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Massive Aggregations of Serpulidae Associated With Eutrophication of the Mar Menor, Southeast Iberian Peninsula
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For decades, inputs of nutrients and organic matter into the Mar Menor coastal lagoon have favored the change from an original oligotrophic to a eutrophic state. The lagoon reached a stage of severe eutrophication and “environmental collapse” during the spring of 2016. This paper describes the massive growth of Serpulidae (Annelida, Polychaeta) forming large aggregations and reef structures after the environmental collapse caused by the eutrophic crisis. Four species belonging to the genera Hydroides and Serpula were identified; the identified species are Hydroides elegans, Hydroides dianthus, Serpula concharum, and Serpula vermicularis. The presence of bi-operculate and tri-operculate specimens is also documented in this study.
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INTRODUCTION

Eutrophication and dystrophic crises are increasingly occurring in coastal lagoons around the world (Amanieu et al., 1975; Reyes and Merino, 1991; Ferrari et al., 1993; Mesnage and Picot, 1995; Boynton et al., 1996; Bachelet et al., 2000; Nakamura and Kerciku, 2000; Naldi and Viaroli, 2002; Newton et al., 2003). This is also the case for the Mar Menor, a Mediterranean hypersaline lagoon located in the southwest of Spain and declared as a protected area in several lists, such as the RAMSAR Convention on Wetlands of International Importance, Specially Protected Areas of Mediterranean Importance, European Union Bird Directive (Council Directive 79/409/EEC), and Natura 2000 Network (Figure 1). The Mar Menor is the largest coastal lagoon in the western Mediterranean and covers an area of 135 km2 with an average depth of 3.5 m and a 7-m maximum depth. This lagoon is the main collector of the Cartagena field watershed, and it has a reduced interconnection with the Mediterranean Sea due to the presence of a sandbar called La Manga (Martín de Agar et al., 1986). The lagoon undergoes sudden temperature changes throughout the year (10–32°C), and their salinity varies from 38 to 47 psu. Historically, this lagoon was oligotrophic, with transparent water, low levels of nutrients, and a benthic dominance of the seagrass Cymodocea nodosa, (Ucria) (Ascherson, 1870). The enlargement of the connection channel between the Mediterranean and the lagoon in 1972 increased the water renewal rates, reducing the salinity and extreme temperatures (Terrados and Ros, 1991). Anthropogenic pressures over the last few decades have led to nutrient and organic matter inputs into this lagoon, changing its original oligotrophic state into a eutrophic condition with an associated loss of ecological integrity (Velasco et al., 2006). These pressures have increased in recent years with the growth of intensive agricultural activity causing a drastic reduction in water quality in Mar Menor from the second half of 2015 (Aguilar Escribano et al., 2016). Significant nutrient inputs into the lagoon (mainly due to chemical fertilizers) caused a massive proliferation of phytoplankton, reducing the water column visibility from around 6 m to <0.5 m. The scarce light availability resulting from the exponential growth of the phytoplankton, limited photosynthetic activity to a shallow area (2–4 m depth), with the consequent mortality of the seagrass beds located below this depth limit. In addition, the increased deposition of dead organisms at the bottom of the lagoon intensified the bacterial activity and oxygen consumption (Moreno-González et al., 2013; Jiménez-Martínez et al., 2016; Belando et al., 2017). This situation led to an “environmental collapse” with the water column dominated by phytoplankton and the disappearance of the benthic community below 3 m depth (Hilton et al., 2006; Aguilar Escribano et al., 2016). The benthic vegetation in the lagoon was mainly responsible for controlling the flow of nutrients between the water column and the sediments, so its loss increased the vulnerability and consequently decreased the resilience of the lagoon ecosystem (Meyer and Kump, 2008). These eutrophication processes also caused organic matter and mineralized nutrients to be stored in the sediment, producing a supply of nutrients that can be kept for years (Duarte et al., 2015; McCrackin et al., 2017).
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FIGURE 1. Location of the Mar Menor coastal lagoon: Two localities in the surrounding of the Baron Island: BE (37°41′27.14″N, 0°45′01″W) and BW (37°41′45.89″N, 0°46′37.8″W); two in La Perdiguera Island: PE (37°41′55.7″N, 0°47′47.18″W) and PW (37°41′55.03″N, 0°48′05.46″W), one locality in Las Encañizadas EN (37°47′41.26″N, 0°45′54.31″W) and the port of San Pedro del Pinatar marina SSP (37°49′00.13″N; 0°47′03.71″W).


