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Abstract  

Short term (24 hours) phosphate enrichment experiments were performed with natural 

phytoplankton communities in the Marsdiep basin of the Wadden Sea at three stations in mid-

spring (April), late spring (May/June) and in early autumn (September). During the spring bloom 

in April, the effect of phosphate supply led to change in phytoplankton community, measured by 

an increase in C-fixation in phytoplankton using 
13

C stable isotope incorporation into 

phospholipid derived fatty acid (PLFA). At all stations, soluble reactive phosphorus (SRP) was 

the least available for phytoplankton growth and SRP concentrations varied between 0.01 and 

0.02 µmol L
-1

. Phosphorus (P) limitation did occur mainly in spring at all stations investigated, 

but not all phytoplankton taxa reacted equally to the phosphate addition of the bioassays. The 

phosphate addition experiments showed that an increase of C-incorporation was found in 

Bacillariophyceae and Cryptophyceae, whilst Chlorophyceae and flagellates did not respond to 

it. When in situ SRP concentrations were higher in May compared to April, enhancement of C–

incorporation upon phosphate addition was found at those stations where SRP concentrations 

were ≤ 0.13 µmol L
-1

. This was the case in two out of the three stations, thus showing spatial 

differences in the type of limitation. In early autumn, phosphate addition did not lead to an 

increase in C-incorporation rates. A high percentage of cells expressed cell-specific alkaline 

phosphatase activity (APA) as 65% to 98% of the cells were labeled with the AP specific 

fluorescent probe ELF® during April and May, and this decreased to less than 50% during 

September. This indicates that APA does not necessarily mean that the cells are P-limited as 

APA was noticed when phytoplankton taxonomic classes were not stimulated to raise their rate 

of C-fixation by phosphate addition. Dissolved organic phosphorus (DOP) concentrations varied 

between 0.18 and 0.44 µmol L
-1

. The high percentage of cells showing cell-specific APA 

suggests that not all DOP forms were bioavailable and therefore cannot fully sustain 

phytoplankton growth. Further research on the influence of DOP availability in the Wadden Sea 

is needed in order to explore the role of DOP in driving phytoplankton growth.  
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Introduction  

Phosphorus (P) is an essential element in marine ecosystems, indispensable for cellular 

metabolism (Paytan & McLaughlin, 2007). It is a vital structural and functional component of 

living organisms, found in membrane lipids, in nucleic acids (phosphate-ester backbone of DNA 

and RNA) and is involved in chemical energy transfer through energy-rich phosphate bonds (e.g. 

as in ATP). Low P availability can limit phytoplankton growth and primary production, 

subsequently influencing phytoplankton community composition, size structure, and cellular 

nutrient quotas (Hansell & Carlson, 2002, Irwin et al., 2006, Duhamel et al., 2010). In constantly 

low P environments, for example, small cells with low metabolic P requirement and large 

volume to surface ratios are selected over large phytoplankton cells because such traits are 

advantageous for nutrient resource competition. In contrast to small cells, large cells are poor 

competitors in low nutrient environments due to their slower grow rates and higher nutrient 

uptake per unit of biomass (Irwin et al., 2006, Finkel et al., 2010). Because the grazing pressure 

is different for small compared to large phytoplankton cells, resulting shifts in phytoplankton 

community size structure are expected to affect transfer of carbon and energy to higher trophic 

levels (Barber & Hiscock, 2006). 

Although marine systems are commonly characterized as nitrogen limited, P limitation is 

often observed in marine ecosystems (Elser et al., 2007, Ly et al, submitted). In those 

environments where P is limiting primary production, phytoplankton cells develop biochemical 

mechanisms to optimize their growth rate by lowering their P-demand. This mechanism forms 

the basis of the Droop model (Droop, 1974). Recently, lipid composition in phytoplankton cells 

in P-limited environment has received much attention. Limiting nutrients often induce an 

increase in storage lipid triglycerides (Lynn et al., 2000, Müller-Navarra, 2008, Yoshimura et al., 

2009). The decrease of P in aquatic environments can influence lipid composition and membrane 

structure in eukaryotic phytoplankton by substituting phospholipids (phosphotidylcholine and/ or 

phosphatidylethanolamine) to non-phospholipid membranes (betaine lipids) (Van Mooy et al., 

2009, Martin et al., 2010).  

In contrast to storage lipids, phospholipids fatty acids (PLFAs) are tightly coupled to the 

growth rate. As such, PLFA can be used as biomarkers to obtain information about 

phytoplankton community structure (Dalsgaard et al., 2003, Dijkman et al., 2009, Bianchi & 

Bauer, 2011). Thus, by using stable isotope labeling and analysis of fatty acids in general and of 

the PLFA pool in particular, one can obtain important information about both the phytoplankton 

composition and the group specific primary production (Boschker et al., 2005, Dijkman et al., 

2009, Ly et al., submitted). We used this approach to study the effect of possible P limitation of 

phytoplankton in the western part of the Dutch Wadden Sea. 

The Wadden Sea is a tidal sea enclosed by barrier islands separated by tidal inlets and the 

mainland. Between 1970s and 1990s, the Wadden Sea became more eutrophic, due to high 

loading of nitrogen (N) and phosphorus (P) from anthropogenic activities. Since the 1980s, long-

term time series data showed a decrease in inorganic phosphorus and a minor decrease in 
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nitrogen loads in this area (www.waterbase.nl). Comparison of long-term information on riverine 

nutrient loads and phytoplankton dynamics strongly suggested that the decrease in soluble 

reactive phosphorus (SRP) concentrations had an effect on the growth and seasonal development 

of primary producers and primary consumers, although no long-term trends in the timing of the 

phytoplankton spring bloom were observed (Philippart et al., 2010). In addition, large changes 

were found higher up in the food webs (Philippart et al., 2007). Previous laboratory and field 

studies conducted at the long-term monitoring station, the NIOZ sampling jetty in the most 

western part of the Dutch Wadden Sea, demonstrated that P was the primary limiting nutrient for 

phytoplankton growth during the spring bloom although diatoms also had a silicate shortage (Ly 

et al., submitted).  

