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Abstract Picophytoplankton (Pico) seasonal dynamics and
ecology were investigated in three eutrophic coastal lagoons
(Calich, Santa Giusta, and Corru S’Ittiri) located in the same
geographic region (Sardinia, Mediterranean Sea). Pico dynamics
were examined to determine a relationship with variability in
environmental conditions characterizing the three sites, and iden-
tify which parameters affected observed Pico dynamics. Results
showed Pico density reached 10°® cells L™' and biomass values
did not exceed 72.8 g C L™'. Statistical analyses detected sig-
nificant differences in hydrographic and nutrient conditions
among lagoons, which were also characterized by variable
Pico seasonal dynamics and composition. Calich and Santa
Giusta were dominated all year around by picocyanobacteria.
Maximum picocyanobacteria abundance was observed during
summer in both lagoons, associated with the highest tempera-
tures recorded. Picocyanobacteria abundance and nutrient con-
centrations showed a significant negative and positive correla-
tion in Calich and Santa Giusta, respectively. In contrast,
picoeukaryotes dominated Pico assemblages in Corru S’Ittiri,
where the highest transparency and salinity and the lowest
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seasonal variation in salinity were recorded. In Corru S’Ittiri,
the maximum Pico abundance was observed in autumn, when
lower temperature and the highest nutrient concentrations were
observed. Our study provides information on Pico assemblage
ecology, which remains scarce in coastal and transitional envi-
ronments, particularly in Mediterranean climate regimes.
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Picoeukaryotes - Coastal lagoons - Environmental drivers -
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Introduction

Prokaryotic and eukaryotic autotrophic cells in the
picoplankton size fraction (0.2-2.0 um) are given the general
classification of picophytoplankton (Pico) (Magazzu and
Decembrini 1995). For more than two decades, Pico have
been recognized as important contributors to total phytoplank-
ton biomass and primary production in marine and freshwater
environments (Stockner 1988; Bernardi Aubry et al. 2006).
Specifically, Pico have long been considered typical biologi-
cal components of oceans and common in oligotrophic
ecosystems. More recently, Caroppo (2015) reported that
Pico were increasingly observed in eutrophic environments.
Explanations for the expansion of Pico remain largely elusive,
but might involve alterations in physical variables, nutrients,
and/or grazers (Sorokin et al. 1996). The importance of small
phytoplankton in productive waters has previously been
overlooked due to methodological limitations or because
small phytoplankton were not examined during routine as-
sessments in these environments (Carrick and Schelske
1997). Small phytoplankton should typically outcompete
large phytoplankton under low nutrient concentration condi-
tions and vice versa in high nutrient concentrations (Harris
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1994), based on size dependencies of nutrient uptake kinetics
(Hein et al. 1995) and diffusion limitations of nutrient trans-
port (Thingstad and Rassoulzadegan 1999). However, in a
study on phytoplankton variability based on long-term data
of chlorophyll a from a large number of estuarine-marine
coastal sites, Cloern and Jassby (2010) provided evidence that
the competitive success of phytoplankton groups was deter-
mined by many factors acting simultaneously, and not solely
nutrients. Schapira et al. (2010) reviewed the environmental
factors controlling Pico distribution and composition, includ-
ing meteorological conditions, nutrient levels, grazing, and
viral lysis. However, Pico in eutrophic coastal waters have
received little attention (Siokou-Frangou et al. 2010;
Caroppo 2015). In these enriched environments, many factors
influence the composition and dynamics of the phytoplankton
community (nutrient and light availability, turbulence, and
predation, among others). These factors exhibit high temporal
and spatial variability in coastal waters; therefore, it is often
difficult to interpret the ecological role of Pico in the food
web, their spatial and seasonal dynamics, and interactions
with environmental variables (Calvo-Diaz et al. 2008;
Gaulke et al. 2010).

