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Abstract

Predation is an important process that helps to shape community structure. The study of
predation in the fossil record has often used repair scars — traces of failed predatory attacks left
on prey individuals — to identify differences in predation pressure across space, time, and taxa.
However, fossil studies of communities and predation are often conducted at very different
scales: paleocommunities may be sampled over millions of years while the effects of predation
can be tested within a single bed or assemblage. Here, I used repair scars on brachiopod prey to
evaluate: 1) whether predation is detectable as a driver of fine-scale community structure in the
fossil record, and 2) which prey and environmental characteristics most strongly influence the

likelihood of an individual being repaired over a broad spatio-temporal scale.

Paleocommunity studies have historically focused on depth and other environmental
processes over ecological processes such as predation. This may be due to sampling at large
spatio-temporal scales, at which environmental processes overprint finer-scale ecological ones. I
directly tested predation and depth as drivers of Late Devonian brachiopod paleocommunities
from Iowa over a time interval of ~ 1 My. Ordination of sampled communities revealed that both

predation and depth influenced species distribution, but predation was the primary driver.

Individual characteristics such as prey size, ornament, and latitude have been identified as
having an influence on the frequency and outcome of predatory attacks. However, these
characteristics have infrequently been evaluated for their relative effect size on predation and
only at small scales. Here, I examined Mid- to Late Devonian concavo-convex brachiopods from
across North America for repair scars and created generalized linear mixed models including six

candidate variables to explain and predict the likelihood of an individual being repaired. I found
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that prey size, shell convexity, and paleolatitude were most strongly associated with repairs, and
the effect of size was greater than that of both convexity and paleolatitude. The effect of each of
these variables on the likelihood of repair can be attributed to differences in attack frequency:
attacks were more frequent on larger, less convex (flatter) individuals living at lower latitudes.
The rate of success may have had an additive effect of attacks on larger prey being less

successful, resulting in a greater likelihood of repair for these individuals.

As a whole, these studies revealed that predation can have a detectable influence on
species distribution in the fossil record, and that prey and environmental characteristics — size,
convexity, and paleolatitude in particular — can be used to explain and predict the likelihood of

prey individuals being repaired.
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Chapter 1
Introduction
Predation is an important process that influences evolution and community structure.

Predation pressure can influence the morphology and behaviour of prey (Bertness, 1977; Palmer,
1990; Chivers et al., 2008; Gravem and Morgan, 2017), and in turn, characteristics of the prey
can affect success rates of predatory attacks (Savino and Stein, 1989; Thirgood et al., 2002;
Hostetter et al., 2012; Stafford et al., 2015; Mendonca et al., 2021). In the fossil record, it is
obviously impossible to witness a predatory attack as it happens, so we depend on predation
traces to evaluate predation. Repair scars are common predation traces that result when a
crushing predator fails to crush a shelled prey individual (such as a bivalve, gastropod, or
brachiopod) and instead breaks off a piece of the shell (Alexander, 1986; Kowalewski, 2002).
The prey individual survives and is able to regrow the shell, leaving a scar that is characterized
by thinning in the immediate damage area, alteration to any external ornament in the regrown
portion, and possible thickening of the regrown portion of the shell. As repair scars track failed
attacks, and not mortality, there is ambiguity in their interpretation: a greater frequency of scars
in one sample may reflect either an increased rate of attacks — resulting in both an increase in
repairs as well as successfully crushed shells — or a decrease in the success rate of the predator
(Stafford and Leighton, 2011). Regardless of the cause, detectable differences in repair rates
reflect changes to some aspect of predation in or between systems. Here, my goals were to use
repair scars to 1) determine whether predation can be detected as a driver of species distribution

in fossil communities, and 2) identify which characteristics of prey and their environment are



most strongly associated with the likelihood of an individual being repaired and are therefore

influential on the rates of predatory attacks and success.

The Devonian is an exciting time to study predation as it was a period of intensifying
predation pressure due to the evolution of stronger, more specialized predators (Signor and Brett,
1984). During this time, brachiopods were common and abundant prey (Leighton, 2003a). As
sessile animals, brachiopods depend on characteristics of their shells that would either 1) deter a
predator from attempting an attack, 2) physically prevent a predator from crushing the shell, or
3) hide the prey animal completely to avoid death by predation. These defensive characteristics
are primarily morphological and can be observed even in fossils. During the Paleozoic,
brachiopods of varying morphologies commonly lived together as communities, resulting in
within-community differences in success and attack rates. As paleocommunities changed
through time or across space, the differences in predation rates would become detectable
between communities, with greater success frequencies occurring in paleocommunities with

more abundant fragile taxa.

Surprisingly, the influence of predation on community structure has never been tested in
the fossil record. This may be due to scale, as paleocommunities are commonly sampled across
onshore-offshore gradients or very long time intervals (Boucot, 1975; Springer and Bambach,
1985; Brett et al., 1993; Patzkowsky and Holland, 2012). Environmental processes have
historically been the primary focus as drivers of paleocommunities (Patzkowsky and Holland,
2012) and there is some evidence that fine-scale processes, such as predation, can be overprinted
by these larger-scale environmental processes when sampling scales are large (Lafferty et al.,
1994; Forcino et al., 2012). Ecological and other fine-scale processes may, however, still be

detectable where sampling is conducted at a finer temporal or spatial resolution (Olszewski and



Patzkowsky, 2001). In chapter 2, I tested predation as a driver of community structure for a suite
of brachiopod assemblages from the Late Devonian (Frasnian) of lowa. A positive result would
indicate that predation has had a significant control on community structure since the Paleozoic,
and that our understanding of paleocommunities can benefit from the examination of ecological

controls.

As previously mentioned, not only can predation exert an influence on prey species, the
prey and environments they live in can also influence the attack and success rates of predators.
As predators were evolving throughout the Devonian, it is expected that their prey similarly
evolved to adapt to these new threats (Vermeij, 1987). Fossils of prey that were better defended
against their predators would likely show greater repair rates, as predators would be less
successful against strong prey. A number of individual characteristics that influence predation
have been identified (Palmer, 1979; Vermeij, 1987; Alexander, 1989; Alexander, 1990; Brett and
Walker, 2002; Leighton, 2003b; Johnsen et al, 2013; Harper and Peck, 2016; Leighton and Tyler,
2021 among others) but have infrequently been tested against one another for the strength of
their effects. Stafford et al. (2015) did compare the effects of predator abundance, prey size, prey
shell thickness, and water energy; finding that predator abundance was the strongest predictor of
an individual being repaired. However, this study was limited by its spatial scale, only examining
the coastline along Vancouver Island, Canada. In chapter 3 of this thesis, I assessed broad-scale
trends in predation on concavo-convex brachiopods from across North America during the Mid-
to Late (Givetian to Frasnian) Devonian. I tested six candidate variables to determine which had
the strongest influence on the likelihood of an individual brachiopod being repaired. This study
can provide understanding into how morphological and environmental characteristics influence

predation as well as determine whether characteristics that have previously been identified on



local scales have an equal influence on a broader spatio-temporal scale. The goals of this thesis
were to 1) determine whether predation can be detected as a driver of species distribution and
community structure in fossil communities, and 2) identify which prey and environmental

characteristics are most influential on the likelihood of a prey individual having a repair scar.
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Chapter 2

Assessing the relative influence of biotic and environmental processes on paleocommunities

2.1 Introduction

The distribution of fossils in rock packages has frequently been used to aid in the
interpretation of paleoenvironments (Savrda and Bottjer, 1991; Brett, 1998; Patzkowsky and
Holland, 2012). Examinations of fossil assemblages through time or space commonly identify
water depth as the primary variable that separates marine biofacies (Boucot, 1975; Springer and
Bambach, 1985; Brett et al., 1993; Scarponi and Kowalewski, 2004; Patzkowsky and Holland,
2012). This is an advantageous result as depth is a single variable that correlates with many other
environmental properties including water temperature, water energy, oxygenation, salinity, light,
and nutrient content. The identification of biofacies and their associated depths can then provide
a basic understanding of a system. Despite these promising results from paleontological studies,
many modern studies identify properties other than depth as the drivers of species distribution
(Feder et al., 1994; McKinney and Hageman, 2006; Freestone et al., 2020). Ecological (biotic),
rather than physical, properties are often identified as drivers by modern studies and this
disconnect with the fossil data may be due to scale. If so, paleontological studies may be missing
important information that could further improve our understanding and recognition of biofacies.
The goal of the present study is to test for the influences of both depth and a biotic variable

(predation) on a suite of fossil assemblages through time.

Fossil studies have commonly compared paleocommunities (recurring fossil assemblages
of multiple interacting species) over large geographic or temporal scales such as entire basins or

millions of years. Sampling at scales at which transgressive-regressive (T-R) cycles or onshore-



offshore gradients can be detected may increase the likelihood of depth-associated biofacies due
to the different organisms that inhabit varying depths. Several studies have directly examined the
effects of scale on community structure and its drivers. Lafferty et al. (1994) compared faunal
transitions within temporally constrained beds and found that variation in community structure is
greater between outcrops than within them. In a similar study, Forcino et al. (2012) determined
that lateral variation was only significant when fossil assemblages were studied at finer temporal
scales. These results both suggest that fine-scale variation in community structure — and the
processes driving this variation — are important influences on communities but may become

overprinted by larger-scale factors.

We do not mean to suggest that study at a fine scale is inherently better, rather that the
answers to the questions we may ask about ancient life and environments may depend on the
scale at which they are studied. In fact, a section that is sampled at a high frequency over a long
interval may be the most beneficial to geologists and paleontologists alike as it would span a
broad enough interval to detect depth changes while also having a fine enough resolution to
recognize changes in ecological processes. This methodology essentially describes Olszewski
and Patzkowsky (2001): within a 2.5 Myr package of meter-scale stratigraphic cycles (~50 000
years for each cycle), they identified two paleocommunities — one brachiopod-dominated, the
other bivalve-dominated — driven by a depth gradient. A further examination of just the
brachiopod-dominated paleocommunity revealed that differences in taxonomic composition of
each sample were driven by oxygenation. Clearly then, it is possible to detect fine-scale
processes as drivers of community structure, but even the above studies have limited their

analyses to physical environmental factors.



Redman et al. (2007) did specifically examine ecological factors and demonstrated that
life mode — and not water depth — controlled bivalve species distribution in the Pliocene of
California, with a study interval of <1 Myr and area of ~0.32 km2. In this study, however, water
depth did not vary significantly between the samples and so it was not surprising that depth was
not a driver. The question remains, then, as to whether fine-scale ecological processes can be
identified as drivers of community structure where there is also significant environmental

variation.

Here, we identify whether water depth and predation were drivers of brachiopod
paleocommunities in the Late Devonian (Frasnian) of lowa. The Cerro Gordo Member of the
Lime Creek Formation spanned <1 Myr (Witzke and Bunker, 1996; Kaufman, 2006) and was a
period of shallowing and warming in the lowa basin (Witzke and Bunker, 1996; van Geldern et
al., 2006). Predation was tested as a possible ecological driver because brachiopods from this
formation were frequent victims of crushing and drilling attacks (Leighton, 2001; Johnsen et al.,
2013; personal observation); if an ecological driver were detectable in this unit, predation would
be a likely candidate. This study tests whether ecological processes can be detected as drivers of
species distribution in the fossil record. Such a finding would suggest that a fuller understanding

of biofacies can be aided by an examination of fine scale processes.

2.2 Material and Methods
We bulk-collected and identified 4107 brachiopod fossils from the Rockford Fossil &
Prairie Preserve and Bird Hill in Iowa (Figure 2.1a). We then used oxygen isotope and magnetic

susceptibility data for the section reported in De Vleeschouwer et al. (2017) as environmental
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proxies. These measurements were taken from bulk carbonate and so the oxygen isotopes reflect
temperatures throughout the water column rather than just from the sea floor (Brand et al., 2012;
Reghellin et al., 2015), making them an inappropriate proxy for depth. Because of this, we used
oxygen isotope data as a broad climatic indicator where increasing isotopic values are related to
general cooling in the system. Magnetic susceptibility has been increasingly used as a proxy for
relative sea level (Crick et al., 1997; Whalen and Day, 2010; Da Silva et al., 2015 among others),
especially in carbonate platform settings where lowering sea level is associated with increased
detrital input (Da Silva et al., 2009) and therefore increased magnetic susceptibility values. The
Cerro Gordo Member was deposited in a carbonate platform setting (Witzke and Bunker, 1996)
and so we used magnetic susceptibility as a proxy for depth, inferring an inverse relationship
between the two. Following Witzke and Bunker (1996), the Cerro Gordo Member has been
interpreted as a period of constant sea level fall, so we used the ranked height of each sample in
the section as an additional proxy for depth wherein stratigraphic height and inferred paleodepth
are inversely correlated (Figure 2.1b). Our environmental proxies were then: 1) magnetic
susceptibility (MS) and 2) stratigraphic height (SH) to infer paleodepth, and 3) oxygen isotopes

to infer climatic temperature conditions.

We measured predation by two metrics: repair rate (Rr) and weighted mean ornament
(WMO; Leighton, 2003). Rr was calculated as the number of failed attacks divided by the
number of specimens in a sample (Rf2 of Molinaro et al., 2014); failed attacks are identified by
repair scars, which are formed when a crushing predator fractures the shell, but the prey animal
survives and heals the shell, leaving a scar (Alexander, 1986; Kowalewski, 2002) (Figure 2.2).
WMO is a measure of the relative ornamentation of all specimens in a sample and — as

brachiopods rely heavily on external ornament for defense from predators (Leighton, 2003) —is a
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suitable proxy for overall defensive capabilities and ability to avoid successful predatory attacks;
WMO also represents the prey assemblage from the predator’s point of view. The calculation of
WMO requires each specimen be assigned to an ornament category; the categories are given
values of 1 to 4 and represent an increase in ornament with increasing value. More specifically,
the categories are: 1) smooth, 2) costate or lamellose, 3) multiplicate or rugose, and 4) spinose.

