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Microplastics (MP) are now considered ubiquitous across global aquatic environments. The
ingestion of MP by fish and other marine vertebrates is well studied, but the ingestion of
MP by marine invertebrates is not. Sponges (Phylum Porifera) are particularly understudied
when it comes to MP ingestion. This is surprising considering that marine sponges are
widespread in benthic habitats around the globe, process large volumes of water, and are
capable of retaining small particles within their water filtration systems. This study
examines the presence of MP in wild Caribbean sponges. Subsurface seawater and tissue
from six common Caribbean sponge species was collected in Saigon Bay, a heavily
impacted, shallow-water coral reef in Bocas del Toro, Panama. Water samples were filtered
onto glass fiber filters to retain any MP present and sponge tissue was digested with
bleach, heated and filtered. Filters were examined using fluorescence microscopy to
quantify potential microplastics (PMP). An average of 107+25 PMP per liter was detected in
seawater from Saigon Bay with particles ranging in size between 10 um and ~3000 pum.
The number of PMP found in sponge tissue ranged between 6x4 and 169+71 PMP per g of
dry tissue. Most particles found in sponge samples were very small (10-20 um), but fibers
greater than 5000 um were detected. Our results indicate an abundance of MP in
Caribbean seawater, and also suggest that sponges may be resistant to chronic MP
exposure.
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Abstract

Microplastics (MP) are now considered ubiquitous across global aquatic environments. The
ingestion of MP by fish and other marine vertebrates is well studied, but the ingestion of MP by
marine invertebrates is not. Sponges (Phylum Porifera) are particularly understudied when it
comes to MP ingestion. This is surprising considering that marine sponges are widespread in
benthic habitats around the globe, process large volumes of water, and are capable of retaining
small particles within their water filtration systems. This study examines the presence of MP in
wild Caribbean sponges. Subsurface seawater and tissue from six common Caribbean sponge
species was collected in Saigon Bay, a heavily impacted, shallow-water coral reef in Bocas del
Toro, Panama. Water samples were filtered onto glass fiber filters to retain any MP present and
sponge tissue was digested with bleach, heated and filtered. Filters were examined using
fluorescence microscopy to quantify potential microplastics (PMP). An average of 10725 PMP
per li@vas detected in seawater from Saigon Bay with particles ranging in size between 10 um
and ~3000 um. The number of PMP found in sponge tissue ranged between 64 and 16971
PMP per g of dr@sue. Most particles found in sponge samples were very small (10-20 pm),
but fibers greater than 5000 um were detected. Our results indicate an abundance of MP in

Caribbean seawater, and also suggest that sponay be resistant to chronic MP exposure.
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Introduction

As humans continue to expand across the globe, our collective impact on the environment is
amplified (Crutzen, 2002; Zalasiewicz et al., 2010; Lewis & Maslin, 2015). The detrimental
effects of anthropogenic pollutants such as nutri@, chemicals, and sediment on the
environment are well known, but the release of microplastics (MP) has IJQ of increasing
concern (Browne, Galloway & Thompson, 2007; Thompson et al., 2015; Waller et al., 2017).
Microplastics are defined as any plastic particle that is between 100 nm and 5 mm in size and
include spheres, pellets, fibers and other small plastics commonly used in cosmetics, clothing,
pharmaceuticals and industrial products (Zitko & Hanlon, 1991; Thompson et al., 2004; Betts,
2008; Arthur, Baker & Bamford, 2009; Koelmans et al., 2015). They can be introduced to the
environment via sewage, wastewater treatment effluents, industrial spills and runoff, and via the
degradation of larger plastics (Browne et al., 2011; Cole et al., 2011; Conley et al., 2019). The
progressive fragmentation of MP and their dynamic position in the water column due to wave
action may impact planktonic, nektonic, and benthic organisms directly (Browne, Galloway &
Thompson, 2007; Browne et al., 2008; Thompson et al., 2009; Wright, Thompson & Galloway,
2013). In addition, organisms encountering or consuming MP may be exposed to organic
pollutants, heavy metals and pathogenic microbes bound to their surfaces (Mato et al., 2001;
Hirai et al., 2011; Zettler, Mincer & Amaral-Zettler, 2013; Lamb et al., 2018; Rotjan et al., 2019;
Dudek et al., 2020).

Much of the existing research on MP ingestion has revolved around vertebrates, with fish
being the most studied group of aquatic organisms (de S4 et al., 2018). Studies that investigate
MP ingestion by marine invertebrates are of mounting importance if we are to better understand

the overall rele of MP in the marine world (Wright, Thompson & Galloway, 2013; de Sa et al.,
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2018). Marine ciliates, calanoid copepods, amphipods, lugworms, blue mussels, Pacific oysters,
sea cucumbers, sea anemones, corals, lobsters and the larvae of several invertebrate phyla have
been known to ingest MP in laboratory settings, and many ingest MP in situ (Wilson, 1973;
Ward & Targett, 1989; Hart, 1991; Christaki et al., 1998; Ward, Levinton & Shumway, 2003;
Thompson et al., 2004; Browne et al., 2008; Graham & Thompson, 2009; Ward & Kach, 2009;
Murray & Cowie, 2011; Hall et al., 2015; Sussarellu et al., 2015; Allen, Seymour & Rittschof,
2017; Rotjan et al., 2019). Several of these taxa exhibit some ability to select particles based on
size or type, and some can defecate, regurgitate or otherwise egest the particles (Zebe &
Schiedek, 1996; Wilson, 1973; Powell & Berry, 1990; Thompson et al., 2004; Graham &
Thompson, 2009; Sussarellu et al., 2015; Hankins, Duffy & Drisco, 2018; Rotjan et al., 2019).
Detrimental effects of MP ingestion by these animals include tissue inflammation, neurotoxicity,
energy depletion, reduced skeletal growth rates, increased stress, and reduced immune function,
feeding and reproduction (Besseling et al., 2013; von Moos, Burkhardt-Holm & Kohler, 2012;
Avio et al., 2015; Cole et al., 2015; Sussarellu et al., 2015; Chapron et al., 2018; Hankins, Duffy
& Drisco, 2018; Reichert et al., 2018; Tang et al., 2018; Rotjan et al., 2019). However, these
impacts are highly variable across species, suggesting that some invertebrates may be more
vulnerable to MP ingestion than others.

