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Abstract :   
 
Eutrophication is the most widespread effect of urban development in coastal areas. To elucidate how 
nutrient loading affects the carbon pathways at the base of food chains, we quantified the carbon transfer 
among microbial components, from prokaryotes to microzooplankton. For this purpose, we performed two 
size-fractionation feeding experiments during late summer under moderate (N: 28.5 μM, P: 0.92 μM, Si: 
45.8 μM) and severe (N: 173.9 μM, P: 3.5 μM, Si: 67.2 μM) cultural eutrophication in the Bahía Blanca 
Estuary (Argentina). In both experiments, prokaryotes were largely dominated by heterotrophic forms, 
small diatoms dominated among autotrophs, and heterotrophic nanoflagellates were the most abundant 
among protistan grazers. Under severe eutrophication, however, the average biomass was 75% lower for 
all autotrophic and heterotrophic components. Nutrient loading sustained a higher growth rate of 
heterotrophic bacteria and phytoplankton but implied poorer trophic transfer. Under moderate 
eutrophication, daily productivity of nanoplankton and bacteria grazed was 157% and 154%, respectively, 
while under severe eutrophication, this percentage dropped to 3.54% and 33.7%, respectively. In addition, 
under excess nutrient conditions, microzooplankton evidenced an active prey switching toward the most 
abundant prey (diatoms). Weak top-down control of bacterial biomass along with trophic decoupling 
between microzooplankton and nanoflagellates, constituted a dead-end of bacterial biomass under 
severe cultural eutrophication. This inefficient carbon transfer can potentially produce a positive feedback 
by exacerbating organic matter accumulation. 
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Introduction 

The ocean-land interface act as a buffer of human disturbance, but is also highly vulnerable 

to human activities and urban settlements (Glavovic et al. 2015). Draining of urban effluents 

and the subsequent shift of nutrient balance are among the most widespread effect of human 

activities in coastal areas. Immediate ecological responses to such changes promote the 

reconfiguration of autotrophic communities and the increased frequency, intensity and 

duration of algal blooms (Paerl et al. 2014). For instance, in eutrophic systems such as 

estuaries, variations in the N:P ratio due to allochthonous pulses of nutrients, change the size 

spectrum of primary producers by stimulating the growth of smaller organisms with higher 

nutrient affinities (McCarthy et al. 2007, Domingues et al. 2011, Suikkanen et al. 2013). 

Moreover, nutrient loading is often linked with the limitation of diatom growth due to silicate 

deficiency and the proliferation of non-siliceous, unpalatable algae (Officer and Ryther 1980, 

Breton et al. 2006, Panizzo et al. 2018). Alternatively, primary producers and heterotrophic 

bacteria may utilize inorganic nutrients outside the Redfield ratio thus altering their 

intracellular C:N:P ratio (Mills and Arrigo 2010, Meunier et al. 2014, Trautwein et al. 2017). 

Modifications on prey stoichiometry, in turn, reduce the performance of phagotrophs due to 

nutritional deficiencies (Malzahn et al. 2010). Phagotrofic protists, however, are able to 

thrive among preys with different intracellular composition and palatability (Ger et al. 2014). 

In eutrophic systems such as estuaries, microzooplankton is able to graze an average of 60 

% of daily primary production (Schmoker et al. 2013). Less attention has been paid on the 

grazing impact of heterotrophic nanoflagellates (HNF) in eutrophic areas. Observations 

revealed that grazing by HNF is highly dependent on temperature and constitute a primary 

mortality factor of bacteria during the warm season (Bong and Lee 2011, Ortmann et al. 

2011, Tsai et al. 2013). 
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While there is some consensus on the effect of eutrophication on the structure of microbial 

food webs, little is known about how nutrient loading affects the carbon pathways among 

microbes (Schmoker et al. 2016, Özen et al. 2017). This uncertainty is partly related with the 

lack of detailed studies that incorporate a food web approach (D’Alelio et al. 2016). This is 

a critical issue given that eutrophication can reduce the efficiency of food webs, in part as a 

result of the decrease in the grazer-to-prey ratio and the limited capacity of grazers to control 

algal proliferations (Calbet et al. 2014). Former studies using a food web approach in the 

Bahia Blanca Estuary have shown a discontinuous trophic interaction between 

microzooplankton and phytoplankton; in particular, a low microzooplankton potential to 

control phytoplankton blooms when exposed to severe eutrophication (López-Abbate et al. 