Compared with a notable number of results published
worldwide on Pico ecology, information on spatial and tem-
poral distribution, production, and biomass in Mediterranean
climate ecosystems is scarce, particularly in coastal lagoons
(Magazzu and Decembrini 1995; Siokou-Frangou et al.
2010), with the exception of several reports on bloom forma-
tion (Paoli et al. 2007). The literature reports variable Pico
composition (e.g., picocyanobacteria or picoeukaryote domi-
nance) in Mediterranean climate coastal ecosystems world-
wide, and indicates different drivers of Pico seasonal dynam-
ics, including temperature, salinity, nutrient availability, graz-
ing, and larger phytoplankton dynamics (e.g., Caroppo 2000;
Ning et al. 2000; Worden et al. 2004; Paoli et al. 2007; Collos
et al. 2009; Schapira et al. 2010). Conflicting results reported
in a small number of studies require further investigation into
Pico assemblage ecology in Mediterranean coastal ecosys-
tems. Even Bec et al. (2011) indicated that changes in Pico
community structure (i.e., picocyanobacteria or picoeukaryote
dominance) would reflect picoplanktonic responses to natural
changes and anthropogenic environmental perturbations, such
as eutrophication, habitat transformations, or fishing among
others, suggesting the need to clarify the primary drivers reg-
ulating their distribution in Mediterranean coastal lagoons.

In this study, we investigated Pico seasonal dynamics, in-
cluding picocyanobacteria and picoeukaryotes. The study was
conducted over an annual cycle in three Mediterranean eutro-
phic lagoons, which differ in shape, size, number and type of
inlets and outlets, and hydrodynamics, but are located in the
same geographic area (Sardinia, North Western Mediterranean
Sea) (Bazzoni et al. 2013; Satta et al. 2014). The objectives of
the study were as follows: (1) determine if Pico spatial and
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seasonal dynamics reflect differences in the seasonal environ-
mental conditions of the three sites, (2) identify which envi-
ronmental variables affect the observed Pico dynamics, and
(3) compare our results with other records on the ecology of
Pico assemblages in comparable ecosystems worldwide in
order to contribute to improve the knowledge on the ecology
of Pico assemblages in Mediterranean climate coastal
ecosystems.

Materials and Methods
Study Areas

The three lagoons are located along the western coast of
Sardinia (North Western Mediterranean Sea), Calich Lagoon
in the north and connected to the Gulf of Alghero and Santa
Giusta and Corru S’Ittiri lagoons in the center, connected to
the Gulf of Oristano (Fig. 1). Calich and Santa Giusta lagoons
are exploited for fishing and Corru S’Ittiri for shellfish har-
vesting. Their catchments are affected by urban, agricultural,
and zootechnical activities; consequently, the lagoons are
highly eutrophic (Bazzoni et al. 2013; Satta et al. 2014).
Furthermore, several hydraulic interventions have been con-
ducted in the lagoons over the years, considerably altering
their connections with the sea.

Calich Lagoon

The lagoon is elongated in shape from northwest to southeast;
it is the smallest lagoon among the three investigated (Table 1;
Fig. 1a). Oruni channel in the northern part of the lagoon, Rio
Calvia in the south, and Rio Barca in the center deliver fresh-
water to the lagoon (Fig. 1a). Rio Barca drains 70 % of the
catchment. The lagoon is permanently connected to the sea
through a natural channel, which was highly modified by hu-
man activities. A tourist harbor, very popular in summer, is
located in this channel (Fig. 1a).

Santa Giusta Lagoon

Santa Giusta Lagoon is circular in shape and is the largest
study site (Table 1; Fig. 1b). Rio Pauli Maiori and Rio Pauli
Figu are the main freshwater inputs, both located on the la-
goon’s east side (Fig. 1). The lagoon has undergone several
modifications, which affect the hydrology and hydraulics of
the area (Sechi et al. 2001; Luglié et al. 2002; Satta et al.
2014). Today, exchanges with the sea occur permanently
through the Pesaria Channel, on the west coast of the lagoon
and via a secondary canal, controlled by bulkheads that con-
nect the lagoon with an industrial harbor further south
(Fig. 1b). A fish catch system operates in the final sec-
tion of the Pesaria Channel. Extensive fish mortalities,
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Fig. 1 Location of Calich (a), a A
Santa Giusta (b), and Corru N
S°Ittiri (¢) lagoons and sampling
stations (black-filled circles).

