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In this study, the field ecology of Kryptoperidinium sp. was examined in two
Mediterranean shallow lagoons, Calich (CA) and Santa Giusta (SG) in Sardinia, Italy.
Kryptoperidinium cell density and the environmental conditions were examined monthly
from 2008 to 2015 in CA and from 2011 to 2016 in SG. Cell morphology was
determined by observing specimens taken from the field and from cultures that were
established by single-cell isolation from samples collected in the two lagoons. The
molecular identity of strains from each lagoon was also ascertained. The growth rates
of the strains were determined under three different temperature conditions and six
salinity treatments. The two wild populations shared the same morphology and the
cultured strains were morphologically and molecularly identical. The SSU and 5.8S
phylogenies show the presence of two clusters within the available Kryptoperidinium
sequences and the strains obtained in this study clustered with others from the
Mediterranean and Baltic. The multiannual dynamics of Kryptoperidinium sp. in the
field significantly differed in the two lagoons, showing much higher cell densities in CA
than in SG. The presence of Kryptoperidinium sp. was detected throughout the year in
CA, with recurrent blooms also affecting the adjacent coastal area. In contrast,
Kryptoperidinium sp. was sporadically observed in SG. The variation in the
environmental parameters was fairly wide during the presence and blooms of
Kryptoperidinium sp., especially in CA. The application of Generalized Linear Models to
the field data revealed a significant role of rainfall and dissolved inorganic nitrogen on
the presence and blooms of the species. Although growth rates were similar between
the two strains, significant differences were detected for the 10 and 40 salinity
treatments. The results obtained in this study add to our knowledge about the ecology
of a harmful species that is not well understood in transitional ecosystems such as
Mediterranean lagoons.
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Highlights (for review)

Highlights:

e Ecological plasticity of Kryptoperidinium was confirmed in Mediterranean lagoons
o Different behavior of Kryptoperidinium was detected in two Mediterranean lagoons
e Kryptoperidinium blooms impacted tourist and recreational use of nearby coastal areas
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and 40 salinity treatments. The results obtained in this study add to our knowledge about the
ecology of a harmful species that is not well understood in transitional ecosystems such as

Mediterranean lagoons.
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1. Introduction

The genus Kryptoperidinium belongs to a dinoflagellates Family, the Kryptoperidiniaceae (Pienaar
et al., 2007; Takano et al., 2008; Gottschling and McLean, 2013; Janouskovec et al., 2017; Price
and Bhattacharya, 2017; Kretschmann et al., 2018) which host a tertiary endosymbiont derived
from a diatom (Dodge, 1971). The taxonomic history of Kryptoperidinium is intricate. Stein
described the type species K. foliaceum (Stein) Lindemann as Glenodinium foliaceum from the
Baltic Sea in 1883. After Stein’s initial record, this species was repeatedly revised, reclassified and
assigned to different genera such as Kryptoperidinium, Peridinium and, once again, to Glenodinium
(e.g., Paulsen, 1908; Lindemann, 1924; Lebour, 1925; Schiller, 1937; Biecheler, 1952; Prager,
1963; Dodge and Crawford, 1969). Further complications with the Kryptoperidinium nomenclature
emerged recently (Gottschling et al., 2018, 2019). In addition to the repeated taxonomic revisions
and the nomenclature issues, the number of species is under review. The presence of a single
species within the genus was widely accepted until the morphological and molecular data collected
by Kempton et al. (2002) highlighted the possible existence of different species within the genus.
Kretschmann et al. (2018) corroborated this conclusion, confirming the presence of at least two
clades within the genus Kryptoperidinium.

Kryptoperidinium species are usually recorded in transitional ecosystems such as lagoons, estuaries,
and tidal creeks (e.g., Jenkinson, 1990; Trigueros et al., 2000; Kempton et al., 2002; Wolny et al.,
2004; Lopez-Flores et al., 2006; Figueroa et al., 2009). The species shows a strong euryhaline
tolerance whereby it can occur in conditions ranging from almost freshwater (Domingues et al.,
2011) to hypersaline water (Saburova et al., 2012). Some populations are listed as high-biomass
bloom producer species (Kempton et al., 2002; Wolny et al., 2004; Saburova et al., 2012). The
production of toxic compounds by Kryptoperidinium species has not been demonstrated yet but
blooms can harm both biota and ecosystem functions. Shellfish and fish mortality events were
reported during Kryptoperidinium blooms in South Carolina estuaries (Lewitus et al., 2003; Wolny
et al., 2004) and in Tunisian coastal waters (Turki et al., 2007).

Given their widespread distribution and the ability to give rise to harmful blooms, the field ecology

of Kryptoperidinium has been fairly well investigated, especially in estuarine waters (Jenkinson,
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1990; Trigueros et al., 2000; Wolny et al., 2004). However, less research has been conducted in
transitional ecosystems such as Mediterranean coastal lagoons (Lopez-Flores et al., 2006; Turki et
al., 2007). Coastal lagoons are key ecosystems that support unique biological communities. These
ecosystems play a role in biogeochemical processes and they provide valuable ecosystem services
such as food, hydrological balance, climate regulation, flood protection, water purification, and
oxygen production (Newton et al., 2018 and references therein). In addition, coastal lagoons are
very important areas for human activities and associated economic interests such as fisheries and
aquaculture, or recreational and tourist uses (Newton et al., 2014). However, coastal lagoons are
very sensitive ecosystems that are experiencing increasing levels of adverse stressors, including
climate change, colonization by alien species, eutrophication, and increases in harmful
phytoplankton species (Newton et al., 2018 and references therein).

Cells belonging to the Kryptoperidinium genus have been frequently observed in Sardinian
ecosystems in the Mediterranean, especially in coastal lagoons. In particular, Calich Lagoon (north
western coast) has suffered recurrent Kryptoperidinium blooms. Conversely, blooms have only been
sporadically observed in Santa Giusta Lagoon (central western coast). The different behavior of the
Kryptoperidinium populations in these two transitional ecosystems located in the same geographical
area suggests at least two hypothesis: a) the presence of a strong environmental variation between
the two lagoons which results in significant differences in the ecological responses of the species,
and/or b) the presence of two different taxa with differing ecological behavior. Accordingly, in this
study Kryptoperidinium specimens from the two lagoons were characterized morphologically and
molecularly and the environmental factors supporting their development in the field were
investigated. In addition, the ecology of Kryptoperidinium strains from the two lagoons was
investigated in culture to determine their exponential growth rates under different temperatures and
salinity conditions. In addition to the average conditions found in the lagoons, rare or out-of-range

conditions of temperature and salinity were also tested to obtain broad-spectrum information.

