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Questions concerning the application of established biofa- 
cies 7nodels to mid-Cretaceous black shales prompted a 
study of diversity characteristics in a fauna from the Late 
Cenoma7zian Hartland Shale Member, Western Interior ba- 
sin. Numerical faunal data are used to assess species abun- 
dance patterns, and a new method of analyzing diversity is 
introduced that incorporates species richness, Shan~wrz in- 
dex, and equitability into a single plot. bz addition, numer- 
ical simulations designed to e7nulate the sampling of spe- 
cies-abundance distributions are used to improve data in- 
terpretation. The study illustrates how measured diversity 
results from the combination ofprimary ecological controls 
and samnpling effects. Proximal offshore asse7nblages are 
characterized by high diversity and log series species-abun- 
dance patterns, interpreted as truncated (incompletely sa7n- 
pled) log-nor7nal distributions. Primary ecological controls 
include variable physical lchemical parameters, biological 
factors such as predation and competition, and intermedi- 
ate disturbance frequency. Distal offshore asse7nblages are 
characterized by low diversity with patterns of species 
abundance resembling geometric series. These are inter- 
preted as truncated log-series distributions (sampling ef- 
pet) that reflect dominance of multiple opportunists, abun- 
dant resources in a dysoxic environment, and high distur- 
bance frequency. The data are used to develop an  ecological 
model for diversity levels in basinal black shale facies based 
on the interplay of recruitment, growth rate, tolerance to low 
oxygen and sulphide, and disturbance frequency (due to 
fluctuations of the redox boundary). Although certain taxa 
(chiefly Inoceramidae) evolved highly opportunistic life 
strategies to exploit basinal paleoenvironments, it was the 
unpredictable interaction of these four factors that deter- 
mined diversity patterns. Analysis of Hartland Shale bio- 
facies illustrates the difficulties in applying a strictly linear 
relationship between paleo-oxygen levels and diversity. 

INTRODUCTION 

For over two decades, paleobiologic research in organic 
carbon-rich facies, commonly interpreted to represent ox- 
ygen-deficient paleoenvironments, has been shaped by the 
Rhoads and Morse (1971) biofacies model. This tripartite 
scheme (Fig. 1) was developed based upon observations of 
modern oxygen-deficient environments (i.e., Black Sea, 
California borderland basins) in which distinct communi- 
ties (biofacies) are linearly related to specific ranges of dis- 
solved oxygen. These biofacies, and their associated oxy- 
gen values, are characterized by two end members, anaer- 
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obic and aerobic, separated by a dysaerobic transitional 
zone (Fig. 1A). 

Since its publication, there have been a number of mod- 
ifications or revisions suggested for the Rhoads and Morse 
(1971) model, recently summarized in Tyson and Pearson 
(1991). Illustrated in Figure 1B, these include redefinition 
of the dysaerobic-aerobic boundary based on recognition of 
shelly faunas a t  increasingly lower oxygen levels (e.g., Sa- 
vrda et d . ,  1984; Thompson et  al., 19851, as  well as  subdi- 
vision of the dysaerobic transition along linear gradients 
in diversity, abundance, trophic structure, and morpho- 
logic features of trace and body fossils (e.g., Savrda and 
Bottjer, 1986,1987,1991; Sageman, 1989; Sageman et al., 
1991; Wignall and Hallarn, 1991). The most significant 
modifications to the model have come recently, however, 
and stem from speculations concerning the temporal sta- 
bility of dysoxic environments (e.g., Oschmann, 1991; Wig- 
nall, 1990; Tyson and Pearson, 19911, the relationship be- 
tween disturbance frequency and adaptive characteristics 
such as fecundity, growth rate, and body size (e.g., Huston, 
1979; Wignall, 1990), and the possibility of nonequilibri- 
urn community dynamics due to unusual scenarios of re- 
source utilization (Etter, 1995). The application of these 
concepts in paleoecological studies has received compara- 
tively little attention (Wignall, 1990; Etter, 1995) and is 
the focus of this investigation. 

The specific questions that our study seeks to address 
fall into two categories. The first concerns the oxygen-di- 
versity paradigm: (1) Is dissolved oxygen content of bot- 
tom waters the dominant controlling factor for benthic 
communities in organic carbon-rich facies, as  Rhoads and 
Morse (1971)-based models imply, and is the relationship 
linear? (2) What role do other factors, such as substrate 
preference, environmental stability, adaptive strategy, 
competition (or its absence), growth rates, and resource 
utilization, play in determining the nature of ancient 
black shale paleocommunities and their resulting biofa- 
cies? and (3) If these paleocommunities, which are domi- 
nantly composed of now extinct taxa that arose and flour- 
ished on a greenhouse Earth, do not conform to equilibri- 
um ecological models, how must we modify our uniformi- 
tarian view of ancient diversity patterns? What are the 
evolutionary-ecological implications for faunas of Paleo- 
zoic and Mesozoic (low-oxygen) epieric seas? 

The second category concerns the implications of rein- 
terpreted diversity patterns for reconstructions of basin 
history: (1) If factors other than oxygen content are impor- 
tant for controlling paleocornmunities in paleoenviron- 
ments of high organic carbon burial, how does this impact 
conventional interpretations of ancient oxygen deficiency? 
and (2) What are the implications of a reinterpreted oxy- 
gen-diversity paradigm for models of ancient water-col- 
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Rhoads and Morse-type Biofacies Model 

FIGURE 1-Using standardized terminology for benthic oxygen concentrations (Tyson and Pearson, 1991), the original Rhoads and Morse 
(1971) biofacies model (A) is compared to recent revisions (B) iri which the dysaerobic zone has been modified (see text for references) 
Modifications include lowering of the dysaerobic-aerobic boundary, subdivision of the dysaerobic zone, arid the definition of new biofacies such 
as exaerobic (Savrda arid Bottjer, 1986). 

Late Cenornanlan lacuna Shoreface and shelf sand 

Larn~nated or burrowed Predorn~narltly larn~nated 
noncalcareous rnudrocks calcareous-marly shales 

Proximal offshore Distal offshore 0 Add,t1onal sections 
sectlorls 

FIGURE 2-Locality map shows paleogeography and distribution of 
lithofacies for the Late Cenomanian Metoicoceras mosbyense Biozone 
Proximal offshore localities of study intewal are represented by circles, 
distal offshore localities by squares. Filled symbols with numbers rep- 
resent measured sectioris with coritiriuously sarnpled numerical faunal 
data Open symbols without numbers represent additional rrieasured 
sections used for correlatiori arid supporting faunal evidence. The 
nurribered sections are 1-NBS, 2-BMS5, 3-FCS, 4-CHS, 5-BGS, 
6-PHS, and 7-BHS (locality data in Appendix A). Main sources for 
paleogeographic reconstruction are McNeil and Caldwell (1 981), Cob- 
ban and Hook (1984), Sagernari (1991), Fisher (1991), Elder and Kirk- 
larid (1994), Leckie et al. (1994), Sageman and Arthur (1994), and 
Roberts and Kirschbaum (1995) 

umn processes (e.g., water-column circulation vs. stratifi- 
cation)? 

In our study, molluscan-dominated fossil assemblages 
from Cretaceous organic carbon-rich facies of the Western 
Interior basin were analyzed for patterns of diversity. The 
sampled fossil assemblages occur in a range of facies from 
distal offshore organic carbon-rich shales of the Upper 
Cerlonlaniari Hartlarid Shale Member, Greenhorn For- 
mation (Colorado, South Dakota and Kansas), to time 
equivalent proximal offshore deposits (prodelta and equiv- 
alents; Danke et al., 1993) of the Tropic and Mancos 
Shales (Utah and Arizona; Fig. 2). Species richness arid 
fossil abundance data from uniform samples were normal- 
ized. These data were used to calculate the Shannon diver- 
sity index and equitability index for each sample. Analysis 
of trends in species richness, Shannon index, and equita- 
bility of the Upper Cenomanian samples allow an evalua- 
tion of species-abundance distributions in low-oxygen pa- 
leocommunities of the Western Interior that are indepen- 
dent of previously established biofacies (Rhoads and 
Morse-type) schemes. To improve our understanding of 
the diversity data, we also performed some simple numer- 
ical models emulating the sampling of species-abundance 
distributions in benthic communities. The results of these 
analyses provide evidence for evaluation of the oxygen-di- 
versity paradigm, and offer insight concerning the inter- 
pretation of water-column processes in the Western Irte- 
rior basin during Late Cenomanian time. 

