
[image: Cover]


Evolutionary

Paleoecology

The Ecological Context
of Macroevolutionary Change


Evolutionary

Paleoecology

The Ecological Context
of Macroevolutionary Change

EDITED BY

Warren D. Allmon

David J. Bottjer

[image: image]

Columbia University Press



Columbia University Press

New York       Chichester, West Sussex

cup.columbia.edu

Copyright © 2001 Columbia University Press

All rights reserved

E-ISBN 978-0-231-52852-8

 

Library of Congress Cataloging-in-Publication Data

Evolutionary paleoecology : the ecological context of macroevolutionary change / edited by Warren D. Allmon, David J. Bottjer.

p. cm.

Includes bibliographical references and index.

ISBN 0-231-10994-6 (cloth : alk. paper)—ISBN 0-231-10995-4 (pbk. : alk. paper)

1. Evolutionary paleoecology. I. Allmon, Warren D. II. Bottjer, David J.

QE721.2.E87 E96 2000

560'.45—dc21

00-064522

A Columbia University Press E-book.

CUP would be pleased to hear about your reading experience with this e-book at cup-ebook@columbia.edu.




Contents

    Dedication

List of Contributors

1  Evolutionary Paleoecology: The Maturation of a Discipline

Warren D. Allmon and David J. Bottjer

2  Scaling Is Everything: Brief Comments on Evolutionary Paleoecology

James W. Valentine

3  What’s in a Name? Ecologic Entities and the Marine Paleoecologic Record

William Miller III

4  The Ecological Architecture of Major Events in the Phanerozoic History of Marine Invertebrate Life

David J. Bottjer, Mary L. Droser, Peter M. Sheehan, and George R. McGhee Jr.

5  Stability in Ecological and Paleoecological Systems: Variability at Both Short and Long Timescales

Carol M. Tang

6  Applying Molecular Phylogeography to Test Paleoecological Hypotheses: A Case Study Involving Amblema plicata (Mollusca: Unionidae)

Bruce S. Lieberman

7  Nutrients and Evolution in the Marine Realm

Warren D. Allmon and Robert M. Ross

8  The Role of Ecological Interactions in the Evolution of Naticid Gastropods and Their Molluscan Prey

Patricia H. Kelley and Thor A. Hansen

9  Evolutionary Paleoecology of Caribbean Coral Reefs

Richard B. Aronson and William F. Precht

10 Rates and Processes of Terrestrial Nutrient Cycling in the Paleozoic: The World Before Beetles, Termites, and Flies

Anne Raymond, Paul Cutlip, and Merrill Sweet

11 Ecological Sorting of Vascular Plant Classes During the Paleozoic Evolutionary Radiation

William A. DiMichele, William E. Stein, and Richard M. Bateman

    Author Index

Subject Index


Dedication

J. JOHN SEPKOSKI JR. stands as one of the preeminent leaders of the late twentieth century in the ongoing effort to synthesize evolutionary paleobiology and paleoecology into the new discipline of evolutionary paleoecology. Many scientific disciplines, born recently, collect data with new technology at enormous rates. The avid practice of paleontology dates back to the nineteenth century, and given the nature of the materials, production of data is time-intensive because it is typically “hand-crafted” by paleontologists. Jack was one of the first paleontologists to recognize the treasure trove of data that existed in the paleontological literature of the past 150 years, which if extracted, could allow paleontologists sufficient quantities of data to allow statistical analysis and modeling of broad trends in the fossil record. And this is where Jack’s great success lies. His legacy resides in such fundamental contributions as establishing the broad diversity trend of marine families in the Phanerozoic; the statistical analysis of mass extinctions and their timing, including recognition of the “Big 5”; delineation of the three Great Evolutionary Faunas of the Phanerozoic; and characterization of onshore–offshore trends. On his shoulders he lifted paleontology up, and much of what is evolutionary paleoecology today begins with his accomplishments.

Jack collaborated with many individuals to produce these achievements, and his name will always be linked with the highly productive association he had with Dave Raup. Many of us who worked with Jack were energized by his vision and creativity. Perhaps what was most impressive about this giant in our field was his humility and enormous generosity, particularly to the younger practitioners of paleontology. Jack mixed this all in with a great sense of humor, and evenings with him commonly combined conversations on paleontology with high adventure. In recent years his marriage to Christine Janis seemed the perfect match, and he talked with great excitement on their life together. His premature departure from our lives leaves both a personal and a professional void. His research interests and activities had never been greater, as reflected in his broad involvement with the production of this book. He read and made detailed comments on all the contributions and was preparing to write a final summary chapter when he died on May 1, 1999. Jack Sepkoski set the stage for much of what we do, and it is to his memory that we dedicate this volume.
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Evolutionary Paleoecology: The Maturation of a Discipline

Warren D. Allmon and David J. Bottjer






EVERY BOOK HAS A HISTORY. In this instance, the history says much about the changes in the discipline of evolutionary paleoecology. Around 1990, one of us proposed the idea for a symposium on evolutionary paleoecology to the Paleontological Society. There was only moderate interest in the topic, however, and it entered the queue of symposium topics to be almost forgotten, even by the proposer. In early 1995 the coordinator for the Paleontological Society reminded the proposer that the symposium was approaching the top of the pile and that he needed to begin to get things organized. This time, interest among potential contributors was much greater and the response to participate was so enthusiastic that when the symposium was finally held in October 1996, in Denver, it had too many speakers, and presentations had to be limited to 15 minutes instead of the usual 20.

Why the difference? We think that something (perhaps several things) has happened in the last few years that has made the topic of evolutionary paleoecology one of the most active and exciting in paleontology.

The taxonomy of disciplines is always subjective. What we call evolutionary paleoecology is a loosely connected skein of research programs that focus on the environmental and ecological context for long-term (i.e., macroevolutionary) changes seen in the fossil record. This conceptualization is sufficiently broad to successfully encompass two recent definitions of the term. Valentine (1973:2) defined evolutionary paleoecology as “the study of the evolution of biological organization”; Kitchell (1985:91) labeled it the study of “the macroevolutionary consequences of ecological roles and strategies.”

