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Abstract
A negative carbon isotope shift in sedimentary organic carbon deposited in stratiﬁed marine and lacustrine systems
has often been inferred to be a consequence of the process of recycling of respired and, therefore, 13C-depleted, dissolved
inorganic carbon (DIC) formed from mineralization of descending organic matter. To study this process, we measured
d13CDIC and d13C values of particulate organic carbon (POC) over an annual cycle in the permanently stratiﬁed Kyllaren
fjord in Norway. A notable accumulation of respired DIC below the chemocline was evident from the substantially 13Cdepleted DIC (ca. 19&). Especially in autumn to early spring, respired DIC from the deep anoxic water is mixed into
the oxygenated surface water and the calculated respired DIC contribution to the total DIC pool was up to 40% in early
spring in the upper 2 m of the water column. At 4 m depth, just below the chemocline, the respired DIC contribution
reaches ca. 90% of the total DIC pool. Assimilation of the respired DIC seems to exert only a small eﬀect on d13CPOC,
which has an average d13C value of 24&. The measured photoautotrophic fractionation (ep) was low (<10&) during
the majority of the year. This is likely responsible for reducing the apparent impact of recycling of respired DIC on
d13CPOC. However, in June 2002, photoautotrophic use of the 13C-depleted DIC is obvious from a 13C-depletion of
POC (33.7&) derived from a bloom of the protist Euglena sp.
Ó 2005 Elsevier Ltd. All rights reserved.

1. Introduction
The present day oceans are well mixed by thermohaline driven ocean currents, the so-called ocean conveyor
*
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belt. However, during past ‘‘oceanic anoxic events’’
(OAEs; Schlanger and Jenkyns, 1976) larger parts of
the ancient oceans were stratiﬁed, likely due to plate tectonics (Pletsch et al., 2000; Poulsen et al., 2001). Sediments deposited during such OAEs are often
characterized by distinct lamination, good preservation
of organic matter (OM), low abundance or absence of
benthic formaminifera and 13C-enriched organic carbon
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and carbonate (Arthur et al., 1990). The latter arises as a
result of enhanced organic matter burial rates in anoxic
water columns and sediments and, thus, removal of 13Cdepleted organic matter from the ocean and atmosphere.
However, during the Toarcian OAE and Aptian OAE
1a, carbonate and organic carbon also exhibit a negative
carbon isotope excursion, occurring in strata immediately preceding the positive excursion often at the base
of the black shales (Menegatti et al., 1998). This negative
isotope excursion has been attributed to the massive release of 13C-depleted methane from gas hydrates (Hesselbo et al., 2000), analogous to the model proposed
for a similar isotopic shift at the Late Paleocene Thermal
Maximum (Dickens et al., 1995).
Küspert (1982) explained such a negative isotope
excursion in a diﬀerent way. According to his model,
13
C-depleted OM is oxidized while sinking to bottom
waters and 13C-depleted dissolved inorganic carbon
(DIC) accumulates in the bottom waters. When this
deep water DIC escapes to the photic zone by convection or diﬀusion, it is utilized by the plankton for
calciﬁcation processes or photosynthesis (Fig. 1a).
Long-lasting stratiﬁcation and recycling of the respired
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Fig. 1. (a) Model proposed by Küspert (1982) to explain
negative d13C excursion in sediments deposited during the
Toarcian OAE and (b) model proposed by Hollander and
Smith (2001) to explain negative trends in the d13C of
sedimentary organic carbon in stratiﬁed lakes.

