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SPECIAL ISSUE ON THE GULF OF SAN JORGE (PATAGONIA, ARGENTINA)

Distribution of Modern
Dinoflagellate Cyst Assemblages

in Surface Sediments of San Jorge Gulf (Patagonia, Argentina)

By Simon Faye, André Rochon, and Guillaume St-Onge

ABSTRACT. The presence of upwelling systems and oceanic fronts makes the Southwest
Atlantic Ocean a region of high primary productivity. These same conditions are pres-
ent in San Jorge Gulf (SJG) along the southern Argentinian coast, where dinoflagellates
and diatoms dominate primary production. The distribution of these microorganisms,
including the cysts produced by some dinoflagellates during their life cycles, is con-
trolled in marine environments by oceanographic parameters that include salinity, sur-
face water temperature, ice cover duration, and productivity. The objective of this study
is to document the modern distribution of dinoflagellate cyst assemblages in surface
sediments so that the environmental preferences of each taxon can be inferred and used
to reconstruct paleoenvironmental conditions. The dinoflagellate cyst (dinocyst) assem-
blages of 52 surface samples collected in 2014 aboard R/V Coriolis II in the SJG were
described and compared to surface oceanographic conditions and grain size data. The
results indicate dinocyst concentrations vary between 64 cysts g~! and 45,848 cysts g~
dry sediment, with Spiniferites ramosus and Operculodinium centrocarpum the domi-
nant species, accompanied by Spiniferites mirabilis, Dubridinium sp., cysts of Polykrikos
kofoidii, and cysts of Brigantedinium simplex, Brigantedinium auranteum, and
Brigantedinium spp. We have defined two spatial domains based on the distribution of
dinocysts in and near the SJG: northern/southern-central gulf and offshore domains.
We found an increase in dinocyst concentrations along a north-south gradient in the
SJG and minimum concentrations at offshore sites. In addition, multivariate analyses
reveal the relationships among the relative abundances of dinocysts, fine grain size data
(<63 pmy; silts and clays), and primary productivity, as well as offshore upwelling, which
appear to control most of the distribution of dinocysts.
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INTRODUCTION
The Southwest Atlantic is an area of high
primary productivity, where upwellings
and oceanic fronts control the intensity
of organic production (Gregg et al., 2005;
Rivas et al.,, 2006). Along the Argentinian
coasts, dinoflagellates and diatoms dom-
inate the primary production (e.g., Lutz
and Carreto, 1991; Segura et al., 2013;
Krock et al., 2015). These microorganisms
represent the bottom link in the food web
and are essential for marine ecosystems.
Dinoflagellates are unicellular biflagel-
late organisms that thrive in both fresh-
water and marine environments. They
display a wide range of morphologies, live
in a variety of habitats (Evitt, 1985; Taylor
et al., 2008), and are found at all lati-
tudes, though they are particularly abun-
dant in coastal waters (Zonneveld et al.,
2013). Most dinoflagellates are autotro-
phic and/or mixotrophic (50%), but some
are either heterotrophic, parasitic, or



symbiotic (Stoecker, 1999). Autotrophic
dinoflagellates form part of the primary
production, while heterotrophic spe-
cies feed primarily on diatoms, nano-
flagellates, bacteria, or other dinofla-
gellates (Jacobson and Anderson, 1986;
Hansen, 1992; Jeong et al., 2010). Most
dinoflagellates have a cellulosic theca
(~89%) that degrades rapidly following
cell death. In addition, about 13% to 16%
of the species produce a diploid cell sur-
rounded by a resistant organic membrane
(cyst) that allows the organism to sur-
vive during dormancy (Head, 1996). The
organic membrane is composed of dino-
sporin and appears carbohydrate-based
(Versteegh et al., 2012). Those produced
by phototrophs are composed of a cellu-
lose-like glucan, while those of hetero-
trophs are composed of nitrogen-rich
glycan (Bogus et al. 2014). During the
dormancy phase, the cyst is preserved in
the sediments until the environmental
conditions become favorable for excyst-
ment. During this stage, the diploid cell
extrudes from the cyst and may develop
(or not, e.g., Gymnodiniales) a theca with
characteristics specific to each species.