Where N is the number of specimens in a sample, WMO is then:

WMO = (X (Ni * categoryi)) / (N)

An important difference in the application of these two predation methods is that while
WMO was performed on all members of each sample, repair rate was calculated using only the
Class Strophomenata (the concavo-convex brachiopods). Biconvex brachiopods have
significantly lower repair rates than the strophomenates (Alexander, 1986; Leighton, 2013;
Pruden et al., 2018) and therefore repair rates would be much smaller and differences more
difficult to detect between samples if all brachiopods were used. WMO can be used to verify that
the measured Rr reflects the predation pressure for the assemblage as a whole — and not just the
strophomenates — if the results for the two metrics conform with each other. To ensure accurate
repair rates were sampled, we limited our study to only those samples with at least 30 well-

preserved strophomenates. This resulted in an analysis of 3835 specimens from 12 samples.

We performed NMDS ordination using the relative Sorensen distance measure in R
(vegan package, version 2.5-7) to visualize samples based on their taxonomic composition and to
identify paleocommunities. NMDS is an heuristic approach and does not identify the axes in
order of amount of variance explained, limiting our ability to determine which process —

predation or depth — may be the primary driver in our study. To solve this problem, we
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performed principal components analysis (PCA) on the scores of our NMDS result. We then
used the envfit function to map gradients of our environmental and predation variables onto the
NMDS ordination and performed Spearman rank correlations between each variable and each
axis to identify drivers. We also performed Spearman rank correlations between all variables to
1) ensure that variables we have identified as predation or depth metrics are related to each other
(ie. Rr is correlated with WMO and MS is correlated with SH) and 2) determine whether
predation may have been dependent on an environmental process — in which case a predation
metric (Rr or WMO) would be correlated with an environmental proxy (MS, SH, or oxygen

isotopes).

2.3 Results

The selected NMDS ordination used two axes (final stress = 5.721 %; stress from a three-
axis result = 2.827 %). The two-axis solution was chosen as stress values < 10 % are considered
reasonable (McCune and Grace, 2002), the distribution of samples across the first two axes did
not change with the addition of a third axis, and no variable of interest was correlated with the
third axis. The samples were divided into two major clouds in ordination space (Figure 2.3a).
The separation of these clouds generally follows the height in stratigraphic section (cloud 1 [red]
being lower and cloud 2 [blue] being higher in section). Fitting the variables of interest onto the
ordination (Figure 2.3b) revealed Rr to be strongly correlated with the first axis while both depth
proxies — MS and SH — were correlated with the second axis, and these results were replicated
with Spearman rank correlations (Table 1.1). WMO had a moderate correlation with each axis,
although neither relationship was statistically significant. Oxygen isotopes were not significantly

correlated with either ordination axis. Spearman correlations between variables of interest (Table
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1.2) showed strong relationships between predation proxies (Rr and WMO) as well as between
depth proxies (MS and SH). These correlations did not reveal a relationship between repairs and

any environmental variable, however, WMO was correlated with MS.

2.4 Discussion

We found that predation and depth were both drivers of community structure of Late
Devonian brachiopods of lowa. This is evidenced by the correlations between Rr and the first
axis, and both MS and SH and the second axis of ordination. As Rr measures direct evidence of
predation — one scar records one failed predatory attack — differences in Rr will always represent
changes in predation pressure in the system. Here, the correlation of Rr and the first ordination
axis indicates that predation was the primary driver of community structure within the section.
While using the stratigraphic height as a proxy for depth could result in missing small changes in
sea level, the fact that SH and MS are significantly correlated enables us to more confidently
interpret the section as a period of constant sea level fall. This interpretation allows for the
inference of depth being associated with the second axis of ordination, and therefore being a

driver of community structure.

Contrasting with most other marine paleocommunity studies (summarized in Patzkowsky
and Holland, 2012), depth — by means of proxy of MS and SH — was not correlated with the first
axis of our ordination and so was not the primary community driver. This is potentially owing to
the scale of our study. Redman et al. (2007) showed that spatiotemporal scale is important to
whether depth will be detected as a driver. This effect has also been found in modern studies that

examined multiple spatial scales (Grill and Zuschin, 2001; Ghiglione et al., 2005; Blanchard and
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Feder, 2014). Paleocommunities are frequently studied at scales that may be biased towards the
detection of larger-scale processes such as depth. This may be at the expense of overprinting
finer-scale variation in community structure and its associated drivers. Time averaging also has a
role in removing fine-scale variation, but as Olszewski (1999) and others have pointed out, this
can be advantageous in reducing noise in the data, and high frequency sampling with a sufficient
number of individuals should still enable the detection of finer-scale trends. We examined a
section in which sea level was falling but the environment can still be described as the margin of
the inner shelf throughout the duration of the unit (Witzke and Bunker, 1996). This implies that
the change in depth was very modest relative to most paleocommunity studies and,

correspondingly, depth had only a modest influence on community structure.

While Rr was clearly correlated with the first axis, the results of our two predation
metrics were not consistent with one another. WMO was not strongly correlated with either
ordination axis but was correlated with both Rr and MS. This suggests that ornament is not
influenced by a single factor. Previous studies have shown that brachiopod ornament —
specifically spines — can act as defense against predation (Alexander, 2001; Leighton, 2001;
Johnsen et al., 2013) and as a mechanism to stabilize or anchor the animal on the substrate
(Grant, 1966; Alexander, 1984; Garcia et al., 2018; Dievert et al., 2021). Our results support the
idea that ornament serves multiple purposes for brachiopods as sessile animals. We can still,
however, infer predation as a driver of species distribution due to Rr providing direct evidence

for predation pressure in a system.

Predation was the primary driver of species distribution in our study. The lack of
previous work examining the effect of predation on paleocommunities may be due to either 1)

the difficulty of obtaining quantifiable evidence of predation in fossils or 2) the idea that
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predation and other ecological processes operate on finer spatiotemporal scales than can be
observed in the fossil record. Our work here demonstrates the latter explanation to be false,
although there may be a limit beyond which these ecological processes become overprinted by
larger-scale processes. Scaling up is a hypothesis from macroecology (summarized in Teng et al.,
2020) that suggests that processes that are important to ecosystem function will be observable at
multiple scales. It is evident from our findings — in addition to many modern studies — that
predation is a key process driving modern and fossil community structure and that failing to

examine it runs the risk of losing potentially critical information.

We identified two paleocommunities — described as clouds in the ordination — that were
separated by depth and predation. The first community (red cloud in Figure 2.3a) was from
deeper water and generally displayed greater predation pressure compared to the second
community (blue cloud in Figure 2.3a). The first community is dominated by Pseudoatrypa
(32%) and Theodossia (20%) and will henceforth be referred to as the Pseudoatrypa-Theodossia
community. The second community is dominated by Douvillina (30%) and Sulcatostrophia
(22%) and as such will be referred to as the Douvillina-Sulcatostrophia community. Apart from
two samples — R-N8 and R-E14 — these communities are separated temporally, with the
Pseudoatrypa-Theodossia community transitioning to the Douvillina-Sulcatostrophia
community midway through the section (Figure 2.3¢). Sample R-N8 is unusual in that it is
heavily dominated by Douvillina (83%) while other samples have a more even distribution of
taxa. While sample R-E14 is distinctly part of the Pseudoatrypa-Theodossia community, it does
have a greater relative abundance of Douvillina which could represent a transitional phase

between the two communities.
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As sea level fall is associated with stratigraphic height in the section, it could be difficult
to disentangle the reasoning for the transition from the Pseudoatrypa-Theodossia community to
the Douvillina-Sulcatostrophia community. If the shift in communities were due to the passage
of time, we would expect (local) extinction of some species from the Pseudoatrypa-Theodossia
community and potential evolution or recruitment of new species into the Douvillina-
Sulcatostrophia community. This is not the case here; no taxon that was abundant in any one
sample appeared or disappeared from the area within the studied section, and the differences
between paleocommunities are attributed to changes in the relative abundance of taxa not
presence or absence. The shift in paleocommunities, then, must be due to the environmental

changes related to sea level fall.

The use of fossils as paleoenvironmental indicators is valid where environmental
tolerances of a species are well defined, however, species distribution may also be limited by
ecological factors. The fundamental niche of a taxon can be defined by environmental tolerances,
but it is rare for species to occupy the fundamental niche space fully (MacArthur, 1972).
Including biotic interactions in paleocommunity studies can help refine our understanding of the
realized niche space of these organisms. This can, in turn, result in improved biofacies
constructions that represent community-level responses to environmental changes. We also echo
previous studies (Levin, 1992; Redman et al., 2007; Bennington et al., 2009; Forcino et al., 2012)
that urge a greater focus on spatial and temporal scale when examining community structure and

constructing biofacies.
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Table 2.1

Spearman rank correlations of variables of interest with each ordination axis. Significant
correlations shown in bold. Rr = repair rate; WMO = weighted mean ornament; Strat =

stratigraphic height; Mag = magnetic susceptibility; 8180 = oxygen isotopes.

Metric Axis 1 Axis 2

Ts p Ts p
Rr 0.629 0.032 0.287 0.366
WMO 0.552 0.067 0.517 0.089
Strat -0.123 0.704 0.820 0.001
Mag 0.011 0.974 0.687 0.014
81%0 -0.221 0.491 0.427 0.166
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Table 2.2

Spearman rank correlations between variables of interest. Significant correlations shown in bold.

Abbreviations as in Table 1.1.

WMO Strat Mag 3120
Is p I P I P I p
Rr 0.692 0.016 | 0.119 0.712 | 0.217 0.498 | -0.245 0.442
WMO 0.550 0.064 | 0.664 0.027 | 0.081 0.804
Strat 0.663 0.019 | 0.530 0.076
Mag 0.530  0.076
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Figure 2.1

(A) Map of Floyd County, lowa with sample locations, 1. Rockford Fossil & Prairie Preserve, 2.
Bird Hill. (B) Stratigraphic column of the Lime Creek Formation at sampling sites
indicating the position of each sample. Sample names and locations are defined in the

Supplemental Material'. Modified from Day and Witzke, 2017.
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Figure 2.2

Example of a repair scar on Douvillina arcuata. Repair highlighted in white.
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Figure 2.3

2-axis NMDS ordination of brachiopod samples. A) Sample distribution in ordination space with clouds showing paleocommunities;

Pseudoatrypa-Theodossia community in red, Douvillina-Sulcatostrophia community in blue; sample names as in Figure 1.1. B)

Fit of variables of interest onto ordination; arrows point in direction of maximum correlation with the ordination; arrow length

represents strength of correlation. C) Temporal trend of samples in ordination space; oldest sample in bottom left, youngest

sample at top right; arrows connect samples temporally; colour gradient transitions from older samples (dark blue) to younger

samples (light blue).
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Chapter 3
The influence of brachiopod prey and environmental characteristics on predation

3.1 Introduction

Predation is a known driver of community structure and ecology, and a significant body of
research has determined that both characteristics of prey and features of their environment can
have an impact on predation rates and predator success. Several modern studies have observed
the effects of biological and environmental factors on individual predator-prey systems (Savino
and Stein, 1989; Thirgood et al., 2002; Hostetter et al., 2012 etc.). Others have explored the
various influences on predation within whole ecosystems such as seagrass communities (Orth et
al., 1984), rocky intertidal communities (Menge and Sutherland, 1976, 1987) and forests (Shultz
et al., 2004). Stafford et al. (2015) identified predator abundance as the most significant
influence on crushing predation rates of the gastropod Tegula funebralis while prey morphology
and environmental characteristics had a lesser influence. This study though was on a small
geographic scale — limited to a single coastline on Vancouver Island — and only examined a
single prey taxon. A recent study from Mendonca et al. (2021) suggested that differences in prey
species’ defenses are associated with the likelihood of a successful predatory attack. Identifying
which morphological characteristics and environmental properties are correlated with predation
rates may provide insight into how prey animals respond to predation and whether their
responses are predictable across time, space, and taxa. In this study, we compared crushing
predation rates between Devonian brachiopods from 46 communities in North America, covering
5 basins from the Northwest Territories, Canada to New York state, USA. These brachiopods
were sedentary and depended primarily on the strength and size of their shells to avoid death by

predation. Using generalized linear mixed models (GLMMs), we tested which characteristics
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most influenced the likelihood of an individual brachiopod surviving a crushing attack. This
analysis may provide a general framework that can be used to predict predation pressure on
Devonian brachiopods, as well as isolate morphological features that are protective against
predatory attacks.

Brachiopods were a major component of marine ecosystems in the Devonian, comprising
842 genera (PaleoBioDB) and constituting an impressive 35% of Devonian fossil occurrences
(PaleoBioDB). They were also very widespread, with known occurrences from 0-75 degrees of
paleolatitude globally (Williams, 1965) — most likely only lacking polar occurrences due to a
lack of polar fossiliferous rock. Because they were such a diverse and abundant group,
brachiopods were readily available prey for many predators, including arthropods, gastropods,
and recently evolved jawed fish (Signor and Brett, 1984). While it is obviously impossible to
witness predation occurring in fossil systems, several distinct traces may be examined on
fossilized shells: drill holes and repair scars. Researchers who study drilling predation have the
advantage of a complete system: complete drill holes represent successful attacks, incomplete
holes represent failed attacks, and shells without a hole have not been attacked. Drilling is not,
however, a significant source of mortality for many invertebrates. Crushing predators tend to be
larger and feed more often than drillers; for example, modern red rock crabs (Cancer productus)
consume multiple mussels in a day (Leighton and Tyler, 2021) whereas the predatory gastropod
Nucella crassilabrum rarely consumes more than a single mussel within a 7-day period (Dye,
1991). Additionally, modern gastropods can require up to several days to drill through an
invertebrate shell completely (Hughes and Dunkin, 1984; citations), a time frame in which it is
increasingly likely that a predator of the gastropod itself could arrive, resulting in a failed attack

and an incomplete drillhole (Palmer, 1990; Chattopadhyay and Baumiller, 2007). Crushing

30



predators, in contrast, can rapidly complete an attack once a prey individual has been found. The
handling time of mussels for modern crabs is less than 30 seconds for red rock crabs (Cancer
productus; Tyler and Leighton, 2021) and no more than 2 minutes for European green crabs
(Carcinus maenas; Smallgange and Van der Meer, 2003), while modern shell crushing fish
require an average of 20 to 80 seconds (Naddafi and Rudstam, 2014). However, even predators
with high success rates require more time to attack prey with stronger defenses (Barclay et al.,
2020; Mendonca et al., 2021), and this additional handling time could provide an opportunity for
higher trophic level predators to arrive, resulting in the crusher either abandoning its prey or
being attacked itself. As Devonian crushers were not as specialized as their modern counterparts
- crabs would not evolve until the Jurassic (Krobicki and Zaton, 2008) and living arthropods at
the time did not possess sophisticated mouthparts or appendages specialized for crushing (Signor
and Brett, 1984 and references therein; Vermeij, 1987) - their handling time may have been
greater in general, and significantly increased when encountering added shell defenses. It should,
however, also be noted that brachiopod shells are much thinner than bivalve shells
(Behrensmeyer et al., 2005). A successful attack, then, would depend on the capabilities of the
predator relative to the anti-predatory strategies of its prey. Leighton (2003) demonstrated that
crushing predators were a significant source of mortality for Devonian brachiopods so for this
and the aforementioned reasons we chose crushing predation as the focus of this study.

