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Introduction: The production of resting cysts is a key dispersal and survival
strategy of many dinoflagellate species. However, little is known about the role of
suspended cysts in the benthic nepheloid layer (BNL) in the initiation and decline
of planktonic populations.

Methods: In September 2019, sampling of the dinoflagellate cyst community at
different water depths in the water column and in the bottom sediments, and
studies of spatio-temporal changes in physical properties (temperature, salinity,
density and suspended sediment concentration), were carried out along a land-
sea transect off Figueira da Foz (NW Portugal) to investigate the dinoflagellate
cyst distribution and the factors (physical and biological) affecting it. A clustering
analysis was used to compare the BNL and sediment cyst records with the cyst
rain recorded by a sediment trap at a fixed station. Furthermore, Lagrangian
particle experiments enabled simulating cyst trajectories in the BNL 5 and 10 days
before sampling and assessing cross-shore, vertical and alongshore transport
within the studied region.
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Results: A well-developed BNL was present during the survey, which covered a
change from active (14" of September) to relaxed (19" of September) upwelling
conditions. Organic-walled dinoflagellate cysts were dominant in all samples,
although calcareous dinoflagellate cysts consistently occurred (at low
abundances). High proportions of full cysts were observed in the BNL, of
which a significant portion was viable as shown by excystment experiments.
Moreover, BNL cyst records collected on the 19" of September along the land-
sea transect were similar to the sediment trap cyst record but greatly differed
from sediment cyst records. The heterotrophic small spiny brown cysts (SBC) and
cysts of the autotrophic yessotoxin-producer Protoceratium reticulatum notably
increased during the survey, in the BNL and in the water column above.

Discussion: The comparison of the BNL, surface sediment and sediment trap
cyst records supported that the main origin of cysts in the BNL was the recent
production in the water column. The spatial coincidences in the distribution of
cysts and vegetative cells of Protoceratium reticulatum also supported that full
cysts in the water column were being produced in surface waters. New data
evidenced the presence of a significant reservoir of viable cysts in the BNL that
have the potential to seed new planktonic blooms. Furthermore, back-track
particle modelling evidenced that alongshore advection was the main physical
mechanism controlling cyst dynamics in the BNL during most part of the survey
period, being particularly intense in coastal stations (<100 m depth).
Consequently, the sediment cyst signal is a mixture of locally and regionally
produced cysts. We provide multi-disciplinary data evidencing that cysts recently
formed in the photic zone can be laterally advected within the studied region
through the BNL, contributing to a better understanding of the role of the BNL in
cyst dynamics and tracing the seed sources of the new blooms.

KEYWORDS

benthic nepheloid layer, dinoflagellate cysts, cyst reservoir, advection, coastal
ecosystems, Portuguese margin

1 Introduction

At least 13-16% of living dinoflagellate species can form long-
term resistant structures (resting cysts) as part of their life cycle
(Head, 1996). The alternation of a vegetative stage (motile cell) and
a dormant phase (non-motile cyst) is a successful ecological strategy
in highly changing environments such as coastal ecosystems, as
cysts facilitate the species dispersal and survival during adverse
conditions (e.g., Anderson, 1984; Dale, 1996; Smayda and Reynolds,
2003). In culture nutrient depletion can trigger cyst production of
some dinoflagellate species (e.g., Blanco, 1995a; Figueroa and Bravo,
2005); however, in the field the highest cyst production occurs
during and after bloom events, not necessarily accompanied by a
decrease in nutrient inputs (Amorim et al., 2001; Pefia-Manjarrez
et al., 2009; Diaz et al., 2014; Brosnahan et al., 2017; Mertens et al.,
2023). Cysts accumulated on the seabed can remain viable for a long
time (Dale, 1983; Lundholm et al., 2011), after which they can be
resuspended and provide the necessary inoculum for seeding
planktonic populations (e.g., Nehring, 1996; Kremp, 2001;
Anderson et al., 2005; Giannakourou et al., 2005; Anderson et al.,
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2014; Bravo and Figueroa, 2014; Mertens et al., 2023). Dinoflagellate
cysts are non-motile and, after being produced in the upper water
layers, act as passive particles that will eventually sink to the ocean
floor (Dale, 1983; Joyce and Pitcher, 2004; Mertens et al., 2023). The
sinking rate of the cysts under culture conditions was estimated to
be ~6-11 m/day, although this could vary between different species
due to their different morphology (Anderson et al., 1985). Pilskaln
et al. (2014a) obtained a model-based estimate of the settling rate
for individual Alexandrium cysts of 10 m/day in the Gulf of Maine.
Unfortunately, in-situ observations of sinking speeds of
dinoflagellate cysts are rare. Sediment trap studies performed in
open ocean environments off Cape Blanc showed much higher cyst
sinking rates (>274 m/day), agreeing with phytoplankton aggregate
sinking speeds (Susek et al., 2005; Zonneveld et al., 2010). Several
studies reported that a large part of the phytoplankton would be
transported through the water column in the form of aggregates and
fecal pellets that would significantly increase their sinking speeds
(Smayda, 1971; Waite et al., 2000; Turner, 2002; Karakas et al., 2009;
Zonneveld et al., 2010). Furthermore, vertical (source-to-sink)
trajectories of organic particles can be affected by lateral transport

frontiersin.org


https://doi.org/10.3389/fmars.2023.1270343
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Garcia-Moreiras et al.

(Freudenthal et al., 2001; Oliveira et al., 2007); this effect could be
particularly relevant when considering ocean basin scale
(Zonneveld et al., 2018; Nooteboom et al., 2019; Zonneveld et al.,
2022) but of less impact in coastal areas and at the regional scale
(Pilskaln et al., 2014a; Nooteboom et al., 2019).

Harmful algal blooms (HAB) are a recurrent feature on the
Atlantic Iberian margin and may represent threats to human health,
ecosystem quality and local economy (e.g., Tilstone et al., 1994;
Moita and da Silva, 2001; Amorim et al., 2004; Alvarez—Salgado
et al., 2008; Trainer et al., 2010; Ribeiro et al., 2012). Some of the
HAB-forming dinoflagellate species and other potentially toxic
species in this region are cyst producers, such as Alexandrium
minutum, Gymnodinium catenatum, Lingulodinium polyedra and
Protoceratium reticulatum (Anderson et al., 1988; Figueiras and
Pazos, 1991; Blanco, 1995a; Blanco, 1995b; Moita and Vilarinho,
1999; Moita et al., 2003; Amorim et al., 2004; Bravo et al., 2010;
Moita et al,, 2022). The biological and physical mechanisms
involved in the seeding and initiation of blooms (such as
inoculum from cysts), may vary between species and are still not
fully understood, although their assessment is critical for adequate
monitoring and prediction of HABs, and coastal management (e.g.,
Bravo et al., 2010; Anderson, 2014; Berdalet et al., 2017; Brosnahan
et al,, 2020). The study region off Figueira da Foz is an area affected
by recurrent blooms of G. catenatum (e.g., Botelho et al., 2019)
however a cyst survey carried out in the area could not detect the
presence of significant sediment cyst banks (Garcia-Moreiras et al.,
2021), suggesting local blooms may rely on other seeding strategies.

Nepheloid layers (NL) are zones of increased particle
concentration (turbidity) and can significantly affect the transport
of suspended particulate matter in the ocean (e.g., Oliveira et al.,
2002; Zonneveld et al., 2018; Villacieros-Robineau et al., 2019).
Benthic nepheloid layers (BNL) are assumed to be formed mainly
from seabed particle resuspension, mostly induced by physical
processes, such as upwelling/downwelling-induced currents and
internal waves (Oliveira et al., 2002; Oliveira et al., 2007; Tian
et al., 2022; Oliveira et al., 2023 and references therein). However,
the origin and fate of the organic particles that form the NL and
their role in the biota distribution are still poorly understood.
Studies have shown that the BNL can be enriched in suspended
viable cysts, which may serve as inoculum to seed planktonic
blooms (Nehring, 1996; Pilskaln et al., 2014b).

The present work was motivated by the little knowledge
available on particle transport in coastal environments of the
Atlantic Iberian margin and the need for new data that help
understand the role of suspended cysts in the BNL in the
initiation and decline of dinoflagellate blooms. In September
2019, sampling of the dinoflagellate cyst community at different
water depths in the water column and in the bottom sediments, and
studies of spatio-temporal changes in physical properties
(temperature, salinity, density and suspended sediment
concentration), were carried out along a land-sea transect oft
Figueira da Foz (NW Portugal). The main objectives were: 1) to
investigate BNL development and characterize dinoflagellate cyst
abundance and diversity; 2) to detect the presence of viable cysts in
the BNL, and 3) to study the main physical and biological processes
affecting cyst distribution in the BNL.
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Cyst records were compared with the cyst rain recorded by a
sediment trap and cyst distribution in the underlying sediments by
statistical methods, to investigate the origin of cysts in the BNL.
Moreover, excystment experiments were carried out to check the
viability of full cysts. Particle back-track Lagrangian experiments
enabled reconstructing the trajectory of cysts in the BNL, providing
new insights into their origin and the transport processes affecting
their distribution in coastal environments.

2 Study site
2.1 General environmental settings

The land-sea transect is located off Figueira da Foz on the
Portuguese coast (Atlantic Iberian margin), between the longitudes
8.85°W and 9.50°W, and at a latitude of ~40.20° N (Figure 1A). In
Northern Portugal, the climate is Mediterranean with dry warm
summers and wet cool winters (Mora and Vieira, 2020). Together
with fluvial contributions, upwelling is the most relevant factor
controlling regional hydrodynamics and phytoplankton dynamics
(e.g., Moita, 1993; Moita et al., 2003; Oliveira et al., 2019; Ferreira
et al., 2021; Santos et al., 2021). The upwelling intensification and
relaxation cycles modulate the sea-surface temperature (SST)
distribution, the water column stratification and the nutrient
availability in the euphotic zone and therefore phytoplankton
growth (Fraga et al., 1988; Oliveira et al., 2009a). Furthermore,
local hydrography and phytoplankton distribution are strongly
affected by mesoscale processes, such as eddies, upwelling
filaments, fronts and internal waves (Relvas et al., 2007; Rossi
et al., 2013; Oliveira et al., 2019).

Upwelling is more frequent and intense from late spring to early
autumn when northerly winds prevail (Fitza et al., 1982; Peliz et al.,
2002). The intensification of equatorward winds drives an
alongshore current (Equatorward jet) that dominates the coastal
circulation, and an inshore transport through the bottom nepheloid
layer (BNL) associated with the Ekman dynamics. Under the
upwelling influence, coastal environments are characterized by
marked land-sea environmental gradients, with colder waters
inshore and SST increasing seawards (e.g., Oliveira et al.,, 2009a;
Oliveira et al., 2019).

More offshore on the outer shelf and the slope, a saltier and
warmer current flows in the opposite direction to the Equatorward
jet, the Iberian Poleward Current or IPC (Peliz et al., 2005; Otero
et al,, 2008; Teles-MaChado et al.,, 2015). During upwelling events,
the IPC can be debilitated and translocated offshore, as the low-
salinity and colder water mass formed by river discharge and
continental run-off —the Western Iberian Buoyant Plume
(WIBP)— is stretched offshore. In contrast, the warmer IPC is
intensified with upwelling (and equatorward winds) relaxation,
when offshore warmer waters migrate inshore (e.g., Peliz et al,
2005; Ferreira Cordeiro et al., 2018).

