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ABSTRACT 16 

The effects of the abrupt input of high quantities of dissolved inorganic nitrogen and phosphorus 17 

on prokaryotic and eukaryotic microbial plankton were investigated in an attempt to simulate the 18 

nutrient disturbances caused by eutrophication and climate change. Two nutrient levels were 19 

created through the addition of different quantities of dissolved nutrients in a mesocosm 20 

experiment. During the developed blooms, compositional differences were found within bacteria 21 

and microbial eukaryotes, and communities progressed towards species of faster metabolisms. 22 

Regarding the different nutrient concentrations, different microbial species were associated with 23 

each nutrient treatment and community changes spanned from the phylum to the operational 24 

taxonomic unit (OTU) level. Network analyses revealed important differences in the biotic 25 

connections developed: more competitive relationships were established in the more intense 26 

nutrient disturbance and networks of contrasting complexity were formed around species of 27 

different ecological strategies. This work highlights that sudden disturbances in water column 28 

chemistry lead to the development of entirely different microbial food webs with distinct 29 

ecological characteristics. 30 

KEYWORDS 31 

Plankton, bacteria, microbial eukaryotes, nutrients, ecological networks, coastal water, 32 

mesocosm. 33 

1. INTRODUCTION 34 

Nutrient discharge into the marine environment due to human activities have increased in 35 

quantity and frequency over time (Hallegraeff, 2010). At the same time, other phenomena such 36 

as severe precipitations and floods, which also result in nutrient discharge into the sea (Madsen 37 

et al., 2014), have intensified due to anthropogenic climate change (Hirabayashi et al., 2013). The 38 
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effects of direct human activities on the marine environment have been studied for decades 39 

(Doney, 2010), with a recent emphasis on, for example, wastewater influxes (Powley et al., 2016), 40 

urban inputs (Richa et al., 2017) and enrichment by aquaculture (Tsagaraki et al., 2013). 41 

Nonetheless, the ecological response of marine systems to the massive and abrupt nutrient 42 

addition connected to climate change phenomena (Krishnamurthy et al., 2010) remains an open 43 

issue. 44 

With the frequency of intense climate phenomena increasing globally (Hirabayashi et al., 2013), 45 

the response by oligotrophic systems, which constitute the vast majority of the global oceans 46 

(Morel et al., 2010), is of major interest (Lejeusne et al., 2010). The Mediterranean Sea, one of 47 

the most oligotrophic marine areas in the world (Krom et al., 2003), is thought to be sensitive to 48 

nutrient supply changes (Karydis and Kitsiou, 2012) but the response of such ecosystems to 49 

massive and sudden nutrient release remains, to our knowledge, uncertain. Additionally, in the 50 

Mediterranean basin, the intensity of both Saharan dust deposits and riverine influxes related to 51 

climate change is escalating (Powley et al., 2017), thus total external nutrient enrichment is 52 

growing. 53 

In the marine environment, among the dissolved nutrients, nitrogen and phosphorus are 54 

fundamentally connected to autotrophic biomass production and their cycles implicate several 55 

microbial communities. Dissolved nitrogen and phosphorus input in an equilibrated marine 56 

system will, most probably, result in a phytoplankton bloom (Bracken et al., 2015; Thyssen et al., 57 

2014). In both natural and induced bloom events, large micro-autotrophs, such as diatoms, are 58 

known to benefit rapidly from the elevated nutrients, followed by populations of slower 59 

metabolic dynamics (Lin et al., 2016; Yoshimura et al., 2014). Following the classic approach of 60 

nutrient addition events, recent studies have expanded our knowledge of plankton ecology, 61 

demonstrating, for example, that the composition of the bacterial community depends on the 62 
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presence of different types of dissolved organic matter (DOM) molecules (Teeling et al., 2012) and 63 

selective feeding may occur among protists (Martinez-Garcia et al., 2012). These recent insights, 64 

in combination with the different metabolic capabilities of species, imply that the response of 65 

some plankton communities to nutrient addition may have remained undetected. 66 

In this context, we aimed to revisit the well-studied topic of the impact of nutrient input into the 67 

marine environment but from a different angle by causing a sudden and extremely high nutrient 68 

disturbance and subsequently investigating the responses of plankton from oligotrophic habitats 69 

to this drastic change in nutrient levels. This study simultaneously examines the bacterial and the 70 

microbial eukaryote community and focuses on both the composition and the biomass of the 71 

different plankton components. The abrupt increase in nutrient concentrations attempts to 72 

simulate events such as severe precipitations directly enhancing marine nutrient concentrations 73 

and land floods leading to enormous riverine inputs in the sea (Madsen et al., 2014). Our 74 

experiment was carried out in large mesocosm enclosures as they are considered the most 75 

representative experimental approach for studying natural plankton responses with reduced 76 

small-scale experimental errors (Mostajir et al., 2013). 77 

Assuming that a sudden nutrient increase would result in high plankton biomass, the goals of this 78 

experiment are: 1) to test if nutrient addition results in diversity changes and, more specifically, 79 

changes in prokaryotic and eukaryotic plankton communities; 2) to test whether the different 80 

quantities of nutrients would lead to changes of plankton community composition; 3) to define 81 

the succession between the different microbial populations under the specific nutrient loads; and 82 

4) to check differences, if any, in the relationships among microbes between the two nutrient 83 

quantities given that interactions between community members play a vital role in the temporal 84 

alteration of plankton under changed conditions. To our knowledge, the results of extreme 85 

climate events on plankton have not been comprehensively studied let alone when examining 86 
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several communities simultaneously or by taking into account relationships between specific 87 

plankton members; therefore, we believe there is room for a thorough and up-to-date study of 88 

nutrient effects on marine plankton. 89 

2. MATERIALS AND METHODS 90 

2.1 Experimental design and nutrient manipulation 91 

The nutrient enrichment experiment took place at the CRETACOSMOS mesocosm facilities in 92 

autumn 2014 for 58 days. The experiment was part of a joint research activity with an additional 93 

benthic-pelagic coupling focus and therefore sediment was deployed together with marine water. 94 

The overall experimental and sampling design are described elsewhere in detail (Dimitriou et al., 95 

2017a, 2017b). Briefly, the marine water used for the experiment was collected from a coastal 96 

eastern Mediterranean site (35o 20′ 05.14″ N; 25o 16′ 50.44″ E) from 2 m depth. After seawater 97 

was transferred into the mesocosms (1500 l seawater volume per mesocosm), bilayer lids of 98 

Plexiglas and nylon-mesh were placed on each mesocosm unit. Initial samples prior to nutrient 99 

manipulation were collected and then, later that day (Day-0), nutrients were added. Nutrient 100 

amendment was performed in triplicate for the two different manipulated treatments; “Control” 101 

mesocosms, without any nutrient addition, were also deployed in triplicate. After nutrient 102 

addition, the N:P ratio was intended to rise 1.5 and 2 times higher for “Low” and “High” nutrient 103 

treatments, respectively; the final nutrient concentration and N:P ratio of the amendment are 104 

presented in Table 1. Freshly prepared solutions of KH2PO4 and KNO3 at appropriate 105 

concentrations were used for the nutrient amendment. Intense stirring to ensure the 106 

homogeneous distribution of nutrients in each mesocosm was applied immediately after nutrient 107 

addition. For this study, surface (1 m) mesocosm water was sampled in all cases. Water 108 
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temperature and sunlight illuminance were continuously monitored during the experiment using 109 

HOBO data loggers (UA-002-64 ONSET Corporation) at 2 min intervals. 110 

2.2 Chemical variables and chlorophyll-a measurements 111 

Samples for dissolved nutrient and chlorophyll-a analyses were collected daily until Day-3, and 112 

every three days following Day-3. Analyses of dissolved nutrient and oxygen concentration were 113 

performed directly after sampling. Phosphate was measured as described by Rimmelin and 114 

Moutin (2005), nitrate, nitrite, silicate and dissolved oxygen as described in Strickland and Parsons 115 

(1972) and ammonium according to Ivančič and Degobbis (1984). Detection limits for phosphate, 116 

nitrate, nitrite, silicate, oxygen and ammonium were 8‧10-4, 0.017, 0.017, 0.025, 3 and 0.019 μM, 117 

respectively. 118 

Water samples for chlorophyll-a were successively filtered on 10, 5, 2 and 0.2 μm polycarbonate 119 

membranes using a gentle vacuum. Chlorophyll-a concentration was measured fluorometrically, 120 

according to Yentsch and Menzel (1963), following a 90%-acetone extraction. Total chlorophyll-a 121 

values were calculated by summing the corresponding fractionated values. The 10 μm membrane 122 

accounted for the micro-autotrophs (>10 μm), summed values from the 2 μm and 5 μm 123 

membranes together accounted for the nano-autotrophs (2-5 μm), while the 0.2 μm membrane 124 

represented the pico-photosynthesizers (0.2-2 μm). 125 

2.3 Biomass determination of plankton populations 126 

Samples for plankton enumeration and biomass calculations were collected daily until Day-3 and 127 

every three days following Day-3. The enumeration of picoplankton was performed using a 128 

