-
blage and identify both predators and prey (Chapter 7, section 7.11).
Some caution has to be applied to the ecological interpretations
because the assemblage is transported and potentially derived from
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different sites. Representatives of benthic and pelagic communities
have been differentiated, but it is unfortunate that the site of origin
of the benthic faunas cannot be identified with confidence.

A second, very different type of obrution deposit is represented by
the Lower Jurassic echinoderm bed at Gmund in southern Germany.
The preserved assemblage consists almost wholly of echinoderms,
including stalked crinoids, grazing echinoids and predatory starfish
(Fig. 3.8a). The fauna lies on a hardground at the top of the basal
Jurassic conglomerate and is overlain (smothered) by a mud layer
which is thought to be a storm deposit. The muds appear to have been
anoxic and inhibited bioturbation.

Stagnation deposits arise from the stagnation of bottom waters which
most commonly become anoxic, but which can be hypersaline.
Preservation depends on the inhibition of bacterial decay or the devel-
opment of favourable diagenetic conditions for mineralization of soft-
bodied animals. Typically the fossils found in stagnation deposits
belong to pelagic groups but in some situations some benthic fauna is
preserved where the bottom waters temporarily became dysaerobic or
even aerobic. The Posidonienschiefer in the Toarcian (Jurassic) of
Holzmaden, Germany, is a classic stagnation deposit. The dark bitu-
minous marls preserve a fauna including nektic ammonites, belemnites
and ichthyosaurs, epiplanktonic crinoids and benthic bivalves that are
concentrated at discrete horizons, marking intervals when the sea-floor
was oxygenated (Fig. 3.8b) (see Chapter 2). The fossils recovered from
the Posidonienschiefer offer a time-averaged view of a substantial part
of the ecosystem of a stagnant basin, together with a terrestrial compo-
nent that was washed in (see Chapter 10).

The Solnhofen Limestone (Upper Jurassic of Bavarian Germany)
represents a different type of stagnation deposit. The fauna in the
thin bedded micritic limestones is famous for the presence of
Archaeopteryx, but consists mainly of a mixture of pelagic forms and
washed-in benthos (Fig. 3.8c), though some of the crinoids are thought
to be in-situ benthos. Evidence that much of the benthos is washed-
in comes from the death trails of some of the animals. Most spectac-
ular are the irregular spiral tracks of Mesolimulus with the dead animal
preserved at the end of the track. Some fossil fishes show a dorsal
curvature of the vertebral column indicative of desiccation that might
indicate highly saline bottom waters in a well-stratified sea which
would also have been deficient in oxygen. Under these conditions
bioturbation was rare, predators and scavengers absent and levels of
bacterial activity low. Fossils of soft-bodied animals were formed as
impressions of the carcass on the carbonate-mud surface, though this
was sometimes enhanced by the development of a carbon film.
Ammonites are crushed and in some cases were deformed within soft
sediment, suggesting that aragonite dissolution occurred within the
upper layers of the sediment. The early growth of phosphate has
preserved, coprolites and the ink sacs of coleoid cephalopods. There
is evidence of wrinkling of the surface mud that suggests there was a
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Figure 3.8 Three faunas preserved in Lagerstitten. (a) The echinoderm fauna in the Lower Lias ( Jurassic)
of Gmund, Germany, preserved as an obrution deposit. (b) The mixed pelagic, epiplanktonic and benthic
fauna preserved as a stagnation deposit in the black shales of the Posidonienschiefer ( U.Lias, Jurassic)
at Holtzmaden, Germany. (c) The pelagic and washed-in benthos in the stagnation deposit in the Solnhofen
Limestone (Late Jurassic) of Solnhofen, Germany. (From Seilacher et al., 1985.)
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cyanobacterial mat that might have played a part in the special preser-
vation of the fauna. The Solnhofen Limestone is thought to have
formed in a hypersalin¢ stagnant lagoon protected by a barrier of
sponge reefs. It preserves a very sparse but very varied fauna ranging
from flying reptiles and insects, a variety of fishes, rare marine reptiles
and nektonic invertebrates and a very rare benthos (Barthel et al.,
1990). The total Lagerstétte is a time-averaged hypersaline lagoonal
fauna with an admixture of foreign elements.

Situations particularly favourable to the preservation of conservation
Lagerstitten are:

1. deposits from dilute turbidites or distal storm deposits on a basin
slope or distal ramp;

2. local areas of anoxic sediments within basins or more rarely basin-
wide anoxic muds;

3. deltaic sediments;

4. lacustrine sediments.

Preservation of Lagerstitten is favoured by early diagenetic miner-
alization by pyrite and phosphate or within early-formed carbonate
concretions. Preservation of Lagerstitten in particular environments
appears to be concentrated in particular time intervals (referred to as
taphonomic windows). For example, Lagerstitten in basinal-slope
deposits are mainly confined to the Cambrian, possibly because bio-
turbation penetrated shallower depths in the early Phanerozoic.
Lagerstétten in deltaic deposits are most common in the Carboniferous,
when delta plains were particularly extensive (Allison and Briggs,
1991b).

3.9 TYPES OF SHELL CONCENTRATIONS AND TIME-
AVERAGING

Most shell-bearing marine animals live at relatively low densities on
the sea-floor, though some species such as oysters are gregarious, and
reefs are a prominent exception. During intervals of normal sedimen-
tation, particularly in environments below fair-weather wave base,
shells are generally buried at low densities and are dispersed through-
out the sediment, except where life clusters are preserved. However,
the geological record contains abundant examples of shells that occur
at high densities; these deposits are termed shell concentrations.

Shell concentrations can arise in a multitude of situations; they are
commonly formed by current transport, they can arise because sedi-
mentation rates are slow and the shells accumulate on the sediment
surface, they can be life clusters or more rarely they may be the
stomach contents of large vertebrates.

A classification of shell concentrations into four categories groups
them according to their rate of formation that broadly reflects rates
of sedimentation (Fig. 3.9) (Kidwell, 1991).
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1. Event concentrations are those formed over a short period, gener-
ally a few minutes to a few days. They are typically formed by the
action of short-term events such as storms or turbidity currents,
but would include the stomach contents of predators. Event concen-
trations commonly occur as coquinas at the base of sandstone beds
or as shell beds of shell pavements within shales, though more
rarely they may occur as isolated lenticular accumulations. The
taxonomic composition, and preservational characters are normally
uniform throughout the thickness of a bed, reflecting rapid depo-
sition of a well-mixed population of shell material.

2. Composite concentrations are beds which show changes in the taxo-
nomic composition and/or state of preservation of shells in succes-
sive layers. This is thought to reflect the stacking of event
concentrations that were deposited one on another either in rapid
succession or over a longer time span. The common occurrence of
composite concentrations within a sequence is generally taken as
an indication of relatively slow sedimentation rates.

3. Hiatal concentrations are heterogeneous beds with varied taxo-
nomic composition and preservation. The internal stratification is
commonly a complex arrangement of irregular, discontinuous part-
ings. Fragmentation and boring of shells is common and there is a
common association with authigenic minerals such as chamosite
and glauconite. Some of the heterogeneity of hiatal beds is the
result of varied diagenesis within the bed. Some hiatal concentra-
tions can be shown on biostratigraphic evidence to be condensed
horizons or disconformities at which biozones are missing and most
are believed to reflect long periods (hundreds to thousands of
years) during which sedimentation was minimal.

4. Lag concentrations form by erosion of pre-existing fossiliferous
deposits. The term is restricted to those deposits which were
derived from previously consolidated, usually lithified, sediment. It
is not applied to lag deposits formed by excavating nearly contem-
poraneous shells such as those formed by migration of a tidal
channel; these would be regarded as event beds or composite beds,
depending on their internal stratigraphy. Lag concentrations typi-
cally occur as patches or more laterally extensive linings to nearly
planar erosion surfaces or as lenses or linings on a channel floor.
Fossils in a lag deposit may come from different stratigraphic hori-
zons, may have adhering lithified sediment and internal cement,
and commonly occur in association with lithoclasts.

Shell concentrations can be formed from the remains of a single
contemporaneous association of animals but more commonly they are
time-averaged and formed from a mixture of biological material from
a succession of time horizons (see Kidwell and Bosence, 1991). Shell
concentrations are generally an average of minor fluctuations in
community composition over time, but they can also be a mixture of
very different communities drawn from different environments. The
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Figure 3.9 Classification of shell concentrations into four different types,
arising from different processes of concentration. (From Kidwell, 1991.)

mixing of faunas from a single habitat obscures details of the palaeo-
ecological record, such as stages in community succession, but it gener-
ally increases species diversity and may give a more complete picture
of the shelly portion of the ‘normal’ community. The chances that an
assemblage of shells from a single community will be preserved is
greatest when sedimentation rates are high and the shells are rapidly
buried as single event beds. Slow sedimentation produces a more
condensed stratigraphy so that concentrations are likely to be time-
averaged, event beds will be more closely spaced in the sequence and
composite beds more common. Hiatal horizons at which shell material
has accumulated and been mixed in the absence of appreciable sedi-
ment accumulation may record communities time-averaged over a long
time-span. Time-averaged concentrations may be recognized by the
presence of shells from distinctly different habitats (e.g. fresh water
taxa mixed with marine forms) and mixtures of shells showing different
taphonomic states, including different degrees of boring, encrustation,
abrasion, breakage. Differences in the diagenetic state of bioclasts,
such as different sediment fills, internal cements, or the presence of
authigenic minerals such as chamosite or glauconite, may identify long-
term time-averaged faunas, as will a mixture of taxa of different strati-
graphic age (Fiirsich and Aberhan, 1990).
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3.10 INFORMATION FROM SHELL CONCENTRATIONS IN
THE MARINE ENVIRONMENT

A taphonomic understanding of shell concentrations is not only impor-
tant in the reconstruction of past communities, it can yield important
information about the environment in which the beds accumulated.
Concentrations can convey important information about the hydro-
dynamic regime in which they were deposited, rates of sedimentation
and the degree of time averaging. They may also be important in mark-
ing hiatal surfaces of particular significance in sequence stratigraphy.

The state of preservation of shells and bioclasts provides information
about their post-mortem history, i.e. whether they have been trans-
ported, the severity of the hydrodynamic regime that they have
encountered and the duration that they have spent on the sediment
surface. Important aspects of preservation that can yield relevant infor-
mation include the following.

1. Articulation ratio of bivalved shells such as brachiopods and
bivalves (Fig. 3.10). Most shells that are articulated during life sep-
arate soon after death as the muscles or ligaments that hold the
shells together decay. It follows that most shell concentrations with
a high articulation ratio have been preserved more or less as they
lived in life (life assemblage). This is thought to arise when living
communities are rapidly buried, particularly when they are living in
dense clusters and the shells are supporting one another. Bivalved
animals living within the sediment are also more likely to be pre-
served as articulated shells but are unlikely to form concentrations.
There are exceptions to the general rule that articulated shells indi-
cate in situ assemblages. On rare occasions living animals can be
transported in strong currents (turbidity currents or storm currents)
and rapidly deposited and buried. These assemblages are usually
found at the base of sandstone beds and are easily identifiable as
being transported. The ease with which shells become disarticulated
varies considerably. Bivalves with a strong ligament resist disartic-
ulation longer than those with a weak ligament and brachiopods
with a more retentive articulation of teeth and sockets (atrypids and
rhynchonellids) are more likely to remain articulated. Amongst
animals with an exoskeleton composed of plates, such as the echi-
noids, disaggregation occurs soon after decay of organic matter is
initiated. It is not possible to assess the degree of transport if the
shells are disarticulated. Shells can disarticulate in situ without any
disturbance, or they may be disarticulated by current action.

2. Valve ratios in bivalved shells (Fig. 3.10). The substantial difference
in shape of the opposed valves of brachiopods means that they have
a different response to a current and will become separated during
transport. Even the left and right valves of bivalves that are near
mirror images of each other have been shown to behave differently
in response to currents and so follow different transport paths
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(Frey and Henderson, 1987). It follows that shell assemblages that
have an equal proportion of opposing valves are unlikely to have
been transported far, but a greater degree of transport is indicated
as the ratio of one valve to the other departs from unity.

3. Degree of fragmentation (Fig. 3.11). Fragmented shell material is
good evidence of transport or a long post-mortem residence time
on the sediment surface. Mechanical fracturing and fragmentation
of fresh shells requires vigorous current activity and is most
commonly the product of nearshore waves. The effect of transitory
events, such as storms, does not normally cause fragmentation
except in nearshore environments. Biological activity is also a major
cause of destruction. Shells are fragmented by predators, such as
cephalopods, crustaceans and fish, that crush shells (Carter, 1968)
and they are also destroyed by boring organisms such as algae,
sponges and gastropods, which weaken shells until they disintegrate
with even feeble current activity. As a general rule fragmented shell
material is common in two very different contexts. It is common
in some highly energetic nearshore environments where the frag-
mentation is mechanical but it also occurs in quieter offshore
environments where the shell material lies for a relatively long
period on the sea-floor and is subject to bioerosion.

The sorting and fabric of shell concentrations also provide evidence
of the hydrodynamic regime in which they accumulated. Shells can
generally be regarded as sedimentary particles and their sorting char-
acteristics can be interpreted in the same way as other sedimentary
clasts (Fig. 3.11). In general, good sorting reflects sustained transport
by a steady current or winnowing by waves. The exceptions are life
assemblages formed of shells of one generation that have a narrow
size range. Less well-sorted shell concentrations may partly reflect the
size distribution of the animal populations that were the source of
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Figure 3.10 Some preservational features of shell assemblages which may be
a guide to the degree of post-mortem transport.. (a) Articulation ratio; (b)
Ratio of valves; (c) Fragmentation, characterized in terms of size and shape.
Large fragments (a) are commonly the result of shell crushing by predators.
Shell gravels and sand (b and c) commonly result from biogenic weakening
by boring followed by hydrodynamic fragmentation.
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Figure 3.11 Different degrees of close-packing are shown. (a) Typical shells of bivalved organisms. (b)
Crinoid columnals. Note that bioclasts of different shapes may constitute the same volume-percent of the
rock but exhibit significantly different degrees of close packing. (From Kidwell and Holland, 1991.)

shells and partly reflect later sorting, but the separate effects on the
size frequency distribution can rarely be evaluated (see also Chapter
7). The density of packing within a concentration (Fig. 3.11) can
provide further evidence of the depositional regime. In general,
densely packed concentrations are in situ, life assemblages or well
winnowed transported assemblages. More loosely packed concentra-
tions are more varied in origin and can be the result of poor sorting
of an initially mixed grain size population, or the result of bioturbation.

The orientation of shells is another source of preservational infor-
mation. Shells can be orientated in a range of attitudes relative to the
bedding plane, varying from concordant, to oblique to vertical (Fig.
3.12). They may also be clustered and stacked in a variety of manners
(Fig. 3.12). Shells may also show different styles of orientation when
viewed on a bedding plane. Some types of orientation are particularly
informative.

1. Imbrication: the imbrication of shells provides good evidence of
transport by a unidirectional current and can be used to determine
the direction of the depositional current.

2. Vertical stacking: this occurs under conditions of sustained oscilla-
tory currents typical of some wave activity.

3. Preferred orientations on bedding planes: strong unimodal orien-
tations usually indicate unidirectional currents (Fig. 3.12). Bimodal,
opposed orientations commonly reflect oscillatory (wave) currents.
But the origins of shell orientations are not simple. In a unidirec-
tional current shells are transported with their length across current
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but during deposition they reorientate into a stable resting orien-
tation which is length parallel to current, with umbones pointing
either to right and left. But the weight distribution within a shell
also affects the orientation and if, for example, the umbones are
particularly heavy the shell can become orientated with the
umbones upcurrent. Shells in oscillatory currents are transported
rapidly back and forth and are commonly deposited in their trans-
port orientation i.e. length across current, with umbones pointing
in opposed directions. Cylindrical and conical shells commonly roll
during transport and reorientate into a current-parallel position
during deposition. If the weight is distributed towards one end of
the shell it will be deposited with the heaviest part of the shell
upcurrent (gastropods and belemnites). Under oscillatory wave
currents the orientation is normally across current with the points
of the cones in either direction. The preservation of shell assem-
blages convex-up or convex-down can yield some useful informa-
tion. Shells deposited from a current are generally stable in the
convex-up position, but can be deposited concave-up in the lee of
a wave ripple after having been flipped over at the ripple crest
(Clifton and Boggs, 1970). In fine-grained sediments, unaffected by
currents, shells commonly lie concave-up as a consequence of the
activities of predators and scavengers and of bioturbation which
rotates the shells.

Preservational characters similar to those described above have been

used to characterize fossil assemblages with different preservational

styles (taphofacies) (Speyer and Brett, 1988). A study of taphofacies in
a Recent intertidal/shallow shelf environment (Meldahl and Flessa,

Figure 3.12 Terminology for hardpart orientation on bedding planes and in
cross-section of a bed. (From Kidwell e al. 1986.)
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Figure 3.13 Taphofacies for Palaecozoic epeiric seas. Seven distinct taphofa-
cies are recognized on the basis of differences in four taphonomic properties:
D=disarticulation, R/S=reorientation and sorting, F=fragmentation and
C=corrasion (Corrosion/abrasion). The seven taphofacies in turn, reflect
environmental conditions in corresponding fields of the block diagram.
Environmental conditions are broadly represented by the three indicated para-
meters (sedimentation rate, turbulence and oxygenation). (From Speyer and
Brett, 1988.)

1990) showed that each lithofacies reflected the prevailing energy in the
environment and the preservational characteristics of the shell assem-
blages reflected their post-mortem history. Those taphofacies with an
abrasion-dominated history were found in high-energy low-intertidal
and upper-subtidal environments while those with an encrustation-
bioerosion history were found in low-energy environments. Seven
taphofacies have been recognized by Speyer and Brett (1988) on the
basis of:

1. the degree of disarticulation of shells;

2. the amount of reorientation and sorting;
3. the degree of fragmentation; and

4. degree of corrasion.

Each taphofacies was related to differences in turbulence and sedi-
mentation rate in the environment (Fig. 3.13). High levels of disartic-
ulation, good sorting, widespread fragmentation and abrasion reflect
high turbulence and low sedimentation rate. Slightly lower scores on
these parameters may reflect higher sedimentation rates with more
rapid burial, while low scores reflect quiet environments with high
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rates of deposition (Fig. 3.13). The thickness and geometry of shell
accumulations changes in an offshore direction on marine shelves as
the intensity of wave energy decreases and is a useful indicator of the
hydrodynamic conditions in the environment (see Chapter 6).

3.11 THE TAPHONOMY OF VERTEBRATES

The taphonomy of vertebrates is similar in many respects to that of
marine invertebrates. Nevertheless their large size, internal skeletons
and the wide range of environments in which they lived produces a
greater variety and some differences in taphonomic style.

Marine and lacustrine vertebrates may be preserved as whole skele-
tons or as dispersed bones. The former preservation is favoured when
animal carcasses sink below the thermocline and halocline into a still,
anoxic environment which lacks predators and scavengers and where
rates of microbial decay may be reduced. Good preservation is most
commonly found in marine anaerobic shales of no great depth, such
as the varied fauna of marine reptiles in the Jurassic Posidonienschiefer
(Chapter 2), and in lakes with a well-developed thermocline, as was
the case for the rich Devonian fish faunas of the Caithness Flags in
northern Scotland. After death carcasses may suffer various degrees
of disaggregation and dispersal. In his study of the varied marine verte-
brate faunas of the Jurassic Oxford Clay, Martill (1985) recognized
five preservational styles, each modified by diagenetic and com-
pactional processes (Fig. 3.14).

1. Articulated skeletons with intact bone-to-bone relationships. A few
of these had coprolitic material in the position of the gut and very
rare specimens had evidence of soft tissue. The underside of some
remains was better preserved than the upper side because the upper
surface is exposed to scavengers, bacterial decay and disruption by
escaping gas whereas the lower surface is protected and commonly
lies within anoxic sediments where scavenging is inhibited. A
similar preservation of the undersurface of vertebrates is seen in
the Jurassic Posidonienschiefer (see Chapter 2).

2. Disarticulated skeletons with the bones disaggregated, but a
substantial number present. A limited degree of disaggregation is
generally the result of scavenging and predation or disturbance by
storm waves.

3. Isolated bones and teeth that are mainly the product of skeletons
decomposing in the water column or dispersal by scavengers. Teeth
may have dropped from living animals, which happens with some
living reptiles.

4. Worn bones that reflect a long taphonomic history and are
commonly associated with hiatal surfaces.

5. Coprolitic material that may give an insight into the prey that was
devoured but cannot always be associated with a particular predator.
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Figure 3.14 Preservation of vertebrate remains in marine settings as shown
by the record in the Oxford Clay, Jurassic, England. (From Martill, 1985.)

Preservation of vertebrate material in terrestrial environments is
very varied, being associated with a wide range of environments.
Whole-body preservation is generally rare and is most commonly asso-
ciated with Pleistocene and Holocene deposits. The most dramatic of
these remains are the faunas preserved by freezing. In September,
1991, a frozen body emerged from a glacier below the Hauslabjoch
close to the Austrian-Italian border. The corpse appeared to be that
of a mountaineer, but as an investigation of the remains proceeded
they proved to be those of a Neolithic hunter, preserved with his
clothes and possessions, providing remarkable evidence of the life of
a late Stone Age man (Spindler, 1995). Mammoths are the most
famous representatives of the faunas that lived during the Last Glacial
but a variety of other animals, including horses, woolly rhinoceroses
stag-moose and bison are also known. Freezing, which is akin to desic-
cation, preserves an exceptionally full record of the animals. Soft tissue
retains histological details and the nature of wounds and disease. Gut
contents reveal the nature of the animal’s diet. The remarkable detail
of reconstruction possible and the controversies that nevertheless still
remain are described in Dale Guthrie’s fascinating reconstruction of
an exhumed bison from Alaska (Guthrie, 1990). Although discussion
of frozen carcasses has often centred on the cause of death, their
preservation probably depends much more on special conditions after
death. The key to preservation appears to commonly entail entrap-
ment in mud, rather than drowning in water, where the carcass would
float to the surface, followed by freezing and then rapid sedimenta-
tion and burial below the level of summer thaw.
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Whole-body remains are also preserved in peat. Carcasses that sink
rapidly into peat may be preserved with skin, hair and other tissue,
though bone may be destroyed. The strongly acidic conditions within
peat inhibits microbial decay so favouring the preservation of soft
tissue, but causing the destruction of bone. Some of the most spec-
tacular remains preserved in peat are those of Iron-Age man preserved
in a Danish bog (Glob, 1971).

The tar pits of La Brea are another striking example of vertebrate
preservation. The tar pits were formed by a seep of heavy hydro-
carbons accumulating as a viscous pool at the surface. A variety of
large Pleistocene mammals became engulfed in the tar (see also
Chapter 10), presumably as they were drinking from surface water,
and their bones have been preserved. The skeletons are almost always
disarticulated, either by predators and scavengers or by the circula-
tion of the tar. The bone material is exceptionally well preserved and
skeletons, representative of a variety of species, can be assembled from
disparate parts that are not necessarily from a single carcass.

In many terrestrial environments vertebrate bones have undergone
various degrees of transport. In these circumstances an understanding
of the taphonomic history of a bone deposit is vital in determining
whether the remains belong to the environment in which they are
found. The dispersal of bones may occur through the activities of preda-
tors or scavengers, or by physical processes (see Behrensmeyer, 1991).
The transport of bones in running water follows the same laws that
govern other sedimentary particles. However, bones are complex par-
ticles with different densities, complex shapes and irregularly distrib-
uted pore space. The overall density of fresh bone varies from less than
1 to 1.7, which means that some float and some sink. Teeth on the other
hand have a density of about 2 and are less readily transported and
may be concentrated in lag deposits. Bones from different parts of a
carcass have a different potential for being transported, so become
separated during transport. Amongst medium to large mammals it has
been found that vertebrae, ribs and the sternum are most easily trans-
ported, then limb parts and finally skulls, mandibles and teeth.

Transported bones are recognized by their dispersed preservation, by
the sorting of particles, their current orientation and their association
with fluvial facies. The degree of transport may be assessed by the
degree of separation of different elements of a skeleton, the amount of
breakage and the degree of abrasion. Fresh bone does not fragment or
abrade easily in sand and gravel rivers, though weathered bone is much
more rapidly affected. Generally, abraded bone signifies substantial
downstream displacement. Bones deposited in terrestrial environments,
particularly fluvial ones, are subject to repeated burial and exhumation
so bone accumulations are commonly a time-averaged association of
remains of different ages and from different environments.

Cave and fissure remains form one special category of terrestrial
remains that are volumetrically small but have yielded a dispropor-
tionately large body of information about vertebrate faunas. Vertebrate
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remains may be concentrated in surficial karst, in a variety of other
fissures commonly resulting from downslope movement of blocks or
extensional tectonic movements, in lava tubes and in cavities amongst
accumulations of large boulders. There are three main situations in
which an accumulation may develop (Simms, 1994):

1. The animals lived and died in an enclosed environment. This situ-
ation includes animals such as cave fish, but preservation of such
faunas is likely to be very rare.

2. Faunal remains were transported into the environment by preda-
tors and scavengers. Predators that used the cave as a dwelling can
sometimes be identified by the association of bones of carnivores
mixed with a variety of herbivores. The herbivore bones generally
show signs of crushing and gnawing. The bone accumulations
are often concentrated at the cave entrance (Fig. 3.15a). Roosting
and hibernation sites may be identified by being low-diversity
deposits on the floor of a cave (Fig. 3.15b). The remains of bats
and birds, commonly associated with phosphate deposits derived
from accumulations of guano, suggest a roosting site, whereas
monospecific accumulations of mammals such as bears suggest a

Figure 3.15 Bone accumulations in caves. (a) Cave entrance accumulations: commonly with bones brought
to the cave by predators together with the remains of the cave dwellers. (b) Low diversity bone-rich layers
interbedded with barren layers, commonly reflecting intermittent roosting or hibernation sites. (c) Pitfall
trap with talus-cone of debris from a surface pit. (d) Flood deposits with fining upward cycles and coarse
lags of vertebrate remains. (Modified from Simms, 1994.)
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hibernation site. The accumulation of many thousands of skeletons
of the bear Ursus spelaeus in a single cave at Mixnitz in Austria is
a particularly spectacular example.

3. Remains were transported into the environment by physical means.
Gravity and flowing water transport sediment together with bones
into caves and fissures. Debris falling through the roof of a cave
from a karstic pit above may produce piles of debris on the
cave floor and may potentially contain remains that accumulated
in the surface pit (Fig. 3.15c). Commonly sediment and bone will
be deposited in caves by running water, either during normal flow
conditions or at times of flood (Fig. 3.15d). These remains are likely
to be derived from the land upstream.

3.12 THE PRESERVATION OF PLANTS

Plants are composed of a variety of parts (branches, roots, leaves,
pollen, fruit, seeds), some of which become separated during life while
others become disaggregated after death. An understanding of
dispersal processes affecting the various parts is important to the inter-
pretation of palaeofloral associations.

Studies of dispersal of leaves by wind show that their dispersal was
affected by their weight, shape and size, but a simple relationship
between any one of these factors and distance of dispersal is rare
(Spicer, 1991). Generally dispersal of leaves away from source
decreases rapidly with distance and follows a negative exponential
mode. The leaves of most woodland trees are deposited within 50 m
of the parent tree. The preservation of nearly all plant material
depends on it being deposited in water. After being immersed, the
leaf absorbs water, is leached of soluble material and generally sinks
within a period varying from a few days to a few weeks. Soon after
entering water, microbial decay sets in. Leaf cuticles are more resis-
tant to decay than cellulose or lignin, but the rate of decay is very
variable, depending on the mineral content of the leaves and the phys-
ical and chemical properties of the water in which they are immersed.
Deciduous leaves generally sink within a few days, while evergreen
leaves with thick cuticular or wax coatings may float longer. Diaspores
remain buoyant longer than leaves and some fruit and seeds may float
for a long period. Large wood fragments may remain buoyant for
several years. Differences in the float time of different parts of a plant
contribute to their dispersion to different sites of preservation. The
fidelity of plant material is very variable and depends on the part of
the plant that is preserved. Rootlet beds and more rarely tree stumps
and large roots are preserved in situ, leaves are generally preserved
near their origin, but wood is commonly transported large distances
and may be found in marine environments far from shore. Pollen and
spores have walls composed of sporopollenin, which is particularly
resistant to decay, so they too are commonly widely dispersed by wind



L The preservation of plants l ( 97 1

and water, though a recurrently recorded association of pollen or
spores is usually a good record of the surrounding vegetation.
Plant material may be preserved in a variety of forms including:

. preservation of original material

. permineralization

coalification and

moulds and casts, impressions and compressions.

AN

Preservation of original plant material is mainly in the form of resis-
tant spores and pollen that may retain all the surface detail of the cell
wall. Permineralization preserves material in three dimensions,
commonly retaining the detailed cellular structure. The preservation
can be in silica, carbonate or pyrite. Silica may permeate the interior
of the plant cells, leaving the cell wall as an organic coat, or it may
permeate the whole plant structure. Silicification is related in some
instances to highly silicic volcanic environments, as is traditionally
envisaged for the Devonian Rhynie Chert. However, it also occurs in
silica-poor environments where it is thought to be related to micro-
bial activity in the early stages of organic decay, but the exact condi-
tions that promote the silification are far from clear. Permineralization
of plant material by calcium carbonate has produced the superb preser-
vation of woody material found in coal balls, which are carbonate
concretions formed in mainly uncompacted peaty material in Carbonif-
erous Coal Measure bogs. The growth of the concretions appears to
require a marine source of sulphate to mediate sulphate reduction of
organic material. Although some of the coal horizons bearing concre-
tions are overlain by a marine band, this is not always the case. A
solution for this dilemma has been offered by Spicer (1989), who
suggested that rising sea-level may cause an intrusion of a sub-surface
saline wedge within a delta plain without necessarily inundating the
whole delta. Permineralization by pyrite is mainly confined to marine
environments where it preserves woody tissue and seeds as in the
terrestrial plant flora found in the marine Tertiary London Clay.
Coalified remains are common in a wide variety of facies; with this
preservation the external details may be exquisitely preserved but the
internal structure is lost.