These definitions distinguish evolutionary paleoecology from what Kitchell called simply paleoecology, defined as “studies of past environments that contribute to applied problems and theory in the geological sciences, particularly facies analysis and the reconstruction of past environments” (1985:91). If a more specific term for such studies is required, descriptive paleoecology may suffice. Basic references for this field include Ladd (1957), Ager (1963), Imbrie and Newell (1964), Schäfer (1972), Boucot (1981), Gall (1983), Newton and Laporte (1989), and Dodd and Stanton (1991). This definition may also distinguish evolutionary paleoecology from what has frequently been called community paleoecology, the subfield devoted to describing the diversity, environmental setting, structure, and patterns of change in paleocommunities, and to understanding the factors that affect those features (e.g., Ziegler et al. 1974; Rollins and Donahue 1975; Scott and West 1976; Miller 1990).

Thus defined, evolutionary paleoecology has been around for a long time. Almost since the publication of The Origin of Species (1859), researchers have attempted to understand how the environment has affected evolutionary history, often using the fossil record as their primary data (e.g., Allmon 1994). So why the evident recent rise in activity and interest?

We detect the beginnings of a fundamental shift in thinking about the way in which ecology affects macroevolutionary patterns and processes. This shift may (or may not) mark the beginnings of a truly adequate understanding of how environment and ecology affect the evolutionary process over long timescales. In any case, it has dramatically affected the problems that many paleontologists find interesting and the methods by which they approach them. We point to five recent developments that may have heralded this shift:

 

1. Large-scale paleoecological patterns. The last 20 years have seen the documentation of a number of major patterns in the ecological history of life on Earth. Large-scale patterns of Phanerozoic diversity are now fairly well described (e.g., Sepkoski 1993). From these and similar data also came an understanding of patterns of onshore origination of morphological novelties (and so higher taxa) among many marine invertebrates (e.g., Bottjer and Jablonski 1988; Jablonski and Bottjer 1991). Over the course of the entire Phanerozoic Eon, benthic marine faunas show a distinctive pattern of changing position above and below the sediment-water interface (e.g., Ausich and Bottjer 1982; Bottjer and Ausich 1986); this pattern of tiering describes much of the overall shape of marine faunas over the last 540 million years. Last but probably not least, the nature of resource utilization over the Phanerozoic appears to include increasing bioturbation (Thayer 1983) and escalation between predators and prey (Vermeij 1977, 1987), and both of these patterns may be part of an overall increase in food supply in the oceans during this time (Bambach 1993; Vermeij 1995).

2. Rise of the taxic view. It is now reasonably clear that morphological stasis is a widespread evolutionary phenomenon, at least among some clades (e.g., Gould and Eldredge 1993; Eldredge 1995). To the degree that stasis is dominant in a clade, long-term morphological patterns in that clade must be explained largely through the patterns of origination and extinction of species that do not change significantly during their duration. This taxic view is very different from the transformational view, under which morphological trends within clades are produced largely by gradual changes within species lineages (Eldredge 1979, 1982). The dominance of morphological stasis in a clade calls into question the role of natural selection in producing long-term morphological trends; selection may be responsible for stasis via stabilizing selection (Eldredge 1985), it may act mainly at speciation (Avise 1976; Dobzhansky 1976), or it may not be very important at all at higher hierarchical levels of the evolutionary process (Gould 1985). The taxic view compels us to take morphological stasis seriously in explorations of the large-scale history of life, and in the context of paleoecology, it forces us to be specific about exactly where and how ecology might matter to evolution. The taxic view also has important methodological implications in that we may see much of the history of life as fundamentally a branching process (e.g., Raup 1985).

The pattern of “coordinated stasis” (Brett et al. 1996) and the “turnover-pulse hypothesis” (Vrba 1993) have further highlighted and encouraged the taxic view, particularly around the issue of exactly how (or even whether) the environment may interact with individual lineages to create patterns of origination, stability, and extinction. We have long known that there are “intrinsic” as well as “extrinsic” factors in evolution (Allmon and Ross 1990); we are now beginning to focus on what role particular intrinsic and extrinsic factors may be playing in determining many taxonomic patterns (e.g., Morris et al. 1995).

3. Appreciation of scale. Can processes acting at one timescale adequately explain phenomena at all timescales? Are patterns at one timescale reducible or expandable to other timescales? We once thought we knew the answer. Much of the power of Darwinism lies in its purported ability to explain long-term changes in the history of life via processes visible in the backyard pigeon cage. However, it has become increasingly evident that application of Darwinian natural selection or any other evolutionary process must occur at the appropriate temporal and spatial scale (e.g., Gould 1985; Aronson 1994; Martin 1998). Processes acting at one scale may not apply at another; patterns at one scale may not be recognizable at another. This means that the recognition of large-scale paleoecological patterns such as those described above may or may not be explicable by processes acting at ecological timescales accessible to human investigators today.

4. Uniformitarianism revisited. Along with problems of temporal scaling, it has also become increasingly apparent that there are paleoecological questions that do not yield satisfactory solutions through the strict application of uniformitarian approaches. Although the usual approach for reconstructing history in the natural world uses uniformitarianism as a dominant guiding principle, reconstruction of Earth’s biological history differs from using immutable physical and chemical axioms. The reason for this difference is that biological and physical features of Earth’s environments, by their very nature, have changed through time because of organic evolution. Thus, it is possible for ancient biological attributes of the environment to no longer exist or be predominant in modern settings (e.g., Kauffman 1987; Berner 1991; Sepkoski et al. 1991; Hagadorn and Bottjer 1997). Nonuniformitarian approaches have been most commonly taken by Precambrian paleoecologists. Phanerozoic paleoecologists, however, have begun to adopt some of the healthy skepticism about uniformitarianism that characterizes the methodology of the Precambrian paleoecologist. Much of the growth of the new discipline of evolutionary paleoecology will depend on the insights provided through application of a nonuniformitarian viewpoint (e.g., Bottjer et al. 1995; Vannier, Babin, and Rocheboeuf 1995; Fischer and Bottjer 1995; Bottjer 1998).

5. Geobiology. Although we have long known that the earth’s physical environment “matters” to evolution, we have struggled to understand exactly how. One common problem is that we have frequently lacked sufficiently detailed data on the nature of the physical environment in the geological past to allow us to compare environmental and evolutionary changes. With the advent of much more precise geochronology and stable isotope biogeochemistry, however, more and more researchers are attempting very precise comparisons between ancient physical environmental changes and evolutionary events, from the Precambrian to the Holocene, from protists to hominids (e.g., Knoll 1992; Feibel 1997). This pursuit is referred to by some as geobiology. (This word is also sometimes used as almost synonymous with paleobiology; see Bottjer 1995b.) As we begin to learn more about the nature of Earth’s physical history, we may be able to learn a great deal more about how life has responded to that history.

