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Abstract. Marine phototrophs are vertically structured across the water column and benthic habitats in
response to pronounced gradients in light intensity and spectral composition. As light propagates through
seawater, selective attenuation progressively modifies the underwater light field, generally favoring blue
to blue-green wavelengths in clear waters, while dissolved and particulate matter can shift the available
spectrum toward greener conditions. These optical gradients generate distinct spectral niches that
influence the distribution and performance of cyanobacteria, phytoplankton, macroalgae, and
photosynthetic corals. However, vertical organization cannot be explained by wavelength alone. Pigment
composition, chromatic acclimation, photoacclimation, morphology, internal optics, and nutrient availability
interact to determine the realized depth distribution of marine phototrophs. This mini-review synthesizes
evidence across pelagic, coastal, benthic, and sedimentary environments to examine how spectral quality
and irradiance jointly shape vertical ecological organization. Particular attention is given to complementary
pigment absorption in macroalgae and cyanobacteria, chromatic acclimation in Synechococcus,
photoacclimation within deep chlorophyll maxima, and whole-organism optical adaptations in deep-water
corals and seaweeds. Available evidence indicates that spectral specialization is most ecologically
consequential under conditions of strong light limitation, whereas nutrient-light trade-offs and
morphological adaptations can substantially modify or override simple wavelength-based predictions.
Vertical organization should therefore be understood as a dynamic outcome of interactions among
underwater optical properties, organismal light-harvesting strategies, and resource availability rather than
as a fixed sequence of pigment-defined depth zones. This framework also highlights the potential sensitivity
of spectral niches to future changes in ocean optical conditions and variability.

Keywords: chromatic acclimation, deep chlorophyll maximum, marine macroalgae, nutrient-light
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zonation.
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Introduction. Marine phototrophs are vertically organized throughout the water column
and across benthic habitats, where the availability and spectral composition of light change
markedly with depth. As sunlight propagates through seawater, its intensity decreases, and
its spectral composition is progressively modified by the wavelength-dependent absorption
and scattering properties of water and suspended or dissolved materials. In relatively clear
oceanic waters, blue and blue-green wavelengths generally penetrate deeper than longer
wavelengths, whereas coastal and particle-rich waters may exhibit stronger attenuation of
blue light and relatively greener underwater light fields (Wood, 1985; Cornec et al., 2021;
Thoral et al.,, 2023; Mattei et al., 2025). Consequently, organisms inhabiting different
depths are exposed not simply to different amounts of light but also to distinct spectral
environments (Petrescu-Mag et al., 2026).

These depth-dependent optical conditions can generate spectral niches because
marine phototrophs differ in their pigment composition and in their capacity to absorb and
use particular portions of the available spectrum. At the same time, irradiance itself is a
major determinant of photosynthetic performance and microalgal growth, meaning that
changes in the underwater light field involve both spectral quality and photon availability
(Pejendino et al., 2025). Differences in photosynthetic pigments have long been associated
with the vertical distribution of marine algae, while more recent studies demonstrate that
spectral light quality can influence macroalgal community composition, particularly under
conditions approaching the lower limits of light availability (Larkum et al., 1967; Thoral et
al., 2023). At the same time, spectral specialization is not necessarily fixed. Marine
cyanobacteria such as Synechococcus include lineages with distinct spectral preferences as
well as chromatic acclimators capable of adjusting their pigment composition in response
to the prevailing light color (Dufour et al., 2025; Mattei et al., 2025). Thus, the relationship
between depth and phototroph distribution depends on both the underwater light field and
the physiological capacity of organisms to exploit it.

Importantly, vertical organization cannot be interpreted as a simple sequence of
pigment-defined depth zones. Irradiance, nutrient availability, water-column structure,
photoacclimation, morphology, and internal optical properties can modify the ecological
consequences of spectral differences. This is particularly evident in deep chlorophyll
maxima, where chlorophyll accumulation may reflect photoacclimation rather than
increased phytoplankton biomass, and in deep-water corals and macroalgae, where
organismal optical properties contribute to efficient photon capture under strongly reduced
irradiance (Kahng et al., 2012; Mignot et al., 2014; Gomez et al., 2019; Cornec et al.,
2021). Therefore, understanding marine vertical organization requires an integrated view
in which spectral quality, irradiance, resource availability, and organismal light-harvesting
traits interact to determine realized depth distributions.

