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Eurypterids—Palaeozoic marine and freshwater arthropods commonly
known as sea scorpions—repeatedly evolved to remarkable sizes (over 0.5
m in length) and colonized continental aquatic habitats multiple times.
We compiled data on the majority of eurypterid species and explored
several previously proposed explanations for the evolution of giant size
in the group, including the potential role of habitat, sea surface temperature
and dissolved sea surface oxygen levels, using a phylogenetic comparative
approach with a new tip-dated tree. There is no compelling evidence that
the evolution of giant size was driven by temperature or oxygen levels, nor
that it was coupled with the invasion of continental aquatic environments,
latitude or local faunal diversity. Eurypterid body size evolution is best
characterized by rapid bursts of change that occurred independently of
habitat or environmental conditions. Intrinsic factors played a major role in
determining the convergent origin of gigantism in eurypterids.

1. Introduction

Eurypterids, commonly known as sea scorpions, are extinct chelicerates that
ranged from the Ordovician to the late Permian [1]. They are renowned
as giant predators and repeatedly evolved body lengths in excess of 1
m, excluding their chelicerae. Eurypterids comprised two major clades, the
paddle-limbed eurypterines and the long-limbed stylonurines, both of which
inhabited marine to continental (freshwater) settings [2,3] and are known
from all continents except Antarctica [4]. The smallest eurypterids were less
than 2 cm long as adults [5], whereas the largest exceeded 2.5 m [6]. Seven
of the 21 recognized families include representatives more than a metre in
length, such as Acutiramus macrophthalmus (figure 1) [3,4]. Giant eurypterids
tend to be deeply nested within major clades reflecting multiple instances of
convergent evolution to giant size.

Despite repeated evolution to some of the largest body sizes reached
by arthropods, the factors that led to giant size in eurypterids have not
been analysed comprehensively [6]. The classic hypothesis that competition
with gnathostomes (jawed fishes) drove the evolution of giant eurypterids
[7] lacks support [8,9] although it is still invoked [10]. Gigantism among
other Palaeozoic arthropods, such as Carboniferous insects and myriapods
[11,12], has been attributed to high oxygen levels [13]. The only previous
quantitative analysis of eurypterid body size (based on a limited sample of
eurypterines [14]) found no evidence that large (>0.5 m) or giant (>1 m) body
size is a response to atmospheric oxygen, sea surface temperature or sea level
change, nor that it occurs at higher latitudes, as implied by Bergmann’s rule
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Figure 1. The giant eurypterid A. macrophthalmus. A giant specimen of the pterygotid eurypterid A. macrophthalmus about 1.25 m long from the Fiddlers Green
Formation at Passage Gulf in upper New York State. This specimen (Yale Peabody Museum IP 208195) is one of the largest known complete examples of a eurypterid, if
not the largest. The length of eurypterids over 2 m long is based on extrapolation from the dimensions of isolated elements of the exoskeleton.

(1847) [15] relating larger size to lower temperatures at high latitudes. Later Palaeozoic stylonurines were largely freshwater
inhabitants and capable of brief terrestrial excursions [16,17] and many reached lengths of over a metre. Living chelicerates have
a haemolymph with a similar ionic concentration to sea water [18], and eurypterids may have faced issues with osmoregulation
when transitioning from euryhaline to freshwater habitats. Some extant terrestrial crustaceans reach enormous sizes to avoid
desiccation [19] and it has been hypothesized that giant size in eurypterids may be related to habitat shifts [16].

There is no consensus on which of several factors provide an explanation for gigantism in eurypterids, a trait that character-
izes a niche of apex nektonic arthropod predators that is absent in modern ecosystems. Clearly, the acquisition of giant size
multiple times across deep time requires analysis within a phylogenetic framework. We assembled a large dataset of maximum
size and extrinsic factors (electronic supplementary material, dataset 1) and conducted the first phylogenetically informed

VBLLYZ07 1167 9705y 20l qdsyjeumol/Biobunsygndiposiedor [


file:///Users/greg/Library/Mobile%20Documents/com~apple~CloudDocs/Downloads/royalsocietypublishing.org/journal/rsbp

Downloaded from https://royalsocietypublishing.org/ on 01 April 2025

analysis of the evolution of eurypterid body size, testing whether palaeotemperature, oxygen availability, habitat shifts or mass n

extinctions drove its macroevolutionary dynamics. We also considered other factors that have been proposed as possible drivers
of gigantism in eurypterids —palaeolatitude and community composition, including competition.

Maximum sizes were sourced from Lamsdell and Braddy [3], combined with information on newly described taxa [1] and
new data on maximum size [20]. The 138 species included (electronic supplementary material, dataset 1) represent a sample of
nearly all valid and relatively completely known eurypterids.

We assembled a dataset of sea surface temperature, levels of dissolved O, and depositional environment (electronic
supplementary material, dataset 1). Data were also compiled for a preliminary investigation of possible correlations with
the taxonomic diversity of assemblages (co-occurring eurypterids and other taxa, including potential competitors) in which
eurypterids occur (electronic supplementary material, figure S7), and for latitude (electronic supplementary material, figure
S8). The data, apart from sea surface temperature and levels of dissolved O, were extracted from the Paleobiology Database
(PBDB; paleobiodb.org—accessed September 2022) updated, as necessary, with information from recent literature (Dataset 1).
We explored the relationship between the various factors and eurypterid size in the context of an updated phylogeny based
on the morphological matrix of Lamsdell and Selden [9], including 226 characters and 154 taxa (electronic supplementary
material, figure S1). Tip-dated Bayesian inference under the fossilized birth-death (FBD) process was carried out in MRBAYEs
v. 3.2.7 [21,22]. Stratigraphic ranges were used as uniform priors on tip ages, and an uncorrelated relaxed morphological clock
was enforced [23]. Morphological change was modelled using a Mk, + I' model [24], partitioning characters by their number
of states, and including an ascertainment bias correction for coding only variable characters. After a rapid diversification,
eurypterid diversity declined sharply during the Devonian Biotic Crisis [3] owing to decreased speciation rates and habitat
fragmentation. We incorporated this knowledge into the inference procedure through a skyline FBD tree prior [25,26] including
three successive diversification/preservation regimes (representing radiation, extinction and subsistence phases). For further
discussion of phylogenetic methods see electronic supplementary material, text 1. Inference was summarized using both a
maximum clade credibility (mcc) tree and 500 randomly sampled posterior trees. Trees were pruned to the set of ingroup
terminals (135) with information on body size and depositional environment.

Palaeozoic sea surface temperatures are the subject of continued debate [27-29]. We used the estimates of Song et al. [30],
who focused on lower latitudes and inferred less extreme early Palaeozoic temperatures than other authors [29], although
the patterns are similar. Temperatures were reported as averaged values spanning 1 Myr intervals. Dissolved ocean surface
oxygen values were derived from the temperature estimates ([30], fig. 5). Estimates of sea surface dissolved oxygen were
preferred to atmospheric oxygen as the majority of eurypterids were marine [17,31]. Later examples were capable of limited
terrestrial mobility with the aid of respiratory structures called Kiemenplatten [17] and pillar-like lung trabeculae [31]. Values
were digitized to obtain estimates every 1 Myr using WesPLoTDi1GITIZER V. 4.6 [32]. Natural smoothing splines were then fit to
both and interpolated to 0.25 Myr intervals.

