Science of the Total Environment 900 (2023) 165756

Contents lists available at ScienceDirect

Science orre
Total Eny

vironment

Science of the Total Environment

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/scitotenv

Check for

Artificial sound impact could put at risk hermit crabs and their ol
symbiont anemones

Marta Solé® ", Steffen De Vreese ¢, José-Manuel Fortuno ”, Mike van der Schaar®

@ Laboratory of Applied Bioacoustics, Technical University of Catalonia-BarcelonaTech (UPC), 08800 Vilanova i la Geltrii, Barcelona, Spain
b Institute of Marine Sciences, Spanish National Research Council (ICM-CSIC), 08003, Barcelona, Spain
¢ Department of Comparative Biomedicine and Food Science, University of Padua, 35020 Legnaro, Padua, Italy

ARTICLE INFO ABSTRACT

Editor: Rafael Mateo Soria The sea anemone Calliactis parasitica, which is found in the East Atlantic (Portugal to Senegal) and the Medi-
terranean Sea, forms a symbiotic relationship with the red hermit crab, Dardanus calidus, in which the anemone
provides protection from predators such as the octopus while it gains mobility, and possibly food scraps, from the
hermit crab. Acoustic pollution is recognised by the scientific community as a growing threat to ocean in-
habitants. Recent findings on marine invertebrates showed that exposure to artificial sound had direct behav-
ioural, physiological and ultrastructural consequences. In this study we assess the impact of artificial sound
(received level 157 + 5 dB re 1 pPa® with peak levels up to 175 dB re 1 pPa?) on the red hermit crab and its
symbiotic sea anemone. Scanning electron microscopy analyses revealed lesions in the statocyst of the red hermit
crab and in the tentacle sensory epithelia of its anemone when exposed to low-intensity, low-frequency sounds.
These ultrastructural changes under situations of acoustic stress in symbiotic partners belonging to different
phyla is a new issue that may limit their survival capacity, and a new challenge in assessing the effects of acoustic
disturbance in the oceanic ecosystem. Despite the lesions found in the red hermit crab, its righting reflex time
was not as strongly affected showing only an increase in the range of righting times. Given that low-frequency
sound levels in the ocean are increasing and that reliable bioacoustic data on invertebrates is very scarce, in light
of the results of the present study, we argue that anthropogenic sound effects on invertebrates species may have
direct consequences in the entire ecosystem.
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1. Introduction (Degraer et al., 2020; Williams et al., 2015).

Invertebrates have been shown to be sensitive to artificial sound

Marine invertebrates are exceptionally diverse and form part of the
most abundant group in the ocean ecosystems, constituting >92 % of life
(marine plants and animal species) in our oceans and inhabiting all parts
of the water column. Marine invertebrates contribute to ecosystem
functioning and provide services and socioeconomic development to
humans. Despite their fundamental role in the marine ecosystem, the
research on invertebrates lacks baseline data on the sensitivity of many
species to anthropogenic pressures, as they face both direct (marine
aquarium trade, deep-sea mining, physical habitat destruction) and in-
direct consequences (ocean acidification, biological invasions, human-
mediated pollution) of human disturbance (Chen, 2021). Artificial
sound is one of the most recent anthropogenic pollutions introduced into
the sea and is recognised by the scientific community as a growing threat
to its inhabitants, compromising the conservation of marine biodiversity
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exposure (Solé et al., 2023a). Marine acoustic pollution, such as caused
by marine traffic, seismic exploration, pile driving, and sonar, is
changing the natural underwater soundscapes. It can mask invertebrate
acoustic communication (e.g., changes in their sound production ca-
pacities Aimon et al., 2021); change behaviour regarding navigation and
orientation abilities (e.g., righting reflex) (Day et al., 2019; Radford
etal., 2007; Solé et al., 2023b) and foraging and antipredator behaviour
(Wale et al., 2013a). Anthropogenic sound can also affect the animals'
physiological condition by increasing stress levels (Vazzana et al., 2020;
Wale et al., 2013b) and affect different stages of reproduction (sexual
maturation, spawning success, hatching success, and larval develop-
ment) (Solé et al., 2022; Nedelec et al., 2014; André et al., 2016). In
addition, artificial sound exposure can cause physical alterations in the
sensory structures involved in sound reception, such as statocysts (Day

Received 13 March 2023; Received in revised form 21 July 2023; Accepted 22 July 2023

Available online 25 July 2023

0048-9697/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:marta.sole@upc.edu
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2023.165756
https://doi.org/10.1016/j.scitotenv.2023.165756
https://doi.org/10.1016/j.scitotenv.2023.165756
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.165756&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Solé et al.

et al., 2016, 2019; Solé et al., 2016, 2017, 2023b). Artificial sound
playbacks are used to test the effects of anthropogenic sounds on marine
animals under routinely controlled experimental conditions (Solé et al.,
2021a, 2023a).

