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Abstract

Incubation (in vitro) and incubation-free (in situ) methods, each with their
own advantages and limitations, have been used to derive estimates of net
community metabolism in the oligotrophic subtropical gyres of the open
ocean. The hypothesis that heterotrophic communities are prevalent in most
oligotrophic regions is consistent with the available evidence and supported
by scaling relationships showing that heterotrophic communities prevail in
areas of low gross primary production, low chlorophyll #, and warm water,
conditions found in the oligotrophic ocean. Heterotrophic metabolism can
prevail where heterotrophic activity is subsidized by organic carbon inputs
from the continental shelf or the atmosphere and from nonphotosynthetic
autotrophic and mixotrophic metabolic pathways. The growth of the oli-
gotrophic regions is likely to be tilting the metabolic balance of the ocean
toward a greater prevalence of heterotrophic communities.
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THE PARADIGM OF THE OCEAN AS AN AUTOTROPHIC ECOSYSTEM

Despite supporting only 0.2% of the photosynthetic biomass in the biosphere, the global ocean
is responsible for approximately half of the net primary production of the biosphere (Smith 1981,
Falkowski et al. 2000), supporting annual fishery catches of 96 million tons (Duarte et al. 2009)
and the functioning of the dark ocean ecosystem (Aristegui et al. 2009). The important role of
marine autotrophs in the Earth system helped confirm the paradigm that plankton communities
in the euphotic layer of the ocean are autotrophic (Ducklow & Doney 2013), an idea that was
already present in Odum’s first conceptualizations of ecosystem metabolism (see Odum 1956,
figure 2).

Heterotrophy was, in Odum’s (1956) conceptualization, a characteristic of dysfunctional
ecosystems, such as those affected by high organic inputs; autotrophic ecosystems were repre-
sented as healthy. However, Smith & Hollibaugh (1993) proposed that the ocean as a whole is a
heterotrophic system, on the basis that the riverine inputs of organic carbon (Ajy,.) exceed the
burial of carbon (B) in ocean sediments (i.e., Ainpue — B > 0). This rationale assumes that the pelagic
organic carbon pool in the ocean is in a steady state and therefore that the only compartment of

the ocean that accumulates organic carbon is the sediment, so that the rate of change in organic
Corg
at

carbon stocks, equals B in the mass balance equation for organic carbon

el CVorg
ot

=GPP-R + ]Cair—sea + Ainputv (1)

where GPP and R are the gross primary production and community respiration, respectively, and
fair-sea 18 the air-sea exchange of organic carbon, which here equals 0. This rationale implies that
net community production (NCP) < 0, because

NCP = GPP — R = B — Appur. 6))

Smith & Hollibaugh (1993) estimated the heterotrophy in the global ocean, supported by riverine
inputs, to be approximately 0.2 Pg C year~!. However, this estimate refers to the entire ocean,
where the layer below the euphotic layer is, despite significant chemosynthetic contributions to
organic matter production (Aristegui et al. 2009, Middelburg 2011), clearly heterotrophic (del
Giorgio & Duarte 2002, Aristegui et al. 2009).

Yet del Giorgio et al. (1997) suggested that plankton communities in the euphotic layer of
the oligotrophic ocean are heterotrophic because bacterial carbon use tends to exceed net pri-
mary production. The finding that planktonic R tends to exceed GPP in unproductive aquatic
ecosystems further suggested that the oligotrophic ocean tends to support net heterotrophic com-
munities (Duarte & Agusti 1998). A parallel paper argued that oceanic plankton communities were
in approximate metabolic balance (Williams 1998). The ensuing argument (see Duarte etal. 1999,
Williams & Bowers 1999, del Giorgio & Duarte 2002, Karl et al. 2003) has extended for approx-
imately a decade, and the arguments supporting and challenging the prevalence of heterotrophic
communities in the oligotrophic ocean led to the debate articles presented in this volume of the
Annual Review of Marine Science (see also Ducklow & Doney 2013 and Williams et al. 2013).
Controversies often stimulate new insights (Hansell et al. 2009), and so this controversy about
the metabolic status of the ocean has provided the impetus for significant methodological and
conceptual advances discussed here and in the companion articles.

Here, we present arguments supporting the conclusion that heterotrophic communities prevail
in the oligotrophic ocean. We consider three sets of arguments, based respectively on (#) empirical
evidence, (§) scaling, and (c) logical and theoretical considerations.

Duarte et al.
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EMPIRICAL EVIDENCE FOR A PREVALENCE OF HETEROTROPHY
IN THE OLIGOTROPHIC OCEAN

The currently available empirical basis for NCP values in ocean communities amounts to 4,799
estimates (A. Regaudie-de-Gioux & C.M. Duarte, manuscript submitted), with an uneven distri-
bution across the ocean (Figure 1). One-third (33 %) of the 1,265 depth-integrated NCP estimates
correspond to heterotrophic communities NCP < 0 mmol O, m~? day™"), and 45% of the 3,534
volumetric NCP estimates correspond to heterotrophic communities (NCP < 0 mmol O, m~3
day™!) (A. Regaudie-de-Gioux & C.M. Duarte, manuscript submitted). The stations in the data
set assembled by A. Regaudie-de-Gioux & C.M. Duarte (manuscript submitted) were classified
as located in the central oligotrophic gyres, following the delimitation of these areas provided by
McClain et al. (2002), who used ocean color and dynamic height along with other ancillary data
to delineate the oligotrophic gyres.

