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Water masses influenced by oxygen minimum zones (OMZ) feature low inorganic nitrogen (N) to phosphorus (P) ratios. The surplus of P over N is thought to favor non-Redfield primary production by bloom-forming phytoplankton species. Additionally, excess phosphate (P*) is thought to provide a niche for nitrogen fixing organisms. In order to assess the effect of low inorganic nutrient ratios on the stoichiometry and composition of primary producers, biogeochemical measurements were carried out in 2012 during a research cruise in the eastern tropical South Pacific (ETSP). Based on pigment analyses, a succession of different phytoplankton functional groups was observed along onshore—offshore transects with diatoms dominating the productive upwelling region, and prymnesiophytes, cryptophytes, and Synechococcus prevailing in the oligotrophic open ocean. Although inorganic nutrient supply ratios were below Redfield proportions throughout the sampling area, the stoichiometry of particulate organic nitrogen to phosphorus (PON:POP) generally exceeded ratios of 16:1. Despite PON:POP ≥ 16, high P*-values in the surface layer (0–50 m) above the shelf rapidly decreased as water masses were advected offshore. There are three mechanisms which can explain these observations: (1) non-Redfield primary production, where the excess phosphorus in the biomass is directly released as dissolved organic phosphorus (DOP), (2) non-Redfield primary production, which is masked by a particulate organic matter pool mainly consisting of P-depleted detrital biomass, and/or (3) Redfield primary production combined with dinitrogen (N2) fixation. Our observations suggest that the three processes occur simultaneously in the study area; quantifying the relative importance of each of these mechanisms needs further investigation. Therefore, it remains uncertain whether the ETSP is a net sink for bioavailable N or whether the N-deficit in this area is replenished locally.
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INTRODUCTION

The Humboldt Current system is one of four major eastern boundary upwelling systems (EBUS). It is characterized by intense, year-round upwelling of nutrient loaded waters that facilitate intense biological production in the euphotic zone (Pennington et al., 2006). Closely linked to the productive surface layer is an oxygen minimum zone (OMZ), where nitrogen (N) loss processes (denitrification and anammox) diminish the amount of bioavailable N (Goering, 1968; Hamersley et al., 2007). Hypoxia and anoxia induced phosphorus (P) release from the sediment (Ingall and Jahnke, 1994; Noffke et al., 2012; Lomnitz et al., 2016) results in a surplus of P over N in the water column (referred to as P*, after Deutsch et al., 2007). Thus, upwelled water masses feature N:P stoichiometries below the Redfield ratio, which describes the globally integrated ratio of macronutrients in seawater and in organic matter (C:N:P = 106:16:1, Redfield, 1958). The deficit of nitrate over phosphate is thought to create an environment beneficial for autotrophic dinitrogen (N2) fixers (Deutsch et al., 2007), suggesting a close spatial coupling of N loss and N2 fixation. The presumption is, that phytoplankton in the highly productive shelf area consume N and P in Redfield proportions, while not altering P* as waters are transported offshore. It has been further proposed that high supplies of dissolved organic phosphorus (DOP), which are produced under excess P (Ruttenberg and Dyhrman, 2012; Meyer et al., 2016), might additionally stimulate growth of N2 fixing diazotrophs (Franz et al., 2012b; Somes and Oschlies, 2015), as these organisms are known to use DOP as P source either exclusively or in addition to P (Dyhrman et al., 2006; Sohm and Capone, 2006). But despite low N:P ratios accompanied by replete amounts of P* and DOP in upwelled waters, no evidence for a significant abundance of diazotrophic cyanobacteria or autotrophic N2 fixation has yet been found in the Peruvian or Chilean upwelling systems (Franz et al., 2012a,b; Dekaezemacker et al., 2013). However, N:P ratios in the surface layer are apparently restored to Redfield proportions and P*-values are reduced as water masses are advected offshore (Franz et al., 2012b). Non-Redfield utilization of inorganic nutrients has been suggested as an alternative pathway for the consumption of P* (Arrigo, 2005; Mills and Arrigo, 2010; Franz et al., 2012b). Different N:P utilization ratios in phytoplankton have been confirmed by laboratory and field data, which vary with growth rate, taxonomy and nutrient availability (e.g., Geider and La Roche, 2002; Quigg et al., 2003; Moore et al., 2008). Fast growing phytoplankton, for example, often utilize nutrients at low ratios, as they invest in P-rich ribosomes required for fast growth (Klausmeier et al., 2004b; Arrigo, 2005). The deficiency of N over P in upwelled waters provides favorable conditions for these organisms, which could reduce the presence of excess phosphate via non-Redfield utilization. This mechanism of P* reduction was also used to explain the apparent absence of diazotrophic N2 fixation in the Humboldt upwelling system (Mills and Arrigo, 2010; Franz et al., 2012b). This hypothesis was challenged by the recent discovery of heterotrophic N2 fixers in OMZ influenced water masses off Peru and Chile (Bonnet et al., 2013; Loescher et al., 2014; Fernandez et al., 2015), which may play a role in reducing the N deficit particularly of water masses below the oxycline (Loescher et al., 2014).