The closest contribution of freshwater and fluvial sediments to
the study area is the Mondego River, with a catchment basin of 6670
km? and an estimated annual average runoff up to ~150 m’s’
(Cunha and Dinis, 2002). However, the Douro and Minho Rivers
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Study site off Figueira da Foz (Atlantic Iberian margin) and cyst sampling locations. Water sampling stations (A) are superimposed on the bathymetric
contours (in meters) taken from the General Bathymetric Chart of the Oceans (https://www.gebco.net/). Sediment sampling stations (B) are
superimposed on the Seabed Substrate map from Emodnet Geology (https://drive.emodnet-geology.eu/geoserver/gtk/wfs). (C) Vertical view of the
sampled points in the benthic nepheloid layer (BNL), the water column above the BNL, the sediment trap (S.T.) and the underlying surface
sediments. (A, B) were redrawn from Garcia-Moreiras et al. (2021), © 2021 Garcia-Moreiras |, Oliveira A, Santos Al, Oliveira PB and Amorim A,
published in Frontiers in Marine Science under a CC by 4.0 license (hyperlink: https://creativecommons.org/licenses/by/4.0/#).

further north of the study site are the greater contributors to the
WIBP on the NW Iberian coast (Mendes et al., 2016).

High-amplitude internal waves promote an increase in
turbulence in the water column and may disturb the ocean
bottom resulting in higher turbidity and changes in BNL
thickness (Oliveira et al., 2007; Quaresma et al., 2007; Oliveira
et al., 2023). The study area was selected because of its location in a
naturally occurring interaction hotspot of Internal Solitary Waves
(ISW) (Magalhaes et al., 2021). ISW dynamics may thus be relevant
for the understanding of particle transport through the BNL in the
studied area. ISW are mainly generated by tides and their
interaction with bottom topography (e.g., Magalhaes et al., 2021).
Their propagation, which can last for a few days in the studied
region, occurs along the oceanic pycnocline and its characteristics
can vary significantly due to mesoscale variability (Oliveira et al.,
2019). Off Figueira da Foz, ISW variability (amplitude) is
comparable to the semidiurnal tidal cycle (Magalhaes et al., 2021;
Magalhaes et al., 2022).

Phytoplankton assemblages in the Iberian upwelling system
typically change from diatom dominance during active upwelling
(spring-summer) to dinoflagellate dominance as upwelling relaxes
(late-summer to autumn transition). Dinoflagellates are usually
favored after upwelling events, as stratification increases and
surface waters are still warm and rich in nutrients (e.g., Fraga
etal., 1988; Tilstone et al., 2000; Amorim et al., 2001; Figueiras et al.,
2002; Amorim et al., 2004; Crespo et al., 2006; Bravo et al., 2010;
Smayda and Trainer, 2010). On a spatial scale, abundances of
dinoflagellates and other flagellates generally increase over
diatoms in more stratified waters in the transition between coastal
upwelling and offshore warmer waters (e.g., Oliveira et al., 2009b),
and at the inshore side of the upwelling front (Tilstone et al., 1994;
Moita et al., 2003).
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2.2 Oceanography and phytoplankton
distribution in the study site prior to the
BNL sampling

Distributions of satellite-derived Chl-a concentration
(Figure 2A) and SST (Figure 2B) from the Copernicus Marine
Service (CMEMS) (https://data.marine.copernicus.eu/viewer/)
reflected the progression of an upwelling event that peaked on the
11"-12™ of September and relaxed in the following days. According
to in-situ, satellite-derived and modelling data investigated by
Nunes (2021), during this upwelling event, the mixed layer had a
depth of 20-30 m and the predominant surface currents (<20 m
depth) near the coast were equatorward. Current velocities were
higher near the coast and decreased offshore. A water mass of
higher primary productivity (maximal Chl-a concentrations of ~3-5
mg/m®) was separated from the coast by a narrow band of colder
waters with lower productivity (Nunes et al., 2022). A maximum
divergence zone was detected near the coast (at ~5 km to the
coastline) on the 10" of September, which moved further offshore
over time as upwelling progressed (Nunes, 2021). The development
of a series of complex upwelling filaments running offshore was also
observed (Figures 2A, B).

Spatio-temporal variability of phytoplankton communities and
nutrients was investigated along the same land-sea transect by
Moita et al. (2022). On the 12 of September, two days before the
cyst sampling, a bloom of Protoceratium reticulatum was well
established at mid-shelf (around 20 m depth isobath), with
maximum cell concentrations of 2.3x10° cells I"". The bloom was
located in warmer and stratified (but not nutrient-depleted) waters
separated from the coast by upwelled colder waters. Other HAB
species were blooming at the same time, such as the non-cyst-
forming dinoflagellate Dinophysis acuta (below P. reticulatum

04 frontiersin.org
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Surface distributions of chlorophyll-a concentration (A) and temperature (B) off Figueira da Foz before and during the BNL sampling campaign.
Satellite-derived data were taken from the Copernicus Marine Service (CMEMS) website (https://data.marine.copernicus.eu/viewer/). Areas where
clouds made data collection impossible are shown in black. On the right diagrams, sampled sites (blue dots) and the 100-m isobath (white line)

are represented.

bloom) and species of the diatom genus Pseudo-nitzschia (in the
inshore colder waters). Maximal values of phytoplankton biomass
were always detected above the pycnocline. On the 19" of
September, phytoplankton blooms migrated inshore as upwelling
relaxed and surface warmer waters approached the coast (Moita
et al., 2022).

3 Materials and methods

Between 14" and 19 September 2019, environmental data and
water and sediment samples for dinoflagellate cyst analyses were
collected onboard the NRP Auriga during the Hydrographic
Institute (IH)-HABWAVE cruise. Sampling stations were located
at different water depths following an inshore-offshore transect oft
Figueira da Foz, on the NW Portuguese coast (Atlantic Iberian
margin) (Figures 1A-C). Furthermore, using a numerical modelling
configuration, Lagrangian experiments enabled simulating cyst
trajectories in the benthic nepheloid layer (BNL) 5 and 10 days
before sampling and assessing cross-shore, vertical and alongshore
transport within the studied region.

3.1 In-situ data acquisition

3.1.1 Oceanographic data

Temperature, conductivity, depth and turbidity, were profiled at
the different sampling stations along the transect with an Idronaut
320 plus CTD associated with a Seapoint turbidity meter on the
14th and 19th of September, 2019. Turbidity (in NTU- Nepheloid
Turbidity Units) was calibrated in suspended sediment
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concentration (SSC) with water samples collected at the bottom
nepheloid layer (33 samples). The water samples were filtered on
board using pre-weighted acetate filters (porosity 0.45 pm and 47
mm). The turbidity profiles were converted into SSC (mg/l) using
the following equation: SSC=0.976 x NTU. Additionally,
environmental time series were recorded in a fixed station at the
110 m isobath (station #7, Figures 1A, C) on the 16™ and 18" of
September. Station 7 was selected based on previous time series
analysis of SAR (Synthetic Aperture Radars) images from Sentinel 1
(Magalhaes et al., 2021). Data was acquired with a CTD/
nephelometer (yoyo) and water samples for determination of
particulate matter concentration were collected with a rosette
firing system with 11 Niskin bottles (8 of 5.0 1 and 3 of 2.5 1),
covering two semi-diurnal low tides (33 yoyos on 16™ September
and 15 yoyos on 18" September, corresponding to, approximately,
a 9-hour and 6-hour periods, respectively) (Oliveira A. et al., 2020).
Additionally at this site, a mooring was deployed from 7 to 19"
September 2019 with five self-recording thermistors and two
ADCPs. The up-looking 300 kHz and the 1200 kHz ADCPs were
mounted in a dual frame at ~100 m depth (Oliveira P.B. et al,
2020). The mooring included a sediment trap (area=0.015 m?) at 90
m depth to record the export production of dinoflagellate cysts from
7th to 19th September 2019 (S.T. in Figure 1C; Table 1).

3.1.2 Water samples for cyst and
phytoplankton studies

Water samples from the BNL for cyst analyses were collected
with a rosette firing system equipped with a CTD/nephelometre. In
the BNL, a total of 14 water samples for cyst analyses were collected
on 14™ and 19" September 2019 (Table 1). Selection of sampling
depths for cyst analyses in the BNL was based on the turbidity signal
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TABLE 1 Sampling campaign (IH)-HABWAVE, September 2019.

Sampled Sampling date

Sample Type . Depth Samplin
P yp Station P depth (CEYA npiing
label of sample (39} time
(m) month/year)
Water
\ . : 7/9/2019 (14:04) to 19/09/
Sediment trap Cyst rain S.T. (sediment #7 ( )
2019 (09:18)
trap)
S1 Water #S1 133 10 14/09/2019 5:45
s2 Water #S2 159 15.1 14/09/2019 6:35
T1-1 Water #1 15.6 15 14/09/2019 7:45
Transect 1 T1-2 Water #2 374 35 14/09/2019 8:36
(14/09/2019) T1-3 Water #3 522 50 14/09/2019 9:38
T1-7 Water #7 1143 110 14/09/2019 13:14
T1-9 Water #9 132.7 130 14/09/2019 14:54
BNL (land-sea transects)
T1-10 Water #10 1456 145 14/09/2019 15:53
T2-1 Water #1 156 15 19/09/2019 7:41
T2-2 Water #2 374 35 19/09/2019 8:31
Transect 2 T2-3 Water #3 522 50 19/09/2019 9:08
(19/09/2019) T2:5 Water #5 86.0 80 19/09/2019 10:45
T2-7 Water #7 1143 110 19/09/2019 12:38
T2-9 Water #9 132.7 130 19/09/2019 14:35
F1-2 UP Water #7 1143 83 16/09/2019 12:14
F1-2 LOW Water #7 1143 110 16/09/2019 12:14
Time series
on 16/ F1-3 Water #7 1143 108 16/09/2019 14:31
09/2019
Fl1-4 UP Water #7 1143 95 16/09/2019 16:57
F1-4 LOW Water #7 1143 111 16/09/2019 16:57
F2-0 Water #7 1143 110 18/09/2019 8:41
F2-1 Water #7 1143 110 18/09/2019 9:03
F2-2 Water #7 1143 110 18/09/2019 9:35
BNL Fixed point F2-3 Water #7 1143 109 18/09/2019 9:56
(Station #7) F2-4 Water #7 1143 100 18/09/2019 1027
F2-5 Water #7 1143 100 18/09/2019 10:50
Time series
on 16/ F2-6 Water #7 114.3 105 18/09/2019 11:11
09/2019
F2-7 Water #7 1143 108 18/09/2019 11:30
F2-8 Water #7 1143 100 18/09/2019 11:53
F2-9 Water #7 1143 100 18/09/2019 12:13
F2-10 Water #7 1143 95 18/09/2019 12:36
F2-11 Water #7 1143 109 18/09/2019 12:56
F2-12 Water #7 114.3 109 18/09/2019 13:16
PS1.1 Water #S1 133 5 14/09/2019 5:37
Planktonic samples above
the BNL (land Transect 1 PS1.2 Water #51 13.3 10 14/09/2019 5:37
(14/09/2019) : ) :
sea transects)
PS2.1 Water #S2 15.9 5 14/09/2019 6:29
(Continued)
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TABLE 1 Continued

