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Abstract

Anemones are prominent members of marine ecosystems; however, of the 15 000
species of marine fishes, only 13 are documented to feed substantially on anem-
ones. Preying on anemones may require specialized phenotypes to overcome their
nematocyst-lined tentacles and elastic material properties. Here, we investigated
whether Clinocottus globiceps, one of the few anemone-feeding fishes, has behav-
ioral and morphological adaptations for consuming anemones. We used high-speed
videography to describe the behaviors of C. globiceps and syntopic sculpins feed-
ing on anemones and shrimp. We then compared the feeding apparatus of five tro-
phically diverse sculpins using micro-computed tomography and scanning electron
microscopy. We also used histology to investigate potential defense mechanisms for
resisting nematocysts. We found that C. globiceps used a distinct combination of
twisting and bending to rip anemone tentacles, compared to just the pulling or just
rolling behaviors used by all species to feed on shrimp. Both C. globiceps and its
algivorous sister species, C. recalvus, had robust jaws, large jaw muscles, and rows
of blade-like teeth suited for biting that contrasted with the suction-feeding mor-
phology of benthic invertivores. Clinocottus globiceps also had thicker epithelia
around the mouth, which may act as a shield against nematocysts. We propose that
the morphologies of C. globiceps that aid in anemone-feeding are likely exapted
from algivory. We also emphasize the important role of behavior in facilitating tro-
phic novelty.

for new resources (Davies et al., 2020). However, predators
can modulate their feeding behaviors to increase feeding per-
formance on different prey (Ferry-Graham et al., 2001; Kane,
Cohen, et al., 2019; Kane, Roeder, et al., 2019; Nemeth, 1997),
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accompanies trophic evolution and may be required to access
novel dietary niches (Freeman, 1979; Grant & Grant, 2002;
Huertas & Bellwood, 2018, 2020; Hulsey & Ledn, 2005; Mar-
tin & Wainwright, 2011; Rico-Guevara et al., 2019; Santana &
Cheung, 2016). In an ecomorphological framework, it is often
assumed that the feeding morphologies of predators match the
physical characteristics of the prey (Ferry-Graham et al., 2002;
Higham et al., 2021; Wainwright & Richard, 1995). Thus,
morphological innovation may underlie access to new trophic
niches (Hulsey, 2005; Konow et al., 2017; Price et al., 2010;
Troyer et al., 2024). Alternatively, trophic transitions could be
facilitated by preadapted traits that are co-opted (or exapted)

Journal of Zoology ee (2025) ee—ee © 2025 Zoological Society of London.

suggesting that changes in behavior alone could be sufficient
to access new resources.

Fishes demonstrate a wide range of diets and feeding strate-
gies that make them an ideal system for studying the evolution
of trophic morphologies. Classic dietary guilds (i.e., herbivory,
piscivory, and durophagy) exemplify how the mechanical prop-
erties of prey items promote strong form-function relationships.
For example, durophagous fishes tend to have stout jaw bones
and robust muscles for crushing hard-shelled prey, while
piscivorous fishes tend to have long, protrusible jaws for cap-
turing elusive prey (Cohen et al., 2020; Collar et al., 2009;
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Huber et al., 2008; Mihalitsis & Bellwood, 2019; Rutledge
et al., 2019; Turingan & Wainwright, 1993). Beyond these
common guilds, many fishes also employ rare trophic strate-
gies, such as feeding on the scales of other fishes (lepido-
phagy), parasites (cleaners), or coral polyps (corallivory)
(Baliga & Mehta, 2018; Huertas & Bellwood, 2018; Huie
et al.,, 2020; Kolmann et al., 2018). These trophic strategies
may be rare, not because of prey scarcity, but because special-
ized phenotypes are required to access them (Martin & Wain-
wright, 2011, 2013). For example, the extraoral teeth and
ramming behavior of scale-feeding characids are specialized
compared to their relatives (Kolmann et al, 2018;
Sazima, 1984). We therefore ask, to what extent does feeding
on specialized prey require specialized phenotypes?

Sea anemones are sessile marine invertebrates found around
the globe yet are infrequently preyed on by fishes (Ates, 1989;
Fautin et al., 2013). There are approximately 15 000 species of
marine fishes, but only 13 species from eight families are con-
sidered significant anemone predators (Ates, 1989; Carrete
Vega & Wiens, 2012). The discrepancy between anemone
availability and predator numbers suggests that anemones are
challenging to feed on. A significant barrier to anemone preda-
tion, and cnidarians more broadly, are the toxic stinging cells
(nematocysts) lining cnidarian tentacles (Kass-Simon & Scap-
paticci Jr., 2002). Fishes often tear off pieces of the tentacles
rather than consuming the whole animal (Ates, 1989; Porat &
Chadwick-Furman, 2004; Yoshiyama, Knowlton, et al., 1996;
Yoshiyama, Wallace, et al., 1996). Tearing can be difficult
because the elastic tissue comprising the anemone body wall
(mesoglea) is resistant to shear and tensile stress (Koehl, 1977),
and anemones can rapidly retract their tentacles (Shick, 1991).
Investigating the morphological and behavioral traits of
anemone-feeding fishes will provide insights as to how anem-
one predators overcome these challenges.

