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Effects of an experimental
terrestrial runoff on the
components of the plankton
food web in a Mediterranean
coastal lagoon
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1MARBEC (Marine Biodiversity, Exploitation and Conservation), Univ Montpellier, CNRS, Ifremer, IRD,
Montpellier, France, 2MEDIMEER (Mediterranean platform for Marine Ecosystems Experimental
Research), Observatoire de Recherche Méditerranéen de l’Environnement, Univ Montpellier, CNRS,
IRD, INRAE, Sète, France, 3Sorbonne Université, CNRS, Laboratoire d’Océanographie Microbienne
(LOMIC), Observatoire Océanologique de Banyuls, Banyuls/mer, France
The Mediterranean region is undergoing an increase in the frequency and

intensity of extreme rainfall events, resulting in terrestrial runoffs that can affect

aquatic environments in coastal regions. The goal of this study was to investigate

the effects of terrestrial runoff on natural coastal planktonic assemblages. For this

purpose, an in situ mesocosm experiment was conducted in May 2021 in the

Mediterranean Thau Lagoon. A terrestrial runoff event was simulated in duplicate

mesocosms by adding natural forest soil that was left to maturate naturally for

two weeks in river water. After the addition of maturated soil, the abundance and

diversity within the planktonic food web, from viruses to metazooplankton, were

monitored for 18 days. The addition of maturated soil to the terrestrial runoff

treatment greatly depressed the light availability in the mesocosms and

potentially enhanced flocculation and sedimentation in the mesocosms,

resulting in an immediate negative effect on phytoplankton, decreasing the

chlorophyll-a (Chl-a) concentration by 70% for 12 days. Afterward,

remineralized nutrient in the terrestrial runoff treatment induced a subsequent

positive effect on phytoplankton, which resulted in a diatom bloom and an

increase in picophytoplankton and cyanobacteria abundance toward the end of

the experiment. Overall, the Chl-a concentration was 30% lower in the terrestrial

runoff treatment over the 18 days of experiment, whereas bacteria were 15%

more abundant than in the control. This suggests that over the course of the

experiment, the addition of maturated soil favoured bacteria instead of

phytoplankton at the base of the planktonic food web. The addition of the

maturated soil was detrimental for all protozooplankton groups and mixotrophic

dinoflagellates, but seemed to favour metazooplankton, notably mollusk larvae,

copepod nauplii, and rotifers. This implies that in the terrestrial runoff treatment,

the preferential pathway for biomass transfer was through the direct

consumption of bacteria and/or phytoplankton by metazooplankton.
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Therefore, in Thau Lagoon, after a terrestrial runoff, the transfer of biomass

within the planktonic foodweb would potentially bemore efficient by promoting

direct transfer from the base to the top of the food web, subsiding intermediate

trophic levels such as protozooplankton.
KEYWORDS

terrestrial runoff, phytoplankton, bacteria, virus, zooplankton, in situ mesocosm, Thau
Lagoon, food web
1 Introduction

Extreme rainfall is a natural event that causes terrestrial runoff,

which can export large quantities of terrestrial organic and mineral

substances into coastal aquatic environments (Fouilland et al., 2012;

Meunier et al., 2017). Aquatic environments characterized by a

strong land interface, such as semi-closed coastal lagoons, are

particularly affected by this phenomenon (Alpert et al., 2002;

Nunes et al., 2009; Liess et al., 2016). According to future climate

change scenarios, extreme rainfall events in the Mediterranean

region are expected to increase in intensity and frequency (Alpert

et al., 2002; Sánchez et al., 2004).

Even though all inorganic nutrients are originally from

terrestrial ecosystems, terrestrial runoff can carry even more

particulate and dissolved organic matter, and mineral nutrients

into marine environments which composition depends on the

location and type of soil (Nunes et al., 2009; Deininger et al.,

2016), and can benefit microorganisms in the microbial food web.

Bacteria could benefit from higher allochthonous organic matter

resources (Robinson, 2008; Meunier et al., 2017), whereas both

bacteria and phytoplankton may benefit from mineral nutrient

enrichment (Nixon, 1981; Guadayol et al., 2009).

Alternatively, the discharge of humic matter into coastal

ecosystems can also reduce light penetration and darken water

colour (the so-called brownification process), which may affect

phytoplankton physiology, production, and biomass (Ask et al.,

2009; Soulié et al., 2022). Therefore, the balance between light

attenuation and nutrient enrichment caused by runoff may drive

phytoplankton and bacterial responses to these events. Studies

investigating terrestrial runoff in northern lakes often indicate

that the potential negative effects of light attenuation on

phytoplankton due to the increased terrestrial matter can be

partially counterbalanced by the input of organic and inorganic

nutrients (Ask et al., 2009; Meunier et al., 2017). In accordance with

this, a study investigating a Mediterranean coastal lagoon reported

higher phytoplankton abundance upon soil addition as a response

to higher nutrient concentrations, indicating that phytoplankton

adapted very quickly to light attenuation, which was not sufficient to

induce a clear negative effect (Deininger et al., 2016).

Phytoplankton and bacteria are two essential food sources on

which the entire microbial food web functions relies (Azam et al.,

1983; Mostajir et al., 2015). Through bottom-up effects, terrestrial

runoff could also impact grazers and ultimately the functioning of
02
the whole plankton food web (Deininger et al., 2016; Brett et al.,

2017; Meunier et al., 2017). In addition, higher particulate matter

concentrations that reduce light penetration in the water column

would also be detrimental for visual predators, having a direct

negative effect on their grazing efficiency and, ultimately, their

abundance (Soulié et al., 2022). However, Liess et al. (2015)

reported no effects of soil addition on protozooplankton and

metazooplankton, whereas they reported an increase in

phytoplankton abundance in an in situ mesocosm study

conducted in the Mediterranean Thau Lagoon, indicating that

terrestrial runoff may induce a rupture in the prey-predator

link responses.

Studies assessing the effect of terrestrial runoff or humic

substance addition on aquatic ecosystems functioning have been

increasing in the past few years, particularly in the northern

freshwater ecosystems. However, little is known regarding

terrestrial runoff in coastal environments and how marine

plankton respond to it.

