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ABSTRACT

Although onshore to offshore retreat of brachiopods, in terms of their
community-level abundance, took place through the Mesozoic and
Cenozoic, this study shows that comparable trends also occurred re-
peatedly on a short time scale and mainly were driven by variations
in sediment and nutrient supply. In the Kössen Formation (Upper
Triassic), brachiopods retreated to offshore habitats during nutrient-
rich, siliciclastic regimes and expand to onshore habitats during
nutrient-poor, carbonate regimes. Epifaunal bivalves occupied on-
shore and offshore habitats during both siliciclastic and carbonate
regimes. Infaunal suspension-feeding bivalves expanded to offshore
habitats during nutrient-rich, siliciclastic regimes and retreated from
offshore habitats during nutrient-poor, carbonate regimes. Thus, the
onshore to offshore retreat of brachiopods and the offshore expansion
of infaunal bivalves repeatedly coincided with the switch from a nu-
trient-poor, carbonate regime to a nutrient-rich, siliciclastic regime.
Because brachiopods and epifaunal bivalves were abundant in mi-
crite-rich, soft-bottom habitats, the replacements between infaunal
and epifaunal communities cannot be explained by variations in sub-
strate consistency alone.

Differences in guild structure between siliciclastic and carbonate
regimes and onshore to offshore replacements indicate that distri-
bution of bivalves and brachiopods is related to their differential
response to low nutrient supply, turbidity, and, possibly, oxygen lev-
els. Based on actualistic evidence, brachiopods are able to thrive in
nutrient-poor conditions due to low metabolic demands and are less
tolerant of high-turbidity conditions than bivalves. Epifaunal bivalves
that co-occur with brachiopods in nutrient-poor habitats may have
been characterized by higher clearance rates in contrast to infaunal
bivalves with similar metabolic requirements. Although higher bio-
genic sediment disturbance or other biotic interactions could play a
significant role in the retreat of brachiopods to offshore habitats, this
study highlights the importance of varying nutrient supply and tur-
bidity in governing onshore to offshore replacements on short time
scales.

INTRODUCTION

One of the challenges of paleoecology is to resolve and explain dis-
proportional distribution patterns of brachiopods during their Phanerozoic
history (Thayer, 1986). Brachiopods were numerically abundant and di-
verse in Paleozoic habitats, and formed an important component of the
Paleozoic evolutionary fauna (Thayer, 1983; Sepkoski and Miller, 1985;
Alroy, 2004). However, they are restricted in numerical abundance and
diversity in communities dominated by the Modern evolutionary fauna
in present-day habitats.
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Although Phanerozoic distribution patterns of brachiopods have not yet
been evaluated rigorously, two environmental trends and one taphonomic
trend can be coupled with the trend in brachiopod decline in numerical
abundance and diversity (Fig. 1). First, although brachiopods were nu-
merically common in shallow, tropical, or subtropical Paleozoic and Me-
sozoic habitats (e.g., coral reefs or shallow lagoons), they are now largely
restricted to some specific habitats in modern seas, such as shaded fjords,
caves, or polar regions (Jackson et al., 1971; James et al., 1992; Rhodes
and Thompson, 1993). Although dense populations of modern brachio-
pods are known locally from tropical-shelf habitats (Kowalewski et al.,
2002), the retreat from onshore habitats resembles onshore-offshore
trends in abundance or diversity observed in several other marine clades
(Bottjer and Jablonski, 1988; Aronson et al., 1997). Second, brachiopods
were numerically common and diverse in Paleozoic and Mesozoic soft-
bottom habitats (Thayer, 1986). In contrast, present-day soft-bottom hab-
itats rarely are dominated by brachiopods in terms of abundance or di-
versity, or by other immobile epifaunal suspension-feeders (e.g., free-
lying bivalves) in terms of community-level abundance (LaBarbera,
1981a; Jablonski and Bottjer, 1983). Brachiopods mainly are confined to
hard-bottom habitats in present-day seas. Although the Paleozoic and
Modern evolutionary faunas were defined according to their global di-
versities regardless of their environmental distribution (Sepkoski, 1981),
this environmental background indicates that understanding community-
level history of brachiopods also depends on tracing their environmental
preferences. Third, there is a possibility that the decline in numerical
abundance and/or diversity of calcitic brachiopods is biased by under-
representation of aragonitic mollusks due to a higher probability of
destruction and lower sampling probability in predominantly lithified
Paleozoic and Mesozoic deposits (Cherns and Wright, 2000, but see Bush
and Bambach, 2004; Kidwell, 2005).

Many brachiopod clades that were diverse and numerically abundant
in Paleozoic habitats went extinct at the end of the Permian. Paleozoic
global diversity levels were never re-attained by post-Paleozoic brachio-
pods (Gould and Calloway, 1980). Although global diversity trajectories
might indicate that the decline of brachiopods has been caused almost
exclusively by the end-Permian mass extinction (Gould and Calloway,
1980; Sepkoski, 1996), this is not supported by their community-level
abundances. Brachiopods, as a group (mainly represented by rhyncho-
nellids and terebratulids), again became important components in Me-
sozoic shallow habitats and coral reefs in terms of their community-level
abundance (Ager, 1965; Alméras and Elmi, 1993; Aberhan, 1993; Sandy,
1995; Garcia and Dromart, 1997; Fürsich et al., 2001). Because diversity
and abundance trajectories can be decoupled (McKinney et al., 1998),
the end-Permian mass extinction might not be the exclusive cause of
subsequent ecologic history of brachiopods. At least, because community-
level ecologic success is represented by abundances or biomass rather
than by global diversity, the change in community-level abundance and
environmental preference of brachiopods between the Mesozoic and Ce-
nozoic might not be explained by the end-Permian mass extinction alone.
Note that brachiopod clades that dominated in shallow habitats and coral
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FIGURE 1—Two simplified trends in environmental distribution of brachiopods and
one taphonomic trend, which can be associated with their Phanerozoic decrease in
generic richness. It remains to be evaluated quantitatively whether these trends are
real and whether they are gradual or stepwise.

reefs during the Mesozoic are more restricted in distribution in
present-day seas, indicating that there was a change in their environmen-
tal preferences after the end-Permian mass extinction.

There is no consensus as to which environmental circumstance allows
local proliferation of brachiopods in present-day habitats (Noble et al.,
1976; Stewart, 1981; Tunnicliffe and Wilson, 1988; Richardson, 1997;
Kostylev et al., 2001; Kowalewski et al., 2002; Barnes and Brockington,
2003). Although the dependence of brachiopods on substrate properties
is stressed in paleoecologic analyses (Fürsich et al., 1991; Garcia and
Dromart, 1997), it seems that variations in nutrient supply, temperature,
oxygen levels, and biotic interactions have substantial effects on brachio-
pod distribution. Present-day rhynchonelliformean brachiopods mainly
are abundant in polar or cold-temperate regions (Grange et al., 1981;
Willan, 1981; Brey et al., 1995; Barnes and Peck, 1997; but see Kowa-
lewski et al., 2002). The latitudinal diversity gradient of rhynchonellifor-
mean brachiopods peaks in temperate latitudes rather than in the tropics
(Walsh, 1996). On the one hand, brachiopods are abundant in habitats
characterized by an oligotrophic regime or by a regime with seasonally
fluctuating nutrients (James et al., 1992). In such habitats limited by low
nutrient supply, it is supposed that the high metabolic demands of bi-
valves are not fulfilled, whereas the low metabolic demands of brachio-
pods are met (Peck et al., 1987, 1989; Rhodes and Thayer, 1991; Rhodes
and Thompson, 1993; Peck, 1996). On the other hand, some occurrences
are typical of habitats with a high nutrient supply. For example, brachio-
pods are abundant in plankton-rich fjords of British Columbia (Tunni-
cliffe and Wilson, 1988), plankton-rich straits of Washington State (Ko-
walewski et al., 2003), and on a tropical shelf of the Southeast Brazilian
Bight associated with a shelf-break where upwelling waters rich in dis-
solved nutrients are found (Kowalewski et al., 2002; Rodland et al.,
2004). Such nutrient-rich habitats can be characterized by low oxygen
levels, relatively cold temperatures, or other factors that may be limiting
for bivalves with high metabolic demands. The actualistic hypothesis
about differences in metabolic demands predicts differential abundances
of brachiopod and bivalve guilds along nutrient supply, temperature, ox-
ygen, or other gradients that increase the cost of a high-energy metabo-
lism. However, quantitative analyses of compositional variations of bi-
valve and brachiopod communities along an environmental gradient that
could test this actualistic hypothesis are rare (i.e., do brachiopods increase
in abundance relative to bivalves along a decreasing nutrient-supply gra-
dient?).

An ideal way to investigate the coexistence of brachiopods and bi-
valves in the fossil record is to study the environmental transition from
bivalve to brachiopod communities. For this purpose, Late Triassic ben-
thic communities of the Kössen Formation (Northern Calcareous Alps,
Austria) are analyzed in this paper. Triassic brachiopods were not yet
restricted to refugia habitats, and bivalves were dominant components of
some benthic communities (Fürsich and Wendt, 1977; Laws, 1982; New-
ton et al., 1987; Stanley et al., 1994; McRoberts et al., 1995, 1997). Note

that rhynchonellids and terebratulids were abundant in shallow-marine
habitats at least until the Early Cretaceous. Although these groups were
not dominant brachiopods in Late Paleozoic communities, their abun-
dance in Triassic habitats is difficult to explain as a relatively short-term
resurgence of otherwise refugia-restricted taxa due to released ecologic
pressure after the end-Permian mass extinction.

In this paper, brachiopod and bivalve communities from the Kössen
Formation are analyzed in terms of their taxonomic and guild composi-
tion along an onshore-offshore gradient. The goal is to investigate wheth-
er brachiopod community-level abundance can be explained by substrate
variations alone, and if their distribution correlates with nutrient-supply
and turbidity gradients.

STRATIGRAPHIC AND ENVIRONMENTAL FRAMEWORK

Kössen Formation

In the Late Triassic, the depositional area of the Northern Calcareous
Alps was situated on the northwestern margin of the Tethys Ocean in the
subtropical climatic belt (Haas et al., 1995). The Kössen Formation was
deposited in an intra-platform, siliciclastic-carbonate basin separated from
the open ocean by the Dachstein carbonate platform (Kuss, 1983). It
consists of two members of Rhaetian age: the lower Hochalm Member
and the upper Eiberg Member (Fig. 2). As shown by Golebiowski (1990)
and Holstein (2004), the Kössen Formation records several large-scale
depositional trends superimposed on small-scale fluctuations related to
sea-level and climatic variations. A maximum-deepening event probably
is recorded in the upper part of the Hochalm Member where a thick
marlstone interval onlaps onto the carbonate platform. A shallowing event
is marked by an extensive development of framestones and floatstones,
with branching and platy corals at the boundary of the two members
(Stanton and Flügel, 1989).

The Hochalm Member consists of meter-scale, siliciclastic-carbonate
sequences composed of siliciclastic and carbonate intervals (Fig. 3; Go-
lebiowski, 1990). The siliciclastic intervals are formed by alternation of
marlstones, mudstones, and thin, simple-event shell beds with planar to
wavy mm-scale lamination in their lower part, and abundant limestone
beds with hummocky cross-stratification (HCS) in their upper part. The
carbonate intervals consist of thick limestone beds with corals, sponges,
and megalodont bivalve shell beds with locally oolitic beds in their lower
parts, and brachiopod-bivalve rudstones, floatstones, or pavements in their
upper parts. The Eiberg Member consists of sequences with marls, marl-
stones, and mudstones, locally with bioturbated wackestones and float-
stones with no signs of storm reworking. Based on thickening-upward
limestone beds, an asymmetric trend in the calcareous/siliciclastic ratio,
and corresponding variations in palynofacies composition (Hüssner et al.,
2000; Holstein, 2004), these beds also can be subdivided into the silici-
clastic and carbonate intervals.

