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ABSTRACT  

This study reports the first measurements of nitrogen uptake and new data on carbon fixation 

(15N/13C incorporation) for two size-fractionated phytoplankton (<2 µm and >2 µm), on organic 

matter, and phytoplankton stocks in Ahe lagoon. Data were collected between November and 

December 2017, during the hot season with prevailing trade winds. Ammonium and nitrate uptake 

data (7.58 to 39.81 and 1.80 to 21.43 µmol N m-3 h-1, respectively) suggest a rapid turn-over of N-

nutrients in the water column and show that primary production was largely sustained by recycled 

nitrogen providing 68% of the pelagic N demand. These results highlight the spatial heterogeneity of 

the measured processes linked to the local hydrodynamics, exhibiting higher regenerated production 

in the more exploited south-western part of the lagoon and a higher proportion of new production in 

the north. Intense nutrient recycling appears to promote nanophytoplankton production which is 

critical for pearl oyster growth.  
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1. Introduction 

Atoll lagoons are generally highly productive ecosystems compared to the surrounding 

oligotrophic ocean (Hatcher, 1997). They support fisheries and aquaculture production that can make 

significant contributions to the economic development of many Pacific island countries. There are 84 

atolls in French Polynesia, 77 of which belong to the Tuamotu Archipelago, a highly productive black 

pearl oyster (Pinctada margaritifera) farming site. Black pearl production currently ranks second only 

to tourism among the sources of income in French Polynesia. However, over the two past decades, 

this sector has declined and many farms had to close with major consequences for the local 

population. This decline has several reasons, including high stocking densities of pearl oysters 

potentially coupled with environmental changes causing algal blooms and massive mortalities as well 

as poor management of regional and international trade (Andréfouët et al., 2012). In this context, 

several research programs were launched to learn more about the biological processes related to pearl 

oyster farming and possible interactions with the environment (Andréfouët et al., 2012; Gueguen et 

al., 2016). These programs were to provide appropriate management recommendations and develop 

models and new tools specifically designed to achieve a sustainable use of atoll resources.  

Atoll lagoons are isolated marine ecosystems and their remoteness and poor accessibility often 

make it difficult to carry out field studies. Modelling can therefore be a cost-effective way to help 

understand the often complex ecosystem dynamics and assess the importance of the various physico-

biogeochemical processes, particularly with regard to the oyster food web (Duarte et al., 2003; 

Webster and Harris, 2004). In the past decade, several numerical models have been developed and 

implemented for the Ahe atoll (Tuamotu Archipelago) which hosts an important pearl oyster farming 

industry. One of those models is a 3D biophysical model based on the MARS3D hydrodynamic model 

(Dumas et al., 2012), which was extended by adding a larval transport model (Thomas et al. 2014). In 

parallel, a Dynamic Energy Budget (DEB) model of the larval stage was developed considering the 

eco-physiology of P. margaritifera (Fournier et al. 2012, Sangare et al. 2020; Thomas et al., 2011) 

and coupled with the 3D physical model (Thomas et al. 2016). The coupling of such a DEB model 

with a physico-biogeochemical model that can simulate the variability of food sources (plankton) in 

time and space represents a significant advancement compared to the traditional approach using 

temporal and spatial interpolations of sparse in situ measurements.  

The success of black pearl aquaculture strongly depends on environmental parameters and 

pelagic food sources that can affect larval development and settlement as well as adult development 
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and reproduction of P. margaritifera. While this species is benthic in the wild, when farmed, it is 

suspended on vertical lines in water-column and is therefore highly dependent on the availability of 

plankton for feeding (Fournier et al., 2012a; Pouvreau et al., 2000; Thomas et al., 2016). Thus, while 

pearl oyster farms negatively affect phytoplankton abundance and primary production through 

grazing, they may increase production by supplying the water column with nutrients (Lacoste and 

Gaertner-Mazouni, 2016). The development of a new biogeochemical model should therefore 

consider the pelagic food web and be able to account for the effects of oysters on lower trophic levels 

such as phytoplankton. This model is currently in its first phase of development for the Ahe lagoon 

(ECO3M-Atoll model configuration) and uses the environmental and planktonic data collected over 

10 years to constrain the model parameters. This dataset includes chlorophyll a (Chla), phytoplankton 

size structure and composition (Charpy et al., 2012; Thomas et al., 2010), prokaryotic diversity and 

dynamics (Bouvy et al., 2012; Michotey et al., 2012), zooplankton biomass and composition,  grazing 

by oysters (Fournier et al., 2012a; Pagano et al., 2012; 2017), primary production and photosynthetic 

parameters (Lefebvre et al., 2012), as well as nutrient fluxes at the sediment-water interface or 

produced in the water column by the cultured pearl oysters and their associated epibionts and 

biofouling (Lacoste and Gaertner-Mazouni, 2016, and references herein). However, several 

characteristics of the Ahe lagoon remain less well documented such as the taxonomic composition of 

nano- and microphytoplankton (Dupuy et al., 2009; Fournier et al., 2012a) and the C, N and P content 

of organic matter. Finally, no information exists on the in situ N uptake by phytoplankton at Ahe and 

at the entire Tuamotu Archipelago, with the exception of some preliminary data on N2 fixation 

(Charpy-Roubaud and Charpy, 2001). The only information on nitrogen utilization by phytoplankton 

in Tuamotu atoll lagoons was collected in bioassay experiments to investigate nutrient limitation 

(Dufour et al., 1999; Ferrier-Pagès and Furla, 2001; Sakka et al., 1999), although without 

discriminating between the different chemical forms of nitrogen.  

In November and December 2017, a field campaign was conducted in Ahe lagoon as part of the 

MANA (MANagement of Atoll) project. The main objectives included the provision of new insights 

into the ecosystem dynamics and functioning in Ahe lagoon by acquiring new and innovative pelagic 

data to calibrate a new ecosystem model. Measurements included hydrological parameters, particulate 

and dissolved matter (C, N, P), chlorophyll, nano- and microphytoplankton taxonomy, and 

phytoplankton C and N uptake. For the first time, in situ data on nitrogen uptake for two 

phytoplankton size fractions (<2 µm and >2 µm) could be collected and combined with carbon 

fixation and other environmental and phytoplankton data. Here, we used the dual 15N/13C isotopic 

method to measure nitrate, ammonium, and carbon uptake rates and estimate the amount of 
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production that is sustained by new and regenerated nitrogen. In addition to the usual nutrient 

measurements, these nitrogen uptake data are essential to determine the effective trophic status of the 

lagoon and to better understand the nitrogen cycling and the ability of planktonic food-webs to sustain 

intense pearl farming.  More generally, these data are useful to improve our understanding of lagoon 

ecosystem functioning and ecosystem-level effects of pearl farming, and to develop realistic 

biophysical models as set out in the MANA project.  

