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 19 
Abstract 20 

Size is commonly used as a master trait to characterize pelagic organisms as it affects a 21 
range of processes and impact marine biogeochemical cycles and services. Yet, a holistic 22 
understanding of what environmental factors shape size structure is lacking for most 23 
mesoplankton. As part of the Pelagic Size Structure database, we explore the linkages 24 
between environmental factors and global compilations of Rhizarian, colonial N2-fixer, 25 
and Crustacean size spectra measured from Underwater Vision Profilers or benchtop 26 
scanners. We found that iron, alongside temperature, plays a disproportionate role in 27 
shaping their spectral biogeography. Our results highlight the effect of dust on N2-fixers 28 
and Rhizarians while total iron, comprising organic and mineral compounds, explained 29 
most of the variance in Crustaceans size structure. Using machine learning models, we 30 
predicted their size structure at the global scale with relatively high R2 of 0.93, 0.84, and 31 
0.66. We hope our predictions can support further assessment of their role in 32 
biogeochemical processes under present and future forcings.  33 
 34 

 35 
Introduction 36 
 37 

For decades, ecologists and modelers have summarized planktonic community structure 38 
using size spectrum (1–5), representing the universal decline of pelagic organism 39 
abundances in increasing size classes (1), as they relate to ecosystem functioning and 40 
services (6). Key ecosystem processes linked to organism sizes include CO2 fixation by 41 
marine phytoplankton (7) and its respiration by primary producers and consumers (8), 42 
predation (9), as well as organic matter packaging (10, 11) and passive sinking (12). These 43 
eventually affect essential services of marine ecosystems: carbon export, related to long-44 
term sequestration of atmospheric CO2 into the Ocean’s interior, and fish production. The 45 
first service -carbon export efficiency- has been shown to vary in response to plankton 46 
community structure, with higher efficiency linked to increased relative proportion of 47 
microphytoplankton (20-200 µm) or mesozooplankton (200-20,000 µm) in both data 48 
compilations (13) and size-structured models (14). The second - production of commercial 49 
fisheries stocks - has been generally linked to the transmission of energy across plankton 50 
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food webs by size-selective feeding, referred to as trophic efficiency (15, 16). Since size-51 
dependent processes underpin all links of marine food webs, changes affecting plankton 52 
communities can be observed through the lens of the size spectrum framework via three 53 
parameters (17):  the spectral intercept (which will remain the same if the change affects 54 
all plankton groups equally), the slope (which will vary with differences in transfer 55 
efficiency), and the linearity (which may decrease under perturbations that affect only 56 
certain taxa). The size-structure framework is often used in conjunction with other traits 57 
(e.g. feeding strategy, migration, buoyancy) to represent plankton communities along a 58 
few functional axes, instead of numerous taxa that cannot all be monitored or cultivated 59 
(18–25). To do so, ecologists proposed to use new imaging devices that provide high-60 
throughput proxies of functional complexity across the five orders of magnitude in 61 
plankton sizes (24, 26). 62 

These traits are deemed “functional”, as they are tied to a few mechanistic principles 63 
influencing ecosystem functioning by affecting organisms’ fitness via resource 64 
acquisition, growth, reproduction, or survival (27). The underlying changes in plankton 65 
fitness along environmental gradients eventually pertain to the self-organization of 66 
communities according to abiotic and biotic pressures exerted on specific traits. In marine 67 
ecosystems, numerous plankton communities were shown to self-assemble on a global 68 
scale according to their functional traits. For example, families of copepods (28), and 69 
other broad groups of zooplankton (29), typically present distinct biogeography primarily 70 
driven by their diet (e.g. carnivore versus omnivore versus filter-feeders).  Mixotrophs 71 
inhabit diverse ecosystems depending on the mode of symbiosis (e.g. “phytoplankton” that 72 
ingest prey or “zooplankton” that steal chloroplasts or harbor photosynthetic symbionts) 73 
and their ability to form colonies (30). Likewise, phytoplankton with the ability to fix 74 
atmospheric N2 into bioavailable ammonia (N2-fixers) have been found in a range of 75 
different habitats (from coastal to open ocean and from subtropical to polar ecosystems) 76 
favoring specific forms (free-living, colonial, symbiotic) or symbiosis (31). All these 77 
communities vary in size with latitudinal gradients (32–34), in accordance with the set of 78 
empirical rules and theoretical principles linking environmental gradients to plankton size 79 
structure reviewed by Barton et al. (5). In this review, the authors stressed that 80 
phytoplankton are thought to respond primarily to light and nutrient availability (nitrogen 81 
for non N2-fixers and iron/phosphorus for N2-fixers) affecting spectral slopes and 82 
intercepts (35), while zooplankton, like most metazoans, have been shown to grow bigger 83 
under cold temperature. This relationship, known as the Temperature-Size Rule (36), has 84 
first puzzled ecologists since low temperature considerably slows down plankton growth, 85 
and is now supported by alternative hypotheses linked to organism physiology (37, 38). In 86 
addition to these known bottom-up controls, plankton size biogeography is also 87 
determined by top-down pressures, which are harder to link to large-scale size variability 88 
without observing ecological succession through extended temporal surveys located across 89 
the Globe. 90 

Overall, Barton et al. (5) identified seasonal and latitudinal variations of temperature and 91 
oxygen levels, resource availability and prey size structure, and ocean circulation as all 92 
major structuring elements of the pelagic realm. Yet, their effects are often hard to 93 
disentangle as most factors co-vary in marine ecosystems and some relationships appear 94 
contradicting. For example, Brun et al. (33) demonstrated that responses linking copepod 95 
average body size and environmental descriptors could be counter-intuitive, as body size 96 
decreased under high temperature, low oxygen levels, in accordance with the 97 
Temperature-Size Rule, but also with productivity and phytoplankton cell size. The 98 
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authors suggest that additional functional traits, namely alternative diet and feeding 99 
behaviors, should help explain this contradiction. Similarly, Barton et al. (5) hypothesized 100 
that opportunist mixotrophs have a greater advantage in oligotrophic ecosystems, where 101 
sources of inorganic and organic nutrients are scarce, but also in more productive systems 102 
that undergo large seasonal fluctuations in resource availability, like temperate and polar 103 
ecosystems. The resulting partition between oligotrophic and productive ecosystems has 104 
been evidenced in different classes of mixotrophic Rhizarians, monitored by non-intrusive 105 
imaging approaches due to their fragility (39). Barton et al. (5) also pointed to the large 106 
uncertainty regarding future projections of marine N2-fixation, as greater temperature 107 
should increase the growth of large N2-fixers like Trichodesmium, but also limit the 108 
supply of their essential nutrients which could benefit taxa or morphotypes with a larger 109 
surface:volume ratio. Thus, the global driver(s) of plankton size biogeography remain 110 
largely enigmatic, in part due to the paucity of direct size structure compilations and 111 
related environmental gradients (5, 24). Current trait biogeographies rely on the 112 
correspondence between certain taxa and specific functional traits. Or, in the case of 113 
Trichodesmium, colonies typically organize in two morphotypes, spherical Puffs and 114 
fusiform Tuffs, whose shape and surface:volume ratio vary greatly. Environmental cues 115 
and mechanisms involved in this difference have remained enigmatic (40) since most 116 
species are able to form both morphotypes (41). Similarly, the first global meta-analysis of 117 
copepod trait biogeography (33) has shown that environmental factors like sea surface 118 
temperature, net primary production, or chlorophyll-a concentration, only explained half 119 
of the dataset’s variance in space or time, leaving important sources of variability 120 
unexplained that the authors linked to further clustering within the group of Crustaceans. 121 

Here, we present a global compilation of direct size estimates in the 200-20,000 µm 122 
size range, defined as mesoplankton by Sieburth et al. (42), associated with three groups 123 
that dominate community abundances in the upper ocean (43): Colonial N2-fixers, 124 
Rhizarians, and Crustaceans. We depict the spectral biogeography of Colonial N2-fixers and 125 
Rhizarians using a range of Underwater Vision Profilers (UVP), since these organisms can 126 
only be monitored by non-intrusive imaging systems, and net collected samples imaged 127 
with benchtop scanners for Crustaceans. We explore the relationships between their size 128 
distributions and environmental descriptors like temperature, resource availability, 129 
including inorganic nutrients and prey, or mesoscale circulation, and provide direct 130 
evidence of niche partitioning within these planktonic groups. We used the linkages 131 
between size structure and environmental gradients in conjunction with machine learning 132 
models (i.e. boosted regression trees) to generate global predictions of group-specific size 133 
structure. With these predictions, our overarching goal was to fulfill the four objectives of 134 
plankton trait biogeography studies defined by Barton et al. (5):  (1) provide a mechanistic 135 
understanding of the factors structuring plankton communities, (2) understand the cause of 136 
spatio-temporal variability in community functions like carbon export or N2-fixation, (3) 137 
validate or help refining plankton models, with the goal to (4) constrain the future 138 
projections of ecosystem processes under global change. Like Barton et al. (5), we 139 
recognize that mesoplankton size biogeography is ultimately determined by the interplay 140 
between both bottom-up and top-down (e.g. size-selective predation by fish or other nekton) 141 
controls, though the latter are out of the scope of this paper as this would require an 142 
extensive characterization of larger predators (through space and time) that are poorly 143 
detected with the imaging systems we used. Besides identifying potential drivers of trait 144 
distributions in the global oceans, our results provide insights into how mesoplankton affect 145 
marine ecosystems biogeochemistry and services (N2-fixation, carbon fluxes and export) in 146 
response to environmental stressors. With the predictions of mesoplankton spectral 147 
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biogeography and associated compilations of pelagic size spectra, expressed as a function of 148 
cell abundances or carbon biomass (data not shown), our hope is to inform the development 149 
of biogeochemical and other size-structured models used to foresee the changes in 150 
ecosystem functioning and services under future climate change. Indeed, the complexity of 151 
plankton functional types represented in the 14 biogeochemical models compared as part of 152 
the latest Coupled Model Intercomparison Project, has significantly increased with the 153 
support of dataset compilations such as MAREDAT (https://doi.org/10.5194/essd-5-227-154 
2013) and COPEPOD (https://www.st.nmfs.noaa.gov/copepod/). However, these models 155 
are still evaluated against bulk biological properties (e.g., surface chlorophyll concentration, 156 
net primary productivity, and bulk mesozooplankton biomass), despite increasing evidence 157 
that plankton size structure, rather than bulk biomass and productivity estimates, is amongst 158 
the best predictor of ecosystem services like fish production or carbon export. 159 

 160 
Results and Discussion 161 
 162 

1. Size spectrum of N2-fixing Trichodesmium, Rhizarians and Crustaceans and 163 
evidence for their niche partitioning in the Global Ocean 164 

