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Endemic, cosmopolitan, 
and generalist taxa and their 
habitat affinities within a coastal 
marine microbiome
Chase C. James 1,2, Andrew E. Allen 1,3*, Robert H. Lampe 1,3, Ariel Rabines 1,3 & 
Andrew D. Barton 1,4*

The relative prevalence of endemic and cosmopolitan biogeographic ranges in marine microbes, and 
the factors that shape these patterns, are not well known. Using prokaryotic and eukaryotic amplicon 
sequence data spanning 445 near-surface samples in the Southern California Current region from 
2014 to 2020, we quantified the proportion of taxa exhibiting endemic, cosmopolitan, and generalist 
distributions in this region. Using in-situ data on temperature, salinity, and nitrogen, we categorized 
oceanic habitats that were internally consistent but whose location varied over time. In this context, 
we defined cosmopolitan taxa as those that appeared in all regional habitats and endemics as taxa 
that only appeared in one habitat. Generalists were defined as taxa occupying more than one but 
not all habitats. We also quantified each taxon’s habitat affinity, defined as habitats where taxa were 
significantly more abundant than expected. Approximately 20% of taxa exhibited endemic ranges, 
while around 30% exhibited cosmopolitan ranges. Most microbial taxa (50.3%) were generalists. 
Many of these taxa had no habitat affinity (> 70%) and were relatively rare. Our results for this region 
show that, like terrestrial systems and for metazoans, cosmopolitan and endemic biogeographies are 
common, but with the addition of a large number of taxa that are rare and randomly distributed.

Marine microbes perform many ecosystem functions including primary production, nutrient cycling, and carbon 
 sequestration1–3. These processes and their magnitudes depend upon microbial community composition, which 
is shaped by the spatial and temporal distribution of  species4,5.

Like metazoans, marine microbial species distributions range from cosmopolitan, meaning a species is found 
in all or nearly all habitats, to endemic, meaning a species is found in one habitat, often with a relatively small 
area or restricted set of environmental  conditions6–8. The high population sizes, rapid growth rates, and high 
dispersal abilities tied to the small body size of microbes suggests that cosmopolitan distributions should be fairly 
 common7,9,10. Marine microbes disperse via water, air, biotic, or anthropogenic means, such that dispersal barri-
ers, particularly for the smallest sizes, may be  weak11–14. For example, the SAR11 Clade of bacteria has extremely 
large population sizes and has been found in nearly all marine  habitats15,16. However, even with strong dispersal, 
environmental selection causes variation in community composition between similar habitats both within and 
between ocean  basins14. In the marine environment, evidence is accumulating that marine microbes exhibit 
strong biogeographic patterns and  endemism17. For example, Malviya et al. found that for marine diatoms, the 
percentage of endemic species within a region ranges from 2.3 to 53.3% of the observed diatom taxa depending 
on the  region18. For ciliates, studies have observed that the percentage of endemic taxa within a region ranges 
from 8.8 to 16% of the total observed regional ciliate  richness19,20. Even when marine microbes can disperse 
widely, strong selection, mutations, and demographic stochasticity allow for endemism and regional variations 
in community structure across similar environmental  conditions14.

To date, and unlike for larger  organisms21 and terrestrial  systems8, no study of the marine microbiome has 
attempted to quantify the relatively frequency of endemic and cosmopolitan ranges among marine microbes. 
Nor do we have a clear understanding of the degree to which marine microbes are found across multiple, 
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internally-consistent ocean habitats, or if they are preferentially found in a subset of habitats, while rarely found 
in others. A major reason for this knowledge gap is due to the difficulty of collecting observations repeatedly 
across large areas within the pelagic ocean. Another complication is that, unlike terrestrial systems, pelagic 
habitats, or seascapes, are defined by their physical and chemical characteristics, and move through  time22,23. 
Thus, in order to assess microbial endemism and habitat specificity, it is necessary to capture pelagic habitats 
as they expand and contract seasonally and  interannually24–26, and assess the frequency of occurrence of taxa 
within these shifting habitats.

