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ABSTRACT

Understanding how climate influences phytoplankton dynamics is crucial for anticipating temporal trends and
cascading consequences on ecosystem functioning under climate change. This study explores long-term dynamics
in contrasted Mediterranean lagoons and investigates the effects of climatic (air temperature, rainfall, wind
speed) and nutrient (inorganic nutrient concentrations) drivers on phytoplankton chlorophyll a, abundances, and
pigment composition. 17 years of summer monitoring were analyzed using univariate trend tests and multi-
variate approaches to highlight changes and to disentangle the contributions of abiotic factors to phytoplankton
variability. Our results revealed contrasts among lagoons in physicochemical conditions and phytoplankton
community, which strongly structured their temporal trends. Climatic drivers significantly influenced phyto-
plankton, but their importance was context-dependent. In nutrient-enriched systems, phytoplankton dynamics
were primarily controlled by inorganic nutrient concentrations, while climatic effects were weak by comparison.
Conversely, in nutrient-poor systems, climatic signals became more visible and influential: wind events were
associated with higher chlorophyll a, warmer conditions with increases in phycoerythrin-rich picocyanobacteria,
and rainfall with higher picoeukaryote abundances, potentially through indirect effects on water column stability
and nutrient and light availability. However, under nutrient limitation, abundances remained low and dominated
by small cells, suggesting that nutrient control exerts the strongest influence on phytoplankton, which may
explain why nutrient control tends to mask diffuse climatic signals. Yet, climate change modulates physico-
chemical patterns and may progressively shape lagoon functioning. This study emphasizes the need to account
for lagoon features and vulnerabilities, and supports adaptive and site-specific management strategies to safe-
guard coastal lagoons under future changes.

1. Introduction

rise in temperatures, projected to reach 1.8-4.4 °C by the end of the 21st
century, along with altered seasonal precipitation patterns with drier

Coastal lagoons provide ecological and socio-economic ecosystem
services, including carbon sequestration, contributing to climate change
mitigation (Newton et al., 2018; Guzman et al., 2023). However, their
functioning is complex, driven by interactions of physical, chemical and
biological processes leading to significant internal spatiotemporal vari-
ability in response to environmental changes (Tagliapietra et al., 2009;
Pérez-Ruzafa et al., 2011). Climate change is characterized by a global

summers and wetter winters (Levang and Schmitt, 2015; Rodrigues
et al., 2021; IPCC, 2023), and a higher frequency and intensity of
extreme weather events such as heat waves, torrential rainfall, or storms
(Da Costa et al., 2022). Exposed to influences from the atmosphere,
ocean and land (Tagliapietra et al., 2009; Rodrigues et al., 2021), coastal
lagoons are transitional systems especially vulnerable to ongoing cli-
matic threats (Newton et al., 2018), justifying their designation as

* Corresponding author at: UMR SPE CNRS Universita di Corsica Pasquale Paoli, 20250, Corte, France.

E-mail address: moulin_a@univ-corse.fr (A. Moulin).
! Equal contribution.

https://doi.org/10.1016/j.marpolbul.2025.119080

Received 25 July 2025; Received in revised form 25 November 2025; Accepted 27 November 2025
0025-326X/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:moulin_a@univ-corse.fr
www.sciencedirect.com/science/journal/0025326X
https://www.elsevier.com/locate/marpolbul
https://doi.org/10.1016/j.marpolbul.2025.119080
https://doi.org/10.1016/j.marpolbul.2025.119080
http://creativecommons.org/licenses/by/4.0/

A. Moulin et al.

“sentinels of climate change” (Eisenreich et al., 2005; Guzman et al.,
2023). Heatwaves, heavy rainfall and wind events can significantly
affect lagoon hydrology (Jiang et al., 2022; Tuchkovenko et al., 2023;
Macias et al., 2025) and physicochemical conditions, including salinity,
water temperature, oxygenation and nutrient fluxes (Shalby et al., 2020;
Rodrigues et al., 2021; Da Costa et al., 2022). Mediterranean coastal
lagoons are particularly vulnerable, as they are typically shallow, semi-
enclosed, and subject to anthropogenic pressures within a region
considered a global warming hotspot (Giorgi, 2006; Mediterranean
Wetlands Observatory (MWO), 2018). These characteristics exacerbate
their reactivity to climate signals (Bird, 2011; Lopez et al., 2019),
making them sensitive and key systems to detect climate effects on
ecosystem functioning. Climate change can influence management
challenges (Jeppesen et al., 2007; Stefanova et al., 2019), including
watershed use (Rodrigues et al., 2021), lagoon-sea connectivity and
eutrophication control (La Jeunesse et al., 2015; Chen et al., 2023),
underscoring the urgency of targeted mitigation strategies.

These environmental changes also affect lagoon biodiversity,
particularly the phytoplankton (Lopes et al., 2019; Pesce et al., 2018). As
primary producers and key components of aquatic ecosystems, phyto-
plankton sustain trophic networks, drive primary productivity and
regulate biogeochemical cycles (Field et al., 1998). Their seasonal and
interannual dynamics are mainly influenced by nutrient availability,
salinity, water temperature, water column stability, light penetration,
and grazing (Cloern, 1999; Pomati et al., 2020; To et al., 2025), all of
which are modulated by climatic conditions (Berger et al., 2006;
Tuchkovenko et al., 2023). Due to their high growth rates, phyto-
plankton communities can respond within days to environmental fluc-
tuations (Field et al., 1998; Jiang et al., 2022; Grossi et al., 2024), and
their growth potential may even increase with global warming scenarios
(Vanselow et al., 2022). Phytoplankton communities are also highly
diverse, with contrasting ecological requirements (Cloern, 1999; Bec
et al., 2011). This combination of reactivity and diversity makes
phytoplankton both sensitive and informative bioindicators, well-suited
for assessing water quality (Sathicq et al., 2017) and detecting climate-
induced changes (Lopes et al., 2019). While eutrophication-related
phytoplankton trajectories have been widely studied (Bec et al., 2011;
Leruste et al., 2016; Derolez et al., 2019; Ouaissa et al., 2023), long-term
climate change responses remain less understood and more complex to
detect, due to the difficulty of disentangling climatic effects from
nutrient influences, which co-occur, interact (Stefanova et al., 2019;
Guzman et al., 2023), and generate group-specific responses (Xu et al.,
2022). Climate change, by modifying both physical-chemical conditions
and biological processes (Winder and Sommer, 2012; Da Costa et al.,
2022), is expected to reshape phytoplankton trajectories through shifts
in biomass, bloom dynamics and community composition (Valenti et al.,
2016; Pesce et al., 2018; Bi et al., 2021; Sabater et al., 2023). Some
predict an overall increase in total biomass under warmer and more
illuminated conditions (Rodrigues et al., 2021; Minicheva et al., 2018;
Talavera et al., 2024). Other research suggests that warming may
modify interactions between temperature, nutrient levels, and grazing
pressure, thereby intensifying zooplankton control and potentially
shifting the relative contribution of phytoplankton size classes (Pomati
etal., 2020; Bi et al., 2021). Rising temperatures can also reinforce water
column stratification, limiting vertical nutrient mixing and promoting
nutrient limitation in surface waters (Da Costa et al., 2022; Vereshchaka
et al., 2023), which leads to a decline in total phytoplankton biomass.
Warming may enhance internal nutrient recycling from sediments,
potentially favoring certain phytoplankton groups (Pesce et al., 2018).
Shifts toward stress-tolerant species adapted to warming, salinity, or
hypoxia are increasingly predicted (Oviatt, 2004; Wang et al., 2025).
The resulting modification of nutrient-light balance with climate change
may favor cyanobacteria over diatoms (Pesce et al., 2018; Jiang et al.,
2022; Wang et al., 2025), leading to detectable shifts in pigment con-
tributions and group abundances. In Mediterranean lagoons, Bec et al.
(2011) reported an increase in phycoerythrin-rich picocyanobacteria
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under warming, a trend supported by the high physiological plasticity
and clade diversity of the picocyanobacterial taxa, enabling adaptation
to fluctuating temperature, salinity, and nutrient conditions (Dor¢ et al.,
2022). In parallel, episodic events such as rainfall and wind can stimu-
late phytoplankton development through water column mixing, nutrient
resuspension, or increased external inputs (Goberville et al., 2010; De
Oliveira et al., 2023; Grossi et al., 2024; Wang et al., 2025). Altered
precipitation regimes can also influence the annual patterns of nutrient
availability, potentially modifying phytoplankton community compo-
sition (Pesce et al., 2018). These phytoplankton shifts may cause
cascading impacts on zooplankton (To et al., 2025) and benthic com-
munities (Pasqualini et al., 2017), food web dynamics (Goberville et al.,
2010; Lopez et al.,, 2019), ultimately affecting the resilience and
ecosystem services of lagoons (Pesce et al., 2018).