2016). To date, however, the role of bacteria and nanoflagellates remains uncertain. 

Here we conducted two feeding experiments to quantify carbon pathways among the 

microbial food web, from bacteria to microzooplankton, during late summer in the Bahía 

Blanca Estuary (Argentina). The estuary is a flood-plain ecosystem exposed to diverse 

anthropogenic activities and to point-source untreated domestic effluent (Marcovecchio et 

al., 2008). Our aim was to identify the main pathways of carbon transfer under contrasting 

exposure to human-driven eutrophication. To quantify the grazing impact of HNF and 

microzooplankton over size-specific prey, we employed the size-fractionation method that 

allows a detailed examination of trophic links. 

 

Materials and Methods 

Experimental set-up and rate calculation 

Feeding experiments were performed at two sites within the Bahía Blanca Estuary (38°45′–

39°40′S, 61°45′–62°30′W), which is located in the southwestern Atlantic Ocean coast, 
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Argentina. The sampling sites were selected by considering similar geomorphological 

features, but contrasting exposure to sewage input (Fig. 1). Both sites are located within tidal 

channels ranging 50–300 m width and 4–7 m depth. The first experiment was performed at 

Bahía del Medio (BM), which is not directly impacted by human stress (Baldini et al. 1999, 

Hoffmeyer and Barría de Cao 2007), while the second experiment was conducted in Canal 

Vieja (CV), a site directly affected by cultural eutrophication since it receives point-source 

untreated domestic effluent from the adjacent Bahía Blanca city (300,000 inhab.). The 

experiments were daily-deployed on March 6, 2012, to match the seasonal pulse of 

microzooplankton (Barría de Cao et al. 2011) and the first annual phytoplankton bloom 

(Guinder et al. 2013). 

The size fractionation method was used to compute the growth and grazing rates by 

comparing prey biomass at the beginning and end of an incubation period in the presence and 

absence of predators (Sato et al. 2007, Vargas et al. 2008, Paulsen et al. 2016). For this 

purpose, three size fractions were established: 0.2-3 µm (bacteria and cyanobacteria), 2-20 

µm (diatoms and other phytoplankton, phototrophic [PNF] and heterotrophic nanoflagellates 

[HNF]) and 20-135 µm (microphytoplankton and microzooplankton). The aim of this 

procedure is to eliminate size-specific grazers. The first two size fractions, 0.2-3 µm and 2-

20 µm, were obtained by screening surface seawater through 3 and 20 µm pore size filters, 

respectively, employing low vacuum (<10 mmHg). The third fraction, 20-135 µm, was 

obtained by reverse filtration through a 135 µm pore size mesh. The handling of water 

samples was carried out at room temperature within an indoor facility located at the riverine 

area, close to the sampling stations, and with extreme care to minimize the damage of 

organisms. From each size fraction, triplicate samples were reserved to register the initial 

composition, concentration and biomass of preys and grazers. Subsequently, three aliquots 
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(0.5 l) from each size fraction were placed on acid-cleaned polycarbonate bottles by reverse 

filtration and taken to the incubation site (Fig. 2). All incubation bottles were tightly capped 

after filling, thus avoiding air bubbles. Incubations were performed at the exact site of water 

collection to maintain in situ temperature and photoperiod. Bottles were placed within bags 

of woven nylon threads with a 5 cm mesh size that allowed the passage of light. After 

completing these procedures, bags were immediately placed near the surface (0.5 m depth) 

and fixed to the bottom by an anchor (Fig 2). At the end of the incubation period (24 h), 

samples were taken from each bottle to register the final composition, concentration and 

biomass of preys and grazers. 

Grazing by HNF and microzooplankton was computed by measuring cell removal during the 

incubation period. For this purpose, we compared cell abundance and biomass at the 

beginning and end of the incubation period in each bottle. The 0.2-3 µm and 2-20 µm size 

fractions were confronted to assess HNF grazing on bacteria and cyanobacteria, while the 2-

20 µm and 20-135 µm size fractions were confronted to compute microzooplankton grazing 

on PNF, HNF, diatoms and other phytoplankton (Frost 1972, Gifford 1993). The following 

equations were used to calculate prey growth, µ (d-1), and mortality rates, m (d-1): 

P2 = P1e
µ(t2−t1) 

P2
∗ = P1e

(µ−𝑚)(t2−t1) 

where P1 and P2 are the prey concentration at the beginning (t1) and end (t2) of the incubation 

period and P2* is the concentration of prey at the end of the incubation bottle within bottles 

with grazers. The filtration rate, F (µl grazer-1 h-1), was calculated as follows: 

𝐹 =
𝑉𝑚

𝑁
 



5 
 

were V is the volume of the incubation bottle and N is the number of grazers in the bottle. 