 

Prospect

One of the most important questions we can ask about the history of life is, “does ecology matter” (Jackson 1988)? Most biologists and paleontologists were trained to believe that it does, but the exact mechanisms by which ecology matters to patterns that play out over tens or hundreds of millions of years have never been entirely clear. As we learn more about these patterns, the search for their causes becomes even more pressing. Research has refined the questions. As Carl Brett and co-authors have put it in a recent major volume on coordinated stasis: “the most significant goal and challenge of evolutionary paleoecology lies in seeking a new synthetic view of the evolutionary process which integrates the processes of species evolution, ecology, and mass extinction” (Brett, Ivany, and Schopf 1996:17).

This summary is amply borne out in the chapters of this volume. This book is not an encyclopedic synthesis of evolutionary paleoecology, but a benchmark sampler of active research in a very active field. The chapters do not so much answer whether, or the way in which, ecology matters as they explore in fairly explicit directions the ways in which it might. In these directions must lie the solution to the question of how the biotic and abiotic environment affect evolutionary change on this planet.
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Scaling Is Everything: Brief Comments on Evolutionary Paleoecology

James W. Valentine






BECAUSE I USED THE TERM EVOLUTIONARY PALEOECOLOGY in the title of a book in 1973 when the field was developing (Valentine 1973), the editors of this volume asked me to write briefly about the genesis of this term and to comment on how this field has fared. That book, Evolutionary Paleoecology of the Marine Biosphere, was indeed part of a broad movement to apply what was known about invertebrate fossils to attempt to answer biological questions. This movement involved a long series of contributions by many workers. My remarks are restricted to marine invertebrate studies.

The title, Evolutionary Paleoecology of the Marine Biosphere, was meant to carry two messages. The first was that the subject of the book was biological (or paleobiological) rather than geological. Although there had been many fine pioneering studies in what is now called paleoecology, the term paleoecology was being increasingly employed to describe the field of paleoenvironmental reconstruction. Some studies labeled as paleoecology did not involve organisms at all, but were sedimentological or petrographic, and were dedicated to understanding environments of deposition, not of habitation. Still other paleoecological studies that did involve organisms were nevertheless devoted only to reconstructing depositional environments for geological purposes. Although those research programs were certainly valuable contributions to geology, they did not necessarily yield information on ecological processes of the past, except fortuitously as by-products. In search of an appropriate title for a treatment of paleoecology, I tried to find a phrase that connoted biology rather than geology. Paleobiological paleoecology sounded ridiculous, and even biological paleoecology was much too redundant, so evolutionary paleoecology it became, all 13 syllables. I’m not certain whether this was the first use of the term. Coincidentally, that same year Dobzhansky published his famous dictum that “nothing in biology makes sense except in the light of evolution” (Dobzhansky 1973), which rather nicely supported my choice.

Second, and more important, the title also implied a paleoecology at large scales, studied over evolutionary time rather than case by case. The best parts of the book were concerned with trends through time or with comparisons between conditions at different periods of time. With trivial exceptions, it is clearly not possible to study ecological or evolutionary processes directly from the fossil record. For a given fossil assemblage, about the best that can be done is use ecological theory to frame the various interpretations. What can uniquely be studied, however, are the results of ecological processes as they were worked out by evolution over stretches of time far longer than the life of a single investigator studying living ecosystems, or even than a single stratum bearing a fossil assemblage. A wide variety of ecological processes may be in play within a living community, but in order to determine which are important for biotic history, the fossil record is indispensable. A reasonable, widely followed, research strategy for the paleobiologist is to investigate some aspect of the fossil record to understand which biological questions might profitably be studied; to learn everything that is known of the processes that seem appropriate to the question from biological work; and then to proceed with a formal research project dedicated to testing relevant hypotheses over time and across circumstances in the fossil record. Curiously, not many biologists have reversed this strategy, although many hypotheses that are formulated to account for recent patterns are found to fail in the fossil record, and are thus at least incomplete.

Evolutionary paleoecology, then, would for a start use an ecological theory as a framework within which to examine and evaluate paleoecological processes, which famously form the theater of the evolutionary play, over time. The evolutionary events revealed in such studies are chiefly macroevolutionary, involving scales appropriate to the fossil record. Furthermore, the rising fields of biodiversity and of macroecology, although not strictly paleontological, have strong historical underpinnings, especially involving processes at scales perfectly familiar to investigators in paleoecology and macroevolution. It is interesting that the literature of these neontological fields tends to be an easy read for paleoecologists, who are accustomed to the scales and even employ similar conceptual tools. Scale seems to be a key feature of evolutionary paleoecology. The fossil and Recent data and the range of hypotheses available to evolutionary paleoecologists are expanding continuously.

It is clearly impossible to evaluate or even mention all the current trends in evolutionary paleoecology; however, this volume provides at least an introduction. One of the stimuli for large-scale studies was the rise of the theory of plate tectonics: if there could be global tectonics, could there not be global paleobiology? Because plate tectonic processes were more or less incessant, they should provide a continuous but ever-changing template of physical environments to which ecological structures might be molded, and within which the evolutionary history of the biota, ever adapting to the new conditions, could be interpreted right across the Phanerozoic Eon. To be sure, for many parameters, the relationships between geological and biological processes are indirect and intricate, and prediction of cause and effect is difficult, especially considering the scale of the data. Nevertheless, after the appearance of global tectonics, Phanerozoic studies began to flourish. These studies present the phenomena not otherwise appreciated and provide a framework for more detailed research at finer scales.

The topics of global Phanerozoic research can be quite varied; Phanerozoic studies that are global for their subjects have been composed of, among other things, ecospace occupation (Bambach 1977), family diversity (Sepkoski 1981; Sepkoski and Hulver 1985); extinction (Raup and Sepkoski 1982; Jablonski 1986); vertical community structure (Ausich and Bottjer 1982); biological disturbance (Thayer 1983); shell-breaking predation (Vermeij 1983); of onshore–offshore origination (Jablonski et al. 1983); morphological patterns in corals (Coates and Jackson 1985); bioclastic accumulation (Kidwell and Brenchly 1994, 1996); and carbonate shell mineralogy (Stanley and Hardie 1998). This is not a scientific sampling of the literature, but it does suggest that there has been a lag and perhaps some revival in broad-scale studies, which is most welcome. The earlier of these studies have come to be regarded as seminal.

