Response of early Toarcian (Early Jurassic) benthic marine
faunas from South-Western Europe to temperature-related
stressors
DISSERTATION
zur Erlangung des akademischen Grades

Doctor rerum naturalium
(Dr. rer. nat.)

im Fach Biologie

eingereicht an der
Lebenswissenschaftlichen Fakultät
der Humboldt-Universität zu Berlin

von
M.Sc., Veronica Piazza

Präsidentin der Humboldt-Universität zu Berlin
Prof. Dr.-Ing. Dr. Sabine Kunst

Dekan der Lebenswissenschaftlichen Fakultät
der Humboldt-Universität zu Berlin
Prof. Dr. Bernhard Grimm

Gutachter/innen:

PD Dr. Martin Aberhan
Prof. Dr. Jörg Fröbisch
Prof. Dr. Wolfgang Kiessling

Tag der mündlichen Prüfung: 20.08.2020

To you, mom.

GENERAL ABSTRACT
Global warming and associated stressors – mainly oceanic acidification and
deoxygenation –, collectively termed also “temperature-related stressors”, play an important
role during episodes of climate change across Earth history. The combined impact of these
three main stressors are known to negatively affect marine biota and the health of oceanic
ecosystems, often exacerbating the impact of other anthropogenic stressors. For example,
under the current climate change scenario and in past events as well, there is record of altered
species distribution, habitat loss, extinctions and decreased physiological performance (i.e.,
growth, reproduction and metabolic activity) of organisms. Despite the ever-increasing
evidence and the growing knowledge obtained through experimental works on organismic
physiology, the specific mechanisms through which climate change influences ecological
patterns are still debated. Past environmental perturbations represent an opportunity to
investigate the dynamics of ecosystem and biotic crises before, during and after ancient
episodes of climate change. The work described in this thesis represents an attempt to
integrate the knowledge from different disciplines in order to increase our understanding on
the role played by temperature-related stressors on marine benthic biota and ecosystems. The
early Toarcian Oceanic Anoxic Extinction event (TOAE), during the Early Jurassic (~182
Ma), was chosen for its well-preserved geological, geochemical and palaeontological record.
High-resolution quantitative faunal (both taxonomic and ecological) and geochemical data
from benthic marine macroinvertebrates, mainly brachiopods and molluscs, were
investigated using principles known from organism physiology and ecology as an aid for
interpretation of the observed patterns. The aims are to identify and evaluate the mechanisms
of faunal and ecological shifts under a temperature-related stressor scenario, with particular
focus on body size patterns and ecosystem change and recovery, and to estimate the role of
environmental stressors as proximate causes of the biotic crisis. We find that, during the
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studied event, temperature increase led to biodiversity loss and reduced body size of
organisms during, and possibly even before the TOAE and associated biotic crisis.
Moreover, with warming, the structure of marine communities was reorganized both in terms
of taxonomic and ecological composition. The response to environmental stress was variable
within and between the different taxonomical groups, with brachiopods more severely
affected while molluscs seem to exhibit better tolerance. These findings increase our
understanding of biotic responses and ecosystem and biodiversity shifts under temperature
stress, hopefully contributing to the prediction of ongoing and future ecosystem changes
under the present-day warming scenario.

Keywords: Jurassic, early Toarcian, warming, brachiopods, bivalves, palaeoecology.
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ZUSAMMENFASSUNG
Globaler Temperaturanstieg und die damit verbundenen Stressoren – im marinen
Bereich hauptsächlich Ozeanversauerung und die Ausbreitung von Sauerstoffmangelmilieus
–, die zusammenfassend auch als "temperaturbedingte Stressoren" bezeichnet werden,
spielen eine wichtige Rolle während der Episoden des Klimawandels in der Erdgeschichte.
Die kombinierten Auswirkungen dieser drei Hauptstressoren wirken sich negativ auf marine
Lebensgemeinschaften und die Gesundheit ozeanischer Ökosysteme aus und verschärfen
häufig die Effekte anderer anthropogener Stressoren. Zum Beispiel gibt es sowohl für den
aktuellen Klimawandel als auch für vergangene Erwärmungsphasen Belege für veränderte
Artenverteilung, Lebensraumverlust, Artensterben und verminderte physiologische
Leistungen (Wachstum, Reproduktion, Stoffwechselaktivität) von Organismen. Trotz des
ständig wachsenden Wissens, das durch experimentelle Arbeiten zur organismischen
Physiologie gewonnen wird, werden die spezifischen Mechanismen, durch die der
Klimawandel ökologische Muster beeinflusst, intensiv diskutiert. Umweltveränderungen in
der Erdvergangenheit bieten die Gelegenheit, die Dynamik von Ökosystemkrisen vor,
während und nach Episoden des Klimawandels zu untersuchen. Die dieser Arbeit zugrunde
liegenden Studien stellen einen Versuch dar, das Wissen aus verschiedenen Disziplinen zu
integrieren, um unser Verständnis der Rolle temperaturbedingter Stressoren für marine
benthische Ökosysteme zu verbessern. Das Toarcian Oceanic Anoxic Event (TOAE)
während des frühen Jura (~182 Ma) wurde hier aufgrund seiner guten geologischen,
geochemischen

und

paläontologischen

Überlieferung

ausgewählt.

Hochaufgelöste

quantitative taxonomische, paläoökologische und geochemische Daten von benthischen
marinen Makroinvertebraten, hauptsächlich Brachiopoden und Mollusken, wurden unter
Anwendung von Prinzipien aus der Physiologie und Ökologie analysiert und interpretiert.
Ziel ist es, die Mechanismen ökologischer Veränderungen unter Temperaturstress zu
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identifizieren und zu bewerten, mit besonderem Schwerpunkt auf Körpergrößenmuster
sowie Veränderungen in der Zusammensetzung und Struktur von ehemaligen
Lebensgemeinschaften, und die Rolle von Umweltstressoren als unmittelbare Ursachen der
biotischen Krise abzuschätzen. Wir stellen fest, dass der Temperaturanstieg während des
TOAE zu einem Verlust an biologischer Vielfalt und zu einer Verringerung der Körpergröße
der Organismen unmittelbar vor und während des TOAE und der damit verbundenen
biotischen Krise führte. Darüber hinaus wurde mit der Erwärmung die Struktur der marinen
Gemeinschaften sowohl in Bezug auf die taxonomische als auch die ökologische
Zusammensetzung neu organisiert. Die Reaktion auf Umweltstress war innerhalb und
zwischen den verschiedenen taxonomischen Gruppen unterschiedlich, wobei Brachiopoden
stärker betroffen waren als Mollusken. Diese Ergebnisse verbessern unser Verständnis der
langfristigen biotischen Reaktionen auf temperatur-induzierten Stress und können zur
Vorhersage künftiger Veränderungen mariner Ökosysteme bei einem Fortschreiten des
gegenwärtigen Erwärmungstrends beitragen.

Schlagwörter: Jura, Unteres Toarcium, Erwärmung, Brachiopoden, Bivalven, Palökologie.
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PREFACE AND AUTHOR CONTRIBUTIONS
The studies presented in this thesis are part of the collaborative project TERSANE
(FOR 2332: Temperature related stresses as a unifying principle in ancient extinctions),
which focuses on assessing the impact of temperature-related stressors on marine biota using
animal physiology as a bridging discipline between ecology, palaeontology and
physico-chemical conditions.
This thesis gives an overview of the research topic in a general introductory chapter
(Chapter 1), where the ideas behind each paper are briefly summarised and connected. The
main body of the thesis (Chapters 2 – 5) consists of four research papers which illustrate the
most important findings. Three papers (Chapters 2 – 4) were written by the PhD candidate
(V.P.) as main author and one (Chapter 5) as a co-author. All of them have been published
in high impact scientific journals. These papers are discussed in Chapter 6, where the major
findings and addressed themes are inserted into a larger framework that includes the
significance for present and future research. Concluding remarks are given in Chapter 7.

Paper 1. Piazza, V., L.V. Duarte, J. Renaudie, and M. Aberhan. 2019. Reductions in body
size of benthic macroinvertebrates as a precursor of the early Toarcian (Early Jurassic)
extinction event in the Lusitanian Basin, Portugal. Paleobiology 45(2): 296–316.
Conceptualization and data collection by V.P. and M.A. First author V.P. carried
out taxonomical identifications, data analyses, visualization and writing with help from M.A.
Co-author L.V.D. assisted during fieldwork and provided input during the writing process.
Co-author J.R. assisted with the statistical analyses.
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Paper 2. Piazza, V., C.V. Ullmann, M. and Aberhan. 2020. Temperature-related body size
change of marine benthic macroinvertebrates across the early Toarcian Anoxic Event.
Scientific Reports 10: 4675.
Conceptualization and data collection by V.P. and M.A. First author V.P. carried
out taxonomical identifications, data analyses, visualization and writing with help from M.A.
Geochemical analyses and assistance in writing were performed by co-author C.V.U.

Paper 3. Piazza, V., C.V. Ullmann, and M. Aberhan. Ocean warming affected faunal
dynamics of benthic invertebrate assemblages across the Toarcian Oceanic Anoxic Event in
the Iberian Basin (Spain). PLoSONE 15: e0242331.
Conceptualization and data collection by V.P. and M.A. First author V.P. carried
out taxonomical identifications, data analyses, visualization and writing with help from M.A.
Geochemical data and input during writing were provided by co-author C.V.U.

Paper 4. Ullmann, C.V., R. Boyle, L.V. Duarte, S.P. Hesselbo, S.A. Kasemann, T. Klein,
T.M. Lenton, V. Piazza, and M. Aberhan. 2020. Warm afterglow from the Toarcian Oceanic
Anoxic Event drives the success of deep-adapted brachiopods. Scientific Reports 10: 6549.
Conceptualization and writing by first author C.V.U. with contributions from the
other co-authors. PhD candidate V.P. participated in fieldwork, performed taxonomical
identifications and gave palaeontological input during the writing process.
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CHAPTER 1 – GENERAL INTRODUCTION
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CHAPTER 1

1.1 Impact of Climate Change on Life: TemperatureRelated Stressors
Current anthropogenic-driven climate change represents a severe threat to the
biodiversity and health of marine ecosystems through increased water temperatures, oceanic
acidification and deoxygenation (collectively also termed “deadly trio”) (Bijma et al. 2013;
Beaugrand et al. 2015). While warming is a direct consequence of increased emissions of
CO2 in the atmosphere, ocean acidification is derived from the ocean's absorption of CO2
(Jenkyns 2010). Deoxygenation is related to increased ocean stratification and/or increased
nutrient input (derived from an accelerated hydrological cycle and weathering rates due to
warming) resulting in e.g., eutrophication and expansion of oxygen minimum zones onto the
shelf (Bijma et al. 2013; Breitburg et al. 2018). Amongst these main stressors, temperature
represents the most pervasive one in limiting biological functions and modulating the effects
of hypoxia and ocean acidification (see section 1.2 below). Because of this key role of
temperature in the interaction between the different stressors of the “deadly trio” the term
“temperature-related stressors” (TRS) is also used.
The increasing evidence of ongoing negative effects of warming and associated TRS
on marine organisms and ecosystems is undeniable, and includes e.g., changes in
geographical and depth distribution of species (Calosi et al. 2016; Koenigstein et al. 2016;
Day et al. 2018), change in composition and complexity of communities, habitat loss and
extirpations and extinction of species (e.g., Garrabeu et al. 2009; Biggs et al. 2012; Reddin
et al. 2020), and decrease in biological productivity (Moore et al. 2018), animal biomass
(Lotze et al. 2019) and body size (Daufresne et al. 2009). Therefore, it is essential to
understand the mechanisms through which climate changes affects life and ecosystems, and
the dynamics and consequences of environmental change. In this respect investigations of
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climate perturbations in Earth history can provide insight on the effects of the current
human-induced biodiversity loss and ecosystem degradation.
TRS have been identified as important factors involved in past events of biotic crisis
associated to climate change (e.g., Permian/Triassic, Early Triassic, Early Jurassic,
Cretaceous, Paleocene-Eocene Thermal Maximum [e.g., Jenkyns 2010; Song et al. 2014;
Dunhill et al. 2018; Foster et al. 2019]). While the present climate change scenario is
ultimately related to anthropogenic emissions of greenhouse gases, disturbances of the
carbon cycles for past events are associated to CO2 emissions caused by massive volcanic
activity (e.g., Wignall et al. 2005).
When investigating the effects of climate change on biota and ecosystems it is
appropriate to remember that carbon cycles perturbations, i.e. emissions of greenhouse gas,
represent the ultimate cause of biotic crises, but TRS represent their proximate cause. The
relative role of each proximate stressor is though difficult to evaluate because of synergistic
interactions which may exacerbate the effects of single stressors (e.g., Pörtner et al. 2005;
Byrne and Przeslawski 2013), or because of the additional role of other potential factors
(e.g., changes in productivity, salinity and food supply). As such, the underlying mechanisms
of ecosystem evolution, variations in community compositions and organism responses
related to TRS are still not completely understood, despite being crucial in predicting
ecological dynamics in the face of deteriorating environmental conditions (Cahill et al. 2013;
Payne et al 2016).
Knowledge on the physiological performance of organisms under varying
temperature, pH and oxygen conditions can help estimating the capacity of species to
withstand environmental stress, and hence interpreting palaeobiological patterns, both from
present-day data and fossil record.
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1.2 State of the Art on the Physiology of Organisms under
TRS Conditions
Experimental work on the physiological responses of marine animals to changing
environmental conditions has led to the establishment of the concept of “oxygen and capacity
limited thermal tolerance” (OCLTT), which defines the thermal tolerance of organisms
(Pörtner 2001; Pörtner et al. 2009, 2017). The OCLTT concept integrates the biological
functioning of organisms and TRS and defines their thermal sensitivity. Using this concept
within a climate change context can be useful to gain insights on how and through which
physiological mechanisms climate change can affect life (e.g., Pörtner et al. 2005, 2017;
Pörtner 2010, 2012). The concept implies that with increasing environmental stress
physiological performances decline, leading ultimately to death if the stress leads to
conditions beyond the thermal tolerance of the organism (Pörtner and Farrel 2008; Breitburg
et al. 2018). This is relevant especially for warming scenarios, as temperature affects the
oxygen supply needed for physiological well-functioning. With an increasing mismatch
between oxygen supply and demand, the physiological functions to be affected first are the
ones that are not absolutely necessary for survival, e.g., growth (hence body size),
reproduction and motility (Pörtner et al. 2017). Synergistic interactions between warming
and the other TRS can further lower the tolerance of organisms to deteriorating
environmental conditions (Pörtner et al. 2005; Byrne and Przeslawski 2013). The metabolic
constraints can depend on the size (large vs. small), activity (stationary vs. motile) or clade
(Reddin et al. 2020).
Of particular interest for this study is body size. Body size is one of the traits of an
organism’s physiology for which there is evidence of negative influence of environmental
stress (e.g., Daufresne et al. 2009; Gardner et al. 2011), and which can be quantitatively
assessed: an important aspect when comparing present and fossil records. The idea is that
4
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body size can represent potentially a useful trait to predict the response of organisms to
climate change (Daufresne et al. 2009; Day et al. 2018) and the nature of the stressor(s)
involved, and can potentially be an early evidence of ecosystem and community degradation.
The OCLTT principle implies also that how warming affects a taxon depends on the
temperature range to which the organisms are adapted, i.e. the thermal niche, being narrow
thermal niches the least tolerant to stress (Pörtner and Knust 2007; Pörtner et al. 2017). A
few studies are investigating whether the thermal niche, represented by latitudinal range,
also reflects the ability of organisms to sustain warming conditions (e.g., Day et al. 2018;
Reddin et al. 2019). Most sensitive to warming would be then the organisms already at the
upper margin of their tolerance window, the ones with a narrow range and the ones adapted
to tropics, because they experience little temperature variation (Chown and Gaston 2008;
Stuart-Smith et al. 2017). On the long run, the ability of organisms to withstand hostile
environmental conditions will shape diversity patterns and interactions between species,
with ultimate effects on the whole community/ecosystem structure (Reddin et al. 2020).
The application of physiology in ecology (macrophysiology) is a very active field,
with high potential in contributing to the knowledge of how climate change can affect
organisms, biodiversity and ecosystems (Chown et al. 2004; Chown and Gaston 2008, 2016).
Still, the integration of multiple biological and ecological disciplines to interpret patterns
from fossil record and their driver(s) is a relatively new approach (e.g., Knoll et al. 2007;
Song et al. 2014; Calosi et al. 2019; Eymann et al. 2020) presenting not a few challenges,
mainly related to our incomplete knowledge on the physiology of particular taxonomical
clades.
Firstly, investigations of past communities often involve extinct taxonomical groups
(for which we have no data on their physiology, unless it can be inferred from existing
relatives) or groups which today are not as common as in the geological past, as is the case
5
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of brachiopods. And even amongst the most studied groups, like the molluscs, the observed
responses can be mixed, possibly depending on the taxa studied or the type and extent of
applied stress in the experimental work (Gazeau et al. 2013 for a review).
Secondly, experimental work often focuses on only one or two stressor(s), due to the
difficulty of replicating complex and variable interactions between stressors at a laboratory
scale (but see the attempt of Eymann et al. 2020 and Götze et al. 2020), leaving the issues of
the effects of multiple stressors largely unexplored. Finally, another important aspect is time.
The temporal scale investigated through experimental work is very short compared to the
duration of environmental perturbations, even when combining data from living and fossil
individuals from recent but still existing taxa (also see the attempt of Cross et al. 2018 on
the terebratulid brachiopod Calloria incospicua). This implies that responses to short-term
stress may not be valid on the long run under the prolonged stress documented by the fossil
record.

1.3 State of the Art on the TOAE
The event chosen to integrate physiology, ecology and palaeontology, and for which
there is evidence of an important role of TRS, is the early Toarcian Oceanic Anoxic Event
(TOAE; ~182 Ma, Early Jurassic; Jenkyns 1988). The TOAE is classified as a second-order
extinction episode, associated with one of the major environmental perturbations of the
Mesozoic (Hesselbo et al. 2007; Suan et al. 2015), and is defined by a pronounced negative
carbon isotope excursion (CIE) (Jenkyns 1988; Hesselbo et al. 2007; McArthur et al. 2008;
Hermoso et al. 2012; Boulila and Hinnov 2017). The ultimate cause of the TOAE is related
to rapid and elevated emissions of greenhouse gases from the Karoo-Ferrar Large Igneous
Province, which covers South America, South Africa and Antartica today (Pálfy and Smith
2000; Suan et al. 2008; Dera et al. 2011), and methane emissions from marine sources
6

INTRODUCTION
(Hesselbo et al. 2000). The duration of the event is estimated between 300 kyr to 900 kyr
from geochronological, astronomical and biostratigraphical calibrations (Suan et al. 2008a,
2015; Boulila et al. 2014; Sell et al. 2014).
Aside from the prominent CIE, the TOAE was also characterised by elevated
seawater temperatures (e.g., Bailey et al. 2003; Suan et al. 2008b; Dera and Donnadieu 2012)
and deposition of organic-rich black shales (Jenkyns 1988; Röhl et al. 2001; Bailey et al.
2003; Danise et al. 2013; Suan et al. 2018). The event coincided also with sea-level rise
(Aurell et al. 2003; Thibault et al. 2018), increased continental weathering and runoff
(Brazier et al. 2015; Them et al. 2017b), decreased carbonate production (Mattioli et al.
2009) and, to some extent, oceanic acidification (Trecalli et al. 2012). While evidence of
increased seawater temperatures has been recorded worldwide, the estimated temperature
change depends on the latitude. The most severe estimates, between +6 and +8 °C, come
from data from higher latitudes (Dera et al. 2009; Gómez and Goy 2011), while they range
from +2 to +3.5 °C in subtropical areas (Dera and Donnadieu 2012; Danise et al. 2019). The
lower temperature estimates are comparable to the projected warming rates under the current
climate change (Rhein et al. 2013; Moore et al. 2018; Trisos et al. 2020), making the TOAE
a potential past analogue of the present-day climate change, at least in magnitude if not
necessarily in rate.
The original paradigm of the event (Jenkyns 1988) was based on a global deposition
of organic rich black shales, suggestive of severe deoxygenation, from which the TOAE was
named. Research work has thus focused primarily on dysoxic-anoxic settings (e.g., Jenkyns
1988; Little and Benton 1995; Röhl et al. 2001; Aberhan and Baumiller 2003; Wignall and
Bond 2008; Caswell et al. 2009; Caswell and Coe 2013; Danise et al. 2013, 2015; Caswell
and Frid 2017; Them et al. 2018). Further studies since the first establishment of the TOAE

7

CHAPTER 1
have though increasingly documented the regional nature of dysoxia-anoxia, and led to
proposing the TOAE be reclassified as a regional anoxic event (RAE; McArthur et al. 2008).
The TOAE affected both nektonic and benthic organisms, as shown by extinction
and faunal turnovers across multiple taxonomic groups e.g., palynomorphs, ostracods,
ammonites, foraminifera, nannofossils and brachiopods (e.g. Cecca and Macchioni 2004;
Wignall and Bond 2008; Mattioli et al. 2008, 2009; Arias and Whatley 2009; Arias 2013;
Morten and Twitchett 2009; Dera et al. 2010; Gómez and Goy 2011; Barrón et al. 2013; Rita
et al. 2016; Martindale and Aberhan 2017; Correia et al. 2017, 2018). Marine extinctions
were particularly severe within the clade of brachiopods, with the disappearance of the
orders Spiriferinida and Athyridida (Vörös 2002; Vörös et al. 2016). Most species recorded
before or up to the start of the TOAE went extinct in the northwest European basins and the
Mediterranean Province where they were distributed (García Joral et al. 2011, 2018;
Baeza-Carratalá 2013; Comas-Rengifo et al. 2013, 2015). Further biotic consequences of the
TOAE included far-reaching compositional and functional reorganizations of communities
and protracted recovery from the loss of biodiversity (Little and Benton 1995; Gahr 2005;
Danise et al. 2013; Caswell and Dawn 2019).
A developing interest has recently been given also to investigations on the variations
in body size as a reflection of environmental conditions. This topic has been already
addressed for more prominent extinction events (e.g., Twitchett 2006; He et al. 2007, 2010,
2015 on Permian/Triassic brachiopods from China, Kiessling et al. 2018 on Permian/Triassic
ammonoids from Iran, Lockwood 2005 on Early Cenozoic bivalves). For the TOAE, some
work has been done across different groups, i.e. belemnites (Rita et al. 2019), nannofossil
(Mattioli et al. 2009), pre-TOAE brachiopods (Garcia Joral et al. 2018), bivalves (Fürsich et
al. 2001; Morten and Twitchett 2009; Caswell and Coe 2013; Martindale and Aberhan 2017;
Caswell and Dawn 2019), ammonites (Morten and Twitchett 2009).
8
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Studies on the palaeoecology of benthic communities have reconstructed local
sea-bottom environmental conditions, i.e. oxygenation, trophic regimes, substrate conditions
and sedimentation rates, ecological shifts in community compositions and biodiversity loss
from dysoxic-anoxic environments (Aberhan 1993; Aberhan and Fürsich 1997; Hallam and
Wignall 1997; Harries and Little 1999; Röhl et al. 2001; Gahr 2002, 2005; Aberhan and
Baumiller 2003; Caswell et al 2009; Danise et al. 2013, 2015, 2019; Martindale and Aberhan
2017; Dunhill et al. 2018). Marine oxygen depletion is indeed often depicted as the prime
and global causal mechanism of the biotic crisis of the TOAE. Nevertheless extinctions,
ecosystems shifts and biodiversity loss are recorded independently of the oxygenation level,
as shown by the few studies that have investigated the macrobenthos of the more oxygenated
shallow-shelf habitats found in South-West Europe (Spain, Portugal) and Northern Chile
(e.g., Fürsich et al. 2001; Gahr 2002, 2005; García Joral et al. 2011, 2018; Danise et al.
2019). For these oxygenated environments, the role of warming rather than anoxia is
hypothesized in driving ecological changes (Gómez and Goy 2011; Miguez-Salas et al.
2017). Overall, though, rigorous statistical testing on the relationship between TRS and
faunal variables is rare.
Whatever the main stressor, whether warming or anoxia, the potential synergistic
interactions between the various TRS and other biotic and abiotic factors (e.g., changing sea
level, salinity, productivity) are less clear and needing further investigations.

1.4 Research Questions and Themes Addressed in the
Thesis
In relation to the topics addressed above, this thesis focuses on the faunal dynamics
of marine benthic macroinvertebrates from well-aerated environments and aims to discern
whether the mechanisms and the causes of the biotic crisis associated with the TOAE are
9
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comparable or identical to the patterns observed in the environments characterized by
dysoxic-anoxic conditions.
The ultimate aims are, firstly, to investigate the effects of the TOAE on benthic
brachiopod-molluscs communities, specifically body size patterns and community
composition and, secondly, to estimate the relative role of TRS, in particular temperature, as
drivers of the said biotic changes associated with the TOAE. The overarching hypothesis is
that temperature, amongst the other candidates of the “deadly trio”, plays a fundamental role
in driving ecosystem shifts.
Body size trends and their link to environmental change are assessed in the first two
papers (Chapters 2 and 3). Changes in community structure, both taxonomical and
ecological, and their correlation to temperature, are analysed in the third paper (Chapter 4).
The physico-chemical details briefly mentioned throughout Chapters 2 to 4 are fully
presented and discussed in the fourth paper (Chapter 5).
Chapter 2: Reductions in body size of benthic macroinvertebrates as a
precursor of the early Toarcian (Early Jurassic) extinction event in the Lusitanian
Basin, Portugal, explores body size trends before the onset of the TOAE from the sections
of Fonte Coberta/Rabaçal. There is evidence from both marine and terrestrial ecosystems of
decreased body sizes in animals as a response to present-day warming (Daufresne et al. 2009;
Ohlberger et al. 2013; O’Gorman et al. 2017), which can be caused by different mechanisms
involving size shifts at all levels of the ecological hierarchy, i.e. from individual to whole
community scale (Daufresne et al. 2009). In particular, larger-sized individuals/species
would be physiologically at disadvantage due to their higher metabolic demands (e.g.,
Daufresne et al. 2009; Genner et al. 2009). In this chapter we test whether these physiological
observations can be extended also for past events. We investigate whether there is evidence
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of selectivity of TRS against larger-sized species, and whether body size decrease can be
considered an early indicator of subsequent changes at community level.
Chapter 3: Temperature-related body size change of marine benthic
macroinvertebrates across the early Toarcian Anoxic Event, expands the investigation
on the relationship between temperature and body size changes started in Chapter 2 with
data from the better-preserved and temporally more consistent fossil record from the section
of Barranco de la Cañada, Spain. This study recalls the same physiological principles
illustrated and tested in Chapter 2 and tests them on data from a similar depositional
environment as the eastern Lusitanian Basin. It covers a longer time interval, including
TOAE and post-TOAE; specifically, we have abundant and continuous data from within the
TOAE which is not the case for anoxic settings. Body size data across the TOAE are
correlated with oxygen isotopes (proxy for temperature) obtained from the same dataset (see
Chapter 5) and the mechanisms of body size variations investigated.
As explained in the previous paragraphs, body size variation is just one aspect of
ecological change that can occur due to increased environmental stress. Overall changes in
community composition are represented also by its taxonomical composition and its
ecological function (e.g., Hillebrand and Kunze 2020). In Chapter 4: Ocean warming
affected faunal dynamics of benthic invertebrate assemblages across the Toarcian
Oceanic Anoxic Event in the Iberian Basin (Spain), these aspects are explored and their
link to TRS tested. By tracking the environmental and faunal change leading up to, across,
and following the TOAE, the chapter focuses on whether and how the communities before
and after the TOAE differ from each other. The analyses explore at which stage the changes
in community composition occur, the timing and pattern of recovery and how the event
effects diversity. The study tries also to identify whether particular modes of life and
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ecological traits are affected, in this way addressing the topic of trait specific tolerance to
environmental stress.
The environmental framework of the studies here presented is given in Chapter 5:
Warm afterglow from the Toarcian Oceanic Anoxic Event drives the success of
deep-adapted brachiopods. This work is more specifically related to geochemical aspects
and their interpretation in terms of changes in temperature and the carbon cycle. Selected
faunal samples from our study are used to obtain isotope values to reconstruct the isotope
excursion and environmental conditions of the studied sections during the TOAE. The data,
obtained from bivalve and brachiopod shell material from the two sections of Portugal and
Spain, give a high-resolution estimation of temperature and carbon cycle variations related
to the TOAE. Within this framework, the success of the rhynchonellid brachiopod
Soaresirhynchia bouchardi, typical and abundant in the TOAE, is also explained. The high
abundance of this species in the TOAE has allowed the reconstruction of detailed and robust
temperature trends even for the most severe phases of environmental upheaval, which has
not been possible for most other profiles due to the lack or a reliable and complete fossil
record during the TOAE.
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Reduction of body size is a common response of organisms to environmental
stress. Studying the early Toarcian succession in the Lusitanian Basin of
Portugal, we tested whether the shell size of benthic marine communities of
bivalves and brachiopods changed at and before the global, warming–related
Toarcian oceanic anoxic event (TOAE). Statistical analyses of shell size over
time show that the mean shell size of communities decreased significantly before
the TOAE. This trend is distinct in brachiopods and is caused by larger-sized
species becoming less abundant over time, whereas it is not significant in
bivalves, suggesting a decoupled response to environmental stress. Reductions
in shell size precede the decline in standardized sample-level species richness
associated with the early Toarcian extinction event. Such decreases in the shell
size of marine invertebrates, well before the onset of biodiversity change,
suggest that reductions in body size more generally may be a precursor of a
subsequent loss of species and turnover at the community level caused by
climate change. Sedimentological evidence is against hypoxia as a driver of
extinction and the preceding size decrease in the brachiopod fauna in the studied
succession, although low oxygen levels are widely held responsible for elevated
early Toarcian extinction rates globally. Reduction of mean shell size in
brachiopods but stasis in bivalves is difficult to explain with ocean acidification,
because experimental work shows that brachiopods can be resilient to lowered
pH, albeit long-term metabolic costs and potential evolutionary adaptations are
unknown. Rising early Toarcian temperatures in the Lusitanian Basin seem to
be a plausible factor in both diversity decline associated with the TOAE and the
preceding reductions in mean shell size, because thermal tolerances in modern
bivalves are among the highest within marine invertebrates.
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Introduction
Global warming and stressors associated with climate change – in particular hypoxia,
oceanic acidification, and hypercapnia – have raised concerns over the degradation and
transformation of marine ecosystems. While ongoing global warming and its related effects
are attributed to CO2 release from the combustion of fossil fuels, climate-related crises in the
geological past are commonly associated with the release of greenhouse gases during
episodes of intense volcanism (e.g., Wignall et al. 2005 and references therein). Oceanic
acidification is a direct consequence of elevated CO2 through the absorption and dissolution
of CO2 and SO2 in marine waters, which causes a lowering in oceanic pH (Jenkyns 2010;
Kelly and Hofmann 2013). Hypoxia is related to water column stratification due to sluggish
circulation and/or increased nutrient input and productivity associated with warming (e.g.,
Bijma et al. 2013; Breitburg et al. 2018). Yet, the relative role of these factors is still
uncertain in both present and past biotic crises.
One such crisis interval that has received increased attention is the early Toarcian
Oceanic Anoxic Event (TOAE, ~182 Ma). It marks a global, second-order mass extinction,
which affected both benthic and nektonic marine, as well as terrestrial species (e.g., Wignall
and Bond 2008; Morten and Twitchett 2009; Mattioli et al. 2009; Martindale and Aberhan
2017). Most likely the ultimate cause of the biotic crisis was intense volcanic activity during
the placement of the Karoo-Ferrar Large Igneous Province (Pálfy and Smith 2000), possibly
coupled with warming- related methane release to the atmosphere from the ocean (Hesselbo
et al. 2000) and from terrestrial sources (Them et al. 2017a). However, the proximate killing
mechanisms are still poorly understood. Extinctions are mostly attributed to widespread
anoxia (Jenkyns 1988, 2010; Hallam and Wignall 1997; Aberhan and Baumiller 2003;
Wignall and Bond 2008; Danise et al. 2015) but the role of ocean acidification (Trecalli et
al. 2012), rising temperature (e.g., Suan et al. 2010; Gómez and Goy 2011; Danise et al.
15
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2015), and the potentially synergistic and geographically variable effects of multiple drivers
are less clear.
In this study we focus on changes in the body size of benthic marine organisms prior
to the TOAE. There is evidence of environmental perturbations and temperature fluctuations
related to a long-term shift from icehouse to greenhouse conditions starting during the Late
Pliensbachian, which may have affected organisms already before the main warming episode
of the TOAE (Suan et al. 2010) (see “Discussion” for more details). Body size is a key
parameter related to many aspects of an organism’s ecology, behaviour and biology (e.g.,
growth, metabolism, feeding, and fecundity) that can be strongly affected by environmental
stress (e.g., Daufresne et al. 2009). Identifying the direction, magnitude, timing, and biotic
selectivity of body size change can provide insights on the relative importance of different
stressors at times of faunal crisis. Size reduction related to climate change has been observed
in living and fossil taxa, both terrestrial and marine (e.g., He et al. 2007, 2017; Gardner et
al. 2011; Ohlberger 2013; O’Gorman et al. 2017). It has been suggested that body size
change could be a third universal response to warming along with changes in the geographic
distribution of species and changes in phenological events (Gienapp et al. 2008; Daufresne
et al. 2009; Gardner et al. 2011). Studies on variations in body size related to extinction
episodes usually have focused on the aftermath of a crisis (e.g., Lockwood 2005; Morten
and Twitchett 2009; Huang et al. 2010). Yet, few studies have focused on changes in body
size during pre-crisis times (e.g., He et al. 2007, 2010; Zhang et al. 2016; García Joral et al.
2018; Kiessling et al. 2018).
Here, we briefly review current knowledge of the physiological responses of marine
ectotherms to environmental stress, particularly regarding growth and body size. We use this
physiological information to state three specific hypotheses about changes in body size as a
response to environmental stress prior to the onset of the TOAE. Subsequently, we test these
16
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hypotheses by analysing quantitative field-based occurrence data of macrobenthic marine
communities in the Lusitanian Basin of western Portugal.

Physiological Response to Environmental Stress and Expected Effects on
Body Size
Body size reduction is one common organismic response to temperature-induced
stress and hypoxia which can be explained by the “thermal window” concept. Thermal
windows define the temperature range on which the well-functioning of an organism
depends and, within such range, there is an optimum temperature for which the biological
functions such as growth work best. Thermal windows differ between species and can shift
or narrow as an adaptation to stress (Pörtner 2008; Pörtner and Farrell 2008; Day et al. 2018).
With warming, oxygen supply cannot match the increased demand and consumption, such
that the aerobic scope is reduced until passive tolerance (metabolic depression) ensures
temporary survival by reducing biological performances including growth (Pörtner and
Farrell 2008; Breitburg et al. 2018). Warming beyond critical threshold temperatures finally
leads to a collapse of physiological functions with lethal effects (Pörtner and Farrell 2008).
Tolerance to warming and hypoxia may also be reduced by increasing CO2 levels in
the water, resulting in ocean acidification and hypercapnia leading to metabolic depression
and the interruption of growth (Pörtner et al. 2005; Widdicombe and Spicer 2008; Fabry et
al. 2008; Bijma et al. 2013). Acidification affects calcification, but the exact response of
growth processes, and hence body size, is difficult to predict because growth is not constant
but varies with temperature, food supply and predation pressure (Gazeau et al. 2013). The
effects of lowered pH for calcifying invertebrates also depend on the organisms’ ability to
regulate pH at the site of calcification, the extent of organic-layer coverage of the external
shell, and biomineral solubility (Ries et al. 2009; Parker et al. 2013). The physiological
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effects of warming, hypoxia, hypercapnia, and acidification are related to each other and
may be exacerbated if they act in synergy (Pörtner et al. 2005; Byrne and Przeslawski 2013;
Kelly and Hofmann 2013), although the combined effects of these stressors are still poorly
understood. Notwithstanding, reductions in body size have been observed with increased
temperature (Daufresne et al. 2009), reduced oxygen concentrations (Diaz and Rosenberg
2008), and ocean acidification (Widdicombe and Spicer 2008; Parker et al. 2013).
Everything else being equal, large-sized species are expected to be more strongly affected
by growth restrictions than small-sized species because of their higher metabolic demands,
which would be selected against under stressful conditions (He et al. 2007; Daufresne et al.
2009; Genner et al. 2009; O’Gorman et al. 2017). Consequently, we expect a decrease in
body size as a response to increasing environmental stress with more pronounced patterns in
large-sized species.
Assuming that physiological principles play out on both short and geological time
scales (see “Discussion”), we test the following hypotheses: (1) The body size of species and
communities decreased prior to the early Toarcian extinction event; (2) Large-sized species
are more affected than small ones; and (3) Reduction in body size occurred earlier than
diversity loss and changes in faunal composition. We find support for each of these three
hypotheses and discuss to what extent change in shell size prior to the main phase of faunal
loss and extinction may be caused by the same factor(s).

