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ABSTRACT. Sabellariid annelid polychaete worms build reefs by cementing sand grains in their tubes. In the
Gulf of Nicoya estuary, Costa Rica, Phragmatopoma attenuata worms construct reefs on and between rocks
used in groins. The objective of this study was to investigate whether these worms select sediment grain sizes
and trace metals in the building of their reefs. A total of 12 sand samples were collected (three each from three
reefs and three from beach sand) to compare the beach sand to the composition of the sand tubes. Samples were
sieved through a series of nested Standard Sieve Series with 2,000 and 62 um mesh sizes as the upper and lower
limits for the sand fractions. A total of 12 metals: Al, Cd, Cr, Cu, Fe, Hg, Mg, Mn, Ni, Pb, Sn, and Zn were
analyzed by Inductively Coupled Plasma Mass Spectrometry. The results indicate the following decreasing order
of concentrations (ug g dry weight): Al > Fe > Mg > Mn > Cu > Zn > Cr > Ni > Pb > Hg > Sn > Cd. It was
concluded that: 1. Metal concentrations were expected for a non-industrialized estuary. 2. P. attenuata worms
selected for medium grain size fractions between 300 and 850 um. 3. Worms also seem to prefer sand containing
relatively higher levels of calcium carbonate, cadmium, and manganese when compared to those in beach sand.

Keywords: tube building; trace metal accumulation; animal behavior; ecosystem engineers; sediments; sandy
beach

INTRODUCTION

The marine and estuarine sabellariid annelids include
species that build reefs by cementing sand grains
together with a protein produced by the worms (Zhao
et al. 2006). Worm reefs are important structures that
increase habitat heterogeneity and provide refuge for a
diverse associated fauna, with crustaceans being
common (Lane-Medeiros et al. 2021). In addition, the
worms' feeding activities contribute to the community's
trophic dynamics. In this sense, reef-building polychaetes
are considered ecosystem engineers (Bruschetti 2019).

Associate Editor: Paulo Paiva

Fauchald (1977) reported the presence of seven
species of tube-building sabellariid worms on the Pacific
coast of Panama. Four valid species are Phragmatopoma
attenuata Hartman, 1944; ldanthyrsus armatus Kinberg,
1866; 1. crestus Chamberlin, 1919 (as I. pennatus
(Peters, 1854)); and Sabellaria moorei Monro, 1933.
Another three are questionable records of Sabellaria, as
noted by Chavez-L6pez & Bastida-Zavala (2021): S.
floridensis Hartman, 1944; S. alcocki Gravier, 1906; and
S. spinulosa Leuckart, 1849. Barrios et al. (2009) report
I. cretus Chamberlin, 1919, for Culebra Bay, Costa Rica.
More recently Phragmatopoma villalobosi Chavez-
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Lopez, 2020, has also been described for the Pacific
coast of Costa Rica by Chavez-Lopez (2020).

Additionally, P. attenuata has been recorded along
the Pacific coast of Costa Rica by Sibaja-Cordero &
Vargas-Zamora (2006) and Dean (2009). In Culebra
Bay (Gulf of Papagayo), the species was found in the
most exposed rocky coast (Sibaja-Cordero & Garcia-
Méndez 2014). In Caldera Bay (Gulf of Nicoya
estuary), it was present in the low and mid-littoral zones
with a mean cover of around 40% (Sibaja-Cordero &
Vargas-Zamora 2006). Vargas et al. (2024) reported
colonies of this genus at Ostional Beach, Junquillal
Bay, both in the Gulf of Papagayo and in the port city
of Puntarenas (Gulf of Nicoya), with 30 associated
invertebrate species.

Reports on the concentration of metals on tropical
estuarine beach sands and in worm reefs are scarce.
Chouikh et al. (2022) found that the Moroccan species
Sabellaria alveolata (Linnaeus, 1767) can bicaccumulate
trace metals in its tissues. Deias et al. (2023) found that
trace metals in seawater were bioaccumulated in the
biocement produced by S. alveolata worms. These
studies indicate that sabellariid tubes may be used to
assess environmental pollution (Dean 2008).