In the fossil record, we study crushing predation using repair scars, which represent failed
attacks. These are produced when a predator attempts to crush the shell of an animal such as a
brachiopod but fails and is only able to break off a piece of the shell rather than crush it entirely.
The surviving animal then regrows the shell but leaves a distinctive scar that may be recognized

by thinning of the shell in the immediate damage area and a change or distortion of the shell
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ornament in the re-grown portion which may be accompanied by thickening of the shell (Figure
3.1). These scars are easily recognizable in well preserved fossils, and the frequency of repairs is
often used to compare predation rates between samples (Vermeij et al., 1980; Leighton, 2002;
Alexander and Dietl, 2003; Leighton et al., 2013; Molinaro et al., 2014). The repair frequency
does introduce some ambiguity in that a sample with a greater repair frequency may be so due to
a lower success rate — resulting in fewer crushed shells and more repairs — or to a greater attack
frequency — that would result in more repaired shells but also more successfully crushed shells
that are shattered completely (Stafford and Leighton, 2011) and thus likely lost to the fossil
record (but see Saloman et al., 2014 and Leighton et al., 2016). However, the traits associated
with failed attacks should be those that are anti-predatory — whether specifically evolved for this
purpose or evolved separately with the added benefit of being protective — so there is the
potential that members of communities with greater repair rates possess characteristics that are
better adapted to defend against predatory attacks (Vermeij, 1987).

The characteristics on which we focused in this study include features of the brachiopod
shells themselves, and regional environmental traits that may be associated with predator
strength and capabilities. As brachiopods are sessile animals, they are unable to protect
themselves from predatory attacks through escape so only features that would deter a predator
from attempting an attack, physically prevent a predator from crushing the shell, or hide the prey
completely could be anti-predatory. These defenses are typically morphological; they are
observable even in the fossil record. Of the brachiopod groups that lived during the Devonian,
only members of Class Strophomenata frequently preserve repair scars (Alexander, 1986; Pruden
et al., 2018). This is potentially owing to their concavo-convex morphology, which may have

caused them to be less likely to shatter completely than the biconvex rhynchonellates
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(Alexander, 1989), but it may be more likely that they were preferred prey and attacked more
frequently (Pruden et al., 2018). Strophomenates possessed a general shared external
morphology that differed between members within the group mainly in 1) overall shell size, 2)
shell thickness, 3) convexity, and 4) external ornament. 1) Large size can be advantageous to
sessile organisms in deterring crushing predators, especially those that are gape-limited such as
the ptyctodont placoderm fish that would have preyed on Devonian brachiopods (Signor and
Brett, 1984; Brett and Walker, 2002; Leighton, 2003). Phyllocarid arthropods (which were much
larger in the Devonian than their modern counterparts), also potential predators, may have
avoided taking especially large prey that would have been difficult to manipulate in their
appendages. Even a predator capable of crushing such large prey may require multiple attempts
(Boulding and LaBarbera, 1986) and the increase in handling time may be undesirable to a
predator such that they would abandon the attack. 2) Shell thickness impacts the strength
required to crush a shelled animal (Alexander, 1990), and we may predict that a thicker-valved
brachiopod species would experience fewer successful attacks than a thin-shelled species
(Vermeij, 1982). 3) Convexity of the shell could also affect the result of a predatory attack: a
very flat shell may be easier to grasp while a more convex shell could prevent smaller predators
from attacking due again to gape limitations. Even a large enough predator may only be able to
reach a small distance beyond the commissure, relying on propagation of damage across the shell
in order to crush it completely. Alexander (1989) demonstrated that for Ordovician
strophomenates, sublethal fractures were more common in more convex and geniculate
individuals whereas, in crushing experiments, flatter individuals were more likely to break in an
anterior-posterior direction. This form of breakage in planoconvex individuals, if generalizable

to fractures generated by crushing predators, would result in a very low likelihood of surviving a
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crushing attack, as the fracture would propagate into the body cavity. 4) As for ornament,
Johnsen et al. (2013) demonstrated that spinose brachiopods enter a size refuge at a smaller size
than non-spinose brachiopods from the same Devonian community, suggesting spines increase
the effective size of the brachiopod and deter predators from attacking. Ornament may also
reduce vulnerability to predation through strengthening of the shell (Alexander, 1990; Miller and
LaBarbera, 1995), and preventing the propagation of damage (Alexander, 1989). While each of
these features may be useful against a general predator, variation in predator capabilities is also
expected to exist over space and time.

North America in the Devonian, along with parts of Russia and Europe, was part of the
larger paleo-continent of Laurussia. This paleocontinent was situated across the equator, with
modern Canada’s Northwest Territories in the heart of the tropics, and New York State at a
paleo-latitude of ~30-40 oS throughout the period (Figure 3.2). A warmer global climate caused
much of the continent to be flooded by a shallow seaway (Day et al., 1996). During intervals of
relatively low sea level, this seaway was divided into multiple basins, five of which were
examined in the present study: the Western Canadian Sedimentary Basin (WCSB), the lowa
Basin, the Illinois Basin, the Michigan Basin, and the Appalachian Basin. The WCSB and Iowa
basin had the most limited communication owing to the Transcontinental Arch (TCA) between
them. Communication between Laurussia and other paleocontinents was also limited due to the
Appalachian Mountains and subduction zones to the south, open ocean to the west, and the
terrestrial portion of Laurussia to the east and north. This resulted in only a narrow passage in the
northwest of the continent that was flooded, allowing for migration of taxa into the WCSB from
the shallow waters surrounding Siberia. Depending on their larval dispersal and mobility, these

taxa may then have propagated throughout the WCSB and across the Transcontinental Arch into
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the southern basins. Studies of multiple higher taxa suggest that this was the common direction
of migration for predators and prey during this time (Boucot et al., 1967; Oliver, 1977, Bailey,
1978).

Among the evolving and spreading taxa was the Order Ptyctodontida which was the first
group composed entirely of durophagous fish. While they first appeared in the Early Devonian
(Brazeau and Freidman, 2015), they did not reach the continental interior of Laurussia until the
Eifelian (Young, 2010; Stack and Sallan, 2018). The ptyctodonts, along with crushing
arthropods, evolved to become stronger and increasingly specialized through the Givetian and
Frasnian (Signor and Brett, 1984) which may have caused an increase in predation pressure.
Unfortunately, fossilized predators are exceedingly rare so we cannot easily study their features
directly to estimate their capabilities. Instead, we focused on environmental characteristics which
may be associated with predator strength. Modern communities living at low latitudes and high
temperatures, for example, often possess stronger, more diverse, and more specialized predators
than those living in high latitude, low temperature regions (Palmer, 1979; Vermeij, 1987; Harper
and Peck, 2016). Lab experiments have also determined that some invertebrate predators attack
prey more frequently at higher temperatures (Leighton and Tyler, 2021). While it is uncertain
whether this pattern has persisted continuously since the Devonian, there is evidence for greater
predation pressure near the equator in the Devonian (Leighton, 1999), even if the tropics were
expanded such that the temperature gradient was much weaker from equator to poles (Brand,
1989; Copper and Scotese, 2003). North America also experienced a gradient in sedimentary
regime from highly clastic in the south due to erosion from the rising Appalachian Mountains, to
carbonate-dominated in the north (Cooper et al., 1942). It is unclear whether the sediment would

have affected predation directly — such as by reduced visibility from a high clastic sediment load
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or an excess of available calcium carbonate to strengthen brachiopod shells. Sediment type may
rather have been a proxy for other characteristics such as biomass, nutrient availability, or water
depth. The five sedimentary basins could also exhibit differences in predation between them.
During intervals of low sea level when the basins were isolated from one another, predators and
their prey could have evolved independently of the other basins, resulting in different predation
pressures and success rates.

If the brachiopods evolved to adapt to their new predators, we may expect trends in
morphology through time selecting for larger and stronger shells. What may be more difficult to
predict is how these morphological trends vary with repair rates. To test these trends, we have
selected six candidate variables that we hypothesize to have an influence on predation. These
variables include age, features of the brachiopod shells and characteristics of the environments in
which they lived. We aim to create GLMMs that will identify which of our candidate variables

are most significant in predicting the likelihood of repair (LOR) for individual brachiopods.

3.2 Methods

3.2.1 Data Collection

We obtained the brachiopods for this study through field work and museum collections,
resulting in a data set of 3325 individuals (Table 3.1). These represent 16 formations across five
North American basins. We collected field specimens only from beds that did not show obvious
signs of taphonomic influence — either by transport (e.g., extensive fragmentation and abrasion of
specimens) or time-averaging (e.g., specimens of the same species with very different
preservation types). We bulk-sampled the selected beds and then identified all brachiopods to the

species level upon returning to the lab. Only concavo-convex brachiopods (members of the Class
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Strophomenata as well as the genus Tropidoleptus) were included in the analysis to ensure that
enough scars were counted that differences in our candidate variables could be assessed in
relation to likelihood of repair. We measured the length and height of all shells that were
sufficiently preserved (at least 50% of the pedicle valve intact and no strong surface abrasion)
and each individual was checked for the presence of repair scars under a microscope. Only the
pedicle valve was examined for repairs due to the high rate of valve disarticulation and/or
sediment infill in some specimens, with the brachial valve often being obscured or destroyed.
Additionally, there is evidence that failed attacks on brachiopods typically result in damage to
both valves (Mendonca et al., 2017), indicating that using either the pedicle or brachial valve
alone is sufficient. We then measured the size at attack (SAA) for each scarred specimen as the
distance perpendicular to the hingeline from the umbo to the growth line distorted by the scar
(Figure 3.1; Richards and Leighton, 2012).

As we wished to assess not only which individuals were repaired but also how large they
were when the attack occurred, we divided the observations of each individual into size bins. For
any given size bin, an individual may be repaired (1) or not (0). As most individuals grew
beyond the upper limit of the first (smallest) bin, this results in multiple observations in the
dataset for most specimens. For example, a specimen may have grown through size bin 1 without
being attacked, then was attacked and repaired in the size range of bin 2, and continued growing
until it died with a size in the range of bin 3, resulting in 3 observations for the individual.
Commonly used methods to determine the number of size bins (De Feo, 2017) that are free of
bias would result in bins < 1 mm in length with our dataset. Because it is unknown, but unlikely,
that Devonian predators could detect differences in prey size less than a millimeter, we

performed the modelling procedure twice: once with 4 mm wide size bins, and once with bins 7
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mm in width. This would ensure that our results are not biased due to an arbitrary choice of bin
size. Size bins were treated as a categorical variable in order to identify whether there was a
consistent trend in size of repairs, or if there may have been a size refuge (Richards and
Leighton, 2012) or evidence of differences in repair likelihood between juveniles and adults
(Pruden et al., 2018). A potential concern of using size bins to represent specimens is that
individuals that have been repaired once may be more likely to be repaired again, in which case
repairs on individuals would not be independent. To control for this, we included Individual
specimen as a random effect variable in our regression models wherein each specimen is its own
category (and the multiple observations of any one specimen belong to the same category).

The remaining variables included in our analysis are Convexity, Ornament, Stage,
Paleolatitude, and Lithology (Table 3.2). Convexity was measured as the ratio of height to length
of each individual at the time of death. Ornament was divided into two categories: individuals
with spines (spinose) and those without. While some strophomenates possessed what are
considered intermediate levels of ornament (costae, lamellae, plicae, and rugae), only spines
have been definitively tested as a defense mechanism against crushing predation (Jonhnsen et al.,
2013). Information on the stage and lithology was acquired from the literature (Table 3.3),
except for the lithology of field-collected samples which was noted while in the field. Stage was
a categorical variable defined by geological stage (Givetian or Frasnian), while Lithology was
categorized by whether the depositional setting was siliciclastic- or carbonate-dominated. The
paleolatitude was determined by inputting the modern coordinates of each sampled locality into a
paleolatitude calculator (www.paleolatitude.org; van Hinsbergen et al., 2015). We then
compared the results with approximate paleolatitudes from continental reconstructions by Blakey

(Deep Time Maps) and Scotese (PALEOMAP Project) to ensure the latitudes were reasonable.
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The continuous variables were scaled and centered as regression models can be influenced by the

scale of the included variables, and this effect becomes more pronounced when variables operate

on greatly different scales from one another — for example, in our dataset latitude varies from -

430 to -100 while convexity has a range of 0.07-0.63.

We included the above variables in our analysis to test these hypothesized relationships with

predation:

Size: we are testing the hypothesis that attack frequency and LOR increases with size
due to the amount of available tissue for predators to consume. If our results are
consistent with previous studies (Harper et al., 2009, Richards and Leighton, 2012),
we may identify a size refuge — a size at which the attack frequency and LOR are
greatly decreased due to the high cost of breaking large shells.

Ornament: this variable was included to test whether attacks are less frequent on
spinose prey (decreased LOR) or if success rates are poorer on spinose prey due to
stronger shell defenses (increased LOR). If ornament has no effect on LOR, then
neither of these hypotheses are corroborated for Devonian strophomenates.
Convexity: we hypothesize that LOR has a positive relationship with brachiopod
convexity. The reason for this may be two-fold: 1) more convex shapes can better
prevent the propagation of damage across the shell (Alexander, 1989), and 2)
similarly to ornament, greater convexity may increase the effective size of the shell in
the shortest dimension, resulting in a lower success rate against convex individuals.
Stage: we are testing whether the frequency of attacks increased through time from
the Givetian to the Frasnian, along with LOR. It is unknown whether success rates

changed with the appearance of new, stronger predators. If the brachiopods evolved
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to keep up with their predators, success rates would be unchanged, and LOR would
increase due to the increase in attacks.

