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ABSTRACT

In the area around the archipelago of Sdo Pedro e Sao Paulo (ASPSP), a set of small rocky islands in the
Equatorial Atlantic, the thermocline begins at a more superficial depth than in the surrounding waters. This
raises the question if there is any change in heterotrophic microplanktonic protists assemblages occurring in
the surface mixed layer and in the subsurface layer. To answer this question, we sampled seawater in seven
depths (between 1-100 m) with a 10L Niskin bottle and obtained temperature and salinity profiles with a
CTD at eight sites around the ASPSP. The depth of the surface mixed layer varied between 18-63 meters.
Dinoflagellates dominated in terms of abundance representing over 80% and 65% of the individuals found
in the surface and subsurface layers, respectively. A PERMANOVA test revealed significant differences
(» <0.001) among the dinoflagellate and tintinnid assemblages occurring in both layers, but no evidence
for difference in the radiolarian assemblage was detected. Good ecological indicators were found mainly
within the dinoflagellate assemblage. The thermocline induced stratification allowed the development of
different microplanktonic protists assemblages above and under the depth of the surface mixed layer in the
upper 100 m of the water column.

Key words: Dinoflagellates, ecological indicators, polycystine radiolarians, tintinnid ciliates, tropical
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INTRODUCTION

Tropical oceans are characterized by a strong
and permanent thermocline, which inhibits the
enrichment of the upper layers of the water column
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by nutrient-rich deeper waters. Consequently, the
upper layers of these ecosystems become depleted
in nutrients in most of the extension of the tropical
oceanic waters. Under such conditions, the “typical
tropical structure” (Herbland and Voituriez 1979) is
formed and maintained, being modified only with
sufficient nutrient flux to the upper layers (Cullen
1982).

It is common knowledge that phytoplanktonic
cells distribute unevenly throughout the water
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column in well stratified waters, flourishing in certain
depths. Two striking features of oligotrophic oceans
are the formation of a deep chlorophyll maximum
(DCM) dominated by picophytoplanktonic cells
and associated with the depth of the nitracline
(Herbland et al. 1985, Partensky et al. 1996), and
the occurrence of productivity maxima coinciding
with or shallower than the depth of the DCM in
regions with a permanent pycnocline (Longhurst
and Harrison 1989). Diverse heterotrophic protists
assemblages have been suggested as important
consumers of the primary production, performing
a very important role in the flow of energy within
marine ecosystems, since they belong to a size
class that is capable of feeding on pico- and
nanoplanktonic cells and is still available to a
wide range of metazoans (Sanders and Wickham
1993, Sherr and Sherr 1994, Calbet 2008) —
characterizing the so called microbial loop (Azam et
al. 1983). These protists assemblages are commonly
associated with the primary producers and thus their
vertical distribution is not uniform as well.

The archipelago of Sdo Pedro e Sido Paulo
(ASPSP) is composed of serpentinized and
mylonitized peridotites islets (Campos et al. 2010),
originated from a major uplift of the lithospheric
mantle (Maia et al. 2016). The archipelago is under
the direct influence of two main current systems, the
South Equatorial Current (SEC) flowing westward
at the surface, and the Equatorial Under Current
(EUC) flowing in the opposite direction at the
subsurface. Albeit the commonness of enrichment
processes in surface waters around oceanic islands
— e.g. local upwelling and the development of
Taylor columns, among others — no enrichment
process has ever been observed around the ASPSP
(Brockel and Meyerhofer 1999, Travassos et al.
1999). Consequently, the waters surrounding the
archipelago are strongly stratified, with a surface
mixed layer (SML) separated by a permanent
thermocline — and associated pycnocline — from
deeper nutrient-rich waters. However, the SML is
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considerably narrower around the ASPSP than in the
surrounding oceanic waters. This raises the question
if there is any change in the microplanktonic protists
assemblages occurring in the narrow SML above
the thermocline and in the subsurface layer (SSL)
within the thermocline. We hypothesize that two
assemblages may be found in the upper 100 meters
depth of the water column, one typical of SML
waters and other typical of SSL waters. If there is
any change among these layers, indicator species of
both layers shall be found. This is of great importance
since studies related to the vertical distribution of
microplanktonic protists assemblages in the tropical
Atlantic are scarce (Dworetzky and Morley 1987,
Boltovskoy et al. 1996).

MATERIALS AND METHODS

Samples were collected at seven depths (1, 10, 20,
30, 50, 75, and 100 m) of eight sites distributed at
north (N sites) and south (S sites) of the ASPSP
(Figure la, b) during April and November 2015,
the maximum and minimum rainfall period,
respectively. A 10-L Niskin bottle was used to
collect the samples. The collected volume was
gently passed from the bottle to a PVC tube
containing a 20 um-mesh net fixed to its bottom to
concentrate the sample on board of the “Transmar
III” ship. The concentrates (~250 mL) were fixated
with lugol’s iodine solution to a final concentration
of 3%. A SonTek CastAWAY CTD was used to
profile temperature and salinity from the surface to
a depth around 100 meters — the inferior limit of the
equipment — in each site, to determine the depth of
the top of the thermocline and to identify the water
masses occurring at the sampled depths.