In this study, we adopted this pelagic habitat framework to ask the following questions: (1) are marine 
microbes found in preferred habitats and (2) what proportion of microbes are endemic and cosmopolitan within a 
regional context? We used a 7-year survey of marine microbial community composition consisting of 445 surface 
samples within the Southern California Current (SCC) region, referred to as the NOAA-CalCOFI Ocean Genom-
ics, or NCOG,  data27. This study includes 13,558 distinct bacteria/archaea (16S) amplicon sequence variants 
(ASVs) and utilized both 18S-V4 (21,095 ASVs) and 18S-V9 (25,815 ASVs) to characterize the eukaryotic com-
munity. The region is characterized by strong environmental gradients, from the highly productive nearshore to 
the oligotrophic offshore (Fig. 1). To explore these questions in a way that was comparable to terrestrial systems, 
we identified three internally consistent habitats within the SCC region, based upon temperature, salinity, and 
dissolved nitrogen  (NH3 +  NO3). These habitats change in time and space but are comparable to fixed-location 
terrestrial habitats in that their internal environments are relatively consistent. Following the classification of 
our samples into pelagic habitats, we identified the prevalence of regional endemism (found in one pelagic 
habitat) and cosmopolitanism (found in every pelagic habitat in this region). We also assessed what proportion 
of species had a significant affinity to zero, one, or two habitats within the region—testing whether selection for 
preferred habitats is a strong driver of regional microbial biogeographies. Here, affinity is defined as an ASV 
being significantly more abundant in a pelagic habitat relative to the null expectation (randomly distributed). 
Finally, we examined to what extent taxa found in NCOG were found elsewhere from data collected by Tara 
Oceans, Tara Polar, and BioGEOTRACES  surveys28–32, which provides a global context to our regional analysis. 
Our approach is the first effort to quantify proportions of marine microbial endemism and cosmopolitanism in 
a way that is comparable to previous terrestrial  studies8.

Results
The following results represent our analysis of a 1000-member ensemble (see “Methods” section) and reported 
values represent the mean value across all members or as a distribution of values across all members. Overall, 
we observed 13,558 distinct prokaryotic (16S) amplicon sequence variants (ASVs), as well as 21,095 18S-V4 
ASVs and 25,815 18S-V9 ASVs from the respective eukaryotic datasets across the 1000-member ensembles in 
the Southern California Current region (SCC). The majority of ASVs across both prokaryotes and eukaryotes 
were rare in both total abundance and occurrence, where occurrence is defined as either occurring in a sample 
or station (Fig. 2). Over half of prokaryotic and eukaryotic ASVs had on average less than 10 reads, occurred 
in less than 3 samples, and occurred in less than 3 stations. ASVs that occurred in more samples were typically 
more abundant (Supplementary Fig. 1a). 50% of 16S, 57% of 18S-V4, and 53% 18S-V9 ASVs were found at most 
in only one sample.

To better understand ASVs that were found in one sample, referred to as singletons, we explored the distri-
bution of reads for singletons as compared to all other ASVs (Supplementary Fig. 1b–d). The mean number of 
reads for singleton ASVs was 2.87 for 16S, 7.16 for 18S-V4, and 4.88 reads for 18S-V9. In contrast, the mean 
number of reads for all other ASVs was 1305 for 16S, 1011 for 18S-V4, and 1101 for 18S-V9. We used a Gauss-
ian mixture model (mclust)33 to estimate the number of unique Gaussian distributions likely to make up the 
overall distribution for each dataset. While the best estimates ranged from 7 to 9 clusters, the largest increase 
in predictability (Bayesian information criterion, BIC) was from one to two clusters (Supplementary Fig. 2). 
The two clusters estimated from the Gaussian mixture models align well with the shift from singletons to taxa 
observed in more than one sample, indicating that some process (error or extreme rarity) is likely responsible 
for the unique dynamics of these singleton taxa (Supplementary Fig. 1b–d). Singletons were removed from the 
remaining analyses as it did not make sense to test the significance of habitat affinity for ASVs only observed 
once across the 445 samples. Thus, the following analyses were conducted across 6769 16S ASVs, 9072 18S-V4 
ASVs, and 12,210 18S-V9 ASVs.

Habitats, defined in the ocean by environmental properties such as temperature, salinity, and nutrients, move 
within the ocean. These physical and chemical water masses are the most comparable habitat descriptors to 
compare to terrestrial landscapes within the marine environment. Bograd et al.24 identified three main pelagic 
water masses, or habitats, in SCC region: the Pacific Subarctic Upper Water (PSUW; relatively fresh, cool, and 
nutrient-poor), the East North Pacific Central Water (ENPCW; warm, salty, and nutrient-poor), and the Pacific 
Equatorial Water (PEW; cool, salty, and nutrient-rich). Our SOM clustering approach separated samples into 
these three water masses using temperature, salinity, and dissolved nitrogen  (NO3 +  NH3) data (Fig. 3a,b). The 
SOM clusters matched the physical characteristics and spatial distributions of these three water masses described 
by Bograd et al.24.

ASVs were then categorized into three biogeographic classes based on their distribution across these pelagic 
habitats: endemic, cosmopolitan, and generalist. Endemic ASVs were defined as ASVs that were only present 
in one pelagic habitat across all 1000 rarefaction ensemble members (see Fig. 3c for an endemic example). 
Cosmopolitan ASVs were defined as ASVs that were present in at least one sample of all three pelagic habitats 
across all 1000 rarefaction ensemble members (see Fig. 3d for a cosmopolitan example). Generalist ASVs were 
defined as ASVs that only occur in two pelagic habitats or are sometimes seen in one or three pelagic habitats 
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but not across all 1000 iterations. Generalist in this context therefore means the taxon is found in multiple but 
not all pelagic habitats.