Black arrows = freshwater inputs; L4 2

white arrows = sea inlets

frequently associated with hypoxic conditions and po-
tentially harmful algal blooms, have frequently occurred
during summer months throughout the lagoon (Bazzoni
et al. 2013).
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This lagoon is elongated in shape, and unlike the others orig-
inated from a coastal area, which was confined by a natural

Table 1 Main features of Calich

(CA), Santa Giusta (SG), and Lagoons
Corru S’Ittiri (CO) lagoons
CA SG CcO

Latitude 40.55N 39.86 N 39.75N
Longitude 8.18 E 859 E 8.52 E
Lagoon area (km?) 0.87 8.02 1.50
Mean depth (m) 1.20 1.00 0.80
Maximum depth (m) 2.10 2.50 2.00
Catchment area (km?) 432 173 22
Number of inhabitants in the catchment 49,473 38,042 0
Number of freshwater inputs 3 2 1?
Number of sea inlets 1 2 2
Water input (10 x m® year™") 28.6 385 5
Residence time (days) 8 43 7
Tidal regime (m) Nanotidal, <0.30 Nanotidal, <0.32 Nanotidal, <0.30
Type of sea connection Permanent Permanent Permanent

® +6 canals of nearby irrigation area drainage system
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shore line-parallel sand spit, the spit is artificially connected to
the land along its southern end (Table 1; Fig. 1c). Freshwater
input from the catchment occurs from the small Pauli Pirastru
Pond located to the north. In addition, freshwater from a near-
by irrigation area drainage system flows into the lagoon via six
separate canals along the eastern coastline. The sea connects
to the lagoon permanently through two inlets; the larger via
the southern end and a smaller northern inlet (Fig. 1c).

Sampling Activities

Monthly sampling was conducted from June 2011 to
May 2012 in all lagoons, with the exception of summer
2011, when sampling was performed bimonthly in Santa
Giusta lagoon (SG) and Corru S’Ittiri lagoon (CO). For each
season, months were defined as follows: summer = July—
September, autumn = October—December, winter = January—
March, and spring = April-June. At each site, samples were
collected at three stations in Calich lagoon (CA) and CO, and
five in SG (Fig. la—). Water samples (1 L) were transferred
directly into clean polyethylene bottles at a depth of 0.3 m
below the surface, taken immediately to the laboratory, and
stored under cold, dark conditions for nutrient analyses. Pico
were examined after collection of 100-mL water samples and
subsequent preservation in dark bottles with buffered formal-
dehyde (2 % final concentration).

Chemical and Physical Analyses

In situ water transparency was measured with a Secchi disk,
while water temperature and salinity were determined with a
multi-parameter probe (YSI 6600V2). In the laboratory, water
samples were analyzed spectrophotometrically for ammonium
(N-NHy), nitrite (N-NO,), nitrate (N-NO3), and orthophos-
phate (P-PO,4) following Strickland and Parsons (1972).
Dissolved inorganic nitrogen (DIN) was calculated as the
sum of N-NH,, N-NO,, and N-NOs.

Picophytoplankton

Formaldehyde-fixed water samples were maintained in the
dark at 4 °C and analyzed within 24 h. Duplicate slides were
prepared by filtering 2—5 mL (depending on cell density) of
water from each sample onto 0.2-pum black-stained polycar-
bonate membranes (Nucleopore). Cell counts were made
using a Zeiss Axiovert 100 microscope, equipped with green
(BP520-560 nm/FT580 nm/LP590 nm) and blue (BP450—
490 nm/FT510 nm/LP520 nm) filters set at x1000 magnifica-
tion. Each optical field was observed with both filter sets to
distinguish autotrophic picocyanobacteria (P-Cyan) and auto-
trophic picoeukaryotes (P-Euk). For each slide, at least 20
randomly selected fields and a minimum of 100 randomly
selected cells of each group type were counted. Total Pico
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counts were the sum of the two groups (Maclsaac and
Stockner 1993). Cell sizes of ~200 randomly selected individ-
uals from each Pico group (~400 total) were measured on each
slide (Bratbak 1993), and biovolumes were calculated using
formulas provided by Bratbak (1985). Cell carbon content
was determined applying the conversion factors
250 fg C um > for P-Cyan and 220 fg C um > for P-Euk for
mean cell volume (Tamigneaux et al. 1995). Pico biomass was
calculated by multiplying cell carbon content by cell
abundance.

