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[1] At least 15% of the 2 Pg y�1 of dissolved organic carbon (DOC) that accumulates in
the surface layer of the open ocean has been exported from the ocean margins. The C: N: P
stoichiometry of the production and microbial degradation of dissolved organic matter
(DOM) in the coastal ocean conditions the quality of the exported substrates. In this work,
DOC, dissolved organic nitrogen (DON) and phosphorus (DOP) bioavailability
measurements from published bottle incubation experiments have been compiled and
reanalyzed to examine the role of bioavailable DOM (BDOM) in the coastal ocean. DOM
bioavailability decreased significantly (p < 0.001) in the sequence DOP > DON > DOC,
with bioavailable DOC (BDOC) representing 22 � 12% (mean � SD) of the total DOC,
bioavailable DON (BDON) 35 � 13% of the total DON and bioavailable DOP (BDOP)
70 � 18% of the total DOP. This suggests that the role of DOM on the recycled and
export production of the coastal ocean is more relevant for the P than for the N and for
the N than for the C biogeochemical cycles. First-order microbial degradation rate
constants (k) of BDOM (normalized to 15�C) increased significantly (p < 0.05) in
the same sequence, with kC being 0.066 � 0.065 day�1, kN 0.111 � 0.096 and
kP 0.154 � 0.137 day�1. Significant (p < 0.001) power relationships were found
among kC, kN and kP (R

2 = 0.84–0.87). The C: N: P molar ratio of the DOM that resists
microbial degradation was extremely depleted in N and P, 2835 (�3383): 159 (�187): 1,
compared with the BDOM fraction, 197 (�111): 25 (�16): 1. The flushing time (t)
of the coastal ocean in relation to the turnover time of BDOM (1/k), i.e., t � k, dictates
the fate ―degradation versus accumulation― of the large scale export of BDOM,
which could fuel parts of the oceanic new production and influence the N/P limitation
of the open ocean.
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1. Introduction

[2] The key role of dissolved organic matter (DOM) in the
marine food web was already suggested in the early 20th
century [e.g., Waksman and Carey, 1935], but this view was
not broadly acknowledge by the scientific community until
the 1970’s [e.g., Pomeroy, 1974; Williams, 1981]. DOM in
marine systems has many potential sources such as fish
[Dundas, 1985], macrophytes [Søndergaard, 1981; Wada
et al., 2008], particle hydrolysis [Smith et al., 1992],
plankton [Lønborg et al., 2009b; Kawasaki and Benner,
2006], rain water [Cornell et al., 1995], riverine sources
[Sobczak et al., 2005], and sediments [Burdige et al., 2004],

with the most important sources in coastal waters being
riverine (terrestrial) and plankton (marine) sources [Cauwet,
2002].
[3] In coastal waters three processes of importance have

been identified to remove DOM from the water column in:
1) biological uptake and utilization [e.g., Lønborg et al.,
2009a]; 2) photochemical reactions, where DOM is either
transformed into refractory compounds [e.g., Kieber et al.,
1997], degraded directly to CO or CO2, or to compounds
more bioavailable for bacterial uptake [e.g., Moran and
Zepp, 1997]; and 3) loss via assembly into polymer gels
[Chin et al., 1998], aggregation or sorption to particles due
to changes in ionic strength when freshwater mixes with sea
water [e.g., Sholkovitz, 1976; Carlson et al., 1985].
[4] The average radiocarbon age of DOM ranges from 90

to 6600 years [Williams and Druffel, 1987; Bauer et al.,
1992; Beaupré and Druffel, 2009] and, given that the resi-
dence time of the intermediate and deep ocean waters is from
80 and 2000 years [Laurelle et al., 2009], part of the DOM is
able to resist several ocean cycles of exposition to sunlight
and bacterial degradation [Hansell et al., 2012]. But a minor
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variable part of carbon, nitrogen and phosphorus bound in
the DOM pool can be consumed by microbes over short
periods (days to weeks), which varies over seasons [Carlson
et al., 1994; Williams, 1995], diurnal periods [Coffin et al.,
1993; Zweifel et al., 1993] and between studies. DOM bio-
availability (BDOM) is a function of the chemical compo-
sition, the enzymatic capability of the organisms involved,
and the physical and chemical conditions of the environ-
ment. The term “bioavailable” or “labile” DOM does not
have any strict time constrain as there is no way of linking
bioavailability to any particular chemical characteristic of
BDOM. Therefore, it remains an operationally defined term
whose quantification depends on the method selected,
experimental conditions (e.g. temperature and nutrients) and
the time scale used.
[5] From an operational point of view, it is important to