ASVs exhibited biogeographic patterns ranging from endemic to cosmopolitan. 50.4% of 16S, 48.3% of 18S-
V4, and 52.1% of 18S-V9 ASVs were found in more than one pelagic habitat, but not in all three (i.e., “general-
ist” taxa; Fig. 4a–c). Cosmopolitanism was the next most common distribution with 29.1% of 16S ASVs, 33.9% 
of 18S-V4 ASVs, and 31.7% of 18S-V9 ASVs occurring in all three pelagic habitats. Endemic proportions were 
20.5% for 16S ASVs, 17.7% for 18S-V4 ASVs, and 16.1% of 18S-V9 ASVs. Ubiquity, i.e., occurring in all samples, 
was very rare with only three 16S ASVs and two 18S-V9 ASVs out of 6,769 and 12,210 total ASVs, respectively, 
found in all samples. No 18S-V4 ASVs were found in all samples.

Following this biogeographic classification, we tested whether ASVs were significantly overabundant in 
pelagic habitats, hereafter referred to as habitat affinity. The mean relative abundance per ASV per pelagic habitat 
was compared against a null distribution to assess whether ASVs had a significant affinity towards any pelagic 
habitat (see “Methods” for details). In other words, is an ASV relatively more abundant than expected due to 
random chance in a given pelagic habitat? This test was used as a significance test for endemism (see Fig. 3e for 

Figure 1.  Description of the sampling regime and environment over 2014–2020. (a) Total number of samples 
per station. Squares highlight cardinal stations which are sampled every cruise. (b) Mean temperature (°C), (c) 
salinity (PSU), (d) and  NO3 +  NH3, µM per station across all cruises.
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an endemic example) and to explore overall habitat affinity for pelagic habitats across all ASVs (see Fig. 3f for 
a cosmopolitan example).

Taxa showed various levels of habitat affinity, from no affinity up to an affinity for two of the three habitats in 
this region (maximum). ASVs that occurred more or less evenly across all three habitats had no habitat affinity, 
hence a maximum habitat affinity of two. An ASV with no affinity for a particular pelagic habitat also meant 
that its distribution did not differ significantly from random. 55.1% of 16S ASVs, 56.9% of 18S-V4 ASVs, and 
60.0% of 18S-V9 ASVs had no significant habitat affinity (Fig. 4d–f). The bulk of ASVs with no habitat affinities 
were generalists (Fig. 4g–i)—65.5% for prokaryotes (16S), and 63.1% (18S-V4) and 64.9% (18S-V9) for the two 
eukaryotic datasets. Generalist ASVs with no habitat affinities tended to have a similar rarity to endemics but 
appeared randomly distributed (Fig. 4j–l). Of the remaining ASVs with some level of habitat affinity, 43.6% (16S), 
42.3% (18S-V4), and 39.0% (18S-V9) had an affinity for one pelagic habitat within the region. Only 86 16S ASVs, 
80 18S-V4 ASVs, and 123 18S-V9 ASVs had an affinity for two pelagic habitats.

One question that arises is whether there are observed relationships between overall abundance and either 
biogeographic patterns or habitat affinity. For both prokaryotic and eukaryotic ASVs, there was a significant 
relationship (nested ANOVA, p < 0.001) between overall (across all samples) mean relative abundance 
and biogeographic patterns (Endemic, Generalist, Cosmopolitan). Endemic ASVs were the most rare and 
cosmopolitan ASVs were the most common (Fig. 4j–l). There was also a significant nested effect within each 
category (Endemic, Generalist, Cosmopolitan) wherein the overall mean relative abundance for both prokaryotes 
and eukaryotes was higher as ASVs went from no habitat affinities up to two habitat affinities within each 
category (Endemic, Generalist, Cosmopolitan, nested ANOVA, p < 0.001 for both). ASVs with higher overall 
relative abundance had affinities for more pelagic habitats. The opposite is also true: ASVs with no pelagic habitat 
affinity (that is, most ASVs), were the rarest.

