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ARTICLE INFO ABSTRACT
Keywords: Population growth in coastal tourist areas is leading to enhanced waste production, raising concerns about
Coastal eutrophication potential nutrient release increases and the resulting impact on marine ecosystems through eutrophication.

CO2 depletion
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Ecological impacts

Knowledge of the specific impacts of eutrophication on plankton communities in many of these regions is limited,
highlighting the need for further research and appropriate environmental management strategies. To help
Organic matter dynamics address these gaps, we conducted a 30-day mesocosm study in the coastal waters of Gran Canaria, Canary
Mesocosms Islands, a major European tourist destination, and the third most densely populated autonomous community in
Gran Canaria Spain. With the aim of assessing the effects of nutrient input on biomass, primary production (PP) and recycling
processes by phytoplankton, zooplankton, and bacterioplankton, we simulated three nutrient discharge in-
tensities (Low, Medium, and High), with daily additions of 0.1, 1, and 10 pmol L~ ! of nitrate, respectively, along
with phosphate and silicate. We observed that PP, chlorophyll a (Chl-a), and biomass increased linearly with
nutrient input, except in the High treatment, where CO, depletion (<1.0 pmol L™!) and an alkalinity increase
(>2500 pmol L’l) resulted in reduced PP. Despite limitations in nitrogen (Control, Low, and Medium) or carbon
(High) availability across treatments, which led to stabilized or decreased PP rates and dissolved organic carbon
(DOC) concentrations, bacterial degradation remained active in all treatments. This microbial activity resulted in
an accumulation of recalcitrant chromophoric dissolved organic matter (CDOM), indicating the resilience of
carbon recycling processes under varying nutrient conditions. Furthermore, a clear succession was evident in all
enriched treatments, transitioning from an oligotrophic condition dominated by pico- and nanophytoplankton to
a eutrophic state primarily composed of diatoms. However, under CO; depletion, diatoms experienced a decline
in the High treatment, leading to the proliferation of potentially mixotrophic dinoflagellates. Microzooplankton
was less sensitive than mesozooplankton to the decrease in prey availability and high pH caused by COy
depletion. Interestingly, the Medium treatment showed high efficiency in terms of PP, despite reaching CO5
levels near of 1.0 pmol L™! by the end of the experiment. PP rates increased from 10 to 100 pg C-L™'.d~! during
the first week and remained stable as diatoms predominated throughout the study period. These findings provide
valuable insights into the responses of plankton communities to varying nutrient inputs and emphasize the
importance of considering the effects of DIC depletion, along with changes in total alkalinity, in eutrophication
scenarios as well as in ocean alkalinity enhancement experiments aimed at reducing carbon dioxide emissions.
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1. Introduction

One of the significant challenges currently faced by coastal ecosys-
tems due to anthropogenic influence is eutrophication (Howarth, 2008;
Howarth and Marino, 2006). The primary cause of this eutrophication is
the increase in nitrogen and phosphorus content in water bodies
resulting from human-originated discharges (Paerl, 1999; Rabalais
et al., 2009). The consequences of these discharges on aquatic ecosys-
tems include high phytoplankton growth rates that disrupt the natural
balance of these waters, occasionally affecting their (EU monitor,
Directive, 1991/676). Depending on the nutrient loading, negative
changes may occur if the nutrient input is excessive (Ferriol et al., 2016),
such as harmful micro- and macroalgal blooms (Glibert and Burford,
2017; Feng et al., 2024) or reduced oxygen availability due to increased
bacterial respiration rates and decreased light availability for photo-
synthetic organisms (Correll, 1998). However, under moderate nutrient
input, increased algal growth may yield some favourable effects, such as
enhanced oxygenation through primary production (Alcantara et al.,
2015) or increased biomass transfer in the food web, boosting local
fisheries resources and carbon fixation into the ocean (Lin et al., 2014).
With the rising human population in tropical and subtropical coastal
areas (Benkeblia and Radeva, 2018), archipelagos in these latitudes are
at risk of experiencing amplified effects of these disturbances in the
coming years. In 2023, the Canary Islands rank as the third most densely
populated autonomous community in Spain, following Madrid and the
Basque Country, with 293 residents per km? and reaching nearly 2.2
million inhabitants with a linear trend for decades (Jerez-Darias and
Garcia-Cruz, 2024). Record-breaking numbers of tourists have been
registered consistently, exceeding 16 million in 2023 according to data
published by the government of Canary Islands (ISTAC, Gobierno de
Canarias). This growth both in tourist pressure and the archipelago’s
population has led to an increase in waste production in recent years.
Considering the insularity of the territory and that 27% of this waste is
organic (Santamarta et al., 2023), an increase in nutrient content in the
archipelago’s waters, potentially leading to eutrophication-related ef-
fects, can be expected. In addition, the increased exploitation of re-
sources in the archipelago may increase waste products and run-off from
agricultural and aquaculture activities (Delgado and Riera, 2020).
However, there are still limited studies on the effects of eutrophication
in the Canary Islands.

The quantification of the impact of nutrient discharges on the
phytoplankton community is essential for managing nutrient releases in
coastal areas. One approach to achieve this is with mesocosms that
simulate the effects of different nutrient loads (Duarte et al., 2000).
Several mesocosm experiments in the waters of the Canary Islands have
aimed to simulate upwelling conditions (Banos et al., 2022; Baumann
et al., 2021; Gomez-Letona et al., 2022) or ocean acidification (Bach
et al., 2019a; Hernandez-Hernandez et al., 2018) on subtropical plank-
tonic communities. A common outcome in non-limiting mesocosm ex-
periments and natural upwelling conditions is the succession from the
subtropical community dominated by pico-nano phytoplankton to
micro-nano phytoplankton, with diatoms being the dominant group in
terms of primary production (Anabalon et al., 2014; Banos et al., 2022;
Hernandez-Hernandez et al., 2018; Ortiz et al., 2022). However, unlike
eutrophication, in natural upwelling or artificial upwelling and acidifi-
cation in mesocosms, the planktonic community from surface layers
experiences an input of dissolved inorganic carbon (DIC). This is due to
the upwelling of highly remineralized water or low acid pH values,
respectively (Anabalon et al., 2014; Banos et al., 2022; Baumann et al.,
2021; Hernandez-Hernandez et al., 2018). As DIC availability is a crucial
factor in altering phytoplankton communities and their primary pro-
duction rates (Chen and Durbin, 1994; Goldman, 1999), it is imperative
to conduct new experiments under conditions like those occurring
during eutrophication to accurately assess management methods.

To address this critical knowledge gap, this study focuses on a mes-
ocosm experiment that simulates three different eutrophication
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conditions, each treatment characterised by a different intensity of
nutrient input. By excluding gas injection during the experiment, the
research aims to closely replicate the conditions associated with coastal
discharges. The main objectives were to analyse the effects of nutrient
inputs on the subtropical plankton community, evaluating the impacts
on biomass production and recycling processes. This investigation is
relevant not only for enhancing our understanding of eutrophication
dynamics but also for informing effective and targeted management
strategies in coastal areas facing similar challenges. The outcomes of this
study provide valuable insights that can guide sustainable practices and
policies to safeguard the ecological integrity of coastal ecosystems,
particularly in regions like the Canary Islands where the convergence of
population growth and tourism intensifies the risk of eutrophication-
related disturbances.

