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ABSTRACT OF THE DISSERTATION

Rising oxygen concentrations as a driver of macroevolutionary trends in marine communities

by

Rishi Kumar Sugla
Doctor of Philosophy in Earth Sciences

University of California San Diego, 2021

Professor Richard D. Norris, Chair

The onset of the Phanerozoic (541 Ma to present) marks a transition point in the evolution
of life on Earth. The evolutionary dynamics of this period and its linkages to the physical
environment have long been the focus of paleontologists. In this dissertation, | investigate the role
of changing oxygen concentrations on the long-term evolutionary trends in Phanerozoic oceans.
In particular, | focus on the Mesozoic Marine Revolution, a period of rapid evolutionary transition
towards increasingly active communities. In contrast to canonical model reconstructions of
atmospheric oxygen during Phanerozoic which show little correlation to evolutionary trends in the

marine fossil record, the data presented here suggest an important role for oxygen. | first construct
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a record of carbonate sediment color to track redox state at the sediment-water interface through
time and demonstrate that, despite persistently high levels of atmospheric oxygen, benthic
environments may have been poorly oxygenated until 200 million years ago. This record opens up
the possibility that shallow marine communities faced selective pressures from oxygen-limited
environments until about the time of the Mesozoic Marine Revolution. Building on the
sedimentary evidence for a Mesozoic rise in ocean oxygenation, my second chapter builds a
quantitative record of metabolic rates in marine communities using modern metabolic rates
combined with molecular clock and fossil record ages. This record illustrates that pronounced
shifts in metabolic demand occurred during the Mesozoic Marine Revolution from increasing body
size and oxygen availability in shallow marine environments. | expand upon this finding by
quantifying temperature and oxygen state spaces of living organisms to show that taxa from clades
with Paleozoic origins occupy a lower temperature and dissolved oxygen space than clades
evolved in the Mesozoic or later. This suggests temperature and oxygen conditions of the deep-
sea may act as a barrier against Mesozoic clades and provide refugia for formerly shallow marine
Paleozoic communities. In summary, the data presented from this thesis suggest that low oxygen
concentrations acted as a limiting variable in the evolution of metabolically active fauna. The data
also suggest Paleozoic deep-water communities experienced dissolved oxygen concentrations that

varied significantly from equilibrium with the atmosphere.
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CHAPTER 1

INTRODUCTION

1. BACKGROUND

The partial pressure of oxygen (pO2) in the ocean and atmosphere is linked to nutrient
regeneration in the water column, energetics of marine communities, metabolic rates of organisms,
and organic matter recycling (Boynton & Kemp, 1985; Donald E. Canfield, 1993, 1994; R. J. Diaz
& Rosenberg, 2008; Robert J Diaz & Rosenberg, 1995; Ingall & Jahnke, 1994; Rubalcaba,
Verberk, Jan Hendriks, et al., 2020). Over multimillion year timescales, the dynamics of oxygen
partial pressures in the ocean and atmosphere also affect processes such as weathering, the long-
term carbon cycle, redox state in the water and sediment column, and the evolution of life (Fennel
et al., 2005; Lenton, 2001; B. Mills et al., 2014; Reinhard et al., 2016). Understanding of how
oxygen partial pressures in the ocean and atmosphere affect these long-term processes is limited
by the short temporal duration in which modern oceanographic data has been collected. In this
thesis, reconstructions of marine and atmospheric oxygen partial pressure and evidence from the
geologic and fossil records are used to examine the coupling between oxygen and processes
occurring over the past ~500 million years.

The geologic record clearly documents the initial rise and accumulation of atmospheric
oxygen in the early Proterozoic (~ 2.5 Ga), a period known as the Great Oxidation Event (GOE)
(Buick, 2008). The GOE (2.4-2.3 Ga) is correlated with radiations of cyanobacteria that promoted
accumulation of oxygen in the oceans and atmosphere and the destruction of oxygen sinks, such
as through the deposition of massive banded iron formations (Anbar et al., 2007; Donald E
Canfield et al., 2013; Goldblatt et al., 2006). Following the Great Oxidation Event, geochemical

records indicate that oxygen concentrations likely remained between ~<0.001 and 0.1 percent of



present atmospheric level (PAL) until an additional rise in atmospheric oxygen in the
Neoproterozoic, beginning at ~700 Ma (Och & Shields-Zhou, 2012). The Neoproterozoic rise is
linked to the appearance of multicellular eukaryotes and metazoan life and oxygen concentrations
that exceed 0.1 PAL for the first time in Earth history (Lenton et al., 2014; Planavsky et al., 2014a).

The record of atmospheric oxygen is not well constrained after the Neoproterozoic rise in
atmospheric pO2. Geochemical models and proxy evidence offer some bounds on Phanerozoic
(~544 Ma) O, although in practice these offer only general constraints. Many proxy systems track
particular thresholds in isotopic and trace element systems that document the passing of particular
levels of environmental oxygenation, rather than tracking Oz over a range of values (Dahl et al.,
2010b; Glasspool & Scott, 2010).

Our understanding of Oz history following the Great Oxygenation Event in the Proterozoic,
comes substantially from paleoredox proxies such as mass-independent fractionation of sulfur,
Cerium anomalies, and deposition of banded-iron formations, which provide evidence for the
Great Oxidation Event major ~2.4 - 2.3 billion years ago (Ga) (Donald E Canfield, 1998; Farquhar,
2000). In the Ediacaran, paleoredox proxies such as the ratio of highly reactive iron to total iron,
Uranium isotopes, and enrichment of redox sensitive trace metals such as Molybdenum (Mo),
Vanadium (V), Rhenium (Re) and Chromium (Cr) to track changes in oxygenation (Hugh C.
Jenkyns, 2010b; Planavsky et al., 2014b; Raiswell & Canfield, 1998; Wilkin et al., 1996). These
proxies rely on redox reactions which change oxidative state of trace metals at threshold
concentrations of oxygen. Such methods are less suitable at high levels of atmospheric oxygen that
persistently exceed the thresholds needed to change oxidative state of trace metals (Buick, 2008).
Others, like many marine geochemical proxies, record broad ranges of ocean Oz levels, but these

need not be closely aligned with atmospheric Oz levels, particularly if the proxy systems record



pore water Oz in sediments (Dahl et al., 2010a, 2014; W. Lu et al., 2018; Z. Lu et al., 2010, 2016).
This dissertation contributes to our understanding of Phanerozoic oxygenation by using proxies
based on the redox state of carbonate sediments and the physiological activity of organisms.

The Phanerozoic (541Ma- Present) atmosphere was persistently oxygenated at levels
sufficient to support metazoans with body plans similar to modern organisms (R. a. Berner et al.,
2005; Saltzman, 2005). Models of Phanerozoic oxygenation are typically based on isotopic data,
proxy evidence, or a combination of both (Arvidson, 2006; Robert A. Berner, 2006; Van De Velde
et al., 2018). Some of the earliest estimates of changing atmospheric oxygen throughout the
Phanerozoic were based on isotopic mass balance coupled to models of the carbon and sulfur cycle.
These canonical models have suggested that atmospheric oxygen rose to near modern levels by
the early Paleozoic (54 to 251.02 Ma), with an absolute high in atmospheric oxygen in the
Carboniferous (358.9 - 298.9 Ma) (Royer et al., 2014). Carbon cycle models commonly suggest
that pO2 may have exceeded the modern value in the Carboniferous--- a byproduct of extensive
coal deposition in wetland ecosystems suggested to be caused by a lack of lignin-consuming
organisms or, more recently, a byproduct of Carboniferous climate and tectonic arrangements
(Belcher et al., 2010; R. A. Berner, 2009; Holland, 2006). In recent years, there has been an
increase in both complexity and diversity of proxies used to reconstruct atmospheric oxygen, yet
all show a wide range of estimated atmospheric oxygen concentrations at any given time during
the Phanerozoic (Krause et al., 2018; Mills et al., 2016). Proxies such as charcoal abundance in
the geologic record have been used to bound minima and maxima of atmospheric oxygen, and
offer perhaps one of the tightest constraints on ancient pO2--suggesting that atmospheric oxygen
reached levels sufficient to support ignition (~17% PAL) by the Late Silurian (427.4 — 419.2 Ma)

(Belcher & McElwain, 2008; Scott & Glasspool, 2006). Outside of these general constraints--- a



peak in Carboniferous atmospheric pO2 and reaching ~17% PAL in the Late Silurian, little
agreement exists between models (Mills et al., 2016).

Both proxy records and carbon cycle models have been utilized to examine feedbacks
between oxygenation and biological evolution. Paleozoic gigantism of terrestrial arthropods, for
example, has been linked to the rise in atmospheric oxygen spurred by coal deposition in the
Carboniferous (Harrison et al., 2010; Vermeij, 2016). Similarly, modelled increases in atmospheric
oxygen over the past ~205 Ma have been linked to radiations of placental mammals (Falkowski,
2005). A potential issue with such models and observations is that atmospheric oxygen
concentrations are generally assumed to reflect concentrations of dissolved oxygen in marine
environments. In modern oceans oxygen concentration often deviates from equilibrium with the
atmosphere with depth, temperature, and primary production. Indeed, pronounced trends and
major evolutionary events recorded in the marine geologic record show little correlation with
model estimates of atmospheric oxygen (Keeling et al., 2010). This apparent contradiction between
pO2 models and the marine fossil record suggests a need to establish tighter constraints on ocean
oxygen concentrations during the Phanerozoic in order to assess potential links to the evolution of
life in marine environments.

2. RESEARCH SIGNIFICANCE

This dissertation expands understanding of the complex linkages between oxygen
concentrations in the ocean and the evolution of marine ecosystems by quantifying and comparing
fundamental, first-order patterns in the geologic and fossil records. The data collected focuses on
macroevolutionary trends across the Phanerozoic (541 Ma -- Present), the age of visible of life on
Earth. In particular, | develop a novel proxy for marine oxygen concentrations to assess the role

that changing dissolved oxygen concentrations may have played as a driver of the Mesozoic



Marine Revolution (MMR). The MMR was a period of a rapid evolutionary change that began in
the Early Jurassic characterized by increases in motile fauna and rates of burrowing, the
diversification of novel predation strategies (and defensive strategies against such predation), and
an overall rise in complexity of ecosystems (Allmon & Martin, 2014a; Buatois et al., 2016a;
Finnegan, 2013; Oji et al., 2003). The data presented here alters our understanding of oxygen and
evolution over the past 541 million years. This thesis provides evidence in the form of sedimentary
records, metabolic data, and through quantification of temperature and oxygen state space of living
organisms representative of Paleozoic and Mesozoic clades to show that ecophysiological
constraints provide broad explanatory power for major trends in the evolution of life in marine
environments. These findings in particular contribute to the scientific understanding the
physiological constraints on the evolution of shallow marine communities during the Phanerozoic,
and provide evidence that oxygen concentrations at the sediment-water interface were distinctly
different from the atmosphere. We show that low oxygen concentrations were likely a limiting
variable acting against metabolically active organisms prior to the MMR and highlight the
physiological mechanisms behind the similarities between Paleozoic shallow marine taxa and
those in modern-deep sea communities.
3. OUTLINE OF THE DISSERTATION

In Chapter 2 | develop a novel proxy for oxidation state at the sediment-water interface
using the reflectance of carbonate sediments. Sediment color tracks redox state of benthic
environments and can be used as a qualitative proxy for oxygen and organic matter abundance at
the time of deposition. | introduce the mechanics behind this proxy and construct a record of
Phanerozoic carbonate sediment from geologic sections worldwide. This record tracks secular

changes in the oxygenation state of carbonate sediments through time. 1 find that Paleozoic



carbonates are nearly exclusively colored shades of grey. Sediment color is broadly governed by
the availability of organic matter and the formation of reduced minerals in pore waters such as
pyrite (Giosan et al., 2002; Myrow, 2003). Hence, grey sediments track low pore water
oxygenation, a condition attributed to the burial of organic matter in greater abundance than can
be respired by oxygen during aerobic respiration. | infer that Paleozoic sediments were deposited
under sufficiently low O2 bottom waters that the pore waters were frequently driven into anaerobic
metabolic processes in sediments. The temporal evolution of sediment color implies that carbonate
sediments for much of the Paleozoic and early Mesozoic were driven into a reduced state where
02 was completely consumed and anaerobic metabolisms took over, producing sedimentary pyrite.
Notably, starting in the Early Jurassic (~200 Ma), | observe an abrupt shift in the abundance of
well-oxygenated carbonate sediments across nearly all depositional environments from shallow
marine reefs to deep sea mud. By ~100 Ma, nearly all carbonate sedimentary rocks have oxidized
colors, an observation | infer to reflect the widespread efficient consumption of organic matter
such that sediment microbiota are rarely pushed into anaerobic metabolisms by low pore water O2
concentrations. | also examine how the paleogeography of the fossil record and that most
Palaeozoic sediments come from shallow epeiric environments skews our understanding of
Phanerozoic Earth system dynamics.

