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Marine plankton have different biogeographical distribution patterns. However, it
is not clear how the entire plankton assemblage is composed of these species
with distinct biogeographical patterns. Tintinnina (tintinnids) is single-celled
planktonic protozoa commonly used as model organisms in planktonic
studies. In this research, we investigated the organization of Tintinnina
assemblages along the Atlantic Meridional Transect (AMT) spanning over 90
degrees of latitude during the 29" AMT cruise (2019). Tintinnina with high
frequency of occurrence was classified into four biogeographic distribution
patterns (equatorial, gyre, frontal, and deep Chl @ maximum) according to their
vertical and horizontal distribution. All species falling within each distribution
pattern formed a sub-assemblage. Equatorial sub-assemblage dominated in
upper waters of the equatorial zone and gyre centres. Equatorial and frontal
sub-assemblages co-dominated in upper waters of the frontal zones. Deep
Chlorophyll a maximum Layer (DCM) sub-assemblage dominated in the DCM
waters. Some Tintinnina species with high abundance could be used as indicator
species of sub-assemblages. The Tintinnina assemblages in the northern and
southern hemispheres exhibited asymmetry in terms of species composition.
The latitudinal gradient of Tintinnina species richness was bimodal, which was
shaped by the superposition of the species number of the four sub-assemblages
with latitude. The result of this study contributes to the understanding of
Tintinnina assemblage in the equatorial zone and subtropical gyres of the
Pacific and Indian Ocean. It is also valuable for predicting the influence of
global warming on changes in Tintinnina distribution and species richness.
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Introduction

Tintinnina (tintinnids in ecological studies) is planktonic
ciliates with shells called loricae. In taxonomic terms they belong
to the suborder order Oligotrichida, subclass Choreotrichia, class
Spirotrichea, phylum Ciliophora (Lynn, 2008) with a size range of
approx. 20-200 pm (microzooplankton). The smallest recorded
species is Stenosemella perpusilla with a body size of 13 pm
(Hada, 1970). As important components of plankton, Tintinnina
plays a pivotal role in material circulation and energy flow (Pierce
and Turner, 1992). Because of the loricae, Tintinnina is one of the
best-known groups of planktonic ciliates and have been recorded in
oceans all around the world. More than 900 Tintinnina species have
been recorded up to now (Zhang et al., 2012). They were regarded as
model organisms in plankton studies (Dolan et al, 2013) and
suggested as bioindicators of marine ecological status (Feng et al.,
2015; Rakshit et al., 2017a; Rakshit et al., 2017b; Li et al., 2021).

Although biogeography is based on the distribution of species,
the study of Tintinnina biogeographic distribution at the
species level is poorly documented. At the genus level,
Tintinnina is divided into five biogeographic distribution patterns
(cosmopolitan, neritic, warm-water, boreal, and austral) according
to their distribution in the global ocean (Pierce and Turner, 1993;
Dolan et al., 2013). Plankton biogeography showed that there are
equatorial belt and central belts (Longhurst, 2007) in the vast warm
water areas between about 40°N and 40°S. However, it is not clear
which warm-water Tintinnina species belong to these belts, whether
there is difference in Tintinnina species between northern and
southern hemispheres and how the Tintinnina assemblage was
organized by species with different distribution pattern.

The general paradigm for latitudinal gradients of biodiversity is
that a species richness peak appears at the equator and decreases
from the lower to higher latitudes, which is considered unimodal
(Gaston, 2000; Hillebrand, 2004). However, more and more studies
have indicated that latitudinal species richness of marine plankton
has asymmetric bimodality with a tropical species richness
depression near the equator (Chaudhary et al, 2016; Yasuhara
et al, 2020; Chaudhary et al, 2021), although the debate as to
whether the equator dip of Tintinnina species richness exists
continues (Dolan et al., 2013; Dolan et al., 2016; Gimmler et al.,
2016; Sunagawa et al., 2020).

In order to quantify the nature and causes of ecological and
biogeochemical variability in planktonic ecosystems of the Atlantic
Ocean, the Atlantic Meridional Transect (AMT) project was launched
in 1995 (Robinson et al.,, 2006; Rees et al., 2017), and 29 AMT cruises
have been conducted so far. The transect crosses a range of ecosystems
from subpolar to tropical and subtropical gyres (Robinson et al., 2006).
Therefore, it is a suitable transect to study the biogeography of
planktonic organisms. There are several of ecological studies on
phytoplankton (Acevedo-Trejos et al, 2018; Balch et al,, 2019;
Dutkiewicz et al., 2020) and zooplankton (Isla et al., 2004; Lopez and
Anadon., 2008; Burridge et al., 2017) along the AMT. There was only
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one study (Rychert et al,, 2014) of planktonic ciliate abundance with
very little information about Tintinnina.

In the present study, we investigated the structure and
composition variations of the Tintinnina assemblage along the
AMT, by collecting Tintinnina samples at different depths. The
aims were: 1) to classify Tintinnina sub-assemblages according to
the biogeographic distribution patterns of various species; 2) to
determine the dominance of each sub-assemblage in different
zones; 3) to determine the latitudinal species richness gradient
of Tintinnina.

Materials and methods

Sampling was performed at 45 stations (labelled as Stn. 1 to Stn. 45,
Figure 1; Supplementary Table 1) during the 29™ Atlantic Meridional
Transect (AMT) cruise (October-November 2019) aboard the RRS
“Discovery”. The transect crossed through the middle of the Southern
Atlantic Subtropical Gyre but through the west side of the Northern
Atlantic Subtropical Gyre (Cruise report of AMT29). Depths of Stn. 1
and Stn. 2 were 130 m and 156 m, respectively. Other stations had
depth more than 4000 m. Along the transect, the ship stopped two
times every day (at about 4 Am and 12:30 Pm local time, respectively)
to carry out oceanographic observations. Each stop was labelled as a
research station. In every station, vertical profiles of temperature,
salinity, and in vivo chlorophyll a fluorescence (Chl a) of the upper
200 m were determined using a conductivity-temperature-pressure
(CTD) sensor (SeaBird, SBE, 911plus/917). Seawater samples were
collected at 3-8 approximately equal distance depths (sampling points)
usually within and above the deep chlorophyll 2 maximum (DCM)
layer, using Niskin bottles (20 L) attached to a rosette CTD system. To
sample Tintinnina, 5-20 L of water from each depth was gently filtered
through a 10 pm mesh net. The samples (~200 mL) in the cod end of
the net were transferred into plastic bottles and immediately fixed with
Lugol’s solution (1% final concentration). After settling for at least 48 h,
supernatant water was gently siphoned out to concentrate the sample
to about 50 mL. The settling and siphoning process was repeated to
concentrate each sample to a final volume of approx. 15 mL. The
samples were stored in the dark at approx. 4°C until analysis. A total of
235 samples were collected (Figure 2).