FACSCaliburTM flow cytometer (Becton Dickinson) equipped with a 488-nm argon laser. Samples 129 

were fixed with 0.5% glutaraldehyde, formerly 0.2 μm-filtered for particle removal, and the 130 

protocols of Marie et al. (1999) and Gasol and Del Giorgio (2000) were applied for the analyses. 131 
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Fixation was allowed for 30 minutes in the dark and at 4oC. The nucleic acid stain SYBR Green I 132 

(Molecular Probes, USA) was used for the heterotrophic prokaryotes (HP) analysis at 4X final 133 

concentration. Autotrophic populations were enumerated and distinguished based on their 134 

autofluorescence; cyanobacteria of the genus Synechococcus were distinguished from other pico-135 

autotrophs due to their distinct phycoerythrin and chlorophyll-a fluorescence. Yellow-green 136 

microspheres of 1 μm diameter were added as an internal reference during both analyses. The 137 

flow rate of the cytometer was measured daily before and after the analysis. The biomass of 138 

heterotrophic prokaryotes and Synechococcus was calculated by using the conversion factors 20 139 

fg C and 250 fg C per cell, respectively (Lee Fuhrman, 1987; Kana Gliber, 1987). 140 

For the enumeration of heterotrophic and autotrophic nanoflagellates (HNFs and ANFs), samples 141 

were fixed with 1.8% formaldehyde buffered with sodium tetraborate decahydrate and filtered 142 

for particle removal through 0.45 μm filters. Fixation was allowed for one hour in the dark and at 143 

4oC. Subsequently, samples were stained with 0.2 mg l-1 DAPI (4,6-diamidino-2-phenylindole) for 144 

10 minutes and filtered through 0.6 μm black polycarbonate membranes (Porter and Feig, 1980). 145 

Filters were mounted on glass slides and stored at -20oC until analysis. Enumeration was 146 

performed using epifluorescence microscopy under UV-excitation. Autotrophic nanoflagellates 147 

were distinguished from heterotrophic ones by the red fluorescence of their chloroplasts, 148 

observed under blue light excitation; at least 50 fields were counted for each sample. 149 

Nanoflagellates were separated into four size classes (<2 μm, 2-5 μm, 5-10 μm and >10 μm) using 150 

an ocular micrometer. An ellipsoid shape was assumed for nanoflagellates and the biovolume was 151 

calculated separately for each size class using the measured dimensions. Biomass was calculated 152 

using the conversion factor 183 fg C μm-3 described by Caron et al. (1995).  153 

Samples for microplankton community biomass were fixed with 2% acid lugol solution and stored 154 

at 4oC in the dark until analysis. Prior to analysis, subsamples of 100 ml were left to settle for 155 



Page | 8  
 

about 24 hours in an Utermöhl chamber (Utermöhl, 1931) and were subsequently analyzed with 156 

an inverted microscope. Cells larger than 10 μm were identified to the genus level, and the 157 

dimensions of each cell were measured using image analysis software. The geometry of individual 158 

cells was assigned according to Hillebrand et al. (1999) and Olenina et al. (2006); biovolume was 159 

calculated and subsequently the content of carbon in each cell was calculated using coefficients 160 

described by Davidson et al. (2002) and Putt and Stoecker (1989). 161 

2.4 DNA metabarcoding analysis 162 

Six liters of water were collected every six days and pre-filtered through a 200 μm mesh net; 163 

subsequently, biomass for molecular analyses was collected on 0.2 μm polyethersulfone 164 

membranes through filtration. Membrane filters were stored at -80oC until further processing. 165 

DNA was extracted and purified using the PowerWater DNA isolation kit (MoBio Laboratories, 166 

USA) according to the manufacturer's instructions, with a minor modification at the elution step. 167 

DNA was double-eluted to increase concentration, initially using the manufacturer's buffer and 168 

then immediately afterwards using PCR-grade water. For the bacterial community, the V3-V4 16S 169 

rRNA gene region was amplified by PCR using the primers described by Klindworth et al. (2012) 170 

and modified by Apprill et al. (2015). For the eukaryotic community, the V9 region of the 18S rRNA 171 

gene was targeted using the specific primers described in Amaral-Zettler et al. (2009). The two-172 

step parallel multiplexing method (Shokralla et al., 2015) was used prior to sequencing and 173 

therefore the specific primers were equipped with a tail complementary to the second PCR 174 

primers, which additionally contained short index sequences (for post-sequencing sample 175 

identification) and flow cells adaptors for Illumina MiSeq. The bacterial amplicons of the first PCR 176 

were purified using the illustra ExoProStar PCR and Sequence reaction kit while the SequalPrep 177 

Normalization kit (Thermo Scientific, USA) was used for the second PCR product purification and 178 

normalization; in both cases, the manufacturer's instructions were followed. Sequencing of the 179 
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16S rRNA gene amplicon was performed with an Illumina MiSeq platform at the Biological Core 180 

Lab (KAUST, Saudi Arabia). Products from 18S gene PCR and the subsequent second-step-PCR 181 

were cleaned using the magnetic beads Agencourt AMPure XP (Beckman Coulter, USA). An 182 

equimolar amount of each sample was pooled for sequencing using the MiSeq Reagent Kit v2 on 183 

Illumina MiSeq platform at the Institute of Marine Biology Biotechnology and Aquaculture of 184 

HCMR, Greece. The processing of data after sequencing is described in detail in the SI. Metrics of 185 

sequencing data as well as diversity indices are presented in Table S1. Raw sequences were 186 

submitted to the ENA-GenBank under the study accession number PRJEB25787. 187 

2.5 Data analysis and statistics 188 

The effect of treatment and time on each nutrient and chlorophyll-a concentration, as well as on 189 

the biomass of each population (i.e Synechococcus, ANF, Bacillariophyta, HP, HNF, Ciliophora, 190 

Dinoflagellata), was tested using mixed-effect linear models individually for each response 191 

variable; mesocosm identity (i.e. mesocosm unit) was considered as the random effect (more 192 

information available in the SI). Permutational multivariate analysis of variances (PERMANOVA) 193 

was applied to test if plankton communities of different treatments and/or experimental times 194 

were dissimilar at the OTU level. The same analysis was performed to examine the separation of 195 

the experiment into time periods based on the dissolved nutrients and chlorophyll-a 196 

concentrations. Multi-level pattern analysis was performed in order to associate specific 197 

important OTUs to the treatments (indicator species analysis: De Cáceres et al., 2010; more 198 

information available in SI).  199 

In order to study the overall ecological web in each treatment and to disentangle the biotic-biotic 200 

interactions and relationships, network analysis based on the extended local similarity analysis 201 

(eLSA) algorithm (Durno et al., 2013; Ruan et al., 2006; Xia et al., 2011) was performed (more 202 
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information available in SI). For an additional focus on the biotic relationships formed under the 203 

different nutrient conditions, two specific OTUs were selected for the calculation of subnetworks 204 

resulting from the overall networks. Specifically, a Pelagibacter and a Rhodobacteraceae OTU 205 

were selected due to their contrasting ecological strategies (oligotrophy versus copiotrophy, 206 

respectively), which are well documented in the literature (for example: Teeling et al., 2016; 207 

Chafee et al., 2018). To choose between the several Pelagibacter and Rhodobacteraceae OTUs of 208 

this study, the ones found significant by the indicator species analysis (Fig. S6) were selected. 209 

Significance level was set to 5% in all cases. All statistical analyses and data processing were 210 

performed with R v 3.4.2 (R: A language and environment for statistical computing; 211 

https://www.R-project.org/). Details for the data analysis and statistics, including mixed model 212 

construction, statistical designs and network constructions, can be found in the SI section. 213 

3. RESULTS 214 

3.1 Bloom development and progress throughout the experiment 215 

Measurements of physicochemical variables during the experiment are presented in Fig. 1 and 216 

Fig. S1. Concentrations of the added nutrients (phosphate and nitrate) were higher at “High” than 217 

at “Low” treatment and showed similar behavior over time (Fig. 1A-B). Dissolved oxygen 218 

concentration notably increased after Day-6 in both nutrient treatments (Fig. 1F); conversely, 219 

nitrite concentration progressively increased with time until Day-12 and then decreased (Fig. 1C). 220 

