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and varies from 50% to about 80% (F1G. 17). Relatively high
percentages of shared species occur in many successive BAs.
This in turn indicates that many species are recurrent through
the GPB within very short-term intervals (successive BAs),
but not necessarily through longer time intervals, as shown
in F1G. 15. In general, BAs that differ more in their sequence
(i.e., far apart) also show greater differences in their species
compositions, demonstrating longer term turnover patterns
(see details in Caron 2005b; Caron and Jackson, 2008).

COMMUNITY PATTERNS

The previous results suggest temporal changes in the compo-
sition and structure of the GPB community based on either
species number or abundance data. In order to summarize
community patterns and to discover potential environmental

are in brackets along the left vertical axis).

and/or ecological gradients, we applied multivariate methods,
e.g., Correspondence Analysis*, a category of Ordination
method* (CA) (Gauch, 1982), and classification methods*
(Minimum Spanning Tree), which take into account both
species identity and abundance data (See Caron and Jackson,
2008 for details). Results are presented in F1Gs. 18 and 19.
The first and the second CA axes (FIG. 18) account for
more than 30% of the variation (15.6% and 15% respectively).
Species and BAs that are close together in the first two
axes are not necessarily close in other dimensions. We use
Minimum Spanning Tree, superimposed on the results of
the ordination method, to evaluate changes in the compo-
sition of the main clusters. The relationships between BAs
are indicated by four main clusters (FIG. 19). Beds that are
near the base of the cluster (i.e., connected by thicker lines)
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FIG. 18. CA ordination diagram of the species and BAs from the Greater Phyllopod Bed. The middle part of the ordination diagram is enlarged for clarity. See TABLE 1 for complete names
of taxa. The first axis may represent a gradient of benthic oxygen level from low to high, starting from the left of the diagram (See Caron and Jackson, 2008). The second axis may represent
a turnover gradient (see text). Aysheaia (Aysh) tends to be restricted to a few BAs, is not numerically abundant and is relatively isolated; Marrella (Marr) on the contrary is an abundant and

recurrent species and is therefore closer to the centre of the ordination diagram.

and close to the centre of the ordination diagram tend to
be associated with many other beds, with species that are
usually relatively abundant in most other BAs. Conversely,
beds at the end of the thin dashed lines tend to be relatively
isolated and have restricted associations in terms of spe-
cies composition. We used the Indicator Species Analysis
method to check whether some species are present in

particular clusters of BAs and are less typically found in
others (F1G. 19).

Group 1is composed of BAs and species present mostly on
the extreme left side (BAs: -150, 170, -210, -245, -250, -310, and
-370). Common taxa in these BAs include almost all sponges
known from the GPB. Species of Leptomitus, Choia, Wapkia,
and Protospongia are all significant indicator species (IVs)
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with p < 0.05 and for each of the four groups of BAs are also identified.

of Group 1. Other species in Group 1 include brachiopods
(e.g., Micromitra burgessensis), trilobites (e.g., Ptychoparella
(Elrathina) cordillerae), and putative tubiculous invertebrates
(e.g., Cambrorhytium spp.). Overall, most BAs from Group 1
are characterized by having a greater number of suspension
filter feeding organisms.

BAs from Group 2 (BAs: -235, -260, -265, -320 and -480)
are at the centre of the ordination diagram, which indicates
that they contain a set of species typically common in most
other BAs from the other three groups. BA -360 is more iso-
lated and closer to Group 4. Because species present in Group
2 are common to most BAs, they probably represent eury-
topic species with a broader ability to adapt to variations of
the environment. Significant indicator species (IVs) from
Group 2 are represented by only three taxa: Odontogriphus
omalus, Amiskwia sagittiformis, and Habelia brevicauda. A low

number of indicator species is expected because species at the
centre of the ordination diagram are common to most BAs
and are not particularly indicative of any one group.

Group 3 is relatively distinct in the ordination diagram
along the second axis; it is composed of three BAs (o, -120,
and -130) and differs in terms of species composition and has
more indicator species than all other groups of BAs, includ-
ing Pikaia, Marrella, and Aysheaia. Despite their differences
in recurrence patterns and abundance, Marrella and Aysheaia
belong to this group, demonstrating that abundance pat-
terns alone can be misleading. Most taxa typical of Group 3
are farther away from the centre of the ordination diagram,
and are often rare in most BAs outside those of Group 3 (e.g.,
Peronochaeta dubia has the highest IV (97.7%) of all species
studied). Interestingly, BAs from Group 3 are among the
youngest in the GPB.
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Group 4 mostly occupies the lower right hand side of the
ordination diagram (BAs -350, -380, -420, -430, -445, -455 and
-465). The isolation of BA -455 is due to the high abundance
of the rare worm Stephenoscolex argutus, which is the only
species having a statistically significant IV in this group. The
positions of BAs -350 and -380 are, to a lesser extent, probably
influenced by the dominance of Canadaspis perfecta. Group
4 differs from most other groups in that it contains only
BAs with low species richness and evenness (see Caron and
Jackson, 2008). The extreme right hand of the ordination dia-
gram is dominated by polychaete worms, suggesting that such
species could be more stenotopic and confirming that the first
axis of the ordination diagram is influenced by environmental
and/or ecological gradient(s). Patterns of BAs from Group 4
support the view that the second axis represents a gradient of
species turnover. This is based on their positions (opposite to
Group 3 with younger BAs) along the second axis and on the
fact that these are among the oldest BAs in the GPB. Between
group differences probably represent long-term turnover
trends, whereas short-term trends would be represented by
minor differences of position of each BA among each group.