Information on the granulometric characteristics of
worm reefs in general and of particle selection for tube
construction in particular is also scarce. In this context, the
report by Main & Nelson (1988) on Phragmatopoma
lapidosa Kinberg, 1866, from Florida is a notable
exception. More recently, Santos-Mella et al. (2017)
from the Dominican Republic and Aviz et al. (2019)
from Brazil provide grain-size data from worm reefs
(Phragmatopoma caudata Kroyer in Morch, 1863;
Sabellaria wilsoni Lana & Gruet, 1989, respectively)
and adjacent beaches. Lisco et al. (2020) have also
studied particle composition of reefs and tubes of
European S. alveolata.

In Costa Rica, data on the concentrations of Fe, Zn,
Cu, and Pb are available for the Puntarenas beach sand
(Garcia-Céspedes et al. 2004) and for a sand flat further
up the Gulf of Nicoya estuary (Vargas et al. 2016).
Thus, the objectives of this study were to determine the
concentrations of metals and grain-size parameters in
beach sand and in sand at three heights within intertidal
reefs built by P. attenuata. Our null hypotheses were:
1-the P. attenuata worms do not accumulate trace
metals when compared to those found in beach sand,
and 2-the P. attenuata worms are not selective for
certain grain sizes to build the reefs when compared to
beach sand composition.

MATERIALS AND METHODS

Study area

The Gulf of Nicoya is an estuary (Voorhis et al. 1983)
on the Pacific coast of Costa Rica (10°N, 85°W). The
port city of Puntarenas is located along a 10 km-long
sandbar on the mid-upper estuary. In this region,
salinity varies seasonally (dry vs. rainy) around 30, and
water temperature is approximately 30°C year-round
(Voorhis et al. 1983). Littoral currents transport
sediment and debris from the Barranca River, which
drains agricultural lands and flows over rocks of
diverse geological origins (Denyer et al. 2004). The city
is a source of urban runoff and is the base of operations
for the artisanal fishing fleet, tourist boats, and cruise
ships. The north shore of the bar faces a small estuary
bordered by mangrove forests. The southern shore
faces the gulf and receives year-round beach tourism.
The dark gray sand beach is cleaned frequently to
remove plastic and organic debris (Sibaja-Cordero &
GOmez-Ramirez 2022). The tip of the sand bar (La
Punta) is protected from beach erosion by five rock
groins (09°58°29.5”°N, 84°51°00.0’W) made of rocks
brought from far inland. Waves around 1 m height
break at this beach, stirring up sand.

Worm reefs were found growing on the rock groins
(Figs. la-b). Samples were collected at low tide (tidal
range: 3 m) on September 20, 2020. The worm colonies
grow on rocks above the sand beach and remain
exposed for about 2 h during low tide (Figs. 1b, d). The
worm tubes grow in proximity to one another (Figs. 1c,
2a).

Species identification

It is not the objective of this study to provide a review
of the taxonomic status of the species cited above.
However, we include data to support the identification
of the Puntarenas specimens as P. attenuata. ldenti-
fication was based on external anatomy (Fig. 2b), the
structure of the operculum (Figs. 2c-d), and the outer
opercular paleae (Figs. 2e-f). These structures were
found to be consistent with the annotations and
illustration in Plate 38 of Hartman (1944) and Fauchald
(1977). Moreover, the uncini in our specimens have six
pairs of teeth, in contrast to the seven pairs in P.
villalobosi and Phragmatopoma sp. from Costa Rica
described by Chavez-Lépez (2020). P. attenuata has
been reported in Ecuador and Colombia (Hartman,
1944), Panama (Fauchald, 1977), and Costa Rica (as
previously cited). Voucher specimens are deposited in
the Polychaete Collection of the Museum of Zoology,
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Figure 1. a) Rock groin for control of sand erosion at the tip of the Puntarenas Peninsula, low tide, mid-upper Gulf of
Nicoya estuary. Note the dark gray color of the sand, b) arrows point to the upper level for the growth of worm reefs,
c) close view of colony showing individual tubes, d) arrows point to the four levels at which samples were collected. Beds
of small white barnacles also colonize rocks. All photographs taken by J.A. Vargas.