The proportion of bacterial production consumed by HNF and primary production consumed 

by microzooplankton, was estimated as the quotient between m and μ. The ratio was then 

transformed to their arctangent in order to reduce the effect of large values. Range and 

average percentage were converted back to percent production consumed using the tangent 

function (Calbet and Landry 2004). 

 

Field data 

Sea surface temperature (SST), salinity, turbidity, pH, dissolved oxygen concentration and 

saturation were simultaneously measured using a digital multi-sensor Horiba U-10. In 

addition, the concentrations of ammonium (NH4
+), nitrate (NO2

-), nitrite (NO3
-), phosphate 

(PO4
3+) and silicate (Si), were determined following the methods described in Spetter et al. 

(2015). Three measurements per parameter were performed. 

 

Plankton enumeration and identification 

Sub-samples from the initial and final treatments were taken for plankton quantification by 

light and epi-fluorescence microscopy. Samples for pico- and nanoplankton analysis (10 ml) 

were fixed with 0.53 ml of formaldehyde (f.c. 2 %) and subsequently processed following 

the methods described by Porter and Feig (1980). Heterotrophic bacteria and cyanobacteria 

were quantified by staining 1 ml seawater sample with 4,6-diamidino-2-phenylindole (DAPI) 

to a final concentration of 3 µg ml-1 and collected on black polycarbonate filters (25 mm 

diameter, 0.2 μm pore size). The enumeration was done with a microscope Nikon Eclipse 80i 

equipped with a fluorescence lamp at 100X magnification. Heterotrophic bacteria were 

identified using a UV excitation filter (330-385 nm) while cyanobacteria were identified 
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using a green excitation filter (480-550 nm). Ten images were taken at random points from 

each polycarbonate filter using a Nikon DXM1200F digital camera and subsequently, every 

cell in the image was enumerated and sized using the software ImageJ. Bacteria cell volumes 

were calculated assigning simple geometric shapes to species (coccos, bacillus), and 

converted into carbon content (µg C l-1) by the allometric model according to Simon and 

Azam (1989). 

The identification of diatoms and other phytoplankton, PNF and HNF was done by a 

combination of light and epi-fluorescent microscopy. Prior to the enumeration of organisms, 

preserved samples (5 ml) were stained with DAPI (f.c. 5 µg ml-1) and proflavin (f.c. 5 µg ml-

1) and collected on black polycarbonate filters (25 mm diameter, 0.2 μm pore size) (Verity 

and Sieracki 1993). Most PNF and HNF were identified using a blue excitation filter (450-

490 nm) while Cryptophytes were identified using a green excitation filter (480-550 nm). 

The enumeration of organisms was done by settling the preserved sample (1-2 ml) in 

Utermöhl chambers during 24 h (Hasle 1978). The entire chamber was analysed under a Wild 

M20 inverted light microscope. Similarly, the enumeration of phytoplankton and 

microzooplankton in the size fraction >135 µm was done by settling a variable volume (10–

50 ml, depending on sediment and plankton concentration) of preserved seawater sample 

(Lugol's iodine) in Utermöhl chambers during 24 h. Biomass was estimated by assigning 

simple geometric shapes to species to quantify cell volume which was then converted into 

carbon content (µg C l-1) according to Hillebrand et al. (1999). 

 

Data analysis 

Differences of biotic and abiotic variables between sites were calculated by linear regression 

models and One-way ANOVA. All data were tested for normality prior to analysis. The 
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structure of plankton, i.e. taxonomic composition, in both sites was compared by non-metric 

Multi-Dimensional Scaling (MDS) using the R-package vegan. The technique was based on 

triangular matrix using the Bray Curtis similarity index (Clarke and Warwick 1994). A biplot 

was used to visualize the correlation of external variables (species) on a MDS. Significant 

differences in the plankton structure between sites were calculated by a One-way Analysis 

of Similarities (ANOSIM) at a significance level of p<0.05 and R statistic>0.5. Similarity 

Percentages Analysis (SIMPER) was used to assess the contribution of each species to the 

similarity within groups and dissimilarity between groups. Feeding selectivity of 

microzooplankton was estimated by computing the selectivity index (Vanderploeg and 

Scavia 1979). 