2. Material and methods
2.1. Experimental setup

The experiment was conducted from September 1 (TO) to October 1
(T30) of 2017. During this period, eight mesocosms were deployed at the
Taliarte pier on the east coast of Gran Canaria. Each cylindrical meso-
cosm bag had a diameter of 2 m and a length of 2.5 m. They were made
of transparent polyurethane foil (PU) to allow solar radiation to pene-
trate. A conical sediment trap was attached to the bottom of each bag to
collect sinking particles, following the design of the larger KOSMOS
mesocosm described in Riebesell et al. (2013).

Water used to fill the mesocosms was obtained offshore from the
Taliarte pier using a peristaltic pump, at a depth of approximately 3-5
m. To minimize stress on plankton organisms, the pumping speed was
maintained at 3.9 L per second. The total isolated volume of each
mesocosm was 8 m® after filling on day TO (Fig. 1A). Four different
duplicate nutrient treatments (Control, Low, Medium, and High) were
implemented to simulate distinct eutrophication intensities during the
experiment (Fig. 1B).

Only in the control mesocosms (M1 and M6) no inorganic nutrients
were added throughout the experiment. In all other treatments (Low,
Medium, and High), inorganic nutrients were added daily from day T4
to T28. The Low treatment mesocosms (M3 and M8) received daily
nutrient concentrations of 0.1 pmol L~ ! of nitrate (N), 0.0063 pmol Lt
of phosphate (P), and 0.1 pmol L7! of silicate (Si) from T4 to T6, and
0.05 pmol L™! of Si from T10 to T29. The Medium treatment mesocosms
(M4 and M7) received daily nutrient additions of 1 pmol L 'of N, 0.063
pmol L™ of P, and 1 pmol L™! of Si from T4 to T6, and 0.5 pmol L™! of Si
from T10 to T29. Finally, the High treatment mesocosms (M2 and M5)
received daily nutrient concentrations of 10 pmol L™ of N, 0.63 pmol
L~ of P, and 10 pmol L™ of Si from T4 to T6, and 5 pmol L™} of Si from
T10 to T29. The nutrient concentrations added to each treatment always
followed a Redfield ratio of Si:N:P = 8:16:1 (Fig. 1B). Using this ratio,
the levels of N, P and Si are not limiting for phytoplankton uptake and
the methodology is comparable, being a standard in nutrient loading
studies (Joint et al., 2002; Lagus et al., 2007; Mieczan et al., 2015). The
addition of silicate was halted from T7 to T9, and the concentration was
adjusted from T10 onwards to maintain the Redfield ratio across all
treatments. To prevent the growth of fouling organisms and allow solar
radiation to penetrate the mesocosms, the bags were periodically
cleaned from the inside on days T4, T8, T16, T20, T24, and T26 using a
custom ring with a similar diameter to the bags (Riebesell et al., 2013).
Divers also cleaned the outer sides of the mesocosm bags with brushes
on days T6, T13, T19, and T25. Water samples were collected daily from
all mesocosms for biogeochemical analyses from T1 to T29, while
sediment trap and zooplankton samplings were conducted alternating
every two days (Fig. 1A).



J.J. Santos-Bruna et al.

Marine Environmental Research 204 (2025) 106919

(A)

Mesoscosm filling ¥

N and P addition il AAEAEENEREAAAEAAREREAEREE
Si addition ila e

o

Inside cleaning

Outside cleaning | | | | | | |
Water sampling S ESEEESEEEENEEEETEOEEEEEEEEE
Trap sampling ) ‘
Zoo sampling
Experiment time I||||I||||I|||||||||I||||I|||=

T T[T rr [ rrrrrri
(B) T0 TS T10 T15 T20 125 0
Daily additions
(umol L)
N - 0.1 1 10
P - 0.0063 0.063 0.63
Sitare - 0.1 1 10
Sitio-120 - 0.05 0.5 5
1] 6] [ 3 8 4] L7 2] Ls
Mesocosms ' ' . . . ' '
1 A SERAR AN |
Approaches Control Low Medium High

Fig. 1. Experiment chronogram (A), depicting the various tasks performed each day, and the experiment scheme (B), illustrating the nutrient additions carried out in

each treatment along with their corresponding mesocosms.

2.2. Nutrients and inorganic carbon

For nutrient analysis triplicate samples of mesocosm water were
collected in plastic bottles previously cleaned with 10% HCI. The sam-
ples were immediately transported to the laboratory where they were
filtered through 0.45 pm cellulose acetate filters (Whatman) before
being measured. Concentrations of nitrate, nitrite, phosphate, silicate,
and ammonium were measured simultaneously using a SEAL Analytics
QuAAtro AutoAnalyzer connected to a JASCO Model FP-2020 Intelli-
gent Fluorescence Detector following Hansen and Grasshoff (1983) and
Murphy and Riley (1962). Ammonium concentrations were determined
fluorometrically following the method described by Holmes et al.
(1999). An autosampler, the SEAL Analytical XY2, was used to inject the
water samples into the detection system.

Total alkalinity (TA) was measured in each mesocosm every two
days by automated potentiometric titration using an 862 Compact
Titrosampler (Metrohm) following Grasshoff et al. (2009). Oxygen,
salinity, temperature, and pH were measured using a CTD probe
(CTD60M, Sea and Sun Technologies) equipped with the respective
sensors, already calibrated, providing daily depth profiles from the
surface to close to the bottom of the mesocosms. The values obtained
during the CTD profiles were averaged, always achieving a standard
deviation below 26% of the mean. From TA and pH, speciation of dis-
solved inorganic carbon (CO3, HCO3, and CO%‘) was calculated using
the MS Excel program CO2SYS, Version 01.05, by Pierrot et al. (2006).
The carbonate dissociation constants (K1 and K2) from Mehrbach et al.
(1973), refit by Dickson and Millero (1987), were used, and input data
included temperature and salinity.

2.3. Chlorophyll a and primary production

For each mesocosm, a 500 mL water sample was gently filtered
through a polycarbonate filter (Whatman) with a pore size of 0.2 pm,

employing low vacuum pressure. The chlorophyll a (Chl-a) collected on
the filters was extracted by placing them in 10 mL of 90% acetone
(volume) at 4 °C for 24 h. Chl-a concentrations were measured fluoro-
metrically using a previously calibrated Turner 10-AU bench fluorom-
eter, following the method described by Holm-Hansen et al. (1965).
Primary production (PP) was measured using the *C method. Four 70
mL water samples, prefiltered with a 200 pm mesh, were collected in
Tissue Culture-treated flasks with a growth area of 25 cm? (VWR). These
samples were transported to the radioactive facilities within 1 h after
sampling. Each sample was then supplemented with 15 pCi of
14¢ Jabeled sodium bicarbonate solution (NaH14C03; PerkinElmer) and
incubated in vitro for 24 h (with a 12-h day-night cycle) in a
light-temperature-controlled chamber. The light intensity and temper-
ature in the chamber were adjusted to replicate the daily average in situ
conditions.

