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The biogeochemistry of the ocean is to a large extent driven
by the downward flux of organic matter from the euphotic
zone. This so-called biological organic carbon pump has the
ability to sequester large quantities of atmospheric CO2 on
societally relevant time scales (decades – centuries), thereby
modulating the tropospheric levels of pCO2 (Sarmiento 1991;
Gruber et al. 2004; IPCC 2007). The paradigms of what con-
trols upper ocean carbon export have changed over the past
decades. Whereas it is now recognized that diurnal zooplank-
ton migration and convective vertical dissolved organic car-
bon (DOC) transport may contribute significantly to the total
organic carbon export in certain areas, the gravitational set-
tling of particulate organic carbon (POC) remains the most

important mechanism, particularly in higher-export regimes
(e.g., Karl et al. 2001). It is clear that this export production is
not easily predictable from measurements solely of primary
production even on regional scales as a result of complex
interactions between physical forcing and food web dynamics
(e.g., Michaels and Knap 1996; Buesseler 1998; Karl et al.
2001). The two Joint Global Ocean Flux Study (JGOFS) time-
series stations, located off Bermuda (Bermuda Atlantic Time
series Study; BATS) and off Hawaii (Hawaii Ocean Time series;
HOT), both inside subtropical oligotrophic gyres, have yielded
quantitative data and valuable insights of the carbon export
processes particular to these regimes. However, similarly
detailed time-series studies in shelf-based surface ocean export
regimes are less common.

The global export of the oceans has been estimated to be
about 10 Pg-C y–1 (Falkowski 1998) of which about 30% takes
place near shore and on continental margins in the temperate-
to-high latitudes (Sarmiento and Gruber 2006), because of a
combination of their generally higher primary production
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(Wassmann 1990; Laws et al. 2000) and higher ratios of export
production to primary production (e.g., Eppley and Peterson
1979; Eppley 1989; Thomas et al. 2004). Findings of efficient
upper ocean carbon sequestration and export in the South
China Sea (Tsunogai et al. 1999), on the European shelves
(Frankignoulle and Borges 2001), and on the Eurasian Arctic
shelves (Anderson et al. 2009) have led to the proposition of a
“continental shelf pump.” For instance, year-round mea-
surements of air-sea gradients in pCO2 taken in the Gulf of Bis-
caye and nearby locations suggest that the upper ocean carbon
export on the northern European shelf may equal half of the
carbon export to the entire open North Atlantic (Frankig-
noulle and Borges 2001). Dunne et al. (2007) estimated that
almost 50% of the global POC flux to the seafloor takes place
at depth < 50 m. The highly productive and carbon exporting
ecosystems of the temperate-zone continental shelves may be
particularly exposed to anthropogenic perturbations as not
only a warming climate and changing currents but also
changes to the nutrient runoff from the populated coasts may
affect such ecosystems to a greater degree compared to the
subtropical gyres. Hence, it behooves us to perform biogeo-
chemically comprehensive time-series studies of the carbon
export on temperate continental shelves.

While the importance of the biological organic carbon
pump to the marine carbon cycle on decadal-centennial time
scale is widely recognized, measuring this carbon export flux
has remained an elusive and troublesome task. Historically,
the surface ocean carbon export fluxes to deeper strata have
been estimated using upper ocean sediment traps. Such shal-
low trap deployments is complicated due to a combination of
swimmer-related (e.g., Lee et al. 1988; Knauer and Asper 1989;
Buesseler et al. 2007) and hydrodynamic artifacts (e.g., But-
man 1986; Gardner 1997; Gust and Kozerski 2000) and have
been shown to consistently either over- or under collect the
sinking flux by frequently factors of 3 to 10 both in the open
ocean (Buesseler 1991; Buesseler et al. 1994) and on the conti-
nental shelf (Wei and Murray 1992; Gustafsson et al. 2004).

Partially as a result of these upper ocean trap challenges,
the 234Th proxy method has increasingly been used to estimate
upper ocean carbon export fluxes during many extensive field
campaigns. While having the added advantage of greater spa-
tial coverage compared with sediment traps, the accuracy of
the 234Th-derived POC fluxes are challenged by issues such as
difficulties in obtaining the POC:234Th ratio on truly settling
particles, non-steady state effects, and uncertainties regarding
over which depth the method should be integrated (Buesseler
1998; Moran et al. 2003; Buesseler and Boyd 2009).

