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“Ewverything is based on energy. Energy is the source and control of all things, all value, and all the actions of human
beings and nature.”

H. T Odum and E. C. Odum (1976)

Ecological energy flow

Solar energy ultimately drives all biogeochemical cycles and sustains planetary habitability. All life forms and
processes on Earth, including human economic and social systems, exist within a complex network of energy
flow. In the sea, microorganisms comprise most of the genetic and metabolic diversity, and are responsible
for a majority of the system energy flow including solar energy capture, transformation, and dissipation. All
of these processes involve conversion of low quality forms of energy into a smaller fraction of higher quality
energy plus degraded heat, in accordance with the basic laws of thermodynamics. Energy flow is at the core
of ecosystem analysis (Odum 1968).

Sunlight is the most abundant form of energy for marine microorganisms, and biophysical/biochemical
mechanisms for solar energy capture have evolved by natural selection during eons of Earth’s history (Brown
and Ulgiati 2004; Nealson and Rye 2003). Marine ecosystems, especially the expansive subtropical gyres, have
an enormous capacity for solar energy capture and transformation. Ecologists often use the term “carbon and
energy flow” to describe solar energy capture, organic matter transformation, and heat dissipation through
the food web via the coupled processes of photosynthesis and respiration. A number of different methods
have been used to track the flow of carbon and associated bioelements (e.g., nitrogen, phosphorus, oxygen,
and sulfur), but energy flow is rarely if ever measured in field studies. An untested assumption is that matter
and energy flow are inextricably and quantitatively linked in space and time in the open sea.

Howard T. Odum, largely in collaboration with his brother Eugene P. Odum, pioneered the discipline
of systems ecology. He observed and studied a variety of aquatic ecosystems and was the first to character-
ize them as networks of energy circuits (e.g., Silver Springs, Florida; Odum 1956). Odum later developed
an explicit energy circuit language and set of symbols that could be used to represent interactive energy
capture, transformation, and dissipation in both natural and manmade systems (Odum 1983a). While some
scientists have criticized “Odum’s conjectures” and his energy-centric approach to the study of ecosystems
(e.g., Miénsson and McGlade 1993), the debate centers on the formidable obstacles to a comprehensive,
quantitative analysis and understanding of ecological energy flow rather than a challenge to its fundamental
importance in ecosystem analysis.

In a pioneering essay on the relationship of energy flow to evolution, Alfred Lotka concluded that natural
selection will operate to preserve and expand those species “possessing superior energy-capturing and directing
devices” (Lotka 1922). Consequently, he reasoned, as long as there is a residue of untapped available energy,
“the total organic mass of the system, the rate of circulation of mass through the system, and the total energy
flux” will be maximized. This reasoning has since become known as the maximum power principle (Odum
and Pinkerton 1955; Odum 1983b), and has led to vigorous debate over the validity and implications of what
some have termed the fourth law of thermodynamics (see Sciubba 2011 for a recent assessment).

The Earth is an energetically open system where solar energy input is balanced by radiative heat loss.
There are numerous connections among the hydrosphere, lithosphere, and atmosphere such that materials and
energy can be easily exchanged. In a thought-provoking commentary, On certain unifying principles in ecology,
Ramon Margalef concluded that the energy required to maintain an ecosystem is inversely proportional to
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complexity, with a trend for a decreasing flow of energy per unit biomass as succession occurs. He suggested
that climax ecosystems with complex structures and high information content could be maintained with a
relatively low expenditure of energy (Margalef 1963). Despite great scientific progress in the intervening
half-century, we are still unable to examine this unifying principle in ocean ecosystems due, in large part, to
inadequate methodology for energy flux estimation and an incomplete understanding of the pathways of
solar energy capture and transformation in marine microbial assemblages. Ironically, two pioneering methods
developed to analyze key aspects of planktonic microbial communities, the adenosine triphosphate (ATP)
assay (Holm-Hansen and Booth 1966) and the electron transport system (ETS) assay (Packard 1971), were
laboratory calibrated to yield estimates of living carbon and oxygen consumption, respectively, rather than
the equally appropriate parameters of total energy content and flux.

