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The End-Triassic mass extinction event [ETE] (201.5 Ma)marks a drastic turnover and loss of >50% of marine biodi-
versity. Suggested environmental factors include extreme climate change and global carbon-cycle perturbations
linked to Central Atlantic Magmatic Province (CAMP) volcanism. Considerable attention has been paid to
disentangling the causes and selectivity of the ETE, whilst downplaying the patterns of change in the structure and
functioning of marine paleofauna. Here we provide detailed quantitative information from across the Triassic-
Jurassic boundary at Waterloo Bay, Larne, Northern Ireland, to describe patterns of changes in different
palaeoecological parameters across the ETE. The analysis was based on abundance data of species sampled from ap-
proximately 1 m intervals through the sequence. Dominance and richness were estimated using rarefaction tech-
niques and β-diversity index, and distinctness diversity indices were calculated. Changes in species composition
were evaluated by multivariate analysis (nMDS, ANOMSIM and SIMPER). Rank abundance models were fitted, and
functional diversity were estimated based on an ecospace model, applied to each sampled unit to detect changes
in structure and ecological complexity. Across the ETE three distinctive states were identified: the pre-extinction
state (Westbury Formation), characterised by an assemblage with high species richness and ecological redundancy,
and with low taxonomic variation and functional diversity. The extinction state (Cotham and Langport members)
represents a shift of the marine ecosystem, where >70%marine species disappears decreasing the ecosystems func-
tioning themarine ecosystem around 80%. The recovery state (Lias Group), commencing some ~150 ky after the ex-
tinction,with ecologically complex assemblages as new taxa colonised, increasing variation in taxonomic distinctness
and new contributing ecological traits and functional richness through the Hettangian. The palaeoecological patterns
described here are robust enough to discount possible facies effects, but more important, is consistent with other
studies reported globally, and demonstrates that the ecological signals detected in this study are real.

© 2021 The Geologists' Association. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The end-Triassic mass extinction event (ETE) which culminated
around the Triassic-Jurassic boundary (dated as 200.5 Ma by Wotzlaw
et al., 2014) was one of the largest mass extinctions of the Phanerozoic
(Benton, 1995). The ETE is marked by a loss of up to 50% in marine bio-
diversity and a massive biotic turnover in both marine and terrestrial
environments (Hallam and Wignall, 1997; Sepkoski, 1997). The event
is characterised by a carbon isotope excursionwhich reflects a perturba-
tion in the global carbon cycle (Palfy et al., 2001; Hesselbo et al., 2002;
Ruhl et al., 2011), with leaf stomata studies indicating a fourfold in-
crease in atmospheric CO2 concentrations (McElwain et al., 1999; Ruhl
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et al., 2011) linked to the development of the Central Atlantic Magmatic
Province (CAMP) during the break-up of Pangaea (Beerling and Berner,
2002; Hesselbo et al., 2002; Hesselbo et al., 2007). Recent studies indi-
cate that the initial carbon isotope excursion recorded a depletion of
~8.5 per mil (‰) atmospheric carbon-13, suggesting a total injection
of ~12,000 to 38,000 Gt of carbon as methane over only 10–12 kyr
from two sources: marine methane-hydrate reservoir, and volcanic sill
intrusions and flood basalt associated with CAMP (Ruhl et al., 2011;
Ruhl and Kurschner, 2011). These mechanisms had a profound impact
on climate, triggering a strong warming event and an enhanced hydro-
logical cycle. In this context, it has been suggested that themassive car-
bon release to the atmosphere, plus increased partial pressure of
sulphur dioxide from volcanic degassing, led to acidification of surface
water, contributing significantly to the extinction of certain groups of
calcifying organisms, especially scleractinian corals (Kiessling et al.,
2007; Hautmann et al., 2008).
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The ETE not onlymodified the structure of themarine system, but also
generated a deep change in evolutionary structure. Previous studies
(Kiessling and Aberhan, 2007; Kiessling et al., 2007; Dunhill et al., 2018)
have demonstrated that 41% of the genera that cross through the late Tri-
assic Norian-Rhaetian stage boundary go extinct at the end of the Triassic,
with tropical, calcareous and reef systems recording a particularly high
extinction rate. This event generated a strong selective pressure against
ecological traits such as infaunalfilter-feeders and thosewith a lowmotil-
ity - ichnofaunas, for instance, showing a significant decrease in diversity
and body size as result of intense dysoxic/anoxic conditions (Twitchett
and Barras, 2004; Barras and Twitchett, 2007; Atkinson and Wignall,
2019). The taxonomic composition of assemblages also records a high
turnover in benthic organisms, which led to a complete re-organization
of community structures at a local scale (Tomašových and Siblik, 2007).
Palaeoenvironmental factors such as oceanic acidification (Hautmann,
2004, 2006; Kiessling and Simpson, 2011), anoxic events (Wignall,
2001; Jaraula et al., 2013) and global warming (McElwain et al., 1999;
Kiessling, 2009)wouldhave generated substantial changes inmarine eco-
systems. However, it remains unclear why this event was selective, as
well as the geographical variability of the ecological changes and the na-
ture of the recovery patterns after the event.

The ETE has been relatively well-documented in different sections
around the world such as in the U.S.A, Canada, Austria, Argentina, Peru
and the U.K. (Warrington et al., 1994; Hillebrandt et al., 2007;
Longridge et al., 2007a; Longridge et al., 2007b; Lucas et al., 2007;
McRoberts et al., 2007; Simms and Jeram, 2007; Ward et al., 2007;
Warrington et al., 2008; Bonis et al., 2010; Bacon et al., 2011;
Damborenea et al., 2013; Ritterbush et al., 2015; Ritterbush et al.,
2016; Damborenea et al., 2017). However, despite continuing interest
in the Triassic-Jurassic boundary and the continuous gathering of new
more information regarding the causes ofmass extinction, there remain
a restricted number of marine sections available for paleoecological
study.Many of these sections also show a drastic change in sedimentary
facies – for instance, from restricted even non-marine to fully marine
conditions which could by themselves account for some of the diversity
changes observed (Hesselbo et al., 2004; Barras and Twitchett, 2007;
Mander et al., 2008). In addition, many studies have a low stratigraphic
and hence temporal resolution as indicated by Lucas (1994) and Tanner
et al. (2004). In this context, any observed turnover patterns related to
this extinction could be affected by sedimentary bias, rather than the
extinction event per se, hence masking any real biotic pattern of change
(Hallam, 2002). As a result, knowledge of the time interval and the eco-
logical and taxonomical effects on the ecosystems is still incomplete.
Several high-resolution local studies in the UK (i.e., ‘bed-by-bed’) car-
ried out by Barras and Twitchett (2006), Mander et al. (2008), Mander
and Twitchett (2008) and Atkinson and Wignall (2019), have demon-
strated the reality of the underlying ecological and evolutionary
changes during the ETE, but also, highlighted the need for other studies
at different scales (e.g., local and regional) to help confirm and generate
a clearer picture of extinction patterns. In this context, incorporating
new quantitative palaeoecological information from new Triassic-
Jurassic sections, would not only allow the capture of spatial variation
of the effects of the ETE effects, but also the evaluation of the synchrone-
ity of the extinction and recovery across multiple areas.

This study describes taxonomically and ecologically the marine inver-
tebrate fauna of the Triassic-Jurassic boundary section in Waterloo Bay,
Larne, Northern Ireland, described by Simms and Jeram (2007) as a candi-
date GSSP (Global Stratotype Section and Point) for the base of the Jurassic
System. The study also tests the hypothesis that the palaeocommunities
observed in Northern Ireland show a similar extinction pattern to those
observed in other UK sections, for instance, nearWatchet inWest Somer-
set, near LymeRegis inDevon (SWEngland) and at Lavernock, Glamorgan
in SouthWales. In addition, thiswork attempts to evaluate themode,mag-
nitude and rate of change of ecological attributes during the extinction
event, and the recovery of themarine fauna post-event, in order to gener-
ate comparative models with other studied areas.
2. Stratigraphical context

2.1. Location

Coastal exposures at Larne, County Antrim (around 28 km NNE of
Belfast) offer the only extensive exposures of Late Triassic and Early
Jurassic rocks in Ireland (Fig. 1). The section atWaterloo Bay, in particular,
is well exposed across a wave-cut platform (54°51′ 26″N; 54°8′18″W)
(Fig. 1) and exposes units from the Norian to the Lower Sinemurian
(Bucklandi Chronozone), totalling approximately 115 m (Ivimey-Cook,
1975). The succession dips at around 20° and 30° to the NW in the centre
of the bay and is cut by a few minor faults (Simms and Jeram, 2007).
Equivalent levels have been intersected by several boreholes in the region,
for instance the Larne and Carnduff boreholes (Boomer et al., 2020)which
provide additional stratigraphical information but, due to the small core
size, cannot contribute to anymeaningfulmacro-palaeoecological analysis.

2.2. Geological settings

The Larne sections demonstrate a similar stratigraphical sequence
across the Triassic-Jurassic boundary as seen across most of western
Britain and Ireland, with the latest Triassic, Penarth Group succeeded
by the Lias Group. Nevertheless, the lithologies of the component for-
mations of each group do differ in detail, for instance when compared
with better known sections on the Devon coast near Lyme Regis, West
Somerset coast between Watchet and Lilstock and the southern Welsh
coast at Lavernock as differences in facies, thickness and sediment
type emerge (Simms et al., 2004; Jeram et al., 2020).