 

Results 

Environmental conditions 

Environmental variables at the beginning of the feeding experiments are shown in Table 1. 

SST, salinity, dissolved oxygen concentration, % oxygen saturation and pH were similar in 

both sites. The concentration of all inorganic nutrients was higher in CV (p<0.05, One-way 

ANOVA, Table 1), while water turbidity was higher in BM (p=0.040, One-way ANOVA). 

The ratio between nitrogen, silicate and phosphate (N:Si:P) at the beginning of the 

experiment was 27:29:1 in BM and 47:10:1 in CV. 

 

Microbial community structure 

The mean biomass of preys and grazers at the beginning of the feeding experiments is shown 

in Figure 3. The species composition of nanoplankton and microzooplankton was markedly 

different between both sites (Figure 4). Thalassiosira minima, HNF, PNF>5 µm, Paralia 
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sulcata and Thalassionema nitzschioides, contributed with 84 % to the total dissimilarity 

between sites (ANOSIM p<0.05, R=0.50). The mean concentration of heterotrophic bacteria 

in BM was 3049.4 ± 1805.6 cell µl-1, while in CV it was 909.67 ± 336.74 cell µl-1. 

Cyanobacteria concentration was considerably lower and varied between 21.21 ± 3.06 cell 

µl-1 in BM and 1.29 ± 2.24 cell µl-1 in CV. The abundance of total nanoplankton (phototrophic 

and heterotrophic plankton in the size range between 2 and 20 µm) was 300.13 ± 24.75 cell 

µl-1 in BM and 85.31 ± 8.34 cell µl-1 in CV. Total nanoplankton biomass was dominated by 

diatoms, such as Thalassiosira minima, Cyclotella spp. and Thalassionema nitzchioides 

(Figure 5a). Diatoms constituted the 45 and 54 % of the total nanoplankton biomass in BM 

and CV, respectively. Among nanoflagellates, the most abundant groups were Pyramimonas 

sp., unidentified phototrophic flagellates in the size range higher than 5 µm (PNF>5 µm) and 

picoeukaryotes (PNF<5 µm). PNF constituted the 10 and 13 % of the total nanoplankton 

biomass in BM and CV respectively, while HNF constituted 39 and 24 % of total 

nanoplankton biomass in BM and CV, respectively. Dinoflagellates and other groups such 

as coccolithophores, nanociliates, Calycomonas spp. and euglenophytes constituted less than 

2 % of total nanoplankton biomass (Figure 5a). Microzooplankton abundance ranged 

between 4986 ± 305 cell l-1 in BM and 1373 ± 500 cell l-1 in CV. Tintinnidium balechi, 

Tintinnopsis brasiliensis and T. levigata, were the most abundant species among ciliates, 

while nauplii constituted the most important item in terms of carbon biomass in CV (Figure 

5b). 

 

Growth, grazing and feeding selectivity 

The growth and productivity rate of plankton components are summarized in Figure 6. 

Diatoms showed a significantly higher growth and productivity rate in CV, while HNF 
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showed significantly higher values of productivity in this site (Table 2). Conversely, the 

grazing of HNF on bacteria, and the grazing and filtration rate of microzooplankton on HNF 

were significantly higher in BM (Figure 7, Table 2). This resulted on wide differences in the 

% of nanoplanktonic productivity (NP) grazed in the two sites; in BM microzooplankton 

consumed an average of 157 % of NP, while in CV this percentage dropped to 3.54. The 

widest difference was found on the percentage of HNF productivity grazed per day that 

varied from 92.7 % in BM to 0 % in CV. HNF consumed 154 % of bacterial productivity in 

BM and 33.7 % in CV (Figure 8). 

During the feeding experiments, most prey items were either avoided (Ei<0) or ignored 

(Ei=0) (Figure 5a). In BM, the 61 % of prey was negatively selected and the 11 % was 

ignored, while in CV, the 69 % were negatively selected and 15 % ignored. Selected prey 

items by microzooplankton in BM were Paralia sulcata, Karenia mikimatoi, Prorocentrum 

micans, Protoperidinium aff. bipes, Calycomonas sp.2, nanociliates and coccolithophores. In 

CV, the microzooplankton actively fed on Asterionellopsis glacialis, Cylindrotheca 

closterium, Skeletonema sp. and Calycomonas sp.2. 

