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Vibrational modes of water predict spectral niches for photosynthesis in lakes and oceans

Stretching and bending vibrations of water molecules absorb photons of specific wavelengths, a phenomenon that constrains light energy available for aquatic photosynthesis. Previous work suggested that these absorption properties of water create a series of spectral niches, but the theory was still too simplified to enable prediction of the spectral niches in real aquatic ecosystems. Here, we show with a stateof-the-art radiative transfer model that the vibrational modes of the water molecule delineate five spectral niches, in the violet, blue, green, orange and red part of the spectrum. These five niches are effectively captured by chlorophylls and phycobilin pigments of cyanobacteria and their eukaryotic descendants. Global distributions of the

spectral niches are predicted by satellite remote sensing, and validated with observed large-scale distribution patterns of cyanobacterial pigment types. Our findings provide an elegant explanation for the biogeographical distributions of photosynthetic pigments across the lakes and oceans of our planet.

An intriguing question about the evolution of life on our planet is why photosynthetic organisms have evolved a whole suite of different pigments. Why is there not a single photosynthetic pigment that is optimal under all light conditions? Already in the late 19 th century, Engelmann demonstrated that chlorophyll of green algae absorbs light only in the blue and red parts of the spectrum [START_REF] Engelmann | Über Sauerstoffausscheidung von Pflanzenzellen im Mikrospektrum[END_REF] . One year later, he showed that cyanobacteria are particularly effective in the exploitation of orange light [START_REF] Engelmann | Farbe und assimilation[END_REF] . A major consequence of this preference for specific colors of light is that phototrophs can occupy different 'spectral niches' in the underwater radiation field [START_REF] Stomp | Adaptive divergence in pigment composition promotes phytoplankton biodiversity[END_REF][START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF] . Hence, changes in water color may shift the competitive interactions between phytoplankton species that differ in pigment composition and thereby exploit different parts of the light spectrum [START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF][START_REF] Vörös | Freshwater picocyanobacteria along a trophic gradient and light quality range[END_REF][START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF][START_REF] Ting | Cyanobacterial photosynthesis in the oceans: the origins and significance of divergent light-harvesting strategies[END_REF][START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF][START_REF] Luimstra | Changes in water color shift competition between phytoplankton species with contrasting lightharvesting strategies[END_REF] .

Underwater irradiance spectra are generated by wavelength-dependent absorption and scattering of light by water, colored dissolved organic matter (CDOM), non-algal particles (NAP) such as minerals and detritus, and phytoplankton [START_REF] Mobley | Light and Water: Radiative Transfer in Natural Waters[END_REF][START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF] . Pure water absorbs strongly in the red and infra-red, whereas it scatters photons particularly in the violet and blue part of the spectrum (Fig. 1). CDOM absorbs strongly in the violet and blue part of the spectrum, whereas the contribution of CDOM to scattering is negligible [START_REF] Mobley | Light and Water: Radiative Transfer in Natural Waters[END_REF][START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF] (Extended Data Fig. 1).

Absorption properties of NAP and phytoplankton vary depending on their composition, and both NAP and phytoplankton can have a major effect on light scattering [START_REF] Dall'olmo | Significant contribution of large particles to optical backscattering in the open ocean[END_REF] .

One might expect to find a smooth continuum of different underwater light spectra across the aquatic ecosystems of our planet, from violet-blue colors in the clearest ocean waters [START_REF] Morel | Optical properties of the "clearest" natural waters[END_REF] to dark red-brown colors in humic lakes with high CDOM concentrations. However, Stomp and colleagues [START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF] discovered that the absorption properties of water and its optical constituents create a series of distinct spectral niches in aquatic ecosystems. At the heart of this finding is the behavior of the water molecule itself. Water molecules absorb photons more efficiently at specific wavelengths, where the energy of these photons enables molecular vibrations of the covalent O-H bonds in H2O. Water molecules display three fundamental vibrational modes: symmetric stretching, asymmetric stretching and bending (Fig. 1a). The fundamental vibrational modes, and combinations thereof (known as harmonics), have created a series of shoulders in the visible and infrared part of the absorption spectrum of water (Fig. 1b). The 4 th , 5 th , 6 th , 7 th and 8 th harmonics of the stretching vibrations can be identified at 742, 605, 514, 449 and 401 nm, respectively [START_REF] Pegau | Absorption and attenuation of visible and nearinfrared light in water: dependence on temperature and salinity[END_REF][START_REF] Sogandares | Absorption spectrum (340-640 nm) of pure water. I. Photothermal measurements[END_REF][START_REF] Pope | Absorption spectrum (380-700 nm) of pure water. II. Integrating cavity measurements[END_REF][START_REF] Mason | Ultraviolet (250-550 nm) absorption spectrum of pure water[END_REF] . More subtle shoulders exist between the 4 th and 5 th harmonic at 662 nm and between the 5 th and 6 th harmonic at 550 nm, which correspond to combinations of stretching and bending vibrations and are referred to as the 4.1 and 5.1 subharmonics, respectively.

Because light is attenuated exponentially with depth, small local maxima in the total absorption spectrum of water and its optical constituents produce deep valleys of minimal energy availability in underwater light spectra. Stomp et al. [START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF] found that the spectral valleys generated by the shoulders in the absorption spectrum of pure water demarcate a series of distinct spectral niches in waters with different CDOM concentrations. Moreover, they showed that phototrophic microorganisms have tuned the absorption spectra of their pigments to these different spectral niches [START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF] . More specifically, peaks in the absorption spectra of photosynthetic bacteria and algae coincide with areas of maximum energy availability and skip the spectral valleys generated by the vibrational harmonics of the water molecule.

The work of Stomp and colleagues was merely of a conceptual nature. It assumed that light absorption is governed by Lambert-Beer's law and ignored scattering of light. Furthermore, it did not show whether the above principles can be used to predict, for instance, the biogeographical distributions of phytoplankton species. Hence, to what extent these conceptual insights can be applied to real ecosystems is still unclear. However, improvements in water purification techniques and laboratory instrumentation have led to better estimates of the absorption spectrum of pure water at wavelengths < 550 nm [START_REF] Mason | Ultraviolet (250-550 nm) absorption spectrum of pure water[END_REF] .

Comprehensive models make it possible to accurately calculate underwater irradiance fields from inherent optical properties using radiative transfer equations [START_REF] Mobley | Light and Water: Radiative Transfer in Natural Waters[END_REF][START_REF] Mobley | EcoLight 5[END_REF] . Substantial advances have been made to estimate inherent optical properties of different waterbodies by satellite remote sensing [START_REF] Sathyendranath | Ocean-colour products for climate-change studies: what are their ideal characteristics? Remote Sens[END_REF][START_REF]Inherent Optical Property Measurements and Protocols: Absorption Coefficient (International Ocean-Colour Coordinating Group (IOCCG)[END_REF] . Furthermore, new genetic markers have enabled quantification of the global oceanic distributions of cyanobacterial pigment types [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF][START_REF] Farrant | Delineating ecologically significant taxonomic units from global patterns of marine picocyanobacteria[END_REF] .

Here, we combine the earlier conceptual insights [START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF] with these technological advances to obtain more accurate predictions of the spectral niches and to predict the global distributions of these spectral niches across the lakes and oceans of our planet. For this purpose, we replace Lambert-Beer's equation by a state-of-the-art radiative transfer model [START_REF] Mobley | EcoLight 5[END_REF] that includes elastic and inelastic scattering of light to obtain a more realistic description of the spectral radiance field. Furthermore, we include new data on the absorption spectrum of pure water [START_REF] Mason | Ultraviolet (250-550 nm) absorption spectrum of pure water[END_REF] to achieve a more accurate description of light absorption at <550 nm. The spectral niches predicted by this radiative transfer model show a striking match with the absorption spectra of cyanobacteria, the numerically most abundant group of photosynthetic organisms in aquatic ecosystems and evolutionary ancestors of the chloroplasts of eukaryotic algae and plants. We combine the model with spectral signatures obtained by satellite remote sensing to map the global distributions of the spectral niches. Finally, we synthesize all these results by comparing the predicted global distributions of the spectral niches with the observed largescale biogeographical distributions of cyanobacterial pigment types.

Results

Underwater light spectra

Our study aims at investigating which spectral niches in the range of photosynthetically active radiation (PAR, 400-700 nm) are available for phytoplankton photosynthesis.

Therefore, we model underwater irradiance spectra generated by water, CDOM and NAP but without phytoplankton, to derive the underwater spectra created by the abiotic environment.