Depositional environments were divided into three categories: (i) marine (reefs or definite offshore deposits); (2) marginal
marine (shallow protected settings such as bays and estuaries); and (iii) continental (lakes and rivers). Taxa that occur in
multiple formations were coded based on the formation for which the most complete data are available (completeness of fossils,
abundance and confidence of assignment; electronic supplementary material, dataset 1, see Notes column). Most fossils are
exuviae and some eurypterids may be preserved in marginal marine environments that they did not normally occupy [2,33].
It is unlikely, however, that they moved between marine and fresh water to moult. Environments were inferred, in some cases,
based on lithology (electronic supplementary material, dataset 1, see Notes column). The evolution of this trait was explored
using reverse-jump Markov chain Monte Carlo (rjMCMC) in BayesTrarrs v. 3.0.1 [34], stochastic character mapping [35] and
state-dependent lineage-through-time plots [36].

Eurypterid body size was log-transformed and its macroevolutionary dynamics evaluated using 11 models. These can
be subdivided into approaches that attempt to characterize morphological change without invoking extrinsic factors, and
approaches designed to test putative drivers of eurypterid gigantism. Among the first, we explored a Brownian motion model
(i.e. a random walk with constant variance) as well as extensions of this framework that incorporate constrained evolution
within an adaptive zone (Ornstein-Uhlenbeck model, OU), active trends, and exponentially varying rates that allow for early
burst dynamics. All of these models are intrinsically gradualistic, with expected outcomes that are a function of the amount of
time elapsed (branch lengths). Two alternatives that relax this assumption were also explored: a kappa model [37] that allows
for divergence to accrue faster than expected (0 < K < 1), or even independently of phylogenetic branch lengths (K = 0); and
pulsed models [38] that incorporate sudden bursts of change.

Alternatives incorporating extrinsic drivers were implemented using OU models. Body size evolution was coupled with sea
surface temperature and dissolved oxygen using non-stationary optima that are linearly dependent on reconstructed curves
[39]. Multipeak OU (OUM) models that depict evolution on complex adaptive landscapes were used to test for an effect of
ecological transitions (using depositional environment as proxy) and extinction events (Devonian biotic crisis) on body size
evolution. In the first case, ecology was mapped using stochastic character mapping under an optimal model of evolution,
and ecological regimes were treated as evolving towards distinct adaptive peaks (allowing rates of change and strengths of
selection to also vary). Three-peak (marine, marginal marine and continental) and two-peak (marginal marine and other) OUM
alternatives were considered, as previous hypotheses suggest gigantism could have been favoured in both continental and
fully marine habitats (albeit for different reasons), and a simpler model might efficiently capture this with fewer parameters. A


https://paleobiodb.org/
file:///Users/greg/Library/Mobile%20Documents/com~apple~CloudDocs/Downloads/royalsocietypublishing.org/journal/rsbp

Downloaded from https://royalsocietypublishing.org/ on 01 April 2025

three-peak OUM model was also implemented to assess the impact of the Devonian biotic crisis on body size evolution, with
a single peak encompassing all lineages predating the extinction event, and two separate ones for the clades surviving and
diversifying in its aftermath. Models were fit to the set of posterior trees, accounting for topological and temporal uncertainties,
and ranked using median-corrected Akaike information criterion (AICc) weights as estimates of model fit. The process was
repeated separately for Eurypterina and Stylonurina subtrees. Further details on model fitting are provided in electronic
supplementary material, text 2. All macroevolutionary analyses were performed in the R environment 4.2.2 [40] using functions
from a range of phylogenetic packages [41-44].

Palaeolatitude, also obtained from the PBDB, was modelled as a predictor of body size using phylogenetic regressions
(function ‘pgls’ of package caper [45]) on all 500 posterior topologies, constituting a phylogenetic test of Bergmann’s rule [15].
Community composition was investigated by tallying the number of potential predator and prey species for each eurypterid
taxon, along with the total number of eurypterid species and the overall species richness of the environments they inhabited.
Eurypterid species were split into two groups using a 0.5 m threshold of body size. A permutational ANOVA [46] (1000
replicates) was used to detect significant differences in ecospace occupancy between groups. We acknowledge the overall
difficulty in testing these hypotheses in a manner that is devoid of biases (e.g. taphonomic, uneven preservation and sampling),
and note where these may have played a determinant role.

3. Results

(a) Distribution of giant size

Eurypterid relationships inferred under a tip-dated FBD framework (figure 2; electronic supplementary material text 1, figures
S1-S3) are largely congruent with those based on previous analyses [9]. No major topological effect was induced by tip-dating,
nor by implementing a skyline FBD model with multiple diversification epochs (electronic supplementary material, figure S2).
The common ancestor of all eurypterids, i.e. the node that gave rise to the major clades Stylonurina and Eurypterina, was
relatively small at about 16.7 cm long (95% confidence interval (CI) = 6.1-45.8 cm). Large size (0.5 m) evolved independently
11-18 times (depending on the tree used; 13 times in the mcc tree), and many of those clades contain giant taxa >1.0 m (figure 2).
Gigantism evolved three times in stylonurines—twice among continental (freshwater) mycteropoids and once in hardieopterids.
It was also attained repeatedly by eurypterines (figure 2) —evolving among carcinosomatids, megalograptids and the character-
istically large pterygotids. Gigantism originated within clades inhabiting marine, marginal marine and terrestrial environments.

(b) Sea surface temperature and dissolved oxygen

We find no relationship between changes in sea surface water temperature or dissolved oxygen levels and the evolution of
body size in eurypterids as a whole (figure 3). Oxygen levels appear to have been a factor in the evolution of larger sizes in
stylonurines, however, when they are analysed independently of eurypterines (electronic supplementary material, figure S4).
This result is driven by continental hibbertopterids and mycteropids that reached giant sizes during higher oxygen levels in
the Carboniferous (figure 4; electronic supplementary material, dataset 1). Our oxygen data are based on dissolved sea surface
oxygen, but they reflect levels of oxygenation in the atmosphere and presumably fresh water. However, all other eurypterid
clades that reached large sizes did so during the Ordovician and early Devonian [1,6], when oxygen levels were much lower.
The lack of a universal effect of oxygen levels suggests that the relationship detected within stylonurines might not be causal,
and instead emerge from the contingent survival of only large bodied continental stylonurines through the Devonian biotic
crisis.

(c) Habitat shifts

The initial radiation of eurypterids happened entirely in the marine realm (posterior probability (pp) at the tree root = 0.996),
and eurypterids colonized continental (freshwater) habitats between 7 and 15 times (nine in the mcc tree; figure 2). The model
with the highest pp in the rjMCMC analysis (electronic supplementary material, figure S5), as well as that preferred for the mcc
tree (figure 2), implies terrestrialization was only possible through marginal marine environments. Colonizations of continental
habitats before the Middle Devonian were ephemeral and did not result in lineage diversification (figure 2 insets). Two
significant radiations in continental habitats occurred later, in mycteropids (Stylonurina) and adelophthalmids (Eurypterina),
which together represent the entirety of eurypterid diversity by the Carboniferous (figure 2).

Continental stylonurines and eurypterines varied in size from under 10 cm (Brachyopterella, Adelophthalmus duponti) to over
1.5 m (Hibbertopterus, Pterygotus anglicus), a range comparable to that in both marine and marginal marine species (figure 2 inset;
electronic supplementary material, dataset 1). Although both continental and fully marine taxa were slightly larger on average
than those in marginal marine environments (electronic supplementary material, figure S6), this difference is not significant. In
fact, we find no evidence that body size evolution was driven by habitat preferences (figure 3). Neither is any direct effect of the
Devonian biotic crisis detected (figure 3).