 

Discussion 

Eutrophication effect on the structure of the microbial community 

Wastewater effluents produced a significant increase on all inorganic nutrients, especially 

NH4
+. Excess nutrients produced a negative effect on the biomass of all microbial 

components, including phytoplankton. A similar negative effect of cultural eutrophication on 

phytoplankton biomass and productivity was documented in other coastal habitats. 

Observational evidence indicates that the negative effect can be attributed to the inhibition 

of growth and NO3
- uptake by excess NH4

+ (Yoshiyama and Sharp 2006, Cox et al. 2009, 
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Waiser et al. 2011, Dugdale et al. 2012, Parker et al. 2012, Glibert et al. 2014). Dugdale et 

al. (2007), conducted enclosure experiments in the San Francisco Bay and determined that 

NH4
+ concentration exceeding 4 µM inhibits growth by preventing cells access to NO3

-, 

although other authors have reported a threshold value close to 10 µM in the Delaware Bay 

(Yoshiyama and Sharp 2006). NH4
+ concentration near the sewage outflow in the Bahía 

Blanca Estuary can eventually exceed 150 µM (López-Abbate et al. 2015), which is known 

to reduce chlorophyll content, cell abundance and productivity of estuarine phytoplankton 

(Livingston et al. 2002, Yoshiyama and Sharp 2006). Algal blooms resulting from cultural 

eutrophication are in fact associated with much lower NH4
+ concentration. For instance, in 

the San Francisco Estuary and in the Indian River Lagoon at Florida east coast, US, algal 

blooms were trigged at NH4
+ concentrations lower than 25 µM (Dugdale et al. 2012, Lapointe 

et al. 2015). Heterotrophic bacteria also showed significantly lower biomass under severe 

eutrophication. Among Chicago metropolitan rivers, benthic bacteria evidenced vulnerability 

to wastewater effluents along with a loss of diversity (Drury et al. 2013). Authors 

hypothesized a mediating effect of toxic compounds such as antimicrobials contained in the 

effluents. 

The vulnerability of microzooplankton to severe eutrophication during our summer 

experiments, was also verified by field observations, which revealed that eutrophication 

reduces microzooplankton biomass at the interannual time-scale (López-Abbate et al. 2015). 

Moreover, cultural eutrophication in the Bahía Blanca Estuary has been shown to reduce 

mesozooplankton biomass during summer (Dutto et al. 2012) and the fertility of the copepod 

Eurytemora americana (Berasategui et al. 2018). The negative effect on planktonic grazers 

was attributed to the combination of several factors, such as hypoxia (Dutto et al. 2012) and 



11 
 

toxicity of NH4
+ and heavy metals (López-Abbate et al. 2015, Fernández Severini et al. 2017, 

Berasategui et al. 2018).  

Given that the wastewater effluents impacted negatively on every microbial component, we 

hypothesize that the mediating factors were the toxic effect of NH4
+ and bottom-up 

regulation. In turn, an inefficient use of nutrients by primary producers, likely impacts on the 

overall carbon transfer across the entire food web (Schmoker et al. 2016). These results 

suggest that environmental quality degradation associated with the dumping of urban 

effluents can undermine the compensatory capacity of microbial communities and yield 

unexpected biological responses such as the drop of bacterial biomass. 

 

Eutrophication effect on carbon transfer among the microbial food web 

Excess nutrients under severe eutrophication sustained a higher growth rate of primary 

producers and heterotrophic bacteria, and reduced the biomass of all microbial components 

and the grazing of HNF and microzooplankton (Figure 8). This resulted in an inefficient 

trophic transfer of autotrophic and bacterial carbon. In eutrophic ecosystems, grazing by HNF 

is one of the most important pathways of bacterial biomass during summer (Tsai et al. 2013), 

while HNF biomass is efficiently relocated by top-down control (Wieltschnig et al. 2001). 

Our results evidenced that under the low influence of wastewater effluents, HNF grazed 154 

% of daily bacterial production, while microzooplankton grazed 157 % of total nanoplankton 

daily production. However, under the direct influence of wastewater effluents, the percentage 

of bacterial biomass grazed by HNF dropped to 33.7 %. It is worth noting that water turbidity 

above 50 NTU, as recorded in BM, reduces the abundance of ciliates (López-Abbate et al. 