CO2 may thus result in a decrease in d13C value of organic carbon and carbonate in the sediment (Küspert,
1982; Schouten et al., 2000).
Evidence that this process of recycling of respired
CO2 can aﬀect the 13C content of DIC has come from
stable isotope studies of meromictic and monomictic
lakes (Deevey et al., 1963; Deevey and Stuiver, 1964;
Rau, 1978; Quay et al., 1986; Bernasconi and Hanselmann, 1995; Wachniew and Rózanski, 1997); 13C-depleted values for DIC ranging from 4& up to values
as low as 22& were reported. The lowest d13CDIC values were observed for the anoxic bottom water (hypolimnion) where organic matter is oxidized. Moreover,
the DIC in the epilimnion of such systems is 13C-depleted (d13CDIC is 4& to 10&) compared to global
surface ocean d13CDIC in equilibrium with the atmosphere (+2& to 0.5&; Kroopnick, 1985). Consistent
with the 13C-depleted DIC, d13C values of particulate organic carbon (POC) in these systems is also substantially
depleted, ranging from 41.5& to 47& (Rau, 1978;
Fry, 1986; Bernasconi and Hanselmann, 1995). Hollander and Smith (2001) noted a trend towards lower
d13C values of sedimentary organic and inorganic carbon due to intensiﬁed eutrophication in two stratiﬁed
lakes. Their model explaining the negative trends in
the d13C of sedimentary organic carbon is comparable
to that of Küspert (1982), with an expansion of seasonally driven water column overturn in combination with
an important bacterial contribution to the total sedimentary carbon pool (Fig. 1b).
In contrast to lake systems, stratiﬁed marine systems
have been less well studied with respect to recycling of
respired DIC. Permanently stratiﬁed marine systems
are conﬁned to relatively small (semi) enclosed basins,
generally with a narrow connection and/or a shallow sill
to the open ocean, thereby restricting water circulation.
In the Black Sea, the largest anoxic basin (Murray et al.,
1991), a sharp decrease in d13CDIC between 40 and 60 m
depth and a more gradual decrease to ca. 6& below
1000 m depth is ascribed to remineralization of organic
matter (Fry et al., 1991; Volkov, 2000). However, d13C
values of POC and biolipids in the water column and
d13C values of TOC and lipids in the sediment do not reveal use of the respired DIC by photoautotrophs (Freeman et al., 1994). Other examples of oxygen-deﬁcient
marine waters are found in many threshold fjords (Richards, 1965; Syvitski et al., 1987; Paetzel and Schrader,
1995). For example, Velinsky and Fogel (1999) measured isotopic compositions of DIC and POC in Framvaren fjord, Norway, which ranged from 2& to 20&
and 23& to 32&, respectively, suggesting a strong
impact of recycling of CO2.
In order to determine the signiﬁcance of recycling of
respired DIC in the photic zone and its impact on d13C
values of POC in stratiﬁed marine systems, we performed a seasonal study of stable carbon isotope ratios
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of DIC and POC in diﬀerent water layers of a stratiﬁed
fjord (Kyllaren) in Norway. This small, permanently anoxic fjord seems to be suitable as a model for the study
of the eﬀects of respired CO2 on the isotopic composition of OM, since the presence of 13C-depleted lipids
of green and purple sulfur bacteria in the surface sediment indicate the prominence of this process (Smittenberg et al., 2004). The results are interpreted in the
context of the carbon cycle models presented above
and the potential consequences for the carbon isotopic
composition of sedimentary organic carbon.
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the fjord at least since 1993. In 1954, a 50 m dam with
a ca. 5 m opening was built in the Leira and ﬁsh disappeared from the North side of the dam. In 1988, a 450 m
long dam was built in Askvika, with two openings of
15 m. Since the narrowing of the channel, anoxia gradually built up in the bottom waters until a release of
hydrogen sulﬁde to the atmosphere was ﬁrst observed
in 1993, indicating that the chemocline had risen to the
surface water. The conditions for the Küspert model
are met by the permanent position of the chemocline just
below, or even in, the photic zone.
2.2. Sampling

2. Experimental
2.1. Site description
Kyllaren is a small, 29 m deep fjord on the west coast
of Norway (62°N, 5°E), connected to the Norwegian Sea
by a narrow, 1–2 m deep channel (Fig. 2). Precipitation
and river run-oﬀ establish a low salinity surface layer
and permanent salinity stratiﬁcation has developed in
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Fig. 2. Geographical setting of Kyllaren fjord, Norway. It lies
approximately at 61°25 0 N and 5°10 0 E (Smittenberg et al., 2004).

