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 Abstract. The northwestern Pacific Ocean is one of the hotspots of species richness and one of the high en‑
demicity areas of the World Ocean. However, large-scale biodiversity patterns of major deep -sea taxa such as 
Isopoda and Polychaeta are still poorly studied. The goal of this research is to study the distribution, biodiver‑
sity, and community composition of Isopoda and Polychaeta (including Siboglinidae and Echiura) across the 
northwestern Pacific Ocean and the adjacent Arctic Ocean. The study area was divided into equal-sized hexag‑
onal cells (c. 700,000 km²), ecoregions, 5° latitudinal bands, and 200 m depth intervals as unit of analysis. Our 
results revealed that the area around the Philippines and the Laptev Sea had the highest isopod and polychaete’s 
species richness compared to the other geographic regions of our study, with a latitudinal decline of species 
richness in shallow waters in both taxa. In the deep sea, maximum species richness increased towards the tem‑
perate latitudes. Gamma species richness (number of species per 200 m depth interval) also declined with depth. 
Rarefied species richness of isopods peaked around 5000 m depth. Rarefaction curves demonstrated a great po‑
tential for undiscovered richness across 5° latitudinal bands and depth intervals. In shallow waters, polychaetes 
with a pelagic larval phase had a wider distribution range compared to brooding isopods, but, in the deep sea, 
isopods had slightly wider distribution ranges compared to polychaetes. These results thus demonstrated that 
shallow water taxa with pelagic larvae and polychaete species with a wide vertical distribution range could 
potentially invade higher latitudes, such as species from the Northwest Pacific invading the Arctic Ocean under 
the rapid climate change and catastrophic reduction of sea ice cover. These changes might dramatically change 
the benthic communities of the Arctic Ocean and management of such should take an adaptive approach and 
apply measures that take potential extension and invasion of species into account.
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The northwestern Pacific Ocean (NWP) extends 
from the Equator in the south to the Arctic Ocean 
(AO) in the north, and from Asia and Australia in 
the west to 180° longitude in the east. The NWP is 
characterized by many heterogeneous habitats and 
numerous oceanic islands and deep-sea trenches 
(Saeedi and Brandt 2020a; Saeedi et al. 2020). The 
tropical and subtropical areas of the west Pacific in‑
clude the Indo–Australian Archipelago and host the 
highest number of marine species in the World Ocean 
(Renema et al. 2008; Saeedi et al. 2019b)

The bordering AO has an average depth of 987 m 
(Ostenso 1962). It is strongly influenced by the nu‑
trient-rich water that is flowing through the Bering 
Strait (Woodgate and Aagaard 2005). Estimates of 

annual primary production in the northern Bering 
and the southern Chukchi Seas are very high, with 
an average of 470 g C m‑2 y‑1 (Springer and McRoY 
1993; Sakshaug 2004; Grebmeier et al. 2006). The 
Bering and Chukchi Sea shelves are among the larg‑
est shelf areas worldwide hosting a rich benthic food 
web, which in turn supports benthic-feeding preda‑
tors (Grebmeier et al. 2006). 

Isopoda are a crustacean order in the superfam‑
ily Peracarida with >10,000 species (Westheide and 
Rieger 1996). They are among the most common 
taxonomic groups in the World Ocean and are major 
contributors to the deep-sea diversity (Golovan et al. 
2013). The suborder Asellota is predominant below 
200 m depth. In some cases, isopod samples from 
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deep-sea basins mostly consist of Asellota specimens 
(Brandt et al. 2004; Kaiser et al. 2009). One synapo‑
morphic structure for all Peracarida including iso‑
pods is the marsupium, a brood chamber in which the 
females carry their offspring (Westheide and Rieg‑
er 1996; Saeedi and Brandt 2020a). After hatching, 
the isopods are in an early juvenile stage (manca) 
when they stay inside the marsupium (Westheide and 
Rieger 1996; Saeedi and Brandt 2020a). Usually, the 
isopods leave the brood chamber during the second 
manca stage (Wägele 1989). Thus, isopods are effec‑
tively missing a pelagic larval phase which might re‑
sult in lower dispersal capabilities compared to taxa 
with a pelagic larval phase (Siegel et al. 2003).

Polychaeta is a class in the phylum Annelida. 
In this study, we refer to “Polychaeta” because the 
term has been widely used in the available literature. 
To date, >12,000 polychaete species have been re‑
corded (Read and Fauchald 2020). Polychaetes are a 
very abundant taxon and occur in almost any marine 
benthic habitat feeding on deposited organic matter 
and microfauna enriching the food web (Hessler and 
JuMARS 1974; Fauchald 1983; Saeedi and Brandt 
2020a). Polychaetes have a great diversity of de‑
velopmental modes, often fertilized externally by 
releasing both eggs and sperms into the water col‑
umn; thus, most Polychaeta larvae are planktotrophic 
(Fauchald 1983; Wilson 1991).

