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INTRODUCTION

Marine ecosystems account for 50% of the 111 to
117 Pg carbon assimilated annually across our planet
(Falkowski & Raven 2007). Of this, the majority (~75%)
is assimilated by phytoplankton in the open ocean, and
the balance is assimilated by algae and seagrasses that
inhabit the coastal regions. In an era when atmos-
pheric CO2 levels are rising rapidly due to human
activities, understanding the role of phototrophs in the
global carbon cycle is arguably becoming more impor-
tant than ever, and the question of how to accurately
measure the primary productivity of these organisms is
critical in determining their potential role in carbon
drawdown and cycling.

The simplest approach to determining primary pro-
duction is to measure the rate at which primary pro-
ducers accrue biomass. However, this can be time con-
suming and is affected by a range of processes
discussed briefly below. Nonetheless, there are a num-
ber of processes involved in photosynthesis, measure-

ment of which can provide a proxy of primary produc-
tivity. Perhaps the most obvious of these is the assimi-
lation of inorganic carbon into organic matter. In
marine systems, this inorganic carbon takes the form of
CO2 and/or bicarbonate dissolved in seawater as fol-
lows: 

CO2 (aq) ↔ H2CO3 ↔ HCO3
– + H+ ↔ CO3

2–

pKa = 5.85                 pKa = 8.92

The CO2 in seawater is (ideally) in equilibrium with
that in the atmosphere, but represents only a small
fraction of the total carbon available for assimilation,
with bicarbonate being the major inorganic carbon
source. The carbonate ion is not available for photo-
synthesis. Thus, we can measure primary productivity
by detecting the amount of carbon taken up by cells.

For nearly 60 yr, scientists have been measuring the
uptake of a tracer, supplied as radioactive 14C (Stee-
man Nielsen 1952, Johnston & Raven 1990, Thomas &
Wiencke 1991, Williams et al. 2002), and more recently
using the stable isotope 13C (Miller & Dunton 2007),
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into cells. Of the 14C approach, Longhurst et al. (1995)
wrote ‘Rarely, in fact, can a technique have been
so persistently criticized, but so consistently used.’
Williams et al. (2002) comprehensively reviewed 50 yr
of progress since the original paper of Steeman
Nielsen (1952) and addressed important questions
such as the uncertainty associated with whether the
14C-derived primary productivity rate is closer to net or
gross primary productivity and other fundamental
aspects of this technique and its application. The issue
of gross vs. net productivity and the ecological implica-
tions of their measurements are discussed thoroughly
by Williams (1993).

Another in vitro technique involves the use of 18O-
labelled water, rather than 14C-labelled CO2, to mea-
sure gross primary productivity, which is sometimes
done concurrently with 14C-derived primary produc-
tivity measurements (Grande et al. 1989a, Bender et
al. 1999). Differences in results between the 2 meth-
ods (1.5 to 2-fold) are attributed to the Mehler reac-
tion, photorespiration, and/or DO14C recycling (Laws
et al. 2000). Others have made use of an anomaly in
the 17O /16O ratio in atmospheric O2 to estimate gross
productivity rates in the ocean (e.g. Luz & Barkan
2000), or the δ18O of dissolved O2 in surface waters as
a tracer of biological productivity (e.g. Quay et al.
1993).

Non-isotopic measures based on direct measure-
ments of gas exchange by infrared gas analysis (John-
ston & Raven 1986) are less applicable in high pH and
marine systems, but can be useful in lower pH environ-
ments. Photoacoustics is based on the principle that
some of the energy absorbed by photosynthetic organ-
isms is emitted not as fluorescence, but as heat. A pulse
of light will then give a pulse of heat, which will cause
expansion in the medium and a consequent pressure
wave. This pressure wave can be picked up by sensi-
tive microphones (photoacoustic detectors). This
approach has been used in higher plant photosynthesis
(Herbert et al. 2000) as well as in algae (Dubinsky et al.
1998, Pinchasov et al. 2007).