Water samples for DIC concentration ([DIC]), stable
carbon isotope ratios of DIC (d13CDIC), POC concentration ([POC]) and stable carbon isotope ratio of POC
(d13CPOC) were taken at a ﬁxed sample position in the
fjord at the depocentre (28 m water depth), except for
the sampling in February 2003. At that time, ice covered
about 70% of the fjord and the regular sampling position
could not be reached. Instead, samples were taken at a
position closer to the southeast coast at a water depth
of 22.5 m (Fig. 2). Duplicate water samples were taken
with a 2 l Niskin bottle through the water column at
0 m (surface), 2, 4, 6, 8, 10, 15, 20 and 25 m depth for
[DIC] and d13CDIC measurements. Only single [DIC]
measurements were carried out for surface and 2 m
water depth in April 2002. No samples were taken at 2
and 8 m depth for [POC] and d13CPOC in September
2002. In February 2003 DIC and POC samples were taken at diﬀerent depths: 0.5, 2, 4, 6, 8, 10, 15 and 20 m
depth.
Temperatures were measured with a thermometer inside the Niskin bottle or in situ with YSI 85 equipment.
Salinity was measured using STD/CTD model SD204,
manufacturer SAIV A/S Environmental Sensors & Systems (optional sensor unit 106) or YSI 85 equipment,
whilst oxygen was measured with STD/CTD model
SD204. The pH was measured in situ or in the laboratory directly after the ﬁeldwork with a GK2401C Radiometer Electrode. Samples for hydrogen sulﬁde
concentration ([HS]) were taken in June 2002 (single
samples), August 2002 and April 2003 (duplicate samples). A sediment core was taken in September 2002
using a gravity corer and the upper 17 cm was sampled
every 0.5 cm for TOC and bulk organic d13C analyses.
Water samples for [DIC] were ﬁltered over 0.2 lm
acrodisc ﬁlters into 3 ml vials and the vials were sealed
free from air and transported to the laboratory. Samples
for d13CDIC were taken according to the DOE Handbook of Methods (Eds. Dickson and Goyet, 1994).
Brieﬂy, 100 ml glass bottles were ﬁlled to the neck with
sample water; 20 ll of a saturated HgCl solution was
added and the bottle was ﬁlled and closed free from
air with a butyl rubber cap. In the samples containing
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HS, 20 ll of saturated FeCl2 was added to precipitate
the sulﬁde, before the HgCl solution was added. Samples
for [HS] were taken as for the [DIC] samples, with 20 ll
of a 1 N NaOH solution added to the empty vial in advance. The water samples were stored cool and in the
dark until analysis.
For [POC] and d13CPOC determinations, water was
pumped into a 20 l pressure tank with a 12 V car battery-operated pump. Two separate batches each of 10 l
of water were ﬁltered over pre-combusted (400 °C)
0.7 lm glass ﬁbre ﬁlters in a 150 mm in-line ﬁlter holder.
The ﬁlters were packed in aluminum foil and kept frozen
in the dark. Before analysis they were freeze-dried.

2.3. Analyses
DIC concentration, sulﬁde concentration and
d13CDIC were usually measured within two weeks of
sampling. [DIC] and [HS] analyses were carried out
as described by Stoll et al. (2001) with a Technicon Traacs 800 autoanalyzer; d13CDIC values were determined
by headspace analysis of 0.5–2 ml (depending on
[DIC]) of water which had reacted with 100% H3PO4
for at least 1 h at room temperature. The headspace
was analyzed using a Thermoﬁnnigan Gas Bench II coupled to a DeltaPLUS irm/MS system. Stable carbon isotope ratios were determined relative to lab. standards
calibrated against NBS 18 carbonate (IAEA) and reported relative to Vienna Pee Dee Belemnite (VPDB)
in standard delta notation. For [POC] and d13CPOC
analyses, circles of 6–56 mm2 (depending on the
[POC]) were punched out of the ﬁlters and folded into
tin cups. The ﬁlters were used without further treatment,
as tests had shown that inorganic carbon did not contribute to the carbon pool on the ﬁlter. Sediment samples were freeze-dried and decarbonated with 1 N HCl
solution and washed with demineralized water. [POC],
d13CPOC and sedimentary TOC and d13CTOC were determined using elemental analysis (EA)/isotope-ratio-monitoring mass spectrometry (EA/irmMS). EA/irmMS
analysis was performed with ﬁltered OM using a Carlo
Erba Flash elemental analyzer coupled to a Thermoﬁnnigan DeltaPLUS irmMS system. The total organic carbon
content (as weight percentage) was determined using
external standards with known carbon content and corrected using a blank ﬁlter folded in a tin cup. Stable carbon isotope ratios were determined using lab. standards
calibrated with NBS 22 oil (IAEA) and reported relative
to VPDB in standard delta notation.
Standard deviations for d13CDIC were generally between 0.1& and 0.6& (average 0.3&). The standard
deviations of the [DIC] and [HS] duplicates, expressed
as a percentage of the average value, were generally
<8%. The sometimes rather large standard deviation in
[POC] (1–46%, average 11%) and d13CPOC (0.1–2.1,

average 0.6&) could be explained by the heterogeneity
of the OM and its uneven distribution on the ﬁlter.
The [CO2(aq)] was calculated from [DIC], pH, salinity, depth and temperature with a CO2 speciation program (Stoll, 1994).