These spectral niches serve as templates for subsequent phytoplankton photosynthesis.

We first calculate absorption spectra in waters with different CDOM concentrations but without NAP (Fig. 2a). In the clearest ocean waters with very low CDOM concentrations, the total absorption spectrum resembles that of pure water, and all five (sub)-harmonics in the PAR range are evident in the absorption spectrum. With increasing CDOM concentration, absorption by CDOM starts to dominate the absorption spectrum, first only at shorter wavelengths and at higher CDOM concentrations also at longer wavelengths.

These absorption spectra are used to simulate the spectral distribution of scalar irradiance as function of depth for waters with different CDOM concentrations. The results are illustrated by 100 underwater spectra at three different photic depths receiving 10%, 3% and 1% of the surface irradiance, respectively (Fig. 2b-d). At very low CDOM concentrations typical of the oligotrophic ocean, the underwater spectra are mostly dominated by violet and blue light (400-500 nm). At very high CDOM concentrations, underwater spectra are dominated by orange and red light (600-700 nm), because most blue and green photons have been absorbed by CDOM in the upper few centimeters of the water column.

Together, these 100 spectra form a landscape of peaks and valleys. The peaks and valleys become more pronounced at greater optical depth because of the exponential nature of light attenuation (Fig. 2b-d). Deep valleys in this spectral landscape coincide with the 5 th , 6 th , 7 th and 8 th harmonics of the stretching modes of the water molecule. The 4.1 and 5.1 subharmonics at 662 and 550 nm have a smaller imprint on underwater light spectra (Fig. 2b-d).

For comparison, we also calculated underwater irradiance spectra for a 'null model' in which the absorption spectrum of water was replaced by a smooth absorption spectrum that ignores the vibrational modes of the water molecule. In this case, the radiative transfer model predicts a rather uniform spectral landscape without pronounced peaks and valleys (Extended Data Fig. 2). This result demonstrates that the vibrational modes of the water molecule are indeed responsible for the deep valleys in the underwater irradiance spectra.

The incident solar spectrum also contains several conspicuous dips in the PAR range, most notably Fraunhofer line b (517 nm) and line G (431 nm) and the alpha line (656 nm) and beta line (486 nm) of the Balmer series. All four lines are visible as small indents in the underwater light spectra. The alpha line is close to the 4.1 subharmonic, and their joint effect creates a small but distinct area of minimal energy availability in the 656-662 nm range (Fig. 2b-d). Similarly, Fraunhofer line b overlaps with the 6 th harmonic of the vibration of the water molecule (514-517 nm). Fraunhofer line G and the beta line do not coincide with the harmonics and only cause a minor depression in underwater spectra. Signatures of the chemical composition of the Earth's atmosphere are also visible in the underwater light field (e.g. the 686 nm line complex of oxygen). In total, however, our results show that the harmonics of the water molecule have a much more pronounced effect on underwater light spectra than absorption lines in the solar spectrum and Earth's atmosphere (Fig. 2b-d).

Next, we added NAP to the model to study effects of particle scattering across a wide range of NAP concentrations (0.04 -320 mg/m 3 ). Both CDOM and NAP absorb strongly at short wavelengths, but scattering by CDOM is negligible whereas scattering by NAP is substantial along the entire spectral range (Extended Data Fig. 1). This difference in optical properties introduces slight differences between underwater light spectra of CDOMdominated and NAP-dominated waters, but the pronounced peaks and valleys shaped by the harmonics of the water molecule remain evident throughout (Supplementary Video).

Five spectral niches

Large peaks in the spectral landscape (Fig. 2b-d) can be interpreted as distinct 'spectral niches' that are available for aquatic photosynthesis [START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF] . The spectral niches are demarcated by deep valleys at the 8 th , 7 th , 6 th and 5 th harmonics of H2O's molecular vibrations at 401, 449, 514, 605 nm, respectively. Furthermore, the proximity of the 4.1 subharmonic and the alpha line of the Balmer series generates a small energy minimum at 656-662 nm that might also constitute a subtle boundary between two spectral niches. By contrast, the 5.1 subharmonic leaves only a marginal depression in underwater light spectra (Fig. 2b-d), which is unlikely to have induced spectral niche differentiation. Hence, a total of five spectral niches can be distinguished in the PAR range. We will refer to these five niches by their corresponding colors, as the violet, blue, green, orange and red niche, respectively (Table 1).

Although essentially all wavelengths of the incident solar spectrum are available near the water surface, underwater irradiance spectra narrow down with increasing depth (Fig. 2b-d). Our results indicate that harmonics of the water molecule become visible as spectral valleys in underwater irradiance spectra when total PAR (integrated over 400-700 nm) has been attenuated to ≤10% of the surface irradiance (Fig. 2b). The 10% light level is located midway between the surface and the euphotic depth at 1% of the surface irradiance. Hence, the spectral niches can be clearly discerned in the lower half of the euphotic zone.

Cyanobacterial pigments

The five spectral niches are effectively captured by photosynthetic pigments of cyanobacteria. The most abundant photosynthetic organism in the oceans, Prochlorococcus, uses divinyl chlorophyll (dChl) a and b as its major photosynthetic pigments [START_REF] Chisholm | Prochlorococcus marinus nov. gen. nov. sp.: an oxyphototrophic marine prokaryote containing divinyl chlorophyll a and b[END_REF][START_REF] Partensky | Prochlorococcus, a marine photosynthetic prokaryote of global significance[END_REF][START_REF] Moore | Comparative physiology of Synechococcus and Prochlorococcus: influence of light and temperature on growth, pigments, fluorescence and absorptive properties[END_REF] . dChl a has a large in vivo absorption peak at ~443 nm and a smaller one at ~673 nm, which capture the violet niche between the 8 th and 7 th harmonic and the red niche at wavelengths above the 4.1 harmonic, respectively (Fig. 3a; Table 1). dChl b has a large in vivo absorption peak at ~473 nm and a smaller one at ~650 nm that capture the blue niche and orange niche, respectively.

Contrary to Prochlorococcus, most other cyanobacteria use large light-harvesting antennae called phycobilisomes [START_REF] Tandeau De Marsac | Phycobiliproteins and phycobilisomes: the early observations[END_REF][START_REF] Six | Diversity and evolution of phycobilisomes in marine Synechococcus spp.: a comparative genomics study[END_REF][START_REF] Watanabe | Phycobilisome: architecture of a light-harvesting supercomplex[END_REF] . Phycobilisomes consist of an allophycocyanin core and stacked rods of phycocyanin and/or phycoerythrin carrying accessory pigments called phycobilins. The phycobilin composition differs between strains, producing cells in a wide palette of colors [START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF][START_REF] Six | Diversity and evolution of phycobilisomes in marine Synechococcus spp.: a comparative genomics study[END_REF] . Phycoerythrin carries the pigments phycourobilin (PUB) and phycoerythrobilin (PEB) with absorption peaks at 495 nm and 550-570 nm, respectively (Fig. 3b,c). Phycocyanin binds phycocyanobilin (PCB) with an absorption peak at 630 nm (Fig. 3d). Hence, PUB captures the blue niche between the 7 th and 6 th harmonic, PEB captures the green niche between the 6 th and 5 th harmonic, and PCB occupies the orange niche between the 5 th harmonic and 4.1 subharmonic (Fig. 3b-d; Table 1). Some cyanobacterial strains can dynamically adjust their phycobilin composition by a process known as chromatic acclimation [START_REF] Sanfilippo | Chromatic acclimation in cyanobacteria: a diverse and widespread process for optimizing photosynthesis[END_REF] . These chromatic acclimators alter their PUB:PEB ratio in response to changes in blue and green light [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF][START_REF] Palenik | Chromatic adaptation in marine Synechococcus strains[END_REF] , or their PEB:PCB ratio in response to changes in green and orange light [START_REF] Stomp | The timescale of phenotypic plasticity and its impact on competition in fluctuating environments[END_REF][START_REF] Hirose | Diverse chromatic acclimation processes regulating phycoerythrocyanin and rod-shaped phycobilisome in cyanobacteria[END_REF] (Extended Data Fig. 3).

In addition, phycobilisome-containing cyanobacteria use Chl a to absorb violet light of ~440 nm and red light of ~680 nm (Fig. 3b-d). However, they tend to have a much lower photosynthetic efficiency in light colors absorbed only by Chl a than in light colors absorbed by their phycobilins [START_REF] Luimstra | Changes in water color shift competition between phytoplankton species with contrasting lightharvesting strategies[END_REF][START_REF] Luimstra | Blue light reduces photosynthetic efficiency of cyanobacteria through an imbalance between photosystems I and II[END_REF] .