Photosynthesis can also be measured as the rate of
energy transduction and electron transport that are
used to drive NADP reduction and the phosphorylation
of ADP; these are detected as changes in cellular fluo-
rescence. Electron transport in oxygenic photoau-
totrophs involves the withdrawal of electrons and pro-
tons from water (e.g. see Quigg et al. 2006), leading to
O2 evolution, the latter process being commonly mea-
sured as an index of electron transport rates (ETRs).
The harvesting of absorbed light energy in photosyn-
thesis is never completely efficient. Fluorescence is
essentially a by-product of light harvesting by chloro-
phyll in antenna regions of the chloroplast. When more
light is absorbed than can be used to do photochemical

‘work’ or is dissipated by ‘non-photochemical quench-
ing processes’ (e.g. the xanthophyll cycle), energy is
dissipated by emission as heat, or as light of a slightly
longer wavelength than was used for excitation, i.e.
fluorescence. Since the fates of energy generated via
chemical work, fluorescence or heat are competitive,
measurements of fluorescence output can give an indi-
cation of the rates of chemical work, which is equiva-
lent to rates of energy transduction and electron trans-
port. Fluorescence based measurement systems
include tools such as pulse amplitude modulated
(PAM) fluorometry, fast repetition rate fluorometry
(FRRF) and, more recently, fast induction and relax-
ation fluorometry (FIRe).

While many of the above methods involve in vitro
incubations, 2 in situ techniques have been used with
greater frequency in recent decades to estimate pri-
mary productivity. The first involves measurement of
the naturally occurring isotopic composition of dis-
solved O2 and the ratio of dissolved O2 to argon gas
(O2/Ar) in the mixed layer (Luz & Barkan 2000). This
method has the notable advantage of yielding esti-
mates of gross primary productivity and net commu-
nity production. The second method involves the use of
FRRF to obtain instantaneous measurements of water
column in situ fluorescence, which are then used to
estimate ETR between photosystems (PS) II and I (Kol-
ber et al. 1998). For macroalgae and seagrasses, a DIV-
ING-PAM is similarly employed (Beer et al. 1998, Beer
& Axelsson 2004 , Quigg et al. 2008). However, in all
cases, the accurate conversion of fluorescence-mea-
sured ETRs to primary productivity is still not straight-
forward. This is an area of active discussion in the sci-
entific community.

CORRESPONDENCE BETWEEN TECHNIQUES FOR
MEASURING PRIMARY PRODUCTIVITY

Generally good agreement exists between fluores-
cence estimates of ETR and O2 based measurements,
but other processes can have an influence. Beer et al.
(1998) found good agreement between O2 evolution
and fluorescence determined ETRs in seagrasses.
Departures from linearity that occurred at high irradi-
ance were ascribed to photorespiration by Beer et al.
(1998). However, in other studies using tropical Ulva
species, similar departures could not be explained by
photorespiratory activity (Carr & Bjork 2003). Longstaff
et al. (2002) showed good agreement between the 2
approaches at low- to mid-levels of irradiance for Ulva
lactuca, but departures from linearity again occurred
at high irradiances. Similar data were obtained by
Figueroa et al. 2003 for Ulva and Porphyra and by
Hanelt & Nultsch (1995) for Palmaria.
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The deviations from strictly linear correlations seem
to occur under stress conditions such as high photon
flux or nutrient limitation (Gordillo et al. 2001,
Longstaff et al. 2002, Beer & Axelsson 2004). Insuffi-
cient caution in common laboratory experiments can
also add significant methodical errors. For example, by
simply changing the medium during photosynthesis
vs. irradiance (P-I) response curve measurements, a
curvilinear relationship between ETR and O2 evolution
was corrected to a linear correlation (Silva & Santos
2004). In situ measurements of microphytobenthos
showed both linear and curvilinear relations between
ETR and carbon fixation at various field sites (Bar-
ranguet & Kromkamp 2000). Again, differences in
nutrient supply might cause different energy demand
patterns, leading to deviations in the stoichiometry
between electrons transported and carbon fixed.
Kroon & Thoms (2006) describe an integrative model
that accounts for nutrient status and acclimation of the
photosynthetic energy output. Franklin & Badger
(2001) showed reasonable correlation between fluores-
cence determined ETR and gross O2 evolution based
on 18O studies, except when algae were exposed to
very high light or starved of inorganic carbon (as a sink
for electron flow). Such departures from linearity were
explained by Franklin & Badger (2001) to be associated
with alternative energy sinks such as the Mehler reac-
tion, or with enhanced ‘dark’ respiratory processes
running counter to O2 evolution. These are discussed
below.