For phosphate, nitrate and nitrite, the effect of treatment was significant (p<0.05).  221 

Total chlorophyll-a showed two different peaks per nutrient treatment, indicating phytoplankton 222 

blooms (Fig. 2A). The first peak appeared on Day-3 at both nutrient treatments and was of a 223 

similar chlorophyll-a concentration. The second chlorophyll-a peak was noted on Day-9 for 224 

treatment “Low” and on Day-12 for “High”; this was also the highest chlorophyll-a peak during 225 
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the experiment (treatment “High”, Day-12). Based on chlorophyll-a levels (Fig. 2A) and the 226 

concentration of nutrients and oxygen (Fig. 1), the experiment was separated into three distinct 227 

time periods. The first period (“prior bloom”) included Day-0 and Day-1 and reflected the initial 228 

conditions (Fig. 1-2). During Day-2 to Day-6 (“bloom 1”) and Day-9 to Day-15 (“bloom 2”), added 229 

nutrients were progressively depleted, as shown in Table 2. Concentrations of phosphate, nitrate, 230 

nitrite, dissolved oxygen and chlorophyll-a differed significantly among the three time periods 231 

(Fperm=27.12, p<0.05). The three phases (“prior bloom”, “bloom 1”, “bloom 2”) were synchronized 232 

between nutrient treatments (“Low” and “High”), with bloom events starting and ending at the 233 

same time. 234 

The values of water-column variables after Day-15 can be found in the SI section (Fig. S1-S6). 235 

According to chlorophyll-a concentration, two additional bloom events took place, one during 236 

Day-18 to Day-21 in both treatments and one during Day-24 to Day-51 only in treatment “High”. 237 

However, after Day-15 the deviation of measurements within treatments was greater than the 238 

deviation between treatments for several biotic variables (Fig. S2-S5). Therefore, detailed results 239 

concerning biotic variables (i.e. biomass of plankton populations) after Day-15 will not be 240 

extensively discussed but can be found in the SI section. 241 

3.2 Compositional differences in the bacterial community 242 

Metabarcoding community composition was analyzed on Day-0, Day-6 and Day-12. Bacterial 243 

community composition on Day-0 was similar among treatments at the phyla (Fig. 3A), genera 244 

(Fig. 4A) and OTU levels (Fig. S6). PERMANOVA analysis on the bacterial OTUs showed significant 245 

differences among the communities due to treatment (Fperm=1.15, p<0.05) and time (Fperm=3.93, 246 

p<0.05). When treatment effect was divided into specific factors, “Control” was found to be 247 

significantly different from both “Low” and “High” (Fperm=1.31, p<0.05); in addition, the two 248 
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nutrient treatments were found to be significantly different (Fperm=1.00, p<0.05). Indeed, nMDS 249 

analysis depicted the distinct separation of Day-0 from Day-6 and Day-12 communities (Fig. S8A). 250 

Phulym Bacteroidetes increased on Day-6 in all treatments (Fig. 3A); however, the relative 251 

abundance of Bacteroidetes groups varied between “Control”, “Low” and “High” (Fig. 4A). 252 

Notably, the genus Flaviicola showed higher relative abundance in “Low” in comparison to “High” 253 

and “Control”, while unass. Cryomorphaceae and unass. Flavobacteriales were relatively more 254 

abundant in both nutrient treatments than in “Control” (Fig. 4A). On Day-6, Proteobacteria 255 

dominated the community in “Low” by far (more than 75% of the relative abundance; Fig. 3A). 256 

The groups Alteromonas, Pseudoalteromonas, unass. Alphaproteobacteria, unass. 257 

Oceanospirillaceae and unass. Rickettsiales noted increased percentages in “Low”, whereas 258 

Congretibacter and unass. Rhodobacteraceae were relatively more abundant in “High” than in 259 

“Low” or “Control” (Fig. 4A). Additionally on Day-6, Actinobacteria were more abundant in “High” 260 

than in “Low” by more than 10% (Fig. 3A), with the group candidatus Aquiluna noting the highest 261 

percentages (Fig. 4A), and the phyla Firmicutes and Planctomycetes showing higher percentages 262 

in “Control” in comparison to the two nutrient treatments (Fig. 3A).  263 

Bacterial community partition to the different phyla was rather similar for the three treatments 264 

on Day-12 (Fig. 3A). However, Proteobacteria contributed approximately 15% more in “Control”; 265 

Pelagibacter and unass. Alphaproteobacteria seemed to be responsible for this (Fig. 4A). 266 

Bacteroidetes in “Low” (Flavobacterium, unass. Cryomorphaceae, unass. Flavobaceraceae) and 267 

Cyanobacteria (Synechococcus) in “High” accounted for the respective percentages in “Control”. 268 

Moreover, the percentage of Planctomycetes increased in both nutrient treatments on Day-12 269 

(Fig. 3A).  270 
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According to the indicative species analysis for the bacterial community, treatments were found 271 

to be significantly associated to several OTUs on Day-0 (Fig. S6). In treatment “Low” alone, only 272 

one OTU, belonging to the genera Saprospira, was found to be significant (Fig. S6C). On the other 273 

hand, there were several OTUs significantly associated to “High” (Fig. S6D) and, additionally, 274 

numerous OTUs characteristic of both “Low” and “High” treatments (Fig. S6E). 275 

3.3 Compositional differences in the microbial eukaryote community 276 

Likewise, PERMANOVA on the eukaryotic OTUs showed significant differences in communities 277 

among treatments (Fperm=1.04, p<0.05) and due to time (Fperm=3.85, p<0.05). When treatment 278 

effect was further divided, “Control” was significantly different from both treatments (Fperm=1.14, 279 

p<0.05) and, further, the two treatments were dissimilar (Fperm=0.04, p<0.05). NMDS analysis 280 

confirmed the distinct separation of the Day-0, Day-6 and Day-12 communities (Fig. S8B).  281 

A characteristic change in community composition on Day-6 was the elimination of Bacillariophyta 282 

and Cilliophora and the dominance of Dinoflagellata in all three treatments, but with higher 283 

percentages of Dinoflagellata over Bacillariophyta in the “Low” and “High” treatments (Fig. 3B, 284 

4B). Particularly, the dinoflagellates Amoebophrya, Gyrodiniellum, Scrippsiella and unass. 285 

Dinophyceae increased in relative abundance in the nutrient treatments (Fig. 4B). Haptophytes 286 

emerged on Day-6 in all mesocosms but with a much stronger presence in the “High” treatment 287 

(Fig. 3B). On Day-6, Cryptophytes showed increased percentages only in “High” and “Low” (Fig. 288 

3B), with the genus Geminigera dominating in relative abundance in the two nutrient treatments 289 

(Fig. 4B). Chlorophyta were present only in the “Low” treatment on Day-6 (Fig. 3B). On Day-12, 290 

the dominance of Dinoflagellata in all mesocosms was even more prominent than earlier (Fig. 3B, 291 

4B). Indeed, unass. Dinophyceae and unass. Gymnodiniales noted particularly high percentages 292 
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(Fig. 4B). The phylum Labyrinthulomycetes appeared for the first time in both treatments on Day-293 

12 (Fig. 3B).  294 

Indicative species analysis found Ciliophora and Bacillariophyta OTUs to be significantly associated 295 

to “Control” and to Day-0 (Fig. S7A-B). Only one OTU belonging to the Dinoflagellata Scrippsiella 296 

was found characteristic for the “Low” treatment (Fig. S7C). For “High”, several indicative 297 

Dinoflagellata OTUs were found (Fig. S7D). There were also OTUs significantly associated with 298 

both nutrient treatments (Fig. S7E). Notably, the four Scrippsiella OTUs found to be significant for 299 

the two nutrient treatments differed from the one associated to the “Low” treatment (Fig. S7C, 300 

S7E). 301 

3.4 Plankton responses during the first bloom (“bloom 1”; Day-2-Day-6) 302 

At the beginning of the first bloom (Day-2), in treatment “Low”, the contribution of nano-303 

autotrophs to total chlorophyll-a increased over that of the micro-autotrophs, which kept 304 

decreasing until the end of this bloom (Fig. 2C). In “High”, the contribution of nano- and micro-305 

autotrophs was reversed: the contribution of the nano-autotrophs decreased and then increased 306 

at the termination of the bloom while the opposite was the case for micro-autotrophs. Regarding 307 

pico-autotrophs, their contribution to total chlorophyll-a increased only at the end of the first 308 

bloom (Day-6) in both nutrient treatments (Fig. 2B-D). 309 

For heterotrophic prokaryotes (HP) and Synechococcus biomass, no differences between 310 