Other indirect geochemical methods to estimate the upper
ocean carbon export, such as through constraining the nitro-
gen and oxygen budgets, are faced with the difficulty of esti-
mating the rate of exchange across either the air-water inter-
face or across the thermocline (e.g., Jenkins and Goldman
1985; Stigebrandt and Wulff 1987; Doney 1997). These long-
term averaging patterns are less suited to provide information

on the variability in the structure of the ecosystem, changing
particle composition and thus settling mechanisms. Further-
more, estimates of annual new production are uncertain due
to brevity of 15NO3 incubations (generally half-days) and
thwarted by the difficulty of quantifying the contribution of
nitrogen fixation. The inherent uncertainty with any given
estimation method suggests that we should not rely on any
one single technique but rather apply all available methods
and scrutinize results for biogeochemical system consistency.

Pursuing a comprehensive program at BATS toward this
end, Michaels et al. (1994) were, nevertheless, only able to
account for 30% of the carbon fluxes in their time-series study
of a subtropical North Atlantic regime. In contrast, several
independent estimates of the upper ocean carbon export at
HOT have been reported to be in agreement and constrained
the annual export flux in the subtropical Pacific gyre within ±
50% (Emerson et al. 1997; Benitez-Nelson et al. 2001). Given
the importance of providing well-constrained estimates of
upper ocean carbon export also for other putatively significant
export systems, there is a need for more time-series studies
with the type of comprehensive biogeochemical frameworks
established at BATS and HOT. Therefore, the objective of this
report is to assess how accurately the biological organic carbon
pump can be determined at a long-term time series station on
the vast and highly productive northern European continen-
tal shelf (BY31 station, Landsort Deep, open Baltic Sea) and to
provide constrained estimates of the average year-round car-
bon and nitrogen fluxes that may be used for regional para-
meterization of global biogeochemical carbon models. To this
end, we evaluated a comprehensive three-year record with at
least monthly resolution from the 40 km offshore BY31 sta-
tion where simultaneous data were obtained on primary pro-
duction, phytoplankton community composition, nutrient
and oxygen budgets, particulate organic carbon (POC), and
nitrogen (PON) inventories, 238U-234Th disequilibria, and upper
ocean sediment trap fluxes.

Materials and procedures
Open Baltic Sea and the BY31 Landsort Deep time series
station

The Baltic Sea is a semi-enclosed continental shelf sea
(Fig. 1). The selected open Baltic time series station BY31
(Landsort Deep, 58°35′N 18°14’E; 40 km off Swedish coast; 459
m depth) has been intensively monitored for hydrographic,
biological, and chemical parameters since the 1890s (see refer-
ences in the reviews Voipio 1981; Fonselius and Valderrama
2003). A high-intensity time-series monitoring program with
21-25 observations per year is operating since 1990 (e.g., HEL-
COM 1988; Larsson et al. 2001). The BY31 station is conse-
quently also chosen for many specific research projects with
different foci; carbon and nitrogen cycling (e.g., Rahm et al.
2000; Larsson et al. 2001; Walve and Larsson 2007), geochem-
istry of suspended and settling particles (Gustafsson et al.
2000a, 2004; Sobek et al. 2004), and iron speciation (Breit-
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barth et al. 2009; Gelting et al. 2010). A permanent and strong
halocline is centered around 60-80 m (e.g., Kullenberg 1981)
with a strong seasonal pycnocline developing at around 20 m
depth (e.g., Stigebrandt 1985) (Fig. 2a). The upper mixed layer
exhibits well-documented seasonal variations in biogeochem-
ical parameters typical of the temperate northern European
shelf areas (e.g., Fig. 2c and detailed in Elmgren 1984; Wei and
Murray 1992; Larsson et al. 2001) making this a suitable site
for investigating mechanisms of upper ocean carbon export
fluxes on the northern European continental shelf. To com-
plement the decade-long continuous HELCOM time series
program an intensive field campaign took place between July
1998 and August 2000 with both water column sampling for
POC, PON, the 238U-234Th proxy, and sediment traps to provide
a comprehensive biogeochemical framework for assessing
upper ocean carbon and nitrogen export.