In the laboratory, each sample was settled in an Utermohl counting
chamber for at least 24 h and examined using an inverted microscope
(Olympus IX 71, 100x or 400x magnification). As the Tintinnina
protoplasts can easily detach from the lorica during sample collection
and fixing (Paranjape and Gold, 1982; Alder, 1999; Gomez, 2007),
empty Tintinnina loricae were counted as living cells in our study. For
each species, at least 20 individuals (if possible) of each species were
photographed and measured. Tintinnina was identified to the lowest
possible taxonomic level (usually species level) based on lorica
morphology and size according to the literature (Kofoid and
Campbell, 1929; Hada, 1937; Hada, 1938; Kofoid and Campbell,
1939; Bakker and Phaff, 1976; Yoo et al,, 1988; Zhang et al., 2012).
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FIGURE 1

Location of sampling stations on the AMT29 cruise. The boundary positions (orange dotted lines) of the North Atlantic Transition Zone (NATZ),
Northern Atlantic Subtropical Gyre (NASG), Equatorial Zone (EZ), Southern Atlantic Subtropical Gyre (SASG) and South Atlantic Convergence Zone
(SACZ) were determined according to environmental factors as defined by Aiken et al. (2000), Hooker et al. (2000) and Aiken et al. (2017). The
yellow box indicates the Equatorial Zone centre. The cyan boxes delimit gyre centres.

The maximum abundance of one species in all the samples was
labelled as A, The dominance index (Y) was calculated using the
equation:

N
Y=

where N; was the total number of individuals of the species i, N
was total individual number of all species, f; was the occurrence
frequency of species i (number of sampling points occurred/
number of all sampling points). Species with Y > 0.02 were
defined as dominant species (Li et al., 2018). Species richness of
one station is the total number of the species appeared in all the
samples collected at this station.

The poleward edge positions of both Northern Atlantic
Subtropical Gyre (NASG) and Southern Atlantic Subtropical Gyre
(SASG) were defined as the boundary of the 0.15 pg L' surface
chlorophyll isopleth (Aiken et al., 2017). The Equatorial Zone (EZ)
was located between 15°N and 10°S as defined by Aiken et al.
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(2000). North of the NASG was the North Atlantic Transition Zone
(NATZ), while south of the SASG was the South Atlantic
Convergence Zone (SACZ) (Hooker et al., 2000).

Results

Hydrography and oceanic province
identification

Temperature along the transect was in the range of 8.02-29.25°
C in the upper 200 m (Figure 2). Water temperature was highest
(28-29.25°C) in the upper 50 m between 1°N and 13°N and
decreased poleward. We defined waters with temperature > 28°C
as tropical waters. The prominent equatorial upwelling was
observed north of the equator. Spatially, the isotherms showed
obvious “W” distribution patterns along the transect (Figure 2).
Taking the 18°C isotherm as an example, it appeared at about 50 m
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FIGURE 2

Distribution of temperature (T), salinity and in vivo chlorophyll fluorescence (Chl a) along the AMT transect. Each dot represents one sampling point.
The yellow box indicates the Equatorial Zone centre. The cyan boxes delimit gyre centres. Black dots denote the locations of sample collection.

depth around 10°N and went to a depth of more than 200 m
between 22-31°N and 15-24°S in the northern and southern
hemispheres, respectively. The isotherm depth then became
shallower poleward and reached the surface at about 43°N and
31°S, respectively. At about 5°S, the 15°C isotherm indicated a weak
upwelling. The temperature changed very little vertically in the
southernmost stations (Figure 2).

Salinity was in the range of 34.50-37.73. Horizontally, salinity
was low at 0-12°N, it increased poleward and maintained high
values in both subtropical gyres, then decreased. Vertically, the
salinity varied very little with depth (Figure 2). NASG had higher
salinity than SASG. The gyre centres were defined as salinity 37.5
(approximately the position of T > 25°C) in NASG and 37 in SASG,
respectively. Correspondingly, waters with 15°C< T< 25°C was
defined as frontal areas in both hemispheres.
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Chl a concentration ranged from undetectable to 1.29 ug L.
The DCM layer was quite shallow in the northernmost and
southernmost stations and deepened toward the equator. The
DCM layer was deepest at about 24°S (170 m) and at about 26°N
(132 m) (Figure 2). Consistently, the DCM was deepest in the gyre
centres (Figure 2). All the stations along the transect were located in
five oceanic provinces. The positions of the NASG and SASG were
15°N-43°N and 10°S-35°S, respectively (Figure 1).

Tintinnina distribution patterns
In total, 172 species were distinguished (five were unidentified

species and 167 represented 40 genera) (Table 1). Protorhabdonella
curta, Acanthostomella minutissima, Dadayiella ganymedes and
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Ascampbelliella armilla were the four most common species that
occurred in 172, 170, 169 and 160 samples, respectively. There were
32, 30, 50, and 29 species occurring in more than 50 samples, 30-50
samples, 10-30 samples and 5-10 samples, respectively. The
remaining 31 species were observed in fewer than 5 samples.

Aax of Tintinnina species was positively related to their
occurrence frequency (Supplementary Figure 1). Protorhabdonella
curta, which had the highest occurrence frequency, had the highest
Amax (69.07 ind. L"), at 40 m depth, St. 44 (Table 1). Only 15
Tintinnina species had A, higher than 10.00 ind. L. The A, of
most species (142 species) was lower than 5.00 ind. L™. There were
83 species with A, lower than 1.00 ind. L (Table 1).

It was also difficult to define the biogeographic distribution
patterns of the 31 species observed in< 5 samples because of their
low occurrence frequency. Although Coxliella fasciata, Canthariella
sp. 3 and Parundella difficilis occurred in > 5 samples, their
distributions were too scattered to determine their biogeographic
distribution patterns. Thus, those 34 species were considered as rare
species (Table 1). The largest A, among rare species was 2.17
(ind. LY.

10.3389/fmars.2023.1082495

The neritic species Helicostomella subulata only occurred in the
northernmost two stations, while the cold-water species
Acanthostomella norvegica only appeared in the southernmost
two stations (Figure 3; Supplementary Figure 2).

All the other 136 species were warm water species. Based on
their high abundance regions, they were classified into 4
biogeographic types: equatorial species, gyre species, frontal
species (these three types had high abundance in the upper
water< 75 m) and deep Chl 4 maximum species with high
abundance in deeper water (> 75 m) (Figure 4; Supplementary
Figures 3-10). Because some species showed slightly different
distribution between the northern and southern hemispheres,
their classification is based primarily on the distribution
characteristics in the northern hemisphere.

A total of 32 species in 17 genera were considered as equatorial
species (Figure 4; Supplementary Figures 3, 4 and Table 1)
occurring in upper waters with temperature > 28°C. Among
them, only some occurred in a narrow latitudinal range near the
equator (such as Eutintinnus tenuis, Amphorellopsis tetragona,
Amphorides infundibulum, Metacylis corbula and Coxliella

TABLE 1 Number of samples (N) where a given Tintinnina species was observed and maximum abundance (A,ax, ind. L) for each Tintinnina species

along the Atlantic Meridional Transect.