In crustaceans, the statocyst (Dinh and Radford, 2021) and external
cuticular hairs (Jezequel et al., 2021) are the organs responsible for
acoustic and vibratory perception. Located within the basal segment of
the second antenna (in decapods) and the uropod or telson of the tail (in
mysids and isopods), the statocyst has a basic structure, similar in all
crustacean species, consisting of complexly folded -cuticular in-
vaginations that form a canal system, which is lined with mechano-
sensory hairs cells overlayed by an only agglomerate (statolith) or
multiple sand grains (statoconia). In some species, the sensory hairs are
arranged in two to four rows (Budelmann, 1992; Cate and Roye, 1990;
Rose and Stokes, 1981). When there is an external stimulus, the statolith
triggers tiny deflations in the hair cells, resulting in cell body depolari-
zation and subsequent transmission of information to the sensory ner-
vous system where a response is elaborated. In crustaceans, statocyst
input is crucial for the coordination of body positioning and movement
(Newland and Neil, 1987), and the righting reflex (the capacity to
recover the habitual position after falling upside down) (Their, 1968).

Among cnidarians, only the medusa stage presents marginal sensing
organs (rhopalia) bearing statocysts (Werner, 1993). Scyphozoan me-
dusas (true jellyfish) have sac-like statocysts filled with numerous small
crystals, located at the distal ends of their rhopalia, and form complex
sensory organs associated with pulsing, swimming, orientation, and
graviception (Passano, 1982). The polyp stage of cnidarians possesses
sensory organs that can detect vibrations in water associated with prey
movement. Hydrozoan and Cubozoan polyps have ciliated cells in their
tentacles that act as mechanoreceptors (Bouillon et al., 2006; Golz and
Thurm, 1993, 1994; Tardent, 1972) and allow the animal to perceive
changes in its surrounding environment.

Symbiosis refers to the biological long-term interaction between two
organisms living in close association. Symbiotic relationships govern
important aspects of the behaviour and relational functions of living
beings that are essential for their survival (Rohde, 2002; Wohl et al.,
2004); determine ecosystem stability through the regulation of trophic
relations, competition, and food webs; and play a crucial role in evo-
lution (Aanen and Eggleton, 2017; Lafferty et al., 2008; Lehtonen et al.,
2013). The association between sea anemones and hermit crabs is one of
the most common symbioses in temperate marine communities and
represents an example of mutualism, as it has reciprocal advantages for
both symbionts. Gastropod shells serve as both shelter for hermit crabs
and substratum for the settlement of sea anemones (Antoniadou et al.,
2012). Hermit crabs periodically need to upgrade their housing to larger
shells as they grow. See a hermit crab changing its shell in (Video 1). The
sea anemone, Calliactis parasitica, forms a symbiotic relationship with
the red hermit crab, Dardanus calidus. This association provides pro-
tection to the hermit crab, specifically from predation by octopuses
(Ross and Von Boletzky, 1979). In return, the anemone gains dispersal
capability via hermit crab mobility and possibly food scraps from the
hermit crab. These interactions provide benefits to the partners as well
as to other organisms that form micro-communities by colonizing their
association, contributing to the biodiversity of marine benthic ecosys-
tems (Antoniadou et al., 2012). The possibility that sound exposure can
alter both individual species in symbiotic relationships has not been
previously studied and remains unknown. The sea anemone - hermit
crab interaction constitutes a model case by which to examine the effects
of low-frequency sound exposure and impact assessment on the sensory
structures of the individual symbiont species.

Although statocysts have been described in different crustacean
species, the morphology of this structure in the hermit crab has not been
reported previously. In the current study, we describe for the first time
its inner ultrastructural morphology.

and analyse the ultrastructural effects of sound exposure on the crab
statocyst and anemone sensory ephitelia through scanning electron
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microscopy (SEM). In addition, we evaluate the hermit crab righting
reflex, after sound exposure.

The exposure to low-frequency sound may impact the hermit crab
and its anemone by affecting their sensory systems and their orientation
abilities. The effects on the two symbiotic species could have wider-
ranging impacts on the associated micro-communities, compromising
the conservation of marine biodiversity in the entire ecosystem.

2. Material and methods
2.1. Animals

Adult D. calidus (8-10 cm length) with C. parasitica (2-5 cm oral disc
diameter) attached to their protective snail shells were collected on the
Catalan Coast (NW Mediterranean Sea) by local fishermen during
May—July 2019 and kept in LAB (Laboratory of Applied Bioacoustics,
41°12'57.1”N 1°43'59.0"E) maintenance system, a closed system of
recirculating sweater (at 18-20 °C, salinity 35 %o, and natural oxygen
pressure) consisting of 2 mechanically filtered fibreglass reinforced
plastic tanks of 2000 L capacity, that were connected to each other. This
included a physicochemical self-filtration system with activated carbon
and sand, driven by a circulation pump. Specimens were supplied with
mussels (Mytilus edulis) and surimi ad libitum. One hundred thirty-two
crabs and their attached anemones were used in this study. All the an-
imals (exposed and controls) were kept in the same condition until the
start of experimental phase Control crabs were transferred to the
experimental tank and kept under the same conditions for the same
duration as those that were exposed but without any sound playback.

