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Abstract 

In many coastal ecosystems, long-term monitoring of phytoplankton biomass and community 

is often restricted to a limited number of sampling stations. To extrapolate local findings to a 

larger area, spatial and temporal dynamics of the phytoplankton community should be known. 

Spatio-temporal variation in phytoplankton dynamics is expected to be particularly high in 

temperate coastal seas which are under the influence of riverine inputs. In this study, we tested 

this hypothesis by carrying out measurements during four sampling periods (February, March, 

May and September in 2010) covering different parts of the phytoplankton seasonal cycle across 

four locations (S2, S5, S11 and S17) in the western part of the Dutch Wadden Sea. PLFA 

composition and 
13

C-labeling in PLFA patterns were used to investigate both spatial and 

temporal distribution of the phytoplankton community in the Marsdiep basin. In conjunction 

with 
13

C-PLFA labeling, several parameters were measured such as chlorophyll-a (proxy for 

phytoplankton biomass), phytoplankton taxonomic composition of the dominant species, and the 
13

C-labeling in particulate organic carbon. Changes in the phytoplankton composition and abiotic 

factors at the different stations were not significantly different between high and low tide. 

Overall, the temporal and spatial differences in phytoplankton communities in the Marsdiep 

basin were largely determined by freshwater discharge from Lake IJsselmeer. Episodic 

freshwater discharges occurred during two sampling periods: February and September. This was 

especially pronounced during the September cruise, when we observed a contribution of 

Chlorophyceae and cyanobacteria in the phytoplankton taxonomic distribution (CHEMTAX 

analysis) at low salinity (salinity values ranged from 10 to 23‰). Our findings suggest that the 

Marsdiep tidal basin can be regarded as a more or less homogeneous mixed system if the 

riverine/freshwater from Lake IJsselmeer inputs are low. This implies that the long-term field 

observations near the tidal inlet is representative for a large part of the Marsdiep basin. 
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Introduction  

Long-term surveys of nutrient concentrations and phytoplankton communities have been 

useful in understanding human impacts and ecological changes in ecosystems. Long-term 

monitoring data can detect changes as a result of management policy in a disturbed aquatic 

ecosystem going from eutrophic to less eutrophic conditions (van Beusekom, 2005; Schindler, 

2006; Smith et al., 2006). During the last decades, the Wadden Sea has undergone changes from 

a eutrophic state, caused by high load of nutrients, to a more mesotrophic condition. As a result 

of policy measures to remediate eutrophication, the decrease in nutrient loads was more 

successful for phosphorus (P) than for nitrogen (N), causing an increase in the N:P ratio of the 

dissolved inorganic nutrients (Philippart et al., 2007). Whether de-eutrophication will follow the 

reverse course of the eutrophication with regard to ecosystem characteristics such as 

phytoplankton biomass and species composition is uncertain. This is even unlikely when 

alternative stable states exist (Scheffer et al., 2001; Scheffer and van Nes, 2004), or when other 

environmental conditions have irreversibly changed (Philippart and Epping, 2010).  

Several studies used long-term monitoring data to investigate the responses of the Wadden 

Sea biota to changes in phytoplankton biomass in association with changes in nutrient loadings 

(Cadée and Hegeman, 2002; Philippart et al., 2007). In the Marsdiep tidal basin of the western 

Dutch Wadden Sea, a phytoplankton monitoring survey started in the early 1970s and the data 

obtained from the NIOZ sampling jetty are used to distinguish between changes in the 

phytoplankton composition originating from natural oscillations and human induced processes 

(Loebl et al., 2009; Philippart et al., 2010). Although the long-term series showed large inter-

annual variability, no trends in the timing of the phytoplankton spring bloom were observed 

during the period 1974-2007 (Philippart et al., 2010). However, the intensity of the spring bloom 

showed an increase until the early 1990s followed by a decrease hereafter, and the magnitude of 

the autumn bloom showed a consistent declining trend throughout the study period from the 

long-term series. 

The NIOZ sampling jetty is located close to the Texel inlet, and samples were always taken 

at high tide and therefore it cannot be excluded that the data reflect at least partially conditions 

from the adjacent North Sea (Postma, 1981). This might obscure long-term changes occurring in 

the Marsdiep basin. Other sources of input are coming from freshwater systems (rivers, Lake 

IJsselmeer, and rainfall). Water mass balance models used by van Raaphorst and de Jonge (2004) 

suggest that an increase of discharge from Lake IJsselmeer into the western Dutch Wadden Sea 

can counteract the ongoing de-eutrophication measured at the NIOZ sampling jetty. However, 

annually averaged suspended organic matter (SPM) concentrations, as obtained from continuous 

ADCP measurements on the TESO ferry crossing the Marsdiep inlet, showed a significant 

relationship with annual turbidity indices as determined from measurements at the NIOZ 

sampling jetty during high tide, suggesting that conditions at the NIOZ sampling jetty during 

high tide data reflect environmental conditions in the Marsdiep tidal inlet (Philippart et al., 

2012). The primary objective of this study was to investigate spatio-temporal distribution of 
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phytoplankton community under influence of episodic freshwater discharge in the Marsdiep 

basin. In order to do this we quantified and identified in situ changes of phytoplankton biomass 

and activity in different phases of the phytoplankton growth season, at different locations and 

during high and low tide. We also describe the abiotic mechanisms contributing to these 

temporal and spatial patterns of the phytoplankton community.  

Material and methods 

Sampling stations in the Marsdiep tidal basin 

From 1974 onwards, water samples have been collected with a bucket from the NIOZ 

sampling jetty, located in the Marsdiep tidal inlet between the North Sea and the Wadden Sea 

(53°00‘06‖ N, 4°47‘21‖ E; Fig. 1). Sampling was always performed at high tide (±10 minutes) 

as predicted for Den Helder (http://live.getij.nl) to limit the variation in parameter values as the 

result of tidal currents. In 2010, the sampling frequency at the NIOZ sampling jetty was 40 times 

per year, varying from once or twice a month in winter and up to twice a week during spring 

bloom of phytoplankton in April and May. The accessibility of the NIOZ sampling jetty, the low 

frequency and handling of the sampling, and the basic analysis techniques were the prerequisites 

for the long-term monitoring of this station for almost 40 years (Philippart et al., 2010).  

In 2010, four additional stations in the western Dutch Wadden Sea (Fig. 1) were sampled 

during four characteristic periods in the phytoplankton seasonal cycle with the R/V Navicula. 

These periods were chosen based on the long-term series of phytoplankton biomass observed at 

the NIOZ sampling jetty (Philippart et al., 2010). Station 2 (S2) was located close to the NIOZ 

sampling jetty at the junction where the main inlet of the Marsdiep tidal basin is divided into two 

major branches, i.e. the ―Malzwin‖ which extends to the westernmost freshwater input and the 

―Vliestroom‖ which extends to the easternmost freshwater input from Lake IJsselmeer. Station 5 

(S5) is located almost at the end of Malzwin close to the freshwater input, whilst station 11 (S11) 

is situated halfway Vliestroom. Station 17 (S17) is located at the entrance of a third, but much 

smaller, branch which drains the Balgzand, one of the major tidal flat areas in the Marsdiep tidal 

basin. For each station, samples were taken during high water (HW) and low water (LW). The 

February cruise (Nav3, 15
th

 to 19
th

) was timed to the initial development of the phytoplankton 

bloom during spring, the March cruise (Nav4, 22
de

 to 26
th

) was intended to coincide with the 

main development phase of the spring bloom of phytoplankton, whereas the May cruise (Nav5, 

3
rd

 to 7
th

) was supposed to take place at the maximum of the phytoplankton bloom and the 

minimum in nutrient availability. The September cruise (Nav6, 6
th

 to 10
th

) was supposed to 

coincide with the autumn phytoplankton bloom following the nutrient regeneration period 

(Brinkman, 2008). At all stations and during all sampling periods, temperature and salinity data 

were obtained from a standard CTD cast (Seabird SBE9). For each additional station and each 

sampling period, the sampling took place during local high tide and low tide. 
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13
C stable isotope labeling experiments 

Water samples were collected with a Niskin bottle at 0.5 m below the water surface. 

Water samples were divided into six polycarbonate bottles of 2.5 L each. The bottles were 

incubated under artificial fluorescent light of 100 µmol photons m
-2

 s
-1

 during two hours after 

injection of NaH
13

CO3 (4% of the ambient dissolved inorganic carbon). Dissolved inorganic 

carbon averaged at 2.2 ± 0.06 mmol L
-1

 during the four periods investigated (E. Epping, pers. 

communication). Before and after each incubation, samples were filtered separately onto pre-

combusted 47 mm Whatman GF/F filters for PLFA and POC analysis. Stable isotope data are 

expressed in the delta notation (δ
13

C) relative to carbon isotope ratio (R = 
13

C/
12

C) of Vienna Pee 

Dee Belemnite (R VPDB= 0.0111797): δ
13

C = [(Rsample / RVPDB -1) × 1000]. The 
13

C fraction in 

PLFA was calculated as 
13

C / (
13

C + 
12

C) = R/ (R+1). The 
13

C-incorporation for each PLFA 

(nmol C L
-1

) was calculated from the difference of the 
13

C fraction in PLFA at the start and at the 

end of the incubation, multiplied by the concentration of the individual PLFA at the start of the 

incubation (Dijkman et al., 2009).  

Phospholipid fatty acid extraction 

Lipids were extracted in a mixture of chloroform:methanol:water (1:2:0.8, v:v:v), using a 

modified Bligh and Dyer method (1959) (Middelburg et al., 2000). The extract was evaporated 

in a rotation vacuum evaporator for at least two hours at 190 rpm (Rapid Vap®, Labconco Corp., 

Kansas City, MO, USA). The formation of an aqueous-organic two layers phase separation was 

induced by the addition of chloroform and water at a ratio of chloroform:methanol:water 

(1:1:0.9, v:v:v). The lower phase of chloroform containing the total lipid extract was collected. 

