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Abstract 

Pr otist comm unities in the southern P acific Ocean make a major contribution to global biogeochemical c ycling, but remain under- 
studied due to their remote location. We therefore have limited understanding of how large-scale physical gr adients (e .g. temper ature) 
and mesoscale oceanographic features (e.g. fronts) influence microeukaryote diversity in this region. We performed a high-resolution 

examination of protist communities along a latitudinal transect ( > 3000 km) at 150 ◦W in the central southern Pacific Ocean that 
encompassed major frontal regions, including the subtropical front (STF), the subantarctic front (SAF), and the polar front (PF). We 
identified distinct micr obial comm unities along the transect that were primarily delineated by the positions of the STF and PF. Some 
taxa were not constricted by these environmental boundaries and were able to span frontal re gions, suc h as the colonial haptophyte 
Phaeocystis . Our findings also support the presence of a latitudinal diversity gradient (LDG) of decreasing diversity of the protist com- 
m unity with incr easing latitude, although some indi vidual taxa, nota b l y the diatoms, do not adhere to this rule. Our findings show that 
oceanographic features and large-scale physical gradients have important impacts on marine pr otist comm unities in the southern 

Pacific Ocean that are likely to strongly influence their response to future environmental c hange . 

Ke yw ords: P acific Ocean; pr otist; Phaeocystis ; di v ersity; fr onts 
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Introduction 

Micr oor ganisms form the basis of the global food web and are 
essential for the functioning of marine ecosystems (Worden et 
al. 2015 ). Pr otists, a par a phyletic assembla ge of div erse eukary- 
otic taxa, play a crucial role in nutrient and carbon cycling and 

serve as primary producers , consumers , and decomposers . Ma- 
rine protists have been shown to be important indicators of en- 
vir onmental c hange, as they ar e sensitiv e to c hanges in temper a- 
ture, salinity, and nutrient availability (Richardson and Schoeman 

2004 , Deppeler and Davidson 2017 , Hutchins and Fu 2017 ). Mon- 
itoring protist populations through time therefore improves our 
understanding how marine ecosystems will respond to climate 
change, pollution, and other external stressors (Pawlowski et al.
2016 , Stern et al. 2018 ). Detecting changes in protist communities 
will be impossible without a thorough grasp of current distribu- 
tion and div ersity patterns, particularl y in r emote oceanic regions 
like the Southern Ocean (SO), an important region for carbon se- 
questr ation, with ov er 40% of anthr opogenicall y pr oduced CO 2 - 
uptake occurring south of 30 ◦S (Frölicher et al. 2015 , Landschützer 
et al. 2015 ). 

The central southern Pacific Ocean (140 ◦W–180 ◦W) constitutes 
a unique environment for studying marine protist communities 
due to its remote and mostly pristine natur e. Its geogr a phy allows 
the study of protist distribution across thousands of kilometres,
r elativ el y unencumber ed by e v en small land masses. Ho w e v er,
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dverse weather conditions and its vastness, stretching about 
0 000 km between Chile and Australia, make it a particularly
ifficult region to study. The marine environment of the south-
rn Pacific Ocean is influenced by complex oceanogr a phic con-
itions, which include circumpolar fronts, upwelling zones, and 

arge-scale ocean circulation patterns (Orsi et al. 1995 ). Gener-
ll y, the SO is c har acterized by a lar ge latitudinal temper atur e
r adient and v ery distinct oceanic r egions with differ ent nutrient
 egimes, separ ated by oceanic fr onts (Fig. 1 ). Ther e is still a need to
nderstand the contribution of large-scale gradients and distinct 
ceanogr a phic featur es to micr obial div ersity in this r egion. 

Two primary metrics for assessing large-scale biodiversity 
r ends in terr estrial envir onments ar e the latitudinal div ersity gr a-
ient (LDG) and Rapoport’s rule (Mittelbach et al. 2007 , Jablon-
ki et al. 2017 ). The LDG refers to the pattern of increasing bio-
iv ersity fr om the poles to w ar ds the equator, with highest species
ic hness typicall y found in tr opical r egions. Se v er al hypotheses
ave been proposed to explain this trend, such as the relation-
hip between temper atur e and pr oductivity or incr eased stabil-
ty in environmental conditions at low latitudes (Mittelbach et al.
007 , Jablonski et al. 2017 ). In contr ast to terr estrial systems, ther e
r e fe w dir ect measur ements of lar ge-scale biogeogr a phical biodi-
ersity patterns in marine microorganisms. Molecular data from 

he Tara Oceans expedition indicated the LDG may also a ppl y to
arine microbial communities, with a decrease in marine protist 
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Figure 1. Sea surface temper atur e ( ◦C) for February 2021 at 0 m depth. Insert shows study area and locations of the R/V Revelle #RR2004 stations . T he 
differ ent oceanogr a phic fr onts ar e indicated as follows: Subtr opical Fr ont (STF), Subantar ctic F ront (SAF), and Antar ctic Polar F ront (PF), accor ding to 
Orsi et al. ( 1995 ). The areas between the fronts are referred to as Subtropical Zone (STZ), Subantarctic Zone (SAZ), Polar Frontal Zone (PFZ), and 
Antarctic Zone (AZ). We c har acterized thr ee distinct envir onmental r egions along the tr ansect: an oligotr ophic northern r egion (STZ), a temper ate 
r egion, wher e macr onutrients incr ease but silicate concentr ations ar e low (SAZ + PFZ), and a polar r egion, wher e both macr onutrients and silica 
concentr ations ar e high (AZ). Temper atur e data fr om Copernicus Marine Service. 
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iversity at higher latitudes driven by decreasing ocean tempera-
ures (Ibarbalz et al. 2019 ). Studies using a global ecosystem model
lso observed a decrease in phytoplankton diversity at high lati-
udes, which was attributed to greater seasonal variability in these
egions (Barton et al. 2010 ). Rapoport’s rule states that the lati-
udinal ranges of species tend to be greater at higher latitudes
han lo w er latitudes . T his has been confirmed for marine bacte-
ioplankton (Amend et al. 2013 , Sul et al. 2013 ), while others con-
luded that this pattern only applies locally in animals and plants
ener all y (Rohde 1996 , Gaston et al. 1998 ). Ho w e v er, a study in
he SO found contrasting evidence, showing decreasing latitudi-
al range with increasing distance from the equator for archaea,
acteria, and eukaryotic microbes (Raes et al. 2018 ). Greater spa-
ial and temporal resolution of microbial biodiversity data across
ar ge-scale gr adients is r equir ed to r esolv e these conflicting issues
nd determine whether both the LDG and Rapoport’s rule hold
rue for marine protists. 