Accordingly, Prochlorococcus is specialized to life in the violet and blue niche, whereas phycobilisome-containing cyanobacteria such as Synechococcus are specialized on the blue, green or orange niche depending on their phycobilin composition.

Global distributions of spectral niches

Global distributions of the five spectral niches were estimated by satellite remote sensing (Fig. 4). We used combined absorption by dissolved (CDOM) and detrital matter (NAP), measured from surface layers of lakes and oceans by the European Space Agency, as input for the radiative transfer model to predict the relative availability of the spectral niches at the euphotic depth (see Methods for details). The results show that the violet niche dominates in oligotrophic subtropical ocean gyres (Fig. 4a). The blue niche dominates in the temperate open ocean, equatorial upwelling areas, Mediterranean Sea, Black Sea, and oligotrophic lakes such as Lake Malawi and Lake Tanganyika (Fig. 4b). The green niche dominates in productive shallow seas, coastal upwelling areas, Baltic Sea, Caspian Sea, and mesoeutrophic lakes such as Lake Erie and Lake Victoria (Fig. 4c,d). The orange and red niche dominate in eutrophic and hypertrophic inland waters and estuaries with high concentrations of dissolved and detrital matter, as illustrated by the spatial gradient in Chesapeake Bay and the turbid waters of Pamlico Sound along the East coast of the USA (Fig. 4e,f). This prediction of a gradual shift in spectral niche composition along the trophic gradient is consistent with measured irradiance spectra from the clearest oceans to hypertrophic lakes (Extended Data Fig. 4).

Biogeographical distribution of cyanobacteria

Can the geographical distributions of the spectral niches (Fig. 4) explain the biogeographical distributions of the major cyanobacterial pigment types (Fig. 3)? To address this question, we use data on relative abundances of cyanobacterial pigment types collected from surface waters of 54 marine stations [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF][START_REF] Farrant | Delineating ecologically significant taxonomic units from global patterns of marine picocyanobacteria[END_REF] , 9 stations in the brackish Baltic Sea 7 and 59 lake stations [START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF][START_REF] Vörös | Freshwater picocyanobacteria along a trophic gradient and light quality range[END_REF][START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF] (Fig. 5a). At each sampling station, the relative availability of the spectral niches was calculated from absorption by dissolved and detrital matter (Extended Data Fig. 5).

Absorption by dissolved and detrital matter was retrieved from satellite remote sensing for the marine stations, whereas it was measured in water samples for the Baltic Sea and lake stations [START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF] .

The dChl a and dChl b pigments of Prochlorococcus capture the violet and blue niche (Fig. 3a). The violet niche dominates in subtropical ocean gyres (Fig. 4a), and Prochlorococcus is indeed by far the most abundant cyanobacterium in these transparent hyperoligotrophic waters (Fig. 5a). More specifically, our analysis shows that co-occurrence of the violet and blue niche explains 87% of the variation in the relative abundance of Prochlorococcus (Pearson correlation between observed and predicted values: R 2 = 0.87, n = 122, P < 0.001; Fig. 5b).

PUB-rich Synechococcus are typical blue light specialists (Fig. 3b). They were found in waters with relatively low absorption by dissolved and detrital matter, in the range 0.005 < adg(443) < 0.1, which is in good agreement with the predominance of the blue niche in these waters (Fig. 4b, Fig. 5). For example, the blue niche dominates in equatorial upwelling areas and the Mediterranean Sea (Fig. 4b), where PUB-rich Synechococcus reach high relative abundances (Fig. 5a). The blue niche is also widespread in temperate open ocean water, where PUB-rich Synechococcus can also be found. Quantitatively, the blue spectral niche explains 21% of the variation in relative abundance of PUB-rich Synechococcus across the globe (R 2 = 0.21, n = 122, P < 0.001; Fig. 5b).

Synechococcus cells capable of chromatic acclimation of their PUB:PEB ratio reach

high relative abundances at several sites of the North Atlantic Ocean (Fig. 5a). Interestingly, measured underwater light spectra of the North Atlantic consist of one irradiance peak in the blue and another peak in the green spectral niche (Extended Data Fig. 4), matching the absorption peaks of PUB and PEB. In quantitative terms, co-occurrence of the blue and green niche explains only 19% of the variation in relative abundance of the PUB:PEB acclimators (R 2 = 0.19, n = 122, P < 0.001; Fig. 5b), indicating that accurate prediction of the abundances of chromatic acclimators is challenging. Moreover, we lack data in the range of 0.08 < adg(443) < 0.4, where chromatic acclimators are predicted to be most abundant. Additional samples from marine continental shelves and large oligotrophic lakes (e.g., Lake Superior, Lake Baikal) might fill this gap. Qualitatively, however, the presence of PUB:PEB acclimators in the range 0.015 < adg(443) < 0.08 is well in line with the co-occurrence of the blue and green niche in these waters (Fig. 5b).

Synechococcus spp. with constitutively high PEB contents are green-light specialists. Some PEB-rich Synechococcus contain both PUB and PEB but with a low PUB:PEB ratio [START_REF] Six | Diversity and evolution of phycobilisomes in marine Synechococcus spp.: a comparative genomics study[END_REF][START_REF] Humily | A gene island with two possible configurations is involved in chromatic acclimation in marine Synechococcus[END_REF] (PT3a, brown line in Fig. 3c). They reach their highest abundance in productive coastal waters such as the Peruvian and Namibian upwelling areas (Fig. 5a), which are marine waters in which green light prevails (Fig. 4c). Other PEB-rich Synechococcus lack PUB and exhibit a slightly red-shifted PEB peak (PT2, magenta line in Fig. 3c). They are commonly found in the Baltic Sea and mesotrophic lakes [START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF][START_REF] Vörös | Freshwater picocyanobacteria along a trophic gradient and light quality range[END_REF][START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF][START_REF] Haverkamp | Diversity and phylogeny of Baltic Sea picocyanobacteria inferred from their ITS and phycobiliprotein operons[END_REF][START_REF] Huisman | Cyanobacterial blooms[END_REF] (Fig. 5a; Extended Data Fig. 6), where green wavelengths also dominate the underwater light spectrum (Fig. 4c). The green niche explains 77% of the variation in relative abundance of PEB-rich Synechococcus (R 2 = 0.77, n = 122, P < 0.001; Fig. 5b).

Finally, PCB-rich cyanobacteria reach high abundances in eutrophic and hypertrophic lakes and estuaries [START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF][START_REF] Vörös | Freshwater picocyanobacteria along a trophic gradient and light quality range[END_REF][START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF][START_REF] Huisman | Cyanobacterial blooms[END_REF][START_REF] Chen | Phylogenetic diversity of Synechococcus in the Chesapeake Bay revealed by Ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) large subunit gene (rbcL) sequences[END_REF][START_REF] Somogyi | Photoautotrophic picoplankton: a review on their occurrence, role and diversity in Lake Balaton[END_REF] (Extended Data Fig. 6), in agreement with the orange and red wavelengths that often dominate these turbid waters [START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF][START_REF] Luimstra | Changes in water color shift competition between phytoplankton species with contrasting lightharvesting strategies[END_REF] . An example is provided by Lake 't Joppe in The Netherlands, a hypertrophic lake in which the orange niche prevails (Extended Data Fig. 4), and which is frequently covered by potentially toxic blooms of the PCB-rich cyanobacterium Microcystis [START_REF] Kardinaal | Competition for light between toxic and nontoxic strains of the harmful cyanobacterium Microcystis[END_REF] . The orange niche explains 69% of the global variation in relative abundance of PCB-rich cyanobacteria (R 2 = 0.69, n = 122, P < 0.001; Fig. 5b).