Studied Sections and Depositional Environments
Field work was performed near Coimbra, Portugal, at the composite sections of Fonte
Coberta

(40°03'36.5"N,

8°27'33.4"W)

and

Rabaçal/Maria

Pares

(40°03'08.0"N,

8°27'30.5"W), located ca. 1 km apart from each other. These sections are representative of
the Early Jurassic succession in the Lusitanian Basin, are highly fossiliferous, and have a
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well-defined biozonation based on ammonites (e.g., Mouterde et al. 1964-65;
Comas-Rengifo et al. 2013), nannofossils (Ferreira et al. 2015) and dinoflagellate cysts
(Correia et al. 2018).
The ca. 28 m thick studied succession (Fig. 1) spans the interval from the
Pliensbachian/Toarcian boundary (base of the Polymorphum Zone = Tenuicostatum Zone of
the Submediterranean Province) to the middle of the Levisoni Zone (= Serpentinum Zone).
Lithostratigraphically, the studied succession is included in the S. Gião Formation, that can
be divided into three members (e.g., Duarte and Soares 2002): (1) Marly Limestones with
Leptaena Fauna (hereafter referred to as first member): an alternation of decimetre-thick
greyish marlstones and marly mud- to wackestones rich in benthic macroinvertebrates
representing the Polymorphum Zone, which comprises the Mirabile Subzone and the
Semicelatum Subzone (Fig. 1); (2) Thin Nodular Limestones (TNL member): grey to
brownish, thin-bedded micritic carbonates and subordinate marlstones representing the
lower Levisoni Zone. The transition from the first member to the TNL is marked by a colour
change from greyish to brownish (Miguez-Salas et al. 2017) and represents a facies change
in the studied section and elsewhere in the Early Jurassic of the Lusitanian Basin (Duarte
1997; Duarte et al. 2007; Pittet et al. 2014). Body fossils are extremely rare in the lower part
of this member, but become more common up-section. Bioturbation, mainly represented by
horizontal networks of Thalassinoides and ferruginous non-branching tubular burrows, is
pervasive (Miguez-Salas et al. 2017; Rodríguez-Tovar et al. 2017); (3) Marls and Marly
Limestones with Hildaites and Hildoceras: a decimetre to meter-thick alternation of marls
and marly limestones with moderately diverse nektonic and benthic fauna. This member
corresponds to the interval from the middle Levisoni Zone up to the middle part of the upper
Bifrons Zone.
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FIGURE 1. Stratigraphic log of the early Toarcian succession of the composite sections at Fonte Coberta and
Rabaçal near Coimbra, Portugal, with the lithostratigraphic and biostratigraphic zonations of Mouterde et
al. (1964-65), Duarte and Soares (2002) and Comas-Rengifo et al. (2013). Stratigraphic ranges of species
are based on recorded occurrences (black dots) ordered by last appearances and separately for bivalves,
brachiopods, and gastropods. The shaded area marks the extent of the Toarcian Oceanic Anoxic Event
(TOAE) as defined by carbon isotope data. The dashed horizontal line represents the level were faunal loss
is severe in terms of both species richness and fossil abundance. Dashed lines within the stratigraphic ranges
are used when the extent of the range is uncertain. The star-shaped symbols indicate sampling levels.
Abbreviations for lithology: M = Marlstone; CM = Calcareous Marlstone; ML = Marly Limestone; L =
Limestone.

This hemipelagic Pliensbachian-Toarcian succession was deposited in a low-energy
environment on a middle to distal homoclinal ramp dipping toward NE (Duarte 1997, 2007;
Duarte et al. 2007). In particular, the monotonous succession of micritic limestones and
marlstones of the interval studied herein in detail (see below) suggests that the depositional
environment remained below storm-wave base without any obvious changes in water depth.
Thus, while a decrease in shell size with depth has been reported, for example, in modern
terebratulid brachiopods (Peck and Harper 2010), any such size changes in our material
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could not be explained by variations in water depth. Moreover, the shells are evenly
distributed within the sedimentary rocks. Lack of size sorting, absence of preferential
orientations of shells, and lack of faunal amalgamation suggest that shell transport was
insignificant and that the distribution of shell size within samples was not biased by physical
agents such as currents and waves. Unlike well-studied early Toarcian successions elsewhere
such as those in England (e.g., Wignall and Bond 2008; Danise et al. 2015) and Germany
(e.g., Röhl et al. 2001), the black shales typical for the TOAE are not developed. The interval
corresponding to the TOAE is mostly represented by the micritic carbonates and marlstones
of the TNL member (Fig. 1). The position of the TOAE in our section is defined by the
globally recorded negative carbon isotope excursion (e.g., Hesselbo et al. 2007; Jenkyns
2010), because black shales are absent and the total organic carbon content is low (Duarte et
al. 2005). The TOAE starts when the isotopic values begin to decrease and terminates when
the values have returned to background level and thus, in our section, spans the uppermost
Polymorphum Zone and the lower part of the Levisoni Zone (Fig. 1). The TOAE has been
estimated to last between 300-900 kyr using geochronology, astronomical calibrations, and
biostratigraphy (Suan et al. 2008a, 2015; Boulila et al. 2014; Sell et al. 2014). Using the
timescale provided in Suan et al. (2015: fig. 5), we estimated the Polymorphum Zone, which
is the focus time interval of our study, to last ~900 kyr.

Materials and Methods
The study utilizes two types of data: (1) Quantitative field data with abundance
counts of specimens are used for analysing trends in shell size and diversity; and (2)
occurrence data from the Paleobiology Database (www.paleobiodb.org) and the literature
are applied to reconstruct the palaeolatitudinal distribution of species.
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In the field, we sampled the limestone beds of the succession at the sampling levels
indicated in Fig. 1. Sampling intensity was standardized by collecting the same amount of
bulk rock, ca. 15 kg per sample, from one spot. By quantitative bed-by-bed sampling of the
three stratigraphic members we recorded a total of 1,321 specimens belonging to 58 taxa of
brachiopods, bivalves and gastropods (Fig. 1). While our study focusses on benthic
macroinvertebrates, we also recorded occurrences of ammonoids, belemnites, ichnofossils,
and wood fragments. As far as permitted by preservation, the benthic fauna was identified
to species level using the relevant literature (e.g., Alméras 1994; Gahr 2002; Baeza-Carratalá
2013; Comas-Rengifo et al. 2013). Overall, preservation quality of the benthic fauna is
moderate. Bivalves are commonly preserved as internal moulds, more rarely as external
moulds, and occasionally with parts of the shell. As an exception, the calcitic shells of the
plicatulid Harpax spinosa and those of oysters are preserved as complete single valves or
articulated specimens. Different groups of brachiopods are variably preserved: terebratulids
and rhynchonellids exhibit recrystallized shells, while spiriferinids generally preserve a thin
shell layer and are filled with sediment. Preservation is poorest in gastropods, which consist
of incomplete internal moulds. Because gastropods are rare and fragmented we excluded
them from all quantitative analyses, which thus examine the bivalve-brachiopod community.
Shell size was measured with calipers to the nearest 0.1 mm. Measurements were
inferred when only a small fraction of the shell was missing, while incomplete specimens
were disregarded. The size of a specimen was calculated as the log2 of the geometric mean
of shell length (L) and height (H) in bivalves and shell width (W) and length (L) in
brachiopods (LogGeoMean), which is a good proxy for body size (Kosnik et al. 2006). For
calculating the geometric mean the following equations were applied:
GeoMeanBivalves = √L ∗ H

and

GeoMeanBrachiopods = √L ∗ W
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To test our hypotheses, we focus on the pre-crisis interval (see “Results”), which
covers the lowermost 7.5 m of the section. Three samples are from the Mirabile Subzone,
and 12 samples are from the Semicelatum Subzone (Fig. 1). For this pre-crisis interval we
recorded 942 occurrences of 35 taxa of bivalves and brachiopods, of which 588 were
measured (400 brachiopods, 188 bivalves). This dataset was used to construct size-frequency
histograms and to analyse size trends in individual species/genera (see below). All other
analyses of shell size were performed on an extended database where a shell size value was
assigned to each occurrence. For individuals lacking measurements, the mean shell size of
the respective species in the sample was allocated. In the cases that no size measurements
were available for a species in a sample we used the mean size of this species in the sample
directly below and above, or – when this option was not feasible – the mean size of the
species in all samples of the first member. After deleting a few taxa from the dataset that had
insufficient size data, this extended dataset consists of 830 records of shell size (571
brachiopods and 259 bivalves), i.e. 71 % of the size data are from actually measured
specimens and 29 % are inferred following the procedure described above.
Shell size analyses were performed at community-level (i.e. all individuals of
brachiopods and bivalves of a faunal sample), separately for all brachiopods pooled and for
all bivalves pooled, and for individual taxa. Changes in community-level shell size through
time were investigated using the mean of all individuals of a sample irrespective of
taxonomic identity. We consider this measure as the average shell size of the time-averaged
relics of ancient bivalve-brachiopod communities. We also calculated this measure
separately for brachiopods and bivalves. Ideally, tests for temporal changes in shell size are
performed for each species separately. In the majority of cases this was hampered by low
numbers of samples and/or specimens per species. Therefore, we illustrate the time series of
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mean size and maximum size of five taxa for which sample sizes deemed sufficient, i.e. a
taxon is present in at least ten samples with at least 30 specimens.
Bivalves and brachiopods are double-valved organisms. To determine the number of
individuals from counts of specimens we initially recorded left, right, and articulated valves
for bivalves, and dorsal and ventral valves as well as double-valved specimens in
brachiopods separately. For the final analyses, however, each specimen was counted as one
individual. This approach is justified, because single valves of the same species in any of the
samples did not match in shell size and therefore must stem from different individuals.
To address our second hypothesis, i.e. large species are more strongly affected by
environmental stress than small species, each species was categorised as ‘smaller-sized’ or
‘larger-sized’. To this end we determined the mean shell size of each species in the pooled
samples of the pre-crisis interval and used the median of these values to separate larger-sized
species from smaller-sized species. For each of the two such defined subsets, the change in
shell size over time was analysed in the same way as described above. In addition, the
abundance of individuals of larger-sized species per sample, expressed as their percentage
relative to all individuals of a sample, was tracked over time. Both steps were performed for
the bivalve-brachiopod communities as a whole, and separately for brachiopods and
bivalves.
To illustrate the direction of a trend in shell size, if any, we applied weighted LOESS
smoothing. To statistically test for the existence of a trend in shell size, we fitted several
models of trait evolution, using the R package “paleoTS” (Hunt 2006, 2015), to the time
series of mean geometric mean at each level for the whole bivalve-brachiopod community,
for brachiopods and bivalves separately, as well as for larger-sized and smaller-sized
brachiopods and bivalves respectively. The three models tested were stasis, random walk
(URW) and directional trend (GRW). For each model and each time series, we report the
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corrected Akaike Information Criteria (AICc), the difference between the AICc and the
minimum AICc (ΔAICc), and the Akaike weights. Following Burnham & Anderson (2003),
we used a rule-of-thumb of ΔAICc < 2 to consider models that are not significantly less
plausible than the best fitted model. Finally, to assess the adequacy of each model, package
“adePEM” (Voje 2018) was used to test the models (for autocorrelation, length of runs, fixed
variance over time and, in the case of the stasis model, net evolution) by confronting them
to a large number (here 10,000) of simulated time series using the parameters of the fitted
models and checking if they are likely to belong to the same distribution (which is here the
null hypothesis; hence the test pass if p-value > 0.05). In addition, we applied Spearman’s
rank correlation, granted that all these time series showed no autocorrelation, given they all
passed the Box-Pierce test of autocorrelation (Box and Pierce 1970) as implemented in base
R by function ‘Box.test’, and thus their values can be considered to be independent. All the
results of the statistical tests are shown in the provided Tables.
As a final step of our shell size analyses, we constructed separate size-frequency
histograms for the lower and upper parts of the pre-crisis interval, spurred by the observation
that shell size decreased over this time interval. The boundary between the two parts was set
at the level where the abundance of larger-sized species started to decrease. We applied the
nonparametric Mann-Whitney rank test (Mann and Whitney 1947) to assess whether shells
in the upper part are significantly smaller than in the lower part.
To compare the timing of potential changes in shell size relative to changes in
biodiversity we applied Alroy’s Shareholder Quorum Subsampling (SQS), which calculates
the number of species using a specific “coverage” or quorum (Alroy 2010). The quorum for
the SQS of bivalve-brachiopod communities was fixed at 0.8. SQS-based diversity was also
obtained for bivalves and brachiopods separately using a quorum of 0.6. SQS diversity was
calculated for samples that had at least 35 occurrences of brachiopods and bivalves. A few
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successive samples in the crisis and post-crisis interval that individually did not reach this
number were pooled for this purpose.
The second type of data, occurrence data from the Paleobiology Database and the
literature, was used to assess the role of temperature as a stressor and potential driver of
change in shell size. Using these data sources, we reconstructed the palaeolatitudinal ranges
of each bivalve and brachiopod species recorded from our study site during the
Pliensbachian–early Toarcian interval. Assuming that the latitudinal range of a species
reflects its realized thermal niche (Day et al. 2018), we expect that heat stress will most
strongly affect growth in narrowly distributed, stenothermal species, or in those taxa where
Portugal represents the warm edge of their latitudinal range. When just the modern location
of an occurrence was known, paleo-coordinates were obtained using the paleolatitude
calculator available at www.paleolatitude.org (van Hinsbergen et al. 2015). We focused on
records from the European epicontinental seas and the western Tethys and excluded data
from distant regions (e.g., Japan, South America, western Canada) to avoid mixing of
regions with possibly differing latitudinal temperature gradients. We assigned each species
to one of four categories: eurythermal, warm-adapted, cool-adapted or stenothermal, which
were then pooled into two categories, i.e. warming-tolerant (eurythermal and warm-adapted)
and warming-sensitive (cool-adapted and stenothermal). The latitudinal ranges of species
were thus interpreted in terms of thermal affinities relative to the geographic position of our
study site, and we tested whether the taxa that are sensitive to warming are those that as a
group show a significant decrease in shell size.
All analyses were conducted with the R software (version 3.4.0) (R Core Team
2019).
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Results
Size data of specimens along with the position of the respective samples in the
studied section are given in the electronic supplementary material for all measured
brachiopod and bivalve specimens and for the extended dataset.

Stratigraphic Distribution of Species
Occurrence-based stratigraphic ranges provide an overview of the communities
before, across and after the TOAE (Fig. 1). Based on faunal changes we subdivided the
section into pre-crisis, crisis and post-crisis intervals. The pre-crisis interval corresponds to
the entire Polymorphum Zone. The benthic fauna is generally small and moderately diverse,
with brachiopods being most abundant. The crisis interval, spanning the lower part of the
Levisoni Zone, sets in at the level where faunal loss of bivalves, brachiopods and gastropods
is severe. Brachiopods in particular experienced an almost complete faunal turnover across
the TOAE. The lower part of the crisis interval is devoid of benthic shelly fossils. The upper
part is characterised by high abundances of a single species, the brachiopod Soaresirhynchia
bouchardi, which has been interpreted as a disaster taxon (Gahr 2002; Baeza-Carratalá
2013). A few other species associated with S. bouchardi remain very rare. The last
occurrence of the athyridid species Koninckella liasina in this part of the section apparently
represents a late survivor before its final demise. These faunal assemblages, although low in
taxonomic richness and in evenness, indicate the early phase of the recovery of the benthic
fauna. Herein, we consider the crisis interval to terminate with the last occurrence of the
brachiopod Soaresirhynchia bouchardi. The beginning of the post-crisis interval is defined
by the first appearances of the so-called Spanish brachiopod fauna, which is characterized
by species of the brachiopod genera Telothyris, Lobothyris and Homoeorhynchia (Alméras
1994; Comas-Rengifo et al. 2013), in the middle Levisoni Zone. Benthic taxa in the
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post-crisis interval are generally less abundant but larger than in the pre-crisis interval.
Bivalve species present in the pre-crisis interval commonly reappear in the post-crisis
interval (Fig. 1).

Patterns and Trends in Shell Size
Analysing for temporal trends in shell size at the community-level we find that the
best-fitting model is the random walk (URW). Still, the directional model (GRW) cannot be
rejected because of a low (< 2) ΔAICc (Table 1). When testing the adequacy of both models
(Table 2), the GRW passed all tests while the URW fails one adequacy test for the
heteroscedasticity of the residuals, making the GRW the better model of the two. This is
consistent with the result of the Spearman’s rank correlation test, which indicates a
significant decrease in the mean size of bivalve-brachiopod communities during the
pre-crisis interval (Fig. 2A, Table 3). Similarly, a GRW cannot be excluded in brachiopods
(where all adequacy tests were fulfilled for both GRW and URW), while for bivalves the
stasis model is clearly the best fit, despite failing one of its adequacy tests (p-value ~0.04
when needed to be > 0.05) (Fig. 2B, Table 2). A significant decrease in the shell size of the
brachiopod fauna is also confirmed by Spearman’s rank correlation test, while the trend in
bivalves is not significant (Table 3).
Analysing the shell size of smaller- and larger-sized species separately, without
differentiating between bivalves and brachiopods, shows that stasis is the best fit for the
group of larger-sized species (Table 1). For the group of smaller-sized species, stasis and
random walk receive equal support. Both models fulfil all the adequacy tests (Table 2), so
neither of the two can be preferred on this basis, but a directional trend can be rejected. Also,
the related statistical tests using Spearman’s rank correlation show no significant trend in
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TABLE 1. Results of the statistical test for autocorrelation (Box-Pierce test) and of the relative Hunt’s (2015) model
fit estimates of the analysed time series. Significant p-values from the Box-Pierce test and estimates of the best
model(s) are marked in bold. For the autocorrelation test p-values < 0.05 would mean that samples are
autocorrelated.
Directional change

Analysed Group
(Figure in this study)

Random walk

Stasis

AICc

ΔAICc

Weight

AICc

ΔAICc

Weight

AICc

ΔAICc

Weight

Community (Fig. 2A)
Box-Pierce test
0.199

3.311

1.741

0.276

1.57

0

0.66

6.252

4.682

0.064

Bivalves (Fig. 2B)
Box-Pierce test

18.803

9.554

0.007

13.28

4.031

0.117

9.249

0

0.876

Brachiopods (Fig. 2B)
Box-Pierce test
0.073

9.298

1.786

0.281

7.512

0

0.687

13.635

6.123

0.032

Smaller-sized taxa (/)
Box-Pierce test
0.309

-12.803

3.314

0.087

-16.112

0

0.456

-16.112

0

0.456

Larger-sized taxa (/)
Box-Pierce test
0.892

6.791

6.995

0.026

3.974

4.179

0.107

-0.204

0

0.867

Smaller-sized brachiopods
(Fig. 3A)
Box-Pierce test
0.490
Larger-sized brachiopods
(Fig. 3A)
Box-Pierce test
0.970

-8.824

2.803

0.110

-11.626

0

0.445

-11.626

0

0.445

11.507

6.284

0.021

5.222

0

0.489

5.222

0

0.489

19.277

7.090

0.025

15.993

3.806

0.127

12.187

0

0.849

29.118

9.882

0.007

25.520

6.254

0.041

19.236

0

0.952

0.596

Smaller-sized bivalves
(Fig. 3B)
Box-Pierce test
0.543
Larger-sized bivalves
(Fig. 3B)
Box-Pierce test
0.961

either group (Table 3). When bivalves and brachiopods are considered separately (Fig. 3),
stasis is the best fit in both smaller- and larger-sized bivalves (Table 1). In smaller-sized and
in larger-sized brachiopods both random walk and stasis can be applied, and both models
pass all their adequacy tests, while a directional trend can be rejected (Table 2). Spearman’s
rank correlation tests again show that a significant trend is absent in all these subgroupings
(Table 3). Yet, larger-sized species become relatively less abundant over time (Fig. 4A), a
pattern prominent in brachiopods (Fig. 4B) but not in bivalves (Fig. 4C). Thus, the
significant decrease in shell size across the pre-crisis interval can primarily be related to the
larger-sized brachiopod taxa becoming less abundant with time.
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TABLE 2. Results of the adequacy tests for the three analysed models of change in shell size (directional
change; random walk; stasis). For each test the p-value is provided. p-values marked in bold indicate that a
test is passed, otherwise a test has failed. The p-values of the adequacy tests represent the portion, divided
by 0.5, of the simulated test statistics that is larger/smaller than the test statistics calculated on the actual
data. A test is passed if the value of the test statistic falls within the distribution range provided by simulated
test statistics (Voje 2018; https://github.com/klvoje/adePEM).
Analysed Group (Figure)

Adequacy Tests
Autocorrelation

Runs

Fixed variance

Net
change

Directional change

0.367

0.730

0.695

/

Random walk

0.978

0.930

0.009

/

Stasis

0.007

0.989

0.458

0.007

Directional change

0.017

0.003

0.908

/

Random walk

0.289

0.022

0.011

/

Stasis

0.578

0.164

0.058

0.039

Directional change

0.146

0.190

0.824

/

Random walk

0.495

0.792

0.201

/

Stasis

0.005

0.347

0.605

0.017

Directional change

0.336

0.780

0.499

/

Random walk

0.426

0.594

0.248

/

Stasis

0.426

0.860

0.445

0.350

Directional change

0.862

0.588

0.754

/

Random walk

0.561

0.740

0.455

/

Stasis

0.633

0.871

0.998

0.250

Directional change

0.279

0.775

0.839

/

Random walk

0.680

0.528

0.600

/

Stasis

0.223

0.571

0.671

0.769

Directional change

0.882

0.837

0.956

/

Random walk

0.451

0.896

0.805

/

Stasis

0.573

0.873

0.568

0.640

Directional change

0.332

0.766

0.122

/

Random walk

0.288

0.456

0.005

/

Stasis

0.347

0.738

0.001

0.554

Directional change

0.738

0.389

0.786

/

Random walk

0.644

0.458

0.156

/

Stasis

0.711

0.524

0.416

0.180

Community (Fig. 2A)

Bivalves (Fig. 2B)

Brachiopods (Fig. 2B)

Smaller-sized taxa (/)

Larger-sized taxa (/)

Smaller-sized brachiopods (Fig. 3A)

Larger-sized brachiopods (Fig. 3A)

Smaller-sized bivalves (Fig. 3B)

Larger-sized bivalves (Fig. 3B)
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TABLE 3. Results of statistical tests of the correlation of shell size with time (sampling level) for different
faunal groupings. Significant p-values are marked in bold. Tests on the larger- and smaller-sized groups of
taxa were performed on the mean of the species means.
Analysed Group

Figure

Spearman’s Rank
p-value
ρ

Mann-Whitney Rank Test
p-value

Community

2A

< 0.001

- 0.796

/

Bivalves

2B

0.123

- 0.418

/

Brachiopods

2B

< 0.001

- 0.868

/

Smaller-sized taxa

/

0.259

- 0.311

/

Larger-sized taxa

/

0.267

- 0.319

/

Smaller-sized brachiopods

3A

0.630

- 0.136

/

Larger-sized brachiopods

3A

0.614

- 0.173

/

Smaller-sized bivalves

3B

0.844

0.059

/

Larger-sized bivalves

3B

0.409

- 0.240

/

Lower half vs. Upper half
(community)

5

/

/

< 0.001

Lower half vs. Upper half
(bivalves)

5

/

/

0.772

Lower half vs. Upper half
(brachiopods)

5

/

/

< 0.001

Comparing the size-frequency distributions of the lower and the upper part of the
pre-crisis interval reveals in which size classes the overall reduction in shell size occurs (Fig.
5). The histograms are right-skewed, with the most common size classes ranging from 3.0
to 7.0 mm. The size classes larger than 21 mm are lost up-section. In brachiopods,
larger-sized shells (7.0 to 19 mm) become less common, and shells larger than 19 mm
disappear altogether. In bivalves, the few specimens larger than 21 mm disappear, but the
other size classes are equally well represented throughout. Statistical comparison of shell
sizes in the lower part with those in the upper part of the pre-crisis interval confirms that
brachiopods are smaller in the upper part whereas no significant difference is evident in
bivalves (Table 3).
The size patterns of those few species/genera that are quantitatively best represented
in our data are illustrated in Fig. 6. In bivalves, Harpax spinosa shows a fairly uniform

31

CHAPTER 2

FIGURE 2. Trends in shell size in the pre-crisis
interval. Shell size is expressed as the mean of the
log2 geometric mean of shell length and height in
bivalves and shell width and length in brachiopods.
A, Mean shell size of the whole bivalve-brachiopod
community per sample. B, Mean shell size per
sample shown separately for bivalves and for
brachiopods. Trend lines are based on weighted
LOESS smoothing. The onset of the TOAE (shaded
area) is marked by the vertical dashed line on the
right. The vertical dashed line on the left marks the
Pliensbachian/Toarcian boundary.

FIGURE 3. Per sample shell size of larger- and
smaller-sized species of brachiopods (A), and
bivalves (B). Each symbol in a given sample
represents a different species. For further
explanations see Fig. 2. The weighted LOESS
smoothing was applied to the mean of the species
means.

trendline of mean and maximum size with somewhat lower size values in the uppermost
part, but this may be caused by low numbers of specimens in some samples. Little net change
is also evident in the brachiopods Koninckella liasina and Nannirhynchia pygmaea, the latter
with a slight increase in maximum size across the studied interval. The shells of the
32

BODY SIZE DECREASE AS PRECURSOR OF THE TOAE
terebratulid Zeilleria culeiformis tend to get smaller in the lower part of the section but are
again close to their initial sizes at the end of the pre-crisis interval. The mean size of
specimens of Liospiriferina becomes smaller up-section, but maximum size first increases
until the trend is reversed before the taxon disappears from our samples.

FIGURE 4. Relative abundance of
individuals of larger-sized species in each
sample expressed as the percentage of all
individuals: A, for the whole bivalvebrachiopod community, and B-C, for
brachiopods and bivalves respectively. For
further explanations see Fig. 2.
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Diversity
Bivalve-brachiopod communities are moderately diverse throughout the pre-crisis
interval (Fig. 7A). Biodiversity fluctuated in the lower part of the interval and reached its
lowest values approximately 1.3 meters below the onset of the crisis interval. This diversity
minimum interval corresponds to samples strongly dominated by Nannirhynchia pygmaea.
Comparing the SQS-based diversity of bivalves and brachiopods (Fig. 7B-C), no distinct
trend is observed in bivalves, while brachiopods experience a decline in the upper half of the
pre-crisis interval. Pre-crisis diversity values are again reached after the crisis in the
uppermost 1.8 m of the studied section.

FIGURE 5. Size-frequency distribution histograms (expressed as percentage) for the lower (A)
and upper part (B) of the pre-crisis interval. The proportion of bivalves and brachiopods are
shown separately as stacked histograms. N: Number of measured bivalve and brachiopod
specimens.
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FIGURE 6. Trends in shell size in the pre-crisis interval for selected species. Shell size is expressed as
maximum and mean log2 geometric mean (as defined in Fig. 2). For the two species K. liasina and N.
pygmaea the maximum shell length from García Joral et al. (2018) is plotted as a comparison. Trend lines
fitted to our data are based on weighted LOESS smoothing. N: Number of measured bivalve and brachiopod
specimens.

Paleolatitudinal Ranges and Thermal Niches
Comparing the thermal affinities of bivalve and brachiopod species (Fig. 8), bivalves
present a larger variety of thermal affinities than brachiopods (all four categories are
represented) and can be grouped into seven warming-tolerant and nine warming-sensitive
species. Brachiopods were assigned to just two categories, being either eurythermal (six
species) or stenothermal (three species). If heat stress were the cause of the decline in the
proportion of larger-sized brachiopods, the species assigned to this group should be sensitive
to temperature rise. However, only one of the four larger-sized brachiopod species is
categorised as being sensitive to warming. These results do not corroborate warming as the
main driver toward smaller community-level shell size.
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FIGURE 7. Standardised species richness of faunal samples using the Shareholder Quorum
Subsampling (SQS) of Alroy (2010). Time series of the SQS metric are shown for the whole
brachiopod-bivalve community (A), and separately for bivalves and brachiopods (B-C). For further
explanations see Fig. 1.

Discussion
Selective Faunal Response of Brachiopods
We find that brachiopods are more strongly affected before and at the TOAE than
bivalves. Most species belonging to the brachiopod fauna of the Polymorphum Zone went
extinct in their distribution area, i.e. the Northwest European basins and the Mediterranean
Province (García Joral et al. 2011, 2018; Baeza-Carratalá 2013; Comas-Rengifo et al. 2013,
2015). This selectivity against brachiopods is evident in a drop in brachiopod diversity (Fig.
7) followed by an almost complete faunal turnover across the TOAE (Fig. 1), as well as
significant reductions in mean shell size of brachiopods. Thus, our first hypothesis – i.e.
body size declined prior to the TOAE – is supported by our results, albeit only selectively
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FIGURE 8. Raw paleolatitudinal distribution of each species recorded from the pre-crisis interval.
Data represent the Pliensbachian–early Toarcian time interval, apart from the bivalve species
Homomya gibbosa, for which all Jurassic occurrences were used to circumvent lack of data. The
larger-sized species in both bivalves and brachiopods are marked with an asterisk (*). Assuming
that latitudinal ranges reflect thermal affinities, species were grouped into four categories relative
to the geographic position of our study site. The taxon Liospiriferina spp. includes all species
belonging to this genus as recorded in the studied section. For the purpose of this analysis, species
identified with reservation (i.e. with the identifier ‘cf.’) were considered as true representative of
the respective species. The vertical dashed line marks the paleolatitude of the Fonte Coberta section.

for brachiopods. Abundance declines and extirpations of larger-sized taxa before the event
are the underlying mechanism of this size reduction in the brachiopod fauna. By contrast,
single species and subgroupings of species, such as the group of larger-sized brachiopod
species, do not show significant declines in shell size. Thus, our second hypothesis –
larger-sized species were more affected than smaller-sized ones – is only supported in the
sense that larger-sized brachiopod taxa became less common over time. It is also apparent
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that shell size decreased fairly continuously during the pre-crisis interval (Fig. 2), while
diversity only declined in the uppermost part of the pre-crisis interval (Fig. 7).
Assuming constant sedimentation rates and a duration of the pre-crisis interval of
~900 kyr, the offset between the abundance decline of larger-sized brachiopod species
between 3 and 4 meters above the Pliensbachian/Toarcian boundary (Fig. 4) and the drop in
species richness at 6 m above the boundary (Fig. 7) would correspond to ~300 kyr. However,
this is likely to be an overestimation because the reduced thickness of the Mirabile Subzone
at Fonte Coberta and comparison with the Polymorphum Zone at Peniche (Rita et al. 2016)
suggests that the lower part of the Polymorphum Zone is condensed. Notwithstanding a
temporal decoupling remains, supporting the third hypothesis that reductions in body size
occurred earlier than diversity loss. So-called early warning signals have been hypothesized
to predict sudden changes in species composition and ecological structure in present-day
ecosystems (Biggs et al. 2012; Gsell et al. 2016). In analogy, a decline in body size may
serve as a precursor of imminent turnover at the community-level at geological time scales.
A recent comparative study of brachiopod shell size during the late Pliensbachian–
early Toarcian interval among basins surrounding the Iberian Massif found decreases in shell
size as the depositional environments generally became deeper, more turbid and less
oxygenated from the Iberian basins in Spain to the Lusitanian Basin in Portugal (García Joral
et al. 2018). Rather than miniaturization of species this trend was caused by a change in
taxonomic composition, with small-sized species being more common in the Lusitanian
Basin. García Joral et al. (2018) also investigated within-basin and within-section size
changes through time. For the Lusitanian Basin as a whole, they reported smaller maximum
and mean shell sizes of Nannirhynchia pygmaea in the Mirabile Subzone than in the
Semicelatum Subzone (García Joral et al. 2018: figs. 3, 4), and thus inferred an increase in
shell size over time. Similarly, when plotting maximum shell size of N. pygmaea and of
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Koninckella liasina in several beds of the Fonte Coberta section (García Joral et al. 2018:
fig. 5), i.e. the same section studied herein, they found the largest specimens of these
small-sized species in the upper part of the Semicelatum Subzone. For these two brachiopod
species we contrast the Fonte Coberta size data of García Joral et al. (2018) with our own
data (Fig. 6). Obviously, the maximum sizes of shells measured by García Joral et al. (2018)
are distinctly larger than those of our specimens. This is likely caused by differing sampling
procedures as we confined our analyses to specimens from the above-described standardized
sample size of 15 kg of rock. Even though our time series of measurements are more
complete, the slight increase in the maximum size of N. pygmaea is inferred in both studies.
In contrast to our study, García Joral et al. (2018) also report an increase in maximum shell
length for K. liasina, but this interpretation relies on just one data point and should be
considered with caution (see Fig. 6). In any case, our main conclusion – that size decrease
in the brachiopod fauna was caused by larger-sized species becoming less common or
disappearing from the record entirely rather than individual species becoming smaller – is
not affected by the interpretations of García Joral et al. (2018), who did not examine this
aspect.

Causes of Biotic Responses
The early Toarcian mass extinction was global in extent and involved the worldwide
demise of the brachiopod orders Spiriferinida and Athyridida (Vörös 2002; García Joral et
al. 2011; Vörös et al. 2016). The ultimate cause(s) of this event must therefore be global in
nature, while the proximate killing mechanisms may still vary depending on the
environmental context. Although the factors causing faunal turnover and extinction need not
necessarily be the same factors that caused previous change in body size, the shared
selectivity against brachiopods makes a common cause scenario plausible.
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A particular threat for marine organisms today is the stress that arises from the
coupling of global warming, ocean acidification, and ocean deoxygenation, collectively
termed the “deadly trio” (Bijma et al. 2013). Episodes of mass extinction in the geological
past commonly involve these three stressors (Jenkyns 2010), and they also have been
considered as a cause for the early Toarcian extinction event (see “Introduction”). Change
in nutrient cycling and productivity may be added as a fourth warming-related stressor, thus
adding up to a “deadly quartet”. Because sustained warming promotes ocean stratification,
nutrients may be transferred to and trapped in deeper waters, thus reducing global
productivity (Moore et al. 2018). Alternatively, an accelerated hydrological cycle could
increase regional continental weathering rates and nutrient input into the sea resulting in
eutrophication, expansion of oxygen minimum zones onto the shelf, and toxic algal blooms.
Below, we evaluate each of these four main stressors with regard to our own findings.
Identifying the abiotic causes of faunal change in the geological past often involves
facies analysis and evaluation of geochemical proxy data. Integrating multiple biological
disciplines by using fossil ecological data, modern ecological data, and physiological data is
a relatively new approach in Earth system science to improve understanding of past mass
extinctions and current biosphere change, and to predict ecological consequences of climate
change in the near future (e.g., Knoll et al. 2007; Calosi et al. 2019). Biological concepts
such as the concept of oxygen- and capacity-limited thermal tolerance can successfully
bridge between physiology and ecology (Pörtner et al. 2017), albeit quantitative links
between physiological processes and ecosystem level processes are still limited. It is less
clear to which extent results from physiological experiments can be applied to explain
palaeoecological patterns. Although physiological experiments can investigate the
short-term metabolic costs of environmental stress and thus go beyond merely reporting
survival or failure, an important difference concerns the temporal scaling. While the
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time-averaged nature of palaeoecological data hampers forecasting the near future,
physiological experiments with animals last much shorter than even geologically abrupt
events of warming or the time necessary for evolutionary adaptation. Physiological limits
will still be important at longer time scales but other processes not captured by experiments
will come into play (Peck et al. 2009). The following discussion of potential causes of the
identified palaeoecological patterns includes physiological facets and assumes that the
physiological tolerances of species explored in organismic-scale lab experiments can inform
about the sensitivity of taxa to climate-related stressors in the geological past.
Hypoxia. — There is no evidence of low-oxygen conditions in the benthic
environments of the Rabaçal section. TOC levels are generally low (Duarte et al. 2005),
black shales are lacking (see also Duarte 1997; Duarte et al. 2007), and bioturbation during
both the pre-crisis and the crisis intervals indicate oxygenated bottom conditions throughout.
In particular, the interval corresponding to the TOAE elsewhere is intensely bioturbated as
indicated by pervasive networks of Thalassinoides burrows, which were produced by
crustaceans (see also Miguez-Salas et al. 2017; Rodríguez-Tovar et al. 2017). Crustaceans
are sensitive towards hypoxia (Vaquer-Sunyer and Duarte 2008), and their apparent former
abundance is therefore additional evidence against low oxygen conditions on and within the
sea-bottom. Limited oxygen availability may have played a role in the deeper parts of the
Lusitanian Basin, as represented by the sedimentary record at Peniche (e.g., Hesselbo et al.
2007), but apparently not in the mid-ramp setting investigated here.
Ocean Acidification. — Bivalves appear to be generally negatively affected by
acidification, although some species exhibit neutral or even positive effects (Parker et al.
2013). In the early Toarcian fauna studied herein, bivalves as a group are less affected by
size reduction and diversity decline than brachiopods. Their low-Mg calcite shell makes
rhynchonelliform brachiopods more resistant to acidification than organisms with aragonitic
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or high-Mg calcite shells (Ries et al. 2009). Because organisms with aragonitic shells are
represented in the pre-crisis interval (e.g., nuculoid bivalves), we expect that we would have
observed any selective pattern against aragonitic species if present. In previous studies,
rhynchonelliform brachiopods had been considered to have minimal physiological buffering
capacities of the calcification process making them sensitive to CO2 stress (e.g., Knoll et al.
2007). Conversely, recent work on living brachiopods and on material from museum
collections from the last 120 years show little effect of lowered pH conditions on shell
growth (Cross et al. 2015, 2016, 2018). Selectivity against brachiopods in the reduction of
shell size and loss of species at Rabaçal do not conform with the inferred physiological pH
tolerance of bivalves and brachiopods, thus that any clear support for acidification from
faunal patterns is missing.
Productivity Decline. — Unlike molluscs, brachiopods, and rhynchonellids in
particular, can fare relatively well in low-nutrient environments, as they are capable of
feeding on both dissolved and particulate organic matter (Steele-Petrović 1976) and because
of their very low metabolic rates (Peck and Harper 2010). Carbon isotope and nannofossil
abundance data indicate mesotrophic to eutrophic, albeit unstable, conditions throughout the
early Toarcian in the Lusitanian Basin (Mattioli et al. 2009; Ferreira et al. 2015), while high
productivity and upwelling are suggested for the anoxic settings in northern and central
Europe (e.g., Jenkyns 1988, 2010). Adding our finding that brachiopods are preferentially
affected by environmental perturbations at Rabaçal, a low productivity scenario is unlikely.
Warming. — The temperature increase at the TOAE was not globally homogeneous.
Estimates range from +2 to +3.5 ºC in subtropical areas (Dera and Donnadieu 2012), and
between +6 and +8 ºC at higher latitudes (Dera et al. 2009; Gómez and Goy 2011). Reliable
oxygen isotope data from the Polymorphum Zone of the studied section are lacking due to
the poor preservation of brachiopod shells. However, oxygen isotopes from brachiopods
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elsewhere in the Lusitanian Basin reveal a first short-lived warming episode in the lowermost
Polymorphum Zone, followed by a cooling phase before a marked warming phase started in
the mid-Polymorphum Zone that culminated during the TOAE in the lowermost Levisoni
Zone (Suan et al. 2010). Warming has been suggested as the main cause of brachiopod faunal
turnover and diversity decrease in the oxygenated environments of western Europe (e.g.,
Vörös 2002; García Joral et al. 2011, 2018; Gómez and Goy 2011; Miguez-Salas et al. 2017).
Indeed, the loss of fauna is recorded shortly after the onset of the TOAE at Rabaçal,
suggesting a role of warming in brachiopod extinctions. Evidence that warming was also a
main driver of the decrease in mean community-level shell size is equivocal. The thermal
affinities inferred for brachiopods from their latitudinal distributions do not hint at
temperature stress as the main cause of the size patterns recorded from Rabaçal. On the other
hand, modern bivalves are amongst the organisms with highest upper thermal limits and are
therefore one of the most thermally tolerant groups (Song et al. 2014), which would match
the pattern of stasis in bivalves. Predictions using physiological responses of brachiopods
are made difficult by the scarcity of data regarding their thermal tolerances. An exception is
the Antarctic rhynchonellid Liothyrella uva, which exhibits lower thermal tolerance to rapid
warming than two simultaneously studied Antarctic bivalve species (Clark et al. 2017), but
results from a single species need not be universally valid for brachiopods as a whole.
Clearly, more experimental work on the physiological tolerances of modern brachiopods in
the face of multiple stressors is needed to improve our understanding of selective biotic
responses to environmental stress.

