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Abstract Organic matter (OM) remineralization may be
considered a key function of the benthic compartment of
marine ecosystems and in this study we investigated if the
input of labile organic carbon alters mineralization of
indigenous sediment OM (OM priming). Using 13C-enriched diatoms as labile tracer carbon, we examined shallowwater sediments (surface and subsurface layers) containing
organic carbon of different reactivity under oxic versus
anoxic conditions. The background OM decomposition
rates of the sediment used ranged from 0.08 to
-1
0.44 lmol C ml-1
ws day . Algal OM additions induced
enhanced levels of background remineralization (priming)
up to 31% and these measured excess fluxes were similar to
mineralization of the added highly degradable tracer algal
carbon. This suggests that OM priming may be important
in marine sediments.

Introduction
Organic matter (OM) remineralization is a key function
of the benthic compartment of marine ecosystems and
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although extensively studied, it remains a subject of focus
due to the complexity of factors and processes involved
(Wakeham and Canuel 2006). It is generally thought that
microbes fulfill a key role in OM recycling (e.g., Harvey
2006) but when present fauna may be responsible for a
significant part of sediment community OM respiration
(Heip et al. 1995, 2001). Recent short-term experimental
studies utilizing isotope tracer carbon confirm the key role
of bacteria, but demonstrate that fauna directly alter the
fate of incoming fresh OM (Moodley et al. 2002, 2005a;
Witte et al. 2003a). Fauna my out-compete bacteria and
direct uptake of OM (feeding) delays short-term OM
respiration (Kristensen et al. 1992; Witte et al. 2003b).
Furthermore, the recent manipulation experiment studies
suggest that a major impact of community structure on
seafloor functioning is through bioturbation by large fauna:
maintaining habitat heterogeneity (Thrush et al. 2006a) and
enhancing OM recycling primarily through fauna-induced
irrigation of deeper sediment layers and enhanced sediment–water solute exchange (Biles et al. 2002; MermillodBlondin et al. 2004; Lohrer et al. 2004; Michaud et al.
2005; Thrush et al. 2006a; Meysman et al. 2006). Simultaneously however, the same fauna-induced displacement
of sediment particles (bioturbation) results in mixing and
displacement of settled OM into deeper sediment layers
(Levin et al. 1997); this may lead to the strong dilution of
the fresh OM (Mayer et al. 2001) directly influencing biota
accessibility to this OM and subsequent degradation pathways. In addition, depending on the mode of bioturbation,
OM removal from contact with oxygenated waters may
slow down remineralization of this fresh OM relative to
rates under oxic conditions at the sediment–water interface
(Sun et al. 2002a; Josefson et al. 2002).
Another potentially related but not well-documented
phenomenon in marine sediments is OM ‘‘priming’’; the
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input of relatively fresh and labile organic carbon (OC)
may alter remineralization of indigenous, relatively older
and less reactive OM, i.e., the remineralization of more
refractory components may be linked to the decay of labile
components (Canfield 1994; Aller 1994; Hee et al. 2001).
This process is sometimes referred to as ‘‘cometabolism’’
(Wakeham and Canuel 2006). Priming has been studied
intensively in soils and its effect may be positive or absent
(e.g., Hamer and Marschner 2005a, b; Hoyle et al. 2008).
OM priming may potentially also be an important factor in
regulating the carbon balance in marine sediments, but
there is very limited evidence for ‘‘priming’’ in marine
sediments. Kristensen and Holmer (2001) added fresh
diatom and hay detritus to shallow-water surface sediment
and found no clear evidence for priming. Turnewitsch et al.
(2007) studied the interaction between fresh and refractory
organic matter for nitrogen mineralization and found nonlinear effects but the results were not conclusive regarding
priming. Using a pulse-tracer experiment, Hee et al. (2001)
provided convincing evidence that the addition of fresh
substrates stimulated the decomposition of relict, indigenous OM.
Here, we report on sediment–water slurry incubations
examining OM priming in shallow-water sediments. We
utilized algal carbon, pre-enriched with 13C as tracer OM
addition, because its diagenetic end product it is easily
isotopically distinguished from that of the indigenous OM
(Blair et al. 1996). We examined continental shelf subtidal
(surface and subsurface layers) and estuarine intertidal
sediments that were expected to contain OM of contrasting
reactivity (Dauwe and Middelburg 1998). Given that the
OM degradation may be redox sensitive (e.g., Bianchi et al.
2000; Sun et al. 1993, 2002a, b; Kristensen et al. 1995;
Harvey et al. 1995; Kristensen and Holmer 2001) and that
oxygen exposure time may be key in determining OM
preservation in marine sediments (e.g., Hartnett et al. 1998;
Sun and Dai 2005; Moodley et al. 2005b), incubation of the
surface and subsurface subtidal sediments were done both
under oxic and anoxic conditions. In addition, we used two

different concentrations of ‘‘priming’’ OM to explore the
consequences of dilution of fresh OM that occurs due to
downward bioturbation of recently settled OM.

