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            Abstract
Nutrient limitation of oceanic primary production exerts a fundamental control on marine food webs and the flux of carbon into the deep ocean1. The extensive boundaries of the oligotrophic sub-tropical gyres collectively define the most extreme transition in ocean productivity, but little is known about nutrient limitation in these zones1,2,3,4. Here we present the results of full-factorial nutrient amendment experiments conducted at the eastern boundary of the South Atlantic gyre. We find extensive regions in which the addition of nitrogen or iron individually resulted in no significant phytoplankton growth over 48 hours. However, the addition of both nitrogen and iron increased concentrations of chlorophyll a by up to approximately 40-fold, led to diatom proliferation, and reduced community diversity. Once nitrogenâ€“iron co-limitation had been alleviated, the addition of cobalt or cobalt-containing vitamin B12 could further enhance chlorophyll a yields by up to threefold. Our results suggest that nitrogenâ€“iron co-limitation is pervasive in the ocean, with other micronutrients also approaching co-deficiency. Such multi-nutrient limitations potentially increase phytoplankton community diversity.
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                    Figure 1: Nutrient limitation in the southeast Atlantic.[image: ]


Figure 2: Example ecophysiological responses to nutrient amendment at an Nâ€“Fe co-limited site (experiment 8).[image: ]


Figure 3: Factorial nutrient limitation scenarios.[image: ]


Figure 4: Predicting oceanic co-limitation using N:Fe ratios.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Phytoplankton responses to nutrient amendment at near-coastal sites.
aâ€“l, Chlorophyll a biomass, community, and Fv/Fm changes in experiments 1 (aâ€“f) and 11 (gâ€“l). Dots represent treatment replicates, bars indicate the mean, and lines represent the range. Statistically indistinguishable means are labelled with the same letter (ANOVA and Fisher PLSD Pâ€‰â‰¤â€‰0.05; n.s., not significant). Nitrogen was excluded from the factorial owing to high ambient nitrate concentrations (determined on-ship).


Extended Data Figure 2 Responses of the nanophytoplankton community in the bioassay experiments.
Grey data points represent cell counts in replicate treatment bottles; bar heights and lines indicate the mean and range, respectively (nâ€‰=â€‰3; units: Ã—1,000 cells per ml). Statistically indistinguishable means are labelled with the same letter (ANOVA and Fisher PLSD Pâ€‰â‰¤â€‰0.05, nâ€‰=â€‰3). Horizontal lines indicate initial cell counts. Red data points represent chlorophyll a fluorescence per cell and blue data points represent total nanophytoplankton chlorophyll a fluorescence; that is, cell countsâ€‰Ã—â€‰cellular chlorophyll fluorescence (both have arbitrary units with different scales, lines indicate the range).


Extended Data Figure 3 Responses of the picophytoplankton community in the bioassay experiments.
Grey data points represent cell counts in replicate treatment bottles; bar heights and lines indicate the mean and range, respectively (nâ€‰=â€‰3; units: Ã—1,000 cells per ml). Statistically indistinguishable means are labelled with the same letter (ANOVA and Fisher PLSD Pâ€‰â‰¤â€‰0.05, nâ€‰=â€‰3; n.s., not significant). Horizontal lines indicate initial cell counts. Red data points represent chlorophyll a fluorescence per cell and blue data points represent total picophytoplankton chlorophyll a fluorescence; that is, cell countsâ€‰Ã—â€‰cellular chlorophyll fluorescence (both have arbitrary units with different scales, lines indicate the range).


Extended Data Figure 4 Responses of Synechococcus in the bioassay experiments.
Grey data points represent cell counts in replicate treatment bottles; bar heights and lines indicate the mean and range, respectively (nâ€‰=â€‰3; units: Ã—1,000 cells per ml). Statistically indistinguishable means are labelled with the same letter (ANOVA and Fisher PLSD Pâ€‰â‰¤â€‰0.05, nâ€‰=â€‰3). Horizontal lines indicate initial cell counts. Red data points represent chlorophyll a fluorescence per cell and blue data points represent total Synechococcus chlorophyll a fluorescence; that is, cell countsâ€‰Ã—â€‰cellular chlorophyll fluorescence (both have arbitrary units with different scales, lines indicate the range).


Extended Data Figure 5 Responses of Prochlorococcus in the bioassay experiments.
Grey data points represent cell counts in replicate treatment bottles; bar heights and lines indicate the mean and range, respectively (nâ€‰=â€‰3; units: Ã—1,000 cells per ml). Statistically indistinguishable means are labelled with the same letter (ANOVA and Fisher PLSD Pâ€‰â‰¤â€‰0.05, nâ€‰=â€‰3). Horizontal lines indicate initial cell counts. Red data points represent chlorophyll a fluorescence per cell and blue data points represent total Prochlorococcus chlorophyll a fluorescence; that is, cell countsâ€‰Ã—â€‰cellular chlorophyll fluorescence (both have arbitrary units with different scales, lines indicate the range).


