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Terrestrial input to marine and freshwater ecosystems colors the water yellow-
brown, causing a phenomenon called “brownification”. The effect of
brownification on the marine pelagic microbial food web was studied in the
oligotrophic eastern Mediterranean in June 2021 by adding HuminFeed in a 15-
day mesocosm experiment with 2 treatments: Control (C, no addition) and
HuminFeed (HF, single dose of HuminFeed, 2 mg L™); and 3 replicates per
treatment. HuminFeed caused shading, leading to a decrease in the abundance
of photo-autotrophic organisms (cyanobacteria Synechococcus and diatoms).
Bacteria were positively affected by the HF addition (mainly in terms of
production rather than abundance), benefiting either directly from the dissolved
organic carbon (DOC) contained in HuminFeed or indirectly from the trophic
cascade through the food web. Despite the decrease in HF bacterial abundance
during the experiment, an increase in both the high nucleic acid containing
bacteria% and heterotrophic bacterial production were observed, suggesting
higher activity at the single cell level. In the HF treatment, the increased
abundance of dinoflagellates observed could be due to either a dominance of
mixotrophic species or a release from predation by copepods. Both ciliates and
copepods were severely impacted by HuminFeed, showing lower abundance and
distorted forms (ciliates) and reduced reproductive potential (copepods). In
conclusion, in the ultraoligotrophic eastern Mediterranean, the simulated
brownification negatively affected autotrophs and top predators while benefiting
bacteria, thus indicating a shift in the structure of the plankton food web.

KEYWORDS

plankton, microbial ecology, brownification, mesocosms, oligotrophic Eastern
Mediterranean, HuminFeed

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1343415/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1343415/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1343415/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1343415/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1343415/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1343415&domain=pdf&date_stamp=2024-03-05
mailto:vpitta@hcmr.gr
https://doi.org/10.3389/fmars.2024.1343415
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1343415
https://www.frontiersin.org/journals/marine-science

Ktistaki et al.

1 Introduction

Future climate change models predict that the intensity and
frequency of extreme rainfall events in the Mediterranean Sea
region would rise (Drobinski et al., 2018). Following such an
extreme rainfall, large quantities of terrestrial organic matter can
be exported into coastal aquatic environments through terrestrial
runoff (Meunier et al., 2017).

The inflow of DOC, along with the humic organic substances
and iron it contains, color the water yellow-brown; this
phenomenon is called “brownification” (Kritzberg and Ekstrom,
2012; Lebret et al., 2018). Brownification leads to shading, thus
affecting the light penetration in the water column. The chromatic
aromatic substances, abundant in humic substances, mainly cause
the shading because they absorb photosynthetically active radiation
(PAR) (Nydahl et al,, 2019). Consequently, through the reduction of
available light for photosynthetic organisms, brownification affects
the primary productivity as it is photo-dependent (Lebret et al.,
2018). However, shading might also have an indirect positive effect
on photo-autotrophic organisms as it protects them from ultraviolet
(UV) radiation (Graneli, 2012). Moreover, shading is expected to
favor mixotrophic organisms, compared to the strictly autotrophic
ones, as mixotrophs are less reliant on light; they can turn to
heterotrophy and do not directly compete for inorganic phosphorus
with bacteria (Jones, 2000; Wilken et al., 2018; Fonseca et al., 2022).

In addition, by increasing the concentration of available carbon
in the water, brownification may lead to an increase in
heterotrophic bacterial production and biomass (Ask et al., 2009).
The increase in DOC in the water may also result in increased
bacterial respiration and thus to an O, decrease in the water due to
the biological DOC degradation (Fonseca et al., 2022). Moreover, in
environments with humic DOC concentrations, heterotrophic
bacteria might be more efficient at nutrient assimilation
compared to phytoplankton. This may lead, apart from an
increase in the secondary production, to an indirect decrease in
the primary production too (Ask et al., 2009; Nydahl et al., 2019).

Also, the inflow of DOC, partly consisting of organic acids,
might lead to a decrease in pH. This reduction indirectly leads to an
increase in free carbon dioxide (CO,) as the balance of the carbon
system shifts and the ratio between free CO,, bicarbonate (HCO™)
and carbonate (CO; ) in the water changes as well (Nydahl et al.,
2019). At the same time, free CO, is the preferred source of carbon
for photosynthetic organisms, so increasing it in the water might
boost photosynthesis, especially if combined with an increase in
nutrient availability.

Brownification has been extensively studied in freshwater
environments (Lebret et al., 2018; Wilken et al.,, 2018; Nydahl et al,,
2019; Caldero-Pascual et al., 2022; Fonseca et al, 2022), and in
brackish waters (Lefébure et al., 2013; Meunier et al., 2017; Traving
et al,, 2017; Paczkowska et al., 2020; Spilling et al.,, 2022); studies of
brownification in marine environments are much fewer (Liess et al.,
20165 Souliée et al., 2022; Courboules et al., 2023). The interactions
between brownification on one hand and biological, as well as physical
and chemical, processes on the other make its effects difficult to
predict, thus its impact may differ depending on the ecosystem and its
initial state (Solomon et al., 2015; Spilling et al., 2022).
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The Mediterranean Sea, one of the most oligotrophic marine
bodies in the world and characterized by an anti-estuarine
circulation, has been described as a marine “desert” (Powley et al.,
2017). There is a gradient of increasing oligotrophy from the
Western to the eastern Basin, the primary productivity being 37-
475 gCm? y " in the western compared to 10-143 gCm™ y ™' in the
eastern part (Coll et al., 2010; Powley et al.,, 2017). The eastern
Mediterranean Sea is P- limited, and the N:P ratio is high (Krom
et al., 2005). Heterotrophic organisms tend to dominate the food
web in oligotrophic systems while autotrophs are prevalent in more
eutrophic environments (Biddanda et al., 2001). Mixotrophs are
expected to reach maximum abundance in environments that allow
them to be primarily autotrophic then fulfill their nutritional needs
by consuming bacteria (Crane and Grover, 2010). In terms of size,
oligotrophic systems are characterized by smaller organisms, with
picoplankton and nanoplankton dominating the autotrophic
biomass and production also in the eastern Mediterranean
(Siokou-Frangou et al., 2002).

The goals of this study were to investigate the effect of water
coloring and the addition of DOC and nutrients on different
planktonic communities of the microbial food web in the
oligotrophic environment of the eastern Mediterranean Sea using
a mesocosm experimental approach mimicking terrestrial inputs.
We hypothesized that: 1) brownification will reduce light and,
therefore, negatively affect autotrophic organisms, and 2)
brownification will increase the abundance and production of
heterotrophic organisms, especially heterotrophic bacteria.