Phototrophy in the deep blue sea

In marine planktonic systems, green plant-like photosynthesis, termed oxygenic phototrophy (OP; Table 1 and
Figure 1), is generally assumed to be the primary, if not exclusive, process of solar energy capture. Light-driven
oxidation of water provides electrons and hydrogen ions that partially conserve the solar energy absorbed by
chlorophyll 4 to catalyze the production of a variety of reduced inorganic and organic molecules. Estimates
of the magnitude of chlorophyll  -based solar energy capture can be made by measuring the fundamental
biophysical properties of photosynthetic energy conversion (e.g., by fast repetition rate fluorescence; Kolber
etal. 1998) or gross oxygen production during in situ incubations using '*O-labeled H,O (Grande et al. 1989),
and applying assumptions regarding energy-to-oxygen stoichiometry. Based upon the energy requirements for
OP and cell maintenance, it has been estimated that approximately 5 X 10" W of solar energy are captured per
year to support oceanic primary production (Kolber 2007). This power expenditure of marine phytoplankton
is nearly two orders of magnitude greater than that expended by the human-based global economies, but as
Kolber (2007) laments it is still less than 1% of the full potential of solar radiation incident on the ocean’s
surface. Consequently, marine systems appear to be relatively inefficient at using the solar energy that is available
to them. Ultimately, solar energy capture in the sea by OP is controlled by chlorophyll z concentration (e.g.,
phytoplankton biomass) and phytoplankton growth rate, which in turn are controlled primarily by nutrient
availability. Global distributions of OP and, hence, patterns of solar energy capture coincide with maximum
nutrient rather than maximum solar fluxes (e.g., coastal upwelling regions; Kolber 2007). However, even in
nutrient-poor environments like the oligotrophic North Pacific Subtropical Gyre (NPSG), the solar energy
that is absorbed appears to be very efficiently utilized in photosynthesis (Karl et al. 2002).

Table 1. Solar energy capture in marine microbial assemblages via complementary energy and carbon flow pathways.

Sample organisms

Metabolic type

Primary (secondary)
energy source(s)

Primary (secondary)
electron source(s)

Primary (secondary)
carbon source(s)

Comments

Vibrio

phototroph (PR)

Diatoms Oxygenic phototroph (OP) | Light H,0 CO, Obligate photolithoautotrophy may not
exist in nature

Prochlorococcus Oxygenic phototroph (OP) | Light (Org-C*) H,0 CO, (Org-CY) Facultative mixotrophy; can also grow
photolithoautotrophically

Roseobacter, Erythrobacter | Aerobic anoxygenic Light and Org-C* Org-C* Org-C* Facultative photoorganoheterotrophy

phototroph (AAP) (mixotrophy); can also grow

chemoorganoheterotrophically, but not
photolithoautotrophically

Flavobacter, Pelagibacter, Proteorhodopsin-based Light and Org-C* Org-C* Org-C* Facultative photoorganoheterotrophy

(mixotrophy); can also grow
chemoorganoheterotrophically, but not
photolithoautotrophically

*Organic carbon

d0i:10.12952/journal.elementa.000021.t001

During the past decade, there has been a “quiet revolution”in our conceptualization of energy flow in marine
systems. This change has resulted in large part from two independent discoveries of unexpected pathways of
phototrophy that supplement the better understood OP pathway (Karl 2002; Figure 1 and Table 1). These
two novel pathways differ significantly in the mechanism of solar energy capture and in the quantitative
and mechanistic role that light energy plays in cellular metabolism. For example, both aerobic anoxygenic
phototrophy (AAP) and proteorhodopsin (PR) phototrophy appear to be facultative solar energy capture
processes that supplement an otherwise chemoorganoheterotrophic metabolism (Figure 1). Quantitative
analysis of energy flow through these alternate pathways will require the development of new instrumenta-
tion and methodology, and will likely lead to a new paradigm of energy flow in the sea.