After evaporation of the solvent, the total lipid extract was fractionated into different polarity 

classes on a silica column (0.5 g Kieselgel 60; Merck) and eluted sequentially with 

chloroform:acetone:methanol (1:1:2, v:v:v). The methanol fraction containing the PLFA was 

collected. After evaporation of the methanol, a mixture of methanol:toluene was added (1:1, v:v) 

and the fatty acids were converted to methyl ester derivatives of the fatty acid (FAME) using 

mild alkaline methanolysis (1 mL of 0.2 mol L
-1

 of sodium methylate). In order to stop the 

methylation reaction, a mixture of hexane:acid acetic:milliQ (1:0.3:1, v:v:v) was added and the 

upper hexane containing layer was collected. In addition, 20 µL of each internal standard (19:0 

and 12:0, both 0.1 mg) was added during the synthesis of the derivatives. The carbon isotopic 

composition of each individual FAME was determined by GC-C-IRMS, using a Varian 3400 gas 

chromatograph equipped with a Varian SPI injector that was coupled via a type II combustion 

interface to a Finnigan Delta S isotope ratio mass spectrometer (Middelburg et al., 2000). The 

FAMEs were determined according to their retention times compared to a reference standard. 

Concentrations were calculated from the peak areas using PLFA standards of known 

concentration.  

PLFAs are classified according to the presence/absence and number of double bonds. The 

PLFA nomenclature used in this study follows the pattern of X:Yω-Z. The ‗‗X‘‘ position 

identifies the total number of carbon atoms in the fatty acid. Position ‗‗Y‘‘ is the number of 
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double bonds and ‗‗Z‘‘ designates the carbon atom from the aliphatic end before the double 

bond. This is followed by a ‗‗c‘‘ for cis or a ‗‗t‘‘ for trans configuration of monoenoics. The 

prefixes ‗‗i‘‘ and ‗‗a‘‘ stand for ―iso‖ and ―anteiso‖, respectively, and these PLFA are branched 

fatty acid (BrFA). If one double bond is present, PLFA is a mono-unsaturated fatty acid (MUFA) 

and when ≥ 2 double bonds are present, the PLFA is a poly-unsaturated fatty acid (PUFA). If no 

double bond is present, the PLFA is a saturated fatty acid (SFA). 

CHEMTAX analysis 

The contribution of phytoplankton classes to the whole community was based on the 

PLFA composition, which was analyzed using CHEMTAX software (Mackey et al., 1996). 

According to the microscopic analysis, five phytoplankton classes (Chlorophyceae, 

Bacillariophyceae, Cryptophyceae, Prymnesiophyceae and cyanobacteria) were present and 

included in the CHEMTAX initial input ratio file. The initial PLFA ratio matrix of Dijkman and 

Kromkamp (2006) was modified by including cyanobacteria (supplementary Table 1).  

Chlorophyll-a 

Samples for chlorophyll-a (Chla) determination were collected onto GF/F Whatman 

filters. Pigments were extracted with 10 mL of a mixture of 90 mL acetone and 10 mL water 

using a CO2-gas cooled bead-beater. After extraction and centrifugation (3 min, 1500 rpm) to 

clear the solution, pigments were separated on a C18 column using reversed phase 

chromatography. The pigments were detected by a photodiode array and fluorescence detector 

on a HPLC system (Dionex LC-02). Pigments were identified by their retention time and 

absorption spectra as given in the literature (Jeffrey et al., 1997).  

Suspended particulate matter 

SPM was obtained from the water column by filtering 0.5 to 1 L onto pre-combusted 

GF/F filters (47 mm diameter, Whatman). Samples were analyzed for δ
13

C using a Carlo Erba 

Elemental Analyzer coupled inline to a Finnigan Delta S isotope ratio mass spectrometer (EA-

IRMS) (Middelburg et al., 2000).  

Nutrient concentrations 

To determine nutrient concentrations, 125 mL of seawater was collected using a Niskin 

bottle, filtered through a 0.2 µm Supor Membrane (Acrodisc Pall) and stored in HDPE bottle 

(Nalgene) at -80
o
C until analysis. Nutrient concentrations were analyzed with a segmented 

continuous flow analyzer (TRAACS 800 autoanalyzer, Bran and Luebbe) according to the 

manufacturers instruction. Total dissolved nitrogen (TDN) and dissolved inorganic nitrogen 

(DIN) (sum of nitrate (NO3
-
), nitrite (NO2

-
) (= NOx) and ammonium NH4

+
), total dissolved 

phosphorus (TDP), soluble reactive phosphorus (SRP) and silicate (Si) were measured.  
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Statistical analysis 

Abiotic parameters and individual PLFAs (concentrations and C-incorporation rates) were 

used as input data in principal component analysis (PCA). PCA was conducted using the 

software PRIMER 6 (Clarke and Gorley, 2006). A PCA was used to describe the variation in the 

data set and determine which variables could be used to explain differences in the data between 

stations and seasons. The PCA has multidimensional scales, but only two axes with highest 

explanatory variance were chosen to display the data. The sample scores extracted from principal 

components one and two were compared among sampling periods and locations using a one-way 

analysis of variance. The factor loading scores for each abiotic parameter or individual PLFA 

(mole percent) were used to assess importance of each parameter in the principal component 

axes. A two-way analysis of variance (two-way ANOVA) was performed on concentrations 

(total PLFA and POC) and on ratios (PLFA/POC and ΣC16/ΣC18) in order to assess the 

difference between seasons and among stations. A significance level of p< 0.05 was applied.  

Results  

NIOZ sampling jetty station  

In 2010, regular monitoring at the NIOZ sampling jetty location showed that Chla 

concentrations during the spring bloom reached highest values during spring in March (17 µg L
-

1
) and in May (22 µg L

-1
) with an intermittent dip in April (9 µg L

-1
) (Fig. 2). From July to 

October, Chla concentrations were constant with an average of 7.2 ± 0.4 µg L
-1

. As expected, 

lowest values were observed in winter. Secchi depth varied from 1 to 1.2 m between February 

and June, reached a maximum value of 2.5 m in July and decreased again to 1.2 m in December. 

The molar ratio of Si:SRP based on dissolved inorganic nutrient concentrations showed high 

values in February-March (38-44), and dropped to ~10 from April to August, thereafter, values 

increased to ~20. Hence, between April and August the molar ratio of Si:SRP was close to the 

optimum of 16, suggesting that diatoms might experience either a P or Si-limitation, dependent 

on their minimal nutrient requirements (Ly et al., submitted; chapter 3). DIN concentrations 

ranged from 3.2 to 60.8 µmol L
-1

. Molar DIN:SRP ratio showed one major peak in April 

(DIN:SRP = 648, data not shown).  

Abiotic factors at other sampling stations 

An overview of the physicochemical data for each sampling period obtained during the 

cruises is summarized in Table 1. There was no significant difference between high and low 

water (one-way ANOVA, Table 2). Therefore, the tide effect (HW and LW) was excluded from 

further analysis and only HW data were used. For each parameter measured, station average 

values and their ranges were shown for the four periods. As expected, the coldest and warmest 

months sampled were February (0.8 °C) and September (15.5 °C), respectively. Salinity 

fluctuated from 10-28‰, with highest variability in February and September. Water transparency 
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measurements showed that highest Secchi disk depth was reached (1.1 m) and values were 

similar to those observed in March at the NIOZ sampling jetty. Lowest Secchi disk depth was 

found in September. SPM concentrations gradually increased from low values in February (129 

mg L
-1

) to high values in September (405 mg L
-1

). DIN varied from 74.2 µmol L
-1 

in February to 

9.1 µmol L
-1

 in September. SRP concentrations were below 0.7 µmol L
-1

, reaching the lowest 

values in March (0.02-0.04 µmol L
-1

). Between February and March, Si dropped from 36.7 to 1.1 

µmol L
-1

. Subsequently, the molar Si:SRP ratio decreased from 56 (February) to 11 (May). 

Molar Si:SRP ratios were high in September, maximum ratio was ~131 at S5. Molar DIN:SRP 

ratios varied from 1737 in March and 67 in September, and hence, exceeded by far the Redfield 

C:N ratio of 16 during the samplings. 

A PCA was conducted with 11 physicochemical parameters over four sampling periods 

across four locations (Fig. 3). Because no significant tidal effects were found, we only analyzed 

HW data with respect to spatial and temporal variation in abiotic factors (one-way ANOVA, 

Table 2). Because of the large differences in the absolute values of the abiotic factor values, we 

normalized each parameter to their maximum values. The variance explained by PC1 and PC2 

was 85.6%, which indicates that co-variability between physicochemical parameters was high. 

The explained variance was higher than the minimum value of the variance explained by the first 

two PCs in the event all parameters were uncorrelated (i.e. 2/11 ~ 18%). Two-way ANOVA 

analysis on PC1 and PC2 scores showed significant differences between sampling periods and 

across locations (two-way ANOVA, Table 3). PC1 showed a temporal pattern by separating 

February from the other sampling periods (March, May and September) whereas PC2 reflected 

spatial pattern, with significant differences on PC score values separating S5 from the other 

stations in each sampling period. For each sampling period, S5 (close to the Afsluitdijk of Lake 

IJsselmeer) showed the highest concentrations of DIN, DON, TN and Si and the lowest salinity 

values. Four vectors showed a Pearson correlation >0.5, temperature and SRP showed highest 

scores and negative correlation along PC1 while DON and salinity largely contributed to the 

spatial distribution along PC2. DIN, TP and TN were also most strongly associated with PC1, 

although the significance differences of DIN, TP and TN were weaker than for SRP and 

temperature.  

PLFA/POC ratios 

C-incorporation rates were estimated using two approaches: (i) as the rate of C-incorporation 

rates into POC (bulk measurement) and (ii) as the rate of C-incorporation into PLFA. Because 

POC included algal biomass as well as non-living particles, we calculated the ratio of 

PLFA/POC concentrations in order to have an estimation of the living biomass after conversion 

of PLFA into PLFA-C using a conversion factor of 0.046 g PLFA-carbon per carbon biomass 

(Van den Meersche et al., 2004). The ratio of PLFA/POC-concentration was depicted for each 

station and season (Fig. 4A) and the ratio of PLFA/POC C-incorporation rate are shown in (Fig. 

