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ABSTRACT: This perspective challenges our current understanding of the
marine carbon cycle, including an alternative explanation of bulk '*C-DOM
measurements. We propose the adoption of the carbon reactivity continuum
concept previously established for lakes and sediments for the oceans using kinetic Reactivity
data and term this the marine DOM reactivity continuum. We need to gain a Continuum.
fundamental understanding of the biogeochemical drivers of surface water DOM ' == :
concentrations and reactivity, biological carbon pump efficiency, and the F
autotrophic communities that are the ultimate but variable sources of marine
DOM. This perspective is intended to shift our focus to a more inclusive kinetic
model and may lead us to a more accurate assessment of the active and dynamic
role marine DOM plays in the global carbon cycle. Currently, the kinetic data to
establish and validate such a marine DOM reactivity continuum model are still
lacking, and their resolution depends on the discovery of new organic tracers that
span large differences in reactivity and microbial degradation rates. We may need
to refocus our efforts in deciphering the structure and reactivity of marine organic molecules in a kinetic context, including the
microbial and physicochemical constraints on molecular reactivity that are present in the deep ocean.
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B PERSPECTIVE hypothetical approach to establish a marine DOM reactivity
continuum.

The proposed kinetic model would need to be established at
the molecular level (e.g, development of organic tracers),
because sufficiently long incubation times required to generate
kinetic rates for bulk marine DOM, as undertaken for
freshwater and sediment DOM, are unrealistic. A conceptual
framework detailing the specific steps for the development of a
kinetic model and the associated modern analytical tools
employed to achieve this goal are provided in Figure 1. A
promising recent study summarized the microbial metabolites
currently known to contribute to the DOM pool’ and
potentially provided a starting point to evaluate the stability
of these metabolites and their direct degradation products as
suitable organic tracers to span portions of the reactivity
continuum.

The development and adoption of the marine DOM
reactivity and turnover are critical for several reasons: 1) to

The reactivity of marine dissolved organic matter (DOM)
remains at the forefront of global carbon research.'™
However, our understanding of dissolved organic carbon
(DOC) turnover is hampered by its sluggish decomposition,
making direct comprehensive decomposition studies prohib-
itive, given the extremely large time scale from hours to
decades or even longer turnover times. Consequently, our
current working knowledge is inferred from chemical proxies,
metabolic measurements, and C flux budgets that do not take
into account DOM sources outside the photic zone. Currently,
we compartmentalize the marine DOM pool into broad
reactivity brackets of labile, semilabile, and refractory, but here,
we argue that we need to introduce the concept of the marine
DOM reactivity continuum, not unlike established models for
freshwater and sediment organic matter.”® It is more intuitive
and plausible that marine DOM reactivity is based on a
continuum of compounds that react at different kinetic rates,
analogous to the freshwater DOM reactivity continuum
established for boreal lake DOM in Sweden.® Although one Received: December 28, 2021
may argue that DOM degradation in sediments may not be Published: April 20, 2022
comparable to that in the water column, as DOM is exposed to

fundamentally different processes due to different redox

chemistry, even here the validity of the DOM reactivity

continuum approach has been established.” We detail below a
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Figure 1. Conceptual framework to develop the marine DOM reactivity continuum based on kinetic data of individual organic tracers and their
determined and predicted degradation rates in the ocean. Examples for each category are provided; however, the list is by no means comprehensive.

be able to more accurately predict marine carbon sequestra-
tion; 2) to explain the microbial carbon demand in the deep
ocean; 3) to model global carbon cycling and future climate
predictions; and 4) to better understand the marine DOM
composition and reactivity.

Interestingly, marine carbon cycle modelers recognized the
carbon reactivity controversy emerging in the literature about
proposed different pools of refractory DOC and created an
updated model incorporating multiple decay functions for
DOC that could be easily adapted to the proposed marine
DOM reactivity continuum concept.10 In short, a reactivity
continuum model assumes bulk DOM degradation can be
described by an integration of first-order exponential decay
functions (say for individual compounds) over the reactivity
distribution (Figure 2). This reactivity distribution is the

—
-

Ay

0.8

0.6

[cl/ICl,

0.4

0.2

0
0 100 200
Time (years)

300 0 5
Time (years)