A large proportion of plant fossils are preserved as moulds and casts.
Leaves retain enough rigidity to leave an impression on a soft sedi-
ment surface, even though they may be destroyed before burial. More
commonly the leaves are buried and preserved as internal or external
moulds, commonly with a carbonaceous veneer. Plant stems and roots
undergo various degrees of compression during burial which may affect
their morphology, so it is important to appreciate the processes that
may be involved (Rex, 1986). Figure 3.16a shows how a hollow
Calamites stem could be preserved as an undistorted external mould
(em) or internal mould (im). Alternatively it is likely to be compressed
during burial to give an oval cross-section (Fig. 3.16b to e). In some
instances compression of the coaly vertical sides to the plant stem or
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Figure 3.16 Preservation of plant material and the formation of ‘compression
borders’. (a) A hollow Calamites stem is filled with sediment. The stem has
internal ribbing. (b) After compression the stem is deformed into an ellipse
and the plant tissue is coalified. (c) Pathway that a fracture plane might take
to expose the fossil. (d) View of the pith cast and coalified border seen from
above. (e) Hollow stem filled and buried in sediment. (f) Compressed stem
and the deformed tissue forms a compression border(cb). (g) The pathway
taken to expose the cast. (h) View of the pith cast from above, showing promi-
nent compression borders. (Modified from Rex, 1986.)

root squeeze it laterally to give a compression border (Fig. 3.16 f to
h). Lateral branches and leaf bases are particularly prone to defor-
mation and distortion and may produce many misleading shapes.

3.13 SUMMARY POINTS

e Except in rare instances, all biota lacking bio-mineralized parts is
lost. This means that both the algae at the base of the food chain
and many of the soft-bodied animals which are an integral part of
the trophic structute are unrecorded in the fossil record, except
sporadically as trace fossils.

o Generally less than 50% of a living community consists of animals
with a mineralized skeleton.

o The shelled fossils that are preserved represent only a small propor-
tion of the living populations that had shells, most shells having
been destroyed by physical fragmentation, bioerosion, and most
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importantly by chemical dissolution. The absent fossil biota repre-
sents an important ‘information loss’ that should be appreciated in
any palaeobiological investigation.

e The fauna that is preserved is fortunately a rich source of biological
and geological information which is revealed by careful taphonomic
analysis. Shell accumulations are time-averaged to varying degrees
but generally are representative of the habitats in which they lived
and died.

e Shells are destroyed on the sediment surface by physical, chemical
and particularly biological processes. They commonly suffer exten-
sive dissolution after burial.

e Shells are preserved whole, as moulds and casts, and may be partic-
ularly well preserved in pyrite, phosphate and silica and within
carbonate concretions.

e Organisms with soft tissue normally require early mineralization in
order to be fossilized.

e Lagerstitten are deposits with exceptional preservation of fossils.
They may be concentration deposits or conservation deposits. The
latter include obrution deposits that commonly represent popula-
tions and communities that have been instantaneously overwhelmed
and buried by sediment. Stagnation deposits accumulate in anoxic
or hypersaline conditions favouring special preservation. They pre-
sent a time-averaged view of the biota of a particular environment.

e Shell concentrations are a major source of fossil data. An under-
standing of their taphonomy is important in assessing the palaeo-
ecological information they yield. They also provide important
information about the hydrodynamic environment where they
accumulated.

e Different styles of concentration (event, composite, hiatal and lag
concentrations) are related to different rates of accumulation and
different rates of sedimentation.

e The taphonomy of vertebrates is similar to that of invertebrates,
except that a greater proportion of marine vertebrate faunas are
nektonic and liable to dispersal by floating; the terrestrial faunas
are more likely to be dispersed in fluvial systems.

e Plant taphonomy is influenced by the different potential for
dispersal and preservation of different parts of the same plant.

So how useful is the palaeontological record, considering the patchy
preservation? Well, it depends on which questions are being asked.
The record is generally inadequate to answer questions about detailed
biological relationships in the past, but it is adequate to answer ques-
tions about the broad composition of the shelled part of ancient
communities, the relationship of those communities to environment
and how those communities changed with time. Lagerstitten are
important because they preserve taxa that otherwise go unrecorded,
they provide more detailed information on a whole fauna and allow
reconstructions of ecosystems and they help to correct perspectives



M l Taphonomy

based on shelly faunas alone. But Lagerstitten are rare, so the infor-
mation gained from them is limited to a few points in time. In palaeo-
ecology it is important to investigate problems that are capable of
being solved with the information available.

3.14 FURTHER READING

Allison, P.A. and Briggs, D.E.G. (eds) 1991. Taphonomy: Releasing the
Data Locked in the Fossil Record, Plenum Press, New York, 560 pp.
A comprehensive and authoritative account of most aspects of
taphonomy at a fairly advanced level.

Donovan, S.K. (ed.) 1991. The Processes of Fossilization, Belhaven
Press, London, 303 pp. Covers some of the same ground as Allison
and Briggs, but has particularly useful chapters on the taphonomy
of different groups (trilobites, ammonites, echinoids).
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Adaptive morphology

Autecology is the study of the life modes of organisms and the rela-
tionship between individuals and the environment. It focusses on the
growth and shapes of organisms, whether individuals or colonies, and
the correspondence of morphology to both life strategies and habitats.
Every organism is adapted to a specific life mode and is contained by
environmental limitations. The investigation of adaptive morphology
of fossil animals and plants has many angles; many functional studies
have been published. Dodd and Stanton (1981) and Pickerill and
Brenchley (1991) have discussed and listed a large selection. Another
modus operandi involves the analysis of autecology against a frame-
work of long-term biological change. With this strategy the importance
and influence of functional changes at the individual level is empha-
sized. These changes can be transmitted and amplified into evolution
at the community and ecosytem levels and are thus building blocks of
large-scale biotic and planetary change.

4.1 INTRODUCTION

Many morphologies and structures have been developed, as adapta-
tions, in response to a particular life style. Evolutionary convergence
is thus rife in the fossil record. For example, dolphins, sharks and
swordfish together with the fossil ichthyosaurs all have similar exteriors,
although they are only distantly related. Their spindle-shaped bodies
are streamlined for high-velocity movement through water. More
remarkable is the development of coral-like external morphologies not
only in the solitary rugose and scleractinian corals but also during the
Permian in the richthofeniid brachiopods and during the Cretaceous
in the rudist bivalves. Clearly the relationship of organisms to their
environments and life styles can in many cases be interpreted from
morphology. Adaptation is broadly defined as the goodness of fit of an
organism to its environment, modified by natural selection. This con-
cept is derived from the core of Darwinian evolutionary theory.
Organisms are functionally constrained by their overall morphology,
inherited from ancestors; moreover, biological structures may have
multiple functions. Some structures apparently have a nonadaptive
significance, such as male nipples, and other more neutral structures
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Figure 4.1 Reconstructions of the mid-Cambrian armoured onychophoran
Hallucigenia : a. Mid 1970s reconstruction, b. Current reconstruction, early
1990s. (Redrawn from various sources.)

may remain in evolving populations through genetic drift. But the
major environmental changes driving mass mortalities and extinction
events disrupt the process of fine-tuning through selection and can dra-
matically reset macroevolutionary clocks. The process then starts again.

Unfortunately fossil organisms cannot be observed in action. Most
analyses of adaptations and functions involve at least some speculation
which may be subjected to tests and subsequent revision. Hallucigenia,
a spiny worm-like animal described from the mid-Cambrian Burgess
Shale was initially reconstructed, on the then available evidence
(Conway Morris, 1978) as a cylindrical, flexible tube supported by pairs
of spines and with a series of tube-like extensions developed along the
upper surface of the animal. New discoveries suggested that the animal
had been reconstructed upside-down (Ramskold and Hou, 1991). The
spines were in fact developed in pairs along the back of the animal,
probably for protection; the tubes were the legs. Hallucigenia was not
so odd after all; it was merely an armoured onychophoran (Fig 4.1).

4.2 TERMINOLOGY

Studies of adaptation have evolved a range of terms. Adaptation,
strictly speaking, is the fit of an organism to its environment; funda-
mental, however, is the role of natural selection in shaping adaptations.
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Exaptations are functionally useful structures that apparently were not
shaped by natural selection, whereas aptations are any structures fitted
to a particular function; aptations thus include both adaptations
and exaptations. Moreover exaptations may be transferred from pre-
existing adaptations used in other functions (coaptations) or from
structures apparently without a previous functional significance (non-
aptations). Preadaptation involves structures or groups of structures
already functional but available and suited by chance for a more inno-
vative function; this, subsequently, becomes the main function of the
structure in future generations (postadaptation).

Although there have been a number of philosophical studies of the
definition and use of these terms (Gould and Vrba, 1982), in practice
the terms adaptation and preadaptation are most widely used and
sufficient to deal with the majority of palaeontological cases (Skelton,
1990).

4.3 INFLUENTIAL FACTORS

The conventional view that genome information controls the devel-
opment of structures and their functions must now compete with a
more holistic concept, suggesting structures may arise randomly,
through chance and contingency, as part of a more inclusive package;
subsequent selection and fine-tuning then develops their functions.
This reflects a current move from a deterministic world, governed by
set rules, to more chaotic systems where self-organization amongst
organisms and their structures is possible.

The evolution of form can be considered in terms of three main con-
straining factors: the genome, the development and the function of the
organism. These factors have been graphically displayed as a triangle
(Seilacher, 1989). The three apices of the triangle are combined to
define the overall constructional morphology of an organism. This has
been modified more recently to include environmental factors; the orig-
inal triangle is now an inverted pyramid with four apices and combines
an inclusive organism together with its constructional morphology (Fig.
4.2). Studies of construction morphology have been applied to a
number of groups such as the Ediacara animals (Seilacher, 1989), and
the Brachiopoda (Vogel, 1986).

The development of a set body plan (Fig. 4.2) is mainly controlled
by its evolutionary history or genetic heritage. The phylogenetic apex
thus marks morphology arising from genetic signals. The fabricational
factor involves mainly the growth programme of the organism. The
constraints on organisms with accretionary growth programmes, such
as the brachiopods and molluscs, are quite different from those that
grow by ecdysis or moulting, such as the arthropods, although these
animal groups increase steadily in size throughout ontogeny. The
growth of vertebrate bone, however, involves a different set of prob-
lems. The internal skeleton of a vertebrate must support a changing
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Figure 4.2 A morphodynamic view of functional morphology: changes in
biological function, effective environment and morphogenetic fabrication can
trigger evolutionary changes. (After Seilacher, 1992.)

body weight throughout its life span. Simple isometric growth of bone
is in theory matched by a cubic expansion of body volume; if this
process continued, soon the increased weight of the animal would no
longer be adequately supported. Vertebrate bone, however, can be
modified during growth by resorption; bone can be preferentially thick-
ened or thinned as required.

Environmental controls have an important influence on adaptation;
environment feeds in a range of both external and internal physical,
chemical and biological factors, generating an interplay between an
evolving organism and its setting. Environmental factors clearly control
where and how an organism lives and may induce ecophenotypic vari-
ation. Crevice-dwelling bivalves commonly adopt the external shape
of their surroundings. These shape changes clearly have functional
consequences; however, the modified shapes cannot be transmitted
through genetic material to future generations.

The functional or adaptational apex marks the behaviour, function
and biomechanics of an organism. The various parts and structures of
an organism are thus a fundamental source of information for the
ecology and operation of fossil animals and plants. Nevertheless groups
of structures can combine to achieve a particular function. Coadap-
tation emphasizes the total integration of a successful organism.
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44 GROWTH STRATEGIES

Organisms grow in four main ways. Most shelled animals such as the
brachiopods and molluscs grow by accretion, where additional miner-
alized material is added to the existing exoskeleton from generative
zones on the outer part of the mantle which lines the shell. Some
animals such as the echinoderms and sponges add new material in the
form of calcitic plates or mineralized spicules, respectively, to an
existing skeleton. Arthropods grow by ecdysis or moulting, periodi-
cally shedding their exoskeletons in favour of a larger, occasionally
different-shaped, covering. Vertebrates have adopted growth strate-
gies associated with modification. Bone may grow in all directions;
however, it can also be modified by resorption with the redistribution
of bone material helping to strengthen some areas of bone under stress.
Growth programmes provide a major constraint on the adaptive devel-
opment of an organism. Adaptation must operate within the frame-
work of genetically controlled construction projects, forming the basis
of ontogeny derived from the genome.

4.4.1 Shape description

Detailed description of fossil material is an essential prerequisite to
the study of autecology. A range of careful descriptive and illustrative
methods, together with codes of systematic practice originating in the
mid-1600s evolved and form the basis for modern taxonomy. A large
range of necessary terminology is now available for virtually every
fossil group together with illustrative aids such as macrophotography,
camera-lucida systems, the scanning and transmission electron micro-
scopes together with X-ray techniques. Although adequate data may
be derived from high-quality descriptions and illustrations, much more
may be extracted by numerical and statistical techniques based on
imaging and measuring fossil material (Harper and Owen, 1988;
Harper and Ryan, 1990; Jones, 1988). A number of packages, for
example PALSTAT (Ryan et al., 1994) and MVSP (Kovach, 1993),
offer a range of statistical and graphical techniques, and can analyse
imported data matrices from a number of spreadsheets. These pack-
ages were developed for PC platforms. Cladistic techniques are avail-
able on PAUP (Swofford, 1993) and MacClade (Maddison and
Maddison, 1992); the most recent versions of these programs operate
on the Macintosh platform.

Computer-generated reconstructions, for example, from serial
sections can build a 3D model of an organism; the internal features
of brachiopods have been reconstructed with considerable success
(Herbert et al., 1995). Moreover, much fossil material, particularly from
the world’s mountain belts, has suffered tectonic deformation and a
range of computer-based techniques has been implemented to remove
the effects of tectonic distortion, permitting the accurate description
of deformed material. In a study of seven putative species of strained
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Cambrian trilobites from the Cambrian rocks of Kashmir, micro-
computer subtraction of deformational effects established the existence
of only one morphospecies; this species suggested a precise mid-
Cambrian age for the strata and an affinity with coeval rocks in China
and India (Hughes and Jell, 1992).

Detailed morphological studies generally form the basis of under-
standing functional and adaptational morphology. The structure and
operation of the brachiopod hinge has underpinned a number of func-
tional and evolutionary studies of the phylum as a whole (Jaanusson,
1971). An exhaustive multivariate analysis of the hinge elements of
the articulate brachiopods suggested that the two types of teeth, deltid-
iodont (simple, grow without resorption) and cyrtomatodont (knob-
like, grow with resorption), are part of two different types of hinge
mechanism (Carlson, 1989). This morphological analysis suggested that
the cyrtomatodont teeth, developed by resorption of shell material,
evolved across a number of groups as an adaptation for a more
advanced and efficient hinging mechanism.

Functional advantage may not always be apparent even from
detailed studies of fossil morphology. The verbal, visual and statistical
description of the morphology of the bellerophontiform mollusc
Pterotheca from the lower Silurian rocks of the Pentland Hills, near
Edinburgh revealed no functional advantage to the widespread devel-
opment of asymmetry in a large sample of this algal-grazing gastropod
(Fig. 4.3). Rather populations of Pterotheca probably used this extreme
intraspecific variation to confuse the search images of potential preda-
tors such as orthoconic nautiloids (Clarkson et al., 1995).

4.5 INVESTIGATIVE METHODS

Functional morphology can be investigated in a number of ways.
Hypotheses arising from these methods, however, should be testable
against geological evidence. First, structures can be compared directly
with modern, working counterparts. The greatest success is achieved
with homologous structures such as the comparison of the wings of
the Cretaceous bird Ichthyornis with those of a living tern or seagull.
In the absence of homologues, analogous comparisons such as compar-
isons between the wings of the pterosaurs with those of a buzzard or
a hang glider are nevertheless still useful. There is, however, a strong
element of circular reasoning involved in these techniques. In
comparing the wings of fossil and living birds, or even the wings of
fossil flying reptiles with those of living birds or aircraft, we have
already decided that these fossil structures were also used for flight.

Secondly, one or more functions may be specified for a particular
structure. Each function may be tested against the efficiency of a
physical or mathematical model for the working structure. This more
scientific methodology is termed the paradigm approach and provides
a testable hypothesis.
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Figure 4.3 Morphology of a large sample of the bellerophontiform mollusc
Pterotheca from the Silurian rocks of the Pentland Hills, Scotland. The
morphological variation was not, apparently adaptive, rather it confused
the predator-search image of patrolling orthoconic nautiloids. (After
Clarkson et al., 1995.)

Thirdly there is a range of broader experimental techniques where
physical models are subjected to simulated environments. These tech-
niques generally monitor the performance of models when subjected
to real-life conditions, usually in flume tanks, wind tunnels or other
types of environmental chamber.
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4.5.1 Analogues and homologues

The use of analogues and homologues is widespread in most branches
of palaeontology. The morphology and function of a modern structure
is compared with an assumed counterpart in an extinct or fossil
organism. Homologous structures, like the shells belonging to all artic-
ulate brachiopods, the wings of birds or the lungs of the vertebrates,
presumably have only evolved once; the biology of these characters is
directly equivalent and allows precise functional comparisons. The
limbs of the arthropods and amphibians, the eyes of the trilobites and
primates and the tail fins of fishes and whales, are analogous. They
evolved at different times from different structures; nevertheless since
both pairs of structure apparently fulfil similar functions, they may be
analogues and useful functional interpretations are still possible.

The wing has evolved across a variety of animal groups, including
the insects, reptiles and mammals. The pterosaurs dominated the
Mesozoic airways, but the group disappeared at the end of the
Cretaceous. Strictly speaking there is actually no direct evidence that
the pterosaur wing was adapted for flight. In fact Collini in the late
1700s considered that Pterodactylus was a swimmer, while Wagler’s
reconstruction in 1830 suggested the animal was rather like a penguin;
but some ten years later Newman’s illustration suggested a bat-like
flier and Richard Owen depicted a dragon-like creature for the Great
Exhibition of 1851.

Comparison with analogues is essential for this functional study
(Benton, 1988). The shape and outline of the wing compares well with
those of modern birds and small man-made aircraft (Fig. 4.4).
Moreover, the wing loadings, or the weight supported by each square
centimetre of wing, are similarly comparable. Additional evidence
from the development of wing muscles supports the use of these
structures for powered flight. Many pteranodons had wing spans of
7-8 m whereas that of Quetzalcoatlus was about 15 m. It is difficult to
assign another function to these structures.

4.5.2 Paradigm approach

Some authors have argued that the investigative methods available for
adaptive and functional morphology are far from scientific. The para-
digm approach is an attempt to bring a more rigorous scientific
methodology to functional studies. It first postulates one or more
biological functions for a particular structure, and second for each
function an ideal model or paradigm is designed. The model may be
developed as a mathematical or physical construct. Nevertheless these
models must be testable. So, finally, the models are literally compared
‘side by side’ with actuality. Although models may be complex, the
method is relatively straightforward. For example, the brachiopod
commissure can be described in simple mathematical terms (Rudwick,
1964). When open, the gape increases from zero at the hinge to a
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Figure 4.4 Flight performance of the pterosaur wing. (a) The pterosaur wing
has an aerodynamic shape when compared with wings of bats, birds and man-
made fliers, (b) Pterosaur wing loadings plotted against body mass compared
to a range for living birds and man-made fliers. (Redrawn from Benton, 1988.)

maximum (X) at mid-point of the anterior commissure; it decreases
again to zero at the other side of the hinge. The area of gape thus
equals the area of two triangles of sides Y/2 and X, where the length
of commissure is Y and the maximum gape is X. The area available
for intake (A) is thus:

A=X*Y/I2

Particles of harmful detritus of diameters up to X can, however, enter
through the commissure. More nutrients could presumably be inhaled
by increasing the gape between the valves. For example if the gape
was increased to 2X, the area of intake would be correspondingly
increased:

A = X*Y

Unfortunately this would also double the maximum diameter of
detrital particles with access to the mantle cavity. But if the active
length of the commissure was increased keeping the gape constant, a
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much greater volume of nutrient-laden fluid could flow into the mantle
cavity, while large detrital particles would be rejected. Both costation
and plication can significantly increase the working length of the
commissure to say Y’. A new area in intake can be defined:

A” = X*Y’2 where Y'>>Y

But particles in excess of diameter X are excluded. A range of brachio-
pods have costate shells, such as many groups of orthides, spiriferides
and rhynchonellides. The Devonian rhynchonellid Uncinulus even
developed a series of interlocking spines projecting vertically across the
commissure in the form of a sieve. The gape of the shells could be sig-
nificantly increased while particles of sediment were still excluded from
the mantle cavity. Clearly the paradigm is a good working hypothesis
for maximizing inhalent currents through the commissure.

Nevertheless this model does not exclude other functions for the so-
called zig-zag commissure. Costation facilitates a tight fit between the
dorsal and ventral valves, providing protection against desiccation,
predators and sudden turbidity. These corrugated shells are strong and
are commonly found in shallow-water, high-energy environments. Less
likely, is the suggestion that costation mimics the teeth of fishes and
may have acted as a deterrent to potential predators. Costation appears
in a range of brachiopod and bivalve groups as a convergent morpho-
type and clearly had some adaptive significance. Quite different para-
digms can be constructed and tested for these speculated functions
and many may test positive. The paradigm method, although capable
of generating and testing models, need not providg unique solutions
in our investigations.

4.5.3 Experimental palaeoautecology

A number of experimental studies have helped confirm or reject some
putative life modes of fossil organisms. These studies are usually visual,

Figure 4.5 Development of costation in brachiopods; a costate commissure increases the area of valve
opening between the dorsal and ventral valves while access is restricted for detrital clasts. (After Rudwick,

1964.)
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Figure 4.6 Sequential snapshots of the current flow through richthofeniid
brachiopod shells as the dorsal valve flaps; nutrient-laden currents are sucked
in through the mantle cavity, waste material is flushed out. (After Rudwick,
1961.)

easy to interpret and particularly suited for teaching demonstrations.
Ager (1963) and Ager and Wallace (1966) postulated and subsequently
modelled under flume conditions the passage of inhalant and exhalent
currents, coloured with dye, through the shells of a variety of brachio-
pods. The majority of experimental runs suggested that inhalant
currents entered the anterior commissure of the brachiopod and exited
laterally. These flow directions are supported by the position of
epifauna on the front of some brachiopod shells and observations
on living species that orientate forward into currents. Models of the
richthofeniids also simulated feeding currents (Rudwick, 1961),
although the paradigm assumed the flow was generated by the flap-
ping of the dorsal valve (Fig. 4.6). More recent studies have suggested
that this may be incorrect.

Flow in flumes and wind tunnels can be modelled mathematically,
allowing the calculation of drag forces on the skeletons of fossil organ-
isms. The hydrodynamics of swimming ammonoids have been investi-
gated with estimates of drag factors together with comparisons with
living Nautilus. These studies suggest the fossil ammonoids were rela-
tively poor swimmers compared, at least, with fishes (Chamberlain,
1981).

More sophisticated and mobile models have simulated the life modes
of some of the fossils of the mid-Cambrian Burgess Shale; replicas of
these giant and bizarre arthropods from the middle Cambrian have
been put through their paces in swimming pools, demonstrating the
possible locomotion modes of these extinct animals.
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4.5.4 Computer simulation

Computer simulations can improve the understanding of natural
systems by mimicking organic processes. Parameters and sets of rules,
analogous to those in nature, can generate organisms through computer
modelling. Simulation is thus opposite to analysis where the actual
organisms themselves are investigated. Computer simulations add
another dimension to adaptive studies. A large range of possible mor-
phologies can be easily generated from a defined growth programme,
analogous to the genetic control on ontogeny. Nevertheless only a rel-
atively small subset of these morphologies actually occur in reality.

The parameters in any model usually relate to measured variates
and changes in these variates may be analogous to mutations.
Simulations define a morphospace which includes all the theoretically
possible morphologies based on the parameters input. There are two
main types of simulation: deterministic or static models proceed on
the basis of starting conditions, whereas probabilistic or dynamic
models are generated by parameters that may be changed, often
randomly, as the model develops. To date most morphological simu-
lations have favoured the more simplistic deterministic models.

Two main areas of modelling have generated useful results: simula-
tion of shell shape and the simulation of colonial forms. Most valves
of any incrementally grown shelled organism can be modelled as an
expanding cone, either straight or coiled (Fig. 4.7); in fact the ontogeny
of living Nautilus was known to approximate to a logarithmic spiral
in the 18th century. The ontogeny of shells may be modelled on the
basis of four parameters (Raup, 1966):

1. the shape of the generating curve or axial ratio of the shell’s cross-
sectional ellipse (),

2. the rate of whorl expansion per revolution (W),

3. the position of the generating curve with respect to the axis (D); and

4. the whorl translation rate (7).

Shells are generated by rotating the generating curve around a fixed
axis, with or without vertical and horizontal translations (Fig. 4.8). For
example when T = 0, shells lacking a vertical component, such as some
bivalves, planispiral ammonites and brachiopods, are simulated,
whereas those with a large value of T are typical of high-spired
gastropods. Only a small selection of the theoretically possible spec-
trum of shell shapes occurs in nature. More recent work has applied
more complex techniques to simulate ammonite heteromorphs using
a different set of parameters (Okamoto, 1988):

1. the enlarging ratio (E);
2. standardized curvature (C); and
3. the standardized torsion (7).

Much more complex shapes can be generated, and assuming the
shell substance is homogehous, the shell length:living chamber length



L Investigative methods ‘ ‘ 115 '

Figure 4.7 Simulation of the shape growth of shelled organisms: the matrix shows the distribu-
tion of actual shapes for the bivalves, brachiopods, cephalopods and gastropods generated by
the model. (After Raup, 1966.)

is constant throughout ontogeny, the centre of gravity and the floating
position of the animal can be restored. Nevertheless, only a relatively
small percentage of the theoretically available morphospace has actu-
ally been used by fossil and living shelly organisms. Clearly some fields
map out functionally and mechanically improbable or disadvantageous
morphologies; other fields have yet to be tested. These simulations
provide a range of theoretical morphologies suitable for adaptive
studies.

Branching models relate mainly to colonial organisms such as
bryozoans, corals and graptolites, together with plants (Fig. 4.8). Most
models are static, with the mode of branching predetermined by fixed
parameters. Static branching models are based on the iterative addition
of new branches based on a fixed branch length and thickness together
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Figure 4.8 Simulation of branching organisms: examples of branching
morphologies generated during a series of ‘evolutionary runs’. (Redrawn from
Swan, 1990a.)

with a defined angle of dichotomy. Commonly dense overlapping struc-
tures are formed; these can be modified by changing the branch
lengths, the angle of dichotomy or by selecting only some branches
which may also be twisted into a third dimension. More sophisticated
dynamic models may only develop branches when and where appro-
priate, usually to occupy empty space; these models can generate some
very complex organisms based on a few very simple rules.

An element of evolutionary and adaptive modelling can be intro-
duced into such models (Dawkins, 1986) by generating a hypothetical
organism with some mutant descendants; the efficiency of the offspring
may be tested against a set of defined conditions and selected either
for or against (Swan, 1990a).

4.6 ADAPTATION AND PREADAPTATION

Adaptation, as noted above, reflects how well an organism is fitted to
its environment or habitat and how structures or complexes of struc-
tures are best suited for particular functions. Neo-Darwinian philos-
ophy suggests that through natural selection these structures are best
fitted or adapted to fulfil and sustain these functional requirements.
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Figure 4.9 Main rudist morphologies illustrating the constructional mor-
phology of the group: Encrusters (right valve (RV) is attached (AV)): (a)
Diceras, (b) Valletia; left valve (LV) is attached (AV): H. Epidiceras or
Plesiodiceras, 1. Toucasia or Requiena), Elevators (c) Agriopleura, (d)
Hippurites or Hippuritella, (e) Pachytraga or Caprina, Recumbents (f)
Immanitas, (g) Titanosarcolites. (Redrawn from Skelton, 1985.)

Some adaptive features, however, may have first operated in a quite
different context before their eventual deployment. Preadapted struc-
tures, such as the swim-bladder of fishes first used for buoyancy and
then respiration, are not uncommon and the concept of preadaptation
is an important part of both ecological and evolutionary analysis. The
ligament of the aberrant rudist bivalves has been described as a
preadapted structure (Skelton, 1985). The rudists display three main
types of shell morphology related to particular environmental circum-
stances (Fig. 4.9): elevators (tall, conical shells) occurred in turbid water
where their commissure was kept above the sediment-water interface
by rapid upward growth; encrusters (bun-shaped forms encrusted on
the substrate) required a stable surface for attachment; whereas recum-
bents (large, extended shells) were free-lying in shoals on mobile
substrates. The earliest rudists, the diceratids, were encrusters attached
by their right valves to a hard substrate. Commissural growth was
restricted by the external ligament to so called spirogyrate modes. The
progressive shortening and indentation of the external ligament disen-
gaged the rudists from spirogyrate growth programmes, permitting
uncoiling and the possibility of elevated and recumbent strategies.
These latter morphologies explosively diversified in the early Cret-
aceous during a clear adaptive radiation.