Materials and methods
Sediment sampling
Sediment was collected from a shallow site in the Skagerrak, eastern North Sea (59-m water depth, 57°50 N,
10°01 E) using a box corer on board the RV Pelagia in
April 2002. A total of six cores (14 cm i.d.; 30-cm deep)
were taken from three different box cores and sediment
from the surface layer (0–2 cm) and a deeper layer (18–
20 cm) were pooled separately and thoroughly homogenized manually. No large macrofauna or shell debris were
observed in the sediment and the sediment was therefore
not sieved. Subsamples were taken from each pooled depth
interval and frozen at -80°C for later analysis of sediment
characteristics.
Intertidal surface sediment (upper 2 cm) was collected
during low tide from a mudflat in the Scheldt estuary
(Southwest Netherlands, 51°26 N, 3°57 E, April 2003
using the RV Luctor). Moist sediment from this site was
first sieved (500 lm mesh opening) to remove large fauna
and shell debris. Site-specific details are provided in
Table 1.
Experimental set-up
Sediment–water slurries were prepared basically according
to Dauwe et al. (2001); volumes of 10 ml wet sediment
(sampled by filling a cutoff syringe) were transferred into
preweighed 80 ml glass incubation bottles (Chrompack).
Sediment without any additions was used to determine
background OM remineralization rates. As a source of
tracer and possible priming OM, we used the cosmopolitan
diatom Skeletonema costatum cultured, isotope labeled and

Table 1 Origin and characteristics of the sediment used for sediment–water slurry incubations
Sampling site

Water
depth (m)

Skagerrak 57°50 N, 10°01 E

Subtidal 59 m

Sediment
sample (cm)

Median grain Percentage of TOC
d13C-OM
size (lm)
silt (\63 lm) content (%)

Subtidal 0–2

41.2 (0.7)

69.4 (0.5)

0.86 (0.02) -22 (-19)

?0.5 (0.0)

Subtidal 18–20 45.8 (0.2)

65.5 (0.1)

0.79 (0.01) -22 (-19)

?0.6 (0.1)

19.4 (0.1)

0.24 (0.10) -19 (-16) -0.17 (0.1)

Scheldt estuary 51°26 N, 3°57 E Intertidal low tide Intertidal 0–2

109 (0.8)