Pelagic larvae can be divided into planktotrophic 
larvae and lecithotrophic larvae, the former being 
the most common strategy for benthic invertebrates 
which implies feeding on phytoplankton and/or zoo‑
plankton (Wilson 1991; Levin 2006). Planktonic 
larval durations (PLD) range from just a few hours 
to multiple months (Carson and Hentschel 2006; 
Shanks 2009). A positive correlation between larval 
duration and dispersal distance has been recorded 
(Siegel et al. 2003; Shanks 2009). Larval behavior 
is important to consider regarding dispersal capabili‑
ties (Krug and Zimmer 2004). Species with a pelagic 
larval phase have the advantage that they can reach 
areas of favorable conditions more easily than brood‑
ers (Pechenik 1999), which might reduce fluctuations 
in adult populations (Eckert 2003). Brood protection, 
on the contrary, can offer security in terms of shel‑
ter and food availability (Levin and Bridges 1995). 
These attributes might be especially favorable in the 
food-limited deep-sea ecosystems (Bush et al. 2012). 
However, the global and regional distribution and 
diversity patterns of isopods and polychaetes should 

be studied further to enable us to better compare the 
dispersal abilities of these two taxa.

It is generally assumed that species richness 
for all marine species including isopods and poly‑
chaetes peaks in the Tropics and decreases towards 
higher latitudes (Rex et al. 2000; Brown 2014; Val‑
entine and Jablonski 2015). However, recent studies 
have shown that latitudinal global species richness 
pattern is bimodal, not only decreasing with latitude 
and depth, but also decreasing at the Equator (Saee‑
di and Costello 2012; Costello and Chaudhary 2017; 
Saeedi et al. 2017b; Saeedi and Costello 2019). In 
the deep sea, maximum species richness is recorded 
at higher latitudes (30–50°N; (McClain et al. 2012; 
Woolley et al. 2016; Saeedi et al. 2017b)). Species 
richness in shallow waters correlates positively with 
temperature (Tittensor et al. 2010; Chaudhary et al. 
2017; Costello and Chaudhary 2017), whereas spe‑
cies richness in the deep sea is more likely influenced 
by chemical energy and food availability (Brandt et 
al. 2015; Brandt and Malyutina 2015; Woolley et al. 
2016; Yasuhara and Danovaro 2016; Barroso et al. 
2018; Golovan 2018; Saeedi et al. 2019a). Consider‑
ing global climate change and its impacts on distri‑
butions of marine species, further investigating the 
main drivers of species distributions and richness 
should be prioritized. 

The NWP and AO are experiencing rapid climate 
change; consequently, local species might experience 
a northward and southward distribution range shift 
(Simões et al. 2021). The latitudinal and bathymet‑
ric species-richness gradients, as well as their causes, 
need to be (re)examined in these areas. An under‑
standing of present distributional patterns and their 
potential drivers is imperative to predicting future 
changes and their consequences. An informational 
basis is necessary for any conservational work or the 
implementation of Marine Protected Areas (MPA). 
Saeedi et al. (2019b) already investigated potential 
drivers of marine species richness in the NWP and 
the AO, but did not include the important role of dis‑
persal abilities of different taxa as a driver of species 
richness patterns in those areas (Saeedi et al. 2019b; 
Saeedi et al. in press). In addition, studies of the re‑
lationship between developmental mode and distri‑
bution of marine species are rare (Mileikovsky 1971; 
Krug and Zimmer 2004). The goal of this study is 
thus to (1) analyze the latitudinal and bathymetric 
distribution of Polychaeta and Isopoda and identify 
hotspots of species richness, (2) compare species 
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distributions of Isopoda and Polychaeta, and (3) dis‑
cover if Polychaeta with a pelagic larval phase have 
wider distributions compared to Polychaeta with no 
pelagic larval phase and brooding Isopoda.

Methods
Study area and data preparation

The study area included large portions of the 
NWP and the adjacent AO at latitudes of 0–90°N and 
longitudes of 100–180°E. Most records used in this 
study were extracted from the Ocean Biodiversity In‑
formation System (OBIS) and the Global Biodiver‑
sity Information Facility (GBIF). We also drew data 
from four Russian -German and German-Russian 
benthic deep-sea expeditions in the NWP (Malyuti‑
na and Brandt 2013; Brandt and Malyutina 2015; 
Malyutina and Brandt 2018; Saeedi et al. 2019e; 
Saeedi and Brandt 2020b). Records were collected 
by a great variety of sampling methods (Saeedi et al. 
2019e; Saeedi and Brandt 2020b). The gear deployed 
during four benthic deep-sea expeditions included 
CTD, MUC (multicorer); GKG (giant box corer); 
EBS (epibenthic sledge); AGT (Agassiz Trawl), BT 
(bottom trawl) (Brandt and Malyutina 2014), BC 
(box corer) (Brandt et al. 2010), and PN (plankton 
net) (Chernyshev and Polyakova 2018). Standard‑
ized methodology was used for their deployment 
during all expeditions for reasons of comparison 
(Brandt and Malyutina 2014). 

Data were merged and cleaned following Saee‑
di et al. (2019a). Records were checked for reliabil‑
ity with the R package “robis” (Provoost and Bosch 
2020); doubtful coordinates were either corrected 
(e.g., when longitude and latitude were switched), 
or were removed (e.g., in the case of fossil records; 
(Saeedi et al. 2019b; Saeedi et al. 2019d)). All re‑
cords were taxon-matched against the World Reg‑
ister of Marine Species (WoRMS). Old taxonomy 
was updated, and unconfirmed matches were cross-
checked and incorporated into the dataset. Following 
the WoRMS taxonomy backbone for polychaetes, 
Siboglinidae and Echiura were included, but Sipun‑
culas were not. 