In this study we analyzed nutrient dynamics and stoichiometries of dissolved and particulate organic matter during an expedition in the eastern tropical South Pacific (ETNA) in order to elucidate the mechanisms responsible for P* consumption and N:P restoration to Redfield proportions in the surface ocean layer off Peru. By means of high performance liquid chromatography (HPLC), a method to determine phytoplankton pigments, we evaluated how non-Redfield nutrient stoichiometries affect the spatial distribution and community composition of diazotrophic and non-diazotrophic phytoplankton. To provide an estimate of the diazotrophic activity, direct N2 fixation measurements were undertaken.

MATERIALS AND METHODS

Samples were collected during research expedition M93 on RV Meteor from February 07th until March 09th 2013 in the frame of the Collaborative Research Centre (SFB) 754: Climate–Biogeochemistry Interactions in the Tropical Ocean. In total, 47 stations were sampled between 12°S and 14°S (Figure 1A). In this study, we will focus on the three northern transects of our working area. At each station, samples were collected from 3 to 12 discrete depths with either a CTD mounted on a rosette with 24 bottles (10 L) or a pump-CTD system (Strady et al., 2008).
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FIGURE 1. Map of the study area. (A) Sampled stations during research cruise M93 are depicted by black dots. Our analysis focused on the upper three transects of the study area (red box) (B) Horizontal zonation of the study area and vertical sampling distribution, which is consistent throughout all figures.



Nutrient concentrations [[image: image], [image: image] and Si(OH)4] were determined with a QuAAtro autoanalyzer (Seal Analytical) directly onboard following Grasshoff et al. (1999). P* was calculated from [image: image] and [image: image] measurements after Deutsch et al. (2007) as P* = [image: image]–[image: image]/r16:1, where r16:1 refers to the globally integrated ratio of nitrate and phosphate in seawater. Seawater samples for particulate organic carbon (POC), nitrogen (PON), phosphorus (POP), chlorophyll a (Chl a), and HPLC analysis were filtered through pre-combusted (5 h at 450°C) 25 mm Whatman GF/F filters (0.7 μm pore size, pressure < 200 mbar). For biogenic silica (BSi) analysis, water samples were filtered through 25 mm cellulose acetate filters (0.65 μm pore size, < 200 mbar pressure). Filters for POC, PON, POP, BSi, and HPLC analysis were immediately stored frozen (−20°C for POC, PON, POP, BSi; −80°C for HPLC) until later analysis.