Figure 2. a) A group of six Phragmatopoma attenuata worms partially protruding from their tubes, and four extracted
whole worms. Note the black color of the opercula, b) Scanning Electron Microscope (SEM) photograph of a whole worm
showing external anatomy, c) side view of operculum of a live specimen, d) front SEM view of the asymmetrical operculum,
e) morphology of the outer opercular paleae with palmately filamentous appendage directed at right angle to the shaft,
f) close view of the paleae with details of the tip and hook. Photographs a-b, d, by J.A. Vargas, ¢, e-f, by J. Sibaja-Cordero.
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University of Costa Rica (MZUCR-2506-01, MZUCR-
2501-01, MZUCR-2505-01).

Trace metal concentrations

Samples for trace metal analysis were collected by
inserting a plastic corer (5 cm in diameter) 15 cm into
the colony substrate and beach sand. Samples were also
taken from three reefs at three elevation levels, each 50
cm apart: 0 to 50, 50 to 100, and 100 to 150 cm above
the beach (Fig. 1d). A total of 12 samples (nine from
the reefs and three from beach sand) were collected and
stored in previously acid-washed sealable dry plastic
bags. The reef fragments were later disaggregated with
a plastic hammer, and the worms and associated fauna
were removed under a dissecting microscope.

Digestion and metal analyses were performed at the
Center for Research on Environmental Pollution
(CICA, by its Spanish acronym) of the University of
Costa Rica. For digestion, 1 g of sample was added to
Teflon® vessels along with 6 mL of concentrated
ultrapure HNOs and 2 mL of concentrated ultrapure
HCI. Microwave-assisted digestion (U.S. EPA Method
3051, 2007) was performed with a MARS 6 Microwave
Accelerated Reaction System (CEM Corp., Matthews,
NC, USA). After digestion, samples were brought toa
final volume of 50 mL in volumetric flasks with
deionized water and filtered through 0.45 pm
surfactant-free cellulose acetate (SFCA) syringe filters.

A total of 12 metals: Al, Cd, Cr, Cu, Fe, Hg, Mg,
Mn, Ni, Pb, Sn, and Zn were analyzed by Inductively
Coupled Plasma Mass Spectrometry using an Agilent
7500 cx ICP-MS (Agilent Technologies, Santa Clara,
CA, USA). A Collision Cell mode was applied with a
He flow rate of 4 mL min* to reduce or eliminate
interference from polyatomic molecules, in accordance
with the EPA 6020 B and SM 3125 B methods. For
calibration curves, Supelco® Sigma-Aldrich C and
Certified Reference Material Periodic Table mix 1 & 3
were used. All analyses were conducted in triplicate.
Concentrations are expressed in pg gt dry weight (dw).

Differences were tested for mean concentrations (ug
gl dw) of metal elements in beach sediments and in
tube sediments at low, mid, and upper intertidal levels.
The mean values of each metal concentration were
compared using a two-way ANOVA without repli-
cation in R. Three samples per level constitute a
repeated-measures factor (transect) nested within the
fixed factor (level) (Quinn & Keough 2002, Crawley
2013). Mean concentrations with their 95% confidence
intervals for metals were represented as bars in the
graph (Fig. 2) using the ggplot2 package in R (Chang
2019).