4B). Both concentrations and C-incorporation rates into POC and PLFA varied significantly 

different among stations and between seasons (two-way ANOVA, p<0.05). Overall, the ratios of 

PLFA/POC concentration were below 0.5, implying a large contribution of non-algal C (varying 
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from 20-90%). In February, the ratios of PLFA/POC concentration fluctuated from 0.2-0.6; the 

highest values were found at S17. In March, the ratios of PLFA/POC concentration reached low 

values of ~0.2 at all stations. This was because POC concentrations increased while PLFA 

concentrations remained more or less constant. The ratios of PLFA/POC concentration in May 

were higher than in March suggesting that the most of the POC originated from living 

phytoplankton. In September, ratios of PLFA/POC concentration dropped, due to an increase in 

POC concentrations associated with a decrease in PLFA concentrations. The POC and PLFA 

concentrations were highly variable between stations. The POC concentrations were highest at 

S5.  

Generally, the ratios of PLFA/POC C-incorporation rate showed similar trends as the ratios 

of PLFA/POC concentration (Fig. 4B). The ratios of PLFA/POC C-incorporation rate were 

higher in March and September than the ratios of PLFA/POC concentration. In February, C-

incorporation rates into POC and PLFA were the lowest and ratios of PLFA/POC C-

incorporation rate were more or less constant during this sampling period. In September, ratios of 

PLFA/POC based on concentration and on C-incorporation rate showed a similar trend. S5 

showed the highest ratio of PLFA/POC C-incorporation rate at each sampling period, but S17 

had the highest PLFA/POC ratios based on C-incorporation rate, indicating a higher contribution 

of PLFA in the POC pool compared to others stations.  

Phytoplankton species composition 

The most dominant (in abundance) identified phytoplankton taxa are shown in Table 4 

(Philippart et al., in prep). In February, microscopic observations showed that the Cryptophyceae 

Rhodomonas sp. dominated at S5, S11 and S17. With the exception of S11, flagellates were the 

dominant organisms at all stations. The group ―flagellates‖ contained all cells with a flagellum 

that could not be taxonomically identified. They might belong either to Prymnesiophyceae, 

Chlorophyceae or Chrysophyceae. Flagellates can be found as coloured (with chloroplasts) or 

colourless (without chloroplasts) cells. At S2 and S5, freshwater cyanobacteria were the most 

dominant taxonomic group. At S11, also chlorophyta were found, which represent another 

freshwater taxonomic group. In March, dominant centric diatoms belonging to Thalassiosiraceae 

co-existed with Prasionophyceae and flagellates. Cryptophyceae were not found in March. In 

May, Thalassiosiraceae were the dominant taxonomic group and the Prymnesiophyceae 

Emiliana huxleyi was also found at S2 and S11. At S2, the Cryptophyceae Hemiselmis sp. was 

the most dominant species. Freshwater cyanobacteria were dominant at S5. During May, most of 

the flagellates were coloured. In September, most of the dominant taxonomic classes belonged to 

the cyanobacteria. The phytoplankton community included flagellates at S2 and Prasinophyceae 

at S11.  

PLFA groups 

The PLFA composition differed markedly among stations and between seasons. The 

contribution of SFA to the total PLFA was the lowest in February and these values more or less 

constant between March and September (Fig. 5A). The PLFA 16:0 was the major SFA group and 



 

22 

contributed between 10% to 21% to the total PLFA pool. This PLFA is one of the most 

ubiquitous FA found in phytoplankton. Other ubiquitous SFA such as 14:0, 18:0 and 20:0 were 

also found and contributed importantly (up to 18%) to total PLFA. Unlike SFA, no particular 

trend was observed in MUFA, which values ranged between 25-42%. The general PLFA 16:1ω7 

showed the largest contribution up to 19%, followed by 18:1ω7 (up to 8%) and 18:1ω9 (up to 

4.5%) (Supplementary Table 2). The PUFA represented a major group among the PLFA. Their 

contribution was highest in February reaching values of up to 47% at S5 and 27% at S11, S2 and 

S17. From February to March, the contribution of PUFA to the total PLFA pool dropped up to 3-

fold. The percentage of BrFA did not vary much and contributed less than 10% of the total 

PLFA. In February, the contribution of BrFA reached the lowest values. 

The percentage of C-incorporation rates was expressed as the relative C-incorporation rate 

into different PLFA groups (Fig. 5B). Overall, the pattern of C-incorporation into PLFA 

reflected the relative abundance of different PLFA fractions. During the two hours of incubation, 

BrFA C-incorporation as a percentage of total PLFA was low (<1%) during all sampling periods. 

From February to September, the rate of C-incorporation into the different PLFA groups was 

higher than expected if the concentration would reflect the activity. However, the percentage of 

C-incorporation into SFA groups in February, March, May, and September were lower than the 

percentage of SFA concentrations in March, May, and September. The contribution of C-

incorporation into MUFA groups was lower based on the MUFA concentration. On the opposite, 

C-incorporation into PUFA showed higher percentages in total PLFA than the PUFA 

concentration.  

ΣC16/ΣC18 ratios 

PLFA characteristics for Bacillariophyceae are 16:1ω7, 16:4ω1, 20:5ω3 and dinoflagellates 

and Cryptophyceae are rich in 18:4ω3 (Dalsgaard et al., 2003; Kelly and Scheibling, 2012). 

Because PLFA in Bacillariophyceae are enriched in C16 PUFA (Kattner et al., 1983; Shin et al., 

2000), we evaluated the relative contribution of Bacillariophyceae to the whole phytoplankton 

community by using the ratio ΣC16/ΣC18 (Fig. 6). Values >2 indicate a phytoplankton 

community dominated by Bacillariophyceae (Alfaro et al., 2006; Kelly and Scheibling, 2012). 

Values of ~2 coincided with a Bacillariophyceae bloom in March. In February, the ratio 

ΣC16/ΣC18 based on concentrations was <0.5 for all stations (Fig. 6A). These low values 

coincided with a quite diverse phytoplankton community (Table 4, Fig. 9). However, 

ΣC16/ΣC18 ratios based on concentrations were between 1 and 2 in March. Because 

Bacillariophyceae were the main contributor to the phytoplankton community at that time (Table 

4, Fig. 9), a threshold of a ΣC16/ΣC18 ratio close to 1 might be more appropriate to indicate the 

dominance of this group in the system studied here. The ΣC16/ΣC18 ratio based on C-

incorporation rates showed a more dynamic pattern with both lower (S2, S17 and S11 in 

February) and higher values (S2, S5, S17 in March) than those based on the PLFA 

concentrations (Fig. 6B). In March, the ΣC16/ΣC18 ratio based on concentration was >1, 

indicating that Bacillariophyceae were the most abundant group, confirming the microscopic 

observations. Interestingly, the ΣC16/ΣC18 ratio based on C-labeling was ~4 in March, 
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indicating that the Bacillariophyceae were more active than was expected on the basis of their 

abundance. However, S11 did not follow this pattern as ΣC16/ΣC18 ratios obtained from C-

incorporation rate were low. In May, ΣC16/ΣC18 ratios based on concentration were similar to 

the ΣC16/ΣC18 ratios based on C-incorporation rate. With the exception of S11, a high ratio of 

ΣC16/ΣC18 concentrations was observed, demonstrating the Bacillariophyceae at this station 

was the most abundant and active group. In September, the ratios of ΣC16/ΣC18 C-incorporation 

rate were 1-2-fold higher than the ratios of ΣC16/ΣC18 concentration, with the exception of S5. 

PCA revealed the spatial and temporal differences in the PLFA (concentration and C-

incorporation rate) reflected the phytoplankton community composition (Fig. 7). A PCA analysis 

was carried out that included the tide but there was no difference in the scores between high and 

low tide (one-way ANOVA, Table 2). The two first principal components, PC1 and PC2 

accounted for 71.4% (= 50.2% + 21.2%) of the variance in the dataset which indicates that the 

spatio-temporal co-variability in PLFA was high. The explained variance was much higher than 

the minimum value of the variance explained by the first two PCs in the event all PLFAs were 

uncorrelated (i.e. 2/16 ~13%). ANOVA analysis on PC1 scores showed significant differences 

between sampling periods and among stations (two-way ANOVA, Table 3). PC1 showed that 

PLFA composition separated winter (February, positive scores) from the other sampling periods 

(negative scores). February samples had positive scores for 18:4ω3, 22:6ω3, 20:5ω3 whereas the 

other periods were characterized by negative scores for 16:1ω7, 16:0, 14:0, 20:0. In general, the 

PUFA 18:4ω3 and 22:6ω3 are found in Cryptophyceae and dinoflagellates. As a consequence of 

changes in the phytoplankton community composition between February and March, the largest 

change was observed in the 18:4ω3 which had disappeared completely in March. 

Eicosapentaenoic acid (EPA, 20:5ω3), a long chain PUFA, which is absent in Chlorophyceae 

and cyanobacteria, but abundant in Bacillariophyceae, contributed importantly to the total PLFA 

(Supplementary Table 2). The ANOVA of PC2 scores on the PLFA dataset did not reveal a 

significant effect of the stations, but seasons and the interaction between seasons and stations 

were significantly different (two-way ANOVA, Table 3). This was due to the large scatter of the 

locations along the PC2 axis in September and to a lesser extent in March. In May, all stations 

had weak positive scores along PC2. The only PLFA with a high score along PC2 was 20:5ω3 

but this did not correlate with a particular station. However, these results show that spatial 

differences during some seasons (e.g. September) were more pronounced than during other 

seasons (e.g. May). 

A final PCA analysis was performed with C-incorporation into PLFA (Fig. 8). The two axes 

explained 75.9% of the variance in the data. The analysis showed a distinctive seasonal 

distribution by separating between February and other periods in PC1, whereas spatial 

distribution had a negligible influence on the ordination in PC2 (two-way ANOVA, Table 3). On 

PC1, February stations S2, S5 and S11 had positive scores but S17 showed a negative score. This 

was due to the fact that PUFA were not as highly labeled as at the other stations (Fig. 5B, 

supplementary Table 2). Thus, 18:4ω3 characterized the PLFA composition of these three 

stations in February, while PLFAs 16:0, 16:1ω7 and 20:0 were important variables in PLFA 
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composition in March, May and September. The first two PLFAs seemed to be linked and had a 

large negative score, whereas 20:0 had a positive score, suggesting spatial separation of the 

phytoplankton groups possessing these PLFAs.  