Species

Species

Species

Neritic species

Helicostomella subulata 7 3.69 ‘ ‘ ‘
Cold-water species
Acanthostomella norvegica 6 4.12 ‘ ‘ ‘
Equatorial species
Protorhabdonella curta 172 69.07 Proplectella ellipsoida 89 3.25 Eutintinnus pacificus 36 13.81
Acanthostomella minutissima 170 42.56 Codonella perforata 69 1.71 Metacylis sanyahensis 25 0.57
Dadayiella ganymedes 169 31.31 Epiplocylis undella 69 2.30 Epiplocyloides reticulata 24 3.63
Ascampbelliella armilla 160 9.74 Eutintinnus fraknoii 66 3.96 Amphorides infundibulum 23 3.39
Protorhabdonella simplex 130 2.84 Ascampbelliella urceolata 61 13.81 Metacylis corbula 22 3.23
Amphorides minor 110 11.90 Rhabdonella valdestriata 60 9.05 Metacylis mereschkowskii 16 0.28
Amphorides quadrilineata 109 9.62 Rhabdonella amor 56 5.09 Rhabdonella cornucopia 13 1.01
Proplectella perpusilla 103 6.15 Eutintinnus stramentus 55 2.83 Eutintinnus sp. 1 8 0.57
Rhabdonellopsis apophysata 103 4.50 Rhabdonella brandti 53 6.00 Eutintinnus tenuis 5 0.50
Eutintinnus apertus 101 6.22 Coxliella ampla 52 41.59 Amphorellopsis tetragona 5 1.22
Steenstrupiella gracilis 91 7.23 Climacocylis scalaroides 36 0.85
Gyre species
Xystonella treforti 70 1.41 Rhabdonella chiliensis 39 1.50 Eutintinnus perminutus 16 1.81
Eutintinnus medius 51 5.71 Rhabdonella indica 32 0.50 Undella hemispherica 15 0.19
Salpingella subconica 48 2.30 Eutintinnus elongatus 31 1.33 Undella turgida 8 0.13
Epiplocylis constricta 40 0.35 Daturella angusta 30 0.38
Epiplocylis calyx 39 0.63 Xystonellopsis cyclas 22 0.60

(Continued)
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TABLE 1 Continued
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Species Species Species
Frontal species
Proplectella parva 86 3.75 Parundella aculeata 31 7.17 Eutintinnus elegans 15 429
Salpingella acuminata 82 16.30 Steenstrupiella robusta 28 16.90 Salpingella sp. 3 14 2.26
Dictyocysta reticulata 71 22.18 Proplectella ovata 28 8.50 Proplectella grandis 13 0.89
Acanthostomella conicoides 56 16.97 Undella clevei 28 4.14 Epiplocylis acuminata 12 0.63
Codonella elongata 53 5.33 Proplectella cuspidata 27 0.89 Xystonella lohmanni 12 2.99
Salpingella decurtata 53 2.40 Cyttarocylis eucecryphalus 27 0.38 Xystonella lanceolata 12 0.42
Steenstrupiella steenstrupii 47 1.73 Epicancella nervosa 24 1.13 Bursaopsis striata 12 1.13
Acanthostomella lata 45 3.96 Salpingella faurei 22 2.26 Proplectella amphora 11 1.70
Dictyocysta polygonata 43 3.45 Petalotricha major 22 0.38 Proplectella angustior 9 0.57
Eutintinnus tubulosus 42 55.03 Ascampbelliella protuberans 21 9.06 Salpingella sp. 4 9 1.15
Climacocylis scalaria 41 0.89 Salpingella curta 20 3.46 Protorhabdonella striatura 8 0.69
Dictyocysta mitra 37 13.81 Codonellopsis contracta 19 1.54 Xystonellopsis cymatica 7 0.50
Dictyocysta pacifica 35 1.63 Dictyocysta elegans 18 5.59 Rhabdonella sp. 6 35.92
Xystonellopsis brandti 34 1.13 Rhabdonella conica 18 26.00 Eutintinnus sp. 2 6 0.38
Eutintinnus lusus-undae 33 1.15 Eutintinnus macilentus 17 0.51 Codonella nationalis 5 1.36
Undella hyalina 31 3.80 Coxliella laciniosa 16 0.50
Deep Chl a Maximum (DCM) species
Parundella inflata 61 2.81 Xystonella clavata 22 0.38 Salpingella sp. 2 10 1.41
Acanthostomella obtusa 59 3.52 Dictyocysta mulleri 19 1.01 Epiplocylis ralumensis 9 0.75
Salpingella laminata 58 8.05 Epiplocylis blanda 18 0.36 Proplectella ostenfeldi 9 0.85
Salpingella sp. 1 49 1.13 Xystonellopsis dicymatica 18 0.50 Salpingella attenuata 9 0.38
Dictyocysta spinosa 47 1.30 Canthariella sp. 1 16 0.75 Proplectella pentagona 8 1.15
Proplectella claparedei 46 1.70 Poroecus curtus 16 0.57 Salpingella acuminatoides 8 0.57
Dadayiella pachytoecus 40 3.68 Rhabdonella exilis 14 0.58 Cyttarocylis acutiformis 8 0.14
Canthariella pyramidata 39 1.88 Canthariella brevis 13 1.00 Undellopsis marsupialis 7 0.19
Salpingacantha unguiculata 33 0.75 Poroecus apiculatus 13 0.25 Xystonellopsis heros 7 0.20
Xystonellopsis paradoxa 31 0.44 Proplectella biorbiculata 13 0.81 Amplectella monocollaria 6 0.13
Proplectella urna 30 1.70 Unidentified sp. 1 13 1.08 Proplectella praelonga 5 0.56
Salpingella rotundata 30 1.15 Brandtiella palliata 11 0.73 Canthariella sp. 2 5 0.33
Eutintinnus haslae 30 225 Codonella amphorella 11 0.25 Codonellopsis meridionalis 5 0.25
Steenstrupiella intumescens 24 2.26 Salpingella minutissima 11 0.27 Unidentified sp. 2 5 1.52
Ormosella bresslaui 22 1.00 Amphorides laackmanni 11 0.40
Rare species
Coxliella fasciata 8 0.28 Climacocylis elongata 2 0.20 Parundella attenuata 1 0.06
Canthariella sp. 3 8 2.17 Proplectella acuta 2 0.34 Parundella aciculifera 1 0.06
Parundella difficilis 5 0.18 Rhabdonella sanyahensis 2 0.19 Xystonellopsis pulchra 1 0.43
Coxliella pelagica 4 0.28 Eutintinnus procurrerens 2 0.06 Rhabdonella hydria 1 0.08
Amplectella collaria 4 0.13 Eutintinnus pinguis 2 0.35 Salpingella gracilis 1 0.04
(Continued)
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TABLE 1 Continued

Species N A Species \| AN~ Species N AV
Metacylis conica 4 0.12 Amphorides amphora 2 0.28 Amphorides brandti 1 0.19
Ormosella apsteini 4 0.13 Amphorellopsis quinquealata 2 0.13 Albatrossiella agassizi 1 0.09
Codonaria oceanica 3 0.13 Unidentified sp. 3 2 0.10 Daturella emarginata 1 0.06
Coxliella mariana 3 0.25 Codonaria cistellula 1 0.38 Unidentified sp. 4 1 0.06
Parundella lohmanni 3 0.17 Tintinnopsis sp. 1 0.06 Unidentified sp. 5 1 0.06
Codonella olla 2 0.19 Undella lachmanni 1 0.31

Codonellopsis robusta 2 0.28 Parundella lachmanni 1 0.31

Species are listed inside each group, according to their occurrence frequency.