2. Material and methods 

2.1 Study site 

The Ahe atoll is located in the northwestern part of the Tuamotu Archipelago (French 

Polynesia), in the South Pacific Ocean (14°29’S, 146°18’W). The lagoon is of medium size (145 km2) 

and deep with a maximum depth of 71 m and an average depth of 41 m (Andréfouët et al., 2020). It is 

semi-closed with a pass located on the northwestern side and few reef flats spillways (“hoa”) mostly 

in the southern and northwestern parts of the rim (Fig. 1). The lagoon is weakly flushed with a 

renewal time of 252 days and an average e-flushing time of about 80 days (Dumas et al., 2012).  The 

lagoon is largely covered by pearl farming concessions which are distributed along its border 

(Supplementary Fig. S1), especially in the southwestern part (referred after as SW lagoon), which 

concentrates the highest populations of cultured and wild oysters (Andréfouët et al., 2016). In 

contrast, there is no farming activity in the deeper central area and little in the northeast of the lagoon. 

There is no weather station on the atoll and the meteorological data are available from Takaroa station 

(Météo-France) located 100 km east of Ahe.  

2.2 Water sampling and CTD profiler 

Samples were collected from November 27 to December 7, 2017 at the beginning of the hot 

season during a period of moderate trade winds, and in weak La Niña conditions according to the 

Oceanic Niño Index 

(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php).  Field 

operations were conducted with a small boat from a field laboratory located near the main village. All 

sampling was done between 7:00 and 12:00 AM, mainly at rising tide. 

Five main stations in the lagoon (L0, L1, L4, L8, L10; Fig. 1) were sampled for environmental, 

phytoplankton stock and C and N uptake measurements, with three daily samplings at each station, 

except L0 which was sampled only twice. These stations corresponded to some of the historical 

stations sampled since 2008 and were selected to represent different pearl farming (Supplementary 
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Fig. S1) and hydrodynamic conditions according to Dumas et al. (2012). Station L1 was shallower (24 

m deep) than the other stations (up to 36 m) and was located in the SW lagoon, in an intensive oyster 

farming area with many long lines of 200m supporting reared oysters and spat collectors. Station L0 

was also located in the SW lagoon but near the village and outside the long-lines area. Stations L8 and 

L10 were located close to the atoll rim in the eastern and northwestern part of the lagoon, respectively, 

with moderate farming activity. Finally, the station L4 was near the pass and outside the rearing 

concessions.  At each station, a CTD profiler (SBE 19+, SeaBird) was deployed from the sub-surface 

down to the bottom, recording vertical profiles of temperature, salinity, fluorescence and PAR 

(Photosynthetic Available Radiation). Fluorescence was calibrated with measured chlorophyll a 

(Chla). Water samples for nutrients, organic matter, phytoplankton and C and N uptake measurements 

were collected from two depths (3 m and 20-30 m) using a 5-litre Niskin bottle. In this paper, data are 

presented as depth-averaged values over the different sampling days, given the absence of short-term 

meteorological events during the study period.  

Additional CTD, nutrients and Chla data (without organic matter and C and N uptake 

measurements) were collected once in the northeast of the lagoon (L11, L12) at 3 and 30 m.  

Finally, a transect dedicated to surface Chla and phytoplankton taxonomy measurements with 

CTD profiles at each station was done twice on November 28 and December 2  from the SW lagoon 

(T1 to T5) to the central area (T6 to T11) and finally near and in the pass (T12-T13). Note that T1 is 

located at the northeast limit of the “green lagoon” (as it is called by the local population), which is a 

particular environment isolated from the main lagoon by a submerged reef (Fig. 1). 

2.3 Inorganic nutrients and dissolved organic matter (C, N, P) 

Nitrate and nitrite (NOx) and phosphate (PO4
-) samples were HgCl2-poisoned and analyzed after 

the cruise by colorimetric methods using a segmented-flow Auto-Analyzer (AA3, SEAL corporation, 

Mequon, WI, USA), as described in Raimbault et al. (1990) and Aminot and Kérouel (2007). 

Ammonium (NH4
+) samples were immediately analyzed by fluorometry using a Turner Trilogy 

fluorometer (module No 7200-041) according to the Holmes et al. (1999)’s method. DIN refers here 

to NOx + NH4
+. The detection limits for NOx, PO4

- and NH4
+ were 0.05, 0.02 µmol L-1 and 0.01 µmol 

L-1 respectively.  

Samples for dissolved organic matter (DOM) measurements were taken directly, without pre-

filtration, from the Niskin bottle into 25 mL Schott bottles (precombusted at 450°C, overnight),  

immediately acidified with 50 µL of H2SO4 (4.9N) and then stored until analyses. Organic matter was 

digested by persulfate wet-oxidation technique and converted to inorganic end products, which were 
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then measured by colorimetry and Auto-Analyzer as described in Raimbault et al. (1999). Total 

organic N and P were first calculated as total inorganic nitrogen and phosphorus measured after wet 

oxidation minus inorganic nitrogen (NOx + NH4
+) or phosphate (PO4

-) measured separately at the 

same sampling depth, as described above. Dissolved organic matter (DOC, DON and DOP) was then 

calculated as total organic matter minus particulate organic C and N (POC, PON) obtained by mass 

spectrometer (cf. & 2.5) and particulate organic P (POP) estimated from PON concentrations using 

Redfield ratio.  

2.4 Phytoplankton analysis  

Chlorophyll:  In situ chlorophyll a (Chla) concentrations were measured fluorometrically after 

methanol extraction (Le Bouteiller et al., 1992), using a Turner Design fluorometer equipped with the 

module No 7200-040 (Chl-a extracted-acidification). Total Chla concentrations were determined from 

0.25 L water samples filtered onto GF/F Whatman filters. In parallel, 0.50 L water samples were 

filtered separately onto 2 µm and 10 µm Nucleopore filters for the >2µm and > 10µm Chla size class. 