For comparison, Table 1 includes data on trace
metals from sand beaches in the Pacific coast of Mexico
by Jonathan et al. (2011) and from Florida (USA) by
Macdonald et al. (1996), who measured the threshold
effect level (TEL) (estimates of the concentration of a
particular metal at which a physiological effect begins
to be produced in an organism).

Grain size

Granulometric analysis was conducted on triplicate 100
g oven-dried (60°C) sediment samples from the sandy
beach and the worm reefs, for a total of 12 samples.
Samples were sieved through a series of nested
Standard Sieve Series with 2,000 and 62 pum mesh sizes
as the upper and lower limits for the sand fractions,
respectively. The package 'rysgran' in R (Gilbert et al.
2012) was used to analyze sediment data to obtain
asymmetry, sorting, kurtosis, and mean grain size,
following Folk & Ward (1957). The sediment fraction
data were graphed as a cumulative frequency curve,
with percentage on the y-axis and grain size (um) on
the x-axis. Total organic matter (TOM) and CaCOs
contents of the homogenized sediments were also
determined in triplicate by using the loss on ignition
method by Dean (1974). Five grams of dry sediment
were placed in a crucible and burned at 550°C for TOM
content and subsequently at 1,000°C for CaCOs3
content. TOM and carbonate content were analyzed
using two-way ANOVA without replication (Quinn &
Keough 2002, Crawley 2013). Assumptions of residual
normality and homoscedasticity were checked for each
ANOVA test using the Shapiro-Wilk and Bartlett tests,
respectively, and graphical inspection of residuals
(Crawley 2013).

RESULTS

Metal concentrations

Mean concentrations with their 95% confidence
intervals for the 12 metals analyzed are shown (Fig. 3).
Aluminum was the most abundant (25.03 + 0.94x10°
ug gt dw) and cadmium the least (0.049 + 0.001 ug g*
dw). The order of decreasing concentrations (ug g* dw)
was Al > Fe > Mg > Mn > Cu > Zn > Cr > Ni > Mg >
Pb > Hg > Sn > Cd. The maximum and minimum
concentrations of metals found in sand samples from
worm tubes and beach sand are included (Table 1). The
concentrations of the metals were below the TEL
except for copper (Table 1). The Puntarenas metal
concentrations were similar to those reported in a sandy
beach of the Pacific of Mexico (Table 1).
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Table 1. Maximum and minimum concentrations (ug g* dw) of metals found in sand and worm tubes samples. Puntarenas
Peninsula, Gulf of Nicoya estuary, Pacific Costa Rica, 2020. ND: no data. *Threshold effect level, according to Macdonald
et al. (1996, Table 1, pp. 258). **Range. Acapulco sandy beach, Pacific, Mexico (Jonathan et al. 2011, Table 1, pp. 849).

Metal Type Maximum Minimum Egzg'?sliggl* RangBee,aﬁ\ﬁiEulco

Al Tubes 25.03 £+ 0.94x10° 12.13 + 0.45%x10° ND ND
Sand 19.99 + 0.74x10°  19.18 + 0.70x10°

Cd Tubes  0.049 +0.001 0.033 +0.001 0.68 0.10-12.51
Sand 0.029 +0.001 0.018 +0.001

Cu Tubes 34.52 + 0.52 27.30 +0.41 18.7 0.76-26.97
Sand 36.90 £ 0.55 33.92+0.51

Cr Tubes 11.58 +0.15 6.95 +0.09 52.3 0.64-105.50
Sand 13.33+0.17 7.58 +0.10

Fe Tubes 11.03 £ 0.26%x10° 8.28 + 0.19x10° ND 1072-27190
Sand 12.90 + 0.30x10° 9.99 + 0.23x10°

Hg Tubes 0.0580 + 0.0006 0.0096 + 0.0003 0.13 ND
Sand 0.0297 + 0.0005 0.0098 + 0.0004

Mg Tubes 8.58 +0.44x10° 5.69 +0.18x103 ND ND
Sand 8.68 + 0.25x10° 8.35 + 0.24x10°