Of the 4,799 NCP estimates available, only 1,630 (34%) are estimates of net community
metabolism for the oligotrophic ocean. Most of these estimates correspond to the eastern margin
of the North Atlantic Subtropical Gyre, the Mediterranean Sea, the western margin of the South
Atlantic Subtropical Gyre, and the North Pacific Subtropical Gyre, with very few estimates for the
western sector of the North Atlantic Subtropical Gyre or any other subtropical gyres (Figure 1,
Table 1). Of these 1,630 estimates, including those for the oligotrophic subtropical gyres and the
Mediterranean Sea, 923 (57%) correspond to net heterotrophic communities.

The estimates also point to a prevalence of heterotrophic communities in the North At-
lantic Subtropical Gyre and the Mediterranean Sea, the regions of the oligotrophic ocean most

N — ————— ————m= O Autotrophic; incubation (in vitro) method
- ~ | O Heterotrophic; incubation (in vitro) method

O Autotrophic; incubation-free (in situ) method
O Heterotrophic; incubation-free (in situ) method
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]
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Figure 1

Locations for which estimates of net community production are available, based on data assembled by A. Regaudie-de-Gioux & C.M.
Duarte (manuscript submitted). Blue and red symbols designate autotrophic and heterotrophic communities, respectively, and circles
and squares designate estimates derived from incubation (in vitro) and incubation-free (in situ) methods, respectively.
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Table 1 Number of estimates of net community production (NCP) and related results for plankton in the oligotrophic

ocean and the Mediterranean Sea

Number of Mean volumetric Mean integrated
Number of | heterotrophic | NCP + SE (mmol O, | NCP =+ SE (mmol O, Median

Region estimates communities m~3 day~!) m~2 day~1) GPP/R + SE

North Atlantic 215 144 (67%) —0.37 £ 0.06 —20.8 + 8.8 0.62 + 0.15
Subtropical Gyre

South Atlantic 193 87 (45%) 3.55 £ 1.09 —18.6 £ 123 0.67 + 0.28
Subtropical Gyre

North Pacific 475 239 (50%) 0.03 + 0.11 142.7 £ 14.1 0.75 + 0.23
Subtropical Gyre

South Pacific 10 1 (10%) 0.01 £+ 0.34 16.7 £ 3.9 1.17 £ 0.53
Subtropical Gyre

South Indian Ocean 32 7 (22%) 1.70 + 0.34 45.8 +£ 13.8 2.12 £ 041
Subtropical Gyre

Mediterranean Sea 705 445 (63%) —-0.99 + 0.23 -9.2 £ 15.5 0.74 £+ 0.22

Estimates derived from the data set compiled by A. Regaudie-de-Gioux & C.M. Duarte (manuscript submitted). Abbreviations: GPP, gross primary

production; R, community respiration.
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intensively sampled (Figure 1), for which NCP was estimated at significantly <0 and the median
GPP/R ratio was estimated at <1 (Figure 1, Table 1). In the estimates for these two regions, 67 %
and 63% of the communities were heterotrophic, respectively (Table 1). The median GPP/R ra-
tio of the South Atlantic Subtropical Gyre was also <1 (0.67), but the NCP was not significantly
<0 (Table 1). The data for the North Pacific Subtropical Gyre point to a median GPP/R ratio of
<1(0.75), but 50% of communities were heterotrophic, and the NCP indicated an approximate
metabolic balance (Table 1).

In the oligotrophic ocean, communities in shallow waters (<25 m) tend to be in metabolic
balance or slightly autotrophic (Figure 2). Deeper waters, in contrast, have shown a prevalence
of heterotrophic communities with negative average community production (Figure 2). Approxi-
mately 70% of the communities at 120 m—the average depth of the deep chlorophyll # maximum
in the oligotrophic ocean—support autotrophic communities (Figure 2).

Hence, the empirical evidence indicates that heterotrophic communities are found more fre-
quently than autotrophic communities in the oligotrophic ocean, as the median GPP/R ratio
of the volumetric estimates of community metabolism are <1 for all oligotrophic regions for
which estimates are available (>50 sites) (Table 1). Heterotrophic communities clearly prevail
in the North Atlantic Subtropical Gyre and Mediterranean Sea, whereas the evidence indicates
that communities in the South Atlantic and North Pacific Subtropical Gyres are in approximate
metabolic balance (Table 1). Data on the metabolic balances of the Indian Ocean and South Pa-
cific Subtropical Gyres are insufficient to venture any inference (Table 1). The limited empirical
basis remains a major bottleneck to directly determining the metabolic balance of the oligotrophic
ocean (e.g., Robinson & Williams 2005).

INCUBATION VERSUS INCUBATION-FREE ASSESSMENTS
OF NET COMMUNITY PRODUCTION

The estimates discussed above were derived using a range of methods, including incubation (in
vitro) and incubation-free (in situ) techniques, which contributed a total of 1,311 and 319 of

Duarte et al.
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Figure 2

Depth distributions of the (#) average (£ SE) percentage of heterotrophic communities and (b) average
(% SE) net community production in the oligotrophic subtropical gyres of the open ocean. Depth values
were derived from data assembled by A. Regaudie-de-Gioux & C.M. Duarte (manuscript submitted) and
averaged by 10-m bins. The dashed line in panel # indicates equal proportions of autotrophic and
heterotrophic communities; the dashed line in panel 4 separates autotrophic from heterotrophic
communities.

the NCP estimates for the oligotrophic ocean, respectively. Incubation techniques allow the as-
sessment of NCP at discrete depths and over the length of the incubations, typically 24 h. In
contrast, incubation-free techniques resolve NCP integrated across a fixed depth range, typically
the surface mixed layer, and deliver rates integrated over weeks to months (Robinson & Williams
2005).