One out of the four samples was covered with an opaque foil to
measure dark carbon uptake. After incubation, a 5 mL aliquot was
filtered under low vacuum pressure onto a 0.2 pm pore-size poly-
carbonate filter using a circular filtration manifold, allowing the filtrate
to be collected in a 20 mL scintillation vial. The filters were placed in 10
mL scintillation vials. A second 5 mL aliquot was directly transferred to a
new 20 mL scintillation vial. The two liquid samples were acidified with
100 pL of 17.5% HCl and placed in an orbital oscillator for another 24 h,
while the filters were exposed to 37% HCI fumes for 24 h. The acidifi-
cation process aimed to remove the *C-labeled inorganic carbon from
the samples. Finally, 10 mL and 5 mL of Ultima Gold XR scintillation
cocktail were added to the 20 mL and 10 mL vials, respectively. The vials
were thoroughly mixed and stored in darkness for 24 h. The isotopic
disintegrations per minute were measured using a Beckman LS-6500
scintillation counter. PP rates (ug C-L™! h™!) were calculated using the
following equation.
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P {E} DIC-(DPMs — DPMp)

7 DPM,,- t;

where Vy/Vy is the ratio between the sample volume and the filtered
volume in L, DIC represents the dissolved inorganic carbon concentra-
tion in pg C-L’l, DPMs-DPM]p, is the net disintegrations per minute cor-
rected for dark carbon uptake, DPM, is the initial addition of 14¢C in
disintegrations per minute, and t; is the incubation time in hours. PP
rates obtained from the filters correspond to the particulate PP (POMC),
while the rates obtained from the filtrate and non-filtrate aliquots
correspond to the dissolved PP (D014C) and the total PP (TOMC),
respectively.

2.4. Organic matter characterization

At PLOCAN, the sediment trap (ST) material was prepared for
elemental analysis of particulate organic carbon (POC) and particulate
organic nitrogen (PON) by separating the particles from the seawater. A
3 M solution of ferric chloride (FeCl3) was added to each 5L bottle of
sediment material to enhance flocculation and coagulation. This was
followed by the addition of a 3 M solution of sodium hydroxide (NaOH)
to compensate for the decrease in pH, as described in detail in Box-
hammer et al. (2016). After allowing the material to settle for 1 h, the
supernatant was gently decanted. The remaining flocculated material
was then centrifuged for 10 min at approximately 5200 times gravity (g)
using a 6-16 KS centrifuge (Sigma Laborzentrifugen GmbH, Osterode am
Harz, Germany). An additional 10-min centrifugation step at approxi-
mately 5000 g in a 3K12 centrifuge (Sigma) resulted in compact sedi-
ment pellets, which were subsequently frozen at —20 °C and transported
to Kiel for further processing. In Kiel, the pellets were freeze-dried to
remove any residual moisture and then ground to a fine homogeneous
powder suitable for subsampling and elemental analysis using a cell mill
(Edmund Biihler GmbH, Bodelshausen, Germany), following the
methods described by in Boxhammer et al. (2016). Subsamples for
POC/N were weighed into tin capsules, acidified with a 1 M solution of
HC], dried overnight at 50 °C, and then measured in duplicate using a CN
analyzer (Euro EA-CN, HEKAtech GmbH, Wegberg, Germany) according
to Sharp (1974).

Water column samples were collected in our onshore laboratories
and subsampled for POC and PON by filtering them onto pre-combusted
glass fibre filters (0.7 pm of nominal pore, Whatman). The POC and PON
filters underwent acidification for approximately 2 h using a 1 M solu-
tion of HCI to eliminate any inorganic carbon. After acidification, the
filters were dried overnight at 60 °C in pre-combusted glass Petri dishes.
Filters intended for total particulate carbon (TPC) were dried without
prior acidification. All filters were then packed into tin cups (8 x 8 x 15
mm, LabNeed GmbH, Nidderau, Germany) and brought to Kiel for
analysis. In Kiel, the filters were analyzed for carbon and nitrogen
content using a CN analyser (Euro EA-CN, HEKAtech), following the
same procedure as described above for the sediment samples. In some
cases, due to errors in sample handling or measurements, the measured
POC concentrations were higher than those of TPC. Whenever the dif-
ference exceeded 10%, we reported the TPC concentration instead of the
POC concentration, assuming the absence of particulate inorganic
carbon.

For the measurement of DOC, 10 mL of filtered samples were stored
in high-density polyethylene bottles and frozen at —20 °C until analysis.
The samples were then analyzed using a Shimadzu TOC-5000 analyser
(Sharp et al., 1993). Prior to analysis, the samples were thawed and
acidified with 50 mL of 50% H3PO4. They were then purged with
CO,-free air for several minutes to remove any inorganic carbon. The
concentration of DOC was determined by referencing standard curves of
potassium hydrogen phthalate, ranging from 30 to 200 pM, which were
prepared daily (Thomas et al., 1995).

Absorbance spectra of the dissolved organic matter (DOM) were
measured using a JASCO V-750 spectrophotometer with 10 cm path
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length quartz cells. Each sample was subjected to absorbance mea-
surements across a wavelength spectrum ranging from 250 nm to 750
nm (at increments of 0.5 nm). Before and after sample measurements, a
blank measurement was conducted using ultrapure Milli-Q water. The
mean of blank spectra from each day were then subtracted from the
sample spectra, and a baseline correction was applied by subtracting the
average absorbance of each sample between 600 nm and 700 nm from
the entire spectrum. After these processing steps, the absorbance values
were converted to Napierian absorption units as defined by the
equation:

A
a,=2.303 zs‘

where, for each wavelength A, the absorption coefficient a, is given by
the absorbance at wavelength A (Abs;), the path length (L, in meters;
here 0.1) and 2.303 (the constant that converts from decadic to natural
logarithms). The spectral value at 325 nm was considered as a proxy for
the concentration of chromophoric dissolved organic matter (CDOM),
while the slope of the natural-log-transformed spectra between 275 nm
and 295 nm has been shown to be highly sensitive to changes in the
molecular weight of CDOM and transformation of organic matter by
microbes (Catala et al., 2018; Helms et al., 2008).

2.5. Plankton community structure and biomass estimates

Pigmented picoplankton and nanoplankton cells were counted in vivo
using a FACScalibur (Becton and Dickinson) flow cytometer within 3 h
after subsampling from the water samples. Due to the large size differ-
ences between the groups, flow cytometer settings were adjusted for
each size group. Picoplankton samples (1.8 mL) and nanoplankton
samples (3.6 mL) were collected in cryovials (2 mL and 4 mL, respec-
tively) and stored in darkness at 4 °C until analysis. For picoplankton
samples, a suspension of yellow-green 1 pm latex beads (Polyscience,
Inc.) at a concentration of approximately 10° beads/mL was added as an
internal standard. The samples were then run at a flow rate of 75 pL
min~! for 150 s. In the case of nanoplankton samples, red latex beads
with a diameter of 2 pm (~105 beads mL™Y) (Polyscience, Inc.) were
used as the internal standard, and the samples were run at a flow rate of
335 pL min~! for 300 s. Two picoplankton groups, Synechococcus (Syn
[~1 pm]) and picoeukaryotes (PEuk [~2 pm]), as well as two nano-
eukaryote groups (NEukl [2-10 pm] and NEuk2 [10-20 pm]), were
identified based on their signatures in side scatter (SSC) vs red (FL3) and
orange (FL2) fluorescence bivariate plots.