Dinoflagellate cysts (dinocysts) are
used in many studies as paleocean-
ographic proxies for the reconstruc-
tion of environmental parameters such
as salinity, surface water temperature,
ice cover duration, and productivity
(e.g., Durantou et al., 2012; de Vernal
et al.,, 2013). However, most studies are
located in the North Atlantic (e.g., de
Vernal et al., 2013; Zonneveld etal., 2013).
In the South Atlantic, the surface distri-
bution of dinocysts is limited to only a
few studies (e.g., Wall et al., 1977; Orozco
and Carreto, 1989; Esper and Zonneveld,
2002; Candel et al., 2012, Krock et al,
2015). Only one (Krock et al,, 2015) is
located in San Jorge Gulf (SJG), but it is
based on the analysis of five surface sed-
iment samples and thus does not pro-
vide a precise distribution of dinocysts
in the gulf. In addition, the relationships
between cyst assemblages and sea surface
conditions were not assessed.

Here, we present the first detailed study

of modern dinoflagellate cyst assemblages
in surface sediments from the SJG. The
objectives are to analyze dinoflagellate cyst
assemblages from 52 surface sediment
samples and to establish the surface dis-
tribution of each taxon and the relation-
ships between cyst assemblages and sea
surface parameters. These modern assem-
blages will serve as paleoenvironmental
indicators of sea surface conditions (tem-
perature, salinity, and productivity) in the
gulf and at the offshore upwelling area
from the sedimentary record for the Late
Pleistocene and the Holocene.

REGIONAL SETTING

The SJG is a shallow oceanic basin
(mean depth 70 m) located in the cen-
ter of Patagonia in the Southwest Atlantic
Ocean between 45°S (Cape Dos Bahias)
and 47°S (Cape Tres Puntas). It is about
250 km wide and encompasses a total area
of 39,000 km? (Glembocki et al., 2015).

Atmospheric  circulation in the
Patagonia region is strongly influenced
by westerlies (Aravena and Luckman,
2009). This area lies between the semi-
permanent subtropical high pressure belt
and the subpolar low pressure belt. The
small differences in atmospheric pressure
between these belts control the intensity
and direction of winds that influence,
among other phenomena, the oceanic
circulation on the southwestern conti-
nental shelf of Patagonia (Mayr et al.,
2007; Palma et al., 2008).

The general ocean circulation in the
Southwest Atlantic is characterized by
the Malvinas Current (MC), a branch
of the Antarctic Circumpolar Current.
It flows northward along the edge of the
continental slope from Drake Passage
(55°S) to 38°S (Palma et al., 2008; Piola
et al., 2009; Matano et al., 2010) and
transports cold, salty (>34) nutrient-rich
subantarctic waters (Piola et al., 2009).
On the continental shelf, water masses
have much lower salinity (<34) than MC
water masses because of the influence of
freshwater discharges by rivers (Deseado,
San Julian, Coig, and Gallegos) and low-
salinity waters carried through the Strait

of Magellan located south of the SJG
(Bianchi et al., 2005; Rivas et al., 2006;
Figure 1A). The latter are responsible for
the presence on the Patagonian shelf of
low-salinity coastal waters (<33.4), which
extend into the SJG (Bianchi and al., 2005)
and generate an intense seasonal thermo-
haline front in the gulf (Krock et al,
2015). There are also high-salinity coastal
waters (~34) near San Matias due to
intense evaporation (Bianchi et al., 2005;
Figure 1A). Interactions of these different
water masses on the Patagonian shelf are
particularly important for understand-
ing the characteristics of water masses
within the SJG.

