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A B S T R A C T

Massive Sargassum accumulations in the Atlantic form the Great Atlantic Sargassum Belt, which fuels recurrent 
coastal inundation events that disrupt ecosystems by reducing light availability for phytoplankton and enriching 
nearshore waters with nutrients released during decomposition. This study examined the short-term effects of 
decaying Sargassum leachate on phytoplankton productivity and growth in Guadeloupe’s coral reef ecosystems 
using several photosynthesis measurements based on fluorescence and 13C. A range of leachate concentrations 
were applied, under controlled conditions, to a natural phytoplankton community. The study revealed two major 
effects of Sargassum leachate on phytoplankton. First, leachate at concentrations ≥1 % initially inhibited 
photosynthesis and growth up to Day 2, likely due to allelopathic substances such as polyphenols. This was 
evidenced by near-zero Fv/Fm values and disrupted electron transport in PSII. By Day 3, these inhibitory effects 
diminished, suggesting degradation of labile inhibitory compounds or community modification. Second, from 
Day 3 onward, leachate addition stimulated phytoplankton growth, as seen in increased biomass, primary 
production (JVIImax), and carbon fixation. This nutrient-driven response was accompanied by reduced C/Chl a 
ratios and improved photosynthetic efficiency (lower Фe,C values), indicating alleviation of nutrient limitations, 
particularly nitrogen and phosphorus. These findings underscore the dual role of Sargassum leachate: an initial 
suppressive impact through allelopathy and a subsequent nutrient enrichment effect driving phytoplankton 
blooms. Such dynamics highlight the significant and complex influence of Sargassum strandings, combining 
ecological stress with nutrient-driven productivity changes.

1. Introduction

Over the past decade, massive accumulations of holopelagic 
Sargassum spp., including S. natans (morphotypes I and VIII) and 
S. fluitans (morphotype III), have been observed in the equatorial 
Atlantic Ocean (Siuda et al., 2024). These aggregations constitute the 
Great Atlantic Sargassum Belt, which periodically drives large-scale 
inundation and stranding events along the coasts of the West Indies, 
Brazil, and West Africa (Berline et al., 2020; García-Sánchez et al., 2020; 
Gower et al., 2013; Schell et al., 2015; Wang et al., 2019). While floating 
Sargassum supports diverse marine communities (Alleyne et al., 2023a; 
Alleyne et al., 2023b; Sissini et al., 2017; van Tussenbroek et al., 2024a), 

stranded or inundated Sargassum can negatively impact benthic and 
pelagic organisms, coral larvae, food webs, (Antonio-Martínez et al., 
2020; Cabanillas-Terán et al., 2019; Theirlynck et al., 2023; van Tus
senbroek et al., 2024b) and primary producers, particularly phyto
plankton. Dense Sargassum mats reduce light penetration, which inhibits 
photosynthesis and limits phytoplankton productivity (van Tussenbroek 
et al., 2017). Additionally, decomposing stranded Sargassum releases 
ammonium, organic matter, and toxic leachate containing arsenic and 
heavy metals, further degrading water quality and altering nutrient 
cycles in coastal waters (Devault et al., 2021; Morelle and Claquin, 2018; 
Napoleon and Claquin, 2012; Olguin-Maciel et al., 2022; Rodríguez- 
Martínez et al., 2019; Rodríguez-Martínez et al., 2025; van Tussenbroek 
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et al., 2017).This nutrient influx, particularly dissolved inorganic ni
trogen (DIN) and phosphorus (DIP), disrupts the oligotrophic conditions 
typical of tropical marine ecosystems, where nitrogen often limits algal 
growth (Andrews and Gentien, 1982; Kleypas et al., 1999; Patey et al., 
2008; Raikar and Wafar, 2006). Decaying Sargassum enriches the sur
rounding water with nitrogen and phosphorus, fueling phytoplankton 
blooms and favoring fast-growing opportunistic species over perennial 
ones (Hanisak, 1993; Lapointe et al., 2021; van Tussenbroek et al., 
2017). Such shifts can destabilize local algal communities and 
contribute to broader ecosystem changes, including competition with 
corals (Arias-González et al., 2017).