Microplankton (diatoms, dinoflagellates, and microzooplankton)
were sampled using brown glass bottles and immediately fixed with
alkaline lugol iodine (1% final concentration). Subsamples were allowed
to sediment for at least 24 h in 100 mL Utermohl chambers before being
counted using an inverted microscope (Utermohl, 1931). Heterotrophic
bacteria (HB) were fixed with a final concentration of 2% formaldehyde
after being kept at 4 °C for 30 min and then stored frozen in liquid ni-
trogen until flow cytometer analysis. Subsamples (400 pL) were stained
with the fluorochrome SYBR Green I, Molecular Probes (final concen-
tration 1000 x dilution of the commercial product), at room tempera-
ture before analysis. HB were identified based on their signatures in a
plot of SSC versus green fluorescence (FL1).

Samples were run at a low speed for HB (16 pL min ). To estimate
the sizes of pico and nanoplankton cells, the flow cytometer was cali-
brated using nonfluorescent latex beads of various sizes (1, 2, 4, 6, 10,
and 15 pm in diameter) from Molecular Probes. The side scatter (SSC)
values obtained from the calibration beads were normalized to the SSC
measured for fluorescence standard beads added to every sample (1 pm
for picoplankton settings and 2 pm for nanoplankton settings). Linear
regression analyses were performed between the bead diameters and
normalized SSC values for picoplankton (¢ = 9.914 - log (SSC) - 0.219;
R% = 0.92) and nanoplankton settings (¢ = 4.753 - log (SSC) + 0.008; R?
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= 0.93). Cell diameters (um) were inferred from the normalized SSC
values for each group and then used to calculate cell biovolume (prn3)
assuming a spherical shape. The carbon content (biomass) of the cells
was estimated using the following conversion factors: 230 fg C-um ™2 for
Synechococcus (Bjgrnsen, 1986), 237 fg C.um ™ for picoeukaryotes
(Bjornsen, 1986), and 220 fg C-um ™2 for nanoeukaryotes (Bgrsheim and
Bratbak, 1987). For microplankton cell volumes, calculations were
performed following the methodology described by Olenina et al. (2006)
whenever possible. The conversion from volume to biomass was done
using the equations provided by Menden-Deuer and Lessard (2000).

For mesozooplankton biomass, organisms were meticulously hand-
picked from samples collected using vertical net hauls with an Apstein
net (55 pm mesh size, ¢ 17 cm, HYDRO-BIOS Kiel) every two days (from
T1 to T29). The organisms were dried at approximately 60 °C for at least
24 h, placed into tin capsules, and stored in a desiccator until analysis on
a carbon/nitrogen analyser (GEOMAR Kiel, Thermo Scientific IRMS).

2.6. Statistics

Non-parametric Friedman tests were conducted to determine statis-
tical differences in PP, biomass, and nutrient consumption values among
the different treatments in the experiment. The choice of a non-
parametric analysis was made because the data violated the assump-
tions of normality and homoscedasticity, making repeated measures
ANOVA inappropriate (Zimmerman and Zumbo, 1993). Additionally,
linear regressions were performed to examine the relationships between
CO, values and PP for the different treatments. The assumptions of
normality and homoscedasticity for the regressions were assessed using
Q-Q plots and residual vs fitted variable plots respectively
(Schiitzenmeister et al., 2012). All graphical and statistical analyses
were carried out using the R statistical software (Version 4.3.0).
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3. Results
3.1. Inorganic nutrients and CO3 evolution

An increase in the concentration of the added nutrients (N, P, and Si)
was observed in the mesocosms during the first days, which peaked and
then decreased due to rapid consumption in the Medium and High in-
tensity treatments. However, the concentration peaks were 2-3 times
higher in the Medium treatment compared to the High treatment.
Additionally, the consumption of nutrients began 5 days earlier in the
Medium treatment compared to the High treatment (Fig. 2A-D, E). In
the Medium treatment, the nutrients started to be depleted at T6 and
continued to decrease until the end of the experiment. However, in the
High treatment, the nutrients began to accumulate after day 11 and
continued to increase until the end of the experiment. (Fig. 2A-D, E). No
nutrient accumulation was observed in the Control and Low treatments
at any stage of the experiment. However, differences were observed
between the concentrations of nitrate or nitrite (Fig. 2A and B)
compared to phosphate or silicic acid (Fig. 2E-D). Nitrate and nitrite
showed a constant consumption, characterised by concentration values
around O in most treatments throughout the experiment, while phos-
phate and silicic acid showed a linear decrease in the Control and Low
treatments until the end. Dissolved oxygen (Fig. 2F) showed a stable
trend in the Control and Low treatments throughout the experiment,
while the trend was increasing in the High and Medium treatments.
Although the rate of oxygen increase was more gradual in the Medium
treatment than in the High treatment at the start, oxygen levels in the
Medium treatment remained high until the end of the experiment. In
contrast, from day 10 onwards in the High treatment, oxygen concen-
tration dropped, reaching values similar to those at the beginning.

A linear increase in TA is observed in all treatments from the
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interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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beginning to the end of the experiment (Fig. 3A). However, the slope of
this regression seems to be proportional to the nutrient input. The
maximum TA values at the end of the experiment in the different
treatments were approximately 2580 pmol-L-1 in the High, 2515
pmol-L-1 in the Medium, 2475 pmol-L-1 in the Low, and 2465 pmol-L-1
in the Control. Values from pH underwent significant changes in the
Medium and High treatments from the first third of the experiment
onwards (Fig. 3B). In the Medium treatment, the pH progressively
increased from a value of 8.3 on day 10, reaching approximately 8.8 at
the end of the experiment. The values in the second half of the experi-
ment in this treatment remained above 8.5. In contrast, in the High
treatment, the pH increased abruptly a few days before the Medium
treatment, ranging from 8.2 to 9 in the second half of the experiment.
The remaining treatments maintained constant values around 8.2.

The data for CO2 and HCOs™ revealed a logistic depletion pattern in
the Medium and High treatments, with a more pronounced decrease for
CO2 (Fig. 3C-E). In the High treatment, the depletion rate of CO2 was
steeper, stabilising around 0.5 pmol L-! by day 13, while HCOs™ showed
a slight increase towards the end, reaching approximately 750 pmol L1,
In contrast, the Medium treatment exhibited a gentler decline, with CO-
and HCOs™ concentrations reaching values above 1.0 pmol L-* and 900
pmol L', respectively, by the end of the experiment. The Control
treatment showed minimal variation in CO2 and HCOs™ levels, while the
Low treatment displayed a slight linear decrease in CO: only, ending
with values above 7.5 pmol L-1. The CO:* data followed a similar
pattern to HCOs™ but in an inverse manner (Fig. 3E). In the High treat-
ment, COs>" concentrations increased until day 15, where they stabilized
and eventually reached approximately 700 pmol L-! by the experiment’s
end. The Medium treatment showed a linear increase in COs>-, reaching
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around 600 pmol L! at the conclusion. In the Control and Low treat-
ments, COs>~ concentrations remained relatively unchanged throughout
the experiment.