d13CCarbonate

Average median grain size (lm), average percentage of silt (fraction smaller than 63 lm), average total organic carbon content (percentage of
TOC; n = 2 and standard errors in brackets)
Also given is the measured stable carbon isotope signature (%) of bulk sediment organic matter (OM) with in brackets the value of ‘‘reactive’’
OM (that of bacteria PLFA, see ‘‘Materials and methods’’)
In the last column, measured d13C of sediment bulk carbonate (SE)
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harvested as described in Moodley et al. (2000). This
produced axenic diatom carbon with *27% 13C (d13C =
?32,000%).
For Skagerrak sediment, vials containing sediment
were divided into three major groups: no extra additions
were series to determine background OM remineralization
rates and for the two experimental treatments different
amounts of tracer algal carbon additions were employed.
An additional experimental factor was the division into
oxic and anoxic incubations (see below). Algal material
was suspended in rinsing medium (artificial seawater
without bicarbonate used for initial rinsing and isolation
of 13C-labeled diatoms (Moodley et al. 2000), of which
1 ml was added to each vial; two concentrations were
used, equivalent to an addition of 0.52 and
5.2 lmol C per ml wet sediment (ws). For the intertidal
surface sediment, single additions were made equivalent
to *3.6 lmol C per ml sediment. Owing to the logistic
limitations, anoxic incubations were not possible and
these were incubated only under oxic conditions, but for
three different durations (7, 14 and 21 days in the dark at
15°C). Skagerrak sediments were incubated for 21 days in
the dark (12°C).
The final step of slurry preparation was the addition of
filtered (0.2 lm) bottom water (10 ml) followed by sealing
with screw caps fitted with rubber septa. After being
thoroughly mixed by hand shaking, slurries (*20 ml
sediment water and *60-ml headspace) were purged for
5 min with either N2 or N2:O2 (80:20) for anoxic and oxic
slurries, respectively (Dauwe et al. 2001). Oxygenation
was verified using a needle-type oxygen microsensor
(needle allows penetration of septum to measure oxygen
without having to open the bottles, Presens, Germany) that
was also used to confirm that there was oxygen remaining
in the oxic incubation waters at the end. In total, 11
experimental treatments (3 replicates each) were conducted
(see Table 3) that differed in sediment origin (surface
versus subsurface subtidal sediment versus intertidal estuarine surface sediment), load of labile carbon addition
(single versus tenfold carbon addition), the presence or
absence of oxygen in incubations of subtidal sediments and
three time intervals for intertidal surface sediment. These
treatments will be compared with simultaneously executed
background incubations without label OM additions (control-background). In addition, a set of slurries were prepared and immediately processed (see below) to establish
initial conditions (used as start values of concentrations and
isotope signatures of RCO2). Flasks with subtidal sediments were manually shaken twice a day during the first
3 days on board ship, after which they were transferred to
the laboratory in a temperature-controlled vehicle and then
on continuously shaken (automatically rotated). Intertidal
sediment–water slurries were manually shaken once daily.
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Measurements and analysis
Sediment granulometry was determined on freeze-dried
sediment samples with a Malvern Mastersizer 2000 and
sediment porosity was calculated from water content
(weight loss on freeze drying) assuming a dry density of
2.55 kg dm-3 (Dauwe et al. 2001).
In this study, we utilized the evolution of CO2 as a
measure of OM remineralization because Dauwe et al.
(2001) have shown that methane production can be
neglected in these sediments (even for anoxic conditions).
The analysis of CO2 concentrations and d13C–CO2 was
combined in one measurement, i.e., the area counts given
in a standard output of an isotope ratio measurement on a
mass spectrometer was used to calculate concentrations
(e.g., Moodley et al. 2002). For the slurries, we first measured CO2 concentration and d13C–CO2 in the incubation
bottle headspace by sampling 1,000 ll through septum
with a gas-tight syringe. Subsequently, the vials were
centrifuged (3 min at 900 rpm) to obtain sediment-free
water samples from which *3 ml was transferred through
a GFF filter into a helium pre-flushed vial sealed with a
shrimp cap with rubber septum. Exact water volume was
determined by weight. Following the acidification (10 ll
99% H3PO4 per ml sample) headspace RCO2 concentration
and d13C–RCO2 were measured using a Carlo Erba 1106
Elemental Analyser coupled online with a Finnigan Delta S
isotope ratio mass spectrometer. Total RCO2 was the sum
of that measured directly in the slurry bottle gas-phase- and
liquid-phase upon acidification. Carbon isotopes are
expressed in the delta notation (d13C) relative to Vienna
Pee Dee Belemnite.
Of the total RCO2 produced during the incubations, a
part may be due to carbonate dissolution, not necessarily
associated with OM remineralization (e.g., Anderson et al.
1986). Carbonate dissolution can be traced through changes in Ca? ion concentration (e.g., Hulthe et al. 1998) or
alternatively, the fraction of dissolved inorganic carbon
originating from carbonate dissolution may be traced
through shift in carbon isotope signatures of CO2 produced
in the incubations (e.g., Ogrinc and Faganeli 2003, Ogrinc
et al. 2003; Hu and Burdige 2007) and then the maximum
contribution from carbonate dissolution can be estimated
from a two-end member linear mixing model (e.g., Fry and
Sherr 1984; Levin and Michener 2002).
We calculated the d13C of the RCO2 produced during
the incubations through mass balance; first, for the d13C of
the RCO2 at the end of the incubation in this closed system,
we used the concentration-weighed average of that measured in the incubation bottle headspace and that in the
water phase upon acidification after 1% correction for
fractionation between CO2 gas in the aqueous and gaseous
phase (Mook et al. 1974). Then, the d13C of RCO2
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produced was calculated from the difference in d13RCO2 at
the start and end of the incubations calculated as:

d13 Cprod ¼ ½RCO2 end   d13  RCO2 end

 ðRCO2 start Þ  d13  RCO2 start =

Thermo Finnigan Delta ? mass spectrometer equipped
with a GASBENCH II preparation device (Vrije Universiteit, Amsterdam, The Netherlands). Approximately
30 mg of homogenized freeze-dried sediment sample,
placed in a He-filled 10-ml exetainer vial is digested in
concentrated H3PO4 at a temperature of 45°C. Subsequently the CO2–He gas mixture is transported to the
GASBENCH II by the use of a He flow through a flushing
needle system. In the GASBENCH, water is extracted from
the gas, by the use of NAFION tubing, and CO2 is analyzed
in the mass spectrometer after the separation of other gases
in a GC column.
The fraction dissolved inorganic carbon originating
from carbonate dissolution (Fdiss), as estimated from the
two-end member linear mixing model, was then subtracted
from total RCO2 produced in the control incubations to
obtain background indigenous OM remineralization.
Indigenous OM decomposition in amended treatments was
obtained by further subtracting CO2 originating from tracer
Corg decomposition. The use of 13C-enriched tracer OM
prevents direct calculation of dissolution in individual
amended treatments, as described above for the different
sediment types, but assuming constant dissolution dynamics for a given sediment type, we applied that determined
on the corresponding background sediment (Table 2). At
this point, it is important to note that the correction for

