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Echinoids are an integral part of present-day and ancient marine trophic webs,
and they host a variety of mutualistic, commensalistic, and parasitic epibionts on
their spines and test. Cidaroid echinoid (slate pencil urchins) spines in particular
are commonly colonized by epizoans. Eucidaris in the western Atlantic and
eastern Pacific today are notable for the frequency and intensity of calcifying,
non-calcifying, and galling colonization on their spines. While moderate levels of
spine colonization may provide camouflage and other benefits to the host, a high
density of encrusters may instead reduce host fitness, and galling is invariably
parasitic. Significant environmental changes in the equatorial and sub-equatorial
western Atlantic and eastern Pacific necessitate a paleobiological approach to
constrain the timing of changes in epibiosis intensity on Eucidaris. Here, we
compare rates of spine colonization in present-day Eucidaris populations with
ancestral Pliocene Eucidaris assemblages. We find that Pliocene spines show no
evidence of parasitic galling, and significantly less evidence of epibiosis than their
present-day descendants in both the Atlantic and Pacific. This holds true even
after accounting for taphonomic processes that would preferentially erase
evidence of non-calcifying colonization. We propose that the high intensity of
colonization on present-day Eucidaris spines is a relatively recent development
and may reflect human-induced habitat degradation in the region, underscoring
the need for further investigation into this biotic interaction.
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Introduction

Biotic interactions regulate whole ecosystem diversity, function, and stability, and are
crucial components for understanding whole ecosystem responses to current and future
environmental changes. Many biotic interactions are understudied because their dynamics
are highly context-dependent (e.g. Sarkar and Das, 2021; Kumar et al., 2022), requiring
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research across various temporal scales to fully understand the
impacts of environmental and biotic factors on these systems.
Conservation paleobiology, which leverages diverse geohistorical
archives (e.g., paleontological, archaeological, geochemical) to
document pre-impact ecosystems and assess ecological
consequences of human impacts, is increasingly used to gauge the
magnitude and timing of human-driven shifts in populations and
ecosystems (Kidwell, 2015; Dietl and Flessa, 2011; Rick and
Lockwood, 2013; Barnosky et al., 2017; Tyler and Schneider,
2018; Dillon et al., 2022; Dietl et al., 2023), including changes in
ecosystem composition (Barnosky, 1994; Burney et al, 2001;
Kidwell, 2007; Kowalewski et al., 2015), productivity and biomass
(Kowalewski et al., 2000; Jackson et al., 2001), and extinction risk
(Finnegan et al., 2024; Kowalewski et al. 2023). These historical
approaches have also been employed successfully to document
changes in intensity and attributes of biotic interactions,
including parasitism (e.g., Huntley et al., 2014; Scarponi et al,
2017) and predation (e.g., Cintra-Buenrostro et al., 2005; Smith and
Dietl, 2016; Grun et al., 2017; Zuschin et al., 2024). Here, we employ
geohistorical approaches to assess if interactions between epibionts
and their echinoid hosts have changed in the recent past by
comparing late Neogene and present-day records of spine
epibiosis in the western Atlantic and eastern Pacific.

Although the study region has undergone several dramatic
environmental, evolutionary, and climatic changes between the
late Neogene and the present day (Jackson and O’Dea, 2013;
Benitez et al,, 2014), the persistence of numerous marine lineages
and relatively minimal geographic changes in most areas make
tracking the regional intensity and temporal changes in epibiont
fouling more straightforward. The cidaroid urchin Eucidaris is a
suitable candidate for comparative studies to constrain changes in
intensity of biotic interactions (Figure 1) because it is common in
both the Neogene and the present-day of the western Atlantic and
eastern Pacific, having likely dispersed from the Indo-Pacific and
across the Central American Seaway (CAS) before the formation of
the Isthmus of Panama (Mayr, 1954; Lessios et al., 1999). Echinoids
in general are important participants in a number of biotic
associations (e.g., Kowalewski and Nebelsick, 2003; Steneck,
2013), several of which produce evidence that can be reliably
diagnosed and quantified in the fossil record (Farrar et al., 2020;
Petsios et al., 2023 and references therein). Biotic interactions
associated with the spines of cidaroid urchins such as Eucidaris
can preserve fossil evidence of calcifying or bioerosive symbiotic
associations. These associations can be identified and quantified
from spines, even from disarticulated material, which is the
common mode of Neogene cidaroid preservation (Cutress, 1980;
Osborn et al., 2020). The three cidaroid species from the American
tropics and subtropics examined in this study are particularly well-
suited for this analysis due to their high abundance in both modern
and fossil ecosystems within these regions, as well as the extensive
history of systematic, biogeographic, and ecological research
focused on these taxa: Eucidaris tribuloides (Lamarck, 1816,
Figure 1), E. thouarsii (Valenciennes in Agassiz and Desor, 1846),
and E. galapagensis (Doderlein, 1887). Eucidaris tribuloides has a
present-day latitudinal range in the western Atlantic from North
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FIGURE 1

Specimens of Eucidaris tribuloides, showing (A) present-day E.
tribuloides from Key West, Florida (LACM E.1985-240.7), and (B)
Pliocene E. tribuloides fossil from Tamiami Formation (UF 114517;
FM locality CHO46).