Furthermore, a large gap remains concerning broad-range

investigations of plankton communities, encompassing multiple

trophic levels, from viruses to zooplankton. In line with these

issues, the goal of the present study was to assess the responses of

coastal plankton communities to simulated terrestrial runoff in

Mediterranean coastal waters. The novelty of the present

investigation is to study the impact of terrestrial runoff

simultaneously on key components of the plankton food web

including viruses, bacteria, different groups of phytoplankton,

protozooplankton and metazooplankton, to determine how their

dynamics would be affected by an experimental terrestrial runoff,

and whether this could affect the biomass transfer within the

plankton food web.

An in situ mesocosm experiment was conducted in a

Mediterranean coastal lagoon in spring 2021, during which the

responses of physical, chemical, and biological variables, including

viruses, bacteria, phytoplankton, and zooplankton communities,

toward an experimental terrestrial runoff were investigated during

the 20 days of the experiment.
2 Materials and methods

Thau lagoon is located in South of France (Figure 1) and is a

mesotrophic Mediterranean lagoon of 75 km2, characterized by a
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great amplitude in water temperature from 4°C to 30°C due to the

shallowness of the water column (4 m depth in average) and with a

gradient of salinity ranging from 34 to 38 (Souchu et al., 2010,

Trombetta et al., 2019). Thau lagoon is subject every year to the so

called “Cevenol” events that are characterized by heavy rainfall that

can last for few days usually in early fall. These extreme

meteorological events lead to flooding and runoff in the

watershed of the Vène River, which is the main inlet of the Thau

Lagoon. When a flood occurs in Thau lagoon, it usually brings high

concentrations of nitrate, silicate, and suspended matter (up to 42.7

μMN and 47.4 μM Si), while decreasing the salinity along a gradient

from 37 to 19.5 (Pecqueur et al., 2011).

To simulate terrestrial runoff into the Lagoon, a Mediterranean

oak forest soil typical of the watershed of the lagoon was collected

from the Puéchabon state forest, located approximately 30 km

North from Thau lagoon (3°35′45′′E, 43°44′29′′N). The

Puéchabon forest was last cut in 1942 and is now fully preserved

(Rambal et al., 2004), portraying a typical regional Mediterranean

forest. After removing the upper humus layer, the surface clay-rich
Frontiers in Marine Science 03
soil was collected and screened roughly over a 1 cm mesh. On the

same day that the soil was shovelled, river water was collected from

the Vène River, which is known for its episodic river flash floods

(Pecqueur et al., 2011) reaching the Thau Lagoon. The river water

was then sieved through a 200 μm mesh to remove any

large particles.

To simulate the residential time of the soil in the river water, we

chose to mature the soil naturally as the artificial maturation would

have required chemical extraction (Deininger et al., 2016). Thus, the

soil and river water were mixed to a proportion of 416 g of fresh soil

per 1 L of river water, based on the protocol described by Müller

et al. (2018) and the description of a real river flash flood in the

Thau Lagoon (Fouilland et al., 2012). This stock solution was then

left to maturate for two weeks into several transparent

polycarbonate carboys placed into a pool supplied continuously

with Thau Lagoon water. During maturation, carboys were

homogenized manually and aerated daily.
2.1 Mesocosm experiment

A mesocosm experiment was conducted from May 3rd to 21st,

2021 in the Mediterranean coastal Thau Lagoon at the

Mediterranean platform for Marine Ecosystems Experimental

Research (MEDIMEER 43240 0000 N, 3360 0000 E, Sète, France).

On day 0 of the experiment (May 3rd), six mesocosms (hermetic

closed bags) were immersed in the lagoon and filled simultaneously

using six pipelines with 2200 L of water from a 1000 μm screened pool

of lagoon water sampled at 1 m depth and approximately 70 m from

the shore using a pump (SXM2/A SG, Flygt). Mesocosms were 1.2 m

wide, 3 m long, and were made of 200-μm-thick vinyl acetate mixed

polyethylene transparent material strengthened by nylon mesh

(Insinööritoimisto Haikonen Ky). Once the mesocosms were filled,

the water column inside each mesocosm was 2 m deep. All mesocosms

were covered by domes made from transparent polyvinyl chloride,

allowing a transmission of 73% of the photosynthetically available

radiation (PAR) to prevent rain or any air-driven contamination. Each

mesocosm was equipped with a pump (Rule 360), connected to a tube

in the middle of the mesocosms that pumped the water at 50 cm depth

and released it 1 m below. Pumps were set at a 3.5 d-1 turnover time, to

gently mix the water column inside the mesocosms. Three mesocosms

consisting only of Thau lagoon water served as “Control” treatment,

whereas in three other mesocosms, 7 L of maturated soil was added

after the initial sampling of all mesocosms on day 1 of the experiment.

It should be noted that due to the defective function of the mixing

pump in one of the control and terrestrial runoff treatments, data from

these two mesocosms were excluded from the analysis. Therefore, the

data presented hereafter represent the mean of duplicate mesocosms

for each treatment within the range of observations.
2.2 Physical, chemical, and
biological variables

Salinity was measured every morning using a multiparameter

probe (ProSolo, YSI) during the sampling of the mesocosms.
FIGURE 1

Location of the in situ mesocosms in the coastal Tau lagoon, and of
the Puéchabon forest and Vène River from which were sampled the
soil and river water respectively, for the preparation of the natural
terrestrial runoff.
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The PAR was measured using an underwater quantum sensor (Li-

Cor Li-193), whereas the temperature was measured using a

temperature probe (Campbell Scientific Thermistore Probe 107),

both immersed at 1 m depth.

The daily quantity of photosynthetically active protons received

by a surface of 1 m2, hereafter referred as daily light integral at 1 m

depth (DLI), was calculated using high-frequency PAR

measurements (μmol m−2 s−1) following Equation 1 (Soulié et al.,

2022).

DLI =  
Mean   PAR  �day   length  �3600

1� 106
Equation 1

All mesocosms were sampled using 5 L Niskin bottles every

morning at 08:00 for 20 days. Multiples sub-samples were taken

from the Niskin bottles for different chemical analyses. For each

analysis, one sample was taken by mesocosm.