2. Material and methods

2.1 Study areas and sampling strategy

Calich (CA) and Santa Giusta (SG) lagoons are located along the western coast of Sardinia, in the
northern and central parts, respectively (Fig. 1). They are about 120 km from each other. CA is
elongated in shape and its area and average depth are 0.87 km?and 1.2 m, respectively. Its
catchment basin covers about 432 km?. One channel permanently connects the lagoon to the sea. A
tourist harbor (Fertilia) is located at the mouth of the channel on the western side. There is also a

highly frequented beach on the eastern side. SG is circular in shape, with an area of 8.02 km? and an
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average depth of 1 m. Its catchment basin covers about 137 km?. There is a permanent connection
with the sea through the Pesaria Channel. SG is one of the Marine Ecosystems of Sardinia research
sites for the Italian Long-Term Ecological Research network (www.lteritalia.it;
https://deims.org/6f7581f0-e663-4681-bf9d-4668d6c3f2ba).

Freshwater inputs derive from three watercourses in CA and from two watercourses in SG (Fig. 1).

In both lagoons, the streams have a torrential character, typical of the Mediterranean basin, and the
freshwater inputs are mainly driven by rain events. The annual water inflows are 31.5 Mm?® in CA
and 7.8 Mm? in SG (B.M. Padedda, unpublished data). Further freshwater inputs (volume data are
not available) in CA derive from an urban wastewater treatment plant that has been active since
2009 and from agricultural activities in the catchment (Padedda et al., 2019). In contrast, a diversion
system for wastewater has existed at SG since 1995 (Sechi et al., 2001), which ensures the removal
of this type of freshwater inputs. Further information on the study areas is reported in Bazzoni et al.
(2013), Satta et al. (2014), Pulina et al. (2017), Satta et al. (2017) and Pulina et al. (2018).

The data analyzed in this study was derived from biweekly/monthly sampling conducted from May
2011 to September 2016 in SG and from September 2008 to June 2015 in CA. The details of the
sampling scheme are shown in Supplementary Tables 1 and 2. Samples were collected between
10:00 a.m. and 1:00 p.m. from four sampling stations in SG (1SG, 2SG, 3SG, 4SG) and three in CA
(1CA, 2CA, 3CA) (Fig. 1). Major interruptions of sampling occurred from December 2012 to May
2013 in SG and from June 2012 to May 2014 in CA (Supplementary Tables 1 and 2). Occasionally
partial sampling was carried out (i.e., at fewer sampling stations) or sampling was not carried out at

all due to adverse weather and climatic conditions (Supplementary Tables 1 and 2).

2.2 Field sample collection and processing

2.2.1 Field measurements

Water temperature (Temp) and salinity (Sal) were measured in situ using Idronaut (Idronaut Srl,
Brugherio, Italy) and YSI 6600 v2 (YSI Inc., Yellow Springs, USA) multiparameter probes. Daily
rainfall (Rain) data from 2011 to 2016 (for SG) and from 2008 to 2015 (for CA) were obtained
from Servizio Metereologico Aeronautica Militare for CA and from the Dipartimento Specialistico
Regionale Idrometeoclimatico (SAR) for SG.

2.2.2 Phytoplankton samples

Samples for phytoplankton analyses were collected at about 30 cm depth. In each sampling, one
sample was immediately fixed in 1% Lugol’s iodine solution and a second sample was kept alive.
Cell density on the fixed sample was determined following Utermohl (1958). Cell counts (300 cells

per sample, when possible) were made under an Axiovert 25 inverted microscope (Carl Zeiss,
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Oberkochen, Germany) at 200x magnification within 2 weeks after sampling. Species identification
was based on the observation of the cell shape and swimming behavior of living material and on the

thecal plate tabulation of fixed cells stained with Calcofluor white (Fritz and Triemer, 1985).

2.2.3 Nutrient samples

Samples for nutrient analyses were collected at about 30 cm depth. Nutrient samples were analyzed
within a few hours after the sampling. Concentrations of inorganic nutrients such as reactive
phosphorus (PO4), ammonium (NHa4), nitrate (NOs), and nitrite (NO2), were determined in the
filtered samples according to the methods of Strickland and Parsons (1972). Total dissolved
inorganic nitrogen (DIN) was calculated as the sum of NH4, NOs, and NO..

2.3 Origin of strains and morphological characterization

Kryptoperidinium strains (KryCA_Uniss and KrySG_Uniss) were obtained by single-cell isolation
in April 2014 and August 2015 from CA and SG, respectively. The strains were cultured at a
temperature of 20 °C £1 °C with an approximate illumination of 100 pmol photons m2 s and a
photoperiod of 12:12 h light:dark (L:D). The cells were grown and maintained in L1 medium
(Guillard and Hargraves, 1993) without added silica. The medium was prepared with filtered aged
seawater from an oligotrophic Sardinian coastal area and adjusted to a salinity of 30 (KrySG_Uniss)
and 20 (KryCA_Uniss) by the addition of sterile distilled water, based on the mean salinity of the
source lagoon.

The morphology of living and fixed cells from cultures and from the field was determined using
Axiovert 100 and Axiovert 10 (Carl Zeiss, Oberkochen, Germany) inverted microscopes equipped
with epifluorescence and differential interference contrast optics. Light microscopic examination of
the thecal plate tabulation was performed on fixed cells (Lugol’s iodine, 1% final concentration)
stained with Calcofluor white (Fritz and Triemer, 1985). Chloroplast autofluorescence was
examined in live cells. The shape and location of the nucleus was determined after staining 2%
formalin-fixed cells for 10 min with 4'-6-diamidino-2-phenylindole (DAPI). Photographs were
taken with a Zeiss Axiocam (Carl Zeiss, Oberkochen, Germany; Axiovert 100) and a Spot Flex
digital camera (Spot Imaging, Sterling Heights, Michigan, USA; Axiovert 10). Cell size was
determined from cultured and wild fixed material at 400x magnification using a calibrated eyepiece

micrometer.

2.4 Molecular and phylogenetic analyses
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Genomic DNA from KrySG_Uniss and KryCA_Uniss strains was extracted from ~15 mL of
exponentially growing cultures. The cells were harvested by centrifugation at 300 x g for 15 min.
The pellet was transferred to a 2-mL microcentrifuge tube and centrifuged at 6,000 x g for 5 min.
Total genomic DNA was extracted from the final pellet using a DNeasy Blood and Tissue kit
(Qiagen), following the manufacturer’s instructions.