2 Material and methods

2.1 Mesocosm experimental design
and sampling

The mesocosm experiment took place at the CretaCosmos)
facility of HCMR (on the north coast of Crete, 15 km east of
Heraklion, Greece) in June 2021 in the framework of the
AQUACOSM project. This experiment was part of a series of
several coordinated experiments performed along a salinity and
latitudinal gradient (from 59.843N to 63.601N and from 22.969E to
9.550E) to investigate the effects of increasing DOC exports from
terrestrial into aquatic systems. All these experiments followed a
common experimental design where a pulse disturbance by
HuminFeed addition was the only experimental manipulation
(Fonseca et al., 2022; Soulié et al., 2022; Spilling et al., 2022).

To fill the mesocosms, water was collected from the north coast
of Crete in front of HCMR. Sub-surface coastal water from 1.5 m
depth was pumped into several 1 m’ high-density polyethylene
(HDPE) barrels, which were transported by truck to the mesocosm
facility. The equipment used in this experiment had been washed
with HCI (5%) and rinsed three times with deionized water to avoid
contamination in the highly oligotrophic conditions of this
environment. The water from each of the barrels was evenly
distributed among the mesocosms to ensure homogeneity of the
initial conditions. Mesocosms were transparent polyethylene bags
of 3 m® each, with a diameter of 1.3 m, submerged in a large
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concrete tank with a volume of 150 m?, with running water to keep
the temperature constant throughout the experiment. A HOBO
sensor was installed in each mesocosm at 1 m depth to record
temperature and average light intensity (sampling frequency every
10 minutes). All mesocosms were covered with a high transparency
Plexiglas lid cover to allow light to pass through and protect it from
atmospheric deposition. Mesocosms were filled on June 12" and
13" and then left overnight.

The experimental design comprised 3 x Controls (C) and 3 x
HuminFeed (HF) mesocosms. No manipulation was performed in
C, while in HF, HuminFeed® was added at a concentration of 2 mg
L. HuminFeed® is an alkaline extract of the mineral leonardite,
typically used as a livestock feed. In this experiment, HuminFeed
was used as a source of humic substances (Lebret et al.,, 2018);
however, it is not directly comparable to natural humic compounds
(Scharnweber et al,, 2021). It contains 7.8 mg g™ nitrogen (Meinelt
et al., 2007) and 0.265 pug phosphorus (mg of added C) '
(Scharnweber et al., 2021).

The experiment started on the day after the filling (June 14™),
and samplings took place from June 14" (day 0) until June 29" (day
15), 2021, between 08:30 and 09:00. On day 0, the first sampling was
performed at 9:00 am (local time) to assess the initial experimental
conditions. Three hours later, at 12:00 pm, HuminFeed was added
to the HF mesocosms, followed by a second water sampling at 17:00
(day 0 + 5 hours). All mesocosms were sampled daily or every other
day throughout the 15-day experiment. Samples were syphoned
through a silicone tube placed in each mesocosm at 1.5 m depth.
Prior to each sampling, a paddle was used to homogenize the water
in each mesocosm bag. Also, aeration was achieved by using
another silicone tube in each mesocosm.

2.2 Nutrient and chlorophyll analyses

2.2.1 Inorganic nutrients

Inorganic nutrient concentrations were determined
spectrophotometrically in the 500 or 200 mL samples collected
daily for phosphates, silicates, nitrates, nitrites, and ammonia. The
measurement of orthophosphate concentration (PO,”) was carried
out using the MAGIC method (Rimmelin and Moutin, 2005); of
silicates (Si04™), nitrites (NO,") and nitrates (NO5") according to
Strickland and Parsons (1972); and of ammonia using the method
of Ivancic and Degobbis (1984). Detection limits for phosphate
were 0.8 nM, for nitrates and nitrites 0.017 pM, for ammonium
0.019 uM, and for silicate 0.025 uM. All inorganic nitrogen
compounds are presented together as dissolved inorganic
nitrogen (DIN).

2.2.2 Organic nutrients

Samples of 200 mL for total organic carbon (TOC) analysis were
collected daily and transferred into pre-combusted amber glass
bottles (480 C, 12 h), acidified with 2 N HCI and stored in the dark
at +4 C until analysis. The TOC concentration was measured
according to Sempere et al. (2002). For particulate organic carbon
(POC) analysis, approximately 1 L of seawater was filtered through
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pre-combusted glass-fiber filters (Whatman GF/F, 0.7 um pore size,
25 mm diameter) and analyzed using a Perkin Elmer 2400 CHN
Elemental Analyzer following Hedges and Stern (1984). DOC was
calculated by subtracting POC from TOC.

2.2.3 Chlorophyll-a

To determine chlorophyll-a concentration, samples of 1 L of
seawater were collected during the experiment daily; after filtration
through 0.2 um pore-size polyethylene filters (47 mm diameter),
chlorophyll-a (Chla) was extracted in 10 ml of 90% acetone. Its
concentration was determined based on its fluorescence by using a
fluorometer according to Holm-Hansen et al. (1965).

2.2.4 Photosynthetic pigments

Every other day, water was siphoned from each mesocosm into
a 5 L carboy, then an average of two to three liters were filtered
through Whatman glass-fiber filters (GF/F 25 mm diameter, 0.7 um
pore size). A low vacuum pump was used in a low light room. The
filters were then immersed in liquid nitrogen (-196°C) before being
stored in a freezer (-80°C) until their analysis. Due to technical
preservation problems, all samples from days 11, 13 and 15, and
samples from C1 and C2 from Day 1 were lost; thus, the pigment
data of these samples are not considered in this study. Pigments
were extracted in 2 mL of 95% MeOH following the protocol
described in Vidussi et al. (2011). Extracted pigments were
analyzed using a high-performance liquid chromatography
(HPLC, Shimadzu) following the Zapata et al. (2000) method.
Thirteen pigments are presented in this study. Some of them can
be used as chemotaxonomic markers (Roy et al., 2011): chlorophyll-
a is an index of total phytoplankton biomass; zeaxanthin is the main
accessory pigment of cyanobacteria; fucoxanthin and chlorophyll c2
are contained in diatoms but can also be contained in other
chromophytes as some prymnesiophytes and dinoflagellates;
chlorophyll b is the main accessory pigment of green flagellates;
19’-Hexanoyloxyfucoxanthin (19HF), chlorophyll ¢3 and 19’-
Butanoyloxyfucoxanthin (19BF) mainly indicate the presence of
prymnesiophytes (notably 19HF and chlorophyll ¢3) and
pelagophytes or crysophytes, respectively; alloxanthin is the main
accessory pigment of cryptophytes; and peridinin and dinoxanthin
are pigments of dinoflagellates. Other pigments, such as
diadinoxanthin, [B,B-carotene, are photoprotectants and indicate
photoacclimation activities (Brunet et al., 2011).