Between 2016 and 2018, after the eutrophic crisis, a slight recovery of vegetation in the shallow areas of the lagoon and a primary recolonization of invertebrates in the sediment were detected (Ruiz-Fernandez et al., 2019). Serpulid reefs were observed on the sedimentary bottom, and some fan mussel shells (Pinna nobilis; Linnaeus, 1758) were also covered with serpulid aggregations. However, during 2019, the concentration of chlorophyll a in the water column progressively increased to levels similar to those recorded during 2016 (Ruiz-Fernandez et al., 2019). This situation worsened in October 2019, when a heavy flood caused a massive inflow of fresh water into the lagoon, resulting in stratification of the water body (i.e., high salinity with active eutrophication processes in the deeper waters and lower salinity and high nutrient levels of the flood runoff in the shallower waters). This event caused euxinic conditions in the lagoon (Schouten et al., 2001). Euxinic conditions occur when the water is anoxic, and hydrogen sulfide (H2S) levels increase. In this particular case, it has caused the death of macrofaunal community below 3 m, due to the lack of oxygen and the presence of toxins as a result of the decomposition of organic matter by anaerobic bacteria (Meyer and Kump, 2008; Ruiz-Fernandez et al., 2019).

Just weeks after the 2019 Mar Menor euxinic episode, large aggregations of polychaetes from the family Serpulidae Rafinesque (1815) (Annelida, Polychaeta), concentrated in the central coastal region, reappeared.

Polychaetes are one of the most diverse and abundant groups in marine sediments from the intertidal to deep zones, and they are decisively maintaining the structure and function of the marine environment (Bàez and Ardila, 2003). Furthermore, these organisms help to decompose, incorporate, and replace organic matter on the seabed, contributing to the nutrient recycling (Liñero-Arana and Reyes-Vásquez, 1979). Serpulidae is a family of sedentary polychaetes that construct calcareous tubes attached to hard substrata. Immediately after settlement, the worm forms a calcareous tube, which extends as the worm grows. The body is divided into the so-called branchial crown, the limited segment thorax, and the abdomen. The branchial crown bears ciliated pinnulate tentacles, and between them is the operculum (Ghobashy and Ghobashy, 2005). Some genera are found exclusively in estuarine or hypersaline environments and form true reefs with varying structures and dimensions. These “reefs” are usually colonized by epibiont organisms such as bryozoans, sponges, and bivalves, also predators and scavengers (crustaceans, echinoderms, and fish), which are provided with shelter and food (Ten Hove and Van den Hurk, 1993). Serpulids are usually recognized by the presence of an operculum that serves as a plug when the worms withdraw into its tube (Bastida-Zavala, 2009). However, the family includes both operculate and non-operculate taxa, and it is also common to find specimens with pseudo- or rudimentary opercula in addition to the functional operculum. When necessary, the pseudoperculum can develop into a functional operculum, replacing the previous one (Rzhavsky et al., 2014). This is the case for the genera Serpula (Linnaeus, 1758) and Hydroides (Gunnerus, 1768), that are characterized by having a pseudoperculum.

The purpose of this study is to provide an overview of the Serpullidae aggregates that emerged in Mar Menor in multiple habitats (boat hulls, intertidal rocks, and artificial substrates, etc.) over a 3-years period. This study has been carried out after two environmental crises in the coastal lagoon. The environmental conditions that have favored the growth and expansion of serpulids in the lagoon have been investigated. The first record of bi- and tri-operculus specimens in the lagoon is also documented.



MATERIALS AND METHODS

Samples were collected during 3 years (2017, 2018, and 2019) from five localities in the Mar Menor. Two localities in Baron Island: BE (37°41′27.14″N, 0°45′01″W) and BW (37°41′45.89″N, 0°46′37.8″W); two localities in La Perdiguera Island: PE (37°41′55.7″N, 0°47′47.18″W) and PW (37°41′55.03″N, 0°48′05.46″W), and one locality in Las Encañizadas EN (37°47′41.26″N, 0°45′54.31″W) (Figure 1). All locations have been chosen according to the habitat structure and depth. BE and EN are shallow localities with a depth of 1.5 to 3 m and are characterized by a muddy sand sediment covered by a mixed meadow of Caulerpa prolifera (Forsskål) (Lamouroux, 1809) and Cymodocea nodosa. The PE, PW, and BW localities are characterized by muddy bottoms with empty shells of P. nobilis specimens covered with serpulids aggregations. PE and PW are deeper locations with a depth of 5–7 m, while the BW area has a depth of 1.5–2.5 m.