POC and PON analyses were performed using an elemental analyzer (Euro EA, EuroVector). Prior to analysis, POC filters were placed in an exsiccator containing fuming HCl for 12 h in order to remove particulate inorganic carbon and then dried for 12 h at 60°C. POP was determined photometrically (Hansen and Koroleff, 1999) after the treatment with Oxisolv® (Merck) in order to oxidize all particulate organic phosphorus to orthophosphate. For DOP analysis, 60 mL of sample was filtered through pre-combusted (450°C, 5 h) 25 mm Whatman GF/F filters (0.7 μm pore size) and stored frozen (−20°C) in acid cleaned HDPE bottles. Prior to analysis, the filtrate was autoclaved with Oxisolv (Merck) for 30 min. Oxidized organic phosphorus was measured spectrophotometrically as phosphate on a QuAAtro autoanalyzer (Seal Analytical; Hansen and Koroleff, 1999). DOP concentrations were then determined as the difference between total dissolved phosphorus and dissolved inorganic phosphate. BSi was converted to dissolved silicate while heating the filters in 0.1 mol L−1 NaOH at 85°C for 2 h 15 mins. The dissolved silicate was then determined spectrophotometrically (Hansen and Koroleff, 1999).

Chl a concentrations were determined directly onboard. After overnight extraction with 90% acetone, fluorescence was measured with a Turner Trilogy fluorometer, which was previously calibrated with a standardized solution (Anacystis nidulans, Walter CMP). Chl a was calculated following Parsons et al. (1984).

While Chl a is a proxy of phytoplankton biomass, certain accessory pigments (e.g., chlorophylls, carotenoids) are algae-class specific (Trees et al., 2000). Thus, the relationship between accessory pigments to Chl a can be used as a measure for phytoplankton community composition (e.g., Gieskes et al., 1988; Wright, 1991; Mackey et al., 1998; Greisberger and Teubner, 2007). In order to extract phytoplankton pigments for HPLC analysis, 90% acetone was added to the filters, which were then homogenized with glass beads and centrifuged for 10 min at 5000 rpm. The supernatants were filtered through 0.2 μm Teflon filters to remove filter debris and the extracts were immediately stored at −80°C. Extracts were later analyzed for pigments via HPLC (Dionex UltiMate® 3000 LC system equipped with an autosampler, a photodiode array and a fluorescence detector, Thermo Scientific), following Barlow et al. (1997). Pigments were identified through comparison with the retention times and spectral properties of standards (DHI Water & Environment, Denmark). The relative contribution of phytoplankton groups to total Chl a was calculated using the CHEMTAX matrix factorization software (Mackey et al., 1996). We used an initial ratio matrix that was based on ratios developed by DiTullio et al. (2005) and Mackey et al. (1996) for the equatorial Pacific and Peruvian upwelling region. Slight modifications were made in order to account for the presence of the pigment aphanizophyll (Apha). This carotenoid has only been found in cyanobacteria to date (Hertzberg et al., 1971; Jeffrey et al., 2011) and is regarded a potential marker pigment for diazotrophs (Louda et al., 2015). However, Apha has also been detected in the non-diazotrophic freshwater species Microcystis aeruginosa (Hertzberg and Liaaen-Jensen, 1971), which suggests that the detection of Apha might not necessarily indicate the presence of diazotrophic cyanobacteria. Nevertheless, in the marine environment no non-diazotrophs are known to synthesize Apha (Hauss et al., 2012). Since the ratio of Apha to Chl a in marine cyanobacteria is not given in the literature, an approximation based on cultur experiments was used (Schluter et al., 2004). Divinyl-chlorophyll a (Div a) concentrations were directly used as in index for Prochlorococcus abundances. Hence, zeaxanthin (Zeax) attributed to Prochlorococcus had to be accounted for, since it needed to be excluded from the CHEMTAX calculations. For that, we first calculated the contribution of each algae class to Zeax and subtracted the Prochlorococcus Zeax from the initial Zeax concentrations. We further divided our data set into different bins for CHEMTAX calculations in order to account for different algae class compositions between surface/chlorophyll maximum, deep chlorophyll maximum and mesopelagic zone (see Table 1 for output matrices).