Penarth Group: as across southern Britain, the Penarth Group in
Larne is relatively thin (c., 22 m) and comprises a lower Westbury
Formation and an upper Lilstock Formation (Fig. 2B).

a) TheWestbury Formation in Larne is predominantly a dark greymud-
stone and shale with subordinate thin sandstones. It yields a low di-
versity, marine macrofauna, dominated by bivalves. Subordinate
sandstones, however, commonly contain vertebrate debris and a
rich ichnofauna. Although totalling around 7 m in Larne, the forma-
tion is typically incompletely exposed inWaterloo Bay, although the
complete sequence is present in the Larne Borehole and at the out-
crop at Whitehead and Cloghfin Port (Simms and Jeram, 2007).
The formation typically comprises a series of coarsening-up and
fining-up cycles with evidence of transgression in its lowest part
(Macquaker, 1999). This context and the low diversity macrofauna
it yields confirms at least some control or restriction on environ-
ments during this initial transgressive phase and evidence of deposi-
tion above storm wave-base is ubiquitous in the formation (Simms
and Jeram, 2007) (Fig. 2A–B). The upper part of the formation gener-
ally coarsens-upwards into Lilstock Formation facies.

b) The Lilstock Formation comprises, as elsewhere in western and south-
ern Britain, a lower CothamMember and an upper Langport Member.
A desiccation-cracked emergent surface occurs near the top of the
lower CothamMember and macrofossils and bioturbation are largely
absent. The upper part of the Cotham Member, however, fines up-
wards, indicating progressively deepening water environments
above the emergent surface. Three distinctive laminatedmicritic lime-
stones occur just above this surface and have been correlated with
other sites in the region. Above the limestones, bivalves reappear
abundantly in marly siltstone and dark shale of similar facies to the
underlying Westbury Formation. Bioturbation is present in a thicker-
bedded heterolithic (silt-clay) unit at the top of the Member, along
with convex-up shell pavements on discontinuous siltstone laminae.
The CothamMember is overlain by the LangportMember, which is di-
vided into a lower and an upper part. The lower part of the Langport
Member is composed of inter-bedded siltstone and micaceous mud-
stone, with the frequency and thickness of the siltstones decreasing
upwards, also including heterolithic facies. The upper part of the



Fig. 1.A) Location of the sampling site,Waterloo Bay, Larne, Northern Ireland. B) Triassic-Jurassic palaeogeography (modified from Scotese, 2002). CAMP, Central AtlanticMagmatic Prov-
ince (black square indicates sampling locality). C) Generalised lithostratigraphical framework for the Triassic-Jurassic sections sampled in Larne. The shaded area indicates the extinction
horizonwhich coincideswith the first negative carbon excursion. The timing of the TJB and the duration of each stratigraphic unit are based on Ruhl et al. (2010) andWeedon et al. (2019).
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Member is characterised by a distinctive series of thin micritic lime-
stone beds and laminae, containing rounded and angular clasts of
mudstone (Simms and Jeram, 2007; Jeram et al., 2020).

c) Lias Group,Waterloo Bay Formation: overlying the LangportMember, a
1 m thick, dark grey, shaly mudstone is taken to mark the base of Lias
Group. This unit is pyrite-rich and can be correlated with ‘paper-
shales’ (i.e., finely laminated mudrocks which split into thin laminae
on weathering) found at similar levels across England and Wales
(Wignall, 2001; Simms and Jeram, 2007), reflecting rapid deepening.
Since the Larne sequence does not have the distinctive limestone-
mudrock alternations so typical of the ‘Blue Lias’ facies of the lowest
‘Lower Lias’ of central and south-western Britain (Weedon et al.,
2017), it has been assigned to a regional Waterloo Bay Formation. Bi-
valves are abundant throughout the lower part of the Waterloo Bay
Formation at Larne but, in contrast to those in the Penarth Group,
convex-up shell pavements do not occur, suggesting deeper water.
The formation was deposited primarily as hemipelagic marine mud-
stone in the extensive, but relatively shallow, north-western
European seaway (Warrington et al., 2008). It consists of
rhythmically-bedded mudstone, marl and shale, with a variable or-
ganic carbon and silt content, and with a diverse, fully marine fauna
(Simms and Jeram, 2007). Four chronostratigraphical zones comprise
the Hettangian: the Tilmanni Chronozone (for practical purposes, the
unit is broadly equivalent to the ‘Pre-Planorbis Beds’ aucct. and hence
is here referred to as such for easier comparisonwith previous studies
on the ETE), the Planorbis Chronozone, the Liasicus Chronozone and
the Angulata Chronozone (Page, 2010) (Fig. 2A–B, noting that the
Angulata Chronozone is not recorded in this study).

2.3. Triassic-Jurassic boundary, the first isotope excursion and the
‘dead zone’

The position of the Triassic-Jurassic boundary as defined at its GSSP
in Austria and correlated by the first occurrence of the ammonite
Psiloceras spelae tirolicum Hillebrandt and Krsytyn (Hillebrandt et al.,
2013), which absent from all NW European sections. Recent studies
carried out by Jeram et al. (2020), however, conclude, based on the car-
bon isotope record, that the base of the System is likely to lie at around
the top of Bed 22d (see Fig. 2A–B). As the peak of the first negative
carbon isotope excursion in the sequence in Waterloo Bay is at the
level of Bed 9 (but probably initiating around Bed 4 below the
emergence-cracked surface and finishing at base of the Langport
Member, Bed 13; Simms and Jeram, 2007, Steinthorsdottir et al., 2011,
Jeram et al., 2020), this corresponds to the ‘dead zone’ (or point of
higher species extirpation) of Mander and Twitchett (2008), i.e., it
covers the interval from the initial negative isotope excursion to the
lowermost part of the Langport Member as defined by Mander et al.
(Fig. 2A–B).

2.4. Biostratigraphy, chronostratigraphy and timescales

As age-diagnostic ammonoids are entirely absent from the latest Tri-
assic of British and Irish sections, dating the Penarth Group relies on a
range of other macro- and microfossils. The biostratigraphy of the
Penarth Group is briefly reviewed by Swift and Martill (1999) and al-
though various species of both micro- and macro- fauna and flora
maybe restricted to the Group across the region, only a few can confirm
a latest Triassic, Rhaetian age through international correlations. As
reviewed by Simms and Jeram (2007), however, the most valuable for
the Larne sequence appear to be the palynomorphs, including both pol-
len and dinoflagellate cysts. The latter include the well-known
Rhaetogonyaulax rhaetica (Sarjeant), which although classically consid-
ered as a Rhaetian indicator, also ranges up to the Hettangian, Planorbis
Chronozone (Warrington et al., 2008). R. rhaetica has been recorded in
the Carnduff 1 borehole from around 4.5 m below the base of the
Penarth Group, near the top of the underlying Coln Glen Member of
the Mercia Mudstone Group, up to the CothamMember of the Lilstock
Formation (Boomer et al., 2020), which may suggest that the base of
the Rhaetian Stage lies below the base of the Penarth Group.

Image of Fig. 1


Fig. 2.A. Lithostratigraphic log of the Penarth Group and the basal ofWaterlooMudstone Formation, exposed atWaterloo Bay. Occurrences (●) and ranges (black lines) of taxa recordedof
each sample taken from the Larne section (modified from Simms and Jeram (2007). Number of samples are indicated in red. B. Lithostratigraphic log of basal Waterloo Mudstone
Formation exposed at Waterloo Bay. Occurrences (●) and ranges (black lines) of taxa recorded of each sample taken from the Larne section (modified from Jeram and Simms, 2007).
Numbers of samples are indicated in red.
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Fig. 2 (continued).
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The top of the Stage may be indicated by the first occurrence of the
pollen Cerebropollenites thiergartii Schulz, which is typically taken to in-
dicate an age no older than Hettangian, i.e., lowest Jurassic. The species
first appears in Carnduff 1 borehole at 321.2 m (Boomer et al., 2020),
however, nearly 3mbelow the top of the LangportMember. In addition,
miospores from around 2mbelow the top of the LangportMember, and
below, in Carnduff 1, appear to indicate the Trachysporites–Heliosporites
(TH) Zone which spans the Rhaetian-Hettangian boundary at the GSSP
in Kuhjoch in Austria (Hillebrandt et al., 2013). The significance of these
records are unclear, however, as there are records of C. thiergartii, for in-
stance, in sediments assigned to theRhaetian elsewhere (see https://pa-
leobotany.ru/palynodata/species/52059), but in the absence of
additional biostratigraphical evidence, would tend to suggest that the
base of the Jurassic System at Larne would lie close to, or just below,

Image of Fig. 2
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the Penarth-Lias group boundary, as shown on Figure 2, etc., here (and
hence at a lower lithostratigraphical level than suggested by correla-
tions based on carbon isotopes in both south-west England (Clémence
et al., 2010 and Clémence and Hart, 2013) and at Waterloo Bay (Jeram
et al., 2020).

Deriving a provisional chronology for this interval, using the esti-
mates for the duration of the Rhaetian of Wotzlaw et al. (2014) and
with the base of the Stage lying at around 205.50 ± 0.35 Ma and the
top at around 201.58 ± 0.28 Ma, would imply that the around 27 m of
sediment between the uppermost Collin Glen Formation and the top
of the Penarth Group/Langport Member was deposited over around
4.14 My. The time scale for the Hettangian is shown in Figure 1
(see also Table S1), provisionally using Wotzlaw et al.'s (2014) re-
calculated date for the base of the Jurassic of 201.31 ± 0.18 Ma, and
using Weedon et al. (2017, 2019) calculations of the duration of the
succeeding chronostratigraphical units. This calibration indicates that
the Hettangian Stage had a duration of 4.1 Ma, longer than previously
believed, and provides the first ever real timescale against which Early
Jurassic recovery post-ETE can be measured.

2.5. Sampling methodology

Sedimentary logs were produced for the section following the
lithostratigraphic scheme and bed numbers used by Simms and Jeram
(2007) (see Fig. 2B). To decrease bias and capture the spatial and tem-
poral variation in the marine fauna, one random sample of 1.5 ± 0.2
kg of mudstone was taken approximately every 1 ± 0.5 m and
transported to the laboratory for later analysis.