2.2. Sound exposure protocol

Controlled exposure experiments (CEEs) were conducted on sixty-
eight red hermit crabs and their attached anemone in an independent,
acoustically-isolated experimental tank (2 m diameter, 1 m height, 2000
L capacity). We chose to expose them to a sweep that would cover a large
range of frequencies, the components of which are commonly found to
be associated with offshore operations. Following previous publications
(Solé et al., 2013a, 2013b), these experiments were not designed to find
threshold levels of particular frequencies that would trigger lesions, but
to investigate the potential sensitivity of D. calidus and C. parasitica to
artificial sound. The need to generate high-amplitude, low-frequency
sounds required the use of an in-air loudspeaker, which was demon-
strated in numerous previous studies to be well-suited for underwater
CEEs (Solé et al., 2013b; Solé et al., 2016). The sound exposure protocol
consisted of sinusoidal wave sweeps of 50-400 Hz with a 100 % duty
cycle and a 1-s period for 2 h. The level received was measured by a
calibrated B&K 8106 hydrophone (sound pressure levels of 157 + 5 dB
re 1 pPa? with peak levels up to 175 dB re 1 pPa?) (Fig. 1). While these
species may be more sensitive to the particle motion component of the
received sound, such levels at frequencies in this band may be encoun-
tered in the field in the proximity of shipping traffic (for relatively
duration) or construction at some distance (longer duration) (Nedelec
et al., 2021; Solé et al., 2023a). The experimental design was not aimed
at mapping this distribution based on the understanding that, at any
location in the tank, the animals would be exposed to a contribution of
both components of the sound, the characteristics of which were not
within the scope of this study. Sixty-four control red hermit crabs with
their attached anemone were maintained under the same conditions as
the exposed crabs in the maintenance tank before and after the CEE, and
were placed in the independent experimental tank under the same
conditions and duration as those that were exposed but without any
sound playback.
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Fig. 1. A: the wave form as received inside the tank. B: a zoomed spectrogram of the waveform shown on top. C: power spectral density of the 50 to 400 Hz sweep as
received by the hydrophone on top with below the background noise level recorded just before exposure.
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2.3. Morphological description of the sensory epithelia. Ultrastructural
analysis and quantification of lesions

For the morphological description of the hermit crab statocysts and
the ultrastructural analysis of the lesions, we used 30 red hermit crabs
(10 control and 20 sound-exposed crabs) and 24 anemones (8 control
and 16 sound-exposed anemones). Control and exposed animals were
euthanized with an overdose of anaesthesia (magnesium chloride 25 g/
L) 48 h and 120 h after sound exposure (see Table 1). The hermit crab
statocysts (2 statocysts/individual, n = 60) and arms of the anemone (2
arms/individual, n = 48) were dissected, fixed, and processed according
to routine procedures for analysis by Scanning Electron microscopy
(SEM) (e.g. Solé et al., 2013b, 2022). Fixation was performed in
glutaraldehyde 2,5 % for 24-48 h at 4 °C. Samples were dehydrated in
graded alcohol solutions and critical-point dried with liquid carbon di-
oxide in a Leica Em CPD300 unit (Leica Mycrosystems, Austria). The
dried samples were mounted on specimen stubs with double-sided tape.
The mounted tissues were gold coated with a Quorum Q150R S sputter-
coated unit (Quorum Technologies, Ltd.) and viewed with a variable
pressure Hitachi S3500N scanning electron microscope (Hitachi High
Technologies Co., Ltd., Japan) at an accelerating voltage of 5 kV in the
Institute of Marine Sciences of the Spanish Research Council (CSIC) fa-
cilities. The inner statocyst structure in the hermit crab and the surface
of the anemone tentacle were analysed and described.

To evaluate the acoustic impact, lesions of the sensory epithelia in
both animals were assessed.