According to Krock et al. (2015), SJG
water masses are strongly influenced by
the high-salinity coastal water in the north
and the low-salinity coastal water in the
south. The general circulation in the SJG
is seasonally variable, exhibiting two dis-
tinct patterns, austral summer and winter
modes (Matano and Palma, 2018, in this
issue). The summer mode, which reflects
annual mean patterns, is characterized by
a cyclonic gyre that is bound to the west
by coastal currents and to the east by the
Patagonia Current (PC, Matano et al,
2018, in this issue). The PC is composed
mainly of low-salinity, subantarctic waters
from the Strait of Magellan (Brandhorst
and Castello, 1971). According to Matano
and Palma (2018, in this issue), the sum-
mer mode is characterized by maximum
intrusion of the PC into the gulf, and
the cyclonic gyres weaken significantly
during the winter mode. Strong winter
mode westerlies generate two anticyclonic
subgyres, the larger of which is situated in
the southwestern gulf and characterized
by a southward-flowing coastal current
(Matano and Palma, 2018, in this issue).
The surface circulation pattern suggests
that winds, heat fluxes, the topographic
depression in the central part of the gulf,
and the seasonal development of tidal
fronts control hydrodynamics in the area
(Krock et al., 2015; Matano and Palma,
2018, in this issue).

In the interior of the gulf, the waters
are highly stratified (Krock et al., 2015),
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and warming during austral spring and
summer induces thermal fronts that
delimit stratified waters (Rivas et al,
2006). This phenomenon is associated
with strong tidal currents, which can
inhibit the seasonal development of the
thermocline, and which generate tidal
fronts at the 200 m isobath (Figure 1A;
Rivas et al. 2006; Carbajal et al., 2018, in
this issue) that are characterized by areas
of high primary production (Sabatini
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and Martos, 2002). Based on the numer-
ical simulations of Tonini et al. (2006),
there is a downwelling system along the
northern coastal region and wind-driven
upwelling within the south-southwest
gulf. We also note the presence along the
200 m isobath of offshore upwelling zones
(Matano et al., 2010), whose mechanisms
are poorly understood. Some authors
have hypothesized that internal friction
created by the lateral diffusion of the MC

on the continental shelf could cause this
upwelling, rather than external forcings
such as winds and tides (Matano et al,,
2010). Thus, the cold, nutrient-rich sub-
antarctic waters transported by the MC
would be shifted toward the coast from
below and then raised to the surface by
vertical mixing and returned northward
by Ekman transport generated by wester-
lies (Matano and al., 2010).

Surface sediments in most of the SJG
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FIGURE 1. (A) Schematic representation of southwestern Atlantic circulation and summer circulation pattern in San Jorge Gulf (SJG; adapted from
Matano et al., 2010, and Matano and Palma, 2018, in this issue), showing the Malvinas Current, the Patagonia Current, Low Salinity Coastal Water (LSCW),
the Magellan discharge (dashed line), and the High Salinity Coastal Water (HSCW), with a focus on tidal coastal fronts (gray zones) in the SJG. The iso-

lines represent the annual climatological chlorophyll a concentrations (mg m~3, Rivas et al., 2006). The Patagonian rivers are indicated: 1. Colorado.
2. Negro. 3. Chubut. 4. Deseado. 5. San Julian. 6. Chico. 7. Coig. 8. Gallegos. (B and C) Maps of the SJG illustrating the locations of surface samples ana-
lyzed in this study. Isobaths are from the General Bathymetric Chart of the Oceans (GEBCO).
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are dominated by silt and clay and are
associated with a low energy depositional
environment, although coarse sand and
energetic erosive environments prevail in
the northern gulf (Fernandez et al., 2003;
Desiage et al., 2018, in this issue).

MATERIAL AND METHODS
Sampling

Collection of 52 surface samples was
carried out from R/V Coriolis II from
February 17 to March 4, 2014, during the
MARGES (marine geology, sedimentol-
ogy, stratigraphy, basin architecture and
paleoceanography of San Jorge Gulf)
oceanographic survey using a Van Veen
grab (Figure 1B,C; Table S1in the online
supplementary materials). The upper
centimeter was subsampled (~1 ¢cm) and
shows good preservation of the sediment/
water interface with minimal bioturba-
tion. Note that these samples may repre-
sent different time intervals, depending
on their location in the gulf. For example,
the sedimentation rates (AMS-*C ages)
measured in two sediment cores collected
in the gulf have been estimated between
14 cm kyr! and 24 cm kyr™! (Desiage
et al., 2016). As a result, the first centime-
ter could represent between 40 years and
70 years of sedimentation. Thus, we con-
sider that all sediments deposited during
the last ~70 years are representative of
“modern” conditions.