Carolina, U.S.A. to Brazil, and spans through the Gulf of Mexico,
Caribbean, and Azores Islands (Mortensen, 1928). The fossil record
of E. tribuloides extends back to at least the Pliocene (Cutress, 1980;
Portell and Oyen, 1997) and potentially the Miocene (Lyell, 1845;
Mayer-Emar, 1864; Rothpletz and Simonelli, 1890; Dartevelle, 1953;
Ferreira, 1961; Maloney and Macsotay, 1968), and is widespread in
the late Neogene and Quaternary of the Gulf of Mexico and
Caribbean (Cutress, 1980; Donovan and Gordon, 1993; Donovan,
1993; Donovan et al., 1994; Donovan and Embden, 1996; Donovan
and Lewis, 2009; Donovan and Portell, 2013; Gordon and Donovan,
1992) and in the Azores (Madeira et al., 2011). Eucidaris thouarsii
and E. galapagensis are the two present-day species of Eucidaris in
the eastern Pacific, and are both sister to E. tribuloides (Lessios et al.,
1999). The distribution of E. thouarsii extends from Baja California,
Mexico to Peru (Mortensen, 1928; Gonzalez and Borrero-Perez,
2020), while E. galapagensis is found on the isolated oceanic islands
of the Galapagos Archipelago, Isla del Coco and Clipperton Atoll
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(Lessios et al., 1999). Although E. galapagensis had previously been
considered a variant of E. thouarsii (Mortensen, 1928), Lessios et al.
(1999) reestablished its status as a distinct species based on genetic
differentiation from E. thouarsii. Though less extensively studied
than the fossils in the Atlantic region, Eucidaris spines in the eastern
Pacific are known from the Miocene and Pliocene of California,
U.S.A. (Arnold, 1908; Mortensen, 1928; Hertlien and Grant, 1944;
Vedder and Moore, 1976) and the Pleistocene of Isla Guadalupe
and Baja California, Mexico (Lindberg et al., 1980). These fossil taxa
are presumed to be ancestral to the present-day Eucidaris species in
the region, as studies have shown that there has been minimal
change in the ranges of extant taxa and their Pliocene ancestors
(Finnegan et al., 2015).

Epibionts (‘fouling’ organisms) are a common occurrence on
present-day cidaroid echinoids (McPherson, 1968; Phelan, 1970;
Salazar-Vallejo and Lopez-Muraira, 1983; Hopkins et al.,, 2004)
(Figure 2) but are largely absent in their crown-group sister-clade,
the euechinoids. Complex and abundant spine epibiont associations
are even documented in the ancestral archaeocidarids of the
Paleozoic (Schneider, 2003; Schneider et al., 2010), signifying the
deep evolutionary history of this biotic association. The presence of
epibionts on living cidaroid spines is attributed to the lack of an
epithelial layer in mature primary spines, resulting in an exposed
cortex layer that allows for the settlement, attachment, and growth
of fouling organisms (Mortensen, 1928; Mirkel and Roser, 1983a;
McKenzie and Grigolava, 1996). Several studies have systematically
identified the diversity of epizoans and epiphytes found on present-
day cidaroid spines, which include algae, foraminifera, sponges,
hydrozoans, corals, polychaetes (including tubed serpulids and
spirorbids), bryozoans, barnacles, isopods, brachiopods, molluscs,
and other echinoderms (Steinbeck and Ricketts, 1941; Brusca, 1973,
1980; Salazar-Vallejo and Lopez-Muraira, 1983; Gutt and Schickan,
1998; Heterier et al., 2004, 2008; Linse et al., 2008; David et al., 2009;
Gonzalez and Borrero-Pérez, 2020). Of these associations, calcifying
encrusting organisms have a robust fossil record (Rashwan et al.,
2024), while evidence of soft-bodied or non-cemented epizoa is
reliant on exceptional preservation quality (e.g., Schneider
et al., 2010).

It is unclear whether spine-fouling epizoans and epiphytes are
beneficial, neutral, or detrimental to the cidaroid basibiont, and few
studies of spine fouling have attempted to constrain this since
Mortensen (1928) first postulated on the nature of this association.
Previous workers have proposed that biofilm and epibiont
colonization plays a beneficial role for the cidaroid hosts, with the
epibionts providing camouflage (Kier and Grant, 1965) and
protection from spine dissolution under acidifying conditions
(Dery et al, 2014; 2017). Others have postulated that fouling
burden reduces fitness of the host echinoid and is collectively a
parasitic association, likely through increased drag, encumbrance,
and reduced motility of the spines and host (Mortensen, 1928;
David et al,, 2009), and by breaching and eroding the dense outer
cortex of the spines (David et al., 2009; Dery et al., 2017). While
echinoids have been documented to shed broken spines (Mirkel
and Roser, 1983b), field tagging has demonstrated that they do not
preferentially shed fouled spines (McPherson, 1968), suggesting
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that, at least in isolation, colonized spines are not treated as
“damaged” by the animal. It is likely that fouling associations can
span the spectrum of beneficial to detrimental effects for the host,
depending on the degree and mode of fouling, but to date no studies
have determined if and where this tipping point lies.

In contrast, spine galling, (Figures 2N-U) a specialized
symbiosis commonly reported in present-day Eucidaris
populations (Thiele, 1925; Pilsbry, 1956; McPherson, 1968;
Queiroz et al., 2017) as well as other cidaroid taxa (Warén, 1983),
is recognized as wholly parasitic. The galling epibionts are thought
to induce a skeletal hypertrophic response from the host (Jangoux,
1987; Ebert, 1988) where the irritant likely settles on immature
cidaroid spines, stunting the growth of the infected spine and
making it more susceptible to breakage (Figures 20-R). Early
stages of this association may appear as minimal swelling with an
indentation at the attachment site (Figure 2U), while more well-
developed galls appear as large swellings surrounding a cavity
(Figure 2Q), which the eulimid often uses as a domicile (Queiroz
et al., 2017). Certain species of the echinoderm-parasitizing
gastropod family Eulimidae are known to form domicile galls on
cidaroid primary spines (Wareén, 1983; Queiroz et al, 2017).
Specifically, the genus Sabinella specializes in galling Eucidaris
spines, with S. shaskyi (Waréen, 1992) galling eastern Pacific
eucidarids and S. troglodytes (Thiele, 1925) specifically targeting
the western Atlantic species Eucidaris tribuloides (Queiroz et al.,
2017). Populations of Eucidaris in the American tropics and
subtropics are common in shallow marine environments, have
received more scientific attention than other cidaroids (e.g.,
Hopkins et al., 2004), are known to exhibit extensive epibiont
colonization, and have a relatively well-sampled fossil record.
Despite the ubiquity of eulimid-galled spines in these present-day
Eucidaris populations, there is no known instance of eulimid galling
preserved in the eucidarid fossil record (Petsios et al., 2023).