Discussion

The molecular vibrations of H2O left their signature in the absorption spectra of the cyanobacterial pigments on our planet. Although this intriguing phenomenon was discovered by Stomp et al. [START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF] , we extended their findings in important ways. Implementation of more accurate absorption data by water below 550 nm [START_REF] Mason | Ultraviolet (250-550 nm) absorption spectrum of pure water[END_REF] improved the distinction between the violet and blue niche separated by the 7 th harmonics, and shows that (d)Chl a captures the violet niche whereas (d)Chl b captures the blue niche (Fig. 3a). Furthermore, Stomp et al. [START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF] (p. 279) incorrectly argued that PUB and PEB both occupy the spectral niche between the 6 th and 5 th harmonics. Instead, our results show that PUB captures the blue niche between the 7 th and 6 th harmonics, whereas PEB captures the green niche between the 6 th and 5 th harmonics (Fig. 3b,c). Finally, incorporation of the 4.1 subharmonic separates the orange niche captured by (d)Chl b and PCB and the red niche captured by (d)Chl a (Fig. 3a,d). Hence, our results demonstrate that five spectral niches can be distinguished in the PAR range, delineated by the 8 th , 7 th , 6 th , 5 th and 4.1 (sub)harmonics of the molecular vibrations of H2O. We have named these five spectral niches after their corresponding colors, as the violet, blue, green, orange and red niche (Table 1).

We mapped geographical distributions of these spectral niches by satellite remote sensing. The results reveal a conspicuous difference in spectral properties between subtropical ocean gyres where the violet niche dominates and seasonally stratified temperate waters where the blue and green niche prevail (Fig. 4a-c). This difference in underwater light spectra may explain the predominance of Prochlorococcus in subtropical gyres and the widespread distribution of PUB-and PEB-containing cyanobacteria in temperate waters.

Moreover, since both Prochlorococcus and Synechococcus can absorb light in the blue niche (with dChl b and PUB, respectively), our results also identify a broad range of oceanic waters where the underwater light spectrum will favor coexistence of Prochlorococcus and PUBrich Synechococcus 10 (Fig. 5b).

The distributions of the blue, green and orange spectral niches indicate that PUB-rich Synechococcus will prevail in open ocean waters, PEB-rich Synechococcus will be more abundant in coastal and mesotrophic inland waters, while PCB-rich cyanobacteria are most abundant in eutrophic lakes with relatively high CDOM contents. Indeed, a striking spatial gradient in cyanobacterial pigmentation was found in Chesapeake Bay [START_REF] Chen | Phylogenetic diversity of Synechococcus in the Chesapeake Bay revealed by Ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) large subunit gene (rbcL) sequences[END_REF] , from high relative abundances of PEB-rich Synechococcus in green waters of the lower bay (Fig. 4d) to high relative abundances of PCB-rich Synechococcus higher up in the bay and in the Potomac River where the orange and red spectral niche dominate (Fig. 4e,f). A similar pattern occurs in Lake Balaton (Hungary), where PEB-rich picocyanobacteria abound in the green waters of the eastern basin, whereas PCB-rich picocyanobacteria are abundant in the more productive western basin where the orange niche prevails [START_REF] Somogyi | Photoautotrophic picoplankton: a review on their occurrence, role and diversity in Lake Balaton[END_REF] . In all, these results illustrate how a classification of optical water types derived from the vibrational modes of H2O has direct relevance for the biogeographical distributions of photosynthetic pigments across the lakes and oceans of our planet (Figs. 4 and5).

The radiative transfer model predicts that some water bodies offer a single spectral niche in the lower half of the euphotic zone, whereas spectra in other water bodies may span two (green line in Fig. 2b-d) or even three spectral niches (orange line in Fig. 2b-d). This prediction is consistent with measured spectra at the euphotic depth of different water bodies.

For instance, irradiance spectra measured in the North Atlantic Ocean are characterized by two peaks, separated by a depression at the 6 th harmonic at 514 nm (Extended Data Fig. 4).

Hence, these Atlantic waters offer both a blue and a green niche for photosynthetic organisms. This also explains the high relative abundance of Synechococcus strains capable of chromatic acclimation in large parts of the North Atlantic 9 (Fig. 5a). PUB captures the blue niche, whereas PEB captures the green niche. By dynamically adjusting their PUB:PEB ratio, these chromatic acclimators can optimally tune their pigment composition to the relative availability of these two spectral niches, which may vary seasonally.

Although our analysis focused on cyanobacteria, photosynthetic pigments of eukaryotic algae also appear to be well adapted to the spectral niches demarcated by the harmonics of the water molecule. Green algae use Chl a and b in their light-harvesting complex, and therefore have similar light absorption spectra as Prochlorococcus (Fig. 3a). Chl a captures the violet and red niche and Chl b the blue and orange niche. The typical orange Chl b shoulder at 630-660 nm adjacent to the red Chl a peak at 660-690 nm in in-vivo absorption spectra of green algae nicely resembles the shoulder-and-peak structure in the spectral landscapes (magenta line in Fig. 2b-d). In vivo, the ubiquitous β-carotene and several other carotenoids absorb strongly in the blue niche [START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF] , whereas absorption by fucoxanthins (diatoms, haptophytes, brown algae) and peridinin (dinoflagellates) in the 470-540 nm range [START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF][START_REF] Bricaud | Natural variability of phytoplanktonic absorption in oceanic waters: influence of the size structure of algal populations[END_REF] spans both the blue and green niche. Although absorption spectra of fucoxanthins and peridinin do not show an imprint of the 6 th harmonic, they are well tuned to mesotrophic waters such as the temperate North Atlantic and many coastal waters where the blue and green niche cooccur (Extended Data Fig. 4). Finally, red algae, cryptophytes and glaucophytes deploy a quite similar combination of phycobilin pigments and Chl a as cyanobacteria, and hence the spectral niches identified for phycobilisome-containing cyanobacteria (Fig. 3b-d) likely extend to these eukaryotic taxa as well.

In recent years, the color of many lakes and coastal waters across the northern hemisphere has changed, due to increasing CDOM concentrations as a consequence of alterations in land use, acid deposition and climate change [START_REF] Monteith | Dissolved organic carbon trends resulting from changes in atmospheric deposition chemistry[END_REF][START_REF] Weyhenmeyer | Sensitivity of freshwaters to browning in response to future climate change[END_REF][START_REF] Kritzberg | Centennial-long trends of lake browning show major effect of afforestation[END_REF] . Increasing CDOM concentrations shift the underwater light color towards longer wavelengths. For instance, a recent study of ~1,000 North American lakes showed a substantial decrease in the number of blue lakes and an increasing number of murky lakes [START_REF] Leech | Fewer blue lakes and more murky lakes across the continental U.S.: implications for planktonic food webs[END_REF] , caused by what has been called the 'greening' and 'browning' of lake waters. In terms of the spectral niches identified by our study, lake browning implies that increasing CDOM concentrations shift phytoplankton photosynthesis from the blue and green niche to the orange and red niche. Controlled experiments in field mesocosms [START_REF] Ekvall | Synergistic and species-specific effects of climate change and water colour on cyanobacterial toxicity and bloom formation[END_REF][START_REF] Urrutia-Cordero | Phytoplankton diversity loss along a gradient of future warming and brownification in freshwater mesocosms[END_REF][START_REF] Wilken | Primary producers or consumers? Increasing phytoplankton bacterivory along a gradient of lake warming and browning[END_REF][START_REF] Feuchtmayr | Effects of brownification and warming on algal blooms, metabolism and higher trophic levels in productive shallow lake mesocosms[END_REF] and lakes [START_REF] Deininger | Phytoplankton response to whole lake inorganic N fertilization along a gradient in dissolved organic carbon[END_REF] have shown that lake browning leads to major changes in phytoplankton community structure, including an overall decline of green algae and diatoms [START_REF] Urrutia-Cordero | Phytoplankton diversity loss along a gradient of future warming and brownification in freshwater mesocosms[END_REF] and an increase of freshwater cyanobacteria and cryptophytes [START_REF] Ekvall | Synergistic and species-specific effects of climate change and water colour on cyanobacterial toxicity and bloom formation[END_REF][START_REF] Urrutia-Cordero | Phytoplankton diversity loss along a gradient of future warming and brownification in freshwater mesocosms[END_REF][START_REF] Wilken | Primary producers or consumers? Increasing phytoplankton bacterivory along a gradient of lake warming and browning[END_REF][START_REF] Feuchtmayr | Effects of brownification and warming on algal blooms, metabolism and higher trophic levels in productive shallow lake mesocosms[END_REF][START_REF] Deininger | Phytoplankton response to whole lake inorganic N fertilization along a gradient in dissolved organic carbon[END_REF] . These findings are further supported by recent laboratory competition experiments [START_REF] Luimstra | Changes in water color shift competition between phytoplankton species with contrasting lightharvesting strategies[END_REF][START_REF] Tan | Effects of light color on interspecific competition between Microcystis aeruginosa and Chlorella pyrenoidosa in batch experiment[END_REF] , where green algae won the competition in violet-blue light whereas PCB-rich cyanobacteria won in orange-red light. Chlorophylls and carotenoids of green algae and diatoms absorb effectively in the violet and blue niche, whereas the phycobilins PEB and PCB of freshwater cyanobacteria and cryptophytes exploit the green and orange niche. Hence, the observed changes in taxonomic composition due to lake browning match expectations based on the spectral niches advanced in this study.