10

Figure 2. A: Hypothetical loss of individual compounds ([C]) over
time (years) according to the reactivity continuum model, where line
colors correspond to modeled (or hypothetical) decay coefficients. B:
The dependency of k on different shape parameter values. Note: this
hypothetical model has been initiated with an a value of 0.0588 yr™"
based on the published total dissolved amino acid (TDAA) decay rate
and concentration at a 300 m depth at station Aloha, Pacific Ocean.'”
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weighted probability of initial reactivity, typically described by
a gamma distribution,®'" and allows for the following model
equation

(DOC,/DOC,) = [a/(a + )1 (1)

where a is the average lifetime of more reactive compounds,
and v (unitless) is the shape parameter. Thus, the apparent
decay coefficient, k (years™"), can be described by eq 2, which
highlights that decay is not constant but decreases with time.

k=v/(a+t) (2)

We have built a reasonable estimation of DOC distributions
and bulk quantities in the Global Oceans based on tens of
thousands of DOC measurements. Bulk global concentrations
range between 65 and 80 umol C kg™'. Deep ocean values are
lower and between 38 umol C kg™ (Pacific) and 42 umol C
kg'™ (Atlantic)'>'* on average, which yields a global ocean
DOC inventory of 662 + 32 Pg C.'* Based solely on this global
DOC inventory and a global marine DOC export rate of 1.8 Pg
C yr!, marine DOC would turn over in 370 + 20 years."* This
estimate however still does not include additional sources
within the water column and the contribution of particulate
organic matter (POM) dissolution or DOM arising from
chemoautotrophs, which seem to be abundant in the deep
ocean."” A more recent study evaluated the importance of
nitrite oxidizing chemoautotrophs in the dark ocean and
estimated that a surprisingly high percentage of 15—45% of
dissolved inorganic carbon (DIC) is fixed in the mesopelagic
western North Atlantic.'® It seems that there is a tight
relationship between these nitrite-oxidizing Nitrospinae chemo-
autotrophs and the better known ammonium oxidizing
archaea.'® This is an intriguing and presumably large pool of
primary producers at depth, but certainly more data is needed
to evaluate the quantitative importance of chemoautotrophy
on a global scale and what fraction of this biomass may be
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released as DOM with different reactivity pools. We will revisit
below the incorporation of DIC into the DOM pool as a
possible pathway to introduce a bias in using radiocarbon age
as a proxy for bulk DOC turnover. POM dissolution at depth is
another active field of research, and little is known about the
derived DOM, its composition, or its reactivity. However,
progress is underway, and a recent study classified POM
constituents to better constrain its degradability.'” Further
detailed studies are needed to gain a better understanding of
DOM arising from POM dissolution and its accumulation and
reactivity in the deep ocean.

Interestingly, radiocarbon data finds that bulk DOC ages
range from 3780—6,000 yrs before present (BP) and were
calculated from AMC values (—375%0 to —525%0),"***
which has been used to infer that DOC survives several
oceanic overturns.”* Thus, a two-end-member mixing model
has commonly been used to describe marine DOC turnover™

3)

where [DOC]; and [DOC]j are the labile and refractory DOC
pools, respectively. However, additional *C-free sources to the
deep ocean have been identified and challenge the age
distribution of marine DOM. What if only a small fraction of
the deep ocean DOM is "*C-free and the remainder is turning
over on much shorter time scales, as suggested even when
DOC is only generated in the photic zone? We will revisit this
point, but first, we have to review the current state of
knowledge.

The prevailing foundation for our understanding of the
marine carbon cycle and its reactivity is based in large on three
fundamental pillars: (1) ocean DOC inventories, (2) the
radiocarbon age of DOC, and (3) the efficiency of the
biological and microbial carbon pumps. Below we review our
current knowledge of DOC sources, ages, and reactivity to help
reconcile these perceived disparities in DOC turnover and
integrate this understanding with the proposed marine DOM
reactivity continuum concept. The basis of this perspective is
that marine DOM constituents are very complex and span a
wide continuum in their turnover times, and conceivably, the
pool of refractory DOM molecules that reaches half-lives of
thousands of years may not be as large as previously believed.
We suggest that kinetic data of a multitude of structurally
elucidated DOM molecules and their precisely measured
reactivity are needed to more accurately predict DOM
sequestration as a whole in the deep ocean. Hence, this
perspective highlights suspected fundamental differences in
DOM composition and resulting reactivity in the context of
these pillars and also emphasizes the need to deviate from a
two-end-member DOM age model.

