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				    Energy Cycle in the Ocean: 
						      Powering the Microbial World
					     By  Z b i g n i ew  Ko l be  r

Energy is the most important require-

ment for life. It can be acquired by 

harvesting electrons flowing naturally 

from reduced to oxidized inorganic 

compounds (lithotrophy) or organic 

compounds (organotrophy), or by light-

mediated processes such as photosyn-

thesis. Patterns of energy utilization have 

played a dominant role in the evolution 

of life and its diversification into intri-

cately rich and complex ecosystems. A 

supply of reduced chemical species on 

the ocean floor supports chemoauto-

trophic life that is confined to the ocean 

abyss, whereas light at the surface pro-

pels the flow of photosynthetically pro-

duced electrons throughout most of the 

oceanic biosphere. Re-energized by light, 

these electrons redistribute their energy 

among myriad anabolic and catabolic 

processes, relentlessly turning over and 

maintaining most of the marine bio-

mass. This phenomenon involves a sys-

tem of energy and electron exchange that 

extends from photoautotrophic organ-

isms at the ocean surface to all ocean 

biota, including heterotrophic commu-

nities below the ocean floor. This article 

briefly discusses the role of this system in 

maintaining microbial life in the ocean.

Background

Present-day life is almost exclusively 

powered by solar energy. Photosynthetic 

oxidation of water and reduction of car-

bon drives the most important energy/

redox cycle on Earth. Initiated by the 

absorption of solar light and reductive 

carbon fixation, this cycle is terminated 

by the oxygen-mediated respiration of 

organic matter. The energy required 

to sustain this cycle is quite staggering: 

200–500 kJ/g carbon is required for 

biomass synthesis, with an additional 

10–40 mW/g carbon needed for meta-

bolic maintenance. Assuming a level of 

oceanic primary production of about 

60 Gt/year (Behrenfeld et al., 2005), 

the required power expense is approxi-

mately 5 x 1014 W—about 50 times larger 

than what is expended by the world’s 

global economy. Nevertheless, the aver-

age biological power utilization is quite 

small, about 1 W m-2, or less than 1% of 

photosynthetically available radiation 

(PAR) incident on the ocean surface. Life 

in the ocean operates under conditions 

of excess available energy.

The general lack of nutrients (nitro-

gen, phosphorus, and trace metals) in 

the upper, most sunlit portion of the 

water column limits the presence of 

phytoplankton at the ocean surface 

(Dugdale, 1967; Behrenfeld et al., 2006b; 

Pennington et al., 2006). This confines 

the dominant fraction of photosynthetic 

light utilization to depths below 20–60 m 

where solar light is significantly attenu-

ated by the overlying water, reducing 

biological output. Where these limits are 

locally relaxed (as in coastal upwelling 

regions), energy utilization levels can 

reach up to 10%. Over vast areas of the 

open ocean, however, most of the avail-

able light is “wasted” by water absorp-

tion, or reflected back into space.

The patterns of light utilization in 
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terrestrial ecosystems are different. The 

leaf tissue of terrestrial vegetation is sub-

jected to full-intensity sunlight. Light 

attenuation at the lower tree canopy is 

fully accounted for by photosynthetic 

utilization in the upper canopy. In con-

trast to marine ecosystems, photosyn-

thetic light utilization on land is limited 

mostly by water supply and temperature. 

If both conditions are favorable, up to 

50% of PAR can be biologically utilized. 

Most of the nutrients required to sup-

port such a level of photosynthetic activ-

ity are retained and recycled within the 

biotic zone. The vascular architecture 

of higher plants allows long-distance 

transport of nutrients via mechanisms of 

osmotic pressure and transpiration with 

little energy expense, albeit with a great 

(up to 90%) loss of water. This archi-

tecture is supported by a huge standing 

stock of biomass, exceeding that of the 

ocean by three orders of magnitude. 

As a result, the biological turnover of 

carbon in terrestrial environments is 

about 30 years, compared to 20 days in 

the ocean. Despite these differences, the 

global level of oceanic primary produc-

tion is comparable to that on land. Is this 

by accident or by design? Are there limits 

to solar energy utilization in the ocean, 

and if so, how do these limits define the 

patterns of microbial activity?