The ribosomal DNA from the SSU, LSU, and ITS regions was amplified. For both SSU and LSU
rDNA, a first PCR was conducted in order to amplify the region of interest, and subsequent nested
PCRs were performed to obtain the dinoflagellate SSU rDNA, the endosymbiont SSU rDNA, and
the dinoflagellate LSU rDNA sequences. All PCR amplifications were done in a 50 pL mixture
containing 1 pL of the extracted template DNA, 5 pL of 10X buffer, 1.5 uL of MgCl>, and 0.25 pL
of Hot Start Taq DNA polymerase (Biotechrabbit, Hennigsdorf, Germany), 1 L of dNTP 0.2 mM
each (Qiagen) and 0.4 mM of each primer. For SSU rDNA, the combination of the primers EUKA
and EukB (Medlin et al., 1988) was first used. The PCR amplification parameters consisted of 5
min at 94 °C, followed by 35 cycles of 1 min at 94 °C, 90 sec at 55 °C, 2 min at 72 °C, ending with
a final hold of 7 min at 72 °C. The resulting PCR product was used as template for subsequent
reactions. The primers Dino18SF1 and 18ScomR1 (Lin et al., 2006; Zhang and Lin, 2005) were
used for the dinoflagellate nested PCR, consisting of 5 min at 94 °C, followed by 30 cycles of 45
sec at 94 °C, 1 min at 55 °C, 3 min at 72 °C, ending with a final hold of 10 min at 72 °C. The
primers DiaF and DiaR (Zhang et al., 2011) were used for the endosymbiont nested PCR, with the
same PCR amplification parameters as the SSU amplification. The primers D1R and D2C (Scholin
et al., 1994) were used to amplify the D1/D2 domains of the LSU rDNA, and for the dinoflagellate
nested PCR the primers DinFi and DinRi (Logares et al., 2007) were used. The LSU PCR started
with 5 min at 94 °C, followed by 40 cycles of 20 sec at 95 °C, 30 sec at 55 °C, 1 min at 72 °C,
ending with a final hold of 10 min at 72 °C. The PCR amplification parameters for the
dinoflagellate nested LSU PCR were equivalent to the SSU except for the annealing temperature of
52 °C for 1 min. The primers ITSA and ITSB (Adachi et al., 1994) were used to amplify the ITS
region. The ITS PCR started with 5 min at 94 °C, followed by 35 cycles of 20 sec at 94 °C, 10 sec
at 57 °C, 50 sec at 70 °C, ending with a final hold of 5 min at 70 °C.

An aliquot of the final PCR products was electrophoresed through a 1.2% agarose gel and the
remainder was frozen at —20 °C until sequenced. Purification and sequencing were carried out by an
external service (Genoscreen, Lille, France) using a 3730XL DNA sequencer. The GenBank
Accession numbers are: MN963957-MN963960 and MN963988—-MN963989 (Supplementary
Table 3). The GenBank Accession number for the endosymbiont sequence is MN963987.
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The sequences generated in this study were aligned with sequences obtained from GenBank
belonging to the genus Kryptoperidinium, Kryptoperidiniaceae representatives, and other
dinoflagellate species used as outgroups (see Supplementary Table 3). The phylogenies of the three
sequenced rDNA regions were constructed, as well as a concatenated phylogeny of the SSU, 5.8S-
ITS, and LSU rDNA. The dataset for each region was aligned separately using MAFFT v. 7 (Katoh
et al., 2002). For the concatenated phylogeny, only representatives with at least two of the rDNA
regions available were used. Poorly aligned positions and divergent regions were removed using
Gblocks v. 0.91b (Castresana, 2000). Alignments and concatenation were manually verified using
Geneious v. R6. The GTR model with a GAMMA distribution was selected for all datasets.
Phylogenetic analyses were performed using maximum likelihood (ML) and Bayesian approaches.
For the ML tree, the MPI version of RAXML (Randomized Axelerated Maximum Likelihood) v.
8.2.3 (Stamatakis, 2014) was used. The most likely tree was established from 1,000 searches. The
ML bootstrap support (BS) was analyzed with 1,000 replicates. The Bayesian analysis was carried
out with MrBayes v. 3.2 (Ronquist et al., 2012) using the same evolutionary model. The consensus
tree was obtained from post burn-in trees. Statistical support values for ML BS, and Bayesian
posterior probabilities (BPP), as determined from the ML analyses, are reported for the tree

topology.

2.5 Growth experiments

Growth experiments were carried out at three temperatures (11 °C, 20 °C, 30 °C) in combination
with six salinities (5, 10, 20, 30, 40, 50) using a growth cabinet for each temperature. Temperatures
of 11 °C and 20 °C were selected since they represent the mean temperature in winter and the
temperature annual mean in the two lagoons, respectively. The temperature of 30 °C was selected
since it represents the maximum temperature in summer in the two lagoons. The six salinities were
selected since they correspond to: (A) from 5 to 30: range of salinity variation in CA; (B) from 20
to 40: range of salinity variation in SG; (C) 50: out of range value. The salinities below 30 were
obtained by diluting aged seawater from an oligotrophic Sardinian coastal area with distilled water,
whereas salinities of 40 and 50 were obtained through evaporation with mild heating. Nutrients,
trace metals, and vitamins of the L1 medium (Guillard and Hargraves, 1993) were added after the
salinity was adjusted. Cultures of the two strains were pre-adapted to experimental conditions
through stepwise transfer of stock cultures to each temperature and salinity regime for about two
months.

Acclimated stock cultures were inoculated into triplicate polypropylene flasks filled with 50 mL of

each salinity-adjusted media. Flasks were inoculated with 500 cells of each stock culture mL™, and
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1 mL was sampled every 2 days for 1 month. The 1 mL subsamples were fixed with Lugol’s
solution for cell enumeration in Sedgewick-Rafter chambers; at least 200 cells were counted at
200x magnification under an Axiovert 25 inverted microscope. The cell abundances obtained in the
growth experiments were used to determine the exponential growth rates (r) according to Guillard
(1973). The growth rate for each flask culture was estimated using data from different days (at least
three points) depending on the start and duration of the respective exponential phase.

2.6 Statistical analyses

One-way analysis of variance (ANOVA) was performed to ascertain if there were any significant
differences in environmental conditions (Temp, Sal, and nutrients) and in Kryptoperidinium cell
densities among the sampling stations of each lagoon and between the two lagoons. ANOVA was
also conducted on the Rain data to test for any significant difference between the two lagoons. Rain
data were obtained by summing daily rainfall values to get monthly accumulations. Monthly rain
accumulation data was averaged over the years. Prior to ANOVA, normal distribution
(Kolmogorov-Smirnov test) and homogeneity of variance (Bartlett test) were verified. For PO4 and
DIN data the Welch correction was applied (data with non-homogeneous variance). DIN data were
square root transformed. For cell density the Kruskal-Wallis test (not normally distributed data) was
applied after the logio (x+1) transformation of data. ANOV As were also used to verify any
significant difference in cell length and width between field and culture data within and between
strains. Three-way ANOVA was applied to verify significant differences in the growth rates of
Kryptoperidinium between SG and CA cultured strains and at the different temperatures and
salinities. Interactions between Kryptoperidinium data and the environmental variables were
analyzed using Generalized Linear Models (GLMs). Kryptoperidinium observations in field
samples were transformed to binary data (presence/absence). Consequently, the logit-link function
for binomial distribution was applied (McCullagh and Nelder, 1989). In addition to the basic
presence/absence dataset, two different thresholds of Kryptoperidinium cell densities were also
considered, the first considering as presence all the records >2 x 10° cells L and the second
considering all the records >3 x 10° cells L. The three series of models were applied separately to
the CA and SG datasets, and on the entire set of data (CA plus SG data). The fixed terms (predictor
variables) of the GLMs were Sal, Rain, PO4, and DIN. Analyses were performed in the statistical
and programming software R 3.2.1 (R Development Core Team, 2014).