Table 1. Pigment to chlorophyll a (Chl a) ratios of different algae classes calculated by CHEMTAX.
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N2 fixation rates were determined from triplicate 15N-N2 incubations, following the protocol by Mohr et al. (2010). Before incubation, a sample was taken and immediately filtered through a 25 mm Whatman GF/F filter to determine initial 15N levels at each depth. For N2 fixation measurements, triplicate 4.5 L acid-cleaned (3% HCl) Nalgene bottles were filled with seawater from the CTD rosette at each station and depth. 15N-N2 enriched seawater was prepared from the same water samples. For this, water was degassed and collected in a gas-tight, acid-cleaned Tedlar® bag and amended with 1 mL of 15N-N2 gas (98 atom% 15N, Cambridge Isotopes, Lot no.: I-16727) for every 100 mL of water sample. After complete dissolution of the added gas, a 100 mL aliquot of the enriched water was added to every incubation bottle without leaving any headspace. Water samples were incubated for 24 h in on-deck incubators, which were connected to a flow-through seawater system and were shaded with blue lagoon light foil to simulate light levels at the corresponding water depth. After 24 h, samples were filtered onto pre-combusted 25 mm Whatman GF/F filters and stored frozen (−20°C). Filters were later analyzed using mass spectrometry as previously described in Loescher et al. (2014). Unfortunately, several N2 fixation measurements had to be omitted, as samples for the initial 15N levels and/or samples for the labeling efficiency were lost.

RESULTS

Hydrographical Setting

In February/March 2012, sampling began close to the shore and progressed perpendicular to the coast, thereby crossing the continental shelf (width ~ 60 km), the shelf break at approximately 77.5°W and the Peru/Chile undercurrent over the continental slope (Figure 1B). Coastal upwelling of water from 50 to 100 m water depth occurred between 12° and 14°S, with near surface temperatures of around 17°C on the shelf and around 23°C further offshore (Figure 2). Mean oxygen (O2) concentrations at the surface were around 240 μmol kg−1 and decreased rapidly with depth. O2 concentrations < 1 μmol kg−1 were already observed at around 30 m depth above the shelf, while the oxycline deepened further offshore and anoxic waters were encountered at depth around 80 m (Thomsen et al., 2016).
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FIGURE 2. Measured sea surface temperature (SST) in °C in the eastern tropical South Pacific.



Distribution of Dissolved Inorganic and Organic Nutrients

Upwelled water masses featured high concentrations of nitrate, phosphate and silicate of around 20, 2.5, and 15 μmol L−1, respectively (Figures 3A–C). Nitrate concentrations were low near the shelf sediment (0–3 μmol L−1), at stations closest to the shore (0–1 μmol L−1) and in surface waters (0–1 μmol L−1). Highest phosphate and silicate concentrations were observed right above the shelf (3.4 and 30 μmol L−1, respectively) and decreased toward the surface and as waters were transported away from shore. Here, minimum concentrations of 0.3–0.6 μmol L−1 for phosphate and 0–1 μmol L−1 for silicate were measured. Throughout the study area, N:P ratios never reached Redfield proportions (Figure 3D). Maximum values of 12:1 were observed right below the surface layer between 20 and 50 m, while lower values between 2–5:1 were measured in the upper 20 m of the water column. Extremely low values between 0 and 2 coincided either with the complete absence of nitrate (i.e., above the sediment) or both nitrate and phosphate (i.e., in the surface layer at offshore stations). A surplus of phosphate over nitrate was measured in the whole water column, corresponding to the observations of low N:P values in the study area (Figure 3E). Maximum P* concentrations were measured at near shore stations above the shelf sediment (3 μmol L−1), while lowest concentrations of 0.5 μmol L−1 were found in the upper 40 m of the water column. DOP concentrations in the study area were elevated in the surface layer (Figure 3F). Particularly above the shelf, maximum concentrations of up to 0.6 μmol L−1 were measured down to 50 m water depth. Accompanied by a shoaling of the nutricline, DOP values decreased to 0–0.2 μmol L−1 as water masses were transported offshore.
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FIGURE 3. Cross-shelf transects with interpolated concentrations of (A) nitrate, (B) phosphate, (C) silicate, (D) nitrate to phosphate ratio (N:P), (E) excess phosphate (P*), and (F) dissolved organic phosphorus (DOP).