ampla). These species were concentrated in the EZ with high surface  occurred between 20-25°C in the northern hemisphere. Similarly,
temperature and also appeared in deep Chl @ maximum waters with ~ Proplectella parva occurred between 18-20°C and Parundella
relatively low temperature. However, they were not detected in  aculeata between 15-18°C (Figure 4). The largest A, was 55.03
adjacent stations where the temperature was still high. ind. L™ for Eutintinnus tubulosus. Eight species had A, > 10 ind.
Some equatorial species had a high abundance in the equatorial ~ L™'. Some species (e.g., P. parva, Salpingella acuminata,
region and their abundance decreased poleward (such as  Acanthostomella lata, A. conicoides) showed obvious tropical
Eutintinnus stramentus, E. fraknoii, Protorhabdonella simplex and ~ submergence phenomenon: occurring throughout the water in
Steenstrupiella gracilis). Acanthostomella minutissima, Dadayiella ~ high latitude but in deeper layers of tropical waters where
ganymedes, P. curta had the widest temperature ranges. They were  temperatures are lower than in the upper layers.
in high abundance not only in the EZ stations, but also in the Deep Chl a maximum species included 44 species in 21 genera
northernmost and southernmost stations. These species had a wide  occurring in deep waters but disappeared in upper (< 75 m)
temperature range and were noted over almost all the transect. ~ warmer waters (Figure 4; Supplementary Figures 9, 10 and
Some equatorial species had very high A,,,.. For example, the A,,,,, ~ Table 1). All of the deep Chl a maximum species had A,
of four species (P. curta, A. minutissima, Coxliella ampla, D.  lower than 10 ind. L
ganymedes) were higher than 30 ind. L.
A total of 13 Tintinnina species in 7 genera mainly observed in
upper waters near the gyre centres and restricted to the NASG and Asym metric geogra phIC distribution in
SASG were defined as gyre species (Figure 4; Supplementary —Northern and southern hemispheres
Figures 5, 6 and Table 1). They seldom occurred in waters with
temperature outside the interval 18-28°C. Gyre species usually had Asymmetric distribution of Tintinnina species along the
low maximum abundance (A pe< 5.71 ind. L. latitudinal gradient was a frequent phenomenon, especially in the
A total of 47 species in 18 genera were frontal species and were ~ NASG and SASG zones (Supplementary Figures 3, 5, 7, 9). Some
mainly observed in upper waters of the gyres but not in the gyre  species were restricted to only one hemisphere. Some frontal species
centres themselves, being absent in waters with temperature > 28°C (e.g., Codonella nationalis, Rhabdonella conica, Xystonella
(Figure 4; Supplementary Figures 7, 8 and Table 1). Those species  lohmanni, Steenstrupiella robusta and Proplectella ovata) only
had high abundance in the frontal area where different water masses  appeared in the northern hemisphere in this study, while
met and interacted, both horizontally and vertically. They formed a  Epiplocylis acuminata, Proplectella angustior, Proplectella
narrow band in the frontal area. For example, Xystonellopsis brandti ~ amphora, Bursaopsis striata, Protorhabdonella striatura and
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FIGURE 3

Vertical abundance (ind. L) distribution of Helicostomella subulata and Acanthostomella norvegica along the AMT transect. The red color and
isothermal lines are temperature (°C) as in Figure 2. Black dots denote the locations of sample collection.
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Protorhabdonella sp. only occurred in the southern hemisphere
(Supplementary Figure 7).

Some species showed different temperature range tolerance
between the two hemispheres, such as Acanthostomella conicoides
and Proplectella urna. Abundance of A. conicoides was high when
the temperature was in the range of 15-18°C in the northern
hemisphere, but almost disappeared in the same temperature
range in the southern hemisphere (Supplementary Figure 7). P.
urna exhibited high abundance when the temperature was about
25°C in the southern hemisphere, but its high abundance in the
northern hemisphere appeared when the temperature was about 20°
C (Supplementary Figure 9). Other examples were P. perpusilla,
Amphorides quadrilineata (Supplementary Figure 3), Rhabdonella
chiliensis (Supplementary Figure 5). Together with differences in the
temperature range, the bandwidth of the vertical distributions of
some frontal species (e.g., Xystonellopsis brandti, P. parva,
Parundella aculeata) (Figure 4) was narrower in the northern
hemisphere than in the southern hemisphere.

The vertical distribution of some species was likewise different
in the two hemispheres. Proplectella claparedei and Acanthostomella
obtusa occurred in surface waters in the southern hemisphere. In
contrast, they were not observed in surface waters in the northern
hemisphere (Supplementary Figure 9).

The relative locations of some species were dissimilar between
the two hemispheres. For example, Eutintinnus perminutus,
Epiplocylis calyx were on the poleward side of E. medius in the
northern hemisphere, but vice versa in the southern hemisphere
(Supplementary Figure 5).

Frontiers in Marine Science

Tintinnina species richness and abundance

Total abundance of equatorial species was highest in the EZ,
decreased poleward and then increased at both boundaries of the
transect, especially the northern one (Figure 5). The number of
equatorial species at each sampling point decreased from the warm
centre to both sides (Figure 6). The Gyre Species exhibited high values
in the gyre centres regarding both abundance and number, with a
declining trend toward the equator and poles (Figures 5, 6). The frontal
species were present in high abundance and number in the AMT
frontal areas (Figures 5, 6). In the DCM layer, the deep Chl a
maximum species were also observed in high abundance (Figures 5, 6).

Tintinnina species richness was in the range of 3-45, with
elevated values mainly belonging to the 50-150 m layer between
40°N and 35°S, at most stations. The highest value (45) was
determined for the 110 m sample of Stn. 41. In the upper 50 m,
Tintinnina species richness was relatively low (Figure 7).

Tintinnina abundance varied between 0.33 and 185.11 ind. L'},
and was characterized by a distribution pattern completely different
from that of their species richness. Tintinnina abundance was< 50
ind. L™ in most samples, high values mainly belonged to the upper
100 m in the northernmost and southernmost stations, as well as
regions around the equator. Tintinnina abundance was extremely
low in the centres of both NASG and SASG (Figure 7).

Tintinnina species richness increased with temperature,
reaching peak value at about 20°C, then decreased slightly when
the temperature exceeded 20°C. In contrast, Tintinnina abundance
did not vary much with temperature. Species richness increased
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AMT transect. The red color and isothermal lines are temperature (°C) as in Figure 2. Black dots denote the locations of sample collection

with salinity and peaked at a salinity of about 36.5. On the other
hand, Tintinnina abundance decreased when salinity increased.
Tintinnina species richness and abundance increased when Chl a
was lower than 0.4 ug L', and decreased sharply when the Chl a
exceeded 0.4 ug L™ (Figure 8).

Organization of Tintinnina assemblage by
sub-assemblages

Since all the species were mainly classified into 4 biogeographic
types, all the species in a particular biogeographic type could be
considered as a sub-assemblage. Therefore, the Tintinnina
assemblage could be deemed as the superposition of four sub-
assemblages: equatorial, gyre, frontal and deep Chl a maximum
sub-assemblages. The dominance of each sub-assemblage in the
different parts of the transect was evaluated by means of the
abundance percentage and species number percentage of each
sub-assemblage in the Tintinnina assemblage (Figures 5, 6). Deep
Chl @ maximum sub-assemblage was the dominant assemblage in
waters below 100 m depth because it occupied > 50% in both
Tintinnina abundance and species number.