10.3389/fmars.2023.1270343

ample pe Dep dMmpico PHNg date ampling
alio aep ore
ape d o aq e
dp
PS2.3 Water #S2 15.9 10 14/09/2019 6:29
T1-P1.1 Water #1 15.6 5 14/09/2019 7:41
T1-P1.2 Water #1 15.6 10 14/09/2019 7:41
T1-P2.1 Water #2 374 5 14/09/2019 8:35
T1-P2.2 Water #2 374 10 14/09/2019 8:35
T1-P2.3 Water #2 374 20 14/09/2019 8:35
T1-P2.4 Water #2 374 30 14/09/2019 8:35
T1-P3.1 Water #3 522 5 14/09/2019 9:36
T1-P3.2 Water #3 522 10 14/09/2019 9:36
T1-P3.3 Water #3 522 20 14/09/2019 9:36
T1-P3.4 Water #3 52.2 30 14/09/2019 9:36
T1-P3.5 Water #3 52.2 50 14/09/2019 9:36
T1-P5.1 Water #5 86.0 5 14/09/2019 11:29
T1-P5.2 Water #5 86.0 10 14/09/2019 11:29
T1-P5.3 Water #5 86.0 20 14/09/2019 11:29
T1-P5.4 Water #5 86.0 30 14/09/2019 11:29
T1-P5.5 Water #5 86.0 50 14/09/2019 11:29
T1-P5.6 Water #5 86.0 75 14/09/2019 11:29
T1-P7.1 Water #7 114.3 5 14/09/2019 13:12
T1-P7.2 Water #7 114.3 10 14/09/2019 13:12
T1-P7.3 Water #7 114.3 20 14/09/2019 13:12
T1-P7.4 Water #7 114.3 30 14/09/2019 13:12
T1-P7.5 Water #7 114.3 50 14/09/2019 13:12
T1-P7.6 Water #7 114.3 75 14/09/2019 13:12
T1-P9.1 Water #9 132.7 5 14/09/2019 14:51
T1-P9.2 Water #9 132.7 10 14/09/2019 14:51
T1-P9.3 Water #9 132.7 20 14/09/2019 14:51
T1-P9.4 Water #9 132.7 30 14/09/2019 14:51
T1-P9.5 Water #9 132.7 50 14/09/2019 14:51
T1-P9.6 Water #9 132.7 75 14/09/2019 14:51
P2-S1.1 Water #S1 13.3 5 19/09/2019 6:01
P2-S1.1 Water #S1 13.3 10 19/09/2019 6:01
(lT;for;S/ezc[;lzg) P2-52 Water 452 159 5 19/09/2019 6:33
P2-82.2 Water #52 159 10 19/09/2019 6:33
P2-8§2.3 Water #52 15.9 14 19/09/2019 6:33
(Continued)
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TABLE 1 Continued

Sampled Sampling date

“mbel. of sample  Station  CCEI . “depth (day/ e
(m) month/year)
Sedimenttrap  Cystrain  S.T. (s:yj?r:leént #7 1143 90 O ooy
trap) (09:18)

T2-P1.1 Water #1 156 5 19/09/2019 7:37

T2-P12 Water #1 156 10 19/09/2019 7:37

T2-P2.1 Water # 374 5 19/09/2019 8:27

T2-P2.2 Water # 374 10 19/09/2019 8:27

T2-P23 Water #2 374 20 19/09/2019 8:27

T2-P2.4 Water #2 374 30 19/09/2019 8:27

T2-P3.1 Water #3 522 5 19/09/2019 925

T2-P3.2 Water #3 522 10 19/09/2019 925

T2-P33 Water #3 522 20 19/09/2019 925

T2-P3.4 Water #3 522 30 19/09/2019 925

T2-P35 Water #3 522 50 19/09/2019 9:25

T2-P5.1 Water #5 86.0 5 19/09/2019 11:00

T2-P5.2 Water #5 86.0 10 19/09/2019 11:00

T2-P53 Water #5 86.0 20 19/09/2019 11:00

T2-P5.4 Water #5 86.0 30 19/09/2019 11:00

T2-P55 Water #5 86.0 50 19/09/2019 11:00

T2-P5.6 Water #5 86.0 75 19/09/2019 11:00

T2-P7.1 Water #7 1143 5 19/09/2019 12:57

T2-P7.2 Water #7 1143 10 19/09/2019 12:57

T2-P73 Water #7 1143 20 19/09/2019 12:57

T2-P7.4 Water #7 1143 30 19/09/2019 12:57

T2-P75 Water #7 1143 50 19/09/2019 12:57

T2-P7.6 Water #7 1143 75 19/09/2019 12:57

T2-P9.1 Water #9 132.7 5 19/09/2019 14:52

T2-P9.2 Water #9 132.7 10 19/09/2019 14:52

T2-P9.3 Water #9 132.7 20 19/09/2019 14:52

T2-P9.4 Water #9 132.7 30 19/09/2019 14:52

T2-P9.5 Water #9 132.7 50 19/09/2019 14:52

T2-P9.6 Water #9 132.7 75 19/09/2019 14:52

Bl Sediment #7 1143 1143 16/09/2019 8:28

Sediment sa"('tl;lie:s(tl:::;m transect) B2 Sediment #MH 11.0 1 18/09/2019 16:37
B3 Sediment #7 1143 1143 19/09/2019 16:55

B63 Sediment B63 102.2 102.2 21/3/2019 11:33

IH/AQUIMAR (March 2019) Sediment
samples (land-sea transect) (Garcia- B64 Sediment B64 86.6 86.6 21/3/2019 11:04
Moreiras et al., 2021)
B65 Sediment B65 62.1 62.1 23/3/2019 18:59
(Continued)
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TABLE 1 Continued

10.3389/fmars.2023.1270343

Sampling date

S Station (day/ San_npllng
of sample time
month/year)
Water
. . : 7/9/2019 (14:04) to 19/09/
Sediment trap Cyst rain (sediment 2019 (09:18)
trap)
B66 Sediment B66 40.4 40.4 23/3/2019 18:31
B82 Sediment B82 117.8 117.8 21/3/2019 12:31
B83 Sediment B83 111.9 111.9 21/3/2019 11:53

Details of all samples collected in water and sediments for cyst analyses.

obtained during downcast (Figures 3, 4). At station #7, 19 additional
samples were collected in the BNL at regular time intervals on 16
and 18" of September to record temporal variation (covering a
period of ~5 hours each day). With the objective of better
understanding the oceanographic processes underlying cyst
dynamics in the BNL, these samples were collected in alternation
with the complementary data acquisition yoyos referred above.

In some cases, the amplitude of the BNL indicated by the
nephelometre during downcast allowed taking 2 samples, one at the
lower and the other at the upper limits of the layer of increased particle
density. In these cases, the prefix “up” or “low” was added to the sample
label (Table 1). Water samples (40 — 47 L) were sieved on board
through a 10 pm phytoplankton net (Hydrobios, Kiel, Germany) to

concentrate the cysts. The concentrated samples were then stored in
plastic bottles (70-159 ml) and kept in dark and cold (-4 °C) conditions
until further processing (modified from Pilskaln et al., 2014b).

As referred above, at station #7, a mooring with a sediment trap
was set to record the export production of dinoflagellate cysts from
7th to 19th September 2019 (S.T. in Figure 1C; Table 1).

At stations #1, #2, #3, #5, #7 and #9, additional water samples
were collected for studying the vertical distribution of
phytoplankton and cysts in the water column above the BNL (5,
10, 20, 30, 50 and 75 m, depending on station depth) (Figure 1C).
These samples were preserved with hexamethylenetetramine
buffered formalin until being analyzed in the laboratory (see
Moita et al., 2022 for more details).

A Transect 1. Sampled on 14/09/2019

Water depth (m)

Temperature (°C) Salinity

Distance (km)

Water depth (m)

sSC (mg/1)
(0.976*NTU)

Distance (km) Distance (km)

FIGURE 3

B Transect 2. Sampled on 19/09/2019

SSC (mg/I)
(0.976*NTU) -

Distance (km) Distance (km)

CTD profiles of temperature, salinity, density and suspended sediment concentration (SSC) along two transects, 14" (A) and 19" (B) September
2019, sampled off Figueira da Foz. Black circles indicate the position of the samples collected in the benthic nepheloid layer (BNL). Sample labels are

according to Table 1.
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Time series at Station #7

A 16/09/2019

-20 ?
-30
-40
-50

-60

Water depth (m)

-70

-80

-90

Water depth (m)

Water depth (m)

Time (hours)

Temperati
v

B 18/09/2019

ure (2C) Temperature (2C)
YY vy vy

vvy v

YVY VWY VvV

Salinity

Y Y VY VYWY VVVYVVVY

SSC (mg/1)

YY VYWY ¥V VYVYY VY VYV

Time (hours)

. Sampling points in the Benthic Nephloid Layer (BNL) for cyst analyses

FIGURE 4

Fixed station CTD profiles of temperature, salinity, density and suspended sediment concentration (SSC) during part of the days 16" (A) and 18" (B)
of September 2019 at station #7. Black circles indicate the sampled points in the BNL, labelled as in Table 1.

3.1.3 Sediment samples for cyst counts

Surface sediments for cyst analyses were sampled with a
Smith MclIntyre grab during two different campaigns. Plexiglass
tubes (3.6 cm internal diameter) were inserted in the sediment
and the top 1-cm layer was collected and stored at 4 °C in the
dark for further analysis in the laboratory. Three sediment
samples were obtained during the ITH-HABWAVE campaign in
September 2019: two at station #7 and one at the mouth of the
Mondego River (B1, B2 and B3; Figure 1B). These sediment cyst

Frontiers in Marine Science

records come from new analyses presented here for the first time.
The other 6 sediment samples (B82, B83 and B63-66, Figures 1B,
C) were collected in March 2019 during the TH/AQUIMAR
cruise, and the cyst records are published in Garcia-Moreiras
et al. (2021).

All details of samples collected in water and sediments for cyst
analyses (sample label, type of sample, sampling date and time,
sampling station, sampled depth, etc.) were summarized
in Table 1.
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3.2 Sample processing and cyst analyses

3.2.1 Water samples

In the laboratory, water samples from the BNL were gently
sonicated (60s) (Elmasonic S50R, Elma Schmidbauer GmbH)
followed by centrifugation at 3600 rpm (~2510 g) (Eppendorf
5804 R), for 15 min (18°C) in graduated centrifuge tubes to
concentrate the cysts (adapted from Kirn et al., 2005; Pilskaln
et al, 2014a). The supernatant was removed to a known final
volume adjusted between 1-40 ml with filtered seawater, depending
on cyst concentration. In the case of the sediment trap sample, after
homogenizing the whole sample (278 ml), a subsample of 10 ml was
sonicated for 60s and sieved through a 150 um-Nylon mesh onto a
20 pm-calibrated stainless steel mesh (Retsch). In both BNL
and sediment trap samples, a volume of 1 or 2 ml was observed
in an inverted light microscope (Leica DMil) at x200 and
x400 magnification.

Water samples collected above the BNL were subsampled
(50ml) and analyzed by the Uterméhl technique (Hasle, 1978),
under a Zeiss Vert.Al equipped with phase contrast and bright field
illumination, at 200x and 400x magnifications. Results for
dinoflagellate cyst concentration are presented for each sampled
depth and as the integrated water-column mean. In the second case,
one composite sample per station was obtained by mixing a volume
of the water samples from each depth in proportion to the height of
the water column they represented (Venrick, 1978).

3.2.2 Sediment samples

A replicate of each sample (2 to 30 ml, depending on cyst
concentration) was subsampled and processed as described in detail
in Garcia-Moreiras et al. (2021). In brief, sediment sample
processing included gentle sonication (60 s), wet sieving (150 pm
and 20 um meshes) and density separation with sodium
polytungstate (2.016 g/ml) (Bolch, 1997; Amorim et al, 2001).
Samples were centrifuged and adjusted to a final volume of 1 to
10 ml with filtered sea water in Falcon tubes. Replicated sediment
samples were used for the dry weight (drying at 60 °C until constant
weight) and % moisture determination. The sample dry weight was
determined using the previously calculated % moisture. As for BNL
and trap samples, a volume of 1 or 2 ml was observed in an inverted
Leica DMil microscope, at x200 and x400 magnifications.

In samples from BNL, sediment trap and surface sediments,
dinoflagellate cysts were identified and counted in one or more 1-ml
Sedgewick Rafter chambers (Graticules Optics, United Kingdom).
Aliquots of all cyst samples were mounted on microscope slides
with glycerine jelly and sealed with wax to take photographs and be
stored as part of the permanent collection. Microphotographs (Plate
1) were obtained using an Olympus BX50 microscope and a Zeiss
Axiocam HRc camera.