Sponges (Phylum Porifera) are particularly understudied in MP research, despite the fact
that they are globally distributed across benthic ecosystems (Van Soest et al., 2012; de Sa et al.,
2018). As prolific filter feeders, sponges often exhibit high pumping rates (0:005=0:6 liters of
water per second per liter of sponge tissue) @ can therefore process large volumes of water
through their canals and greater aquiferous systems (Reiswig, 1974; McMurray, Pawlik &

Finelli, 2014; Pawlik, Loh & McMurray, 2018). In fact, sponge communities may overturn the
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water column (up to 30 m deep) every 1-56 days (Pile, Patterson & Witman, 1996; Savarese et
al., 1997; McMurray, Pawlik & Finelli, 2014; Pawlik, Loh & McMurray, 2018). As sponges
draw water through their system of internal canals and chambers, they retain food particles
including diatoms, cyanobacteria, viruses, flagellates, ciliates and yeast cells (Reiswig,
1971/1974/1975/1990; Frost, 1978; Imsiecke, 1993; Pile, Patterson & Witman, 1996; Pile et al.,
1997; Ribes, Coma & Gili, 1999; Kowalke, 2000; Hadas et al., 2006; Maldonado et al., 2010).
These food particles are typically smaller than 70 um in diameter (Ribes, Coma & Gili, 1999)
because sponge ostia (exterior, incurrent openings) rarely exceed 60 um and typically prohibit
particles greater than 50 pum from entering the sponge (Reiswig, 1971; Simpson, 1984). The
removal of these food types by sponges plays an essential role in nutrient cycling on coral reefs
(Lesser, 2006; Van Soest et al., 2012; de Goeij et al., 2013; Pawlik, Burkepile & Thurber, 2016;
de Goeij et al., 2017). Importantly, as sponges increase their dominance on many coral reefs,
their influence on overall reef function may become amplified (Zea, 1993; McMurray, Henkel &
Pawlik, 2010; Colvard & Edmunds, 2011; Villamizar et al., 2013). Their widespread distribution,
ability to retain small particles, and their prolific water filtering make sponges ideal candidates
for evaluating MP abundance in marine systems.

Few studies have examined MP ingestion by sponges. One laboratory study exposed the
temperate sponges Tethya bergquistae Hooper & Wiedenmayer (1994) and Crella incrustans
Carter (1885) to 1 um and 6 um plastic beads and found no significant impact of the beads on
sponge respiration or food particle retention (Baird, 2016). The study concluded that sponges
may be resistant to MP exposure. Other laboratory studies have used plastic beads (0.1, 0.2, 0.5,
1.0, 4.0 and 5.7 um in diameter) to study sponge physiology and have demonstrated the uptake

of the beads in sponge tissues (Willenz & Van de Vyver, 1982; Turon, Galera & Uriz, 1997;
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Leys & Eerkes-Medrano, 2006). Recently, Girard et al. (2020) examined the presence,
abundance and diversity of microparticulate pollutants in tropical sponges from North Sulawesi,
Indonesia. They found that sponges do take up foreign particles, including MP such as
polystyrene, and incorporate them into their skeletons and other internal tissues (Girard et al.,
2020). The authors reported a maximum concentration of 612 foreign particles per g of dry
sponge tissue, and concluded that sponges may act as bioindicators of marine microparticulate
pollutants (Girard et., 2020). Modica, Lanuza & Garcia-Castrillo (2020) also recently found
microfibers embedded on the surfaces of preserved museum sponge specimens representing 31
families. The authors predicted that the sponges, originally collected off the northern coast of
Spain, were actively collecting fibers from the surrounding water and had been doing so for over
20 years (Modica, Lanuza & Garcia-Castrillo, 2020).

Sponges are particularly abundant on Caribbean reefs with a high biomass, species
diversity, and a percent cover that exceeds that of reef-building corals (Loh & Pawlik, 2014;
Easson et al., 2015; de Bakker et al., 2017; Pawlik, Loh & McMurray, 2018). Many Caribbean
sponges feed heterotrophically on dissolved and particulate organic matter (DOM and POM), but
some also rely on cyanobacterial symbionts for nutrition (Erwin & Thacker, 2008; Freeman et
al., 2015; McMurray et al., 2016; Rix et al., 2016). Like sponges, MP is also likely common in
the Caribbean. Bosker, Guaita & Behrens (2018) found an average of 261 IMP/Kg of sediment on
four Lesser Antilles beaches while Acosta-Coley et al. (2019) found over 100 particles/m? on
some Colombian beaches. Garcés-Ordofiez et al. (2019) found up to 2,863 MP/Kg of dry soil in
polluted mangrove forests in Colombia while Rose & Webber (2019) found up to 0:00573 MP/L
in surface water in the heavily polluted Kingston Harbor of Jamaica. However, surface

measurements may seriously underestimate MP abundance (Gallo et al., 2018). For example, it is
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estimated that about one twelfth of the total number of MP present in the ocean ends up on the
surface, with about the same fraction occurring in subsurface waters and the rest occurring on the
seafloor and on beaches (Andrady et al., 2011). Wright, Thompson & Galloway (2013) also
noted that benthic suspension and deposit feeders may be exposed to biofouled and other high-
density MP that sink to the benthos. Together, these studies suggest that Caribbean sponge
communities are likely exposed to MP pollution close to the benthos.

