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Abstract: The phrase “Mesozoic marine revolution” refers to the Mesozoic origin of durophagous
predators and the co-evolutionary response of their prey as well as an increase in infaunalization.
However, using “revolution” for a process that takes many tens of millions of years is semantically
improper hyperbole. Durophagous predators and their prey began to co-evolve by the Devonian,
continued into the late Cenozoic and encompassed many distinct and convergent evolutionary
events. Infaunalization has a similar prolonged and complex history. Identifying a single “revolution”
confounds understanding of the multiple events and evolutionary convergences that took place, so
“Mesozoic marine revolution” should be abandoned.
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1. Introduction

Vermeij [1] introduced the phrase “Mesozoic marine revolution” (MMR) to refer
primarily to the Cretaceous origin of durophagous (“shell-destroying”) predators such
as teleost fishes and decapod crustaceans and the co-evolutionary response of their prey
(primarily gastropods) by increasing shell sturdiness. He also drew attention to a perceived
simultaneous increase in benthic grazing and a tendency toward infaunalization. Indeed,
the MMR has come to be seen as a sweeping restructuring of benthic communities and
one of the most significant paleoecological events of the Mesozoic. This “revolution”
thus is identified as the origin of significant durophagous predators (such as shell-boring
gastropods) and an intensification in grazing that resulted in a substantial increase in the
sturdiness of bivalve shells, and the turnover from marine benthic communities dominated
by epifaunal (surface-dwelling) or semi-infaunal animals to a more infaunal benthos [1-3].

Subsequent work, however, pushed the onset of these changes back into the Triassic
or Jurassic, so that the MMR is now perceived to have taken place during most or all of the
Mesozoic. Furthermore, durophagous predators had already evolved during the Paleozoic,
in the Middle Devonian, and their prey items may have also responded co-evolutionarily
to increase shell sturdiness [4]. Infaunalization also began during the late Paleozoic.

Here, we question identifying a single “revolution” or “event” in the co-evolution
of durophagous predators and their prey and the infaunalization of the marine benthos.
We begin by noting that the use of “revolution” for an event that takes tens of millions of
years is simply semantically improper. We then discuss the evidence that durophagous
predators and their prey began to co-evolve in the Devonian (if not earlier), and that
such co-evolution continued into the late Cenozoic. Durophagy evolved in diverse taxa
that evolved a disparate range of anatomical structures for durophagy. Infaunalization
also has a similar prolonged and complex history. Identifying a single “revolution” thus
confounds understanding of the multiple events and evolutionary convergences that
actually took place. Therefore, the phrase and concept “Mesozoic marine revolution” needs
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to be abandoned. We also note that the concept of escalation, the co-evolution of predators
and prey, is open to question, but discussion of this is beyond our scope here.

2. What Is a Revolution?

The term revolution is now popular in paleontology to refer to dramatic events/changes
in the history of life. Thus, there is the Ordovician plankton revolution, the Paleozoic ma-
rine revolution, the Paleozoic phytoplankton revolution, the Mesozoic marine revolution
and the Mesozoic terrestrial revolution, among others. Some similar “events” have differ-
ent suffixes, such as the Cambrian explosion and the great Ordovician biodiversity event
(which even has its own acronym, GOBE). Each of these “revolutions” and “events” took
place over the course of millions or tens of millions of years.

So, there is a semantic problem that needs to be resolved here; namely, the proper
and improper uses of the words “revolution” and “event”. The Merriam Webster English-
language dictionary provides a general definition of a revolution as “a sudden, radical, or
complete change”. Historical revolutions, such as the Bolshevik Revolution of 1917, are
short-lived events that usually last much less than one year. Prolonged historical events
that occur over several years, decades or longer, are usually not referred to as revolutions
(an exception is the French Revolution). Merriam Webster defines the word event as
“something that happens” or “a noteworthy happening”. Clearly, an event is a singular,
one, “happening”, and it is not applicable to a process that lasted for millions of years,
which must encompass events (plural) and not an event (singular).

Therefore, in the fossil record, why would processes that took the entire Cretaceous
Period (about 80 million years) or longer be referred to as either an “event” or a “revolu-
tion?” Furthermore, an “event” that lasted the entire Mesozoic, about 186 million years, also
does not merit the appellation “revolution”. These improper uses of the word revolution
and event are intended to draw attention to the events and, we believe, hyperbolize them.
However, if a perceived evolutionary “process” is a series of events, many not related,
over many millions of years, then the label “revolution” misleads and masks important
evolutionary history.

Recognizing the semantic issues, Vermeij [1], p. 245, stated that the “revolutions” of
the fossil record “are not the instantaneous take-overs or inventions with which we identify
revolutions in human history, but lasted tens of millions of years; yet these episodes are
short relative to the hundreds of millions of years when comparatively little fundamental
change took place in community organization”. However, this statement assumes without
justification that there were long periods of little change in community organization punc-
tuated by shorter “fundamental” changes. We read the fossil record differently, as one in
which the fundamental changes in community organization have been multiple, long term
and/or ongoing, often cumulative, changes. This reading finds substantiation below.