1. Pillar 1. DOM Composition: Contrasting Sources in
Ocean Basins. We contend that DOM reactivity is highly
dependent on the source, is tied to its composition, and
changes over time. Accordingly, fundamental differences in
DOM reactivity between ocean basins and locale in general
must exist, given variations in primary producers and terrestrial
inputs. It is well established that the overwhelming majority of
marine DOM arises from carbon dioxide fixation by marine
photoautotrophs in the sunlit waters of the surface ocean. At
depth, chemoautotrophs may also fix potentially substantial
amounts of DIC,"*”° but the rate of DOM production arising
from chemoautotrophs remains unknown. Below we discuss
examples that underline the expected fundamental and large
geographical variations in the DOM composition, which would

[DOC]t = [DOC], -EXP(—k, -t) + [DOC]y -EXP(—kg-t)
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result in presumably large differences in the decay coefficients
and hence kinetics of the proposed marine DOM reactivity
continuum model (eqs 1 and 2). While more eutrophic coastal
oceans may be dominated by other species such as diatoms
and dinoﬂagellates,”’28 picocyanobacteria Prochlorococcus and
Synechococcus are by far the largest primary producers in the
oligotrophic subtropical and tropical ocean™ and therefore are
major contributors to the DOM pool. Marine open ocean
sediment trap records also show strong cyanobacterial pigment
signals in deep-ocean samples well below the mixed layer,*
suggesting that POC is partially derived from these cells and
dissolution of this POC will yield DOM that is ultimately
derived from these picocyanobacteria. We do know that
picocyanobacteria-derived DOM is very complex, including
rather stable fluorophores that resemble fluorescent DOM
found in the deep ocean.’’ Further this organic matter is
transported relatively quickly to deeper waters as evidenced by
intact DNA signatures.’” The transport mechanism is still
under investigation, because it was previously believed that
these small cells did not contribute much to the biological
pump and did not substantially transport organic matter to the
deep ocean.”” One possibility is the route via fecal pellets from
grazers” and enhanced aggregation by bacteria.’* The
dissolution of POM to DOM remains poorly constrained,
and further research is needed to establish better links.

The surface Arctic Ocean is another example of an ocean
basin exhibiting fundamentally different DOM, as a substantial
portion is of terrestrial origin, which is largely defined by a very
complex polyphenolic composition.”> Due to the large river
discharge of terrigenous DOM from the arctic/subarctic
tundra and boreal systems, the surface Arctic Ocean was
estimated to contain 14—24% of terrigenous DOM,* which
also has undergone limited photobleaching due to its rapid
supply, the low solar angle, and the long Arctic winter. This
polyphenol-rich DOM is then transported into the deep North
Atlantic during deep-water formation.” As a result, the North
Atlantic deep DOM is likely a special case and contains overall
greater concentrations of DOC with more lignin/tannin
degradation products when compared to other ocean basins.
The Southern Ocean is another interesting example, because
Prochlorococcus and Synechococcus cannot survive in such cold
waters. Hence, Antarctic surface DOM sources do not contain
picocyanobacteria lysates, exudates, or their degradation
products and do not receive any terrestrially derived DOM
either. As a result, the DOM exported during Antarctic bottom
water (AABW) formation contains presumably, not only
compositionally different DOM, but also lower DOC
concentrations than other oceanic regions.'* The exported
DOC from the Antarctic shelf was estimated to be 4.0 & 0.6
Tg DOC yr™},*® but it seemed to be labile and thus did not
contribute to newly formed AABW.*® However, there is much
to be learned about Antarctic marine DOM.

In addition to these above-mentioned examples, a DOC
anomaly with substantially higher DOC concentrations has
been identified in the Western North Atlantic, when compared
to Eastern North Atlantic/South Atlantic subtropical gyres,"*
and it may be related to another rather unique source. It has
been recently shown that Sargassum exudes an incredibly high
amount of DOC”” that contains large quantities of very specific
polyphenols (phlorotannins).”” Hence, Sargassum alone can
potentially explain this anomaly with a contribution of a rather
unique open ocean DOM composition.