Two different sampling strategies have been used. In the first, collectors installed during 2017 (A1) and 2018 (A2) were used. In total, 12 collectors were installed, four in each of the three locations (BE, BW, and EN), between 1.5 and 2.5 m deep (Figure 1). The collectors consisted of 1 m2 nets and plates that were anchored to the bottom by concrete blocks. In the second sampling strategy, organisms were collected directly from their natural substrates. Sampling was carried out in three different periods during 2019 (March, July, and October), in deeper areas of the lagoon (PE and PW) between 5 and 7 m. depth (Figures 1, 2A). Six P. nobilis shells covered with serpulids aggregates and four specific reef structures were collected from the sediment. Sample B1, collected in March, consisted of an aggregation of serpulids and a shell of P. nobilis; sample B2 was collected in July and included two aggregations of serpulids and three shells of P. nobilis; and sample B3 included an aggregation and two shells of P. nobilis collected in October. These samples were collected prior to the 2019 euxinic event. Furthermore, two structures were sampled in December 2019 (C1) from a boat incrustation in the marina of San Pedro del Pinatar: (SSP: 37°49′00.13″N; 0°47′03.71″W). This sample was collected after the euxinic process (Figures 1, 2B).
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FIGURE 2. (A) Pinna nobilis shell partially jettisoned and covered with Hydroides dianthus aggregations. (B) Hulls of boats in the port of San Pedro del Pinatar from which the December 2019 samples were taken (photo: Ramon Pagan).


All samples were placed in seawater and stored in a refrigerator during transport to the laboratory, where they were fixed and preserved in 10% formalin until identification. Prior to identification, the samples were washed on a 0.5 mm sieve with non-demineralized water. Individuals were then removed from the tubes with the help of tweezers and identified at the genus or species level under a stereoscopic microscope (Bianchi and Morri, 2001; Bastida-Zavala, 2009; Ten Hove and Kupriyanova, 2009; Del Pilar Ruso et al., 2014; Martínez and San Martín, 2019). After taxonomic identification, the organisms were preserved in 70% ethanol.

The calcification rate was estimated for each aggregation by removing all worms from their tubes and drying them in the oven at 80°C for 48 h, after which the weight of the tubes was determined (Riedi and Smith, 2015). In addition, the wet weights of the animals were measured by drying the individuals on tissue paper and weighing them with a digital balance with a 0.001 g accuracy. With the data obtained, the relationship between the dry weight of the tube structure and the live organisms was calculated, obtaining the calcium carbonate values based on the Solís-Weiss (1998) methodology.

In this study, the two most abundant species are Hydroides elegans (Haswell, 1883) and Hydroides dianthus (Verrill, 1873). To estimate the density of the two species, the following measurements were made: the surface area of the reef structure, using a millimeter sheet as a quadrat (m2); the length of each individual tube; and the number of worms found in the structures and their weight. With the data obtained, the number of worms was divided by the area of the structure, and then it was multiplied with the value of the specimens' length and weight: N/A * L * W (N = number of specimens, A = area of the structure, L = length of tubes, W = weight of worms). Density was calculated with reference to the work of Vega et al. (2014) with minor modifications.

Bi-operculate forms of the species Hydroides elegans (Haswell, 1883), Hydroides dianthus (Verrill, 1873), Serpula vermicularis (Linnaeus, 1767), and tri-operculate Hydroides cf elegans have been deposited at the National Museum of Natural Sciences (MNCN), Madrid with the collection numbers: Hydroides elegans MNCN 16.01/18917 and MNCN 16.01/18919, Hydroides dianthus MNCN 16.01/18920, Serpula vermicularis MNCN 16.01/18921, and tri-operculate of Hydroides cf elegans MNCN 16.01/18918.



RESULTS

A total of 4,372 serpulids were quantified from the samples collected in 2017, 2018, and 2019, of which 99.8% were identified at the species level. These belonged to four species in the genera Serpula and Hydroides: S. concharum (Langerhans, 1880), S. vermicularis, H. elegans, and H. dianthus.