3. Results

3.1 Kryptoperidinium sp. dynamics and relationship with environmental variables
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ANOVA revealed no significant differences among the sampling stations in both lagoons for any of
the environmental variables or for Kryptoperidinium sp. cell density (data not shown). Therefore,
all data were grouped by months to reconstruct the monthly mean dynamics of each variable in the
two lagoons.

Mean monthly Temp varied within a similar range in the two lagoons (Fig. 2). Annual means were
19.22 °C and 19.27 °C in SG and CA, respectively. No significant differences were detected for
Temp between the lagoons. Monthly means of Sal were higher in SG and varied over a wider range
in CA (Fig. 2). Annual means were 32.13 in SG and 17.73 in CA. Sal data differed significantly
between the two lagoons (F = 24.51, p< 0.001). Monthly means of accumulated Rain were higher
and varied over a wider range in CA than in SG (Fig. 2). Annual means were 504.40 mm and
1001.46 mm in SG and CA, respectively. Rain data differed significantly between the two lagoons
(F =7.89, p< 0.05). Monthly mean values for inorganic nutrients (DIN and PO,) and their ratio
(DIN:POs) were higher in CA than in SG (Fig. 3). DIN, PO, and DIN:PO4 differed significantly
between the two lagoons (DIN: F = 24.04, p< 0.001; PO4: F = 25.40, p< 0.001; DIN:PO4: F =
11.50, p< 0.01).

During the study period, Kryptoperidinium sp. was detected in all months except September in CA.
However in SG, it was only found in February, July and August (Fig. 4, Table 1). The monthly
means for cell density were higher in CA than in SG, with maximum values of 57.21 x 10* cells Lt
in April in CA and 5.29 x 10* cells L™t in July in SG (Table 1). The maximum cell densities were
notably higher in CA than in SG, ranging from 1.04 x 10* cells L™ (in October) to 422.51 x 10*
cells Lt (in April) in CA and from 0.12 x 10* cells L (in February) to 63.54 x 10* cells L (in
July) in SG (Table 1). Kryptoperidinium cell density differed significantly between the two lagoons
(2 = 12.29, p< 0.001). Recurrent discolorations of the water were observed when cell densities
were higher than 2-3 x 10° cells L™ in CA. Blooms were frequently also detected along the
adjacent coastal areas in association with discoloration events in the lagoon, especially in summer
(July). Samples taken in these coastal areas confirmed the presence of the species (data not shown).
The highest Kryptoperidinium cell densities in SG coincided with the highest monthly means for
Temp (27.4 £ 1.9°C) and Sal (37.0 £ 1.3), and the lowest values for Rain (7.6 = 7.8 mm) (Fig. 4). In
contrast, the species was recorded over a wider range of Temp, Sal, and Rain monthly mean values
in CA (Fig. 4). The highest maximum density values in CA were observed in well identified periods
in spring (March-April) and summer (July) (Fig. 4, Table 1). In the spring months, the monthly
means of Temp were 13.6 £ 4.2 °C in March and 19.4 £+ 3.6 °C in April and the monthly means of
Sal were 15.9 + 7.0 in March and 15.8 = 5.8 in April. Monthly means of Rain were 96.5 + 41.0 mm
in March and 86.1 + 34.5 mm in April. In July, the highest cell densities coincided with the highest
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monthly means of Temp and Sal, equal to 27.3 + 1.5 °C and to 26.1 £ 2.7, respectively (Fig. 4).
Monthly mean Rain corresponded to the lowest values recorded, at 11.8 = 14.0 mm (Fig. 4).

In SG, Kryptoperidinium detections coincided with intermediate to high monthly means of DIN and
low PO4 concentrations (Fig. 5; Table 2). The highest Kryptoperidinium cell densities in SG (July)
coincided with a DIN range of 4.30-31.34 uM and a PO4 range of 0.15-0.29 uM. Monthly mean
concentrations of the same nutrients were more variable in CA when Kryptoperidinium was
detected (Fig. 5; Table 2). During spring blooms (March-April) in CA, DIN and PO4 concentrations
ranged from 42.5 uM to 123.97 uM and from 0.30 uM to 8.09 uM, respectively. During summer
blooms (July), DIN and PO4 concentrations were generally lower, ranging from 2.43 uM to 2.50
MM and from 0.32 uM to 0.58 pM, respectively.

The GLMs showed that DIN and Rain had significant effects on the presence of Kryptoperidinium
in CA (Table 3). No significant relationships were detected with cell density >2 x 10° cells L and
>3 x 10° cells L™ (data not shown). The strong collinearity among data forced the elimination of
POys in the application of the GLM on the SG dataset and on the entire set of data (CA plus SG
data). Results showed that DIN significantly influenced the presence of Kryptoperidinium sp. in SG
(Table 3). Unfortunately, the low number of records did not allow the application of the model for
the two additional Kryptoperidinium cell density classes, i.e., >2 x 10° cells L't and >3 x 10° cells
L. The GLMs for the entire data series showed that Sal, DIN and Rain significantly influenced the
presence of Kryptoperidinium sp. in the two lagoons (Table 3). Moreover, DIN significantly
influenced Kryptoperidinium sp. at the threshold of 2 x 10° cells Lt and 3 x 10° cells L™* (data not

shown).

3.2 Morphological and phylogenetic analyses

Wild and cultured Kryptoperidinium cells from CA and SG lagoons shared the same morphology.
They were oval in the ventral view (Fig. 6A) and strongly dorso-ventrally flattened, with concave
ventral and convex dorsal sides, possessing a ‘comma’ shaped eyespot localized centrally within the
hypotheca (Fig. 6A). The cells were 22.0-40.0 um long (mean 30.7 £=3.7 um, n=104), and 15.0-
40.8 um wide (mean 28.7 *=4.2 um, n=104). No significant differences were detected in cell length
between CA and SG strains or between CA and SG wild cells. Cell width showed no significant
differences between CA and SG strains, however, the wild cells of SG were significantly wider than
those from CA (mean widths of 32.6 4.7 um and 28.5 £3.2 um for SG and CA, respectively). In
both cultured strains and wild samples, chloroplasts were numerous and oval (Fig. 6A-B). Nuclear
staining by DAPI revealed the presence of two nuclei. The bigger one, ellipsoidal in shape, was the