Estimates of upper-ocean carbon export was obtained with
several independent approaches, and all techniques were eval-
uated against each other and against primary production
(around 70 full profiles for primary productivity, oxygen, and
nutrients during the 1998-2000 period) to deduce biogeo-
chemical consistency. Organic carbon export was thus esti-
mated with sub-photic layer cylindrical traps, both as directly
observed and with correction for trap-specific 234Th-based trap
collection efficiencies (Gustafsson et al. 2004). Two different
estimates of POC export was also deduced from the 234Th
proxy, using POC:234Th ratios from filters and traps, respec-
tively. Further, export production was estimated indirectly by
constraining the total nitrogen new production through com-
bining estimates of new N sources from seasonally integrated

nitrite/nitrate drawdown, atmospheric N deposition, and N2

fixation. Finally, an estimate of the annual net production for
each of the 3 years (1998-2000) was arrived at by constraining
the excess photosynthetic oxygen production through careful
accounting of the changing mixed-layer oxygen inventory and
the atmospheric oxygen evasion during the vegetative season.
CTD, primary productivity, and phytoplankton enumeration

At the onset of each sampling occasion, a full conductivity-
temperature-depth (CTD) profile was obtained to deduce the
extent of the mixed layer and to select sampling depths. The
CTD data were, subsequently, also used to describe the
hydrography and stability of the water column.

The methods for estimating primary production (deployed
moorings with in situ incubations of NaH14CO3) and phyto-
plankton species-specific biomass are described in detail in
Larsson et al. (2001). Daily primary production was calculated
by accounting for the fraction of total daily insolation at Visby
on the island of Gotland (100 km south of the sampling sta-
tion) received during the incubation. Integrated 14C uptake
rates, corrected for dark uptake, were linearly interpolated
between the depths of the 11 deployed incubation bottles.

For enumeration of phytoplankton, > 2 μm integrated sam-
ples (0–20 m) were taken with a plastic hose (inner diameter
25 mm) about 20 times per year. A sub-sample of 200 mL was
then preserved with 0.8 mL acid Lugol’s solution and counted
after sedimentation in a settling chamber (10 to 50 mL) using
a Nikon-inverted microscope with phase contrast and 100× to
400× magnification. Preservation, counting procedure and cell
volume calculation followed the recommendation of the
Baltic Monitoring Programme (HELCOM 1988). Carbon val-
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Fig. 1. Bathymetric map showing the Landsort Deep BY31 station in the Baltic Sea Proper. 



ues were estimated with the equations of Menden-Deuer and
Lessard (2000). Observations of primary production and phy-
toplankton community composition were performed 22-24
times per year, approximately weekly during the spring
bloom, biweekly during summer-fall, and monthly during
winter periods, throughout 1998-2000.
238U and 234Th activities

High-volume water column sampling (500–800 L) for
short-lived 234Th was performed through HDPE tubing using
an in situ centrifugal pump from the middle of the mixed sur-
face layer to a filtration and extraction unit located in a labo-
ratory van, following previously described methodology
(Gustafsson et al. 2000b, 2004, 2006). The employed methods

for radiochemical purification and subsequent counting of the
234Th radioactivities have already been summarized for this
campaign in Gustafsson et al. (2004). The collection efficiency
of the MnO2 cartridges for 234Th in these brackish surface
waters were 0.75 ± 0.12 (1 s.d., n = 28) and individual collec-
tion efficiencies were used for each occasion to estimate the
total 234Th activity in the filtrate (e.g., Buesseler et al. 1992b).
CTD salinities were used to estimate the activity of 238U as it
has been shown that this conservative isotope can be esti-
mated from salinity within a 1% certainty range (Chen et al.
1986; 238U (dpm/L) = 0.07061 × S‰: Andersson et al. 1995).
Particulate organic carbon and nitrogen

From the same submersible pump system described above
for 234Th, flow was simultaneously diverted for parallel collec-
tion of surface water POC and PON on precombusted borosil-
icate filters (GF/F 293 mm, nominal pore size 0.7 μm; What-
man International Ltd.). To avoid problems with insufficient
particle recovery (bottle samples) and influence of DOC-
sorbed filter blanks (suggested for small-volume filtrations;
Moran 1999), 50-400 L were collected for each sample. To fur-
ther limit cell breakage, we employed a low filtration rate
(about 3 mL cm–2 min–1) and careful monitoring of the filter
back pressure (termination if indicative of approaching clog-
ging). The collected samples were placed in aluminum
envelopes and stored in double-sealed plastic bags in a freezer
(–18°C) until analysis.