A Short History of 

Photosynthetic Electron 

Exchange in the Ocean

The ocean condensed on Earth 

ca. 4.4 Gyr ago (Wilde et al., 2001), and 

life emerged soon thereafter, producing 

solid evidence of biological CO
2
 fixa-

tion 0.6 Gyr later (Mojzsis et al., 1996). 

Although it has been demonstrated that 

lightning and ultraviolet light could 

produce the organic precursors of life in 

an abiotic ocean (Miller, 1953; Oparin, 

1957), steady and sustained electron 

flow between inorganic species on redox, 

temperature, and pH gradients at deep-

sea hydrothermal vents may have also 

supported life’s origin (Wächtershauser, 

1988, 2006; Russel and Hall, 1997; 

Hanczyc et al., 2003; Martin and Russell, 

2003). To effectively exploit thermal and 

redox gradients, deep-sea autolitho-

trophic microbes may have developed 

infrared-sensitive photoactive precur-

sory pigments (Ragatz et al., 1994) 

that later evolved into the bacterio-

chlorophyll-based light-harvesting and 

charge-separation apparatus (Nisbet et 

al., 1995). Proteorhodopsin-based pho-

tosynthesis (Béjà et al., 2001) may have 

developed along similar paths—by mod-

ifying the sensory rhodopsins toward 

the acquisition of light energy, coupled 

with the development of an early reac-

tion center utilizing a proton pump to 

produce ATP. The discovery of green 

sulfur bacteria in the East Pacific Rise 

hydrothermal vents (Beatty et al., 2005) 

and the widespread presence of prote-

orhodopsin among archaea and bacte-

ria (Frigaard et al., 2006) support both 

hypotheses. Alternatively, photosynthetic 

pigments may have evolved at the ocean’s 

surface as a means of photoprotetection 

against the high ultraviolet content of 

solar radiation in the early atmosphere 

(Mulkidjanian and Junge, 1997).

Bacteriochlorophyll/chlorophyll 

synthesis, however, is a complex, multi-

step process whose intermediates are 

of little value for the host lithotrophic 

organisms. As such, the lithotrophy-

to-phototrophy transition would be 

subjected to little, if any, evolutionary 

selection. Instead, phototrophy may 

have evolved in parallel to lithotrophy 

(Granick, 1957), building from the bot-

tom up on light-stimulated redox reac-

tions. Complexes of magnetite, ferrous 

sulfide, and ferric-manganese oxides, 

when exposed to ultraviolet light, pro-

duce charge separation, evolve hydrogen, 

and produce reductants similar to those 

present at hydrothermal vents. The pro-

cess is renewable, and once utilized by 

early life, would remain under strong 

selective pressure. This would drive the 

development of increasingly functional, 

light and/or redox-active, metal-protein 

complexes, culminating in porphyrins 

(Mauzerall, 1992) and completing bacte-

riochlorophyll biosynthesis.

Whatever the path, the very pres-

ence of photoactive minerals and an 

inexhaustible energy source allowed 

photosynthesis to take hold less than a 

billion years after Earth accretion (Tice 
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and Lowe, 2004). Photosynthesis sup-

plies energy and pushes photosynthetic 

electrons along locally produced redox 

gradients. Constructive utilization of 

this energy, however, was limited by 

the availability of electron donors and 

acceptors. Bacteriochlorophyll-based 

photosynthesis cannot oxidize water, and 

was dependent on reduced species that 

were present in the Archean ocean, such 

as hydrogen, iron sulfide, and hydro-

gen sulfide (Archer and Vance, 2006). 

Unfortunately, the supply of these spe-

cies was limited, especially in the upper 

portion of the water column. Ferrous 

iron, abundant in the Archean ocean, 

may have also served as an electron 

donor, but it precipitates as insoluble 

ferric iron upon oxidation, forcing devel-

opment of biological mechanisms for 

its extracellular disposal (Ehrenreich 

and Widdel, 1994; Croal et al., 2007; 

Yongqin and Newman, 2007). To survive 

periods of darkness, early phototrophs 

must have also been capable of carbon 

respiration (more so than their litho-

trophic counterparts), with ferric iron 

as a possible electron acceptor (Vargas 

et al., 1998; Lovley and Coates, 2000). 

Iron’s ability to easily give away and take 

back its electrons promoted incorpora-

tion of the heme prosthetic group (iron-

porphyrins) into redox-active hemopro-

teins, with subsequent proliferation of 

cytochromes and electron carriers used 

in extant photosynthesis and respiration.