Each mudstone sample was broken down into chips exposing a sur-
face approximately of 45 cm2. Where appropriate, water was used to
soak the rock and separate the fossils without damaging them. In gen-
eral, the fossils observed or recovered were of good quality, facilitating
identification of the invertebratemacrofauna to genus and often species
level and the number of individuals per species was counted. All speci-
mens were classified according to the reviews and schemes of Hallam
(1960), Swift and Martill (1999), Hodges (2000), Moghadam and Paul
(2000), Simms and Jeram (2007), Mander et al. (2008), Paul et al.
(2008), Warrington et al. (2008) and Lord and Davis (2010).

2.6. Data analysis

2.6.1. Richness
Individual-based and sample-based rarefaction techniques follow-

ing Gotelli and Colwell (2001) were used to estimate changes in species
richness across the Triassic-Jurassic boundary to avoid potential biases
in the sampling. Through the Individual-based rarefaction techniques
available in software EcoSim 7.72 (Gotelli and Entsminger, 2021),
three ecological parameters were estimated: number of species,
Shannon-Wiener H′ diversity index (Magurran, 2004) and the species
dominance index. Species richness represents the number of species
in the rarefied samples and the Shannon-Wiener H′ diversity index
was calculated using the natural logarithm as: H = ∑ pi ln [pi],
where pi is the proportion of the sample represented by the ith species
in the sample,whilst the dominance indexwas calculated as the fraction
of the collection that is represented by the most abundant species. For
further details of the methodology see Gotelli and Colwell (2001) and
Gotelli and Entsminger (2021).

Sample-based rarefaction was calculated as the mean value of re-
peated re-sampling of all pooled samples (Gotelli and Colwell, 2001).
In each case, three estimators were calculated to confirm the ob-
served patterns: Mao Tau, Chao1, and Jackniffe1, with all rarefied pa-
rameters being calculated from 10,000 re-samples and sample-based
rarefaction calculated using EstimateS 9.1.0 (Colwell and Elsensohn,
2014). In all procedures, species richness was estimated for each
stratigraphic unit. The stratigraphic units considered were the
Westbury Formation, Cotham Member, Langport Member, with five
further units within the succeeding Waterloo Mudstone Formation
and basal Waterloo Mudstone Formation; ‘Pre-Planorbis Beds’,
Planorbis Chronozone and Liasicus Chronozone. The statistical
differences between different samples and stratigraphic units were
evaluated through the estimation of 95% confidence intervals at
each sampling size (SaS). Significant differences were considered
when the confidence intervals did not overlap.

2.6.2. Abundance
Abundance is defined as the number of entities (individuals) of a

specific category (species) and represents the structure and com-
plexity of the community (Begon et al., 2005). Its properties are esti-
mated by evenness, which quantifies how equal the community is
numerically, or by dominance, which shows that one species is par-
ticularly abundant or controls a major portion of the resources in a
community.

Threemethods were used to calculate temporal differences in abun-
dance. The first is kurtosis, which is ameasure of whether species abun-
dance is peaked or flat relative to a normal distribution. If the kurtosis is
positive it indicates assemblageswith high dominance;more even com-
munities record negative kurtosis (Webb et al., 2009). Thismeasurewas
plotted against stratigraphic height and lithostratigraphic units. The
kurtosis values were estimated with the program PAST 3.26 (Hammer
et al., 2001).

The second method applied is the Rank Abundance Curve (RAC),
which displays the logarithmic species abundances against species
rank order, different RACs reflecting specific ecological scenarios (envi-
ronmental gradients or disturbance) (Magurran, 2004). Five of themost
popular RACmodels were tested against the palaeoecological data: Bro-
ken stick, Geometric series, Log normal, Zipf and Zipf–Mandelbrot
(Magurran, 2004). Akaike weights (w) were used to determine the
model with more support. Akaike weights were computed based on
maximum-likelihood-estimation, through the Akaike Information Cri-
terion (AIC), which balances the goodness-of-fit against model com-
plexity (Wang, 2010). The RAC model with the higher ‘weight’ is
considered to be the most appropriate. RAC models were analysed
using package ‘vegan’, whilst Akaike weights were calculated with the
package ‘qpcR’ of R program (Team, 2018). Finally, the thirdmethod ap-
plied to the data incorporated the dominance index, the estimation of
which is described in the section on Richness above.

2.6.3. Species composition
Composition refers to the different ‘taxonomical entities’ that

constitute an assemblage (Magurran, 2004). One of the measure-
ments is beta diversity (β), which measures the difference in species
composition either between two or more local assemblages through
any gradient, e.g., spatial or temporal (Koleff et al., 2003). Two differ-
ent β diversity indices were estimated, Whittaker (βw) (Whittaker,
1960) and Wilson and Shmida's (βT) (Wilson and Shmida, 1984),
with the aim of quantifying the level of species turnover across the
Triassic-Jurassic boundary. These indices are the most robust against
sample size and changes in α-diversity, but overall, they are sensi-
tive enough to detect gradients in composition (Magurran, 2004).
The indices were estimated by using the statistical program PAST
3.26 (Hammer et al., 2001). To observe composition patterns in the
assemblage, multivariate analysis were also carried out on the
square root transformed abundance data. Additionally, the Bray–
Curtis dissimilarity index was calculated (McCune and Grace, 2002)
and non-metric Multidimensional Scaling (nMDS) ordination was
used to identify whether the samples are strongly grouped by strat-
igraphic unit. Statistical differences between groups were analysed
by means of an analysis of similarity (one-way ANOSIM) (Clarke,
1993) and the relative importance of each group with the highest
dominance were identified by similarity of percentages (SIMPER
procedure). All multivariate analyses were performed by using the
package ‘vegan’ of R Program (R Core Team, 2018).
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2.6.4. Taxonomic distinctness index
This alternativemeasurement of biodiversity of species is based on a

cladistic classification (May, 1960). Clarke and Warwick (1998, 2001)
developed and defined the average taxonomic distinctness (Δ+) and
the variation in taxonomic distinctness (Λ+), based on presence- ab-
sence data. The particularity of these indices is that they can capture
the degree of taxonomical relatedness between species, which makes
them a good proxy for phylogenetic diversity in the absence of robust
phylogeny information (Ellingsen et al., 2005). In addition, this index
has showed to be highly sensitivity for discriminating perturbed from
unperturbed conditions in different studies, as it is not influenced by
the sample size and sampling effort (Bevilacqua et al., 2011), hence
making it a good estimator for evaluating palaeoecological data across
extinction events. Average taxonomic distinctness (Δ+) is define as
‘the mean path length through the taxonomic tree connecting every
pair of species’, whilst the variation in taxonomic distinctness (Λ+), is
‘the variance of these pairwise path lengths and reflects the unevenness
of the taxonomic tree’ (Clarke andWarwick, 2001). Both indices where
estimated for each sample across the Triassic-Jurassic boundary, with all
species recorded being taxonomically classified at the level of species,
genus, family, order, class and phylum. For all cases, distances between
hierarchical taxonomical levels wereweighted by the same step lengths
(ω = 1). Later, Δ+ was plotted against the corresponding number of
species per sample and a 95% confidence funnel was built after 1000
random simulations to test for any departure from observed values
(see Fig. 4A).Λ+ and the Shannon-Wiener H′ diversity indexwere plot-
ted and linear regression was fitted to the data from the Rhaetian,
Westbury and Lilstock formations and from the (mainly) Hettangian
part of the Waterloo Mudstone Formation (‘Pre-Planorbis Beds’ to the
Liasicus Chronozone) and slopes of both regression lines were com-
pared. Δ+ and Λ+ were estimated with the package ‘vegan’ of R Pro-
gram (R Core Team, 2018).

2.6.5. Functional diversity
Functional diversity is the distribution and abundance of functional

traits in an assemblage, community and/or ecosystem and provides in-
formation about ecosystem functioning, because the ecological trait of
individual species or species groups is related to specific ecological
strategies (e.g., filter feeders, predation, herbivory) and are is linked to
ecological functions. Extinction events act as an environmental filter,
which can cause changes in species composition which trigger changes
in ecosystem processes because they modify the functional structure of
the community (Mouchet et al., 2010; Villeger et al., 2008). Bambach's
ecospacemodel can be used to categorise marine specieswithin several
ecological traits which synthesize the organisms performance in the en-
vironment. Ecospace or functional space is a combination of 3 elements:
tiering, motility and feeding. Each of these categories is subdivided into
6 subcategories (i.e., ecological traits), which generate a cube with 216
combinations, or ecological entities, which reveal adaptive strategies
in a marine community and describe how organisms exploit the re-
sources onwhich competition develops, or are limited in their attempts
to do so (Bambach et al., 2007; Bush et al., 2007). All the species
recorded across the Triassic-Jurassic boundary were classified sample-
by-sample in terms of tiering, motility and feeding using autecological
information derived from the Paleobiology Database (http://paleodb.
org/cgi-bin/bridge.pl).

Numerical values were assigned to each ecological entity (see Sup-
plementary Data 1) to quantify each trait. In addition, the proportion
of each ecological entity (i.e., relative abundance) was estimated based
on the total number of species recorded in each stratigraphic unit. The
first functional parameter is functional diversity, which was calculated
as a Shannon-Weiver diversity index for each ecological entity
(Micheli and Halpern, 2005). The second parameter is functional rich-
ness, which is the area occupied for all ecological traits (ecological enti-
ties) for all communities in a multidimensional functional space (see
Fig. 4E–F). To estimate the area, Gower's distance is applied first
(Gower, 1966a, 1966b), generating a matrix of functional distance be-
tween ecological entities. This is followed by a PCoA - principal co-
ordinates analysis- which is applied to the distance matrix. To visualise
these results, dimensions 1 and 2 of the PCoA are plotted (see Fig. 4E–F).
Functional richness is defined as the functional space filled by all the
ecological entities of the assemblage and is measured using the volume
inside the convex hull which encloses all the ecological entities
(Cornwell et al., 2006; Villeger et al., 2008, 2011). In addition, metrics
were incorporated as the number of ecological entities and their func-
tional redundancy, the latter being defined as the ratio between the
number of taxa and the number of functional entities and indicates
how species are distributed between different ecological entities
(Villeger et al., 2011). All functional parameters were calculated for
each stratigraphic unit.