The apparent lack of Pliocene galling in the extant genus Eucidaris
hints at a relatively recent shift in the nature of spine epibiosis in
general. Since parasitic galling and high densities of spine epibionts
may be associated with diminished host fitness in present-day
populations, spine colonization rates could reflect temporal changes
in eucidarid host fitness specifically and the dynamics of these biotic
interactions more generally. To detect trends and drivers of this biotic
association, we must first establish historical levels of spine colonization
in Eucidaris populations. Here, we quantify the frequency of spine
colonization and degree of epibiont burden on the three living cidaroid
species from the American tropics and subtropics, including the
western Atlantic and eastern Pacific, and compare infestation
frequencies between their modern and Pliocene Eucidaris
populations from California and Florida (Figure 3). Human-induced
disruption of habitats (e.g., overfishing, contamination) can complexly
impact levels of epibiosis in echinoids (Sonnenholzner et al., 2011),
suggesting human activity may mediate these biotic associations and
the larger trophic webs they belong to. As ocean warming is projected
to increase intensity of fouling throughout marine ecosystems
(Dobretsov et al., 2019; Khosravi et al., 2019), this study elucidates
the response of epibiosis in eucidarids specifically, in terms of frequency
in populations and intensity of epibiosis on individuals, and in marine
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FIGURE 2

Examples of calcifying and non-calcifying epibionts found on Florida Shelf Eucidaris tribuloides individuals from the FWC collections. Spines with
(A) serpulid encrustation, (B) Chama bivalve, (C) Spirorbis polychaete worm tubes and bryozoa, (D) algae and polychaete worm tubes, (E) Spirorbis
polychaete worm tubes, (F) bryozoa and algae, (G) bryozoa, (H) poriferan. (I) unknown soft-bodied epibiont, (J) filamentous algae, (K) pedunculate
barnacle, (L) branching bryozoa, and (M) bryozoa. Spines with: (N) gall with biofilm covering spine, (O) spine with apex missing above gall, (P) active
eulimid gall causing stunted and malformed growth of spine, with serpulid encrustation, (Q) non-active eulimid gall with empty cavity, (R) active
eulimid gall on stunted or broken spine. (S) parasitized spine (arrow indicating eulimid parasite) with no obvious gall cavity, (T) spine with multiple
eulimid parasites attached, and (U) spine with a minute cavity, likely in early stages of gall formation. Scale bar 1 cm.

ecosystems experiencing changing climate more broadly. The
quantitative assessment of epibiont fouling investigated here serves
two goals. First, the study aims to quantify any notable changes in
epibiont fouling that may be temporally linked to human impacts.
Second, the data and analyses presented below aim to improve our
understanding of ecological and taphonomic aspects of host-epibiont
interactions to improve our ability to interpret fossil occurrences of
epibiont fouling,

Materials and methods

Modern echinoid datasets — The frequency of spine colonization
and degree of epibiont burden on present-day American Eucidaris
populations was quantified using two datasets of different
resolutions (Supplementary Table S1): a high-resolution but
limited geographic scope dataset of individual spines compiled
from surveyed populations of E. tribuloides on the Florida Shelf
(Gulf of Mexico; referred to as Florida dataset), and a dataset of field
photographed Eucidaris individuals reported from the equatorial
and sub-equatorial western Atlantic and eastern Pacific on the
Global Biodiversity Information Facility (GBIF) database
(gbif.org; referred to as the GBIF dataset). The spine-level Florida
dataset was constructed using individuals of E. tribuloides that were
collected between 1964 and 2012, preserved in ethanol, and
cataloged at the Florida Biodiversity Collection (FWRI, FWC) as
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part of the Southeast Area Monitoring and Assessment Program
(SEAMAP) surveys. The Florida dataset includes 54 localities
across the Florida coast and shelf (Figure 3B), 115 individual
echinoids and 4,361 spines.

To assess the epibiont burden on a larger swath of present-day
Eucidaris populations, an additional dataset (the GBIF dataset) was
constructed by querying GBIF (accessed August, 2024, see
Supplementary Table S3 for full list of citations) for occurrences
of the three Eucidaris species entered with expert identification,
geospatial information, and associated specimen multimedia in the
form of field photographs. Photographs were manually filtered
based on whether the individuals reported were a) in their natural
habitat (not removed from life position), and b) of sufficient quality
such that the spines of the individual were clearly visible.
Occurrences of E. thouarsii and E. galapagensis were pooled due
to the absence of rigorous non-molecular (i.e., morphological)
criteria to differentiate the two (Lessios, 2005), making field-based
and photograph-based identifications dubious. Additionally,
disarticulated Eucidaris fossil spines from the eastern Pacific
cannot be confidently distinguished at the level of species
(Mortensen, 1928; Ruiz-Nava et al., 2021), so grouping present-
day E. thouarsii and E. galapagensis makes the two datasets more
directly comparable.

Fossil echinoid dataset — Evidence of epibionts in fossil Eucidaris
populations was assessed using disarticulated spine material from
Petsios et al. (2023). The dataset (referred to here as the fossil
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FIGURE 3

Map of the (A) American tropics and subtropics showing the occurrences of Eucidaris specimens used for this study, including fossil collections
(black diamonds, fossil dataset), and living individuals from field photographs of E. tribuloides (filled orange diamonds, GBIF dataset) and E. thouarsii
and E. galapagensis, combined (filled blue diamonds. GBIF dataset). Inset (B) shows a close-up of Florida shelf individuals of E. tribuloides (orange

open diamonds, Florida dataset) from the FWC collections

dataset) includes 474 disarticulated spines identified as belonging to
Eucidaris, likely E. thouarsii or E. galapagensis, from the Pliocene
San Diego Formation (California, U.S.A.) from the Natural History
Museum of Los Angeles (LACMNH), and 404 disarticulated spines
identified as belonging to E. tribuloides from the Pliocene Tamiami
Formation (Florida, U.S.A.) from the Florida Museum of Natural
History (FLMNH), University of Florida (UF). These cataloged
collections consisted of aggregated disarticulated spine material
gathered by multiple collectors over several years and from
various localities. To avoid overestimating spine counts or
underestimating epizoan presence, fragmentary spines and those
significantly abraded were excluded from the analysis.

