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Abstract: Phyllodocida is a clade of errantiate annelids characterized by having ventral sensory
palps, anterior enlarged cirri, axial muscular proboscis, compound chaetae (if present) with a single
ligament, and of lacking dorsolateral folds. Members of most families date back to the Carboniferous,
although the earliest fossil was dated from the Devonian. Phyllodocida holds 27 well-established and
morphologically homogenous clades ranked as families, gathering more than 4600 currently accepted
nominal species. Among them, Syllidae and Polynoidae are the most specious polychaete groups.
Species of Phyllodocida are mainly found in the marine benthos, although a few inhabit freshwater,
terrestrial and planktonic environments, and occur from intertidal to deep waters in all oceans. In
this review, we (1) explore the current knowledge on species diversity trends (based on traditional
species concept and molecular data), phylogeny, ecology, and geographic distribution for the whole
group, (2) try to identify the main knowledge gaps, and (3) focus on selected families: Alciopidae,
Goniadidae, Glyceridae, Iospilidae, Lopadorrhynchidae, Polynoidae, Pontodoridae, Nephtyidae,
Sphaerodoridae, Syllidae, Tomopteridae, Typhloscolecidae, and Yndolaciidae. The highest species
richness is concentrated in European, North American, and Australian continental shelves (reflecting
a strong sampling bias). While most data come from shallow coastal and surface environments
most world oceans are clearly under-studied. The overall trends indicate that new descriptions are
constantly added through time and that less than 10% of the known species have molecular barcode
information available.
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1. Introduction

The order Phyllodocida was first formulated as monophyletic by Dales [1], based on
the muscular pharynx shared by the members of the clade. Later it was supported based on
characters such as the ventral position of sensory palps, the presence of anterior enlarged
cirri, the loss of dorsolateral folds (i.e., protrusible dorsolateral walls of the foregut), the
presence of an axial muscular proboscis and the presence of compound chaetae with a
single ligament [2]. It was further considered paraphyletic [3], but its monophyly has
been recovered with strong support by modern molecular approaches [4,5]. Phyllodocida,
like most soft-bodied polychaetes, is not well represented in the fossil record, but fossil
specimens have been described from several families [3,6]. Most extant groups first appear
in the Carboniferous [7], although Arkonips topororum Farrell & Briggs, 2007 [8], from the
Devonian, seems to group within Phyllodocida, thus possibly constituting the earliest
known member of the clade.

As currently delimited, Phyllodocida is one of the largest and most diverse polychaete
clades. It includes Aphroditiformia, Glyceriformia, Nereidiformia, and Phyllodociformia,
each with several generally well-defined clades interpreted with the taxonomic hierar-
chical level of family, but also several unplaced taxa (as Phyllodocida incertae sedis). In
total, Phyllodocida holds more than 6600 species-level taxa, of which around 4627 are
currently considered valid in the World Polychaeta Database (WPD) [6], where 28 fami-
lies (excluding Pholoidae, a synonym of Sigalionidae [9]) and 566 valid genera are listed.
However, higher taxa are constantly being revised as more insights from molecular meth-
ods and new morphological data (e.g., through microCT, confocal imaging, etc.) become
available [10,11].

Phyllodocida is a ubiquitous group of annelids. Most members are typically marine
benthic, but a small fraction also inhabit brackish waters, freshwater, and even terrestrial
environments, and a few are holoplanktonic [12]. Benthic forms live as in- or epifauna
in muddy and sandy bottoms, mixed sediments, under rocks, or hiding in crevices in
hard surfaces, from shallow littoral to the deepest marine bottoms [3], including extreme
environments such as hydrothermal vents [13-15]. Most species are free living (espe-
cially within Nereidiformia and Phyllodociformia), some burrowing in sediments (e.g.,
Glyceriformia), and some are tubicolous (e.g., some Aphroditiformia) [12]. Most species
are ‘active-searching’ or ‘sit-and-wait” predators, feeding on other invertebrates (e.g.,
among Nereidiformia, Phyllodociformia, Glyceriformia, or Aphroditiformia); some may be
carrion-feeders and herbivorous, rarely alternate these trophic guilds with filter feeding
(e.g., among Nereidiformia) [12]. Moreover, a large number of species (particularly within
Aphroditiformia) live symbiotically with other benthic species (including echinoderms,
cnidarians, decapods and, even, other polychaetes) [16,17].

Phyllodocida are among the most phylogenetically diverse groups of organisms [18,19],
while the key roles they play in marine ecosystems lead them to be a demanding compo-
nent for morphology-based biomonitoring [20]. Moreover, molecular tools are also being
increasingly integrated in regular and large-scale biomonitoring initiatives thanks, for in-
stance, to high-throughput sequencing technologies [21,22]. However, to achieve their full
potential, the creation and constant improvement of DNA barcode libraries is an essential
task to support species identification. Together with the emergence of DNA metabarcoding
and eDNA-based approaches for ecological and biological research [23], the need to update
molecular libraries becomes crucial [24] not only for already known species, but also for
the remarkable hidden diversity that is being continuously revealed with the support
of molecular data [25-27]. Taking this into account, the first part of this paper aims at
analyzing all public Barcode Of Life Data System (BOLD) [28] data to assess the worldwide
DNA barcode coverage for the species of Phyllodocida. This will allow us to evaluate
taxonomic uncertainties, as well as to analyze species phylogenetic diversity, to improve
DNA metabarcoding studies at the taxonomic assignment step [24] and to highlight the
existing knowledge gaps and the main still-pending taxonomic revisions.
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The literature on the species of the order is immense, as can be partly shown just
by going through the list of authors describing new species compiled in the WPD [6].
In addition, there are also numerous papers on anatomy, biology, ecology, and other
disciplines (some of them, but certainly not all, listed in the present paper). Such a vast
amount of information makes reviewing diversity-related aspects in the group challenging.
In this sense, we will also focus on providing wide-spectrum information on different topics
dealing with a selected group of representative families (and here we use Linnean ranks
for practical purposes) within Phyllodocida, mainly targeting diversity-related aspects.
Relying on the different expertise of the involved authors, the groups included in this paper
are the two families of Glyceriformia (i.e., Goniadidae and Glyceridae), the holoplanktonic
Alciopini, lospilidae, Lopadorrhynchidae, Pontodoridae, Tomopteridae, Typhloscolecidae
and Yndolaciidae, and the families Nephtyidae, Polynoidae, Sphaerodoridae, and Syllidae.

2. Materials and Methods
2.1. Species List

Species and subspecies for Phyllodocida were downloaded from the WPD [6], a
subset of the World Register of Marine Species (WoRMS) [29] on 2020-09-06, using the
Worrms library [30] in R 3.6.1 (R Foundation, Vienna, Austria) [31]. Subsequently, taxa
with an unclear taxonomic status (nomen nudum, interim unpublished, temporary name,
uncertain, taxon inquirendum) were excluded. Alternative representations of names were
treated as objective synonyms (all data and scripts available via figshare—DOI: https:
//doi.org/10.6084/m9.figshare.13678570, posted on 2 March 2020).

2.2. Occurrence Records

Distribution records were downloaded on 2020-04-21 from the Ocean Biodiversity
Information System (OBIS) [32] using the library Robis [33] in R and additional records
were downloaded from the Global Biodiversity Information Facility (GBIF) via the online
search interface [34]. The two datasets were joined and duplicate records (same species
sampled at the same location on the same date) were excluded. Only species-level records
were considered, and they were matched against the WPD [6] to obtain the currently
accepted names. Species with an unclear taxonomic status (i.e., nomen nudum, interim
unpublished, temporary name, uncertain, taxon inquirendum) and fossil records were
excluded. Coordinates were rounded to two decimal places to obtain the same precision
for all coordinates. Points falling on land were removed with the Obistools package [35] in
R (with a buffer of 5 km to allow for imprecision in the coastline and to include lagoons
and swamps). For depth analyses, points deeper than 10,902 m were excluded. Depths in
OBIS are given as positive numbers, any negative numbers were checked manually and
converted to true depths. This resulted in a dataset of 538,599 records, covering all families
of Phyllodocida, all geographic regions and latitudes and all depths.

2.3. Biogeographic Distribution

We used a system of biogeographic regions dividing the world’s ocean into 32
realms [36]. As these realms do not constitute regions of similar sizes or depths, for a
finer resolution, a hexagon grid with equally sized cells of ca. 69,967.85 km? surface was
created using the dggridR package in R [37]. For analyses of latitudinal patterns, data were
grouped into 5° latitudinal bands. Depth distributions were analyzed within depth zones
from intertidal to hadal (intertidal and shallow subtidal: <10 m, high subtidal: 10-100 m,
low subtidal: 100-200 m, continental slope: 200-1000 m, bathyal: 1000-4000 m, abyssal:
4000-6000 m, hadal: >6000 m). No standardization of the ocean surface or water column
volume corresponding to these intervals was performed, as the scope of the analysis was
merely descriptive.

As the data exhibit a strong sampling bias towards the coasts of Europe and North
America and species richness is strongly correlated with the number of records, the ex-
pected number of species for a random sample of 50 occurrence records (ES50) [38] for each
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observational unit (hexagon cell/region/latitudinal band /depth interval) was calculated
using the calc function by OBIS in R (https:/ /github.com /iobis/ebsa/blob/master/lib.R,
accessed on 20 April 2020) using frequencies of species per observational unit in place
of abundances.

Uniqueness of species was calculated by determining which percentage of the total
number of species in a biogeographic area were unique for that area (i.e., did not occur in
any other biogeographic area).

2.4. Non-Indigenous Species

A list of non-indigenous species and their regions of introduction was compiled from
the World Register of Introduced Marine Species (WriMS) [39] and additional literature
sources [40—45] and plotted using shapefiles for regional seas [46]. Non-indigenous species
are defined as “species introduced outside of their natural range (past or present) and
outside of their natural dispersal potential” [47].

2.5. Data Mining and BOLD Dataset Creation

We uploaded a list of selected taxa of Phyllodocida to BOLD [28] (CL-MTVPP, DOLI:
https://doi.org/10.6084 /m9.figshare.13678570, posted on 2 March 2020), comprising
27 families, 566 genera, 4680 species, and 161 subspecies. We also uploaded a list of species
considered non-indigenous (CL-MTAPP, DOI: https://doi.org/10.6084/m9.figshare.13
678570, posted on 2 March 2020), containing 13 families, 44 genera, 62 species, and one
subspecies (Table 1). We used the BOLD platform to search for all the publicly available
COI-5P sequences from Phyllodocida and GenBank to create the dataset DS-MTAPP (DOI:
https:/ /doi.org/10.5883/DS-MTAPP, posted on 2 March 2020) for the analysis. A species
was considered successfully barcoded if at least one COI-5P sequence (>300 bp) was avail-
able. COI sequences without information on species name and with less than 300 base
pairs, lacking BINs and flagged for contamination, stop codons or indels were subse-
quently removed. We started from a dataset containing 11,799 sequences corresponding
to 1418 species. However, only 7831 barcodes (from 830 species) were publicly available.
Using them we apply the methods described above to obtain a final dataset (also used for
statistical analyses) that included 6361 DNA barcodes from 620 species (3509 exclusive to
BOLD and 2852 mined from GenBank making). Since most GenBank records lack metadata
(e.g., GPS coordinates, depth), we excluded GenBank-only records from the species list to
generate a new dataset with 3509 records that was also uploaded to BOLD (DS-MTBPP,
DOI: https:/ /doi.org/10.5883 /DS-MTBPP, posted on 2 March 2020) to analyze bathymetric
patterns in barcode availability.
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Table 1. Non-native species. PO: possible origin; AOI: area of introduction; BNN: number of sequences (seq) barcoded non-native areas; BOA: number of sequences (seq) barcoded in

other areas.

Family Species TL AOI BNN BOA Source
Chrysopetalidae Bhawania goodei Bermuda Mediterranean Sea Florida Keys, USA (1 seq) [39]
Artic Russia (9 seq)—Kandalaksha
Bay, Velikaya Salma Strait;
. . NAmerica (10 seq)—Hudson Bay,
Glyceridae Glycera capitata Greenland Black Sea Canada; Saglek Fiord, Canada; [40]
Devon Island, Canada; Alaska,
USA; Ratnagiri coast, India (2 seq)
Hesionidae Podarkeopsis capensis South Africa E Mediterranean N Spain (1 seq) [39]
Nephtyidae Inermonephtys inermis (V Florida Keys, USA Red Sea China (3 seq)—Laizhou Bay [40]
Australian Exclusive Economic
. . . Zone; Argentina; Caribbean Sea; .
Nereididae Alitta succinea Cuxhaven, Germany Hawaii; Japan; South Africa; USA Atlantic (8 seq) [39,40]
USA Pacific
Kandalaksha Bay, Velikaya Salma
g . ) Manger (N Bergen, . Strait, Russia Arctic (3 seq)
@ & & q
Nereididae Alitta virens Norway) Baltic Sea, North Sea St. Andrews, Blockhouse, USA [40]
Atlantic (50 seq)
Nereididae Leonnates decipiens Gulf of I\éirelgir’ Indian Mediterranean India (1 seq)—Mumbai coast [40]
. China (2 seq)—Yuandang Lake in
Nereididae Namalycastis abiuma Santa Cag;;;za Island, Hawaii Xiamen; India [40]
(5 seq)—Kadinamkulam estuary
. . Portugal (5 seq); Hawai (1 seq), USA
Nereididae Neanthes acuminata ) Gulf of Naples, Italy USA Pacific S California, USA Atlantic, Connecticut (5 seq); Baja [40]
(54 seq) . . e .
California, Pacific Mexico (6 seq)
o L o No GPS data (7 seq); Zhoushan
Nereididae Perinereis aibuhitensis Palau, Pacific Ocean Japan, Portugal Zhujiajian, China (1 seq) [40]
Nereididae Perinereis nuntia Gulf of Suez Mediterranean Sea Pari Island, Indonesia (1 seq) [40]
Nereididae Pseudonereis anomala Gulf of Aden Mediterranean Sea Queensland, Australia (21 seq) [39]
Paralacydoniidae Paralacydonia paradoxa ¥ Monaco, I\/éi(ahterranean Red Sea Bohai Sea, China (18 seq) [39,40]
NE Atlantic (29 seq)—Scilly islands,
Phyllodocidae Eumida sanguinea &) Denmark (Kattegat) Hawaii Great Britain; Finnmark, Norway; [40]

Bergen, Norway; Bohusldn, Sweden;
Helsingor, Denmark
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Table 1. Cont.