After these steps, the dataset consisted of 6716 
records, of which 5328 records were Annelida and 
1388 records were Arthropoda. Table S1 summarizes 
percentages of the records and available depth infor‑
mation for shallow water and deep sea in the NWP 
and AO (Table S1): 1066 species from 105 families 
were represented in the dataset. All records were clas‑
sified as either shallow-water (0–500 m) or deep-sea 

(>500 m) records, based on the World Register of 
Deep-Sea Species (WoRDSS; (Glover et al. 2021)). 
The reason for this classification is the small vari‑
ability in physical parameters over different seasons 
and the negligible effect of sunlight on organisms at 
depths below 500 m.

Information about presence of a pelagic larval 
phase was extracted from the literature and WoRMS, 
and added to the dataset for polychaetes. In addition 
to actual information available, an estimation method 
was used (Carson and Hentschel 2006): when >80% 
of a genus or family shared the same developmen‑
tal mode, that mode was assumed for other species 
in that group. From a total of 736 polychaete spe‑
cies, 321 were classified as having a pelagic larval 
phase according to WoRMS and other literature 
(Fauchald 1983; Wilson 1991; Bhaud 1998; Carson 
and Hentschel 2006; Shanks 2009; Kędra et al. 2013; 
Read and Fauchald 2020) which corresponds to 2401 
records, out of a total of 5328 records.

Data analysis
For data analysis and visualization, we used R 

3.6.2 (R Core Team, 2020). The packages readxl 
(Wickham et al. 2019), tidyr (Wickham and Henry 
2020), dplyr (Wickham et al. 2021), and ggplot2 
(Wickham 2016) were employed for importing, 
cleaning, manipulating, and plotting the data. With 
the help of the sf package (Pebesma 2018), we cre‑
ated a map of the study area with an overlaying hex‑
agonal grid. Each hexagonal cell covered roughly 
700,000 km²; the study area was also divided into 
ecoregions to provide better insights for conserva‑
tional planning. These ecoregions were taken from 
the Marine Ecoregions of the World (MEOW) poly‑
gon layer (Spalding et al. 2007). To study patterns 
of latitudinal and bathymetric distribution, the study 
area was divided into 5° latitudinal bands and 200 m 
depth intervals.

Sampling effort, species richness, and rarefied 
species richness ES15 (see below) were calculated 
for each hexagonal cell, ecoregion, 5° latitudinal 
band, and 200 m depth interval. Using an occurrence 
table, sampling effort was examined. Alpha species 
richness (species richness per hexagonal cell) and 
gamma species richness (species richness per 5° 
latitudinal band) were calculated with a presence/
absence matrix. The rarefaction method (ES15) was 
employed to account for sampling bias (Saeedi et al. 
2019b). It repeatedly re-samples 15 randomly cho‑
sen records from all records available and calculates 
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the average species number per 15 records (Oksanen 
et al. 2019). A sample size of 15 was chosen over a 
sample size of 50, because the number of distribution 
records at a site needs to be higher than the chosen 
sample size in order to get a rarefied result. At many 
stations, the number of distribution records were too 
low for a sample size of 50. The function “rarefy” 
from the “vegan” R package Oksanen et al. 2019) 
was used for the rarefaction method. 

The rarefaction method (ES15) was also em‑
ployed to create rarefaction curves. Rarefied expect‑
ed number of species shows the number of species in 
relation to the number of samples, by a random se‑
lection of samples along the study area. When a rar‑
efaction curve reaches an asymptote, it implies that 
most or all of the species in a given area have been 
found. If the curve does not show a plateau, more 
sampling is needed (Chiarucci et al. 2008; Oksanen 
et al. 2019). 

All isopod and polychaete records were grouped 
into suborders. Suborder was chosen as a unit of 
comparison because it enabled informative compar‑
isons. Violin plots were created based on the subor‑
ders to study community composition and density 
distribution ranges of isopods and polychaetes in 
shallow waters and in the deep sea. A hierarchical 
cluster analysis was performed to study similarity 
and difference among ecoregions. Ordinary bootstrap 
resampling (BP) and multiscale bootstrap resampling 

(AU) were handled by the function “pvclust” of the 
package (Suzuki and Shimodaira 2019)(Suzuki et al., 
2019).

 
Results

Distribution and diversity 
Overall, the highest sampling effort (i.e., number 

of records) was recorded around South Korea based 
on both hexagons and ecoregions plots of isopods 
and polychaetes (Fig. 1; Fig. S1-S20). Alpha species 
richness peaked around South Korea, the Philippines, 
the Central Kuroshio Current region south of Japan, 
and in the Laptev Sea (Fig. 1; Fig. S1-S20). Rarefac‑
tion (ES15) showed that highest species richness was 
around the Philippines, Sea of Japan, Yellow Sea, 
and the AO (Fig. 1). 

Isopod species had a narrower range compared 
to polychaete species in both shallow water and deep 
sea (Fig. 2; Fig. 3; Fig. S3-S6). The distribution per‑
centages for isopods were 55.7% overall, 42.6% in 
shallow waters, and 29.5% in the deep sea. Deep-sea 
sampling effort for isopods was highest in the 
Oyashio Current region (Fig. S4). Species richness 
and ES15 values were higher around the Kuril-Kam‑
chatka Trench, in the Oyashio Current region, and in 
the AO, compared to other regions (Fig. S4). 