distinguish between the BDOM that is processed within the
ecosystem studied and the BDOM that escapes utilization.
The first fraction, which we term “labile DOM”, contributes
to the regenerated production (RP) of the ecosystem because
N and P are returned to the same plankton population that
ultimately produced the BDON and BDOP. The second
fraction, which we term “semilabile DOM”, contributes to
the export or new production (NP) of the ecosystem, because
it feeds an ecosystem adjacent to the one in which it was
produced. On average, 20–40% of the ocean total production
(TP = NP + RP) is thought to be recycled through DOM
[Carlson, 2002]. The remaining DOM, which we term
“resistant DOM” (RDOM), comprises the long term vari-
ability, and are transported over long distances by the large
scale ocean circulation. The relative importance of both
BDOM fractions will depend upon the BDOM degradation
rate constants (k) in relation to the flushing time of the study
ecosystem (t). If k < 1/t, most of the BDOM will be labile,
whereas if k > 1/t it will be semi-labile [Lønborg et al.,
2010]. BDOM can accumulate in marine systems because
of bacterial nutrient limitation [Rivkin and Anderson, 1997],
protist grazing [Thingstad et al., 1999], temperature limita-
tions of extra-cellular enzymes and changing permeability of
the bacterial cell membrane [Chen and Wangersky, 1996;
Nedwell, 1999] and production of more semi-labile DOM
[Søndergaard et al., 2000], favoring export compared with
in situ degradation of these substrates [Zweifel et al., 1995].
Some studies have pointed to that high molecular weight
DOM (HMW-DOM; >1 kDa) is more reactive than low
molecular weight DOM (LMW-DOM; <1 kDa) DOM,
which is known as the “size-reactivity continuum theory”
pointing to that changes in BDOM could be explained by
varying proportion of more labile HMW-DOM compared
with the slower degrading LMW-DOM [Amon and Benner,
1996]. The uptake of bioavailable HMW-DOM is dependent
on the microbial production of ectoenzymes and extracellu-
lar enzymes [Chróst and Rai, 1993]. This enzymatic depo-
lymerization and transformation may be influenced by
differences in the complex structure of DOM, with varia-
tions in secondary and/or tertiary structures changing the
enzymatic access to hydrolytic sites [Del Giorgio and
Davies, 2003]. The bacterial capability of producing
enzymes depends ultimately on their gene pool, suggesting
that bacterial community composition and genetic diversity

could partly determine BDOM degradation rates [Mou et al.,
2007]. However, some studies have shown that marine
microbial communities are populated by taxa capable of
degrading a variety of organic carbon compounds, pointing
to some plasticity in the enzyme production [Martinez et al.,
1996; Mou et al., 2008].
[6] The coastal ocean is among the most productive and

biogeochemically active zones of the biosphere [Gattuso
et al., 1998]. It is responsible for 18–33% of the primary
production, 27–50% of the export production [Walsh, 1991;
Wollast, 1998; Chen, 2003], 83% of the benthic minerali-
zation, and 87% of the organic matter burial of the global
ocean [Middelburg et al., 1993; Dunne et al., 2007]. Con-
sidering that the coastal ocean represents less than 1% of the
volume of the global ocean, biogeochemical processes are
enhanced by about 2 orders of magnitude in the former
compared with the latter. DOM is a key component of car-
bon and nutrient cycles in the coastal ocean: at least 0.28 Pg
C, about 35% of the new production of the coastal zone, is
exported to the adjacent ocean as DOM [Chen, 2003], which
represents about 15% of the 2 Pg of DOC that accumulates
each year in the surface layer of the open ocean [Hansell
et al., 2009].
[7] Various approaches have been used to quantify the

microbial bioavailability of DOM, which can broadly be
divided into microbial (in vitro) and geochemical (in situ)
approaches. What we here term the “microbial incubation
approach” uses a dilution of a natural microbial community
to follow the utilization of DOM and/or oxygen over time in
controlled laboratory conditions [Ogura, 1972, 1975; Coffin
et al., 1993]. Other microbial approach consists of using
bioreactors where a natural bacterial community is allowed
to colonize an inert material placed inside a column to
establish a microbial biofilm. The decrease in DOM con-
centration after re-cycling the water sample through the
column is here used as a measure of BDOM [Badr et al.,
2008]. Many studies also follow other microbial measure-
ments such as bacterial growth, production, respiration,
uptake of specific and stable isotope compounds as proxies
for DOM utilization [Bronk and Glibert, 1993; Kirchman,
2000; Veuger et al., 2004].
[8] The geochemical “mass balance approach” calculates

the inputs to and outputs from a coastal system to estimate
the flushing time (t) and net excess of DOM (DDOM). The
net ecosystem production rate of BDOM is then obtained
multiplying DDOM by t [e.g., Smith and Hollibaugh,
1997]. In the open ocean, it is common to assume that sur-
face water DOM consist of bioavailable and resistant DOM,
while in deep waters only refractory DOM is present.
Therefore, the difference between the deep and surface water
DOM concentrations provides an estimate of the concen-
tration of labile plus semi-labile DOM [Carlson, 2002].
[9] The focus of this work is to quantify, compare, and

generalize BDOM estimates obtained from microbial incu-
bation experiments in the coastal ocean to produce a global
assessment of the size and reactivity of the BDOC, BDON
and BDOP pools, representing a step further compared to
previous reviews by Søndergaard and Middelboe [1995]
and Del Giorgio and Davies [2003]. Furthermore, our
results can be used in conceptual, parametric and numerical
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biogeochemical models of the interaction between the
coastal and surface open ocean.