Family Species TL AOI BNN BOA Source
Pilargidae Sigambra parva S South Africa E Mediterranean Ratnagiri coast, India (2 seq) [39]
) Paralepidonotus e
Polynoidae ampulliferus Philippines New Zealand No GPS data (3 seq) [40]
Polynoidae Subadyte pellucida ©) Croatia, Adriatic Sea Red Sea Cadiz—Spain (2 seq) [40]
Sigalionidae Pisione guanche La Gomera, Spain E Mediterranean Lanzarote, Spain (1 seq) [39]
Port of Los
. Angeles, San
. . @) . . . re g ,
Syllidae Amblyosyllis speciosa Misaki, Japan USA Pacific Pedro Marina [40]
(3 seq)
Syllidae Branchiosyllis exilis ® Djibouti, Red Sea Aegean Sea, USA Pacific Shark Bay, Western Australia (1 seq)
Syllidae Eusyllis kupfferi Madeira island, Portugal E Mediterranean Kalbarry, Western Australia (1 seq) [39]
Syllidae Syllis bella ©) Laguna ]?_?;;,h, Pacific E Mediterranean Philipines (1 seq) [39]
Peru (5 seq); Australia (2 seq); Los
. . . Gulf of Naples . Angeles, Pacific USA (12);
(10) ples, geles, ;
Syllidae Syllis gracilis Mediterranean Sea Argentina Phillipines (8 seq); Italy (2 seq); (401
Galicia, Spain (4 seq)
. .. . o Manazuru Peninsula, Pacific coast
Syllidae Megasyllis nipponica Sea of Japan USA Pacific of Japan (1 seq) [40]

@ Red sea specimens differ slightly from Western Atlantic specimens and thus require confirmation [48]. @ Natural distribution not clearly delimited, reported areas of introduction are near the type locality,
so status in these areas unclear. In addition, North Atlantic and North Pacific specimens comprise at least two cryptic lineages [49]. ® Different clades (possibly species) in different worldwide localities
have been confirmed with molecular methods [50]. ® Red Sea record in Fauvel (1933) [51] and should be reviewed. ®) Known species complex, comprised of at least 10 different cryptic species in Europe
alone [25]. Thus worldwide locations likely host undescribed species, too. ) Several specimens previously assigned to S. pellucida have been re-examined [52] and assigned to Subadyte albanyensis Hanley &
Burke, 1990 [53]. Thus, the presence of S. pellucida in the Red Sea needs confirmation. ) See details in Section 3.2.5 and in Aguado et al. [54]. ® A species complex in need of revision. Mediterranean specimens
could belong to the native Branchiosyllis cirropunctata (Michel, 1909) [55], which previously considered a synonym of Branchiosyllis exilis (Gravier, 1900) [56] by Faulwetter [41]. Thus, worldwide locations likely
host undescribed species, too. ) Minor morphological differences between specimens from California and Lebanon reported [57]. 1% Known species complex, comprised of at least three different cryptic species
in the Mediterranean alone [58]. Thus, worldwide locations likely host undescribed species, too.
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2.6. Data Processing and Analyses

We conducted a global gap-analysis by comparing the available barcoded species
of Phyllodocida by 4 April 2020 and its congruence with the total number of valid
species [24,59,60]. We compared the species list CL-MTVPP with all publicly available COI-
5P sequence records using the BOLD checklist tool to obtain the percentage of barcoded
species. We only included records identified at the species level and discarded those with
tag codes added by BOLD users. Tag codes are often used either to distinguish lineages
within cryptic complexes or between different populations in certain BOLD projects. As
such, these records are considered as different species by the Checklist Progress Report
(CPR) tool in BOLD. Thus, they will not match with the corresponding species found
by the CPR tool (e.g., ‘Nereis pelagica CMCO01” will be considered a different species from
“Nereis pelagica’).

All species in the dataset had a Barcode Index Number (BIN). We annotate them with
one of four possible taxonomic congruency grades: Discordant (i.e., more than one nominal
species assigned to the same BIN, which often include conflicts with sequences of species
labelled with tag codes), complex (i.e., one nominal species assigned to more than one BIN),
concordant (i.e., one species assigned to a single BIN), and singletons (nominal species
with just one available sequence). We carefully inspected discordant BINs by checking
their placement in neighboring-joining (NJ) phenograms, looking for valid species names,
synonyms or contaminations, and by inspecting BINs” content on BOLD database. We
considered BINs as “complex” when the same species had more than two sequences for at
least two different BINs and were close to each other in the phylogenetic tree. Additionally,
if the same species have two BINs with more than two sequences and a third BIN with
one sequence, we would consider the third BIN as part of the complex as well, instead
of a singleton. The BIN system clusters COI sequence data into molecular operational
taxonomic units (MOTUs) independent of prior taxonomic assignment. As such, allows us
confirming barcode sequence clusters vs. species designations concordance. We performed
this validation by comparing the taxonomy on input records against all others in the same
BINs, including those submitted and managed by other users [28].

We built the worldwide barcode map based on georeferenced data with the dggridR
package in R (see Section 2.3 for details) and we used the BOLD Accumulation Curve tool
to visualize the total number of sequences, species and BINs over time, for the whole order
and for each family of Phyllodocida. We represented further data analyses by histogram
and pie charts created with Microsoft Excel.

2.7. Analyses at the Family Level

The cumulative curve of accepted species along the temporal axis [61] for each selected
taxon was calculated based on the year of description according to the WPD [6]. We have
considered recent, currently accepted species names since the first species attributed to a
given family. The information for each targeted family has been based on a selection (i.e.,
according to the authors criteria) of the respective most relevant references that are listed
directly in the reference list.

3. Results and Discussion
3.1. Species Diversity Trends among Phyllodocida

Based on the data from the WPD (see Section 2.1. for details), the most species-rich
family by far is Syllidae, with over 1100 currently accepted species, followed by Polynoidae,
Nereididae, and Phyllodocidae (Figure 1a). In most families, about half of all described
species names are currently considered accepted, though in some species the number of
synonymized species names is considerably higher or lower (Figure 1b). The first species
in what is today Phyllodocida was described in pre-Linnean times as Aphrodita aculeata
Linnaeus, 1758 [62], previously known as Eruca echinata Barrelier, 1714 [63]. Since then, the
number of described species has been growing at first slowly and more rapidly after the
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1860s, when several major works were published [64-67]. To date, there is no indication
that the number of newly described species is slowing (Figure 2a,b).

a b

Syllidae
Polynoidae
Nereididae

Phyllodocidae
Sigalionidae
Hesionidae
Nephtyidae
Sphaerodoridae
Pilargidae
Aphroditidae
Goniadidae
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Phyllodocidae
Sigalionidae
Hesionidae

Nephtyidae
Sphaerodoridae
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Aphroditidae
Goniadidae

Chrysopetalidae Chrysop
Glyceridae Status Glyceridae
Acoetidae unccepted . Acoetidae

Mlcrophthalm!dae accepted . Mlcrophthalm!dae
Tomopteridae Tomopteridae
Pholoidae Pholoidae
Eulepethidae Eulepethidae
Lopadorrhynchidae Lopadorrhynchidae
Typhloscolecidae Typhloscolecidae
Lacidoniidae Lacidoniidae
Ipnionidae Ipnionidae
lospilidae lospilidae
Yndolaciidae Yndolaciidae
Paralacidoniidae Paralacidoniidae
Antonbrunidae Antonbrunidae
Pontodoridae Pontodoridae
Ichthyotomidae Ichthyotomidae
0 300 600 900 0% 25% 50% 75% 100%

Number of species Number of species

Figure 1. (a) The number of currently accepted species per family; (b) percent of accepted and unaccepted species names
per family. Based on the WPD.
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Figure 2. Description rates of species in Phyllodocida, based on the WPD. (a) Cumulative number of newly described
species; (b) number of species described each year. Green: all species names including those currently unaccepted, blue:
currently accepted species names.

3.1.1. Biogeographic Distribution Patterns

Phyllodocida are distributed globally, although the highest numbers of species have
been reported from European, North American (especially the Gulf of Mexico), and Aus-
tralian waters (Figure 3a). However, these numbers are biased by an increased sampling
effort in these regions and do not reflect true species richness, as species richness was
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highly correlated with the number of records (Spearman’s p = 0.737332, p < 0.001 for
hexagons, p = 0.6774194, p < 0.001 for biogeographic regions). The five species with the
most occurrence records were Nephtys hombergii (Savigny in Lamarck, 1818) [68], Hediste
diversicolor (O.F. Miiller, 1776) [69], Nephtys cirrhosa Ehlers, 1868 [65], Eteone longa (Fabri-
cius, 1780) [70], and Goniada maculata Orsted, 1843 [71]. The five families with the most
occurrence records were Nephtyidae, Phyllodocidae, Syllidae, Nereididae, and Polynoidae.
The five species with the widest distribution (highest number of hexagon cells) were the
holopelagic Pelagobia longicirrata Greeff, 1879 [72], Tomopteris septentrionalis Steenstrup,
1849 [73], and Typhloscolex muelleri Busch, 1851 [74], as well as the benthic Glycera capitata
Orsted, 1843 [71] and Harmothoe imbricata (Linnaeus, 1767) [75]. The five taxa with the
widest distribution were Phyllodocidae (including the holoplanktonic Alciopini), Poly-
noidae, Nereididae, Syllidae, and Lopadorrhynchidae.

Species richness
B 50-100 >100-150 >150-200 sa00-250 [0 s2s0-300 [ >s00-350

ES50

. 1-10 >10-20 >20-30 >30-40 >40-50 . >50

Figure 3. Global species richness of Phyllodocida. (a) The number of species; (b) expected number of
species (ES50).

ES50 was slightly less biased than the number of species. While still showing the
highest values in European, North American, and Australian coasts, those of South America
and Antarctica also hosted a considerable diversity (Figure 3b). However, ES50 assumes
sufficiently large sample sizes and the same sampling methods. In our analysis, many
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cells do not have a species number large enough for ES50 to be calculated, thus preventing
acceptable estimates of the respective number of expected species. When analyzing larger
biogeographic areas [36], the most species-rich were the Caribbean/Gulf of Mexico and the
coasts of the Indian Ocean (Figure 4a). However, being large areas, sampling efforts were
slightly more balanced and the ES50 gave what looked like a more accurate picture, with
hotspots of species diversity in the Red Sea and the coastal Indian Ocean (Figure 4b).

Some biogeographic areas—notably Antarctica and the Pacific coasts of the America
and Asia—had very unique species compositions, with 40-50% of endemism (i.e., species
reported only from a given area). Similarly, circumtropical areas had a high number of
unique species (with the exception of the offshore Indian and Pacific Ocean). Endemism
was less frequent in the temperate areas of the Atlantic and the Arctic Oceans (Figure 4c).
Latitudinal patterns of sampling effort appeared strongly biased towards the northern
hemisphere (Figure 5a). However, raw species richness did not reflect this sampling bias,
showing a secondary peak in the southern hemisphere (Figure 5b). ES50 appeared less
biased, with lower numbers in temperate latitudes and several distinct peaks (Figure 5c).
The number of occurrence records was correlated with the number of species (Spearman’s
p =0.7413102, p < 0.001) but not with ES50 (Spearman’s p = 0.3011364, p < 0.08883).
The weak latitudinal gradient, with a rather uniformly high diversity across tropical and
temperate latitudes and a drop of species richness only at extreme latitudes has been
observed also in amphipods [76] as well as in a variety of other taxonomic groups [77,78].

The distribution patterns of Phyllodocida showed similarities to those found for
polychaetes overall [79], which showed the highest species richness in the North Atlantic,
Indonesia and Australia. These, plus the Mediterranean, Caribbean, and Red Sea and
the Indian Ocean coasts, were also the regions where most species of Phyllodocida were
expected (ES50). This may be in part due to correlation of the two datasets (as Phyllodocida
form a large clade within Annelida). However, these trends have been identified by
independent authors with a different methodology, thus supporting our results. Similarly,
the bimodal latitudinal pattern we observed has been found not only for Annelida overall
but seems to hold true for a variety of marine taxa [77,80] and may be related to sea
temperature [79,80].

Regarding bathymetric patterns, the majority of the world’s ocean are under-sampled,
and the vast majority of information is available from the shallower coastal and surface
areas [81], and Phyllodocida is no exception. Our results showed: (1) most records (i.e.,
88.5%) coming from 10 to 100 m depth (Figure 6a); (2) a similar distribution (although more
balanced) for species number, which was correlated with sampling effort (Spearman’s
p = 0.964285, p < 0.002778) (Figure 6b); and (3) ES50 not correlated with the number of
records (Spearman’s p = 0.2857143, p < 0.556), being similar at all depths, except for the
most extreme (i.e., very shallow and very deep) (Figure 6¢). Although depth zones are not
equally sized sampling areas and, thus, our results have to be interpreted with care, we are
nevertheless showing that members of Phyllodocida seemed well adapted to live in deeper
waters. However, in most depth zones half of the occurrence records belonged to less
than five families, particularly to Polynoidae, while Nereididae, Syllidae, and Nephtyidae
dominated in shallow waters (Figure 6d).

Our analysis also revealed that only 74 over the total number of species of Phyllodocida
known to date have been reported as occurring non-natively in certain parts of the world.
Most of them (i.e., >30) occur in Mediterranean waters, while in other coasts the number of
non-native species is lower than 10 (Figure 7a). Interestingly, over half of the non-native
species belong to Nereididae and Syllidae (Figure 7b). Although this would be expected
given these families are among the most species rich, it seems that Polynoidae did not
follow the same pattern and this is certainly something that merits further studies. As for
barcoding, some non-native species of Phyllodocida listed in CL-MTAPP have been upload
to BOLD indicating that they are considered invasive in certain areas (Table 1). However,
the total number of barcoded alien Phyllodocida is relatively low (24, ca. 40%) (Figure 7c,
Table 1).
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Figure 4. (a) The number of species per biogeographic region. (b) Expected number of species (ES50)
per biogeographic region. (c) The percentage of species unique to each biogeographic region (as a
proportion of the total number of species per region). Numbers in circles refer to the biogeographic

region by Costello et al. [36].
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Figure 5. (a) The number of records, (b) number of species, and (c) expected number of species per 5° latitude bands.
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Figure 6. Depth distribution of Phyllodocida: (a) The number of records, (b) number of species, (c)
ES50, and (d) the percentage of occurrence records per family and depth zone.
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Figure 7. (a) The number of non-indigenous Phyllodocida species in various areas of the world. (b) Families with the most
non-indigenous species, independent of region. (c¢) The number of barcoded species belonging to reported alien species

found in literature.