Finally, we quantified the degree of taxonomic overlap between our NCOG data and global survey data (Tara 
Oceans, Tara Polar, and BioGEOTRACES) to place results from this region in a broader context. For this portion, 
only 16S and 18S-V9 data were used to align with the primers used in global datasets. Note that for Tara 16S 
samples, particle-associated bacteria may be absent as the result of their size-fractionation sampling approach. 
Hence, absolute values of overlap between NCOG 16S and Tara 16S may be underestimated. On average across 
rarefaction ensembles, 30.0% of prokaryotic ASVs (16S) and 16.8% of NCOG eukaryotic ASVs (18S-V9) were 
not found in any global samples (Tara and BioGEOTRACES combined). Overlap varied widely between ocean/
sea basins, and below we broadly highlight general differences between these basins (for more detailed overlaps 
between specific basins/databases see Fig. 5). Taxonomic overlap among NCOG and Tara Ocean and BioGE-
OTRACES surveys was highest in the Pacific and Atlantic basins, 15.0% and 39.9% on average for prokaryotes 
and eukaryotes respectively (Fig. 5a,b). Intermediate levels of taxonomic overlap occurred between NCOG and 
the Indian Ocean, Red Sea, and Mediterranean Sea, 8.1% and 27.9% on average for prokaryotes and eukaryotes 
respectively. Lowest levels of overlap occurred between NCOG and the Southern Ocean, Arctic Ocean, and Tara 
Polar North Atlantic samples, 2.4% and 6.2% on average for prokaryotes and eukaryotes respectively (Fig. 5a,b). 
In general, we found that the degree of overlap between NCOG and global sampling regions aligned strongly 
with the total diversity found in each region, with higher regional diversity (# of ASVs) associated with a higher 
overlap (Fig. 5c,d).

We also explored the taxonomic overlap between ASVs in biogeographic categories (Endemic, Generalist, 
and Cosmopolitan) asking whether ASVs that were regionally cosmopolitan were more likely to occur globally 
than ASVs that represented fewer habitats (Generalists or Endemics). Eukaryotic cosmopolitan NCOG ASVs 
had the most striking relationship between regional diversity and overlap; low diversity regions contained few 

Figure 2.  Rank curves for 16S, 18S-V4, and 18S-V9. (a)  log10–log10 relationship between mean abundance 
(reads) and abundance rank. (b)  log10–log10 relationship between mean occurrence (samples) and occurrence 
rank. (c)  log10–log10 relationship between mean occurrence (stations) and occurrence rank. Color indicates 
either 16S (pink), 18S-V4 (green), or 18S-V9 (blue) ASVs. Shading around the means (points) show the upper 
(95%) and lower (5%) percentiles of either abundance or occurrence, calculated from the 1000-member 
rarefaction ensemble. ASVs that were observed with an average of < 1 read, sample, or station were removed 
from these figures for improved clarity.
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of the eukaryotic cosmopolitan NCOG ASVs while high diversity regions contained up to 74.7% of the NCOG 
eukaryotic cosmopolitans (Fig. 5d).

Overlap between NCOG and global samples varied among taxonomic groups and from region to region, as 
certain prokaryotic ASVs (Supplementary Fig. 3) and eukaryotic ASVs (Supplementary Fig. 4) found in NCOG 
were more or less likely to be found globally. Within prokaryotes, Thermoplasmata ASV richness was much higher 
across global regions relative to NCOG for all regions but the Southern Ocean. Within the Southern Ocean, the 
limited overlap was driven almost completely by the three most diverse prokaryotic groups (Alphaproteobacteria, 
Gammaproteobacteria, and Bacteroidia, Supplementary Fig. 3b). Within eukaryotes, taxonomic groups were more 
variable from region to region than prokaryotes. Eukaryotic groups that represented more of the overall habitat 
richness in their region relative to their dominance in NCOG included: Choanoflagellatea, Prymnesiophyceae, 
and Filosa-Imbricatea. The overlap between eukaryotic NCOG ASVs and eukaryotic Southern Ocean ASVs 
was far more diverse than for prokaryotic groups, even though the overlap (# of ASVs) between NCOG and the 
Southern Ocean was small (Supplementary Figs. 3b, 4b).

Discussion
Overall, we found that the majority of ASVs identified within the Southern California Current Ecosystem (CCE) 
were rare in both occurrence and abundance (Fig. 2). Roughly half of the prokaryotic and eukaryotic diversity 
was represented by singletons ASVs that only occurred in one sample. While some singletons may represent 
real observations, we believe that a significant proportion of these singletons are the result of random errors 
along the sequencing and analysis  pipeline34,35. Within the non-singleton ASVs, the majority had no habitat 
specificity (Fig. 4). These ASVs were relatively rare (Fig. 4j–l) and on average had less taxonomic overlap with 
global sampling compared to those ASVs with habitat preferences (Fig. 5). These results align with previous 
findings which have highlighted the abundance of rare species within the marine  microbiome36–38.