. Lithology: this variable was included to determine whether there was a difference in
LOR between carbonate-dominated and siliciclastic-dominated settings. If, for
example, carbonate-settings had prey with greater biomass, we might expect an
increased number of attacks and LOR compared to siliciclastic-dominated settings.

. Paleolatitude: we included this variable to test for the persistence of a latitudinal

predation gradient, resulting in a greater attack frequency and LOR at lower latitudes.

Two variables for which we did have data but elected not to include in our analysis were
Basin and Taxon. Our decision to exclude these variables was due to their conflation with other
variables included in our dataset. Because of the rotation of the continent during the Devonian,
our sampled basins are strongly associated with latitude. Additionally, in our dataset these basins
are separated by stage due to the availability of well-preserved fossil material in each; Frasnian
material was collected from WCSB and the Iowa basin, while Givetian material was primarily
collected from the Illinois, Michigan, and Appalachian basins. The inclusion of Basin in our
study would therefore potentially overprint the larger-scale trends in age and environment that
we wished to study. Similarly, the inclusion of a taxonomic variable would potentially override
any trends in convexity or ornament because many taxa are at least partially defined by such
characteristics — for example, all spinose taxa belong to the Order Productida, and the Family
Leptostrophiidae is defined as being very weakly convex. To determine the influence of Basin
and Taxon (at the Family level) on LOR, we performed pairwise chi-square and Fisher’s exact

tests respectively.
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3.2.2 Data analysis

We constructed GLMMSs (generalized linear mixed models) (Ime4 package version 1.1-
26 for R) to assess the most influential variables on whether individuals are repaired. GLMMs
include both fixed effects — the variables we wish to evaluate — and random effects — variables
that may account for biases in the data or contribute to the random error. The models were
constructed using a binary distribution of the dependent (focal) variable as each individual was
either repaired (1) or not (0), and the chosen distribution was assessed for validity using
DHARMa diagnostics (DHARMa package version 0.4.1 for R). We included several random
effects variables (Table 3.2): Individual, Sample, and Collection source. The variable Individual
was coded as a factor with separate levels for each specimen included in the dataset. This
accounted for the potential bias that might occur if specimens that had been scarred previously
were more likely to be attacked and scarred again. The multiple observations of each specimen —
separated by size bins — were recorded under the same level of individual. A sample refers to a
collection of individuals that lived in close proximity to one another within a geologically short
time frame during which measured environmental characteristics did not change. Collection
source refers to either the museum an individual was obtained from, or that it was collected in
the field under our collecting procedure.

We first created models including all random and fixed effect variables as a starting point
for the analyses. In the case that the standard deviation of a random effect variable was less than
1, we conducted likelihood ratio tests to determine whether a model including the random effect
was better than one without. Where likelihood ratio tests showed an insignificant difference, we
removed that random effect variable from the modelling procedure. We next tested the fixed

effect variables for multicollinearity using generalized variance inflation factors (GVIFs) from
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the car package for R (version 3.0-10). Multicollinear variables can be predicted by one or a
combination of the other fixed effects within a model, which can result in high variance and
estimated coefficients of the independent variables, bringing into question the validity of the
model (O’Brien, 2007). Removing highly multicollinear variables can then result in simpler
models with more reliable coefficients. There is not currently a consensus on an accepted
threshold value of GVIF, however, a very commonly used method is to reject any variable with a
GVIF > 10 (Vittinghoff et al., 2012), which we employed here.

We next modeled combinations of the fixed effect variables, as well as a selection of
biologically relevant interaction terms (Table 3.4), to identify which combinations provided the
best models. We used the Akaike Information Criterion (AIC) to assess relative model fit. Any
models within 2 AIC points of the model with the lowest AIC score (AAIC < 2) were considered
in the results and discussion. For simplicity, we limited further analyses to a selected model
composed of the fixed effect variables found in all of the equally parsimonious (AAIC <2)
candidate models.

The fixed effects were then examined for their individual influences on the selected
model. For continuous variables, we reviewed the estimated coefficients and tested for
significance with Wald Z tests. For categorical variables, we examined the estimated marginal
means (EMMs; package emmeans version 1.6.2-1 for R). EMMs give the mean value of the
response variable for each level of a categorical variable based on modeled data. The use of
modeled data rather than raw data removes potential biases due to differences in the number of
observations for each category and allows for the investigation of interaction effects. With
EMMs, we examined the differences in LOR between levels of categorical variables and

performed pairwise tests to determine whether a difference between two levels was significant.
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We performed this modelling procedure on the full dataset, as well as on a subset of the
data that included a single widespread genus — Strophodonta (N = 1406). This genus is found in
4 of the 5 sampled basins and persists from the Givetian through the Frasnian. If the results from
both analyses are consistent, we can consider the models to be robust to taxonomic differences
within the Strophomenata. In addition, the Strophodonta-only models control for the taxonomic

identity of the prey, potentially allowing for closer scrutiny of other variables.

3.3 Results

3.3.1 All Taxa Analysis

Modelling of the full dataset revealed Size, Convexity, and Paleolatitude to be the most
significant variables in predicting whether an individual is repaired, and the selected model also
included the interaction between Size and Convexity (Table 3.5). GVIFs identified no strong
multicollinearity so all variables were suitable to be analysed. We did, however, remove
Collection Source as a random effect (Table 3.6). While both Sample and Individual were
included in the models, they each had a standard deviation < 1 and their contributions were
trivial. As the results were consistent between the use of 4 mm and 7 mm size bins, only the
results for the models using 7 mm size bins are shown here.

In addition to the variables from the selected model, models within AAIC < 2 possessed
various combinations of Ornament, Stage, and Lithology. The interactions between Convexity
and Ornament, and Size and Ornament were also included in alternative models.

The effect of Paleolatitude was significant according to the Wald-Z test, indicating that at
lower latitudes (nearer to or in the tropics), individuals were more likely to be repaired (Figure

3.3b). Size categories were also significant and graphical representation of the EMMs shows that
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the likelihood of repair increases through size bins 1-4 and then drops at size bin 5 (Figure 3.3c¢).
The interaction of Size and Convexity reveals that in size bins 2-5 the likelihood of repair
decreases with increasing convexity, but this relationship is reversed in size bin 1 (Figure 3.3a).

Size had the strongest effect on LOR, according to both Wald-Z test scores (Table 3.5)
and EMM predictions of LOR (Figure 3.3). LOR varies from about 3 % in size bin 1 to a
maximum of 20 % in size bin 4 (Figure 3.3c). The effect of Convexity was dependent on the Size
of the individual. The smallest effect of convexity was seen in bin 2, where only a 7 % difference
in LOR was seen across the range of convexity values studied. And the greatest difference was
observed in bin 5, with a 24 % difference in LOR from low to high convexity (Figure 3.3a).
Latitude had the smallest effect, with just over a 4 % difference in LOR predicted across the
range of latitudes studied, holding size and convexity constant (Figure 3.3b).

The Fisher’s exact tests of taxa at the level of Family show that the Family
Leptostrophiidae has the greatest frequency of scars, possessing significantly more scars than
several other families (Table 3.7). Results from chi-square tests for basins revealed that the
Illinois basin has significantly more scars than the lowa, Michigan, and Appalachian basins and

WCSB has significantly more scars than the Michigan basin (Table 3.7).

3.3.2 Strophodonta-only Analysis

The Strophodonta-only dataset was modelled by a combination of Size, Convexity,
Lithology, and the interaction between Size and Convexity (Table 3.8). There were again no
strongly multicollinear variables so all fixed effects were included in the analysis. Of the random
effects, only Individual had a non-trivial contribution (standard deviation > 1) so Sample and
Collection source were removed (Table 3.6). The results using 7 mm size bins are shown as there

was no difference between the results for different bin widths.
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In addition to Size, Convexity, and Lithology, alternative models also possessed
combinations of Paleolatitude and Stage. Unlike in the analysis of all taxa, alternative models did
not include any other interaction terms. Individuals that lived in carbonate-dominated settings
were significantly more likely to be repaired than those living in more siliciclastic-dominated
ones (Figure 3.4b). The main effect of Size shows the same trend as in the analysis of all taxa:
LOR increases through size bins 1-4 and then decreases in size bin 5 (Figure 3.4c). The
interaction of Size and Convexity reveals that this pattern is mostly driven by more convex
individuals as less convex (flatter) specimens that grew into bin 5 had an increased likelihood of
being repaired, rather than a decrease (Figure 3.4a).

The strongest effect on LOR was produced by Size: individuals in bin 1 only had a 2 %
chance of being repaired while individuals in bin 4 had a 15 % chance (Figure 3.4c). The effect
of Convexity was moderated by Size. At a minimum, Convexity had practically no effect (0 %
difference in LOR across convexity in bin 3), however, in bin 5 LOR ranged from 0 % (at high
convexity) to 95 % (at the lowest convexity values), making Convexity the strongest predictor of
LOR in the largest individuals (Figure 3.4a). The predicted trend in LOR across convexity in bin
5 is likely an artefact of our dataset though, as there were only 93 individuals that grew into bin 5
and the minimum convexity of those was 0.24 while the mean convexity was 0.36. Considering
only the range of convexity for which we have measurements, the LOR in bin 5 is limited to a
range of 0 % to about 40 %. Lithology meanwhile, had a very modest effect of an average 4 %
LOR in siliciclastic environments while carbonate environments had just over a 6 % LOR

(Figure 3.4b).
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3.4 Discussion

3.4.1 All Taxa Analysis

We found that prey Size, Convexity, and Paleolatitude were the strongest predictors of
LOR in Devonian strophomenate brachiopods. The effects of each variable are generally
consistent with results from previous smaller-scale studies, lending support for the hypotheses of
a latitudinal predation gradient and of a size refuge from predation. As with all repair scar
studies, though, we are faced with the possibility of differences in LOR being due to either
changes in the attack frequency or the success rate of predatory attacks on their prey. Using our
results, we will attempt to determine which cause — success or attacks — is more likely to be
responsible for the change in LOR from each variable in our selected model.

Our results for Size echo previous theoretical (Leighton, 2002) and empirical studies
(Harper et al., 2009; Richards and Leighton, 2012) that repairs increase with size (bins 1-4) until
the prey taxon reaches a size refuge (bin 5) at which time either the predator is no longer capable
of taking the prey or the cost of doing so would outweigh the benefits for potential predators.
This result does differ for very flat individuals, which may not reach a size refuge within the
range of sizes studied, however there are very few repairs on large and flat individuals so this
result requires further study to verify whether it is robust. The trend of increasing LOR through
bins 1-4 either indicates a reduction in success of attacks at greater prey size or an increase in the
number of attacks. Larger prey are more desirable to predators due to the greater amount of
tissue available to be consumed, so it is reasonable to assume that the attack frequency would
increase with bin size before the size refuge is reached. It is also possible, however, that
predators are less successful at taking large prey, as shell thickness and ornament tend to increase

with prey size. In addition, most durophagous predators (including ptyctodontids) are gape-
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limited, due to the lever mechanics required to exert sufficient force to fracture a shell;
consequently, larger prey should be more difficult for predators to break. Without knowing the
identities, sizes, or abilities of the predators in this system, or the costs and benefits of the prey
relative to size, we cannot currently distinguish between the two explanations for the relationship
between size and LOR, and it is quite possible that the true cause is a combination of both
differences in attack and success rates.

The result of greater LOR at lower convexities is inconsistent with current knowledge of
the effect of Convexity on predator success (Alexander, 1989). Modern durophagous arthropods,
as well as some fish, execute an attack by first selecting a prey individual and then point-loading
pressure on the shell in an attempt to fracture it (Boulding and LaBarbera, 1986; Vermeij, 1987
and references therein) — on brachiopods, the location of point loading was usually near the
commissure (Alexander, 1989). Propagation of this initial damage would determine whether the
shell would be crushed completely. Greater general convexity, as well as geniculations, have
been shown to reduce the propagation of fractures to brachiopod shells (Alexander, 1989),
suggesting that flatter shells are easier to crush completely and should have a lower LOR. What
we see here is in fact the opposite: there are more repairs on flatter shells. We tentatively suggest
that rather than a difference in success, our result is due to a difference in attacks; specifically,
that flatter brachiopods were attacked more often than convex ones. From a benefit:cost ratio
perspective, this may initially seem counter-intuitive since less convex taxa frequently have
smaller body cavities and less muscle tissue for predators to consume. However, an additional
characteristic of the shell may help to explain this interpretation: ornament. Spinose individuals
belong to the Order Productida and a defining characteristic of productides is that they are

convex — at least relative to other strophomenates. In our dataset, spinose individuals are much
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more convex than non-spinose individuals (Figure 3.5). Not only might less convex individuals
be easier to break into because of the ease of propagating damage, they might also be less
ornamented — appearing smaller to predators and having thinner, more fragile shells. Even
though ornament did not appear in our selected model, it was included in each alternative model
(Table 3.5), and it is possible that the relationship between ornament and convexity was
influential in the outcome of more convex individuals having a lower LOR. It would be prudent
to examine the effect of ornament, as well as its relationship with convexity, in future work
focused on other time intervals and taxa.

The inclusion of Paleolatitude in the selected model follows work by Leighton (1999),
Dietl and Kelley (2001) and modern workers (Vermeij, 1987; Schemske et al., 2009; Roslin et
al., 2017; Reynolds et al., 2018) demonstrating a latitudinal predation gradient. The possible
explanations for the Paleolatitude result are either: 1) predators are less successful nearer the
equator, or 2) predators are more abundant and thus there are more attacks at lower latitudes. In
modern oceans, predators are stronger and more abundant in tropical seas (Vermeij, 1987;
Harper and Peck, 2016). Devonian North America likely followed this trend, as more evolved
predators were first introduced to the WCSB and later migrated to the more temperate basins
(Boucot et al., 1969; Young, 2010). A greater abundance of predators would logically be related
to an increased number of attacks nearer to the equator. Additionally, predators make more
frequent attack attempts at higher temperatures (Leighton and Tyler, 2021) which typify tropical
environments at low latitudes. A difference in temperature corresponding to latitude would then
also support an increased attack frequency and LOR for individuals nearer to the equator. A
caveat to this is that the Devonian was a greenhouse environment and the gradient of temperature

across latitudes may have been substantially less than it is today. As for the hypothesis of
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differences in success rates, it is conceivable that predator success was lower in tropical regions
if the brachiopod prey were well-adapted to their more capable predators. However, this would
imply that the adaptive gap — the relative difference in abilities between predators and prey
(Vermeij, 1987) — was smaller at lower latitudes, and that brachiopod prey had managed to
advance beyond the improvements in abilities of their predators. While not impossible, we view
it as more reasonable that prey were adapted merely sufficiently to maintain the adaptive gap
with their predators, resulting in a constant success rate across latitude. We suggest that an

increased frequency of attacks is the most likely explanation for the latitudinal trend in LOR.