Incubation techniques involve the confinement of the community and are therefore prone to
artifacts. The dark-light incubation technique is known to underestimate R—and thus to overes-
timate GPP, which is calculated as NCP — R—because R is typically higher in the light than in
the dark, contrary to assumptions of the method (Bender et al. 1987, Dickson & Orchardo 2001).
However, this does not affect NCP estimates. Incubation techniques typically miss the contribu-
tion of larger zooplankton, which leads to an underestimation of R, typically by approximately 3%
(Robinson & Williams 2005), and therefore to an overestimation of NCP by that same magnitude
in absolute terms. This underestimation implies that, in the data set used here, the proportion of
heterotrophic communities in the oligotrophic ocean was likely to be underestimated, although
only slightly, by 1.5%.

The enclosure can also affect the light regime. Most NCP estimates obtained in vitro have been
produced using borosilicate bottles, which remove the UVB component of the solar radiation
spectrum (Godoy et al. 2012). Removal of UVB affects NCP, often leading to overestimation
of NCP (Godoy et al. 2012). Accordingly, published estimates of NCP derived from incubation
techniques have overestimated NCP and hence underestimated the extent of the heterotrophy of
oceanic plankton communities because they do not include all of the heterotrophic community
and because they exclude UVB radiation by borosilicate bottles.

The observation that the ratio of autotrophic to heterotrophic biomass declines during incuba-
tions led to suggestions that confinement could bias the estimates of plankton metabolism (Calvo-
Diaz et al. 2011). However, high-frequency time-series studies in oligotrophic ocean waters have
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reported that autotrophs experience strong diel variability in situ (Llabrés et al. 2011, Loisel et al.
2011) resulting from high cell mortality rates at the beginning of the night as damaged cells fail to
divide (Llabrés etal. 2011). Bacterial production has also been reported to display diel cycles in oli-
gotrophic environments (Gasol et al. 1998). Changes observed during incubations are indeed con-
sistent with in situ observations and therefore are not necessarily an artifact of enclosure in bottles.

Incubation-free techniques for estimating NCP comprise a range of approaches, including time
series of O, and pCO, sensors mounted on Lagrangian buoys (Moore etal. 2011), Argo floats (e.g.,
Riser & Johnson 2008), and gliders (e.g., Nicholson et al. 2008) as well as methods of inferring
rates that use anomalies in the O,/N; ratio (e.g., Emerson et al. 2008) or O,/Ar ratio (e.g., Kaiser
et al. 2005). Techniques based on triple O; isotopes have also been applied (e.g., Luz & Barkan
2000, 2009), but these deliver estimates of GPP alone and do not allow NCP to be determined, and
the assumptions and calculations involved are subject to considerable disagreement (e.g., Quay
et al. 2010, Kaiser 2011, Nicholson 2011, Prokopenko et al. 2011, Marra 2012).

Incubation-free techniques avoid the problems derived from confinement, but suffer from
several limitations because the estimates are critically dependent on assumptions about the mixing
rate in the mixed layer and about exchanges with the underlying and neighboring waters and
overlying atmosphere (Luz & Barkan 2009). The assumption that the mixed layer is actually
mixing at the time of sampling, which is implicit in some of these methods, is probably correct in
most cases. NOAA climatology data (NCEP_Marine, provided by the NOAA Office of Oceanic
and Atmospheric Research, Earth System Research Laboratory, Physical Sciences Division, at
http://www.esrl.noaa.gov/psd) point at average wind speeds of approximately 7 m s~! in the
oligotrophic gyres, for which equations in Denman & Gargett (1983) predict mixing times of
approximately 3 h (at 20° latitude and 200 m mixed depth). Estimates of the O, exchange with
the atmosphere, typically a large flux (e.g., Sarma et al. 2005), depend on parameterizations of
the gas transfer velocity from wind speed that can introduce uncertainties of up to 30%, or
even larger (Calleja et al. 2009), in the resulting NCP estimates (Robinson & Williams 2005).
The contribution of bubbles to transport and exchanges can also be important (Emerson et al.
2008), affecting the calculations derived from most O,-based incubation-free methods. The use of
0O,/N, anomalies to extract biological signals also involves considerable uncertainty because of the
different solubilities of O, and N, (Emerson et al. 2008), although this is a smaller problem when
O,/Ar ratios are used (Kaiser et al. 2005). Incubation-free techniques often assume atmospheric
gases to be constant in terms of partial pressure, isotopic composition, and O,/N, and O,/Ar
ratios, but variability in atmospheric O, and N, (e.g., Stephens et al. 2003, Bender et al. 2005)
may also be a source of error, albeit a comparatively small one.

Incubation-free techniques also include examination of the carbon stable isotopic composition
of dissolved inorganic carbon (DIC) in the euphotic layer (§*C-DIC) (Williams et al. 2013).
However, NCP in the oligotrophic ocean is generally too small to affect §"*C signatures above
the level of detection. When in isolation, autotrophic and heterotrophic communities should lead
to more positive and more negative §'*C isotopic signatures of DIC, respectively, as argued by
Williams et al. (2013). However, the production and removal of CO; associated with NCP are
small relative to the DIC pool. For instance, considering an NCP of —5 mmol C m™? day~!
accumulated over a year would lead to a §"*C-DIC decline of approximately 0.18, close to the
analytical error (£ 0.1), ignoring all other factors that contribute to §"* C-DIC variability such as
calcification and carbonate dissolution and air-sea exchange. Whereas heterotrophic metabolism
is clearly responsible for a decline in §'* C-DIC below the mixed layer (Kroopnick 1985), biological
effects in the mixed layer are more difficult to resolve owing to buffering effects associated with
air-sea exchange of CO,. Hence, arguments on the net metabolism of the oligotrophic ocean
based on trends in §"*C-DIC (Williams et al. 2013) appear unreliable.