Conclusions
Long-term decrease at the order of a few hundred thousand years in the mean body
size of early Toarcian marine invertebrate communities from the Lusitanian Basin, well
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before the main phase of local extirpations and biodiversity decrease occurred, suggests that
reductions in body size may be one of the first ecological responses to abiotic stressors.
Environmental stress acted selectively against specific size-classes and taxonomic groups,
i.e. larger-sized brachiopod species, which became less abundant over time. Future research
has to show to which degree the patterns of decreasing shell sizes observed at Rabaçal can
be transferred to other ecosystems, and thus are general predictors of forthcoming
climate-related community turnover in ancient ecosystems.
In contrast to many other regions, geological and paleontological evidence from
Rabaçal is against a role of hypoxic conditions as driver of both body size decrease and
faunal loss. Similarly, a lowering of oceanic pH alone seems incompatible with the observed
faunal trends, although a definitive conclusion is hampered by the scarcity of comparative
experimental data from bivalves and brachiopods under elevated CO2 conditions. Heat stress
is a plausible main cause of diversity decline and elevated early Toarcian extinction intensity
in aerated environments. The rising paleo-temperatures from the mid-Polymorphum Zone to
the earliest Levisoni Zone, as inferred from oxygen isotopes, are also compatible with heat
stress as a driver of the pre-crisis decrease in shell size. However, biotic evidence is
equivocal at present because the selective size decline of early Toarcian brachiopods is not
matched by their thermal affinities as inferred from their latitudinal distributions, and the
physiological response of brachiopods to warming has hardly been studied experimentally.
Temperature rise and increasing pCO2 may have operated additively or synergistically in our
study system with different combined effects than when acting individually. Analysing more
specific physiology-based hypotheses on biotic change, combined with multiple proxy data
on changing environmental conditions, will likely improve our understanding of the
interactions between abiotic stressors and biotic responses in the studied early Toarcian
succession and beyond. Yet, identifying the exact role of individual players in the “deadly
44

BODY SIZE DECREASE AS PRECURSOR OF THE TOAE
quartet” of warming, ocean acidification, ocean deoxygenation, and productivity change will
remain a big challenge in the analysis of ancient ecosystems.
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The Toarcian Oceanic Anoxic Event (TOAE, Early Jurassic, ~182 Ma) was
characterised by severe environmental perturbations which led to habitat
degradation and extinction of marine species. Warming-induced anoxia is
usually identified as main driver, but because marine life was also affected in
oxygenated environments the role of raised temperature and its effects on marine
life need to be addressed. Body size is a fundamental characteristic of organisms
and is expected to decrease as a response to heat stress. We present quantitative
size data of bivalves and brachiopods across the TOAE from oxygenated habitats
in the Iberian Basin, integrated with geochemical proxy data (δ13C and δ18O), to
investigate the relationship between changes in temperature and body size. We
find a strong negative correlation between the mean shell size of bivalve
communities and isotope-derived temperature estimates, suggesting heat stress
as a main cause of body size reduction. While within species size changes were
minor, we identify changes in the abundance of differently sized species as the
dominant mechanism of reduced community shell size during the TOAE.
Brachiopods experienced a wholesale turnover across the early warming phase
and were replaced by a virtually monotypic assemblage of a smaller-sized,
opportunistic species.
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Introduction
Growth, and hence body size of organisms, is affected by both biotic and abiotic
factors. Body size decrease in particular is observed during and after episodes of warming
in modern and extinct taxa (e.g., Daufresne et al. 2009; Sheridan and Bickford 2011; Reuman
et al. 2014; Calosi et al. 2019). Temperature increase has complex and wide-ranging effects
on organisms (Song et al. 2014; Pörtner et al. 2017). Once temperature surpasses the optimal
thermal range of an organism it can result in decreased growth, reproduction and feeding
rates up to the collapse of all biological functions (Pörtner and Farrell 2008). Body size
decrease has thus been suggested as a third universal response to warming (Gardner et al.
2011) in addition to changes in the geographic distribution of species and in phenological
events (Gienapp et al. 2008; Daufresne et al. 2009).
We focus on changes in shell size of marine benthic macroinvertebrates across the
early Toarcian Oceanic Anoxic Event (TOAE; Early Jurassic, ~182 Ma) (Pálfy and Smith
2000). Only a few studies have addressed this topic, mostly focusing on anoxic settings
(Mortens and Twitchett 2009; Caswell and Coe 2013; Martindale and Aberhan 2017;
Caswell and Dawn 2019; Ros-Franch et al. 2019). Marine oxygen depletion has usually been
considered the prime causal mechanism of increased early Toarcian extinction rates and
faunal turnover (Jenkyns 2010; Dera and Donnadieu 2012; Them et al. 2018). Nevertheless,
elevated extinction intensities and body size decrease before and across the TOAE have been
registered also in well-aerated shallow-shelf settings in the western Tethys (e.g., Fürsich et
al. 2001; Gómez and Goy 2011; García Joral et al. 2018; Piazza et al. 2019). This implies
that regional environmental differences existed during the TOAE (Ruvalcaba Baroni et al.
2018), and that anoxia alone cannot be considered a universal and single driver of the
associated biotic crisis. High temperatures during the TOAE have been suggested as an
important factor in oxic settings (Gómez and Goy 2011; García Joral et al. 2011, 2018).
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However, statistical tests of causal links between fluctuating temperatures with diversity and
community composition are exceedingly rare (but see Danise et al. 2015, 2019) and so far
are lacking regarding the relation between temperature and body size.
We quantitatively evaluate the role of temperature for changes in body size of
bivalves and brachiopods from an oxygenated setting in the Iberian Range of Spain.
Specifically, we test whether body size is reduced during the hyperthermal conditions of the
TOAE, and to which degree body size is correlated negatively with ambient water
temperatures. We focus on changes of the average shell size of bivalve-brachiopod
communities through time. Essentially, heat stress-induced reductions in mean shell size at
the community level can be caused by two mechanism: (1) a decrease in shell size within
species as known from the physiological response of modern organisms, and/or (2) a change
in species composition, with smaller-sized species replacing or becoming more abundant
than larger-sized species.
We obtained body size trajectories by plotting the mean shell size of specimens per
faunal sample for bivalve-brachiopod communities as a whole and separately for the bivalve
and brachiopod subcommunities and for individual species. Changes in shell size were tested
for correlation with the δ18O time series, our geochemical proxy for ambient water
temperatures, derived from rhynchonellid brachiopods and oyster shells from the same levels
as the faunal data. We performed Generalized Least Squares (GLS) fitting on a direct
correlation of body size and δ18O (here termed lag 0) and on a lagged isotope time series
(here termed lag 1), i.e. correlating each body size value with the δ18O value of the
immediately preceding sample, to test for a delayed response of body size to temperature.
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Studied Section and Environmental Conditions
We studied a ca. 28-m-thick sedimentary succession at Barranco de la Cañada
(40°23'53.4"N, 1°30'07.4"W) near Albarracín, Spain (Fig. 1), where the Toarcian Turmiel
Formation (Goy et al. 1976) is characterised by rhythmic alternations of marlstones and
partly argillaceous limestones. The latter primarily comprise mudstones, wackestones, and
floatstones indicative of low-energy conditions below storm wave base at an estimated water
depth of 40–70 m (Gahr 2002, 2005; Gómez and Goy 2005). Packstones and rudstones are
very rare, suggesting transient episodes of higher water energy, interpreted as distal storm
flow beds (Fürsich et al. 2001). Deposition took place in a well-oxygenated mid-ramp
setting. Black shales typical for the TOAE elsewhere are absent. The section has a
well-defined biozonation based on ammonites and brachiopods (García Joral and Goy 2010),
and is highly fossiliferous, with abundant benthic macroinvertebrates (Fig. 2).

FIGURE 1. Geographic location of the studied section at Barranco de la Cañada (a) and Early Jurassic
palaeogeographic reconstruction of the NW Tethys (b). Location of the studied area is marked with a black
star. Palaeomap modified from fig. 1 in Dera and Donnadieu (2012) (software used: Adobe Illustrator v.
CS6 [https://www.adobe.com/de/products/illustrator.html]).
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The studied interval ranges from the Pliensbachian/Toarcian boundary to the lower
Bifrons Zone of the middle Toarcian. We identified the TOAE chemostratigraphically using
the characteristic negative carbon-isotope excursion (CIE) (Jenkyns 2010) obtained from
well-preserved shells of rhynchonellid brachiopods and oysters (Fig. 3). The TOAE thus
spans the uppermost Tenuicostatum Zone up to the lower Serpentinum Zone.

FIGURE 2. Stratigraphic ranges of benthic macroinvertebrate species at Barranco de la Cañada. The taxa
have been ordered by last occurrences, and subdivided into the main taxonomical groups. Each point
represents the presence of a taxon in a sampled level. The star-shaped symbols indicate the sampled levels.
The chemostratigraphically defined TOAE interval is represented by the shaded grey area.
Chronostratigraphic boundaries modified from Gahr (2002).

Oxygen isotope ratios from the same specimens provide a record of
palaeotemperatures at the seafloor. Across the studied interval the measured isotope ratios
indicate a rapid increase in temperatures when the negative CIE of the TOAE commenced.
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Palaeotemperatures then stayed stable and high until the end of the negative CIE, where a
brief return to pre-excursion temperatures is indicated. The upper part of the section is then
characterised by a slight warming, resulting in average water temperatures intermediate
between earliest Toarcian temperatures and those during the negative CIE. Temperature
estimates indicate that palaeotemperatures were elevated by ~3.5 °C throughout the TOAE
(Ullmann et al. 2020) (Fig. 3; see “Methods” and Supplementary Fig. S1 for details).
In terms of sequence stratigraphy (summarized in Gahr 2002, 2005; Aurell et al.
2003; Gómez and Goy 2005) the studied interval is part of a second-order transgressiveregressive cycle (LJ-3 in Gómez and Goy 2005) ranging from the early Pliensbachian
(Davoei Zone) to the middle Toarcian (Variabilis Zone). The transgressive phase occurred
in three distinct pulses, of which the second (LJ3-2) and parts of the third (LJ3-3) third order
transgressive-regressive cycle fall within the study interval (Gómez and Goy 2005) (Fig. 3).

Material and Methods
Sampled Material and Databases
We performed quantitative bed-by-bed sampling from carbonate beds and we
standardized sampling intensity by consistently collecting ca. 13 kg of bulk rock for each
sample. Sampling focused on the complete coverage of shelly benthic macroinvertebrates,
regardless of preservation quality and without preferential extraction of smaller or larger
specimens. Specimens were identified at species level as far as preservation quality allowed.
We recorded dorsal valves, ventral valves, and double-valved specimens for
brachiopods and left, right, and articulated valves for bivalves. Measurements were inferred
when a small fraction of the shell was missing, while unidentifiable and strongly fragmented
specimens were disregarded. Each specimen was considered as one individual, after
confirming that the shell sizes of right and left valves of the same species in any sample were
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different and therefore did not stem from the same individual. Sampling yielded a total of
3,668 occurrences of 93 taxa (62 bivalves, 21 brachiopods, 9 gastropods and 1 coral) (Fig.
2). Because gastropods and corals are rare and fragmented we excluded them from all
quantitative analyses.
We performed our analyses on two types of data, quantitative faunal data (shell size)
and geochemical data (oxygen isotopes). The shell size dataset is composed of the
measurements taken in the field and/or after preparation with digital calipers to the nearest
0.1 mm, accounting for 2,408 measured specimens of bivalves and brachiopods. To estimate
the size of communities as a whole we assigned a size value also to specimens for which no
direct size measurements were available. These size values were calculated as the mean size
of the species in the respective sample. If no measurements were available for a species in a
sample we used the mean size of that species in the samples directly above and below. The
few taxa with insufficient size data were deleted. The final dataset is composed of 3,433
specimens of bivalves and brachiopods, of which 30 % of the measurements were inferred
indirectly. To evaluate whether this procedure influenced our analytical outcome we
compared our results with those obtained from using just the actually measured specimens.
Both analyses yielded congruent size patterns and statistical results. Specimens collected in
the field are deposited at the Museo de Ciencias Naturales de Universidad de Zaragoza
(Canudo 2018; inventory numbers MPZ 2019/415 – MPZ 2019/571, MPZ 2019/792 – MPZ
2019/889, MPZ 2019/920 – MPZ 2019/942 and MPZ 2019/1041).

Isotope Data
Detailed description of sampling routines, and assessment of fossil preservation and
validity of geochemical signatures for palaeoenvironmental interpretation are presented in
Ullmann et al. (2020). In brief, fossil shell material was extracted after removal of any altered
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crusts and sediment using a preparation needle or scalpel. For brachiopods fibrous,
secondary shell layer material was outlined with the preparation needle and levered off the
shell with the needle checking for any possible contamination with altered material or bulk
rock matrix. Only visually clean and well-preserved material was accepted for further
analysis. Gryphaea material was treated in the same way, but where the shell was compact
and too hard for efficient use of a preparation needle, a scalpel was employed to shave off
shell calcite from the fossil surface. Typically, a few milligrams of calcite were stored in
individual containers for further geochemical analysis. Time averaging as a function of
sample size and ontogeny is known to affect the amplitude of sclerochronological proxy
signals (Schöne and Fiebig 2009). In order to minimize biases resulting from widely
different shell quantities, a target sample size of 4 mg was chosen, which allowed to replicate
measurements in case one or several analyses would have failed. Oyster shell increments
were typically extracted from comparatively wide areas crossing as few as possible growth
increments. For brachiopods shell material was taken parallel to the orientation of shell
fibres, and therefore somewhat oblique to growth direction, which may have led to some
dampening of seasonal signals extracted from these shells. The observed isotopic variability
within individual fossils of typically about 1 permil suggests that resolution of the data is
generally significantly higher than yearly. However, in the absence of clear morphological
markers of growth rate, the exact time increments covered by single samples cannot be
estimated precisely.
Approximately 500 µg of calcite were taken for C and O isotope analysis using the
Sercon 20-22 gas source isotope ratio mass spectrometer at the University of Exeter’s Penryn
campus employing the continuous flow technique. The calcite material was put into
borosilicate glass containers, sealed with rubber septa, and flushed with He for 80s to remove
atmospheric contaminants. After subsequent manual injection of c 100 µL of nominally
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anhydrous H3PO4 and reaction at 70 °C, the samples were measured together with two
in-house isotope standards (CAR, Carrara Marble; NCA, Namibian Carbonatite), allowing
for correction for instrumental drift and biases. Reproducibility of the measurements was
controlled by the results of CAR and was found to be ±0.07 ‰ (2 standard deviations = sd)
for δ13C and ±0.15 ‰ (2 sd) for δ18O, both for the standard analyses in conjunction with
studied samples (n = 125) and for the entire year 2018 (n = 917).
To control ultrastructure preservation, a fragment of shell from each studied fossil
specimen was also submitted to scanning electron microscope analysis using a FEI Quanta
650 Field Emission Gun SEM at the University of Exeter’s Penryn Campus. For further
quantification of shell preservation, about 500 µg of calcite per sample were analysed for
element/Ca ratios using an Agilent 5110 VDV ICP-OES at the University of Exeter’s Penryn
Campus. Ultrastructure preservation of the shell material was found to be mostly very good
to excellent, with brachiopod samples showing only minor features of surficial shell
dissolution but lack of neomorphic calcite and recrystallization. Samples exceeding Mn/Ca
ratios of 0.1 mmol/mol and/or Fe/Ca ratios of 1 mmol/mol were rejected from further
interpretation. Isotopic signals were tested for taxonomic effects and potential metabolic
effects to ensure that compositional changes of fossil assemblages did not lead to biased
interpretation. Both oysters and secondary shell layer calcite of rhynchonellid brachiopods
are thought to represent excellent substrates for palaeotemperature extraction for the
Mesozoic essentially devoid of vital effects (Ullmann et al. 2010, 2017). Differences
between brachiopods and Gryphaea as well as individuals of different brachiopod taxa in
our dataset were undistinguishable from differences between individuals of a single taxon,
leading us to conclude that inter-species bias and vital effects can be ignored for the present
dataset.
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Carbon isotope ratios of the studied specimens were used solely to constrain the
extent of the well-known, large, early Toarcian negative carbon isotope excursion (e.g.,
Hesselbo et al. 2007), confirming ammonite biostratigraphy and increasing stratigraphic
resolution of the dataset.
Palaeotemperatures were derived from oxygen isotope ratios of samples that passed
screening for alteration and were computed using the brachiopod-specific oxygen
thermometer of Brand et al. (2013):
T °C = 16.192 – 3.468 * (δ18Ocalcite – δ18Oseawater – Mgcalcite)
using an average MgCO3 content of 0.4 wt % of the fossil shell calcite which has minimal
effects on the resulting temperature. Like all other conventional oxygen isotope
thermometers this equation requires an estimate of ambient water composition which we set
at -1 ‰ V-SMOW in line with other work published for the studied area and time interval
(e.g., Suan et al. 2008b). For the derivation of relative temperature change as pictured in the
present study the ambient water composition, however, is irrelevant as long as it did not
change substantially across the studied interval, because the sensitivity of the oxygen
thermometer of Brand et al. (2013) is constant. Salinity changes as major driver of the
isotopic signal were discounted (see “Discussion”).

Statistical Methods
Shell size is calculated as the log2 of the geometric mean of two dimensions. The
geometric mean was determined using the following formulae (Kosnik et al. 2006), where
L = shell length, W = shell width and H = shell height:
GeoMeanBrachiopods = √L ∗ W

and

GeoMeanBivalves = √L ∗ H
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Shell size analyses for the brachiopod subcommunities were performed on articulate
brachiopods only.
Calculating the percentage of larger-sized individuals per sample is based on the
common species only, i.e. those that occur with at least three specimens per level and at at
least three sampling levels. We calculated the mean shell size of each of these common
species and species where classified as either smaller- or larger-sized by using as a cut-off
the global mean of the individual species’ mean shell size (Supplementary Fig. S2). The
relative abundance of individuals of larger-sized species per sample, expressed as percentage
relative to the total count of individuals of common species in each sample, was calculated
and the trajectory fitted with a three-point moving average.
Correlation tests. — Before determining the degree of correlation between δ18O
values with shell size and with the percentage of larger-sized individuals through time, we
deleted the rows with missing values in any of the two time series. The following steps were
performed before the Generalized Least Square (GLS) regression (‘gls’ function in “nlme”
package [Pinheiro et al. 2019]), the results of which are summarized in Supplementary
Tables S1-S4: (i) the presence of any trend in time was investigated for each time series
(shell size/percentage of larger-sized individuals ~ sampling level, and δ18O ~ sampling
level) through a simple Ordinary Least Squares (OLS) regression and with a Spearman‘s
Rank correlation test for a comparison; (ii) we checked for autocorrelation and partial
autocorrelation of the relationships shell size/percentage of larger-sized individuals ~ δ18O
through the ‘acf’ function in base R and ‘durbinWatsonTest’ function from the “car” package
(Fox and Weisberg 2019). The original time series were kept for further analyses in cases of
non-significant p-values from step (i) and/or no serious autocorrelation issues from step (ii);
otherwise the time series was detrended via generalized differencing (McKinney 1990) with
the R script accessible from www.graemetlloyd.com/methgd.htlm; (iii) we fitted an ARIMA
57

EARLY TOARCIAN TEMPERATURE AND BODY SIZE PATTERNS
process with the ‘auto.arima’ function in the “forecast” R package (Hyndman and Khandakar
2008; Hyndman et al. 2019) to the residuals from OLS regression of shell size/percentage of
larger-sized individuals ~ δ18O. Because it is possible that unit roots are present as a different
facet of an ARIMA process, the residual series of the fitted ARIMA process was investigated
with the ‘ndiffs’ function from the “forecast” package (with ‘kpss’ and ‘adf’ stationarity tests
and maximum fifth order differencing applied). Given the negative outcomes of the tests
(i.e. no differencing required), we proceeded with the GLS proper; (iv) the ARIMA fit was
finally applied in the GLS regression to specify the expected correlation structure of the
residuals.
All analyses were performed in R (v. 3.5.3; R Core Team 2019).

Results
Changes in Shell Size
A temporary decrease in mean shell size during the TOAE is clearly evident in the
high-resolution trajectories of the bivalve-brachiopod communities and subcommunities
(Fig. 3). They illustrate that the brachiopod and bivalve subcommunities start becoming
smaller-sized at different times. Shell size of bivalve subcommunities starts to decrease at
the beginning of the TOAE simultaneously with the first shift to warmer temperatures,
whereas brachiopod subcommunities only get smaller in the later part of the TOAE. The
re-establishment of pre-TOAE shell sizes of all community types occurred synchronously
and rapidly at the termination of the TOAE (Fig. 3). This rapid recovery of mean body size
corresponds to a distinct shift to cooler temperatures, suggesting an important role of
warming in controlling reductions in shell size and of cooling in the subsequent return to
original size distributions.
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FIGURE 3. Stratigraphy, mean shell size of all individuals of the three main analysed faunal groupings by
sample, and geochemical data (δ18O and δ13C) of the Barranco de la Cañada succession. The TOAE (grey shading)
represents the extent of the globally recognised negative δ13C isotopic excursion. Horizontal bars in the shell size
time series represent the interquartile range delimited by the first and third quartiles, while in the isotope time
series they represent the standard error for each sample. A three-point moving average (solid black line) was fitted
to the faunal data alongside the point-by-point trend (dashed grey line). Isotope data after Ullmann et al. (2020)
and temperature change ΔT, relative to the lowermost value recorded in the profile, is estimated from the equation
in Brand et al. (2013). Third-order transgressive-regressive cycles from Gahr (2005) and Gómez and Goy (2005).
Abbreviations: Falcif. = Falciferum; Mid. To. = Middle Toarcian; Pa. = Paltum; Semicelat. = Semicelatum;
Sublevi. = Sublevisoni; Tenuicostat. = Tenuicostatum.

Within-species size patterns of the more common species, i.e. those 34 species that
occur with at least three specimens per level and at least at three sampling levels, are different
for bivalves and brachiopods (Fig. 4). Most of the common brachiopod species are confined
to either the pre-TOAE, the TOAE, or the post-TOAE interval (Figs. 2, 4). Only three
common species extend from pre-TOAE times into the lower part of the TOAE before they
disappear without appreciable change in shell size (Fig. 4). In the upper part of the TOAE
they are replaced by the relatively small-sized brachiopod Soaresirhynchia bouchardi.
Bivalve species, by contrast, commonly occur in two or all three intervals (Figs. 2, 4).
Unequivocal indication for consistently reduced size of individual bivalve species during the
TOAE hyperthermal is missing. Yet, several species show a moderate size decrease at the
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beginning of the TOAE relative to the preceding sampling levels (Gryphaea (B.) sublobata,
Nicaniella voltzi, Pinna cf. folium, Plagiostoma giganteum, Pronoella intermedia,
Pseudolimea duplicata, Pseudopecten dentatus) or a size increase from the end of the TOAE
into the early post-TOAE phase (Entolium corneolum, Grammatodon concinnus,
Parallelodon hirsonensis, Pseudolimea duplicata).

Abundance Change of Larger-Sized versus Smaller-Sized Species
To assess the impact of changes in the relative abundance of differently sized species
for size change at the community scale, we grouped the common species into “smaller-sized”
and “larger-sized” using the mean of all species’ mean shell sizes as the cut-off value (see
“Methods” and Supplementary Fig. S2). Of the 34 common species, 19 are categorized as
larger-sized (11 bivalves, 8 brachiopods) and 15 as smaller-sized (10 bivalves, 5
brachiopods). To facilitate comparison, we plotted the percentage of individuals of
larger-sized species per sample next to the already established trajectories of mean
community shell size and of inferred bottom water temperature change (Fig. 5,
Supplementary Fig. S3). For bivalve-brachiopod communities, overall trends in mean shell
size and in abundance of larger-sized species are strikingly similar and significantly
correlated (Table 1). Clearly, the transient decrease in mean community level shell size
during the TOAE is associated with a decline in the relative abundance of larger-sized
species. Similar patterns are evident in bivalve and brachiopod subcommunities (Table 1),
where a decline in the abundance of larger-sized species during the TOAE is reflected by
smaller community shell sizes than during pre-TOAE times (Fig. 5, Supplementary Fig. S3).
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FIGURE 4. Mean shell size of all individuals by sample of bivalve and brachiopod species present in at
least three levels and with at least three specimens per sample. Interquartile ranges represented by the black
horizontal lines. TOAE represented by the grey shading. n = total number of individuals.
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FIGURE 5. Relative abundance, expressed in percentage, of all individuals of larger-sized species in each
sample for the whole bivalve–brachiopod community and for bivalves. The two time series are plotted
alongside the mean shell size of the corresponding group and the δ18O isotope time series from Fig. 3. For
further explanations, see Fig. 3.

Correlation of Shell Size and Species Abundance with Temperature
Tests for autocorrelation and stationarity of the faunal and isotope data (see
“Methods” and Supplementary Tables S1-S4) did not flag any caveats for the applicability
of GLS regression on the original body size time series, while differencing was necessary
when the relative abundance of larger-sized species was part of the model. The correlation
of δ18O values and shell size of bivalve-brachiopod communities is significant at lag 1,
suggesting that the temperature at one sample level was influencing shell size in the next
younger sample (Table 2). Correlation at lag 0, by contrast, is not significant. For the bivalve
subcommunities, body size is significantly correlated with δ18O for both lag 0 and lag 1,
while in brachiopods the correlation is non-significant in both cases (Table 2). These results,
along with differences in the timing of size changes, hint at a decoupled response to changes
in water temperature of these two groups. Regarding the relative abundances of larger-sized
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species, results for bivalve-brachiopod communities and bivalve subcommunities show
significant correlations with δ18O at lag 0 (Table 2).

TABLE 1. Results of the Generalized Least Squares (GLS) correlation between shell size and relative
abundance of individuals of larger-sized species for the three analyzed groups (brachiopod + bivalve
community; brachiopod and bivalve subcommunities). Time series were differenced before correlation
because of the presence of trends in time and autocorrelation. Abbreviations of the parameters of the
AutoRegressive Integrated Moving Average (ARIMA) fitted to the GLS model: p = number of time lags; d
= degree of differencing; q = order of moving average. Statistically significant values are in bold.
Analyzed group

ARIMA (p,d,q)

p-value

Correlation

Residual standard error

Brachiopods + Bivalves

(0,0,0)

< 0.001

-0.039

16.735

Brachiopods

(0,0,0)

0.001

-0.048

22.618

Bivalves

(0,0,0)

< 0.001

-0.033

17.404

TABLE 2. Results of the Generalized Least Squares (GLS) correlation between shell size/ percentage of
larger-sized individuals and δ18O for the analyzed faunal groups. Lag 0: Correlation of body size values with
δ18O values for the same sample. Lag 1: Correlation of body size values with the δ18O values of the
immediately preceding sample. For specifications of the parameters of the AutoRegressive Integrated Moving
Average (ARIMA) see caption of Table 1. Statistically significant values are in bold.
Analyzed group
Body size (Brachiopods +
Bivalves)

ARIMA(p,d,q)

p-value

Correlation

Residual standard error

Lag 0

(0,0,0)

0.123

0.984

0.297

Lag 1

(0,0,0)

0.050

0.984

0.291

Lag 0

(1,0,0)

0.327

0.961

0.430

Lag 1

(0,0,1)

0.380

0.976

0.391

Lag 0

(0,0,0)

< 0.001

0.984

0.313

Lag 1

(0,0,0)

0.007

0.984

0.337

Lag 0

(0,0,0)

0.023

-0.012

21.202

Lag 1

(0,0,0)

0.833

-0.016

21.549

Lag 0

(0,0,0)

0.495

-0.008

25.828

Lag 1

(0,0,0)

0.124

-0.013

22.704

Lag 0

(0,0,0)

0.015

-0.011

19.460

Lag 1

(0,0,0)

0.501

-0.017

22.755

Body size (Brachiopods)

Body size (Bivalves)

% Large individuals
(Brachiopods + Bivalves)

% Large individuals
(Brachiopods)

% Large individuals (Bivalves)
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Discussion
Excluding Biases in Size Frequency Distributions
Habitat change can be a potential source of bias when investigating body size trends,
as variations in body size can originate from facies changes due to fluctuations in relative
sea level. If body size were primarily controlled by changes in sea level, we would expect
similar fluctuations in size in each transgressive-regressive cycle. Because this is not the
case (Fig. 3), and the represented depositional environments stayed below or close to storm
wave base throughout the studied time interval, we conclude that fluctuations in sea level
and depositional environments did not generally drive the observed variations in shell size.
Furthermore, lack of size sorting and the absence of preferential orientations of shells
suggest that post-mortal shell transport was minor and that the frequency distributions of
shell size were not modified by currents or waves. We infer that the observed size patterns
were not driven by changes in relative sea level and depositional environments, and were
not biased by taphonomic processes, but rather demonstrate a negative effect of rising
temperatures on shell size of benthic macroinvertebrate assemblages.

Alternative Factors Causing the Size Changes
Apart from heat stress, the observed reductions in community-level shell size could
also be caused by other stressors – in particular reduced oxygen concentrations, ocean
acidification, low food supply, and seawater freshening – and these factors could have acted
in synergy.
Salinity. — Potential changes in salinity are relevant not only because they could
provoke size decrease (Fürsich 1994) but because they would affect the oxygen isotope
composition of seawater and thereby affect our temperature estimates. Palaeotemperatures
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from δ18O values in fossil calcite are calculated using equations that require an estimate of
the isotopic composition of ambient seawater. Whilst the oxygen isotope thermometer of
Brand et al. (2013) is linear and therefore insensitive to the exact δ18O value of the local
seawater, biased temperature information may nevertheless derive from substantial salinity
changes across the studied time interval.
The magnitude of the oxygen isotope shift from the earliest Toarcian to the TOAE is
1.00 ±0.09 ‰ for the studied site. To explain such a shift purely by salinity change, strong
freshening of the local water mass would have had to occur. Comparison of the Spanish
isotope record to multiple correlative records from other European basins suggests that large
scale freshening of waters for which there is some evidence in central and northern Europe
(e.g., McArthur et al. 2008) is much more subdued in Spain, if at all present (Harazim et al.
2013; Korte et al. 2015). In a shallow, but open marine shelf setting facing deep marine
Tethyan basins to the South East (e.g., Thierry et al. 2000), sustained salinity reduction is
much less likely to have occurred than in the more restricted subbasins of the Laurasian
seaway further north.
At palaeolatitudes of ~25°N, as reconstructed for the studied basin (Fig. 1; Thierry
et al. 2000), annual average meteoric water signatures are very unlikely to have been < -5 ‰
(van der Veer et al. 2009). Salinity-induced reduction of ambient water δ18O values is
therefore expected to be 0.1 ‰ per psu or less. Lethally low salinity levels for the
consistently observed stenohaline fauna (ammonites, crinoids, and rhynchonelliform
brachiopods are continuously present throughout the section and specifically in the TOAE
interval) would have occurred already much before ambient water δ18O would have changed
by 1 ‰. We therefore conclude that large salinity changes are not compatible with faunal
assemblages, considerations of meteoric signals, and comparison to other European basins.
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Consequently, we interpret the vast majority of the measured oxygen isotope signals during
the TOAE to be a consequence of temperature change.
Hypoxia. — Regarding the oxygen concentrations of bottom waters there is no
evidence of severe hypoxia in the benthic environments of Barranco de la Cañada. Black
shales, commonly characterising the TOAE elsewhere, are absent, shelly macroinvertebrates
are ubiquitous, and bioturbation is common with a diverse suite of ichnotaxa
(Spongeliomorpha,

Thalassinoides,

Palaeophycus,

Rhizocorallium,

Sphaerichnus,

Trichichnus) in the TOAE interval (Gahr 2002; own observations). The ichnogenera
Spongeliomorpha and Thalassinoides are produced by crustaceans, and because this faunal
group is sensitive to hypoxia (Vaquer-Sunyer and Duarte 2008), their appearance is
independent evidence against low-oxygen conditions on and within the seafloor (Piazza et
al. 2019).
Other environmental factors. — As a direct consequence of elevated levels of CO2
in the atmosphere, global warming is commonly associated with ocean acidification. From
experiments with modern species it appears that bivalves are more negatively affected by
ocean acidification than articulate brachiopods (Parker et al. 2013; Cross et al. 2018; Piazza
et al. 2019). This pattern of inferred physiological pH tolerance of bivalves and brachiopods
does not conform with the early Toarcian faunal pattern at Barranco de la Cañada, where
most brachiopod species went extinct during the TOAE (García Joral et al. 2011; see
“Discussion” below). Thus, acidification cannot be inferred from the faunal patterns at
Barranco de la Cañada, but independent signs of ocean acidification, such as changes in the
boron isotope composition, should be investigated. Finally, a decline in primary productivity
could be a stressor affecting specifically species with high energy demands such as active
and/or large-sized taxa. The selective extinction of brachiopods argues against a
low-productivity scenario because their low metabolic rates (Peck and Harper 2010) and
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their capability to feed on particulate and dissolved organic matter (Steele-Petroviç 1976)
should buffer them against reduced food supply (but see Fürsich et al. 2001).