In Chapter 3, | compile a large database of metabolic rates from modern marine organisms
normalized to the same units and temperature. This database includes over 20,000 respiration
measurements from over 1,000 species. The species are placed on the geologic timescale through
molecular clock and paleobiological data used to estimate when clades originated. Under the
assumption of phylogenetic conservatism, this dataset suggests that increased community

energetics in the Mesozoic and Cenozoic were the result of body size and activity level increases



of marine organisms. Additionally, I explore the possibility that low oxygen concentrations may
have acted as a selective pressure against larger body sizes in the Palaeozoic and Early Mesozoic.

In Chapter 4, | explore the anecdotal observation that living species typical of the
Paleozoic, like stalked crinoids and brachiopods, are common in the depths of the modern ocean.
| explore the possibility that deep-sea habitats mimic the physiological conditions under which
animals evolved in the Paleozoic, such as low environment pO2. In particular, I hypothesize that
taxa with Paleozoic origins that evolved in a low Oz world may be able to outcompete younger
clades in modern environments where low pO:2 or low environmental temperatures limit the
activity level organisms. | use distributional data from modern marine organisms to quantify the
temperature and oxygen state space they inhabit. We quantify differences between these groups
by plotting their occurrences in their environmental pO2/temperature space to show that species
belonging to clades with Paleozoic origins consistently occupy habitats with lower pOz, and lower
temperatures than Mesozoic clades. These results provide evidence that low dissolved oxygen
concentrations and low temperatures common in the deep-sea may have acted as a selective
pressure against the highly active Mesozoic fauna and provided refugia for organisms with

originations in the Paleozoic.



CHAPTER 2

SECULAR TRENDS IN PHANEROZOIC CARBONATE SEDIMENT
COLOR AND OCEAN OXYGENATION

Rishi K. Sugla’ « Jorg Pross? « Oliver Friedrich? « Richard D. Norris®
1 Scripps Institution of Oceanography, University of California San Diego, La Jolla, CA, USA.
2 Institute of Earth Sciences, Heidelberg University, Im Neuenheimer Feld 234, 69120

Heidelberg, Germany

ABSTRACT

One of the oldest observations in geology is that Paleozoic carbonates are reduced colors—
grey and black—while Mesozoic and younger carbonates are oxidized and typically white or tan
yet this observation has never been quantified or explained. Our survey of 850 carbonates over
the past 500 Ma verifies that there is a strong secular trend in which the first tan-white carbonates
appear about ~200 Ma ago and largely displace grey carbonates by 100 Ma—a pattern we contend
reflects the history of ocean oxygenation. Grey carbonates, like those in the Paleozoic, reflect
conditions of excess organic matter and other reducing agents relative to oxygen, while the reverse
is true in white or tan carbonates. We infer that Paleozoic carbonates are nearly always grey
because high organic matter production in epicontinental seas caused water column O2 to be
largely consumed by heterotophs even during times of hyperoxia in the Devonian and
Carboniferous. The disappearance of large epicontinental seas in the early Mesozoic and increases
in burrowing intensity of post-Paleozoic infauna reduced organic matter burial rates and
contributed to the widespread appearance of oxidized marine carbonates. The nearly complete

oxidation of even deep sea carbonates starting at 100 Ma reflects further increases in burrowing



intensity and the rise of ballasting skeletonized plankton that increased the efficiency of organic
matter export from the surface oceans. Our findings are in agreement with records of 1/Ca as well
as evidence from animal body size, bioturbation intensity and animal motility that all suggest that
ocean oxygen concentrations rose to near-modern levels about 200 million years ago. Atmospheric
oxygen reconstructions from these proxies, however, may be skewed towards lower oxygen
concentrations in the Paleozoic due to the prevalence of epicontinental sea sediments during this
interval that were subject to inefficient ballasting from skeletal remains and low rates of
bioturbation by infauna.
1. INTRODUCTION

In the 1830’s German geologists noticed that many of the oldest rocks in the Schwabische
Alb, the “Black Jurassic”, were overlain by the younger, “White Jurassic”. This observation was
later identified as a part of a global secular trend from grey Paleozoic carbonates to white Mesozoic
carbonates (Ager, 1973). The color of marine carbonates, like those in the Schwabische Alb,
reflects changes in the balance between the production of organic matter, its consumption by
oxygen-using microbes and invertebrates, and overall exposure time to oxygen in the water
column. When sedimentary organic matter is so abundant that all oxygen is consumed, microbial
communities switch to anaerobic metabolisms and catalyze reactions that produce reduced
minerals that turn sediments grey or black. When oxygen is abundant, such that reduced phases
completely oxidized, sediments are typically white, tan or red. Therefore, color is an indicator of
changing oxygen concentrations directly linked to organic matter and iron oxidation in the marine
environment ((Lyle, 1983)). Black shales, for instance, reflect excess organic matter and metal-
reducing capacity in the sediment relative to available pore water oxygen, but may also reflect low

water column Oz concentrations (as in Cretaceous Ocean Anoxic Events) or a combination of mid



water hypoxia and high organic matter production as in Mediterranean sapropels (Brumsack, 2006;
Filippelli et al., 2003; H. C. Jenkyns, 1980; Hugh C. Jenkyns, 2010a; Passier et al., 1999; Rohling,
1994; Song et al., 2017)). Most quantitative models of paleo-oxygenation that are based on marine
sediments such as molybdenum isotopes and, more recently, I/Ca ratios, also primarily track some
combination of pore water and water column Oz concentrations relative to reducing agents.
Hence, most marine sedimentary geochemical systems, including sediment color, estimate oceanic
dissolved Os.
2. METHODS

Samples were collected from a combination of outcrop samples with well-characterized,
published stratigraphy and samples located in collections facilities with existing age constraints.
Outcrop samples were collected at frequency high enough to capture color variations in bedding
planes in all outcrops, approximately every 0.5 to 2 meters depending on section stratigraphy.
Signs of diagenetic alteration that were used as rejection criteria included weathering rinds,
fracturing, recrystallization, dissolution textures, and hydrothermal alteration. Depositional
environments in most cases were categorized via existing literature and in other cases through
examination of hand samples. Categorization of individual hand samples from collections facilities
was based upon grain size, percent of fossils in matrix, or literature related to sample formations.
Data within the manuscript were plotted at 700nm to show the secular trends in sediment color
more clearly, however the same pattern appears across the entire visible light spectrum (See
Appendix A for Figure 10, Figure 11). Raw reflectance spectra of samples (see Appendix A for
Figure 12) shows that light, grey, black samples (top, middle, and bottom lines respectively) have

substantially different reflectance profiles across all wavelengths of visible light.
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Additionally, DSDP/ODP/IODP data were used to supplement hand sample data in the
Cenozoic. Spectrophotometric data at the 700nm wavelength band were utilized from two
carbonate rich (> 50% CaCO3) ODP sites (Leg 198 site 1210A and Leg 208 site 1263A) were
selected at random two million year intervals. Simple biostratigraphic age models for each site
were  constructed via  microfossil data  openly available on  GeoMapApp
(http://www.geomapapp.org). Biostratigraphically constrained tie points obtained from
GeoMapApp were linearly interpolated to create the age model for both sites.

3. RESULTS

We measured the color reflectance in marine carbonate samples over the last 541 Ma from
reef and tidal flat environments to the deep sea. In the Paleozoic, carbonates from all marine
environments are almost exclusively shades of grey (5 to ~30% reflectance) with the exceptions
being occasional cases of very slowly accumulating red and brown clay (with ~40% reflectance).
The first high-reflectance (white to yellow; up to 85% reflectance) carbonates appear abruptly at
about 200 Ma in inner shelf carbonates. By 150 Ma the first white pelagic chalks appear with
>70% reflectance and then, about 100 million years ago, even deep-sea chalks become dominantly
oxidized and the abundance of reduced carbonates becomes rare in all environments. Carbonates
from the last 50 Ma sampled by scientific ocean drilling show a similarly high variation in sediment
reflectance ranging from grey to white even within individual cores (Diester-Haass et al., 2004;
Giosan et al., 2002) but reduced colors are uncommon.

4. DISCUSSION

Sediment color is initially set during early diagenesis either by formation of reduced

mineral phases or their absence (21). During late diagenesis reduced colors are difficult to produce

in already lithified oxidized rocks because the reactants (particularly organic matter and oxygen)
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are usually in short supply. The major drivers of sediment color include organic matter abundance
and redox state of iron (and sometimes manganese) within the sediments (Myrow, 2003). Both
variables respond to changes in organic matter production and consumption in the water column
as well as sedimentation rates, availability of Fe and Mn as oxygen sinks, and biological processes
such as sediment irrigation by burrows and consumption of sedimentary organic carbon by
microbes and burrowing animals. Preservation of both organic matter and redox state of iron within
sediments are therefore tightly linked and interactions between these components often occur
throughout early diagenesis of marine sediments (Robert A Berner, 1984; Henrichs, 1992; Lalonde
et al., 2012; Meyers, 2007). Degradation of organic matter occurs in marine sediments in order of
reactants that result in maximum free energy yield (Donald E. Canfield, 1993). Heterotrophy is
the most efficient metabolism in terms of free energy yield, so oxygen is utilized until it is entirely
consumed. Once oxygen has been depleted, bacterial sulfate reduction takes over as one of the
next most efficient metabolisms. Bacterial sulfate reduction produces hydrogen sulfide (Robert A
Berner, 1984; Bowles et al., 2014) which, in the presence of iron oxides (hematite, goethite,
lepridocite, and ferrihydrite), react rapidly in the presence of sulfate in pore waters to form pyrite
(Donald E. Canfield, 1989; Raiswell & Canfield, 1998). Carbonates that have sufficient organic
matter for microbes to completely consume available oxygen and drive sulfate reduction will
become grey or green through the accumulation of pyrite and other reduced phases, while
sediments whose organic matter is entirely consumed by oxidative reactions early in diagenesis
will have oxidized forms of iron and be shades of white, yellow or red.

4.1. SULFATE CONCENTRATIONS

Low sulfate or reactive iron concentrations may inhibit bacterial sulfate reduction (Robert

A Berner, 1984; Raiswell & Canfield, 1998; Westrich & Berner, 1984). Still, sulfate
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concentrations are rarely rate-limiting to pyrite formation in most marine sediments above the ~5
mM concentrations estimated to have been exceeded since the Ediacaran to mid-Cambrian (Algeo
et al., 2015; Berner, 1984; D. E. Canfield & Farquhar, 2009). Additionally, while concentrations
of reactive iron may inhibit pyrite formation in Precambrian marine sediments, the oldest samples
in our record are dark grey (Figure 1E), indicating that reactive iron limitation did not prevent iron
reduction in the last 500 Ma (Canfield, 1989). Weight percent of reactive iron also does not vary
greatly between continental margin and deep-sea sediments (Raiswell & Canfield, 1998). Hence,
the abundance of marine sulfate and reactive iron is unlikely to produce the trends in sediment

color observed here.
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Figure 1 — A) Molybenum isotopic data suggests Devonian oxygenation of deep sea. B) I/Ca data indicate
initial oxygenation during Devonian, followed by subsequent rise of oxygen at 390 ~200 Ma. C) Proxy
inversion models of Phanerozoic atmospheric pO2. D) Isotope Mass Balance (IMB) models of atmospheric
oxygen E) Carbonate sediment reflectance data. Red horizontal bar indicates transition zone from black
sediment to white sediments. F) Qualitative bioturbation rates across Phanerozoic time. G, 95 percentile
metazoan biovolume.



4.2. PRIMARY PRODUCTION

Biological productivity, in contrast, can dramatically affect sediment color by regulating
the abundance of sedimentary organic carbon--a key reactant in the consumption of oxygen by
microbes and infaunal invertebrates. For example, high export productivity promotes the complete
consumption of oxygen in the water column or in seafloor sediments and promotes formation of
reduced iron phases in diagenesis. Low export production, in contrast, can preserve sufficient
oxygen to fully oxidize sedimentary iron (Bertrand & Lallier-Verges, 1993; Cai & Sayles, 1996;
Calvert, 1987; Donald E. Canfield, 1994; Jargensen, 1982). Sedimentary organic carbon content
is also affected by oxygen availability in the water column. As the ocean becomes better
oxygenated, more organic carbon is consumed in the water column, limiting the rain rate of organic
matter to the sea floor. At the same time, the evolution of mineralizing plankton can increase the
ballasting of organic matter flocs, and hence carbon export, while helping maintain oxygen
inventories in the water column. Hence, sedimentary color is driven to oxidized colors both by
extensive organic matter remineralization in the water column and sediments.

4.3. SEDIMENTATION RATE
Sedimentation rate affects sediment color by varying the exposure time of organic carbon to
oxygenated bottom waters at the water-sediment interface. Slow burial in the presence of oxic
bottom waters results in complete consumption of organic carbon and the formation of red, yellow
or white oxidized sediments (Hartnett et al., 1998) where long exposure times allow oxidation of
iron phases on the seafloor. Low sedimentation rates account for the examples of reddish or brown
carbonates (with nearly 40% reflectance) observed throughout the Phanerozoic.