2.3 Plankton analyses

2.3.1 Heterotrophic bacterial production
Heterotrophic bacterial production (HBP) was determined
daily using 3"-leucine according to the method described by
Kirchman et al. (1986) and modified by Smith and Azam (1992).
For each mesocosm, C and HF (1.5 mL) samples in duplicate were
mixed with a mixture of L-[4,5 3H]-leucine (Perkin Elmer, 115 Ci
msol ') and non-radioactive leucine up to a final concentration of
20 nM. Afterwards, the samples were incubated at in-situ
temperature for 2 h in darkness, after which they were fixed and
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treated following the micro-centrifugation protocol (Smith and
Azam, 1992) described by Van Wambeke et al. (2008). Briefly,
after 2 h, the incubations were terminated by adding trichloroacetic
acid (TCA). Then, the samples were centrifuged at 16,000 x g and
the resulting cell pellet was washed twice using 5% TCA and 80%
ethanol. The incorporation of 3H-leucine into the TCA-insoluble
fraction was measured by liquid scintillation counting (Packard Tri-
Carb 4000TR) after the resuspension of the cell pellet in a
scintillation cocktail (Ultima-Gold). Heterotrophic bacterial
production was calculated using 3H-leucine incorporation rates
according to the Kirchman et al. (1986) method. An analytical error
of <10% of duplicate incubations was estimated. Also,
concentration Kkinetics optimization was performed to secure a
linear uptake during the incubation time, and the bacterial
leucine uptake was not limited by the concentration of leucine.

2.3.2 Picoplankton

Samples were collected daily during the experiment, and the
cyanobacteria and heterotrophic bacteria were counted on a
FACSCaliburTM flow cytometer (Becton Dickinson) with an air-
cooled argon laser (488 nm) according to Marie et al. (2000). The
flow rate of the instrument was measured daily, before and after the
analysis of the samples. To calculate the abundance of organisms,
the average of the two flow rates recorded for each day and the
recorded number of cells were used. The counting software used
was the CellQuest Pro package (Becton Dickinson).

Synechococcus cells were counted (5 minutes at high speed)
without any manipulation (staining or fixation) of their natural
fluorescence. The analysis was performed within a few hours after
sampling. The abundance of Synechococcus was converted to
biomass using the conversion factor of 250 fg C cell™ (Kana and
Glibert, 1987).

Heterotrophic bacteria were fixed with glutaraldehyde (25%,
filtered through 0.2 um pore filters, final concentration of 0.5%) and
placed in 2 mL cryovials. They were then stirred and placed in the
refrigerator (4°C) for 30 minutes and further immersed in liquid
nitrogen (-196°C). The next day, the samples were transferred to the
deep freezer (-80°C) until their analysis about 5 months after the
end of the experiment. Prior to analysis, samples were thawed at
room temperature, followed by vortex stirring and staining of the
genetic material of heterotrophic bacteria with SYBR Green I at a

final concentration of 5 x 10™*%

of the solution. The samples were
then incubated at room temperature in the dark for 10 minutes and
stirred again using vortex; the counting of the samples took 1
minute at medium speed. Heterotrophic bacteria were then
categorized into high nucleic acid (HNA) and low nucleic acid
(LNA) bacteria. This grouping is based on the different fluorescence
intensities of FL1 and the sideward scatter signals (SSC) detected by
the cytometer in combination with their nucleic acid staining.
Fluorescence intensity is used as an indicator of cellular nucleic
acid content, and SSC is used as an indicator of their cell size
(Lebaron et al., 2001). The abundance of heterotrophic bacteria was
converted to biomass using the conversion factor of 20 fg C cell™
(Lee and Fuhrman, 1987).
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2.3.3 Nanoplankton

Samples (20 or 30 mL) intended for counting pigmented (PNF)
and heterotrophic nanoflagellates (HNF) were collected every other
day and fixed with formaldehyde at a final concentration of 5% then
kept in the dark at 4°C. Flagellates were first concentrated in ca. 10
mL on 25 mm diameter, 0.8 wm pore-sized black polycarbonate
filters, stained with 4'6- diamidino-2-phenylindole (DAPI: 1 pg
mL™") for 10 min, and finally collected on the filter (Porter and Feig,
1980). Afterwards, the filters were placed on microscope slides and
stored frozen (—20°C). PNF and HNF were examined on at least 50
fields at 1,000x magnification, using UV and blue excitations under
an Olympus BX60 epifluorescence microscope. All cells were sized
using an ocular micrometer and divided into categories, depending
on size: PNFs <1 um and >1 pm and HNFs <3 pum, 3-5 um, and >5
um. Assuming approximate geometric shapes, the biovolume was
calculated using the formula V = (7t x W? x L)/6, where L and W are
the length and width of each cell in pm, respectively. The biovolume
was converted to carbon biomass according to the factor proposed
by Caron et al. (1995): 183 fg C um .

2.3.4 Microplankton

Microplankton water samples were fixed with Lugol acid
solution at a final concentration of 4% of the sample every other
day. The samples were then stored in the refrigerator (4°C)
until counting.

The organisms were counted using the method described by
Utermohl (1958). Initially, 100 mL of each sample was placed in the
tube and left to sediment for at least 18 hours. The cells were then
counted using an Olympus IX70 inverted microscope (at x150
magnification) with a built-in BASLER camera. Diatoms,
dinoflagellates, and ciliates were identified down to genus level, or
species level where possible, and their abundance was measured.

2.3.5 Mesozooplankton

Every other day, zooplankton samples (9 to 10 L) were filtered
through 200 pm to determine the zooplankton diversity
and abundance.

All samples were fixed with buffered formaldehyde with a 4%
final concentration (Postel et al., 2000). For the analysis, samples
were rinsed well; copepods were identified to genus level, and
copepods nauplii and eggs were counted using a ZEISS Stemi
305 Stereoscope.

2.4 Statistical analysis

A repeated measures ANOVA (RM-ANOVA) was used to
compare the variable values between the C and HF mesocosms.
The grouping factor was the “treatment” (HF and C), and “day”
(days 0-15) was treated as a repeated measure, i.e., treatment was
considered the between-subjects’ factor, and day the within-subjects
factor. Assumptions for normality and sphericity were checked.
When the normality assumption of the RM-ANOVA could not be
met even after transforming the data, but the sphericity assumption
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was met, an RM-ANOVA was performed. RM-ANOVA was chosen
as it is generally robust to non-normality when the sphericity
assumption is met (Blanca Mena et al., 2023). The significance
level was set at 0.05, and any p-value smaller or equal to this
threshold was considered significant. All statistical analyses were
performed using R.