Palynological Sample Preparation

The protocol described by Rochon et al.
(1999) was used for palynological prepa-
rations. A volume of 5 cm® was collected
by displacement of an equal volume of
distilled water in a graduated cylinder
and weighed using a Mettler PE 160 pre-
cision balance. A small amount of sedi-
ment was air-dried and weighed to mea-
sure the sediment water content. Two
tablets of Lycopodium clavatum (con-
centration per tablet 12,100 + 1,892,
Batch 414831, University of Lund) were
added to the sediment prior to chemi-
cal treatment to determine palynomorph
concentrations. The sediment was then
sieved at 100 um and 10 um using Nitex

membranes to remove coarse sands, fine
silts, and clays. The fraction between
100 pm and 10 pm was treated alternately
with warm hydrochloric acid (HCI, 10%)
and warm hydrofluoric acid (HE, 49%)
to remove the carbonates and the sili-
ceous fraction, respectively. These warm
10-minute HCl and HF (~45°C) treat-
ments were repeated alternately three
times, with the exception of one of the HF
treatments, which was done overnight
(~8 hours). A fourth and final treatment
with warm HCI was performed at the end
to dissolve the fluorosilicate gels produced
during the acid treatments. The final res-
idue was sieved at 10 um to remove fine
particles, and then transferred to a 15 ml
conical bottom tube. For mounting the
slides, the 15 ml tubes were centrifuged at
~ 2,500 rpm for 10 minutes. The superna-
tant was removed and the residue homog-
enized for a few seconds on a vortimixer.
A drop was then extracted and mounted
between a slide and a coverslip in glyc-
erine gelatin for observation under a
microscope. Finally, a drop of phenol was
added to the palynological residue, which
was then stored at 4°C.

Palynomorph Counts

The counts were performed using a
transmitted light microscope (Nikon
Eclipse 80i) at x400 magnification.
Palynomorph concentrations are ex-
pressed per dry weight (cysts g!) to
eliminate the influence of sediment
water content (Dale, 2001), and the rel-
ative abundance of taxa is estimated in
each sample (% dinocyst sp.). A mini-
mum of 300 dinocysts or marker grains
(Lycopodium clavatum) was counted to
obtain the best statistical representation of
the different species present in the samples
(Table S1). All dinocysts were identified at
the specieslevel except for Dubridinium sp.
and Echinidinium sp. because of morpho-
logical similarities that often prevent
identification of these brown spiny cysts
to the species level. The brown spiny cysts
found were named Echinidium sp.C and
sp.D in the expectation of further study
(Figures S2 and S3). Brigantedinium spp.

includes all cysts of Brigantedinium where
the cyst orientation did not permit clear
observation of the archeopyle. Cysts of
Polykrikos kofoidii/schwartzii were iden-
tified following Rochon et al. (1999). We
also distinguished Operculodinium cen-
trocarpum sensu Wall and Dale (1966)
and Operculodinium centrocapum short
processes. Pollen grains and spores, pre-
Quaternary (reworked) palynomorphs
(dinocyst, pollen grains, and spores),
Halodinium, and organic linings of fora-
minifers were counted.

Statistical Analyses

Sampling sites were arranged in a hier-
archical cluster using the relative abun-
dance of each taxon (% dinocyst sp.) to
determine dinocyst assemblage zones.
The analyses were run on Past for
Windows software (version 3.18) using
the UPGMA (Unweighted Pair-Group
average) function. Clusters are joined
based on the Euclidean distance between
all sites. Redundancy analyses (RDA)
were performed to quantify trends in
the abundance of dinocysts in relation to
oceanic parameters and grain size data.
These multivariate analyses are based on
transformed data on the relative abun-
dance and concentrations of dinocysts.
Hellinger transformations (V%) are
done to decrease the variations between
rare and dominant taxa (Legendre and
Gallagher, 2001). The analyses were run
using R software for Windows (R ver-
sion 3.4.2). Environmental variables sig-
nificantly influence species distribution
when p <0.05.