Data Analyses

In order to compare transparency values among the studied
lagoons and due to the notable differences in depth across
lagoons (Table 1), mean depth of each lagoon was set equal
to 1 and each transparency value obtained with the Secchi disk
measure has been converted in proportion to this unit. This
conversion was deemed necessary because transparency
values were often coincident with the bottom, which repre-
sented the possible maximum transparency in each lagoon,
but they differed because of the different shallowness of the
sites (Table 1).

Statistical analyses were performed using R 2.15.2 soft-
ware (R Core Team 2012). An a priori level of significance
was established at P < 0.05, i.e., 95 % confidence interval.

Considering that the three studied lagoons belong to the
same climate region (Mediterranean) and are relatively close
to each other, we assumed that the Mediterranean climate
seasonality should result in comparable patterns of seasonal
variability of environmental conditions and Pico abundance
and composition across all the lagoons. Other local drivers
(e.g., level of eutrophication or other human activities in the
catchments) or site-specific characteristics (e.g., seawater ex-
changes, freshwater inputs, morphometry) can act on the gen-
eral climate patterns of variability, resulting in the significant
differences among lagoons in the seasons. In order to ascertain
seasonal differences in environmental conditions (transparen-
cy, temperature, salinity, DIN, P-PO,) and Pico biomass (Pico,
P-Cyan, P-Euk) across all the lagoons, two-way analysis of
variance (ANOVA) was performed considering two fixed fac-
tors (the seasons and the lagoons), individually and combined.
In addition, one-way ANOVA was performed for each lagoon
to detect significant differences among sampling stations for
each of the aforementioned variables. Prior to ANOVA anal-
yses, the two assumptions were confirmed for all pooled data:
normal distribution (Kolmogorov-Smirnov test) and homoge-
neity of variance (Bartlett test). All data required logarithmic
[In(x)] transformation to meet ANOVA assumptions.
Furthermore, even after log and several other transformations,
assumptions were not met by temperature and DIN in the case
of two-way ANOVA. Therefore, the untransformed tempera-
ture and DIN data were subjected to a more conservative
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significance level (P < 0.01) (Underwood 1997). When sig-
nificant differences in the dependent variables based on fac-
tors were observed, post hoc Tukey’s pairwise comparisons
test was performed.

For each lagoon, significant correlations between environ-
mental variables, i.e., transparency, temperature, salinity, DIN,
P-PO,, and Pico biomass, i.e., Pico, P-Cyan, and P-Euk, were
also assessed using Spearman’s rank correlation.

Results
Environmental Conditions

The combined effects of seasonality and lagoons showed sig-
nificant differences in transparency, salinity, DIN, and P-PQOy,
except for temperature (Table 2). However, significant differ-
ences in temperature in the different seasons were observed
across all lagoons (Table 2). Specific results are described in
the following paragraphs.

Temperature was higher in summer and lower in winter in
all lagoons. CO showed the highest temperatures in all sea-
sons, CA the lowest, and SG exhibited intermediate values
(Online Resource 1; Fig. 2). Spring temperature values in
CA resulted significantly different from those in CO and SG
(Tukey’s tests: P < 0.01).