This study is the first to investigate the presence of MP in Caribbean sponges and to
report a subsurface MP concentration in Caribbean seawater. We predicted that Saigon Bay, a
heavily-impacted area in the Bocas del Toro archipelago of Panama, would be polluted with MP.
We further predicted that marine sponges in the bay would be collecting these particles via filter
feeding because sponges select food that is very small (<70 um) and that is within the size range
for particles considered to be MP (100 nm—5000 um). We used fluorescence microscopy to
identify and quantify suspected MP and refer to detected particles as potential MP (PMP) per
Covernton et al. (2019). We report the occurrence of PMP in six tropical sponge species and in

seawater from Panama and address the ecological implications of our findings.

Materials & Methods

Study site and sample collection

Sponge and seawater samples were collected from Saigon Bay near Isla Colon, Bocas del Toro,
Panama (Fig. 1). Saigon Bay sits immediately adjacent to houses, hotels and docks and is
susceptible to anthropogenic pollution (Collin, 2005; Gochfeld, Schloder & Thacker, 2007;
Easson et al., 2015; Fig. 1). The bay also experiences a large degree of boat traffic, which may

bring pollutants from other parts of the archipelago into the area. Bocas del Toro also has an
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underdeveloped waste disposal infrastructure (Aronson et al., 2004; Carruthers et al., 2005;
Gochfeld, Schloder & Thacker, 2007; Easson et al., 2015). With heavy and frequent rains (3—5 m
per year), much of this waste enters the surrounding waterways via runoff and some is often
observed floating in the area (Caruthers et al., 2005; Collin et al., 2005; Kaufmann & Thompson,
2005; Gochfeld, Schloder & Thacker, 2007; Easson et al., 2015; B. Fallon, 2019, pers. obs.).

Sponge samples were collected on 21 June 2019 from ~6—8 meters-below the surface
during an outbound tide so that any pollutants concentrated near the developed area were likely
pulled through the bay (Fig. 1). A small (~5-8 cm; 0.08—1.0 g dry mass) section of sponge was
removed by hand or by steel blade from three individuals (N=3 replicates) of each of the six
study species: Aplysina cauliformis Carter (1882), Amphimedon compressa Duchassaing de
Fonbressin & Michelotti (1864), Callyspongia vaginalis Lamarck (1814), Ircinia campana
Lamarck (1814), Mycale laevis Carter (1882) and Niphates erecta Duchassaing de Fonbressin &
Michelotti (1864). These species were chosen as they represent some of the most dominant
sponge species in the Caribbean (Loh & Pawlik, 2014) and include a diversity of growth forms
and physiologies. Each sponge section was wrapped in aluminum foil underwater and placed in a
mesh bag for transport.

Four liters of water were collected at the same time and depth as the sponge samples.
Four, clean ene-literglass jars were covered in foil and sealed with metal lids before descent.
The jars were opened and filled at depth, and then re-covered with foil and sealed. This was
replicated twice more on 1 July and 6 July 2019 at the same site during outbound tides. A total of
three water samples (~4 L each) were obtained for this study. It should be noted that ~100—-200

ml of seawater occasionally leaked from one of the glass jars. Thus, the total volume of water
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filtered for the water samples was between 3.6 and 4.0 L. Counts were normalized to water

sample volume for quantification of PMP concentrations.

Sample processing

Water samples (N=3) were processed separately on or close to their respective collection days
(21 June, 1 July and 6 July 2019). Seawater (~4 L) was vacuum filtered onto a pre-combusted
(450°C for four-hours) 0.7 um pore size (Whatman™ 1825-047 GF/F) glass microfiber filter.
The four glass jars and sides of the filtration funnel were rinsed with analytical grade water and
this excess water (~100 @l)) was also filtered to maximize sample transfer. Water sample filters
were then covered with another pre-combusted filter, wrapped in foil and stored at -20°C until
further analysis. Any PMP later found on the cover filters were added to the total number of
PMP recorded for its corresponding water sample filter. One procedural blank was run aleng
with each of the three water samples (i.e., ~1 L of analytical grade water was added to a clean
beaker, filtered, and the filter was stored at -20°C).

Each of the 18 individual sponge sections (three per species) was divided in
approximately half using a steel utility blade: one half for preliminary analysis and methods
development and the other half for final analysis. Each half was rinsed thoroughly with
analytical grade water (as we were only interested in PMP retained within the sponge body),
weighed on a clean piece of foil, wrapped in foil and frozen at -20°C until further analysis. The
halves used for final PMP analysis were lyophilized and each sample was partitioned into three
subsamples (~0.05-0.3 g) with a steel utility blade. Subsamples were used to minimize tissue
digestion time. Each subsample was cut into pieces with a utility blade and added to a clean 20

ml glass scintillation vial and covered with foil, producing 54 subsamples. The dry weight of
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each subsample was recorded and approximately 5—10l of household bleach (Clorox®, 6%
sodium hypochlorite) was added to each scintillation vial to digest the organic tissue. Bleach was
used because it rapidly digests sponge tissue and because it shews minimal degradation of plastic
particles (Hooper, 2003; Collard et al., 2015). The bleach we used was not pre-filtered to remove
potential plastic contaminants before use because the high viscosity of bleach slows filtering
time considerably. However, we used procedural blanks (see below) to evaluate the degree of]
contamination in-our-samples. Vials with sponge tissue were heated (up to 60°C) en-a-hotplate
for two-hours to expedite digestion. If necessary, additional bleach was added to the vials to
digest any remaining tissue.