Another problem facing photot-

rophy was the shortage of fixed nitro-

gen. Throughout the first billion years 

of Archean life, abiotic, lightning-driven 

nitrate production may have satisfied 

the nitrogen needs of early organisms. 

The emergence of phototrophs with 

high nitrogen requirements for pigment 

biosynthesis (Arrigo, 2005) may have 

gradually exhausted abiotically produced 

pools of nitrate (Navarro-Gonzalez et 

al., 2001). Although nitrogen fixation 

may have evolved before photosynthe-

sis (Berman-Frank et al., 2003), photo-

trophic organisms were under the most 

selective pressure to perfect this mecha-

nism, and could most easily satisfy the 

very high energy requirement for this 

process. Therefore, adoption of nitrogen-

fixation mechanisms by purple bacteria 

and early cyanobacteria was critical for 

the further expansion of phototrophy 

(Grula, 2005). Powered by the inexhaust-

ible solar power source, nitrogen fixa-

tion was able to support unprecedented 

propagation of life. A sink for respiratory 

electrons, this invention may have also 

relieved the scarcity of electron acceptors 

in the Archean ocean.

The intimate relationship between 

nitrogen fixation and photosynthesis is 

demonstrated by the striking similarity 

between nitrogenase and bacteriochlo-

rophyllide reductase enzymes (Raymond 

et al., 2004). The unicellular Cyanothece 

fix nitrogen only in the dark (Reddy et 

al., 1993). Likewise, synthesis of bac-

teriochlorophyll in all known aerobic 

anoxygenic phototrophs is limited to 

periods of darkness (Kolber et al., 2000). 

In both cases, the most likely reasons 

are the adverse combined effects of light 

and oxygen on the enzyme activity. The 

ability of the nifH gene to function-

ally substitute the chlL gene in chloro-

phyllide reduction (Cheng et al., 2005) 

further demonstrates their functional 

similarity. Substitution of the nifH gene 

by chlL in nitrogen fixation has not 

been reported (yet).

It remains unclear whether photo-

synthesis evolved from a chemolitho-

trophic precursor or was born indepen-

dently (Olson and Blankenship, 2004). 

Lithotrophic organisms benefited from 

the presence of chemical and redox 

gradients on the ocean floor, whereas 

photosynthesis had to establish these 

gradients locally. After that, the energy-

processing mechanisms of both may have 

advanced along similar paths, promul-

gating exchanges in the energy-related 

molecular components across the entire 

microbial community. Respiration could 

have preceded photosynthesis (Xiong, 

2002), or vice versa. The optical activity 

of metalloporphyrins and their ability to 

store/transfer electrons make them a key 

component in both of these processes.

The development of oxygenic pho-

tosynthesis (Blankenship and Hartman, 

1998) about 2.3 billion years ago (Bekker 

et al., 2004; Fike et al., 2006) changed 

The development of oxygenic photosynthesis 

				    about 2.3 bil l ion years ago changed the 

		  patterns of energy util ization by microbial 

			   l i fe in a most profound way.



Oceanography  Vol. 20, No. 282

the patterns of energy utilization by 

microbial life in a most profound way. 

Oxygenic photosynthesis utilizes two 

types of reaction centers operating in 

tandem to produce and maintain an elec-

trochemical potential of 1.1 V, capable 

of oxidizing water. This design forever 

relieved the limitation of electron donors 

and electron acceptors. Free of these con-

straints, oxygenic photosynthesis, carried 

out by chlorophyll-containing eukaryotic 

phytoplankton and several prokaryotic 

species, drives the most extensive sys-

tem of electron and energy exchange on 

Earth. Besides supporting biomass syn-

thesis and energy expenditures within 

phototrophic communities, oxygenic 

photosynthesis produces ample amounts 

of Earth’s most universal, energy-rich 

reductant (organic carbon), and the best 

possible oxidant (molecular oxygen). 

These by products initiate a secondary 

cascade of redox and electron exchange 

in the ocean, allowing for the extraor-

dinary proliferation of heterotrophic 

microbes. Capable of existing far beyond 

the narrow range of the euphotic zone, 

and relieved of maintaining the pho-

tosynthetic apparatus, they have devel-

oped complex frameworks of electron-

transport pathways comprising the 

oceanic nitrogen, sulfur, iron, phospho-

rus, and manganese cycles. All of these 

cycles are, to a large degree, fueled by 

photosynthetic electrons, whose presence 

can be detected throughout the entire 

depth of the water column and extending 

far below the ocean floor (Hartnett et al., 

1998; D’Hondt et al., 2004).

