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A B S T R A C T

In recent decades, the alteration of coastal food webs (via aquaculture, fishing, and leisure activities), nutrient
loading, and an expansion of monitoring programs have prompted an apparent worldwide rise in Harmful Algae
Blooms (HABs). Over this time, a parallel increase in HABs has also been observed in the Chilean southern austral
region (Patagonia fjords). HAB species like Alexandrium catenella—responsible for Paralytic Shellfish Poisoning
(PSP)—are of great public concern due to their negative socioeconomic impacts and significant northward geo-
graphical range expansion. Many toxic dinoflagellate species (like A. catenella) produce benthic resting cysts, yet
a holistic understanding of the physical-chemical and biological conditions influencing the distributions of cysts
in this region is lacking. In this study, we measured a combination of hydrographic (temperature, salinity, and
dissolved oxygen) and sediment physical-chemical properties (temperature, pH and redox potential), in addition
to meiofaunal abundances –as sediment bioturbators and potential cyst predators– to determine the factors influ-
encing dinoflagellate cyst distribution, with emphasis on A. catenella in and around a “hotspot” area of southern
Chile. An analysis of similarities (ANOSIM) test revealed significant differences (p < 0.011) in cyst assemblages
between the fjords and oceanic environments. Permutational Analysis of Variance (PERMANOVA) showed sig-
nificant effects of sediment temperature and silt proportion in explaining differences in the cyst assemblages.
A generalized linear model (GLM) indicated that sediment temperature, silt/sand, anoxic conditions, and low
abundances of Harpacticoida —a meiofauna herbivore group and potential bioturbator— are associated with the
higher resting cyst abundances of the harmful species A. catenella. The implications for A. catenella resting cysts
dynamics is discussed, highlighting physical-chemical and biological interactions and their potential for PSP out-
break initiation.

© 2021

1. Introduction

As one of the most significant groups of phytoplankton, dinoflagel-
lates are essential contributors to freshwater and marine primary pro
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duction (Bravo and Figueroa, 2014; Kremp et al., 2018). Given that
many dinoflagellate species are responsible for Harmful Algal Blooms
(HABs) that can negatively impact coastal resources, fisheries, and/
or human health, it is crucial to establish a refined understanding of
their ecology and life cycles (Azanza et al., 2018; Figueroa et al.,
2018). It is well established that many dinoflagellate species produce
benthic cysts (Dale, 1983) with dormancy/quiescence cycles as part of
their life histories (Fischer et al., 2018). These dinoflagellate benthic
cysts sink in marine sediment where they can remain viable for as long

https://doi.org/10.1016/j.scitotenv.2021.147378
0048-9697/© 2021.
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as a century, enhancing the resistance of such species to adverse envi-
ronmental conditions (Ribeiro et al., 2011; Ribeiro et al., 2013), as
well as their geographical expansion, genetic variability, via the recom-
bination of chromosomes, and the opportunistic use of favorable condi-
tions by seeding bloom initiations (Anderson et al., 2005; Bravo and
Figueroa, 2014; Brosnahan et al., 2017; Rodríguez-Villegas et al.,
2020).

Over the last few decades, an apparent global expansion of HABs
has been observed, associated in part with increasing anthropogenic
pressure (e.g. aquaculture, nutrient loading, fishing, and leisure activ-
ities), and to the enhanced coverage and frequency of HAB monitor-
ing programs (Anderson et al., 2008; Hallegraeff, 1993; Hallegra-
eff, 2010; Xu et al., 2019). Against this backdrop of global HAB ex-
pansion, a regional rise and apparent northward expansion of HABs has
also been observed in Southern Chile, particularly, in the NW Patag-
onian Fjords System and adjacent oceanic areas (Díaz et al., 2019;
Hernández et al., 2016), where HAB events have repeatedly caused
severe negative socio-economic impacts (Díaz et al., 2014; Díaz et al.,
2019; Guzmán et al., 1975; Guzmán et al., 2002; Molinet et al.,
2003).

Species such as Alexandrium catenella, the saxitoxin producer and
causal agent of Paralytic Shellfish Poisoning (PSP) (Guzmán et al.,
2002), and yessotoxin producers, like Protoceratium reticulatum, Lingulo-
dinium polyedrum, and Gonyaulax spinifera (Tubaro et al., 2010), pro-
duce dinoflagellate benthic resting cysts associated with HAB outbreaks
in the NW Patagonian Fjords System and are a public concern due to
the negative economic and human health outcomes that are associated
with their blooms. Particularly for A. catenella outbreaks, a paradoxical
pattern characterized by high seawater cell densities and acute toxicity
despite the low densities of benthic cysts found in sediments, within the
NW Patagonian Fjord System has been observed (Álvarez et al., 2019;
Band-Schmidt et al., 2019; Díaz et al., 2014; Hernández et al.,
2016; Molinet et al., 2003).

Two main hypotheses have been proposed to explain the previous
paradox: i) Alexandrium catenella blooms in the NW Patagonian Fjord
System develop from massive deep water circulation processes that fa-
vor re-suspension of benthic cysts stored in adjacent oceanic areas and
transportation into the fjords (Mardones et al., 2016); and, alterna-
tively, ii) the spatio-temporal variation in the A. catenella blooms is de-
termined by the biological interactions (predation and/or bioturbation)
between benthic cysts and meiofauna assemblages (Persson, 2000).
Meiofaunal organisms (45–1000 μm) are a diverse and abundant com-
ponent of the benthic ecosystem (Giere, 2009), where several species
have been shown to predate on dinoflagellate benthic cysts (Franco et
al., 2008; Pati et al., 1999). Meiofauna bioturbation may also af-
fect dinoflagellate benthic cysts by transporting them deeper into anoxic
conditions, away from potential consumers (Genovesi-Giunti et al.,
2006; Persson, 2000). In both cases, the meiofauna (mainly Harpacti-
coida, Nematoda, and Foraminifera) could have a significant effect on
the population dynamics of dinoflagellates (Pati et al., 1999). Neither
of the previous two hypotheses has been tested so far, likely due to the
strong focus on water column processes and physical-chemical variables
that have characterized monitoring and research programs carried out
in this area (Varela et al., 2012).

The distribution, composition, and abundance of HAB species can
be obtained by benthic mapping of the cyst stages in surface sediments
(Figueroa et al., 2018). The primary purpose of this mapping is to
develop a biogeographic framework for the potential risk of HAB for-
mation in susceptible areas. In this context, the germination process of
dinoflagellate benthic cysts is crucial to species persistence, coupling
planktonic/benthonic environments (Díaz et al., 2014; Figueroa et
al., 2018). The limitation is that this process only occurs in response
to a combination of favorable temperature, oxygen availability, and re

lease from dormancy (Brosnahan et al., 2020; Genovesi-Giunti et
al., 2006; Genovesi et al., 2009).

In this study, we assessed for the first time the potential relationship
between dinoflagellate benthic cysts (abundance and species composi-
tion) and meiofauna assemblages in the NW Patagonian Fjords System
and its adjacent oceanic shelf. We also assessed the potential of several
physical-chemical measurements, collected in the water column and the
sediment, to explain distribution patterns of dinoflagellate benthic cysts
including among harmful species, such as A. catenella and P. reticulatum.

2. Material and methods

2.1. Study area

The NW Patagonian Fjords System, hereafter, NW Patagonian Fjords
are formed by numerous channels, sounds, gulfs and fjords, which cover
a geographical area of 100,000 km2, from the Reloncaví Sound (41°S)
in the north to the Taitao Peninsula (47°S) in the south (Iriarte et al.,
2014; Silva and Vargas, 2014). The complexity characterizing this
area derives from an intricate coastal morphology, an abrupt bathym-
etry, and the presence of several shallow constriction-sills, 0.5–10 km
wide and 50–100 m deep, that restrict deep water flow (Fig. 1), such as
the Desertores (−42.6°S) and the Meninea (−45.3°S) constrictions (Silva
et al., 1995; Silva and Vargas, 2014).