3.2. Chlorophyll a and primary production evolution

The PP rates and Chl-a concentration exhibited rapid increases
during the initial 10 days of the experiment in nearly all treatments, with
minimal or no increase observed in the Control treatment (Fig. 4).
Following this phase, which coincided with the accumulation of nutri-
ents in the High treatment, Chl-a values and PP rates in Control and Low
reached a stable state with slight fluctuations, ultimately concluding
with further growth in most treatments. The magnitude of the values at
which PP rates and Chl-a stabilized followed the intensities of nutrient
additions. Notably, the High treatment failed to achieve stability and
instead experienced a sharp decline in PP rates and Chl-a from day 11
until the conclusion of the experiment. Consequently, the High treat-
ment yielded lower final Chl-a values relative to the Medium treatment
and displayed PP rates that were comparable or even lower than those of
the Control and Low treatments (Fig. 4).

The Friedman test showed that there were no significant differences
(p > 0.05) between the Control-Low and Medium-High treatment pairs
in terms of total PP (Fig. 5A). However, in the High treatment, linear
correlations were observed between the rates of total PP and CO- after
day 10 of the experiment (Fig. 5B).

In the enriched systems (Low, Medium, High), there was an expo-
nential increase of particulate organic matter concentrations (POC and
PON) in both the sediment trap and water column data during the initial
10 days of the experiment (Fig. 6A, B, C and D). After this initial phase,
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POC and PON concentrations appeared to stabilize in almost all treat-
ments, with the trends of Low and Medium treatments in trap values
showing a slightly more exponential pattern (Fig. 6A and C). However,
in the Medium treatment, the POC and PON values measured in the
water column exhibited a constant growth throughout most of the
experiment (Fig. 6A-C, and E).

In the High treatment, there was a tendency for both the POC and
PON concentrations to decrease after day 10, both in the water column
and sediment traps. These final concentrations were lower than those
observed in the Medium treatment. In terms of the POC/PON ratios
(Fig. 6E and F), most treatments exhibited a relatively stable pattern.

However, in the High treatment, after the first week of the experiment,
the ratios reached the lowest values and stabilized between 4 and 8 until
the end. On the other hand, the other treatments showed significant
fluctuations without a clear discernible trend, except for the Medium
treatment, which exhibited a logarithmic growth in the water column
ratio from day 10 onwards. This growth led to final values of 12 for the
water column ratio in the Medium treatment (Fig. 6F).

3.3. Bacterial evolution and their relationship with organic carbon

In contrast to the dissolved PP shown in Fig. 4C, the concentration of
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DOC displayed a linear trend from day 8 onwards, which was propor-
tional to the treatment intensity (Fig. 7A). However, similar to the PP
rates, the High treatment experienced a decline in DOC concentration
from day 10 onwards, resulting in lower values compared to the Medium
treatment by the end of the 30-day period.

Despite this decline in DOC concentration, heterotrophic bacterial
abundance (HB) did not follow the same pattern (Fig. 7B). The trend
remained linear for the Medium and High treatments until the end, with
no apparent difference in abundance between the two. In the Control
and Low treatments, HB abundance reached 10° cells-mL ™" at the end of
the first week but subsequently dropped below 102 cells-mL~! and sta-
bilized until the end of the experiment.

Regarding the CDOMV, the asos consistently increased over time, with
a magnitude proportional to the intensity of the nutrient additions
(Fig. 7C). In this case, unlike HB abundance, there was a clear distinction
between the values of the Medium and High treatments. The spectral
slope between 275 and 295 nm showed an opposite relationship with
time (Fig. 7D), with a decreasing trend over the experiment. Similarly to
DOC and asys, S275.295 values were related to treatment intensity, High
mesocosms displaying the lowest values. Control and Low treatments
overall present low variability for these parameters (Fig. 7).

3.4. Trends in phytoplankton community structure

The total biomass throughout the experiment followed a similar
trend to the one previously observed for Chl-a or water column POM.
Apart from the Control treatment, all other treatments showed an initial
increase in total biomass concentration. However, the Low treatment
was the first to stabilize (Fig. 8A). The Control treatment exhibited a
negative trend in total biomass concentration until the end of the

experiment. The total biomass concentration data for the Low and Me-
dium treatments experienced a decrease between days 10 and 20. Sub-
sequently, the Low treatment stabilized at approximately 100 pg C-L™?
until the end of the experiment, while the Medium treatment maintained
a positive trend with the highest final values. The High treatment
initially reached the highest concentration values and showed the most
marked increase during the first few days. However, the trend reversed
after day 15, and the average final values dropped below 1000 pg C-L ™.
The Friedman test used to compare total biomass concentration between
treatments did not reveal any significant differences between the pairs
Control-Low and Medium-High (p > 0.05). The mean values of different
approaches with respect to concentration were displayed according to
the treatment intensity (Fig. 8B).

The peak in picophytoplankton biomass, represented by Synecho-
coccus and picoeukaryotes, occurred between days 7 and 9 (Fig. 9A and
B). This peak contributed to over 30% of the total biomass (Fig. 10A).
While the Medium and High treatments exhibited the highest biomass
values for this phytoplankton fraction during the peak, the percentage of
total biomass in these treatments did not exceed 25% (Fig. 10C and D).

From day 11 onwards, the Control and Low treatments showed the
highest values for Synechococcus biomass, with the Control treatment
reaching values above 30 pg C L™ between days 15 and 19 (Fig. 10A).
These values represented over 50% of the total biomass in the second
half of the experiment (Fig. 10A). Regarding picoeukaryotes, the Me-
dium and Low treatments respectively reached higher biomass con-
centration values after the peak for this group. However, even in these
treatments, picoeukaryotes never represented more than a quarter of the
total biomass at any point in the experiment. After the peak on day 9, the
High treatment experienced a negative trend, reaching the lowest values
by the end of the experiment (Fig. 9B).
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The smaller fraction of nanoeukaryotes displayed a biomass con-
centration peak at T11 (1000 pg C-L~!) that decreased during the rest of
the experiment until reach similar values to the Low treatment at T27.
Still, in the High treatment the nanophytoplankton represented over
50% of the total biomass for most of the experiment (Fig. 10D). In the
Medium treatment, the trend was positive throughout the experiment
with final values above 1000 pg C-L 1. Both fractions of nanoeukaryotes
in the Low and Control treatments followed a relatively constant trend
during the experiment, with values around 10 pg C-L ™! (Fig. 9C and D).
However, in both treatments, the highest percentages of biomass rep-
resented by the nano fraction occurred during the first half of the
experiment, due to the growth of Synechococcus in the second half of the

Control treatment (Fig. 10A) and the increase in diatom biomass in the
Low treatment (Fig. 10B). In the larger nanoeukaryote fraction (Fig. 9D),
the High treatment did not show a negative trend until after day 20 of
the experiment, with stable values above 1000 pg C-L~! from day 10. In
the case of the Medium treatment, the growth of the larger nano-
eukaryote biomass throughout the experiment was not as pronounced as
with the smaller fraction, yet this was the treatment with the highest
concentration values for both size fractions at the end of the experiment
(Fig. 9C and D).