The present study aimed at investigating whether the phytoplankton populations 

throughout the western part of the Dutch Wadden Sea are P-limited during different phases in the 

phytoplankton growth season. To investigate the potential P limitation on the phytoplankton 

community, we performed short-term phosphate enrichment experiments, which were conducted 

with natural phytoplankton assemblages during 24 hours incubations. To further understand 

coastal phytoplankton community changes in response to P supply in the environment, we used 
13

C-incorporation into PLFA analysis to characterize production rates in different phytoplankton 

groups. By quantifying C-incorporation in phytoplankton PLFA from different taxonomic groups 

and looking at the expression of alkaline phosphatase activity (APA), we investigated whether 

phosphate supply leads to changes in C-incorporation for the whole phytoplankton community or 

whether specific phytoplankton functional groups are affected by the relieve from P limitation.  

  

http://www.waterbase.nl/
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Material and methods  

Study sites- Experiments were performed on board of the research vessel ―Navicula‖ (NIOZ) 

during three different cruises in 2011. The first cruise (Navicula (Nav) 7) took place during the 

spring bloom (Nav7: 18
th

 to 21
st
 of April), the second during end of the spring bloom (Nav8: 30

th
 

of May to 1
st
 of June) and the third in fall (Nav9: 26

th
 to 29

th
 September). The three sampling 

locations (S18, S19 and S20) are shown in Fig. 1. Water samples were collected at local high tide 

just below the water surface with a Niskin bottle.  

Phosphate addition experiments -The seawater samples were poured into four 10 L 

polycarbonate bottles and phosphate was added to two bottles (+P treatment ~10 µmol L
-1

 

Na5H3PO4 final concentration). The other two bottles did not receive any phosphate treatment (-P 

treatment). All bottles were incubated on board under natural light conditions and in situ 

temperature for 24 hours and regularly mixed in order to prevent sedimentation of the cells. After 

24 hours of incubation, NaH
13

CO3 was added to the bottles, equaling 4% of ambient dissolved 

inorganic carbon concentration and incubated for another two hours under artificial irradiance of 

100 µmol photons m
-2

 s
-1

. Experiments were terminated by filtering 2 L of each PLFA sample 

over pre-combusted glass fiber filters (Whatman GF/F filters, 0.7 µm pore size). The filters were 

then stored at -80 
o
C until analysis.  

Chla and nutrient measurements - Chla concentrations at the start of the experiment were 

determined by filtering 500 mL samples over glass fiber filters (Whatman GF/F filters). Filters 

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 and analysed by HPLC (Dionex LC-02) using a reversed-phase 

analytical Novapak C18 column (4 µm, 15 cm) (Rijstenbil, 2003). Chla was detected by a 

photodiode array and fluorescence detector. The Chla was identified by retention time and its 

absorption spectra in comparison with those given in the literature (Jeffrey et al., 1997) and 

calculated after calibration with commercial standards (Sigma, Chla-C5753). 

To determine nutrients concentrations, 125 mL of seawater was collected into a HDPE bottle 

(Nalgene), passed through a 0.2 µm Supor Membrane (Acrodisc Pall) and stored 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 instructions provided by the 

manufacturer. Total dissolved nitrogen (TDN) and total dissolved inorganic nitrogen (DIN = 

(NOx + NH4
+
 ; NOx = NO3

-
 + NO2

-
), 

 
total dissolved phosphorus (TDP), soluble reactive 

phosphorus (SRP) and silicate (Si) were measured. Dissolved organic nitrogen (DON) and 

phosphorus (DOP) were obtained by subtracting total dissolved forms minus inorganic forms.  

C-incorporation rates - 
13

C-incorporation (μg C L
-1

) in PLFA was calculated following specific 

isotopic carbon equations (Middelburg et al., 2000). 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 = 0.0112372), we calculated ratios R from the δ
13

C ratio:  
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 R = [(δ
13

C / (1000 +1) × Rstd]. The absolute 
13

C- incorporation rate (µg 
13

C L
-1

 h
-1

) was 

calculated from the difference between labeled in each individual PLFA to non labeled PLFA for 

each treatment according to.  
13

C incorporation = (
13

Fsample – 
13

Fbackground) × [PLFA] 

where 
13

F is the fraction isotopic obtained being the 
13

C fraction (
13

F = R/(R+1)) in labeled 

individual PLFA samples (
13

Fsample) and non labeled samples (
13

Fbackground). [PLFA] represented 

individual PLFA concentrations (µg L
-1

). In order to obtain the C-incorporation rate of the 

treatments with (+P) and without (-P) phosphate addition, the data were corrected for small 

differences in initial DI
13

C concentrations added (4% of ambient DIC) during the incubation 

time (two hours).  

The final part of the calculation of C-incorporation rates required the conversion from PLFA to 

C biomass. In addition, the total phytoplankton PLFA was converted to carbon biomass using the 

average phytoplankton conversion factor of 0.046 g of total phytoplankton PLFA (PLFAtotal –

PLFAbacteria) to C per gram of carbon biomass (Van den Meersche et al., 2004). The conversion 

factor from phytoplankton PLFA groups (SFA, MUFA and PUFA) to cell carbon biomass was 

obtained as a product of the percentage of each PLFA group (percentage of total PLFA) 

corrected for the total phytoplankton conversion factor 0.046 carbon PLFA per carbon biomass. 

Calculated conversion factor values ranged from 6.7 10
-3

 to 0.028. The conversion factors for 

phytoplankton taxonomic classes were derived from PLFA culture data (Dijkman & Kromkamp, 

2006) using group specific PLFA (Table 2). The percentage of specific PLFA of each taxonomic 

class was calculated as the percentage of specific PLFA × percentage of PLFA per unit of 

carbon. Conversion factor values for phytoplankton taxonomic classes were ranged from 0.023 

and 0.056 carbon PLFA per carbon biomass (0.026 Chlorophyceae, 0.056 for Bacillariophyceae, 

0.051 for flagellates (combined Prymnesiophyceae and dinoflagellates) and 0.023 for 

Cryptophyceae). 

PLFA analysis- PLFA samples were extracted using a modified Bligh and Dyer method (1959) 

(Middelburg et al., 2000). At first, total lipids were extracted and separated into different polarity 

classes of lipids using a silicic acid column. The column eluted several solvents (chloroform, 

acetone and methanol) representing different lipid fractions. The methanol fraction was collected 

and contained most of the PLFA. PLFA solutions were derivatized in order to measure fatty 

acids methyl esters (FAMEs) using gas chromatography-combustion isotope ratio mass 

spectrometry (GC-c-IRMS) (Dijkman et al., 2010). The FAMEs were determined according to 

their retention time and were compared to reference standards (12:0 and 19:0).  