(d) Other factors

We tested for a correlation between eurypterid size and palaeolatitude [15]. Latitude might influence size indirectly because
colder water accommodates more dissolved oxygen and temperature may also impact continental forms [47-50]. Our analysis
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Figure 2. (continued.)

state is also shown using branch colours. Wider branches indicate large bodied clades; giant terminals are highlighted using stars. Higher taxonomic ranks: 1.
Eurypterida, 2. Stylonurina, 3. Rhenopteridae, 4. Stylonuroidea, 5. Parastylonuridae, 6. Stylonuridae, 7. Kokomopteroidea, 8. Kokomopteridae, 9. Hardieopteridae,
10. Mycteropoidea, 11. Mycteropidae, 12. Hibbertopteridae, 13. Eurypterina, 14. Onychopterellidae, 15. Moselopteridae, 16. Eurypteroidea, 17. Dolichopteridae, 18.
Eurypteridae, 19. Strobilopteridae, 20. Diploperculata, 21. Carcinosomatoidea, 22. Megalograptidae, 23. Mixopteridae, 24. Carcinosomatidae, 25. Waeringopteroidea,

26. Adelophthalmoidea, 27. Pterygotoidea, 28. Hughmilleriidae, 29. Slimoniidae, 30. Pterygotidae.
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Figure 3. Models of eurypterid macroevolution. Fit of 11 models characterizing the macroevolution of eurypterid body size (AlCc = sample size corrected Akaike
information criterion scores; wAlCc = AlCc weights). Dots represent values obtained from each posterior tree, values outside the 95% CI of each model are not shown.
Inset shows the median and range of wAICc for the three best-fitting models. Support for a pulsed model dominates (median wAICc =0.763).

revealed no clear relationship: R* and slope values were all close to zero and revealed no evidence of a role for climate in
influencing size in marine or continental eurypterids [15]. It should be noted, however, that this analysis does not take into
account that the overall climate at a given latitude varied considerably with time within the timeframe explored. A previous
investigation of the role of palaeolatitude, although it considered only marine taxa and not in a phylogenetic context, obtained
the same result [14]. Sampling bias in favour of North America and Europe [4] may play a role. The majority of eurypterids are
known from lower palaeolatitudes and large eurypterids are essentially confined to the palaeotropics until the Carboniferous—
giant stylonurines were present at higher latitudes as in the Permian (electronic supplementary material, figure S8).

We assembled data on numbers of eurypterid species within communities because greater niche space may favour a larger
range in body size [51-56]. Conversely a higher density of closely related species may constrain body size [57]. We also
considered total faunal diversity in association with eurypterids as this too may correlate with larger ranges in body size [54].
We found no evidence of correlation in either case.

We used the number of predator and prey species associated with eurypterids as a test of Romer’s hypothesis [7] that
competition with jawed gnathostomes was a driver of giant size in eurypterids and a factor in their extinction. Predators
were identified as any carnivorous gnathostome fish, nautiloid or eurypterine over 2x the maximum length of a potential prey
eurypterid. We did not account for the possibility that smaller juvenile stages were more vulnerable to predation than adults.
Prey species were identified as any mobile benthic or nektonic animal less than 50% of the maximum length of a predatory
eurypterid. Stylonurines are known to have been sweep feeders [58] and thus were only included as predators if they exceed
the body length of a potential prey species by 5x. Hibbertopterids were excluded as they were specialized suspension feeders
[58,59]. Reef building and other sessile taxa are not considered to have been eurypterid prey [60]. Taxa from single localities
were grouped with those from environmentally similar coeval units. We acknowledge, however, that eurypterids may have
lived in different environments to those in which they are preserved and may have encountered a more diverse range of
organisms. We found no correlation between the evolution of giant size and the diversity of predator or prey species (electronic
supplementary material, figure S7). These results are tentative, however, owing to low sample numbers of gnathostomes
(electronic supplementary material, dataset 1). Furthermore, habitats such as the Bertie Waterlime may represent safe refuges
for eurypterid moulting [2,33] with fewer predators than in their normal habitat.
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Figure 4. Eurypterid diversity and sea surface dissolved oxygen and temperature. Eurypterid species diversity (stratigraphic occurrences partitioned by body size)
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(e) Pulsed evolution of body size

The evolution of body size in eurypterids is best explained by pulsed and kappa models, both of which capture punctuational
and non-gradualistic dynamics [61,62] (see §2; figure 3; electronic supplementary material, text 1 and figure S4). Phenotypic
bursts or pulses resulted in rapid divergence (figure 2 inset) that allowed numerous lineages to repeatedly access regions
of large-bodied and gigantic morphospace at near-instantaneous macroevolutionary timescales, and independently of oxygen
levels, palaeotemperature and environment. The average estimate of K was 0.7 (95% CI = 0.56-0.84), indicative of a process
that departs from a pure punctuational process where phenotypic jumps occur only at cladogenetic events [62]. This is further
supported by the even better fit of pulsed models that make no such assumption.

4. Discussion

(a) Oxygen

Increase in the body size of metazoans, including terrestrial arthropods, has been shown to relate to oxygen levels [13,63-65]
but this relationship is complex in marine and terrestrial arthropods [66,67] and may not apply to eurypterids. Review of
our data does, however, suggest a potential relationship between higher oxygen levels and lower sea surface temperatures
and higher eurypterid species diversity (figure 4). The increase in diversity following the appearance of eurypterids in the
Middle Ordovician (Darriwilian) roughly parallels the rise in ocean surface dissolved oxygen from about 170 uM in the late
Ordovician to about 230 uM by the end of the Silurian [30]. Rising oxygen has been invoked as a driver of the Great Ordovician
Biodiversification Event [68]. The decline in dissolved sea surface oxygen levels to 140 uM during the late Devonian [30] may
have contributed to the Famennian mass extinction [69-71] and impacted the diversity of marine eurypterids. The increase in
diversity of continental eurypterids in the Carboniferous coincides with a rise in sea surface oxygen [30] but their subsequent
decline occurs when oxygen levels are still rising (figure 4). The possible relationship between oxygen levels and diversity is not
the focus of this study, but may prove to be an interesting avenue for future research.
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(b) Transition to continental habitats and diversification

Eurypterids invaded freshwater habitats multiple times (figure 2). Our results suggest this might have happened exclusively
via marginal marine settings, which likely allowed for the acquisition of adaptations for osmoregulation and desiccation
resistance. Some eurypterids may have occupied both marine and marginal marine habitats, moving to the latter to breed or
moult [2,33] but they are assigned to the habitat where they are preserved. However, the representation of marginal marine
habitats as transitional stages to terrestrialization (as happens in freshwater crabs [72,73]) suggests a limited impact of such
potential taphonomic bias. Eurypterids are interpreted as having a more arachnid-like mode of reproduction [74,75], which
likely facilitated their transition to continental habitats as it eliminated the need to return to the sea to spawn [72]. We detect
no association, however, between large body sizes and freshwater habitats (figure 3). Mycteropoids, which reached giant sizes
in the Carboniferous, lived in swamps [31,58] where their thick cuticles may have facilitated osmoregulation [58] and protected
them from desiccation. However, species of the eurypterine Adelophthalmus, which occupied similar habitats at this time and
also evolved adaptations for terrestrial respiration, remained small [31].