dinokaryon and the smaller rounded to irregularly shaped one was the endosymbiotic nucleus
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(Figure 6C). All cells examined were binucleate. The thecal plate pattern was Po, x, 4, 2a, 7", 5C, 5
—6s, 5", 2" (Fig. 6D-1). Thecal plates were finely ornamented with small pores (Fig. 6J-K). The
cingulum was ascending (Fig. 6D-F). Two plates showed a unique shape: the first apical plate (1)
was wide and kidney-shaped with a more or less defined concavity in the left side formed by the
anterior sulcal plate (sa) (Fig. 6D-F) and the 7" plate was very narrow and L-shaped, with a
characteristic elongated and thin border inserted between the 1' plates and the 5C plate (Fig. 6D-G).
The SSU, LSU rDNA and ITS molecular sequences obtained for both Sardinian strains were
identical. The constructed phylogeny for SSU rDNA (Fig. 7) showed that the sequences were
included within Kryptoperidiniaceae, which showed maximum support. This clade included all
species belonging to Unruhdinium genus (maximum support, 100%/1), Durinskia (maximum
support), Galeidinium (maximum support), and Blixaea quinguecornis. Sequences belonging to
Kryptoperidinium clustered together, and split into two different clades, although statistical support
was low (<85%/0.95), and they formed a sister clade with Galeidinium representatives (100%/1).
Each Kryptoperidinium cluster showed maximum support. The first cluster included sequences
from this study, other sequences obtained from the Mediterranean Sea, and a sequence belonging to
representatives from the Baltic Sea. The second cluster included sequences from a strain obtained
from Puerto Rico (Caribbean Sea). The topology with sequences available for the other rDNA
regions was almost identical. In the case of LSU rDNA phylogeny (Supplementary Fig. 1), all
Kryptoperidinium sequences were clustered together (100%/1), including sequences from this
study, other Mediterranean areas, and one from the Atlantic Ocean (near Assateague Island,
Maryland, USA). Two sequences obtained from the Caspian Sea formed a sub-cluster within this
group (99%/1). In this case, sequences for the strain obtained in Puerto Rico were not available. In
the case of the 5.8S rDNA phylogeny (Supplementary Fig. 2), Kryptoperidinium sequences were
clustered into two different clades and showed a statistical support of 92%/1. Again, one cluster
(100%/1) included sequences from this study and the Aegean Sea (Mediterranean), and the second
(100%/1) included sequences from a strain from Puerto Rico. Finally, the concatenated tree (Fig. 8)
showed the same topology for Kryptoperidinium sequences, with sequences from the Mediterranean
Sea clustering together (100%/1), and those from Puerto Rico forming a sister cluster. The SSU
rDNA sequence of the endosymbiont was only obtained for the KryCA_Uniss strain. It was
identical (overlapping in 402 positions) to a Kryptoperidinium endosymbiont sequence available for
an Aegean Sea strain in the Mediterranean. However, it showed 99.3% similarity (overlapping in
738 positions) with another available sequence of Kryptoperidinium endosymbiont from an

unknown origin (data not shown).
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3.4 Exponential growth rates in culture

Exponential growth rates for the SG strain varied from 0.17 day™ to 0.33 day* at 11 °C and from
0.15 day* to 0.31 day* at 20 °C. Values were similar for CA, varying from 0.14 day™ to 0.33 day™
at 11 °C and from 0.18 day™ to 0.31 day™ at 20 °C (Fig. 9). For both strains, no growth was
observed at 30 °C. The SG strain showed the highest exponential growth rate at a salinity of 30 at
both temperatures, whereas the CA strain showed the highest exponential growth rate at a salinity
of 40 at 11 °C and at a salinity of 10 at 20 °C (Fig. 9). No significant differences were detected
between the two temperatures in any of the salinity treatments, nor between the two strains or for
each strain. Exponential growth rates significantly differed between SG and CA strains in the 10
(p< 0.01) and 40 (p< 0.05) salinity treatments. The exponential growth rates of the SG strain also
differed significantly between the 30 salinity treatment and the 10 (p<0.01), 20 (p<0.05) and 40
(p<0.05) salinity treatments. The CA strain showed no significant differences among the salinity

treatments.

4. Discussion

The present study makes a valuable contribution to the ecology of a potentially harmful species of
the genus Kryptoperidinium, deepening some morphological and phylogenetic aspects. The
information obtained derives from field and from culture data, on two new isolates from different
lagoons in Sardinia. The reported data are among the few obtained for distinct and ecologically

important systems such as coastal shallow lagoons.

4.1 Morphology and taxonomy

The Kryptoperidinium cells from the CA and SG lagoons analyzed in this study shared the same
morphology and they were, therefore, from the same species. The phylogeny supported this
conclusion. The shape and size of Kryptoperidinium cells from the two lagoons conformed closely
to those previously reported by Biecheler (1952), Dodge (1982), Sournia (1986), Trigueros et al.
(2000), Kempton et al. (2002), Wolny et al. (2004) and Saburova et al. (2012). There is some
variability in the plate tabulation shown in the literature, especially in the number and shape of
epithecal and cingular plates (Biecheler, 1952; Dodge, 1982; Sournia, 1986; Trigueros et al., 2000;
Kempton et al., 2002; Wolny et al., 2004; Figueroa et al., 2009, Saburova et al., 2012 and
Gottschling et al., 2019). In this study, the plate formula of cells was determined as Po, X, 4/, 2a,
7", 5C,5—6s,5",2"" which matched that reported by Kempton et al. (2002) and Gottschling et al.
(2019).
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The peculiar kidney-shaped 1' plate observed in Kryptoperidinium sp. cells from CA and SG has
been reported in Mediterranean and Atlantic cells (Biecheler, 1952; Trigueros et al., 2000; Kempton
et al., 2002; Figueroa et al., 2009, and Gottschling et al., 2019), but more irregularly shaped 1'
plates are also reported in the literature (Kempton et al., 2002; Wolny et al., 2004; Saburova et al.,
2012). The narrow and L-shaped 7" plate seems to be a characteristic common to all the
Kryptoperidinium described so far (Biecheler, 1952; Dodge, 1982; Sournia, 1986; Trigueros et al.,
2000; Kempton et al., 2002; Wolny et al., 2004; Figueroa et al., 2009, Saburova et al., 2012 and
Gottschling et al., 2019), whereas the theca finely ornamented by pores, as observed in this study, is
only reported by Biecheler (1952). Almost all the aforementioned studies refer to the species K.
foliaceum. However, Gottschling et al. (2018, 2019) recently highlighted difficulties with the
nomenclature of Kryptoperidinium and, together with Kretschmann et al. (2018), provided evidence
of at least two species within the genus. Consequently, pending further investigations, the species
found in the studied lagoons is reported as Kryptoperidinium sp.