In total, 2,830 serpulid specimens were quantified from the fouling collector samples analyzed during 2017 and 2018 (in A1: 887 of which 381 were H. elegans and 173 H. dianthus; in A2: 1.943 of which 693 belonged to H. elegans and 286 to H. dianthus). In both samples (A1 and A2), H. elegans was the most abundant species (67.6%), followed by H. dianthus (19.6%), S. vermicularis (2.1%), and S. concharum (1.7%).

By contrast, H. dianthus was the main species identified in the samples collected by the second sampling strategy, with a total of 451 specimens in the four aggregations on the sediment and 481 in the P. nobilis fouling. In the aggregations on the sediment, H. dianthus constituted 81% of the community in the B1 sample and 61% of the community in the B2 sample, but only 9.4% of the community in the B3 sample. In the structures growing on P. nobilis shells, these were all monospecific, with the exclusive presence of H. dianthus. Finally, the samples collected from the boat fouling during December 2019 (C1) consisted of a monospecific colony of H. elegans. A total of 640 specimens were counted making up 92% of the community present in the structure (Figure 2B).

Bi-operculate (Figures 3A,B) were documented in the fouling collector samples during 2017 and 2018 (A1 and A2), at rates of 4.7% for H. dianthus (Figure 3A), 4.1% for H. elegans (Figure 3B), in relation to the total number of specimens of each species. Moreover, bi-operculate specimens of H. dianthus were collected in 2019, using the second sampling strategy (directed sampling), at a rates of 2.3% in March (B1), 2.2% in July (B2), and 0.1% in October (B3), while bi-operculate specimens of H. elegans were collected from ship fouling in December 2019 (C1) at a rate of 2.0%. In addition, two specimens of Hydroides cf elegans analyzed from the fouling collector samples were tri-operculate, bearing one operculum that looked like a Serpula-type operculum, one that was a typical Hydroides cf. elegans operculum, and one pseudo-operculum.
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FIGURE 3. (A) Bi-operculate Hydroides dianthus exhibiting two opercula with the same morphology on the gill crown. The verticil is composed of eight pointed spines that are completely smooth, the distal ends of which curve toward the ventral side of the operculum, so that the longer spines appear to curve toward the inside of the verticil and the shorter ventral spines appear to curve toward the outside. (B) Bi-operculate Hydroides elegans specimen exhibiting two opercula with different morphologies on the gill crown. The first operculum has a typical H. elegans morphology with two levels: the verticil develops first and then the basal funnel differentiates and expands to fit the hole in the tube. The second operculum presents the typical Serpula morphology.


The calcification rate at A1 was 3.04 in 2017, with an increase to 6.14 in sample A2 in 2018, when the aggregations were dominated by H. elegans. Samples B collected in 2019 during three different periods B1 (March), B2 (July), and B3 (October), showed a calcification rate of 14.9 in the samples (B1), increasing to 25, 8 in samples (B2) and dropping below 7.1 in samples B3. In these B samples, the aggregations were dominated by H. dianthus. In the samples collected from ship fouling in December 2019 (C1), the calcification rate reached an extraordinary value of 38.7, with monospecific structures of H. elegans.

Three quantitative samples B1, B2, and B3 were taken to determine the population density of H. dianthus collected in the sediment. The density of H. dianthus was 43,000 individuals/m2 in B1, 44,400 individuals/m2 in sample B2, and 24,375 individuals/m2 in sample B3.

The density value of H. elegans collected in the ship fouling in December 2019 (C1) was 154,967 ± 86,570 individuals/m2.

The changes that occurred in physical parameters during the study period from 2017 to 2020 in Mar Menor were summarized (Figure 4). In the 1st months of 2017, the temperature fluctuated between 20 and 30°C, salinity remained between 38 and 44 psu, chlorophyll a content remained low at 5 mg/m3, and the oxygen value in the water column was between 7 and 8 mg/L.
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FIGURE 4. Changes in the concentration of chlorophyll a, oxygen, temperature, and salinity in the Mar Menor water column during the study period. Data were obtained from the General Directorate of the Mar Menor of the Ministry of Water, Agriculture, Livestock, Fisheries, and Environment of the Autonomous Community of the Region of Murcia (https://www.canalmarmenor.es). The red line indicates the extreme rainfall event in 2019. The red arrows indicate the different sampling times.