We quantified the lesions on the hermit crab statocyst sensory
epithelia. Although we observed the presence of lesions on the other
inner statocyst epithelial regions, we considered the medial group, a
small semi-circular field of setae overlaid by multiple statoconia, for the
quantification of the statocyst. We chose this region for its central po-
sition and the presence of the statoconia associated with its setae, which
plays an essential role in coordinating body positioning, movement, and
orientation, including the righting response. Setae damage was quanti-
fied by classifying the setae as intact (undamaged), damaged (damage to
the hairs) or missing/extruded [hair cell partially (presented as loss of

Table 1
Experiments summary table.
Righting Reflex - Crabs N Comments
sacrificed after each RR
experiment
Control crabs — 0 h 16  To test the median response time groups
Exposed crabs — 0 h 17  were finally combined into control
Control crabs — 24 h 16 (0,24,48,120 h) versus exposed
Exposed crabs - 24 h 17 (0,24,48,120 h).
Control crabs — 48 h 16
Exposed crabs — 48 h 17
Control crabs — 120 h 16
Exposed crabs — 120 h 17

SEM analysis

Selected from control crabs - 5 1. Morphological description of the sensory
48 h epithelia
Selected from control crabs - 5 2. Measure damage to sensory epithelia
120 h — Count extruded/missing setae in two
Selected from exposed crabs - 10  statocysts per animal
48 h — Normalize count over analysed surface
Selected from exposed crabs - 10 area
120 h — Average the count over the statocysts to
have a single value per animal.
Control anemones sacrificed 4 1. Morphological description of the sensory
after 48 h epithelia
Exposed anemones, sacrificed 9 2. Measure damage to sensory epithelia
after 48 h — Count missing/extruded hair cells in 5
Control anemones sacrificed 4 regions
after 120 h — Average over 4 regions, excluding the 0 %
Exposed anemone, sacrificed 9 region as it appeared to be much denser.
after 120 h
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the hair, leaving only the cell base) or totally extruded from the
epithelium (leaving a hole)]. For all animals, lesions were assessed for
both statocysts. The lesions were measured separately as the number of
damaged or missing/extruded setae in the medial group divided by the
number of total setae in the medial group.

The setae density was computed by summing the number of setae for
each category (type of damage) in each statocyst. This number was
divided over the analysed area to get the density, and then averaged
over the statocysts. We tested if this averaged setae per mm? was similar
for all test groups (control, exposed, 48, 120 h) by performing a Kruskal-
Wallis test. To account for small sample sizes and possibly non-normal
distributed means, we chose to use non-parametric tests for all results.
If we would find that there were no significant differences in setae
densities between test groups then the extruded/missing setae density
could be used in comparative tests between test groups to assess the
effect. We tested differences between two exposure groups with a rank
sum test.

In the anemone, we considered a region 1 cm in length from the
distal portion of the tentacle (2 tentacles/individual). The length of the
area was determined for each sample, and 900 pm? (30 x 30 pm)
sampling squares were placed along the sagittal axis of the tentacle at O,
25, 50, 75, and 100 % of its length (Fig. 2). Hair cell damage was ana-
lysed by classifying the hair cells as intact (hair cell undamaged),
damaged (kinocilium or surrounding stereocilia partially or entirely
missing or fused), extruded (hair cell partially extruded from the
epithelium), or missing (hole in the epithelium caused by total extrusion
of the hair cell). Damage was quantified as the percentage of extruded
and missing hair cells. The damaged category included a wide range of
different types of lesions with different severities, which makes a direct
comparison between animals more difficult. The categories including
extruded and missing cells were well-defined and more easily compared,
and the presence of extruded cells shows the limit of severe damage
associated with sound exposure.

To evaluate the amount/severity of post-exposure damage we first
looked at the absolute count per region (0 %, 25 %, ..., 100 %) using the
control specimens and excluded regions that had outlier hair counts that
would complicate the combination of these areas for further tests. The
regions that had a similar number of hair cells in the control samples
were combined into a single total hair cell count. We compared the
damage to the hair cells from the remaining zones by summing over each
category and dividing by the total number of hair cells in these zones.
We used Kruskal-Wallis to assess a change in the median between all test
groups due to sound exposure. We used a rank sum test to test between
any two test groups.

2.4. Righting reflex

For the righting reflex experiment, we used 132 crabs (16 control and
17 sound-exposed for each test, with tests directly after exposure, and
24, 48, and 120 h after sound exposure). At each righting reflex
assessment a set of tests with a control group was performed as well. We
assessed the righting reflex by measuring the time required for crabs to
return to their habitual dorsum-up position after being placed ventrum-
up in a plastic box with seawater, respecting the same sequential process
for control and exposure animals. The same animals were never reused
in the various tests. When an animal could not right itself within 2 min
the test was stopped and the animal was given a righting time of 120 s.
The use of ranking statistics for comparisons between test groups made it
sufficient to assign a large value in these situations. We chose the test
times after exposure based on previous work (Solé et al., 2013b) in
which the increase in ultrastructural damage with time was found in
other species. The same researcher, blinded to the crab treatment
(control or exposed), conducted this assessment for each individual
using the same equipment throughout the study.