Mn Tubes 1296 + 33 697 +17 ND 6.85-586
Sand 575+ 14 513 +13

Ni Tubes 12.32+0.30 6.54 +0.12 15.9 0.33-16.35
Sand 12.67 £0.24 9.58+0.18

Pb Tubes 3.16 £0.05 2.23+0.04 30.2 0.13-24.46
Sand 2.80+04 235+04

Sn Tubes  0.045 + 0.003 0.011 +0.003 ND ND
Sand 0.053 +0.003 0.033 +0.003

zZn Tubes  24.46 + 071 18.11 £ 0.53 124 3.54-96.23
Sand 28.53+0.83 21.75+0.63

Differences in mean metal concentrations were
found between the beach sand and the sabellariid worm
colonies for three metals (dark gray bars in Fig. 3 and
Fig. S1): cadmium content was higher in the worm
reefs than in beach sand, but concentrations show lower
values (Fig. 2, F = 6.7, df = 3/6, P = 0.024). The mean
concentration of manganese was higher in reefs than in
beach sand (Fig. 2, F = 4.9, df = 3/6, P = 0.047). Iron
had lower mean concentrations in reefs than in beach
sand (Fig. 2, F = 5.5, df = 3/6, P = 0.038). The means
for each metal were similar among the three intertidal
levels for the sabellariid worm reefs (ANOVA, Tukey
test, P > 0.05). Copper (F, P = 0.106), zinc (F, P =
0.091), and magnesium (Kruskal-Wallis, P = 0.108)
had a trend of lower concentrations in reefs than in
beach sand (light gray bars in Fig. 3 and Fig. S1).

Total organic matter, CaCQOgs, and grain size

The worm reefs had a lower mean value of total organic
matter (2.40 - 2.67%, Table 2) than in beach sand
(2.83%, Table 2), and the three tidal levels of reefs

sampled were not significantly different (Tukey, P >
0.05). CaCOs was significantly lower in beach sand
(2.66-2.91%) than in sabellariid reefs (3.78-12.48%) (t-
Student = 3.98, beach sand n = 3, pooled colonies n =
9, P <0.004) (Table 2).

The mean grain size did not differ between the
beach sand and the worm tubes because of the wider
variation of the granulometric parameter between
samples (Table 2). Moreover, the cumulative curve for
the reefs is leptokurtic, with a peak near the mean grain
size (around 349 um), while the beach sand is
mesokurtic (Fig. 4). This shows that worms selected
medium-grain-size fractions from the sand between
300 and 850 um. Additionally, the sand grains in the
reefs tended to be more well-sorted (with more similar
sizes of their grains) than beach sand (with more grain
size variability) (Table 2). The reefs also contained
fewer fine sand grains (250 and 125 um) than the beach
sand (Fig. 4). Additionally, the worm reef sand had a
smaller percentage of fine sand (<35%) compared to
~30-45% in beach sand (Fig. 4). This indicates the worms
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Figure 3. Metal concentrations (ug g dw) for Al, Cd, Cr, Cu, Fe, Hg, Mg, Mn, Ni, Pb, Sn, and Zn analyzed by Inductively
Coupled Plasma Mass Spectrometry. Bars indicate the mean + 95% confidence interval (CI) for samples collected at the
four levels. Dark gray bars indicate mean differences (P < 0.05). Light gray bars indicate a trend.

select for coarser fractions of sand (300 to 850 wm) than
is present in the beach sand.

Associated fauna

When the reef fragments were disaggregated, almost 30
species of crustaceans were found. Polychaetes, such as
phyllodocids and nereids, were also found. Anemones,
flatworms, sipunculids, and bivalve mollusks were also
found but not identified. Patches covered the rocks

(Fig. 1d) of small barnacles, Chthamalus panamensis
Pilsbry, 1916, and the reefs seem to overgrow the
patches.