2. Methods

2.1. Data Collection

[10] In this study we have surveyed the literature for pub-
lished estimates of DOM bioavailability in the coastal ocean.
In the context of this work, BDOM is operationally defined as
the organic matter consumed by heterotrophic prokaryotes
within a given period of time [Del Giorgio and Davies, 2003]
and the coastal ocean as the portion of the global ocean
covering the continental margin [Gattuso et al., 1998]. Open
continental shelves, bays, estuaries and coastal lagoons were
included in our survey, covering a wide range of latitudes and
contrasting continental influences (Figure 1). In coastal
systems strongly influenced by continental runoff, only
samples downstream from the freshwater-seawater interface
(salinity >3) were considered. The survey was restricted to
data obtained from microbial incubation experiments con-
ducted in the dark at controlled temperature, which followed
the decrease in natural DOM concentration over time. Gen-
erally, an inoculum of natural water filtered through 1–2 mm
pore-sized filters was added to the same water filtered
through 0.1–0.2 mm pore-sized filters in a proportion of 1:10.
The incubation time varied considerably between studies,
from a few days to several months (see Table S1 in the auxiliary

material)1, which resulted in some studies including only the
labile DOMpool while others included both the labile and semi-
labile pools. The sampling interval through the incubation time
was also very variable, from less than 1 day at the beginning
of the incubation period to several months at the end. In
addition, in some studies water for DOM analysis was not
filtered and, in others, filters of different materials and pore
sizes, ranging from 0.2 to 1 mm were used, with GF/F filters
(nominal pore size 0.7 mm) being the most common. There-
fore, in most cases part of the bacterial C, N, and P would
contribute to the DOM pool. Our database consists of 1345
data points for DOC, 464 for DON and 311 for DOP (Table S1)
aggregated in 328 incubation experiments for DOC, 83 for
DON and 80 for DOP (Table S2). Restricting the survey to
incubations experiments that lasted for >40 days, there are
175 incubation experiments for DOC, 75 for DON and 46 for
DOP. Some data points presented in Table S1 were extracted
from digitalized scatter plots using the software DataThief
(K. Huyser and J. van der Laan, 1992, version 1.0.8).
[11] The cases are not distributed homogeneously neither

geographically (Figure 1) nor temporally. One-third of the
experiments corresponded to studies conducted in the Baltic
sea, followed by the East coast of North America, from the
Middle Atlantic Bight to the Louisiana continental shelf.
Few works have dealt with the bioavailability of DOM in the
Japanese and Chinese coasts, including the pioneering work

Figure 1. World map showing the location of the study sites where microbial incubations experiments
were conducted to determine the degradation of dissolved organic carbon, nitrogen and/or phosphorus
in the coastal ocean.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GB004353.
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of Ogura [1975] in Tokyo and Sagami bays. Despite of the
global importance of coastal upwelling systems in terms of
productivity and efficiency of DOM export to the adjacent
ocean [Hill and Wheeler, 2002; Álvarez-Salgado et al.,
2007], only a few cases are available for the NW Iberian
and Oregon coasts. It is remarkable the lack of data from the
Central and South American, African and Australian coasts.
Seasonal cycles of DOM bioavailability have been obtained
only in the Bothnian sea, Darss sill, Florida bay, Georges
bank, Hiroshima bay, Horsens fjord, Loch Crean, Ria de
Vigo, Sacramento-San Joaquin river delta, Tokyo bay and
the York river estuary (Table S2).

2.2. DOM Pools and Degradation Rate Constants

[12] The utilization of a single rate-limiting dissolved
organic substrate (S) by a pure culture of microorganisms at
a constant temperature can be modeled with the differential
Monod [1949]’s equation:

dS

dt
¼ � Vmax

KS þ S
� S ð1Þ

Where S is the concentration of substrate, Vmax the maxi-
mum utilization rate and KS the half saturation constant.
When KS is ≥10 times S, then Vmax/(KS + S) � Vmax/KS and
equation (1) transforms into the simpler differential equation
[Bekins et al., 1998]:

dS

dt
¼ �kS � S ð2Þ

Where kS = Vmax/KS is the first-order degradation rate
constant.

[13] A batch incubation of a natural water sample is
composed of myriads of different reactive dissolved organic
substrates and diverse heterotrophic prokaryote communities
that tend to utilize the most reactive substrates first
[Middelburg et al., 1993]. Consequently, kS, as calculated
with equation (3), should decrease during the incubation
time.

kS ¼
Ln S t1ð Þ

S t2ð Þ
� �

t2 � t1
ð3Þ

This model implies a continuum of reactive groups
[Middelburg et al., 1993]. Alternatively, a discrete number
of reactive groups can be considered. In this sense, the time
course of the concentration of BDOM in the bioassays
reviewed in this study can be reasonably modeled by
assuming that BDOM decomposes at an overall rate directly
proportional to its own concentration (Figure 2). This
assumption implies that two DOM pools should be consid-
ered: resistant (RDOM) and bioavailable (BDOM). RDOM
is the concentration of DOM at the end of the incubation
time, and BDOM the difference between the initial DOM
concentration and RDOM. The decay of DOM during the
course of the incubations was modeled by equation (4),
which results from the integration of equation (2) with S
being BDOM:

DOM tð Þ ¼ BDOM � exp �kM � tð Þ þ RDOM ð4Þ

Where DOM(t) is the concentration of DOM at time t (in
mmol L�1), kM is the degradation rate constant (in day�1),
and t is the time (in day). Since BDOM and RDOM were
calculated prior to adjusting the time evolution of DOM(t),
the only parameter that was adjusted with equation (4) was
kM, using the Marquardt-Levenberg algorithm implemented
in the software package Statistica 6.0. The two-pool model
was applied only to the incubation experiments which lasted
for >40 days to ensure that the remaining DOM at the end of
the incubation time is resistant to microbial degradation.
[14] Batch incubations reviewed in this work were con-

ducted both at in situ and lab controlled conditions, but
covering a wide range of incubation temperatures, from 0 to
30�C (Table S1). Therefore, kM values obtained with
equation (3) were normalized to a standard temperature of
15�C by applying equation (5), derived from the Arrhenius’
equation:

kM 15�Cð Þ ¼ kM Tð Þ � Q10ð Þ 10
15�T ð5Þ

Where kM(15�C) and kM(T) are the degradation rate con-
stants at 15�C and temperature T, respectively; and Q10 is
the Arrhenius temperature coefficient. Q10 values for the
microbial degradation of marine DOC have been reported by
several authors [Seiki et al., 1991; Chen and Wangersky,
1996; Raymond and Bauer, 2000; Del Giorgio and Davies,
2003; Lønborg et al., 2009a] and a consensus value of 2.2
will be used in this study. However, there is a lack of studies
of the temperature dependence of the microbial degradation
of marine DON and DOP. To the best of our knowledge,
they were only determined by Lønborg et al. [2009a] in a
study of Loch Crean (Scotland), covering temperatures from
8�C to 18�C. Revisiting the data of that work, we obtained

Figure 2. Time course of DOC concentration during a
microbial incubation experiment conducted by Pempkowiak
[1985] with Gdansk deep water (Baltic sea) in May 1983. The
exponential decay equation was fitted using the Marquardt-
Levenberg algorithm implemented in the software package
Statistica 6.0. The BDOM and RDOM fractions and the
exponential decay equation are shown.
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the Q10 values of 2.0 for DON and 1.5 for DOP that will be
used in this study.
[15] In 229 of the 491 incubation experiments summarized

in Table S2 only the initial and final DOM concentrations
were reported; therefore, just BDOM and RDOM can de
estimated. But in the remaining 262 cases, we were able to
determined kM from the time course of DOM concentration
during the incubation time. These cases corresponded to four
Baltic embayments (Horsens fjord, Darss sill, Arkona
and Gdansk deep), a Norwegian fjord (Raunefjord fjord),
a Scottish loch (Loch Crean), two coastal upwelling system
(Oregon and NWSpain coasts), three temperate bays (Tokyo,
Sagami and Long bay) and two estuaries (York river and
Elorn river), two subpolar shelves (Georges bank and
Hokkaido island), two subtropical coastal areas (Florida bay
and the South China Sea), a coral reef (Ishigaki Island) and
the Antarctic Ross sea shelf.

3. Results

3.1. Continuum Reaction Model Approach

[16] Initial concentrations of DOC varied from 50–60 mmol
L�1, characteristic of coastal polar, subpolar and upwelling
environments relatively unaffected by continental runoff, to
>1000 mmol L�1, found in subtropical coastal areas strongly
affected by humic-rich continental waters such as the coastal
lagoons of Rio de Janeiro, the Florida bay coast in contact with
the Everglades or the Sacramento-San Joaquín river delta
(Tables S1 and S2). Initial concentrations of DON and DOP
ranged from 4.5 to 45 mmol L�1 and from 0.08 to 0.50 mmol
L�1, respectively.
[17] In continuum reaction models, the time-dependent

first-order decay parameter, kS(t), follows a power func-
tional decrease with time [Middelburg et al., 1993]. In the
particular case of the microbial utilization of DOM in the
coastal ocean, a slightly more complex function has been
needed to successfully model together all the study cases:

kS tð Þ ¼ a � S0
s

� �b

� tg ð6Þ

Where a, b and g are fitting parameters, S0 is the initial
concentration of DOC, DON or DOP and s the salinity of the
incubated coastal water. Note that the S0/s ratio allows dis-
criminating between high initial substrate concentrations of
terrestrial or marine origin. The values of S0/s ranged from