Total cyst sums (~100-800 cysts) included both empty and full
(with cell contents) cysts. Results were expressed as relative
abundances (percentage values of the total cyst assemblage) in
both water and sediment samples. Moreover, absolute abundances
(cyst concentrations in BNL and sediment samples, and cyst fluxes
in the trap sample) were also calculated as follows:
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« Cyst concentrations in BNL samples:

counted cysts er sam, ZE .
Cysts  “ouniaivoime Gt *final volume (ml)

) filtered volume (1)

« Cyst concentrations in sediment samples:

counted cysts per sample
CyStS _ counted volume (ml)

g dry weight of processed sample (g)

+final volume (ml)+dilution factor

o Cyst fluxes in the sediment trap sample:

counted cysts per sample
Counted volume (ml)

tfinal volume (ml)

CySfS _ sediment trap area (m®)
m i
w time (days)

3.3 Statistical analyses

To investigate the possible interaction between cysts in the 3
compartments —i.e., water column, BNL and surface sediments— a
comparison of dinoflagellate cyst records was performed using
clustering. Hierarchical cluster analysis was applied on square-
root- transformed dinoflagellate cyst percentages using the
Pvclust package (Suzuki et al.,, 2022) developed for R software v.
4.2.1. (R Development Core Team, 2013). The significance of the
clusters obtained was tested by permutation tests (10000
permutations) that calculated the p-value via multiscale bootstrap
resampling. Various classifications using different methods and
distance matrices were developed, and finally the most significant
clustering with the highest p-value was chosen.

A simple linear regression analysis was also used to compare cyst
distribution in the BNL with the vegetative cell distribution of known
cyst-producing dinoflagellates in the above water column, using the
Microsoft Excel (2010) software. The regression coefficient (R?) has
been plotted as a measure of the significance of the regression analysis.

3.4 Dinoflagellate cyst taxa identification,
nomenclature and excystment experiments

Dinoflagellate cyst identification and nomenclature followed:
Zonneveld and Pospelova (2015); Gurdebeke et al. (2019); Mertens
etal. (2020) and van Nieuwenhove et al. (2020). All dinoflagellate cyst
taxa identified in this study are shown in Table 2, where they have
been grouped according to the nutrition strategy of the motile stage:
cysts produced by heterotrophic dinoflagellates (“heterotrophic cysts”
onwards) and cysts produced by autotrophic dinoflagellates
(“autotrophic cysts” onwards). The latter are probably all photo-
mixotrophs, many of which are obligate phototrophs (Jeong et al.,
2005; Flynn et al, 2019). Since this study dealt with living
dinoflagellate cysts, the motile-stage based name (biological name)
was used preferentially —when the cyst-theca relationship is well
established and the vegetative stage known— always adding “cyst of”
before to indicate that we are referring to the resting stage (cyst).
When the vegetative stage was not clear or unknown, or when more
than one cyst morphotype was related to a single motile species, the
cyst-based name (paleontological name) was used instead.
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TABLE 2 Dinoflagellate cyst taxa identified in this study with their corresponding motile cell names (following Zonneveld and Pospelova, 2015; van

Nieuwenhove et al., 2020; Gu et al., 2021).

Heterotrophic taxa

Cyst name

Motile cell

Autotrophic taxa

Cyst name

Motile cell

Cysts of Archaeperidinium constrictum

Brigantedinium sp.

Archaeperidinium constrictum

Protoperidinium sp.

Alex-type
Cysts of Gymnodinium catenatum

Cysts of Gymnodinium microreticulatum

Unknown

Gymnodinium catenatum

Brigantedinium cariacoense P. avellana (<30 mim diameter) Gymnodinium microreticulatum
Cysts of Gymnodinium
lleri/mi ticulat G dini
Diplopsalis-type Diplopsalid group nolleri/microreticulatum rymnodinium

(30-40 mm diameter, according
to Amorim et al., 2002)

nolleri/microreticulatum

Dubridinium caperatum

Dubridinium sp.

Echinidinium granulatum/delicatum*

Echinidinium transparantum/zonneveldiae

Preperidinium meunieri
Unknown

Unknown (probably
Protoperidinoid group)

Unknown (probably
Protoperidinoid group)

Impaginidium sp.

Impaginidium aculeatum*

Lingulodinium machaerophorum

Operculodinium centrocarpum

Probably Gonyaulax sp.

Unknown

Lingulodinium polyedra

Protoceratium reticulatum

Islandinium minutum

Islandinium minutum

Cysts of Scrippsiella cf. trochoidea

Scrippsiella cf. trochoidea

Cysts of Lejeunecysta oliva*
Cysts of cf. Lejeunecysta sabrina

Cysts of Polykrikos kofoidii

Probably Proptoperidinium sp.

Probably Proptoperidinium sp.

Polykrikos kofoidii

Spiniferites sp.
Spiniferites bentorii

Spiniferites delicatus/ristingensis*

Gonyaulax sp.
Gonyaulax nezaniae

Gonyaulax sp./portimonensis

Cysts of Protoperidinium americanum

Protoperidinium americanum

Spiniferites membranaceus

Gonyaulax membranacea

Cysts of Protoperidinium monospinum

Cysts of Protoperidinium stellatum*

Protoperidinium monospinum

Protoperidinium stellatum

Spiniferites mirabilis/hyperacanthus

Spiniferites cf. ramosus

Gonyaulax spinifera group/
G. whaseongensis

Gonyaulax cf. spinifera

Quinquecuspis concreta

Protoperidinium leonis

Thoracosphaera sp.

cf. Thoracosphaera sp.

Selenopemphix nephroides

Protoperidinium subinerme

Selenopemphix quanta

Trinovantedinium applanatum

Unidentifiable (brown) peridinoid cysts

Protoperidinium conicum
Protoperidinium shangaiense

Probably
Protoperidinium sp.

Unidentifiable RBC

Protoperidinoid?
(round brown cysts) rotopendmon
Unidentifiable SBC
n'1 entihable Protoperidinoid?
(spiny brown cysts)
SBC-type 1 Unknown
Votadinium cf. concavum/rhomboideum (sensu Unidentified

Gurdebeke et al., 2019)

Votadinium calvum (sensu Gurdebeke et al., 2019)

Protoperidinium latidorsale

Votadinium sp.

Protoperidinium sp.

Xandarodinium xanthum

Protoperidinium divaricatum

Taxa with an asterisk (*) were detected only in sediments. The underlined taxa correspond to cysts with a calcareous wall (Alex-type is included since it is likely to correspond to the organic inner
membrane of taxa with calcareous cysts, whose external (calcareus) wall may have been lost after treatment with SPT, see: Amorim, 2001).
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Cyst incubation experiments started in January 2020 and lasted
until March 2020. Single full cysts were isolated by micropipette
under the inverted light microscope (Olympus IX70) and washed in
filtered sterilized seawater from the sampling site, before being
transferred to 4-well culture plates (Nunclon—TM Delta surface,
Thermo Scientific cat n® 176740), each with 1 ml of the same
seawater. Cysts were incubated at 19°C under a 12:12h light/dark
cycle at a photon flux density of 100 umol photons m™> s
(Anderson, 1980; Montresor and Marino, 1996; Amorim et al.,

2002). Cysts were checked daily for germination.

3.5 Lagrangian model

In order to understand the oceanographic conditions associated
with the period of the fieldwork reported in this study, a numerical
modelling configuration was used. We used an implementation of
CROCO (V1.0) numerical model of the circulation in the region,
forced by realistic winds and heat fluxes, based on configurations
similar to the ones reported and validated by Cordeiro et al. (2021).
The outputs were hydrographic fields (temperature, salinity and
density), and currents (u, zonal, and v, meridional current), with a
horizontal resolution of about 500 m, saved every 2 hours. Those
outputs were used to set up a Lagrangian framework using ROFF
(Carr et al,, 2008) in a similar way to Nolasco et al. (2018), consisting
of particles along the main section of observations, at the time of the
measurements reported (14™ and 19" September) from the coastal
station (#1, ~15 m depth) to the offshore one (#10, ~150m depth).
The particles were initially located near the bottom at different
depths: 1, 5 and 10 meters above the bottom (mab) and were
tracked backwards in time to assess their origin in the previous 10
days. Buoyancy effects were not considered in this study assuming
that the cysts were neutral. Although sinking of the cysts was
modelled and thoroughly discussed at the global scale (Nooteboom
etal, 2019), we were interested in modelling the origin of the cysts at
the spatial scale of the continental shelf and time scale of one week.

4 Results

4.1 Water column environmental
properties and bottom nepheloid layer
during cyst sampling

During the sampling campaign (14™-19"™ of September 2019),
the study area was still influenced by upwelling, as reflected by the
occurrence of colder waters with higher Chl-a concentrations
(enhanced primary productivity) near the coast (Figures 2A, B).
The CTD profiles represented a transition from upwelling to
relaxation conditions (Figures 3A, B). On 14t September 2019,
minimum temperatures and a zone of divergence near the coast
(~5 km to the coastline) were observed (transect 1, Figure 3A). In
contrast, five days later (19t September 2019) warmer waters from
the slope expanded, spread throughout the shelf and reached the
coast (transect 2, Figure 3B). In both transects a well-defined
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thermocline was observed. The thermocline varied with depth due
to the internal wave propagation. The SSC data collected during the
cruise showed low concentration values (<2.0 mg/l). The BNL mainly
developed over the outer shelf muddy deposits (IH- Chart SED 2),
reaching 20-30 m in height. On 19" of September it intensified at
increased depths (Figure 3B). In the outer shelf, the fixed CTD station
(#7) showed a similar oceanographic regime, with a well-developed
thermocline at a depth that shifted throughout the observation
periods in days 16™ (~8h, 31 CTD stations) and 18™ of September
(~5h, 15 CTD stations). Vertical displacements of the thermocline of
about 20-30 m of magnitude were particularly relevant (see the 0.5
mg/l isoline in the SSC profile), and were associated with the passage
of internal waves (Figure 4).

4.2 Dinoflagellate cyst records

4.2.1 Notes on cyst identification

Alex-type refers to spherical cysts with relatively thick walls and
no processes, always bearing cell contents and a red to yellowish
accumulation body. They resembled some resting cysts of
Alexandrium minutum and other Alexandrium species (Bolch
et al., 1991; Bravo et al., 2006). These cysts were in general more
abundant in sediments than in water samples. As the use of sodium
polytungstate can decalcify cysts with calcareous walls (Bolch, 1997;
Amorim, 2001), some Alex-type cysts found in sediments (e.g.,
Image 20, Plate 1) could actually correspond to calcareous cysts that
had lost their mineral outer wall. Therefore, calcareous cysts could
be underrepresented in the sediment samples analyzed in this study.

Round brown cysts that differed from cysts of Brigantedinium spp.
(cysts of Protoperidinium spp.) in being generally smaller in diameter
(<30 um) and lighter in color (e.g., images 1 and 2, Plate 1) and not
showing archeopyle were included in the group of RBC (Table 2). They
also differed from cysts of Dubridinium spp. (cysts of Diplopsalioideae)
(e.g., Image 3, Plate 1) in being thinner-walled and not dorso-ventrally
compressed (Mudie et al., 2017). Some RBC showed an elongated,
split-like archeopyle and were therefore classified as Diplopsalis-type
(Image, Plate 1). These cysts were added to the RBC group for graphical
representation and statistical analyses.