When finer-scale studies are made of features for which Phanerozoic data are available, they usually produce different results, and therefore the utility of the larger scales is sometimes questioned. Global diversity profiles of families commonly vary greatly from their orders and of the orders from their phyla, and regional variations exist in essentially all paleoecological parameters, raising questions as to which of the scales provides real results. Of course they all do, but the results do pertain to different questions on different scales. There is a good chance that the interrelationships themselves among data at different scales may prove to be a help to evolutionary paleoecology, but they have not yet been adequately investigated. Raup et al. (1973) modeled small-number samples of clade diversifications, repeated under the same rules but stochastic within certain constraints, and produced great variability in the resulting diversity profiles. However, if large-number samples were run with those rules, the variability between runs would be reduced (see Stanley 1979). But of course as long as there are stochastic elements in such a model, some variability will always remain; the largest of sample sizes is not fixed. The largest sample size of diversity available displays a well-known profile across the Phanerozoic (Sepkoski 1981). It is hard to believe that many of the processes that gave rise to this profile do not have stochastic elements. There must be a potential parental distribution of which our actual diversity history (assuming it is fairly represented by the profile) represents a sample. How much difference, then, would there be in the profile if we re-ran metazoan history? Or Phanerozoic history? I don’t think that we know, but it’s certainly a problem in evolutionary paleoecology, and one that might be solved, at the appropriate scale.
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What’s in a Name? Ecologic Entities and the Marine Paleoecologic Record
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IMAGINE A COMMUNITY ECOLOGIST venturing into the literature of marine paleoecology for the first time. Let us say that her first exposure will be in the reading of a volume of contributed chapters, such as this one. If our colleague scratches her head each time she is confused over inconsistent and illogical usage of unit definitions, by the end of the book she might be bald. This would be no reflection on the quality of data or analytical rigor in such volumes, but rather a consequence of a prevailing indifference to fundamental properties of the ecologic entities recorded in fossil deposits. Should paleoecologists do something about the situation or continue to promote depilation in this way?

Paleoecology is usually considered to be the study of ecologic properties of fossil organisms or assemblages of organisms. A better definition would state that paleoecology is more concerned with organisms and assemblages viewed at larger or more inclusive spatial and temporal scales than those typically considered in neoecology. What paleoecologists do is fairly clear, but why they do it, the purpose of paleoecology, is far from clear. Although this chapter will seem at first to be a rehashing of terminology, it is really about the issue of purpose, the approach here being an assessment of the entities, or things, paleoecologists study. Specifically, the approach will consist of a review of recent systems of paleoecologic unit classification and a proposal of a way to evaluate entities detected in the fossil record that could stabilize terminology and help to settle the ontologic aspect of purpose. I also illustrate some of the consequences of ignoring these issues.

The relationships of paleoecology to evolutionary biology in general and ecology in particular have always been uncertain, and occasionally someone says so unambiguously (Hoffman 1979, 1983; Gould 1980; Kitchell 1985; Allmon 1992; A. I. Miller 1993). One way to see this uncertainty is to notice how liberally paleoecologists have borrowed concepts and techniques from ecology, but how oblivious most ecologists seem to be about what goes on in paleoecology. As ecologists have begun to scale up their observations to encompass large units of biotic organization, large-scale environmental contexts, and climate history, they have started to work at levels familiar to paleoecologists. The ecologists, however, are developing their own brand of macroecology (e.g., Turner 1989; Delcourt and Delcourt 1991; Gilpin and Hanski 1991; Brown 1995; Hansson, Fahrig, and Merriam 1995; Wu and Loucks 1995). Perhaps the reason for the continuing separation of disciplines has to do with our attending separate conferences, publishing in different journals, or using different methods, but it might also relate to the fact that paleoecology somehow skipped a crucial stage in its conceptual development that Eldredge (1985:163) has described as “… frankly groping for an ontology of ecological entities….” Terms such as community, paleocommunity, assemblage, and biofacies are used to mean almost any kind of multispecies aggregate. Ecologists are not entirely free from this confusion over terms (McIntosh 1985, 1995; Fauth et al. 1996), but paleoecologists, in terms of words available for use and spatiotemporal scaling dimensions, have more to be confused about.

If we take deme and species-lineage to be potentially real things whose meaning and significance need to be understood before evolutionary patterns and processes are interpreted satisfactorily (Mayr 1970, 1988; Stanley 1979; Eldredge 1989; Ereshefsky 1992; Gould 1995), why should we be unconcerned about the validity of the terms community and ecosystem? This is not the same as the debate over whether multispecies assemblies are strongly interacting, stable entities (the Clementsian–Eltonian view) or happenstance aggregations of populations merely tolerating local environmental factors (the Gleasonian view) (DeMichele et al., chapter 11, this volume). Instead, what I attempt to address is the problem, for instance, of letting a community be any of the following: fossils loaded into a sample bag at a particular locality; samples having generally similar fossil content collected at several different localities or stratigraphic levels; or statistically defined clusters of taxa or samples at many scales of resolution.

TABLE 3.1. Kauffman-Scott System of Unitsa

[image: image]

a Kauffman 1974; Kauffman and Scott, 1976.

TABLE 3.2. Boucot-Brett Systema

[image: image]

a Boucot 1975, 1983, 1990a,b,c; Brett, Miller, and Baird 1990; Brett and Baird 1995

TABLE 3.3. Bambach-Bennington System (1996)

[image: image]

Classifications of Paleoecologic Units

Here I review five essentially hierarchical classification systems for fossil deposits that have a more or less explicit ecologic character (whether or not real ecologic entities or systems are in fact represented) and have been fairly well publicized (tables 3.1–3.4). There are other, mostly older, systems, but these are the ones paleoecologists are likely to think about when they consider units. To build a consensus regarding terminology, the practice of redefining units in every new publication should be discouraged. Parts of the classifications are compared in table 3.5.