2 to 1342, with a mean � SD value of 47 � 127 (n = 300)
for the case of DOC; from 0.1 to 5.7, 1.0 � 1.2 (n = 80) for
the case of DON; and from 0.002 to 0.068, 0.014 � 0.013
(n = 67) for the case of DOP. Table 1 summarizes the fitting
parameters obtained with equation (6) for DOC, DON and
DOP. b is negative and its absolute value is significantly
lower than 1 for the three cases, indicating that the organic
carbon, nitrogen and phosphorus substrates of marine origin
are more labile than those of terrestrial origin. Considering
the mean value of S0/s, kS(0) of 0.014 � 0.002, 0.025 �
0.003 and 0.095 � 0.005 day�1 can be obtained for DOC,
DON and DOP. Therefore, on average, DOP is significantly
(p < 0.001) more labile than DON, and DON significantly
(p < 0.001) more labile than DOC. As expected, g is also
negative and its absolute value is significantly lower than
1 for DOC, DON and DOP. This parameter does not differ
significantly among DOC and DON but it is significantly
lower for DOP (p < 0.05), suggesting that DOP keeps more
labile than DOC and DON through the course of the
incubations.
[18] This lability gradient translates into a more efficient

utilization of P over N and of N over C (Figure 3). Most of
the data points on Figure 3a are above the 1:1 line, indicating
that the percentage of the initial DON is larger than the
percentage of the initial DOC utilized by the microbes of
the coastal ocean at any incubation time. In fact, the slope of
the linear regression, 1.3 � 0.1, suggest that, on average, the
BDON(t)/DON ratio is 30 � 10% larger than the BDOC(t)/
DOC ratio. The same trend is observed in Figures 3b and 3c,
and the corresponding slopes, 2.4 � 0.2 and 1.7 � 0.1, sug-
gest that the BDOP(t)/DOP ratio is 140% � 20% larger than
the BDOC(t)/DOC ratio and 70 � 10% larger than the
BDON(t)/DON ratio. Whereas the larger amount of BDOC(t)
rarely exceeds 40% of the initial DOC, it is close to 60% in
the case of DON and to 100% in the case of DOP.
[19] The initial DOM pool had a C: N: P (mean � SD)

molar ratios of 1164 � 150: 123 � 15: 1, while the average
C: N: P stoichiometry of the utilization of DOM in the
coastal ocean obtained from the slopes of the correlations of
the utilized DOC versus the utilized DON (Figure 4b) and
the utilized DOC versus the utilized DOP (Figure 4c) was
216 (�32): 24 (�4): 1.

3.2. Multi-G Model Approach

[20] As stated in the methods section, the two-pool model
has been applied only to the incubation experiments that last

Table 1. The a, b, and g Fitting Parameters (Value � S.E.) of the Power Functions Between the Degradation Rate Constants (kC, kN,
and kP) and the Initial DOM Concentrations (DOC0, DON0, DOP0), Refractory DOM (RDOC, RDON, and RDOP) and the Initial DOM
Concentrations, and the Relations Between the Degradation Rate Constants for DOC (kC), DON (kN), and DOP (kP)

a

a (�SE) b (�SE) g (�SE) n R2

kC(t) = a � (DOC0/s)
b �t g 0.049 � 0.002 �0.33 � 0.03 �0.54 � 0.02 853 0.44

kN(t) = a � (DON0/s)
b � t g 0.025 � 0.003 �0.72 � 0.08 �0.60 � 0.05 315 0.57

kP(t) = a � (DOP0/s)b � t g 0.04 � 0.02 �0.18 � 0.08 �0.38 � 0.05 180 0.31
RDOC = a � s b � DOC0

g 1.3 � 0.4 �0.10 � 0.03 0.96 � 0.04 150 0.93
RDON = a � s b � DON0

g 1.3 � 0.3 �0.21 � 0.04 0.98 � 0.05 72 0.91
RDOP = a � s b � DOP0 g 0.5 � 0.2 NS 1.3 � 0.3 46 0.31
kC = a + b � (kN)g 0.04 � 0.01 1.3 � 0.2 1.7 � 0.2 67 0.87
kC = a + b � (kP)g 0.04 � 0.01 0.7 � 0.1 1.5 � 0.2 42 0.84
kC = a + b � (kP)g 0.04 � 0.01 0.8 � 0.1 1.2 � 0.2 42 0.84

aHere n: number of data; R2: coefficient of determination. Data were fitted to the power functions by mean of the Marquardt-Levenberg algorithm
implemented in the software package Statistica 6.0. NS: Not significant.
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Figure 3. X-Y plots of the relationship between proportions
of the initial concentrations of (a) DOC and DON, (b) DOC
and DOP, and (c) DON and DOP used at all incubation time
in all experiments. Dashed line, 1:1 line; solid line, linear fit-
ting equation according to Sokal and Rohlf [1995] model II.

Figure 4. X-Y plots of the relationship between the concen-
trations of bioavailable (a) DOC and DON, (b) DOC and
DOP, and (c) DON and DOP used at all incubation time in
all experiments. Dashed line, 1:1 line; solid line, linear fitting
equation according to Sokal and Rohlf [1995] model II.
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>40 days. The fraction of DOC utilized after the incubation
time, BDOC, ranged from 1 to 199 mmol L�1, representing
from 2 to 51% of the total DOC pool, with a mean � SD
value of 22 � 12% (n = 175). BDON concentrations varied
between 0.6 to 15.2 mmol L�1, representing between 10 and
65% of the DON pool, with a mean � SD value of 35 �
13% (n = 75). BDOP varied from 0.04 and 0.33 mmol L�1,
ranging from 30 to 96% of the total DOP pool with a mean
� SD value of 70 � 18% (n = 45). A T-test of the mean �
SD values of the percentages of BDOM indicates that DOP
is significantly (p < 0.001) more bioavailable than DON and
the latter significantly (p < 0.001) more bioavailable than
DOC (Figure 5).
[21] Regarding the pool that is resistant to microbial uti-