As mentioned, much care must be paid to the information included in the databases,
particularly concerning taxa identification. An example of how complex the situation can
be, for instance, occurs with the report of Amblyosyllis speciosa Izuka, 1912 [82] from the
USA (Table 1). The specimens of this species from Dorsey (California) were identified as
part of Amblyosyllis hectori Aguado, Capa, Lago-Barcia et al., 2019 [54], while those from
Washington in Pernet [83] belong to Amblyosyllis anae Aguado, Capa, Lago-Barcia et al.,
2019 [54]. Amblyosyllis nigrolineata Okada, 1934 [84], which occurs in Japan, Australia, and
California, was synonymized with A. speciosa [85] and later considered valid [54], while
Amblyosyllis finmarchica (Malmgren, 1867) [86] occur in Norway, Russia, and Canada [54].
Therefore, the specimens reported from the USA could belong to one of four species, more
likely A. nigrolineata, but certainly we may state that they do not belong to A. speciosa, as
the species does not occur in the USA.

In addition, reports of alien species in the past were often not accompanied by detailed
species descriptions—only molecular data—and many of these reports were propagated
through publications and databases of non-indigenous species. While some of these species
can be clearly identified as non-native or even invasive (even pests), many of them may
in fact be undescribed species native to the area that simply constitute misidentifications.
A good practice for publishing future reports of non-native species occurrences should,
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therefore, provide detailed taxonomic descriptions and barcoding data if possible. In
addition, the specimen in question should be deposited in a reference collection for future
consultation. Once barcodes of the species from the type locality or native area become
available, these “aliens” can be assessed much more accurately.

3.1.2. Global Gap-Analysis

A total of 620 species of Phyllodocida have sequences published in BOLD, while the
total number of BINS is 1215 (Figure 8a), with the most advanced libraries coming from
North America. The relationship between sequences and BINs is caused by sequences
being assigned to higher taxonomic ranks (genus or family), but also to wrong taxonomy
assignment. In terms of number of sequences per family, Polynoidae took the largest share
(24%), followed by Nereididae (20%), Phyllodocidae and Syllidae (11% each), Hesionidae
(10%), Nephtyidae and Glyceridae (4% each), and only 2% are identified at order level
only. All remaining families (except Nautiliniellidae—to date within Chrysopetalidae—
and Pisionidae that are currently not accepted in WoRMS) [6] represent a 14% (Figure 8b).
However, Syllidae held the highest number of sequenced species (Figure 8c) and Poly-
noidae, Nereididae, Phyllodocidae, and Syllidae also appeared as the most afflicted with
multiple BINs.
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Figure 8. (a) Accumulation curve using all records from the dataset. The number of species and number of BINs by number
of published/public sequences submitted to BOLD over time from 2008-2019. (b) The number of available sequences per
family; records lacking family assignations (unknown) correspond to sequences only identified at the order level. (c) The
number of species, BINs, and the total number of sequences for the most represented families.

The number of DNA barcodes assigned to different taxa levels among Phyllodocida
was highly variable (Figure 9a), with 3787 (59.5%) having species names, 754 (11.9%) having
only genus names, 559 (8.8%) having family or subfamily names, and 94 (1.4%) having
just the order assigned. In turn, 1169 (18.4%) barcodes had tag codes added to the species
name. However, only 59.5% over the total 6361 sequences found in BOLD had species
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names. Thus, only these records could be compared against the worldwide Phyllodocida
species-level list (CL-MTAPP), which results in only 10.26% of the species (480) and 0.62%
of the subspecies (1) from the species list having barcodes by April 4, 2020 (Figure 10a).
Using the same approach, 32.63% (185) of the genera and 78.57% (22) of the families were
represented with DNA barcodes (Figure 10b,c). Overall, from the 6361 sequences, it was
only possible to analyze 4917 barcodes, which imply that there are at least 1400 sequences
misidentified and/or with invalid, misspelled, or synonymized names.

a

1169; 18%
b W Species with
e barcodes
M Order M Sub-species with
M Family and barcodes
Subfamily 3787; 60% ® Sub-species missing
W Genus barcodes
W with tag B Species missing
code 559; 9% barcodes

4200; 87%

Figure 9. (a) The number of DNA barcodes with species names, barcodes identified only at the genus, family and subfamily,
order and barcodes with tag codes added to the species name. (b) The number of barcoded records with species name
present in the list of Phyllodocida (CL-MTAPP).
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Phyllodocidae
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Figure 10. (a) The percentage of barcoded species and species still missing molecular data for the
most represented families based on the list of Phyllodocida (CL-MTAPP). (b) The percentage of
barcoded genera. (c) The percentage of families with DNA barcodes. Records identified only at the
order were discarded.
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As mentioned above, Polynoidae and Nereididae had the highest number of repre-
sentative sequences. However, at the same time they are also by far the families showing
the lowest level of completion (Figure 10a, 10.5% and 11.2%, respectively). Conversely,
Glyceridae and Nephtyidae doubled these numbers (28% and 26%, respectively). When
comparing the total number of barcoded species (527) among these families, Syllidae was
the richest family, with 26.7% (138) of the sequenced species, while Glyceridae was the
poorest (4.8%, 25 species). These data are still more informative and the lack of knowledge
may be better assessed, if taking into account the extremely disparate number of valid
taxa of these families: 1117 for Syllidae, 926 for Polynoidae, 736 for Nereididae, 89 for
Glyceridae, and 154 for Nephtyidae [6].

As for the biogeographic distribution, although the total number of sequenced species
in the DS-MTAPP dataset having georeferenced coordinates is certainly still very low (only
4145 records), barcoding in Phyllodocida showed similar biogeographic trends (Figure 11a)
as those reported for the taxa and a similar bias. Most records came from North America
(2382), followed by South East Asia (688) and Europe (484), there is also a considerable
amount that have unspecific locations (358). As for the number of BINs (Figure 11b), from
a total of 1215, 34% (corresponding to 220 species) showed no apparent taxonomic conflict
(i.e., concordant), while 6.7% (81 species) showed taxonomic conflicts (i.e., discordant).
Moreover, although 44.1% of the records (i.e., 500) were singletons (i.e., having just a single
barcode), a significative number of them were identified only at the genus/family level or
had tag codes. Thus, our analysis proved that there were only 257 species identified at the
species level and having a single available sequence, while 35 “species” (15.2% of the BINs)
were possible cryptic complexes.

From the DS-MTBPP dataset (3509 barcodes from 277 species), only 1666 sequences
were identified at the species level (and had no tag codes) allowing to analyze the respective
bathymetric trends. Accordingly, barcoding appeared to be mostly available for shallow
areas (Figure 6e), while deep-sea species showed a significantly low number of sequences
after 100 m depth. Not only it is more costly to sample in such locations, but also it is often
exceptionally hard to identify deep-sea specimens because of tissue degradation due to
the combined effect of different environmental pressures and sampling techniques [19].
Indeed, most deep sea records of sequenced Phyllodocida, correctly identified at the species
level, came from a few papers, e.g., [19,49], which certainly indicates that further efforts
must be addressed in barcoding deep-sea members of the group. In addition, from the few
species having specimens collected from significant different depth levels (more than 100 m
apart), three showed again possible evidence of cryptic complexes with lineages specific
to each depth layer: Phyllodoce madeirensis Langerhans, 1880 [87] (BINs: BOLD:AAZ1549,
BOLD:AAZ0051 and BOLD:AAZ0052 at 246, 392 and 660 m depth, respectively); Glycera ker-
guelensis McIntosh, 1885 [88] (BINs: BOLD:AAA8690 and BOLD:AAA8688 at 5000 and 2000
m depth, respectively) and Eunereis longissima (Johnston, 1840) [89] (BINs: BOLD:AAY3565
and BOLD:AAZ1159 at 300 and 700 m depth, respectively).

Indeed, there is a still unknown number of possible cryptic species complexes, which
we have inferred, in part, from BINs and records having “tag codes” usually attributed
by BOLD users to differentiate between cryptic lineages. For instance, “Nereis pelagica
CMCO01” and “Nereis pelagica CMCO03”, which display high COI intraspecific divergence
appearing on different BINs. Over the last decade, cryptic species have been increasingly
reported, thereby emerging as a substantial fraction of biodiversity and as a much more
widespread and frequent phenomenon than previously thought, especially in marine
invertebrates [18,90-93]. Dedicated studies about this topic can highly increase the rep-
resentativeness of sequences belonging to these groups in genetic databases. Thirty-five
species were considered possible cryptic species complexes, corresponding in total to
185 BINs. Some notorious examples are Platynereis bicanaliculata (Baird, 1863) [94] (six
BINS), Treptopale homalos Watson, 2010 [95] (seven BINs) and Pseudonereis anomala Gravier,
1899 [96] (seven BINSs). Syllis gracilis Grube, 1840 [97] (six BINs) was already a target study
for cryptic diversity [98], with the authors refraining from naming the new species due to
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the existence of multiple lineages in the same type locality with no apparent morphological
differences and inability to access the holotype for sequencing. An extreme case with a
unique genetic fragmentation by presenting intraspecific divergence higher than usual
compared to other annelids (>3%) but still not enough to be considered different species
for most cases (<8%) [49,99], is that of Hediste diversicolor (O.E. Miiller, 1776) [69]. It was
already documented [100,101] and in our study, we have found 37 BINS in 140 sequences.
Hediste diversicolor, together with Hediste atoka Sato & Nakashima, 2003 [102] (10 BINs in our
analysis), seem to be outliers where the number of MOTUs clearly and far surpasses the
number of possible species within the complex [103]. Overall, Polynoidae and Nereididae
showed the highest number of representative sequences while having lower levels of
completion (10.5% and 11.2%, respectively; Figure 10a), which might be underestimated
due to possible hidden diversity. Integrative taxonomy is thus essential to solve this kind
of situations and to allow naming the involved undescribed species. Otherwise, most
molecular data providing enough support for species hypothesis [104] will continue to be
unused, and large biodiversity sections would remain unnoticed [105].

The problem of cryptic species is, to some extent, intrinsically linked to the detection of
exotic species. In some cases, supposedly non-indigenous or introduced species belonging
to cryptic complexes. These complexes require detailed morphological studies, often com-
bined with molecular data, to resolve the delimitation of the involved species, often leading
to new species descriptions. Obviously, Phyllodocida is not an exception [54,58,90,106-108].
An obvious advantage of metabarcoding studies is the ability to easily detect invasive
species in certain locations or even to report species in previously undocumented locations.
However, a relatively low number (24, ca. 40%) of Phyllodocida have been uploaded to
BOLD with indications that they are considered invasive in certain areas (Table 1), while
only two (i.e., only one syllid, one nereidid) have been sequenced in the location reported
as being “invaded” (Figure 7c, Table 1). In some cases, the populations from the invaded
area or nearby have different sequences in each of these areas, which also differ from
that in type locality. This certainly raises the question whether these species are actually
non-native or just overlooked cryptic complexes, which certainly merits further analyses.

To assess this and other complex taxonomic and biogeographic problems, recent tools,
like the R-based application Barcode, Audit and Grade System (BAGS), may potentially
be a valuable addition to forthcoming DNA metabarcoding studies, as it may long-term
contribute to globally improve the quality and reliability of the public reference libraries.
BAGS can quickly screen reference libraries to gauge data congruence and to facilitate
the triage of ambiguous records for posterior review, allowing researchers to obtain the
most useful and reliable data by highlighting and segregating records according to their
congruency) [109]. Our analyses show the key importance of keeping libraries adequately
curated, together with the need of adding metadata (e.g., GPS coordinates, depth) to public
databases. This is especially critical as the library we have analyzed still has considerable
gaps, numerous poorly represented species, and potential misidentifications or other errors
in barcode generation. Certainly, this opens the door to future works that will allow to
obtain a more precise picture of the biodiversity within Phyllodocida and, by extension,
through the whole tree of life.

Even though the number of sequences and barcoded species have grown almost expo-
nentially since 2008, our results highlight the apparent difficulty of having molecular data
with correct identifications among Phyllodocida, with less than 60% of the records being
usable to species-level in statistical analysis. Additionally, less than 11% of the compiled
worldwide Phyllodocida list had barcodes. This might be partly justified by other factors,
such as possible contaminations, misidentifications, outdated taxonomic identifications and
synonyms. For example, two families in the BOLD dataset are now invalid [6]: Nautilin-
iellidae and Pisionidae, with the accepted names being Calamyzinae Hartmann-Schroder,
1971 [110] (subfamily for Chrysopetalidae Ehlers, 1864 [64]) and Sigalionidae Kinberg,
1856 [111], respectively, or the species Glycera tridactyla Schmarda, 1861 [112], identified as
“Glycera convoluta”, a subjective synonym, or the species Sphaerodoridium minutum (Webster
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& Benedict, 1887) [113], being also identified as “Sphaerodoropsis minuta”, a superseded
subsequent combination. Indeed, less than 80% of the species were found barcoded in the
list (i.e., 481 of 620), while there where 81 discordant BINs and 535 singletons (Figure 11b).
The latter are subject to high uncertainty and low confidence due to the lack of comparable
sequences and sources from multiple studies. Even if all species from the analyzed dataset
could be found in the list, it still is a far cry compared to the current 4627 valid species of
Phyllodocida [6]. This could be due to the marine biodiversity assessment challenge caused
by the large-scale geographical sampling effort required, which can affect community rich-
ness outcomes [114]. However, the number of studies dedicated to this annelid group and,
consequently, that of the associated barcoding projects must also be taken into account [24].
For example, in the case of fishes, the amount of dedicated projects is significantly higher
and, thus, the barcode library closer to completion [115-117], which is not the case for
macroinvertebrate barcoding projects and the current state of its molecular libraries [60].

3.2. Selected Taxa
3.2.1. Glyceriformia

Glyceriformia Fauchald, 1977 [118] is a monophyletic clade within Phyllodocida that
includes only Glyceridae Grube, 1850 [119] and Goniadidae Kinberg, 1865 [3,120]. All
species are characteristically elongated, slender, cylindrical polychaetes that can reach
considerable sizes up to 1 m long [121,122]. Their pointed, usually annulated prostomium
with two pairs of terminal appendages, and their long, muscular, eversible axial proboscis,
which is densely covered with papillae and provided with terminal jaws, are unique
characters among Annelida [123].

Morphology based analyses confirmed the sister-group relationship of glycerids and
goniadids and suggested a common ancestor with a few small and equal jaws and ciliated
proboscidial papillae [121,123]. However, different molecular markers supported alter-
native hypotheses: sister-group relationship [124,125], monophyletic Glyceridae nested
within a paraphyletic Goniadidae [124] or separated taxa [124,126]. The later indicates
that the morphological similarities might be also the result of convergent evolution due to
similar selection pressure, which is not very likely. However, both groups are distinguish-
able from each other, especially by the proboscidial armature (jaws and papillae) and the
prostomial ciliation pattern [121-123,127,128].