3. Results

3.1. Richness

A total of 1561 individuals corresponding to 41 species grouped in
26 families, 14 orders, 5 classes and 2 phyla were identified in the 36
samples taken from the Triassic-Jurassic-Triassic section in Waterloo
Bay (Table S1). 16 species were recorded from theWestbury Formation,
representing 35% of the total species recorded through the section. The
mean taxonomic diversity through this unit remained relatively con-
stant (Fig. 3A), although the minimum andmaximum values of species
recorded fluctuated between 2 and 7 species per sample (mean ~4).
Minimum values (2 species) were observed at sample levels 0 m and
11 m (throughout theWestbury Formation), with peaks of 7 and 5 spe-
cies at 1.4 m and 10.2 m, respectively (Fig. 3A).

The overlyingCothamMember contained27.5% (11 spp.) of the total
species observed along the section, indicating a decrease of 15.5% in re-
spect to the diversity observed in theWestbury Formation. Through the
Cotham Member, species numbers fluctuate between samples with a
mean of ~2 and peaks at 13.1 m (3 species) and 16.6 (4 species). The
minimum richness value (0occurrences)was observed at 16m (Sample
11) immediately above the mud-cracked surface. Higher in the se-
quence, the number of species increases quickly to 3 species before
reaching the Langport Member (Fig. 3A) and continues to increase
through the Member reaching, a maximum of 5 at 22 m. Despite this,
the Member records the lowest taxonomic diversity through the sec-
tion, with a total of just 7 species representing 17.5% of all species
found in this study. The Langport Member records the onset of ecosys-
tem recovery and the biggest compositional turnover after the End Tri-
assic event (Fig. 3A).

From the base of theWaterlooMudstone at 22m to the highest sam-
ple in the Planorbis Chronozone (at 37 m, the base lying at around 30
m), 36 species (90% of the total) were recorded. Throughout this inter-
val species richness increases although at a lower rate than observed
through the Langport Member. Through this interval, species richness
fluctuateswith peak amplitudes at 4.5 to 10m. From the base of theWa-
terloo Mudstone Formation at 22m above the base of the recorded sec-
tion, species richness shows the three largest peaks at 24.1 m, 27.8 m
and 37 m, with 9, 11 and 13 species, respectively. The lowest richness
values were recorded at 26.2, 32.8 and 39.2 m, with 5, 5 and 6 species,
respectively (Fig. 3A). Between 39.2 and 32.6 m, species number in-
creases rapidly and reaches a maximum of 12 species. From 50.2 to
60.2 m, the number species drops to the same values observed in the
Westbury Formation. The Liasicus Chronozone records 42% (17 spp.)
of all species observed in the section.

Sample rarefaction, carried out by increasing the sampling size
(Fig. S1), confirmed that the number of species drops from the
Westbury Formation (13 spp., 139 individuals) to the Lilstock Forma-
tion, with the Cotham Member and the Langport Member recording
the same species richness (7 spp., 64 individuals). Subsequently, the
number of species increased significantly towards the Hettangian,
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reaching a maximum species richness in the Planorbis Chronozone (22
spp., 628 individuals) (Fig. 3B). Estimations based on among-sample
richness using Mao Tau, Chao1 and Jackniffe1 metrics (Fig. S1) confirm
the decrease of taxonomic diversity from the Westbury Formation into
the Lilstock Formation, and the later richness increase from the basal
Jurassic ‘Pre-Planorbis Beds’ to the Liasicus Chronozone (Fig. S1).
3.2. Abundance

The kurtosis tends to decrease through the section (slope ~0.19)
with a small variation between samples, although a significant peak
(higher dominance) is recorded through the Lilstock Formation, which
coincides with the ‘dead zone’ at the level of the first negative isotope

Image of Fig. 3


Table 1
Comparison of RACmodels derived from abundance distribution ofmarine invertebrates through the ETE. Themodelswere ranked based on Akaike's weight (ωi) following Burnham and
Anderson's recommendation. T is the number of taxa; n is the number of specimens. The highest ωi gives the best fit (in bold). WF: Westbury Formation, CM: Cotham Member, LM:
Langport Member, PPB: Pre-Planorbis Beds, PZ: Planorbis Chronozone, LZ: Liasicus Chronozone.

Zone Taxa n Model Null Preemption Lognormal Zipf Mandelbrot

WF 15 392 AIC 698.31 238.04 104.86 74.45 76.45
Wi 2.49E-136 2.20E-36 1.83E-07 0.73 0.27

CM 6 26 AIC 23.17 22.82 24.33 24.95 26.08
Wi 0.29 0.35 0.16 0.12 0.07

LM 7 123 AIC 35.56 36.17 38.15 44.47 40.09
Wi 0.47 0.35 0.13 0.01 0.05

PPB 14 127 AIC 65.80 59.55 54.85 58.54 59.00
Wi 3.04E-03 0.07 0.72 0.11 0.09

PZ 22 663 AIC 412.95 153.74 111.50 143.00 108.27
Wi 5.76E-67 1.12E-10 0.17 0.00 0.83

LZ 17 230 AIC 75.84 75.32 87.82 111.99 79.19
Wi 0.40 0.52 1.01E-03 5.69E-09 0.08
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excursion (Fig. 3C). Later, through the Hettangian, assemblages record
significantly lower values of kurtosis (average ~3.02 ± 0.6) (Fig. 3C).

Of the 15 species identified from the Westbury Formation,
Rheatavicula contorta (Portlock) was the most abundant, comprising
82% of the individuals, with Pteromya crowcombeia Moore at 8%,
Dacryomya sp. at 3% and Cardinia regularis Terquem at ~2%. Five taxa
showed an abundance greater than 0.3% and 6 species show single oc-
currences with abundances <0.3% (Appendices 6.3 and 6.4). Examina-
tion of the shape of the rank abundance curves through Akaike's
weight showed that the Zipf Model provides the best fit to the inverte-
brate community of the Westbury Formation (Fig. 3D; Table 1).

The assemblages sampled from the CothamMember record on aver-
age a high dominance with P. crowcombeia as the most dominant spe-
cies (47%), followed by Modiolus sp. (15%) and Placunopsis alpina
(Winkler) (13%). The remainder of the species recorded show a relative
abundance less than 9% (Table S2). A geometricmodelwas the best fit of
the RAC distribution through the Member (Fig. 3D; Table 1).

Through the Langport Member, assemblages display a more even
abundance distribution (Fig. 3D; Table S2): Protocardia philippianum
(Dunker) was super-dominant reaching 44% of all species, followed by
Ryderia tatei (Moore) (28%) Liostrea sp. (~10%) and C. regularis Terquem
(~9%). Plagiostoma punctatum J. Sowerby, Pleuromya sp. and
Grammatodon hettangiensis (Terquem) reappear with an abundance of
6%, 3% and 1%, respectively, and were recorded as a single occurrence
(see Table S2). The ‘broken stick’ model was the best descriptor of this
rank abundance distribution (Fig. 3D; Table 1), suggesting that the
abundance of the species was equally distributed.

The number of species recorded in the ‘Pre-Planorbis Beds’ is rela-
tively high (14 spp.), although the differences in relative abundance be-
tween species decrease smoothly (range: 39%–0.8%). In this
assemblage, the dominant species are Modiolus minimus (J. Sowerby),
Diademopsis tomesi (Wight) (an echinoid), C. regularis, Liostrea sp. and
P. tatei (see Table S2). As for the Langport Member, the ‘broken stick’
model best fits this RAC (Fig. 3D; Table 1).

Larger assemblages are present in the Planorbis Chronzone with 21
species recorded, with M. minimus, M. ventricosus (Roemer),
C. regularis and Modiolus sp. recording a relative abundance higher
Fig. 3. Palaeoecological descriptors estimated through the TJB from samples collected inWater
The mean represents the rarefied within-sample marine invertebrate richness estimated by 1
shading indicates the extinction event. B) Average values (±95% confidence intervals) of Sh
interval. Significant differences were assumed if 95% confidence intervals did not overlap. C
assemblages through the Late Triassic mass extinction event. The red line is the LOESS reg
abundance of marine invertebrate fossil communities before, during and after of the End Tr
Whittaker and Wilson-Shmida indices. These indices reflect the temporal difference in specie
calculated by the bootstrap procedure (number of iterations = 10,000). F) No metric mult
dissimilarity index) of the marine invertebrate fauna from the Waterloo Bay, based on square-
coincides with the higher rates of turnover in species composition. The dashed arrow repre
square) of the Westbury Formation and terminating in the centroid of the Liasicus Chronoz
Planorbis Beds, PZ: Planorbis Chronozone, LZ: Liasicus Chronozone.
than ~10%. Within this unit, the crinoid Isocrinus angulatus (Oppel)
and pelagic predators and scavengers such as ammonites Psiloceras,
Neophyllites and Caloceras, also record a high occurrence (~2.5%). A dis-
tinctive signal of a stable ecosystem is the high occurrence of rare spe-
cies, here we record that >55% of the species present have an
abundance <2%. Through this unit, the lognormal RAC distribution
model best fits recorded rank abundances as most of the assemblages
are associated with high evenness (Fig. 3D; Table 1).