Spine colonization frequency — Mature primary spines,
including ambital and aboral spines, from specimens of the
Florida dataset were counted per individual specimen and tallied
based on a) the presence of calcifying epibiont colonization, b) the
presence of non-calcifying (soft-bodied) epibionts, or ¢) no
evidence of epibionts. Epibionts were identified to the lowest
taxonomic level possible with the use of a binocular microscope.
In these counts, newly regenerated immature spines (as determined
by their size and absence of a fully developed outer cortex) were not
counted. Additionally, oral spines (spines positioned in the two
most adoral rows of spines) were excluded from the count, as these
highly specialized spines are morphologically, functionally, and
developmentally non-analogous to primary spines (Cutress, 1965)
and are rarely colonized, likely due to their active role in movement
and feeding (Salazar-Vallejo and Lopez-Muraira, 1983). Galled
spines were counted separately. Ambital test size was recorded for
all individuals using digital calipers (+ 0.001 inches), and ranged
between 1.18 cm and 6.07 cm test size.

Fossil Pliocene spines (Figure 4) were individually tallied and
calcifying colonizers (including polychaetous, bryozoan, poriferan,

molluscan, cirripedian, or foraminiferan epibionts) were noted as
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present or absent. Additionally, evidence of bioerosion (e.g.,
polychaete burrows [figured in Salazar-Vallejo and Lopez-Muraira,
1983] and corrosion by foraminifera [figured in David et al., 2009])
was tallied when present. The present-day spine dataset of Florida
Eucidaris populations was most comparable to the disarticulated

FIGURE 4

Fossil dataset Eucidaris spines from (A) the Pliocene Tamiami
Formation of Florida from the FLMNH. First two spines on left from
lot UF 314398 and remainder from lot UF 40867 and (B) The
Pliocene San Diego Formation of California from the LACMNH
(LACMIP 305.2192; 305.2194; 305.2197). Scale bar 1 cm.
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spine level data collected from the fossil record (but see discussion
section for known caveats), so these two datasets were compared to
constrain the effects of sample size on observed counts. A 1000-
replicate resample of the present-day spine data using the Tamiami
Formation fossil spine sample number (n = 404) was used to simulate
comparable sampling between fossil and present-day spine
populations. The proportion of different spine types recovered from
bootstrap resampling efforts was reported as the 95% interquartile
range.

Epibiont burden score — In addition to scoring each spine, each
individual from the Florida dataset was also scored using a semi-
quantitative ranking metric for macroscopic epizoan burden based
on the expected impact on individual fitness. Individuals were
ranked from 0 - 3 with 0 representing no/minimal evidence of
epizoa, having no impact on the host, and 3 representing greater
than half of spines with epizoa, likely having a significant negative
impact through reduced spine movement (see Table 1 for full
scoring criteria and Supplementary Figure SI for example
specimens, and Supplementary Table S2 for identified epibionts).
These scores were also applied to the GBIF dataset. Each individual
from the GBIF dataset with associated multimedia data was then
scored using the same semi-quantitative epizoan burden score used
for the first dataset and described above (Table 1). This was done to
also gauge the agreement between the two present-day datasets. The
primary purpose of the GBIF dataset was to assess whole-individual
epibiont burden across a broader geographic region than was
available from the Florida spine-based dataset. While whole-
individual epibiont burden can be reliably quantified using these
field photographs, the detection of galled spines, particularly on the
often-obscured oral surface, cannot be consistently relied upon.
Although some instances of galled spines were observed in the GBIF
dataset and are reported here for transparency, we do not consider
these frequencies to accurately represent actual population
galling rates.

Statistical analyses - A Wilcoxon rank-sum test (with
Bonferroni adjustment applied where appropriate) was used to
assess the significance of differences in epibiont burden scores
between groups (o0 = 0.05). Linear regression analysis was
performed to evaluate relationships within the spine-level Florida
dataset, with ANOVA used to test for significance (o0 = 0.05). To
generate 95% confidence intervals for observed spine colonization
rates given the sample size, we used 1000 replicate bootstrap

10.3389/fmars.2025.1513138

resampling and calculated the 95% confidence intervals based on
these simulated distributions using the statistical software R.

Taphonomic Experiments — To assess the influence of
postmortem transport and abrasion on the preservation of evidence
of epibionts in disarticulated spines, tumbling experiments were
conducted with colonized, non-colonized, and galled E. tribuloides
spines. Ten non-colonized spines, ten colonized spines (including
calcifying and non-calcifying epibionts), and six galled spines were
removed from ethanol-preserved individuals collected from the
Florida Shelf, air dried, and weighed. Each group was then tumbled
in a cylindrical drum separately at 120 RPM in a mixture of 500 mL
of Instant Ocean (Spectrum Brands, Blacksburg, VA; diluted to
manufacturer specifications) and 50 g of aquarium sand at room
temperature in 24-to-32-hour sessions. Spines were then retrieved via
sieving and allowed to air dry completely before weighing to measure
the loss of material. Fresh mixture of Instant Ocean and sand was
used for each tumbling session. Each group was tumbled for a total of
152 hours, until the preservation state of the spines matched those
observed in the fossil spines (rounded spine tips, eroded base, and loss
of beaded rib texture).