Glyceriformia is one of the best investigated clades within Annelida as, in addition
to two monographic reviews [121,122], there are many other dedicated papers dealing
with special topics as well as with ultrastructural, phylogenetic and molecular aspects,
which are summarized in the following paragraphs. Prior to the monographs, 165 glyc-
erid and 111 goniadid species or subspecies (not counting fossil forms) and, afterwards,
12 additional species, had been described [124,129-136]. However, only 46 Glyceridae
(40 Glycera Lamarck, 1818 [68], one Glycerella Arwidsson, 1899 [137], five Hemipodia Kin-
berg, 1865 [120]), and 64 Goniadidae taxa are currently accepted as valid (five Bathyglycinde
Fauchald, 1972 [138], 12 Glycinde F. Miiller, 1858 [139], 31 Goniada Audouin & Milne Ed-
wards, 1833 [140], six Goniadella Hartman, 1950 [141], five Goniadides Hartmann-Schroder,
1960 [142], three Goniadopsis Fauvel, 1928 [143], one Ophiogoniada Boggemann, 2005 [122],
1 Progoniada Hartman, 1965 [144]) [128]. The current state of the taxonomic diversity of
the two families is perfectly reflected by the large disparity between all described taxa
and valid taxa (i.e., 286 vs. 110). Overall, the increase of valid species descriptions within
Glyceriformia has been slow and more or less constant, with a highest rhythm during the
last years of the 18th century, a small but significant peak during the early 20th century
and a markedly sharp peak at the beginning of the 21th century, with a maximum of seven
in 2001 (Figure 12a—d).

Today the main diagnostic characters allowing to identify the typical species of Glyceri-
dae (Figures 13a,b and 14a) and Goniadiae (Figure 13c,d and Figure 14b,c) are the chaetae,
the jaw apparatus, the parapodia, and the proboscidial papillae, whereas, e.g., annulation,
color, presence or absence of eyes are of little taxonomic use [121,122]. Scanning electron
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microscope studies demonstrated that the proboscidial papillae provide one of the most
reliable characters for identification [121,122,145-148]. Attempts to use the finer structures
of glycerid jaws failed due to intra-specific variation [149]. However, this might be the
result of a misidentification [121]. Therefore, further scanning electron microscope exami-
nations are needed to clarify the diagnostic value of glycerid jaws. This is less important to
separate recent species, but it might be useful to increase the value of scolecodonts (jaws of
fossil annelids) as index fossils for geology [123].
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Figure 11. (a) Worldwide barcode distribution. (b) The number of barcode index numbers (BINs)
according to congruency grades. Concordant: The number of BINs with no apparent taxonomic
conflict; Discordant: taxonomic conflict within BINs; Singletons: BINs with just one single barcode
record; Complex: one species assigned to more than one BIN. (c) The number of species with barcode
and number of BINs—numbers on the top of each bar refer to the total number of sequences.
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Figure 12. Cumulative curve of newly described species through time (a,c) and number of new species described per year
(b,d) in Glyceriformia. (a,b) Glyceridae, and (c,d) Goniadidae.

Armed with a powerful, eversible proboscis, glycerids (Figure 13a,b and Figure 14a)
and goniadids (Figure 13c,d and Figure 14b,c) are important but usually not very abundant
benthic predators. They are common burrowers in soft and sandy bottom sediments,
forming complex semi-permanent burrow systems with a series of openings [150] or being
motile [134,151-153]. Glyceriformia themselves are predated by some birds [154], as well
as benthic fishes and crustaceans [155-162]. Furthermore, larger species of glycerids are
used as fish bait for sport and commercial fisheries [152,154,163-170].

Glyceriformia have a worldwide distribution from intertidal to abyssal depths [121,122,124].
Glycerids are even present in extreme environments like hydrothermal vents [171,172]
and cold seeps [134]. Widespread taxa were very common among polychaetes before us-
ing molecular data in species delineation, and some Glyceriformia were even regarded
as cosmopolitan [121,122]. Therefore, detecting a complex of cryptic species using two
molecular markers was not a surprise [173]. These species supposedly being morpholog-
ically “identical” were only investigated via light microscopy and obviously belonged
to different taxa [174]. Genetic cryptic species are of course also possible within Glyceri-
formia [92,124,175], while previous research also confirmed widespread distributions of
some deep-sea taxa [174]. The distribution patterns of these species demonstrated that some
taxa have a high dispersal capability and show an extended level of eurybathy, whereas
other species are restricted to the deep sea. Nevertheless, the underlying processes to
become cosmopolitan are unknown.
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Figure 13. (a) An example of an entire preserved specimen of Glycera (Glyceridae), with fully everted
pharynx; (b) detail of the buccal armature in an everted pharynx of Glycera; (c) an example of an
entire preserved specimen of Goniada (Goniadidae), with fully everted pharynx; and (d) detail of the

buccal armature in an everted pharynx of Goniada.

Figure 14. (a) Glycera sp. (Glyceridae), part of a retracted anterior gut; ai: aileron; ja: jaw; pp: proboscidial papillae; vg:
venom gland; (b) Goniada sp. (Goniadidae), ring of macro- (mag) and micrognaths (mig). (c) Part of the proboscis with

chevrons (ch) and proboscidial papillae (pp).
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Concerning predominate acceptance, passive transport by bottom ocean currents is the
main factor for the dispersal [176,177], whereas own studies suggested surface currents as
the main driving factor [124,174,178]. There is evidence to support this alternative hypoth-
esis. For example, the glycerid Glycera capitata has planktotrophic larvae [179] with a fairly
long pelagic larval duration. Not surprisingly, it was present in all investigated basins of
the South Atlantic and Southern Ocean, showing almost identical (99-100%) mitochondrial
(COI, 165) and nuclear DNA sequences (185, ITS 1 + 2). By contrast, the goniadid Progoniada
reqularis Hartman, 1965 [144], has lecithotrophic planktonic larvae [179], which have yolk
that must settle before depleting their food source. Species like P. regularis are also present
in all investigated areas, but populations from different basins show a higher diversity in
terms of gene markers (COI, ITS1, ITS2). Molecular analyses at population level revealed an
interesting distribution pattern. Those from Northern Brazil and Southern Angola Basins
were nearly identical and separated from those of Argentine, Southern Brazil, Guinea, and
Cape Basin. This distribution cannot be explained by deep-water currents in this area [180].
Conversely, a presumed influence by surface or subsurface currents [181] makes much
more sense. However, these studies were limited in scope as they were based on only a
few specimens from each locality and the question still merits further efforts.

Large ocean basins are some of the least explored parts of the world and we know
almost nothing about their inhabitants such as benthic animals [182]. For a long time, these
areas were postulated to be only muddy deserts, but they revealed to be great reservoirs
of biodiversity [183,184] with strong connections to the surface [185,186]. To assess their
real biodiversity, extensive and well-preserved material for morphological and molecular
studies is needed. The combination of classical taxonomic techniques with modern aspects
of biodiversity research allows the analysis of factors influencing the distribution and
migration of species as well as the investigation of the background of biogeographic
zonation. Furthermore, the results will be useful to clarify the phylogenetic relationships
within Glyceriformia and to determinate their position within Phyllodocida. However, the
“well”-known shelf and coastal areas have to be newly investigated to identify for example
alien species, species complexes, and cryptic or sibling species, and to gain knowledge
about changes in biodiversity due to climate change and increasing human activity.

3.2.2. Holoplanktonic Taxa

Many holoplanktonic polychaetes (i.e., those completing the entire life cycle in
the plankton) were considered as aberrant [2,187-189]. Their phylogenetic relationships
have been largely discussed [188-193] and their taxonomy still remains complex and
controversial. In fact, the holoplanktonic species have either been grouped as minor
taxa within Phyllodocidae [3,189,192,194-196] or as independent families within Phyl-
lodocida [64,119,188,191,197-201]. Even at the phylogenomics” age, the holoplanktonic
polychaetes are still enigmatic, poorly known and with uncertain phylogenetic relation-
ships, thus requiring further research to advance in their knowledge. Nevertheless, the
currently accepted situation includes Poeobiidae (including Poeobius Heath, 1930 [202])
and Flotidae (including Flota Hartman, 1967 [203] but now synonymized with Flabel-
ligeridae by Osborn [204]) being related to Terebellida and all other holoplanktonic
families being related within Phyllodocida [205,206]. The latter, the subject of this pa-
per, are Alciopini Ehlers, 1864 [64], lospilidae Bergstrom, 1914 [190], Lopadorrhynchi-
dae Claparede, 1868 [66], Pontodoridae Bergstrom, 1914 [190], Tomopteridae Grube,
1850 [119], Typhloscolecidae Uljanin, 1878 [207], and Yndolaciidae Step-Bowitz,1987 [193]
(Figure 15a—f).
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Figure 15. Examples of holoplanktonic Phyllodocida. (a) Tomopteridae: Living Tomopteris sp.; (b,c) Alciopini: (b) preserved
Vanadis sp.; (c) detail of the anterior end of a living Vanadis sp; (d) Iospilidae: preserved Phalacrophorus sp.; (e) Lopador-
rhynchidae: living Lopadorrhynchus sp.; (f) Typhloscolecidae: Typhloscolex sp.; scale bars are 1 mm. Images from Gabriel
Monteiro, provided by ColBIO-IOUSP (b,d,f) and Xavi Salvador Costa (a,c,e).

Holoplanktonic polychaetes are relatively less diverse than their benthic relatives, from
which they can be clearly distinguished by specific adaptations and distinctive morpho-
physiological traits. All of them are assumed to be derived from benthic ancestors, even
though there is no real evidence supporting this hypothesis [2]. Their relative simplification
more likely resulted from an adaptation to a pelagic mode of life, pointing on a basally-
branching position. Alternatively, it was hypothesized that “pelagic groups could have
given rise to other pelagic groups. And even if their sister taxa are benthic, they could
have members which, secondarily, have returned to a benthic life” [194]. In this sense, it is
important to consider that, although rare, there are fossil records of pelagic polychaetes
assigned to Tomopteridae dating back to the Lower Carboniferous [208,209].

Most species were described in the last part of the 19th century and the first half of the
twentieth century, with very few posterior new species, e.g., [193,210-212] (Figure 16a,b).
All synonymies and the main systematic information are listed in Dales [213] and Dales
and Peter [214]. Currently there are around 143 nominal species within Phyllodocida.
Among them, 12 nominal genera and approximately 49 species, most of them belonging
to Rhynchonereella Costa, 1864 [215] and Vanadis Claparede, 1870 [67], are included within
Alciopini. Among lospilidae, there are currently five nominal species included in three
genera: lospilus Viguier, 1886 [216], Paraiospilus Viguier, 1911 [217], and Phalacrophorus
Greeff, 1879 [72,218,219]. The first described species of Lopadorrhynchidae was Lopador-
rhynchus brevis Grube, 1855 [220], which was included within Phyllodocidae [119,220].
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Since then, only six nominal genera have been described, one of them very recently, Bathy-
pelagobia Kolbasova in [218]. They include 21 species, most of them within Lopadorrhynchus
Grube, 1855 [220] and Maupasia Viguier, 1886 [216]. Pontodoridae, in turn, only includes
Pontodora Greeff, 1879 [72], with Pontodora pelagica Greeff, 1879 [72]. Epitoka pelagica Tread-
well, 1943 [221], initially placed within Syllidae, was considered a junior synonym of P.
pelagica [189].

d

T T T T T T T T T T T T T T T 1

1700 1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020

10 1

newly described species
(9]

9 ]

8 ]

b

I AR g Ill

1700 1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020

Figure 16. Holoplanktonic polychaetes. (a) Cumulative curve of newly described species through time. (b) The number of

new species described per year.

The number of species of Tomopteridae is still uncertain, because many of them
have not been recorded after their original descriptions, which in many cases were also
incomplete. Therefore, it is difficult to know the real extent of the existing synonyms,
which are not considered in the current databases on the family (Fernandez-Alamo, in
preparation). There are currently about 53 known species within three nominal genera,
Tomopteris Eschscholtz, 1825 [222], Briaraea Quoy & Gaimard, 1827 [223], and Enapteris Rosa,
1908 [224]. Most of them belong to Tomopteris, as the other two genera are monospecific.
In fact, some authors considered the existence of Tomopteris as the single genus of the
family [225,226]. Typhloscolecidae also includes three genera, Typhloscolex Busch, 1851 [74],



Diversity 2021, 13, 131

25 of 65

Sagitella Wagner, 1872 [227], and Travisiopsis Levinsen, 1885 [228], but the number of species
is significantly lower (i.e., about 16).

Alciopini

Members of this group were first considered as a subfamily of Phyllodocidae [189,196,229],
but also as an independent family [2,64,210,230-232]. They were also considered as the
tribe Alciopini [3,194,195], a criterion apparently confirmed by molecular analysis [205]
and nowadays accepted as valid [6,233]. Alciopini have always been considered close
to phyllodocids, either within Phyllodocoidea by Chamberlin [234], Phyllodocemorpha
by Uschakov [235], Phyllodocida (without special category) by Dales [1], Phyllodocida:
Phyllodociformia by Fauchald [118], Phyllodocida: Phyllodociformia: Phyllodocidacea by
Pettibone [187] and in Phyllodocida: Phyllodocoidea by Pleijel and Dales [236]. Within the
family, the genera have been divided in two morpho-groups [189,191,198,210,237] which,
based on a cladistic analysis, derived into the subfamilies Alciopinae and Watelinae [238].

Alciopini (Figure 15b,c) are usually classified as macrophagous visual hunters that
feed on copepods, euphausiids and zooplankton, although some small-sized members also
feed on diatoms and other phytoplanktonic organisms [12,239]. The recently described
genus Ctenophoricola San Martin, Alvarez-Campos et al. 2021 (including two species) shows
a characteristic parasitic behavior, feeding and living on ctenophores [240]. Most species are
epipelagic, with a limited range of vertical migration [239]. However, some occur below the
photic zone, deeper than 500 m depth [241] and, infrequently, in neritic environments [239].
Many Alciopini stand out by their very wide distributions, in warm waters of tropical
and temperate areas of the open ocean [189]. However, some species occur in cold waters,
always in the Antarctic, while they have never been recorded in the Arctic [242].