Oceanogr a phic featur es also hav e the potential to influence
r otist comm unities within SO (Wolf et al. 2013 , Raes et al.
018 , Gutiérrez-Rodríguez et al. 2022 ). The Subantarctic zone
SAZ) is the largest marine high-nutrient, low-chlorophyll (HNLC)
ro vince , where phytoplankton productivity is generally limited
y bottom-up (iron, light) and top-down (grazing) factors (Hiscock
t al. 2003 , Doblin et al. 2011 ). It includes three important frontal
 egions, the subtr opical fr ont (STF), the subantarctic fr ont (SAF),
nd the polar front (PF), with w aters betw een the SAF and the PF
 eferr ed to as the polar frontal zone (PFZ) (Fig. 1 ) (Orsi et al. 1995 ).
ased on traditional methods enumerating protist communities
sing light microscopy and pigment analysis, the SAZ has been
stablished as an important transitionary boundary between the
ominance of coccolithophores that construct calcium carbon-
te shells in the north (the ‘Great Calcite Belt’) and diatoms with
ilica frustules in the south (Trull et al. 2001 , Honjo 2004 , Balch
t al. 2016 ). South of the PF, cold ( < 2 ◦C) Antar ctic w aters make
p the Antarctic Zone (AZ). Her e, biological pr oduction under-
oes strong seasonality and mixed-layer deepening during winter
torms brings nutrient-rich water to the surface fuelling spring
hytoplankton blooms, pr edominantl y made up of heavil y silici-
ed diatoms (Abbott et al. 2000 , Rigual-Hernández et al. 2015 ). 

Molecular tec hniques hav e been used extensiv el y to study
nd monitor pr otist biodiv ersity. Metabarcoding using common
arker genes such as 18S rRNA gene has enabled researchers

o establish novel biogeographic patterns , disco ver no vel lineages
ithout cultured re presentati ves, and identify much greater diver-

ity than pr e viousl y thought (Santoferr ar a et al. 2020 ). Metabar-
oding enables the efficient analysis of a substantial quantity of
amples, offering both time and cost effectiveness, coupled with
igh sensitivity and high taxonomic resolution. Ho w ever, care
eeds to be taken with inter pr etation of metabarcoding datasets,
s results can vary substantially depending on a range of technical
nd biological factors. For instance, use of the V9 region of the 18S
RNA gene has unveiled the considerable diversity and abundance
f diplonemid fla gellates, contr asting with their limited detection
sing the more commonly used V4 region (Flegontova et al. 2016 ).
ther marker genes might offer impr ov ed r esolution for species
ithin specific taxa, such as 28S rRNA gene for haptophytes, al-

hough r efer ence databases for non-18S r egions ar e limited (Gr an-
tadniczeñko et al. 2019 ). Another major source of bias in DNA
etabarcoding is variability in gene copy number. Copy numbers

or 18S rRNA gene can v ary substantiall y between pr otist linea ges,
eading to substantial ov er estimation of abundance in some lin-
a ges and under estimation of others (Gong and Marchetti 2019 ,
artin et al. 2022 ). DN A metabar coding is ther efor e able to pr o-

ide unique insight into the composition of protist communities,
ut these consider ations m ust be car efull y a pplied in the inter-
retation of these datasets. 
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In this study, we used high-throughput next-generation se- 
quencing with 18S rRNA gene metabarcoding to assess protist 
comm unity structur e and div ersity along a 30-degr ee merid- 
ional transect in the remote southern Pacific Ocean along 150 ◦W.
We aimed to determine whether protist community structure 
and div ersity differ ed with latitudinal gr adients and examine 
whether pr otist comm unities wer e also constr ained by oceano- 
gr a phic fr onts. Our r esults indicate that both of these c har acter- 
istics str ongl y influence pr otist comm unities in the southern P a- 
cific Ocean and have implications understanding food webs, pro- 
ductivity, and carbon cycling in transitional ocean en vironments . 

Materials and methods 

Study area and sample collection 

Samples for this study were taken onboard the R/V Roger Revelle 
(cruise #RR2004) in the Southern Pacific Ocean (Fig. 1 ) between 07 
January 2021 and 08 February 2021 along a meridional transect at 
150 ◦W from 30 ◦S to 60 ◦S ( ∼3333 km). 

Thirty-four stations were visited, and two samples were taken 

at each station, one from the surface (SA; sampled from the up- 
permost Niskin bottle at depths between 5 and 13 m) and one 
from the deep-chlorophyll fluorescence maximum (DCM; deter- 
mined by CTD downcast as maximum chlorophyll fluorescence 
at depths between 13 and 150 m) in Niskin bottles mounted on 

a CTD-rosette. Samples of 1–2 l of water were collected in acid- 
cleaned Teflon FEB bottles (1.5% HCl), whic h wer e rinsed three 
times with Milli-Q water and subsequently rinsed and filled with 

sampling seawater at the r espectiv e station and depth. Samples 
wer e filter ed thr ough 0.22 μm 47 mm diameter mixed cellulose 
ester filters (FisherSci, USA) at 0.5-1 bar (Gast pump, p/n DOA- 
P704-AA), using a custom vacuum filtration rig with a Teflon 100- 
ml reservoir and support grid. The exact filtration amount was 
dependent on local biomass to avoid clogging of the filters. No 
pr efiltr ation was carried out, as the abundance of metazoans was 
negligible. Filters were folded with ethanol-cleaned forceps and 

placed in acid-washed (10% HCl) 1.5 ml microcentrifuge tubes 
(FisherSci, p/n 05–408–129). Samples were preserved in RNAlater 
(Invitrogen, USA) and stored at −80 ◦C. 

Hydrographic conditions and Nutrients 

Temper atur e, salinity, and c hlor ophyll a fluor escence wer e 
measured using a Seabird SBE 9 CTD and WETStar fluo- 
romoeter (Sea-Bird Scientific, USA), mounted on the rosette 
containing 24 Niskin bottles. Measurements of dissolved in- 
organic nutrients (nitrate , nitrite , ammonium, phosphate , sil- 
icate) and dissolved oxygen analysed were carried out on- 
boar d b y the Scripps Oceanogr a phic Data Facility (ODF) gr oup 

according to the methods used by Atlas et al. 1971 , Hager 
et al. 1972 , and Gordon et al. 1993 . For detailed methods,
see Scripps Chemistry Services: https:// scripps.ucsd.edu/ ships/ 
shipboard- technical- support/ odf/ chemistry-services . Values for 
nitrate , nitrite , and ammonium were combined for total dissolved 

inor ganic nitr ogen (DIN). 