DISCUSSION

In this study, we tested two hypotheses: first, that the
worms do not accumulate trace metals at levels higher
than those found in beach sand. Second, the worms are



Metals in Phragmatopoma worm reefs

Table 2. Mean values of granulometric parameters for three sand samples, along with the overall mean at each sampling
level: beach and the elevation levels (lower, middle, upper) of the worm colonies. Mean total organic matter and calcium
carbonate content for each sampling level. Puntarenas Peninsula, Gulf of Nicoya estuary, Pacific, Costa Rica, 2020.

*Moderately sorted. ““Moderately well sorted. "Positive, NNegative, M Mesokurtic, “Leptokurtic.

Total organic

Mean grain size Sorting Skewness Kurtosis CaCos (%)
Level X - . matter (% .
(um) (phi) (phi) (phi) iy (min-max)
Beach 311.28 0.89* -0.12N 0.95M 2.83 2.81
(288.72/309.82/335.31) (0.87/0.88/0.91) (-0.06/-0.14/-0.15)  (0.90/0.92/1.02) (2.74-3.01) (2.66-2.91)
Lower 332.64 0.82* 0.25° 1.10M 2.44 7.98
(301.28/339.24/357.39)  (0.72/0.84/0.91) (0.18/0.27/0.29) (1.04/1.05/1.20) (2.40-2.67) (3.78-12.44)
Middle 354.32 0.75* 0.28° 1.31- 2.32 6.23
(349.21 / 354.3 / 359.46) (0.71/0.75/0.79) (0.23/0.30/0.31) (1.25/1.33/1.34) (2.24-2.37) (4.90-8.30)
Upper 359.99 0.69™ 0.21° 1.17- 2.42 5.86
(297.98/339.24/442.76)  (0.65/0.69/0.73) (0.15/0.24/0.24) (1.01/1.21/1.28) (2.33-2.48) (4.11-9.12)
. *
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Figure 4. Grain size analysis. Cumulative frequency curves, with the percentage as the y-axis and the grain size in
micrometers (um) as the x-axis. Puntarenas Peninsula, Gulf of Nicoya estuary, Pacific Costa Rica, 2020.

not selective about grain size when building reefs,
unlike beach sand composition.

As for the first hypothesis, our results indicate that
cadmium and manganese occur at higher concentra-
tions in worm reefs than in beach sand, while other
metals show no clear trend. Iron had a lower mean
concentration in reefs than in beach sand. The study by
Stewart et al. (2004) found that the tube cement in
Phragmatopoma californica (Fewkes, 1889) contains
high concentrations of Ca and Mg, and other sabellariid
tubes contain traces of Al, Fe, Mn, and Zn. The study
by Hofman et al. (2018) in the same species reported

that the adhesive material contains traces of Mg, Ca, Fe,
Zn, and Mn. These ions likely play a role in the
complexation process. Specifically, these ions can form
ionic bonds or coordinate with dihydroxyphenylalanine
(DOPA), an amino acid known for its adhesive
properties.

There is little data on metal concentrations in
sabellariid worm sand tubes in the eastern Tropical
Pacific, and the same applies to studies of the
sedimentary composition of worm tubes. In this
context, it is important to note that worms may also
obtain trace metals from seawater. Deias et al. (2023)
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found a relationship between trace metals in seawater
and bioaccumulation in cement produced by
Mediterranean S. alveolata worms that bind tube
sediment particles. The relatively small accumulation
of Cd in the tubes of P. attenuata, compared with that
in beach sand (Table 1), warrants future investigation.
Concentrations of Cd on Amazonian oceanic sandy
beaches (0.2 + 0.6 t0 0.4 + 0.77 pg g dw) were similar
to those reported in other studies in which sources of
pollution, such as sewage discharges, fertilizers, and
industrial waste, were identified (Vilhena et al. 2021).
The proximity of the city of Puntarenas and of small
creeks carrying fertilizers and other compounds from
agricultural lands may be a possible source of Cd and
other metals. For comparison, in an earlier study of
trace metals in subtidal sediments in front of the port of
Puntarenas, the concentration of Cd was found to be
0.096 pug g* dw (Dean et al. 1986) and was considered
as expected of non-industrialized tropical estuaries as
well as for other metals (Fe = 6283.42, Zn = 130.06, Cu
=3.43,Pb=3.12 pgg*dw).