During the Liasicus Chronozone, kurtosis values increase slightly,
and the species number remains relatively high (17 spp.), although
the RAC of this assemblage best fits the ‘broken stick’ model (Fig. 3D;
Table 1). Sample rarefaction of the ‘species dominance index’ (Fig. S2)
also shows a decrease of dominance from the Westbury Formation to
the Liasicus Chronozone in Waterloo Mudstone Formation facies. Five
groups were identified (see confidence intervals, Fig. S2): the first
group, comprising the Westbury Formation, shows a highest dominance
(average= 0.87± 0.014); the second group corresponds to assemblages
associated with the Cotham Member (Fig. S2); the third group, the least
dominant assemblage, is made up by the Langport Member (0.44 ±
0.03). The fourth group comprises the ‘Pre-Planorbis Beds’ and the
Planorbis Chronozone (0.38 ± 0.03) (Fig. S2); and the fifth, the Liasicus
Chronozone with the lowest dominance values (0.24 ± 0.04) (Fig. S2).

3.3. Composition

Non-Metric Multidimensional Scaling ordination shows that the
samples from the Triassic are significantly separated from the Jurassic,
perhaps due to the major richness showed during the Hettangian
Stage (Fig. 3E). One-way ANOSIM shows significant differences be-
tween the composition of faunas from each unit (R = 0.359; p <
0.001) with SIMPER analysis revealing that assemblages associated
with the CothamMember record a greater dissimilarity compared to as-
semblages from theWestbury Formation, the LangportMember and the
WaterlooMudstone Formation (Table S3). The faunal composition from
theWestbury Formation to the CothamMember records an average dis-
similarity of 90% (Table S3). From the 15 species recorded in the
Westbury Formation, seven species are recorded as single occurrences
loo Bay. A) Raw (black line) andmean species richness (red line ±2 S.D.) for each sample.
0,000 iterations. The blue line is the LOESS regression through the data point (α = 0.3),
annon-Wiener diversity estimated as sampling size increases, before and during the Tr/J
) Dominance (Kurtosis/Number of species ±95% confidence intervals) of marine fossils
ression through the data point estimated with an alpha 0.3. D) RACs derived from the
iassic mass extinction event. Y-axis on log (n) scale. E) Beta diversity (β) estimated by
s composition between samples. The percentiles represent the 95% confidence intervals
idimensional scaling (NMDS) plot resulting from the ordination analysis (Bray–Curtis
root transformed proportional abundance. Grey arrow shows the extinction event which
sents the shift in ecosystem structure across the TJB, starting with the centroid (black
one. WF: Westbury Formation, CM: Cotham Member, LM: Langport Member, PPB: Pre-
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(Fig. 3E), eleven species disappeared and just three species cross into
the Cotham Member (Table S3). Gervillella sp., Permophorus elongatus
(Moore), R. contorta and Dacryomya sp. became extinct, whilst seven
other species reappear in the Langport Member (Table S3).

The Cotham and Langport members record an average dissimilarity
of ~94% (Table S3). During the Cotham Member, 4 species disappear:
Isocyprina concentricum (Moore), P. alpina, Mytilus cloacinus Tutcher
and P. crowcombeia, whilst only Modiolus sp. and P. philippiana cross
into the Langport Member. Through the Cotham Member, two species
show unique occurrences (Fig. 3E; Table S3). The dissimilarity from
the Langport Member to the ‘Pre-Planorbis Beds’ at the base of theWa-
terloo Mudstone Formation drops ~84%. Within the Langport Member
just two species disappeared, P. punctatum and C. hettangiensis, with
three new species appearing and Cardinia re-appearing: P. philippiana
is the only species that crosses into the Waterloo Mudstone Formation
(Table S3). Through the Langport Member, 5 species showed a single
occurrence (Fig. 3E).

From the ‘Pre-Planorbis Beds’ to the Planorbis Chronozone, two spe-
cies disappear at the zonal boundary, 7 new species appear, four genera
re-appear (Chlamys, Modiolus, Oxytoma and Protocardia) and 7 species
cross through to the Liasicus Chronozone of the 12 species which
occur in the ‘Pre Planorbic Bed’ to Planorbis Chronozone interval. The
mean dissimilarity between the ‘Pre-Planorbis Beds’ and Planorbis
Chronozones decreased to ~78%, showing a high similarity between pe-
riods (Fig. 3E; Table S3). The dissimilarity increases 87% between the
Planorbis and the Liasicus chronozones, both units sharing 10 species
(Table S3). The Planorbis Chronozone recorded 13 unique occurrences,
whilst the Liasicus Chronozone recorded 7 single specimens of species,
perhaps due to colonisation by new species. In addition, the Liasicus
Chronozone interval underwent one of the biggest decreases in species
richness through the section, although it was not enough to generate
significant differences in composition (Table S3).

In summary, 66% of theWestbury Formation assemblage disappears
at the base of the Cotham Member. From the residual fauna, 75% be-
come extinct before reaching the base of the Langport Member. In addi-
tion, the dissimilarity percentage of the marine assemblage increases
within the Cotham and Langport Member (94%; Table S3), confirming
the compositional turnover estimates of the βw and βr indices
(Fig. 3F; Table S4), which in turn suggests that the main extinction
could be placed during deposition of the Cotham Member. However,
the random disappearance of some taxa and the high frequency of sin-
gle occurrences through the section could reflect facies changes, sam-
pling bias or other biological processes, such as migration and/or
dispersal. To assess such factors, the stratigraphical ranges of the taxa
recorded in this studywere comparedwith the recorded stratigraphical
ranges in previous studies in order to confirm if the observed local dis-
appearance reflect a global or regional extinction of these species. Of the
taxa recorded in Larne, only two genera show such a global extinction,
Permophorus and Rhaetavicula, which both disappear at the top of the
Westbury Formation. Five species, however, show a regional extinction;
P. alpina,M. cloacinus, I. concentricum and Protocardia rhaetica (Merian),
with Mytilus re-appearing in the Planorbis Chronozone.

3.4. Taxonomic distinctiveness index

Comparing data across the ETE inWaterloo Bay using the 95% confi-
dence funnel forΔ+ (Fig. 4A), shows that 81% of the data corresponding
to ‘Pre-Planorbis Beds’ and the Planorbis and Liasicus chronozones, de-
parts significantly from expectations (p < 0.05), whilst only three
points, corresponding to samples from Liasicus Chronozone, lie close
to the expected mean (Fig. 4A). From those samples taken from the
Westbury and Lilstock formations, only 4 samples record an average
taxonomic distinctness (Δ+) significantly lower from the expected
(Fig. 4A). Only one sample from the CothamMember lies above the ex-
pectedmean, whilst the remaining samples fall inside of the lower limit
of the funnel (Fig. 4A). In addition, the regression between the Shannon
diversity index and the variation in taxonomic distinctness (Ʌ+)
(Fig. 4B, Table 2), exhibits a point of inflection where samples from
the Westbury and Lilstock formations record a lower slope compared
to samples from the Waterloo Mudstone Formation (Table 2).

This would indicate that taxonomic heterogeneity (or taxonomic
variation) increases significantly during the recovery stage, starting
from the ‘Pre-Planorbis Beds’ (basal Lias Group) (Fig. 4B).

3.5. Functional richness and ecological space

The functional richness and the functional diversity estimated across
the ETE, shows a significant increase from the Westbury Formation to
the Liasicus Chronozone (Fig. 4C–E). Figure 4C–D represent the tempo-
ral changes of the functional area (convex hull) across the ETE based on
the distribution of the ecological traits derived from an ecospace model
(Bambach et al., 2007) (see Table 3 for all functional parameters).

In general, a total of 10 ecological entities (i.e., combinations of eco-
logical traits) are occupied by the marine invertebrate fauna within the
study interval (Fig. S3). Four ecological entities were used by the faunas
from theWestbury Formation, comprising 11.5% of functional space re-
corded during the ETE. Despite containing a high number of species, the
functional diversity was relatively low (Fig. 4E), with most of the eco-
logical categories restricted to benthic filter-feeding species with low
motility, which reflects a high functional redundancy and dominance
(Table 3). Three ecological entities are recorded in the CothamMember,
with the functional richness decreasing to 8% of the total functional
space, whilst the functional diversity drops 2%with respect toWestbury
Formation, albeit not significantly different (Fig. 4C–E). The relative pro-
portion of the ecological entities associated with semi-infaunal and
surface-dwelling categories drops on average to ~10%, whereby the
functional redundancy decreases significantly, whilst the composition
of each ecological category changed drastically (Fig. 4C-E).

The fauna of the Langport Member records just four ecological enti-
ties (Fig. S3), with the functional area increasing to 32%, albeit with the
functional richness not showing significant differences compared to the
CothamMember (Fig. 4C). The functional redundancy increased signif-
icantly twofold becausemore species started to occupy surface dwelling
and shallow tier levels (Fig. S3, Table 3). The marine fauna of the ‘Pre-
Planorbis Beds’ expands around twofold its functional space from the
Langport Member. Eight ecological entities were used by the Early
Hettangianmarine fauna, with three new ecological entities appearing:
fast pelagic predators (ammonoids), sessile erect suspension feeders
(the crinoid Isocrinus) and slow epifaunal herbivorous (the echinoid
Diademopsis tomesi). Meanwhile, surface dwelling and infaunal forms
continued to fill the ecospace with new species, which increases signif-
icantly the functional redundancy (Figs. 4C, S3, Table 3). The marine in-
vertebrate fauna records 10 ecological entities during the succeeding
Planorbis Chronozone, 8 entities as used by the previous fauna, but
with two new entities incorporated: surface, facultative unattached, fil-
ter feeders and epifaunal slow-moving deposit feeders. Through this in-
terval, packing increases significantly, especially in groups such as
surface, semi- and shallow-faunal dwellers – however, the proportional
abundance seems to drop slightly in comparison to previous intervals
(Figs. 4C, E, F, S3, Table 3).