For the righting reflex tests, we first looked if the test groups tested at
different hours after exposure had a significant difference in median
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Fig. 2. Scanning electron microscopy. Hair cell count locations on the C. parasitica tentacles. Hair cell counts were sampled at five predetermined locations: 0, 25, 50,
75, and 100 % of the length on the axis of the tentacle. A 900 pm? box was placed at each sampling area and hair cells counted within each box. Scale bar: 500 pm.

response time. If this would not be the case then the test groups could be
combined to obtain more samples for a test of significant shift in median
response time between control and exposure. The median response
times before and after exposure were tested using a Kruskal-Wallis test
or Wilcoxon rank sum test depending on the number of test groups being
tested. We also used a Brown-Forsythe test for equal variance, using the
absolute deviation from the median.

3. Results

3.1. Morphological and ultrastructural description of the red hermit crab
statocyst and anemone sensory epithelia

Here, we provide the first description of the position and morphology
of the statocysts in an Anomura crab. The statocyst of D. calidus was a
paired organ located on the dorsal side of the basal segment of the first
antenna. Each statocyst comprised a cup-like invagination of the cuticle,
forming a cavity with a triangular opening in the dorsal surface in
contact with the external environment (Fig. 3). The cavity was covered

by sensory setae organized into four groups: the medial, lateral, caudal,
and ventral group (Fig. 4). All of the setae had the same external
morphology but vary in size. The structure of an individual seta
resembled that of a feather with its shaft rising from a bulbous base and
branching outward. In the medial group, which was located on the
ventral floor, these sensory setae acted as a gravity receptor when were
stimulated by small particles, statoconia, which were formed by sand
grains cemented together with tegmental gland secretions. The other
three groups of mechanosensory setae were located in the statocyst and
are stimulated for inner fluid movement (Fig. 4).

The four groups of the setae were distributed along the statocyst
inner walls. A curved field made up of two rows formed a semicircle
around the medial rim of the central depression. On the lateral side, this
merged into the narrow end of a large semicircle of setae (lateral group,
X =136; s = 0,69; N = 30) occupying the area lateral to the rim of the
depression. Opposite this large field, on the medial side of the depres-
sion, was a smaller semi-circular field of setae (medial group, X = 30; s
=0,87; N = 30). In the centre of the cavity, a single row of setae (ventral

Fig. 3. Location of the hermit crab statocyst in the basal segment of the first antenna. A: Hermit crab. B: Location of the first antenna between the second pair of
antennae and the eyes. C: Dorsal region of the basal segment of the first antenna. Arrowhead indicates the statocyst's triangular opening in the dorsal surface. D:
Scheme of the location of the four inner setae groups. E: SEM image of the first antenna distal segment. F: SEM of the opened statocyst showing its inner cavity. Scale

bars: 1 mm (E) and 500 pm (F).
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Lateral group

Caudal group

Fig. 4. Scanning electron microscopy. The location of the four setae areas in the inner cavity of the statocyst are pointed in the scheme. A: Medial group. Note the
presence of statoconia (arrowheads). B: Lateral group. C: Ventral group. D: Caudal group. Scale bars: 500 pm (B), 200 pm (A, C), and 100 pm (D).

group, X = 20; s = 0,85; N = 30) ran parallel to the medial group, and a
small row of setae (caudal group, X =12; s = 0,71; N = 30) occupied the
outer area parallel to the two curved rows of the lateral group (X: Setae
mean number).

The surface of the tentacle of the anemone C. parasitica was covered
with an apical epithelium bearing multicellular complexes known as
cnidocyte/supporting cell complexes (CSCCs) (Fig. 5). The CSCCs con-
sisted of a cnidocyte surrounded by two or more supporting cells (SCs).
Three different functional types of CSCCs had been identified. Two kinds
of cnidocyte occurred in the tentacle: the nematocyst-containing nem-
atocyte (CN) and the spirocyst-containing spirocyte (SP). The nem-
atocyts exhibited a single kinocilium from its apical surface, which
showed close spatial association with a bundle of stereocilia stemming
from the adjacent supporting cells of the same CSCC. Together, the
kinocilium and stereocilia formed vibration-sensitive hair bundles.

3.2. Ultrastructural analysis of the hermit crab statocyst and anemone
sensory epithelia

SEM analysis of the hermit crab statocyst sensory epithelia showed
damage after exposure in the four setae groups (Fig. 6).

We observed structural alterations of the sensory epithelium in
exposed anemones, compared to healthy tissue in control animals. We
observed an increase in the severity of lesions with time (see 3.3). The
lesions consisted of loss of the unique kinocilium, loss of the crown of
stereocilia, and hair cells partially or totally ejected from the sensory
epithelium, leaving a hole (Fig. 7).