Prior to the analysis, the samples were left to
settle, and their content was gently siphoned off.
The whole volume of the concentrates was then
analyzed using a Sedgwick-Rafter chamber and
compound microscopy under a magnification of
100-200x to increase the representativeness of
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Figure 1 - Location of the ASPSP in the South Atlantic Ocean
(a) and locations of the sampling sites around the archipelago
(b). Filled circles represent the sites sampled in the period of
maximum rainfall (April), and empty circles represent sites
sampled during the period of minimum rainfall (November).

the sampling design. All the individuals in the
samples were enumerated and identified to the
lowest possible taxonomical unit according to
classical taxonomic works — e.g. Wood (1963) and
Balech (1988), for dinoflagellates; Haeckel (1887),
and Boltovskoy (1999) for radiolarians; Kofoid
and Campbell (1929) and Marshall (1969), for
tintinnids. Foraminifers and aloricate ciliates were
counted but not identified.

The dinoflagellates, tintinnid ciliates and
polycystine radiolarian assemblages were
investigated for differences among the SML and
SSL by means of a PERMANOVA (Anderson
2001). The PERMANOVA was performed with
basis on a Bray-Curtis distance matrix calculated
after the transformation of the biological data
by the In(X+1). An unconstrained ordination of
the samples based on the Bray-Curtis distance
matrix calculated for each one of the considered
assemblages was performed using the method
of the principal coordinate analysis (PCoA).
To investigate the existence of indicator species
associated with the SML and SSL, an indicator
value analysis (Dufréne and Legendre 1997) was
performed, and the significance of the relationships
was tested by means of a permutation test.

We estimated the species richness and the
diversity for the pooled data of each layer in each
site. Species richness was calculated as the absolute
number of species and as the diversity index of
Margalef (D, ). The diversity was calculated as
the dominance/uniformity index of Simpson (D)
and expressed as its reciprocal 1 — D, which is an
effective diversity measure. The measurements of
species richness and diversity were compared among
the SML and SSL using the Mann-Whitney test.

All the statistical tests were performed using
the R (R Core Team 2016) and RStudio Softwares.

RESULTS

ENVIRONMENTAL DATA

Sea surface temperature varied only between 27.2
°C at N4 and S4 during the period of minimal
precipitation and 28.1 °C at S2 during the period of
maximal precipitation. Sea surface salinity varied
between 35.53 at S3 during the period of minimal
precipitation, and 36.10 at N2 during the period of
maximal precipitation. The depth of the onset of
the thermocline varied between approx. 18 m at N1
during the period of maximal precipitation, and 63
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Figure 3 - Vertical distribution of the main microplanktonic protists assemblages in the upper 100 meters’ depth of the water

column around the ASPSP.
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List of identified species found in the surface mixed layer (SML) and subsurface layer (SSL) around the ASPSP. Species
in bold were classified as ecological indicators by the IndVal analysis. The numbers are frequency of occurrence in the

samples (%).
Species SML  SSL Species SML SSL
Dinoflagellates
Akashiwo sanguinea (Hirasaka) Phalacroma cuneus
893 10.71 . 1.79 16.07
Hansen & Moestrup, 2000 Schiitt, 1895
Amphisolenia bi t Phal doryph
mphiso ema. .zfurca a 536 357 a acron?a oryphorum 1071 1429
Murray & Whitting, 1899 Stein, 1883
Amphisolenia bidentata Phalacroma favus Kofoid &
. 357  3.57 . 536 7.14
Schréder, 1900 Michener, 1911
Amphisolenia globifera 12.5 Phalacroma hindmarchii Murray & 3.57
Stein, 1883 ’ Whitting, 1899 '
Amphisolenia lemmermanni Phalacroma rapa
. 1.79 - 19.64 16.07
Kofoid, 1907 Jorgensen, 1923
Amphisolenia rectangulata Phalacroma rotundatum (Claparéde &
. 3.57 - . ) 4821 51.79
Kofoid, 1907 Lachmann) Kofoid & Michener, 1911
Amphisolenia schauinslandii
1.79 - Phalacroma sp. - 7.14
Lemmermann, 1899
Amphisolenia sp. 3.57 1.79 Podolampas bipes Stein, 1883 - 1.79
Balechina coerulea (Dogiel) .
28.57 30.36 Podolampas elegans Schiitt, 1895 893 7.14
Taylor, 1976
Centrodinium pavillardii . .
- 1.79 Podolampas palmipes Stein, 1883 4821 50
Taylor, 1976
Ceratocorys armata (Schiitt) .
. 7.14 - Podolampas spinifera Okamura, 1912 48.21 42.86
Kofoid, 1910
) . Prorocentrum balticum
Ceratocorys horrida Stein, 1883 19.64 16.07 . 48.21 50
(Lohmann) Loeblich, 1970
Ceratocorys reticulata ) .
- 1.79 Prorocentrum gracile Schiitt, 1895 42.86 41.07
Graham, 1942
Prorocentrum hoffmanianum
Ceratocorys sp. - 3.57 1.79  3.57
Faust, 1990
i Prorocentrum micans
Citharistes regius Stein, 1883 1.79 - 41.07 46.43
Ehrenberg, 1834
Cladopyxis brachiolata Prorocentrum rostratum
. .79  7.14 . 3.57 1.79
Stein, 1883 Stein, 1883
Margalefidini Kofoid, 1931
argalefi m,lumﬂavum( ool ) 3.57 - Prorocentrum sp. 3.57 536
Gomez et al., 2017
Corythodinium belgicae (Meunier) 357 536 Protoperidinium abei (Paulsen) 536 )
Taylor, 1976 Balech, 1974
Corythodinium constrictum (Stein) Protoperidinium cassum (Balech)
28.57 17.86 48.21 44.64
Taylor, 1976 Balech, 1974
Corythodinium diploconus (Stein) i 179 Protoperidinium curtipes 4643 3036

Taylor, 1976

(Jorgensen) Balech, 1974
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TABLE II (continuation)