Cyclic electron flow in PSII

In primary production measurements simultaneously
employing fluorescence and O2 exchange, a curvilin-
ear relationship has been reported at high photon
fluxes (Gordillo et al. 2001, Longstaff et al. 2002, Beer
& Axelsson 2004). While various mechanisms might be
responsible for O2 deviation from potential O2 produc-
tion rates in linear electron transport, cyclic electron
flow within PSII might lead to artificially high ETRs in
PSII during high light events. In this case, O2 produc-
tion might represent ‘true’ linear ETRs, while fluores-
cence based measurements might detect elevated
electron flow, possibly due to cyclic electron flow
through PSII. This type of electron looping in PSII acts
as a photoprotective mechanism in events of decreased
linear electron transport capacity (Prasil et al. 1996,
Miyake & Yokota 2001). In many cases, high light
intensities induce limitations in CO2 fixation, causing
product back pressure to the photosynthetic unit. Pri-
mary production rates under limitation of some sort
(e.g. nutrient limitation) will reduce photosynthetic
efficiency in a similar way. Activation of cyclic electron

flow in PSII might mimic high photosynthetic compe-
tence, although linear ETRs might be lower. Thus,
P680+ states in PSII are reduced by electron donation,
and by accepting proteins involved in cyclic electron
looping. Contributing proteins appear to be P680, plas-
toquinone, Cyt b-559 and Chl z+ (Arnon & Tang 1988,
Krieger et al. 1992, Kruk & Strzalka 2001), although
this pathway is still under discussion (Miyake & Oka-
mura 2003). The principle of energy dissipation is not
elucidated either. Electrons that are re-accepted by
P680 would be expected to have a higher energy level
in cases of cyclic flow, unless the energy gained by
quanta absorption during the first P680 passage event
is effectively quenched. However, cyclic electron flow
requires an existing trans-thylakoid pH gradient and is
activated hierarchically after the capacity for protec-
tive heat dissipation is exceeded (Miyake & Yokota
2001). It is not clear whether cyclic electron flow in PSII
directly affects primary production, but its existence
might enable the cells to maintain capacity for a high
PSII absorption cross section under rate limiting condi-
tions of linear ETRs. The capacity of alternative energy
quenching mechanisms might therefore affect accli-
mation strategies in primary producers.

Photosystem stoichiometry and state transitions

Photosynthetic quantum absorption takes place in
PSII and I. Electrons cycle through their reaction cen-
tres creating an electron transport loop, with energy
dissipation taking place each time an electron is
passed through cyclic electron flow in PSII (e.g. Cha &
Mauzerall 1992, Miyake & Okamura 2003) and cyclic
electron transport around PSI (e.g. Joliot & Joliot 2006).
During linear electron transport, both photosystems
contribute equally, with ~1 photon absorbed per elec-
tron transported in each photosystem (Falkowski &
Raven 1997, 2007). Regulation of cyclic vs. linear elec-
tron transport can lead to measurable changes in pri-
mary productivity. However, since energy distribution
between photosystems is plastic and can be regulated
at time scales of minutes (state transition) or hours
(changes in photosystem stoichiometry), the method of
choice and the interpretation of results need to be
carefully considered. The extent to which changes in
energy production and energy quality (ATP:NADPH
ratios) affect cell function and downstream energy dis-
tribution is complex (Gauthier & Turpin 1997, Forti et
al. 2003). Andrews et al. (1993) found that CO2 assimi-
lation was not affected during a state transition event,
but the absorption cross-section did change during a
state transition. The cross-section of PSI can be ele-
vated when light harvesting complexes are in state II,
which results in a higher photon capture than prior to a
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state I to state II transition, and PSI is more likely to dis-
sipate energy using cyclic electron transport around it.
This leads to elevated ATP production, even when lin-
ear ETRs are maintained, since the state transition
might function as a relaxation system for heat dissipa-
tion. While state transitions are thought to act as a pho-
toprotective system, less is known about their role in
energy quality regulation.