Results

Spine Colonization - Individuals from the Florida dataset
exhibited a range between 0 to 100% of spines colonized per
individual, with an average of 70.5% of spines of an individual
colonized. Considering the aggregate of all spines examined from
the Florida dataset regardless of the individual, which is a more
comparable metric to the disarticulated fossil spine dataset, we find
48.0% calcifying colonization rate, 24.2% soft-bodied epizoan
attachment, 26.6% non-colonized spines, 1.2% galled spines, and
no observed bioerosion (Table 2; Figure 2). If we assume that spines
colonized by soft-bodied epizoa in life would appear ‘non-altered’
when compared to the fossil record, the comparison then becomes
51.0% ‘non-altered’ spines in present-day Florida populations.

Disarticulated fossil Eucidaris spines (fossil dataset Figure 4)
from the Pliocene Tamiami Formation of Florida exhibited a
calcifying colonization rate of 7.9% and a bioerosion rate of
22.7%, while the remaining 69.3% exhibited no alteration or some
abiotic abrasion or breakage. Disarticulated fossil spines from the
Pliocene San Diego Formation of California exhibited a calcifying

TABLE 1 Rubric table of epibiont burden score criteria for scoring Florida and GBIF field photographed specimens and the associated impacts on host

fitness of each burden score category.

Score Scoring criteria

None (0) None or very minimal evidence of macroscopic epizoa on visible
mature primary spines.

Low (1) Less than half of visible spines with epizoans.

Moderate (2)
not significantly alter spine profile.

High (3)

epizoa have significantly altered spine profile, suggesting significant

build-up of epizoan mass.

Frontiers in Marine Science

More than half of visible spines with epizoa. Macroscopic epizoa do

More than half of visible spines with epizoa. Spines with macroscopic

Basibiont fitness impact

No impact

Likely no negative impact or slight benefit from camouflage

Likely some negative impact due to turbulence/drag with some
positive impact due to protection of dissolution and camouflage

Likely significant negative impact from impediment of spine
movement and turbulence/drag.
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colonization rate of only 2.9% and a bioerosion rate of 11.6%, while
§ 5 the remaining 85.4% exhibited no alteration or only abiotic
wn
= ,'§ = = = & g breakage (Table 2). All noted bioerosion was identified as likely
S : g 2 E E lych Figure 4B
s EEEE g g < = = polychaete traces (Figure 4B).
2 The resampling efforts yield a spine calcifying colonization rate
2 pling ) P 8
3 - 95% confidence interval in Florida dataset present-day spines of
7 N - . . 44.3-53.0%, a ‘non-altered” spine (combining soft-bodied epizoan
p 8 p
2 & s g s
p 52 < < 5 = 5 and non-colonized spines) rate of 46.0-55.4%, a galled spine rate of
< I Z Z . . . .
© = ° - ° 0.2-2.5%, and a bioeroded spine rate of 0% (no bioeroded spines
- % P
3 - were found in the present-day population) (Table 2). Fossil spine
s % o calcifying colonization rate is significantly less than the resampled
S @ % § « ~ § § § rate (95% confidence interval) in present-day Florida populations,
Ei § =t “ “ ® s & and the proportion of non-altered fossil spines is significantly more.
“E '-§ Spine Galling - In present-day populations, galled spines were
g - 5 found in 20.9% of individuals in the Florida dataset (Table 2), in
2 N
k] S - - § § 2 which each individual spine of each specimen was examined in
3 2 3
3 S Z Z N 5 ¥ detail. In contrast, less than 0.6% of individuals in the Atlantic and
Qo
= 0.3% of individuals in the Pacific exhibited any evidence of galling
w
he T from the GBIF dataset. This is less likely a reflection of true galling
T
5 . - - - frequency in these populations compared to the Florida shelf
g5 3 3 3
2 S z z 3 R = opulations and more likely a consequence of incomplete
S Z O Z Z ~ ~ - pop y q P
= observation of photographed specimens, since the oral side of
Q
5 ° 5 & individuals in life position was often obstructed from view. In the
2 o = . .
’ = 8 - N £5 Florida dataset, 52 total galled spines were observed, and several
L 2 2 2R . .. : .
s §< 3 I g g5 < < individuals were observed to have more than one galled spine, with
2 z23E B g a8 Z z & P
e two individuals having the maximum observed seven galled spines.
° o On multi-galled individuals, not all galls appeared to be active
° L E & 8 pp
g ENE domiciles, as judged from the absence of at least one eulimid
£ 3 E g g d attached near the gall. Inactive galls eith d
5 59 =] = 3 < < preserved attached near the gall. Inactive galls either appeared as
o N s )
p SAS € *® N & & simple swelling of the spine (Figure 2S), or as a partially broken
4 p 8 p g P y
g 4 swollen cavity which was sometimes secondarily covered by other
' N
§ 25 g g spine epizoans (Figure 2P). Notably, not all active galls exhibited
3 "g’ i é _% § - - clear swelling (Figure 2U), and so could only be identified as galled
£ z £ =) =) 3 Z Z due to the presence of the attached eulimid or obvious cavity at the
-] attachment site. In these situations, a minute indent into the shaft of
- 2 the spine is present at the attachment point of the eulimid
§ § 1 g g proboscis, which has the potential to be identified in the fossil
c
§ Sa E = - ; ; record, despite the lack of clear swelling. When binned by collection
s ear (1964-1971 and 2008-2012) there was a notable but not
2 Y
Q = .. . . . . . o .
= o : statistically significant increase in frequency of galled individuals
b (o )0=] @
< o . .
g S R IO in the Florida dataset (15% to 21.1%, Supplementary Table S4).
= 5= = = 2 bp Y
& § 2 S E 22 § § Individuals that had at least one galled spine were larger than
(V] ©~ o <+ wn
§ individuals with no galling (p = 0.036). These same larger individuals
s = tended to have more spines relative to smaller specimens, and had
2 3] % P!
g = proportionally more colonized spines relative to smaller individuals (p
% g : < < < 0.01, Figure 5). Present-day individuals on the Florida Shelf (Florida
@ b - < “ ~ dataset) displayed no significant relationship between overall
@ play 8 p
c roportion of colonized spines and likelihood of having eulimid
& prop p g
° g 5 g ) galling (Figure 6). However, when only calcifying colonization is
i 9 IS . . P . . .
) E 3 £ = ) considered, galled individuals had significantly higher levels of
ke = & = E E 3 8 g y hig
2 et et et = £8 calcifying colonization than non-galled individuals (p = 0.025
S =) ] = . P . .
g T _ % _ &% 5 8 5 2 2 Figure 6C). There was no significant relationship found between
a E § E § E g 2 % 28 % epibiont burden score and presence of galling (Figure 6A).
o o Q o o = - - <
o ¢ % 2e % 2 _§ 3| 8 g é 8 g 2 Individuals collected between 2008 and 2012 displayed a statistically
Sg%2 £8% £8EF 28 £ L . . . .
'E:_ﬂ' 228 528 5S2 ESE ES g significantly higher proportion of colonized spines (74.2%) compared
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to those collected between 1964 and 1971 (64.7%). Supplementary
Table S4 provides a summary of the spine-level data from the Florida
dataset, grouped by collection years, with statistical significance
determined by non-overlapping 95% confidence intervals. Notably,
no galled spines were found in either fossil Pliocene population, an
absence that had been noted previously by Petsios et al., 2023.