Suspended matter (SM), particulate organic carbon and

nitrogen (POC and PON, respectively) concentrations were

determined from the same water sample (0.5–1 L) which was

filtered over burned GF/F filters (25 mm in diameter). For the

SM, filters were weighed with a high precision scale (Mettler

Toledo) before use and after the filtration and being placed in a

stove at 60°C for 12h at least. POC and PON concentrations were

determined from the same filter using a CHN analyser

(Unicube, Elementar).

Dissolved organic carbon (DOC) samples (20 mL) were filtered

through two overlaid combusted (450°C, 6 h) 25 mm GF/F filters

(Whatman). The filtrate was transferred to glass vials and poisoned

with 85% H3PO4 and kept at 4°C until analysis. DOC

concentrations were measured using the high catalytic oxidation

technique with a Shimadzu TOC-V analyser (TOC-L-CSH)

(Benner and Strom, 1993). DOC and POC concentrations were

summed to calculate the total organic carbon (TOC) concentration.

For nutrient analyses, two acid-washed polycarbonate bottles

were filled with 50 mL of mesocosm water. Samples were then

filtered through 0.45 μm Gelman filter and stored at −20°C until

analysis. Nitrate (NO3
−), nitrite (NO2

−), orthophosphate (PO4
3−),

and silicate (SiO2) concentrations were then determined using an

automated colorimeter (Skalar Analytical, with detection limits of

0.125 μM of NO3
−, 0.008 μM of NO2

−, 0.021 μM of PO4
3−, and

0.123 μM of SiO2), and ammonium (NH4
+) concentrations were

determined using the fluorometric method (Holmes et al., 1999).

To investigate the plankton community samples for pigment

concentration analysis, flow cytometry, and microscopy, were

collected daily. For pigment analysis 0.5 to 1 L samples were

filtered over glass-fibre filters (Whatman GF/F, 0.7 mm pore size

and 25 mm diameter) in a light-attenuated room using a low

vacuum pump. The filters were then quickly frozen in liquid

nitrogen and stored at −80°C until analysis. Pigments

concentrations and specifically chlorophyll-a (Chl-a), were

determined by high-performance liquid chromatography (HPLC,

Shimadzu) using the method of Zapata et al. (2000) following the

protocol of Vidussi et al. (2011).

For the flow cytometry analysis, samples of 1.5 mL were taken

and fixed with glutaraldehyde Grade I at 4% final concentration and

kept at −80°C. The small phytoplankton community (< 10 mm) was
Frontiers in Marine Science 04
analyzed using a CytoFLEX flow cytometer (Beckman Coulter, set

at a high speed for 3 min). Different phytoplankton groups were

then identified and enumerated based on their relative forward or

side scatter (FSC and SSC) and their natural pigment fluorescence

em i s s i on s (Ch l -a , p hy coe r y th r i n ) . Two g roup s o f

nanophytoplankton (hereafter referred to as Nano1 and Nano2),

one group of picophytoplankton (abbreviated as Pico), and one

group of Synechococcus (called Cyano) were identified. Larger

phytoplankton (> 10 mm) samples (100 mL) were fixed with

formaldehyde (4% final dilution), stored in the dark at 4°C, and

were analyzed by microscopy. Samples from days 1, 2, 6, 9, 12, 16,

and 18 were sedimented in an Utermöhl chamber for 24 h and

organisms > 10 mm were counted using an inverted microscope

(Olympus IX70). Organisms were identified when possible to the

genus levels (Kraberg et al. , 2010) and gathered into

taxonomic classes.

Samples were also taken every morning to investigate the

viruses (1.5 mL), bacteria (1.5 mL), and heterotrophic

nanoflagellates (HNF, 4 mL) communities using flow cytometry

analysis. Samples of bacteria and HNF were fixed with

glutaraldehyde Grade I, at 4% final concentration, and virus

samples were fixed with 0.02 μm filtered Grade1 glutaraldehyde,

at 2% final concentration. Samples were then frozen into liquid

nitrogen and stored at −80°C until analysis. Virus samples were

stained with SYBR Green I (0.25% final concentration), and then

analyzed using a FACSCanto2 flow cytometer (Becton–Dickinson).

Virus-like particles were counted in terms of SSC and induced green

fluorescence (530/30 nm) (Brussaard, 2004). Bacterial samples were

stained using SYBR Green I (0.25% final concentration) (Marie

et al., 1997), analyzed using a FACSCanto2 flow cytometer (Becton–

Dickinson), and identified and counted regarding their SSC and

induced green fluorescence (530/30 nm). HNF samples were

stained with SYBRGreen I (0.25% final concentration) and

analyzed using a FACSCanto2 flow cytometer (Becton–

Dickinson), according to Christaki et al. (2011). The HNF

population was then determined based on SSC and green

fluorescence (530/30 nm) and enumerated.

Protozooplankton samples (220 mL) for ciliates and

dinoflagellates identification and quantification, were collected

daily from the second Niskin, fixed with acidic Lugol (1.8% final

dilution), and kept in the dark at 4°C. Samples (days 1, 2, 6, 9, 12, 16,

and 18) were then sedimented in an Utermöhl chamber for 24 h and

analyzed under an inverted microscope (Olympus IX70).

Organisms were counted and identified at the family level

(Kraberg et al., 2010) and organized into different groups: naked

ci l iates , t int innids , heterotrophic dinoflagel lates and

mixotrophic dinoflagellates.

Metazooplankton samples were collected on days 1 and 17

using 5 L Niskin bottles that were deployed four times in each

mesocosm to collect 20 L, which were screened through a 20 μm

mesh size net (Hydrobios). Samples were then fixed with

formaldehyde (4% final dilution) until analysis. Mesozooplankton

were taxonomically counted and identified to the genus level using a

Macroscope (Leica Z16AP0) (Trégouboff and Rose 1957a;

Trégouboff and Rose 1957b) and were grouped into broader

ecological groups, such as: copepods, copepods nauplii, mollusks,
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rotifers, worms, and polychaetes larvae, echinodermata,

appendicularians, and eggs.
2.3 Statistical analysis

All data analyses were performed using R software (version 3.6).