The aim of our study was to assess the impacts of decaying Sargassum 
on phytoplankton within the coral reef ecosystems of Guadeloupe Island 
(French Antilles). To this end, we exposed a natural phytoplankton 
community, collected from a Sargassum-free zone, to a gradient of 
environmentally realistic leachate concentrations. Previous research has 
already highlighted the negative effects of Sargassum leachates on water 
quality and on the behavior of coral larvae in the Caribbean (Antonio- 
Martínez et al., 2020), as well as the capacity of Sargassum species, both 
fresh and dried, to inhibit phytoplankton growth and photosynthesis 
(Wang et al., 2007; Zhang et al., 2021). Building on these findings, we 
specifically aimed to evaluate effects of leachates from decaying 
Sargassum on phytoplankton, combining photosynthetic performance 
measurements obtained with a Single Turnover Active Fluorometer 
(LabSTAF) (Boatman et al., 2019; Schuback et al., 2021) and 13C isotopic 
uptake analyses (Morelle and Claquin, 2018; Napoleon and Claquin, 
2012). The LabSTAF employs seven excitation wavebands centered at 
416, 452, 473, 495, 534, 594, and 622 nm, which can be combined to 
target a range of photosynthetic pigments based on their spectral char
acteristics (Courtecuisse et al., 2023). This approach allowed us to 
generate photosynthesis–irradiance curves (Fluorescent Light Curves – 
FLCs) and estimate key photosynthetic parameters, such as the maximal 
electron transport rate of PSII (ETRIImax) and model primary production 
(Serre-Fredj et al., 2023). By coupling electron transport rate measure
ments with 13C isotopic incorporation, we estimated the electron 
requirement for carbon fixation (Фe,C), a parameter that responds to 
nutrient availability (Hughes et al., 2018; Lawrenz et al., 2013; Napo
leon and Claquin, 2012; Zhu et al., 2016) and taxonomic composition 
(Hughes et al., 2021; Napoleon et al., 2013) and allow to convert ETR to 
carbon photosynthetic flux. The main objective of this experiment was 
to assess the short-term impact (few days) of Sargassum leachate on 
phytoplankton growth and productivity. A range of leachate concen
trations were applied, under controlled conditions, to a natural phyto
plankton community sampled in Guadeloupe from a Sargassum free 
zone. Biomass growth (Chla) and several photosynthetic parameters 
(variable fluorescence and 13C) have been monitored during seven days.

Our study contributes to a better understanding of the impact of 
decaying Sargassum on the planktonic compartment of Caribbean eco
systems by highlighting the physiological and ecological effects of 
Sargassum leachate on a natural phytoplankton community.

2. Materials & methods

2.1. Enrichment experiment

2.1.1. Production and characterization of Sargassum leachate
In October 2021, five kilograms of frozen Sargassum biomass 

collected in July 2020 were thawed and soaked for 48 h in stagnant 
seawater under a shaded outdoor structure. The collected Sargassum was 
a mixture of three morphotypes (S. fluitans III, S. natans I, and S. natans 
VIII), commonly found in massive strandings of holopelagic Sargassum 
along the Caribbean coast (Siuda et al., 2024). The biomass was then 
removed using coarse and sequential filtration processes, followed by 
sterilization of the leachate through Millipore filtration (0.22 μm). The 
sterile leachate was analysed for nutrient concentrations, including 
dissolved inorganic nitrogen (DIN) and phosphate (PO43− ), dissolved 

organic carbon (DOC) and dissolved organic nitrogen (DON). The 
nutrient composition of the leachate was 15.17 μM NO3

− , 0.588 μM NO2
− , 

406.72 μM NH4
+ and 410 μM PO4

3− with the ratio NID/ PO4
3 close to 1. 

The DOC and DON concentrations were respectively 112.60 mM C and 
3.43 mM N.

2.1.2. Seawater sampling and leachate addition
Eighty liters of seawater were collected in four polypropylene round 

carboys of 20 L at a one-meter depth, in the “Grand cul de sac Marin”, in 
a Sargassum free zone (Supplementary Fig. 1). The carboys were placed 
in the dark in a cooler to maintain temperature and were immediately 
brought back to the laboratory. Initial measurements corresponding to 
T0 for all parameters monitored were common to all conditions. The 
seawater was homongenized to prevent settling and then immediately 
distributed randomly into ventilated 1 L polycarbonate flasks containing 
600 ml of sample. Leachate additions were made at five concentrations 
ranging from 0 to 1 % (vol/vol) in triplicates corresponding to a series of 
15 flasks per sampling day (Treatment A: 0 %; Treatment B: 0.01 %; 
Treatment C: 0.1 %; Treatment D: 0.5 %; Treatment E: 1 %). In this way, 
all samples were independent of each other during time monitoring. For 
example, the 15 flasks sampled on Day 7 were not sampled on the 
previous days. Incubations were carried during seven days under 
controlled conditions at 29 ◦C (as seawater temperature at this season) 
under 311 μmol photon.m− 2.s− 1 provide by LED sources Optonica 
H150-A2 150W, 6000 k with a 12 h/12 h L/D photoperiod (The light 
spectrum is shown in Supplementary Fig. 2).

2.2. Incubation parameters and nutrient analyses

Water temperature and light intensity were recorded throughout the 
experiment with an RBRsolo T logger and a RBR solo PAR logger con
nected to a Li-COR LI-192. Nutrient concentrations were recorded and 
analysed at regular interval during the experiment. For the analyses of 
inorganic nutrients, a sample of water was collected from each condition 
and filtered through a cellulose acetate filter (ClearLine, CA, 33 mm, 
0.45 μm) in 50 mL Falcon tubes and frozen (− 20 ◦C). Analyses were 
conducted using a Seal Analytical AA3 system (Aminot and Kerouel, 
2007). The limits of quantification were 0.02 μmol L− 1 for PO4

3− and 
0.05 μmol L− 1 for NO3

− . NH4
+ were analysed by fluorometric measure

ments (Holmes et al., 1999). Measurements of dissolved organic carbon 
(DOC) and total nitrogen (TN) in the leachate were carried out using 
TOC-L-CSH with a unit of TNM (Shimadzu) following the protocol 
proposed by Halewood et al. (2022).

At Day 0, the concentrations of treatments B, C, D, and E were 
derived from the initial concentration of treatment A, adjusted accord
ing to the proportion of leachate added.