The vertical structure of this area is formed by two main tempera-
ture and salinity layers (Pérez-Santos et al., 2014; Silva and Cal-
vete, 2002). A warmer surface layer (5–10 m) characterized by vari-
able salinity, the influence of freshwater inputs (rainfall, glacial melting,
and rivers like Puelo, Petrohue, Cisnes, and Palena rivers), strong advec-
tion to and from channels, and wind- and tidal-driven vertical mixing
(Pérez-Santos et al., 2014; Sievers and Silva, 2008; Silva et al.,
1995), and a deeper layer (10–350 m) with more stable conditions.

Another relevant oceanographic aspect of the study area is the pres-
ence of distinct water masses that can be identified using salinity criteria
(Sievers, 2008; Sievers and Silva, 2008). In the upper few meters of
the water column Estuarine Waters (EW) are characteristic of this sys-
tem; these can be sub-divided in Estuarine Fresh Water (EFW, salinity
range: 11–21) and Estuarine Salty Water (ESW, salinity range: 21–31)
(Pérez-Santos et al., 2014; Sievers and Silva, 2008). The mixing of
EW with Subantarctic waters (SAAW, salinity range: 33–33.9) results in
Modified Subantarctic water (MSAAW, salinity range: 31–33). Equator-
ial Subsurface Water (ESSW salinity range: >34) is also recognizable in
this area (Pérez-Santos et al., 2014; Sievers and Silva, 2008).

No detailed studies about sediment characteristics are available for
the Patagonian Fjords and its adjacent shelf. Nonetheless, a negative cor-
relation between Total Organic Content (TOC) and particle size has been
reported (Silva and Palma, 2006), following a zonal (east-west) gradi-
ent where TOC increases towards the heads of the fjords given the signif-
icant contributions of organic material made by the river systems (Ara-
cena et al., 2011).

2.2. Field sampling

Recent sediments were sampled at 26 stations from the NW Patag-
onian Fjords and adjacent oceanic areas, during the CIMAR 24 cruise,
onboard the Chilean Navy's research vessel AGS-61 Cabo de Hornos from
24 September to 18 October 2018 (austral spring). Of these 26 sta-
tions, 14 were designed to represent the NW Patagonian fjords, and
12 were designed to represent the adjacent oceanic area (Fig. 1). At
each sampling station, water column temperature, salinity, and dis-
solved oxygen profiles were measured using a CTDO/Rosette probe
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Fig. 1. Map showing: A) Chile (box delimited Los Lagos and Aysén regions); B) NW Patagonian Fjords System and its adjacent oceanic shelf showing the location of the sampling stations
at the fjords (blue circles) and oceanic (orange circles) environments during the CIMAR 24 cruise. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

SeaBird 25-plus at a sampling rate of 8 Hz with a descent rate of 1 ms−1,
allowing a vertical resolution of 1 m.

Simultaneously, for inorganic nutrient analyses nitrates (NO3−), ni-
trites (NO2−), phosphates (PO43−), and silicates (SiO32−) surface wa-
ter samples (5 m depth) were collected in triplicate 15 ml polyethylene
flasks. The samples were filtered with 0.7 μm grade GF/F filters (Wat

man®) and stored in the darkness at −20 °C until the laboratory analy-
sis. These analyses were performed according to colorimetric techniques
described by (Grasshoff et al., 1983) through a Technicon Auto-
Analyzer® (AA3 Seal Analytical). Ammonium (NH4+) was collected
in triplicate 50 ml borosilicate glass flasks (previously aged with the
working solution; (Holmes et al., 1999), which were filled until
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20 ml with seawater obtained directly from Niskin bottle, plus working
solution (5 ml) (Holmes et al., 1999). Immediately after 4 h (main-
tained in darkness and at 1–2 °C), each flask was incubated for 2 h at
40 °C. Then the absorbance was obtained by fluorometric measurement
(Fluorometer Turner Design AquaFluor).

Sediment samples were collected at each station with a 0.1 m2 Van
Veen grab for further quantification of dinoflagellate benthic cysts and
meiofauna, and granulometry analysis. Three sub-samples for dinofla-
gellate benthic cysts were obtained from the first 3 cm of the grab using
a plastic corer of 8 cm length x 6 cm diameter. To avoid stimulating cyst
germination by oxygen, light, and temperature changes, each sub-sam-
ple was manually released of air bubbles, wrapped in aluminum foil and
preserved at 4 °C in the laboratory until analysis.

For meiofauna, five sediment sub-samples of 50 ml each were col-
lected with a plastic syringe modified to form a piston corer and fixed in
5% formalin. For granulometry analysis, 500 cm3 of sediment was col-
lected and processed as described below.

Simultaneously, 3 to 9 records of temperature, pH, and redox poten-
tial (redox hereafter) were taken at random positions in each Van Veen
grab from the sediment surface, using a pre-calibrated Multi-parame-
ter portable MultiLine® meter (Multi 3620 IDS probe, WTW) with elec-
trodes designed for measuring semisolids. For pH, records were collected
with a conic electrode with Teflon, fiber, and ceramic triple-union, with
temperature compensation. For redox determination we used a platinum
sensor Ag/AgCl saturated (3.5 M KCL), with gel/polymer electrolyte. All
measurements were made according to the Chilean standard ISO NCh:
17025 of 2005.

2.3. Sediment grain size composition

The sediment samples were freeze-dried and then analyzed using
a series of sieves (500, 250, 150, 90, and 63 μm). Each sample was
shaken for 15 min in a mechanical sieve shaker. The weight of the sed-
iment fraction retained in each sieve and the pan (<63 μm) was then
recorded. These data were then used to calculate the granulometry para-
meters using the rysgran package in R (De Camargo, 2016). The grain
size composition of sediment was categorized using the Wentworth
(1922) scale chart as follows: gravel ≥2000 μm, sand 63–2000 μm, and
silt ≤63 μm. To summarize and characterize each sampling station, the
three sediment subsamples from each station were averaged.

2.4. Sediment processing and cysts counting

Dinoflagellate cysts were extracted and identified to genus or species
from all samples following the procedures outlined by Matsuoka and
Fukuyo (2000), with slight modifications. Briefly, 3 cm3 of sediment
sample was suspended in 0.2 μm filtered seawater and sonicated (Lab-
sonic 1000 l/Braun Sonic) for 1 min. Then, this suspension was washed
through sieves of 106 μm and 20 μm mesh. The contents of the 20 μm
sieve was then transferred to a Petri dish for cysts collection. The cysts
were detached and suspended using filtered seawater and by swirling
the plates. Heavy sediment particles remained at the center of the bot-
tom of the dish, and the cysts remained in suspension in the circulating
water. The resultant suspension volume was then transferred to a 50 ml
glass graduated cylinder, and filtered seawater was added to achieve a
final volume of 20 ml. Three 1 ml subsamples were analyzed using a
Sedgewick-Rafter counting chamber with observations made using an
inverted microscope with phase-contrast illumination (Olympus BX40).
Only dinoflagellate cysts with intact cytoplasmic content were consid-
ered viable (Anderson et al., 1987; Genovesi-Giunti et al., 2006).

2.4.1. Meiofauna sample analyses
The meiofauna from each 50 ml sample was extracted using a

two-stage methodology described by Lee et al. (2017). The fauna was
removed from the substrate by decantation (Pfannkuche and Thiel,
1988), using 45 μm filtered fresh water. The extraction procedure was
repeated five times. The material captured on the 45 μm sieve was then
further processed using the Ludox flotation method (Burgess, 2001).
This removes any remaining sediment from the sample. The samples
were washed into 50 ml conical tubes with Ludox (a colloidal silica
solution with a density of 1.15 g cm−3). The samples were then cen-
trifuged at 750 rpm for 15 min, after which the Ludox was poured
slowly through a 45 μm sieve with care being taken not to re-suspend
the sediment at the bottom of the tube.