Temperature-Related Mechanisms of Size Change
As temperatures rise, organisms tend to get smaller, a pattern broadly known as the
temperature–size rule that is widespread in marine ectotherms (Audzijonyte et al. 2019). In
general, organisms tend to have higher metabolic rates, faster growth, and mature earlier in
the tropics than those in polar regions, which in turn have longer lifespans often leading to
larger final size (Forster et al. 2012; Verberk and Atkinson 2013). Modern marine bivalves
also show the common pattern of increasing lifespan and decreasing growth rates with
latitude (a proxy for temperature) (Moss et al. 2016), but at large do not follow Bergmann’s
rule (the assertion that body size increases with latitude) (Berke et al. 2013). This lack of a
broadly generalizable latitudinal size gradient within and across bivalve taxa is explained by
opposing trends in lifespan and growth rate with latitude that cancel each other out (Moss et
al. 2016). Still, we can expect within-species size reductions during episodes of warming at
any given latitude if populations shift toward the upper thermal limits of their thermal niche.
Of central importance for the performance of organisms with temperatures rising beyond
their thermal optimum is that they maintain the scope for aerobic activity in spite of
increasing oxygen demand (Atkinson et al. 2006; Pörtner et al. 2017). Once the mismatch
between oxygen supply capacity and oxygen demand exceeds a critical threshold,
physiological functions are affected negatively, leading, amongst other effects, to reduced
growth and finally mortality (Pörtner 2006).
Our results, however, suggest only minor size reductions within some bivalve species
limited to the beginning and the end of the hot TOAE interval (Fig. 4). These somewhat
lowered size values might have a small cumulative effect in reducing community level shell
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size during the TOAE but cannot explain the magnitude of the actual size reductions. Rather,
many bivalve species present before and after the TOAE were rare during the TOAE, and
changes in species composition are even stronger in brachiopods (Figs. 2, 4). Apparently,
the local populations were not generally able to adapt to the persistently warmer
temperatures and any related changes that existed during the TOAE interval.
Thus, the primary mechanism of size change in the studied bivalve and brachiopod
communities are variations in species composition (Figs. 2, 4) and in the relative abundance
of differently sized species, with smaller species prevailing during the TOAE (Fig. 5,
Supplementary Fig. S3). Specifically, the size decline during the TOAE is paralleled by
relative abundance declines in larger-sized species, and both ecological variables are
significantly correlated with bottom water temperatures as deduced from the oxygen isotope
record (Table 2). Changes in community composition and species abundance are not only
compatible with the observed lag 0 correlations but also with the lag 1 correlations that
indicate an effect with a brief temporal offset between changes in water temperature and
subsequent changes in community shell size. Greater susceptibility of larger versus smaller
aquatic ectotherms is known from modern marine ecosystems. Locally, loss of larger
specimens of a species occurs first, followed by enhanced mortality, decline in reproduction
rates, and local extinctions (Peck et al. 2009; Pörtner and Knust 2017). Meta-analyses of
extant aquatic ectotherms showed a significant increase in the proportion of small-sized
species in warming oceans (Daufresne et al. 2009), and a more negative temperature–size
relationship in larger than smaller species (Forster et al. 2012). Again, higher oxygen
requirements in larger organisms have been proposed to explain this difference in short-term
responses to warming (Forster et al. 2012; Pörtner and Knust 2017), but other factors such
as energy balance may have become important in the long-term (Peck et al. 2009).
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Variable Response of Bivalves and Brachiopods to Warming
The size response of bivalves and brachiopods to temperature change appears to be
decoupled at the onset of the warming phase (Fig. 3). Bivalves show a strong
temperature-size correlation (Table 2). They did not experience unusually intense
extirpations (Fig. 2) but warming affected larger-sized species more negatively than smallersized species. Physiological experiments have shown that molluscs are amongst the most
tolerant invertebrate groups towards increased temperatures (summarized in Song et al.
2014), presumably because they tend to be more active organisms that have a higher aerobic
scope to meet increased oxygen demands at raised temperatures (Peck et al. 2009; Pörtner
2010) than, for example, sessile brachiopods. This is consistent with our data: despite sizespecific changes in species composition and abundance during the warm TOAE interval,
most bivalve species ranged through the TOAE (Fig. 2).
Conversely, the brachiopods thriving before the TOAE disappeared completely
during the early warming phase (Fig. 2). None of the pre-TOAE articulate brachiopod
species of the Iberian platform system survived this episode (García Joral et al. 2011). In
contrast to bivalves, shell size of brachiopod-subcommunities remained stable during the
distinct temperature rise in the early phase of the TOAE (Fig. 3), a pattern also reported from
other parts of the Iberian Range (García Joral et al. 2011). The shift to smaller sizes in the
upper part of the TOAE hyperthermal is entirely due to the appearance of a smaller-sized
brachiopod species, the basiliolid Soaresirhynchia bouchardi, at the concurrent absence of
larger-sized brachiopod species (Figs. 2, 4 and Supplementary Fig. S3).
Information on the thermal tolerance of brachiopods is scarce, and it is thus difficult
to predict their response to warming. Available evidence from the Antarctic rhynchonellid
Liothyrella uva points at lower thermal tolerance of this species compared to bivalves from
the same environment (Clark et al. 2017). Despite the absence of a significant correlation
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between shell size and temperature for brachiopods across the whole studied time interval
(Table 2), brachiopod turnover and extinctions in the early part of the TOAE hyperthermal
suggest that they reacted more sensitively to heat stress than bivalves, conforming to the
observations of Clark et al. (2017). Furthermore, the high abundances of the relatively
small-sized Soaresirhynchia bouchardi in the later part of the TOAE are noteworthy (Fig.
4). It is regarded as a slow-growing species of deeper water origin belonging to a group that
migrated into shallow shelf settings during the environmental perturbations of the TOAE,
and that succeeded by opportunistically exploiting the ecological space left unoccupied after
the extinction of the pre-existing brachiopod fauna (Vörös 2005; Ullmann et al. 2020).
Reduced size suggests reduced metabolic rates, which makes organisms like S. bouchardi
more tolerant against increasing temperatures (and other environmental stressors) than
larger-sized organisms with higher metabolic demands (Payne et al. 2014). We suggest that
also the shift in brachiopod composition in the TOAE interval towards populations of
relatively small-sized S. bouchardi was a consequence of concomitant temperature stress.
With regard to anthropogenic climate warming and its ecological effects on marine life in
the near future, a similar proliferation of relatively small-sized immigrants and long-term
reductions in community size structure are worrying perspectives.

Conclusions
We find strong evidence that shell size of macrobenthic communities at Barranco de
la Cañada was overall smaller during the environmental crisis represented by the TOAE than
before and afterwards. Rather than size change within individual species the key mechanism
of size reduction was a decline in the presence and abundance of larger-sized species.
While low oxygen conditions can be excluded as a main driver of shell size
reductions in the well oxygenated environments studied herein, we show that temperature
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correlates negatively particularly with the average shell size of bivalve subcommunities and
with the percentage of larger-sized bivalves. Also, for brachiopods, albeit not supported
statistically in the temperature–size time series correlation, we argue that extinction-related
turnover and the success of a smaller-sized disaster species during the crisis are best
explained by seawater warming. Obviously, the nature of environmental stresses varied
geographically and it remains unclear at present to which degree additional drivers such as
ocean acidification, and altered nutrient regimes may have influenced the observed faunal
patterns. We conclude that the long-standing paradigm of severe oxygen restrictions as the
main cause of faunal change during the TOAE needs to be modified by including heat stress
as an important environmental factor.
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Supplementary Figures and Tables

FIGURE S1. Carbon and oxygen isotope ratios for all individual samples from the Barranco de la
Cañada section that passed screening for diagenesis. The data points are coded to indicate the genera that
were sampled for isotope analyses at each sampling level. Abbreviations: “Biv” = Bivalve, “Brach” =
Brachiopod. For further information, see caption of Supplementary Fig. S3.

FIGURE S2. Mean within-species shell size of common species that occur at at least three levels and
with at least three specimens per sample at Barranco de la Cañada. The vertical lines denote
interquartile size ranges. The horizontal dashed line represents the global mean of the individual
species’ mean shell size. Species are accordingly classified as smaller- (grey bars) and larger-sized
(white bars). Abbreviations: “Biv” = Bivalve, “Brach” = Brachiopod.
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FIGURE S3. Relative abundance, expressed as percentage, of larger-sized species by
sample for the brachiopod subcommunity, plotted next to the mean shell size of the
brachiopod subcommunity and δ18O isotope values (both from Fig. 3). The temperature
change ΔT is relative to the lowermost value recorded in the profile and is calculated with
the equation from Brand et al. (2013). The grey shading represents the TOAE.
Abbreviations: Falcif. = Falciferum; Mid. To. = Middle Toarcian; Pa. = Paltum; Semicelat.
= Semicelatum; Sublevi. = Sublevisoni; Tenuicostat. = Tenuicostatum.
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TABLE S1. Results of simple Ordinary Least Squares (OLS) and Spearman’s Rank correlations of shell
size and relative abundance of larger-sized individuals against time as represented by the sampling level.
Statistically significant values are in bold. Abbreviations in table: Adj. R2 = Adjusted R2; Spear. p, Spear.
ρ = p- and rho- values from the Spearman’s Rank correlation test.
Shell Size ~ Level

Analyzed
group

p-value

Adj.

R2

% Large individuals ~ Level

Spear. p

Spear. ρ

p-value

adj. R2

Spear. p

Spear. ρ

Brachiopods +
Bivalves

0.684

-0.018

0.707

-0.055

< 0.001

0.334

< 0.001

-0.560

Brachiopods

0.965

-0.022

0.696

0.058

< 0.001

0.217

0.001

0.457

Bivalves

0.541

-0.013

0.665

0.064

< 0.001

0.317

< 0.001

-0.592

TABLE S2. Results of the Durbin-Watson test for autocorrelation of residuals at
multiple lags of the Ordinary Least Squares (OLS) correlation of shell size and
relative abundance of larger-sized individuals. Statistically significant results are
marked in bold. Results given for the model before differencing.
Shell Size ~ % Large individuals
Analyzed group
Brachiopods + Bivalves

Brachiopods

Bivalves

Lag

Autocorrelation

D-W Statistic

p-value

1

0.403

1.124

0.002

2

0.150

1.620

0.206

3

0.058

1.589

0.232

4

0.070

1.563

0.24

5

0.269

1.122

0.016

1

0.384

1.051

0

2

0.155

1.429

0.066

3

0.081

1.335

0.044

4

0.081

1.333

0.060

5

0.201

1.069

0.012

1

0.500

0.993

0

2

0.377

1.217

0.01

3

0.318

1.204

0.01

4

0.250

1.323

0.048

5

0.114

1.587

0.336
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TABLE S3. Results of simple Ordinary Least Squares (OLS) and Spearman’s Rank correlations of the faunal and
isotope data against time as represented by the sampling level. Statistically significant values are in bold.
Abbreviations in table: X = faunal data to be correlated; Adj. R2 = Adjusted R2; Spear. p, Spear. ρ = p- and
rho- values from the Spearman’s Rank correlation test. Results at lag 1 for the body size time series are the same
as those at lag 0 because only the isotope time series was lagged.
X ~ Level
Analyzed group
Body size (Brachiopods +
Bivalves)
Lag 0

p-value

0.892

Lag 1

Adj.

R2

-0.027

δ18O ~ Level

Spear. p

Spear. ρ

p-value

Adj. R2

Spear. p

Spear. ρ

0.825

0.037

0.392

-0.007

0.201

-0.212

0.381

-0.006

0.201

-0.215

0.271

0.007

0.154

-0.239

0.257

0.009

0.156

-0.242

0.320

-0.007

0.201

-0.212

0.381

-0.006

0.201

-0.215

0.392

-0.007

0.201

-0.212

0.560

-0.019

0.201

-0.215

0.271

0.007

0.154

-0.239

0.257

0.009

0.156

-0.242

0.387

-0.007

0.201

-0.215

0.368

-0.005

0.201

-0.218

Results same as for lag 0*

Body size (Brachiopods)
Lag 0

0.665

Lag 1

-0.023

0.556

0.100

Results same as for lag 0*

Body size (Bivalves)
Lag 0

0.188

Lag 1

0.021

0.212

0.207

Results same as for lag 0*

% Large individuals
(Brachiopods + Bivalves)
Lag 0

< 0.001

Lag 1

0.307

< 0.001

-0.574

Results same as for lag 0*

% Large individuals
(Brachiopods)
Lag 0

0.002

Lag 1

0.225

0.002

-0.489

Results same as for lag 0*

% Large individuals
(Bivalves)
Lag 0
Lag 1

< 0.001

0.253

< 0.001

-0.597

Results same as for lag 0*
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The Toarcian Oceanic Anoxic Event (TOAE; Early Jurassic, ca. 182 Ma ago)
represents one of the major environmental disturbances of the Mesozoic and is
associated with global warming, widespread anoxia, and a severe perturbation
of the global carbon cycle. Warming-related dysoxia-anoxia has long been
considered the main cause of elevated marine extinction rates, although
extinctions have been recorded also in environments without evidence for
deoxygenation. We addressed the role of warming and disturbance of the carbon
cycle in an oxygenated habitat in the Iberian Basin, Spain, by correlating high
resolution quantitative faunal occurrences of early Toarcian benthic marine
invertebrates with geochemical proxy data (δ18O and δ13C). We find that
temperature, as derived from the δ18O record of shells, is significantly correlated
with taxonomic and functional diversity and ecological composition, whereas
we find no evidence to link carbon cycle variations to the faunal patterns. The
local faunal assemblages before and after the TOAE are taxonomically and
ecologically distinct. Most ecological change occurred at the onset of the TOAE,
synchronous with an increase in water temperatures, and involved declines in
multiple diversity metrics, abundance, and biomass. The TOAE interval
experienced a complete turnover of brachiopods and a predominance of
opportunistic species, which underscores the generality of this pattern recorded
elsewhere in the western Tethys Ocean. Ecological instability during the TOAE
is indicated by distinct fluctuations in diversity and in the relative abundance of
individual modes of life. Local recovery to ecologically stable and diverse postTOAE faunal assemblages occurred rapidly at the end of the TOAE,
synchronous with decreasing water temperatures. Because oxygen-depleted
conditions prevailed in many other regions during the TOAE, this study
demonstrates that multiple mechanisms can be operating simultaneously with
different relative contributions in different parts of the ocean.
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Introduction
The early Toarcian Oceanic Anoxic Event (TOAE, ~182 Ma) (Jenkyns 1988), is one
of the major carbon cycle perturbations of the Mesozoic (Brazier et al. 2015), marked
globally in the sedimentary, geochemical and paleontological records (e.g., Jenkyns 2010;
Dera et al. 2011). Its ultimate cause is most likely the rapid and extensive increase in pCO2
triggered by large-scale eruptions of the Karoo-Ferrar igneous province (Pálfy and Smith
2000) and methane release from both oceanic (Hesselbo et al. 2000) and terrestrial sources
(Them et al. 2017a). Consequences for marine ecosystems included increased water
temperatures, widespread anoxia evidenced by black shale deposition, and possibly ocean
acidification. The TOAE thus provides an opportunity to investigate the effects of climate
warming on marine communities as recorded by fossils and may serve as a potential
deep-time analogue for the consequences of current and projected climate change on extant
communities. The magnitude of seawater warming is estimated to have ranged between +3
and +7 °C, depending on latitude (Bailey et al. 2003; Suan et al. 2008b; Gómez and Goy
2011; Dera and Donnadieu 2012; Danise et al. 2019). While dysoxic–anoxic conditions and
black shales are typical for the TOAE in many regions, they can be very limited in extent
and duration or even absent in other areas such as SW Europe and northern Africa (Fürsich
et al. 2001; Gahr 2002, 2005; García Joral and Goy 2000, 2009; Gómez and Goy 2011;
Reolid et al. 2012; Danise et al. 2019). This implies different regional expressions of the
TOAE (McArthur et al. 2008; Ruvalcaba Baroni et al. 2018). Additional inferred effects of
elevated pCO2 are increased continental weathering rates (Them et al. 2017b), ocean
acidification (Hermoso et al. 2012; Trecalli et al. 2012) and a crisis in carbonate production
(Mattioli et al. 2009).
The patterns and rates of ecosystem recovery from environmental stress during mass
extinctions are as yet insufficiently studied (Aberhan and Kiessling 2012). However,
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understanding community stability when facing disturbances is central to inform present-day
conservation management (Hillebrand and Kunze 2020). Biodiversity loss and extinctions
in fossil communities might provide a long-term perspective of ecosystem response to global
warming. The TOAE coincides with elevated extinction rates for nektonic and benthic
organisms, i.e. molluscs, brachiopods, ostracods, foraminifera and dinoflagellates, and with
changes in community structure (e.g., Little and Benton 1995; Aberhan and Baumiller 2003;
Wignall and Bond 2008; Mattioli et al. 2009; Morten and Twitchett 2009; Reolid et al. 2012;
Danise et al. 2013, 2015; Martindale and Aberhan 2017). The proximate causes are debated
and most studies see widespread dysoxia–anoxia as the main stressor (e.g., Little and Benton
1995; Pálfy and Smith 2000; Röhl et al 2001; Aberhan and Baumiller 2003; Wignall et al.
2005; Caswell and Coe 2009; Mattioli et al. 2009; Danise et al. 2013, 2015; Ros-Franch et
al. 2019), with Them et al. (2018) even arguing for global ocean deoxygenation to have
already started at the Pliensbachian/Toarcian boundary. Yet, the record of dysoxia–anoxia
is far from ubiquitous as is evident from faunal and facies analyses in oxygenated
environments from SW Europe (Fürsich et al. 2001; Gahr 2002, 2005; García Joral and Goy
2009; Gómez and Goy 2011; Baeza-Carratalá 2013; Danise et al. 2019). Even from restricted
basins where anoxia developed, oxygenated bottom conditions are recorded before the onset
of the TOAE (e.g., Danise et al. 2015). In the absence of low-oxygen conditions, warming
was suggested as an important stressor (e.g., Gómez et al. 2008; Gómez and Arias 2010;
García Joral et al. 2011, 2018; Gómez and Goy 2011), but rigorous statistical tests of the
relationship between temperature change and faunal change are few (e.g., Danise et al. 2019;
Piazza et al. 2019, 2020; Rita et al. 2019).
Experiments have shown that raised temperatures can lead to physiological stress for
the marine ectotherms that are above their thermal optimum, through increased metabolic
oxygen demand and reduced oxygen transport (e.g., Pörtner 2002; Pörtner and Farrel 2008).
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Thus, temperature-driven stress may decrease population performance, leading to
extirpations and ultimately to extinction (Reddin et al. 2020). What seems clear from the
debate on the TOAE is that there is no universal trigger of the biotic crisis, and that regional
differences in environmental conditions are important. As dysoxia–anoxia is not a plausible
main stressor in oxygenated settings, the role of other factors should be tested statistically.
Here, we investigated the taxonomic and ecological responses of marine benthic
macroinvertebrate assemblages across the TOAE in an oxygenated setting of the Iberian
Basin, Spain, with three objectives: (i) Establish the patterns, timing, and magnitude of
change in taxonomic composition and ecological structure of fossil communities from
pre-TOAE times into the TOAE and post-TOAE intervals; (ii) test for negative faunal effects
of elevated ocean temperatures and perturbations of the carbon cycle as recorded by
geochemical proxy data; and (iii) interpret the results in terms of ecosystem stability, faunal
recovery, and the relationship between temperature and faunal change.

Geological Framework
Faunal and geochemical data were collected from the same samples along the
sedimentary succession of Barranco de la Cañada (40°23'53.4"N, 1°30'07.4"W), located
near Albarracín, in the Iberian Basin, Spain (Fig. 1). This section was chosen for its
well-preserved and abundant benthic macroinvertebrate fauna, its relative stratigraphic
completeness and its biostratigraphic control based on brachiopods and ammonites (Gahr
2002; García Joral and Goy 2010).
Ca. 28 m of the succession were sampled, spanning from the Pliensbachian/Toarcian
boundary to the lower Bifrons Zone (middle Toarcian) (see sedimentary log in Fig. 2). This
time span corresponds to the Turmiel Formation (Goy et al. 1976), which is characterized
by alternations of marlstones and argillaceous limestones.
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FIGURE
1.
Geographical
location and paleogeographical
position of Barranco de la
Cañada. Location map of the
investigated section in the
Iberian Range system (A) and
paleogeographical
reconstruction of the western
Tethyan basins (B). Studied area
marked by the black dot. The
grey shading in (A) represents
the Iberian Chain. Abbreviations
in (B): LB = Lusitanian Basin;
IM = Iberian Massif; IB =
Iberian Basin. (A) and (B)
modified respectively after figs.
1 and 6 in Andrade et al. (2016)
under a CC BY license, with
permission
from
Elsevier,
original copyright 2015.

The depositional environment is interpreted as a low-energy, mid-ramp setting at
40-70 m depth, below storm wave base (Gahr 2002, 2005; Gómez and Goy 2005). Rare
packstones and rudstones indicate episodes of increased water energy. The absence of black
shales, the relatively abundant fauna with widespread bioturbation across the TOAE interval
(Vaquer-Sunyer and Duarte 2008; Ruvalcaba Baroni et al. 2018) and the generally low TOC
(< 1.2 wt. %) measured for the formation (García Joral et al. 2011) are evidence of
oxygenated bottom conditions during the event. The sequence stratigraphic architecture of
the basin has been subdivided into second and third order cycles (Gahr 2002, 2005; Aurell
et al. 2003; Gómez and Goy 2005). The studied interval can be assigned to the second-order
transgressive-regressive cycle termed LJ-3 in Gómez and Goy (2005) (Fig. 3), which spans
from the early Pliensbachian to the middle Toarcian.
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FIGURE 2. Stratigraphy and ranges of benthic macroinvertebrate species at Barranco de la Cañada. Taxa are
ordered by last occurrences, and subdivided into taxonomical groups. Each circle represents the presence of a
taxon at a sampled level, the size reflecting the abundance of the taxon. The star-shaped symbols indicate the
sampled levels. The shaded grey area represents the extent of the chemostratigraphically defined Toarcian
Oceanic Anoxic Event (TOAE) interval. Chronostratigraphic boundaries modified from Gahr (2002). The
horizontal dashed line marks the level with the last appearances of the pre-TOAE brachiopod fauna.

The succession at Barranco de la Cañada shows the well-known TOAE negative
carbon isotopic excursion which ranges from the uppermost Tenuicostatum Zone up to the
lower Serpentinum Zone (Ullmann et al. 2020, Fig. 3). This negative carbon isotope
excursion is recorded globally from bulk rock carbonates, organic matter, wood and biogenic
calcite (e.g., Hesselbo et al. 2007; Suan et al. 2008b; Hesselbo and Pienkowski 2011;
Hermoso et al. 2012). Its duration is estimated as ∼300 to 500 kyr according to recent studies
(Boulila et al. 2014; Boulila and Hinnov 2017), but uncertainty around those numbers

remains (see Remirez and Algeo 2020 for a summary). These changes in carbon isotope
ratios reflect changes in the global carbon cycle, but the causes of the variation are complex,
including the release of isotopically light volcanic, thermogenic, and/or biogenic carbon into
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the global ocean-atmosphere system, changes in primary productivity, and changes in the
rates of organic matter burial (Jenkyns 2010).

FIGURE 3. Stratigraphy, transgressive-regressive cycles, geochemistry, and paleoecology at Barranco de
la Cañada. Biodiversity metrics (richness, evenness, and Shareholder Quorum Subsampling [SQS] diversity)
are based on the taxonomic composition of faunal samples. Non-metric multidimensional scaling (NMDS)
curves represent the values of axis 1 and axis 2 of the NMDS ordination of Fig. 5A. SQS-diversity calculated
after Alroy (2010). Third order transgressive-regressive cycles from Gahr (2005) and Gómez and Goy
(2005). Isotope data from Ullmann et al. (2020); the temperature change ΔT was calculated relative to the
lowermost value recorded in the section using Brand’s equation (Brand et al. 2013), following Piazza et al.
(2020) and Ullmann et al. (2020). Horizontal bars in the isotope time series represent the double standard
error for each sample. For additional information, see caption of Fig. 2.

Oxygen isotope ratios are available from the same samples at Barranco de la Cañada
(Ullmann et al. 2020; see “Material and Methods” below). δ18O values in shells are
controlled by ambient water temperatures and other factors (Brand et al. 2013) but, in the
studied material, they reliably represent temperature signals (Ullmann et al. 2020; see
“Discussion”). Accordingly, early Toarcian temperature increased rapidly at the onset of the
TOAE and stayed high throughout the interval (Fig. 3). Local bottom water temperatures
were elevated by ~3.5 °C through the entire TOAE (Ullmann et al. 2020). Although
84

ECOLOGICAL COMMUNITY SHIFTS ACROSS THE TOAE
somewhat smaller compared to some previous studies (see above), this temperature change
is considered reliable as it represents averages for pre-TOAE, TOAE and post-TOAE
intervals from a large quantity (> 400) of measurements with high stratigraphic resolution.
Towards the end of the TOAE temperatures decreased but during the post-TOAE remained
on average higher than during the pre-TOAE (Fig. 3).

Material and Methods
We performed quantitative bed-by-bed sampling from carbonate beds, standardized
by consistently collecting ca. 13 kg of bulk rock for each sample. We investigated the
complete coverage of benthic macroinvertebrates, regardless of preservation quality. A total
number of 3,668 individuals belonging to 93 taxa was recorded, comprising 2,078 bivalves
(62 taxa), 1,400 brachiopods (21 taxa), 152 gastropods (nine taxa) and 38 individuals of one
coral species (Fig. 2). Taxa were identified preferentially at species level, wherever
preservation allowed. Specimens that could not reliably be identified at genus level were
disregarded. This set of specimens has already been described and investigated for trends in
body size in Piazza et al. (2020).
We obtained oxygen and carbon isotopes from calcite shells of the best-preserved
rhynchonellid brachiopods and oysters from each sample (see Ullmann et al. 2020 for
distribution of samples). Sample extraction was performed with preparation needle or scalpel
after sediment matrix, altered crusts and, in the case of brachiopods, the primary shell layer
was removed. Sampling areas where the shell calcite visually appeared well preserved were
targeted and analytical results further scrutinized by comparison to ultrastructure
information for each sampled specimen and measurement of element/Ca ratios for each
sample. The methods applied for the geochemical analyses are described in detail in Ullmann
et al. (2020). In short, samples of ca. 500 µg size were analysed using a Sercon 20-22 Gas
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Source isotope ratio mass spectrometer in continuous flow setup, with the reaction of
carbonate with nominally anhydrous phosphoric acid under a He atmosphere taking place at
70 °C. Instrumental drift and biases were corrected with a two-point calibration using inhouse standards CAR (Carrara Marble, δ13C = +2.10 ‰; δ18O = -1.93 ‰) and NCA
(Namibian Carbonatite, δ13C = -5.63 ‰; δ18O = -21.90 ‰). These standards were previously
calibrated against international standards, ensuring accuracy of the data. Precision of the
measurements (2 standard deviations) was found to be ±0.07 ‰ for δ13C and ±0.15 ‰ for
δ18O based on 125 repeat analyses of CAR measured together with the fossil calcite samples.
Fossil preservation differs by taxonomical group: shells are well preserved in
brachiopods, while in bivalves preservation is either as shell or moulds (both internal or
external). Gastropods and corals occur generally as internal moulds. Because originally
aragonitic taxa are preserved as moulds, the species composition and abundance distribution
of the shelly macrobenthos apparently were not strongly influenced by diagenetic processes.
Moreover, the absence of preferential shell orientations and lack of size sorting (Piazza et
al. 2020) suggest that shell transport was minimal, shells were buried within their original
habitat, and faunal composition was not heavily biased by taphonomic processes.
The specimens collected in the field are deposited at the Museo de Ciencias Naturales
de Universidad de Zaragoza, Spain (Canudo 2018) with inventory numbers MPZ 2019/415
– MPZ 2019/571, MPZ 2019/792 – MPZ 2019/889, MPZ 2019/920 – MPZ 2019/942 and
MPZ 2019/1041. All necessary permits were obtained for the described study, which
complied with all relevant regulations. Approval of the conduction of paleontological
fieldwork was obtained from the Direccion General de Cultura y Patrimonio of Zaragoza
(Gobierno de Aragon).
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Faunal Analyses
Faunal analyses are based on a database of raw abundances of species standardized
by rock volume and were performed in the R environment (v. 3.5.3, R Core Team 2019).
They address potential changes in taxonomic composition as well as in the ecological
structure of benthic communities. Accordingly, we assigned each species to a specific mode
of life (MOL) − a unique combination of feeding strategy, tiering and motility level
reflecting the realized ecospace of a community (Bambach et al. 2007; Aberhan and
Kiessling 2015). MOL assignations (Table 1) are based on the published literature or were
inferred from living relatives. Counts of species and MOLs were used to calculate the
diversity indices (see below). Relative abundances (percentages) were used when applying
ordination and clustering methods. In all analyses, levels with less than 17 specimens were
excluded.
TABLE 1. Macrobenthic marine invertebrates recorded from the early Toarcian of Barranco de la Cañada,
Spain, and their ecological attributes. Abbreviations: Motility Level, stationary categories: Ped = Pedically
attached; Bys = Byssate; Cem = Cemented; Fr(un) = Unattached free-lying; Motility Level, mobile
categories: Fac-Mob(un) = Unattached facultative mobile; Fac-Mob(at) = Attached facultative mobile;
Reg-Mov = Regularly moving. Tiering: Epi = Epifaunal; S-inf = Semi-infaunal; Shal-inf = Shallow infaunal;
D-inf = Deep infaunal. Feeding Mechanisms: Susp = Suspension feeder; Her = Herbivore/grazing; Car =
Carnivore/microcarnivore; Surf-dep = Surface deposit feeder. Numbering of taxa as in Fig. 2. (continued)
Group
Bivalvia

Fig. 2

Taxon

Motility

Tiering

Feeding

1

Gryphaea (Catinula) cf. crickleyensis

Cem

Epi

Susp

2

Pholadomya (Pholadomya) ambigua

Fac-Mob(un)

D-inf

Susp

3

Arcomya sp.

Fac-Mob(un)

D-inf

Susp

4

Arcomytilus pectinatus

Bys

Epi

Susp

5

Bositra buchi

Fr(un)

Epi

Susp

6

Isocyprina sp.

Fac-Mob(un)

Shal-inf

Susp

7

Lycettia lunularis

Bys

Epi

Susp

8

Pseudolimea cf. roemeri

Bys

Epi

Susp

9

Weyla (Weyla) pradoana

Fr(un)

Epi

Susp

10

Anisocardia sp.

Fac-Mob(un)

Shal-inf

Susp

11

Pronoella (Gythemon) sp.

Fac-Mob(un)

Shal-inf

Susp

12

Nicaniella voltzi

Fac-Mob(un)

Shal-inf

Susp

13

Harpax spinosa

Cem

Epi

Susp
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14

Harpax auricola

Cem

Epi

Susp

15

Pseudopecten (Pseudopecten) dentatus

Fac-Mob(un)

Epi

Susp

16

Pleuromya aequistriata

Fac-Mob(un)

D-inf

Susp

17

Placunopsis radiata

Cem

Epi

Susp

18

Pinna sp.

Bys

S-inf

Susp

19

Girardotia sp.

Fac-Mob(un)

D-inf

Susp

20

Isognomon sp.

Bys

Epi

Susp

21

Harpax rapa

Cem

Epi

Susp

22

Chlamys (Chlamys) textoria

Fac-Mob(at)

Epi

Susp

23

Coelopis (Coelopis) similis

Fac-Mob(un)

Shal-inf

Susp

24

Parvamussium pumilum

Fac-Mob(un)

Epi

Car

25

Bakevellia cf. waltoni

Bys

S-inf

Susp

26

Corbulomima cf. obscura

Fac-Mob(un)

Shal-inf

Susp

27

Ctenostreon rugosum

Fr(un)

Epi

Susp

28

Liostrea sp.

Cem

Epi

Susp

29

Nanogyra sp.

Cem

Epi

Susp

30

Gervillella monotis

Bys

S-inf

Susp

31

Cucullaea (Idonearca) muensteri

Bys

S-inf

Susp

32

Myophorella cf. formosa

Fac-Mob(un)

Shal-inf

Susp

33

Cardinia concinna

Fac-Mob(un)

Shal-inf

Susp

34

Ceratomya concentrica

Fac-Mob(un)

Shal-inf

Susp

35

Camptonectes (Camptonectes) auritus

Fac-Mob(at)

Epi

Susp

36

Eopecten velatus

Bys

Epi

Susp

37

Gryphaea (Gryphaea) cf. dumortieri

Fr(un)

Epi

Susp

38

Spondylopecten cf. subspinosus

Bys

Epi

Susp

39

Protocardia (Protocardia) striatula

Fac-Mob(un)

Shal-inf

Susp

40

Myoconcha sp.

Bys

S-inf

Susp

41

Camptonectes subulatus

Fac-Mob(at)

Epi

Susp

42

Arcomytilus asper

Bys

Epi

Susp

43

Pholadomya (Pholadomya) cf. fidicula

Fac-Mob(un)

D-inf

Susp

44

Costigervillia sp.

Bys

S-inf

Susp

45

Plagiostoma punctatum

Bys

Epi

Susp

46

Homomya sp.

Fac-Mob(un)

D-inf

Susp

47

Trigonia (Trigonia) similis

Fac-Mob(un)

Shal-inf

Susp

48

Entolium corneolum

Fac-Mob(un)

Epi

Susp

49

Pronoella (Pronoella) intermedia

Fac-Mob(un)

Shal-inf

Susp

50

Actinostreon sp.

Cem

Epi

Susp

51

Gryphaea (Bilobissa) sublobata

Fr(un)

Epi

Susp

52

Pinna (Pinna) cf. folium

Bys

S-inf

Susp

53

Pleuromya uniformis

Fac-Mob(un)

D-inf

Susp

54

Pseudolimea duplicata

Bys

Epi

Susp
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Brachiopoda

Gastropoda

Coelenterata

55

Mactromya cardioides

Fac-Mob(un)

Shal-inf

Susp

56

Plagiostoma giganteum

Fr(un)

Epi

Susp

57

Modiolus (Modiolus) imbricatus

Bys

S-inf

Susp

58

Parallelodon hirsonensis

Bys

S-inf

Susp

59

Grammatodon (Grammatodon) concinnus

Fac-Mob(at)

Epi

Susp

60

Pholadomya (Pholadomya) reticulata

Fac-Mob(un)

D-inf

Susp

61

Inoperna sowerbiana

Bys

S-inf

Susp

62

Neocrassina cf. elegans

Fac-Mob(un)

Shal-inf

Susp

63

Gibbirhynchia cantabrica

Ped

Epi

Susp

64

Aulacothyris resupinata

Ped

Epi

Susp

65

Gibbirhynchia micra

Ped

Epi

Susp

66

Tetrarhynchia subconcinna

Ped

Epi

Susp

67

Lobothyris subpunctata

Ped

Epi

Susp

68

Lobothyris arcta

Ped

Epi

Susp

69

Liospiriferina falloti

Ped

Epi

Susp

70

Quadratirhynchia attenuata

Ped

Epi

Susp

71

Soaresirhynchia aff. flamandi

Ped

Epi

Susp

72

Soaresirhynchia bouchardi

Ped

Epi

Susp

73

Choffatirhynchia aff. paucicostatae

Ped

Epi

Susp

74

Gibbirhynchia aff. muirwoodae

Ped

Epi

Susp

75

Telothyris jauberti

Ped

Epi

Susp

76

Lingularia sp.

Fac-Mob(at)

Shal-inf

Susp

77

Choffatirhynchia vasconcellosi

Ped

Epi

Susp

78

Homoeorhynchia batalleri

Ped

Epi

Susp

79

Sphaeroidothyris dubari

Ped

Epi

Susp

80

Lobothyris hispanica

Ped

Epi

Susp

81

Homoeorhynchia meridionalis

Ped

Epi

Susp

82

Sphaeroidothyris perfida

Ped

Epi

Susp

83

Telothyris pyrenaica

Ped

Epi

Susp

84

Lamelliphorus heliacus

Reg-Mov

Epi

Her

85

Neritopsis sp.

Reg-Mov

Epi

Her

86

Oonia sp.

Reg-Mov

Epi

Her

87

Katosira sp. A

Reg-Mov

Epi

Her

88

Katosira sp. B

Reg-Mov

Epi

Her

89

Cylindrobullina sp.

Reg-Mov

Epi

Her

90

Pseudomelania sp.

Reg-Mov

Epi

Her

91

Ampullospira sp.

Reg-Mov

Epi

Her

92

Pietteia sp.

Reg-Mov

Shal-inf

Surf-dep

93

Montlivaltia sp.