Small-Scale Sequences

The environmental framework used for testing onshore-offshore pat-
terns in community composition is based on the distribution of the
assemblages within the small-scale sequences. The sequences were inter-
preted by Golebiowski (1991) and Satterley (1996) as shallowing-upward
parasequences (Fig. 3), and by Holstein (2004) as asymmetric transgres-
sive-regressive cycles. Depth-related trends can be inferred from the se-
quences in the Hochalm Member because they reflect variations in storm
intensity and frequency. The sequences in the Eiberg Member are rep-
resented by sediments deposited below maximum storm-wave base. In
the Hochalm Member, the occurrence of hummocky cross-stratification
in the upper part of the siliciclastic intervals indicates shallower condi-
tions/higher storm activity compared to the marlstones and planar/wavy
laminated mudstones in the lower part. However, deposits in the carbon-
ate intervals commonly show a high proportion of micritic matrix, and
indicate depths both above and below NSWB (i.e., they are not consis-
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FIGURE 2—Locality map and stratigraphic section. (A) Geographic location of the Northern Calcareous Alps. (B) Geographic location of sections in the Northern
Calcareous Alps. (C) Schematic section of the Kössen Formation, with its stratigraphic subdivision based on Golebiowski (1990).

tently shallower, as would be predicted by the shallowing-upward trend).
In contrast to the upper part of the siliciclastic intervals, which indicate
depths above normal storm wave base (NSWB), some limestone beds in
the carbonate intervals indicate depths below NSWB. Therefore, it seems
that the carbonate and siliciclastic intervals were deposited at similar
bathymetric levels, and their vertical replacement does not reflect a simple
depth-related trend. In some cases, the top of the carbonate interval is
characterized by a gradual transition into the following siliciclastic inter-
val, indicating a gradual rather than abrupt increase in siliciclastic input
and/or a decrease in carbonate production. A thick marlstone in the mid-
dle of some siliciclastic intervals in Unit 2 may indicate that the sequence

did not reach the expected carbonate interval, and the marlstone repre-
sents the base of a new sequence. Alternatively, the mid-sequence marl-
stone represents the maximum-deepening event, indicating that there also
is a deepening-upward trend at the base of siliciclastic intervals, as in-
dicated by Holstein (2004).

An alternative interpretation of the sequences is that the base of the
carbonate interval represents the transgressive surface, and its upper part
forms a maximum flooding surface in terms of high-frequency deposi-
tional sequences (Fig. 3). A third alternative is that the sequences reflect
variations in storm frequency and intensity, and in rates of siliciclastic
and carbonate supply, possibly driven by climatic changes alone (Burgess,
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FIGURE 3—Schematic section through small-scale, siliciclastic-carbonate sequence with possible interpretations, and environmental framework used in this paper.

2001). At least four carbonate intervals within Unit 2 and several
carbonate intervals in Unit 3 can be traced across the whole Kössen Basin
(Golebiowski, 1991), indicating that the onset of carbonate deposition,
reflecting conditions favorable for carbonate production, took place rel-
atively rapidly across the whole Kössen Basin.

For the purposes of this paper, it is assumed that the carbonate and
siliciclastic intervals represent two regimes that differed in rate of sili-
ciclastic input and rate of carbonate production. During deposition of the
siliciclastic intervals, rate of sedimentation, turbidity levels, and land-
derived nutrient supply probably were higher than during deposition of
the carbonate intervals. In accord with this, Holstein (2004) observed that
in contrast to the siliciclastic intervals, the carbonate intervals of the
Kössen Formation mostly are characterized by low proportions of micro-
plankton, low ratio of continental/marine organic particles, and poor pres-
ervation of palynomorphs. The onshore-offshore gradient thus is inter-
preted from sedimentologic evidence that mainly reflects varying inten-
sity of storm reworking.

METHODS

Data Analyses

Sixty-five samples derived from five sections in the Northern Calcar-
eous Alps (Fig. 2) were analyzed. Although benthic components, such as
corals, sponges, gastropods, and crinoids, can be present locally, only
brachiopods and bivalves were included in the analyses. All determinable
brachiopods and bivalves larger than 2–3 mm were sampled mechanically
from lithified or poorly lithified rocks. In addition, nine samples were
used from the dataset of Golebiowski (1989), which is based on similar
sampling protocol. The samples encompass the Kössen Formation with
the exception of the lowermost unit. All but five samples contain more
than 25 specimens (see Supplementary Data 11). The five samples that
have �10 but �25 specimens were included in the analysis because they
contain brachiopod taxa, which are rare or absent in other samples. Tax-
onomic identifications were based on Pearson (1977), Michalı́k (1977),
Golebiowski (1989), and Siblı́k (1998). Absolute abundances were con-
verted into number of individuals with the minimum number of individ-

uals (MNI) approach (i.e., the sum of articulated shells plus dominating
number of either dorsal or ventral valves; Gilinsky and Bennington, 1994)
and standardized to relative abundances. The MNI approach is preferable
because some bivalves show preferential preservation bias towards one
or another valve type.

A cluster analysis was used for identification of sample groups with
similar taxonomic composition and relative abundances. The sample
groups correspond to the associations of Fürsich (1977) or to the paleo-
community types of Bambach and Bennington (1996). One-way analysis
of similarities (ANOSIM) was used for evaluating whether there are dif-
ferences in species and guild composition among particular habitats.
Based on the Bray-Curtis coefficient, ANOSIM tests whether within-hab-
itat average-rank dissimilarity is significantly lower than between-habitat
average-rank dissimilarity (Clarke and Green, 1988). If the null hypoth-
esis (i.e., no differences in composition between habitats) is rejected, the
differences in composition among habitats cannot be explained by chance.
The statistical value R potentially ranges from�1 to 1. If R � 1, the
habitats are completely different in composition; if R � 0, the within-
habitat average rank dissimilarity is not less than the between-habitat
average rank dissimilarity. If R ��1, the rank dissimilarities between
habitats are invariably smaller than those within habitats. Monte Carlo
randomization was used for estimating the significance level.

ANOSIM is complemented by non-metric multidimensional scaling
(NMDS), which ordinates samples according to their dissimilarity in spe-
cies or guild composition. NMDS is used as a dimension-reduction meth-
od that effectively reduces multi-dimensional space into low-dimensional
ordination space (Kruskal, 1964; Kenkel and Orlóci, 1986; Minchin,
1987). NMDS leads to creation of a sample map whose inter-sample
distances have the same rank order as the corresponding dissimilarities
between samples (Clarke and Warwick, 2001). The strength of relation-
ship between inter-sample distances and ranks of dissimilarities is mea-
sured by a stress value (badness of fit). Although NMDS does not quan-
tify the length of ecologic gradients compared to methods based on metric
distances rather than on ranks (e.g., detrended correspondence analysis),
it does not make any assumptions about the form of the data or the
interrelationship of assemblages (Shi, 1993). With increasing species
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turnover along environmental gradients and increasing complexity of eco-
logic gradients that control species abundances, NMDS is a preferable
ordination method for visualizing differences in community composition
among habitats (Kenkel and Orlóci, 1986; McCune et al., 2002). In this
paper, NMDS was computed with Kruskal’s algorithm (1964), which was
repeated twenty times with different random positions of samples in start-
ing configurations.

Bray-Curtis dissimilarities based on square-root-transformed relative
abundances were used in the cluster and NMDS analyses (Gray et al.,
1988; Warwick, 1988; Pandolfi, 1996). Results of this study do not vary
substantially when untransformed relative abundances are used. The role
of transformations in multivariate community analyses mainly is related
to differential weighting of abundant and rare species in computing sim-
ilarities (Clarke and Warwick, 2001). The square-root transformation has
the effect of down-weighting the importance of highly dominant species
so that similarities also depend on relative abundance of less-common
species. It can be considered as a moderate transformation because fourth-
root, logarithmic, or presence/absence transformations would lead to more
severe down-weighting of abundant species.

ANOSIM tested the differences in community composition among the
following three depth habitats, which were determined using sedimen-
tologic evidence: (1) a habitat above NSWB, represented by amalgamated
packstones and floatstones, with signs of sorting, convex-up or stacked-
valve orientations, internal erosion boundaries, and hummocky cross-
stratified beds; (2) a habitat between NSWB and MSWB, represented by
thin layers of simple-event packstones associated with planar to wavy,
mm-scale laminated beds in the siliciclastic intervals and by floatstones
and wackestones reflecting alternations of event and background deposits
in the carbonate intervals; and (3) a habitat below MSWB, with minimal
signs of high-energy disturbance, represented by marlstones and mud-
stones (see Supplementary Data 21). Note that this protocol reflects both
structures of sampled beds and their sedimentologic context within se-
quences. For example, if several mm-thick packstones formed by win-
nowed shell pavements are embedded within homogeneous marlstones,
the sample is assigned to the habitat below MSWB. If such a pavement
alternates with planar-to-wavy laminated mudstones and other pavements,
it is assigned to the habitat between NSWB and MSWB. Testing was
performed separately for the carbonate and siliciclastic intervals. If car-
bonate and siliciclastic intervals were not easily distinguishable (e.g., as
in the upper parts of the Hochalm Member), marlstones were assigned to
the siliciclastic intervals and limestones to the carbonate intervals.

Guild Assignments

A guild is defined as a group of species that exploit the same class of
environmental resource in a similar way (Root, 1967; Simberloff and
Dayan, 1991). Bivalve classification into six guilds (free-lying, cement-
ing, epibyssate, endobyssate, shallow- and deep-burrowing suspension
feeders, and shallow-burrowing deposit feeders) follows Aberhan (1994).
Until now, differences in feeding strategies between bivalves with fili-
branch, pseudolamellibranch, and eulamellibranch gills rarely were con-
sidered in paleoecologic analyses (but see McRoberts and Newton, 1995;
McRoberts et al., 1995). However, actualistic evidence indicates that dif-
ferent gill types correspond to distinct feeding strategies with respect to
the quality and quantity of nutrient supply (i.e., they differ in clearance
and rejection rates under varying particle concentrations). Therefore, the
bivalve guilds were subdivided according to their gill type using Stanley
(1968). The pseudolamellibranch gill is assigned to members of the fam-
ily Ostreidae (Actinostreon). Due to some inevitable correlation between
guilds and gill type, only free-lying bivalves were subdivided further into
a free-lying filibranch and pseudolamellibranch guild and shallow-
burrowing bivalves into a shallow-burrowing eulamellibranch and a fili-
branch guild (i.e., cementing, epibyssate, and endobyssate taxa are in-
variably characterized by a filibranch gill, and deep burrowers by an
eulamellibranch gill; see Supplementary Data 31). Brachiopods are dif-

ferentiated into pedunculate and free-lying guilds (Alexander, 1977;
Thayer, 1983). The rhynchonellids Calcirhynchia subrimosa and Rhyn-
chonellid sp. A are assigned to the free-lying guild because they possess
highly biconvex shells, secondary shell thickening in the delthyrial and
notothyrial cavities, and a strongly incurved ventral beak with a minute
pedicle opening.

BENTHIC COMMUNITIES

Using group-average linkage method, the Q-mode cluster analysis of
the exhaustive dataset discriminated 13 sample groups at a Bray-Curtis
similarity of approximately 30 (Fig. 4). Six groups are dominated by
bivalves and seven groups are dominated by brachiopods. Six bivalve
sample groups are dominated by infaunal bivalves (Isocyprina and My-
ophoriopis), semi-infaunal bivalves (Bakevellia and Gervillaria), and epi-
faunal bivalves (Cassianella and Chlamys). Seven brachiopod sample
groups are dominated by pedunculate brachiopods (Rhaetina gregaria, R.
pyriformis, Fissirhynchia, and Zugmayerella) and free-lying brachiopods
(Oxycolpella, Rhynchonellid sp. A, and Calcirhynchia). Relative abun-
dances of species and guilds are shown in Figures 5 and 6.

ORDINATION OF SAMPLES, SPECIES, AND GUILDS

In the Q-mode NMDS based on species composition (Fig. 7A), some
sample groups discriminated by the cluster analysis are well segregated
(e.g., Isocyprina, Gervillaria, and R. pyriformis sample groups). However,
most continuously pass into each other, indicating that the compositional
gradient has been dissected arbitrarily into the sample groups. Impor-
tantly, brachiopod sample groups show poor overlap with bivalve sample
groups. The transitional position between them is occupied by the Rhae-
tina gregaria sample group, which contains some bivalves that also occur
in other bivalve and brachiopod sample groups (e.g., Atreta, Rhaetavi-
cula, and Gervillaria). Rhaetina gregaria also occurs in the brachiopod-
dominated R. pyriformis sample group. Other brachiopod species occur
in brachiopod-dominated sample groups almost exclusively.

Q-mode NMDS based on guild composition shows mostly good sep-
aration among the sample groups dominated by different guilds (Fig. 7B),
indicating that differences in guild composition are consistent. Sample
groups dominated by free-lying brachiopods are well separated from
those dominated by pedunculates. In general, epifaunal bivalve guilds are
more common than infaunal and semi-infaunal guilds in brachiopod sam-
ple groups. There also is some overlap between the sample groups dom-
inated by pedunculate brachiopods and epifaunal bivalves (Fig. 7B). In
turn, sample groups dominated by epifaunal bivalves show partial overlap
with the sample groups dominated by infaunal bivalves. Sample groups
with infaunal and semi-infaunal bivalves also are segregated. R-mode
NMDS based on species shows that although there is some overlap
among bivalve and brachiopod species, brachiopods tend to coexist more
commonly with other brachiopods than with bivalves (Fig. 7C). R-mode
NMDS of guilds shows that both pedunculate and free-lying brachiopods
coexist more commonly with epifaunal bivalve guilds than with infaunal
or semi-infaunal bivalve guilds (Fig. 7D). In contrast, shallow-burrowing
eulamellibranch and endobyssate guilds are closely associated.