4.6.1 Functional thresholds

The development of functions usually takes place against a background
of macroevolutionary change involving the large-scale biological
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improvement of an organism. The adaptation of a structure for a
particular function usually involves the crossing of functional barriers
or thresholds before the structure can perform efficiently. Three main
categories of threshold have been established (Jaanusson, 1981). The
all-or-nothing type describes a morphological discontinuity apparently
crossed by a single evolutionary step; the initial development of artic-
ulatory structures in brachiopods and the fusion of free cheeks in trilo-
bites apparently involved this process. The peak type envisages the
increasing functional importance of a new structure until it supersedes
those structures that previously performed the task; the change in
function of the swim bladder of the fishes from buoyancy regulator to
lung has been cited as an example. The descent type, however, charts
the decline in functional importance of a particular structure permit-
ting a second structure to develop and subsequently assume the same
functional role; the transition from the reptilian to mammalian jaw
may have operated in this way (Benton, 1990)

The transit across functional thresholds provided organisms with a
new opportunities and has also formed the basis for many adaptive
radiations.

4.6.2 Size as an adaptation

According to Cope’s Law, evolving organisms tend towards large size
(Fig. 4.10). Some authors have considered the adaptive dimension of
size change (Stanley, 1973). There are a number of clear advantages
associated with large size: improved ability to both catch prey and
escape predators, greater intelligence and reproductive success,
decreased mortality with increasing size together with increased heat
retention. Giant size can evolve quickly; nevertheless, relatively few
taxa have achieved true giant status. There are probably more
constraints on large size than there are advantages. Suspension-feeding
strategies require massive increases in efficiency to sustain relatively
small increases in size in animals such as the brachiopods, bryozoans,
many echinoderms and many molluscs. Moreover, shelled organisms
require a disproportionately large increase in shell thickness, precipi-
tated from extracted minerals in seawater, to match increase in the
body volume of the animal. Arthropods would have to moult many
times to achieve large size whereas the load-bearing capacity of verte-
brates must be enhanced to cope with the increasing volume and
weight associated with large size.

4.6.3 Heterochrony

Macroevolutionary change, requires a mechanism. Changes in the
developmental rates of an organism, or heterochrony, provides a set
of growth strategies that can achieve significant morphological change
between parent and daughter populations. By altering the relation-
ships between changing size, shape and time, novel morphologies can



Adaptation and preadaptationJ ‘ 119 l

Figure 4.10 Some giant and large animals drawn to scale. (Redrawn from
Benton, 1990.)

be generated along evolving lineages. There are two main groups of
processes: paedomorphosis and peramorphosis. In paedomorphosis
(‘juvenile development’), sexual maturity occurs early, in the more
juvenile stages, whereas with peramorphosis (‘over development’)
sexual maturity occurs relatively late in ontogeny. There are a variety
of heterochronic mechanisms (McNamara, 1986) and most occur as
part of an organism’s regulatory system. Heterochronic changes may,
nevertheless, be adaptive, environmentally driven responses (Fig.
4.11). The peramorphocline established for the evolution of the echi-
noid Protenaster facilitated feeding from finer-grained sediments; the
paedomorphocline described for the brachiopods Tegulorhynchia and
Notosaria followed a regressive track from quiet deep-water to
shallow-turbulent marine environments.

4.6.4 Vestigial structures

Functional analysis can be thwarted by vestigial structures. Organisms
can possess structures with no apparent function; their necessity is
apparently redundant. In humans, the wisdom teeth, ear-lobe muscles
and the appendix, although often variably developed, have no
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Figure 4.11 Heterochronic change: (a) Peramophic evolution of the periporal area of the Cenozoic
echinoid Protenaster to facilitate feeding from finer-grained sediments. (b) Paedomorphic evolution
of the Cenozoic brachiopods Tegulorhynchia and Notosaria related to a move from deep-water quiet
conditions to shallow-water, high-energy environments. (Redrawn from McNamara, 1990.)

identifiable roles and if removed surgically do not affect bodily func-
tions. Not all structures identified in an organism must be functional
and many organisms carry some form of non-functional baggage.
Modern whales still possess small, rod-like hind limbs; their ancestors,
such as the Eocene whales described from the Middle East, have small
hind limbs, which unlike their Palaeocene relatives, could not have
supported the animal on land.

4.7 MORPHOLOGY AND ENVIRONMENT

Throughout geological time organisms have taken advantage of new
opportunities. The development of adaptations has opened up succes-
sive expanses of ecological space. Adaptations are fine-tuned, thus in
broad terms there is a relationship between the overall morphology
of an organism and its environment. The study of adaptation has not
only been fundamental in studies of evolution; approached from the
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other side, analysis of adaptation has provided a significant amount of
data for palaeoenvironmental reconstructions. Adaptation can be
studied across taxonomic groups. This autecological method relies
heavily on a strong taxonomic base and is followed in many palaeon-
tological texts (Clarkson, 1993). Another approach, followed here,
targets adaptations within the context of a number of broad ecolog-
ical-type zones through the six great evolutionary biotas spanning the
Precambrian and Phanerozoic history of the biosphere. There are
many possible ways of classifying organisms in ecological terms (see
Chapter 1). Organisms may be assigned to positions in a trophic web
where there is competition for food and space. Alternatively, organ-
isms can be classified in terms of adaptations for life at the sediment—
water interface, within tiered epifaunal and infaunal systems, within
the water column or oceanic surface waters or on land and in the air.
In this way adaptations are related to the development of environ-
ments through time against a taxonomic background.

4.7.1 Pre-Vendian biota

The Pre-Vendian fossil record is dominated by stromatolites, sheets of
calcium carbonate associated with cyanobacteria. Carbonate material
is trapped and precipitated on the surface of the filamentous bacteria
to generate a distinctive laminated structure. Stromatolites are gener-
ally rare in Archaean rocks, becoming more common during the late
Archaean and early Proterozoic. By the end of the early Proterozoic
a range of stromatolite architectures had developed including strati-
form, columnar, conical, domal and nodular growth forms; during the
mid- and late Proterozoic the columnar growth types diversified. Many
groups of stromatolite were much reduced during the early Cambrian
as burrowing and grazing metazoans together with the meiofauna and
the influx of coarse siliciclastic sediment inhibited and often destroyed
stromatolite growth. The stromatolites provide an example of the
functional morphology of a pre-Phanerozoic design.

Stromatolites were built by photosynthesizing organisms occupying
shallow-water environments within the photic zone. The range of
growth forms shows adaptations to a range of environmental condi-
tions controlled by current and wave energy together with sedimen-
tation rates (Fig. 4.12). These simple morphologies show a very direct
relationship to environmental conditions, indicative of early modes of
adaptation.

4.7.2 Vendian evolutionary biota

The main and most conspicuous elements of the Vendian biota belong
to the Ediacara fauna. The fauna is entirely soft-bodied and was prob-
ably adapted to relatively low oxygen conditions in a variety of usually
nearshore marine environments. The apparently unique morphology
and mode of preservation of the Ediacara fauna led to much debate
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Figure 4.12 Shapes of stromatolites in relation to environment: domal and
tabular forms are related to low and moderate sedimentation rates in
moderate wave-energy conditions. (Redrawn from various sources.)

about the identity and origins of the assemblage. Are the Ediacarans
some of the first true metazoans, or the impressions of an entire
ecosystem populated by quite a different type of organism? Seilacher
(1989) has reinterpreted the fauna in terms of its constructional and
functional morphology. Apart from a distinctive mode of preservation,
the fauna shares the following features: quilted pneu (rigid, hollow,
balloon-like) structures with sometimes additional struts and supports
together with a significant flexibility. If the Ediacara animals are in
fact divorced from the true metazoans and indeed may be grouped
together as a separate grade of organization — termed by Seilacher
and others, the Vendozoa or Vendobionta (Buss and Seilacher, 1994)
— certain generalizations about their anatomy and behaviour, some
speculative, may be made. Reproduction may have been by spores or
gametes, and growth was achieved by both isometric and allometric
modes. The skin or integument had to be flexible, although it could
crease and fracture. Moreover the skin must have acted as an inter-
face for diffusion processes, whilst providing a water-tight seal to the
animal. This stimulating and original view of the fauna, however,
remains controversial. A range of adaptive morphologies has been
recognized in the fauna (Fig. 4.13).

There is little doubt that the Ediacara biotas dominated the latest
Precambrian marine ecosystem, occupying a range of ecological niches
and pursuing varied life strategies probably within the photic zone. It
is also possible that these flattened animals hosted photosymbiotic
algae, maintaining an autotrophic existence in the tranquil ‘Garden of
Ediacara’ (McMenamin, 1986). The ecosystem, however, was domi-
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Figure 4.13 Constructional morphology of bilateral elements of the Ediacara fauna or the Vendobionta.
(After Seilacher, 1992.)

nated by medusoid pelagic animals and attached, sessile benthos;
infaunal animals were sparse; food chains were probably short and the
trophic structure was apparently dominated by suspension- and
deposit-feeders.

4.7.3 Tommotian evolutionary biota

A distinctive assemblage of small shelly fossils (Fig. 4.14), tradition-
ally labelled the Tommotian fauna, appeared at the Precambrian-
Cambrian transition; the assemblage is most extravagantly developed
in the lowest Cambrian stage of the Siberian Platform, the Tommotian,
which gives its name to the fauna. Much is now known about the
stratigraphy and palaeobiogeography of this biota through current
interest in the definition of the base of the Cambrian System.
Nevertheless the biological affinities of many members of the fauna
have yet to be established and, although dominated by minute species,
together with small sclerites of larger species, the biota represents the
first appearance of diverse skeletal material in the fossil record, some
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(a) Aldanella (b) Latouchella (c) Lenatheca (d) Anabarites

(e) Tommotia (f) Fomitchella (g) Lapworthella

Figure 4.14 A Elements of the Tommotian or Small Shelly Fauna (SSF); (a)
X20, (b)-(e) and (g). X15, (f) X40. (Redrawn from Clarkson, 1993.)

10 million years before the first trilobites evolved. These faunas also
provide opportunities to study the functional morphology of early
skeletal metazoans.

This type of fauna is not restricted to the Tommotian Stage; these
fossils are also common in the overlying Atdabanian Stage. The less
time-specific term, Small Shelly Fauna (SSF) was introduced to describe
these assemblages. A variety of phyla united by the minute size of their
skeletal components and a sudden appearance at the base of Cambrian
are now included in the Tommotian fauna. It probably dominated the
earliest Cambrian ecosystems where many metazoan phyla developed
their own distinctive characteristics, initially at a very small scale. Soft-
bodied organisms had developed some protection against predation and
desiccation and support for organs and muscle systems. Functional
interpretations are difficult since many of the elements of the fauna are,
in fact, sclerites of larger animals such as the halkieriids; moreover, there
is still uncertainty regarding the precise identity and affinities of many
cap-shaped shells, such as the helcionelloids, in the fauna. Nevertheless
some of the mollusc-like shells have been functionally analysed and
suggest that these animals pursued a variety of mobile epifaunal
and semi-infaunal life strategies (Peel, 1991); the halkieriids may have
constructed U-shaped burrows with their anterior and posterior shells
covering the entrance and exit to the burrow system.

4.7.4 Cambrian evolutionary biota

During the first 10 million years of the Cambrian Period the Tommo-
tian fauna was replaced by a more diverse biota of larger metazoans,
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participating in more complex communities. The Cambrian fauna was
dominated by low-level suspension feeders such as the nonarticulate
brachiopods and eocrinoids together with monoplacophoran and
hyolith molluscs. Two parazoan groups developed colonial strategies:
the archaeocyathans and possibly the sponges. Colonies tend to
develop iteratively with new iterative units or modules derived by
continuous growth from existing units. The colonial or iterative body
plan thus contrasts with the unitary or solitary life mode of most organ-
isms. A number of groups show clear trends towards a greater
integration of individuals within the colony and in some cases a
differentation of functions across the colony.

Trilobites were the most abundant members of the Cambrian
benthos; in many assemblages over 90% of the animals were trilobites.
Cambrian communities were loosely organized and considerable
experimentation and morphological flexibility were features of many
groups (Hughes, 1994). Cambrian Lagerstéitten such as the Burgess
Shale contain a wide range of apparently morphologically disparate
organisms.

4.7.4.1 Benthos

The Cambrian benthos had already developed a simple tiering system
with two levels of 0-50 mm and 50-100 mm. The lower tier was domi-
nated by archaeocyathans, which formed small reefs together with
echinoderms, nonarticulate brachiopods and sponges; the higher level
included archaeocyathans, echinoderms (eocrinoids and crinoids) and
sponges. Echinoderms were rare but nevertheless included some
bizarre forms such as the helicoplacoids, whereas the infauna was
generally shallow, burrowing close to the sediment-water interface
with the exception of vertical Skolithos burrows, which were often
deep. Reef frameworks were developed early in the Cambrian by the
sponge-like archaeocyathans.

Trilobites dominated the mobile benthos, accounting for over 50%
of Cambrian species. Most were probably detritus-feeders crawling
across or swimming above the sea-floor, whereas some may have lived
in shallow burrows. Both body and trace fossil representatives of the
trilobites are common in Cambrian strata. The functional morphology
of the olenids targets the already sophisticated designs of the Cambrian
trilobita.

4.7.4.2 Nekton and plankton

Relatively little is known of Cambrian nekton. Some molluscs such as
the hyoliths may have been pelagic, together with primitive agnathan
fishes. The Cambrian plankton was more abundant and diverse than
that of the Precambrian oceans. The acritarchs radiated during the
Cambrian, radiolarians occupied tropical latitudes, whereas chitino-
zoans were present in Cambrian plankton but not abundant. Larval
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phases of benthic organisms together with the agnostic trilobites domi-
nated a zooplankton still apparently free of macrophagous predators.

4.7.5 Palaeozoic evolutionary biota

The Palaeozoic evolutionary fauna originated and diversified during
an early Ordovician radiation event. Many of the adaptations high-
lighted in the Palaeozoic marine benthos are associated with soft
substrates. Articulate brachiopods, stenolaemate bryozoans, stalked
echinoderms (crinoids and blastoids), corals, ostracodes diversified
together with graptolites within the water column. Most plankton
groups may have been recruited from the benthos while events within
the plankton ecosystem were shadowed by changes in benthic systems
(Rigby and Milsom, 1996). The vigorous early Ordovician radiation
set the agenda for much of the Palaeozoic; the majority of adaptations
in the invertebrate groups had already been tried and tested by the
end of the Ordovician.

4.7.5.1 Benthos

The low-level Palaeozoic benthos was dominated by fixed suspension-
feeders, mainly the brachiopods supported by the bryozoans and
microcarnivores such as the rugose and tabulate corals. Molluscs were
generally rare, although some bivalve-dominated associations occur
throughout the Palaeozoic and may have inhabited specialized habi-
tats. The sponge-like stromatoporoids were responsible for carbonate
buildups, particularly during the mid-Palaeozoic, when they developed
a range of growth modes including columnar, dendroid, encrusting and
hemispherical forms (Kershaw, 1990).

By the mid-Ordovician, two major groups of anthozoans, the rugose
and tabulate corals, were firmly established as microphages, although
neither ever built substantial reefal structures, lacking many of the
adaptations, such as a basal plate, that helped the scleractinians to
develop as the dominant reef-builders of the Modern fauna.

Palaeozoic corals also advanced the development of colonial or
compound life strategies. Tabulate corals developed only colonial
forms, many fine-tuned for life on a soft substrate; the location, orien-
tation, spacing and development of offsets in the corallites have been
developed in a tool-kit of adaptations for different substrates.

Brachiopods dominated a range of nearshore to shelf-edge environ-
ments, suited to a variety of substrates at a range of water depths in
marine conditions. The group was the principal epifauna of the Palaeo-
zoic. Certain basic aspects of the brachiopod morphology, such as the
presence or absence of a pedicle, had a major contrql on the brachio-
pod life strategy. More subtle features of the animal, for example the
size, shell shape and ornament, also had clear adaptive significance.

Crinoids, together with brachiopods, dominated the Palaeozoic
sessile benthos. The crinoids developed a range of articulatory
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Figure 4.18 Main life strategies of Palaeozoic brachiopods. (After Harper and Moran, 1997.)
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vigorous flapping of the cap-like, upper dorsal valves, although these conical forms prob-
ably fed by the ciliary pump action of the lophophore. These bizarre animals were anchored
in the sediment and supported by a range of ventrally directed spines.

Free-living brachiopods survived at the sediment-water interface by developing large flat
shells (Rafinesquina), high interareas (Cyrtia), extravagant anterior flanges (Stenoscisma),
posterior spines (Chonetes) and rhizoid spines (Aulostega) to aid stability and prevent
submergence.

Infaunal strategies were adopted early in the history of the phylum. The muscular pedi-
cles of many lingulides probably anchored to or were supported on the substrate, allowing
the two valves to construct a U-shaped burrow system. Attached forms such as the majority
of orthides, rhynchonellides, spiriferides and terebratulides dominated many Palaeozoic
faunas, whereas unattached taxa, such as the strophomenides, diversified during the
Ordovician, reaching an acme in the Permian when the spiny Marginifera and
Waagenoconcha together with the coral-like gemmellaroiids and richthofeniids participated
in some of the most bizarre and spectacular benthos to inhabit the oceans. These, rather
than the fixed and infaunal groups, were targeted by the end Permian extinction event.
Perhaps these liberosessile taxa could no longer survive in the bioturbated and bulldozed
marine sediments of the post-Palaeozoic sea bed; moreover, most strophomenides may
have lacked the armour and mobility to join the Mesozoic arms race. In contrast the lingu-
loids continued, successfully, as part of an evolving infauna.

structures allowing the stem considerable flexibility (Fig. 4.19).
Although most crinoids are and were fixed, rheophile organisms, orien-
tating their crowns into the current when feeding, some such as the
Recent comatulid Antedon are mobile or attached by small roots or
cirri, whereas the Jurassic Saccocoma may have been either epiplank-
tonic or part of the free-living benthos.

Evolution, initially, in the crinoids of discoidal holdfasts permitted
attachment to hard substrates; however, the development of more
versatile root-like holdfasts allowed the group to target soft, muddy
substrates commonly located in more offshore environments (Sprinkle
and Guensburg, 1995). This transition between these two types of
attachment structures may have driven a large-scale diversification
of the group and its expansion into deeper-water environments during -
the early Palaeozoic.

Bryozoans diversified during the Ordovician radiation, building
larger and more complex colony types. Initially colonies were low with
few zooids; multistorey complexes were developed to occupy available
space and evolve efficient feeding strategies.

Only a shallow infauna was well developed in the Palaeozoic fauna,
although there were exceptions; it included bivalves, scaphopods, trilo-
bites and crustaceans occupying depths of up to about 100 mm.
Nevertheless, by the early Carboniferous, trace fossil data suggests that
depths of up to 1 m of sediment were penetrated by bivalves. Bivalves
first appeared during the early Cambrian as part of a shallow infauna.
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Figure 4.19 (a) Principal types of ligamentary articulations in echinoderm stems (modified and redrawn from
Donovan, 1983); (b) Free-living Recent Antedon, (c) Ordovician Dictenocrinus rooted to substrate (redrawn
from Harper et al., 1996); (d) Silurian rheophile crinoid attached to a bryozoan. (After Brett, 1984.)

Throughout the Phanerozoic the group has demonstrated a remarkable
spectrum of adaptive morphologies for life above, at and within the
sediment-water interface. Aspects of the Palaeozoic bivalve fauna her-
alded the intense infaunal radiation of the group during the Mesozoic
Marine Revolution, when the group became much more dominant.
Tiered profiles evolved during the Palacozoic (Ausich and Bottjer,
1982). The intermediate-level benthos (50-200 mm) was dominated by



‘ 134 ‘ J Adaptive morphology

Figure 4.20 Bryozoan colonial feeding strategies, direction of currents
indicated with arrows: A. Fenestellid with inward-facing zooecia, B.
Fenestellid with outward-facing zooecia, C. Spiral Archimedes colony,
D. Fan-shaped fenestellid. (Modified and redrawn from Cowen and
Rider, 1972 and Clarkson, 1993.)
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sponges, corals, giant bivalves, giant brachiopods, stalked echinoderms
and fixed dendroid graptolites. High-level sessile benthos (200-500
mm) contained mainly crinoids and blastoids. The stalked echinoderms
concentrated on improving the efficiency of their feeding techniques
with the development of more elaborate calices.

Trilobites continued to dominate the mobile benthos, although
bivalves, gastropods and echinoids locally moved across and through
the sediment. Cephalopod molluscs such as the orthoconic nautiloids
patrolled the benthos, in a role as the main macrophagous predator.

4.7.5.2 Nekton and plankton

Acritarchs, chitinozoans and radiolaria had a dominant place in the
microplankton. Graptolites formed a large part of the macroscopic
plankton and nekton during the early Palaeozoic together with pelagic
and planktonic trilobites; whereas orthoconic nautiloids together with
conodont animals were probably major predators above the sedi-
ment-water interface to be joined by both agnathan and gnathostome
fishes. A few species of small, thin-shelled bivalves and brachiopods
may have pursued epiplanktonic strategies attached to floating organic
material or even volcanic pumice (see Chapter 8).

4.7.6 Modern evolutionary biota

The Modern evolutionary marine biota radiated after the end Permian
extinction event with mobile detritus-feeders both epifaunal and
infaunal dominating the seascapes previously occupied by the sessile
suspension-feeding benthos. The Mesozoic marihe revolution was
apparently driven by an arms race (Vermeij, 1987). Thicker shells and
the ability to burrow deeper were matched by a variety of improved
predatorial skKills including the evolution of more advanced jaw mech-
anisms in groups such as the crustaceans. Moreover specific adapta-
tions such as the evolution of cementation have been related to the
appearance of molluscivorous predators (Harper and Skelton, 1993;
Skelton et al., 1990).

4.7.6.1 Benthos

Low-level sessile benthos (0-50 mm) held the brachiopods, bryozoans,
bivalves, sponges and corals. Intermediate-level sessile benthos
included sponges, corals, giant bivalves and soft corals in a second tier
(50-200 mm). Whereas the high-level sessile benthos contained
crinoids, sponges and soft corals occupying the highest tiers, in excess
of 200 mm. The adaptive radiations and offshore migrations of many
Mesozoic groups corresponded with developments in the Mesozoic
arms race (see Chapter 9).

Post-Palaeozoic brachiopod faunas, together with the crinoids, in
general, moved offshore, occupying deeper-water and more cryptic
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environments in crevices and on submarine cliffs in dark and appar-
ently unpleasant conditions; some developed poisonous tissues. The
majority of brachiopods in the Modern fauna are fixed rhynchonel-
lides and terebratulides attached to a wide variety of large and small
substrates (Surlyk, 1972); the more robust and globose terebratulides
such as Terebratella and probably some species of Tichosina (Harper
et al., 1995) were free to roll on the substrate. Semi-infaunal strate-
gies are less common, however, the living terebratulide Magadina can
move within surface sediment. Despite the extraordinary longevity of
the phylum, the Recent brachiopod fauna has a relatively low diver-
sity, reflecting an apparent evolutionary stasis across the group.
Nevertheless some living brachiopods such as Terebratella have devel-
oped a range of life styles in a variety of habitats (Richardson, 1986);
this genus has adapted to a range of substrates but also developed a
stable free-living strategy.

The Modern bryozoan fauna is dominated by cheilostome and
cyclostome bryozoans. During the early Cretaceous, however, the cyclo-
stome bryozoans markedly declined in abundance while the cheilo-
stomes rapidly diversified (Lidgard et al., 1993). Mechanisms for this
transition in dominance are unclear, although a combination of the rel-
ative interactions of both groups with competitors and predators
together with nutrient sources may have been responsible.

Mobile benthos now included a variety of more familiar inverte-
brates dominated by molluscs and echinoderms. Bivalves had adapted
to a wide range of habitats and pursued a variety of life strategies.
Gastropods, however, also have a wide range of trophic modes across
a spectrum of marine, freshwater and terrestrial environments, with
many gastropods such as Littorina and Nassarius, crawling over either
soft or hard substrates. Echinoids had diverged to develop infaunal
strategies together with a mobile existence at the sediment—water inter-
face.

The shallow infauna included bivalves, scaphopods, crustaceans; the
deep infauna established during the Carboniferous continued and
diversified with bivalves, heart urchins and shrimps dominant.

4.7.6.2 Nekton and plankton

The water columns of the Mesozoic were populated by the fishes and
a variety of cephalopod molluscs including the ammonites and the
belemnites. Both molluscan groups were adapted for speed and
mobility. But by the Cenozoic, following the end Cretaceous extinc-
tion event, the fishes dominated neritic faunas. The planet’s surface
waters continued to supply the base of the food chain with phyto-
plankton such as coccoliths, diatoms and silicoflagellates together with
a zooplankton dominated by foraminifera and radiolarians. Many
megafaunal groups such as the amphipod, decapod and isopod crus-
taceans together with nudibranch molluscs and the annelid and poly-
chaete worms were also probably part of the plankton.
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4.8 SUMMARY POINTS

Adaptation or the fitness of an organism to its environment may
be assessed through the phylogenetic, fabricational, functional and
environmental constraints on its development.

The functional morphology of an organism is investigated by
homologies and analogies with living animals and plants; paradigms
can provide testable models for functions.

Computer simulations for the growth of shelled and branched
organisms generate both theoretical and actual morphotypes; the
functional efficiency of morphologies can be tested.

Many organisms may have preadapted structures; but to make
evolutionary progress organisms must cross functional thresholds.
Giant size may be adaptive.

Heterochrony, with both paedomorphic and peramorphic modes,
may drive adaptive evolutionary changes.

During the late Precambrian and earliest Cambrian, prokaryotes
and early Metazoans such as the Ediacara and Small Shelly Faunas
show a variety of adaptive strategies; colonial growth styles were
pursued by the archaeocyathans.

Palaeozoic benthos, including the brachiopods, corals, stromato-
poroids and trilobites, developed a range of adaptive morphologies
related to various life modes.
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e In the early Palaeozoic water column, graptolites evolved a range
of streamlined morphologies and feeding strategies; amongst the
invertebrates, orthoconic nautiloids were the primary nektonic and
nektobenthic predators.

e During the Mesozoic marine ecosystems were dominated by func-
tional and morphological change associated with the Mesozoic
Marine Revolution or arms race; bivalve and gastropod molluscs
together with echinoids responded to the challenge with greater
armour and deep-burrowing strategies.

o Functional changes and adaptive responses at the population level
can trigger major adaptive radiations and large-scale biological
change.

4.9 FURTHER READING

Benton, M.J. and Harper, D.A.T. 1997. Basic palaeontology. Addison
Wesley, Longman, Harlow. 342 pp.

Briggs, D.E.G and Crowther, P.R. (eds) 1990. Palaeobiology — a
synthesis. Blackwell Scientific Publications, Oxford. 583 pp.

Fretter, V. and Graham, A. 1976. A functional anatomy of inverte-
brates. Academic Press, London.

Gould, S.J. 1989. Wonderful Life. The Burgess Shale and the nature of
history. Hutchinson Radius, London. 347 pp.

Lane, N. G. 1986. Life of the past. Bell and Howell Company,
Columbus. 326 pp.

Lehmann, U. 1981. The ammonites — their life and their world.
Cambridge University Press, Cambridge. 246 pp.

McMenamin, M.A.S. and McMenamin, D.L.S. 1990. The emergence of
animals. The Cambrian breakthough. Columbia University Press,
New York. 217 pp.

McMenamin, M.A.S. and McMenamin, D.L.S. 1994. Hypersea. Life on
land. Columbia University Press, New York. 343 pp.

Manten, S.M. 1977. The Arthropoda. Oxford University Press, Oxford.

Morton, J.E. 1967. Molluscs. Hutchinson, London. 244 pp.

Rudwick, M.J.S. 1970. Living and fossil brachiopods. Hutchinson,
London. 199 pp.

Smith, A. 1984. Echinoid palaeobiology. Special topics in palaeon-
tology. Allen Unwin Inc. London. 190 pp.

4.10 REFERENCES

Ager, D.V. 1963. Principles of paleoecology. McGraw-Hill, New York.
371 pp.

Ager, D.V. 1967. Brachiopod palaeoecology. Earth Science Reviews 3,
157-19s.



’ 144 ‘ I Adaptive morphology

Ausich, W.I. and Bottjer, D.J. 1982. Tiering in suspension-feeding
communities on soft substrata throughout the Phanerozoic. Science
216, 173-174.

Bassett, M.G. 1984. Life strategies of Silurian brachiopods. Special
Papers in Palaeontology 32, 237-263.

Batt, R. 1993. Ammonite morphotypes as indicators of oxygenation in
a Cretaceous epicontinental sea. Lethaia 26, 49-63.

Benton, M.J. 1988. Recent trends in vertebrate palaeontology. In:
Harper, D.A.T. (ed.), William King D.Sc. a palaeontological tribute,
62-79. Galway University Press, Galway.

Benton, M.J. 1990. Vertebrate palaeontology. Chapman & Hall,
London. 377 pp.

Buss, L.W. and Seilacher, A. 1994. The phylum Vendobionta: a sister
group of the Eumetazoa? Paleobiology 20, 1-4.

Carlson, S. 1989. The articulate brachiopod hinge mechanism: morpho-
logical and functional variation. Paleobiology 15, 364-386.

Chamberlain, J.A. Jr. 1981. Hydromechanical design of fossil cephalo-
pods. In: Hquse, M.R. and Senior, J.R. (eds) The Ammonoidea,
289-336. Special Volume of the Systematics Association 18.
Academic Press, London.

Clarkson, E.N.K. 1993. Invertebrate paleontology and evolution.
Chapman & Hall, London. 434 pp.

Clarkson, E.N.K. and Taylor, C. 1995. The lost world of the olenid
trilobites. Geology Today 11, 147-154.

Clarkson, E.N.K., Harper, D.A.T. and Peel, J.S. 1995. The taxonomy
and palaeoecology of the mollusc Pterotheca from the Ordovician
and Silurian of Scotland. Lethaia 28, 101-114.