DISCUSSION

Deciphering the different processes behind community pat-
terns is a complex matter because of a multitude of biotic and
abiotic factors acting on multiple temporal and spatial scales
(Ricklefs and Schluter, 1993). The study of any fossil commu-
nity is further complicated by various degrees of taphonomic
bias and by the possibility that patterns extend in evolutionary
time. The data presented in this study, however, provide some
insights on a number of environmental and ecological factors
which may have played an important role in controlling the
community composition.

Environmental factors As in other obrution deposits with
soft-bodied animals (Brett and Seilacher, 1991), it is likely
that many organisms were killed or affected by environmen-
tal changes (considered herein as disturbances) just prior to
and/or during burial events. These could include variations
in paleo-redox conditions, substrate consistency, increased
salinity, or possibly even H S or CH, poisoning. Disturbances
are thought to initiate temporal and spatial heterogeneity in
the structure and dynamics of natural communities (Sousa,
1984), and have often been associated with the processes
of succession (i.e., changes in a particular order of the spe-
cies composition after disturbances; see review in Platt and
Connell, 2003). In modern marine environments, large-scale
physical disturbances such as deep sea currents or storm-
generated currents in shallower waters are not favourable
for the development of species-rich communities (Grassle

and Maciolek, 1992). In the GPB, a single species is very
abundant in a few BAs (e.g., Canadaspis perfecta in BA -350
represents 9o% of all individuals in that bed). However, with
the exception of these particular BAs in which major physi-
cal disturbances could explain patterns of species abundance,
the most abundant species in most BAs comprise 15 to 30% of
the total number of individuals. This range is closer to typi-
cal deep sea communities, in which a few dominant species
account for fewer than 10% of individuals, in the absence of
large-scale disturbance events (Grassle and Maciolek, 1992).
This may support the view that only a small area of the seabed
was affected by the burial events and that the community
quickly recovered with recruitment from adjacent patches of
species. Quick recovery is evidenced by the nearly identical
species composition of successive pairs of BAs. In the longer-
term, “turnover” of rare species and recurrence of abundant
species may be controlled in part by the ability of individu-
als to disperse and recolonise after each burial event. High
frequency burial events would have limited the settlement of
more specialized species. Species with widespread geographi-
cal ranges, e.g., Ptychagnostus praecurrens, are more likely to
have a greater ability to recolonise at a local scale than more
spatially and temporally restricted species, as noted by Hanski
(1982). As mentioned above, it is possible that recurrent spe-
cies represent more opportunistic organisms, capable of
quickly recolonising the environment after each disturbance
event. These disturbance-adapted species may have short-
lived populations but enhanced species longevity (Sheldon,

1993).

Ecological factors Many authors have argued that preda-
tion has played a crucial role in structuring communities,
especially during the Cambrian Explosion (Conway Morris,
1986; Bengtson, 2002; Babcock, 2003). In the Burgess Shale
and other Cambrian Lagerstditten, predator-prey relation-
ships have been identified from direct evidence such as
shelly remains in gut contents (Conway Morris, 1977; Bruton,
1981; Zhu et al,, 2004) and in coprolitic aggregates (Vannier
and Chen, 2005), as well as from indirect evidence includ-
ing presumed adaptations for predation e.g., Anomalocaris;
(Whittington and Briggs, 1985), putative antipredator mor-
phologies (e.g., rows of spines on Hallucigenia), and healed
injuries potentially representing bite marks on trilobites by
large predators (Rudkin, 1979; Conway Morris and Jenkins,
1985; Pratt, 1998; Nedin, 1999). In most modern environ-
ments, predators regulate prey populations and potentially
alter the species composition of communities (Jackson et al.,
2001). Predation is also believed to have a major impact on
competitive interactions (see review in Chase et al., 2002).
For example, some predators feed exclusively on a single prey
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organism, which leads to reduced interspecific competition
among remaining species. In modern settings, experimental
studies could determine whether a given predator influences
community patterns, but even so, predation may not be the
only reason for the demise of a given prey species (which
might simply be a weak competitor for resources). In light of
these challenges in interpreting the modern environment, it
is not obvious that predators had a major impact in regulating
Cambrian communities, where even direct fossil evidence of
predation does not preclude the operation of other biological
processes. Competition, as noted above for instance, has long
been recognized as an important agent of natural selection
(Cody and Diamond, 1975), but it is difficult to formally quan-
tify even in neontological settings. Whether competition was a
significant factor during Middle Cambrian times is impossible
to determine unambiguously, because competitive relation-
ships do not leave tangible evidence and can only be inferred.
The impact of commensalism and other inter-species interac-
tions on structuring the community is also very difficult to
evaluate. Only circumstantial evidence of such interactions
is preserved. For example, specimens of the small brachio-
pod Micromitra burgessensis, with setae protruding around
the shell margins, are often found attached to spicules of the
sponge Pirania muricata (Whittington, 1985). In this kind
of interaction, the “guest” species would be raised above the
soft muddy bottom, avoiding fouling and increasing filtering
efficiency. Micromitra burgessensis and Pirania muricata are
close together in the CA ordination diagram demonstrat-
ing that these species were closely associated across the GPB
(F1G. 18—Central area, bottom left, see “Micr” and “Pira”
Such an association supports the view that the observed pat-
terns can yield ecologically meaningful interpretations.

Comparisons with modern analogues Interestingly, commu-
nity trends from the GPB are similar in many respects to those
of modern marine benthic communities. In particular, most
species in modern benthic faunas have small spatial ranges
(Ellingsen and Gray, 2002), which could be comparable to
small temporal ranges of species in the GPB (for discus-
sion see McKinney and Frederick, 1999). Moreover, the fact
that the rarefaction curve of the GPB does not approach
an asymptote demonstrates that the count of species in the
GPB is not exhaustive. This is also typical of modern benthic
communities in which all species are rarely recovered in a
series of samples obtained with grabs or corers (Gray, 2002).
In modern marine benthic faunas, local species richness is
thought to be controlled primarily by regional richness, which
may explain why more species, especially rare ones, are still
added with more surface area sampled (Gray, 2002). For Gray
(2002) and others (Grassle and Maciolek, 1992), these faunas

are probably “unsaturated” in the sense that species interac-
tions do not constrain local richness.