Lastly, diatoms and dinoflagellates (Fig. 9E and F) remained overall
constant in the Control treatment with low biomass concentration
throughout the experiment (~1 pg C-L71). In the first half of the
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Fig. 9. Time series of phytoplankton biomasses, with treatments and mesocosms distinguished by color and shape. The lines represent the mean values between the
two mesocosms. The specific phytoplankton groups shown are as follows: (A) Synechococcus (Syn), (B) Picoeukaryotes (PEuk), (C) Nanoeukaryotes (Neuk1; 2-10 pm),
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experiment, the Low treatment did not show significantly different
values from the Control; however, after day 17 in the case of di-
noflagellates (Fig. 9E) and day 13 in the case of diatoms (Fig. 9F), the
biomass concentrations appeared to increase for both groups, slightly
differentiating from the Control treatment, and ended up representing
50% of the total biomass for most of the second half of the experiment
(Fig. 10Q).

In the case of the Medium and High treatments, the positive trend
was evident for dinoflagellates. This increase extended throughout the
experiment for the Medium treatment but only until day 17 for the High
one, which displayed decreases towards the end. Still, it managed to be
the treatment with the highest final biomass concentration for this
group, being the only one in which dinoflagellates represented over 25%
of the total biomass (Fig. 10D). Diatoms showed a markedly different
trend. Between days 5 and 7, in the Medium and High treatments diatom
biomass sharply increased to values above 100 pg C-L™. Subsequently,
the trend continued to be positive, albeit with lower increases that were
maintained until the end of the experiment for the Medium intensity and
ended on day 13 for the High intensity. In the latter, the diatom biomass
declined rapidly during the second half of the experiment, ending with
values below the Control treatment. In contrast, in the Medium treat-
ment diatom biomass remained above 50% from the first week until the
end of the experiment, with concentration values above 100 pg C-L™2,
reaching 1000 pg C-L™! by the end of the experiment (Fig. 9F).

10

3.5. Transfer to zooplankton community

The evolution of zooplankton biomass shows a different behaviour
between the microplankton and mesoplankton communities (Fig. 11).
While in the microzooplankton community the biomass of the Control
and Low treatments does not seem to grow throughout the experiment
(Fig. 11A), in the mesoplankton community a linear growth is observed
until about day 13, where it seems a decline until the end of the
experiment reaching at the values below the Low treatment. The Low
treatment ends the experiment with the highest mean biomass among
treatments above 10000 pg C- L™! for mesozooplankton (Fig. 11B).
Although the High treatment shows positive trends in both fractions at
the beginning of the experiment, its evolution ends in a decline from day
17 for microplankton and from day 11 for mesoplankton fractions,
becoming the treatment with the lowest mean biomass in the last one
(Fig. 11B).

4. Discussion
4.1. Extreme fertilization leads to inorganic carbon depletion
Other mesocosm experiments in which nutrient additions were car-

ried out in a similar manner (Duarte et al., 2000; Ortiz et al., 2022)
demonstrate how, at the beginning of the treatments, the added
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nutrients accumulate during the initial days. This first phase serves as
acclimation for the planktonic community to the new nutrient avail-
ability before their consumption in the following days (Fig. 2A-D and E).
However, an imbalance between the availability and replenishment of

11

several essential elements can lead to the depletion of the most limiting
one. This is what occurred in the High treatment after the consumption
of the added nutrients between days 7 and 11, where CO5 dropped
abruptly to concentrations below 1.25 pmol L1 in just 5 days (Fig. 3C).
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The substantial daily nutrient input, combined with a limited gas ex-
change between the surface and the mesocosms, generated this imbal-
ance that triggered the rapid depletion of available inorganic carbon. In
aquatic systems, the high uptake of CO2 and HCO3 by the photosyn-
thetic activity shifts the carbonate system towards the formation of
CO%’, thereby increasing TA in the system (Shiraiwa et al., 1993), as
seen in Fig. 3. Furthermore, proton consumption during photosynthesis
(Zerveas et al., 2021), along with the production of CO3 from HCO3 in
conditions of COy depletion, leads to the generation of OH™ ions
(Shiraiwa et al., 1993). This process raises the pH of the system,
explaining the marked increase observed under the High treatment
condition in Fig. 3B.

Such development agrees with previous observations of PP and cell
division decreases paired with increased pH values (up to ~8.8) asso-
ciated with low DIC availability (Chen and Durbin, 1994; Goldman,
1999), as is the case in this experiment (Fig. 3B). It has been observed
that a pH above 8 can reduce the activity of the
transmembrane-transporting ATPases responsible for nitrate uptake at
the cellular level (Falkowski, 1975). However, there have been hardly
any studies where the planktonic community is subjected to CO; levels
as low as those reached in the Medium and High treatments (Fig. 3C) in
the final phase of the present experiment (<1.25 pmol L™!). Hansen
(2002) studied the effect of high pH on marine phytoplankton and,
comparing with the literature, observed how most of these organisms
significantly reduced their production and growth rates above pH 8 due
to low availability of DIC as CO2. Such conditions have also been
observed to produce alterations in internal regulation and membrane
transport processes at these pH ranges (Smith and Raven, 1979). In
addition, Humphrey (1975) identified growth limitations in Chaetoceros
dudymus at pH values of 9, and this diatom genus was one of the most
abundant identified by Bach et al. (2019a) in an experiment with a
planktonic community similar to the present study. Thus, the reduction
in PP, Chl-a, biomass and nutrient uptake after day 11 in the High
treatment may be closely related to the DIC limitation and pH increase
observed in this treatment, causing the subsequent abnormal nutrient
accumulation (Fig. 5B).

The lower air-water diffusivity in the mesocosm, due to the reduced
area in contact with the atmosphere compared to the water column
(Riebesell et al., 2013), must be considered when extrapolating these
results to realistic conditions of nutrient discharge. Changes in pH as a
result of excessive DIC consumption would not be as severe in open
waters with a large gas exchange surface area and high hydrodynamics
due to the higher diffusion flux of COy (Fick, 1855). However, the
experiment illustrates how elevated nutrient inputs at the onset of
eutrophication events can increase DIC fixation until depletion, pro-
moting the diffusion of carbon from the atmosphere to the ocean and
thus enhancing an atmospheric CO3 sink (Abril et al., 2022). As observed
in the High treatment of this experiment, if the coastal water mass lacks
sufficient diffusion to prevent a sharp decrease in CO3, leading to limi-
tations in primary production and phytoplankton growth, nutrient
accumulation from the effluent can occur. In addition to the effects
associated with the pH increase in the planktonic community (Chen and
Durbin, 1994; Goldman, 1999; Hansen, 2002; Pedersen and Hansen,
2003), an extension of the area affected by the horizontal diffusion of
these nutrients would be expected (Valiela et al., 1990), which would
aggravate their effects and consequently their management.