3. Results
In the surface layer to 4–5 m depth, a density (rt) less
than 16 is maintained throughout the year in Kyllaren
fjord, while a rt of 18–20 prevails in the deeper water
(Fig. 3). The oxygen concentration decreases rapidly
from 7–14 to 0 mg/l between 2 and 6 m depth, while
the sulﬁde concentration increases sharply to
5 mmol/l. The position of the O2/HS-interface
(chemocline) is usually around 3.5 m depth but moved
up to 0.5 m depth in the spring of 2001 and to 2 m depth
in the winter of 2003. In winter/spring of 2002 the
chemocline did not move from its regular position just
above 4 m depth (Fig. 3). Periods of sulﬁde outgassing
occurred in March 1994, February 1996, March 2000
and in February 2003. After a period of H2S outgassing
in April 2003 (Julian day 580), [HS] increased more
gradually between 2 and 20 m depth and the maximum
value was lower (3.7 mmol/l) than the ca. 5 mmol/l measured in the summer of 2002.
The [DIC] increased with a sharp gradient from
1 mmol/l in the surface waters to 11 mmol/l at 6 m
depth (Fig. 4a). Interestingly, in February 2003 (Julian
day 536), when the chemocline rose to a depth between
1.5 and 2 m, [DIC] at 2 m depth was about four times
higher than in other seasons, whilst the maximum
[DIC] in deeper water at that time dropped to
9.6 mmol/l (Fig. 5a). In April 2003 (Julian day 583) maximum [DIC] below the chemocline was again 9.6 mmol/l,
but the [DIC] at 2 m depth had decreased to 1.8 mmol/l
(Fig. 4a). The d13CDIC below 6 m depth was constant at
19.0 ± 0.5& throughout the year (Figs. 4b and 5b).
Above the chemocline d13C varied on a seasonal basis
from +0.3& in June 2002 to 6.5& in April 2003 (Figs.
4c and 5b). At 2 m depth the variation in d13CDIC was
greatest, i.e., 15&, with a 15& minimum value in February 2003, when the water at 2 m depth was euxinic
(Fig. 5b).
[POC] generally ﬂuctuated between 35 and 260 mg
OC/l, with maxima concentrations at 2–4 m depth. The
highest [POC] of 1600 mg OC/l was reached in June
2002 during a bloom of the protist Euglena sp. at 4 m
depth (Fig. 4c); microscopy indicated that the POC
was derived largely from the Euglena species. Deep
water d13CPOC (6–25 m depth) varied little with depth
(±2&) and in a seasonal cycle ranged from 23.5& to
33.4&, with the lowest values in the summer of 2001
and 2002, i.e., Julian day 1 and 283. At 4 m depth
d13CPOC varied in similar fashion to the d13CPOC of
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Fig. 3. Density contours (rt) and the O2/HS interface in Kyllaren fjord through the seasons for March 2001–March 2003. Julian day
0 is set to August 20, 2001.
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the deeper waters, with a minimum of 33.7& in June
2002 at the time of the Euglena bloom and a maximum
of 22.8& in October 2002 (Figs. 4d and 5c). The
d13CPOC exhibited a diﬀerent seasonal cycle in the surface water and values ranged from 19& (Julian days
348 and 419) to 27& (Julian days 527 and 583; Fig.
5c).

In the sediment core, three facies could be distinguished: OM-rich ﬂuﬀ (0–3 cm), black mud (3–
13.5 cm) and olive-green mud (13.5–40 cm). The
d13CTOC values varied between 25.0& and 25.5&
in the olive-green mud (13.5–17 cm), 25.4& to
26.7& in the black mud and 25.8& to 26.2& in
the upper 3 cm (Fig. 6). According to the age model of
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Smittenberg et al. (2004), sediments at 4 to 5.5 cm depth
with the most negative d13CTOC values (26.7 &) were
deposited around the time that a 50 m dam was built
in the Leira (Fig. 2). The intensiﬁcation of anoxia in
Kyllaren fjord, since the building of the dams in 1954
and 1988, is recorded in the upper 5 cm of the sediment
core (Smittenberg et al., 2004).