The relative abundance of serpulids in the polychaeta assemblages by sampling period (Figure 5) evidenced that samples collected before the extreme rainfall event and the euxinic crisis that occurred in 2019 showed a dominance of serpulids and specifically of H. elegans and H. Dianthus. Polychaeta assemblage gathered in 2017 (A1) showed a relative abundance of serpulids of 20% in relation to the total number of polychaetes, but an increase in the proportion of serpulids was observed in the samples of 2018 (A2) 45% and 2019 (B1) 80%, (B2) 60%. By the end of the summer of 2019, the level of chlorophyll a had risen to values higher than 15 mg/m3, salinity had decreased between 34 and 36 psu and oxygen values had dropped to 3–4 mg/L. These high values of chlorophyll a and the low values of oxygen reflected again an increase in phytoplankton and other algae, and a consequent decrease in oxygen (https//www.canalmarmenor.es). The dominant species in samples B3 collected in the 1st week of October 2019 (2 weeks before the second environmental crisis suffered in Mar Menor) was H. dianthus but a drop of up to 10% was observed in the relative abundance of serpulids in relation to the total number of polychaetes (Figure 5). The samples collected at the end of December in the sports marina of San Pedro, almost 3 months after the euxian crisis that occurred in the Mar Menor, were dominated by monospecific colonies of H. elegans with a relative abundance of 90% in relation to the total of polychaetes identified (Figures 4, 5).
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FIGURE 5. Relative abundance of Serpulidae in the Polychaeta assemblage by sampling period.




DISCUSSION

The species of Hydroides described in the present study in the Mar Menor coastal lagoon can be clearly differentiated by the morphology of the operculum and verticil spines. However, these structures are often very similar and present a great variability (Bastida-Zavala and Salazar-Vallejo, 2000; Ten Hove and Eliahu, 2005) as in the case of H. elegans and H. norvegica (Gunnerus, 1768). Nevertheless, these two species can only be safely distinguished by examining the special setae: H. norvegica special setae has two large subapical teeth, rarely accompanied by finer denticles and H. elegans special setae has a densely toothed subapical area, ending in two or more slightly thicker upper teeth (Zibrowius, 1971; Ten Hove, 1974). In the two-tier operculum, the verticil develops first, after which the basal funnel differentiates and expands to fit the tube bore (Hedgpeth, 1950; Ten Hove and Wolf, 1984; Bastida-Zavala and Salazar-Vallejo, 2000; Bastida-Zavala and Ten Hove, 2002; Trott, 2004; Ten Hove and Eliahu, 2005; Link et al., 2009). In this study, some specimens of H. elegans showed a modified operculum: the operculum displayed a soft whorl on the top of a funnel not yet fully developed. For similar reasons, H. dianthus is one of the many species that have been confused under the name of H. uncinata (Philippi, 1844), likely due to the remarkable morphological variation of its operculum. However, specimens from hypohaline lagoons have smaller bodies and poorly developed opercula, with dorsal verticil spines that have a blunt tip and are sometimes formed irregularly.

Two species of Serpula were also identified in the lagoon: S. concharum and S. vermicularis. These species differ in aspects related to the operculum, the tube, the abdominal hooks, and the special collar setae. Serpula concharum was easily identified by its very characteristic operculum and tube. However, there has been some taxonomic confusion between the species S. vermicularis and S. cavernicola (Fassari and Mòllica, 1991) due to erroneous morphological descriptions of the collar setae and its basal teeth (Imajima and ten Hove, 1984; Ten Hove and Jansen-Jacobs, 1984; Kupriyanova and Jirkov, 1997; Kupriyanova, 1999; Ten Hove and Kupriyanova, 2009). Serpula vermicularis collar setae usually have two large basal teeth and a serrated edge, while S. cavernicola collar setae have one large basal tooth and a smooth edge (Alcázar and San Martín, 2016). In the present study, no Serpula specimens were found with only one large basal tooth on the collar setae, which would be typical of S. cavernicola. However, all the specimens that were clearly identified as S. vermicularis based on the collar setae had pink and salmon-colored tubes with a series of circular sections that were sometimes clearly denticulate, while previous studies have shown that S. vermicularis specimens have completely smooth white tubes (with the exception of the growth lines) (Bastida-Zavala, 2012). The radiolar crown consists of two halves and includes a finely serrated cone-shaped inverted operculum on the upper edge. The color of the radioles can vary, but reddish or pink tones with white bands predominate.