Species SML  SSL Species SML SSL
Corythodinium elegans (Pavillard) o
17.86  10.71 Protoperidinium sp. 3.57 1.79
Taylor, 1976
Oxyt ticulat, Stei P ti j ]
Xytoxum re"zcu atum (Stein) 2143 2857 yrocystis fusiformis 179 1071
Schiitt, 1899 Thomson, 1876
Corythodinium tesselatum (Stein) Pyrocystis hamulus inaequalis
. . 46.43 19.64 . 7.14 536
Loeblich & Loeblich III, 1966 Schroder, 1900
P ti d til
Dinophysis argus (Stein) Abé 1.79 - yroc.ys 1 pierdonoctiiicd 125 7.14
Wyville-Thompson, 1876
Dinophysis hastata Stein, 1883 12.5 8.93 Pyrocystis robusta Kofoid, 1907 42.86 44.64
Dinophysis ovata Claparéde & )
- 1.79 Pyrocystis sp. 1.79  5.36
Lachmann, 1859
. . . Schuettiella mitra (Schiitt)
Dinophysis pusilla Jorgensen, 1923 26.79 2143 1.79 -
Balech, 1988
Dinophysis schuetti M & Spiraulax kofoidii
inop. ysts‘sc. uetti Murray 1071 3036 piraulax kofoidii 357 179
Whitting, 1899 Graham, 1942
. . ) Tripos arietinus (Cléve)
Dinophysis uracantha Stein, 1883 7.14  28.57 i 3.57  1.79
Gomez, 2013
. . Tripos azoricus (Cleve)
Dinophysis sp. 10.71 25 i - 1.79
Gomez, 2013
. . . Tripos candelabrus (Ehrenberg)
Gonyaulax birostris Stein, 1883 33.93  26.79 i 32.14 14.29
Gomez, 2013
Tri oncili Jo
Gonyaulax pacifica Kofoid, 1907 2321 17.86 Fipos concilians (Jorgensen) 357 -
Gomez, 2013
. . Tripos contortus (Gourret)
Gonyaulax verior Sournia, 1973 12.5 1.79 i 3.57 -
Gomez, 2013
Tripos declinatus (Karsten)
Gonyaulax sp. 4821 51.79 i 4821 23.21
Gomez, 2013
Gymnodinium catenatum Tripos dens (Ostenfeld &
357 7.14 . . 1.79 -
Graham, 1943 Schmidt) Gémez, 2013
.. Tripos digitatus (Schiitt)
Gymnodinium sp. 37.5  16.07 i - 1.79
Gomez, 2013
. Tripos euarcuatus (Jergensen)
Heterodinium sp. - 3.57 X 3.57  1.79
Gomez, 2013
Histioneis. crateriformis 893 536 Tripos falca’liformis (Jorgensen) 179 179
Stein, 1883 Gobémez, 2013
Histionei. balari Tri Ehrenb
is lonez.s cymbalaria 357 1071 ripos fusus (Ehrenberg) 375 2143
Stein, 1883 Gomez, 2013
Histioneis milneri Murray & Tripos geniculatus (Lemmermann)
. 4821 10.71 , - 3.57
Whitting, 1899 Gomez, 2013
Histioneis hyalina Kofoid & Tripos gibberus (Gourret)
. 26.79  26.79 2321 125
Michener, 1911 Gomez, 2013
e . Tripos horridus (Cleve)
Histioneis isselii Forti, 1932 3.57 - , 10.71 125
Gomez, 2013
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TABLE II (continuation)
Species SML  SSL Species SML SSL
Histioneis panaria Kofoid & i 179 Tripos kofoidii (Jorgensen) 3036 32,14
Skogsberg, 1928 Goémez, 2013
Histioneis striata Kofoid & Tripos lineatus (Ehrenberg)
. 3.57  10.71 7.14  1.79
Michener, 1911 Gobémez, 2013
L Tripos limulus (Pouchet)
Histionelis sp. 7.14  7.14 i .79  1.79
Gomez, 2013
. Tripos longissimus (Schroder)
Noctiluca sp. 17.86  1.79 X - 1.79
Gomez, 2013
Ornithocercus cristatus Tripos lunula (Schimper ex
536  5.36 . .79  1.79
Matzenauer, 1933 Karsten) Gémez, 2013
Ornithoce}‘fcus magnificus 3036 2857 Tripos mac’roceros (Ehrenberg) 2143 893
Stein, 1883 Goémez, 2013
Ornithocercus quadratus Tripos massiliensis (Gourret)
. 25 17.86 1.79  1.79
Schiitt, 1900 Gomez, 2013
. R, Tripos muelleri Bory de
Ornithocercus steinii Schiitt, 1900 17.86 7.14 . . 2143 3.57
Saint-Vicent, 1824
0rnith0.cercus thumi (Schmidt) 3.57 ) Tripos perftagonus (Gourret) 4821 28.57
Kofoid & Skogsberg, 1928 Gomez, 2013
Tri lat is (Dad:
Ornithocercus sp. 1071 125 ripos platycornis (Daday) - 179
Gomez, 2013
Oxytoxum elongatum 2143 19.64 Tripos prael?ngus (Lemmermann) i 179
Wood, 1963 Gomez, 2013
Tri Ichellus (Schrods
Oxytoxum laticeps Schiller, 1937 - 179 Fipos pulchellus (Schroder) 179 -
Gomez, 2013
Oxytoxum .m-ilneri Murray & 25 2391 Tripos ,ranipes (Cleve) 179 536
Whitting, 1899 Gomez, 2013
Tripos tenuis (Ostenfeld &
Oxytoxum ovum Gaarder, 1954 1.79 1.79 . ) 1.79 -
Schmidt) Gémez, 2013
Oxytoxum robustum Kofoid & Tripos teres (Kofoid)
. - 1.79 ] 4821 25
Michener, 1911 Gomez, 2013
Oxyt 7 Stei Tri Itur (Cl
Xytoxum fcep rum (Stein) 1786 1071 rzpos’ vultur (Cleve) 1071 5.36
Schroder, 1906 Gomez, 2013
Oxytoxum scolopax Stein, 1883 46.43 50 Tripos sp. 28.57 17.86
Triposolenia d
Oxytoxum turbo Kofoid, 1907 - 536 rposotenia depressa - 17.86
Kofoid, 1906
Oxytoxum.sphaeroideum 3.57 ) Tryblionella c?mpressa (Bailey) 4643 46.43
Stein, 1883 Poulin, 1990
Oxytoxum sp. - 3.57 Warnowia sp. 536 125
Tintinnids
Codonaria cistellula (Fol) Kofoid Proplectella praelonga Kofoid
1.79  1.79 893 536
& Campbell, 1929 & Campbell, 1929
Codonella acuta Kofoid Protorhabdonella simplex (Cleve)
125 893 - 1.79