Environmental and Grain Size Data

Temperature and salinity data, as
well as phosphate, silicate, and nitrate
(umol L7') concentrations, covering
the period 1955-2012, were collected
from the 2013 World Ocean Atlas data-
base (World Ocean Atlas 2013: WOA13)
from the National Oceanographic Data
Center (https://www.nodc.noaa.gov/OC5/
woal3/woal3data.html, Table S1). The
data were collected on a grid of 0.25° (tem-

perature and salinity) or 1° (phosphate,
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silicate, and nitrate). When there were
no data at or near our sites, the inverse
distance weighted (IDW) interpolation
method with ArcGIS software was used to
calculate weighted averages from the val-
ues of a number of neighboring points.
Data on chlorophyll-a concentra-
tions (mg m®) were extracted from Rivas
et al. (2006). They were estimated from
SeaWiFS processed data and correspond
to the period January 1998 to December
2003 (six years). These data come from
the Distributed Active Archive Center
(DAAC) of the Goddard Space Flight
Center (Table S1). For more information
on data processing, see Rivas et al. (2006).
Particle size analysis was carried out
using a Beckman Coulter Particle Size
Analyzer LS 13 320 at ISMER. Prior
to analysis, the samples were treated
with 10 ml of hydrogen peroxide (H,0,;
30%) and 10 ml of hydrochloric acid
(HCl; 0.5 M) to remove organic matter
and carbonates. Samples were defloccu-
lated by successive washing with distilled
water, and put in an overhead shaker for
12 hours (overnight) before measure-
ment (Desiage et al., 2018, in this issue).

RESULTS

Palynomorph preservation was good
to excellent in most samples. Although
some taxa (e.g., Brigantedinium sp.,
Echinidinium sp.) can be very sensitive

to oxidation (Zonneveld et al., 2001b),
none of the oxidation-sensitive taxa pres-
ent in the samples showed signs of deg-
radation. In addition, the low abundance
of reworked palynomorphs suggests
that there were few allochthonous sedi-
ment inputs. This indicates that the cysts
found in our samples represent local pro-
ductivity and that long-distance trans-
port of dinocysts did not significantly
affect the composition of the assemblages
described below.

Dinocyst concentrations in the study
area varied between 64 cysts g”! and
45,848 cysts g'!, with an average of
12,858 cysts g!. These concentrations
increased along a north-south gradi-
ent in the gulf, and minimum concen-
trations were recorded at offshore sites
(BV52, 54, 55; Figures 2 and 3). The ratio
of autotrophic to heterotrophic dino-
cysts varied between 20.97 and 0.37, with
an average of 3.84, revealing the overall
dominance of autotrophic dinocysts in
the SJG. The maximum abundances of
heterotrophic dinocysts were recorded in
the northern part of the SJG and at off-
shore sites (Figure 4).

Concentrations of reworked palyno-
morphs are low in the SJG, with an aver-
age of 135 cells g'!. Maximum concen-

trations (~1,053 cells g™!) are found at
the gulf’s outer limit (sites BV50 and
BV51), and then gradually decrease

offshore. Concentrations of organic lin-
ings of foraminifera are high in the inner
part of the gulf, reaching 2,018 g1, with
an overall average of 748 linings g'.
Halodinium sp., described originally as
an acritarch (Bujak, 1984) and now con-
firmed as the resting cyst of an estu-
arine ciliate (Gurdebeke et al., 2018),
are more abundant in the central and
southern SJG, with a maximum value of
102 cells g! at site BV50, and low concen-
trations in the northern part of the gulf
and offshore. This taxon suggests fresh-
water inputs to in our study area. The
high concentrations of Halodinium sp. in
central and southern SJG are correlated
with the influence of freshwater discharge
by the rivers located south of the gulf and
carried into the SJG by coastal currents
(Figure 1A). The abundance of this paly-
nomorph in the gulf would therefore be a
good proxy for documenting the fluctua-
tions of freshwater inputs in paleoceano-
graphic reconstructions.