Conway Morris, S. 1978. A new metazoan from the Burgess Shale of
British Columbia. Palaeontology 20, 623-640.

Cowen, R. and Rider, J. 1972. Functional analysis of fenestellid
bryozoan colonies. Lethaia 5, 147-164.

Dawkins, R. 1986. The blind watchmaker. W.W. Norton, New York.
332 pp.

Dodd, J.R. and Stanton, R.J. Jr. 1981. Palaeoecology, concepts and
applications. John Wiley and Sons, New York. 559 pp.

Fortey, R.A. and Owens, R.M. 1990. Trilobites. In: McNamara, K.J.
(ed.) Evolutionary Trends, 121-142. Belhaven Press, London.

Gould, SJ. and Vrba, E. 1982. Exaptation — a missing term in the
science of form. Paleobiology 8, 4-15.

Grant, R.E. 1966. A Permian productoid brachiopod: life history.
Science 152, 660-662.

Grant, R.E. 1981. Living habits of ancient articulate brachiopods. In:
Broadhead, T.W. (ed.) Lophophorates notes for a short course.
University of Tennessee, Department of Geological Sciences,
Studies in Geology 5, 127-140.

Harper, D.A.T. and Moran, R. 1997. Brachiopod life styles. Geology
Today (in press).



L

References } ‘ 145 ‘

Harper, D.A.T. and Owen, A.W. 1988. The vital statistics of fossils.
Teaching Geology 13, 74-78.

Harper, D.A.T. and Ryan, P.D. 1990. Towards a statistical system for
palaeontologists. Journal of the Geological Society of London 147,
935-948.

Harper, EXM. and Skelton, P.W. 1993. The Mesozoic Marine
Revolution and epifauna; bivalves. Scripta Geologica Special Issue
2, 127-153.

Harper, D.A.T., Doyle, E.N. and Donovan, S.K. 1995. Palaeoecology
and palaeobathymetry of Pleistocene brachiopods from the
Manchioneal Formation of Jamaica. Proceedings of the Geologists’
Association 106, 219-227.

Herbert, M.J., Jones, C.B. and Tudhope, D.S. 1995. Three-dimensional
reconstruction of geoscientific objects from serial sections. Visual
Computer 11, 343-359.

Hewitt, R.A. and Westermann, G.E.G. 1986-1987. Function of
complexly fluted septa in ammonoid shells. I. Mechanical principles
and functional models. II. Septal evolution and conclusions. Neues
Jahrbuch fiir Geologie und Paldontologie Abhandlungen 172, 47-69
and 174, 135-169.

Hughes, N.C. 1994. Ontogeny, intraspecific variation and systematics
of the late Cambrian trilobite Dikelocephalus. Smithsonian
Contributions to Paleobiology 79, 1-89.

Hughes, N.C. and Jell, P.A. 1992. A statistical/computer-graphic tech-
nique for assessing variation in tectonically deformed fossils and its
application to Cambrian trilobites from Kashmir. Lethaia 25,
317-335.

Jaanusson, V. 1971. Evolution of the brachiopod hinge. Smithsonian
Contributions to Paleobiology 3, 33-46.

Jaanusson, V. 1981. Functional thresholds in evolutionary progress.
Lethaia 14, 251-260.

Jones, B. 1988. Biostatistics in palaeontology. Geoscience Canada 15,
3-22.

Kershaw, S. 1990. Stromatoporoid palaeobiology and taphonomy in a
Silurian biostrome in Gotland, Sweden. Palaeontology 33, 681-706.

Kier, P.M. 1982. Rapid evolution in echinoids. Palaeontology 25, 1-10.

Kirk, N. 1969. Some thoughts on the ecology, mode of life and evolu-
tion of the Graptolithina. Proceedings of the Geological Society of
London 1659, 273-293.

Kovach, W. 1993. MVSP Multivariate Statistical Package Plus Version
2.1. Kovach Computing Services, Anglesey.

Lidgard, S., McKinney, F.K. and Taylor, P.D. 1993. Competition, clade
replacement, and a history of cyclostome and cheilostome bryozoan
diversity. Paleobiology 19, 352-371.

Liljedahl, L. 1985. Ecological aspects of a silicified bivalve fauna from
the Silurian of Gotland. Lethaia 18, 53-66.

McMenamin, M.A.S. 1986. The garden of Ediacara. Palaios 1, 178-182.

McNamara, K.J. 1986. A guide to the nomenclature of heterochrony.



‘ 146 ’ ' Adaptive morphology J

Journal of Paleontology 60, 4-13.

Maddison, W.P. and Maddison, D.R. 1992. MacClade. Analysis of phy-
logeny and character evolution. Sinauer Associates Inc, Massachusetts.

Neuman, B. 1988. Some aspects of the life strategies of early
Palaeozoic rugose corals. Lethaia 21, 97-114.

Okamoto, T. 1988. Changes in life orientation during ontogeny of some
heteromorph ammonoids. Palaeontology 31, 281-294.

Peel, J. S. 1991. Functional morphology, evolution and systematics of
early Palaeozoic univalved molluscs. Grgnlands Geologiske
Undersggelse 161, 116 pp.

Pickerill, R.K. and Brenchley, P.J. 1991. Benthic macrofossils as pale-
oenvironmental indicators in marine siliciclastic facies. Geoscience
Canada 18, 119-138.

Ramskold, L. and Hou Xianguang 1991. New early Cambrian animal
and onychophoran affinities of enigmatic metazoans. Nature 351,
225-228.

Raup, D.M. 1966. Geometric analysis of shell coiling: general prob-
lems. Journal of Paleontology 40, 1178-1190.

Richardson, J.R. 1981. Brachiopods and pedicles. Paleobiology 7,
87-95.

Richardson, J.R. 1986. Brachiopods. Scientific American 255, 96-102.

Rigby, S. 1993. Graptolite functional morphology: a discussion and
critique. Modern Geology 17, 271-2817.

Rigby, S. and Milsom, C.V. 1996. Benthic origins of zooplankton: an en-
vironmentally mediated macroevolutionary effect. Geology 24, 52-54.

Rudwick, M.J.S. 1961. The feeding mechanism of the Permian
brachiopod Prorichthofenia. Palaeontology 3, 450-457.

Rudwick, M.J.S. 1964. The function of the zig-zag deflection in
brachiopods. Palaeontology 7, 135-171.

Ryan, P.D., Harper, D.A.T. and Whalley, J.S. 1994. PALSTAT
package. Chapman & Hall, London.

Savarese, M. 1992. Functional analysis of archaeocyathan skeletal
morphology and its paleobiological implications. Paleobiology 18,
464-480.

Scrutton, C.T. 1997. Growth strategies and colonial form in tabulate
corals. Boletin de la Real Sociedad Espanola de Historia Natural
Seccion Geologia (in press).

Seilacher, A. 1989. Vendozoa: organismic construction in the
Proterozoic biosphere. Lethaia 22, 229-239.

Seilacher, A. and La Barbera, M. 1995. Ammonites as cartesian divers.
Palaios 10, 493-506.

Signor, P.W. 1993. Rachet riposte: more on gastropod burrowing sculp-
ture. Lethaia 26, 275- 386.

Skelton, P.W. 1985. Preadaptation and evolutionary innovation. [n:
Cope, J.C.W. and Skelton, P.W. (eds) Evolutionary case histories
from the fossil record. Special Papers in Palaeontology 33, 159-173.

Skelton, P.W. 1990. Adaptation. In: Briggs, D.E.G and Crowther, P.R.
(eds), Palaeobiology — a synthesis, 139-146. Blackwell Scientific



L

Referenceﬂ \ 147 {

Publications, Oxford.

Skelton, P.W., Crame, J.A., Morris, N.J. and Harper, L. 1990. Adaptive
divergence and taxonomic radiation in post-Palaeozoic bivalves.
In: Taylor, P.D. and Larwood, G.P. (eds), Major Evolutionary
Radiations. Special Volume of the Systematics Association 42,
91-117.

Sprinkle, J. and Guensburg, T.E. 1995. Origin of echinoderms in the
Paleozoic evolutionary fauna: the role of substrates. Palaios 10,
437-453.

Stanley, S.M. 1970. Relation of shell form to life habits of the Bivalvia.
Geological Society of America Memoir 125, 1-296.

Stanley, S.M. 1973. An explanation for Cope’s Rule. Evolution 27,
1-26.

Surlyk, F. 1972. Morphological adaptations and population structures
of the Danish Chalk brachiopods (Maastrichtian, Upper Creta-
ceous). Det Kongelige Danske Vidensabernes Selskab Biologiske
Skrifter 19, 57 pp.

Swan, A.R.H. 1990a. A computer simulation of evolution by natural
selection Journal of the Geological Society of London 147, 223-228.

Swan, A.R.H. 1990b. Computer simulations of invertebrate
morphology. In: Bruton, D.L. and Harper, D.A.T. (eds) Micro-
computers in palaeontology. Contributions from the Palaeontological
Museum, University of Oslo 370, 32-45.

Swofford, D.L. 1993. PAUP. Phylogenetic analysis using parsimony.
Illinois Natural History Survey, Champaign, Illinois.

Underwood, CJ. 1994. The position of graptolites within Lower
Palaeozoic planktic ecosystems. Lethaia 26, 198-202.

Vermeij, G.J. 1987. Evolution and escalation. An ecological history of
life. Princeton University Press, New Jersey.

Vogel, K. 1986. Origin and diversification of brachiopod shells: view-
points of constructional morphology. In: Racheboeuf, P.R. and
Emig, C.C. (eds) Les Brachiopodes Fossiles et Actuels. Biostrati-
graphie du Paleozoique 4, 399-408.

Wood, R., Zhuravlev, A.Yu. and Debrenne, F. 1992. Functional
biology and ecology of Archaeocyatha. Palaios 7, 131-156.



Trace fossils

Trace fossils, evidence of the activity of organisms, record the behav-
ioural patterns of fossil animals and plants. They include tracks and
trackways, trails, burrows and borings; some studies also include copro-
lites, faecal pellets and casts. Fossil eggs and bioglyphs made, for
example, by empty shells and bones bouncing over or dragged through
sediment are not usually described as traces, and agglutinated tests
and burrows are considered to be body fossils.

Trace fossils, however, give a unique perspective on the history of
life on the planet. They can potentially signal changes in organic
activity and faunal diversity through time, partly illuminating the
taphonomic shadow created by the very poor representation of soft-
bodied organisms in the fossil record, particularly in terrestrial and
deep-sea environments. Moreover, even the ontogenies of some traces
have been documented in detail and some overall patterns and changes
in behavioural evolution can be tracked through the fossil record.

5.1 INTRODUCTION

About three and a half million years ago the volcano Sandiman
erupted across the lush Savannah of east Africa. Over a few days
several ash falls occurred and following rainfall a whole variety of
tracks and trails, generated by many animals from millipedes to
elephants, was impressed in the mud. The volcanic products from
Sandiman, however, contained a high proportion of carbonatite, which
when mixed with water acted essentially as a concrete. Further ash
falls covered and preserved these tracks and trails. In addition to the
traces of invertebrates and various quadrupeds, the ash preserved some
of the most impressive and significant ichnofossils recorded to date
(Fig. 5.1). Two hominid trackways extend across the ashfall for almost
30 metres, conclusive evidence that two Australopithecus strolled
upright, between volcanic eruptions, across this part of the Savannah
some 3.5 million years ago.

The spectacular terrestrial trace fossils preserved at Laetoli help
illustrate some of their main characteristics. First, most assemblages
have a narrow facies range and typically develop in response to partic-
ular environmental conditions. Secondly, trace fossils usually cannot
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Figure 5.1 Simple but significant: sketch of the outline of the hominid track-
ways through the concreted volcanic ash at Laetoli, East Africa. (Redrawn
from Leakey and Hay, 1979.)

be transported and thus represent evidence of in situ communities.
However, although we have a good idea of the behaviour of the
animals, trace fossils characteristically give us no direct clue as to the
identities of their producers. In many cases, however, the nature of
the progenitors can be approximated by analogy to structures
produced by living organisms; nevertheless, only very rarely is the
maker actually preserved with its trace (Fig. 5.2).

Two main palaeoecological approaches have been followed in trace
fossil studies. First, the palaeobiology of trace fossils involves the
analysis of the behaviour, and more rarely the identity and
morphology, of the trace-maker. Secondly, because many trace fossil
assemblages (ichnofacies) occur recurrently in particular settings asso-
ciated with specific water depths and substrates, palacoenvironmental
reconstructions rely heavily on trace fossil data.

5.2 PRESERVATION AND TAXONOMY OF TRACE FOSSILS

The morphology of a particular ichnofossil is often a function of its
medium and mode of preservation. Quite different morphologies of
the same trace can be generated by preservation in, for example, coarse
or fine clastic rocks or at the interface between both lithologies.
Stratinomic classifications have been devised, therefore, to describe
and identify the relationship of the trace fossil to its casting medium
(Fig. 5.3). Both Seilacher (1964) and Martinsson (1965, 1970) have
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Figure 5.2 A producer in its trail: Trentonia shegiriana (polychaete annelid)
from the mid Ordovician Trenton Group, Quebec City; diameter of coin
19 mm. (Photograph courtesy of R.K. Pickerill.)

erected similar classifications which have been reviewed by Ekdale et
al. (1984), Frey and Pemberton (1985) and Bromley (1996).

Trace fossils are either pre- or post-depositional (Seilacher, 1962).
For example Orr’s (1995) study of the ichnofauna of the Silurian
Aberystwyth Grits recognized pre-depositional components preserved
in the sediment and on the soles of turbidites as secondary casts; this
background or equilibrium community developed in low-oxygen condi-
tions against background sedimentation. Following an influx of
turbidites, post-depositional traces are emplaced with the coarser beds

Figure 5.3 Stratinomic classifications of trace fossils in relation to a sandy
casting medium: Martinsson and Seilacher schemes are compared. (After
Bromley, 1996.)
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Figure 5.4 (a) Single organisms producing a variety of traces: the fiddler crab,
Uca, produces a living burrow (Psilonichnus), a walking trail (Diplichnites),
a grazing trace and faecal pellets. b, c. A variety of organisms producing a
single trace. (b) From top to bottom, bilobed resting trace, Rusophycos
produced by a polychaete worm, a nassid snail, a notostracan branchiopod
shrimp and a trilobite. (c) Complex system of burrows produced by a fish, a
crab and a lobster. (Redrawn from Ekdale et al., 1984.)

related to a freshening of conditions on the seabed. However, as
oxygen levels deteriorate and background sedimentation resumes, the
seabed is recolonized by the pre-depositional community.

The morphology of most trace fossils is sufficiently characteristic to
permit a conventional taxonomic treatment or ichnotaxonomy, based
on detailed description of the trace together with photographs,
diagrams and, if possible, three-dimensional views. Ichnogenera and
ichnospecies are defined, described and illustrated in the same manner
as body fossils although to date no higher taxa have been universally
accepted.

There are, however, a number of basic assumptions which must be
noted in all palaeoichnological studies (Fig. 5.4). First, an individual
organism can produce a variety of different traces by assuming
different behaviours. Second, an individual may produce different
traces through a single behavioural response but in a variety of
different substrates. Third, identical structures may be produced by a
variety of different organisms pursuing the same behavioural response.
And finally, the commensal arrangements of two or more organisms
may generate a single structure.



‘ 152 r ' Trace fossils

It is important to emphasise that the names assigned to trace fossils
usually bear no relationship to the organisms that generate them. Early
confusion through, for example, the association of the lugworm
Arenicola with the U-shaped burrow Arenicolites and the polychaete
Nereis with the meandering burrow structure Nereites obscured many
of the fundamental concepts of ichnofossil taxonomy. Most examples
of both ichnogenera are never generated by Arenicola and Nereis. The
description, nomenclature and classification of traces is therefore an
organism-independent exercise in form taxonomy (parataxonomy).
Thus, for example, although Cruziania occurs in marine envronments
in the Cambrian and nonmarine environments in the Triassic, and
therefore clearly generated by two quite different groups of organ-
isms, both have the shape and form and can appropriately be referred
to Cruziana. Conversely early Palaeozoic trilobites are responsible for
a range of traces such as Rusophycus, Cruziana and Diplichnites; each
trace is morphologically quite different, requiring a separate name,
although possibly at times they were generated by one organism.

Like conventional taxonomy, ichnology has both ‘lumpers’ and ‘split-
ters’; however, relatively few studies have adopted a statistical method-
ology for the description and analysis of trace fossil specimens which
can sometimes also help solve nomenclatural problems (Pickerill, 1994).

5.3 OPERATIONAL CATEGORIES

In practice, ichnofossils are commonly assigned to either traces on
bedding planes, generated at or near the sediment-water interface, or
traces left within the sediment or an associated substrate. The first
category contains tracks, such as the discrete footprints of arthropods
and vertebrates, typical of many continental environments, whereas
trails are continuous structures left by vagile arthropods, molluscs or
worms, dragging their entire body through the sediment. The second
group is characterized by burrows, constructed in soft sediment as
dwellings or during locomotion, feeding or evasion. Borings are made
in hard substrates, commonly, by sedentary organisms and addition-
ally for mineral extraction. Excrement, for example faecal pellets and
strings of shallow-marine invertebrates, and the larger coprolites
produced by fishes and reptiles, are also usually included as trace
fossils. However, eggs and agglutinated burrows are rejected, as are
the bioglyph bounce and roll marks of fossil debris such as shells,
bones and wood.

5.4 TRACE FOSSILS AND THE BEHAVIOUR OF THE
PRODUCER

The association of behavioural patterns and trace fossils was firmly
established by Seilacher’s (1953) behavioural classification, fine-tuned
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a number of times as his categories were expanded and modified and
new categories were added. Seilacher defined five main groups: resting
traces (Ruhespuren), crawling traces (Kriechspuren), browsing traces
(Weidespuren), feeding structures (Fressbauten) and finally, dwelling
structures (Wohnbauten). His Spurenspektren, or trace spectra, simple
piecharts, plotted the relative abundance of these categories across a
range of sediments and environments; deep-water flysch was domi-
nated by browsing traces whereas shallow-water epicontinental seas
had abundant feeding structures. This work formed the basis for more
sophisticated behavioural classifications (Box 5.1, Fig. 5.5) but also
anticipated the use of traces in environmental analysis (Fig. 5.6).

5.5 TRACE FOSSILS AND PALAEOENVIRONMENTS

Many trace fossils and trace fossil assemblages are associated with
particular sedimentary facies (Fig. 5.6). Behavioural patterns through-
out geological time, once established, remained rather constant
although the nature of the producers undoubtedly changed. In marine
and marginal marine environments most emphasis has been placed on
the correlation of trace fossil assemblages to water depth or bathym-
etry. However, other constraints such as desiccation, disinternment,
ambient nutrient and oxygen levels together with generating life
modes, for example whether deposit- or suspension-feeding, may have
been equally as important under certain circumstances.

5.6 MARINE AND MARGINAL MARINE ICHNOFACIES

Initial studies of fossil marine traces assigned burrows and trails to a
variety of worms and seaweeds. However in the late 19th century and
the early 20th century, Alfred Nathorst and Rudolf Richter demon-
strated the true origins of these structures by comparisons with the
traces left by living organisms. Much later in a series of classic and
influential papers, Seilacher (for example, 1964, 1967a) established
the relationships between recurrent associations of marine trace fossils
and changing environmental gradients, mainly water depth. Across an
onshore—-offshore gradient, from intertidal environments to the deep
sea, he described four main associations — the Skolithos, Cruziana,
Zoophycos and Nereites ichnofacies (Fig. 5.6). In addition, the Scoyenia
ichnofacies, later defined by Seilacher (1967a) is characteristic of
terrestrial redbed sequences whereas the Glossifungites ichnofacies
occupies firm, often exhumed, substrates such as dewatered muds.
With the exception of the last, these ichnofacies developed on and
within soft, unconsolidated sediments. The Trypanites ichnofacies,
however, reflects production in hard substrates, such as hardgrounds
and rockgrounds (Frey and Seilacher, 1980); the ichnofacies has been
subdivided into the Gnathichnus and Entobia ichnofacies (Bromley
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Figure 5.6 Distribution of main recurring ichnofacies across a range of envi-
ronmental gradients: typical ichnotaxa include — 1. Caulostrepis, 2. Entobia,
3. Unnamed echinoid borings, 4. Trypanites, 5, 6. Gastrochaenolites or related
ichnogenera, 7. Diplocraterion, 8. Psilonichnus, 9. Skolithos, 10. Diplo-
craterion, 11. Thalassinoides, 12. Arenicolites, 13. Ophiomorpha, 14. Phycodes,
15. Rhizocorallium, 16. Teichichnus, 17. Crossopodia, 18. Asteriacites, 19. Zoo-
phycos, 20. Lorenzinia, 21. Zoophycos, 22. Paleodictyon, 23. Taphrhel-
minthopsis, 24. Heminthoida, 25. Spirorhaphe, and 26. Cosmorhaphe.
(Redrawn from Frey, R.W. and Pemberton, S.G. 1984.)

and Asgaard, 1993). The Teredolites ichnofacies, however, is devel-
oped within wood (Bromley et al., 1984). More recently Frey and
Pemberton (1987) added the Psilonichnus ichnofacies based on traces
associated with sand dunes in both beach and backshore environments.
A range of further assemblages have been defined within these nine
basic ichnofacies by a number of different authors.

5.6.1 Focus on marine ichnofacies

The Skolithos ichnofacies is generally developed in high-energy condi-
tions associated with moving, well-sorted sands, commonly, but not
universally, in shallow water, and includes a variety of vertical, uni-
serial or U-shaped burrows with circular cross-sections. The ichno-
facies is usually of low diversity, dominated by abundant burrows of
suspension-feeders (Fig. 5.7). Pipe rocks, sandstones permeated by
Skolithos pipes or tubes, are particularly well developed in the
Cambrian rocks of the NW Highlands of Scotland and in Silurian strata
in the west of Ireland and southern Norway.
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Figure 5.7 Skolithos ichnofacies: typical ichnogenera include — 1. Ophio-
morpha, 2. Diplocraterion, 3. Skolithos and 4. Monocraterion. (Redrawn from
Frey, R.W. and Pemberton, S.G. 1984.)

The Cruziana ichnofacies is best developed below normal fair-
weather wave base in well-sorted silts and sands, accumulating in low-
energy environments. This ichnofacies is widely developed in estuarine,
lagoonal and shelf environments where conditions are relatively quiet.
Mainly crawling traces with some inclined burrows characterise this
ichnofacies where both suspension and detritus feeders are joined by
mobile carnivores (Fig. 5.8).

Quiet-water and presumably adequate nutrient conditions on the
outer shelf and slope favour the Zoophycos ichnofacies. The facies is
dominated by relatively complex but efficient feeding and grazing trails

Figure 5.8 Cruziana ichnofacies: typical ichnogenera include - 1. Asteriacites,
2. Cruziana, 3. Rhizocorallium, 4. Aulichnites, 5. Thalassinoides, 6. Chondrites,
7. Teichichnus, 8. Arenicolites, 9. Rosselia and 10. Planolites. (Redrawn from
Frey, R.W. and Pemberton, S.G. 1984.)
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Figure 5.9 Zoophycos ichnofacies: typical ichnogenera include — 1. Phyco-
siphon, 2. Zoophycos and 3. Spirophyton. (Redrawn from Frey, R.W. and
Pemberton, S.G., 1984.)

of deposit-feeders with spreiten as sheets or spirals. Although the ichno-
facies is typically developed in deep-water settings from the deep shelf
to the upper continental slope (Fig. 5.9), Zoophycos and some of its
associates occupy both shallower and deeper water environments where
similar environmental conditions prevailed (for example lagoons).
Zoophycos although ranging from the Cambrian upwards occurs com-
monly throughout the Jurassic, Cretaceous and Tertiary of Europe in
deep-water settings, generated by a specialized deposit-feeder below the
redox boundary in the sediment, preferring low-oxygen conditions.
The Nereites ichnofacies is developed on and in quiet but moder-
ately well-oxygenated seabeds, usually at bathyal and abyssal depths.
The facies is common in flysch sequences and comprises diverse
crawling and grazing trails and networks (agrichnia) which may have
trapped or farmed food (Fig. 5.10). The trails and networks are usually

Figure 5.10 Ichnotaxa of the Nereites ichnofacies: typical ichnogenera include
— 1. Spirorhaphe, 2. Urohelminthoida, 3. Lorenzinia, 4. Megagrapton, 5. Paleo-
dictyon, 6. Nereites and 7. Cosmorhaphe. (Redrawn from Frey, R.W. and
Pemberton, S.G. 1984.)
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mutually exclusive; the Nereites and Paleodictyon subfacies were, in
fact, erected to express their separate distributions. Spectacular exam-
ples of the Nereites ichnofacies are associated with the late Cretaceous
and Tertiary synorogenic flysch deposits of the Alpine belt.

Deep-water trails commonly exhibit a range of behavioural patterns:
phobotactic trails never cross previous parts of the same trail or each
other, strophotactic trails are generated by a succession of repeated
180° turns, with variable meander lengths, and thigmotactic trails
remain in contact with each other, often developed as planar spirals
without meanders (see also Box 5.2).

Some authors have extended the set of depth-related marine ichno-
facies, established for siliciclastic environments, to carbonates. There
are, however, some contrasts between carbonate and siliciclastic ichno-
facies. Carbonate facies are rapidly lithified with the common devel-
opment of hardgrounds and firmgrounds. The lack of sediment colour
can prevent the immediate recognition of trace fossils, while many
environments such as alluvial, glacial and deep-sea settings are not
recorded in carbonate facies. Moreover in terrestrial carbonate facies
the traces of plants roots, or rhizomorphs, are widespread.

5.7 BIOLOGICAL ACTIVITY AND ICHNOFABRICS

The behaviour of organisms can significantly alter the initial structure
of sedimentary deposits by biological cementation, degradation,
reworking, and production of sediments. Bioturbation of sediments
occurs at a variety of levels with varieties of penetration and pervasion
giving the rocks a distinctive new fabric or ichnofabric. The ichno-
fabric developed in a sediment thus records considerable ecological
information; however, as in the case of the preservation of body fossils
the data can be biased by taphonomic factors. For example, deep
discrete burrows, carefully constructed, have a better chance of preser-
vation than say random surficial trails. Ichnofabrics must be investi-
gated by sections cut perpendicular to bedding (Droser and Bottjer,
1986); this method is particularly suited to the analysis of core material.

The ichnofabric of a sediment usually preserves infaunal tiers of
trace fossils analogous to the epifaunal tiers of benthos above the
substrate. Eight tiers have been described from the upper Cretaceous
Chalk from Denmark (Fig. 5.13). The shallowest tiers are dominated
by trails such as Planolites and various shallow burrows, whereas the
deepest are occupied by small ichnospecies of Chondrites. There is
apparently an inverse relationship between the preservation potential
of fabrics and the amount of bioturbation in vertical sections. In the
same vertical transect bioturbation decreases from 100% at the surface
to 0.05% in the deepest tier; whereas the degree of bioturbation
preserved varies inversely from 0% at the surface to 100% at depth.

Ichnofabrics have been semi-quantified on a scale of 1-6, from a lack
of bioturbation to a sediment homogenized by bioturbation (Fig. 5.14).



’ 160 } l Trace fossils




Biological activity and ichnofabrics | | 161 |

Figure 5.13 Development of a tiered Chalk ichnofabric. (After Bromley, 1996.)

Indices can be standardized in terms of the thickness of rock measured
and plotted on a customized histogram or ichnogram (see Fig. 5.15).
Standardized data on the degree of bioturbation in strata can be studied
through time and across different environments as an aid to changing
trends in animal abundance and behaviour in sediments.

The investigation of ichnofabrics also provides windows through
which to monitor the development of community succession and distin-
guish between opportunist and equilibrium ichnotaxa. In shallow-water
environments Skolithos is a common opportunist, although it may also
occur in more mature ichnocoenoses (Droser and Bottjer, 1990).
Chondrites together with Zoophycos commonly form opportunist
assemblages in low-oxygen environments. However, as the substrate
stabilizes a more complex and mature ichnofabric is developed, with
deeper tiers established over intervals of about 10-20 years. The climax
ichnocoenosis is dominated by complex burrows constructed over some
time by specialized feeders. Intermediate between the climax ichno-
taxa and the opportunists are common ichnotaxa such as Planolites,
Scolicia and Thalassinoides.

Tiered ichnofaunal systems together with community successions
produce cross-cutting relationships. The stratigraphical completeness
of succession may be assessed with reference to these profiles (Wetzel
and Aigner, 1986). In a typical profile ichnofossils are arranged in tiers
usually constructed as sediment is accreted; there may be some erosion,
redeposition and casting of trace fossils. In sequences, however, where



’ 162 ‘ [ Trace fossils

Figure 5.14 Recognition of ichnofabric from 1-5 developed in shelf facies
(left), in the high-energy nearshore facies dominated by Skolithos (middle)
and high-energy nearshore facies dominated by Ophiomorpha. (Redrawn from
Bottjer and Droser, 1992.)

more intense erosion occurs, the truncation and casting of specific tiers
are useful in estimating the depth of erosion in the sequence and the
overall completeness of the profile. For example tiers, in the Upper
Muschelkalk of southern Germany, with increasing depth are occupied
by Rhizocorallium, Planolites, Teichichnus and Thalassinoides. Cast
and truncated Thalassinoides burrows indicate a deep erosional event
whereas those of Rhizocorallium suggest a less invasive surge (Wetzel
and Aigner, 1986).