COMMUNITY VARIATION ALONG A TEMPORAL GRADIENT

There are significant differences in species composition between the
stratigraphic units (ANOSIM, Table 1). All six pairwise comparisons be-
tween units 2, 3, 4, and 5–8 are significant at p�0.0001, indicating sub-
stantial community turnover during the deposition of the Kössen For-
mation (Table 1). Therefore, in order to decrease compositional hetero-
geneity, the environmental distribution of benthic fauna is analyzed sep-
arately for Unit 2, Unit 3, and units 4–8 (below). In addition, there are
significant differences in species composition between the siliciclastic and
carbonate intervals in Unit 2 (R�0.49, p�0.0001, Table 1). Carbonate
intervals are dominated by brachiopods and some epifaunal bivalves (R.
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FIGURE 4—Cluster analysis of the samples, leading to discrimination of 13 sample groups.

gregaria sample group), in contrast to the siliciclastic intervals, which
are dominated by infaunal (Isocyprina sample group) and semi-infaunal
bivalves (Gervillaria sample group, Fig. 8). Epifaunal bivalves also occur
in the siliciclastic intervals, but are uncommon. Although the differences
in species composition between the siliciclastic and carbonate intervals
in Unit 3 are insignificant (p�0.69, Table 1), some bivalve groups are
typical of the siliciclastic intervals only (i.e., Gervillaria, Cassianella,
and Chlamys sample groups, Fig. 9). In addition, the R. pyriformis sample
group occurs only in the carbonate intervals, thus indicating composi-
tional differences between the carbonate and siliciclastic deposits (Fig.
9). The uppermost part of the Hochalm Member (Fig. 10) is represented
by coral framestones and floatstones with brachiopod sample groups (R.
pyriformis and Zugmayerella sample groups). Several sample groups with
brachiopods (Zugmayerella, Fissirhynchia, Oxycolpella, Calcirhynchia,

and Rhynchonellid sp. A) occur in bioturbated mudstones and marlstones
in the carbonate intervals of the Eiberg Member (Fig. 11). The siliciclastic
intervals of the Eiberg Member are almost devoid of shelly benthos.

COMMUNITY VARIATION ALONG AN
ONSHORE-OFFSHORE GRADIENT

Compositional variation of the sample groups and differences in spe-
cies and guild composition between the depth habitats are analyzed with
NMDS. In addition, ANOSIM is employed to test for differences in com-
position between habitats. This is performed separately for Unit 2, Unit
3, and units 4–8. The onshore-offshore gradient is interpreted separately
for the siliciclastic and carbonate intervals.
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FIGURE 5—Relative abundances of species in the 13 sample groups identified in Figure 4. Species � 1% are excluded.
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FIGURE 6—Relative abundances of guilds in the 13 sample groups identified in Figure 4. All guilds are shown.

Onshore-Offshore Gradient of Unit 2

Siliciclastic Intervals: ANOSIM shows that there are significant differ-
ences (R�1, p�0.00012, Table 2) in species composition among three
depth habitats from the siliciclastic intervals. Between-habitat differences
also are apparent in NMDS (Fig. 12A). Similarly, compositional segre-
gation for three depth habitats follows from the guild composition (Table
2, Fig. 12B). Habitats above NSWB, represented by hummocky cross-
stratified deposits and floatstones with stacked valves in the middle parts
of the siliciclastic intervals, are dominated by the endobyssate Gervillaria
(Fig. 13). Habitats below NSWB, associated with deposits exhibiting pla-

nar or wavy mm-scale stratification in the lower parts of the siliciclastic
intervals, are dominated by shallow-infaunal eulamellibranch bivalves
(Isocyprina sample group). Although the two samples that are dominated
by pedunculate brachiopods (R. gregaria sample group) occur in single-
event packstones, like the Isocyprina sample group, they are embedded
between non-laminated marlstones or mudstones, indicating little storm
disturbance. Therefore, these samples are assigned to the most-distal part
of the onshore-offshore gradient, close to MSWB (Fig. 13).

Carbonate Intervals: Because the number of samples from the carbon-
ate intervals is very low, the p-values are inconclusive (Table 2, Fig. 12C,
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FIGURE 7—Non-metric multidimensional scaling (NMDS) analyses. (A) Q-mode analysis of samples based on species composition. (B) Q-mode analysis of samples based
on guild composition. (C) R-mode analysis of species. (D) R-mode analysis of guilds.

TABLE 1—Results of ANOSIM tests for differences in species composition among the four stratigraphic units. The Bonferroni correction lowers the alpha value in pairwise
tests to 0.0083 (0.05/6).

R Statistic P-value Permutations

Number of
permuted

R � observed R

Global test 0.525 �0.0001 10000 0

Pairwise tests:
Unit 2 vs. Unit 3 0.292 �0.0001 10000 0
Unit 2 vs. Unit 4 0.54 �0.0001 10000 0
Unit 2 vs. Unit 5–8 0.764 �0.0001 10000 0
Unit 3 vs. Unit 4 0.592 �0.0001 10000 0
Unit 3 vs. Unit 5–8 0.769 �0.0001 10000 0
Unit 4 vs. Unit 5–8 0.507 �0.0001 10000 0
Unit 2-siliciclastic vs. carbonate interval 0.492 0.0001 10000 1
Unit 3-siliciclastic vs. carbonate interval �0.04 0.69 10000 6896
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FIGURE 8—Stratigraphic distribution of sample groups in Unit 2 of the Hochalm Member. The three segments represent successive parts of the section at Hochalm and
record four siliciclastic-carbonate sequences.
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FIGURE 9—Stratigraphic distribution of sample groups in Unit 3 of the Hochalm Member. The four sections represent stratigraphically equivalent segments of the lower
parts of Unit 3 (see correlation lines). The occurrence of the bivalve Homomya, typical of the Chlamys sample group, is shown for several beds that were not analyzed
quantitatively.
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FIGURE 10—Stratigraphic distribution of sample groups in the upper parts of the Hochalm Member and the lowermost part of the Eiberg Member. The six sections show
a lateral transition from basinal environments (Eiberg, Kössen, Hochalm, and Gaissau) into patch-reefs at Steinplatte (see correlation lines).
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FIGURE 11—Stratigraphic distribution of sample groups in three sections of the
middle part of the Eiberg Member (Unit 6). Brachiopod sample groups occur in the
carbonate-rich intervals characterized by dominance of limestone beds.

D). In the onshore-offshore gradient, habitats above NSWB are repre-
sented by bioclastic packstones and coral floatstones with internal storm
stratification, and habitats below NSWB are represented by micrite-rich
bioturbated floatstones (Fig. 13). In one case, a brachiopod floatstone with
signs of storm reworking passes upward into well-sorted and densely
packed packstones and rudstones, suggesting that brachiopods lived close
to FWWB. In addition to the R. gregaria sample group, coral deposits
represent relics of coral carpets or initial patch-reefs typical of habitats
above NSWB. An environmental trend related to increasing turbidity and
sedimentation rate may have caused separation of corals and level-bottom
fauna because corals decline in abundance with an increase in marl con-
tent. A further ecologic zone in the onshore direction may have been
dominated by the bivalve Placunopsis alpina or by megalodonts because
the carbonate intervals are replaced in a landward direction by deposits
that represent restricted carbonate lagoons and tidal flats (Golebiowski,
1991).

Onshore-Offshore Gradient of Unit 3

Siliciclastic Intervals: ANOSIM shows that there are significant differ-
ences in species (R�0.706, p�0.0001) and guild composition
(R�0.641, p�0.0001) among three depth habitats (Fig. 14A, B). Pair-
wise differences in species and guild composition between the particular
depths are always of high or borderline significance (Table 3). Habitats
above NSWB are dominated by the endobyssate Gervillaria, which oc-
curs in thin shell beds and as pavements in beds with hummocky cross-
stratification (Fig. 15). The shallow-burrowing Myophoriopis is typical
of the habitats below NSWB (Fig. 15). Epibyssate and cementing bivalves
also are common in the habitats below NSWB. The Cassianella and
Chlamys sample groups, which are dominated by epifaunal bivalves, typ-
ically occur in marlstones and mudstones below MSWB. The soft-bottom,
siliciclastic-rich habitats below MSWB thus are dominated by epibyssate
and free-lying filibranchs (Fig. 15).

Carbonate Intervals: NMDS shows only partial compositional overlap
between habitats below and above NSWB (Fig. 14C, D). ANOSIM shows
that the difference based on species (R�0.407, p�0.036) and guild com-
position (R�0.365, p�0.052) is of borderline significance (Table 3).
Habitats above NSWB are dominated by shallow-burrowing eulamelli-
branchs and epibyssate, endobyssate, and cementing guilds. Habitats be-
low NSWB are dominated either by shallow-burrowing eulamellibranchs,
or by pedunculate brachiopods. However, the Rhaetina pyriformis sample
group, which is dominated by pedunculates and epifaunal bivalves, is
limited to the habitats below NSWB. In contrast to the beds with My-
ophoriopis and Bakevellia, beds with R. pyriformis lack complex internal
stratification, which would point to episodic storm events. Although frag-
mentation and disarticulation may reach relatively high levels in float-
stones with R. pyriformis, high proportions of borers and microborers
point to biogenic destruction. In addition, limestone beds with Myopho-
riopis and Bakevellia mostly are thin, and alternate with thin marlstones,
indicating a higher siliciclastic supply and a lower rate of carbonate pro-
duction in contrast to thicker beds with coral debris and brachiopods. The
coexistence of bivalve and brachiopod communities along one bathy-
metric transect is indicated by the presence of the Myophoriopis sample
group in Eiberg, and the R. pyriformis sample group in Gaissau and
Hochalm, at comparable stratigraphic levels (Fig. 9). Therefore, com-
munities dominated by infaunal guilds were living closer to the silici-
clastic source in habitats with a higher sedimentation rate and higher
storm reworking. Brachiopods, epifaunal bivalves, and less-common,
shallow-infaunal eulamellibranchs populated more distal and deeper hab-
itats with a reduced sediment supply (Fig. 15).

Onshore-Offshore Gradient of Units 4–8

Siliciclastic Intervals: No quantitative samples are available from the
siliciclastic-rich intervals of the Eiberg Member, which mostly are devoid
of shelly benthic fauna. Golebiowski (1989) noted rare finds of epifaunal
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TABLE 2—Results of ANOSIM tests for differences in species and guild composition in different bathymetric settings of Unit 2. The tests are performed separately for the
carbonate and siliciclastic intervals. The Bonferroni correction lowers the alpha value in pairwise tests to 0.017 (0.05/3). The p-values in parentheses are inconclusive due to
low number of permutations.

R Statistic P-value Permutations
Number of permuted

R � observed R

Unit 2-carbonate interval-species
Above NSWB vs. below NSWB 0.056 (0.34) 35 12

Unit 2-carbonate intervals-guilds
Above NSWB vs. below NSWB 0.093 (0.37) 35 13

Unit 2-siliciclastic interval-species
Global test 1 �0.00012 7920 0

Pairwise comparisons:
Above NSWB vs. below NSWB 1 (0.028) 36 1
Above NSWB vs. below MSWB 1 120 1
Below NSWB vs. below MSWB 1 (0.1) 10 1

Unit 2-siliciclastic intervals-guilds
Global test 0.83 �0.00012 7920 0

Pairwise comparisons:
Above NSWB vs. below NSWB 0.981 (0.028) 36 1
Above NSWB vs. below MSWB 0.722 120 1
Below NSWB vs. below MSWB 0.917 (0.1) 10 1

FIGURE 12—Ordination of samples of Unit 2 showing between-habitat differences in species and guild composition. (A) Siliciclastic intervals—Q-mode NMDS based
on species composition. (B) Siliciclastic intervals—Q-mode NMDS based on guild composition. (C) Carbonate intervals—Q-mode NMDS based on species composition.
(D) Carbonate intervals—Q-mode NMDS based on guild composition.
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FIGURE 13—Distribution of sample groups along an onshore-offshore gradient in Unit 2. (A) Siliciclastic intervals; note that bivalves dominate in shallow habitats and
brachiopods in deep habitats. (B) Carbonate intervals; note that brachiopods dominate in shallow habitats above NSWB.

bivalves (Oxytoma) and brachiopods (rhynchonellids and Oxycolpella),
which are equivalent to the species known from the carbonate intervals
of the Eiberg Member. Most beds in the siliciclastic intervals do not show
any trace fossils, and fine, cm-scale alternation of mudstones and marl-
stones indicate restricted levels of bioturbation. Some beds contain very
common ammonites. The rarity of shelly benthos most probably is a
consequence of low population density due to unfavorable bottom con-
ditions.