After bleach digestion, each subsample (N=54) was filtered onto a pre-combusted 0.7 um
pore size (Whatman™ 1825-047 GF/F) glass microfiber filter. Approximately 5—10 ml of pure
analytical grade water (MilliQ®) was added to the glass filtration funnel prior to the digested
sponge subsample in order to minimize filtering time. After the sample was fully filtered, the
sides of the funnel were rinsed with excess MilliQ to ensure maximum sample retention onto the
filter. The filter was then removed and kept in a covered aluminum foil dish until further
analysis. A total of six procedural blanks were run alongside the subsamples (i.e., ~10 ml of

bleach was added to six clean scintillation vials, heated, and filtered).

Positive controls

Positive controls with known MP types were used to demonstrate plastic fluorescence behavior
as well as the minimal effect of bleach and heat on that behavior. Control MP were generated by
cleaning common laboratory and consumer plastics (such as spray bottles, dish ware,

monochromatic clothing, etc.) with 100% isopropyl alcohol and shaving particles (<5 mm) into
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20 ml glass scintillation vials with a steel utility blade. Plastic type was identified by the
recycling label or clothing tag on each unit of plastic. Ten plastic types were used including high
density polyethylene (HDPE), low density polyethylene (LDPE), polyethylene (PE),
polyethylene terephthalate (PETE), polypropylene (PP), polystyrene (PS), polyvinyl chloride
(PVC), “Other” and the clothing fibers polyolefin and polyester (only clothes made with 100%
polyolefin or polyester were sampled). Different colors of the same plastic type were collected
when possible. Two sets of scintillation vials were prepared for the positive controls: one set for
bleach digestion with heat and another control set to be processed only with MilliQ and without
heat, producing 20v1als. The bleach set was processed according to the sponge sample
procedure, and 5—10 ml of MilliQ was added to the control set vials that were not heated. All

positive controls were filtered according to the sponge filtering procedure.

PMP visualization

All filters were analyzed for PMP presence using an E600 Nikon Eclipse fluorescence
microscope fitted with a UV-1A fluorescence filter block (EX 360-370, DM 400, BA 400).
Potential MP was distinguished from fluorescing background material (inorganic sand grains,
proteinaceous spongin, invertebrate cuticle fragments, etc.) based on the brightness and color of
fluorescence (Figs. 2, S1). Plastic fluoresced stronger and with an electric blue color when
compared to these other materials, which had a dulled, blue-green ﬂuorescer@Figs. 2,S1). The
entire filter of each sample and blank was visually surveyed for PMP presence and the number
and sizes of detected PMP were recorded. The size of nearly every PMP found in the sponge
subsamples and corresponding blanks and at least 15% of PMP found in the water samples and

corresponding blanks were recorded. The number and sizes of PMP in the positive controls were

Peer] reviewing PDF | (2020:12:56751:0:1:CHECK 5 Jan 2021)


Reviewer
Inserted Text
(N=10) 

Reviewer
Cross-Out

Reviewer
Inserted Text
 (N=10)

Reviewer
Sticky Note
This is a result not a method - please move to the results section.

Reviewer
Cross-Out


PeerJ

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

not recorded as they served only to demonstrate plastic fluorescence behavior and the effect of
bleach and heat on that behavior. Only particles greater than or equal to 10 pm in maximum
length were recorded for any filter. Particle sizes were categorized into nine groups based on
maximum length: 10-20 pm, 21-50 um, 51-100 pm, 101-300 pwm, 301-500 pm, 501-1000 pm,
1001-3000 um, 3001-5000 pm and >5000 um. Particle sizes are reported in a stacked bar chart
(Fig. 3) and do not reflect blank-corrected values (i.e., the proportion of particles within each
size category represents the percent out-of total particles surveyed and may reflect the sizes of
potential contaminants). The number of PMP on sample filters was corrected based on the
average number of PMP found on the corresponding blank filters. These corrections were not
done on the basis of size (i.e., 10-20 um particles in the blank were not subtracted from 10-20
um particles in the sample) as we aimed only to evaluate general background contamination.
Occasionally, this correction led to a negative value, and in these cases, the PMP value for the

sponge subsample was adjusted to zero.

Mitigating contamination

Since plastic is abundant in field and laboratory settings, several steps were taken to minimize
sample contamination. Nitrile gloves and 100% cotton cloths and lab coats were used at all times
during sample processing. However, it is possible that cotton fibers from these materials were
counted in blanks and samples because cotton (cellulose) may autofluoresce under UV light
(Malinowska et al., 2015). The particular fluorescence behavior of cotton cellulose was not
tested in this study. Glassware was used in place of plasticware and all glassware and samples
were covered with foil when not in use. Glassware and metal utensils were cleaned with soap

and water and rinsed three times with MilliQ or analytical grade water before use. Lastly, dry
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sponge samples were cut into scintillation vials under a laminar flow hood to reduce airborne
contamination. Though these steps were taken to minimize contamination, we also recognize that

false positives are still possible.

Data analysis
Potential microplastic (PMP) concentrations are reported as number of PMP per liter (PMP/L)

for seawater samples and number of PMP (pét g of dry tissue (PMP/g) for sponge samples. Recall

PMP/g was determined for each of the 54 subsamples. These 54 values were then grouped by

replicate to produce a mean number of PMP/g for each replicate. These true replicate values
were then grouped by species to produce a mean number of PMP/g for each species. A one-way
ANOVA test followed by a Tukey’s HSD pairwise multiple comparisons test was used in @)
determine any significant differences in mean PMP concentrations between the six sponge

species.