5.8 FROZEN PROFILES

The sequential development of habitat partitioning in a tiered profile
can be reconstructed with reference to the cross-cutting relationships
between elements of the ichnofauna, together with, or as an alternative
to assessment of their relative depths of penetration. Fortuitously,
however, sudden changes in the environment may prompt an evacu-
ation of the profile, leaving the tiers intact. These frozen profiles are
clearly an important source of ichnological information, having
avoided persistent and pervasive bioturbation. Rapid deoxygenation,
for example, can force the migration of faunas from the profile.
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Figure 5.15 Measurements of ichnofabrics: a schematic stratigraphical section
has been logged for ichnofabric indices (left) and converted to an ichnogram
(right). (Redrawn from Bottjer and Droser, 1992.)

Sedimentary processes, however, may also determine and preserve a
frozen profile. Interchannel deposits from middle-fan environments in
the Lower Carboniferous of Menorca host two-tiered profiles (Fig.
5.16) with Nereites underlain by Dictyodora which can be accompanied
by Arthrophycus. These profiles are preserved by the deposition of an
overlying event bed which prompted the relocation of the indigenous
infauna (Orr, 1994).

5.9 BIOEROSION

Many organisms living on or within a hard substance modify and even
destroy their substrate. This process of bioerosion may be achieved
at all scales by a variety of different functions through a variety of
different organs. Bioerosion is usually restricted to attacks on hard sub-
strates such as rocks, lithified sediments or skeletal material. Although
some borers such as piddocks rasp and grind their way into the sub-
strate, most use some form of chemical solution to construct passages.
Unlike traces in soft substrates, borings often show some indications
of their makers and thus the fossilization barrier is not so relevant in
the description of the boring traces. Organisms living on a hard sub-
strate have been classified as epiliths whereas endoliths live within this
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Figure 5.16 (a) Concepts in the interpretation of a tiered profile: A. Each tier
is defined by the mutual intersection of traces unique to that tier; B. With
sediment accretion the upward relocation of the fauna results in the super-
position of the lower faunas on those in the higher tiers. (Redrawn from Orr,
1994.)

(b) A © membersoftiera  shallow B
> : tier
S}' members of tier b o
. " & o
z\members oftierc  deep tier g d v
Y
t<d g t<d _)%/missmgner
— >["g
g
t
.7 1‘ A .7 A
v v
d ty t<d d g t<d =
S
AN v AN\ g
el Al N
thickness (t) of c‘; thickness (t) of \é/\i missing tier
event-bed deposited ¥ event-bed deposited A chnofauna may
1\\ be cast on sole

Figure 5.16 (b) Models for the preservation of frozen profiles: A. During
passive deposition where there is no erosion of the underlying sediments by
the succeeding beds; B. Situation where the event bed has an erosive base
with the removal of the upper part of the underlying bed with possible casting
of ichnofauna exposed on the sole of the event bed. d = thickness of the tiered
profile, t=thickness of event bed; where t<d modification of the frozen
profiles occurs with the superposition of deeper on shallower tiers, where t>d
the entire frozen profile is preserved. (Redrawn from Orr, 1994.)

substrate. Golubic et al. (1981) have refined this crude classification to
include passive nestlers in existing cavities or cryptoendoliths, active
cavity borers or euendoliths and the chasmoendoliths, occupying
minute, natural fissures. To date infaunas dominated by borers are
relatively poorly known. Nevertheless these faunas apparently radiated
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extravagantly during the Mesozoic, thus avoiding the attentions of
diversifying marine predators during the era. During the Jurassic, var-
ious borings by bivalves and sponges became increasingly important,
particularly in reef environments where they form a significant part of
hardground communities.

Some of the principal taxa with bioeroding members are listed in
Box 5.3. Most of the borings fall into three behavioural or ethological
groups: domichnia, fodinichnia and pascichnia, the organisms mainly
producing dwellings or feeding and grazing trails. Bromley (1970) has
reviewed in detail many of the commoner boring organisms.

5.10 TERRESTRIAL ICHNOFACIES

Terrestrial ichnofacies, although usually assigned to a single ichnofa-
cies (the Scoyenia ichnofacies), contain a spectacular variety of traces
generated by a huge range of organisms, and are probably as diverse
as their marine counterparts. Invertebrates, particularly the arthro-
pods, together with both the tetrapod and bipedal vertebrates have
left a variety of tracks and trails reflecting a diversity of behavioural
patterns. Several authors have attempted to define further non-
marine ichnofacies (for example, Buatois and Mangano, 1995). The
Termitichnus ichnofacies is characterized mainly by the dwelling
burrows of invertebrates, and vertebrates together with traces left by
plants in terrestrial sediments. Termite, bee and beetle nests are typical
ichnofossils. The Mermia ichnofacies is defined to include grazing trails
and other feeding traces usually developed in freshwater aquatic
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Figure 5.17A Tiering of bioerosion trace fossils arranged in eight tiers, 1-8, characterized by the following
ichnotaxa: A. Radulichnus inopinatus, B. Centrichnus eccentricus, C. Podichnus centrifugalis, D.
Gnathichnus pentax, E. Renichnus arcuatus, F. Spathipora pungens, G. Algoid microborings, H. Rogerella
lecointrei, 1. Entobia cateniformis, J. Entobia ovula, K. Talpina ramosa, L. Caulostrepsis taeniola, M.
Conchtrema canna, N. Entobia magna, O. Maeandropolydora decipiens, P. Trypanites solitarius, Q. Entobia
gigantia, R. Gastrochaenolites lapidicus, S. Gastrochaeonolites torpedo. (After Bromley, 1992.)

(a) (b)

©

Figure 5.17B Some boring ichnotaxa: (a) Teredolites
in wood, (b) Oichnus paraboloides in bivalve shell,
(c)Oichnus simplex in bivalve shell; all material from
the Pliocene Bowden Shell Bed, Jamaica, scales indi-
cated. (Photographs courtesy of R.K. Pickerill.)
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environments whereas the Scoyenia ichnofacies is confined to transi-
tional terrestrial-aquatic nonmarine environments such as floodplains
and ephemeral lakes. But many more terrestrial ichnofacies remain to
be recognized and defined (Buatois and Mdngano, 1995).

5.10.1 Invertebrate traces

Many invertebrates such as arthropods and molluscs leave tracks and
trails in nonmarine environments. In fact about 15 animal phyla are
represented in aquatic and terrestrial environments and the majority
contain groups with the potential to leave traces in one form or
another. Nonmarine arthropods, such as insects, spiders and myriapods
have left a variety of terrestrial traces (Donovan, 1994). The traces of
myriapods dominate the mid-Palaeozoic record, although by the
Permian, ichnofossils attributed to spiders and beetles had joined
myriapod-generated ichnofacies.

The environments and ichnology of dune fields are now known in
considerable detail and illustrate the diversity of organisms and traces
in a relatively inhospitable set of continental environments. A wide
range of organisms including ants, beetles, flies, spiders and wasps
together with gastropods and toads have constructed burrows in three
separate environments from the dry interdune, through the dune itself
to the wet interdune.

Some of the oldest, non-controversial nonmarine traces have been
recorded from rocks of late Ordovician to early Devonian age, inti-
mately associated with the early stages of the colonization of the land
(see Chapter 10).

5.10.2 Vertebrate tracks

Reptilian footprints have been recognized for a long time. By the mid-
1820s footprints had been reported from the red Permian sandstones
of northeast Scotland by the Reverend Henry Duncan and during the
1830s the Reverend William Buckland was already simulating fossil
footprints by marching turtles across piecrust. The following terms are
used in the description of vertebrate footprints: manus — front foot of
a quadruped; pes — back foot of a quadruped or biped; stride — distance
between two prints made by same foot; pace — distance between prints
made by two opposite feet; pace angulation — angle made by two
sequential paces; and gait — style of lomotion (Fig. 5.18).

Footprints may be the only evidence of vertebrates. For example, few
tetrapods and reptiles have been described from the Devonian and the
Permo-Trias, respectively, yet many different types of tracks and track-
ways have been documented in rocks of these ages from many parts of
the world. Most Cenozoic tracks can be assigned to particular animals
since living representatives may be easily identified. Mesozoic tracks are
more difficult to identify and most Palaeozoic tracks, having no modern
analogues and few associated pedal bones, defy confident assignment.
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Figure 5.18 Basic terminology for vertebrate tracks demonstrating the
different shapes and sizes. (Modified and redrawn from Lockley, 1991.)

Sauropods

The study of dinosaur tracks, the impressions left by the feet of
dinosaurs, has now become an important part of palacoichnology (Fig.
5.19). Description and analysis of these vertebrate footprints have
significantly added to our understanding of the individual and social
behaviour of the dinosaurs, the environments where they lived and
also to the patterns of evolution within the Dinosauria (Lockley, 1991).

Dinosaur tracks and trackways are now known from over a thousand
locations worldwide in rocks of Triassic-Cretaceous age. Study of
tracks and trackways can establish the speed and direction that
dinosaurs were moving at a given time. The mode of !ocomotion,
whether walking, running or swimming, can be determined whereas
the data from the trackways may describe the herding behaviour of
many species together with their migration patterns. Herding behav-
iour was established early in the history of the carnivores, brontosaurs
and some ornithopods such as the iguanodontids and the hadrosaurs.
Community census based on analysis of footprints is possible and the
sizes and shapes of tracks and trackways can aid palaeoenvironmental
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Figure 5.19 Characteristic footprints of the main dinosaur groups related to
a phylogeny of the group. (Modified and redrawn from Lockley, 1991.)

reconstructions. Small and large lakes together with river bank and
coastal plain settings have been discriminated on the basis of the
length, width and shape of dinosaur trackways (Fig. 5.20). Small
circular trackways were probably generated in and around small playa
lakes, whereas the long trackways stretching up to a thousand kilo-
metres represented marches along coastal plain environments.

To date, the longest dinosaur documented trackways in the world
have been described from localities in the Purgatoire River, Colorado.
Over 100 different trackways have been recorded including about 1300
individual footprints across 340 metres on a single bedding plane of
the upper Jurassic Morrison Formation (Lockley et al., 1986). The
tracks are preserved in lake sediments characterized by fluctuating
water levels and probably mark the edge of the lake. Giant sauropods,
and both bipedal ornithopods and theropods marched west-northwest;
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Figure 5.20 Environmental matrix for size and shape of trackways — size and
shapes of the trackways are related to different environments including
localised trackways in rivers, playa lakes, large circular trackways in large
lakes, and ribbon belts associated with marine marginal, and swamp envi-
ronments. (Replotted from Lockley, 1991.)

the sauropods moved in herds perhaps during long migrations or in
search of plants and trees. However, the herds were patrolled by preda-
tory theropods; comparisons of the relative numbers of carnivore and
herbivore tracks suggest a predator-prey ratio of 1:30.

5.10.3 Animal-plant interactions

The interactions between plants and animals are dominated by the
relationships of insects and plants; many of these relationships have
existed for many millions of years and have formed the basis for the
co-evolution of many insect—plant couplets (Scott, 1992). A variety of
interactions ranging from feeding through shelter, transport, repro-
duction to transmission of disease are apparent in living ecosystems;
some may generate traces preserved in the fossil record. A range of
interactions is apparent in modern vegetation (Fig. 5.22). Feeding
traces are the most common and recognizable evidence of interactions
in fossil material. Nevertheless there is little evidence of widespread
herbivory before the Cretaceous, although evidence of simple and
continuous marginal feeding dates back to the Carboniferous, as do
wood borings (Fig. 5.23).

5.11 EVOLUTION OF TRACE FOSSILS

The facies controls on trace fossils have ensured they are good envi-
ronmental indicators but not good zone fossils. Nevertheless a few
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horizons are characterized by specific assemblages of some biostrati-
graphical value. A spectacular example is their use in the definition
and correlation of the Precambrian-Cambrian boundary (Landing,
1993). Basal Cambrian rocks are characterized by the first complex
feeding burrows and trilobite trails together with the impressions of
cnidarians (Crimes, 1987; Crimes et al., 1977). The boundary is placed
between the Harlaniella podolica trace fossil zone, with unique forms
such as Harlaniella, Nenoxites and Palaeopascichnus and the Phycodes
pedum trace fossil zone with more familiar ichnotaxa such as
Arenicolites, Conichnus, Monomorphinus, Nereites, Protopaleodicton
and Skolithos. More local correlations have been attempted with
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Figure 522 A variety of interactions between arthropods and plants in
modern vegetation. (Redrawn from Scott, 1992.)

specific groups of ichnotaxa, for example Cruziana (Seilacher, 1977)
with limited degrees of success. These diverse Cambrian assemblages
contrast with the rarity of traces in the Vendian but also with the
short-lived and sometimes unusual forms associated with Ediacara
faunas. The late Precambrian may have hosted a series of failed evolu-
tionary experiments amongst the mobile metazoans, while the early
Cambrian assemblages were much more diverse and subjected to
macropredation (Crimes, 1994)

Although the main types of trace fossil assemblages have remained
more or less constant throughout geological time, there is some
evidence that certain behavioural patterns have evolved (Seilacher,
1967b, 1986). In broad terms some authors consider that Cambrian
deep-water ichnofacies are poorly organized, with inefficient, loose
feeding trails, focused on concentrated nutrient sources on the seabed
and often resembling pencil scribbles. However, by the Ordovician
Nereites-type trails are more regular and disciplined in form. The
Cretaceous and Tertiary deep-water trails have the perfect patterns of
Helminthoida suggesting organisms were meticulously and efficiently
mining a soft substrate with limited nutrient resources.

Three major trends, however, have been described in trace fossil
evolution throughout the Phanerozoic. First there is an apparent
increase in ichnofaunal diversity with time during the early Palaeozoic;
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Figure 5.23 Stratigraphical ranges of animal-plant interactions: 1. Leaf showing simple marginal feeding,
2. Leaf showing continuous marginal feeding, 3. Leaf showing terminal feeding, 4. leaf showing interrupted
marginal feeding, 5. Leaf showing nonmarginal feeding, 6. Leaf showing surface feeding, 7. Leaf showing
skeleton feeding, 8. Wood boring, 9. Bark boring, 10. Leaf galls, 11. Sinuous leaf mines, 12. Leaf blotch
mines, 13. Coprolites containing plant material, 14. Caddis-fly case. (Redrawn from Scott, 1992.)

second, there is an increase in the depth of infaunal penetration and
the complexity of tiering and third, a move, for some ichnotaxa, from
onshore to offshore environments.

Through the early Palaeozoic there is an increase in trace fossil
diversity, tracking the changing biodiversity of body fossils as life radi-
ated to occupy new ecological niches and explore new living strate-
gies. A standard shallow-marine ichnofacies in the Cambrian probably
contained about 15-20 ichnospecies, a diversity which has remained
fairly stable since its establishment. But in deeper-water settings
Cambrian Nereites ichnofacies are commonly of low diversity, with
only about five ichnospecies; this facies is greatly expanded by the
Silurian when, commonly, 10 ichnospecies are typical of assemblages
of Silurian to Jurassic age; from the Cretaceous to the present day
many Nereites ichnofacies have a maximum of about 30 ichnospecies.
There are, however, many exceptions to this general trend; for example
Crimes and Crossley (1991) described 45 ichnospecies from deep-water
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flysch in the Silurian of Wales. Similarly high-diversity assemblages
have been described from Ordovician flysch in New Brunswick
(Pickerill, 1980). These modal figures may thus only be very rough
guides or, like the marine invertebrate record, a maximum diversity
may have already been achieved during the early Palaeozoic.

Infaunal tiering has increased in depth and complexity corresponding
to changes in the height and sophistication of tiers within the epifaunal
benthos above the sediment-water interface. During the early
Palaeozoic infaunal traces penetrated depths of up to about half a
metre; moreover during this interval there was a marked increase in
bioturbation which migrated offshore. By the Permian, tiers occupied
depths of up to a metre and in the Cretaceous sophisticated systems
were developed at depths of over a metre. Again there are important
exceptions that suggest deep infaunal life modes had already devel-
oped during the early Palaeozoic.

Some specific ichnofaunas have apparently migrated offshore
through geological time. Bottjer et al. (1988) focused on the changing
distributions of Ophiomorpha and Zoophycos with time. The three-
dimensional branching burrow system of Ophiomorpha first appeared
in nearshore environments during the early Permian; however, by the
late Jurassic it was participating in inner-shelf ichnofacies and during
the late Cretaceous Ophiomorpha was generated in slope and basin
environments. The complex spiral Zoophycos characterizes inner shelf
environments during the early Ordovician and appears to have
preferred these settings throughout much of the Palaeozoic. But during
the Tertiary Zoophycos occupied deep-water slope and basinal envi-
ronments. Many other ichnofossils appear to follow the same general
trends. Palaeodictyon occurs in shallow-water environments during the
early Cambrian but quickly migrated to deep-water settings. Similarly
Scolicia appeared first in near-shore settings in the Jurassic but had
moved to deep-sea fans by the end of the Cretaceous. This dynamic
pattern of change is remarkably similar to that reported for macro-
fossils.

There are, however, alternative models. The movement of deep-
water ichnotaxa seaward from their origins in shallow water may signal
large-scale migrations or retreats into deeper water, rather than the
range expansion of these ichnofacies, while most deep-sea traces had
already evolved a high degree of development by the Cambrian with
little major change apparent throughout the rest of the Phanerozoic
(Crimes and Fedonkin, 1994).

Evolutionary trends are less well known in terrestrial ichnofacies.
Nevertheless vertebrate community evolution can be monitored
through the evolution of tracks and trackways, in deposits where trace
fossils are much more abundant than body fossils (Lockley et al., 1994).
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Figure 5.24 Comparative trends through Phanerozoic: changing ichnofabric
indices through time (top), changing marine familial diversity through time
based on Sepkoski’s evolutionary faunas (middle) and changing depth of
infaunal tiers through time (bottom). (Replotted from Bottjer and Droser,

1994.)

5.12 SUMMARY POINTS

e Trace fossils are evidence of the activity and behaviour of organisms.

e Ichnotaxa are diagnosed and described on the basis of the
morphology of the trace and are named according to Linnaean
rules in terms of ichnogenera and ichnospecies. Trace fossils are
also classified according to modes of preservation and the behav-
iour of their producer.

e One organism may be responsible for a variety of morphologically
different traces while several organisms may construct similar or
identical traces.
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e Marine environments are characterized by a spectrum of ichnofa-
cies developed across an onshore-offshore gradient: the Skolithos,
Cruziana, Zoophycos and Nereites ichnofacies generally range in
order from shoreface to basinal facies.

e Total bioturbation may be quantified by ichnofabric indices; these
indices may used to elucidate bioturbation trends through time.

e Many sedimentary successions contain tiered profiles of trace fossils
reflecting a varied and evolving infauna. Frozen profiles can
preserve tiers while their variable taphonomy can aid measure-
ments of stratigraphical completeness.

e Many groups of animals have contributed to bioerosion leaving a
range of trace fossils in a variety of hard substrates often in tiered
profiles.

e The analysis of vertebrate tracks has provided significant windows
on the behavioural patterns, community structures and evolution
of the dinosaurs together with a further tool for palaeoenviron-
mental analysis.

e Animal and plant interactions have been recorded in fossil vege-
tation from the Devonian onwards, although the majority of
evidence is from late Mesozoic and Cenozoic floras.

e Many ichnotaxa have migrated seaward with time, while there was
an increase in diversity of trace fossils and an increased depth of
penetration and complexity of infaunal tiering during the early
Palaeozoic.
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Fossils as environmental
indicators

Earlier chapters have shown the various ways in which fossils provide
evidence of the environment in which they had lived. This evidence
is synthesized in this chapter to show how fossils may help to identify
specific environments along a nearshore to deep-basin profile and envi-
ronments with low oxygen or high or low salinity. Fossils also yield
important evidence about the firmness of the substrate and sedimen-
tation rates which can be used in sequence stratigraphy to analyse the
development of sedimentary sequences.

6.1 EVIDENCE USED IN ENVIRONMENTAL ANALYSIS

Sedimentary information is the key evidence for environmental inter-
pretation in many circumstances. Observations on composition, grain
size, sorting, bed thickness and sedimentary structures allow the
discrimination of sedimentary facies which are a reflection of the depo-
sitional environment. The associated fossils may, at the very least, help
to confirm or refine the interpretation made on sedimentological
evidence. However, in some situations palaeontological evidence may
be critical. For example, it is commonly difficult to discriminate
between packets of cross-stratified sandstones formed in fluvial, tidal
or even aeolian environments and fossils may prove to be the vital
evidence of a marine or a fresh-water environment. More generally,
fossils are particularly important in discriminating between different
mudstone facies which yield little sedimentological information. The
bathymetry of muddy shelves in particular can be reconstructed mainly
from their biofacies and amongst carbonate environments the discrim-
ination between lagoonal micrites and those micrites deposited in deep
water may depend on the contained fauna. In addition to the evidence
of depositional environment that comes from fossils, they may also
yield information about the firmness of the substrate, rates of sedi-
mentation (Chapter 2), and palaeolatitude (Chapter 8). The special
characteristics of some carbonates are discussed in a later section. It
is important to bear in mind that the most comprehensive environ-
mental analyses are those based on the combined evidence from the
physical sedimentology, the faunal content, the ichnofauna and
geochemistry, where appropriate.
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In the following sections the palaeontological evidence for discrim-
inating between environments is reviewed in the context of onshore
to offshore environmental gradients. The initial discussion centres
on siliciclastic environments, but can be equally applied to many
carbonate environments.

6.2 DISCRIMINATING BEWEEN ENVIRONMENTS ON
CLASTIC SHELVES

Nearshore sandy environments can generally be identified by their sedi-
mentary characteristics, but trace fossil associations and their related
ichnofabrics may add important supportive evidence (Pollard et al.,
1993). In the more offshore muddy environments fossils play an impor-
tant role in environmental discrimination. It is commonly useful to
relate shelf faunas to a series of benthic assemblage zones each of which
represents a particular depth-zone on the sea-floor (Fig. 6.1).

6.2.1 Biofacies distribution

The composition of the biota along a profile from the coast to deep
marine environments changes with the different environments encoun-
tered. These changes are reflected in a broad way by changes in the
proportions of the different fossil groups that constitute a number of
broadly defined biofacies ranged across shelves and down into deeper
water. Thus, House (1975) described marine Devonian faunas of
Europe in terms of biofacies regimes comprised of a nearshore regime
characteristically with infaunal and epifaunal bivalves and strongly
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ribbed and robust brachiopods, a shelf regime with coral and stromato-
poroid reefs and a variety of gastropods, bivalves, nautiloids, ostra-
codes, trilobites and brachiopods, and a basinal regime with goniatites,
conodonts, tentaculitids and ostracodes amongst others. Communities
are much more environmentally specific than the broad biofacies
mentioned above and therefore a palacocommunity is potentially a
rather precise palaeo-environmental indicator. However, there are two
severe limitations to the usefulness of palaecocommunities in palaeo-
environmental analysis. First, it is necessary to determine the envi-
ronmental range of a palaecocommunity before it can be used elsewhere
as an environmental indicator. Secondly, there is a continuous turnover
in species, so the composition of palaeocommunities change with time
and their taxonomic composition and environmental ranges have to
be repeatedly defined for successive stratigraphic levels. In spite of
these problems Ziegler (1965) and Ziegler et al. (1968) showed how
palaecocommunities in the Lower Silurian of the Anglo-Welsh border-
lands, (Fig. 6.2 and see also Chapter 7) could be effectively used to
monitor changes in sea-level and to reconstruct relative depth zones
across a Silurian shelf. The relative depth distribution of five commu-
nities was established from their stratigraphic position in a transgres-
sive sequence above the upper Llandovery unconformity (Fig. 6.2a).
The Lingula community typically occurs in shallow marine deposits a
little above the basal unconformity and the other communities follow
in regular sequence in progressively deeper marine sediments.
Evolutionary lineages in the brachiopods Eocoelia, Stricklandia and
pentamerids, together with the presence of some graptolites allow the
succession to be divided into several ‘time slices’ ( C1 to C6 ) that can
be identified across the shelf area. The distribution of the five commu-
nities across the shelf within any one time-slice allows a reconstruction
of the relative bathymetry of the shelf (Fig. 6.2b).

Based on their correlation with particular depth zones the
Llandovery communities have been widely used to construct bathy-
metric curves showing relative sea-level changes through the
Llandovery. Accordingly, several deepening and shallowing cycles
have been identified in the UK, Norway, Estonia, China and the USA,
that appear to be the same age even though they were on different
Silurian plates and hence may be regarded as probably being eustatic
(Johnson et al., 1991). The success in using the Llandovery communi-
ties as global bathymetric indicators appears to derive from their
unusually wide geographic range and the relative consistency of
community composition through several millions of years. Brachiopod
communities in general are useful bathymetric indicators throughout
the Palaeozoic but commonly have a more confined distribution than
those in the Silurian. Lower Palaeozoic trilobite communities (Fortey,
1975) and graptolitic biofacies have also proved useful in recognizing
marine environments of different depths.

The ecological dominance of different faunal elements changed
throughout the Phanerozoic, with the times of greatest change being
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Figure 6.2 (a) A schematic representation of the upper Llandovery succes-
sion on the Midland Platform, England. The upper Llandovery is divided into
informal units C1 to C6. The sequence of communities, from the Lingula
community to the Clorinda community reflects progressive deepening of the
sea with time. (b) A palaeogeographic map for C1 time showing the distrib-
ution of communities across the shelf, with the Lingula (L) and Eocoelia (E),
communities in nearshore positions and the Clorinda community (C) near the
shelf margin (P = Pentamerus community, S = Stricklandia community and G
= graptolitic facies). (Based on Ziegler, 1965.)

those associated with the transitions between the three evolutionary
faunas of Sepkoski, described in Chapter 9. Thus the ecological compo-
sition and distribution of Cambrian faunas (Fig. 6.3.) is markedly
different from those of the Ordovician to Permian (Figs 6.4 and 6.5)
and the Mesozoic to Recent are different again in their nature (Fig
6.6) (see McKerrow (1978) for an illustrated guide to Phanerozoic
communities). The Cambrian shelly faunas are generally of low diver-
sity and on clastic shelves they are dominated by trilobites, inarticu-
late brachiopods and hyolithids (Fig. 6.3) and form rather broadly
distributed shelly benthic assemblages. The more varied shelly benthic
faunas that appeared and diversified during the Ordovician and
persisted until the end of the Permian generally formed about five
benthic assemblages disposed across the shelves of the time. The
communities are generally brachiopod dominated, but include
bryozoans, crinoids, corals, molluscs and trilobites. Molluscs are
commonly associated with brachiopods in nearshore communities (Fig.
6.4), corals and brozoans may be present in mid-shelf communities
and trilobites are present in a range of depths but generally increase
in diversity towards the outer shelf (Fig. 6.5).
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Figure 6.3 A typical low-diversity, shallow marine Cambrian community,
a. Paradoxides (Trilobita), b. Bailiella (Trilobita), c. Solenopleura (Trilobita),
d. Lingulella (phosphatic brachiopod), e. Billingsella (billingsellide brachio-
pod), f. Micromitra (phosphatic brachiopod), g. Hyolithes (Caliptoptomatida),
h. Hyolithella, (uncertain affinities), i. agnostid (Trilobita). (From McKerrow,
1978.)

Figure 6.4 A shallow marine (BA2) upper Ordovician community, showing
a bivalve-brachiopod-bryozoan association. a. Plectonotus (Mollusca: Mono-
placophora), b. Hallopora (Bryozoa), c. Ambonychia (Mollusca: Bivalvia:
Pterioidea), d. Dinorthis (Brachiopoda: Orthida), e. Palaeoglossa (lingulate
brachiopod), f. Harknessella (Brachiopoda: Orthida), g. Modiolopsis
(Mollusca: Bivalvia: Modiomorphoida). (From McKerrow, 1978.)
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Figure 6.5 An outer shelf (BA4 to BAS) Upper Ordovician community with
a high diversity brachiopod-trilobite association. a. strophomenid (Brachio-
poda: Strophomenida), b. Leptaena (Brachiopoda: Strophomenida), c.
Onniella (Brachiopoda: Orthida), d. Platystrophia (Brachiopoda: Orthida), e.
Brongniartella (Arthropoda: Trilobita), f. Calyptaulax (Arthropoda: Trilobita),
g. Platylichas (Arthropoda: Trilobita), h. bellerophontid (Mollusca:
Monoplacophora), i. orthoceratid (Mollusca: Nautiloidea), j. Tentaculites
(Criconarida). (From McKerrow, 1978.)

The epifaunal benthic communities of the Palaeozoic appear to pro-
vide a simpler relationship between community type and the depth in
which they lived than the mollusc-dominated faunas of the Mesozoic
and Tertiary (Fig. 6.6), which appear to be more influenced by the
nature of the substrate. In a study of benthic associations in the Jurassic,
Ager (1965) identified substrate as the dominant factor in brachipod
distribution and in a study of late Jurassic faunas Oschmann (1988)
identified water energy as being the dominant nearshore control on the
faunas, substrate in middle shelf regions and oxygen in some offshore
muds. The correlation between these factors, and the lithological and
faunal characteristics of the rocks is summarized in Figure 6.7.

Broad onshore to offshore changes in bivalve faunas in the Jurassic
have been identified by Hallam (1976). Shelf faunas in the Jurassic
form a substantial number of communities and differences between
communities associated with substrates that superficially appear similar
are a good indication that the environments are, in fact different.