Carbonate Intervals: Six brachiopod sample groups occur in the upper
parts of the Hochalm Member (Unit 4) and in the carbonate-rich intervals
of the Eiberg Member (units 5–8). All samples from this part of the

Kössen Formation are dominated by brachiopods. NMDS (Fig. 16A, B)
and ANOSIM show significant differences in species (R�0.336,
p�0.0012; Table 4) and guild composition (R�0.524, p�0.0001; Table
4) in the habitats above and below MSWB. Communities dominated by
pedunculate brachiopods are common in coral patch-reefs and coral beds
representing hard-bottom and mixed-bottom habitats above and below
NSWB (Fig. 17). In addition to the dominant pedunculate brachiopods,
coral patch-reefs at Steinplatte were colonized by epibyssate, endobys-
sate, and cementing bivalves. Soft-bottom habitats below MSWB were
dominated either by pedunculate brachiopods (Fissirhynchia) or free-
lying brachiopods (Fig. 17; Oxycolpella and rhynchonellids). Deposits
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FIGURE 14—Ordination of samples of Unit 3 showing between-habitat differences in species and guild composition. (A) Siliciclastic intervals—Q-mode NMDS based
on species composition. (B) Siliciclastic intervals—Q-mode NMDS based on guild composition. (C) Carbonate intervals—Q-mode NMDS based on species composition.
(D) Carbonate intervals—Q-mode NMDS based on guild composition.

below MSWB are bioturbated and show no signs of high-energy distur-
bance. The higher proportion of free-lying brachiopods in soft-bottom
habitats below MSWB may reflect decreased ability of pedunculate bra-
chiopods to cope with soft-bottom conditions and/or decreased ability of
free-lying brachiopods to compete for food or space in hard- or mixed-
bottom habitats. The absence or rarity of infaunal or semi-infaunal bi-
valves is noteworthy.

DISCUSSION

Three patterns emerge from the compositional variation and onshore-
offshore distribution of species and guilds. First, exploring the patterns
in Q-mode and R-mode analyses, brachiopod guilds coexisted more com-
monly with epifaunal bivalves than with infaunal and semi-infaunal bi-
valves. Note that the reverse is not necessarily true because epifaunal
bivalve guilds can and commonly do co-occur both with brachiopods and
infaunal and semi-infaunal bivalves. Second, the communities dominated

by brachiopods and epifaunal bivalves were abundant in some soft-
bottom habitats both in the lower and upper part of the Kössen Formation.
This dominance in soft-bottom habitats is more typical of Paleozoic than
of present-day habitats. Third, brachiopod-dominated communities ex-
panded in their depth distribution as the siliciclastic regime was repeat-
edly replaced by the carbonate regime during deposition of the lower part
of the Kössen Formation.

Coexistence of Brachiopods with Epifaunal Filibranchs

As follows from Q- and R-mode analyses: (1) brachiopods, as a group,
were characterized by a distinct distribution pattern (i.e., brachiopod sam-
ple groups do not overlap with bivalve sample groups, and brachiopod
species more commonly coexist with other brachiopods than with bivalves),
and (2) brachiopod guilds coexisted more commonly with epifaunal
than with infaunal and semi-infaunal bivalves. Similar compositional
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TABLE 3—Results of ANOSIM tests for differences in species and guild composition in different bathymetric settings of Unit 3. The tests are performed separately for the
carbonate and siliciclastic intervals. The Bonferroni correction lowers the alpha value in pairwise tests to 0.017 (0.05/3).

R Statistic P-value Permutations
Number of permuted

R � observed R

Unit 3-carbonate interval-species
Above NSWB vs. below NSWB 0.407 0.036 330 12

Unit 3-carbonate intervals-guilds
Above NSWB vs. below NSWB 0.341 0.061 330 20

Unit 3-siliciclastic interval-species
Global test 0.706 �0.0001 10000 0

Pairwise comparisons:
Above NSWB vs. below NSWB 0.762 0.0004 10000 4
Above NSWB vs. below MSWB 0.934 0.001 792 1
Below NSWB vs. below MSWB 0.321 0.022 2002 45

Unit 3-siliciclastic intervals-guilds
Global test 0.641 �0.0001 10000 0

Pairwise comparisons:
Above NSWB vs. below NSWB 0.694 0.0008 10000 8
Above NSWB vs. below MSWB 0.854 0.0012 792 1
Below NSWB vs. below MSWB 0.3 0.028 2002 57

separation between brachiopods and bivalves was observed in Pennsyl-
vanian–Permian deposits by Olszewski and Patzkowsky (2001).

The distinct distribution patterns of epifaunal and infaunal/semi-
infaunal guilds are supposed to reflect differences in substrate stability
and consistency (Rhoads, 1974; Woodin, 1976; Thayer, 1983; Snelgrove
and Butman, 1994). In general, because rhynchonelliformean brachiopods
are epifaunal, substrate properties are supposed to be the main factors
that govern their abundance (Fürsich, 1976; Thayer, 1983; Fürsich et al.,
1991; Aberhan, 1992, 1994). However, in addition to their similar re-
sponse to variations in substrate quality, epifaunal bivalves and brachio-
pods may share other environmental preferences, mainly related to vari-
ations in nutrient supply, turbidity, and oxygen levels. Along the onshore-
offshore gradient in the Kössen Basin, brachiopods and some epifaunal
bivalves consistently dominate in habitats that are affected by lower sil-
iciclastic and nutrient supply than habitats dominated by infaunal and
semi-infaunal bivalves. This indicates that their distribution correlates
with variations in land-derived nutrient supply and turbidity. Note that
epifaunal bivalves of the Kössen Formation are less restricted in distri-
bution than brachiopods (i.e., they also can occupy habitats dominated
by infaunal and semi-infaunal bivalves).

Epifaunal bivalves and brachiopods may respond in a similar way to
low nutrient supply, in contrast to infaunal suspension-feeding bivalves.
Although there is high variation in clearance rates even on the intraspe-
cific level, and clearance and rejection rates vary with turbidity levels
(Iglesias et al., 1996; Urrutia et al., 1997; Hawkins et al., 1998, 2001;
Navarro et al., 2003), it seems that filibranch and pseudolamellibranch
bivalves (typically epifaunal) have higher clearance rates under low par-
ticle concentrations, and, thus, are more efficient under reduced nutrient
supply than infaunal, mostly eulamellibranch bivalves (Bacon et al.,
1998; Velasco and Navarro, 2002). This difference can be related to the
higher ctenidial surface or better retention efficiency of filibranch and
pseudolamellibranch gills. Thus, in contrast to filibranch and pseudola-
mellibranch bivalves, the metabolic demands of infaunal bivalves may
not be fulfilled under nutrient-poor conditions. Bathymetric trends in bi-
valve diversity seem to be in accord with this hypothesis about differ-
ential nutrient-supply requirements. Hickman (1984) observed that di-
versity of heterodonts, in contrast to pteriomorph bivalves, decreases
markedly towards bathyal and abyssal habitats.

Clearance rates are lower in brachiopods than in filibranch bivalves
(Rhodes and Thompson, 1992, 1993), but brachiopods can cope with
nutrient-poor conditions due to mechanisms that minimize energetic ex-

penditure, such as low metabolic rates, laminar flow in active pumping,
and ability to exploit ambient water currents (LaBarbera, 1977, 1981b;
Curry et al., 1989; Peck et al., 1989, 2005; Peck, 1996). Brachiopods
thus can have similar preferences to filibranch bivalves with respect to
the nutrient-supply regime, although they differ in their adaptive strate-
gies (bivalves have higher clearance rates and brachiopods have lower
metabolic demands). It should be noted that modern infaunal proto-
branchs are able to live in habitats with extreme variations in nutrient
supply (Crame, 2002). However, deposit-feeding nuculids only are rep-
resented by one rare species in the Kössen Formation, so they do not
contribute to the differential distribution of epifauna and infauna.

Furthermore, algal concentrations at which clearance rates decrease or
feeding stops are lower in brachiopods than in bivalves (Rhodes and
Thompson, 1993). Terebratulid brachiopods stop feeding at algal concen-
trations higher than 5,000 cells/ml and rhynchonellid brachiopods de-
crease their clearance rates in concentrations of 10,000 cells/ml. In con-
trast, the feeding rates of bivalves start to decrease at concentrations that
usually are much higher than 10,000 cells/ml (Rhodes and Thompson,
1993). This indicates that rhynchonelliformean brachiopods are more vul-
nerable in habitats with high particle concentrations than bivalves. Thayer
(1986) showed that brachiopods possess various pre-ingestion mecha-
nisms that allow them to cope with high turbidity conditions, and some
brachiopods live in highly turbid conditions (Tunnicliffe and Wilson,
1988). However, the difference in the threshold concentrations indicates
that this ability probably is lower in brachiopods than in bivalves. Epi-
faunal bivalves with heterorhabdic filibranch or pseudolamellibranch gills
have a high selection capacity, enabling them to live in highly turbid
environments (Cognie et al., 2003; Beninger et al., 2004).

Although the differential feeding ability between bivalves with differ-
ent gill types, and between bivalves and brachiopods, still is not resolved
clearly, it is used here as a working hypothesis that can be tested via
comparison of communities from habitats with distinct nutrient supply
and turbidity. Note that relatively high clearance rates of filibranch bi-
valves and low metabolic demands of brachiopods indicate that both po-
tentially can cope with low oxygen concentrations better than eulamel-
libranch bivalves with lower clearance rates/higher metabolic demands
(Childress and Seibel, 1998; Levin, 2003). Brachiopods and filibranch
bivalves also can co-occur due to their similar responses to oxygen fluc-
tuations.
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FIGURE 15—Distribution of sample groups along an onshore-offshore gradient in Unit 3. (A) Siliciclastic intervals; note that free-lying bivalves are abundant in deep
habitats below MSWB. (B) Carbonate intervals; note that bivalves dominate in shallow habitats and brachiopods in deep habitats.

Dominance of Brachiopods and Epifaunal Bivalves in
Soft-Bottom Habitats

Several hypotheses were proposed in order to explain the absence or
rarity of epifaunal, immobile suspension-feeders in present-day soft-
bottom habitats, which contrasts with Paleozoic and Mesozoic times when
soft-bottom habitats commonly were dominated by poorly mobile epi-
faunal suspension-feeders (Thayer, 1983; Jablonski and Bottjer, 1983;
Holland and Patzkowsky, 2004). In general, it is supposed that a com-
bination of increased biotically induced sediment disturbance and pre-
dation during the Mesozoic led to a change in ecology of soft-bottom
habitats and to the decline of immobile epifaunal suspension-feeders (Ver-
meij, 1977; LaBarbera, 1981a; Thayer, 1979, 1983; Harper and Skelton,
1993; Ozanne and Harries, 2002; Lockwood, 2004; Kosnik, 2005).

In a quantitative survey of bivalve and brachiopod guilds, Thayer
(1983) regarded free-lying and endobyssate bivalves and free-lying bra-
chiopods as those guilds that were vulnerable to higher sediment-

mediated disturbance in soft-bottom habitats. Although cementing and
epibyssate bivalves and pedunculate brachiopods are poorly to non-mo-
bile, they were not included by Thayer (1983) in the category that was
vulnerable to sediment-mediated disturbance. This was because these
groups mainly were supposed to be inhabitants of hard-bottom habitats.
However, these guilds commonly occupy mixed-bottom or soft-bottom
habitats, with the possibility of attachment to isolated hard substrates.
The increase in sediment disturbance in such habitats also would be dis-
advantageous for these guilds. Therefore, in this paper, all poorly to non-
mobile epifauna, including pedunculate brachiopods, are assumed to have
been potential victims of high sediment disturbance rates.

Below, multiple hypotheses explaining the absence of infaunal suspen-
sion-feeding bivalves in soft-bottom habitats are evaluated. Because in-
faunal suspension-feeding bivalves locally are very common in the Kös-
sen Formation, their rarity or absence in soft-bottom habitats should be
related to a taphonomic or ecologic explanation. Three soft-bottom
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FIGURE 16—Ordination of samples of Unit 4 and Eiberg Member showing be-
tween-habitat differences in species and guild composition. (A) Q-mode NMDS
based on species composition. (B) Q-mode NMDS based on guild composition.

habitats dominated by epifaunal suspension-feeders will be evaluated, in-
cluding micrite-rich habitats of the carbonate intervals of the Hochalm
Member, mudstones and marlstones of the lower parts of the siliciclastic
intervals of the Hochalm Member, and mudstones and marlstones of the
carbonate intervals of the Eiberg Member. It is important to note that
there can be sites for attachment of juvenile brachiopods or bivalves (e.g.,
shell debris and soft-bodied benthic animals can provide stable support
for attachment) in soft-bottom habitats. Some brachiopods in the Eiberg
Member commonly show clumpy distribution on bedding planes, indi-
cating that they formed clusters comparable to benthic islands (Zuschin
et al., 1999).