Intotal, 30 dinocyst taxa were identified
and 11 taxa dominate the assemblages by
more than 90%: Spiniferites ramosus, Spin-
iferites mirabilis, Operculodinium centro-
carpum, Alexandrium cf. catenella, Impa-
gidinium paradoxum, Echinidinium sp.C,
Brigantedinium simplex, Brigantedinium
auranteum, Brigantedinium spp., Dubri-
dinium sp., and cysts of Polykrikos kofoi-
dii (Tables S2 and S3, Figures S1-S3).
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FIGURE 2. Distribution map of dinocyst concentrations (cysts g).
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Cluster statistical analysis performed
with Past indicates the presence of two
dinocyst assemblage zones (Figure 3).
Zone I includes stations situated in the
SJG that are then divided into two sub-
assemblages, Ia and Ib. Dinocyst sub-
assemblage zone Ia is located in the

northern part of the SJG near the coast
(31-90 m water depth). The concentra-
tions in this assemblage vary between
480 cysts g™' and 13,160 cysts g~!, with an
average of 3,924 cysts g!, and Spiniferites
ramosus (16%-60%) and O. centrocar-
pum (3%-14%) are the dominant species.

The heterotrophic dinocysts, such as
those of Polykrikos kofoidii (11%-39%),
(0.6%-12%),
Brigantedinium auranteum (1.8%-6.9%),

Echinidinium sp.C and
are also relatively abundant in this assem-
blage (Figures 3 and 4).

It is interesting to note that the
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relative abundance of cysts of the toxin-

producing species Alexandrium  cf.
catenella (Fabro et al., 2018, in this issue)
can reach as high as 21% in this assem-
blage zone (Ia). The toxic dinoflagellate
responsible for paralytic shellfish poison-
ing in the Argentinean Sea was originally
described as Alexandrium excavata, then
changed to Alexandrium tamarense, and
more recently to Alexandrium catenella,
based on phylogenetic reconstructions
of rDNA (Fabro et al., 2017, 2018, in this
issue; Krock et al., 2018, in this issue).
However, Alexandrium cysts may have
been confused with the organic linings
of Scrippsiella trifida in previous palyno-
logical investigations (Head et al., 2006).
Indeed, all Alexandrium cysts have sim-
ilar morphology and poor fossilization
potential, and are virtually absent from
geological records. In addition, the acids
used in standard palynological treat-
ments can damage their cell walls (Head
et al, 2006). In the present study, we
observed several sediment samples prior
to chemical treatments and found numer-
ous cysts of Alexandrium cf. catenella,
the content

majority with cellular

(Figure S1, panels 7-10). In the pro-
cessed samples, we also observed cysts
of A. cf. catenella, sometimes with cel-
lular content, but their abundance may
have been underestimated because of the
problems mentioned earlier.

Subassemblage zone Ib includes sta-
tions located in the central and southern
part of the SJG (80-100 m water depth).
Dinocyst concentrations are maximum
and range between 8,268 cysts g! and
45,848 cysts g™!. The dominant taxa are
S. ramosus (49%-74%), O. centrocarpum
(6%-21%), and S. mirabilis (2%-12%).
Autotrophic dinocysts dominate this
subassemblage, and heterotrophic dino-
cysts are relatively lower in abundance.
The most abundant heterotrophic dino-
cysts are those of P kofoidii (1%-9%)
and the Echinidium sp.C (0.5%-3.9%;
Figures 3 and 4).

Assemblage zone II regroups the four
samples located offshore (108-647 m
water depth). Concentrations are rela-
tively low, ranging from 64 cysts g! to
5,026 cysts g1, in contrast to assemblage
zone 1. Heterotrophic dinocysts domi-
nate this assemblage and are represented

by Brigantedinium spp. (4%-46%), cysts
of P. kofoidii (0%-17%), and Dubridinium
sp. (0%-18%).
Impagidinium paradoxum also appears
here and can reach a maximum of 19%.

The oceanic species

In addition, the relative abundance of
autotrophic dinocysts is low compared to
assemblage I (Figures 3 and 4): S. ramosus
registers at 7%-19%, O. centrocarpum at
0%-10%, and S. mirabilis at 0%—-12%.