6.2.2 Trace fossils

The palaeoecology of trace fossils has been discussed in Chapter 5.
The particular importance of trace fossils in environmental analysis is
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Figure 6.6 A shelly lime mud community from the middle Jurassic, belonging
to a sheltered shallow marine environment with a varied infaunal and epifau-
nal bivalve fauna. a. Epithyris (Brachiopoda: Terebratulida), b. Camptonectes
(Mollusca; Bivalvia: Pterioida), c. Liostrea (Mollusca; Bivalvia: Pterioida—
oyster), d. Pseudolimea (Mollusca; Bivalvia: Pterioida), e. Costigervillea
(Mollusca; Bivalvia: Pterioida), f. Acrosalenia (Echinodermata: Echinozoa),
g. Modiolus (Mollusca; Bivalvia: Mytiloida), h. Fibula (Mollusca: Gastropoda:
Archaeogastropoda), i. Thalassinoides (trace fossil made by a crustacean),
j- Anisocardia (Mollusca; Bivalvia: Veneroida), k. terebellid worms
(Annellida), 1. gorgonian (Cnidaria: Octocorallia). (From McKerrow, 1978.)

that they record behavioural activities that are environmentally
controlled and the traces were formed in the environment in which
they are found. Furthermore, the types of activity and ichnofacies
distribution have remained broadly similar throughout the
Phanerozoic. Trace fossil associations are helpful in identifying both
marine (Fig. 5.5) and non-marine environments (Fig. 6.8). The scheme
of bathymetrically related ichnofacies first proposed by Seilacher
(1967) and subsequently modified by later authors, has been criticized
in detail but remains one of the most useful guides to relative bathym-
etry, though the burrowing fabric within the sediment (ichnofabrics)
may be equally useful, particularly in the study of cores, where sedi-
mentary structures may be ambiguous and trace fossils are not easily
identified. The most pertinent criticism of Seilacher’s ichnofacies
model is that the behaviour recorded in the trace fossils is influenced
by a variety of factors such as turbulence, sedimentation rate and avail-
ability of food, which are broadly correlated with depth, but not
invarariably so. Consequently, trace fossils can occur far outside their
normal ichnofacies if the conditions were right (Chapter 5). In addi-
tion to the value of ichnofacies in environmental analysis, the nature
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Figure 6.7 Variations in physical and biological aspects of the environment
in response to differences in water energy, substrate and oxygen levels. The
changes from right to left approximately correlate with nearshore to offshore
trends. (From Oschmann, 1988.)

of trace fossil assemblages can be helpful in identifying varying degrees
of oxygen starvation (see Chapter 2).

6.2.3 Diversity, biomass and size gradients

The pronounced changes in diversity and biomass along environmental
gradients (see Chapter 7) can provide important evidence for envi-
ronmental analysis. Diversity is generally low in the stressed nearshore
environments, particularly in brackish or hypersaline waters and areas
with shifting substrates, such as beaches and tidal shoals. Diversity
can, however, be substantially higher where shells from different envi-
ronments have been mixed together, for example in a tidal delta. In
clastic settings, the diversity of shelly fossil associations generally
increases with increasing environmental stability outwards across the
shelf until it reaches a maximum towards the outer shelf and then
decreases, possibly as food becomes a limiting factor. In carbonate
areas the profile is probably similar but the distribution of shelf faunas
appears to be more patchy, particularly where there are reefs, so the
diversity pattern is more irregular. Diversity profiles probably change
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Figure 6.8 Distribution of some trace fossils in non-marine environments.
1. Paleohelcura (scorpion trackway): 2. Mesichnium (insect trackway): 3. Entra-
dichnus (exogenic insect traces): 4. Acripes (crustacean trackway): 5. Cruziana
problematica (branchiopod crustacean burrow): 6. Cochlichnus: 7. Scoyenia gra-
cilis: 8. Siskemia (arthropod trackway): 9. Kouphichnium (xiphosuran trackway):
10. Undichnus (fish swimming traces): 11. reptile track: 12. bird tracks: 13.
amphibian tracks: 14. roots: 15. Beaconites: 16. insect burrows: 17. Sponge-
liomorpha carisbergi (insect burrow): 18. Lockeia siliquaria: 19. Fuersichnus
communis: 20. Diplocraterion parallelum: 21. Skolithos: 22. Psilonichnus and
other crab burrows. (From Bromley, 1996, based on Pollard, unpublished.)

considerably with changing biota through the Phanerozoic, but infor-
mation on this is sparse. A generalized profile of diversity of shelled
fossil faunas across a marine shelf with normal marine waters is shown
in Figure 6.9a. This would, however, be modified where salinity, oxygen
levels or soft substrates reduced the diversity to substantially lower
levels.

The abundance and the mass of fossil shells, which are a crude reflec-
tion of total biomass, vary greatly according to environmental condi-
tions. In nearshore facies abundance is generally moderate to low,
particularly in those sandstones reflecting the mobile substrates of the
shoreface and tidal shoals, but it can be high on rocky shores or where
opportunistic species have successfully colonized stressed environ-
ments, such as brackish-water lagoons, producing beds crowded with
a low diversity bivalve, gastropod or ostracode fauna. Abundance can
also be particularly high where shells have been transported and
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Figure 6.9 a A schematic representation of benthic diversity of shelly fossil
species across Phanerozoic shelves under normal marine conditions (solid
line); with brackish waters (dotted line); with reduced levels of oxygen (dashed
line); with soft substrates (dash-dot line). b. A schematic representation of
biomass across Phanerozoic shelves as reflected by abundance and size of
shells. c. Schematic representation of (a) the average size of whole faunas and
(b) the average size of individual species across a shelf. (Modified from
Pickerill and Brenchley, 1991.)

concentrated by nearshore currents to form thick shell beds (see
section 6.2.4). In general, abundance increases from inner into mid-
shelf mudstone facies and then decreases steadily into deep shelf facies.
Most deeper-water facies have low abundances (Fig. 6.9b).

Size of shells is very variable between the members of an assem-
blage and between assemblages in different environments. Shells of
individual species appear to decrease in size with increasing depth.
There is little data on variation of size between assemblages, but
overall the mean size of brachiopod shells within an assemblage
appears to decrease with increasing depth particularly towards the
outer shelf and this might be true of bivalves too (Fig. 6.9¢).

6.2.4 Taphonomic state

The state of preservation of shells varies according to the turbulence
of the environment and rates of sedimentation (see concept of tapho-
facies, section 3.10 and Fig.3.20). The degree of fragmentation, sorting,
abrasion and proportion of articulated shells generally decreases with
decreasing turbulence in an offshore direction. However, the pattern
is not always simple because these features are also affected by the
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Figure 6.10 Diagram showing the processes that concentrate shells and the
types of concentration they produce. Based on Jurassic shelf of Kachchh,
India. The extent of some products is somewhat different on other shelves.
(Modified from Fiirsich and Oschmann, 1993.)

rate of sedimentation, which determines the length of time the shells
are subjected to mechanical, chemical and biological erosion (Fig.
3.20). Long-term rates of sedimentation are closely related to sub-
sidence rate, so that low subsidence rates result in low sediment
accumulation rates which in turn tend to be associated with a high
degree of fragmentation. Hiatal surfaces, at which there has been
minimal sedimentation, commonly have fossils highly fragmented by
bioerosion even though they may form in relatively low-energy,
offshore environments.

6.2.5 Types of shell concentration

The thickness, geometry and and internal fabric of shell concentrations
varies according to the processes that produce the shell accumulation
(Fig. 6.10). Shell concentrations in nearshore facies are very varied
according to the availability of shell material and the hydrodynamics
of the depositional area. The planar-laminated or cross-stratified sand-
stones that reflect the mobile substrates of a beach, upper shoreface,
tidal channel or a shoal rarely contain substantial concentrations of
shells. Where they do occur, they are likely to consist of shell lenses
lying in erosional depressions. Shell concentrations of nearly autochtho-
nous shells are more commonly found in the scour hollows of hum-
mocky cross-stratified sandstones of lower shoreface environments.
Thick accumulations of shells transported by nearshore storm-driven
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currents may occur as cross-stratified or parallel-bedded lenses, or as
tabular sheets, in tidal deltas, overwash lobes or in channels within the
shoreface. Shells in such deposits may be imbricated. As a general rule,
thick nearshore shell concentrations are more common amongst the
bivalve-dominated assemblages of the Mesozoic and Cenozoic than
amongst the brachiopod assemblages of the Palacozoic (Kidwell and
Brenchley, 1994).

Most shell concentrations in shelf facies are the product of storms.
The deposits formed during a storm can either be a mixture of sand
carried by storm-induced bottom currents and material resuspended
by storm waves, or they can be the product of storm waves alone,
which erode and resuspend the autochthonous sediment. On muddy
shelves where sandstone beds are rare or absent, the taphonomy of
fossils provides some of the best evidence available about the hydro-
dynamics of the environment. The effect of oscillatory wave currents
is to erode and resuspend sediment together with any included shells
and then redeposit the bioclasts as a shell bed that is commonly graded.
Proximally, shell beds are generally thickest, commonly have an
erosional base and may be lenticular. Because sedimentation is rapid,
shells are generally unfragmented, except when the exhumed shells
had been previously broken (see section 3.10). Shell beds tend to
become thinner and more tabular offshore, but in distal shelf envi-
ronments concentrations may be so thin that they occur as isolated
lenses or shell pavements (Fig. 6.11). The facies transition from
mudstones with shell concentrations to mudstones with a fauna that
is commonly articulated but dispersed, except for life clusters, is a good
indicator of the position of effective storm wave base, i.e. the depth
at which storm waves can erode and resuspend appreciable amounts
of sediment. In addition to mobilizing shells and sand, storm waves
may put large volumes of mud into suspension. Mud layers deposited
by storm events are generally difficult to detect, especially after the
sediments have been bioturbated. However, some events may be
recorded by the blanketing of living populations in their life orienta-
tion; for example, crinoids are recorded with their cups intact and their
stems still in an upright position.

Shell concentrations that were deposited in association with trans-
ported sand commonly occur as lenticles in the erosional hollows
preserved at the base of a sandstone bed. The sandstone beds and the
shell concentrations become thinner distally and the erosional scours
are less deep (Fig. 6.11). In some circumstances sand can be trans-
ported by storm-driven currents and deposited below storm wave-base
to form tabular sandstone beds, but these rarely contain shell concen-
trations (Fig. 6.11), because no wave erosion was involved.

The palaeontological evidence for different environments along a
shore to shelf margin profile is summarized in Table 6.1.
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Figure 6.11 Shell accumulations across a shelf. (a) Reworking of shells with
little addition of sediment, (b) Shells deposited with sand transported by storm
currents (tempestites), but commonly reworked by storm waves. a.1. Cross-
stratified current-reworked shell bed, and wave-reworked shells in an
erosional hollow. a.2. A graded nearshore shell bed. a.3. a complex shell bed
with mud partings, reflecting multiple storm events. a.4. A storm bed with
bioclastic material at the base and in situ preservation of shells above.
Articulated shells occur in the interbedded mudstones. a.5. Shell pavements
and stringers reflecting only slight reworking of living assemblages. Most shells
in mudstones undisturbed except by bioturbation.

b.1. Shell accumulations in swaley storm-stratified sandstones. b.2. and b.3.
Shell concentrations at the base of sandstone tempestite beds with hummocky
cross-stratification indicating wave reworking. b.4. Parallel stratified current
deposited sandstone bed with shell lag at base. (Modified from Pickerill and
Brenchley, 1991.)

6.3 FOSSILS AS BATHYMETRIC INDICATORS FOR MARINE
SHELF SEDIMENTS

Although changes in sea-level have important effects on the stratigraphic
record and much attention has been paid by geologists to estimating
amounts of sea-level change, there are few sound criteria for estimating
absolute depth. Potentially the most useful evidence in shelf sequences
is that which identifies fair weather wave-base, effective storm wave-base
and the base of the photic zone (see Brett et al., 1993, for a discussion
of absolute depth). The depth of modern shelf margins ranges from about
200 m to 600 m; 200 m is commonly accepted as a reasonable value for
most ancient shelf edges. However, the depth is likely to be varied
depending on the tectonics of the shelf, rate of sediment supply and the
ability of waves to smooth the surface at storm wave-base.
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Table 6.1 Summary of general lithologic, taphonomic, macroinvertebrate and ichnologic characteristics
of brackish lagoonal, shoreface, shelf and slope and basin siliciclastic environments. (Modified from
Pickerill and Brenchley, 1991.)

BRACKISH LAGOONAL ENVIRONMENTS

Context

Lithology

Taphonomy

Taxonomy/Diversity
Abundance

Ichnology

Commonly associated with terrestrial, barrier bar, estuarine, marsh or shallow
marine shoreface facies.

Typically shales though siltstone, sandstones and less commonly coarser grained
sediments may be introduced by tidal or storm processes in flood-tidal deltas and
washover fans.

Dispersed in situ or disturbed neighbourhood assemblages, typically as thin shell
concentrations. Tidal and storm processes may introduce allochthonous assem-
blages from shoreface and inner shelf environments.

In situ faunas typically of low diversity; usually ostracodes, bivalves and gastropods.
Variable, commonly low in thin shell accumulations, but high in thick, typically
monospecific, shell beds.

Imperfectly described; low diversity assemblages of the Psilonichnus,
Glossifungites, Cruziana and Zoophycos ichnofacies may each occur depending
on energy and salinity levels, grain size, substrate consistency and specific
depositional environment within a lagoon.

SHOREFACE ENVIRONMENTS (BA1)

Context

Lithology

Taphonomy

Taxonomy/Diversity

Abundance

Ichnology

Nearshore and associated beach facies, distinguished from inner shelf deposits by
generally having only rare mudstones interbedded with sandstones. Shoreface
facies commonly cap upward-coarsening shallow marine cycles.

Typically sandstones with locally developed mudstones. Sandstones exhibit
planar- or cross-stratification formed by wave, tidal or wind-forced currents, or
hummocky cross-stratification formed by oscillatory or combined flow.

Allochthonous shell concentrations that may occur as coquinas, on bedding
planes or cross-stratified foresets.

Palaeozoic assemblages characterized mainly by brachiopods with more rarely
bivalves and gastropods. Mesozoic/Cenozoic assemblages characterized by varied
bivalves (including deep burrowers and attached forms) and gastropods. Taxa
affected by substrate mobility (e.g. Corals) are rare. In situ faunas rare. Diversity,
though still generally low, can be elevated by introduction of allochthonous
faunas by storm, tidal and wave activity.

Generally low in Palaeozoic rocks, but Cenozoic strata typically possess more
abundant remains. In more subdued shoreface environments shells may be
relatively common in coquinas.

Typically Skolithos, more rarely Psilonichnus and Cruziana ichnofacies depending
on substrate mobility and subtle gradients in hydrologic sedimentologic and
ecologic parameters. Diversity typically low.

INNER (SHALLOW) SHELF ENVIRONMENTS (BA2)

Context

Lithology

Taphonomy

Facies subject to frequent storm waves and tidal processes, commonly occurring
below shoreface sandstones and above mid-shelf sequences in coarsening-upward
cycles.

Sandstones dominate, but may occur in equal abundance with interbedded shales.
Storm-influenced facies exhibit hummocky cross-stratification; tidal facies may
exhibit herringbone cross-stratification, sigmoidal cross-stratification or mud drapes.
Allochthonous or disturbed neighbourhood assemblages at the base of storm
sandstones, typically as coquinas. Tidally influenced sandstones commonly exhibit
transported assemblages or shell lags distributed along foresets. Shales possess
disarticulated and dispersed shells and bedding plane assemblages. In situ faunas
rare or absent.
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Taxonomy/Diversity

Abundance

Ichnology

Palaeozoic strata dominated by moderately but variably diverse assemblages of
brachiopods. particularly orthoids and strophomenoids: Mesozoic/Cenozoic strata
typically possess variable infaunal and epifaunal bivalves. Representatives of
other benthic macroinvertebrates may occur, sometimes in abundance.

Generally moderate, but high in coquinas. Faunas can, however, be generally
sparse where a freshwater influence is established, as. for example. in inner shelf
environments in front of deltas.

Typically moderate to high diversity assemblages of the Cruziana and/or
Skolithos ichnofacies. Mudstones commonly intensely bioturbated and possess
trace fossils typical of the Cruziana ichnofacies; associated sandstones contain
representatives of the Skolithos ichnofacies providing substrate mobility does not
result in their destruction.

MIDDLE SHELF ENVIRONMENTS (BA3 and 4)

Context

Lithology

Taphonomy

Taxonomy/Diversity

Abundance
Ichnology

Commonly form portions of upward-coarsening sequences, but may also form
part of a predominantly mudstone sequence. Below fair weather wave base,
above storm wave base.

Mudstones, typically intensely bioturbated, and interbedded sandstone
tempestites with hummocky cross-stratification are common.

Mudstones may contain in situ clumped or dispersed shells that are still
commonly articulated, or as thin stringers or locally reworked disturbed
neighbourhood assemblages. Sandstones commonly contain allochthonous lag
assemblages or coquinas that are taxonomically similar or dissimilar to those
assemblages within the associated mudstones.

Palaeozoic strata possess moderate to high diversity assemblages dominated by
brachiopods represented by several orders. Crinoids. bryozoans. corals, trilobites
and gastropods also common. Mesozoic/Cenozoic strata dominated by varied
infaunal and epifaunal bivalve assemblages with gastropods. echinoderms.
bryozoans and less commonly brachiopods also present.

Generally high, decreasing with depth.

Similar to inner shelf environments with high diversity assemblages typical of the
Arenicolites ichnofacies in sandstones. typically as opportunists following storm
activity. and intense bioturbation by members of the Cruziana ichnofacies in
associated mudstones.

OUTER (DEEP) SHELF ENVIRONMENTS (BAS)

Context

Lithology

Taphonomy

Taxonomy/Diversity

Abundance

Mudrock-dominated sequences in association with shelf or slope/basin environ-
ments. Mainly below effective storm wave base. though extreme storms have
disturbed shells.

Bioturbated mudstones with uncommon. and where present typically thin. distal
siltstone or sandstone tempestites.

In situ dispersed. articulated faunas predominate. Thin stringers and bedding
plane assemblages also common: disturbed neighbourhood assemblages may
occur. Distal tempestites may contain allochthonous shells, though not
commonly.

Palacozoic strata dominated by brachiopods and trilobites: Mesozoic/Cenozoic
strata by bivalves, particularly infaunal species — nuculoids are very common.
Other groups also occur but in lower numbers. Pelagic forms (eg. graptolites
(Palacozoic). ammonites. belemnites (Mesozoic) also commonly present.
Diversity variable depending on parameters such as nutrients. oxygen levels, etc..
but can be high. then typically markedly decreases at the shelf edge.

Typically low.
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Ichnology

Discrete ichnotaxa commonly difficult to recognise as a result of intense bio-
turbation. Representatives of Cruziana, Zoophycos or rarely Nereites ichnofacies
may predominate depending on specific environmental conditions. Bioturbation
intense though diversity commonly low to moderate.

SLOPE AND BASIN ENVIRONMENTS (BA6 AND BELOW)

Context

Lithology
Taphonomy

Taxonomy/Diversity

Abundance
Ichnology

Mudrock-dominated sequences with associated sediment gravity flows particu-
larly, but not exclusively, turbidites. Submarine canyons and associated fans
commonly occur in association with slope and continental rise sequences.
Contourites also common on slope and continental rise environments.

Pelagic and hemipelagic mudstones, turbiditic sandstones, and siltstones. Canyons
and fans typically possess coarser grained lithofacies.

Autochthonous faunas, typically dispersed and articulated, in pelagic/hemipelagic
mudstones. Allochthonous faunas introduced particularly by turbidity currents.

Dominated by pelagic macroinvertebrates (eg. Palaeozoic - trilobites, graptolites,
nautiloids; Mesozoic — ammonites, belemnites). In situ forms include Palaeozoic
trilobites, hyolithids, etc. and Mesozoic/Cenozoic bivalves, gastropods and
crinoids. Other groups may occur but are uncommon. Diversity is low.

Very low, but can be higher in sediment gravity flow deposits.

Variable, with representatives of the Skolithos, Arenicolites and/or Glossifungites
ichnofacies commonly occurring in association with well-oxygenated submarine
canyons and fans; Zoophycos ichnofacies with slopes with restricted circulation
and low oxygen levels and the Nereites ichnofacies in more stable, classical
flysch-like settings in generally quiet, but oxygenated waters.

Fair weather wave-base is estimated to be down to about 10 m and
is generally taken to be the base of Benthic Assemblage 2 (BA 2).
Sediments above fair weather wave-base show evidence of persistent
wave activity, such as stacked wave-ripples and very good sorting. The
depth of storm wave-base is variable depending on the fetch of the
waves and the exposure of the coastline. Waves can form ripples down
to a depth of 200 m, but the maximum depth at which they can erode
and concentrate shells is probably about 100 m and may be substan-
tially less on sheltered shelves. Shells in BA 4 are commonly wave-
winnowed, but concentrations are much rarer in BA 5, suggesting that
the BA 4-5 boundary might be substantially less than 100 m. The depth
of the photic zone is about 100 m in clear ocean waters and as little
as 20 m in turbid coastal waters. The base of the photic zone in ancient
sediments is potentially identified by the disappearance of algae or the
maximum depth of reef growth. However, both criteria have their
problems. The maximum depth of modern reefs varies from area to
area and ranges down to about 110 m, but most reefs have a maximum
depth of 60-80 m. Most algae are confined to the photic zone, but some,
particularly red algae, may live at greater depths. The dasycladacean
green algae are mostly confined to depths of less than 60 m and
varied algal floras are in general confined to those depths (Fig. 6.12).
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Figure 6.12 Depth limits for various organisms as a guide to estimating the
effective depth of the photic zone. (From Brett et al., 1993.)

Photosynthetic algae are relatively common in BA4 and may occur
more rarely in BAS. A depth for the BA 4-5 boundary at about
60 m is suggested.

Boring of shells by endolithic algae has also been used to identify
sediments above the photic zone (see section 2.4). However, it is diffi-
cult to distinguish the minute borings made by algae from those of
fungi which are not confined to the photic zone. Until a clear distinc-
tion can be made, the value of borings is suspect.

The relationship between benthic assemblages and absolute depth
for the Ordovician to Devonian is shown on Figure 6.1 and summa-
rized as follows:

BA 1 beach and upper shoreface 0-5m
BA 2 shoreface down to fair weather wave-base 5-15m
BA 3 inner shelf, transition zone with strong

storm-waves 15-30 m

BA 4 mid shelf down to effective storm wave-base

and base of photic zone and ( outer limit of

reefs and most algae) 30-60 m
BA 5 outer shelf generally below effective storm

wave-base 60-200 m
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6.4 ENVIRONMENTAL INDICATORS IN DEEP MARINE
SEDIMENTS

The distinction between many deep marine environments is made
mainly on the basis of their sedimentology. Slope environments are
commonly identified by the presence of slumps and the various parts
of submarine fans by the nature of the turbidites and other gravity
flows that are present. Areas of hemipelagic sedimentation are iden-
tified by the finely interlaminated layers of mud and silt. Fossils, partic-
ularly benthic microfossils, may add valuable evidence as to the relative
depth of these deposits, though their presence needs to be analysed
with care, because faunal gradients may develop in response to factors,
such as oxygen levels, that may be poorly correlated with depth.
Estimates of the absolute depth at which deep-marine sediments
accumulated is generally very hazardous, whether based on sedimen-
tological or palaeontological evidence.

Depth is a limiting factor for only a few animals (see Chapter 2),
which have internal chambers filled with gas (e.g. some fish, whales
and cephalopods). Estimates of the depth at which the chambers of
nautiloids implode suggest depths ranging from about 75 m to 900 m,
depending on the thickness and radius of curvature of the shell.
Unimploded shells might be taken as having been deposited at less
than these depths, unless they filled with water before they sank into
deep water.

The depth range of planktonic species can rarely be used as a depth
indicator because after death the organisms fall through the water
column and may be sedimented at substantial depths. However, it may
be possible to identify pelagic assemblages that have a low diversity
in shallow facies because they only include surface living forms, but
become more diverse with increasing depth as the assemblages include
forms from a greater depth range. Depth-related graptolite species
have been identified using this method (Fig. 6.13). Shelly benthos has
rarely been used as an indicator of depth because faunas are so sparse.
However, the behaviour of mobile soft-bodied benthos is reflected in
intricate meandering or spiral feeding traces (Nereites ichnofacies),
which are generally an indicator of relatively deep environments where
food is in short supply.

Comparison of fossilized taxa with Recent taxa, whose depth range
is known, is the most reliable indicator of depth, particularly using
microfossils such as foraminifera (Murray, 1991). However, this appli-
cation of taxonomic uniformitarianism is only fully reliable in
Quaternary deposits and becomes progessively less reliable back
through the Cenozoic as the proportion of extant species diminishes.
An alternative approach is to record the relative proportions of
calcareous benthic foraminifera, planktonic and agglutinating forms in
an assemblage as a reflection of depth (Fig. 6.14) (Brasier, 1980;
Gibson, 1989). A high proportion of benthic forms is a good indicator
of relatively shallow depths, planktonics become increasingly impor-
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Figure 6.13 Silurian biofacies across the shelf and eastern part of the Welsh Basin. The graptolite faunas
are depth related and show how shallow facies potentially have a lower diversity than the deeper facies,
which may accumulate faunas from all depths. (From Underwood, 1994.)

tant with greater depths, while a dominance of agglutinated forms is
commonly an indicator of depths close to, or beyond the Carbonate
Compensation Depth (CCD) at which the carbonate shells are
dissolved; however, it can also reflect low oxygen levels. Some caution
must be applied when using proportions because the abundance of
planktonics can be misleading where they have been subject to consid-
erable post-mortem transport. Modern foraminiferal assemblages also
change in their proportions of different morphotypes with depth (Fig.
6.15)(Corliss and Chen, 1988) and apparently also show a more subtle
change of shape within individual species (van Morkhoven et al., 1986).
Knowledge of the depth distribution of foraminifera is best for the
Cretaceous onwards and is generally poor for the Palaeozoic.

6.5 CARBONATE ENVIRONMENTS

Carbonate environments differ substantially from clastic ones because
much of the sediment is of biogenic origin and produced in the area
in which it is deposited. As a consequence the grain size and sorting
of carbonate sediments is commonly less closely related to the hydro-
dynamics of the depositional area. Biogenic production determines the
bioclasts available for transport and sedimentation and so influence
the nature of the substrate which in turn may influence the biota that
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Figure 6.14 Diagram showing 1) the relative abundance of benthic foraminifera on the sea-floor and
2) how the relative percentage of calcareous benthic, planktonic and agglutinated foraminifera change with
depth. Note also the change in morphology of planktonics with depth and different peaks of diversity.
(Modified from Brasier, 1980.)

Figure 6.15 Depth distribution of nine different foraminiferal morphotypes with depth, based on samples
from the Norwegian Sea. The graphs show the percentage of each morphotype in a series of samples.
(a) morphotypes with infaunal microhabitat, (b) morphotypes with epifaunal microhabitat. (Modified from
Corliss and Chen, 1988.)

colonizes it. Thus, taphonomic feedback is prevalent in carbonate envi-
ronments.

Sedimentary grains that are typical of carbonate environments
include some that are of non-skeletal origin, e.g. coated grains of
various types (0oids, oncoids and grain aggregates such as grapestone)
and peloids (faecal pellets, calcareous algae, micritized grains and
micrite lithoclasts), but in many facies the majority are skeletal grains.
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These may vary from complete shells with a size range from micro-
scopic foraminifera to complete coral colonies more than a metre in
diameter. More commonly the bioclasts are fragments of shells that
have been created by physical fracture and abrasion or by the boring,
crushing and grinding activity of other organisms. Carbonate mud may
be formed in many ways. In the Bahamas the main source is the disin-
tegration of the codiacean calcareous green algae, Halimeda and
Penicillus, in oceanic settings other plants, such as the Coccolithophida
produce micrite, in lakes algal photosynthesis is a major source and
in marginal marine and fresh-water marshes cyanobacteria are the
dominant producers. Although the bioclastic composition of a lime-
stone may approximately reflect the nature of the biota inhabiting the
area, it is the fabric of the sediment which reflects the prevailing hydro-
dynamic conditions. The classification of limestones into mudstone,
wackestone, packstone, grainstone and boundstone (Dunham, 1962) is
aimed to reflect different energy levels of deposition.

Carbonates show bathymetric and latitudinal differences in their
levels of production. Most carbonate production is concentrated within
the photic zone and particularly in depths of less than 50 m. Con-
sequently most benthic production and a substantial proportion of
planktonic production is on or over shelf regions where accretion rates
tend to be high. Nevertheless, from the Mesozoic onwards carbonate
oozes accumulate over vast areas of the ocean floor, so their total
volume is very large.

The composition of biotic communities and the rate of carbonate
production varies greatly with latitude. Communities are more diverse
and production rates are highest in the tropics and decrease towards
high latitudes. The highest rates of production and the site of most
reef-growth is on the east side of continents where warm equatorial
currents spill on to the continental shelves. Thick limestone sequences
have mainly accumulated in tropical latitudes, whereas there has been
little carbonate accumulation in polar latitudes. Tropical carbonates
are characterized by the presence of oolites, grapestones, assemblages
with hermatypic corals and carbonate-producing codiacean green algae
(the chlorozoan assemblage of Lees and Buller, 1972) but where there
are elevated salinities green algae predominate (the chloralgal assem-
blage). Large coralline colonies of hermatypic corals, sponges and
calcareous algae are common as isolated growths, patches on the sea-
floor or in reefs. Molluscan shells tend to be large, thick and strongly
ornamented. In contrast carbonates in temperate regions and on some
cooler west-facing shelves in the tropics commonly have molluscan/
foraminiferal bioclasts (foramol assemblages) which can form exten-
sive shell banks and sheets though the thickness of temperate carbon-
ates is usually modest. The biota may include red algae, solitary corals
and branching ahermatypic corals, common bryozoans, echinoids,
barnacles and vermetiid gastropods.

A substantial proportion of shallow marine carbonates can be
broadly related to one of four depositional regimes:
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carbonate ramps
rimmed shelves
epeiric platforms
isolated platforms.

el N

(See Tucker and Wright, 1990 for a fuller treatment of carbonate plat-
forms.)