lization after the incubation time, RDOM, its concentration
can be estimated on basis of the initial salinity and DOM
concentration of the incubated water sample, by means of
the power function RDOM = a � s b � DOM g. The values of
a, b and g are summarized in Table 1. a is not significantly
different from 1 in the three cases; therefore, the dependence
of RDOM on DOM is linear for DOC, DON and DOP. b is
negative and with an absolute value significantly lower than
1 for the cases of RDOC and RDON, indicating that the
material of continental origin is more resistant than the
material of marine origin. Conversely, RDOP does not vary
significantly with salinity.
[22] Figure 6 shows the variability of the C: N: P stoichi-

ometry of the bioavailable and resistant DOM pools. BDOM
had a mean � SD and median C: N molar ratios of 8.8 � 4.4
(n = 69) and 7.5, respectively. By contrast, the resistant pool
presented significantly higher (p < 0.001) mean � SD and
median values of 15.5 � 4.6 (n = 69) and 14.2, respectively
(Figure 6a). The same behavior was observed for the C: P

molar ratio; the mean � SD and median ratio for the BDOM
pool were 25 � 16 (n = 43) and 19, and for the RDOM pool
they were 159 � 187 (n = 43) and 73, respectively
(Figure 6b). The C: N: P ratio of BDOM, 197 (�111): 25
(�16): 1 (mean � SD) or 157: 19: 1 (median) was more
N- and P- rich than the RDOM pool, 2835 (�3383): 159
(�187): 1 (mean � SD) or 1191: 73: 1 (median).
[23] Figure 7 summarizes the variability of the first-order

decay constants of BDOC, BDON and BDOP degradation
referred to 15�C. BDOC presented mean � SD and median
values of kC of 0.066 � 0.065 day�1 (n = 127) and 0.045
day�1, respectively. The BDON degradation rate constants
(kN) reached mean and median values of 0.111� 0.096 day�1

(n = 68) and 0.088 day�1. For BDOP the degradation rate
constants (kP) had mean and median values of 0.154 �
0.137 day�1 (n = 42) and 0.106 day�1, respectively. The
first-order degradation rate constants of BDOM decreased
significantly (p < 0.05) in the sequence kP > kN > kC. Power
function relationships of the type kX = a + b � kY g existed
among the three rate constants (Figure 8), with a high pre-
dicting power, R2 > 0.84 (Table 1). A positive origin inter-
cept a = 0.04 � 0.01 day�1 occurs in the three relationships,
suggesting a basal C degradation under N and/or P starva-
tion. Parameters b and g were significantly larger than 1 for
the kC to kN relationship, 1.3 � 0.2 and 1.7 � 0.2, respec-
tively. This means that although BDON is generally utilized
faster than BDOC, this trend reverses at low (<0.04 day�1)
and high (>0.60 day�1) kN values. Although the highest kN
value recorded in the incubation experiments that lasted >40
days was <0.5 day�1, in the case of the very short incubation
experiments (3 days) in the coastal upwelling of Oregon, kN
values of 0.71 day�1 were accompanied by higher values of
kC of 0.95 day�1 (see Table S2). For the case of the rela-
tionship between kC and kP, b was significantly lower and g
significantly higher than 1; as a result, BDOP is mineralized
faster than BDOC at any kP > 0.04 day�1. An unrealistic

Figure 5. Box-and-whiskers plot of the proportions of
DOC, DON, and DOP pools that are bioavailable in the
coastal ocean, considering incubations experiments that
lasted for >40 days. Fifty percent of the data are included
within the limit of the boxes, and the caps represent the
10th and 90th percentiles. Solid lines represent the median
and dotted line the mean value.

Figure 6. Box-and-whiskers plots of the (a) C: N and (b)
N: P molar ratios of bioavailable and resistant DOM pools
in the coastal ocean (incubations >40 days included). Fifty
percent of the data are included within the limit of the boxes,
and the caps represent the 10th and 90th percentiles. Solid
lines represent the median and dotted line the mean value.
Note the logarithmic scale of Figure 6b.
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value of kN > 2.22 day�1 would be necessary to observe kC
higher than kP. Finally, for the case of the relationship
between kN and kP, g is not significantly different from 1
and therefore, the relationship between the two rates is linear
with a slope b of 0.8 � 0.1.