“Control” and nutrient treatments were found during the first bloom (Fig. 5A, 5D). There was a 311 

significant effect of treatment on bacterial productivity (χ2(6)=7.13, p <0.05) and, in fact, bacterial 312 

productivity was significantly higher in both nutrient treatments compared to the “Control” 313 

(b=0.00001, t(14)=2.90, p <0.05, r=0.61; Fig. S5). A sudden decline in biomass at the termination 314 

of the first bloom was obvious for HP populations (Day-6; Fig. 5D).  315 
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During this bloom, ANF biomass increased in both nutrient treatments, in contrast to the 316 

“Control” (Fig. 5B). The effect of treatment was significant for this group (χ2(6)=6.88, p<0.05) 317 

throughout the experiment. ANF biomass peaked on Day-3, like chlorophyll-a, and decreased on 318 

Day-6 in both nutrient treatments, with peak values in “High” being 6-fold higher than those in 319 

“Low”. Concerning the biomass of the respective heterotrophs, no significant differences were 320 

found for HNFs among treatments throughout the experiment. HNF biomass peaked at the same 321 

time as ANFs (Day-3) in both treatments, with an important decrease of their biomass (95% for 322 

“High” and 85% for “Low”) at the end of this bloom (Fig. 5E). 323 

An increase in the biomass of Ciliophora was measured only on Day-2-Day-3 in treatment “High” 324 

(Fig. 5F); this may explain why the effect of treatment on Ciliophora biomass was not significant. 325 

Dinoflagellata biomass increased rapidly at the end of the first bloom (Day-6) in the “High” 326 

treatment (Fig. 5G). In the case of Dinoflagellata, the interaction of time and treatment was 327 

significant (χ2(9)=16.02, p<0.05). When comparing “High” to “Low” and “Control”, there were 328 

significant differences in Dinoflagellata biomass over time (b=0.0035, t(12)=3.74, p<0.05, r=0.73), 329 

indicating that the increased biomass through time found in the “High” treatment was 330 

significantly higher than in “Low” and “Control”. Bacillariophyta biomass decreased in all 331 

treatments for the duration of this bloom (Fig. 5C). 332 

3.5 Plankton responses during the second bloom (“bloom 2”; Day-9-Day-15) 333 

During the second bloom, the contribution of nano-autotrophs to total chlorophyll-a was higher 334 

in comparison to the previous bloom period; in “Low” it remained relatively stable (39-43%) 335 

during this period whereas in “High” it increased by more than 10% from Day-9 to Day-12 and 336 

then decreased again towards Day-15 (Fig. 2B-D). During this bloom the contribution of micro-337 

autotrophs to total chlorophyll-a increased with time in both treatments (Fig. 2B-D). Concerning 338 
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the contribution of pico-autotrophs to total chlorophyll-a, it differed between the treatments, 339 

decreasing in “Low” and fluctuating in “High”. 340 

At the beginning of the second bloom (Day-9), ANFs and Synechococcus showed increased 341 

biomass in both treatments (Fig. 5A-B). ANF biomass peaked on Day-9, with “High” presenting 342 

more than double the values in “Low”, while Synechococcus peaked later, on Day-12. As 343 

mentioned earlier (“bloom 1”), for ANFs the main effect of treatment was significant throughout 344 

the experiment. For Synechococcus, there were significant interaction effects of time and 345 

treatment (χ2(2)=9.81, p<0.05). Further, this significant difference was found for both “High” and 346 

“Low” when the interaction effect was broken down to contrasts (b=0.002, t(50)=3.09, p <0.05, 347 

r=0.4).  348 

HPs were found to have a slightly increased biomass in both nutrient treatments on Day-9, after 349 

which their biomass decreased (Fig. 5D). For treatment “High”, HP biomass was found to be nearly 350 

double than in “Low”; however, only the interaction between treatment and time was significant 351 

(χ2(9)=18.26, p<0.05), indicating that HP biomass in “High” and “Low” over the days was 352 

significantly different to “Control” (b =-0.0035, t(50)=-3.43, p<0.05, r=0.44) and different between 353 

the two nutrient treatments (b=0.0071, t(50)=3.68, p<0.05, r=0.46).  354 

HNFs peaked on Day-9 but decreased after that, like HP biomass (Fig. 5D). No significant 355 

differences among treatments were found for HNFs throughout the experiment (Fig. 5E). Likewise 356 

for Dinoflagellata biomass, the interaction effect of experimental time and treatment was 357 

significant (χ2(9)=16.02, p<0.05), with a peak in biomass on Day-12 in both treatments (Fig. 5G). 358 

Bacillariophyta biomass did not differ significantly between “Control” and nutrient treatments. 359 

3.6 Relationships and interactions between plankton communities 360 
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The biotic relationship that emerged in the three treatments were examined using network 361 

analysis. All three networks were formed around OTUs that were either exclusively found or 362 

strongly present on Day-0 (Fig. S9) and the topological parameters of the three networks were of 363 

similar values (Table S2). 364 

Positive network links between autotrophs and between grazers (Table 3A i-ii; i.e. Autotr. ↔ 365 

Autotr. and Grazer ↔ Grazer) showed lower percentages while positive connections from 366 

autotrophs and/or grazers to HP populations (Table 3A iv-v; i.e. Autotr. → HP and Grazer → HP 367 

positive connections) showed higher percentages in “High”. Additionally, higher percentages of 368 

negative relationships among the same trophic groups (Table 3B i-ii; i.e. Autotr. ↔ Autotr. and 369 

Grazer ↔ Grazer) were also found in “High”. 370 

The structure of the Pelagibacter and Rhodobacteraceae subnetworks, constructed in order to 371 

further examine the biotic relationships, appeared fundamentally different (Fig. 6 and Table 4). 372 

Pelagibacter participated in more relationships in the “High” network while Rhodobacteraceae 373 

showed an opposite pattern and was found to participate in substantially fewer connections. 374 

Pelagibacter in “Control” showed positive interactions with another Pelagibacter, a Bathycoccus 375 

and a Flavobacterium OTU while, due to the increased number of connections in the “High” 376 

network, specific edges were not visualized; however, only 4.2% of these relationships were 377 

negative. Accordingly, Rhodobacteraceae participated in numerous relationships in “Control” 378 

while in network “High” the Rhodobacteraceae OTU of interest directly participated only in 379 

negative relationships. Treatment “Low” showed in both cases an intermediate structure 380 

between the “Control” and “High” subnetworks. 381 

Reverse patterns between Pelagibacter and Rhodobacteraceae subnetworks were found for most 382 

of the topological parameters. The Pelagibacter network “High” showed the highest connectivity 383 
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(average no. of neighbors and density) and transitivity (which measures the probability for tight 384 

local connections) and the lowest likelihood for unevenness (heterogeneity and centralization) in 385 

comparison to “Control” and “Low”, while Rhodobacteraceae network “High” showed low 386 

connectivity and transitivity but the highest betweeness and the longest average path lengths. 387 

Furthermore, network “Control” of Rhodobacteraceae had the lowest betweenness and shortest 388 

average path lengths. 389 

4. DISCUSSION 390 

In this study we investigated the consequences of sudden large nutrient loads on plankton 391 

originating from an oligotrophic habitat, and further examined how plankton communities are 392 

affected by different levels of nutrient input. Our results showed that different levels of nutrient 393 

addition induced both quantitative and qualitative changes, thereby modifying the structure of 394 

prokaryotic and eukaryotic microbial plankton communities. 395 

4.1 Nutrient addition altered the prokaryotic and eukaryotic community composition 396 

Contrary to previous mesocosm experiments with nutrient addition (Baltar et al., 2016; S 397 

Fodelianakis et al., 2014; Øvreås et al., 2003), in this study we did find important changes in 398 

community composition at phyla, genera and OTU levels (Fig. 3-4 and S6-7). This difference in 399 

results could be due to the fact that the above-mentioned surveys investigated the effect of a 400 

lower nutrient amount compared to the present study. On the other hand, in Ly et al. (2014), 401 

where a high nutrient amount was added, important eukaryotic community composition 402 

variations were noted. Further, biomass and activity rates were altered in all the above-403 

mentioned cases, as in the present experiment. Therefore, it seems that compositional changes 404 

depend on the level of nutrient disturbance whereas biomass and activity changes emerge even 405 

under mild nutrient disturbances. The compositional differences between the two nutrients levels 406 
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found in this study further support this notion and indicate that the level of nutrient disturbance 407 

is related to specific changes in community structure. 408 

Overall, a transition from less active to fast-growing species with rapid metabolisms was expected 409 

as a result of nutrient addition (Chafee et al., 2018; Lin et al., 2016). The prokaryotic community 410 

was altered after nutrient addition, and different bacteria, favored by nutrient surplus, were 411 

associated with the nutrient treatments after Day-0 (Fig. S6). For instance, species like 412 