The fauna extracted from the quantitative samples was then washed
into embryo dishes with a glycerol solution (5% glycerol, 20% ethanol,
and 75% distilled water) and placed in a warm desiccator for a period of
between 24 and 48 h. Once the water and alcohol had evaporated, leav-
ing the fauna in glycerol, the samples were mounted on large glass mi-
croscope slides (75 × 38 mm) within a wax ring. When the fauna was
present in very high densities or when there was a significant amount
of organic material in a sample, the sample was divided between two or
more slides to facilitate analysis. The meiofauna present in each sample
was assessed using an Olympus BX43 compound microscope. Each slide
was systematically examined at a magnification of 100×, and the abun-
dance of each taxonomic group was determined.

2.5. Data analysis

Non-metric multidimensional scaling (nMDS) based on the
Bray–Curtis distance matrix (Legendre and Legendre, 1998) was em-
ployed to evaluate significant differences in the dinoflagellate cyst as-
semblages between the fjord and oceanic sites. Dimensionality was de-
termined by a poorness-of-fit criterion (stress) calculated by calculating
the square root of a normalized residual sum of squares. An ordination
with stress of 0 to 0.05 provides an excellent representation or fit, but
the stress of 0.3 is unacceptable for its poor representation (Clarke and
Warwick, 1994). Analysis of similarities (ANOSIM) was applied to de-
termine differences between sites. ANOSIM is widely used to test hy-
potheses about the spatial variations in assemblages (Clarke, 1993).
The ANOSIM statistic R is based on the difference of mean ranks be-
tween and within groups. Similarity percentages and species contribu-
tions to the differences between sites were estimated using the similarity
percentages (SIMPER) method.

A marginal Permutational Analysis of Variance (PERMANOVA)
based on Bray-Curtis dissimilarities (Anderson, 2014; Paliy and
Shankar, 2016) was carried out using “adonis2” function from the “ve-
gan” package (Oksanen et al., 2018) to identify the influence of physi-
cal-chemical explanatory variables such as sediment Redox, pH, temper-
ature, sand, silt, and biological variables such as Nematoda, Harpacti-
coida, and Foraminifera abundances over the resting cysts community.
An empirical pseudo-F-statistic p-value in the model was calculated us-
ing 10.000 permutations (Oksanen et al., 2018).

A generalized linear model (GLM) with log-link function for nega-
tive binomial distribution (McCullagh and Nelder, 1989), was im-
plemented to evaluate the influence of different environmental factors
on the resting cysts abundances of the toxic dinoflagellate Alexandrium
catenella, using as predictor variables sediment redox, temperature and
pH, sand, silt, Nematode, Harpacticoida, and Foraminifera abundances.
Previously, residuals homoscedasticity was tested by the Levene test,
and the Collinearity between variables was checked by Variance Infla-
tion Test (VIF) using a threshold ≤4 (Fox and Weisberg, 2011). As
a result, gravel was removed to avoid collinearity with sand and silt
variables. Finally, data overdispersion (OD) for the negative binomial
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model was assessed by comparing observed and expected dispersion val-
ues (Crawley, 2007; Venables and Ripley, 2010).

Only main effects were included in the model as interactions be-
tween many variables might spuriously obscure their effects (Gotelli
and Ellison, 2004). Explanatory variable effects were determined us-
ing a X2marginal test type II ANOVA (Venables and Ripley, 2013).

All physical-chemical data were represented graphically using Ocean
Data View with a surface view and applying diva gridding interpolation
(Schlitzer, 2019), while statistical analyses were made using the sta-
tistical and programming software R 3.5.3 (R Core Team, 2019), “ve-
gan”,”lme4” and “MASS” packages, available through the CRAN repos-
itory (http://www.r-project.org). Following recommendations from the
American Statistical Association (Wasserstein and

Lazar, 2016) and an increasing number of scientists worldwide (Am-
rhein et al., 2019), we avoid a dichotomic use of p-values, which are,
instead, provided as calculated, except when summarizing several val-
ues into a single group.

3. Results

3.1. Hydrography and sediment physical-chemical conditions

The sea surface temperature (SST) showed a meridional pattern char-
acterized by a gradient of warmer water (11 °C) in the north (42° S)
and cooler (<10 °C) in the south (45° S) of the study area (Fig. 2A).
The warmer surface water passes through the Boca del Guafo and ex-
pands to the north (inland sea of Chiloé) and south (Moraleda Channel)

Fig. 2. Spatial variability of the water column and sediment physical-chemical parameters in the study area. A–C) Surface temperature (°C); bottom temperature (°C); and sediment tem-
perature (°C); D–F) Surface salinity, bottom salinity, and sediment pH; G–I) Surface dissolved oxygen (ml/l), bottom dissolved oxygen (ml/l) and sediment Redox potential (mV).

http://www.r-project.org/
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of the study region (Fig. 2A). The highest bottom temperature (10.6 °C)
was registered in the Ancud Gulf in the north of the inland sea of Chiloé
(Fig. 2B). A zonal (west-east transect) bottom temperature gradient
from the Pacific adjacent to the Aysén region to the Aysén Fjord with
a range of 9.70 to 9.36 °C was also observed (Fig. 2B). In general, the
bottom temperature maintained the same meridional pattern but tem-
peratures were lower than surface temperatures (Fig. 2B). The sediment
temperature was highest (~13 °C) in the inland sea of Chiloé (est. 21)
an area with considerable oceanic influence (Fig. 2C). Sediments from
the fjord and oceanic environments showed median values of 10.2 °C
(IQR = 0.426) and 7.84 °C (IQR = 2.08) respectively (Fig. 3B).

A zonal gradient pattern was observed for surface salinity, with the
lowest salinity (<31) within the fjords and channels, and higher salini-
ties to the west in more oceanic waters (>31) (Fig. 2D). In the adjacent
open ocean, the presence of MSAAW (31−33) and SAAW (>33) was
observed (Fig. 2D). From north to south, the freshwater flow from the
rivers Puelo (Reloncaví Fjord, 41.5°S), Palena (Pitipalena Fjord, 43.7°S),
Cisnes (Puyuhuapi Fjord, 44.8°S), and Aysén (Aysén Fjord 45.3°S), re-
sulted in lower salinities in the inland sea of Chiloé and the Moraleda
Channel (Fig. 2D). The bottom salinity distribution showed clear asso-
ciations with the water masses SAAW, ESSW, and the Antarctic Interme-
diate Water (AAIW, >34) (Fig. 2E).

The sediment pH values did not show a zonal and meridional dis-
tribution pattern (Fig. 2F). The lowest pH value (7.04) was registered
at a sampling station located in the northern part of inland Chiloé sea
(est. 6), while the highest values were observed in the Aysén Fjord at
station 80 (8.52) and the oceanic shelf station 98 B (8.87) adjacent to
the Aysén Fjord. Overall, sediments from the oceanic and fjord envi-
ronments showed median pH values of 7.74 (IQR = 0.154), and 7.62
(IQR = 0.314) respectively (Fig. 3C).

Surface dissolved oxygen showed an irregular distribution pattern
with values ranging from 5 ml l−1 to 8 ml l−1 (Fig. 2G). In bottom water
samples, dissolved oxygen was very low, e.g., in Puyuhuapi and Aysén
fjords the values were 2–3 ml l−1 (Fig. 2H).

The distribution of redox values in the sediment samples permit-
ted the identification of 4 areas with specific characteristics: first, an
oxygenated east-west zonal gradient from Aysén Fjord to the adjacent
ocean. A second area with an anoxic east-west zonal gradient from
Puyuhuapi Fjord to the adjacent ocean; the third area was oxygenated
with a north-south meridional located in the inland sea of Chiloé, and
the fourth area presented a predominant anoxic zonal and meridional
gradient on the exterior continental shelf off Chiloé (Fig. 2I). Sediments
from the oceanic and fjord environments showed median Redox values
of −66.86 mV (IQR = 144.03) and 30.90 mV (IQR = 166.59) respec-
tively (Fig. 3D).