However, few studies have explicitly disentangled the influence of
climatic versus nutrient drivers, and even fewer have done so using long-
term datasets. Here, using a 17-year summer dataset from four con-
trasting Mediterranean coastal lagoons, we investigate phytoplankton
dynamics to identify temporal trends, reveal the main abiotic drivers,
and distinguish the relative influences of climatic and nutrient forcing.
This question is especially relevant in these lagoons, where existing
monitoring data have only been partially exploited, and distinct char-
acteristics provide an opportunity to test whether ecological responses
are site-specific. By combining multiple phytoplankton metrics (chlo-
rophyll a, size-structured abundances, and pigment composition) with
linear and nonlinear statistical approaches and carefully designed tem-
poral windows to capture local climatic effects, this study provides
detailed insights into the taxonomic and functional patterns of phyto-
plankton responses to environmental changes.

We hypothesize that climatic drivers influence phytoplankton
mainly through impacts on community composition. Air temperature
may favor warming-adapted taxa (picocyanobacteria, dinoflagellates),
while rainfall and wind, by enhancing nutrient availability, may pro-
mote nutrient competitive groups such as diatoms or picoeukaryotes.
Climate change may thus drive reorganizations within size classes rather
than marked shifts in total biomass, with site-specific responses
depending on lagoon features. This study aims to anticipate future
ecological trajectories and to support the development of adaptive and
targeted management strategies for coastal lagoons.

2. Materials and methods
2.1. Study sites

Four contrasted Mediterranean coastal lagoons are investigated in
our study, located along the eastern coast of the Corsican Island (Bigu-
glia, Palo, Diana, Urbino; Fig. 1). All are connected to the Mediterranean
Sea through sea channels that show a progressive tendency toward
closure (Orsoni et al., 2001; Garrido et al., 2016). These lagoons differ in
hydromorphology and salinity status (Table 1). Biguglia and Palo are
shallow systems, whereas Diana and Urbino, with a tectonic origin, are
deeper. Biguglia is meso-polyhaline, with a large size and a northern
basin influenced by seawater exchanges and a southern basin receiving
freshwater inputs from the watershed and the Golo River (via the Fos-
sone Canal). This north-south hydrological gradient results in the
distinction between two separate basins (Fig. 1). Diana and Urbino
maintain a relatively stable euhaline state that tends toward hyper-
halinity. Palo is smaller and more confined, with strong seasonal fluc-
tuations ranging from polyhaline conditions during the rainy season to
hyperhaline states in summer. Human activities also vary among la-
goons (Table 1). Biguglia has the largest and most urbanized watershed.
Diana and Urbino have smaller watersheds mainly covered by vine-
yards. Diana supports an active shellfish farming, while Urbino hosted
fish farming until the 2000s (Ligorini et al., 2022a). Palo’s watershed is
surrounded by wetlands and is moderately urbanized, with an airbase
and a commercial area. All the lagoons support fishing activity (AERMC
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Fig. 1. Locations (black dots) of the four studied lagoons along the Corsican coastline. The locations of the five sampling stations across the study lagoons are also
represented: BIN and BIS in Biguglia (blue and green points), DIA in Diana (red point), URB in Urbino (orange point), and PAL in Palo (purple point). The two brown
rectangles correspond to the climatic grid cells used in the analysis (North cell and South cell). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

(Agence de I’eau Rhone Méditerranée Corse), 2021).

2.2. Long-term data collection

The long-term data series (2007-2023) on phytoplankton and
physicochemical parameters were obtained from the Lagoon Monitoring
Network (LMN), the OBSLAG program and under the Water Framework
Directive. Sampling was conducted at five stations in total (Fig. 1). In
Biguglia Lagoon, two stations were monitored: BIN in the north and BIS
in the south. In Diana, Urbino and Palo, one central station was sampled
(DIA, URB, PAL). Data were collected each year and once per month
during the summer period (June, July, August). This monitoring period
was targeted because it corresponds to the peak of primary productivity
in Mediterranean lagoons and provides a critical window to assess their
eutrophication status (Souchu et al., 2010; Bec et al., 2011).

2.2.1. Physicochemical data
Physicochemical monitoring combined in situ measurements with

WTW LF 197 field sensor (precision +0.5 %) for salinity (SALI, PSU),
water temperature (TEMP, °C), turbidity (TURB, NTU), dissolved oxy-
gen (02, mg L — 1) (Bec et al., 2011); and laboratory analyses of surface
water samples (0-1 m) collected in 2 L polypropylene bottles for dis-
solved inorganic phosphorus (DIP, pmol L), dissolved inorganic ni-
trogen (DIN = NO3+ NO2+ NH4, pmol L™1), total nitrogen (NT, pmol
L) and total phosphorus (PT, pmol L™1). Subsamples of 100 mL were
filtered through Whatman GF/F membranes (0.7 pm) and analyzed with
segmented flow analyzers to determine dissolved inorganic nutrients,
while NT and PT were quantified from unfiltered samples, following the
protocol described by David et al. (2019).

2.2.2. Climatic data

Climatic data were extracted from the SAFRAN reanalysis system,
which provides daily values on an 8 x 8 km? grid (Vidal et al., 2010). To
capture local-scale climate variability, two grid cells were selected based
on their proximity to the study sites: one nearest Biguglia (42°54'00" N,
9°48'63" E; named North cell), and another nearest Diana, Urbino, and
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Table 1
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Main characteristics of the five study sites, including lagoon morphology, summer trophic status, summer chlorophyll a, annual mean, minimum, and maximum for
salinity and water temperature for the period 2023/2024, freshwater and seawater exchange regimes, watershed surface area, and detailed human activities. Data
were compiled from the following sources: (1) Limnol. Oceanogr. (1958), (2) Orsoni et al., 2001, (3) Souchu et al. (2010), (4) Garrido et al. (2016), (5) AERMC (2021),

(6) Ligorini et al. (2022a), and (7) Ligorini et al. (2022b).

General features Lagoon Biguglia
(1,3,4,5,6) Label of stations BIN and BIS

Coordinates 42°36'N, 09°29'E
Max depth (m) 1.8
Volume (10° m3) 18
Surface (km?) 13.62
Watershed area (km?) 175
Summer chlorophyll a (ug 14 (0.8-329)

LY
Summer trophic status
Haline type

Eu-hypertrophic
Meso-polyhaline

Annual salinity (PSU) 15 (4-24)
(2023/2024)
Annual water temperature 20 (7-31)
(°C) (2023/2024)
Hydrology (2,4,6) Connectivity to the sea Temporary
Permanence of Permanent
watercourses
Human activities Anthropic influence on the Provision of drinking water;
(2,5,6,7) basin active fishing
Anthropic influence on the Densely populated urban area
watershed and industrial zones

Diana Urbino Palo

DIA URB PAL

42°07'N, 09°31'E 42°02'N, 09°28'E 41°57'N, 09°24E
11 9 1

30 33 0.9

5.70 7.90 1.10

62 31 31

2.0 (0.4-7.4) 1.8 (0.4-6.3) 11.7 (0.4-258)
Oligotrophic Oligotrophic Eu-hypertrophic
Eu-hyperhaline Eu-hyperhaline Poly-hyperhaline
39 (38-40) 40 (35-43) 31 (17-52)

21 (13-31) 21 (9-32) 23 (9-32)
Permanent Temporary Temporary
Temporary Temporary Temporary

Shellfish (oysters, mussels) and

fish

Agriculture (about 10 %), mainly
vineyards

Fish farming from 1990 to
2000; active fishing
Agriculture (about 45 %),
mainly vineyards

Active fishing
farming; active fishing
Air base and

commercial area

Palo (42°03'93" N, 9°42'51” E; named South cell) (Fig. 1). For each cli-
matic cell, daily data were extracted from 2007 to 2023, including
mean, minimum and maximum air temperature (TM, TN, TX, °C),
visible radiation (SSI, W m’z), cumulative rainfall (RR, mm), and mean
wind speed (FFM, m s 1. To reduce multicollinearity and autocorrela-
tion, Spearman’s rank correlation coefficients (p) were computed among
variables. Based on these results (Fig. S1), only three variables, TM, RR
and FFM, were retained for statistical analysis. For each climatic cell
(North and South), monthly averages for temperature and wind speed,
and monthly totals for rainfall were calculated, focusing on the summer
period (June to August).