2.3. Chl a biomass

For each sample, 250 mL were filtered through a polycarbonate filter 
(Millipore, 47 mm, 0.2 μm) and immediately frozen (− 20 ◦C) prior to 
analysis. Aliquots (10 mL of 90 % acetone, v/v) were added for pigment 
extraction then the samples were left for 12 h in the dark at 4 ◦C. After 
being centrifuged for 5 min at 1700g twice, the Chl a concentration of 
the extracts was measured using a Trilogy fluorimeter (Turner Designs, 
Sunnyvale, USA) (Strickland and Parsons, 1972).

2.4. Photosynthetic parameters

In order to assess phytoplankton primary production and photo
synthetic parameters an approach based on a single-turnover variable 
chlorophyll fluorescence method was used during the experiments. This 
non-invasive method base on biophysical occurring in the photosystem 
II (PSII) is fast and robust to estimate primary production (Boatman 
et al., 2019; Courtecuisse et al., 2023; Schuback et al., 2021; Serre-Fredj 
et al., 2023). Fluorescent light curves (FLCs) were performed using a 
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LabSTAF (Chealsea Technology, UK) (Oxborough, 2022). The samples 
were analysed after a 3-min period of dark incubation for oxidation of 
quinone A (QA). A single turnover (ST) saturation phase was delivered 
with a 100-μs solid excitation pulse (450 nm). Primary fluorescence 
surper acquisition (Saq) values, relaxation phase parameters and 
derived fluorescence parameters are derived using the Rho ST curve fit 
based on the equations proposed by (Kolber et al., 1998) which is 
completed by the Dimer ST curve fit (see Oxborough, 2022 for details). 
From theses fits the minimum (Fo) and maximum fluorescence (Fm) are 
notably estimated, as described in Boatman et al. (2019) and detailed in 
Oxborough (2022). The maximum quantum efficiency of PSII (Fv/Fm) 
was calculated as Genty et al. (1989) (Eq. 1): 

Fv

Fm
=

(Fm − Fo)

Fm
(1) 

Samples were then exposed to 10 light steps of increasing PAR (from 
0 to 2000 μmol photon. s− 1.m− 2) for 30-s each step. The effective 
quantum efficiency of PSII (Fq′/Fm′) was measured at each light step as 
(Genty et al., 1989) (Eq. 2): 

Fq́

Fm
ʹ =

(Fmʹ − Fʹ)
Fmʹ

(2) 

where Fm′ is the maximum fluorescence under light and F′ is the steady 
state fluorescence under light.

The relative electron transport rate (rETR, relative unit) was calcu
lated for each irradiance (E) as (Eq. 3): 

rETR(E) =
Fq́

Fm
ʹ×E (3) 

The maximum relative electron transport rate (rETRmax) was esti
mated by fitting the FLC data to the model of Webb et al. (1974)
modified by Boatman et al. (2019) using RunSTAF (Chelsea Technolo
gies, UK) software to estimate α and Ek with α, the initial slope of the 
FLC, and Ek the light saturation index (Eq. 4): 

rETR(E) = α×EK ×

(

1 − e
− E
EK

)

− β× EKβ ×

(

1 − e
− E− EK

EKβ

)

(4) 

rETRmax was calculated as: 

rETRmax = α×EK (5) 

Relative values of electron flux (rETR) represent an intermediate step 
in the calculation; however, only the absolute values described below 
were considered in the results presented.

Using the absorption algorithm of Oxborough et al. (2012), the ab
sorption coefficient for PSII light harvesting was calculated as follows: 

aLHII =
Fm × Fo

Fm − Fo
×Ka × 10− 6 (6) 

where Ka is an inherent constant of the LabSTAF. The absolute PSII 
electron flux per unit volume (JVPII(E)) which account for the phyto
plankton production was calculated as: 

JVPII(E) =
aLHII × rETR(E) × 3600

103 (7) 

where JVPII(E) is expressed in mmol e− .m− 3.h− 1. (See Supplementary 
Fig. 3 for an exemple).

The absolute electron transport rate (ETRII(E)) at each light intensity 
which account for the phytoplankton productivity (e.g. production by 
units of biomass) was calculated as: 

ETRII(E) =
JVIIII(E)max

[chl a]
(8) 

where [chl a] is the concentration of chl a (μg.L− 1). The ETRII(E) is 
expressed in in mmol e− .mg chla− 1.h− 1.

By applying rETRmax to eq. 7, JVPIImax was calculated. Then, by 
applying JVPIImax to eq. 8, ETRIImax was calculated.

It is important to mention that a high correlation was determined 
between Fo and [chl a] for all tested conditions and the following rela
tionship was established: [chl a] = 1.089 Fo (r2 = 0.95; p < 0.001).

2.5. Fluorescence spectral analysis

The LabSTAF (Chelsea Technologies, UK) enables the performance of 
photochemical excitation profiles (PEP) (Courtecuisse et al., 2023). In 
the LabSTAF, fluorescence transients are induced using Measurement 
LEDs (MLEDs) at seven distinct wavelengths (416, 452, 473, 495, 534, 
595, and 622 nm), providing access to Fv and σPII (functional absorption 
cross-section) for each wavelength. As described by Gorbunov et al. 
(2020), PEP can be utilized for both physiological and taxonomic ana
lyses of phytoplankton communities based on secondary photosynthetic 
pigments. Indeed, major functional groups of phytoplankton primarily 
differ and are characterized by their pigment composition. In this study, 
Fv(λ) and σPII (λ)were used to identify changes in community structures 
as a function of treatments. To eliminate the effects of changes in fluo
rescence intensity due to variations in biomass and to emphasize 
changes in spectral shape, reflecting community composition and/or 
alterations in pigments, the normalization procedure proposed by 
Alexander et al. (2012) was applied on Fv data. Fv spectra were 
normalized by dividing the value for each measurement wavelength by 
the average value across the seven measurement wavelengths.