Pelagibacter, characteristic of oligotrophic conditions and adapted to less-dynamic lifestyles (for 413 

example, Teeling et al., 2016), were significant on Day-0 but were not after the nutrient 414 

manipulation. The disadvantage of Pelagibacter with nutrient addition has been reported 415 

elsewhere (Fodelianakis et al., 2014; Sebastián et al., 2012a). Bacteroidetes were importantly 416 

enhanced but did not seem to vary between nutrient treatments. Members of this phylum are 417 

typically found during blooms (Pinhassi et al., 2004; Teeling et al., 2016; Teira et al., 2010) and are 418 

favored by phytoplankton-derived organic matter (Teeling et al., 2012). 419 

With time, the eukaryotic community shifted from Bacillariophyta- to Dinoflagellata-dominated, 420 

while Haptophytes also appeared. When an environmental disturbance occurs, the balance 421 

usually shifts towards more dynamic groups, such as Dinoflagellata and Haptophytes, that are 422 

capable of both autotrophic and heterotrophic growth (Lin et al., 2016). In the present case, 423 

Dinoflagellata and Haptophytes increased in all mesocosms regardless of the nutrient addition, 424 

and it was the phylum Cryptophytes that appeared to have increased in connection to nutrient 425 

addition. The shift towards smaller autotrophs (Haptophytes, Chrysophytes, Cryptophytes) after 426 

chronic eutrophication has been reported (Suikkanen et al., 2013); nevertheless, the shift in this 427 

case was quicker (from Day-0 to Day-6) and towards one phylum (Cryptophytes). 428 

4.2 Different nutrient quantities caused different compositional changes in plankton 429 
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Notably, only treatment “High” was found to sustain increased bacterial populations distinctive 430 

of rapid metabolic rates, fast-growth capacities and efficient nutrient uptake, such as 431 

Rhodobacteraceae and Flavobacteriaceae (Chafee et al., 2018; Teeling et al., 2016). Bacterial 432 

community composition change towards members of the Roseobacter clade, which have higher 433 

dissolved nutrient requirements, has been reported for oligotrophic communities after phosphate 434 

input (Sebastián et al., 2012). Another major difference between nutrient treatments was the 435 

strong presence of Actinobacteria in treatment “High”. Several studies on natural and laboratory 436 

populations (Ballen-Segura et al., 2017; Jezbera et al., 2005; Pernthaler and Amann, 2005) report 437 

that members of the Actinobacteria escape HNF and ciliated grazers, either due to their small size 438 

(Jezbera et al., 2005) or because of gram+ cell wall properties (Jousset, 2012). Therefore, we may 439 

assume that the increased numbers of Actinobacteria in treatment “High” could be related to 440 

their escaping from massive grazing, especially because the decline in biomass at that time (Day-441 

6) suggests grazing of plankton populations. 442 

Interestingly, differentiation between the nutrient treatments was also found at the OTU level of 443 

the eukaryotic community, with different Dinoflagellata representative of each treatment (Fig. 444 

S7) and differences in relative abundance among treatments (Fig. 5). Different nutrient quantities 445 

seem to have been responsible for the subtle compositional differences among treatments; the 446 

different metabolic capabilities and rates of species allowed some to prevail under lower, and 447 

others under higher, nutrient conditions. Furthermore, a phylum-level alteration in the eukaryotic 448 

community was also evident due to Chlorophytes, which were only present in the “Low” 449 

treatment on Day-6. 450 

4.3 Succession of plankton populations and food web responses after extremely high nutrient 451 

addition 452 
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Previous studies have shown that autotrophic communities differ along different trophic 453 

gradients: cyanobacteria (picoplankton) dominate at oligo-mesotrophic conditions and, 454 

alternatively, larger eukaryotic algae prevail in eutrophic states (Bec et al., 2011). In the current 455 

experiment, autotrophic nanoflagellates prevailed initially when nutrient concentrations peaked 456 

(Day-2-3) while all autotrophic groups (pico-, nano- and micro-) were favored later when nutrient 457 

concentrations were still elevated but nutrients had been partially consumed (after Day-6). 458 

Osmotrophs responded to both nutrient addition levels but the response magnitude varied 459 

between the two treatments; this fact dictated the observed differences in community 460 

composition (Fig. 3-4) and ecological relationships (section 4.5; Fig. 6; Table 4-5) in these two 461 

treatments. 462 

Even though nutrient availability was greater in treatment “High”, during the first bloom 463 

chlorophyll-a increase was, curiously, similar to “Low”. Except for nutrient availability, there are 464 

other factors regulating nutrient uptake (cell size and shape, nutrient uptake affinity, rate of 465 

transport mechanisms), especially when nutrients are in excess (Lin et al., 2016); it seems that in 466 

the case of treatment “High”, autotrophs reached their maximum nutrient uptake capacity and 467 

consequently the upper limit of photosynthesis. The instant response of HNFs to nutrient change 468 

(Day-3) and the decrease in all plankton populations at the end of the first blooming period (Day-469 

6) were common under both nutrient conditions. However, Ciliophora responded by an increase 470 

in biomass only in treatment “High” and were later succeeded by Dinoflagellata. Regardless of the 471 

trophic role of Ciliophora and Dinoflagellata, a clear succession pattern in micro-eukaryotes was 472 

found only under the higher nutrient conditions. 473 

The situation during the second bloom was similar between treatments; all autotrophic groups 474 

were present but pico- and nano-autotrophs dominated chlorophyll-a. This is the case of a classic 475 

bottom-up control with pico- and nano-, followed by micro-autotrophs, competing for nutrient 476 
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uptake (Fuchs and Franks, 2010). In the “Low” treatment, this bloom continued with micro-477 

autotrophs contributing increasingly to chlorophyll-a and elevated biomass as both 478 

Bacillariophyta and Dinoflagellata populations were enhanced. On the other hand, in the “High” 479 

treatment, the bloom continued with ANFs prevailing in chlorophyll-a contribution but not 480 

showing a particularly high biomass, which implies that their population was heavily grazed. 481 

Heterotrophic prokaryotes (HP) were greatly favored under “High” nutrient addition; nutrient 482 

availability to picoplankton, as well as the massive biomass decline possibly resulting in DOM 483 

enrichment at the end of the previous bloom, were probable reasons for the enhanced HP 484 

population during the second bloom. Since during the first bloom the “High” treatment retained 485 

a higher overall biomass, the biomass loss at the termination of the bloom would have resulted 486 

in more DOM both in terms of quantity and quality, inducing thus the different HP response 487 

between treatments. Later in this bloom, low HP biomass with high bacterial productivity 488 

indicates a top-down control of this community in both treatments (Lynam et al., 2017). 489 

4.4 Later responses of the water column variables 490 

After Day-15, changes in the water chemistry and plankton biomass did not show any discernible 491 

grouping pattern related to the applied treatments. Since external events were kept at a minimum 492 

and there were no methodological alterations (change in protocols, instruments, users), it is 493 

reasonable to assume that even though until Day-15 nutrient addition was the major driver of 494 

observed changes, after that day stochastic processes induced the changes in plankton 495 

communities. Despite this unpredictable variability, a conspicuous difference between the two 496 

treatments was established; the decrease of the Synechococcus population below the detection 497 

limit in all replicates of the higher nutrient addition treatment. 498 

4.5 Biotic interactions and ecological links between plankton communities 499 
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The overall OTU eLSA networks appeared similar in structure and topology among the three 500 

treatments. However, there were important discrepancies in the connections among the trophic 501 

groups; these discrepancies in trophic connections percentages (Table 3) strongly suggest that 502 

different biotic-biotic relationships and interactions were created after the nutrient addition of 503 

different quantities. In fact, contrasting ecological links arose between the two nutrient addition 504 

levels: 1) positive connections among the same trophic groups (Table 3A i-ii) that suggest mutual 505 

growth of populations (Faust and Raes, 2012) were stronger under the lower nutrient addition; in 506 

contrast to 2) more negative connections among the same trophic groups (Table 3B i-ii), which 507 

indicate increased competition (Faust and Raes, 2012), were developed under the higher nutrient 508 

conditions. As for positive relationships between different trophic groups (Table 3A iv-v), in the 509 