4.4, WEATHERING
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Once sedimentary organic matter has been consumed by heterotrophy, there is no organic
matter left to be utilized by bacterial sulfate reduction or other anaerobic metabolisms so oxidized
sediment is difficult to turn into reduced sediment. Instead, weathering drives progressive
oxidation of reduced iron and decomposition of organic matter and should lead to progressive
lightening of carbonates upon long exposure resulting in brown, orange, red, and yellow
weathering rinds on otherwise grey rocks. Therefore, grey colors in unweathered Paleozoic rocks
must reflect the original dominance of reducing conditions near the seafloor. Sedimentary rocks
with primary oxidized colors are a distinctly Mesozoic and Cenozoic phenomenon. Indeed, if
weathering were a dominant feature of carbonate rock color, then we would expect many more
oxidized Paleozoic rocks than we find. Furthermore, fresh carbonates recovered in ocean drill
cores and quarries include white and cream-colored carbonates despite the absence of surface
weathering. Hence, weathering is not sufficient to explain the abrupt transition in sediment color
we observe at ~203 Ma.

4.5. PALEOZOIC EPICONTINENTAL SEAS

We suggest that the reduced colors are typical of Paleozoic carbonates because most of the
sedimentary record is that of shallow, highly productive epicontinental seas where organic matter
was originally abundant, and irrigation by benthic burrowers was weak. Today, epicontinental
seas like the Gulf of Carpentaria, the North Sea, and Persian Gulf are highly productive
environments with abundant chlorophyll as seen from estimates derived from satellite sea surface
color. For example, tropical epeiric seas, such as the Java Sea, have productivity levels that are
among the highest in the oceans. Sediment cores reveal that total organic carbon within modern
epeiric sea sediments commonly reach 2-13%. Both modern and ancient epicontinental seas

experience also frequent hypoxic events because of freshwater runoff and nutrient inputs from
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land, and these also drive up the reducing capacity in such environments (Allison & Wells, 2006).
The shift to oxidized carbonates we observe in the Mesozoic partly reflects the disappearance of
highly productive epicontinental seas due to the tectonic assembly of Pangea. Nearly all of our
marine record in the Paleozoic comes from epicontinental seas. As highly productive basins,
Paleozoic epicontinental seas are likely to produce hypoxia or even anoxia in sediments regardless
of oxygen concentration in the atmosphere (Algeo et al., 2008). Hence, it is not surprising that our
carbonate color record as well as many other geochemical proxy systems based on marine
sediments record low dissolved oxygen levels, and singularly fail to show the late Paleozoic
episode of atmospheric hyperoxia suggested by some Earth System models.

4.6. BIOTURBATION

Improved irrigation of marine sediments by burrowing animals is also likely to contribute
to the appearance of well oxidized carbonates in the Mesozoic. Burrowing generally results in
decreased concentrations of sediment organic matter (Aller, 1994; R. A. Berner & Westrich, 1985;
Kristensen, 2000; van de Velde & Meysman, 2016) through direct consumption of organic matter
and infiltration of oxygenated water from the overlying water column. While sedimentary fabrics
are first completely disrupted in the Ordovician (Droser & Bottjer, 1989) (when carbonates are
nearly always reduced colors), both the depth of burrowing and burrowing intensity were less than
in the Mesozoic and Cenozoic resulting in incomplete consumption of organic matter. Rates of
bioturbation rapidly increase during the mid-Mesozoic (Allmon & Martin, 2014b; Thayer, 1983)
consistent with the replacement of dominantly sessile “Paleozoic-like” marine communities
(Figure 2A) by Mesozoic fauna (Figure 2B) and eventually the highly mobile “Modern” fauna
(Figure 2C) (The Mesozoic Marine Revolution, 2016; Harper, 2003; Geerat J. Vermeij, 1977b). In-

situ studies today suggest decreasing bioturbation depth, bioturbation intensity, and burrow length
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are strongly linked to declining bottom-water oxygen concentrations in hypoxic zones (Sturdivant
et al., 2012). Hence, the trend toward increased burrowing in the Mesozoic and Cenozoic is

consistent both with a rise in seafloor O2 content and the appearance of oxidized sediments.

Figure 2 — Graphical representation of Paleozoic, Mesozoic, and Cenozoic ocean oxygen concentrations
and marine community structure. A) Paleozoic oceans were characterized by relatively sessile, small bodied
organisms requiring minimal amounts of oxygen and primary production. Widespread hypoxia and
incomplete organic matter remineralization led to pervasive reduced, dark carbonate sediments found from
shallow mudflat environments to outer shelf depositional environments. B) Rising oxygen concentrations
in the Jurassic led to increasingly active fauna both in the water column and in the sediment. Increased pO2
in the water column generated oxidized, light sediments except in the presence of substantial O2 minima
where reduced sediments formed. Increased bioturbation rates relative to the Paleozoic contributed to
extensive oxidation of carbonate sediments through consumption and aerobic respiration of organic matter.
C) Cenozoic communities became more energetic than in earlier times, characterized by increased activity
and modern predator-prey relationships. High bioturbation rates and nearly complete water column
consumption of organic matter led to oxidized, light-colored sediments other than in areas associated with
02 minima.

5. CONCLUSION

Our results agree broadly with marine proxy systems for Oz but have large discrepancies
with Earth system models that predict atmospheric pO2. For instance, molybdenum isotope data
coupled with cerium anomaly data for marine sediments have been interpreted to suggest low
levels of early-to-middle Paleozoic pO2 (15-50% PAL) and 1/Ca records support generally low
pOz2 in the Paleozoic until the early Jurassic; both proxy systems are broadly in agreement with our
sediment color evidence for dominantly hypoxic marine pore waters in the Paleozoic. At the same
time, both Mo isotopes and 1/Ca suggest a transient rise in pOz2 in the Devonian which we do not

observe in the color reflectance record, possibly because our record reflects pore water O2 whereas

18



other geochemical proxies capture primarily water column signals. Terrestrial proxy data diverge
from most marine-based O2 proxy systems in the mid Paleozoic. For example, evidence for fire
in forest duff, suggests atmospheric oxygen concentration exceeded ~0.7% PAL by the Middle
Paleozoic ( Belcher & McElwain, 2008) and Earth system models sometimes infer hyperoxia, with
1.6% PAL, associated with widespread coal deposition in the later Paleozoic, a phenomenon
neither observed in Mo isotopes and 1/Ca nor in our record.

We suggest that discrepancies between the timing of the carbonate color transitions and
terrestrial proxies or Earth system models likely reflect decoupling of marine pore water Oz and
atmospheric pO2. Even today, when atmospheric pO2 is 21%, the bottom of the Black Sea is anoxic
and other marginal seas like the Sea of Japan, the Mediterranean, and the Baltic have all been
rendered hypoxic through a combination of freshwater flux and nutrient delivery from land.
Similar mismatches between the atmosphere and ocean are expected in epicontinental sea
environments that have high amounts of freshwater influx and nutrient input from surrounding
landmass. The dominance of hypoxic epicontinental seas in the Paleozoic sediment record
suggests that geochemical measurements made on sediment phases such as bulk carbonate or
benthic invertebrate skeletons are likely to carry an oceanic bias. When the record switches to late
Mesozoic/Cenozoic samples more representative of open ocean environments, an abrupt shift
occurs where oxidized sediments subject to lower concentrations of organic matter delivery,
increased irrigation of sediments as bioturbation rates increase, and higher water-column oxygen
levels, begin to appear. The nature of this transition began in shallow marine environments (~200
Mya) about 100 million years before becoming widespread in pelagic carbonates. Therefore, we
suggest that increasing dissolved oxygen concentrations and rising [O2] across all zones of the

ocean (relative to Paleozoic epicontinental seas) is a more likely driver of the step changes at ~200
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Ma than deepening of the oxycline alone. Rising oxygen concentrations at ~200 Ma are supported
by experimental data of microbial sulfate reduction and sulfur isotopic fractionation data coupled
to a biogeochemical model of pyrite burial (Leavitt et al., 2013). These data both suggest that pO:
levels passed through a threshold rise at ~200 Ma, leading to a state shift in the marine system
recorded in both sediment color and sulfur isotopic data.

Reconstructing atmospheric oxygen over geologic time is an important component to
understanding nutrient regeneration in the water column, the evolution of life, and community
energetics. Our record of carbonate sediment color, however, suggests that Phanerozoic
reconstructions of atmospheric oxygen may be skewed by the prevalence of Paleozoic
epicontinental seas that are often biased towards hypoxia. As a result, marine proxies used in the
Paleozoic to infer global atmospheric oxygen conditions should be interpreted with caution.
Modern epicontinental sea environments are subject to unique environmental conditions that
represent substantial biotic and biogeochemical differences from open ocean environments.
Modern epicontinental seas also differ from their Paleozoic analogs. They are characterized by
efficient ballasting and high burrowing intensity that were absent in epicontinental sea
environments until the evolutionary radiations of the Mesozoic Marine Revolution. It is therefore
no surprise that substantial differences exist between marine proxy systems that indicate low
Paleozoic O2 compared to terrestrial proxies from pO2 and Earth system models. The switch to
high pO2 in the Mesozoic may be a result of these changes, such as decrease in area of
epicontinental seas and increases in bioturbation efficiency and organic matter export efficiency
by ballasting sinking organic matter with mineral skeletons. Our data suggest that even if Paleozoic

oxygen partial pressure in the atmosphere exceeded modern, such as in the Carboniferous, the
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unique paleogeography of many Paleozoic carbonate sediments may skew the data towards lower
marine oxygen concentrations.
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ABSTRACT

Sessile and slow-moving marine animal clades with Paleozoic originations were replaced
by metabolically active, highly mobile fauna in the aftermath of Permian-Triassic mass extinction.
Paleozoic groups were displaced from warm, shallow marine environments by Mesozoic and
Cenozic clades with origins in the last 100-200 million years. This change-over in animal ecologies
has been called the Mesozoic Marine Revolution and is reflected in everything from predation
intensities to bioturbation. Here, we use a large database of over 20,000 modern vertebrate and
invertebrate metabolic rates combined with molecular clock data to create a record of energetic
demands during the last ~500 million years. Our study assumes that there has been phylogenetic
conservatism in metabolic evolution following the evolutionary appearance of each clade. Under
an assumption of phylogenetic conservatism, metabolic rates normalized for body mass do not
change systematically over time. This result is expected since specific metabolic rates (per gram
of tissue) are substantially set by the basic body form and respiratory system of each clade.
However, there is a distinct increase in body mass over time and this drives a need for more
metabolic energy. Indeed, we find a five orders of magnitude increase in maximum metabolic
energy utilization over the Phanerozoic as body sizes increase among many groups of marine

animals. Maximum body mass and energy needs increase particularly quickly in the early
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Mesozoic (~200 Ma) synchronous with independent evidence for an increase in ocean
oxygenation.
1. INTRODUCTION

The Mesozoic Marine Revolution (MMR) was a rapid ecological and behavioral transition
in marine ecosystems that was reshaped by complex predator-prey relationships (Vermeij, 1983;
Vermeij, 1977a, 2013), increased rates of burrowing and bioturbation (Thayer, 1979, 1983),
infaunal tiering (Ausich & Bottjer, 1982; Bottjer & Ausich, 1986), the radiation of primary
producers ( Falkowski & Knoll, 2007) and novel predation strategies (Oji et al., 2003; Salamon et
al., 2020).The most commonly cited driving factor for the MMR is the radiation of large primary
producers which increased the availability of trophic resources (Falkowski, 2005; Falkowski et al.,
2004). Unlike other periods of rapid evolutionary change, such as the rise of eukaryotic life and
the Cambrian explosion (Sperling et al., 2013; Sperling et al., 2015) however, the MMR is
generally not directly linked to changing oceanic oxygen concentrations. More recent data,
however, provide compelling evidence for rising oxygen concentrations in both the water column
and the sediment-water interface at ~ 200 Ma (Lu et al., 2018). As a result, the links between
oxygen, nutrient availability, and the onset of the Mesozoic Marine Revolution must be explored
in greater detail.

Previous attempts to quantify macroevolutionary energetic trends throughout the
Phanerozoic have been limited by the temporal resolution of the palaeobiological record and our
ability to estimate metabolic rates of species found in the fossil record. Early estimates of energetic
trends qualitatively characterized Paleozoic, Mesozoic, and Cenozoic communities through
inference of predation strategy, morphology of fossils, or anti-predation strategies evident from

defensive structures in fossil specimens (Vermeij, 1983) Recent studies utilize body size estimates
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of fossil specimens (Finnegan et al., 2011; Heim & Knope, 2015; Payne et al., 2011) and allometric
scaling principles derived from extant taxa to estimate metabolic rates.

Quantitative energetic data with high temporal resolution are necessary to accurately
reconstruct Phanerozoic energetic trends and understand potential links between changing nutrient
availability, oxygen concentrations, and the Mesozoic Marine Revolution. We integrate both needs
by utilizing a large database of invertebrate and vertebrate metabolic rates of over 20,000 lab and
in-situ respiration rate measurements from ~1000 different species. We then examined the
distribution of these metabolic data over the Phanerozoic using phylogenetic trees calibrated via
molecular clocks.