(1) Taphonomic Bias due to Preferential Destruction of Aragonitic Bi-
valves: Higher susceptibility of aragonite to dissolution can cause infaunal
bivalves to be underrepresented with respect to their community-level
abundance because unlike brachiopods and most epifaunal bivalves,
which are mainly calcitic, infaunal bivalves are mainly aragonitic

(Jablonski and Bottjer, 1983). This preservation bias can be enhanced by
a sampling bias against aragonitic bivalves because molds are more dif-
ficult to extract from lithified rocks than calcitic shells. In the Hochalm
Member, samples dominated by brachiopods or epifaunal bivalves contain
originally aragonitic bivalves that mostly are preserved as recrystallized
shells in marlstones and micrite-rich floatstones of the carbonate and sil-
iciclastic intervals. Internal molds or incompletely dissolved shells are
visible locally, but do not prevail in comparison to unaltered shells in
thin sections. In addition, marlstones dominated by infaunal and semi-
infaunal bivalves lithologically are comparable to marlstones with bra-
chiopods and epifaunal bivalves, indicating that taphonomic biases alone
do not explain the compositional difference. In the Eiberg Member, ara-
gonitic bivalves are rare or absent in the carbonate intervals. However,
well-preserved ammonite shells occur in the Eiberg Member. Importantly,
signs of dissolution comparable to those observed in the Hochalm Mem-
ber were not observed in thin sections from the Eiberg Member. There-
fore, low abundance of aragonitic bivalves probably reflects the original
community composition, and is not a preservation artifact.

(2) Inhibited Burrowing Ability and Enhanced Substrate Stability: Firm
or shell-rich substrates inhibit penetration by infauna or lead to a decrease
in growth rates of infauna, with higher vulnerability to predation or com-
petition as a by-product (Kidwell and Jablonski, 1983; Oschmann, 1988;
Aberhan, 1992). Enhanced substrate stability may be related to high pro-
duction rates of epifaunal organisms (Woodin, 1976), reduced sedimen-
tation rates, or to taphonomic feedback (Kidwell and Jablonski, 1983).
Although the results of these processes do not fit into the category of
soft-bottom habitats, the difference between soft and firm bottoms is not
always unequivocal in the fossil record. Thalassinoides-like burrows co-
occurring with R. gregaria in the carbonate intervals of the Hochalm
Member do not show scratch marks, and therefore indicate soft-bottom
conditions. In the Eiberg Member, brachiopods and epifaunal bivalves
dominate in shell-poor mudstones and marlstones that contain Zoophycos
and Rhizocorallium. Rhizocorallium burrows are filled with meniscate
backfills formed by alternation of pellets and marl. In addition, shells and
fragments in thin sections show highly irregular, commonly clumped dis-
tributions, indicative of bioturbation and soft-bottom conditions.

(3) Inhibited Recruitment of Infaunal Bivalves due to Soupy Substrate:
This hypothesis was suggested by Jablonski and Bottjer (1983) to explain
the absence or rarity of infaunal suspension-feeders in the Upper Creta-
ceous Chalk communities. Higher survival rates of epifaunal larvae in
soft, unstable substrates contrast with inhibited recruitment of larvae of
infaunal suspension-feeders. As Jablonski and Bottjer (1983) argued, lar-
vae of infaunal suspension-feeders that settle directly onto the soupy sed-
iment-water interface may suffer higher mortality due to swamping, clog-
ging of respiratory organs, and ingestion by deposit-feeders, in contrast
to larvae of epifaunal organisms, which attach to hard substrata. In ad-
dition, infaunal individuals that survive larval settlement are unable to
maintain position and function efficiently in unstable carbonate mud. In
contrast, larvae of epifaunal suspension-feeders settle onto hard substrata
and may avoid such problems. Because complex feeding and dwelling
trace fossils co-occur with brachiopods and epifaunal bivalves in the car-
bonate intervals of the Hochalm and Eiberg Member, this hypothesis can
be excluded. Marlstones in the siliciclastic intervals of the Hochalm
Member do not show any recognizable trace fossils, and unstable sub-
strate conditions could have been possible for samples dominated by the
reclining bivalve Cassianella. This bivalve could maintain stable orien-
tation on the sediment-water interface due to its iceberg strategy (Thayer,
1975).

(4) Inhibited Recruitment of Infaunal Bivalves due to Hypoxia: Dom-
inance of epifaunal suspension-feeders in soft-bottom habitats also is ex-
plained by anoxic conditions at or below the sediment-water interface,
excluding deep, and possibly shallow, infaunal mollusks (Oschmann,
1988; Aberhan, 1992). In addition, epifaunal bivalves with high clearance
rates and brachiopods with low metabolic demands can cope with oxy-
gen-deficient conditions. Typical epifaunal guilds of Mesozoic
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TABLE 4—Results of ANOSIM tests for differences in species and guild composition in different bathymetric settings of Unit 4 and in the Eiberg Member. The Bonferroni
correction lowers the alpha value in pairwise tests to 0.017 (0.05/3).

Unit 4–8-species R Statistic P-value Permutations
Number of permuted

R � observed R

Global test 0.336 0.0012 10000 12

Pairwise tests:
Below NSWB, below MSWB 0.467 0.003 364 1
Below NSWB, above NSWB 0.115 0.27 120 33
Below MSWB, above NSWB 0.384 0.0004 10000 4

Unit 4–8-guilds
Global test 0.558 0.0001 10000 1

Pairwise tests:
Below NSWB, below MSWB 0.552 0.088 364 3
Below NSWB, above NSWB 0.341 0.075 120 9
Below MSWB, above NSWB 0.639 �0.0001 10000 4

FIGURE 17—Distribution of sample groups along an onshore-offshore gradient in Unit 4 and in the carbonate intervals of the Eiberg Member; note the absence of infaunal
bivalves.

oxygen-controlled communities were represented by free-lying, flat-
valved, suspension-feeding bivalves, deposit-feeding nuculids, and, since
the Late Jurassic, shallow-burrowing bivalves (Aberhan, 1994). Oxygen-
controlled Rhaetian communities could be atypical because typical Late
Triassic flat clams (Monotis, Daonella, Halobia) went extinct before
Rhaetian times, and Early Jurassic taxa, such as Bositra, Entolium, or
Gryphaea, were rare or absent during Rhaetian.

Bioturbated, micrite-rich deposits in the carbonate intervals of the
Hochalm Member cannot be explained by this hypothesis. Similarly,
abundance of brachiopods and epifaunal bivalves is linked to bioturbated
beds with abundant trace fossils in the carbonate intervals of the Eiberg
Member. Abundant crinoid ossicles and shell debris, commonly encrusted

by serpulids and foraminifers, also indicate well-oxygenated bottom wa-
ters. However, assemblages from the siliciclastic intervals of the Hochalm
Member can be in accord with this hypothesis. A decrease in oxygen
concentrations is indicated by high proportions of well-preserved paly-
nomorphs and amorphous organic matter in the lower parts of the sili-
ciclastic intervals in the Hochalm Member (Holstein, 2004). Interestingly,
the lower parts of the siliciclastic intervals correspond to the deepest
habitats that were occupied mainly by epifaunal bivalves or brachiopods.
In addition, barren beds in the siliciclastic intervals of the Eiberg Member
probably were deposited under dysoxic or anoxic conditions, as indicated
by very limited bioturbation, trace-element analyses, and palynofacies
(Hüssner et al., 2000; Holstein, 2004). Therefore, the decrease in oxygen
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FIGURE 18—Two scenarios for onshore-offshore replacements of benthic com-
munities on short-time scale, without invoking evolutionary events (e.g., differential
origination or extinction rates). (A) In the first case, onshore communities expand
because they track increased nutrient supply along an onshore-offshore gradient. (B)
In the second case, onshore communities expand into deeper habitats through in-
creased competition ability, higher resistance to predation, or higher resistance to
bioturbation.

concentrations partly can explain the absence of infaunal suspension-feed-
ing bivalves or of all shelly benthos in the siliciclastic intervals.

(5) Absence of Infaunal Bivalves due to Low Nutrient Supply: Although
the hypothesis of nutrient-supply control of brachiopod and bivalve com-
munities due to different metabolic demands is not new (Bambach, 1993),
its application to soft-bottom habitats was not explicitly stated. Differ-
ential metabolic demands alone would not explain the abundance of epi-
faunal bivalves in soft-bottom habitats, as compared to the rarity of in-
faunal bivalves. However, actualistic evidence indicates that infaunal
(mostly eulamellibranch) and epifaunal (mostly filibranch and pseudola-
mellibranch) bivalves differ in their feeding strategies with respect to low
nutrient supply. During a nutrient-poor carbonate regime, metabolic de-
mands of infaunal suspension-feeding bivalves probably were not ful-
filled, and brachiopods and epifaunal bivalves dominated soft-bottom
habitats. This hypothesis is supported by low proportions of land-derived
plant remains and microplankton in the carbonate intervals both in the
Hochalm and Eiberg members (Holstein, 2004). Because land-derived
nutrient supply decreases in an offshore direction, this argument also can
be used to explain the abundance of brachiopods and epifaunal bivalves
and the concomitant scarcity of infaunal bivalves in deep, soft-bottom
habitats during the nutrient-rich, siliciclastic regimes. An alternative hy-
pothesis is that high input of siliciclastics and nutrients, coupled with
high plankton productivity, caused hypoxia in the deepest habitats during
siliciclastic regime.

The nutrient-supply hypothesis is preferred here because variations in
nutrient supply and turbidity can explain both the differential coexistence
of guilds and their environmental distribution, although it can be supple-
mented by a hypothesis concerning varying oxygen levels. For example,
a combined effect of varying nutrient supply and oxygen concentrations
probably was responsible for the scarcity of benthic fauna in the silici-
clastic intervals of the Eiberg Member. Very high abundances of micro-
plankton and land-derived plant remains (Holstein, 2004) indicate eutro-
phic conditions that would be favorable for infaunal or semi-infaunal
bivalves. However, restricted circulation coupled with high productivity
in the Kössen Basin probably led to oxygen-deficient conditions, inhib-
iting both epifaunal and infaunal guilds.

The differential preferences of bivalves and brachiopods with respect
to sediment and nutrient supply are supported by several studies. Miller
(1988) found that the abundance and diversity of Paleozoic bivalves was
substantially greater in siliciclastic than in carbonate habitats. Bambach
(1993) suggested that the differential abundance of Paleozoic bivalves in
carbonate and siliciclastic environments reflected a difference in quality
and quantity of nutrient supply. Novack-Gottshall and Miller (2003a, b)
found that bivalves were most diverse and numerically abundant in deep,
siliciclastic-rich habitats during the Ordovician. Patzkowsky (1995) ob-
served that Ordovician brachiopods were most abundant and diverse in
carbonate rather than in siliciclastic habitats. Fürsich et al. (2001) and
Gahr (2005) observed that brachiopods and epifaunal bivalves were dom-
inant and infaunal bivalves were relatively rare in habitats that were less
affected by siliciclastic supply from land in the Lower Jurassic. In con-
trast, habitats affected by a higher siliciclastic supply were dominated by
infaunal deposit- and suspension-feeding bivalves.

Onshore-Offshore Expansions and Retreats Related to
Siliciclastic Supply

Two end-member scenarios (Fig. 18) that do not need to invoke evo-
lutionary events to explain them can be assumed for onshore-offshore
replacements in marine habitats on a short time-scale (�10–100 ka).

(1) Onshore-Offshore Replacement due to Extrinsic Causes: Animals
with different environmental preferences change their position along an
onshore-offshore gradient because they track extrinsically induced vari-
ations in factors such as nutrient supply, turbidity, or oxygen. Onshore-
offshore replacements in the Kössen Formation are consistent with the
differential response of bivalves and brachiopods to variations in nutrient

supply and turbidity (Fig. 19). This scenario indicates that brachiopods
in the Kössen Basin retreated offshore during siliciclastic-rich conditions
because sedimentation rates and turbidity increased in onshore habitats.
Infaunal and epifaunal bivalves seem to tolerate higher particle concen-
trations than brachiopods so they can occupy habitats with high silici-
clastic input. Infaunal eulamellibranch bivalves would retreat from off-
shore habitats during carbonate-rich conditions due to low nutrient sup-
ply. Very high nutrient input coupled with water-column stratification
could cause low oxygen levels, which also played some role in restricting
distribution of infaunal bivalves in offshore habitats, as is indicated by
the siliciclastic intervals in the Eiberg Member.