ð½RCO2 end   ½RCO2 start :
Subsequently, a two-end member linear mixing model
was used to estimate maximum RCO2 originating from
carbonate dissolution as:
 13

13
13
Fdiss ¼ d13
prod  dom = dcarb  dom ;
13
13
where d13
prod ; dom ; and dcarb are the carbon isotope signatures of RCO2 produced, sediment organic matter and bulk
carbonate, respectively. The carbon isotope signature of
bulk sediment organic matter (TOC) does not necessarily
reflect the reactive pool of OC, therefore, for the isotope
value of the organic matter end member we used that of
bacteria as a measure of reactive organic matter (estimated
via bacteria-specific PLFA - polar lipid derived fatty
acids): -16% for the intertidal sediment (Middelburg et al.
2000) after applying a 4% correction for fractionation
between PLFA and total bacterial biomass (Boschker
et al. 1999) and -19% for Skagerrak subtidal sediment
(Boschker, personal communication 2007). Sediment bulk
carbonate carbon isotope signatures were measured on a

Table 2 Average total end RCO2 concentration in the different incubations (lmol C ml-1) and the amount of tracer carbon re-mineralized
(lmol C ml-1
ws ) in the amended treatments under oxic (ox) versus anoxic (anox) conditions
Sediment sample

End [RCO2] (lmol ml-1) Tracer OM respired d13C of RCO2 produced (%) Maximum RCO2 from C-dissolution (%)
Ox

Anox

Ox

Anox

Ox

Anox

Ox

Anox

26.2

Subtidal 0–2
C-bkgrd

8.99

6.92

-11.8

-13.9

37.0

?19 tracer OM

9.29

7.20

0.11

0.09

?288.2

?332.5

37.0

26.2

?109 tracer OM 10.88

7.44

1.46

1.06

?3,136.8

?3,201.0

37.0

26.2

-2.2

-16.8

86.0

11.2

Subtidal 18–20
C-bkgrd

12.29

4.98

?19 tracer OM

12.09

5.17

0.06

0.11

?137.8

?824.9

86.0

11.2

?109 tracer OM 14.33

6.87

0.80

1.36

?1,496.7

?6,655.3

86.0

11.2

Intertidal
7 day C-bkgrd

9.60

-13.4

16.6

?Tracer OM
14 day C-bkgrd

11.00
11.74

0.71

?3,126.9
-14.5

16.6
9.8

1.08

?2,831.9

9.8

-14.5

9.6

?2,480.0

9.6

?Tracer OM

13.47

21 day C-bkgrd

13.70

?Tracer OM

15.92

1.21

13

The d C of RCO2 produced (%) is shown in the fourth column followed by the maximum contribution of carbonate dissolution (%) to RCO2
produced
Maximum dissolution was taken to be constant per given sediment and dissolution in amended treatments therefore equal to corresponding
control-background dissolution values
All values are average of n = 3
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2.

3.
4.

Total RCO2 (12C ? 13C) originating from the strongly
labeled algal OM: product of excess 13C (e.g.,
Middelburg et al. 2000) and end RCO2 content divided
by the fractional abundance of 13C in the OM (0.27;
Moodley et al. 2005a).
Total RCO2 produced in background incubations or
amended treatments (i.e., sum of metabolic produced
CO2 and CO2 from carbon dissolution): end RCO2
content - start RCO2 content.
Background indigenous OM remineralization: (2) (Fdiss).
Indigenous OM remineralization in amended treatments: (2) - (Fdiss) – (1).

Priming is the difference in indigenous OM remineralization measured in amended treatments and that measured
in control-background incubations, expressed as
lmol C ml1
ws (wet sediment).
Log-transformed data were analyzed by two-way analysis of variance (ANOVA) followed by pairwise comparisons (Tukey HSD test) using SYSTAT (Systat Inc.).