RDA analyses were performed with
all variables and with single explanatory
variables for relative abundance and con-
centration data. The RDA results reveal
the same sample groupings as those
from the cluster analyses. Many envi-
ronmental variables are statically sig-
nificant (p <0.05) when they are used as
sole explanatory variables or together
(Table S4, Figure 5).

For relative abundance (%) analyses,
chlorophyll-a concentrations in March
(ch.a.m, austral autumn), August (Ch.a.a,
austral winter), and November (Ch.a.n,
austral spring); temperature and salin-
ity in winter and summer (T.win, T.sum,
S.win, S.sum); and annual concentra-
tions of nitrate (N) and phosphate (P) all
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cyst assemblages, sea sur-
face parameters, grain size
data (fraction > 63 um and
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and chlorophyll-a concen-
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Ch.a.a, November = Ch.a.n).
RDA run with (A) relative
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contribute significantly to defining assem-
blage compositions (p <0.05). Northern
SJG sites (subassemblage Ia) correlate
with heterotrophic dinocysts (cysts of
P, kofoidii and P. schwartzii, Echinidinium
sp.C, Echinidinium sp.D, Selenopemphix
nephroides, Trinovantedinium pallidiful-
vum and Votadinium spinosum). However,
sites located in the central and southern
SJG (subassemblage zone Ib) do not seem
to be associated with any environmental
variable (in the two RDA analyses), but
correlate with autotrophic dinocysts and
with fine particle size (> 63 pm) in surface
sediments (Figure 5A).

In concentration analysis, we find
the same patterns: the northern sites
(subassemblage zone Ia) are associ-
ated with Ch.a.f (1.7 mg m™ on aver-

age), Cham (1.6 mg m™

on aver-
age), Ch.a.a (1.2 mg m™ on average),
Si (34. 9 pmol L), and surface tempera-
ture (~ 8.5°C during austral winter and
14.9° C during austral summer). Salinity
(~ 33.4) in the SJG seems to have a weak
influence on the distribution of dinocysts.
The main finding in this analysis is a neg-
ative correlation between Si and south-
ern-central sites (Figure 5B). It is also
noted in the two RDA triplots that round
brown cysts (Brigantedinium simplex and
Brigantedinium spp.) and 1. paradoxum
correlate with water depth (Figure 5).

DISCUSSION

Relatively high dinocyst concentrations
(maximum 45,848 cysts g”! and average
12,858 cysts g'!) can be related to fine
particle size in surface sediments in the
southern-central gulf (Figures 4 and 5).
Indeed, dinocysts are the same size as
silt particles and exhibit similar hydro-
dynamic behavior, so they tend to be con-
centrated with fine sediments (e.g., Dale,
1976). In general, two spatial domains
emerge from the distribution of dino-
cysts in the SJG (northern/south-central
gulf and offshore domains). Autotrophic
dinocysts dominate the assemblages
because of the high primary produc-
tivity that characterizes the Southwest
Atlantic Ocean (Figure 1A). The increase

in dinoflagellate cyst concentrations
along a north-south gradient in the SJG
is most likely due to the input of nutrient-
rich subantarctic waters via the Patagonia
Current (Figure 1A), which promotes
the development of dinoflagellate spe-
cies in southern-central SJG (subassem-
blage zone Ib). The production of dino-
cysts appears to be controlled in the
north by productivity during austral
summer (Ch.a.f), autumn (Ch.a.m), and
winter (Ch.a.a), and by surface tempera-
tures (Figure 5).