4. Discussion

4.1. Bioavailability of DOM in the Coastal Ocean

[24] In all study sites, DOP was more bioavailable than
DON and the latter more bioavailable than DOC (Table 1
and Figures 3 and 5). This sequence of bioavailability sug-
gests that the role of the DOM pool on the recycled and
export production of the coastal ocean is more relevant for
the P than for the N, and for the N than for the C biogeo-
chemical cycles [Hopkinson and Vallino, 2005; Lønborg
et al., 2010]. The observed variability of DOM bioavail-
ability could be due to differences in incubation times, initial
nutrient and temperature conditions, terrestrial inputs, UV-
light exposure of the water samples prior to incubation or
bacterial community and DOM chemical composition [Del
Giorgio and Davies, 2003; Kawasaki and Benner, 2006;
Vähätalo and Jarvin, 2007; Lønborg et al., 2009a]. In this
study we have shown that a simple power function of the
incubation time and the initial DOM to salinity ratio, an
index of the terrestrial/marine origin of the materials, is able
to explain 31–57% of the variability of the degradation rate
of BDOM(t). As the DOM in natural systems contains a
complex mixture of organic compounds with changing
lability, it is not surprising that the incubation time plays a
major part in determining the BDOM amounts measured.
Short term incubations (hours- days) will only include the

most labile pools, while longer term incubations will mea-
sure both the labile and fractions of the semi-labile pool. The
more refractory nature of the materials of terrestrial origin is
confirmed by the significant negative relationship of RDOC
and RDON with salinity (Table 1), suggesting that RDOM
moved conservatively during its transition from the conti-
nent to the open ocean through the coastal zone.
[25] DOM availability has previously been shown to vary

depending on the DOM chemical composition [Benner and
Opsahl, 2001], contribution of allochthonous and autoch-
thonous sources [Lønborg and Søndergaard, 2009], bacterial
community composition [Martinez et al., 1996], inorganic
nutrient limitation [Rivkin and Anderson, 1997], protist
grazing [Thingstad et al., 1999], temperature [Chen and
Wangersky, 1996], production of refractory components
[Lønborg et al., 2009b], protection of compounds by sub-
micron particles [Stoderegger and Herndl, 1998], as well as
photochemical processes [Kieber et al., 1997]. In this study
we only have in situ nutrient and temperature measurements:
No significant relationships were found between BDOM and
these parameters, suggesting that they were not major players
in determining the DOM bioavailability when all data are
gatherer together (data not shown). Given that the incubation
experiments analyzed in this work were conducted in the
dark, the influence of natural UV radiation on the bioavail-
ability and utilization rate of DOM during the incubation
time cannot be assessed. Although contrasting results have
been reported in the literature on the effect of UV-light of
DOM bioavailability, the currently accepted consensus is
that the refractory material of either terrestrial or marine
origin gets more bioavailable after exposure to natural light,
whereas the freshly produced organic biomolecules become
more resistant after exposure [Kieber et al., 1997;
Obernosterer et al., 1999; Megali Amado et al., 2007].

4.2. Stoichiometry of the Bioavailable and Resistant
DOM in the Coastal Ocean

[26] Our C: N: P ratios of BDOM for the coastal ocean
(Figures 4 and 6) are compatible with those previously
reported by Benner [2002], 300: 22:1, and by Hopkinson
and Vallino [2005], 199: 20: 1 for the open ocean. These
ratios, 216 (�32): 24 (�4): 1 from the continuum reaction
model or 197 (�111): 25 (�16): 1 from the multi-G model,
are not significantly different among them. They are quite
close to the average C: N: P stoichiometry of marine phy-
toplankton (106: 16: 1) [Redfield et al., 1963] and phyto-
plankton produced DOM (170: 6.5: 1) [Conan et al., 2007],
strongly suggesting the planktonic origin of BDOM in the
coastal ocean. The higher C: P and N: P of BDOM compared
with the Redfield ratio could either be due to plankton
release of C-rich labile compounds such as mono- and
polysaccharides under in situ nutrient-depleted conditions
[Fajon et al., 1999] and/or the selective degradation of
N- and/or P-rich compounds [Hopkinson et al., 1997].
[27] The C: N: P ratio of RDOM, 2835 (�3383): 159

(�187): 1, was extremely N- and P- depleted compared with
the BDOM pool but it was compatible with the C: N: P ratio
reported by Hopkinson and Vallino [2005] for refractory
marine DOM, 3511: 202: 1, and comparable to the C: N: P
ratio of terrestrial refractory DOM, 3495: 118: 1, reported by
Meybeck [1982]. Comparatively, DOC and DON con-
centrations in the surface layer of mid-ocean gyres range

Figure 7. Box-and-whiskers plots of the first-order degra-
dation rate constants (kC, kN, and kP) of BDOM calculated
for incubation experiments lasting >40 days. Fifty percent
of the data are included within the limit of the boxes, and
the caps represent the 10th and 90th percentiles. Solid lines
represent the median and dotted line the mean value. Note
the logarithmic scale.
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from 65–80 and 5–6 mmol L�1 [Hansell et al., 2009]
respectively, which produce a C: N molar ratio of 13 � 4,
not significantly different from our C: N ratio of RDOM of
15 � 4. C: P ratios in the surface open ocean are very vari-
able depending on the relative importance of N2 fixation
that, in turns, is conditioned by iron availability [Mather
et al., 2008].