The evolution of eurypterids prior to the Devonian biotic crisis was characterized by repeated acquisitions of large size
accompanied by, but not dependent on, rare transitions to continental habitats (figure 2). Lineages that transitioned to
freshwater environments remained low in diversity, while marine and marginal marine clades steadily diversified from the
Ordovician to the late Silurian, at which time the diversity of eurypterids fell sharply in marine-influenced habitats. By the
late Devonian, eurypterids were entirely continental, abandoning the niche of nektonic marine predators. This ecological shift
reflects the freshwater radiation of stylonurine mycteropoids and eurypterine adelophthalmids following the Devonian biotic
crisis, possibly owing to changes in freshwater ecosystems that previously constrained diversification. The increase in dissolved
oxygen in the oceans in the Carboniferous [30] may have been paralleled in fresh water promoting an increase in eurypterid
diversity in such settings (figure 4). The composition of freshwater fish communities shifted from placoderms to chondrichthy-
ans and sarcopterygians at this time [76], perhaps changing the dynamics of their interactions with eurypterids. The diversity
of these early freshwater eurypterids, however, was always limited, and there is no strong evidence for subsequent returns to
marine environments. The incumbency of large predator nektonic fish in marine niches may have prevented Carboniferous
eurypterid lineages from radiating back into marine habitats before declining towards extinction in the late Permian.

The niches occupied by mycteropids and hibbertopterids, which were bottom-dwelling sweep feeders [3,59,77] may have
allowed these stylonurines to achieve large sizes by avoiding direct competition with gnathostomes such as Megalichthys and
lungfish [76]. Large body sizes have been linked to higher extinction in vertebrates due in part to slower reproduction rates
[78], although this relationship may be complex [79] and unreliable as a predictor for extinction risk in invertebrates [80].
Giant mycteropids may have survived the Devonian biodiversity crisis because, like other eurypterids, they were r-strategists
and could reproduce quickly [2]. The morphology and trackways of later stylonurine eurypterids suggest they could tolerate
terrestrial excursions [16,17,31] to seek more favourable conditions if necessary. Stylonurines retained large body sizes through-
out their post-Devonian range, whereas the single surviving genus of eurypterines, Adelophthalmus, remained small. Thus, there
was low variation in post Devonian eurypterid body size within the two clades, whether constrained to large (>50 cm) or small
(<25 cm). A similar pattern of limited body size variation among closely related taxa was noted in transitions to freshwater
among ray finned fishes [57].

(c) Modes of eurypterid evolution

The evolution of giant size in eurypterids does not correlate with any single environmental driver, nor was it affected by
ecological transitions or major extinction events (figure 3). Size ranges in other primarily aquatic arthropods, such as extant
crustaceans, likewise do not show a strong extrinsic correlate [81] nor does size in fishes [82]. The multiple separate origins of
large size in eurypterids are deeply nested in their respective clades (figure 2). In most cases, large size appeared ‘suddenly’
through dramatic jumps in morphospace, while closely related members of the same clades show little change, or even
sustained stasis. This pattern is indicative of pulsed evolutionary processes [38], where sudden changes result in the exploration
of new peaks in adaptive landscape [38,61,83]. Although these events might have been induced by environmental perturbations
caused by as yet undetected factors, the lack of evidence for a clear driver of gigantism indicates that intrinsic factors may have
played a larger role than previously recognized.

Rapid evolution followed by stasis is thought to be facilitated by r-selected reproductive strategies [84] characteristic of
horseshoe crabs which spawn en masse [85]. R-strategists can respond more quickly to changes in the environment [86]. Such
circumstances could result in multiple origins of giant size in response to events too rapid to leave a clear signal in the fossil
record. Gigantism may also reflect genome size, which correlates with body size in some arthropods with determinate growth
such as ostracods [87] and other crustaceans [88]. Growth in horseshoe crabs and arachnids is also determinate and they have
experienced whole genome duplication events [89]. Horseshoe crabs exhibit independent marked increases in body size during
the Carboniferous [90] and Jurassic [91]. Although these factors do not fully explain why eurypterids repeatedly attained sizes
rarely matched by other arthropods, they may have facilitated the establishment of an evolutionary regime characterized by
recurrent morphological jumps of large magnitude.

VBLIVZ0 SL67 4905 Y20l qdsyjeumolbiobunsiqndiaposieior g


file:///Users/greg/Library/Mobile%20Documents/com~apple~CloudDocs/Downloads/royalsocietypublishing.org/journal/rsbp

Downloaded from https://royalsocietypublishing.org/ on 01 April 2025

(d) The nature of the data

It is a truism that the fossil record is incomplete, and this is inevitable in a clade that lacks a biomineralized cuticle and which
invaded, later in its history, non-marine habitats that are not readily fossilized. The available sample is also subject to collection
bias: most eurypterids are known from eastern North America and Europe and only a small number from the southern
and eastern hemispheres [92] (electronic supplementary material, figure S8). The high diversity (~30 species) in a single well
sampled formation with exceptional preservation, the late Silurian (Pridoli) Bertie Formation of upper New York State and
southern Ontario, highlights how much diversity might be missing elsewhere. Preservation may favour smaller eurypterids
[93]. The rarity of the largest individuals may compromise our knowledge of size ranges—the discovery of a large telson of
Eurypterus lacustris more than 180 years after the species was established increased the known size range of this species by a
factor of two [20]. The dominance of moults among eurypterid fossils [4] may further compromise estimates of maximum size
as moults do not represent the largest size reached. Significant size differences between eurypterid sexes have not been reported
[94] and may be overlooked: female horseshoe crabs (i.e. extant aquatic chelicerates) are larger than males [85,95].

(e) Final conclusions

No single extrinsic factor explains the evolution of giant size in eurypterids. The clade diversified rapidly during the Silur-
ian in marine environments, and colonized continental environments through marginal marine settings. Despite numerous
transitions, and no clear reversals, successful continental radiations occurred only after the Devonian biotic crisis, indicative of a
reorganization of ecological niches. Giant sizes evolved independently in numerous groups without obvious relation to habitat
or environmental drivers such as temperature or oxygen levels. The pulsed nature of eurypterid body size evolution, potentially
driven by intrinsic determinants, allowed them to evolve through an adaptive landscape with a lability unattained by other
lineages of arthropods.

Ethics. This work did not require ethical approval from a human subject of animal welfare committee.
Data accessibility. The raw data used in this study are available for download from the electronic supplementary material in dataset 1. The data and
code used in the analyses are available for download from Dryad [96].

Supplementary material is available online [97].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. A.R.: conceptualization, data curation, investigation, methodology, writing—original draft, writing—review and editing;
N.M.K.: conceptualization, formal analysis, funding acquisition, investigation, methodology, software, writing—original draft, writing—
review and editing; J.C.L.: data curation, investigation, methodology, writing—review and editing; D.E.G.B.: conceptualization, investigation,
methodology, project administration, supervision, writing —original draft, writing —review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. N.M.K. was supported through NSF grant DEB-2036186 to Greg W. Rouse.
Acknowledgements. We acknowledge the contribution of Samuel J. Ciurca Jr., whose collection, in part, inspired this investigation.