The group of SBC (Table 2) generally included unidentifiable small
spiny brown cysts. These cysts were generally small and the process
shape and tip, which are key for the cyst species identification (see Radi
et al, 2013), were difficult to observe in detail because they often
appeared broken or attached to organic detritus. A few of these SBC
could be identified and photographed, as is the case of Protoperidinium
monospinum (Images 10 and 11, Plate 1), which was abundant in some
BNL samples. Other cysts that could not be identified and quantified in
all samples and therefore were added to the SBC group for graphical
representation and statistical purposes were: cysts of Archaeperidinium
constrictum (images 8 and 9, Plate 1), Islandinium minutum (no images
shown), Echinidinium transparantum/zonneveldiae (images 15 and 16,
Plate 1), Echinidinium granulatum/delicatum (found only in sediments,
no images shown) and SBC-type 1 (images 13-14, Plate 1). SBC-type 1
is a small cyst (~15 um), pale brown and with short (<3.5 pm)
processes. It closely resembled Islandinium brevispinosum (Pospelova
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and Head, 2002) in having short, solid and numerous processes.
However, it differed from I brevispinosum in that the processes were
less densely arranged and the wall was apparently granulated.

4.2.2 Dinoflagellate cyst distribution in the BNL

A total of 30 dinoflagellate cyst types were identified in the BNL
samples, excluding the unidentifiable round brown cysts (RBC),
spiny brown cysts (SBC), and other non-identified species (Table 2).
Most were organic-walled, although calcareous cysts consistently
occurred (at low abundances). Considering both samples from the
land-sea transects (Figure 5) and temporal series (Figure 6), the
most abundant calcareous cyst type was Scrippsiella cf. trochoidea
(Image 19, Plate 1) with percentages ranging 0-6.2% of the total
dinoflagellate cyst sum. Among all cysts, the most abundant type
was heterotrophic spiny brown cysts (SBC), with percentages
ranging 10.4-93.3% of the total cyst sum, except in sample
collected on 14™ of September at station #1, where no SBC were
observed (Figure 5). In this sample, abundances of cysts of
Protoperidinium conicum (19.7%) and Votadinium spp. (12.4%)

10.3389/fmars.2023.1270343

increased. Other abundant cyst taxa in the BNL off Figueira da Foz
were Brigantedinium sp. (0-6.1%), cysts of Protoperidinium
subinerme (0-15.9%), Dubridinium sp. (0-51.8%) and round
brown cysts or RBC, which included Diplopsalis-type (2.1-37%),
all heterotrophic taxa. Among autotrophic taxa, the most abundant
cysts along the land-sea transects (Figure 5) were Spiniferites cf.
ramosus (0-32.2%) (Image 17, Plate 1) and cysts of Protoceratium
reticulatum (0.4-18.9%) (Image 18, Plate 1). In the time-series
records studied at station #7, the presence of empty cysts of
Gymnodinim spp. (0-5.6%) was also notable (Figure 6).

The spatial distribution of dinoflagellate cyst assemblages in the
BNL along the two transects studied (14™ and 19™ September)
generally showed great differences between coastal (<100 m depth
and at<25 km from the coast) and more offshore stations (>100 m
depth and >25 km from the coast) (Figures 5A, B). Total cyst
concentrations generally ranged 37-137 cysts/l, but they notably
decreased in offshore stations #7, #9 and #10 (3-26 cysts/l). The
highest values (115-137 cysts/l) were recorded at stations #3 and #5
(Figure 5B), at ~50 and ~80 m depth respectively (Figure 1C). Full
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cysts generally dominated cyst assemblages, showing >50% of the
total cyst sum in most samples (Figure 5A). Empty cysts increased
in samples collected on 19" of September at stations #2 (52.1%) and
#3 (67.1%). Heterotrophic cysts represented >80% of the total cyst
sum in most samples, except for those collected on the 14™ of
September at offshore sites (stations #7, #9 and #10), where
autotrophic cysts increased (42-60%). Here, both percentages and
concentrations of full cysts of S. cf. ramosus (Image 17, Plate 1)
notably increased (Figure 5B). From the 14" to the 19™ of
September, concentrations (and percentages) of most taxa
generally decreased in all stations, except for cysts of P.
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reticulatum and SBC, whose concentrations increased over time,
notably at inshore stations. Concentrations of SBC peaked on the
19 of September at stations #3 (108 cysts/l) and #5 (115 cysts/l),
and cysts of P. reticulatum in 2# (11 cysts/l) (Figure 5B).
Temporal variation of cyst records in the BNL on the 16™
(between 12:14 and 16:57 hours) and 18™ of September (between
8:41 and 13:16 h) at station #7 is shown in Figure 6. Total cyst
concentrations varied between 8 and 55 cysts/l. The highest values
(54-55 cysts/l) were recorded on the 18" of September, in samples
F2-9 and F2-10, collected at 12:13 h and 12:36 h, respectively
(Figure 6B). After this, cyst concentrations in the BNL decreased
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(samples F2-11 and F-12), coinciding with a lowering of the
thermocline recorded at ~12:45 h (Figure 4B). Full cysts
represented >85% in the cyst samples obtained on the 16™
(Figure 6A); these proportions decreased (48-77%) on the 18"
(Figure 6B). Proportions of empty cysts increased with depth on day
16" (they are higher in the lower than in the upper BNL) and over
time on the 18", reaching the highest value (52.5%) in the last
sample (F2-12) collected at 13:16 h. During both days, cyst records
were dominated by heterotrophic cysts (86-98%), SBC being the
dominant cyst type (40.9-93.3%). RBC was also abundant in time-

14"of September

10.3389/fmars.2023.1270343

series cyst records (4.7-37.6%). On the 18™, proportions and
concentrations of empty SBC and RBC increased substantially.
Regarding Gymnodinium spp. (which included G. catenatum and
a few cysts of G. cf. microreticulatum), most cysts were empty (0-
4.1%) (Figures 6A, B).

4.2.3 Dinoflagellate cyst distribution above
the BNL

Mean concentrations per depth level of total dinoflagellate cysts,
small spiny brown cysts (SBC) and cysts of Protoceratium
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Vertical and horizontal distributions of mean total cysts concentrations (A), small spiny brown cysts (B) and cysts (C) and cells (D) of Protoceratium
reticulatum (Moita et al,, 2022) along the two land-sea transects sampled on 14" and 19" September 2019 off Figueira da Foz.
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reticulatum are shown in Figures 7A-C. Other cyst taxa identified
(but not quantified in all water samples above the BNL) were:
Scrippsiella sp., Diplopsalis-type, cysts of Protoperidinium conicum
and cysts of Lingulodinium polyedra. Total mean cyst
concentrations were very variable according to depth and distance
to the coast. They ranged between 0 and 140 cysts/] on the 14™ of
September, and increased on the 19", with values ranging between
0 and 800 cysts/l (Figure 7A). All the observed cysts had cell
contents and were generally distributed above the base of the
pycnocline, i.e., ~40-50 m depth (Figures 3, 7). Likewise in the
BNL, small spiny brown cysts (SBC) were generally the most
abundant cysts. SBC were already abundant (<140 cysts/l) on the
14™ of September at ~30 m depth, in mid-depth stations (stations
#3 and #5). On the 19% of September, SBC concentrations increased
(<800 cysts/l) at greater depths (~50 m depth) in more offshore
stations (Figure 7B). The cyst distribution of P. reticulatum was very
different from that of SBC, with lower concentrations (<60 cysts/l)
and showing a distribution center in more surficial waters
(Figure 7C). On 14™ of September,<20 cysts/l were recorded in
offshore stations. Mean concentrations increased on 19" of
September at the surface in more coastal stations (Figure 7C).
Spatial and temporal mismatches between the distribution of
cysts (Figure 7C) and planktonic stages (Figure 7D) of P.
reticulatum could be observed. On the 14", cysts of P.
reticulatum were found more offshore than the cell distribution
center. Moreover, cyst concentrations increased over time; reaching
the highest concentrations on the 19™ of September in mid-depth
stations (Figure 7C). In contrast, on the 19" the cell bloom was
already decreasing and getting patchier, with the highest cell
concentrations observed in the 2nd inner shore station and 30

10.3389/fmars.2023.1270343

km offshore (Figure 7D). The bloom never exceeded 200 cells/l at
the innermost station.

4.2.4 Sediment trap cyst record

The sediment trap recorded the vertical cyst rain from the 7% to
the 19™ of September at ~90 m depth at station #7 (Figure 2).
Empty (48.3%) and full (51.7%) cysts occurred in almost equal
proportion (Figure 8). Total cyst flux was 38,897 cysts/m*/day. As in
water samples, heterotrophic cysts were dominant (79.4%) and SBC
was the most abundant cyst type (72.8% of the total cyst sum).
Among autotrophic cysts, cysts of Protoceratium reticulatum were
the most abundant type (16.2% of the total cyst assemblage). This
cyst record was similar to that obtained in the BNL on the 19™ of
September in the same station (sample T2-7) (Figure 5). In this
sample, a similar empty/full ratio (46.2%/53.8%) was recorded, as
well as relatively high proportions of heterotrophic cysts (91.1%),
SBC (76.1%) and cysts of the autotrophic P. reticulatum (5.6%)
(Figure 5). On the other hand, in the sediment trap cyst diversity
(especially of autotrophic taxa) was higher than in sample T2-7. In
the sediment trap, higher cyst abundances of clear cysts —such as
cysts of Spiniferites spp., Scrippsiella cf. trochoidea and P.
reticulatum— were recorded, as well as the occurrence of
Lingulodinium polyedra, that was absent from T2-7 record.

4.2.5 Dinoflagellate cyst distribution in
surface sediments

A total of 35 dinoflagellate cyst types were identified in
sediments, excluding the unidentifiable round brown cysts (RBC),
spiny brown cysts (SBC), and other non-identified species (Table 2).
In contrast to BNL samples, autotrophic cysts (36.5-78.4%) were
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dominant in cyst records from sediments; except for samples B65
and B2 where autotrophic cysts were<50% of the total cyst sum
(Figure 9). Heterotrophic cyst proportions increased (63.5%), south
of Cape Mondego, in the shallowest station at the Mondego River’s
mouth, sample B2 (Figure 1B); however, in this sample, only 52
cysts were counted. Along the land-sea transect, cyst concentrations
in surface sediments ranged between 3 and 2002 cysts/g, drastically
decreasing inshore (<10 cysts/g). This contrasts to cyst distribution
in the BNL, where concentrations were substantially higher in
shallow stations (<100 m depth) and decreased offshore
(Figure 5). Another difference with water samples was that in
sediments, cyst records were dominated by empty cysts (>63.5%).
The most abundant cyst taxa in surface sediments (by decreasing
order of maximum percentages) were: cysts of Gymnodinium
catenatum, cysts of Protoceratium reticulatum, Brigantedinium sp.
and Dubridinium spp. Cyst concentrations notably increased in
sample B3, where cysts of G. catenatum were the most abundant
type (1180 cysts/g). In addition to concentrations, one can also
observe outstanding differences between the cyst records of samples
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B1, B3 and B83, samples that were tentatively collected in the same
location as station #7 (although at different times) (Figure 1B;
Table 1). Percentages of G. catenatum were much higher in samples
Bl and B3 (collected in September 2019) than in sample B83
(March 2019). Moreover, sample B3 showed much lower
percentages of cysts of P. reticulatum than samples Bl and
B83 (Figure 9).