Anemone-feeding fishes likely have chemical and mechani-
cal defenses for mitigating the effects of nematocysts. High
densities of mucus-secreting goblet cells can prevent nemato-
cysts from discharging (Greenwood et al., 2004; Huertas &
Bellwood, 2017, 2018; Martin et al.,, 2007). Meanwhile,
impenetrable tissues due to thickening or calcification of con-
tact surfaces may serve as structural shields to inhibit impale-
ment (Huertas & Bellwood, 2017, 2018; Martin et al., 2007).
Additionally, anemone feeders may exhibit a reduction of sen-
sory cells (e.g., taste buds) and vulnerable tissues in and
around their mouths.

Mosshead sculpins (Clinocottus globiceps) are one of the
few prominent anemone-feeding fishes (Ates, 1989). They are
found in the rocky intertidal of the eastern Pacific Ocean,
where sea anemones can make up ~66% of their diet (Gross-
man, 1986). In laboratory settings, C. globiceps feeds vigor-
ously on anemone tentacles (Augustine & Muller-Parker, 1998;
Brezina, 1979; Yoshiyama, Knowlton, et al., 1996; Yoshiyama,
Wallace, et al. 1996). Yoshiyama, Wallace, et al. (1996)
recounted that C. globiceps used “pronounced wrenching and
tearing actions that involved the fish’s entire body” to feed on
anemones. That suggests the use of a novel feeding mode dis-
tinct from rotational feeding used by some intertidal sculpins
and elongate fishes to tear pieces from larger food masses
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(Crawford et al., 2025; Yoshiyama, Wallace, et al., 1996).
Clinocottus globiceps also appear to be relatively unaffected
by the nematocysts of their prey, including Anthopleura ele-
gantissima that have deterring toxins capable of paralyzing
shore crabs (Bruhn, et al, 2001; Yoshiyama, Wallace,
et al., 1996).

In this study, we investigated the feeding behavior and mor-
phology of C. globiceps to identify traits that facilitate anem-
one feeding. Clinocottus globiceps is unusual because most
intertidal sculpin species are trophically conserved, feeding pri-
marily on arthropods (Buser et al., 2019). Clinocottus globi-
ceps can be found in the same tidepools with closely related,
non-anemone-feeding sculpin species, supporting our prediction
that anemone-feeding requires adaptive phenotypes. We used
high-speed videography to record feeding behaviors of the syn-
topic C. globiceps, C. embryum, and Oligocottus maculosus,
and a suite of bio-imaging techniques to compare the feeding
apparatus of C. globiceps with those of closely related species.
Our objectives were threefold: (1) describe behaviors used by
sculpins to feed on anemones versus shrimp, (2) assess
whether C. globiceps has a unique jaw morphology for tearing
anemones compared to other sculpins, and (3) explore whether
C. globiceps has distinct mechanisms for resisting nematocysts.
We predict that C. globiceps exhibits traits that could facilitate
anemone feeding, such as novel feeding behaviors, higher jaw
mechanical advantage, larger jaw muscles, cutting dentition,
more mucus cells, and thicker oral epithelium. Our work pro-
vides insight into how interactions between behavior and mor-
phology facilitate access to novel dietary niches.

Materials and methods

Specimen acquisition

For feeding experiments, we collected wild C. globiceps
(n =38, 15.5-47.7 mm SL), C. embryum (n = 2, 40.1-48.0 mm
SL), and O. maculosus (n =5, 39.7-57.8 mm SL) (Table 1).
Specimens of C. globiceps and O. maculosus were collected
with handnets from tide pools at Cattle Point on San Juan
Island, WA, while C. globiceps and C. embryum were col-
lected from Iceberg Point on Lopez Island, WA. All animals
were housed in a flow-through tank system at Friday Harbor
Laboratories (FHL). We also collected A. elegantissima
(n =10, 25-40 mm in diameter) from Cattle Point and FHL
and transplanted them onto ceramic tiles for feeding trials.
After feeding experiments, fish were euthanized with
tricaine-methanesulfonate (MS-222), fixed in 10% formalin,
and stored in 70% ethanol. All procedures were approved by
the University of Washington’s Institutional Animal Care and
Use Committee (IACUC #4238-03).