All physical, chemical, and biological time series data were analyzed

using repeated measure analysis of variance (RM-ANOVA) to

assess significant differences between the runoff treatment and the

control. For each variable, treatment was set as a fixed factor and

time was set as a random factor. Prior to the RM-ANOVA, the

normality of the residuals and random factors was checked. If these

assumptions could not be met, the Kruskal-Wallis test was

performed. We considered a p value of 0.05 as the level of

significance for every test performed. All the RM-ANOVA results

are presented in Tables 1, 2.

To better analyse the effects of the runoff treatment on the

covariance of the physical, chemical and biological variables,

Principal Component Analysis (PCA) was performed on the log

response ratio of the different variables investigated in the present

study from days 3 to 18. More specifically, the DLI, salinity, inorganic

nutrients, particulate and dissolved organic matter, suspended

matter, Chl-a concentrations, as well as the abundance of viruses,
Frontiers in Marine Science 05
HNF, heterotrophic and mixotrophic dinoflagellates, tintinnids, and

naked ciliates were integrated into the analysis. To account for the

difference in data frequency, the NAs were imputed by the mean of

the corresponding variable. Metazooplankton data were not included

in the PCA analysis because of the low availability of data (two data

points), and phytoplankton abundances from flow cytometry and

microscopy analyses were not integrated into the analysis as they

were already represented through Chl-a concentrations.
3 Results

3.1 Physical and chemical variables

Water temperature varied from 16.48 ± 0.01 to 18.01 ± 0.01°C,

and was not affected by the terrestrial runoff treatment (Figure 2A,

Table 1). Salinity in the control was 38.42 ± 0.07 on average,

whereas in the terrestrial runoff treatment the salinity was

significantly lower, 38.17 ± 0.09 on average, due to the addition

of the soil maturated in river water (Figure 2B). The DLI varied

from 5.47 ± 0.21 to24.26 ± 1.98 mol m−2 d−1 in the control

treatment. The DLI was significantly reduced in the terrestrial

runoff treatment by 43% overall, although this reduction

attenuated over time (Figure 2C, Table 1).
TABLE 1 Summary table of statistical comparison and relative changes between the control and runoff treatments (from days 2 to 18) for physical and
chemical variables.

Variables Period p value Statistical test Relative changes (%)

Temperature 2-18 0.508 (Kruskal-Wallis) <+1

Salinity 2-18 1.8 x10-4 (RM-ANOVA) <-1

DLI 2-17 7.3 x10-8 (Kruskal-Wallis) -35

- DLI - 2-12 4.9 x10-7 (Kruskal-Wallis) -51

- DLI - 12-17 1.3 x10-5 (RM-ANOVA) -29

SM 2-18 0.003 (Kruskal-Wallis) +65

- SM - 2-12 9.8 x10-9 (RM-ANOVA) +127

- SM - 12-18 0.932 (RM-ANOVA) -1

PON 2-18 0.001 (Kruskal-Wallis) +19

- PON - 2-12 1.6 x10-5 (RM-ANOVA) +32

- PON - 12-18 0.474 (RM-ANOVA) -3

POC 2-18 2.2 x10-6 (RM-ANOVA) +28

- POC - 2-12 1.1 x10-8 (RM-ANOVA) +49

- POC - 12-18 0.621 (RM-ANOVA) -2

DOC 2-18 0.062 (Kruskal-Wallis) 2

Total carbon 2-18 0.005 (Kruskal-Wallis) +8

NO2
-+NO3

- 2-18 0.686 (Kruskal-Wallis) -1

NH4
+ 2-18 1.1 x10-6 (Kruskal-Wallis) +486

PO4
3- 2-18 1.4 x10-4 (RM-ANOVA) +18

SiO2 2-18 1.3 x10-12 (Kruskal-Wallis) +214
The significance level was set to 0.05 and significant p-values as well as the corresponding variables’ relative changes are represented in bold.
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Suspended matter, POC and PON concentrations in the control

were on average 8.02 ± 4.12 mg L−1, 0.44 ± 0.07 mg L−1 and 0.06 ± 0.01

mg L−1, respectively. On day 2, 24 h after the addition of the maturated

soil, the suspendedmatter, POC, and PON concentrations in the runoff

treatment were higher than in the control, by 255, 104, and 94%,

respectively, being significantly higher from days 2 to 12 (Figures 2D–F,

Table 1). DOC and total organic carbon concentrations were on

average 1.72 ± 0.14 mg L−1 and 2.15 ± 0.13 mg L−1, respectively in

the control. However, only total organic carbon concentrations were

significantly affected by the runoff treatment (Figures 2G, H, Table 1),

whereas DOC concentrations did not differ between treatments.

Inorganic nutrient concentration in the control were on average

0.39 ± 0.08 μM of NO2
−+NO3

−, 0.07 ± 0.03 μM of NH4
+, 0.05 ± 0.01

μM of PO4
3−, and 0.65 ± 0.21 μM of SiO2. Silicate (SiO2)

concentrations increased immediately after the maturated soil

addition and were 107% higher in the runoff treatment than in
Frontiers in Marine Science 06
the control on day 2 and were overall 214% significantly higher

during the entire experiment (Figure 2L, Table 1). In contrast,

nitrate (NO2
−+NO3

−), ammonium (NH4+), and phosphate (PO4
3−)

concentrations were not directly affected by maturated soil addition,

as their concentrations on day 2 were not significantly different

between the two treatments. Nonetheless, ammonium increased

during the experiment in the runoff treatment, attaining a

maximum concentration of 0.96 ± 0.03 μM on day 10, before

reducing until the end of the experiment (Figure 2J). Overall,

ammonium concentrations were 486% significantly higher in the

runoff treatment compared to the control (Table 1). Phosphate

concentrations were significantly higher in the runoff treatment

than in the control, especially from days 9 to 18 by an average of

37% (Figure 2K, Table 1). Nitrate concentrations were not

significantly affected by the runoff treatment over the course of

the experiment (Figure 2I, Table 1).
TABLE 2 Summary table of statistical comparison and relative changes between the control and runoff treatment, for biological variables.