https://doi.org/10.1021/acs.est.1c08871
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Overall the supply of new nutrients is a reasonable predictor
for surface DOC concentrations'* but not necessarily for the
degradability time scale of DOM derived from fundamentally
different autotrophic sources in the ocean. It has been
projected that up to 50% of the photoautotrophically derived
organic carbon or ~25 Pg C yr™' can pass through the DOC
pool.”' However, it is estimated that only 2 Pg C yr™' of the
surface-derived DOC is stable enough to be exported to
greater depth,'* but dissolution of particles as well as
chemoautotrophically derived DOM have been neglected in
these calculations. To date, we do not have sufficient data to
estimate these contributions, but they may be substantial as
discussed above. Respiration is also not exclusively a surface
ocean phenomenon, and surprisingly, respiration in the dark
ocean seems comparable to that in the epipelagic zone.”® It
becomes conceivable that DOC concentrations in the world
oceans may be largely explained based on vertical transport
and differences in its degradability and source. This approach
to marine DOM turnover would require a deviation from a
two-end-member mixing model based on radiocarbon
measurements. This would also mean a departure from the
currently accepted marine carbon cycling theory; however, the
dilemma of predicting DOM turnover and reactivity over
longer time scales still remains. These data are critical for
evaluating the validity of the concept of very slow DOM
degradation (millennia time scale) along the meridional
overturning circulation versus the notion that DOM
contribution is largely driven by vertical transport and internal
processes, which would not require the DOM exported from
the surface waters to be excessively old.

2. Pillar 2. DOM Radiocarbon Ages: *C-Free Sources
and New Insights. DOC age based on radiocarbon (*C)
measurements has been established as the second pillar
informing our current understanding of the marine carbon
cycle.”* In 1992, Bauer and Druffel published the first data set
of *C-DOC from the Pacific and Atlantic Oceans.”* They
measured surprisingly old radiocarbon ages of DOC in the
deep ocean with values of '*C that translate into an apparent
age of about 6,000 years BP (AC: —525 %o) in the Pacific
and slightly younger apparent ages in the deep Atlantic of
3,780—4,300 years BP (AYC: —375%0 to —414%o). They
concluded that the difference in the apparent DOC age
between the two ocean basins was a result of different deep-
water circulation patterns and transit times. Since that time,
biogeochemists have largely accepted the notion that surface-
derived DOM in the deep ocean is thousands of years old and
survives several ocean overturns.’”*’ These combined
observations led to the two-end-member mixing model for
oceanic DOC which identified a labile and semilabile pool
derived from contemporary primary production which turns
over on time scales of hours to days and weeks to months,
respectively, that is superimposed on a recalcitrant DOC pool
cycling on time scales of millennia.”>*' The apparent '*C age
of bulk marine DOM directly contrasts with even early studies
from the 1990s showing that recently produced algal DOM
was rapidly decomposed and may substantially contribute to
the overall marine DOC fluxes.””*° While '*C measurements
are likely accurate, alternative explanations for the apparent
'C age are emerging.

The interpretation of the apparent '*C age of marine DOM
has been challenged, and an increasing number of sources of
14C-free DOC have been identified.””** The most significant
ones are methane seeps43 and hydrothermal vents, although oil
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and carbon dioxide seeps may also be important but remain
largely unexplored in this context. Ridge-flank hydrothermal
systems are also hot spots for chemosynthetically produced
1*C-depleted DOM."* The measured values showed apparent
'C ages of hydrothermal recirculated water DOM ranging
from 11,800 to 14,400 years BP (A'*C: —770%o to —835%o).
Current estimates of DOM derived from hydrocarbon seeps
range from 0.2—20 Tg C yr~' and are likely underestimated, as
they account only for mud volcano seeps and overlook inputs
from other known seep types.*”* A more recent study also
confirmed that hydrothermal vents are a source of '*C-
depleted DOC,* but they were also not been able to estimate
its contribution to the overall DOC pool. Radiocarbon
measurements on fractionated DOM are still rare but have
illustrated that multiple age groups have to be present in
marine DOM,*"***” which is another piece of the puzzle. In
fact, A™C and 6°C results from serial oxidation experiments
of DOM from the Central Pacific” were used for modeling
and predicted that 30% of deep ocean DOM (500—2000 m)
could be modern.”