3. How Long Was the Mesozoic Marine “Revolution?”

Sepkoski [5] introduced the idea of a Paleozoic Evolutionary Fauna (PEF) in which
brachiopods and crinoids dominated seafloors, followed by the Modern Evolutionary
Fauna (MEF) in which molluscs dominated seafloors. In the marine benthos, the shift from
the PEF to the MEF was the transition from sedentary epifaunal suspension feeders to
mobile, energetic infaunal suspension feeders, deposit feeders and predators [6]. The MMR
has been seen as a critical step in the change from the PEF to MEF. However, it is clear that
this change began in the late Paleozoic [6] and was heavily influenced by the end Permian
extinctions [7]. For example, there were benthic molluscs (gastropods and bivalves) by
the Pennsylvanian and Permian, and infaunalization, even in nonmarine settings, began
during the late Paleozoic [8,9].

When Vermeij [1] proposed the MMR, the data available to him suggested it was
primarily a Cretaceous event. However, subsequent data and analyses have pushed back
the onset of the MMR to either the Triassic or Jurassic according to various workers,
including Vermei [2]. And there is a so-called “precursor” in the middle Paleozoic.
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4. Paleozoic Events

The oldest evidence of durophagy may be an early Cambrian trilobite with an injury
to its carapace that it likely incurred during ontogeny [10]. A diversity of Paleozoic
durophages includes Late Ordovician durophagous arthropods and an impressive radiation
of mid-Paleozoic durophagous predators (especially fishes) that took place over at least
25 Ma during the Devonian—-Carboniferous [4].

Signor and Brett [4] analyzed changes in marine predation patterns during the Devonian—
Carboniferous, and some credit them with the term “Mid-Palaeozoic Revolution” (MPR) [11]
or “Middle Paleozoic Marine Revolution” (MPMR) [12], though they did not use either
term. Brett et al. [13], p. 98, introduced the term Middle Paleozoic Revolution (MPR),
and Baumiller and Gahn [14] used the term Middle Paleozoic Marine Revolution (MPMR).
However, having taken at least 25 Ma, we reject referring to these “events” as a “revolution”.

Signor and Brett [4], p. 229, observed that “the mid-Paleozoic [Devonian] was punc-
tuated by a rapid radiation of durophagous (shell-crushing) predators” and noted that
there was also “an increase in the frequency of predator-resistant morphologies in a variety
of marine invertebrate taxa”. Indeed, identifying a marked increase in durophagous fish
during the later Devonian and Carboniferous [4], Figure 1, is reinforced by an increase in
the record of angular digestilites of invertebrates in the Mississippian [12,15].

Signor and Brett [4] called this mid-Paleozoic diversification of durophages and the in-
ferred co-evolutionary response a “Paleozoic precursor” to the MMR. However, a precursor
means a “forerunner, harbinger or herald”, so there is some causal connection between two
events. But how can these Paleozoic events, in totally different clades than the Mesozoic
counterparts and separated by more than tens of millions of years from the Mesozoic, be
“precursors?” Thus, as Buatois et al. [3], p. 61, stated, the mid-Paleozoic “event” is “a
distinct episode, whose link with the subsequent MMR is tenuous at best”. Nevertheless, it
shows the possible co-evolution of durophages and their prey has a much older history
than the Mesozoic, as does the record of infaunalization [8,16].

5. Triassic Events

Saloman et al. [17] described regurgitalites from the Middle Triassic Gogolin Formation
in Southern Poland that include angular bivalve shell fragments with sharp, non-abraded,
margins and crinoid ossicles with many breaks. These are inferred to be the regurgitalites
of durophagous vertebrates [17]. Saloman et al. [17] concluded that these regurgitalites
indicate that the MMR may have begun by the Middle Triassic, and Early Triassic coprolites
have been used to suggest that the MMR began even earlier in the Triassic [18-20], as is
also suggested by evidence from the body fossils of marine reptiles [21,22]. The record of
crinoids also suggests significant predation by sea urchins began during the Triassic [23,24].
Indeed, there were diverse Early-Middle Triassic durophages, including the first lobsters,
decapod crustaceans, various fishes and marine reptiles.

Triassic ichnofaunas show limited infaunalization and relatively simple tiering struc-
ture. So, “....the Triassic is better regarded as a prelude to the MMR, rather than part of
this evolutionary breakthrough” [3], p. 63. However, we read the trace fossil record as
indicating infaunalization began in the Paleozoic, experienced a major reset by the end
Permian extinctions, followed by increasing infaunalization throughout the Mesozoic and
much of the Cenozoic, which is a process that took place in diverse clades employing
disparate behavioral strategies over many tens of million years—not a revolution.