CHEMTAX analysis as an estimation of phytoplankton composition 

The PLFA output ratio resulting from the fitting procedure of the CHEMTAX program are 

shown in Fig. 9. The results of the CHEMTAX analysis showed differences in the phytoplankton 

community, among stations and between seasons. In February, the number of taxa in the 

phytoplankton community was highest. Bacillariophyceae, Cryptophyceae, and flagellates were 

the major phytoplankton taxonomic classes. Bacillariophyceae represented up to 40% of the total 

phytoplankton community at S2, 26% at S5 and 36% at S11 whilst S17 showed less than 20% 

contribution of Bacillariophyceae. Cryptophyceae varied between 10% to 50% of the total 

phytoplankton community, whilst the lowest Cryptophyceae abundance was found at S17 (10%), 

the highest at S5 (50%) and intermediate abundance at S2 (16%) and S11 (22%). 

Prymnesiophyceae contributed to more than 50% at S17, 35% at S2 and 13-15% at S5-S11. 

Chlorophyceae were a minor phytoplankton group and contributed less than 10% of the total. 

Cyanobacteria were also a minor group which contributed to 0.7-16% of the total phytoplankton 

community. In March, the phytoplankton assemblage was less diverse. Bacillariophyceae 

became the major dominant taxonomic class dominated mainly by the centric diatom genus 

Thalassiosira sp. The contribution of Bacillariophyceae to the total phytoplankton community 

exceeded 85%. Chlorophyceae abundance decreased to values <15% in March. 

Prymnesiophyceae were a minor group and cyanobacteria were almost absent. The 

Cryptophyceae disappeared after February. In May, the contribution of Prymnesiophyceae, most 

likely Emiliana huxleyi, increased up to 40% at S2 and S11, and 20% at S17 and S5, thus 

showing considerable spatial differences in the relative phytoplankton abundance. Another 

Prymnesiophyceae were also encountered during the period, i.e. Phaeocystis globosa (Philippart 

et al., in preparation). Bacillariophyceae remained the dominant taxonomic class representing 

52% to 73% of the total phytoplankton community. Chlorophyceae presence increased slightly 

(<10%) to levels found in February. Cyanobacteria were detected at a low percentage 4-6% at 

S17-S2. In September, despite the fact that Bacillariophyceae remained dominant, the 

CHEMTAX analysis showed that the relative abundance of Chlorophyceae increased reaching 

the highest contribution, up to 45%, at S5. The contribution of cyanobacteria was more than 30% 

at S2-S5 and S17 in September. However, cyanobacteria were not detected at S11. The increase 

in Chlorophyceae and cyanobacteria was reflected in the decrease of Prymnesiophyceae ( <6%). 
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Discussion  

The monitoring program using the NIOZ sampling jetty located at the western edge of the 

Marsdiep tidal basin aims at understanding the changes in coastal phytoplankton abundance and 

primary production as a result of climate change and water management strategies (Cadée and 

Hegeman, 2002; Philippart et al., 2007). In order to validate the NIOZ sampling jetty data as 

being representative for the Marsdiep basin as a whole, it was necessary to investigate the spatial 

and temporal changes of phytoplankton community within this tidal basin. Our study focused on 

the influence of tide (high and low water) and spatial patterns on phytoplankton biomass, activity 

and taxonomic distribution in the Marsdiep basin. In order to catch the variability of the 

Marsdiep basin, the sampling locations were chosen strategically to target the different main 

currents within the Marsdiep basin and included a location near the Afsluitdijk of Lake 

IJsselmeer.  

Influence of the tide in the Marsdiep basin 

Analysis of the abiotic factors and the PLFA composition at high and low tide did not show 

significant differences throughout the Marsdiep tidal basin. As previously demonstrated by 

Philippart et al. (2012), the effect of tide did also not affect SPM concentrations and turbidity at 

the NIOZ sampling jetty.  

Does the NIOZ sampling jetty catch the seasonal dynamic of phytoplankton biomass? 

The high frequency of the sampling at the NIOZ sampling jetty (we averaged the weekly 

sampling into monthly averages (Cadée et al., 2002)) was compared to the incidental sampling 

during the Navicula cruises. A possible offset by a week in the bloom dynamics at other 

locations might explain some of the mismatch in timing between the NIOZ sampling jetty and 

the cruise data. The complex hydrology in the southern part of the Marsdiep basin around the 

tidal inlet can create high mixing in the area (Elias et al., 2006). Therefore, sampling may be 

influenced by small spatial patchiness due to a lower mixing at locations farther away from the 

Marsdiep inlet. In particular, a peak of phytoplankton biomass was observed in March (Nav3) at 

the NIOZ sampling jetty whereas other stations showed highest phytoplankton biomass in May 

(Nav5). At the end of the spring bloom in May, blooms at the other stations might just have 

terminated. From our previous study Ly et al. (submitted; chapter 3), the spring bloom coincided 

with periods from March to May when nutrient concentrations were lowest. SRP and Si reached 

low concentrations, especially in March due to the onset of the phytoplankton spring bloom.  

However, phytoplankton biomass according to PLFA measurement was lowest in March and 

highest in May. Thus the Chla and PLFA indicators of phytoplankton biomass did not agree. A 

study by Kruskopf and Flynn (2005) showed that Chla is a poor indicator of C-biomass. This 

discrepancy between Chla and total PLFA concentrations can be explained by changes in the 

cellular Chla content, which might have been higher in March than in May due to the shorter day 

lengths which would require a higher light harvesting capacity (Falkowski and Raven, 1997). In 
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addition, in May, the phytoplankton had been exposed to nutrient limitation for at least several 

weeks, and this might also have decreased the cellular Chla-content. P limitation might cause a 

replacement of PLFAs by non-phosphorus-containing membrane lipids (van Mooy et al 2009). 

Hence, both measurements of phytoplankton biomass have their limitations and should be 

interpreted with care. The fourth sampling period in September corresponded to the beginning of 

autumn when DIN was lowest but still exceeded 9 µmol L
-1

, and therefore it was unlikely that N-

limited phytoplankton growth.  

Changes observed in phytoplankton distribution during the Navicula cruises could also be 

associated with spatial differences in the Marsdiep basin induced by local and episodic 

freshwater discharge events from Lake IJsselmeer through the locks in the closing dike 

(Afsluitdijk), the dam separating it from the Marsdiep basin. However, we did not find a linear 

relationship or conservative behavior of nutrients, or SPM and salinity during freshwater 

discharges (data not shown) (Doering et al. 1995).  

During February (Nav3) and September (Nav6), two major freshwater discharge events from 

Lake IJsselmeer occurred, lowering the salinity at all stations (Table 1), especially at the station 

close to the Afsluitdijk (S5) where the salinity was nearly 10‰ lower than at the other stations. 

This coincided with higher Chla concentrations at S5. A considerable fraction of the dominant 

phytoplankton species belonged to freshwater Chlorophyceae and cyanobacteria during the two 

sampling periods (see paragraph about CHEMTAX analysis).  

The results of this study described how the common phytoplankton seasonal pattern is 

influenced by external abiotic factors (freshwater discharge or North Sea influence), which are 

not related to processes within the Marsdiep basin. Discharge loads from Lake IJsselmeer are 

influenced by water coming from river IJssel and rainfall, and the catchment of this river can 

thus be responsible for interannual variability in phytoplankton biomass as observed by the 

monitoring program at the NIOZ sampling jetty.  

Does the NIOZ sampling jetty program give an accurate reflectance of the phytoplankton activity 

and taxonomic distribution? 

Data from the cruises show that spatial differences in biomass and taxonomic composition 

exist, but due to the low frequency of our sampling program it might be that the mis-match of the 

peak of the phytoplankton biomass was caused by the timing of the blooms at the different 

locations as described above. By investigating PLFA composition, we were able to assess the 

phytoplankton distribution and the shifts therein (individual PLFA and CHEMTAX analysis). 

Results from ΣC16/ΣC18 ratios and CHEMTAX analysis agreed about the dominant 

phytoplankton classes. When the ΣC16/ΣC18 ratio is >1, Bacillariophyceae are the dominant 

group in the phytoplankton community (Kattner et al., 1983; Shin et al., 2000; Dalsgaard et al., 

2003; Alfaro et al., 2006). In February, the ΣC16/ΣC18 ratios across the stations were generally 

<1, indicating a minor contribution of Bacillariophyceae. CHEMTAX output showed that the 

phytoplankton community found in February was composed of Bacillariophyceae and several 

none siliceous phytoplankton taxonomic classes, i.e. Chlorophyceae, Cryptophyceae and 
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Prymnesiophyceae. Some stations also showed the presence of cyanobacteria. Despite the fact 

that winter is a period with low phytoplankton growth and biomass, the CHEMTAX output 

showed a higher number of the phytoplankton groups than in other sampling periods. In coastal 

areas, phytoplankton in the winter period is less abundant but more species possess diverse 

mechanisms for growth (Zingone et al., 2010). During the first phase of the spring bloom, the 

ΣC16/ΣC18 ratio was the highest and was indeed dominated by a Bacillariophyceae assemblage. 

In March, the spring bloom was initiated by Bacillariophyceae and followed in May by a mixed 

bloom of Prymnesiophyceae (Emiliana huxleyi) and coloured flagellates. Furthermore, during 

spring bloom often a nuisance bloom of the Prymnesiophyceae species Phaeocystis globosa was 

observed, but the bloom of this algae occurred between the March (Nav3) en May (Nav4) cruises 

(Ly et al., submitted; chapter 3). This succession is a recurrent phytoplankton pattern in the 

Wadden Sea and coastal North Sea (Peperzak et al., 1998; Rousseau et al., 2002; Breton et al., 

2006; van Beusekom et al., 2009). In May, the ΣC16/ΣC18 ratio decreased due to an increase in 

C18-PLFA. The increase of C18-PUFA was attributed to flagellate groups (and/ or 

Prymnesiophyceae), and although S2 showed the lowest C-incorporation based on the 

ΣC16/ΣC18, these ratios were similar at the different stations. In September, the ΣC16/ΣC18 

ratio remained low with the exception of S11. The high ΣC16/ΣC18 ratio at S11 in September 

indicated dominance of Bacillariophyceae but also of Prasinophyceae classes (Supplementary 

Table 2). The increase of Bacillariophyceae abundance at S11 in September (Fig. 6) may have 

resulted from runoff of suspended benthic diatoms since this site is close to the large Balgzand 

intertidal flat.  