3 Results
3.1 Temperature and light

The water temperature fluctuated between 20.69 and 21.92°C
throughout the experiment, with no differences between the two
treatments (R.M. ANOVA: F= 0.54, p>0.05, Figure 1A). Mean light
intensity, on the other hand, was significantly lower (mean 26.1%)
in the HF treatment compared to C (RM. ANOVA: F=14.393,
p<0.01) for the duration of the experiment (Figure 1B).

3.2 Nutrient and photosynthetic
pigment analyses

3.2.1 Inorganic nutrients

In the HF treatment, after the HuminFeed addition from day 1
to day 11, the concentration of DIN was significantly higher than in
C. The DIN concentration initially increased slightly in HF on day 1
then gradually decreased until the end of the experiment with
fluctuations (R.M. ANOVA: F=32.74, p<0.01, Figure 2A). In the
control C, a sharp decrease of DIN concentration was recorded on
day 1 (0.21 +0.01 M), remained at low levels until day 7, and then
gradually increased to levels similar to that of the HF treatment
until the end of the experiment.

The phosphate concentration (PO4) was significantly higher
in HF than in C from day 1 until the end of the experiment (R.M.
ANOVA: F=657.1, p<0.01, Figure 2B). It showed a sharp increase in
HF one day after the addition of HuminFeed in the water and
remained high for the first 9 days of the experiment (the maximum
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value was detected on day 9, 16.47 + 2.35 nM), then gradually
decreased. In C, the PO4’3 concentration remained low throughout
the experiment and did not change significantly until the last two
days of the experiment, when it was below the detection limit. The
maximum value recorded in the C treatment was 1.67 + 0.41 nM on
day 3.

3.2.2 Organic nutrients

TOC fluctuated in both experimental treatments during the
mesocosm experiment (Figure 2C). Its concentration was different
on specific days; e.g., on days 5 and 11, values were higher in HF
(RM. ANOVA: F=10,67, p<0.01). The highest concentration of TOC
in the HF treatment was recorded on day 5 (5.48 + 2.06 mg L™'), while
in C on day 7 (4.23 + 1.11 mg L'"). POC showed a sharp increase in
the HF treatment (from 0.07 + 0.01 to 0.42 + 0.012 mg L") one day
after the addition of HuminFeed to the mesocosms and had higher
levels than in the control from day 1 until the end of the experiment
(RM. ANOVA: F=1235 p<0.01, Figure 2D). After day 1, a gradual
decrease of POC was recorded in HF until the last day of the
experiment, when its concentration was 0.09 + 0.004 mg L.
Finally, DOC dominated TOC; consequently it showed significant
fluctuations similar to TOC in both experimental treatments
throughout the experiment (R.M. ANOVA: F=8.11, p<0.01,
Figure 2E). The highest DOC concentration in the HF treatment
was recorded on day 5 (5.24 + 2.04 mg L"), while in the C, it was 4.17
+ 111 mgL ' on day 7.

3.2.3 Chlorophyll-a

In the HF treatment, chlorophyll-a concentration showed a slight
decrease on day 1 and then increased again sharply, with a maximum
value of 0.261 g L™ on day 2. A smaller decrease was recorded on
day 3, followed by a small increase again on the next day (4), after
which a sharp decrease was observed until day 11 and it remained
relatively low until the end of the experiment. In the C treatment,
chlorophyll-a concentration increased during the first two days of the
experiment, reaching a maximum value of 0.251 pug L' on day 2
(Figure 3A). Subsequently, a sharp decrease was observed until day 7;
it then remained stable but in relatively low levels until the end of the
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(A) Mean temperature and (B) average light intensity throughout the mesocosm experiment, data from day 1 were excluded from the graph since
the mesocosms were covered that day. C = Control mesocosms (no addition), HF = mesocosms where HuminFeed was added once, on the first

day of the experiment. Data are mean + SD of three replicates.
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experiment. No significant differences were observed between the two
experimental treatments HF and C (R.M. ANOVA: F=
0.378, p>0.05).

3.2.4 Photosynthetic pigments

During the present study, thirteen pigments were found
(Figures 3B-]); among them, those that have a chemotaxinomic
interest: chlorophyll-a, zeaxanthin, chlorophyll ¢3, chlorophyll c2,
fucoxanthin, chlorophyll b, 19HF, alloxanthin, peridinin, 19BF, and
dinoxanthin; and those that are photoprotectants — diadinoxanthin,
B,B-carotene. Results showed that pigments responded in three
ways: those showing the negative effect of the HuminFeed addition,
those showing the positive one, and those that showed no
clear effect.

Five pigments showed lower concentrations in the HF
treatment compared to C during most days of the experiment:
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zeaxanthin, f,B-carotene, diadinoxanthin, chlorophyll ¢2 and
chlorophyll ¢3. Among them, zeaxanthin (Figure 3C), B,B-
carotene (Figure 3D) and diadinoxanthin (Figure 3E)
concentrations followed a similar trend in both treatments during
the entire experiment. However, over the whole experimental
period (day 1 to day 15), the zeaxanthin concentrations were
significantly lower in the HF treatment compared to C (RM.
ANOVA: F=64.64, p<0.01). B, B-carotene, and diadinoxanthin
concentrations were lower in HF from day 1 to 9, after which
their concentrations were similar in both treatments. The
concentrations were significantly different (R.M. ANOVA:
F=25.72, p<0.01 and R.M. ANOVA: F=11.58, p<0.01,
respectively.) In the HF treatment, the concentration of
chlorophyll ¢2 (Figure 3F) and ¢3 (Figure 3G) dropped sharply
the day after the addition of HuminFeed then increased before
decreasing again until day 11, and then increased again until the end
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of the experiment. The concentrations of chlorophyll c2 and c3 were
significantly lower in the HF treatment than in the control (R.M.
ANOVA: F=191.63, p<0.01 and R.M. ANOVA: F=42.35, p<0.01).