Particulate Organic Matter Dynamics

Elevated concentrations of PON (4–8 μmol L−1) were measured in the upper 20–30 m (Figure 4A), with maximum values (~8 μmol L−1) observed close to the surface at near shore and shelf stations. Similar to PON, high POP concentrations (0.3–0.6 μmol L−1) were observed in the upper water column (Figure 4B). Despite very low inorganic N:P ratios in the whole study area, PON:POP ratios above Redfield proportions (~24:1) prevailed (Figure 4C). Only at few stations values of 16:1 or slightly lower were encountered. In general, PON:POP ratios of 16–20:1 were observed at near shore and shelf stations throughout the water column and between 0 and 20 m water depth further offshore. At stations above the continental slope (50–100 km distance to shore) we observed high PON:POP values of ~40:1 at depths between 40 and 200 m.
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FIGURE 4. Spatial distribution of (A) particulate organic nitrogen (PON), (B) particulate organic phosphorus (POP), (C) PON:POP, and (D) chlorophyll a (Chl a) in our study area.



Phytoplankton Biomass and Composition

Chlorophyll a (Chl a) concentrations reached highest values (~6 μg L−1) in the upper 20 m of the near shore and shelf stations (< 50 km distance to shore; Figure 4D), associated with a community dominated by diatoms (Figure 5A). These findings are in agreement with the distribution of biogenic silica (Figure S1), a mineral synthesized by diatoms and therefore a good indicator for the abundance of this algae class. In addition to diatoms, cryptophytes were present at the near shore stations and high concentrations of prymnesiophytes and prasinophytes were found above the shelf (Figures 5B–D). Elevated Chl a concentrations (~3 μmol L−1) were also observed in the upper 20–30 m above the continental slope. In terms of Chl a biomass, diatoms were again the dominant phytoplankton group, but also prymnesiophytes, prasinophytes, chrysophytes (Figure 5E) and the cyanobacteria Synechococcus (Figure 6A) reached their highest abundances in these areas. At stations further offshore, nutrients were depleted in the surface and prymnesiophytes and Synechococcus dominated the algae community. At the same stations, a deep-chlorophyll maximum was observed between 30 and 50 m depth and diatoms and cryptophytes were highly abundant. Associated to this offshore deep chlorophyll maximum was also the highest abundance of the cyanobacterium Prochlorococcus in the study area (Figure 6B). This algae group was generally observed at subsurface low-oxygen waters between 30 and 80 m depth. Abundances of other phytoplankton classes such as dinoflagellates and chlorophytes were negligible in our study area and are therefore not shown.


[image: image]

FIGURE 5. Cross-shelf distribution of phytoplankton classes in the study area. (A) diatoms, (B) cryptophytes, (C) prymnesiophytes, (D) prasinophytes, (E) chrysophytes.
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FIGURE 6. Cross-shelf transects showing the distribution of the cyanobacteria (A) Synechococcus and (B) Prochlorococcus.



Abundance of Diazotrophic Cyanobacteria and N2 Fixation Rate Measurements

Aside from pigments indicative for the abundance of Prochlorococcus and Synechococcus, evidence for the occurrence of other—possibly diazotrophic—cyanobacteria was found in the study area. Colonial cyanobacteria, distinguished by their marker pigment myxoxanthophyll, were present in the surface layer of the near shore and shelf stations (Figure 7A). Lower abundances were observed close to the surface at outer shelf stations and in the deep chlorophyll maximum at the offshore stations. Diazotrophic cyanobacteria, represented by the accessory pigments aphanizophyll, were most abundant in the upper 40 m at the near shore stations but also showed higher abundances in surface waters of the shelf and above the continental slope (Figure 7B).


[image: image]

FIGURE 7. Spatial distribution of (A) colonial and (B) diazotrophic cyanobacteria in our study area.



Active N2 fixation was detected almost throughout the entire water column in the study area. However, rates were generally below 1 nmol d−1 L−1. Highest N2 fixation rates (2–5 nmol d−1 L−1) were detected on the shelf in the upper 40 m of the water column, where high rates of N2 fixation coincided with the abundance of diazotrophic marker pigments (Figure 8).
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FIGURE 8. Cross-shelf transect of measured N2 fixation rates.