Bacteriochlorophyll a-containing marine bacteria were first reported by Shiba et al. (1979) from coastal
marine habitats. They were later rediscovered in the oligotrophic waters of the North Pacific Ocean using a
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purpose-built infrared fast repetition rate (IRFRR) fluorometer that detected variable fluorescence transients
as evidence of bacterial photosynthetic electron transport (Kolber et al. 2000). AAPs differ from oxygenic
phototrophs in that their photosynthetic activity neither reduces carbon dioxide nor evolves oxygen (Koblizek
et al. 2010). Subsequent laboratory and field investigations of AAP bacteria determined that they are facultative
photoheterotrophs, using light energy when organic matter is limiting for growth (Kolber et al. 2001; Koblizek
et al. 2003). Laboratory study of an isolated member of the Roseobacter clade (strain COL2P) determined
that respiration decreased by ~ 30% in the light for an equivalent production rate (Koblizek et al. 2010),
suggesting a much more efficient metabolism when the microorganism was living as a mixotroph (e.g., part
phototroph, part chemotroph). AAPs are numerically abundant, globally distributed, and metabolically active
with respect to solar energy capture where they appear to coexist with OPs (Kolber et al. 2001). However,
measurement of total energy flow through these bacteriochlorophyll-containing microbial assemblages (solar
plus organic matter) will require a novel experimental approach.

The second novel pathway of solar energy capture in the sea is via PR-containing microorganisms (Béja
et al. 2000; 2001). These novel microbes contain transmembrane light-driven proton pumps that produce ATP.
During PR phototrophy, photon capture leads to a conformational change in the retinal molecule resulting in
proton export from the cell. This process generates a proton motive force across the cell membrane, setting up
the possibility for ATP production. Gémez-Consarnau et al. (2007) were the first to demonstrate enhanced
growth efficiency in the light for a PR-containing marine bacterium. Martinez et al. (2007) documented
PR-based photophosphorylation (ATP production) in a genetically transformed heterologous host, and
PR-dependent proton pumping activity sufficient to generate ATP has also been demonstrated in laboratory-
reared marine bacteria (Wang et al. 2012; Yoshizawa et al. 2012). PR-phototrophy has since been shown to
increase the long-term survival of diverse bacteria that favor either carbon-rich (e.g., Vibrio; Gémez-Consarnau
et al. 2010) or carbon-poor (e.g., Pelagibacter; Steindler et al. 2011) marine habitats. PR genes have also been
found in archaea (Frigaard et al. 2006) and eukaryotes, including both photosynthetic (Marchetti et al. 2012)
and predatory (Slamovits et al. 2011) protists. Recently, Kimura et al. (2011) surveyed the transcriptional and
growth responses of a PR-containing marine flavobacterium during carbon-limited growth under light and
dark conditions. Their results demonstrated a direct role for retinal-based, PR-phototrophy and the previ-
ously observed light-enhanced growth response. Our current, but still evolving, understanding is that the
light-driven, PR-based proton pumps enhance survival, and therefore may be a significant pathway for the
flow of energy in oligotrophic habitats (DeLong and Béja 2010). This phototrophic process, which is now
believed to be ubiquitous in the well-lit portions of the euphotic zone, enhances solar energy capture in the
ecosystem without direct impacts on either carbon dioxide or oxygen reservoirs. The indirect effects, however,
will scale on the total energy budgets of these unique phototrophic microbes, specifically on the role of PRs
in the efficiency of heterotrophic metabolism of dissolved organic matter.

Recently, Kirchman and Hanson (2013) have reviewed the current state-of-knowledge concerning the
bioenergetics of photoheterotrophic bacteria in the sea, including both bacteriochlorophyll-(AAP) and
PR-based pathways. In the absence of any in situ experimental data, they provided a theoretical cost vs.
benefit analysis of phototrophy. This scholarly assessment included estimates of the number of photosyn-
thetic units per cell, the absorption cross-sectional area and wavelength dependent absorption of light, the
quantum efficiency, and the number of protons pumped per photon of absorbed light. Most of the data used
in these calculations were derived from laboratory studies of model organisms, and in some cases were “best
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Figure 1

Schematic view of the flow of
energy (red arrows), carbon (blue
arrows), or energy plus carbon
(purple arrows) through a hypo-
thetical marine system.