 165 
Since 2004/2008, benchtop scanners and UVP have been regularly used to image 166 

mesoplankton in all major ocean basins, with the highest concentration of samples recorded 167 
within the Subtropics and less emphasis given to the Southern or Indian Ocean (Figure 1A). 168 
Here, we benefited from a recent collaborative and international effort, the Pelagic Size 169 
Structure database (PSSdb), to compile millions of size estimates with their corresponding 170 
taxonomic annotations generated during these deployments (Figure 1B). The 171 
standardization of all annotations revealed that colonial N2-fixers, Rhizarians and 172 
Crustaceans, whose vignettes are illustrated in Figure 1C, are globally important members 173 
of the mesoplankton communities. The first two groups represent 45% and 15% of the total 174 
image diversity in UVP datasets, while the latter correspond to 81% of the overall scanner 175 
images (Figure 1B). This result is consistent with a recent study highlighting the main 176 
communities of mesoplankton in the epipelagic layer based on UVP profiles solely (43). In 177 
this study, we used UVP profiles to characterize the occurrences of colonial N2-fixers and 178 
Rhizarians which are both strongly undersampled when collected with plankton nets due to 179 
mesh exclusion or destruction (39). Though Crustaceans are also relatively well imaged in 180 
situ with the UVP, known underestimation of their stocks in comparable size ranges (44) 181 
possibly due to active avoidance (45), led us to use the scanner dataset exclusively to 182 
quantify the spectral biogeography of this group. In addition, the higher resolution of the 183 
scanners also allows to classify images at higher taxonomic ranks (Figure 1B), mostly to the 184 
family level that could be associated to specific trophic groups (e.g. carnivore or omnivore) 185 
based on the compilation of Benedetti et al. (46).  186 

 187 
The global compilation of mesoplankton size structure presents similarities and 188 

differences between the three main groups in the given size range (Figure 2). All groups 189 
show a log-linear decline in abundance with increasing size classes, with slopes (Figure S1) 190 
relatively close to the canonical value of -1 highlighted in the first synthesis of plankton size 191 
distributions published by Sheldon et al. (1). Their total abundances, obtained by integrating 192 
the size spectra, mostly range between ~0.1 and ~1000 particles m-3, representing a 193 
significant spatio-temporal variability across the PSSdb datasets. Colonial N2-fixers present 194 
the highest percentage of empty records, with 64% of the bins without occurrences, while 195 
empty bins represented only one third and one tenth of the dataset for Rhizarians and 196 
Crustaceans respectively (Figure 2B). Modeled abundances, derived from the predicted 197 
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NBSS parameters (slope, intercept, size range), showed very contrasting biogeography 198 
across the three main mesoplankton groups, with a good agreement between observations 199 
and predictions (Figure 2C) corresponding to the different habitats discussed in Panaïotis et 200 
al. (43). Likewise, we found that colonial N2-fixers were restricted to the subtropical 201 
latitudes, that Rhizarians were mostly present in the subtropics although they were also 202 
relatively abundant at higher latitudes and in the Californian upwelling system, and that 203 
Crustaceans were generally ubiquitous, with the highest abundances observed in productive 204 
ecosystems (e.g. poles, upwelling regions and coasts). Caution should be taken when using 205 
or interpreting predictions in the Southern Ocean, but our results suggest that Rhizarians 206 
could also be numerically important in this undersampled region. Since these differences 207 
could result from specific adaptations of mesoplankton subgroups, also referred to as niche 208 
partitioning, we investigated the linkages between environmental factors and mesoplankton 209 
size distribution by grouping images at different taxonomic ranks.  210 

 211 
Statistics describing the goodness of fit of the machine learning model applied to 212 

increasing partitions within the three main mesoplankton groups are summarized in Table 1. 213 
In general, all models presented relatively high R2 (>0.6), except for rare groups of 214 
Phaeodaria (R2=0.26) and Foraminifera (R2=0.25). The latter was not surprising since 215 
metabarcode sequenced as part of the Tara Oceans global expedition showed that 216 
Foraminifera did not present a clear relationship with environmental factors (30). Grouping 217 
images based on increasing taxonomic ranks resulted in overall improved model 218 
performances for all groups, particularly after accounting for model complexity and the 219 
number of observations. The decrease in model information criteria (BIC and AIC 220 
estimates), also indicative of increased model likelihood, were more marginal for the 221 
colonial N2-fixers due to the dominance of a specific class (i.e., Oscillatoriales) and 222 
morphotype (i.e., Tuff) in the UVP images. Their dominance has been observed across 223 
seasonal trends recorded at the Long-term Oligotrophic Habitat Assessment long-term 224 
station (Station ALOHA) in the North Pacific Subtropical Gyre as well as in the Tropical 225 
Atlantic (47–49). In comparison, both Rhizarians and Crustaceans presented larger 226 
differences in model performance metrics in increasing partitions of the datasets (e.g. 227 
increasing taxonomic ranks) despite lower available observations, supporting strong 228 
evidence for their niche partitioning in the Global Ocean. 229 

 230 
2. Temperature and iron are amongst the best environmental descriptors of 231 

mesoplankton spectral biogeography. 232 
 233 
The feature importance metric of the model fits was used to estimate which 234 

environmental factors tested (Figure S2) drove the differences in size biogeography of the 235 
main mesoplankton groups in the epipelagic layer. The top and last five environmental 236 
descriptors ranked in terms of their gradual importance in the model variance explained are 237 
presented in Figure 3A, along with their associated correlation coefficients with NBSS 238 
integral. Variables at intermediate ranks are not shown since they had relatively low scores 239 
and also lower correlation coefficients with NBSS integral (Table S1).     240 

 241 
Sea surface temperature (SST) ranked first for colonial N2-fixers and Rhizarians, and 242 

fourth for Crustaceans, thus representing one of the main factors explaining the global 243 
patterns in mesoplankton size distribution. This finding is consistent with the global 244 
analysis of UVP (43) and scanned nets collected during the Tara Oceans global expedition 245 
(32), as well as a meta-analysis of phytoplankton (50), mixotrophic Rhizarians (e.g. 246 
Collodaria, Acantharia and Foraminifera) (30), and copepod (33) biogeography. In all these 247 
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studies, temperature gradients explain up to 50% of the total variance in plankton 248 
biogeography. Here, the importance of SST in model fits reflects its high correlation with 249 
total counts of the different mesoplankton groups (Figure 3A, Table S1), with significant 250 
coefficients ranging between 0.4 and 0.5 in absolute value, except for Foraminifera which 251 
were more globally ubiquitous (30). While both colonial N2-fixers and Rhizarians were 252 
positively correlated with SST, with their occurrence highest in the subtropics (Figure 2C), 253 
Crustaceans exhibited a negative correlation, consistent with their higher abundances in 254 
polar and upwelling regions (Figure 2C). Overall, Crustaceans spectral biogeography was 255 
very similar to previous model predictions of their total biomass in the epipelagic layer (44), 256 
so we looked at specific linkages between NBSS parameters (intercept and slope) and the 257 
best environmental predictors to further tease out the effect on changes in abundance or size 258 
on the distributions of total biomass and NBSS integral (Figures 4-6A). This analysis 259 
showed that although there were differences in the relationships between NBSS intercepts 260 
and SST between Crustaceans and colonial N2-fixers/Rhizarians, all coefficients were 261 
consistent with respect to spectral slopes. All groups appeared larger under cold temperature 262 
(r(Colonial N2-fixer slopes, SST)=-0.23, r(Rhizarian  slopes, SST)=-0.29, r(Crustacean  263 
slopes, SST)=-0.48, p-values<0.001), in agreement with the general Temperature-Size Rule 264 
(36).  265 

 266 
The first hypothesis explaining the emergence of larger metazoans in cold 267 

environments was linked to increased oxygen availability, since spatial gradients in surface 268 
temperature are opposed to that of dissolved oxygen and apparent oxygen utilisation in 269 
marine ecosystems (Figure S2). Oxygen exerts a strong metabolic constraint on 270 
Crustaceans, with concentrations between 15-50 µM of dissolved oxygen typically defined 271 
as critical to maintain aerobic reactions and survival (51, 52). It is thus expected that 272 
increased oxygen availability poleward may support larger Crustaceans at cold 273 
temperatures. Here, predictions of mean crustaceans size (Figure 6C) follow this 274 
expectation, with larger organisms found in polar, temperate and upwelling ecosystems. 275 
Further, all Crustacean groups showed a positive correlation between spectral slopes and 276 
dissolved oxygen concentration, indicating a flattening of their spectra under high oxygen 277 
concentrations (Table S1). Brandão et al. (32) found that the trend of larger copepods at 278 
higher latitudes were mainly due to a shift in copepod families, with large omnivore-279 
herbivore Calanaide dominating towards the pole and small carnivorous copepods 280 
preferentially found in the subtropics. Our results also follow this pattern, as indicated with 281 
our predictions of carnivorous and omnivorous copepod NBSS obtained after grouping size 282 
estimates at the family level assigned to a specific diet using published compilation (Figure 283 
6C).  284 

 285 
In contrast to that of Crustaceans, the average size of Rhizarians and N2-fixers did not 286 

vary as much across ecosystems. While they showed increased sizes in specific regions – at 287 
the transition between gyres and Equatorial currents and in the Arctic Ocean for Rhizarians 288 
or in the Western Subtropical South Pacific Gyre for colonial N2-fixers – systematic trends 289 
were not evident (Figure 4-5C). The areas where Rhizarians increased in size were co-290 
dominated by Phaeodaria, which are exclusively heterotrophs, suggesting that the link 291 
between temperature and increased size for some Rhizarians may also be mediated by 292 
oxygen availability. However, Phaeodaria NBSS slopes did not show a significant 293 
correlation with oxygen concentration (Table S1). Since endosymbiotic Rhizarians and 294 
colonial N2-fixers do not require high oxygen concentrations to fuel their metabolism (they 295 
rather support the production or directly produce oxygen by photosynthesis), it is unlikely 296 
that oxygen levels are responsible for the Temperature-Size Rule in these groups. In 297 
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addition, oxygen is known to inhibit nitrogenase, so higher oxygen concentration could be 298 
detrimental for colonial N2-fixers (53). The other hypothesis for the Temperature-Size Rule 299 
invokes differences in anabolic (i.e growth) versus catabolic (i.e respiration) rates with 300 
respect to changes in temperature. These are typically quantified over a 10°C temperature 301 
change, and referred to as temperature coefficients (Q10). According to this hypothesis, 302 
organisms can stay smaller under high temperature only if catabolic rates increase more 303 
rapidly with temperature compared to anabolic reactions. In other words, it applies to 304 
organisms that present higher Q10 coefficients for respiration than for growth (36, 54).  305 
Elevated respiratory Q10,  indicative of high respiration at high temperature, were shown to 306 
support the anoxic conditions that favor N2-fixation within colonies of Trichodesmium (55–307 
57). Similar differences in anabolic and catabolic Q10 measured from enclosed experiments 308 
with Foraminifera (58) or Collodaria (59) hint that similar regulatory effects on metabolic 309 
reactions may come into play for symbiotic Rhizarians to explain their flatter size spectra at 310 
low temperature. 311 