The pigments that showed a positive effect, i.e., concentrations
higher in the HF treatment compared to C during most days of the
experiment, were 19BF, chlorophyll b and fucoxanthin. The
concentrations of 19BF (Figure 3H) for both treatments increased
until day 3, then decreased until day 9; after which both
concentrations started to increase again. HF’ concentrations were
significantly higher in HuminFeed treatment throughout the
experiment (R.M. ANOVA: F=39.89, p<0.01). In both HF and C,
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chlorophyll b concentration (Figure 3I) showed a similar trend
during the first 7 days of the experiment. However, in the HF
treatment, it increased at the end of the experiment (day 9 to 15),
while in the control, it decreased until day 15. Specifically, over the
whole experimental period, chlorophyll b concentrations were
significantly different between the treatments (R.M. ANOVA:
F=75.38, p<0.01). Fucoxanthin concentrations (Figure 3])
followed the same trend in the two treatments -an increase
during the first three days followed by a decrease until the end of
the experiment. However, the increase of fucoxanthin
concentrations in the HF treatment were statistically higher than
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in the C treatment (RM. ANOVA: F=130.41, p<0.01). The
maximum concentration of fucoxanthin attained was 0.202 *
0.006 pug L' on day 3 in the HF treatment and on that day, it was
the most concentrated accessory pigment observed, while the
minimum fucoxanthin concentration was 0.011 + 0.001 ug L' on
day 15 in C.

Lastly, the other pigments — peridinin, dinoxanthin, 19HF, and
alloxanthin - were not significantly different between HF and the
control over the entire experimental period, and no clear effect of
the HuminFeed addition was observed (Supplementary Figures
S2A-D).

3.3 Plankton analyses

3.3.1 Heterotrophic bacterial production and
picoplankton abundance

Heterotrophic bacterial production (HBP) fluctuated a lot with
time in both experimental treatments (Figure 4). Throughout the
experiment, HBP was statistically higher in HF compared to C
(R-M. ANOVA: F=326.81, p<0.01). In both treatments, there was a
HBP increase after the addition of HuminFeed followed by an
important decrease until day 5. Subsequently, values remained
stable in the control, while in HF there was a gradual increase
until days 9-10 with some fluctuations.

In the HF treatment, the abundance of heterotrophic bacteria
was significantly higher compared to C until day 5, followed by
similar abundances in the two treatments until the end of the
experiment (RM. ANOVA: F=13.54, p<0.01, Figure 5A). Their
abundance gradually decreased in both experimental treatments by
day 5 then increased until day 8, followed by a slight decrease until
the end of the experiment. The percentage of HNA heterotrophic
bacteria was higher in the HF treatment from day 2 to the end of the
experiment, and significantly higher than in the control from day 3

©
N
Ny

>
|_>|
._D_|

o o
o o
(o) I o]
>
>

production (ug C L1 h)
S
Ny

Heterotrophic bacterial

o
o
o

0.00
TO T1 T3 T5 T7

Day

T9 T11 T13

FIGURE 4

Heterotrophic bacterial production during the mesocosm
experiment. C = Control mesocosms (no addition), HF =
mesocosms where HuminFeed was added once, on the first day of
the experiment. Data are mean + SD of three replicates.
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onwards (RM. ANOVA: F=1239.4, p<0.01, Figure 5B). Initially, the
percentage in HF was stable until day 3 and then increased until day
9, after which it remained stable. In C, a moderate decrease in
percentages was observed until day 8, followed by a sharp increase
on day 9 and steady values until the end of the experiment.

Synechococcus cyanobacteria were significantly less abundant in
HF compared to C from day 1 to day 3 (RM. ANOVA: F=8.66,
p<0.01, Figure 6A), but did not show significant differences in the
two treatments until the end of the experiment. In the C treatment,
Synechococcus abundance increased in the first days of the
experiment (maximum value on day TO + 5h, 4 x 10* + 2227
cells mL™) then a gradual decrease was observed until day 6, after
which the abundance remained at very low values until the end of
the experiment. In contrast, in the HF treatment, a gradual decrease
was recorded immediately after the start of the experiment until day
6 and remained very low until the end of the experiment.

3.3.2 Nanoplankton

Small size (<1 um) PNFs had a lower abundance in HF
compared to C until day 7, but then, on days 9, 13 and 15, a
higher abundance was observed in the HF treatment (R.M.
ANOVA: F=0.02, p>0.05, Figure 6C). In C, a gradual increase
was observed until day 3 (max abundance of 309 + 66 cells mL™),
followed by a decrease until the end of the experiment. In HF, PNF
<1 um abundance slightly decreased on the first day of the
experiment, after the HuminFeed addition, followed by a gradual
increase until day 9, a second small decrease on day 11, and a final
increase towards the last days of the experiment (max value on day
15, 423 + 88 cells mL’l). The abundance of PNFs larger than 1 pm
was significantly higher in HF on most days of the experiment
(RM. ANOVA: F = 9.32, p<0.01, Figure 6D). In C, they increased
on day 1 (max value, 16 + 10 cells mL’l), and then gradually
decreased and remained at low levels until the end of the
experiment. In HF, their abundance fluctuated during the
experiment. Their maximum abundance was recorded on day 0
(25 cells £12 mL™).

HNFs showed no significant differences in the two experimental
treatments (R.M. ANOVA: F = 0.88 p>0.05, Figure 5C). In both
treatments, their abundance increased until day 3, when the
maximum values were recorded (6119 + 1064 and 6866 * 861
cells mL™, respectively). After day 3, their abundance decreased
until day 9, followed by a small increase until day 15.

3.3.3 Microplankton

The abundance of diatoms showed a similar fluctuation in the
two experimental treatments during the experiment: A decrease in
the abundance was recorded until day 7 followed by an increase
until the end of the experiment (Figure 6B). Diatoms in HF were
less abundant on all days of the experiment, and a statistically
significant difference with the C treatment was found (R.M.
ANOVA: F= 26.3, p<0.01). The maximum diatom abundance of
1,447 + 179 cells L* was recorded in C on day 15, while in HF on
day 0 (787 cells L'"). The most abundant genera in both treatments
were Nitzschia, Thalassionema, and Navicula.
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In HF, the initial abundance of dinoflagellates of 18,290 + 2,336
cells L™ decreased until day 3 then increased until day 7, after which
it fluctuated until the end. Starting from an initial abundance of
18,556 + 2,299 cells L', dinoflagellate abundance steadily decreased
in C until the end of the experiment (Figure 5E). Significant
differences between treatments were observed (R.M. ANOVA: F=
42,34, p<0.01). The groups of Gymnodiniales <10 pm and >10 pm
were the most abundant in the two experimental treatments. Other
abundant genera were Prorocentrum and Ceratium.