6.5.1 Carbonate ramps

Carbonate ramps broadly resemble linear clastic coastlines in that they
slope steadily seaward with a diminution of hydrodynamic energy with
increasing depth (Fig. 6.16). Waves and tides commonly influence
nearshore facies but offshore storms exert a strong influence. Bioclastic
and ooidal grainstones predominate in nearshore facies while pack-
stones and wackestones are interbedded with storm-influenced event
beds in more offshore facies. Benthic communities form broadly par-
allel benthic assemblage zones as in clastic environments and give way
to mainly planktonic assemblages in the deeper part of a ramp. Most
ramps lack well-developed reefs with corals, stromatoporoids and large
calcareous algae, but they are the main site for the growth of large
carbonate mud mounds which are probably constructed of microbial
carbonate that was mainly lithified as successive layers in the build-up
were formed, so forming a rigid stucture. (See also Chapter 2, Box 2.1.).

CARBONATE PLATFORMS

rimmed shelf N\~ ramp

width 10 - 100km width 10 - 100km
- ——— = - = — - -
N
epeiric platform width 102- 104km  \
\\’ -_—
\*H*J\‘_’
isolated platform width 1 - 100km

—_—

drowned platform

Figure 6.16 Sketches of the main categories of carbonate platforms.
(From Tucker and Wright, 1990.)
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Figure 6.17 Schematic diagram of a late Ordovician to late Silurian patch reef, showing a progressive
development from a crinoidal grainstone, through a colonial coral/calcareous algal phase to dominance by
stromatoporoids at the crown of the reef. The unshaded area is likely to included fine-grained microbial
carbonate, skeletal debris, the shells of organisms that lived in cavities within the reef and coarser sparry
cements filling voids within the reef. The microbial carbonate can be the main framework constructor.

6.5.2 Rimmed shelves

Many carbonate shelves are rimmed by a shallow-marine zone char-
acterized by reefs and associated shoals (Fig. 6.16). The rim encloses
a shelf lagoon that is protected from open-ocean waves and is a site
where fine-grained sediments are deposited. Lagoons that have a
restricted access to open marine waters tend towards hypersalinity,
whereas those associated with a barrier that is widely breached have
normal marine salinities and may have patch reefs in clusters or
dispersed on the shelf. The smaller patch reefs are generally composed
mainly of core facies (Fig. 6.17) while the larger ones may have
bioclastic flank facies dipping away from core. The shelf margin is a
high-energy zone, exposed to ocean waves and in some instances to
strong tidal currents. Reef facies, oolites and a variety of bioclastic
deposits are typical of this zone. The reefs are generally asymmetric
with a steeper slope facing the ocean and a gentle slope into the lagoon
(Fig. 6.18). In Cenozoic reefs the morphology of corals and calcareous
algae varies according to the wave energy impinging on the different
zones of the reef (Figs. 6.18 and 6.19). Where wave energy is highest
at the reef crest organisms mainly form encrusting sheets, but at some-
what lower intensities colonies form low domes, stubby branches or
table-like shapes. On the fore-reef the colonies may have longer, more
spreading branches or be plate-like. In the lagoon globular forms
predominate. In many fossil reefs microbial carbonates commonly
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Figure 6.18 Diagram of a modern coral-algal patch reef, showing three phases in the evolution of the reef

(levels 1, 2 and 3). (From Tucker and Wright, 1990.)

contribute to the construction of the reef framework and in some build-
ups they may the main constituent of the reef mound. The microbial
carbonates are seen as micrites, stromatolites, thrombolites and other
laminated structures in micrite and fine sparry calcite. The shoreline
of a rimmed shelf is more sheltered than that of a ramp and commonly
has relatively fine-grained intertidal deposits, though higher energy

sediments can occur on more exposed shelves.

6.5.3 Epeiric basins

In the past, shallow seas have covered extensive areas of the conti-
nents and thick accumulations of carbonates have accumulated in
broad tectonic sags. Facies belts are commonly very wide and litho-
logical units may be traceable over great distances (Fig. 6.16). The
model of Irwin (1965) for such ancient epeiric basins has three main
facies belts whose distribution was determined largely by wave energy.
Where wave base intersected with the sea-floor, shoals of wave-
reworked carbonates accumulated to form a relatively narrow belt of
grainstone facies. The shoals acted as a barrier which protected the
nearshore regions from the effects of waves and separated a quiet-
water coastal zone with micritic sediments from a deeper offshore
zone, below the effects of frequent waves, also with micritic sedi-
ments. The nearshore micrites commonly formed in intertidal and
shallow subtidal environments, some of which were hypersaline. Algal-



Oxygen deficient environments ] ‘ 203 i

ZONATION OF MARGINAL REEF

RUDSTONE
GRAINSTONE BAFFLESTONE
BAFELESTONE BINDSTONE BINDSTONE GRAINSTONE
FLOATSTONE FRAMESTONE RUDSTONE
REEF
CREST

——BACK REEF \UEEE |sl—reer FRONT—»’«FORE REEF—
’ ’I ‘ < Waves and swell

Encrusting
<4—— Massive
~¢—— Branching

~—

Globular -

g

Lo A;::\;—Plate—hke
2=

"-:.Qq‘

Ve

Figure 6.19 Variations in the morphology of coral colonies across a general-
ized modern reef. (From James, 1984.)

laminated micrites and variably domed stromatolites are common, but
the macro-benthic fauna tends to be of low diversity and include ostra-
codes, gastropods and bryozoans. The grainstone shoals, that formed
the barrier to the lagoon, commonly have a varied open marine benthic
fauna and locally patch reefs may be present. Seawards of the shoals
the sea-floor declined into deeper water and had moderate to deep-
water communities in the inner part and mainly pelagic faunas towards
the centre of the basin.

6.6 OXYGEN-DEFICIENT ENVIRONMENTS
(see also chapter 2, section 2.6)

The development of anoxic or dysoxic bottom waters may occur at a
wide range of water depths and may disrupt the onshore-offshore
biotic gradients previously described. Anaerobic environments are
commonly associated with black shales, but it is a common miscon-
ception that black muds have always formed in deep marine environ-
ments; more commonly they accumulated on the deeper parts of
shelves and in restricted basins. The preservation of organic carbon,
which is the primary cause of the dark colour, results when the supply
of organic matter exceeds the rate at which it is oxidized. This situa-
tion can arise where the rate of organic sedimentation is particularly
high or where the level of oxygen in the bottom waters is low
(Pedersen and Calvert, 1990). High rates of supply of organic matter
are generally related to high surface productivity, while low levels of
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oxygen in bottom waters are related to either the rate at which oxygen
is replenished by wave-stirring or bottom currents or the depletion of
oxygen as organic matter is oxidized. The effects of oxygen deficiency
on marine faunas has been described in Chapter 2. The spectrum of
environments from aerobic to anaerobic in the Jurassic has been
divided into six oxygen restricted biofacies (ORB) by Wignall and
Hallam (1991) on the basis of their lithology, degree of bioturbation
and benthic species richness. In summary, the features that help to
identify environments with some degree of oxygen deficiency, are:

1. darker, carbon-rich sediments;

2. decreased bioturbation, often emphasized by the preservation of
delicate sedimentary laminae in severely dysaerobic or anaerobic
facies. The trace fossil Chondrites is commonly associated with
dysaerobic facies;

3. benthic faunas, which typically show:

(a) a decline in species diversity;

(b) a decrease in the depth and size of burrows;

(c) an increase in the numbers of opportunistic species, which
amongst bivalves tend to be suspension-feeders.

However, both epifaunal and infaunal forms can be present in

dysaerobic sediments, though deep burrowers are absent (Fig. 6.20).

Planktonic faunas alone are found in anaerobic facies.

Figure 6.20 Faunal trends under a declining oxygen gradient illustrated by
faunas from the British Jurassic. Epifaunal taxa are, from left to right,
Chlamys, Gryphaea with abundant epibionts including serpulids, Paraino-
ceramus, small Gryphaea, procerithid gastropod. Infaunal taxa are, from left
to right, mecochirid crustacean, Goniomya, Solemya and associated Chondrites
burrow, Palaeonucula and Protocardia. (From Wignall, 1993.)
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Some care has to be taken in uniquely identifying these changes as
being due to reduced oxygen because faunas respond in a similar way
to soft substrates (see section 6.8). The most significant differences are
the absence of bioturbation in anaerobic environments and the rarity
of species attached to hard substrates in most oxygen-deficient envi-
ronments. The life habits of some of the faunas that are found asso-
ciated with many dark shale facies have been the subject of much
debate. Characteristic of such facies are the ‘paper pectens’, a varied
group of rather flat, thin-shelled bivalves (Wignall, 1994), many of
which belong to the superfamilies Aviculopectinacea, Pectinacea and
Pteriacea. The bivalves commonly form dense concentrations on
bedding planes. The mode of life of different representatives of the
‘paper pectens’ has been variously interpreted to be epiplanktonic,
nektonic and epibenthic, amongst other possibilities. If most of the
forms are planktonic they have no bearing on the levels of oxygen on
the sea-floor. However, in the opinion of Wignall (1994) a substantial
proportion of the bivalves are epibenthic, which implies that the sea-
floor was intermittently oxygenated to a degree sufficient for the estab-
lishment of a benthic fauna. Such an environment could then be
regarded as poikiloaerobic (see Chapter 2, section 2.6).

The sites at which anaerobic and dysaerobic environments develop
are quite varied and depend upon the relative rates of oxygen supply
and organic sedimentation as described above. There are, however,
some types of basins (Figs 6.21 and 6.22) that are particularly prone
to anoxia (Demaison and Moore, 1980) and the broader environmental
setting in which anaerobic sediments occur can commonly be deter-
mined from the facies with which they are associated. Anoxia may
occur in relatively deep-water sediments in the oxygen minimum zone.
However, over wide areas the levels of oxygen in the OMZ are not
sufficiently low to inhibit most marine life. It is mainly under areas of
upwelling currents that high surface productivity leads to a rain of
organic matter that can exhaust most of the oxygen in the OMZ. Many
upwelling areas are adjacent to continental margins and organic carbon
can accumulate on the sea-floor where the OMZ abuts against the
continental slope or the outer part of the shelf (Fig. 6.21a). Black
shales associated with coastal upwelling should be identifiable by:

1. their restriction to low latitudes

2. their deposition in long linear belts parallel with the shelf margin

3. their association with relatively deep offshore sediments that may
contain organic cherts, phosphorites and microplankton.

Anaerobic facies are also formed in enclosed basins where there is
a high input of nutrients from rivers. In silled basins with a positive
water balance, such as the Black Sea, the input of fresh water exceeds
evaporation, causing the excess low-density water to form a surface
current flowing across the sill into the open ocean. The outflow is coun-
tered by a weak, deeper, higher-salinity inflow over the sill (Fig. 6.21b).
Within the basin itself there is a permanent halocline between the
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Figure 6.21 Two types of oxygen-deficient regimes. (a) An oxygen minimum
zone developed in the ocean and more strongly above an upwelling zone over
the outer shelf and upper slope (Peru shelf and trench), (b) A silled basin
with a positive water balance caused by fresh-water input exceeding evapo-
ration. Anaerobia results from the relatively high surface productivity and
influx of poorly oxygenated ocean water (Black Sea). (Modified from
Demaison and Moore, 1980.)

brackish surface water and the more saline waters below. The stable
stratification inhibits the circulation of oxygen to the bottom waters
and the basin becomes stagnant and potentially anoxic. Silled basins
with positive water balance are potentially unstable over geologic time
because changes in sea-level or climatic change can alter the flow of
water and affect productivity and the oxygenation of bottom waters.
Thus anaerobic and aerobic sediments can be intimately interbedded.

A significant number of black shale units in the geologic record are
formed within intra-continental basins and are associated with marine
trangressions. Many of the basins contain predominantly shallow
marine sediments within which the black shales are intercalated. In
some instances the black shales lie directly on an unconformity or
disconformity and record the first sediments preserved during the
transgression. In other cases the black shales form conformably within
a shaly interval and are thought to have been formed during a trans-
gression when the rate of sea-level rise was at its maximum (the
‘maximum flooding surface’ of sequence stratigraphy). Black shales
forming in stagnant bottom waters on the initial transgression have
been interpreted in terms of a ‘puddle model’ and those that extend
over the lateral margins of the basin were referred to as an ‘expanded
puddle model’ (Fig. 6.22).

Many of the interpretations of black shale facies outlined above have
been based, quite reasonably, on uniformitarian principles. However,
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Figure 6.22 The development of anaerobic sediments in relatively shallow
intra-cratonic basins: the ‘expanding puddle model’. With rising sea-level a
pycnocline develops with oxygen deficient waters below it. The area of black
shales expands and transgresses across the more marginal shallow-marine
facies. (Modified from Wignall, 1994.)

it is not certain that oxygen concentrations in the oceans have been
constant throughout the Phanerozoic. The unusually high proportion
of black shales in the Cambrian to Devonian interval and the
prevalence of the ‘graptolitic facies’ in the Ordovician and Silurian
have been interpreted as reflecting lower oxygenation of the oceans
in the early part of the Phanerozoic. Further, ‘ocean anoxic events’ in
the Cretaceous also suggest widespread depletion of bottom-water
oxygen during parts of that period.

6.7 ENVIRONMENTS WITH LOW AND HIGH SALINITY
(see chapter 2, section 2.8)

Environments with low or high salinity occur mainly in nearshore
situations, so the environmental context is likely to be one of the first
indications that brackish or hypersaline environments might be
present. Brackish environments are likely to be associated with
lagoons, estuaries and a variety of deltaic environments, while hyper-
saline conditions are common in tropical marine lagoons. Sedimentary
evidence may be sufficient to identify specific depositional environ-
ments, but it provides little evidence of the salinity levels that
prevailed, except where evaporites identify hypersaline conditions.
Stable isotopes in shell material can provide indications of salinity
levels (see section 2.8) but evidence for deviation from normal marine
salinities comes mainly from the faunas as summarized below (see also
section 2.8. and Fiirsich, 1994).

1. Faunal diversity decreases with decreasing salinity down to a level
of 5% from where it increases towards the fully fresh-water faunas
(Fig. 2.20). Low diversity as a criterion for brackish waters must
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be used with caution, because other factors, such as low oxygen
and soft bottom substrate, also cause low diversity.

2. Stenohaline taxa are rare in brackish environments. Groups that
are typically absent are corals, brachiopods, echinoids, crinoids and
cephalopods. Some bivalves, gastropods and ostracodes are steno-
haline and some are euryhaline and the relative proportion of the
different types may provide important evidence of salinity levels.
Evidence for the salinity preferences of fossil faunas comes mainly
from comparisons with related modern faunas, which could be
misleading if groups have changed their environmental preferences.
However, palaeoecological studies in the Jurassic have shown that
the taxonomic uniformitarian approach can be effective and that
salinity-controlled asssemblages have shown a remarkable degree
of evolutionary stability (Hudson, 1963; Fiirsich, 1994). As a conse-
quence it is possible to recognize mesohaline, oligohaline, hyper-
saline and more open marine faunas with some confidence
throughout the Cenozoic and Mesozoic (Fig. 6.23). Taxonomic
uniformitarianism can only be applied in a limited way to
Palaeozoic faunas, but Carboniferous, Coal Measure ‘marine bands’
also show variations in their faunas that reflect changing levels of
salinity (Calver, 1968). The marine bands are shale intervals,
commonly only a few metres thick, within delta-top sequences, that
show a symmetric cycle from fresh-water fauna to brackish then
open marine faunas and then back to fresh-water faunas again (Fig.
6.24). The faunas identify the stages of a marine transgression up
to the maximum flooding surface, and then a shallowing phase
extending into fresh-water delta-top environments.

3. Microfauna and microflora can be useful guides to abnormal salin-
ities. Fresh-water environments can be identified by distinctive
algae, such as charophytes, though these are easily transported. In
the Jurassic the planktonic alga, Botryococcus, has been shown to
be consistently associated with fresh-water mollusc assemblages,
though it was also transported in small amounts into marginal
marine facies. More marine waters in general are characterized by
dinocyst assemblages and rare acritarchs (Andrews and Walton,
1990).

4. In general, individual species decrease in size and shell thickness
in the more stressed low salinity environments and ornamentation
tends to be less pronounced amongst the faunas.

The above criteria for recognizing brackish water assemblages
appear to be sound for Mesozoic to Recent rocks, but it becomes
progressively more difficult to apply them back into the Palaeozoic.
Low diversity is likely to have been a feature of Lower Palaeozoic
brackish water environments, but other diagnostic features are elusive.
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Figure 6.23 Mesozoic faunas related to different salinity regimes. (Modified from Fiirsich, 1994.)

6.8 FIRMNESS OF SUBSTRATE

Marine substrates cover a spectrum from watery muds to rock surfaces
and each type influences the nature of the biota that colonizes it.
Furthermore, the biota commonly changes the nature of the sediment
by adding skeletal grains and bioturbation (see McCall and Tevesz,
1982, for an account of these processes). Substrates have been divided
into five categories of firmness (Goldring, 1995) and may be distin-
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Figure 6.24 An Upper Carboniferous marine band showing successive stages
in the transition from freshwater to fully marine environments and back again.
(From Calver, 1968.)

guished by the nature of their trace fossils and the shelled benthic
fauna they contain:

1. Soupgrounds are surface sediments that are sloppy and may have
a water content of as much as 90% and are liable to resuspension
by currents. Animals find it difficult to survive in or on such sedi-
ments and fossils are commonly absent or of low diversity, but
where present are generally deposit-feeders. Evidence from the
Jurassic Posidonienschiefer (Box 2.2) that marine reptile carcasses
had penetrated the surface sediment has been used as evidence of
soft, soupy substrates (Martill, 1993).

2. Softgrounds are developed on soft but more cohesive muds.
Burrows are commonly compressed and their outlines are irregular
and blurred. Bioglyphs (scratch marks) are poorly preserved or
absent. Benthic faunal diversity tends to be relatively low (Fig. 6.25)
and organisms may have adaptations that increase the surface area
of the undersurface and so give the shell greater support. ’

3. Firmgrounds are stiff cohesive muds with a substantial supporting
strength. Burrows are little compacted and bioglyphs are well
preserved. The benthic fauna is relatively diverse and may include
surface encrusters.

4. Loosegrounds consist of well-sorted silts and sands. If the sedi-
ments are thixotropic they may be penetrated by burrowers which
may make burrows that collapse behind them or they may make
compression burrows where the sediment is forced aside but
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Figure 6.25 Faunal changes in a fine-grained clastic substrate on transition
from firm to soft substrates. Epifauna are, from left to right, Parainoceramus,
serpulid, trochid, Gryphaea with diverse epibionts, ‘paper pecten’, Gryphaea
with epibionts. Infaunal taxa are, from left to right, Goniomya, Nacaniella,
Pinna, Nucinella, Dentalium and Palaeonucula. (From Wignall, 1993.)

maintains a burrow wall. Some burrows may have supported linings,
such as in Ophiomorpha, which has a wall stabilized by faecal
pellets. The substrate is likely to be colonized by a variety of
benthic faunas.

5. Hardgrounds and rockgrounds: hardgrounds are lithified sediment
surfaces that generally form at hiatal horizons, particularly in
carbonate environments. They are identified by the presence of
organisms encrusting the surface, such as oysters, serpulid worms,
sponges corals and crinoid holdfasts and by borings made by
bivalves, sponges, bryozoans and endolithic algae (Fig. 2.24).
Hardground faunas were sparse until the mid Ordovician when
there was rapid adaptive radiation and an increase in diversity.
By the Silurian varied biotas had differentiated to occupy the
various cavities forming sub-environments within a hard substrate.
Rockgrounds have the same substrate properties as hardgrounds
but differ in being generally associated with coastal environments
where the wave energy of the environment is particularly high and
the topography varied.

6.9 SHELL CONCENTRATIONS, SEDIMENTATION RATE
AND SEQUENCE STRATIGRAPHY

High rates of deposition in sandstones are most commonly indicated
by sedimentary structures such as graded bedding or hummocky cross-
stratification, but escape burrows and protrusive spreite in trace fossils
(Fig. 6.26) may provide additional evidence. In mudstones vertical



212 [ Fossils as environmental indicators

Figure 6.26 (a) Escape burrow in reponse to rapid deposition. (b) A protru-
sive spreite between the limbs of the U, formed as the burrow moved down-
wards into the sediment. A retrusive spreite formed below the U as the
organism moved upwards in response to accumulating sediment.

Figure 6.27 Changes in density of shell packing reflecting changes in sedi-
ment rate. (a) Showing increase in density upwards as sediment rate decreases.
An omission surface forms where there is zero sedimentation. (b) Showing
increase of sedimentation upwards. (c) Showing decrease of sedimentation up
to an erosion surface. (d) Shows increase of sedimentation above an erosion
surface. (From Kidwell, 1985.)

changes in the density at which shells are concentrated in the sedi-
ment may reflect changes in sedimentation rate (Fig. 6.27)

Event concentrations, composite concentrations and hiatal concen-
trations (Chapter 3, section 3.9) reflect different time spans over which
the shell concentrations form. An event bed might accumulate in a
matter of minutes or hours, while an hiatal bed might form over tens
or hundreds of thousands of years. Event beds are commonly present
throughout most of a sequence and reflect sporadically repeated
episodes of rapid sedimentation. Hiatal horizons reflect long periods
of slow accumulation and are important in sequence stratigraphy
because they help to identify two key horizons, the flooding surface
and the maximum flooding surface, within a sequence (Fig. 6.28). At
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Figure 6.28 Shell concentrations within a sequence. Hiatal concentrations may
identify an initial flooding surface or, more commonly a maximum flooding
surface. Event beds are typical of the highstand systems tract. Lag deposits
may form on the erosional surface at a sequence boundary.

the start of new cycle of deposition, rates of sedimentation are reduced
as sea-level starts to rise and commonly floods across deltas and up
estuaries where sediment is stored, so reducing the amount that
reaches the open sea. As a consequence there is commonly a sharp
facies change across the initial flooding surface and a rather condensed
sequence of transgressive sediments may be formed (the transgressive
systems tract); shells may be concentrated on or a little above the
flooding surface. The second important level of shell concentrations is
at the maximum flooding surface, which reflects the period when sea-
level is rising most rapidly and therefore coastal retreat is fastest. A
large volume of sediment is stored in estuaries and, as a consequence,
offshore sedimentation is markedly reduced so that a condensed
horizon may result. This is likely to be marked by increased biotur-
bation, or a hiatal shell concentration or by bone in which phosphate
has replaced fossil or formed concretions in the absence of land-
derived iron. On initial flooding surfaces and some maximum flooding
surfaces where iron was more available, chamosite or berthierine ooids
are more likely to be found.

The relative proportion of event, composite and hiatal concentra-
tions in a sequence are an indication of overall sedimentation rates.
With high sedimentation rates event beds are rapidly buried and



214 l Fossils as environmental indicators

covered by relatively thick accumulations of fair-weather sediment and
consequently the event beds are generally widely spaced within the
sequence. With lower sedimentation rates the spacing of event beds
decreases and the frequency of composite beds increases as the chances
that separate event beds becoming amalgamated becomes greater.
When sedimentation rates are minimal, hiatal beds result. Because
overall sediment-accumulation rates are generally related to subsi-
dence rates and hence to tectonic setting, there appears to be a broad
relationship between basin tectonics and the stratigraphic distribution
of shell concentrations. In epeiric basins where subsidence rates and
sediment accumulation rates are low, composite and hiatal concen-
trations are likely to be more common, whereas at the other end of
the spectrum, in rapidly subsiding basins with high sedimentation rates,
fossil concentrations will not be condensed and amalgamated, so more
widely spaced event beds will predominate (Kidwell, 1988, 1993).

6.10 SUMMARY POINTS

e The starting point in environmental analysis is the evidence from
lithofacies.

e Palaeoecological evidence is particularly helpful in fine-grained
sediments and in oxygen-poor and high or low salinity environ-
ments.

e Identification of depth-related benthic assemblages on marine
shelves is based on the biofacies present, trace fossils, the diversity
and abundance of the fauna and its taphonomic state.

e Estimates of the bathymetric depth of benthic assemblages have
been related to the base of the photic zone, identified by the disap-
pearance of benthic algae and effective storm wave-base, identified
by the disappearance of wave-formed structures. This suggests a
depth of about 50-60 m for the depth limit of BA 4. The depth
limit of BA 2 appears to be about 10-15 m, based on the depth of
fair-weather wave-base.

e The relative abundances of pelagic, benthic calcareous and benthic
agglutinated foraminifera provide the best evidence of relative
depth in deep water, from the Mesozoic onwards.

e Carbonate environments are partly created by the organisms that
inhabit them, so there is a close relationship between fossil biota
and lithofacies. Carbonate environments tend to be more patchy
than clastic ones and the distribution of benthic assemblages is less
easy to discern. The nature of reefs, carbonate mud mounds and
intertidal environments are, however, determined to a large degree
by the biota they contain.

e Oxygen deficient environments are recognized by their low faunal
diversity, the particular types of benthic organisms they contain and
the general lack of bioturbation. Care must be taken to distinguish
them from environments with a soft substrate.
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e Low- and high-salinity environments are recognized by the low
diversity of the fauna, the absence of stenohaline taxa, and in
Mesozoic and younger rocks, by comparison of the biota with
brackish-water modern biotas.

e The firmness of the substrate in an environment can be assessed
by the style and preservation of infaunal trace fossils and by adap-
tations of benthic animals to a soft or hard sediment surface.

e The nature and frequency of different types of shell concentrations
provides evidence about rates of deposition and helps to identify
key hiatal surfaces in stratigraphic sequences.

6.11 FURTHER READING

Bosence, D.W.J. and Allison, P.A. (eds) 1995. Marine Palaeoenviron-
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83. 272 pp.

A collection of papers reviewing different limiting factors in palaeoe-
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Goldring, R. 1991. Fossils in the Field. Longman, Harlow. 218 pp.

An account of the palaeontological information to be observed and
collected in the field.

McKerrow, W.S. (ed.) 1978. The Ecology of Fossils. Duckworth,
London. 338 pp.

Well-Presented reconstructions of a representative range of
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faunas.
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edition). Blackwell Scientific Publications, Oxford. 615 pp.
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Populations and
communities

Populations and communities represent successive levels of ecological
organization. A population is composed of individuals of a species that
lived together. Differences in the way species utilize energy resources
in an ecosystem are reflected in the abundance of individuals in a
population, its age structure and its spatial distribution. Communities
are an association of species in a particular habitat. Communities are
organized according to the way the organisms obtain their food (their
trophic structure) and in their competition for space; they show differ-
ences in their food chains, the proportions of different feeding types
and the adaptations to feeding. The reconstruction of past communities
from fossil evidence is described and environmental and evolutionary
changes in community structure will be reviewed. Variations in
community diversity are shown to be related in general to differences
in the depth of marine waters and latitude.

7.1 POPULATION STRUCTURE AND DYNAMICS

The population is the fundamental unit in both ecological and taxo-
nomic analysis. The origins, development and long-term change in
communities and biotas are initiated at the population level and fluc-
tuations in the abundance of individual species and groups of species,
in fact, can trigger large-scale changes in the biosphere as a whole.
Ecologists have used so-called life tables and survivorship curves to
determine population structure and monitor the dynamics of living
populations, and population studies form a major part of many ecolog-
ical investigations; however, since fossil assemblages are rarely in situ,
having been modified by some form of sorting, results from similar
analyses of fossil material must be treated with considerable caution.
The vast majority of fossil assemblages have suffered both taphonomic
loss and time averaging (see Chapter 3). Nevertheless, the analysis of
size-frequency distributions has impacted on both biological and tapho-
nomic interpretations of the origins of fossil assemblages and fossil
concentrates (Boucot, 1953; Johnson, 1960). Two types of plot,
mortality and survivorship curves, have proved useful in population
analysis. However, it is essential that we understand first the types of
assemblage that occur naturally in the fossil record.
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7.2 TYPES OF POPULATIONS

Usually fossil populations and communities have suffered a variety of
post-mortem modifications. The exceptions are Lagerstétten deposits
such as the middle Cambrian Burgess Shale, the lower Devonian
Rhynie Chert and the Tertiary Grubbe Messel (Chapter 3). In these,
exceptional taphonomic conditions have preserved substantial parts of
the life assemblages replete with soft parts and soft-bodied organisms.
The life assemblage or biocoeneosis is thus rare in the fossil record; the
death assemblage or taphocoeneosis is much more common. Both types
of assemblage have been described through the eyes of the inhabitants
of the Roman city of Pompeii at the time of the eruption of Vesuvius
(Ager, 1963). The living population at the time of the eruption on
24 August AD 79 would have included all manner of human inhabitants
together with both domestic and wild animals, pets and vegetation.
The biocoenosis recorded a normal day in the life of Pompeii and the
human population would have included a typical demographic range
for Roman populations of the time. A second assemblage, the cata-
strophic assemblage, was entombed by volcanic ash during the erup-
tion. The more mobile elements of the population, such as the
youngsters, probably escaped; nevertheless this population, a thanato-
coenosis, is fairly close to the biocoenosis. A third assemblage is very
different. The Necropolis assemblage, a taphocoenosis, is found in the
graveyard of Pompeii and is biased towards infants and the elderly.

Ager’s catastrophic assemblage has also been described as a census
population, preserving an entire living unit more or less in situ (Hallam,
1972). Census populations tend to characterize very narrow strati-
graphical intervals such as on a single bedding plane and consist of
relatively few species. Normal populations, on the other hand, are
time-averaged, accumulating over a number of years or even decades.
The Pompeii graveyard accumulated a concentration of human bones
over decades.

Population studies of fossil organisms are most reliable when applied
to census assemblages, which are commonly identified by their size-
frequency distribution (Craig and Hallam, 1963; Hallam, 1967)
together with a range of other independent lines of evidence.