6. Jurassic-Cretaceous Events

Hunt and Lucas [15] summarized evidence from ichnology, including regurgitalites [11,25],
consumulites [26,27] and digestilites [28], for increased durophagous vertebrate predation
on invertebrates in the Jurassic and Cretaceous. However, ichthyosaur consumulites
demonstrate that some feeding changes already took place during the Triassic, as Early
and Middle Triassic specimens contain only cephalopod hooklets, whereas Late Triassic
consumulites include both vertebrate remains and mollusk shell fragments [29-34]. This
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corresponds to an ecomorphological diversification of marine vertebrate durophages also
documented by skeletal material [22].

According to Buatois and Mangano [35] (also see [3]), the MMR began in the Jurassic
with an increase in durophagous predation and infaunalization, though some relevant
innovation began in the Late Triassic [2,3,36,37]. Finnegan et al. [36] concluded that the
energy budgets of marine ecosystems increased during the Jurassic—Cretaceous, though
their own data show that the increases began in the Middle-Late Triassic. Vermeij [1]
acknowledged that infaunalization of the soft-bottom benthos began during the Paleozoic
but claimed that what happened in the Cretaceous was dramatic: a Mesozoic community
reorganization. However, that reorganization began in the Triassic (if not before), continued
through the Neogene [3], and there is no discrete infaunalization event that could be called
a “revolution”.

7. Cenozoic Events

The Cenozoic saw the appearance of new clades of more powerful durophages such
as crabs, rays and certain teleosts. The Neogene saw the establishment of modern marine
ecosystems and more complex trace fossil tiering [3,16]. Processes deemed characteristic of
the MMR thus continued and culminated during the late Cenozoic.

8. One Event or Multiple Events?

The preceding brief review indicates that the co-evolution of durophages and their
prey and major changes in benthic communities took place as multiple events in diverse
clades from the Devonian (or earlier) to the Neogene [38—41]. Thus, “in actuality, the
Mesozoic and Cenozoic evolution of predators involved a series of episodes” [16], p. 119.
Indeed, Vermeij [1] listed various modes of molluscivory including crushing (first seen
in Devonian dipnoans) and extraoral/intraoral digestions by asteroids that began in the
Late Ordovician. So, the MMR is singling out part of what was a lengthy and complex
process, including the independent origins of many diverse and disparate durophages over
hundreds of millions of years and the inferred co-evolutionary response of their supposed
prey items.

Many of the durophagous vertebrates convergently evolved broad, flat or rounded
dental pavements for crushing (Figure 1), but other means of crushing evolved; for example,
the massive jaws of some turtles, which lack teeth. And, among crustaceans, other methods
of crushing, such as claws, evolved (Figure 1). To combine all of these durophages into a
single “revolution” conflates multiple evolutionary events in diverse clades with disparate
morphological structures for durophagy into a single event of tens of millions of years
in duration.

Figure 1. Two contrasting solutions to durophagy. Left, Carboniferous lungfish lower jaw and
toothplate from [42], which is used to crush food, in occlusal view. Right, extant lobster, which uses
its claws to crush food (from Wikimedia Commons).
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According to Walker and Brett [16], p. 119, the evolution of durophagous predators
during the Mesozoic and Cenozoic involved “a series of episodes”, which they described
as “episodic but generally increasing predation pressure on marine organisms through
the Mesozoic-Cenozoic interval”. They show many phases of “escalation” [16], Figure 14,
and refer to Cambrian, mid-Paleozoic, Mesozoic and Cenozoic marine revolutions, each of
which took tens to millions of years. However, we question calling these revolutions for
reasons already stated.

Buatois et al. [3], Figure 9.36, illustrated “representative tiering structures and ichnogu-
ilds from selected case studies illustrating infaunal colonization during and in the aftermath
of the MMR”. These are Triassic, Jurassic, Cretaceous, Eocene and Miocene examples of
tiering, each with varied taxa and ichnoguilds in diverse facies, and the only apparent
trend is the increasing numbers of taxa per ichnoguild evident in the Miocene. Clearly,
tiering/infaunalization has a complex history of diverse taxa colonizing varied environ-
ments in different ways at different times. Conflating these as a single MMR combines
multiple events that began in the Paleozoic. Indeed, if we examine the compilations of
Buatois et al. [3] of “common bioturbating ichnogenera” (Table 9.1) and of “bioeroders”
(Table 9.2), more than half of these ichnogenera (35 of 61 bioturbators, 14 of 26 bioeroders)
have Ediacaran/Paleozoic first appearances. This does not support the conclusion that “the
MMR strongly shaped the nature of animal-substrate interactions in the post-Paleozoic
world” [3], p. 60.

9. Conclusions

No single event can be called the MMR. Levels of predation and infaunalization
increased during the Mesozoic as part of a lengthy set of processes that began in the
Paleozoic and, over many tens of millions of years by multiple convergent evolutionary
events, restructured benthic communities. Durophagy first evolved in the Paleozoic and
continued to appear in diverse taxa that evolved disparate morphological adaptations to
durophagy through the Neogene. When you combine multiple events into one, as the
concept of the MMR does, you conceal complexity. Thus, not only is the term MMR simply
semantically misleading, it also embodies a view of the history of the marine biota that is
not matched by the fossil record.
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