Frontiers in Marine Science

In the waters shallower than 100 m, equatorial sub-
assemblage abundance occupied >50% of total Tintinnina
abundance in most stations. Its species number occupied >50%
of total Tintinnina species number in equatorial and gyre zones
and decreased in frontal zones. Therefore, equatorial sub-
assemblage dominated the equatorial and gyre zone upper
100 m waters. Frontal sub-assemblage abundance and species
number were >50% of respectively Tintinnina abundance and
species number in the frontal zone upper waters. Since equatorial
species also showed values >50% in this area, we concluded that
the frontal and equatorial sub-assemblages co-dominated in the
frontal zones. Gyre sub-assemblage distributed in the upper
waters of the gyres. Their abundance exceeded 50% in only
two samples and their species number exceeded 50% in only one
sample. Therefore, gyre sub-assemblage seldom dominated in
the transect.

To further compare the influence of the sub-assemblages in the
equatorial centre and gyre centres, the dominant species and their
abundance contribution to total Tintinnina abundance was
estimated (Table 2). In equatorial centre, all of the dominant
species were equatorial species. In the gyre centres, the gyre
species Eutintinnus medius was the first dominant species in the
NASG and SASG centres. The frontal species Rhabdonella brandt
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and Proplectella cuspidata were dominant in the NASG and SASG
centres, respectively.

Tintinnina assemblage in different zones
along the transect

The transect completely crossed the NASG, EZ and SASG,
enabling us to reliably describe the Tintinnina assemblage
structures in these regions. The number of Tintinnina species in
each biogeographic region was highest in the NASG (142 species),
followed by the SASG (124 species), EZ (110) and NATZ (75). Only
23 species were recorded in the SACZ. In total, 14 Tintinnina
species occurred in all 5 regions, and 37, 53 and 29 species appeared
in 4, 3 and 2 regions, respectively. Numbers of species which were
specific in the NATZ, NASG, EZ, SASG and SACZ were 6, 14, 8, 8
and 3, respectively. The NASG and SASG assemblages shared 111
Tintinnina species. Thirty-one species that occurred in the NASG
were not observed in the SASG, while 13 species occurring in the
SASG were absent in the NASG (Figure 9).

There were 8, 4, 7, 7 and 6 dominant species in the NATZ,
NASG, EZ, SASG and SACZ, respectively. Eutintinnus tubulosus and
Dadayiella ganymedes were the top 2 dominant species in the NATZ
with dominance index > 0.1. The dominance index of all the
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dominant species was< 0.1 in the NASG and SASG. In the EZ,
Acanthostomella minutissima was the most dominant, while Coxliella
ampla was the second most dominant species, with dominance index
of 0.18 and 0.11, respectively. Finally, A. minutissima,
Protorhabdonella curta, D. ganymedes and A. armilla were the
dominant species in all the samples along the transect (Table 3).

The dominant species composition varied with different
biogeographic regions. Most dominant species in the NATZ
disappeared or had extremely low dominance indexes in other
regions except for Dadayiella ganymedes, which was also dominant
in the NASG, EZ and SASG and it was not observed in the SACZ.
Eutintinnus tubulosus was the first dominant species in the NATZ,
but its dominance index was extremely low in NASG and EZ and
could not be determined in SASG and SACZ. Rhabdonella conica
was the dominant species in the NATZ but was absent in the other
four regions (Table 3).

The 4 dominant species in the NASG were also dominant in the
EZ and SASG. Acanthostomella minutissima and Protorhabdonella
curta were dominant in the NASG, EZ, SASG and SAC; their
dominance index was< 0.005 in the NATZ. Ascampbelliella armilla
was the dominant species in the NASG, EZ and SASG, but its
dominance index was very low in the NATZ and did not appear in
the SACZ. The EZ, SASG and SAC contained 3, 3 and 4 specific
dominant species, respectively (Table 3).
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Latitudinal species richness gradient of
Tintinnina

Latitudinally, Tintinnina species richness ranged from 6 to 71
(Figure 10) and showed an asymmetric bimodality with a dip near
the equator. The northernmost and southernmost stations in both
hemispheres, Stn. 1 at about 49°N and Stn. 45 at about 42°S, had the
lowest species richness. The Tintinnina species richness increased
towards the equator, peaking at Stns. 18 and 20 (about 20°N), and
Stns. 39 and 41 (23°S and 30°S), respectively (Figure 10).

Along the transect, the number of equatorial species showed a
unimodal peak in the equatorial zone. Frontal species had a high
species number at both ends of the transect. Gyre species and deep
Chl a maximum species showed bimodal peaks at the gyre centres.
The total number of Tintinnina species, i.e., the superposition of the
four types and rare species, showed bimodal peaks at the gyre
centres (Figure 10).

Discussion

Biogeography of Tintinnina species

Previous knowledge of the geographic distribution of most
Tintinnina species is largely incomplete, especially in regions of
intricate and costly accessibility (Menegotto and Rangel, 2018).
Dolan et al. (2013) and Pierce and Turner (1993) classified
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Tintinnina into 5 biogeographic distribution patterns at the genus
level. Although some genera were considered as cosmopolitan, there
appears to be no species that is truly cosmopolitan (Dolan et al.,
2013). However, information on Tintinnina biogeographic
distribution at the species level was scarce (Dolan et al., 2013; Li
etal,2019; Lietal,, 2021). Tintinnina abundance was extremely low
in tropical and subtropical open waters (Dolan et al., 2007; Gomez,
2007; Zhang et al., 2017; Li et al., 2018). In this study, we found that
the maximum abundance of 83 Tintinnina species were lower than
1 ind. L' Thus, sampling only 1 litre of water sample may miss
many Tintinnina species with low abundance. It is worth noting
that, in this study, the same person identified the Tintinnina species
in all the collected samples and counted under the same protocol to
minimize any potential human impact. Therefore, the method in
this study could highlight the distribution pattern of most
Tintinnina species except the rare ones. To our knowledge, this is
the first species-level study on Tintinnina distribution and
assemblage composition in the Atlantic Ocean.

In order to explore the biogeographic distribution patterns of
Tintinnina in warm waters, we collected samples across a large
spatial span from about 50°N to 40°S. Helicostomella subulata was a
neritic species and commonly reported in coastal waters of the
Arctic and subarctic regions (Dolan et al,, 2021; Li et al,, 2021).
Acanthostomella norvegica was usually found in high-latitude
waters of both hemispheres (Li et al., 2016; Liang et al., 2020; Li
et al., 2021). The occurrence of H. subulata in the two northernmost
stations and A. norvegica in the two southernmost stations,
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Tintinnina species richness and abundance variation with temperature,

salinity, and in vivo chlorophyll a fluorescence (Chl a).

TABLE 2 Dominance index (Y) and abundance proportion (AP, %) of each dominant species in the upper 40 m of the Equatorial Zone (EZ), Northern
Atlantic Subtropical Gyre (NASG) centre and Southern Atlantic Subtropical Gyre (SASG) centre shown in Figure 1.