Duarte et al.
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As a result, the uncertainty associated with NCP estimates based on incubation-free techniques
is considerable, challenging the detection of the very low NCP rates characteristic of communities
in oligotrophic gyres. For instance, Stanley et al. (2010) reported that the average NCP near Papua
New Guinea was 4.8 £ 0.6 mmol O; m~? day™! with a standard deviation of 6.0 mmol O; m™?
day~!, and Emerson et al. (2008) used error propagation techniques to calculate that net biological
O, production was determined to =+ 54% from records of O, and N at the Hawaii Ocean Time-
Series (HOT) site. However, the integration of discrete in vitro estimates to derive euphotic layer
rates also involves substantial error, as demonstrated using error propagation techniques, which
yield a coefficient of variation for the integrated NCP of 19.5% for a subsample of the oligotrophic
ocean stations in our data set.

Lastly, the euphotic zone often extends below the mixed layer in oligotrophic subtropical gyres.
Because incubation-free methods typically integrate metabolism over the mixed layer, the resulting
NCP estimates exclude the lower part of the euphotic layer, where a sizable fraction of production
may occur (e.g., Luz & Barkan 2009) but also where (most importantly) R tends to be high relative
to GPP (Figure 2) (e.g., Regaudie-de-Gioux & Duarte 2010). As a consequence, incubation-free
methods involve considerable uncertainty and may overestimate NCP when communities within
the fraction of the euphotic layer below the mixed layer are heterotrophic. Hence, comparisons
of nonsynoptic NCP data derived in vitro and in situ (Williams et al. 2013) need to consider the
different depths of integration, which may account for the tendency of in situ techniques to yield
more positive NCP values (Williams et al. 2013). The argument that oligotrophic regions cannot
support heterotrophic communities because this is not supported by incubation-free techniques
(Williams et al. 2013) therefore ignores the limitations of these techniques and the limited data
available based on these techniques.

Hence, both incubation and incubation-free estimates of NCP are affected by multiple sources
of error and bias and have both advantages and limitations. Quay et al. (2010) questioned produc-
tion estimates derived in vitro on the basis that triple O, isotope methods, which they assumed
to be superior (e.g., Quay et al. 2010, Williams et al. 2013), derived much greater estimates of
GPP, possibly suggesting that NCP is underestimated in vitro. Yet Marra (2012) calculated that,
compared with chlorophyll # concentrations, production derived from triple O, isotope methods
by Quay et al. (2010) exceeded the theoretical limits imposed by quantum yields, and questioned
their reliability. Arguments for the superiority of one method over another are spurious and can
be challenged unless the methods are compared directly through synoptic studies (Marra 2012),
which has been reported only twice (Marra 2002, Robinson et al. 2009). Both of these studies
concluded that in vitro and in situ estimates of NCP were in good agreement when averaged over

days.

SCALING ARGUMENTS FOR A PREVALENCE
OF HETEROTROPHY IN THE OLIGOTROPHIC OCEAN

An alternative approach to assessing whether heterotrophic metabolism prevails in specific regions
of the ocean has been to derive scaling laws that allow inferences about the metabolic balance.

Scaling Gross Primary Production and Community Respiration

Examination of the relationship between GPP and R has shown that GPP does not scale propor-
tionately to R in oceanic plankton communities (Duarte & Agusti 1998; Robinson & Williams
2005; A. Regaudie-de-Gioux & C.M. Duarte, manuscript submitted). The most comprehensive
representation of the relationship between GPP and R (in units of mmol O, m~ day~!) is that of
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A. Regaudie-de-Gioux & C.M. Duarte (manuscript submitted),

R=1 .07GPP0,78(:EO.0])

(R? =031, n=3,061), ®)

which confirms that R tends to be highest relative to GPP in unproductive waters and that the
GPP/R ratio increases with increasing GPP. Indeed, GPP is significantly higher for autotrophic
communities (5.2 £ 0.5 mmol O, m~3 day~!) than for heterotrophic ones (1.3 + 0.3 mmol
0, m~* day™!) (A. Regaudie-de-Gioux & C.M. Duarte, manuscript submitted). Logistic regres-
sion shows that the GPP threshold separating autotrophic from heterotrophic communities is
1.41 mmol O, m~? day~! (A. Regaudie-de-Gioux & C.M. Duarte, manuscript submitted). The
existence of a GPP threshold at approximately 2 mmol O, m~ day~! below which plankton
communities tend to be heterotrophic has been confirmed repeatedly through surveys of commu-
nities at regional and global levels, time series of plankton community metabolism, experimental
manipulations in mesocosms, and theoretical models (Duarte & Regaudie-de-Gioux 2009) and
is therefore a robust result. This threshold also suggests that the least productive regions within
the oligotrophic ocean are likely to support heterotrophic communities. Indeed, the mean GPP
in the oligotrophic ocean is 1.69 £ 0.08 mmol O, m~* day~! (A. Regaudie-de-Gioux & C.M.
Duarte, manuscript submitted), which is very close to the threshold separating autotrophic from
heterotrophic communities. Yet the limited and skewed geographic distribution of oceanic GPP
estimates precludes delineation of the distribution of ocean regions where, on the basis of this
threshold, heterotrophic communities would be expected to prevail.