To identify potential morphological adaptations for anemone-
feeding, we compared preserved specimens of C. globiceps,
C. embryum, and O. maculosus with two other closely related
species: Clinocottus recalvus and Orthonopias triacis (Fig. 1).
Preserved specimens were obtained through the FHL Fish Col-
lection, Oregon State Ichthyology Collection (OSU), or the
Scripps Institution of Oceanography Marine Vertebrate Collec-
tion (SIO) (Table S1).
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Table 1 The sample size and standard length (mm) of the studied species by method

Species Feeding trials CT scans diceCT SEM Histology
Clincottus globiceps 8 (15.5-47.7) 17 (15.5-116.1) 1(34.6) 1(33.6) 1(27.7)
Clincottus recalvus — 13 (27.7-87.1) 1(38.9) 1(39.9) 1(27.7)
Clinocottus embryum 2 (40.1-48.0) 10 (18.8-60.4) 1(37.2) 1(39.3) 1(27.1)
Orthonopias triacis — 11 (25.3-70.2) 1(41.5) 1(45.1) 1(25.3)
Oligocottus maculosus 5 (39.7-57.8) 11 (18.6-71.1) 1(34.5) 1(37.7) 1(26.4)

Prey Type

. Anemone
. Algae
' Arthropods

_. Clinocottus globiceps

_. Clinocottus recalvus

_. Clinocottus embryum

‘ . Orthonopias triacis

. Oligocottus maculosus

= Clinocottus embryum
% :

=

Figure 1 Phylogenetic relationships of the five sculpin species sampled in this study based on Buser et al. (2017) and an ancestral state
reconstruction of diet. Morphological variation in skull shape is visualized using micro-CT scans. Lateral views of (a) Clinocottus globiceps, (c)
Clinocottus recalvus, (d) Clinocottus embryum, (e) Oligocottus maculosus, and (f) Orthonopias triacis. (b) Anterior view of C. globiceps. Whole
animal photos depict C. globiceps, C. embryum, and O. maculosus, which can be found together in the same tidepools and were studied in

feeding trials.

Diet categorization and reconstruction

We reviewed published diet data and categorized the primary
diet of each species based on reported frequencies and vol-
umes. In addition to anemones, Clinocottus globiceps feeds
substantially on algae (Grossman, 1986; Miller et al., 1980;
Norton, 1995). Similarly, Clinocottus recalvus feeds primarily
on algae (Johnston, 1954). The remaining species feed on vari-
ous arthropods. Clinocottus embryum feeds on barnacle cirri,
gammarid amphipods, and harpacticoid copepods (Miller
et al., 1980; Simenstad & Nakatani, 1977). Oligocottus macu-
losus feeds on gammarid amphipods and harpacticoid copepods
(Miller et al., 1980; Norton, 1995). Orthonopias triacis feeds
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on gammarid amphipods, decapod crab larvae, and polychaete
worms (Burge & Schultz, 1973; Norton, 1995; Snook, 1997).
We performed an ancestral state reconstruction of diet to
assess the evolutionary history of anemone feeding. We pruned
the sculpin phylogeny from Buser et al. (2017) to include only
our focal taxa and conducted a stochastic character mapping
with 1000 simulations using the phyfools R package version
2.4 (Bollback, 2006; Revell, 2024). We coded C. globiceps as
an anemone feeder, C. recalvus as an algivore, and the remain-
ing species as arthropod invertivores. Based on AIC scores, an
equal-rates transition rate model was determined to be a better
fit and was used instead of a symmetrical rates model or all-
rates-different model. To account for uncertainty in trophic
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classifications, we performed a second analysis using a modi-
fied version of the synthetic diet categories from Buser
et al. (2019). In this analysis, we coded C. globiceps and
C. embryum as consumers of “tentacle and appendages,”
C. recalvus as a “stationary benthic item” feeder, and O. macu-
losus and O. triacis as “benthic arthropod” invertivores. In
Buser et al. (2019), C. globiceps was coded as a “stationary
benthic item” feeder because they did not consider anemones
as a substantial dietary component. All analyses were per-
formed in R version 4.3.2 (R Core Team, 2023).