14.0
Bkgrd

Plus 1 x Tracer

Plus 10 xTracer

10.0

µ mol C ml

-1

ws

12.0

8.0
6.0
4.0
2.0
0.0
oxic

anoxic

oxic

Surface

anoxic

Subsurface

Treatment

b

14.0
12.0

Bkgrd

Plus Tracer

10.0

-1

1.

a

µ mol C ml ws

carbonate dissolution is subtraction of a sediment typespecific fraction of the RCO2 produced and not a fixed
amount of the CO2 production. Therefore, the addition of
OM leading to higher CO2 production would also result in
a corresponding larger RCO2 subtraction for dissolution
correction.
The calculations can be summarized as follows:
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8.0
6.0
4.0
2.0
0.0
7

14

21

Incubation time (days)

Fig. 1 a The amount of OM remineralized after 21 days of
incubation of surface versus subsurface with or without oxygen in
background (Bkgrd) and tracer OM amended (single and tenfold load)
subtidal sediment, b the amount of OM remineralized after 7, 14, and
21 days of incubation of intertidal surface sediment under oxic
conditions with or with tracer OM addition. Average lmol C ml-1
wet sediment plus standard errors (n = 3)

Results
Skagerrak, subtidal sediments were fine grained and
organic carbon content was similar in surface and subsurface layers; it was much lower in the coarse-grained
intertidal sediment (Table 1). The d13C of RCO2 produced during the control-background incubations ranged
from -2.2 to -16.8% and revealed different degrees of
carbonate dissolution; 10–86% of the dissolved inorganic
carbon originated from carbonate dissolution (Table 2).
Subtracting the fraction originating from carbonate
dissolution from total RCO2 produced in the control
incubations revealed background OM remineralization
rates in subtidal sediment ranging from 1.6 to
5.5 lmol C ml-1
ws (21 days incubation; Fig. 1a) and in
intertidal sediment these values ranged from 3.8 to
9.3 lmol C ml-1
ws after 7–21 days of incubation (Fig. 1b).
Conversion to daily OM remineralization rates and OM
reactivity (k, calculated from a single pool as quotients
of CO2 production rates and Corg content) show that
subtidal subsurface sediment had approximately four
times lower OM reactivity than its surface counterpart

and was an order of magnitude less reactive than that of
the intertidal sediment (Table 3).
The fresh algal carbon addition significantly enhanced
sediment release of RCO2 in surface and subsurface subtidal sediment both under oxic and anoxic conditions
(Fig. 1a); treatments with amendments, especially in the
higher OM addition, had higher OM remineralization rates
(ANOVA, P \ 0.05; Table 4). Depending on the amount
of algal carbon added, sediment total OM remineralization
rates were enhanced 4–80% of background values
(Fig. 1a). Similarly, the addition of algal carbon significantly increased total OM remineralization in the intertidal
sediments (Table 4; Fig. 1b; increasing background rates
by 28–40%). However, these overall significant increases
in total OM remineralization were only in part due to the
respiration of the added carbon (Fig. 2). In the low load
amended subtidal sediment, 16–90% (average 38 ± 35%)
of excess originated from tracer respiration (Fig. 2a). For
sediment with a tenfold OM addition, 48–79% (average
64 ± 13%) of excess fluxes originated from the tracer OM
(Fig. 2b) and in the intertidal sediment incubations, an
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-1
Table 3 Control-background (C-bkgrd) remineralization rates lmol C ml-1
and OM reactivity (k 9 10-4 day-1) of the different sedws day
iment used: average under oxic (ox) and anoxic (anox) conditions

Sediment sample (cm) C-bkgrd OM
Remineral

Ox

Subtidal 0–2

0.26

Anox

0.21

Subtidal 18–20

0.08

0.13

Intertidal 0–2

0.44

–

Bkgrd OM
reactivity (k)

Percentage of tracer
carbon respired

Enhanced OM decomposition
Percentage of tracer
remineralization

Percentage of bkgrd
remineralization

Ox

Ox

Ox

Ox

4.4
0.9
16.3

Anox

Anox

Anox

Anox

19

109

19

109

19

109

19

109

19

109

19

109

3.7

19

26

16

23

393

108

531

27

8

29

10

7

1.6

11

15

20

25

11

51

300

62

0.4

25

12

31

–

Day 7

19.7

–

120

–

22

–

Day 14

29.9

–

91

–

14

–

Day 21

33.2

–

119

–

15

–

Also given is the percent of the tracer OM respired in the different treatments that received a single low (19) and tenfold (109) load of tracer
amendment
In the last column, enhanced OM decomposition (priming of indigenous OM) is presented as both percentage of tracer carbon respired and as
percentage of C-background OM remineralization rates, again with 19 versus 109 addition under oxic and anoxic conditions
All values are average of n = 3