Scaling Net Community Production to Temperature and Chlorophyll 2

An alternative scaling approach involves the elucidation of thresholds separating autotrophic from
heterotrophic communities on the basis of properties that can be derived from space, such as tem-
perature and chlorophyll #, both of which affect plankton community metabolism. Metabolic
theory predicts that respiration rates should rise more rapidly than GPP as temperature increases
(Harris et al. 2006, Lépez-Urrutia et al. 2006, Regaudie-de-Gioux & Duarte 2012). Indeed, a
recent assessment indicated that the activation energy—a metric derived from the Arrhenius equa-
tion describing the temperature dependence of a process—for planktonic R is 0.66 £ 0.05 €V,
twice as high as that for GPP (0.32 + 0.04 V) (Regaudie-de-Gioux & Duarte 2012). That R in-
creases more rapidly with warming than GPP does implies that NCP should decline with warming.
Regaudie-de-Gioux & Duarte (2012) reported a negative relationship between temperature and
the GPP/R ratio of oceanic plankton communities, implying that communities in waters warmer
than 21°C tend to be heterotrophic. The areas of the ocean with mean annual surface temperatures
of >21°C, where heterotrophic communities would be expected to prevail, occupy 39.6% of the
ocean surface, including the tropical and subtropical ocean and most of the Mediterranean Sea
(Figure 3).

GPP (mmol O; m~* day™!) is also scaled to chlorophyll # concentration (mg m~?), a prop-
erty available from remotely sensed products, as described by the fitted regression equation (A.
Regaudie-de-Gioux & C.M. Duarte, manuscript submitted)

GPP = 3.38Chl 4!-05E0.03)

(R? = 0.26, p < 0.05), ®

where the power slope is close to 1.0, showing that GPP increases proportionally to chlorophyll 4.
Autotrophic communities support greater chlorophyll # concentrations than heterotrophic ones

do (1.65 £ 0.10 mg m~? versus 0.81 £ 0.06 mg m~>, respectively; A. Regaudie-de-Gioux &

Duarte et al.
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Figure 3

Areas of the ocean with (#) mean chlorophyll # concentrations of <0.44 mg m~3 in 2011 (purple) and (b)) mean annual surface
temperatures of >21°C (purple), indicative of waters likely to support heterotrophic plankton communities. White areas were not
evaluated owing to ice cover or other factors. Images derived from NASA Aqua MODIS data (http://oceandata.sci.gsfc.nasa.gov/
MODISA/Binned/Annual).
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C.M. Duarte, manuscript submitted), and logistic regression indicates that a threshold of 0.44 mg
Chl 2z m~3 separates autotrophic from heterotrophic communities (A. Regaudie-de-Gioux & C.M.
Duarte, manuscript submitted). The waters with mean annual chlorophyll # values of <0.44 mg
m~?, where heterotrophic communities should prevail, occupy most (72.4%) of the ocean surface
(Figure 3). The delineation of putative heterotrophic areas shown in Figure 3 applies to the
surface ocean alone, which is well represented by satellite products.

OCEAN ECOSYSTEMS ARE OPEN, NON-STEADY-STATE SYSTEMS

The controversy around the claim that the oligotrophic ocean is heterotrophic does not come from
the empirical evidence alone; it is also fueled by conceptual barriers to considering the possibility
of a prevalence of heterotrophy in the oligotrophic ocean. These barriers ultimately depend on
the assumption that the oligotrophic ocean is essentially a closed system that does not receive
significant inputs of allochthonous organic carbon.

Open systems can be heterotrophic while exporting organic carbon vertically if allochthonous
carbon inputs suffice to support both fluxes (Cole et al. 2007). The conditions required to sustain
heterotrophic communities (GPP — R < 0) can be best understood by separating Lok i Equation 1

at
. 3Corg o . . . . .
into two terms: —2£°%  the rate of change in the size of the organic carbon stock in the euphotic

layer, and EC,q, the'export below the euphotic layer. The organic carbon balance for the euphotic
layer is then represented as

8Corg stock

ot
Heterotrophic communities can be sustained if (2) Ainpue + NCP > 0, () fiir-sea + NCP > 0,
(¢) NCP — dc"ragi:md‘ > 0, or (d) Ainpuc + fair-sea — dc"ragi:md‘ > 0, implying significant lateral
or atmospheric inputs of organic carbon and/or a decline in the pool of organic carbon in the

=GPP-R+ Ainput + f:;ir—sea - ECorg- (5)

euphotic layer. Moreover, ocean ecosystems can be heterotrophic and yet support a vertical ex-
port of organic matter if Ajypue + fair-sea + NCP > 0, where NCP < 0. In a steady-state situation

3Cor§:mck = 0), this leads to an export flux of organic carbon (ECyry = Ainpuc + fair-sea + NCP)
corresponding to a net biological removal of CO; in the euphotic layer. Heterotrophy is possible

in the absence of significant allochthonous organic inputs only if organic stocks are decreasing

(i.e.,

g,

over time (i.e., %“’d‘ < 0).
Hence, two questions need be addressed to help settle the debate on the metabolic balance of
the oligotrophic ocean: Does the oligotrophic ocean receive significant inputs of organic matter?

And is the organic stock of the euphotic layer declining?

Does the Oligotrophic Ocean Receive Significant Inputs of Organic Matter?