For the duration of the surface water filtration program (17
July 1998–15 August 2000; 25 occasions), the sinking flux was
also directly probed using sub-photic layer sediment traps.
The employed cylindrical sediment trap system (Larsson et al.
1986; with modifications by Broman et al. 1990) is commonly
used for upper ocean and continental shelf studies. To match
the time scales of upper ocean particle processes and the half-
life of 234Th, the traps were deployed in periods of 2-5 weeks
over the 2-year study period. Evaluation of the in situ collec-
tion efficiency of the traps using the 234Th proxy for the dura-
tion of this campaign along with a detailed description of the
traps is available in (Gustafsson et al. 2004). The trap design
has been tested in wave tanks and been shown to be hydro-
dynamically stable, and the vertical alignment of the sedi-
ment collection vessels are retained both in laminar and mod-
erately turbulent flow rates up to 45 cm s–1 (Broman et al.
1990). To minimize artifacts related to zooplankton herniation
(e.g., Peterson and Dam 1990) and solubilization of collected
POC into DOC (Hansell and Newton 1994; Antia 2005), we
avoided using brines and any poison. Since this approach
minimizes artifactual swimmer collection (Lee et al. 1988),
“swimmer picking” was not performed in order also to avoid
any unintended removal of surface-active “non-swimmer”
material during such “swimmer picking.” While a role for
swimmers cannot be excluded, several aspects combine to sug-
gest that these were likely not substantial in the present appli-
cation. First, observations by microscope suggested qualita-
tively that swimmers were a small fraction of the total floc

Gustafsson et al. Comparing methods for upper ocean C and N export

498

Fig. 2. Temporal variation of the potential density field σ
θ
(A), tempera-

ture (B), and NO2 + NO3 (C) at the Landsort Deep BY31 station 1998-
2000. 



material collected in the trap. Furthermore, any inclusion of
swimmers would not have affected the 234Th loading in the
traps as 234Th/C ratios in swimmers have been found to be
about a factor of 1000 lower than on non-swimmer carbon
(Coale et al. 1990; Buesseler et al. 1994). Any potential loss of
POC due to biological degradation appears to have been
insignificant, as a degradation-associated increase of C:N was
not seen, and it has previously been demonstrated that in situ
losses of trapped material due to biological degradation is slow
for these time scales and temperatures (average temperature at
trap depth was 3°C); (about 1% d–1; Lee et al. 1987; Heiskanen
1988—specifically for the Baltic). Even if such a process would
have affected trapped POC values, the trapped 234Th cannot be
degraded and would have repartitioned to other surfaces of
the abundant particle floc recovered in each trap. Finally, the
export ratio derived from trapped C fluxes was on par with
new production (N based) export ratio (see below).

The in situ “calibration” of the sediment trap collection effi-
ciencies using the 234Th proxy ranged from good collection in
winter and spring (within a factor 2), when heavier mineral par-
ticles and diatom tests likely dominated the settling particle
pool, whereas under collection of 234Th by factors as large as 3-10
was consistently observed during the summer – early fall periods
in all 3 years, which was related to a slower-sinking amorphous
organic matter settling pool (Gustafsson et al. 2004).

The organic carbon and nitrogen contents of both the fil-
tered and sediment trap–collected particles were analyzed as
detailed previously (e.g., Gustafsson et al. 1997). Briefly, sub
samples of the 293 mm filters were taken in a laminar flow
clean-bench using a stainless steel punch. The sub sample
from the filter (or from the pooled, decanted, and centrifuged
sediment trap material) was placed in a pre-combusted Ag cap-
sule and micro acidified to remove any carbonates prior to
quantification on a Europa isotope ratio mass spectrometer.
Databases for nutrients and oxygen

Estimation of annual new production from the nitrogen
budget requires vertically resolved time-series data on NO2

–

and NO3
– in the upper water column. Vertical profiles of NO2

–

and NO3
– (depths 0.5, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80,

90, and 100 m) at the BY31 station are available from 22-24
observations per year (Swedish National Marine Monitoring
[SHARK] database). Estimates of the annual wet and dry N
deposition to the open Baltic Sea is provided in Lindfors et al.
(1993). The contribution to N new production from nitrogen
fixation was estimated following the approach of Larsson et al.
(2001), who provided comprehensive annual estimates for N2

fixation at BY31 for 1994-1998. The authors suggested that the
largest uncertainty in their estimate was in the magnitude of
the simultaneously occurring PON settling export flux, which
has to be included in the calculations. They used literature
data of C export in the Baltic Sea together with an assumption
of a C:N ratio of 9 to estimate the PON settling flux. In this
study, we modify their approach with an improved estimate of
the PON settling export (C:N data in this study from sediment

traps and 234Th proxy) during the period of N2-fixation
induced elevation of the total nitrogen (TN) inventory in the
photic zone.