Optical Basis. In clear oceanic waters, wavelength-dependent absorption and scattering
progressively reshape the underwater light spectrum with depth, generally leaving
relatively greater availability of violet-blue and blue-green wavelengths than longer
wavelengths (Wood, 1985; Holtrop et al., 2021; Mattei et al., 2025; Mattei et al., 2026).
In more productive or particle-rich waters, the relative contribution of dissolved and
particulate matter can further modify spectral attenuation, shifting the underwater light
field toward greener conditions and reducing the depth of the euphotic zone (Cornec et al.,
2021; Thoral et al., 2023; Mattei et al., 2025)

This spectral filtering creates distinct spectral niches, defined by the relative
availability of different wavelength ranges in the underwater light field, which can favor
organisms whose photosynthetic pigments and light-harvesting systems are better
matched to those spectral conditions (Holtrop et al., 2021; Dufour et al., 2025; Mattei et
al., 2025). The ecological consequences of spectral differences are expected to become
particularly important under light-limited conditions, when differences in pigment
absorption and whole-organism optical properties can affect photosynthetic performance
and competitive outcomes (Wood, 1985; Kahng et al., 2012; Thoral et al., 2023).

Spectral quality must therefore be distinguished from total irradiance. Classic field
work on attached algae showed that both wavelength and light intensity matter for
sublittoral zonation, and later coastal modeling confirmed that pigmentation matters most
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at the extremities of light limitation, not uniformly across all depths and water types
(Larkum et al., 1967; Thoral et al., 2023).

Pigments and Functional Types. The mechanistic basis of spectral zonation is the
diversity of chlorophylls, carotenoids, and phycobilins, which expand usable wavelengths
beyond the chlorophyll core (Simkin et al., 2022; Petrescu-Mag, 2025). Pigment
accumulation is also responsive to environmental conditions, indicating that pigment
composition may reflect not only spectral adaptation but also physiological responses to
factors such as salinity and nutrient conditions (Kissae et al., 2025; Sarri et al., 2025).
Phycobilins are especially important in cyanobacteria and red algae because they capture
broad spectral bands and help these groups use light that remains available in deeper
water (Simkin et al., 2022; Larkum et al., 1967).

Synechococcus illustrates this principle at fine taxonomic scale. Marine lineages
include blue-light specialists, green-light specialists, and chromatic acclimators that
reversibly adjust antenna composition to ambient blue:green ratios (Dufour et al., 2025;
Kehoe et al., 2025). Chromatic acclimation is widespread in marine Synechococcus and
has been estimated to occur in more than 40% of sampled populations, with a tendency
to be particularly important at depth and at higher latitudes where irradiance is often sub-
saturating (Kehoe et al., 2025; Mattei et al., 2025).

Spectral specialization does not operate only through pigment identity. In corals
and macroalgae, morphology and internal optics modify photon capture by changing
absorptance, path length, tissue thickness, and stress tolerance (Kahng et al., 2012;
Gdémez et al., 2019; Kahng et al., 2019).

Typical Vertical Patterns. On rocky coasts, the traditional pattern is shallow dominance
by many green algae, extensive brown algal canopies in the sublittoral, and increasing
representation of red algae toward deeper, dimmer habitats, although the boundaries vary
by water type and local ecology (Larkum et al., 1967; Thoral et al., 2023). Modern coastal
modeling refines this pattern by showing that brown algae can perform efficiently across
relatively broad spectra under lower light attenuation, whereas red algae become
increasingly favored under stronger attenuation and more light-limited conditions (Thoral
et al., 2023).

In polar benthos, vertical zonation also follows optical traits. Antarctic green sheet-
like algae show lower absorption at rapidly attenuated wavelengths and higher Ek, whereas
thick red and brown forms are better equipped for impoverished deep light and have much
lower Ek values near 36 pmol m2 s! (Gomez et al., 2019). On deep Hawaiian reefs,
macroalgae dominate roughly 50-80 m, Leptoseris corals dominate around 80-90 m, and
photosynthetic cover declines further below, indicating strong filtering by the downwelling
light gradient (Kahng & Kelley, 2007).