average of 48% of excess originated from the tracer addition (Fig. 2c). Therefore, different fractions of excess
fluxes were non-tracer OM and potentially due to OM
priming evident in all treatments (Table 3; Fig. 2). However, reversed redox conditions for subtidal sediments
(anoxic for surface and oxic for subsurface) seemed to be
relatively less facilitative for OM priming (Table 3;
Fig. 2b). This is in accordance with the significant
(ANOVA, P \ 0.05; Table 4) impact of oxygenation on
subtidal OM decomposition rates (higher rates under oxic
conditions for surface sediment, but the opposite for subsurface sediment, Fig. 1a). The significant interaction term
for the subsurface subtidal sediment can be attributed to the
slightly different response of the 19 treatment under oxic
and anoxic conditions (Fig. 1a). Although quantitatively
(lmol C ml-1
ws ) the highest priming was found with higher
OM additions, the magnitude of priming was not proportional to the amount of tracer OM added (Fig. 2): tenfold
increase in OM addition did not result in tenfold higher
priming. Clear cases of enhancement are seen in surface
sediment under oxic conditions and subsurface sediment
under anoxic conditions (compare Fig. 2a, b). For the
subtidal high OM additions, priming was equivalent to 7–
31% of background OM remineralization, but equivalent to
27–100% of remineralization of the highly degradable
tracer added carbon (Table 3; Fig. 2b). In the low-load
subtidal incubations, priming was equivalent to\1–12% of
background OM remineralization and 11–500% of remineralization of the highly degradable tracer added carbon
(Table 3; Fig. 2a).
As in the case of subtidal sediment, tracer addition to
intertidal sediment clearly impacted OM remineralization
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Table 4 Results of two-way ANOVA of OM remineralization rates
(log-transformed lmol C ml1
ws ) in the different sediment samples
Source

SS

df

MS

F ratio

P

Subtidal surface
Treatment

0.086

2

0.043

49.193

0.000

Oxygenation

0.031

1

0.031

34.982

0.000

Interaction

0.000

2

0.000

0.186

0.833

Error

0.009

10

0.001

2
1

0.107
0.277

1,085.722
2,820.872

0.000
0.000

10.084

0.003

Subtidal subsurface
Treatment
Oxygenation

0.214
0.277

Interaction

0.001

2

0.001

Error

0.001

12

0.000

Intertidal surface
Treatment

0.051

1

0.051

44.460

0.000

Time

0.273

2

0.136

118.734

0.000

0.400

0.683

Interaction

0.001

2

0.000

Error

0.009

8

0.001

Treatment is no amendments versus different OM additions

rates. First, there was significantly more OM decomposition over time and OM amendment significantly increased
OM decomposition rates (ANOVA, P \ 0.05, Table 4;
Fig. 1b). Priming was also evident in intertidal sediment
already after 7 days and ranged from 91 to 120% of that
derived from the tracer OM, equivalent to on an average
17.2 ± 3.5% of background OM remineralization (Fig. 2c;
Table 3).
Although the sediment material used in this study differed about as much as one order of magnitude in OM
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µ mol C ml

-1

ws

a

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Tracer

oxic
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subtidal sediments under different redox conditions (23–
26%) except lowered value of *15% for subsurface sediment under oxic conditions (Table 3). A similar trend
among the treatments was also evident in the low-load OM
amendments; albeit with a slightly lower percent of tracer
carbon respired after 21 days (16–20%; Table 3). In the
case of intertidal sediment approximately 33% of the added
tracer was respired within 21 days (Table 3).

Priming

anoxic

oxic

Surface

anoxic

Subsurface

Discussion

Treatment

µ mol C ml

-1

ws

b

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Tracer

oxic

Priming

anoxic

oxic

Surface

anoxic
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Fig. 2 Division of excess fluxes above background rates between that
from tracer OM and that of OM priming: a Twenty-one day
incubations of subtidal sediment under different redox conditions
amended with a single load of tracer OM. b Same as a, but with a
tenfold tracer OM addition. c Intertidal sediment after 7, 14 and
21 days incubation. Average lmol C ml-1 wet sediment (n = 3)

reactivity, the priming effect after 21 days was rather
similar for comparable treatments and the priming resulted
in a 15–29% increase in background OM mineralization
in Skagerrak subtidal and intertidal estuarine sediments
incubated under oxic conditions with similar high OM
additions (Table 3).
For subtidal sediment incubations, the amount of RCO2
that originated from tracer OM was proportional to the
amount added (*12-fold increase in amount RCO2 originating from tracer OM with tenfold higher tracer addition,
Fig. 2). For the high-load additions, a similar fraction of
the tracer OM was re-mineralized within 21 days in