For the second hypothesis, P. attenuata selects
grains with mesh sizes between 300 and 850 pm, more
than those present in beach sand. Worms used CaCO3
grains nearly four times the concentration found in
beach sand. The species selected coarser grains with
higher CaCO3 content than those in the adjacent beach.
A reduction in the selection of terrigenous sand by
Phragmatopoma likely leads to a lower iron (Fe)
content in the reefs compared to the beach sand. This
selection enhanced the tube's structural integrity and
stability by minimizing gaps (Stewart et al. 2017).
These grains bind effectively when they are the correct
size to fit within the worm-building organs, about 500
pm, for example, in P. californica (Stevens et al. 2007).
The early study by Main & Nelson (1988) on P.
lapidosa from Florida provided data on the sedimentary
composition of worm tubes and found that CaCOs
particles ranging from 0.25 to 0.50 mm were used to
construct the tubes. Bremec et al. (2013) found that
worm tubes of Sabellaria nanella Chamberlin, 1919
from Argentina contain a higher percentage (35.5%) of
medium-sized grains than beach sediments (16.6%).

In the Dominican Republic, P. caudata was found
to have tubes composed of 36.6% coarse sand (500 to
2,000 pum). In contrast, the beach sand contained only
0.75% of this grain fraction, indicating selection by the
worms (Santos-Mella et al. 2017). In northern Brazil,
research on S. wilsoni by Aviz et al. (2019) reports
significant differences in grain size between beach and
worm reef sediments, with higher percentages of silt,
clay, coarse sand, and organic matter in the reef

sediments. Similar results were observed for the
colonies and beach sand in the present study: the
retained fractions on the 250- and 125-um mesh sieves
were lower in the colonies than in the beach sand.

Bremec et al. (2013), working with S. nanella from
Argentina, found that organic matter was higher in the
worm tubes (7%) than on the beach (3%). In our study,
the worms showed slightly lower organic matter
concentrations in the tubes than in the beach sand. A
possible explanation could be related to the structure of
the tubes. The species P. californica uses minuscule
glue spots to attach sediment particles as it builds the
tube tip, resulting in a solid foam structure (Wang &
Stewart 2012). Other species, such as S. alveolata, use
glue spots to attach shell fragments and produce an
organic inner layer within their tubes (Buffet et al.
2018). The sand obtained from the water column by P.
attenuata may be cleaner than the sand deposited on the
beach, which contains interstitial biota between the grains.
Additionally, several species of Phragmatopoma capture
biotic material, such as shell fragments, foraminiferal
tests, sponge spicules, and echinoid spines, to
incorporate .into their tubes (Jensen & Morse 1988).
The selection of these materials explains the higher
percentage of calcium carbonate in the tubes compared
to beach sand.

It is pertinent to note that particle-size selection is
not exclusive to Sabellariid worms. The study by
Noffke et al. (2009) on Owenia fusiformis Delle Chiaje,
1844 (Oweniidae) indicates that this polychaete
actively selects medium- to fine-sand particles for tube
construction, rather than the very fine particles found in
adjacent sediments.