GEOLOGICAL BACKGROUND 

During the Cenomanian and Turonian, foreland basin 
subsidence and tectonoeustatic sea-level rise resulted in 
widespread marine flooding of the Western Interior U.S. 
(Kauffman, 1984; Fig. 2). Arrlong the strata that accurnu- 
lated in the resulting depositional basin, the Greenhorn 
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FIGURE 3-Generalized stratigraphic column for the Greenhorn 
Limestone, central Western Interior Basin, illustrating position of Hart- 
land Shale Member. Study interval at distal offshore sites (D) is -16 
meters in thickness and corresponds to the Metoicoceras mosbyense 
Biozane (abbreviated M.m, biozonation from Cobban, 1984; Elder, 
1985; Kennedy and Cobban, 1991) The study interval at proximal 
offshore western localities (P) includes the upper half of the M. mos- 
byense Biazone in shales and mudstones of the Tropic Shale (iJtah) 
and Mancos Shale (Arizona and New Mexico) Approximately 50 stan- 
dardized samples were collected from the study interval at each distal 
affshore section, and about half that number at each proximal affshore 
section (Fig. 2). Relative sea-level curve and systems tract designa- 
tions are modified from Sageman (1991) 

Formation is renowned for its organic carbon-rich shales 
and limestone-marlstone cycles (e.g., Pratt et al., 1985). 
The Hartland Shale, the middle member of the Greenhorn 
Formation (Fig. 3), is one of the most widespread units of 
arganic carbon-rich strata in the basin. It corresponds to 
the Metoicoceras mosbyense Biozone (Fig. 3) and is char- 
acterized by finely and evenly laminated, pyritiferous, 
dark calcareous shale with high levels of preserved organ- 
ic carbon ( 3 4  wt. %) and relatively depauperate faunal 
assemblages (Kauffman, 1977, 1984; Sageman, 1985, 
1989,1991). In the central part of the basin, these assem- 
blages are virtually devoid of benthic foraminifera (Eicher 
and Worstell, 1970; Eicher and Diner, 1985), contain only 
very rare burrows, and are dominated by resident epi- 
faunal inoceramid bivalves. Although these biofacies are 
replaced by increasingly diverse assemblages in strata 
representing marginal marine environments, they virtu- 
ally dominate the fine-grained (proximal to distal off- 
shore) marine facies of the M. mosbyense Biozone. As a re- 
sult, the Hartland Shale Member (HSM) has commonly 
been interpreted to record an interval of widespread and 
prolonged oxygen depletion in the Western Interior sea 
due to density stratification of the water column (Frush 
and Eicher, 1975; Kauffman, 1984; Sageman, 1985). 

In a study of HSM stratigraphy and paleoecology, Sage- 
man (1989, 1991) analyzed in detail seven sections span- 
ning marginal marine to distal offshore depositional envi- 
ronments (Fig. 2). The results of this study document a 
broad spectrum of Hartland biofacies, ranging from bar- 
ren, laminated, organic carbon-rich strata, through mono- 

specific Inoceramus bivalve communities in laminated 
strata, to relatively diverse molluscan assemblages in 
highly burrowed strata. In addition, evidence of common 
benthic colonization and mass-mortality events are be- 
lieved to represent episodes of short-term oxygenation and 
oxygen depletion in the basin during Hartland Shale de- 
position. As a result, the HSM fauna provides an ideal op- 
portunity to test hypotheses pertaining to the dysaerobic 
transition. 

The HSM data set represents a total of 273 samples 
comprising over 23,000 specimens and 245 taxa. To pro- 
duce this data set, the study interval was logged at  a res- 
olution of 1 cm at  each of the 7 localities indicated in Fig- 
ure 2 (filled symbols). Standardized bulk samples averag- 
ing about 0.01 m3 were collected continuously through the 
sections (the equivalent average decompacted sediment 
volume would equal about 0.07 m3 assuming a 1:7 compac- 
tion ratio). The thickness of the sampled interval was var- 
ied systematically from west to east (50 cm to 10 cm, re- 
spectively) to account for changes in sedimentation rates. 
These rates, which vary from 4.5 to 1.4 cmky respectively, 
were determined using biozone boundary ages interpolat- 
ed between dated volcanic ash beds (Kauffman et al., 
1993). An average of 14 ky for the duration of each sample 
was calculated from the sedimentation rates. 

The collections were made in marine mudrocks that 
show similar levels of fossil preservation and taphonomic 
alteration, and the faunas are dominantly molluscan. Cal- 
citic shell material is very well-preserved and aragonitic 
shells occur as molds or periostracal films. Because pat- 
terns of ammonite diversity and abundance are found to 
cross facies in the Greenhorn Limestone, it is believed 
that, despite some taphonomic loss, primary (ecological) 
trends in the aragonitic taxa are retained (e.g., Elder, 
1989). Although bivalve shells are commonly disarticulat- 
ed, corresponding valves are found close together in many 
cases (in rare instances "butterflys" are observed). Overall 
fragmentation levels are high, but in most cases the frag- 
ments are large enough to permit identification. Corrasion 
levels are quite low and there is no evidence of sorting or 
preferred orientation. Since the HSM samples represent 
time-averaged collections, the impact of patchy or 
clumped distributions on diversity estimates should be 
minimized. 

In the laboratory, each bulk sample was carefully split 
along bedding planes and its fossil content recorded. 
These observations included taxonomic identifications 
and counts of all fossil material visible by eye or 1Ox hand 
lens. Body fossils from large bivalves to large ostracods 
were counted. These counts included both whole speci- 
mens and fragments; articulated valves and fragments 
that could be determined as belonging to the same individ- 
ual were counted as unit occurrences. In samples for 
which two or more species of a genus were associated with 
fragments identifiable only to that genus, the fragment 
abundance value was added proportionally to the species 
abundance values. Where possible, individual burrows 
were counted as an estimate of soft-bodied infauna. In 
cases where burrows (or body fossils) were difficult to 
count individually because they were too numerous, an 
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abundance ranking system was used. These rankings 
were later converted to equivalent numerical values in or- 
der to calculate diversity indices (see below). 

Faunal abundance data may be difficult to interpret for 
many taxonomic groups and paleoenvironmental settings 
because the relationship of such numbers to the original 
community can be obscured by differential taphonomic 
loss, introduction of exotic taxa, and faunal mixing (e.g., 
Dodd and Stanton, 1990). However, recent observations 
on the preservation potential of modern molluscan corn- 
munities indicate they show the highest fidelity to original 
communities (Kidwell and Flessa, 1996). In addition, our 
taphonomic analysis indicates that losses were relatively 
few and more or less similar in the basinal paleoenviron- 
ments where fine-grained mudrocks accumulated. HSM 
taphonomic characteristics recall the "disturbed-neigh- 
borhood communities" described by Scott (1974) and 
would fall somewhere between taphofacies 4, 6, and 7 of 
Speyer and Brett's (1988) taphofacies model for Paleozoic 
epieric seas (indicating low to rnoderate sedimentation 
rates, low turbulence, and a range of possible oxygenation 
levels). Based on this, we assume that changes in the rel- 
ative abundance of fossils in standardized samples of the 
Hartland Shale can be interpreted to reflect a reasonable 
record of relative changes in the original benthic popula- 
tions. 

Although species richness (S) provides an important 
measure of diversity trends in paleocommunities, ecolo- 
gists commonly express diversity data as a measure of the 
relative proportion of species in a sample, for which abun- 
dance data are necessary. Such analyses moderate the ef- 
fects of very rare and very abundant species on total diver- 
sity values and allow more reasonable comparisons of 
community characteristics among different populations 
and regions (or facies). TWO of the most widely employed 
calculations of this type include the Shannon index (HI) 
and equitability or evenness (e ). The Shannon index is ex- 
pressed as 

where ni is the abundance of each taxon in a sample, N is 
the total abundance of the sample, and C is performed 
from i = l  to S, with S equal to the species richness of the 
sample. Equitability can then be calculated as 

(Dodd and Stanton, 1990; Magurran, 1988). Although the 
Shannon index incorporates a measure of evenness auto- 
matically, it can be useful to plot e separately (see below). 
Unlike S and e, which decrease and increase, respectively, 
at low abundance levels, the H' statistic is comparatively 
unaffected by relative sample size (Gibson arid Buzas, 
1973) except at very low abundances (e.g., Wignall, 1990). 
Samples with abundance values below a rrlinimum level 
and samples with only 1 species (and thus H' and e values 
of 0) were omitted from the analysis. 

The Shannon index is based on two assumptions: (I) in- 
dividuals are randomly sampled frorrl infinitely large pop- 
ulations; and (2) all species of the co~nmunity are repre- 
sented in the samples (Pileou, 1975). The first condition is 
generally valid for time-averaged fossil assemblages in 
marine mudstone facies. Based on the taphonomic argu- 
ments given above, we assume that the second condition is 

reasonably met for a study of relative diversity trends, es- 
pecially in fossil assemblages from slowly accumulating, 
well-laminated strata where soft-bodied infauna were 
commonly diminished or absent. A doubling of sample size 
was tested in some of the well-laminated facies that com- 
prise the bulk of the study and did not appreciably alter 
measured diversity. 