2.2.3. Phytoplanktonic data

Surface water samples (0-1 m) were collected in 2 L polypropylene
bottles and used to quantify all phytoplankton parameters (chlorophyll
a, abundances, and pigment diversity). For chlorophyll a concentration
(CHLA, pg L™1), 100-1000 mL, depending on site characteristics and
sample concentration, were filtered under vacuum (<10 cm Hg) on
Whatman GF/F membranes (25 mm diameter and 0.7 pm porosity),
stored at —20 °C in glass tubes prior analysis. Samples were then ground
in acetone (90 %), extracted for 24 h in the dark at 4 °C, and quantified
by spectrofluorimetry with a Perkin-Elmer LS50 B. For cell abundances,
1 mL subsamples were fixed with 2 % formaldehyde (final concentra-
tion), stored in liquid nitrogen, and later analyzed by flow cytometry
with a FACSCalibur flow cytometer (Becton Dickinson) following the
protocols of Bec et al. (2011) and Le Ray et al. (2023). Cell counts are
distinguished across three size classes: autotrophic nanophytoplankton
(NANO, >3 pm), autotrophic picoeukaryotes (PEUK, <3 pm), and
picocyanobacteria (<2 pm). Within the picocyanobacterial group, two
subgroups are discerned: phycoerythrin-rich (PECYAN) and
phycocyanin-rich (PCCYAN) picocyanobacteria. For pigment analysis,
triplicate water samples (150-2000 mL, depending on biomass den-
sities) were filtered on Whatman GF/F membranes (47 mm diameter
and 0.7 pm porosity) and stored at —80 °C before analysis, and extracted
during 1 h with 5 mL of a mix of acetone/methanol/water. Accessory
pigment concentrations (ug L7!) were measured using high-
performance liquid chromatography (HPLC), allowing chemotaxo-
nomic identification of major algal groups through pigment markers
(Wright et al., 1991). This method detects pigments from micro-
phytoplankton (>20 pm), nanophytoplankton (>3 pm), and picophy-
toplankton (<3 pm) size classes. 14 pigments dominant in

phytoplankton groups were used as biomarkers of these groups: fuco-
xanthin (FUCO) and diadinoxanthin (DIAD) for diatoms, peridinin
(PERI) for dinophytes, chlorophyllc2 (CHLC2) and chlorophyllc3
(CHLC3) for golden-brown algae, alloxanthin (ALLO) for cryptophytes,
19"-hexanoyloxyfucoxanthin (HEXFUCO) and 19-butanoyloxyfucox-
anthin (BUTFUCO) for haptophytes; chlorophyll b (CHLB), lutein (LUT),
violaxanthin (VIOLA), neoxanthin (NEOX), and zeaxanthin (ZEAX) for
green algae (mainly represented by chlorophytes and prasinophytes).
ZEAX is also present in picocyanobacteria. Prasinoxanthin (PRASI) is a
biomarker for prasinophytes (Wright et al., 1991; Roy et al., 2011;
Leruste et al., 2016). To ensure data consistency following a machine
upgrade in 2022, HPLC pigment data were standardized using conver-
sion coefficients on past slopes (Mark Jr and J.W, 2015). Based on
pigment concentrations, the relative proportions (%) of each pigment
were calculated. The total diagnostic pigment (DP) was defined as the
sum of seven pigments: FUCO, PERI, ALLO, HEXFUCO, BUTFUCO,
ZEAX, and CHLB. These seven diagnostic pigments were then used to
estimate the contributions of two size-class ratios: MR, representing the
relative contribution of microphytoplankton compared to nano- and
picophytoplankton; and NPR, expressing the combined contribution of
nano- and picophytoplankton relative to microphytoplankton. These
indices were adapted to our study sites from existing ratios (Roy et al.,
2011; Yang et al., 2024) and calculated as follows:

MR (%) = (FUCO + PERI)/DP’ 100

NPR (%) = (ALLO + HEXFUCO + BUTFUCO -+ CHLB -+ ZEAX)/DP" 100.

2.3. Statistical analyses

All analyses were performed using R software (R Core Team, 2024).
Climatic and physicochemical variables were In-transformed to
normalize and homogenize variances, and phytoplanktonic variables
were In(x + 1) to manage missing values and to reduce the effect of
dominant groups. Because normality and homoscedasticity were not
fulfilled, only non-parametric tests were conducted.

2.3.1. To identify trajectories and understand contrasted lagoon station
characteristics
To identify monotonic trends on phytoplanktonic and environmental
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parameters at each lagoon station (BIN, BIS, DIA, URB, PAL), Mann-
Kendall tests (MK) were performed using the mk.test function from
the trend package, which accounts for serial correlation (Pohlert, 2023).
For phytoplankton and physicochemical parameters collected in the
lagoons, summer averages were calculated per lagoon station. For cli-
matic variables, summer averages of air temperature (TM) and wind
speed (FFM), and summer cumulative rainfall (RR) were derived from
the closest climatic cell (North cell for BIN and BIS, and South cell for
DIA, URB, and PAL). All analyses covered the period 2007-2023. When
one monthly value was missing, the corresponding summer value was
excluded to ensure data comparability. For significant MK tests (p-value
<0.05), Theil-Sen slopes and Kendall’s tau coefficients were computed
(Sen, 1968).

Principal Component Analyses (PCA) was conducted using the ade4
package (Dray et al., 2002) to: (i) explore relationships between
phytoplankton chlorophyll a, abundances and pigment size-class ratios
(CHLA, NANO, PEUK, PECYAN, PCCYAN, MR, NPR), physicochemical
variables (TEMP, SALI, DIN, DIP, NT, PT), and climatic variables (TM,
FFM, RR) across all stations, (ii) assess the main environmental and
phytoplankton gradients structuring variability among stations, (iii)
discriminate groups of stations for further analyses. The PCA was based
on the same summer values as the ones used for MK tests.

2.3.2. To identify the relative influence of climatic and environmental
drivers

To assess the relative influence of climatic drivers on phytoplankton
dynamics, Generalized Additive Mixed Models (GAMMs) and Redun-
dancy Analyses (RDA) were applied at the station group level (BIN/BIS,
DIA/URB, PAL). GAMMs were used to evaluate both linear and
nonlinear effects of six selected environmental variables (DIN, DIP,
SALI, TM, RR, and FFM) on phytoplankton chlorophyll a and abun-
dances (CHLA, NANO, PEUK, PECYAN, and PCCYAN) and the three-
pigment ratio (MR, NPR). PCCYAN was modelled only for the BIN/BIS
group, as it was detected in less than 15 % of samples in DIA, URB, and
PAL. Conversely, PECYAN was modelled only for the DIA/URB group,
since it was detected in less than 15 % of samples in BIN and BIS and
occurred at very low abundances in PAL. GAMM analyses were per-
formed with the gamm4 package (Wood and Scheipl, 2025). Random
effect for Month factor (+ (1 | Month)) was applied to account for intra-
summer variability. This adjustment was necessary to avoid over-
estimating certain effects of variables, such as the apparent relationship
between high temperatures, low rainfall, and elevated Chlorophyll a
levels, which may simply result from their simultaneous occurrence in
late summer (Zhang et al., 2018). Model selection was based on the
lowest Akaike Information Criterion (AIC). In parallel, Redundancy
Analyses (RDA) were conducted to identify drivers of pigment contents,
using pigment concentrations as response variables and the same
explanatory variables as in GAMMs as predictors. The Month factor was
included as a conditioning variable to account for intra-summer vari-
ability. GAMMs and RDA were complementary: GAMMs focused on
integrative phytoplankton indicators (chlorophyll a, abundances,
pigment ratios) to capture both linear and nonlinear effects of envi-
ronmental drivers, while RDA was applied to analyze the linear re-
lationships between pigment community composition and abiotic
drivers.

Both GAMMs and RDA analyses were performed using phyto-
plankton and physicochemical raw data collected monthly in the la-
goons, instead of using summer averages derived from three values. To
associate exact climatic conditions, daily climatic data were extracted
from the SAFRAN system for the 30 days preceding each sampling event
instead of relying on fixed monthly values, thus accounting for vari-
ability in sampling dates across years and stations. Values were
computed for each lagoon station based on its corresponding climatic
cell (North or South), allowing precise alignment between each sample
and preceding weather conditions. To refine the detection of climatic
effects on phytoplankton dynamics, a sliding window analysis was
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applied using the climwin package adapted to our dataset (Bailey and
Pol, 2016) to identify the most relevant temporal window to calculate
climatic sums and averages. To capture short-term climate influences
accounting for the rapid turnover of phytoplankton communities, we
tested time windows ranging from 1 to 15 days before each sampling.
Linear models were fitted for each phytoplankton parameter (CHLA,
abundances, and pigment ratios), with the three combined climatic
variables (TM, RR, FFM). Model performance was evaluated using AIC,
and the optimal time window, minimizing the average AIC across all
models, was identified as the 7 days preceding sampling. This 7-day
window was subsequently used to calculate cumulative rainfall, mean
air temperature, and wind speed, and these values were then associated
with the corresponding monthly lagoon data.