Overall the CHEMTAX analysis allowed a good estimation of the phytoplankton composition 

compared to microscopy (top three most dominant species). Both of these methods revealed 

phytoplankton community shifts between different sampling periods. However, despite the 

overall agreement between microscopy and CHEMTAX some differences were observed. In 

particular, CHEMTAX seems to be less sensitive to cyanobacteria. Microscopic observations at 

stations (S2-February; S5-February and S11-September) showed dominant cyanobacterial 

aggregates from freshwater discharge, but CHEMTAX did not detect them. CHEMTAX has 

difficulty to estimate the abundance of cyanobacteria because PLFA in cyanobacteria is 

composed of PLFAs (16:0 and 14:0) that are not specific for this group of organisms (Dijkman et 

al., 2010; Kelly and Scheibling, 2012). PLFAs are not sensitive to the nutrient and light status of 

organisms when compared to photosynthetic pigments. PLFAs are therefore a better proxy for 

phytoplankton biomass than pigments. It is not straightforward to compare CHEMTAX analysis 

with microscopical observations. CHEMTAX analysis is basically an analysis of biomass, 

whereas microscopy gives numbers of organisms or cells. Because no estimations of biovolume 

were made, it is likely that the numerical dominance of small species cells could lead to an 

underestimation of biomass.  

Overall, the bulk composition of the different groups of PLFA showed coherent trends with 

previous seasonal field studies. When temperature increased, SFA increased and PUFA 

decreased (Brett and Muller-Navarra, 1997; Hamm and Rousseau, 2003). PUFA composition is 



 

28 

also influence by nutrients and salinity (Dalsgaard et al., 2003). PUFA composition has been 

suggested to influence the dietary value for higher trophic levels and affect the reproduction of 

zooplankton (Tiselius et al., 2012). PUFA types 18:4ω3 and 22:6ω3 were dominant in winter 

(see PCA analysis). PUFA are important for maintaining cell membrane fluidity at low 

temperature and are an important diet source for the development of consumers (Dalsgaard et al., 

2003; Brett et al., 2009; Hauss et al., 2012). Later in spring, when nutrients become limiting, 

lower relative PUFA content was observed compared to February. A decrease of PUFA is 

associated with a lower food quality, and that may potentially limit the growth rate of consumers 

(von Elert, 2002; Breteler et al., 2005).  

Conclusion 

High tide sampling at the NIOZ sampling jetty station reflects the situation of the 

Wadden Sea and not of the adjacent North Sea. The common phytoplankton seasonal pattern as 

well as the taxonomic composition can be influenced by external abiotic factors not related to 

processes within the Marsdiep basin such as freshwater discharges. Such discharges can be 

responsible for the fluctuations observed in the long-term inter-annual phytoplankton dynamics 

at the NIOZ sampling jetty. The freshwater discharge includes freshwater phytoplankton species 

(observed at S5) and can extend across a large spatial scale (km
2
) in the entire Marsdiep basin. It 

is unclear whether the Marsdiep can be considered as a homogenous basin when such massive 

freshwater discharges occur.  
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Tables  1 

Table 1. Overview of the Chla and physicochemical parameters at four stations for each sampling period (February, March, May and September in 2 

2010): temperature, salinity, Secchi disk depth, chlorophyll-a (Chla), dissolved inorganic nitrogen (DIN), total dissolved nitrogen (TDN), soluble 3 

reactive phosphorus (SRP), total dissolved phosphorus (TDP), silicate (Si), molar ratio of Si:SRP and DIN:SRP. Abbreviations used: average 4 

(avg), min (minimum), max (maximum). One-way analysis of variance (ANOVA) testing the effect of tide (high and low tides) on Chla and 5 

abiotic parameters (ns = none significant) at different sampling period.  6 

Parameters 

February  March  May  September 

avg (min; max)  

Tide 

p value avg (min; max)  

Tide 

p value avg (min; max)  

Tide 

p value avg (min; max)  

Tide 

p value 

Chla (µg L
-1

) 10 (4; 24,5) 0.23 25.1 (14.2; 52.4) 0.80 10.1 (7.6; 14.0) 0.78 19.6 (8.8; 43.4) 0.08 

Temperature (°C) 0.8 (-0.14; 1.57) -  7.2 (5.99; 8.98) 0.13 10.9 (10.38; 11.45) 0.97 15.5 (14.51; 16.1) 0.55 

Salinity  23 (14; 27) -  24 (21; 27) 0.73 27 (25; 28) 0.33 20 (10; 23) 0.45 

Secchi depth (m)  - - -  1.1 (0.5; 1.8) -  0.9 (0.50; 1.4) -  0.7 (0.40; 1.2) -  

SPM (mg L
-1

) 129 (55; 218)  0.89 174 (90; 278) 0.43 230 (132; 370) 0.88 405 (113; 793) 0.28 

DIN (µmol L
-1

) 74.2 (53.8; 119.5) 0.18 49.2 (37.8; 70) 0.85 22.4 (12.4; 42.3) 0.49 9.1 (0.91; 15.1) 0.55 

DON (µmol L
-1

) 14.7 (7.9; 29.6 ) 0.40 10.7 (0.2; 13.7) 0.76 14.1 (12.5; 16.5) 0.26 20.2 (27; 17.1) 0.24 

SRP (µmol L
-1

) 0.7 (0.58; 0.75) 0.60 0.03 (0.02; 0.04) 0.84 0.3 (0.09; 0.78) 0.70 0.2 (0.05; 0.24) 0.58 

DOP (µmol L
-1

) 0.2 (0.28; 0.10) 0.42 0.2 (0.19; 0.24) 0.14 0.3 (0.24; 0.37) 0.87 0.3 (0.37; 0.29) 0.38 

Si (µmol L
-1

) 36.7 (25.7; 61.9) 0.19 1.1 (0.2; 3.4) 0.83 3.7 (0.7; 10.8) 0.62 14.9 (0.8; 39.7) 0.81 

DIN:SRP 113 (75-207) 0.35 1737 (1303; 2318) 0.91 105 (54; 143)  0.77 67 (19; 164)  0.38 

Si:SRP  56 (36; 107) 0.34 30 (10; 77) 0.62 11 (8; 14) 0.43 131 (16; 426) 0.99 
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Table 2. Summary table of one-way analysis of variance (ANOVA) of the principal component 1 scores 

(scores 1) and principal component 2 scores (scores 2) with the tide (high water (HW) and low water 

(LW)) as fixed factors for each sampling period. In data sets: abiotic parameters, PLFA concentrations 

and PLFA C-incorporation. p values are shown (* p< 0.05 and ns: no significant). 

  

 

p values  

Months  Scores 1 Scores 2 

Abiotic  

parameters 

Feb 0.37 ns 0.63 ns 

March  0.98 ns 0.98 ns 

May  0.53 ns 0.75 ns 

Sept 0.98 ns 0.18 ns 

PLFA  

concentrations  

Feb 0.88 ns 0.25 ns 

March  0.72 ns 0.43 ns 

May  0.69 ns 0.81 ns 

Sept 0.19 ns 0.33 ns 

PLFA  

C-

incorporation 

Feb 0.50 ns 0.38 ns 

March  0.97 ns 0.70 ns 

May  0.18 ns 0.13 ns 

Sept 0.52 ns 0.61 ns 
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Table 3. Summary table of two-way analysis of variance (ANOVA) of the relationship between principal 

component 1 scores (scores 1) and principal component 2 scores (scores 2) with stations, months and 

stations × months interaction as fixed factors for abiotic parameters, PLFA concentrations and PLFA C-

incorporation. p values are shown (* p< 0.05, ** p< 0.01, p< 0.001, ns: not significant; no correction for 

multiple comparisons within one data set was applied) 

  

p values  

Factors Scores 1 Scores 2 

Abiotic  

parameters 

station  2.2E-05 *** 1.7E-03 ** 

month 8.0E-09 *** 5.0E-14 *** 

station × month 0.19 ns 0.15 ns 

PLFA  

concentrations  

station  3.7E-05 *** 0.23 ns 

month 8.8E-04 *** 7.2E-08 *** 

station × month 5.1E-03 ** 1.5E-03 ** 

PLFA  

C-incorporation  

station  5.7E-03 ** 0.1132815 ns 

month 2.7E-08 *** 8.7E-04 *** 

station × month 0.091 ns 0.14 ns 
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Table 4. Three most numerous phytoplankton species during  four sampling periods (February, March, May and September in 2010) at four 

sampling stations (S2, S5, S11 and S17) in the Marsdiep tidal basin (Philippart et al., in prep.).  

 

Season Station Rank Species name Origin Class cells ml
-1 Fraction 

Winter 

 (February) 

2 #1 Cyanobacteria (colony cells) freshwater Cyanobacteria  2886 35% 

  #2 Small colored flagellates (approx. 3 μm) marine flagellates 1058 13% 

  #3 Small colorless flagellates (< 6 μm) marine flagellates 1058 13% 

5 #1 Cyanobacteria (colony cells) freshwater Cyanobacteria  4810 27% 

  #2 Rhodomonas spp. marine Cyanobacteria  2982 17% 

  #3 Small colored flagellates (approx. 3 μm) marine flagellates 2213 13% 

11 
#1 

Prasinophyceae & Pseudocourfieldia spp. 

 (approx. 3μm) 
marine Prasinophyceae 1732 22% 

  #2 Chlorophyta (cells & colonies) freshwater Chlorophyceae 1732 22% 

  #3 Rhodomonas spp. marine Cryptophyceae 1058 13% 

17 #1 
Prasinophyceae & Pseudocourfieldia spp.  

(approx. 3μm) 
marine Prasinophyceae 2501 34% 

  #2 Small colored flagellates (approx. 3 μm) marine flagellates 1732 23% 

  #3 Rhodomonas spp. marine Cryptophyceae 1539 21% 

Earl spring  

(March) 

2 #1 Thalassiosiraceae (6-10 μm) marine Bacillariophyceae 3752 29% 

  #2 Small colorless flagellates (< 6 μm) marine flagellates 2501 19% 

  
#3 

Prasinophyceae & Pseudocourfieldia spp. 