Proportional abundance indices make no assumptions 
about the underlying species-abundance distributions of 
the populations being sampled (Magurran, 1988), but they 
can be related to them. In general, diverse, biologically ac- 
commodated corrimunities that exist under conditions of 
environmental stability ("equilibrium species") will have 
high H' and e values and species-abundance distributions 
that are log normal (Sanders, 1968; May, 1975; Hughes, 
1986). In contrast, communities that exist under physical- 
ly or chemically stressful conditions, and/or experience 
low levels of environmental stability ("opportunistic spe- 
cies") will have low H' and e values arid species-abundance 
distributions that are log series or geometric series (May, 
1975; Hughes, 1986). In addition to these factors, Sam- 
pling effects can influence the observed distribution 
(Hughes, 1986). Overall, H' values range between 1 and 
3.5 and rarely exceed 4.5 in natural conimunities (Magur- 
ran, 1988, and references therein). 

DATA ANALYSIS 

The data analyzed in this study include samples from 
localities representing a gradient of depositional environ- 
ments within the HSM and time-equivalent strata. These 
include proximal offshore, poorly to moderately calcareous 
mudrocks of the western foredeep (sites 1-4, Fig. 2), dis- 
tal offshore, hemipelagic calcareous mudrocks of the cen- 
tral basin region (sites 5 and 61, arid distal offshore, chalky 
mudrocks of the eastern stable platform (site 7). During 
deposition of the HSM, fluctuations in relative sea level 
(Fig. 3) caused tracking of the benthic communities (cf. 
Brett and Baird, 1996), so that lateral gradients in biofa- 
cies also occur stratigraphically. These are mainly ex- 
pressed as variations in faunal diversity and abundance in 
the distal offshore sites, but include major changes in com- 
munity structure at more onshore localities (Sageman et 
al., 1996). The HSM data set includes samples represent- 
ing two cycles of relative sea-level change (Fig. 3). Note 
that definitive lowstand deposits and sequence bound- 
aries are poorly developed in the HSM due to: (1) active 
subsidence of the foreland basin; (2) a net deepening trend 
during deposition; and (3) the small scale of the mid-HSM 
relative sea-level fall event (Sageman, 1991, 1996). How- 
ever, Sageman (1996) interpreted skeletal limestone beds 
of the middle Hartland Shale to represent a relative low- 
stand. 

Hartland Shale Member Biofacies 

Samples of the HSM analyzed in this study range from 
barren, well-laminated shales to bioturbated mudstones 
containing taxonomically and trophically diverse fossil as- 
semblages. Molluscan taxa dominate throughout the 
member and include bivalves, cephalopods, and gastro- 
pods, in order of decreasing relative importance. Suspen- 
sion-feeding inoceraniid bivalves (e.g., Inoceramus pictus, 
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I. ginterensis, etc.) comprise the bulk of faunal abundance, 
especially in distal offshore samples. Additional bivalve 
taxa include members of the Pectinidae, Ostreidae, and 
Fjteriidae, which may colonize as epibionts on the inoceram- 
ids or occur as free-living epifauna (Sageman, 1989; Sage- 
man et al., 1991). Ammonites are also common in distal off- 
shore biofacies of the Hartland Shale. Most of these ammo- 
nite taxa were interpreted by Kirkland (1990) and Batt 
(1993) to represent nektobenthonic scavenger-predators. 
They are included in the analysis of diversity based on the 
assumption that they reflect environmental conditions in the 
water column, and that they may be trophically dependent 
(in part) on the benthic community. 

In proximal offshore regions, inoceramids also occur in 
laminated, relatively organic carbon-rich facies (i.e., 
transgressive and early highstand deposits), but decrease 
in dominance. During late highstand intervals, and in the 
sections closest to shore, other taxonomic, trophic, and 
life-habit groups appear. These include infaunal deposit- 
and suspension-feeding bivalves (e.g., nuculids, corbulids), 
grazing gastropods, scaphopods, and echinoids, suspen- 
sion-feeding solitary corals and annelids (Serpula), acro- 
thoracic barnacles (Scapellum), scavenging crustaceans, 
and even boring sponges (Clio~ze), resulting in high-diver- 
sity assemblages (S,,, = 46). Ichnofaunas documented in 
the HSM range from rnicrobioturbation (Pratt, 1984) in 
the predominantly laminated distal offshore facies to di- 
verse fodinichnia. pascichnia, and domichnia in proximal 
offshore silty mudrocks. Common ichnotaxa include Plan- 
olites, Cholzdrites, Teichichnus, Zoophycos, and Thalassi- 
~zoides. 

In previous analyses of the Hartland Shale data set, tax- 
onomic composition, life habit, trophic strategy, domi- 
nance and diversity, and relative species diversity and 
abundance were used to assign biofacies categories and 
subdivisions to the samples (Sageman, 1989,1991; Sage- 
man et al., 1991; Arthur and Sageman, 1994; Fig. 4). The 
biofacies were categorized according to dominantly in- 
faunal (deposit feeders, suspension feeders, or mixed) and 
dominantly epifaunal (mostly suspension feeders; some 
grazers, scavengers, and carnivores) end members (Fig. 
4). The samples showed a continuous gradient from no 
metazoan taxa, to monospecific or paucispecific infaunal 
or epifaunal biofacies, to diverse mixed infaunal-epifaunal 
assemblages. Seven subdivisions were identified, largely 
based on trophic structure (Sageman, 1989; Sageman, et 
al., 1991), and the standard Rhoads and Morse (1971) con- 
ventions were applied (anaerobic biofacies, aerobic biofa- 
cies, and five intermediate or dysaerobic biofacies). The 
assignment of a given biofacies to the dysaerobic category 
was based mainly on analogy, and placement of the 
boundaries was necessarily somewhat subjective. 

Although the HSM biofacies model interprets a linear 
relationship between benthic diversity and oxygenation, 
as did similar models developed independently from stud- 
ies of Jurassic to Miocene organic carbon-rich facies (i.e., 
Savrda et al., 1991; Wignall and Hallarn, 19911, it specifi- 
cally emphasized several additional factors: (1) the defini- 
tion of distinct infaunal and epifaunal biofacies; (2) the 
dominance of epifaunal biofacies attributed to a boundary 
condition (physical, chemical, or biological) at the sedi- 
ment-water interface; and (3) the dominance of relatively 
short-term colonization and mortality events. 

In Figures 5 through 7, values of species richness (S), 
Shannon index (H') and equitability (e) calculated for each 
of the HSM samples are presented in a series of cross plots 
that represent a novel method for illustrating fossil-diver- 
sity data. Plots of H' vs. S and e vs. S (Figs. 5 and 6) show 
the variance in H' and e statistics for a given S value, and 
reflect variations in the relative abundance of species 
among samples with the same S value. By plotting e di- 
rectly against H' (Fig. 71, these characteristics can be illus- 
trated in one plot. In addition, the rate of change in e rel- 
ative to H' for samples of a given S value, and for samples 
representing a range of S values, is depicted. In the follow- 
ing sections we develop the HI-e crossplot method. 

Species Richness Crossplots 

In Figure 5, H' vs. S and e vs. S plots for samples from 
the three distal offshore sections are shown (sites 5,6, and 
7 in Fig. 2). These sections represent the central basin and 
eastern platform where water depth, environmental sta- 
bility, and oxygen deficiency are assumed to have been 
greatest. Here the sections include two cycles of relative 
sea-level change with a sea-level fall event corresponding 
to the middle HSM (Fig. 3). The samples contain monospe- 
cific to low-diversity fossil assemblages dominated by taxa 
that have been interpreted as specially adapted, low oxy- 
gen-tolerant species (Sageman et al., 1991). The plots in 
Figure 5 show the following trends: (1) overall, S values in 
distal offshore samples (Fig. 5) range from 1 to 11 spp. (for 
comparison, the highest S value in the proximal offshore 
samples is 46 spp.); (2) two groups of samples are defined 
in the distal offshore data (distinguished by shaded areas 
in Figs. 5A and 5B). Samples with S values < 6 spp. exhib- 
it a range of H' values with an upper limit of 1.38 (Fig. 5A). 
For the categories from S = 2 to 6 spp., the average H' val- 
ue doubles (from 0.41 to 0.83), as does the maximum H' 
value, suggesting a trend of increasing H'. However, there 
is much variance in the values of H' for a given S value; (3) 
samples with S > 6 were less common in the distal off- 
shore data, and had average H' values significantly higher 
than the samples with S < 6 (ranging from 1.04 to 2.08). 
Unlike the samples with S<6, these samples showed no 
cases with an H' value less than 1.04; (4) the plot in Figure 
5B shows a wide range in e values (0.03 to 1.0) for samples 
with 2 to 6 spp., including many with e approaching 1.0. 
Samples with S > 6 have no e values close to 1.0, but also 
have none below 0.5; (5) unlike the samples with S < 6, 
there is an apparent trend of increasing e with increasing 
S for samples with S > 6 in the distal offshore data set. 