Fr(un)

Epi

Car
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Our aim was to visualize to which degree pre-TOAE, TOAE and post-TOAE
intervals differ in terms of taxonomical and ecological composition. Q-mode hierarchical
clustering (‘hclust’ function of “stats” package [R Core Team 2019]) was based on a
Bray-Curtis distance matrix (‘vegdist’ function in “vegan” [Oksanen et al. 2019]), and
Ward's clustering criterion (Ward 1963) was implemented. The similarity profile test
(SIMPROF) from the “clustsig” package (Whitaker and Christman 2014) was applied to
determine the number of significant clusters (Clarke et al. 2008).
Non-metric Multidimensional Scaling (NMDS) on a Bray-Curtis distance matrix was
performed with the ‘metaMDS’ function from “vegan” (Oksanen et al. 2019), with three
dimensions and 100 attempts to search for a stable ordination solution. The fit of the NMDS
was assessed by the stress value: the larger the stress value, the less efficient is the NMDS
transformation (Kruskal 1964). Transformations with stress values lower than 0.2 were
considered acceptable (Kruskal 1964). This ordination method is efficient in detecting
distinct groupings in multivariate space and makes no assumptions about the distribution of
the variables (e.g., Olszewski and Patzkowski 2001). The non-parametric Analysis of
Similarities test (ANOSIM; ‘anosim' function in “vegan” [Oksanen et al. 2019], with 999
permutations) was used to test whether there is a significant difference between the three
intervals represented in the NMDS.
We estimated the ecological importance of each MOL by calculating the average
percentages per sample to visualize the relative abundance changes. The non-parametric
Kruskal-Wallis test (Kruskal and Wallis 1952; ‘kruskal.test’ function in “stats” [R Core
Team 2019]) and the associated post hoc Dunn’s test (Dunn 1964) (‘dunnTest’ function in
“FSA” [Ogle et al. 2019]) – with Bonferroni correction for multiple comparisons – were
used to investigate differences in the median relative abundance between intervals. The post
hoc test was performed only when the output of the Kruskal-Wallis test was significant. To
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avoid decreasing the statistical power of the tests, we refrained from performing these
analyses in the cases a MOL accounted for insufficient (< 10) numbers of individuals per
interval. The median values by interval were then calculated and used to estimate the
difference in percentage of each MOL between intervals. This allowed us to illustrate the
magnitude and direction of change of single MOLs. These same procedures were performed
for the most abundant trait belonging to each of the three ecological variables (feeding,
motility and tiering). For simplification, motility was categorised as either active or passive
(i.e. all taxa with no ability to move).
We calculated diversity indices, which gave us different aspects of biodiversity
change, to investigate the taxonomical and functional biodiversity trends in time:
1) Alroy’s Shareholder Quorum Subsampling (SQS: Alroy 2010; R code available at
https://bio.mq.edu.au/~jalroy/SQS-3-3.R). This method was developed to calculate how
many species (and MOLs in the case of functional diversity) can be found in each sample
given a certain "quorum" (i.e. the desired frequency coverage level) of the abundance
distribution. This method corrects for changing abundance distributions, thus balancing
the samples. To include as many samples as possible, a quorum of 0.8 (= 80 % coverage)
was used for the ecological analyses, and of 0.6 to calculate taxonomical diversity;
2) Simpson’s evenness index calculated with the ‘diversity’ function in “vegan” (Oksanen
et al. 2019), method ‘simpson’. This is based on the formula 1- D, where D = Σp2i and pi
the proportional abundance of ith species;
3) Raw richness, i.e. the total count of species per sampled horizon, was calculated with the
function ‘specnumber’ in “vegan” (Oksanen et al. 2019). This measure is already
standardized by amount of bulk rock sampled in the field.
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Correlation of Faunal and Geochemical Data
To establish links of faunal variables with temperature change and/or processes
determining the carbon cycle, we performed correlation tests for each of the biodiversity
time series (SQS-diversity, Simpson’s evenness, richness) and the compositional gradients
(NMDS scores for axis 1 and 2) with the δ18O and δ13C isotope time series using Generalized
Least Squares regression (GLS). The advantage of this method is that it can include terms to
account for temporal autocorrelation among samples. Rows with missing values in any of
the time series to be correlated were deleted prior to correlation.
We performed several steps before the GLS proper (‘gls’ function in “nlme” package
[Pinheiro et al. 2019]):
i) The presence of any trend in time was investigated for each time series through a simple
Ordinary Least Squares (OLS) regression (X ~ sampling level, where X is each faunal,
ecological and geochemical time series) (results reported in Supplementary Table S1);
ii) We checked for autocorrelation with the Durbin-Watson statistic (‘durbinWatsonTest’
function from “car” package [Fox and Weisberg 2019]) of the relationship X ~ δ18O +
δ13C, where X refers to biodiversity indices or NMDS axis scores (Supplementary Table
S2);
iii) As some of the time series indicate non-stationarity (step i) and/or autocorrelation (step
ii), we performed generalized differencing for the purpose of detrending (McKinney
1990) with the R script available at www.graemetlloyd.com/methgd.htlm;
iv) We repeated step ii) to check that the model assumptions of stationarity and nonautocorrelation were now satisfied (results of the Durbin-Watson statistic not reported).
v) We fitted an AutoRegressive Integrated Moving Average (ARIMA) process with the
‘auto.arima’ function in the “forecast” R package (Hyndman and Khandakar 2008;
Hyndman et al. 2019) to the residuals of the differenced OLS regressions X ~ δ18O +
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δ13C. Because it is possible that unit roots are present as a different facet of an ARIMA
process, the residual series of the fitted ARIMA process was investigated with the
‘ndiffs’ function from the “forecast” package (Hyndman and Khandakar 2008; Hyndman
et al. 2019), with ‘kpss’ and ‘adf’ stationarity tests and maximum fifth order differencing
applied). Given the negative outcome, we proceeded with the last step;
vi) The ARIMA fit was finally applied in the GLS regression to specify the expected
correlation structure of the residuals.

Results
Bivalves dominate the studied fauna in terms of both species and number of
specimens, with brachiopods being the second most abundant group (Fig. 2). Gastropods
and corals are rare faunal components (Table 1). Bivalves are most common and diverse in
the pre-TOAE, but their diversity decreases approaching the TOAE. Many taxa, despite
being rare or absent in the TOAE, range through and are again found in the post-TOAE. In
contrast, brachiopods experience the extinction of pre-TOAE taxa in the lowermost
Serpentinum Zone and a complete turnover leading to a new brachiopod fauna in the
post-TOAE (Fig. 2). The pre-TOAE and TOAE intervals are characterised by high
abundances in just a few or only one species, whereas species abundance distributions are
more even in the post-TOAE. Ecologically, two MOLs are dominant: free-lying epifaunal
suspension feeders in the pre-TOAE, and pedically attached epifaunal suspension feeders in
the TOAE and in the post-TOAE.

Changes in Taxonomic Composition across the TOAE
Overall, the raw number of species increases from interval to interval, with 49 species
sampled in the pre-TOAE, 55 in the TOAE and 68 in the post-TOAE. Moderately high and
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relatively stable diversity characterizes the pre-TOAE (Fig. 3). Evenness and SQS-diversity
vary little during the pre-TOAE, while raw richness increased during the Semicelatum
Subzone until the onset of the TOAE. The TOAE itself is characterized by generally low
values of raw species richness and contains the samples with the lowest evenness values.
Fluctuations in all biodiversity indices are more pronounced compared to the other intervals
(Fig. 3). A shift to relatively high values in all three diversity metrics took place during
uppermost TOAE and earliest post-TOAE times. Diversity values remain high and, in the
case of evenness, stable throughout the studied post-TOAE interval.
Concerning faunal composition in more detail, cluster analysis on the 46 sampled
horizons yielded 12 faunal associations, each consisting of faunal samples with similar
taxonomic composition and abundance distribution of species (Fig. 4A; version with
stratigraphic levels provided in Supplementary Fig. S1A). The pre-TOAE, TOAE, and
post-TOAE intervals are generally well separated, which is confirmed by the NMDS
ordination (Fig. 5A) and NMDS axes scores (Fig. 3) (ANOSIM: R = 0.701, p-value = 0.001).

FIGURE 4. Cluster analyses of the
faunal samples at Barranco de la
Cañada. Results plotted according to
taxonomical
composition
using
species as variables (A) and
ecological composition using modes
of life as variables (B). The identified
associations are shaded in grey and
each sample is coded by interval
(pre-TOAE, TOAE and post-TOAE).
The stars mark the levels in the
post-TOAE where the recorded
isotope values (both δ18O and δ13C)
are within their pre-TOAE ranges.
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Whereas some overlap in NMDS space exists between pre-TOAE and TOAE intervals, the
post-TOAE samples are distinct from those of both other intervals.
FIGURE
5.
Non-metric
multidimensional
scaling
ordination (NMDS) of faunal
samples at Barranco de la Cañada.
Results plotted by taxonomical
(A)
and
ecological
(B)
composition. The symbols and the
shading of the convex-hull
polygons are coded by interval
(pre-TOAE,
TOAE
and
post-TOAE).

The pre-TOAE is taxonomically characterized by the dominance of the oyster
Gryphaea sublobata, and secondarily by terebratulid brachiopods belonging to the genus
Lobothyris (Fig. 2). These taxa are still an important part of the fauna during the early stages
of the TOAE, hence the similarity of some TOAE assemblages with those from the
pre-TOAE (Figs. 2 and 5A). After the typical pre-TOAE brachiopods disappeared during
the lower part of the TOAE (Fig. 2), the rhynchonellid brachiopod Soaresirhynchia
bouchardi becomes the dominant taxon in the upper part of the TOAE. The levels strongly
dominated by S. bouchardi correspond to the evenness minima in Fig. 3. The most common
bivalves of the TOAE interval are Entolium corneolum and Pinna cf. folium. Brachiopods
are still an important faunal component in the post-TOAE interval (Fig. 2) and are
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represented mostly by terebratulid species of the genus Telothyris. As for the bivalves,
Grammatodon concinnus, E. corneolum and Protocardia striatula are the most common
species.

FIGURE 6. Paleoecology of faunal samples at Barranco de la Cañada based on ecological composition.
Functional diversity indices (richness, evenness, and SQS-diversity) and NMDS axis scores of Fig. 5B were
calculated using modes of life as variables. Third order transgressive-regressive cycles from Gahr (2005)
and Gómez and Goy (2005). The abundance of samples is shown as their respective number of individuals.
For additional information, see captions of Figs. 2 and 3.

In terms of absolute abundances, numbers of individuals are high during the
pre-TOAE and decline with the onset of the TOAE, reaching lowest values in the upper part
of the TOAE (Fig. 6). As an exception, two TOAE samples exhibit particularly high
abundances, owing to high abundances of the rhynchonellid brachiopod Soaresirhynchia
bouchardi (see below). Abundances again increase in the post-TOAE but mostly stayed
below pre-TOAE levels.
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Changes in Ecological Composition
The trajectories of functional diversity (Fig. 6) resemble those based on taxonomic
composition. Specifically, the TOAE is distinct from the other two intervals by exhibiting
marked fluctuations in all curves. As was the case for taxonomic composition, pre- and
post-TOAE intervals also differ in ecological composition (Figs. 4B and 5B) (ANOSIM:
R = 0.488, p-value = 0.001). The ecologically fairly homogeneous pre-TOAE (Fig. 4B) is
dominated by free-lying (ca. 50 %) and pedically attached (ca. 20 %) epifaunal suspension
feeders (Fig. 7), represented respectively by ostreid bivalves and terebratulid brachiopods.
The TOAE marks a major decline of epifaunal free-lying suspension feeders and an increase
in pedically attached suspension feeders (Fig. 7). The latter, represented by two species of
the brachiopod genus Lobothyris in the early part of the TOAE and S. bouchardi after the
brachiopod turnover, are dominant in the TOAE (> 40 %), while free-lying epifaunal
individuals are reduced to < 10 %.
In ecological composition, TOAE samples often overlap with post-TOAE samples
(Figs. 4B and 5B) and the dominant MOL in the TOAE is still the most important in the
post-TOAE (on average ca. 40 % of the post-TOAE fauna are pedically attached
brachiopods). No MOL present in the pre-TOAE is lost after the TOAE.
By calculating the change in the percentage of each MOL among intervals (Fig. 8),
we confirm that the most substantial changes take place within two MOLs, i.e. the free-lying
and the pedically attached suspension feeders. In particular, changes in these two MOLs are
statistically significant for the pre-TOAE interval when compared to both other intervals
(Table 2). Most of the change occurred in the early phase of the TOAE, whereas subsequent
changes during the post-TOAE are relatively minor in extent (Fig. 7 and 8).
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FIGURE 7. Relative abundance of each mode of life (MOL). The shaded area represents the TOAE interval,
and the dashed horizontal line marks the level with the last appearances of the pre-TOAE brachiopod fauna.
Legend: “n” = number of species; “N” = number of individuals. MOL codings: 1 = Unattached free-lying
epifaunal suspension feeders; 2 = Pedically attached epifaunal suspension feeders; 3 = Unattached facultatively
mobile shallow infaunal suspension feeders; 4 = Byssate epifaunal suspension feeders; 5 = Unattached
facultatively mobile epifaunal suspension feeders; 6 = Unattached facultatively mobile deep infaunal
suspension feeders; 7 = Byssate semi-infaunal suspension feeders; 8 = Cemented epifaunal suspension feeders;
9 = Attached facultatively mobile epifaunal suspension feeders; 10 = regularly moving epifaunal herbivore; 11
= Unattached facultatively mobile epifaunal carnivore; 12 = Unattached free-lying epifaunal carnivore, 13 =
Regularly moving shallow infaunal surface deposit feeders; 14 = Attached facultatively mobile shallow
infaunal suspension feeders.
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FIGURE 8. Relative change of each mode of life (MOL) among time intervals. Comparisons are based on medians.
White and dark grey bars represent positive and negative change, respectively. The symbol (*) denotes significant
p-values from the Kruskal-Wallis and Dunn’s tests (Table 2). For MOL codings, see caption of Fig. 7.

When we considered motility, tiering, and feeding mechanism separately to pinpoint
which traits within a MOL are most affected (Fig. 9), we find that most change is located
within taxa with passive motility. Changes in the relative abundance of epifaunal taxa and
of suspension feeders are fairly small and significant only for suspension feeders (Table 2).

TABLE 2. Results of the non-parametric Kruskal-Wallis test on medians and post-hoc Dunn’s test. The Dunn’s
post-hoc test was performed in case of a significant result from the Kruskal-Wallis test to investigate which
pairwise-comparison by interval is significant, otherwise the symbol “/” was used. The reported p-values for
the post-hoc test are adjusted after applying the Bonferroni correction for multiple comparisons. Analyses
were performed for each MOL and single traits. Statistically significant values (p < 0.05) are in bold. χ2 values
based on two degrees of freedom. For coding of MOLs (1-14) see caption of Fig. 7. Pas = Passive; Epi =
Epifauna; Susp = Suspension feeders. (continued)
Kruskal-Wallis test

pre-TOAE vs.
TOAE

Dunn’s test
pre-TOAE vs.
post-TOAE

TOAE vs.
post-TOAE

MOL/
Trait

χ2

p-value

Z

p-value

Z

p-value

Z

p-value

1

22.919

< 0.001

4.520

< 0.001

4.096

< 0.001

-0.803

1

2

9.423

0.009

-2.877

0.012

-2.658

0.024

0.453

1

3

2.144

0.342

/

/

/

/

/

/

4

7.118

0.029

2.636

0.025

1.363

0.518

-1.634

0.307

5

0.844

0.656

/

/

/

/

/

/

6

1.177

0.555

/

/

/

/

/

/

7

7.690

0.021

-1.381

0.502

-2.733

0.019

-1.438

0.451

8

4.872

0.088

/

/

/

/

/

/
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9

14.656

0.001

-1.416

0.470

-3.643

0.001

-2.430

0.045

10

15.892

< 0.001

-0.681

1

-3.460

0.002

-3.110

0.006

11

/

/

/

/

/

/

/

/

/

/

/

12

/

/

/

/

/

/

/

/

/

/

/

13

/

/

/

/

/

/

/

/

/

/

/

14

20.113

< 0.001

-3.734

0.001

-0.466

1

3.979

< 0.001

Pas

4.994

0.082

/

/

/

/

/

/

Epi

1.830

0.401

/

/

/

/

/

/

Susp

22.185

< 0.001

1.870

< 0.001

4.523

< 0.001

2.882

< 0.001

Correlation of Faunal Data with δ13C and δ18O values
All taxonomically and functionally based biodiversity indices are significantly
correlated with the δ 18O isotope time series whereas correlations with δ13C values are all not
significant (Table 3). Furthermore, the abundance distribution of MOLs is strongly tied to
δ 18O values, as is evident from significant correlations with both NMDS axes scores (Table
3). These results suggest an important role of temperature change in the observed faunal
patterns. It should be kept in mind that reconstructing the carbon cycle from the δ13C record
is much more complex than a comparatively simple conversion of δ18O values to temperature
estimates. Therefore, we cannot exclude that carbon cycle-relevant processes did have some
impact on communities but their expression in δ13C values is non-unique and only one of the
contributing factors in shaping the observed δ13C signal.
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FIGURE 9. Relative abundance and relative change of the most important ecological traits. Each
depicted trait represents the most abundant category in each of the three ecological characters that
define a MOL (motility, tiering and feeding mechanism). The change among intervals is calculated
from the median abundance of all sample means for each interval. The symbol (*) denotes significant
p-values from the Kruskal-Wallis and Dunn’s tests (Table 2). White and dark grey bars represent
positive and negative change, respectively. “n” = number of species, “N” = number of individuals per
interval.

TABLE 3. Generalized Least Squares (GLS) correlations of geochemical proxy data with paleoecological
variables. Paleoecological variable represented by SQS-diversity, evenness, richness, and NMDS axis
scores. The geochemical proxy data used in this study are δ18O and δ13C values from brachiopod and
oyster shells. The correlations were performed for faunal assemblages characterized by taxonomic
composition (A) and by ecological composition (B) on differenced time series. Statistically significant
values (p < 0.05) are in bold. Abbreviations of the parameters of the ARIMA process fitted to the GLS
model: p = number of time lags; d = degree of differencing; q = order of moving average. (continued)
Coefficients

p-value
ARIMA
(p,d,q)

Standard error

δ18O

δ13C

δ18O

δ13C

δ18O

δ13C

A Taxonomic composition
SQS

(0,0,0)

0.047

0.598

2.595

-0.312

1.258

0.585

Simpson’s Evenness

(0,0,0)

0.014

0.535

0.212

0.024

0.082

0.0378

Richness

(0,0,0)

0.036

0.797

5.839

-0.320

2.659

1.236

NMDS1

(1,0,2)

0.915

0.428

-0.006

-0.018

0.054

0.022

NMDS2

(0,0,0)

0.290

0.336

0.085

0.036

0.079

0.0367
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B Ecological composition
SQS

(0,0,0)

0.024

0.842

1.599

0.063

0.673

0.313

Simpson Evenness

(0,0,0)

0.012

0.703

0.203

0.014

0.076

0.035

Richness

(0,0,0)

0.032

0.890

1.791

0.052

0.800

0.372

NMDS1

(0,0,0)

0.017

0.791

0.379

-0.019

0.150

0.070

NMDS2

(0,0,0)

0.009

0.869

0.328

0.009

0.118

0.055

Discussion
The Role of Warming versus other Environmental Stressors
We document substantial faunal changes across the studied early Toarcian interval
that are correlated with changes in water temperature. For another locality of the Iberian
Range (Castrovido), Danise et al. (2019) found significant correlations of δ18O values with
the taxonomic composition of Pliensbachian–Toarcian macrobenthic communities and
bivalve subcommunities. Although community composition in our analysis was the only
paleoecological variable that did not significantly correlate with the δ18O time series (Table
3), this finding is an independent indicator that temperature variations have influenced the
composition of early Toarcian communities. Also, unlike our study, correlations between
δ18O values and diversity indices (richness, evenness) were not significant for Castrovido
and another Spanish locality (Sierra Palomera; Danise et al. 2019). This lack of correlations
might be influenced by their relatively low number of observations for the TOAE interval
and the stratigraphic clustering of brachiopod-derived isotope values.
Apart from heat stress during the TOAE hyperthermal, the observed faunal patterns
could also be caused by other or additional stressors related to climate warming. These
include seawater dysoxia, reduced salinity, ocean acidification, changes in primary
productivity, and changes in habitat via sea level change. For the studied site, we discussed
these factors in detail in two recent articles (Piazza et al. 2020; Ullmann et al. 2020) and
concluded that changes in temperature are the best supported and most plausible factor. In
102

ECOLOGICAL COMMUNITY SHIFTS ACROSS THE TOAE
brief, the well bioturbated and shell-rich TOAE sediments preclude oxygen-depleted bottom
waters at Barranco de la Cañada. This is quite unlike more northern areas where black shales
are common, and faunal change is related to ocean deoxygenation and changes in primary
productivity (e.g., Caswell and Coe 2013; Danise et al. 2013, 2015). Freshening of seawater
is incompatible with paleo-oceanographic modelling and with faunal composition
(stenohaline ammonites, crinoids, and rhynchonelliform brachiopods are continuously
present), whereas evidence of freshening exists for central and northern Europe (McArthur
et al. 2008; van de Schootbrugge et al. 2019), making salinity a stressor of regional
importance. This geographic variability in salinity and oxygen regimes shows that, on larger
spatial scales, multiple mechanisms can be operating simultaneously with different relative
contributions in different parts of the ocean. Ocean acidification is more difficult to assess
but is not supported by faunal patterns at Barranco de la Cañada, where brachiopods, which
might be more tolerant against lowered pH than bivalves (Parker et al. 2013; Cross et al.
2018), are more strongly affected (Piazza et al. 2020, this study). Likewise, the selective
extinction of brachiopods may argue against low productivity because their typically low
metabolic rates and their capability to feed on both particulate and dissolved organic matter
should buffer them against reduced food supply (Steele-Petroviç 1976; Peck and Harper
2010). Finally, patterns of faunal change may also arise from facies change owing to
fluctuations in sea level, and Danise et al. (2019) showed the clustering of last occurrences
of early Toarcian species in the Iberian Basin at flooding surfaces. At Barranco de la Cañada,
facies changes are fairly subtle and we sampled largely homogeneous lithologies (marly
wackestones to floatstones) with just one sample being from a rudstone (Supplementary Fig.
S1). Overall, the depositional environment stayed in a low-energy, mid-ramp position. Also,
diversity trends (both taxonomical and ecological) are not consistent in equivalent stages of
transgressive-regressive cycles. This is for example evident in Fig. 3 where we would expect
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congruent diversity trends in each transgressive-regressive cycle if diversity fluctuations
were primarily driven by fluctuations in sea level, which is not the case.

Timing of Faunal Change
Changes in multiple community attributes (Figs. 3 and 6) took place at the onset of
the TOAE, synchronous with an increase in water temperatures. Within the first samples of
the TOAE, taxonomical and functional diversity indices decrease and enter into a mode of
strongly fluctuating values. Similarly, the two most important MOLs show drastic
abundance changes right at the onset of the event (Fig. 7). This suggests that in terms of
ecological organisation the pre-existing ecosystem was not resistant to the geologically rapid
temperature rise. By contrast, taxonomic composition shifted more gradually (see NMDS
scores in Fig. 3), and the main change happened around the transition between the early and
the late phase of the TOAE, coinciding with the final disappearance of the pre-existing
brachiopod fauna and the appearance of Soaresirhynchia assemblages. Similar patterns at
the local scale are also known from modern ecosystems where – on much shorter time scales
– anthropogenic disturbances predominantly decreased abundance and species richness
(Murphy and Romanuk 2014). In contrast to our findings, however, the meta-analysis of
Murphy and Romanuk (2014) showed that the effects of temperature increase on modern
aquatic ectotherms were insignificant. This difference could be due to the magnitude and
prolonged duration of raised temperatures in our study system or because increases in
temperature need not be deleterious as long as organisms shift towards or stay close to their
thermal optima.
Our observation of functional shifts at the onset of the TOAE is consistent with the
timing of functional changes in dysoxic to anoxic settings (Danise et al. 2013, 2015; Caswell
and Frid 2017; Martindale and Aberhan 2017). However, apart from functional change, these
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dysoxic–anoxic environments also exhibit compositional shifts at the onset of the TOAE
negative carbon isotopic excursion. This contrasts with our present findings from an
oxygenated environment, where compositional changes shifted into the early phase of the
TOAE. This discrepancy could suggest that the combination of warming and dysoxia in
oxygen-depleted environments led to earlier, more abrupt shifts comprising both community
composition and structure.

Ecological State Shift during Hyperthermal Conditions
The TOAE interval clearly differs from the intervals before and after in several faunal
characteristics that are indicative of sustained stressful and ecologically unstable conditions
in the benthic marine ecosystem.
First, the species composition changed with the complete loss of the pre-TOAE
brachiopod fauna in the first half of the TOAE. At a wider geographic scale, none of the
pre-TOAE articulate brachiopod species of the Iberian platform system survived this episode
(García Joral et al. 2011). In the second half of the TOAE, Soaresirhynchia-dominated
assemblages appeared and prevailed, whereas most bivalve species disappeared or became
rare. The dominance of Soaresirhynchia in the late phase of the TOAE is known from other
basins in the Mediterranean (García Joral and Goy 2000; Gahr 2005; Baeza-Carratalá et al.
2011, 2017; García Joral et al. 2011; Danise et al. 2019; Piazza et al. 2019). S. bouchardi is
a small-sized species with high morphological variability, geographically widespread
(ranging from North Africa to England [García Joral et al. 2011]), and occurs in high
numbers. This taxon was successful especially during the rising limb of the TOAE negative
carbon isotope excursion where it thrived despite persisting high water temperatures. Its
presumably slow growth and low metabolic rates, as suggested by the geochemical
composition and low organic matter content of the shell (Ullmann et al. 2020), probably put
105

CHAPTER 4
it at an advantage in a stressed environment over other species with higher energy demands
(Danise et al. 2019; Ullmann et al. 2020). Also, the associated bivalve Parvamussium
pumilum and the lingulid brachiopod Lingularia sp. have been interpreted as opportunistic
taxa capable of surviving in stressed environments (Johnson 1984; Petsios and Bottjer 2016),
making the second half of the TOAE an interval dominated by opportunists.
Second, the abundance of specimens in samples (which is standardized by rock
volume) is on average lower during the TOAE than in the pre-TOAE. Combined with the
observation from the same samples that larger-sized species selectively become less
abundant during the TOAE (Piazza et al. 2020), this suggests an overall decline of
macrobenthic biomass in the TOAE. Notable exceptions are two samples with proliferations
of the opportunistic S. bouchardi.
Third, the shift from diverse pre-TOAE assemblages to the paucispecific
assemblages of the TOAE is paralleled by distinct oscillations of both taxonomic and
functional biodiversity indices during the TOAE (Figs. 3 and 6). Along with pronounced
fluctuations in MOL-based NMDS scores, in the proportions of passive and epifaunal
individuals, and with high-amplitude excursions in the abundance of specimens (Figs. 6 and
9), this points to ecological instability during the TOAE.

Recovery from the TOAE Hyperthermal
The latest phase of the TOAE is characterized by a swift recovery of both
taxonomical and ecological biodiversity. Such a geologically quick recovery contrasts with
other areas where the TOAE is characterized by black shales (e.g., Danise et al. 2013, 2015;
Caswell and Frid 2017; Martindale and Aberhan 2017) and has been related to the more
favourable conditions of Tethyan areas where anoxia and dysoxia did not develop (Danise
et al. 2019). The return to high diversity values in the latest TOAE is synchronous with the
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shift to more positive δ18O values, with cooler temperatures indicating the end of the
hyperthermal interval. We interpret this synchronicity of trends in temperature and
biodiversity at the beginning and the end of the TOAE hyperthermal as evidence for an
important role of warming in diversity loss and of cooling in the subsequent recovery of
diversity. The speed of diversity recovery as soon as temperatures decline suggests that
benthic diversity was resilient, albeit taxonomic composition had changed. Subsequent
stable diversity in the post-TOAE interval indicates a return to ecosystem stability (Figs. 3
and 6).
Comparing pre- and post-TOAE assemblages, we found that no MOL present in the
pre-TOAE was lost after the TOAE. Yet, ordinations and cluster analyses (Figs. 4 and 5)
show that pre- and post-TOAE intervals differ taxonomically and ecologically from each
other. Taxonomic disparity can readily be explained by the strong turnover in brachiopods
and marked reductions in the abundance of the oyster Gryphaea sublobata that had
dominated the pre-TOAE interval. In the face of extinction, full recovery of taxonomic
composition remains impossible. Yet, functional composition can be restored in the absence
of taxonomic compositional recovery because different species can be functionally the same
(Hillebrand and Kunze 2020). Post-TOAE temperatures were mostly higher compared to the
pre-TOAE (Ullmann et al. 2020, Fig. 3). To test whether this difference in temperature
explains the difference in ecological composition, we compared only those post-TOAE
samples with pre-TOAE assemblages where δ18O values stayed within their pre-TOAE
range (see selected samples in Fig. 4 and Supplementary Fig. S1). Even these selected
post-TOAE assemblages have a different ecological composition than before which shows
that communities did not return to their previous state despite similar inferred temperatures.
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Comparison with modern ecosystems and projected warming scenarios
The early Toarcian sedimentary rocks of the Barranco de la Cañada section were
deposited in a shallow to mid shelf/ramp environment at low, subtropical paleolatitudes. The
dominance of bivalves and brachiopods in marine, shelly, macrobenthic associations in these
level bottom ecosystems is common during the early Jurassic whereas the higher level
taxonomic composition has changed to bivalve-gastropod associations in the late Cenozoic
(Kowalewski et al. 2006). Although locally common in shallow waters, the distribution of
living brachiopods reflects the continuation of a post-Permian trend in brachiopod retreat to
offshore habitats, and today they typically are species of the deeper continental shelf and
upper slope (Peck and Harper 2010). Because brachiopods in our study were more severely
hit by temperature rise than bivalves one might expect that, everything else being equal,
modern shallow to-mid shelf assemblages are possibly more resistant to warming than those
of the early Jurassic.
In terms of absolute temperatures, using the brachiopod oxygen isotope thermometer
of Brand et al. (2013), we estimated average pre-TOAE water temperatures at the seafloor
of ~21 ˚C followed by a geologically rapid mean temperature increase during the TOAE of
~ 3.5 ˚C (Ullmann et al. 2020). Climate change predictions until the end of the century range
from a low greenhouse gas emission scenario with a projected mean of 0.73 ˚C warming of
global mean sea surface temperature to a high emission scenario with mean warming of 2.58
˚C relative to preindustrial levels (Abram et al. 2019). In this respect, the amount of early
Toarcian warming inferred in our analysis (Ullmann et al. 2020) is beyond the range of ocean
warming scenarios for the near future. Yet, this does not imply that the local ecological
effects of future warming are less severe than those established for the early Toarcian. These
temperature estimates are not equivalent because they represent local point estimates
(Barranco de la Cañada) versus global mean sea surface temperature (Abram et al. 2019).
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Furthermore, the rate of projected warming is likely much higher than during the TOAE,
making adaptations to warming oceans more difficult. Several other factors add to the
uncertainties in assessing the consequences of current and projected climate change for
marine ecosystems from deep-time warming analogs as recorded by fossils. These include
the time-averaged nature of fossil assemblages, the complex interactions with other
warming-related stressors which may vary geographically, differences in the thermal
structure of communities, and differences in the starting state of the climate system
(Barnosky et al. 2012; Stuart-Smith et al. 2015; Foster et al. 2020). Despite these
complexities and uncertainties, we tentatively consider the identified faunal changes across
the TOAE hyperthermal–taxonomic and ecological reorganisations; declines in diversity,
abundance, and biomass; long-term ecological instability with predominance of
opportunistic species; and reductions in community size structure (see Piazza et al. [2020])
– to also be plausible threats to present-day shallow-water benthic communities.

Conclusions
High-resolution early Toarcian faunal and geochemical data from marine mid-ramp
environments at Barranco de la Cañada provide statistical support for a relationship between
bottom water temperatures and taxonomical and ecological changes in benthic
macroinvertebrate assemblages. This result provides strong support of the regional
importance of warming as a proximate cause of the TOAE-related biotic crisis. Because
dysoxia–anoxia prevailed in many other regions during the TOAE, our study alongside
others suggests that multiple mechanisms can be operating simultaneously with different
relative contributions in different parts of the ocean.
The local faunal assemblages were reorganized taxonomically and ecologically
across the TOAE. This suggests that the local ecosystem could not withstand the disturbance,
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heat stress exceeded the communities’ resistance capacity, and an environmental threshold
was crossed leading to a non-transient change with a new distribution of species-specific
traits in the TOAE aftermath. Brachiopods were most severely hit, as they experienced
species extinctions in the lower part of the TOAE followed by the proliferation of an
opportunistic species and a complete species turnover in the post-TOAE interval. Molluscs,
on the contrary, mostly ranged through the event, hinting at rather different responses to
environmental stress among taxonomical groups. Most of the ecological changes were
focused at the onset of the TOAE hyperthermal and comprise declines in multiple diversity
metrics, abundance, and biomass. During the TOAE, the studied marine communities were
ecologically unstable, as evidenced by oscillatory dynamics in most ecological variables,
whereas stable and diverse post-TOAE faunal assemblages were established simultaneously
with decreasing water temperatures at the end of the TOAE. This suggests geologically rapid
functional recovery to an undisturbed state, albeit with different frequency distributions of
modes of life than before the event.
This confirms the need for a better understanding of ecosystem and organism
responses under heat stress. Investigations of deep-time episodes of climate change like the
TOAE can provide insights how marine communities might ultimately respond in the face
of the present global warming and to changes in future climatic regimes.
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Supplementary Figures and Tables

FIGURE S1. Cluster analyses of the sampled fauna at Barranco de la Cañada. Clusters from Fig. 4 plotted
showing the stratigraphic level and lithology of each sample in meters above the Pliensbachian-Toarcian
boundary. Results plotted by taxonomical (A) and ecological (B) composition. The identified associations
are numbered and shaded in grey and each sample is coded by interval (pre-TOAE, TOAE and post-TOAE).
The stars mark the levels in the post-TOAE where the recorded isotope values (both δ18O and δ13C) are
within pre-TOAE ranges.
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TABLE S1. Results of the Ordinary Least Squares (OLS) correlations of faunal variables and of geochemical
proxy data against time (sampling level). Faunal variables are SQS-diversity, evenness, richness, and NMDS
axis scores, whereas the geochemical proxy data are δ18O and δ13C values. Results are presented for faunal
assemblages characterized by both taxonomic and ecological composition respectively and are based on the
original time series. Statistically significant values (p < 0.05) are in bold.
Taxonomic composition

Ecological composition

p-value

Adjusted R2

p-value

Adjusted R2

SQS ~ Level

0.013

0.1424

0.109

0.047

Simpson’s Evenness ~ Level

0.055

0.078

0.382

-0.006

Richness ~ Level

0.942

-0.029

0.408

-0.009

NMDS1 ~ Level

< 0.001

0.768

0.028

0.109

NMDS2 ~ Level

0.8231

-0.028

< 0.001

0.382

δ18O ~ Level

0.4649

-0.013

0.465

-0.013

δ13C

0.005

0.188

0.005

0.188

~ Level
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TABLE S2. Durbin-Watson (D-W) statistics on Ordinary Least Squares (OLS) correlations of faunal
variables with geochemical proxy data. The OLS correlations are in the form X~ δ18O + δ13C, where X is
the respective diversity index or NMDS axis score. Results are presented separately for faunal assemblages
characterized by taxonomic and by ecological composition based on the original time series. Statistically
significant values (p < 0.05) are in bold.

Lag
SQS

Simpson’s
Evenness

Richness

NMDS1

NMDS2

Taxonomic composition
D-W
Autocorrelation
p-value
Statistic

Ecological composition
D-W
Autocorrelation
Statistic

p-value

1

0.529

0.930

0.002

0.097

1.797

0.460

2

0.460

1.060

0.004

-0.020

1.943

0.884

3

0.295

1.366

0.104

0.110

1.647

0.468

4

0.202

1.519

0.350

0.297

1.176

0.040

5

0.083

1.673

0.740

0.022

1.634

0.676

1

0.373

1.254

0.014

0.071

1.827

0.536

2

0.087

1.809

0.602

-0.042

2.025

0.888

3

0.006

1.957

0.880

-0.076

2.090

0.550

4

0.320

1.308

0.118

0.282

1.346

0.140

5

0.144

1.618

0.670

-0.029

1.920

0.598

1

0.483

1.031

0.004

0.404

1.190

0.010

2

0.209

1.544

0.176

0.151

1.682

0.404

3

0.041

1.824

0.780

-0.048

2.071

0.672

4

-0.150

2.101

0.436

-0.040

1.765

0.858

5

-0.106

1.976

0.508

-0.172

1.996

0.500

1

0.692

0.565

0.000

0.152

1.690

0.272

2

0.710

0.482

0.000

0.163

1.644

0.310

3

0.514

0.771

0.000

0.245

1.449

0.186

4

0.419

0.850

0.002

0.271

1.211

0.062

5

0.286

1.033

0.016

0.134

1.449

0.296

1

0.341

1.219

0.006

0.109

1.744

0.310

2

0.086

1.668

0.322

0.281

1.367

0.042

3

-0.008

1.799

0.710

-0.101

1.953

0.980

4

-0.023

1.817

0.854

0.168

1.338

0.096

5

0.112

1.543

0.430

0.216

1.235

0.096
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Many aspects of the supposed hyperthermal Toarcian Oceanic Anoxic Event
(TOAE, Early Jurassic, ~182 Ma) are well understood but a lack of robust
palaeotemperature data severely limits reconstruction of the processes that drove
the TOAE and associated environmental and biotic changes. New oxygen
isotope data from calcite shells of the benthic fauna suggest that bottom water
temperatures in the western Tethys were elevated by ~3.5 °C through the entire
TOAE. Modelling supports the idea that widespread marine anoxia was induced
by a greenhouse-driven weathering pulse, and is compatible with the OAE
duration being extended by limitation of the global silicate weathering flux. In
the western Tethys Ocean, the later part of the TOAE is characterized by
abundant occurrences of the brachiopod Soaresirhynchia, which exhibits
characteristics of slow-growing, deep sea brachiopods. The unlikely success of
Soaresirhynchia in a hyperthermal event is attributed here to low metabolic rate,
which put it at an advantage over other species from shallow epicontinental
environments with higher metabolic demand.
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Introduction
The Early Jurassic Toarcian Stage is characterized by possibly the largest global
carbon cycle perturbation since the beginning of the Mesozoic (~250 Ma) (Hesselbo et al.
2007; Suan et al. 2015). A series of such perturbations, evidenced by large-scale carbon
isotope excursions (CIE’s), through the late Pliensbachian to middle Toarcian stages
(~184-180 Ma), are recorded globally by sedimentary strata. Organic matter and carbonate
in bulk sediments (Kemp et al. 2005; Hermoso et al. 2012; Suan et al. 2015), as well as fossil
wood (Hesselbo et al. 2007) and macrofossils (Suan et al. 2008b; Ullmann et al. 2014), show
excursions in carbon isotope ratios which have not been matched in size since. This episode
of environmental change was associated with widespread marine deposition of laminated,
organic-rich mud in epicontinental seas, suggestive of at least regionally severe water
deoxygenation (Jenkyns et al. 2002; Dickson et al. 2017), and has consequently become
known as the Toarcian Oceanic Anoxic Event (TOAE).
The evolution of environmental conditions across the TOAE interval has been
reconstructed in high temporal detail in previous studies. The earliest Toarcian is marked by
the recovery from a negative CIE at the Pliensbachian-Toarcian boundary (Suan et al. 2008b;
Littler et al. 2010) and linked to early magmatism of the Karoo-Ferrar large igneous province
(Pálfy and Smith 2000; Caruthers et al. 2013; Percival et al. 2016; Xu et al. 2018a). Within
the TOAE, regular, stepped changes in carbon isotope ratios resulted in a strong δ13C
decrease, have been documented. These steps have been interpreted to signify repeated,
astronomically paced, widespread release of methane from various sources (Hesselbo et al.
2000; Kemp et al. 2005; Them et al. 2017a; Ruebsam et al. 2019), probably also initially
triggered by large scale volcanism of the Karoo-Ferrar Large Igneous Province. After the
peak of the negative CIE, carbon isotope ratios rose strongly with δ13C values reaching up
to around +6 ‰ in belemnite calcite in the UK sections (McArthur et al. 2000; Ullmann et
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al. 2014) and > +5 ‰ in brachiopod calcite in Portugal (Suan et al. 2008b, 2010). This
positive shift of ~5 ‰, in conjunction with coeval globally observed deposition of organic
rich muds in marine (Jenkyns et al. 2002) and lacustrine strata (Xu et al. 2018b), can be taken
as clear indication for large-scale organic matter burial preferentially removing 12C from the
exogenic carbon cycle (Hesselbo et al. 2000; Jenkyns et al. 2002; Xu et al. 2018a).
Biotic consequences of the TOAE were far-reaching reorganizations of marine and
terrestrial flora and fauna, including severe extinctions and protracted recovery from the loss
of biodiversity (Little and Benton 1995; Gahr 2005; García Joral et al. 2011; Danise et al.
2013; Caswell and Dawn 2019). The magnitude and duration of the greenhouse warming
that must have been associated with the large-scale release of methane and carbon dioxide
into the atmosphere, however, has so far been hard to quantify reliably. The lack of robust
palaeotemperature reconstructions is due to poor proxy calibrations from sedimentary
successions of this age, as well as proxy resetting due to post-depositional processes. The
best-established proxy for Jurassic seawater temperatures, oxygen isotope ratios in marine
biological carbonates, requires the continued presence of well-preserved fossils with known
life habits in sedimentary archives, even within the strata representative of the most severe
environmental upheaval. These prerequisites have proven challenging for reconstructing
temperature change across the TOAE. Most records rely on the calcite of belemnite rostra
(Bailey et al. 2003; Ullmann et al. 2014) which are rare or absent from strata deposited during
peak anoxic conditions, and for which complications arising from vital effects and changes
in habitat depth cannot be discounted. Data on calcite secreting, sessile faunas of the seafloor
on the other hand are sparse, particularly in the intervals of most extreme environmental
conditions (Suan et al. 2008b, 2010; Danise et al. 2019).
In this contribution we make use of a new multiproxy dataset to provide a
high-quality, temporally well-resolved record of oxygen and carbon isotope data through the
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early Toarcian. The aim is to use these data to provide guidance on the evolution of
temperatures and carbon cycle and to assess first-order controls on Earth system responses.
This large dataset comprises macrofossil ranges, shell structure, element/Ca, and C and O
isotope ratios for multiple taxa of rhynchonellid brachiopods, the bivalve Gryphaea,
belemnite calcite, diagenetic cements, and bulk rocks, of the Toarcian strata from the
Barranco de la Cañada section in Spain (40°23′53.4″N, 1°30′07.4″W; Fig. 1 and electronic
supplementary information “Suppl. Inf.”).