2.6. 13C incubation

13C incubation experiments were conducted at T0 just afer sampling 
and before leachate additions and at day 5 on the triplicate of all tested 
conditions. For each 13C incubation, a 62 mL sub-sample was inoculated 
with NaH13CO3 (98 atom %, Sigma-Aldrich) corresponding to an 
enrichment of about 50 % of the dissolved inorganic carbon already 
present. The inoculated 13C flasks were placed at the same condition that 
incubated samples, i.e. 29 ◦C under 311 μmol photon.m− 2.s− 1. For each 
condition one flask was maintained in the dark to estimate non- 
photosynthetic inorganic carbon incorporation. After 3.5 h of incuba
tion, each flask was filtered onto 25 mm pre-combusted (450 ◦C, 12 h) 
GF/F filters and stored at 20 ◦C until analysis. To remove carbonates, 
filters were exposed to fuming HCl for four hours and then dried at 50 ◦C 
for 12 h. The concentration of particulate organic carbon (POC) and the 
isotopic ratio of 13C to 12C were determined using an EA 3000 elemental 
analyzer (Eurovector, Milan, Italy) combined with a mass spectropho
tometer (IsoPrime, Elementar). The value for incorporation in the dark 
was subtracted from all data. The carbon fixation rate (PB) was calcu
lated according to Hama et al. (1983) and expressed in mmol C mg Chl 
a− 1 h− 1 as decribed in Napoleon and Claquin (2012).

2.7. Statistical analysis

Shapiro Wilk’s Test and Bartlett’s test were used to examine the data 
normality and their homogeneity of variance, respectively. The results 
were used to categorize parametric and non-parametric data. To eval
uate changes Kruskal-Wallis and Wilcox’s post hoc were used for non- 
parametric data, while ANOVA and post-hoc Tukey tests were carried 
out for parametric data.

Analyse of Fv and σPII spectra: To highlight the effects of treatments, 
time, and their interactions on the shape of the spectra, PERMANOVA 
(Permutational Multivariate Analysis of Variance) based on Euclidean 
distances and 999 permutations was performed, followed by post hoc 
ADONIS (Analysis of Dissimilarities) pairwise analyses (Martinez 
Arbizu, 2020). PCoA (Principal Coordinates Analysis) was used to 
represent PERMANOVA results based on Euclidean distances. This 
approach highlights multivariate patterns by projecting the data into a 
lower-dimensional space, facilitating visualization of group separations. 
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The consistency of the Euclidean distance metric ensures coherence 
between statistical testing and graphical representation. R studio and 
the following package were used, vegan and pairwiseAdonis (Martinez 
Arbizu, 2020).

3. Results

The chlorophyll a (Chl a) concentration in the control group (A) 
exhibited a modest increase during the incubation period, rising from 
0.16 μgChla L− 1 at T0 to a peak of 0.65 μgChla L− 1 at Day 5, followed by 
a decrease to 0.46 at Day 7 (Fig. 1a). Introduction of leachate at B, C, and 
D concentrations resulted in a substantial augmentation of biomass, 
with a rapid growth observed at Day 4, followed by a slight decline. 
Interestingly, condition E demonstrated a distinctive pattern, wherein 
the biomass remained lower during the first 2 days, then gradually 
increased to 0.22 μgChla L− 1 at Day 3. Subsequently, the concentration 
rose to 3.27 at Day 4 and peaked at 16.81 at Day 5, before decreasing 
marginally (Fig. 1). The biomass levels observed on Day 7 correspond to 
the increasing leachate inputs from A to E.

Nutrient concentrations exhibited marked temporal dynamics across 
treatments with increasing proportions of Sargassum leachate (Fig. 2). At 
Day 0, concentrations in treatments B to E were calculated based on the 
initial concentration in treatment A, according to the percentage of 
leachate added (A: 0 %; B: 0.01 %; C: 0.1 %; D: 0.5 %; E: 1.0 %). 
Ammonium (NH4

+) showed the most pronounced variations: treatments 
D and E, and C to a lesser extent, displayed sharp increases during the 
first days, whereas treatment A remained near baseline (Fig. 2a). The 
maximum mean value of 18.71 μM was reached in treatment E at Day 2, 

after which NH4
+concentrations declined to an average of 1.2 μM by Day 

6 in treatments D and E. Phosphate (PO4
3− ) concentrations showed drop 

occurred between T0 and T1 in treatments C, D and E, with concen
trations decreasing by factors of 2.1, 3.0 and 3.5, respectively (Fig. 2b). 
Nitrate (NO3

− ) decreased over time, although an increase was observed 
in treatment E at Day 6 (Fig. 2c). Nitrite (NO2

− ) concentrations remained 
low throughout the experiment and showed no consistent trends 
(Fig. 2d). Overall, these results indicate that Sargassum leachate is a 
significant source of dissolved inorganic nitrogen and phosphorus, with 
effects that scale with leachate concentration.