DISCUSSION

Phytoplankton Succession and Particulate Organic Matter Stoichiometry

Upwelling and the associated supply of nutrients to the surface ocean fuelled high primary production in the ETSP for the duration of our cruise in austral summer 2012. The near shore and shelf Chl a maximum was dominated by diatoms, which is characteristic for the Peruvian upwelling system (Chavez et al., 1996; Pennington et al., 2006; Franz et al., 2012b). Due to their high growth rate (Sarthou et al., 2005) and nutrient storage capacity (Raven, 1997) diatoms outcompete other algae groups when nutrients are abundant. Over the continental slope, mixtures of different phytoplankton groups were present, consisting of diatoms, prymnesiophytes, prasinophytes, and chrysophytes. As waters were transported offshore, silicate was depleted in the surface ocean, and the phytoplankton assemblage changed from a diatom dominated community to an assemblage of non-siliceous phytoplankton groups, where prymnesiophytes and the cyanobacterium Synechococcus prevailed. In subsurface waters, elevated PON:POP ratios (~30:1) coincided with a high abundance of Prochlorococcus, which are known to exhibit higher than Redfield N:P ratios due to their slow growth rates (Bertilsson et al., 2003; Biller et al., 2015). Presence of this picophytoplankton group extended below the oxycline and prevailed throughout the study area. Low light adapted Prochlorococcus strains have been identified in different OMZs (Goericke et al., 2000; Beman and Carolan, 2013) including the ETSP (Ras et al., 2008; Lavin et al., 2010). Due to their small size and unique pigment composition they are highly adapted to low light levels (Moore et al., 1998) and thus can make use of the higher nutrient load available at depth.

A distinct succession of phytoplankton species from onshore to offshore has previously been recognized in the Peruvian upwelling system (Franz et al., 2012b). This study reported that very low inorganic N:P ratios in the water column directly translated into low cellular N:P ratios in the microorganisms. The authors argued that there is a linear relationship between available and cellular N:P ratios and that low nutrient stoichiometries in the water column selected for certain algae groups with lower cellular N:P quotas, supporting the hypothesis of Arrigo (2005), Klausmeier et al. (2004b), and Sterner and Elser (2002). Non-Redfield nutrient utilization by these organisms consumed the excess P in the water column and thereby restored the stoichiometry of inorganic nutrients back to Redfield proportions as waters were transported offshore.

During our study, a pronounced surplus of P over N was measured in waters that were transported to the surface by upwelling, a consequence of N-loss processes within the Peruvian OMZ (Dalsgaard et al., 2012; Kalvelage et al., 2013) and high concentrations of P, which were released from the sediment under reducing conditions (cf Figure 3B). However, despite very low inorganic N:P ratios of 2.5–10 at the inner shelf stations and the surface layer further offshore, PON:POP ratios in these areas were close to or even above Redfield proportions, with no indication of non-Redfield nutrient uptake. At the same time, high P*-values declined relatively fast as waters were transported to the surface and away from the coast and N:P draw down ratios were low, which conflicts with the apparent absence of non-Redfield production.

The observed deviation of PON:POP ratios from inorganic nutrient stoichiometries, accompanied by decreasing P*-values, can be explained by different mechanisms: (1) non-Redfield nutrient assimilation reduced P*, while the surplus of phosphorus in the biomass was released as DOP, (2) the particulate organic matter pool had a large detrital component which was enriched in N relative to P, resulting in higher PON:POP ratios and/or (3) nutrient assimilation was according to Redfield and excess phosphate in the water column was reduced by N2 fixation.