On the other hand, while this study suggested that 30% of
deep ocean DOM is modern, they further suggest that 30—
60% of deep ocean DOM was “highly depleted” with an
apparent radiocarbon age of ~30,000 years.”” It also was
recently shown that different size fractions within DOM have
fundamentally different apparent '*C values.***” Further, a 12
Pg C fraction of the marine DOC pool (determined using a
proxy method for polycyclic aromatic hydrocarbons or
dissolved black carbon (DBC) compounds) has been
described as “ultrarefractory”.** This classification is based
on average radiocarbon age measurements of 18,300 (A'C:
—895%0) (SE Atlantic) and 20,100 (A™C: —920%0) (NE
Pacific) years BP for open ocean DBC in ultrafiltered DOM
(UDOM, >1000 Da).*” Ziolkowski and Druffel (2010)*
stated that DBC could be 4—22% of total deep ocean DOC,
although a more recent estimate was only 2% DBC and an
apparent *C age of 23,000 BP (A*C: —945%o0).” To further
complicate the matter, surface DOC apparent '*C ages of
almost 2,000 years BP (A'C: —220%0) have also been used to
infer the presence of a large refractory DOM pool at the
surface, but the possible incorporation of preaged carbon
dioxide into primary producer biomass during large scale
upwelling has not been considered'” in this context. None-
theless, two recent studies showcase large scale upwelling
regions across the Global Oceans based on A'*-DOC
measurements’>> confirming the presence of preaged DIC
and DOC at the surface. This effect might be of particular
importance in coastal upwelling regions but seems to be much
larger than previously thought. The established link between
DOC and nitrate'* is a testimony to this idea, and greater
variability of carbon dioxide at the surface during upwelling
may also further enhance primary production when sufficient
nutrients are available. While the controversy of refractory
DOC persisting for several meridional overturning circulations
is still fueled by strong correlations between deep water masses
(e.g, AABW) aging and DOC decrease over time,'” it is
necessary to postulate viable alternative explanations.

Irrespective of the source or sources of radiocarbon free
DOC, their input is significant for our interpretation of marine
DOM age and turnover. Evidence is mounting about these
ancient DOC sources, but the lability and incorporation of
C-free atoms into the complex pool of marine DOM are at

https://doi.org/10.1021/acs.est.1c08871
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best anecdotal. Even less is known as to whether or not labile
DOM sources exist that have a very old appearance due to the
incorporation of '*C-free organic or inorganic carbon.
Examples could be the utilization of mantle-derived carbon
dioxide and the production of contemporary but '*C-free
DOM released by chemoautotrophs or microbial oxidation of
geogenic methane. Based on model-derived residence times,
Lechtenfeld et al.>> found compound ages substantially higher
than those accessible by radiocarbon dating methods
suggesting a background pool of “radiocarbon dead” DOC.
This is not a hypothetical pathway, and the incorporation of
“C-free material into the marine DOC pool has been
previously demonstrated.*> A recent publication by Druffel et
al. also confirmed the importance of '*C-free DOC sources and
the acknowledgment that the deep ocean DOM might be
turning over faster than previously believed.'®

In addition to newly recognized sources of ancient DOC to
the deep ocean pool, there are also potential removal
mechanisms for deep ocean DOC, even if one assumes
biodegradation is prohibitively slow. Before export to the deep
ocean, photochemistry has long been considered a major
“refractory” DOM sink in the surface ocean. This assumption
is largely based on work that measured photoproduction rates
of low molecular weight (LMW) carbonyl compounds and
carbon monoxide in the North Atlantic Ocean.>* Since rates
were higher in deep water relative to surface water, it was
estimated that the photochemical sink for refractory DOC was
500—2,100 years,”* well below its apparent '*C age. While
other ocean basins were not considered, there have been a
number of studies evaluating the photochemical sink for
marine DOM. For instance, DBC in samples collected from
the deep (3000 m) North Atlantic were very photoreactive,
decreasing by 95% in a 28-day irradiation.”® However,
photoproducts were not quantified, so it is still unclear how
much of the “BC” pool can be directly remineralized by
sunlight.