The 10 µm size-fractionation was performed only once at the main stations. Chla <2 µm (Total Chla 

minus Chla >2 µm) and Chla >2 µm represent pico- and nano-microphytoplankton proxies, 

respectively.  

Microscopic analyses: 1.5 L samples were collected from the Niskin bottle and fixed with a borate-

buffered formalin solution (4-5 % v:v final concentration). Phytoplankton was then concentrated ~ 10 

times by sedimentation and siphoning of the overlying seawater after 48h. Counting and identification 

of phytoplankton were carried out with a Wild M40 inverted microscope with phase contrast, 

according to the Utermöhl technique. The sedimented volume was 50 mL or less, depending on the 

density of the organisms and the presence of detritus. Identification was done to the lowest possible 

taxa using appropriate keys (Tomas, 1996; WoRMS, 2019). Tiny organisms could not be adequately 

classified by inverted microscope method and were grouped in the unidentified 3-4 µm phytoplankton 

category (3-4 µm phytoP).   

2.5 Carbon and nitrogen uptake and organic particulate matter 

Photosynthetic carbon fixation (primary production, P) and ammonium and nitrate uptake rates 

(ρNH4
+, ρNO3

-) were measured three (two at L0) times at the L stations at 3 and 20-30 m, using the 

dual 13C/15N isotopic method as described in detail in Raimbault et al. (2008 and references herein). 

At each depth, water samples were collected in duplicate into acid-leached 1.2 L polycarbonate 

bottles. All bottles were enriched with 1 mL of a NaH13CO3 solution (24 g L-1, 99.2 % 13C, 

EURISOTOP) for C fixation and half with 200 µL of 15NH4Cl or K15NO3 solution (0.5 mmol N L-1, 
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98-99% 15N), allowing simultaneous measurements of NH4
+ and NO3

- uptake at each depth. 

Immediately after adding the tracers, the bottles were incubated in situ at their respective sampling 

depths. Incubations started around 13:00 and lasted between 4 and 5 hours. At the end of incubation, 

0.6 L from each bottle was filtered directly onto 25 mm Whatmann GF/F pre-combusted glass fiber 

(total uptake) and 0.6 L was fractionated by serial filtration through 2 µm polycarbonate Millipore and 

GF/F filters (uptake by the <2 µm fraction). At the five main stations, an additional bottle was 

collected at 3 m, enriched with 13C and 15N and immediately filtered to determine the isotopic 

background (t=0 enrichment). All filters were then dried for 24 h and stored until mass spectrometry 

analysis within 2 months. The dual isotopic enrichment and particulate organic carbon and nitrogen 

(POC, PON) analyses were performed using an Integra-CN mass spectrometer, calibrated with 

glycine reference and regularly controlled using reference materials from the International Atomic 

Energy Agency (IAEA, Analytical quality control services). Before analysis, the filters were acidified 

with 100 µL H2SO4 (0.5N) to remove inorganic matter. Carbon fixation rates were calculated with a 

measured t=0 value of 1.093 ± 0.004 % and NO3
- and NH4

+ uptake rates with a t=0 value of 0.367 ± 

0.003 %.  

2.6 Statistical analysis 

Paired t-tests were applied to test differences between the two Chla size fractions, between 20-

30 m-depth and 3 m-depth values of different parameters and between NH4
+ and NO3

- uptake rates. 

One-way ANOVA method was used to test the differences between stations for different parameters 

and post-hoc tests were conducted to identify outliers and homogeneous groups. Before analysis, all 

data were log-transformed [log(x + 1)]. In each case, we checked that the residuals were normally 

distributed, using Shapiro Wilks Test. All statistical tests were performed using Statistica 7 Software.  

3. Results 

3.1 Environmental background 

During the study period, the trade winds were constant and moderate (5.4 m s-1 on average) and 

rainfall was almost nil, except on Day 5 when it rained a little during the night. The lagoon remained 

unstratified during the whole period with quite homogeneous temperature and salinity  profiles and 

values ranging from 27.8 to 29.5 °C (28.4°C on average) and 35.98 to 36.46 (36.25 on average), 

respectively (Fig. 2). At the lagoon scale, the temperature and salinity distribution revealed a spatial 

heterogeneity with higher surface temperatures and salinities in the SW area and lower values in the 

northeastern part. Low temperature and salinity were also measured in front of the pass.  
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The lagoon was low N- and P-nutrients (Table 1), except in the northeast (Stations L11, L12) 

where slightly higher nitrate concentrations were recorded. In comparison, mean dissolved organic 

matter (DOM) concentrations ranged between 74.4 and 85.6 µmol L-1 for DOC, between 9.0 and 12.2  

µmol L-1 for DON and between 0.4 and 0.5 µmol L-1 for DOP (Table 1), with no clear spatial pattern 

(ANOVA, P > 0.1 for C, N, and P). DON concentrations were about 26 times higher than DIN 

concentrations and accounted for most of the nitrogen in the water column (>95%), while the 

difference was less pronounced for P with less than 1.5 times more DOP than PO4
-. As a result, the 

DIN:PO4
- ratios (< 2) were much lower than the DON:DOP ratios (~ 22). The particulate organic 

matter (POM) pool (collected on GF/F filters) was smaller than DOM pool with mean values between 

8.24 and 17.72 µmol L-1 for POC and between 1.06 and 1.93 µmol L-1 for PON.  

3.2 Phytoplankton biomass, size structure and taxonomic composition of the >2 µm 

assemblages 

Total Chla concentrations ranged from 0.13 to 0.38 mg m-3 with an average of 0.20 ± 0.14 mg 

m-3 at the L stations (Table 1) but reached 0.63 mg m-3 at T1 in surface (Fig.2). Concentrations were 

significantly higher in the SW lagoon than in the rest of the lagoon (ANOVA, P < 0.01). There was no 

statistical difference between Chla measured at 3 m and at 20-30 m (paired t-test, P > 0.1). Similarly, 

in situ fluorescence profiles were fairly homogenous down to 20-30 m with a slight increase below or 

near the bottom (Fig. 2). Chlorophyll biomass (BChla) was dominated by the picophytoplankton with a 

contribution of the <2 µm fraction ranging from 63 to 89 % of (79 ± 7 %). The percent contribution of 

>2 µm fraction to the total BChla was higher in the SW lagoon, but the spatial difference was not 

significant (paired t-test, P > 0.1). It should be noted that 68% of BChla >2 µm was less than 10 µm, 

with a maximum of 88% at L1.  