Beach sand metals

The survey by Garcia-Céspedes et al. (2004) at three
locations along the Pacific coast of Costa Rica yielded
maximum values of Cu (128 pg g* dw, Golfo Dulce
embayment), Fe (7.33%, Gulf of Papagayo), Pb (8.2 ug
g dw, Gulf of Nicoya and Golfo Dulce), and Zn (109.4
ug gt dw, Golfo Dulce). The Gulf of Papagayo, a
relatively pristine site with no significant sources of
pollution, had the lowest maximum concentrations of
Cu (84.7 pg gb), Fe (7.33%), Pb (3.8 ug g* dw), and
Zn (96.9 pg g dw), which were most likely attributable
to natural sources. The study by Vargas et al. (2016) at
the Cocorocas sand flat, west of the port of Puntarenas,
found that the sediment included fine sands (29.2%)
and very fine sands (41.7%), with 3% organic matter.
Metal concentrations were Fe (46 mg g* dw), Mn (413
nggt), Zn (63 pgg?), Cu(36.2ugg?), Cr(31.5ug g"),
Pb (21.1 nug g%, Ni (16.1 pg g), and Cd (1.1 pg g3).



Metals in Phragmatopoma worm reefs 9

These concentrations were also considered to be within
the range expected for a non-industrialized estuary.
Aluminum had higher concentrations in the present
study (~12 to 25x10°% ug g dw). It was similar to values
observed in the Seine, France (~15 to 32x10% ug g*
dw), which were attributed to the use of sacrificial
anodes in vessels (Gabelle et al. 2012). However,
aluminum has a high natural abundance as aluminosili-
cates in the fine-grain fraction of sediment (Windom et
al. 1989).

The question arises whether the Puntarenas beach
sands collected in 2020 contain relatively high levels of
metals. Macdonald et al. (1996) provided guidelines for
evaluating the effects of metals in coastal sedimentary
environments, revising the concept of TEL, an estimate
of the concentration at which a physiological effect
begins to occur. Several of these concentrations are
included in Table 1 for comparison. The Puntarenas
sands appear below those levels, except copper (8.19-
18.75 ug g* dw over the threshold). The survey by
Buzzi et al. (2022) includes data from 44 studies
worldwide on tourist beach sands. It illustrates the
variability in metal positions when ordered from most
to least abundant. They included the survey by Jonathan
et al. (2011) for sand beaches in Acapulco, on the
Pacific coast of Mexico (16°50'N - 99°52'W), and the
sequence was: Fe > Mn > Zn > Cr > Cu > Pb > Ni >
Cd. Their concentration range is also included for
comparison in Table 1. They indicate that sources of
metals are related in part to tourist activities, hotel
operations, construction, boat operations and mainte-
nance, and the disposal of electronic equipment. Metal
concentrations of Cd, Cr, Fe, Ni, and Mn were slightly
above the United States Environmental Protection
Agency's 2001 limit. In this sense, the concentrations
found in sands at the tip of the port of Puntarenas may
include metals from anthropogenic sources as well as
those of geological origin, but at levels expected for
non-industrialized estuaries, as previously mentioned.

There is no data on the tolerance of sabellariid
worms to metal contamination. Reports for other
polychaetes indicate that certain species can take up
metals, detoxify them, and store some in less toxic
forms (Dean 2008). Moreover, organic matter in the
sediment is important, as high levels often lead to
greater metal accumulation. The relatively low concen-
tration (3%) of total organic matter in Puntarenas beach
sand may be an important factor to explore in future
studies. The accumulation of metals in other intertidal
species has been studied in the muricid snail Acanthais
brevidentata (W. Wood, 1828), which lives on rocks at
the Puntarenas port and the nearby Caldera port

(Vargas et al. 2015). At Caldera, A. bredidentata has
been found to exhibit imposex (the imposition of male
sexual characteristics on female gastropod mollusks)
due to the presence of Sn compounds (Gravel et al.
2006). Individuals of Phragmatopoma in Puntarenas
are constantly exposed to these trace metals within their
tubes. In this context, determining metal concentrations
in the tissues of Phragmatopoma spp. worms are
relevant.
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Figure S1. Differences in metal concentrations (ug g™* dw) observed between sabellarid worm reefs at three intertidal levels
and the adjacent sand for each sampled transect.
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