A number of studies have also used large-scale modeling
approaches to evaluate marine DOM photochemistry and, in
particular, focused on products that would serve as proxies for
DOM removal or remineralization. While constrained to
surface waters, these models are simply based on the fact that
photochemical rates are controlled by the rate of photon
absorption (Q,(4,2)) at a given wavelength (1) and depth (z)
and the probability that the absorption of solar radiation will
lead to a photochemical product. This photochemical
efficiency is typically quantified as the spectral apparent
quantum yield (AQY; ¢(4,z)), defined as the ratio of rate of
moles product produced to the rate of moles of photons
absorbed by the sample (Q,(4,z)).* Fichot and Miller*® used
this approach to develop a method to estimate photochemical
rates on a global scale using Q,(4,z) derived from satellite data
and modeled solar irradiances. Using carbon monoxide as an
example, they estimated that surface ocean marine carbon
monoxide fluxes amounted to 41 Tg C__?rr_l, in line with
previous estimates of 30 to 84 Tg C yr".>"*® More recently,
this approach was used with temperature-dependent AQY
spectra for acetaldehyde and glyoxal to estimate their annual
surface ocean production,” and it was found that photo-
production of carbonyl carbon (ie., glyoxal, methylglyoxal,
formaldehyde, acetaldehyde) amounts to 110 Tg C yr™". Since
these LMW compounds (and CO) are known biological
substrates® or lost to the atmosphere, their production should
also be considered a sink for marine DOM. It has also been
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estimated that the photoproduction rates of known biolabile
products (BLPs) are about 13 times higher than that for CO.%
The production of BLPs that could be utilized and respired
ranges from 0.4 to 1.2 Pg C yr~! and, hence, is comparable to
the annual export flux of 1.8 Pg C yr.

Of course, mineralization to CO, is the proposed largest
photochemical sink for DOM, but direct measurements in
open ocean seawater are limited. It was reported that CO,
photoproduction was on average 15 times higher than CO
photoproduction in river-impacted coastal waters.”’ ~** Assum-
ing this relationship and temperature-corrected CO production
rates,”>** CO, photoproduction could amount to 0.5 to 1.4 Pg
C yr''. Summing these sinks (CO, BLPs, and CO,),
photochemistry could remove 1.0 to 2.7 Pg C yr~'. This
estimate is highly speculative, especially since the relationship
between photoproduced CO,:CO can range anywhere
between 2 and >60.°% H,0, was proposed as a better
proxy for CO, photoproduction,”” which appears to have a
more constrained relationship from coastal to offshore waters
(CO,:H,0, = 7 + 1). Using this relationship and the global
photoproduction rates of H,0,,° the photoproduction of CO,
alone could account for the removal of 2.8 Pg C yr™! from the
DOM pool, well above the annual export flux of 1.8 Pg C yr™".
These estimates also do not include the production of primary
marine aerosols (PMAs), which may contain 20—40%
refractory DOM. Beaupre et al.”’ further estimated that
formation of PMAs can remove 2 to 20 Tg C yr~' from the
“refractory” DOM pool and, with subsequent photochemical
oxidation in the atmosphere, should be another important loss
mechanism.”” While these estimates indicate that photo-
chemistry is a significant removal mechanism of marine DOM,
they, like many DOM flux estimates, are confounded in
uncertainty.

3. Pillar 3. The Efficiency of the Biological and
Microbial Pump. As the foundations of our current theory
are becoming more uncertain, incredibly rapid and revolu-
tionary progress has been made in other disciplines and, more
specifically, microbiology. Hence, the third and increasingly
important pillar is based on the efficiency of the biological and
microbial pump as fundamental sources of DOM and
advancing our knowledge about the production, vertical
transport, and dissolution of organic matter. Understanding
these interplays and connecting them more inclusively with
DOM composition research is likely the key to understanding
the dynamics of marine DOM turnover and the effectiveness of
marine carbon sequestration. John Hedges once acknowl-
edged, “The future of oceanographic research belongs in large part
to those who can learn to read these molecular messages.”.”" In
recent years, the dissolution of POM at great depths has
become a focal research area as large DOC concentrations
have been measured inside marine flocs or “snow”.””
Partitioning between POM and DOM may not be straightfor-
ward, and for example, gel formation of biopolymers may be an
important phase that facilitates the transport of otherwise very
labile polysaccharides and other gel forming molecules.”
Regardless of the mechanisms by which POM is transformed
to DOM, overall very little POM reaches the seafloor. The
global POM flux has been estimated to be 9.7 Pg C yr™',”* and
if only 3—5% reaches the seafloor, about 9.3 Pg C yr~' would
need to be either mineralized or released as DOM. The
microbial carbon pump concept”>”® and the size-reactivity
continuum model” have gained popularity in the past decade
and provide an interesting mechanism to explain the
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accumulation of refractory DOM in the deep ocean. Using
ultrafiltration to separate DOM at 1 kDa, it was found that
DOM utilization was 1—4-fold times greater in the >1 kDa
fraction.”” From this study and others, the size-reactivity
continuum concept was introduced, suggesting that marine
DOM complexity and age increase with decreasing molecular
size." Interestingly, substantial changes in the apparent *C age
of DOM seem also to correspond to molecular size.”””® Tt
should be noted here that the proposed marine DOM
reactivity continuum concept is much broader than the
previously described size-reactivity continuum and includes
the degradation of molecules of comparable size but that are
degraded on drastically different time scales.