2. METHODS

Respiration data were collected through literature review, existing compilations of
metabolic data, personal communications, and online databases such as Fishbase (Froese, R. and
Pauly, D. (2020)) or such as in Brey, 2001. Data presented here represents a mixture of in situ and
laboratory-based respiration measurements. Each set of measurements was checked to ensure that
procedures and equipment utilized were explicitly listed. Only data with body mass measurements,
taxonomic information, and the respiration measurements setup (such as sensor, temperature of
measurements, and respirometry system type) were utilized. See Table 1, Appendix B for
taxonomic breakdown of data.

Additional criteria for the data included that only measurements with experimental
temperatures within that of annual habitat range, that experimental temperatures were not +/- 50%
of the temperature at which the organism was caught, and that all organisms were acclimatized

prior to experimental measurements if temperatures were greater or less than the temperature at
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which the organism was caught. Wherever possible, additional data were included (environment,
feeding type, habitat depth).

Metabolic rates were converted to the same units (J J-* D) as conversion factors defined
in previous studies (Brey, 2001). Where possible, species-specific conversion factors were utilized
and, where unavailable, averaged conversions factors based on an organism’s taxonomic
membership were obtained from the databank and utilized instead (Brey, 2001).

In order to compare metabolic rates across time, respiration rates were normalized to the same
temperature (15°C) by using the Arrhenius equation (J. H. Brown et al., 2004a).The combined

effects of body mass and temperature on metabolism are described through:

-E

R = a* MY x ele) (1)
Where R is respiration, M is body mass, b is the metabolic scaling coefficient, E is
activation energy, k is the ratio of gas constant to the Avogadro constant and T is temperature in
Kelvin. When log transformed, this can be rearranged and used to normalize metabolic rates to the

same temperature using a multiple regression:
log (%) = log(a’) + (b; — 1) * log(M) + bT—Z (2

Regressions for this analysis were done with data at the highest taxonomic resolution
possible. Taxonomic data, when not already provided, were collected through the rfishbase API
or the Integrated Taxonomic Information System. Regressions for temperature normalization were
done at the highest taxonomic rank for which sufficient data were available to run the regression.
For example, if sufficient data were available, metabolic rates were normalized at the genus level.
If insufficient amounts of data were available at the genus level, regression coefficients were

determined through a second set of regressions conducted at the family level, and subsequently
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order level, class level, etc. For most data in the study (>90%), regression coefficients were
determined at the family level.

Taxonomic position was utilized to determine first appearance dates in the fossil record.
For hard-bodied taxa with extensive fossil records, the Paleobiology Database was used to
determine first appearance dates. Invertebrate taxa without distinct skeletal remains and other taxa
with poor fossil records were dated using molecular clock data found through literature review or
best estimates from databases such as www.timetree.org. Wherever possible, first appearance dates
were determined at the genus level. In cases where genus-level data were not available, family or
order level first appearance dates were utilized. For groups with poorly constrained molecular
clock and fossil dates due to lack of easily fossilized structures, such as sponges and jellyfish, class
level dates were used.

Occurrence data were obtained through the paleobiology database. Occurrence data for
bivalve and modern fish groups (Acanthodii”, Actinopteri, Actinopterygii, Chondrichthyes,
Cladistia, Osteichthyes, and Plagiostomi) followed methods described in (Kocsis et al., 2019) and
(Kocsis et al., 2018.). Size data for bivalves and bony fish groups were obtained from previous
compilations of marine body size across Phanerozoic time (Payne et al., 2014; Payne & Heim,
2020).

3. RESULTS

We use a database of over 20,000 respiration measurements combined with molecular
clock data to estimate changes in community level metabolic rates over the past 541 million years.
Mass-specific metabolic rates per unit mass of organisms vary between -3 to -0.5 log(J/J/D)
metabolic rates across the entirety of the Phanerozoic with no distinct trend (Figure 3A). Metabolic

rates of entire organisms span a higher range, from -4 to +10 log(J/J/D) from the early Paleozoic
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to the early Mesozoic (541 — 180 Mya) (Figure 3B). The minimum metabolic rate (constant at ~4)
remains approximately constant over the whole record. However, starting about ~ 175 Ma, the
maximum range of metabolic rates begins to increase from about +4 in the Paleozoic to +8

log(J/J/D) at ~ 125 Ma and in the mid to late Cenozoic (25 Ma — present) (Figure 3B).
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Figure 3 — A) Mass-specific metabolic rates plotted against time indicate indicate metabolic rates per unit
mass of organisms remain steady across a constant range throughout the Phanerozoic. B) Metabolic rates
of whole organisms suggest distinct changes in activity levels during the Mesozoic Marine Revolution. This
suggests that changing environmental conditions may have relaxed constraints on body size and allowed
for radiations of large, metabolically active organisms in the past ~150 Ma.
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The increase in metabolic rates of entire organisms largely reflects the impact of the
“Mesozoic fauna”, such as much of modern day Cephalopoda, Bivalvia, Gastropoda,
Elasmobranchii, and Teleosti. Metabolic and occurrence data of bivalves, for example, shows both
increasing numbers of occurrences in the fossil record and step-changes towards higher metabolic
rates in the early Mesozoic (Figure 4). Modern bony-fish data show a similar trend of increasing

body size and rates of occurrences in the fossil record.
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Figure 4 — Metabolic rates, size, and occurrence data for (A.) Bivalves and (B.) Fish and Sharks. Solid red
curve/dots at the top of the charts show rising metabolic rates towards the present. Middle light blue curves
show increasing size for both bivalves and modern bony and cartilaginous fish. Bottom dark blue curves
show occurrence data obtained for each group.

4. DISCUSSION

Previous research indicates mass-specific metabolic rates are constrained within a
relatively narrow window across all of life’s domains (Makarieva et al., 2008). Constraints range
from the metabolic optimums or by physiological limitations imposed by eukaryotic cells within
organisms (Hatton et al., 2019; Makarieva et al., 2008) as well as the oxygen supply mechanisms
associated with an animal’s body plan. Our data supports this and indicates that regardless of when
families of modern clades originated, mass specific metabolic rates were constrained within such

a window. The +1 to -4 log(J/J/D) range in mass-specific metabolic rates is clear despite the
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variation in habitats, activity levels, and body plans across the Phanerozoic (Figure 3A). The lack
of trend in mass specified metabolic rates is important, as it suggests that animals acquired
characteristic metabolic efficiencies early in the evolution of the various clades. Although it is
clear that animal metabolic rate adjusts to changing temperature, Oz availability and activity levels
by changes in behavior, and adaptations such as thicker, or larger gills, these adjustments occur
within a set of basic anatomical constraints that were reached early in evolution and have been
maintained over most of the Phanerozoic.

For instance, oxygen limitation can be dealt with through compensatory mechanisms that
increase oxygen supply when environment pO2 declines (Deutsch et al., 2020). An example is an
organism that spends the majority of time in the shallowest part of the water column where wind-
driven mixing facilitates better-oxygenated waters from gas exchange with the atmosphere.
Organisms may also increase respiratory surface area relative to body size to increase oxygen
supply in oxygen-poor waters, a common strategy employed by mesopelagic fish in oxygen
minimum zones today (Seibel & Deutsch, 2020). In some cases, modern deep-sea fish in oxygen
limited waters have employed strategies such as having gills large enough that they emerge from
the opercula.

Alternate strategies also include raising hemoglobin levels to increase oxygen supply
within the circulatory system in poorly oxygenated waters or storing oxygen in body mass (i.e.
increasing muscle oxidative capacity) for higher activity periods, while other midwater fish are
gelatinous, or have minimal activity other than burst swimming. Many modern marine megafauna
also employ strategies that involve temporary migration from oxygenated waters into the oxygen
minimum zone environments to feed or to escape predation (Seibel, 2011). Some, like elephant

seals, directly access the atmosphere for O2 and use that for unrestricted movement in the OMZ--
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a strategy not possible in vertebrates until the evolution of ichthyosaurs and Devonian lungfish
(Clement & Long, 2010; Naito et al., 2017).

Although there are numerous mechanisms that organisms can use to maintain their specific
metabolic rates, the situation changes as animals increase body size and therefore metabolic
demand. Metabolic rates of organisms scale to body size and temperature through the allometric
scaling relationships described through the Metabolic Theory of Ecology (J. H. Brown et al.,
2004a; J. F. Gillooly et al., 2001; James F. Gillooly et al., 2016). According to this theory,
metabolic rates exponentially scale with temperature (described through the Arrhenius-Boltzmann
equation) and scale to body mass ~ M3¥4 While this relationship is modulated by ambient
environmental temperature, particularly in marine ectotherms that match internal temperatures to
that of the surrounding environment, this pronounced increase in body size persists across
hothouse and icehouse conditions in the Phanerozoic and suggests a trend towards increasing
community metabolic demands despite varying marine temperatures.

Evidence suggests that individual species may be limited in their capacity to maintain
oxygen supply in low pO2 environments at large body sizes (Verberk et al., 2011). Mechanistic
models and empirical data that represent oxygen transport from the physical environments into
organismal respiratory pathways suggest that large body size, particularly in organisms with active
lifestyles or those that live in warm environments, are susceptible to size limitation from low
oxygen concentrations (Rubalcaba, Verberk, Hendriks, et al., 2020). This is partially due to the
costs associated with physiological mechanisms to increase oxygen supply at large body sizes and
active physiologies in the face of many potential rate-limiting steps in respiratory pathways. In
modern oceans, organisms with life histories within hypoxic environments must develop increased

oxygen supply capacities to maintain maximum metabolic rate similar to that of organisms in
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normoxic conditions, which may come at the expense of being able to develop larger body size.
Resting metabolic rates are also more sensitive to environmental temperature changes than
maximum metabolic rates, which appear to have a different allometric scaling relationship to body
size than that of resting rates. At high temperatures, maximum metabolic rate may plateau due to
oxygen limitations (i.e. capping out at the prevailing environmental pO2) while resting metabolic
rates continue to increase, thus reducing aerobic scope of organisms. All organisms must maintain
a minimum aerobic scope to maintain activities necessary for survival and reproduction. Aerobic
scope may similarly be reduced during high activity periods. In fish, even activities such as eating
which take up aerobic scope, may be halted to retain aerobic capacity (Norin & Clark, 2017). As
such, large organisms may be able to persist in low oxygen environments, but selection may act
as a pressure against this. At high temperatures, the temperature-driven increase in metabolism
will force active or large organisms to have lower aerobic scope and lower hypoxia tolerance
(Seibel & Deutsch, 2020).

The impacts of hypoxia tolerance from large body size are relevant to macroevolutionary
trends across the Phanerozoic as body size is a heritable trait (Lind et al., 2015; Smith et al., 1995).
Despite the fact that respiration data of extant taxa are used here, the strong phylogenetic
conservatism of body size suggests that differences in resting metabolic rates of organisms should
broadly persist through time. Biovolume estimates of marine fauna throughout the Phanerozoic,
for example, show systemic variations in body size between different groups since the onset of the

Mesozoic Marine Revolution (Figure 5) (Heim et al., 2020).
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Figure 5 — Data from a wide variety of paleontological and geochemical proxies suggest a change in
oceanic oxygen concentrations decoupled from atmospheric oxygen estimates and increases in maotility
levels of fauna. A,B) Percentage of motile fauna and body size of marine metazoans both increase during
the Mesozoic Marine Revolution (MMR). C) Qualitative bioturbation rates across Phanerozoic time show
a trend towards increasing sediment reworking rates. D) Metabolic rates of organisms through Phanerozoic
time indicate larger and more metabolically active organisms radiated as ocean oxygen partial pressure
rose. E) Carbonate sediment reflectance data suggest progressive ocean oxygenation across all depositional
environments. F) I/Ca data indicate initial oxygenation during Devonian, followed by subsequent rise of
oxygen at ~200 Ma.

33



The relationship between large body size and hypoxia tolerance suggest that ocean
oxygenation had a large impact on the upper size range of marine animals. We suggest that our
data showing increasing metabolic demands across the Phanerozoic due to larger size implies that
the Mesozoic Marine Revolution was driven by an increase in ocean oxygenation. One of the most
direct observations of the MMR is the replacement of sessile clades of Paleozoic origin with more
energetically and metabolically active fauna in the Mesozoic, particularly in shallow marine
environments (Bush & Bambach, 2011b). Canonical research in the field of paleobiology tracks a
diversification of predation strategies, greater ecospace utilization, deep burrowing, high sediment
reworking rates, and increasing proportions of fast-moving, nektonic fauna during the MMR. This
trend towards increasing motility also tracks two orders of magnitude increases in mean body-size
of marine metazoans across the Phanerozoic (Figure 5) (Heim & Knope, 2015).