4 NASG centre SASG centre

Species Y AP Y AP Y AP
0.1470 15.62 Eutintinnus medius 0.1215 13.26 Eutintinnus medius 0.1325 14.36
0.1308 14.83 0.0948 10.34 0.0910 9.10
0.1133 11.33 0.0674 8.08 0.0726 7.86
0.0518 5.50 0.0546 5.96 0.0574 6.21
0.0467 4.96 0.0505 5.51 0.0504 5.96
0.0277 4.28 Rhabdonella chiliensis 0.0494 5.93 0.0364 4.73
0.0275 3.60 0.0437 5.24 0.0329 5.35
0.0272 3.85 0.0390 5.85 0.0245 3.54
0.0252 3.90 Rhabdonella brandti 0.0345 3.77 0.0234 3.38
0.0233 3.05 Xystonella treforti 0.0338 4.05 Proplectella cuspidata 0.0214 2.79

0.0220 294
Total 70.92 70.93 63.28

Orange color: Equatorial species; Green color: Gyre species; Blue color: Frontal species.
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FIGURE 9

Convergence Zone.

Venn diagram showing the number of Tintinnina species that are unique and shared among the five oceanic provinces. NATZ, North Atlantic
Transition Zone; NASG, Northern Atlantic Subtropical Gyre; EZ, Equatorial Zone; SASG, Southern Atlantic Subtropical Gyre; SACZ, South Atlantic

indicated that the sampled transect crossed the full span of both
NASG and SASG. Thus, the data in this study allowed us to analyse
the Tintinnina biogeographic distribution over a large span of
warm waters.

Most species identified in our study belonged to warm-water
and cosmopolitan genera according to Dolan et al. (2013). Metacylis
was considered as a neritic genus by Dolan et al. (2013). Li et al.
(2016) classified Metacylis as a cosmopolitan genus. In the present
study, four species of the genus Metacylis were recorded. None of
them occurred in the northernmost two coastal stations. Metacylis
sanyahensis, M. corbula and M. mereschkowskii were considered as
equatorial species. M. conica was a rare species occurring in only 4
out of 235 samples in our study.

Li et al. (2021) investigated surface Tintinnina assemblage
variation along transects across the North Pacific Transition Zone
in summertime. They grouped 41 Tintinnina species into boreal,
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warm water type I, warm water type II, transition zone and
cosmopolitan groups, according to the region where they were
recorded and their abundance distribution patterns along the
temperature gradient. Dadayiella ganymedes and Eutintinnus
tubulosus were classified as warm water type I species, their
abundance was high at the transition zone and decreased towards
the equator (Li et al., 2021). In the East China Sea, high abundance
of D. ganymedes appeared in the frontal area generated by the
interaction between the Kuroshio current and coastal waters (Li
et al., 2016). Those studies were based on the surface Tintinnina
distribution. In the present study, the surface abundances of D.
ganymedes and E. tubulosus were extremely high in the northern
boundary of NASG, decreased towards the equator and had a slight
increase in the EZ. However, D. ganymedes and E. tubulosus had
high abundance at the subsurface waters in the EZ. Thus, we
classified D. ganymedes and E. tubulosus as equatorial species.
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TABLE 3 Dominant species and their dominance index (Y) in each biogeographic region and the total transect.

10.3389/fmars.2023.1082495

NATZ NASG 4 SASG SACZ Total transect
Species Species Species Species Species Species
utintinnus 016 Asc?mpbellfella 0.07 Afant%lo.ftomella 0.18 Asca‘mpbellzella 0.04 Protorhabdonella 025 Ac'ant}llos'tomella
tubulosus armilla minutissima armilla curta minutissima 0.07
D, 1 A tomell P 1l Prot
adayiella 01p Acanthostomella o o0 o ielia ampla o1 | Lroplectella 003 Rhabdonellasp. | 010 roforhabdonella
ganymedes minutissima perpusilla curta 0.04
Steenstrupiella Protorhabdonella Ascampbelliella Acanthostomella Eutintinnus Dadayiella
0.07 0.06 . 0.08 . 0.03 . 0.05
robusta curta armilla minutissima pacificus ganymedes 0.04
Salpingella Dadayiella Protorhabdonella Protorhabdonella Acanthostomella Ascampbelliella
; 0.05 0.03 0.04 X 0.02 L 0.04 K
acuminata ganymedes curta simplex minutissima armilla 0.04
chltyocysta 0.05 Rhabdor?ella 0.02 Eutzfttznnus 0.02 Propleftella 0.03
reticulata valdestriata medius perpusilla
Rhabdonella Rhabdonella Dadayiella i i
. 0.04 0.02 0.02 | Dictyocysta mitra 0.03
conica amor ganymedes
Proplectella Dadayiella Protorhabdonella
0.02 0.02 0.02
ovata ganymedes curta
Amphorides
. 0.02
minor

NATZ, North Atlantic Transition Zone; NASG, Northern Atlantic Subtropical Gyre; EZ, Equatorial Zone; SASG, Southern Atlantic Subtropical Gyre; SACZ, South Atlantic Convergence Zone.

Vertically, the present study showed that some species had surface
abundance peaks, whereas others exhibited abundance peaks at the
DCM layer. These characteristics are consistent with Tintinnina in the
tropical Pacific Ocean (Wang et al, 2019). Phytoplankton species
were likewise classified into shallow (upper 30 m) and deep (DCM)
groups in the Pacific Ocean, which offered suitable food supplies for
ciliates to prey on (Venrick, 1988). Our research only sampled waters
above the DCM, except at some stations in the north end of the
transect. Tintinnina abundance decreased sharply below the DCM in
the tropical Pacific waters (Li et al., 2018). Therefore, it is likely that
the Tintinnina abundance in the AMT transect peaks at the DCM and
decreases sharply below DCM.

Tropical submergence of transition zone
species

Some equatorial and gyre species showed wide temperature
tolerance, horizontally and vertically. They appeared in deeper
colder waters but did not expand poleward. In contrast, tropical
submergence was common for frontal species whose distribution
coincided with the isotherm downward trend, occurring in high-
latitude surface waters and detected in deep waters of the equatorial
zone. Tropical submergence (Chaudhary et al., 2021) plays a
significant role in the composition of low and mid-latitude
plankton assemblages. Some species present near the surface at
mid-high latitudes are well known to follow isothermal pathways
into intermediate and abyssal water depths at low latitudes
(Trubovitz et al,, 2020). To our knowledge, it is the first time that
Tintinnina tropical submergence is reported.

More and more researchers have realised the importance of
investigating the vertical distribution of plankton species, like in the
central Atlantic Ocean where four mesozooplankton groups were
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vertically distinguished (Vedenin et al., 2022). Preliminary studies
have also shown that Tintinnina can be vertically distributed
according to different groups (Wang et al, 2020; Wang et al,
2021). The fact that Tintinnina species observed in high latitude
surface waters can be detected in low latitude deep waters forces one
to consider the roles of both depth and latitude when investigating
Tintinnina biogeographic distribution patterns.