FUTURE RESEARCH DIRECTIONS

The quantitative approaches that were used to generate the
above results are those applied in studies of living ecologi-
cal communities. The application of these methods provides
a novel means of examining species associations and testing
hypotheses regarding the structuring of the Burgess Shale
community and changes in this structure over time. Future
research should aim at integrating geochemical, sedimento-
logical and palynological data in order to better understand
the ecological and environmental processes controlling
Burgess-Shale-type communities at different spatio-temporal
scales. Descriptions of new species, taxonomic revisions, and
comparative autecological studies would also help to make
ecological inferences more precise.

Quantitative comparisons of the structure and function-
ing of different Burgess-Shale-type communities from Lower
to Middle Cambrian Lagerstditten should also provide insight
into the variability of ecological patterns at different tempo-
ral and spatial scales. The wealth of information present in
such well-preserved communities permits more detailed and
quantitative studies to be conducted. For example, a com-
parison of the Chengjiang and Burgess Shale biotas should
allow a deeper understanding of whether the structure and
functioning of Cambrian communities remained stable until
the Middle Cambrian, or if changes occurred more gradually
through time. The approach that I have developed is appli-
cable more broadly in fossil biotas, and should aid in our
better understanding of the structure of communities, their
relationship to the associated environments, and how these
changed over time.
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GLOSSARY

BED ASSEMBLAGE(S) (BA(S)): In this study, all fossils found in indi-
vidual mudstone beds with preservation of non-biomineralized
organisms in the Greater Phyllopod Bed.

BENTHOS: All organisms (e.g., animals, algae) living at the interface
between the sediment and the lowest layers of a body of water.
Benthic organisms adapted to the benthos.

BIOSTRATINOMY (BIOSTRATINOMIC): Early history of the remains of
an organism, from the time of death to the time of burial in the
sediment.

COMMUNITY: An association of organisms occurring at a specified place
and time (Fauth et al., 1996). In this definition, a community is not
related to either phylogeny or resource use. In the Phyllopod Bed or
Greater Phyllopod Bed, the community represents an association
of organisms occurring within clear lower and upper stratigraphic
boundaries.

CLASSIFICATION METHODS: A category of statistical multivariate analy-
sis. Classification methods have goals similar to those of ordination
methods, but seek to divide data into subsets.

CORRESPONDENCE ANALYSIS (CA): A category of statistical multivari-
ate analysis belonging to the subcategory of ORDINATION methods.
Because the first axis of a CA has the property of maximizing the
correlation of the samples and species (for example), the position
of the scores of samples and species along the first axis can often be
interpreted indirectly in relation to environmental gradients. CA
is less affected by variations in sample size and more attractive to
use with heterogeneous ecological data matrices.

DIAGENETIC MECHANISMS: See DIAGENESIS in glossary in Fletcher and
Collins this volume.

DIVERSITY: The total number of species (species richness) and patterns
of species abundance (evenness).

MUTLTIVARIATE STATISTICAL METHODS: Large numbers of individu-
als, taxa, and BAs represent a challenge for studying community
patterns. Ecological data sets are complex and multidimensional
in nature and computerized multivariate statistical methods, in
particular ORDINATION and CLASSIFICATION, have been developed
to analyze them objectively (Gauch, 1982). These methods are
designed to summarize community data, to relate community
variation to environmental gradients, and to better understand
community structures.

ORDINATION METHODS: Ordination techniques provide a summary of
relationships between different entities (in ecology, entities can
often be samples or species). Results are typically displayed in a
two-dimensional scatter plot, given that the first few axes represent
the most significant contributions to variation in the data and are
thought to convey particularly meaningful ecological information.
In the scatter plot, similar entities are usually close together and
dissimilar entities are usually far apart. Ordination assumes con-
tinuity within the data. The first few axes are particularly useful
in describing community variation in relation to environmental
gradients.

RAREFACTION METHODS: Rarefaction is a method that estimates the
number of species expected from smaller size samples with fewer
individuals. As more individuals are sampled, the number of new
species discovered decreases and the sampling curve reaches an
asymptote. Comparisons of different species richness values are
especially meaningful at the asymptote level (i.e. fully enumerated).
However, a COMMUNITY is rarely fully sampled and some communi-
ties may never reach an asymptote despite sampling large numbers
of individuals (Magurran, 2004). For this reason, comparisons are
often made at a sample size where the species richness does not
reach an asymptote.
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harles Walcott’s USNM' locality 14s, variously referred