PLFAs can be classified into different classes depending on their presence/ absence and number 

of double bonds in the PLFA structure. The PLFA nomenclature used in this study follows the 

pattern of X:YωZ. The ‗‗X‘‘ position identifies the total number of carbon atoms in the fatty 

acid. Position ‗‗Y‘‘ is the number of double bonds. ‗‗Z‘‘ designates the carbon atom from the 

aliphatic end before the first double bond. PLFA without double bonds are saturated fatty acids 

(SFA), PLFA with one double bond are mono-unsaturated fatty acids (MUFA), and PLFAs 
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containing two or more double bonds are poly-unsaturated fatty acids (PUFA). This is followed 

by a ‗‗c‘‘ for cis or a ‗‗t‘‘ for trans configuration of isomeric forms. The prefixes ‗‗i‘‘ and ‗‗a‘‘ 

stand for iso or anteiso, respectively, and these PLFA are called branched fatty acids (BrFA). 

BrFAs are typically derived from bacteria although they seem to be absent in cyanobacteria 

(Sharathchandra & Rajashekhar, 2011).  

The use of PLFA as a chemotaxonomic marker for microorganism classification is based on the 

fact that these organisms contain a great number of fatty acids, some of them unique, and that a 

variety of PLFA combinations are characteristic of different phytoplankton taxonomic classes 

(Table 4).  

Alkaline phosphatase activity (APA)- At the beginning of each experiment, samples for specific 

detection of APA were treated using a molecular probe, ELF-97 (Endogenous Phosphatase 

Detection Kit; E6601, Molecular Probes, Invitrogen, California) following the instructions 

provided. The phytoplankton in a sample of 100-150 mL was concentrated by gravity filtration 

and resuspension using a membrane filter of 0.2 µm, and to 1 mL of the concentrated sample a 

freshly prepared ELF-97 working solution was added. After 30 min in the dark, 100 µL of the 

phosphate buffer solution and 20 µL of a mixture of paraformaldehyde and glutaraldehyde 

(0.01:0.1%) was added for preservation and the samples were then stored at 4 ° C. The ELF 

samples were analyzed within one week, and were visualized using an imaging epifluorescence 

Carl Zeiss axioplan 2 microscope. Each cell was scored as positive (green fluorescent precipitate 

from the ELF probe) or negative (no green fluorescent precipitation). 

Statistical analysis- For each sampling period and station, data were analyzed using a two-way 

analysis of variance (ANOVA) analysis where ―groups‖ (PLFA groups) or ―classes‖ (taxonomic 

phytoplankton classes) and ―treatments‖ (+P or –P) are considered as factors. Prior to analyses, 

data were checked for normality and homogeneity of variance.  

Results  

Chla, total PLFA and nutrient concentrations - The highest Chla concentrations were measured 

during the sampling period in April (Nav7) with differences observed between stations (Fig. 2). 

Chla concentrations ranged from 15 µg L
-1 

at S18 to 5.5 µg L
-1

 at S19, and S20 showed an 

intermediate concentration, around 9 µg L
1
. In May (Nav8), Chla concentrations were lower than 

in April  and more or less similar at all three locations (3-4 µg L
-1

). In September (Nav9), 

average Chla concentrations were slightly higher than in May with highest value of 5 µg L
-1

 at 

S18. Chla and total PLFA concentrations displayed similar temporal dynamics (Fig. 2). Highest 

PLFA concentrations were found in April (2.8 to 11.2 µg L
-1

), followed by the lowest PLFA 

concentrations in May (0.6 to 2 µg L
-1

). Concentrations were as high as 6.8 µg L
-1

 in September. 

Spatial variation in PLFA concentrations, however, did not reflect the pattern in Chla 

concentrations (Fig. 2).  
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In April, SRP and Si concentrations were the lowest compared to the other two sampling periods 

in 2011 (Table 1), with SRP concentrations reaching not more than 0.02 µmol L
-1

 and Si 

concentrations varying between 0.27 and 0.41 µmol L
-1

. DIN concentrations were the highest in 

this sampling period, reaching values in the order of 20 µmol L
-1

.
 
Therefore, molar DIN:SRP 

ratios were especially high during Nav7 (> 1000), far exceeding the Redfield ratio of 16. The 

molar Si:SRP ratios were between 21 and 31 in April. During Nav7, most of the TDP with 

concentrations of 0.21 µmol L
-1 

was in the form of DOP (>90%), whilst for the TDN the 

contribution of DON was less than 40%.  

In May, SRP concentrations ranged between 0.11 to 0.17 µmol L
-1

, which was approximately 

more than 10 times as high as observed in April. The Si concentrations in May, now varying 

between 1.53 and 1.94 µmol L
-1

, were approximately five times as high as those in April (Table 

1). The DIN concentrations in May of around 10 µmol L
-1

 were, however, lower as measured in 

April. Compared to April, the molar DIN:SRP ratio was lower in May but still higher than 16 , 

whilst the Si:SRP ratio of all three stations was around the Redfield ratio. In May, approximately 

50% of total dissolved phosphorus (SRP) and nitrogen (TDN) consisted of dissolved organic 

phosphorus (DOP) and dissolved organic nitrogen (DON), respectively. 

In September (Nav9), SRP concentrations of more than 0.4 µmol L
-1 

and Si concentrations of 

more than 8 µmol L
-1 

were higher than observed before, whilst DIN concentrations were close to 

values found during April. As in April and May, the molar DIN:SRP and Si:SRP ratios were still 

above 16. In September, DON and DOP had similar contributions ( ~50%) to TDN and TDP 

respectively, as was observed in May (Nav8).  