Feeding behavior

We used high-speed videography to record the
anemone-feeding behavior C. globiceps specimens (Table 1).
Clinocottus embryum and O. maculosus were provided the
opportunity to feed on anemones, but neither made attempts.
Individual feeding strikes were filmed at 700 frames per sec-
ond from the dorsal and lateral perspectives simultaneously,
using two Edgertronic SC1 cameras (Sanstreak Corp., Camp-
bell, CA, USA). We filmed in a 21 x 16 cm filming arena
within a 5-gallon aquarium filled with natural seawater and
illuminated with two LED flood lights. Prior to filming, a sin-
gle fish and anemone were acclimated in the arena with
dimmed lighting, separated by a temporary barrier for a few
minutes to a few hours. During filming sessions, lighting was
increased, and the barrier was removed to allow the fish to
feed freely on the anemone. We recorded multiple feeding
events per session and continued until the fish stopped feeding.
The same anemones were used for consecutive feeding events
and between sessions until they no longer extended their tenta-
cles. To investigate the impact of prey type on feeding behav-
ior and compare behaviors between species, we also recorded
C. globiceps (n =1, 37.3 mm SL), C. embryum (n =2), and
O. maculosus (n = 5) feeding on large pieces of fresh shrimp
held with forceps. Water temperature (12—-15°C) and oxygen
levels were maintained through frequent water changes
between sessions. All fishes were fasted for at least 3 days
prior to and between feeding experiments.

Following a precursory inspection of the videos, we catego-
rized feeding strikes into discrete feeding modes (see ‘Results’
section). Despite recording with two cameras, we could not
reliably quantify the three-dimensional variation and opted for
qualitative comparisons. We also attempted to confirm whether
C. globiceps was successful by inspecting videos for evidence
of damage to the anemones.

Feeding functional morphology

We used micro-computed tomography (LCT) scans to visualize
and compare the cranial anatomy of five sculpin species. We
sampled 10-17 specimens per species across a range of body
sizes that included the size range of fishes used for feeding tri-
als (Table 1). We generated new scans at the FHL Karel F.
Liem Bio-imaging center using a Bruker Skyscan 1173 and
downloaded existing scans on MorphoSource.org (Blackburn
et al, 2024; Boyer et al.,, 2016; Buser et al., 2023). Scans
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were conducted at 65 kV, 123 pA, 1100-1170 s exposure time,
and a voxel size between 8.1 and 26.9 um. One specimen per
species (Table 1) was scanned with contrast-enhancing stain to
visualize jaw musculature following diceCT procedures
described by Kolmann et al. (2023). Specimens were soaked in
a 3.25% Lugol’s Iodine solution for 32 h and scanned with
similar scanner settings as the bone scans.

To investigate whether C. globiceps possess feeding mor-
phologies that could facilitate anemone-feeding, we measured
nine functional traits (Buser et al., 2019) (Fig. 2). These traits
included anterior and posterior jaw closing mechanical advan-
tage (the extent to which the lower jaw is modified for rapid
or forceful closure), quadrate offset (the extent to which jaws
close in a slicing or crushing manner), tooth aspect ratio (tooth
shape and robustness), lower symphyseal height (jaw robust-
ness), ascending process length (jaw protrusibility), premaxilla
length (gape size), and the length and width of the lower jaw
(gape size). Using the diceCT scans, we measured the volume
of the Al, A2, and A3 subdivisions of the adductor mandibu-
lae, the primary jaw-closing muscle in fishes. Measurements
were collected using a modified procedure described in Buser
et al. (2020) with the program 3D Slicer and the SlicerMorph
toolkit (Kikinis et al., 2014; Rolfe et al., 2021).

Figure 2 Morphological measurements used to compare the
functional morphology of the feeding apparatus. Shown are (a) lateral
and (b) ventral views of the head with the premaxilla (red) and lower
jaws (blue) colored, (c) magnified view of the premaxilla, and (d, e)
magnified views of the lower jaw. Measurement abbreviations are
defined as follows: lower jaw length (LJLn), lower jaw width (LJWd),
ascending process length (AsPr), premaxilla length (PmLn), tooth
width (TWd) and height (TLn), dentary length (DnLn), mechanical
advantage in-lever length (InLr), anterior mechanical advantage
out-lever length (AOLr), posterior mechanical advantage length
(POLr), symphyseal height (SymH), and quadrate offset (QuOs).
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Intra- and interspecific variations in feeding mechanics were
visualized using a phylomorphospace. All traits were log-
transformed, and linear measurements were regressed against
standard length. The residuals of the regressions were used as
size-corrected trait values. Mechanical advantage, quadrate off-
set, and tooth aspect ratios were all already size-independent
ratios. The nine functional traits were used to perform a princi-
pal component analysis that included intraspecific variation
with a correlation matrix.

Scanning electron microscopy

We used scanning electron microscopy (SEM) to visualize tooth
shapes at higher resolution. The lower jaw of one fixed specimen
per species (Table 1) was removed, sonicated for 2 min, and
dehydrated using an ethanol series. The samples were dried using
a critical point dryer (Samdri 790, Tousimis Research Corp.,
Rockville, MD, USA) and sputter coated with gold palladium
using a Cressington 108 Sputter Coater (Ted Pella, Inc, Redding,
CA, USA). Samples were imaged with a JEOL Neoscope JCM-
5000 (JEOL Ltd., Tokyo, Japan) and a Zeiss Evo 10 (Carl Zeiss
AG, Oberkochen, Baden-Wiirttemberg, Germany).