Results

Plastic fluorescence behavior and positive controls

Plastic particles fluoresced electric blue when exposed to UV light (except for red PP, which
fluoresced pink) and often fluoresced much brighter when compared to other materials (sand
grains, spongin, chitin, etc.), which had a blue-green and dulled fluorescence (Figs. 2, S1). Some

plastic types (e.g., HDPE, PVC) showed weak to no fluorescence, while others (e.g., Other,
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PETE, Polyester, PP) showed intermediate to strong fluorescence (Fig. S1). Lightly colored
plastics (e.g., clear, white, yellow, light blue, red) fluoresced more often and stronger than darkly
colored plastics (e.g., black, brown, gray, green, dark blue), though some light plastics did not
fluoresce at all (Fig. S1). Some plastics (e.g., “Other”) in the control MilliQ set showed small
flecks of florescent material even if the plastic itself did not fluoresce (Fig. S1G, H). Exposure to

bleach and heat showed little to no effect on plastic fluorescence behavior (Fig. S1).

Seawater

An average of 107£25 particles per liter of seawater was found in water samples collected from
Saigon Bay. The PMP detected in seawater varied in size, though very small (10-20 um)
particles made-up-about-onefourth-(~25%) of the total number of particles (Fig. 3). The
corresponding blanks had proportionately fewer very small particles (~16%), with aboeut-afourth
(~27%)-of all particles in the blanks being 101-300 um in maximum length (Fig. 3). Although
one large fiber (3001-5000 um) was found in the water samples, no large fibers were found in
the blanks, and no very large fibers (>5000 um; technically outside the range of MP) were found
in the water samples or water blanks. The number of particles detected in the water blanks never
exceeded 10% of those found in the samples, indicating that there was minimal contamination

during sample processing (Gago et al., 2016).

Sponge
The number of PMP (pér g of dry tissue varied across the six sponge species (one-way ANOVA,
df=5, F=5.358, p=0.0081; Fig. 4, Table 2). Callyspongia vaginalis, A. cauliformis, N. erecta and

1. campana showed the highest concentrations of particles (mean+SE 169+71, 113+£23, 75438
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and 7120 PMP/g; respectively; Table 1), while A. compressa and M. laevis showed lower
concentrations (1442 and 6+4 PMP/g; respectively; Fig. 4, Table 1). However, there were few
significant pairwise differences in mean PMP concentration between species (Fig. 4, Table 2).
The number of particles in the procedural blanks was sometimes greater than that in the sponge
subsamples themselves (17 eut-of the 54 subsamples had a negative net number of particles). As
such, PMP counts in the sponge blanks as a percentage of counts in sponge subsamples
sometimes exceeded 100%. This finding is concerning because a blank percent of 10% has
previously been used as a threshold to signify that sample counts are significantly greater than
blank counts (Gago et al., 2016). A relatively high level of background PMP in our subsamples
may have been the result of using non-filtered bleach and/or the use of very small amounts of
tissue (~0.05-0.3 g) for each subsample (see below for further discussion). However, our blank-
corrected values still offer some insight into the presence of PMP in wild sponge tissue.

Most PMP found in all sponge samples and blanks was very small (10-20 um). Very
small PMP made up about half of the total number of PMP found in 4. cauliformis, A.
compressa, C. vaginalis, M. laevis and the blanks, while they comprised about 32% and 25% of
all particles found in /. campana and N. erecta, respectively (Fig. 3). Very large particles or
small fibers (501-1000 um) and medium fibers (1001-3000 um) together also comprised a large
percent (~25-31%) of the total number of particles found in some sponge species (I. campana,
M. laevis, N. erecta), but not in the blanks (Fig. 3). Large (3001-5000 um) and very large fibers
(>5000 pum; technically outside the range of MP) were also-found only in the-sponge samples but
not in the blanks, making up about 7%, 4%, and 4% of the particles found for N. erecta, C.

vaginalis and M. laevis, respectively (Fig. 3).
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Discussion

Microplastic in seawater

An average concentration of 107425 PMP/L of seawater in Saigon Bay is striking. Few studies
have investigated MP concentrations in Caribbean seawater but reports of surface concentrations
have not exceeded 0.00573 MP/E (Law et al., 2010; Rose & Webber, 2019). Previous studies
targeted larger particles (>335 um, collected via plankton tows), while we targeted smaller
particles (>10 pm, collected as bulk samples close to the benthos). Surface MP concentrations in
the world’s coastal waters and oceans are also reported as lower than ours, though these studies
again targeted larger size fractions. Colton, Knapp & Burns (1974) reported a concentration of
0.000067 MP/L (>947 um, plankton tows) in the open northwest Atlantic Ocean while Doyle et
al. (2011) reported a maximum of 0.00019 MP/L (>505 pm, plankton tows) in the coastal
Northeast Pacific Ocean. Aliabad, Nassiri & Kor (2019) reported a maximum of 0.00114 MP/L
(>333 um, plankton tows) in the Gulf of Oman while Payton, Beckingham & Dustan (2020)
reported a maximum of 0.6 MP/L (>43 um, grab samples) in the estuarine Cooper River of South
Carolina.