3.4.2 Strophodonta-only Analysis

The results for the analysis of Strophodonta are generally consistent with the model for
all taxa so we will focus on the differences between models here. The inclusion of Individual as a
random effect in this model was considered non-trivial based on having a standard deviation > 1.
As Individual allows for a range of intercept values depending on the specimen, this gives the
intercept a 95% confidence interval of -6.959 to -1.815 in logit units. Converted to probabilities,
the intercept ranges from 0.00 to 0.14 (with a mean value of 0.01) depending on the individual
measured, which is considered a negligible effect relative to the effects of size, convexity, and
lithology.

While both models showed an increase of LOR from bins 1-4 before reaching a size
refuge in bin 5, the interactive effect of Convexity is slightly different for the Strophodonta
model, specifically in bin 1. In the analysis of all taxa, individuals belonging to size bin 1 are
more likely to be repaired if they are strongly convex; this relationship is reversed when only
Strophodonta is examined. This difference may be due to the presence of highly convex spinose

taxa in the all-taxa analysis. Johnsen et al. (2013) found that the size refuge for a spinose
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brachiopod (Devonoproductus walcotti) began at a smaller size than the refuge for a similar
brachiopod without spines (Douvillina arcuata), indicating an anti-predatory effect of spines and
that predators were less successful against the spinose species. Spinose brachiopods in our
dataset were small (none grew larger than bin 3), but spinose families still possess higher rates of
repairs than most other taxa (Figure 3.6) and the rate of repair of spinose individuals in size bin 1
is almost double the rate of non-spinose individuals (Figure 3.7). Small prey in particular are
more likely to be successfully crushed and are often removed from the fossil record (Pruden et
al., 2018). That we find such high rates of repairs in productides supports the idea that these
spinose taxa are better defended against predation and attacks on them are less successful.

The other major difference between analyses is that the selected Strophodonta model
included Lithology while the selected model for all taxa included Paleolatitude. As previously
mentioned, there was a latitudinal gradient of lithology in North America during the Devonian
owing to the Appalachian orogeny in the area of New York. This resulted in the more southern
basins (Appalachian and Michigan) having a greater siliciclastic content while basins further
from the orogeny were mostly carbonate-dominated. While Lithology alone may be responsible
for the difference in LOR between carbonate- and siliciclastic-dominated settings, no direct or
indirect relationship between lithology and predation has been definitively demonstrated in the
modern or fossil record. Paleolatitude (and temperature) may instead be the cause for the
relationship between lithology and LOR, and the AAIC between our selected model (for
Strophodonta) and a model that includes Paleolatitude rather than Lithology is only 3.4 — quite
close to our cutoff of AAIC <2 in determining whether models are equally good at explaining
the response in LOR. Lithology appearing in the Strophodonta model over Paleolatitude may be

a mathematical, rather than biological, difference in explanatory power. An alternative
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hypothesis to Lithology being explained by Paleolatitude is that lithology is associated with
water depth. In subtidal settings, predation pressure decreases with depth (Vermeij, 1987; Oji,
1996; Harper and Peck, 2016). If siliciclastic-dominated samples in our dataset were consistently
from further-offshore settings than carbonate-dominated samples, the relationship with depth
would be a reasonable explanation. Unfortunately, facies analyses of water depth have not been
conducted for each sample or basin included in our dataset, so this hypothesis cannot presently
be confirmed.

Interestingly, there was no effect of Stage on LOR in either model. As predators and prey
evolved from the Givetian through the Frasnian, it is expected that predation pressure would
increase, however this is clearly not reflected in repairs. This result does not refute the
hypothesis of increasing predation pressure through time, rather it suggests that there may have
been a shift in both the attack and success frequency through time. If predators were more
abundant during the Frasnian, we would expect more repairs than in the Givetian unless Frasnian
predators were also more successful. An additional factor to note is that each stage was not
evenly recorded in all sampling areas. Due to the nature of changing suitable habitats for
brachiopods over time, as well as differences in preservation, there are more samples from
temperate latitudes earlier in the time interval while most Frasnian samples were collected from
lower paleolatitudes. This artefact of the data may mean that either Stage, Paleolatitude, or both
had an effect on LOR, and we recommend further examination of these variables in earlier

and/or later time intervals.

3.4.3 Variables not tested

The result of the Family Leptostrophiidae having significantly more repairs than several

other families is not surprising as members of the Leptostrophiidae are especially flat and
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specimens in our dataset frequently grew to a large size, making this result consistent with our
modelled trends. The Illinois basin having more scars than the lowa, Michigan, and Appalachian
basins, however, appears contradictory to the latitudinal trend found in our selected model of all
taxa. The resolution to this issue comes from the sample sizes of the basins: the Illinois basin
consists of just one sample of 43 individuals whereas other basins have between four and twenty
samples with 229 to 1642 individuals. It is clear with this context that the high repair frequency
in the Illinois basin is insufficient to eliminate the latitudinal trend when the individual level is
analysed. Additionally, over 95 % of the specimens from the Illinois basin belong to the family
Leptostrophiidae — the most frequently scarred taxon. When evaluated in the context of our
model, then, the high LOR in the Illinois basin is likely owing to a strong effect of Size and
Convexity and a weaker effect of Paleolatitude.

In addition to Basin and Taxon, there are several variables we excluded from analysis for
practical reasons. Temperature is one environmental parameter that is strongly associated with
predation (Sanford, 1999; Allan et al., 2017; Romero et al., 2018; Leighton and Tyler, 2021) and
would ideally have been included in our dataset. Unfortunately, no isotope analyses have been
conducted on material from the Michigan or Illinois basins at the time of our study, precluding
us from analysing temperature for these regions. As we did find a latitudinal trend in LOR, we
strongly suspect that temperature did vary from equator to temperate regions, at least enough to
produce differences in metabolic rates and attack frequencies.

We also excluded shell thickness from our analysis. Thickness can vary strongly as
material is accreted along the commissure during the brachiopod lifespan. Measurements of
thickness are typically performed on sectioned shells, making it a destructive and time-

consuming process. And even when sectioning is feasible, it can be difficult to determine where
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on the shell to measure: does one take the thickest measurement regardless of position, or should
there be a standardized position that is measured for each shell? This problem is compounded
when individuals are split into size bins, as multiple measurements would be required for each
individual that could be considered representative of each range of size. Additionally, shell
thickness is often inconsistent after a predatory attack: the shell is thinned in the immediate
damage area and the material that is accreted to repair it is commonly thicker than the
surrounding undamaged shell. In the case of repaired individuals, measurements of thickness at
the size of attack may be influenced by the repair and not representative of the actual thickness
while the individual was attacked. Due to these numerous complications, we elected not to
measure and include shell thickness in our analysis. Thickness is, however, a predictor of
predator success (Vermeij, 1982; Johannesson, 1986; Alexander, 1990; Stafford et al., 2015) and
is worthy of examination under more feasible conditions.

Despite the regional and taxonomic differences in LOR, we were still able to identify
broad trends in Size, Convexity, and Paleolatitude that were associated with the LOR of
Devonian strophomenates. Size had the strongest effect on LOR, while the effect of Convexity
was strongly dependent on both the size bin examined and the taxonomic composition of the
sample (see Figures 3.3 and 3.4), and the effect of Paleolatitude was relatively minor. This is not
surprising as the size of the prey is directly related to the amount of nutrients a predator stands to
gain from attacking a prey individual. The specific effect of each of these variables is most likely
associated with a difference in the attack frequency: there were more predatory attacks on larger,
less convex brachiopods living at lower latitudes, until these prey grew large enough to enter a
size refuge. We cannot, however, rule out the possibility of an additive effect of differences in

success, particularly that predators may be less successful when attempting to take larger prey.
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These results do not preclude the possibility that LOR is driven by the number of predators in a
system (as in Stafford et al., 2015), rather that in cases where predators and their abundances are
unknown, prey size and convexity, as well as paleolatitude are useful in explaining and

predicting the LOR on any one individual.
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Sample Source Basin Formation Age Lithology Sample
size
AB-W-C1 Field WCSB Waterways Frasnian Carbonate 30
AB-W-C3 Field WCSB Waterways Frasnian Carbonate 41
AB-W-C5 Field WCSB Waterways Frasnian Carbonate 46
AB-W-M7 Field WCSB Waterways Frasnian Carbonate 55
NWT-TF Field WCSB Twin Falls Frasnian Carbonate 57
TA-LC-N8 Field Iowa Lime Creek Frasnian Carbonate 81
IA-LC-NE10 Field Iowa Lime Creek Frasnian Carbonate 107
IA-LC-NE11 Field lowa Lime Creek Frasnian Carbonate 63
TA-LC-NE13 Field lowa Lime Creek Frasnian Carbonate 128
IA-LC-E13 Field lowa Lime Creek Frasnian Carbonate 40
IA-LC-E14 Field Iowa Lime Creek Frasnian Carbonate 45
TA-LC-N13 Field lowa Lime Creek Frasnian Carbonate 107
TA-LC-N14 Field lowa Lime Creek Frasnian Carbonate 212
IA-LC-BH16 Field Iowa Lime Creek Frasnian Carbonate 34
TA-LC-BH17 Field lowa Lime Creek Frasnian Carbonate 140
TA-LC-BH18 Field lowa Lime Creek Frasnian Carbonate 198
IA-LC-BH19 Field lowa Lime Creek Frasnian Carbonate = 38
IA-SR-MC-UIR UIR Iowa Shell Rock Frasnian Carbonate = 58
IA-LGC-BQ-UIR UIR Iowa Lithograph City  Givetian Carbonate 135
IN-NV-SQ Field Ilinois North Vernon Givetian Carbonate 43
MO-CR-CC-YPM YPM Iowa Snyder Creek Frasnian Siliciclastic 37
MO-SN-SC-YPM YPM lowa Snyder Creek Frasnian Siliciclastic 60
MO-SN-SC5-YPM YPM Iowa Snyder Creek Frasnian Siliciclastic 59
MO-SN-SC10-YPM  YPM Iowa Snyder Creek Frasnian Siliciclastic 40
MO-SN-SC1-YPM YPM Iowa Snyder Creek Frasnian Siliciclastic 19
MO-SN-SC2-YPM YPM Iowa Snyder Creek Frasnian Siliciclastic 41
OH-SS-U7 Field App. Silica Shale Givetian Siliciclastic 51
OH-SS-U7B Field App. Silica Shale Givetian  Siliciclastic 84
OH-SS-U9 Field App. Silica Shale Givetian Siliciclastic 31
MI-GUP-UMMP UMMP  Michigan Genshaw Givetian Carbonate 79
MI-GLO-UMMP UMMP  Michigan Genshaw Givetian Carbonate 37
MI-FPUP-UMMP UMMP  Michigan Ferron Point Givetian Siliciclastic 95
MI-FPLO-UMMP UMMP  Michigan Ferron Point Givetian Siliciclastic 45
MI-PF-UMMP UMMP  Michigan Potter Farm Givetian Carbonate 93
MI-GPU-UMMP UMMP  Michigan Gravel Point Givetian  Siliciclastic 50
MI-GPL-UMMP UMMP  Michigan Gravel Point Givetian Siliciclastic 94
MI-PT-UMMP UMMP  Michigan Petoskey Givetian Carbonate 68
MI-GPL-YPM YPM Michigan  Gravel Point Givetian  Siliciclastic = 45
MI-GUP-YPM YPM Michigan  Genshaw Givetian Carbonate 158
MI-FP-YPM YPM Michigan  Ferron Point Givetian Siliciclastic 112
MI-PF-YPM YPM Michigan  Potter Farm Givetian Carbonate 116
NY-LVW-PRI PRI App. Ludlowville Givetian Siliciclastic 34
NY-LVC-PRI PRI App. Ludlowville Givetian Carbonate 35
NY-MSK-PRI PRI App. Moscow Givetian  Siliciclastic 40
NY-LVW-YPM YPM App. Ludlowville Givetian  Siliciclastic 68
ON-HH-YPM YPM App. Widder Givetian Carbonate 61
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Table 3.1

(above) General information for the 46 samples that analyzed individuals belong to. Sample names
are broken into multiple parts: 1) general region (province or state), 2) Formation, 3)
sample, 4) museum. Field = collected by the Leighton Lab using a standard procedure; UIR
= University of lowa Repository; YPM = Yale Peabody Museum; UMMP = University of
Michigan Museum of Paleontology; PRI — Paleontological Research Institution; App =
Appalachian basin.

Table 3.2

(below) Fixed and random effect variables included in analysis. All variables included in both the

all-taxa and Strophodonta-only analyses except for ornament as Strophodonta is never

spinose.