DN A extr action, amplifica tion, and sequencing of 
rRN A fr agments 

Filters for DNA analysis wer e pr ocessed with the ZymoBIOMICS 
DNA Miniprep Kit (Zymo Research, USA) according to the man- 
ufacturer’s instructions. Purity and quality of the extracted DNA 

were assessed with Nanodrop. Library preparation and sequenc- 
ing were conducted by the NU-OMICS facility at Northum- 
ria Univ ersity, UK ( https://earthmicr obiome.or g/pr otocols-and- 
tandards/ 18s/ ). Samples were PCR-amplified using the univer- 
al eukaryotic primers Illumina_Euk_1391f and Illumina_EukBr 
Amaral-Zettler et al. 2009 ) targeting the hypervariable V9 region
f the nuclear gene that encodes 18S rRNA gene ( Supplementary
able S1 ). The following conditions were used: 94 ◦C for 3 min, then
5 cycles of 94 ◦C 45 s, 57 ◦C 60 s, and 72 ◦C 90 s, follo w ed b y 72 ◦C
or 10 min. The V9 18S region was chosen for this study as it
as used by other large-scale metabarcoding studies such as the

ara Oceans expedition, enabling us to contextualize our data glob-
lly (Von Dassow et al. 2015 ). The V9 region was further found
o demonstr ate impr ov ed accur ac y of eukary otic phytoplankton
ommunity composition (Bradley et al. 2016 ), as well as being less
r one to gener ating PCR biases and allowing the discrimination
f taxa over a greater phylogenetic depth compared to other com-
only used marker regions such as V4 (De Vargas et al. 2015 ,

atlett et al. 2020 ). Sequencing was conducted on an Illumina
iSeq using 250 + 250 bp paired-end V3 chemistry. Sequence and
etadata are accessible through the NCBI Sequence Read Archive 

SRA) under accession number PRJNA1044770. 

equence processing 

aw r eads wer e pr epr ocessed using ‘Cutada pt’ to r emov e ada pter
equences , primers , and other types of unwanted sequences
Martin 2011 ). We processed paired-end reads according to the
D AD A2’ pipeline (Callahan et al. 2016 ) in R-3.5.1. Reads were trun-
ated and trimmed to r emov e low-quality reads and primers, re-
pectiv el y. At most 2 (forw ar d reads) and 3 (reverse reads) er-
 ors wer e allowed during filtering. Settings of ‘ filterAndTrim ’
ere set to truncLen = c130,120, maxN = 0, maxEE = c(2,3),

runcQ = 2, rm.phix = TRUE. After dereplicating forw ar d and re-
 erse r eads, amplicon sequence v ariants (ASVs) wer e r esolv ed
t single nucleotide r esolution. Compar ed to tr aditional oper a-
ional taxonomic units (OTUs), this method pr ovides gr eater ac-
ur acy and r epr oducibility (Callahan et al. 2016 ). ASVs may not
ccur atel y corr espond to distinct species, thus warranting cau-
ion when comparing metabarcoding data to tr aditionall y defined
pecies. Subsequentl y, pair ed-end r eads wer e mer ged, and c hi-
aeras identified and removed using the ‘ removeBimeraDevono ’ 

unction of D AD A2 in R. Appr oximatel y 2% of mer ged r eads wer e
dentified as chimeric. The taxonomy of ASVs was assigned in
 AD A2 using ‘ assignTaxonomy ’ with the naive Bayesian classifier
ethod and the PR 

2 database from Guillou et al. 2012 modified
y De Vargas et al. 2015 to refine taxonomic assignments to the
9 18S region (V9_PR 

2 database W2 from De Vargas et al. 2015 )
 http://tar aoceans.sb-r oscoff.fr/EukDi v/#pr2 ). Read n umbers per
ample ranged from 26 444 to 194 511 with a mean of 53 653 reads.
equence reads were randomly subsampled to an even depth 

f 26 444 reads per sample. ASVs classified as Archaea, Bacteria,
etazoa, Str eptophyta, and Fungi wer e r emov ed fr om the dataset

efor e subsequent anal ysis of pr otist comm unity. Roughl y 15% of
SVs were unassigned at taxonomic ranks ‘below’ Kingdom, i.e.
ere classified as unknown Eukaryotes ( ∼37% at Phylum le v el).
s many of these ASVs may represent clades for which no corre-
ponding sequence is a vailable , they were not removed from the
ataset. Data were transformed to relative abundances using the 
 transform: compositional ’ function within the ‘microbiome’ 
ac ka ge (Version 1.10.0). For ordination and IndVal anal yses, r ar e
SVs were pruned prior to transformation to avoid skewing of ma-

or trends. ASVs were considered as rare when they occurred < 3
imes in < 10% of samples. R scripts used for D AD A2 sequence

https://scripps.ucsd.edu/ships/shipboard-technical-support/odf/chemistry-services
https://earthmicrobiome.org/protocols-and-standards/18s/
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae137#supplementary-data
http://taraoceans.sb-roscoff.fr/EukDiv/#pr2
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rocessing and Phyloseq assignments can be found at https://
ithub.com/ divedaniela/ FEMS _ MicrobialEcology _ Sturmetal2024 . 

nalysis of protist biogeography 

r ontal r egions in the Southern P acific, particularl y the STF, can
xhibit considerable seasonal, interannual, and decadal spatial
ariability (Kim and Orsi 2014 , Behrens et al. 2021 ). Due to this
ariability, we used in situ observations of surface nutrient con-
entrations to define three distinct environmental regions. (1) The
ligotr ophic northern r egion, r epr esenting the STZ, was defined by
ow le v els of dissolv ed inor ganic nitr ogen (DIN) ( < 1 μmol ; −1 ). (2)
he temperate region, which included the SAZ and PFZ, was de-
ned by higher concentrations of DIN ( > 2 μmol l −1 ), but low con-
entrations of silicate ( < 5 μmol l −1 ). (3) The polar region, which
ncluded the AZ, was defined by higher concentrations of sili-
ate ( > 10 μmol l −1 ). The transition between the polar and tem-
er ate r egions a gr eed closel y with m ulti-year mean position of
he PF (which shows little interannual variability at 150 ◦W) (Kim
nd Orsi 2014 ). While the STF exhibits m uc h gr eater seasonal and
nter annual v ariability, in situ measur ements of temper atur e at
00 m depth (Oliver et al. 2023 ) indicated that the position of the
TF corr esponded closel y to the tr ansition between the temper ate
nd oligotrophic regions (Orsi et al. 1995 , Behrens et al. 2021 ). 

Statistical analysis was carried out in R and metabarcoding
ata was explored using R package ‘phyloseq’ (McMurdie and
olmes 2013 ). Figur es wer e made with ‘ggplot2’ (Wic kham et
l. 2016 ). To determine the ov er all and phylum-specific LDG, we
nalysed the alpha community metrics ASV richness and Shan-
on’s diversity Index (H’) along the transect using the ‘ esti-
ate_richness ’ function within the ‘phyloseq’ pac ka ge. To cal-
ulate Rapoport’s rule using Steven’s method, data were filtered to
xclude ASVs that onl y occurr ed at one station along the transect
Ste v ens 1992 ). Surface and DCM values were averaged to obtain a
ombined presence/absence value for each latitude. Absolute lat-
tudinal ranges of ASVs were calculated as the difference between
he maximum and minimum latitudes where an ASV was present
nd av er a ged for eac h sample. 