Epibiont Burden — Florida Shelf Eucidaris individuals (Florida
dataset) that exhibited high and moderate levels of epibiont burden
were generally larger, as measured by test width at the ambitus, than
individuals with low to no epibiont burden (None to Low p < 0.01;
None to Moderate p < 0.01; None to High p < 0.01; Low to
Moderate p < 0.01; Low to High p = 0.049; Figure 5C), with a
media difference of approximately 1.6 cm between burden
category endmembers.

In Atlantic populations of the GBIF dataset, 39% of E. tribuloides
individuals exhibited high epizoan burden, 37.3% of individuals
moderate burden, 20.9% of individuals low burden, and 2.7% of
individuals exhibited no visible epibionts in field photographs
(Table 2). These rates are similar to the subset of E. tribuloides
individuals scored from the Florida dataset, with 28.7% of individuals
with high burden, 36.5% with moderate, 27.8% with low burden, and
7% with no evidence of epibionts. In the Pacific populations of the
GBIF dataset, E. thouarsii and E. galapagensis individuals
cumulatively exhibited 61.7% high epizoan burden, 28.5%
moderate burden, 6.8% low burden, and 3.1% no burden (Table 2).
Notably, Pacific populations overall exhibited a higher epibiont
burden relative to their Atlantic counterparts.

Tumbling Experiments — Mass loss rate as a result of tumbling
was calculated for each group over 152 hours (Figure 7). Initially,
non-colonized and colonized spines experienced mass loss at the
same rate (11.4 - 11.6 mg/hr), and galled spines at a much slower
rate (3.3 - 4.0 mg/hr). After the first 80 hours of tumbling, non-
calcifying epibionts on colonized spines began to degrade
significantly, resulting in a large decrease in dry weight.
Afterwards, colonized and non-colonized spines continued to
exhibit the same rate of mass loss. When non-calcifying
colonization was removed from spines, underlying bioerosion was
observed in some cases. Overall, calcifying colonizers on spines and
galls appear to be robust to abrasion from transport.

Discussion

Present-day populations of Eucidaris in the American tropics and
subtropics exhibit higher levels of spine colonization and likely higher
overall epizoan burden than their Pliocene ancestors on either side of
Central America. This pattern persists after accounting for preferential
erasure of evidence of non-calcifying epizoans from the fossil record by
comparing only the proportion of calcifying colonization on spines
between living and fossil populations. Differences in sample size
between modern and fossil spine data was also considered, but do
not wholly explain the observed differences either. Simulated transport
using tumbling experiments have been previously used to elucidate
the process of disarticulation and abiotic damage of echinoid
skeletal material before it had the potential to enter the fossil record
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(Kidwell and Baumiller, 1990; Gorzelak and Salamon, 2013). However,
the effects of transport on the preservation of evidence of epizoan
colonization on echinoid spines is reported for the first time here. Not
surprisingly, non-calcifying colonization does not survive long during
the transportation process, leaving only evidence from calcifying and
cementing epibionts to be preserved more reliably in the fossil record.
We find no difference in mass loss due to transportation-related
abrasion in non-colonized spines and those that have been colonized
by calcifying organisms, suggesting also that colonizers do not protect
disarticulated spines from damage. Surprisingly, galled spines had an
even slower rate of mass loss due to transport than either the non-
colonized or colonized spines. Galls, while skeletonized, represent
malformed spine material that is potentially less stable than healthy
spine cortex. Despite this, galled spines appeared to be more resilient to
physical damage, potentially due to their smaller and rounder shapes
decreasing relative surface area that could be damaged in transport.
Information that can be extracted from disarticulated fossil
elements is, unsurprisingly, not directly comparable to how
epibiont burden is observed and quantified in living populations.
For one, the degree of epibiosis on whole individuals can never be
known without fossils of whole, articulated spine-bearing populations
(as in Schneider, 2003). As the skeletal material of regular echinoids
typically disarticulates rapidly after death, whole fossils are rare in the
fossil record (Greenstein, 1992, 1993). While whole E. tribuloides
fossils are known from the Tamiami Formation (Osborn et al., 2020),
these specimens are not plentiful enough for quantitative
comparisons. Conversely, disarticulated spine material is common
in the fossil record, but it is unclear how representative these fossil
accumulations are of living populations. As echinoids shed spines
during the normal growth process (Prouho, 1888), new spines form
at the apical disc boundary as older spines migrate down and are shed
at the oral plate boundary by dissolution of spine material at Prouho’s
membrane (Cutress, 1965; Markel and Réser, 1983b). Thus, a single
individual may contribute multiple spines to the fossil record via
shedding, and shed spines can be identified by the lack of the base
below Prouho’s membrane (below the milled ring). Present day field
tagging experiments have demonstrated that cidaroids do not
preferentially shed fouled spines outside of the normal growth
process (McPherson, 1968; Ebert, 1988). Spines may be shed if they
are diseased or damaged (Cutress, 1965; Hendler, 1995), but this rate
is unknown and not examined for galled spines. Several diseased and
damaged spines were still attached to the test in the surveyed Florida
populations. Some galls even exhibited secondary calcifying
colonization, suggesting that galled spines are retained for some
time by the living animal. Additionally, the majority of fossil spines
from the fossil dataset still retained their complete base, suggesting
that the disarticulated fossil spines were likely shed postmortem,
rather than during the animals lifetime. We therefore expect the
proportional representation of colonized, non-colonized, and galled
spines to be comparable between living and fossil assemblages. Given
this and the results of the experimental tumbling, it is likely that the
fossil record of disarticulated spines is reliably recording the relative
proportion of spines that have been colonized by calcifying
organisms. This is further supported by the extensive known fossil
record of encrustation of echinoid spines from other time periods
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FIGURE 5