FIGURE 1. Upper panel:
Toarcian palaeogeography
after Thierry et al. (2000).
with sampled stratigraphic
successions marked with
stars (yellow star, Fonte
Coberta / Rabaçal; orange
star: Barranco de la Cañada).
Lower
panel:
Same
palaeogeography overlain by
early Toarcian occurrences of
Soaresirhynchia taken from
García Joral et al. (2011) and
Comas-Rengifo et al. (2015),
areal extent of organic rich
mudstones with TOC > 5 wt
% (Ruebsam et al. 2018) and
putative deep-water habitat
and migration direction of
Soaresirhynchia
(Vörös
2005).
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These 550 geochemical analyses are supplemented by equivalent results from 135
brachiopod, bivalve and bulk rock samples from a correlative succession of Toarcian strata
at Fonte Coberta and Rabaçal, Portugal (Fonte Coberta: 40°03′36.5″N, 8°27′33.4″W;
Rabaçal: 40°03′08.0″N, 8°27′30.5″W; Fig. 1). Taxonomic control as well as rigorous optical
and chemical screening of the shells for diagenesis permit discussion of palaeotemperature
evolution and its relation to the carbon cycle perturbation of the TOAE with a high degree
of quantitative detail. The biomineral structures and geochemical fingerprints of the
brachiopods represented in the strata are also studied in detail. These data are used to
establish novel proxies that help better understand the extraordinary success of the
brachiopod genus Soaresirhynchia during times of severe environmental change.

Results
Carbon and Oxygen Isotope Stratigraphy
Carbon and oxygen isotope ratios of well-preserved rhynchonellid brachiopods and
the bivalve Gryphaea (see “Suppl. Inf.” for assessment of preservation and construction of
combined isotope record) show distinct fluctuations through the Barranco de la Cañada
section (Fig. 2). In the lowest three Toarcian horizons, δ13C values of +0.3 to +0.5 ‰ are
recorded, above which a rise to +3.1 ‰ occurs. Above 5.6 m, a strong decrease in δ13C
values commences, which culminates in a value of −0.4 ‰ at 7.8 m height. Within sampling
resolution, this position coincides with the boundary of the Tenuicostatum and Serpentinum
ammonite zones. Above this minimum, δ13C values recover and reach very positive values
averaging +5.1 ‰ at 12.1 m height. Upsection, a general decrease of δ13C to ca. +2.5 ‰ with
superimposed minor fluctuations is observed which reaches into the lower Bifrons ammonite
zone. Over the same interval, δ18O values are initially stable, with averages from −2.2 to
−1.9 ‰ up to 5.9 m. Here, a strong decrease occurs with average values of −3.4 to −2.3 ‰
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recorded in the interval from 6.2 to 12.4 m, encompassing the entire negative carbon isotope
excursion. After a stratigraphically narrow return to less negative δ18O values of −2.1 to −1.8
‰ in the interval from 12.6 to 14.3 m, δ18O attains intermediate values of −2.8 to −2.1 ‰
for the remainder of the studied part of the succession.

FIGURE 2. C and O isotope stratigraphy as well as species distribution data for Barranco de la Cañada and
Fonte Coberta/Rabaçal. C and O isotope data for Barranco de la Cañada are shown as averages with error
bars of 2 standard errors of the mean (2 se), and the dotted line for oxygen isotope ratios represents a

three-point running average. Absolute temperature changes are computed using the oxygen isotope
thermometers of Brand et al. (2013) and Anderson and Arthur (1983) for comparison. For Fonte
Coberta/Rabaçal, for which fewer data are available, all individual brachiopod measurements that passed
screening for diagenesis are plotted. Dotted lines represent the schematic evolution of isotopic ratios
expected for this section from observations in well studied sections in Peniche (Lusitanian Basin, Hesselbo
et al. 2007, Suan et al. 2008b) and analytical data from Barranco de la Cañada. The belemnite gap in Fonte
Coberta/Rabaçal is based on observations and comparison to correlative strata in Peniche (Hesselbo et al.
2007). The duration of the TOAE (light grey band) as indicated by the negative CIE and elevated
temperatures coincides remarkably well with the extent of this belemnite gap.

121

CHAPTER 5
Correlative strata from the Portuguese section at Fonte Coberta/Rabaçal show
qualitatively the same trends, but rarity of benthic organisms in parts of the studied strata
leads to a less detailed record (Fig. 2). The rise of δ13C values through the lowest Toarcian
and the initiation of the subsequent negative CIE are well developed in the lowest 8 m,
representing the Tenuicostatum Zone. Above an interval of ca. 6 m barren in brachiopods, a
prominent rise in δ13C values from +2.4 to +5.7 ‰ is observed which is followed upwards
by comparatively positive δ13C values between +4.4 to +5.8 ‰. Oxygen isotope ratios in
the Tenuicostatum Zone at Fonte Coberta/Rabaçal are comparatively positive averaging
−1.59 ±0.07 ‰ (2 standard errors of the mean = 2 se, n = 19) in the interval from 4.9 to 7.3
m. Distinctly more negative values are recorded by brachiopods from the lower Serpentinum
Zone, averaging −2.38 ±0.06 ‰ (2 se, n = 32) in the interval from 14.2 to 16.8 m. The δ18O
values higher up in the section are intermediate between these two extremes.

Brachiopod Ranges
In the studied interval, profound changes in the brachiopod assemblage are recorded
in both successions which are consistent with previous reports (Gahr 2005; Piazza et al.
2019) (Fig. 2). The lowermost Toarcian strata in Barranco de la Cañada are characterized by
the rhynchonellids Gibbirhynchia and Quadratirhynchia as well as sparse occurrences of
Tetrarhynchia. Terebratulids are generally common and abundant in the uppermost part of
the Tenuicostatum Zone. This assemblage is abruptly replaced at the level of 8.7 m by the
rhynchonellid Soaresirhynchia as the only brachiopod apart from rare occurrences of
lingulids. The disappearance of Soaresirhynchia ca. 3.5 m higher in the section is marked
by the return of other rhynchonellids represented by Gibbirhynchia, Choffatirhynchia and
Homoeorhynchia as well as terebratulids which are common in most collected beds of this
interval. After initially abundant occurrence, the bivalve Gryphaea drops abruptly in
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abundance at 7 m, above which it occurs only sporadically and particularly seldom in the
interval from 9.4 to 14.3 m. Belemnites are generally rare and entirely absent in the interval
from 5.6 to 12.1 m.
In Fonte Coberta/Rabaçal the rhynchonellid genera Cirpa and Nannirhynchia are
observed in the Tenuicostatum Zone, together with common terebratulids, the last
spiriferinids, and very rare finds of Gibbirhynchia, Soaresirhynchia, and lingulid
brachiopods (García Joral et al. 2018; Piazza et al. 2019) (Fig. 2). Above a brachiopod-barren
interval between 7.9 and 14.2 m in this section, Soaresirhynchia occurs together with sparse
terebratulids and is followed by an impoverished fauna of terebratulids with a single find of
a lingulid brachiopod and rare specimens of Homoeorhynchia.

Brachiopod Geochemistry and Ultrastructure
Detailed characterisation of shell ultrastructure and investigation of a large number
of brachiopod samples for their geochemical signatures allows establishment here of a series
of novel proxies for palaeobiological function. These proxies help understanding brachiopod
palaeoecology, especially in the context of major environmental change. Besides distinct
differences in the morphology of shell fibres, we also employ an approximation of shell
organic matter content, the intra-specimen isotopic variability, and element/Ca ratios, to
inform about growth rate and metabolic rate. Two distinct types of shell ultrastructure are
observed for the secondary layer calcite of the studied rhynchonellid brachiopods (Fig. 3).
The fibres of Soaresirhynchia, Cirpa and Nannirhynchia have markedly
diamond-shaped to rectangular cross sections with a distinct surface pattern of oblique,
slightly curved bands that are laterally continuous across multiple shell fibres. The secondary
layer calcite of other studied rhynchonellids in contrast comprises smooth fibres with
typically flattened, hat-shaped cross section (Fig. 3).
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FIGURE 3. Ultrastructural and geochemical compositions of studied rhynchonellid brachiopods. Black
symbols: Barranco de la Cañada, grey symbols: Fonte Coberta/Rabaçal. Top left: Average Mg/Ca and Sr/Ca
data for studied taxa. The ellipses indicate 95 % confidence intervals of the averages for each genus. Light
grey areas delineate two clusters assigned to shallow water forms with higher Mg/Ca and Sr/Ca and deeper
water forms with very low Sr/Ca and Mg/Ca ratios. Bottom left: Median 2 sd (= standard deviations) isotopic
variability of individual brachiopods from different genera sampled from the two sections. Only specimens
for which 4 or more analyses were available were used (*: One spurious datum excluded, see “Suppl. Inf.”).
Error bars indicate analytical uncertainty for single isotope measurements. Right hand side: Representative
SEM images of different observed shell structures illustrating the diamond-shaped cross sections of Cirpa,
Nannirhynchia, and Soaresirhynchia. Schematic morphologies of the two different groups are plotted next
to measurements of their average computed CaCO3 concentration versus the in-house calcite standard CAR
(Carrara Marble). Note the inverted axis to illustrate the lower non-carbonate fraction at high CO2 yields.
The difference between the two groups is 1.4 %. Error bars denote 2 standard errors of the mean (2 se).

The two brachiopod taxonomic clusters with shared ultrastructure characteristics are
also distinct in their shell geochemical composition. The biomineral fibres of
Soaresirhynchia, Cirpa and Nannirhynchia secondary shell layers have a ~1.4 % higher
carbonate content than the other rhynchonellids (Fig. 3), suggesting that their shell calcite
contains substantially less intracrystalline organic matter than that of Gibbirhynchia,
Homoeorhynchia, Quadratirhynchia and Choffatirhynchia. Cation and anion impurities are
also significantly lower in the former genera (Fig. 3), forming a cluster at 1.8 to 2.9
mmol/mol Mg/Ca and 0.51 to 0.54 mmol/mol Sr/Ca compared to 4.8 to 6.6 mmol/mol
Mg/Ca and 0.95 to 1.14 mmol/mol Sr/Ca in the latter. Furthermore, Soaresirhynchia is the
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only studied brachiopod genus from the Barranco de la Cañada section whose Mg/Ca and
Sr/Ca ratios are consistently lower than those of the bivalve Gryphaea. The difference is 0.3
±0.2 (2 se) mmol/mol for Mg/Ca and 0.21 ±0.02 (2 se) mmol/mol for Sr/Ca.

Early Jurassic Environments Constrained by Brachiopods
Brachiopods were amongst the first animals to successfully adopt external hard parts
during the biomineralisation revolution of the Proterozoic-Paleozoic transition around 540
million years ago. Today, they are found in the oceans across a wide range of latitudes and
water depths, even though their relative contribution to the composition of marine faunal
assemblages has declined since the Mesozoic (Clapham et al. 2006). Modern brachiopods
are characterized by a remarkable diversity in biomineralisation strategies and multi-layered
shell structures, which are formed by amorphous calcium carbonate, low magnesium calcite,
high magnesium calcite and phosphate (Brand et al. 2013). This wide range of structure and
composition is an evolutionary asset acquired, broadened, and preserved by brachiopods
over more than 500 million years during which they adapted to environmental change and
climatic upheavals that at times, as during the TOAE, were catastrophic for global faunal
diversity.

The Early Toarcian Carbon Cycle Perturbation
The most characteristic feature of the TOAE carbon cycle perturbation is a
pronounced negative CIE of several permil in magnitude commencing in the uppermost
Tenuicostatum Zone (Jenkyns et al. 2002; Kemp et al. 2005; Hesselbo et al. 2007; Hermoso
et al. 2012; Xu et al. 2018a) (Fig. 2). The exact nature of this excursion is still debated, as
its magnitude has been hard to constrain robustly. Belemnite calcite records (Bailey et al.
2003; Ullmann et al. 2014) usually show hardly any negative CIE, which can at least
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conceptually be explained by faunal turnover and habitat shifts of these mobile, marine
predators (Ullmann et al. 2014). Bulk organic matter (Jenkyns et al. 2002; Kemp et al. 2005;
Hermoso et al. 2012) and wood (Hesselbo et al. 2000; Hesselbo et al. 2007; Hesselbo and
Pienkowski 2011) records on the other hand commonly feature a very prominent negative
CIE, reaching amplitudes as large as 8 ‰. This amplitude is thought to be inflated due to
coincident changes in organic matter sources for bulk organic matter (Suan et al. 2015) as
well as physiological effects in terrestrial floras (Hesselbo et al. 2007). To account for these
effects, an amplitude correction has been proposed that limits the size of the negative carbon
isotope excursion to 3–4 ‰ (Suan et al. 2015). The newly generated macrofossil dataset does
not suffer from the above problems as it is derived from benthic organisms that are known
for their consistent biomineralisation behaviour devoid of vital effects (Parkinson et al. 2005;
Ullmann et al. 2017). The negative CIE observed in Barranco de la Cañada has an amplitude
of 4.2 ‰ when compared against a hypothetical linear increase between the carbon isotope
maxima bounding the CIE (Fig. 2). This magnitude may nevertheless be somewhat biased.
Potentially, strata relating to the most negative carbon isotope ratios were either not
deposited or did not yield calcite fossils. The δ13C of ambient dissolved inorganic carbon
may have also been somewhat affected by potential changes in surface productivity
(Ullmann et al. 2014). Nevertheless, because all other means of reconstructing the magnitude
of the negative CIE are affected by the same complications, the new magnitude estimate is
thought to be the most reliable thus far.
A rough estimate of the mass of 13C-depleted carbon that must be introduced into the
exchangeable ocean-atmosphere carbon pool in order to drive the observed negative CIE can
be derived from simple mass balance equations (see “Suppl. Inf.”, Dickens et al. 1995).
Assuming an exchangeable carbon pool with an average δ13C value of +2.6 ‰ and a size
two to four times as great as that of pre-industrial times (Dera and Donnadieu 2012), the
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observed negative CIE would require the addition of ca. 3,500 to 7,000 Gt of carbon derived
from methane (see “Suppl. Inf.”). However, this estimate needs to be taken as a minimum
for the amount of carbon injected into the ocean-atmosphere system. More realistically, one
should conceive of the carbon cycle perturbations as resulting from multiple carbon sources,
rather than a discrete, singular perturbation represented by the above calculations (Kemp et
al. 2005; Hesselbo and Pienkowski 2011; Hermoso et al. 2012; Brazier et al. 2015; Them et
al. 2017a).

Toarcian Temperature Evolution
The classification of the TOAE as a major hyperthermal episode is not controversial
(e.g., Jenkyns 2010), but the thermal evolution of the Earth surface system during the
Toarcian is still poorly known. Large published belemnite datasets are likely affected by
habitat and water mass changes (Ullmann et al. 2014; Korte et al. 2015). Therefore,
palaeotemperatures computed from the calcite of their fossil hard parts should not be taken
as unequivocal reflection of sea surface water temperature. Data published on brachiopods
(Suan et al. 2008b, 2010; Danise et al. 2019) on the other hand are hitherto sparse, lack
resolution in the hyperthermal interval, and are partially based on terebratulids which are
more prone than rhynchonellids to metabolically induced isotope disequilibrium (Ullmann
et al. 2017).
The newly gathered data from well-preserved fossils from the Barranco de la Cañada
section now show that the beginning of the hyperthermal coincides precisely with the onset
of the negative CIE (Fig. 2). The temperature increase is marked by a negative shift of 1.00
±0.09 ‰ in δ18O. Using the brachiopod oxygen isotope thermometer of Brand et al. (2013),
this shift computes to a temperature increase of 3.5 ±0.3 °C at the seafloor of the shallow
epicontinental basin (Fig. 2; see “Suppl. Inf.”), if confounding effects of sea-level change
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and salinity fluctuations can be discounted. This magnitude of temperature change is lower
than previously inferred from brachiopod datasets from Portugal (Suan et al. 2008b) and
Spain (Danise et al. 2019), which can be explained by very different sample sizes. The earlier
datasets are limited to a comparatively small number of analyses for which the inferred
difference between coldest and warmest temperatures was taken to reflect TOAE
temperature change. Here, it is possible to quantify the increase of average temperatures
from the earliest Toarcian into the TOAE. This quantity is necessarily smaller than the
difference between minimum pre-event and maximum event temperatures, but better reflects
changes in the Earth surface system.
Besides temperature increase, more negative δ18O values could signify shallowing or
partial freshening of the local seawater. Early Toarcian changes in sea-level have been
recognized in Spanish (Gahr 2005) and Portuguese basins (Duarte 1997; Hesselbo et al.
2007; Pittet et al. 2014), generally pointing to an overall transgression and deepening.
Inferring that sea-level is the primary driver of the observed oxygen isotope variability is
therefore inconsistent with these reconstructions. Sea-level reconstructions neither suggest
entirely parallel evolution in Portugal and Spain, nor a marked shallowing confined to the
upper Tenuicostatum and lower Serpentinum zones. A gradual shallowing of a thermally
stratified water body is also contradicted by the depositional environment of the studied
sections (Gahr 2005; Piazza et al. 2019). Water mass stratification would likely have induced
persistent bottom water anoxia for which there is no lithological or faunal indication in either
of the studied successions.
Freshening has been proposed for UK and German basins (McArthur et al. 2008;
Harazim et al. 2013). However, the continuous presence of stenohaline organisms in both
studied sections, particularly brachiopods (Ager 1967), makes such an interpretation
unlikely. Salinity decrease in the European epicontinental sea has been interpreted to be
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much less noticeable in the Iberian region than the more northerly German and UK sites
(McArthur et al. 2008; Harazim et al. 2013). Substantial salinity fluctuations in the studied
part of the western European epicontinental seas are also inconsistent with modelling results
(Bjerrum et al. 2001; Dera and Donnadieu 2012) and thus appear much less plausible than a
direct temperature forcing of the oxygen isotope signature.
Despite a gradual return to more positive δ13C values indicating the progressive
drawdown of excess atmospheric greenhouse gases into sedimentary organic matter,
temperatures remained stable and high. The first sign of a temperature reduction is only seen
around the last occurrence of Soaresirhynchia, when δ13C values reached their global
maximum. The temperature decrease thus lags several 100 kyr (Kemp et al. 2005; Huang
and Hesselbo 2014) behind the minimum in δ13C values. A compatible pattern, albeit with
less dense data coverage, is observed also in the Portuguese strata (Fig. 2). It therefore
appears that at least regionally the TOAE was associated with a climate shift into which the
Earth system was locked.

Model Constraints on Palaeoenvironmental Change
The newly assembled high-fidelity record of palaeoenvironmental proxy data
permits the extraction of further Earth system parameters from inversion models such as
GEOCARB and GEOCARBSULF (Berner 1994; Royer et al. 2014) and forward modelling
(COPSE; Bergman et al. 2004; Lenton et al. 2018; see also “Suppl. Inf.”). Particular interest
is in carbon cycle dynamics, their relation to climate change, and global weathering
feedbacks which are intimately linked with atmospheric carbon dioxide levels and
temperature.
Inverse

modelling.

—

Weathering

fluxes

can

be

approximated

from

palaeotemperature and pCO2 when combined with Toarcian-specific estimates of various
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tectonic forcings (Bergman et al. 2004; Lenton et al. 2018) (Fig. 4; see “Suppl. Inf.”). The
combination of these weathering estimates and the measured δ13C data can then be used to
derive corresponding estimates of the organic and carbonate carbon burial fluxes as long as
inorganic and organic carbon pools are in isotopic equilibrium. At steady state, the fraction
of carbon that is buried in reduced form, (i.e. organic carbon) increases with increasing
carbonate δ13C. Carbonate δ13C values greater than +3 ‰ through much of the Serpentinum
Zone can be attributed to such an increased organic matter burial flux. However, given the
large-scale perturbation associated with external introduction of 13C-depleted carbon during
the TOAE (e.g., Hesselbo et al. 2000; Jenkyns et al. 2002; Kemp et al. 2005), it is highly
likely that the system deviates from steady state at least at the low point of the negative CIE,
compromising the reliability of carbon flux estimates at this point.

FIGURE 4. Modelling results for carbon cycle perturbation, temperature change, weathering and nutrient
dynamics as well as intensity of ocean anoxia. Measured δ13C values are shown next to temperature
reconstructions using temperature equations of Anderson and Arthur (1983) and Brand et al. (2013). The
coarse features of the δ13C values are matched by a transient injection of thermogenic CO2 as well as CH4
in the COPSE forward biogeochemical model. *: The representation of the global ocean anoxic fraction
depicted is defined as the fraction of the ocean surface area below which the oxygen saturation in the oxygen
minimum zone would be below 10 % (Handoh and Lenton 2003).

In order to sustain high marine organic carbon burial, limiting nutrients supporting
primary production have to be in high supply, and areas subject to ocean anoxia due to the
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increased oxygen consumption of organic carbon remineralization expanded (Watson et al.
2017). Increased fluxes of elements to the ocean derived from continental weathering are
well documented for the TOAE (Jenkyns 2010; Gill et al. 2011; Brazier et al. 2015; Percival
et al. 2016) even though timing and magnitude of these fluxes are not unequivocal. The
ocean anoxic fraction and the quantities of limiting nutrients, which ultimately derive from
such rock weathering, can be approximated using carbon burial flux estimates (see “Suppl.
Inf.”).
Important modulations of the Earth system’s response to climate perturbations arise
on the basis of two distinct limiting factors on the silicate weathering flux (West et al. 2008;
West 2012): kinetic factors (i.e. CO2 supply and temperature) versus substrate- related
factors (i.e. supply of fresh rock through uplift). If silicate weathering is limited by CO2 then
it is intimately connected with atmospheric carbon dioxide and thus planetary temperature
via a homeostatic negative feedback (Walker et al. 1981). By contrast, if supply of silicates
is insufficient to counterbalance any increase in atmospheric CO2, this will prolong any
associated hyperthermal greenhouse interval (and, in this case, any associated OAE). The
nature of silicate weathering limitation has consequently been proposed as a key controlling
factor on the duration of other hyperthermal intervals (Kump 2018).
Forward biogeochemical modelling. — “Forward” biogeochemical models allow
reproduction of the observed carbon cycle and climate perturbation of the TOAE
independent of the analysed data. We employ the COPSE (Carbon, Oxygen, Phosphorous,
Sulphur, Evolution [Bergman et al. 2004; Lenton et al. 2018]) box model in order to mimic
a carbon cycle perturbation driven by large igneous province (LIP)-derived CO2 and hydratederived CH4 (see “Suppl. Inf.”; Fig. 4). Geochemical data extracted from fossils can be
matched closely by this approach. Modelling these data provides further constraints on types,
timing and magnitude of carbon injection and yields valuable information on the weathering
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feedback and nutrient supplies at the time (Gill et al. 2011; Brazier et al. 2015; Them et al.
2017b).
Within the COPSE model, the greenhouse perturbation leads to an increase in the
input of phosphorous to the ocean via weathering, which boosts production and therefore the
respiratory oxygen demand imposed by remineralization of sinking organic matter. This
increases marine anoxia, leading to a reduction in marine phosphate burial which further
amplifies organic carbon production, thus creating a short term positive feedback. Over
longer timescales, the increase in production also leads to enhanced marine organic carbon
burial. This increase in organic carbon burial ultimately causes a compensating increase in
the global atmosphere-ocean oxygen reservoir, which may be of sufficient magnitude to
create a long-term negative feedback that contributes to the system coming out of the OAE
(van Cappellen and Ingall 1994). This sequence of events is reproduced by the model, and
is sufficient to reproduce the coarse features of the δ13C curve when coupled to the carbon
isotope equations (see “Suppl. Inf.”). However, the associated change in the global oxygen
reservoir is modest, and CO2 consumption by weathering, relative to the magnitude of the
initial greenhouse input, is the main controlling factor on the duration of the OAE.
The timing of anoxia lags behind that of the greenhouse gas input (Fig. 4), consistent
with the lag between the lower limit of the δ13C curve and the maximum value of the marine
organic carbon burial flux implied by the inversion model. As observed in the fossil δ18O
data, the hyperthermal interval also lasts longer than the negative CIE, due to the time needed
for weathering to consume the CO2 introduced via the perturbation. The duration of the OAE
is ultimately dictated by the time it takes to consume the excess CO2 by silicate weathering,
again raising the above issue of supply versus kinetic silicate weathering limitation. Figure
4 represents this using a formulation at which silicate weathering cannot exceed twice its
current value (see “Suppl. Inf.”).
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The actual threshold at which silicate weathering becomes supply-limited is
uncertain, and the formulation in the model relates the theoretical kinetically limited rate to
a maximum weathering rate parameter. Some calculations place an upper limit on this
maximum value of about 10 times the present rate, on the basis of crustal composition (Kump
2018), whereas lower estimates of ca. 3 times the present flux have been derived within
Precambrian modelling based on the maximum amount of CO2 consumable by rock flour
(Mills et al. 2011). Further empirical data may help highlights the importance of such data.

Environmental Extremes and the Faunal Response of Soaresirhynchia
Soaresirhynchia is commonly associated with the later part of the TOAE, and found
in the lower Serpentinum Zone in western Tethyan sections where black shales are not
extensively developed (Gahr 2005; García Joral et al. 2011; Comas-Rengifo et al. 2015). A
singular Soaresirhynchia occurrence in the lowermost Toarcian of the Lusitanian Basin has
previously been reported by Alméras (1994) which is here confirmed by rare finds in the
Tenuicostatum Zone in Fonte Coberta (Fig. 2; see “Suppl. Inf.”). These finds may indicate
that Soaresirhynchia already partially took hold in the Lusitanian Basin before the TOAE.
This earlier occurrence coincides with the end of the Pliensbachian-Toarcian boundary
perturbation, an event that has been described as a significant extinction event and thermal
perturbation in its own right (Little and Benton 1995; Littler et al. 2010; Caruthers et al.
2013). The sediments in Fonte Coberta are interpreted to represent deeper water
environments than at Barranco de la Cañada (Gahr 2005; García Joral et al. 2018). In Fonte
Coberta, Soaresirhynchia is found together with two other brachiopod genera showing very
similar shell ultrastructure and geochemical composition, pointing at comparable
biomineralisation styles, and suggesting that physicochemical conditions at Fonte Coberta
aligned better with the ecological requirements of Soaresirhynchia than in basins east of the
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Iberian Massif (Fig. 3). Indeed, this morphologically simple but variable brachiopod is
thought to be a representative of a group of deep-water brachiopods that invaded the shallow
shelf seas during times of environmental perturbation (Vörös 2005).
The reduced isotopic heterogeneity in its shell calcite compared with other Toarcian
rhynchonellids from shallow water habitats (Fig. 3) suggests that this genus grew
comparatively slowly. Such an interpretation is further supported by the low Sr/Ca and
Mg/Ca ratios in its shell (Fig. 3), which in modern brachiopods are preferentially observed
for species from habitats below the photic zone (Brand et al. 2003; Ullmann et al. 2017). In
addition, the reduced shell organic matter content as compared to the shallow water
brachiopods at Barranco de la Cañada signifies that Soaresirhynchia secreted shell calcite at
very little energy expense (Palmer 1983) and thus that metabolic rates were low.
Soaresirhynchia has the coarse shell fibres with isometric cross sections typical of
the rhynchonellid superfamily Basilioloidea (Raduloviç et al. 2007), which is thought to
thrive in warm waters (Smirnova 2012). The association of Soaresirhynchia with low
palaeolatitudes with only rare finds beyond 35°N in palaeolatitude (García Joral et al. 2011;
Comas-Rengifo et al. 2015) further suggests that this genus relied on warm waters. Indeed,
its disappearance in the Barranco de la Cañada section is marked by the first indications for
a return to cooler palaeotemperatures (Fig. 2). A thermophilic character of this genus,
however, seems at odds with its supposed deeper water origin. One might rather hypothesize
that Soaresirhynchia could tolerate a wide temperature range and thrive where competition
with less well adapted species was reduced or absent (Danise et al. 2019).
The advent of Soaresirhynchia, occupying a large part of western Tethyan shallow
shelf seas and ranging far beyond its earliest Toarcian appearance in the Lusitanian Basin
has been ascribed to the pioneering repopulation after severe benthic turnover of the TOAE
(García Joral et al. 2011; Baeza-Carratalá et al. 2017). However, considering the protracted
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hyperthermal conditions along with major changes in ocean chemistry caused by expanded
anoxia elsewhere in the global ocean and increased continental weathering fluxes (Brazier
et al. 2015; Jones et al. 2016), one should not equate this repopulation phase with a return to
normal environmental conditions. Besides the ability of Soaresirhynchia to withstand high
temperatures it could also survive in seawater characterized by substantial changes in ion
content, having been depleted in sulphate (Gill et al. 2011; Newton et al. 2011) and enriched
in nutrients (Jenkyns 2010; Brazier et al. 2015) (Fig. 4) as a consequence of the TOAE. The
observed faunal turnover in brachiopods across the TOAE may serve as an analogue for
similar scenarios of faunal changes that are possible outcomes of ongoing alterations in
climate and oceanic nutrient balance (Watson et al. 2017). Shallow marine environments
might become occupied by similarly unlikely survivors, calling for particular study and
conservation of deeper water faunas.

Conclusions
Well-preserved benthic macrofossils from Toarcian strata of Portugal and Spain allow for
the reconstruction of palaeoenvironmental conditions during the early Toarcian in
unprecedented detail. The negative carbon isotope excursion of the TOAE is constrained to
a magnitude of ~4.2 ‰. The associated palaeotemperature rise of ~3.5 °C lasted until carbon
isotope ratios recovered to maximum values in the studied sections.
Modelling of the newly generated data suggests that the carbon cycle perturbation of
the TOAE could have been caused by the injection of carbon primarily derived from the
interaction of large igneous province volcanism with sedimentary organic matter and
methane, leading to an approximately doubled atmospheric pCO2. The prolonged duration
of the thermal perturbation associated with the TOAE is likely to have been controlled
primarily by the silicate weathering flux, making the distinction between silicate supply
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versus kinetic components of this flux during this and other OAEs an important focus for
future research.
The rhynchonellid brachiopod genus Soaresirhynchia occurs abundantly during the
rising limb of the TOAE negative carbon isotope excursion, an interval characterised by
persisting elevated temperatures. New geochemical and microscopic data corroborate that
this genus likely originated in deeper water habitats. Its success during the stressful
conditions of the early Toarcian can be linked to its ability to tolerate hot temperatures and
its inferred low metabolic rates.
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6.1 Patterns of Ecological Responses Related to the TOAE
The results here discussed (Chapters 2 – 4) bring additional evidence of the
importance of temperature in driving body size decrease, biodiversity loss, local
extirpations/extinctions and ecosystem shifts (both functional and compositional) in the
aerated settings of the TOAE.
Comparisons of palaeoecological analyses from oxygenated environments can be
difficult due to the often relatively coarse temporal resolution of the available studies. Still,
common consistent patterns emerge: reduced body size before and/or during the TOAE
across different taxonomical groups (bivalves: Fürsich et al. 2001; nannofossils: Mattioli et
al. 2009; belemnites: Rita et al. 2019; but see García Joral et al. 2018 for evidence of
increased body size in selected species) and community shifts (Gahr 2002; Danise et al.
2019). Ecological recovery after the TOAE appears to be relatively swift compared to
dysoxic-anoxic environments (e.g., Twitchett 2006; Caswell and Coe 2013; Martindale and
Aberhan 2017; Caswell and Dawn 2019), possibly related to the more extreme effects of the
synergistic combination of warming and anoxia.
The observed ultimate loss of macrobenthic biomass due to local extirpations (with
the selective extinction of brachiopods), decreased biodiversity and specimen abundance in
the TOAE (Chapter 4) together with abundance loss of larger-sized taxa (Chapters 2 and 3)
is consistent with selectivity against high-expense metabolism under a TRS scenario (see
Chapter 1; Lotze et al. 2019).
How exactly the removal of species from assemblages and faunal turnover affect
ecosystem functionality is though still an open discussion (Chown et al. 2004; Hillebrand
and Kunze 2020). Functionality can be restored even without compositional recovery, as in
the case of faunal turnovers. Indeed, the ecosystems here studied are taxonomically and
functionally different between pre- and post-TOAE, but no ecological trait or MOLs was
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lost across the event (Chapter 4). Detailed analyses on ecological traits for the TOAE are
still few, and extrapolating a general pattern is difficult. The rich fossil record across the
TOAE from well-oxygenated localities provides the potential to map sensitive traits and
species, which can improve the ability to predict ecosystem and organisms’ responses to
TRS (Lotze et al. 2019).