Mesophotic corals show that benthic zonation can depend on whole-organism light
harvesting as much as on pigments. Deep Leptoseris inhabits 68-113 m where PAR is only
3-11% of surface values, has lower reflectance than shallow Porites, and appears
chromatically matched to the wavelengths available at depth. Yet this deep coral has lower
areal pigment concentrations than Porites, suggesting that efficient internal light
redistribution, including skeletal photon recycling, may contribute to deep-water
photosynthetic performance rather than pigment abundance alone (Kahng et al., 2012).

Together, these examples illustrate that vertical organization emerges from the
interaction between the underwater light field and organismal functional traits. Figure 1
provides a conceptual synthesis of the interacting optical, physiological, morphological, and
resource-related mechanisms that contribute to vertical organization, whereas Table 1
summarizes representative patterns across major marine phototrophic groups.
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Organization of Marine Phototrophs by Absorbed Wavelength

Underwater light decreases in intensity and shifts toward shorter (bluer) wavelengths with depth.
Marine phototrophs are organized by the wavelengths they capture most efficiently,
but intensity, nutrients, water clarity, morphology and photoacclimation also shape their distribution.
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Figure 1. Conceptual framework linking underwater light attenuation, spectral niches, photophysiological acclimation, organismal optical traits, nutrient-
light interactions, and vertical organization of marine phototrophs.
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Table 1

Representative forms of vertical organization of marine phototrophs by spectral environment,
pigment use, and depth-related functional traits

Environment or Shallower spectral Deeper spectral Observed vertical
group setting setting organization
Open-ocean Higher blue:green Bluer field with depth Blue-light specialists are

picocyanobacteria

Shelf-sea
thermocline
phytoplankton

Coastal
macroalgae

Antarctic
seaweeds

Mesophotic corals

variability near surface

Upper DCM enriched in
Synechococcus and
nonphotosynthetic blue-
absorbing pigments

Green algae often
favored in shallow water

Sheet-like greens with
high Ek in shallow
habitats

Shallow Porites under
higher irradiance

Deeper thermocline
enriched in
photosynthetic
carotenoids and
eukaryotes

Brown then red algae
perform better in
deeper or more
attenuating settings
Thick red and brown
forms with low Ek in
deeper habitats

Deep Leptoseris
under 3-11%
surface irradiance

better matched to blue-
dominated environments,
whereas chromatic
acclimators can adjust
their pigment
composition across
changing blue:green
conditions (Mattei et al.,
2025)

Taxonomic gradients
track spectral gradients
within the DCM (Hickman
et al., 2009)

Pigment effects emerge
strongly under low-light
thresholds (Thoral et al.,
2023)

Morpho-functional traits
predict bathymetric
position (Gomez et al.,
2019)

Deep corals are
chromatically adapted to
depth-specific photons

(Kahng et al., 2012).

Pelagic Stratification. In the plankton, the most conspicuous vertical expression of
spectral and light-gradient organization is the deep chlorophyll maximum. Globally, DCM
depth and occurrence are strongly related to upper-layer light attenuation, while their
expression is further modulated by season, mixing, nutrient availability, and water-column
structure (Mignot et al., 2014; Cornec et al., 2021; Xu et al., 2022) DCMs can be true
biomass maxima or photoacclimation maxima, and chlorophyll peaks often lie 50-80 m
below particle or biomass maxima in oligotrophic systems (Fennel & Boss, 2003; Cornec
et al., 2021).

The DCM is therefore not a single ecological layer but a vertically structured habitat
in which groups occupy different positions according to combined spectral, irradiance, and
nutrient affinities (Hickman et al., 2009; Mignot et al., 2014; Latasa et al., 2016). In the
Celtic Sea thermocline, Synechococcus peaks in the upper DCM, picoeukaryotes rise near
or just above the chlorophyll peak, and deeper layers contain more eukaryotes and
photosynthetic carotenoids whose absorption shifts toward longer wavelengths than the
upper community (Hickman et al., 2009).

Open-ocean oligotrophic systems add a second pattern. Deep DCMs can remain
productive because cells such as Prochlorococcus adjust pigment composition to use the
remaining blue photons efficiently, allowing deeper populations to function at lower PAR
than shallower communities (Mignot et al., 2014). In trait comparisons across groups,
Prochlorococcus tends to occupy relatively shallower portions of the DCM, consistent with
its ability to persist under low nutrient availability, whereas diatoms may occur deeper than
their light optimum when nutrient acquisition provides a compensating advantage (Latasa
et al., 2016).