Fig. 3. A) Spatial variability of grain size composition (%) recorded at each sampling station. The numbered stations are the same as those shown in fig. 1. Boxplots of physicochemical
characteristics in the fjord and oceanic environments. B) Sediment temperature (°C); C) pH: D) Redox potential (mV); E) Gravel; F) Sand and G) Silt grain size composition (%). The
boxplots show a range (whiskers), median (bold line) and interquartile range (box height).
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Finally, the sediments in the study area were mostly composed
of fine sand (Fig. 3A). Specifically, the sediments from the oceanic
and fjord environments showed gravel median values of 0.41%
(IQR = 0.47), and 4.11% (IQR = 5.50), respectively (Fig. 3E). Sand
records revealed median values of 82.66% (IQR = 12.44) for the
oceanic and 82.01% (IQR = 10.84) for the fjord environment (Fig. 3F).
Silt presents the most notable difference in grain size composition in
which oceanic displayed median values of 16.81% (IQR = 12.76) and
the fjord environment 7.91% (IQR = 16.10) (Fig. 3G).

3.2. Chemical conditions of the water column

Although with certain spatial heterogeneity, nitrate (Fig. 4A, B),
phosphate (Fig. 4C, D) and silicates (Fig. 4E, F) —the nutrients that
have a more conservative behavior— presented different distribution
patterns, while the silicate showed a conservative behavior in an estu-
arine regime, the nitrate and phosphate show a certain accumulation in
the interior sea or inland sea. It is known that oceanic waters have in-
termediate levels of nitrate and phosphate typical of Subantarctic Water
(SAAW) and that river waters (freshwater discharge) did not have de-
tectable levels of either nutrient (Sievers and Silva, 2008; Silva and
Calvete, 2002).

Thus, the highest and lowest nitrate values were recorded in stations
71 (11.985 μM l−1) and 86 (1.463 μM l−1), respectively (Fig. 4A). The
nitrate oceanic median was 7.29 (IQR = 2.62), lower than the fjord en-
vironment median of 9.28 (IQR = 1.39) (Fig. 4B). Higher phosphates
were principally observed in the inland sea of Chiloé and the fjords
of the Aysén region (Fig. 4C). The highest and lowest phosphate val-
ues were recorded in the sampling stations 96 (1.24 μM l−1) and 86
(0.076 μM l−1), respectively (Fig. 4C). The phosphate oceanic median
was 0.86 (IQR = 0.23), lower than the fjord environment median of
1.01 (IQR = 0.20) (Fig. 4D). The silicate showed the highest values
(52.718 μM l−1) in the Aysén fjord station 80, and the lowest in the
oceanic station 70B (2.092 μM l−1) (Fig. 4E). Silicate showed an inverse
behavior with salinity, as is well known, the highest input came from
continental runoff (Torres et al., 2014). The silicate oceanic median
was 4.22 (IQR = 1.84), lower than the fjord environment median of
7.79 (IQR = 2.72) (Fig. 4F).

Regarding nitrite and ammonium, nutrients that rarely accumulate
in the ocean and are found in submicromolar concentration ranges,
both showed heterogeneous distributions and at levels below 0.35 and
3.15 uM l−1, respectively. Nitrites showed higher values mostly in the
oceanic environment specifically in stations 102 (0.345 μM l−1) and

70A (0.328 μM l−1) (Fig. 4G). Notwithstanding, similar values were ob-
served in station 71 (0.345 μM l−1) with high oceanic influence (Fig.
4G). The nitrites oceanic median was 0.24 (IQR = 0.08), higher than
the fjord environment median of 0.22 (IQR = 0.11) (Fig. 4H).

The high levels of ammonium were surprising as they were not ex-
pected for either continental and oceanic waters in the northern Patag-
onia region; they seem to have arisen from regenerative processes (de-
composition of organic matter). Indeed, the highest and lowest am-
monium values were recorded in the Puyuhuapi fjord stations 90
(3.15 μM l−1) and 86 (0.44 μM l−1), respectively (Fig. 4I). The ammo-
nium oceanic median was 0.78 (IQR = 0.33), higher than the fjord me-
dian of 0.61 (IQR = 0.17) (Fig. 4J).

3.3. Diversity and abundance of dinoflagellate benthic cysts and meiofauna

The analysis of the sediment revealed a high genera richness of di-
noflagellate benthic cysts, with Protoperidinium as the most important
genus (Table 1, Fig. 5). The other genera recorded were: Alexandrium,
Protoceratium, Gonyaulax, Lingulodinium, Pentapharsodinium, Scrippsiella,
Archaeperidinium, Polykrikos, Preperidinium, Diplopsalopsis and Niea
(Table 1, Fig. 5). Forty-four different dinoflagellates cyst morphotypes
were identified, 30 of which were identified to species level (Table
1, Fig. 5). Two species (Polykrikos kofoidii and Archaeperidinium con-
strictum) were not observed in the fjord system and seven species (all
unidentified) were not found in the oceanic environment (Table 1).

Dinoflagellate benthic cysts were found at all sampling stations, and
their total abundances ranged from 4 to 3633 cysts cm−3 (1686 ± 2524;
n = 26) (Table 1). The highest cysts abundances were found in the
Puyuhuapi Fjord, Aysén region (Fig. 6A). HAB species were observed in
both fjords and oceanic environments. Alexandrium catenella (saxitoxin
producer) cysts were found at 12 sampling stations with abundances
from 4 to 68 cysts cm−3 (14.2 ± 22.1; n = 26) (Fig. 6B). The abun-
dances of the following yessotoxins producer species identified were:
Protoceratium reticulatum with 5–312 cysts cm−3 (33.5 ± 75.6; n = 26);
Fig. 5C), Gonyaulax spinifera with 11–253 cysts cm−3 (39.1 ± 68.1;
n = 26), and Lingulodinium polyedrum with 12–180 cysts cm−3

(13.0 ± 42.8 std.; n = 26). Interestingly, empty cysts of P. reticula-
tum were found at 25 of the 26 sampling stations, with a total maxi-
mum abundance of 9361 empty cysts cm−3 (676.0 ± 1879.0; n = 26)
at Puyuhuapi Fjord (est.86) (Fig. 6D).

Fig. 4. Spatial variability of surface inorganic nutrients in the study area. A-B) nitrates (NO3−); C–D) phosphates (PO43−); E–F) silicates (SiO32−); G–H) nitrites (NO2−); I–J) ammonium
(NH4+). The boxplots for oceanic and fjord environments show a range (whiskers), median (bold line) and interquartile range (box height).
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Table 1
Nutritional strategy (a: autotroph; h: heterotroph) and mean abundance (cysts cm − 3) of 44 types of dinoflagellate resting cysts recorded during the 2018 CIMAR 24 oceanographic campaign. The abundance of empty dinoflagellate resting cysts is shown in
parenthesis.