TABLE 3.4. Valentine Systema
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a Based on Valentine 1968, 1973; Eldredge and Salthe 1984; Eldredge 1985; W. Miller 1990, 1991, 1996

TABLE 3.5. Possible Correlation of Units Employed in Recent Paleoecologic Literature

[image: image]

a Parts of units compared are essentially equivalent; or scale is nearly the same, but criteria vary somewhat.

Kidwell System

Kidwell and co-workers have developed a classification based on the degree of time-averaging of skeletal remains in a particular sample or bedding unit (Kidwell and Bosence 1991; Kidwell 1993; Kidwell and Flessa 1995). The system is not really hierarchical because less time-averaged units do not necessarily form parts of more time-averaged units. I mention it, however, because the extent of blending of original ecologic units is a criterion in the scheme, making it a useful starting place in the ecologic analysis of fossil deposits. The classification includes four categories of assemblage (Kidwell and Flessa 1995:288–289): ecological snapshots or census assemblages, providing a record of local communities having “zero to minimal time-averaging”; within-habitat time-averaged assemblages, recording “temporally persistent” communities over time spans of 1 to 103 yr; environmentally condensed assemblages, containing ecologic mixtures of skeletons that accumulated “over periods of significant environmental change” in the order of 102 to 104 yr; and biostratigraphically condensed assemblages, encompassing “major environmental changes as well as evolutionary time” and containing a record spanning 105–106 yr.

Kauffman–Scott System

An elaborate classification was proposed by Kauffman (1974) and later expanded by Kauffman and Scott (1976). The scheme is in part hierarchical because higher levels may consist of the lower levels of organization, but it includes units that could be viewed as ecologic, developmental patterns, and as biogeographic divisions (table 3.1). The units are defined and compared by Kauffman and Scott (1976:13–21) in one of the only paleoecologic lexicons anyone has ever bothered to compile. The criteria for judging membership in the units are varied. For the multispecies aggregates, spatiotemporal cooccurrence of taxa and “vertical” position in the scheme are the most important characteristics.

Boucot–Brett System

Boucot (1975, 1983, 1986, 1990a,b,c; also Sheehan 1991, 1996) has repeatedly pointed out that extensive, practical biostratigraphic experience is the most reliable approach to ecologic classification of fossil deposits. His Ecological–Evolutionary Units have been adopted in the work on coordinated stasis by Brett and Baird (1995) as the most inclusive divisions of Phanerozoic ecologic history. This is a hierarchical classification of descriptive units (table 3.2) in that the more localized, short-lived units are contained in the interregional, long-lived divisions. The main criteria used to identify and organize the units are biostratigraphic position at varied scales of resolution and inclusiveness (based on size and duration). Brett and Baird (1995) recommended dividing the largest units into Ecological–Evolutionary Subunits. Beyond this, Boucot, Sheehan, Brett, and others have used terminology for the divisions of subunits including assemblages, community groups and types, and biofacies. Each major unit is viewed as a record of biotic stability or reorganization following an episode of extinctions; the smaller local units record environmentally controlled variations on the larger regimes. Boucot (1978, 1990c) has discussed the evolutionary dynamics associated with appearance and collapse of the largest divisions; Brett and co-workers (Miller, Brett, and Parson 1988; Brett, Miller, and Baird 1990; Brett and Baird 1995; Morris et al. 1995) have concentrated their attention on the properties of the smaller, more localized subdivisions.

Bambach–Bennington System

Another classification based largely on the criterion of species co-occurrences was proposed by Bambach and Bennington (1996). Their focus was on small-scale multispecies aggregates (table 3.3). The classification is interesting because Bambach and Bennington have been careful to emphasize the differences between class-like categories (generalized community types and kinds of communities) and local manifestations (local communities) and between living and equivalent fossil units (paleocommunity types, paleocommunities, and local paleocommunities). This is a useful terminology when the chief consideration in a study is taxonomic composition of localized assemblages, and it is one of the only schemes that recognizes the subtle difference between classes of ecologic entities and their individual representations (see discussions of individuality of ecologic entities by Salthe [1985] and W. Miller [1990]).

Valentine System

In terms of classification of ecologic entities, not fossil assemblages, the system that has developed from the early work of Valentine is probably the most conceptually robust and biologically realistic (Valentine 1968, 1973; Eldredge and Salthe 1984; Eldredge 1985; W. Miller 1990, 1991, 1996). I personally favor this scheme because the levels form a true hierarchy (entities recognized at lower, less-inclusive levels form the “working parts” of those at higher, more-inclusive levels of organization) and the emphasis is on correctly scaled ecologic properties (table 3.4), not nested sets of co-occurring organisms or taxa. The fundamental properties of entities at any level include (1) identity as economic systems involved primarily in matter–energy transfers; (2) interactions with similarly scaled entities, as well as with encompassing and constituent entities; (3) scale (a matter of both spatiotemporal extent and membership and inclusiveness); and (4) the related developmental trajectories (including initial organization, intervals of relative stability and episodes of disturbance and recovery, maturation, and eventual collapse). Readers will recognize this classification as being derived from the organizational framework of Valentine’s influential book, Evolutionary Paleoecology of the Marine Biosphere (1973), with elaborations introduced mostly by Eldredge and Salthe (1984).

Recognition of Ecologic Entities: Some Fundamental Concepts

All of the ecologic entities specified in what I call the Valentine System are open to energy flow but relatively closed as cybernetic systems (Margalef 1968; Brooks and Wiley 1988); have developmental patterns that depend on normal pathways of energy dissipation and departures from such configurations (disturbance and recovery) (Pickett and White 1985; Pimm 1991); and consist of organisms, parts of organisms, or organism aggregates of some sort together with parts of their physicochemical contexts that have been incorporated into life processes, and the unincorporated environment (O’Neill et al. 1986). Entities are energy–material processors that interact with similarly scaled entities and simultaneously with components (providing initiating mechanisms) and encompassing entities (providing boundary conditions). Entities at different levels have different process behaviors and “predicates” (Allen and Starr 1982; Salthe 1985), meaning that they are represented by different rate constants and can accomplish different things. For example, populations within a local ecosystem may undergo seasonal cycles of expansion and contraction whereas the encompassing system appears to remain stable over decades. Such populations also may experience fluctuation during disturbance–recovery episodes, but it is the entire ecosystem that would undergo succession. The same general concepts apply to entities at lower and higher levels in the ecologic hierarchy.