In Figure 6, H' vs. S and e vs. S plots for the four proxi- 
mal offshore localities are shown. These sites represent a 
gradient of increasingly shallower depositional environ- 
ments, and the sampled interval ranges from one low- 
stand to the next in a retrogradational (overall deepening) 
sequence (cycle 2 in Fig. 3). The samples include fossil as- 
semblages with characteristics similar to those of the dis- 
tal offshore sections, but also show evidence of major 
changes in community structure, trophic complexity, and 
diversity. Examination of these plots show that the maxi- 
mum values for S and H' are much greater in proximal off- 
shore sections (S = 46; H' = 2.91), reflecting samples with 
significantly higher diversity levels. Four main groups of 
samples can be defined in the plots. Group 1 is a set of low- 
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Rhoads and Morse-type Biofacies Model for Greenhorn Formation 

associated infauna a n  A 

FIGURE 4--Biofacies model developed for Greenhorn Formation, Western Interior Basin, based rriairlly or1 HSM data (Sa 
The rnodel defines biofacies first by life habit, establishing domiriaritly infaunal and dominantly epifaunal end members. 5 
each erid member were then defined based on taxonomic composition and trophic characteristics. Using these subdivi 
were categorized and average values for species richness and percent trophic type tabulated. The pie charts thus repres 
diversity for each biofacies level, and they are additive. Species richness and trophic complexity increase rnore or less I 
interpreted to reflect a linear increase in paleo-oxygen levels. 
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FIGURE 5-Crossplots of (A) species richness (S) vs. Shannon index FIGURE 6-Crossplots of (A) species richness (S) vs. Shannon index 
(H') and (B) species richness (S) vs. equitability (e) for distal offshore (H') and (B) species richness (S) vs. equitability (e) for proxirnal off- 
sites. Two groups of data points described in the text are illustrated shore samples. Four groups of data points described in the text are 
with shading. illustrated with shading. 
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Species 

H' (Shannon index) 

FIGURE 7-Crossplots of Shannon index (H') vs. equitability (e) for 
all HSM samples. Lines corresponding to species values between 
S=2 and S=46 are shown. The four groups of samples discussed in 
the text are designated. 

diversity samples with characteristics similar to those of 
distal offshore samples with S < 6 (relatively low S and H' 
values, a trend of increasing H' with increasing S [i.e., 
steady increase in H',,, for successive S value], and a very 
wide range of e values among the samples). Unlike the dis- 
tal offshore samples, however, values of H' and e are not as 
dense or continuous in the low S range, and the highest H' 
value is 2.36 instead of 1.39. Group 2 samples (dashed out- 
line, Fig. 6) are characterized by moderate S values (be- 
tween 6 and 15 spp.), but they are highly inequitable with 
e values ranging from 0.5 to less than 0.1, and correspond- 
ine H' values less than 1.04. Groun 3 also includes Sam- 
plls with moderate S (6 to 15 spp.j, but H' values range 
from 1.38 to 2.08, and e values are generally high (> 0.5). 
Group 4 samples have the highest diversity, defined by S 
values from 15 to 46 spp., H' values that level off between 
about 2.08 and 2.91 (for a given change in S there is now 
relatively little change in H'), and e values between 0.6 
and 0.9. 

H' us. e Crossplot 

By crossplotting e against H' directly, many of the fea- 
tures illustrated in Figures 5 and 6 can be redefined. In 
this type of plot (Fig. 71, samples of constant S value plot 
as straight lines (of slope 1AnS) that intersect the e = 1.0 
line at  H' = Ins. At the lowest S value for which e values 
are defined (S = 2), it can be seen that, for a given change 
in H', there is a correspondingly large change in e. As the 
S value of a sample increases, the change in e for a given 
change in H' decreases. We have included all the HSM 
samples in the HI-e crossplot in order to illustrate the HI-e 
characteristics of the previously defined sample groups. 
Group 1 includes samples of low species richness that plot 

along S lines from 2 to 6 spp. The main feature of these 
samples is the relatively continuous series of e values, 
with H' values ranging from 0.07 to 1.39. Group 2 includes 
inequitable samples of moderate species richness that plot 
along S lines between 6 and 15 spp., characterized by low 
H' (< 1.59) and e values (< 0.6). Group 3 samples have 
moderate species richness and high equitability and plot 
along a narrow range of S lines from 7 to 15 species. Their 
e values range from 0.6 to about 0.92, with H' values from 
1.32 to 2.22. Group 4 includes diverse samples that plot in 
a broad field of S values from 15 to 46 species. They are 
characterized by e values from 0.6 to 0.9 and H' values 
from about 2.08 to 2.91. While samples plotting in Groups 
1 through 3 characterize both distal and proximal offshore 
sites, samples with Group 4 characteristics are only found 
in proximal offshore sites. 

Interpretation of Diversity Data 

Among the HI-e characteristics of the HSM data set that 
we seek to explain are the broad equitability range of sam- 
ples with very low species richness in Group 1, the low 
equitability values of samples with moderate species rich- 
ness in Group 2, and the high diversity of a few samples in 
Group 4 (e.g., S=46). In the discussion below, we consider 
the faunal characteristics and notential controls on each of 
the diversity-defined groups ind relate them to species 
abundance patterns in the original populations. Seven 
representative samples have been chosen to illustrate the 
diversity groups (Fig. 8; see also Appendix B for faunal 
lists). 

Group 1 is dominated by assemblages with law species 
richness (2-6 spp.), in which species of I?zoceramus are 
most abundant. These occur mainly in distal offshore, 
laminated, organic-rich shales (late TST and most of HST; 
Fig. 3) and include secondary elements such as small pec- 
tinid, pteriid, and ostreid bivalves (in order of relative 
abundance), and rare ammonites. Most of these are tnlly 
"low-diversity" samples (with H' and e values below about 
1.04 and 0.6, respectively) that have a species-abundance 
distribution resembling the geometric series (Fig. 8A). 
Some of them, however, are characterized by low H' but 
high e values due to the subequal abundance of a few spe- 
cies of dominant I~toceramus (Fig. 8B). 

Size-frequency distributions of bivalves on many bed- 
ding-plane surfaces in these samples show strong, mono- 
specific, single size-class dominance, interpreted to repre- 
sent a pattern of event colonization (Sageman, 1989). In 
fact, some distal offshore samples are entirely monospecif- 
ic and, thus, were not included in the HI-e analyses (when 
S=l ,  H' and e =0). In other distal offshore low-diversity 
samples, pectinids (Entolium gregarium), which are tiny, 
paper-thin, and almost certainly juvenile, greatly exceed 
the inoceramids in abundance. These cases clearly repre- 
sent the mass mortality of a recent spatfall (Sageman, 
1989), and result in extremely low H' and e values. The 
distal offshore rerrions of the Western Interior Basin have " 
been widely interpreted as deep, quiet-water environ- 
ments with extremely low levels of dissolved oxygen (in 
part, based on the aforementioned faunal characteristics). 
Under such conditions, particulate organic matter in sus- 
pension would provide an abundant food source to filter 
feeders, and large mobile predators would be limited. Ac- 



456 SAGEMAN 6: BlNA 

Species Rank (by abundance value) 
FIGURE 8-Representative species abundance plots from each of the four sample groups. The plots show percerit abundance for species of 
each sample, ranked from most to least abundant. The plots include sample labels and data on S, H', e and n (total sarriple abundance). The 
order from most to least proximal site is NBS, FCS, CHS, BGS and BHS. 

cordingly, oxygen has been viewed as the dominant con- 
trol on diversity. 

Data points representing proximal offshore sites that 
plot within low-diversity Group 1 include samples from 
burrowed mudstones where rare body fossils and a few 
scattered ichnotaxa were identified, and mudstone sam- 
ples where high dominance resulted from a single highly 
abundant taxon in the assemblage. The taxonomic com- 
position of assemblages from this group (e.g., the Plicatula 
assemblage, the Pycnodonte assemblage) is distinct from 
time-equivalent counterparts at distal and more proximal 
sites. Thus, they do not appear to rrlerely represent poor 
samples of the latter, but rather transitional stages be- 
tween the dominant distal and proximal offshore commu- 
nities. The Pycnodonte assemblage characterizes the shal- 
lowest facies representing rapidly transgressing eriviron- 
ments. Dominance of a cemented epifaunal life style sug- 
gest that substrate, current energy, and disturbance 
frequency (e.g., storms) may have been important con- 
trols. In contrast, the Plicatula assemblage occurs in prox- 
imal offshore facies characterized by laminated sediment 
fabric and increased organic carbon (OC) levels and prob- 
ably represents a community of taxa with broader toler- 
ances to periods of low oxygen. 