Sampling station NS Code Fjord system Oceanic system

6 21 29 37 40 45 70 71 77 80 86 90 96 98 6 B 102
70
A

70
B

98
A

98
B

Pol
2A

Pol
2B

Depth [m] 294 163 97 250 180 83 78 159 212 197 286 35 246 168 1074 243 131 315 49 225 225 1070

Gonyaucales
Alexandrium catenella (Wedon
& Kofoid) Balech

a Acat 0 0 0 33 66 27 0 4 15 0 66 0 5 68 0 32 22 0 0 14 0 0

Protoceratium reticulatum
(Claparece & Lachmann)
Bütschli

a Pret 10
(150)

0
(5)

0
(5)

55
(1254)

61
(3020)

0
(23)

0
(6)

0
(4)

25
(530)

0
(21)

242
(9362)

312
(540)

0
(77)

27
(806)

0
(36)

8
(160)

0
(143)

5
(67)

0 0
(108)

60
(390)

0
(180)

Gonyaulax spp. (Spiniferites_
pachydermus)

a Gspa 0 0 0 0 0 0 0 0 0 0 88 0 0 0 5 0 0 10 0 0 20 0

Gonyaulax spp.
(Spiniferites_ramosus)

a Gsra 170 0 0 0 44 0 0 0 0 0 22 0 0 0 5 48 77 48 0 50 200 36

Gonyaulax spp. (Impagidinium
patulum)

a Gipa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 9

Gonyaulax spinifera
(Nematosphaeropsis_labyrinthus)
(Claparece & Lachmann)

a Gspi 0 4 0 11 0 0 0 0 0 0 0 0 0 0 27 24 11 124 0 27 170 108

cf. Lingulodinium polyedrum a Lpol 0 0 0 0 0 0 0 0 0 0 0 12 0 0 0 0 0 14 0 0 180 0
Gymndiniales
Polykrikos schwartzii Bütschli h Psch 90 0 9 121 259 5 3 4 55 10 352 0 3 113 81 168 55 133 0 81 290 225
Polykrikos kofoidii h Pkof 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 30 0
Polykrikos sp.1 h Psp1 0 0 0 22 0 0 0 0 0 10 0 0 0 9 0 0 11 14 0 9 50 9
Peridiniales
Pentapharsodinium dalei
indelicato et Loeblich III

h Pdal 20 0 7 44 6 0 0 0 0 0 330 0 0 14 9 8 66 19 0 9 20 0

Scrippsiella trochoidea (Stein)
Loeblich III

a Stro 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 5

Scrippsiella
patagonicaAkselman et Keupp

a Spat 0 0 0 22 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 10 0

Archaeperidinium minutum
(Kofoid) Jørgensen

h Amin 930 4 68 407 160 27 0 0 70 10 506 144 11 162 81 108 22 33 0 32 180 144

Archaeperidinium constrictum
(Abé)

h Acon 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12 0 0 0 0 0 9

Protoperidinium americanum
(Gran & Baraaud) Balech

h Pame 210 0 7 341 132 0 0 1 10 0 176 12 0 41 135 164 121 119 2 77 55 279

Protoperidinium avellana
(Meunier) Balech

h Pave 160 2 9 198 127 15 0 0 55 44 341 0 5 63 54 108 44 76 2 63 190 72

Protoperidinium claudicans
(Paulsen) Balech

h Pcla 30 0 0 11 22 0 0 0 10 0 0 12 0 5 5 12 0 0 0 9 10 5

Protoperidinium conicoides
(Gran) Balech

h Pcon 110 0 0 55 33 0 0 0 5 10 110 0 5 9 50 36 11 14 0 14 60 72

Protoperidinium conicum (Gran)
Balech

h Pcni 10 2 2 110 253 9 0 0 105 0 154 24 5 45 23 44 88 19 0 36 50 54

Protoperidinium denticulatum
(Gran & Baraaud) Balech

h Pden 30 0 2 77 50 0 0 0 10 10 66 0 0 14 14 92 11 10 0 41 100 90

Protoperidinium excentricum
(Paulsen) Balech

h Pexc 150 0 12 55 110 0 0 4 50 131 198 24 5 54 27 52 11 24 0 23 40 32



UNCORRECTED PROOFSampling station NS Code Fjord system Oceanic system

6 21 29 37 40 45 70 71 77 80 86 90 96 98 6 B 102
70
A

70
B

98
A

98
B

Pol
2A

Pol
2B

Pol
2C

Pol
2D

Depth [m] 294 163 97 250 180 83 78 159 212 197 286 35 246 168 1074 243 131 315 49 225 225 1070 1619 3388

Protoperidinium leonis
(Pavillard) Balech

h Pleo 20 2 2 33 17 0 0 0 0 32 22 0 0 18 14 52 66 33 0 50 80 27 110 23

Protoperidinium cf. nudum h Pnud 20 0 0 0 50 0 0 0 10 0 0 0 3 45 0 16 0 0 0 0 40 18 33 0
Protoperidinium oblongum h Pobl 0 0 0 0 0 5 0 0 45 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0
Protoperidinium pentagonum
(Gran) Balech

h Ppen 10 0 7 55 39 10 0 0 35 21 132 0 0 18 0 36 11 19 0 0 20 9 33 8

Protoperidinium subinerme
(Paulsen) Loeblich III

h Psub 40 0 2 66 39 0 0 0 5 0 22 0 3 32 23 40 22 29 0 9 80 54 44 53

Protoperidinium spp. h Pspp 100 2 5 33 11 9 3 0 15 21 88 48 0 27 14 24 22 5 0 18 0 36 11 0
Protoperidinium sp.5 h Psp5 0 0 0 22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11 0
Protoperidinium sp.6 h Psp6 0 0 0 0 0 5 0 0 0 0 0 12 3 0 0 0 0 0 0 0 0 0 0 0
Preperidinium meunieri h Pmeu 30 2 5 88 72 5 0 4 10 32 66 12 3 14 5 64 11 0 0 0 20 45 0 15
Diplopsalopsis ovata (Abé) h Dova 10 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 30 9 0 0
Niea acanthocysta (Kawami,
Iwataki & Matsuoka)

h Naca 0 0 0 22 17 5 0 0 15 0 22 12 0 14 23 0 0 19 0 18 0 27 0 0

Unidentified cysts
Unidintified 1 Un01 10 2 2 0 0 0 0 0 5 10 22 36 0 9 0 0 0 0 0 0 0 0 0 0
Unidintified 2 Un02 40 0 0 0 28 0 0 0 35 55 0 24 0 27 0 8 0 0 0 0 0 0 0 0
Unidintified 8 Un08 0 0 0 0 0 0 0 0 5 0 0 0 0 14 0 0 0 0 0 0 0 0 0 0
Unidintified 9 Un09 0 0 0 11 6 0 0 0 0 32 0 156 0 0 9 0 0 0 0 0 0 18 11 0
Unidintified 10 Un10 0 0 0 0 0 0 0 0 20 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0
Unidintified 13 Un13 30 0 2 0 0 0 0 0 0 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Unidintified14 Un14 20 0 0 0 11 0 0 4 0 44 0 204 0 0 0 0 0 0 0 0 0 0 0 0
Unidintified15 Un15 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Unidintified 19 Un19 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Unidintified 26 Un26 0 0 0 0 0 0 0 0 0 0 0 36 0 0 0 0 0 0 0 0 0 0 0 0
Unidintified 34 Un34 60 2 0 165 132 0 0 11 25 0 198 0 8 50 5 80 22 5 0 32 100 149 44 0

RosaFigueroa
Resaltado

RosaFigueroa
Nota adhesiva
Esto no debería ir encima de Depth(m) y en línea con los números de las estaciones 6, 21, 29...etc?
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Fig. 5. Dinoflagellates cysts species richness in surface recent sediments of Los Lagos and Aysén regions. 1) Alexandrium catenella; 2) Protoceratium reticulatum; 3) P. reticulatum without
processes; 4) P. reticulatum Empty cyst; 5) Spiniferites cf. pachydermus; 6) Spiniferites cf. ramosus; 7) Impagidinium patulum; 8) Nematosphaeropsis labyrinthus; 9) Lingulodinium polyedrum;
10) Pentapharsodinium dalei; 11) Scrippsiella trochoidea; 12) Scrippsiella patagonica; 13) Archaeperidinium minutum; 14) Archaeperidinium constrictum; 15) Protoperidinium americanum; 16)
Protoperidinium avellana; 17) Protoperidinium claudicans; 18) Protoperidinium oblongum; 19–20) Protoperidinium conicoide; 21) Protoperidinium conicum; 22) Protoperidinium denticulatum; 23)
Protoperidinium excentricum; 24) Protoperidinium leonis; 25) Protoperidinium cf. nudum; 26) Protoperidinium pentagonum; 27) Protoperidinium subinerme; 28) Protoperidinium spp.; 29) Protoperi-
dinium sp. 5; 30) Protoperidinium sp. 6; 31) Polykrikos schwartzii; 32) Polykrikos kofoidii; 33) Polykrikos sp. 1; 34) Preperidinium meunieri; 35) Diplopsalopsis ovata; 36) Niea acanthocysta; 37)
unidentified 1; 38) unidentified 2; 39) unidentified 8; 40) unidentified 9; 41) unidentified 10; 42–43) unidentified 13; 44) unidentified 14; 45) unidentified 15; 46) unidentified 19; 47)
unidentified 26; 48) unidentified 34.