 312 
More surprisingly, we found that different iron proxies were systematically in the top 313 

ranked descriptors explaining the variability in mesoplankton spectral biogeography (Figure 314 
3A). Other biogeographic studies have not included any iron proxy, which could explain 315 
why the importance of iron has been overlooked so far and why they were only able to 316 
explain data variance up to 50% (33). Our model included several proxies linked to 317 
different, but not mutually exclusive, pools of iron to reflect the diversity in natural iron 318 
compounds found in epipelagic marine ecosystems (60). Labile compounds were mostly 319 
represented by aerosols, either from desert sources (best approximated by wet dust 320 
deposition satellite products) or from other sources like volcanic and wildfire ashes or 321 
anthropogenic activities (accounted for in the total aerosol optical thickness satellite proxy). 322 
The peak of N2-fixing Trichodesmium abundance observed in Figure 2C, and its enrichment 323 
in iron, has been largely attributed to Saharan dust deposition in this ecosystem (61–63), in 324 
agreement with the positive correlation coefficients between the satellite product and our 325 
observations (r=0.46, p-value<0.001). Furthermore, we found a significant relationship 326 
between wet dust deposition and our observations of Rhizarians size spectra, as dust was the 327 
second most important variable in predicting their spatio-temporal patterns (Figure 3A). To 328 
our knowledge, such a link has not been demonstrated before. A second proxy, representing 329 
the total iron concentration accounting for both mineral and organically-bound Fe ligands, 330 
from the biogeochemical model PISCES, was also among the top-5 scores in explaining the 331 
variance in Rhizarian spectral biogeography. Global patterns in monthly average 332 
observations of in situ dissolved iron concentration measured as part of the GEOTRACES 333 
program also matched that of two Rhizarian groups (i.e Phaeodaria and Foraminifera), with 334 
very high correlation coefficients (>0.77, Table S1). This gives us further confidence in the 335 
linkages found between the total iron model product and mesoplankton spectral 336 
biogeography. 337 

 338 
To identify which iron proxy was best correlated with our main mesoplankton groups, 339 

we computed the temporal correlation coefficients between NBSS predictions and each iron 340 
proxy in individual 1°x1° grid cells (Figure S3). The product with the maximum coefficient 341 
was considered the main iron proxy for any given mesoplankton group (Figure 3B) and the 342 
total number of grid cells with a specific assignment (dust, aerosol, total iron) were later 343 
compared in broad ecosystems categories (e.g Polar, Temperate-Subpolar, Subtropical, 344 
Equatorial-Upwellings) to assess their seasonal trends in relation with our NBSS predictions 345 
(Figure 3C). This analysis revealed that the peak of modeled abundance of Rhizarians 346 
(Figure 2C), and more specifically Phaeodaria, in the Southern Ocean and upwelling 347 
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ecosystems was likely linked to increased concentrations of total iron (Figure 3B-C). Their 348 
presence at high latitudes is consistent with the first quantitative assessment of class-349 
specific concentrations measured in 877 stations distributed worldwide, albeit in Biard et al. 350 
(39) the overall abundance of Phaeodaria appeared far more reduced in the austral 351 
ecosystem compared to Subtropical latitudes. Likewise, the seasonal trends between NBSS 352 
predictions and the main iron proxy support the role of dust and aerosol in shaping the size 353 
distribution of N2-fixers in the Atlantic and Pacific Subtropical Gyres respectively (Figure 354 
3B-C). In the Atlantic, where the main iron pool is provided by Saharan dust deposition, 355 
seasonal trends of N2-fixer NBSS strongly followed the climatology of the dust product, 356 
marked by a peak of iron supply early in the year that progressively decreases to a minimum 357 
observed in June during the dry season. Similarly, N2-fixer abundances were low until June 358 
and increased later in the year. Seasonal trends were relatively similar in the Pacific Ocean, 359 
although mostly linked to total aerosol, with a main peak in abundance observed in winter 360 
(Oct-Dec in the Northern hemisphere and Jun-Aug in the Southern hemisphere, Figure 3C), 361 
consistent with a negative correlation between N2-fixer abundances and light availability 362 
(Table S1). In the North Pacific Subtropical Gyre (NPSG), N2-fixation normally undergoes 363 
both phosphorus or iron limitation linked to climatic and seasonal anomalies in the Pacific 364 
Decadal Oscillations and dust supply from Asia respectively (102). We thus hypothesize 365 
that phosphorus limitation could be responsible for the weaker correlation between N2-366 
fixers and aerosol optical depth in the NPSG during the summer months (103). Correlations 367 
with aerosols were highest in the South Pacific Subtropical Gyre (SPSG) (Figure 3B), 368 
where anthropogenic dust is supplemented by ashes produced by volcanic activities or 369 
wildfires (64, 65). Phytoplankton blooms, followed by satellite chlorophyll-a concentration, 370 
have been regularly linked to direct ashes deposition from Southern tropical islands (Papua 371 
New Guinea, Vanuatu and more recently Tonga) volcanic eruptions (66), Australian 372 
wildfires (67), and recently to shallow hydrothermal emissions located across the Tonga-373 
Kermadec volcanic arc (68). The latter have been implicated in the iron fertilization of 374 
surface waters leading to elevated concentrations of N2-fixers (69), more specifically 375 
Trichodesmium, and a shift in the mesoplankton community (70). Zooscan analyses 376 
highlighted the presence of gelatinous zooplankton like Chaetognaths or Salps in the 377 
vicinity of the volcanic arc, in an ecosystem otherwise dominated by copepods. 378 
Unfortunately, nets severely damage the fragile Rhizarians, so it was not possible to 379 
quantify the impact of iron supply by volcanic emissions, and more generally by aerosols, 380 
on this taxonomic group. The climatology in Rhizarians NBSS predictions in association 381 
with aerosol proxy in the SPSG do suggest that volcanic ashes could promote the growth of 382 
symbiotic Rhizarians like Acantharia and Collodaria, which present significant positive 383 
correlations with aerosol (Figure 3A, Table S1). 384 

 385 
Compared to N2-fixers and Rhizarians, Crustaceans were almost exclusively linked to 386 

total iron concentration in all ecosystems (Figure 3B). This is consistent with the relative 387 
importance of this product in explaining the observed variance in their spectral 388 
biogeography, surpassing temperature or prey availability (Figure 3A).  Our model included 389 
proxies of phytoplankton particle size distribution slope (71), indicative of the prevalence of 390 
small picophytoplankton (0.2-2 µm) relative to larger nano-(2-20 µm) and 391 
microphytoplankton (20-50 µm), in addition to satellite chlorophyll-a concentration (Figure 392 
S2). Despite these proxies for phytoplankton productivity and community structure, total 393 
iron concentration was still the top-ranked environmental factor explaining the variance in 394 
Crustacean model fits, especially that of copepods (r(Copepoda, model iron)=0.44, 395 
(Copepoda, GEOTRACES iron)=0.5, p-value<0.001). As a result, predictions of their total 396 
abundances, obtained by integrating the size spectra, closely followed the seasonal trends in 397 
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total iron concentrations in ecosystems where both observations and predictions were 398 
maximum (Figure 2C, 3C). In the North Pacific Temperate latitudes, Crustacean 399 
abundances increased in the spring, following the peak in microphytoplankton size fraction 400 
observed by satellite. Likewise, the pool of total iron presented a peak of concentration 401 
between Feb-Apr, consistent with the increased Ekman pumping and deep mixing events 402 
occurring in the wintertime. Copepods, which dominate over other Crustacean groups 403 
across all ecosystems (Figure 6C), were strongly negatively correlated to absolute mixed 404 
layer depth globally (r(Copepod)=-0.4, p-value<0.001), in agreement with the Dilution-405 
Recoupling hypothesis formulated by Behrenfeld et al. (72) to explain the spring bloom in 406 
temperate ecosystems. In comparison, the wind-driven Ekman pumping located in the 407 
Eastern Equatorial Pacific is more sustained throughout the year (73), although Trade winds 408 
generally intensify between June-August, resulting in a small increase in total iron and 409 
overall weaker seasonal trends caused by upwelling (Figure 3C). Yet, both the fraction in 410 
microphytoplankton observed by satellite and our predictions of Crustacean abundances 411 
seemed to be linked to the overall availability of total iron in this ecosystem, with a peak of 412 
concentration recorded in September. This analysis hence supports the long-standing 413 
recognition that dissolved iron exert a strong control on phytoplankton dynamics (74) and 414 
associated grazers, particularly in “High Nutrient Low Chlorophyll” (HNLC) regions 415 
located in the Equatorial Pacific and California Current upwelling systems, as well as in the 416 
Southern Ocean, subarctic Pacific, and subpolar North Atlantic. In the latter ecosystems, our 417 
knowledge on seasonal trends is limited by the sea ice coverage, the lack of sunlight and 418 
higher cloud coverage in the wintertime, as highlighted in important temporal and spatial 419 
gaps in both satellite and model products (Figure S2), resulting in only partial predictions of 420 
Crustaceans size distribution at least in the Southern Ocean (Figure 3C).  Nonetheless, we 421 
found that total iron concentration and Crustacean abundances were higher during the 422 
austral summer than during the winter, which is unexpected given that phytoplankton 423 
blooms initiated in the summer are thought to considerably drawdown surface iron 424 
concentrations (75). The authors suggested that in the Southern Ocean, “higher dissolved 425 
iron concentrations associated with high chlorophyll-a could be reconciled by assuming 426 
high rates of Fe recycling associated with greater biomass”. Iron fertilization experiments 427 
have confirmed the important role of copepods in driving iron recycling, partly sustaining 428 
phytoplankton blooms in this ecosystem (76). Similarly in the Arctic Ocean, we found that 429 
total iron concentration matched the seasonal trends in Crustaceans NBSS integral very 430 
closely, with both concentrations remaining high even after the spring bloom, occurring 431 
between Apr-May (Figure 3C). In this ecosystem, exogenous inputs of iron by river 432 
discharges peak in June and could thus explain elevated iron concentrations (77). However, 433 
an iron fertilization experiment occurring during this period also pointed to the rapid 434 
utilization of iron by copepods (78), suggesting that the strong correlation between 435 
Crustaceans and total iron concentration wasn’t necessarily biased by exogenous inputs. 436 
Further, a recent comparison between a compilation of total dissolved iron and gridded 437 
products (79) similar to our analysis have shown that iron was strongly correlated to 438 
apparent oxygen utilisation (AOU), which appears positively correlated to Copepods 439 
biogeography in our analysis (Table S1). These empirical evidence, together with our global 440 
analysis linking iron pool to mesozooplankton spectral biogeography, suggest that 441 
Crustaceans could exert a strong control on iron recycling by predation and 442 
remineralization, further alleviating iron limitation of phytoplankton prey in productive 443 
ecosystems.  444 

 445 
3. Additional resources, accounting for trophic strategies or other nutrients, and 446 

mesoscale circulation further partition the biogeography of broad mesoplankton groups. 447 
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 448 
As discussed above, significant correlation coefficients between environmental factors 449 

and one, often dominant, taxon underscore the importance of temperature and iron controls 450 
as main drivers of mesoplankton spectral biogeography (Table S1). However, many 451 
environmental factors with less importance in explaining the variance of broad 452 
mesoplankton size distributions appeared significantly correlated to rarer taxa (Table S1), 453 
and sometimes only to one of the NBSS parameters (intercept, slope, size range) used to 454 
train our habitat models (Figures 4-6A). Thus, in this section we explore the linkages 455 
between environmental factors and specific groups of colonial N2-fixers, Rhizarians, or 456 
Crustaceans, or specific NBSS parameters (intercept, slope), and highlight some of their 457 
adaptations that help explain the niche partitioning within broad mesoplankton phyla. 458 