Due to strong correlations between CHLA and total nitrogen and
phosphorus concentrations (NT, PT), as these variables include the
particulate organic fraction directly linked to phytoplankton biomass
(Souchu et al., 2010), NT and PT were excluded from the GAMMSs and
RDA models. Only inorganic nutrient forms (DIN, DIP) were retained to
characterize nutrient control.

3. Results
3.1. Long-term dynamics and trajectories

Summer values of phytoplankton chlorophyll a (CHLA) and abun-
dances (NANO, PEUK, PCCYAN, PECYAN) revealed strong differences
between lagoon stations (Fig. 2). CHLA reached higher monthly maxima
at BIS, BIN, and PAL, with values up to 216 and 329 pg L~! in 2007,
respectively at BIS and BIN, and up to 258 pg L™ in 2010 at PAL. For DIA
and URB, monthly values remained consistently low (below 8 and 7 pg
L7! respectively). Clear distinctions were also observed in picocyano-
bacterial composition between stations: PCCYAN consistently domi-
nated in BIN and BIS (respectively up to 9432 and 6977 x 10° cells L™?
in 2007), were nearly absent in DIA and URB (respectively below 16 and
46 x 10° cells L™ 1), and appeared as anecdotal peaks in PAL (up to 6203
x 10° cells L™! in 2010). Inversely, PECYAN consistently dominated in
DIA and URB (reaching monthly maxima 657 and 1192 x 106 cells L1,
respectively), were nearly absent in BIN and BIS (respectively below 6
and 0.3 x 10° cells L™1), and occurred frequently but at low levels in PAL
(below 36 x 10° cells L_l; Fig. 2 and Fig. S2).

In addition to station-specific differences, pronounced interannual
variability was observed within stations. Mann-Kendall trend tests per-
formed on summer means revealed significant monotonic trends for
some parameters and stations (Table 2). At the BIN station, PEUK
abundance declined significantly (p = 0.022), while at the BIS station,
significant decreases were observed for CHLA, NANO, PEUK, and
PCCYAN (p = 0.03, 0.019, 0.001, and 0.007, respectively), reflecting
contrasted trajectories within the same lagoon. A decreasing trend was
also detected for CHLA at the URB station (p = 0.009).

Pigment data were used to characterize taxonomic composition and
compute pigment ratios to evaluate the relative contribution of micro-
phytoplankton (MR) compared to nano-picophytoplankton (NPR) size
classes (Fig. S2). The summer mean relative contributions and domi-
nance of pigment ratios varied across stations and years (Fig. 3). MR
frequently dominated at all stations with a minimum of 18 % in 2009 at
BIS (37 % of alloxanthin contribution). MR contributions peaked at 93 %
at DIA in 2009 (including 53 % fucoxanthin), and also reached high
values in 2016 at BIS (90 %, including 44 % peridinin), URB (85 %,
including 29 % fucoxanthin and 23 % peridinin), and PAL (90 %,
including 41 % fucoxanthin). NPR rarely exceeded MR at DIA, URB, or
PAL, except in 2018 at DIA and PAL where it reached 60 %, and at URB
in 2021 where it reached 57 % (including 45 % chlorophyll b). At BIN
and BIS, NPR exceeded MR for several years. However, NPR ratios have
higher sustained values since 2020 at URB and PAL, rising from a mean
of 31 % before 2020 to 52 % afterwards at URB and from 27 % to 42 % at
PAL. At the pigment level within the microphytoplankton size class,
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Fig. 2. Time series of five phytoplankton variables: (a) CHLA, (b) NANO, (c) PEUK, (d) PCCYAN and (e) PECYAN; at each station (BIN, BIS, PAL, DIA, URB), based on
summer data (June to August). A solid Linear curve indicates a significant trend as detected by the Mann-Kendall test, while a dashed LOESS curve denotes a non-
significant trend. Monthly data points are displayed using symbols: squares for June, circles for July, and triangles for August. All data were In-transformed.

fucoxanthin consistently dominated in DIA and URB, with summer mean
contributions always reaching up to 23 %. In contrast, BIN, BIS, and PAL
exhibited alternating dominance between fucoxanthin and peridinin
(Fig. 3). MK trend tests on pigment summer data revealed significant
trajectories. At BIS, several significant pigment trends were observed,
with a decline in fucoxanthin (p = 0.026), zeaxanthin (p < 0.015) and
lutein (p = 0.002), and an increase in peridinin (p = 0.02). In contrast at
BIN, only a decrease in fucoxanthin was detected (p = 0.015). These
trends suggest a progressive shift in dominance from diatom to dino-
flagellate taxa, along with a decline in picophytoplankton groups such as
picocyanobacteria and/or chlorophytes (Table 2). Chlorophyll b
monotonically increased at three stations, PAL (p = 0.002), DIA (p =
0.013), and URB (p = 0.014), suggesting a rise in chlorophytes. Addi-
tionally at PAL, a monotonic increase in prasinoxanthin (p = 0.035) and
a monotonic decrease in diadinoxanthin (p = 0.009; Table 2) were
observed. In addition, at DIA, chlorophyll ¢3 monotonically decreased
(p = 0.028), while at URB, neoxanthin monotonically decreased (p <
0.0005) and was not detected after 2018 (Fig. 3; Fig. S2).

Clear differences between stations were also observed on physico-
chemical variables (Fig. S3). Monthly concentrations of total nitrogen
(NT) reached up to 472 and 427 pmol L™}, respectively, at BIN and BIS in
2007, and up 119 pmol L~} in 2010 at PAL, while maximum values
remained much lower at DIA (47 pmol L lin 2015) and URB (29 pmol
L7 in 2020). Monthly concentrations for dissolved inorganic nitrogen
(DIN) reached up to 18, 27, and 24 pmol L’l, respectively, at BIN, BIS,
and PAL, while they remained below 3.8 and 4.2 pmol L™}, respectively,
at DIA and URB. Salinity also differed between stations: BIN and BIS
were characterized by lower but variable salinities, with BIN being
saltier than BIS (monthly values respectively between 7-34 and 4-28
PSU). In contrast, DIA and URB had higher salinities, more stable at DIA
(respectively between 36-41 and 32-43 PSU). PAL, which exhibited
more variable salinities, occasionally reaching very high levels (23-47
PSU). Beyond these differences, the MK trend tests on summer means
revealed contrasting trajectories. At BIN, DIP concentrations mono-
tonically increased (p = 0.000), while they decreased at DIA (p = 0.023).
At URB, Total phosphorus (PT) concentrations monotonically decreased
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Table 2

Results of significant Mann-Kendall (MK) trend tests performed on summer
means for phytoplankton and physicochemical variables by stations (BIN, BIS,
DIA, URB, PAL). For climatic variables, trend tests were performed on summer
means for air temperature and wind speed and on summer totals for rainfall, by
climatic cell (North and South). Only significant results are shown in the table
(*** p < 0.001; ** p < 0.01; * p < 0.05). Statistically significant p-values are
highlighted in bold, and the table includes Kendall’s Tau, Sen’s slope and the
direction of the trend (indicated by green and red arrows).

Station Parameter P value Tau Sen Slope Trend
BIN PEUK 0.022* —0.433 —0.110 N
FUCO 0.015* —0.441 —1.384 N
DIP 0.000%** 0.767 0.139 2
BIS CHLA 0.003** —0.544 —-0.144 N
PEUK 0.001** —0.618 —0.263 N
NANO 0.001** —0.618 —-0.263 N
PCCYAN 0.019* —0.426 —0.150 N
PERI 0.021* 0.421 1.405 2
FUCO 0.026* —0.406 -1.777 N
ZEAX 0.015* —0.441 —1.090 N
LUT 0.002** —0.554 —0.186 N
DIA CHLB 0.013* 0.450 0.448 2
CHLC3 0.028* —0.403 —0.298 N
DIP 0.023* 0.404 0.36 N
URB CHLA 0.009** —0.471 —0.036 N
CHLB 0.014* 0.451 0.382 A
NEOX 0.000%*** —0.760 —0.124 N
SALI 0.009** 0.471 0.006 A
PT 0.047* —-0.377 —0.025 N
PAL CHLB 0.002** 0.557 0.965 A
DIAD 0.009** —0.471 —0.322 N
PRASI 0.035* 0.398 0.232 A
TEMP 0.036* 0.382 0.007 2
North climatic cell FFM 0.023* 0.412 0.006 2
South climatic cell ™ 0.029* 0.397 0.004 2

(p = 0.047), and a significant monotonic increase in salinity was
detected (p = 0.009) (Table 2). At PAL, a significant monotonic increase
in water temperature (TEMP) was detected (p = 0.036), with high
amplitude of values (19-33 °C). No significant temporal trends were
detected for total nitrogen (NT) and DIN across the five stations, but DIN
peaks at BIS appeared less frequent during July and August in recent
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years (Fig. S2). For climatic variables, mean summer air temperature
(TM) significantly increased at the South climatic cell (4 0.1 °C /year, p
= 0.029), while mean summer wind speed (FFM) increased at the North
climatic cell (+0.008 m s~ /year, p = 0.023). Summer 2022 was the
warmest on record, with mean summer air temperature reaching 25.9 °C
in the South cell and 25.5 °C in the North cell. Summer 2012 was the
driest, with summer cumulative rainfall as low as 7.2 mm in the South
cell and 4.7 mm in the North cell (Fig. S3).