References

1. Lamsdell JC, Briggs DEG, Liu HP, Witzke BJ, McKay RM. 2015 The oldest described eurypterid: a giant middle Ordovician (Darriwilian) megalograptid from the Winneshiek
Lagerstatte of lowa. BMC Evol. Biol. 15, 169. (doi:10.1186/512862-015-0443-9)

2. Braddy SJ. 2001 Eurypterid palaeoecology: palaeobiological, ichnological and comparative evidence for a ‘mass—moult—mate’ hypothesis. Palaeogeogr. Palaeoclimatol. Palaeoecol.
172, 115-132. (doi:10.1016/50031-0182(01)00274-7)

3. Lamsdell JC, Braddy SJ. 2010 Cope’s rule and Romer’s theory: patterns of diversity and gigantism in eurypterids and palaeozoic vertebrates. Biol. Lett. 6, 265—269. (doi:10.1098/rsbl.
2009.0700)

4. Tetlie OE. 2007 Distribution and dispersal history of Eurypterida (Chelicerata). Palaeogeogr. Palaeoclimatol. Palaeoecol. 252, 557-574. (doi:10.1016/j.palae0.2007.05.011)

5. Poschmann M, Tetlie OE. 2004 On the Emsian (early Devonian) arthropods of the Rhenish Slate mountains. 4. The eurypterids Alkenopterus and Vinetopterus n. gen. (Arthropoda:
Chelicerata). Senckenb. Leth. 84, 173—193. (doi:10.1007/BF03043470)

6. Braddy SJ, Poschmann M, Tetlie OE. 2008 Giant claw reveals the largest ever arthropod. Biol. Lett. 4, 106—109. (doi:10.1098/rsbl.2007.0491)

7. Romer AS. 1933 Eurypterid influence on vertebrate history. Science 78, 114-117. (doi:10.1126/science.78.2015.114)

8. Briggs DEG, Fortey RA, Clarkson ENK. 1988 Extinction and the fossil record of the arthropods. In Extinction and survival in the fossil record (ed. G Larwood), pp. 171-209. Oxford, UK:
Clarendon Press.

9. Lamsdell JC, Selden PA. 2017 From success to persistence: identifying an evolutionary regime shift in the diverse Paleozoic aquatic arthropod group Eurypterida, driven by Devonian
diversity crisis. Evolution71,95-110. (doi:10.1111/ev0.13106)

10.  Bicknell RDC, Simone Y, van der Meijden A, Wroe S, Edgecombe GD, Paterson JR. 2022 Biomechanical analyses of pterygoid sea scorpion Chelicerae uncover predatory specialization
within eurypterids. Peer/ 10, e14515. (doi:10.7717/peerj.14515)

1. Carpenter FM. 1939 The lower permian insects of Kansas. 8. additional Megasecoptera, Protodonta, Odonata, Homoptera, Psocoptera, Protelytoptera, Plecoptera and Protoperlaria.
Proc. Am. Acad. Arts Sci. 73, 29. (doi:10.2307/25130151)

12.  Davies NS, Garwood RJ, McMahon WJ, Schneider JW, Shillito AP. 2022 The largest arthropod in earth history: insights from newly discovered Arthropleura remains (Serpukhovian
Stainmore formation, Northumberland, England). J. Geol. Soc. London 179, jgs2021-115. (doi:10.1144/jgs2021-115)

13. Dudley R. 1998 Atmospheric oxygen, giant paleozoic insects and the evolution of aerial locomotor performance. J. Exp. Biol. 201, 1043—1050. (doi:10.1242/jeb.201.8.1043)

VBLIVZ0 SL67 4905 Y20l qdsy/jeumolbiobunsiqndiaposieior g


http://dx.doi.org/10.1186/s12862-015-0443-9
http://dx.doi.org/10.1016/S0031-0182(01)00274-7
http://dx.doi.org/10.1098/rsbl.2009.0700
http://dx.doi.org/10.1098/rsbl.2009.0700
http://dx.doi.org/10.1016/j.palaeo.2007.05.011
http://dx.doi.org/10.1007/BF03043470
http://dx.doi.org/10.1098/rsbl.2007.0491
http://dx.doi.org/10.1126/science.78.2015.114
http://dx.doi.org/10.1111/evo.13106
http://dx.doi.org/10.7717/peerj.14515
http://dx.doi.org/10.2307/25130151
http://dx.doi.org/10.1144/jgs2021-115
http://dx.doi.org/10.1242/jeb.201.8.1043
file:///Users/greg/Library/Mobile%20Documents/com~apple~CloudDocs/Downloads/royalsocietypublishing.org/journal/rsbp

Downloaded from https://royalsocietypublishing.org/ on 01 April 2025

20.
21.
22.

23.
24,
25.

26.
27.
28.

29.
30.

31

32.
33.

34,
35.
36.
37.
38.
39.
40.
41.
42.

3.
44,
45,

46.
47.

48.
49.

50.
51.
52.
53.
54.
55.
56.

57.

58.

Klug C, De Baets K, Krdger B, Bell MA, Korn D, Payne JL. 2015 Normal giants? Temporal and latitudinal shifts of Palaeozoic marine invertebrate gigantism and global change. Lethaia m

48,267-288. (doi:10.1111/let.12104)

Bergmann K. 1847 Uber die verhéltnisse der warmeokinomie der thiere zu ihrer grisse. Gittinger Stud. 3, 595-708.

Rolfe WDI. 1980 Early invertebrate terrestrial faunas. In The terrestrial environment and the origin of land vertebrates (ed. AL Panchen), pp. 117-157. London, UK: Academic Press.
Selden P. 1985 Eurypterid respiration. Phil. Trans. R. Soc. B. 309, 219-226. (doi:.org/10.1098/rstb.1985.0081)

Binnington KC, Obenchain FD. 1982 Structure and function of the circulatory, nervous, and neuroendocrine systems of ticks. In Physiology of ticks (eds R Galun, FD Obenchain), pp.
351-398. Oxford, UK: Pergamon. (doi:10.1016/B978-0-08-024937-7.50015-9)

Tsai ML, Li JJ, Dai CF. 2000 Is large body size always advantageous for terrestrial adaptation? A study of water balance in a semi-terrestrial crab, Sesarmops intermedium (Crustacea:
Grapsidae). Evol. Ecol. 14, 61-78. (d0i:10.1023/A:1011068901724)

Ruebenstahl A, Ciurca SJ, Briggs DEG. A giant Eurypterus from the silurian (Pridoli) bertie group of North America. Bull. Peabody Mus. Nat. Hist. 62. (doi:10.3374/014.062.0101)
Ronquist F et al. 2012 Mrbayes 3.2: efficient bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 61, 539-542. (doi:10.1093/sysbio/sys029)
Heath TA, Huelsenbeck JP, Stadler T. 2014 The fossilized birth—death process for coherent calibration of divergence-time estimates. Proc. Nat! Acad. Sci. USA 111, 2957-2966. (doi:
10.1073/pnas.1319091111)

Lepage T, Bryant D, Philippe H, Lartillot N. 2007 A general comparison of relaxed molecular clock models. Mol. Biol. Evol. 24, 2669—2680. (doi:10.1093/molbev/msm193)

Lewis PO. 2001 A likelihood approach to estimating phylogeny from discrete morphological character data. Syst. Biol. 50, 913—925. (doi:10.1080/106351501753462876)
Gavryushkina A, Heath TA, Ksepka DT, Stadler T, Welch D, Drummond AJ. 2017 Bayesian total-evidence dating reveals the recent crown radiation of penguins. Syst. Biol. 66, 57-73.
(doi:10.1093/sysbio/syw060)

Zhang C, Stadler T, Klopfstein S, Heath TA, Ronquist F. 2016 Total-evidence dating under the fossilized birth—death process. Syst. Biol. 65, 228—249. (doi:10.1093/sysbio/syv080)
Vérard C, Veizer J. 2019 On plate tectonics and ocean temperatures. Geology 47, 881-885. (doi:10.1130/G46376.1)