There are many environmental and ecological mechanisms that may explain the occurrence of the marine 
microbial rare biosphere in the Southern  CCE39–42, including, but not limited to, immigration via dispersal, 
temporal storage effects, habitat heterogeneity, evolution, and dormancy. Dispersal of marine microbes from 
nearby or remote habitats can sustain local populations, even at very low  levels43. Temporal storage  effects44 occur 
when populations persist beyond conditions where their growth is optimal and could be important in a dynamic 
region like the CCE. Habitat heterogeneity promoted by submesoscale features in the ocean may enhance overall 
regional diversity and support a community structure with a few locally-dominant taxa with a low background 
of rarer species mixing from adjacent patches of distinct ocean  habitats25,26. Marine microbial population sizes 
are very large and generation times short, such that evolution via natural selection on standing genetic diversity 
and new mutations occurs on relatively short  timescales45,46, and may support the rare microbial biosphere when 
new genotypes are introduced. Finally, many marine microbes exhibit dormant phases that may persist for long 
periods of time in suboptimal conditions and well outside their optimal  habitats47,48. While we are unable in this 
context to identify the primary mechanisms supporting the rare microbial biosphere, it is an essential feature of 
the marine microbiome in the Southern CCE.

Generalist ASVs, observed in two of the three habitats within the region, were the most common 
biogeographic category. The majority of generalist ASVs had no habitat affinity, meaning that they were randomly 
distributed between the habitats they were observed in (Fig. 4). The observed pattern of generalists could be 
the result of many factors. Two of the three habitats (ENPCW and PSUW, Fig. 3) are more oligotrophic, thus, 
generalists that are present across these two habitats may represent species with wide niche tolerances across 
certain gradients (temperature, salinity) while maintaining a more selective niche across other gradients 
(nutrients). Dispersal and plasticity could also be responsible for the pattern found within generalists, where 
species appear randomly distributed across multiple  habitats43,49. On average, generalists were more abundant 
than endemics but less abundant than cosmopolitan species. While generalists were the most common category 
found in the region, they are also the most unconstrained, as their distributions likely represent many different 
organisms, strategies, and processes within the pelagic environment.

Cosmopolitan ASVs were the second most common biogeographical category. Most cosmopolitans had an 
affinity for one pelagic habitat and were more abundant compared to endemics or generalists (Fig. 4). Large 
abundances combined with habitat preferences may indicate that mass effects (the diffusion of populations 
from areas of high to low density) may drive their cosmopolitan distributions at the regional  scale43. Vigorous 
currents and cross-shore flux in this  region50,51 likely facilitate horizontal dispersal of microbes across habitats 
to the extent that certain microbes are found in all regional pelagic habitats. These cosmopolitan taxa may also 
have relatively broad ecological  niches46,52 or high phenotypic or trait  plasticity53,54, such that they may retain 
positive net growth in all habitats. Other mechanisms, such as  dormancy47 and predation  reduction55, may also 
facilitate cosmopolitan distributions. ASVs that were regionally cosmopolitan in NCOG were far more likely to 
occur across the global regions sampled in the TARA databases (Fig. 5). Overlap between NCOG cosmopolitans 
and global datasets was greatest in regions of high diversity (Atlantic and Pacific). In contrast, regions of low total 
diversity had the lowest overlap with NCOG cosmopolitans and could correspond to either dispersal bottlenecks 
(Mediterranean and Red Sea) and or strong environmental gradients (Arctic and Southern Ocean) presenting 
strong enough barriers to the immigration of NCOG cosmopolitans. However, it is important to note that these 
results may not extend to particle associated microbes. Overall, these results suggest that cosmopolitan taxa are 
a common, but by no means dominant, component of the marine microbiome.

Endemic ASVs were the third most common biogeographic category and were evenly split between ASVs 
that appeared in only one habitat but had no significant affinity for that habitat, and ASVs that were both 
overabundant and endemic to one habitat. The exception being 18S-V4 endemic ASVs which tended to have a 
higher degree of habitat affinity relative to the other amplicons. This could be the result of 18S-V4 having a higher 
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taxonomic resolution relative to 16S and 18S-V9. The levels of endemism in this system are drastically lower 
than in terrestrial systems where the endemic proportion of the community can be around 40% on a sample-by-
sample basis and over 80% of regional  richness56. Terrestrial systems likely have a higher prevalence of endemism 
when compared to marine systems due to multiple factors. Geographic barriers such as mountains and oceans 
restrict dispersal in terrestrial habitats and are far less common in pelagic  systems21. Terrestrial habitats can also 
be spatially conserved on the relevant evolutionary timescales for species to become well adapted to particular 
 locales57. In contrast, pelagic organisms deal with an ever-changing landscape and habitat displacement—leading 
to realized niches (niches as observed in nature) that are wider than their fundamental niches (preferred niche 
under controlled conditions)58.
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In this study, we leveraged a unique, regional survey of the marine microbiome to quantify the prevalence of 
endemic, cosmopolitan, and generalist taxa and their habitat affinities. The marine microbiome in this region 
was characterized by a “rare biosphere” of many taxa with low abundance and occurrence. Many cosmopolitan 
taxa were distributed throughout the region across all pelagic habitats, and a smaller proportion of endemic 
taxa were found in only one pelagic habitat. Most taxa were found in more than one pelagic habitat, and among 
the generalist and cosmopolitan taxa that were found in multiple habitats, it was rare to show a habitat affinity 
for more than one habitat. Overall, this study supports recent findings that the majority of marine microbes are 
unlikely to be globally  ubiquitous14,59. Rather, they show distinct biogeographies that are driven by the same core 
ecological processes of dispersal, selection, and drift, but perhaps at different scales compared to macroorganisms 
and terrestrial  systems60.

