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            Abstract
Planktonic organisms play crucial roles in oceanic food webs and global biogeochemical cycles1,2. Most of our knowledge about the ecological impact of large zooplankton stems from research on abundant and robust crustaceans, and in particular copepods3,4. A number of the other organisms that comprise planktonic communities are fragile, and therefore hard to sample and quantify, meaning that their abundances and effects on oceanic ecosystems are poorly understood. Here, using data from a worldwide in situ imaging survey of plankton larger than 600â€‰Î¼m, we show that a substantial part of the biomass of this size fraction consists of giant protists belonging to the Rhizaria, a super-group of mostly fragile unicellular marine organisms that includes the taxa Phaeodaria and Radiolaria (for example, orders Collodaria and Acantharia). Globally, we estimate that rhizarians in the top 200â€‰m of world oceans represent a standing stock of 0.089â€‰Pg carbon, equivalent to 5.2% of the total oceanic biota carbon reservoir5. In the vast oligotrophic intertropical open oceans, rhizarian biomass is estimated to be equivalent to that of all other mesozooplankton (plankton in the size range 0.2â€“20â€‰mm). The photosymbiotic association of many rhizarians with microalgae may be an important factor in explaining their distribution. The previously overlooked importance of these giant protists across the widest ecosystem on the planet6 changes our understanding of marine planktonic ecosystems.
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                    Figure 1: Worldwide contribution of giant Rhizaria to zooplankton communities (>600â€‰Î¼m) in the top 500â€‰m of the water column.[image: ]


Figure 2: Latitudinal distribution of depth-integrated biomass (0â€“200â€‰m depth) of Rhizaria (blue, in situ optical assessment, this study; 848 sampling stations) and mesozooplankton (orange, plankton net-based assessments31; 26,918 samples).[image: ]


Figure 3: Latitudinal distribution of depth integrated biomass (mg carbon (mg C) mâˆ’2) for the different rhizarian taxa identified.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sampling effort of the Underwater Vision Profiler surveys used in our study, represented across latitudes and months of the year.
Rectangles identify latitude intervals of 5Â° affiliated to a given month. Numbers inside rectangles indicate the number of stations sampled. a, Sampling effort for the full dataset. b, Sampling stations identified as belonging to one of Longhurstâ€™s gyral biogeochemical provinces. c, Sampling stations identified as belonging to oligotrophic waters (Chlasatâ€‰<â€‰0.1â€‰mgâ€‰mâˆ’3; ref. 44). White rectangles with dashed edges highlight sampling stations not belonging to a gyre nor oligotrophic waters.


Extended Data Figure 2 Images of the different rhizarian categories obtained with the UVP5.
aâ€“c, Phaeodaria: (a) phaeodarian spheres (PhaSe), (b) phaeodarian spheres with thorn edges (PhaSt) and (c) phaeodarians with long extensions (PhaL). d, Unidentified rhizarians (Rhiz). e, Acantharia (Acn). fâ€“j, Collodaria: (f) solitary collodarians with a dark central capsule (SolB), (g) solitary collodarians with a fuzzy central capsule (SolF), (h) solitary collodarians with a grey central capsule (SolG), (i) solitary collodarians with a globule-like appearance (SolGlob) and (j) colonial collodarians (Col). Detailed descriptions of the different categories are provided in the Methods. Scale bars, 2â€‰mm.


Extended Data Figure 3 Calibration of rhizarian categories through comparison of single specimen images acquired by UVP5 and optical microscopy.
Optical microscopy images and UVP5 images were obtained from the same specimens. a, Thalassicolla caerulea (SolB). b, c, Unidentified solitary collodarian species with dark central capsules (SolB). d, Small collodarian colonies (Col). e, Procyttarium primordialis (two solitary collodarians with a white central capsule; SolG). f, Physematium muelleri (a solitary collodarian with a granular and opaque surface, similar to SolG). g, The Phaeosphaeridae family of Phaeodaria (PhaSe). Scale bars, 2â€‰mm.


Extended Data Figure 4 Size distribution of rhizarian categories in the UVP5 dataset.
The dashed line represents the 600-Î¼m size threshold of the camera. The overall mean equivalent spherical diameter (ESD) is 2.06â€‰mm (red line). Dark horizontal lines represent the mean, boxes represent the first and third quartiles for data distribution around the mean and the whiskers denote the lowest and highest values within 1.5 IQR from the first and third quartiles. Outlier values are represented by dots.


Extended Data Figure 5 Latitudinal biomass distribution (mg C mâˆ’2) of the different rhizarian taxa identified (Acantharia, Collodaria, Phaeodaria and other Rhizaria) integrated over the top 500â€‰m of the oceans (694 sampling stations).
Loess regressions with polynomial fitting were computed to illustrate the latitudinal trends. Shaded areas represent 95% confidence intervals.


Extended Data Figure 6 Variation in UVP5 depth-integrated abundances (0â€“100â€‰m depth) as a function of the MODIS surface chlorophyll a extracted from satellite data (Oregon University Database).
Solid and dashed red lines indicate significant and non-significant linear regressions, respectively. The shaded areas represent the standard error. a, The integrated abundance of photosymbiotic Rhizaria (nâ€‰=â€‰521) was not significantly linearly dependent on chlorophyll a concentrations (Fâ€‰=â€‰0.622, R2adjâ€‰=â€‰âˆ’0.0007, Pâ€‰=â€‰0.431). We assume that all collodarian species are photosymbiotic13,14 and that the majority of large acantharian cells found in the photic layer are known to harbour symbionts24,25. b, The integrated abundance of other zooplankton (including asymbiotic Rhizaria; nâ€‰=â€‰793) decreased linearly along a trophic gradient (Fâ€‰=â€‰94.51, R2adjâ€‰=â€‰0.106, Pâ€‰<â€‰10âˆ’16).


Extended Data Table 1 Sampling cruise information, number of stations sampled, and number of UVP5 deployments (for example, profiles) used to generate the dataset analysed in this studyFull size table


Extended Data Table 2 Respective contributions of Rhizaria and other zooplankton abundances to the zooplankton community (>600â€‰Î¼m) integrated for the top 0â€“500â€‰m of the water columnFull size table


Extended Data Table 3 Carbon conversion factors used to assess biomass for the rhizarian categories discriminatedFull size table


Extended Data Table 4 Net primary production of photosymbiotic giant rhizarians (Collodaria and Acantharia) and their contribution to total and >2-Î¼m net primary production in the global ocean and oligotrophic regionsFull size table
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        Editorial Summary
Rhizaria are major players in ocean ecology
Ocean ecosystems are inhabited by planktonic organisms spanning a wide size range, with large zooplankton feeding on smaller species and thereby contributing to the marine food web and carbon cycling. However, our understanding of the role and contribution of fragile and large zooplankton to the marine ecosystem is limited. Using data collected by an in situ imaging system during the Tara Oceans global survey, Tristan Biard et al. quantified the respective contributions of Rhizaria (a broad phylogenetic group of marine protists) and other zooplankton larger than 600 Î¼m, finding that they represent a much larger biomass than previously appreciated, contributing up to 5.2% of the total oceanic biota carbon reservoir. These findings highlight the important contribution of Rhizaria to plankton biomass, primary productivity and other biogeochemical processes in the oceans.
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