Finally, the functional diversity and functional richness of the
Liasicus Chronozone has increased around fourfold compared to the
Cotham Member, and 15% compare to the Planorbis Chronozone. De-
spite the high number of ecological entities used by the marine fauna
(i.e., 10), the ecological redundancy was low, due to the low number
of species recorded from this stratigraphic unit, probably due to sam-
pling bias. However, the species packing increases, mainly as ecological
entities associated with categories such as surface and semi-infaunal
(Figs. 4C, E, F, S3, Table 3).

Figure 4D shows that functional and taxonomic β-diversity are
strongly correlated (Mantel test, r=0.64, p < 0.05), which the taxonom-
ical component recording, on average, a higher turnover (Mean=0.69±



Table 3
Taxonomic and functional parameters FR= functional richness, FD= functional diversity,
No. sp= number of species, EE= number of ecological entities, Fred= functional redun-
dancy. WF: Westbury Formation, CM: CothamMember, LM: Langport Member, PPB: Pre-
Planorbis Beds, PZ: Planorbis Chronozone, LZ: Liasicus Chronozone.

Diversity indices WF CM LM PPB PZ LZ

FR 2.58 1.73 2.55 4.81 4.93 5.84
FD 1.252 1.011 1.127 1.548 1.957 2.15
No. sp 15 6 12 29 33 17
EE 4 3 4 8 10 10
FRed 3.75 2 3 3.625 3.3 1.7

Table 2
Parameters of the relationship between Shannon diversity index and variation in taxonomic
distinctness (Ʌ+) for those samples from Waterloo Mudstone Formation (WMF), and
Westbury Formation (WF) and Lilstock Formation (LF). a= intercept; b=slope; r2= coef-
ficient of determination; DFn, DFd = degrees of freedom numerator and denominator, re-
spectively; F = Fisher distribution value; (*) = significant value (>0.05). The slopes
between curves are significantly different F(1,31), p < 0.05.

Regression a b r2 DFn; DFd F

WF and LF 135.3 ± 38.70 349.6 ± 90.06 0.4849 1; 16 15.06*
WMF 98.34 ± 77.83 747.4 ± 112.4 0.7467 1; 15 44.23*

Fig. 4. Taxonomic distinctness and functional parameters estimated through the TJB atWaterloo Bay. A) Average taxonomic distinctness (□+). The expectedmean (dotted line) and the
standard deviation are plotted (±SD). B) Relationship between the Shannon-Wiener H′ index and variation in taxonomic distinctness (Ʌ+). WF: Westbury Formation, CM: Cotham
Member, LM: Langport Member, PPB: Pre-Planorbis Beds, PZ: Planorbis Chronozone, LZ: Liasicus Chronozone. C) Functional diversity. Black line is the LOESS regression through the
datapoint estimated with an alpha 0.3. Dash line representing the percentiles 2.5% and 97.5%. D) Correlation between taxonomic and functional beta diversity. Dashed line is a 1:1 line.
E) and F) Changes of functional richness across the ETE. The filled areas represent the functional richness (convex hull) of each lithostratigraphic unit. Component 1 and 2 of the
Principal Coordinates Analysis (PCoA) are based on Gower distance and explain >65% of the total variability. Each bubble represents one ecological entity and its size proportional to
its relative abundance. The cross on each panel represents the center of gravity. The ecological categorisation of each species is listed in the Supplementary data.

736 L.F. Opazo, K.N. Page / Proceedings of the Geologists' Association 132 (2021) 726–742

Image of Fig. 4


737L.F. Opazo, K.N. Page / Proceedings of the Geologists' Association 132 (2021) 726–742
0.06) compared to functional strategies (Mean = 0.26 ± 0.08). Despite
the high taxonomic dissimilarity observed between the Cotham and
Langport members (~86% of the species are different), a high functional
similarity is kept, whichmeans that ecosystem functioning remained rel-
atively stable despite a high level of change in species composition. In
contrast, more that 50% of the functional space changed, with ~70% of
the species turnover taking place during the onset of the recovery (be-
tween the Langport Member and the early Waterloo Mudstone Forma-
tion), indicating that a rapid diversification of functional strategies
happened during this interval. ~40% of the functional space is modified
during the first pulse of extinction (between the Westbury Formation
and the Cotham Member) although no change in functional strategies
were recorded, despite the high taxonomic turnover reached, during in
the Waterloo Mudstone Formation.

4. Discussion

4.1. Patterns of change

The results presented in this study indicate that the Waterloo Bay
(Larne) section preserves a highly detailed record and complete tempo-
ral trajectory for the marine fauna through the ETE (Fig. 3). Hence, our
results add novel information to compliment the few palaeoecological
studies of marine invertebrate faunas carried out in the UK which
have focused on evaluating the effects of the end-Triassic mass extinc-
tion. The results are also consistent with previous studies carried out
in the region (Hallam, 2002; Mander et al., 2008; Wignall and Bond,
2008), which indicate an elevated extinction rate (>50%) at the top
the Westbury Formation and the base of the Cotham Member. Wignall
and Bond (2008), for instance, report that of the 26 bivalve species pres-
ent in theWestbury Formation, 20 became extinct (77% species extinc-
tion), whilst Mander et al. (2008), through an exhaustive analysis,
reported an extinction of 65% across the Westbury Formation/Cotham
Member boundary. We record a total of 10 species (all bivalves)
which disappeared across the extinction event, with only 5 species
passing through to the CothamMember.

According toMander and Twitchett (2008) Rhaetavicula, Cassianella,
Permophorus and Lyriomyophoria were the only genera that experi-
enced a regional extinction, which agrees with the disappearance of
R. contorta and P. elongatus in the Waterloo Bay section. In addition,
Wignall and Bond (2008) confirm the temporal disappearance of
species such as C. regularis, C. valoniensis, Gervillella sp., Cosmetodon
hettangiensis (Terquem), Modiolus hillanus (J. Sowerby), Oxytoma sp.
and Plagiostoma punctatum, which reappear in the Lias Group. Finally,
species as Isocyprina concentricum, Mytilus cloacinus and Pteromya
crowcombeia underwent extinction during the Langport Member, as
also observed by previous studies (Mander and Twitchett, 2008;
Wignall and Bond, 2008).

Another pattern observed across the Westbury Formation/Cotham
Member boundary is the extinction of infaunal forms: from the 9 infau-
nal species recorded here, only Modiolus spp., Cardinia regularis and
Protocardia rhaetica passed through to the Jurassic, although during
the studied interval they maintain only very low occurrences. In addi-
tion, P. rhaetica is the only infaunal taxa that crossed theWestbury For-
mation/CothamMember boundary, although it went extinct during the
‘Pre-Planorbis Beds’ interval. All our records are consistent with studies
carried out by Kiessling et al. (2007), Wignall and Bond (2008), Mander
et al. (2008) andMander and Twitchett (2008), which confirm the pat-
tern of end-Triassic extinctions within the marine fauna and the reduc-
tion in infaunal bivalves.

The Cotham Member and the Langport Member have been
interpreted as possible ‘Extinction Zones’ immediately after the extinc-
tion event (Mander et al., 2008). The temporal trajectory of beta diver-
sity shows that during this interval themain species turnover happened
at two levels: across the Westbury Formation/CothamMember bound-
ary andduring the CothamMember (Fig. 3B). Thefirst peak represents a
turnover of ~19% of the fauna, whilst the second turnover represents
~26% of dissimilarity compared to previous sampling horizons. The
first turnover apparently coincides with a major drop in sea-level
prior to the onset the first isotope excursion (Hesselbo et al., 2004;
Mander et al., 2008), whilst the second turnover is related to major dif-
ferences in faunal composition between the earliest level of the recov-
ery and the latest stage of the extinction zone. These observations
confirm previous studies carried out by Wignall and Bond (2008) and
Kiessling and Aberhan (2007), whose analyses were carried out at a
regional-level, but they also agree with the more detailed observations
of Mander et al. (2008) at a local scale.

The Langport Member represents the transition between two dis-
tinctive communities (pre-extinction and post- extinction) (see
Fig. 5B). This stage is characterised by survival species, but also includes
blooms of disaster and opportunistic species, and the first radiation of
progenitor taxa. From the Langport Member onwards, the number of
species increased rapidly, which can be considered to be the onset of a
recovery phase. Characteristic features of this stage are summarized
by Mander et al. (2008) who described it as the recovery Stage 1 of
Twitchett (2006). The main features of this assemblage are low diver-
sity, high dominance, a low level of epifaunal and infaunal forms and
the absence of trace fossils. Small differences observed in the Waterloo
Bay section, when compared to other studies, however, are still consis-
tent with the model proposed by Twitchett (2006) after Harries et al.
(1996). The latter's model, for instance, established that the first stage
of faunal recovery is characterised by a very diverse and rapid increase
of the marine fauna. The high peak in β-diversity recorded in the
Langport Member could be explained by a high-level of colonisation
by opportunistic species and the re-appearances of taxa which disap-
peared at the top of Westbury Formation. However, during this stage
there is no radiation of new clades (only bivalves are present), which
is confirmed by the low values of phylogenetic distance (Fig. 3D and
E). The large peak of species richness recorded during the Langport
Member reflects the high volatility of ecological structures following a
mass extinction event (Harries et al., 1996).

According to Wignall and Bond (2008), the Langport Member re-
cords origination rates of ~39% at a regional scale, whilst our estimation
would suggest a rate of origination of approximately ~29%, which is
compatible despite the scale of observation. Species that colonised and
survived under the extreme hothouse conditions and recurrent hypoxia
that are believed to have characterised the interval (Jaraula et al., 2013),
probably exhibited specific physiological and ecological strategies. For
instance, they might include opportunistic species which could depress
their metabolism at times of reduced resource input (Hand and
Hardewig, 1996; Guppy and Withers, 1999; Jacobson et al., 2016),
have a small body size (Twitchett, 2006, 2007; Jaraula et al., 2013), be
eurytropic, or with a faster growth and reproduction strategy (Harries
et al., 1996). However, such species can be quickly replaced by late suc-
cessional species with a K-strategy during the recovery. It is likely,
therefore, that Protocardia philippiana and P. langportensis had such an
opportunistic strategy due to their explosive appearance and higher
abundance only during this interval. Subsequently, both were gradually
replaced by genera such as Cardinia, Plagiostoma and Modiolus during
subsequent successional stages, which had more generalist strategies.