 459 
3.1 Environmental adaptations of colonial N2-fixers morphotypes 460 
 461 
In the epipelagic layer, large-scale NBSS patterns in colonial N2-fixers generally 462 

matched that of the two Trichodesmium morphotypes, Puff and Tuff. This was indicated by 463 
similar relative proportions in NBSS integrals (Figure 4C) and by the marginal increase of 464 
model performance metrics (AIC and BIC) when grouping annotations on the phylum and 465 
morphotype levels (Table 1). Nonetheless, some areas of the globe displayed elevated 466 
proportions of one particular morphotype, the Puff, near the Kuroshio current and near the 467 
Tonga-Kermadec volcanic arc (Figure 4C bottom panel). The increased proportion of Puff 468 
in these locations correspond to grid cells where predicted mean size of colonial N2-fixers 469 
significantly increased (Figure 4C top panel), and where the main iron proxy determined by 470 
maximum correlation coefficients with monthly NBSS predictions was aerosol (Figure 3C). 471 
Using the same correlation coefficients analyses on our observations rather than on the 472 
predicted NBSS, we found that Puff were particularly responsive to aerosol in the Western 473 
Pacific Ocean, and that increased availability of anthropogenic dust or ashes had a positive 474 
effect on both the intercept and the slope of Puff NBSS (Figure 4A-B). Positive effects on 475 
the slope are indicative of flatter NBSS, and thus of an increase of the proportion of larger 476 
colonies compared to small ones. Increased proportions of Puff were also recorded at 477 
Station ALOHA (47) in the same months we observed elevated aerosol supply using 478 
satellite products (Figure 3C). Trichodesmium colonies, more specifically Puff, have been 479 
shown to increase in abundance in response to input of mineral iron, including from dust 480 
(80) and volcanic ashes or plumes (70), thanks to active motion of the colony and its 481 
microbiome (81). Although most studies relating dust supply to iron uptake focused on 482 
Puff, we found that Tuff were equally, if not more favored by Saharan dust deposition 483 
(r(Tuff)=0.37 and r(Puff)=0.33). Compared to other aerosols, Saharan dust did not appear to 484 
have a positive impact on the size of the colonies directly, and rather impacted spectral 485 
slopes through its effect on colony abundance (Figure S1A), as indicated by the consistent 486 
negative correlations between NBSS intercepts and slopes (Figure 4B). After tracking both 487 
morphotypes in an enclosed environment placed under stimulus, Pfreundt et al. (82) found 488 
that Puff likely form by merging Tuff together. This suggests that our observations could 489 
result from the initial stimuli of Tuff by Saharan dust, which increased in abundance and 490 
interacted with other Tuff colonies in spatial proximity to progressively form Puff. This 491 
mechanism would support both the similar proportions of Trichodesmium morphotypes 492 
predicted in the Subtropical Atlantic (Figure 4C), in addition to their similar response to the 493 
dust satellite products, as opposed to the preferential response of Puff to aerosol products 494 
(Figure 4A). 495 

 496 
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In addition, Tuff size distributions appeared linked to two proxies of mesoscale 497 
circulations: the sea level anomalies (SLA), indicative of isopycnals uplifting (negative 498 
anomalies or cyclones) and downwelling (positive anomalies or anticyclones), and finite 499 
size Lyapunov exponent (FSLE), which increases (in absolute values) at fronts due to the 500 
rapid divergence of water parcels in close proximity. While there was no significant 501 
correlation between NBSS intercepts and SLA for either morphotype, Tuff colonies 502 
appeared relatively larger under negative SLA. In the NPSG, negative SLA anomalies have 503 
been linked to the surface depletion of phosphates and their upwelled injection at the base 504 
of the chlorophyll maximum (83), thus larger colonies could result from an increased 505 
phosphate acquisition through their known diel vertical migration (84). The cyclonic side of 506 
mesoscale fronts have also been associated with blooms of Trichodesmium through physical 507 
accumulation (85). The physical accumulation of buoyant plankton was evidenced in a 508 
number of fronts indicated by high absolute FSLE, and is considered a major driver of the 509 
surface (0-20m) blooms of colonies of Trichodesmium and other diazotrophs (48). In our 510 
global compilation, we found that Tuff colonies get preferentially affected by both 511 
phosphate limitation, as indicated by the negative correlation between Tuff NBSS intercepts 512 
and phosphate concentrations, and frontal structures (Figure 4B). FSLE appears to 513 
positively impact the size of Tuff colonies, by promoting larger colonies that can effectively 514 
accumulate at the surface of fronts by forming long rafts (A long raft is effectively counted 515 
as one particle using the UVP, hence the apparent decorrelation between NBSS intercepts 516 
and FSLE) visible from space.  517 

 518 
 3.2   Environmental adaptations of Rhizarian classes 519 
 520 
Compared to N2-fixers morphotypes, our investigation of model predictions within the 521 

different classes of Rhizarians (Acantharia, Collodaria, Phaeodaria, Foraminifera) yielded 522 
very distinct spatial patterns indicative of important niche partitioning and environmental 523 
adaptations within this phylum (Figure 5). Indeed, this group showed the largest differences 524 
in model performance metrics, AIC and BIC estimates, when grouping size estimates and 525 
associated taxonomic annotations at the class level (Table 1). Collodaria and Acantharia 526 
were most abundant, both in absolute (data not shown) and relative concentrations, within 527 
subtropical latitudes, while Phaeodaria and Foraminifera increased in proportions in 528 
relatively colder ecosystems (Figure 5C). As discussed above, these partitions seem 529 
primarily driven by their adaptations to specific iron pools, indicated by the important 530 
positive correlations between satellite or biogeochemical proxies and class-specific NBSS 531 
intercepts (Figure 5A). The peak in Foraminifera relative proportions seems to coincide 532 
with areas of larger predicted size for the group of Rhizarians (Figure 5C, top panel), which 533 
is consistent with the size of the vignettes illustrating each Rhizarian class presented in 534 
Figure 1. The positive correlation between total iron concentration and their spectral slopes 535 
suggest that larger Foraminifera are likely found in response to increased iron availability, 536 
possibly mediated by increased phytoplankton productivity (86). Hence, both in the case of 537 
colonial N2-fixers and Rhizarians, the effect of temperature gradients on organisms’ spectral 538 
slopes following the Temperature-Size Rule was masked by the role of iron sources (aerosol 539 
and total iron respectively) in flattening the slopes of the largest subgroup (e.g. Puff for 540 
colonial N2-fixers and Foraminifera for Rhizarians).  541 

 542 
Foraminifera typically capture phytoplankton prey by extending their pseudopods to 543 

increase their encounter rates, or alternatively pair with algal symbionts (dinoflagellates, 544 
pelagophytes, or chlorophytes) in oligotrophic ecosystems to acquire photosynthesis 545 
products in exchange of host protection and nutritive by-products (87). This diversity in 546 
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resource acquisition strategy might explain the relatively weak correlation coefficients in 547 
our compilation, besides total iron and phosphate concentrations in accordance with other 548 
net-based studies (86). Like Foraminifera, Phaeodaria appeared directly affected by 549 
phosphate concentrations, as well as prey availability and size structure (Figure 5A-B). 550 
Phaeodaria are exclusively heterotrophic and tend to accumulate below the epipelagic layer 551 
(44) and in upwelling regions (Figure 5C), where they significantly attenuate the carbon 552 
fluxes by feeding on detrital particles sinking to the ocean’s floor, and also contribute to the 553 
sinking fluxes as a result of their silica ballast (88). In our compilation, the spectral 554 
intercepts of Phaeodaria were positively correlated with both the fraction of 555 
microphytoplankton and silicate concentration (Figure 5A), suggesting that the source of 556 
detrital particles they feed upon was mainly silicified diatoms. Silicate concentrations also 557 
affected the other silicified Rhizarians, the Collodaria, albeit the positive correlation was 558 
observed with the spectral slopes rather than intercepts. Thus, in the presence of high 559 
concentration of silicates, Collodaria tend to be significantly larger, but also less abundant. 560 
This finding is consistent with the high Si-requirement of Collodaria, making them poor 561 
competitors against smaller, less silicified, diatoms (89). Like Collodaria, Acantharia mostly 562 
pair with prymnesiophytes (of the genus Phaeocystis) to survive the lack of essential 563 
nutrients in oligotrophic ecosystems (90) and use excess photosynthesis products to fuel 564 
their respiration (91). As such, they are mostly found in the sunlit surface waters, in 565 
conjunction with increased light availability, as indicated by the positive correlation 566 
coefficients linking Collodaria and Acantharia NBSS intercepts to daily PAR (Figure 5A). 567 
Future efforts should consider other Ocean Color products, like the relative abundance of 568 
different phytoplankton groups that could be linked to specific symbiont of these Rhizarians 569 
based on their pigment signatures, to further understand and predict the spectral 570 
biogeography of Rhizarians in relation to their environment. 571 

 572 
3.3  Environmental adaptations of Crustaceans and copepods functional groups 573 
 574 
Most of the patterns in Crustaceans’ spectral biogeography and its linkages with the 575 

environmental factors tested were driven by a single taxon (Figure 3A). Indeed, copepods 576 
largely dominated over other Crustacean classes (e.g. Ostracoda and Malacostraca) with 577 
regard to predicted absolute and relative abundances, but also with respect to predicted size 578 
(Figure 6C). Still, we found important differences in the relative importance of 579 
environmental factors driving NBSS parameters (intercept and slope) of the different 580 
classes of Crustaceans and different families of copepods assigned to a specific diet 581 
(omnivore or carnivore). Amongst these factors, the two variables linked to mesoscale 582 
circulation played a key role in determining the size structure of Copepoda, Malacostraca, 583 
and Ostracoda (Table S1). Both Malacostraca and Ostracoda were negatively correlated to 584 
FSLE, indicating that frontal filaments may be hot-spots for these classes of Crustaceans. In 585 
addition, SLA ranked third in explaining the variability of Crustaceans spectral 586 
biogeography (Figure 3A), and negative anomalies, indicative of a strong isopycnals 587 
uplifting in the epipelagic layer and associated entrainment of deep inorganic nutrients, 588 
were significantly correlated to copepods’ NBSS intercepts (r=-0.21, p-value<0.001). 589 
Although this finding was expected, given the long-standing evidence that nutrients brought 590 
into the epipelagic actively fuel new production in cyclonic eddies (92), this result is 591 
notable as it indicates that cyclonic eddies directly benefit higher trophic levels (grazers) on 592 
a global scale. Interestingly, we found that both carnivorous (r=-0.25, p-value<0.005) and 593 
omnivorous (r=-0.28, p-value<0.005) copepods were favored in cyclonic eddies, despite 594 
their opposite biogeography (Figure 6C). The spatial distribution of copepod trophic groups 595 
presented in Figure 6c agree with the recent compilation of copepod species occurrence 596 
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(61), as we found a similar dominance of carnivorous copepods, that feed on 597 
microzooplankton (e.g. zooplankton larves, ciliates and heterotrophic or mixotrophic 598 
dinoflagellates), in oligotrophic ecosystems and a prevalence of omnivorous copepods 599 
towards the poles (Figure 6C). Overall, copepods also responded positively to increased 600 
fractions of nano- and microphytoplankton (r=0.28, p-value<0.001), associated with 601 
elevated concentrations of iron rather than important macronutrients like nitrates (r=0.07, p-602 
value>0.05, Table S1) or phosphates (r=-0.06, p-value>0.05, Table S1). 603 