Inputs of land-derived organic carbon driving Mediterranean plankton communities toward net
heterotrophy are derived from the watersheds discharging to the Mediterranean Sea, including
a significant fraction of those in northern Africa and southern Europe (Regaudie-de-Gioux et al.
2009). However, the existence of significant inputs of allochthonous organic carbon fueling het-
erotrophic communities in the central oligotrophic gyres is not straightforward. Depictions of the
ocean carbon budget, such as those in the Intergovernmental Panel on Climate Change reports
(Intergov. Panel Clim. Change 2001, Denman et al. 2007), imply that the ocean exchanges only
CO; with the atmosphere and that marine biota in the surface ocean are net autotrophic, with an
NCP of 11 Gt C year™! supporting a global export of the same magnitude. Yet the ocean does
receive significant atmospheric inputs (del Giorgio & Duarte 2002): Rainfall contains organic
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carbon, aerosol deposition delivers organic carbon to the ocean (Duarte et al. 2005, Jurado et al.
2008), and many semivolatile organic compounds in the atmosphere can be transferred to the
ocean through diffusive fluxes (Dachs et al. 2005, Ruiz-Halpern et al. 2010, Dixon et al. 2011).
Dachs et al. (2005) and Duarte et al. (2006) reported that organic carbon inputs from dry aerosol
deposition average 1 mmol C m~2 day~!, and Jurado et al. (2008) estimated that organic carbon
inputs from total aerosol deposition deliver 0.24 Pg C year™! to the ocean. Dachs et al. (2005)
reported a large air-sea exchange of volatile organic carbon supplying 25-31 mmol C m~? day~!
to the subtropical northeast Atlantic.

"This high atmospheric organic carbon input is likely to represent an upper value for the ocean,
as the subtropical northeast Atlantic is an area supporting particularly high atmospheric inputs
(Jickells et al. 2005), but even input rates six times lower than those reported for the subtropical
northeast Atlantic would suffice to support excess R over GPP in the least productive regions of the
ocean. Research in a subarctic fjord showed an average input of atmospheric semivolatile organic
material of 9.6 £ 4 mmol C m~2 day™!, sufficient to affect the carbon budget of the ecosystem
(Ruiz-Halpern et al. 2010). Methanol, an important component of atmospheric organic carbon,
has been found to support between 4% and 17% (average 9.5%) of the bacterial carbon demand in
oligotrophic waters of the North Atlantic Gyre and up to 54% in more productive waters (Dixon
et al. 2011). Diffusive fluxes of semivolatile organic carbon are likely to dominate the input of
organic atmospheric materials to the ocean (Jurado et al. 2008). Whereas the paucity of estimates
precludes the assignment of a global flux of organic carbon deposition to the ocean, depictions of
the ocean carbon budget should at least acknowledge this process (Figure 4).

Riverine input of carbon has been estimated at 0.8 Pg C year™! (Denman et al. 2007), half of
which corresponds to organic carbon. Much of this input is believed to be respired within the
coastal ocean (Borges 2005, Duarte et al. 2005). Yet vegetated coastal habitats formed by macro-
phytes, including seagrass meadows, salt marshes, and mangrove forests, are strongly autotrophic
(Duarte & Cebridn 1996) and have the capacity to export substantial amounts of carbon to the
open ocean (Duarte etal. 2005). Indeed, recent analyses of the organic carbon budget of the coastal
ocean indicate that the coastal ocean exports up to 8.5 Pg C year™! to the open ocean (C. Barrén
& C.M. Duarte, manuscript submitted). Regional estimates have indicated that the coastal ocean
exports between 1.4 and 124.2 Gg C year~! per kilometer of shelf break, with a median export rate
of 19.9 Gg C year™! per kilometer of shelf break, equivalent to approximately 5 Pg C year™! (C.
Barrén & C.M. Duarte, manuscript submitted). The suggestion that a large flux of organic carbon
exported from the coastal ocean could reach the open ocean, subsidizing heterotrophic metabolism
therein (Duarte & Agusti 1998), was met with the criticism that this “would also require massive
water transport—perhaps 50 to 1500 sverdrups, which is a flow comparable to or many times
greater than the Gulf Stream” (Williams & Bowers 1999). This calculation turns out to be very
reasonable, as an integration of the multiple mechanisms responsible for hydrological exchanges
between the coastal and open ocean yield, as a rule of thumb, an average hydrological exchange
rate of approximately 1 sverdrup (1 Sv = 10° m* s71) per 1,000 km of shelf break (Huthnance
1995). With a global shelf-break length of 300,000 km, the resulting water exchange between the
coastal and open ocean of 300 Sv is consistent with that required by Williams & Bowers (1999).

The ocean is, therefore, an open system receiving organic carbon inputs from the atmosphere
and the coastal ocean, potentially able to support heterotrophic communities, particularly in
the oligotrophic ocean, where allochthonous organic carbon inputs would be most important
relative to GPP. The existence of a GPP threshold below which plankton communities tend to
be heterotrophic (see above) is consistent with the existence of a low but significant background
flux of allochthonous organic carbon (Duarte & Regaudie-de-Gioux 2009). This GPP threshold
of approximately 2 mmol C m~2 day™! has been argued to provide an indirect estimate of the
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Modified representation of the organic carbon budget of the oligotrophic ocean, showing the additional net
processes that must be resolved to assess the hypothesized prevalence of heterotrophy by solving the mass

balance equation NCP = w”i.;;%od‘ — fCorg — ECorg — ACqrg (modified from Equation 1). NCP is net

org stock

. . aC, . . . . . .
community production, —=5== is the rate of change in organic carbon stocks, fCo is the input of organic
carbon from the atmosphere, ECq is the vertical export flux of organic carbon, and ACyyg is the net input of
organic carbon from the continental shelf. DOC is dissolved organic carbon.

magnitude of allochthonous organic inputs to the oligotrophic ocean (Duarte & Regaudie-de-
Gioux 2009). The rationale above is implicitly adopted in depictions of the predisturbance carbon
budget of the ocean, which indicates the ocean to be a weak source of CO; to the atmosphere at
an amount equal to the size of the recognized allochthonous inputs of organic carbon of 0.6 Pg
C year™' (Denman et al. 2007). If the ocean was heterotrophic throughout the Holocene and
the biological pump has not been perturbed, then, as a corollary, marine biota should remain
heterotrophic.