Histological sectioning

We used histological sectioning to assess the distribution of
mucus cells and the thickness of the epithelium on the surface of
the head, lips, and mouth in the five sculpin species. The head of
one formalin-fixed specimen per species (Table 1) was removed
from the body and bisected parasagittally. All samples were decal-
cified in 10% EDTA following Silva et al. (2011). Samples were
then dehydrated through an ethanol series. We infiltrated each
sample with the Electron Microscopy Science JB-4 embedding
media protocol. Samples were sectioned at 3—4 pm using a glass
knife. Sections were stained with Lee’s Basic Fuchsin and Methy-
lene Blue and imaged using an Olympus BX53 light microscope
fitted with an Olympus DP80 camera (Olympus LS).

Results

Diet evolution

The ancestral state reconstruction of a diet indicated that the
ancestor of C. globiceps and C. recalvus was most likely an
invertivore (55%) but could have been an algivore (23%) or
an anemone-feeder (22%) (Fig. 1). An alternative reconstruc-
tion indicated that the ancestor of the three Clinocottus species
likely (94%) fed on “tentacles and appendages,” which could
have included barnacle cirri or anemone tentacles (Fig. S1).
This scenario suggests that algivory is a more derived state in
C. globiceps and C. recalvus, and may have evolved from an
anemone-feeding ancestor.

Anemone-feeding behavior

We recorded 51 instances of C. globiceps attacking anemones.
They struck the tentacles 40 times, the body column nine
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times, and the oral disc twice. Most strikes (98%), performed
by all individuals of C. globiceps, were characterized by a
consistent feeding behavior (Fig. 3). Specifically, C. globiceps
approached the anemone, perched on its pelvic fins, and tilted
laterally, constituting a preparatory phase. In a third of the pre-
paratory phases, the fish hopped around the anemone, as if
prospecting where to strike. In either case, C. globiceps then
launched itself at the anemone while rolling up to 90 degrees
about the long axis of its body. Clinocottus globiceps used
suction to pull parts of the anemone into its mouth; then
immediately rolled in the opposite direction while simulta-
neously pulling laterally and bending its body into a “C” shape
(Fig. 3). Then the fish either pulled away from the anemone or
performed additional rolling and bending motions, but in the
opposite direction of the previous pull. Clinocottus globiceps
commonly performed one (60%) or two sequential pulls (22%)
and between three and 11 pulls in the remaining trials. In one
outlier trial, C. globiceps performed 13 consecutive pulls, then
transitioned to rotational feeding around the long axis of its
body for 14 rotations before successfully tearing the anemone.
Feeding events lasted between 0.11 and 1.5 s (mean =+ sE:
0.29 s &+ 0.04) from the start of the launch to when the fish
withdrew.

We confirmed that C. globiceps was successful at removing
pieces of the anemone in 23 trials (45%) based on visible ten-
tacle or body damage. In 16 trials (31%), it was unlikely that
C. globiceps was successful based on the lack of notable dam-
age and the observation that the fish withdrew from the anem-
one with its mouth wide open. In contrast, the fish pulled
away with their mouth closed during successful trials. In the
remaining trials (23%), our view was obstructed, preventing
reliable assessments. There appeared to be no correlation
between successful feeding strikes and the number of pulls the
fish performed.

We also recorded 40 strikes from three sculpin species feed-
ing on fixed shrimp prey: seven by C. globiceps, 14 by
C. embryum, and 19 by O. maculosus. The most observed
behavior (47.5% of trials) from all species was a single lateral
c-shaped pull that lacked the rolling motions of anemone feed-
ing. In 25% of trials, the fish pulled two to three times with a
pause between pulls. All three species also commonly used
rotational feeding without a lateral pull to remove pieces of
shrimp (27.5% of trials). Each species was observed perform-
ing each behavior at least once.

Feeding mechanics and morphology

Clinocottus globiceps and C. recalvus had feeding morphol-
ogies capable of producing a stronger bite than the other
examined species (Fig. 4). The first principal component (PC
1, 52.8% of the variation) described variation in mechanical
advantage, lower jaw dimensions, jaw occlusion, and tooth
aspect ratio (Table S2). PC 2 (18.5% of the variation)
described variation in quadrate offset, lower jaw dimensions,
and premaxilla dimensions (Table S2). Clinocottus globiceps
and C. recalvus occupied a region of the morphospace associ-
ated with shorter and wider lower jaws, higher mechanical
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Figure 3 A representative video of Clinocottus globiceps feeding on an anemone from the dorsal (top) and lateral view (bottom). The animal
starts in a titled preparatory phase then launches itself toward the anemone. In this trial, C. globiceps performs three consecutive pulls that
involve rapid bending and rolling of the body. Full videos are available on FigShare, (Huie et al., 2025, https:/figshare.com/s/

b9200c27a9e715d31ade).

advantage, more crushing-like jaw occlusion, and higher tooth
aspect ratios (Fig. 4). They also had proportionally larger
jaw-closing muscle than all other species, but C. globiceps had
slightly larger muscles than its sister species (Fig. 5). The
other sculpins occupied regions associated with longer and nar-
rower jaws, a shorter symphysis, and shorter premaxilla
(Fig. 4). Separation along PC 2 indicated that O. maculosus
had a longer and wider jaw and more slicing-like jaw occlu-
sion than C. embryum and O. triacis.