6.2 Fossil Record and Physiology: Biases and Challenges
The intrinsic preservation biases and incompleteness of the fossil record are aspects
that can potentially influence palaeobiological patterns (Harnik et al. 2012; Sigwart et al.
2014), despite available standardization procedures to deal with the issue (e.g., rarefaction,
standardized bulk sampling and specific metrics like SQS). On the other hand, the
palaeontological record can offer information about ecosystems’ state and biological
patterns that are not captured by the limited timescale of physiological experiments (Peck et
al. 2009; Olszewski 2015; Chown and Gaston 2016).
In addition, the reconstruction of past events of climate change are made challenging
by our knowledge gap about ancient environmental regimes, and by the evaluation of rates
of environmental change indirectly through proxies (as addressed in Chapter 5). This last
point is relevant when considering the TOAE to be a representative past analogue of the
current climate change: the magnitude of warming may be similar, but not necessarily the
rate of change.
A main issue underlying this dissertation thesis and in general the palaeoecological
studies applying physiology in the fossil record is whether physiological experiments can
scale up to macroecology (see Chapter 1). The implementation of physiology in
macroecology of present-day ecosystems is scarce, and even more so when it concerns its
application on past ecosystems (Knoll et al. 2007).
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A first challenge, as addressed in Chapter 2, is comparing the short ecological time
scales of experimental data with the time-averaged data from the fossils record: even the
shortest geological event is still long in terms of the speed of organismic responses.
Organisms may adapt rapidly to environmental changes, but these adaptations may come at
a certain metabolic cost. The key issues to consider are then the effect such metabolic cost
would have on the overall physiological performance of the organism (e.g., is adaptation at
the expense of non-vital performances?) and whether it can be maintained at longer time
scales.
Secondly, the interpretations of the ecological patterns addressed in this thesis proved
challenging due to the focus of experiments usually on one or two control factors on selected
species (e.g., Peck 2005; Berge et al. 2006; Fabry et al. 2008; Byrne and Przeslawski 2013;
Gazeau et al. 2013; Kroeker et al. 2013; Riedel et al. 2013). Controlled field experiments
might be closer to the real situation where species belong to communities and compete for
resources.
Approaching the issue of whether physiology scales up to patterns in the fossil
record, the study of Reddin et al. (2020) shows significant correlation between physiological
tolerances of clades and the survival odds of the Phanerozoic fossil counterparts. Still, when
particular ecological traits are considered, differences between the past and modern records
occur. Generally, the discrepancy between experimental observation and fossil record may
be related to generalizing patterns originated from limited datasets of taxa and to the
uncertainties of the extinct clades for which there is no modern comparisons or for which
experimental work is difficult and/or underrepresented (e.g., brachiopods). Clearly, further
studies on physiological sensitivities for modern taxa and ecological responses in the past
are needed.
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6.3

Building

a

Statistical

Framework

into

Palaeoecological Analyses
The quantitative approach here applied, useful but still relatively rare, was to
correlate different data (faunal and geochemical) from the same samples, instead of using
data from the same basin. Both approaches are justified in their own way, and the use of one
or the other is also dependent on the quality of the collected material (e.g., whether the faunal
samples are also fit for geochemical analyses). The advantage of the here chosen approach
is that it allows a direct and controlled investigation of faunal patterns at the outcrop scale,
yielding details on the mechanisms of such changes at the local scale.
For robust investigations, data should be integrated into a comprehensive statistical
framework. Documenting how models describe trait evolution in response to environmental
change has been a long-time goal in palaeontological studies (Hunt et al. 2015). Particular
effort has been given in recent years in finding a robust way to select and test the adequacy
of models, and to separate “true” patterns from white noise (Hunt 2006; Hunt et al. 2015,
Voje et al. 2018). This approach has been successfully implemented in Chapter 2, and
provided the advantage of formal model comparisons based on information criteria such as
corrected Akaike Information Criteria (AICc) and Akaike weights.
The time series correlations here implemented (Chapters 3 and 4) – i.e. the analysis
of single time series and the application of combined Generalized Least Square (GLS) and
ARIMA (with generalised differencing if needed) – were intended to account for unequal
error variances and correlation between errors, with ARIMA statistically assessing the error
autocorrelation parameters. While correlation methods are numerous, it is fundamental to
apply the ones that best represent the dynamics of ecological processes and are meaningful
in finding their causes (see Hannisdal and Liow 2018 for a review on the topic).
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This study provides, through direct comparison of faunal and environmental proxy
data within an integrated statistical framework, evidence of temperature control over body
size decrease, biodiversity loss and functional and taxonomical changes of benthic
macroinvertebrate communities across the TOAE.
For the investigations presented in this thesis, two profiles from oxygenated
ecosystems in SW Tethys were chosen. Whereas the TOAE is commonly characterised by
dysoxic-anoxic conditions and poorly fossiliferous strata, the aerated settings of the TOAE
provide a rich fossil record across the event itself. Despite the potential these areas offer to
quantify ecological changes associated to the TOAE hyperthermal, they are still relatively
understudied.
The results here presented show that body size appears to be a trait sensitive to
temperature increase, in agreement with the expectations from physiology, and that
responses of organisms vary between species and taxonomical groups. The studies in this
thesis suggest that under a warming scenario, compositional and functional shifts of marine
benthic communities with local extirpations and replacements by low-diversity, small-sized
assemblages are to be expected. The topic of ecosystem degradation due to environmental
disturbances is becoming more and more prominent in the face of the current climate change.
Disentangling the role of single stressors and their synergistic interactions, with awareness
of the importance of regional differences in the magnitude and rates of environmental
change, is challenging but of utmost relevance for the future.
This thesis addresses also the challenges of interpreting palaeoecological patterns
applying the physiological principles derived from experimental work, with the inherent
limitations of the fossil record and the gaps in our understanding of organismic responses to
climate change. Despite our limited knowledge of TRS as proximate causes of biotic crisis,
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studies on modern and ancient ecosystems agree about their negative impact on marine
faunas, from biodiversity, species distributions and survivals and ecosystems stability. The
TOAE, as a past event, provides additional insights on faunal and ecological responses to
environmental change. A mechanistic understanding of the influence of TRS on species and
ecosystems is amongst the fundamental challenges of climate change studies, and robust
statistics in palaeecological studies are needed for evaluation and identifications of the role
of TRS on biotic crisis in deep time.

143

144

REFERENCES

145

REFERENCES
Aberhan, M. 1993. Benthic macroinvertebrate associations on a carbonate-clastic ramp in
segments of the Early Jurassic back-arc basin of northern Chile (26-29°S). Revista
Geológica de Chile 20(2): 105–136.
Aberhan, M., and F.T. Fürsich. 1997. Diversity analysis of Lower Jurassic bivalves of the
Andean Basin and the Pliensbachian-Toarcian mass extinction. Lethaia 29(2): 181–
195.
Aberhan, M., and T.K. Baumiller. 2003. Selective extinction among Early Jurassic bivalves:
A consequence of anoxia. Geology 31(12): 1077–1080.
Aberhan M, and W. Kiessling. 2012. Phanerozoic marine biodiversity: a fresh look at data,
methods, patterns and processes. Pp. 3–22 in J.A. Talent, ed. Global Biodiversity,
Extinction Intervals and Biogeographic Perturbations through Time. Springer,
Dordrecht.
Aberhan M, and W. Kiessling. 2015. Persistent ecological shifts in marine molluscan
assemblages across the end-Cretaceous mass extinction. Proceedings of the National
Academy of Sciences 112(23): 7207–7212.
Abram, N., J.-P. Gattuso, A. Prakash, L. Cheng, M.P. Chichidimo, S. Crate, H. Enomoto, et
al. 2019. Framing and Context of the Report. Pp. 73–129 in H.-O. Pörtner, D.C.
Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck,
et al., eds. IPCC Special Report on the Ocean and Cryosphere in a Changing Climate.
Intergovernmental Panel on Climate Change, Geneva.
Ager, D.V. 1967. Brachiopod palaeoecology. Earth-Science Reviews 3: 157–179.
Alméras, Y. 1994. Le genre Soaresirhynchia nov. (Brachiopoda, Rhynchonellacea,
Wellerellidae) dans le Toarcien du sous-bassin nord-lusitanien (Portugal).
Documents Laboratoire Géologie Lyon 130: 1–136.

146

REFERENCES
Alroy, J. 2010. Fair sampling of taxonomic richness and unbiased estimation of origination
and extinction rates. The Paleontological Society Papers 16: 55–80.
Anderson, T.F., and M.A. Arthur. 1983. A. Stable isotopes of oxygen and carbon and their
application to sedimentologic and palaeoenvironmental problems. Society of
Economic Paleontologists and Mineralogists Short Course 10: I.1-I-151.
Andrade, B., L.V. Duarte, F. García Joral, A. Goy, and M.H. Henriques. 2016.
Palaeobiogeographic patterns of the brachiopod assemblages of the Iberian Subplate
during

the

Late

Toarcian–Early

Aalenian

(Jurassic).

Palaeogeography,

Palaeoclimatology, Palaeoecology 442: 12–22.
Arias, C. 2013. The early Toarcian (early Jurassic) ostracod extinction events in the Iberian
Range: The effect of temperature changes and prolonged exposure to low dissolved
oxygen concentrations. Palaeogeography, Palaeoclimatology, Palaeoecology 387:
40–55.
Arias, C., and R.C. Whatley. 2009. Multivariate hierarchical analyses of Early Jurassic
Ostracoda assemblages. Lethaia 42(4): 495–510.
Atkinson D., S.A. Morley, and R.N. Hughes. 2006. From cells to colonies: At what levels
of body organization does the ‘temperature-size rule’ apply? Evolution and
Development 8(2): 202–214.
Audzijonyte, A., D.R. Barneche, A.R. Baudron, J. Belmaker, T.D. Clark, C.T. Marshall, J.R.
Morrongiello, and I. van Rijn. 2019. Is oxygen limitation in warming waters a valid
mechanism to explain decreased body sizes in aquatic ectotherms? Global Ecology
and Biogeography 28(2): 64–77.
Aurell, M., S. Robles, B. Bádenas, I. Rosales, S. Quesada, G. Meléndez, and J.C.
García-Ramos. 2003. Transgressive–regressive cycles and Jurassic palaeogeography
of northeast Iberia. Sedimentary Geology 162(3-4): 239–271.
147

REFERENCES
Baeza-Carratalá, J.F. 2013. Diversity patterns of Early Jurassic brachiopod assemblages
from

the

westernmost

Tethys

(Eastern

Subbetic).

Palaeogeography,

Palaeoclimatology, Palaeoecology 381-382: 76–91.
Baeza-Carratalá, J.F., F. García Joral, and J.E. Tent-Manclús. 2011. Biostratigraphy and
paleobiogeographic affinities of the Jurassic brachiopod assemblages from Sierra
Espuña (Maláguide Complex, Internal Betic Zones, Spain). Journal of Iberian
Geology 37(2): 137–151.
Baeza-Carratalá, J.F., M. Reolid, and F. García Joral. 2017. New deep-water brachiopod
resilient assemblage from the South-Iberian Palaeomargin (Western Tethys) and its
significance for the brachiopod adaptive strategies around the Early Toarcian Mass
Extinction Event. Bulletin of Geosciences 92(2): 233–256.
Bailey, T.R., Y. Rosenthal, J.M. McArthur, B. van de Schootbrugge, and M.F. Thirlwall.
2003. Paleoceanographic changes of the Late Pliensbachian-Early Toarcian interval:
a possible link to the genesis of an Oceanic Anoxic Event. Earth and Planetary
Science Letters 212(3-4): 307–320.
Bambach, R.K., A.M. Bush, and D.H. Erwin. 2007. Autecology and the filling of Ecospace:
key metazoan radiations. Palaeontology 50(1): 1–22.
Barnosky, A.D., E.A. Hadly, J. Bascompte, E.L. Berlow, J.H. Brown, M. Fortelius, W.M.
Getz, et al. 2012. Approaching a state shift in Earth’s biosphere. Nature 486: 52–58.
Barrón, E., M.J. Comas-Rengifo, and L.V. Duarte. 2013. Palynomorph succession of the
Upper Pliensbachian-Lower Toarcian of the Peniche section (Portugal).
Comunicações Geológicas 100(1): 55–61.
Beaugrand, G.M. Edwards, V. Raybaud, E. Goberville, and R.R. Kirby. 2015. Future
vulnerability of marine biodiversity compared with contemporary and past changes.
Nature Climate Change 5: 695–701.
148

REFERENCES
Berge, J.A., B. Bjerkeng, O. Pettersen, M.T. Schaanning, and S. Øxnevad. 2006. Effects of
increased sea water concentrations of CO2 on growth of the bivalve Mytilus edulis L.
Chemosphere 62(4): 681–687.
Bergman, N.M., T.M. Lenton, and A.J. Watson. 2004. COPSE: a new model of
biogeochemical cycling over Phanerozoic time. American Journal of Science 304(5):
397–437.
Berke, S.K., D. Jablonski, A.Z. Krug, K. Roy, and A. Tomasovych. 2013. Beyond
Bergmann’s rule: size–latitude relationships in marine Bivalvia world-wide. Global
Ecology and Biogeography 22(2): 173–183.
Berner, R.A.G. 1994. A revised model of atmospheric CO2 over geologic time. Americal
Journal of Science 294: 55–91.
Biggs, R., T. Blenckner, C. Folke, L. Gordon, A. Norström, M. Nyström, and G.D. Peterson.
2012. Regime Shifts. Pp. 609–617 in A. Hastings, and L. Gross, eds. Encyclopedia
of Theoretical Ecology. University of California Press, Berkeley.
Bijma, J., H.-O. Pörtner, C. Yesson, and A.D. Rogers. 2013. Climate change and the oceans
– What does the future hold? Marine Pollution Bulletin 74(2): 495–505.
Bjerrum, C., F. Surlyk, J.H. Callomon, and R.L. Slingerland. 2001. Numerical
Paleoceanographic Study of the Early Jurassic Transcontinental Laurasian Seaway.
Paleoceanography 16(4): 390–404.
Boulila S., and L.A. Hinnov. 2017. A review of tempo and scale of the early Jurassic
Toarcian OAE: implications for carbon cycle and sea level variations. Newsletter on
Stratigraphy 50(4): 363–389.
Boulila, S., B. Galbrun, E. Huret, L.A. Hinnov, I. Rouget, S. Gardin, and A. Bartolini. 2014.
Astronomical calibration of the Toarcian Stage: implications for sequence

149

REFERENCES
stratigraphy and duration of the early Toarcian OAE. Earth and Planetary Science
Letters 386: 98–111.
Box, G.E.P., and D.A. Pierce. 1970. Distribution of residual correlations in autoregressiveintegrated moving average time series models. Journal of the American Statistical
Association 65: 1509–1526.
Brand, U., A. Logan, N. Hiller, and J. Richardson. 2003. Geochemistry of modern
brachiopods: applications and implications for oceanography and paleoceanography.
Chemical Geology 198(3-4): 305–334.
Brand, U., K. Azmy, M.A. Bitner, A. Logan, M. Zuschin, R. Came, and E. Ruggiero. 2013.
Oxygen isotopes and MgCO3 in brachiopod calcite and a new paleotemperature
equation. Chemical Geology 359: 23–31.
Brazier, J.-M., G. Suan, T. Tacail, L. Simon, J.E. Martin, E. Mattioli, and V. Balter. 2015.
Calcium isotope evidence for dramatic increase of continental weathering during the
Toarcian oceanic anoxic event (Early Jurassic). Earth and Planetary Science Letters
411: 164–176.
Breitburg, D., L.A. Levine, A. Oschlies, M. Grégoire, F.P. Chavez, D.J. Conley, V. Garçon,
et al. 2018. Declining oxygen in the global ocean and coastal waters. Science 359:
eaam7240.
Burnham, K.P., and D.R. Anderson. 2003. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach. Springer, Berlin.
Byrne, M., and R. Przeslawski. 2013. Multistressor impacts of warming and acidification of
the ocean on marine invertebrates’ life histories. Integrative and Comparative
Biology 53(4): 582–596.

150

REFERENCES
Cahill, A.E., M.E. Aiello-Lammens, M.C. Fisher-Reid, X. Hua, C.J. Karanewsky, H.Y. Ryu,
G.C. Sbeglia, et al. 2013. How does climate change cause extinction? Proceedings
of the Royal Society B 280: 20121890.
Calosi P., P. De Witt, P. Thor, and S. Dupont. 2016. Will life find a way? Evolution of
marine species under global change. Evolutionary Applications 9(9): 1035–1042.
Calosi, P., H.M. Putnam, R.J. Twitchett, and F. Vermandele. 2019. Marine metazoan modern
mass extinction: Improving predictions by integrating fossil, modern, and
physiological data. Annual Review of Marine Science 11: 20.1–20.22.
Canudo, J.I. 2018. The collection of type fossils of the Natural Science Museum of the
University of Zaragoza (Spain). Geoheritage 10: 385–392.
Caruthers, A.H., P.L. Smith, D.R. Gröcke. 2013. The Pliensbachian-Toarcian (Early
Jurassic)

extinction,

a

global

multi-phased

event.

Palaeogeography,

Palaeoclimatology, Palaeoecology 386: 104–118.
Caswell, B.A., and A.L. Coe. 2013. Primary productivity controls on opportunistic bivalves
during Early Jurassic oceanic deoxygenation. Geology 41(11): 1163–1166.
Caswell, B.A., and C.L.J. Frid. 2017. Marine ecosystem resilience during extreme
deoxygenation: the Early Jurassic oceanic anoxic event. Oecologia 183: 275–290.
Caswell, B., and S.J. Dawn. 2019. Recovery of benthic communities following the Toarcian
oceanic

anoxic

event

in

the

Cleveland

Basin,

UK.

Palaeogeography,

Palaeoclimatology, Palaeoecology 521: 114–126.
Caswell, B.A., A.L. Coe, and A.S. Cohen. 2009. New range data for marine invertebrate
species across the early Toarcian (Early Jurassic) mass extinction. Journal of the
Geological Society 166(5): 859–872.
Cecca, F., and F. Macchioni. 2004. The two Early Toarcian (Early Jurassic) extinction events
in ammonoids. Lethaia 37(1): 35–56.
151

REFERENCES
Chown, S.L., and K.J. Gaston. 2008. Macrophysiology for a changing world. Proceedings
of the Royal Society B 275: 1469–1478.
Chown, S.L., and K.J. Gaston. 2016. Macrophysiology – progress and prospects. Functional
Ecology 30(3): 330–344.
Chown, S.L., K.J. Gaston, and D. Robinson. 2004. Macrophysiology: large-scale patterns in
physiological traits and their ecological implications. Functional Ecology 18(2):
159–167.
Clapham, M.E., D.J. Bottjer, C.M. Poweres, N. Bonuso, M.L. Fraiser, P.J. Marenco, S.Q.
Dornbos, and S.B. Pruss. 2006. Assessing the ecological dominance of Phanerozoic
marine invertebrates. Palaios 21(5): 431–441.
Clark, M.S., U. Sommer, J.K. Sihra, M.A.S. Thorne, S.A. Morley, M. King, M.R. Viant, and
L.S. Peck. 2017. Biodiversity in marine invertebrate responses to acute warming
revealed by a comparative multi-omics approach. Global Change Biology 23(1):
318–330.
Clarke, K.R., P.J. Somerfield, and R.N. Gorley. 2008. Testing of null hypotheses in
exploratory community analyses similarity profiles and biota-environment linkage.
Journal of Experimental Marine Biology and Ecology 366(1-2): 56–69.
Comas-Rengifo, M.J., L.V. Duarte, F. García Joral, and A. Goy. 2013. The brachiopod
record in the Lower Toarcian (Jurassic) of the Rabaçal-Condeixa region (Portugal):
stratigraphic distribution and palaeobiogeography. Comunicações Geológicas 100:
37–42.
Comas-Rengifo, M.J., L.V. Duarte, F.F. Félix, F. García Joral, A. Goy, and R.B. Rocha.
2015. Latest Pliensbachian–Early Toarcian brachiopod assemblages from the
Peniche section (Portugal) and their correlation. Episodes 38: 2–7.

152

REFERENCES
Correia, V.F., J.B. Riding, L.V. Duarte, P. Fernandes, and Z. Pereira. 2017. The
palynological response to the Toarcian Oceanic Anoxic Event (Early Jurassic) at
Peniche, Lusitanian Basin, western Portugal. Marine Micropaleontology 137: 46–63.
Correia, V.F., J.B. Riding, L.V. Duarte, P. Fernandes, and Z. Pereira. 2018. The Early
Jurassic palynostratigraphy of the Lusitanian Basin, western Portugal. Geobios
51(6): 537–557.
Cross, E.L., L.S. Peck, and E.M. Harper. 2015. Ocean acidification does not impact shell
growth or repair of the Antarctic brachiopod Liothyrella uva (Broderip, 1833).
Journal of Experimental Marine Biology and Ecology 462: 29–35.
Cross, E.L., L.S. Peck, M.D. Lamare, and E.M. Harper. 2016. No ocean acidification effects
on shell growth and repair in the New Zealand brachiopod Calloria inconspicua
(Sowerby, 1846). ICES Journal of Marine Science 73(3): 920–926.
Cross, E.L., E.M. Harper, and L.S. Peck. 2018. A 120-year record of resilience to
environmental change in brachiopods. Global Change Biology 24(6): 2262–2271.
Danise, S., R.J. Twitchett, C.T.S. Little, and M.-E. Clémence. 2013. The impact of global
warming and anoxia on marine benthic community dynamics: an example from the
Toarcian (Early Jurassic). PloS ONE 8(2): e56255.
Danise, S. R.J. Twitchett, and C.T.S. Little. 2015. Environmental controls on Jurassic marine
ecosystems during global warming. Geology 43(3): 263–266.
Danise, S., M.-E. Clémence, G.D. Price, D.P. Murphy, J.J. Gómez, and R.J. Twitchett. 2019.
Stratigraphic and environmental control on marine benthic community change
through

the

early

Toarcian

extinction

event

(Iberian

Range,

Palaeogeography, Palaeoclimatology, Palaeoecology 524: 183–200.

153

Spain).

REFERENCES
Daufresne, M., K. Lengfellner, and U. Sommer. 2009. Global warming benefits the small in
aquatic ecosystems. Proceedings of the National Academy of Sciences 106: 12788–
12793.
Day, P.B., R.D. Stuart-Smith, G.J. Edgar, and A.E. Bates. 2018. Species’ thermal ranges
predict changes in reef fish community structure during 8 years of extreme
temperature variation. Diversity and Distributions 24(8): 1–11.
Dera, G., and Y., Donnadieu. 2012. Modeling evidence for global warming, Arctic seawater
freshening, and sluggish oceanic circulation during the Early Toarcian anoxic event.
Paleoceanography 27(2): PA2211.
Dera, G., E. Pucéat, P. Pellenard, P. Neige, D. Delsate, M.M. Joachimski, L. Reisberg, and
M. Martinez. 2009. Water mass exchange and variations in seawater temperature in
the NW Tethys during the Early Jurassic: Evidence from neodymium and oxygen
isotopes of fish teeth and belemnites. Earth and Planetary Science Letters 286(1-2):
198–207.
Dera, G., P. Neige, J.-L. Dommergues, E. Fara, R. Laffont, and P. Pellenard. 2010.
High-resolution dynamics of Early Jurassic marine extinctions: the case of
Pliensbachian–Toarcian ammonites (Cephalopoda). Journal of the Geological
Society 167(1): 21–33.
Dera, G., P. Neige, J.-L. Dommergues, and A. Brayard. 2011. Ammonite paleobiogeography
during the Pliensbachian–Toarcian crisis (Early Jurassic) reflecting paleoclimate,
eustasy, and extinctions. Global and Planetary Change 78(3-4): 92–105.
Diaz, R.J., and R. Rosenberg. 2008. Spreading dead zones and consequences for marine
ecosystems. Science 321: 926–929.

154

REFERENCES
Dickens, G.R., J.R. O’Neill, D.K. Rea, and R.M. Owen. 1995. Dissociation of oceanic
methane as the cause of the carbon isotopic excursion at the end of the Paleocene.
Paleoceanography 10(6): 965–971.
Dickson, A.J., B.C. Gill, M. Ruhl, H.C. Jenkyns, D. Porcelli, E. Idiz, T.W. Lyons, and S.H.
J.M. van den Boorn. 2017. Molybdenum-isotope chemostratigraphy and
paleoceanography of the Toarcian Oceanic Anoxic Event (Early Jurassic).
Paleoceanography 32(8): 813–829.
Duarte, L.V. 1997. Facies analysis and sequential evolution of the Toarcian-Lower Aalenian
series in the Lusitanian Basin (Portugal). Comunicações do Instituto Geológico e
Mineiro 83: 65–94.
Duarte, L.V. 2007. Lithostratigraphy, sequence stratigraphy and depositional setting of the
Pliensbachian and Toarcian series in the Lusitanian Basin, Portugal. Pp. 17–23 in
R.B. Rocha, ed. The Peniche section (Portugal). Contributions to the definition of
the Toarcian GSSP. International Subcommission on Jurassic Stratigraphy, Lisbon.
Duarte, L.V., Soares, A.F., 2002. Litostratigrafia das séries margo-calcárias do Jurássico
inferior da Bacia Lusitânica (Portugal). Comunicacões do Instituto Geológico e
Mineiro 89: 135–154.
Duarte, L.V., R. Rodrigues, L.C. Oliveira, and F. Silva. 2005. Avaliação preliminar das
variações do carbono orgânico total nos sedimentos margosos do Jurássico inferior
da Bacia Lusitânica (Portugal). Pp. 39–43 in XIV Semana de Geoquímica and VIII
Congresso de Geoquímica dos Países de Lingua Portuguesa 1, Aveiro.
Duarte, L.V., L.C. Oliveira, and R. Rodrigues. 2007. Carbon isotopes as a sequence
stratigraphic tool: examples from the Lower to Middle Toarcian marly limestones of
Portugal. Boletín Geológico y Minero 118: 3–18.

155

REFERENCES
Dunhill, A.M., W.J. Foster, S. Azaele, J. Sciberras, and R.J. Twitchett. 2018. Modelling
determinants of extinction across two Mesozoic hyperthermal events. Proceedings of
the Royal Society B 285: 20180404.
Dunn, O.J. 1964. Multiple comparisons using rank sums. Technometrics 6(3): 241–252.
Eymann, C., S. Götze, C. Bock, H. Guderley, A.H. Knoll, G. Lannig, I.M. Sokolova, M.
Aberhan, and H.-O. Pörtner. 2020. Thermal performance of the European flat oyster,
Ostrea edulis (Linnaeus, 1758) – explaining ecological findings under climate
Change. Marine Biology 167: 17.
Fabry, V.J., B.A. Seibel, R.A. Feely, and J.C. Orr. 2008. Impacts of ocean acidification on
marine fauna and ecosystem Processes. ICES Journal of Marine Science 65(3): 414–
432.
Ferreira, J., E. Mattioli, B. Pittet, M. Cachão, and J.E. Spanbenberg. 2015. Palaeoecological
insights on Toarcian and lower Aalenian calcareous nannofossils from the Lusitanian
Basin (Portugal). Palaeogeography, Palaeoclimatology, Palaeoecology 436: 246–
262.
Forster, J., A.G. Hirst, and D. Atkinson. 2012. Warming-induced reductions in body size are
greater in aquatic than terrestrial species. Proceedings of the National Academy of
Sciences 109(47): 19310–19314.
Foster, W.J., C.L. Garvie, A.M. Weiss, A.D. Muscente, M. Aberhan, J.W. Counts, and R.C.
Martindale. 2019. Resilience of marine invertebrate communities during the early
Cenozoic hyperthermals. Scientific Reports 10: 2176.
Fox, J., and S. Weisberg. 2019. An {R} Companion to Applied Regression, Third Edition.
Thousand Oaks CA: Sage. Available from:
https://socialsciences.mcmaster.ca/jfox/Books/Companion/

156

REFERENCES
Fürsich, F.T. 1994. Palaeoecology and evolution of Mesozoic salinity-controlled benthic
macroinvertebrate associations. Lethaia 26(4): 327–346.
Fürsich, F.T., R. Berndt, T. Scheuer, and M. Gahr. 2001. Comparative ecological analysis
of Toarcian (Lower Jurassic) benthic faunas from southern France and east-central
Spain. Lethaia 34(3): 169–199.
Gahr, M.E. 2002. Palökologie des Makrobenthos aus dem Unter-Toarc SW-Europas.
Beringeria 31: 3–204.
Gahr, M.E. 2005. Response of Lower Toarcian (Lower Jurassic) macrobenthos of the Iberian
Peninsula to sea level changes and mass extinction. Journal of Iberian Geology 31(2):
197–215.
García Joral, F., and A. Goy. 2000. Stratigraphic distribution of Toarcian brachiopods from
the Iberian Range (Spain) and its relation to depositional sequences. Pp. 381–386 in
R.L. Hall, and P.L. Smith, eds. Advances in Jurassic Research. Proceedings of the
Fifth International Symposium on the Jurassic System, Vancouver. GeoResearch
Forum 6, Trans Tech Publications, Switzerland.
García Joral, F., and A. Goy. 2009. Toarcian (Lower Jurassic) brachiopods in Asturias
(Northern Spain): Stratigraphic distribution, critical events and palaeobiogeography.
Geobios 42(3): 255–264.
García Joral, F., and A. Goy. 2010. Rhynchonellida (Brachiopoda) Biozones of the Toarcian
in the Iberian and Cantabrian Cordilleras (Spain). Pp. 65–72 in J.I. Ruiz-Omenaca,
L. Pinuela, and J.C. García-Ramos, eds. Comunicaciones del V Congreso del
Jurásico de España. Museo del Jurásico de Asturias, Colunga.
García Joral, F., J.J. Gómez, and A. Goy. 2011. Mass extinction and recovery of the Early
Toarcian (Early Jurassic) brachiopods linked to climate change in Northern and

157

REFERENCES
Central Spain. Palaeogeography, Palaeoclimatology, Palaeoecology 302(3): 367–
380.
García Joral F., J.F. Baeza-Carratalá, and A. Goy. 2018. Changes in brachiopod body size
prior to the Early Toarcian (Jurassic) Mass Extinction. Palaeogeography,
Palaeoclimatology, Palaeoecology 506: 242–249.
Gardner, J.L., A. Peters, M.R. Kearney, L. Joseph, and R. Heinsohn. 2011. Declining body
size: a third universal response to warming? Trends in Ecology and Evolution 26(6):
285–291.
Garrabeu, J., R. Coma, N. Bensoussan, M. Bally, P. Chevaldonné, M. Cigliano, D. Diaz, et
al. 2009. Mass mortality in Northwestern Mediterranean rocky benthic communities:
effects of the 2003 heat wave. Global Change Biology 15(5): 1090–1103.
Gazeau, F., L.M. Parker, S. Comeau, J.-P. Gattuso, W.A. O’Connor, S. Martin, H.-O.
Pörtner, and P.M. Ross. 2013. Impacts of ocean acidification on marine shelled
molluscs. Marine Biology 160: 2207–2245.
Genner, M.J., D.W. Sims, A.J. Southward, G.C. Budd, P. Masterson, M. McHugh, P.
Rendle, E.J. Southall, V.J. Wearmouth, and S.J. Hawkins. 2009. Body
size-dependent responses of a marine fish assemblage to climate change and fishing
over a century-long scale. Global Change Biology 16(2): 517–527.
Gienapp, P., C. Teplitsky, J.S. Alho, J.A. Mills, and J. Merilä. 2008. Climate change and
evolution: disentangling environmental and genetic responses. Molecular Ecology
17(1): 167–178.
Gill, B.C., T.W. Lyons, and H.C. Jenkyns. 2011. A global perturbation to the sulfur cycle
during the Toarcian Oceanic Anoxic Event. Earth and Planetary Science Letters
312(3-4): 484–494.

158

REFERENCES
Gómez, J.J., and A. Goy. 2005. Late Triassic and Early Jurassic palaeogeographic evolution
and depositional cycles of the Western Tethys Iberian platform system (Eastern
Spain). Palaeogeography, Palaeoclimatology, Palaeoecology 222(1-2): 77–94.
Gómez, J.J., and C. Arias. 2010. Rapid warming and ostracods mass extinction at the Lower
Toarcian (Jurassic) of central Spain. Marine Micropaleontology 74(3): 119–135.
Gómez, J.J., and A. Goy. 2011. Warming-driven mass extinction in the Early Toarcian
(Early Jurassic) of northern and central Spain. Correlation with other time-equivalent
European sections. Palaeogeography, Palaeoclimatology, Palaeoecology 306(3-4):
176–195.
Gómez, J.J., A. Goy, and M.L. Canales. 2008. Seawater temperature and carbon isotope
variations in belemnites linked to mass extinction during the Toarcian (Early
Jurassic) in Central and Northern Spain. Comparison with other European sections.
Palaeogeography, Palaeoclimatology, Palaeoecology 258(1-2): 28–58.
Götze, S., C. Bock, C. Eymann, G. Lannig, J.B.M. Steffen, and H.-O. Pörtner. 2020. Single
and combined effects of the “Deadly trio” hypoxia, hypercapnia and warming on the
cellular metabolism of the great scallop Pecten maximus. Comparative Biochemistry
and Physiology, Part B 243-244: 110438.
Goy, A., J.J. Gómez, and A. Yébenes. 1976. El Jurásico de la Rama Castellana de la
Cordillera Ibérica (Mitad Norte). Estudios Geológicos 32: 391–423.
Gsell, A.S., U. Scharfenberger, D. Özkundakci, A. Walters, L.-A. Hansson, A.B.G. Janssen,
P. Nõges, et al. 2016. Evaluating early-warning indicators of critical transitions in
natural aquatic ecosystems. Proceedings of the National Academy of Sciences 113:
E8089–E8095.
Hallam, A., and P.B. Wignall. 1997. Mass extinctions and their aftermath. Oxford University
Press, Oxford.
159

REFERENCES
Handoh, I.C., and T.M. Lenton. 2003. Periodic mid-Cretaceous oceanic anoxic events linked
by oscillations of the phosphorus and oxygen biogeochemical cycles. Global
Biogeochemical Cycles 17(4): 1092.
Hannisdal, B., and L.H. Liow. 2018. Casuality from palaeontological time series.
Palaeontology 61(4): 495–509.
Harazim, D.A., B. van de Schootbrugge, K. Sorichter, A. Weug, G. Suan, and W. Oschmann.
2013. Spatial variability of watermass conditions within the European Epicontinental
Seaway during the Early Jurassic (Pliensbachian–Toarcian). Sedimentology 60(2):
359–390.
Harnik, P.G., H.K. Lotze, S.C. Anderson, Z.V. Finkel, S. Finnigan, D.R. Lindberg, L.H.
Liow, et al. 2012. Extinction in ancient and modern seas. Trends in Ecology and
Evolution 27(11): 608–617.
Harries, P.J., and C.T.S. Little. 1999. The early Toarcian (Early Jurassic) and the
Cenomanian–Turonian (Late Cretaceous) mass extinctions: similarities and
contrasts. Palaeogeography, Palaeoclimatology, Palaeoecology 154: 39–66.
He, W., G.R. Shi, Q. Feng, M.J. Campi, S. Gu, J. Bu, Y. Peng, and Y. Meng. 2007.
Brachiopod miniaturization and its possible causes during the Permian–Triassic
crisis

in

deep

water

environments,

South

China.

Palaeogeography,

Palaeoclimatology, Palaeoecology 252: 145–163.
He, W., G.R. Shi, Y. Xiao, K. Zhang, T. Yang, H. Wu, Y. Zhang, et al. 2017. Body-size
changes of latest Permian brachiopods in varied palaeogeographic settings in South
China and implications for controls on animal miniaturization in a highly stressed
marine ecosystem. Palaeogeography, Palaeoclimatology, Palaeoecology 486: 33–45.

160

REFERENCES
He, W.-H., R.J. Twitchett, Y. Zhang, G.R. Shi, Q.-L. Feng, J.-X. Yu, S.-B. Wu, and X.-F.
Peng. 2010. Controls on body size during the Late Permian mass extinction event.
Geobiology 8(5): 391–402.
He, W.-H., G.R. Shi, R.J. Twitchett, Y. Zhang, K.-X. Zhang, H.-J. Song, M.-L. Yue, et al.
2015. Late Permian marine ecosystem collapse began in deeper waters: evidence
from brachiopod diversity and body size changes. Geobiology 13(2): 123–138.
Hermoso, M., F. Minoletti, R.E.M. Rickaby, S.P. Hesselbo, F. Baudin, and H.C. Jenkyns.
2012. Dynamics of a stepped carbon-isotope excursion: Ultra high-resolution study
of Early Toarcian environmental change. Earth and Planetary Science Letters 319–
320: 45–54.
Hesselbo, S.P., and G. Pienkowski. 2011. Stepwise atmospheric carbon-isotope excursion
during the Toarcian Oceanic Anoxic Event (Early Jurassic, Polish Basin). Earth and
Planetary Science Letters. 301(1-2): 365–372.
Hesselbo, S.P., D.R. Gröcke, H.C. Jenkyns, C.J. Bjerrum, P. Farrimond, H.S. Morgans Bell,
and O.R. Green. 2000. Massive dissociation of gas hydrate during a Jurassic oceanic
anoxic event. Nature 406: 392–395.
Hesselbo, S.P., H.C. Jenkyns, L.V. Duarte, and L.C.V. Oliveira. 2007. Carbon-isotope
record of the Early Jurassic (Toarcian) Oceanic Anoxic Event from fossil wood and
marine carbonate (Lusitanian Basin, Portugal). Earth and Planetary Science Letters
253(3-4): 455–470.
Hillebrand, H., and C. Kunze. 2020. Meta-analysis on pulse disturbances reveals differences
in functional and compositional recovery across ecosystems. Ecology Letters 23(3):
575–585.