 604 
Elevated nitrate concentrations appeared rather correlated with the two main 605 

parameters describing the NBSS estimates of Malacostraca (r(intercept)=0.1 and 606 
r(slope)=0.03, p-value<0.001). Together with the concentration of chlorophyll-a, these 607 
factors likely drove the larger proportions of this class in upwelling and subpolar 608 
ecosystems like the Antarctic where they serve as a keystone group (93). The importance of 609 
nitrate concentrations in driving patterns in NBSS parameters compared to the satellite 610 
proxy of phytoplankton size distribution slopes (r=-0.07, p-value>0.05) is noteworthy and 611 
could suggest that prey quality, often estimated by C:N stoichiometry, could prevail over 612 
palatability (e.g. size) to explain Malacostraca food selectivity. Caution should be taken 613 
when using the phytoplankton size distribution and derived fractions measured by satellite 614 
since microphytoplankton only encompass the 20-50 µm size fraction, but feeding 615 
experiments conducted in an upwelling system did result in increased productivity of the 616 
euphausiid Euphausia pacifica when fed on N-rich marine snow particles (94). Like 617 
copepods with iron, our results could also indicate that Malacostraca play a key role in 618 
recycling nitrogen. Indeed, two models linking these mesozooplankton groups to prey 619 
stoichiometry (Malacostraca prey being either N-rich marine snow or copepods) have 620 
shown that preferential excretion of iron or fixed nitrogen could explain nutrient variability 621 
in ecosystems dominated by copepods or krill respectively (95, 96). Malacostraca 622 
abundances also increased with silicate concentrations, consistent with their known 623 
preference for diatom flocs (94).  624 

 625 
The lack of response of the class Copepoda to silicate concentrations was puzzling 626 

given that diatoms make up most of their gut contents in productive ecosystems (97), 627 
however we did find a strong linkage between copepods and silicate concentrations after 628 
grouping omnivorous families together (r(intercept)=0.32, p-value<0.001). With the 629 
exception of silicate concentrations, most factors tested presented similar correlations with 630 
either omnivorous or carnivorous copepods, including the fraction microphytoplankton 631 
(Figure 6A). Carnivorous copepods hence appeared to benefit from non-siliceous 632 
microphytoplankton (r(microphytoplankton)=0.28, p-value<0.001) like mixotrophic 633 
dinoflagellates (98) that dominate the autotrophic biomass in subtropical gyres (99). 634 
Compared to other Crustacean groups, observations of Ostracoda were marked by weaker 635 
correlation coefficients between spectral parameters and the environmental factors tested 636 
(Figure 6A), except for surface temperature (r=0.41, p-value<0.001) and nitrate 637 
concentrations (r=-0.23, p-value<0.01). Accordingly, our predictions for this relatively 638 
understudied class of opportunistic Crustaceans (100) yielded elevated proportions in 639 
subtropical gyres, but also at transition zones separating oligotrophic from temperate 640 
ecosystems, or subpolar ecosystems from polar ecosystems. The absence of significant 641 
correlations with any proxy linked to phytoplankton community and productivity is also 642 
consistent with their known versatility with respect to food sources (101). 643 

  644 
 645 
Materials and Methods 646 
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 647 

1. Global compilation of group-specific size spectrum 648 

 649 

To understand and predict the global size distribution of Colonial N2-fixers, Rhizarians, 650 
and Crustaceans in the epipelagic layer, we compiled direct size estimates measured by a 651 
range of Underwater Vision Profilers of  successive generations (102, 103) and benchtop 652 
scanners  (e.g. ZooScan,   for nets deployed in all major basins within 0 and 200 m. This 653 
compilation stems from a collaborative, international effort, termed the Pelagic Size 654 
Structure database (105), that aims at providing standardized and homogenized size and 655 
count information collected by a variety of commercially available plankton imaging 656 
instruments. We used the Python workflow (publicly available at 657 
https://github.com/jessluo/PSSdb) developed for the first PSSdb release, described in more 658 
details in Dugenne et al. (105), with little modifications to produce our globally consistent 659 
estimates of group-specific Normalized Biovolume Size Spectra (hereafter refer to as 660 
NBSS).  661 

 662 

Briefly, the general pipeline consists in five automated steps that follow image 663 
acquisition and near-real time segmentation (i.e. the process of separating individual 664 
particle from background pixels to extract their morphologic features): (1) export of raw 665 
size, count and annotation information with the associated metadata from the collaborative 666 
platform for image annotation EcoTaxa (https://ecotaxa.obs-vlfr.fr/), (2) standardization of 667 
the export tables following a unique format with standard labels and units, (3) quality 668 
control of individual datasets that account for particle count uncertainty, sufficient manual 669 
validation of the taxonomic classifications (UVP profiles of scanned nets should have 95% 670 
validated annotations to pass our quality control), differences in size calibration factors, 671 
missing information or incorrect GPS location of each sample, (4) aggregation of samples 672 
collected in spatial and temporal proximity to provide accurate measures of particle size 673 
distribution at the current resolution of biogeochemical models and other global data 674 
compilations (i.e. 1°x1° latitude/longitude and year/month), and (5) the computation of 675 
NBSS and derived parameters (slope, intercept, R2), using pre-defined size classes matching 676 
the recent compilation of UVP5 particle size distribution by Kiko et al. (106).  677 

 678 

The main addition to the Dugenne et al. (105) workflow consists of standardizing all 679 
taxonomic annotations assigned to individual particles by automated classifiers and later 680 
validated by taxonomic experts using the World Register of Marine Species 681 
(https://www.marinespecies.org/) as suggested in Neeley et al. (107). We wrote a custom 682 
script based on existing web scraping functions to automatically search for the taxonomic 683 
annotations in WORMS, allowing various formats (e.g. hierarchical or nominal category) 684 
and ranks according to the preset classes of automated classifiers, the expertise of human 685 
annotators or the research question. The taxonomic look-up table automatically generated 686 
by this script is available at 687 
https://github.com/jessluo/PSSdb/blob/main/ancillary/plankton_annotated_taxonomy.xlsx. 688 
Following this additional standardization, individual annotations were grouped in 689 
increasing taxonomic ranks (e.g. phylum, class or subclass, family to assign copepod’s 690 
trophic strategy based on published compilation  (46)) and according to their morphotypes 691 
when possible (e.g. solitary or colonial for Rhizarians, Puff or Tuff for Trichodesmium) to 692 
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estimate group-specific NBSS based on biovolume. Biovolume estimates were computed 693 
using equivalent circular diameter (ECD) derived from particles area following Eq. 1: 694 

 695 

Biovolume (µm3)=1/6xπxECD(µm)3=1/6xπx2√!"#!	(&'
!)	

)
                                                                        (1) 696 

The sum of all biovolume estimates within the discrete size classes defined in Eq. 2 is 697 
then normalized to the volume analyzed, corresponding to the total volume cumulated 698 
over depth (0-200 m) and within each spatio-temporal bin, and to the width of each size 699 
class to produce NBSS according to Eq. 3. 700 

 701 

ECDi(µm)=2i x1/3  with i=0,1,…,78 for size classes ranging between 1-53,000,000 µm    (2) 702 

 703 

NBSSi(µm3 m-3 µm-3)=ΣiBiovolume/volume analyzed/biovolume class width                 (3) 704 

 705 

We then selected the maximum and the last normalized biovolume estimate before 706 
observing one empty size class respectively as the lower and upper limits of each size 707 
spectrum. This step is necessary to select the effective size range of individual 708 
mesoplankton group and to ensure that estimates are not biased by the camera resolution or 709 
the sampling gear (e.g. net mesh), or by the limited volume sampled respectively. After 710 
selection, unbiased NBSS estimates and associated midpoint of individual biovolume size 711 
classes are log10-transformed to estimate spectral slopes, intercepts, and size ranges for each 712 
1°x1° latitude/longitude and year month by linear regression (Figure S1). Intercept 713 
estimates were scaled to the minimum observed size of individual mesoplankton groups 714 
since the abundance of 1 µm3 particles, the initial intercept for a spectrum starting at log(1 715 
µm3)=0, is not representative of the actual abundance of mesoplankton groups. Some of the 716 
individual spatio-temporal bins did not contain enough observations to construct a reliable 717 
NBSS and fit a log-linear regression as group-specific PSSdb products necessarily included 718 
fewer images than the first release. In addition, we selected only datasets that spanned at 719 
least 80% of the epipelagic layer (e.g. 160 m) to follow the methodology established by 720 
Drago et al. (44). As a result, the spatio-temporal coverage in our study is slightly 721 
diminished compared to the bulk datasets, constructed with all particles imaged except for 722 
methodological artefacts. Overall, group-specific NBSS were computed using 3,068 UVP 723 
profiles and 2,411 scans sampled between 2008-2021 and 2004-2022 respectively.  724 

 725 

2. Linkages between mesoplankton size structure and environmental covariates 726 

 727 

In the absence of broadly concurrent and quality controlled in situ hydrographic 728 
measurements, we linked mesoplankton NBSS to environmental gradients using global sets 729 
of objective analysis, satellite proxies, and biogeochemical models (all accessed and 730 
downloaded in Sept. 2023). We used the latest World Ocean Atlas objective analysis 731 
(WOA, available at https://www.ncei.noaa.gov/access/world-ocean-atlas-2018) to assign 732 
each grid cell (defined by 1°x1° latitude/longitude and month) its associated mean mixed 733 
layer depth (m), surface temperature (°C), and surface concentration in phosphate (µM), 734 
silicate (µM), and nitrate (µM). In addition, we used WOA surface apparent oxygen 735 
utilisation (µM) to represent patterns in dissolved oxygen concentration resulting from 736 
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water mass ventilation and age or remineralization rather than the temperature-dependent 737 
O2 solubility.  738 

 739 

Given that iron is also considered an essential micronutrient for phytoplankton growth 740 
(74) but in situ measurements are still too scarce to construct a reliable distribution of 741 
dissolved iron concentrations in the Global Ocean with enough temporal coverage (108), we 742 
relied on diverse proxies, satellite measurements distributed by NASA or biogeochemical 743 
models provided by Copernicus, of both mineral and total iron compounds respectively. In 744 
the surface ocean, most labile compounds present are thought to originate from atmospheric 745 
aerosols, delivering mineral dust, ashes formed by volcanic activities and wildfires, or 746 
anthropogenic compounds all relatively rich in iron (109). These can be approximated from 747 
space, as total aerosol optical thickness (unitless variable termed Aerosol optical thickness 748 
at 869 nm) and wet dust deposition (variable termed dust wet deposition bin 001 or 749 
duwt001, in kg m-2 s-1), with a 9km, monthly resolution using specific satellite algorithms 750 
whose products are distributed for every year and month by NASA at 751 
https://oceandata.sci.gsfc.nasa.gov/directdataaccess/Level-3%20Mapped/Aqua-MODIS and 752 
https://goldsmr4.gesdisc.eosdis.nasa.gov/opendap/MERRA2_MONTHLY/M2TMNXADG.753 
5.12.4/ respectively. Alternatively, organic iron-complexing ligands can also represent 754 
important sources of iron, especially for organisms synthesizing siderophore transporters, 755 
that are poorly characterized by current analytical methods due to the diversity of 756 
compounds and reactivity within this pool (60). To account for all compounds in the 757 
complex pool of dissolved iron, we used surface predictions of total dissolved iron 758 
concentration (µM) from the biogeochemical model PISCES (110), distributed for any 759 
given year month within the period 1993-2022 by Copernicus (product 760 
cmems_mod_glo_bgc_my_0.25_P1M-m available at 761 
https://data.marine.copernicus.eu/product/GLOBAL_MULTIYEAR_BGC_001_029/) with 762 
a resolution of 1/4° latitude/longitude. This model has shown a strong agreement with 763 
benchmark sections from the GEOTRACES program compared to other model predictions 764 
and also include all known source and sink processes (riverine, sediment, hydrothermal, or 765 
dust inputs, remineralization, scavenging) affecting iron pools in marine ecosystems (108).  766 