Variable Measurement/Value Variable Type

Fixed Effect Variables

Size Length perpendicular to hinge Categorical; for 7 mm bins,
from umbo to commissure categories 1-5 representing
(mm); split into size bins 4 individuals 2-37 mm in
mm or 7 mm in width length

Convexity Ratio of height (mm) to Continuous; values range
length (mm) from 0.07 to 0.63

Ornament Spinose or not Categorical

Stage Givetian or Frasnian Categorical

Latitude Output of paleolatitude Continuous; values range
calculator from input from -43to -10
coordinates of sampled
localities

Lithology Carbonate- or siliciclastic- Categorical
dominated

Random Effect Variables

Individual Specimen that an observation = Categorical
represents; one level for each
specimen

Sample Sample to which an Categorical
individual belongs

Collection Source Field-collected or the Categorical

museum sourced from
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Sample

Stage Source

Lithology Source

AB-W-C1
AB-W-C3
AB-W-C5
AB-W-M7
NWT-TF
IA-LC-N8
IA-LC-NE10
IA-LC-NE11
IA-LC-NE13
IA-LC-E13
IA-LC-E14
IA-LC-N13
IA-LC-N14
IA-LC-BH16
IA-LC-BH17
IA-LC-BH18
IA-LC-BH19
IA-SR-MC-UIR
IA-LGC-BQ-UIR
IN-NV-SQ
MO-CR-CC-YPM
MO-SN-SC-YPM
MO-SN-SC5-YPM
MO-SN-SC10-YPM
MO-SN-SC1-YPM
MO-SN-SC2-YPM
OH-SS-U7
OH-SS-U7B
OH-SS-U9
MI-GUP-UMMP
MI-GLO-UMMP
MI-FPUP-UMMP
MI-FPLO-UMMP
MI-PF-UMMP
MI-GPU-UMMP
MI-GPL-UMMP
MI-PT-UMMP
MI-GPL-YPM
MI-GUP-YPM
MI-FP-YPM
MI-PF-YPM
NY-LVW-PRI
NY-LVC-PRI
NY-MSK-PRI
NY-LVW-YPM
ON-HH-YPM

Mendonca et al., 2018
Mendonca et al., 2018
Mendonca et al., 2018
Mendonca et al., 2018
Barclay et al., 2013

Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day and Witzke. 2017
Day et al., 2008

Day et al., 2008

Brett et al., 2011
Branson, 1944

Branson, 1944

Branson, 1944

Branson, 1944

Branson, 1944

Branson, 1944

Leighton, 2003
Leighton, 2003
Leighton, 2003

Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Kesling, 1974

Kesling, 1974

Kesling, 1974

Kesling, 1974

Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Brett et al., 2011

Brett et al., 2011

Brett et al., 2011

Brett et al., 2011

Brett et al., 2011

Mendonca et al., 2018
Mendonca et al., 2018
Mendonca et al., 2018
Mendonca et al., 2018
Barclay et al., 2013
Identified in the field
Identified in the field
Identified in the field
Identified in the field
Identified in the field
Identified in the field
Identified in the field
Identified in the field
Identified in the field
Identified in the field
Identified in the field
Identified in the field
Day et al., 2008

Day et al., 2008
Identified in the field
Day et al., 1996

Day et al., 1996

Day et al., 1996

Day et al., 1996

Day et al., 1996

Day et al., 1996
Leighton, 2003
Leighton, 2003
Leighton, 2003

Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Kesling, 1974

Kesling, 1974

Kesling, 1974

Kesling, 1974

Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Ehlers and Kesling, 1970
Brett et al., 2011

Brett et al., 2011

Brett et al., 2011

Brett et al., 2011

Brett et al., 2011
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Table 3.3

(above) Summary of literary sources for Stage and Lithology of samples. The lithology of all

field-collected samples was noted during fieldwork.

Table 3.4

(below) Interaction effects tested in analysis. Any interaction involving ornament was not

included in the Strophotonta-only analysis.

Interacting Variables

Reason for Inclusion

Size X Ornament
Size X Convexity
Size X Stage

Size X Latitude

Convexity =~ x  Ornament

Ornament x Stage

Ornament x Latitude

Spinose taxa can have a size refuge at smaller size than non-
spinose taxa (Johnsen et al., 2013) and can cause predators
to be less successful when attacking smaller prey. This could
influence the LOR of spinose prey by increasing the LOR of
small individuals and decreasing the LOR of individuals that
have reached the size refuge.

More convex individuals are expected to have a higher
LOR at all sizes due to a lower predator success rate, but
this protective effect should be especially apparent at
smaller sizes.

As predators evolve to become more specialized from
Givetian to Frasnian, we expect the size refuge to change.
The direction of this change depends on how the prey
adapted: if they adapted poorly, the size refuge would
increase, if they adapted well, the size refuge could
decrease.

If predators were stronger and more abundant at lower
latitudes, we would expect a greater LOR in tropical
regions and potentially a difference in the size refuge
across latitudes.

Convexity and ornament are associated in our dataset
(Kruskal-Wallis test p < 0.001) so we expect their
individual effects to be strengthened.

If brachiopod prey adapted to their improving predators
over time, we might expect more spinose individuals
during the Frasnian with greater LOR.

We expect that while all lower latitude individuals might
experience more attacks, spinose individuals would
experience fewer successful attacks than their non-spinose
relatives, resulting in a greater LOR.

68



Table 3.5

GLMMs for whether individuals of all strophomenate taxa are scarred. Only models within

AAIC <2 of the lowest AIC model, as well as a null model with no fixed effects, are

presented. The summary output of a selected model containing variables limited to those

found in all displayed candidate models (AAIC < 2) is shown below. Z values are Wald-Z

test scores used to calculate p-values; significant p-values shown in bold. Units of

random and fixed effects are logits.View Figure 3.3 for effects of Size, Convexity, and

Paleolatitude on the probability scale. S = Size; C = Convexity; O = Ornament; La =

Paleolatitude; St = Stage; Li = Lithology.

Scarred/unscarred models of all taxa (family = binomial [link = logit])

Model AIC BIC logLik Resid.dev Resid.df

SxC + SxO + | 5079.2 5190.4 -2523.6 5047.2 7677

La

SxC+ O +La | 5080.8 5178.1 -2526.4 5052.8 7679

SxC + La 5080.8 5171.1 -25274 5054.8 7680

SxC + SxO + | 5080.9 5199.0 -2523.4 5046.9 7676

OxC + La

SxC + SxO + | 5081.1 5199.2 -2523.5 5047.1 7676

La+ St

SxC + SxO + | 5081.2 5199.3 -2523.6 5047.2 7676

La+ Li

Null 5296.9 5317.8 -2645.5 5290.0 7690
Selected Model SxC+La

Random effects | Name Variance Std. Dev.

Individual (Intercept) 0.6861 0.8283

Sample (Intercept) 0.1929 0.4392

Fixed effects Estimate  Std. Error  z value Pr (>|z|)

Intercept -3.1972 0.1210 -26.429 <0.0001

Sizebin 2 0.9887 0.0977 10.122 <0.0001

Sizebin 3 1.3662 0.1307 10.453 <0.0001

Sizebin 4 1.7902 0.1670 10.718 <0.0001

Sizebin 5 0.5568 0.4266 1.305 0.1918

Convexity 0.2807 0.0848 3.310 0.0009

Paleolatitude 0.1861 0.0756 2.462 0.0138

Sizebin 2 : Convexity | -0.4167 0.0978 -4.262 <0.0001

Sizebin 3 : Convexity | -0.5538 0.1238 -4.472 <0.0001

Sizebin 4 : Convexity | -0.3813 0.1454 -2.623 0.0087

Sizebin 5 : Convexity | -0.8110 0.3100 -2.616 0.0089
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Table 3.6

Results of log-likelihood tests to determine whether random effects are needed in the models.

Significant values have been bolded.

All-taxa Analysis
Random effect Log-Likelihood p-value
Individual <0.0001
Sample <0.0001
Collection Source 0.5000
Strophodonta-only Analysis
Random effect Log-Likelihood p-value
Individual <0.0001
Sample 0.2011
Collection Source 0.4998
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Table 3.7

Results of pairwise Chi-Square and Fisher’s exact tests for repair rates of basins and taxa,
respectively. Significant pairwise comparisons are shown in bold. WCSB = Western
Canadian Sedimentary Basin; Mich = Michigan basin; App = Appalachian basin; Stro.d =
Strophodontiidae; Lept = Leptostrophiidae; Douv = Douvillinidae; Areo =
Areostrophiidae; Chon = Chonetidae; Sent = Sentosiidae; Mont = Monticuliferidae; Arak

= Araksalosiidae; Prod = Productellidae; Stro.l = Strophalosiidae; Trop =

Tropidoleptidae.
Chi-Square p-values for Basin repair rates
Iowa Illinois  Mich. App.
WCSB 0.083 0.182 0.008 0.163
Iowa 0.002 0.345 0.730
Illinois <0.001 0.007
Michigan 0.199

Fisher’s Exact p-values for Family repair rates
Lept. Douv.  Areo. Chon.  Sent. Mont. Arak. Prod.  Stro.l Trop.

Stro.d. 0.037 1 1 1 0.667 1 1 1 0.490 0.490
Lept. 0.095 0.037 0.011 0.196 0.095 0.019 0.095 0.002 0.002
Douv. 1 0.609 1 1 0.668 1 0.235 0.235
Areo. 1 0.667 1 1 1 0.490 0.490
Chon. 0.349 0.609 1 0.609 1 1

Sent. 1 0.419 1 0.110 0.110
Mont. 0.668 1 0.235 0.235
Arak. 0.668 0.490 0.490
Prod. 0.235 0.235
Stro.l. 1
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Table 3.8

GLMMs for whether individuals of the Genus Strophodonta are scarred. Table structure as in

Table 3.5. View Figure 3.4 for effects of Size, Convexity, and Lithology on the

probability scale. Abbreviations of fixed effects shown in Table 3.4.

Scarred/unscarred models of Strophodonta (family = binomial [link = logit])

Model AIC BIC logLik Resid.dev Resid.df

SxC + Li 2154.5 2229.8 -1065.2 2130.5 3939

SxC+Li+La 2155.5 2237.2 -1064.8 2129.5 3938

SxC + Li+ St + 2155.8 2243.8 -1063.9 2127.8 3937

La

SxC + Li + St 2156.2 2237.8 -1065.1 2130.2 3938

Null 2343.1 2355.7 -1169.6 2339.1 3949
Selected Model SxC+Li

Random Name Variance Std. Dev.

effects

Individual (Intercept) 1.654 1.286

Fixed effects Estimate Std. Error  z value Pr (>|z|)

Intercept -4.3866 0.2811 -15.605 <0.0001

Sizebin 2 1.8886 0.2426 7.785 <0.0001

Sizebin 3 2.3559 0.2520 9.350 <0.0001

Sizebin 4 2.8611 0.2832 10.102 <0.0001

Sizebin 5 1.5675 0.6068 2.575 0.0100

Convexity -0.6869 0.2790 -2.462 0.0138

Li — Siliciclastic -0.4868 0.1654 -2.944 0.0032

Sizebin 2 : Convexity | 0.4365 0.3014 1.448 0.1476

Sizebin 3 : Convexity | 0.6781 0.3084 2.199 0.0279

Sizebin 4 : Convexity | 0.6413 0.3295 1.946 0.0516

Sizebin 5 : Convexity | -1.8582 0.9725 -1.911 0.0560
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Figure 3.1

Examples of repair scars on A) Strophodonta fissicosta (Petoskey Formation, Michigan, UMMP
collections), B) Douvillina arcuata (Lime Creek Formation, Iowa), and C)
Praewaagenoconcha sp. (Waterways Formation, Alberta). A) repair scar traced in red;
growth line distorted by the scar traced in white; size at attack (SAA) is measured
perpendicular to the hingeline from the umbo to the growth line distorted by the scar

(intersection of white lines in figure). Arrows in B and C highlight scars. Scale bar = 1

cm.
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Figure 3.2

Map of North America during the Givetian. Grey areas are land and white areas are marine.
Black line across the top left is the approximate location of the equator. Approximate

sample localities are shown in red dots. WCSB = Western Canadian Sedimentary Basin.

Figure modified from Brett et al., 2011.
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Figure 3.3

Predicted LOR and EMMs of variables included in the model of all taxa. LOR on the probability
scale (0-1). A) Predicted LOR across convexity with separate slopes for each size bin;
raw value scale for convexity. B) Predicted LOR across latitude; only latitudes within the
range of values sampled are shown. C) EMM LOR for each size bin at a constant mean
value of convexity; red arrows represent confidence intervals for each bin, a significant

pairwise difference in LOR exists where arrows do not overlap.
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Figure 3.4

Predicted LOR and EMMs of variables included in the model of Strophodonta. LOR on the
probability scale (0-1). A) Predicted LOR across convexity with separate slopes for each
size bin; raw value scale for convexity. B) EMM LOR for lithology types. C) EMM LOR
for each size bin at a constant mean value of convexity; red arrows represent confidence

intervals for each bin, a significant pairwise difference in LOR exists where arrows do

not overlap.
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Figure 3.5

Boxplot of differences in convexity by ornament (spinose/not spinose). Boxes give range of
values between upper and lower quartiles; central lines represent median values; whiskers

show the minimum and maximum values of the data; outliers represented by circles.
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Figure 3.6

Bar charts displaying the proportion of repairs in A) basins, and B) Families. Spinose taxa

Proportion repaired

highlighted in purple. WCSB = Western Canadian Sedimentary Basin, App =

Appalachian Basin, Stro.d = Strophodontiidae, Lept = Leptostrophiidae, Douv =

Douvillinidae, Areo = Areostrophiidae, Chon = Chonetidae, Sent = Sentosiidae, Mont =

Monticuliferidae, Arak = Araksalosiidae, Prod = Productellidae, Stro.l = Strophalosiidae,

Trop = Tropidoleptidae.
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Figure 3.7

Bar chart showing the proportion of repairs for spinose vs. not spinose taxa in size bin 1.
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Chapter 4

Conclusions

Predation is an essential process to ecosystem function that both controls species behaviour

and distribution and is influenced by the environmental conditions and adaptations of prey taxa

to their predators. Though repair scars are an incomplete proxy in that they measure failed

attacks, they are useful in detecting differences in predation between communities and

individuals. The results of this thesis support the idea that predation has a role in shaping

communities, even in the fossil record, and that prey and environment have an influence on

predation — both attack and success rates. Considering the goals of this research, there are several

important conclusions to be drawn:

1.

Predation is detectable as a driver of species distribution and community structure in the
fossil record. This refutes the idea that environmental processes will always overprint
ecological ones at the sampling scales of fossil studies and enforces the concept that
paleocommunities can be fully understood only when both environmental and ecological
processes are examined — although we recognize logistical challenges of doing so in
many cases.

The detection of ecological processes may not be possible at all scales. This study was
performed at a relatively fine-scale compared to most paleocommunity studies, so it is
possible that a process like predation would be overprinted if an onshore-offshore
gradient were sampled.

When all brachiopods are considered, size, convexity, and latitude are the strongest
predictors of likelihood of repair (LOR) of an individual. The relationship between each

variable and LOR is best explained by differences in attack rates: larger, flatter
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brachiopods living at lower latitudes are more likely to be attacked. This result holds true
for all North American concavo-convex brachiopods from the Mid to Late Devonian,
however, the trends in size and latitude have been found for other time intervals,
suggesting a robust effect on predation.