“High” nutrient treatment, the benefit of HPs by other groups was almost 10% more than in 510 

“Low”. This interaction is most probably related to the enhanced DOM release caused by the 511 

increased growth of autotrophs and/or grazers in the “High” nutrient treatment. 512 

In addition to biotic connections between trophic groups, when focusing deeper on biotic 513 

connections around specific OTUs (Pelagibacter and Rhodobacteraceae), the two subnetworks 514 

were structured contrastingly (Fig. 6). Of the three Pelagibacter subnetworks, “High” was the 515 

most highly connected in terms of both overall and local connectivity. The reverse case was true 516 

for Rhodobacteraceae: the subnetwork “Control” was the most highly connected in comparison 517 

to “Low” and “High”. In both cases (Pelagibacter and Rhodobacteraceae), nutrient addition of 518 

different levels led to the formation of different ecological networks and indeed the amount of 519 

nutrients was substantial for the development of microbial inter-connections. 520 

It has been argued that highly connected ecological networks are more robust and resilient 521 

(Dunne et al., 2002) and that robustness increases with connectivity irrespective of specific 522 

population abundance and biomass (Dunne et al., 2002; Genitsaris et al., 2016). In our data 523 
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Rhodobacteraceae appeared to form a more complex and robust network under no nutrient 524 

disturbance. Considering the rapid metabolism and competitive nature of this group (Chafee et 525 

al., 2018; Teeling et al., 2016), we suggest that given nutrient surplus, it outcompeted others, 526 

established its niche and no longer interacted with many microbes, as indicated by the low 527 

number of Rhodobacteraceae connections in subnetwork “High”. However, the low robustness 528 

of subnetwork “High”, combined with the fact that it arose only with certain changes in water 529 

chemistry (nutrient input), made the established ecological relationships weak and therefore 530 

likely to rapidly alter due to external influences. The several negative relationships found between 531 

Rhodobacteraceae and other autotrophs under both nutrient addition conditions are additional 532 

indications of the highly competitive life-strategy Rhodobacteraceae may have followed. On the 533 

other hand, Pelagibacter participated in a more robust ecological subnetwork in the highest 534 

nutrient addition. Bacteria in this group are known for slow metabolic capabilities and low, though 535 

stable, population sizes (Chafee et al., 2018). With nutrient surplus, this species did not seem to 536 

benefit from the extra nutrients due to its low metabolic capabilities but rather maintained its 537 

population by participating in a complex, highly connected network.  538 

5. CONCLUSIONS & SUMMARY 539 

The sudden high-concentration nutrient pulse caused blooms and plankton biomass elevations as 540 

expected; at the same time, diversity within plankton communities also changed and alterations 541 

were obvious even at the phyla level. Notably, differences in community composition were 542 

detected even between the different nutrient levels. Nano-autotrophs, rather than micro-543 

autotrophs, were the first to take advantage of the nutrient addition. 544 

Biotic relationships among populations varied significantly between the different nutrient 545 

concentrations. Increased competition connections characterized populations under higher 546 
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nutrient surplus whereas with a lower nutrient amount, populations appeared to co-exist. 547 

Further, distinctly different ecological networks were structured around specific bacteria under 548 

the different nutrient conditions, thus marking the diverse response of microorganisms to 549 

nutrient surpluses of different amounts. 550 

To summarize, nutrient addition induced changes in community structure, biotic relationships 551 

and, consequently, important alterations in the entire plankton web function. The input of a high 552 

nutrient amount related to climate phenomena introducing nutrients in the marine environment, 553 

affected several aspects of the marine plankton community and changed not only the biomass 554 

and activity but also the composition and biotic links of populations. 555 
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 782 

TABLES 783 

 784 

Table 1: Initial nutrient conditions and nutrient amendment at the “Low” and “High” 
treatments. Concentrations were measured prior (Day-0), and, immediately after 
manipulation. Concentrations of nitrate and nitrite, as dissolved N, and phosphate, as 
dissolved P, were used for the N:P ratio calculations. Averaged and standard deviation 
values, calculated from the three replicated mesocosms, are shown. 
 Prior manipulation After manipulation 
  Low High 
NO3

- (μM) 0.09 ± 0.01 26.02 ± 1.32 55.98 ± 0.29 
PO4

3- (μM) 0.03 ± 0.00 5.59 ± 0.86 8.56 ± 0.86 
N:P 3.2 ± 0.52 4.7 ± 0.70 6.5 ± 0.03 
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 805 

 806 

Table 2: Nutrient flux with time for the three treatments (“Control”, “Low” and “High”) calculated from 
the slope between two succeeding time points. Values are in μM per day with negative sign indicating 
consumption of nutrients. 
  Day-2→Day-3 Day-3→Day-6 Day-6→Day-9 Day-9→Day-12 Day-12→Day-15 
NO3

- Control 0.07 0.02 -0.02 -0.02 0.00 
 Low -3.41 -0.59 -3.83 -1.08 0.22 
 High -8.87 -0.37 -5.94 -2.83 -0.14 
PO4

3- Control 0.02 0.02 -0.02 -0.01 0.00 
 Low -0.20 -0.13 -0.83 -0.04 -0.01 
 High -0.50 -0.22 -0.79 -0.42 -0.22 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 

 821 

 822 

 823 

 824 

 825 



Page | 36  
 

 826 

 827 

 828 

Table 3: Connections among the different trophic groups as calculated from 
network analysis based on the eLSA algorithm. Percentages of the total 
positive/negative connections within each network (“Control”, “Low” and 
“High”) are presented. Connections that represented less than 0.5% are not 
shown here. 
 Control Low High 
A. Positive Connections (%)    
i. Autotr. ↔ Autotr. 33.5 38.7 27.5 
ii. Grazer ↔ Grazer 26.4 26 13.2 
iii. HP ↔ HP 2.5 2.8 5.3 
iv. Autotr. → HP 19.6 17.5 27.3 
v. Grazer → HP 17.4 14.2 26.1 
B. Negative Connections (%)    
i. Autotr. ↔ Autotr. 29.3 17.5 54.3 
ii. Grazer ↔ Grazer 1 2.4 15.1 
iii. Grazer → HP 54.2 66.4 20.1 
iv. Grazer → Autotr. 6.2 6.4 9.4 
v. Parasites → any organism 9.1 6.4 0.5 
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 847 

 848 
Table 4: Topological parameters characterizing the Pelagibacter and Rhodobacteraceae ecological subnetworks. 

 Pelagibacter Rhodobacteraceae 
 Control Low High Control Low High 
Nodes 7 12 94 13 9 6 
Edges 12 44 4371 75 30 13 
Negative edges (%) 58.3 29.5 4.2 45.3 26.7 38.5 
Diameter 2 2 1 2 2 2 
Connectivity       
Average No of Neighbors 3.43 7.33 93 11.54 6.67 4.33 
Density 0.28 0.33 0.50 0.48 0.42 0.43 
Likelihood for unevenness       
Heterogeneity 0.21 0.13 0 0.007 0.062 0.041 
Centralization 0.25 0.18 0 0.02 0.09 0.08 
Small-world properties       
Transitivity 0.73 0.82 1 0.97 0.89 0.87 
Betweenness 0 0.08 0 0.008 0.033 0.040 
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FIGURES 851 

 852 

Figure 1: Mean concentration (± standard deviation) of dissolved inorganic nutrients (A.-E.) and dissolved oxygen (F.) 853 
throughout the experiment. G-H: Temperature and sunlight illuminance measured continuously during the experiment. 854 
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 855 

 856 

 857 

Figure 2: A: Temporal change of chlorophyll-a concentration throughout the experiment. Averaged values and standard 858 
deviation error bars, calculated from the three replicated mesocosms, are presented. B-D: contribution of the different 859 
size fractions to total chlorophyll-a concentration at the different treatments. 860 
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 863 

864 

 865 

Figure 3: Composition of bacterial (A) and eukaryotic (B) communities presented as relative abundance of each phylum. 866 
Relative abundance was calculated as percentage of final total reads per sample. Percentages correspond to averaged 867 
values of each treatments’ replicates. Bacterial phylum Proteobacteria is analyzed to the respective classes: Alpha-, 868 
Beta-, Delta- and Gamma-Proteobacteria. Category “Other” comprises the sum of phyla with relative abundance less 869 
than 5% at all cases. For bacterial community those phyla were: Acidobacteria, Armatimonadetes, Bacteria-ZB3, 870 
Chlamydiae, Chlorobi, Dependentiae, Elusimicrobia, Fusobacteria, Gracilibacteria, Lentisphaerae, Marinimicrobia, 871 
Microgenomates, Omnitrophica, Parcubacteria, unass. Bacteria, Verrucomicrobia and Tenericutes. For eukaryotic 872 
community those phyla were: Amoebozoa, Bigyra, Cercozoa, Hyphochytriomycota, Ochrophyta, Oomycota and 873 
Rhodophyta. C: Control, L: Low, H: High. 874 