Polychaeta were present in 83.6% of all hexa‑
gons in the study area (Fig. 3; Fig. S5-S6). In shal‑
low waters, this number was reduced to 77.1%, and 

Figure 1: Biodiversity patterns across all taxa; (a) Sampling effort (number of distribution records), (b) alpha spe‑
cies richness (number of species per hexagon), and (c) ES15 (expected number of species) for both Isopoda and 
Polychaeta in the NW Pacific and the Arctic Ocean. Hexagon cell size is 700,000 km². The areas with no hexagons 
had zero values.
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in the deep sea to 42.6%. However, in the deep sea, 
polychaetes with a pelagic larval phase were only 
present in 24.6% of all hexagons. Polychaetes with 
a known pelagic larval phase also had wider distri‑
bution overall (73.8% of all hexagons) and in shal‑
low waters (65.6% of all hexagons) compared to 
isopods. In the deep sea, sampling effort and alpha 
species richness were highest in the Laptev Sea (Fig. 

S6). ES15 values were highest in the Laptev Sea and 
around the southern point of the Philippines. Because 
of the scarce amount of deep-sea records, rarefaction 
worked only for a small number of hexagons, so no 
clear pattern was observable. 

Polychaetes with a known pelagic larval phase 
showed distribution and diversity patterns similar 
to those of polychaetes overall (Fig. S7). However, 

Figure 2: Biodiversity patterns of all Isopoda; (a) Sampling effort (number of distribution records), (b) alpha species 
richness (number of species per hexagon), and (c) ES15 (expected number of species) for all Isopoda in the NW Pacific 
and the Arctic Ocean. Hexagon cell size is 700,000 km². The areas with no hexagons had zero values.

Figure 3: Biodiversity patterns of all Polychaeta; (a) Sampling effort (number of distribution records), (b) alpha species 
richness (number of species per hexagon), and (c) ES15 (expected number of species) for all Polychaeta in the NW Pa‑
cific and the Arctic Ocean. Hexagon cell size is 700,000 km². The areas with no hexagons had zero values.
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species richness and ES15 patterns in polychaetes 
with an unknown pelagic larval phase showed slight 
differences compared to polychaetes with a known 
pelagic larvae and overall polychaetes (Fig. S7-S10). 
Polychaetes with unknown pelagic larvae showed 
higher species richness in the AO as well the Sea of 
Japan and the Yellow Sea (Fig. S8). However, poly‑
chaetes with known and unknown pelagic larvae still 
had a broad distribution, and hotspots of sampling 
effort and species richness were identical. Since less 
data were available from the deep sea, the rarefaction 
method failed in more hexagons and ecoregions than 
before (Fig. S10). Nevertheless, ES15 hotspots were 
still present in the same locations. 

Latitudinal gradients
Between the latitudes of 55° and 75° N, few or 

no records were available in light of less or minimum 

available ocean area (Fig. 4; Fig. S21). Sampling ef‑
fort was highest at latitudes 40° and 80° N. Gamma 
species richness showed two peaks: one at 15° and 
another one at 40° N. ES15 values were highest at 
latitudes 5–10° N, and were lowest at latitudes 20° 
and 75° N (Fig. 4; Fig. S22). Values for the AO were 
slightly lower than those for the NWP.

Most of the records at 40° N had missing depth 
information (Table S1), which is why this peak disap‑
peared when categorizing records by depth. In shal‑
low waters, highest sampling effort was at 80° N. For 
depths above 200 m, gamma species richness was 
highest at 15° and 80° N. Also, a decline of species 
richness is visible towards higher latitudes, and with 
a dip near the Equator. In shallow waters, a dip at 
20° N in rarefaction values was visible, with slightly 
lower than average levels at 50° N and at AO lati‑
tudes (Fig. S23). In the deep sea, sampling effort was 

Figure 4: Latitudinal distribution and diversity of Isopoda and Polychaeta in the NW Pacific and the Arctic Ocean; (a) 
sampling effort (number of distribution records) and (b) gamma species richness (number of species per 5° latitudinal 
band) for Isopoda (in red) and Polychaeta (in blue); ES15 values (expected number of species) for (c) Isopoda and (d) 
Polychaeta.
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highest at latitudes 45° and 80° N. Deep-sea gamma 
species richness was highest at 45° and 80° N. High‑
est deep sea ES15 values were recorded at latitudes 
15°, 40°, and 80° N, whereas lowest values were at 
20°, 30°, and 85° N (Fig. S24).

For isopods, in shallow waters, sampling effort 
peaked at 80° N (Fig. S25). Gamma species richness 
decreased towards higher latitudes, with a small dip 
near the Equator and a peak at latitude 80° N. In shal‑
low waters, ES15 values were higher in the tropical 
zone, with peaks 35–45° and 80° N, compared to 
temperate and cold zones. Deep-sea sampling effort 
peaked at 45° and 80° N (Fig. S26). Gamma species 
richness was highest between 40°, 55°, and 80° N. 

In the rarefaction plot (Fig. S26, c), while show‑
ing a peak at 40° N and a drop at latitudes of 85° 
N and greater, data were too few for a proper rar‑
efaction estimation at many latitudinal bands in the 
deep sea. The rarefaction curve for all isopods per 
5° latitudinal band showed a high species count for 
the latitudes 15–40° N (Fig. S33). A flattening of the 
curve was clearly visible at latitudes 45° and 80° N. 
For AO latitudes, including 75°, 85° and 90° N, spe‑
cies counts and sample sizes were minimal. 