The estimation of net production from the excess photo-
synthetic oxygen production relied on input data on surface
water temperature, salinity, and vertical profiles of oxygen.
This data were obtained from 22-24 expeditions per year
(1998-2000) to the BY31 station and extracted from the
SHARK database. To estimate the O2 evasion flux to the over-
lying atmosphere, simultaneous wind data (12-h average for
1998-2000) from the nearest weather station at Landsort on
the island of Öja (35 km west BY31) was provided by the
Swedish Meteorological and Hydrological Institute (SMHI)
databases.

Assessment
System description

The offshore open Baltic Sea exhibits large seasonal varia-
tions in both hydrography and biogeochemistry typical of the
large continental shelves in the temperate-boreal region on
both sides of the North Atlantic. The permanent halocline, well
pronounced in the Baltic, was around 60-80 m (Fig. 2a)
throughout the 1998-2000 study period. In late spring/early
summer, a seasonal thermocline quickly develops at 10-25 m
and lasts to September (Fig. 2a). During the rest of the year, the
mixed layer will extend to the halocline. The 8 m surface tem-
perature ranged from 1.6–16.1°C, whereas at the 40 m trap
depth the seasonal range in temperature was 1.8-6.7°C (Fig. 2b).

Well-defined seasonal variations in biogeochemical master
variables, such as nutrients and primary production followed
from this hydrography. Nitrite/nitrate was replenished to sur-
face waters through breakdown of the thermocline and winter
mixing of the intermediate waters (Fig. 2c) to reach above 5
μmol L–1.This stock was rapidly drawn down prior to onset of
stratification in the spring (end of March–early April) to lead
to a complete nitrate depletion of the photic layer in 4-6
weeks (Fig. 2c).

Phytoplankton composition and abundance varied in a
repeatable seasonal pattern through the 3 years. The spring
bloom was dominated by large dinoflagellates (Scrippsiella han-
goei [Schiller] Larsen, Peridiniella catenata [Levander] Balech)
with diatoms sub-dominant (Fig. 3a). In summer and early
autumn cyanobacteria (Aphanizomenon sp., Nodularia spumi-
gena Mertens and mucilaginous colony-forming pico-
cyanobacteria) and small nanoflagellates (2-10 μm) were dom-
inant. In all 3 years, diatoms (Chaetoceros wighamii Brightwell,
Thalassiosira baltica [Grunow] Ostenfeld, Skeletonema costatum
[Greville] Cleve, respectively) were abundant during the first
half of the spring bloom. For the 2 years that sediment traps
were deployed, a pulse of biogenic Si (Si:Al ratios elevated
above average crust) was recorded in the trapped material fol-
lowing closely in time to the observation of diatom blooms in
the mixed layer, suggesting that these species were important
to the settling flux (Gustafsson et al. 2004).
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The primary production broadly followed a similar seasonal
trend as the hydrography. Depth-integrated phytoplankton
primary production were as low as 40-60 mg C m–2 d–1 in the
winter but rapidly increased in March and April to a yearly
maxima during the spring bloom of around 1000 mg C m–2 d–1

or more (Fig. 3b). Summertime phytoplankton primary pro-
duction was usually 400–800 mg C m–2 d–1 and sustained in all
3 years into the month of October.

The POC concentrations describe a pattern similar to that
of phytoplankton biomass. Low wintertime POC levels of
around 30 μg L–1 increased to reach a plateau of 300 to above
400 μg L–1 during April–September of each year (Fig. 4a). The
C:N (atom) ratio was 6.7–9.0 throughout all seasons, indicat-
ing that it was of autochtonous origin and minimally affected
by terrestrial particles (Fig. 4b).
CN export from the 234Th proxy

The 234Th proxy method to estimate particle-mediated car-
bon export from the surface ocean has seen exponential
growth in application during the past decades. However, its

accuracy is contingent on a number of factors that need to be
individually assessed for each new study and regime. Non-
steady state 234Th export was calculated according to Buesseler
et al. (1992a) and showed only minor deviations to the steady
state assumption, about 21% on average, which is much less
than effects estimated from e.g., varying sediment trap collec-
tion efficiency. Effects on 234Th due to horizontal transport
were regarded to be small by evaluating a combination of
three factors: 234Th measurements at two occasions during year
1999 from three stations ~ 20 km distance from the Landsort
deep BY31 station, findings of negligible horizontal advection
from modeling of the Baltic seasonal pycnocline (Stigebrandt
1985) and a weak correlation between sediment trap collec-
tion efficiency and average boundary current velocity. For
details, see Gustafsson et al. (2004). Hence, a steady-state one-
dimensional model for the 234Th-derived POC flux could be
formulated:

(1)

where FPOC is the sinking flux of organic carbon (g m
–2 d–1), λ

is the radioactive decay constant for 234Th (0.0288 d–1), {238Utot}
and {234Thtot} is the total radioactivity concentration of 

238U
and 234Th in the mixed surface waters (dpm m–3), z is depth of

λ ( )
{ }

{ } { }
[ ]

= × ×F U Th z
POC

Th
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Fig. 3. Biomass of different plankton groups (A, redrawn from Sobek et al.
2004) and phytoplankton primary production (B, recalculation of data given
in Sobek et al. 2004) at the Landsort Deep BY31 station during 1998-2000. 