Is the Organic Stock of the Euphotic Layer Declining?

No area of the ocean is likely to be permanently autotrophic or heterotrophic, so the question
debated here is which metabolic mode prevails over relevant temporal and spatial scales. At seasonal
or shorter scales, pulses of autotrophy have been invoked to balance the prevalent heterotrophic
metabolism off Hawaii (e.g., Karl et al. 2003). However, the evidence presented was based on
changes in O,/N, ratios, which could be explained equally by temperature anomalies affecting O,
and N, differentially because of their different solubilities (see Karl et al. 2003, figure 1). Pulses
of increased GPP and R can be produced, respectively, when the mixed layer shoals or deepens
owing to the passage of eddies and Rossby waves (Nicholson et al. 2008). However, continuous
monitoring of the region using gliders fitted with O, sensors has not produced evidence for the
occurrence of pulses of primary production (Riser & Johnson 2008). Net community metabolism
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also changes seasonally, and Agusti (2012) has reported a trend for the plankton community in
surface waters of the tropical and subtropical central Atlantic to be more strongly heterotrophic
in autumn than in spring owing to changes in respiration rates, possibly associated with shifts in
the temperature regime.

Recent reports have provided evidence that the primary production of the ocean is declining
(Gregg & Conkright 2002)—particularly in the unproductive oligotrophic gyres (Antoine et al.
2005), which seem to have recently expanded in size (Polovina et al. 2008)—and that the chloro-
phyll z concentration has declined globally at rates of approximately 1% per year, which is related
to increasing sea surface temperature and vertical stratification (Boyce et al. 2010). Whether these
trends represent long-term monotonous trends or climatic-driven decadal fluctuations is subject to
debate, particularly where trends depend on aggregating data derived using different instruments
and methods (e.g., Boyce et al. 2011, Mackas 2011, Rykaczewski & Dunne 2011). Reanalysis of
SeaWiFS (Sea-Viewing Wide Field-of-View Sensor) records of chlorophyll # anomalies in warm,
permanently stratified ocean waters (including the oligotrophic gyres) indicates a period of in-
crease in 1997-1998 followed by a period of decline extending to 2009 (O’Malley et al. 2009),
confirming previously reported negative relationships between temperature and primary produc-
tion and chlorophyll # (Behrenfeld et al. 2006). Elucidating whether these changes represent
long-term monotonous changes driven by anthropogenic climate change or rather reflect decadal
climatic fluctuation will require a coherent record beyond that currently available. Hence, primary
production in the euphotic layer of the oligotrophic ocean is not static but rather appears to be
declining recently and/or to experience decadal oscillations. For NCP to remain unchanged while
GPP and chlorophyll # decrease, R should show a parallel decline, which cannot be tested because
similar long-term records are not available for R. Instead, R tends to increase relative to GPP
as GPP decreases (Equation 2). Warming, argued to be responsible for the decline in GPP and
chlorophyll # (Polovina et al. 2008, Boyce et al. 2010), is expected to increase R relative to GPP,
increasing the likelihood of heterotrophic community metabolism (Regaudie-de-Gioux & Duarte
2012).

During periods when the oligotrophic ocean expands, GPP and chlorophyll # decline and the
oceans warm, and a greater fraction of oligotrophic ocean communities would then lie below the
2 mmol C m~? day~! and 0.44 mg Chl # m~* thresholds and above the 21°C threshold separating
autotrophic from heterotrophic communities, further increasing the likelihood of communities in
the oligotrophic ocean being heterotrophic. Hence, changes in NCP are likely to occur with ocean
warming, possibly reverting the role of oceanic plankton in the global budget (Regaudie-de-Gioux
& Duarte 2012).

Hence, representations of the ocean as a static system presenting two steady-state modes of
carbon cycling—a predisturbance mode and a mode affected by anthropogenic disturbances—
do not recognize the dynamic nature of ocean ecosystems in a context of rapid change. Since
humans began exerting significant changes in the carbon cycles, the oceans have warmed, CO,
concentrations have increased, pH and O, have declined, and GPP and chlorophyll # appear to
be declining in the oligotrophic gyres. Continuing to assume, for the convenience of calculations,
that the carbon budget of oceanic plankton communities is in a steady state is difficult to reconcile
with the wealth of evidence pointing at change.

Is the Metabolic Budget of the Ocean Sufficiently Represented
by Photosynthesis and Respiration?

An additional conceptual tenet in this debate is that the metabolic budget of oceanic plank-
ton communities is sufficiently constrained through the balance between photosynthetic carbon
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fixation and respiration. Indeed, the classical model of the marine microbial food web is based on
the idea that all the organic carbon and energy available to the marine microbial food web are
generated by oxygenic photosynthesis, with all subsequent processes supported by the oxidation
of photosynthetic-derived organic carbon using O, as the final electron acceptor. Although this
holds true for most of the carbon and energy flowing through marine food webs, several alternative
pathways exist that supply additional organic carbon and energy.