Transparency was higher in winter in all the lagoons, lower
in summer in SG and CO, and in spring in CA (Online
Resource 1; Fig. 2). Comparing the relative transparency of
the three lagoons, CO showed the highest transparency values
in all seasons except in autumn (annual mean of 0.88), follow-
ed by CA (annual mean of 0.86) and SG (annual mean of

Table2  Results of the two-way ANOVA (F-test and P value) to assess
significant differences in environmental variables (P-PO,, orthophos-
phate; DIN, dissolved inorganic nitrogen) and picophytoplankton bio-
mass (Pico, total picophytoplankton; P-Cyan, picocyanobacteria; P-Euk,
picoeukaryotes) among seasons and lagoons. Interaction between factors
(Seasons x Lagoons) are also shown

Seasons Lagoons Seasons x Lagoons

F P F P F P
Transparency 11.77  *** 503 ** 321 *k
Temperature ~ 121.38  *¥%* 11.52  *** 1,67 ns
Salinity 19.54 #%F 19399  kkx 53] A
DIN 10.63 k14440 ¥+ 830 ok
P-PO, 1.96 ns 6147 #** 573 HAE
Pico 16.28 ik 042 ns 6.41 ok
P-Cyan 25.33 ek 2.69 ns 5.50 ok
P-Euk 0.78 ns 623 ** 234 ns

ns not significant
*P < 0.05; #*P < 0.01; ***P < 0.001

0.75) (Online Resource 1; Fig. 2). The summer transparency
significantly diversified SG from CO (Tukey’s test: P = 0.005)
and from CA (Tukey’s test: P = 0.013).

Maximum salinity was detected in summer in all lagoons,
with minimum values in autumn in CA and CO and in winter
in SG (Online Resources 1; Fig. 2). CO exhibited the highest
salinity in all seasons (annual mean of 35.7 %o), CA the lowest
(annual mean of 17.9 %), and SG showed intermediate values
(annual mean of 32.2 %) (Online Resources 1; Fig. 2). CA
values significantly differed from CO and SG values in all
seasons (Tukey’s test: P < 0.01). In CO and SG, salinities were
significantly different in winter and spring (Tukey’s test:
P < 0.05). In addition, CO salinity never dropped below
26.96 %o, and the CO seasonal variation in salinity was
marked lower than in CA and SG. Tukey’s test showed sig-
nificant differences only between the summer and autumn in
CO (P = 0.015). CA summer salinity differed significantly
from CA autumn and spring values (Tukey’s test:
P < 0.001), whereas SG summer and SG autumn salinity
values differed significantly from SG spring and winter values
(Tukey’s test: P < 0.001) and SG winter values (Tukey’s test:
P =0.035), respectively.

The highest DIN and P-PO, concentrations were observed
in autumn in CA and CO. In contrast, maximum DIN and P-
PO, values were detected in summer and spring in SG (Online
Resource 1; Fig. 3). The DIN and P-PO, concentrations were
the highest in CA (81.3 and 2.9 uM annual means, respective-
ly), followed by CO (14.1 and 1.6 uM annual means, respec-
tively). In SG, values were much lower (2.2 uM for DIN and
0.2 uM for P-PO, annual means). The lower P-PO,4 concentra-
tions recorded in SG, resulted in significant differences with
CA in autumn, winter, and spring and with CO in autumn and
spring (Tukey’s tests: P < 0.001). CA and CO significantly
differed in winter P-PO,4 concentrations (Tukey’s test:
P < 0.05). High significant differences in DIN concentrations
occurred between CA and SG and between CA and CO values
in all seasons (Tukey’s tests: P < 0.001). CO and SG signifi-
cantly differed in autumn DIN values (Tukey’s test: P < 0.001).

Significant differences in environmental variables were not
detected among sampling stations in each lagoon (data not
shown).

Picophytoplankton Seasonal Dynamics

Significant differences in Pico and P-Cyan abundances oc-
curred considering the combined effects of seasonality and
site (Table 2). Furthermore, significant differences in P-Euk
abundance occurred among the lagoons (Table 2).