Methods
Study location and sample collection
NOAA-CalCOFI Genomics Project (NCOG) data were collected within the Southern California Current (SCC) 
region, a productive eastern boundary current ecosystem. The data consists of 445 near-surface (nominally 10m 
depth) samples collected quarterly from 2014 to 2020. Cardinal stations on CalCOFI lines 80 (stations 55.0, 70.0, 
80.0, 100.0), 81.8 (station 46.9), and 90 (stations 37.0, 53.0, 70.0, 90.0, 120.0) were sampled every cruise. Primary 
productivity stations, which measure 14C primary production at approximately local noon were also sampled. 
The locations of primary productivity stations vary from cruise to cruise depending on where the ship is located 
each day at approximately local noon.

Both molecular and environmental data were collected via a CTD rosette. Temperature and salinity were 
measured with the Seabird 911 CTD. Salinity measurements were compared to bottle samples that were measured 
with a Guildline Portasal Salinometer model 8410A. Nutrients  (NO3 and  NH3) were measured with a QuAAtro 
continuous flow autoanalyzer (SEAL analytical). For a comprehensive description of collection and processing 
methods related to the NCOG database, see James et al.27.

DNA collection and extraction
2 L or more of seawater (4.4 L on average) was filtered through a 0.22 µm Sterivex-GP filter unit (MilliporeSigma, 
Burlignton, MA, USA). For 7 out of the 445 samples, less than 2 L of seawater was filtered, primarily due to the 
high biomass in these samples. Samples were immediately sealed with a sterile luer-lock plug and hematocrit 
sealant, wrapped in aluminum foil, and flash frozen in liquid nitrogen. DNA was extracted with the NucleoMag 
Plant Kit for DNA purification (Macherey–Nagel, Düren, Germany) on an epMotion 5075TMX (Eppendorf, 
Hamburg, Germany) as described here: https:// doi. org/ 10. 17504/ proto cols. io. bc2hi yb6. DNA was assessed on 
a 1.8% agarose gel after extraction.

Amplicon sequencing and analysis
Amplicon sequence variant (ASV) libraries used in this analysis targeted the V4–V5 region of the 16S rRNA 
gene for prokaryotes and the V4 and V9 regions of the 18S rRNA gene for eukaryotes. For both the 18S-V4 and 
18S-V9 only 5% of eukaryotic ASVs were prokaryotes and other microbial eukaryotes, and therefore the bulk of 
our results and discussion focus on microbes, which includes archaea, bacteria, and eukaryotic protists.

DNA was amplified with a one-step PCR using a TruFi DNA Polymerase PCR kit (Azura, Raynham, MA, 
USA). For 16S, the 515 F-Y/926R primers from Parada et al. 2016 were  used61. For 18S-V4, V4F/V4RB primers 
from Berdjeb et al.62 were used. For 18S-V9, 1389F/1510R primers from Amaral-Zettler et al.  200963 were used. 
Each reaction included an initial denaturing step at 95 °C for 1 min followed by 30 cycles of 95 °C for 15 s, 56 °C 
for 15 s, and 72 °C for 30 s. Custom mock communities were included in all sequencing  runs61. Extraction blanks 