to as the Ogygopsis Shale, the Mount Stephen Trilobite

Beds, the Trilobite Beds, or simply, the Fossil Bed(s),
figures prominently in the history of his most celebrated dis-
covery in 1909, a few kilometres to the north across the pass
between Mount Burgess and Mount Field. By all reckoning,
it was the promise of abundant and well-preserved Cambrian
trilobites on Mount Stephen that first lured Walcott to the
Kicking Horse Valley in the same year he assumed the mantle
of Secretary of the Smithsonian Institution. This seminal 1907
visit was prompted by a lingering interest dating back some
20 years earlier (Walcott, 1888, 1889) when he redescribed and
assigned a Middle Cambrian age to fossils discovered and col-
lected by others working along the then new Canadian Pacific
Railway in southeastern British Columbia (McConnell, 1887;
Rominger, 1887; McConnell, 1889). Over a very busy two
months in the general area, from early July to early September
1907, Walcott spent less than two weeks collecting fossils and
measuring sections in the immediate vicinity of the Mount
Stephen Trilobite Beds (Fletcher and Collins, this volume,
FIGS. 1, 8). It was, however, a formative introduction to the
geological challenges, paleontological bounty, and spectacu-
lar scenery of the region. One year later, Walcott published
a semi-popular account of his memorable experience in the
Canadian Alpine Journal, replete with photographs of sur-
rounding mountains, section descriptions, and four composite
plates depicting the “Fauna of the Great Fossil Bed (Ogygopsis
Shale)” (Walcott, 1908c). Although many of the taxa he illus-
trated therein had been described and figured in earlier
works (e.g., Rominger, 1887; Walcott, 1889; Whiteaves, 1892;
Matthew, 1899; Reed, 1899; Woodward, 1902; Walcott, 1908b),
this was the first pictorial compendium of the notable biota,
and it remained the only one for decades to come. Earlier in
that same year, Walcott (1908a) had also released an abbrevi-
ated summary of his initial stratigraphic work in the Canadian
Rockies in which he formally named the Stephen Formation
as the Middle Cambrian unit bearing, at the top of his sec-
tion, the locally developed Ogygopsis shale “lentile” (the term
employed in Walcott, 1908d). Unfortunately, because of vaga-
ries in his section location, measurements, and descriptions,
Walcott unwittingly ignited a stratigraphic controversy that
was to smolder for the next 9o years (see Fletcher and Collins,
1998; 2003, this volume). He briefly returned to locality 14s

* EDITORS’ NOTE: Asterisked terms which are bolded are defined in the Glossary at the end of
this section.

1 USNM, US National Museum, now the Smithsonian National Museum of Natural History in
Washington, DC.

late in the 1909 field season, but thereafter Charles Walcott
was fully occupied with his expanding geological explorations
in the Canadian Rockies, and with more auspicious develop-
ments on Fossil Ridge, north across the Kicking Horse Valley.

The broader historical background to Walcott’s work on
Mount Stephen and the vital link to the most famous of his
Burgess Shale discoveries has been admirably documented by
Collins (1992a, this volume) and Yochelson (1996, 1998).

The balance of this account provides a highly selective
and greatly condensed overview of the rocks and fossils of
the “Ogygopsis shale” on Mount Stephen.

Fletcher and Collins (1998; 2003, this volume, F1G. 4) estab-
lished a revised geologic and stratigraphic framework for the
Trilobite Beds within their Burgess Shale Formation (replac-
ing the “thick” Stephen Formation of previous usage), and
reviewed the convoluted history of both nomenclatural and
positional changes for Walcott’s “Ogygopsis shale”. They placed
the abundantly fossiliferous beds exposed at about 2130 m
above sea level on the northwestern slopes of Mount Stephen
at the base of the Campsite Cliff Shale Member (CCS) of the
Burgess Shale Formation; in their section “D” (Fletcher and
Collins, 2003, p. 1835), the highly-localized trilobite-bearing
mudstone-siltstone succession of the CCS lies conformably
atop the thickest proximal bench facies of the dolomitized
Yoho River Limestone Member (YRL), close to the base of the
near vertical scarp face of the adjacent Cathedral Formation
(see Fletcher and Collins, this volume, FI1G. 15).

The informally designated “Upper” Trilobite Beds (UTB)
and “Lower” Trilobite Beds (LTB) refer to their relative posi-
tion on the mountainside and not to their stratigraphic order
(Fletcher and Collins, 2003, this volume, F1G. 14). At this loca-
tion, the CCS dips at a steeper angle than the mountain slope
partly as a result of faulting and the LTB thus was interpreted
by Fletcher and Collins (2003) to lie stratigraphically higher
than the UTB. Weathering and erosion on this steep angle
have resulted in a talus slope beneath the YRL largely covered
in gravity-displaced slabs of CCS bearing an abundance of
conspicuous trilobite fossils. The exact stratigraphic origin of
this fossiliferous talus is not easy to evaluate, especially since



the main occurrence (UTB) is itself represented by mixed and
overturned slabs and it is difficult to recognize any in situ out-
crop in the area. Because of these uncertainties, determining
an accurate measurement for the Trilobite Beds is problem-
atical. Walcott (1908a, 1908c) originally gave the thickness for
the “Ogygopsis shale” as 150 feet (about 45 m). Rasetti (1951),
however, remarked that the interval was too poorly known
in thickness and position to warrant definition as a formal
stratigraphic unit; Fritz (1971) measured less than 100 feet
(about 30 m) of strata bearing the Ogygopsis faunule in the
same vicinity. Fletcher and Collins (1998, 2003, this volume)
did not state a thickness for the composite Trilobite Beds, but
estimated the UTB portion of the CCS to be no more than
6 m. Powell et al. (2003) ascribed approximately 20 m of vari-
ably coloured fossiliferous beds (black through red through
grey-green shales) to the basal succession of the CCS here,
presumably representing their interpretation of the compos-
ite UTB/LTB. Collom et al. (2009, p. 78) subsequently stated,
“The basal ~5.0 m of these laminated siliciclastic mudstones,
among the most fossiliferous in the Cambrian of Laurentia,
contain the ‘Mount Stephen Trilobite Beds’ ...”