(approx. 3μm) 
marine Prasinophyceae 2116 16% 

5 #1 Thalassiosiraceae (6-10 μm) marine Bacillariophyceae 2694 15% 

  
#2 

Prasinophyceae & Pseudocourfieldia spp.  

(approx. 3μm) 
marine Prasinophyceae 2597 15% 

  #3 Thalassiosiraceae(10-30 μm) marine Bacillariophyceae 2020 11% 

11 #1 Thalassiosiraceae (6-10 μm) marine Bacillariophyceae 2694 42% 

  #2 Small colorless flagellates (< 6 μm) marine flagellates 1443 22% 

  #3 Small colored flagellates (approx. 3 μm) marine flagellates 770 12% 

17 #1 Thalassiosiraceae (6-10 μm) marine Bacillariophyceae 4521 29% 

  #2 Small colorless flagellates (< 6 μm) marine flagellates 2405 16% 

  #3 Small colored flagellates (approx. 3 μm) marine flagellates 2309 15% 
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Season Station Rank Species name Origin Class cells ml
-1 Fraction 

Late spring 

 (May) 

2 #1 Hemiselmis spp. (2-9μm) marine Cryptophyceae  2694 14% 

  #2 Small colored flagellates (approx. 3 μm) marine flagellates 2405 13% 

  #3 Emiliania huxleyi marine Prymnesiophyceae 2116 11% 

5 #1 Cyanobacteria (colony cells) freshwater Cyanobacteria  7696 37% 

  #2 Small colored flagellates (approx. 3 μm) marine flagellates 2886 14% 

  #3 Thalassiosiraceae (6-10μm) marine Bacillariophyceae 1924 9% 

11 #1 Thalassiosiraceae (6-10μm) marine Bacillariophyceae 3078 20% 

  #2 Small colored flagellates (approx. 3 μm) marine flagellates 3078 20% 

  #3 Emiliania huxleyi marine Prymnesiophyceae 2020 13% 

17 #1 Small colored flagellates (approx. 3 μm) marine flagellates 2790 15% 

  #2 Pseudo-nitzschia delicatissima spp. marine Bacillariophyceae 2597 14% 

  #3 Thalassiosiraceae (6-10μm) marine Bacillariophyceae 2213 12% 

Autumn  

(September ) 

2 #1 Cyanobacteria (colony cells) freshwater Cyanobacteria  4137 25% 

  #2 Chlorococcales (approx. 3μm) marine Chlorophyceae 1828 11% 

  #3 Small colorless flagellates (< 6 μm) marine flagellates 1732 10% 

5 #1 Cyanobacteria (colony cells) freshwater Cyanobacteria  346320 62% 

  #2 Merismopedia spp. (colony cells) freshwater Cyanobacteria  69745 12% 

  #3 Microcystis spp. (colony cells) freshwater Cyanobacteria  66570 12% 

11 #1 Cyanobacteria (colony cells) freshwater Cyanobacteria  7792 39% 

  #2 Cyanobacteria (filament cells) freshwater Cyanobacteria  3078 15% 

  
#3 

Prasinophyceae & Pseudocourfieldia spp.  

(approx. 3μm) 
marine Prasinophyceae 1539 8% 

17 #1 Cyanobacteria (colony cells) freshwater Cyanobacteria  24050 56% 

  #2 Microcystis spp. (colony cells) freshwater Cyanobacteria  3944 9% 

  #3 Chlorophyta (cells & colonies) freshwater Cyanobacteria  2597 6% 
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Figures  

 

Figure 1. Sampling locations (S2, S5, S11, S17 and NIOZ sampling jetty) in the western part of the Dutch 

Wadden Sea (NL: Netherlands).  
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Figure 2. Seasonal variation in phytoplankton biomass (mg Chla- m
-3

), molar ratio of Si:SRP and Secchi disk depths (m) at the monitoring station 

NIOZ sampling jetty in the Marsdiep tidal inlet in 2010. Arrows indicate approximate sampling periods at other stations in the Marsdiep tidal 

basin, i.e. Nav3 (15-19 February), Nav4 (22-26 March), Nav5 (3-7 May) and Nav6 (6-10 September) in 2010. 
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 1 

 2 

 3 

Figure 3. Covariance biplot based on PCA  (PC1: 62.4% and PC2: 23.2%) of physicochemical parameters 4 

(Temp = SST (˚C), Salinity (‰), DOP = dissolved organic phosphorus (µmol L
-1

); DON = dissolved 5 

organic nitrogen (µmol L
-1

); Si = silicate (µmol L
-1

); TN = total nitrogen (µmol L
-1

); TP = total 6 

phosphorus (µmol L
-1

); DIN = dissolved inorganic nitrogen (µmol L
-1

); SRP= soluble reactive phosphorus 7 

(µmol L
-1

)) as measured during four cruises (Feb, March, May, and Sept in 2010) at four sampling 8 

stations (S2, S5, S11 and S17) in the Marsdiep tidal basin. Numbers denote different stations (―2‖ = 9 

station 2; ―5‖ = station 5; ―11‖ = station 11; ―17‖ = station 17), symbols indicate different months.  10 

 11 
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 12 

 13 

Figure 4. Ratios PLFA/POC of (A) concentrations (mg C L
-1

) and (B) C incorporation (mg C L
-1

) at four 14 

sampling stations (S2, S5, S11 and S17) during four periods (February, March, May, and September in 15 

2010) in the Marsdiep tidal basin (average ± SD). PLFA were converted to phytoplankton C as explained 16 

in the Material and Methods. 17 
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Figure 5. Stacked histograms of PLFA groups (%) (A) Concentration and (B) C-incorporation of 21 

saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA) 22 

and branched fatty acids (BrFA) at four sampling stations (S2, S5, S11, and S17) and at four sampling 23 

periods (February, March, May, and September in 2010) in the Marsdiep tidal basin. 24 

 25 

Figure 6. Average Σ C16/ Σ C18 ratios ( avg± SD) at four stations (S2, S5, S11 and S17) and at four 26 

sampling periods (February, March, May, and September in 2010) in the Marsdiep tidal basin as 27 

calculated from concentration (A) and C-incorporation (B). Dashed lines show the ratio threshold of 2. 28 
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 30 

Figure 7. Covariance biplot of PCA  (PC1: 50.2% and PC2: 21.2%) of individual PLFAs concentrations 31 

as measured during four cruises (February, March, May, and September) at four sampling stations (S2, 32 

S5, S11, and S17 in 2010) in the Marsdiep tidal basin. Numbers denote different stations (―2‖ = station 2; 33 

―5‖ = station 5; ―11‖ = station 11; ―17‖ = station 17), symbols indicate different months. Only variables 34 

with Pearson correlation >0.2 were represented. 35 



 

41 

 36 

Figure 8. Covariance biplot of PCA analysis (PC1: 53.5% and PC2: 22.4%) of C-incorporation in 37 

individual PLFAs as measured during four cruises (February, March, May, and September in 2010) at 38 

four sampling stations (S2, S5, S11, and S17) in the Marsdiep tidal basin. Numbers denote different 39 

stations (―2‖ = station 2; ―5‖ = station 5; ―11‖ = station 11; ―17‖ = station 17), symbols indicate different 40 

months. Only variables with Pearson correlation >0.2 were represented.  41 
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 42 

Figure 9. Relative phytoplankton classes abundance (Chlorophyceae, Bacillariophyceae, Cryptophyceae, 43 

Prymnesiophyceae and cyanobacteria) as measured during four cruises (February, March, May, and 44 

September in 2010) at four sampling stations (S2, S5, S11, and S17) in the Marsdiep tidal basin using 45 

matrix factorization program CHEMTAX from PLFA composition (normalized to PLFA 16:0).  46 
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Supplementary tables  48 

Supplementary Table 1. CHEMTAX input file used to estimate group abundance from the PLFA data.  49 

PLFA  Chlorophyceae Trebouxiophyceae  Bacillariophyceae  Cryptophyceae  Haptophyceae  Cyanobacteria 

i14:0 0 0 0 0 0 0 

14:0 0.05 0.01 0.72 0.34 0.74 0.15 

i15:0 0 0 0 0 0 0 

ai15:0 0 0 0 0 0 0 

15:0 0 0 0.04 0.02 0.07 0 

16:1ω7c 0.40 0.53 1.49 0.20 0.19 0.36 

16:2ω4 0 0 0.35 0 0.09 0 

16:0 1 1 1 1 1 1 

16:3ω4 0 0 0.52 0 0 0 

16:3ω3 0.20 1.55 0 0 0 0 

16:4ω3 1.26 0 0 0 0 0 

16:4ω1 0 0 0.52 0 0 0.00 

18:1ω9c 0.58 0.20 0.05 0.09 0.74 0.23 

18:1ω7c 0.03 0.07 0.39 0.69 0.37 0.06 

18:2ω6c 0.46 0.56 0.09 0.08 0.10 0.28 

18:3ω3 3.34 3.18 0.00 1.63 0.45 0.82 

18:4ω3 0.42 0 0.47 3.78 1.16 0.24 

18:5ω3 0 0 0 0 0.39 0.00 

20:5ω3 0 0 2.10 2.28 0.36 0.03 

22:6ω3 0 0 0.43 1.31 1.51 0.00 

 50 

 51 
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Supplementary Table 2. Percentage of PLFA concentrations and C-incorporation (average ± SD) (n=2).  52 

Concentrations (% PLFA total concentrations)  
PLFA Feb-S11 Feb-S17 Feb-S2 Feb-S5 March -S11 March -S17 March-S2 March-S5 
SFA 

        14:0 2.46 ± 0.2 2.24 ± 0.25 2.35 ± 0.1 1.82 ± 0.11 5.08 ± 3.46 5.38 ± 0.61 5.54 ± 0.43 4.95 ± 0.48 
16:0 10.53 ± 1.08 10.76 ± 1.24 9.96 ± 0.24 10.2 ± 0.3 10.4 ± 6.59 10.41 ± 0.85 12.91 ± 0.53 11.46 ± 1.16 
18:0 0.86 ± 0.13 0.79 ± 0.19 1.39 ± 0.49 0.47 ± 0.02 0.83 ± 0.48 0.97 ± 0.1 1.18 ± 0.35 1.35 ± 0.35 
20:0 - - - - 1.91 ± 2.2 2.83 ± 0.32 2.76 ± 0.19 3.12 ± 0.21 