Scotese (R, Song H, Mills BJW, van der Meer DG. 2021 Phanerozoic paleotemperatures: the earth’s changing climate during the last 540 million years. Earth Sci. Rev. 215, 103503.
(doi:10.1016/j.earscirev.2021.103503)

Grossman EL, Joachimski MM. 2022 Ocean temperatures through the phanerozoic reassessed. Sci. Rep. 12, 8938. (doi:10.1038/s41598-022-11493-1)

Song H, Wignall PB, Song H, Dai X, Chu D. 2019 Seawater temperature and dissolved oxygen over the past 500 million years. J. Earth Sci. 30, 236—243. (doi:10.1007/512583-018-
1002-2)

Lamsdell JC, McCoy VE, Perron-Feller OA, Hopkins MJ. 2020 Air breathing in an exceptionally preserved 340-million-year-old sea Scorpion. Curr. Biol. 30, 4316—-4321.(doi:10.1016/j.
ub.2020.08.034)

Rohatgi A. 2022 WebPlotDigitizer: version 4.6. See https://apps.automeris.io/wpd4/.

Vrazo MB, Braddy SJ. 2011 Testing the 'mass-moult-mate' hypothesis of eurypterid palaeoecology. Palaeogeagr. Palaeoclimatol. Palaeoecol. 311, 63-73. (doi:10.1016/j.palaeo.2011.
07.031)

Pagel M, Meade A, Barker D. 2004 Bayesian estimation of ancestral character states on phylogenies. Syst. Biol. 53, 673-684. (doi:10.1080/10635150490522232)

Bollback JP. 2006 SIMMAP: stochastic character mapping of discrete traits on phylogenies. BMC Bioinform. 7, 88. (doi:10.1186/1471-2105-7-88)

Harvey PH, May RM, Nee S. 1994 Phylogenies without fossils. Evolution. 48, 523-529. (doi:10.1111/j.1558-5646.1994.tb01341.x)

Pagel M. 1997 Inferring evolutionary processes from phylogenies. Zool. Scripta. 26, 331-348. (doi:10.1111/j.1463-6409.1997.th00423.x)

Landis MJ, Schraiber JG. 2017 Pulsed evolution shaped modern vertebrate body sizes. Proc. Nat! Acad. Sci. USA 114, 13224-13229. (doi:10.1073/pnas.1710920114)

Troyer EM et al. 2022 The impact of paleoclimatic changes on body size evolution in marine fishes. Proc. Natl Acad. Sci. USA 119, €2122486119. (doi:10.1073/pnas.2122486119)

R Core Team. 2022 R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. See https://www.R-project.org.

Paradis E, Schliep K. 2019 Ape 5.0: an environment for modern phylogenetics and evolutionary analyses in R. Bioinformatics 35, 526—528. (doi:10.1093/bioinformatics/bty633)
Pennell MW, Eastman JM, Slater GJ, Brown JW, Uyeda JC, FitzJohn RG, Alfaro ME, Harmon LJ. 2014 Geiger v2.0: an expanded suite of methods for fitting macroevolutionary models
to phylogenetic trees. Bioinformatics 30, 2216—2218. (doi:10.1093/bioinformatics/btu181)

Beaulieu JM, 0’Meara B. 2012 Ouwie: analysis of evolutionary rates in an OU framework. R package version 2.6 2021. See https://CRAN.R-project.org/package=0Uwie.

Revell LJ. 2012 Phytools: an R package for phylogenetic comparative biology (and other things). Methods Ecol. Evol. 3, 217-223. (doi:10.1111/j.2041-210X.2011.00169.x)

Orme D, Freckleton R, Thomas G, Petzoldt T, Fritz S, Isaac N, Pearse W. 2013 The caper package: comparative analysis of phylogenetics and evolution in R. R package version 5. See
https://cran.r-project.org/web/packages/caper/vignettes/caper.pdf.

Anderson MJ. 2001 A new method for non-parametric multivariate analysis of variance. Aust. Ecol. 26, 32—46. (doi:.org/10.1111/j.1442-9993.2001.01070.pp.x)

Atkinson D. 1996 Ectotherm life history reponses to developmental temperature. In Animals and temperature: phenotypic and evolutionary adaptation (eds IA Johnston, AF Bennett),
pp. 183—204. Cambridge, UK: Cambridge University Press.

Chapelle G, Peck LS. 1999 Polar gigantism dictated by oxygen availability. Nature 399, 114-115. (doi:10.1038/20099)

McClain C, Rex M. 2001 The relationship between dissolved oxygen concentration and maximum size in deep-sea turrid gastropods: an application of quantile regression. Mar. Biol.
139, 681-685. (doi:.org/10.1007/5002270100617)

Klompmaker AA, Jakobsen SL, Lauridsen BW. 2016 Evolution of body size, vision, and biodiversity of coral-associated organisms: evidence from fossil crustaceans in cold-water coral
and tropical coral ecosystems. BMC Evol. Biol. 16, 1-14. (doi:10.1186/512862-016-0694-0)

Marchinko KB, Nishizaki MT, Burns KC. 2004 Community-wide character displacement in barnacles: a new perspective for past observations. £col. Lett. 7, 114—120. (doi:10.1046/j.
1461-0248.2003.00557.x)

Schoener TW. 1968 The Anolis lizards of bimini: resource partitioning in a complex fauna. Ecology 49, 704-726. (doi:10.2307/1935534)

Wilson DS. 1975 The adequacy of body size as a niche difference. Am. Nat. 109, 769-784. (doi:10.1086/283042)

McClain CR, Boyer AG. 2009 Biodiversity and body size are linked across metazoans. Proc. Biol. Sci. 276, 2209-2215. (doi:10.1098/rsph.2009.0245)

Grant PR. 1968 Bill size, body size, and the ecological adaptations of bird species to competitive situations on Islands. Syst. Biol. 17, 319-333. (doi:10.1093/syshio/17.3.319)

Young MT, Bell MA, De Andrade MB, Brusatte SL. 2011 Body size estimation and evolution in Metriorhynchid crocodylomorphs: implications for species diversification and niche
partitioning. Zool. J. Linn. Soc. 163, 1199—1216. (doi:10.1111/j.1096-3642.2011.00734.x)

Brito DE, Burns MD, Buser TJ, Conway KW, Fontenelle JP, Kolmann MA, McCraney WT, Thacker CE, Bloom DD. 2022 Patterns of phenotypic evolution associated with marine/
freshwater transitions in fishes. Int. Comp. Biol. 62, 406—423. (doi:.org/10.1093/ich/icac085)

Lamsdell JC, Braddy SJ, Tetlie OE. 2009 Redescription of Drepanapterus abonensis (Chelicerata: Eurypterida: Stylonurina) from the late Devonian of Portishead, UK. Palaeontology 52,
1113-1139. (doi:10.1111/}.1475-4983.2009.00902.x)