Aquatic heterotrophic prokaryotes incorporate 4%—6% of the new biomass production as
inorganic carbon via the anaplerotic reactions of the tricarboxylic acid cycle (Jorgensen 2006).
However, biomass production usually accounts for a small part (10%-20%) of the total prokaryotic
carbon use. Thus, heterotrophic carbon fixation via anaplerotic reactions could only be responsible
for a few percent of the carbon demands of heterotrophic prokaryotes, which shows thatnot all the
organic carbon available to heterotrophs is produced by oxygenic photosynthesis. However small
relative to GPP and R, heterotrophic carbon fixation via anaplerotic reactions may produce enough
organic carbon to raise respiration significantly above the ceiling imposed by photosynthesis,
significantly lowering NCP even in the absence of allochthonous inputs.

Dark fixation of DIC by chemoautotrophs, although most important in the dark ocean (Ingalls
et al. 2006, Reinthaler et al. 2010), is not confined to the dark ocean. Crenarchaeota organisms
have been shown to autotrophically incorporate bicarbonate into their lipids in surface waters of
the North Sea (Wuchter et al. 2003). Despite uncertainties regarding the metabolic pathways and
energy sources fueling chemoautotrophy (Reinthaler et al. 2010), this process supplies an esti-
mated 0.28 Pg C year! to the euphotic zone (Middelburg 2011). In addition, many heterotrophs
have been found to subsidize their metabolism with extra energy by light-dependent mechanisms
(mixotrophs). Proteorhodopsins are light-driven proton pumps that enhance the production of
ATP and lower the oxidative carbon requirements of marine heterotrophs. Proteorhodopsin genes
are commonly found in surface marine bacteria, and approximately 50% of the bacteria in the Sar-
gasso Sea harbor them (Campbell et al. 2008). The ability of heterotrophs to obtain extra energy
from light may not appear to be relevant for the autotrophy-versus-heterotrophy debate because
it does not necessarily generate new organic carbon. However, genomic analysis of Polaribacter
sp. MED152, a proteorhodopsin-containing marine bacterium, revealed a remarkably large num-
ber of genes related to anaplerotic metabolism (Gonzilez et al. 2008). Although Polaribacter sp.
MED152 is an obligate heterotroph, CO, fixation experiments revealed that it was able to fix CO,
much faster in the light than in the dark (Gonzilez et al. 2008), indicating that proteorhodopsins
increase the relative importance of anaplerotic carbon fixation in marine microbes.

Aerobic anoxygenic photosynthetic bacteria (AAPBs) are also relatively abundant members
of microbial assemblages, representing a significant fraction of the heterotrophic prokaryotes in
surface waters of the oceans (Jiao etal. 2007). AAPBs are obligate aerobic heterotrophs containing
bacteriochlorophyll # and are able to use both light and organic substrates to produce energy.
Physiological evidence suggests that aerobic anoxygenic photosynthesis may be an adaptation to
oligotrophic conditions (Yurkov & Gemerden 1993, Suyama etal. 2002), although these organisms
are also found in eutrophic environments. AAPBs also show enhanced inorganic carbon fixation
in the presence of light (Kolber 2001), probably by lowering their respiratory requirements and
enhancing the flow of carbon through their biosynthetic routes, as has been deduced by the
genomic interpretation (Swingley et al. 2007) and metabolic analysis (Tang et al. 2009) of the
cultured AAPB Roseobacter denitrificans OCh114. The latter study showed that R. denitrificans can
derive 10%-15% of its protein carbon directly from inorganic carbon.

Thus, chemoautotrophy and mixotrophy are widespread mechanisms that produce significant
amounts of organic carbon in the surface ocean. None of these metabolic pathways produce O,,
and they are therefore missed in both in vitro and in situ O,-based estimates of GPP and NCP;
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however, they do produce organic carbon, which can be oxidized heterotrophically, contributing
to R. Although the contribution of each of these metabolic process is relatively small, the accu-
mulated contribution of all known pathways (and those yet to be discovered) may be substantial,
particularly relative to NCP. Hence, rather than rejecting empirical evidence for imbalanced com-
munity metabolism as necessarily flawed, a search for potential explanations needs to consider an
unaccounted role for anoxygenic production of organic carbon in raising respiration rates beyond
the boundaries imposed by photosynthetic carbon production.

CONCLUSION

The available evidence supports a prevalence of heterotrophic communities in the North Atlantic
Subtropical Gyre and Mediterranean Sea and suggests that heterotrophy may also prevail in the
South Atlantic and North Pacific Subtropical Gyres. We remain skeptical that even sustained
efforts to measure NCP in cruises with a combination of the best in vitro (quartz bottles including
80 additions) and in situ (based on the O,/Ar ratio) methods will provide the data required to
conclusively resolve whether the oligotrophic ocean is heterotrophic, as more than a decade of
sustained effort has failed to do so and the ocean has been shifting in the meantime. We predict that
the trends toward reduced primary production, reduced chlorophyll #, and warming of the ocean
should be conducive to a growing prevalence of heterotrophic communities, possibly reverting
the role of oceanic plankton from a sink to a source of CO,, consistent with feedbacks between
the ocean and the carbon cycle in past phases of a warm Earth climate. Further pursuing the
key questions outlined here regarding the magnitude and source of allochthonous organic carbon
inputs to the oligotrophic ocean, the contribution of anoxygenic organic carbon production,
and deviations of the ocean ecosystem from a metabolic steady state is likely to increase our
understanding of the functioning of the open ocean beyond resolving whether the oligotrophic
ocean is autotrophic or heterotrophic.
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