161

REFERENCES
Huang, B., D.A.T. Harper, R. Zhan, and J. Rong. 2010. Can the Lilliput Effect be detected
in the brachiopod faunas of South China following the terminal Ordovician mass
extinction? Palaeogeography, Palaeoclimatology, Palaeoecology 285: 277–286.
Huang, C., and S.P. Hesselbo. 2014. Pacing of the Toarcian Oceanic Anoxic Event (Early
Jurassic) from astronomical correlation of marine sections. Gondwana Research
25(4): 1348–1356.
Hunt, G. 2006. Fitting and comparing models of phyletic evolution: Random walks and
beyond. Paleobiology 32(4): 578–601.
Hunt, G. 2015. paleoTS: Analyze Paleontological Time-Series. R package version 0.5-1.
Available from: https://CRAN.R-project.org/package=paleoTS
Hyndman, R.J., and Y. Khandakar. 2008. Automatic time series forecasting: the forecast
package for R. Journal of Statistical Software 26(3): 1–22.
Hyndman, R., G. Athanasopoulos, C. Bergmeir, G. Caceres, L. Chhay, M. O’Hara-Wild, F.
Petropoulos, S. Razbash, E. Wang, and F. Yasmeen. 2019. Forecast: Forecasting
functions for time series and linear models. R package version 8.9. Available from:
Available from: http://pkg.robjhyndman.com/forecast.
Jenkyns, H.C. 1988. The early Toarcian (Jurassic) anoxic event: Stratigraphic, sedimentary,
and geochemical evidence. American Journal of Science 288(2): 101–151.
Jenkyns, H.C. 2010. Geochemistry of oceanic anoxic events. Geochemistry, Geophysics,
Geosystems 11(3): Q03004.
Jenkyns, H.C., C.E. Jones, D.R. Gröcke, S.P. Hesselbo, and D.N. Parkinson. 2002.
Chemostratigraphy of the Jurassic System: applications, limitations and implications
for palaeoceanography. Journal of the Geological Society London 159: 351–378.
Johnson, A.L.A. 1984. The palaeobiology of the bivalve families Pectinidae and
Propeamussiidae in the Jurassic of Europe. Zitteliana 11: 3–235.
162

REFERENCES
Jones, M.T., D.A. Jerram, H.H. Svensen, and C. Grove. 2016. The effects of large igneous
provinces on

the global carbon

and sulphur cycles. Palaeogeography,

Palaeoclimatology, Palaeoclimatology 441: 4–21.
Kelly, M.W., and G.E. Hoffmann. 2013. Adaptation and the physiology of ocean
acidification. Functional Ecology 27(4): 980–990.
Kemp, D.B., A.L. Coe, A.S. Cohen, and L. Schwark. 2005. Astronomical pacing of methane
release in the Early Jurassic. Nature 437: 396–399.
Kiessling, W., M. Schobben, A. Ghaderi, V. Hairapetian, L. Leda, and D. Korn. 2018.
Pre-mass extinction decline of latest Permian ammonoids. Geology 46(3): 283–286.
Knoll, A.H, R.K. Bambach, J.L. Payne, S. Pruss, and W.W. Fischer. 2007. Paleophysiology
and end-Permian mass extinction. Earth and Planetary Science Letters 256(3-4):
295–313.
Koenigstein S., F.C. Mark, S. Gößling-Reisemann, H. Reuter, and H.-O. Pörtner. 2016.
Modelling climate change impacts on marine fish populations: process-based
integration of ocean warming, acidification and other environmental drivers. Fish
and Fisheries 17(4): 972–1004.
Korte, C., S.P. Hesselbo, C.V. Ullmann, G. Dietl, M. Ruhl, G. Schweigert, and N. Thibault.
2015. Jurassic climate mode governed by ocean gateway. Nature Communications
6: 10015.
Kosnik, M.A., D. Jablonski, R. Lockwood, P.M. Novack-Gottshall. 2006. Quantifying
molluscan body size in evolutionary and ecological analyses: maximizing the return
on data-collection efforts. Palaios 21(6): 588–597.
Kowalewski, M., W. Kiessling, M. Aberhan, F.T. Fürsich, D. Scarponi, and S.L. Wood.
2006. Ecological, taxonomic, and taphonomic components of the post-Paleozoic

163

REFERENCES
increase in sample-level species diversity of marine benthos. Paleobiology 32(4):
533–561.
Kroeker, K.J., R.L. Kordas, R. Crim, I.E. Hendriks, L. Ramajo, G.S. Singh, C.M. Duarte,
and J.-P. Gattuso. 2013. Impacts of ocean acidification on marine organisms:
quantifying sensitivities and interaction with warming. Global Change Biology
19(6): 1884–1896.
Kruskal, J.B. 1964. Multidimensional scaling by optimizing goodness of fit to a nonmetric
hypothesis. Psychomerika 29: 1–27.
Kruskal, W.H., and W.A. Wallis. 1952. Use of ranks in one-criterion variance analysis.
Journal of the American Statistical Association 47(260): 583–621.
Kump, L.R. 2018. Prolonged Late Permian early Triassic hyperthermal: Failure of climate
regulation? Philosophical Transactions of the Royal Society A 376: 20170078.
Lenton, T.M., S.J. Daines, and B.M. Mills. 2018. COPSE reloaded: An improved model of
biogeochemical cycling over Phanerozoic time. Earth-Science Reviews 178: 1–28.
Little, C.T.S., and M.J. Benton. 1995. Early Jurassic mass extinction: A global long-term
event. Geology 23(6): 495–498.
Littler, K., S.P. Hesselbo, and H.C. Jenkyns. 2010. A carbon-isotope perturbation at the
Pliensbachian-Toarcian boundary: evidence from the Lias Group, NE England.
Geological Magazine 147(2): 181–192.
Lockwood, R. 2005. Body size, extinction events, and the early Cenozoic record of veneroid
bivalves: a new role for recoveries? Paleobiology 31(4): 578–590.
Lotze, H.K., D.P. Tittensor, A. Bryndum-Buchholz, T.D. Eddy, W.W.L. Cheung, E.D.
Galbraith, M. Barange, et al. 2019. Global ensemble projections reveal trophic
amplification of ocean biomass declines with climate change. Proceedings of the
National Academy of Sciences 116(26): 12907-12912.
164

REFERENCES
Mann, H.B., and D.R. Whitney. 1947. On a test of whether one of two random variables is
stochastically larger than the other. Annals of Mathematical Statistics 18: 50–60.
Martindale, R.C., and M. Aberhan. 2017. Response of macrobenthic communities to the
Toarcian Oceanic Anoxic Event in northeastern Panthalassa (Ya Ha Tinda, Alberta,
Canada). Palaeogeography, Palaeoclimatology, Palaeoecology 478: 103–120.
Mattioli, E., B. Pittet, G. Suan, and S. Mailliot. 2008. Calcareous nannoplankton changes
across the early Toarcian oceanic anoxic event in the western Tethys.
Paleoceanography 23(3): PA3208.
Mattioli, E., B. Pittet, L. Petitpierre, and S. Mailliot. 2009. Dramatic decrease of pelagic
carbonate production by nannoplankton across the Early Toarcian anoxic event
(T-OAE). Global and Planetary Change 65(3): 134–145.
McArthur, J.M., D.T. Donovan, M.F. Thirlwall, B.W. Fouke, and D. Mattey. 2000.
Strontium isotope profile of the early Toarcian (Jurassic) oceanic anoxic event, the
duration of ammonite biozones, and belemnite palaeotemperatures. Earth and
Planetary Science Letters 179(2): 269–285.
McArthur, J.M., T.J. Algeo, B. van de Schootbrugge, Q. Li, and R.J. Howarth. 2008. Basinal
restriction, black shales, Re-Os dating, and the Early Toarcian (Jurassic) oceanic
anoxic event. Paleoceanography 23(4): PA4217.
McKinney, M.L. 1990. Classifying and analyzing evolutionary trends. Pp. 28–58 in K.J.
McNamara, ed. Evolutionary trends. University of Arizona Press, Tucson.
Miguez-Salas, O., F.J. Rodríguez-Tovar, and L.V. Duarte. 2017. Selective incidence of the
Toarcian oceanic anoxic event on macroinvertebrate marine communities: a case
from the Lusitanian basin, Portugal. Lethaia 50(4): 548–560.

165

REFERENCES
Mills, B.J.W., A.J. Watson, C. Goldblatt, R.A. Boyle, and T.M.L. Lenton. 2011. Timing of
Neoproterozoic glaciations linked to transportlimited global weathering. Nature
Geoscience 4: 861–864.
Moore, J.K., W. Fu, F. Primeau, G.L. Britten, K. Lindsay, M. Long, S.C. Doney, N.
Mahowald, F. Hoffman, and J.T. Randerson. 2018. Sustained climate warming
drives declining marine biological productivity. Science 359: 1139–1143.
Morten, S.D., and R.J. Twitchett. 2009. Fluctuations in the body size of marine invertebrates
through

the

Pliensbachian–Toarcian

extinction

event.

Palaeogeography,

Palaeoclimatology, Palaeoecology 284: 29–38.
Moss, D.K., L.C. Ivany, E.J. Judd, P.W. Cummings, C.E. Bearden, W.-J. Kim, E.G. Artruc,
and J.R. Driscoll. 2016. Lifespan, growth rate, and body size across latitude in marine
Bivalvia, with implications for Phanerozoic evolution. Proceedings of the Royal
Society B 283: 20161364.
Mouterde, R., C. Ruget, and F. Moitinho de Almeida. 1964-1965. Coupe du Lias au Sud de
Condeixa. Comunicações dos Serviços Geológicas de Portugal 48: 61–91.
Murphy G.E.P., and T.N. Romanuk. 2014. A meta-analysis of declines in local species
richness from human disturbances. Ecology and Evolution 4(1): 91–103.
Newton, R.J., E.P. Reeves, N. Kafousia, P.B. Wignall, S.H. Bottrell, and J.-G. Sha. 2011.
Low marine sulfate concentrations and the isolation of the European epicontinental
sea during the Early Jurassic. Geology 39(1): 7–10.
Ogle, D.H., P. Wheeler, and A. Dinno. 2019. FSA: Fisheries Stock Analysis. R package
version 0.8.25. Available from: https://github.com/droglenc/FSA
O’Gorman, E.J., L. Zhao, D.E. Pichler, G. Adams, N. Friberg, B.C. Rall, A. Seeney, H.
Zhang, D.C. Reuman, and G. Woodward. 2017. Unexpected changes in community
size structure in a natural warming experiment. Nature Climate Change 7: 659–666.
166

REFERENCES
Ohlberger, J. 2013. Climate warming and ectotherm body size – from individual physiology
to community ecology. Functional Ecology 27(4): 991–1001.
Oksanen, J., F.G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P.R. Minchin,
et al. 2019. vegan: Community Ecology Package. R package version 2.5-6. Available
from: https://CRAN.R-project.org/package=vegan
Olszewski, T.D. 2015. Abrupt global shifts in ecosystem states. Proceedings of the National
Academy of Sciences 112(23): 7111–7112.
Olszewski, T.D., and M.E. Patzkowski. 2001. Measuring recurrence of marine biotic
gradients: a case study from the Pennsylvanian–Permian Midcontinent. Palaios
16(5): 444–460.
Pálfy, J., and P.L. Smith. 2000. Synchrony between Early Jurassic extinction, oceanic anoxic
event, and the Karoo-Ferrar flood basalt volcanism. Geology 28(8): 747–750.
Palmer, A.R. 1983. Relative cost of producing skeletal organic matrix versus calcification:
evidence from marine gastropods. Marine Biology 75: 287–292.
Parker, L.M., P.M. Ross, W.H. O’Connor, H.-O. Pörtner, E. Scanes, and J.M. Wright. 2013.
Predicting the response of molluscs to the impact of ocean acidification. Biology
2(2): 651–692.
Parkinson, D., G.B. Curry, M. Cusack, and A.E. Fallick. 2005. Shell structure, patterns and
trends of oxygen and carbon stable isotopes in modern brachiopod shells. Chemical
Geology 219(1-4): 193–235.
Payne, J.L., N.A. Heim, M.L. Knope, and C.R. McClain. 2014. Metabolic dominance of
bivalves predates brachiopod diversity decline by more than 150 million years.
Proceedings of the Royal Society B 281: 20133122.

167

REFERENCES
Payne, M.R., M. Barange, W.W.L. Cheung, B.R. MacKenzie, H.P. Batchelder, X. Cormon,
T.D. Eddy, et al. 2016. Uncertainties in projecting climate-change impacts in marine
ecosystems. ICES Journal of Marine Science 73(5): 1272–1282.
Peck, L.S. 2005. Prospects for survival in the Southern Ocean: vulnerability of benthic
species to temperature change. Antarctic Science 17(4): 497–507.
Peck, L.S., and E.M. Harper. 2010. Variation in size of living articulated brachiopods with
latitude and depth. Marine Biology 157(10): 2205–2213.
Peck, L.S., M.S. Clark, S.A. Morley, A. Massey, and H. Rossetti. 2009. Animal temperature
limits and ecological relevance: effects of size, activity and rates of change.
Functional Ecology 23(2): 248–256.
Percival, L.M.E., A.S. Cohen, M.K. Davies, A.J. Dickson, S.P. Hesselbo, H.C. Jenkyns, M.J.
Leng, T.A. Mather, M.S. Storm, and W. Xu. 2016. Osmium isotope evidence for two
pulses of increased continental weathering linked to Early Jurassic volcanism and
climate change. Geology 44(9): 759–762.
Petsios, E., and D.J. Bottjer. 2016. Quantitative analysis of the ecological dominance of
benthic disaster taxa in the aftermath of the end-Permian mass extinction.
Paleobiology 42(3): 380–393.
Piazza, V., L.V. Duarte, J. Renaudie, and M. Aberhan. 2019. Reductions in body size of
benthic macroinvertebrates as a precursor of the early Toarcian (Early Jurassic)
extinction event in the Lusitanian Basin, Portugal. Paleobiology 45(2): 296–316.
Piazza, V., C.V. Ullmann, and M. Aberhan. 2020. Temperature-related body size change of
marine benthic macroinvertebrates across the Early Toarcian Anoxic Event.
Scientific Reports 10: 4675.

168

REFERENCES
Pinheiro, J., D. Bates, S., S. DebRoy, D. Sarkar, and R Core Team. 2019. nlme: Linear and
Nonlinear Mixed Effects Models. R package version 3.1-141. Available from:
https://CRAN.R-project.org/package=nlme.
Pittet, B., G. Suan, F. Lenoir, L.V. Duarte, and E. Mattioli. 2014. Carbon isotope evidence
for sedimentary discontinuities in the Lower Toarcian of the Lusitanian Basin
(Portugal): Sea level change at the onset of the Oceanic Anoxic Event. Sedimentary
Geology 303: 1–14.
Pörtner, H.-O. 2001. Climate change and temperature-dependent biogeography: oxygen
limitation of thermal tolerance in animals. Naturwissenschaften 88: 137–146.
Pörtner, H.-O. 2002. Climate variations and the physiological basis of temperature
dependent biogeography: systemic to molecular hierarchy of thermal tolerance in
animals. Comparative Biochemistry and Physiology, Part A 132(4): 739–761.
Pörtner, H.-O. 2006. Climate dependent evolution of Antarctic ectotherms: an integrative
analysis. Deep-Sea Research II 53(8-10): 1071–1104.
Pörtner, H.-O. 2008. Ecosystem effects of ocean acidification in times of ocean warming: a
physiologist’s view. Marine Ecology Progress Series 373: 203–217.
Pörtner, H.-O. 2010. Oxygen- and capacity-limitation of thermal tolerance: a matrix for
integrating climate-related stressor effects in marine ecosystems. Journal of
Experimental Biology 213: 881–893.
Pörtner, H.-O. 2012. Integrating climate-related stressors effects on marine organisms:
unifying principles linking molecule to ecosystem-level changes. Marine Ecology
Progress Series 470: 273–290.
Pörtner, H.-O., and A.P. Farrell. 2008. Physiology and Climate Change. Science 322: 690–
692.

169

REFERENCES
Pörtner, H.-O., and R. Knust. 2017. Climate Change Affects Marine Fishes Through the
Oxygen Limitation of Thermal Tolerance. Science 315: 95–97.
Pörtner, H.-O., M. Langenbuch, and B. Michaelidis. 2005. Synergistic effects of temperature
extremes, hypoxia, and increases in CO2 on marine animals: From Earth history to
global change. Journal of Geophysical Research 110: C09S10.
Pörtner, H.-O., A.P. Farrell, R. Knust, G. Lannig, F.C. Mark, and D. Storch. 2009. Adapting
to climate change-response. Science 323: 876–877.
Pörtner, H.-O., C. Bock, and F.C. Mark. 2017. Oxygen- and capacity-limited thermal
tolerance: bridging ecology and physiology. Journal of Experimental Biology 220:
2685–2696.
R Core Team. 2019. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. Available from: https://www.Rproject.org/.
Radulović, B., N. Motchurova-Dekova, and V. Radulović. 2007. New Barremian
rhynchonellide brachiopod genus from Serbia and the shell microstructure of
Tetrarhynchiidae. Acta Palaeontological Polonica 52(4): 761–782.
Reddin, C.J., Á.T. Kocsis, and W. Kiessling 2019. Climate change and the latitudinal
selectivity of ancient marine extinctions. Paleobiology 45(1): 70–84.
Reddin, C.J., P.S. Nätscher, Á.T. Kocsis, H.-O. Pörtner, and W. Kiessling. 2020. Marine
clade sensitivities to climate change conform across timescales. Nature Climate
Change 10(3): 249–53.
Remírez, M.N., and T.J. Algeo. 2020. Paleosalinity determination in ancient epicontinental
seas: A case study of the T-OAE in the Cleveland Basin (UK). Earth-Science
Reviews 201: 103072.

170

REFERENCES
Reolid, M., F.J. Rodríguez-Tovar, A. Marok, and A. Sebane. 2012. The Toarcian oceanic
anoxic event in the Western Saharan Atlas, Algeria (North African paleomargin):
Role of anoxia and productivity. GSA Bulletin 124(9-10): 1646–1664.
Reuman, D.C., R.D. Holt, and G. Yvon-Durocher. 2014. A metabolic perspective on
competition and body size reductions with warming. Journal of Animal Ecology
83(1): 59–69.
Rhein, M., S.R. Rintoul, S. Aoki, E. Campos, D. Chambers, R.A. Feely, S. Gulev, et al.
2013. Observations: ocean. Pp. 255–316 in T.F. Stocker, D. Qin, G.-K. Plattner, M.
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P.M. Midgley, eds.
Climate change 2013: the physical science basis. Contribution of working Group I to
the fifth assessment report of the intergovernmental panel on climate change.
Cambridge University Press, Cambridge.
Riedel, B., T. Pados, K. Pretterebner, L. Schiemer, A. Steckbauer, A. Haselmair, M. Zuschin,
and M. Stachowitsch. 2013. Effect of hypoxia and anoxia on invertebrate behaviour:
ecological perspectives from species to community level. Biogeosciences
Discussions 10: 14333–14438.
Ries, J.B., A.L. Cohen, and D. McCorkle. 2009. Marine calcifiers exhibit mixed responses
to CO2-induced ocean acidification. Geology 37(12): 1131–1134.
Rita, P., M. Reolid, and L.V. Duarte. 2016. Benthic foraminiferal assemblages record major
environmental perturbations during the Late Pliensbachian–Early Toarcian interval
in the Peniche GSSP, Portugal. Palaeogeography, Palaeoclimatology, Palaeoecology
454: 267–281.
Rita, P., P. Nätscher, L.V. Duarte, R. Weis, and K. De Baets. 2019. Mechanisms and drivers
of belemnite body-size dynamics across the Pliensbachian–Toarcian crisis. Royal
Society Open Science 6(12): 190494.
171

REFERENCES
Rodríguez-Tovar, F.J., O. Miguez-Salas, and L.V. Duarte. 2017. Toarcian Oceanic Anoxic
Event induced unusual behaviour and palaeobiological changes in Thalassinoides
tracemakers. Palaeogeography, Palaeoclimatology, Palaeoecology 485: 46–56.
Röhl, H.-J., A. Schmidt-Röhl, W. Oschmann, A. Frimmel, and L. Schwark. 2001. The
Posidonia Shale (Lower Toarcian) of SW-Germany: an oxygen-depleted ecosystem
controlled by sea level and palaeoclimate. Palaeogeography, Palaeoclimatology,
Palaeoecology 165(1-2): 27–52.
Ros-Franch, S., J. Echevarría, S.E. Damboronea, M.O. Manceñido, H.C. Jenkyns, A.
Al-Suwaidi, S.P. Hesselbo, and A.C. Riccardi. 2019. Population response during an
Oceanic Anoxic Event: The case of Posidonotis (Bivalvia) from the lower Jurassic
of

the

Neuquén

Basin,

Argentina.

Palaeogeography,

Palaeoclimatology,

Palaeoecology 525(1): 57–67.
Royer, D.L., Y. Donnadieu, J. Park, J. Kowalczyk, and Y. Godderis. 2014. Error analysis
CO2 and O2 estimates from the long-term geochemical model Geocarbsulf. American
Journal of Science 314(9): 1259–1284.
Ruebsam, W., T. Müller, J. Kovács, J. Pálfy, and L. Schwark. 2018. Environmental response
to the early Toarcian carbon cycle and climate perturbations in the northeastern part
of the West Tethys shelf. Gondwana Research 59: 144–158.
Ruebsam, W., B. Mayer, and L. Schwark. 2019. Cryosphere dynamics control early Toarcian
global warming and sea level evolution. Global and Planetary Change 172: 440–453.
Ruvalcaba Baroni, I., A. Pohl, N.A.G.M. van Helmond, N.M. Papadomanolaki, A.L. Coe,
A.S. Cohen, B. van de Schootbrugge, Y. Donnadieu, and C.P. Slomp. 2018. Ocean
circulation in the Toarcian (Early Jurassic): A key control on deoxygenation and
carbon burial on the European shelf. Paleoceanography and Paleoclimatology 33(9):
994–1012.
172

REFERENCES
Schöne, B.R., and J. Fiebig. 2009. Seasonality in the North Sea during the Allerød and Late
Medieval climate optimum using bivalve sclerochronology. International Journal of
Earth Sciences 98(1): 83–98.
Sell, B., M. Ovtcharova, J. Guex, A. Bartolini, F. Jourdan, J.E. Spangenberg, J.-C. Vicente,
and U. Schaltegger. 2014. Evaluating the temporal link between the Karoo LIP and
climatic–biologic events of the Toarcian Stage with high-precision U–Pb
geochronology. Earth and Planetary Science Letters 408: 48–56.
Sheridan, J.A., and D. Bickford. 2011. Shrinking body size as an ecological response to
climate change. Nature Climate Change 1: 401–406.
Sigwart, J.D., N. Carey, and P.J. Orr. How subtle are the biases that shape the fidelity of the
fossil

record?

A

test

using

marine

molluscs.

2014.

Palaeogeography,

Palaeoclimatology, Palaeoecology 403: 119–127.
Smirnova, T.N. 2012. Early Cretaceous rhynchonellids of Dagestna: system, morphology,
stratigraphic and paleobiogeographic significance. Paleontological Journal 46(11):
1197–1296.
Song, H., P.B. Wignall, D. Chu, J. Tong, Y. Sun, H. Song, W. He, and L. Tian. 2014.
Anoxia/high temperature double whammy during the Permian-Triassic marine crisis
and its aftermath. Scientific Reports 4: srep04132.
Steele-Petrović, H.M. 1976. Brachiopod food and feeding processes. Palaeontology 19(3):
417–436.
Stuart-Smith, R.D., G.J. Edgar, and A.E. Bates. 2017. Thermal limits to the geographic
distributions of shallow-water marine species. Nature Ecology and Evolution 1:
1846–1852.
Suan, G., B. Pittet, I. Bour, E. Mattioli, L.V. Duarte, and S, Mailliot. 2008a. Duration of the
Early Toarcian carbon isotope excursion deduced from spectral analysis:
173

REFERENCES
Consequence for its possible causes. Earth and Planetary Science Letters 267: 666–
679.
Suan, G., E. Mattioli, B. Pittet, S. Mailliot, and C. Lécuyer. 2008b. Evidence for major
environmental perturbation prior to and during the Toarcian (Early Jurassic) oceanic
anoxic event from the Lusitanian Basin, Portugal. Paleoceanography 23(1): PA1202.
Suan, G., E. Mattioli, B. Pittet, C. Lécuyer, B. Suchéras-Marx, L.V. Duarte, M. Philippe, L.
Reggiani, and F. Martineau. 2010. Secular environmental precursors to Early
Toarcian (Jurassic) extreme climate changes. Earth and Planetary Science Letters
290(3-4): 448–458.
Suan, G., B. van de Schootbrugge, T. Adatte, J. Fiebig, and W. Oschmann. 2015. Calibrating
the magnitude of the Toarcian carbon cycle perturbation. Paleoceanography 30(5):
495–509.
Suan, G., I. Schöllhorn, J. Schögl, T. Segit, E. Mattioli, C. Lécuyer, and F. Fourel. 2018.
Euxinic conditions and high sulfur burial near the European shelf margin (Pieniny
Klippen Belt, Slovakia) during the Toarcian oceanic anoxic event. Global and
Planetary Change 170: 246–259.
Them, T.R., B.C. Gill, A.H. Caruthers, D.R. Gröcke, E.T. Tulsky, R.C. Martindale, T.P.
Poulton, and P.L. Smith. 2017a. High-resolution carbon isotope records of the
Toarcian Oceanic Anoxic Event (Early Jurassic) from North America and
implications for the global drivers of the Toarcian carbon cycle. Earth and Planetary
Science Letters 459: 118–126.
Them, T.R., B.C. Gill, D. Selby, D.R. Gröcke, R.M. Friedman, and J.D. Owens. 2017b.
Evidence for rapid weathering response to climatic warming during the Toarcian
Oceanic Anoxic Event. Scientific Reports 7: 5003.

174

REFERENCES
Them, T.R., B.C. Gill, A.H. Caruthers, A.M. Gerhardt, D.R. Gröcke, T.W. Lyons, S.M.
Marroquín, S.G. Nielsen, J.P. Trabucho Alexandre, and J.D. Owens. 2018. Thallium
isotopes reveal protracted anoxia during the Toarcian (Early Jurassic) associated with
volcanism, carbon burial, and mass extinction. Proceedings of the National Academy
of Sciences 115(26): 6596–6601
Thibault, N., M. Ruhl, C.V. Ullmann, C. Korte, D.B. Kemp, D.R. Gröcke, and S.P. Hesselbo.
2018. The wider context of the Lower Jurassic Toarcian oceanic anoxic event in
Yorkshire coastal outcrops, UK. Proceedings of the Geologists’ Association 129(3):
372–391.
Thierry, J., E. Barrier, and E. Abbate. 2000. Middle Toarcian. Pp. 1–97 in J. Dercourt, M.
Gaetani, B. Vrielynck, E. Barrier, B. Biju-Duval, M.-F. Brunet, J.P. Cadet, S.
Crasquin, and M. Sandulescu, eds. Atlas Peri-Tethys Paleogeographical Maps. Paris.
Trecalli, A., J. Spangenberg, T. Adatte, K.B. Föllmi, and M. Parente. 2012. Carbonate
platform evidence of ocean acidification at the onset of the early Toarcian oceanic
anoxic event. Earth and Planetary Science Letters 357-358: 214–225.
Trisos, C.H., C. Merow, and A.L. Pigot. 2020. The projected timing of abrupt ecological
disruption from climate change. Nature 580: 496–501.
Twitchett, R.J. 2006. The palaeoclimatology, palaeoecology and palaeoenvironmental
analysis of mass extinction events. Palaeogeography, Palaeoclimatology,
Palaeoecology 232: 190–23.
Ullmann, C.V., U. Wiechert, and C. Korte. 2010. Oxygen isotope fluctuations in a modern
North Sea oyster (Crassostrea gigas) compared with annual variations in seawater
temperature: Implications for palaeoclimate studies. Chemical Geology 277(1-2):
160–166.

175

REFERENCES
Ullmann, C.V., N. Thibault, M. Ruhl, S.P. Hesselbo, and C. Korte. 2014. Effect of a Jurassic
oceanic anoxic event on belemnite ecology and evolution. Proceedings of the
National Academy of Sciences 111(28): 10073–10076.
Ullmann, C.V., R. Frei, C. Korte, and C. Lüter. 2017. Element/Ca, C and O isotope ratios in
modern brachiopods: Species-specific signals of biomineralization. Chemical
Geology 460: 15–24.
Ullmann, C.V., R. Boyle, L.V. Duarte, S.P. Hesselbo, S.A. Kasemann, T. Klein, T.M.
Lenton, V. Piazza, and M. Aberhan. 2020. Warm afterglow from the Toarcian
Oceanic Anoxic Event drives the success of deep-adapted brachiopods. Scientific
Reports 10: 6549.
van Cappellen, P., and E.D. Ingall. 1994. Benthic phosphorus regeneration, net primary
production, and ocean anoxia: a model of the coupled marine biogeochemical cycles
of carbon and phosphorus. Paleoceanography 9(5): 677–692.
van de Schootbrugge, B., A.J.P. Houben, F.E.Z. Ercan, R. Verreussel, S. Kerstholt, N.M.M.
Janssen, B. Nikitenko, and G. Suan. 2019. Enhanced Arctic-Tethys connectivity
ended the Toarcian Oceanic Anoxic Event in NW Europe. Geological Magazine: 1–
19.
van der Veer, G., S. Voerkelius, G. Lorentz, G. Heiss, and J.A. Hoogewerff. 2009. Spatial
interpolation of the deuterium and oxygen-18 composition of global precipitation
using temperature as ancillary variable. Journal of Geochemical Exploration 101(2):
175–184.
van Hinsbergen, D.J.J., L.V. de Groot, S.J. van Schaik, W. Spakman, P.K. Bijl, A. Sluijs,
C.G. Langereis, and H. Brinkhuis. 2015. A Paleolatitude Calculator for Paleoclimate
Studies. PLoS ONE 10: e0126946.

176

REFERENCES
Vaquer-Sunyer, R., and C.M. Duarte. 2008. Thresholds of hypoxia for marine biodiversity.
Proceedings of the National Academy of Sciences 105(40): 15452–15457.
Verberk, W.C.E.P., and D Atkinson. 2013. Why polar gigantism and Palaeozoic gigantism
are not equivalent: effects of oxygen and temperature on the body size of ectotherms.
Functional Ecology 27(6): 1275–1285.
Voje, K.L. 2018. Assessing adequacy of models of phyletic evolution in the fossil record.
Methods in Ecology and Evolution 9(12): 1–12.
Vörös, A. 2002. Victims of the Early Toarcian anoxic event: the radiation and extinction of
Jurassic Koninckinidae (Brachiopoda). Lethaia 35(4): 345–357.
Vörös, A. 2005. The smooth brachiopods of the Mediterranean Jurassic: Refugees or
invaders? Palaeogeography, Palaeoclimatology, Palaeoecology 223: 222–242.
Vörös, A., Á.T. Kocsis, J. Pálfy. 2016. Demise of the last two spire-bearing brachiopod
orders (Spiriferinida and Athyridida) at the Toarcian (Early Jurassic) extinction
event. Palaeogeography, Palaeoclimatology, Palaeoecology 457: 233–241.
Walker, J.C.G., P.B. Hays, and J.F. Kasting. 1981. A negative feedback mechanism for the
long-term stabilization of Earth’s surface temperature. Journal of Geophysical
Research 86: 9776–9782.
Ward, J.H. 1963. Hierarchical grouping to optimize an objective function. Journal of the
American Statistical Association 58(301): 236–244.
Watson, A.J., T.M. Lenton, and B.J.W. Mills. 2017. Ocean deoxygenation, the global
phosphorus cycle and the possibility of human-caused large-scale ocean anoxia.
Philosophical Transactions of the Royal Society A 375: 20160318.
West, A.J. 2012. Thickness of the chemical weathering zone and implications for erosional
and climatic drivers of weathering and for carbon-cycle feedbacks. Geology 40(9):
811–814.
177

REFERENCES
West, A.J., A. Galy, and M.J. Bickle. 2008. Tectonic and climate control on silicate
weathering. Earth and Planetary Science Letters 235(1-2): 211–238.
Whitaker, D., and M. Christman. 2014. clustsig: Significant Cluster Analysis. R package
version 1.1. Available from: https://CRAN.R-project.org/package=clustsig
Widdicombe, S., and J.I. Spicer. 2008. Predicting the impact of ocean acidification on
benthic biodiversity: What can animal physiology tell us? Journal of Experimental
Marine Biology and Ecology 366(1-2): 187–197.
Wignall, P.B., and D.P.G. Bond. 2008. The end-Triassic and Early Jurassic mass extinction
records in the British Isles. Proceedings of the Geologists' Association 119(1): 73–
84.
Wignall, P.B., R.J. Newton, and C.T.S. Little. 2005. The timing of paleoenvironmental
change and cause-and-effect relationships during the early Jurassic mass extinction
in Europe. American Journal of Science 305: 1014–1032.
Xu, W., C. Mac Niocaill, M. Ruhl, H.C. Jenkyns, J.B. Riding, and S.P. Hesselbo. 2018a.
Magnetostratigraphy of the Toarcian Stage (Lower Jurassic) of the Llanbedr
(Mochras Farm) Borehole, Wales: basis for a global standard and implications for
volcanic forcing of palaeoenvironmental change. Journal of the Geological Society
London 175(4): 594–604.
Xu, W., M. Ruhl, H.C. Jenkyns, S.P. Hesselbo, J.B. Riding, D. Selby, B.D.A. Naafs, et al.
2018b. Carbon sequestration in an expanded lake system during the Toarcian oceanic
anoxic event. Nature Geoscience 10: 129–135.
Zhang, Y., G.R. Shi, W.-H. He, H.-T. Wu, Y. Lei, K.-X. Zhang, C.-C. Du, T.-L. Yang, M.-L.
Yue, and Y.-F. Xiao. 2016. Significant pre-mass extinction animal body-size
changes: Evidences from the Permian–Triassic boundary brachiopod faunas of South
China. Palaeogeography, Palaeoclimatology, Palaeoecology 448: 85–96.
178

179

ACKNOWLEDGMENTS
It is with a kind of disbelief that I write this last section of my PhD thesis. I can’t
believe it has been almost four years since I jumped into this new adventure of my academic
career, and into deep time to explore what was then an unknown topic. It has been a hard
path, full of challenges but also rewards. It is bittersweet to part from this project, but also a
relief to have finally reached this milestone. There are so many people that have crossed my
path during this experience (for conferences, fieldtrips, meetings or paper collaborations)
and who have shared their knowledge with me. Since the list would be very long, I want to
give a big collective thank you to all of you I met “on the road”: the world is indeed small
when we share common passions!
Special thanks I dedicate instead to the people who have had the most important
influence during these eventful years:
First of all, I warmly thank my supervisor Martin Aberhan for giving me the chance to take
part in this project. You have approached my learning with patience and some good amount
of humour, even during our long hours of discussions. Our German lessons in the field were
better than any book!
To my other colleagues and fellow PhD students at the Museum für Naturkunde and within
the TERSANE Research Group: you have made life more enjoyable, if only by reminding
that we all shared the same difficulties of PhD life.
To my fellow TOAE researcher and friend Tina Klein, I am glad this PhD let us get to know
each other! We have shared all kinds of experiences (both good and not so much); our joint
field session together with Nannirhhynchia and the other brachiopods (and a lot of funny
German) will be definitely unforgettable. ;-)
To my dearest people: my chosen family from Iceland Arna, Hreinn, Sigurlaug, Ásta, Jóhann
and all the other members. To my “shield sisters”, the best friends I could wish for, Dagbjört
180

and Melkorka. Blood is not important to call people true family: you have always been my
safe harbour, my support, my guidance.
To my friend Gaia, who has supported me by listening and showing interest in my work, and
by letting me forget about extinctions and statistics when needed.
To my mentors Graziella, Luca, Mauro and Maria. You have taught me the value of
knowledge, passion and dreams and how they can open the doors to many worlds, but most
of all you taught me to be a good human above all.
Last but not least — to my mom. You did not always understand, but I could always count
on you. I wish you could be here, but I know that, wherever you are, you are smiling and
cheering for me.
…. and to the best companion and sometimes best enemy, myself. Thank you for
never giving up despite everyone and everything.

(Dedico i miei più sentiti e speciali ringraziamenti:
Alla mia amica Gaia, che mi ha donato il suo supporto ascoltando e mostrando interesse
nella mia ricerca e, all’occorrenza, facendomi dimenticare di estinzioni e statistica.
Ai miei mentori Graziella, Luca, Mauro e Maria. Mi avete insegnato il valore della
conoscenza, della passione e dei sogni, e di come essi possono aprire le porte verso altri
mondi ma, soprattutto, mi avete insegnato l’importanza dell’ essere umani prima di tutto.
Ultima, ma non nel pensiero — alla mia mamma. Non hai sempre capito, ma ho sempre
potuto contare su di te. Vorrei che fossi qui, ma so che, dovunque sei, stai sorridendo e
applaudendo per me.
… e alla mia migliore compagna e migliore nemica, me stessa. Ti ringrazio per non
esserti mai arresa, nonostante tutto e tutti.)

181

SELBSTSTÄNDIGKEITSERKLÄRUNG
Hiermit versichere ich, dass ich die dem angestrebten Verfahren zugrunde liegende
Promotionsordnung der Lebenswissenschaftlichen Fakultät der Humboldt-Universität zu
Berlin zur Kenntnis genommen habe, die vorliegende Dissertation gemäß § 6(3)
selbstständig und nur unter Verwendung der angegebenen Quellen und Hilfsmittel erarbeitet
und verfasst habe, keine Zusammenarbeit mit gewerblichen Promotionsberatern stattfand
und die Grundsätze der Humboldt-Universität zu Berlin zur Sicherung guter
wissenschaftlicher Praxis eingehalten wurden. Weiterhin erkläre ich, dass diese Arbeit oder
Teile daraus nicht bereits bei einer anderen wissenschaftlichen Einrichtung eingereicht,
angenommen oder abgelehnt wurden und dass ich mich nicht bereits anderwärts um einen
Doktorgrad beworben habe bzw. einen entsprechenden Doktorgrad besitze.

Berlin,
Veronica Piazza

182