2019), which implies that significant differences on suspended particle concentration among 

sites may biased the calculation of rates. Low top-down control of HNF upon bacteria, 
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however, was also documented under the effect of cultural eutrophication in the Kaštela Bay, 

Croatia (Šolić et al. 2010), and in many eutrophic lakes (Wieltschnig et al. 2001, Zingel et 

al. 2007, Fermani et al. 2014). The weak coupling between HNF and bacteria results in most 

cases from the strong top-down control of ciliates on HNF. Here, in contrast, we found a 

weak top-down control on HNF, therefore the question remains on whether the low grazing 

impact of HNF resulted from specific responses to nutrients and toxic effects or to changes 

in community composition. In addition, the handling of organisms during the preparation of 

size fractions, implies that many cells will suffer some damage, especially the pico (0.2-3 

µm) and nano-sized (2-20 µm) fractions that were exposed to vacuum pressure. This 

procedure could lead to lower estimates of plankton growth and grazing and is not the 

preferable method for obtaining accurate rate estimates (Landry et al. 1984). 

Severe eutrophication also reduced the grazing impact of microzooplankton on HNF as a 

result of an active prey switching toward the most abundant items (diatoms). Selective 

feeding of microzooplankton toward diatoms is probably linked with the stimulation of 

diatoms growth driven by nutrient enrichment. In fact, prey growth rate is a primary factor 

that activates the grazing of microzooplankton even in productive areas (Sanderson et al. 

2012, López-Abbate et al. 2016). Significantly higher water turbidity in BM may be an 

additional factor explaining contrasting trophic pathways in both sites. In fact, the prey size 

spectrum of ciliates is within the size range of suspended sediments in the Bahía Blanca 

Estuary (Guinder et al. 2015), and a high concentration of inedible suspensoids likely 

interfered with grazers selectivity, especially in BM. Similar prey switching, from HNF to 

micro-sized phytoplankton, however, was reported in the Kaštela Bay under intense 

eutrophication (Šolić et al. 2010). The trophic decoupling between microzooplankton and 

HNF under severe eutrophication, constituted a dead-end of bacterial biomass and might 
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produce a positive feedback with continuous eutrophication by exacerbating the 

accumulation of organic matter. Former investigations on fatty acid revealed that 

mesozooplankton in the Bahía Blanca Estuary also circumvent active feeding on HNF under 

severe eutrophication during summer, thus minimizing the carbon transfer from bacteria 

toward higher trophic levels (Dutto et al. 2014). The re-wiring of the microbial network 

driven by modifications in nutrient concentration, evidences that simply quantifying grazing 

rates may not fully disclose the mechanisms and feedbacks coupled to human-driven 

eutrophication. Since this study covers only the warm season, it remains unknown to what 

extent the observed trophic interactions change seasonally, although we may expect marked 

changes given the strong thermal dependence of microbial grazers (Domaizon et al. 2003, 

Rose and Caron 2007). Our results revealed that low trophic efficiency under severe 

eutrophication may aggravate the accumulation of organic matter thus accelerating habitat 

deterioration. 
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Figure and tables captions 

Table 1 Mean value ±1 standard deviation (SD) and the number of replicates (n) of 

environmental variables in both sites. p-Values in bold (<0.05) indicate significant 

differences between sites (One-way ANOVA). 

 

 

 

Table 2 One-way ANOVA of the effects of site (BM vs. CV) on the growth (µ), production 

(P), grazing (m) and filtration rates (F). Mean comparison of triplicate rate estimates was 

performed for each corresponding prey and grazer item. p-Values in bold (<0.05) indicate 

significant differences between sites (One-way ANOVA). 

 

  