4. Discussion
4.1. Respiration of organic matter as a source for DIC
Due to density stratiﬁcation throughout the year, two
chemically distinct water layers are prevalent in the

fjord. The low salinity (i.e., <16&) surface water (0–
3.5 m) contains oxygen for the largest part of the year.
Directly below the chemocline, the water has high sulﬁde
and DIC concentrations of up to 5 and 11 mmol/l,
respectively, and a simultaneous drop in d13CDIC to constant values of ca. 19&. This pattern of increasing
DIC concentration with depth, coupled with decreasing
d13CDIC values, was also reported for the Black Sea (Fry
et al., 1991), Framvaren fjord (Velinsky and Fogel,
1999) and several meromictic lakes (Deevey et al.,
1963; Rau, 1978). This indicates that respiration of
OM substantially contributes to the DIC pool in Kyllaren fjord.
The d13C values of primary OM and the contribution
of respired DIC to the total bottom water DIC can be
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Fig. 6. d13C of organic carbon in upper 18 cm sediment at
depocentre of Kyllaren fjord. Lines indicate standard deviation.

calculated using mass balance equations as reported by
Fry et al. (1991):
d13 CD  ½D ¼ d13 Catm  ½DICatm  þ d13 Cresp
 ð½D  ½DICatm Þ;
d13 CD ¼ ðd13 Catm  d13 Cresp Þ  ½DICatm  

ðIÞ

1
þ d13 Cresp .
½D
ðIIÞ

With D = measured DIC, Catm = DIC in equilibrium
with atmospheric CO2 and Cresp = respired carbon. A
linear plot of measured d13C vs. [DIC]1 provides the
d13C values of respired carbon added at depth as the y
intercept (20&; Fig. 7). This d13C value is comparable with the average d13CPOC in the surface water
(22 ± 3&) of the fjord, conﬁrming the idea that a large
part of the DIC is derived from mineralized OM. The
small 13C enrichment in respired DIC compared to
POC could be due to fractionation during the mineralization process. In an experiment with marine copepods
grazing on algae, Klein Breteler et al. (2002) found a
0.8& enrichment in respired CO2 relative to the isotopic
composition of the food. The contribution of respired
DIC to the DIC pool in the bottom water (6–25 m
depth) is ca. 95%, assuming that d13CDIC derived from
atmospheric CO2 has a value of 1& (Fry et al.,
1991). This notable accumulation of respired CO2 in
the bottom water fulﬁlls one of the main prerequisites
for the respired carbon recycling model proposed by
Küspert (1982).
Another requirement for the Küspert model is that
the respired CO2 will become available for photoautotrophic organisms at and above the chemocline. In
early summer 2002, d13CDIC values are close to 0&
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Fig. 7. The d13C of respired DIC added at depth is provided by
the y intercept in linear plot of measured d13C of DIC (d13CD)
vs. inverse of DIC concentration ([D]1).

at 0 and 2 m depth in Kyllaren fjord, within the range
of the global surface ocean variation (+2& to 0.5&;
Kroopnick, 1985). However, the more 13C-depleted
DIC in the oxygenated surface water in autumn to
early spring suggests a contribution from respired
DIC coming from the bottom water. Using the mass
balance equation [Eq. (I)], this contribution is calculated to be 5% in the summer, and up to 40% in
April 2003 (Julian day 583). Storms are prevalent in
the months October–March (DNMI, 2004) and are
likely to be responsible for the 10–20% respired DIC
contribution observed in the autumn of 2001 and
2002. The high respired DIC contribution in April
2003 is probably due to the ice cover that developed
in February 2003 (Fig. 5b). Density stratiﬁcation was
weakened by cooling and salt exclusion and the
chemocline rose to less than 2 m depth (Fig. 3). Curiously, no shallowing of the chemocline occurred in the
winter of 2002 (Fig. 3), even though ice covered the
fjord until March 2002 (interrupted by periods of
thawing). Accordingly, no mixing was evident from
d13CDIC values in April 2002 (Julian day 238).
The largest d13CDIC variation occurs close to the
location of the chemocline, at 4 m depth. This water
mixes freely with the anoxic bottom water during
most of the year and the DIC available to anaerobic
photosynthesis is 90% derived from respired DIC.
Even in June 2002 (Julian day 283), when the chemocline moved below 4 m depth, the respired DIC contribution was still 20%. The substantially 13C-depleted
DIC in the surface waters available for photosynthesis
during certain periods in the annual cycle, indicates
the potential for recycling of respired DIC in Kyllaren
fjord.
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4.2. Impact of respired DIC on the stable carbon isotopic
composition of POC