There are several lines of evidence for increasing ocean oxygen inventories during the
Mesozoic Marine Revolution, one of which concerns the metabolic systems used by marine
plankton. For example, the redox sensitive trace elements required by red algal lineages, such as
molybdenum, are more readily available in oxic oceans, while Paleozoic groups of green algae
favor trace elements such as iron present in higher concentrations in low oxygen environments.
Likewise, the Mesozoic radiation of coccolitophores and diatoms both utilize RuBisCo that also
appears to have selected for conditions that would reflect upper ocean oxygenation (Rickaby &
Eason Hubbard, 2019). At the same time, these nutrient-rich planktonic groups have larger average
body size which may have contributed to improved ventilation of the surface ocean through
ballasting (Knoll & Follows, 2016a; Meyer et al., 2016).

Sediment color data from marine carbonates and I/Ca data also provide support for

increasing oxygenation and ventilation of the oceans as a factor selecting for red algal lineages
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that are adapted to higher ocean oxygen conditions. 1/Ca data, which generally tracks oxygenation
in the upper ~100 meters of the water column suggests a pronounced change in water column
oxygenation at ~ 200 Ma towards increasing oxygenation (Lu et al., 2010). The carbonate sediment
color record, which broadly reflects organic carbon burial and oxygenation at the sediment-water
interface also supports rising oxygen concentrations and increased organic matter consumption in
the water and sediment column at ~ 200 Ma.

Both the 1/Ca and sediment color data suggests that atmosphere pO2 may have been
decoupled from ocean Oz inventories (Figure 5) ( Lu et al., 2018). Given that maximum metabolic
rates are tightly coupled to prevailing oxygen partial pressures an organism experiences, it is
important to note marine communities for much of the Paleozoic or Cenozoic may not have
maximized oxygen supply capacity to atmospheric pO2, except for extremely shallow-marine
environments that were persistently oxic. In modern oceans, for example, wind mixing
equilibrates surfaces waters with the atmosphere and maximal metabolic rates are tuned to
atmospheric pO2. Many marine environments are not persistently in equilibrium with the
atmosphere, however, and organisms would have maximal metabolic rates calibrated to the lowest
oxygen conditions they persistently experienced. Mixed layers may also be shallower in more
stratified environments, such as the Black Sea, where the mixed layer is 10-30 m or so, or in dead
zones where high runoff and nutrient inputs may cause hypoxia, anoxia, or euxinia in very shallow
waters. Modern epeiric seas also show distinctly different patterns in temperature, circulation,
salinity, and nutrient delivery than open-ocean environments that lead to oxygen partial pressures
that deviate from the atmosphere.

The case of epeiric seas is particularly relevant for understanding the macroevolutionary trends in

the Phanerozoic, including the MMR. The geologic and fossil record for much of the Paleozoic
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was deposited in epeiric sea environments that appear to have frequently experienced hypoxia and
anoxia events, particularly in the presence of lower atmospheric oxygen pO2 of the early Paleozoic
(Judd et al., 2020). Sediment color data suggests that even in Paleozoic shallow marine
environments, seafloor conditions were likely hypoxic enough to allow for reducing conditions in
the sediment column.

In such an environment, large-sized Paleozoic organisms in the same order of magnitude
as modern marine metazoans would be the exception, rather than the rule. Many of the largest
Paleozoic marine animals (such as the fish, Dunkleosteus, or meter-sized eurypterids) would need
physiological adaptations to compensate for low oxygen partial pressures in the water column as
a result of such pronounced decoupling between ocean-atmosphere oxygen concentrations. Even
in modern oceans, such adaptations come at a cost which represent ecological limits based on
energy investment into mechanisms to maintain oxygen supply. The tradeoffs of such adaptations
are particularly prevalent in larger organisms as they may require increased gill surface area
relative to body size, larger transport distances from gills to internal respiratory structures, and
reduction of boundary layer thickness in gill surfaces tissues.

Records of rising oxygen partial pressures in the Mesozoic and Cenozoic indicate size and
activity limitations may have occurred due to low oxygen conditions during the MMR in two ways.
First, rising oxygen concentrations appear to have permitted the radiation of nutrient-rich
planktonic groups that facilitated increasingly efficient food webs and bottom-up transformation
of ecosystems.  Second, rising oxygen concentrations lifted “top-down” constraints on
ecosystems— rising oxygen partial pressures relaxed restrictions on maximum body size and
activity levels and allowed for the evolution of the complex predator-prey relationships that form

the backdrop of the MMR.
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5. CONCLUSION

A step change in atmospheric oxygen concentrations rose to near-modern levels during the
Ediacaran is directly linked to the evolution of basal metazoans (Sperling et al., 2013). Here, our
data suggests the presence of another “oxygen revolution”—namely during the Mesozoic Marine
Revolution. Body size, motility of fauna, and metabolic rates suggest oxygen acted as a pressure
limiting body size and activity levels in the Paleozoic and early Mesozoic, acting as a bi-directional
pressure on ecosystems through limitations on both large body size and phytoplankton
communities. Increasing ocean oxygen concentrations permitted diversification of larger, nutrient
rich planktonic groups that could facilitate bottom-up growth of complex ecosystems (Knoll &
Follows, 2016a). At the same time, increased coupling of ocean-atmosphere concentrations
through ballasting of larger phytoplankton, disappearance of Oz depleted epicontinental seas, and
increasingly open-ocean marine environments led to increasingly ventilated ocean environments
for the first time since oxygen concentrations reached modern levels in Earth history (Meyer et al.,
2016).
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ABSTRACT

Over the last 541 Ma, there is a well-documented secular trend in marine invertebrate
communities from dominantly sessile or slow-moving taxa in the Paleozoic to more active animals
in the Mesozoic. This secular trend in animal activity is seen in animal body size, predation, muscle
mass, and bioturbation indices and is hypothesized to reflect a temporal trend in ocean export
production and ocean oxygenation. Modern deep-sea communities still bear striking similarities
to Paleozoic shallow marine communities. We tested the hypothesis that species with Paleozoic
origins survive in the modern deep sea because their physiology, capable of handling reduced pO:
availability in the Paleozoic, makes them competitively superior to species whose clades and
metabolic characteristics evolved in the higher pO2 world of the Mesozoic and Cenozoic. Using
distributional data for modern species, we generate temperature and oxygen state space maps that
can be used to infer the critical oxygen partial pressures of each species. When grouped by the
timing of clade origin, taxa typical of Paleozoic communities have low-oxygen and low-
temperature habitats compared to Mesozoic and younger clades. We suggest that the observed
biogeographic shifts of Paleozoic taxa from the shallow marine communities of yesteryear to
modern day deep sea communities may reflect their tracking low metabolic rates imposed by low

02 availability in past shallow marine ecosystems and low temperatures in the modern deep sea.
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Mesozoic and Cenozoic taxa, in contrast, are competitively superior in modern shallow marine,
high pOz, high temperature environments, but continue to be at least partly outcompeted by taxa
with Paleozoic origins where low temperatures and/or low pO2minimize their advantages of highly
active physiologies.
1. INTRODUCTION

Deep-sea habitats differ from shallow marine habitats in pronounced ways. In stark contrast
to most shallow water and epipelagic systems, deep-sea environments dependent on exported
surface marine production are characterized by low production rates (Glover & Smith, 2003;
McClain et al., 2012). Hydrothermal vents and cold-seeps are an exception, presumably reflecting
the abundant local chemosynthetic production. Carbon flux into the deep-sea is predominantly
composed of detritus from surface waters of which only a fraction reaches the ocean floor (Lampitt
& Antia, 1997) . At the abyss, for example, deep sea carbon fluxes are less than 5% of production
in surface waters (Smith et al., 2009). Furthermore, exported organic detritus may arrive in the
deep sea only seasonally, creating a long drought in food supply over the rest of the year (Rice et
al., 1986; Turner, 2015). Unlike surface waters, temperatures in the deep sea show relatively little
latitudinal and temporal variation. Deep sea ocean temperatures range between -1 to 4°C while sea
surface temperature averages vary from 36 °C at low latitudes to as low as -2°C in polar regions.

Physical energy of deep-sea environments is also low compared to shallow marine
environments. While benthic environments in deep waters may experience physical disturbances
as a result high energy storms, such events are infrequent compared to the wave energy and wind-
driven mixing of surface waters (Harris, 2014). Wave action and wind-driven mixing of surface
waters maintain surface water oxygen concentrations broadly in equilibrium with the atmosphere.

Below the wind-mixed layer, which shoals to tens of meters in the summer and deepens to several
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hundred meters in the winter, oxygen concentrations vary widely (de Boyer Montégut, 2004;
Franks, 2015). Waters underlying highly productive regions such as the Eastern Tropical Pacific
have pronounced declines in oxygen concentrations with in the upper 200-300 m of the water
column. Such oxygen minimum zones (OMZs) constitute nearly 8% by volume of the entire ocean
contains less than 20 umol kg-1 of oxygen (Seibel, 2011). Downwelling in polar regions combined
with low rates of oxygen utilization creates well-oxygenated water masses at depths greater than
the OMZ (~200-1000m). Deep-sea organisms face additional challenges. Below 200m the
availability of photosynthetically active radiation sharply declines, and no light penetrates below
1000 m water depth. Hydrostatic pressure also constitutes additional challenges to life in the deep
ocean (Somero, 1992; Wang et al., 2019).

The combination of minimal primary production in most of the deep-sea, limited and
highly seasonal nutrient flux from surface waters, low Oz, low temperatures and light availability,
and high hydrostatic pressures drive the pronounced changes from shallow to deep-sea habitats
(Rogers, 2015). Deep-sea habitats have been shown to be low in biomass, respiration rates,
reproduction, recruitment, and bioturbation. Metabolic rates of organisms also decline with
increasing depth in the deep-sea, although it remains unclear whether this is primarily due to light
availability, chemical energy, or body size and temperature constraints on metabolic rates (A.
Brown et al., 2018a; Drazen & Seibel, 2007; Gallo et al., 2020). In contrast, the well-oxygenated
and comparatively high primary productivity of surface waters in close proximity to the coast
support active ecosystems with high metabolic demands and complex predator-prey relationships.
High metabolic rates, community energetics, rates of bioturbation, infaunal and epifaunal tiering,

and large body sizes in highly muscled animals are all common in surface waters.
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A notable feature of modern deep sea faunas is the abundance of clades whose origins lie
in the Paleozoic, raising a perennial question of whether the deep sea is a refugium for clades that
long ago died out in shallow marine environments (Figure 6). Species similar to Cambrian fauna
such as trilobites (Figure 6b) , inarticulate brachiopods (Stanley, 2020), siliceous sponges (Brunton
& Dixon, 1994), and monoplacophoran molluscs can all be found in today’s deep ocean (Bush &
Bambach, 2011; Sepkoski, 1981). Ordovician or later clades such as stony bryozoans, articulate
brachiopods (Figure 6a), stalked crinoids (Figure 6e) (Brett, 1984), and coelocanths (Figure 69)
are all also present (Bretsky, 1969; Droser & Finnegan, 2003; Sepkoski & Sheehan, 1983). Such
similarities suggest the possibility that conditions of shallow marine Paleozoic environments and
modern deep ocean environments both contain barriers against more active, predatory fauna
typical of shallow marine communities in the Mesozoic and later (Buatois et al., 2016a).
Identifying the variables which drive similarities between Paleozoic shallow marine communities
and their extant deep-sea relatives could provide a mechanistic, physiologically driven explanation
of a first-order biogeographic observation in the Earth system and long-term evolutionary trends.

Such drivers, however, have never been identified.
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Figure 6 - Examples of Deep-sea organisms with Paleozoic origins. Anecdotal data has often suggested the
deep-sea hosts many "living fossil" representatives of ancient clades Much like shallow marine
communities of the Paleozoic, these organisms are small, slow-moving, and sessile. Such taxa are common
in the deep-sea, despite being less abundant or absent in modern shallow marine environments. A)
Liothyrella uva, an articulate brachiopod common to Antarctic waters. B) Deep-sea isopod Bathynomus
giganteus. C) Deep water Iridogorgia and bamboo coral in foreground, octocorals in the background. D)
Geodia barrette sponge garden in the Flemish Cap. E) Abyssal stalked crinoids. F) Circum-Antarctic brittle
star, Ophionotus victoriae G) Living coelacanth seen off Pumala, South Africa.
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Here, we explore the possibility that Paleozoic shallow marine communities found refuge
in the deep-sea as they were outcompeted in the shallow marine environment during the
‘evolutionary arms race’ of the Mesozoic and Cenozoic. We use data of species distribution to
create temperature and oxygen state space maps of modern species. We then group those species
into membership in Paleozoic-like and Cenozoic-like communities (hereby referred to as
‘Paleozoic’ and ‘Cenozoic’ taxa) to infer critical oxygen levels for species across a wide range of
temperatures. We show that modern Paleozoic-like communities occupy colder, lower oxygenated
waters more frequently than species typical of Cenozoic clades and that highly active metabolisms
of Cenozoic clades limits them when temperature and oxygen concentrations are low.

2. METHODS
2.1. METABOLIC INDEX DATA
The Metabolic Index has been previously defined as the ratio of Oz supply to an organism’s

resting Oz demand.

_ 95 pe Eof1 1
o = - BéPO,exp {Kb [T Tref]}

Here, ay, is the resting metabolic rate per unit body mass (B) at a reference temperature

Tyef. as is the efficacy of Oz supply per unit body mass at an ambient oxygen partial pressure PO,.