Clinocottus globiceps and C. recalvus also shared a distinct
dentition, including multiple rows of long teeth with flat,
blade-like tips (Figs 4 and 6). In contrast, C. embryum and
O. maculosus had primarily conical teeth. Orthonopias triacis
also had predominantly conical teeth but possessed a row of
blade-like teeth in the anterior portion of its jaw (Fig. 6¢).

Histology

All species exhibited pliable lips with distinct structural fea-
tures (Fig. 7). Clinocottus globiceps had thicker and more
compact lip epithelium than all other species (Fig. 7e), except
for C. recalvus (Fig. 7f). Clinocottus globiceps was the only
species with ciliated epithelial cells covering its lips. Small
goblet cells were sparsely distributed across the lip epidermis
of all Clinocottus species (lowest in C. globiceps), whereas
both small and enlarged goblet cells were confirmed in the lip
epidermis of O. maculosus and O. triacis. In most species, the
lip hypodermis was dominated by organized longitudinally
aligned collagen fibers (Fig. 7e,g). However, the lips of
C. recalvus were composed primarily of fatty, disorganized
connective tissues with empty interstitial spaces (Fig. 7f). The
dermis displayed a wavy, kinked pattern indicative of elastic
tissue (Fig. 71).

Inside the oral cavity, the epidermis covering the
tooth-bearing regions of the jaws differed in topology and

composition. In C. embryum, O. maculosus, and O. triacis, the
epidermal layers formed numerous papillae that each contained
a taste bud (Figs 6 and 7i). We observed only small goblet
cells around the jaws, which were most abundant in
C. embryum. Neither papillae, sensory cells, nor small goblet
cells were observed in the jaw epithelium of C. globiceps or
C. recalvus, which instead formed a thick shield over the jaws,
perforated by the teeth (Figs 6 and 7h).

Clinocottus globiceps also lacked sensory and enlarged gob-
let cells in the epidermis on its face (Fig. 7a). All species had
small goblet cells, but the other Clinocottus species had more
than C. globiceps (Fig. 7b). Furthermore, the epidermis of
O. maculosus and O. triacis were densely populated with
enlarged goblet cells (Fig. 7c). Sensory cells were also
observed in all species except C. globiceps and C. recalvus
(Fig. 7b,c). The epidermis of the anterior region of the face
was roughly the same thickness across species.

Discussion

We used a comparative framework to evaluate behavioral and
morphological traits associated with anemone feeding in Clino-
cottus globiceps. Our results indicate that anemone feeding in
C. globiceps involves a shift in feeding behavior and subtle
changes to a suite of morphological traits. When compared to
syntopic sculpin, C. embryum and O. maculosus, C. globiceps
exhibits traits that could be adaptive for anemone-feeding,
including a distinct combination of feeding behaviors defined
by pulling, twisting, and bending as well as short, robust jaws
for biting, and a comparatively thick lip to resist nematocyst
stings. However, comparing C. globiceps to its sister species,
C. recalvus (sensu Buser et al., 2017), anemone feeding does
not appear to be associated with a unique feeding morphology.
Clinocottus recalvus is primarily an algivore but largely shares
the same suite of morphological traits as its anemone-feeding
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Figure 4 A phylomorphospace visualizing the variation in feeding mechanics and morphology of five sculpin species. Insets depict typical tooth
shape for each species visualized with scanning electron microscopy. Large symbols depict the species means, while smaller symbols represent
individual specimens (green square = Clinocottus globiceps, blue diamond = C. recalvus, orange circle = C. embryum, orange inverted
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Figure 5 Variation in the volume of the jaw-closing muscles. (a) Reconstruction of the soft tissue anatomy of Clinocottus globiceps using
diceCT. The subdivisions of the adductor mandibulae were segmented and measured for volume. (b) Dot plot depicting the variation in the
relative volume of the individual subdivisions across species. Species colored by diet (green = anemone, blue = algae, orange = benthic

arthropods).

sister. Only slight increases in the jaw-closing muscle and lip
thickness were observed in C. globiceps, which may be arti-
facts of sample size rather than true differences. These findings
suggest that the biting morphology of C. globiceps may have
first evolved as an adaptation for scraping or tearing algae
from rocks and was later co-opted for anemone feeding. That
is further evidenced by the fact that C. globiceps also feeds
substantially on algae (Grossman, 1986; Miller et al., 1980;
Norton, 1995).