3.2. Phytoplankton community composition conditioned by
physicochemical contrasts across lagoon stations

The contrasts in phytoplankton, physicochemical, and climatic pat-
terns between stations led us to investigate which factors best explain
these observed differences and allow for a clearer distinction, while
assessing temporal variability. A Principal Component Analysis (PCA)
was performed on summer means per station, based on phytoplankton
chlorophyll a, abundances and pigment ratios, physicochemical and
climatic variables. This PCA (Fig. 4a) indicates that nutrient concen-
trations and salinity were the primary drivers of phytoplankton com-
munity structure, while variability in phytoplankton composition and
physicochemical conditions was poorly associated with climatic vari-
ability. The first axis (PC1), which explained 36.7 % of the total vari-
ance, highlighted strong contrasts among stations, along a gradient
driven in negative by total and inorganic nutrient concentrations (NT,
PT, DIN, DIP), chlorophyll a (CHLA), and the abundances of
phycocyanin-rich  picocyanobacteria (PCCYAN), picoeukaryotes
(PEUK), and nanophytoplankton (NANO); and in positive by salinity
(SALI) and phycoerythrin-rich picocyanobacteria (PECYAN). This
gradient separated the stations into three groups (Fig. 4b). BIN and BIS
were located on the negative side of PC1 (with BIS showing greater
variability), characterized by higher nutrient levels, lower salinities, and
a strong dominance of PCCYAN (Fig. 2). DIA and URB were located on
the positive side of PC1, characterized by lower nutrient levels, higher
and stable salinities, and a strong dominance of PECYAN. PAL occupied
an intermediate position, marked by variable trophic levels and salinity,
including occasional peaks of very high salinity, and by no dominance of
a picocyanobacterial group. BIS and PAL display the largest ellipses,
indicating strong temporal fluctuations, while BIN, DIA, and URB
showed more stable profiles. These patterns enabled the aggregation of
stations into three distinct groups: BIN/BIS as meso-polyhaline and eu-
hypertrophic stations dominated by PCCYAN; DIA/URB as eu-
hyperhaline and oligotrophic stations dominated by PECYAN; and PAL
as a poly-hyperhaline, eu-hypertrophic station without picocyano-
bacterial dominance.

The second axis (PC2) explained 17.3 % of the total variance and
primarily reflected a climatic gradient, positively driven by air tem-
perature (TM) and water temperature (TEMP), and negatively by rain-
fall (RR) and wind (FFM). PAL exhibited higher mean water temperature
values (Fig. S3). Pigment ratios were more influenced by this climatic
gradient than by physicochemical conditions (Fig. 4a), with the micro-
phytoplankton ratio (MR) being associated with TM, while the nano-
picophytoplankton ratio (NPR) was associated with RR. No temporal
pattern related to the distribution of years was detected (Fig. S4).

3.3. Abiotic drivers of phytoplankton dynamics

To identify the main abiotic drivers of phytoplankton dynamics, we
combined two complementary approaches to assess the relative influ-
ence of six selected variables on phytoplankton dynamics: three climatic
metrics (mean air temperature, wind speed, and rainfall); inorganic
nutrient concentrations (DIN and DIP), and salinity (SALI). Models were
fitted separately for each group of stations (BIN/BIS, DIA/URB, PAL).
Generalized Additive Mixed Models (GAMMs) were used to explore both
linear and nonlinear effects of environmental variables on seven
phytoplankton parameters, including phytoplankton biomass and
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Table 3
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Summary of Generalized Additive Mixed Models (GAMMs) linking seven phytoplankton variables (CHLA,
NANO, PEUK, PCCYAN, PECYAN, MR, NPR) to nutrients (DIN, DIP), salinity (SALI), and climatic drivers
(TM: air temperature, RR: precipitation, FFM: wind). Models were performed separately for each phyto-
plankton variable within each station group (BIN/BIS, DIA/URB, and PAL), and the best model was selected
based on the Akaike Information Criterion (AIC). For each explanatory variable, estimates are reported for
linear effects, and estimated degrees of freedom (EDF) for nonlinear effects (edf > 2), with significance levels
indicated (*** p < 0.001; ** p < 0.01; * p < 0.05), effects are color-coded to indicate their nature and di-
rection: green for significant positive linear effects, red for significant negative linear effects, and blue for
significant nonlinear effects. Model performance is indicated by the AIC value and the percentage of deviance

explained.
Station Response’s DIN DIP SALI ™ RR FFM Explained AIC | Month | Intercept
groups variables deviance effect
CHLA 4.42 -l 272 47% 221 o
ok -
NANO 3.40 4.42 30% 271 * *
ko **
BIN/BIS PEUK 261 26% 329 ok
PCCYAN 269 11% 417 ok
*
MR 336 | 532 35% 232
o o
NPR 2.69 g 18% 250 ok
X
CHLA 0.15 0.82 46% 100 FxE **
o o
NANO 0.27 3.13 0.24 23% 207 * *
*k * ok
PEUK 3.86 0.19 23% 309 Rk
ok *
DIA/URB PECYAN 3.20 5% 318
*
MR
NPR
CHLA 3.26 | 248 0.20 72% 78 *Hk
s * *
NANO 0.36 15% 120 *xE
*k
PAL PEUK 0.75 25% 162 xk
ok ok
MR 2.63 0.23 20% 63
x x
NPR 2.85 - 47% 119 o
*

abundances (CHLA, NANO, PEUK, PCCYAN, PECYAN) and pigment
ratios (MPR, NPR). The best models were selected based on the lowest
AIC (Table 3). In parallel, to explore how the phytoplankton pigment
contents responded to abiotic conditions, a Redundancy Analysis (RDA)
was conducted to assess the relationships between environmental gra-
dients and the composition of the pigment community, based on the
concentrations of fourteen pigments.

In the BIN/BIS group, phytoplankton variables were mainly influ-
enced by inorganic nutrient concentrations. For CHLA, the outputs of
the GAMM model revealed a nonlinear exponential effect of DIN (p <
0.001), a positive linear effect of TM (p < 0.01), and a negative effect of
SALI (p < 0.05) (Table 3). Similar nonlinear exponential effects of DIN
were observed for both NANO (p < 0.001) and PEUK (p < 0.001)
abundances, with an additional positive effect of TM (p < 0.01) and a
significant Month random effect for NANO (p < 0.05). The PCCYAN
model, only fitted for BIN/BIS, showed a nonlinear U-shaped effect of
SALI (p < 0.05). Pigment ratios showed a nonlinear exponential effect of
DIN (p < 0.05) and a nonlinear U-shaped effect of DIP (p < 0.05) on MR,
and a nonlinear decreasing effect of DIN (p < 0.05) and a negative effect
of SALI (p < 0.05) on NPR. The RDA conducted for BIN/BIS (Fig. 5a) was
significant (F = 1.92, p = 0.007), with DIN, DIP, and TM highlighted as
significant predictors of phytoplankton variables (p values respectively
0.019, 0.022, 0.027). The first axis (RDA1), which explained only 6 % of
the total variance, as most of the pigments remained close to the

10

barycenter, was structured by a contrast between DIN and DIP concen-
trations. FUCO was positively associated with DIN, while PERI was
associated with DIP and salinity. The second axis (RDA2) explained only
3 % of the variance, with an opposition between RR and TM associated
with FUCO.