Assembla ge-wide v ariation in pr otist comm unity structur e
ithin the surveyed area was determined via ordination by non-
etric multidimensional scaling (NMDS) based on Bray–Curtis

issimilarity coefficients. Vectors for environmental variables
ere plotted using the function ‘ envfit ’. To determine whether

he centroids of the NMDS clusters are significantly different, we
omputed perm utational m ultiv ariate anal ysis of v ariance (PER-
ANOVA) based on the Bray–Curtis distance matrix (Anderson

001 ). We used analysis of similarity (ANOSIM) between the three
actors to confirm that distances between groups are greater than
ithin groups. 
To determine shifts in trophic mode along the transect, we se-

ected a sub-set of the 20 most abundant phyla based on their as-
ociated ASV abundances, and categorized these phyla into their
 espectiv e primary or predominant trophic strategies based on
nformation available in the ‘World Register for Marine Species’
WoRMS) and liter atur e r e vie w of specific taxa ( Supplementary
able S2 ). We then summarized the r elativ e abundances of each
axonomic group to obtain the proportion of eac h tr ophic str ategy
t all stations and their inherent meander locations . T his analysis
as aimed at examining broad shifts in community function, al-

hough it should be considered that not all organisms within each
axonomic group may utilize this trophic mode. We also did not
ttempt to r esolv e mor e complex heter otr ophic feeding modes,
uc h as par asitism, whic h is common in the Syndiniales. Marine
rotists can exhibit distinct feeding modes such as mixotrophy,
ar asitism, or osmotr ophy, although pr edicting tr ophic mode at
his higher r esolution r emains c hallenging for or ganisms that ar e
ot well-c har acterized. Futur e efforts to distinguish these trophic
odes will provide greater insight into the function of marine mi-

r obial comm unities. 
To identify which clades contribute most to differences in

r otist assembla ge within the thr ee r egions as well as differ ent
epths, we used indicator value analysis (IndVal, Dufrêne and Leg-
ndre 1997 ). IndVal assesses the degree of fidelity (frequency of oc-
urrence) and specificity (mean abundance within a cluster com-
ared to the other clusters) of a species to a given factor and is
her efor e superior to analysis of just abundance. 

Diversity indices , ASV abundances , and tr ophic str ategy abun-
ances were correlated against environmental parameters using
pearman’s Rank correlations using function cor.test from the

stats’ R pac ka ge (Version 4.0.3) and visualized using corrplot
rom the ‘corrplot’ package (Version 0.90). Diversity relationships
ere assessed with linear regressions. Correlation results for indi-
idual clades were reported if the correlation coefficient R > 0.40
nd P < 0.05. 

For the dotplot analysis, we examined the 30 most abun-
ant ASVs along the transect. To ensure meaningful compar-

sons and avoid obscuring lower abundance ASVs, we employed
-scor e tr ansformations on their r elativ e abundances . T he z-
cor e tr ansformation, implemented using the ztransform func-
ion from the microbiome package, standardizes the data by
entring it around the mean and scaling it by the standard
eviation. This normalization facilitates a consistent scale for
omparing ASVs, enabling the identification of patterns across
he transect. Taxonomic identities of these ASVs were inves-
igated in more detail using the National Center for Biotech-
ology Innovation (NCBI) BLASTn function ( https://blast.ncbi.
lm.nih.go v/Blast.cgi ). T he dendogram was added with hierar-
 hical cluster anal ysis using the R function hclust fr om the
tats pac ka ge using av er a ge linka ge to measur e the distance be-
w een clusters ( https://www.r documentation.or g/pac ka ges/stats/
ersions/ 3.6.2/ topics/ hclust ). 

esults 

 he tr ansect encompasses three distinct 
nvironmental regions 

he tr ansect cr ossed thr ee major fr ontal systems: the Subtr opi-
al Front (STF), the Subantarctic Front (SAF), and the PF (Fig. 1 ).
his resulted in three distinct environmental regions (defined in
he section ‘Materials and methods’) along the transect that re-
ect the distinct oceanogr a phic zones: (1) the oligotr ophic north-
rn region (representing the STZ), where nutrients were very low;
2) the temperate region, which included the SAZ and PFZ, where
utrients were higher but silicate remained low; and (3) the polar
 egion, r epr esenting the AZ, c har acterized by higher concentra-
ions of silicate (Fig. 2 A). 

The mean surface water temper atur e of the oligotrophic re-
ion was 20.5 ± 2.8 ◦C, decreasing to 12.9 ± 2.7 ◦C in the temper-
te region and 2.7 ± 1.0 ◦C in polar region. Salinity also exhibited
 southw ar d decr ease, fr om 34.9 ± 0.4 psu in the oligotr ophic r e-
ion to 34.1 ± 0.0 psu in the polar r egion. DIN concentr ations in-
r eased fr om 0.15 ± 0.3 μmol l −1 (0.11 ± 0.08 μmol l −1 ) in the olig-
tr ophic r egion to 26.9 ± 0.7 μmol l −1 (1.7 ± 0.07 μmol l −1 ) in the
olar region with all regions being significantly different (all P val-
es < 0.001). Silicate concentrations increased steadily south of

https://github.com/divedaniela/FEMS_MicrobialEcology_Sturmetal2024
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae137#supplementary-data
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/hclust


Sturm et al. | 5 

(A) (B)

Figur e 2. En vironmental conditions and community composition along the transect. (A) Surface environmental conditions along the transect and 
throughout the defined regions. Left panel: Temperature and salinity from north to south. Solid lines represent the frontal boundaries encountered 
along the transect, and dotted lines represent the boundaries of the defined environmental regions. Right panel: Increasing dissolved inorganic 
nitrogen (DIN), phosphate, and silicate. From north to south. (B) Relative abundance of the 20 most abundant protist taxonomic groups (as assigned by 
V9_PR 2 database W2) along the transect at the surface (SA) and deep chlorophyll maximum (DCM) as determined by 18S rRNA gene metabarcoding. 
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the PF (mean 39.4 ± 18.9 μmol l −1 in the polar region), with very 
low silicate concentrations in the oligotrophic and the temperate 
regions (0.4 ± 0.2 μmol l −1 and 0.8 ± 0.4 μmol l −1 , r espectiv el y).
Surface c hlor ophyll fluor escence incr eased fr om 0.15 ± 0.4 μg l −1 

in the oligotrophic region to 0.95 ± 0.6 μg l −1 in the polar region 

( P < 0.01). 