BM CV n p

SST (°C) 22.20 ± 0.70 23.35 ± 0.35 3 0.176

Salinity 40.33 ± 0.09 38.80 ± 1.13 3 0.196

Dissolved O2 (mg l-1) 6.32 ± 0.16 5.47 ± 0.47 3 0.139

%O2 saturation 88.00 ± 0.28 77.70 ± 7.07 3 0.176

pH 8.25 ± 0.035 8.16 ± 0.03 3 0.126

Turbidity (NTU) 160.50 ± 30.41 54.00 ± 7.07 3 0.040

NH4
+ (µM) 23.53 ± 10.66 161.83 ± 56.07 3 0.043

NO3
- (µM) 3.37 ± 1.18 9.69 ± 0.07 3 0.001

NO2
-  (µM) 1.66 ± 0.33 2.47 ± 0.03 3 0.013

PO3
-4 (µM) 0.92 ± 0.49 3.53 ± 0.42 3 0.002

Si (µM) 45.79 ± 12.39 67.17 ± 0.32 3 0.040

p R2
p R2

p R2
p R2

Bacteria 0.165 0.273 0.248 0.142 0.001 0.945 0.297 0.081

Diatoms 0.008 0.823 0.046 0.588 0.120 0.366 0.243 0.148

PNF 0.114 0.380 0.611 0.000 0.665 0.000 0.288 0.091

HNF 0.182 0.243 0.047 0.583 0.003 0.897 0.020 0.723

Microzooplankton 0.109 0.392 0.243 0.149 - - - -

µ P m F
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Fig. 1. Sampling area showing the location of two sampling sites exposed to moderate (Bahía 

del Medio, BM) and high anthropogenic eutrophication (Canal Vieja, CV). 
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Fig. 2. Scheme showing the experimental protocol used in the size-fractionation method. The 

first step (upper panel) involves the elimination of size-specific grazers by filtering whole 

seawater to obtain the following size-fractions: 0.2-3 µm (bacteria and cyanobacteria), 2-20 

µm (diatoms and other phytoplankton, phototrophic [PNF] and heterotrophic nanoflagellates 

[HNF]) and 20-135 µm (microphytoplankton and microzooplankton). Triplicate sets of size-

fractions were immediately taken for incubation to the sampling site to maintain in situ 

temperature and photoperiod. Bottles were placed on net bags near the surface and fixed to 

the bottom by an anchor (medium panel). After 24 h incubation, growth and grazing rates 

were estimated by confronting the initial and final biomass of organisms in the presence and 

absence of grazers (lower panel). 
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Fig. 3. Mean value ± 1 SD of the biomass (µg C l-1) of heterotrophic bacteria (HB), 

cyanobacteria (cyano), diatoms, phototrophic nanoflagellates (PNF), heterotrophic 

nanoflagellates (HNF) and microzooplankton (MZ) under moderate (BM) and high (CV) 

exposure to cultural eutrophication. Mean values were computed based on triplicate samples 

taken at the beginning of the experiment. 
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Fig. 4A. Relative biomass contribution (%) of the microbial community under moderate 

(BM) and high (CV) exposure to cultural eutrophication. PNF: phototrophic nanoflagellates, 

HNF: heterotrophic nanoflagellates, MZ: microzooplankton. B. Multi-dimensional scaling 

analysis of microbial community with site (BM and CV) as discriminating factor. Stress 

values of the analysis are shown in the left upper corner of the plot. Species that showed 

significant correlation with the ordination configuration (p<0.05) are also shown.  



19 
 

 

Fig. 5A. Mean value ± 1 SD of the biomass of nanoplankton at the beginning of the 

experiment under moderate (BM) and high (CV) exposure to cultural eutrophication. Colour 

scale denotes the trophic selectivity index (Ei) of microzooplankton over each item. B. Mean 

value ± 1 SD of the biomass of microzooplankton at the beginning of the experiment under 

moderate (BM) and high (CV) exposure to cultural eutrophication. 
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Fig. 6. Mean value + 1 SD of the growth (µ, d-1) and production rate (P, µg C l-1 h-1) of 

bacteria, phototrophic nanoflagellates (PNF), diatoms, heterotrophic nanoflagellates (HNF) 

and microzooplankton (MZ) under moderate (BM) and high (CV) exposure to cultural 

eutrophication. 
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Fig. 7. Mean value + 1 SD of the grazing (m, d-1) and filtration rates (F, µl grazer-1 h-1) of 

heterotrophic nanoflagellates over bacteria (A) and microzooplankton over specific prey 

items (B) under moderate (BM) and high (CV) exposure to cultural eutrophication. PNF: 

phototrophic nanoflagellates, HNF: heterotrophic nanoflagellates, MZ: microzooplankton, 

TNF: total nanoflagellates. 

  



22 
 

 

Fig. 8. Trophic transfer pathways under moderate (A) and high (B) cultural eutrophication. 

Colour scale of circles denotes the specific growth rate (µ, d-1), while grazing impact on daily 

prey productivity (m:µ, dimensionless) is indicated by the arrow width. The area of the circles 

represents carbon biomass of each component in logarithmic scale. PNF: phototrophic 

nanoflagellates, HNF: heterotrophic nanoflagellates, MZ: microzooplankton. 
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