Balanced energy equivalents are required under all
light quantity and quality conditions. Under low light
conditions, PS stoichiometry appears to be important
and dominates over state transitions as a response fac-
tor (Bailey et al. 2001). Arabidopsis mutants that lacked
the regulatory unit for state transitions and PS adjust-
ments produced 20% fewer seeds than wild types
under similar conditions (Dietzel et al. 2008), reflecting
an overall decrease in primary productivity. Inade-
quate energy supply from photosynthetic units may
affect energy distribution within cells. There is evi-
dence for example that the oxidation state of the plas-
toquinone pool is a key sensor for both state transitions
and PS acclimation (Allen & Pfannschmidt 2000, Quigg
et al. 2006, Dietzel et al. 2008). Adjustments in PS pro-
tein turnover involves gene transcription in the chloro-
plast as well as in the nucleus; these are both at least
partly controlled by the plastoquinone pool redox state
(Fey et al. 2005a, Quigg et al. 2006). Dietzel et al.
(2008) emphasised that changes in PS stoichiometry
will have downstream effects on carbon metabolism,
nucleotide and amino acid synthesis. Thus, regulation
and acclimation of the energy capturing apparatus will
in turn affect primary production and its measurement.
Since fluorescence techniques for determining primary
productivity assume an equal distribution of light
absorbed by PSII and PSI, deviations from this due to
state transitions could influence ETR estimates.

PROCESSES RUNNING COUNTER TO PHOTO-
SYNTHESIS IN PRIMARY PRODUCTION

Some processes in marine primary producers run
counter to photosynthetic metabolism and may confuse
or complicate the interpretation of measurements. For
instance, algal cells can excrete extracellular materi-
als. Phytoplankton release considerable amounts of
dissolved organic matter (DOM) in the form of poly-
saccharides or compounds such as dimethysulphonio-
proprionate (DMSP). DOM can make up 18 to 50% of
the total inorganic carbon pool assimilated in e.g.
coastal phytoplankton blooms (Wetz & Wheeler 2003).
Some macroalgae also produce copious amounts of
polysaccharides. Depending on the techniques used,
this material might be overlooked in analyses of e.g.
14C assimilation or changes in biomass. Material can

also be consumed or lost through mechanical damage
and grazing — processes that are important for esti-
mates of productivity through biomass accrual.

Respiratory mechanisms oxidise organic matter and,
in so doing, release CO2 and (ignoring anaerobic fer-
mentation processes) consume O2. Gas exchange mea-
surements should thus provide estimates of net photo-
synthesis. In the case of 14C tracer uptake, data reflect
either net photosynthesis (if incubation is long enough
for respiratory substrates to become labelled) or gross
photosynthesis (if incubation times are short and no
14C-labelled material is respired) (see Williams et al.
2002 for details). On the other hand, measurements of
photosynthetic ETRs based on fluorescence are theo-
retically indicative of gross photosynthesis. While mea-
surements of O2 exchange in the light reflect net pro-
duction, the use of O2 stable isotopes can give
estimates of gross O2 evolution (Grande et al. 1989b,
1991, Luz et al. 1999, Luz & Barkan 2000). There is a
range of O2-consuming processes that contribute to the
net vs. gross equation.

Some of these O2 consuming reactions are light
dependent or associated with processes that occur dur-
ing light exposure, and include photorespiration,
Rubisco oxygenase and glycolate oxidase activities,
and the Mehler-peroxidase reaction (Beardall et al.
2003, Raven & Beardall 2005). ‘Dark respiration’ pro-
cesses that consume O2 are driven by cytochrome oxi-
dase and alternate oxidase activities, and chlororespi-
ration associated with thylakoid membranes also has
an associated terminal oxidase (Beardall et al. 2003).
Even the rates of dark respiration can be very variable
and dependent on the previous light exposure of algal
cells (Beardall et al. 1994). They can also be driven by
alternative demands on electrons such as nutrient
availability. For example, Cabello-Pasini & Figueroa
(2005) demonstrated a strong dependence of respira-
tory O2 consumption, and hence of the gross photosyn-
thesis:respiration ratio, on nitrate concentration in Ulva
rigida.

Alternative energy sinks and respiratory processes

Photosynthetic and respiratory pathways are inti-
mately coupled in all phototrophs, but more so in
Cyanobacteria where these processes must also inter-
act with nitrogen fixation. In eukaryotic cells, photo-
synthesis occurs in chloroplasts while respiration
occurs in mitochondria. While these organelles can act
autonomously, new studies are revealing interactions
for efficient use of energy (ATP), reducing power
(NADPH) and carbon skeletons (Beardall et al. 2003,
Raven & Beardall 2003, 2005). This involves the import
of reducing equivalents by peroxisomes from both

116



Beardall et al.: Primary production concepts and measurements

chloroplasts and mitochondria, while the cytoplasm
acts as a medium for the flux of related metabolites.