As successful as they are, oxygenic 

phototrophs have not completely dis-

placed their anoxygenic ancestors. 

Bacteriochlorophyll-based photosynthe-

sis still operates in the ocean, contribut-

ing about 5% of the total energy cycle 

(Kolber et al., 2000, 2001) and up to 10% 

of the microbial community (Cottrell et 

al., 2006; Sieracki et al., 2006), with new 

organisms continuously discovered and 

characterized (Fuchs et al., 2007). It pro-

duces less-potent oxidants and is gener-

ally less productive in organic carbon 

output than its oxygenic counterpart. Its 

contribution to photosynthetic electron 

exchange is defined by a highly diverse 

system of redox reactions, rather than by 

the volume of electron flow (Rathgeber 

et al., 2004). Proteorhodopsin-based 

photosynthesis (Béjà et al., 2000, 2001) 

also remains widespread among diverse 

lineages of microbial communities 

(Venter et al., 2004), and light has been 

shown to affect the growth rates of pro-

teorhodopsin-bearing bacteria (Gómez-

Consarnau et al., 2007). Combining both 

phototrophic and heterotrophic traits, 

these organisms represent the so-called 

“mixotrophic” community in the ocean, 

whose significance has only recently 

been realized (Eiler, 2006).

The Photosynthetic  

Electron Market Today

The existing richness of microbial life in 

the ocean is due mostly to the sustained 

availability of energy. Over geologi-

cal time scales, phototrophy solved the 

problems of critical shortages of elec-

tron donors, electron acceptors, nitro-

gen, and organic carbon. In the process, 

phototrophy defined the patterns of 

energy and electron exchange within 

most of the microbial community in 

the ocean. Its success can be measured 

by the present-day level of phototrophic 

activity. Biomass and photosynthetic 

production can be monitored and quan-

tified over large spatial and temporal 

scales due to the characteristic optical 

signatures of photosynthetic pigments. 

These pigments utilize light at specific 

absorption bands, depleting the down-

welling and upwelling radiance in the 

ocean of the blue-green portion of the 

solar spectrum. This loss can be quanti-

fied on global scales, allowing for the 

calculation of both pigment concentra-

tion and photosynthetic activity associ-

ated with the absorbed light (Behrenfeld 

and Falkowski, 1997).

Global maps of such calculated pri-

mary production (Figure 1A) reveal 

spatially heterogenic patterns of primary 

production that cannot be explained 

solely by insolation (Palter et al., 2005). 

Local upwellings of nutrients into the 

euphotic zone, induced mostly by wind 

stress and ocean circulation patterns, 

explain a large fraction of the local vari-

ability in chlorophyll distribution and 

primary production. These upwellings 

can be easily identified from the sea 

surface temperature (SST—Figure 1B), 

where an SST “spatial anomaly” (calcu-

		T  he existing richness of microbial l i fe 
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lated as a difference between the locally 

averaged SST [Figure 1D] and the 

actual SST [Figure 1C]) indicates verti-

cal transport of deep, cold water toward 

the surface. This vertical transport 

brings nutrient-rich water into the sun-

lit euphotic zone (Figure 2), stimulat-

ing energy utilization and the growth of 

phototrophic organisms.