At the lowest oxygen partial pressure (pcrit) that can sustain resting metabolism (where & = 1),
as

resting vulnerability of hypoxia (V},) can be defined as V},, = — We use the inverse of resting
D

vulnerability of hypoxia as measure of resting hypoxia tolerance (4,), defined as A, = %h. A

second metabolic trait utilized here is the sensitivity of hypoxia vulnerability to temperature E,,.

As previously defined, E,is equal to the difference between the temperature variation of resting
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metabolic rate and O2 supply and can be described by the exponential Arrhenius function. K is
equal to the Boltzmann constant and ¢ is the allometric scaling of Oz supply-to-demand ratio.

The state-space habitats of each species were constructed by pairing their location data
with hydrographic conditions at those locations (See Error! Reference source not found. in
Appendix C). Species for each group were selected based on origination times for each organism
(i.e. clade origination in the Paleozoic, Mesozoic, or Cenozoic). (See Table 2 in Appendix C). Data
with fewer that twenty occurrences were rejected from the study. Occurrence data were
downloaded from the Ocean Biogeographic Information System (OBIS; http://obis.org) in Jan.
2021. To estimate the hydrographic conditions at each specimen location, we used monthly
climatological temperature and oxygen fields at a 1° latitude and longitude resolution and at 33
depths from the World Ocean Atlas. Hydrographic conditions were determined at the central depth
of the minimum and maximum depths reported by OBIS, or from either depth alone if only one
metric was provided. Occurrences were discarded if the range of conditions within that depth
range differed from the central estimate by more than 2°C for temperature or 20% for O2. For
occurrences lacking depth information altogether, we assigned a minimum depth at the sea surface
and maximum depth at the seafloor. In cases where even this maximum uncertainty in depths
satisfied the error tolerance (2°C for temperature and 20% for O2) the location data was retained.
Metabolic index data was fit to species distribution data following previously described methods.
Metabolic index curves indicating increasing hypoxia tolerance with temperature were rejected, as
this would imply infinite hypoxia tolerance with increasing temperatures.

A composite state-space habitat for Mesozoic and Paleozoic species was constructed as a
weighted average of an occurrence metric across all species in each group. Two occurrence

metrics were used. The first was a simple binary presence/absence, for a given species i, denoted
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HP4 (for ‘Habitat Presence/Absence’). If any reported location of the species maps to
climatological data in a given temperature/pO2 bin, then that species is considered to inhabitat that
type of environment, and it contributes to the overall occurrence of that taxonomic group
(Mesozoic or Paleozoic) to habitat conditions of that T/pO2 range. The second metric is a relative
occurrence, denoted H® (for ‘Habitat Fractional Occurrence’), which sums all occurrences in
each T/pO: bin, and divides by the total number of species sightings. For example, if 90% of all
reported sightings are in regions of the ocean where temperature is between 10-11°C and pOz2 is
between 20-21 kPa, then the state-space diagram for that species would be 0.9 in that T/pO: grid
cell. For a given species (indexed by i) the sum of HF? across all of T/pOz state-space is 1.

To average these metrics across all species within each group, we computed the weighted
sum of each metric (Hpa or Hro) for each T/pO2 bin, where the weights are determined by the total
number of species observations (See Figure 14 in Appendix C). For example, the state-space
habitat of Mesozoic species using the presence/absence metric would be:

N PA

YPA = i=1 Hi © *w;

Meso — N W:
i=1 l

Where N is the number of species in each paleo group (N=52 for Mesozoic, and N=28 for
Paleozoic). This weighting is designed to ensure that species with few reported occurrences that
only partially sample its true state-space habitat, do not weigh as heavily as those with large
databases, in computing the overall state-space habitat. However, we also do not want the
weighting to be heavily skewed toward any species with enormous number of observations. A

convenient weighting that strikes this balance is a simple saturating function (Figure 14):
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where ni is the number of individual observations for species i in OBIS that can be matched to
hydrographic conditions satisfying the quality control criteria outlined above. We find that the
state-space habitat diagrams are very similar across a wide range of weighting factors (Kn from
10 to 1000), indicating that the depiction of Paleosoic and Mesozoic taxonomic niches are highly
robust.

2.2. PALEOGRAPHIC RECONSTRUCTIONS

Plate reconstructions were completed using occurrence data from the Paleobiological
Database (PBDB) and Digital Elevation Models of Phanerozoic paleogeography from the
PALEOMAP PaleoAtlas project. Data from the Paleobiological Database was prepared by
subs&?ing all occurrence data to include only marine clades. Data from freshwater depositional
environments were excluded based on designations in the PBDB. As an additional check, analysis
was limited to fossil specimens identified at the species and genus levels. Occurrence data was
then binned into a ten million year timescales and data within +/- five million years of the desired
time intervals for paleogeographic reconstruction (450 Ma, 300 Ma, and 150 Ma) were used.
Latitude and longitude for fossil specimens were then rotated to the correct paleocoordinates using
the chronosphere package in R and data from the PALEOMAP PaleoAtlas project.
3. RESULTS

Species distribution data from OBIS were collected and aggregated into groups
representative of Mesozoic and Paleozoic fauna. Distribution data was utilized to construct
inferred metabolic index curves for each taxon. The inferred metabolic index curves are plotted in
temperature and oxygen state space. The aggregated metabolic index curves indicate differences
between the two communities. Frequency distributions of hypoxia tolerance (Ao) at the reference

temperature of 15°C shows different distributions for each group. Mesozoic fauna show a right
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skewed distribution of Ao towards lower higher critical oxygen tensions. Paleozoic fauna show a
flat frequency distribution, approaching an uniform distribution of hypoxia tolerance at the 15°C
reference temperature. Frequency distributions for temperature sensitivity of hypoxia tolerance
(Eo) are similar for both groups. The distributions for both Paleozoic and Mesoozic fauna show a
peak in Eo centered around a mean of ~0.15 and a decrease in frequency above and below this
point.

Distribution data in OBIS aggregated into temperature and oxygen state space with
weighted presence/absence and weighted frequency of occurrence show different patterns for each
group. While overlap exists between both groups, there are substantial differences between them
as well. Broadly, temperature and pOzdistributions for of modern taxa with Paleozoic origins show
an affinity towards low temperatures and oxygen partial pressures compared to taxa of Mesozoic
origin. For Mesozoic fauna, the inferred metabolic index curves show an affinity towards
temperatures above 17°C and oxygen partial pressures above 25 kPa. Paleozoic fauna have
metabolic index curves that indicate a preference for moderate and low temperature environments
below 20°C. At temperatures below 20°C Paleozoic organisms are able to tolerate oxygen
pressures greater than 10 kPa. At temperatures lower than 10°C, Paleozoic taxa seem able to
tolerate O2 partial pressures above 15 kPa. These plots indicate Mesozoic taxa and Paleozoic taxa
occupy different temperature and oxygen partial pressure state spaces despite broad overlap at
some T/pO2 regimes.

3.1. PALEOBIOLOGICAL OCCURRENCE DATA

Occurrence data of marine fauna obtained from the Paleobiology Database and projected
onto paleographic reconstructions (Figure 7) show Paleozoic assemblages (at 450 Ma and 350 Ma)

on shallow shelfs or in epicontinental sea environments. Occurrence data at 150 Ma show tectonic
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rifting leading to marine communities increasingly found in open ocean environments in the Late

Mesozoic and Cenozoic.

Figure 7 - Occurrence data for marine fauna through time. Top row shows occurrence data for marine fauna
at 450 Ma, second row at 300 Ma, and bottom row at 150 Ma. Paleogeographic reconstructions show rifting
led to increasing open-ocean and well-ventilated environments.
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4. DISCUSSION

Deep-sea ecosystems compositional similarities to shallow marine communities of the
Paleozoic, yet the reasons for these similarities are poorly understood. Paleozoic fossil
assemblages were rich in sessile animals with low degrees of infaunal tiering and relatively simple
predator-prey relationships (Allmon & Martin, 2014b; Buatois et al., 2016b; Dunne et al., 2008;
Huntley & Kowalewski, 2007; Vermeij, 1983; Vermeij, 1977b). Extant relatives of early
Phanerozoic communities, such as stalked crinoids, monoplocaphoran molluscs, and inarticulate
brachiopods, are abundant in the deep-sea today (Figure 6) (Ameziane & Roux, 1997; Eléaume et
al., 2012; Sigwart et al., 2019; Zezina, 1994). Data presented here suggests similarities between
modern deep-sea communities and Paleozoic shallow marine communities may be the result of
physiological limitations of more active taxa with Mesozoic and Cenozoic origins, particularly in
cold, poorly oxygenated waters.

When hypoxia tolerance (Ao in Figure 8b) is plotted, Mesozoic taxa show skewness
towards higher resting hypoxia tolerances when plotted as frequency distributions (Figure 8b).
Taxa with Paleozoic origins instead show near uniform frequency distributions of critical oxygen
partial pressures when at rest at a common reference temperature. These hypoxia tolerances are
identical to resting critical oxygen partial pressures (pcrit) at a reference temperature of 15°C. The
differences in these distributions suggest that extant taxa with Paleozoic origins may better suited
to low oxygen environments than modern counterparts even when not engaging in high activity

behaviors.
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Figure 8 - Metabolic index curves and metabolic traits for Mesozoic and Paleozoic taxa. Top row shows
inferred metabolic curves estimated from distributional data in the Ocean Biodiversity Information System
(OBIS) in temperature/pO2 state space. Second row shows frequency distribution of hypoxia tolerance (Ao)
in both groups. Third row shows temperature sensitivity of hypoxia tolerance in both groups (Eo).
Metabolic index and metabolic trait data suggests that at low-to-intermediate temperatures Paleozoic fauna
have greater hypoxia tolerance. Temperature sensitivity of hypoxia vulnerability shows no significant
difference between both groups.

The temperature and oxygen state space curves calculated from modern species distribution
data (OBIS www.obis.org) also suggest distinct differences in oxygen tolerance in Paleozoic and
Mesozoic taxa (Figure 8a). The standard Metabolic Index used to generate the curves in Fig. 2a
reflects the aerobic energy balance of an organism and is defined by the ratio of oxygen supply to
oxygen demand. In order to maintain resting metabolism the physiological oxygen supply must

exactly meet resting oxygen demand (where the metabolic index is equal to 1).
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Resting metabolic rates, however, do not take into account additional energetic demands
for an organism to engage in critical activities such as hunting, migration, foraging, mating, or
reproduction (Deutsch et al., 2020). Such activities require additional aerobic energy between that
of resting and maximum metabolic rates. We refer to this metabolic rate as the sustained metabolic
rates and the minimum Metabolic Index required to support sustained metabolic rates as the critical
Metabolic Index. As previous studies have shown, the temperature and oxygen state-space curve
calculated from species distribution data, such as those shown in Figure 8a, follow the boundaries
of an organism’s critical Metabolic Index curve.

The critical metabolic index data suggest that hypoxia tolerance of Mesozoic communities
engaging in essential ecological activities is reduced across a wide range of temperatures relative
to taxa with Paleozoic origins or Paleozoic analogs. While both Paleozoic and Mesozoic groups
show wide variance in inferred pO2 and temperature range, modern groups show a distinct skew
towards less hypoxia tolerance at low and intermediate temperatures. Paleozoic species, in
contrast, appear particularly tolerant to hypoxia at cold temperatures. At high temperatures, it
appears both groups gravitate toward high pO2 environments and away from hypoxic conditions.

Importantly, when temperature sensitivity of hypoxia tolerance (Eo) is plotted, both
Paleozoic species and Mesozoic species have similar distributions (Figure 8c). The temperature
sensitivity of hypoxia tolerance reflects both oxygen demand and an organism’s ability to modulate
oxygen supply. Changes in Eo between species may reflect differences in life history and ecologies
of individual species, rather than traits that may be phylogenetically conserved. The similarities in
Eo between Paleozoic-like species and Mesozoic-like species suggests that differences in hypoxia
tolerance likely reflect evolution, rather than being the byproduct of differing sensitivities to

environmental temperature throughout an organism’s life cycle.
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Temperature and oxygen state space aggregated and plotted with presence and absence
data for Paleozoic and Mesozoic taxa supports the hypothesis that the evolution of Mesozoic and
later clades were limited by oxygen (Figure 9).
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Figure 9 — Aggregated and weighted temperature (degrees centigrade) and pO, (kPa) state-space for
Mesozoic and Paleozoic groups. Top row shows weighted presence/absence data for fauna and a clear
preference for Paleozoic fauna in cold/low pO; waters. Bottom row shows frequency of occurrence data for
Paleozoic and Mesozoic groups.
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When weighted for number of observations, Mesozoic fauna show a clear trend towards
presence in warm, well oxygenated waters with pO2 above 20-25 kPa and temperatures generally
above 17-18°C. Below this range, presence of Mesozoic taxa drops markedly indicating these
clades operate in a relatively narrow range of high temperature and oxygen conditions. In
comparison, Paleozoic taxa show a trend towards cold water temperatures below 20°C and a wider
minimum pO2 range, between 10-25 kPa. While Paleozoic taxa skew towards colder temperatures
their inferred Metabolic Index shows that they are able to survive at higher temperatures as well,
comparable to many Mesozoic taxa. The cold temperatures and often low pO2 of the deep-sea
present physiological challenges for Mesozoic taxa with high metabolic rates compared to living
Paleozoic taxa.