Total meiofauna abundance ranged between 49 and 3887 ind./
10 cm2 (1209.9 ± 1224.0; n = 21) (Fig. 7A). The most abundant
group was the Nematoda with 53–3222 ind./10 cm2 (997.6 ± 1026.9;
n = 21) (Fig. 7D), followed by Foraminifera with 5–641 ind./10 cm2
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Fig. 6. Spatial variability in dinoflagellates cysts assemblages in the study area. A) Total dinoflagellates cysts abundance. B) Alexandrium catenella cysts abundance. C) Protoceratium retic-
ulatum (viable) cysts abundance. D) Protoceratium reticulatum (empty) cysts abundance.

(142.0 ± 181.9; n = 21) (Fig. 7B), and Harpacticoida with 1–158 ind./
10 cm2 (31.8 ± 37.6; n = 21) (Fig. 7C).

The nMDS ecological community analysis display marked differences
in the species composition dinoflagellate benthic cysts between the fjord
and oceanic environments, with a clear separation between them even
though a smooth overlap can be observed (Stress = 0.07; Fig. 8A).
Moreover, ANOSIM analysis gave strong support (p = 0.011) to the hy-
pothesis that dinoflagellate benthic cyst assemblages are different be-
tween fjords and oceanic environments (Fig. 8B). The highest contri-
bution to the dissimilarity between environments (values ≥6%) was at-
tributed to the contributions of the species: P. americanum, A. minu-
tum, P. schwartzii, and P. avellana (Fig. 8C). This finding is also sup-
ported by the variation in cysts abundances observed for each species
in Fjord and Oceanic environments (Fig. 8D, E). The PERMANOVA
indicated that sediment temperature (p = 0.0399) and silt proportion
(p = 0.0366) had a strong influence upon species composi

tion of dinoflagellate benthic cysts communities within the study area
(Table 2), followed by sand proportion (p = 0.085) and Foraminifera
abundance (p = 0.068).

The GLM adjusted model for A. catenella showed that redox, sedi-
ment temperature, silt, sand, and Harpacticoida copepods explained sig-
nificantly (p < 0.05) a large fraction of the spatial variability of their
cysts abundance. No evidence of large effects of sediment pH and the
remaining meiofaunal groups (Nematode and Foraminifera) were found
(Table 3).

4. Discussion

Many dinoflagellate species form cyst stages in order to cope with
both short and long term environmental variation, sinking to the
seafloor where they can become inoculum for fueling subsequent
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Fig. 7. Spatial variability in meiofauna assemblages in the study area. A) Total meiofauna abundance; B) Foraminifera abundance; C) Harpacticoida abundance and D) Nematoda abun-
dance.

blooms (Anderson et al., 1983; Matsuoka, 1999; Mudie et al.,
2002; Nehring, 1993; Pati et al., 1999). These species may spend the
majority of their lives in sediments as cysts, waiting for optimal germi-
nation conditions (Brosnahan et al., 2020; Fryxell, 1983; Kremp et
al., 2016). It is therefore extremely important to determine the hotspots
of cyst accumulation as they are likely pointing to where new blooms
could start (Brosnahan et al., 2020; McGillicuddy et al., 2011).

Twenty years ago, a theoretical framework for ecological interac-
tions between cysts (seed banks), and the physicochemical character-
istics of the sediment, the bioturbation by larger fauna, and the im-
pact of potential cyst predators was proposed (Persson, 2000), but
many of these interactions remain to be explored. Here, using a biogeo-
graphic mesoscale approach in an area where PSP outbreaks are recur-
rent (NW Chilean Patagonia), we present patterns and specific drivers of
resting cyst abundances associated with both ecological interactions and

physicochemical characteristics in southern Chile. We also report the
first observations of the harmful resting cysts of A. catenella, P. retic-
ulatum, G. spinifera and L. polyedrum on the adjacent oceanic shelf in
north-western Chilean Patagonia.

4.1. Drivers of resting cyst assemblages

The samples collected in the oceanographic campaign revealed the
existence of 12 different genera as part of two different cyst assem-
blages located in the fjord and oceanic environments, associated with
two specific drivers: sediment temperature and the presence of high
proportions of silt (Fig. 8B; Table 2). Our results reveal that higher
temperatures and lower silt content characterize fjords, whereas lower
temperatures and higher silt content characterize the oceanic environ-
ment. Between the two environments, it was possible to identify a me-
dian difference in sediment temperature of ~2.8 °C, and a difference of
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Fig. 8. A) Two-dimensional representation of the nMDS analysis; B) Box-plot diagram of the ANOSIM results; C) Dinoflagellate resting cysts with the greatest contributions to the average
dissimilarity of the assemblages at the fjord and oceanic samples based on a SIMPER analysis; D-E) Mean abundance (cysts cm−3) per dinoflagellate species as determined fjord (D) and
oceanic (E). The asterisk (*) indicates harmful species.

Table 2
PERMANOVA based on Bray-Curtis dissimilarities of physical-chemical properties of sed-
iment and meiofauna groups over the resting cysts community (48 species) using 10.000
permutations for the hypothesis test. Significant effects (p < 0.05) are shown by an aster-
isk.

Predictive variables DF
Sum of
squares R 2 Pseudo-F Pr > F

Redox 1 0.332 0.0459 1.532 0.1198
Sediment
temperature

1 0.438 0.0606 2.021 0.0399*

Sediment pH 1 0.271 0.0374 1.249 0.2269
Silt 1 0.461 0.0637 2.124 0.0366*
Sand 1 0.381 0.0527 1.756 0.0855
Foraminifera 1 0.391 0.0541 1.803 0.0680
Harpacticoida 1 0.255 0.0352 1.175 0.2984
Nematoda 1 0.116 0.0161 0.536 0.9183
Residuals 18 3.691 0.5101
Total 25 7.235 1.0000

8.9% in silt proportion (Fig. 3B,G), which show a significant association
with the observed differences in cyst assemblages.

Following the main hypothesis about the preferable origin of blooms
in the area (Díaz et al., 2014), the presence of cysts in the sedi-
ments of the oceanic areas is probably a result of long distance trans-
port from the interior of fjords and channels. Thus, this potential “seed
bank cysts” as suggested Mardones et al. (2016) could be resus-
pended by oceanographic processes and be transported back into the
fjord system. As consequence, within the fjords and channels, the cysts

Table 3
Statistical significance of explanatory variables determined using an X 2 test of marginal
(type II) ANOVA for the variability of toxic dinoflagellate Alexandrium catenella in the sed-
iment, using a generalized Lineal Model (GLM) with logit link function for the residual
negative binomial distribution. Significant effects (p < 0.05) are shown by an asterisk.