Regardless of these stratigraphic complexities, the relative
age and position of Burgess Shale-type deposits like the Trilobite
Beds can be estimated through biostratigraphy*. Trilobites,
fortunately, have proven to be particularly useful fossils in
this regard, and the widespread and common co-occur-
rence of species of Bathyuriscus with those of Ptychoparella
(Elrathina) in late “Middle” Cambrian sequences of western
North America provided the basis for the Bathyuriscus-
Elrathina Zone proposed by Deiss (1939) and employed with
minor variations to this day (Fletcher and Collins, 2003, this
volume). Fletcher and Collins (2003) placed the Trilobite
Beds very low in the Pagetia bootes Faunule (or subzone) of
the Bathyrusicus—Ptychoparella (Elrathina) Zone. Sundberg
(1994) correlated this interval with the upper Elrathiella and
lowermost Ehmaniella subzones of his Ehmaniella Biozone in
Utah and Nevada, largely within the Ptychagnostus praecur-
rens Biozone of Robison (1984). In the most recent revisions to
a global Cambrian chronostratigraphic framework, this falls
in the as yet undefined Stage 5 (pre-Drumian) of Cambrian
Series 3 of Babcock and Peng (2007) and Babcock et al. (2007),
below the FAD (= first appearance datum) of Ptychagnostus
atavus. Published age dates derived from trilobite zone scalings
bracket Stage 5 between 510 and 506.5 million years (Annual
Report of the International Union of Geological Sciences for
2007, p. 47). By comparison, the Walcott Quarry section on
Fossil Ridge comprises units that are slightly younger than
the Trilobite Beds, but still within the Pagetia bootes subzone
(Fletcher and Collins, 1998).

CHAPTER 6: THE MOUNT STEPHEN TRILOBITE BEDS

Despite their unique and highly localized nature, a long his-
tory of stratigraphic and sedimentological controversy, and a
celebrated status among Cambrian fossil localities (Rudkin,
1996), relatively little direct research has been undertaken on
the environment of deposition, ecological parameters, and
taphonomy of the Mount Stephen Trilobite Beds.

In Walcott’s initial description of the “fossil bed” he states
simply, “The shales were originally a sandy mud that was slowly
deposited as thin layers in quiet water. For some unknown
reason, the trilobites died by thousands and were buried
by the successive layers of mud” (1908¢, p. 2). Subsequent
accounts (e.g., Rasetti, 1951; Briggs and Mount, 1982; Collins,
1992a) alluded to the abundance and completeness of trilo-
bite remains (presumed moults), and to prolific numbers of
the nonmineralized frontal appendages of Anomalocaris, as
evidence for deposition under quiet, undisturbed conditions,
more or less in situ. Rasetti suggested (1951, p. 119), “Such con-
ditions of preservation seem to indicate an exceptionally high
rate of sedimentation ...” and invoked an absence of scav-
engers, while Rigby and Collins (2004, p. 5) argued that the
diversity and abundance of sponge fossils in the Trilobite Beds
was evidence that the “... community lived undisturbed on the
sea floor for many generations”. Lack of significant transport
is implicit in most of these qualitative assessments. Briggs and
Mount (1982, p. 1116) discussed the relatively low preservation
potential of the frontal appendages of Anomalocaris canaden-
sis and suggested that large numbers would not likely survive
extensive transport, scavenging, or bioturbation*, and would
occur most readily in depositional settings “.. at the foot of
the carbonate bank because this position combines pockets
deficient in oxygen, and a source for accumulated sediment
which can be deposited rapidly at intervals by slumping”...

Recent work by Powell et al. (2003, 2006), Powell (2009),
and Collom et al. (2009) focused on the origin of the basal
units of the CCS, and in particular on their geochemistry and
relationship to the underlying carbonates of the YRL. They
proposed a model in which sediments of the Trilobite Beds
initially accumulated in a restricted trough-like depression
right at the base of the Cathedral Escarpment (Powell et al.,
2003), localized above and behind one or more in situ car-
bonate mud mounds forming a portion of the upper YRL
(Collom et al., 2009, fig. 5D). Trace metal signatures within
an approximately 20 metre-thick section of black, red and
green shale indicated deposition from dysoxic* to oxygenated
bottom waters conditions (Powell et al., 2003; Powell, 2009).
The effects of these water chemistry changes (if confirmed)
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FIG. 1. Ogygopsis klotzi. A, complete intact dorsal exoskeleton (“carcass”) with cephalic antennae, ROM 49493; B, presumed moult
(missing free cheeks) showing healed V-shaped injury to right mid-thoracic region, ROM 37210; €, presumed moult with inverted
free cheeks and rostral-hypostomal unit* displaced to the left anterior, ROM 59552; Scale bars = 10 mm.
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on the structure and diversity of the Trilobite Beds biota is far
from obvious. These results need to be systematically linked
with the fossil assemblages present in these beds.

TRILOBITES ... AND MORE

“Nearly every fragment of shale found on the slopes from 2000
to 2600 feet [609-792 metres] above Field has fossils upon it;
not only fragments, but usually entire specimens of trilobites”.
Charles Walcott was not exaggerating when he wrote these
lines for his Canadian Alpine Journal article (Walcott, 1908¢).
Anyone who has ever visited this classic locality can attest to
the appropriateness of the ‘Trilobite Beds’ moniker, for the
shale scree is indeed composed almost entirely of weathered
slabs bearing an abundance of conspicuous trilobite fossils in
densities often exceeding 10 individuals per m* (e.g., Collom
et al., 2009). More than 15 species of trilobites have been
recorded from the rocks covering these slopes (Rasetti, 1951),
but only 5 taxa—Ogygopsis klotzi (Rominger), Bathyuriscus
rotundatus (Rominger), Olenoides serratus (Rominger),
Zacanthoides romingeri Resser, and Ptychoparella (Elrathina)
cordillerae (Rominger)—comprise the vast majority of speci-
mens in collections; Rasetti (1951, p. 101-102) listed these with
the accompanying notation “cc” (very common). Among
the numerically prolific forms, O. klotzi (F1G. 1) is widely
acclaimed as by far the most common (hence ‘Ogygopsis shale’
as the alternative name), however no supporting quantitative
assessments of relative trilobite abundance have been pub-
lished to date.