Cells from the two lagoon sites possessed the other two characteristics frequently reported in
Kryptoperidinium: the presence of an endosymbiontic nucleus and of an eye spot. Both these
features seemed to be peculiar to Kryptoperidinium although populations without the endosymbiont
(Kempton et al., 2002; Gottschling et al., 2019) and the eye spot (Kempton et al., 2002; Saburova et
al., 2012) have also been reported. In addition, degeneration of the eye spot in old cultures has been
demonstrated (Moldrup et al., 2013).

The molecular data includes the strains obtained in this study in the Kryptoperidiniaceae, within a
well-defined group that contains the available Kryptoperidinium sequences. The Kryptoperidinium
cluster splits into two clades in all phylogenies, as reported in several studies (Gottschling and
McLean, 2013, Kretschmann et al., 2018, Zerdoner Calasan et al., 2018 and Gottschling et al.,
2019). The first clade includes the strains obtained in this study together with strains from diverse
localities (e.g., the Baltic, Mediterranean and North Atlantic) and the second includes a strain from
Puerto Rico (UTEX1688). The second clade should also include other two strains (SC from the
North Atlantic and NCMA 1326 from the North Pacific) as demonstrated by Kempton et al. (2002),
Kretschmann et al. (2018), and Gottschling et al. (2019).

Reconstructing the morphological differences between the representatives of the two clades is
particularly difficult due to the lack of information for the majority of strains, including that from
the type locality (Baltic Sea) (Gottschling et al., 2019). Following the observations by Kempton et
al. (2002), the cingulum orientation may be a criterion. The strains analyzed in this study and the
Mediterranean strain GeoB 459 (Fig. 2; Gottschling et al., 2019) show an ascending cingulum,

whereas Kempton et al. (2002) describe a descending cingulum for the strains attributed to the



440 second clade. The number of cingular plates is also proposed as a possible criterion (Gottschling et
441  al., 2019) and the results of this study corroborate this proposal. The strains analyzed here possess
442  five cingular plates as reported for some other strains of the first clade (Gottschling et al., 2019).
443  Further data, including those from the type locality of Kryptoperidinium foliaceum (proposed to be
444  renamed K. triquetrum by Gottschling et al., 2019), are needed to clarify the species-specific

445  relationships among the Kryptoperidinium clades. However, the results obtained in this study

446  contribute to create a useful knowledge base on the morphology and phylogeny of Mediterranean
447  isolates. These data will be especially important for the future taxonomic evaluation of the

448  Kryptoperidinium genus.

449

450 4.2 Ecology of Kryptoperidinium sp. from Mediterranean shallow coastal lagoons

451  Kryptoperidinium populations possess strong eurythermic and euryhaline characteristics and they
452  have been reported in very diverse environmental conditions (Jenkinson, 1990; Johnston and

453  Gilliland, 2000; Trigueros and Orive, 2000; Trigueros et al., 2000; Kempton et al., 2002; Wolny et
454  al., 2004; Lopez-Flores et al., 2006; Lewitus et al., 2008; Figueroa et al., 2009; Saburova et al.,
455  2012). Data obtained in this study confirm this ecological plasticity although the species showed a
456  preference for the ecological conditions in CA. In CA, Kryptoperidinium gave rise to water

457  discolorations. These events strongly influenced the ecosystem functions of the adjacent coastal
458 areas, especially in summer and in relation to cultural ecosystem services. Local newspapers and
459  media reported economic losses because of a decrease in tourists linked to the unpleasant sea

460 conditions and increasing public alarm was signaled by tourist operators. Although shellfish and
461  fish mortality events were reported during Kryptoperidinium blooms in South Carolina estuaries
462  (Lewitus et al., 2003; Wolny et al., 2004) and in Tunisian coastal waters (Turki et al., 2007), this
463  did not occur in CA.

464  CAis characterized by a rainier climate, lower salinity, and higher inorganic nutrient concentrations
465 than SG. The two lagoons also differ in terms of size, shape, freshwater inputs, outlets, catchment
466  area and human activities within the catchments (Pulina et al., 2017). In the present study, salinity
467  and nutrients significantly differentiated the two lagoons as reported in previous studies at annual
468  (Pulinaetal., 2017; Pulina et al., 2018) and pluriannual scales (Bazzoni et al., 2013). In addition,
469 the specific features of each lagoon were demonstrated to be fundamental drivers of the taxonomic
470  composition and ecological traits of phytoplankton (Pulina et al., 2018). Therefore, lower salinity
471  values and higher nutrient concentrations could be assumed to play a key role in the presence and
472  especially in the intense blooms of Kryptoperidinium sp. in coastal Mediterranean lagoons.

473  Kryptoperidinium blooms have been associated with spring tidal variations and strong vertical and
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horizontal salinity gradients, resulting in the retention of growing cells in the innermost areas of
North Atlantic estuaries where salinity levels are lower (Jenkinson, 1990; Orive et al., 1998;
Trigueros and Orive, 2000). However, summer blooms at high temperatures and salinities have
been recorded in Mediterranean lagoons (Lopez-Flores et al., 2006; Turki et al., 2007). The present
study shows both spring and summer blooms of Kryptoperidinium sp. in the same lagoon, which
suggests that the species is adaptable to a wide range of temperature and salinity at the same site.
Growth experiments showed a fair tolerance to different temperature and salinity conditions in both
the analyzed strains, similar to the field results. Kryptoperidinium sp. grew at both winter and
spring temperatures (11 °C and 20 °C), but no growth was observed at the highest temperature
tested (30 °C). Results did not indicate a significant difference between growth rates at 11 °C and
20 °C for either lagoon strain. Conversely, a preference for higher temperatures, with significantly
higher doubling rates at 19 °C and 23 °C compared to 15 °C have been observed for a
Kryptoperidinium strain from the Spanish Atlantic coast (reported as K. foliaceum, Figueroa et al.,
2009). The growth experiments also revealed comparable growth rates in all salinity treatments for
the strain from CA. Conversely, the strain from SG showed a preference for a salinity of 30 and
significantly lower growth rates in the 10 and 40 salinity treatments. These results underline a
difference in the response of the two strains to particular salinity conditions. These findings suggest
more adaptability in the CA strain, which comes from a more variable environment in terms of
salinity conditions at both spatial and temporal scales (Pulina et al., 2017).

The field and laboratory dataset obtained in this study suggests an indirect preference for lower
salinity in the field, probably connected to the rain-driven nutrient runoff from the catchment. The
GLMs revealed a significant correlation between Kryptoperidinium sp. and the DIN in both
lagoons. Interestingly, Kryptoperidinium growth, promoted by the artificial enrichment of inorganic
nitrogen in absence of silicate, was demonstrated in microcosm experiments in the Guadiana
estuary (southwestern Mediterranean Sea; Domingues et al., 2011). The influence of rain-driven
nutrient runoff was also described in South Carolina, with an association between blooms and the
input of organic compounds (Wolny et al., 2004).