C-incorporation rates of total PLFA and PLFA groups- C-incorporation rates for samples where 

no phosphate was added (-P) and as obtained from total PLFA (GC-IMRS analyses) were the 

highest during Nav7, and varied between 3 to 17 µg C L
-1

 h
-1

, with highest rates observed at S18 

and lowest at S20 (Fig. 3), these rates of C-incorporation had decreased to 0.8-4 µg C L
-1

 h
-1 

during Nav8, and had increased again to 1 to 7 µg C L
-1

 h
-1

 during Nav9. ANOVA analysis 

showed significant changes in C-incorporation rates between sampling periods and across 

stations (Table 2). The different groups of PLFA patterns showed no consistent trends between 

locations within similar sampling periods. In general, C-incorporation rate into SFA groups were 

slightly higher than for MUFA and PUFA. C-incorporation rates into BrFA represented less than 

0.3% of total PLFA-C-incorporation. 

In general, the addition of phosphate (+P) induced an increase of C-incorporation of total PLFA 

and the different PLFA groups during sampling periods Nav7 and Nav8, with the exception of 

S18 at Nav8 (Table 2), the station with the highest SRP concentration (Table 1). During Nav7, 

S18 showed higher C-incorporation than at the two other stations after addition of phosphate. 

During Nav9, no effect of phosphate addition was observed at the different stations (Table 2), 

indicating that the phytoplankton was not limited by P-availability.  

Dominant phytoplankton community - The most abundant species during this study are shown in 

(Table 3; Philippart et al., in prep.). During the spring bloom in April 2011, the phytoplankton 
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community was dominated by Cryptophyceae, especially Hemiselmis spp., at station S18 whilst 

Prymnesiophyceae, mainly Phaeocystis globosa, dominated at stations S19 and S20. At the end 

of the bloom period in May/ June (Nav8), the phytoplankton community was dominated by small 

unidentified flagellates at S18 and S19, and by Thalassiosiraceae (Bacillariophyceae) at S20. In 

September, during Nav9, unidentified flagellates dominated the phytoplankton at S18 and S20, 

whereas a large number of Chlorococcales (Chlorophyceae) were observed at S19. 

C-incorporation rates in different phytoplankton groups - Phytoplankton C- incorporation was 

divided into the major phytoplankton groups with the most dominant PLFAs found for each 

group (Fig. 4). The PLFA 16:1ω4 and 20:5ω3 occurs mainly in Bacillariophyceae, whereas 

16:4ω3, 18:2ω6, 18:1ω7 and 18:3ω3 occurred in Chlorophyceae. Prymnesiophyceae and 

Dinophyceae are rich in 18:5ω3 and 22:6ω3 and are combined in this work as one group, the 

―autotrophic flagellates‖. The PLFA 18:4ω3 has been observed to be one of the most dominant 

PLFA in Cryptophyceae (Table 4).  

During Nav7, for each station, significant differences were found between phytoplankton classes 

and treatments (Table 2). Addition of phosphate stimulated C-incorporation rates mainly the 

Bacillariophyceae at S18 from 1.3 µg C L
-1

 h
-1

 (-P) to 2.1 µg C L
-1

 h
-1

 (+P) and Cryptophyceae 

from 1.4 µg C L
-1

 h
-1

 (-P) to 1.8 µg C L
-1

 h
-1

 (+P) whereas Chlorophyceae and flagellates did not 

show significant changes in C-fixation rate after phosphate addition. Similar to the situation 

observed at S19 and S20, C-incorporation rates of Bacillariophyceae and Cryptophyceae showed 

a positive response after phosphate addition, although the observed rates were lower than for  

S18. Again, flagellates and Chlorophyceae did not show a particular response to phosphate 

addition. The C-incorporation rates in phytoplankton taxa were the lowest at S20, with values 

below 0.7 µg C L
-1

 h
-1

. The species Hemiselmis spp. (Cryptophyceae) was dominant at stations 

S18 and S20. One of the dominant PLFA in Cryptophyceae (18:4ω3) showed unexpectedly no 

labeling after addition of phosphate at S20, despite the presence of this PLFA, whereas the 

labeling was stimulated at S18 and S19. We have no explanation for this observation. 

Although C-incorporation rates were low and did not exceed 0.9 µg L
-1

 h
-1

 during Nav8, 

Bacillariophyceae seemed to be responsible for most of the C-incorporation at all stations. The 

two-way ANOVA analysis (Table 2) showed that addition of phosphate induced significant 

differences (stimulation) between phytoplankton taxonomic classes. However, addition of 

phosphate did not stimulate C-incorporation in all taxonomic classes distinguished at S18, the 

station with the highest SRP concentration. At S19, Bacillariophyceae, Chlorophyceae and 

Cryptophyceae responded positively to phosphate addition. At S20, C-incorporation from 

Bacillariophyceae and Chlorophyceae showed highest values during this sampling period. 

The contribution to C activity of Cryptophyceae, however, completely disappeared at S19 and 

S20 and flagellates also did not show activity at S20. We thus observed large spatial differences 

in response of the different phytoplankton taxonomic classes. Phosphate supply was not effective 

anymore as it did not stimulate C-incorporation rates in any of the taxonomic classes during 

Nav9.  
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In order to investigate the contribution of Bacillariophyceae, we also plotted the ΣC16/ΣC18 

ratio which is used as an indicator of Bacillariophyceae abundance relative to other groups 

(Alfaro et al., 2006). Here, we applied the ratio based on the measured C-incorporation rates 

deduced from the PLFA labeling pattern. If this ratio, based on C-incorporation rates, exceeds 2, 

Bacillariophyceae are the most active taxonomic classes (Ly et al., submitted). According to the 

results, Bacillariophyceae only dominated the phytoplankton community during Nav8 at S20, 

which is in agreement with the results shown in Fig. 4. However, a closer inspection of the PLFA 

labeling rates showed that Bacillariophyceae also dominated the C-incorporation at S18 and S19 

during Nav8 and S20 during Nav9, although the dominance was less pronounced than for S20 

during Nav8 (Fig. 4). Hence the use of this ratio should be applied with caution, and a threshold 

between 1 and 2 would be more suitable to assess Bacillariophyceae dominance, a result 

obtained before (Ly et al., submitted). 

ELF labeled cell- Most cells expressed APA during Nav7 and Nav8. According to the ELF 

fluorescence, more than 90% of the cells showed APA, and this coincides with SRP 

concentrations below 0.17 µmol L
-1

. The exception is at S18 during Nav7, which showed that 

65% of the cells showed cell-specific APA. In agreement with the higher SRP concentrations 

during Nav9, the percentage of cells expressing ELF-fluorescence decreased substantially: less 

than 45% of the cell showed cell-specific APA.  