18

The calculated ep ranges from 6& to 17& at 0 and
2 m depth (Fig. 5d), a substantially larger range than
that observed for d13CDIC in surface waters (1& to
8&). Notably, ep is smaller than 10& during late summer to winter, when the respired DIC contribution increases; ep is relatively small compared with the
maximum fractionation associated with Rubisco for
marine photosynthetic algae (ca. 25&; Sharkey and Berry, 1985; Popp et al., 1998; Riebesell et al., 2000). This
explains why d13CPOC is not as negative as we would suspect from the availability of respired DIC.
One of the factors that could lead to a small ep in
Kyllaren fjord is a low CO2 concentration. An inverse
relationship between ep (POC vs. CO2) and
[CO2(aq)]1 should exist if [CO2(aq)] is the dominant
factor in controlling photosynthetic fractionation (Farquhar et al., 1982; Rau et al., 1992; Francois et al.,
1993), especially in the case of low concentrations of
CO2 (i.e., <20 lM; Francois et al., 1993; Riebesell et
al., 2000). The calculated [CO2(aq)] in the fjord varies
between 1 and 300 lM in the surface waters (not taking into account February 2003 when the chemocline
rose to 2 m depth). We calculated d13 CCO2 aq (Mook
et al., 1974) for the upper two meters of Kyllaren
fjord and observed a variation from 9& to 18&.
The lack of correlation in the plot of ep vs. [CO2]1
(Fig. 8), suggests that [CO2] is not the main factor
controlling ep. More likely, variations in calculated ep
values, and thereby d13CPOC variations, are mainly
determined by the heterogeneity of particulate OM,
i.e., from multiple planktonic sources (e.g., diatoms,
cyanobacteria, green algae), all with their own 13C
fractionation patterns (Popp et al., 1998) and contributing in varying amounts to POC. In cases were ep
values are small (<10&) compared to values normally
associated with diﬀusive uptake of CO2 (20–25&), it is
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The stable carbon isotopic composition of POC at 0
and 2 m depth, where POC is likely to be derived predominantly from phytoplankton, varies between 19&
and 27&. These values do not immediately suggest
the respired CO2 as a major contributor to inorganic carbon ﬁxed by photoautotrophs, when compared with the
13
C content generally found for surface ocean OM derived from phytoplankton (ca. 18& to 24&; Tyson,
1995). However, the d13CPOC is to a large extent also
dependent on the isotopic fractionation during photosynthesis (Descolas-Gros and Fontagne, 1990). The photoautotrophic carbon isotope fractionation, ep (POC vs.
CO2), in Kyllaren fjord was calculated using the following equation:
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Fig. 8. An inverse relationship between the fractionation ep and
[CO2 aq]1 (Farquhar et al., 1982; Rau et al., 1997) is not
discernable in Kyllaren fjord; ep and CO2 values are for
oxygenated surface waters (0–2 m depth).