Although we did not record any presence of ichnotaxa or signs of
bioturbation in the Langport Member, we consider that the Langport
Member assemblages can be categorised as the very-early Stage 1 of
the recovery, in agreement with the model proposed by Twitchett
(2006). Our categorisation relies on the records of Simms and Jeram
(2007), which indicate that in the Larne succession, trace fossils are
present throughout, from the Westbury Formation to the Waterloo
Mudstone Formation, excepting in the CothamMember, where evidence
of bioturbation is absent (see also Simms and Jeram, 2007). Although
only a few studies have described palaeoecological and diversity
changes through the Langport Member (Wignall and Bond, 2008;
Mander et al., 2008; Atkinson and Wignall, 2019) and our work agrees



Fig. 5. Dynamics of ecological parameters and summary of themain events through TJB section inWaterloo Bay. ICIE: initial isotope excursion (carbon isotopic curve from Hesselbo et al.,
2004). ETE: End Triassic extinction event, dating follows estimate of Ruhl et al. (2010). Blue line represents rarefied richness by stratigraphical unit. Orange line represents the trajectory of
the β-diversity and the green line indicates the changes in functional diversity. Occurrence of ichnofossils based on Simms and Jeram (2008) and Barras and Twitchett (2007). ‘TJB’, marks
the Triassic-Jurassic Boundary. Dysoxic/anoxic phases are based on Atkinson andWignall (2019). The timing of the TJB and the duration of each stratigraphic unit are based onWeedon et
al. (2017, 2019) and Ruhl et al. (2010). All fauna drafted was base in fossil taxa recorded in the Larne section (see also Simms and Jeram, 2008). WF: Westbury Formation, CM: Cotham
Member, LM: Langport Member, PPB: Pre-Planorbis Beds, PZ: Planorbis Chronozone, LZ: Liasicus chronozone.
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with these and incorporates new and detailed information regarding
the early stage of the recovery after the end-Triassic extinction event.

The ‘Pre-Planorbis Beds’ are characterised by an exponential in-
crease in taxonomic richness, even distribution of abundance between
communities, expansion of functional space and a high dissimilarity in
phylogenetic terms (Fig. 3). Environmental conditions that prevailed
through this interval are characterised by a marine transgression with
coastal environments, dysoxic conditions punctuated by frequent an-
oxic events (Atkinson and Wignall, 2019), high levels of the atmo-
spheric CO2 and hot conditions (Galli et al., 2005; Jaraula et al., 2013).

Despite this extreme environmental scenario, the ‘Pre-Planorbis
Beds’ assemblages at Waterloo Bay exhibit a higher richness and rapid
recovery compared to other sections. For instance, our sampling across
this level incorporated species such as Psiloceras erugatum (Phillips),
Isocrinus angulatus and Diademopsis tomesi. In addition, Simms and
Jeram (2007) report highly structured communities at this level, with
a high species richness of bivalves, the presence of ammonites, plus a
high occurrence of crinoids and other echinoderms and dwarfed trace
fossils. Elsewhere, Mander et al. (2008) have reported echinoderm spe-
cies during this interval inWest Somerset, associatedwith a higher rich-
ness of bivalves comparable to our observations, aswas also reported by
Atkinson and Wignall (2019) for Lavernock and Nash Point in
Glamorgan.

Differences in themagnitude of the recovery can be explained bydif-
ferent sampling strategies between studies and/or the local environ-
mental variability as a result of a spatial extension (patchiness) of the
oxygen restrictions during the recovery interval. Concerning the latter,
Atkinson and Wignall (2019) suggest that anoxic and dysoxic events
could have been more common in deeper water settings, whilst closer
to shore, dysoxic conditions would be less persistent. As the Waterloo
Bay section appears to represent more coastal-influenced conditions,
this can explain the high taxonomic richness, with the lowest part of
the ‘Pre-Planorbis Beds’ being characterised by less intense dysaerobic
conditions (Simms and Jeram, 2007), in a similar setting to that re-
corded in the same interval near Lyme Regis in Devon (Atkinson and
Wignall, 2019). Despite the difference in species composition due to
variation between localities, our characterization agrees with the obser-
vations of Barras and Twitchett (2007), Mander et al. (2008), Pugh et al.
(2014) and Atkinson and Wignall (2019). In this sense, we classify as-
semblages from this interval as between stages 2 and 3 of Twitchett's
(2006) recovery model, due to the colonisation by erect filter feeders,
grazing forms, and the early appearance of pelagic predators. The
rapid recovery of the marine fauna could be a response to an increase
in marine productivity in coastal systems, despite the influence of the
global warming event (Clemence et al.; Clémence and Hart, 2013). In
contrast to other extinction events such as the end-Permian, anoxia
phases were common and with a wide extension, spreading into shal-
low and inner shelf settings (Wignall and Twitchett, 1999; Atkinson
and Wignall, 2019). It is highly probably that the same mechanism
that acted during recovery after the Early Toarcian ‘extinction’ event
(Danise et al., 2013) could have also been operating during the earliest
Jurassic, where oxygenated patches around coastal areas provided ref-
uges for extinction survivors which eventually generated new species
that migrated into suitable areas with better environmental conditions
(Danise et al., 2013).

The Planorbis to Angulata chronozones are characterised by a pro-
gression towards maximum richness, low dominance, high composi-
tional similarity and high ecological complexity. Following the
recovery model of Twitchett (2006), this extended interval can be clas-
sified as stages 3–4 as crinoids, infaunal bivalves and various epibenthic
forms (herbivores, carnivores,miners) showhigh occurrences, although
trace fossils do not exceed 20 mm in diameter (see Simms and Jeram,
2007), which is a condition that can be categorised as Stage 4 (i.e.,ma-
ture assemblages). Younger assemblages, such as within the lowest
Sinemurian, Bucklandi Chronozone in the same area, record a burrow
diameter of >20 mm (Barras and Twitchett, 2007), although it should
be noted that already in the Angulata Chronozone of the Devon-
Dorset coast, the equivalent Blue Lias Formation is characterised by
small-scale cycles of trace fossils representing cyclic changes from
mm-scale burrows representing dysaerobic conditions to cm scale as-
semblages formed under oxic conditions within individual mudrock-
limestone rhythms (Moghadam and Paul, 2000; Weedon et al., 2017).

Image of Fig. 5


739L.F. Opazo, K.N. Page / Proceedings of the Geologists' Association 132 (2021) 726–742
Our data indicates that the number of ecological roles performed by
themarine fauna from the Planorbis to the Angulata chronozone is low,
despite higher values of biodiversity as taxonomic, functional, and phy-
logenetic levels. This could be explained by the low packing and the low
species saturation during this interval, potentially maintained by pre-
vailing harsh environmental conditions. Characterization of the marine
systems of the Early Jurassic demonstrates that high pCO2 conditions
persisted through the entire Hettangian (McElwain et al., 1999;
Steinthorsdottir et al., 2011; Jaraula et al., 2013) and that persistent
anoxia-dysoxic conditions were a very common component of the
shelf seas of Tethys (Schwab and Spangenberg, 2007; Quan et al.,
2008; Richoz et al., 2012; Atkinson and Wignall, 2019) which may
have delayed recovery after the ETE.

4.2. Timing

As noted previously, the recent cyclostratigraphical analysis of the
Hettangian by Weedon et al. (2019) indicates that the Hettangian Stage
had a longer duration of 4.1 Ma when compared to previous estimations
of 1.7 to 2 million years based on U-Pb dating (Schaltegger et al., 2008;
Schoene et al., 2010) and cyclostratigraphy (Ruhl et al., 2010; Hüsing
et al., 2011; Ruhl et al., 2016). The new chronology proposed by
Weedon et al. (2019), would indicate that recovery was slower than pre-
viously assumed (Ruhl et al., 2010), which requires a re-evaluation of the
intensity and effects of the ETE in ecological terms. Weedon et al. (2017,
2019), improved earlier cyclostratigraphies by detecting hiatus and gaps
in sedimentary cycles through the sampling of multiple sites in the UK
and calculating a minimum duration for each of the 55 ammonite
biohorizons identified through the Hettangian and, hence, for every
chronozone and subchronozone. Crucially, this study confirmed that dif-
ferent zones and subzones can be of significantly different durations
and hence assuming similar durations, as is common in timescale crea-
tion, can produce verymisleading results (e.g., ~1.55Ma for the Planorbis
Zone, ~0.66Ma for the Liasicus Zone and ~1.29Ma for theAngulata Zone).
Here, we combine the duration of the Rhaetian calculated by Wotzlaw
et al. (2014) with the Hettangian timescale of Ruhl et al. (2010) and
Weedon et al. (2019) to provide a timescale across the Triassic-Jurassic
boundary (Fig. 5), in order to better understand the speed of the response
of marine communities to the ETE.

In summary, extinction of palaeocommunities during the ETE was
extremely rapid, and before the first negative carbon excursion at
201.51 Ma as it occurred from the Westbury Formation to the Cotham
Member. The duration of this apparent ‘Dead Zone’ (sensuMander
et al., 2008) spanning the CothamMember to lower Langport Member,
may have lasted only around 20–40 ky. The initial recovery, however,
which took place during the ‘Pre-Planorbis Beds’ interval, between the
top of the Langport Member and the Planorbis Chronozone, apparently
took place over less than ~500 kyr. Nevertheless, full ecosystem recov-
ery does not seem to have taken place until the top of Liasicus
Chronozone, a period of around 2.76 Ma -although some studies indi-
cate that this was not achieved until the Sinemurian, after around 4.5
My (Barras and Twitchett, 2007; Mander et al., 2008; Atkinson and
Wignall, 2018). Nevertheless, regardless of the different chronologies
used to time the ETE, in comparative terms the recovery of the end-
Triassic ecosystems was faster (at ~2.5 Myr) than from the end-
Ordovician (~5 Myr) (Krug and Patzkowsky, 2004), the end-Permian
(~5–8 Ma) (Foster et al., 2015) and end-Cretaceous mass extinctions
(up to 8 Ma) (Lowery et al., 2018).