In the DIA/URB group, stronger and more visible climatic signals
were observed on phytoplankton variables, which can even exceed the
influence of nutrient concentrations. For CHLA, the GAMM model
showed linear positive effects of both FFM (p < 0.01) and DIP (p < 0.01)
with a significant Month random effect (p < 0.001). For NANO, DIP had
a positive effect (p < 0.01), along with positive effects of TM (p < 0.05)
and RR (p < 0.01). PEUK showed a nonlinear effect of SALI (p < 0.01)
characterized by an increase beyond a high salinity threshold, and a
linear positive effect of RR (p < 0.05). The PECYAN model, only applied
to DIA/URB, showed a unique linear positive effect of TM (p < 0.05). For
pigment ratios, no significant effects of environmental variables were
detected (Table 3). The RDA for DIA/URB (Fig. 5b) was significant (F =
2.10, p = 0.02), with significant effects of RR and FFM (p values
respectively 0.004 and 0.041). The first axis (RDA1) explained 10 % of
the total variance and was structured by FFM, RR, and DIP. FUCO,
CHLC2, and PERI were positively associated with all three variables, and
especially with FFM, similar to what was observed for the GAMM built
for CHLA in this group. The second axis (RDA2) explained only 1 % of
the variance, with a slight opposition between SALI and DIN.
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Fig. 5. Redundancy Analysis (RDA) biplots illustrating the relationships between phytoplankton pigment concentrations and environmental variables for each
lagoon group: (a; BIN/BIS), (b; DIA/URB), and (c; PAL). Arrows represent six environmental variables: air temperature (TM), precipitation (RR), wind speed (FFM),
dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), and salinity (SALI). Explanatory variables with significant effects are highlighted. Green
points correspond to the 14 accessory pigments used as phytoplankton functional markers: fucoxanthin (FUCO), peridinin (PERI), alloxanthin (ALLO), chlorophyll b
(CHLB), zeaxanthin (ZEAX), lutein (LUT), neoxanthin (NEOX), violaxanthin (VIOLA), prasinoxanthin (PRASI), 19"-hexanoyloxyfucoxanthin (HEXFUCO), 19-buta-
noyloxyfucoxanthin (BUTFUCO), diadinoxanthin (DIAD), chlorophyll c2 (CHLC2), and chlorophyll c¢3 (CHLC3). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

In the PAL group, phytoplankton variables were more influenced by
nutrient concentrations than in DIA/URB, but less than in BIN/BIS, and
involved different nutrient sources. The GAMM model for CHLA showed
a nonlinear exponential effect of DIP (p < 0.001), a nonlinear U-shaped
effect of SALI (p < 0.01), and a positive linear effect of RR (p < 0.05). For
NANO, a unique positive linear effect of DIP (p < 0.01), and for PEUK, a
unique positive linear effect of DIN (p < 0.001) were observed (Table 3).
For pigment ratios, MR was positively affected by TM (p < 0.01) and RR
(p < 0.05), while NPR was negatively impacted by TM and RR (p <
0.0001 and p < 0.01) and a nonlinear decreasing effect of DIP (p <
0.05). The RDA model for PAL (Fig. 5¢) was also significant (F = 2.74, p
= 0.01), with DIP as the only significant explanatory variable (p-value =
0.001). The first axis (RDA1) explained 25 % of the total variance and
was structured by DIP, which was positively linked to FUCO, CHLC2,
and to a lesser degree, DIAD and VIOLA. TM showed a slight positive
association with DIAD and VIOLA, and was positively correlated with
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DIP. The second axis (RDA2) explained only 3 % of the variance, with a
slightly positive association between PERI, SALI, and DIN.

4. Discussion

This study, based on long-term summer monitoring of four con-
trasted Mediterranean coastal lagoons, aimed to evaluate the influence
of climatic and nutrient drivers on phytoplankton dynamics and
explored how these communities may evolve under climate change.

4.1. Contrasted temporal trends across lagoons

Long-term monitoring highlighted different phytoplankton and
environmental temporal trends across lagoons, potentially reflecting
distinct functioning and evolutionary drivers. In the meso-polyhaline
and eu-hypertrophic lagoon (Biguglia), pronounced contrasts also
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emerged between stations. At the southern station, marked declines
occurred in chlorophyll a biomass, nanophytoplankton, picoeukaryotes,
PC-rich picocyanobacteria, and several pigments including fucoxanthin
(a diatom marker), while at the northern station declines were restricted
to fucoxanthin and picoeukaryotes. These differences likely reflect the
stronger historical watershed influence in the south (Garrido et al.,
2016), which likely increased turbidity and reduced water-column sta-
bility and light penetration, thereby influencing phytoplankton distri-
bution. However, the observed trajectories point to a progressive
oligotrophication process, potentially supported by the management
plan in 2008 to reduce nutrient inputs (Ligorini et al., 2022b) and
consistent with the, though nonsignificant, decline in nitrogen concen-
trations. This suggests that nutrient limitation acted as the main driver
of phytoplankton trends, consistent with observations from other Med-
iterranean lagoons undergoing nutrient load reductions (Collos et al.,
2009; Derolez et al., 2019; Leruste et al., 2016) and with the resource
control model of Jeppesen et al. (2007). As nitrogen pressure seems to
have declined, a concurrent increase in peridinin and DIP suggests
higher phosphorus availability and a growing contribution of di-
noflagellates, which are slow-growing and often mixotrophic (Ligorini
et al., 2022a; Bi et al., 2021). Phosphorus enrichment could also be
sustained by hydrological modifications (Garrido et al., 2016) and by
sedimentary phosphorus release under warmer conditions (Pesce et al.,
2018). Such nutrient regime shifts are known to restructure phyto-
plankton communities (Berger et al., 2006; Cecchi et al., 2016; Thomas
et al., 2017; Ouaissa et al., 2023). Since diatoms may become more
sensitive to warming under nutrient limitation (Thomas et al., 2017),
this shift toward dinoflagellates could be further amplified under future
climatic conditions (Bi et al., 2021). But nutrient dynamics are not
necessarily the sole explanation for the biomass decline and community
shifts. Hydrodynamic instability may also have influenced the observed
trends through both anthropogenic and climate-related processes.
Management actions, such as the operation of the Fossone Canal
(Garrido et al., 2016), may have triggered turbid phases by resuspending
sediments and increasing suspended matter in the surface layer of the
water column (Zaldivar et al., 2008; De Oliveira et al., 2023). These
conditions reduced light penetration and limited phytoplankton growth
(Lopes et al., 2019), although nutrient release may have partly mitigated
biomass decline (Jiang et al., 2022). By contrast, reduced nutrient inputs
combined with warming-induced reductions in freshwater inflows and
the altered flow regime of the Golo River may have promoted water
column clarity but lower nutrient supply (Shalby et al., 2020; Sabater
et al., 2023). The increasing alternation between turbid and clear phases
likely further destabilized phytoplankton dynamics and contributed to
phytoplankton declines. This aligns with the Margalef model, which
highlights the interplay between resource availability and hydrody-
namic forcing in shaping phytoplankton succession (Margalef, 1978).
Salinity fluctuations in this anthropized meso-polyhaline system may
have directly imposed osmotic stress on phytoplankton by altering
physiological processes (D’ors et al., 2016; Ligorini et al., 2023), while
also exerting indirect effects by modifying nutrient concentrations
(Wang et al., 2025).

The deeper, eu-hyperhaline and oligotrophic lagoons (Diana and
Urbino) maintained greater ecological and physicochemical stability
over time, showing fewer linear trends. Diatom dominance persisted
with a high and stable contribution of fucoxanthin across all years,
although at Diana the previously reported increase in diatom abundance
(Ligorini et al., 2022a) was no longer evident from fucoxanthin contri-
bution. In Urbino, a significant salinization trend emerged, undetected
in earlier studies (Ligorini et al., 2022a), suggesting warming-driven
changes.

Palo, the smaller and more confined poly-hyperhaline system, ap-
pears to be the most unstable with pronounced interannual fluctuations
but few linear trends. However, the significant increase in water tem-
perature, combined with persistent hyperhalinity and a sustained
contribution of nano-picophytoplankton pigment ratio in recent years,
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may suggest a shift toward an ecosystem structure increasingly driven
by warming (Bec et al., 2011; Winder and Sommer, 2012; Valenti et al.,
2016; Doré et al., 2022; Ligorini et al., 2023).

Climatic trends also highlighted contrasts in local climate dynamics.
Mean summer air temperature increased significantly only in the
southern climatic cell, while summer wind speed increased in the
northern cell. No significant rainfall trends were detected. These find-
ings partially align with other studies across the Mediterranean Basin,
reporting rising temperatures but no consistent summer trends in wind
or rainfall (Ligorini et al., 2022b; Grossi et al., 2024), whereas pro-
jections indicate a significant decrease in summer rainfall in the coming
decades (Pesce et al., 2018). This also confirms that local climatic tra-
jectories can diverge from global patterns (Guzman et al., 2023).
Nevertheless, values derived from climatic reanalysis datasets should be
interpreted with caution when assessing long-term trends (Vidal et al.,
2010).