Ciliates showed statistically lower abundances in HF compared
to C until day 7 (R.M. ANOVA: F= 34.07, p<0.01, Figure 5D), while
from day 9 onwards, their abundance was higher in the HF
treatment. In C, ciliate abundance increased by day 5 but then
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decreased sharply until the end of the experiment. In HF, their
abundance decreased sharply from day 0 to day 1 but remained very
low until the end of the experiment. The most abundant genera
observed in both treatments were Strombidium and Strobilidium.
The contribution of small ciliate species (<30 um) to total ciliate
abundance, both in C and HF, increased during the first days of the
experiment (maximum contribution on day 5). Subsequently, in C,
it decreased until day 13 then, on day 15, an increase was recorded.
However, in the HF treatment, their abundance decreased after day
5 to close to zero values. In the last days of the experiment, ciliates
showed different qualitative characteristics in the two experimental
treatments as in the HF treatment, a mostly altered form
was observed.
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3.3.4 Zooplankton

Copepod abundance was significantly lower in HF throughout
the experiment (RM. ANOVA: F = 1020.74 and p<0.01, Figure 7A).
In C, abundance increased from the start of the experiment, reached
the maximum value on day 5 (15,855 * 476 individuals m?), and
then gradually decreased. In contrast, the abundance of copepods in
HF began to decrease immediately after the start of the experiment
and was almost zero by the end.

Similarly, copepod nauplii abundance was significantly lower in
HF compared to C throughout the experiment (R.M. ANOVA: F =
180.91 and p<0.01, Figure 7B). The abundance in C sharply
decreased during the first 5 days of the experiment and then
slightly fluctuated until the end. In HF, the abundance sharply
decreased until day 7 and remained low until the end. The highest
abundance was recorded on day 0 for C and HF treatments at
27,031 + 1,746 individuals m™ and 19,242 + 1,947 individuals m"
?, respectively.

The number of copepod eggs was also lower in HF compared to
C throughout the experiment (R.M. ANOVA: F = 29.64 and p<0.01,
Figure 7C). Their number fluctuated until day 9 in C, when the
highest number was recorded (4,739 + 2,988 eggs m™) and then
decreased until the end of the experiment. The highest number
recorded in HF was observed on day 5 (1,183 + 1,371 eggs m’3),
then decreased again until the end when a marginally increase
was observed.
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3.3.5 Ratio of heterotrophic to autotrophic
biomass for picoplankton and nanoplankton

The biomass ratio of heterotrophic to autotrophic bacteria
showed a large predominance of the heterotrophic component;
however, no significant differences between the two experimental
treatments were observed (Figure 8A). The ratio was almost
constant until day 6 and then showed a sharp increase in both
treatments. Then, in both HF and C, there was a small increase until
the end of the experiment. Significant differences between the two
treatments were recorded, and the ratio was higher in HF on days
12 and 13 (RM. ANOVA: F=6.09, p<0.05).

The biomass ratio of total HNFs to total PNFs showed a
predominance of the heterotrophic component throughout the
experiment under both treatments (Figure 8B). It also showed
non-significant differences between the two experimental
treatments (RM. ANOVA: F= 2.71, p>0.05). By day 7, the ratio
was higher in HF and then lower compared to C. The ratio was
relatively constant in C and fluctuated more in HF.

4 Discussion

The addition of HuminFeed caused shading in the mesocosms,
but the effects observed on autotrophs were smaller than
anticipated; only Synechococcus and diatoms were negatively
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affected and only during the first 3 days of the experiment.
Moreover, the addition of HuminFeed resulted in an increase in
the abundance and production of heterotrophic bacteria. Although
bacteria abundance was slightly higher in HF only during the first
days of the experiment, the increase in heterotrophic bacterial
production was primary reflected in an increased abundance of
HNA bacteria, and thus the effect of carbon enrichment was
reflected in the production of larger cells rather than more cells.
HuminFeed addition had a clear negative effect on both ciliates and
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copepods, with the first showing, for the most part, a distorted form.
Dinoflagellates were the only microplankton group that
was favored.

4.1 Autotrophic organisms

The hypothesis that the addition of HuminFeed will reduce the
average light intensity in the mesocosms was confirmed. A decrease
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three replicates
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in light intensity was also observed in other similar mesocosm
experiments with a 2 mg L HuminFeed addition (Fonseca et al.,
2022; Soulie et al., 2022; Spilling et al., 2022), as well as in
experiments with higher additions (Lebret et al, 2018; Nydahl
et al., 2019).

The slight decrease in cyanobacteria Synechococcus abundance
as well as in the zeaxanthin (linked to cyanobacteria) concentration
after the HF addition was most probably due to shading and not to
the decrease in nutrient concentration because, although decreased,
nutrients remained at relatively high levels for such an oligotrophic
system. Another factor that may have played a role in the decrease
in cyanobacteria abundance was increased predation by HNF,
which reached its peak after that of Synechococcus, with the
characteristic time lag of a prey-predator model.

The effect of light reduction was not so clear on PNFs <1 pm,
which, although less abundant in HF in the first days of the
experiment, increased in numbers from day 11 until the end of
the experiment. Most probably, pelagophytes, chrysophytes, or
green flagellates were responsible for this increase since the
concentrations of 19BF (linked to pelagophytes or chrysophytes)
and chlorophyll b’ (linked to green flagellates) were also higher in
HF during the last days of the experiment. In contrast to small
PNFs, larger PNFs (>1 pm) did not appear to be negatively affected
by the reduction of light in HF as their abundance was higher
compared to the controls during most days of the experiment.
Mixotrophy (a combination of phagocytosis and photosynthesis in
a cell) is common in PNFs (Stoecker et al., 2017; Livanou et al.,
2019), so it is probable that shading did not affect them as strongly
as cyanobacteria and diatoms, which are strictly autotrophic
organisms. PNF mixotrophy has been reported to thrive under
brownification conditions in other marine (Liess et al., 2016) and
freshwater systems as well (Wilken et al., 2018; Senar et al., 2021).