Hydroids elegans and H. dianthus were the dominant species in the lagoon samples, and are both considered potentially invasive and opportunistic species (Read and Gordon, 1991). Both species have a great capacity to survive and reproduce rapidly in polluted environments with high temperatures and salinities (Link et al., 2009).

Hydroids dianthus was originally described (as Serpula dianthus) by Verrill (1873) from the New England coast. It appears to be native to the east coast of North America, where it is widely distributed in a variety of habitats including open coasts, as well as in partially brackish bays, lagoons, and harbors. In Europe, however, its distribution occurs only in ports and lagoons or immediately adjacent areas (Bastida-Zavala and Ten Hove, 2003b). It is found both in estuaries temperate and subtropical, and does not seem to have the temperature restrictions of other species of the genus Hydroides (Bastida-Zavala et al., 2017). The species have a threshold of tolerance to salinity between 28 and 50 psu, and a temperature range between 5 and 30°C (Zibrowius, 1971), and it presents a rapid growth during the hottest summer periods (Bastida-Zavala and Ten Hove, 2002).

Hydroides elegans populations grow at high densities, changing the ecosystems they colonize (Bastida-Zavala, 2009) and competing for food and space with native species. Although H. elegans has originally been described from Australia (Haswell, 1883), and some authors speculate that it is native from there (Zibrowius, 1992; Ben-Eliahu and ten Hove, 2011; Sun et al., 2015), there is no clear evidence of its Australian origin because this species was also found in the Hawaiian coast at natural and artificial substrates (Long, 1974; Bailey-Brock, 1976; Sun et al., 2015), which suggests a broader Indo-Western Pacific origin. The true origin of its geographical distribution is unknown, so it is impossible to classify it as a native species of a territory. Both species, H. elegans and H. dianthus, are considered to be cryptogenic (Bastida-Zavala et al., 2017). Hydroides elegans has spread in subtropical and temperate waters around the world through transport by ship. Its calcareous tubes and its rapid reproduction cause problems for ships and other maritime structures (Nedved and Hadfield, 2008) (Figure 3B). Indeed, this is one of the dominant species in aquaculture earthen ponds, where the organic content is very high, and the environmental conditions are quite stressful. It has been classified as tolerant species to organic enrichment (Carvalho et al., 2006). It has a tolerance range of salinity between 31 and 37 psu and temperature tolerance range between 5 and 30°C (Zibrowius, 1971). This polychaete can mature and reproduce in only 3 weeks in a favorable environment (Ten Hove, 1974; Hadfield et al., 1994; Unabia and Hadfield, 1999; Bastida-Zavala and Ten Hove, 2002, 2003a; Sun et al., 2012). Some studies have shown that the diversity of the bacterial community in the marine environment produces a signal that is received by H. elegans larvae improving their settlement and survival (Unabia and Hadfield, 1999). Hydroides elegans is also considered a bioindicator of polluted waters because it can live in areas that have suffered a high level of environmental degradation and active bacterial growth (Carpizo-Ituarte and Hadfield, 1998). Usually, these polychaetes have a significant impact on the ecosystems they colonize, threatening native biological diversity and even the economy (Villalobos-Guerrero et al., 2014). Both species are distributed throughout the western Mediterranean, many of the locations cited being coast lagoons (Table 1). Changes in temperature, oxygen, salinity, and especially chlorophyll a indicate the eutrophic state of a body of water, which is related to the development of plankton in the water column, and this development, in turn, is related to the availability of nutrients (Figure 4). Thus, for example, a higher content of chlorophyll a indicates a higher supply of nutrients. Since 2017, aggregations of H. dianthus have been observed on live and dead P. nobilis shells in shallow areas of Mar Menor, and numerous remains of partially “dissolved” shells that were covered with polychaete aggregations have been found in deep areas of the lagoon, below 3 m depth (pers. Obs.). These aggregations of H. dianthus could be a consequence of eutrophication in the lagoon. Eutrophication has serious implications for calcium carbonate production and dissolution among organisms with calcareous structures, which have weaker shells, at low pH levels (Sanchez Gomez-Leon and Mejia-Piña, 2018). Some authors who have concluded that the high reduction in calcium carbonate production is likely caused by the dissolution of previously deposited calcium carbonate (Brown and Elderfields, 1996; Glas et al., 2012), and Reymond et al. (2013), found that a pH below the threshold of 7.6 can lead to a decline in calcification of invertebrate structures (Gazeau et al., 2013). Mar Menor reached pH values below this limit during the eutrophication event in 2016 (Álvarez Rogel et al., 2016). Thus, the rapid formation of H. dianthus carbonate aggregations may have been at the expense of the affected P. nobilis shells, due to the sudden change in pH associated with this eutrophication crisis.