The concept and consequences of priming have been discussed in the marine literature (e.g., Graf 1992; Canfield
1994; Aller 1994; Gribsholt and Kristensen 2002), but few
conclusive results have been reported because of experimental difficulties. It is not only necessary to detect the
small enhancement of total OM mineralization due to labile
carbon addition, but it is also needed to partition this excess
mineralization between tracer and enhanced indigenous
carbon mineralization. Moreover, carbonate dissolution
may complicate interpretation of dissolved inorganic production rates as proxy for mineralization. Closed, small
volume sediment–water incubations as used in this study
may exhibit elevated sensitivity to carbonate dissolution
due to the possible exhaustion of alkalinity or buffer
capacity. This is particularly evident in the subtidal subsurface sediment under oxic conditions where the high
incubation end RCO2 concentration was primarily due to
carbonate dissolution. Oxidation of compounds, such as
ammonium that often accumulate in deeper sediment layers
not exposed to bioturbation (e.g., Nielsen et al. 2004;
Mermillod-Blondin et al. 2005) can lead to extensive loss
of alkalinity (Wilson and Thomson 1998; Soetaert et al.
2007). This is supported by more limited dissolution under
anoxic conditions (Table 2).
It is clearly evident that sediments may differ strongly in
their dissolution dynamics (Table 2) depending on origin
and redox conditions and highlights the importance of
individual estimates per sediment type and treatment as
conducted in this study (Table 2). At the same time, this
draws attention to the application of dissolution dynamics
determined for background to amended treatments, but we
estimate that this has not led to gross overestimation of
priming because of underestimating dissolution. First,
dissolution dynamics are expected to be similar because
OM additions were by no means unusually high. In
addressing OM priming, the amount of matter added
should preferably be close to in situ OM fluxes. In this
study, using the CO2 production rates, we estimate OM
input
for
the
subtidal
surface
sediment
at
2.6 mmol C m-2 day-1 and for the intertidal sediment at
4.4 mmol C m-2 day-1. This means that the additions
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used for the subtidal sediment equal approximately 10–
100% of in situ input for that experiment period of 21 days.
For the intertidal sediments, this is estimated at being 40%
of a 3-week input. Therefore, the overall amounts
employed here are within ranges expected to prevail in the
field. The amount that can be mixed deep down in the
subtidal sediment used in this study is unknown, but it is
expected to represent a small fraction of that settling on
the surface (that may vary depending on the mode of bioturbation) and the 10% of estimated incoming fluxes
employed is not unrealistically high.
Secondly, OM amendment treatments were otherwise
identical to background incubations and as used in this
study, carbonate dissolution correction (calculated as percentage of CO2 production) is proportional to the amount
of CO2 produced thereby accounting for potential increase
in the dissolution coupled to enhanced OM decomposition
(tracer and indigenous OM). In addition, the two end
mixing model method represents a maximum percentage
contribution of dissolution, so that priming could in fact be
larger. Therefore, isotope insensitive complementary tools,
such as changes in Ca? ion concentration (e.g., Hulthe
et al. 1998) may constitute an important refinement in this
method of addressing the subject OM priming in marine
sediments.
Another potential complication of our incubation technique relates to rapid changes in redox conditions as
imposed in this study, which may destroy a portion of the
microbes with consequences for the net efficiency of
remineralization (Aller 1994). However, overall, a substantial fraction of fresh tracer OM was readily and rapidly
processed and respired by the sediment microbiota, consistent with recent isotope tracer studies (e.g., Blair et al.
1996; Moodley et al. 2005a, Buhring et al. 2006). For
tenfold tracer OM addition in the subtidal sediment, 23–
26% was respired within 21 days except for a low 15% in
subsurface sediment exposed to oxic conditions (Table 3).
In contrast to surface layers, deeper subsurface layers
are not naturally exposed to changing redox conditions
and this lowered activity may reflect reduced flexibility of
deep subsurface microbes. After 21 days of incubation,
33 ± 3% of the added carbon was respired in intertidal
sediments (Table 3) indicating that coarse permeable sediments may indeed be favorable for microbial OM remineralization despite an expected relatively low-microbial
standing stock (Dauwe et al. 2001; Buhring et al. 2006).
The results of this study clearly revealed that input of
fresh OM can potentially enhance remineralization rates of
native OM both under oxic and anoxic conditions. There
are very few data to compare with our results. Kristensen
and Holmer (2001) incubated thin layers of homogenized
surface sediment in a continuous flow system and found no
significant effects that could be attributed to priming.
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Turnewitsch et al. (2007) focused on the interaction of
labile and refractory organic matter on nitrogen cycling and
reported a transient positive effect on nitrogen mineralization, but no significant effect on particulate nitrogen
pools. Hee et al. (2001) incubated coastal deep subsurface
sediments retrieved from below the active remineralization
zone and demonstrated priming under anoxic conditions