Recent findings suggest that previous studies significantly underestimate MP
concentrations in seawater because plankton tow nets (300-1000 pm mesh) are commonly used
when sampling the upper 1 m of the water column (Covernton et al., 2019). Kang et al. (2015)
and Barrows et al. (2017) concluded that these tows allow smaller MP (<300 pum) and fibers (due
to their small width) to pass through holes in the nets, and that these studies may be
underestimating seawater MP concentrations by orders of magnitude. Covernton et al. (2019)
compared the suitability of in situ sieve versus bulk sample methods to measure MP abundance

in seawater. They found that bulk seawater samples collected in one-liter glass jars and filtered
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directly onto 8-pum pore size filters resulted in PMP concentrations that were on average 8.5
times higher than samples that were collected in 10-L buckets, sieved using a 63 um mesh in the
field, and then filtered (Covernton et al., 2019). They concluded that studies using plankton nets
may underestimate MP concentrations by up to four orders of magnitude compared to studies
that target smaller (<100 um) plastics (Covernton et al., 2019). The authors highlighted the
necessity of using bulk seawater samples and sensitive filtration methods (ability to detect
plastics down to 10 um) when assessing the exposure of marine organisms to MP pollution
(Covernton et al., 2019).

An average seawater concentration of 107 PMP/L in our study compares better with
studies that used bulk samples and sensitive filtration methods. Covernton et al. (2019) filtered
grab surface seawater samples onto an 8 pum filter and reported 5.28 MP/L in coastal British
Columbia, Canada. Jiang et al. (2020) pumped surface seawater through 50 um net and reported
6.5 MP/L in the South Yellow Sea. Norén & Naustvoll (2010) pumped surface seawater through
a 10 um filter and reported 102 MP/L in Swedish coastal waters. Though our finding (107
PMP/L) is very similar to that of the Swedish study (Norén & Naustvoll, 2010), our subsurface
value is still elevated compared to the other studies. Because we sampled subsurface seawater
and used different methods (grab samples filtered directly onto a 0.7 um filter) compared to other
surface water studies, it is uncertain whether our seawater value is relatively high compared to
reported values. Still, a concentration of 107 PMP/L is concerning and warrants further
investigation of subsurface seawater at additional sites and over time in the Caribbean using bulk

samples and sensitive filtration.

Microplastic in sponges
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This is the first study to evaluate the presence of MP in wild Caribbean sponges and our results
indicate that the-sponges do ingest MP. The concentration of PMP in sponge tissue was generally
low (6-169 PMP/g) for all species.@uard et al. (2020) examined microparticulate pollutants
(minerals, shell fragments, cotton, polystyrene, etc.) in tropical sponges from Indonesia. Like us,
the authors used bleach-digested dried sponge subsamples (0.0022—0.011 g dry) and vacuum-
filtered them onto 1 um pore size membranes (Girard et al., 2020). Using Raman spectroscopy,
they detected 91-612 foreign particles (5—200 um in size) per g of dry tissue (Girard et al.,
2020). These values included all targeted microparticulates, but the authors also reported that one
sample of Ircinia had a polystyrene concentration of 159 particles/g of dry tissue (Girard et al.,
2020). As such, our results (6—169 PMP/g) align well with those of Girard et al. (2020),
especially considering that PMP would only be a fraction of the total particles they detected.

Most PMP (up to 65%) found in our sponge samples were very small (10-20 pm), while
PMP within the same size range made up only about one quarter of those found in seawater. This
suggests that sponges may demonstrate some selectivity in MP ingestion, preferring very small
particles. This is not surprising considering that sponges typically feed on microorganisms
smaller than 70 um (Ribes, Coma & Gili, 1999). Moreover, laboratory studies have demonstrated
the retention of microbeads (<5.7 um) in sponge tissues, which supports the idea that sponges
prefer very small particles (Schmidt, 1970; Willenz & Van de Vyver, 1982; Imsiecke, 1993).

A total of 20 large fibers (3001 um to >5000) were detected in the sponge samples but
they were absent in blanks and present only once in the seawater samples. This finding suggests
that sponges may concentrate synthetic fibers from seawater as they filter feed. Although we
rinsed the outside of our samples prior to analysis in an attempt to isolate MP retained within the

sponge aquiferous system, it is possible that the fibers we detected were embedded on the surface
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of the sponges (Modica, Lanuza & Garcia-Castrillo, 2020). It is also plausible that the fibers
were stuck within the sponges’ internal canals after having passed through the ostia because fiber
width, regardless of maximum length, never exceeded 10 um.

The location of MP within the bodies of eursponge species is unknown, but recent
studies have highlighted the presence of microparticulate pollutants in the ectosome (outer layer
of the sponge body), inner mesohyl, and around the choanocyte chambers of northern Atlantic
and western Pacific sponges (Modica, Lanuza & Garcia-Castrillo, 2020; Girard et al., 2020). The
latter study predicted that some particles were captured on the sponge surface by exopinacocytes
and were subsequently drawn into the body, while other particles were drawn passively into the
aquiferous system via ostia and were later phagocytized by choanocytes (Girard et al., 2020).
The authors also suggested that non-spiculate sponges tended to incorporate larger (>50 um)
particles into their skeletons whereas spiculate sponges tended to incorporate smaller (<50 pm)
particles into their ectosome (Girard et al., 2020). We did not perform histological experiments
in our study and so cannot report the location of PMP within Caribbean sponge tissues.
However, because we examined both non-spiculate (4. cauliformis and 1. campana) and
spiculate (4. compressa, C. vaginalis, M. laevis and N. erecta) sponges, it is possible that these
Caribbean species may be incorporating MP into their tissues in ways suggested by Girard et al.
(2020). Furthermore, the calcareous sponge Sycon coactum Urban (1906) has been shown to
egest microbeads (up to 1.0 um) by action of choanocytes, which can engulf the beads and carry
them into excurrent chambers (Leys & Eerkes-Medrano, 2006). The ability of other sponge
species to egest MP is unknown, but future work should use histological methods to better
understand how MP enter the sponge body, where they are being retained, and whether more