Laboratory and mesocosm experiments have provided
insight into the production of more stable DOM through
microbial degradation.”””~”” These experiments indeed show
that bacteria produce DOM that is biologically recalcitrant on
time scales of months to a few years; however, we have no
knowledge if this material may be degraded on slightly longer
time scales. Under the right conditions, deep ocean DOM can
degrade on time scales appropriate for laboratory experiments.
It was found that 7—13% of “refractory” Atlantic Ocean DOM
can be removed in 1S5 years® when exposed to different
treatments that could enhance its loss, i.e.,, coastal microbial
communities, addition of labile substrates (priming), photo-
degradation, and photoenhanced biodegradation. Thus, it
appears that deep ocean DOM remineralization can be quite
rapid under the right conditions. We also are still in the dark as
to whether this “refractory” DOM is derived directly from
bacterially synthesized exudates fueling the microbial carbon
pump or bacterially modified metabolites from autotrophs.
Both mechanisms are likely, but the contribution of each
pathway at any given location will determine the fate and
degradation kinetics of the DOM. The overall appearance of
homogeneity of deep ocean DOM, when looked through the
lenses of ultrahigh resolution mass spectrometry (MS) would
suggest a convergence to a rather common pool of organic
compounds and argue against fundamental differences in
composition and reactivity. However, a recent study points to a
more structurally diverse DOM composition in different water
masses.®’ As with all analytical tools, trying to describe the
overall composition, broad overlap of signals will likely dampen
and mask small to moderate molecular changes, and hence,
close attention needs to be paid to small but consistent
differences observed using high resolution analytical techni-
ques that describe the “fingerprint” of DOM. To further
complicate the DOM fingerprinting, only a fraction of DOM is
visible through this analytical window, and the “dark” DOM
may be equally important to that what we currently observe,
whether it is biased by extraction techniques (NMR and MS)
or simply by ionization efficiency (MS) or broad overlap of
incredibly structurally complex DOM (NMR, fluorescence,
and UV—vis spectroscopy).

Microbial ecology can also inform biogeochemists in
profound ways, and it is truly time to synthesize existing
data on marine microbial processing within the overall concept
of the marine carbon cycle. The following quote from Moran
et al.® highlights this need: “When the question of why deep ocean
DOM persists is finally resolved, the answer is likely to be a
combination of concentration, chemical structure, bioenergetics,
and microbial diversity.”. Take, for example, the observed
average prokaryotic abundance in the deep North Pacific of 1
X 10° cell mL™", which is substantially greater than the 0.3 X
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10° cells mL™' measured in the deep North Atlantic,*”
although this is based on very limited data and not directly
comparable regions within the ocean basins. Another study not
only showed much more detailed prokaryotic abundances
ranging from about 0.1-0.4 X 10° cells mL™" in the
bathypelagic Pacific Ocean but also underlined substantial
geographical differences.®” This highlights the need for further
research on bacterial abundances in the deep ocean of an even
larger geographical scale. Microbial respiration rates in the
deep interior (>1000 m) oligotrophic core of the Pacific Ocean
were found to be more than double those determined for the
Atlantic Ocean,®* but again the sampling locations may not be
directly comparable, fueling the need to also extend our data
set on microbial respiration across the World’s Oceans.