YBLLYZ0T 16T § 205420l qdsy/feumol/Bio-Busygndizaposiefos


http://dx.doi.org/10.1111/let.12104
http://dx.doi.org/.org/10.1098/rstb.1985.0081
http://dx.doi.org/10.1016/B978-0-08-024937-7.50015-9
http://dx.doi.org/10.1023/A:1011068901724
http://dx.doi.org/10.3374/014.062.0101
http://dx.doi.org/10.1093/sysbio/sys029
http://dx.doi.org/10.1073/pnas.1319091111
http://dx.doi.org/10.1093/molbev/msm193
http://dx.doi.org/10.1080/106351501753462876
http://dx.doi.org/10.1093/sysbio/syw060
http://dx.doi.org/10.1093/sysbio/syv080
http://dx.doi.org/10.1130/G46376.1
http://dx.doi.org/10.1016/j.earscirev.2021.103503
http://dx.doi.org/10.1038/s41598-022-11493-1
http://dx.doi.org/10.1007/s12583-018-1002-2
http://dx.doi.org/10.1007/s12583-018-1002-2
http://dx.doi.org/10.1016/j.cub.2020.08.034
http://dx.doi.org/10.1016/j.cub.2020.08.034
https://apps.automeris.io/wpd4/
http://dx.doi.org/10.1016/j.palaeo.2011.07.031
http://dx.doi.org/10.1016/j.palaeo.2011.07.031
http://dx.doi.org/10.1080/10635150490522232
http://dx.doi.org/10.1186/1471-2105-7-88
http://dx.doi.org/10.1111/j.1558-5646.1994.tb01341.x
http://dx.doi.org/10.1111/j.1463-6409.1997.tb00423.x
http://dx.doi.org/10.1073/pnas.1710920114
http://dx.doi.org/10.1073/pnas.2122486119
https://www.R-project.org
http://dx.doi.org/10.1093/bioinformatics/bty633
http://dx.doi.org/10.1093/bioinformatics/btu181
https://CRAN.R-project.org/package=OUwie
http://dx.doi.org/10.1111/j.2041-210X.2011.00169.x
https://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
http://dx.doi.org/.org/10.1111/j.1442-9993.2001.01070.pp.x
http://dx.doi.org/10.1038/20099
http://dx.doi.org/.org/10.1007/s002270100617
http://dx.doi.org/10.1186/s12862-016-0694-0
http://dx.doi.org/10.1046/j.1461-0248.2003.00557.x
http://dx.doi.org/10.1046/j.1461-0248.2003.00557.x
http://dx.doi.org/10.2307/1935534
http://dx.doi.org/10.1086/283042
http://dx.doi.org/10.1098/rspb.2009.0245
http://dx.doi.org/10.1093/sysbio/17.3.319
http://dx.doi.org/10.1111/j.1096-3642.2011.00734.x
http://dx.doi.org/.org/10.1093/icb/icac085
http://dx.doi.org/10.1111/j.1475-4983.2009.00902.x
file:///Users/greg/Library/Mobile%20Documents/com~apple~CloudDocs/Downloads/royalsocietypublishing.org/journal/rsbp

Downloaded from https://royalsocietypublishing.org/ on 01 April 2025

59.
60.
61.
62.
63.
64.
65.
66.

67.
68.

69.

70.

7.

72.

73.
74.

75.
76.

71.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
9.

92.

93.
94.

9.
96.
97.

Hughes ES, Lamsdell JC. 2021 Discerning the diets of sweep-feeding eurypterids: assessing the importance of prey size to survivorship across the late Devonian mass extinction in a
phylogenetic context. Paleobiology 47, 271-283. (doi:10.1017/pab.2020.18)

McCoy VE, Lamsdell JC, Poschmann M, Anderson RP, Briggs DEG. 2015 All the better to see you with: eyes and claws reveal the evolution of divergent ecological roles in giant
pterygotid eurypterids. Biol. Lett. 11, 20150564. (doi:10.1098/rsbl.2015.0564)

Simpson GG. 1944 Tempo and mode in evolution. New York, NY: Columbia University Press.

Gould SJ, Eldredge N. 1972 Punctuated equilibria: an alternative to phyletic gradualism. In Models in paleobiology, pp. 82—115. San Francisco, CA: Freeman Cooper.

Dunlop JA. 1995 Gigantism in arthropods. Am. Tarantula Soc. 4, 145-147.

Payne JL et al. 2011 The evolutionary consequences of oxygenic photosynthesis: a body size perspective. Photosyn. Res. 107, 37-57. (doi:10.1007/511120-010-9593-1)

Dahl TW et al. 2010 Devonian rise in atmospheric oxygen correlated to the radiations of terrestrial plants and large predatory fish. Proc. Nat! Acad. Sci. USA 107, 17911-17915. (doi:
10.1073/pnas.1011287107)

Verberk WC, Atkinson D. 2013 Why polar gigantism and palaeozoic gigantism are not equivalent: effects of oxygen and temperature on the body size of ectotherms. Funct. Fcol. 27,
1275-1285. (doi:10.1111/1365-2435.12152)

Ellers 0, Gordon CM, Hukill MT, Kukaj A, Cannell A, Nel A. 2024 Induced power scaling alone cannot explain griffenfly gigantism. Integr. Comp. Biol. (doi:10.1093/icb/icae046)
Edwards CT, Saltzman MR, Royer DL, Fike DA. 2017 Oxygenation as a driver of the great Ordovician biodiversification event. Nat. Geosci. 10, 925-929. (doi:10.1038/541561-017-
0006-3)

Girard C, Renaud S, Korn D. 2004 Step-wise morphological trends in fluctuating environments: evidence in the late Devonian conodont genus Palmatolepis. Geobios. 37, 404—415.
(doi:10.1016/j.geobios.2003.07.002)

Riquier L, Tribovillard N, Averbuch 0, Devleeschouwer X, Riboulleau A. 2006 The late frasnian kellwasser horizons of the Harz Mountains (Germany): two oxygen-deficient periods
resulting from different mechanisms. Chem. Geol. 233, 137-155. (doi:10.1016/j.chemge0.2006.02.021)

Carmichael SK, Waters JA, Kdnigshof P, Suttner TJ, Kido E. 2019 Paleogeography and paleoenvironments of the Late Devonian Kellwasser event: a review of its sedimentological and
geochemical expression. Glob. Planet. Change 183, 102984. (doi:10.1016/j.gloplacha.2019.102984)

Cumberlidge N, Ng PK. 2016 Systematics, evolution, and biogeography of freshwater crabs. In Decapod crustacean phylogenetics (eds JW Martin, KA Crandall, DL Felder), pp. 82-115.
Boca Raton, FL: CRC Press.

Wolfe JM et al. 2023 Convergent adaptation of true crabs (Decapoda: Brachyura) to a gradient of terrestrial environments. Syst. Biol. (doi:10.1093/sysbio/syad066)

Braddy SJ, Dunlop JA. 1997 The functional morphology of mating in the Silurian eurypterid, Baltoeurypterus tetragonophthalmus (Fischer, 1839). Zool. J. Linn. Soc. 120, 435-461.
(doi:10.1111/j.1096-3642.1997.tb01282.x)

Kamenz C, Staude A, Dunlop JA. 2011 Sperm carriers in silurian sea scorpions. Naturwissenschaften 98, 889—896. (doi:10.1007/500114-011-0841-9)

Friedman M, Sallan LC. 2012 Five hundred million years of extinction and recovery: a phanerozoic survey of large-scale diversity patterns in fishes. Palaeontology 55, 707—-742. (doi:
10.1111/j.1475-4983.2012.01165.x)

Lamsdell JC, Braddy SJ, Tetlie OE. 2010 The systematics and phylogeny of the Stylonurina (Arthropoda:Chelicerata:Eurypterida). J. Syst. Pal. 8, 49-61. (doi:10.1080/
14772011003603564)