Specimens of O. klotzi are consis-
tently the biggest fossils seen in the
Trilobite Beds assemblage, and their
larger size coupled with intact preserva-
tion of the dorsal exoskeleton (complete
or near complete individuals are typi-
cally 8-10 cm long, but can measure up
to 13 cm) may simply make them more
obvious on the talus slope than other
trilobites and associated organisms.
“Entire” specimens with all dorsal ele-
ments in close articulation (see F1G. 1A)
are not typical, and these presumably
represent undisturbed carcasses of dead
animals; some very rare examples show
a limited degree of nonbiomineralized
preservation (NBP), such as appendages
(Hofmann and Parsley, 1966) and traces
of internal anatomy. Far more abundant
are articulated O. klotzi specimens lacking only free cheeks
(see F1G. 1B)—these are usually referred to as in situ moult
remains (Fletcher and Collins, 1998; Powell et al., 2003) and
this in turn has been taken as evidence for the autochtho-
nous* and undisturbed nature of the assemblage (e.g., Collins,
1992a; Rigby and Collins, 2004), or at least for lack of signifi-
cant transport of some components (Briggs and Mount, 1982).
Suggested O. klotzi moult configurations involving various
rotations or inversions of free cheeks and/or cranidia have
also been documented and related to possible behavioural
patterns (Lehmann, 1960; McNamara and Rudkin, 1984, figs.
9, 11). The example illustrated herein (F1G. 1c) shows the free
cheeks laterally separated and inverted, and the rotated ros-
tral-hypostomal unit* displaced antero-obliquely.

Although usually overlooked, associated preservation in
the Trilobite Beds comprises an abundance of more thor-
oughly disarticulated and randomly oriented exoskeletal parts,
including cranidia, free cheeks, rostral-hypostomal units,
thoracic segments, and pygidia. Thus, there is a considerable
range in preservational mode, from undoubted complete car-
casses, to individuals lacking only one or both free cheeks, to
isolated sclerites. Assemblages such as these can occur in close
proximity on a single slab, separated by a few mm of sedi-
ment, and may comprise representatives of several taxa and a
variety of size classes (F1G. 2). This resembles in part the situ-
ation documented for the Greater Phyllopod Bed by Caron
and Jackson (2006; see Caron, this volume), who concluded
that a mixture of fossil census and time-averaged assemblages
indicated trivial transport and preservation essentially within
habitat. Until such time as an equally thorough taphonomic
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FIG. 2. Differential preservation in the Trilobite Beds. A single slab bearing near complete internal moulds of dorsal exoskeletons of Olenoides serratus (centre), Bathyuriscus rotundatus

(right), and isolated cranidia, pygidia, thoracic segments, and free cheeks of Olenoides, Bathyuriscus, and Zacanthoides romingeri, ROM 59553; Scale bar = 10 mm.
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A NOTE ON THE DISTRIBUTION
OF 0GYGOPSIS

Ogygopsis was long considered to be
uniquely restricted to the “Middle”
Cambrian succession in the Mount
Stephen area of the southern Canadian
Rockies (Rasetti, 1951). Subsequent
reports (e.g., Nelson, 1963; Palmer and
Halley, 1979; Young and Ludvigsen,
1989; Powell et al., 2006) have expanded
both the temporal and geographic range
of the genus. It is now known to extend
into the Lower Cambrian and to occur
in sequences deposited on the southern
margin of Laurentia; the type species,
Ogygopsis klotzi, has been documented
in the “Middle” Cambrian Kinzers
Formation of Pennsylvania (Campbell,
1971; Powell, 2009). Where it occurs in
abundance, Ogygopsis seems to be asso-
ciated with low-oxygen environments in
deeper basin and slope settings (Powell,
2009).

assessment can be carried out on the
Trilobite Beds, these issues will remain
unresolved.

A number of large specimens of
O. klotzi from the Trilobite Beds show
evidence of what have been interpreted as
healed predation injuries (Rudkin, 1979;
Whittington, 1992, pl. 324; Pratt, 1998,
fig. 14) (F1G. 1B herein). Given that the
most conspicuously abundant non-trilo-
bite fossils in the assemblage are frontal
appendages of Anomalocaris canaden-
sis Whiteaves (Briggs, 1979; Collins,
1996; FIG. 9 herein), it isn’t surprising
that this large raptorial* arthropod has
been proposed as the potential attacker

FIG. 3. Bathyuriscus rotundatus. Internal mould of dorsal exoskeleton (“carcass”) showing axial compaction, with
collapse of glabella onto underlying hypostome, ROM 59554; Scale bar = 10 mm.

(Rudkin, 1979; Briggs and Mount, 1982; Babcock, 1993; Nedin,
1999). Valid challenges to this concept (Whittington and
Briggs, 198s5; Pratt, 1998; Schottenfeld and Hagadorn, 2009)
stem from considerations of the functional morphology and
mechanical properties of the unique anomalocaridid circular
toothed mouth structure. It does seem highly unlikely that an
unmineralized but clearly sclerotized* oral apparatus could

have been successfully deployed to bite through or fracture the
pervasively calcified exoskeleton of a large trilobite, but the
nature of the healed injuries in O. klotzi (and other Trilobite
Bed taxa) does not preclude their being inflicted during the
post-ecdysial* “soft-shell” stage. Those trilobites that escaped
with non-lethal (marginal) injuries and survived through at
least one subsequent moult would leave remains exhibiting



distortion, cicatrization* and partial regeneration (F1G. 1B).
If Anomalocaris did preferentially predate large, freshly
moulted trilobites prior to remineralization of the cuticle, it
might also explain the parallel objection of lack of evidence
for durophagy” in the form of obvious shelly gut contents or
fecal debris.