The Fv/Fm ratio exhibited a consistent decline across all incubation 
conditions throughout the experiment, decreasing from 0.48 at T0 to an 
average of 0.34 by Day 7 (Fig. 1b). Treatment E displayed a distinctive 
pattern once again. The ST curve fittings (Rho ST curve fit and Dimer ST 
curve fit) applied to raw fluorescence super acquisition (Saq) data ob
tained in the dark from the first ST pulse were not able to converge to the 
data, and the estimation of Fv/Fm was therefore not possible from Day 1 
to Day 2. (Supplementary Fig. 4). The measurements can be considered 
as noise and do not reflect any clear photosynthetic activity. For this 
reason, zero values were plotted in the graphs to indicate the inability of 
the models to fit the data.

Notably, on Day 3, aligning with the observed growth in Chl a 
biomass measurements, the Fv/Fm ratio rebounded in treatment E. It is 
noteworthy that for leachate additions exceeding 1 % (and 2 %, 5 % data 
not shown), the phytoplankton community also displayed near-zero Fv/ 
Fm values after just one day.

The ETRIImax (Fig. 1c), representing the maximal photosynthetic 
capacity of the phytoplankton community in the samples, exhibited an 

Fig. 1. a-Dynamics of chlorophyll a concentration (in μg L− 1) for the different treatments applied as a function of time. b,c,d Labstaf measurements for the different 
treatments as a function of time: a - Dynamics of maximal quatum yield of PSII (Fv/Fm). b- Dynamics of the absolute electron transport rate of PSII (ETRIImax) 
expressed in in mmol e− .mg chla− 1.h− 1. c- Dynamics of the PSII electron flux per unit volume (JVPIImax) which account for the phytoplankton production expressed 
in mmol e− .m− 3.h− 1.
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upward trend in response to leachate concentrations during the initial 
two days in treatments A to D, while a decline to null values in treatment 
E was observed. By Day 3, the ETR in treatment E rebounded, reaching a 

peak on Day 4. At Day 7, the ETRIImax levels across all treatments were 
comparable, showing minimal variation without significant differences 
(Fig. 1c).

Fig. 2. Concentration of nutrients as a function of the time. a- NH4
+ in μmol L− 1. b- PO4

3− in μmol L− 1. c- NO3
− in μmol L− 1. c- NO2

− in μmol L− 1. At Day 0, the 
concentrations of treatments B, C, D, and E were derived from the initial concentration of treatment A, adjusted according to the proportion of leachate added (A: 0 
%; B: 0.01 %; C: 0.1 %; D: 0.5 %; E: 1.0 %). The NH4

+concentration of treatment A at Day 6 was not available, and only one flask was sampled per treatment at Day 5.

Fig. 3. Spectral of Fv (a) and Sigma (b) for the different treatments applied.
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JVIImax (Fig. 1d), representing maximal primary production in 
terms of electrons generated per m3 per hour, is an outcome derived 
from the interplay of productivity (ETRIImax) and biomass. Given the 
relatively consistent dynamics of ETRII across various treatments (except 
for the distinctive behavior in treatment E), the patterns observed in 
primary production align closely with those of biomass. By the seventh 
day, the leachate addition gradient comes to the forefront once more, 
showcasing an increase in production from treatments A to E, charac
terized by mean values expressed in mmol electrons m− 3 h− 1 of 1.07 for 
A, 4.73 for B, 9.01 for C, 12.30 for D and 22.82 for E.

The Fv(λ) and σPII(λ) spectra, which provide insights into changes in 
community structures (Fig. 3), exhibited a globally similar shape across 
all treatments. However, PERMANOVA and PCOA analyses revealed 
significant differences between treatments (Fig. 4, Table 1) and over 
time (data not shown) for both the Fv(λ) and σPII(λ) spectra. While 
conditions A and B showed no significant differences for either spectrum 
type, all other conditions differed significantly from A, except for con
dition C in the case of the σPII(λ) spectrum. Conditions C and D were 
comparable for these parameters, but condition E displayed significant 
differences from all other conditions for both spectra, except for con
dition D in the case of the σPII(λ) spectrum.

It was observed that as the concentration of leachate increased, the 
POC levels also rose, in accordance with the concomitant increase in Chl 
a biomass. On Day 5, the POC concentrations exhibited significant 
variations across all tested treatments (ANOVA P = 0.001, Holm-Sidak; 
p < 0.05) (Fig. 5A), except for the comparisons between A and B treat
ments and between C and D treatments.

A significant decrease in the C/Chl a ratio was observed between the 
control (A) and the treatments with added leachate. The ratio exhibited 
a large variation, with a fivefold decrease from 316 to 62 (mean values). 
Interestingly, no significant differences were identified among the B, C, 
and D treatments (Fig. 5B), all of which displayed values around 150.

On Day 5, we assessed photosynthetic production (Fig. 6a) and 
productivity (Fig. 6b) through 13C incorporation. The addition of 
leachate resulted in an augmentation of production, particularly note
worthy in Treatment E, evident from the elevated and statistically sig
nificant values also observed in JVIImax, another indicator of 
photosynthetic production capacity. The productivity, indicative of 

photosynthetic activity under incubation light intensity (Fig. 6b), 
exhibited a significant increase in Treatments C and E compared to A, 
while showing no statistically significant difference from Treatments B 
and D. Consequently, the introduction of leachate contributed to an 
enhancement in photosynthetic activity.