Solar energy capture processes of
OP (oxygenic phototrophy), AAP
(aerobic anoxygenic phototrophy),
and PR (proteorhodopsin-based
phototrophy) convert solar en-
ergy into chemical bond energy as
ATP plus heat, and in the case of
OP a portion of the energy gain
is used to reduce carbon dioxide
(CO,) to organic carbon (Org-C).
The light-independent heterotro-
phic (HETERO) flow of carbon
and energy ultimately dissipates
the potential energy in Org-C to
heat.
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guesses” — but it is a great start. The theoretical gross energy yield via these two types of photoheterotrophy
was compared to a model marine cyanobacterium, Synechococcus elongarus (MacKenzie et al. 2004), grown as
an obligate photolithoautotroph (i.e., OP; Table 1). By their analysis, a “typical”’ PR-containing phototrophic
bacterium would gain ~ 10% of energy captured by a “typical” AAP bacterium, and ~ 0.2—-0.3% of the cyano-
bacterium (Kirchman and Hanson 2013). These estimates may be a bit misleading because they are expressed
on a per cell basis. Given the fact that many PR-containing marine bacteria have biovolumes that are only
a few percent of the model cyanobacterium used for comparison, the potential solar energy gain relative to
their total energy demand for the PR-containing microbes may be greater than reported.

Quantitative assessments of energy flow

This brief commentary has focused on new pathways for solar energy capture and transformation in the
deep blue sea. However, there are also other important aspects to marine system energy flow that need to
be considered. These include the cycling of: (1) dissolved organic matter (DOM), especially labile products
of photosynthesis; (2) reduced biogenic gases, especially methane and hydrogen; and (3) reduced inorganic
derivatives of nitrogen, phosphorus, and sulfur. These reservoirs store and shunt potential energy, and enhance
the overall magnitude and efficiency of solar energy capture and transformation in the sea. In the case of
DOM, the energy content of the fairly large reservoir (~ 75-100 mmol C per cubic meter in the euphotic
zone) greatly exceeds the daily capture of solar energy and may regulate energy flow in stable oceanic com-
munities. Even the more refractory portion (~ 30-40%) of the total surface DOM pool, with a mean age of
a few thousand years, may represent a longer term potential energy reservoir for the growth of “low-energy”
specialists. Any quantitative assessment of ocean system energy flow must be able to measure all possible
pathways of energy capture, transformation, and dissipation and needs to integrate over both space and
time. Two possible experimental approaches have been employed to estimate total energy flow through
marine planktonic assemblages: (1) heat flow via microcalorimetry, and (2) total ATP pool turnover rate, but
additional methods need to be devised, calibrated, and field-tested. Future developments in the emergent
field of metabolomics, especially energy transduction and energy storage molecules, will likely provide new
opportunities for field application.

Microcalorimetry has only rarely been used to estimate heat flow in marine ecosystems (Pamatmat et al.
1981; Pamatmat 1982), primarily in coastal benthic habitats where metabolic activities are relatively high.
Comparison of heat flow estimated from dark rates of oxygen uptake using assumptions regarding organic
substrate composition and utilization efficiencies can lead to large discrepancies with direct heat flow estima-
tion (Pamatmat 2003). In one of the few published studies of heat flow in marine plankton (Friday Harbor,
Wiashington), the direct calorimetric-based value of 200-300 pW per liter was 4-6 times larger than that
derived from extrapolation based on oxygen utilization (Pamatmat 2003). However, calorimetry currently
suffers from several limitations. First, the nature of the differential microcalorimeters used for ecological
studies cannot be used to assess solar energy for capture directly or to resolve biotic versus abiotic reactions.
Second, the specialized nature of differential microcalorimeters limits sample throughput and replication.
Finally, the relatively insensitive limits of heat detection preclude measurements in most open ocean plank-
tonic ecosystems and, even for those systems that can be measured, calorimetry requires fairly long incubation
periods which may bias estimates of in situ energy flow.