Figure 3.  (a) Temperature, salinity, and dissolved inorganic nitrogen  (NO3 +  NH3) for the 445 samples used 
in this study. Axes show temperature (°C) and salinity (PSU). The size of the points represents  NO3 +  NH3 
(µM) of each sample. Color of the points represents the identified SOM clusters which align with known water 
masses: Pacific Subarctic Upper Water (PSUW, blue), East North Pacific Central Water (ENPCW, green), and 
Pacific Equatorial Water (PEW, orange). Solid grey lines indicate isopycnals of constant seawater density (c,d). 
(b) Map showing the most dominant water mass per station (color of circles), where the size of the circles 
represents the frequency with which that water mass is observed at a given station. (c,d) Example temperature 
and salinity diagram showing the occurrence and relative abundance of an endemic (Flavobacteriaceae spp.) 
and cosmopolitan (Synechococcus sp. CC9902) ASV, respectively, across all 445 samples. The color of the 
points represents the relative abundance of the ASV per sample. Blue, green, and orange shaded regions show 
the boundary of each water mass/pelagic habitat. The size of the points represents  NO3 +  NH3 (µM) of each 
sample. (e,f) Example significance vs abundance diagrams for the endemic and cosmopolitan ASVs in (c,d), 
highlighting which pelagic habitats the ASVs had a significant affinity for (p-value < 0.05, dashed line). The 
x-axis shows the mean relative abundance within a pelagic habitat—the overall (across all samples) mean 
relative abundance for that ASV. The y-axis shows the p-value associated with each mean relative abundance 
per pelagic habitat (see “Methods” section for p-value calculation). A high value along the x-axis means that the 
abundance within a pelagic habitat is higher than the mean overall abundance for that taxon across all samples. 
Values below the dashed line on the y-axis represent ensemble members where the abundance was significantly 
greater in a pelagic habitat then the null (p-value < 0.05). Thus, in this example, the endemic ASV is significantly 
overabundant in the pelagic habitat it is observed in (PEW), while the cosmopolitan species, while found 
everywhere, is only significantly overabundant in the PEW.

◂
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and negative controls were also included in PCR and sequencing and produced very little DNA and resulting 
reads. Next, 2.5 µL of each PCR reaction was then ran on a 1.8% agarose gel to confirm amplification. Following 
this, PCR products were purified using Beckman Coulter AMPure XP beads as dictated by the standard 1× 
PCR clean-up protocol. PCR quantification was performed in duplicate using Invitrogen Quant-iT PicoGreen 
dsDNA Assay kits. Samples were pooled to 10 ng of purified PCR product before cleaning and concentrating the 
final library with 0.8× AMPure XP bead purification. Pools were evaluated on an Agilent 2200 TapeStation and 
quantified with Qubit HS dsDNA. Pools were sequenced at the University of California, Davis Sequencing core 
on a single Illumina MiSeq lane (2 × 300 bp for 16S and 18S-V4, and 1 × 150 bp for 18S-V9) with a 15% PhiX 
spike-in. For the 2014–2016 data, a V9 pool was sequenced on an Illumina NextSeq (2 × 150 bp).

Figure 4.  (a–c) Percentage of 16S, 18S-V9, and 18S-V4 ASVs respectively, in each biogeographic category 
(Endemic, Generalist, and Cosmopolitan). Values above each bar show the number of ASVs in each category. 
(d–f) Percentage of 16S, 18S-V9, and 18S-V4 ASVs respectively, in each affinity (zero habitat affinities, one 
habitat affinity, or two habitat affinities). Values above each bar show the number of ASVs in each biogeographic 
category. (g–i) Percentage of 16S, 18S-V9, and 18S-V4 ASVs respectively, in each habitat affinity level per 
biogeographic category. (j–l) Distributions of mean overall (across all samples) relative abundance across all 16S, 
18S-V9, and 18S-V4 ASVs respectively. Distributions are separated per descriptive category and affinity level. 
Shades of gray in (g–i) correspond to the shades of gray for habitat affinities used in (d–f).
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Following sequencing, amplicons were analyzed with QIIME2 v2019.1064. Demultiplexed paired-end reads 
were tripped with  cutadapt65 to remove adapter and primer sequences with the error rate option set to 0.1 and 
overlap option set to 3. Trimmed reads were denoised with DADA2 to produce amplicon sequence variants 
(ASVs) with the “pooled” chimera removal  option66. Pools were analyzed individually to account for varying error 
profiles as the result of each run. Taxonomic annotation of ASVs was conducted with the q2-feature-classifier 
classify-sklearn naïve-bayes  classifier67,68 against SILVA (Release 138)69 for 16S amplicons or  PR2 v4.13.070 for 
18S-V4/V9 amplicons.

For protocols visit: https:// www. proto cols. io/ view/ ampli con- libra ry- prepa ration- bmuck 6sw.

Rarefaction of amplicon data
Samples had a wide variety of library sizes. We rarefied our data to a consistent level of 20,024 reads after 
the removal of chloroplast and mitochondrial sequences for 16S, 21,933 reads for 18S-V4 and 30,347 reads 
for 18S-V9 for each respective eukaryotic dataset, to remove the effect of sequencing noise on our results. 
Repeated rarefaction steps were used to maintain novel but rare taxa, which is particularly important as we 
aimed to identify the prevalence of endemism, cosmopolitanism, and habitat specificity within the  region35. 
We repeated the rarefaction step 1000 times and ran our analyses on each of these rarefied microbiome tables. 
Results for all figures represented the mean values across the entire 1000-member ensemble, with standard 
deviations highlighted where appropriate. In doing so, we were able to statistically assess the occurrence and 
habitat specificity of rare taxa that might not be observed through a single rarefaction step. This approach was 
used rather than other normalization approaches such as centered log ratio as the goal of the study was to explore 
the occurrence of organisms across space and time rather than changes between various taxa.