Microscopic analysis of samples taken at 3 m along the transect (Fig. 3) showed a decrease of 

three orders of magnitude in nano-microphytoplankton abundance from T1 to T11 (4.4 106 at T1 to 

8.9 103 cell L-1 at T11) and revealed changes in the taxonomic composition of the assemblages. 

Overall, the assemblages were largely dominated by dinoflagellates and prymnesiophytes (mainly 

Gephyrocapsa, Syracosphera) which were abundant at all stations. Four genera dominated the 

dinoflagellate assemblages: Heterocapsa, Gymnodinium, Tripos and Prorocentrum, in decreasing 

order of abundance. Prasinophytes (mainly Pyramimonas) and unidentified nanophytoplankton 

composed of 3-4 µm spherical unicellular organisms (referred to here as 3-4 µm nanoP) were 

predominant in the SW lagoon, and almost disappeared outside this area. In contrast, diatoms (mainly 

Nistzchia spp) were rare in the south and their abundance increased elsewhere while remaining 

relatively low. Cyanobacteria were observed along the transect, except in the “green lagoon” (T1). 
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This group was dominated by the unicellular-colonial cyanobacterium Merismopedia at the shallowest 

stations (T3, T5) and by two filamentous cyanobacteria Spirulina and Trichodesmium at the other 

stations.  

3.3 Metabolic processes: primary production and nitrogen uptake 

Primary production (P) showed a clear spatial distribution, with mean values ~ 3 times higher in 

the SW region (2.04 to 2.40 mg C m-3 h-1 ) than in the rest of the lagoon (0.60 to 0.86 mg C m-3 h-1) 

(Fig. 4; Table 2). While primary production was dominated by picophytoplankton, the primary 

production of the >2 µm fraction represented 25 ± 12 % of total P on average and reached 33 to 48 % 

at 3 m at L1 and L4.  The biomass-specific primary production rates (P/BChla) of the >2 µm fraction 

were significantly higher than the P/BChla of the <2 µm fraction (Table 2; paired t-test; P < 0.05), with 

mean values ranging from 4.59 to 13.23 mg C mg Chla-1 h-1 and from 3.44 to 6.23 mg C mg Chla-1 h-1, 

respectively. The highest P/BChla values were obtained at L1 and the lowest at L10, regardless of the 

size fraction (Fig. 5), but the spatial difference could not be demonstrated statistically.  

Mean ammonium uptake rates (ρNH4
+) ranged from 7.58 to 39.81 µmol N m-3 h-1 and had a 

contrasting spatial distribution (Table 2, Fig. 6) with significantly higher rates in the SW lagoon 

(ANOVA, P < 0.005). NH4
+ uptake of the > 2µm fraction represented less than 30 % of total uptake, 

except at L1 where it reached 57% on average. Nitrate uptake rates (ρNO3
-) were lower than NH4

+ 

uptake rates at all stations (paired t-test; P < 0.05), with mean values varying from 1.80 to 21.43 µmol 

N m-3 h-1. Stations L0 and L4 differed from the other stations by significantly higher and lower NO3
- 

uptake rates, respectively (ANOVA, P < 0.05). The >2 µm fraction contributed ~ 37 % of the total 

NO3
-  uptake in the SW area and over 50 % in the other sites with a maximum at L10 (73 %), which 

differs from the NH4
+ uptake pattern. Noticeably, the P/ρNH4

+ ratios were lower than 6.4, except at 

3m at L4 where it reached 9.5, while P/ρNO3
- ratios were > 9 with higher values at L1 and L4 (>20).  

The f-ratio, which is the ratio of NO3
- uptake to the summed uptake of  NO3

- and NH4
+ 

(Harrison et al., 1987) was used to estimate the proportion of new and regenerated production to total 

production (Table 2), an f-ratio < 0.5 indicating a dominance of regenerated production. The f-ratios 

were significantly lower at L1 and L4 than at the other stations (P < 0.005) and the higher values were 

mainly due to the fraction >2 µm.  

4. Discussion 

 In the first part of this discussion, we will compare our data with previously published data 

from Ahe lagoon in order to provide a more general context. In the second part, we will focus on the 

new data on N-uptake and new and regenerated production.    
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4.1 Comparison of our campaign with previous studies:  environmental context and 

primary production 

Our field campaign in November and December 2017 coincided with the hot season 

(temperatures typically increase from October onward) and ended before the start of the rainy season. 

The trade wind regime that prevailed during the 11 sampling days of our study is the most frequent 

weather regime in the region (Dutheil et al., 2020). The lack of short-term events during our sampling 

period (winds fairly constant and almost no rain) created relatively stable conditions which we assume 

to be representative of hot, dry, and trade wind conditions in the area. As a result, the water-column 

was fairly homogeneous with only a very weak thermo-haline stratification (Fig. 2), which appears to 

be a typical situation for this lagoon (present in 80% of observations in 2008-2009), due to both wind 

direction/intensity and  deep overturning circulation (Dumas et al., 2012). In vivo fluorescence and 

Chla were homogeneously distributed with depth due to vertical mixing as observed in Charpy et al. 

(2012) and could thus represent a common pattern in the lagoon, although this needs further 

confirmation. The prevailing trade winds and the associated circulation pattern may also explain the 

lagoon-wide temperature gradient observed in this study, with cooler bottom waters upwelled 

windward on the eastern side of the lagoon and warm surface waters pushed downwind toward the 

SW area as described in Dumas et al. (2012). Finally, under trade winds the lagoon is partitioned into 

three circulation cells that trap water and structure the e-flushing times: a narrow and shallow southern 

cell (stations L0 and L1), a deep and large northern cell (Stations L8, L10, L11, and L12), both with 

long e-flushing times of around 80-100 days, and a central cell in front of the pass (station L4) with 

shorter e-flushing time of 50-60 days. As postulated in previous studies on the Tuamotu atolls, the 

hydrodynamic regime (water exchanges and wind-driven circulation) and associated water renewal 

times are the main factors controlling the biogeochemical functioning of the lagoons and associated 

plankton dynamics (Andréfouët et al., 2001; Charpy et al., 1997; Torreton et al., 2002).   