When only Strophodonta is considered, size, convexity, and lithology are the strongest
predictors of LOR. The difference between this analysis and the one of all taxa may be an
artefact of the data, as lithology and latitude are strongly correlated. Examination of
latitude and lithology in other time intervals or regions may help to disentangle their
effects on predation.

The effect of size is the strongest, with convexity having a similar effect depending on
prey size. Latitude has a much weaker effect on LOR.

We cannot eliminate the possibility of an effect of predator success on LOR in the case of
prey size. In reality, it is likely that predators both attempt to take more large prey and are
less successful against these individuals, so this result is not undesirable.

Convexity and ornamentation together may reduce predator success in the smallest
individuals. Very young brachiopods are likely to be successfully crushed in every
predatory encounter, so the greater LOR on convex, spinose individuals suggests that

they are more likely to survive than their flatter, non-ornamented relatives.

Study of predation in the fossil record is challenging but rewarding in that we can broaden

our understanding of predation as a process beyond the ecosystems that are alive today. I

identified predation as a driver of Devonian brachiopod paleocommunity structure and found that

size, convexity, and latitude are the most important morphological and environmental predictors

of LOR.

81



Literature Cited

Alexander, R.R., 2001. Functional morphology and biomechanics of articulate brachiopod shells.
The Paleontological Society Papers 7.

Alexander, R.R., 1990. Mechanical strength of shells of selected extant articulate brachiopods:

implications for Paleozoic morphologic trends. Historical biology 3, 169-188.

Alexander, R.R. 1989. Influence of valve geometry, ornamentation, and microstructure on
fractures in Late Ordovician brachiopods. Lethaia 22, 133-147.

Alexander, R.R., 1986a. Resistance to and repair of shell breakage induced by durophages in
Late Ordovician brachiopods. Journal of Paleontology 60, 273-285.

Alexander, R.R., 1986b. Frequency of sublethal shell-breakage in articulate brachiopod
assemblages through geologic time. in Racheboeuf, P.R., Emig, C.C. (Eds.), Les
Brachiopods Fossils et Actuels, First International Brachiopod Congress, Biostratigraphie
du Paleozoique 4, 159-166.

Alexander, R.R., 1984. Comparative hydrodynamic stability of brachiopod shells on current-
scoured arenaceous substrates. Lethaia 17, 17-32.

Alexander, R.R., Dietl, G.P., The Fossil Record of Shell-Breaking Predation on Marine Bivalves
and Gastropods, in Kelley, P.H., Kowalewski, M., Hansen, T.A. (Eds.), Predator—Prey
Interactions in the Fossil Record. Springer US, Boston, MA, pp. 141-176.

Allan, B.J.M., Domenici, P., Watson, S.A., Munday, P.L., McCormick, M.I., 2017. Warming has
a greater effect than elevated CO2 on predator—prey interactions in coral reef fish.
Proceedings of the Royal Society B: Biological Sciences 284.

Bailey, J.B., 1978. Provincialism and migration in Lower and Middle Devonian pelecypods.

Palacogeography, Palaeoclimatology, Palacoecology 23, 119-130.

82



Barclay, K.M., Schneider, C.L., Leighton, L.R., 2013. Palacoecology of Devonian sclerobionts
and their brachiopod hosts from the Western Canadian Sedimentary Basin.
Palaecogeography, palacoclimatology, palacoecology 383-384, 79-91.

Barclay, K.M., Sinclair, C.R., Leighton, L.R., 2020. Patterns of prey selection by the crab
Cancer productus among three similar gastropod species (Nucella spp.). Journal of
Experimental Marine Biology and Ecology 530-531, 151443.

Bates, D., Méchler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models Using
Ime4. Journal of Statistical Software 67, 1-48.

Behrensmeyer, A.K., Fiirsich, F.T., Gastaldo, R.A., Kidwell, S.M., Kosnik, M.A., Kowalewski,
M., Plotnick, R.E., Rogers, R.R., Alroy, J., 2005. Are the most durable shelly taxa also
the most common in the marine fossil record? Paleobiology 31, 607-623.

Bennington, J.B., Dimichele, W.A., Badgley, C., Bambach, R.K., Barrett, P.M., Behrensmeyer,
A.K., Bobe, R., Burnham, R.J., Daeschler, E.B., Dam, J.V., 2009. Critical issues of scale in
paleoecology. Palaios 24, 1-4.

Bertness, M.D., 1977. Behavioral and ecological aspects of shore-level size gradients in Thais

lamellosa and Thais emarginata. Ecology 58, 86-97.

Blakey, R., 2020. Deep Time Maps. https://deeptimemaps.com/

Blanchard, A.L., Feder, H.M., 2014. Interactions of habitat complexity and environmental
characteristics with macrobenthic community structure at multiple spatial scales in the
northeastern Chukchi Sea. Deep Sea Research Part II: Topical Studies in Oceanography
102, 132-143.

Boucot, A., 1975. Evolution and Extinction Rate Controls. Elsevier Scientific Publishing Co.,

Amsterdam.

83



Boucot, A.J., Johnson, J.G., Talent, J.A., 1969. Early Devonian Brachiopod Zoogeography.
Geological Society of America.

Boucot, A.J., Johnson, J.G., Talent, J.A. 1967. Lower and Middle Devonian Faunal Provinces
based on Brachiopoda, in International Symposium of the Devonian System. CSPG
Special Publications 2, pp. 1239-1254.

Boulding, E.G., LaBarbera, M., 1986. Fatigue damage: Repeated loading enables crabs to open
larger bivalves. The Biological Bulletin 171, 538-547.

Brand, U., Jiang, G., Azmy, K., Bishop, J., Montafiez, .P., 2012. Diagenetic evaluation of a
Pennsylvanian carbonate succession (Bird Spring Formation, Arrow Canyon, Nevada,
U.S.A.) — 1: Brachiopod and whole rock comparison. Chemical Geology 308-309, 26-39.

Brand, U., 1989. Global climatic changes during the Devonian-Mississippian: Stable isotope
biogeochemistry of brachiopods. Global and Planetary Change 1, 311-329.

Branson, E.B., 1944. The Geology of Missouri. University of Missouri Studies 19, 535p.

Brazeau, M.D., Friedman, M., 2015. The origin and early phylogenetic history of jawed
vertebrates. Nature (London) 520, 490-497.

Brett, C.E., 1998. Sequence stratigraphy, paleoecology, and evolution; biotic clues and responses

to sea-level fluctuations. Palaios 13, 241-262.

Brett, C.E., Baird, G.C., Bartholomew, A.J., DeSantis, M.K., Ver Straeten, C.A., 2011. Sequence
stratigraphy and a revised sea-level curve for the Middle Devonian of eastern North
America. Palaeogeography, palaeoclimatology, palaeoecology 304, 21-53.

Brett, C.E., Boucot, A.J., Jones, B., 1993. Absolute depths of Silurian benthic assemblages.

Lethaia 26.

84



Brett, C.E., Walker, S.E., 2002. Predators and predation in Paleozoic marine environments. The
Paleontological Society Papers 8, 93-118.

Chattopadhyay, D., Baumiller, T.K., 2007. Drilling under threat: An experimental assessment of
the drilling behavior of Nucella lamellosa in the presence of a predator. Journal of
Experimental Marine Biology and Ecology 352, 257-266.

Chivers, D.P., Zhao, X., Brown, G.E., Marchant, T.A., Ferrari, M.C.O., 2008. Predator-induced
changes in morphology of a prey fish: the effects of food level and temporal frequency of
predation risk. Evolutionary Ecology 22.

Copper, P., Scotese, C.R., 2003. Megareefs in Middle Devonian supergreenhouse climates, in
Chan, M.A., Archer, A.W. (Eds.), Extreme Depositional Environments: Mega End
Members in Geologic Time. Geological Society of America.

Crick, R.E., Ellwood, B.B., Hassani, A.E., Feist, R., Hladil, J., 1997. MagnetoSusceptibility
Event and Cyclostratigraphy (MSEC) of the Eifelian-Givetian GSSP and associated
boundary sequences in north Africa and Europe. Episodes 20, 167-175.

Da Silva, A.C., Mabille, C., Boulvain, F., 2009. Influence of sedimentary setting on the use of
magnetic susceptibility: examples from the Devonian of Belgium. Sedimentology 56, 1292-
1306.

Da Silva, A.C., Whalen, M.T., Hladil, J., Chadimova, L., Chen, D., Spassov, S., Boulvain, F.,
Devleeschouwer, X., 2015. Magnetic susceptibility application: A window onto ancient
environments and climatic variations: Foreword. Geological Society special publication 414,

1-13.

85



Day, J., Uyeno, T., Norris, W., Witzke, B.J., Bunker, B.J., 1996. Middle-Upper Devonian
relative sea-level histories of central and western North American interior basins. Special
Paper of the Geological Society of America 306, 259-275.

Day, J., Witzke, B.J., 2017. Chapter Six - Upper Devonian biostratigraphy, event stratigraphy,
and Late Frasnian Kellwasser extinction bioevents in the lowa basin: Western Euramerica.
Stratigraphy & Timescales 2, 243-332.

Day, J., Witzke, B.J., Bunker, B.J., 2008. Overview of Middle and Upper Devonian Cedar
Valley group and Lime Creek Formation carbonate platform facies, faunas, and event
stratigraphy of northern lowa, in Groves, J.R., Walters, J.C., Day, J. (Eds.), Carbonate
Platform Facies and Faunas of the Middle and Upper Devonian Cedar Valley Group and
Lime Creek Formation, Northern Iowa. Iowa Geological Survey Guidebook 28.

DeFeo, J.A., 2017. Juran's Quality Handbook: The Complete Guide to Performance Excellence.
McGraw-Hill Education, New York.

De Vleeschouwer, D., Da Silva, A.C., Sinnesael, M., Chen, D., Day, J.E., Whalen, M.T., Guo,
Z., Claeys, P., 2017. Timing and pacing of the Late Devonian mass extinction event
regulated by eccentricity and obliquity. Nature communications 8, 2268.

Dietl, G.P., Kelley, P.H., 2001. Mid-Paleozoic latitudinal predation gradient: Distribution of

brachiopod ornamentation reflects shifting Carboniferous climate. Geology 29.

Dievert, R.V., Gingras, M.K., Leighton, L.R., 2021. The functional performance of productidine
brachiopods in relation to environmental variables. Lethaia [in press].

Dye, A.H., 1991. Feed preferences of Nucella crassilabrum and juvenile Concholepas

concholepas (gastropoda: Muricidae) from a rocky shore in Southern Chile. Journal of

Molluscan Studies 57, 301-307.

86



Ehlers, G.M., Kesling, R.V., 1970. Devonian Strata of Alpena and Presque Isle Counties,
Michigan. Michigan Basin Geological Society, MI.

Feder, H.M., Sathy Naidu, A., Jewett, S.C., Hameedi, J.M., Johnson, W.R., Whitledge, T.E.,

1994. The northeastern Chukchi Sea: benthos-environmental interactions. Mar. Ecol. Prog.
Ser. 111, 171.

Forcino, F.L., Stafford, E.S., Leighton, L.R., 2012. Perception of paleocommunities at different
taxonomic levels: how low must you go? Palacogeography, Palacoclimatology,
Palaeoecology 365-366.

Fox, J., Weisberg, S., 2019. An {R} companion to applied regression. R package version 3.0-11.

Freestone, A.L., Carroll, E.W., Papacostas, K.J., Ruiz, G.M., Torchin, M.E., Sewall, B.J., 2020.
Predation shapes invertebrate diversity in tropical but not temperate seagrass communities.
J. Anim. Ecol. 89, 323-333.

Garcia, E.A., Molinaro, D.J., Leighton, L.R., 2018. Testing the function of productide
brachiopod spines on arenaceous substrates using 3D printed models. Palaeogeography,
palaeoclimatology, palaeoecology 511, 541-549.

Ghiglione, J., Larcher, M., Lebaron, P., 2005. Spatial and temporal scales of variation in
bacterioplankton community structure in the NW Mediterranean Sea. Aquat. Microb. Ecol.
40, 229-240.

Grant, R.E., 1966. Spine Arrangement and Life Habits of the Productoid Brachiopod
Waagenoconcha. Journal of Paleontology 40, 1063-1069.

Gravem, S.A., Morgan, S.G., 2017. Shifts in intertidal zonation and refuge use by prey after

mass mortalities of two predators. Ecology 98, 1006-1015.

87



Grill, B., Zuschin, M., 2001. Modern shallow- to deep-water bivalve death assemblages in the
Red Sea — ecology and biogeography. Palacogeography, Palaeoclimatology, Palacoecology
168, 75-96.

Harper, E.M., Peck, L.S., 2016. Latitudinal and depth gradients in marine predation pressure.

Global Ecology and Biogeography 25, 670-678.

Harper, E.M., Peck, L.S., Hendry, K.R., 2009. Patterns of shell repair in articulate brachiopods
indicate size constitutes a refuge from predation. Marine biology 156, 1993-2000.
Hartig, F., 2021. DHARMa: residual diagnostics for hierarchical (multi-level/mixed) regression

models. R package version 0.4.3.

Hostetter, N.J., Evans, A.F., Roby, D.D., Collis, K., 2012. Susceptibility of juvenile steelhead to
avian predation: The influence of individual fish characteristics and river conditions.
Transactions of the American Fisheries Society 141, 1586-1599.

Hughes, R.N., de, S., 1984. Behavioural components of prey selection by dogwhelks, Nucella
lapillus (L.), feeding on mussels, Mytilus edulis L., in the laboratory. Journal of
Experimental Marine Biology and Ecology 77, 45-68.

Johnsen, S.A.L., Ahmed, M., Leighton, L.R., 2013. The effect of spines of a Devonian
productide brachiopod on durophagous predation. Palacogeography, Palaeoclimatology,
Palaeoecology 375, 30-37.

Kaufmann, B., 2006. Calibrating the Devonian Time Scale: a synthesis of U-Pb ID-TIMS ages

and conodont stratigraphy. Earth-Sci. Rev. 76, 175-190.
Kesling, R.V., Segall, R.T., Sorensen, H.O., 1974. Devonian Strata of Emmet and Charlevoix

Counties, Michigan. Museum of Paleontology, University of Michigan, Ann Arbor.