The approach outlined here can be further improved in several ways. For example, phytoplankton community dynamics depend on many other factors in addition to the underwater light spectrum (e.g., nutrients, temperature, turbulence, grazing), which may all play a role in the biogeographical distributions of phytoplankton species [START_REF] Burson | Competition for nutrients and light: testing advances in resource competition with a natural phytoplankton community[END_REF][START_REF] Dutkiewicz | Dimensions of marine phytoplankton diversity[END_REF] . Satellite observations are limited to the surface layers of the ocean and our analysis therefore implicitly assumed that concentrations of dissolved and detrital matter do not change drastically with depth. Furthermore, underwater light spectra span the entire PAR range near the water surface, and narrow down to a few spectral niches in the lower half of the euphotic zone (Fig. 2b-d). Stratified waters may therefore provide ample opportunities for vertical niche separation [START_REF] Johnson | Niche partitioning among Prochlorococcus ecotypes along oceanscale environmental gradients[END_REF][START_REF] Malmstrom | Temporal dynamics of Prochlorococcus ecotypes in the Atlantic and Pacific oceans[END_REF] , where light absorption by phytoplankton in the surface layer may affect the light spectrum still available for other phytoplankton deeper down in the water column.

Conversely, vertical mixing can result in high relative abundances of low-light adapted

Prochlorococcus in the surface layer [START_REF] Farrant | Delineating ecologically significant taxonomic units from global patterns of marine picocyanobacteria[END_REF][START_REF] Malmstrom | Temporal dynamics of Prochlorococcus ecotypes in the Atlantic and Pacific oceans[END_REF] . Extending our 2D global maps to a more comprehensive 3D approach [START_REF] Lange | Scratching beneath the surface: a model to predict the vertical distribution of Prochlorococcus using remote sensing[END_REF] , to predict depth-dependent variation in CDOM and cyanobacterial pigment types across the globe, would therefore be a major step forward.

Other important next steps will include further advancement of methods to detect the spectral niches by satellite remote sensing, and application of this knowledge to assess how environmental change will affect the color of lakes [START_REF] Weyhenmeyer | Sensitivity of freshwaters to browning in response to future climate change[END_REF][START_REF] Kritzberg | Centennial-long trends of lake browning show major effect of afforestation[END_REF][START_REF] Leech | Fewer blue lakes and more murky lakes across the continental U.S.: implications for planktonic food webs[END_REF] and oceans [START_REF] Wernand | Trends in ocean colour and chlorophyll concentration from 1889 to 2000, worldwide[END_REF][START_REF] Dutkiewicz | Ocean colour signature of climate change[END_REF] , and hence the species composition of phytoplankton communities. Moreover, if we can predict spectral niches for photosynthesis on our planet from first principles, then it might also be of interest to apply this approach to explore potential spectral niches on other Earth-like planets.

Methods

Implementation of radiative transfer theory

Radiative transfer equations: The propagation of light through water is modeled by radiative transfer equations, which describe how changes in spectral radiance with depth depend on absorbing and scattering components in the water column [START_REF] Mobley | Light and Water: Radiative Transfer in Natural Waters[END_REF][START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF][START_REF] Mobley | EcoLight 5[END_REF] . In natural waters, light enters from above and is attenuated with depth. If the water body is horizontally homogeneous and bottom reflectance and fluorescence can be ignored, the change in monochromatic spectral radiance L (W m -2 sr -1 nm -1 ) with depth z at wavelength λ is given by [START_REF] Mobley | Light and Water: Radiative Transfer in Natural Waters[END_REF][START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF] :

( , , , ) = -, ( , , , ) + * ( , , , )

where = cos accounts for the vertical projection of radiance L in the direction defined by the azimuth angle and zenith angle . The term c( , z) is the beam attenuation coefficient (m -1 ) describing the radiance lost due to absorption and scattering when passing through the water column and * ( , , , ) is the radiance gained due to scattering from adjacent paths.

The beam attenuation coefficient is defined as:

( , ) = ( , ) + ( , ) (2) 
where a(l, z) (m -1 ) is the total absorption and b(l, z) (m -1 ) is the total scattering coefficient at wavelength l and depth z. In turn, these coefficients are defined by the absorbing and scattering components in the water column such that:

, = , + , + , + , (3) 
and

, = , + , + , (4) 
The subscript w refers to pure water, phyt to phytoplankton, NAP to non-algal particles and CDOM to colored (chromophoric) dissolved organic matter. The CDOM term in Eq. 4 is excluded since scattering by CDOM is negligible [START_REF] Mobley | Light and Water: Radiative Transfer in Natural Waters[END_REF] .

Numerical solutions: All model calculations were performed by Ecolight, which is a variant of Hydrolight, a state-of-the-art model that solves the radiative transfer equations numerically [START_REF] Mobley | EcoLight 5[END_REF] . The model couples a sky radiance model, air-water interface model, bottom reflection model and bio-optical model to calculate the radiance distribution with respect to zenith angle q and azimuth angle j at each specified depth z. For our purpose, we are only interested in the irradiance at depth z and so solving the azimuthally averaged radiance suffices. Ecolight solves this problem and is computationally less intensive than Hydrolight [START_REF] Mobley | EcoLight 5[END_REF] .

Ecolight was initialized with the parameter values listed in Supplementary Table 1.

Planar and scalar irradiance: From all Ecolight output, we analyzed the planar and scalar irradiance spectra. By integrating the radiance originating from the upper hemisphere with respect to solid angle w we obtain the planar irradiance (W m -2 nm -1 ), or downward irradiance:

, = (λ, , ) cos (5) 
Phytoplankton, if approximated as spherical entities, absorb light from all directions equally.

Therefore, in terms of the energy available for phytoplankton, it is useful to consider the scalar irradiance. The scalar irradiance is defined as the total radiant flux per m 2 from all directions at a given point in the medium , = ( , , )

Euphotic depth: The euphotic depth (zeu) is defined as the depth at which the photosynthetically active radiation (PAR, integrated over 400-700 nm) is 1% of its surface value. Because photosynthesis relies on the number of absorbed photons, PAR was expressed as photon flux in quanta m -2 s -1 rather than as energy flux in W m -2 .

First, each Ecolight run solved the radiative transfer equations to obtain spectra of scalar irradiance at 20 equidistant depths across the euphotic zone to minimize computation time and to maximize accuracy. Subsequently, the scalar irradiance spectra were transformed from W m -2 nm -1 to quanta m -2 s -1 nm -1 , and then integrated over the PAR range from 400 to 700 nm. Because the model was based on discrete layers, the euphotic depth was approximated by interpolation:

= + - (7) 
where the true value of the euphotic depth is bounded by the depth interval [z1, z2] and where Ieu, I1, I2 denote the integrated scalar irradiance from 400 to 700 nm at depth zeu, z1 and z2 respectively. The irradiance spectra were subsequently interpolated between depth z1 and z2

to approximate the spectrum at the euphotic depth:

ln ( , ) = ln ( , ) + ( -) ( , ) ( , ) (8) 
where E0(l,zeu), E0(l,z1) and E0(l,z2) denote the scalar irradiance at wavelength and depths zeu, z1 and z2 respectively.

Inherent optical properties (IOPs)

Below we briefly describe the optical properties of water, NAP and CDOM, and by doing so we specify the absorption and scattering terms in Eqs. 3 and4.

Water absorption -The absorption properties of pure water have been well characterized 15- 18 . Absorption by pure water is highest at the red end of the PAR range and decreases toward shorter wavelengths, reaching a minimum in the UV range at 344 nm. Harmonics and subharmonics of the vibrational stretching and bending modes of the water molecule show as shoulders in the PAR range of the absorption spectrum (Fig. 1). All calculations were performed with the absorption coefficients of Pope & Fry [START_REF] Pope | Absorption spectrum (380-700 nm) of pure water. II. Integrating cavity measurements[END_REF] for wavelengths > 550 nm, whereas updated coefficients for wavelengths < 550 nm were obtained from Mason et al. [START_REF] Mason | Ultraviolet (250-550 nm) absorption spectrum of pure water[END_REF] .