Discussion  

Our previous study (Ly et al., submitted) demonstrated that the phytoplankton 

community sampled at the NIOZ sampling jetty was limited by external SRP concentrations 

during the spring bloom and that Bacillariophyceae suffered from a P-Si co-limitation during 

part of this period. The present study investigated whether the potential P limitation is affecting 

differently different taxa within the phytoplankton community and whether the P limitation was 

also observed in other locations and other periods of the growth season in the Marsdiep basin of 

the Wadden Sea. The increased rates of PLFA-C-incorporation after the addition of phosphate 

demonstrate that different phytoplankton taxa respond differently to P limitation during early 

spring (Nav7) and late spring (Nav8). However, results from the Nav8 cruise show that during 

this late phase of the spring bloom spatial patterns in P limitation starts to develop, as 

phytoplankton from S18 is apparently not P-limited anymore whereas S19 and S20 are still P-

limited. As the system is highly dynamic, as shown by Ly et al. (submitted), this spatial 

heterogeneity might indicate that the spatial dynamics in the P-supply and demand processes 

have a different timing, depending on the location within the Marsdiep basin. Our results suggest 

that the dynamics in S19 and S20 might lag behind those in S18, with S18 being the station 

closest to nutrient-rich freshwater input from Lake IJsselmeer.  
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Phytoplankton spring bloom: P limiting period for phytoplankton growth 

When the phytoplankton community was P-limited, phosphate addition enhanced C-

incorporation of total PLFA, with all PLFA groups (SFA or MUFA or PUFA) reacting 

positively. However, the strength of response of P-addition on C-incorporation into the different 

PLFA groups differed between seasons and stations. A laboratory study by Piepho et al. (2012) 

using unicellular algae demonstrated that PLFA composition is different amongst species and is 

related to P supply and light intensity. From the results of this field study, changes in PLFA 

groups from phytoplankton community were observed in different environmental conditions. 

Our results from mixtures of species composing the phytoplankton community cannot confirm or 

refute the trends observed in Piepho et al. (2012).  

PUFA are an essential compound in the diet of consumers (Guschina & Harwood, 2006). Algal 

cells responded to phosphate addition by altering the PUFA composition and abundance and the 

observed response varied widely from locations and sampling periods. Because of lack of 

desaturase enzymes (Δ12 and Δ15) in organisms of higher trophic levels (Hastings et al., 2001), 

a change in the composition and abundance of available PUFA in the system can potentially 

impact the grazer community by altering growth and recruitment rates (Brett & Müller-Navarra, 

1997).  

Alternatively to PLFA groups, results from specific PLFA-C-incorporation in the 

different taxonomic classes provide a quantification of their different contribution to total C-

incorporation rates. Bacillariophyceae responded most to the phosphate addition, as shown from 

the increase in C-incorporation rates. Hence, the Bacillariophyceae seemed P-limited and are 

apparently poor competitors in a low phosphate environment, as was similarly observed in other 

studies (Egge, 1998, Rengefors et al., 2003). Larger cells such as Bacillariophyceae often have 

competitive disadvantage compared to smaller cells with their higher surface to volume ratio and 

higher growth rates (Finkel et al., 2010). Similarly to Bacillariophyceae, Cryptophyceae were 

also P-limited. One of the most abundant PLFA, 18:4ω3 is found in high abundance in 

Cryptophyceae (Kelly & Scheibling, 2012) but can also be produced in other phytoplankton 

groups. However, groups apart from Cryptophyceae were a minor component during Nav7, 

hence we attribute most of this specific PLFA to Cryptophyceae. The range in cell size and 

growth rates in Cryptophyceae are often similar to Bacillariophyceae (Moal et al., 1987) and for 

this reason it is not surprising that they behaved similar to the Bacillariophyceae upon a 

phosphate addition. However, Cryptophyceae have received less attention than other 

phytoplankton groups and require further investigation.  

Not all phytoplankton taxa seem to be limited by SRP, as the Chlorophyceae and 

flagellates did not show a response to the phosphate addition. It might be that these 

Chlorophyceae or flagellates were small pico- or nanoplankton, which, due to their high 

surface/volume ratio, still had sufficient affinity for SRP. Alternatively, it might concern species 

with a relatively low P-requirement with regard to their size. For example, some flagellates 

possess a mixotrophic metabolism. It has been shown that mixotrophic flagellates showed lower 

SRP requirements than other phytoplankton taxonomic classes. They can be good competitors by 
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utilizing other food resources from dissolved or particulate nutrients, especially under low 

nutrient conditions (Jones, 2001, Boëchat et al., 2007). Another alternative explanation could be 

that some species with a high internal P-storage capacity (as polyphosphate) did not deplete their 

internal P-store yet within the 24 hours of the experiment. If these species were slowly growing, 

it might take several weeks (several cell doublings) to deplete their polyphosphate storage 

(Kromkamp, 1987).  

Because the Wadden Sea receives a major proportion of the total phosphorus loads from 

freshwater discharge of Lake IJsselmeer and the river Rhine (De Jonge, 1990, Philippart et al., 

2000, van Raaphorst & de Jonge, 2004), the marine phytoplankton community is mixed with 

freshwater species, mainly Chlorophyceae and cyanobacteria. The lower P uptake in 

Chlorophyceae might be due to a high internal storage caused by higher concentrations in 

freshwater than in marine systems. In addition, discharge of freshwater phytoplankton species 

will slow down their growth rates due to osmotic stress caused by the transition from low to 

high-marine salinity (Kirst, 1990). As a consequence, the freshwater Chlorophyceae may become 

less affected by short periods of P limitation than other groups, but this does not hold for the 

marine Chlorophyceae or Prasinophyseae, which were, however, not abundant.  