Variables Period p value (tests) Relative changes (%)

Chl-a 2-18 0.005 (Kruskal-Wallis) -30

Diatoms 2-18 0.977 (RM-ANOVA) -1

- Diatoms - 2-8 0.034 (RM-ANOVA) -57

- Diatoms - 9-18 0.020 (RM-ANOVA) +48

Cryptophytes 2-18 0.654 (RM-ANOVA) -11

Autotrophic dinoflagellates 2-18 0.929 (RM-ANOVA) +18

Chlorophytes 2-18 0.028 (Kruskal-Wallis) -44

Prymnesiophytes 2-18 0.004 (RM-ANOVA) -50

Pyramimonadophytes 2-18 0.130 (RM-ANOVA) -33

Chrysophytes 2-18 0.010 (RM-ANOVA) -100

Euglenoids 2-18 0.011 (RM-ANOVA) -50

Nano2 2-18 5.9 x10-6 (RM-ANOVA) -30

Nano1 2-18 6.2 x10-13 (RM-ANOVA) -53

Pico 2-18 9.0 x10-10 (RM-ANOVA) -63

Cyano 2-18 0.183 (RM-ANOVA) +25

Bacteria 2-18 0.183 (Kruskal-Wallis) +15

- Bacteria - 2-8 1.3 x10-4 (RM-ANOVA) +59

- Bacteria - 9-14 2.5 x10-3 (RM-ANOVA) -47

- Bacteria - 15-18 6.7 x10-3 (RM-ANOVA) +51

Viruses 2-18 0.022 (RM-ANOVA) -9

HNF 2-18 1.0 x10-4 (RM-ANOVA) -70

Tintinnids 2-18 0.681 (RM-ANOVA) +10

Naked ciliates 2-18 0.040 (RM-ANOVA) -47

Heterotrophic dinoflagellates 2-18 0.181 (RM-ANOVA) -50

Mixotrophic dinoflagellates 2-18 0.473 (RM-ANOVA) +11
When normality assumptions were met, a RM-ANOVA test was performed, otherwise a Kruskal-Wallis test was performed; test type is specified in parenthesis in the table.
The significance level was set to 0.05 and significant p-values as well as the corresponding variables’ relative changes are represented in bold.
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3.2 Phytoplankton community

In the control treatment, Chl-a concentrations varied from 0.57 ±

0.00 to 1.46 ± 0.13 μg L−1 (Figure 3A). In the runoff treatment, Chl-a

concentration was significantly lower than in the control by 30% over

the course of the experiment, and more specifically from day 2 to 12 by

70% (Figure 3A, Table 2). In the second half of the experiment (from

days 12 to 18), Chl-a concentrations quickly increased in the terrestrial

runoff treatment forming a bloom-like dynamic, characterized by a fast

accumulation of the phytoplankton biomass during consecutive days

and followed by a depression (Trombetta et al., 2019), that surpassed

the concentrations in the control treatment and reached a maximum

value of 1.87 ± 0.36 μg L−1 on day 15 (Figure 3A).
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Based on microscopic analysis, the eukaryotic phytoplankton

community in the control treatment was dominated by diatoms

(135 ± 54 to 350 ± 63 cells mL−1) and cryptophytes (23 ± 12 to 127 ±

4 cells mL−1) (Figures 3B–D). Other phytoplankton groups were

present in lower abundances , such as chlorophytes ,

prymnesiophytes, and autotrophs dinoflagellates (Figures 3E, F).

Pyramimonadophytes, chrysophytes, and euglenoids also

composed the phytoplankton community but in much lower

abundances, with less than 10 cells mL-1 in the control

(Figures 3G–I). Flow cytometry analysis revealed that small

phytoplankton were generally dominant during the experiment as

reflected by the high abundance of Nano1, Pico and Nano2, with

abundances ranging from 174 ± 137 to 6297 ± 2281 cells mL−1,
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FIGURE 2

Daily mean water temperature (A), salinity (B), daily light integral (C), suspended matter (D), particulate organic nitrogen (E), particulate organic
carbon (F), dissolved organic carbon (G), total organic carbon (H), nitrate + nitrite (I), ammonium (J), orthophosphate (K) and silicate (L) in the
control (blue) and terrestrial runoff treatment (gold). The error bars represent the range of the observations. Daily measurements are represented in
solid lines whereas data with a lower sampling frequency are represented in dotted lines.
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respectively, in the control treatment (Figures 3J–L). Cyanobacterial

abundance peaked on day 9 in the control, reaching a maximum

abundance of 8240 ± 3849 cells mL−1 (Figure 3M).

Almost all phytoplankton abundances were significantly lower

in the terrestrial runoff treatment than in the control (Table 2).

However, diatom, pyramimonadophyte, and Nano2 abundances
Frontiers in Marine Science 08
increased in the terrestrial runoff treatment, reflecting a bloom-like

dynamic, in the second half of the experiment as previously

described regarding the Chl-a concentrations. Toward the end of

the experiment, autotrophic dinoflagellate, Pico, and Cyano

abundances were higher in the terrestrial runoff treatment than in

the control (Figure 3).
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FIGURE 3

Daily mean Chl-a concentrations (A) and different phytoplankton groups abundance analyzed by flow cytometry (B–E) or using an inverted
microscope (F–M), in the control (blue) and terrestrial runoff treatment (gold). The error bars represent the range of the observations. Daily
measurements are represented in solid lines whereas data with a lower sampling frequency are represented in dotted lines.
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3.3 Bacterial and virus communities

Bacterial abundance ranged from 0.8×106 ± 0.3×106 to 1.9×106

± 0.8×106 cells mL−1 over the course of the experiment in the

control (Figure 4A). In both the control and runoff treatments,

bacterial abundance fluctuated a lot; however, this trend was

reversed between the two treatments. From days 2 to 8 and 15 to

18, bacterial abundances were 59 and 51% significantly higher in the

runoff treatment compared to the control, respectively. In

comparison from days 9 to 14, bacterial abundance was 47%

significantly lower in the runoff treatment relative to the control

(Figure 4A, Table 2). Overall, over the 18 days of experiment

bacterial abundance was 15% higher in the runoff treatment than

in the control.