7.2.1 Size-frequency analyses

The analysis of size-frequency curves and histograms forms the starting
point for most palaeoecological investigations at the population level.
Class intervals are chosen for size groups and a frequency table is
constructed for all the size intervals. Each class can ideally be equated
with an absolute age unit, although in many fossil populations an arbi-
trary set of age units is more applicable. The data may be plotted as
size-frequency histograms, polygons or cumulative frequency polygons
(see Box 7.1). Three main types of frequency histograms have been
recognized. The right- or positively-skewed curves (Fig. 7.1a) suggest
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high infant mortality and subsequent relatively lower mortality; this
situation is typical of most invertebrate populations where there is a
high initial spatfall and high mortality as the larval shells struggle to
establish themselves, exposed to a variety of physical stresses and
predators. In many living populations and the majority of fossil occur-
rences the smallest larval shells are rarely preserved, generating a posi-
tive displacement of the curve along the X- or size axis. The vertical
extension of the distribution as a peak or kurtosis reflects the absolute
numbers of specimens in the modal size range.

A normal, Gaussian or bell-shaped curve (Fig. 7.1b) suggests high
mortality in the mid-late life group of a population. Under natural
conditions this scenario rarely occurs. Normal distributions are more
likely to be generated by mechanical sorting, chemical solution and
compaction, or with selective predation; the smaller factions of the
population may be selectively removed to positively displace the modal
value of the size and by implication the age of the population. Normal
distributions have, additionally, been recognized in populations
exhibiting so-called steady state growth. Rapid intial growth pushes
young growth stages into the main part of the distribution where
growth slows; this equilibrium distribution, observed in living decapod
populations, has also been inferred for assemblages of Ordovician trilo-
bites lacking abundant young moult phases (Sheldon, 1988).

Left- or negatively-skewed distributions (Fig. 7.1c) indicate high
senile mortality preceded by relatively low rates of mortality; human
populations in most of western Europe, supported by advanced health
systems and care for the elderly, exhibit left-skewed distributions.
Constant mortality rates, however, are signalled by curves with a slight
positive skew and a low-moderate kurtosis.

A number of other curves have been described from both living and
fossil populations. Multimodal distributions (Fig. 7.1d) may reflect sea-
sonal spawning patterns in a persistent population with periodic recruit-
ment of fresh cohorts attaching themselves to the overall population
structure. The broad developing profile of the population can be
assessed by constructing a further size frequency polygon (see Box 7.1)
based on the joining peak of each cohort to form a smoothed curve.

Multimodal-peaked distributions (Fig. 7.1e) may also be produced
by arthropod ecdysis or moulting. Fossils arthropods such as the micro-
scopic ostracodes and the calcareous-shelled trilobites developed
through a series of moult stages; each peak relates to one of a sequence
of moult phases. Usually, however, there is a decrease in frequency
with increasing size or age, as less individuals survive a life of peri-
odic moulting. A curve joining the peaks thus generally shows a down-
ward trend.

In summary, size-frequency analysis can help differentiate between
life, death and transported assemblages, detect seasonal mortality and
spawning patterns and investigate the frequency of ecdysis in
arthropod populations. This type of analysis, however, can form the
basis for much more informative studies of population dynamics when
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Figure 7.1 (a) Schematic size-frequency histogram; right (positively) skewed, typical of many invertebrate
populations with high infant mortality (original). (b) Schematic size-frequency histogram; Normal
(Gaussian) distribution, typical of steady-state populations or transported assemblages (original). (c)
Schematic size-frequency histogram; left (negatively) skewed, typical of high senile mortality (original).
(d) Schematic size-frequency histogram; multi-modal distribution, typical of populations with seasonal
spawning patterns (original). (e) Schematic size-frequency histogram; multi-modal distribution with
decreasing peak-height, typical of populations growing by ecdysis (original).

the age together with the growth and mortality of rates of fossil popu-
lations can be established.

7.2.2 Age of fossil specimens

It is difficult to assess the absolute age of most fossil specimens, except
for organisms with annual growth rings, such as trees, corals and a
number of other invertebrates with marked seasonal growth patterns.
The life span of a number of arthropod taxa, such as ostracodes, has
been calculated with reference to the number of moult phases or
instars represented in a population. The ages of fossil hominids have
been estimated on the basis of the eruption of teeth, whereas tooth
wear has provided estimates of the age of some other vertebrate
groups, such as cave bears.

For most fossil populations a relationship between size and age must
be assumed. Growth can be modelled by a linear equation such as
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D (size) =S (constant) * [T (time) + 1], or since the growth of most
invertebrates decelerates with age, a simple logarithmic equation in
the form D (size) =S (constant) * In [T (time) + 1] is usually more
applicable (Levington and Bambach 1970); alternatively size can be
plotted on a logarithmic scale (Thayer 1977).

7.2.3 Survivorship curves

Mortality patterns are best displayed and examined with survivorship
curves (Cadée, 1988); these curves can be constructed from life tables
of fossil organisms (Kurtén, 1954). In contrast to mortality curves the
survivorship curve plots the number of survivors in the population at
each growth stage or defined age unit or growth stage. For example,
the frequency distribution of mortality among adult woolly mammoths
can be converted as shown (Fig. 7.2) into a survivorship curve. The
raw data and histogram indicate relatively constant mortality with a
slight increase of mortality rates towards the end of their life span.

The three representative types of survivorship curves shown in
Fig. 7.3 are part of a family of possible curves, illustrating a spectrum
of survivorship strategies. The Type I curve depicts an increasing
mortality with age, whereas the Type III curve simulates a decreasing
mortality with age, essentially representing high infant mortality; these
two curves are bisected by the Type II curve tracking constant
mortality through the ontogeny of the population. Palaeoenviron-
mental assumptions have been drawn from the shapes of survivorship
curves. Brachiopod populations associated with soft substrates from
Ordovician, Silurian and upper Carboniferous strata (Richards and
Bambach, 1975) together with faunas in the Danish Chalk (Surlyk,
1974) show high infant mortality, with Type III curves, probably due
to difficulties with settlement and function on a soft seabed.
Populations associated with hard substrates generate Type I curves,
generally indicative of more favourable conditions throughout
ontogeny. A Type II curve is recorded for some large terebratulids
that may have grown rapidly while attached prior to a recumbent phase
with the commissure above the sediment-water interface (Surlyk,
1972). Similar patterns have been described for the terebratulide
brachiopod Tichosina from the Pleistocene of Jamaica (Harper et al.,
1995).

The construction and analysis of survivorship curves can establish
the maximum age of a population, its growth and mortality rates; these
parameters and their fluctuations between comparable populations are
often of considerable environmental significance. Nevertheless,
analyses of survivorship curves do assume a direct relationship
between size and age together with a constant population structure
(Thayer, 1977).



Variation in populations ‘ ’ 223 ‘

Figure 7.2 Mortality and survivorship curves for adult mammoths (adapted
from Kurtén, 1954): (a) Individual age at death for 67 mammoths based on
wear of dentition converted to a mortality frequency distribution. (b) Survivor-
ship curves for adult mammoths and adult male humans for comparison.

7.3 VARIATION IN POPULATIONS

The vast majority of populations not only show some morphological
variation controlled by ontogenetic, genetic and phenotypic factors
(see Chapter 5), but also large variations in population size. For
example, lemmings swarm over parts of Arctic North America during
spectacular 3—4 year growth cycles. At the local level, marine benthic
populations may fluctuate due to a variety of factors such as unsuit-
able substrates, overcrowding and overproduction of spat; moreover
the migration of populations into less suitable environments or niches
may be responsible for population crashes. There are many more wide-
spread physical, chemical and biological changes that may affect the
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Figure 7.3 Schematic survivorship curves; type I tracks increasing mortality
with age, type II constant mortality with age and type III shows decreasing
mortality with age (original).

development of populations: changes in salinity in basins, due to
increased surface runoff or progressive isolation, sea-level rise and fall,
temperature change, changes in the direction and volume of oceanic
currents together with production of hydrogen sulphide and natural
and artificial oil spills and seeps and dinoflagellate blooms. Moreover
biological interactions, for example between predator and prey, may
causes population crashes in both ecological groups. More global and
long-term environmental changes related to climate change, earth-
quakes, volcanism and meteorite impact form the basis for mass extinc-
tions and the investigation of the causes of extinction events (see
Chapters 9 and 10).

7.4 SPATIAL DISTRIBUTIONS

Populations generally occur as random, regular or clumped distribu-
tions. Randomly distributed individuals in a population are located
independently from all other members of the population. This type of
distribution suggests there is no overall biological or environmental
control on the origin and development of the population; this situation
is rare in both living and fossil assemblages where environments are
rarely uniform and the individual members of a population do exhibit
some mutual interactions. Regular distributions are more common,
particularly in nonmarine environments where space is developed
between individuals by competition or by efficient exploitation of
resources. Clumped distributions are much more common in both
marine and nonmarine environments.
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7.5 OPPORTUNIST AND EQUILIBRIUM SPECIES

There are, of course, correlations between life style, habitat and the
life history of an organism displayed in size-frequency histograms and
survivorship curves. Two end members of a spectrum of life histories
have been identified, on the basis of population structure, and its rela-
tionship to the stability of habitats. Species that matured early and
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produced small but numerous offspring and died young have been
labelled ’r strategists’; their high rate of intrinsic increase developed
in density-independent conditions. ‘K strategists’ are long-lived species
with low reproductive rates evolving in density-dependent environ-
ments. Populations have been described and modelled by the logistic
equation which relates the rate of change in size of a population to
its carrying capacity and the natural increase in size of the population:

dN/dt = rN[(K-N)/K]

K = carrying capacity of the population or upper limit of population
size, N = actual population size, r = intrinsic rate of increase, ¢ = unit
of time.

There are thus two extreme conditions. When N approaches K the
rate of population growth will tend towards zero. Thus population
growth will slowly approach a supposed equilibrium value where the
population will establish a stable size. This mode of development is
usually related to stable environmental conditions where species with
high K values are selected; this is the basis of K-selection or the K
strategy. Alternatively in unstable populations, with presumably
adverse environments, species with high growth rates are prominent,
propagated by r-selection.

Opportunist species are usually abundant, widespread, dominating
a variety of facies and biotic associations, with initial rapid growth and
a variable morphology (Levington, 1970). Equilibrium species,
however, are more facies dependent, moderately abundant in diverse
biotas with a specialized morphology that lacks variation.

7.6 LIFE STRATEGIES AND TRADE-OFFS

An alternative view of population dynamics involves the concept of
‘trade-offs’ (Stearns, 1992). The growth and reproductive strategies
of a population are clearly linked. Rather than invoking external envi-
ronmental factors, the track of an organism’s life history may be
controlled by a whole variety of physiological trade-offs. For example,
many short-lived organisms, with right-skewed distributions trade
considerable resources into reproduction at the expense of longevity.
On the other hand, longer-lived species, having more left-skewed
distributions, put more energy into physiological processes, such as
repair of damaged organs, associated with a longer life span, devoting
correspondingly less energy to reproduction. These actions can have
long-term evolutionary consequences.

7.7 LONG-TERM SURVIVORSHIP PATTERNS

The study techniques of population survivorship have some application
to longer-term patterns of biological change in higher taxa (Van Valen,
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1973). For these analyses large data sets are necessary together with
tight taxonomy and a complete fossil record. Some of the problems
of collecting sufficient data may be overcome by targeting specific
cohorts and documenting their decline with time. Cohort analysis,
based on the timing of origination and extinction of over 17 000 taxa
through the Phanerozoic, suggests an average species duration of about
11 million years (Raup, 1978). Cohorts for each of the geological
periods from the Cambrian to Tertiary were monitored through
geological time. The ten cohorts were plotted as survivorship curves.
The generic survivorship curves for the pre-Jurassic cohorts were
uniformly concave; these curves were modified by the end Permian
and end Cretaceous extinction events.

7.8 COMMUNITY STRUCTURE

Communities represent the next level up from species populations in
the ecological hierarchy. They are characterized by a repetitive asso-
ciation of species and a similarity in species dominance between
different samples. Species within a community are associated partly
because they have similar tolerances of physical aspects of the envi-
ronment such as temperature, salinity or oxygen and partly because
they interact with one another through a food chain or through
complementary niche requirements, e.g. one gains shelter from
another. Communities are the biotic part of an ecosystem, which
embraces the community and its environment. The degree of organi-
zation and interaction within communities has been a matter of
prolonged debate. There is little doubt that complex ecosystems such
as tropical rain forests or reefs have many interactions amongst their
component species. The development of a reef is influenced by temper-
ature, salinity, turbidity and nutrient supply, but there is a complex
food web within a reef and dominant reef constructors create many
sub-environments which are the home of other animals with specific
niches (Fig. 7.5).

Animals such as barnacles and prawns have become intimately asso-
ciated with particular species of coral and a multitude of fish species
have developed territorial and feeding behaviours associated with
particular parts of the reef. Each level of the food chain is represented
by many species drawn from many major taxa; suspension-feeders may
include corals, crinoids, molluscs, bryozoans and brachiopods, while
carnivores include, amongst others, gastropods, starfish and a host of
fishes. In contrast to complex communities found in reefs, some
communities that occupy uniform parts of the sea-floor form a sparse
cover (Fig. 7.6) and may have short and rather generalized food chains
with few biotic interactions.

The distribution of marine communities is broadly related to the
marine landscape of the sea-floor, which includes its topography, depth
and type of substrate. Communities living on the relatively flat muddy
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Figure 7.5 A reef community with high density and diversity. There are many
interactions between species as they compete for space and resources and fit
within the complex food web. (From James, 1984.)

Figure 7.6 A low density and diversity level-bottom Macoma incongrua
community in the northwest Pacific. The species are Macoma incongrua,
Cardium hungerfordi and Dentalium octangulatum. (From Thorson, 1957.)

or sandy shelves were characterized as ‘level bottom communities’ by
Petersen, who, in a series of classic papers in the early part of this
century described the distribution of marine communities in the Baltic
Sea (see Fig.7.7 and Thorson,1957 for a summary and discussion). Each
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Figure 7.7 Diagrammatic profile with representative communities across the
Danish Sound from the coast of Scotland towards Kullen. (From Thorson,
1957.)

of these temperate communities, dominated by bivalves, echinoids and
polychaete worms commonly cover large areas of the sea-floor and
intergrade with one another, but nevertheless show a clear zonation
with changing depth. In contrast, amongst the heterogeneous envi-
ronments of rocky coastlines, communities tend to be localized and to
include sub-communities where there are local differences in the
submarine terrain. For example, a study of a rocky-shore terebratulide
community in the Bay of Fundy showed three sub-communities, one
related to sheltered cavities, a second to exposed rock faces and a
third to the upper surfaces of rocks (Noble et al., 1976). Reefs are
another example of communities associated with a heterogeneous
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environment, but it is largely the reefs themselves that create the
varied landscape.

Analysis of communities in modern marine environments has been
based on mapping the distribution of the biota on the sea-floor, using
grabs, dredges and cores and applying an appropriate statistical tech-
nique to cluster samples into associations with a similar species compo-
sition. This initial procedure forms the basis for further analysis of the
relationship between species and the physical environment and of
interactions between species themselves, that contribute to an under-
standing of the ecosystem as a whole.

7.9 PALAEOCOMMUNITIES

Palacocommunities are the fossilized residues of living communities
after the processes of decay and destruction have taken their toll.
Samples interpreted as palacocommunities should be composed of
fossils which are essentially in situ and should be distinguished from
those that have been transported and mixed. A variety of terms have
been applied to fossil communities and their component parts; an
assemblage is a collection of fossils made from a single horizon or bed
and an association is recognized by the presence of the same species
in several assemblages. A palaecocommunity is an assemblage that
represents a former community (Fig. 7.8). This interpretation is based
on evidence that the assemblages are either in-situ ‘life assemblages’
or are believed to be nearly in-situ because they show no signs of
prolonged transport or of a long residence time on the sea-floor (see
section 3.10). Although shells are not generally displaced far from the
habitat in which they lived (section 3.3), the distinction between
ecological associations and those that arise from transport and hydro-
dynamic mixing can be difficult. Even though shells in a fossil assem-
blage have not commonly been mixed by lateral transport, they may
have experienced vertical mixing. A fossil accumulation is commonly
the result of winnowing and concentration of shells from several levels
within the sediment so the assemblage does not represent a commu-
nity living at a single time but is the ‘time-averaged’ product of mixing
a succession of communities (Fiirsich and Aberhan, 1990; Kidwell and
Bosence, 1991). In such cases the palacocommunity commonly repre-
sents a composite sample of successive variations of the same commu-
nity, but it could represent a mixture of two or more communities
which successively replaced each other in the same location.
Communities are generally characterized by both their species
composition and the relative abundance of individuals of the different
species present. Both aspects can present problems; faunas living in
the same habitat commonly exhibit both a substantial variability
in their species content and in the abundance of different species (equi-
tability) in local assemblages, which is likely to be reflected in a vari-
ability amongst fossil assemblages belonging to the same community.
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Figure 7.8 Relationship between live communities, palacocommunities and ecosystems. (Modified from

Pickerill and Brenchley, 1975.)

These problems have been addressed in a variety of ways, some qual-
itative and some quantitative. In their classic paper on Silurian
communities, Ziegler et al. (1968) took a mainly qualitative approach
and defined their communities by selecting a type example of each
community, which they described in terms of its species composition
and relative abundance. A semi-quantitative approach has been taken
by several workers who have collected samples at closely spaced inter-
vals through a vertical sequence and have plotted the species-
abundance data graphically so that it reveals levels at which there are
marked changes in the species composition or species-abundance (Fig.
7.9). The vertical sequence of communities so defined has been likened
to those identified from the environmental transects in modern marine
environments, except that the environments in one case are stacked
vertically and in the other they distributed horizontally. In geological
sequences where there are commonly stratigraphic hiatuses, many of
which are cryptic, the change from one faunal association to the next
is abrupt, so aiding the discrimination of palaecocommunities.

The faunal list has formed the basis for many assemblage studies.
Although this simple method reveals the main components and is an



232 u’opulations and communities w

Eoplectodonta

Dolerorthis Klouceka
Nicolella \|, Dalmanella Howellites Onniella  Reuschella | Bryozoa
1
o QO o ® con-
SEQUENCE QR 1009
— 1 1 1 T
> > NICOLELLA-
o > ONNIELLA ASS
Iy I ___ﬂ______+ ______________
HOWELLITES-
KLOULEKIA ASS

10n

0

> NICOLELLA-
ONNIELLA ASS

Figure 7.9 An example of the identification of faunal associations from the
percentage distribution of taxa through a sequence. The associations were
initially identified by eye and then checked, using a clustering technique. The
example is from a Caradoc (Ordovician) sequence in north Wales (U.K.).
(From Lockley, 1980.)

indication of the diversity of an assemblage, rare fossil organisms are
clearly over-emphasized whereas abundant fossils are ranked the same
as those merely present. Many lists were based on a fairly random
scan of the fauna or flora, with the more obvious components,
commonly large with distinctive ornaments, having a much greater
chance of discovery than their more subtle associates. Modern palaeo-
ecological studies rely heavily on more scientific sampling methods
based largely on techniques developed by plant ecologists. Rigorous
sampling methods using line transects, quadrats, bedding plane counts
and bulk samples have been adapted for palaeoecological studies;
although each method has its own advantages and disadvantages, they
all generate controlled data sets amenable to scientific analysis.

7.10 NUMERICAL ANALYSIS OF COMMUNITY DATA

Numerical analysis of fossil assemblages provides a scientific approach
to community analysis. First, however, counting conventions are a
critical part of any palacocommunity analysis to allow accurate defin-
ition, description and communication of the precise composition of an
association. Fossil associations are rarely complete and in place — most
of the material has been disarticulated, broken and often fragmented.
There is no absolute solution to the problem posed by the separation
and fragmentation of shells; however, clear description of the counting
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convention followed usually allows accurate comparisons between
similar associations and communities. A standard procedure must be
adopted to record the abundance of multicomponent fossils and fossil
colonies which disaggregate after death. Moreover, amongst arthro-
pods, groups such as the trilobites moult and each individual may leave
up to ten exoskeletons during its ontogeny (Jaanusson, 1984). Counting
procedures for dealing with disarticulated and broken fossil material
have been summarized by Goldring (1991).

In most communities several species tend to dominate and there is
crude inverse relationship between size and abundance in both living
and fossil benthic faunas. In order of decreasing size, the megafauna,
meiofauna and microfauna are progressively more abundant
(Jaanusson, 1979). Some authors have, however, suggested that the
use of biomass rather than individual counts is a better estimate of
the relative contributions of organisms to community ecosystems,
because a very abundant microfauna may contribute relatively little
to the total community biomass. For operational reasons, most
palaeoecological studies are focussed on the megafauna.

Palaeoecological information can be displayed in a variety of ways.
Raw data on the abundance of each organism may be converted to
relative abundance or relative frequency data and plotted as a bar
chart to provide a quick visual census. These charts can form the basis
for the definition, description and mutual comparisons of palaecocom-
munities. Diversity, dominance and evenness indices can be rapidly
calculated from these data (see below). Microcomputer packages, such
as PALSTAT (Ryan et al., 1994), calculate a range of indices and
changing values can be plotted through spatial and temporal gradi-
ents. For example, amongst the bivalve-dominated communities of the
middle Jurassic of England, ten bivalve-dominated biofacies were
recognized in the Lower Oxford Clay of the Midlands on the basis of
the relative abundance and diversity of the macrofauna (Duff, 1975);
trophic groups were established and plotted on a series of ternary
plots. A fauna dominated by infaunal deposit-feeders and high-level
suspension feeders characterized these bituminous shales of the mid-
Jurassic. In another study, nearly 20 bivalve-dominated associations
were described from the Corallian of England and Normandy based
on a similar strategy (Fiirsich, 1977).

Bar charts can illustrate faunal changes across environmental gradi-
ents. The absolute abundance of over 15 late Llandovery organisms was
tracked across putative depth gradients in the Anglo-Welsh borderlands
(Cocks and McKerrow, 1984). This graphical method delimited a series
of intergrading brachiopod-dominated palaeocommunities (Fig. 7.10).

Since each bar chart records a distribution, two or more distribu-
tions can be compared statistically using a nonparametric tests such
as Kolmogorov-Smirnov or more commonly x? tests. For example,
three main brachiopod-dominated associations were recognized in the
upper Carboniferous of Illinois, related to water depth and substrate,
by comparisons with simple x? tests (Johnson, 1962).
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Figure 7.10 Lower Silurian marine communities from the Anglo-Welsh area;
the sequential or seriative changes in faunas across the gradient of palaeo-
communities indicates the changes of abundance of taxa. (Modified from
Cocks and McKerrow, 1984.)

Although raw data, bar charts and diversity and other indices are
sufficient for the majority of palacocommunity investigations, there is
a range of more sophisticated techniques based on multivariate statis-
tical analyses. A number of microcomputer packages, for example,
MVSP (Kovach, 1986-90) and PALSTAT (Ryan et al., 1994), are built
around a spreadsheet for data entry and contain several multivariate
programs with graphics. Data may be imported from other spread-
sheets and the results exported to a number of drawing and word-
processing packages.

There are three main groups of multivariate techniques. The distri-
bution of fossil organisms across sampled sites can be investigated
statistically by, first, ordination techniques such as principal component
and correspondence analyses, secondly, gradient or ordering algo-
rithms such as seriation and thirdly through a variety of cluster analyses
based on various distance and similarity coefficients and a number of
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linkage methods. The mathematical basis for these methods is
described by Davis (1986) with a number of multidisciplinary case
histories. The starting point for most analyses is a simple two-dimen-
sional matrix usually recording the abundance of each organism in a
series of samples or sites.

Two modes of analysis based on a distance or similarity matrix are
possible. The starting point for Q-mode analysis is a matrix of coeffi-
cients calculated for each pair of samples; on the basis of these coeffi-
cients similar samples or sites are grouped together based on the mutual
occurrence of taxa. R-mode analysis, on the other hand, operates on the
relative co-occurrence of taxa distributed across the investigated sam-
ples; groups of genera with a high probability of mutual occurrence are
thus grouped together. Commonly both modes are used in palaeoeco-
logical analysis. Nevertheless despite the sophistication of the method-
ologies available, the most important part of any study is the careful
collection and accurate description of data. These techniques provide
methods of organizing data and a scientific framework where hypothe-
ses may be tested.

Ordination techniques involve a reduction of the so-called ‘measure-
ment space’. New axes made up of groups of variates are calculated;
in palaeoecological studies the new axes or eigenvectors may be combi-
nations of taxa against which samples may be plotted (Q-mode) or
combinations of samples against which taxa may be plotted (R-mode).
In either analysis clusters of points may be identified in structured
data; with reference to the loadings on the axes the combinations of
variates generating the clusters can be easﬂy identified. Unlike cluster
analysis the degree of overlap and gradation between clouds can be
visualized and assessed.

Principal component analysis (PCA) is an eigen technique which
operates on a correlation or variance-covariance matrix (Davis, 1986).
The first eigenvector is always orientated in the direction of maximum
variation in the sample; the second and subsequent eigenvectors are
perpendicular to the first, holding decreasing amounts of variation.
Usually only the first few eigenvectors containing most of the sample
variation are used in these analyses.

Correspondence analysis (CA) is another eigen technique. Rather
than interrogate a matrix of distance or similarity coefficients, CA
operates on a matrix of conditional probabilities. The method is more
useful when applied to presence/absence data and has been used in
the analysis of both living and fossil plant assemblages.

Markov chain analysis provides a more focussed method of investi-
gating transitions and gradients. The probabilities of particular transi-
tions can be defined and entered into a Markov matrix. From this, the
most probable transition track can be drawn and commonly related to
specific environmental set of factors. The upper Ordovician Martinsberg
Formation of southwest Virginia contains rich brachiopod-dominated
faunas. Markov analysis suggested probable transitions through the
sequence from palaeocommunities dominated, in sequence, by Lingula
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Figure 7.12 Ordination of localities from the Cattawa (A) and Narrows (B)
sections based the relative occurrence of fossil taxa; the localities are grouped
into palacocommunities indicated by ornament (modified from Springer e al.,
1985). Many of the palacocommunities overlap but gradients are obvious: for
example on eigenvector (axis) 2 palaeocommunities with Lingula (solid diag-
onal — top right to bottom left) have large scores whereas palaeocommuni-
ties with Onniella (solid diagonal — top left to bottom right: Cattawa) and
Sowerbyella (diagonal dash: Narrows) have low scores. This may be inter-
preted as a depth-related gradient — decreasing depth correlated with an
increasing score on this axis.

— bivalves — Rafinesquina and Onniella (Springer and Bambach, 1985);
the faunal changes may reflect an onshore-offshore gradient where a
variety of factors, such as water depth and distance from shore, con-
trolled these transitions. Nevertheless there was a considerable overlap
between the palacocommunities.

Seriation reorders two-dimensional data matrices, of binary (presence
or absence) data, to display gradients; the method aims to concentrate
the presence of taxa along the diagonal of the matrix. Most methods
first calculate the mean position of taxa in each row and then sort the
rows accordingly; secondly the mean of each column is calculated and
the columns are then sorted. The algorithm proceeds iteratively until
an optimal solution is reached. Although the technique was first used
in archaeology and subsequently applied to biostratigraphical problems,
it is useful for any data set with gradational properties. Within the mid-
Devonian Hamilton Group of New York State, a regressive interval
is marked by the Delphi Station Member (Fig. 7.13) (Brower and
Kile, 1988) ; through the sequence there is a progressive increase in
sediment grain size and the amount of organic matter. Seriation of
the raw data, comprising taxa and samples from levels in the Delphi
Station Member, generated a clear pattern; the seriated matrix
demonstrated a gradation from basal units dominated by nonarticulate
brachiopods such as Craniops and Lingula to the higher units
with strophomenide, atrypide and spiriferide brachiopods together with
corals and bivalves. These faunal changes were correlated with decreas-
ing water depth.
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Figure 7.13 Seriation of presence and absence data in the Devonian Hamilton
Group; in broad terms the taxa are organized into a depth gradient with
increasing depth from the top left to the bottom right. The seriation is far

from perfect because many different factors control the distribution of these
marine organisms. (Modified and redrawn from Brower and Kile, 1988.)

Cluster analysis is the most commonly applied method to palaeo-
ecological problems, although it can be the most unstable and least
well understood; results must be treated with caution. For example a
detailed study of the upper Silurian associations from the Anglo-Welsh
borderlands suggested the most robust results were achieved using
cosine q and an unweighted pair group method of linkage (UPGMA);
the use of specific coefficients and linkage methods together with the
input order of the data could all affect the composition and topology
of the final dendrogram (Lespérance, 1990). Chaotic behaviour may
be reflected in dendrograms; repeated runs varying the order of data
input can, of course, identify and minimize this problem. Nevertheless
there have been many palaeoecological data sets organized by cluster
analysis. For example, it has been applied to the abundant and diverse
shelly and graptolite faunas that occur in early Silurian successions in
the Oslo Region, Norway, that were deposited in a range of deep-
ening environments during a period of global warming. Q-mode cluster
analysis of 55 samples, yielding about 15,000 specimens, based on the
Jaccard Coefficient and using average linkage, defined seven main
recurrent associations (Baarli, 1987). These associations, related to
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Figure 7.14 R and Q mode cluster analysis of data set of mid Ordovician
brachiopods from eastern North America. The R and Q mode dendrograms
have been plotted against the original data, modified to show the relative
abundance of taxa, to indicate the generic and locality groups behind the clus-
ters. Seven clusters of field collections are recognized along the Y axis whereas
four recurrent generic groupings (I — Rostricellula and Doleroides, 11 — diverse
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