Understanding the observed summer blooms that coincided with low nutrient levels in the absence
of rainfall is more complicated but intriguing. CA receives urban waste water treated by a sewage
treatment plant all year round and in summer this input increases, in relation to a doubling of the
human population because of tourists (especially Alghero, B.M. Padedda, person. comm.). The
inflow of waters enriched with organic nutrients could be the trigger for summer blooms in CA,

similarly to South Carolina (Wolny et al., 2004).
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In summary, the ecological success of Kryptoperidinium sp. in the studied ecosystems is certainly
linked to its wide environmental tolerance and plasticity. Its life history is important also in these
ecosystems. The production of both sexual and asexual cysts with a very short dormancy period
reinforces adaptability to highly variable environments (Figueroa et al., 2009). Cysts of the species
were found in SG sediments at low densities (Satta et al., 2014), whereas CA sediments had very
high densities of cysts (C.T. Satta, unpublished data). The species is able to grow in wide
temperature and salinity ranges as demonstrated by field and laboratory data. However, the
differences in the growth rates with different salinity treatments could suggest a slightly
intraspecific variability that may explain the varying success of Kryptoperidinium sp. in the field.
Intraspecific differences in ecophysiological responses and traits in strains of the same population
and among different populations, even those that are genetically similar, have been demonstrated in
numerous studies on other harmful dinoflagellates (e.g., Alexandrium ostenfeldii, Kremp et al.,
2012; Van de Wall et al., 2015; Brandenburg et al., 2018). This variability is particularly important
for populations faced with changing environmental conditions in the context of ongoing climate
change (Kremp et al., 2012) and it could also be important in highly variable and disturbed
environments such as Mediterranean lagoons. Results seem to suggest a role for nutrient (i.e.,
inorganic nitrogen) availability. However, the role of nutrients in promoting Kryptoperidinium
growth must be considered with caution. Despite the established relationship between
eutrophication and the increase of harmful algal blooms (Heisler et al., 2008), the response of
Kryptoperidinium to nutrient availability may be affected by the possible mixotrophy of the species
as already observed for other dinoflagellate species (Jeong et al., 2010 and references therein); by
competition with other phytoplankton species (Litchman et al., 2012); and by consumer pressure
(Boyce et al., 2015).

Further studies are needed to better understand the ecology of Kryptoperidinium species by
investigating the role of both organic and inorganic nutrients, evidence for mixotrophy and the
suspected intraspecific variability. This study underlines some interesting aspects of
Kryptoperidinium dynamics that may be useful in subsequent ecological evaluations of the species.

Conclusions

The reconstruction of the Kryptoperidinium ecology through field and laboratory data allowed
underlining the great plasticity of these dinoflagellates once again. The evidence gathered showed
that blooms might arise at different environmental conditions also at the same site. Furthermore,
highly variable environmental conditions promoted the presence and blooms of Kryptoperidinium.

Integrating multiannual ecological field data, laboratory experiments and the morphological and
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molecular characterization of potentially harmful species are of particular importance in
understanding their adverse effects in key ecosystems such as coastal Mediterranean lagoons.

In addition, this base of knowledge inserted in a wide ecological framework can contribute to
explain more complex ecological processes in aquatic ecosystems. In fact, the understanding of
ecological processes and the integration of knowledge are particularly useful for designing common
policies and sustainable management actions in aquatic ecosystems (Pérez-Ruzafa et al., 2011).
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Figure Captions

Figure 1 Location of Calich and Santa Giusta lagoons and sampling stations placement (black-filled
circles) in Calich (1CA, 2CA and 3CA) and Santa Giusta (1SG, 2SG, 3SG and 4SG). Black arrows

= freshwater inputs; white arrows = sea inlets.

Figure 2 Boxplots showing the monthly mean variability of rainfall (Rain), water temperature
(Temp) and salinity (Sal), in Santa Giusta (SG) and Calich (CA) lagoons. Lines represent medians;
M represent means. Bottom of box is the first quartile (Q1); upper part is the third quartile (Q3).
Whiskers represent the 90th and 10th percentiles.

Figure 3 Boxplots showing the monthly mean variability of dissolved inorganic nitrogen (DIN),
reactive phosphorous (PO4), and the ratio between DIN and PO4 (DIN:PO4), in Santa Giusta (SG)
and Calich (CA) lagoons. Lines represent medians; M represent means. Bottom of box is the first

quartile (Q1); upper part is the third quartile (Q3). Whiskers represent the 90th and 10th percentiles.

Figure 4 Monthly means of Kryptoperidinium cell density, rainfall (Rain), water temperature
(Temp) and salinity (Sal) in Santa Giusta (SG) and Calich (CA) lagoons. Monthly means for Rain
derived from the monthly accumulations (obtained summing daily rainfall values) averaged over
the years (from 2011 to 2016 for SG and from 2008 to 2015 for CA). Monthly means for Temp and
Sal derived from data obtained biweekly or monthly from May 2011 to September 2016 for SG and

from September 2008 to June 2015 for CA. Vertical bars represent standard deviations of the mean.

Figure 5 Monthly means of Kryptoperidinium cell density, dissolved inorganic nitrogen (DIN),
inorganic phosphorous (PO4) and the ratio between DIN and PO4 (DIN:POs), in Santa Giusta (SG)
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and Calich (CA) lagoons. Monthly means for nutrients derived from data obtained biweekly or
monthly from May 2011 to September 2016 for SG and from September 2008 to June 2015 for CA.

Vertical bars represent standard deviations of the mean.

Figure 6 Morphology of Kryptoperidinium cells in light and epifluorescence microscopy from the
Western Mediterranean Sea: ventral view of a living cell (A), shape of chloroplasts (B), position of
the two nuclei, the dinokarion (dk) and the endosymbiontic nucleus (en) (C), plate pattern
arrangement in ventral views (D-F), Po and x plate arrangement (G), plate pattern arrangement in

dorsal views (H-I), and theca ornamentation (J-K). Scale bars represent 10 pum.

Figure 7 Maximum likelihood phylogenetic tree inferred from the SSU rDNA sequences of the
family Kryptoperidiniaceae. The sequences of other peridinioid representatives are used as
outgroup. Sequences obtained in this study are indicated in bold. The bootstrap values (BP) and the
Bayesian posterior probabilities (BPP) are provided at each node (% BS/BPP). Only BS and BPP

values >80% and >0.95, are shown.

Figure 8 Maximum likelihood phylogenetic tree inferred from the concatenated SSU, 5.8S and LSU
rDNA sequences of the family Kryptoperidiniaceae. The sequences of other peridinioid
representatives are used as outgroup. Sequences obtained in this study are indicated in bold. The
bootstrap values (BP) and the Bayesian posterior probabilities (BPP) are provided at each node (%
BS/BPP). Only BS and BPP values >80% and >0.95, are shown.

Figure 9 Exponential growth rates of Kryptoperidinium strains from SG and CA lagoons in the five
salinity treatments, at 11 °C and 20 °C. Data points are an average of a minimum of 3 time points
per treatment and vertical bars are standard deviations of the mean. No growth was observed at 30
°C for both strains.