species can egest MP.
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Variation in PMP concentration across sponge species may relate to differences in sponge
morphology and/or physiology. Tissue density, pumping rate, aquiferous system complexity,
and/or microbial abundance may impact PMP abundance and retention because these traits
impact the volume and residence time of water processed by sponges (Reiswig, 1974; Weisz,
Lindquist & Martens, 2008; Easson et al., 2015). Interestingly, Girard et al. (2020) observed that
particle incorporation by sponges was independent of particle material. In other words, the
authors suggested that the sponges would take up particles based on what was available in the
surrounding water, and that any differences in the composition of incorporated particles between
species depended only on particle spatial variation (Girard et al., 2020). Additionally, Modica,
Lanuza & Garcia-Castrillo (2020) found that fiber abundance in sponge ectosomes was
independent of sponge species, habitat type and depth, and that fibers were likely ubiquitous in
the surrounding seawater. Similarly, we also cannot yet conclude that varying sponge
characteristics influence particle uptake and retention because there were few significant
differences in mean PMP concentration between our species (Fig. 4, Table 2). Future studies

should aim to identify any such relationships across additional species.

Ecological implications

A relatively high concentration of PMP in seawater from Bocas del Toro represents an elevated
exposure of marine and human life to MP. The archipelago is home to numerous species of
sponges, corals, polychaetes, tunicates, nemerteans, echinoderms, molluscs, crustaceans,
hydroids, bryozoans, sipunculans, flatworms and anemones, and diverse species of commercial
and non-commercial fishes such as snapper, grouper, grunts, butterflyfish, parrotfish and sharks

(Collin, 2005; Seemann et al., 2014). High PMP concentrations in the archipelago’s coastal

Peer] reviewing PDF | (2020:12:56751:0:1:CHECK 5 Jan 2021)



PeerJ

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

waters means that these local species are susceptible to MP ingestion. Most of the seafood sold
in Bocas del Toro restaurants such as lobster, octopus and commercial fishes is locally sourced
(Dorsett & Rubio-Cisneros, 2019). Thus, the people that visit or live on the islands may be at risk
for the consumption of contaminated seafood. This risk, as well as the flow of MP into local
waterways, is only expected to increase as tourism and residency continue to increase (Easson et
al., 2015; World Bank, 2018; Dorsett & Rubio-Cisneros, 2019).

Scaling our data to appreciable values helps to illuminate the story of MP in Caribbean
sponges. An average concentration of 87 PMP/g across all sponge species in this study equates to
>8,000 PMP particles in a sponge that weighs 100 g (dry), or a sponge that is approximately 1.5
L (McMurray, Blum & Pawlik, 2008; Girard et al., 2020). This number agrees well with that
reported by Girard et al. (2020) who predicted that at least 10,000 microparticulates (sum of MP,
minerals, etc.) per sponge may exist in some demosponges (100 g dry) from Indonesia.
Furthermore, using known pumping rates (~0.09-0.48 L sec’! L-!) and tissue densities (~89-155
g/L) for sponges that are congeneric with our Caribbean species (Weisz, Lindquist & Martens,
2008; Fiore, Freeman & Kujawinski, 2017; Pawlik, Loh & McMurray, 2018), and an ambient
seawater concentration of 107 PMP/L, we would predict that a 100 g sponge could be passing
between 25,000 and 174,000 particles through its body every hour. These values are far greater
than that (8,000 PMP) which we would predict to be present in a sponge at any moment in time
as our samples would indicate. This finding supports the hypothesis that Caribbean sponges have
some capacity to resist MP ingestion and/or that they have some ability to egest the particles.

Interestingly, despite the presence of PMP in every species, the sponges from which
samples were taken appeared to be healthy and functional (open ostia, no evidence of necrosis,

large individuals). Based on this gross examination, we did not detect an effect of MP ingestion
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on sponges in Saigon Bay. From laboratory experiments, Baird (2016) also reported an absence
of effect assMP exposure showed little impact on temperate sponge respiration. In addition,
relatively low concentrations of PMP in sponge tissue despite there being ~107 PMP/L of
seawater in Saigon Bay support the idea that tropical sponges have some capacity to resist MP
ingestion. As selective filter feeders, perhaps sponges can adjust their pumping rates in response
to pulses of MP, as sometimes occurs with increased sediment load (Gerrodette & Flechsig,
1979; Maldonado et al., 2010; McMurray et al., 2016). Girard et al. (2020) suggested that
sponges may act as bioindicators of general microparticulate pollutants, but our results indicate
that marine sponges may be resistant to specifically MP exposure and therefore may not be the
best indicators of MP pollution. Therefore, increased spatial and temporal sampling is needed to

test the potential for sponges to act as bioindicators of MP in aquatic environments.

Evaluation of methods and considerations

We acknowledge that the methods used in this study have some limitations. Only fluorescence
microscopy was used to identify and quantify suspected MP. The lack of secondary verification,
such as by Raman or FT-IR spectroscopy, requires us to refer to the particles detected as
potential microplastics (PMP) per Covernton et al. (2019). This method raises several concerns.
Firstly, the lack of additional verification methods means that the number of particles detected in
our samples may be positively skewed owing to false positives. However, Payton, Beckingham
& Dustan (2020) noted that fewer MP in water samples were detected using fluorescence
microscopy than when using brightfield microscopy alone, indicating the potential also for some
negative bias. In our positive controls, we confirmed that not all plastic types fluoresce under our

microscopy conditions, and that there is variation in fluorescence strength and color between
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plastic types. Since we only counted particles that fluoresced strongly with an electric blue color
(i.e., the fluorescence behavior of white and clear fragments of PETE and PP), our results may
reflect the presence of only particular plastic types and therefore underestimate the true number
of MP present in the samples.