These results suggest that temperature dependent hypoxia tolerance may play a critical role
in the biogeographic changes in shallow marine communities between the Paleozoic and today. At
a wide range of temperatures, Mesozoic fauna appear have reduced tolerance to hypoxia than
Paleozoic taxa. At high temperatures, both Mesozoic and Paleozoic taxa have broadly similar
tolerances for hypoxia and are able to sustain their physiological demands. Both groups os species
appear to have a limited physiological range under high T, high pO2 conditions, likely because O:
quickly imposes severe limitations on organisms whose metabolisms are already working hard due
to the high environmental temperature. At high temperatures and low oxygen conditions, neither
group is able to sustain metabolic demands. However, on the low end of the temperature scale,
Paleozoic taxa thrive even when oxygen partial pressures are low. One potential explanation for
this is that at high temperatures aerobic scope becomes reduced as basal metabolic rates increase
with temperatures, while maximal metabolic rates cannot exceed that of atmospheric partial

pressures. Organisms that with active physiologies across a wide range of body sizes, like many
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Mesozoic taxa, may be unable to engage in activities necessary for survival, particularly when
oxygen conditions are low. Active Mesozoic taxa may be limited through both low temperature
and low oxygen supply which together depress the functional activity level of these species. Cold
temperatures may impose a variety of roadblocks against oxygen supply in organisms, such as
slower diffusion across the gill-water membrane, for example. Research on the effects of low
temperature on oxygen supply is still limited, however, and more is needed to assess whether this
is the driver of the trends outlined here. In addition, one limitation of this dataset is that many of
the species used as extant relatives of Paleozoic communities are from deep-sea environments. As
a result, they experience a narrow range of temperatures across the duration of their lifecycle. Such
a narrow temperature range may mean oxygen thresholds at the high temperatures are inaccurately
assessed.

4.1. IMPLICATIONS

The fossil record from Paleozoic communities are overwhelmingly from tropical epeiric
seaways (Figure 7). Paleotemperature reconstructions suggests epeiric seas in the Paleozoic may
have experienced temperatures in excess of 40°C, substantively higher than temperatures
experienced in the modern ocean today (Goldberg et al., 2021). Even at high latitudes (~65 to 70
degrees South), temperatures reached an average of ~20-25°C (Hearing et al., 2018). In addition
to high temperatures, models and geochemical data of oxygen partial pressures suggest poorly and
irregularly oxygenated oceans throughout the Paleozoic (Dahl et al., 2010b; W. Lu et al., 2018;
Martin & Servais, 2020; Van De Velde et al., 2018). Warm epeiric seas of the Paleozoic regularly
experienced hypoxic events due to restricted flow into continental seaways, coastal salinity

stratification of the water column, and high nutrient input from nearby coastal areas.
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Low oxygen partial pressures in the water column and high temperatures during Paleozoic
hothouse environments should reduce hypoxia tolerance in aquatic organisms. Reduced oxygen
partial pressures reduce organismal oxygen supply, while warm ocean temperatures raise resting
metabolic rates. Combined, these changes result in reduced aerobic scope (the difference between
maximal and resting metabolic rates at a particular temperature) (Deutsch, 2015; Rubalcaba et al.,
2020; Seibel & Deutsch, 2020). Consequentially, if Paleozoic seas were more hypoxic than they
are today, as suggested by diverse modeling and marine geochemistry, the combination of warm
seas and extensive ocean hypoxia may have been a barrier in the radiation of the active fauna prior
to the Mesozoic Marine Revolution (R. a. Berner et al., 2005; Van De Velde et al., 2018).

Over the course of the Phanerozoic, tectonic reconfigurations and changing climatic
conditions drastically changed the marine landscape. The epicontinental seaways recorded in most
the fossil record dried up as tectonic rifting split up Pangea. Narrow shelves that are harder to drive
into hypoxia, rising ocean oxygen partial pressures, well-ventilated mixed oceans, Cenozoic
cooling, and radiations of primary producers gradually relaxed pressures that selected for low
metabolic activity fauna in shallow marine environments (Allison & Wells, 2006; Allmon &
Martin, 2014; Knoll & Follows, 2016; Korte et al., 2015; Smith & Thatje, 2012). We suggest that
better oxygenation of warm coastal waters increased the overall aerobic scope of shallow marine
biotas, enabling the evolution of metabolically active Mesozoic clades. Indeed, occurrence data
show that the fossil record from Mesozoic and later fauna were increasingly found in such open
ocean environments (Figure 7). Some Paleozoic taxa also took advantage of this increased
metabolic scope, but many found that the physiologies that worked so well in the warm, hypoxic

epicontinental seas were now placed at competitive disadvantage in shallow marine ecosystems.
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By comparison, deep ocean environments impose limitations on metabolically active fauna
that may have restricted the invasion of Mesozoic taxa into deeper ocean environments. These
conditions may have provided refuge for Paleozoic-like communities that once occupied shallow
marine environments. The modern deep-sea, unlike the shallow seaways of the Paleozoic, is
usually well-oxygenated but presents other physiological barriers for active fauna. Low
temperatures characteristic of the deep ocean may result in a decrease in metabolic rates due to the
well-documented temperature effects on metabolic rates described by Q10 and the metabolic
theory of ecology (McClain et al., 2012). Hydrostatic pressure also exerts an energetic cost (A.
Brown et al., 2018b; Somero, 1992). Previous studies show that some deep-sea fish have
adaptations on the cellular to physiological levels to adapt to the high pressure of the deep-sea.
Reduced food/energy availability likely constitute additional barriers against high metabolic
activity and diversity in the deep sea (Levin & Gage, 1998; Kenneth L. Smith et al., 2018).

Some studies suggest that selection pressures for high metabolism relax with depth in taxa
reliant on visual information gathering for predation (BA Seibel, 2007). Another possibility, then,
is that visual predators that become common in the shallow marine environments in the Mesozoic
have no reason to maintain a high metabolism in the deep-sea due to limited light availability.
Indeed, many deep-sea organisms that do not rely on visual systems as the primary source of
sensory information intake appear to have similar metabolic rates at most ocean depths. Given that
the Mesozoic Marine Revolution is characterized by an increase in predation and a reliance of
visual environmental intake, we expect this may be another barrier towards metabolically active
fauna in the deep sea.

5. CONCLUSION
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There are substantial physiological and ecological barriers for Mesozoic species in the deep
sea. Our data suggests that Paleozoic species exhibit tolerance to a wide range of oxygen partial
pressures across moderate to low temperatures when compared to Mesozoic taxa, which may
partially explain the continued presence of Paleozoic taxa in the deep-sea. Mesozoic and Paleozoic
taxa appear to have statistically different critical oxygen thresholds at intermediate temperatures
of 15°C and that this difference may be phylogenetically driven.

A common suggested driver for the Mesozoic Marine Revolution is radiation of large,
nutrient dense phytoplankton communities increasing the availability of nutritional resources. Our
data also suggest that oxygen imposes strong constraints on Mesozoic taxa relative to Paleozoic
taxa at most temperatures, and that the oxygen and temperature may be have been limiting
variables towards more active fauna in shallow marine environments across Phanerozoic time.

As these physiological constraints relaxed with increasing oxygen availability, Mesozoic
and Cenozoic fauna began to expand in shallow marine environments, while the environmental
conditions in the deep-sea created refugia for Paleozoic taxa that once were common in shallow
marine environments but were gradually outcompeted. The data here also suggest that over much
of the Phanerozoic, deep-sea and shallow marine environments experienced distinctly different
oxygen partial pressures, similar to modern ocean. We suggest such differences played an
important role in the long-term evolutionary trends of life in the ocean, and provide an evolutionary
foundation for the biogeographic trends between shallow marine and deep sea ecosystems.
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CHAPTERS

CONCLUSIONS

1. MAJOR FINDINGS

Canonical models of atmospheric oxygen have long suggested an early rise in atmospheric
oxygen in the Neoproterozoic followed by a subsequent maximum in pO2 in the Carboniferous
produced by widespread coal deposition (Lyons et al., 2014; Scott & Glasspool, 2006; Wallace et
al., 2017). Outside of these events, model estimates of atmospheric oxygen for the Phanerozoic
show little overlap with one another (Mills et al., 2016). Despite the many suggested links between
oxygen partial pressures and the evolution of life, such models also show little correlation to the
evolutionary trends in marine fossil record (Bambach, 1993; Berner et al., 2005; Droser & Bottjer,
1989; Heim et al., 2015; Thayer, 1979). This dissertation reframes the scientific outlook of oxygen
and evolution across Phanerozoic time through the development of novel sedimentary proxies and
analysis of the physiological activity of modern fauna representative of ancient clades. The end
result of this dissertation is a view of Phanerozoic oxygenation that better distinguishes the
dynamics of atmospheric oxygen from oceanic oxygenation, which appear to have been distinctly
different even over multi-million year timescales. An additional major contribution of this thesis
is assessing oceanic oxygenation and its relationship to major biological trends towards increasing
energetics, burrowing, tiering, and body size evident in the marine fossil record. The research
presented in this thesis is among the first to reconstruct trends in benthic oceanic oxygen across
the Phanerozic and contextualize these dynamics through a paleobiological lens. The end result is
a view of biological evolution and oxygen in the marine environment that are broadly consistent

with one another.
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The first chapter of this thesis addresses a longstanding observation in sedimentary
geology. In the 1970s sedimentologist Derek Ager commented on the ‘persistence of facies’ (Ager,
1973). Notably, carbonate sediments in outcrops across the globe held to a remarkable pattern---
the geologic age of sediments could broadly be determined by their color. Carbonates of Mesozoic
and Paleozoic age were darker in color, often black and grey, while Cenozoic sediments were light
colors such as white and tan. While Derek Ager never explained the drivers of this pattern nor
quantified it, his observations pointed to a first order, seemingly global observation that demanded
explanation.

My thesis directly addresses this by quantifying the reflectance spectra from a global
sample of carbonate sediments. I find that there is an abrupt shift in the colors of carbonate rocks
at ~200 Ma from nearly uniformly grey carbonates in the Paleozoic and early Mesozoic, to
predominately white, yellow or tan carbonates in sequences younger than ~100 Ma. | show that
this abrupt shift in sediment color occurs across depositional environments—from intertidal to
deep sea sediments. As sediment color is largely driven by the presence of organic matter and
redox sensitive trace metals in sediments, | posit that sediment color tracks oxygenation at the
sediment water interface. Indeed, the data strongly suggests changing oxygenation patterns in
ocean basins in the Late Mesozoic and Cenozoic. By ~ 100 Ma carbonate sedimentary facies are
persistently oxic. This result seems to directly contradict models of atmospheric oxygen which
suggest pOz reached at Phanerozoic maxima in the Carboniferous. However, an alternative is that
while atmospheric oxygen may have climbed to near modern or even higher pO2 by the
Carboniferous, the ocean floor was evidently substantially hypoxic until the early Mesozoic. By
examining the paleogeographical distribution of my samples, | suggest that despite a potential

Carboniferous atmosphere hyperoxic relative to today, the unique environmental conditions of
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epeiric seas prevalent throughout much of the Paleozoic may have led to long-term decoupling
between oceanic and atmospheric oxygen concentrations.

My second chapter shows that the metabolic demand of marine communities in the
Phanerozoic mirrors increases in ocean oxygen concentrations suggested by the sediment color
record in Chapter 1. It is well known that the “Mesozoic Marine Revolution” (MMR) produced
clades that were increasingly efficient at burrowing, practicing effective predation, or defense, and
increasing both body size and muscle mass compared to Paleozoic taxa (Bambach, 1993; Bottjer
& Ausich, 1986; Knoll & Follows, 2016a; Oji et al., 2003; Smith et al., 2016; Van De Velde et al.,
2018). Mass specified metabolic rates normalized to the same temperature indicate that the MMR
is not due to increased physiological efficiency of organisms per unit mass, since marine
organisms, as a whole, show no overall trend in mass specific metabolic rates. These data suggest
that there has not been an overall increase in mass specific metabolic rates as might reflect an
overall evolutionary drift toward faster or more efficient metabolisms. Instead, increases in body
size lead to higher metabolic demands in agreement with the Metabolic Theory of Ecology ( Brown
et al., 2004b). Since organisms with large body sizes and high activity levels may be less tolerant
of low oxygen partial pressures, we suggest that this result supports the hypothesis that low oxygen
concentrations were a limiting variable impeding the evolution of increasingly active marine
communities in the Phanerozoic (Rubalcaba, Verberk, Hendriks, et al., 2020). This result departs
from the current scientific paradigm which suggests the Mesozoic Marine Revolution was
exclusively driven by increase in food availability as larger primary producers radiated in coastal
and subsequently pelagic environments (Knoll & Follows, 2016a).