Relationship between Florida dataset specimen size at ambitus and (A) proportion of spines that are colonized (including calcifying and non-
calcifying epizoans) R? = 0.154, p << 0.01, (B) proportion of spines that are colonized (calcifying epizoans only) R? = 0.124, p << 0.01 (C) epibiont
burden category with significant pairwise Wilcoxon rank-sum p-value p with Bonferroni adjustment (a = 0.05): (D) total primary spines per individual
R? = 0.563, p << 0.01.

(Schneider, 2003; Rashwan et al., 2024). This also suggests that the Assessments of the relationship between the number of colonized
complete lack of fossilized spine galls is not a consequence of  and galled spines per living individual and the individual’s overall
diminished preservation potential of the galled spine material but is  epizoan burden allows for a comparative link to be made between

a real ecological signal. modern populations and the fossil record. Spine-level data could not
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FIGURE 6

Comparing galled and non-galled individuals from the Florida dataset in terms of (A) overall epibiont burden scores W = 955.5, p = 0.325,

(B) proportion of colonized spines (both calcifying and non-calcifying) W = 1178.5, p = 0.495, (C) proportion of colonized spines (only calcifying)
W = 1403.5, p = 0.025, and (D) ambital width of individual, W = 1397.5, p = 0.036.
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Exemplar spine specimens from the tumbling experiments, showing
degree of abrasion and material loss over several hours of tumbling. (A)
An example of a single spine colonized with calcifying serpulid worms
over 152 hours of tumbling. (B) An example of a single spine colonized
with non-calcifying sponge over 152 hours of tumbling. (C) The rate of
mass loss over 152 hours of tumbling. Tumbling experiments were
halted when spines resembled the typical taphonomic grade observed
in the Pliocene fossil spines. Scale bar 1 cm

be directly compared between modern and fossil populations of the
Pacific due to the rarity of available modern specimens. However,
given the similarity between the epizoan burden scores of Florida
shelf individuals and those that were scored using field photographs,
we expect broader patterns in epizoan burden score to reflect the
proportion of colonized spines in these present-day populations. We
additionally demonstrate here the utility of georeferenced field digital
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images compiled in large online databases (such as GBIF.org) in
exploring biotic associations in populations over a much larger region
than what is feasible by individual field surveys alone. Large
proportions of highly and moderately burdened individuals (~90%)
in present-day Pacific populations is in stark contrast to low levels of
evidence of spine bio-alteration in Pliocene San Diego Formation
spines (less than 15% combined). This may reflect a relatively higher
proportion of non-calcifying colonizers in Pacific populations
compared to Atlantic populations, where non-calcifying epizoa are
the sole colonizers on approximately 25% of spines. However, there is
no reason to expect that there would be a significant difference in
calcifying and non-calcifying colonization between the two oceans.

Galling parasitism in present-day Eucidaris populations has been
reported extensively and was present on approximately a fifth of
individuals (20.9%) from the Florida Shelf. In terms of individual
spines, we observe a galling rate of only 1.2%. Despite this low rate, a
galling rate of zero in fossil spines is still outside the 95% confidence
intervals established when accounting sample size difference, if we
assume galling rate has not changed. While more sampling of fossil
Eucidaris spines may reveal fossil galled spines, it is worth considering
the implications of a potentially true absence of fossil galls. Either a)
the galling rate was much lower in the past, or b) galling is a newly
evolved association between Eucidaris and the galling eulimid
Sabinella. The genus Eucidaris originated in the Late Paleocene
(Campbell, 1993; Maxwell, 2000) and is reliably present in the
tropics of the Americas since at least the Pliocene if not the
Miocene. Present-day eulimid gastropods are known to target
specific echinoids. The genus Sabinella is known to parasitize other
cidaroids such as Stylocidaris, Goniocidaris, and Ogmocidaris, but
does not induce galling outside of its specialized symbiosis with
Eucidaris (Waren, 1983). There is no known fossil record of Sabinella
(Petsios et al,, 2023), though Sabinella is listed as originating in the
Pleistocene in Sepkoski’s Compendium (Sepkoski, 2002), which is the
default first appearance assignment for extant genera. The lack of a
fossil record for Sabinella is not all that surprising, as eulimids in
general are small, thin-shelled, and difficult to differentiate using shell
characteristics alone (Waren, 1983, but see Gonzalez-Vallejo and
Leon-Gonzalez, 2018). Further systematic work is likely needed to
establish if Sabinella truly lacks a fossil record, especially in the
Pliocene of the American tropics. Waren (1992) proposed that the
Pacific species S. shaskyi and the Atlantic species S. troglodytes likely
underwent allopatric speciation similarly to their host eucidarid
species associated with the closing of the CAS. This suggests that
Sabinella was present and in association with these Eucidaris
populations since at least before the Pliocene, and there is no
reason to suspect that it was not engaging in galling parasitism at
this time. Considering this, it is likely that galling of Eucidaris spines
by Sabinella did likely occur in the Pliocene, but at a much lower rate,
leading to a paucity of fossil evidence.