Labstaf data allow us to determine the electron product at the PSII 
incubation light intensity (absolute electron transport rate, ETRII) in 
parallel with 13C fixation on day 5 (Fig. 7). Integrating these measure
ments allows us to estimate the moles of electrons needed to fix one mole 
of carbon (Фe,C). The results reveal that the introduction of leachate 
leads to a significant reduction in the Фe,C value, suggesting enhanced 
efficiency in electron transport within the photosynthetic chain. The 
average value of Фe,C with leachate addition was 5.24 mol electron mol 
C− 1, while it was 12.23 mol electron mol C− 1 for Treatment A (without 
leachate addition).

4. Discussion

This study provides new insights into the short-term impacts of 
Sargassum leachates on natural phytoplankton communities. Monitoring 
of both biomass and photosynthetic parameters revealed contrasting 
responses, highlighting the dual role of Sargassum leachates as both 
potential stressors and nutrient sources for phytoplankton. The results 
showed an initial inhibition of photosynthesis and growth at concen
trations equal to or above 1 % during the first two days, followed by a 
subsequent stimulation of phytoplankton growth from the third day 
onward.

The selection of leachate concentrations was guided by Rodríguez- 
Martínez et al. (2019), who reported mean ammonium concentrations of 
approximately 6 μM (ranging from 4.6 to 8.8 μM) between 45 and 450 m 
from the shore following Sargassum strandings. The experimental design 
was therefore established to remain within this order of magnitude for 
the highest concentrations. As previously reported, Sargassum decom
position increases both ammonium and phosphate concentrations 
(Rodríguez-Martínez et al., 2019; Rodríguez-Muñoz et al., 2021). The 
rise in ammonium observed in treatments C, D, and E likely reflects 
remineralization of the labile fraction of dissolved organic nitrogen 
(DON), which was abundant in the leachate (3.43 mM N), a process 

Fig. 4. Spectral variations of Fv (a) and Sigma (b) for the different treatments applied depicted by PCoA plot of weighted Euclidien distances. PERMANOVA, p <
0.001 for Treatment factor for both spectra. Centroids for each sampling time are shown along with their standard errors (error bars). ADONIS Fv, R2 = 0.21 p =
0.001; ADONIS Sigma; R2 = 0.32 p = 0.001.
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largely mediated by heterotrophic bacteria consistent with the trends 
observed in the present experiment. The activity of heterotrophic bac
teria may also explain the observed decrease in phosphate concentra
tions in these treatments, despite the absence of phytoplankton growth 
and even the inhibition of photosynthesis in treatment E. Indeed, het
erotrophic bacteria are often strong competitors for inorganic phos
phorus (including orthophosphate) and can outcompete phytoplankton 
in oligotrophic waters (Duhamel, 2025; Michelou et al., 2011; 

Popendorf and Duhamel, 2015). A complementary biogeochemical 
study, including a detailed investigation of microbial loop functioning, 
would therefore be valuable to refine the present observations on 
nutrient dynamics.

Although elevated ammonium concentrations can be toxic to 
phytoplankton (Berg et al., 2017; Collos and Harrison, 2014), 

Table 1 
: Results of the post hoc ANODIS pairwise analyses of PERMAVOVA. The “p.adjusted” value is the p-value adjusted 
to account for the issue of multiple comparisons. If the adjusted p-value is less than 0.05, it indicates that the 
difference between the groups remains significant even after correction for multiple comparisons. The significant 
differences between the treatments are highlighted in gray.

Treatments Fv spectrum Sigma spectrum
Pairs F.Model R2 p.value p.adjusted F.Model R2 p.value p.adjusted

A vs B 2.58 0.06 0.059 0.59 0.99 0.02 0.378 1
A vs C 5.33 0.11 0.002 0.02 4.72 0.10 0.025 0.25
A vs D 10.99 0.20 0.001 0.01 13.93 0.24 0.001 0.01
A vs E 10.50 0.22 0.001 0.01 30.46 0.45 0.001 0.01
B vs C 3.29 0.08 0.02 0.2 2.24 0.05 0.103 1
B vs D 7.70 0.16 0.001 0.01 10.98 0.22 0.001 0.01
B vs E 13.01 0.28 0.001 0.01 29.71 0.47 0.001 0.01
C vs D 2.16 0.05 0.076 0.76 4.58 0.10 0.023 0.23
C vs E 7.34 0.18 0.001 0.01 17.72 0.34 0.002 0.02
D vs E 4.67 0.12 0.003 0.03 3.94 0.10 0.033 0.33

Fig. 5. a - Particulate Organic Carbone (POC) expressed in μg C− .L− 1 at day 5 
for the different treatments applied. Groups a, b, c pointed out by ANOVA (P =
0.001, TukeyHSD<0.05). b - Carbon/Chlorophyll ratio at day 5 for the different 
treatments applied. Groups a, b, c pointed out by Kruskal-Wallis test (H =
15.829 with 4 degrees of freedom (P = 0.003), Tukey<0.05).