Iospilidae

Iospilids (Figure 15d) were first included in Phyllodocidae [243,244], which was
then divided into Phyllodocides (benthic) and Lopadorrhynchoides (pelagic) [66].
The later included the iospilids, which were defined as subfamily (lospilinae)
within Phyllodocidae [189,191,201,244-247], and as an independent family (Iospilida-
e) [2,118,190,214,225,231,232,248]. Their systematic position has also been controversial,
being placed within Phyllodocoidea [234] and in Phyllodocida, within a “not recognized”
suborder [118], within the superfamily Phyllodocidacea (aberrant) [187] and within the
superfamily lospiloidea [236]. More recently it has been suggested that only a rough place-
ment of the iospilids (together with pontodorids and typhloscolecids) within Phyllodocida
can be supported, while their actual phylogenetic relationships are still uncertain [249].

Members of this family seem to be motile herbivores feeding mainly on diatoms, as
inferred based on body size and the lack of pharyngeal armature, while others apparently
behave as ambush predators, as inferred from their appearance, which does not suggest a
powerful swimming capacity [12]. In general, however, they are considered as relatively
good swimmers compared to similar small-sized holopelagic polychaetes [205]. They are
relatively common in open surface waters, but may occur down to 200 m depth and appear
to be common in the Southern Ocean near the Antarctic Peninsula [205]. However, they
have in fact a cosmopolitan distribution, with the scarce records in other ocean areas likely
being caused by their small size and fragility leading the animals to be easily broken during
towing, with their fragments being often collected but commonly overlooked in plankton
samples [231,246,247,250,251].

Lopadorrhynchidae

As already mentioned, members of this group (Figure 15e) were considered a pelagic
tribe within Phyllodocidae [66]. They were raised to subfamily [188-190,200,201,225,244—
247,252-254], and to family [248], which is the currently accepted situation [6]. However,
the family showed separate clades within Phyllodocidae, with Pelagobia Greeff, 1879 [72]
being related to Eteone Savigny, 1822 [255], and Maupasia Viguier, 1886 [216], and Pedi-
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nosoma Reibisch, 1895 [244] having unclear relationships [3,194], and its whole phylogenetic
relationships are still uncertain [249]. Accordingly, lopadorrhynchids were considered
within Phyllodocida: Phyllodociformia [118], within Phyllodocidaea [187], and within
Phyllodocoidea [236].

Members of this family seem to be either motile herbivores, feeding on microalgae, or
predators feeding on small protists and animals, grasping the preys with their enlarged,
muscular anterior parapodia and gently curved spines [12,191]. Diurnal vertical migra-
tions from surface to deeper waters during daylight have been reported for L. brevis [247].
Many members are considered cosmopolitan. For instance, P. longicirrata, one of the most
abundant species that has been collected from surface to below 4000 m depth [256] and
throughout the world [188,189,214,232,245-247,257,258], including Arctic [256] and Antarc-
tic [245,259-261] waters. However, its cosmopolitan status has been recently questioned.
Based on morphological and molecular data, it might represent a species complex [218].
Further comparative molecular studies on material from different areas of the world
are required, including specimens such as those attributed to P. cf. longicirrata from mid
Pacific waters.

Pontodoridae

The single known pontodorid, P. pelagica, was originally placed within Phyllodoci-
dae [72], and then raised to subfamily (Pontodorinae) [189,201], and to family (within
the Tribe Phyllodocidiformia) [2,6,118,144,190,230,231,248,254,262]. Due to the pharyngeal
shape, the family was first considered to be related with Syllidae [225] and Nephtyidae [230].
However, the shape, size and arrangement of the pharyngeal papillae more closely resemble
those of the phyllodocids. Pontodorids were placed in Phyllodocoidea [234] and in Phyl-
lodocida, within Phyllodociformia [118], Phyllodocidacea [187], and Phyllodocoidea [236].
Nevertheless, their phylogenetic relationships are still unclear [194,249].

Pontodora pelagica seems to be a motile or discretely motile microphagous, but its real
diet is still unknown [12]. The species is probably bioluminescent [189] and, although
it may be relatively common in warm waters of the world oceans, it could have been
overlooked in plankton samples due to its small size and transparent body [213,263]. The
species was described from subtropical areas of the Atlantic Ocean (Canary Islands) and the
Mediterranean [189] and later reported from the equatorial Atlantic, the Northwestern and
Eastern Pacific (from Canada to Peru and Chile) [189,221,264,265], the Indian Ocean [266]
and South Africa [225]. There are no records from Antarctic and Arctic waters.

Tomopteridae

Tomopterids are typically enigmatic holoplanktonic polychaetes [194], whose mono-
phyly was the absence of chaetae except the acicular structures supporting the first two
parapodia that are parts of the head [230]. Their unique morpho-physiological traits, de-
rived from their adaptations to the holoplanktonic mode of cycle, difficult the establishment
of their relationships with the other polychaetes, leading them to be considered as a clade
with uncertain phylogenetic affinities [190,194,249]. Nevertheless, they are generally as-
sociated with Phyllodocida [3,188]. Their achaetous parapodia led to create the order
Gymnocopa to include a single family, Tomopteridea [119]. Subsequently, the family was
named as Tomopteridae [267,268], habitually within Phyllodocida, but sometimes as “un-
recognized suborder” [118] or as a superfamily, either Phyllodocidacea (aberrant) [187],
Tomopteroidea [236] or Tomopterimorpha [269]. The aberrant character of the family seems
to be accepted by many authors. They were particularly considered a very old and highly
specialized group placed in Phyllodocemorpha: Phyllodociformia, emphasizing its ancient
character by pointing out that it was separated very early from all other polychaetes and
followed a differential evolutionary path than, for instance, Alciopini [189,235]. Overall,
the relationships of this family with Phyllodocida seem to be scarce and even more obscure
than those of the other holoplanktonic families. Accordingly, possible advances in their
phylogenetic knowledge could be acquired through molecular analyses, which could even
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result in leaving them out of Phyllodocida [194]. In fact, the family has been recently placed
in close relationship with Glyceriformia [4].

Members of the family are often highly motile organisms, looking like delicate trans-
parent feathers [225] (Figure 15a), relatively easy to be imaged in their natural environment
with the modern tools used in oceanographic research [270]. They feed with a short, un-
armed, eversible pharynx, being either primarily herbivorous feeding mainly on diatoms
(small species), primarily carnivorous (large species) or mixed feeders feeding on diatoms,
protozoans and other animals (intermediate-sized species) [12]. Some of them seem to
be either specialized predators or parasites of chaetognaths, which show sucking marks
due to the feeding activity of tomopterids [271]. They are frequent in plankton samples,
mainly from surface waters down to a few hundred meters deep, although they have
also been reported as deep as 3000 m [189,225,266,272,273]. In fact, they are used in zoo-
geographical studies since their distributions seemed to be related to particular water
masses [199,232,245,246,274]. For instance, there has been a recent notable rise in the
abundance of Tomopteris (Johnstonella) pacifica (1zuka, 1914) [275] and Tomopteris planktonis
Apstein, 1900 [198] related to an upwelling in the thermal dome of Costa Rica [276] and
of T. (].) pacifica related to the entry of warmer and saltier waters in the Southern Adriatic
Sea [277].

Tomopterids are distributed worldwide, living in oceanic and near-shore waters from
polar to equatorial areas [245]. However, most species are known from only one area and
only a few appear to be cosmopolitan (ex. Tomopteris apsteini Rosa, 1908 [224], Tomopteris
elegans Chun, 1887 [278], T. planktonis) [279] or considered as cosmopolitan in cold waters
(T. septentrionalis) [274].

Typhloscolecidae

Typhloscolecids (Figure 15f) have particularly complex phylogenetic relationships
with the rest of polychaetes, as a result of combining the adaptations to pelagic and ectopar-
asitic modes of life. The name of the family was proposed by Uljanin [207], who relate it
with Phyllodoce due to a supposed similarity of its “swimming paddles” with the foliose
dorsal cirrus characteristic of this genus. Later, they were considered as possible neotenic
forms of benthic organisms [191] or, more generally, as an independent family within
Phyllodocida [1,280], either within an “unrecognized suborder [118], within Phyllodocidacea,
as Typhloscolecidae (aberrant) [187] or within Phyllodocida: Typhloscolecoidea [236]. More
recently, Typhloscolecidae were included within Phyllodocidae [281], although this was
later considered unacceptable owing to analytical problems [282].

Members of the family are motile or discretely motile parasitoids on chaetognaths [12,283].
They may occur attached behind the head of their host chaetognaths [284], which may even
lose their heads as a result of the activity of the parasites [283,285]. They may live from surface
waters to abyssal depths [3,189,286]. In some cases (e.g., the species of Travisiopsis), the adults
live in the deep sea, but the juveniles may sometimes be found near the surface [225].

Yndolaciidae

Yndolaciids form a small family whose phylogenetic relationships are still uncertain.
They were proposed to be raised to order level [287], but Buzhinskaja [288] considered
this as premature due to the poor existing knowledge, thus keeping them as a family
within Phyllodocida. Although not proved, they have been considered as carnivores [12].
Moreover, they are only known from deep waters and just known from specific sites, such as
the Gulf of Guinea, Southeastern Atlantic [193], the Cape Verde archipelago, Northeastern
Atlantic [289], the Mid-Atlantic ridge [290], and the Arctic Ocean [288].

3.2.3. Nephtyidae

Nephtyidae Grube, 1850 [119] is a morphologically well-defined and a monophyletic
group within Phyllodocida [2,4,291]. Its monophyly is based mainly on the presence of in-
terramal branchiae attached ventrally to the notopodia (although absent in some taxa) and
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the single median pygidial cirrus, which are both unique features within the order [230,292].
The family was at first included within ‘Phyllodociformia’ along with Phyllodocidae and
Alciopini [293]. Later, most errant families were regrouped within ‘Nereimorpha’ (exclud-
ing only Amphinomidae and ‘Spiomorpha’) [294]. ‘Phyllodocemorpha’ and ‘Nereimorpha’
were again distinguished [235]. After the erection of polychaete orders, Nephtyidae re-
mained within Phyllodocida, although with an uncertain position [1]. Different analyses
placed them close to Phyllodocidae, Paralacydoniidae, Glyceridae Goniadidae, and Pisione
Grube, 1857 [2,295], or as sister group to Glyceridae and Goniadidae [292] or to Hesionidae,
Pilargidae, and Nereididae [4,126,291].

The family includes at present four genera and almost 150 accepted species [6]. Most
of them are within Aglaophamus Kinberg, 1866 [296] (Figure 17a,b) and Nephtys Cuvier,
1817 [297] (Figure 17c,d), while Inermonephtys Fauchald, 1968 [298] and Micronephthys
Friedrich, 1939 [299] include only 10 and 15 species, respectively. A large number of these
species (over 50%) were described between the mid-19th and 20th centuries (1865-1972),
following important oceanographic expeditions, such as the SMS Gazelle (1874-1876),
the dredging by the U.S. coast survey steamer “Blake”, the Challenger (1872-1876), the
Hirondelle and Princesse-Alice oceanographic campaigns (1885-1910), the E1.S. “Endeav-
our” (1909-1914), the Allan Hancock Pacific Expedition, the Swedish Deep-sea Expedition
(1947-1948), and the USNS Eltanin and Staten Island Cruises [88,138,203,300-305].

Many taxonomic revisions and major works covering regional geographic areas were
subsequently published [48,141,144,201,225,306-341]. Overall, this gave rise to a regular
trend of species description with six major peaks during the 20th century (Figure 18a,b),
when a significant number of species were described mainly from the East Pacific [141,319],
Australia [325,337,338], and tropical West Pacific areas [298,334].

Many taxonomic problems have already been solved, but doubts still remain concern-
ing the boundaries among genera and the correct allocation of many species. Molecular
phylogenetic analyses recently started to address these questions [342,343]. The two most
speciose genera, Nephtys and Aglaophamus, appears to be clearly monophyletic, while poor
representation of the two other genera did not allow a proper assessment [343]. In this anal-
ysis, only 18% of the total known species were included, which was not fully representative
of the diversity of the family. For instance, (1) the species of Aglaophamus having lyriform
chaetae were not included, which did not allow to check whether they would consistently
group with the species lacking those chaetae; (2) Nephtys was subdivided in two morpho-
logically distinct clades; (3) Micronephthys was only represented by two abranchiate and
one branchiate species that group in different, quite distant clades, for which the erection of
a new genus has been a matter of discussion [307,343]; and (4) Inermonephtys is represented
by only one species falling outside the nephtyid clade, although with very low support.
All these results denoted a clear lack of stability and the need for further reassessment of
the phylogenetic relationships within the family at the genus level.

Members of the family are mainly predators, although they may exceptionally be
deposit-feeders in highly dense populations [12,344,345]. Most often, they hunt within
the sediment, capturing any other motile invertebrates (including smaller conspecifics),
although they may also be highly selective [12,344-346]. They are common in most coastal
and offshore environments around the world and at all depths, including the deep-
sea [138,203,234,301,347,348] and extreme habitats, such as methane seeps, despite the
apparently poor tolerance to sulphide [349-351]. However, comprehensive studies on
deep-sea species are lacking for all the oceanic basins. Its abundance is highly variable, but
may be so high that, especially in coastal environments, large-bodied species are important
components of the trophic network and are often exploited as fish baits [167,345,352,353].
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Figure 17. Nephtyidae. (a) Aglaophamus trissophyllus (Grube, 1877) [300]. (b) Aglaophamus elamellatus
(Eliason, 1951) [348]. (c) Nephtys hombergii Savigny in [68]. (d) Nephtys capensis Day, 1953 [354].

Habitat preferences may vary considerably, mainly depending on water depth, salin-
ity, grain size and mud content [355]. Different species may co-occur, sharing resources
although slightly segregated by small differences in life-traits [355-358], such as the peri-
odic reproductive failures allowing the sympatric distribution of N. hombergii and Nephtys
caeca (Fabricius, 1780) [70] reported by Olive and co-authors [356,359]. Life-stages can be
environmentally segregated, such as the adult N. hombergii living in intertidal mudflats and
the juveniles inhabiting the sublittoral [360]. Shallow water estuarine species may tolerate
a wide range of salinities and a few occur in nearly freshwater (e.g., Micronephthys oligob-
ranchia (Southern, 1921) [361], Nephtys fluviatilis Monro, 1937 [362], and Nephtys polybranchia
Southern, 1921 [361]) [298,332]. Most species prefer sandy bottoms with variable mud and
clay contents, where they move freely to as deep as 20 cm within the sediment [363].
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Figure 18. Nephtyidae. (a) Cumulative curve of newly described species through time. (b) The number of new species

described per year.