(2) Onshore-Offshore Replacement due to Biotic Interactions: In this
case, animals with different competitive ability or predation resistance are
directly or indirectly restricted through biotic interactions. Therefore, this
scenario infers that increased competition, increased predation pressure,
and increased sediment-mediated biologic disturbance (Thayer, 1979,
1983; Vermeij, 1977, 1987, 1994) in onshore habitats lead to the exclu-
sion of brachiopods and immobile epifaunal bivalves. Ideally, extrinsic
environmental variations should be kept constant for testing the role of
biotic interactions (Vermeij, 1987; Gotelli and Graves, 1996). It is pos-
sible that increased competition, predation, or bioturbation correlated with
increased nutrient supply because an extrinsically increased supply of
energy and nutrients improves conditions for organisms with high met-
abolic demands on short time scales (Vermeij, 1995). For example, the
increase in nutrient supply in onshore habitats would support abundant
infaunal suspension-feeding bivalves, and thus would lead indirectly to
higher bioturbation, which can be detrimental to poorly mobile epifaunal
bivalves or brachiopods. The competitive ability of benthic animals with
high metabolic demands also would be enhanced under increased nutri-
ent-rich conditions. Although the results presented do not permit evalu-
ation of the role of biotic interactions alone, the onshore-offshore
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FIGURE 19—The scenario for repeated onshore-offshore replacements caused primarily by variations in nutrient supply and turbidity, as applied to the Kössen Basin. The
response of brachiopods and bivalves with different gill types is based on the interpreted replacements in the Kössen Basin and actualistic observations. Although variations
in sedimentation rate can lead to relative sea-level changes, bathymetric position of particular habitats is kept constant through time.

replacements between bivalves and brachiopods in the Kössen Basin are
consistent with the scenario that brachiopod distribution is restricted via
increased intensity of competition and bioturbation. However, the corre-
lation of onshore-offshore replacements with changes in sediment and
nutrient supply indicate that possible variations in competition, predation,
or bioturbation had to be coupled with variations in extrinsic factors.

Onshore-Offshore Replacements on Long Time Scales

The Paleozoic and Modern faunas show an onshore-offshore replace-
ment pattern through the Phanerozoic (Jablonski et al., 1983; Sepkoski
and Miller, 1985; Bottjer and Jablonski, 1988; Sepkoski, 1991; Peters,
2004). Bottjer and Jablonski (1988) reviewed possible causes of onshore-
offshore replacements, and their two basic explanations involve either
biotic or physical processes. Several studies have demonstrated that vary-
ing predation, competition, or bioturbation could influence onshore-off-
shore replacements (e.g., Oji, 1996; Aronson et al., 1997; Dietl et al.,
2000). Bottjer and Jablonski (1988) rejected the possibility that changes
in physical processes can account for onshore-offshore patterns mainly
because the timing of eustatic sea-level changes and mass-extinction
events did not correlate with the timing of onshore-offshore replacements.
Sepkoski and Miller (1985) also regarded changes in the physical envi-
ronment as unlikely causes to account for onshore-offshore replacements
of evolutionary faunas, mainly because it was not clear which environ-
mental factor monotonically changed through the Phanerozoic.

Miller (1988) proposed that onshore-offshore expansion of Paleozoic
bivalves might have been related to increased nutrient supply due to the
rise of land plants (Calef and Bambach, 1973). The hypothesis of in-
creased nutrient supply during the Devonian and Cretaceous, which en-
abled an increase in biomass, metabolic rates and productivity in marine
habitats, was explored in detail by Bambach (1993, 1999), who also sug-
gested that Phanerozoic offshore expansion of the modern evolutionary
fauna dominated by organisms with high metabolic demands is related
to this increase in nutrient supply. Although onshore-offshore replace-
ments in the Kössen Basin are on a different time scale (Fig. 19), it is
interesting to note that they are in accord with this hypothesis about
variation in nutrient supply. However, in addition to different metabolic
rates of brachiopods and bivalves, the difference in feeding strategies
between epifaunal and infaunal suspension-feeding bivalves with roughly

similar metabolic requirements probably also was important in governing
their onshore-offshore distribution. Another explanation of onshore-
offshore replacements on an evolutionary time scale via extrinsic changes
is related to varying degrees of bottom oxygenation in offshore habitats
through time (Jacobs and Lindberg, 1998). A net decrease in anoxic/
dysoxic habitats since the Late Cretaceous can be complementary to
Bambach’s (1993) scenario of offshore expansion of the modern evolu-
tionary fauna. Although oxygen-deficient habitats usually are nutrient-
rich, animals with high metabolic demands that lack adaptations to cope
with low oxygen levels are inhibited in such conditions.

CONCLUSIONS

(1) This study shows that retreat of Late Triassic brachiopod commu-
nities from onshore habitats occurred repeatedly on a short-time scale and
was driven by variations in sediment and nutrient supply. In general,
benthic communities dominated by brachiopods and bivalves show dif-
ferential distribution patterns with respect to the proximity of siliciclastic
and nutrient input. During regimes reflecting nutrient-poor carbonate con-
ditions, brachiopods co-occur with epifaunal bivalves above and below
NSWB. Infaunal bivalves, if present, are restricted to the shallowest
depths above NSWB. In contrast, during nutrient-rich siliciclastic re-
gimes, brachiopods and some epifaunal bivalves occur in the most distal
habitats around MSWB, and infaunal and semi-infaunal bivalves are
widespread above and below NSWB. Offshore retreat of brachiopods and
the offshore expansion of infaunal suspension-feeding bivalves thus
coincide with the switch from a nutrient-poor, carbonate to a nutrient-
rich, siliciclastic regime. Although the onshore to offshore expansion of
infaunal bivalves at the expense of brachiopods during nutrient-rich con-
ditions also is consistent with the hypothesis that brachiopods are re-
stricted due to higher bioturbation and competition, any variations in
intensity of biotic interactions probably were coupled with extrinsic var-
iations in nutrient supply and turbidity.

(2) Although replacements between infaunal and epifaunal communi-
ties partly may be due to variations in substrate quality, this cannot ex-
plain the whole pattern because brachiopods and epifaunal bivalves also
dominate in micrite-rich, bioturbated deposits. That brachiopods more
commonly co-occur with epifaunal (mostly filibranch) bivalves than with
infaunal (mostly eulamellibranch) bivalves is in accord with their similar
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response to low nutrient supply in modern habitats. Abundance of poorly
mobile epifaunal bivalves and brachiopods in soft-bottom, carbonate-rich
habitats can be explained by nutrient-poor conditions that cannot support
infaunal suspension-feeding bivalves with a high-energy metabolism and
a less efficient feeding strategy. Abundance of poorly mobile epifaunal
bivalves and brachiopods in deep, soft-bottom, siliciclastic-rich habitats
can be explained either by decreased input of land-derived nutrients in
an offshore direction or by low oxygen levels in the deepest habitats due
to restricted circulation.
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SUPPLEMENTARY DATA 1—Absolute abundances of brachiopod and bivalue individuals in 74 samples from the Kössen Formation (MNI approach).

Sample GH1 TH2 TH3-1 TH3-2 GH3-3 TH4 TH5 TH6 TH7 GH8 GH9 GH10 TH11

Oxycolpella oxycolpos 0 0 0 0 0 0 0 0 0 0 0 0 0
Laballa suessi 0 0 0 0 0 0 0 0 0 0 0 0 0
Sinucosta emmrichi 0 0 0 0 0 0 0 0 0 0 0 0 0
Zugmayerella uncinata 0 0 0 0 0 0 0 0 0 0 0 0 0
Zugmayerella koessenensis 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhaetina gregaria 0 12 81 73 15 28 0 0 4 0 0 11 0
Rhaetina pyriformis 0 0 0 0 0 0 0 0 0 0 0 0 0
Triadithyris gregariaeformis 0 0 0 0 0 0 0 0 0 0 0 0 0
Zeilleria sp. 0 0 0 0 0 0 0 0 0 0 0 0 0
Austrirhynchia cornigera 0 0 0 0 0 0 0 0 0 0 0 0 0
Fissirhynchia fissicostata 0 0 0 0 0 0 0 0 0 0 0 0 0
Calcirhynchia subrimosa 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhynchonellid sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Nuculana claviformis 48 0 0 0 0 1 1 13 1 318 0 0 0
Parallelodon sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Grammatodon sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Inoperna schafhaeutli 0 0 0 0 0 0 0 0 0 0 0 0 0
Modiolus minutus 0 0 1 0 0 0 0 0 0 0 0 0 0
Pteria sp. A 0 0 1 1 10 0 0 0 0 0 0 0 0
Rhaetavicula contorta 0 2 3 5 21 0 0 0 0 0 0 9 0
Gervillaria inflata 0 0 1 5 0 2 9 5 0 0 38 0 37
Bakevellia praecursor 21 0 7 0 0 0 26 5 29 62 0 0 0
Cassianella inaequiradiata 0 0 0 0 0 0 0 0 0 0 0 0 0
Pinna sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Oxytoma inequivalvis 0 0 0 0 0 0 0 0 0 0 0 0 0
Entolium sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Propeamussium schafhaeutli 0 0 0 0 0 0 0 0 0 0 0 0 0
Chlamys coronata 0 0 0 0 0 0 0 0 0 0 0 0 0
Chlamys sp. 0 1 0 0 0 0 0 0 0 0 0 8 0
Atreta intusstriata 0 5 3 0 163 0 0 0 0 0 0 57 1
Placunopsis alpina 8 0 4 4 0 0 0 0 2 10 9 0 0
Antiquilima alpis 0 0 0 0 0 0 0 0 0 0 0 0 0
Antiquilima sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Plagiostoma punctatum 0 0 0 0 0 0 0 0 0 0 0 2 0
Liostrea hinnities 0 1 0 0 12 0 0 0 1 0 0 3 0
Actinostreon haidingerianum 0 0 0 0 0 0 0 0 0 0 0 0 0
Gruenewaldia inflata 0 0 0 0 14 2 0 0 0 0 0 5 0
Myophoriopis isoceles 0 0 0 0 0 0 0 0 0 0 0 0 0
Pseudocorbula ewaldi 0 0 0 0 0 0 0 0 0 0 0 0 0
Palaeocardita austriaca 0 0 0 0 36 0 0 0 0 0 21 19 3
Palaeocardita multiradiata 0 0 0 0 0 0 0 0 0 0 0 0 0
Palaeocardita sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Protocardia rhaetica 0 0 0 0 0 0 0 0 0 0 0 0 0
Homomya lagenalis 0 0 0 0 0 0 0 0 0 0 0 0 0
Pleuromya sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Isocyprina alpina 238 0 0 0 0 0 34 44 29 1253 0 0 0
Mysidioptera waageni 0 0 0 0 0 0 0 0 0 0 0 0 0
Schafhaeutlia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0
Bivalve indet A 0 0 0 0 0 0 0 0 0 0 0 0 0

Sample TH12 TH13-1 GH13-2 TH14 TH15 TH16 TH17 TH18 TH19 TH20 TH21 TH22 TH23

Oxycolpella oxycolpos 0 0 0 0 0 0 0 0 0 0 0 0 0
Laballa suessi 0 0 0 0 0 0 0 0 0 0 0 0 0
Sinucosta emmrichi 0 0 0 0 0 0 0 0 0 0 0 0 0
Zugmayerella uncinata 0 0 0 0 0 0 0 0 0 0 0 0 0
Zugmayerella koessenensis 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhaetina gregaria 0 22 56 0 0 0 0 0 0 0 0 0 0
Rhaetina pyriformis 0 0 0 0 0 0 0 0 0 0 10 0 2
Triadithyris gregariaeformis 0 0 0 0 0 0 0 0 0 0 0 0 0
Zeilleria sp. 0 0 0 0 0 0 0 0 0 0 0 1 7
Austrirhynchia cornigera 0 0 0 0 0 0 0 0 0 0 0 0 1
Fissirhynchia fissicostata 0 0 0 0 0 0 0 0 0 0 0 0 0
Calcirhynchia subrimosa 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhynchonellid sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Nuculana claviformis 0 1 0 0 0 0 0 10 4 0 0 0 0
Parallelodon sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Grammatodon sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Inoperna schafhaeutli 0 0 0 0 0 0 0 0 0 0 0 0 0
Modiolus minutus 0 0 0 0 0 8 0 0 0 0 0 0 0
Pteria sp. A 0 0 6 0 0 0 0 0 0 0 0 0 0
Rhaetavicula contorta 0 2 25 14 19 0 0 54 8 2 0 1 0
Gervillaria inflata 39 0 0 0 0 14 50 0 5 47 0 0 0
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SUPPLEMENTARY DATA 1—Continued.