Group 2 includes samples with moderate species rich- 
ness but extremely low equitability (Fig. 8C and Dl. These 
samples are relatively uncommon, and they result from 
the extreme abundance of a single taxon in an otherwise 
moderately species-rich assemblage (that is, a Group 3 as- 
semblage). In the case of sample CHS-25 (Fig. 8C), HI-e 
characteristics reflect the dominance of Entolium bivalves 
in an assemblage that includes infaunal and epifaunal bi- 

valves, ammonites, and large burrowers (represented by 
the ichnotaxa Plunolites and Thalassinoides). This sample 
is time-equivalent with Group 1 samples from the distal 
offshore area that are also dominated by Entolium, indi- 
cating that this "paper pecten" was a widely distributed 
opportunist. But the associated taxa are more similar to a 
proximal offshore Group 3 assemblage than those of the 
distal offshore. The impact of paper pectens on the equit- 
ability of otherwise moderately diverse assemblages has 
been observed in Jurassic black shales as well. Although 
Duff (1975) interpreted the pectinids to represent pseudo- 
plankton, Wigrlall (1990, 1994) argues for a benthic life 
style. In another Group 2 case (sample FCS-19, Fig. 8D), a 
diverse community that includes epifaunal and infaunal 
suspension-feeding bivalves, gastropods, ammonites, and 
serpulid worms, is dominated by Pycnodonte oysters, 
which occur in a thin, dense bed (344 specimens counted) 
within the sample interval. Development of the oyster bed 
probably resulted when a rapid marine flooding event 
(parasequence scale) at  a more onshore site produced 
short-term changes in sedimentation and substrate con- 
sistency in the FCS region (e.g., Elder et al., 1994). Colo- 
nization by oysters strongly skewed the equitability of a 
sample that otherwise would have had Group 3 character- 
istics. 

Group 3 includes samples with moderate species rich- 
ness (6-15 spp.) from both distal and proximal offshore en- 
vironments. The distal offshore samples are associated 
with the middle HSM, where monotonous laminated 
shales are replaced by moderately laminated to sparsely 
burrowed calcareous mudstones interbedded with skeletal 
limestones. Sageman (1996) has interpreted these facies 
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to represent the offshore expression of a minor sea-level 
lowstand (Fig. 3). Although the faunas are largely un- 
changed in terms of overall taxonomic composition from 
subjacent and superjacent Group 1 samples, S increases 
and the distribution of abundance among component spe- 
cies is shifted toward a more equitable pattern (Fig. 8E), 
possibly reflecting a log-series distribution (which approx- 
imates a straight line: Hughes, 1986). There is no change 
in the average size of bivalve specimens in these samples, 
and no evidence of other ecological changes (predation, 
food sources, etc.). The most significant difference in some 
samples seems to be the presence of an infauna (albeit re- 
stricted). Changes in the distal offshore depositional envi- 
ronment associated with the middle HSM lowstand that 
could have affected diversity patterns include changes in 
circulation (greaterlmore frequent mixing of oxygen to the 
benthic zone) and in substrate (grain size, consistency, 
pore-water chemistry). 

Samples from proximal offshore sites with Group 3 
characteristics are similar to Group 3 samples from distal 
offshore environments; they both basically represent more 
equitable versions of local Group 1 communities (Fig. 8F). 
In many of these cases, however, new taxa occupying pre- 
viously unrepresented life habits and trophic strategies 
contribute to an increase in diversity (e.g., sample FCS- 
7A; see Appendix B). Again, a significant difference be- 
tween Groups 1 and 3 is the establishment of infauna, re- 
flecting the importance of substrate as a control. However, 
these samples have characteristics that are intermediate 
between low-diversity, dominantly epifaunal Group 1 and 
high-diversity, mixed infaunaepifaunal Group 4 of the 
proximal offshore samples. They appear to represent sig- 
nificant changes in physical/chemical conditions, avail- 
ability of resources, competitive interactions, and proba- 
bly niche diversity. 

Group 4 samples are characterized by high species rich- 
ness and high equitability. They represent the most di- 
verse assemblages that occur within the HSM data set, 
and include numerous infaunal and epifaunal bivalves, 
gastropods, scaphopods, ammonites, echinoids, and corals, 
as well as ichnotaxa representing fodinichnia, pascichnia, 
and domichnia (e.g., Pla~zolites, Chondrites, Thalassino- 
ides, Are?zicolites). The distribution of species abundances 
approximates a log-series distribution in the rank abun- 
dance plot (Fig. 8G). Increased diversity probably reflects 
a broader range of physical/chernical conditions relative to 
organism-tolerance levels (higher 0,, lack of H,S, diverse 
substrates, abundant food, etc.). In addition, at  least three 
of the highest diversity samples represent offshore con- 
densed units in which sedimentation rates were greatly 
reduced. These samples reflect time-averaging of faunas 
over a significantly longer period than standard samples. 
The high S, high H' values occur in samples that correlate 
westward to a transgressive surface extending over 150 
km in a landward direction (Elder et al., 1994). In this 
case, condensation probably resulted in "overprinting" of 
several different benthic communities (from lowstand to 
early transgressive) to produce exceptional species rich- 
ness (S=46 spp.)" 

Species Abundance Simulations 

To analyze possible influences on the species abundance 
patterns observed in the HSM, we developed a simple nu- 

merical model. The model allowed simulation of different 
diversity patterns that then could be sampled randomly, 
emulating the effects of preservational and sampling bi- 
ases. To create the synthetic populations, we generated a 
random data set of sample characteristics for each of 5000 
samples. The samples were characterized by S values and 
species-abundance distributions that represent a range of 
possible ecological scenarios. The design of the model pop- 
ulations was based on observations of modern communi- 
ties where large species-rich populations (representing fa- 
vorable conditions) have distributions of species abun- 
dance that tend toward a log normal distribution, and spe- 
cies-poor communities (typically representing the most 
unfavorable conditions) tend to produce log-series or geo- 
metric series (May, 1975; Hughes, 1986; Magurran, 1988). 

In the models, we simulate time-averaged mudrock fos- 
sil assemblages by employing a random sampling protocol 
upon idealized population distributions. For each model, 
we generate 10 random populations from identical distri- 
butions. We randomly extract 500 samples from each of 
these 10 populations, yielding 5000 random samples. The 
H' and e characteristics of these 5000 samples are calcu- 
lated and plotted for each model as in Figure 7, and a 
rank-abundance plot is constructed as in Figure 8. Each 
individual model is characterized by three parameters 
chosen to represent a continuum of possible species-abun- 
dance distributions: the number of "background species" 
in the population; the number of "weak opportunistic spe- 
cies"; and the number of "strong opportunistic species" 
(these terms are defined below). Each individual species, 
of any type, contains a number of individuals randomly se- 
lected from a normal (Gaussian) probability distribution 
characterized by a mean, m, and a standard deviation, s, a 
distribution that we will write as N (p, a). Each individual 
species, then, will be characterized by its own particular 
values of 11, and a .  

For our purposes, each of our simple background species 
is characterized by a mean 1.1. and a standard deviation a ,  
where each p value is randomly selected from N(1000, 
500) and u randomly chosen from N(100, 100). Thus, a 
background species will have roughly on the order of 1000 
individuals in the total population, with some significant 
variation between different background species. A weak 
opportunist is simply a species whose membership ex- 
ceeds that of a typical background species by about an or- 
der of magnitude. Thus, the mean number of individuals p 
of a weak opportunistic species is chosen from N(10000, 
5000) while a is chosen from N(1000, 1000). Similarly, a 
strong opportunist is a species whose membership exceeds 
that of a typical background species by about two orders of 
magnitude. Thus, the mean number of individuals p of a 
strong opportunistic species is chosen from N(100000, 
50000) and a from N(1000,lOOO). From the large popula- 
tions thus created, individual random samples are collect- 
ed. The number of individuals in each sample is chosen 
randomly from N(80, 41, so that each sample contains 
roughly 80 individuals. The total S value of a sample, 
which is an important determinant of its ultimate H'-e 
character, is a product of random sampling from a distri- 
bution in the models. In nature, however, S,,, and the com- 
position of background vs. opportunistic species in a pop- 
ulation are directly controlled by environmental and eco- 
logical constraints. 



The rnodeling results may be summarized as follows. acteristic of Group 4 samples (Fig. 9A). Furthermore, their 
Populations dominated entirely by background species are abundance-ranking of species (Fig. 9A) exhibits a pattern 
characterized by high diversity and equitability. Samples similar to that of a truncated log-normal population distri- 
from such populations show the high H' and e values char- bution (approximates a sigmoid curve: Hughes, 1986). 
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FIGURE 9-Numerical model results include HI- e plots and abundance-ranked species plots for 5000 samples chosen from populatioris 
characterized by: (A) solely a large number [30] of background species (characteristics strongly resemble Group 4 sarriples); (B) a rrioderate 
number [15] of backgrourid species and a single [ I ]  weak opportunistic species (characteristics strongly resemble Group 3 samples); (C) a 
moderate number [15] of background species and a single [I] strong opportunistic species (characteristics strongly resenible Group 2 samples); 
and (D) a srnall number [I] of background species relative to a larger number [2] of strong opportunistic species (characteristics strorigly 
resemble Group 1 samples). 