A second table (Table 2) helps separate the main mechanisms from the visible
zonation patterns.
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Table 2

Processes that generate vertical organization of marine photosynthetic organisms by absorbed
wavelength and by interacting light—nutrient constraints

Mechanism

Taxa or setting

Vertical effect

Evidence

Differential attenuation
of wavelengths

Complementary
pigment absorption
Chromatic acclimation

Photoacclimation of
chlorophyll:carbon ratio

Oceanic and coastal
waters

Macroalgae,
cyanobacteria, red
algae
Synechococcus

Oligotrophic DCMs

Blue persists deeper in
clear water; greener
fields occur in turbid
water

Distinct groups exploit
different spectral bands

Reversible adjustment to
ambient blue:green ratio
expands niche breadth
Chlorophyll maxima can
deepen below biomass

Dufour et al., 2025;
Mattei et al., 2026

Larkum et al., 1967;
Simkin et al., 2022

Kehoe et al., 2025;
Mattei et al., 2025

Fennel & Boss, 2003

maxima

Thickness, absorptance,
and skeletal scattering
improve deep-light
capture

Realized depth reflects
tradeoffs, not color alone

Corals and
seaweeds

Morphology and
internal optics

Kahng et al., 2012;
Gbémez et al., 2019;

Thermoclines and
mesophotic reefs

Nutrient-light coupling Hickman et al.,
2009; Kahng et al.,
2019; Xu et al.,

2022.

Evidence from marine sediments illustrates that spectral organization can operate at much
smaller spatial scales. In relatively pigment-poor sediments, wavelength-dependent
attenuation produces steep vertical spectral gradients, allowing photosynthetic
microorganisms with distinct spectral absorption characteristics to occupy different
sediment depths (Fenchel & Straarup, 1971).

Recent work also shows that spectral zonation is dynamic rather than fixed.
Seasonal changes in mixed-layer depth and attenuation shift the blue:green ratio through
the water column, generating multiple intermediate spectral niches and allowing
coexistence through time and depth, especially for chromatically acclimating
Synechococcus (Mattei et al., 2025). Model projections further suggest that projected
changes in ocean optical conditions may reduce spectral variability over substantial areas,
potentially weakening the competitive advantage of flexible pigment phenotypes relative
to fixed specialists (Mattei et al., 2026).

Conclusions. As summarized conceptually in Figure 1, the vertical organization of marine
phototrophs reflects a complex interaction between the physical structure of the
underwater light field and the functional characteristics of photosynthetic organisms.
Wavelength-dependent attenuation creates progressively different spectral environments
with depth, providing the physical basis for spectral niche differentiation. However, the
observed distribution of marine phototrophs cannot be attributed to spectral quality alone.
Pigment composition, chromatic acclimation, photoacclimation, morphology, tissue and
skeletal optics, and nutrient availability collectively determine how efficiently organisms
exploit the light available at a given depth.

Across marine environments, different mechanisms can generate superficially
similar patterns of vertical organization. Complementary pigment absorption may favor
particular algal or cyanobacterial groups under specific spectral conditions, whereas flexible
pigment regulation can broaden the realized niche of organisms such as Synechococcus.
In deep-water corals and seaweeds, whole-organism optical properties and morphological
traits may become as important as pigment concentration in maintaining photosynthesis
under severely reduced irradiance. Similarly, the vertical structure of deep chlorophyll
maxima demonstrates that light gradients interact continuously with nutrient distributions
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and physiological acclimation, preventing the interpretation of depth patterns as simple
spectral responses.

Overall, marine vertical zonation is best regarded as a dynamic balance among
spectral quality, irradiance, nutrient availability, and organismal light-harvesting
strategies. This perspective provides a more mechanistic framework for understanding
coexistence and depth specialization among marine phototrophs. Moreover, because
spectral variability itself is environmentally dynamic, alterations in ocean optical conditions
may modify the competitive relationships between organisms with fixed and flexible
pigmentation strategies. Future studies should therefore integrate underwater spectral
measurements with organism-level optical, physiological, and nutrient-response traits to
better predict how marine phototroph communities will reorganize under changing ocean
conditions.
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