4.2.6 Clustering and cyst record comparison
Cluster analysis grouped the samples (from the BNL, sediment
trap and sediments) according to their similarities in dinoflagellate
cyst composition (Figure 10). Samples collected in the BNL on the
14" of September at the most offshore stations (>100 m depth) and
those from the most inshore sites (<30 m depth) significantly
differed from those obtained the same day at mid-depths, all
samples collected on 19" of September and the sediment trap
cyst record. Offshore samples collected on the 14™ (T1-7, T1-9 and
T1-10, blue circles in Figure 10) were similar to sediment cyst
records (blue squares, Figure 10), while inshore samples (T1-1, S1
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FIGURE 10

Cluster analysis performed on square-root transformed percentage dinoflagellate cyst data of samples collected in the BNL on 14™" (A) and 19" (B)
of September 2019, sediment trap and surface sediments along the land-sea transect off Figueira da Foz. The resulting dendrogram showing the
classification of samples and p-values is presented on the right. Samples (labelled as in Table 1) were grouped in 5 main clusters (different colors)

according to differences in cyst composition (and clusters’ significance)

and S2, yellow circles in Figure 10) were more similar to the
sediment cyst record obtained in the harbor area at the Mondego
River’s mouth (yellow square in Figure 10). Note that in this sample
only 52 cysts were counted, as it was constituted by coarse
sediments poor in organic content; therefore, the similarities
detected by clustering should be analyzed with caution. The other
BNL samples were similar to the sediment trap cyst record (in pink,
Figure 10) and substantially differed from sediment cyst records.
In accordance with clustering results, the autotrophic cysts of
Gymnodinium catenatum and Lingulodinium polyedra were
especially abundant in sediments (6.3-58.9% and 0-18.4%
respectively), while in BNL and sediment trap samples these taxa
were scarce (0-1.3% and 0-0.8%, respectively). Some cysts were
found in sediments but not retrieved from water samples:
Echinidinium granulatum/delicatum, cysts of Lejeunecysta oliva,
cysts of Protoperidinium stellatum, Impaginidium aculeatum and
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Spiniferites delicatus/ristingensis (with an asterisk in Table 2). The
BNL samples T1-7, T1-9 and T1-10 (offshore stations sampled on
the 14™ of September) were more similar to sediment cyst records
than to other BNL because they had greater abundances of
autotrophic taxa mainly: cysts of Lingulodinium polyedra,
Protoceratium reticulatum and Spiniferites spp. Moreover, the
abundances of SBC were significantly lower than in other BNL
samples. On the other hand, samples T1-1, S1, S2 and B2 (inshore
stations sampled on the 14™ of September) had in common
relatively high percentages of Brigantedinium spp., Dubridinium
spp. and cysts of Protoperidinium conicum, and low proportions of
SBC, if compared with other BNL samples (Figures 5, 9).

4.2.7 Excystment experiments

A total of 63 cysts with apparently viable cell contents from the
BNL were isolated and incubated for excystment in the laboratory.
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TABLE 3 Summary of the results obtained from isolation and germination experiments.

. Number of N (humber of S . S
Cyst types that excysted in . ( : Germination time/Mean germination
isolated germinated .

the laboratory time (days)

cysts cysts)
Alex-type 2 1 6
Protoceratium reticulatum 5 3 5.6 3-7
Clear round cyst 8 3 20.3 6-29
RBC 18 4 12.5 1-40
Scripsiella cf. trochoidea 1 1 3
Small mucous cyst 1 1 14
SBC (P. monospinum included) 25 6 8.5 4-19
Spiniferites cf. ramosus 3 0 -

63 19
Total Total
isolated cysts germinated cysts

Of these, 17 cysts (27%) were observed to germinate in the
laboratory (Table 3). Initially, the purpose of these experiments
was to identify by single-cell PCR the cysts with unknown affinity;
however, these experiments were unsuccessful. Despite this, cyst
incubations helped in assessing the viability of full cysts and
determining the germination times of various cyst types. Given
the time that mediated between sample collection and isolation, all
cysts were already at least 4 months old. Isolated taxa included:
Alex-type, unknown spiny brown cysts (SBC), round brown cysts
(RBC), clear round cysts, small mucous cysts, cysts of
Protoperidinium monospinum, Scripsiella cf. trochoidea,
Spiniferites cf. ramosus and cysts of P. reticulatum. The mean
germination times under the selected incubation conditions are
shown in Table 3. In the case of SBC, germination times varied
between 4 and 19 days. Among them, one cyst could be identified as
P. monospinum and took 5 days to germinate. In the case of RBC,
germination times were very variable (1-40 days) suggesting
differences in maturation and germination physiology of the
different species.

4.3 Modelled cyst trajectories in the BNL

The Lagrangian particle-tracking model simulated the cyst
trajectories 5 and 10 days before reaching the land-sea transects
sampled on the 14™ and 19" of September (Figures 11A-F). Results
predicted a different behavior of particles between inshore (<100 m)
and oftshore (>100 m) sites. At coastal stations, the origin of the
cysts recorded at the Figueira da Foz transect is located to the north,
indicating equatorward transport associated with the upwelling jet
induced by northerly winds in the previous days. In contrast, at
offshore stations, cysts were advected from the south, possibly
associated with the Iberian poleward current of the outer shelf
and upper slope. Moreover, the model predicted an intensification
of alongshore equatorward velocities for the cysts located near the
coast (Figures 11A, D). Alongshore transport was observed to
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decrease over time, reaching minimal values between days 14™
and 19" when reconstructed cyst trajectories were the shortest (red
and black symbols in Figures 11D, F). This agrees with the presence
of a maximum of northerly (upwelling favorable) winds observed
on days 11th-12th of September, the wind weakening from the
12th-16th and the calm conditions until the 19th September
(Figure 2). The model also predicted that vertical cyst transport
was low overall, being mostly restricted to the BNL (Figures 11B, E).
This vertical contribution was more intense at offshore sites than
inshore. The particles coming from the north were observed to be
advected in the BNL in the presence of an inshore transport to the
left of the equatorward jet according to the bottom Ekman
dynamics, while the deeper particles (depth >100m) were slowly
advected polewards from the south.

5 Discussion
5.1 Origin of dinoflagellate cysts in the BNL

Large abundances of full cysts observed in the BNL (Figures 5,
7) suggested that the main cyst source had a recent origin. This is
supported by clustering since most cyst records were statistically
similar to the sediment trap and very different to the sediment cyst
records (Figure 10). Samples collected on 14™ of September in the
deeper stations (>100 m depth), i.e. samples T1-7, T1-9 and T1-10,
were more similar to samples from the underlying sediments
(Figure 10), which indicated significant local resuspension
affecting the BNL cyst records. Moreover, the cyst records from
the shallower stations (<30 m) sampled on the 14 of September,
i.e. samples S1, S2 and T1-1, were grouped with the sample collected
at the Mondego River’s mouth (B2), which could suggest the
influence of fluvial sediments. Surface sediments in the study area
showed an increasing grain-size trend towards the coast, with
coarser sands near the Mondego’s River mouth (Garcia-Moreiras
etal.,, 2021). This is coherent with the proximity of these stations to
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the river mouth. However, considering that a very low cyst count
(52 cysts) was obtained in this sample (B2), these results must be
considered with caution.

Samples Bl and B3 resulted significantly different from other
sediment samples, in terms of cyst composition (Figures 10, 11).
Although samples B1 and B3 were obtained approximately at the
same location as B83, this is not surprising, since the latter was
collected 6 months before, in March 2019, and the other two
samples in September 2019. These differences in cyst composition
detected by clustering indicate that intra-annual variability in cyst
production leaves an imprint in surface sediments (Figure 10).

The remaining cyst records in the BNL (samples T1-2 and T1-3
collected on the 14™ September, and all the samples collected on the
19%) were very different from sediment records (Figure 10). This
could be due to the occurrence of little sediment resuspension and
to a stronger contribution from the cyst rain, that would make these
BNL assemblages differ from those in bottom sediments. In general,
our results indicate that the predominant physical (hydrodynamics
regime) and biological (encystment and excystment) processes
affecting cyst composition of the BNL changed relatively quickly,
i.e,, in only 5 days (Figure 10). A decrease in sediment resuspension
over time would be consistent with changes in hydrodynamics
(reduced turbulence) related to the upwelling relaxation (Ferreira
Cordeiro et al., 2018).
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The similarities observed between the BNL samples collected on
14" September at stations #2 and #3, all BNL samples obtained on
19" September and the sediment trap cyst record (Figure 10)
supported that most cysts were closely related to the recent
production in the water column (cyst rain). In particular, the
sediment trap record (Figure 8) was rather similar to sample T2-
7. For instance, both have similar heterotrophic/autotrophic cyst
ratios (21%/79% in sediment trap and 9%/91% in sample T2-7) and
empty/full cyst ratios (48%/52% and 46%/54%, respectively), as well
as similar SBC percentages (~70% in both samples) (Figures 5, 9).
Given the position of the sediment trap (-90 m), i.e., very close to
the sampling point of T2-7 (-110 m), it could be possible that its cyst
record was influenced by the BNL cyst content through upward
vertical transport. However, the occurrence of stratified waters
(Figure 4B), which agreed with little vertical contribution of
particles near the bottom, as predicted by modelling results
(Figures 11B, E), would have not favored upward vertical motions
in the water column.

Consistent with the fact that little resuspension of bottom cysts
might have affected the water-column cyst distribution off Figueira
da Foz are the results recently obtained by Villacieros-Robineau
et al. (2019) in a similar area further north from our study site, on
the NW Iberian continental shelf. They detected little resuspension
of the bottom sediments during the upwelling season on the inner
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shelf. During this season the nepheloid layers were thinner and
mainly composed of biogenic particles if compared to the
downwelling season. Higher levels of bottom shear stress that
caused strong resuspension of bottom material and thicker BNL
occurred mainly during the downwelling season, due to higher
storminess and more intense currents.

Further evidence supporting that a great part of the cysts in the
BNL off Figueira da Foz come from recent encystment is that the
spatial distribution pattern of cysts of Protoceratium reticulatum in
the BNL along the transect was consistent with the distribution of
motile stages in more surficial waters. The highest cyst concentrations
generally coincided in space with peaks in cell abundances, i.e. at
mid-depths on the 14™ and at shallower sites on the 19" September
(Figure 12A). Cyst concentrations in the BNL positively correlated
with cell concentrations along the two land-sea transects

10.3389/fmars.2023.1270343

(Figure 12B), indicating that these cysts in the BNL came from
recent formation in the bloom that was developing in surface waters.

But what was the origin of empty cysts found in the BNL? Empty
cysts could come from resuspension of older material or in situ
germination. Previous studies indicated that particle distribution
within the water column, and therefore the BNL structure, can be
affected by the variability of internal waves and thermal stratification
through local sediment resuspension (e.g., Oliveira et al., 2002;
Thomsen et al.,, 2002; Gardner et al., 2018; Oliveira et al., 2019;
Oliveira et al,, 2023). New data obtained off Figueira da Foz could
help in understanding how these mechanisms affect the composition
and distribution of particles in the BNL. In the short temporal records
of days 16 and 18, some variability on the recorded cyst assemblages
in the BNL was observed with time (Figures 6A, B). This variability
may be partially explained by cyst production in the upper water
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Distribution of cells of the toxic species Protoceratium reticulatum above the BNL (top bar diagram), and its cysts in the BNL (A) and the underlying
sediments (B) along transects sampled on 14" (left) and 19" (right) of September 2019. Sampling stations along the horizontal axis were ordinated
according to a land-sea gradient (right to left). Linear regressions of cell concentrations above the BNL vs. cyst concentrations in the BNL (C),

including the stations where both cyst and cell data were available. Plate

1 Microphotographs of selected dinoflagellate cysts from water samples

(benthic nepheloid layer) collected off Figueira da Foz (NW Portugal): 1) empty Diplopsalis-type showing an elongated archeopyle, sample F2-12; 2)
unidentified RBC with cell contents, sample F2-0; 3) full cyst of Preperidinium meunieri (Dubridinium caperatum), sample F1-2 UP; 4) empty cyst of
Lejeunecysta sabrina, sample F1-2 LOW; 5) full cyst of Votadinium cf. rhomboideum, sample S2; 6) full cyst of Protoperidinium latidorsale
(Votadinium calvum), sample S2; 7) empty cyst of Protoperidinium shangaiense (Trinovantedinium applanatum); 8-9) full cyst of Archaeperidinium
constrictum, sample F2-7; 10-11) empty cyst of Protoperidinium monospinum, sample F2-3; 12) full cyst of P. conicum (Selenopemphix quanta),
sample S2; 13-14) unidentified empty SBC with short and solid spines, sample F2-7; 15-16) empty Echinidinium transparantum/zonneveldiae, sample
F2-12; 17) full Spiniferites cf. ramosus, sample F2-9; 18) empty cyst of Protoceratium reticulatum, sample F2-7; 19) cyst of Scripssiella cf. trochoidea,

sample F1-2; 20) full Alex-type, sample S2.
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column, but other factors such as lateral transport could also
contribute, bringing cysts from other areas to the sampling site.
Regarding concentrations, notable changes were observed in a very
short time, for example, the increase in SBC from 4 cysts/1 to 49 cysts/
lin just over 2 hours on day 16 (Figure 6A). It is possible that these
differences in concentrations between these samples were due to the
high variability of particle density within the BNL over time on the
16" September as shown in Figure 4. On the other hand, proportions
of empty cysts varied between ~6% and 70% within all BNL samples
(Figures 5, 6). They increased in samples collected on the 19
September in coastal stations T2-2 (~52%) and T2-3 (~67%)
(Figure 5). In the fixed station #7, proportions of empty cysts
increased in the lower layers of the BNL on the 16™ of September
(Figure 6A), and on the 18" over time, reaching the highest
proportions (~52%) in the last sample (F2-12) collected at 13:16
h (Figure 6B).