DIVERSIN PATTERNS IN BLACK SHALE BIOFACIES 459 

When a weak opportunist is added to the population, e and 
H' values extend to simultaneously smaller values, exhib- 
iting characteristics similar to those of Group 3 samples 
(Fig. 9B). Their abundance-ranked species pattern begins 
to adopt a high-abundance spike, reflecting the dominant 
taxon characteristic of log-series or geometric population 
distributions. This is superposed upon the truncated log- 
normal distribution of the rarer background species (Fig. 
9B). As  the fortitude of the opportunist is increased from 
weak to strong, e and H' all migrate to lower values, and 
the characteristics of Group 2 samples (low e at moderate 
H') appear (Fig. 9C). The abundance-ranking pattern now 
clearly exhibits the dominance spike (Fig. 9C). Finally, as 
multiple opportunists are added to the population in num- 
bers rivaling or exceeding those of the background species, 
the more unusual properties of Group 1 samples (high e at 
low H') appear (Fig. 9D). The abundance-ranking pattern 
has now shifted completely to the steep aspect of a geo- 
metric series distribution and the number of rare species 
is very low (Fig. 9D). 

DISCUSSION 

The study of black shale biofacies represents an effort to 
understand the adaptive characteristics of species and 
communities as they approach and exceed the limits of 
survival in what are interpreted to be oxygen-deficient en- 
vironments. Applications of this work range from improv- 
ing our understanding of the early (and ongoing) evolution 
of life under oxygen-poor conditions (Rhoads and Morse, 
1971) to increased knowledge of the causes and conse- 
quences of natural and anthropogenic eutrophication (Ty- 
son and Pearson, 1991). These processes are predicted to 
intensify in association with future global warming, un- 
derscoring the importance of studying black shales depos- 
ited during ancient greenhouse events. 

The faunas of the HSM represent an ecosystem that de- 
veloped during the mid-Cretaceous greenhouse in the 
shallow Western Interior epicontinental sea. Although 
prior study of these faunas (Sageman, 1991) allowed a cat- 
egorization of biofacies based on the Rhoads and Morse 
(1971) model and employing a linear oxygen-diversity par- 
adigm (Fig. 4), the key observations from the HSM per- 
taining to adaptation at the limits of survival concerned 
the high frequency and short duration of benthic coloniza- 
tion events, the influence of substrate on benthic faunas, 
and the role of sediment-water interface conditions as a 
boundary to infaunal, but not epifaunal colonization (Sage- 
man, 1989; Sageman et al., 1991). These results added to 
the growing body of work indicating that many ancient epi- 
continental black shales were not deposited under long- 
term stable low-oxygen conditions, but were more likely 
representative of environments that were relatively dy- 
namic (e.g., Hallam, 1987; Wignall, 1990; Tyson and Pear- 
son, 1991). 

Although water-column stratification continues to be 
viewed as an important process in the development of an- 
cient black shales, many studies are now seeking to assess 
the relative role of seasonal or longer-term changes in the 
flux of metabolizable organic matter to the substrate in 
controlling redox conditions (e.g., Pederson and Calvert, 
1990). Paralleling these developments, there have been 
notable modifications in the ecological interpretation of 

faunas of modern and ancient low-oxygen environments. 
For example, in addition to the observations that led to a 
redefinition of dysoxic communities in the 1980's (e.g., Sa- 
vrda et al., 1984; Thompson et al., 1985), there is recent 
evidence of cephalopods exploiting low-oxygen habitats 
(Boutilier, et al., 1996), and cases of large mobile epifauna 
at 0.0 ml/L 0, beneath the Peru upwelling zone (M.A. Ar- 
thur, pers. comm. based on observations from submersible 
dives). These data indicate that many invertebrate taxa 
may be extremely tolerant of oxygen deficiency, especially 
where it is temporally variable and associated with low 
sulfide levels. 

Environmental stability or disturbance frequency is 
considered to be an important determinant of diversity 
and dominance in modern communities (e.g., Whittaker, 
1975; Valentine, 1971; May, 1975; Connell, 1978; Huston, 
1979), and is emerging as one of the central ecological is- 
sues for low-oxygen paleoenvironments (e.g., Kauffman, 
1981; Wignall and Myers, 1988; Sageman, 1989; Savrda 
and Bottjer, 1991; Tyson and Pearson, 1991; Wignall, 
1990, 1994). In fact, a new oxygen-related biofacies has 
even been specifically devoted to it (the poikiloaerobic bio- 
facies of Oschmann, 1991). Although there has been de- 
bate concerning the effects of stability on community di- 
versity (Bretsky and Lorenz, 1970; Eldredge, 1974; Pielou, 
1975; Huston, 1979; Pimm, 1984; Frontier, 1985), low en- 
vironmental stability is generally believed to result in low 
diversity by favoring r-selected eurytopic species or oppor- 
tunists (Levinton, 1970; Valentine, 1971; Huston, 1979). 
Dominance is high because these taxa represent pioneers 
in a community succession that never has the opportunity 
to develop much beyond the pioneer stage, as environmen- 
tal perturbations repeatedly reset the ecological clock (Pie- 
lou, 1975; Whittaker, 1975). The pioneers are character- 
ized by rapid reproduction, wide dispersal, and large num- 
bers of offspring. 

If applied to the Western Interior basin, this model 
would suggest increasing instability along a deepening en- 
vironmental gradient. However, an alternate interpreta- 
tion to account for diversity patterns in ancient epiconti- 
nental black shales has been proposed. This nonequilibri- 
urn model suggests that chemosymbiosis in taxa adapted 
to low oxygen and the presence of H,S (e.g., Kauffman, 
1988; McLeod and Hoppe, 1992) accounts for the pattern 
of diversity in some black shales (Etter, 1995). Although 
this hypothesis may be plausible, isotopic data used to ar- 
gue for chemosymbiosis in Cretaceous inoceramids has 
been questioned (Grossman, 19931, features commonly as- 
sociated with other chemosymbiotic bivalves are lacking 
(Cavanuagh, 1985; Seilacher, 1990), and there is no inde- 
pendent evidence to directly support a chemosymbiotic 
strategy, such as the detection of symbiont bacteria within 
host bivalves. 

Summary of HSM Results 

The purpose of this study was to consider alternate eco- 
logical scenarios for the diversity patterns of organic car- 
bon-rich facies by analyzing species abundance data from 
the Hartland Shale Member. To investigate species-abun- 
dance patterns we developed a method for analyzing di- 
versity data that incorporates the separate measures of 
species richness, Shannon index, and equitability into a 
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single plot (Figs. 5-7). This approach is valuable because 
samples can be grouped according to patterns of diversity 
and equitability that are independent of biofacies inter- 
pretations based on the linear oxygen-diversity paradigm 
(e.g., Fig. 4). Representative rank abundance plots can 
then be constructed for selected groups (Fig. a), thus facil- 
itating comparisons between fossil species-aburidance dis- 
tributioris and established species-abundance models. The 
HSM results indicate a gradient frorri samples with log-se- 
ries characteristics (Fig. 8G) to samples resembling a geo- 
metric series (Fig. 8A). The major factor determining the 
character of intervening samples (Fig. 8B-F) appears to be 
the number and relative abundance of dominant species. 

To aid in the interpretation of the diversity data, we devel- 
oped a simple numerical model. The purpose of the model 
was to simulate the effects of variable species-abundance dis- 
tributions on measured diversity. Thus, the model was de- 
signed to allow manipulation of species abundance patterns 
to test hypotheses for different population characteristics, 
which were then randomly sampled to emulate the sampling 
effects inherent in preservation and data collection. What 
was sigdicant about the model was not the illustration of 
predictable end members in a continuum of species abun- 
dance distributions, but the ability to test for abundance dis- 
tributions most likely to produce high e, low S, and low H' 
values when randomly sampled. This effort highlighted the 
importance of variations in relative strength and nurnber of 
domiriant species in a population, and turned our attention 
toward an explanation for multiple co-existing opportunistic 
species, which are an unlikely occurrence in equilibrium 
models of community development. Furthermore, the mod- 
eling c o r h e d  Hughes' (1986) suggestion that samplirig ef- 
fects can produce a truricated log-normal pattern, that de- 
pending on the proportion of species not sampled, car1 resem- 
ble a log-series distribution. 

Ecological Interpretation 

There has been considerable debate in the ecological lit- 
erature concerning the interpretation of species abun- 
dance models for natural communities (Maguman, 1988). 
Tlie main factors that influence measured diversity are 
primary ecological controls and sampling effects. Hughes 
(1986) provided a cogent summary of the different species- 
abundance models in a paper on marine benthic commu- 
nities. Starting with the log-normal model, many workers 
have concluded that multiple physical, chemical, and bio- 
logical factors operating in complex, species-rich commu- 
nities with large numbers result in a normal distribution 
of species abundance (Preston, 1948; May, 1975; Whitta- 
ker, 1975). Such communities are thought to represent 
stable or equilibrium conditions where biological competi- 
tion plays a large role in determining diversity pattenis. 
However, sampling effects tend to produce a truncated 
log-normal pattern as fewer of the rare species in a com- 
munity are counted (e.g., Preston, 1948) and, depending 
on where the sampling limit falls relative to the mode of a 
normal distribution, the truncated log normal can approx- 
imate a log-series distribution (Hughes, 1986). Further- 
more, Hughes (1986) indicated that the truncated log-nor- 
ma1 and log-series distributions may, in fact, reflect small, 
pioneer, or stressed comniunities. Such communities are 
typically associated with the geometric series, which is 
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FIGURE 10-Ecological model for developrr~ent of low-diversity, high- 
equitability biofacies in the HSM includes three components: (1) Re- 
cruitment lottery-breeding subpopulations A-E (left side of diagram). 
Recruitment is represented by lines with arrows; (2)  Growth rateltol- 
erance-bars representing colonization and growth of recruits (along 
bottorri of diagram) are keyed to subpopulations A-E by fi l l  patterns. 
Time progresses frorri left to right iri figure; (3) Disturbance factor- 
fluctuations of the redox boundary above SWI represented by black 
f i l l  Species richness (S) represented by dashed line and equitability 
(e ) by shaded curve 

based on the niche preemption hypothesis (May, 1975); 
when resources are severely limiting and species are re- 
cruited at  regular intervals, the dominant species are 
thought to utilize a major fraction of the resources, the 
next dorniriarit the same fraction of the remaining re- 
sources, and so on, resulting in a geometric decline in spe- 
cies abundance. 