& Campbell, 1929

Jorgensen, 1924
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TABLE II (continuation)

Species SML  SSL Species SML SSL
Codonella amphorella 2.93 Rhabdonellopsis apophysata (Cleve) 179
Biedermann, 1893 ' Kofoid & Campbell, 1929 ’
Codonella apicata Kofoid & 1786 16.07 Steenstrupiella steenstrupii (Claparéde & 179
Campbell, 1929 ' ’ Lachmann) Kofoid & Campbell, 1929 ’
Stenosemella avellana (Meunier)
Codonella galea Haeckel, 1873 1429 30.36 . 536 1.79
Kofoid & Campbell, 1929
St lla inflata Kofoid
Codonella relicta Minkiewich, 1905 357 357 enosemella inflata Kofol 179 -
& Campbell, 1929
Codonella sp. 5.36 1.79 Stenosemella nivalis Meunier, 1910 - 5.36
Codonellopsis orthoceras (Haeckel) R
. 3.57 12.5 Stenosemella steinii Jorgensen, 1912 1.79 1.79
Jorgensen, 1924
Climacocylis scalaroides Kofoid & 179 Stenosemella ventricosa (Claparede 114 536
Campbell, 1929 ’ & Lachmann) Jorgensen, 1924 ’ '
Dadayiell des (Ent
adayiella ganymedes (Entz) 179 1.79 Stenosemella sp. 536 125
Kofoid & Campbell, 1929
Dictyocysta californiensis Kofoid o . )
- 3.57 Tintinnopsis acuminata Daday, 1887 1.79  3.57
& Campbell, 1929
Dictyocysta duplex Brandt, 1906 1.79  3.57 Tintinnopsis beroidea Stein, 1867 7.14 893
. . Tintinnopsis brasiliensis Kofoid
Dictyocysta lepida Ehrenberg, 1854 16.07 30.36 1429 16.07
& Campbell, 1929
. . Tintinnopsis rotundata Kofoid
Dictyocysta entzi Jorgensen, 1924 - 14.29 16.07 17.86
& Campbell, 1929
Dictyocysta extensa Kofoid o o .
1.79  10.71 Tintinnopsis minuta Wailes, 1925 - 1.79
& Campbell, 1929
Dictyocysta mitra Haeckel, 1873 3.57 2321 Tintinnopsis nana Lohmann, 1908 3.57 357
Dictyocysta sp. 893  26.79 Tintinnopsis parva Merkle, 1909 1.79 -
Epiplocylis blanda (J6
PP oc.y is blanda (Jorgensen) 1.79 - Tintinnopsis sp. 7.14 536
Kofoid & Campbell, 1939
Eutinti knoi (Dad
utintinnus fraknoi (Daday) 179 357 Undella claparedei (Entz) Daday, 1887 179 1.79
Kofoid & Campbell, 1939
Eutintinnus lusus-undae (Entz) .
. 1.79 - Undella hyalina Daday, 1887 - 1.79
Kofoid & Campbell, 1939
Eutintinnus tubulosus (Ostenfeld)
. 893 17.86 Undella subacuta Cleve, 1900 1.79 -
Kofoid & Campbell, 1939
Eutintinnus sp. 7.14 1.79 Undella sp. 1.79  3.57
Poroecus curtus Kofoid 536
& Campbell, 1929 ’
Radiolarians
Acanthosphaera actinota Haeckel, 1860 .79  7.14 Hexacontium sp. - 1.79
Acrobotrys sp. - 1.79 Hexapyle sp. 3.57 536
Actinomma leptodermum (Jorgensen) )
o - 1.79 Hexastylus phaenaxonius 1.79 1.79
Nigrini & Moore, 1979
Actinomma sp. 10.71  7.14 Hymeniastrum sp. 1.79  3.57
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TABLE II (continuation)
Species SML  SSL Species SML SSL
Amphiplecta sp. 893 14.29 Lamprocyclas sp. 893 7.14
Amphispyris toxarium - 1.79 Lampromitra sp. 536  3.57
Amphispyris sp. 1.79  3.57 Larcopyle sp. .79  1.79
. Larcospira quadrangular
Amphitholus sp. 1.79 1.79 - 3.57
Haeckel, 1887
) Lithomelissa thoracites
Antarctissa sp. - 1.79 1.79 536
Haeckel, 1860
Arachnocorys sp. 1.79  3.57 Lithomelissa sp. 28.57 42.86
Lophoph buetschlii (Haeckel
Botryopyle dictyocephalus Haeckel, 1887 - 1.79 ophophaena buetschlii ) - 1.79
Petrushevskaya, 1971
Lophoph hispida (Ehrenb
Carpocanistrum sp. 1.79 1.79 ophophaena hispida (Ehrenberg) 10.71 17.86
Petrushevskaya, 1971
Carpocanium sp. - 1.79 Octopyle sp. - 1.79
Ceratospyris sp. 1.79 - Peromelissa sp. .79 1.79
Cladoscenium tricolpium (Haeckel)
. - 1.79 Plegmosphaera sp. - 1.79
Jorgensen, 1900
Corythospyris stapedius (Haeckel) .
1.79 - Pseudocubus obeliscus Haeckel, 1887 1.79 1.79
Goll, 1978
Clathrocorys sp. - 1.79 Pterocanium charybdeum (Miiller) - 1.79
Pterocorys minythorax (Nigrini)
Clathrocyclas sp. 1.79 1.79 T 7.14 8.93
Nigrini & Moore, 1979
Stichopilidium kruegeri (Popofsky) 179 Pterocorys zancleus (Miiller) 3.57
Nishimura & Yamauchi, 1984 ’ Nigrini & Moore, 1979 '
Cycladophora sp. 26.79 2143 Pteroscenium pinnatum Haeckel, 1887 - 3.57
Cyrtolagena laguncula Haeckel, 1887 - 1.79 Saccospyris sp. - 1.79
Dictyocephalus sp. - 1.79 Spirocyrtis scalaris Haeckel, 1887 1.79 5.36
Dictyocoryne truncatum (Ehrenberg)
R 536 3.57 Spongaster tetras Ehrenberg, 1860 536 536
Nigrini & Moore, 1979
Dictyocoryne sp. - 1.79 Spongotrochus sp. 893 3.57
Pseudodictyophimus gracilipes .
- 3.57 Tetrapyle octacantha Miiller, 1858 19.64 23.21
Caulet, 1979
. . . . Lo Thecosphaera inermis (Haeckel)
Dictyophimus infabricatus Nigrini, 1968 - 3.57 1.79 1.79
Haeckel, 1887
Dictyophimus sp. 3.57 3.57 Theopilium tricostatum Haeckel, 1887 1.79 -
Discopyle sp. 536 893 Tholospira cervicornis Haeckel, 1887 3.57 179
Euchitonia elegans-furcata (Ehrenberg) .
- 1.79 Tholospyris sp. 125  7.14
Boltovskoy, 1998
Euchitonia sp. - 1.79 Zygocampe chrysalidium Haeckel, 1887 12.5 536
Eucoronis sp. 3.57 - Zygocircus productus Biitschli, 1882 893 536
Eucyrtidium acuminatum (Ehrenberg) .
1.79 893 Zygocircus sp. - 1.79
Ehrenberg, 1847
Eucyrtidium sp. 1.79 1.79
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well as radiolarians and foraminifers were present
in relatively low numbers in comparison with
dinoflagellates. The tintinnid ciliates represented
3.9% of the individuals found in the SML, 6% of
the individuals found in the SSL, and a total of 45
identified species. Radiolarians represented 2.8%
of the individuals found in the SML, 5% of the
individuals counted in the SSL, and a total of 65
identified species. Foraminifers represented 10.4%
of the individuals in the SML, and 21.5% of the
individuals found in the SSL.