Do the entities at varied scales of resolution, especially large multispecies systems, have the properties of individuals? I have discussed the criteria for recognizing individual ecologic systems at varied scales in previous essays (W. Miller 1990, 1991, 1993a, 1996), based largely on the criteria presented by Salthe (1985). Gould (1995) recently has used similar criteria to argue that evolutionary entities other than individual organisms and demes can be construed as individuals within a genealogic hierarchy. The main idea in these arguments is that it is possible to recognize individual dynamic entities by considering the interrelated criteria of boundaries, scale, integration, and continuity.

Boundaries

Ecologic systems that are larger and more inclusive than individual organisms have poorly defined boundaries except in those cases where steep environmental gradients or discontinuities produce ecoclines or ecotones. There are other ways to construe boundary. The most familiar boundaries in biology are walls of some kind: more or less permeable membranes or tissues of organisms and their components. For the systems that consist of organisms, a boundary can be created by the physicochemical context, disturbances, or might have more to do with internal connection or “wiring” of interactors (Allen and Starr 1982; O’Neill et al. 1986). The last view is the same one a planetary astronomer would adopt in delineating a planetary system. The interactors are stars and planets connected as a dynamic system by gravity. The expectation still exists that ecologic entities must have some sort of geographic border to be real, but we should anticipate that large, inclusive systems are likely to have other kinds of boundary criteria.

Paleoecologists are acquainted with the kind of biofacies that recurs with a certain sedimentary paleoenvironment. This close association of sedimentary rocks and fossils, appearing together at different localities and different stratigraphic levels within the same region or basin, may be the expression of an environmentally imposed system boundary, although the kind of ecologic entity recorded in such patterns has been difficult to interpret (W. Miller 1990, 1993b, 1996). In census assemblages (sensu Kidwell and Flessa 1995), original spatial association of organisms in local systems can be preserved (Boucot 1981, 1990c). In time-averaged deposits, however, it will be difficult to detect boundaries where they are not controlled by abrupt change in environmental factors, although reconstruction of networks of recurrent interactors might allow recognition of systemic cores of ecologic entities at varied scales of resolution.

Scale

A closely related criterion is that of scale, which refers as much to hierarchical position (Eldredge and Salthe 1984; Salthe 1985, 1993) as to size and duration of a system (see recent discussions by O’Neill et al. 1986; Schneider 1994; Wu and Loucks 1995). The more inclusive entities are expected to be typically larger and more durable than the included systems. Province systems (table 3.4) should outlast the included local ecosystems and cover a larger area. In some cases spatial deployment and duration of nested systems could coincide (as with local populations within some local ecosystems), but the nestedness would still signal a difference in scale, as the term is used here.

In paleoecology, it is not always possible to specify exactly the scale of observation, but spatiotemporal dimension and relative level (apparent inclusiveness of units resolved in data sets) can be identified and described. To claim that a widely deployed, persistent assemblage of fossils is a “community” is to ignore the fundamental property of scale (e.g., W. Miller 1997). Ecologic communities (which are usually short-lived taxonomic associations [sensu Kauffman and Scott 1976] or functional parts of local systems such as food chains or guilds) simply can not do the things many paleoecologists want them to do. They are ephemeral, localized aggregations of interactors (Bambach and Bennington 1996), not durable systems that can track changing environments over 105–106 yr (W. Miller 1990, 1993a, 1996).

Integration

This is the easiest criterion to grasp, although the nature of the things being integrated at higher levels may not be clear. Even the most ephemeral, loosely-organized multispecies assembly consists of organisms that interact in some way. In demonstrably stable assemblies, internal connections as opposed to environmental uniformity may be the source of that stability (reviewed in Roughgarden and Diamond 1986; Pimm 1991; Morris et al. 1995; W. Miller 1996). A great deal of writing in community and ecosystem ecology is devoted to exploring the complex relationships among species occurrence, connections (traditionally predator–prey and competitive population interactions are emphasized, but mutualisms and indirect interactions recently have gained prominence), and stability (meaning in most cases resilience or the ability to bounce back after a disturbance) (Pimm 1984, 1991). The favored approach in ecology involves experimental manipulation of a portion of a local ecosystem, isolated for tractability or because of interest in a particular taxonomic group. This experimental approach simply is not available in most paleoecologic studies, so evidence of integration based on static patterns and uniformitarian inferences must be used. Ecologists face the same methodologic limitations in studies of regional systems or situations in which system history is considered.

We should not, however, underestimate fossils as a record of interaction and system integration. Specimens show signs of interaction in the forms of epi- and endobiontic infestations, predation scars, skeletal inclusions and overgrowths, gut and fecal contents, and other repeated spatial associations such as tiering. Interesting new problems include the possible detection in fossil assemblages of indirect interactions (e.g., modification of a competitive interaction with introduction of a predator, parasite, or pathogen [Wootton 1994]) and the recognition of interactions between local ecosystems (e.g., Palmer, Allan, and Butman 1996; Polis and Hurd 1996) resulting in structure at the regional level (Salthe 1993; W. Miller 1996).

Continuity

For ecologic entities to qualify as individuals they must have beginnings, developmental histories, and terminations of some sort. Spatiotemporal continuity is now accepted by some evolutionary theorists as an essential property of species. Thus species-lineages are viewed as having definable beginnings (speciation), often stable histories (reflected in morphologic stasis), and eventual terminations (species-level extinction). Populations and ecosystems have beginnings owing to colonization of a local environment, histories characterized by relative stability or fluctuations in organization and function, and eventual collapse as local contexts change or as sources of recruits disappear. The histories of more inclusive entities are intimately linked to the larger patterns of climate, bathymetry, tectonics, and nutrients, and should consist of the assembly and connection of local ecosystems. This is a scale of resolution for which the traditional methods of marine paleoecology are particularly well suited.

Significance of Misidentifying the Players

Ecologic entities at different levels of organization are the players in the economy of nature. Each entity is a dynamic system that consists of smaller, faster-reacting systems and at the same time forms part of a larger, slower system. Hierarchy theorists would say that such systems exhibit the related properties of “near decomposability” and “nontransitivity,” meaning that any part of a hierarchical metasystem can be extracted for study (i.e., isolation of a focal level of dynamic processes, together with relevant aspects of both enclosing and component systems), and that entities at different levels develop and react to disturbance in fundamentally different ways. Although paleoecologists are beginning to comprehend the significance of correct spatiotemporal scaling, there is still a tendency to anticipate process isomorphisms and to conflate levels. Nowhere is this more obvious than in the misidentification of fossil assemblages at varied scales as “communities” (figure 3.1) or in the misattribution of community (synonymous with local ecosystem) processes to large-scale temporal patterns in the fossil record.