Alexandrium catenella

Predictive variables Chi square X 2 DF Pr > (|X 2|)

Redox 3.855 1 0.0495*
Sediment temperature 5.143 1 0.0233*
Sediment pH 0.016 1 0.8987
Silt 4.094 1 0.0430*
Sand 4.620 1 0.0315*
Foraminifera 1.442 1 0.2297
Harpacticoida 4.104 1 0.0427*
Nematoda 0.633 1 0.4261

are likely transported over much shorter distances (Dale and Dale,
1992). This spatial distribution pattern of resting cyst assemblages has
been observed in other areas of the world such as in Manila bay and Biz-
erte lagoon with an identified tendency to decrease in abundance from
protected (e.g. fjords) to exposed areas (e.g. oceanic) (Azanza et al.,
2004; Fertouna-Bellakhal et al., 2014).

Typically, the spatial distribution of dinoflagellate resting cysts in
the sediments is patchy and heterogeneous. Several studies have re-
vealed that temperature can be important in explaining the distrib-
utions of resting cysts assemblages (e.g. Fertouna-Bellakhal et al.,
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2014; Price et al., 2016). Species-specific tolerances and/or adapta-
tions to cooler (oceanic) or warmer (fjord) environments could underlie
the observed differences in assemblages (Kremp et al., 2016). Conse-
quently, knowledge of the sediment temperature and the temperature
tolerances of the different species present in a region could indicate the
combination of species that will be found in the sediment at a specific
location (Marret and Zonneveld, 2003). For example the cysts of the
species Pyrodinium spp. —a saxitoxin producer— have been found to
dominate in areas where the temperatures are unfavorable for germina-
tion (Azanza et al., 2004; Ellegaard and Ribeiro, 2018). Precau-
tion, however, should, be taken when applying this assumption, as sedi-
ment temperature is not constant and the observed cyst assemblages are
the result of the accumulation of cysts from different cohorts over time
that exhibits distinct genetic and physiological characteristics (Ribeiro
et al., 2013).

According to our results, the contribution of the harmful species P.
reticulatum and A. catenella to the dissimilarity between environments
was second only (with higher values in fjords than in the oceanic envi-
ronment that will be discussed below), to that of the harmless species
Protoperidinium americanum and Archaeperidinium minutum (Fig. 8C–E).
The pattern detected indicates that the abundance of A. minutum was
higher in fjords than in the oceanic environment. Conversely, the abun-
dance of P. americanum was higher in the oceanic environment than in
the fjords. This coincides with the known distribution of P. americanum
in coastal sub-polar to tropical regions where eutrophic conditions such
as those generated by upwelling dominate, and also its infrequency in
areas of low salinity, such as those found in the austral fjords (Zon-
neveld et al., 2013). In the Aysén fjords, the highest abundance re-
cently observed was a mean of 1 cm−3 (Díaz et al., 2018). Although
Archaeperidinium minutum has a worldwide distribution (Guiry, 2020),
optimal growing conditions have been related to enhanced rainfall and
freshwater inputs. Accordingly, our results indicate that it is most abun-
dant in fjord environment, confirmed by the recent observation of its
presence in low abundances in the Aysén region (Díaz et al., 2018).

Cyst abundance has been related to sediment type and grain size.
In this sense, higher content of finer-grain-size fractions (clay and/or
silt) in the sediment appears to be an important indicator of the like-
lihood that the sediment will contain high abundances of cysts (Dale,
1976; Nehring, 1993; Olli and Trunov, 2010). Hydrodynamic con-
ditions that result in the accumulation of fine sediments will also govern
the settlement of cysts, which behave as passive sediment particles with
similar characteristics. Following this trend, we found a positive corre-
lation between the higher silt content and the mean abundance of sev-
eral species as observed in the oceanic environment (Fig. 8D–E), which
contained ~8.9% higher silt content relative to fjords (Fig. 3G). In a
previous comparison of the cyst distributions from a variety of environ-
ments (e.g., fjords, estuaries, shallow coastal embayments), an increase
of cyst abundances and cyst species richness was associated with de-
creasing mean sediment grain size (Nehring, 1993). This supports our
observations of the differences in cyst assemblages between the oceanic
and fjord environments given that the dominant fraction of the sediment
in both environments was fine sand (median ~ 82%), finding a higher
percentage of silt in the oceanic environment (Fig. 3).

A last and unconsidered effect in this study is the effect of anthro-
pogenic impact on resting cyst assemblages. In general, fjords and es-
tuaries experience greater variation in temperature, salinity, and pollu-
tion than in the oceanic environment. Previous studies have revealed
that cyst assemblages can differ in polluted environments relative to
more pristine environments, with a decline in autotroph species in
metal-polluted areas (Azanza et al., 2004; Sætre et al., 1997). Con-
sidering the high aquaculture pressure in NW Patagonia with >95%
mussel production (30 × 104 t y−1) and salmon industry with high
contribution to the >80 × 104 t y−1 (SalmonChile, 2018; Ser

napesca, 2017), our results could be ideal to prove aquaculture exter-
nality to a sedimentary environment and enhance the understanding of
potential HABs development in this productive area.

4.2. Nutrients and resting cyst deposits

Nutrients may affect the size of resting cysts deposits on two different
levels. Firstly, laboratory experiments indicate that sexuality, and conse-
quently resting cyst production, is enhanced when the blooming popula-
tion depletes the nutrients that are necessary to sustain its growth, pro-
viding that enough reserves of nitrates and phosphates have been previ-
ously stored in the cells to allow for the viability of zygotes and resting
cysts (e.g. see review in Figueroa et al., 2018). Following this premise,
a certain similarity can be observed between the abundance patterns of
nitrates and phosphates (Fig. 4A and E) and that of total resting cysts
(Fig. 6A). This relationship must be treated with care, as resting cysts
deposits represent a serial cohort of cysts, most probably of different
ages and from different bloom events, which together with the dynamics
of currents in a given area, may have more of an effect on the final loca-
tion and abundance of resting cysts than this potential nutritional factor.
Secondly, nutrients may also be relevant once resting cysts are formed.
During post-encystment, nutrient levels not only directly determine the
viability of the germinated cells, but could also affect the development
and germination time of resting cysts. Besides being stages of low meta-
bolic activity, resting cysts could take up nutrients such as phosphorous
in order to complete their dormancy requirements, speed up germina-
tion time and increase their germination success (Binder and Ander-
son, 1987; Rengefors et al., 1996). However, this effect has not al-
ways been demonstrated, as the dilution of the culture medium, or the
lack of N and P nutrients, do not appear to decrease germination success
in the Alexandrium tamarense species complex (Figueroa et al., 2005;
Genovesi et al., 2009). Moreover, given that other factors directly pre-
vent resting cyst germination (such as dormancy requirements, anoxia
and sediment resuspension), and presuming that nutrient levels are con-
stantly changing (both in time and depth), evaluating the relevance of
nutrients in the germination of a complex pool of resting cysts is diffi-
cult.

4.3. Drivers of Alexandrium catenella resting cysts and the two hypotheses

In marine sediments, the cysts experience a variable environment
and germination takes place when the temperature, oxygen concentra-
tions, nutrients and light levels are optimal. These conditions typically
occur at the sediment surface or after resuspension of cysts from deeper
sediment layers. When the conditions are suboptimal, with low tempera-
tures, oxygen concentrations, and light levels, the cysts remain in a state
of quiescence, even if the species-specific dormancy period was com-
pleted. Cysts that settle to the sediment surface are frequently rapidly
buried via bioturbation of benthic invertebrates. Meiofauna plays an im-
portant role in this process due to their high abundance. Bioturbation
will move the cysts randomly up and down in the sediment, and as
germination can only take place at the sediment surface, cysts can re-
main buried in the sediment in a quiescent state for prolonged periods,
in some cases even hundred years (Agrawal, 2009; Genovesi-Giunti
et al., 2006; Montresor and Marino, 1996; Ribeiro et al., 2011).
Our data highlight the relevance of the interactions between bioturba-
tion and the environmental variability of the sediments, to directly in-
fluence the population dynamics of A. catenella resting cysts. In this re-
gard, the main drivers influencing population dynamics in NW Patago-
nia are sediment redox potential, sediment temperature, granulometry,
and Harpacticoida copepod abundance (Table 3).