These above findings seem to be a stark contradiction given
the lower DOC concentration in the deep Central Pacific
relative to the Atlantic, but if a fundamentally different DOM
quality is assumed, then it becomes feasible that deep Pacific
DOM is concurrently more accessible, supports greater
microbial populations, and is depleted in a steady state
equilibrium to a lower concentration than observed in the
Atlantic. The observed average DOC concentration difference
in the subtropics and tropics (30° N to 30° S) between the
Pacific and the Atlantic is only 2 yM (~5%), based on the
global DOC data set,”> and could be easily explained by
differences in the DOM pool and its reactivity. Similarly, if we
assume that the '*C-free constituents of deep ocean DOM are
similar in concentration between the Pacific and Atlantic, then
the Pacific deep ocean DOM would also appear older simply
due to lower DOC concentrations in the Pacific. Recently, the
term “refractory DOM” has been critically evaluated,”*”**
highlighting that particle fluxes within the biological pump
might be severely underestimated.®”*® The major suggestion of
this perspective was that refractory DOM should be opera-
tionally defined and tied to the specific analytical window used,
because the persistence of DOM is ultimately defined by its
chemical composition and the physicochemical and biological
matrix in which it exists. Our perspective demonstrates
reasonable doubts in the stability of the three pillars upholding
our current framework of marine carbon cycling. This review
and perspective is not meant to provoke controversy but to
catalyze a collaborative effort to re-evaluate our current
understanding of the marine carbon cycle and the marine
DOM reactivity continuum. This pursuit is also an opportunity
to reimagine the conceptualization of the marine carbon
dynamics in a logically accessible way.

In one notable study, which sought to estimate the decay
rate of marine DOC rather than bin DOC into decomposition
categories, Carlson et al. (2010)*° combined high resolution
DOC data from basin-scale meridional transects across the
North Atlantic with chlorofluorocarbon ventilation ages to
estimate DOC decomposition rates within the mesopelagic
and bathypelagic zones of the North Atlantic. Calculated decay
rates of exported DOC derived from Model II regression and
multiple linear regression models ranged from 0.13 to 0.94
umol kg'~ y~! and associated DOC turnover times of 6 to 33 y
and 30 to 46 y in the thermocline and North Atlantic deep
water, respectively. These turnover times are significantly faster
than 3,970 y, the mean "*C age of North Atlantic deep DOC.
Nevertheless, these modeled decay rates raise the question as
to the true decay coeflicients for marine DOM. Another
modeling attempt using neural networks could show that
marine DOC production and export rates are drastically
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different geographically. Rather than compartmentalize DOM
solely into vaguely defined reactivity brackets such as labile,
semilabile, refractory, or ultrarefractory DOM, we argue that it
is time to apply the DOM reactivity continuum concept to the
marine carbon pool and to begin to establish the slope of the
marine DOM reactivity continuum defined by presumably
multiple decay coefficients. This perspective has sought to
provide abundant evidence as to why we should question the
assumption that all deep ocean DOM is thousands of years old
and essentially biologically inert. To fundamentally understand
the marine DOM reactivity continuum, we must identify and
quantify exact organic compounds from a range of potential
sources and test their bio and photoreactivity across short
(hours to days), medium (days to months), and long
(decades) degradation time scales. This seems to be a
daunting task, but small steps in this direction are underway.
For example, fluorophores, with a presumably long half-life,
derived from picocyanobacteria have already been identified,
although their structures are still not fully resolved.”® Sea
surface based temperature projections, as a result of increased
concentrations of greenhouse gases at the end of the 21st
century, predicted increases in photosynthetic cyanobacterial
cell numbers by 29% and 14% for Prochlorococcus and
Synechococcus, respectively.”” These forecasted increases at
the base of the oceanic food web suggest complex and
interdependent changes in ocean ecosystems and concomitant
increases in the biological and microbial carbon pumps that
will have significant implications for global biogeochemical
cycles. The projected climate driven changes will be geo-
graphically distinct and will vary widely in effect across
different biological and physicochemical environments. To
overcome the large overall uncertainties in C sources and sinks,
we suggest the identification of new and unique biomarkers to
be used as model compounds not only to constrain the overall
turnover of marine DOM and to define the DOM reactivity
continuum but also to evaluate photochemical and microbial
degradation pathways and processes both now and in the
future.

B FINAL REMARKS

Robust predictions of the marine carbon cycle, and its turnover
in particular, are critical to quantify anthropogenic alterations
to the global carbon cycle. Resolving the kinetics of the
proposed marine DOM reactivity continuum requires an
interdisciplinary approach. By working together and across
research disciplines, we can better constrain the turnover time
of marine DOM and thus gain invaluable knowledge of global
marine carbon cycling and oceanic carbon storage capacity as
our planet continues to change.
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