 875 
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876 

 877 

Figure 4: Relative abundance heatmaps of the most representative bacterial (A) and eukaryotic (B) phyla. The phyla 878 
that noted more that 10% relative abundance at least once during the experiment were selected and the OTUs of each 879 
phylum were summed to the genus level. Taxonomic affiliation at the lowest possible level for each genus group, is 880 
shown. The color scale represents the relative abundance calculated as percentage of final total reads per sample. 881 
Percentages correspond to averaged values of each treatments’ replicates. C: Control, L: Low, H: High.  882 
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 883 

Figure 5: Biomass of the different planktonic groups throughout the experiment. Averaged values and standard 884 
deviation error bars, calculated from the three replicated mesocosms, are presented. A: Synechococcus biomass, B: 885 
Autotrophic nanoflagellate biomass, C: Bacillariophyta biomass, D: Heterotrophic prokaryote biomass, E: Heterotrophic 886 
nanoflagellate biomass, F: Ciliophora biomass and G: Dinoflagellata biomass. In G. the y-axis is broken for better 887 
visualization from 0.035 to 0.099 mg C ml-1; however no measured values are hidden because of y-axis break. 888 
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 895 

Figure 6: Network diagrams for two selected OTUs. Nodes represent OTUs; connections (edges) have been calculated 896 
with the eLSA algorithm; dashed lines correspond to negative relationships. Only significant relationships (p<0.05) with 897 
-0.66>LSA>0.66 are presented. Square symbol is used for the bacterial and circle for eukaryotic OTUs. The Pelagibacter 898 
(A-C) and Rhodobacteraceae (D-F) OTUs around which the networks were build, are represented by the star symbol. 899 
Different colors represent the different taxonomic groups. The high number of total edges in network C did not allow 900 
clear visualization of individual edges. 901 
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 916 
SUPPLEMENTARY INFORMATION 917 

Water column chemical variables 918 

Sampled seawater for particulate organic carbon (POC) and nitrogen (PON) determination was 919 
filtered on pre-combusted glass fiber filters and stored at -20oC until analysis. Analysis was 920 
performed as described in Hedges and Stern (1984). 921 

Bacterial biomass productivity rate 922 

Biomass production from heterotrophic bacteria was determined using the 3H-leucine protocol 923 
according to Kirchmann et al. (1986) with incorporating the later modifications of Smith and Azam 924 
(1992). 925 

Sequence data processing 926 

Raw sequences from the 16S rRNA sequencing were processed using UPARSE v82 (Edgar, 2013) 927 
algorithm and QIIME v1.93 (Caporaso et al., 2012). Paired-reads were assembled with fastq-join 928 
algorithm of QIIME (Caporaso et al., 2012) allowing for maximum 10% dissimilar alignment with 929 
an overlap of at least 50 nucleotides. Only sequences with mean Phred quality score higher than 930 
20 were kept. After primers were trimmed, UPARSE (Edgar, 2013) was used for de-replication and 931 
operational taxonomic units (OTUs) clustering at >97% similarity and de novo chimera detection. 932 
An additional chimera control using Gold database (https://gold.jgi.doe.gov/) was performed. 933 
Taxonomy was assigned with QIIME (Caporaso et al., 2012) using reference datasets from 934 
Greengenes (http://greengenes.secondgenome.com/) with the default uclust method and with 935 
at least 6 true reference database hits. 936 
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For the 18S rRNA dataset, raw sequence reads were processed using the OBITools metabarcoding 937 
software suite (Boyer et al., 2016). Sequences were trimmed to a median Phred quality score 938 
higher than 40, paired-reads were assembled with at least 50 nucleotides overlapping and pairs 939 
of higher than 40 alignment quality score were selected. Length filter was applied so that, only 940 
sequences of length between 80 and 200 bp were selected. Sequences were de-replicated with 941 
subsequent removal of sequences occurring only once in the dataset. PCR and sequencing errors, 942 
as well as chimeras, were removed using the obiclean algorithm of OBITools that kept sequences 943 
not having related sequences counting more than 5% of their count. Clustering to OTUs was 944 
performed using the SWARM (v2), a stepwise deterministic aggregation algorithm (Mahé et al., 945 
2015). Taxonomy was assigned with the ecotag algorithm (Boyer et al., 2016) using NCBI 946 
(https://www.ncbi.nlm.nih.gov/taxonomy) as taxonomic reference. Reference sequences were 947 
acquired from the EMBL-EBI databank (https://www.ebi.ac.uk/) and, subsequently, the 18S 948 
amplicon was targeted with in silico ecoPCR (Ficetola et al., 2010) using the primers used for the 949 
actual PCR (Amaral-Zettler et al., 2009). 950 

Finally, both datasets were refined by blank correction, removal of false positive results due to 951 
random index swap (Wangensteen and Turon, 2016), minimal abundance filtering (removal of 952 
OTUs with less than 5 reads), and contaminant removal (Wangensteen and Turon, 2016). Archaea 953 
sequences were removed from the 16S dataset since specific primers did not target them. 954 
Because we were interested only in nano- and micro- protists from the eukaryotic dataset, 955 
Metazoa and Fungi sequences were removed. Samples with fewer than 10,000 final reads were 956 
deleted from both datasets. Metrics of sequencing data, as well as, diversity indices are presented 957 
in Table S1. In text, sometimes the term species is used; however this is only for reasons of clarity 958 
and, in fact, OTUs are meant. 959 

Data analysis and statistics 960 

For the mixed-effect linear model, mesocosm identity (i.e. mesocosm unit) was considered as the 961 
random effect, thus accounting for a within-mesocosm nested design, while treatment, 962 
experimental day and their interaction were the fixed factors; maximum likelihood fit was used 963 
for the estimations. Each model was progressively build with the inclusion of a single predictor 964 
each time starting from a baseline with no predictors; the variances of the models were compared 965 
and the model that significantly improved the fit most was selected for each response variable. 966 
Planned contrasts were set for the treatments in order to identify the obtained differences 967 
(control versus nutrient treatments and “High” versus “Low”). Effect size (r) was calculated when 968 
contrasts found significant differences. 969 

In the PERMANOVA, the data were considered nested within mesocosm identity (i.e. mesocosm 970 
unit) and Bray-Curtis dissimilarity matrices were produced from the datasets. Planned orthogonal 971 
contrasts were set to test from which treatment level the differences were caused (control versus 972 
nutrient treatments and “High” versus “Low”). NMDS scaling was performed at three dimensions 973 
and the minimum number of iterations was set to 20. The number of permutations was 999 for 974 
all permutational analyses. For PERMANOVA and nMDS analysis, data were square-root 975 
transformed. For the multi-level pattern analysis, samples for Day-0 were considered as one 976 
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separate group reflecting the situation prior to manipulation (De Cáceres et al., 2010). Only 977 
indicator value indices higher than 89% and with p-values<0.05 are presented.  978 

A separate network analysis was applied for each nutrient treatment and the control, with time 979 
points being the different experimental days. To our knowledge, LSA (Ruan et al., 2006) is the only 980 
algorithm that can account for time lags between the different samples. Equal number of the 981 
most abundant, the most common and the most variable OTUs among samples were included in 982 
the analysis. The selection of OTUs that participated in the analysis was recommended by several 983 
peer-viewed publications (for example: Gilbert et al., 2011; Fuhrman et al., 2015). Only significant 984 
positive (eLSA>0.66) and significant negative (eLSA<-0.66) associations were considered for the 985 
network construction. Concerning the specific relationships encompassed in the networks, we 986 
calculated the number of relationships between specific groups according to their metabolic 987 
potentials as described in literature (for example: Genitsaris et al., 2016). Therefore, taxonomic 988 
groups were assigned to specific trophic group as follows: 1) autotrophs: Bacillariophyta, 989 
Chlorophyta, Cyanobacteria, Ochrophyta, Rhodobacterales (Alphaproteobacteria), Rhodophyta, 990 
Rhodospirillales (Alphaproteobacteria); 2) mixotrophs: Ciliophora, Cryptophytes, Dinoflagellata, 991 
Haptophytes; 3) grazers: Amoebozoa, Bigyra; 4) heterotrophic prokaryotes: Actinobacteria, 992 
Alphaproteobacteria (except Rhodobacterales and Rhodospirillales), Bacteroidetes, 993 
Betaproteobacteria, Gammaproteobacteria, Planctomycetes; 5) parasites: Cercozoa, 994 
Hyphochytriomycota, Labyrinthulomycetes, Oomycota. Mixotrophs were included in 995 
relationships corresponding to both autotrophs and grazers.  996 