         MUFA 
        16:1ω7 10.94 ± 0.88 10.44 ± 0.66 10.52 ± 0.51 6.93 ± 0.15 12.54 ± 8.21 14.35 ± 1.29 13.1 ± 0.87 14.58 ± 0.57 

18:1ω7 5.27 ± 0.62 4.11 ± 1.37 4.71 ± 0.18 2.86 ± 0.09 3.97 ± 2.57 4.97 ± 0.45 5.01 ± 0.38 6.34 ± 0.55 
18:1ω9 2.77 ± 0.55 1.38 ± 1.01 2.25 ± 0.39 1.8 ± 0.05 1.86 ± 1.33 1.57 ± 0.18 1.48 ± 0.29 3.27 ± 3.23 

         PUFA 
        16:2ω4 0.93 ± 0.06 0.38 ± 0.44 0.98 ± 0.08 0.73 ± 0.09 2.56 ± 1.68 2.46 ± 0.22 2.39 ± 0.15 2.08 ± 0.25 

16:3ω3 - 0.51 ± 0.44 0.09 ± 0.17 0.33 ± 0.02 1.32 ± 2.59 - - 0.05 ± 0.1 
16:3ω4 - - - - - - - - 
16:4ω1 - 0.24 ± 0.47 - - 1.35 ± 1.56 3 ± 0.36 2.7 ± 0.33 2.35 ± 0.6 
16:4ω3 0.92 ± 0.13 0.7 ± 0.48 1.01 ± 0.08 0.95 ± 0.14 0.2 ± 0.2 0.37 ± 0.25 0.17 ± 0.21 0.37 ± 0.13 
18:2ω6 1.07 ± 0.11 2.16 ± 2.47 0.98 ± 0.06 1.31 ± 0.05 0.63 ± 0.43 0.95 ± 0.09 0.75 ± 0.08 0.88 ± 0.08 
18:3ω3 4.96 ± 0.53 5.38 ± 0.69 4.39 ± 0.19 8.19 ± 0.25 1.6 ± 1.04 1.69 ± 0.27 2.02 ± 0.77 2 ± 0.42 
18:3ω6 - - - - 0.17 ± 0.19 0.16 ± 0.18 0.18 ± 0.12 0.17 ± 0.12 
18:4ω3 9.16 ± 0.54 7.59 ± 5.08 8.03 ± 0.49 15.86 ± 1.22 0.29 ± 0.58 - - - 
18:5ω3 0.63 ± 0.46 2.72 ± 2.03 1.02 ± 0.17 0.09 ± 0.1 0.15 ± 0.17 0.2 ± 0.23 0.14 ± 0.16 0.14 ± 0.28 
20:3ω3 0.65 ± 0.11 1.32 ± 1.8 0.65 ± 0.05 0.34 ± 0.03 0.16 ± 0.29 - - 0.17 ± 0.13 
20:4ω6 2.99 ± 0.45 1.75 ± 1.49 2.43 ± 0.18 6.97 ± 0.24 0.53 ± 0.29 0.55 ± 0.06 0.59 ± 0.04 0.63 ± 0.1 
20:5ω3 17.62 ± 1.81 11.97 ± 7.33 15.98 ± 1.36 15.65 ± 1.06 7.11 ± 8.01 3.64 ± 7.27 17.26 ± 1.37 14.55 ± 0.71 
22:6ω3 2.18 ± 3.71 7.06 ± 4.32 9.03 ± 0.95 11.43 ± 0.91 - 2.18 ± 4.36 3.73 ± 7.24 7.6 ± 0.57 

         BrFA 
        10-Me16:0 0.72 ± 0.04 0.6 ± 0.06 0.67 ± 0.03 0.42 ± 0.03 0.14 ± 0.23 0.25 ± 0.29 0.21 ± 0.25 0.19 ± 0.18 

ai-15:0 1.25 ± 0.13 1.04 ± 0.1 1.09 ± 0.04 0.94 ± 0.02 1.24 ± 0.77 1.76 ± 0.1 1.43 ± 0.12 2.09 ± 0.29 
i-14:0 - 0.06 ± 0.11 - 0.18 ± 0.01 1.35 ± 0.03 1.52 ± 0.13 1.21 ± 0.13 1.16 ± 0.02 
i-15:0 - - - - 0.7 ± 0.61 0.91 ± 0.07 0.83 ± 0.09 1.12 ± 0.16 
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Concentrations (% PLFA total concentrations )  
PLFA May-S11 May-S17 May-S2 May-S5 Sept-S11 Sept-S17 Sept-S2 Sept-S5 
SFA 

        14:0 6.74 ± 0.39 6.86 ± 0.75 8.42 ± 0.31 3.41 ± 0.24 8.35 ± 0.45 7.96 ± 3.46 6.49 ± 0.56 5.5 ± 0.61 
16:0 12.66 ± 0.77 13.88 ± 0.61 12.89 ± 0.58 11.14 ± 0.14 16.88 ± 0.23 21.71 ± 9.71 17.37 ± 0.84 21.51 ± 2.07 
18:0 1.59 ± 0.08 2.3 ± 0.16 2.23 ± 0.11 1.14 ± 0.1 1.6 ± 0.62 2.04 ± 0.79 2.15 ± 0.14 1.25 ± 0.13 
20:0 5.46 ± 0.53 5.16 ± 0.46 7.47 ± 0.15 4.71 ± 0.48 - 5.83 ± 2.47 5.5 ± 0.15 4.65 ± 0.09 

         MUFA 

        16:1ω7 14.51 ± 0.72 12.91 ± 0.6 10.07 ± 0.78 12.15 ± 0.34 16.9 ± 1.6 18.59 ± 8.04 14.6 ± 1.34 16.44 ± 0.53 
18:1ω7 7.8 ± 0.78 7.95 ± 0.13 6.62 ± 0.04 6.97 ± 0.17 5.13 ± 1.07 7.14 ± 2.75 6.7 ± 0.62 5.16 ± 0.56 
18:1ω9 2.54 ± 0.15 3.1 ± 0.24 4.07 ± 0.96 2.77 ± 0.43 1.77 ± 1.19 4.2 ± 1.69 3.59 ± 0.29 4.53 ± 0.41 

         PUFA 
        16:2ω4 1.31 ± 0.06 1.28 ± 0.08 0.94 ± 0.13 0.99 ± 0.01 3.14 ± 1.04 1.84 ± 0.85 1.65 ± 0.16 1.29 ± 0.13 

16:3ω3 - - - - 4.2 ± 1.52 0.74 ± 0.34 0.51 ± 0.06 0.93 ± 0.02 
16:3ω4 0.16 ± 0.11 0.12 ± 0.08 0.02 ± 0.05 - 0.23 ± 0.27 - 0.09 ± 0.06 0.02 ± 0.04 
16:4ω1 1.15 ± 0.13 1 ± 0.12 0.67 ± 0.05 1.01 ± 0.02 0.99 ± 0.68 1.26 ± 0.6 1.27 ± 0.14 0.29 ± 0.03 
16:4ω3 0.38 ± 0.09 0.63 ± 0.09 0.64 ± 0.18 0.62 ± 0.13 0.3 ± 0.34 1.57 ± 0.59 0.85 ± 0.18 1.85 ± 0.07 
18:2ω6 0.95 ± 0.05 0.92 ± 0.03 1.16 ± 0.04 1.18 ± 0.11 0.08 ± 0.16 2.06 ± 0.69 1.65 ± 0.12 3.23 ± 0.24 
18:3ω3 1.87 ± 0.13 2.36 ± 0.1 3.1 ± 0.17 2.58 ± 0.28 - 7.1 ± 2.86 4.46 ± 0.57 10.01 ± 0.18 
18:3ω6 0.22 ± 0.05 0.2 ± 0.02 0.15 ± 0.1 0.12 ± 0.17 - 0.39 ± 0.09 0.35 ± 0.09 1.07 ± 0.02 
18:4ω3 - - - - 0.33 ± 0.39 - - - 
18:5ω3 1.85 ± 0.21 0.1 ± 0.19 1.62 ± 0.54 0.44 ± 0.01 - 0.11 ± 0.13 0.12 ± 0.09 - 
20:3ω3 - - - - 0.25 ± 0.29 - - 0.03 ± 0.05 
20:4ω6 0.93 ± 0.12 1.29 ± 0.11 1.27 ± 0.02 1.05 ± 0.08 - 0.71 ± 0.14 0.81 ± 0.14 0.57 ± 0.18 
20:5ω3 14.25 ± 0.71 15.76 ± 0.83 14.37 ± 0.66 14.44 ± 2.23 0.2 ± 0.23 11.42 ± 4.07 11.15 ± 0.81 5.12 ± 0.71 
22:6ω3 2.62 ± 5.24 - - 9.36 ± 2.42 7.51 ± 1.41 - - 2.83 ± 3.59 

         BrFA 

        10-Me16:0 - 0.57 ± 0.65 0.6 ± 0.69 - 0.35 ± 0.41 0.38 ± 0.27 0.27 ± 0.03 0.6 ± 0.06 
ai-15:0 2.56 ± 0.17 2.24 ± 0.06 2.12 ± 0.14 1.68 ± 0.01 1.48 ± 0.38 2.6 ± 1 2.11 ± 0.19 1.87 ± 0.09 
i-14:0 1.02 ± 0.05 0.88 ± 0.04 0.68 ± 0.01 0.31 ± 0.31 0.23 ± 0.26 0.68 ± 0.25 0.61 ± 0.03 0.44 ± 0.12 
i-15:0 1.53 ± 0.1 1.54 ± 0.05 1.43 ± 0.02 1.04 ± 0.02 - 2.03 ± 0.78 1.71 ± 0.14 1.19 ± 0.8 
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C-incorporation ( % PLFA total C-incorporation)  
PLFA Feb-S11 Feb-S17 Feb-S2 Feb-S5 March -S11 March -S17 March-S2 March-S5 
SFA 