Non-Redfield Nutrient Assimilation

Theoretical and experimental approaches showed that the availability and stoichiometry of nutrients in seawater can induce differences in cellular composition of phytoplankton (Geider and La Roche, 2002; Moore et al., 2008, 2013; Mills and Arrigo, 2010; Franz et al., 2012a). Low inorganic nutrient supply ratios, decreasing P*-values and low concentrations of both nitrate and phosphate in the surface ocean indicates that nutrients were assimilated in non-Redfield proportions during the time of our study. We suggest that the surplus of phosphorus in the biomass was transferred from the particulate into the dissolved organic phosphorus pool, confirmed by the presence of elevated DOP concentrations in the surface close to shore. Unlike the other nutrients, DOP is low in the OMZ relative to the surface layer. As other DOP sources (such as river discharge) do not exist in the study area, DOP is likely to originate from surface layer production. “Luxury” P uptake and subsequent DOP release under P replete conditions has been previously observed in mesocosm experiments (Ruttenberg and Dyhrman, 2012; Meyer et al., 2016). Mackey et al. (2012) argued that this channeling of P into DOP might be an important part of the P cycle in upwelling regions. Instead of P being transported out of the euphotic zone by export production, it is retained and remains available for phytoplankton.

Non-Redfield production might have further been masked by remineralization of phosphorus from particulate organic matter (POM), which has been observed to strongly impact nutrient stoichiometry in other hypoxic areas, where it can account for a flux of 11–27 μmol P m−2 d−1 (Jilbert et al., 2011). Large parts of POM in our study area do not appear to be freshly produced, as the surface POC:Chl a ratio is considerably higher (>100:1; Figure S2) than previously reported for the ETSP upwelling regime (~50:1; Chavez et al., 1996) or as described for diatom-dominated communities (15:1–75:1; e.g., Sathyendranath et al., 2009; Lorenzoni et al., 2015). This implies that the POM we encountered had a large detrital component. As organic phosphorus is known to be remineralized more rapidly than carbon and nitrogen (Loh and Bauer, 2000; Kolowith et al., 2001; Burkhardt et al., 2014), elevated PON:POP ratios seem be the result of selective degradation of POP.

Co-Occurrence of P* Consumption, Diazotroph Abundance and N2 Fixation

It has previously been shown that certain phytoplankton communities and/or species do not adjust their internal stoichiometries to match low nutrient ratios in the surrounding medium (Hall et al., 2005; Meyer et al., 2016). Other studies suggest that phytoplankton nutrient assimilation follows their optimal uptake ratio under nutrient replete conditions (Klausmeier et al., 2004a) and is more dependent on the growth rate of individual species and algae communities (Goldman et al., 1979; Hillebrand et al., 2013) than on the initial nutrient supply ratio. Thus, PON:POP ratios close to or higher than Redfield proportions during our research cruise might also be explained by phytoplankton utilizing nutrients in Redfield proportions. As an excess of phosphate over nitrate and/or high concentrations of DOP are thought to create a niche for diazotrophic organisms (Björkman and Karl, 2003; Sohm and Capone, 2006; Deutsch et al., 2007; Mahaffey et al., 2014), P* might have been consumed by N2 fixers. Indeed, we observed highest abundances of diazotrophs and highest N2 fixation rates in areas where we measured elevated DOP and P* concentrations. An average of 25–650 μmol N m−2 d−1 has been determined for N2 fixation in that area (Löscher et al., 2016). Assuming a lower border for P uptake at Redfield conditions, an approximate uptake of 40 μmol P m−2 d−1 through N2 fixation would be required. Lomnitz et al. (2016) determined a P flux of 1.04 ± 0.31 mmol m−2 d−1 from the sediment to the water column, which is 2–3 orders of magnitude higher than what could be removed by N2 fixation. Thus, N2 fixation indeed contributes to the removal of P* from the water column, however, additional processes are required.

Especially colonial cyanobacteria, represented by the marker pigment aphanizophyll, were widely present in surface waters of near shore and shelf stations and also occurred at stations further offshore. Aphanizophyll is a pigment that has been found in heterocyst forming diazotrophs like Aphanizomenon spp. and Anabaena spp., which live in brackish or estuarine waters (Hertzberg and Liaaen-Jensen, 1971). Although it has also been found in the non-diazotrophic freshwater species Microcystis aeruginosa (Hertzberg and Liaaen-Jensen, 1971), the pigment is generally indicative for N2 fixing cyanobacteria in freshwater systems (Donald et al., 2013; Louda et al., 2015 and references therein). In the oceanic environment, reports of the detection of aphanizophyll are extremely scarce. It has, however, been detected after the decline of a diatom bloom in mesoscosm experiments off Peru (Hauss et al., 2012) and during an experiment in the eastern tropical North Atlantic (Czerny et al., 2016). In both cases the pigment was attributed to the existence of N2 fixing cyanobacteria.