Fig. 6. a - Production of carbon per litre, at growth light intensity, measured by 
using 13C incubation, expressed in μg C.L− 1.h− 1 at day 5 for the different 
treatments. Groups a, b pointed out by Kruskal-Wallis test (H = 11.70 with 4 
degrees of freedom (P = 0.02), Tukey<0.05). b- Production of carbon per 
biomass unit, at growth light intensity, measured by using 13C incubation, 
expressed in μg C.μg chla− 1.h− 1 at day 5 for the different treatments applied. 
Groups a, b, c pointed out by ANOVA (P = 0.006, Holm-Sidak<0.05).
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concentrations below 100 μM, as in the present study, are unlikely to 
reduce the growth rate of most microalgae (Keller et al., 1987) or to 
affect Fv/Fm (Berg et al., 2017). The sudden increase in ammonium 
concentration observed in treatment E therefore does not appear suffi
cient on its own to explain the transient inhibition of photosynthesis and 
growth, although a partial contribution cannot be entirely excluded.

This points to the involvement of additional inhibitory compounds 
released during Sargassum decomposition. Indeed, the inhibition 
observed with a 1 % leachate addition is consistent with previous studies 
reporting allelopathic effects of macroalgal substances or tissues on 
phytoplankton (Belleza et al., 2019; Havens et al., 2001; Tang and 
Gobler, 2011; Wang et al., 2012; Wang et al., 2009). Wang et al. (2007)
showed that fresh tissue, dry powder and aqueous extracts of Sargassum 
thunbergii strongly inhibited the growth of the microalgae Heterosigma 
akashiwo (Raphidophyceae) and Alexandrium tamarense (Dinophyceae) 
as we observed in the present study. Such a result was also found by 
Zhang et al. (2021) with another species of Sargassum, S. fusiforme. They 
showed that Sargassum extract inhibited growth, led to a decrease of the 
maximal quantum yield (Fv/Fm) and affect Chl a cell content on the 
three tested microalgae (Prorocentrum donghaiensis, Skeletonema cos
tatum, and Heterosigma akashiwo). Sun et al. (2021) also highlighted the 
allelopathic effects of S. fusiforme on H. akashiwo, demonstrating that 
α-linolenic acid (ALA) and 24-hydroperoxy-24-vinylcholesterol strongly 
inhibited algal growth. They further showed that ALA disrupted anti
oxidant activity and reduced the photosynthetic PSII electron transport 
rate.

A negative allelopathic effect of Sargassum on Ulva prolifera photo
synthesis has also been demonstrated, affecting processes ranging from 
the quantum efficiency of PSII to RUBISCO activity (Sun et al., 2024). 
revealed that Sargassum filtrate negatively impacts the photosynthesis of 
Ulva by damaging cellular membranes, particularly chloroplasts, and 
reducing starch granule numbers (Sun et al., 2024). This damage de
creases photosynthetic efficiency, alters enzyme activities, and triggers 
oxidative stress. Rubisco activity, essential for carbon fixation, was 
inhibited, leading to metabolic adjustments, including increased starch 
hydrolysis and upregulation of the pentose phosphate pathway to 
maintain photosynthesis under stress. In the present work, since ST 
curve fitting was not possible after 24 h for the highest concentration 
(Treatment E), Fv/Fm can be assumed to be negligible, and the electron 

transport rate through PSII was substantially inhibited by 1 % leachate, 
ultimately leading to growth inhibition. As mentioned by Zhang et al. 
(2021), the inhibitory substances in the extracts are presumably sec
ondary metabolism which alter PSII. Polyphenols is wildy mentioned as 
an allelochemicals produced by macroalgae. Flavonoids, natural poly
phenols, which are largely present in Sargassum (Afreen et al., 2023; 
Paredes-Camacho et al., 2023) were reported to inactivate algae chlo
rophyll (Li et al., 2022) as we observed in the present study. The inac
tivation processus are still unclear, but it can be due to the loss of Mg2+

ions from Chl a (Li et al., 2022).
On the third day, at the concentration of 1 % addition, we observed a 

rebound in photosynthetic parameters and growth. The result was 
confirmed across all replicates, which it is important to note, were in
dependent even between the follow-up days. Two hypotheses can be 
proposed to explain this result: 

Hypothesis 1. The leachate has a lethal effect on the community, and 
only a small proportion survives, eventually taking over the initial 
community and blooming on the third day.

Hypothesis 2. The leachate inhibits photosynthesis and growth 
through labile substances that could be rapidly degradable, losing their 
inhibitory effectiveness after 2 days.