In our study, the nutrient status of the lagoon was characterized by low concentrations of readily 

bioavailable nutrients and potentially N-limited (sub-Redfield DIN/PO4
-), as observed previously in 

Ahe (Charpy et al., 2012; Pagano et al., 2017). The northeast corner of the lagoon (Stations L12 and 

L11, Table 1) presented higher nitrate concentrations which may be the signature of the local and 

transient internal upwelling generated by the trade winds (Fournier et al., 2012b). In comparison, 

dissolved organic matter concentrations were high and rich in N with DON:DOP ratios above 

Redfield. While data on DOM in Ahe lagoon are scarce, our mean DOC concentrations (81 µmol L-1) 

were comparable to those recorded in August 2009 (Bouvy et al., 2012). Our DOC values were within 

the mid-range of those measured in other Tuamotu lagoons (Pages et al., 1997), while our mean DON 
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values (10 µmol L-1) were in the upper range (Torréton et al., 2000).  In this semi-closed lagoon, local 

sources of organic matter are important and multiple: coral and mucus/exudates from fixed benthic 

algae (Bythell and Wild, 2011), phyto- and zooplankton excretion, sloppy feeding, viral lysis (Bouvy 

et al., 2012; Charpy-Roubaud et al., 1990; Torréton et al., 2002), and possibly (and to a lesser extent) 

run-off from land. Pearl farming also represents an allochthonous organic matter source (Lacoste et 

al., 2014; Pouvreau, 1999). Note also that our POM values were comparable to those measured in 

2008-2009 (13.25 µmol C L-1 and 1.64 µmol N L-1; Charpy et al., 2012). Based on our mean values, 

the DOM pool in Ahe appeared to be 7 to 10 times higher than the POM pool and could provide at 

least 6 times more N than the DIN stock, even if we assume that only a low 12% of organic matter is 

bioavailable (lowest percentage in the review by Bronk et al., 2007).  

Despite this being a low-nutrient environment, both the phytoplankton biomass (BChla) and 

primary production (P) remained relatively high. The large chlorophyll dataset that was collected in 

Ahe since 2007 contains values ranging from 0.02 to 1.19 mg m-3 (mean of  0.27 ± 0.15 mg m-3, n = 

1168) with no obvious temporal trends over the past 10 years (Andréfouët, 2013; Charpy et al., 2012; 

Lefebvre et al, 2012; Pagano et al., 2017; Thomas et al., 2010; this study). There are less data on 

primary production available for Ahe. They were collected during four seasons, in May and October 

2008 and in February and August 2009, and at four different sites along a southwest/northeast transect 

(Lefebvre et al., 2012). The reported P values ranged from 1.7 to 5.8 mg C m-3 h-1 (mean of 3.0 mg C 

m-3 h-1) in the upper 20 m of the water column with a mean phytoplankton biomass of 0.35 mg m-3, 

which are within the upper range of measurements at other Tuamotu lagoons (Charpy et al., 1997; 

Torréton et al., 2002). Our mean chlorophyll concentrations (0.22 ± 0.14 mg m-3) and P estimates (1.3 

± 0.8 mg C m-3 h-1) are in the lower range of the previously published data in Ahe, possibly due to the 

choice of our sampling stations and seasonal variability. Seasonal variability has been reported both 

for in situ chlorophyll and primary production with maximum/minimum ratios ranging from 1.4 to 2.1 

and 1.8 to 2.1, respectively, including some differences between the <2 µm and >2 µm size fractions 

(Charpy et al., 2012; Lefebvre et al., 2012; Thomas et al., 2010). These seasonal changes were 

primarily attributed to changes in temperature and/or wind and nutrient availability (Lefebvre et al., 

2012).   

In our study, phytoplankton biomass and primary production were largely dominated by 

picophytoplankton, except in the SW area containing high-density oyster lines (station L1). There, 

primary production by the >2 µm size fraction represented more than a third of the total P (Table 2). A 

similar result was reported in the study carried out in 2008-2009 (Lefebvre et al., 2012). In this highly 

exploited SW area of the lagoon, nanophytoplankton (with heterotrophic nanoflagellates, not 
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considered here) are subjected to high grazing pressure by pearl oysters (Dupuy et al., 2009; Fournier 

et al., 2012a) and associated filter-feeders accumulated on the culture lines (e.g., bivalves, sponges, 

ascidians). The organisms appear to have adapted to this high level of predation by locally increasing 

their P/BChla ratio (Fig. 5) which allows them to remain relatively abundant and productive. Such an 

adaptive strategy has already been described before (Lefebvre et al., 2012) which suggests that this 

strategy may have been operating successfully for some years due to the high aquaculture pressure, 

and shows some stability in ecosystem functioning of the SW lagoon. Our results also showed that 

nanophytoplankton outperformed picophytoplankton in terms of ammonium uptake in this SW part of 

the lagoon (see below) which affords them a growth advantage. A highly productive 

nanophytoplankton compartment is essential for pearl oyster farming as it represents a large portion 

(90%) of the oyster diet and a direct source of C (and N) for juveniles and adults (Dupuy et al., 2009; 

Fournier et al., 2012a; Loret et al., 2000).  

4.2 Nitrogen uptake, new versus regenerated production:  a new dataset 

The present study provided the very first estimates of N uptake rates by phytoplankton in Ahe 

lagoon and allowed to assess the part of new and regenerated production. It should be kept in mind, 

however, that our estimates are based on simple measurements of NO3
- and NH4

+ uptake. This 

assumes in particular that regenerated production relies exclusively on NH4
+ uptake which may result 

in some underestimations given that phytoplankton can also use DON components (Bronk et al., 

2007), which may be relevant considering that the lagoon is DOM-rich. At the same time, NO3
- 

uptake rates only represent an accurate estimate of the amount of new production if we can assume 

that there is no pelagic N2 fixation. In our study we could not assess the importance of pelagic N2 

fixation as there is no information available for Ahe and only one dataset for the Tuamotu lagoons 

(Charpy-Roubaud et al., 2001 for the Tikehau atoll). In addition, it is difficult to distinguish between 

allochthonous (“new”) NO3
- inputs and NO3

- regenerated from organic matter. We also cannot 

exclude the possibility of having overestimated phytoplankton NH4
+ uptake due to heterotrophic 

uptake, given that the measured P/ρNH4
+ ratios were lower than the Redfield ratio (Raimbault and 

Garcia, 2008).  