Establishing the timing of changes in pre-Modern levels of
epibiosis on Eucidaris necessitates the use of the most recent fossil
occurrences available in large enough numbers, i.e., the Pliocene of
coastal North America. Though Eucidaris spines are known from the
Pleistocene of both the western Pacific and eastern Atlantic, including
the Waccamaw Formation of the Carolinas (Osborn et al., 2020), the
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Falmouth Formation of Jamaica (Donovan, 1993; Donovan and
Portell, 2013; Gordon and Donovan, 1994), the Jaimanitas
Formation of Cuba (FLMNH Collections), and the Abisinia
Formation of Venezuela (FLMNH Collections), no large enough
collections of Eucidaris spines have yet been recovered from these
deposits to our knowledge. With this limitation, we are only able to
establish that the increase of spine colonization in American
Eucidaris populations likely occurred sometime between the
Pliocene and the present-day. One event of note in this timeframe,
the closing of the Central American Seaway (CAS), has induced
significant oceanographic changes in the region and climatic changes
globally since the Pliocene (O'Dea et al., 2016). Redirection of ocean
currents and nutrient supplies between the once-connected Pacific
Ocean and Caribbean Sea induced oligotrophic conditions on the
Caribbean side of the Isthmus of Panama (Jain and Collins, 2007),
while the Pacific side developed nutrient-rich upwelling (Schmidt,
2007). This would have significantly and directly impacted the filter-
feeding epizoans in these regions. The timing of the differentiation of
water bodies associated with the gradual constriction, ultimate
closure of the CAS, and subsequent formation of the landmass of
the Isthmus is debated (O’Dea et al., 2016; Jaramillo et al., 2017;
Molnar, 2017), with paleomagnetic evidence pointing to a Miocene or
earlier initiation of tectonic uplift (Montes et al., 2012),
paleontological and sedimentological data suggests a latest Pliocene
closure sensu stricto (Keigwin, 1978; Duque-Caro, 1990; Kameo and
Sato, 2000), and oceanographic geochemical interpretations
suggesting a protracted process of water body differentiation
spanning the time between (Steph et al., 2006; Kirillova et al., 2019;
Ogretmen et al., 2020). Regardless, it is likely that the fossil eucidarid
populations of the current study had already been impacted by
nutrient supply changes brought about by the initial phases of
constriction, and therefore the oceanographic changes associated
with the closure of the CAS do not fully explain differences
between epibiosis observed in these communities and those of the
present-day. Additionally, given the development of nutrient-rich
and nutrient-poor conditions, we would expect directionally opposite
responses in populations on either side of the land bridge, which we
do not observe. The more likely scenario is that the intensification of
spine epibiosis observed in living populations is instead a result of
some combination of the more recently introduced human-driven
environmental changes that have occurred in the region since
the Pliocene.

Nutrient influx combined with warming oceans are projected to
increase the density of marine biofouling communities on biotic and
abiotic substrates while diminishing their biodiversity (Dobretsov
et al, 2019; Khosravi et al, 2019). Human-sourced runoff, toxic
contamination, habitat degradation, and sea surface temperature
warming in the studied regions (Benitez et al., 2014; Paez-Osuna
et al,, 2016; Gomez et al, 2022) have likely already impacted the
epibiont communities. Additionally, parasite-host associations have
been and are projected to continue to be complexly impacted by
human activity (Kelly et al., 2010; Sonnenholzner et al., 2011; Khan,
1990; Budria and Candolin, 2014; Huntley and Scarponi, 2021).
Sonnenholzner et al. (2011) report on a decrease of parasitic
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eulimids on E. thouarsii in the Galapagos induced by a proliferation
of the commensal crab Mithrax nodosus (currently Mithraculus
nodosus), in turn brought about by anthropogenic overfishing of its
own predators. The present study, however, suggests that
proliferation of eulimid parasitism can also be expected, though
potentially via a different mechanism. McPherson (1968) reported a
2% parasitic galling rate in E. tribuloides populations of the Florida
shelf between 1965 and 1966, while the present study found 21% of
total individuals galled in the same populations collected between
1964 and 2011 (with a notable but non-significant increase in galling
rates across this period). Earlier studies on spine fouling on living
Eucidaris do not report on the per spine rate or overall intensity of
fouling as we do here, but given the significant relationship between
presence of galling and calcifying epibiosis in individuals, we can
assume that the two are closely associated. Further work is likely
needed to elucidate whether the proliferation of galling parasitism
and spine fouling in present-day populations is related to trophic web
disturbances similar to those reported by Sonnenholzner et al. (2011),
or if these trends are the result of some other
anthropogenic perturbation.

The detailed life histories of epizoans on cidaroid echinoid spines
remain largely unknown. It is not fully understood how dependent and
host-specific many of these epibionts are on the substrate provided by
their echinoid hosts, how they are impacted after the host dies, how
they interact with both the host and each other, or the specific
magnitude and direction of changes in these relationships caused by
human-induced environmental shifts. In this study, we provide new
insights into these questions across a broad region and over geological
timescales by demonstrating that living populations of the cidaroid
Eucidaris in the tropics and subtropics of the Americas exhibited higher
frequencies of colonization and parasitic galling than did their late
Neogene direct ancestors. Whereas taphonomic processes inevitably
result in loss of non-calcifying epizoa, experimental work and
taphonomic patterns in the fossil record both suggest that galled
spines and calcifying epibionts are unlikely to have been lost
preferentially relative to spines unaffected by epibiosis. A high
proportion of individuals in present-day populations across a wide
region are heavily colonized. This degree of epizoan burden and galling
parasitism may be detrimental to fitness, but further studies, specifically
detailed aquaria and field surveys, are needed to demonstrate whether
this is indeed the case. Increasing fouling density has been linked to
some anthropogenic impacts, namely warming ocean temperatures,
habitat pollution, and tropic web disturbances that may explain the
present-day increase of epizoan burden and parasitism. With historical
and current rates of eucidarid spine colonization established, further
research is needed to determine what drove this recent increase in
epibiosis and how future populations may respond.
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