Recently, Djamali et al. (2012) have employed a purpose-built, differential microcalorimeter to measure the
heat output of the marine microbial food web with an emphasis on the role of viral lysis. They experimented
with aquarium-reared, size-fractionated model systems that were diluted to provide treatments with or without
viruses. Their results indicated that approximately 25% of the total heat flow in their artificial planktonic
communities could be attributed to viral activities. While the claim is made that their novel instrument is
capable of measuring the heat produced from open ocean assemblages of ~ 10° bacterial cells ml™ without
pre-concentration (Djamali et al. 2012), no such data are presented, or to my knowledge published elsewhere.
Nevertheless, recent improvements in technology are very encouraging for possible use in future field studies
(see review by Braissant et al. 2010). The three major limitations of calorimetry, however, remain: (1) inability
to resolve biotic from abiotic processes, (2) difficulty measuring light versus dark energy heat fluxes, and (3) low
sample throughput and lack of sample and reference replication for most commercial microcalorimeters.

An alternative to direct estimation of heat flow is the measurement of the turnover rate of the ATP pool
in the microbial community (Karl and Bossard 1985). The central role of ATP in the stoichiometric coupling
of all energy transforming metabolic reactions (phototrophic as well as chemotrophic) has been known
since the pioneering work of Lipmann (1941). While intracellular ATP concentrations (i.e., the so-called
“ATP pool”) are fairly well buffered at 1-3 mV, the turnover rate of the pool tracks metabolic energy flow.
ATP pool turnover results from the hydrolysis of one or both “high energy” phosphate bonds, followed by
regeneration of ATP via substrate level, oxidative, or photophosphorylation. Because ATP is the common
energy currency in all organisms and because the free energy of ATP hydrolysis is well constrained (46 + 4
kJ per mol; Bridger and Henderson 1983), direct measurements of ATP pool turnover coupled with ATP
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concentration should provide a quantitative estimation of biological energy flux (Karl 1993). Both heat flow
and ATP pool turnover might be viewed as the epitome of reductionism because neither approach provides
explicit information on which organisms or which pathways are most important in natural systems. Clearly
in order to be useful, energy flow measurements need to be part of the holistic study of ecosystems and used
as a tool in experimental perturbation studies to learn more about the controls on energy capture, transfor-
mation, and dissipation in marine systems.

Future research prospectus

As we move further into the anthropocene and continue to alter the sea around us, we need to have the capacity
to monitor changes in the most fundamental property of the system, namely energy flow. The future ocean
will be warmer, more stratified and nutrient starved, more acidic, and less oxygenated as a consequence of
anthropogenic forcing by greenhouse gas emissions (Gruber 2011). These habitat changes will impact solar
energy capture and transformation by microbial assemblages, so there is an urgent need to improve our
conceptual understanding and quantitative assessments of energy flow in the open sea. I consider this to be
one of the greatest contemporary challenges in microbial oceanography and marine ecology. The Center for
Microbial Oceanography: Research and Education (C-MORE) is poised to begin a systematic two-year
study (2014-2015) of planktonic community energy flow in the NPSG with an emphasis on pathways
and controls. Once a comprehensive energy budget is available for the NPSG microbial assemblage, other
fundamental properties including the maximum empower selection principle (Odum 1983b; Sciubba 2011),
net metabolic balance (Ducklow and Doney 2013), the concept of energy equivalents and transformity
(Odum 1983a), and the enigma of microbial production of recalcitrant organic matter (Jiao et al. 2010) can
be systematically investigated. The development of a new theoretical framework for solar energy capture and
energy flow via microorganisms in the sea may also be of practical value for policy makers and society as a
whole (Prosser et al. 2007). As our demands for renewable energy continue to increase, a better understanding
of the unique evolutionary adaptations of our magnificent marine microbes might improve our standard of
living and extend our survival as a species.
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