At the near shore and shelf stations, we also detected high abundances of colonial cyanobacteria, indicated by the marker pigment myxoxanthophyll. This carotenoid can be found in marine N2 fixing cyanobacteria (Carpenter et al., 1993; Schluter et al., 2004; Franz et al., 2012b), but is regarded a general marker for colonial cyanobacteria in freshwater environments, where it can also be found in non-diazotrophic cyanobacteria (Louda et al., 2015). The co-occurrence of cyanobacterial pigment abundances and highest N2 fixation rates suggests that myxoxanthophyll and aphanizophyll may indeed be indicative of diazotrophs in the ETSP. Thus, pigment-based chemotaxonomy appears to be a valuable, but understudied tool to determine the distribution of diazotrophs in seawater.

Although N2 fixation was already suggested to take place in the vicinity of upwelling regions (Karl and Letelier, 2008) and in close spatial coupling to denitrification (Deutsch et al., 2007), the existence of diazotrophic cyanobacteria in nutrient replete surface waters of upwelling regions is counterintuitive when considering the classical paradigm that high concentrations of reactive nitrogen compounds inhibit diazotrophy (Tyrrell, 1999; Ward et al., 2013). However, there is growing evidence that N2 fixation occurs under N-rich conditions (Fernandez et al., 2011; Knapp, 2012; Knapp et al., 2012; Dekaezemacker et al., 2013; Meyer et al., 2016) and even within upwelling regions of the Benguela and equatorial Atlantic (Sohm et al., 2011; Subramaniam et al., 2013). An explanation based on the genetic regulation of certain diazotrophs has just been provided by Bombar et al. (2016). In the Peruvian upwelling region, the high supply of iron and phosphate from the sediment seems to stimulate growth of diazotrophs, thereby allowing them to co-exist with a [image: image]-supported diatom bloom. Further offshore, diminished iron availability limits algal growth (Hutchins et al., 2002), consequently also restricting the growth of diazotrophs.

CONCLUSION

During a research expedition to the Humboldt Current system in austral summer 2012, we investigated the phytoplankton community composition and response to low N:P ratios in water masses influenced by the Peruvian OMZ. Our study confirmed that a variety of phytoplankton species coexist in this dynamic ecosystem. A considerable portion of excess phosphorus in the surface was reduced as water masses were transported away from the shore. The data presented here suggest that there are several mechanisms responsible for P* removal in the ETSP. While non-Redfield nutrient utilization as one of the mechanisms could not be ruled out, there is evidence for the depletion of P* through diazotrophic N2 fixation. The recent discovery of novel Trichodesmium phylotypes (Turk-Kubo et al., 2014) and other unknown diazotrophs (Sohm et al., 2011) in upwelling regions of the ETSP and Benguela and our observations of previously undetected cyanobacterial marker pigments along with N2 fixation in the Peruvian upwelling region add to the growing body of evidence that there are still unknown communities of autotrophic and heterotrophic diazotrophs (Bonnet et al., 2013; Loescher et al., 2014) that exist in environments previously not considered favoring N2 fixation. Uncertainties concerning the identity and activity of diazotrophs in the Peruvian upwelling regions need to be addressed in future studies in order to elucidate sensitivities and constraints of N2 fixation in the ocean.
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Samples were dividedinto 3 diferent bins prior to analysis. Abbreviations: Chib: chiorophyll b; C3: chiorophyllcs; C2: chlorophyll cz; Peri: pericinin; 19-But: 19'-butanoyloxyfucoxanthin;
Fuco: fucoxanthin; Neox: neoxanthin; Pras: prasinoxanthin; Vio: violaxanthin; 19-Hex: 19'-hexanoyloxyfucoxanthin; Allox: alloxanthin; DD + DT: diadinoxanthin and diatoxanthin; Zeax:
2eaxanthin: Myxo: myxoxanthophyll: Aoha: aphanizophyl,
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