Ov erall comm unity composition 

After quality control, filtering, and normalization of sequences, 
6266 ASVs were assigned for the 68 sampling locations along 
the transect with a maximum of 851 ASVs at Station 29_SA 

and a minimum of 193 ASVs at Station 69_SA. ASVs were as- 
signed into 11 Super gr oups , 24 Divisions , and 72 Phyla. The 
largest portion of ASVs was assigned to the Alveolate super- 
gr oup, mainl y the fla gellated mixotr ophic dinofla gellates (Dino- 
phyceae), and heter otr ophic Syndiniales and Spir otric hea (Fig. 2 B 

and Supplementary Table S3 ). Alveolates have high copy num- 
bers for the 18S rRNA gene, resulting in a high relative abundance 
in metabarcoding libraries (Martin et al. 2022 ). Stramenopile 
ASVs were also abundant, including the silica-encased photo- 
synthetic diatoms (Bacillariophyta), the photosynthetic Pelago- 
phyceae, and the heter otr ophic uncultur ed marine str amenopiles 
(MAST). Other clades that made up a substantial proportion 

of ASVs were the photosynthetic Prymnesiophyceae (Hacrobia), 
which include the calcifying coccolithophores, and chlorophyte 
Pr asino-Clade-7 (Arc haeplastida). Rhizaria ASVs had a lo w er rel- 
ative abundance, but still constituted a substantial part of ASVs,
with silicified radiolarians RAD-A, Polycystinea, and Acantharea 
all prominent (Fig. 2 B). 
istinct protist community composition between 

egions 

o determine whether community composition changed between 

egions, we first examined the distribution of the 30 most abun-
ant ASVs (Fig. 3 ). Hier arc hical cluster anal ysis r e v ealed thr ee dis-
inct clusters of ASVs with differing distributions across the three
nvir onmental r egions. Cluster 1 consisted of ASVs that were pri-
arily abundant in the polar region and included several diatom

nd dinoflagellate taxa. Cluster 2 consisted of ASVs that were pri-
arily abundant in the oligotrophic region, although many were 

lso present in the temperate region. This cluster consists primar-
l y of dinofla gellate ASVs. Cluster 3 comprised of ASVs that were

ost abundant in the temperate region and consisted primarily 
f flagellates such as the Prasino-Clade-7 (Chlorophyta) and the 
ela gophyceae (Str amenopiles). 

Ordination analysis based on Bray–Curtis dissimilarity indices 
Fig. 4 A) r e v ealed that the three sampling regions were signifi-
antl y differ ent in their comm unity structur e (ANOSIM, R = 0.793,
 = 0.001). The permutation test (envfit) sho w ed that the environ-
ental variables relevant for explaining this pattern were temper- 

ture ( r 2 = 0.26, P = 0.001), phosphate ( r 2 = 0.25, P = 0.001), DIN
 r 2 = 0.24, P = 0.001), dissolved Oxygen ( r 2 = 0.20, P = 0.001), and
alinity ( r 2 = 0.17, P = 0.004). Silicate only constitutes a significant
ariable when comparing the temperate to the polar region ( r 2 =
.27, P = 0.001). Stations in the polar r egion cluster ed tightl y to-
ether, i.e. wer e highl y similar in terms of their comm unity struc-
ur e, wher eas stations in the oligotrophic region exhibited greater
 ariability. This v ariation a ppears to be primaril y driv en by differ-
nces between the surface (SA) and deep c hlor ophyll maxim um
DCM) communities. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae137#supplementary-data
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Figure 3. Trends in ASV distribution along the transect. Dot plot representation of relative, z-transformed abundance counts of the most abundant 30 
ASVs presenting only abundances that positively deviate from the mean (z-score cutoff > 0). We identified three broad clusters within the different 
envir onmental r egions: ASVs whic h ar e pr edominantl y abundant in the polar r egion, ASVs whic h ar e pr edominantl y abundant within the oligotrophic 
but also present in the temperate region, and ASVs which are predominantly abundant in the temperate region and absent in the polar region. 
Dendogram clusters ASVs with similar abundance patterns using average linkage. 

(A) (B)

Figure 4. Comm unity structur e and tr ophic str ategies along the tr ansect. (A) Non-metric m ultidimensional scaling (NMDS) of Br ay–Curtis 
dissimilarities in the oligotr ophic, temper ate, and polar regions. Ellipses indicate 95% confidence. Vector length and direction correspond to relative 
size effect and correlation to each axis, respectively. The shape of the points represents the sampling depth (SA: diamond, DCM: circle). (B) Relative 
abundance of trophic strategies in the three different regions (left) and relative abundance of trophic strategies with latitude. P < 0.0001 ∗∗∗∗, P < 0.001 
∗∗∗, P < 0.01 ∗∗, P < 0.05 ∗. 
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We investigated whether these changes in community compo- 
sition were reflected in distinct trophic strategies between the re- 
gions by comparing r elativ e c hanges in the proportion of hetero-,
mixo-, and phototr ophic gr oups. We found that ASVs belonging 
to taxa with heter otr ophic and mixotrophic feeding strategies ex- 
hibited greater relative abundance in the oligotrophic and tem- 
per ate r egions and wer e positiv el y corr elated with decr easing lat- 
itude (Fig. 4 B). Phototr ophic taxa wer e least abundant in the olig- 
otr ophic r egion and most abundant in the polar region, as well as 
str ongl y positiv el y corr elated with incr easing latitudes. It is im- 
portant to note that these anal yses ar e based on ASV r elativ e 
abundance rather than cell number or biomass, so the lo w er rel- 
ative abundance of alveolate ASVs in polar waters may be driving 
these trends. We further found that relative abundances of het- 
er otr ophic and mixotrophic taxa were not constrained across the 
boundary of the oligotrophic and temper ate r egions and the tem- 
perate and polar regions, respectively (Fig. 4 B). 

Indicator phyla for distinct protist communities 

in the southern Pacific Ocean 

To examine the composition of the differ ent comm unities within 

eac h r egion in gr eater detail, we used Indicator V alue (IndV al) 
analysis to determine phyla that act as indicators of each region 

(Table 1 ). The strongest indicator phylum for the oligotrophic re- 
gion was Discoba_X. The Discoba are a group of unicellular pro- 
tists that includes Euglena and Diplonema , as well as parasites such 

as trypanosomes (Burki et al. 2020 ). Other indicator phyla for the 
oligotr ophic r egion included Chrysophyceae-Synur ophyceae and 

the photosynthetic Dictyoc hophyceae, whic h pr oduce an intrinsic 
siliceous skeleton in one stage of their life cycle . T hese two phyla 
belong to the str amenopiles. Dinofla gellates ar e another indicator 
clade for the oligotrophic region, with decreasing abundance from 

north to south ( Supplementary Fig. S1 ). 
The c hlor ophytes Pr asino-Clade-7 (IndVal v alue 0.77) and 

Mamiellophyceae (0.50) are indicator phyla of the temperate re- 
gion, along with the Pela gophyceae (str amenopiles) (0.55), whic h 

are abundant overall in the temperate region and virtually absent 
in the polar region, but also found at the DCM in the oligotrophic 
region. The rhizarian Acantharia further shows a distinct peak in 

abundance at the south end of the temper ate r egion, although its 
indicator value (0.33) is not as high as others. 

The strongest indicator phyla in the polar r egion ar e the di- 
atoms, whic h ar e virtuall y absent in the oligotr ophic r egion and 

only show occasional spikes of abundance along the temper- 
ate region. Other strong indicator phyla for the polar region the 
c hoanofla gellates and the picomonads. Both these groups in- 
creased in abundance to w ar ds the southern end of the temperate 
region and are abundant in the polar region ( Supplementary Fig. 
S1 ). 