Water scattering -Elastic scattering by water molecules is inversely proportional to the fourth power of the wavelength (i.e., ∝ ). Hence, pure water scatters violet and blue light much more strongly than red light [START_REF] Mobley | Light and Water: Radiative Transfer in Natural Waters[END_REF][START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF] .

Our Ecolight simulations also include Raman scattering (inelastic scattering) [START_REF] Mobley | Light and Water: Radiative Transfer in Natural Waters[END_REF][START_REF] Mobley | EcoLight 5[END_REF] .

Effects of Raman scattering are minor in comparison to absorption and elastic scattering, but can be observed in clear ocean waters at short wavelengths (400-500 nm) as a subtle increase in photons that have been re-emitted mainly from the UV.

CDOM absorption -CDOM is an important optical component in water. Absorption by CDOM is highest in the violet and blue part of the light spectrum and can be described as an exponentially decreasing function of wavelength [START_REF] Bricaud | Absorption by dissolved organic matter of the sea (yellow substance) in the UV and visible domains[END_REF] (Extended Data Fig. 1):

= exp -( -) (9) 
where aCDOM(l) is the absorption by CDOM at wavelength l, aCDOM(l0) the absorption by CDOM at reference wavelength l0 and S describes the exponential slope of the curve. The slope S varies slightly for different waters [START_REF] Bricaud | Absorption by dissolved organic matter of the sea (yellow substance) in the UV and visible domains[END_REF][START_REF] Twardowski | Modeling the spectral shape of absorption by chromophoric dissolved organic matter[END_REF][START_REF] Babin | Variations in the light absorption coefficients of phytoplankton, nonalgal particles, and dissolved organic matter in coastal waters around Europe[END_REF] , with values ranging from 0.01 to 0.02 nm -1 .

We take l0 = 440 nm as our reference wavelength and a typical value of S = 0.017 nm -1 for the slope [START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF][START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF][START_REF] Babin | Variations in the light absorption coefficients of phytoplankton, nonalgal particles, and dissolved organic matter in coastal waters around Europe[END_REF] . The value of aCDOM(l0) depends on the CDOM concentration. We varied CDOM absorption, from aCDOM(440) = 0.0025 m -1 indicative of very clear ocean waters with extremely low CDOM concentrations [START_REF] Morel | Optical properties of the "clearest" natural waters[END_REF] to aCDOM(440) = 20 m -1 representative of highly turbid lakes with very high CDOM concentrations [START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF] .

NAP absorption -Non-algal-particles (NAP), also referred to as suspended material or tripton, include both mineral particles (e.g., sand, clay) and detritus (dead particulate organic matter). Absorption by NAP can exceed the combined absorption by pure water and CDOM, especially in waters with high concentrations of suspended material. Similar to CDOM, absorption spectra of NAP usually have low absorption in the red and increasing absorption towards the violet and blue end of the spectrum. Hence, absorption by NAP can be described by an exponential decay function similar to Eq. 9, with slope S typically being smaller for NAP than for CDOM. The spectral slope S ranges from 0.006 to 0.014 nm -1 (refs. 59,60).

Since absorption by organic matter is already included in the model (via CDOM), we characterized absorption by NAP using an average of the absorption spectra for calcareous sand, yellow clay, red clay and brown earth [START_REF] Mobley | EcoLight 5[END_REF] (Extended Data Fig. 1). To compare waters with different concentrations of suspended materials, the absorption value aNAP(l0) at the reference wavelength of 440 nm is varied from 0.0025 m -1 to 20 m -1 , the same range as we applied to aCDOM(l0). These absorption values correspond to NAP concentrations that range from 0.04 mg/m 3 for the clearest oceanic waters to 320 mg/m 3 for turbid waters with extremely high sediment loads.

NAP scattering -Natural waters have much higher scattering coefficients than pure water due to the contribution of suspended particles. The intensity of scattering spans several orders of magnitude from low scattering environments such as clear open ocean waters to highly scattering turbid rivers. The size of suspended particles plays an important role in the scattering behavior [START_REF] Dall'olmo | Significant contribution of large particles to optical backscattering in the open ocean[END_REF][START_REF] Babin | Light scattering properties of marine particles in coastal and open ocean waters as related to the particle mass concentration[END_REF][START_REF] Doxaran | Spectral variations of light scattering by marine particles in coastal waters, from the visible to the near infrared[END_REF][START_REF] Nechad | Calibration and validation of a generic multisensor algorithm for mapping of total suspended matter in turbid waters[END_REF] .

The wavelength dependence of the scattering coefficient is less certain. Although the particulate scattering fraction (bp=bNAP+bphyt) can be obtained by subtracting the contribution of water (bw) from the total scattering coefficient (b), the relationship between wavelength and in-situ measurements of b varies among different waterbodies [START_REF] Doxaran | Spectral variations of light scattering by marine particles in coastal waters, from the visible to the near infrared[END_REF] . The wavelength dependence of bNAP, when expressed as a power law ( ∝ ), ranges from g = 0.65 for inshore waters to g = 2.0 for open waters [START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF] . Here we make use of an average of the massspecific scattering spectra for calcareous sand, yellow clay, red clay and brown earth [START_REF] Mobley | EcoLight 5[END_REF] (Extended Data Fig. 1) and use the Petzold volume scattering function to describe the angular distribution of the scattered light [START_REF] Kirk | Light and Photosynthesis in Aquatic Ecosystems[END_REF][START_REF] Petzold | Volume Scattering Functions for Selected Ocean Waters[END_REF][START_REF] Morel | Diffuse reflectance of oceanic waters: its dependence on sun angle as influenced by the molecular scattering contribution[END_REF] .

Absorption and scattering by phytoplankton -Phytoplankton can strongly affect absorption and scattering in aquatic ecosystems. In our application, however, we aim to derive the spectral niches created by the abiotic environment, i.e., the light spectra available for the initial establishment of phytoplankton populations. Therefore, we set aphyt(l, z)=bphyt(l, z)=0.

Measured irradiance spectra

We collected underwater irradiance spectra from different water bodies spanning a wide range of light conditions (Extended Data Fig. 4).

The irradiance spectrum of the South Pacific subtropical gyre is from Morel et al. [START_REF] Morel | Optical properties of the "clearest" natural waters[END_REF] rowing boat, respectively. At each station, depth profiles of downward irradiance spectra were measured at a 3.3 nm spectral resolution using a RAMSES-ACC-VIS spectroradiometer (TriOS, Oldenburg, Germany) equipped with a cosine collector. Underwater irradiance spectra were corrected for temporal variation in incident solar irradiance measured simultaneously by a second RAMSES-ACC-VIS placed above the water surface. The euphotic depth was estimated as the depth at which the downward irradiance (integrated over the PAR range from 400-700 nm, in quanta m -2 s -1 ) was 1% of the downward irradiance measured just below the water surface.

Relative availability of spectral niches

Which spectral niche dominates the underwater light field of a given aquatic ecosystem? To address this question, we define the relative availability of a spectral niche as the fraction of the total scalar irradiance at the euphotic depth that falls within this spectral niche:

= , , (10) 
where rn is the relative availability of the n th spectral niche (violet, blue, green, orange or red), E0(l,zeu) is the scalar irradiance of wavelength l at the euphotic depth, and l1 and l2 are the wavelengths of the two harmonics that demarcate the n th spectral niche.

Absorption spectra of cyanobacteria

Light absorption spectra were obtained from marine Prochlorococcus and Synechococcus/ Cyanobium strains representative of the major picocyanobacterial pigment types [START_REF] Six | Diversity and evolution of phycobilisomes in marine Synechococcus spp.: a comparative genomics study[END_REF] .

We used light absorption spectra of a low-light (LL) adapted and a high-light (HL)

adapted Prochlorococcus strain published by Moore et al. [START_REF] Moore | Comparative physiology of Synechococcus and Prochlorococcus: influence of light and temperature on growth, pigments, fluorescence and absorptive properties[END_REF] . The LL-adapted strain was P. marinus SS120 isolated from 120 m depth in the Sargasso Sea and grown at 3 µmol photons m -2 s -1 . The HL-adapted strain was P. marinus MED4 isolated from surface waters of the Mediterranean Sea and grown at 61 µmol photons m -2 s -1 . See Moore et al. [START_REF] Moore | Comparative physiology of Synechococcus and Prochlorococcus: influence of light and temperature on growth, pigments, fluorescence and absorptive properties[END_REF] for experimental details.