Although the abundances of cyanobacteria and PNFs <1 um
were lower in HF, chlorophyll-a concentration was slightly higher
in the HF treatment from day 2 to 6. The increased value of
chlorophyll-a in HF on day 5 could not be attributed to PNFs >1
pum due to the very low abundance of this group. Therefore, it seems
that diatoms were responsible for the slightly higher chlorophyll-a
concentration on days 2 to 6, the biomass of which in those days
was moderately higher in HF than in the control (Supplementary
Figure S1). This conclusion is also supported by the fucoxanthin
concentration (linked to the taxonomic group of diatoms), which
was higher in HF from day 1 to day 9. It should be noted, however,
that an increase in chlorophyll-a and other photosynthetic pigment
concentrations following the HuminFeed addition may also be due
to physiological acclimation to lower light inducing an increase of
the cell pigment quota to maintain photosynthesis (Brunet et al.,
2011). However, as the pigment increases were observed only
during some days whereas the light decrease in HF was
significantly lower all along the experiment, we may conclude
that the pigment dynamics was not exclusively due to the
physiological acclimation processes mentioned above but more
probably related to phytoplankton abundance dynamics; probably
antagonistic effects and the promotion or depression of some
species/groups more than others.
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In addition, the alteration of light intensity observed in HF had
no significant effect on primary producers although the light
reduction in HF resulted in a clear decrease of diadinoxanthin,
[3,B-carotene. These pigments, then, are related to light acclimation
and photoprotection (Brunet et al., 2011). HuminFeed has been
shown not only to decrease the light intensity but also to absorb
more light in specific parts of the spectrum; ie., at the UV
wavelengths (Meinelt et al., 2007). So, perhaps not only the
quantity but also the quality of the light led to such a decrease in
the photoprotective pigments since they were no longer essential for
the organisms.

In a similar mesocosm experiment conducted in a coastal site in
the North Atlantic Bay, Soulie et al. (2022) observed that
brownification resulted in significant reductions in the gross
primary production linked to a reduction in the mean daily light
integral. However, according to Spilling et al. (2022), in another
similar experiment in the Baltic Sea, the effect of water coloring on
primary production was less than expected. Fonseca et al. (2022)
found similar results in a eutrophic lake; the concentration used and
the single addition of HuminFeed may not have been sufficient to
significantly affect autotrophic organisms. This statement seems to
apply also to the present study. Meanwhile, in other mesocosm
experiments conducted by Lefebure et al. (2013) and Paczkowska
et al. (2020), in brackish water in the Baltic Sea using soil extract to
induce brownification, primary production was significantly lower
in treatments where the extract was added.

4.2 DOC concentration and origin

HuminFeed, in both the present study and in Spilling et al.
(2022), did not induce an increase in the DOC concentration at the
beginning of the experiment but, instead, resulted in a sharp
increase in the POC concentration, which was, however, only
20% of TOC. In other words, only a small amount of HuminFeed
was found suspended in the water column in the form of POC. After
day 1, a gradual decrease in POC concentration was recorded until
the end of the experiment, which was probably due to its gradual
dissolution in the water column and its precipitation to the bottom
of the mesocosms. POC decreased on average 0.18 mg L in the first
5 days of the experiment but, at the same time, DOC increased on
average 3.64 mg L', so the gradual dissolution of POC cannot
totally explain the increase in DOC observed during the
experiment. Therefore, it is possible that most of HuminFeed
precipitated after its addition, and carbon was released to the
water column as DOC later; therefore, it was responsible for the
fluctuations of increased concentrations observed on days 5, 11
and 15.

Apart from the days HuminFeed concentration was higher in
HE, there was a similar concentration of DOC in both treatments
during most days of the experiment. However, in their similar
experiment in a eutrophic lake, Fonseca et al. (2022) observed DOC
concentration to be lower in HF during the entire experiment. The
results of the present study are not directly comparable to those of
Fonseca et al. (2022) as the two studies concern two very different
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environments. For example, on day 0 of the present experiment, the
concentration of DOC was 2.8 mg L}, while Fonseca et al. (2022), it
was 5.2 mg L'}; i.e., almost double.

4.3 Heterotrophic organisms

The hypothesis that the addition of HuminFeed will increase
the abundance and production of heterotrophic organisms,
especially heterotrophic bacteria, was confirmed. The elevated
abundance and production of heterotrophic bacteria in HF
compared to the control on the first 4-5 days of the experiment
suggest that HuminFeed stimulated cell production, whereas the
apparent decoupling between abundance and increased
heterotrophic bacterial production suggest a shift towards larger
cells after day 5. This is supported by an increased frequency of
HNA cells, however there were no indications of increased loss of
bacterial cells due to grazing by protists in HF.

The positive correlation between heterotrophic bacterial
production and the abundance of HNA bacteria in HF suggests
that HNA bacteria were responsible for the increased heterotrophic
bacterial production in HF. Increased heterotrophic bacterial
production after the addition of HuminFeed was also observed by
Spilling et al. (2022). It is therefore reasonable to assume that at least
part of HuminFeed was bioavailable for bacterial decomposition
and was used as a carbon source by bacteria. However, Souli¢ et al.
(2022) suggested that the HuminFeed addition did not favor
heterotrophic bacteria in their experiment since the aerobic
respiration (connected to heterotrophic bacteria) measured was
lower in the HF mesocosms. They concluded that the bacteria
response was more related to the response of the phytoplankton
community, which was depressed in their experiment, rather than
directly to the HuminFeed-related carbon addition.

Additionally, in other mesocosm experiments conducted by
Leféebure et al. (2013) and Paczkowska et al. (2020) in brackish water
in the Baltic Sea, bacterial production was higher in the treatments
where terrestrial matter was added. On the contrary, in a similar
experiment as the above no clear effect on the bacterial abundance
was observed (Traving et al., 2017). Simulated terrestrial runoft also
seemed to positively affect bacterial abundance in two other
mesocosm experiments conducted by Liess et al. (2016) and
Courboules et al. (2023) in a mesotrophic coastal lagoon in the
Mediterranean Sea. Overall, these diverse results indicate the
complexity of the ecological relationships and environments and
highlight the importance of context-specific investigations.

The initial increase of heterotrophic bacteria abundance and
production in both treatments was rapidly followed by a gradual
decrease until day 5. HF abundance, instead, peaked on day 3
following the peak of abundance and production of heterotrophic
bacteria, thus showing a clear prey-predator relationship. The
consequent decline of the HF populations may be explained by
the increase in the dinoflagellates, at least in the HF, which
increased in numbers after the peak of HF. In contrast, in the
controls, the decline in HF abundance was most probably due to
ciliates, whose abundance peaked on day 5. The same trend
regarding dinoflagellates was observed in the experiments
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conducted by Liess et al. (2016) and Soulié et al. (2022), in the
latter, under the HuminFeed addition this group increased during
the second part of the experiment as it was observed in the present
study. On the contrary, dinoflagellates (mixotrophic and
heterotrophic) showed lower abundances in the simulated runoff
treatment, in the coastal lagoon experiment conducted by
Courboulés et al. (2023).