With this being said, the N uptake data presented here provided good indications of 

phytoplankton N demand in Ahe lagoon. They revealed that active N uptake by phytoplankton was 

much higher in the lagoon than in the surrounding ocean (Raimbault and Garcia, 2008) and suggested 

a rapid turnover of N-nutrients, which could be sufficient to explain the low ambient DIN pools. Our 

results also showed that a large part of the primary production of the lagoon was sustained by 

regeneration processes. This was highlighted by the 1.3 to 4.2 times higher NH4
+ uptake rates at all 
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stations compared to NO3
- uptake. We found that recycled nitrogen could sustain 68% (52% to 80%) 

of N phytoplankton demand. The specific geomorphology of the atoll (deep and semi-enclosed) in 

combination with a long water renewal time (252 days) and intensive pearl farming may be the 

underlying cause for the intense and fast recycling in the lagoon, which may in turn explain the high 

portion of regenerated production and the higher biomass and overall production at Ahe compared to 

other lagoons. The production and subsequent release of high concentrations of dissolved organic 

matter into the water column could also contribute to the regeneration processes. The low intra-lagoon 

and vertical variability in DOM concentrations that were observed here and in previous studies 

(Bouvy et al., 2012) can only be explained by a fast turnover of the labile DOM through efficient 

recycling. In such a N-limited environment, it is likely that DON represents a dynamic source of 

bioavailable N for phytoplankton, either after regeneration via bacteria-bacterioplanktonic grazer 

coupling, through detritivores or filter-feeders (Bouvy et al., 2012; Rix et al., 2016; Torréton et al., 

2002), or by direct autotrophic assimilation of low molecular weight forms (Bronk et al. 2007; Ferrier-

Pagès et al., 2000). More work is needed to fully understand the role of DON in regenerated 

production and in the nitrogen cycle. Such work could employ isotopic approaches to obtain a better 

quantification of and discrimination between DON autotrophic and heterotrophic use and release and 

between the different origins of the organic matter. The importance of mixotrophy by the 

nanoflagellate population should also be quantified to determine their contribution to the net 

community production (Ward and Follows, 2016).  

Apart from illustrating the general biogeochemical functioning of the lagoon, our results also 

showed that the lagoon had spatially heterogeneous C and N uptake rates. A clear spatial pattern of 

primary production in Ahe was also reported by Lefebvre et al. (2012) for different seasons. We will 

therefore discuss the observed C and N uptake data for each sub-area and associated stations. 

 The SW area (Stations L1 and L0) clearly exhibited the highest levels of nutrient regeneration 

with NH4
+ uptake rates about 3 to 4 times higher than elsewhere in the lagoon. Intense recycling 

appeared to stimulate phytoplankton growth and production (Fig. 4). The regeneration processes in 

this SW area were certainly intensified by i) a relatively shallow depth combined with a long e-

flushing time and high temperatures, ii) its proximity to the atoll rim as a source of mucus-derived 

DOM in combination with the narrow shape of the lagoon (Bouvy et al., 2012), iii) the high-density 

pearl farming (Lacoste et al., 2014; Lacoste and Gaertner-Mazouni, 2016), and iv) the adjacent village 

and a higher population density. Regarding this last point and given the high NH4
+ and NO3

- uptake 

rates observed at the station nearest to the village (L0), the organisms there seem to have adapted to 

use both ammonium and nitrate. We suspect that phytoplankton near the village receive nitrate pulses 
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from anthropogenic effluents, groundwater lenses, and from the sediment-water interface although 

these still need to be quantified. With regard to identifying the source of regenerated products 

supporting the high NH4
+ uptake rates at L0, it will be difficult to discriminate between the part 

associated with the general conditions of high recycling in the south cell and that directly linked to the 

area’s proximity to the village and land.   

Station L1 has been repeatedly sampled in the past, yielding a relative wealth of available data 

on the pelagic and benthic compartments which we can use for direct comparisons with our N uptake 

data. Based on zooplankton biomass data collected at L1 (Pagano et al., 2012) and using Ikeda’s 

equation (Ikeda, 1985), we estimate that zooplankton excretion (20 µmol NH4
+ m-3 h-1 on average, 

with 88% due to heterotrophic nanoflagellates and ciliates) could support around 59 % of the NH4
+ 

uptake measured at this station. The importance of bacteria as a direct source of NH4
+ is more difficult 

to assess (Goldman et al., 1987). Here, we assume that bacterial populations are heavily grazed upon 

by protists (Bouvy et al., 2012) and that their role as a direct source of NH4
+ (and of labile organic 

components from dead bacterial cells) is likely reduced, which remains to be confirmed. Excretion by 

fish and macro-invertebrates represents another source of ammonium at L1, especially due to the 

proximity to the reef and high local densities of pearl oysters. Lacoste and Gaertner-Mazouni (2016) 

showed that the rates of direct DIN release into the water column by suspended oysters and associated 

filter-feeders varied between 27.1 and 61.4 µmol N m-2 h-1. These rates represent between 4 to 9 % of 

our mean NH4
+ uptake rates which could confirm the direct contribution of pearl oyster cultures to 

regenerated primary production and supports the idea of a positive feedback loop between pearl oyster 

cultures and phytoplankton. The production of biodeposits that are easily biodegradable (feces and 

pseudofeces) by bivalves is also thought to increase remineralisation processes, although in the case of 

P. margaritifera the feces are largely composed of mineral matter (Pouvreau et al., 2000). Finally, we 

measured average benthic NH4
+ fluxes of 5 µmol h-1 m-2 at L1 (unpublished data), i.e., less than 2% of 

the phytoplankton NH4
+ demand. Although low, this is consistent with previous estimates (Gaertner-

Mazouni et al., 2012; Lacoste and Gaertner-Mazouni, 2016). High regeneration in the pelagic 

compartment with intensification of the cycling within the microbial loop may cause a disconnect of 

the surface production from the sediment and benthic micro- and macrofauna (Bronk et al., 2007) 

which does indeed seem to be the case in the SW part of the lagoon. These results suggest that most of 

the nutrient recycling that fuels the pelagic compartment takes place in the water column, particularly 

in this area. In contrast to other stations where NH4
+ uptake is typically dominated by picoplankton 

and NO3
- uptake by nanophytoplankton (Glibert et al., 2016), we observed the reverse at Station L1. 