The instrumented mooring deployed at station #7 and operated
between 7 and 19™ September, allowed high-temporal resolution
records of temperature and acoustic backscattering intensity (used as
a proxy for suspended particle concentration) in the first 100 m of the
water column (Santos et al., 2022). These data indicated a relevant
thermocline fluctuation around 12:45 h on the 18™ September,
representing the occurrence of an internal wave event (see Figure 2
in Santos et al, 2022). Despite the CTD record having a lower
resolution than the ADCP, the CTD also recorded a slight but
appreciable fluctuation in the thermocline at ~12:45 h of the same
day (see Figure 4B, top diagram). According to the high-resolution
ADCP data, the fluctuation recorded in the CTD probably does not
reflect the maximum expression of the internal wave. The passage of
the internal wave at 12:45 h coincided with an appreciable fluctuation
in the BNL dinoflagellate cyst assemblage, i.e., a decrease in total cyst
concentrations and an increase in the proportion of empty cysts
(Figure 6B). Although the small number of samples does not allow us
to confirm the relationship between these two events, this coincidence
is very interesting from the point of view of the dynamics of the
particles in the BNL. Further studies are needed to confirm this
relationship. These should include recording cyst assemblages in the
BNL during the passage of several internal waves and encompassing
periods without internal wave activity. This would allow a
quantitative approach and reaching more solid conclusions.

Our cyst record may be too short to establish a robust
relationship between internal waves and cyst events; however, it
already suggests that the study of dinoflagellate cyst assemblages
may be very useful to understand the effects of internal waves on BNL
dynamics. Moreover, new data lead us to raise the hypothesis that the
passage of an internal wave could have effects on the distribution of
cysts in the BNL, causing some dispersion of the BNL and local
resuspension of sediments. The first fact would explain the observed
decrease in cyst concentrations, and the second, the increase in empty
cyst proportions (Figure 6B). Nevertheless, future work including
longer time-series of cyst records in the BNL, encompassing more
passages of internal waves of higher amplitude (and other physical
fluctuations) at higher time resolution, would be needed to verify that
internal waves do indeed influence cyst bed dynamics and contribute
to the benthic-pelagic coupling of distinct life cycle stages in cyst-
producing dinoflagellates.
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In addition to sediment resuspension, cyst hatching in the water
column could also explain part of the observed empty cysts in the
BNL, such as those of P. reticulatum and SBC that increased over
time (Figure 6). These taxa were proliferating in surficial waters and
new cysts were being produced in the water column (Figure 7).
Empty cysts of these types were very scarce in the sediments, thus
the origin of these cysts in the BNL was likely not local sediment
resuspension. Some observations on excystment dynamics
performed on the field by using sediment traps have shown that
some cysts, particularly heterotrophic species that included cysts of
Protoperidinium spp. can hatch rapidly after being produced within
the water column, before reaching deep waters (Price and
Pospelova, 2011; Zonneveld et al., 2021; Zonneveld et al., 2022).
From our observations, we cannot be sure how old the cysts found
in the BNL were, but they were maintained in suspension in the
BNL for at least 5-10 days (Figures 10, 11). Therefore, the
hypothesis that some empty cysts found in the BNL came from
hatching cannot be neglected.

However, it has been observed in the laboratory that most
dinoflagellate cysts cannot hatch before finishing a mandatory
dormancy period which varies from a few days to several months,
depending on the species (Anderson, 1980; Blanco, 1990; Bravo and
Anderson, 1994; Amorim et al., 2002; Figueroa and Bravo, 2005;
Figueroa et al., 2008). The excystment experiments performed with
cysts isolated from the BNL, showed that some cysts of P.
reticulatum and SBC could germinate in only 3-7 days once they
were transferred to higher temperature and light. This suggests cysts
had already gone through the mandatory dormancy period before
being isolated. The mandatory dormancy period could be much
longer, if we consider that these cysts had been stored for several
months before being isolated in the laboratory. Salgado et al. (2017)
estimated a mandatory maturation period of ~4 months for the
species Protoceratium reticulatum. According to this, the
probability that empty cysts of P. reticulatum found in the BNL
off Figueira da Foz came from the hatching of cysts recently formed
in the water column is very low.

Another possible explanation for the rise in relative abundances
of empty vs. full cysts in the BNL over time (Figures 5, 6) could be
the high decay resistance nature of many cyst walls that would also
promote the build-up of the empty cyst fraction. Finally, the
contribution of allochthonous empty cysts that could have been
resuspended in other places and laterally transported to the BNL of
the studied transect must also be considered. In fact, as will be
explained in the next section, our results supported that lateral
transport is a relevant factor in explaining the distribution of cysts
in the BNL.

5.2 Lateral transport affecting cyst
distribution in the BNL

The highest cell concentrations of Protoceratium reticulatum
were found on 14™ September. As upwelling relaxed (19"
September), the inshore side of the thermal front moved
coastward (Figure 3), and the bloom of P. reticulatum approached
the coast and became patchier (Figure 7) (Moita et al., 2022). As a
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result of hydrographic changes and cell redistribution, the
distribution of P. reticulatum cysts in the BNL also changed, with
cyst concentrations notably increasing on 19* September at inshore
stations (Figure 5B). Apparent spatial and temporal inconsistencies
in the distributions of cysts and cells of P. reticulatum within the
water column were observed. The highest cell concentrations
(~2100 cells/l) were recorded on 14™ September at mid-depth
stations (#3 and #5) (Figure 7D), while cyst concentrations in the
water column were very low at that moment (Figure 7C). In
contrast, cysts notably increased on the 19™ at inshore stations,
both in the BNL (Figure 5B) and above (Figure 7C), when cell
concentrations in the water column were diminishing (Figure 7D).
This temporary mismatch between the cyst and cell distributions
could be explained because once formed cysts need time to settle
within the water column, as they act as passive particles (Dale, 1976;
Anderson et al., 2005). Moreover, massive encystment can be linked
to bloom termination (Heiskanen, 1993; Brosnahan et al., 2017),
which would explain why cyst concentrations of P. reticulatum
increased as vegetative cell abundances decreased over time in the
water column (Figures 7C, D). This could also be a plausible
explanation for the increase in the concentrations of other cyst
types over time (see total cysts and SBC in Figures 7A, B).
Furthermore, cyst distribution along the two studied transects
could also be explained by the influence of lateral transport, as
discussed in the following paragraphs.

Crosshore and alongshore movements of water masses are
prominent features of coastal upwelling systems that control the
transport, accumulation, and dispersion of planktonic communities
(Escalera et al., 20105 Pitcher et al., 2010). During their downward
trajectory to the seabed, particles are susceptible to lateral advection
(e.g., Freudenthal et al., 2001; Nooteboom et al., 2019; Zonneveld
et al,, 2022). Lateral transport could partially explain the cyst
distributions off Figueira da Foz. On 19" September, the highest
concentrations of SBC and cysts of P. reticulatum in the BNL were
found at more inshore sites (Figure 5B) than in the water column
above, where peaks of these cysts occurred at more offshore sites
(Figures 7B, C). Also, we observed a great increase in SBC
concentrations at deeper waters and in more offshore stations
over time (from 14™ to 19™ September, Figure 7B) that cannot
be explained by vertical sinking alone. These apparent
incongruences between the maxima of cyst abundances along the
vertical of the water column could be due to lateral transport
(Figure 12), which would bring cysts from other areas to the study
site. Moreover, the fact that cyst concentrations in the BNL were
generally much lower (10 times lower in the case of P. reticulatum)
than in the upper water column suggested that cysts were being
produced at the surface where the bloom developed and that
extended latitudinally (Figure 2B). The cysts observed in the
water column along the land-sea transect (Figure 7) could come
from anywhere within the blooming area and been transported to
the sampled sites by horizontal currents. Our results give
strong supporting evidence that encystment of P. reticulatum
and other cyst species was occurring in the water column and
laterally advected.

Lateral transport could also explain the notable differences
observed in the cyst distribution pattern between the water column
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(Figures 5, 7) and the underlying sediments (Figure 9) along the
studied transects. In addition to the differences found in cyst taxa
composition, reflected by clustering (Figure 10), cyst concentrations
in sediments were generally higher at more offshore sites (>20 km
from the coast, Figure 9B) than in the BNL, where the highest cyst
concentrations occurred at more inshore stations (<20 km from the
coast, Figure 5B). However, cyst records in surface sediments and
water samples are, in principle, not comparable. Water samples
reflect the cyst content at the time of sampling (on 14™ or 19"
September) and presumably do not integrate cyst production over
long periods, while the surface sediment sample is the signature of
cysts produced and accumulated over several years in the
sedimentary system (Dale, 1976). According to estimated
sedimentation rates the surface sediment samples off Figueira da
Foz could represent between 2.5 and 20 years of cyst deposition
(Jouanneau et al., 2002; Garcia-Moreiras et al., 2021). In any case, the
distribution of cells and cysts observed in this study (Figure 7) agreed
with the typical spatial distribution of phytoplankton biomass along
the inshore-offshore gradient off the study site during the upwelling
season, which is the period that is assumed to have the greatest
imprint in the sedimentary record (Abrantes and Moita, 1999). Chl-a
and phytoplankton abundances are typically higher close to the coast,
i.e.,<100 m depth (Abrantes and Moita, 1999; Oliveira et al., 2019;
Nunes, 2021) (Figure 2A). The observed spatial mismatch between
the maximum cell abundances in the water column (inshore) and the
cyst accumulation in the sediments (offshore) (Figures 9B, 12A),
supports the relevance of lateral transport on cyst distribution and
accumulation patterns in the seabed. This emphasizes how cyst
distribution in the sediments depends on both life-cycle and
sedimentary dynamics (e.g., Anderson et al., 2005; Kirn et al., 2005;
Bravo et al., 2010; Anderson et al., 2014; Garcia-Moreiras et al., 2021).

The occurrence of lateral transport affecting cyst dynamics in
the BNL off Figueira da Foz was supported by back-track particle
modelling. According to Lagrangian experiments, alongshore
transport (southwards inshore and northwards offshore) notably
affected cyst distributions in deep waters. At inshore stations, where
alongshore transport was intensified, cysts would have been
transported longer distances before reaching the studied transect
(Figures 11A, D). This is consistent with the presence of surface
water currents running parallel to the coast at higher velocities than
offshore, in response to the upwelling event that peaked on
September 11'™"-12 ™ (Nunes, 2021). During the sampling
campaign, as upwelling relaxed (Figures 2, 3) and alongshore
transport decreased (Figure 11), cell abundances of P. reticulatum
approached the coast (Figure 7D) and cyst concentrations in the
BNL increased at inshore stations (Figure 5B). These results can be
explained because wind relaxation reduces cell dispersion,
promoting cell accumulation towards the coast (e.g., Fraga et al,
1988; Moita et al., 2003).