3.3. Hermit crab statocyst and anemone sensory epithelia damage
quantification and data analysis

As explained above, we only considered extruded or missing setae as
an indication of impact, though we counted setae in all three categories
(intact, damaged, missing/extruded) to estimate setae densities.
Counting was performed on two statocysts per animal and then
normalized for the analysed surface area (resulting in setae/mmz), and
the results per category were then averaged to obtain a single value per
category per animal. First, we tested if the averaged setae per mm?
(counting over all categories, including damaged, to get the total setae
count, Fig. 8A) was similar for all test groups (control, 48 h, 120 h) by
performing a Kruskal-Wallis test. With P = 0.36 (Kruskal-Wallis H(2) =
2.03,), we concluded that there were no significant differences in setae
densities and that the extruded/missing setae density could be used in
comparative tests between test groups (Fig. 8B). Next, as the count for
missing/extruded setae was 0 for both the control and 48 h groups, we
compared the 120 h group to the control group using a left-tailed rank
sum test to test for a difference (rank sum, P < 0.005, z = —4.0). The
result indicated a significant difference in the number of damaged sen-
sory cells.

For the anemone, to evaluate the amount/severity of postexposure
damage we counted the anemone hair cells in five different regions.
First, we looked at the absolute count per region using the control
specimens (Fig. 9A) and concluded that the 0 % region had a hair cell
count that was much higher than the other zones and too different from
the other regions to allow all regions to be combined together. The other
zones also had varying counts, but we decided to compare damage based
on summing the counts per category over the four remaining zones and
dividing by the total count. Before continuing with tests between test
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Fig. 5. Diagram (A) and ultrastructural images (B, C) of the anemone sensory epithelium. A: Diagram of an anemone tentacle in cross-section (from Ozacmak et al.
(2001, reproduced with permission of: https://journals.biologists.com/jeb.). The tentacle is composed of two epithelial layers: ectoderm and endoderm separated by
a mesoglea. The ectodermal layer consists of three regions: a monolayer of longitudinal muscle cells; a neural plexus; and the apical epithelial layer, which includes
mucus-secreting cells (MCs), multicellular complexes known as cnidocyte/supporting cell complexes (CSCCs), and sensory cells. The CSCCs consist of a cnidocyte
surrounded by two or more supporting cells (SCs). The nematocyst-containing nematocyte (CN) supports a kinocilium associated with the adjacent SCs, kinoci-
liaTogether, the kinocilium and stereocilia form vibration-sensitive hair bundles. B: SEM image of the sensory epithelia on the anemone tentacle. C: SEM detail from
the sensory epithelia. The sensory kinocilium associated with the bundle of stereocilia from the SCs is visible. Scale bars: 3 pm (B) and 30 pm (C).

groups, we looked at the total cell count between the three different test
groups (Fig. 9B). We concluded that there were no differences in cell
counts between the test groups of the different tests (Kruskal-Wallis, H
(2) = 1.85, P = 0.40).

To assess the impact, we compared (rank sum test) the extruded/
missing category between control and 48 h (Fig. 9C) and concluded that
there was a significant difference (rank sum, P < 0.005, z = —3.5). To
see if there was a further increase in extruded/missing cells at 120 h, we
performed a left-tailed rank sum test between 48 h and 120 h and
concluded that the damage was higher at 120 h (rank sum, P < 0.005, z
= -3.3).

3.4. Righting reflex

We determined whether there were differences in the righting time
of control individuals at each post-exposure interval (Kruskal-Wallis, H
(3) = 5.4, P = 0.14) and concluded that individuals from all intervals
could be combined into a single control group for analysis (Fig. 10A).
The same test between all exposed groups (Fig. 10B; Kruskal-Wallis, H
(3) = 4.03, P = 0.26) indicated that they could also be combined into a
single test group.

A comparison between the two combined test groups (Fig. 10C; rank
sum, H(1) = 0.1, P = 0.76) indicated that, for the median righting time,
there was no overall effect. We also tested the righting time between the
0 h and 120 h groups to determine whether there was an increase over
time (rank sum with left-sided tail), but no clear effect was found (rank
sum, P = 0.074, z = —1.4).

There may be a visible difference in the spread of the data between
the control and exposed groups, with the exposed group having a much
wider range, therefore, we applied a Brown-Forsythe test. The results
showed no significant difference between combined exposed and control
groups (Brown-Forsythe, P = 0.12, F(1,130) = 2.5; Fig. 9C). However,

testing the variance between the 8 individual test groups (4 control
groups and 4 exposed groups sampled at 0, 24, 48, and 120 h after
exposure) did suggest a difference between test groups (Brown-Forsythe,
P =0.048, F(7, 124) = 2.1). Testing between the 0 h and 120 h exposed
groups (Brown-Forsythe, P = 0.036, F(1,32) = 4.8) and separately for
the same control groups (Brown-Forsythe, P = 0.090, F(1,30) = 3.1)
suggested that the spread of righting time becomes wider over time in
the exposed groups, but concluding this would require a more elaborate
setup to test specifically for a wider range of righting times. This was
beyond the scope of the initial objectives of analysing if there might be a
shift in the median righting time related to physiological damage.