Ecologic Succession

In the 1970s, it was popular to identify vertical transition patterns in fossil deposits, regardless of the scale, as examples of ecologic succession (reviewed in W. Miller 1986; Miller and DuBar 1988). The subdivisions within these sequences were recognized as serial stages or successive communities that underwent the same kind of succession described by ecologists. Even regional patterns that obviously were environmentally driven were proposed as large-scale versions of succession. It is now acknowledged that most of these patterns may be succession-like, but that the scaling is all wrong: larger, more durable entities than local communities or ecosystems are the units involved, and the within-system processes of autogenic succession [facilitation, tolerance, and inhibition (Connell and Slatyer 1977)] simply are not visible in most time-averaged assemblages.

[image: image]

FIGURE 3.1. Almost any kind of fossil deposit or collection has been called a “community” by marine paleoecologists. (A) (1) Fossil deposits at the scales of regional facies, (2) local sequences, (3) individual bedding units, and (4) isolated samples. (B) Relationship of fossil assemblages to ecologic entities (correspondence) is often not evaluated in paleoecologic studies. The ecologic hierarchy is depicted here only as a “spot diagram” to emphasize inclusiveness and multiple levels. A better depiction would show the entities as dynamic systems that process energy and materials, interact with similarly scaled entities and with their components and contexts, and have developmental trajectories: an artistic feat that is beyond me.

Paleoecologists have become more careful in recognizing ecologic succession in the fossil record by considering the effects of time-averaging and mixing of ecologic units and anticipating the local conditions in which successional patterns are likely to be preserved in the first place (e.g., Wilson 1987; Taylor 1996). This new caution represents a move toward quality control and an increased ecologic sophistication.

Coordinated Stasis and Related Patterns

Brett, Baird, and co-workers have revived interest in the concept of recurrence as it applies to assemblages or biofacies that appear to track a preferred environment and maintain compositional stability for 105–106 yr (Miller, Brett, and Parson 1988; Brett, Miller, and Baird 1990; Brett and Baird 1995; Morris et al. 1995; Ivany and Schopf 1996). Coordinated stasis is recognized as recurrence of taxonomic composition, rank-abundance, and skeletal morphology of at least the dominant taxa within a recurring lithic unit, despite environmental change such as sea level fluctuation. The concept was developed initially based on the study of Silurian and Devonian sequences in the northeastern United States.

Pandolfi (1996) has reported similar compositional stability and evidence for limited membership (recurrent, selective assembly dynamics) in coral associations from the Pleistocene of Papua New Guinea, spanning an interval of high-frequency climate change and eustatic flux of approximately 105 yr. This kind of stability is not the kind of pattern usually reported by terrestrial ecologists for the same time interval. Terrestrial assemblages seem to have been controlled by individualistic response of taxa, compositional instability, and essentially open membership. Beyond the issues of reconciling the marine and terrestrial records and of determining relative importance of long-term stability vs. instability as dominant properties of ecologic systems, what exactly are the entities behaving in these ways?

Because of the short-lived nature of most local ecologic systems and the prevalence of time-averaging, it is unlikely that the stable assemblages described by Brett and associates and by Pandolfi equate to what an ecologist would call a community. Anticipating that larger, more durable systems are represented in the patterns begs the question of how stability works at levels of organization above that of local populations and ecosystems. Can the patterns be explained simply by matching a persistent species pool with persistent or recurring environments, or is the stability a result of autogenic processes of large ecologic systems that are comparable to the largest units of landscape ecology? The reductionist–extrapolationist view would restrict explanation to adaptive properties of organisms and provision of necessary environments, whereas the hierarchical perspective would allow the formulation of alternative models including the possibility of unfamiliar sources of stability at the level of regional ecosystems (e.g., W. Miller 1993a,b, 1996, 1997).

Phanerozoic Faunal Replacements

We have heard much about Sepkoski’s concept of the three “Great Evolutionary Faunas”: the Cambrian, Paleozoic, and the Modern (Sepkoski 1979, 1981, 1990, 1992, 1996; Sepkoski and Sheehan 1983; Sepkoski and Miller 1985). These grand divisions of Phanerozoic life are statistically defined mega-assemblages characterized by the prominence of certain higher taxa and are the largest units used in modern studies that trace the development of marine faunal diversity. According to Sepkoski and Miller (1985:153), “… all of these faunas originated early in the Phanerozoic but then diversified at different rates, with each fauna attaining a successively higher maximum diversity and appearing to displace the fauna before it. …” Recognized within the evolutionary faunas are the time-environment distributions of assemblages (i.e., documented collections of varied temporal scope) that appear to illustrate the actual patterns of large-scale faunal replacement. These units also are sometimes referred to as “communities.” Sepkoski and Miller (1985) were careful to point out that their communities were really operational or sampling units, consisting of (p. 156) “… a diverse array of paleoecologic communities and assemblages as well as biostratigraphic faunules and biofacies, all of which shared the quality of being samples of the total fossil content of some restricted stratigraphic and environmental interval.” Later in the same article, however, the sampling units become reified as biotic units when an attempt is made to explain the cause of the faunal replacements recorded in Paleozoic nearshore facies. When a brachiopod-dominated inner-shelf “community” is replaced by a mollusc-rich “community,” what kinds of ecologic systems are actually involved? These obviously are not the same unit an ecologist would regard as a community. Are the encompassing evolutionary faunas some form of gigantic ecologic system, or simply statistical patterns?

Sepkoski’s work is founded on an enormous amount of bibliographic documentation and rigorous, repeated analyses; there is no doubting the patterns. But what are the large-scale ecologic processes involved in the origination, development and elaboration, and decline of the faunas recognized in this way? I suggest that understanding the patterns involves more than evolutionary speculation and must include the specification of ecologic entities and their correctly scaled developmental dynamics. Sepkoski (1990, 1992, 1996) had begun to pursue these issues.