Cardillo M, Mace GM, Jones KE, Bielby J, Bininda-Emonds ORP, Sechrest W, Orme (DL, Purvis A. 2005 Multiple causes of high extinction risk in large mammal species. Science 309,
1239-1241. (doi:10.1126/science.1116030)

Cardillo M. 2021 Clarifying the relationship between body size and extinction risk in amphibians by complete mapping of model space. Proc. R. Soc. B 288, 20203011. (doi:10.1098/
rsph.2020.3011)

Gonzalez Valdovinos M, del Monte P, Trujillo Millan 0. 2019 Assessing body weight as a predictor of vulnerability for extinction in marine invertebrates. Latin AM. J. Aqua. Res. 4 47,
138-146. (doi:10.3856/vol47-issue1-fulltext-15)

Maszczyk P, Brzezinski T. 2018 Body size, maturation size, and growth rate of crustaceans. In The natural history of the Crustacea: life histories (eds M Thiel, GA Wellborn), pp. 3565,
vol. 5. New York, NY: Oxford University Press. (doi:10.1093/050/9780190620271.003.0002)

Sallan L, Galimberti AK. 2015 Body-size reduction in vertebrates following the end-devonian mass extinction. Science 350, 812—815. (doi:10.1126/science.aac7373)

Uyeda JC, Hansen TF, Arnold SJ, Pienaar J. 2011 The million-year wait for macroevolutionary bursts. Proc. Natl Acad. Sci. USA 108, 15908—15913. (doi:10.1073/pnas.1014503108)
MacArthur RH, Wilson EQ. 2001 The theory of island biogeography. Princeton, NJ: Princeton University Press. (doi:10.1515/9781400881376)

Shuster CN. 1979 Distribution of the american horseshoe 'crab, Limulus polyphemus (L.). Prog. Clin. Biol. Res. 29, 3-26.

Gunderson LH, Holling CS. 2002 Panarchy: understanding transformations in human and natural systems. Washington, DC: Island Press.

Jeffery NW, Ellis EA, Oakley TH, Gregory TR. 2017 The genome sizes of ostracod crustaceans correlate with body size and evolutionary history, but not environment. J. Hered. 108,
701-706. (doi:10.1093/jhered/esx055)

Wyngaard GA, Rasch EM, Manning NM, Gasser K, Domangue R. 2005 The relationship between genome size, development rate, and body size in copepods. Hydrobiologia 532, 123
137. (doi:10.1007/510750-004-9521-5)

Kenny NJ et al. 2016 Ancestral whole-genome duplication in the marine chelicerate horseshoe crabs. Heredity116, 190—-199. (doi:10.1038/hdy.2015.89)

Siveter DJ, Selden PA. 1987 A new, giant xiphosurid from the Lower Namurian of Weardale, County Durham. Proc. Yorks. Geol. Soc. 46, 153—168. (doi:10.1144/pygs.46.2.153)
Moreau JD, Fara E, Gand G, Lafaurie G, Baret L. 2014 Gigantism among late jurassic limulids: new ichnological evidence from the Causses Basin (Lozére, France) and comments on
body-size evolution among horseshoe crabs. Geobios. 47, 237-253. (doi:10.1016/j.geobios.2014.06.005)

Wang H, Dunlop J, Gai Z, Lei X, Jarzembowski EA, Wang B. 2021 First mixopterid eurypterids (Arthropoda: Chelicerata) from the Lower Silurian of South China. Sci. Bull.66, 2277—
2280. (doi:10.1016/j.5¢ih.2021.07.019)

Stermer L. 1936 Eurypteriden aus dem rheinschen unterdevon. Abh. Preuss. Geol. Landes. N.F. 175, 74-112.

Lamsdell JC. 2011 The eurypterid Stoermerapterus conicus from the Lower Silurian Pentland Hills, Scotland. Monogr. Palaeontogr. Soc.Lond. 165, 1-84. (doi:10.1080/25761900.2022.
12131816)

Shuster CN. 1982 A pictorial review of the natural history and ecology of the horseshoe crab Limulus polyphemus, with reference to other Limulidae. Prog. Clin. Biol. Res. 81, 1-52.
Ruebenstahl A, Mongiardino Koch N, Lamsdell J, Briggs D. 2024 Data for: Convergent evolution of giant size in eurypterids. Dryad Digital Repository. (doi:10.5061/dryad.cvdncjtbf)
Ruebenstahl A, MongiardinoKoch N, Lamsdell JC, Briggs D. 2024 Supplementary material from: Convergent evolution of giant size in eurypterids. Figshare. (doi:10.6084/m9.
figshare.c.7370675)

VBLIVZ0 SL67 4905 Y20l qdsyjeumolbiobunsiqndaposieior g


http://dx.doi.org/10.1017/pab.2020.18
http://dx.doi.org/10.1098/rsbl.2015.0564
http://dx.doi.org/10.1007/s11120-010-9593-1
http://dx.doi.org/10.1073/pnas.1011287107
http://dx.doi.org/10.1111/1365-2435.12152
http://dx.doi.org/10.1093/icb/icae046
http://dx.doi.org/10.1038/s41561-017-0006-3
http://dx.doi.org/10.1038/s41561-017-0006-3
http://dx.doi.org/10.1016/j.geobios.2003.07.002
http://dx.doi.org/10.1016/j.chemgeo.2006.02.021
http://dx.doi.org/10.1016/j.gloplacha.2019.102984
http://dx.doi.org/10.1093/sysbio/syad066
http://dx.doi.org/10.1111/j.1096-3642.1997.tb01282.x
http://dx.doi.org/10.1007/s00114-011-0841-9
http://dx.doi.org/10.1111/j.1475-4983.2012.01165.x
http://dx.doi.org/10.1080/14772011003603564
http://dx.doi.org/10.1080/14772011003603564
http://dx.doi.org/10.1126/science.1116030
http://dx.doi.org/10.1098/rspb.2020.3011
http://dx.doi.org/10.1098/rspb.2020.3011
http://dx.doi.org/10.3856/vol47-issue1-fulltext-15
http://dx.doi.org/10.1093/oso/9780190620271.003.0002
http://dx.doi.org/10.1126/science.aac7373
http://dx.doi.org/10.1073/pnas.1014503108
http://dx.doi.org/10.1515/9781400881376
http://dx.doi.org/10.1093/jhered/esx055
http://dx.doi.org/10.1007/s10750-004-9521-5
http://dx.doi.org/10.1038/hdy.2015.89
http://dx.doi.org/10.1144/pygs.46.2.153
http://dx.doi.org/10.1016/j.geobios.2014.06.005
http://dx.doi.org/10.1016/j.scib.2021.07.019
http://dx.doi.org/10.1080/25761900.2022.12131816
http://dx.doi.org/10.1080/25761900.2022.12131816
http://dx.doi.org/10.5061/dryad.cvdncjtbf
http://dx.doi.org/10.6084/m9.figshare.c.7370675
http://dx.doi.org/10.6084/m9.figshare.c.7370675
file:///Users/greg/Library/Mobile%20Documents/com~apple~CloudDocs/Downloads/royalsocietypublishing.org/journal/rsbp

	Convergent evolution of giant size in eurypterids
	1. Introduction
	2. Material and methods
	3. Results
	(a) Distribution of giant size
	(b) Sea surface temperature and dissolved oxygen
	(c) Habitat shifts
	(d) Other factors
	(e) Pulsed evolution of body size

	4. Discussion
	(a) Oxygen
	(b) Transition to continental habitats and diversification
	(c) Modes of eurypterid evolution
	(d) The nature of the data
	(e) Final conclusions