In addition, trend detection remains sensitive to the temporal scale
considered and may be disrupted by extreme events, which can interrupt
the emergence of linear trends.

4.2. Contrasting phytoplankton responses reveal that different abiotic
drivers prevail across systems

Our PCA analysis reveals a clear separation among lagoon stations,
structured along gradients of physicochemical conditions and phyto-
plankton parameters. This segregation distinguishes Biguglia, Palo, and
the pair of Diana and Urbino, with differences in nutrient and salinity
levels, phytoplankton community composition, likely reflecting con-
trasting dynamics despite their spatial proximity within a Mediterra-
nean climate. Additionally, multivariate analyses collectively revealed
that the relative weight of climatic versus nutrient drivers differs be-
tween lagoon groups. This heterogeneity provides a basis for disen-
tangling the respective roles of environmental and climatic controls in
shaping site-specific phytoplankton dynamics.

GAMMs and RDA consistently indicated that in nutrient-enriched
lagoons (Biguglia and Palo), inorganic nutrient concentrations were
the main drivers of phytoplankton dynamics, explaining more vari-
ability than climatic factors. In Biguglia, the most anthropized system,
dissolved inorganic nitrogen concentrations (DIN) promoted chloro-
phyll a, picoeukaryotes, and the microphytoplankton (MR) size class,
while DIP had a positive effect on peridinin and nanophytoplankton.
GAMMs on pigment ratios suggest an exclusion of smaller size classes
under nutrient-rich conditions (Leruste et al., 2019). This highlights the
central role of nutrient enrichment and DIN/DIP ratio in structuring
phytoplankton communities in this system (Ouaissa et al., 2023). In
Palo, a less anthropized but smaller and confined system, DIP emerges as
the dominant driver, enhancing chlorophyll a, nanophytoplankton
abundance, and fucoxanthin, suggesting that phosphorus enrichment
supports diatom development, a competitive group favored under
nutrient-rich conditions (Margalef, 1978). Episodes of synchronous
peaks in nutrients and chlorophyll a (CHLA >200 pg L™1; August 2007 in
Biguglia; July 2010 in Palo), with high fucoxanthin and absence of
picophytoplankton pigments (zeaxanthin, chlorophyll b), confirm the
strong nutrient control and rapid and size-selective response to enrich-
ment (Zaldivar et al., 2008; Collos et al., 2009). These findings are
consistent with broader observations that nutrient pulses favor larger,
fast-growing taxa such as diatoms (Leruste et al., 2021; Ouaissa et al.,
2023; To et al., 2025). Climatic signals were detectable, as air temper-
ature increased chlorophyll a and nanophytoplankton in Biguglia, while
rainfall enhanced chlorophyll a and microphytoplankton ratio in Palo,
but they remained secondary and potentially confounded with nutrient
effects.

By contrast, phytoplankton dynamics in nutrient-poor systems
(Diana and Urbino) were more strongly shaped by climatic drivers,
which explained a significant proportion of the variability in most of the
phytoplankton parameters in GAMMs and RDA analyses, equaling or
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exceeding the influence of inorganic nutrients. Among these drivers, air
temperature (TM) strongly positively influenced nanophytoplankton
abundance and was the only significant predictor of PE-rich picocya-
nobacteria (PECYAN) abundance. Our summer monthly data reveal a
thermal threshold around 26 °C, below which PECYAN abundances
consistently remained under 275 x 10° cells L™}, consistent with
optimal growth of warm-adapted Mediterranean Synechococcus ther-
motypes in oligotrophic systems (Doré et al., 2022). Maximal abun-
dances above 29 °C confirm their optimal proliferation under warming
(Collos et al., 2009; Derolez et al., 2020). Although not statistically
significant, sustained abundances of PECYAN in recent years (Fig. S1)
suggest their stable presence. PECYAN group is adapted to warm, saline,
stratified, and nutrient-poor conditions (Collos et al., 2009; Bec et al.,
2011; To et al., 2025), likely reflecting the indirect effects of warming,
which enhances water-column stratification and reduces nutrient
renewal in surface layers (Da Costa et al., 2022; Vereshchaka et al.,
2023). In addition to their thermal tolerance, their physiological plas-
ticity, low palatability, and migration capacity (Valenti et al., 2016;
Grébert et al., 2018; Pomati et al., 2020) make them indicators of both
warming and oligotrophication dynamics in the Mediterranean region
(Bec et al., 2011).

Wind also emerged as a key driver, with strong positive effects on
chlorophyll a and fucoxanthin concentrations (Zhang et al., 2018),
suggesting that wind favors diatoms, a turbulence-tolerant taxon
responsive to nutrient enrichment (Leruste et al., 2019; Sabater et al.,
2023; Talavera et al., 2024). Its combined effect with DIP further in-
dicates that wind may enhance phosphorus availability through mixing
and sediment resuspension (Zaldivar et al., 2008; Winder and Sommer,
2012; Lopes et al., 2019). In low-renewal systems, it can even dominate
over tidal circulation, driving water and particulate matter transport
(Shalby et al., 2020). Wind may also contribute external phosphorus
inputs through atmospheric dust deposition (Brahney et al., 2014). It
may also reinforce diatom dominance by dissipating smaller,
stratification-adapted groups (Kahru et al.,, 1993). However, the
consistent diatom dominance suggests that wind modulates bloom
magnitude, but its effect remains relatively limited in reshaping com-
munity structure.

Rainfall also exerted a significant influence, with a strong positive
effect on picoeukaryotes and the synergized effect with wind to promote
fucoxanthin. This reflects mechanisms such as enhancing nutrient
availability through watershed runoff and water-column mixing
(Goberville et al., 2010; Valenti et al., 2016; De Oliveira et al., 2023;
Grossi et al., 2024).

Similar climate-driven dynamics have been reported in other oligo-
trophic Mediterranean lagoons, including Ria Formosa, Els Alfacs, and
Ayrolle (Bec et al., 2011; Derolez et al., 2019; Rodrigues et al., 2021).

Climatic variables significantly contribute to explaining phyto-
plankton variability, although their importance strongly differed among
lagoons. In eu-hypertrophic lagoons such as Biguglia and Palo, recurrent
nutrient peaks strongly constrained phytoplankton dynamics, making
climatic influences comparatively weak and less detectable. Conversely,
in oligotrophic lagoons like Diana and Urbino, climatic control became
more visible and influential, likely because the weaker nutrient forcing
enhances the role of climate, which indirectly affects phytoplankton
through impacts on water-column stability and nutrient delivery and
availability (Stefanova et al., 2019). Under nutrient limitation, climate-
driven processes can mimic anthropogenic nutrient inputs, but at a
much lower magnitude, as nutrient concentrations and phytoplankton
abundances remain low, sustaining their oligotrophic status (Bec et al.,
2011; Derolez et al., 2019; Rodrigues et al., 2021). These results suggest
a hierarchical interaction, where nutrient control prevails and masks the
influence of climate when both drivers are present, while climate be-
comes a more influential forcing under low nutrient pressure (Alvarez-
Cobelas et al., 2019). This interpretation aligns with Newton et al.
(2020), who showed that nutrient enrichment induces immediate
ecological responses, whereas climatic forcing exerts more diffuse
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effects that become apparent only when nutrient concentrations are low.
In such nutrient-limited environments, phytoplankton communities are
typically adapted to scarcity and respond weakly to strong nutrient
enrichment (Leruste et al., 2019), which enhances the importance of
moderate climate-driven effects on their dynamics.

But interestingly, relative size-class pigment contributions (micro
versus nano-picophytoplankton) did not differ consistently between
sites in relation to physicochemical gradients and showed weak associ-
ations with climatic variables. This suggests either that climate exerts an
influence on size-class competition independently of nutrient conditions
or that taxa within the same size class respond differently to nutrient
control. It may also reflect that species within each size-class and
taxonomic group differ between sites. In Diana and Urbino, the stable
dominance of fucoxanthin reflects communities of small diatoms
adapted to oligotrophic and stable water-column conditions (Leruste
et al.,, 2019). In contrast, Biguglia and Palo may host opportunistic
diatom species that respond to nutrient pulses (Ligorini et al., 2022a),
with an additional alternation between diatom and dinoflagellate
dominance likely linked to the hydrodynamic variability in these sys-
tems (Garrido et al., 2016). However, pigment contents vary among taxa
and with environmental conditions (Yang et al., 2024), thereby limiting
the interpretation of pigment data.