SURFACE MIXED LAYER (SML), SUBSURFACE
LAYER (SSL), AND INDICATOR SPECIES

The difference among the SML and SSL was very
conspicuous in the dinoflagellate assemblage
(PERMANOVA, p <0.001; See Table I1I and Figure
4a) and was also observed in the tintinnid ciliates
assemblage (PERMANOVA, p < 0.001; See Table
IIT and Figure 4b). In both cases, the difference
among the two layers was independent of the
rainfall regime being considered. No evidence for

TABLE III
Results of the PERMANOVA analyses performed on
the Bray-Curtis distance matrices of the dinoflagellate,
tintinnid ciliates, and radiolarian assemblages in the SML

and SSL layers.
Source d.f. SS MS F D
Dinoflagellates
Layer 1 1.73 1.73  11.20 0.001
Residuals 54 8.34 0.16
Total 55 10.07
Tintinnids
Layer 1 222 222 2.96 0.0004
Residuals 54 40.51 0.75
Total 55 4274
Radiolarians
Layer 1 0.74 0.74 1.55 0.06
Residuals 54 2574 048
Total 55 2647

Source - sources of variation; d.f. - degrees of freedom; SS -
sequential sums of squares; MS - mean squares; F - F statistics;
p - p value.

An Acad Bras Cienc (2018) 90 (2 Suppl. 1)

a
0.50 1
[}
0.251 N
— A
(=] ..
% A A {‘ }
Soo0f LR e
{;‘) A A} - ° ‘.
% ) 9
< t A
-0.25 1 A N
-0.50 1 p < 0.001
-0.50 -0.25 0.00 0.25 0.50
Axis 1 (34%)
b
0.501 o
°
A
_ 0.251 ‘l. ..
X A ] A"‘
o~ [ J
= ®e AdA
~ 0.004
2 °g %Lee Aaa A\
< A A A
-0.251 AA. A
A ‘.
-0.501 p < 0.001
-0.50 -0.25 0.00 0.25 0.50
Axis 1 (16%)
C
0.501
AN
= 0.251 [ J oo [ 3 S
N Q A AA e
)
- ° ® ° 0.
~ 0.00- AA @ %%
v A'a A Age.e
Z A A A
L o L
0251 ¢ , R
Q
-0.501 p > 0.05
-0.50 -0.25 0.00 0.25 0.50