Extended Data Figure 6 Fv/Fm responses to nutrient treatment.
Data points represent measurements from replicate treatment bottles; bar heights and lines indicate the mean and range, respectively. Statistically indistinguishable means are labelled with the same letter (ANOVA and Tukey HSD Pâ€‰â‰¤â€‰0.05, nâ€‰=â€‰3; n.s., not significant). Horizontal lines indicate initial conditions. Changes in the Fv/Fm ratio between initial (tâ€‰=â€‰0 h) and control (tâ€‰=â€‰48 h) time points probably reflect differential relaxation of photosystem II down regulation or photosystem II repair.


Extended Data Figure 7 Diel cycles in Fv/Fm measurements in offshore waters.
aâ€“r, Diel cycles. Grey dots denote individual Fv/Fm (Fvâ€²/Fmâ€² during daytime) measurements; blue line indicates the 100-point moving average. Data were blank-corrected using a mean blank value for all offshore surface waters. Light blue boundaries indicate the range generated when the blank is increased or reduced by the standard deviation of the measured blank values. Red line indicates photosynthetically available radiation. s, Map showing the data collection locations for aâ€“r relative to the bioassay experiments.


Extended Data Figure 8 CHEMTAX-derived community assemblages (fractional contribution to total chlorophyll a).
aâ€“h, Initial waters from experiments 1â€“7 and 11. i, j, Initial waters and selected treatments from experiments 9 (i) and 10 (j).


Extended Data Figure 9 Exponential Shannonâ€“Wiener diversity indices for the experiments.
Indices calculated using flow cytometry cell counts (grey dots represent treatment replicates, bars represent the mean, and lines represent the range) or pigment-derived community (black dots; nâ€‰=â€‰1 and where available). Statistically indistinguishable means for flow cytometry-derived ESWI are labelled with the same letter (ANOVA and Fisher PLSD Pâ€‰â‰¤â€‰0.05, nâ€‰=â€‰3). Horizontal lines indicate initial conditions.


Extended Data Figure 10 Potential large-scale distribution of oceanic Nâ€“Fe co-limitation.
a, Global surface ocean as predicted using simulated nutrient fields from an ocean biogeochemical model run (PISCES2)29; co-limited regions (yellow grid cells) are assigned to grid cells with an N:Fe ratio falling in the range of Nâ€“Fe co-limited experiments (see Fig. 4a, b); Nâ€“Fe or Feâ€“N serially limited regions (that is, those approaching Nâ€“Fe co-limitation, grey grid cells) are assigned to grid cells with a N:Fe ratio falling in the range of Nâ€“Fe or Feâ€“N serially limited experiments. Large black dots show the locations where additional evidence of secondary or co-limitation between N and Fe has been found (see Supplementary Table 2 for details). Crosses are locations where nutrient enrichment experiments have been performed and where evidence was found for N (blue crosses) or Fe (red crosses) limitation (from synthesis by ref. 1). b, Observational N:Fe data gridded at the same resolution as the model. Observational Fe data29 have been combined with interpolated World Ocean Atlas nitrate for the location and month of the dissolved Fe measurement. c, Vertical domain of N:Fe ratios for a section of measured nutrient concentrations through the South Atlantic in austral summer (extended version of Fig. 1b; CoFeMUG cruise14). In the central gyre, the N supply from deeper waters is restricted by surface stratification, whereas subsurface waters are Fe-deficient relative to N, resulting from N remineralization and Fe scavenging. Large black dots indicate data points for which the measured N:Fe ratio was in the range in which we found Nâ€“Fe co-limitation; grey dots are within bounds of measured secondary Nâ€“Fe or Feâ€“N limitation. For a and c, thresholds at which N and Fe concentrations are both characterized as replete, regardless of the N:Fe ratio, have been applied; these are the maximum N or Fe concentrations in Supplementary Table 1 at which serial or co-limitation was found.
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Moderating marine micronutrients
Whether micronutrient co-limitation is pervasive in the ocean and whether it affects phytoplankton growth and productivity is poorly understood. Through a series of large-scale nutrient amendment experiments at the eastern boundary of the South Atlantic gyre, Thomas Browning and colleagues report extensive regions in which nitrogen and iron are co-limiting, with near co-deficiency of the trace metal cobalt and vitamin B12. These findings suggest that nitrogenâ€“iron co-limitation is pervasive in the ocean and potentially increases phytoplankton community diversity.
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