Supplementary figure captions

Supplementary Figure 1 Maximum likelihood phylogenetic tree inferred from the LSU rDNA
sequences of the family Kryptoperidiniaceae. The sequences of other peridinioid representatives are
used as outgroup. Sequences obtained in this study are indicated in bold. The bootstrap values (BP)
and the Bayesian posterior probabilities (BPP) are provided at each node (% BS/BPP). Only BS and

BPP values >80% and >0.95, are shown.



809
810
811
812
813
814
815

Supplementary Figure 2 Maximum likelihood phylogenetic tree inferred from the 5.8S rDNA

sequences of the family Kryptoperidiniaceae. The sequences of other peridinioid representatives are
used as outgroup. Sequences obtained in this study are indicated in bold. The bootstrap values (BP)
and the Bayesian posterior probabilities (BPP) are provided at each node (% BS/BPP). Only BS and

BPP values >80% and >0.95, are shown.
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Table 1

Table 1 Kryptoperidinium monthly mean cell density, maximum cell density and frequency of
species observations in each month (xstandard deviation and number of records) in Santa Giusta
(SG) and Calich (CA) lagoons. Monthly means derived from data obtained in each month in the
study periods (May 2011 to September 2016 for SG and from September 2008 to June 2015 for
CA).

Mean cell density Max cell density Frequency obs.
(cells x 10° L) (cells x 10* L) (%)
SG CA SG CA SG CA
Jan 0 6.74 - 36.14 - 50
() (£14.5; 6)
Feb 0.05 8.60 0.12 38.73 57 67
(£0.6; 7) (£12.8; 9)
Mar 0 13.97 - 195.05 - 33
(-) (+46.2; 18)
Apr 0 57.21 - 422.51 - 67
(-) (£113.2; 15)
May 0 4.14 - 16.95 - 67
) (£5.5; 15)
Jun 0 7.07 - 29.35 - 80
) (£8.9; 15)
Jul 5.29 7.71 63.54 75.84 15 33
(£14.5;27) (x21.7;12)
Aug 0.13 3.82 2.09 42.71 7 25
(x0.5;27)  (%£12.3;12)
Sep 0 0 - - - -
@) @)
Oct 0 0.13 - 1.04 - 17
() (£0.3; 12)
Nov 0 4.87 - 35.88 - 27
(-) (x12.4; 15)
Dec 0 3.05 - 33.77 - 33
-) (£8.8; 15)




Table 2

Table 2 Monthly mean values (+standard deviation and number of records) of dissolved inorganic nitrogen (DIN), reactive phosphorous (PO4), DIN
and POg ratio in Santa Giusta (SG) and Calich (CA) lagoons. Monthly means derived from data obtained in the entire study period for each month
(May 2011 to September 2016 for SG and from September 2008 to June 2015 for CA).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec A,\r/}g:r?l
SG 5.55 3.38 5.94 1.45 3.40 1.56 4.95 3.80 2.06 2.57 7.17 12.06 4.49
DIN (+4.8; 11) (+1.6;7) (£5.6; 12) (+0.7; 15) (+2.7; 16) (+1.0; 28) (£7.4; 27) (£6.1; 27) (+1.3; 24) (£2.3; 20) (+6.4;15)  (+15.4; 15) '
(uM) CA 124.22 96.93 117.72 72.02 46.98 9.37 7.07 6.52 18.51 27.78 65.14 158.46 62.56
(£72.9; 6) (+54.7; 9) (+57.2; 18) (+53.9; 15) (+27.9; 15) (+9.7; 15) (+7.1;12) (7.4;12)  (#¥19.1;15)  (#¥16.7;12)  (£38.9;16)  (+64.0; 16) '
SG 0.72 0.38 1.32 0.69 0.68 0.48 0.31 0.33 0.33 0.33 0.68 1.12 0.61
PO4 (+1.2;11) (£0.4;7) (+0.5; 12) (+0.4; 15) (0.6; 16) (0.6; 28) (£0.2; 27) (£0.2; 27) (£0.2; 24) (0.3; 20) (£0.6; 15) (0.8; 15) '
(UM) CA 3.58 2.24 2.07 3.37 2.54 1.83 0.81 1.33 4.89 2.22 5.39 5.72 3.00
(x1.4; 6) (x0.8; 9) (+1.7; 18) (x2.7; 15) (£2.1; 15) (£2.2; 15) (£0.9;112) (£1.5;12) (£6.7; 15) (£2.7;12) (+4.8; 16) (£3.7; 16) )
SG 37.40 18.28 3.83 3.51 9.51 8.69 24.34 22.67 12.39 13.45 13.76 9.32 14.76
DIN: (+48.0;11)  (+28.2;7) (+2.5;12) (+3.3; 15) (£9.1; 16) (£15.2;28)  (+46.0;27)  (+44.4;27)  (+14.1;24)  (+14.1;20) (+8.6; 15) (£6.2; 15) '
PO4 CA 32.91 76.38 142.66 81.09 148.24 21.20 14.90 9.51 17.94 112.76 25.63 33.04 59 69
(£11.5;6)  (+107.5;9)  (¢2145;18)  (+183.4;15)  (¥279.8;15)  (#¥32.1;15)  (#20.1;12)  (#¥13.2;12)  (¢20.9;15)  (¢179.9;12)  (+21.7;16)  (¥15.1;16) '




Table 3

Table 3 Synthesis of the results of the generalized linear models (GLMs) applied on the
absence/presence data of Kryptoperidinium and on selected environmental variables using the
Calich Lagoon (CA) and Santa Giusta Lagoon (SG) set of data and the entire set of data (CA plus
SG data). GLM was also applied to two different thresholds of Kryptoperidinium cell density: 1) >2
x 10° cells Lt; 2) >3 x 10° cells L. Significant effects are shown in bold.

GLM - CA DATA absence/presence
Estimate Standard error Z value Pr (>2)

(Intercept) 0.474 0.775 0.611 0.541
Sal —0.016 0.025 —0.639 0.523
DIN 0.007 0.004 2.129 0.033
PO, —0.004 0.051 —0.082 0.935
Rain —0.011 0.004 —2.817 0.005
GLM - SG DATA absence/presence

Estimate Standard error Z value Pr (>2)
(Intercept) —7.693 2.809 —2.739 0.006
Sal 0.107 0.069 1.551 0.121
DIN 0.114 0.038 3.028 0.002
Rain 0.08 0.011 0.722 0.470
GLM - CA plus SG DAT A absence/presence

Estimate Standard error Z value Pr (>2)
(Intercept) 0.338 0.649 0.521 0.603
Sal —0.065 0.019 —3.429 0.000
DIN 0.009 0.003 2.783 0.005

Rain —0.007 0.004 —2.043 0.041
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