The highly heterogeneous nature 

of these upwellings results in similarly 

heterogeneous patterns of primary 

production (Figure 1A, B), which in 

turn impart highly variable patterns of 

microbial activity. This heterogeneity is 

most pronounced in coastal regions. A 

snapshot of biogeochemical variables, 

measured across the shelf of the Middle 

Figure 1. (A) Patterns of primary production 
in the Pacific and Atlantic Oceans, July 2006. 
Net Primary Production (NPP) was calculated 
from SeaWIFS imagery using the algorithm of 
Behrenfeld and Falkowski (1997). NPP data were 
downloaded from the Ocean Productivity Web 
pages of Oregon State University at http://web.
science.oregonstate.edu/ocean.productivity/
onlineVgpmSWData.php. (B) Spatial sea surface 
temperature (SST) anomaly is calculated as the 
difference between locally averaged SST (D) and 
the actual SST data (C). Locally averaged data 
were calculated by applying a Gaussian convolu-
tion kernel with σ2 = 4 degrees. To match the 
phase of the spatial anomaly with the image of 
NPP, anomaly data are displayed as the negative 
difference: -(SSTactual – SSTaveraged). Note the almost 
indistinguishable patterns of NPP and the tem-
perature anomaly, indicating the strength of the 
upwelling/mixing processes in controlling NPP. 
Although the selection of σ2 = 4 degrees was 
arbitrary, there was little difference in the SST 
anomaly with σ varying between 2 degrees and 
6 degrees. As expected, the SST anomaly can-
not explain the NPP plume at the outflow of the 
Amazon River because of the higher-than-ambi-
ent temperature of the river plume water. SST 
data for July 2006 were downloaded from http://
web.science.oregonstate.edu/ocean.productivity/
onlineVgpmSWData.php.
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Atlantic Bight using the fast repetition 

rate (FRR) fluorometry method (Kolber 

et al., 1998) (Figure 3), shows highly 

variable, but coherent, relationships 

among physical properties of the water 

column (temperature and salinity), 

locally upwelled nutrients, the ensuing 

enhancement in photochemical yields 

and functional absorption cross section, 

and locally stimulated primary produc-

tion (Kolber and Falkowski, 1993). The 

resulting distribution of oxygen concen-

tration indicates either an excess of, or a 

deficit in, primary production over res-

piration, while local increase in ammo-

nia concentration indicates enhanced 

bacterial activity.

The close relationships among pat-

terns of nutrient supply, photosynthesis, 

oxygen, and bacterial activity demon-

strate an intimate relationship between 

phototrophic and heterotrophic organ-

isms. This relationship is maintained 

mostly through the exchange of energy 

and redox equivalents throughout the 

entire microbial community in the 

ocean. Although fixed organic carbon 

dominates this exchange, the ocean 

nitrogen cycle, with nitrogen oxida-

tion states ranging from -3 (ammonia) 

to +5 (nitrate), is also fueled by photo-

trophically fixed nitrogen (Karl et al., 

2002; Montoya et al., 2004; Langlois 

et al., 2005; Deutsch et al., 2007). The 

highly variable oxygen gradient along 

the water column enables a wide range 

of nitrification/denitrification processes 

(Zehr and Ward, 2002), including res-

piration of ammonia, breathing nitrite 

and nitrate, and exhaling gaseous nitro-

gen (Cabello et al., 2004; Konneke et al., 

2005). Oxygen gradients at the benthic 

interface support another class of redox 

reactions involving nitrate, manganese, 

iron, and sulfur (DeLong, 2004).

The intricate system of energy and 

redox flow within the microbial com-

munity makes it potentially sensitive to 

anthropogenic forcing. The enhanced 

stratification of the ocean due to global 

temperature rise (Sarmiento, 2004; 

Barnett et al., 2005) is likely to decrease 

fluxes of nutrients to the upper ocean, 

possibly decreasing global rates of pri-
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Figure 2. Isosurfaces of 14°C (blue) and 10 µM nitrate (red) in the eastern Pacific Ocean based on July climatology, calculated from 
World Ocean Atlas (WOA) data (Conkright et al., 2002). The almost identical shapes of the temperature and nitrate isosurfaces indi-
cate the extent to which the position of the nutricline is controlled by the thermocline. Shoaling of both these clines under the equa-
tor reflects upwelling/mixing that is driven by the Equatorial Undercurrent and locally stimulates primary production (Ryan et al., 
2002). This phenomenon is visible in the SST anomaly image (Figure 1B) and in the spatial pattern of equatorial primary production 
(Figure 1A). WOA data were downloaded from Lamont-Doherty Earth Observatory Web pages at http://iridl.ldeo.columbia.edu/
SOURCES/.NOAA/.NODC/.WOA01/.
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mary production (Behrenfeld et al., 

2006a). The ocean will absorb the major-

ity of anthropogenically produced CO
2
 

(Brewer, 1983), which will cause a signif-

icant increase in pCO
2
, and a concomi-

tant decrease in pH (Caldeira et al., 1999; 

Caldeira and Wickett, 2003). Although 

“CO
2
 fertilization” may stimulate pri-

mary production (due to pervasive “car-

bon limitation”) (Riebesell et al., 1993; 