Table 1. Locations where Hydroides elegans and H. dianthus have previously been recorded in the Mediterranean.
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In the marine environment, the invasive ability of a given species is determined by not only its biological characteristics (resistance to changes in physical–chemical factors, competition, reproductive, demographic strategy, etc.) but also the state of conservation of the potential host ecosystem (Giménez-Casalduero, 2006). In this sense, ports and some lagoons are an unstable system with high anthropogenic pressures that generally have reduced diversity and frequently present symptoms of environmental dysfunction (eutrophic episodes, hypoxia, etc.), increasing their propensity for establishing populations of non-native species (Kocak et al., 1999). Consequently, the study of marine biota of port and lagoon systems is an important tool for monitoring species distribution and abundance, assessing their invasive potential, and establishing protection measures against associated environmental risks (El Haddad et al., 2012).

Changes in various physical and chemical parameters due to the effects of anthropogenic inputs can lead to modifications in the structure of communities, with some species being favored over others and becoming dominant (Martínez-López et al., 2001). Polychaetes are used as indicators of pollution and of the sensitivity of marine ecosystems to changes in the environment, including those induced by human activities (Liñero-Arana and Reyes-Vásquez, 1979). Thus, knowledge of the polychaete community is a fundamental requirement of environmental studies, not only in those places that experience alterations of anthropogenic or natural origin, to calculate the degree and type of damage, but also in ecologically healthy areas to estimate the richness or productivity of the systems (Del Pilar et al., 2009).

Calcium carbonate precipitation is one of the biological ways in which carbon dioxide can be seized in the ocean. On the contrary, the increase in carbon dioxide that is generated by anthropogenic activities is considered one of the precursors of the acidity of the oceans. In coastal environments, anthropogenic influences can cause unfavorable conditions for the conservation of calcium carbonate due to excessive contributions of organic matter and/or nutrients (Sanchez Gomez-Leon and Mejia-Piña, 2018). In the present study, the carbonate concentration aggregations were calculated considering the relationship between the dry weight of the tubes of the dominant species, so as not to create confusion between the largest and smallest tubes, and the number of individuals found. This yielded very different values between the years of study, ranging from 3.04 in 2017 (A1) to 6.14 in 2018 (A2) and different values in the different months of 2019, 14.9 in March (B1), 25.8 in July (B2), 7.12 in October (B3), and 38.07 in December (C1). The low concentration of carbonates in the 2017 samples could be associated with the dominant species, as well as with the low number of serpulids (Figure 5), and it is also associated with the different physical parameters of the water column. In the following years, the number of specimens increased, perhaps in relation to the increase in eutrophication, which causes a high availability of nutrients, an increase in pH and, consequently, an increase in dissolved calcium carbonate, which could favor the tube formation (Fabry et al., 2008; Doney et al., 2009; Wicks and Roberts, 2012).