Spectral fluorescence relies on the excitation-emission characteris
tics of phytoplankton taxa, which are influenced by their accessory 
pigments (Beutler et al., 2002; Chen et al., 2017; Harrison et al., 2016; 
MacIntyre et al., 2010; Seppala and Balode, 1997). Each group exhibits 
distinct fluorescence excitation patterns based on pigments such as Chl 
a, Chl c, phycocyanobilin, phycoerythrobilin, fucoxanthin, and peri
dinin. These patterns enable the differentiation of phytoplankton spec
tral groups, including Chlorophyta, Cyanobacteria, “chromophyta” 
(Heterokontophyta, Haptophyta, Dinophyta), and Cryptophyta. Gorbu
nov et al. (2020) demonstrated that σPII(λ) spectrum can be used to 
characterize phytoplankton spectral groups, as they found that intra- 
group variability of σPII(λ) spectrum was significantly lower than 
inter-group differences. In the present study, we analysed variations in 
the overall spectral shape, following the approach of Alexander et al. 
(2012), to assess changes in community structure. However, we did not 
attempt to identify specific phytoplankton spectral groups. Our data 
revealed a consistent overall shape of Fv(λ) and σPII(λ) spectra across all 
treatments over the seven-day period, suggesting only minor changes in 
phytoplankton spectral composition (Beutler et al., 2002; Gorbunov 
et al., 2020). However, significant differences were observed between 
treatments. Treatment E exhibited significant deviations from all other 
conditions for both spectra, except for condition D in the case of the 
σPII(λ) spectrum. The slight but significant variations observed are likely 
attributable to physiological effects induced by enrichment from the 
leachate rather than shifts in community composition (Gorbunov et al., 
2020; Suggett et al., 2009). This finding supports the hypothesis that 
leachate composition inhibits photosynthesis and growth rather than 
selecting for a resistant phytoplankton community. Our results demon
strate a severe effect of leachate on growth and photosynthesis, indi
cating that Sargassum strandings can have significant and rapid effects 
on the pelagic compartment. Many studies have shown that growth- 
inhibiting allelophatic substances degrade rapidly, and the inhibitory 
effect can be maintained by supplying the allelochemicals regularly 
(Havens et al., 2001; Wang et al., 2007; Wang et al., 2009). However, we 
cannot exclude a variation in the community within phytoplankton 
spectral groups. An analysis of molecular diversity would allow us to go 
further in understanding this effect. Indeed, it was also show that alle
lochemicals inhibitory effects varied with species and growing densities 
of the microalgae leading to community variation (Zhang et al., 2021).

The second effect highlighted is directly related to the nutrient 
enrichment provided by the leachate. We observe that from day 3, 
biomass and JVIImax increase in correlation with the enrichment level, 
then stabilize before slightly decreasing on Day 6. The obtained curves 

Fig. 7. Electron requirement (mol electron required to fix one mol of carbon) 
for the different treatments applied. Groups a, b pointed out by ANOVA (P =
0.005, Holm-Sidak<0.05).
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are characteristic of a “bloom” growth pattern with an exponential 
phase followed by a plateau indicating a Liebig-type limitation (Dolman 
and Wiedner, 2015). Thus, the addition of leachate has alleviated a 
nutrient limitation. Nutrient analyses we conducted, considering the 
very low concentrations naturally present in the environment, do not 
allow us to conclude whether leachate addition lifted a limitation in N or 
in P. On Day 5, the highest concentration of particulate organic carbon 
(POC) and carbon production was linked to the increased leachate input. 
The range of the C/Chl a ratio measured during the study was in 
accordance with values observed on oligothrophic phytoplankton 
communities (Ortiz et al., 2022). We observed that the addition of 
leachate was correlated with a reduction in the C/Chl a ratio, which can 
be attributed to the growth rate increase. The Фe,C values were in 
accordance with literature (Hughes et al., 2021; Lawrenz et al., 2013; 
Morelle and Claquin, 2018), and the low values measured on Day 5 
following leachate addition confirm the influence of nutrient input on 
photosynthetic efficiency. The decrease in Фe,C observed between 
Treatment A compared to other treatments is indicative of a nutrient- 
replete condition (Napoleon et al., 2013). Under nutrient limitation, 
alternative electron pathways, including the Mehler reaction and cyclic 
electron flow around PSI, result in an elevation of Фe,C values (Hughes 
et al., 2021; Lawrenz et al., 2013; Morelle and Claquin, 2018; Napoleon 
et al., 2013).

5. Conclusion

Our study revealed two distinct effects of Sargassum leachate on 
phytoplankton. 1) the addition of leachate led to a pronounced inhibi
tion of photosynthesis and growth, particularly at concentrations equal 
to or greater than 1 %. This inhibitory impact, observed up to Day 2, was 
characterized by the inhibition of electron transport through PSII. The 
possible effect of polyphenols, such as flavonoids, in the leachate as to be 
more deeply explored. Our findings underscore the severe and rapid 
impact of Sargassum strandings on the pelagic compartment, suggesting 
that allelopathic substances may play a role on phytoplankton com
munities. 2) our study highlighted a positive impact on phytoplankton 
growth from day 3 onwards. The correlation between leachate addition 
and increased particulate organic carbon (POC) concentration, ETRII, 
carbon production, and reduced C/Chla ratio suggested a nutrient- 
driven response. Our findings also showed the influence of nutrient 
input on photosynthetic regulation, as reflected the impact on Фe,C 
values.

Taken together, these contrasting responses illustrate the complex 
interplay between allelopathic effects and nutrient enrichment in the 
context of Sargassum leachates. While phytoplankton growth was 
stimulated in controlled laboratory conditions, such responses are un
likely to fully translate to natural environments at large scale, where 
nutrient dilution in the water column and reduced light penetration 
under Sargassum mats or during decomposition events may mask or 
attenuate any positive nutrient effects. This study therefore contributes 
valuable insights into the ecological consequences of Sargassum 
strandings on Caribbean ecosystems, highlighting the need to consider 
both stressor and nutrient enrichment effects when assessing their 
overall impact.
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