For polychaetes, shallow-water sampling effort 
was highest at latitude 80° N, in addition to NWP 
latitudes of 15°, 25°, and 35° N (Fig. S25). In shal‑
low waters, species richness decreased with higher 
latitudes (except at 80° N), and a dip was recorded 
near the Equator. The peak of gamma species rich‑
ness was at 80° N latitude. Rarefaction produced a 
similar pattern to the ES15 values for all polychaete 
records. Deep-sea records showed a significant peak 
of sampling effort at 80° N, and high values in the 
temperate and Arctic zones were also observed. Two 
peaks of gamma species richness were noticeable, at 
45° N and 80° N. ES15 values in the deep sea were 
lowest between latitudes 15° and 35° N, and at lati‑
tudes 55° and 85° N, compared to other latitudes.

Bathymetric gradients
From all 6716 records, ~45 % were from upper 

shallow depths above 200 m, ~18 % in the deep sea; 
~37% were missing information about depth alto‑
gether. Around 71% of records were from the NWP 
and ~29 % from the AO. Isopoda and Polychaeta 
were both distributed over the whole depth range, 
from shallow waters to deep sea (Fig. S27-S28). Re‑
cords came from the surface all the way to a depth 
of 10,170 m (the deepest record was a polychaete, 
Bathykermadeca hadalis (Kirkegaard, 1956), from 

10,170 m near the Philippines. For isopods, the deep‑
est occurrence was at 9910 m from the same loca‑
tion, referred to Macrostylis galatheae Wolff, 1956. 
In the AO, the deepest recorded specimen was from 
4170 m, of Aricidea (Aricidea) albatrossae Petti‑
bone, 1957. Most records were from upper shallow 
waters above 200 m. Almost half of isopods and 
~44% of polychaetes were found in this zone. Below 
the depth 200 m, records decreased continuously, but 
peaked again around 600 m. Many isopods were re‑
corded around 5000 m in the NWP. Species richness 
values were correlated with number of records. ES15 
had the highest values from depth 0 m to 600 m, and 
then gradually declined below that depth, reaching 
its lowest value at 2800 m (Fig. S29-S30). 

Rarefaction curves for both taxa showed simi‑
lar patterns (Fig. S31-S36). The rarefaction analysis 
documented highest sample size and species count at 
40° N. The 40° N curve and the 80° N curve moved 
towards their maximum species count, while all oth‑
ers still showed potential for growth. Latitude 15° N 
was distinguished with a high species count for its 
sample size (Fig. S31). Highest sample sizes and spe‑
cies counts were in the range 0–200 m (upper shal‑
low waters), followed by 400–600 m and 200–400 m 
(Fig. S32). A notable difference between isopods and 
polychaetes (except sample size and species count) 
was the depth range 5200–5400 m, where sample 
size was roughly equal to the 200–400 m range, with 
a flattened shape for isopods. 

Isopods made up ~21% of all records. Only 
~12 % of isopod records had missing depth infor‑
mation. Shallow records were ~49% and deep-sea 
records were ~39% of the total. NWP records made 
up 67% and AO records constituted 33%. Isopods 
were represented by 330 species. Of those, 302 spe‑
cies (~92%) were from the NWP, and 27 (~8 %) from 
the AO; only one species was found in both areas. 
Around 45% of isopod species were classified as 
shallow-water species; ~17% of isopods were pres‑
ent only in the deep sea, and ~23% of isopods were 
eurybathic organism, found in both shallow waters 
and the deep sea.

Isopods are grouped into five suborders (Fig. 5); 
of 37 families, 34 could be assigned to a suborder. 
Asellota, Cymothoida, and Valvifera were dominant 
in the AO community, whereas Cymothoida was 
most prominent in the NWP, followed by Sphaero‑
matidea and Limnoriidea. Analyzing the bathymet‑
rical distribution revealed that Asellota was by far 
the most common representative in shallow waters 
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and in the deep sea.  All other suborders were present 
in shallow waters, with few records from the deep 
sea. Asellota also had the widest distribution range 
(depthwise), with roughly twice the range of Cy‑
mothoida, which fell in second place.

For polychaetes, ~80% of records were of poly‑
chaetes. Of those, over two thirds (71.8%) were 
reported from the NWP, and the rest (28.2%) from 
the AO. Polychaete records had more missing depth 
information (43.8%) than isopod records. Around 
43% of polychaete records were from shallow water, 
compared to nearly 13% from deep sea. The dataset 
included 736 polychaete species. Of those species, 
624 (~85 %) were found solely in the NWP; only 
70 species (~10%) were from the AO. In total, 42 
species (6%) were present in both the NWP and the 

AO. Half of the records were from shallow waters, 
and only 15% were from the deep sea; the rest had 
missing depth information. Of total records, 154 spe‑
cies (21%) of Polychaeta occurred in both shallow 
water and deep sea. The violin plot for taxonomic 
composition of polychaete species by depth showed 
that Bonelliida was not the most common taxon in 
shallow waters (Fig. 6), but was the dominant taxon 
in the deep sea. While not having many records in the 
deep sea, Aphroditiformia had the widest distribu‑
tion, followed by Bonelliida, compared to other taxa. 