The major problem with this and other hypotheses to ac- 
count for species-abundance distributions is that they are 
not constrained by specific ecological criteria (Pileou, 
1975). For example, in the case of marine benthic cornmu- 
nities, if recruitment is random rather than regular, the 
same conditions as described above for a geometric series 
would lead to a log series (Hughes, 1986). Hughes (1986) 
attempted to address this problem by developing a "dy- 
namics model" in which species-abundance pattenis of 
niaririe benthic communities are determined by ecological- 
ly realistic parameters, such as recruitrrierit potential 
(number of dispersing immigrants or fecundity of estab- 
lished individuals), survival potential (relative to distur- 
bance frequency), and gregariousness (relating growth 
rates among recruits to established conspecifics). Hughes 
(1986) found that this model matched the predictions of 
the intermediate disturbance hypothesis (Connell, 1978; 
Huston, 19791, and provided a better descriptor for a wide 
range of natural communities. 

Building on Hughes' (1986) model, we propose that the 
observed pattern of diversity in the offshore assemblages 
of the HSM is a consequence of interactions between three 
independent ecological factors: (1) the 'lottery" of larval 
production and dispersal from different breeding subpop- 
ulations representing separate species of low-oxygen tol- 
erant opportunistic bivalves; (2) the relationship between 
age, size, and tolerance to low O,/H,S of bivalve taxa (con- 
trolled largely by growth rate); and (3) the frequency and 
intensity of redox boundary (RBI fluctuations above the 
SWI. Our model is illustrated in Figure 10. Breeding sub- 
populations A through E are depicted on the left side ofthe 
figure. Recruitment of larvae within the basin through 
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time is depicted along the bottom of the figure. Dominance 
of recruitment from any given subpopulation is random, 
resulting in a recruitment "lottery." The survival of re- 
cruits is determined by tolerance to oxygen deficiency and 
the presence of H,S, which varies with organism age and 
size. Although small or juvenile organisms may be more 
tolerant of low oxygen because of lower respiratory de- 
mands and greater surface area to volume ratios (Shum- 
way et al., 19831, they are more susceptible to sulfide than 
adults (Thurberg and Goodlett, 1979; Groenendaal, 1980; 
Shumway et al., 1983). We hypothesize that the major 
cause of environmental instability (and benthic mortality) 
is fluctuation of the redox boundary above the SWI, which 
based on the apparent age structure of most HSM com- 
munities (Sageman, 1989), must have occurred on a scale 
of years to 10's of years. In our model, the major cause of 
mortality is prolonged H,S exposure, as low oxygen levels 
and short-term exposure to H,S (sufficient to kill Ento- 
lium bivalves) do not appear to affect most inoceramids. 

As a result of interplay between the breeding population 
"lottery," larval dispersal/colonization and growth rate, 
tolerance limits of juveniles and adults, and the frequency 
and intensity of RB fluctuations, multiple species of oppor- 
tunitistic bivalves can colonize and cohabitate for ~eriods 
of time, resulting in fossil assemblages with high e: low S, 
and low H' values (Fig. 10)-the characteristics of many 
Group 1 samples. 

A final factor in explaining the measured diversity pat- 
terns of the HSM are sampling effects. Based on our discus- 
sion, the log-series pattern in high-diversity, proximal off- 
shore samples may be interpreted as a tnmcated log normal 
distribution. Similarly, the geometric series pattern in low- 
diversity, distal offshore samples probably reflects a truncat- 
ed log-series distribution. Although physicalfchemical condi- 
tions may have been limiting, it is unlikely that any species 
could dominate either food (particulate organic matter was 
abundant), living space (only very rare bedding planes sug- 
gest crowding), or oxygen. Hence, niche preemption is un- 
likely. Lastly, the steepness of the cumes in Figure 8 are 
probably a consequence of both the dominance of r-selected, 
opportunistic taxa in offshore Western Interior communities, 
and the fact that time-averaged collections can record brief 
colonization events of these taxa within samples dominated 
by "background species" with less extreme abundance char- 
acteristics. 

Evolutionary and Paleoenvironmental Sigdicance 

The ecological model described above leads to a possible 
explanation of diversification patterns observed in Western 
Interior inocerdd lineages. These taxa have been de- 
scribed as having high rates of speciation (&&an, 1978). 
Was diversification favored in organisms living at or near 
the limits of survival, in deep basinal paleoenvironments? 
Although a tendency toward speciation should not be unex- 
pected given our three assumptions (small breedrng subpo- 
pulations, rapid turnover rates, and unpredictable, unstable 
environments), the fact that deeper, quieter regions of the 
basin are a locus of instabilitv is in marked contrast to the 
conventional time-stability hew of marine communities 
(Sanders, 1968). The mechanism for disturbance is biogeo- 
chemical, and its effect is stochastic as a consequence of the 
unpredictable interaction between recruitment, organism- 

growth rates and tolerance levels, and redox fluctuations. In 
addition, biogeochemical factors may account for spatial het- 
erogeneity of the SWI and the isolation of subpopulations 
(geographic differences in organic loading of the substrate 
may have caused variations in the position of the redox 
boundary in space as well as time). 

A further implication of the model pertains to the Cen- 
omanian-'l'uronian (C-T) extinction event, which occurred 
less than 0.5 myr after deposition of the HSM. Whereas 
51% of total molluscan taxa in the Western Interior were 
affected during this event, 92% of the inoceramids went 
extinct (Elder, 1989). Valentine (1971) hypothesized that 
abundant resources and high disturbance frequencies 
lead to major extinctions. Although we believe the HSM 
was characterized by just these conditions, extinction did 
not occur until later. In fact, the extinction event followed 
a change in the character of disturbance. The rhythmic al- 
ternation of lime-marl sedimentation on 20 to 100 ky 
time scales, which entailed fluctuations in substrate con- 
sistency, OC fluxes to the benthic zone, and bottom-water 
and pore-water redox conditions (e.g., Elder, 1989; Sage- 
man et al., 1997), followed HSM deposition and occurred 
up to and during the C-T extinction event. These factors 
may have caused the nature of disturbance to change from 
a transient level favoring speciation to a persistent level 
where extinction events outpaced speciation, thus defin- 
ing a critical ecological threshold. 

A final consideration concerns interpretation of the his- 
tory of the Western Interior basin during Late Cenoma- 
nian time. It was a broad, shallow seaway with extremely 
low bathymetric gradients, restricted connections to oce- 
anic water masses, and water depths from 50 to about 200 
m in offshore areas (Sageman and Arthur, 1994; Sage- 
man, 1996). Features of the HSM such as high OC content, 
laminated sediment fabric, abundant disseminated pyrite, 
and low faunal diversity have typically been used to argue 
for stable density stratification of the water column 
(Kauffman, 1977, 1984; Pratt, 1984). Yet the basin had a 
warm, temperate to subtropical climate with abundant 
precipitation and frequent storms that could mix oxygen- 
ated waters to significant depths (Kauffman, 1984; Pratt, 
1984; Upchurch and Wolfe, 1993; Ludvigson et al., 1994; 
Witzke and Ludvigson, 1994; Winn et al., 1987). In addi- 
tion, it had high freshwater input that delivered fine- 
grained sediment and terrestrial nutrients to the basin 
(Pratt, 1984), but surface waters were never brackish 
(Eicher and Diner, 1985, 1989). Finally, it had high pro- 
ductivity levels (based on nannofossil fertility indicators) 
and, thus, a significant flux of OC to the sediment (Sage- 
man, 1991; Bralower, 1988). 