Thanks to the large latitudinal coverage and vertical sampling, we
found a lot of frontal Tintinnina species, which occurred in narrow
bands between subtropical gyre centre and subarctic gyre. Some
plankton species found in the transitional zone between subarctic and
subtropical gyres are called transitional zone species. Our study
showed that frontal zone species had wider temperature range
(approx. 15-25°C) than transitional zone (15-20°C) (Li et al., 2021).
Undella clevei and U. californiensis were considered as transition zone
species, mainly observed in the North Pacific Transition Zone in the
15-20°C temperature range (Li et al., 2021). This Tintinnina
biogeographic characterisation was only based on surface data. In
the present study, U. clevei showed an asymmetric distribution
pattern between both hemispheres and was linked to the frontal
systems of different water masses. In the southern hemisphere, the U.
clevei distribution was associated with the 15-20°C isotherms. In the
northern hemisphere, it was mainly present in NASG deep waters in
the temperature range 20-25°C. This is the reason why U. clevei was
identified as a frontal species in the present study. Although U.
californiensis was not detected in our study, it was observed in the
open Pacific Ocean (Gomez, 2007). We speculate that U.
californiensis may also be subject to a tropical submergence
phenomenon and might occur in waters deeper than the DCM
layer in low latitudes.

Transition zone species were reported in some phytoplankton
(Venrick, 1971) and macrozooplankton (Brinton, 1962; McGowan,
1971). However, the mechanism responsible for their presence in
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Latitudinal variation of Tintinnina species-number in each biogeographic pattern along the AMT transect. NATZ, North Atlantic Transition Zone;
NASG, Northern Atlantic Subtropical Gyre; EZ, Equatorial Zone; SASG, Southern Atlantic Subtropical Gyre; SACZ, South Atlantic Convergence Zone.

the eastward flow had no obvious explanation. Olson (2001)
proposed that mesoscale eddies would transport some organisms
counter current. Boltovskoy (1998) and Longhurst (2007) did not
agree with this mechanism. Our data suggest that tropical
submergence might be the mechanism accounting for the
existence of transition zone species. Circular current is the base of
plankton distribution (Longhurst, 2007). Some individuals
submerged to the bottom of the gyre could survive the full cycle
of the gyre flow and serve as seeds when they are released to the
colder area, where vertical mixing brings them back to the upper
water. However, these submerged individuals had low abundance
and were neglected in biogeography studies. As a result, such
species might in fact be frontal species but have been mistakenly
regarded as transition zone species.
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Conceptual model of organization of
planktonic Tintinnina assemblage

According to the plankton biogeography theory of circular
current distribution (Longhurst, 2007), except for the frontal sub-
assemblage, the other three sub-assemblages could be divided into
core areas with high abundance and species number, and pioneer
areas as per Li et al. (2016). Species confined to the core area were
called core species. Correspondingly, the species that had expanded
out of the core area were referred to as pioneer species. Species
belonging to the deep Chl a maximum sub-assemblage core area were
found in the gyre deep waters, whereas pioneer species expanded out
to the edge of the gyres. Some pioneer species could be brought into
shallow waters by vertical mixing on the polar side of the gyre.
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The core area of the gyre sub-assemblage was in the upper water
around the gyre centre. Pioneer species expanded to both the warm
and cold sides of the gyre, but they could not exist in waters warmer
than 28°C and colder than 20°C (except Xysttonella treforti).

In the equatorial sub-assemblage, the distribution of the species
was kept in the equatorial zone by the tropical gyre which is
composed of equatorial current and equatorial counter current.
Core species (Amphorides infundibulum, Metacylis corbula) were in
waters warmer than 28°C. Some species have been recorded
poleward as pioneer species due to their large suitable
temperature range. Some of them were entrained poleward by the
mixing between tropical gyre and subtropical gyre. Some species
(e.g., Steenstrupiella gracilis, Rhabdonella brandti) died out when
they are moved into cold waters.

Some equatorial species (e.g., Dadayiella ganymedes,
Protorhabdonella curta) were strong enough to exist and flourish at
the edge of the subtropical gyre. These species are so special that they
could also be considered frontal species which could flourish in
equatorial waters. But we artificially classify them as equatorial species.

|
e
O

FIGURE 11

Conceptual model of Tintinnina communities composed of four sub-communities. (A) Equatorial sub-community, (B) Gyre sub-community,
(C) Frontal sub-community, (D) Deep Chl a Maximum sub-community. The yellow box indicates the Equatorial Zone centre. The cyan boxes
delimit gyre centres. Coral and rose color indicate the core and pioneer areas, respectively: the darker the color, the higher abundance and

species richness.
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The organization of the Tintinnina assemblage resulted from
the superposition of the four sub-assemblages as in the conceptual
model of Figure 11. Although different biogeographical patterns
were identified in previous studies, the influence of the species of a
particular biogeographical pattern was not evaluated (Longhurst,
2007). Since our study is the first of its kind, we could not compare
Tintinnina with other plankton. However, we speculate that the
single-celled protist plankton might have similar organization
mechanism because of their lack of life history.

Woods (1999) proposed a question: what is the change of
plankton assemblage in a water-mass moving around the centre
of north Atlantic Subtropical Gyre. Water-mass traveling from the
Azores to the Antilles could take six years. It will take about five
years to finish Sargasso-Sea circuit (Supplementary Figure 11). Our
conceptual model suggests that, when a water-mass moves
southward from Azores, individuals of frontal species in the
upper water will gradually die out but some individuals in the
deep water will remain alive to serve as seeds for the surface
population. Some equatorial species will slowly get into the water-
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mass as it warms up. When the water-mass moves northward from
Antilles, the seeds of frontal species might be mixed upward to
upper water column and flourish again.

Differences of Tintinnina assemblages in
NASG and SASG

Understanding the differences and similarities between the
northern and southern hemispheres is necessary to monitor the
changes that are occurring and are expected in the coming decades
(Timmermann et al., 2015; Rodriguez et al., 2022). In the present
study, Tintinnina diversity in both NASG and SASG was very high,
encompassing 142 and 124 Tintinnina species, respectively. Both
gyres shared 111 species which indicated a high similarity of the
Tintinnina assemblage compositions in them.

Despite of the similarity of the Tintinnina compositions, 44
species were present in one gyre but not in the other. This non-
symmetrical situation was also reported for Bacteria distribution by
Sul et al. (2013), who observed fewer bacteria taxa in both
hemispheres but more taxa than expected were only present in a
single hemisphere. The Atlantic equatorial upwelling region (with a
narrow vertical temperature range between 15°C to 25°C) has been
identified as a strong ecological barrier for zooplankton dispersal,
such as Copepoda (Goetze et al.,, 2017; Mcginty et al., 2021) and
Mollusca Pteropoda (Burridge et al., 2015; Choo et al., 2021).
Meanwhile, oceanic barriers are species-specific (Mcginty et al.,
2021). As Tintinnina mobility is much weaker than that of
mesozooplankton, it was not surprising that some Tintinnina
species were separated by the EZ in the Atlantic Ocean. This may
also be a universal phenomenon in warm waters of the open Pacific
and Indian Oceans but need more investigations to be established.

The 111 shared species also showed different distribution patterns
in NASG and SASG. Tintinnina distribution has been demonstrated
to have notable seasonal differences (Camacho et al., 2015; Li et al,,
2016; Rekik et al.,, 2020). This may be linked to the fact that some
species have distinct temperature ranges in the two hemispheres.