Large-scale trends in protist di v ersity along the 

transect: Rapoport’s rule and the LDG 

The substantial physical gradients across the transect may result 
in broader scale effects on biodiversity and latitudinal range, as 
identified by the LDG and Rapoport’s rule. We did not find a signif- 
icant trend in latitudinal range with increasing latitude (correla- 
tion coefficient R = −0.33) when the protist community was exam- 
ined as a whole (Fig. 5 A). Ho w e v er, significant incr eases in latitu- 
dinal range were found for most individual protist clades, particu- 
larl y dinofla gellates, Pr asino-Clade-7, and Acanthar ea (R = −0.81,
P < 0.0001; R = −0.89, P < 0.0001, and R = −0.75, P < 0.0001, respec- 
tiv el y), supporting Ra poport’s rule. Notable exceptions fr om this 
v er all tr end wer e the diatoms (Bacillariophyceae), c hoanofla gel-
ates , picomonads , and Mamiellophyceae , which all exhibited de-
reasing latitudinal range with increasing latitude (Fig. 5 A). 

ASV richness and Shannon Index of the protist community 
oth str ongl y decr eased with incr easing latitude, indicating that
arine protists also exhibit the LDG (Fig. 5 B and C). The taxa
ith the highest correlation coefficients contributing to decreas- 

ng Shannon diversity to w ar ds the poles are Prymnesiophyceae,
inoph yceae, and Dictyochoph yceae (R = 0.81, P < 0.0001; R
 0.74, P < 0.0001; and R = 0.73, P < 0.0001, r espectiv el y),
hile the clades with the strongest decrease in ASV richness
ith increasing latitude are Dinoph yceae, Dictyochoph yceae, and 

hrysoph yceae-Synuroph yceae (R = 0.82, P < 0.0001; R = 0.73,
 < 0.0001; and R = 0.68, P < 0.0001, r espectiv el y). Ho w e v er,
hese patterns are not shown by all groups, with several taxa ex-
ibiting opposite tr ends. ASV ric hness incr eases to w ar ds the pole

n diatoms, c hoanofla gellates, Filosa −Thecofilosea, and Mamiel- 
ophyceae, while the Shannon-Index additionall y incr eases pole- 
 ar ds in the Pelagophyceae but not in the c hoanofla gellates

Fig. 5 B and C). 
To understand why these groups do not appear to conform to

he LDG, we examined how their diversity is influenced by rela-
ive abundance. Diatom ASVs have a very low relative abundance
n the oligotrophic region, where ASV richness is also low (Fig. 6 ).
he lar ge incr ease in r elativ e abundance in the polar r egion corr e-
ponds to a m uc h gr eater ASV ric hness and an incr ease in Shan-
on’s Index. Choanoflagellate and picomonad ASVs also show 

 lar ge incr ease in r elativ e abundance within the polar region
hat corresponds to an increase in ASV richness. Spearman cor-
elations between clade abundance and environmental variables 
 Supplementary Fig. S2 ) sho w ed that diatom ASV abundance was
orr elated positiv el y with se v er al par ameters, including incr eas-
ng latitude , DIN, and silicate , as well as decreasing temperature
nd salinity. A similar trend, albeit not as pr onounced, was e v-
dent in the c hoanofla gellates , the picomonads , and the Acan-
harea ( Supplementary Fig. S2 ). 

 Phaeocystis bloom spanning the PF 

s the SAZ r epr esents an important transitionary boundary be-
ween coccolithophor e comm unities with the Gr eat Calcite Belt
GCB) and polar diatom communities (Oliver et al. 2023 ), we ex-
mined the distribution of the Prymnesiophyceae in more detail.
rymnesiophyceae ASVs are present throughout the transect, ex- 
ibiting a large increase in relative abundance at the transition

rom the temperate to the polar region, i.e. across the PF (Fig. 6 ).
his was due to an increase in abundance of ASVs belonging
o Phaeocystis antartica , the colonial haptophyte that forms large 
looms in the SO (DiTullio et al. 2000 ) ( Supplementary Fig. S3 ).
occolithophor e ASVs wer e pr esent thr oughout the tr ansect but
ener all y at a low r elativ e abundance, with Clade E and Coccol-
thales_X being found primarily in the oligotrophic region, Gephy- 
ocapsa and Br aarudosphaer a pr edominantl y in the temper ate r e-
ion, and Pleurochrysis in the polar region ( Supplementary Fig. S3 ).

The position of the Phaeocystis bloom is interesting as many of
he other ASVs that are abundant in the temperate region are ab-
ent from the polar region and do not span the PF (Fig. 3 ). To inves-
igate this further, we examined whether abundance of Phaeocys- 
is ASVs correlated to specific physical parameters. We found that
haeocystis ASVs (ASV3 and ASV40) showed a strong positive corre-
ation to ammonium concentrations (R = 0.71 and 0.63, P < 0.01,
 espectiv el y) (Fig. 7 ). They also exhibited a positive, yet weaker,

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae137#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae137#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae137#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae137#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae137#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae137#supplementary-data
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Table 1. Indicator taxa for the oligotr ophic, temper ate, and polar r egions (as well as combinations) for the most abundant 25 taxa along 
the transect. 

Region Taxonomic group 1 Taxonomic group 2 IndVal stat P value 

Oligotrophic Discoba_X Excavata 0 .66 0 .001 ∗∗∗

Chrysophyceae- 
Synurophyceae 

Stramenopila 0 .57 0 .001 ∗∗∗

Dinophyceae Alveolata 0 .53 0 .001 ∗∗∗

Dictyochophyceae Stramenopila 0 .46 0 .002 ∗∗

Polycystinea Rhizaria 0 .27 0 .036 ∗

Temper a te Prasino-Clade-7 Archaeplastida 0 .77 0 .001 ∗∗∗

Pelagophyceae Stramenopila 0 .55 0 .001 ∗∗∗

Syndiniales Alveolata 0 .51 0 .001 ∗∗∗

Mamiellophyceae Archaeplastida 0 .50 0 .001 ∗∗∗

Acantharea Rhizaria 0 .33 0 .017 ∗

Polar Bacillariophyta Stramenopila 0 .89 0 .001 ∗∗∗

Picomonadida Picozoa 0 .74 0 .001 ∗∗∗

Choanoflagellatea Opisthokonta 0 .65 0 .001 ∗∗∗

Euglenozoa Excavata 0 .43 0 .002 ∗

MAST Stramenopila 0 .33 0 .014 ∗

Oligotrophic + Temper a te Syndiniales Alveolata 0 .85 0 .001 ∗∗∗

Dictyochophyceae Stramenopila 0 .57 0 .001 ∗∗∗

Temper a te + Polar Prymnesiophyceae Hacrobia 0 .32 0 .031 ∗
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orrelation with nitrate (R = 0.40 and 0.33, P < 0.01) and phos-
hate concentrations (R = 0.22 and 0.26, P < 0.01) (Fig. 7 ). 