4.2. Sustained high production at low inorganic carbon

Despite the fact that the Medium treatment received a lower daily
nutrient concentration compared to the High treatment, the community
was able to maintain high and stable values of PP, biomass, and Chl-a
throughout the entire experiment. However, similar to the High treat-
ment, the Medium treatment also experienced significant consumption
of CO, by phytoplankton (Fig. 3C), reaching similar values of CO,
concentration (<1.25 pmol Lfl) in the final phase of the experiment.
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The rate of CO, consumption played a crucial role in achieving this
stability in the community’s production. While the High treatment took
only 5 days to decrease CO, levels from near 10 pmol L™ to an average
lower than 1.25 pmol L™}, the Medium treatment required three times
longer, providing the phytoplankton community with a longer period to
acclimate to the new DIC availability. Torstensson et al. (2015) high-
lighted the importance of long-term acclimation for significant physio-
logical changes related to DIC availability in the growth and production
of the diatom species Nitzschia lecointei, while short-term studies found
no differences or even negative effects (Torstensson et al., 2012, 2013).

Torstensson et al. (2015) identified a positive adaptation of these
diatoms to such changes. An indication of the phytoplankton com-
munity’s acclimation in the Medium treatment is the relative stability
observed in the biomass of different phytoplankton groups after day 7
(Figs. 9 and 10C). In contrast, in the High treatment, organisms with
more mixotrophic behaviors, such as dinoflagellates and larger nano-
eukaryotes (Chan et al., 2009; Livanou et al., 2019; Ptacnik et al., 2016),
increased their presence with the decline in diatom biomass (Fig. 10D).
Another aspect that reveals the stability in the planktonic community of
the Medium treatment compared to the High treatment is the evolution
of zooplankton biomass during the experiment (Fig. 11). Despite the
differential increase in biomass in both fractions of the High treatment,
the reduction in biomass across almost all phytoplankton groups, along
with the extreme pH reached in the second half of the experiment (above
9), led to a decline in biomass for both groups in this treatment. How-
ever, the Medium treatment managed to maintain a positive trend in the
microzooplankton fraction, despite also reaching high pH levels (above
8.5) in the second half of the experiment. Pedersen and Hansen (2003)
observed during high pH incubations that copepods (mesozooplankton)
are more sensitive than ciliates and protozooplankton (micro-
zooplankton) to pH values above 9. This difference in sensitivity may
explain why the declines in biomass are more pronounced in the evo-
lution of mesozooplankton biomass (Fig. 11A), compared to micro-
zooplankton, which appears to delay its decrease (Fig. 11B).

One key factor influencing DIC consumption is the balance between
the availability of different nutrients. Verschoor et al. (2013) observed
that when CO5 concentration is not increased in mesocosm cultures with
nutrient additions, a depletion of CO, occurs following the algal bloom,
resulting in a sudden rise in pH. Taucher et al. (2017) observed that the
differences in DIC uptake rates between two diatom species began to
appear at low CO concentrations (below 10 pmol L) when nutrient
limitation occurred, suggesting that inhibition of DIC assimilation at low
CO4 played an important role in the observed response. Other studies
have reported that growth inhibition due to low CO; availability occurs
below a threshold of 5-7.5 pmol L L However, in our experiment, the
Medium treatment was able to maintain stability with constant pro-
duction until the end, reaching a minimum value of 1.03 pmol L™! on
day 27. In contrast, the High treatment fell below this concentration
starting from day 13 onwards. Therefore, we suggest that the CO5
threshold for this phytoplankton community, dominated by diatoms, is
approximately 1 pmol L. Diatoms are efficient photosynthetic organ-
isms with advantageous adaptations, such as using HCO3 instead of CO4
when the latter is limited (Nimer et al., 1997). Some studies demonstrate
that certain diatom species, such as Skeletonema costatum, are capable of
sustaining high photosynthetic activity under low CO: conditions (<4.5
umol kg1) and high pH levels (>8.5). This ability is attributed to
increased activity of the enzyme carbonic anhydrase, which enables the
utilisation of HCOs™ as a source of inorganic carbon when CO: is limiting
but nitrate and phosphate are non-limiting (Gao et al., 2018a, 2018b).
This mechanism may explain how the Medium treatment group was able
to maintain primary production rates despite low CO: levels observed at
the end of the experiment, in contrast to the High treatment group,
which could not adapt in this manner and consequently experienced a
collapse at higher pH and lower CO: levels.

There are no studies focused on the threshold levels of HCOs™ that
diatoms can uptake under highly carbon-limited conditions. However,
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in this study, we observe that after reaching a minimum HCOs~ con-
centration of 600 pmol L! in the High treatment (Fig. 3D), the levels
began to increase slightly but in a greater manner than CO: (Fig. 3C).
This could suggest a minimum threshold for bicarbonate utilisation by
the diatom community. Aside from the limitation due to DIC, another
factor that may have led to the collapse of the diatom community in the
experiment is the reduction in the efficiency of frustule silicification
caused by high pH and TA values. This phenomenon has been observed
in other studies focusing on Ocean Alkalinity Enhancement (OAE),
where treatments with increased alkalinity have resulted in a decrease in
dissolved silicon availability (Gately et al., 2023) and in the production
of biogenic silicon (Ferderer et al., 2022). These studies attribute the
causes to an increase in the precipitation of silicate-containing minerals,
which could hinder uptake by pelagic diatoms, or to alterations in
diatom silicification dependent on inorganic carbon speciation. How-
ever, other studies have reported contrasting results, where increased
alkalinity using silicate-containing minerals enhances the silicification
capacity of diatoms (Bach et al., 2019b; Ferderer et al., 2024). In the case
of the experiment conducted in this study, the High treatment did not
exhibit silicon limitation (Fig. 2D), and therefore, any changes in the
carbonate system cannot be attributed to alterations in silicate avail-
ability. Nonetheless, other studies have corroborated that silicon depo-
sition vesicles (SDVs) require an acidic environment to facilitate the
aggregation and rapid nucleation of silicon particles (Vrieling et al.,
1999; Herve et al., 2012). This could indeed explain why, under very
high pH conditions (~9) in the High treatment, diatoms are unable to
efficiently form their frustules despite the high availability of dissolved
silicon.

These results could have significant implications for the develop-
ment of OAE methodologies. A substantial increase in TA and pH in the
system might reduce primary productivity, potentially destabilizing the
marine trophic network. This reduction in productivity could diminish
the system’s capacity for carbon sequestration, effectively transforming
an originally autotrophic system into a predominantly heterotrophic
one, as observed in the High treatment of this experiment. Furthermore,
this experiment underscores the critical impact of coastal nutrient inputs
on local planktonic communities. However, if such inputs are introduced
gradually, the timing could mitigate their effects by allowing planktonic
organisms to adapt, thereby avoiding physiological thresholds that
could disrupt their functionality. This adaptive process promotes sta-
bility in community composition, favouring the dominance of efficient
autotrophic organisms like diatoms. These organisms play a key role in
sustaining the marine trophic web while limiting the proliferation of
dinoflagellates, which are often associated with harmful algal blooms
(Hallegraeff, 2003). Moreover, maintaining a balanced autotrophic ac-
tivity could delay oxygen depletion in the water column, mitigating the
negative impacts of hypoxia in coastal zones (Oviatt et al., 1986).