The presence of A. catenella resting cysts in the sediments on the ex-
ternal continental shelf of the Lagos and Aysén regions could be a re
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sult of the intense summer bloom in 2016 (Armijo et al., 2020;
Buschmann et al., 2016; Hernández et al., 2016). Their heteroge-
neous spatial distribution in the fjord and oceanic environments (Fig.
6B–D) is consistent with a patchy accumulation pattern previously de-
scribed and that has been observed in the Los Lagos and Aysén regions
in previous oceanographic expeditions (i.e., CIMAR cruises 1996–2010)
and during/after the intense bloom in 2009 (Díaz et al., 2014; Mar-
dones et al., 2016).

The spatial distribution of A. catenella described in this study corre-
lates with specific areas of oxic and anoxic conditions in the sediments,
with higher abundances of cysts being found in anoxic areas compared
to oxygenated areas (Fig. 2I and 6B). Considering that oxygen is a re-
quirement for the germination of resting cysts (Anderson et al., 1987;
Ellegaard and Ribeiro, 2018; Kremp and Anderson, 2000), cysts
settling on oxygenated sediments could germinate right after complet-
ing their minimum period of dormancy, not needing bioturbation, re-
suspension or any other oxygenating mechanism. In other areas in the
world such as Puget Sound on the Pacific coast of the USA, A. catenella
exhibited at least 150 days of dormancy (Horner et al., 2011). A field
survey of resting cysts after the intense A. catenella bloom in the sum-
mer of 2009 in Chile, showed that the abundances of resting cysts in the
sediment decreased due to germination or physical-biological interac-
tions in the subsequent 90 days. In a laboratory study of Chilean strains
of A. catenella, the lowest resting cyst dormancy period was 69 days
at 10 °C (Mardones et al., 2016). As the minimum dormancy pe-
riod is species-specific and endogenously regulated (Rengefors and An-
derson, 2002), this difference between laboratory and field conditions
could evidence an oxygen limitation in the sediments of some areas, as-
suming that no genetic differences between distant geographical strains
are influencing the period of dormancy.

Resting cysts present in anoxic sediments should contain a mix of dif-
ferent cohorts (Ribeiro et al., 2013) that are unable to germinate due
to the low oxygen concentrations and low constant temperatures (El-
legaard and Ribeiro, 2018; Kremp and Anderson, 2000). The re-
sult is the accumulation of cysts in anoxic sediments, which act as sinks,
where cysts regulated by endogenous clocks undergo dormancy-quies-
cence cycles. Anoxia does not seem to have a negative effect on cyst
germination success (Kremp and Anderson, 2000), with cysts preserv-
ing their viability even when buried as deep as 13 cm down in the sedi-
ment (Genovesi-Giunti et al., 2006). Additionally, some species such
as Alexandrium minutum, could even need a short period of anoxia to al-
low resting cyst maturation (Figueroa et al., 2007). The sink popula-
tions of quiescent cysts can have a significant effect on bloom dynamics,
when, through bioturbation or resuspension, large numbers of cysts are
exposed to optimal germination conditions, which can trigger the for-
mation of a harmful algal bloom (Kremp and Anderson, 2000).

Silt and sand texture as the driver of A. catenella resting cysts abun-
dances in the study area are not clear at all. Indeed, the higher abun-
dances of A. catenella resting cysts were positively correlated with silt
but negatively correlated with sand in Puget Sound (Horner et al.,
2011). Conversely, in the Aysén region, the A. catenella resting cysts
abundances were associated with coarse sediment type as sand, gravel,
or little stones (Díaz et al., 2018). Moreover, in a macroscale study
of 10 years of A. catenella resting cysts surveys using an ecoregional
approach from Magallanes (southernmost region) to the inland sea of
Chiloé (northernmost region) with different oceanographic conditions,
the highest cysts abundances were significantly associated with gravel,
sand or mud according to the ecoregion analyzed (Rodríguez-Villegas
et al. unpublished results). In this sense, sediment type as a specific
A. catenella driver may be different from one place to another and for
this reason seems to be bad predictor of A. catenella resting cysts abun-
dances.

The low number of A. catenella resting cysts found in the oceanic area
(max. 32 cysts cm−3) could support the hypothesis proposing that the
movements of deep water masses across the oceanic shelf could lead to
the mass resuspension of resting cysts and thus the formation of blooms
(Mardones et al., 2016). Hydrological connectivity plays an important
role in marine environments (Godhe et al., 2016) and patches of sed-
iment with low abundances of A. catenella resting cysts, such as those
found in the oceanic environment in this study, can be resuspended and
transported from offshore to inshore by physical processes such as up-
welling or storms surges (Nehring, 1993). This favors the formation of
“bottom cell clusters” as results of cysts geminating (Genovesi et al.,
2009) with plastic growth performances (Paredes-Mella et al., 2020)
as a result of exposure to oxygenated and warmer waters (Kremp and
Anderson, 2000).

Concerning the second hypothesis (predation and/or bioturbation of
meiofauna drive cyst distributions), thick or multi-layered cyst walls and
their cover of mucilage increase their long term viability by reducing
their vulnerability to predators and microbial degradation (Ellegaard
and Ribeiro, 2018). According to our results, two observations sug-
gest the possibility of interactions between meiofaunal organisms and
the resting cysts of dinoflagellates. Firstly, there is a correlation between
cyst abundances and harpacticoid abundances, with cyst abundances in-
creasing with decreasing harpacticoid abundances (Fig. 6B and 7C).
Secondly, there is a correlation between cyst abundance and sediment
redox potential with cyst abundances increasing as sediment redox po-
tential decreases. This might be evidence that the cysts are food items
for the harpacticoid copepods, with anoxic sediments providing a spatial
refuge from the harpacticoids because harpacticoid copepods are sen-
sitive to low oxygen concentrations (Grego et al., 2014). Recent in-
gestion experiments using stable isotopes demonstrated that harpacti-
coid copepods do not differentiate between the cells of harmful (Ostreop-
sis cf. ovata) and harmless (Amphidinium cf. carterae) benthic dinoflagel-
lates in the presence of other potential food items (diatoms) (Boisnoir
et al., 2020). Harpacticoid copepods are a predominantly herbivorous
group (De Troch et al., 2012) thus it is a reasonable assumption that
they can feed on A. catenella resting cysts (Pati et al., 1999; Persson,
2000), and thus influence population dynamics of this dinoflagellate.

These findings provide some evidence to support the hypothesis that
there are interactions between meiofaunal organisms and the resting
cysts of dinoflagellates (particularly with A. catenella). These interac-
tions may influence the types of sediment where cysts can accumulate
and thus the areas that may initiate HABs when the overlying oceano-
graphic conditions are favorable.

5. Conclusions

In this study, we used the combination of hydrographic (tempera-
ture, salinity, and dissolved oxygen), sediment physical-chemical prop-
erties (temperature, pH, and Redox potential), and meiofauna abun-
dance and diversity –as sediment bioturbation organisms and potential
cysts predators– for a holistic investigation of dinoflagellates cyst distri-
bution, principally for Alexandrium catenella, in a high PSP outbreaks re-
currence area in southern Chile. Harmful species like A. catenella showed
a strong association with sediment oxygen concentrations. The highest
cysts densities were found in anoxic areas and the lowest densities in
oxygenated areas. Future research is needed to further refine the differ-
ent ecological interactions and population dynamics of cysts in oxic and
anoxic environments. This study, carried out in a region prone to re-
current PSP outbreaks, revealed that biological interactions between the
meiofauna and dinoflagellate cysts likely play an important role in shap-
ing cyst assemblages, and should be considered in future research.
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