4. Discussion

The exposed sound used in these experiments was artificial, but
included low frequencies that are typically found in anthropogenic noise
sources at exposure levels that could be experienced close to a ship or at
some range from e.g. pile driving. The duration of the exposure might be
longer than what would be experienced in the field, but the primary goal
was to see if this type of exposure could lead to injuries. In the sea
anemone, ultrastructural analysis by SEM revealed injuries in the sen-
sory epithelia after exposure to these low-frequency sounds. Similar
results were found in the statocyst sensory epithelia of the Scyphozoan
medusa species in a previous study (Solé et al., 2016). Although the
polyp stage of cnidarians, including anemones, does not possess stato-
cysts, they have sensory organs in their tentacles that can detect vibra-
tions in water (Bouillon et al., 2006). These organs present ciliated cells
that resemble those of the statocyst sensory epithelia in the medusa
stages (Passano, 1982), which allow the animal to perceive changes in
its surrounding environment. The comparable damage found in the two
stages of cnidarians (medusa (Solé et al., 2016) and polyp (present
work), with incremental effects over time, is consistent with acoustic
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Fig. 6. SEM assessment of hermit crab statocyst setae damage after sound exposure. A, C, F, I: Control. B, D, E, G, H, J, K: Animals sacrificed 120 h after sound
exposure. A: Medial group. B: Medial group setae. Arrowhead points to some setae that were completely ejected from the sensory epithelium. C: Lateral group. D: A
hole (arrowhead) was left in the lateral group by setae being ejected from the sensory epithelium. E: Detail from (D) showing the hole left by the extruded setae
(arrowhead). F: Ventral group. G: Some setae on the ventral group lost the hair, leaving only the cell base (arrowhead). H: Detail of the ventral group showing cell
bases left by the lost hair (arrowheads). I: Caudal group. J: Arrowheads point to the cell bases that lost hairs in the caudal group. K: Detail from (J) showing the cell
base of a damaged seta. Scale bars: 500 pm (C), 200 pm (A, F, D), 100 pm (I), 50 pm (B, E, G, J), 30 pm (H), and 5 pm (K).

trauma observed in other marine invertebrate species (Day et al., 2017,
2019; Solé et al., 2017, 2021a, 2021b, 2022, 2023b) and supports the
idea that the detection of vibration or sound pressure waves is mediated
by directionally sensitive ciliary hairs (Horridge, 1969). The damage
seen in the sensory epithelia of the anemone after sound exposure could
compromise its sensory capacities to detect changes in its near sur-
roundings which could result in the animal not detecting or responding
to the presence of predators or prey.

Statocysts are essential for the coordination of body positioning and
movement and in reflex behaviour such as the righting reflex (Newland
and Neil, 1987; Their, 1968). An impaired righting reflex was observed
in the rock lobster, Jasus edwardsii, after field exposure to airgun signals,
together with significant damage in the statocyst epithelia (Day et al.,

2019), suggesting that damage to the statocyst could affect complex
reflexes. In contrast, no effect on the righting time was previously
observed in American lobster (Homarus americanus) after exposure to
seismic surveys (Payne et al., 2007) and little effect in European shore
crab (Carcinus maenas) after exposure to shipping sound (Wale et al.,
2013b), although the damage on sensory epithelia was not assessed. The
present study suggests a higher variation in righting time with time after
exposure, but no obvious change in the median righting time which may
be related to the lower severity of statocyst damage compared with
previous works. Although the number of damaged cells in the crab
statocyst was significantly different between control and exposed ani-
mals, and increased with the time after sound exposure, the impact in
the sensory epithelia was less extensive (30 % extruded hair cells of the
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sensory epithelia) than the massive acoustic trauma shown in other
species (e.g. 80 % in Sepia officinalis, Lepeophtheirus salmonis, Coty-
lorrizha tuberculata or Jasus edwardsii) (Day et al., 2017, 2019; Solé et al.,
2017, 2021a, 2021b). This apparent variability in damage intensity
could be explained by differences in the interspecific sensitivities and
experimental designs, and confirms the need for studies by species.

Damage to the sensory epithelium of the hermit crab statocyst may
compromise its active behaviour in perceiving and reacting to the
presence of predators. In addition, a dysfunction of the hermit crab
statocyst as a consequence of the effects of sound exposure on its sensory
epithelia (kinocilium or surrounding stereocilia partially or entirely
missing or fused, hair cell partially extruded from the epithelium or
missing) could affect a wide range of behaviours driven by its mecha-
nosensory input, including graviception, movement of the eyes, move-
ment of the antennae, and coordination of the tail (Davie et al., 2015).
This behavioural effects will be studied in future works.