My third chapter examines similarities in community composition between modern deep-

sea and Paleozoic shallow marine ecosystems in light of the evidence produced in the first two
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chapters. The modern deep sea is full of taxonomic groups or look-alike clades that harken to the
Paleozoic. These include stalked crinoids, coelacanths, glass sponges, stony bryozoans, articulate
brachiopods, solitary cup corals, and even trilobite-like isopods (Amemiya et al., 2013;
Chamberlain et al., 1986; Eléaume et al., 2012; Leys et al., 2004; Sigwart et al., 2019; Zezina,
1994). Are these taxa really living fossils, reflective of having lost a competitive edge with more
active, more metabolically efficient shallow marine taxa? If rising oxygen concentrations drove
shallow marine animals towards increased size and activity during the Mesozoic Marine
Revolution, we might expect that the similarities of modern deep-sea communities to Paleozoic
shallow marine communities reflect oxygen availability. Using modern distributional data of fauna
projected onto temperature/pO2 state space, | show that extant relatives of Paleozoic clades in the
deep-sea operate in temperature and oxygen state spaces incompatible with the high metabolism
of shallow marine organisms that originated in the Mesozoic and later. This result is consistent
with the hypothesis that the Paleozoic-like” modern deep sea biota persists because there
organisms win the selective competition for being able to operate in an environment where both
low Oz and low environmental temperatures limit the levels of metabolic activity that can typically
be achieved. In contrast, modern shallow marine organisms work efficiently in warm, well
oxygenated environments where they can effectively outcompete most of the Paleozoic holdovers
and their modern functional analogs. This chapter provides the first mechanistic explanation based
on the physiology of fauna for the similarities between Paleozoic shallow marine and modern
deep-sea organisms.
2. FUTURE RESEARCH

The research presented here yields a number of potential future research opportunities. The

relationship between sediment color and sediment geochemistry warrants further exploration.
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While preliminary results using X-Ray fluorescence tentatively supports the link between redox
sensitive trace metals and sediment color, further refinement of this relationship using techniques
to estimate highly reactive iron, examination of pyrite framboids under scanning electron
microscope, organic matter measurements, and more detailed X-Ray fluorescence measurements
would be useful to build quantitative linkages between sediment color and sediment geochemistry.
An additional line of research would focus on in-situ studies of modern sediment chemistry and
color that include measurements of bottom water oxygen, pore water oxygen levels, pore water
chemistry, and porosity of sediments. This research could potentially yield more quantitative usage
of sediment color as a proxy for past benthic oxygen concentrations.

This dissertation also suggests oxygen concentrations are a limiting variable towards larger
body size and/or increased metabolic activity over long geologic timescales. Given the current
debate surrounding marine oxygen partial pressures and body size, this research suggests further
examination of these linkages. The maximum metabolic rates of modern organisms are
physiologically tuned to the highest oxygen partial pressure experienced by an organism during its
life cycle, usually atmospheric pO2 for shallow marine organisms. Future research examining the
overall effects of atmospheric pO2 lower than today’s on body size and energetics of marine
communities would be useful for interpreting the trends present in the marine fossil record. This
work could also focus on the impacts of highly stratified water columns with minimal
hydrographic connection to open environments, such as in Paleozoic epeiric seas, or on water
column oxygen concentrations decoupled from atmospheric pO2 below wind-mixed surface
waters.

Research focusing on community composition and energetics as a function of changing

oxygen concentrations would also inform a better understanding of the past. In particular, careful
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examination of how shifts in marine oxygen partial pressures affect the structure of benthic
communities would help inform our understanding of the fossil record. While much research has
been done in oxygen minimum zones of Eastern Boundary Currents and it’s affect on marine
community structure, these environments have rapid declines in oxygen concentrations with depth.
Such steep declines in depth towards extremely low oxygen partial pressures make them less than
ideal natural laboratories for understanding how oxygen concentrations at moderate to low
concentrations affect community structure.

Another line of research of personal interest is the long term evolution of information
exchange in marine environments. While much research has been done on how individual
organisms intake and incorporate information from there environment, a promising line of research
in the opinion of the author is examining information transfer between organisms of the same
species, organisms of different species, and the physical environment. Such information transfer
can be quantified in the unit of bits and has the potential to open up new and interesting lines of
research. Bits of information are a unit of measurement readily transferrable across different scales
and between the living and non-living environment. Little research has been done of the magnitude
of information transfer happening at an ecosystem scale, and | believe this will be an important
line of research going forward in the future. Preliminary research not presented here suggests that
information may scale with an organism’s body size and that the type of sensory systems relied on
by organisms may be bounded by physical constraints. If so, this preliminary research suggests
there are underlying principles governing the types of sensory systems used by an organisms and
the magnitude of information an organism can intake. | suggest exploring the links between size,
sensing, and information intake. Developing a firmer understanding of this nexus may potentially

yield the ability to understand information exchange over long evolutionary timescales. | also
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propose that such findings would be of interest to the dynamics of evolution over time. The links
between sensory experience, behavioral plasticity, and evolution would greatly benefit from such
research.
3. FINAL SUMMARY

Understanding the dynamics of atmospheric and oceanic oxygen concentrations is
fundamental to our understanding almost every major process on the planet, including the
evolution of life. This thesis builds upon decades of research analyzing the history of oxygen on
our planet over the last 2.5 Ga and it’s relationship to macroevolutionary trends of multicellular
life in the fossil record. | focus on the Phanerozoic, an interval which began with the radiation of
representatives of all modern metazoans. This thesis contributes to this existing body of knowledge
by constructing one of the first Phanerozoic records of relative oxygen concentrations in benthic
environments, showing the importance of examining how oceanic and atmospheric oxygen
concentrations can be decoupled over intervals of geologic time, and providing powerful

physiological explanations for some of most pronounced trends in the marine fossil record.
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APPENDIX A

SUPPLEMENTAL MATERIALS FOR CHAPTER 2
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Figure 10 — Reflectance data at 550nm.

66



601
€
C
o
o
I
8 401
c
8
[}
ks
b5
[an
* $

400 200 0
Age (Ma)
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Figure 12 — Raw reflectance spectra for oxidized (top), grey (middle), and black (bottom) carbonate
sediment samples.
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APPENDIX B

SUPPLEMENTAL MATERIALS FOR CHAPTER 3

Table 1 — Initial distribution of metabolic data by taxonomy

(Sub)-phylum Ndata | Nspecies | Class Ndata Nspecies
Hyalospongia 64 9
Porifera 373 24 | Demospongiae 309 15
Hydrozoa 600 60
Scyphozoa 867 26
Chnidaria 1656 103 | Anthozoa 189 17
Ctenophora 728 19 | Ctenophora 728 19
Avrticulata 386 10
Brachiopoda 558 28 | Inarticulata 172 18
Plathelminthes 139 6 | Turbellaria 139
Nemertea 145 4 | Enopla 145
Rotifera 87 3 | Rotifera 87
Adenophorea 493 61
Nemata 608 62 | Secernentea 115 1
Aplacophora 3 1
Polyplacophora 141 28
Gastropoda 1716 39
Bivalvia 3857 60
Mollusca 6114 186 | Cephalopoda 397 58
Polychaeta 1124 56
Annelida 1141 60 | Pogonophora 17 4
Branchiopoda 342
Ostracoda 34 7
Cirripedia 237 11
Malacostraca 6661 255
Crustacea 8842 413 | Copepoda 1587 134
Insecta 1096 13 | Pterygota 1096 13
Chaetognatha 466 14 | Chaetognatha 466 14
Asteroidea 1598 48
Ophiuroidea 217 34
Echinoidea 1343 31
Holothuroidea 419 28
Echinodermata 3664 157 | Crinoidea 87 16
Tunicata 389 19 | Ascidiacea 275 7
Thaliacea 90 11 | Thaliacea 90 11
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Chondricthys 169 13

Actinopterygii 1212 51

Sarcopterygii 130 26
Vertebrata 1548 95 | Myxini 37 5
Appendicularia 24 1 | Appendicularia 24 1
Total 27668 1218
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APPENDIX C

SUPPLEMENTAL MATERIALS FOR CHAPTER 4
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Figure 13 — Example of how distribution data is pulled from OBIS and utilized to construct metabolic
index curves in four species. Species longitude and latitude (top left) and depth of occurrence (top right) is
matched with climatological data. Data are plotted onto on temperature and oxygen state space. Green
curves on bottom panels were used in this study and represent temperature vs pcrit curves inferred from
species distribution data. Bottom left panel using climatological data only from the month of the year the
species was reported. Bottom right panel uses temperature and pO; all months of the year from occurrence
location.
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Table 2 — Species used for Mesozoic and Cenozoic groupings.

OBIS Species
Species Name ID Geologic Era
Glyptonotus antarcticus 174803 | Paleozoic
Ophiacantha abnormis 244219 | Paleozoic
Ophiacantha abyssicola 124973 | Paleozoic
Ophiacantha aculetea 183310 | Paleozoic
Monoplacophora Odhner 415 | Paleozoic
Neopilina galatheae 343689 | Paleozoic
Florometra Serratissima 714272 | Paleozoic
Antedon bifida 124201 | Paleozoic
Pleurotomariidae Swainson 196325 | Paleozoic
Lepetelloidea dall 382160 | Paleozoic
Pseudococculinidae Hickman 23106 | Paleozoic
Solemya velum 156994 | Paleozoic
Acharax johnsoni 293239 | Paleozoic
Diplopteraster multipes 124128 | Paleozoic
Hippasteria phrygiana 124043 | Paleozoic
Lophaster fucifer 124156 | Paleozoic
Liothyrella neozelanica 235459 | Paleozoic
Liothyrella uva 231830 | Paleozoic
Gryphus vitreus 104068 | Paleozoic
Gyrothyris mawsoni 235675 | Paleozoic
Microporina borealis 160496 | Paleozoic
Dendrobeania murrayana 111174 | Paleozoic
Schizoporella unicornis 111538 | Paleozoic
Bathynomus giganteus 259252 | Paleozoic
Bathynomus immanis 259253 | Paleozoic
Lophelia pertusa 1245747 | Paleozoic
Oculina varicosa 287102 | Paleozoic
Latimeria chalumnae 217438 | Paleozoic
Heliocidaris erythrogramma 513313 | Mesozoic
Strongylocentrotus droebachiensis 124321 | Mesozoic
Echinostrephus aciculatus 513245 | Mesozoic
Dyspanopeus texanus 443955 | Mesozoic
Dyspanopeus sayi 107412 | Mesozoic
Persephona mediterranea 158443 | Mesozoic
Jasus edwardsii 382879 | Mesozoic
Jasus lalandii 246322 | Mesozoic
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Panulirus interruptus 382898 | Mesozoic
Homarus americanus 156134 | Mesozoic
Dipturus laevis 158548 | Mesozoic
Rostroraja alba 105896 | Mesozoic
Rajella fyllae 105894 | Mesozoic
Pteroplatytrygon violacea 158540 | Mesozoic
Torpedo marmorata 271684 | Mesozoic
Trygonorrhina fasciata 283064 | Mesozoic
Nucella lapillus 140403 | Mesozoic
Reishia clavigera 397003 | Mesozoic
Dicathais orbita 396664 | Mesozoic
Euspira nitida 151894 | Mesozoic
Mysia undata 140728 | Mesozoic
Dosinia lupinus 141912 | Mesozoic
Dosinia caerulea 507581 | Mesozoic
Loligo reynaudii d'Orbigny 220316 | Mesozoic
Doryteuthis (Amerigo) opalescens 410353 | Mesozoic
Sepia officinalis 141444 | Mesozoic
Sepia apama 342111 | Mesozoic
Octopus vulgaris 140605 | Mesozoic
Octopus joubini 341985 | Mesozoic
Cirroteuthis muelleri 342212 | Mesozoic
Magallana gigas 836033 | Mesozoic
Crassostrea virginica 140657 | Mesozoic
Ostrea edulis 140658 | Mesozoic
Florometra serratissima 714272 | Mesozoic
Comatula pectinata 246762 | Mesozoic
Comactinia meridionalis 246741 | Mesozoic
Cenolia trichoptera 246736 | Mesozoic
Seriola lalandi 218436 | Mesozoic
Kajikia audax 712907 | Mesozoic
Oncorhynchus tshawytscha 158075 | Mesozoic
Pseudopleuronectes americanus 158885 | Mesozoic
Caranx melampygus 218419 | Mesozoic
Holacanthus ciliaris 276012 | Mesozoic
Sphyraena barracuda 345843 | Mesozoic
Semicossyphus pulcher 282753 | Mesozoic
Hypsypops rubicundus 281130 | Mesozoic
Gadus chalcogrammus 300735 | Mesozoic
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Notorynchus cepedianus 217628 | Mesozoic
Galeocerdo cuvier 105799 | Mesozoic
Rhincodon typus 105847 | Mesozoic
Callorhinchus callorynchus 278468 | Mesozoic
Sphyrna lewini 105816 | Mesozoic
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