The prokaryotic and eukaryotic datasets were processed individually at all cases, due to the 997 
differences at the dataset’s acquisition. Package nlme v3.1-131 (Pinheiro et al., 2018) was used 998 
for the mixed-model approach, package vegan v2.4-4 (Oksanen et al., 2017) for the multivariate 999 
community methods (PERMANOVA, nMDS, Mantel) and the indicspecies (De Cáceres and 1000 
Legendre, 2009) package was used for the indicator species analysis. Network analysis was 1001 
conducted with the igraph package (Csárdi and Nepusz, 2006). 1002 
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 1004 

 1005 

 1006 

 1007 

  1008 

Table S1: Sequence processing statistics (number of final sequences and OTUs) and alpha diversity 
estimations: Shannon-Wiener’s diversity (H) and Pielou’s eveness (J) indices, in the bacterial and eukaryotic 
datasets.  Averaged and standard deviation values calculated from the replicated mesocosms are presented. 
In parenthesis is the number of replicates used for the calculations in each case after the removal of samples 
with less than 10,000 final reads at the end of sequences processing. 

   
Final No of 
spequences 

No of 
OTUs 

Shannon-Wiener 
Index (H) 

Piellou’s 
Index (J) 

Ba
ct

er
ia

 

Day-0 

Control (3) 57428 ± 4085 137 ± 11 3.1 ± 0.3 0.7 ± 0.1 

Low (2) 36657 ± 2902 142 ± 2 3.0 ± 0.2 0.6 ± 0.1 

High (2) 102470 ± 523 147 ± 8 3.2 ± 0.1 0.7 ± 0.0 

Day-6 

Control (2) 25595 ± 1916 117 ± 11 2.9 ± 0.3 0.7 ± 0.1 

Low (2) 29985 ± 5870 104 ± 27 3.0 ± 0.1 0.7 ± 0.1 

High (2) 27336 ± 693 195 ± 57 3.0 ± 0.2 0.6 ± 0.1 

Day-12 

Control (3) 30729 ± 3275 182 ± 5 2.7 ± 0.2 0.5 ± 0.0 

Low (3) 20648 ± 3241 173 ± 6 2.7 ± 0.6 0.5 ± 0.1 

High (2) 13110 ± 1199 165 ± 6 2.9 ± 0.1 0.5 ± 0.0 

Eu
ka

ry
ot

es
 

Day-0 

Control (3) 56456 ± 4655 304 ± 33 2.6 ± 0.2 0.4 ± 0.0 

Low (3) 65711 ± 4021 340 ± 13 2.8 ± 0.5 0.4 ± 0.1 

High (2) 59549 ± 3607 335 ± 10 2.9 ± 0.3 0.5 ± 0.1 

Day-6 

Control (2) 12908 ± 739 82 ± 38 3.5 ± 0.4 0.7 ± 0.0 

Low (3) 12027 ± 1801 79 ± 7 3.5 ± 0.3 0.7 ± 0.1 

High (2) 33113 ± 842 432 ± 72 4.2 ± 0.3 0.7 ± 0.1 

Day-12 

Control (3) 26927 ± 3628 320 ± 24 3.0 ± 0.5 0.5 ± 0.1 

Low (3) 39115 ± 1357 326 ± 84 2.5 ± 0.5 0.4  ± 0.2 

High (2) 50056 ± 2393 404 ±24 2.6 ± 0.3 0.4 ± 0.0 
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Table S2: Topological parameters characterizing the three ecological networks in figure S9. 

 Control Low High 
Nodes 215 198 198 
Edges 6406 5786 5805 
Negative edges (%) 8.8 5.2 7.8 
Diameter 17 19 24 
Connectivity    
Average No of Neighbors 59.59 58.44 58.64 
Density 0.14 0.15 0.30 
Likelihood for unevenness    
Heterogeneity 0.03 0.02 0.03 
Centralization 0.11 0.11 0.12 
Small-world properties    
Transitivity 0.98 0.98 0.98 
Betweenness 0.01 0.008 0.02 
Average path length 1.26 1.27 1.28 

 1009 

  1010 



Page | 49  
 

 1011 

 1012 

Figure S1: Concentration of dissolved inorganic nutrients (A.-E.) and dissolved oxygen (F.) from Day-15 until 1013 
the end of the experiment. Averaged values and standard deviation error bars, calculated from the three 1014 
replicated mesocosms, are presented. G-H: Temperature and sunlight illuminance measured continuously 1015 
from Day-15 until the end of the experiment. 1016 
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 1017 

 1018 

Figure S2: Chlorophyll-a concentration from Day-15 to the end of the experiment. Averaged values and 1019 
standard deviation error bars, calculated from the three replicated mesocosms, are presented. 1020 

 1021 

 1022 

Figure S3: Ratio of particulate organic carbon to nitrogen (POC:PON) throughout the experiment. 1023 

  1024 
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 1025 

Figure S4: Biomass of the different planktonic groups from experimental day-15 until experiments’ 1026 
termination. Averaged values and standard deviation error bars, calculated from the three replicated 1027 
mesocosms, are presented. 1028 

  1029 
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 1030 

Figure S5: Bacterial productivity rate in μg carbon per ml per hour during the experiment. 1031 
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 1033 

Figure S6: Significantly associated bacterial OTUs to the different treatments according to the indicator 1034 
species analysis. Taxonomic association at the lowest possible level for each OTU, is shown. Only OTUs that 1035 
noted indicator value indices higher than 89% and with p-values<0.05 are presented. Relative abundance 1036 
calculated as percentage of final total reads per sample. A: Relative abundance of OTUs significantly 1037 
associated to Day-0 throughout the experiment; Day-0 was not separated into treatments since 1038 
PERMANOVA did not reveal any significant differences among treatments. B: Relative abundance of OTUs 1039 
significantly associated to “Control” throughout the experiment. C: Relative abundance of OTUs 1040 
significantly associated to treatment “Low” throughout the experiment. D: Relative abundance of OTUs 1041 
significantly associated to treatment “High” throughout the experiment. E: Relative abundance of OTUs 1042 
significantly associated to both nutrient treatments (“Low” & “High”) throughout the experiment. 1043 
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 1045 

Figure S7: Significantly associated eukaryotic OTUs to the different treatments according to the indicator 1046 
species analysis. Taxonomic association at the lowest possible level for each OTU, is shown. Only OTUs that 1047 
noted indicator value indices higher than 89% and with p-values<0.05 are presented. Relative abundance 1048 
calculated as percentage of final total reads per sample. A: Relative abundance of OTUs significantly 1049 
associated to Day-0 throughout the experiment; Day-0 was not separated into treatments since 1050 
PERMANOVA did not reveal any significant differences among treatments. B: Relative abundance of OTUs 1051 
significantly associated to “Control” throughout the experiment. C: Relative abundance of OTUs 1052 
significantly associated to treatment “Low” throughout the experiment. D: Relative abundance of OTUs 1053 
significantly associated to treatment “High” throughout the experiment. E: Relative abundance of OTUs 1054 
significantly associated to both nutrient treatments (“Low” & “High”) throughout the experiment. 1055 



Page | 55  
 

1056 

 1057 

Figure S8: Non-metric multidimensional scaling (nMDS) for the bacterial (A) and the eukaryotic (B) OTUs. 1058 
Different symbols are used for the different time periods, while color corresponds to treatments. Samples 1059 
belonging to prior effect period and control samples from each bloom period are represented grouped. 1060 
Bray-Curtis dissimilarity matrices were used in both cases. Stress values are noted on the plots. 1061 

  1062 
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 1063 

Figure S9: Network diagram for the three treatments “Control” (A), “Low” (B), “High” (C). Nodes represent 1064 
OTUs. Connections (edges) have been calculated with the eLSA algorithm; dashed lines correspond to 1065 
negative relationships. Only significant relationships (p<0.05) with -0.66>LSA>0.66 are presented. Square 1066 
symbol is used for the bacterial and circle for eukaryotic OTUs. Different colors represent the different 1067 
taxonomic groups. Concurrent from time-shifted relationships are not discriminated, as the focus is on the 1068 
interactions developed in each treatment. 1069 
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