Similarity cluster
The cluster analysis of ecoregions revealed six 

distinct groups (Fig. 7); all had an AU value of >95. 
The first cluster included the eastern Philippines and 

Figure 5: Violin plot representing the (a) latitudinal and (b) bathymetric distribution density 
range of Isopoda records for each suborder in the NW Pacific and the Arctic Ocean.
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Figure 6: Violin plot representing the (a) latitudinal and (b) bathymetric distribution density range of Polychaeta records 
for each suborder in the NW Pacific and the Arctic Ocean.
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Palawan North Borneo (AU = 100). The southern 
China ecoregion stood alone (AU = 95). The third 
cluster consisted of ecoregions from the AO and the 
Cold Temperate NWP (Sea of Okhotsk, Chukchi 
Sea, East Siberian Sea, Laptev Sea, Sea of Japan, and 
the Yellow Sea; AU = 97). The first part of cluster 
number 4 included only ecoregions from the Central 
Indo-Pacific (South Kuroshio, Halmahera, Sulawesi 
Sea/Makassar Strait, Sunda Shelf/Java Sea, Gulf of 
Thailand, and Southern Vietnam), whereas the sec‑
ond part was more spread out, including ecoregions 
ranging from Central Indo-Pacific and Eastern In‑
do-Pacific to the Temperate Northern Pacific (Central 
Kuroshio Current, Marshall Islands, North-eastern 
Honshu, Mariana Islands, and Ogasawara Islands). 
Cluster 5 (AU = 97) included mostly ecoregions from 
the Temperate Northern Pacific (East China Sea, 
Oyashio Current, Aleutian Islands and Kamchatka 
Shelf and Coast), plus two from the Central Indo-Pa‑
cific (West Caroline Islands and Northeast Sulawe‑
si). Cluster 7 consisted only of ecoregions from the 
Central Indo-Pacific (Gulf of Tonkin, Malacca Strait, 
East Caroline Islands, and South China Sea Oceanic 
Islands; AU = 96).

Discussion
Distribution and diversity

In this study, we used open-access data in com‑
bination with data from four Russian–German and 
German–Russian benthic deep-sea expeditions to 
the NWP. The open-access data were only available 
in English. The resulting dataset therefore suffered 
from taxonomic, language (i.e., no local languages), 
and geographic bias. 

We documented high alpha species richness 
(number of species per hexagonal cell), as well as 
high ES15 values (expected species richness) for 
the area around the Philippines. This concentration 
was observed for both shallow waters and the deep 
sea. These findings are supported by earlier studies 
(Renema et al. 2008; Costello and Chaudhary 2017; 
Saeedi et al. 2019b). In fact, the Indo-Australian Ar‑
chipelago (IAA) is considered as the most diverse 
region of the World Ocean (Renema et al. 2008; 
Chaudhary et al. 2016; Chaudhary et al. 2017; Saee‑
di et al. 2017a; Saeedi et al. 2017b). The past and 
present hotspots of marine species richness mark the 
locations of collisions between tectonic plates (Ren‑
ema et al. 2008). During the early stage of plate col‑
lisions, new shallow-water habitats are created and 
new islands appear (Provoost and Bosch 2020). This 

Figure 7: Cluster analysis (pvclust) of Isopoda and Polychae‑
ta in ecoregions of the NW Pacific and the Arctic Ocean. The  
numbers  above  each  edge  show  the  probability  of nodes  
below  that  edge  occurring  as  a  cluster  in  resampled  trees,  
via  ordinary  bootstrap resampling  (BP,  green)  or  multi‑
scale  bootstrap  resampling  (AU,  red); distance: correlation; 
cluster method: average.
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process results in altered ocean circulation, more 
heterogeneous habitats, and opportunities for isola‑
tion of populations, which all have been identified as 
driving factors of species richness (Jokiel and Marti‑
nelli 1992; Bellwood and Hughes 2001; Bellwood et 
al. 2005; Leprieur et al. 2016). Temperature has also 
been found to be significantly correlated with species 
richness (Tittensor et al. 2010; Costello and Chaud‑
hary 2017; Saeedi et al. 2017b; Saeedi and Costello 
2019; Saeedi et al. 2019c): higher temperatures can 
speed metabolism and mutation rates, which in turn 
may result in higher speciation potential (Costello 
and Chaudhary 2017), as well as allowing for a wid‑
er range of energetic lifestyles (Clarke and Gaston 
2006). Our results also revealed hotspots of species 
richness in Isopoda and Polychaeta in convergence 
zones and areas of high temperature. 

In addition to the Philippine hotspot of species 
richness in the NWP, we have also found species 
richness hotspots (alpha and ES15) in the AO for 
both Isopoda and Polychaeta. High alpha species 
richness values of marine species in the AO have 
been already reported in our previous study (Saeedi 
et al. 2019b). In particular, values of ES15 showed 
that the AO could be very rich if we account for sam‑
pling bias. As such, species richness in the AO might 
be higher than has been thought before, given lower 
sampling effort compared to other areas (Bodil et al. 
2011; Saeedi et al. 2019b). This sampling gap is most 
likely the case for many other marine taxa, especially 
for deep-sea fauna.

For example, analysis of deep-sea isopod records 
here presented a high alpha species richness as well 
as and high ES15 value in the deep Kuril-Kamchat‑
ka Trench (KKT) area. Our results match earlier 
findings (Brandt and Malyutina 2015; Golovan et 
al. 2018). This high diversity in the deep sea of the 
KKT has been reported to be most likely correlated 
with food availability (Golovan et al. 2018). Golo‑
van et al. (2018) reported that peracarid abundance 
and species richness increased with a high sediment 
organic carbon content. Compared to deep-sea iso‑
pods, deep-sea polychaetes did not show high alpha 
species richness in the KKT area in our study.