P-Cyan were the dominant Pico group in CA and SG, con-
tributing >90 % to total density and biomass in all seasons,
and determining the maximum summer Pico abundance in
these two lagoons (Online Resource 2; Figs. 4 and 5).
Significant seasonal differences in P-Cyan abundance were
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Fig.2 Seasonal dynamics of hydrographic conditions in Calich (a), Santa Giusta (b), and Corru S’Ittiri (c) lagoons (seasonal mean + standard deviation;

triangle = transparency, circle = temperature, rhombus = salinity)

observed between CA and CO summer values (Tukey’s test:
P =0.007) and between CA and SG spring values (Tukey’s
test: P =0.011). In contrast, P-Euk dominated at CO, contrib-
uting >80 % to Pico total density and biomass in autumn,
winter, and spring, and determining the maximum autumn
Pico abundance in the lagoon (Online Resource 2; Figs. 4
and 5). P-Euk were only observed in CA during spring in
one sampling, contributing <4 % to total density and biomass.
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P-Euk were also detected at <4 % total density and <6 % total
biomass in summer, autumn, and spring at SG (Online
Resource 2; Figs. 4 and 5). Tukey’s test showed significant
differences in P-Euk abundance between CO and CA
(P = 0.002), CO and SG (P = 0.041), and CA and SG
(P = 0.040).

Significant differences in biotic variables were not detected
among sampling stations in each lagoon (data not shown).
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Picophytoplankton Interactions with Environmental
Variables

Results of Spearman’s analysis (Table 3) indicated that P-
Cyan was significantly and positively correlated with temper-
ature and salinity in all lagoons, and negatively correlated with
relative transparency in SG and CO. A significant and
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Fig. 4 Seasonal dynamics of picophytoplankton (Pico) abundances (a
density, b biomass) in Calich (CA), Santa Giusta (SG), and Corru S’Ittiri
(CO) lagoons (seasonal mean + standard deviation)

ugcL!

negative correlation occurred also between P-Cyan and DIN
and P-PO, in CA and CO. In contrast, P-Cyan was positively
correlated with P-PO, in SG.

Spearman’s analysis highlighted that P-Euk exhibited a sig-
nificant and negative correlation with relative transparency and a
positive correlation with temperature in SG, and a negative cor-
relation with temperature in CO. A significant and negative cor-
relation also occurred between P-Euk and DIN in CA, a positive
correlation between P-Euk and DIN and P-PO, in SG, and a
positive correlation between P-Euk and P-PO, in CO.

Discussion

The present work provides new data on Pico, P-Cyan, and P-
Euk seasonal dynamics in eutrophic Mediterranean lagoons.
Our results contribute to improved knowledge on the ecology
of Pico assemblages, which remains scarce in coastal and
transitional environments, particularly in Mediterranean cli-
matic regimes. Despite the similarity of the general seasonal
pattern of the main climate proxies, such as temperature, and
the common high trophic level of the studied lagoons, our data
revealed that Pico seasonality varied significantly in both
abundance and composition (i.e., P-Cyan and P-Euk) depend-
ing on different environmental factors.

Results from this study show Pico density values similar to
those detected in other coastal lagoons worldwide (Gaulke
et al. 2010; Schapira et al. 2010; Caroppo 2015 and
references therein). Noteworthy, biomass values observed in
one of the studied lagoons (CA) were much higher than in
other coastal waters worldwide (Calvo-Diaz et al. 2008;
Caroppo 2015 and references therein).