likely that alternative carbon acquisition pathways are
at work, such as active uptake of bicarbonate or
non-Rubisco carboxylation enzymes such as PEP carboxylases, which are known to lead to considerably
less fractionation in 13C (Pancost et al., 1997; Korb
et al., 1997).
At 4 m depth below the chemocline, an even smaller ep value is observed during the largest part of the
year (2–4&). This ep value is characteristic of green
sulfur bacteria due to the utilization of the reductive
tricarboxylic acid (TCA) cycle (Sirevåg, 1977; Quandt
et al., 1977). At the time that ep values increased substantially from 3& (Julian day 238) to 21& (Julian
day 283) at 4-m depth (Fig. 5d), a signiﬁcant shift
in the phytoplankton community occurred. During
this period, the chemocline moved below 4 m depth
(Fig. 3) and a peak in [O2] of 15 mg/l occurred at
4 m depth. In addition, the [DIC] decreased by a factor two and became 13C-enriched by 13&. These
changes were likely related to the high density Euglena
bloom observed at this depth. Wu and Scranton
(1994) associated photosynthetic O2 production with
a bloom of Euglena proxima found at the O2/HSinterface in a permanently anoxic estuarine basin
(Pettaquamscutt River Estuary, Rhode Island). The
decline in respired DIC contribution and the simultaneous 13C depletion in POC (33.7&) at the chemocline in Kyllaren fjord can be attributed to
photoautotrophic assimilation of respired DIC by Euglena sp. Assuming that most of the POC is derived
from Euglena sp., an ep value of 21& can be calculated, which is comparable to the ep value of
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23.8 ± 1.2& measured for Euglena gracilis (Sakashita
et al., 2002). These comparable ep values suggest that
Euglena sp assimilated respired DIC, resulting in the
lowest observed d13CPOC in Kyllaren fjord (Fig. 5).
From the above it is clear that, due to changes in the
plankton community, it is preferable not to use d13CPOC
as an indication of the process of recycling of respired
CO2. Biomarker lipids speciﬁc to groups of photosynthetic organisms may be more suitable for documenting
this process (Wu and Scranton, 1994) and this approach
will be employed in the future.
4.3. Consequences of respired CO2 recycling for
sedimentary organic carbon
Even if the impact of recycling of respired CO2 was
not evident from d13CPOC due to a generally low ep, it
may be possible to see its imprint on sedimentary organic carbon, as observed for Lake Mendota (Hollander
and Smith, 2001). There is indeed a slight trend towards
more negative d13CTOC in the sediment from 18 cm
depth to the surface sediment (Fig. 6), which might be
attributed to a gradual intensiﬁcation of anoxia in
Kyllaren fjord with a concomitant increase in the ﬁxation of respired CO2. Biomarkers for anoxic photosynthetic green sulfur bacteria were detected even at
50 cm down core, but their accumulation rate increased
in the upper 10 cm (Smittenberg et al., 2004), indicating
more extensive periods of photic zone euxinia, conditions favourable for the process of respired CO2
recycling.
The most negative d13C (26.7&) is found just below 5 cm depth and, in the upper 5 cm, the d13C value
even slightly increases, in contradiction with the idea
that recycling has intensiﬁed. However, potential
sources for sedimentary organic carbon, e.g., terrestrial plant debris, algal biomass and microbial biomass, have changed over the history of the fjord
and thus modiﬁed d13CTOC. Marine biomarker accumulation rates increased in the upper 10 cm while
the accumulation rate of terrigenous biomarkers remained more or less constant (Smittenberg et al.,
2004). Marine derived OM is generally depleted in
13
C relative to DIC by 25& (Rau et al., 1996) and terrigenous OM typically exhibits d13C values of 28&
to 32& (Tyson, 1995; Lockheart et al., 1997).
Hence, an increase in the marine relative to the terrestrial contribution to the sedimentary OC may also
have caused an increase in d13CTOC. On the other
hand, compared to buried sediments, surface sediment
could contain higher relative amounts of carbohydrate
carbon, which is enriched by up to 9& compared to
total cell material (Van Dongen et al., 2002). Ongoing
selective decomposition of OM by anaerobic bacteria
could decrease d13CTOC values below the sedimentwater interface.
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5. Conclusions
DIC below the chemocline in Kyllaren fjord is almost
entirely derived from OM and forms a potential 13C-depleted DIC source for photosynthesis. Partial mixing of
the water column is evident from the d13CDIC decrease in
the oxygenated surface waters, especially in autumn and
winter. Although all prerequisites for the Küspert model
are accounted for, the actual recycling of the respired
CO2 is not evident from the d13C values of POC. This
is likely due to the large variability in the photosynthetic
fractionation (ep) which is highly variable in Kyllaren
fjord due to the wide variety of organisms contributing
to POC. Only when POC is predominantly derived from
a single organism, i.e., Euglena sp., is recycling of respired CO2 apparent in the d13C value of POC. This suggests that compound speciﬁc d13C measurements will be
required to recognize the process of recycling of respired
CO2.
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Murray, J.W., Top, Z., Özsoy, E., 1991. Hydrographic properties and ventilation of the Black Sea. Deep-Sea Research
38, S663–S689.
Paetzel, M., Schrader, H., 1995. Sewage history in the anoxic
sedimetns of the fjord Nordåsvannet, western Norway.
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