The Synechococcus/Cyanobium strains included Synechococcus MEDNS5 (PUB-rich strain), Synechococcus WH7803 (PEB-rich strain with low PUB:PEB ratio), Synechococcus PROSOPE_97-4 (PEB-rich strain without PUB), and Cyanobium CCY9201 (PCB-rich strain;

previously described 3 as Synechococcus BS4). These strains were grown in laboratory erlenmeyers provided with white light at 20 µmol photons m -2 s -1 and a nutrient-rich mineral medium [START_REF] Stomp | Adaptive divergence in pigment composition promotes phytoplankton biodiversity[END_REF] supplemented with NaCl to a salinity of 12 mg L -1 for Cyanobium CCY9201 originating from the Baltic Sea and 35 mg L -1 for the three marine Synechococcus strains.

During the exponential growth phase, absorbance spectra were measured from 400 to 750 nm with 0.3 nm resolution using an updated Aminco DW2000 double-beam spectrophotometer (OLIS, Lombard, AL, USA). Mineral medium without phytoplankton was used as a control.

All absorbance spectra were normalized to Chl a absorbance at 440 nm, after baseline correction for minimum absorbance at 750 nm.

Satellite retrieval of dissolved and detrital absorption coefficients

According to the radiative transfer model, the relative availability of the spectral niches To compare data from the marine stations with satellite retrievals of dissolved and detrital absorption (Fig. 5b), we used weekly averaged measurements of adg(443). Each marine station was matched by geographical coordinates and sampling date to the corresponding satellite measurement of adg(443). Nearest neighbor interpolation (in space)

was used if no valid adg(443) retrieval was present at the location of the sampling station.

Biogeographical data

We collected data on the relative abundances of cyanobacterial pigment types from surface waters of 54 marine stations [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF][START_REF] Farrant | Delineating ecologically significant taxonomic units from global patterns of marine picocyanobacteria[END_REF] , 9 stations in the brackish Baltic Sea 7 and 59 lake stations [START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF][START_REF] Vörös | Freshwater picocyanobacteria along a trophic gradient and light quality range[END_REF][START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF] (Supplementary Table 2).

Relative abundances of marine Prochlorococcus and Synechococcus were obtained from surface waters sampled by the Tara Oceans expedition as reported in Farrant et al. [START_REF] Farrant | Delineating ecologically significant taxonomic units from global patterns of marine picocyanobacteria[END_REF] , based on normalized numbers of metagenomic petB reads taxonomically assigned to either Prochlorococcus or Synechococcus. Since this gene is present in both genera in single copy, the relative number of reads is assumed to provide a fairly good proxy of the relative abundances of Prochlorococcus and Synechococcus.

Relative abundances of Synechococcus pigment types at the same marine stations were obtained from Grébert et al. [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF] , based on metagenomics reads of three distinct marker genes (cpcBA, mpeBA, and mpeW). We grouped pigment types with a comparable pigmentation, which resulted in four main categories:

1) PCB-rich types = PT1 2) PEB-rich types = PT2 & PT3a 3) Chromatic acclimators = PT3dA & PT3dB 4) PUB-rich types = PT3c & PT3f
where PTx refers to the pigment types distinguished in previous classifications [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF][START_REF] Six | Diversity and evolution of phycobilisomes in marine Synechococcus spp.: a comparative genomics study[END_REF] .

The chromatic acclimators (PT3dA and PT3dB) are Synechococcus spp. capable of adjusting their PUB:PEB ratio to match the ambient light color [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF] . At a number of stations in HNLC regions of the Southern Pacific and Indian Ocean, Synechococcus spp. that were originally assigned as PT3dA by Grébert et al. [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF] contained only part of the gene set necessary for chromatic acclimation. Phenotypic characterization of a laboratory isolate (BIOS-E4-1)

displaying the same genotype showed that these 'natural mutants' were incapable of chromatic acclimation and displayed the phenotype of PUB-rich pigment types (PT3c) [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF] .

These natural mutants were therefore assigned to the PUB-rich types in our study.

Relative abundances of Synechococcus pigment types in lakes and the Baltic Sea were obtained from studies of Pick [START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF] for lakes in Canada and New Zealand, Vörös et al. [START_REF] Vörös | Freshwater picocyanobacteria along a trophic gradient and light quality range[END_REF] for lakes in Hungary, Italy and Nepal, and Stomp et al. [START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF] for stations in the Baltic Sea. Cell counts in Pick [START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF] and Vörös et al. [START_REF] Vörös | Freshwater picocyanobacteria along a trophic gradient and light quality range[END_REF] were based on epifluorescence microscopy, whereas Stomp et al. [START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF] used flow cytometry. Both epifluorescence microscopy and flow cytometry can distinguish between PCB-rich, PEB-rich and PUB-rich cells, but cannot identify whether these cells are capable of chromatic acclimation.

Prochlorococcus absorbs in both the violet and blue niche. Therefore, relative abundances of Prochlorococcus were compared with the co-occurrence of the violet and blue niche, rviolet´blue, which we defined as the product of the relative availabilities of both niches:

× ( ) = 4 × ( ) × ( ) (11) 
The factor 4 ensures that rviolet´blue varies in the range [0, 1], as implied by the constraint rviolet

+ rblue £ 1.
Phycobilisome-containing cyanobacteria such as Synechococcus have a much higher photosynthetic efficiency in blue, green and orange light absorbed by their phycobilisomes than in violet light absorbed by Chl a [START_REF] Luimstra | Changes in water color shift competition between phytoplankton species with contrasting lightharvesting strategies[END_REF][START_REF] Luimstra | Blue light reduces photosynthetic efficiency of cyanobacteria through an imbalance between photosystems I and II[END_REF] . Hence, we compared relative abundances of the different pigment types of Synechococcus with relative availabilities of the blue, green and orange niche absorbed by their phycobilins PUB, PEB and PCB, respectively. Chromatic acclimators containing both PUB and PEB capture light in both the blue and green niche.

Relative abundances of these chromatic acclimators were therefore compared with the cooccurrence of the blue and green niche, defined in a similar way as in Eq. 11 above. lake stations. We thank the Tara Oceans coordinators and consortium for support, and the captains and crew of the Tara schooner for sampling of the marine stations. The relative availability of a spectral niche is calculated by the radiative transfer model, as the fraction of the total scalar irradiance at the euphotic depth that falls within this spectral niche (see Eq. 10 in the Methods). The relative availability of the spectral niches is displayed as function of absorption by dissolved and detrital matter (i.e., CDOM and NAP) at 443 nm (adg(443)), which is a variable that can be retrieved by satellite remote sensing. Relative abundances of cyanobacterial pigment types were estimated using metagenomics data (squares) collected from surface waters of 54 marine stations sampled during the Tara Oceans expedition [START_REF] Grébert | Light color acclimation is a key process in the global ocean distribution of Synechococcus cyanobacteria[END_REF][START_REF] Farrant | Delineating ecologically significant taxonomic units from global patterns of marine picocyanobacteria[END_REF] , flow cytometry (triangles) of samples from 9 stations in the Baltic Sea [START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF] , and epifluorescence microscopy (circles) of samples from 59 lake stations [START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF][START_REF] Vörös | Freshwater picocyanobacteria along a trophic gradient and light quality range[END_REF][START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF] (Supplementary Table 2). R 2 values indicate goodness-of-fit between the observed cyanobacterial pigment types and predicted spectral niches. Extended Data Figure 4 absorption by dissolved and detrital matter at 443 nm (m -1 ) 

  . We measured irradiance spectra of the North Pacific subtropical gyre during cruise HOT-174 with the RV Kilo Moana (October 2005) and of the Baltic Sea during cruise Cyano-04 with the RV Aranda (July 2004). Two spectra in the North Atlantic Ocean were kindly measured by our colleague Dr. Michael Kehoe (University of Amsterdam) during the STRATIPHYT II cruise with the RV Pelagia (April 2011). Irradiance spectra of Lake IJsselmeer (September 2004) and Lake 't Joppe (September 2006) were measured from the RV Luctor and a small

  depends on light absorption by dissolved and detrital matter (i.e., by CDOM and NAP) (Extended Data Fig.5). Absorption coefficients of dissolved and detrital matter (adg) can be estimated from satellite retrievals of the inherent optical properties of surface waters. The Ocean Colour Climate Change Initiative (OC-CCI, https://www.oceancolour.org) of the European Space Agency (ESA) provides retrievals of inherent optical properties across the global ocean at an average spatial resolution of 4 km and at a variety of wavelengths. We use version 4.0 of the ESA OC-CCI dataset for estimation of absorption coefficients of dissolved and detrital matter at 443 nm, defined as adg(443) = aCDOM(443) + aNAP(443). Monthly averaged measurements of adg(443) for April 2016 provided maximum global coverage and were used as input for the radiative transfer model to map the spectral niches in Fig.4.

a,Extended Data Fig. 5 .