iscussion 

ceanogr aphic fea tures constr ain protist 
ommunities 

icr obial comm unities within the southern P acific Ocean make
 major contribution to oceanic CO 2 drawdo wn (F rölicher et al.
015 ) and underpin the rich diversity of life in these remote
cosystems. Ho w e v er, they r emain poorl y studied, limiting our
bility to understand the environmental factors that determine
iversity and function. Our results show that major oceano-
r a phic featur es, namel y the Subtr opical Fr ont (STF) and the PF,
lay an important role in constraining these communities, with
istinct communities found in the water masses defined by these
eatur es. Our high-r esolution tr ansect spanning > 3000 km sup-
orts pr e vious observ ations indicating that pr otist comm unities

n the SO ar e likel y to be str ongl y influenced by oceanogr a phic
eatur es (Diez Mor eno 2004 , Raes et al. 2018 ). Str ong differ ences
ave also been observed in the composition of archaeal and bac-
erial communities across these regions (Raes et al. 2018 ). 

The oligotr ophic r egion north of the STF (r epr esenting the STZ)
as c har acterized by a high r elativ e abundance of ASVs belong-

ng to the alv eolate gr oups Dinophyceae and Syndiniales . T he
trongest indicator for the oligotrophic region were the free-living
a gellates Discoba. Additionall y, we found that phototr ophic taxa
SVs were relatively least abundant in the oligotrophic region,
hile ASVs from hetero- and mixotrophic taxa were more com-
on. Non-plastidic pr otists ther efor e likel y play a substantial r ole

n oligotrophic low-chlorophyll regions. A k e y feature of this re-
ion was the distinct differences between protist communities at
he surface and DCM, likely driven by greater stratification of olig-
tr ophic envir onments, while mor e intense deep-mixing in po-
ar environments causes greater homogeneity across populations
Chen et al. 2021 ). 

The temper ate r egion between the STF and PF (comprising
f the SAZ and PFZ) also exhibited a high r elativ e abundance
f ASVs belonging to dinoflagellates and Syndiniales, support-
ng the findings of a pr e vious study in the SAZ (Wolf et al.
013 ). With an increase in macronutrients in the temperate re-
ion, clades from the photosynthetic green algae (Archaeplastida)
er e particularl y successful. Our data show that se v er al Arc hea p-

astida clades, particularly the Prasino-Clade-7 and the Mamiel-
ophyceae, ar e str ong indicators for temper ate low-silica, high-

acr onutrient envir onments, becoming virtuall y absent south
f the PF . Additionally , we observed a substantial increase in
 elativ e abundance of pelagophytes at the southern end of the
emper ate r egion. Wolf et al. ( 2013 ) also observed a peak in
elagophyte abundance just north of the PF. Pelagophytes were
tr ongl y constr ained b y the PF and w er e lar gel y absent fr om
he AZ. 

The PF is recognized as a prominent separator in community
ssemblage in the southern Pacific Ocean (Wolf et al. 2013 ). The
trongest indicator clades in the macronutrient- and silica-rich
olar r egion wer e diatoms , picomonads , and c hoanofla gellates.
he sharp increase in the relative abundance of diatoms south
f the PF is in close a gr eement with pr e vious studies demon-
tr ating ele v ated diatom abundance acr oss most SO basins due
o the increased availability of silicate (DeMaster 1981 , Alvain et
l. 2008 ). The diatom community was primarily made up of the
 hain-forming gener a Chaetoceros and Fragilariopsis, and the cen-
ric diatom Thalassiosira , which have previously been identified as

ajor contributors to diatom populations in the SO (Lasbleiz et
l. 2016 ). Spring diatom blooms contribute a large portion of SO
rimary production (Smith and Asper 2001 , Tremblay et al. 2002 ,
ilbertson et al. 2022 ), with large , hea vily silicified diatoms, such
s Eucampia antarctica and F . kerguelensis , responsible for the high
e v els of export in this region (Salter et al. 2007 , Assmy et al. 2013 ).
r ontal r egions contribute to ecotypic differentiation and specia-
ion in the diatom F . ker guelensis (P ostel et al. 2020 ). The increase in
 hoanofla gellate abundance in the polar region was primarily due
o an increase in ASVs belong to the Stephanoecidae . T his family
f c hoanofla gellates possesses a bask et-lik e lorica composed of
iliceous ribs, aligning with the alleviation of Si limitation south
f the PF. 
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(A)

(B)

(C)

Figure 5. Linear r egr ession (Spearman) of div ersity along the tr ansect for the entir e pr otist comm unity, as well as clades that de viate fr om the ov er all 
trend. (A) No relationship between mean latitudinal range per sample and latitude (Rapoport’s rule) in the overall protist community. Most protist 
clades exhibit increasing latitudinal range to w ar ds the pole, with some exceptions; the latitudinal range of Bacillariophyta, Choanoflagellatea, 
Picomonadida, and Mammiellophyceae decreases to w ar ds the pole. (B) Decreasing ASV Richness in the overall protist community polew ar ds, and 
incr easing ric hness pole w ar ds in the Bacillariophyta, Choanoflagellatea, Filosa-Thecofilosea, and Mammiellophyceae. (C) Decreasing Shannon’s Index 
polew ar ds in the overall protist community, increasing Shannon’s Index polew ar ds in the Bacillarioph yta, Pelagoph yceae , Filosa-T hecofilosea, and 
Mammiellophyceae. Note the different x-axis scales. 
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Phaeocystis blooms span the PF 

The PF has a large impact on protist communities, with a strong 
shift to w ar ds dominance of siliceous pr otists suc h as diatoms and 

c hoanofla gellates in the silicate-rich polar w aters. Lo w tempera- 
tures alongside strong competition for resources from the fast- 
gr owing diatoms, likel y exclude man y other pr otists fr om this r e- 
gion. Ho w e v er, not all taxa ar e constr ained by this feature. Most 
notably, we identified a substantial bloom of Phaeocystis antarc- 
tica (which was also confirmed visually during sampling) that 
spanned the PF. Other studies of protist communities in this region 

have also identified a similar distribution for Phaeocystis blooms 
(Wolf et al. 2013 , Sow et al. 2020 ). Lar ge r ecurr ent blooms of P.
antarctica are common in high-nutrient, low c hlor ophyll (HNLC) 
regions of the SO, as well as in areas where silicate is exhausted 

or natur all y limited (Sc hoemann et al. 2005 , Salter et al. 2007 ).
ithin the silicate-rich AZ, P. antarctica is able to outcompete di-
toms under certain conditions, such as low irradiances or at op-
imal temper atur es, while diatoms perform better under low ir on
onditions (Schoemann et al. 2005 ). The relative dominance of P.
ntarctica or diatoms within the AZ is ther efor e lar gel y contr olled
y seasonal differences in temperature and iron availability (Nis- 
en and Vogt 2021 , Smith and Trimborn 2023 ). 