Sample TH12 TH13-1 GH13-2 TH14 TH15 TH16 TH17 TH18 TH19 TH20 TH21 TH22 TH23

Bakevellia praecursor 0 0 0 35 2 0 0 15 0 0 0 0 0
Cassianella inaequiradiata 0 0 0 0 2 0 0 0 0 0 2 34 0
Pinna sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Oxytoma inequivalvis 0 0 0 0 0 0 0 0 0 0 0 0 0
Entolium sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Propeamussium schafhaeutli 0 0 0 0 0 0 0 0 0 0 0 0 0
Chlamys coronata 0 0 0 0 0 0 0 0 0 0 0 0 0
Chlamys sp. 1 2 0 0 0 0 0 0 0 0 2 0 8
Atreta intusstriata 0 18 90 0 0 0 0 0 0 0 1 0 4
Placunopsis alpina 1 0 0 0 0 0 0 10 1 0 0 1 0
Antiquilima alpis 0 0 0 0 0 0 0 0 0 0 0 0 0
Antiquilima sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Plagiostoma punctatum 0 0 8 0 0 0 0 0 0 0 3 0 1
Liostrea hinnities 0 1 32 0 0 7 0 0 0 0 0 0 0
Actinostreon haidingerianum 0 0 0 0 0 0 0 0 0 0 0 0 0
Gruenewaldia inflata 0 0 2 0 0 0 0 0 0 0 0 0 0
Myophoriopis isoceles 0 0 0 0 18 0 3 4 16 0 0 0 0
Pseudocorbula ewaldi 0 0 0 4 0 0 0 3 0 0 0 0 0
Palaeocardita austriaca 5 0 0 0 0 0 0 0 0 0 0 0 0
Palaeocardita multiradiata 0 0 0 0 0 0 0 0 0 0 0 0 0
Palaeocardita sp. A 0 0 0 0 0 0 0 1 0 0 0 0 0
Protocardia rhaetica 0 1 0 0 1 0 0 5 5 0 0 0 0
Homomya lagenalis 0 0 0 0 0 0 0 0 0 0 0 0 0
Pleuromya sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Isocyprina alpina 0 0 0 0 0 0 8 0 0 0 0 0 0
Mysidioptera waageni 0 0 0 0 0 0 0 0 0 0 0 0 0
Schafhaeutlia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0
Bivalve indet A 0 0 0 0 0 0 0 0 0 0 0 0 0

Sample TE1 TE2 TE3 TE4 TE5 TE6 TE7 TE8 TE9 TE10 TE11 TE12 TE13

Oxycolpella oxycolpos 0 0 0 0 0 0 0 0 0 0 0 0 0
Laballa suessi 0 0 0 0 0 0 0 0 0 0 0 0 0
Sinucosta emmrichi 0 0 0 0 0 0 0 0 0 0 0 0 0
Zugmayerella uncinata 0 0 0 0 0 0 0 0 0 0 0 0 0
Zugmayerella koessenensis 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhaetina gregaria 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhaetina pyriformis 0 0 0 0 0 0 0 0 0 0 0 0 38
Triadithyris gregariaeformis 0 0 0 0 0 0 0 0 0 0 0 0 0
Zeilleria sp. 0 0 0 0 0 0 0 0 0 0 0 0 0
Austrirhynchia comigera 0 0 0 0 0 0 0 0 0 0 0 0 0
Fissirhynchia fissicostata 0 0 0 0 0 0 0 0 0 0 0 0 0
Calcirhynchia subrimosa 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhynchonellid sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Nuculana claviformis 0 0 0 0 0 0 0 0 0 0 0 0 0
Parallelodon sp. A 0 1 0 0 0 0 0 1 0 2 0 5 0
Grammatodon sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Inoperna schafhaeutli 0 0 0 0 0 0 0 0 0 0 0 0 2
Modiolus minutus 0 0 0 0 0 0 1 0 0 1 1 0 1
Pteria sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhaetavicula contorta 0 17 0 3 0 0 0 18 14 58 5 2 0
Gervillaria inflata 0 21 3 3 21 57 64 4 9 0 2 0 0
Bakevellia praecursor 0 0 0 0 0 0 0 0 0 0 0 0 0
Cassianella inaequiradiata 51 0 0 0 0 0 0 0 1 3 2 1 0
Pinna sp. A 0 0 0 0 0 0 0 0 0 0 0 0 1
Oxytoma inequivalvis 0 0 0 0 0 0 0 0 0 0 0 0 0
Entolium sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Propeamussium schafhaeutli 0 0 0 0 0 0 0 0 0 0 0 0 0
Chlamys coronata 0 0 0 0 0 0 0 0 0 9 3 0 0
Chlamys sp. 0 0 0 0 0 0 0 0 0 0 0 2 6
Atreta intusstriata 0 0 6 0 0 0 0 3 0 1 0 0 0
Placunopsis alpina 0 33 2 0 3 1 10 4 0 0 0 3 0
Antiquilima alpis 0 0 0 0 0 0 0 0 0 0 0 0 0
Antiquilima sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Plagiostoma punctatum 0 1 0 0 0 0 0 0 0 0 0 0 1
Liostrea hinnities 0 0 0 0 0 0 0 0 0 0 0 0 0
Actinostreon haidingerianum 0 0 0 0 0 0 0 0 0 0 0 0 2
Gruenewaldia inflata 0 1 0 0 0 0 0 0 0 0 0 0 0
Myophoriopis isoceles 19 0 4 28 0 0 0 17 21 64 40 5 0
Pseudocorbula ewaldi 2 18 1 10 0 0 3 0 1 10 13 0 0
Palaeocardita austriaca 0 0 0 0 0 0 0 0 0 0 0 1 0
Palaeocardita multiradiata 0 0 0 0 0 0 0 0 0 0 0 0 0



e14 PALAIOSTOMAŠOVÝCH

SUPPLEMENTARY DATA 1—Continued.

Sample TE1 TE2 TE3 TE4 TE5 TE6 TE7 TE8 TE9 TE10 TE11 TE12 TE13

Palaeocardita sp. A 1 0 0 0 0 0 0 0 0 0 0 0 0
Protocardia rhaetica 15 1 2 0 0 0 0 11 7 23 5 9 0
Homomya lagenalis 0 0 0 0 0 0 0 0 1 0 0 0 0
Pleuromya sp. A 0 0 0 0 0 0 0 0 0 0 0 2 0
Isocyprina alpina 0 3 0 0 0 1 0 7 0 0 0 0 0
Mysidioptera waageni 0 0 0 0 0 0 0 0 0 0 0 0 3
Schafhaeutlia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0
Bivalve indet A 0 0 0 0 0 0 0 0 0 0 0 0 0

Sample TE14 TE15 TE16 TE17 TE18 TE19 TK1 TK2 GK3 TK4 TK5 TK6 TK7

Oxycolpella oxycolpos 2 0 0 2 15 35 0 0 0 0 0 0 0
Laballa suessi 0 0 0 0 1 0 0 0 0 0 0 0 0
Sinucosta emmrichi 0 3 0 0 11 0 0 0 0 0 0 0 0
Zugmayerella uncinata 0 0 0 0 0 0 0 0 0 0 0 0 0
Zugmayerella koessenensis 0 4 1 0 0 3 0 0 0 0 0 0 0
Rhaetina gregaria 0 0 0 0 0 0 17 1 0 0 0 0 0
Rhaetina pyriformis 0 0 0 0 0 0 0 0 0 0 0 0 0
Triadithyris gregariaeformis 0 0 0 0 0 0 0 0 0 0 0 0 0
Zeilleria sp. 5 0 0 0 0 0 0 0 0 0 0 0 0
Austrirhynchia cornigera 0 0 0 1 0 0 0 0 0 0 0 0 0
Fissirhynchia fissicostata 0 25 0 6 1 3 0 0 0 0 0 0 0
Calcirhynchia subrimosa 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhynchonellid sp. A 3 0 77 0 0 0 0 0 0 0 0 0 0
Nuculana claviformis 0 0 0 0 0 0 0 8 132 0 0 0 0
Parallelodon sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Grammatodon sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Inoperma schafhaeutli 0 0 0 0 0 0 0 0 0 0 0 3 0
Modiolus minutus 0 0 0 0 0 0 0 0 0 0 0 0 0
Pteria sp. A 0 0 0 0 0 0 0 0 0 1 0 0 0
Rhaetavicula contorta 0 0 0 0 0 0 0 0 0 8 3 9 7
Gervillaria inflata 0 0 0 0 0 0 15 5 0 0 11 0 0
Bakevellia praecursor 0 0 0 0 0 0 0 43 279 56 0 0 0
Cassianella inaequiradiata 0 0 0 0 1 0 0 0 0 0 0 0 0
Pinna sp. A 0 1 0 0 0 0 0 0 0 0 0 0 2
Oxytoma inequivalvis 0 9 1 0 1 0 0 0 0 0 0 0 0
Entolium sp. A 0 0 0 1 0 0 0 0 0 0 0 2 0
Propeamussium schafhaeutli 0 0 0 0 0 0 0 0 0 0 0 0 0
Chlamys coronata 0 0 0 0 0 0 0 0 0 0 0 23 4
Chlamys sp. A 1 1 1 1 0 0 0 0 0 1 1 1 0
Atreta intusstriata 0 3 0 0 0 1 0 0 0 1 0 1 1
Placunopsis alpina 0 0 0 0 0 0 0 3 23 0 10 3 0
Antiquilima alpis 0 0 0 0 0 0 0 0 0 3 0 0 0
Antiquilima sp. A 0 0 0 0 0 0 0 0 0 1 0 0 0
Plagiostoma punctatum 0 0 0 0 0 0 0 0 0 0 0 0 1
Liostrea hinnities 0 0 0 0 0 0 0 0 0 0 0 0 0
Actinostreon haidingerianum 0 0 0 0 0 0 0 0 0 0 0 0 0
Gruenewaldia inflata 0 0 0 0 0 0 0 0 0 0 0 0 0
Myophoriopis isoceles 0 0 0 0 0 0 2 0 0 3 12 0 0
Pseudocorbula ewaldi 0 0 0 0 0 0 0 0 0 0 4 0 0
Palaeocardita austriaca 0 0 0 0 0 0 0 0 0 0 0 0 0
Palaeocardita multiradiata 0 0 0 0 0 0 0 0 0 0 0 0 0
Palaeocardita sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Protocardia rhaetica 0 0 0 0 0 0 0 0 0 0 4 0 8
Homomya lagenalis 0 0 0 0 0 0 0 0 0 0 0 0 6
Pleuromya sp. A 0 0 0 0 0 0 0 0 0 0 1 0 0
Isocyprina alpina 0 0 0 0 0 0 0 42 343 0 3 0 0
Mysidioptera waageni 0 0 0 0 0 0 0 0 0 0 0 0 0
Schafhaeutlia sp. 0 0 0 0 0 0 0 0 0 0 0 0 0
Bivalve indet A 0 0 0 0 0 0 0 0 0 0 0 0 0

Sample TK8 TK9 TK10 TK11 TK12 TG1 TG2 TG3 TG4 TG5 TG6 TG7 TG8

Oxycolpella oxycolpos 0 1 27 0 0 0 0 0 0 0 0 0 0
Laballa suessi 0 0 1 0 0 0 0 0 0 0 0 0 0
Sinucosta emmrichi 0 1 0 0 0 0 0 0 0 0 0 0 0
Zugmayerella uncinata 0 0 0 0 0 0 0 0 0 0 0 0 0
Zugmayerella koessenensis 0 2 2 0 0 0 0 0 0 0 0 3 3
Rhaetina gregaria 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhaetina pyriformis 25 0 0 0 0 0 0 0 0 0 0 0 0
Triadithyris gregariaeformis 3 0 0 0 0 0 0 0 0 0 0 0 0
Zeilleria sp. 12 11 3 0 2 0 0 0 0 0 0 4 2



PALAIOS e15ONSHORE-OFFSHORE REPLACEMENT OF TRIASSIC BENTHIC COMMUNITIES

SUPPLEMENTARY DATA 1—Continued.