The AMT transect crossed different part of the two subtropical
gyres: through the middle of SASG but through the east side of NASG.
This difference in transect relative position with the gyre centre might
be the reason why some frontal species occupied narrower bands in
the northern hemisphere than in the south. The weak upwelling at
about 5°S might account for the relative difference in position between
Eutintinnus perminutus, Rhabdonella indica and E. medius in the two
hemispheres (Supplementary Figure 3). This upwelling might also
cause the surface occurrence of Proplectella claparedei and
Acanthostomella obtusa in the southern hemisphere (Supplementary
Figure 5) as in Prydz Bay, Antarctic (Liang et al., 2018).

Latitudinal species richness gradient of
Tintinnina

Integrating Tintinnina occurrence in the world at different
times of year, Dolan et al. (2013) established that Tintinnina
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species richness displays a latitudinal gradient where the species
number peaked at about 20°N or 30°S, with the northern
hemisphere peak being higher than that in the southern
hemisphere. We used the same protocol to collect seawater along
the AMT transect to eliminate the influence of sampling bias. At
each station, large water volumes were collected at different depths
and the total number of Tintinnina species at each station was the
object of detailed analysis. This was the first time that Tintinnina
distribution was investigated over such a large latitudinal range at
the same time of the year. The latitudinal variation in the Tintinnina
species richness in our study coincided with that of Dolan et al.
(2013), the tiny difference being that the peak values in both
hemispheres were similar in our study. This may result from the
preferential data collection in the northern hemisphere and coastal
areas by Dolan et al. (2013). Their weaker sampling in the southern
hemisphere may have missed a lot of species (Menegotto and
Rangel, 2018).

Temperature was considered to be the main driver of plankton
species richness (Abirami et al., 2021; Benedetti et al., 2021;
Chaudhary et al,, 2021; Raven and Beardall, 2021), whose peak
values are mainly associated with a temperature of about 20°C
(Chaudhary et al., 2021). In the present study, the Tintinnina
species richness along the temperature gradient reached its peak
value at about 20°C and was thus in agreement with
previous reports.

In the literature there was a debate concerning the causes of the
dip in species richness at the equator. Some ecologists have argued
that sampling bias is the main factor responsible for the gap in
species richness, being a consequence of reduced sampling efforts at
low latitudes whose access is difficult and costly (Menegotto and
Rangel, 2018). In contrast, some other zooplankton experts
consider the dip a natural phenomenon (Chaudhary et al., 20165
Yasuhara et al,, 2020; Chaudhary et al., 2021). The present study
would suggest a natural phenomenon following a new mechanism
in which the species richness peaks at the gyre centre expresses the
superposition of the four sub-assemblages with different latitudinal
trends of species number.

The inability of Tintinnina to tolerate high temperatures may
induce their latitudinal poleward shift upon global warming
(Yasuhara et al., 2020). Optimum growth temperature varies with
Tintinnina species, inducing differences in their tolerance to higher
temperatures (Li et al., 2021). It is therefore speculated that ongoing
global warming will cause a more pronounced dip in Tintinnina
species richness in the equatorial zone. Indeed, once the
temperature goes above the temperature tolerance of a Tintinnina
species, this species may disappear in the equatorial zone and move
poleward (Thomas et al., 2012; Chaudhary et al.,, 2021). According
to the distinct four distribution patterns we observed, equatorial
species might remain in deeper water where temperatures are cooler
while surface temperatures increase above tolerable limits.
However, the gyre species and frontal species might leave the
equatorial zone that is not the centre of their distribution. Some
Tintinnina species with high abundance could be used as indicator
species of sub-assemblages to study their distribution shift in
response to global warming.
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Extrapolation of AMT data

In this study, Stns. 16-19 (Figure 1) represented the northern
gyre centre along the AMT 29 transect. Geographically, these
stations are in the eastern part of the NASG (Steinberg et al,
2001; Putman and He, 2013). It seems reasonable to consider that
the Tintinnina assemblages observed at Stns. 16-19 as being
representative of the Tintinnina assemblages in the gyre centre.
The Bermuda Atlantic Time-Series (BATS) in the western part of
the gyre centre, where no Tintinnina data are available, might have
Tintinnina assemblages similar to those of Stns. 16-19.

The highest temperature in the present study was 29.25°C.
Areas with surface temperature higher than 28.5°C are called the
Atlantic Warm Pool which is centred in the Caribbean Sea, west of
the AMT 29 transect (Wang et al., 2008; Aiken et al,, 2017).
Therefore, we hypothesised that the Caribbean Sea might have
Tintinnina assemblages similar to tropical assemblages.

There was similarity in the occurrence of Dadayiella ganymedes
and Eutintinnus tubulosus in the northern edges of the North
Pacific Subtropical Gyre and NASG. No Arctic and subarctic
species were observed in our study because the northern end of
the AMT transect was outside of the subarctic region. Assuming
that the interaction of warm water and subarctic assemblages in the
Atlantic Ocean would be similar to that in the north Pacific Ocean
(Li et al,, 2021), we would predict that the abundance of both D.
ganymedes and E. tubulosus would sharply decrease, rapidly
reaching detection limit northward in Atlantic Ocean. With their
small size and short life span, Tintinnina might have a weak
viability when they are entrained northward. Consequently,
Tintinnina assemblages could not move northward in response to
global warming as Copepoda assemblages did (Beaugrand et al.,
2002). The sudden disappearance of D. ganymedes as well as
Epiplocylis undella, Rhabdonellopsis apophysata, Ascampbelliella
armilla in narrow bands (biological front as defined by Le Fevre,
1986) could be used to monitor any northward Tintinnina shift
induced by global warming.

Although there were Tintinnina assemblage studies in the
tropical zones of the Pacific and Indian Oceans (e.g., Zhang et al.,
2017; Li et al,, 2018), these studies did not divide Tintinnina species
into biogeographical types due to limited spatial coverage. The
organisation of Tintinnina assemblages in the AMT transect
(Atlantic) might also be extrapolated to the tropical zones and
subtropical gyres in the Pacific and Indian Ocean.

Conclusion

We investigated Tintinnina distribution patterns in the surface
waters along the large-scale AMT transect, crossing two subtropical
gyres in the Atlantic Ocean. Tintinnina species were divided into
four biogeographic distribution patterns (equatorial, gyre, frontal,
and deep Chl a maximum), which constitutes four sub-assemblages,
respectively. Tintinnina assemblages along the transect were
organized by the superposition of these four sub-assemblages.
The tropical submergence phenomenon (i.e., Tintinnina in
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surface waters in high latitudes are found deeper waters in low
latitudes) was observed for some frontal Tintinnina species.
Tintinnina species richness gradient showed a distinct bimodal
latitudinal pattern: increasing from high to low latitudes, reaching a
maximum at about 20°N and 30°S, then having a slight decrease
towards the equator. The latitudinal bimodality mode of species
richness is resulted from the superposition of the four sub-
assemblages. In response to global warming, equatorial species
might remain in the equatorial zone but in deeper and cooler
water while the gyre species and frontal species might leave the
equatorial zone. Tintinnina species with high abundance and
narrow latitudinal range could be chosen as indicators to study
the influence of global warming on their distribution shift. These
findings on the organization of Tintinnina assemblages might also
apply to other single cell protists in the pelagic oceans.
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