 767 

We downloaded monthly average surface photosynthetically available radiation 768 
(PAR, in E m-2 d-1) and chlorophyll-a concentration (CHL, in mg m-3) for all sampled years 769 
(2004-2022) from the same url as the aerosol NASA satellite products. Besides chlorophyll-770 
a concentration, we also included recent estimates of the particle size distribution slope 771 
(PSD slope, in particles L-1 µm-2) and fractions of pico- (0.2-2 µm), nano- (2-20 µm), and 772 
micro- (20-50 µm) phytoplankton retrieved from backscatter coefficients measured by 773 
remote sensing at a resolution 4km for every month year to characterize the phytoplankton 774 
community representing the main food source for mesozooplankton groups (71). Lastly, 775 
proxies for mesoscale structure, like sea level anomaly (SLA, in m), that indicate cyclonic 776 
and anticyclonic eddies under negative and positive anomaly, and finite size Lyapunov 777 
exponent (FSLE, in d-1), that measures the frontal divergence of mesoscale eddies or other 778 
currents in close proximity, were accessed on AVISO at 779 
https://www.aviso.altimetry.fr/en/data/products with a resolution of 1/25° 780 
latitude/longitude. Since mesoscale features are operationally defined as coherent vortex 781 
generally trackable for a month or longer with a radius scale of ~100 km (111), we consider 782 
that the final 1°x1° (~111km) and year month resolution of our datasets were also 783 
representative of mesoscale circulation, even at the higher end member of its operational 784 
resolution. 785 
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 786 

All variables were automatically downloaded and averaged to match the resolution of 787 
our mesoplankton NBSS estimates (if the resolution was greater than 1°x1° 788 
latitude/longitude and year month) using custom scripts available at 789 
https://github.com/mdugenne/PSSdb_Learning. Resulting spatial patterns are presented in 790 
Figure S2. The environmental datasets were then merged to our group-specific products 791 
according to the bin location (1°x1° latitude/longitude) and the sampling time (year month 792 
for yearly resolved variables or month for WOA climatologies). Locations with one or more 793 
missing environmental variable(s) (e.g. satellite products at high latitude during winter) 794 
were filtered out to compute the Spearman correlation coefficients between environmental 795 
factors and spectral parameters (slope, intercept, size range) and train the machine learning 796 
model used to predict the size distribution of mesoplankton groups globally. 797 
 798 

3. Global predictions of mesoplankton size structure using machine learning models 799 

 800 

We used our compilations of group-specific NBSS and associated environmental 801 
factors in combination with machine learning habitat models to estimate the global size 802 
distribution of the three major mesoplankton groups (Colonial N2-fixers, Rhizarians, 803 
Crustaceans) in the epipelagic layer. This modelling effort builds on the recent publication 804 
of Drago et al. (44), who characterized and predicted the total biomass estimates of several 805 
mesozooplankton groups (e.g. Copepods, Rhizarians, not including colonial N2-fixers) 806 
using UVP profiles globally distributed. Since elevated biomass may result from increased 807 
abundance and/or size, we expanded their work to help disentangle the effect of 808 
environmental factors on mesoplankton abundance (with the maximum abundance 809 
representing the spectral intercept) and size (whose continuum is determined by spectral 810 
slopes and effective range). Habitat models cover diverse statistical models, including the 811 
relatively recent boosted regression trees (also referred as xgboost, (112)), that link 812 
environmental factors to species or group distribution with the objective to predict their 813 
occurrence in unsampled locations. Like other machine learning models, xgboost learns 814 
simple or complex rules (here a hierarchy of yes/no decisions delimited by the maximum 815 
tree depth) linking the response variable (NBSS parameters) to explanatory variables 816 
(environmental factors described in Material and Methods section 2) using a subset of the 817 
dataset (here 80% random split), named the training set. The learning process is an iterative 818 
process based on the progressive evaluation of a loss function, defined as the root mean 819 
square error between observations and predictions.  820 

 821 

Their performance is then assessed using the remaining subset (here 20% random 822 
split), termed the test set. The algorithm performance evaluation is based on different 823 
metrics like the coefficient of determination (R2), determined by the sum of squared errors 824 
between test predictions and test set, or the log-likelihood of the model, that represents the 825 
goodness of fit between model predictions and observations according to the data 826 
distribution. We used two parameters linked to the model log-likelihood (noted l), the 827 
Akaike (AIC) and Bayesian (BIC) Information Criterion defined in Eq. 4, to compare model 828 
predictions amongst increasing taxonomic ranks. While we expect that grouping 829 
observations based on high taxonomic rank like class or families should be more 830 
appropriate to capture the variability in mesoplankton NBSS on a global scale as a result of 831 
diverging environmental adaptations (33), we also considered that the decrease of available 832 
observations for these ranks or the differences in model complexity could also result in 833 
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overall lower performances of the model. Since AIC and BIC take into account model 834 
likelihood, complexity, and the number of available observations, we used these estimates 835 
as a mean to provide objective comparisons between model performances. The likelihood of 836 
taxon-specific models were averaged, with a weight corresponding to the proportion of 837 
observations, across all subgroups of colonial N2-fixers, Rhizarians and Crustaceans when 838 
increased taxonomic ranks were compared to the overall model performed at the phylum 839 
level, following a similar approach as mixture models (113). 840 

 841 

AIC= 2k-2l and BIC=kln(n)-2l,                                                                                    (4) 842 

with k the number of model parameters, n the number of observations, and l the model log-843 
likelihood directly returned by the xgboost package. 844 

 845 

Unlike more traditional decision tree models that predict a set of discrete values 846 
termed the leaves, xgboost models may apply to continuous variables by producing 847 
numerous leaves associated with a specific score, that are ultimately summed up across all 848 
trees to create a smooth gradient in the predicted response variable (i.e the “boosting” 849 
process). Instead of discontinuous response, the resulting predictions will thus present a 850 
smoother data distribution similar to that of spectral parameters (Figure S1). Since these 851 
models are based on direct representation of the linkages between explanatory and response 852 
variables, estimates of feature importance, measured as the average gain in model 853 
performance (log-likelihood) across all splits after the variable was used, are relatively 854 
straightforward. Such models have additional advantages as they can deal with many 855 
dependent variables (for example, dust and aerosol proxies for iron deposition, or 856 
temperature and PAR) and predict multivariate outputs. In our study, we simultaneously 857 
predicted spectral slopes, intercepts and size range while accounting for their correlation 858 
(Figure S1). The reconstructed NBSS, obtained by assuming a log-linear decline with the 859 
modeled parameters, can then be integrated to predict the total abundances of mesoplankton 860 
groups at any given space and time. Prior to model training, both the spectral intercept and 861 
size range were log10-transformed to ensure that predictions will be positive after reverse 862 
transformation. To minimize the effect of irrelevant explanatory variables and avoid model 863 
overfitting, several parameters were tuned, including score shrinkage (eta parameter tested 864 
between 0.1 and 0.5) to homogenize the gradient boosting process in case of overfitting, the 865 
maximum number of splits in the decision trees (max_depth parameter tested between 3 and 866 
10) that can lead to oversimplification/complexification of the model, or the number of trees 867 
(n_estimators parameter tested between 20 and 100). The best combination of model 868 
parameters was determined objectively using the grid search function implemented in the 869 
xgboost package.  870 
 871 
         Not all mesoplankton groups were abundant enough or significantly correlated with 872 
the environmental factors tested to analyze and predict their size structure in the epipelagic 873 
layer using a machine learning model (44). Overall, we could accurately predict the spectral 874 
biogeography of one family of colonial N2-fixers (Oscillatoriales), four classes of 875 
Rhizarians (Acantharia, Collodaria, Phaeodaria, Foraminifera) and three classes of 876 
Crustaceans (Copepoda, Malacostraca, Ostracoda). The family of colonial N2-fixers was 877 
represented exclusively by Trichodesmium in this study although we note the presence of a 878 
few Nostocales in the Baltic Sea that were too rare for reliable predictions of their size 879 
spectrum (data not shown). Some groups were further distinguished based on their 880 
morphology (e.g. Trichodesmium Puff or Tuff), or into functional groups (e.g. carnivorous 881 
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or omnivorous copepods) based on published correspondence between copepod’s families 882 
and trophic groups (46). The most abundant class of Rhizaria, Collodaria, were almost 883 
exclusively found as solitary forms in the epipelagic, so we could not explore possible niche 884 
partitioning amongst colonial and solitary Rhizarians. Predictions were generated with the 885 
optimal set of parameters in every 1°x1° grid cell for the full temporal coverage of the UVP 886 
and scanners datasets. Temporal correlations with the multiple iron proxies (total iron, dust 887 
or aerosol) were estimated in each spatial bin to determine which proxy had the strongest 888 
link with NBSS integral predictions, that result from predicted slopes, intercepts and size 889 
ranges (Figure S3). The main iron proxy was then defined based on the maximum 890 
correlation across the 3 possible correlation coefficients in broad ecosystem categories (e.g. 891 
Polar, Temperate-Subpolar, Subtropical Gyres, Equatorial-Upwellings) corresponding to 892 
adjacent Longhurst provinces (https://www.marineregions.org/sources.php#longhurst), and 893 
in diverse ocean basins (https://www.marineregions.org/sources.php#goas). For a full 894 
description of the xgboost python package used in this study, see documentation provided at 895 
https://xgboost.readthedocs.io/en/stable/python. The code to train, check the model 896 
performance and feature importance, and predict mesoplankton size distribution based on 897 
xgboost functions is available at https://github.com/mdugenne/PSSdb_Learning. 898 

 899 
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 1287 
 1288 
Figures and Tables 1289 
 1290 

Table 1. Fit of mesoplankton size spectra predictions. Statistical metrics to evaluate the 1291 
goodness of fit of mesoplankton size spectra predictions in increasing taxonomic ranks. 1292 
Optimal models are indicated by low AIC/BIC and high R2 1293 

 Colonial N2-fixers Rhizarians Crustaceans 
Rank Phylum Family FG Phylum Class Phylum Class FG 

Taxa Cyanobacteria Oscillatoriales Puff 
 Tuff Radiozoa 

Acantharia 
Collodaria 
Phaeodaria 

Foraminifera 

Crustacea 

   
   Copepoda 

 
Malacostraca 
   Ostracoda 

Carnivore, 
Omnivore 

BIC 145.92 145.4 143.3 150.5 132.7 145.6 135.9 134.3 
AIC 144.1 144.1 142.1 149.1 133.4 152.2 134.7 135.1 
R2 0.93 0.93 0.93/0.95 0.61 0.54/0.66/0.26/0.25 0.69 0.84/0.62/0.43 0.68/0.62 

Functional groups (FG): Morphotypes for colonial N2-fixers or trophic group for copepods according to the 1294 
compilation of Benedetti et al. (46) 1295 
 1296 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 12, 2024. ; https://doi.org/10.1101/2024.03.08.584097doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.08.584097
http://creativecommons.org/licenses/by-nc-nd/4.0/