Despite the multiple areas of the world (e.g., Arctic, Atlantic, Pacific, and Antarctic
Oceans, Mediterranean, Black, and Red Seas) covered by the taxonomic revisions men-
tioned above, there are still geographic areas very poorly documented, such as the Indian
Ocean and the African and South American coasts. Furthermore, comprehensive deep-sea
studies are lacking for all the oceanic basins. Only 13 deep-sea species are known to date,
from the E Pacific, N Atlantic, Antarctic and Tasman Sea, the majority of which described
during the 20th century [138,203,234,301,347,348]. As a consequence, many currently ac-
cepted species are known only from their original descriptions, that are often very short,
incomplete and may lack illustrations (or are of low quality). This casts doubts on their
validity, particularly when trying to compare them with others described for the same
location. To even complicate the situation, the existence of cryptic species has already
been pointed out (e.g., Micronephthys longicornis (Perejaslavzeva, 1891) [364], Microneph-
thys sphaerocirrata (Wesenberg-Lund, 1949) [365], Nephtys cirrosa Ehlers, 1868 [65], and
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Nephtys hombergii Savigny 1822 [366]) [318,333,367]. Therefore, some (if not many) widely
widespread taxa may likely involve more than one species (e.g., Aglaophamus verrilli (McIn-
tosh, 1885) [88], Inermonephtys inermis (Ehlers, 1887) [301], Micronephthys sphaerocirrata,
Nephtys caeca (Fabricius, 1780) [70], and Nephtys paradoxa Malm, 1874 [368]) [318,322,333].
This, together with the fact that several species still need to be correctly allocated within the
family, denote that further local works and comprehensive revisions, preferably including
molecular tools, are still required.

3.2.4. Polynoidae

Polynoidae is included within the clade Aphroditiformia (Aphroditoidea) and is the
largest polychaete family after Syllidae [6]. Members of the family typically have more or
less similar segments all along the body and, together with all other members of the clade,
are commonly known as scale-worms, due to the key trait of having the dorsum more or
less covered by elytra or scales (Figures 19a—d and 20a,b).

Figure 19. Polynoidae. (a,b) Two different color morphs of Harmothoe imbricata Linnaeus, 1767) [75]. (c). Lepidonotus
tenuisetosus (Gravier, 1902) [369]. (d). Hololepidella sp. from a sea urchin Toxopneustes pileolus (Lamarck, 1816) [370].
(3) Pottsiscalisetosus praelongus (Marenzeller, 1902) [371], symbiont of the starfish Luidia maculata Miiller et Troschel,
1842 [372]. (d,e) Photos by ]J.V. Deart.

Despite its relevancy among polychaetes, the phylogenetic and taxonomic relation-
ships within the family have been seldom approached. Early studies based on morphologi-
cal characters [373,374] and general analyses dealing with higher taxa relationships [2,292]
supported the monophyly of Aphroditiformia, but the position of Polynoidae remained
unresolved. Conversely, Struck, et al. [375] placed Pisionidae within Aphroditiformia and,
while refusing the monophyly of the suborder, strongly supported the placement of Poly-
noidae as a well-supported clade within them. Further combined molecular and morpho-
logical approaches placed the family as sister group to Acoetidae and Iphionidae [376,377].
More recently, the monophyly was recovered both for the whole Aphroditiformia, with a
strong support and having the presence of elytra as apomorphic trait, and for Polynoidae,
although some shallow-water (e.g., Lepidastheniinae) and deep-sea (e.g., Branchinotoglu-
minae and Macellicephalinae) subfamilies revealed to be paraphyletic [377,378]. Particu-
larly among deep-sea polynoids, there seems to be at least two contrasting interpretations,
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which include both a small number of species placed within a large number of subfami-
lies [377,378] and the synonymy of up to ten subfamilies within Macellicephalinae, which
formed an homogeneous clade defined by the absence of lateral antennae [379]. Inter-
estingly, the later agreed with an early postulate based on morphological characteristics,
which included five deep-sea subfamilies established by Pettibone [380] (i.e., Bathyedithi-
nae, Bathymacellinae, Macellicephaloidinae, Macelloidinae, and Polaruschakovinae) within
the Macillicephalinae as one natural group [381].

Figure 20. Polynoidae. (a) Malmgrenia mcintoshi (Tebble & Chambers, 1982) [382] in its natural habitat.
(b) Asterophilia culcitae Britayev & Fauchald, 2005 [383] (brown) and the shrimp Zenopontonia soror
(Nobili, 1904) [384] (white) on the surface of a starfish of the genus Nardoa Gray, 1840 [385]. Photos
by: (a) T.I. Antokhina, (b) J.V. Deart.

The first still valid species of the family, Lepidonotus squamatus (Linnaeus, 1758) [62],
was described as Aphrodita squamata Linnaeus, 1758 [62]. Since then, 1486 species have been
described, of which 871 are currently considered as valid and grouped into 154 genera
within nine subfamilies, together with 13 genera that were not placed in any of these
subfamilies [6]. Almost half of all known species (i.e., 433) belong to the Polynoinae, while
the Admetellinae, Eulagescinae and Uncopolynoinae consist on one to eight species [6].
The three largest genera, Harmothoe Kinberg, 1856 [111], (150 species), Lepidonotus Leach,
1816 [386] (79) and Eunoe Malmgren, 1865 [387] (43) account for about 32% of all known
species, while nearly half of all known genera (i.e., 48%) are monotypic [6].

The rhythm of new species descriptions (Figure 21a) mirrors that of the whole “Poly-
chaeta” [61] and Phyllodocida (this paper). From 1758 to 1850 (with 26 species), a limited
number of generalist taxonomists described 0.3 species per year; from 1850 to 1939, about
400 species were described. There was a ten-year parenthesis during the second world war
(with eight species described, less than one per year) and then a highly productive reprise,
which involves a high number of specialized taxonomists allowing to describe almost 400
more new species to date (i.e., 5.7 new species per year) (Figure 21b). Moreover, as the
number of newly described species did not show traces of stabilization (Figure 21b), it is
expected a great increase of the species diversity of the family.
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Figure 21. Polynoidae. (a) Cumulative curve of newly described species through time. (b) The
number of new species described per year.

An additional fact contributes to increase the complexity of the taxonomy of Poly-
noidae, as one can also expect the discovery of new sibling or pseudo-sibling complexes.
Although poorly documented to date, some cases have been reported for free-living poly-
noids with large distribution ranges, like Harmothoe imbricata (Linnaeus, 1767) [75]. The
species is well-known to show numerous distinct color morphotypes (Figure 20a,b) and
the 10 color morphs inhabiting Scandinavian and Svalbard coasts revealed to belong to
a single polymorphic species [388]. However, an analysis of a wider geographic range
revealed a species complex composed of at least four diverging lineages [107]. Similar
situations occur within the symbiotic taxa, particularly with the polyxenous species (i.e.,
those showing a wide host-ranges). The number of species of Branchipolynoe Pettibone,
1984 [389], which was four (with wide distributions and associated to different deep sea
mytilids) until 2019, was recently doubled after a study of Pacific methane seeps and
hydrothermal vents [106]. However, still nowadays, the most spectacular case is that
of Harmothoe lunulata (Delle Chiaje, 1841) [390]. The species used to be known as associ-
ated with numerous species of echinoderms, cnidarians, polychaetes, sipunculans and
balanoglossids. However, it is currently accepted that these partnerships involve at least
15 different species from three different genera (i.e., Malmgreniella Hartman, 1967 [203],
Lepidonopsis Pettibone, 1977 [391] and Wilsoniella Pettibone, 1993 [392], the latter currently
accepted as Pettibonesia Nemésio, 2006 [393]), showing clear biogeographic segregation
and, in many cases, specific adaptations, such as color mimicry [392].
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To date, molecular data available at GenBank refer only to about 80 species of Poly-
noidae, which represents no more than 10% of the total number of known species, which
certainly gives room to the discovery of new species complexes. Surprisingly, despite the
number of known shallow-water species is higher than that of deep-sea relatives, about
half of the molecular studies dealing with polynoids refer to deep-sea species. Therefore,
to improve our understanding on the phylogeny and classification of Polynoidae, further
efforts must be addressed to increase the number of molecular analyses on shallow-water
species (especially Arctonoinae and Lepidasteniinae), while continuing with the studies on
deep-sea species.

A particular aspect that has not been addressed for the whole family, e.g., [376,377] is
the possible origin of the symbiotic mode of life typically occurring in many polynoids [17].
Conversely, based on a limited approach mainly including deep sea species, it has been
suggested that: (1) most basal species of the subfamily Polynoinae are obligate symbionts
showing specific morphological adaptations; (2) commensal and free-livings modes of life
have evolved several times; and (3) the obligate coral commensals were monophyletic [394].
Based on a still more limited dataset, Shields et al. [395] just confirmed the commensal
association of Eunoe bathydomus (Ditlevsen, 1917) [396] with holothurians, in addition to
supporting the specific difference of two geographically distant (non-symbiotic) morpho-
types of what could be Harmothoe cf. glabra (Malmgren, 1865) [387].

At present, nine subfamilies are recognized within Polynoidae [6], which partially
coincide with the structure proposed by Bonifacio and Menot [379]. Overall, systematics of
polynoids at subfamily and genera levels is among the worst developed within polychaetes,
and there are no recent revisions on the family. The number of subfamilies varied through
time from 9 to 21 [3,6,52] and the boundaries between most of them are not clear, while
there are a number of genera whose assignment to a given subfamily is not possible. Some
subfamilies (e.g., Uncopolynoinae, Branchipolynoinae, Polaruschakovinae) include one
or few species, while among genera many are monotypic (e.g., Capitulatinoe Hanley &
Burke, 1989 [397], Gastrolepidia Schmarda, 1861 [112], Pottsiscalisetosus Pettibone, 1969 [398],
Alentiana Hartman, 1942 [399]), and some are giant (including 100 species or more) and
paraphyletic with indistinct boundaries (e.g., Harmothoe, Lepidonotus).

The vast majority of polynoids are highly motile, typically benthic organisms that
can be found in any oxic marine environment. However, there are about ten species (be-
longing to Drieschia Michaelsen, 1982 [400] and Podarmus Chamberlin, 2019 [234]) known
to be holopelagic [12] and a few may inhabit brackish environments [401] or anchia-
line caves [402]. They usually occur in very low densities, but local episodes of high
abundance have been reported, likely in connection with recruitment events [403] or in-
troduced/invasive species (Marwa Chaibi, personal communication). Most polynoids are
typical free-living organisms, being basically sit-and-wait predating or active hunting carni-
vores, although some may feed on algae or on vent and seep bacterial mats [12]. Moreover
their diets may also include different organisms that could either be real targets or captured
as bycatches of the real preys (e.g., diatom thecae, algal filaments, crustacean exoskeletons,
hydroid thecae, bivalve shells, gastropod radulae, bryozoan skeletons, sponge spiculae,
and ciliate loricae), and often include remnants of other polychaetes, such as nereidids or
phyllodocids, but also other polynoids, even members of the own species [404]. Whether
this may be a real cannibalistic behavior or the result of territorial aggressive interactions
is still unknown. However, the fact that territoriality leads to strong and very complex
aggressive intra-specific interactions is well known among Polynoidae. For instance, this
behavior has been recently reported in free-living species of the deep sea genus Peinaleopoly-
noe Desbruyeres & Laubier, 1988 [405], where the purpose was not described (but certainly
looks like territoriality) [406] but mainly in symbiotic [16,17] species. Their species diversity
highly depends on the studied region, varying from very high (e.g., 114 in the Caribbean
and Gulf of Mexico) to very low (e.g., four in the Baltic Sea or seven in Chilean coasts). The
most speciose regions are the North Pacific and Tropical Indo-Pacific, including the coastal



Diversity 2021, 13, 131

35 of 65

Indian Ocean (94 species and 42 genera each), the North Atlantic (79 species and 38 genera)
and the Antarctic Ocean (71 species and 32 genera) (Supplementary Figure Sla).

Polynoids are highly diverse in almost all marine environments, from cold Arctic
and Antarctic to tropical waters, and from intertidal to deep-sea habitats, although they
are absent in fresh waters and their diversity also declines in brackish waters [381]. For
instance, while 47 species have been recorded in the Mediterranean Sea [407] (salinity = 36—
40%o), in the adjacent Black Sea (salinity = 18 %) there are only four known species [408].
Among the family, the most widely distributed species are the free-living H. imbricata and
L. squamatus, known from coastal boreal and arctic Atlantic waters, as well as from the
Pacific and Arctic Oceans (Supplementary Figure S2a,b). However, the former revealed to
be a cryptic species-complex [107], while the status of the later has not yet been checked.
Moreover, concerning L. squamatus, data from OBIS do not reflect its real distribution, as
most Pacific records, derived from Uschakov [381], are no included. Symbiotic species
also seem to have very wide distributions across tropical Indo-Pacific waters, such as
Hololepidella nigropunctata (Horst, 1915) [409] or Paradyte crinoidicola (Potts, 1910) [410-412].
However, at least the first seems to be a species-complex (Britayev and Fiege, unpublished
data). Overall, further efforts (including molecular analyses) are needed to clarify the status
of most polynoids having such wide distributions.

The latitudinal diversity gradient traditionally assumed for most benthic macrofaunal
organisms seems not to be evident in polynoids, which show a similar bimodal pattern to
Phyllodocida overall (Figure 5b), with that in the northern one being significantly higher
(Supplementary Figure Slb,c). There is a maximum of diversity in boreal waters that
obeys to a much higher sampling effort, particularly in the high latitudes of the Northern
Hemisphere, while a lower effort probably explains the low diversity of equatorial seas
(Supplemental Figure Sla,c). In fact, recent surveys in the tropical West-Pacific have shown
that the diversity of these tropical waters is comparable or even higher than in temperate
latitudes [79,413,414]. Moreover, as much as 76 species have been recorded in the South
China Sea [413,414], which is comparable with the entire North Atlantic (79 species). Up to
57 species have been reported along Indonesian coasts [79], which is close to or even higher
than the diversity of the well-studied Mediterranean, North, or Norwegian Seas. Taking
this into account, together with high habitat diversity of the tropical areas, we certainly
expect a significant increase in the number of species of polynoid being reported from
these regions.

Polynoids have revealed to be particularly conspicuous in the deep-sea. At least 140
species (i.e., ca. 16%) have been found living deeper than 1000 m, some of them reaching
the 10,000 m depth at the Kurile-Kamchatka Trench [235]. They are frequent inhabitants
of vent and seep sites, organic falls and other chemosynthesis-based habitats from the
Atlantic and Pacific Oceans, where numerous new species are being described thanks to
new observation and sampling technologies used in recent expeditions e.g., [13,14,379,406].
Other deep sea habitats are also being explored and proved to be inhabited by polynoids,
such as sea-mounts in the Indian Ocean [394] or mud volcanoes in the Atlantic Ocean [415].
Therefore, deep-sea habitats seem certainly to be underestimated in terms of polynoid
diversity. In line with this, it is not surprising that the number of new deep-sea polynoids
described over the past 10 years almost doubled that from shallow waters (i.e., 37 vs. 18,
respectively). Many more species remain to be described, particularly in the intertidal
Antarctic and tropical waters, which are much poorly explored than the shallow subtidal
Arctic Ocean and temperate European and North American waters, but certainly also in
deep-sea environments.