This high affinity of nanophytoplankton for NH4
+ at L1 would allow them to reduce energy costs and 

thus maintain high levels of production and productivity (Fig. 5) despite the presence of high-density 
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pearl cultures. Our results thus confirm that intense regeneration in areas with high pearl oyster 

densities favor high levels of production by nanophytoplankton (Lefebvre et al., 2012), which in 

return creates favorable conditions for pearl oyster growth.  

The northwestern and eastern sites (Stations L10 and L8) are located in the northern circulation 

cell (Dumas et al., 2012). We found that those areas have different biogeochemical functioning 

compared to the SW part of the lagoon. Primary production at L10 and L8 was still mainly supported 

by regenerated production but the contribution of new production (based on NO3
- uptake) was more 

important, representing 36 to 48 % of the total N uptake. There, organisms thus appear to be more 

adapted to the use of nitrate to meet their N needs. This may be explained by the existence of transient 

nitrate inputs such as the one recorded at stations L11 and L12 (Table 1) that might originate from 

internal upwelling generated by trade winds  along the eastern side of the rim (Dumas et al., 2012; 

Fournier et al., 2012b; Fig. 2). The northern tip of the lagoon could receive additional nitrate inputs 

from bird guano due to its proximity to forested land with high bird densities, especially near the so-

called “Bird Island” (just north of L11), and from enriched groundwater lenses. In addition, the water 

column in the northern cell is deeper and the lagoon broader which, combined with less pearl farming 

and fewer concessions per hectare (Supplementary Fig. S1), creates less favorable conditions for 

regeneration processes, despite long e-flushing times as in the SW part of the lagoon. The regenerated 

production at L8 and L10 was dominated by picoplankton and new production by larger organisms, 

which represent a classical pattern (Glibert et al., 2016).  

Finally, the station near the pass (Station L4) exhibited the lowest C and N uptake rates and the 

lowest new production rates and f-ratios. The low uptake rates may be related to short e-flushing times 

in the central circulation cell due to tidal flushing through the pass and rapid water renewal (Dumas et 

al., 2012). The higher oceanic influence near the pass may also explain the low new production rates 

and f-ratios, considering that f-ratios in the surrounding oligotrophic ocean are also very low (< 0.1, 

Raimbault et al., 2008), and assuming no upwelling occurred along the outer edge of the reef at the 

time of our study. Changes in the local plankton community, especially the presence of more oceanic 

organisms (Pagano et al., 2017; Thomas et al., 2010), may also impact C and N uptake in this area. 

Thus, the central cell in front near the pass appears to be different from the other cells in that its 

biological processes are highly influenced by lagoon-open ocean exchanges.  

Together with these results, the observed spatial variations in nano-microphytoplankton 

assemblages could reflect changes in their trophic status as evidenced by N uptake data, especially 

given the taxon-specific differences in NH4
+ and NO3

- metabolism. Indeed, although the increased 

growth of diatoms coincided with an increase in new production due to the diatoms’ preference of 
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oxidized rather than reduced substrates, they could not compete with the numerous flagellates in the 

SW who are better at exploiting the high concentrations of NH4
+ or DON in that area (Glibert et al. 

2016 and references therein). All these changes in phytoplankton community composition affect the 

energy and biomass transfer to higher trophic levels and can influence pearl oyster feeding and 

growth. Additional sampling with a greater space-time coverage would be necessary to complete this 

study and better understand the relationships between environment, phytoplankton taxa/species, and 

pearl oysters. 

5. Conclusion  

Results from this study yielded new insights into N cycling in Ahe lagoon through direct 

measurements of N uptake, obtained for the first time in this pearl farming atoll. The data highlighted 

the importance of regenerated production and showed that productivity in the lagoon relies primarily 

on fast internal nutrient recycling. In this context, the role of DON in nitrogen cycling and trophic 

pathways in the lagoon still needs to be investigated. By providing new C and N uptake data, this 

study also demonstrated the spatial heterogeneity of biogeochemical processes across the lagoon and 

confirms the link between the ecological functioning of the lagoon and its partitioning into 

hydrodynamically distinct water cells. The higher nutrient recycling capacity of the SW region 

associated with high primary and regenerated production appears to favor nanophytoplankton which 

directly benefits the growth of juvenile and adult oysters as well as spat collection (Thomas et al., 

2012) and is likely a permanent feature. More generally, the spatial heterogeneity of trophic 

conditions, planktonic C and N fluxes, and species composition highlighted in this study may 

influence the transfer of energy through the food-web and have a direct impact on pearl oyster growth 

and reproduction including larval settlement potential, a hypothesis that could be tested using 

modelling approaches.  

Due to our short sampling period, we could not capture the complete range of temporal 

variability of the relevant processes and more information is needed to extrapolate our findings to 

annual timescales. Nevertheless, it seems reasonable to state that the samples collected in this study 

should be representative of the warm, trade wind conditions that are typical for this region. It also 

seems plausible to assume that the observed dependence of primary production on regenerative 

processes is likely to persist throughout the year, as should the observed spatial differences in 

biogeochemical functioning. For primary production this has already been shown (Lefebvre et al., 

2012).  Presumably, the major sources of seasonal variability are linked to the intensity of processes 

modulated by changes in temperature and e-flushing times in the different parts of the lagoon which 
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affect the turnover of elements, something which could also be confirmed using numerical 

simulations.  

The N and C uptake data presented here have already been included in a 0D modelling process to 

improve the configuration of a biogeochemical model that is currently being developed to simulate 

these particular atoll ecosystems. To examine the spatial heterogeneity of the biogeochemical 

processes, the model will be coupled to a 3D hydrodynamic model of this area. A realistic 

representation of biogeochemical cycles is essential to predict how changes in aquaculture will affect 

fluxes and stocks and vice versa, and the outcome of this work should be of great interest from a pearl 

farming management perspective. 
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Table 1. Mean nutrient, organic matter and Chla concentrations (total and % Chla >2 µm) in the Ahe 
lagoon between November 27 and December 7, 2017. The data represent the average (standard 
deviation) between depths of 3 and 20-30 m. Nutrients and organic matter are expressed in µmol L-1, 
Chla in mg m-3, and Chla >2 µm in % of total Chla.  