The concentrations of dinoxanthin and peridinin, the two
dinoflagellate specific pigments, were lower in HF during most
days of the experiment but slightly higher than in the controls from
day 5 to day 9. This indicates that the higher abundance of
dinoflagellates in the HF treatment was due to the predominance
of mixotrophic species and that they are not strongly affected by the
reduction of light and are capable of switching to heterotrophic
mode. Mixotrophy, the simultaneous regulation of photosynthesis,
assimilation of dissolved inorganic and organic nutrients, and
phagotophy are widespread in this group (Stoecker, 1999). This
switch may have indirectly led to the decrease in the pigment
concentration of the dinoxanthins and peridinins without affecting
the total dinoflagellate abundance and biomass recorded. So, it is
possible, that the heterotrophic bacteria production was probably
channeled to small heterotrophic dinoflagellates (<30 pm), which
were more abundant compared to the larger ones (data not shown),
in the HF treatment. Heterotrophic dinoflagellates may effectively
graze on bacteria in marine environments (Jeong et al, 2008).
Additionally, the increase in the dinoflagellate abundance in HF was
maybe related to the very low abundance of zooplankton recorded
in HF throughout the experiment. Copepods, the basic component
of mesozooplankton, are the main predators of dinoflagellates
(Kleppel et al., 1991). Accordingly, the decrease in dinoflagellates
in C was probably due to the predatory pressure exerted by
copepods, whose abundance was much higher in control
compared to the HF.

The decrease in the abundance of ciliates in the control may also
be explained by the predatory pressure exerted on them by
copepods, whose abundance was high in C. In contrast, in HF,
the abundance of ciliates was very low soon after the HuminFeed
addition, and most of them had a distorted form; this indicates that
HuminFeed has a deleterious impact on ciliates. The same
abundance decrease of ciliates was observed also by Courboules
et al. (2023) after the addition in the mesocosms of soil and river
water by the nearby area of the study, but in a similar experiment in
a different year (Liess et al.,, 2016) no clear of the brownification
effect was observed. This highlights the variability of outcomes
across different timeframes.

In the present study, due to the prey shortage (not only ciliates
but also dinoflagellates), copepod populations consequently were
very low in HF in the first half of the experiment. This allowed the
increase in dinoflagellate abundance during the second half of the
experiment, which was not reflected in a subsequent increase in the
copepod abundance due to the longer life cycle of these metazoans.
The high abundance of nanoflagellates (also prey for ciliates) in the
first days of the experiment justifies the increase in the ciliate
abundance in C recorded with a time lag (once more a pre-
predator relationship). But in HF, a sharp decrease in the number
of ciliates was recorded immediately after the addition of
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HuminFeed, with the deleterious effects mentioned above. Because
of the distorted form of ciliates in the HF treatment and the
subsequent difficulty identifying them under the microscope, it is
probable that their actual abundance was even lower than the
one measured.

Copepod adults, nauplii and eggs were all negatively affected by
the HuminFeed addition, suggesting that HuminFeed impacted
copepod feeding, reproduction and survival rates. A similar
negative impact of HuminFeed on zooplankton was observed by
Scharnweber et al. (2021) in a mesocosm experiment in a meso-
eutrophic lake. According to these authors, HuminFeed should not
interfere with the feeding and digestion of copepods because they
are raptorial feeders; for this reason, copepod impairment may be
due to stress induction, with the exact mechanisms poorly
understood (Scharnweber et al., 2021). However, in the present
study, there were strong indications that HuminFeed affected
copepod feeding and digestion. First, copepods had visibly brown
digestive tracks in the HuminFeed treatment. This suggests that
copepods ingested prey with HuminFeed in or on it, or they
ingested HuminFeed agglomerates. It is probable that HuminFeed
affected their feeding by reducing food quality. It is known that
ciliates are part of the copepod diet; in the HF treatment, most of
ciliates had a distorted form, which strongly indicates that they were
a poor-quality prey.

Second, it is possible that HuminFeed affected their feeding in
an indirect way; i.e., by shading the water column, making it harder
for visual predators, such as copepods, to see their food. Soulié et al.
(2022) also described a depression in copepod abundance under
HuminFeed addition in a North Atlantic fjord and suggested that
copepods, as visual predators, are disadvantaged by light reduction
compared to filtering predators; this fact potentially explaining their
decline. But this would not affect all copepods, because not all of
them are visual predators. Other agents used for water darkening
experiments, e.g., Sera Blackwater Aquatan water conditioner (Sera
GmbH), seem to not be harmful for zooplankton abundance and
reproduction (Garnier et al., 2023 and references within). In other
studies, where a natural brownification inducing agent such as soil
and river water to simulate terrestrial runoff (Courboulés et al.,
2023) or terrestrial matter from soil extract (Paczkowska et al,
2020) was used, brownification had significantly positive and
negative effects on zooplankton respectively. These contrasting
outcomes indicate that it does not seem that terrestrial inputs
have a linear effect on zooplankton, but the results observed are
more effected by the whole trophic web interactions and the specific
agent used to mimic brownification.

Finally, the use of a commercially available substance (such as
HuminFeed) for the experimental simulation of the phenomenon of
brownification has great advantages. It allows studying the
phenomenon in different environments and at different latitudes
and comparing them in the framework of a bigger study. However,
it should be used with precaution since it may be harmful or even
toxic to organisms at higher trophic levels (Scharnweber et al.,
2021) and may bias the experimental results. Furthermore, it is not
directly comparable to the humic compounds naturally present in
open marine and fresh waters. It would be interesting to investigate
the addition of dissolved organic matter (DOM) from the
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immediate environment of each specific ecosystem under study
since the composition and concentration of DOM varies between
ecosystems. Therefore, for the full investigation of the phenomenon,
investigating the effect of the addition of indigenous natural organic
matter and not of commercially available alternatives since this may
lead to atypical effects is recommended (Scharnweber et al., 2021).

5 Conclusions

Our study shows the complexity of effects on an oligotrophic
marine environment triggered by artificial terrestrial inputs in the
form of a commercially available substance observed during a
mesocosm experiment. Our initial hypotheses were generally
confirmed. HuminFeed caused shading, but the effects observed
on autotrophs were smaller than anticipated. Regarding
heterotrophic bacteria, the addition resulted in a small increase in
abundance but a clearer increase in production, and had a clear
negative effect on both ciliates and copepods. Dinoflagellates was
the only microplankton group that was clearly favored, probably by
boosting mixotrophic species. A combination of a bottom-up and a
top-down control was observed, while the main results indicate that
terrestrial inputs will probably alter the individual abundances of
each plankton community but also shift their composition. All these
findings come from a single mesocosm experiment, and the present
study is the first attempt to study brownification in oligotrophic
marine conditions. Taking all these results into consideration, any
generalizations should be carefully reviewed when scaled up to the
ecosystem level.
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