Viruses abundances ranged from 1.3×107 ± 2.3×106 to 4.1×107

± 1.6×106 viruses mL−1 in the control. Dynamics of the virus

abundance were similar in both treatments, although virus

abundance was significantly lower in the terrestrial runoff

treatment than in the control by 9% (Figure 4B, Table 2).
3.4 Protozooplankton community

Microscopic identification revealed that the dinoflagellate

community was mainly composed of small naked dinoflagellates,

Oblea sp. and Gyrodinium sp. genus characterized as heterotrophs,

as well as Prorocentrum micans and Dinophysis sp., characterized as

mixotrophs. The naked ciliate community was mainly composed of

Strombidium sp., Cyrtostrombidium sp., Strobilidium sp., and

Tiarina sp. whereas tintinnids were represented solely by the

genus Tintinnopsis sp.

Heterotrophic nanoflagellates and dinoflagellates were the most

abundant protozooplankton groups with abundances ranging from

995 ± 26 to 4959 ± 1622 cells mL−1 and from 4.13 ± 0.63 to 32.91 ±

6.76 cells mL−1 respectively in the control treatment (Figures 5A,

D). Mixotrophic dinoflagellates and naked ciliates had lower

abundances (<10 cells mL−1) (Figures 5C, E), but tintinnids were

the less abundant protozooplankton group in the control treatment,

with abundances lower than 0.3 cells mL−1.

The terrestrial runoff treatment had a strong significant negative

effect on heterotrophic nanoflagellate and naked ciliate abundances,

which were depressed by 70% and 47%, respectively compared to
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the control (Figure 5B, Table 2). Heterotrophic dinoflagellate

abundances in the runoff treatment were 50% less than in control

but overall, the difference was not statistically significant. Tintinnids

and mixotrophic dinoflagellates did not show any statistically

significant response to the treatment.
3.5 Metazooplankton community

The initial community of metazooplankton was almost identical

in the control and runoff treatments. It was dominated by mollusks,

which mostly consisted of D-stage Bivalvia larvae (106.2 ± 13.8

individuals L−1) and nauplii of copepods (25.2 ± 5.4 individuals

L−1). Appendicularia (19.3 ± 4.1 individuals L−1), rotifers (5.4 ± 1.6

individuals L−1) and larvae (mainly constituted of early-stage

polychaete larvae 10.4 ± 2.0 individuals L−1) were also relatively

abundant groups (Figure 6). Other metazooplankton groups such as

Gastropoda, sea urchin, starfish, abalone, and adults and juvenile

copepods of multiple genera, Acartia sp., Oncea sp., Clytemnestra sp.,

Microsetella sp., Euterpina sp., and Calanoida sp. were in much lower

abundances. Since some organisms can actively avoid the Niskin

sampling bottle, results on the abundance of metazooplankton should

be taken cautiously, however the comparison of the metazooplankton

abundances between treatments was possible as the sampling was

identical in both treatments. By the end of the experiment, all

metazooplankton groups’ abundances decreased by 59% and 36%

in the control and runoff treatments compared to the start of the

experiment, and there were no more appendicularians compared to

the beginning of the experiment. However, in the terrestrial runoff

treatment, the metazooplankton were 70% more abundant than in

the control at the end of the experiment. More specifically, there were

clearly more mollusks larvae, rotifers, and copepod nauplii, which

were 98, 49, and 33%more abundant than in the control respectively.
3.6 Effects of the runoff treatment on the
microbial food web

The PCA analysis was conducted for the dataset from days 3 to

18. The first two dimensions of the PCA performed on the log

response ratio represented respectively 35.7 and 24.7% of the

variance of the dataset (Figure 7). The first dimension was
A B

FIGURE 4

Daily mean abundances of bacteria (A) and viruses (B) in the control (blue) and terrestrial runoff treatment (gold). The error bars represent the range
of the observations.
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FIGURE 6

Histograms of the cumulative average metazooplankton groups abundance in the control and runoff treatment on days 1 and 17. Metazooplankton
groups with very low abundances (<2 individuals L-1) were gathered into the “Other metazooplankton” category.
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FIGURE 5

Mean abundances of protozooplankton groups: heterotrophic nanoflagellates (A), tintinnids (B), naked ciliates (C), heterotrophic dinoflagellates (D),
mixotrophic dinoflagellates (E), in the control (blue) and runoff treatment (gold). Heterotrophic nanoflagellates were monitored daily by flow
cytometry whereas tintinnids, naked ciliates and heterotrophic and mixotrophic dinoflagellates were identified and counted through microscopic
analysis on days 1, 2, 6, 9, 12, 16 and 18. The error bars represent the range of the observations. Daily abundances are represented in solid lines
whereas data with a lower sampling frequency are represented in dotted lines.
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positively represented by the DLI and Chl-a concentrations, which

were broadly opposed to POC, PON, suspended matter, and DOC

concentrations. The second dimension was well represented by

bacterial and virus abundances on the positive scale, which were

inversely related to the NH4+ concentrations.
4 Discussion

4.1 Overall effects of the runoff treatment

In the present experiment, the addition of the forest soil

maturated in the river water induced a short-term negative effect

on phytoplankton followed by a mid-term positive one. The

responses among the different phytoplankton groups were similar,

whereas the responses of heterotrophic organisms varied quite

differently from one group to another. Bacteria and small

metazooplankton overall benefited from the runoff treatment,

while heterotrophic protists, such as HNF and ciliates, were

negatively affected. The forest soil added to the mesocosms to

simulate terrestrial runoff was a clay-based forest soil, which is

typical of the Mediterranean region’s oak forests (Allard et al.,

2008). Compared to what has been measured in the Thau Lagoon

after a natural terrestrial runoff, the concentrations of SM, PON,

and DOC measured in the terrestrial runoff treatment after the
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addition of maturated soil were much lower (10, 1.6, and 2 times

lower, respectively), whereas the POC concentration was 1.4 times

higher (Fouilland et al., 2012).
4.2 The terrestrial runoff induced a rapid
decline in phytoplankton community
followed by a diatom bloom

As mentioned previously, the runoff treatment induced two

distinct effects on the phytoplankton community over the course of

the experiment. At first, phytoplankton was negatively affected by

the runoff treatment. Both microscopy and flow cytometry analyses

reflected the same trend for phytoplankton groups of different size

classes and taxa, indicating that this negative effect was widespread

among phytoplankton communities. As shown by the PCA

analysis, high concentrations of POC, PON, and SM in the

terrestrial runoff caused a decrease in light availability (by 51% on

average in the first 12 days), which was the main driver correlated

with the decrease in phytoplankton abundance and biomass during

the experiment. These results were in agreement with previous

studies that also reported a negative effect on the phytoplankton

community related to a decrease in light availability following the

addition of humic substances to the water or because of higher

turbidity (Guadayol et al., 2009; Soulié et al., 2022). In addition to
FIGURE 7

Principal component analyses (PCA) of the log response ratio of the physical, chemical, and biological data from the control and runoff treatment
from days 3 to 18.
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this decrease in light availability, the high quantity of particulate

matter in the water column of the mesocosms could also have

facilitated the flocculation and sedimentation of phytoplankton

(Kiorboe et al., 1990) which could accentuate the negative effect

of terrestrial runoff treatment on phytoplankton.