Axis 1 (24%)

Figure 4 - PCoA unconstrained ordination using the biological
data of the dinoflagellate assemblage (a), tintinnid ciliates
assemblage (b), and polycystine radiolarians assemblage (c).
The black circles represent samples collected in the surface
mixed layer (SML) and the gray triangles represent samples
collected in the subsurface layer (SSL). The p value of a
PERMANOVA comparing each assemblage in both layers is
also displayed.
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differences in the radiolarian assemblage among the
two layers was found (Table I1I and Figure 4c) during
any of the rainfall regimes. The PCoA ordination of
the dinoflagellate assemblage exhibited the clearest
distinction among the SML and SSL waters. A total
of 20 indicator species of dinoflagellates were found;
15 for the SML and five for the SSL waters (Table
IV). Five indicator species of tintinnid ciliates were
found for the SSL waters (Table [V), but no tintinnid
indicator of the SML was found. No radiolarian
species was found to be indicator of the SML or SSL
waters within the depth interval sampled. Vertical
profiles of two SML and two SSL indicator species
are presented in Figure 5.

SPECIES RICHNESS AND DIVERSITY

The influence of the thermocline in the species
richness and diversity differed among the considered
protists assemblages. In the dinoflagellate
assemblage, no difference in the species richness
(D,,;) was found among both layers. Nevertheless,
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the absolute number of species found in each layer
was significantly different with higher mean values
in the SML (t test, p < 0.01). Species diversity, as
the Simpson index (D) was also different among
both layers, with a higher mean value in the SML (t
test, p <0.001). In the tintinnid ciliates assemblage
only the absolute number of species was different
among the layers, with a higher mean value in the
SSL (t test, p < 0.01). No difference in the absolute
number of species, species richness (D, ), and
diversity (D) among both layers was detected
in the radiolarian assemblage. Table V displays
mean values along with standard deviation for the
absolute number of species found in each layer,
species richness, and diversity of the three protists
assemblages considered.

DISCUSSION

HYDROLOGY

The ASPSP is located at very low latitudes, being
characterized by the presence of a permanent

TABLE 1V
Indicator species determined by the Indicator Value analysis.

Surface Mixed Layer (SML) Subsurface Layer (SSL)
Species A B stat D Species A B stat y/

Tripos declinatus 0.94 1 0.97 0.001 Dictyocysta lepida 093 0.59 0.74 0.004

Tripos teres 0.93 1 0.96 0.001 Dictyocysta sp. 093 0.52 0.70 0.002

Tripos pentagonus 0.90 1 0.95 0.001 Dinophysis uracantha 0.86 0.55 0.69 0.001

Histioneis milneri 0.88 1 0.94 0.001 Dinophysis schuetti 0.78 0.59 0.67 0.003

Corythodinium tesselatum 0.85 096 090 0.001 Dictyocysta mitra 097 045 0.66 0.002

Protoperidinium curtipes 0.83 096 0.90 0.001 Triposolenia depressa 1 0.35 0.59 0.001

Tripos fusus 0.81 0.78 0.79 0.001 Phalacroma cuneus 091 031 0.53 0.008

Tripos candelabrus 0.83 0.67 0.75 0.001 Dictyocysta entzi 1 0.28 0.53 0.004

Gymnodinium sp. 0.70 0.78 0.74 0.002 Tintinnina n.i. 0.83 031 051 0.021

Tripos muelleri 093 044 0.64 0.001 Amphisolenia globifera 1 024 049 0.010

Tripos macroceros 0.89 044 0.63 0.006 Codonella amphorella 1 0.17 041 0.045
Tripos gibberus 0.80 048 0.62 0.014
Noctiluca sp. 097 037 0.60 0.002
Ornithocercus steinii 0.86 037 056 0.018
Gonyaulax verior 0.88 026 048 0.021

A - specificity component of the species to the sample group; B - fidelity or sensitivity component of the species to the sample
group; Stat - Indicator Value for the species; p - uncorrected permutation probability; Tintinnina n.i. - non-identified tintinnid ciliate.
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Figure 5 - Vertical profile of two indicator species of the SML, the dinoflagellate Tripos declinatus (a) and the
dinoflagellate Tripos teres (b); and two indicator species of the SSL, the tintinnid ciliate Dictyocysta lepida (¢) and a
non-identified Dictyocysta tintinnid ciliate (d). The SML was indicated exclusively by dinoflagellates, and the SSL by
dinoflagellates and tintinnid ciliates.

TABLE V
Absolute number of species (n), Margalef species richness (D, ), and Simpson diversity index (D) for the assemblages of
the dinoflagellates, tintinnid ciliates and polycystine radiolarians. Mean values * standard deviation.

SML SSL
n D, D n D, D
Dinoflagellates 36 + 7** 591+1.1 0.92 £ 0.02%*** 29 + 10** 549+14 0.85 + 0.08%***
Tintinnids 4 + 3x* 1.54 £ 0.64 0.59+0.26 7 & 3k 1.83+0.84 0.64 +0.25
Radiolarians 6+2 2.13+£0.68 0.75+0.1 7+3 242 +0.73 0.75+0.1

Significant at the level of 0.05; ** significant at the level of 0.01; *** significant at the level of 0.001.

An Acad Bras Cienc (2018) 90 (2 Suppl. 1)



PROTISTS ASSEMBLAGES AND THERMAL STRATIFICATION 2261

thermocline, which inhibits the enrichment of
superficial waters by nutrient rich deeper waters.
Some authors have already investigated possible
mechanisms of bottom-induced upwelling around
the archipelago leading to the enrichment of
the superficial waters and enhancement of the
phytoplanktonic production, but such a process was
never found in the area (Brdckel and Meyerhofer
1999, Travassos et al. 1999).