Based on our ecological model, the data from the HSM 
can be interpreted to indicate that oxygen levels fluctuat- 
ed sporadically in the water column, and that the redox 
boundary was confined to a zone within or just above the 
SWI. In Berner's (1981) geochemical classification of en- 
vironments, the HSM might represent a "post-oxic nonsul- 
phidic anoxic" environment. Whether this condition re- 
sulted from rapid re-stratification following storm events, 
or was simply due to fluctuations in organic loading of sed- 
iments due to productivity blooms following mixing of riv- 
erborne or in  situ nutrients to the surface is not known. 
However, the latter model (where productivity provides 
sufficient OC to drive sediments and pore waters anoxic 
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due to bacterial decomposition, but frequent mixing of the 
water column maintains sufficient oxygenation to prevent 
accumulation of sulfide) provides a better mechanism to 
explain the evidence froni the HSM. If so, the Western In- 
terior sea was a biogeochemically dynamic system. This 
view of epicontinental seas has been strongly supported in 
recent papers on modern and ancient oxygen-deficient en- 
vironments (Tyson and Pearson, 1991). Although there 
are no good modern analogs for epieric seas with the size 
and configuration of the Westeni Interior, similar biogeo- 
chemical processes probably occur in the modern Santa 
Monica Basin, where oxygenated water masses episodical- 
ly "leak in" across the sill, preventing the stable develop 
ment of euxinic conditions (Pratt, pers. comm., 1996). 

CONCLUSIONS 

(1) Late Cenomanian distal offshore asserriblages from 
the Western Interior basin have diversity characteristics 
that probably reflect a truncated log -series pattern of spe- 
cies abundance among species-poor fossil populations. 
Ecological analysis and diversity siniulations indicate that 
a combination of sampling bias and the dominance of sin- 
gle to multiple opportunistic species in an environment of 
high disturbance frequency best explains the pattern. In 
contrast, Late Ceriomanian proximal offshore assem- 
blages have log-series abundance pattenis that are inter- 
preted as truncated log-normal distributions representing 
samples of large, species-rich populations. These probably 
reflect normal marine, level bottom, soft substrate com- 
munities that were controlled by a variety of environmen- 
tal arid biological factors (salinity, temperature, oxygen, 
food type and availability, predation, competition), and 
may represent intermediate levels of disturbance. 

(2) The relationship between biofacies and interpreted 
benthic oxygen concentrations may be complex. Numeri- 
cal diversity data define a continuous gradient in diversity 
for HSM samples. Thus, sharp delineation of dysaerobic 
and aerobic biofacies based strictly on H' and e values is 
difficult. Distal offshore assemblages interpreted as high- 
disturbance biofacies dominated by opportunistic species 
most likely represent a relatively broad range of paleo-ox- 
ygen levels. They are not exaerobic biofacies, as this des- 
ignation implies a specific range of (very low) oxygen lev- 
els, but are more similar to Wignall's (1994) redefinition of 
Oschmann's (1991) poikiloaerobic biofacies. Although the 
Rhoads and Morse (1971) biofacies model has served as an 
excellent general framework for categorizing low-oxygen 
faunas, its use as a direct proxy for paleo-oxygen levels 
must be exercised with caution. 

(3) Absolute oxygen content may not be as important a 
controlling factor for benthic cornniunities in ancient black 
shale environments as is its variability (transient or per- 
sistent relative to ecological time scales). Transient distur- 
bances, largely in the form of H,S at the SWI, may have 
been the major factor influencing diversification patterns 
in shallow epicontinental basins like the Western Interior. 
Persistent disturbances, including changes in redox con- 
ditions and substrates, may have provided an important 
mechanism for extinction among taxa adapted to life at 
the limits of survival. This mechanism may have acted at 
a larger scale also. For example, the Inocerarnidae were 
among the dominant inhabitants of broad, shallow epicon- 

tinental seas during the Mesozoic, and the entire family 
went extinct at the end of the Cretaceous in conjunction 
with the loss of those environments. 

(4) Finally, the lack of direct modern analogs for both the 
dominant taxa and the basinal settines that characterized " 
ancient greenhouse periods underscores the need for inno- 
vative analysis of integrated physical, chemical, and biologi- 
cal data sets to ensure correct paleoenvironrnental and eco- 
logical recoristrudiorls (Bottjer et al., 1995). The ecological 
arguments presented herein not only contribute to a new 
view of the Western Interior sea as a dynamic paleoenviron- 
ment, but also present a hypothesis to explain relationships 
between climatic events, oceanographic processes, and the 
ecology and evolution of molluscar1 corrurimities. 
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DIVERSIW PATERNS IN BLACK SHALE BIOFACIES 

APPENDIX A 

Locality data for sections numbered in Figure 2. 

11 NBS-Nipple Butte Section, Wahweap Wash, ICane County, Utah 

Lone Rock Quadrangle, Utah-Arizona, 1981 Edition, 1:24,000 
LAT 37" 4 0' LONG 111" 35 0' 

21 BMS5-Black Mesa Section $5, Yale Point, Navajo County. Arizona 
Sweathouse Peak Quadrangle, Arizona, 1968 Edition, 1:24,000 

LAT 36" 20 92' LONG 109" 49 10' 

31 FCS-Four Corners Section, Red Wash, San Juan County, New Mexico 

Rattlesnake, New Mexico-Colorado, Quadrangle, 1937. leprint 1949, 1:62.500 
LAT 6" 48 43' LONG 108" 55 61' 

41 CHS-Ca~thage Hartland Section, near Carthage town site, Socorro County. New Mexico 

Canon Agua Buena, New Mesico, Quadrangle, 1981 Edition, 1:24.000 
LAT 33" 53 08' LONG 106" 44 87' 

51 BGS-Black Gap Section, near Hot Springs, Pennington County. South Dakota 
Hot Springs, South Dakota, Quadrangle, 1950 (Revised 19791 Edition, 1:24,000 

LAT 43" 27 0' LONG 103" 22.0' 

61 PHS-Pueblo Hartland Section (PHs),  Rock Canyon Ant~cllne, Pueblo County. Colorado 

No~thwest  Pueblo. Colorado. Quadrangle. Rev~sed 1970 and 1974 Edlt~ons, 1 24,000 

LAT 38" 16 0' LONG 104" 43 0' 

7) BHS-Bunker Hill Sect~on, Bunkel Hill, Russell County. ICansas 
Do~rance NW, Kansas, Quadiangle, 1967 Edition, 1 24,000 
LAT 38" 55 35' LONG 98" 42 36' 

APPENDIX B 
Numerical faunal data for samples plotted in Figure 8. 

Abund S 
(indiv.) (spp.1 H ' e Sample Taxa 

Inoceranzr~s tcnurstrratus? 

moderately laminated 

TOTAL 

Inoceramus lenurstrialus'? 

Phelopteria mir~uta 

Inoceramus sp. afl I lenuis 
Neocardioceras? sp 

moderately well-laminated 

TOTAL 

Inoceramus piclus? 
Plarroliles 

Callistina? sp 

Pycrrodorrte sp 

poorly-moderately laminated 

TOTAL 

FCS-19 Pycnodonlc sp aff P liellr~rnr 

Plrcatula sp cf P ferry1 

Turrilella sp 
Serprrla lr~lrrca 

Exogyra sp aff E acroumbonato 
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APPENDIX B 
Continued. 

Abund S 
Sample Taxa (indiv.) (spp.) H ' e 

Solemya obscura 
Inoceramus sp 
Gryphaeostrea sp 
Lucirra sp 
gastropod lndet 
Allocr~oceras sp 
burrowed 

TO'I'AL 

Inoceramus gtr~terensis 
Inoceramus tenuistriatus? 
Phelopteria rninuta 
Irlaceramus sp a f f  I lerruis 
Pl~elopteria quadrate sp a f f  l? r~~inuta 
Phelopteria quadrate sp (rugate) 
Neoeardioceras? sp 
Borissialioceras? sp 
moderately well-laminated 

TOTAL 

Pycnodonte sp a f f  l? Bellurni 
Plicatula sp cf  l? ferryi 
Plicat~~la sp cf l? hydrotheca 
Astarte n sp 
Metoicoceros sp cf  M mosbyense 
Pycnodonte sp. c f  l? kellurni 
Psilornya sp c f  I? concentrica 
Rltyrtchostreon leuis 
Gelterta? sp 
Cerithiopsis sp 
Turritella sp 
Gyrodes sp cf G tramitensis 
Cadulus praetenuis 
Calycoceras sp cf C nau~culare 
moderately biotu~bated 

TOTAL 

Pycrlodonte r~ewberryi 
Pseudornelar~ia sp (Leuicerithium?) 
Lucina sp a f f  L lirtearia 
Nemodon sp 
Clrondrites sp 
Borissialioceras sp 
Rlrynchostraon leois 
Planolites sp 
Plrelopteria sp cf  l? rninlrta 
Calycoceras nauiculare 
Psilomya sp a f f  f? concerrtrica 
Trochocyathus (Platycyathus) sp 
Plicatula sp c f  f? ferryi 
Psilornya sp a f f  l? elongala 
Grypltaeoslrea sp 
Anonzra? sp 
Inoceramus sp 
Thalassinoides sp 
Pseudocalycoceras sp ( F )  
Nuculana sp c f  N nzutuata 
Geltena sp 
Turritella sp 
Parmicorbula sp 
Serta n sp a f f  S rrauicula 
Callistina sp aff C alta (juv ) 
Ostrea sp 
Derrtalium sp a f f  D sublineaturn 
bioturbated 

TOTAL 