The higher nutrient exposure observed in Biguglia and Palo,
including more frequent and more intense nutrient peaks compared to
Diana and Urbino, likely explains the stronger nutrient control and may
be driven by several factors. In Biguglia, recurrent and substantial
anthropogenic inputs from the strong urbanized watershed likely
contribute to nutrient enrichment (90 Mm3 per year of freshwater;
Garrido et al., 2016). In Palo, some sources of nutrient inputs (air base
and commercial area), frequent closures of the sea channel, a high
watershed-to-lagoon surface ratio, and the presence of surrounding
wetlands (AERMC, 2021) may create conditions favoring nutrient
retention (Bec et al., 2011). In both systems, nutrient-rich sediments
increase the risk of sedimentary release, thereby reinforcing internal
nutrient loading within the lagoon (Shalby et al., 2020; Zennaro et al.,
2024). These features are consistent with an increased risk of nutrient
accumulation and retention, which can frequently trigger phyto-
plankton responses (Sathicq et al., 2017; Minicheva et al., 2018; Derolez
et al., 2020). By contrast, Diana and Urbino seem to be less exposed to
nutrient pressures. Their watersheds are minimally anthropized and
receive only sparse agricultural inputs, although agricultural activity is
slightly less developed around Diana (AERMC, 2021). Their deep and
tectonic morphology promotes dilution, reducing nutrient accumulation
in the surface layer. Internal nutrient release is also limited: Diana’s
sediments are nutrient-poor (AERMC, 2021), and shellfish farming
further limits nutrient availability by consuming part of the released
nutrients (Le Ray et al., 2023), whereas Urbino’s sediments are richer
but likely stabilized by Cymodocea nodosa seagrass meadows (Garrido
et al., 2016; Ligorini et al., 2022a). These factors may explain the low
frequency and intensity of nutrient pulses and reduce nutrient control.

However, nutrient and climatic influences may still be under-
estimated in our study, which could explain why not all phytoplankton
variability was accounted for. Nutrient data were based on single-day
water column measurements, potentially missing enrichment events
due to dilution or biological uptake. Similarly, despite the selection of
climatic variables and use of optimized temporal windows, part of the
climate signal may have been overlooked. As the analysis focuses on the
summer period in a Mediterranean climate, when rainfall is scarce,
precipitation effects are likely underestimated and would probably be
more impactful in other seasons. Refining climatic metrics across com-
plementary timescales and seasons could improve our understanding of
multi-scale climate impacts (Adrian et al., 2012).

Additional drivers not quantified may also shape phytoplankton
dynamics and contribute to differences observed among lagoons.
Zooplankton composition and grazing strategies, although not quanti-
fied in our study, are shaped by the composition and abundances of
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phytoplankton communities, but also by nutrient sources, mixing con-
ditions (Pomati et al., 2020; To et al., 2025), and temperature, which can
enhance grazing activity (Oviatt, 2004; Berger et al., 2006). Conse-
quently, variations in zooplankton composition and grazing pressure,
whether driven by phytoplankton or environmental factors, are likely to
have, in turn, constrained the observed phytoplankton dynamics (Bi
et al., 2021).

Macrophytes also influence phytoplankton dynamics through
competition for nutrients, and seagrass meadows enhance sediment
stabilization and water clarity, thereby constraining phytoplankton
development (Garrido et al., 2016; Le Fur et al., 2018). The composition
of macrophyte communities differs among lagoons: while Cymodocea
nodosa meadows dominate in Diana and Urbino (with lower total
coverage in Diana) (Ligorini et al., 2022a), Palo and Biguglia are char-
acterized by variable Ruppia cirrhosa stands, sometimes replaced by
Zostera noltei in Palo or Stuckenia pectinata in Biguglia, and occasionally
by macroalgal dominance (Pasqualini et al., 2017; Ligorini et al.,
2022b). The co-occurrence of unstable macrophyte patterns and high
phytoplankton variability in Biguglia and Palo suggests shared envi-
ronmental drivers and reciprocal interactions between compartments.

4.3. Toward a global climate-driven shift in lagoon ecological functioning

As climate change progresses, climate forcing could gain importance
in shaping phytoplankton temporal trends and even trajectories, with
global warming becoming a predominant force in coastal lagoons
(Talavera et al., 2024). Oligotrophic systems provide suitable conditions
to detect early signals, acting as sentinels of climate change (Stefanova
et al., 2019). By contrast, the shift from nutrient to climate control may
be most evident in historically eutrophicated lagoons undergoing
restoration, where nutrient availability increasingly depends on climate-
driven inputs, potentially altering both the timing and origin of nutrient
supply. An accelerated shift is possible since the combination of
warming and nutrient scarcity can reduce phytoplankton thermal
tolerance and increase their ecological vulnerability to environmental
changes (Thomas et al., 2017; Pomati et al., 2020; Bi et al., 2021). Early
signs of such climate-driven ecological shifts are already observed in
other eutrophised Mediterranean coastal systems: in the Ria de Aveiro,
reduced freshwater inflows and rising temperatures have led to
increased salinity and reduced Chlorophyll a concentrations (Lloret
et al., 2008; Lopes et al., 2019) and in the Venice lagoon, nutrient re-
ductions have promoted cyanobacterial dominance (Pesce et al., 2018).

Our results also suggest that different climatic drivers exert distinct
but yet complementary effects: air temperature favored warm-adapted
taxa such as phycoerythrin-rich picocyanobacteria, which may explain
the recent sustained values of the nano-picophytoplankton size class
ratio, whereas wind and rainfall supported larger or nutrient competi-
tive groups such as diatoms and picoeukaryotes. These drivers operate
through different processes: warming may promote stratification and
enhance phosphorus release from sediments, while wind and precipi-
tation favor mixing and nutrient delivery from the watershed (Winder
and Sommer, 2012; Zaldivar et al., 2008; Lopes et al., 2019; Shalby
et al., 2020). This coexistence of opposing yet complementary forces
sustains functional diversity (Goberville et al., 2010; Wang et al., 2025).
But future projections of intensified warming and prolonged droughts in
Mediterranean regions (MWO, 2018; Ligorini et al., 2022b; Guzman
et al., 2023; Macias et al., 2025), with declining freshwater availability
and projected reduction in summer rainfall (Pesce et al., 2018), may
reduce this climate variability and promote community homogenization
under warming (Vereshchaka et al., 2023).

In our study, climatic changes do not yet appear sufficiently linear
and impactful to produce visible effects on lagoon trajectories. Yet,
climate modulates physicochemical patterns and may progressively
drive lagoon functioning in the future. Some aspects deserve particular
attention, as they may become increasingly affected by climate change
in the future. Phosphorus may become more available through warming-
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enhanced internal recycling (Zennaro et al., 2024). Salinity is also likely
to be reshaped (Da Costa et al., 2022; Talavera et al., 2024): it may in-
crease in summer due to evaporation, reduced rainfall, and lower river
inflows (Levang and Schmitt, 2015; Pesce et al., 2018; Shalby et al.,
2020), while intense rainfall, runoff, or seawater intrusion may
conversely reduce it or induce rapid fluctuations (Jiang et al., 2022; De
Oliveira et al., 2023). The stability of the water column, which regulates
nutrient resupply, suspended particulate matter, and light penetration,
may be particularly affected during the summer period (Cloern, 1999;
Da Costa et al., 2022). With global warming, an increase in the occur-
rence and intensity of stratified phases is expected (Pomati et al., 2020;
Vereshchaka et al., 2023). The maintenance of seawater exchanges also
appears crucial, as they regulate both nutrient and climatic effects
(Cecchi et al., 2016; Rodrigues et al., 2021; Ligorini et al., 2022b). As
emphasized by the 2010 eutrophication crisis in Palo, triggered by the
absence of summer channel opening combined with extreme warming,
and by the reduced eutrophication observed in the sea-connected part of
Biguglia, water exchanges and effective grau management can mitigate
nutrient stress. Yet these exchanges may themselves be altered, both by
the current tendency toward channel closure in these lagoons and, in the
longer term, by sea-level rise (Lopes et al., 2019; Guzman et al., 2023;
IPCC, 2023). In addition, climate forcing may progressively reorganize
taxonomic groups, including the disruption of diatom-dinoflagellate
competition through direct and indirect effects (Garrido et al., 2016;
Pesce et al., 2018; Bi et al., 2021) or the expansion of warm-adapted and
grazing-tolerant taxa such as picocyanobacteria at the expense of
picoeukaryotes (Oviatt, 2004; Collos et al., 2009; Bec et al., 2011;
Pomati et al., 2020; Leruste et al., 2021).

Since temporal trends and ecological responses to environmental
drivers differ between lagoons, anticipating and managing these po-
tential changes requires refining our understanding of site-specific
functioning and vulnerabilities (Zaldivar et al., 2008; Derolez et al.,
2019) to implement adaptive management strategies (Sathicq et al.,
2017; Stefanova et al., 2019) tailored to each lagoon’s context.
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