We did not measure Fe during our study, so we cannot de-
ermine whether it contributed to changes in the abundance of
iatoms and P. antarctica within the polar region of the tran-
ect. Ho w e v er, we found that P. antarctica ASVs were associated
ith high concentrations of NH 4 

+ , which it might use as an N
ource (Wang et al. 2011 , Smith and Trimborn 2023 ). Phaeocystis
an exhibit higher rates of NH 4 

+ uptake than diatoms (Tungaraza
t al. 2003 ), although it seems unlikely that this has a strong
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Figure 6. Clades with localized trends in abundance or diversity along the transect. Column 1: Relative Abundance; Column 2: ASV Richness; Column 
3: Shannon’s Index. O: Oligotrophic Region, T: Temperate Region, P: Polar Region. Note the different x-axis scales of relative abundance (shown as 
proportion of total). 
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nfluence on competition within the N-rich AZ. Instead, the el-
 v ated NH 4 

+ associated with P. antarctica may reflect NH 4 
+ re-

eased during the decomposition of senescent Phaeocystis popu-
ations (Tang et al. 2009 , Delmont et al. 2014 ). While P. antarc-
ica blooms can r eadil y span the PF, these assemblages may
till be str ongl y influenced by this featur e, with a str ong shift
n the dominant P. antarctica ecotypes across the PF (Sow et al.
020 ). 
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Figure 7. Relative abundance (%) of all ASVs assigned as Phaeocystis (bars) overlaid with ammonium concentrations (dots) at the DCM and surface 
(SA). 
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LDG and Rapoport’s rule 

We found that the ov er all pr otist comm unity div ersity (measur ed 

as Shannon’s H and ASV richness) adhered to the hypothesis 
of the LDG. In most clades, diversity was greatest in the olig- 
otr ophic northern r egion and decr eased substantiall y with in- 
creasing latitude . T his supports pr e vious observ ations that eu- 
kary otic richness w as gr eatest in r egions with lo w est produc- 
tivity (Raes et al. 2018 ). Similarly, Ibarbalz et al. ( 2019 ) demon- 
str ated incr eased species ric hness of global plankton commu- 
nities to w ar ds the equator using Tara Oceans data, which was 
linked to increased ocean temperatures. Ho w ever, w e observed 

that these relationships did not hold for all taxa when exam- 
ined individually, with diatoms, choanoflagellates, pelagophytes, 
Filosa-Thecofilosea, and Mamiellophyceae increasing in diversity 
with increasing latitude . T his r esult contr asts with anal ysis fr om 

the Tara Oceans dataset that shows a peak in diatom species rich- 
ness at the equator (Ibarbalz et al. 2019 ). The differences are 
likely due to the very different spatial and temporal ranges of 
the r espectiv e datasets, including significant under-sampling of 
the mid to high latitudes in the southern hemisphere within Tara 
Oceans (Sow et al. 2020 ). Se v er al studies hav e demonstr ated that 
some marine organisms do not conform to the LDG, and instead 

exhibit a bimodal distribution with peaks in diversity at mid- 
latitudes (Chaudhary et al. 2016 , Sow et al. 2020 ). Clearly, these 
contrasting findings can only be resolved with improved sam- 
ling r esolution, particularl y in the mor e r emote ar eas of our
ceans. 

We found that latitudinal range was not significantly corre- 
ated to latitude when considering the entire protist community 
n the southern Pacific Ocean, supporting the conclusion of a pre-
ious study examining eukaryote diversity in the region during 
ustral winter (Raes et al. 2018 ). Rapoport’s rule, which suggests
hat range sizes are largest near the pole and decrease to w ar ds the
quator, ther efor e does not appear to apply for eukaryotic protists
n the southern Pacific Ocean. By investigating latitudinal ranges 
f individual clades, we were able to r e v eal that Ra poport’s effect
oes in fact occur in se v er al pr otist taxa. Most significantl y, in di-
ofla gellates, Pr asino-Clade-7, and acanthar eans, while a str ong
pposite trend with narro w est ranges to w ar ds the pole was evi-
ent in diatoms, c hoanofla gellates, Picomonadida, and Mammiel- 

ophyceae. It has pr e viousl y been suggested that Rapoport’s rule
s a strictly local phenomenon (Rohde 1996 , Gaston et al. 1998 );
o w e v er, our r esults indicate that clade-specific differ ences sub-
tantially impact community diversity trends. 

he GCB 

he GCB is an annuall y r eoccurring circumpolar band of ele-
 ated particulate inor ganic carbon (PIC) between 40 and 60 ◦S.
o w e v er, little information exists about its extent and taxonomic
omposition in the Pacific sector of the SO (Balch et al. 2016 ,
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issen et al. 2018 ). Measurements of PIC during the cruise indi-
ated ele v ated PIC in the SAZ, suggesting the emergence of a coc-
olithophore bloom (Oliver et al. 2023 ). While our metabarcod-
ng data r e v ealed the presence of coccolithophores throughout
he transect, the relative abundance of coccolithophore ASVs re-

ained low e v en in regions where PIC concentrations and counts
f coccolithophore cells were highest (Oliver et al. 2023 ). It is
ikely that several coccolithophore species are under-represented
r missing in our dataset entir el y due to poor amplification of coc-
olithophore sequences with the universal eukaryotic 18S gene
arkers used in this study (Edvardsen et al. 2016 ). For exam-

le , the hea vil y calcified Calcidiscus leptoporus, whic h has been
ound to locally dominate coccolithophore communities in the Pa-
ific SO, is absent from our dataset (Nissen et al. 2018 ). It should
lso be considered that poor amplification of coccolithophore se-
uences could also influence r elativ e abundances of other taxa

ASVs). Future studies of coccolithophore populations in this re-
ion m ust ther efor e consider alternativ e methodologies (e.g. al-
ernative primers or marker genes) to assess their contribution
o the wider protist community. A combination of methodologies,
uch as using quantitative PCR or droplet digital PCR to target
pecific taxa alongside metabarcoding, has been used to increase
he sensitivity of detection of under-r epr esented taxa (Wood et al.
019 ). 

onclusion 

ur compr ehensiv e surv ey of marine micr obial eukaryote com-
unities in the remote southern Pacific Ocean demonstrates that

hese comm unities ar e str ongl y defined by major oceanogr a phic
eatur es, suc h as the PF and STF, although some taxa are able to
xploit and occupy these frontal en vironments . Our data also in-
icate that pr otist comm unities lar gel y adher e to the LDG, with
r eatest div ersity in lo w er latitudes, although some taxa (most
otably the diatoms) exhibit an opposing tr end. Futur e warm-

ng of the oceans is predicted to cause a polew ar d shift of many
axa (Ibarbalz et al. 2019 ), which could result in interactions with
r ontal r egions. It is ther efor e vital that we gain a better under-
tanding of the combined influence of oceanogr a phic featur es
nd large-scale physical gradients such as temperature on current
arine microbial communities, in order to predict their response

o future environmental change. 
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