Maximum Pico abundance was recorded in summer in two
of the lagoons (CA and SG). These lagoons were dominated
all year around by P-Cyan, whose dynamics, consequently,
can be considered as representative of Pico. A strong positive
correlation between P-Cyan and temperature is well docu-
mented in the literature, where temperature is indicated as a
key factor controlling P-Cyan growth (Ning et al. 2000; Bec
et al. 2005; Collos et al. 2009). Coherently, in our data, P-
Cyan showed a significant positive correlation with tempera-
ture in all lagoons. Interestingly, contrasting behaviors be-
tween P-Cyan and analyzed nutrients were observed in the
two P-Cyan-dominated lagoons, supporting the hypothesis
that the link between P-Cyan abundance and nutrient avail-
ability is more complex than previously thought (Caroppo
2015). In one case (CA), significant negative correlations be-
tween P-Cyan and DIN and P-PO, values were found, as it
was established in several studies in other Mediterranean cli-
mate coastal environments (Ning et al. 2000; Bernardi Aubry
et al. 2006; Collos et al. 2009). In a second case (SG), we
identified significant positive correlation between P-Cyan
and P-PO,. Also, Gaulke et al. (2010) reported maximum P-
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Cyan abundance coincident with high summer P-PO, values
in the Neuse River Estuary, North Carolina, USA. Overall, the
role of nutrients seems to have a limited influence on the P-
Cyan dynamics, in agreement with the P-Cyan ability to adapt
to a wide range of nutrient concentrations (Flombaum et al.
2013). In particular, the interpretation of the relationship be-
tween P-Cyan and nutrient dynamics is difficult if the water
nutrient levels and inorganic compounds are only considered,
leaving out the fluxes of water nutrients and the dissolved
organic matter (Flombaum et al. 2013). Moreover, studies
on eutrophic areas show grazing is one of the main drivers
behind P-Cyan seasonal dynamics, surpassing the role of nu-
trient availability in structuring communities (Caroppo, 2015
and references therein).

Table 3  Significant correlations between environmental variables (P-
POy, orthophosphate; DIN, dissolved inorganic nitrogen) and
picophytoplankton biomass (Pico, total picophytoplankton; P-Cyan,

SU AU WI SP

T T T T T T T T T 1 T
SUAU WI SP SU AU WI SP SU AU WI SP SU AU WI SP

[ P-Cyan M P-Euk

Interestingly, in the present study, P-Euk prevailed strongly
in the third lagoon (CO), with maximum abundance in au-
tumn. In a previous study on dinoflagellate cyst assemblages,
CO phytoplankton composition resulted significantly differ-
ent from other two lagoons, including SG, located in the same
geographical area (Satta et al. 2014). In this case, salinity was
a fundamental variable in determining the diverse results
among the study sites. In addition, there is evidence that the
peculiar Pico results observed for CO in the present work
reflected significant differences in environmental conditions
among lagoons, especially regarding relative transparency and
salinity. Compared to CA and SG, CO exhibited the highest
relative transparency and salinity values and the lowest sea-
sonal variation in salinity. The diverse environmental

picocyanobacteria; P-Euk, picoeukaryotes) in Calich (CA), Santa Giusta
(SG), and Corru S’Ittiri (CO) lagoons

CA SG CcO

Pico P-Cyan P-Euk Pico P-Cyan P-Euk Pico P-Cyan P-Euk
Transparency —0.49%%%* —0.41%* —0.54%%%* —0.40*
Temperature 0.50%* 0.50%* 0.64%** 0.65%** 0.41%* 0.74%** —0.45%%*
Salinity 0.85%%* 0.85%** 0.54%** 0.59%** 0.59%**
DIN —0.65%** —0.65%** —0.39* 0.61%** —0.44*
P-PO, —0.56%** —0.56%** 0.47%** 0.36%* 0.55%** —0.47%* 0.54%*

*P < 0.05; **P < 0.01; ¥***P < 0.001
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conditions likely reflected other differences among the three
lagoons, such as the diverse origin, extent of the catchment
areas and typology and level of human activities in these ter-
ritories. Actually, CO is the shallowest lagoon, condition that
probably favored the highest relative transparency. CO has
originated from a modified marine coastal area, confined by
a natural shore line-parallel sand spit and closed artificially,
assuring, however, a direct and continuous seawater ex-
change. CO catchment area is the smallest of all the lagoons
(22 km? CO catchment area, 432 km? CA catchment area,
173 km? SG catchment area) and is uninhabited (49,473 in-
habitants in CA catchment area, 38,041 inhabitants in SG
catchment area), although it is strongly exploited for intensive
agriculture. Further, freshwater input to the lagoon is really
lower (5 x 10° m® year ') compared to those of CA
(28.6 x 10° m® year ') and SG (38.5 x 10° m® year '), and
the, inputs are less localized than in the other lagoons, occur-
ring at least at six different points along its right side via
drainage canals. The lowest seasonal variation and the highest
salinity values in CO may be related to the synergic effect of
all these factors.