Damage to the sensory epithelium of anemone hair cells may
compromise their ability to detect predators and, consequently, their
ability to transfer autonomously or through a crab to a new shell,
compromising its survival. In addition, impairment of the hermit crab
sensory system after sound exposure could affect their predator
perception capacity, gravitational perception, eye and antennae

Science of the Total Environment 900 (2023) 165756

Fig. 7. Ultrastructural assessment (SEM) of
anemone sensory epithelia damage. A, B: Con-
trol, C, D: Animals sacrificed 48 h after sound
exposure. E, F: Animals sacrificed 120 h after
sound exposure. A: The sensory epithelium on
the tentacle surface of the anemone is charac-
terized by long kinocilia surrounded by a sort of
“folded crater” of stereocilia (arrows). B: Detail
of (A) showing the hair cell sensory structure
(long kinocilia surrounded by a bundle of ster-
eocilia). C, D: 48 h after sound exposure: some
remaining hair cells on the damaged sensory
epithelia are visible (arrows) near holes left by
extruded hair cells. D: Detail from (C). The loss of
the kinocilia and the crown of stereocilia left a
hole in the supporting epithelium (arrowheads).
E, F: 120 h after sound exposure: completely
ejected hair cells left holes in the surface of the
epithelium (arrowheads). Scale bars: 20 pm (A,
F, E), 10 pm (C, D), and 3 pm (B).

movement, tail coordination, body position, movement, and righting
response. These effects has not been assessed in the present work. These
systems play a fundamental role in the survival of the crab. For the
hermit crab, the symbiosis represents increased protection from preda-
tors, as cephalopods are the main predators of hermit crabs that are not
resistant to the nematocyst toxins of cnidarians (Brooks, 1991; Vafeia-
dou et al., 2012). For the sea anemone, it represents protection from
predators (Brooks and Gwaltney, 1993), increased substrate availability
(Riemann-Zorneck and Anemones, 1994), increased feeding capacity
(Stachowitsch, 1980), increased mobility, and the possibility of direct
feeding by its host (Fautin, 1992).

Hermit crabs and their sea anemones also play a fundamental func-
tion in the conservation of the biodiversity of benthic ecosystems where
hermit crabs play an essential role as predators, scavengers, detritivores,
and filter-feeders (Schembri, 1982). Any external pressure, such as
artificial sound pollution, can compromise these fundamental tasks for
the food webs integrating the marine ecosystem. In soft-bottom benthic
communities, the empty shells are likely to be buried in the substrate
unless they are used by hermit crabs as protection (Creed, 2000); thus,
hermit crabs influence the abundance and distribution of other in-
vertebrates by using these gastropod shells (Gutiérrez et al., 2003;
Williams and McDermott, 2004). The gastropod shells inhabited by
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hermit crabs are colonized by a wide variety of other epibiont and
endolithic organisms, forming marine micro-communities (Caruso et al.,
2003; Turra, 2003; Williams and McDermott, 2004). Hermit crabs help
prolong the presence of empty gastropod shells on the seabed, allowing
them to be colonized by these small organisms (Williams and McDer-
mott, 2004). Therefore, the distribution and abundance of hermit crabs
and their selection of gastropod shells influences the presence of shell
microinhabitants (Jones and Gutiérrez, 2007). Coastal shallow water
suffers anthropogenic threats due to the impacts of human activities e.g.,
noise pollution) (Jenkins, 2003). Acoustic stress in symbiotic partners
could limit the survival of hermit crabs and its anemone, compromising
their essential role in the oceans.

5. Conclusion

Our study, although based on a single replicate, revealed injuries in
the statocyst sensory epithelium of the red hermit crab D. calidus and the
sensory epithelia of the sea anemone C. parasitica after exposure to low-
intensity, low-frequency sounds. Both species showed incremental
damage with time after exposure, consistent with acoustic trauma
observed in other taxa, including the medusa stage of cnidarians. Crab
statocysts are involved in a wide range of behaviours, including
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graviperception, movement of the eyes, movement of the antennae, and
coordination of the tail. The sensory bundles in the anemone apical
epithelium allow predator detection. Although we have not determined
a strong effect on the righting reflex, further research is needed to
determine if a possible statocyst dysfunction in hermit crabs could lead
to changes in behaviours vital to their survival as has been observed in
other species. Sea anemones and hermit crabs provide benefits to other
organisms that colonize their biotic formation, contributing to preser-
ving the biodiversity of marine benthic ecosystems by supporting
diverse micro-communities. How the ultrastructural changes under sit-
uations of acoustic stress could limit their survival capacity, challenging
their essential role in the oceanic ecosystem is a new topic that has to be
studied.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.165756.
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