The high relative abundance of hetero-
trophic dinocysts in subassemblage Ia in
the northern SJG may be related to the
presence of diatoms found in the north-
ern part of the gulf (Krock et al., 2015;
Latorre, 2018). Indeed, diatoms are the
main prey for some heterotrophic dino-
flagellates (Jacobson and Anderson, 1986;
Hansen, 1992; Jeong and al., 2010). This
concept is supported by the relatively high
Si concentrations (40.5-41.5 pmol L)
found at stations BV11, 14, 13, 15, 16, 19,
and 20, which could promote the devel-
opment of diatoms (e.g., Dugdale and
Wilkerson, 2001). In addition, Smayda,
(1997) showed that the presence of dia-
toms is more important than that of
dinoflagellates in turbulent zones (such
as in the northern gulf) because their
cell structures are adapted to this type of
environment, and also because of their
competitiveness in the battle for nutri-
ents. Regarding the food web struc-
ture in the northern gulf, the high abun-
dance of cysts of Polykrikos kofoidii
(11%-39%) is interesting because this
species is known to feed on a large vari-
ety of prey, including other SJG dinofla-
gellates such as Gonyaulax spinifera and
Alexandrium species (Matsuoka et al,
2000). Diatoms and dinoflagellates could
therefore be a food source for hetero-
trophic dinoflagellates.

The high abundance of dinocysts in the
central and southern SJG may be due to
the stratified nature of the water column
in the central part of the basin (e.g., Krock
et al.,, 2015) and the presence of a tidal
front in the area (Figure 1A; Rivas et al,,

2006, Carbajal et al., 2018, in this issue).
Stratified waters favor the development of
dinoflagellates, whose two flagella allow
them to migrate vertically and obtain
the nutrients necessary for their survival
at depth (Smayda et al., 1997). The high
abundance of autotrophic dinocysts in
this subassemblage could be explained
by the decreasing trend of Si from north
to south, which would favor the develop-
ment of autotrophic dinoflagellates over
diatoms (e.g., Smayda, 1990).

The low abundance of dinocysts at off-
shore sites (assemblage zone II) is simi-
lar to other observations of dinocyst dis-
tributions in the global ocean (Zonneveld
et al., 2013). The ubiquitous genera
Spiniferites and Operculodinium, which
are the major contributors to north-
ern and southern-central assemblages,
are found preferentially in nutrient-rich
coastal waters. In addition, high off-
shore concentrations of heterotrophic
dinocysts are associated with the upwell-
ing around the 200 m isobath (Matano
et al., 2010) that promotes high biologi-
cal productivity and permits the develop-
ment of primary producers such as dia-
toms that serve as prey for heterotrophic
dinoflagellates. This is corroborated by
the high abundance at the offshore sites
(BV54, BV55) of round brown cysts
spp.»
simplex), whose presence is an indicator

(Brigantedinium Brigantedinium
of high productivity areas such as upwell-
ing zones (e.g., Zonneveld et al., 2001a,
Pospelova et al., 2008). The presence of
Impagidinium paradoxum is strongly cor-
related to water depth (Figure 5). This
taxon is considered to be an oceanic spe-
cies (Zonneveld et al., 2013).

CONCLUSIONS

This study, based on the analysis of 52 sur-
face sediment samples, provides the first
detailed description of the distribution of
modern dinoflagellate cyst assemblages
in the SJG. Two assemblage zones were
identified from the relative abundances
of dinocysts and from hierarchical clus-
tering and RDA analyses. The distribu-
tion of dinocysts appears to be primarily
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FIGURE 6. Spatial distribution of dinocyst assemblages in the SJG and code name used in Figure 5 and Table S3.

controlled by local primary productivity
and offshore upwelling. Dinocyst concen-
trations are high in the southern-central
gulf, where we note the fine particle size
of surface sediments. The concentrations
of dinocysts increase along a north-south
gradient in the SJG, with minimum con-
centrations at offshore sites (outside the
gulf). The high concentrations of dino-
cysts in the southern-central gulf are
associated with the input of nutrient-rich
subantarctic water, water column strat-
ification, and tidal fronts in the south-
ern part of the gulf. The presence of het-
erotrophic dinocysts in the northern SJG
and offshore is related to prey availabil-
ity and upwelling (Figure 6). Dinocysts
are an important part of the organic car-
bon preserved in SJG sediments, and thus
represent an important indicator of pri-
mary paleo-productivity that can be used
in paleoceanographic reconstructions.

SUPPLEMENTARY MATERIALS
Supplementary materials are available online at
https://doi.org/10.5670/oceanog.2018.416.
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