4.3. DOM Utilization Rates in the Coastal Ocean

[28] Significant power relations were found between kC,
kN and kP, (Table 1) with fitting parameters indicating that
BDOP is utilized faster than BDON and the latter faster than
BDOC except at kN and kP values <0.04 day

�1 and kN values
>0.60 day�1. This fractionation during the utilization of
DOM is consistent with our C: N: P stoichiometry data and as
well as with previous studies investigating organic matter
utilization in marine waters [Garber, 1984; Hopkinson et al.,
1997]. It should be noticed that the utilization rate constants
were normalized to 15�C using Q10 values of 2.2, 2.0 and
1.5 for C, N and P compounds, respectively. According to the
Arrhenius theory, a lower value of Q10 indicates lower acti-
vation energy of the enzymatic reactions, which can be
interpreted also as indicative of a higher bioavailability of the
substrate, as recently suggested for the microbial degradation
of organic matter in soils [Davidson and Janssens, 2006].
With these considerations in mind, the sequence of Q10

values are consistent with the sequence of P > N > C lability.
[29] The fate, utilization versus export, as well as the

stoichiometry and bioavailability of the material exported
from the coastal to the open ocean will depend on the
balance between the half-life time of the BDOM pool, ln2/
kM, and the flushing time of water in the coastal ocean, t =
V/QE, where V is the volume and QE the water exchanged
with the adjacent continent and open ocean. Considering
the mean values of the degradation rate constants obtained
in this work (Figure 7), half-life times of 10.5, 6.2 and 4.5
day are obtained for BDOC, BDON and BDOP, respec-
tively. Comparatively, t ranges from a few days in very
dynamic systems such as coastal upwelling areas to several
months in arid enclosed bays [Brink, 1998; Laurelle et al.,
2009]. For reference, the half-life time of the semi-labile,
semi-refractory and refractory DOC that occupies the dark
ocean is 1.5, 20 and 16000 years [Hansell et al., 2012] and
the flushing time of water ranges from about 80 years for
the intermediate and 2000 years for deep ocean [Laurelle
et al., 2009].
[30] When the flushing time coincides with the half life

time of BDOC, 50% of the BDOC, 67% of the BDON and
80% of the BDOP will be processed in the coastal ocean and
the remaining fractions will be exported to the adjacent
ocean, where it could contribute to feed the microbial
populations living there. Figure 9 shows the evolution of the
C: N and C: P stoichiometry of BDOM as a function of its

Figure 8. X-Y plots of (a) kC versus kN, (b) kC versus kP,
and (c) kN versus kP for incubation experiments lasting for
>40 days. Fifty percent of the data are included within the
limit of the boxes, and the caps represent the 10th and 90th
percentiles. Dashed line, 1:1 line; solid line, power fitting
equation using the Marquardt-Levenberg algorithm imple-
mented in the software package Statistica 6.0. See fitting
parameters in Table 1.
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lability, expressed as kC, and the flushing time. The values
of kN, and kP, needed to calculate the stoichiometry, were
obtained from the relationships with kC, presented in
Table 1. Note that, as a consequence of the power relation-
ship between the utilization rate constants (Figure 8 and
Table 1) the isolines of the C: N: P stoichiometry of BDOM
utilization (color background) were not parallel to the iso-
lines of the percentage of unused BDOC (solid black lines)
(Figure 9). Initially, the substrates are utilized at very low C:
N molar ratios, close to 4, which would be compatible with
the preferential utilization of amino acids and/or nucleotides
with average biochemical composition of C138H127O45N39S
and C45H76O31N12P5 respectively in marine phytoplankton
[Anderson, 1995; Fraga et al., 1998]. The C: N utilization
molar ratio increases up to 40 after an incubation period of
20 days at a rate of 0.15 day�1. A similar trend is observed
for the C: P utilization molar ratio, which increases from about
90 to more than 1000 after 20 days decomposing at a rate of
0.15 day�1. Therefore, the coastal BDOM exported

horizontally is carbon rich and, consequently, its utilization in
the adjacent ocean could depend on the supply of inorganic N
and P [e.g., Thingstad et al., 1997].

5. Conclusions

[31] Our meta-analysis suggests that coastal plankton
communities and terrestrial inputs control the concentration
and stoichiometry of the bioavailable and resistant fractions
of coastal DOM, respectively. At least 4% of the global net
primary production (NPP) of the coastal zone is exported to
the adjacent open ocean as DOM [Chen, 2003]. This pro-
portion rises to more than 20% in coastal upwelling fila-
ments [Álvarez-Salgado et al., 2007]. Assuming a NPP of
6.5 Pg C year�1 [Dunne et al., 2007] for the global coastal
ocean, about 0.3 Pg C year�1 are exported as DOC to the
open ocean, a number that represents about 15% of global
marine primary production that accumulate each year as
DOC [Hansell et al., 2009]. The ratio between the half-life
time of BDOM and the flushing time of any particular
coastal system will dictate the fate (in situ degradation
versus export) and the quality (C: N: P ratio) of the coastal
BDOM that, in turns, conditions the fate of the exported
BDOM in the adjacent ocean (degradation versus accumu-
lation). Inorganic N and/or P limitation in stratified adjacent
ocean surface waters would provoke the accumulation of an
extremely N- and P-poor exported BDOM up to the time of
winter mixing [Carlson et al., 1994]. Our data, in conju-
gation with other recent studies [Mather et al., 2008;
Torres-Valdés et al., 2009] support the hypothesis that large
scale export of BDOM is fuelling parts of the oceanic new
production and influence the N/P limitation of the open
ocean.
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