        14:0 2.13 ± 0.04 1.98 ± 0.48 2.06 ± 0.04 1.19 ± 0.04 4.65 ± 2.93 8.68 ± 0.98 8.47 ± 0.44 8.44 ± 0.69 
16:0 24.04 ± 0.61 27.82 ± 7.59 21.63 ± 0.33 21.2 ± 0.71 18.21 ± 14.16 33.34 ± 3.3 31.09 ± 0.6 30.11 ± 2.22 
18:0 0.65 ± 0.06 1 ± 0.48 0.71 ± 0.37 0.91 ± 0.16 0.39 ± 0.22 0.51 ± 0.08 0.42 ± 0.07 0.36 ± 0.08 
20:0 - - - - 11.55 ± 12.1 8.21 ± 0.66 8.25 ± 0.28 9.06 ± 0.78 

         MUFA 
        16:1ω7 14.12 ± 0.59 9.25 ± 1.82 14.64 ± 0.25 6.12 ± 0.32 18.12 ± 12.58 27.7 ± 1.61 27.68 ± 0.77 26.39 ± 0.72 

18:1ω7 1.57 ± 0.1 5.9 ± 2.58 1.69 ± 0.03 1.98 ± 0.16 1.14 ± 0.98 0.86 ± 0.09 0.8 ± 0.07 0.79 ± 0.07 
18:1ω9 7.9 ± 0.65 - 8.04 ± 0.37 5.57 ± 0.34 2.28 ± 1 3.45 ± 1.26 3.56 ± 0.35 1.55 ± 0.84 

         PUFA 
        16:2ω4 3.51 ± 0.15 1.61 ± 0.23 3.79 ± 0.26 1.38 ± 0.15 2.8 ± 2 4.81 ± 1.59 4.71 ± 0.16 3.58 ± 0.55 

16:3ω3 - 0.47 ± 0.45 0.02 ± 0.05 0.1 ± 0.08 0.65 ± 1.3 - - 0.01 ± 0.03 
16:3ω4 - - - - - - - - 
16:4ω1 - - - - 0.39 ± 0.78 0.21 ± 0.11 0.27 ± 0.03 0.26 ± 0.08 
16:4ω3 0.05 ± 0.02 - 0.16 ± 0.02 0.11 ± 0.08 0.05 ± 0.1 0.1 ± 0.07 0.06 ± 0.07 0.05 ± 0.02 
18:2ω6 6.38 ± 0.25 - 5.29 ± 0.44 5.5 ± 0.68 1.18 ± 1.12 4.27 ± 0.74 2.93 ± 0.24 3.1 ± 0.29 
18:3ω3 8.56 ± 0.51 3.63 ± 0.36 9.09 ± 0.46 16 ± 0.21 0.77 ± 0.24 0.87 ± 0.11 0.76 ± 0.39 1.91 ± 0.36 
18:3ω6 - - - - 1.62 ± 1.78 0.05 ± 0.06 1.22 ± 1.36 0.76 ± 0.86 
18:4ω3 21.36 ± 1.86 - 23.04 ± 0.75 33.26 ± 1.16 0.14 ± 0.29 - - - 
18:5ω3 - 0.28 ± 0.17 0.12 ± 0.03 0.03 ± 0.04 0.81 ± 0.84 0.06 ± 0.07 0.04 ± 0.05 0.04 ± 0.09 
20:3ω3 0.32 ± 0.05 0.42 ± 0.5 0.22 ± 0.07 0.07 ± 0.03 0.1 ± 0.14 - - - 
20:4ω6 0.46 ± 0.08 - 0.49 ± 0.04 1.58 ± 0.09 0.46 ± 0.26 0.71 ± 0.12 0.79 ± 0.04 0.72 ± 0.1 
20:5ω3 3.66 ± 0.21 16.18 ± 19.82 2.12 ± 0.42 1.95 ± 0.36 2 ± 4.01 - 5.13 ± 0.49 9.28 ± 0.92 
22:6ω3 - 0.23 ± 0.28 0.03 ± 0.03 0.05 ± 0.06 - 0.62 ± 1.24 1.01 ± 1.96 3.16 ± 1.21 

         BrFA 

        10-Me16:0 0.36 ± 0.08 - 0.44 ± 0.03 0.35 ± 0.07 0.06 ± 0.12 0.07 ± 0.08 0.05 ± 0.05 0.03 ± 0.05 
ai-15:0 0.03 ± 0.04 - - 0.11 ± 0.12 0.21 ± 0.37 0.1 ± 0 0.11 ± 0.01 0.14 ± 0.01 
i-14:0 - - - 0.01 ± 0.02 0.03 ± 0 0.1 ± 0.02 0.08 ± 0.01 0.12 ± 0 
i-15:0 - - - - 4.95 ± 0.1 0.1 ± 0 0.1 ± 0.01 0.2 ± 0.03 
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C-incorporation ( % PLFA total C-incorporation)  
PLFA May-S11 May-S17 May-S2 May-S5 Sept-S11 Sept-S17 Sept-S2 Sept-S5 
SFA 

        14:0 9.53 ± 0.14 10.39 ± 0.72 14.64 ± 0.17 2.43 ± 2.93 12.85 ± 0.87 8.19 ± 0.39 8.13 ± 0.85 5.8 ± 0.41 
16:0 23.55 ± 0.36 24.29 ± 0.37 20.46 ± 0.5 9.83 ± 13.17 36.14 ± 1.55 28.29 ± 1.5 27.54 ± 1.3 30.98 ± 2.42 
18:0 0.37 ± 0.01 0.44 ± 0.05 0.53 ± 0.04 0.88 ± 0.73 0.46 ± 0.19 0.19 ± 0.03 0.38 ± 0.03 1.32 ± 0.12 
20:0 14.99 ± 0.85 14.58 ± 0.7 20.2 ± 0.52 5.19 ± 7.06 - 9.84 ± 0.18 9.99 ± 0.5 6.39 ± 0.09 

         MUFA 
        16:1ω7 18.21 ± 0.36 18.19 ± 0.45 9.17 ± 0.99 7.77 ± 8.44 27.46 ± 1.45 21.82 ± 0.54 21.24 ± 1.5 16.02 ± 0.08 

18:1ω7 1.56 ± 0.15 1.35 ± 0.04 1.56 ± 0.07 2.14 ± 3.21 1.19 ± 0.3 1.34 ± 0.07 1.22 ± 0.09 1.04 ± 0.2 
18:1ω9 6.26 ± 0.1 6.99 ± 0.31 8.71 ± 1.8 5.32 ± 5.18 0.32 ± 0.23 6.4 ± 0.33 4.37 ± 0.47 11.07 ± 0.76 

         PUFA 
        16:2ω4 2.16 ± 0.15 2.31 ± 0.18 1.22 ± 0.19 1.19 ± 1.07 6.06 ± 1.77 3.53 ± 0.23 3.78 ± 0.33 2.2 ± 0.15 

16:3ω3 - - - 0.2 ± 0.41 2.49 ± 0.79 0.85 ± 0.09 0.71 ± 0.07 2.08 ± 0.03 
16:3ω4 0.02 ± 0.02 0.01 ± 0.01 - 0.74 ± 1.48 0.04 ± 0.04 - - - 
16:4ω1 0.28 ± 0.03 0.3 ± 0.05 0.21 ± 0.02 0.36 ± 0.47 0.55 ± 0.54 0.37 ± 0.05 0.53 ± 0.06 0.1 ± 0.01 
16:4ω3 0.26 ± 0.07 0.43 ± 0.08 1 ± 0.31 0.86 ± 1.06 0.05 ± 0.06 0.25 ± 0.03 0.45 ± 0.08 0.66 ± 0.05 
18:2ω6 4.04 ± 0.15 4.48 ± 0.27 5.61 ± 0.08 7.8 ± 11.5 0.01 ± 0.03 3.41 ± 0.56 3.03 ± 0.17 6.02 ± 0.69 
18:3ω3 5.53 ± 0.24 6.29 ± 0.14 9.77 ± 0.33 2.7 ± 3.59 - 4.76 ± 0.23 5.67 ± 0.58 6.15 ± 0.4 
18:3ω6 1.53 ± 0.38 1.52 ± 0.23 0.45 ± 0.51 0.1 ± 0.12 - 0.97 ± 0.53 1.14 ± 0.18 0.98 ± 0.06 
18:4ω3 - - - - 0.04 ± 0.05 - - - 
18:5ω3 1.52 ± 0.2 0.92 ± 0.13 2.18 ± 0.79 0.48 ± 0.95 - 0.09 ± 0.11 0.16 ± 0.12 - 
20:3ω3 - - - - 0.04 ± 0.04 - - - 
20:4ω6 0.59 ± 0.04 0.56 ± 0.07 0.52 ± 0.05 0.46 ± 0.52 - 0.56 ± 0.18 0.74 ± 0.11 0.39 ± 0.17 
20:5ω3 6.12 ± 0.13 4.6 ± 0.44 2.54 ± 0.24 6.15 ± 7.09 0.02 ± 0.02 7.35 ± 0.65 8.28 ± 0.66 4.6 ± 0.9 
22:6ω3 0.45 ± 0.91 - - 9.08 ± 4.75 1.4 ± 0.33 - - - 

         BrFA 
        10-Me16:0 - 0.07 ± 0.08 0.06 ± 0.07 5.98 ± 11.95 0.09 ± 0.1 0.06 ± 0.05 0.06 ± 0.01 0.13 ± 0.02 

ai-15:0 0.07 ± 0.01 0.01 ± 0 0.06 ± 0.01 0.45 ± 0.82 0.01 ± 0.01 0.02 ± 0 0.06 ± 0.01 - 
i-14:0 0.03 ± 0 0.03 ± 0 0.02 ± 0 0.19 ± 0.29 0.05 ± 0.02 0.02 ± 0.01 0.03 ± 0 0.01 ± 0 
i-15:0 0.12 ± 0.01 0.04 ± 0 0.09 ± 0.01 1.48 ± 1.61 - 0.09 ± 0.01 0.12 ± 0.01 0.14 ± 0.2 