Journal of Zoology ee (2025) ee—ee © 2025 Zoological Society of London.

Prey acquisition is often attributed solely to actions carried
out by the head, but postcranial regions also contribute sig-
nificantly to successful feeding strikes (Camp et al., 2015;
Camp & Brainerd, 2014; Kane & Higham, 2014, 2020; Pere-
volotsky et al., 2020). Changes in full body feeding behav-
iors may mitigate the need for specialized cranial kinematics
(Kane, Cohen, et al., 2019; Kane, Roeder, et al., 2019).
Thus, the unique combination of body and head movements
employed by C. globiceps during anemone feeding might
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Figure 6 Dentition on the lower jaw of the five sculpin species. Dorsal view of (a) Clinocottus globiceps, (c) C. recalvus, (d) C. embryum, (e)
Orthonopias triacis, and (f) Oligocottus maculosus. \White box in (a) represents the region of the jaw shown in (b) from an oblique lingual view.
The inset in (e) depicts a lingual view of the blade-like teeth at the anterior region of the jaw in O. triacis (scale bar = 50 pm). Scale bars

(a—f) = 100 pm.

play a primary role in facilitating access to this resource.
When presented with shrimp, the three syntopic sculpins
employed a wide range of behaviors including rolling or
pulling individually, but not all at once. Rolling about the
long axis of the body is phylogenetically widespread for
removing consumable pieces of food from larger chunks
(Crawford et al., 2025; Helfman, 1990; Helfman &
Clark, 1986). Because C. globiceps used the seemingly more
complex rolling and pulling behavior to feed on anemone,
there may be unique physical challenges associated with
anemone feeding. For instance, the shrimp pieces were more
friable and pulled apart easily, whereas anemone mesoglea is
highly elastic. As a result, rolling (inflicting torsional stress)
or pulling (inflicting tensile and shear stress) by themselves
may be insufficient for tearing anemones. Stretching and
twisting simultaneously probably improve the likelihood of
success by weakening the tentacles’ connection with the rest
of the body.

Future endeavors should investigate the effects of fish size
on anemone-feeding behaviors. Given that C. globiceps can

grow to be 4x larger than the largest individual studied herein,
larger individuals may not need to use the same feeding
behaviors observed here. At larger sizes, the fish feed on small
Epiactis anemones by removing them from the substrate
entirely but appear to only graze on larger A. elegantissima
(Yoshiyama, Wallace, et al., 1996). Thus, the anemone-feeding
behavior and performance of C. globiceps may be dependent
on predator size and prey traits.

Further investigations on algivory in C. globiceps and
C. recalvus  could help assess the novelty of the
anemone-feeding behaviors. Other small to medium-sized
fishes are capable of feeding on algae without using acrobatic
behaviors (Cullen et al., 2013; Martinez et al., 2022; Rupp &
Hulsey, 2014). These include algae-scraping blennies that bear
a strong resemblance to C. globiceps and C. recalvus with
their rounded face, high aspect ratio teeth, stout jaws, and
thick lips (Egan et al., 2021; Hundt & Simons, 2018; Williams
et al., 2022). The lip of C. recalvus is notably kinked, indicat-
ing that it is compliant and could aid in scraping by forming a
better seal on irregular substrates (Evans et al., 2024).
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Figure 7 Representative histological variation in the face, lip, and mouth. Epidermis on the face of (a) Clinocottus globiceps, (b) C. embryum,
and (c) Oligocottus maculosus. (d) A diagram depicting regions of the head that were sampled parasagittally. The upper lip of (e) C. globiceps, (f)
C. recalvus, and (g) O. maculosus. Epidermis of the lower oral jaw in (h) C. recalvus (which is also representative of C. globiceps) and (i)
O. maculosus. Abbreviations: D, dermis; E, epidermis; EGC, enlarged goblet cell; GC, goblet cell; H, hypodermis; TB, taste bud. Black boxes on
F and H highlight sections of the wavy collagen in the dermis. Scale bars = 50 um (a—c; e—g); 100 um (h, i).

Together, the morphological similarities between algivorous
blennies and sculpins provide indirect evidence that the syn-
chronous twisting and pulling of C. globiceps is specific to
feeding on anemones. Therefore, we propose that behavioral
plasticity is important for transitions toward novel trophic
niches like anemone-feeding. We also ask whether C. recalvus
can exploit anemones using similar behaviors as C. globiceps.
Investigations into the natural history of C. recalvus are needed
to affirm it is strictly algivorous, which is currently informed
by sparse diet data. If C. recalvus is indeed an anemone-
feeder, then a reevaluation of the evolution of anemone-feeding
in this clade is needed.