88



Kowalewski, M., 2002. The fossil record of predation: an overview of analytical methods. The
Paleontological Society Papers 8, 3-42.

Krobicki, M., Zaton, M., 2008. Middle and Late Jurassic roots of brachyuran crabs:
Palacoenvironmental distribution during their early evolution. Palacogeography,
Palaeoclimatology, Palacoecology 263, 30-43.

Lafferty, A.G., Miller, A.L, Brett, C.E., 1994. Comparative spatial variability in faunal
composition along two Middle Devonian paleoenvironmental gradients. PALAIOS 9.

Leighton, L.R., 2003a. Morphological response of prey to drilling predation in the Middle
Devonian. Palacogeography, Palacoclimatology, Palaeoecology 201, 221-234.

Leighton, L.R., 2003b. Predation on Brachiopods, in Kelley, P.H., Kowalewski, M., Hansen,
T.A. (Eds.), Predator—Prey Interactions in the Fossil Record. Springer US, pp. 215-237.

Leighton, L.R., 2002. Inferring predation intensity in the marine fossil record. Paleobiology 28,
328-342.

Leighton, L.R., 2001. New example of Devonian predatory boreholes and the influence of
brachiopod spines on predator success. Palaeogeography, Palaeoclimatology, Palacoecology
165, 53-69.

Leighton, L.R., 1999. Possible latitudinal predation gradient in middle Paleozoic oceans.

Geology 27, 47-50.

Leighton, L.R., Chojnacki, N.C., Stafford, E.S., Tyler, C.L., Schneider, C.L., 2016.

Categorization of shell fragments provides a proxy for environmental energy and

predation intensity. Journal of the Geological Society 173.

89



Leighton, L.R., Tyler, C.L., 2021. Emergent effects of two rocky intertidal predators on prey:
interaction of crabs and sea-stars may reduce mussel mortality. Journal of Experimental
Marine Biology and Ecology 539, 151542.

Leighton, L.R., Webb, A.E., Sawyer, J.A., 2013. Ecological effects of the Paleozoic-Modern
faunal transition: Comparing predation on Paleozoic brachiopods and molluscs. Geology 41,
275-278.

Lenth, R.V., 2021. emmeans: estimated marginal means, aka least-squares means. R package

version 1.6.2-1.

Levin, S.A., 1992. The problem of pattern and scale in ecology: The Robert H. MacArthur
Award Lecture. Ecology 73, 1943-1967.

MacArthur, R.H., 1984. Geographical ecology: patterns in the distribution of species. Princeton
University Press.

McCune, B., Mefford, M.J., 2018. PC-ORD. Multivariate Analysis of Ecological Data. 7.08.

McCune, B., Grace, J.B., Urban, D.L., 2002. Analysis of Ecological Communities. MjM
Software Design.

McKinney, F.K., Hageman, S.J., 2006. Paleozoic to modern marine ecological shift displayed in
the northern Adriatic Sea. Geology 34, 881-884.

Mendonca, S.E., Barclay, K.M., Tyler, C.L., Leighton, L.R., 2021. Intrinsic factors affecting
predator success in crab-gastropod encounters and their implications for repair
frequencies. [submitted for review].

Mendonca, S.E., Barclay, K.M., Schneider, C.L., Molinaro, D.J., Webb, A.E., Forcino, F.L.,

Leighton, L.R., 2018. Analyzing trends in tropical Devonian brachiopod communities

90



during environmental change in the Waterways Formation of northern Alberta.
Palacogeography, palacoclimatology, palacoecology 506, 84-100.

Mendonca, S.E., Pruden, M.J., Leighton, L.R., 2017. Is half enough? The validity of using single
valves in studies of predation on brachiopods. Geological Society of America Annual
Meeting.

Menge, B.A., Sutherland, J.P., 1987. Community Regulation: Variation in Disturbance,
Competition, and Predation in Relation to Environmental Stress and Recruitment.
https://doi.org/10.1086/284741 130, 730-757.

Menge, B.A., Sutherland, J.P., 1976. Species Diversity Gradients: Synthesis of the Roles of
Predation, Competition, and Temporal Heterogeneity.

Miller, D.J., LaBarbera, M., 1995. Effects of foliaceous varices on the mechanical properties of
Chicoreus dilectus (Gastropoda: Muricidae). Journal of Zoology 236, 151-160.

Molinaro, D.J., Stafford, E.S., Collins, B.M.J., Barclay, K.M., Tyler, C.L., Leighton, L.R., 2014.

Peeling out predation intensity in the fossil record: A test of repair scar frequency as a
suitable proxy for predation pressure along a modern predation gradient. Palaeogeography,
Palaeoclimatology, Palaeoecology 412, 141-147.

Naddafi, R., Rudstam, L., 2014. Predation on invasive zebra mussel, Dreissena polymorpha, by
pumpkinseed sunfish, rusty crayfish, and round goby. Hydrobiologia 721, 107-115.

O’brien, R., 2007. A Caution Regarding Rules of Thumb for Variance Inflation Factors. Qual
Quant 41, 673-690.

Oji, T., 1996. Is predation intensity reduced with increasing depth? Evidence from the west
Atlantic stalked crinoid Endoxocrinus parrae (Gervais) and implications for the

Mesozoic marine revolution. Paleobiology 22.

91



Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Pierre, L., McGlinn, D., Minchin, P.R.,
O'Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.M., Szoecs, E., Wagner, H., 2020.
vegan: Community Ecology Package. R package version 2.5-7.

Oliver, W.A., 1977. Biogeography of late Silurian and devonian rugose corals. Palacogeography,

Palaeoclimatology, Palacoecology 22, 85-135.

Olszewski, T., 1999. Taking advantage of time-averaging. Paleobiology 25, 226-238.

Olszewski, T.D., Patzkowsky, M.E., 2001. Measuring recurrence of marine biotic gradients: a
case study from the Pennsylvanian-Permian midcontinent. PALAIOS 16.

Orth, R.J., Heck, K.L.J., van Montrans, J., 1984. Faunal Communities in Seagrass Beds: A
Review of the Influence of Plant Structure and Prey Characteristics on Predator: Prey
Relationships. Estuaries 7, 339-350.

Palmer, A.R., 1990. Effect of crab effluent and scent of damaged conspecifics on feeding,
growth, and shell morphology of the Atlantic dogwhelk Nucella lapillus (L.).
Hydrobiologia 193, 155-182.

Palmer, A.R., 1979. Fish predation and the evolution of gastropod shell sculpture: experimental
and geographic evidence. Evolution 33, 697-713.

Patzkowsky, M.E., Holland, S.M., 2012. Stratigraphic paleobiology: understanding the
distribution of fossil taxa in time and space. University of Chicago Press, Chicago.

Pruden, M.J., Mendonca, S.E., Leighton, L.R., 2018. The effects of predation on the preservation
of ontogenetically young individuals. Palacogeography, Palacoclimatology, Palaeoecology
490, 404-414.

Redman, C.M., Leighton, L.R., Schellenberg, S.A., Gale, C.N., Nielsen, J.L., Dressler, D.L.,

Klinger, M.K., 2007. Influence of spatiotemporal scale on the interpretation of

92



paleocommunity structure: lateral variation in the Imperial Formation of California. Palaios
22, 630-641.

Reghellin, D., Coxall, H.K., Dickens, G.R., Backman, J., 2015. Carbon and oxygen isotopes of
bulk carbonate in sediment deposited beneath the eastern equatorial Pacific over the last 8
million years. Paleoceanography 30, 1261-1286.

Reynolds, P.L., Stachowicz, J.J., Hovel, K., Bostrom, C., Boyer, K., Cusson, M., Ekléf, J.S.,

Engel, F.G., Engelen, A.H., Eriksson, B.K., Fodrie, F.J., Griffin, J.N., Hereu, C.M., Hori,
M., Hanley, T.C., Ivanov, M., Jorgensen, P., Kruschel, C., Lee, K., McGlathery, K.,
Moksnes, P., Nakaoka, M., O'Connor, M.I., O'Connor, N.E., Orth, R.J., Rossi, F.,
Ruesink, J., Sotka, E.E., Thormar, J., Tomas, F., Unsworth, R. K.F., Whalen, M.A.,
Dufty, J.E., 2018. Latitude, temperature, and habitat complexity predict predation
pressure in eelgrass beds across the Northern Hemisphere. Ecology 99, 29-35.

Richards, E.J., Leighton, L.R., 2012. Size refugia from predation through time: A case-study of
two Middle Devonian brachiopod genera. Palaeogeography, Palaeoclimatology,
Palaeoecology 363-364.

Richards, S., Whittingham, M., Stephens, P., 2011. Model selection and model averaging in
behavioural ecology: the utility of the IT-AIC framework. Behav Ecol Sociobiol 65, 77-
89.

Romero, G.Q., Gongalves-Souza, T., Kratina, P., Marino, N.A.C., Petry, W.K., Sobral-Souza, T.,
Roslin, T., 2018. Global predation pressure redistribution under future climate change.

Nature climate change 8, 1087-1091.

93



Salamon, M.A., Gorzelak, P., Niedzwiedzki, R., Trz¢siok, D., Baumiller, T.K., 2014. Trends in
shell fragmentation as evidence of mid-Paleozoic changes in marine predation.
Paleobiology 40.

Sanford, E., 1999. Regulation of Keystone Predation by Small Changes in Ocean Temperature.
Science 283, 2095-2097.

Savino, J.F., Stein, R.A., 1989. Behavior of fish predators and their prey: habitat choice between
open water and dense vegetation. Environmental biology of fishes 24, 287-293.

Savrda, C.E., Bottjer, D.J., 1991. Oxygen-related biofacies in marine strata: an overview and

update. Geological Society, London, Special Publications 58, 201-219.

Scarponi, D., Kowalewski, M., 2004. Stratigraphic paleoecology: bathymetric signatures and
sequence overprint of mollusk associations from upper Quaternary sequences of the Po
Plain, Italy. Geology 32, 989-992.

Schemske, D.W., Mittelbach, G.G., Cornell, H.V., Sobel, J.M., Roy, K., 2009. Is There a
Latitudinal Gradient in the Importance of Biotic Interactions? Annual Review of
Ecology, Evolution, and Systematics 40.

Scotese, C.R., 2003. PALEOMAP Project. http://www.scotese.com/

Shultz, S., Nog, R., McGraw, W.S., Dunbar, R.I.M., 2004. A community—level evaluation of the
impact of prey behavioural and ecological characteristics on predator diet composition.
Proceedings of the Royal Society. B, Biological sciences 271, 725-732.

Signor, P.W., Brett, C.E., 1984. The mid-Paleozoic precursor to the Mesozoic marine revolution.
Paleobiology 10, 229-245.

Smallegange, .M., Van Der Meer, J., 2003. Why do shore crabs not prefer the most profitable

mussels? Journal of Animal Ecology 72, 599-607.

94



Springer, D.A., Bambach, R.K., 1985. Gradient versus cluster analysis of fossil assemblages: a
comparison from the Ordovician of southwestern Virginia. Lethaia 18.

Stack, J., Sallan, L., 2018. An examination of the Devonian fishes of Michigan. PeerJ 6.

Stafford, E.S., Leighton, L.R., 2011. Vermeij Crushing Analysis: A new old technique for
estimating crushing predation in gastropod assemblages. Palacogeography,
Palaeoclimatology, Palacoecology 305, 123-137.

Stafford, E.S., Tyler, C.L., Leighton, L.R., 2015. Gastropod shell repair tracks predator
abundance. Marine Ecology 36, 1176-1184.

Teng, S.N., Svenning, J., Santana, J., Reino, L., Abades, S., Xu, C., 2020. Linking landscape
ecology and macroecology by scaling biodiversity in space and time. Current Landscape
Ecology Reports 5, 25-34.

Thirgood, S.J., Redpath, S.M., Campbell, S., Smith, A., 2002. Do habitat characteristics

influence predation on red grouse? Journal of Applied Ecology 39, 217-225.

van Geldern, R., Joachimski, M., Day, J., 2006. Devonian Stable Isotope Records from the lowa
Basin, in Day, J., Luczaj, J., Anderson, R. (Eds.), New Perspectives and Advances in the
Understanding of Lower and Middle Paleozoic Epeiric Carbonate Depositional Systems of
the Iowa and Illinois Basins: lowa Geological Survey Guidebook Series. [owa Department
of Natural Resources, Geological Survey, pp. 89-100.

van Hinsbergen, Douwe J. J., de Groot, L.V, van Schaik, S.J., Spakman, W., Bijl, P.K., Sluijs,

A., Langereis, C.G., Brinkhuis, H., 2015. A Paleolatitude Calculator for Paleoclimate
Studies. PLOS ONE.
Vermeij, G.J., 1987. Evolution and escalation: an ecological history of life. Princeton University

Press.

95



Vermeij, G.J., 1982. Unsuccessful Predation and Evolution. The American Naturalist 120.

Vermeij, G.J., Zipser, E., Dudley, E.C., 1980. Predation in time and space: Peeling and drilling
in terebrid gastropods. Paleobiology 3, 352-364.

Vittinghoff, E., Glidden, D.V., Shiboski, S.C., McCulloch, C.E., 2012. Regression Methods in
Biostatistics. Springer US, Boston, MA.

Whalen, M.T., Day, J.E., 2010. Cross-basin variations in magnetic susceptibility influenced by
changing sea level, paleogeography, and paleoclimate; Upper Devonian, Western Canada
Sedimentary Basin. Journal of sedimentary research 80, 1109-1127.

Williams, A., Brunton, C.H.C., Carlson, S.J., 1997. Introduction, in Kaesler, R.L. (Ed.), Treatise
on Invertebrate Paleontology, Part H, Brachiopoda, Revised. Geological Society of
America and University of Kansas Press, Boulder, CO, pp. 1-539.

Witzke, B.J., Bunker, B.J., 1996. Relative sea-level changes during Middle Ordovician through
Mississippian deposition in the lowa area, North American craton. Geological Society of
America Special Papers 306, 307-330.

Young, G.C., 2010. Placoderms (armored fish): Dominant vertebrates of the Devonian period.

Annual Review of Earth and Planetary Sciences 38, 523-550.

96