Based on T-S pairs, at least two water masses
were sampled during the study, the TSW and
the SACW. The TSW forms the mixed layer of
the tropical Atlantic Ocean and its lower limit
is represented by the 20 °C isotherm (Stramma
and Schott 1999). According to the criterion of
Stramma and Schott (1999), the TSW may be
identified as water with temperature higher than
20 °C and salinity of at least 36. In both sampling
periods — maximal and minimal precipitation —
water of temperature above 20 °C and salinity under
36 were observed in the upper layer of the water
column. This water is out of the typical salinity of
the TSW according to Stramma and Schott (1999)
and was already observed in the archipelago area
(Travassos et al. 1999, Medeiros et al. 2009a, b).
High levels of precipitation are associated with the
location of the ASPSP on very low latitudes at the
Intertropical Convergence Zone, which contributes
to the slight dilution of the more superficial waters,
as already observed by Travassos et al. (1999). The
inferior limit of the TSW was found around 80
meters in both periods. For the period of minimal
precipitation this value is considerably shallower
than the one observed by Medeiros et al. (2009a)
around the ASPSP (105 meters).

VERTICAL DISTRIBUTION OF THE CONSIDERED
ASSEMBLAGES

Several studies focusing on different planktonic
assemblages in the area around the ASPSP were
realized (e.g. Macedo-Soares et al. 2012, Melo et
al. 2012, 2014, Queiroz et al. 2015). These studies

focused mainly in phytoplanktonic and meso- and
macrozooplanktonic assemblages. The ecology
of microplanktonic heterotrophic protists such
as ciliates, radiolarians and foraminifers remain
poorly known especially in the tropical latitudes of
the South Atlantic Ocean.

Thelow density of individuals per liter observed
for the protistan assemblages considered in this
study is characteristic of oligotrophic ecosystems.
The dinoflagellates were the most abundant group.
These organisms have the competitive advantage of
migrating vertically in the water column so that they
can access deeper waters richer in nutrients, store
it within the cell, and move upward to the sunlit
surface waters where photosynthesis is possible
(Ji and Franks 2007). Although the determination
of the trophic mode of the identified dinoflagellate
species was not possible during the examination of
the samples, we do know from the literature that
several of the identified genus are mixotrophs, e.g.
Dinophysis (Jacobson and Andersen 1994), Tripos
(Smalley et al. 2003), Ornithocercus, Histioneis,
Amphisolenia and Triposolenia (Tarangkoon et
al. 2010), and that mixotrophy is highly important
in oligotrophic regions (Tarangkoon et al. 2010,
Stoecker et al. 2017). Thus, it would be expected
for these organisms to present an uneven vertical
distribution of abundance, which was indeed
observed. The dinoflagellates exhibited higher
densities at 20 meters. This depth was, in general,
associated with the beginning of the thermocline
and thus a density gradient. According to Blasco
(1978) even a weak density gradient could lead to
a concentration of the abundance of dinoflagellates
on certain depths by limiting the maximum distance
that they would be able to swim. The increase in the
density from the base of the surface mixed layer
at the depth of the onset of the thermocline could
then be acting as a barrier to the dispersal of the
dinoflagellates in the water column.

Foraminifers, radiolarians, aloricate and
tintinnid ciliates are naturally less abundant than
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primary producers. The foraminifers are known
to be more abundant in the deep chlorophyll
maximum layer (DCM), which constitutes a
major food source very well exploited by the
planktonic foraminifera (Fairbanks and Wiebe
1980, Fairbanks et al. 1982). Although it was not
possible to measure the chlorophyll content in the
water column, previous works have demonstrated
that the chlorophyll content is higher in deeper
waters at the base of the euphotic zone in the
ASPSP (Brockel and Meyerhofer 1999, Souza et
al. 2013). Cordeiro et al. (2013) found increasing
concentrations of chlorophyll with increasing
depth of the water column from ~25 meters to
the DCM layers between the depths of 50 and
100 meters in the waters around oceanic islands
of the Equatorial Western Atlantic Ocean. If this
picture remains the same for the ASPSP, the higher
abundances of the foraminifers between the depths
of 20 and 100 meters could be explained by the
higher concentration of chlorophyll under the
surface mixed layer, increasing until a DCM at the
base of the euphotic zone.

The higher density values found for tintinnid
ciliates at surface is consistent with the fact that,
although these organisms have a broad vertical
span in the oceans — with some species occurring
below 600 m (KrSini¢ 1982) —, they are typically
surface-dwelling planktonic organisms, as also
observed by Thompson et al. (1999). The observed
density values are, however, lower than the
average 25 ind.L"' observed by Dolan (2000) in
the Mediterranean Sea, and closer to the average
11.5 ind.L™" observed in the South Atlantic by
Thompson et al. (1999). In the tropical SE Pacific
Ocean, Dolan et al. (2007) observed higher
mean tintinnid abundances ranging from 2-42
ind.L"'. Unfortunately we were not able to obtain
cholorophyll-a estimates but available data for the
NW Tropical South Atlantic suggest that the chl-a
concentrations range from 0.05-0.87 pg.L" in the
first 100 meters of the water column (Cordeiro et

An Acad Bras Cienc (2018) 90 (2 Suppl. 1)

al. 2013, Jales et al. 2015), which are considerably
lower than the other cited areas. This suggests that
the highly oligotrophic nature of the waters around
the ASPSP restrain the development of the tintinnid
assemblage and keeps the abundance values low.