From days 12 to 17 of the experiment, phytoplankton, and

especially diatoms, seemed to have acclimated to the terrestrial

runoff conditions and beneficiated from it, as they formed a bloom.

Diatoms certainly benefited from the increase in NH4
+ and PO4

3−

concentrations that occurred in the terrestrial runoff treatment in

the middle period of the experiment, potentially because of bacterial

remineralization of the added organic matter (Nixon, 1981) rather

than from a direct enrichment. Diatoms could also have benefitted

from the higher silicate concentrations in the runoff treatment,

although no silicate drawdown was observed, even after day 12,

when diatoms started to grow. This could indicate that silicate was

taken up and released to the environment on a faster timescale than

what the daily sampling could identify. Simultaneously, during this

period (days 12–17), POC, PON, and SM concentrations were

similar in both treatments, indicating that matter had been

sedimented or solubilized (Goldthwait et al., 2005). The difference

in DLI between the two treatments remained significant from days

12 to 18 (29% of decrease), but was less important than during the

first 12 days of the experiment (51%), indicating that even though

light availability increased over time in the terrestrial runoff

treatment, diatoms were able to bloom under low light

conditions. Previous studies similarly reported almost constant

diatom blooms following terrestrial runoffs in Mediterranean

waters due to higher nutrient concentrations (Spatharis et al.,

2008; Pecqueur et al., 2011; Liess et al., 2016). Diatoms are fast-

growing phytoplankton that respond rapidly to nutrient inputs

from the land (Deininger et al., 2016), and can do so even under low

light conditions regarding the present results, suggesting that

diatoms are well adapted to a post-terrestrial runoff aquatic

environment. Following the diatom bloom, the abundance of

small phytoplankton such as picophytoplankton, cyanobacteria,

and larger phytoplankton such as dinoflagellates started to

increase in the present experiment, in accordance with in situ

observations during natural terrestrial runoff in the Thau Lagoon

(Pecqueur et al., 2011).

The increase in phytoplankton that occurred in the present

study was lower and occurred later than that in the experiment of

Deininger et al. (2016), which was performed at the same location.

However, the protocol used by Deininger et al. (2016) to simulate

terrestrial runoff treatment was quite different from ours and

included the use of a resin that allows a better extraction of

organic matter and nutrients (Lefébure et al., 2013). The

processed soil they added to their mesocosms was therefore richer

in DOC (3.6 mg C L–1 in their soil treatment) and induced a

stronger positive effect on phytoplankton than that observed in the

present study. In this regard, comparing studies that investigate the

effects of terrestrial runoff, brownification, or discharges of

terrestrial matter into an aquatic environment should be done

cautiously, as the protocols to simulate terrestrial runoff can be

quite different and therefore yield different and even contrasted

results (Scharnweber et al., 2021). In the present study, we added to
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the marine water a mixture of soil and river water that was

maturated naturally for two weeks to better mimic natural

dragging of the soil along the river watershed (Müller et al.,

2018). Therefore, the quantity of particulate and dissolved matter

that was naturally extracted and added to the mesocosms might be

different from chemically extracted or artificial humic substances

(Scharnweber et al., 2021) but it is also the closest to a

natural phenomenon.
4.3 Positive responses of bacteria to
terrestrial runoff at the beginning and end
of the experiment

The bacterial abundance responded to the runoff conditions in

opposite ways as the experiment went by, as bacteria were first

favoured (days 2-8), then depressed (days 9-14), before being finally

favoured again by the end of the experiment (days 15-18).

Simultaneously with the strong decrease in phytoplankton

biomass at the beginning of the experiment, bacterial abundance

was significantly higher in the terrestrial runoff treatment during

the first eight days of the experiment. This result is in agreement

with previous studies that reported a similar increase in bacterial

abundance after terrestrial matter addition in mesocosms

(Guadayol et al., 2009; Rasconi et al., 2015; Liess et al., 2016), and

after a natural flood event (Pecqueur et al., 2011). In these later

studies, the increase in bacteria was linked to the input of DOC-rich

soil, but in the present experiment, there was no increase in the

DOC concentrations in the runoff treatment 24 h after the addition

of maturated soil. Similarly, in their study Liess et al. (2016)

reported that after one day, all the DOC added through soil

addition in their mesocosms was immediately consumed by

bacteria, explaining why they did not measure any increase in

DOC concentrations in their experiment. In the present study,

DOC measurements were performed before the addition of

maturated soil in the mesocosms (day 1) and 24 h after (day 2);

therefore, it cannot be excluded that bacteria could have rapidly

assimilated the DOC contained in the maturated soil. However, the

gradual increase in bacterial abundance in the terrestrial runoff

treatment until day 8, coupled with the continuous decrease in POC

and PON concentrations during this period, suggests a

solubilization of POC into DOC, which could then have been

rapidly taken up by bacteria (Zweifel et al., 1993). This increase

in bacterial abundance that benefited from the input of terrestrial

organic matter, coinciding with the decrease in phytoplankton

caused by the lower light availability linked to the same matter

input, typically highlights how terrestrial runoff can immediately

decouple the two communities (Berglund et al., 2007; Wikner and

Andersson, 2012).