End of phytoplankton spring bloom: a transition period between P limiting and P replete 

conditions  

In late spring (Nav8), phytoplankton biomass had decreased and SRP increased from near 

the detection limit to approximatively 0.11-0.17 µmol. L
-1

. The phytoplankton population during 

Nav8 showed less biodiversity as there was a dominance of the Bacillariophyceae in the 

phytoplankton community, especially at S20. The spatial situation was more heterogeneous than 

during the beginning of the spring bloom (Nav7). The supply of phosphate stimulated the C -

incorporation in all PLFA groups (SFA, MUFA and PUFA) at S19 and S20. However, no 

stimulation was observed at S18 where SRP concentrations were the highest during the sampling 

period. This pattern coincides with the fact that the SRP concentrations at S18 were 

approximatively around 0.17 µmol. L
-1

, compared to the other two stations where concentrations 

were around 0.12 µmol. L
-1 

at S19 and S20. This suggests that the threshold for P limitation is 

between these two concentrations for the phytoplankton growth in the western Dutch Wadden 

Sea. Care has to be taken, however, with adopting this conclusion because we cannot track the 

recent nutrient history of the cell, and neither do we have quantification of phosphate fluxes from 

the porewater in the sediment to the overlying water.  

P limitation did not occur homogenously in the Marsdiep basin at all times. During Nav7, 

all stations visited showed P-limitation, but as shown, during Nav8 only two out of the three 

stations showed P-limitation. This shows that the use of nutrient ratios as an index for the nature 

and strength of nutrient limitation should be treated with caution. DIN/SRP ratio during Nav8 

varied between 40 and 120 mol mol
-1

, suggesting a P limitation in all stations. At S18, the lowest 

DIN/SRP ratio was observed, but the value remained above Redfield ratio implying potential P 

limitation for the phytoplankton community. Thus, nutrient ratios can only be interpreted in 
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combination with the actual concentrations and nutrient addition experiment. In shallow systems 

like the Wadden Sea, nutrient release from the sediment might be a source of a considerable 

nutrient flux, which does not necessarily become apparent in the nutrient concentrations and/or 

ratios.  

When the phytoplankton showed P limitation, it was especially the Bacillariophyceae 

which were stimulated by phosphate addition. The Si/SRP ratio seems balanced indicating that 

Bacillariophyceae might experience a Si and P co-limitation, meaning that especially those 

diatoms with a low Si requirement responded positively to the phosphate addition (Ly et al., 

submitted), but we cannot prove this with the current data. It should be noted that we did not 

have the opportunity to also measure the effects of additions of other nutrients such as Si or DIN. 

The latter is probably not important as concentrations appeared to be too high to be possibly 

limiting, and therefore DIN probably played a minor role in shaping the development of 

phytoplankton community during the sampling periods. Si concentrations in late April (Nav7) 

were low, around 0.4 µmol L
-1

. Nevertheless, the molar Si/P ratio varied between 21 and 31, 

suggesting a relative Si surplus, despite the potentially limiting concentrations. Si concentrations 

were ranging from 1.5 to 1.9 µmol L
-1

 during Nav8, considerably higher than during Nav7. 

These values are close to the half saturation constant for uptake according to some studies 

(Peperzak et al., 1998, Philippart et al., 2007), so only when the diatoms showed a high growth 

rate, Si might become limiting (Ly et al., submitted).  

Autumn period: resources available for phytoplankton growth  

During the sampling period in autumn (Nav9), C-incorporation rates did not respond 

positively to phosphate addition. This agrees with the fact that SRP concentrations had risen to 

values exceeding 0.4 µmol L
-1

. In September, the phytoplankton composition had diversified 

again, especially at S18. Chlorophyceae and Bacillariophyceae were dominant. Flagellates, 

abundant at S18 and S19, were only a minor taxonomic class in S20. Phytoplankton taxonomic 

classes showed large spatial differences. Si and DIN concentrations were also high and unlikely 

to limit phytoplankton growth, suggesting that growth rates were high. As demonstrated by Ly et 

al. (submitted), despite the high turbidity of the water, the light availability in the water column 

was unlikely to limit the growth rate due to the shallow average depth (4.5 m) giving a photic 

zone/mixing depth ratio of 0.8. As a result the average irradiance experienced by algae 

throughout the water column exceeded 100 µmol photons m
-2

s
-1

 (equaling a daily light dose 

exceeding 4.7 mol photons m
-2

 d
-1

, which is substantially higher than the half saturation constant 

for growth of 2.4 mol photons m
-2

 d
-1

 taken in the study by Cloern (1999). Hence, high growth 

rates seemed possible where only the temperature controls the growth rate. This suggests that 

during Nav9 phytoplankton biomass was more likely to be limited by top-down control from 

grazers rather than by bottom up resources which did not seemed to be limiting.  
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Synthesis of PLFA under P limiting condition (C/Chla ratios) 

The PLFA concentrations suggest that the phytoplankton biomass increased again after 

the low concentrations found at late spring during Nav8. However, this conclusion cannot be 

drawn from the changes in Chla concentrations, which were very similar between Nav8 and 

Nav9. From the phytoplankton PLFA concentrations, we calculated the phytoplankton derived 

C-content (PLFA/0.046) and used this to calculate the C/Chla ratios. According to these 

calculations the C/Chla ratio changed from 20±16 at Nav7 to 8±6 at Nav8 to 25±14 during Nav9. 

These values are on the low side (C/Chla= 50) , especially during Nav8, suggesting a problem 

with the PLFA to C-conversion factor obtained from culture studies (Van den Meersche et al., 

2004) , but they show that Chla concentrations are a poor indicator of the phytoplankton as 

previously shown in (Kruskopf & Flynn, 2005). This suggests that the C/Chla ratio varies 

substantially between stations and seasons. If at Nav7 the PLFA were replaced by non-P 

containing lipids, this change in C/Chla would even have been higher. In addition, we cannot 

rule out that during Nav8 phytoplankton replaced their P-containing PLFAs for non-P-containing 

fatty acids as found in other marine ecosystems (Van Mooy et al., 2009), but one would have 

expected them to do so also during Nav7, unless the P limitation condition was very recent, so 

that the algae had no time to replace their PLFAs or other lipids compounds. However, we think 

the latter is unlikely as a culture study by Martin et al. (2010) with the marine diatom 

Thalassiosira pseudonana showed that an immediate response after the arrest of P supply caused 

a replacement of membrane phospholipids with non phosphorus lipids within 48 hours. It is 

therefore possible that this process could happen even much faster.  