We also recognize that an appreciable number of particles were found in the blanks for
the sponge study, sometimes amounting to more than were found in the sponge subsamples
themselves. While the counts in the water blanks as a percentage of counts in water samples was
low (<10%), water blanks were not digested with bleach. This suggests that MP present in
commercial bleach products may have created a higher PMP background level in our sponge
subsamples. This background contamination might be reduced by pre-filtering the bleach
solution, and furthermore it’s contribution to sample counts would be diminished if larger dry
tissue samples (>0.3 g dry) were analyzed. Still, even if some of the PMP in the sponge samples
are artifacts of PMP in bleach, it is striking how few PMP were found in the sponge samples
when compared to their concentration in the surrounding seawater.

The methods used in this study offer an efficient and cost-effective way to evaluate the
presence of PMP in marine sponges. The use of bleach to digest organic material showed little to
no effect on the physical integrity and fluorescence behavior of plastic particles. This method of
evaluation agrees with Collard et al. (2015) and other recent studies (J. Lynch, 2019, pers.
comm.). We recommend the use of bleach in future MP studies owing to its capacity to digest
soft tissues, its limited effect on MP, and to its cost efficiency, but recommend filtering it before

use to reduce potential background contamination.

Conclusions
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This study surveys the occurrence of PMP in wild sponges and in subsurface seawater from
Bocas del Toro, Panama. Digestion of dry tissue using household bleach is a time- and cost-
effective method for evaluating MP presence because it has little to no effect on plastic integrity
or fluorescence behavior. We recommend this technique with some additional solution
preparation for future MP work. A PMP concentration of ~107 PMP/L in subsurface seawater
from Saigon Bay compares well with or is greater than previous surface reports that used bulk
samples and sensitive filtration techniques (down to 10 um). As a result, we recommend the
continued use of such techniques along with the use of subsurface samples when evaluating the
exposure of benthic filter-feeding organisms to MP. Our results further indicate that Caribbean
sponges do ingest MP, and that sponges may preferentially collect fibers and very small (10-20
um) particles. The relatively low occurrence of PMP (6169 PMP/g) in seemingly healthy
sponges, however, suggests that sponges may be somewhat resistant to MP ingestion or
retention. Lastly, the presence of PMP in sponges and seawater from Saigon Bay indicates that
humans and marine animals are exposed to MP in Bocas del Toro. This exposure is expected to
increase with a growth in population and tourism. This study highlights the lack of MP research
in the Caribbean, and future work should be aimed at evaluating the presence and impact of MP

in this beloved and highly-frequented region.
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Table 1l(on next page)

Abundance of potential microplastics (PMP) in sponge and water samples.
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1 Table 1. Abundance of potential microplastics (PMP) in sponge and water samples.

Sample type Mean PMP/g for sponges and PMP/L for water (+/- standard error)

A. cauliformis 113 (+/- 23)
A. compressa 14 (+/- 2)

C. vaginalis 169 (+/-71)

1. campana 71 (+/- 20)
M. laevis 6 (+/-4)

N. erecta 75 (+/- 38)

Subsurface seawater 107 (+/- 25)
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Table 2(on next page)

Results from a Tukey’s HSD pairwise multiple comparisons test of mean potential

microplastic (PMP) abundance across sponge species in R. Significant differences
(p<0.05) are boldfaced.
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1  Table 2. Results from a Tukey’s HSD pairwise multiple comparisons test of mean potential
2 microplastic (PMP) abundance across sponge species in R. Significant differences (p<0.05)
3 are boldfaced.

Pairwise comparison Adjusted p-value
A. cauliformis - A. compressa 0.1269
A. cauliformis - C. vaginalis 0.9701
A. cauliformis - I. campana 0.9291
A. cauliformis - M. laevis 0.0360
A. cauliformis - N. erecta 0.8863
A. compressa - C. vaginalis 0.0365
A. compressa - I. campana 0.4709
A. compressa - M. laevis 0.9687
A. compressa - N. erecta 0.5416
C. vaginalis - I. campana 0.5608
C. vaginalis - M. laevis 0.0101
C. vaginalis - N. erecta 0.4893
1. campana - M. laevis 0.1661
1. campana - N. erecta 0.9999
M. laevis - N. erecta 0.2016
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Figure 1

Map of Saigon Bay located off the coast of Isla Coldn, the main island of the Bocas del
Toro archipelago of Panama.

The star indicates sample collection site. Note the high level of development on the
northeastern border of Saigon Bay. Image © 2020 CNES/Airbus © 2020 Europa Technologies
© 2020 Google.
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Figure 2

Potential microplastics (PMP) on the filters of sponge samples, water samples and
blanks.

The top two rows include samples from the six sponge species: (A) A. cauliformis. (B) A.
compressa. (C) C. vaginalis. (D) I. campana. (E) M. laevis. (F) N. erecta. The bottom two rows
include seawater samples (G-J) as well as one blank from the seawater study (K) and one
blank from the sponge study (L). Note the dulled, blue-green autofluorescence (indicated by
white arrows) of spongin fragments, sand grains and two copepods in images A, D, G and |,
respectively, as it compares with the bright, electric blue autofluorescence (indicated by red

arrows) of PMP. Images were taken at 100x total magnification .
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Figure 3

The relative abundance (percent out of total) of potential microplastic (PMP) sizes
detected in sponge and seawater samples and blanks.

Colors within the bars indicate the size of particles in micrometers (um). Note the presence of

large (3001-5000 um) and very large (>5000 um) fibers only in some sponge samples.
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Figure 4

Number of potential microplastics (PMP) per gram of dry sponge tissue.

Box plots are median inclusive and the dots indicate statistical outliers while the “x” in each
plot represents the mean. Letters above each plot indicate significant pairwise difference

(Tukey'’s test, p<0.05).
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