In this study, the presence of specimens of H. elegans, H. dianthus, and S. vermicularis with two opercula was documented. Hydroides elegans has a particular propensity for developing bi-operculate specimens (Rioja, 1919; Sentz, 1962; Alcázar and San Martín, 2016). In some bi-operculate organisms, both opercula have similar morphological characteristics, while in others, each operculum has a different morphology. Ten Hove and Eliahu (2005) coined the term “bi-operculate chimera” to indicate the ontogenetic state of having two different types of operculum that occurs in some species of Hydroides. Okada (1933) noted the presence of bi-operculate individuals while studying the phenomenon he called “compensatory regulation” and explained their presence under natural conditions as a phylogenetically primitive condition as opposed to being a result of malformations. The presence of two opercula was considered a result from the regeneration of a damaged operculum, activated by the developmental inhibition that is exerted by the operculum on the pseudo-operculum, and this theory was also maintained by La Greca (1949). However, although this theory seems, in principle, to be a plausible explanation for the presence of bi-operculate individuals, no evident breaks were found in the upper part of the secondary operculum. Indeed, the only anomaly that was found occurred in the tri-operculate specimens of Hydroides cf elegans, in which the primitive operculum was duplicated. According to Ten Hove and Eliahu (2005), this state concerns a transient and very short ontogenetic state due to a guarantee of the reproduction and, therefore, the continuity of life in environments with high contamination. Previous studies reported that malformations or anomalies in polychaetes were related to exposure to pollutants and its effects at many levels: individual, specific, population, and community (Coutinho and Santos, 2014). More recent studies on samples collected elsewhere have shown that when two opercula are present, the largest operculum directly or indirectly inhibits the developmental power of the smallest, leading to a state of equilibrium (Kubal et al., 2012). Molecular studies have attributed this inhibition to the presence of a high concentration of the nucleotide 5′-adenosine monophosphate in the functional operculum, with the inhibitory effect only occurring when the nucleotide concentration increases above a certain level and regeneration occurring when this level is reduced (Puccia et al., 1976). The relatively abundant presence of biperculated and trioperculated specimens in the Mar Menor could be related to the environmental conditions, low pH, availability of CO2, and the presence of high bacterial concentration. It would be necessary to analyze the effect of these environmental conditions on the reproduction rates of the serpulids, possible self-fertilization, and genetic drift in the lagoon populations, and the effect of all these over the presence of bi and trioperculated specimens.
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Location Locality H. elegans H. dianthus

Tzmir (Turkey) Coast X de Quatrefages, 1866

Trieste (ltaly) Port X X Hatschek, 1885

Etang de Thau (France) Basin X Soulier, 1902

Mélaga (Spain) Coast X Rioja, 1917

Naples (Italy) Port X X Lo Bianco, 1892; Fauvel, 1919
Lake Bizerte (Tunisia) Coastal lagoon X Seurat and Dieuzeide, 1933
Venice Lagoon (ltaly) Coastal lagoon X Laubier, 1962

Lake of Tunis (Tunisia) Coastal lagoon X Vuillemin, 1965

Haifa (israel) Port X Queiroz, 1968

Savona (ltaly) Coast X Zibrowius, 1969

La Spezia (taly) Port X Zibrowius, 1969
Civitavecchia (ialy) Port X Taramelii-Rivosecchi and Chimenz-Gusso, 1970, 1972, 1976
Genova (taly) Port X Relini et al., 1976

Israel Coast X Ben-Eliahu, 1977

Orbtello Lagoon (taly) Coastal lagoon X Bianchi, 1978

Catania (italy) Port X X Cantone et al., 1980
Comacchio (ltaly) Coastal lagoon X Bianchi, 1981

Lesina (ialy) Coast X Bianchi, 1981

Marano Lagoon (italy) Coastal lagoon X Bianchi, 1981

Ebro Delta (Spain) Coastal lagoon X Capaccioni-Azzati, 1987

Mar Menor (Spain) Coastal lagoon X Pérez-Ruzafa, 1989

Taranto (ltaly) Port X Zibrowius, 1991

Marssille (France) Port X Zibrowius, 1991

Alessandria (Egypt) Coast and Port X Zibrowius, 1991

Cagliri (taly) Port X Zibrowius, 1991

Naples (Italy) Port X Zibrowius, 1991

Venice Lagoon (italy) Coastal lagoon X Mizzan, 1999

Venice Lagoon (italy) Coastal lagoon X X Occhipinti Ambrogi, 2000
Aegean Coast (Turkey) Coast X Simboura and Nicolaidou, 2001
Barcelona (Spain) Port X Ramos, 2010

Mear de Alborén (Spain) Coast X Alcézar and San Martin, 2016
Aguilas (Murcia) (Spain) Coast X Alcézar and San Martin, 2016
Los Aftaques (Spain) Coast X X Alcézar and San Martin, 2016
Blanes (Gerona) (Spain) Port X X Alcézar and San Martin, 2016
Escombreras (Cartagena) (Spain) Port X Alcézar and San Martin, 2016

The first report from each locality is identified in chronological order.
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