 

Alkaline phosphate activity regulation 

Overall, high ELF fluorescence in phytoplankton cells occurred when SRP 

concentrations were low but not necessarily limiting. In spring during Nav7, a majority of the 

cells expressed APA causing an increase in AP enzyme synthesis and the availability to use 

DOP. During Nav8, nearly all cells showed high ELF fluorescence, but only S19 and S20 

showed P limitation, whereas S18 did not show P limitation. Although, often ELF fluorescence 

appears to be a good indicator of P limitation in marine phytoplankton community (Lomas et al., 

2004, Duhamel et al., 2010), a problem with the application of ELF-labeling studies is that the 

molecular probe does not always detect cell-bound AP, hence the absence of ELF fluorescence 

does not necessarily indicate the absence of APA (Dyhrman & Ruttenberg, 2006). Several 

studies have tried to find a threshold for SRP concentration below which AP is expressed (Van 

Boekel & Veldhuis, 1990; Hoppe, 2003). In our study, SRP concentration below 0.6 µmol L
-1

 

induced cell-specific AP synthesis in >50% of the cells. Our results demonstrate that a single 

threshold for APA synthesis is not to be expected, as some cells were P-limited at lower 

concentrations than others. Therefore, it is important to combine the interpretation of APA and 

cell nutrient status with other approaches such as nutrient addition experiments (Beardall et al., 

2001, Mackey et al., 2007). Because APA was still expressed at S18, it might be that the relieve 

of P limitation was only from recent date. Alternatively, due to stable nature of this enzyme 
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(Litchman & Nguyen, 2008), it might have had a long turnover time, so that its expression did 

not necessarily reflect the current situation. During Nav9, the phytoplankton community did not 

respond to phosphate addition, suggesting that phosphate supply was sufficient to fuel the cells 

needs for growth. This was reflected in a lower percentage of cells showing APA. Nevertheless, 

30-50% of the cells still showed ELF fluorescence, despite the fact that SRP was not limiting. 

This suggests that cells actually expressed APA at SRP concentrations exceeding their demands, 

priming them for lower concentrations. Alternatively, the lower ELF expression might indicate 

recent cell history with low SRP concentrations. From the monitoring data of RWS 

(www.live.waterbase.nl) and from the NIOZ sampling jetty data, however, we know that 

concentrations in July and August varied between 0.2-0.6 µmol L
-1

, making the priming theory 

more plausible. However, DOP remained high and is a potential source of dissolved P when SRP 

is depleted during spring phytoplankton bloom. Thus, the phytoplankton cells might turn to use 

DOP as source of biologically available dissolved phosphorus to sustain phytoplankton growth 

(Duhamel et al., 2010), as indicated by the high APA. Nevertheless, the utilization of DOP did 

not lead to a relief of the P limitation, as found from the C-incorporation rates obtained from the 

SRP addition experiments. This might indicate that not all DOP is readily available, but that a 

fraction of the DOP may be in the form of phosphonate, which have a difficult to break ether 

bond (C-P) (Kolowith et al., 2001, Dyhrman et al., 2006) or occur in other none bioavailable 

forms (Sannigrahi et al., 2006). Therefore, phytoplankton species with broader potential DOP 

hydrolysis spectrum might be better competitors (Duhamel et al., 2010). Generally, the 

composition and seasonality of DOP is poorly understood (Sannigrahi et al., 2006, van 

Beusekom & de Jonge, 2012). For further insights in how DOP might influence the 

phytoplankton community development during P limitation, more work on DOP characterization 

during a seasonal cycle is needed.  

  

http://www.live.waterbase.nl/
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Tables  1 

 2 

Table 1. Concentrations and ratios of dissolved nutrients (µmol L
-1

) at the three stations (S18, S19 and S20) in the western Wadden Sea visited in 3 

April (Nav7), May/June (Nav8) and September (Nav9) 2011. TDN: total dissolved nitrogen; DON: dissolved organic nitrogen; NOx: sum of 4 

nitrate and nitrite; NH4
+
: ammonium; DIN: dissolved inorganic nitrogen DIN= NOx + NH4

+
; TDP: total dissolved phosphorus; DOP: dissolved 5 

organic phosphorus; SRP: soluble reactive phosphorus; phosphate and Si: silicate; molar ratio DIN/ SRP and Si/SRP.  6 

Navicula  Stations  [TDN] [DON] [NOx] [NH4
+
] [DIN]  [TDP]  [DOP] [SRP]  [Si] DIN/SRP Si/SRP 

Nav7 
(18/04-

21/04) 

18 35.7 14.0 21.6 0.21 21.8 0.21 0.20 0.01 0.31 2176 31 

19 29.0 9.6 19.0 0.36 19.4 0.21 0.20 0.01 0.27 1935 27 

20 29.6 8.1 21.1 0.39 21.4 0.23 0.21 0.02 0.41 1072 21 

Nav8 
(30/05-

01/06) 

18 18.2 11.5 3.6 3.12 6.7 0.35 0.18 0.17 1.53 40 9 

19 25.7 12.5 8.5 4.73 13.2 0.34 0.23 0.11 1.92 120 17 

20 23.3 12.4 6.8 4.09 10.9 0.34 0.21 0.13 1.94 84 15 

Nav9 
(26/09-

29/09) 

18 31.9 12.6 9.6 9.75 19.4 0.78 0.37 0.41 8.1 47 20 

19 31.4 12.6 9.7 9.12 18.8 0.80 0.38 0.42 7.87 45 19 

20 29.5 10.3 10.7 8.48 19.2 1.03 0.44 0.59 11.09 32 19 

 7 

 8 

 9 
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Table 2. Summary of the analysis of variance (ANOVA) analysis at different Navicula sampling periods 

(Nav7: 18
th
 -21

st
 April; Nav8: 30

th
 of May to 1

st
 of June; Nav9: 26

th
 to 29

th
 of September in 2011) and 

stations (S18, S19 and S20). The sources of variability are type and treatments. Types represented 

different groups of PLFA (SFA, MUFA, PUFA) or most dominant PLFA in phytoplankton groups 

(Bacillariophyceae, Chlorophyceae, Cryptophyceae and flagellates. Treatments represented SRP addition 

(+P) or no addition (-P). p values give the significance level of differences between from ANOVA (* p< 

0.05, ** p< 0.01, p< 0.001).  