 5 Fluorescence excitation spectra of Synechococcus A15-62, a chromatic acclimator that adjusts its PUB:PEB ratio. The spectra show excitation wavelengths absorbed by the cells and subsequently emitted by the phycobilisomes as fluorescence at 580 nm, when the cells are grown in blue light (blue line) or green light (green line). b, Absorption spectra of Pseudanabaena CCY9509, a chromatic acclimator that adjusts its PEB:PCB ratio. The absorption spectra are shown for cells acclimated to green light (green line), orange light (orange line), and midway during chromatic acclimation after a switch from green to orange light (black line). The spectra are normalized with respect to (a) the PEB peak at ~540 nm, and (b) the Chl-a peak at 440 nm. Spectra in (a) were measured in this study using methods described in Sanfilippo et al.[START_REF] Sanfilippo | Interplay between differentially expressed enzymes contributes to light color acclimation in marine Synechococcus[END_REF] , whereas spectra in (b) are from Stomp et al.[START_REF] Stomp | The timescale of phenotypic plasticity and its impact on competition in fluctuating environments[END_REF] . For comparison, grey peaks and valleys in the background show simulated underwater irradiance spectra and vertical dashed lines indicate the harmonics of the water molecule. Extended Data Fig. 4. Comparison of simulated and measured irradiance spectra, for aquatic ecosystems ranging from the clearest ocean waters to a hypertrophic lake. a, Simulated planar irradiance spectra at the euphotic depth for a wide range of CDOM concentrations. b, Measured planar irradiance spectra at the euphotic depth in 7 different aquatic ecosystems. The spectra were obtained from (1) the South Pacific gyre (near Easter Island), (2) North Pacific gyre (station ALOHA north of Hawaii), (3) subtropical North Atlantic (Canary Islands), (4) temperate North Atlantic (west of Ireland), (5) Baltic Sea (near Gulf of Finland), (6) lake IJsselmeer (Netherlands) and (7) lake 't Joppe (Netherlands). Simulated irradiance spectra in (a) that qualitatively resemble measured irradiance spectra in (b) are indicated by the same color. The irradiance spectrum of the South Pacific gyre is from Morel et al. 14 ; all other spectra were measured in this study. Locations of the measured spectra are mapped in Fig. 5a. Vertical dashed lines indicate the harmonics of the water molecule. Relative availability of the spectral niches depends on absorption by CDOM and NAP.

Fig. 1 :

 1 Fig. 1: Absorption properties of the water molecule. a, The three vibrational modes of the water molecule: symmetric stretching, asymmetric stretching and bending. b, Absorption spectrum (blue line) and scattering spectrum (magenta line) of pure water in the photosynthetically active range (400-700 nm). Vertical dashed lines indicate harmonics and subharmonics of the vibrational modes of the water molecule. The n th harmonic corresponds to the wavelength that induces a combination of n symmetric and asymmetric stretching vibrations; the n.1 st subharmonic indicates the wavelength that induces a combination of n symmetric and asymmetric stretching vibrations and 1 bending vibration.

Fig. 2 :Fig. 3 :

 23 Fig. 2: Spectral niches in the underwater light spectrum created by harmonics of the vibrational modes of the water molecule. a, Total absorption spectra of pure water with different concentrations of CDOM (no NAP). CDOM absorption at 440 nm (aCDOM(440)) ranges from 0.0025 (blue line) to 20 m -1 (magenta line). b-d, Overlay of hundred underwater scalar irradiance spectra calculated for waters with different CDOM concentration using an advanced radiative transfer model 19 . The panels compare three optical depths, at which PAR (integrated over 400-700 nm) has been attenuated to (b) 10%, (c) 3%, and (d) 1% of the surface irradiance (euphotic depth). This shows that subtle local maxima in the absorption spectrum of water create deep valleys in the underwater irradiance spectra. The colored irradiance spectra in (b-d) were calculated from the corresponding colored absorption spectra in (a). Vertical dashed lines indicate the harmonics of the water molecule. Design of the graphs is inspired by Stomp et al. 4 .

Fig. 4 :

 4 Fig. 4: Global distribution of the five spectral niches. The geographical maps show the relative availability at the euphotic depth of the (a) violet niche, (b) blue niche, and (c) green niche across the world's oceans, and of the (d) green niche, (e) orange niche and (f) red niche in the Chesapeake Bay area (East Coast of the USA). The maps are based on absorption by dissolved and detrital matter at 443 nm estimated by satellite remote sensing (data obtained from the Ocean Color Climate Change Initiative of the European Space Agency), which served as input for the radiative transfer model to predict the relative availabilities of the spectral niches.

Fig. 5 :

 5 Fig. 5: Comparison of predicted spectral niches and global distributions of cyanobacterial pigment types. a, Global distribution of pigment types of Prochlorococcus and Synechococcus. The small map in the inset shows relative abundances of Prochlorococcus (purple) and Synechococcus (white). The main map shows relative abundances of different pigment types within the Synechococcus group. Chromatic acclimators can adjust their PUB:PEB ratio. Data from nearby stations in the Great Lakes Area of North America, Central European lakes and the Baltic Sea are here aggregated in single pie charts, and expanded in Extended Data Figure 6. Numbers indicate locations of measured underwater irradiance spectra (Extended Data Fig. 4). b, Comparison of observed relative abundances of cyanobacterial pigment types (symbols) and predicted relative availability of the spectral niches (curves), as a function of absorption by dissolved and detrital matter at 443 nm (adg(443)). The curves assume that Prochlorococcus captures both the violet and blue niche, and chromatic acclimators capture both the blue and green niche.

  Figure 2

  

Table 1 : The five spectral niches identified in this study.

 1 

	Spectral niche	Harmonics	Wavelength (nm)	Cyanobacterial pigments and their in vivo absorption peaks*
	Violet	8 th -7 th	401 -449	Chl a (438 nm), dChl a (443 nm)
	Blue	7 th -6 th	449 -514	PUB (495 nm), dChl b (473 nm)
	Green	6 th -5 th	514 -605	PEB (550-570 nm)
	Orange	5 th -4.1	605 -662	PCB (630 nm), dChl b (650 nm)
	Red	4.1 -4 th	662 -742	Chl a (680 nm), dChl a (673 nm)
	*peak wavelengths are derived from the absorption spectra in Fig. 3
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Datasets of all spectra shown in this study (Figs. 123, Extended Data Figs. [START_REF] Engelmann | Über Sauerstoffausscheidung von Pflanzenzellen im Mikrospektrum[END_REF][START_REF] Engelmann | Farbe und assimilation[END_REF][START_REF] Stomp | Adaptive divergence in pigment composition promotes phytoplankton biodiversity[END_REF][START_REF] Stomp | Colorful niches of phototrophic microorganisms shaped by vibrations of the water molecule[END_REF][START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF] are available at [url figshare, to be added once doi is available]. Remote sensing data that support the findings of this study are available from the Ocean Colour Climate Change Initiative of the European Space Agency, http://www.oceancolour.org Relative abundance data of cyanobacterial pigment types are obtained from Refs. 5-7, 9 and 22, and available in Supplementary Table 2. Code availability 20 R scripts used to generate Figs. 2 and 4 are available at: https://github.com/tadzi/spectral_niches_photosynthesis
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Extended Data

Relative abundances were estimated using epifluorescence microscopy for the lake stations [START_REF] Pick | The abundance and composition of freshwater picocyanobacteria in relation to light penetration[END_REF][START_REF] Vörös | Freshwater picocyanobacteria along a trophic gradient and light quality range[END_REF][START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF] and flow cytometry for stations in the Baltic Sea [START_REF] Stomp | Colourful coexistence of red and green picocyanobacteria in lakes and seas[END_REF] (Supplementary Table 2). Prochlorococcus and PUB-rich Synechococcus were not found at these stations. Data from nearby stations in the Baltic Sea are aggregated in single pie charts.
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Reporting Summary Supplementary Information. Supplementary Tables 1 and2. Supplementary Video. Interactive plot, showing scalar irradiance spectra at the euphotic depth for a wide range of CDOM and NAP concentrations. 
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