 1297 
Fig. 1. Resolution and diversity in taxonomic annotations of the UVP (left) and scanner (right) 1298 
imaging datasets. (A) Spatio-temporal resolution of the imaging datasets produced in the Pelagic Size 1299 
Structure database. The colorbar represents the number of spatial (1°x1° latitude/longitude) or temporal 1300 
(year month) bins in these datasets. (B) Diversity of taxonomic annotations (n) separated by taxonomic 1301 
ranks (red to pink rings) and colored by plankton functional groups. Blank portions correspond to 1302 
organisms unassigned at the considered ranks. We grouped all annotations at different levels (phylum, 1303 
class, family or morphotype) to predict the biogeography of the pelagic size structure on a global scale for 1304 
the three main mesoplanktonic groups (colonial N2-fixers, Rhizarians, and Crustaceans). (C) Phylogenetic 1305 
tree and examples of vignette illustrating the genetic and morphological diversity within colonial N2-fixers 1306 
(left), Rhizarians (middle), and Crustaceans (right). All scale bars represent 1 mm. 1307 
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 1308 

 1309 
 1310 

Fig. 2. Observed size spectra (left) and maps of observations and predictions (right) of 1311 
colonial N2-fixers (top panels), Rhizarians (middle panels), and Crustaceans (bottom 1312 
panels) total abundance. (A) Group-specific size spectra derived from UVP (for colonial 1313 
N2-fixers and Rhizarians) and scanner (for Crustaceans) images. Gray dots mark size classes 1314 
that were filtered out due to methodological bias (mesh of the nets, particles too rare to be 1315 
counted accurately) and black dots indicate all final data points used to infer spectral 1316 
parameters and predict NBSS. Note that x-axis limits differ depending on the instrument 1317 
resolution and detection limits. (B) Total abundance of colonial N2-fixers, Rhizarians, and 1318 
Crustaceans in individual grid cells (1°x1° longitude/latitude and year month) distributed 1319 
globally. (C) Maps of observed (open circles) and predicted (colored tiles) average 1320 
abundance, obtained by integrating NBSS estimates using predicted parameters (slope, 1321 
intercept, size range). ND: Not detected. 1322 
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 1323 

 1324 
Fig. 3. Importance of environmental factors in predicting the spectral biogeography of colonial N2-1325 
fixers (top panels), Rhizarians (middle panels), and Crustaceans (bottom panels). (A) Top and last 5 1326 
environmental factors and their respective importance in predicting mesoplankton groups spectral 1327 
biogeography based on model scores (left panels) and Spearman correlation coefficients with observed 1328 
abundances (right panels). Significant correlation coefficients are highlighted using a transparency 1329 
gradient, with non-significant p-values (Table S1) given the highest transparency. (B) Maps of maximum 1330 
correlation coefficients between predicted NBSS integral and multiple iron proxies used to determine the 1331 
main proxy in specific ecosystems. The main iron proxy was attributed according to the variable counting 1332 
the most grid cells in specific ecosystems and ocean regions. Ecosystems whose climatology is presented 1333 
in panel c are outlined in black. (C) Climatology of mesoplankton groups (black dots) and the main iron 1334 
proxy (ribbons) in ecosystems with significant correlations. Seasonal trends of microphytoplankton (red 1335 
dots) are superimposed on the climatology of Crustaceans NBSS integral to link their dynamics to that of 1336 
phytoplankton prey. 1337 
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 1338 
Fig. 4. Disentangling the effects of environmental factors on observations and 1339 
predictions of colonial N2-fixers size distribution. (A) Spearman correlation coefficients 1340 
between top and last ranked environmental factors and Tuff (top panel) or Puff (bottom 1341 
panel) NBSS parameters (slope in gray and intercept in purple). Symbols indicate the level 1342 
of significance at 0.005 (***), 0.01 (**), 0.05 (*) and are only drawn for one parameter to 1343 
simplify the panel (all significance levels are indicated in panel n). (B) Effects of significant 1344 
environmental factors on Tuff (green dots) or Puff (brown dots) NBSS parameters (slope 1345 
and intercept). Datapoints vary in size according to the mean chlorophyll-a concentration in 1346 
that same bin. (C) Maps of colonial N2-fixers predicted size (top) and relative (bottom) 1347 
abundance of morphotypes (Tuff in green and Puff in brown). SST: sea surface temperature, 1348 
PO4

3-: phosphate concentration, Micro: fraction of microphytoplankton, SLA: sea level 1349 
anomaly, CHL: chlorophyll-a concentration, FSLE: finite size Lyapunov exponent, Nano: 1350 
Fraction of nanophytoplankton. 1351 

 1352 
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 1353 
Fig. 5. Disentangling the effects of environmental factors on observations and predictions of 1354 
Rhizarians size distribution. (A) Spearman correlation coefficients between top and last ranked 1355 
environmental factors and Phaeodaria (1st panel), Foraminifera (2nd panel), Collodaria (3rd panel) or 1356 
Acantharia (4th panel) NBSS parameters (slope in gray and intercept in purple). Symbols indicate the 1357 
level of significance at 0.005 (***), 0.01 (**), 0.05 (*) and are only drawn for one parameter to 1358 
simplify the panel (all significance levels are indicated in panel b). (B) Effects of significant 1359 
environmental factors on Phaeodaria (beige dots), Foraminifera (blue dots), Collodaria (pink dots) or 1360 
Acantharia (orange dots) NBSS parameters (slope and intercept). Datapoints vary in size according to 1361 
the mean chlorophyll-a concentration in that same bin. (C) Maps of Rhizarians predicted size (top) and 1362 
relative (bottom) abundance of classes (Phaeodaria in beige, Foraminifera in blue, Collodaria in pink, 1363 
and Acantharia in orange). SST: sea surface temperature, AOU: apparent oxygen utilisation, PAR: 1364 
photosynthetically available radiance, Si: Silicate concentration, Pico: fraction of picophytoplankton, 1365 
Nano: Fraction of nanophytoplankton, Micro: fraction of microphytoplankton. 1366 
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 1367 
Fig. 6. Disentangling the effects of environmental factors on observations and predictions of 1368 
Crustaceans size distribution. (A) Spearman correlation coefficients between top and last ranked 1369 
environmental factors and Malacostraca (1st panel), Ostracoda (2nd panel), Copepoda (3rd panel), 1370 
omnivorous copepods (4th panel) or carnivorous copepods (5th panel) NBSS parameters (slope in gray and 1371 
intercept in purple). Symbols indicate the level of significance at 0.005 (***), 0.01 (**), 0.05 (*) and are only 1372 
drawn for one parameter to simplify the panel (all significance levels are indicated in panel b). (B)  Effects of 1373 
significant environmental factors on Malacostraca (red dots, left axis), Ostracoda (green dots, left axis), 1374 
Copepoda (yellow dots, left axis), omnivorous copepods (blue dots, right axis) or carnivorous copepods 1375 
(brown dots, right axis) NBSS parameters (slope and intercept). Datapoints vary in size according to the mean 1376 
chlorophyll-a concentration in that same bin. (C) Maps of Crustaceans predicted size (top) and relative 1377 
abundance of classes (Malacostraca in red, Ostracoda in green, Copepoda in yellow) and copepod trophic 1378 
strategy (omnivore in blue and carnivore in brown) based on a compilation by Benedetti et al. (85). PAR: 1379 
photosynthetically available radiance, SLA: sea level anomaly, SST: sea surface temperature, MLD: mixed 1380 
layer depth, NO3

-: Nitrate concentration, Pico: fraction of picophytoplankton, Nano: Fraction of 1381 
nanophytoplankton, Si: Silicate concentration, Micro: fraction of microphytoplankton 1382 
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Supplementary Materials 1383 
 1384 

 Supplementary Materials included: 1385 
 1386 

• Supplementary Fig. S1. Distribution (diagonal) and correlation within spectral parameters 1387 
(intercept, slope, and size range) of three mesoplankton groups. (A) Colonial N2-fixers. (B) 1388 
Rhizarians. (C) Crustaceans. Datapoints vary in size according to the average chlorophyll-a 1389 
concentration observed in satellite products in the same spatio-temporal bin. The distribution of 1390 
spectral parameters is shown with violin plots on the diagonal. 1391 

• Supplementary Fig. S2. Environmental factors used to predict the spectral biogeography of the 1392 
main mesoplankton groups. Set of average (for the month of January) environmental factors 1393 
included as explanatory variables to predict the size distribution of colonial N2-fixers, Rhizarians and 1394 
Crustaceans globally. Variables include surface temperature and concentrations of nitrates, 1395 
phosphates, silicates (not shown given its strong correlation with nitrates), and apparent oxygen 1396 
utilization, along with mixed layer depth (MLD) from World Ocean Atlas. The surface concentration 1397 
of diverse iron pools were approximated by satellite (wet dust deposition and aerosol optical 1398 
thickness) or biogeochemical model (total iron) products. Total iron concentrations measured in situ 1399 
as part of the GEOTRACES program (colored dots, downloaded at 1400 
https://geotraces.webodv.awi.de/service/) are superimposed on top of the model PISCES continuous 1401 
predictions (distributed by Copernicus), to validate the product used in our study. Phytoplankton 1402 
concentration and composition was approximated by chlorophyll a concentration (CHL), particle size 1403 
distribution slope (PSD slope), and fractions of pico-, nano- and microphytoplankton (not shown 1404 
since their relative proportion affect directly PSD slopes) satellite products distributed by NASA, 1405 
alongside daily photosynthetically available Radiance (PAR). Mesoscale activities were indicated by 1406 
two AVISO products: Sea level anomaly (SLA), indicative of cyclonic or anticyclonic eddies under 1407 
negative or positive anomaly, and finite size Lyapunov exponent (FSLE), marking the divergence 1408 
rate of water parcels in close proximity. 1409 

• Supplementary Fig. S3. Correlations between iron proxies and predictions of NBSS integral in 1410 
1°x1° grid cells.  (A) Identification of main iron proxy (top panel) based on the maximum correlation 1411 
coefficients between iron proxies (dust, aerosol, or total iron) and predictions of colonial N2-fixers 1412 
NBSS integral in 1°x1° grid cells. (B) Identification of main iron proxy (top panel) based on the 1413 
maximum correlation coefficients between iron proxies (dust, aerosol, or total iron) and predictions 1414 
of Rhizarians NBSS integral in 1°x1° grid cells. (C) Identification of main iron proxy (top panel) 1415 
based on the maximum correlation coefficients between iron proxies (dust, aerosol, or total iron) and 1416 
predictions of Crustaceans NBSS integral in 1°x1° grid cells. (D) Mask of ecosystems (Equatorial-1417 
Upwellings: orange, Polar: green, Subtropical: blue, Temperate-Subpolar: pink) used to plot seasonal 1418 
trends of NBSS predictions in association with the main iron proxy. The main proxy is identified in 1419 
each ecosystem / ocean basins by calculating the number of bins associated to each iron proxy. The 1420 
proxy with the maximum number of bins in a given ecosystem/ocean basin is considered the main 1421 
iron pool. 1422 