Fig. 4. Temporal variation of POC (A) and POC:PON (B) in the middle
of the mixed surface layer at the Landsort Deep BY31 station during
1998-2000. 



the surface particle export zone (m), whereas [POC] and
{234Thpart} is the particulate organic carbon concentration (g
m–3) and particulate 234Th activity concentration in the mixed
surface layer, on truly settling matter.

The 234Th:238U disequilibria in the open Baltic Sea hovers
around 50% at this mid-shelf station, with both some seasonal
and interannual variability (Fig. 5a). This translates into
annual mean residence times of 1–2 months (range 15–170 d;
Wei and Murray 1992), which is comparable to reports from
many other continental shelf regimes (Bhat et al. 1968;
Tanaka et al. 1983; Moran and Buesseler 1993). This degree of
disequilibria implies that the time scale of the 234Th proxy is
better suited for application to settling export studies on the
continental shelf than in oligotrophic open ocean regimes,
where the disequilibrium may be so small that it is difficult to
resolve (e.g., Buesseler et al. 1998). It is a limitation of the pres-
ent study to approximate the mixed layer disequilibria by
samples from just the middle of the mixed surface layer as
opposed to from an integrated profile. It is difficult to estimate
the uncertainty introduced by this, but it is likely smaller than
that of many of the other elaborated factors. Integrating the
long-term record may offer some smoothing of this effect.

There is no consistency in the 234Th literature as to which
integration depth should be selected (e.g., Moran et al. 2003),
although a recent review recommended the use of euphotic
zone normalized fluxes (Buesseler and Boyd 2009). Because
one is frequently interested in the flux across the boundary
between two different volumes of the biogeosphere, we sug-
gest that for the surface ocean POC export, this entails physi-
cally distinct water strata. Hence, we used for z, the mixed
layer depth (zmld) estimated from CTD data following Sprintall
and Tomczak (1992). The zmld is determined where σt (the den-
sity in atmospheric pressures at a given temperature) is equal
to the surface σt (i.e., σt,0) plus an increment in σt equivalent
to a desired net decrease in temperature, normally set to 0.5K
(e.g., Sprintall and Tomczak 1992; Michaels and Knap 1996).
The increment in σt is thus calculated based on the coefficient
for thermal expansion, determined from surface salinity and
temperature:

(2)

In the open Baltic Sea, the zmld exhibited a smooth seasonal
cycle from winter values of 60-70 m during November–March,
shoaling to a summer thermocline of 10-20 m by early May,
which successively gets eroded in the fall from early October
into November.

Perhaps the largest challenge with the 234Th proxy method
is the difficulty in reliably constraining the POC:234Th ratio on
truly settling particles (Eq. 1). Given the decoupling between
size and settling velocity in natural particle regimes (e.g.,
Gustafsson et al. 1997), filter-based approximations are likely
wanting. Because moored shallow sediment traps are affected
by hydrodynamic bias (Gust and Kozerski 2000; Gardner et al.

2001; Buesseler et al. 2007), particle sorting, including a sug-
gested discrimination against slowly settling organic-rich
pool, is likely rendering the POC:234Th ratio in the trapped
material an imperfect estimate of the truly settling ratio
(Gustafsson et al. 2006; Buesseler et al. 2006). Settling collec-
tion techniques designed to remove any hydrodynamic bias,
such as split flow-thin cell fractionation (SPLITT; Gustafsson et
al. 2000a) and neutrally buoyant sediment traps (NBST; Bues-
seler et al. 2000) hold some promise to circumvent these
obstacles. However, at present we have to succumb to filter-
and trap-obtained approximations of the settling POC:234Th
ratio. In the current study, there was a well-pronounced sea-
sonal cycle in the POC:234Th ratio in both the filter and sedi-
ment trap samples, with higher ratios during the warm season
by about a factor of ten with either method (Fig. 5b). Since the
particulate 234Th activity varies by less than a factor of two
(constant production from 238U), this variation is governed
largely by the strong seasonal cycle in authigenic POC pro-
duction (Fig. 4a). The filter-obtained ratio is generally higher
than the trap-collected ratio in the summer and early fall (Fig.
5b); this decoupling may either reflect that a specific compo-
nent of the surface water particle pool with lower POC:234Th
ratio is settling out, or that the traps are discriminating against
slowly settling particles with higher POC: 234Th ratios (Bues-
seler et al. 2006; Gustafsson et al. 2006). In fact, low 234Th col-
lection efficiencies were recorded during those periods
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Fig. 5. The extent of 234Th secular equilibrium in the middle of the mixed
surface layer (A) and POC: 234Th on filters and in sediment traps (B) at the
Landsort Deep BY31 station during 1998-2000. 