Global models had predicted an important influence of lateral
transport on cyst distributions, and therefore on the local imprint
left by planktonic communities in the sediments; this influence
would be of greater magnitude in deep environments off the shelf
(Nooteboom et al., 2019). Our study suggests that lateral transport
in shelf environments may also be important and cannot be
neglected when interpreting sedimentary records. The existence of
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relevant lateral transport affecting cyst distribution in coastal
environments implies that the sediment cyst records are a
mixture of cysts produced in-situ and ex-situ. This is of relevance
in paleoceanography for the reconstruction of the local
environments from the sediment cyst records (e.g., Zonneveld
and Brummer, 2000). Furthermore, another factor that could be
affecting the sediment imprint of local dinoflagellate populations is
selective degradation. In general, autotrophic cysts are more
resistant to oxidation processes (e.g., Zonneveld and Brummer,
2000; Zonneveld et al., 2008), which could explain why
heterotrophic cysts were generally less abundant in the sediments
than in the water column (Figures 5, 9).

In contrast to the presence of significant alongshore transport,
cyst distribution in the BNL during the studied period must have
been affected by little vertical and across-shore transport
(Figures 11B, C). The occurrence of a maximum divergence zone
near the coast, at ~5-20 km offshore (Nunes, 2021) resulted in two
water masses with different biological and environmental features:
one colder coastal mass with higher primary productivity (Chl-a
concentrations) and another situated more offshore (>100 m depth)
with higher SST and lower primary productivity (Figures 2A, B). This
probably conditioned the spatial distribution of biological
communities, and therefore the cyst distribution in the BNL along
the studied land-sea transect. Especially on 14™ September, the cyst
distribution in the BNL showed a marked land-sea gradient, with cyst
concentrations and heterotrophic taxa markedly decreasing oftshore
(Figure 5). The divergence zone acts as a barrier for Ekman transport
preventing the transport of particles offshore (Estrade et al., 2008),
explaining the higher cyst and cell concentrations recorded inshore in
the water column (Figures 5B, 7), and the great differences found in
cyst assemblages between inshore and offshore sites (Figures 5A, 10).
This is consistent with the little across-shore transport inferred by
back-track particle modelling off Figueira da Foz (Figure 11B).
Upwelling filaments can also promote offshore transport of
particles (Rossi et al., 2013; Zonneveld et al., 2018; Villacieros-
Robineau et al.,, 2019); however, no pronounced filaments affecting
the studied transect were detected before 14™ September, according
to satellite-derived Chl-a data (Figure 2B).

In summary, new multi-proxy data supported that alongshore
transport was the main physical forcing affecting cyst dynamics off
Figueira da Foz during the survey in September 2019, and
corroborated the strong influence of upwelling-downwelling pulses
and local hydrodynamics on biota distribution, in agreement with
previous studies (Bravo et al., 2010; Escalera et al., 2010; Bringue et al.,
2019; Oliveira et al., 2019; Zonneveld et al., 2022).

5.3 The BNL as a reservoir of viable cysts:
implications for understanding
bloom dynamics

This study revealed the occurrence of many full cysts in the BNL
along the land-sea transect studied off Figueira da Foz (Figures 5B, 7).
Eight cyst types were successfully germinated under laboratory
conditions (Table 3), confirming their viability. Although only 27%
of all isolated cysts germinated, these low germination rates can be —
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at least partially— explained because the germination experiments
had to be suspended as a consequence of the Covid-19 lockdown
starting in March 2020. The last check on germination was done on
13" March 2020 when many cysts had only been incubated for a few
days. Furthermore, long storage periods of >1 month may in some
cases have affected the germination success (Blanco, 1990; Amorim
et al,, 2001). In this study, cysts were stored during 4-5.5 months
between sampling (1419 of September 2019) and isolation (20t
of January-6™ of March). In any case, our observations confirmed
that a significant number of the isolated full cysts from the BNL were
viable, that is, they had the potential to germinate and initiate a
planktonic population.

Cyst germination is controlled by internal mechanisms, but can
also be triggered by external factors such as exposure to light,
turbulence and temperature change (Dale, 1983; Pfiester and
Anderson, 1987; Matsuoka and Fukuyo, 2000; Fischer et al., 2018).
Cyst germination in the sediments is prevented by darkness, lower
oxygen availability and low temperatures (Anderson and Morel,
1979; Anderson et al., 1987; Bravo and Anderson, 1994; Rengefors
et al., 2004; Anderson et al., 2005). Benthic cysts can be resuspended
and transported by physical processes —such as currents, upwelling
events or internal waves— to the upper water column (Nehring, 1996;
Giannakourou et al., 2005) where they can find the environmental
conditions they need to germinate. Suspended cysts in the BNL are
exposed to oxygen and are closer to the euphotic layer, so they do not
have to escape the sediment matrix to find favorable conditions for
germination. This can lead to higher germination rates and germling
survival than in the bottom sediments. For this reason, it has been
hypothesized that cysts in the BNL could have an important role in
the maintenance of planktonic populations, providing the necessary
inoculum to start planktonic blooms (Kirn et al., 2005; Pilskaln et al.,
2014a; Pilskaln et al., 2014b).

The absence of significant beds of viable cysts in the sediments
off Figueira da Foz (Garcia-Moreiras et al., 2021), has led to the
proposal of alternative mechanisms for seeding of local planktonic
blooms, such as the advection of allochthonous populations, as it
has been proposed for certain species. This is the case of non-cyst-
producing species (e.g., Escalera et al., 2010) and when cyst beds are
not found close to where the blooms are produced (Smayda, 2002;
Smayda and Reynolds, 2003; Figueroa et al., 2008). Another option
would be for the cyst bed not to be found in the sediments but
rather suspended in the BNL. In this sense, this study documents
the presence of cysts with cell contents in the BNL and that a
significant number was viable for germination. Moreover, we
provided evidence supporting that the full cysts recently formed
in the photic zone could be laterally advected within the studied
region. In the most inshore sites, the source of those cysts during the
studied period was probably from sites further north to the study
area (Figure 11).

There is little data on cyst residence times in the BNL, which
can be highly variable between different regions (Pilskaln et al.,
2014a). In Figueira da Foz, according to the Langrangian particle
transport model (Figure 11), some cysts remained in suspension in
the BNL for at least 10 days. The BNL may transport cysts from
where they are produced to other areas where, if the right
environmental conditions are met, they may originate new
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planktonic populations. Therefore, our observations are compatible
with the BNL acting as a reservoir of viable cysts that have the
potential to seed new planktonic populations.

In any case, the seeding strategy and the type of propagule
(vegetative cells and resting cysts) on which phytoplankton
communities rely can vary throughout the year, and may depend
on the intensity of the upwelling/relaxation event and the
dinoflagellate species (e.g., Bravo et al., 2010; Smayda and
Trainer, 2010; Diaz et al.,, 2014). Further studies involving longer
time-series records of the cyst and vegetative cell assemblages
(benthic and planktonic), possibly combining sediment trap data
from different water depths, would help in evaluating the seeding
potential of the BNL for the initiation of dinoflagellate blooms on
the Atlantic Iberian margin and other Eastern Boundary
Upwelling Systems.

Results presented herein on physical and cyst data obtained off
Figueira da Foz bring new insights into the effect of internal waves
on BNL particle distribution with possible influence on the
dynamics of cyst producing dinoflagellates, many of which may
be nuisance. The West Iberian coast is characterized by seasonal
upwelling and high internal wave activity and these results may be
of relevance in comparable regions of the world, where the BNL is
an ubiquitous feature (Oliveira et al., 2002; Oliveira et al., 2007;
Villacieros-Robineau et al., 2019; Tian et al., 2022; Oliveira et al.,
2023; and references therein). Internal waves are common in shelf
environments and their propagation is favored by stratification of
the water column (e.g., Oliveira et al., 2002; Vitorino et al., 2002;
Jackson, 2007; Jackson et al., 2012; Lamb, 2014). Stratification is also
an important environmental factor for the growth of many
dinoflagellates during summer and fall, particularly in the case of
the toxic autotrophic dinoflagellate species, such as Protoceratium
reticulatum, Gymnodinium catenatum and Lingulodinium polyedra.
These and other cyst-forming species usually proliferate in coastal
environments influenced by upwelling following the nutrient
enrichment events when waters are becoming stratified (Smayda
and Reynolds, 2001; Amorim et al., 2001; Moita et al., 2003; Smayda
and Reynolds, 2003; Moita et al., 2022; Mertens et al., 2023; etc.).

The highest rates of encystment and cyst flux to the sediments
occurs during and after bloom events (Amorim et al., 2001; Anderson
et al, 2005; Pena-Manjarrez et al., 2009; Brosnahan et al., 2017;
Mertens et al., 2023). Therefore, propagation of internal waves in
coastal environments may coincide with increased cyst productivity,
as both events are favored by stratification conditions. The evidence
presented herewith suggesting internal waves could affect the
distribution of cysts in the BNL through local resuspension,
highlights their potential influence on the transport and dynamics
of cyst-forming species in other coastal regions in the world.

6 Conclusions

Combined in-situ observations (physical data and dinoflagellate
cyst records) and back-track particle modelling, allowed studying
the main biological and physical factors affecting spatial and
temporal dinoflagellate cyst distributions in the bottom nepheloid
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layer (BNL) along a land-sea transect off Figueira da Foz (Atlantic
Iberian margin). A well-developed BNL was present during the
survey (14™-19" of September 2019), which covered a change from
active to relaxed upwelling conditions. Most cyst assemblages in the
BNL were dominated by heterotrophic taxa, among which the most
abundant type was small spiny brown cysts (SBC). SBC and cysts of
the autotrophic yessotoxin producer Protoceratium reticulatum
notably increased during the survey, in the BNL and in the water
column above. Several lines of evidence supported that the main
source of dinoflagellate cysts in the BNL was recent encystment in
the water column during most of the survey period: 1) high
proportions of full cysts, 2) the statistical similarities between
most of the BNL cyst records and the cyst rain recorded by a
sediment trap, and 3) the spatial coincidences in the distribution of
cysts and vegetative cells of P. reticulatum. Moreover, excystment
experiments showed that a significant portion was viable; therefore,
the presence of a reservoir of viable cysts in the BNL with the
potential to seed new planktonic blooms cannot be discarded.
According to the Langrangian particle transport model some
cysts could remain in suspension in the BNL for at least 10 days.
Clustering revealed that most of the BNL cyst records were different
from the sediment cyst assemblages, thus supporting that they were
not significantly affected by local sediment resuspension.
Exceptions were samples collected on 14" September in the
deepest (>100 m depth) and shallowest (<30 m) stations, which
would have been influenced by local sediment cyst resuspension.
Finally, back-track particle modelling allowed identifying
alongshore transport as the main physical mechanism controlling
cyst dynamics in the BNL during most part of the survey period.
This alongshore (southwards) transport was more intense in coastal
stations (<100 m depth); in contrast, in offshore sites (>100 m
depth) alongshore transport was less intense and cysts were
advected northwards. In consequence, the sediment cyst signal is
a mixture of locally and regionally produced cysts, which may have
implications in paleoceanographic reconstructions from
dinoflagellate cyst sediment records. New multidisciplinary data
evidenced that full cysts recently formed in the photic zone can be
laterally advected through the BNL, and that the relevance of
physical processes (i.e., lateral transport and resuspension)
affecting cyst distribution in the BNL changed spatially and
temporally, being closely linked to coastal upwelling dynamics.
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