Some deep sea polynoids observed thanks to the numerous images captured in
recent expeditions are holoplanktonic species with specific adaptations to this partic-
ular environment (e.g., https://www.youtube.com/watch?v=yrISmxG5yZY, accessed
on 18 November 2020). However, like their shallow-water relatives, most of them are
benthic, many likely correspond to undescribed species, and quite a lot seem to be
symbionts. Among them, new discoveries include species associated with carnivorous
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sponges [416,417], black corals [418], cold-water corals [419,420], holothurians [395,421],
and acorn worms (https://www.youtube.com/watch?v=yrlSmxG5yZY, accessed on on 18
November 2020).

Actually, polynoids are not only the family including the most symbiotic species within
Phyllodocida (e.g., Figure 19d,e and Figure 20b), but also within the whole ‘Polychaeta’,
with 220 (ca. 25%) species involved in about 600 (36%) relationships [16,17]. The vast
majority are roughly considered as commensals, particularly in taxonomic papers, while
basic biological, ecological and ethological knowledge is often lacking [16]. Indeed, some
widely accepted “commensals” revealed to be mutualists when deeply studied, and only
four (i.e., Gastrolepidia clavigera Schmarda, 1861 [112], Branchipolynoe seepensis Pettibone,
1986 [422], Eunoe opalina Mclntosh, 1885 [88], and Thormora johnstoni (Kinberg, 1856) [111])
turned out to be parasites [16].

Still, nowadays, nothing clearly allows to explain the astonishing dominance of poly-
noids among symbiotic polychaetes. A possible reason is the use of free-living traits [12] as
adaptations to a symbiotic life [16]. For instance, the pharyngeal biting during intraspecific
fighting known in free-living species, such as the deep-sea, hydrothermal vent Peinaleopoly-
noe orphanae Hatch & Rouse, 2020 in [406]. This behavior acquires a dramatic intensity in
the symbiotic Ophthalmonoe pettiboneae Petersen and Britayev, 1997 [423],which use violent
attacks to discourage their conspecifics when trying to occupy their hosts [424] Britayev &
Martin, unpublished results]. Similarly, there is a remarkably absence of key taxonomic
differences between many symbionts and their free-living relatives, while “free-living
genera” often include symbiotic species and vice-versa. For instance, 20 over the 150
known species of Harmothoe are symbionts, or six over 40 in Eunoe.

However, there are specific adaptations to a symbiotic mode of life. Some affect the
color which may vary in symbionts with respect to their free-living relatives, even if they
belong to the same species. In Lepidonotus glaucus (Peters, 1854) [425] the specimens living
with eunicid hosts were almost black, while the free-living ones were much paler [53].
Coloring may also vary among symbiotic con-specifics living with different hosts, as in
Gastrolepidia clavigera Schmarda, 1861 [112,426]. The possible origin of the color mimicry,
as well as whether an individual may or not change its color depending on that of the
host [17] has not yet been solved.

Mimicry may also be achieved by morphological adaptations (e.g., in antennae, palps,
tentacular and dorsal cirri, and elytra) simulating parts of the host body. Additionally,
some parts of the body tend to be simplified (e.g., small elytra lacking ornamentation,
subbiramous parapodia with reduced notopodia and a few or no notochaetae), typically
in bivalve endosymbionts and tube dwelling species [17], attachment structures may be
developed (e.g., simplified, hooked chaetae or sucker-like parapodial lobes) or sensory
organs may be modified (e.g., eye size and position) [16,17]. Specialized behavioral traits
have been developed, such as host/symbiont co-ordination in movements and feeding [427]
or distant host-recognition mechanisms, likely chemically mediated [17]. The study of the
chemically mediated behavioral interactions between hosts and symbionts lead also to
discover that some hosts may also recognize the symbionts [428]. This imply that hosts
also gain some benefits (e.g., defense against predators or cleaning), which led to recent
reconsideration of some commensal associations as mutualisms [16].

The problem of lacking information also makes it difficult to assess the real extent
of the associations established by symbiotic polynoids. Many scale-worms are known to
be associated with one (or a few, closely related) host species. For instance, Medioantenna
variopinta Di Camillo, Martin and Britayev, 2011 [429] associated with the hydrozoan Solan-
deria secunda (Inaba, 1892) [430] or Adyte hyalina (G.O. Sars, 1873) [431] associated with
two related species of echinoids (Echinus esculentus Linnaeus, 1758 [62] and Gracilechinus
acutus (Lamarck, 1816) [370]) [17,429]. In the other extreme, a few scale-worms appear to
be associated with many hosts that frequently belong to the same taxa (i.e., class, order or
even family), such as Paradyte crinoidicola (Potts, 1910) [410] known to live on ca. 20 species
of unstalked crinoids [432], or G. clavigera living with 13 species of tropical holothuri-
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ans [426,433,434]. In addition, these widely polyxenous species often show specialized
morphological adaptations, like the hooked ventral chaetae of P. crinoidicola [435] or the
ventral sucker-like lobes of G. clavigera [426,436]. The degree of polyxeny of some species is
still not well-known and for instance, Asterophilia culcitae Britayev & Fauchald, 2005 [383],
was always reported as exclusive associate of asteroids until found on crinoids [412] and
holothurians [437].

From the point of view of biodiversity, however, the most interesting species are those
showing polyxenous associations involving hosts from different taxonomic groups, like
some species of Hololepidella Willey, 1905 [438] and Arctonoe. Hololepidella nigropunctata
(Horst, 1915) [409] is known to live with sixteen echinoderm species (mostly ophiuroids,
but also asteroids and one echinoid), one sponge and one cnidarian. Arctonoe pulchra
(Johnson, 1897) [439] with six echinoderms, two mollusks and one polychaete, and Arctonoe
vittata (Grube, 1855) [220] with as many as 40 species including cnidarians, polychaetes,
mollusks, crustaceans, and echinoderms [16,17]. This large number of host species may
sometimes (but not always) be explained by combined effect of hosts’ biogeographic
distributions and the development of symbiont’s preferences for a given host species, e.g.,
in the case of A. vittata [440-443], but the possibility of hiding cryptic species-complexes
cannot be discarded.

On the other hand, it must be highlighted that, although less reported than the inverse
situation, polynoids may act as hosts. For instance, they are known to host epizootic
kamptozoan entoprocts, which occur between parapodia and below elytra in Lepidonotus
clava (Montagu, 1808) [444] or to be parasitized by numerous species of copepods [52,445].

3.2.5. Sphaerodoridae

Recent molecular phylogenetic analyses assessed the monophyly of Sphaerodori-
dae [446], confirming a previous assumption based on the presence of conspicuous ep-
ithelial tubercles arranged in rows (e.g., [446—449]). As a result of these analyses, a new
classification was proposed, gathering long and short bodied forms in two major clades,
respectively [450].

The family currently includes 131 species classified in eight genera [6,446,447,450-453].
As currently delineated, the most speciose genus is Sphaerephesia Fauchald, 1972 [138]
(36 species), followed by Sphaerodorum Orsted, 1843 [71] (24), Sphaerodoridium Liitzen,
1961 [454] (24), and Geminofilum Capa et al. 2019 [453] (19). In turn, Commensodorum
Fauchald, 1974 [455] is monospecific, with Commensodorum commensalis (Liitzen, 1961) [454]
having a particularly remarkable external morphology, with reduced epithelial tuber-
cles [453].

In general, sphaerodorids are poorly studied, as evidenced by the fact that several
species have been reported once or are only known from the holotype e.g., [327,455-459].
Likely, this was due to their small size and collecting difficulties [447]. In fact, they were
overlooked until the 1970s, when a high number of species were discovered and described,
a trend that continues today (Figure 22a,b). Indeed, 85% of the known species have been
described in the last 50 years.

Long-bodied sphaerodorids are morphologically homogeneous, show obvious seg-
mentation and macrotubercles with terminal papillae above parapodia forming two longi-
tudinal rows, together with reduced dorsal cirri or microtubercles [446,450,455,460], and
belong all them to Sphaerodorum [450] (Figure 23a). They were long time considered as
belonging to three distinct genera: Ephesiella Chamberlin, 1919 [234], Ephesiopsis Hartman
& Fauchald, 1971 [327], and Sphaerodorum, based on their chaetal morphology (only com-
pound, both compound and simple, and only simple, respectively) (e.g., [327,450,455]). The
presence of pseudocompound chaetae—apparently simple but with an oblique indentation—
had been reported in some species of the three genera (e.g., [450,461-463]). Doubts on the
usefulness of chaetal arrangement to distinguish between genera were early indicated [464].
Then, the results of the analyses of nuclear and mitochondrial markers confirmed the syn-
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onymy of the genera and proved chaetal morphology as being highly variable within the
group, but valuable for species discrimination [450].
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Figure 22. Sphaerodoridae. (a) Cumulative curve of newly described species through time. (b) The number of new species

described per year.

Short bodied sphaerodorids show a broader morphological diversity, especially in
number and arrangement of dorsal epithelial tubercles [446,447,455]. The classification
and nomenclature have changed with time, with the most recent versions reflecting evo-
lutionary relationships. Before this systematic revision, the morphology, number and
arrangement of dorsal epithelial tubercles were considered among the most taxonomically
informative features: (1) Euritmia Sarda-Borroy, 1987 [458] and Amacrodorum Kudenov,
1987 [465] lacked large tubercles (macrotubercles) but were completely covered by small
papillae, Commensodorum also lacked large macrotubercles and had four dorsal longitudinal
rows of small papillae; (2) Sphaerephesia was characterized by having four longitudinal
rows of dorsal macrotubercles with terminal papillae; (3) Sphaerodoropsis, thought to be
the most speciose, showed from four dorsal longitudinal rows of macrotubercles in a
single, transverse, segmental row, to numerous dorsal longitudinal and transverse rows of
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tubercles (Figure 23b); and (4) Clavodorum and Sphaerodoridium showed six or more dorsal
longitudinal rows of stalked macrotubercles [447].

Figure 23. Sphaerodoridae. (a) Spaeherodorum sp. (b) Sphaerodoropsis cf. philippi (Fauvel, 1911) [464]. (Photos by A. Nygren).

Although still incomplete (i.e., representatives of some genera were missing), the
new classification based on phylogenetic analyses of nuclear and mitochondrial DNA
showed Sphaerodoropsis as being split in three major clades: (1) Sphaerodoropsis Group 1 sensu
Borowski [466], should be synonymized with Sphaerephesia [453] to group all sphaerodorids
with four longitudinal rows of sessile macrotubercles (regardless if they are smooth or
with a terminal papilla, spherical or hemispherical) arranged in a single transverse row
per segment; (2) Sphaerodoropsis Group 3 sensu Borowski [466] is characterized by having
two transverse rows of sessile macrotubercles per segment, leading to the erection of
Geminofilum [453]; and (3) Sphaerodoropsis Group 2 sensu Borowski [466] that has sessile
macrotubercles arranged in more than six longitudinal rows (in a single transverse row per
segment) was found nested with other sphaerodorids with stalked macrotubercles and a
similar arrangement. Consequently, it was included in Sphaerodoridium. Finally, the species
having exactly six rows of macrotubercles were recovered as a paraphyletic clade and left
under Clavodorum.

Members of Sphaerodoropsis with small macrotubercles in three or more transverse rows
per segment (Group 4 sensu Borowski [466]) were not included in the existing phylogenetic
studies, neither were those sphaerodorids without large tubercles (i.e., Amacrodorum and
Euritmia). However, since members of these two taxa shared the arrangement of epithelial
papillae and the presence of only simple chaetae, Amacrodorum was synonymized under
Euritmia [451].

Although the sphaerodorids have been reported as not common in benthic sam-
ples [467], some recent data also show their distribution is often patchy at shelf sediments
and can actually be abundant [453,468]. In fact, they are exclusively benthic marine or-
ganisms, and are present in all oceans and at all depths. They are often reported from
deep-sea sediments, but also occur in shallow waters, including hard substrates and algae
(as epibionts) [447,452,453,455,458,468-470], where they are often considered as members
of the meiofauna [471,472].

The number of species described at the different marine benthic zones has now been
reviewed. The continental shelf (intertidal to ca. 200 m depth), with 61 species, is the
richest benthic zone, although more than a half (i.e., 35) were described from shallow
waters (<40 m depth). The bathyal zone (200-4000 m depth), with 48 species, and the
abyssal (4000-6000 m depth) with 11, led a total of 59 deep sea species, almost as much as
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in shallower waters. Given that the continental shelf is better studied than the deep-sea,
these numbers may confirm the deep-sea as more specious.

Most members of the family have been described from Atlantic waters, both Temperate
Northern (31 species) and Tropical (18 species) realms sensu Spalding et al. [473], followed
by the Southern Ocean (16 species), the Central Indo-Pacific (15 species) and the Arctic
(13 species). The highest number of georeferenced occurrences [34] are also reported in
the Northern Atlantic, the Southern Ocean, and the Arctic, which actually indicate that
these areas are better studied than others worldwide. The Temperate Northern Pacific
seems also to be well surveyed and show a high number of records [34], but does not hold
a high number of species (one three were described in this area and a few others have been
reported there). However, by considering georeferenced reports as a direct measure of
how well surveyed an area is, the most surprising situation occurs in the Central Indo-
Pacific, where several species have been recently described species, but the overall number
of records is very low. Conversely, the Temperate South America, especially the north-
western coast, the Temperate South Africa and the Indo-Pacific (Eastern and Western)
appear to be understudied, with(seven or less species described from these realms and few
occurrences reported [34]. Thus, they would need to be prioritized in future surveys.

3.2.6. Syllidae

Syllidae is the largest polychaete family, comprising ca. 1100 species distributed in 79
genera [6]. Its intricate taxonomic history is reflected in a maze of doubtful, invalid, and
synonymized names. The family Amytidea Grube, 1850 [119] was first proposed to include
several genera that were later invalidated and recognized as reproductive forms (epitokes),
mainly based on the pivotal work describing the reproductive cycle of Autolytus cornutus
Agassiz, 1862 [474], today included in Proceraea Ehlers, 1864 [64]. The tribes Syllideae Grube,
1850 [119], Exogoneae Langerhans, 1879 [475], and Autolyteae Langerhans, 1879 [475] were
then proposed to better accommodate the syllids [475], which were later complemented by
adding the Eusylleae Malaquin, 1893 [476]. In fact, this work was the first large monograph
on the family, where the author described new species, proposed new classifications and
addressed numerous biological aspects [476]. In the 20th century, the tribes were raised to
the subfamily level [201,477], a recognition still followed today, as Eusyllinae Malaquin,
1893 [476], Syllinae Grube, 1850 [119], Exogoninae Langerhans, 1879 [475], and Autolytinae
Langerhans, 1879 [475] (Figures 24a—d and 25a-d). It was not until the 21th century that
the fifth subfamily, the Anoplosyllinae Aguado & San Martin, 2009 [478], was erected
together with the publication of major works synthesizing the current knowledge on the
family [479,480].