      Nav7 Nav8 Nav9 

  Stations Factors p value  p value  p value  

P
L

F
A

 g
ro

u
p

s 
 

S18 Group 1.1E-07 *** 2.2E-03 ** 2.6E-03 ** 

 
Treatment  3.9E-04 *** 0.12 ns 0.07 ns 

  Interaction  0.02 ns 0.89 ns 0.67 ns 

S19 Group 3.0E-11 *** 0.23 ns 2.3E-05 *** 

 
Treatment  1.1E-05 *** 0.04 * 0.87 ns 

  Interaction  6.9E-04 *** 0.08 ns 0.53 ns 

S20 Group 1.9E-05 *** 1.5E-03 ** 8.3E-05 *** 

 
Treatment  0.01 * 0.28 ns 0.73 ns 

  Interaction  0.11 ns 0.045 * 0.95 ** 

P
h

y
to

p
la

n
k

to
n

 c
la

ss
es

 

S18 Class 1.9E-05 *** 1.67E-03 ** 2.5E-03 ** 

 
Treatment  0.01 * 0.16 ns 0.13 ns 

  Interaction  8.5E-04 *** 0.93 ns 0.71 ns 

S19 Class 5.5E-09 *** 0.035 * 5.2E-06 *** 

 
Treatment  3.1E-04 *** 0.055 ns 0.71 ns 

  Interaction  1.4E-04 *** 0.54 ns 0.67 ns 

S20 Class 7.1E-05 *** 6.66E-05 *** 1.7E-05 *** 

 
Treatment  0.04 * 0.09 ns 0.91 ns 

  Interaction  0.02 * 0.30 ns 0.79 ns 
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Table 3. Most abundant species or groups of species in the phytoplankton communities sample at local 

high tide at the three stations (S18, S19 and S20) in the western Dutch Wadden Sea visited in April 

(Nav7), May/June (Nav8) and September (Nav9) 2011 (Philippart et al., in prep.). 

Sampling 

dates  Stations Dominante species or orders cells/ml Fraction (%)  

Nav7 

18/04-21/04 

S18 Hemiselmis spp. (2-9 μm) 2051 38 

S19 Phaeocystis globosa (colony cells) 1958 28 

S20 Phaeocystis globosa (colony cells) 2797 23 

Nav8 

30/05-01/06  

S18 Small colored flagellates (~3μm) 1399 12 

S19 Small colored flagellates (~3μm) 1492 41 

S20 Thalassiosiraceae (6-10μm) 2984 41 

Nav9 

26/09-29/09 

S18 Small colored flagellates (≈ 3μm) 2704 16 

S19 
Chlorococcales (solitary cells;  
~3 μm)  3450 33 

S20 Small colored flagellates (≈ 3μm) 2424 39 
 

Table 4. Dominant individual PLFAs in different phytoplankton taxonomic classes (Bacillariophyceae, 

Chlorophyceae, Prymnesiophyceae, Dinophyceae and Cryptophyceae) 

Indicator for Dominant 

PLFA 

References 

Bacillariophyceae 

16:1ω7 

16:4ω1 

20:5ω3 

Dalsgaard et al., 2003 

 

 

 

Chlorophyceae 

 

16:4ω3 

18:1ω7 

18:2ω6 

18:3ω3 

Dalsgaard et al., 2003, 

Kelly & Scheibling, 

2012 

Prymnesiophyceae 18:5ω3 Hamm & Rousseau, 

2003 

Dinophyceae 22:6ω3 Dalsgaard et al., 2003 

Cryptophyceae 18:4ω3 Kelly & Scheibling, 

2012 
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Figures  

 

 

Figure 1. Location of the sampling locations S18, S19 and S20 in the Marsdiep, the westernmost tidal 

basin of the Wadden Sea (NL: The Netherlands).  

 

 

Figure 2. Variation of Chla concentrations (µg L
-1

), total PLFA concentrations (µg L
-1

) and SRP 
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concentrations (*10 µmol L
-1

) at different Navicula sampling cruises periods (Nav7: 18
th

 -21
st
 April; 

Nav8: 30
th

 of May to 1
st
 of June; Nav9: 26

th
 to 29

th
 of September in 2011) and across three sampling 

locations (S18, S19 and S20). Y axis represented three parameters, Chla concentrations, PLFA 

concentrations and SRP concentrations *10.  
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Figure 3. Changes in C-incorporation in total fatty acid (TFA), saturated fatty acid (SFA), mono-

unsaturated fatty acid (MUFA) and polyu-nsaturated fatty acid (PUFA) between phosphate addition (+P) 

and no phosphate addition (-P) among three locations (S18, S19 and S20) and between sampling periods 

(Nav7: 18
th
 -21

st
 April; Nav8: 30

th
 of May-1

st
 of June; Nav9: 26

th
 to 29

th
 of September in 2011) after 24 

hours incubation with SRP addition (+P) and without SRP addition (-P). Data shown are means and 

standard deviations. The y-axis in (B) shows different scale.  
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Figure 4.Changes C-incorporation in dominant PLFA between phosphate addition (+P) and no phosphate 

addition (-P) in Cryptophyceae (Chlo), Bacillariophyceae (Baci), Cryptophyceae (Cryp) and flagellates 

(flag) at the different stations (S18, S19 and S20) during Navicula 7: 18th -21st April (A), Navicula 8: 30th 
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of May-1
st
 of June (B) and Navicula 9: 26

th
 to 29

th
 of September (C) sampling periods in 2011. Data 

shown are means and standard deviations.  

 

 

Figure 5. Changes in ratio ΣC16/ΣC18 (with C-incorporation) between phosphate addition (+P) and no 

phosphate addition (-P) at different sampling periods (Nav7: 18
th

 -21
st
 April; Nav8: 30

th
 of May-1

st
 of 

June; Nav9: 26
th

 to 29
th
 of September in 2011) and among different stations (S18, S19 and S20) Black 

dashed line represented a ratio threshold. If ratio>2 suggests that Bacillariophyceae is the dominant 

phytoplankton taxonomic class. Data shown are means and standard deviations. 
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Figure 6. Changes in percentage (%) of ELF expression, positive response (+ELF) and negative response 

(-ELF) in the initial phytoplankton samples at different sampling periods (Nav7: 18
th

 -21
st
 April; Nav8: 

30
th
 of May- 1

st
 of June; Nav9: 26

th
 to 29

th
 of September in 2011) and stations (S18, S19 and S20).  
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