In Cyanobacteria, photosynthetic electron transport
occurs solely in thylakoids, whereas respiratory elec-
tron flow takes place both in the thylakoid and cyto-
plasmic membrane systems. The thylakoid membrane
functions as an internal membrane system that sepa-
rates the cytoplasm from the lumen. These electron
transport chains intersect and partly utilize the same
components in the membrane. Nitrogenase, the
enzyme that fixes nitrogen in Cyanobacteria, requires
an anaerobic environment. Simultaneously, photosyn-
thesis and respiration involve the exchange of O2. Spa-
tial separation of nitrogen fixation is thus found in spe-
cies of Cyanobacteria that have heterocysts (e.g.
Anabaena, Nostoc), while those with only vegetative
cells rely on temporal separation of these processes
(Scherer et al. 1988, Berman-Frank et al. 2003).

Photoacclimation

In phototrophs, photoacclimation can be interpreted
in terms of cellular energy balance (Richardson et al.
1983). Major limitations on growth at extremely low
photon fluxes (≤1 µmol photons m–2 s–1) are thought to
include protein turnover, charge recombination in PSII,
and proton leakage and slippage (Raven et al. 2000,
Quigg & Beardall 2003, Quigg et al. 2003, 2006). These
processes act synergistically, limiting rates of photosyn-
thesis and the minimum specific growth rate. In terms
of carbon balance, this indicates that any factor that in-
creases protein concentration or the leakiness of mem-
branes will increase maintenance respiration rates.
Since a relatively constant cytoplasmic ion concentra-
tion is vital, protein turnover may be the major but vari-
able component of maintenance costs. Energy distribu-
tion patterns are, however, affected by species-specific
photoacclimation strategies: photosynthetic electron
transport to carbon fixation or/and O2 production rates,
cell volume adjustments, differences in elemental (C,
N, P, Fe, etc.) ratios, and changes in protein transcrip-
tion efficiencies (Miller et al. 1991, Sciandra et al. 1997,
Longstaff et al. 2002, Quigg & Beardall 2003, Beer &
Axelsson 2004, Leonardos & Geider 2004, Jakob et al.
2005, Wilhelm et al. 2006).

Respiration

Respiratory processes are necessary not only to drive
biosynthetic reactions that lead to the increment of dry
matter, but also to maintain cellular structures. Thus,
any factor (e.g. temperature, growth rate) that increases
the metabolic rate will tend to increase dark respiration

rates. Maintenance respiration is the minimum energy
consumption rate required to maintain the viability of
microalgae. It includes processes that maintain cellular
structures and gradients of ions and metabolites, and
physiological adaptations that keep microalgae active
in a changing environment. Maintenance respiration
can be used to estimate the energy available for main-
tenance processes  (assuming complete coupling in res-
piratory energy conversions). The likelihood that some
of the maintenance energy requirements in the light
are supplied by the direct use of photoproduced ATP
rather than via dark respiration cannot be ignored, but
is difficult to quantify and would have little effect on the
overall energy budget (Raven & Beardall 1981a). Main-
tenance respiration can most simply be determined by
extrapolation of a dark respiration rate vs. growth rate
curve to the zero growth rate. Dark respiration has
been found to be linearly (and positively) related to
growth rate in a number of microalgae (Laws & Bannis-
ter 1980, Verity 1982, Langdon 1988, Geider & Osborne
1989) but not in all species (Quigg & Beardall 2003).
The assumptions and/or calculations used to determine
maintenance respiration rates are summarized by
Quigg (2000). The paucity of measurements in microal-
gae reflects the difficult interpretation of dark respira-
tion in terms of an energy budget. There continues to
be uncertainty regarding the degree to which dark
respiration values are related to maintenance and/or
synthetic metabolic costs in unicellular phototrophs
(Shuter 1979, Laws et al. 1983, Richardson et al. 1983,
Geider 1992, Geider et al. 1996, Raven et al. 2000).
There is even greater uncertainty when applying these
same principles to macroalgae, seagrasses and higher
phototrophs as energy demands for cellular structures
and reproduction compete with maintenance energy
demands.