Sites NH4
+ NOx PO4

- Si(OH)4 DON DOP DOC PON POC Chlatot % Chla>2 µm 

L0 0.12 
(0.01) 

0.14 
(0.08) 

0.27 
(0.01) 

1.38 
(0.12) 

   1.22 
(0.05) 

8.24 
(1.96) 

0.33 
(0.02) 

21 
(3) 

L1 0.06 
(0.10) 

0.21 
(0.14) 

0.28 
(0.01) 

1.66 
(0.42) 

10.1 
(1.9) 

0.40 
(0.04) 

85.6 
(7.3) 

1.93 
(0.64) 

17.77 
(4.41) 

0.38 
(0.12) 

21 
(7) 

L4 0.02 
(0.01) 

0.17 
(0.05) 

0.35 
(0.02) 

1.34 
(0.17) 

10.4 
(2.9) 

0.46 
(0.03) 

85.3 
(16.6) 

1.13 
(0.08) 

11.82 
(1.67) 

0.15 
(0.03) 

20 
(2) 

L8 0.01 
(0.01) 

0.12 
(0.05) 

0.33 
(0.03) 

1.33 
(0.20) 

12.2 
(7.2) 

0.51 
(0.09) 

78.7 
(8.7) 

1.06 
(0.12) 

10.18 
(3.90) 

0.13 
(0.04) 

17 
(3) 

L10 0.02 
(0.02) 

0.17 
(0.05) 

0.35 
(0.01) 

1.51 
(0.23) 

9.00 
(1.4) 

0.45 
(0.02) 

74.4 
(5.8) 

1.25 
(0.26) 

9.46 
(2.48) 

0.19 
(0.04) 

18 
(3) 

L11 0.04 
(0.02) 

0.33 
(0.06) 

0.36 
(0.01) 

1.20 
(0.08) 

     0.13 
(0.01) 

19 
(-) 

L12 0.03 
(0.02) 

1.17 
(0.74) 

0.34 
(0.02) 

1.37 
(0.02) 

     0.13 
(0.05) 

16 
(1) 
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Table 2. Mean primary production (P) and ammonium and nitrate uptake rates (ρNH4
+, ρNO3

-) in 
Ahe lagoon for the two size fractions <2 µm and >2 µm. The data represent the depth-averages 
(between 3 and 20-30 m) with standard deviation given in parenthesis. Samples were performed in 
triplicate (duplicate at L0) during different days between November 27 and December 7, 2017.   

  

Sites L0 L1 L4 L8 L10 
      

P <2 µm (mg C m-3 h-1) 1.53 (0.14) 1.58 (0.47) 0.57 (0.21) 0.62 (0.24) 0.49 (0.11) 
P >2 µm (mg C m-3 h-1) 0.51 (0.09) 0.82 (0.36) 0.29 (0.16) 0.14 (0.10) 0.11 (0.13) 

      
P/BChla <2 µm (mg C mg Chla-1 h-1) 5.17 (1.14) 6.23 (1.83) 4.74 (1.63) 5.22 (1.33) 3.44 (0.97) 
P/BChla >2 µm (mg C mg Chla-1 h-1) 7.92 (0.90) 13.23 (5.21) 9.83 (2.84) 8.39 (3.48) 4.59 (2.38) 
      

ρNH4
+ <2 µm (µmol N m-3 h-1) 29.51 (1.58) 15.58 (6.47) 5.27 (0.27) 9.59 (2.03) 7.56 (3.20) 

ρNH4
+ >2 µm (µmol N m-3 h-1) 10.30 (2.44) 18.25 (5.58) 2.31 (2.06) 0.82 (1.08) 1.07 (1.49) 

      

ρNO3
-  <2 µm (µmol N m-3 h-1) 13.27 (4.49) 6.47 (5.23) 0.96 (0.04) 3.07 (0.67) 1.87 (1.22) 

ρNO3
-  >2 µm (µmol N m-3 h-1) 8.16 (4.74) 4.48 (3.52) 0.84 (0.74) 3.06 (2.38) 4.79 (2.79) 

      
f-ratio (mol:mol) 0.34 (0.09) 0.23 (0.16) 0.20 (0.11) 0.36 (0.12) 0.49 (0.03) 
f-ratio >2 µm (mol:mol) 0.42 (0.09) 0.18 (0.14) 0.34 (0.32) 0.83 (0.17) 0.94 (0.21) 
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Figure 1. The Ahe atoll and the location of sampling stations. There are 7 fixed stations (“L” stations) 
where hydrology, phytoplankton abundance and rates were measured (red triangles) and 13 stations 
along a transect (black circles) where surface phytoplankton and CTD profiles were collected. The 
transect stations are consecutively numbered from T1 in the SW corner to T13 in the pass. See the 
supplementary material (Fig. S1) for the location of the oyster farms. 
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Figure 2. Vertical profiles (top panels) and 2D interpolations of the surface distribution (bottom 
panels) of temperature, salinity and in vivo fluorescence (used as a proxy of BChla) as obtained from 
Seabird profiling (39 profiles performed between 27 November and 7 December, 2017).  
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Figure 3. Abundance and taxonomic composition of nano-microphytoplankton at 3 m for different 
stations along the transect shown in Fig. 1 (from inverted microscopy data). 3-4 µm nanoP refers to 
unidentified nanophytoplankton. Cell abundance is presented on a logarithmic scale.   
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Figure 4. Mean primary production (mg C m-3 h-1) in the Ahe lagoon for the two size fractions <2 µm 
and >2 µm. Values represent the depth averages between 3 and 20-30 m (see Table 2).   
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Figure 5.  Total and size-fractionated biomass-specific primary production (P/BCha) in Ahe lagoon at 
the 5 stations sampled during November and December of 2017. Filler bars represent the depth-
averaged values between 3 and 20-30 m with the error bars showing one standard deviation.  
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Figure 6. Mean NO3
- and NH4

+ uptake rates (ρNO3
-, ρNH4

+, in µmol N m-3 h-1) for the two 
phytoplankton size fractions <2 µm and >2 µm. Values were averaged between 3 and 20-30 m (see 
Table 2).  