Subsequently, bacterial abundance decreased from days 9 to 14

in the runoff treatment. At the same time, the particulate matter

reached concentrations similar to those in the control during this

period, having been solubilized and/or sedimented. Therefore, it is

possible that there was not enough bioavailable organic matter to

support the increase in bacterial abundance during this period. As

phytoplankton were less abundant in the runoff treatment, bacteria
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would not have benefited from phytoplankton DOC release,

indicating that the decoupling between phytoplankton and

bacteria (Berglund et al., 2007) was prolonged during this period.

However, the increase in PO4
3– concentrations in the runoff

treatment concomitantly with the decrease in bacterial abundance

suggested a potential intracellular nutrient release from bacterial

grazing or cell lysis (Pomeroy, 1974; Bratbak et al., 1994). This

nutrient release concurrent with the decrease in bacterial

abundance during this period could be due to grazing mortality

from Bivalvia larvae (Arapov et al., 2010; Marshall et al., 2010) and

copepod nauplii (Roff et al., 1995; Turner, 2004) as they were

positively affected by the terrestrial runoff treatment, whereas

protozooplankton and viruses, other potential factors of mortality

for bacteria (Azam et al., 1983; Sherr & Sherr, 1988; Bratbak et al.,

1994; Baudoux et al., 2008), were clearly negatively affected by the

terrestrial runoff treatment during this period. Indeed, while virus

abundances followed a similar trend in both treatments, they were

significantly lower in the runoff treatment compared to the control.

By the end of the experiment, bacterial abundance increased again

in the runoff treatment, concomitantly with the increase in

phytoplankton abundance and biomass, which could indicate a

recoupling between these two communities, with phytoplankton

exudating DOC that bacteria could use and bacteria providing

remineralized inorganic nutrients to phytoplankton (Kirchman, 1994).
4.4 Terrestrial runoff strengthened the role
of metazooplankton at the expense of
mixotrophic and heterotrophic
protozooplankton as a link to higher
trophic levels

Numerous studies reported that mixotrophs generally benefit from

humic-matter-rich water (Bergström et al., 2003; Calderini et al., 2022)

or sediment addition (Wilken et al., 2018). In the present study, the

genus or species of dinoflagellates that are described as mixotrophic

(Kraberg et al., 2010) did not significantly benefit from the addition of

the maturated soil, although they showed higher abundances on days 2

and 18 in the runoff treatment compared to the control (Figure 5E).

Similarly, in a study by Liess et al. (2016), the authors reported that

during their mesocosm experiment, the addition of soil benefited more

diatoms than mixotrophs in the Thau Lagoon. These results suggest

that in the Thau Lagoon, mixotrophs are not likely to be more

competitive than the strictly autotrophic plankton community

(notably diatoms), which displays a rather fast adaptation to the

changes in light and nutrients after a terrestrial runoff. The

protozooplankton abundances of heterotrophic nanoflagellates,

dinoflagellates, naked ciliates, and tintinnids were negatively affected

by the terrestrial runoff treatment. These negative effects can be

explained by both bottom-up and top-down controls. On one hand,

the decrease in phytoplankton abundance could have negatively

affected protozooplankton through a limitation in their prey

abundance. Additionally, non-living particles contained in the

maturated soil could have affected protozooplankton predation

(Sommaruga and Kandolf, 2015). A similar effect was observed

during an experiment in an alpine lake, where mineral particles
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induced a negative effect on HNF predation on bacteria (Sommaruga

and Kandolf, 2015). On the other hand, as metazooplankton

abundance was also higher in the terrestrial runoff treatment than in

the control by the end of the experiment, it is possible that

protozooplankton were under higher grazing pressure from some

groups of metazooplankton, such as filter feeding mollusc larvae or

copepod nauplii (Turner, 2004; Arapov et al., 2010; Marshall et al.,

2010). It must be noted that metazooplankton abundance was lower at

the end of the experiment compared to the beginning in both

treatments, possibly suffering from the confinement in the mesocosm

bags. The negative effect of terrestrial runoff treatment on

protozooplankton was simultaneous with the positive effect on

metazooplankton, indicating that the structure of the plankton food

web might have been greatly affected by this treatment. Because both

protozooplankton and mixotrophic organisms were negatively affected

by the runoff treatment, metazooplankton may have replaced their role

for carbon biomass transfer within the plankton food web instead. The

metazooplankton composition was dominated by molluscs larvae,

copepod nauplii, and rotifers, which are able to feed on a wide range

of prey sizes (Rougier et al., 2000; Turner, 2004; Arapov et al., 2010;

Marshall et al., 2010) and could therefore participate to the transfer of

biomass at different trophic levels. Since some zooplankton can also

directly consume terrigenous organic matter (Carpenter et al., 2005;

Cole et al., 2006; Cole et al., 2011), the higher metazooplankton

abundances observed by the end of the experiment in the terrestrial

runoff treatment also suggest that metazooplankton could directly

transfer terrestrial carbon biomass to higher trophic levels in the

plankton food web during a terrestrial runoff in Thau lagoon. This

also implies that the transfer of carbon biomass would be more efficient

after a terrestrial runoff, with less trophic levels than in a classical

plankton food web (Sommer et al., 2002; Lefébure et al., 2013) and with

a main transfer pathway from bacteria and/or phytoplankton directly

to metazooplankton without passing through the intermediate level

of protozooplankton.
4.5 Conclusion

Themain result observed in the present study was that the effects of

the simulated terrestrial runoff spread along the plankton food web,

significantly affecting all trophic levels of the natural plankton

community studied. This occurred in a relatively short time

considering that the experiment lasted less than three weeks. The

lower light availability in the terrestrial runoff treatment compared to

the control resulted in a net decrease of approximately one-third of

Chl-a concentration and phytoplankton abundance over the entire

experiment. Even though higher remineralized nutrient concentrations

in the runoff treatment induced a bloom of diatoms afterward, this was

not enough to counterbalance the depression of phytoplankton during

the first half of the experiment. Simultaneously, bacteria generally

benefited from the addition of maturated soil and were, overall, 15%

more abundant in the runoff treatment. Despite these changes in the

food source at the base of the food web, represented by the

phytoplankton/bacteria ratio, it appears that the terrestrial runoff

treatment favoured metazooplankton rather than protozooplankton,

resulting hypothetically in a more efficient channelling of the biomass
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through the food web via small metazooplankton, while subsiding

intermediate trophic levels such as protozooplankton.
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