Conclusions

At the end of the Paleontological Society symposium on faunal stasis held in Seattle in 1994 (see Ivany and Schopf 1996), contributors and others interested in the topics covered met for a short discussion session. I had no methodologic investment to defend, and had not staked out a particular stratigraphic interval or group of favorite organisms; I was interested in the general idea of whether assemblages might remain stable for millions of years and the possibility of making a significant expansion in ecologic theory by explaining such patterns. I was perplexed by the comments made during the discussion. The few solid threads of evidence, suggestions for tests of ecologic stasis, and the conceptual advances were lost in a Babel of confused jargon and ecologic naïveté. Participants should have seen they were talking past each other, and that one of the chief reasons for this was lack of a conventionalized terminology for the things paleoecologists try to detect in the fossil record. Honors are bestowed on physical scientists for discovering the essential properties of fundamental particles; paleoecology, by comparison, has largely bypassed the issue.

The view that the structure of the living world is accurately represented as a hierarchical assembly of dynamic systems is gaining momentum in both ecology and paleoecology. At the same time it is becoming clear that pragmatic, inconsistent use of terminology and strictly reductionist–extrapolationist views have not served evolutionary paleoecologists well when they have attempted to delineate and characterize ecologic entities in the fossil record, reconstruct developmental patterns, detect processes and reactions, or recognize linkages to evolutionary dynamics. This goes beyond haggling over terminology: in these matters researchers are grappling with some of the central questions of biology. What are the essential properties of the units of study? Are the units real or convenient fictions? Do they have properties that cannot be explained by merely summing the properties of constituent parts? Do the units act as active components and causes or as backdrops of evolutionary radiations, trends, turnovers, and stasis? The Valentine System of unit classification (table 3.4) is probably the most accurate representation of the ecologic hierarchy proposed so far; it provides a tentative list of study “targets” and scaling controls and is a conceptually robust starting place for pursuing these basic questions. I conclude with a slightly altered quote from Marjorie Grene (1987:504) illustrating why terminology, properties of entities, and purpose of a discipline are so closely linked: “In general, an expanded ontology, which allows consideration of real patterns at a number of levels, could produce a search for, and discovery of, causes in quarters where classical evolutionists [and ecologists] would not have thought to seek them.”
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LEVEL AGE #SPEC* DR.FREQ.!" C.D: PEY  MULT*
Ripley L. Cret. 2629 0.132 174 0.054 0
Providence L. Cret. 639 0.194 62 0.016 0
Corsicana L. Cret. 291 0.055 8 0.273 0
Kincaid E. Paleo. 1054 0.034 18 0.053 0.105
Brightseat E. Paleo. 1743 0.327 285 0.087  0.026
Matthews Landing M. Paleo. 235 0.111 13 0235 0.118
Bells Landing L. Paleo. 62 0 0 1 0
Bashi E. Eo. 1124 0415 233 0.045  0.066
Cook Mountain L. M. Fo. 5035 0.287 721 0.062 0.039
Gosport L. M. Eo. 468 0.073 17 0.105 0.105
Moodys Branch L. Eo. 16209 0.079 641 0.181  0.097
Red Bluff E. Olig. 2197 0.235 258 0.189 0.154
Mint Spring E. Olig. 1596 0.204 163 0.133  0.154
Byram E. Olig. 662 0.139 46 0.148 0.074
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LEVEL AGE #SPEC  DR.FREQ." C.D: PEY  MULT*
Ripley L. Cret. 2426 0.037 90 0011  0.044
Providence L. Cret. 516 0.060 31 0 0
Brightseat E. Paleo. 414 0.377 156 0 0
Matthews Landing M. Paleo. 297 0.465 138 0 0.341
Bells Landing L. Paleo. 742 0.352 261 0011 0015
Bashi E. Eo. 271 0.203 55 0.018  0.036
Cook Mountain L. M. Eo. 2761 0.162 447 0.049 0.102
Gosport L. M. Eo. 200 0.075 15 0.118  0.118
Moodys Branch L. Eo. 1222 0.095 116 0252 0.161
Red Bluff E. Olig. 329 0.119 39 0.025 0.225
Mint Spring E. Olig. 737 0.145 107 0.053 0.159
Byram E. Olig. 178 0.174 31 0.139  0.194
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Location (habitat) Species Affected  Time Period Source
Anguilla
) A, palmata 19805-90s  Sheppard etal. 1995
Bahamas
‘Andros Barrier Reef
(bn) A cervicornis 1980 5. Cove, personal communication
() A, palmat 19805 . Cove, personal communication
() A cervicornis 1980 . Cove, personal communication
New Providence Island
o) A cervicornis 19805 5. Cove, personal communication
0 A palmatct 19805 5. Cove, personal communication
(i) A cervicornis 1980 5. Cove, personal communication
San Salvador Island
) A palmata 19805 Shinn 1989
o) Acervicornis 19805 Shinn 1989; Curran et al. 1994
Lee Stocking Island, Exumas
o0 Acervicornis 19805-9051.C. Lang, personal communication
Belize
Ambergis Cay
®n) A.cervicornis 1980s-90s  Precht, unpublished observation
() A palmata 19805-905  Precht, unpublished observation
(&) A.cervicornis  1980s-90s  Precht, unpublished observation
Carrie Bow Cay
»n) A.cervicornis 1980s-90s  Precht, unpublished observation
() A palmas 19805-905  Aronson and Precht, unpublished
observation
) A cervicornis 1980 Precht, unpublished observation
Central Shelf Lagoon
[0} A.cervicornis 1986-90  Aronson and Precht 1997
Ranguana Cay.
() A palmata 19805-905  Precht, unpublished observation
(W) A.cervicornis  1980s-90s  Precht, unpublished observation
British Virgin Islands
(rerf) A palmata 1980905 Bythell and Sheppard 1993
Cayman Islands
Grand Cayman
W) A cervicornis' 19805 Woodley etal. 1997
Colombia
® Acroporassp 1970905 Garzon-Ferreira and Kielman 1994
San Andrés
Wpr) Apalmat  1970w-90s  Zeaetal, 1998
o A cervicorni  1970s-90s  Zea etal. 1998
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Combined — Total Surface
Total No. of Height Area
Mine Concretions (cm) (cm?)
Williamson No. 3 109° 419.5" 3,896"
Urbandale 103 625.7 5725
Shuler 119 701.0 4498
Sahara, Herrin (No. 6) Coal 53 482.0 4299
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