The radiolarians are not well studied in the
Atlantic Ocean, with just a few published studies
(e.g. Dworetzky and Morley 1987, Thompson et
al. 1999). Our density values were close to the
ones found by Thompson et al. (1999) in the South
Atlantic Ocean. The slight increase in density at
100 m closely matches the depth of maximum
density observed by some authors for colonial
and polycystine radiolarians in the Pacific Ocean,
around 85-100 m (Dennet et al. 2002, Zasko and
Rusanov 2005).

THE PLANKTONIC ASSEMBLAGES AND THE SML
AND SSL LAYERS

The stratification of the water column exerted
an important influence in the dinoflagellates and
tintinnid ciliates assemblages, as illustrated by
the PCoA ordination diagrams. The differences
among both layers are clear in terms of species
composition, diversity, and richness.

The indicator value analysis revealed 27
indicator species for the SML and SSL. From
these, six dinoflagellate species may be considered
good indicators of the surface mixed layer,
namely Tripos declinatus, T. teres, T. pentagonus,
Histioneis milneri, Protoperidinium curtipes, and
Corythodinium tesselatum. Half of these species
belong to the genus 7ripos. Species within this genus
have historical importance as ecological indicators
(Frost and Wilson 1938, Graham 1941), and have
recently been suggested as a potential candidate of
ecological indicator of ocean warming (Tunin-Ley
and Lemée 2013), mainly because of its ubiquity
and relative ease of identification. Queiroz et al.
(2015) found T declinatus and Histioneis milneri
only in plankton net vertical hauls performed from
75-105 meters to the surface, and thus the only
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information available for the vertical distribution
of these species in the ASPSP is that they occur
in the first 100 meters. 7. teres was already found
exclusively in surface, 7. pentagonus in surface, 50
meters’ depth, and in the DCM, and Corythodinium
tesselatum in surface and 50 meters’ depth in the
ASPSP (Queiroz et al. 2015). It is important to
highlight that these authors collected samples at
a greater distance from the archipelago and thus
found the thermocline deeper than the depths
reported here.

In the vertical distribution of 7. declinatus and
T. teres presented in Figure 5 it is very clear that
these species present the highest values of density
within the SML, and low values (if present at
all) within the SSL. The fact that we have found
these species with higher density values almost
exclusively within the SML does not mean,
however, that they do not occur in deeper layers.
Baek et al. (2009) demonstrated that different
species of the genus Tripos may perform diel vertical
migration (DVM) in different degrees. The vertical
distribution of a species is influenced by its DVM
pattern. Some authors have already observed that
DVM in dinoflagellates and other phytoplanktonic
organisms is associated with a circadian rthythm in
which the cells usually move downwards to deeper
waters with higher nutrient availability during
dark periods and upwards to the sunlit surface
layer during light periods (Eppley et al. 1968,
Back et al. 2009). However, as stated by Blasco
(1978), a minimal density gradient is sufficient
to limit the vertical dispersion of dinoflagellates.
The shallower depth of onset of the thermocline
and associated pycnocline around the ASPSP may
function as a barrier to the vertical dispersion of
the dinoflagellates. Hence, our observations on
different dinoflagellate species being ecological
indicators of the SML and SSL are valid.

The best indicators of the SSL were the
tintinnid ciliates Dictyocysta lepida, D. mitra and
a non-identified Dictyocysta species. The vertical

distribution of the Dictyocysta species shows
clearly that D. lepida presented higher density
values between 50-75 m, while D. mitra presented
peak densities between 75-100 m. The latter species
was already observed as an important component
of the tintinnid assemblage between the depths
of 50-100 m in an oligotrophic oceanic region at
the South Adriatic Sea (Krsini¢ 1998, KrSini¢ and
Grbec 20006). In the South Atlantic, Thompson et al.
(1999) found mean average depth values of 45 and
27 meters for D. lepida and D. mitra, respectively.
These values are shallower than the depth interval
in which we found the peak densities of both
species. However, hydrographical characteristics
are completely different in their area of study, with
much cooler water temperatures being found around
25-50 meters. This could explain the difference in
the depth of the peak densities for both species.
The dinoflagellate assemblage was richer
in species and more diverse in the SML. It was
expected since photoptrophy and mixotrophy are
common features among dinoflagellate species
(Hansen 2011), which make these organisms
more abundant in the sunlit surface waters. The
higher species richness found in the SSL for the
tintinnid ciliates assemblage could be related to
the sinking of individuals or tintinnid loricae from
the SML. This artifact was already observed by
Thompson et al. (1999). However, we have found
a considerable proportion of the species to be
specific for a determined layer. In the case of the
tintinnids, for example, 35.6% of the 38 species
were exclusively found in one layer. At least 30.6%
of the dinoflagellates were exclusively found in
one of the layers and this pattern was particularly
well observed in the radiolarians assemblage, since
46.2% of the identified species occurred exclusively
in one of the layers, although no evidence for an
increase/decrease of species richness or diversity
of the radiolarian assemblage was detected in
the depth interval here considered. This evidence
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corroborates the validity of the diversity patterns
observed around the ASPSP.

We conclude that the different assemblages
were affected in different ways by the presence
of the permanent thermocline. The dinoflagellates
exhibited the most pronounced shift in the structure
of the assemblage, with good ecological indicator
species for the SML, as well as higher species
richness and diversity in this layer. The tintinnid
ciliates assemblage is richer in species in the SSL
and exhibited a few good ecological indicator
species for this layer. No influence in the radiolarians
assemblage in the upper 100 meters’ depth interval
was detected, although a trend towards an increase
in density with depth was observed.
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