In the Trilobite Beds, Bathyuriscus rotundatus is argu-
ably just as abundant as Ogygopsis klotzi. Its smaller size (less
than half the maximum length of O. klotzi) makes it much
less conspicuous on slab surfaces, but B. rotundatus shows
a similar range of preservational modes, from disarticulated
and scattered sclerites, to presumed intact moult configura-
tions, to fully articulated carcasses (F1G. 3). No specimens
of Bathyuriscus preserving appendages or other unmineral-
ized anatomical structures have yet been discovered here,
but individuals with healed injuries are known. The largest
complete specimens of Ptychoparella (Elrathina) cordillerae
in the Trilobites Beds typically measure less than 30 mm
in length (F1G. 4), and although very
common, their relatively small size ren-
ders them much less obvious. Several
other related and closely similar taxa,
including Chancia palliseri (Walcott) are
also known from the Trilobite Beds, but
these are much rarer.

The two remaining common to very
common trilobites at this locality are
both spinose forms of moderately large
size. Olenoides serratus is best known
from extraordinary appendage-bearing
specimens excavated at the Walcott
Quarry locality on Fossil Ridge (Walcott,
1918a; Whittington, 1975b, 1980). In the
Trilobite Beds, O. serratus occurs as dis-
crete sclerites, presumed moults, and
tully articulated exoskeletons (FI1G. 54),
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FIG. 4. Ptychoparella (Elrathina) cordillerae. A, Internal mould of presumed moult (centre) with
partially dissociated individuals, ROM 53278; B, Internal mould of dorsal exoskeleton (“carcass”),
ROM 53273; Scale bars = 10 mm.

the latter ver y rarely showing preser ved  FIG. 5. Olenoides serratus. A, Internal mould of dorsal exoskeleton (“carcass”), ROM 59555; B, Negative counterpart of dorsal
appendages (FI G.5 B) Individuals with  exoskeleton with associated left biramous appendages and one antenna-like pygidial “cercus’, ROM 52727; Scale bars = 10 mm.

A NOTE ON TRILOBITE PRESERVATION

Complete trilobites in the Ogygopsis Shale are typically preserved as dorso-ventrally flattened internal and external moulds;
there is very little evidence for burial in other than bedding-parallel orientations. Some specimens retain remnants of
diagenetically re-mineralized exoskeleton adhering to the part or counterpart impression and these areas usually appear
dull black in contrast to the rock matrix (see FIG. 14,B; FIG. 2). Most trilobite specimens are outstretched and undistorted
except for dorso-ventral compaction, but minor strain deformation has been noted in some individuals—the specimen of
Ogygopsis klotzi in F1G. 1c shows modest axial elongation. The degree of flattening in most larger trilobites is considerable,
as determined by comparison with the same taxa preserved elsewhere in more competent carbonate rocks (Rasetti, 1951).
Degraded pyrite occasionally occurs as uncompressed infillings of marginal spines (FIG. 54; FIG. 6).
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FIG. 6. Zacanthoides romingeri. A, internal mould of presumed moult, lacking free cheeks, ROM
56653; B, negative counterpart of disarticulated thorax and pygidium showing needle-like axial
spine on 8th thoracic segment, ROM 59556; Scale bars = 10 mm.

FIG. 7. Oryctocephalus reynoldsi. Internal mould of intact dorsal exoskeleton, ROM 56657, Scale
bar = 5 mm.

healed injuries occur here as well, including examples with
the asymmetric W shape (Pratt, 1998, fig. 1a) predicted by
Whittington and Briggs (1985, p. 601) from their functional
analysis of the anomalocaridid circular mouth structure. The
presence of well-developed genal, thoracic and pygidial spines
on O. serratus apparently did not deter attempts at predation.
The smaller, distinctive and elaborately spinose Zacanthoides
romingeri (F1G. 6) is not as robust-appearing as Olenoides and
occurs much less frequently as intact presumed moults, rarely
with free cheeks in place (Rudkin, 1996). Isolated cranidia of
Z. romingeri are easily identified by the elongate, outwardly
bowed eye lobes.

Among the less common trilobites found here,
Oryctocephalus reynoldsi Reed (F1G. 7) deserves mention
because it is the best known species of a genus with near-
global distribution (Whittington, 1995). Its diminutive size
and slender marginal spines make even intact exoskeletons
of Oryctocephalus difficult to distinguish from fragments of
other trilobites and from co-occurring spicules of sponges
such as Chancelloria, Choia, and Pirania (F1G. 8).

OTHER FOSSILS

The overwhelming abundance of trilobites at this locality
masks the presence of many additional fossil elements. Some
of these have been documented to varying levels (Walcott,
1908¢; Collins et al., 1983, table 1; Collins, 1992a), but a com-
plete and detailed census of existing collections has not yet
been published. A few selected components are illustrated
herein.

Although not yet quantified, it is clear that the Trilobite
Beds community was moderately diverse, and contained
representatives of a number of “shelly” fossil groups (F1G. 8)
which are also found in conventional “Middle” Cambrian
marine deposits elsewhere. These include lingulate (F1G. 8D)
and rhynchonellate (F1G. 8€) brachiopods, hyoliths, eocri-
noids (r1G. 8c) (Sprinkle and Collins, 2006), sponge spicules
and articulated sponges (Rigby, 1986; Rigby and Collins,
2004) (F1G. 8G-1), Chancelloria (F1G. 8B), Scenella (F1G. 8F),
Byronia (F1G. 8A) and Sphenothallus (Van Iten et al., 2002).