The first undoubtful description of a syllid, Nereis armillaris O.F. Miiller, 1771 [481],
dates back to the 18th century using the then newly proposed Linnean classification. Today
the species is allocated in Syllis Savigny in Lamarck, 1818 [68]. Like in this case, a first phase
of syllids history was characterized by numerous animals (now syllids) being described
within different genera [482]. In fact, most species lacked a rigorous taxonomic position,
often with the descriptions only highlighting their similarity with Nereis Linnaeus, 1758 [62].
It was only as a result of a major review of Annelida [119] that the family was described,
implicitly recognizing the consistency of the group formed by animals that had begun to
be described less than 100 years before. Since then, the number of species never stopped
to increase and there is a continuous dripping of new descriptions that has no traces of
deceleration still to date (Figure 26a,b).

During the last decades, several phylogenetic analyses have been performed on Sylli-
dae, with the pioneer dealing with the morphology of Typosyllis Langerhans, 1879 [475,483],
reproductive modes and subfamilies based on morphology [484] and Autolytinae based
on molecular data [485]. The two latter studies used a limited number of terminal taxa,
but their results were overall corroborated by analyzing a large number of taxa based on
morphological and molecular data [486,487]. Other studies focused on Autolytinae [488]
or on Pionosyllis Malmgren, 1867 [86,489], but also on the systematics of the whole family
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including a higher number of terminal taxa and based on combining three molecular mark-
ers (185, 16S and COI) and/or morphology [478,486,487,490]. The overall congruent results
of these studies revealed the monophyly of Anoplosyllinae, Eusyllinae, Autolytinae, Exo-
goninae and Syllinae, and reorganized the Eusyllinae, while Anguillosyllis Day, 1963 [491],
Amblyosyllis Grube, 1857 [295], and Perkinsyllis San Martin, Lopez & Aguado, 2009 [489]
were considered independent genera. The evolution of certain morphological characters
(e.g., the pharyngeal structures), as well as the reproductive modes, could be traced in the
obtained phylogenies. Epigamy is the plesiomorphic condition, while schizogamy has
appeared twice in Syllinae and in Autolytinae [484,486,487,492].

e
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Figure 24. Syllidae. (a) Eusyllinae: Amblyosyllis anae Aguado, Capa, Lago-Barcia et al., 2019 [54];
photo by A. Nygren in [54]). (b) Autolytinae: Myrianida pachycera (Augener, 1913) [493]; photo by L.
Harris. (c) Eusyllinae: Odontosyllis marombibooral San Martin & Hutchings, 2006 [494]; photo by A.
Semenov in Aguado et al. [495]. (d) Syllinae: Syllis maganda Martinez & San Martin, 2020 [496]; photo
by A. Semenov. (e) Exogoninae: Prosphaerosyllis longipapillata (Hartmann-Schroder, 1979) [497]; photo
by A. Semenov in Aguado et al. [495].
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Figure 25. Syllidae. (a) Alcyonosyllis phili Glasby & Watson, 2001 [498] on its alcyonacean host; photo by C. Glasby in [498].
(b) SEM of a Ramisyllis multicaudata Glasby, Schroeder and Aguado, 2012 [499] branching point. (c¢) Ramisyllis multicaudata,
mid-posterior body showing terminal branches and developing female stolon, after [499]. (d) The anterior end of Syllis
malaquini, Ribeiro, Ponz-Segrelles, Helm, Egger & Aguado, 2020; photo by R. P Ribeiro in [500]; an: antenna, ey: eye, dc:
dorsal cirrus, pa: parapodia, ph: pharynx, pl: palp, pr: proventricle, py: pygidium, tc: tentacular cirri.

The systematics of the family were corroborated by a phylogenetic analysis of complete
mitochondrial genome, revealing also a high variability in the mitochondrial gene order,
particularly in Syllinae [501]. Almost in parallel: (1) the existence of a 'ribbon-clade * lineage,
which includes Ramisyllis Glasby, Schroeder & Aguado, 2012 [499] and the flattened body
syllids was proposed [492], and (2) Typosyllis and the previous division of the large genus
Syllis in subgenera were proposed as non-valid [502]. Lastly, the monophyly of the family
was supported based on all available sequences and markers, although subdivided in two
different lineages: the ‘ribbon-clade " (clade A) and clade B (including Syllis as paraphyletic
genus) [500]. Accordingly, all hypotheses on the monophyly of the main groups within
Syllidae (i.e., the five subfamilies and the main lineages within them) are highly congruent.
This stable phylogenetic scenario allowed to trace the evolution of biological processes
such as the reproductive modes and a large variety of regenerative abilities [500,503-505].

Syllidae is a complex family including large genera, such as Syllis [502,506] that
is currently considered paraphyletic [500], together with very small taxa, with only few
known species, or even only one [507,508]. The family includes species with a large diversity
of morphologies (Figures 24a—e and 25a—c), from meiofaunal organisms with few chaetigers
and less than 1 mm like in Neopetita San Martin, 2003 [479] and Erinaceusyllis San Martin,
2003 [479], to relatively large animals like in Trypanosyllis Claparede, 1864 [509], which may
reach impressive lengths of 15 cm and hundreds of segments, or the even longer Syllis
ramosa McIntosh, 1879 [510] and Ramisyllis multicaudata Glasby, Schroeder and Aguado,
2012 [499], which also show an unusual branched body pattern (Figure 25b,c). To some
extent, species level identifications tend to be difficult, but the members of the family are
relatively easily recognizable by the presence of the proventricle, a muscular, barrel-shaped
structure associated to the pharynx [511] (Figure 25d).
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Figure 26. Syllidae. (a) Cumulative curve of newly described species through time. (b) The number of new species described

per year.

Traditionally, species descriptions have been based on morphology, largely aided since
the 1980s by detailed observations under scanning electron microscope [512]. Modern
careful observations, complemented by molecular techniques, revealed the existence of
numerous cryptic or pseudo-cryptic complexes sensu Nygren [18], hidden among the
so-called “cosmopolitan” species [176], having very wide geographical distributions and
bathymetric ranges [54,58,513].

Members of the family can be found in great abundance and diversity in almost
any marine environment, although they are slightly rarer at greater depths [479]. Their
planktonic epitoke and benthic atoke forms occur in a wide range of habitats, including
small interstitial forms inhabiting different types of soft sediments [513-516] to moderately
large cryptofaunal forms [517-519] living in among boulders, coral reefs, sponges, algae,
and mollusk banks, among others, from the mesolittoral and shallow intertidal to the
deep sea.

Syllids present a worldwide distribution, but non-surprisingly showing a skewed
pattern towards showing more occurrences in better studied regions [520], such as the
Mediterranean, North Atlantic European and American coasts, Gulf of Mexico, and Aus-
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tralia. Instead of reflecting a likely true scenario, this rather “Wallacean shortfall’ [521], in
the case of Syllidae, has been mitigated in the aforementioned areas by numerous contribu-
tions spanning from the 19th century to recent years. Among these, it is worth mentioning
some large taxonomic efforts either concentrated on, or having the family as one of their
focuses, in European waters [119,475,476,479,522], North American Atlantic coast [523],
the Gulf of Mexico [524-529], and Australia [469,495,530-534].

Despite their nearly ubiquity in marine environments, syllids have been the subject
of few biogeographic studies to date, most of them concentrated in the Mediterranean. A
thorough account of the syllids from the Balearic Islands (Spain), found most species as
having disjunct or Atlantic-Mediterranean distributions [522], a trend also found for the
whole Mediterranean syllids [535,536], which allowed corroborating previous propositions
of dividing the Mediterranean in northern and southern basins [537]. In a narrower cut,
the fauna of Rovinj (Croatia, Northern Adriatic Sea) revealed numerous new records while
pointing to a possible “meridionalization” of the region, which might be explained by
global warming effects [538].

It is worth mentioning that syllids can be found in nearly all marine environments,
being particularly abundant in rocky shore intertidal communities. This leads to the species
being frequently identified by non-specialists and, non-rarely, based on outdated European
keys (cf. [539]). Thorough revisions (e.g., [54,58,540,541] have already demonstrated that, in
many instances, careful examinations may reveal a hidden diversity larger than previously
thought, not only in poorly studied locations but also among “well-known” species. As
already pointed out [522,535,536,538], the lack of long-term taxonomical data in many
regions, frequently with large knowledge voids, preclude more sound biogeographic
conclusions, a fact that may help to explain the abovementioned lack of studies within
the group.

Syllids present a wide range of feeding strategies, usually using a single tooth to
graze, and/or a crown of denticles associated to the pharynx to punch on other animals.
Food ingestion is assisted by a pumping action of the proventricle. Traditionally, Syllinae
and Autolytinae are considered as carnivores, Eusyllinae omnivorous and Exogoninae
selective deposit feeders and/or opportunistic carnivores [151,542,543]. However, this
classification was a generalization based on a few cases, some of which were also based
on assumptions by previous authors. A more mixed-up scenario proposed the species of
Syllinae, Eusyllinae and Exogoninae to be herbivores, omnivores, and detritivores [544].
More recently, trophic guilds have been updated, but no clear subfamily-level trends have
been proposed [12]. Instead, a rather omnivore habit has been postulated across the family,
as indicated by the frequent findings of recognizable detritus (e.g., fragments of diatoms,
forams, algae and copepods) in guts and fecal pellets of different species [12].

Members of the family are also often found living in symbiosis with many other
organisms (Figure 24a—c), either as commensals of sponges, alcyonaceans, gorgonians,
scleractinian corals, bryozoans, tunicates, asteroids, ophiuroids, and crustaceans, or (more
rarely) as parasites of sponges, cnidarians, other polychaetes, crustaceans, and tunicates
(see [16] and references therein) or as hosts, for instance of epibiotic ciliophoran proto-
zoa [545] or an haplosporidian internal parasites [546]. In fact, they are the second most
diverse polychaete family, after Polynoidae, in terms of symbiotic relationships [16]. Liv-
ing animals, especially symbionts, frequently display camouflage colorings, which are
usually easily lost in preserved material. The most widespread symbiotic association
within the family probably occurs in Haplosyllis Langerhans, 1879 [475]. The so-called
sponge-associated type species Haplosyllis spongicola Langerhans, 1879 [475] is in fact a
specialized sponge predator whose distribution is restricted to European coasts, while all
other reports of this species revealed to be numerous strictly sponge-symbiotic new species
with locally-restricted distributions, e.g., [547,548]. Other interesting associations are those
of Alcyonosyllis, which was named after its alcyonacean octocoral original hosts [498],
although some species were later found living with gorgonians and hexacorals [549], and
those of S. ramosa and R. multicaudata, whose complex branching bodies move inside
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the channels of their host sponges [492] (Figure 25a—c). Very likely, taking into account
the great proportion of cryptic species within Syllidae, some of the symbionts currently
accepted as being polyxenous could certainly be different species still requiring to be
properly described.

4. Conclusions

1.

10.

11.

12.

The highest numbers of species of Phyllodocida have been reported from European,
North American, and Australian waters, although these numbers are biased by an
increased sampling effort in these regions and do not reflect true species richness.
DNA barcode data show similar patterns, but also similar bias.

At the family level, the highest number of distribution records are for Nephtyidae,
Phyllodocidae, Syllidae, Nereididae, and Polynoidae and widest distribution ranges
were for Phyllodocidae, Polynoidae, Nereididae, Syllidae, and Lopadorrhynchidae.
Overall, there is a weak latitudinal gradient in species richness, with a rather uni-
formly high diversity across tropical and temperate latitudes and a drop only in
extreme latitudes.

Antarctic and Pacific coasts of America and Asia, together with the circumtropical
areas worldwide show the highest level of endemism, while the lowest numbers
occur in temperate Atlantic areas and in the Arctic Ocean.

Most records of Phyllodocida and the highest species number and barcode data
come from the high subtidal, where Nereididae, Syllidae, and Nephtyidae domi-
nate. However, members of Phyllodocida seems to be well adapted to deep waters,
particularly polynoids.

Less than 3% of the known species have been reported as occurring non-natively in
certain parts of the world, most of them in Mediterranean waters, and more than half
belong to Nereididae and Syllidae. However, many “non-native” or “introduced”
species, particularly those belonging to critic species-complexes, turned to be native
species with locally restricted populations when carefully examined. None of them
has been considered as invasive or as pest to date.

There is a still unknown number of possible cryptic species complexes, this being a
recurrent trend in most examined families.

Most examined families except to some extent Glyceridae and Goniadidae, show no
traces of stabilization of the accumulative curve of species description, indicating
that more new species are expected to be described in the coming years. Sources of
new species diversity are mainly related with cryptic species complexes, but also
with sampling in poorly explored regions and environments, with the deep-sea being
particularly promising.

Only 620 species of Phyllodocida have sequences published in BOLD, for 1215 BINS
as a consequence of having sequences (1) assigned to higher taxonomic ranks (genus
or family), and (2) with wrong taxonomy assignments, the latter representing 22%
and including sequences either misidentified and/or with invalid, misspelled, or
synonymized names.

Our analyses show the key importance of keeping barcode libraries adequately cu-
rated, together with the need of adding metadata, while highlighting the apparent
difficulty of having molecular data with correct identifications among Phyllodocida,
with less than 60% of the records being usable at the species-level in statistical analysis.
Despite the amount of knowledge on the systematics of Phyllodocida, we would like
to stress that there are still many open questions regarding the correct phylogenetic
placement of most taxa (at different levels) so that further efforts must be dedicated
to collecting new materials, allowing precise morphological descriptions in parallel
with sequences.

We would like to highlight that there is a similar lack of knowledge with respect to the
ecology of most species of Phyllodocida, as well as on their functional role in marine
ecosystems all over the world oceans.
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13. Taking into account that we are entering in the 2020s Oceans Decade, during which
marine ecosystems have to be re-evaluated from many different points of view (from
basic science to sustainable ecosystem services and derived benefits), having a real and
accurate picture of the world oceans emerges as a strategic pillar, with the knowledge
on the diversity they hold being keystone.
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