Anemone predators have developed structural and chemical
adaptations to resist the effects of cnidarian nematocysts. Nudi-
branchs rely on mucus secretion to prevent nematocysts from
discharging and epidermal spindle cells that provide structural

Journal of Zoology ee (2025) ee—ee © 2025 Zoological Society of London.

defense (Greenwood et al., 2004; Martin et al., 2007). Simi-
larly, corallivorous wrasses have folds on the outer surface of
their thick lips that maximize mucosal secretion (Huertas &
Bellwood, 2017, 2018). We observed a striking absence of
goblet cells in and around the oral cavity, but we did find a
relatively thick epithelium and fewer taste buds in C. globi-
ceps. This morphology may physically shield sensitive tissues
from nematocysts. However, C. globiceps will sometimes fail
to remove pieces of anemone and withdraw with its mouth
wide open (this study) or spit out pieces of 4. elegantissima
(Yoshiyama, Wallace, et al., 1996), indicating a potential nega-
tive reaction to nematocysts. Alternatively, failure may be eli-
cited by an insecure grip on the anemone. In lab settings,
smaller C. globiceps strike Epiactis prolifera more frequently
than A. elegantissima, possibly because the former has a lower
stinging potential (Yoshiyama, Wallace, et al., 1996). However,
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larger C. globiceps do not show preferences, emphasizing that
fish size may affect sensitivity to nematocysts and, thus, feed-
ing behaviors.

Substantial diversity exists among anemone-feeding fishes
and medusivores more broadly (Ates, 1988, 1989). Butterfly-
fishes (Chaetodontidae) are the largest radiation of corallivor-
ous and anemone-feeding fishes; however, cnidarian-feeding
butterflyfishes share little in common with C. globiceps. The
bluntface of C. globiceps is a stark contrast to the elongate
snout of butterflyfishes (Konow et al., 2017; Motta, 1988).
Additionally, C. globiceps has formidable blade-like teeth,
while many chaetodontids have long, flexible, bristle-like teeth
(Motta, 1988). Observations of butterflyfishes feeding on coral
indicate the use of their forceps-like jaws to remove small
polyps and scrape mucus (Motta, 1988). Anemone-feeding
behaviors of butterflyfishes have not been described in detail,
but some appear to tear pieces from anemones (Motta, 1988).
In one instance, Chaetodon auriga was observed tearing a rela-
tively small anemone entirely off the substrate using a head-
flicking motion distinct from the feeding behavior of C. globi-
ceps (pers. comm. Tal Perevolotsky). Lastly, we do not know
how butterflyfishes resist cnidarian nematocysts, but their toler-
ance warrants further investigation (Wylie & Paul, 1989).
Because traits related to prey acquisition in anemone-feeding
fish appear diverse, we assert that multiple solutions can sup-
port this trophic niche.

So why is feeding on anemones uncommon as a trophic
strategy? Anemone feeding may require adaptive changes to
defense mechanisms in the throat and gut or specialized diges-
tive physiology. Corallivorous butterflyfishes have longer guts
than non-corallivores, likely reflecting adaptations for nutrient
uptake (Berumen et al., 2011; Konow et al., 2017), since cni-
darians are presumably nutrient poor (Berumen et al., 2011).
We propose that longer guts could be a shared trait across
anemone-feeding fishes and should be investigated in C. globi-
ceps. Additionally, the propensity to evolve anemone-feeding
behaviors may be restricted to specific evolutionary pathways.
For example, when C. globiceps feeds on anemones, it prefer-
entially targets individuals with endosymbiotic algae compared
to those without (Augustine & Muller-Parker, 1998), suggest-
ing an association with algivory could have played an impor-
tant role in the transition toward anemone-feeding. This
supports the hypothesis that C. globiceps was preadapted for
anemone feeding since many herbivores also have longer
digestive tracts (Arnette et al., 2024; German & Horn, 2006;
Horn, 1989). In conclusion, reconstructing trophic evolution
and comparing phenotypes across the diverse lineages of
anemone-feeding fishes will help identify underlying causes
and mechanisms that lead to this trophic novelty.
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Table S1 List of specimens examined with pCT, their cata-
log numbers, MorphoSource links, and morphological
measurements.

Table S2 Loadings from the principal component analysis.

Figure S1 Ancestral state reconstruction of diet using a
modified version of the synthetic diet classifications from
Buser et al. (2019).
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Data S1 The R scripts and supporting files (.R file, .tree
file, and Table Sl.csv) needed to conduct and visualize the
morphological analyses conducted in this study.
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