Hein and Sand-Jensen, 1997), significant 

portions of the marine biota will likely 

be negatively affected by the pH decrease 

(Kleypas et al., 1999; Orr et al., 2005; 

Raven et al., 2005). On the molecular 

level, pH affects the protonation state of 

the functional groups and metal species 

involved in a variety of enzymatic, redox, 

and metal-ligand-type interactions. As 

a result, pH affects a range of biologi-

cally important processes in the ocean, 

such as metal speciation, silica solubility, 

the redox potential of electron carriers 

involved in photosynthetic and respira-

tory electron transfer, and the nitro-

gen cycle. A pH shift of 0.4–0.5 units 

produces noticeable photosynthetic 

responses in natural phytoplankton pop-

ulations (Figure 4). It remains unclear 

Figure 3. Section of physical, chemical, and biophysical signatures 
in the Middle Atlantic Bight, between 39.6°N, 74°W and 38.5°N, 
75°W acquired in March 1995. The temperature and salinity dis-
tributions indicate the presence of a local upwelling 90–110 km 
offshore that brings cold, nutrient-rich water to the surface. The 
presence of nutrients stimulates the photosynthetic activity of 
phytoplankton, as indicated by the enhanced photosynthetic 
yield and the large functional absorption cross section. The result-
ing high level of primary production stimulates phytoplankton 
growth and produces local maxima of oxygen concentration. 
Decaying phytoplankton, sinking into the cold pool, stimulates 
microbial activity, resulting in a high level of ammonia regen-
eration and oxygen depletion. Photosynthetic properties were 
measured using fast repetition rate (FRR) fluorometry (Kolber et 
al., 1998), and primary production was calculated according to 
Kolber and Falkowski (1993).
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if and how these responses will affect 

the energy flow within the rest of the 

microbial community. The anticipated 

changes in prevailing wind patterns may 

also modify the patterns of iron delivery 

to the open ocean, altering photosyn-

thetic activity (Kolber et al., 1994) and 

patterns of nitrogen fixation (Falkowski, 

1997). As these changes loom, there is 

an urgency to develop comprehensive 

models for the energy/redox cycle in the 

ocean that will encompass the entirety of 

the microbial community.

Concluding Remarks

The existing partition of microbial com-

munities into species, phototrophic ver-

sus heterotrophic organisms, or primary 

versus secondary producers makes it dif-

ficult to adequately describe the highly 

integrated and dynamic framework of 

energy/redox exchanges in the ocean. 

As the genomic complexity of microbial 

systems become more apparent (DeLong 

and Karl, 2005; Goldenfeld and Woese, 

2007), the “organism-centric” approach 

toward energy cycles in the ocean could 

quickly become obsolete. Instead, it 

may be more convenient to describe 

the microbial community as a single 

system—a microbiome—and to describe 

the mechanisms of energy acquisition 

and utilization along paths of electrons, 

carbon, and redox exchanges within 

the whole microbial community. Ocean 

genomics will uncover the blueprints 

of the ocean’s microbial machinery. 

Combining this knowledge with bio-

physical tools and methods to measure 

actual energy and redox fluxes should 
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Figure 4. Photosynthetic responses of a natural microbial population to a shift of 0.4–0.5 pH units. (A) Pattern of pH shift 
induced by bubbling the chemostat culture with air periodically enriched with 0.125% CO2 throughout a 24-hour period. 
(B) Changes in Fo, Fm, and Fv/Fm measured with FRR fluorometry. (C) Changes in the functional absorption cross section (σPSII), 
the rate of electron transport from QA to PQ pool (τQA), the rate of PQ pool reoxidation (τPQ), and the size of the PQ pool 
measured by FRR fluorometry (Kolber et al., 1998). The microbial sample was acquired 25 miles offshore in Monterey Bay and 
grown under a constant dilution rate of 0.75/day, at 15°C, under constant irradiance of 120 µE m-2 s-1. The dilution media were 
prepared using natural seawater acquired at the sampling location, filtered through a 1 µm filter and autoclaved. All the mea-
sured photosynthetic properties responded to pH modulation, indicating the potential effect of pH on every stage of photo-
synthesis, including photosynthetic light utilization, charge separation, and photosynthetic electron transport.
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help to explain the power constraints of 

this machinery. These constraints may 

define responses of microbial communi-

ties to anticipated changes in the ocean 

physics and chemistry.
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