4.3. Bacterial remineralization despite nutrients constraints

The majority of DOC released into the environment is mainly created
by primary producers (Kirchman et al., 1991; Sgndergaard and Mid-
delboe, 1995). Subsequently, HB remineralise it into DIC and produce
organic by-products that tend to increase the recalcitrance of the DOM
pool (Ducklow et al., 1986; Williams and Druffel, 1987). Despite nitro-
gen (Control, Low, and Medium) or carbon (High) limitations registered
in the different treatments, which resulted in stabilized or reduced pri-
mary production (PP) rates and DOC concentrations, bacterial growth
remained active in all treatments, leading to an increase in the quantity
of CDOM (Fig. 7C and D), with signs of intense microbial transformation
(Catala et al., 2018). This increase in CDOM production leads to a
reduction in light availability for primary production, thereby reducing
its efficiency in the water column (Urtizberea et al., 2013). Interestingly,
although bacterial remineralization persisted throughout the experi-
ment, in the Medium treatment bacterial activity was insufficient to
mitigate the accumulation of DOC, unlike the High treatment where
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diatom communities collapsed by the depletion of DIC (CO5 and HCO3).
This observation suggests that diatoms, which are known to release large
quantities of organic compounds (Miihlenbruch et al., 2018), might
have been the main sources of DOC in both treatments. A similar pattern
was observed with dissolved oxygen evolution (Fig. 3C), where the di-
atoms, responsible for the initial increase in concentration due to
photosynthesis, later collapsed, leading to a deficit reflected in the
decrease in oxygen levels until the end of the experiment. As with DOC,
this effect was not observed in the Medium treatment, where the diatom
community, the main source of oxygen in the system, was maintained. If
the High treatment had continued for more than 30 days, bacterial
metabolic rate might have decreased in parallel with DOC, leading to a
reduction in oxygen consumption mediated by a decrease in primary
production (Blight et al., 1995).

Another important aspect of DOC production was that, in the treat-
ments with lower nutrient concentrations (Control and Low), DOC
production was as high as, and at times even exceeded, POC production
during specific phases of the experiment (from T6 to T9). Studies have
shown that in more oligotrophic communities, where phytoplankton is
dominated primarily by picoplankton, a significant portion of net pri-
mary production is found in the dissolved fraction (Teira et al., 2001).
However, as previously mentioned, this dissolved production is also
closely linked to the recycling of organic matter by the microbial com-
munity, with natural environments showing the highest rates of oceanic
DOC production during deep convective overturn (Hansell and Carlson,
1998). This underscores the importance of POC to DOC transfer in the
deep ocean, where photosynthesis is limited by light availability.
Considering the observed linear increase in HB abundance and recalci-
trant organic matter throughout the experiment, it is possible that the
containment of the community within mesocosms further promotes this
recycling process, thereby increasing DOC production relative to natural
conditions.

Under realistic conditions of coastal runoff, nutrients may be dis-
charged directly to the environment in inorganic form, as in the case of
waters contaminated by synthetic fertilisers, or in organic forms, such as
urban or agricultural wastewater (Paerl, 1999). In the latter case, the
dissolved fraction from the organic matter serves as a resource for the
microbial community (Deininger and Frigstad, 2019). Therefore, when
managing discharges that may lead to eutrophication, it is crucial to
study their origin and nature in order to understand how the community
may respond to changes in the target environment (Vilmin et al., 2018).
Furthermore, the importance of continuous monitoring tracking the
microbial evolution of the system (Shen et al., 2013) is a dynamic and
invaluable component of effective eutrophication management, as mi-
crobial communities play a pivotal role in nutrient cycling and overall
ecosystem health (Astudillo-Garcia et al., 2019). Regular monitoring
allows early detection of changes in microbial dynamics, providing
crucial insights into the resilience of the system and its vulnerability to
eutrophication.

5. Conclusions

Several key findings of this study shed light on the complex dynamics
of nutrient enrichment and its impact on marine ecosystems. The
experiment demonstrated that extreme fertilization led to inorganic
carbon depletion (CO, and HCO3), particularly in high input conditions,
where an imbalance between availability and replenishment triggered a
rapid decline in inorganic carbon levels. This depletion, observed be-
tween days 7 and 11 in the High treatment, had cascading effects on the
planktonic community, resulting in a significant reduction in primary
production (PP), chlorophyll (Chl-a), dissolved oxygen, nutrient uptake,
and phyto-zoo biomass. This work highlights the importance of
considering the balance between nutrient availability and consumption
in managing coastal nutrient inputs. The experiment showed that sus-
tained high production at low inorganic carbon levels, as observed in the
Medium treatment, was facilitated by the phytoplankton community’s
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ability to acclimate over a more extended period. The slower decrease in
CO, allowed for a more stable system, emphasizing the significance of
long-term acclimation for physiological changes related to dissolved
inorganic carbon (DIC) availability.

The findings also underscored the role of diatoms, which are efficient
photosynthetic organisms under non-limiting conditions, in maintaining
the stability of the system. Additionally, the work highlights the impact
of elevated pH on zooplankton production, revealing varying sensitivity
among different fractions. The experiment emphasized the alleviating
effect of managing coastal nutrient inputs gradually, allowing plank-
tonic communities to adapt and avoid reaching undesirable ecological
thresholds, thereby favouring the dominance of an autotrophic system.
Furthermore, the study explored the role of bacterial remineralization in
the context of nutrient constraints. Despite nitrogen or carbon limita-
tions, bacterial respiration remained active in all treatments, contrib-
uting to the production of chromophoric dissolved organic matter
(CDOM). The importance of studying the origin and nature of discharges
that may lead to eutrophication was emphasized, particularly in cases
where organic matter inputs serve as a resource for the microbial
community.

However, mesocosm constraints, such as limited gas exchange, likely
intensified COz depletion and pH and TA changes, making further
research in open-water settings necessary to validate these findings
under natural hydrodynamic conditions. Extending experiment dura-
tions could also clarify long-term impacts on oxygen, pH, and inorganic
carbon levels in eutrophic systems. Moving forward, improved under-
standing of nutrient thresholds, resilience and recovery processes.
Additionally, long-term and large-scale experiments examining high
alkalinity and low CO: conditions would enhance our understanding of
the impacts of carbon dioxide removal (CDR) techniques, such as Ocean
Alkalinisation Enhancement. These studies could provide deeper in-
sights into the efficiency and ecological effects of such approaches,
particularly regarding their influence on marine trophic dynamics and
ecosystem stability.

In conclusion, this paper highlights the intricate interactions be-
tween different fertilisation conditions, inorganic carbon consumption,
planktonic community dynamics, and bacterial remineralization. The
findings underscore the importance of nuanced nutrient management
strategies, gradual adaptation of planktonic communities, and contin-
uous monitoring to understand and address the complexities of eutro-
phication in coastal ecosystems.
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