(Gustafsson et al. 2004). In contrast, the much better agree-
ment between the filtered and trapped POC:234Th ratios in the
winter–early spring (Fig. 5b) may indicate that whole aggre-
gates encompassing many particle types are settling out and
are collected during those periods. This is also supported by
the reasonable collection efficiencies in those periods
(Gustafsson et al. 2004).

Because there was a large seasonal decoupling between pri-
mary production and 234Th-derived estimates of the POC
export (Fig. 6ab), clearly, assumptions of a constant export to
primary production ratio in large-scale biogeochemical models
do not reflect the seasonal dynamics. Naturally, temporal off-
sets between production and export may be anticipated, which
may in short periods lead to large export:production ratios.
However, averaged over seasonal time scales, the export pro-
duction must be (considerably) less than the primary produc-
tion for any stable ecosystem (Eppley and Peterson 1979; Epp-
ley 1989). This biogeochemical system constraint may be used
to evaluate the reasonableness of a given export estimate. Such
an analysis suggest that the 234Th-derived POC export estimate
using the filter-obtained POC:234Th ratio may yield an annu-
ally-averaged overestimation (Fig. 6a).

Overall, it appeared that the most reasonable records of the
POC export fluxes for the entire period was provided by the
234Th proxy method, when applying POC:234Th ratio from sed-
iment traps (Fig. 6b), and the sediment trap method, when
corrected for under collection based on the 234Th trap collec-
tion efficiencies (Fig. 6d).

Since it is not possible to know a priori whether the filter-
or trap-based POC:234Th ratio is best approximating the ratio
on truly settling particles, Eq. 1 was applied to each ratio
dataset to estimate the POC export flux. Both POC flux esti-
mates exhibited a clear seasonal signal over the 25-month
campaign, which roughly followed the seasonal variations in
productivity (Fig. 7abc). Following from the POC:234Th differ-
ences, the 234Th-derived POC export employing the filter-
based POC:234Th ratio suggested higher fluxes, which in some
periods, even exceeded the total primary production (Fig. 7b).
The 234Th-derived POC export may be compared to the total
primary production to define a ThE ratio (for 234Th export
Buesseler 1998):

(3)=ThE
F

primary production�
Th derived POC- �
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Fig. 6. POC flux as a function of primary production estimated based on (A) POC:234Th ratio on filters (ThE′–ratios), (B) POC:234Th ratio in sediment traps
(ThE-ratios), (C) sediment traps (e –ratios), and (D) collection-efficiency corrected POC flux in sediment traps (e′-ratios) at the Landsort Deep BY31 sta-
tion during 1998-2000. The numbers on the slopes indicate different export ratios (Eqs. 3 and 4). 



There was a very large seasonal decoupling between primary
production and 234Th-derived estimates of the POC export with
ThE ratios ranging from 0.1–5 for filtered ratios (Fig. 6a) and
from 0.03–1 for ratios from sediment traps (Fig. 6b).
CN export from sediment traps

The conceptually most direct method to estimate the POC
settling export from the surface ocean is the flux obtained in
sub-photic zone sediment traps. The in situ collection effi-
ciency of the cylindrical traps used here was determined with
234Th for the 25-month campaign (Gustafsson et al. 2004). The
234Th-specific collection efficiencies ranged from 50% to 120%
in the winter and spring periods to as low as 10% to 40% dur-
ing the summer and fall periods. We suggested in that earlier
study that these differences reflected faster-settling allochto-
nous and biogenic Si particles (winter-spring) and slower-set-
tling amorphous organic matter in the late summer, which
was also consistent with seasonally resolved data on the parti-
cle composition (Gustafsson et al. 2004). Additionally, it is fea-
sible that the zmld of 60-70 m in the wintertime contributed to
higher trap collections in that period. Two sediment-trap
based estimates of the POC export flux was constrained using
the trap-collected POC material, corrected and uncorrected,
respectively, for the 234Th-based sediment trap collection effi-
ciencies. Because the objective was to estimate the settling
export out of the surface ocean regime, the z value in Eq. 1 was
here set to zmld but never greater than the 40 m depth of the
trap (chosen in an attempt to approximate the POC collection
efficiency).