 1423 
• Supplementary Table S1. Spearman correlation coefficients between environmental factors and 1424 

the integral of mesoplankton size spectra calculated at the finest taxonomic resolution. 1425 
Environmental factors are ranked according to their feature importance in model fits. Symbols 1426 
indicate the level of significance at 0.005 (***), 0.01 (**), 0.05 (*). Bold variables highlight the main 1427 
descriptors of group-specific NBSS biogeography detailed in the main text. 1428 
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Supplementary Fig. S1. Distribution (diagonal) and correlation within spectral parameters 
(intercept, slope, and size range) of three mesoplankton groups. (A) Colonial N2-fixers. (B) 
Rhizarians. (C) Crustaceans. Datapoints vary in size according to the average chlorophyll-a 
concentration observed in satellite products in the same spatio-temporal bin. The distribution of 
spectral parameters is shown with violin plots on the diagonal. 
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Supplementary Fig. S2. Environmental factors used to predict the spectral biogeography of the 
main mesoplankton groups. Set of average (for the month of January) environmental factors included as 
explanatory variables to predict the size distribution of colonial N2-fixers, Rhizarians and Crustaceans 
globally. Variables include surface temperature and concentrations of nitrates, phosphates, silicates (not 
shown given its strong correlation with nitrates), and apparent oxygen utilization, along with mixed layer 
depth (MLD) from World Ocean Atlas. The surface concentration of diverse iron pools were 
approximated by satellite (wet dust deposition and aerosol optical thickness) or biogeochemical model 
(total iron) products. Total iron concentrations measured in situ as part of the GEOTRACES program 
(colored dots, downloaded at https://geotraces.webodv.awi.de/service/) are superimposed on top of the 
model PISCES continuous predictions (distributed by Copernicus), to validate the product used in our 
study. Phytoplankton concentration and composition was approximated by chlorophyll a concentration 
(CHL), particle size distribution slope (PSD slope), and fractions of pico-, nano- and microphytoplankton 
(not shown since their relative proportion affect directly PSD slopes) satellite products distributed by 
NASA, alongside daily photosynthetically available Radiance (PAR). Mesoscale activities were indicated 
by two AVISO products: Sea level anomaly (SLA), indicative of cyclonic or anticyclonic eddies under 
negative or positive anomaly, and finite size Lyapunov exponent (FSLE), marking the divergence rate of 
water parcels in close proximity. 
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Supplementary Fig. S3. Correlations between iron proxies and predictions of NBSS integral in 
1°x1° grid cells.  (A) Identification of main iron proxy (top panel) based on the maximum correlation 
coefficients between iron proxies (dust, aerosol, or total iron) and predictions of colonial N2-fixers NBSS 
integral in 1°x1° grid cells. (B) Identification of main iron proxy (top panel) based on the maximum 
correlation coefficients between iron proxies (dust, aerosol, or total iron) and predictions of Rhizarians 
NBSS integral in 1°x1° grid cells. (C) Identification of main iron proxy (top panel) based on the 
maximum correlation coefficients between iron proxies (dust, aerosol, or total iron) and predictions of 
Crustaceans NBSS integral in 1°x1° grid cells. (D) Mask of ecosystems (Equatorial-Upwellings: orange, 
Polar: green, Subtropical: blue, Temperate-Subpolar: pink) used to plot seasonal trends of NBSS 
predictions in association with the main iron proxy. The main proxy is identified in each ecosystem / 
ocean basins by calculating the number of bins associated to each iron proxy. The proxy with the 
maximum number of bins in a given ecosystem/ocean basin is considered the main iron pool. 
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Supplementary Table S1. Spearman correlation coefficients between environmental factors and the 
integral of mesoplankton size spectra calculated at the finest taxonomic resolution. Environmental 
factors are ranked according to their feature importance in model fits. Symbols indicate the level of 
significance at 0.005 (***), 0.01 (**), 0.05 (*). Bold variables highlight the main descriptors of group-
specific NBSS biogeography detailed in the main text. 
 
Rank Environmental factor Spearman correlation coefficients for NBSS integral 

 (+ rank for partition model fit or NBSS slope for the extra 
variables) 

  Colonial N2-fixers 
Puff                        Tuff 

1 
2 
3	
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
 
 

Extra 

Temperature (°C) 
Phosphates (µM) 
Aerosol (unitless) 
Total iron (µM) 

Wet dust deposition (kg m-2 s-1) 
PAR (E m-2 d-1) 

MLD (m) 
AOU (µM) 

Silicates (µM) 
PSD slope (L-1 µm-2) 

Nitrates (µM) 
Picophytoplankton (fraction) 

Microphytoplankton (fraction) 
SLA (m) 

CHL (mg m-3) 
FSLE (d-1) 

Nanophytoplankton (fraction) 
 
 

GEOTRACES† dissolved iron (µM) 
WOA surface dissolved oxygen (µM) 

                               0.19*(1)                        0.53***(2) 
                              -0.05(3)                        -0.27**(3) 
                               0.46***(5)                    0(5) 
                               0.15(4)                          0.11(4) 
                               0.33***(2)                    0.37***(1) 
                              -0.25**(10)                  -0.24*(6) 
                               0.21*(8)                       0.04(12) 
                               0.05(16)                       0.08(13) 
                               0.15(7)                         0.33***(7) 
                               0.12(15)                       0.16(16) 
                              -0.32*(6)                     -0.22*(8) 
                               0.12(14)                       0.16(17) 
                              -0.15(12)                     -0.19(15) 
                              -0.01(11)                      0.05(10) 
                              -0.06(9)                       -0.04(9) 
                               0.11(13)                       0.13(11) 
                              -0.15(17)                     -0.21***(14) 

 
 

                       -0.09(-0.11)                   -0.21***(-0.12) 
                       -0.04(0.12)                    -0.33***(0.29) 

       
                                                                    
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
 
 

Extra 

 
 

Temperature (°C) 
Wet dust deposition (kg m-2 s-1) 

AOU (µM) 
PAR (E m-2 d-1) 
Total iron (µM) 

FSLE (d-1) 
MLD (m) 
SLA (m) 

Phosphates (µM) 
PSD slope (L-1 µm-2) 

Nitrates (µM) 
CHL (mg m-3) 
Silicates (µM) 

Picophytoplankton (fraction) 
Nanophytoplankton (fraction) 

Aerosol  (unitless) 
Microphytoplankton (fraction) 

 
 

GEOTRACES† dissolved iron (µM) 
WOA surface dissolved oxygen (µM) 

Rhizarians 
 Acantharia        Collodaria        Phaeodaria         Foraminifera 
  0.42***(2)       0.31***(2)      -0.11*(12)            0.03(9) 
  0.02(8)             0.28***(4)      -0.05(6)               -0.13**(3) 
 -0.11*(11)        -0.2***(8)         0.06(14)              0.03(16) 
  0.15***(13)      0.2***(12)       0.15**(17)          0.05(5) 
 -0.25***(6)      -0.18***(11)    -0.01(3)               -0.18***(1) 
  0.004(16)         -0.05(9)           -0.05(5)               -0.02(12) 
 -0.2***(7)          0.06(14)         -0.26***(8)          0.004(2) 
  0.09*(10)          0.11*(5)           0.22***(4)          0.06(4) 
 -0.13**(15)      -0.22***(3)       0.33***(1)          0.18***(6) 
 -0.01(17)          -0.01(17)          -0.19***(15)        0.04(11) 
 -0.14**(9)        -0.11*(13)         0.19***(7)           0.11**(8) 
  0.01(12)            0(7)                  0.22***(13)        -0.03(7) 
-0.16***(14)     -0.26***(10)     0.16***(11)          0.04(10) 
-0.007(3)           -0.01(15)          -0.19***(10)          0.04(13) 
 0.04(4)               0.01(16)           0.18***(16)        -0.03(14) 
 0.43***(5)         0.51***(1)       0.11*(9)               0.21**(17) 
 0.007(1)             0.01(6)             0.22***(2)          -0.04(15) 
 
 
 0.04 (-0.03)      -0.13 (0.3)         0.87***(0.16)     0.77***(0.3) 
-0.08 (0.31)    -0.28***(0.19)   -0.25***(-0.07)   -0.05(0.05) 

Table continues on page 9 
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Rank                                      Environmental factor Mesoplankton group   
Crustaceans 

Malacostraca     Ostracoda      Copepoda         Carnivore     Omnivore      
                   

1  
2  
3	 
4  
5  
6  
7  
8  
9  
10  
11  
12  
13  
14  
15  
16  
17  

 
 

Extra 

Total iron (µM) 
PAR (E m-2 d-1) 

SLA (m) 
Temperature (°C) 

MLD (m) 
PSD slope (L-1 µm-2) 

CHL (mg m-3) 
AOU (µM) 

Aerosol (unitless) 
Phosphates (µM) 

FSLE (d-1) 
Wet dust deposition (kg m-2 s-1) 

Nitrates (µM) 
Picophytoplankton (fraction) 

Nanophytoplankton (fraction)  
Silicates (µM) 

Microphytoplankton (fraction) 
 
 

GEOTRACES† dissolved iron (µM) 
WOA surface dissolved oxygen (µM)  

 -0.26***(2)       -0.02(8)          0.44***(1)        -0.05(4)        -0.04(13) 
 -0.14*(4)           0.01(7)           0.19**(9)           0.04(1)         -0.15(10) 
 -0.08(7)            -0.16*(4)        -0.2**(3)            -0.02(16)    -0.33**(12) 
  0.29***(3)        0.39***(1)   -0.25***(5)         0.18*(12)       -0.1(1) 
  0.19**(12)        0.02(14)        -0.4***(4)          0.04(10)          0.4(5) 
 -0.13(16)            0.04(16)        -0.29***(14)      0.11(11)    -0.18***(4) 
  0.18*(17)         -0.0(9)             0.37***(8)       -0.1(15)        0.29***(2) 
   0.12(15)          -0.08(5)           0.16***(10)       0.06(6)         0.14(11) 
   0.17*(11)         0.2*(2)          -0.05(13)             0.14*(2)      -0.27**(7) 
  -0.06(1)           -0.22**(13)     -0.06(12)            0.07(3)       0.4***(14) 
  -0.24**(10)     -0.16*(3)         -0.04(11)           -0.03(9)          0.17(8) 
  -0.04(5)            0.04(11)           0.2**(15)        -0.15*(14)  -0.61***(9) 
   0.08(9)           -0.23**(6)         0.07(2)            -0.04(5)        0.27**(15) 
  -0.14*(14)        0.04(17)          -0.29***(6)       0.11(13)    -0.43***(3) 
    0.14*(13)      -0.04(15)           0.28***(16)    -0.12(17)     0.43***(6) 
    0.13(6)          -0.03(12)           0.11(7)              0.02(7)     0.36***(16) 
    0.15*(8)        -0.03(10)           0.28***(17)     -0.12(8)     0.44***(17) 
 
 

 -0.48***(0.19) 0.03**(0.20) 0.5***(-0.43) 0.05 (-0.04) 0.15*(-0.33) 
-0.33***(0.13) -0.27***(0.22) 0.19***(0.43) -0.17*(0.18) 0.17*(0.28)  

PAR : Photosynthetic Available Radiation, MLD : Mixed Layer Depth, AOU: Apparent Oxygen Utilisation, 
PSD slope: Particle Size Distribution slope, SLA: Sea Level Anomaly, CHL: surface chlorophyll-a, 
FSLE: Finite Size Lyapunov Exponent. † Based on GEOTRACES (v. 2021 downloaded at 
https://geotraces.webodv.awi.de/service/IDP2021_v2%3EGEOTRACES_IDP2021_Seawater_Discrete_Sample_Data_v2
) surface dissolved iron concentration measured from Niskin bottles averaged by Longhurst regions and month. 
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