Protein turnover

The cycle of protein degradation and re-synthesis is
collectively referred to as protein turnover. This process
has long been recognized as important in the
regulation of biological systems and has several pur-
poses including (1) regulation of enzyme activities,
(2) removal of abnormal proteins, (3) adaptation to dif-
ferent environments by allowing changes in the rela-
tive concentrations of different proteins, and (4) a
mechanism enabling microalgae to compete under a
range of environmental conditions. It is also thought to
be the most significant component of maintenance pro-
cesses and hence of dark respiration in terms of cellular
energy requirements (Penning de Vries 1975, Raven &
Beardall 1981b, Geider et al. 1996, Lambers et al. 1998,
Raven et al. 2000). Other things being equal, a higher

117



Aquat Microb Ecol 56: 113–122, 2009

protein content per cell implies a higher maintenance
respiration rate related to protein turnover; thus, a low-
protein cell could economize on maintenance as well as
capital costs (Richardson et al. 1983). Quigg & Beardall
(2003) found that about a third of respiratory demands
in the diatom Phaeodactylum tricornutum and in the
chlorophyte Dunaliella tertiolecta were associated with
protein turnover. Lower metabolic activity correlated
well with lower protein concentrations and an associ-
ated decreased maintenance respiration rate. These re-
sults are consistent with studies proposing that species
best adapted to growth at low light have lower mainte-
nance respiration rates (Langdon 1988, Falkowski &
Raven 1997), where diatoms are reported to typically
exhibit lower values than flagellates. There is, however,
a trade-off between greater efficiency of respiratory
processes in fast-growing species and lower specific
costs of energy demanding processes (Lambers 1987,
Geider & Osborne 1989).

‘Slippage’

In terms of photosynthetic energy conversion, slip-
page implies a less-than-theoretical stoichiometry of
some energy transduction process that leads to propor-
tionally larger reductions in photon efficiency at low
rates of photon absorption (Richardson et al. 1983,
Raven 1986, Quigg et al. 2006). Radmer & Kok (1977)
and Raven & Beardall (1981b, 1982) predicted that the
most important slippage reactions when considering
microalgal growth at extremely low photon fluxes (≤1
µmol photons m–2 s–1) were (1) the decay of the unsta-
ble intermediates (S2 and S3 states) of the O2 evolution
pathway of photosynthesis, and (2) the functioning of
primary active proton porters as passive uniporters
(e.g. the CF0-CF1 ATP synthetase), i.e. the ‘leakage’ of
protons leading to the breakdown of the electrochemi-
cal gradient across the thylakoid membrane. Of these,
passive proton leakage is thought to affect quantum
yield most dramatically (Richardson et al. 1983, Raven
1986). In addition, Raven & Beardall (1982) proposed
that the slippage reactions would be largely ‘mainte-
nance’ rather than ‘growth’ costs, and hence would be
proportionately more significant at low energy-conver-
sion rates. In order to reduce slippage, phototrophs
may reduce the quantity of energy transducers (reac-
tion centres) per unit of energy transmitters (light har-
vesting pigments), i.e. increase the size of the photo-
synthetic units, or they may reduce the intrinsic
slippage of the transducers, or a combination of these 2
possibilities (Raven & Beardall 1981a, 1982, Richard-
son et al. 1983, Raven et al. 2000, Quigg et al. 2003,
2006). An additional source of proton leakage or slip-
page may be the transmembrane light-harvesting pig-

ment–protein complexes (Richardson et al. 1983), but
the question of how thylakoid proton electrochemical
gradients are maintained is yet to be elucidated (Strot-
mann et al. 1986, Renganathan & Dilley 1994).

Homeostasis

Biological processes such as photosynthesis and
respiration rely on intracellular pH homeostasis. In
microalgal cells, this is achieved by the balance between
the rates of proton-producing and proton-consuming re-
actions (which include NO3

– and SO4
2– reduction, and

DMSP production) and of fluxes of H+ or OH– through
various transporters along with passive diffusion path-
ways (Raven & Smith 1974, 1976, Nimer et al. 1994). Pro-
tonation, which is critical for the biological function of
many enzymes, is dependent on the pH balance in
cells (Haussinger et al. 1988). In addition, the internal
pH in marine photoautotrophs has to be precisely
regulated, usually between 7 and 7.4, because they have
a negative plasmalemma membrane potential in sea-
water (Nimer et al. 1999), which may lead to the passive
diffusion of protons into the cytosol and alteration of the
internal pH. However, this is not likely to be an issue
since the inward driving force for H+ is very small
(19 mV; Nimer et al. 1994). Interestingly, the cytoplasmic
pH in high-calcifying cells such as those of Emiliania
huxleyi is more acidic (Nimer et al. 1994) than that
measured in non-calcifying marine microalgae (Raven &
Smith 1980, Burns & Beardall 1987) and that reported
in plant cells (Raven 1980, Smith 1980).