using both dissolved inorganic carbon and carbon isotope
data as we did.
In contrast to marine sediments, OM priming in soils has
been the target of numerous studies and it has been
established that it is strongly influenced by the diversity
and concentration of substrates employed. Moreover,
priming may be evident, but substrate addition may also
inhibit OM degradation and its magnitude can vary
strongly and depends on the concentration of the substrate
added (e.g., Fontaine et al. 2003; Kuzyakov et al. 2000;
Hamer and Marschner 2005a, b; Waldrop and Firestone
2004; Brant et al. 2006). These studies also revealed that
priming in soils can exceed background remineralization
rates, while it represented only a small fraction of background OM remineralization in our study (up to 31%,
Table 3). However, the rates of these enhanced fluxes were
in the range of remineralization rates measured for the
highly reactive and degradable amended OM (Fig. 2).
Given that OM lability is a prime factor governing OM
remineralization (Wakeham and Canuel 2006 and references therein), this magnitude of priming, therefore, albeit
a small percentage of background OM remineralization
may be considered highly relevant.
Our experiment revealed that even a very small addition
of fresh OM induced OM priming (Fig. 2). Consistently,
Mondini et al. (2006) showed that the addition of trace
amounts of different simple and complex substrates can
induce immediate, significant activation of soil microbes.
However, with a high load, there seems to be preferential
uptake of fresh OM resulting in relatively decreased
priming (compare Fig. 2a, b). Although this study demonstrates that OM priming may also be prevalent in marine
sediments and, therefore, potentially an important determinant of the final carbon balance, clearly more experimental work is required. We expected that input of fresh
OM would have the strongest stimulation on microbial
activity under anoxic conditions (remineralization is generally more complete in presence of oxygen) and in sediments with relatively less reactive native OM. This does
seem to be the case: priming as percentage of controlbackground remineralization was indeed highest in subtidal
subsurface sediment under anoxic incubations (31%,
Table 3). However, priming was similarly high in oxic
subtidal surface sediment incubations (29%) and intertidal
sediment (15%) with relatively high OM reactivity
(Table 3). In addition, the highest absolute amount primed
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(lmol C ml-1
ws ) was 1.43 in the intertidal sediment after
21 days and 1.58 in the subtidal sediments (oxic surface
with tenfold OM additions, Fig. 2). Moreover, the actual
mechanisms involved or driving priming are still unclear
(e.g., Hee et al. 2001; Hamer and Marschner 2005b; Fontaine et al. 2003). Since the initial proposal of OM priming
(Löhnis 1926), it has been a subject of debate whether or
not priming was an artifact: priming may not reflect
increase in native soil organic matter remineralization, but
remineralization of bacterial biomass replaced by new
tracer substrate derived biomass. However, studies
including soil microbial biomass dynamics confirm that
true priming does occur (e.g., Fontaine et al. 2004a and
references therein; Kuzyakov et al. 2007) and recently
further insight into microbial dynamics involved in soil
OM priming have been gained through the application of
compound-specific isotope analysis (bacteria-specific fatty
acid biomarkers, e.g., Waldrop and Firestone 2004; Brant
et al. 2006). Overall for soils, it seems that energy-rich
substrate additions rapidly induce shifts in microbial
community structure and activity. Depending not only on
the reactivity and standing stock of native OM, but also on
the substrate added (composition and quantity); priming
may be absent, neutral or positive (Fontaine et al. 2004b
and references therein). Clearly more experiments with
marine sediments are required and although small volume
sediment–slurry incubations may be convenient, intact
sediment incubated in flow through systems including
microbial dynamics and diversity analysis will provide a
more complete assessment of the ecological significance of
OM priming. Finally, although experimental mineralization rates may deviate from field values, it does not
invalidate the study of OM priming which is a comparisonbased approach employing same physical conditions for all
treatments. Irrespective, this study shows that organic
matter priming may indeed occur in marine sediments.
This highlights a potential impact of bioturbation (mixing
and displacement of sediment by macrofauna) on sediment
OM mineralization that is rarely considered. Bioturbation
by large organisms has been repeatedly observed to
enhance sediment OM remineralization primarily through
oxygenation of subsurface sediments (e.g., Kristensen
2000; Meysman et al. 2006). This can now be extended
with OM priming driven by the same down-core mixing of
incoming fresh OM. This link between OM priming and
fauna activity is further supports the hypothesis that basic
seafloor ecological processes are strongly linked to the
structure of seafloor communities (Waldbusser et al. 2004;
Lohrer et al. 2004; Thrush et al. 2006b; Mermillod-Blondin
and Rosenberg 2006; Raffaelli 2006) and is further substantiates that bioturbation by large organisms may
strongly govern the carbon flow pathways and the organic
carbon balance in marine sediments (e.g., Bianchi et al.

2285

2000; Moodley et al. 2005a; Thrush et al. 2006a; Meysman
et al. 2006.
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