Alpha species richness was expected be high‑
est in the IAA region in Polychaeta. Nonetheless, 
we found that polychaetes had highest alpha species 
richness in the Laptev Sea, in both shallow water and 
deep sea. Higher polychaete species richness in the 
AO compared to the NWP has been already reported 
by Saeedi et al. (2019b). Older studies reported gen‑

erally low AO species richness (Bilyard and Carey 
Jr 1980; Kupriyanova and Badyaev 1998), whereas 
recent studies revised species richness estimates up‑
ward (Sirenko 2001; Kędra et al. 2013). We suggest 
that the species richness in the AO is likely higher 
than expected before owing to low sampling effort. 

Dispersal and distribution
In this study, we compared brooding isopods with 

polychaetes that have pelagic larval phases (includ‑
ing planktotrophic and lecithotrophic larvae), and 
polychaetes with unknown pelagic larvae. In shallow 
waters, polychaetes with pelagic larval phases had 
a wider distribution compared to brooding isopods. 
The distributions of polychaetes with pelagic larvae 
and those with unknown pelagic larvae did not differ 
markedly. Deep sea isopods had wider distributions 
compared to polychaete species. Previous work has 
shown that polychaetes with pelagic larval phases 
have significantly wider distributions compared to 
brooding isopods in shallow waters, which could be 
a function of the dispersal capabilities of the poly‑
chaete larvae (Grantham et al. 2003; Siegel et al. 
2003).

Grantham et al. (2003) studied the dispersal 
potential of marine invertebrates. They found that 
planktotrophic polychaetes stayed an average of 57 
days in the planktonic phase and could disperse tens 
or hundreds of kilometers. They also discovered that 
lecithotrophs stayed on average 7 days in the plank‑
tonic phase, and suggested a lower dispersal rate for 
this group (Grantham et al. 2003). Planktonic larval 
durations are reported to be correlated with disper‑
sal distance (Shanks 2009), which typically ranges 
from 20–40 km for short PLDs and >200 km for 
long PLDs (Siegel et al. 2003). Species with greater 
dispersal potential suggested a higher probability to 
reach areas of favorable conditions, as well as lower 
risk of extinction (Pechenik 1999; Eckert 2003). 

One difference between the two studied taxa was 
that ~5.7% of polychaete species were present in 
both NWP and the AO, but only 0.3% of isopod spe‑
cies were reported from both oceans. One possible 
explanation for this contrast might be the dispersal 
capabilities of the polychaete larvae (Grantham et al. 
2003; Siegel et al. 2003), although it could result oth‑
er influences, such as sampling bias and taxonomic 
expert bias. 

In the deep sea; however, Isopoda had a wider 
distribution compared to Polychaeta with a pelagic 
larval phase. The possibly higher protection through 
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brooding (Pechenik 1999) and active selection for 
favorable conditions (Hunt and Seibel 2000) might 
be responsible for this. Intuitively, one would assume 
that greater dispersal capabilities always result in a 
wider distribution range, but the following variables 
must be considered as well. Ecological niche-related 
constraints like temperature can limit the areas where 
larvae can survive (Verween et al. 2007; Talmage 
and Gobler 2011; Chaudhary et al. 2016; Saeedi et 
al. 2017b); ocean currents and turbidity influence 
dispersal of larvae significantly (Bhaud 1998; Bhaud 
2000; Carson and Hentschel 2006)); and inter- and 
intraspecific competition and resistance to pollutants 
and microbes must also be considered (Economou 
1991; Pechenik 1999; McEdward 2020). 

The isopod suborder Asellota had by far the 
highest density in shallow waters, as well as in the 
deep sea. It has been recorded that the diversity of 
the suborder Asellota increases in some cases with 
depth, while the diversity of other isopod suborders 
decreases with depth (Saeedi and Brandt 2020a). In 
this study, the polychaete suborder Bonelliida had 
highest density in the deep sea, compared to other 
polychaete suborders. They have been described as 
a characteristic part of the fauna in the abyssal and 
hadal zones (Zenkevitch 1966), but information on 
these taxa is scarce and no recent studies are avail‑
able. 

Further research is necessary to understand the 
mechanisms of larval dispersal and their implica‑
tions for distributions of adult organisms. Different 
methods of marking larvae could allow for direct 
measurement of larval dispersal, such as using artifi‑
cial markers, environmental tags, or genetic markers 
(Thorrold et al. 2002; Cowen and Sponaugle 2009). 
Through these methods, dispersal distances can be 
observed, and larval trajectories can be estimated 
(Jones et al. 1999). In this way, it is possible to in‑
vestigate the relationship between dispersal and dis‑
tribution, as well as population connectivity. These 
factors must be considered in the design of effective 
marine reserves.

Latitudinal gradients 
Species richness decreased towards higher lat‑

itudes in both isopods and polychaetes across the 
NWP and the AO. The this pattern, in combination 
with a dip near the Equator, has been reported to cor‑
relate with sea temperature (Chaudhary et al. 2016; 
Chaudhary et al. 2017; Saeedi et al. 2017b). Bivalve 
larvae, for example, could not stand temperatures 

>28°C, which led to higher embryo and larval mor‑
tality (Verween et al. 2007; Talmage and Gobler 
2011). A clear northward shift of gamma species 
richness was observed in deep-sea isopods. Latitude 
80° N had an ES15 value of ~10, and was therefore 
just as species-rich as the temperate latitudes. 