Self-organizing maps
We used SOMs to differentiate marine habitats based upon environmental conditions. SOMs are a machine 
learning approach capable of reducing high dimensional data into a two-dimensional  map71 and have been used 
to identify ‘seascapes’ along the Western Antarctic  Peninsula23. We followed a similar procedure using three 
parameters: temperature, salinity, and dissolved nitrogen  (NO3 +  NH3) to construct our SOM. Once the SOM 
was generated, we used hierarchical clustering to cluster the SOM into three seascapes. The seascapes identified 
with our SOM aligned with the three major water masses that comprise surface waters in the  SCC24. The spatial 
distribution of three core ocean habitats varied through time, reflecting the dynamic nature of the marine 
environment. We use the terms pelagic habitat, water mass, and seascape equivalently.

Figure 5.  (a,b) Taxonomic overlap between NCOG and BioGEOTRACES, Tara Oceans, and Tara Polar for 16S 
(a) and Tara Oceans and Tara Polar for 18S-V9 (b). Size of circles indicates the mean number of ASVs identified 
per region per database. Edge color represents the database for the respective data (NCOG, BioGEOTRACES, 
Tara Ocean, or Tara Polar). Fill color represents the percentage of NCOG ASVs found in each respective region/
dataset. (c,d) Relationship between regional richness (per database) and the % overlap between NCOG 16S 
ASVs and regional 16S and 18S-V9 ASVs. Each point represents a different region, as seen in (a,b). Colors 
represent the three biogeographic categories (Endemic, Generalist, Cosmopolitan). Linear fits between region-
database richness and percent overlap were derived from the glm package in R.

https://www.protocols.io/view/amplicon-library-preparation-bmuck6sw
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Null model for pelagic habitat affinity
We used a null model to assess whether ASVs were more abundant within any given pelagic habitat, which we 
call habitat affinity. Null models were generated for each ASV. Below, we outline the processes for identifying 
habitat affinity for an individual taxon within each pelagic habitat for one ensemble member. This process was 
applied across all taxa and across all 1000 ensemble members.

We calculated the mean relative abundance of a taxon in each pelagic habitat using data across all cruises 
( µENPCW ,µPSUW ,µPEW ). Then, the relative abundances of a taxon were reshuffled across all samples (with 
replacement) 1000 times. From these 1000 surrogate abundance distributions we calculated 1000 null mean 
relative abundances per pelagic habitat. P-values were calculated for actual mean relative abundances compared 
to their respective null distributions with the following equation:

To assess the overall significance of pelagic habitat affinity within a taxon across all rarefaction ensemble 
members we calculated the mean p-value per pelagic habitat per taxa across all 1000 ensemble members.

Global samples
In this study, we explored the overlap (shared occurrence) between NCOG, Tara Oceans, Tara Polar, and 
BioGEOTRACES ASVs. For both 16S and 18S-V9 TARA samples, we selected samples that were collected by 
filtering seawater via a peristaltic pump (excluding net samples) to keep the sampling as similar to our collection 
process for NCOG. For 16S, we looked at the size-fractioned filter from 0.22 to 1.6 or 3.0 µm (upper range varied 
across samples). For 18S-V9, this included multiple size fractions from 0.22 to 200 µm. Since NCOG does not 
use the size-fractionated methodology, this was the closest representation we could achieve to align TARA data 
to our own. BioGEOTRACES data was collected in a similar manner to NCOG.

Data availability
The 16 S rDNA raw reads have been deposited at NCBI under Bioproject IDs PRJNA555783, PRJNA665326 
and PRJNA804265 and Biosample accession nos. SAMN25705811-SAMN25706151, SAMN16250568-
SAMN16251083, and SAMN25756929-SAMN25757078 for the 2014–2016, 2017–2019, and 2020 periods 
respectively. The 18 S rDNA raw reads have been deposited at NCBI under Bioproject IDs PRJNA555783, 
PRJNA665326, and PRJNA804265 and Biosample accession nos. SAMN25710021-SAMN25710361, 
SAMN16251281-SAMN16251796, and SAMN25757352-SAMN25757501 for the 2014–2016, 2017–2019, and 
2020 periods respectively. Tara Oceans and Tara Polar 18S-V9 sequences can be found at the European Nucleotide 
Archive under the project accession IDs PRJEB6610 and PRJEB9737. Tara Oceans and Tara Polar 16S sequences 
can be found at the European Nucleotide Archive under the project accession IDs PRJEB4357, PRJEB36282, 
PRJEB36283, PRJEB36284, and PRJEB36285. BioGEOTRACES sequences can be found at NIH under the Bio-
project ID PRJNA659851.
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