The most obvious and numerous non-biomineralized fos-
sils in the Trilobite Beds are large, heavily sclerotized frontal
appendages (Briggs, 1979; Collins, 1996) of Anomalocaris
canadensis, (F1G. 9), first described and named by Whiteaves
(1892) from specimens collected at this locality. The Trilobite
Beds have subsequently yielded much rarer specimens of
anomalocaridid mouth structures (“Peytoia”), components
of Hurdia victoria (Daley et al., 2009, see Introduction to this
volume), and entire bodies of poorly preserved specimens.
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1

FIG. 8. A, Byronia annulata, ROM 59557; B, Chancelloria eros, ROM 49578; G, Gogia stephenensis, Holotype, ROM 57249; D, Lingulella sp., ROM 59558; E, Nisusia sp., ROM 59559;
F, Scenella amii, Holotype, ROM 8048; G, Pirania muricata, ROM 53310; H, Hamptoniella hirsuta, Holotype, ROM 44285; 1, Choia carteri, ROM 43124; All scale bars = 5 mm.
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Additional very rare non-biomineralized forms in
the Trilobite Beds (F1G. 10) include genera such as Isoxys
(F1G. 10A), Habelia (F1G. 10B), Naraoia (F1G. 10C), Wiwaxia
(F1G. 10D), Marrella (F1G. 10E), and Mollisonia (F1G. 10F),
some of which are known from the Walcott Quarry and
from several other Burgess Shale-type deposits in North
America and China. Interestingly, the holotype specimen of
Wiwaxia corrugata is an isolated sclerite originally described
by Matthew (1899) from this locality (Conway Morris, 1985).
Algal components of the biota include scattered fragments of
Marpolia, Dalyia (F1G. 10G) and Waputikia, confirming that
at least some of the organisms preserved in the Trilobite Beds
lived within the photic zone.

Among the examples illustrated here are representatives
of a wide range of trophic guilds and ecological strategies,

FIG. 9. Anomalocaris canadensis. Small slab with 10 complete and partial frontal appendages, ROM 53290; Scale bar = 50 mm.

including primary producers (algae), sessile suspension
feeders (brachiopods, sponges, and eocrinoids), grazers
(monoplacophorans and wiwaxiids), epibenthic scavengers
and predators (trilobites), and nekto-benthic (anomalocari-
dids) and nekto-pelagic (isoxids) predators. Direct association
of some of these on single localized slab surfaces, presence
of articulated and disarticulated remains of the same species
together, along with strong evidence for species interac-
tion, suggest that these elements could be members of a
single community buried essentially in situ. The presence of
numerically dominant forms with exceptionally limited distri-
butions elsewhere (e.g., Ogygopsis), coupled with the absence
or near absence of infaunal deposit feeders and predators
(e.g., archaeopriapulids) and their conspicuous trace fossils,
argues for a highly localized set of limiting factors, perhaps
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FIG. 10. A, Isoxys acutangula, ROM 59560; B, cf. Habelia sp., ROM 59561; G, Naraoia compacta, ROM 59562; D, Wiwaxia corrugata, ROM 53289; E, Marrella splendens, ROM 56664;
F, Mollisonia symmetrica, ROM 59563; G, Dalyia racemata, ROM 59564; All scale bars = 5 mm.
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GLOSSARY

AUTOCHTHONOUS: In its place of origin; in paleontology, refers to
organisms that were preserved in their native habitat; as opposed
to ALLOCHTHONOUS, which implies transportation, burial, and pres-
ervation outside the normal habitat range.

BIOSTRATIGRAPHY: The use of time-restricted fossils to establish the
relative age and stratigraphic position of sedimentary rock strata,
and the correlation of strata between different regions on the basis
of their same fossil content.

BIOTURBATION: In the marine realm, the mixing of sea-bed sediment
by organisms during a variety of activities, including locomotion,
deposit feeding (ingestion of sediment), excavation of dwelling
structures, etc.

CICATRIZATION: The formation of “scar” material to heal a wound; may
refer to unmineralized or mineralized tissues or structures.

DUROPHAGY: The eating of hard-shelled, or otherwise durable, prey;
usually requires special adaptations of feeding structures (append-
ages, mouth parts, gut system, etc ...) to break or digest mineralized
skeletal elements.

DYSOXIC: In marine environments, refers to conditions of low to very
low oxygen availability, typically at or very near the sediment-water
interface; such conditions impose severe limits on the numbers and
kinds of organisms present.

related to substrate, fluctuating oxygen availability, and
bottom-water chemistry. Ultimately, a comprehensive and
quantitative reassessment of the biota, in conjunction with
new targeted geochemical studies and detailed sedimento-
logical analyses will be necessary to better understand the
paleoenvironmental setting of this unique locality. =
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POST-ECDYSIAL: After moulting; in trilobites and other calcifying
arthropods, this is the stage following the shedding of the old
exoskeleton and before the new, larger one is fully re-mineral-
ized—effectively a “soft-shell” phase when the animal is extremely
vulnerable.

RAPTORIAL: Predatory; in arthropods, refers to both behaviour and to
frontal appendages that are specialized for capturing and manipu-
lating prey.

ROSTRAL-HYPOSTOMAL UNIT: In some trilobites, the hypostome (ven-
tral calcified plate covering the mouth region) was fused with a
rostral plate (narrow strip of exoskeleton beneath the front margin
of the central head shield) to form this rigid unit, which was
bounded by sutures (lines of weakness) and shed as a single piece
when the animal moulted.

SCLEROTIZED: Hardened; in arthropods, refers to an exoskeleton in
which the cuticle has been strengthened or hardened by cross-
linking of protein chains (tanning).
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