A peak in species richness in temperate deep-sea 
latitudes has been found in other taxa (Rex et al. 
2000). Since productivity in the deep sea is general‑
ly low (except for hydrothermal vent areas), input of 
particulate organic matter (POM) plays an important 
role as a driver of species richness (Woolley et al. 
2016; Golovan 2018). Sediment heterogeneity has 
been shown to increase species richness, and is im‑
portant to consider in the context of deep-sea habi‑
tats owing to the great number of deposit feeders that 
rely on organic detritus as a food source (Levin et 
al. 2001). Another important factor shaping deep-sea 
species richness is oxygen concentration (Levin and 
Gage 1998; Saeedi et al. 2020): Levin et al. (2001) 
stated that oxygen-depleted bottom water typically 
resulted in strongly reduced macrofaunal diversity. 
The same drivers of species richness, in both shallow 
waters and in the deep sea, must be considered when 
investigating polychaete distribution patterns. 

As documented for isopods, polychaete species 
richness in shallow waters decreased at higher lat‑
itudes and increased towards temperate latitudes in 
the deep sea. Nonetheless, highest species richness, 
for shallow-water as well as deep-sea polychaetes, 
was recorded at latitude 80° N. This result is consis‑
tent with our previous findings (Saeedi et al. 2019b), 
who attributed this effect to higher sampling and tax‑
onomy efforts in that area. The lower species richness 
at latitudes 55–75° N and >85° N might be explained 
by the relatively little available ocean area.

 
Bathymetric gradients

In the present research, a clear decline in species 
richness from shallow waters to the deep sea was re‑
corded in both isopods and polychaetes. Most sam‑
ples were reported in depths above 200 m, and were 
correlated with highest species richness values. Both 
isopod and polychaete species richness peaked again 
at a depth of ~600 m. Isopod sampling effort and spe‑
cies richness increased greatly a depth of ~5000 m. 
Most isopod records at this depth originate from the 
KuramBio expedition in 2012 (Brandt and Malyutina 
2015). The peak around South Korea was not visi‑
ble for records above or below 200 m, meaning that 
these records had missing depth information. 
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ES15 values for depths 5000–5600 m were com‑
parable to ES15 value for depths ~1000 m. In general, 
species richness decreases with depth (Costello and 
Chaudhary 2017; Saeedi et al. 2019b). This linear de‑
cline of species richness with depth, in combination 
with peaks at ~500 m and again at abyssal depths, has 
appeared in other studies of different taxa (Rex et al. 
2005; Yasuhara et al. 2012; Jöst et al. 2019; Saeedi et 
al. 2020). Variability in species richness in relation 
to depth can be explained by heterogeneity of POM 
(Golovan et al. 2018), sediment and habitat (Levin et 
al. 2001), and oxygen concentration (Levin and Gage 
1998; Levin et al. 2001; Saeedi et al. 2020). 

Cluster analysis
Cluster analysis of the ecoregions revealed six 

significantly different groups of Isopoda and Poly‑
cheta distribution. The first consisted of Palawan 
North Borneo and the Eastern Philippines, which en‑
compasses the ocean area directly around the Philip‑
pines and indicates a distinct community in this area. 
These finding are in agreement with earlier studies 
(Roberts et al. 2002; Saeedi et al. 2019b). The sec‑
ond cluster consisted only of the Southern China Sea, 
which was surprising in view of the great distance to 
cluster 6, which includes the Gulf of Tonkin and the 
South China Sea Oceanic Islands. Given their imme‑
diate geographic connection, higher similarity was 
expected. This distance could be explained by a high 
endemicity rate in benthic species, which has been 
reported for the Gulf of Tonkin (Saeedi et al. 2019b). 
Cluster number 3 revealed a high similarity between 
the Sea of Okhotsk and the Arctic Ocean, probably 
due to the waters that are flowing through the Ber‑
ing Strait which heavily influence the AO (Woodgate 
and Aagaard 2005). The cluster analysis revealed the 
generally expected groups which were explained by 
rates of endemicity (Roberts et al. 2002; Saeedi et al. 
2019b) and hydrological characteristics (Woodgate 
and Aagaard 2005).

Conclusions
The present research documented high species 

richness around the Philippines and in the Laptev Sea 
in Isopoda and Polychaeta. These values were cou‑
pled with high ES15 values, suggesting no high cor‑
relation between sampling bias and species richness 
in regards to the Philippines and to the AO. Latitudi‑
nal species richness in both Isopoda and Polychae‑
ta decreased towards higher latitudes, in agreement 

with recent studies, such as declining species rich‑
ness with latitude in shallow waters, an increase 
in species richness towards temperate latitudes in 
the deep sea, and the majority of species occurring 
in coastal depths. However, a peak in the expected 
number of species was observed for polychates in the 
AO, highlighting the importance of sampling bias in 
geographic studies of specific taxa. 

To conserve global biodiversity, we need to un‑
derstand underlying mechanisms that operate at this 
scale. The present study demonstrated a fundamental 
need for higher sampling effort across all latitudes 
and depth intervals. AO species richness is suspected 
to be higher than appreciated previously. Thus, we 
advocate for increased sampling effort, with special 
consideration focus on the AO. The impact of larval 
dispersal on distributions of organisms should be in‑
tegrated into the design of Marine Protected Areas. 
The information presented in this paper adds to the 
global picture of species richness patterns and func‑
tional biodiversity, which is necessary to prioritize 
areas for employing effective conservation efforts.
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