To date, little is known about the drivers that lead to the
dominance of Pico communities by P-Euk species due to the
few and scattered data on their distribution patterns and their
relative contribution to Pico biomass (Vaquer et al. 1996;
Siokou-Frangou et al. 2010). In general, P-Cyan outnumbers
P-Euk in Mediterranean climate coastal waters worldwide
(Ning et al. 2000; Bernardi Aubry et al. 2006). However,
throughout different sampling programs in the marine Thau
lagoon, France (Mediterranean Sea), P-Euk dominated the
Pico assemblage in summer (Vaquer et al. 1996; Bec et al.
2005). P-Euk success was related to P-Euk ability to use solar
radiation more efficiently than P-Cyan, determining lower
deleterious effects of high irradiance on P-Euk (Vaquer et al.
1996; Bec et al. 2005). On the contrary, in our data, P-Euk
were not observed in summer in CO. In addition, assuming
transparency as an index of underwater light regime, we did
not ascertain any significant relationship between P-Euk and
relative transparency in CO. However, we found that P-Cyan
resulted significantly and negatively correlated with transpar-
ency in this lagoon, suggesting a possible disadvantage of this
group in respect to P-Euk by the shallowness and the high
relative transparency values in CO. In agreement with the
hypotheses that P-Cyan growth is more temperature depen-
dent than P-Euk growth (Kuosa 1991), our results showed a
strong P-Euk proliferation at lower temperature in CO, espe-
cially in autumn, with the presence of P-Cyan only in summer.
Actually, a significant and positive correlation between P-
Cyan and temperature, and a significant and negative correla-
tion between P-Euk and temperature were detected in CO.
Similar observations were reported for the Neuse River
Estuary, North Carolina, USA, where P-Euk dominated in
winter (Gaulke et al. 2010), and for the Baltic Sea, where P-

Euk proliferated in autumn (Kuosa 1991). In our study, the
maximum P-Euk abundance observed in autumn in CO coin-
cided with the maximum DIN and P-PO, concentrations de-
tected in the lagoon, even if P-Euk abundance resulted signif-
icantly and positively correlated only with P-PO,. To date,
there have been few studies on the nutrient uptake physiology
of coastal Pico communities, especially at the taxa level, and
no clear causal relationship has emerged in literature to relate
nutrients with P-Euk growth (Vaquer et al. 1996; Gaulke et al.
2010).

The recent literature on photosynthetically active radiation
(PAR) and grazing provides more information on P-Cyan and
P-Euk dynamics, but unfortunately data from the geographic
sites we investigated are currently unavailable. Further, we
acknowledge annual observations from several consecutive
years are particularly useful in highly sensitive and stressful
ecosystems, such as coastal lagoons, where intrinsic complex-
ity in phytoplankton communities is common (Collos et al.
2009).

Conclusion

Our results show different behaviors of Pico in the studied
Mediterranean lagoons, at both seasonal and composition
levels. Among the environmental variables investigated, tem-
perature represented an important driver for Pico growth, es-
pecially for P-Cyan. In contrast, transparency and salinity ap-
peared relevant for P-Euk development. Responses of Pico to
seasonal variation in DIN and P-PO,4 concentrations resulted,
instead, more variable.

The high Pico abundances detected in our study support the
idea that Pico importance cannot be overlooked in time-series
monitoring programs. Our work supports the hypotheses that
Pico ecology is influenced by many factors, acting simulta-
neously. We believe that, to fully understand the Pico ecology
in lagoon ecosystems, further studies are needed considering
multiple trophic levels, biological interactions, and additional
possible environmental drivers, such as light availability and
turbulence.
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