4.3. Catastrophic shift in marine ecosystems across the ETE

The ETE in Larne provides evidence of abrupt and irreversible
changes at a structural and functional level within marine ecosystems.
Theoretical and experimental ecological studies have shown that eco-
systems can switch abruptly to a contrasting ecological landscape (‘or
alternative state’), where ‘unstable equilibrium states’ delimit such
alternative stable states (Scheffer et al., 2001; Scheffer and Carpenter,
2003). General hypotheses suggests that the abrupt ecological trajecto-
ries from one state to another, through an unstable equilibrium, would
reflect non-linear responses at the time, that increased due to gradual
forcing by environmental factors (Scheffer et al., 2001; Clare et al.,
2017). Three key patterns have been identified across such shifts be-
tween states: (1) change in structure and ecological dominance of
guilds, (2) ecological changes triggered by stochastic events and
(3) the stabilization of the final state is reach through synergetic effects
of biological and external factors (Scheffer et al., 2001).

The pattern of biological change recorded in this study fit models of
catastrophic shift in marine ecosystems. For instance, post-extinction
states are completely different (functionally and structurally) from
pre-extinction states, with the Lilstock Formation representing the un-
stable equilibrium state because it marks the shift in dominance of var-
ious species with different modes of life and hence deep structural
changes. During the extinction event, the community shift was from
ecologically complex scenarios (RADs: i.e., Zipf or lognormal model) to
ecologically ‘simple’ RADs (i.e., a geometricmodel) inwhich few species
dominated themarine benthos (i.e., a high kurtosis). After the event, as-
semblages returned to ecologically complex scenarios during the recov-
ery phase. In terms of species composition, NMDS ordination indicates
that pre-extinction assemblages of the Westbury Formation and ‘dur-
ing-extinction’ assemblages of the Cotham and Langport members,
were compositionally different from post-extinction assemblages of
the Waterloo Mudstone Formation, and the age equivalent Blue Lias
Formation elsewhere in southernBritain–with thehighest species turn-
over during the Lilstock Formation, mainly at the level of the Cotham
Member. The centroids of each stratigraphic unit are plotted for clarity
on Figure 3F to show this trajectory of ecological change. Similarly to
other ordination analyses of paleontological data (Holland and
Patzkowsky, 2004; Holland, 2005; Webber, 2005; Layou, 2009; Danise
et al., 2013; Danise et al., 2015), Axis 1 reflects a set of environmental
gradients that determine the ecological shift through the section. For in-
stance, the fauna associatedwith theWestbury Formation is related to a
deeper water environment and despite its high species richness, the as-
semblages record a high dominance of infaunal forms, with a low eco-
logical packing and functional richness. Whilst the Lilstock Formation
represents a shallow marine system (Hesselbo et al., 2004), the faunas
of the Cotham and Langport members represent very simple ecosys-
tems. During this phase, extreme environmental conditions inflicted a
severe perturbation on the ecosystems, which determined significant
changes in the ecological seascape. For instance, sea level changes led
to the largest turnover of the fauna between the Westbury Formation
and the Cotham Member. Immediately afterwards, environmental
drivers associatedwith climate changes, such as rises in the CO2 content
of the atmosphere and temperature increases, triggeredwidespread an-
oxia which also generated a bio-calcification crisis and a collapse of ma-
rine productivity which persisted into the lower part of the Hettangian
(Wignall and Atkinson, 2020).

The final state of this trajectory is the later Lias Group, which repre-
sents amoderatewater depth environment (e.g.,mid-shelf), with ecolog-
ically complex assemblages (Hesselbo et al., 2004), showing a high
compositional similarity within ecosystems and a more even abundance
distribution (Log normal model), high species packing (ecological redun-
dancy), and wide expansion of the fauna through different axis of avail-
able ecospace (i.e., a high ecological complexity). However, one of the
biggest signatures of this ecological shift is the drastic change in taxo-
nomic composition. The highest rate of incorporation of new taxa adapted
to the new conditions increased the taxonomic distinctness from the ‘Pre-
Planorbis Beds’ to the Liasicus Chronozone which directly affected the
functioning of marine ecosystems in the Early Jurassic (Dunhill et al.,
2018). The end-Triassic is a clear case of a mass extinction, although re-
lated to two stages of extinction that acted asynchronously.

Ecological flips between different alternative stable states, rather
than smooth and gradual shifts, have been well documented for coral
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reefs and other marine benthic assemblages (Scheffer et al., 2001;
Dudgeon et al., 2010; Rocha et al., 2015), where the common factor
that triggered such flips are related to changes in climatic conditions
such as rises in sea temperature and enhanced greenhouse gas emis-
sions, which affect long termprimary productivity, nutrientflux, trophic
structure and ecosystem functioning (Scheffer et al., 2001; Rocha et al.,
2015). In this context, the data presented here reveal drastic modifica-
tions in marine ecosystems as the result of a phase of severe global
warming potentially associated with CAMP eruptions.

4.4. Potential taphonomical bias

Palaeoenvironmental bias and possible changes in the lithofacies
can be an important element when trying to establish a genuine
underlying signal within patterns of palaeoecological changes. The
Larne succession was deposited primarily as a hemipelagic marine mud-
stone in extensive, but relatively shallow conditions and comprises
rhythmically-bedded mudstone, marl and shale, with a few limestone
horizons present from the middle of the Johnstoni Subchronozone
(i.e., upper Planorbis Subchronozone) (see Simms and Jeram,
2007). In this context, relatively limited lithological changes across
the Triassic-Jurassic boundary in Waterloo Mudstone facies at
Waterloo Bay are less likely to be a major factor that could generate
a bias in our ecological signals than if facies changes were more sig-
nificant across the system boundary. Nevertheless, although changes
from pale grey calcareous mudstone to darker less calcareous mud-
stone can be reflected in fluctuations in the raw number of species
(see Fig. 3A), rarefaction analysis (Fig. S1) can generate a distinctive
response for each stage of the extinction interval, which shows that
there is no loss of ecological signal across the ETE. In addition, com-
positional changes in species only happened significantly during
the extinction phase where significant changes in lithology are not
evident, hence indicating that despite the variation in lithofacies,
such changes do not mask the underlying ecological effects of
the ETE.

Nevertheless, palaeoenvironmental bias could also be an important
factor that could mask any extinction signal across the ETE – for exam-
ple as the Lilstock Formation represents very shallow marine settings,
whilst the Westbury and Waterloo Mudstone formations were depos-
ited in deeper water conditions. In addition, if lithofacies are not evenly
distributed across different palaeoenvironments, it can be difficult to
generate an even sampling design to improve the control of the biolog-
ical data in the context of such palaeoenvironmental changes. Here we
have provided a robust sampling design by increasing the number of
samples (replicates) for each set of environment and/or conditions be-
fore, during and after the extinction event in order to estimate the var-
iation of the species turnover and the phylogenetic signal across the
Triassic-Jurassic boundary. As a result, despite theWestbury andWater-
loo Mudstone formations indicating major changes in sea level through
the sequence, the magnitude of the turnover of the species recorded
within the Lilstock Formation still remains significantly higher. In addi-
tion, the phylogenetic signal recorded before and after the ETE, was
only disrupted during Lilstock Formation deposition. This indicates
that although a change of sea level alone can produce variation of the
ecological structure along a gradient, modification at the level of phylo-
genetic structure and ecological complexity can only be produced by a
mass extinction event. In this context, the biological signal is strong
enough, despite any potential lithological and paleoenvironmental
bias, to provide clues as to the combination of factors that acted syner-
gistically to produce the ETE.

5. Conclusion

This is the first quantitative, palaeocommunity-level analyses of as-
semblages across the Triassic-Jurassic boundary in Northern Ireland,
and clearly confirms a marked disruption in the evolution of marine
faunas and emphasises the variability of the ecological response to an
extinction event. Rapid sea level fall led to the sudden disappearance
of the marine fauna associated with the Westbury Formation and
through the Cotham and Langport members, oceanic acidification
produced a selective extinction affecting infaunal and aragonitic-
shelled organisms. Subsequently, ocean stratification and anoxic/
dysoxic events were common during the Early Hettangian. This series
of dramatic environmental changes triggered the loss of more than
60% of themarine fauna and a turnover of more than 75% of the species
composition. The extinction eventwas rapid (~20–40 kyr) and spanned
the Cotham - early Langport Member boundary. Despite this, the recov-
ery of the ETE was also, relatively quick (taking around ~150 kyr be-
tween the Langport Member and the early Lias Group, ‘Pre-Planorbis
Beds’), with a maximum taxonomic richness observed during this
study during the Planorbis Chronozone.

The ETE can be considered to be a catastrophic expression of the
changes that abruptly affected the taxonomic structure and functioning
of themarine ecosystem. Communities before the extinction (Rhaetian)
exhibited assemblages with lower ecological complexity, high domi-
nance and low taxonomic variation, whilst the recovery in the after-
math of the ETE witnessed a significant increase in distinctness
diversity, with a concomitant expansion of ecological strategies, which
endedwith ecologically complex seascapes. Our studies are comparable
to others carried out both in the UK and globally and illustrate in high
resolution the trajectory of the ecological change across the end-Triassic
extinction event and into the Jurassic.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.pgeola.2021.06.004.
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