Uptake and assimilation of CO2 can exert a dual
effect on internal pH. First, CO2 fixation by Rubisco
can increase internal pH within the chloroplast stroma
(in eukaryotes) or in the cytosol (in Cyanobacteria) by
removing CO2. Many species of marine microalgae
show enhanced growth at elevated CO2 concentrations
(Gehl & Colman 1985, Sültemeyer et al. 1989, Beardall
et al. 2003, Raven & Beardall 2003). However, increas-
ing CO2 leads to a decline in pH. Inhibition of growth
of the high-calcifying cells of Emiliania huxleyi at ele-
vated CO2 is thought to be related to their inability to
generate adequate OH– to neutralize the protons pro-
duced by calcification (Nimer & Merrett 1993) and to
counteract the acidification of the cytosol resulting
from the passive diffusion of CO2 at elevated ambient
concentrations (Nimer et al. 1994).

CO2 concentrating mechanisms can act as a major
energy dissipating process

The CO2 concentrating mechanisms (CCMs) of
Cyanobacteria and algae, which are driven by photo-
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synthesis (Giordano et al. 2005), are energetically
expensive, although cost-benefit analyses suggest that
these energy costs can compare quite favourably with
those of fixation via Rubisco following diffusive CO2

entry and the subsequent costs of photorespiration and
glycolate metabolism (Beardall 1991, Raven et al. 2000,
Beardall & Giordano 2002). The CCM may thus repre-
sent a significant drain on photosynthetic electron
flow, especially since CCMs may sometimes act as a
‘pump and leak’ system. Thus, some Cyanobacteria
and some species of the eukaryote genus Nanno-
chloropsis have been shown to exhibit very high rates
of HCO3

– transport (Salon et al. 1996, Tchernov et al.
1998). The resulting internal pools of CO2 can be so
large that leakage of CO2 can be very high, with up to
~90% of the HCO3

– taken up subsequently released as
CO2 (Sukenik et al. 1997). The inorganic carbon
cycling resulting from this pump and leak system has
been proposed to serve as a mechanism to dissipate
excess light energy in cells in surface waters (Tchernov
et al. 1998). The CCM may thus act as an alternative
electron sink during photosynthesis.

CONCLUDING REMARKS

It is clear that there is reasonable correlation be-
tween measurements of primary productivity carried
out using fluorescence, carbon assimilation and O2

exchange. There are, however, situations where these
relationships break down, especially under conditions
of imbalance between the availability of light to drive
electron transport and the availability of inorganic car-
bon or nutrients to act as electron sinks. Under these
circumstances, a range of processes (photorespiration,
dark respiration, chlororespiration, cyclic electron flow
around PSI or around PSII, and the Mehler reaction)
can contribute to departures from linearity between
the different measures of primary production. The
more we understand the basic processes involved and
the fate of electrons produced during the primary
events of photosynthesis, the better able we will be to
accurately measure rates of production in aquatic
ecosystems.

Looking into the future, we are faced with a situation
where the availability of CO2 will triple over the next
century (although with the consequent pH shifts, the
total inorganic carbon available for photosynthesis will
only increase by <10%; Beardall & Stojkovic 2006).
The consequences for our ability to accurately mea-
sure primary productivity remain to be determined,
although there might be some down-regulation of
energy-demanding CCMs. Shifts in photosystem stoi-
chiometry may be expected, with implications for the
relationship between fluorescence and other tech-

niques for the estimation of primary productivity.
Excretion of materials such as transparent exopolymer
particles (TEP) are also likely to increase (Engel 2002,
Engel et al. 2004), making it even more important to
measure extracellular components in 14C-based mea-
surements of phytoplankton productivity if we are to
get good estimates of net and gross production. Over-
all, global warming will increase stratification of sur-
face waters, and this will result in earlier onset of nutri-
ent limitation, with consequences for photosynthesis
and productivity (see Beardall & Stojkovic 2006).
Clearly, the consequences of global change, not only
for the physiology of primary producers, but also for
our ability to accurately measure primary productivity,
require further effort.
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