Sample TK8 TK9 TK10 TK11 TK12 TG1 TG2 TG3 TG4 TG5 TG6 TG7 TG8

Austrirhynchia cornigera 1 5 0 0 0 0 0 0 0 0 0 0 0
Fissirhynchia fissicostata 0 0 6 0 0 0 0 0 0 0 0 5 7
Calcirhynchia subrimosa 0 15 60 37 0 0 0 0 0 0 0 0
Rhynchonellid sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Nuculana claviformis 0 0 0 0 0 0 0 0 3 0 0 0 0
Parallelodon sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Grammatodon sp. A 3 0 0 0 0 0 0 0 0 0 0 0 0
Inoperna schafhaeutli 0 0 0 0 0 0 0 0 0 0 0 0 0
Modiolus minutus 7 0 0 0 0 0 0 0 0 0 0 0 0
Pteria sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Rhaetavicula contorta 0 0 0 0 0 0 6 174 23 15 0 0 0
Gervillaria inflata 0 0 0 0 0 57 0 2 2 1 17 0 0
Bakevellia praecursor 0 0 0 0 0 0 0 0 0 0 0 0 0
Cassianella inaequiradiata 0 1 0 0 0 0 0 0 0 0 0 0 1
Pinna sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Oxytoma inequivalvis 0 2 0 13 8 0 0 0 0 0 0 0 0
Entolium sp. A 0 0 0 1 1 0 0 0 0 0 0 0 0
Propeamussium schafhaeutli 1 0 0 0 0 0 0 0 0 0 0 0 0
Chlamys coronata 0 0 0 0 0 0 0 0 0 0 0 0 0
Chlamys sp. 4 0 1 3 1 0 2 3 0 1 0 0 0
Atreta intusstriata 5 0 0 0 0 0 37 6 0 0 0 1 2
Placunopsis alpina 1 0 0 0 0 0 0 7 2 1 0 0 0
Antiquilima alpis 0 0 0 0 0 0 0 1 0 0 0 0 0
Antiquilima sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Plagiostoma punctatum 5 0 0 0 0 0 0 0 0 0 0 1 2
Liostrea hinnities 0 0 0 0 0 0 0 0 0 0 0 0 0
Actinostreon haidingerianum 4 0 0 0 0 0 0 0 0 0 0 0 0
Gruenewaldia inflata 0 0 0 0 0 0 0 0 0 0 0 0 0
Myophoriopis isoceles 0 0 0 0 0 0 4 16 13 17 0 0 0
Pseudocorbula ewaldi 0 0 0 0 0 0 0 0 0 6 0 0 0
Palaeocardita austriaca 0 0 0 0 0 0 0 0 0 0 0 0 0
Palaeocardita multiradiata 1 0 0 0 0 0 0 0 0 0 0 0 0
Palaeocardita sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Protocardia rhaetica 0 0 0 0 0 0 2 0 5 16 0 0 0
Homomya lagenalis 1 0 0 0 0 0 0 0 0 0 0 0 0
Pleuromya sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0
Isocyprina alpina 0 0 0 0 0 0 0 0 0 0 0 0 0
Mysidioptera waageni 0 0 0 0 0 0 0 0 0 0 0 0 0
Schafhaeutlia sp. 0 0 0 0 0 0 0 0 0 0 0 0 1
Bivalve indet A 0 0 0 0 0 0 0 0 0 0 0 0 1

Sample TG9 TSA1 TSA2 TSC2 TSC1 TSC4 TSC5 GN24 GHS5

Oxycolpella oxycolpos 0 0 0 0 0 0 0 0 0
Laballa suessi 0 0 0 0 0 0 0 0 0
Sinucosta emmrichi 0 0 0 0 0 1 0 0 0
Zugmayerella uncinata 0 0 0 5 11 0 0 0 0
Zugmayerella koessononsis 0 0 6 0 0 0 7 0 0
Rhaetina gregaria 0 5 0 15 0 2 0 0 0
Rhaetina pyriformis 0 7 15 13 0 6 0 0 0
Triadithyris gregariaeformis 0 0 1 0 0 0 0 0 0
Zeilleria sp. 5 10 11 14 8 3 3 0 0
Austrirhynchia cornigera 0 1 7 0 1 1 1 0 0
Fissirhynchia fissicostata 79 0 7 9 0 0 0 0 0
Calcirhynchia subrimosa 0 0 0 0 0 0 0 0 0
Rhynchonellid sp. A 5 0 0 0 0 0 0 0 0
Nuculana claviformis 0 0 0 0 0 0 0 0 17
Parallelodon sp. A 0 0 0 0 0 0 0 0 0
Grammatodon sp. A 0 0 0 0 0 0 0 0 0
Inoperma schafhaeutli 0 0 0 0 0 0 0 0 0
Modiolus minutus 0 0 0 2 0 0 0 0 0
Pteria sp. A 0 0 0 0 0 0 0 0 0
Rhaetavicula contorta 0 0 0 0 0 0 0 0 0
Gervillaria inflata 0 1 13 0 0 3 0 82 0
Bakevellia praecursor 0 0 0 0 0 0 0 0 11
Cassianella inaequiradiata 0 0 0 0 1 1 0 0 0
Pinna sp. A 0 0 1 0 0 1 1 0 0
Oxytoma inequivalvis 10 0 0 0 0 0 1 0 0
Entolium sp. A 1 0 0 0 0 0 0 0 0
Propeamussium schafhaeutli 0 0 0 0 0 0 0 0 0
Chlamys coronata 0 0 0 0 0 0 0 0 0
Chlamys sp. 7 4 2 1 22 2 0 0 0



e16 PALAIOSTOMAŠOVÝCH

SUPPLEMENTARY DATA 1—Continued.

Sample TG9 TSA1 TSA2 TSC2 TSC1 TSC4 TSC5 GN24 GHS5

Atreta intusstriata 0 0 1 0 0 0 1 0 0
Placunopsis alpina 0 0 1 1 0 0 0 0 5
Antiquilima alpis 0 0 0 0 0 0 0 0 0
Antiquilima sp. A 0 0 0 0 0 0 0 0 0
Plagiostoma punctatum 0 1 2 1 18 0 0 0 0
Liostrea hinnities 0 0 0 1 2 0 0 8 0
Actinostreon haidingerianum 0 3 1 4 0 1 0 0 0
Gruenewaldia inflata 0 0 0 0 0 0 0 0 0
Myophoriopis isoceles 0 0 1 0 0 0 0 0 0
Pseudocorbula ewaldi 0 0 0 0 0 0 0 0 0
Palaeocardita austriaca 0 0 0 0 0 0 0 21 0
Palaeocardita multiradiata 0 0 0 0 0 0 0 0 0
Palaeocardita sp. A 0 0 0 0 1 0 0 0 0
Protocardia rhaetica 0 0 0 1 0 0 0 0 0
Homomya lagenalis 0 0 0 0 0 0 0 0 0
Pleuromya sp. A 0 0 1 0 0 1 0 0 0
Isocyprina alpina 0 0 0 0 0 0 0 0 137
Mysidioptera waageni 0 1 1 0 0 0 0 0 0
Schafhaeutlia sp. 0 0 0 0 0 0 0 0 0
Bivalve indet A 0 2 0 0 0 0 0 0 0
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SUPPLEMENTARY DATA 2—Assignments of samples to stratigraphic units, inter-
vals, and habitats.

Sample Sample group Member Interval Depth

GH1 Isocyprina 2 siliciclastic below NSWB
TH2 R. gregaria 2 carbonate above NSWB
TH3-1 R. gregaria 2 carbonate above NSWB
TH3-2 R. gregaria 2 carbonate above NSWB
GH3-3 R. gregaria 2 carbonate above NSWB
TH4 R. gregaria 2 claystone below NSWB
TH5 Isocyprina 2 siliciclastic below NSWB
TH6 Isocyprina 2 siliciclastic below NSWB
TH7 Isocyprina 2 siliciclastic below NSWB
GH8 Isocyprina 2 siliciclastic below NSWB
GH9 Gervillaria 2 siliciclastic above NSWB
GH10 R. gregaria 2 limestone above NSWB
TH11 Gervillaria 2 siliciclastic below NSWB
TH12 Gervillaria 2 siliciclastic below NSWB
TH13-1 R. gregaria 2 limestone below NSWB
GH13-2 R. gregaria 2 limestone below NSWB
TK1 R. gregaria 2 siliciclastic below NSWB
TK2 Isocyprina 2 siliciclastic below NSWB
TK3 Isocyprina 2 siliciclastic below NSWB
GN24 Gervillaria 2 siliciclastic no data
GHS5 Isocyprina 2 siliciclastic no data
TH16 Gervillaria 3 siliciclastic above NSWB
TH14 Bakevellia 3 carbonate above NSWB
TH15 Myophoriopis 3 siliciclastic below NSWB
TH17 Gervillaria 3 siliciclastic above NSWB
TH18 Myophoriopis 3 carbonate above NSWB
TH19 Myophoriopis 3 carbonate above NSWB
TH20 Gervillaria 3 siliciclastic below NSWB
TH21 R. pyriformis 3 carbonate below NSWB
TH22 Cassianella 3 siliciclastic below NSWB
TE1 Cassianella 3 siliciclastic below NSWB
TE2 Myophoriopis 3 carbonate above NSWB
TE3 Myophoriopis 3 carbonate above NSWB
TE4 Myophoriopis 3 siliciclastic below NSWB
TE5 Gervillaria 3 siliciclastic above NSWB
TE6 Gervillaria 3 siliciclastic above NSWB
TE7 Gervillaria 3 siliciclastic above NSWB
TE8 Myophoriopis 3 carbonate above NSWB
TE9 Myophoriopis 3 carbonate above NSWB
TE10 Myophoriopis 3 siliciclastic below NSWB
TE11 Myophoriopis 3 siliciclastic below NSWB
TE12 Myophoriopis 3 carbonate below NSWB
TK4 Bakevellia 3 siliciclastic below NSWB
TK5 Myophoriopis 3 carbonate below NSWB
TK6 Chlamys 3 siliciclastic below NSWB
TK7 Chlamys 3 siliciclastic below NSWB
TK8 R. pyriformis 3 carbonate below NSWB
TG1 Gervillaria 3 siliciclastic above NSWB
TG2 R. gregaria 3 siliciclastic below NSWB
TG3 Myophoriopis 3 siliciclastic below NSWB
TG4 Myophoriopis 3 siliciclastic below NSWB
TG5 Myophoriopis 3 siliciclastic below NSWB
TG6 Gervillaria 3 siliciclastic above NSWB
TH23 R. pyriformis 4 carbonate below NSWB
TE13 R. pyriformis 4 carbonate below NSWB
TE14 Rhynchonellid A 6–7 carbonate below MSWB
TE15 Fissirhynchia 6–7 carbonate below MSWB
TE16 Rhynchonellid A 6–7 carbonate below MSWB
TE17 Fissirhynchia 6–7 carbonate below MSWB
TE18 Oxycolpella 6–7 carbonate below MSWB
TE19 Oxycolpella 6–7 carbonate below MSWB
TK9 Zugmayerella 6–7 carbonate below MSWB
TK10 Oxycolpella 6–7 carbonate below MSWB
TK11 Calcirhychia 6–7 carbonate below MSWB
TK12 Calcirhychia 6–7 carbonate below MSWB
TG7 Zugmayerella 4 carbonate above NSWB
TG8 Zugmayerella 4 carbonate above NSWB
TG9 Fissirhynchia 5 carbonate below MSWB
TSA1 R. pyriformis 4 carbonate above NSWB
TSA2 R. pyriformis 4 carbonate above NSWB
TSC2 R. pyriformis 4 carbonate above NSWB
TSC1 R. pyriformis 4 carbonate below NSWB
TSC4 R. pyriformis 4 carbonate above NSWB
TSC5 Zugmayerella 4 carbonate above NSWB

SUPPLEMENTARY DATA 3—Assignments of brachiopods and bivalves to guilds.

Taxon Guild

Oxycolpella oxycolpos free-lying brachiopod
Laballa suessi pedunculate brachiopod
Sinucosta emmrichi pedunculate brachiopod
Zugmayerella uncinata pedunculate brachiopod
Zugmayerella koessenensis pedunculate brachiopod
Rhaetina gregaria pedunculate brachiopod
Rhaetina pyriformis pedunculate brachiopod
Triadithyris gregariaeformis pedunculate brachiopod
Zeilleria sp. pedunculate brachiopod
Austrirhynchia cornigera pedunculate brachiopod
Fissirhynchia fissicostata pedunculate brachiopod
Calcirhynchia subrimosa free-lying brachiopod
Rhynchonellid sp. A free-lying brachiopod
Nuculana claviformis shallow burrowing deposit-feeder
Parallelodon sp. A epibyssate filibranch
Grammatodon sp. A epibyssate filibranch
Inoperna schafhaeutli endobyssate filibranch
Modiolus minutus endobyssate filibranch
Pteria sp. A epibyssate filibranch
Rhaetavicula contorta epibyssate filibranch
Gervillaria inflata endobyssate filibranch
Bakevellia praecursor endobyssate filibranch
Cassianella inaequiradiata free-lying brachiopod
Pinna sp. A endobyssate filibranch
Oxytoma inequivalvis epibyssate filibranch
Entolium sp. A free-lying filibranch
Propeamussium schafhaeutli free-lying brachiopod
Chlamys coronata epibyssate filibranch
Chlamys sp. A epibyssate filibranch
Atreta intusstriata cementing filibranch
Placunopsis alpina cementing filibranch
Antiquilima alpis epibyssate filibranch
Antiquilima sp. A epibyssate filibranch
Plagiostoma punctatum epibyssate filibranch
Liostrea hinnities cementing pseudolamellibranch
Actinostreon haidingerianum free-lying pseudolamellibranch
Gruenewaldia inflata shallow burrowing fillibranch
Myophoriopis isoceles shallow burrowing eulamellibranch
Pseudocorbula ewaldi shallow burrowing eulamellibranch
Palaeocardita austriaca shallow burrowing eulamellibranch
Palaeocardita multiradiata shallow burrowing eulamellibranch
Palaeocardita sp. A shallow burrowing eulamellibranch
Protocardita rhaetica shallow burrowing eulamellibranch
Homomya lagenalis deep burrowing eulamellibranch
Pleuromya sp. A deep burrowing eulamellibranch
Isocyprina alpina shallow burrowing eulamellibranch
Mysidioptera waageni epibyssate fillibranch
Schafhaeutlia sp. shallow burrowing eulamellibranch
Large bivalve A deep burrowing eulamellibranch