As for the 234Th proxy-based POC export estimates, both of
the sediment trap POC flux estimates exhibited clear season-
ality (Fig. 7de) consistent with the well-known cycles in bio-
geochemistry and ecology in this regime (Fig. 3ab, 7a). The
spring blooms of both 1999 and 2000 were resolved in both
sediment trap records. In the collection-efficiency corrected
trap data, there is also a small spike in the fall of 1999, reflect-
ing the secondary increase in biomass that occurred that year.
As with the 234Th proxy record, the POC-trap records also
exhibited large seasonal variation in the relationship between
POC flux and primary production, often termed the e-ratio
(for export production; Eppley 1989):

(4)

The uncorrected trapped POC flux returned e-ratios in the
range 0.03–0.3 (Fig. 6c), which is similar to a previous study of
a Baltic Sea settling spring bloom (Höglander et al. 2004). Such
ratios are unusually low for a continental shelf regime (e.g.,
Eppley and Peterson 1979; Eppley 1989; Laws et al. 2000) and
may reflect under collection also of POC as previously docu-
mented for the trap-collected 234Th of this regime (Gustafsson
et al. 2004). The collection-efficiency corrected POC-trap
record, raised the e-ratio particularly during intermediate pri-
mary production periods to yield an e-ratio interval of
0.05–0.6 (Fig. 6d).

=e
POC trap flux

primary production
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Fig. 7. Primary production (A), POC flux using POC:234Th ratio on GF/F
filters (z = mLd) (B), POC flux using POC:234Th ratio in sediment traps (z
= mLd) (C), POC flux in sediment traps (D) POC flux in collection-effi-
ciency corrected sediment traps (z = mLd) (E) at the Landsort Deep BY31
station during 1998-2000. 



CN export from new nitrogen use
An indirect estimate of the longer-term averaged total

export production may be obtained by constraining the total
new production from a nitrogen budget of the photic layer
(e.g., Eppley and Peterson 1979; Michaels and Knap 1996;
Emerson et al. 1997). New production provides a system con-
straint on the estimates of POC export from the 234Th proxy
and sediment traps when the many shorter-term variations
revealed by the two latter methods are integrated over the
annual scale.

The total nitrogen new production is a sum of the annual
input of “new” nitrogen to the photic zone: convective input
of nitrite and nitrate, atmospheric N deposition, input of N
from terrestrial runoff, and N2 fixation by diazotrophic
cyanobacteria. The annual average wet and dry N deposition
to the open Baltic Sea has been estimated to 1000 mg N m–2

y–1 by Lindfors et al. (1993). The contribution of terrestrial N
input to the surface ocean ecosystem in the open Baltic has
been suggested to be negligible (Voss et al. 2005). Supporting
that only a minor terrestrial contribution is provided is the
observation that total nitrogen (TN) increase in the mixed
layer is similar in all areas of the open Baltic proper; this ele-
vated TN in the open Baltic is higher than in more coastal and
river-runoff influenced waters, and the total phosphorous (TP)
is simultaneously decreasing (Larsson et al. 2001). The absence
of a clear summer increase in TN in the Bothnian Sea to the
north, where filamentous cyanobacteria are less common and
where terrestrial runoff is more prevalent, further supports
this view.

Larsson et al. (2001) defined the summer nitrogen fixation
in the Baltic Sea as the increase of the total nitrogen (TN)
inventory in the photic layer plus the settling of PON minus
the atmospheric deposition. Basically, we have the same
approach, using the values from Lindfors et al. (1993) to cor-
rect for nitrogen deposition. The estimated nitrogen export
was converted into carbon by using the C:N ratio proposed by
Redfield et al. (1963) for all terms except the settling pool of
PON. We used the C:N ratios of truly settling particles col-
lected in the sediment traps that was obtained in this study to
calculate the amount of settling carbon. Instead of using
directly collected PON from sediment traps as done by Larsson
et al. (2001), we used the average of 234Th derived fluxes and
collection efficiency corrected PON fluxes from the sediment
traps. The annual nitrogen fixation for the 1998-2000 period
was 1.6, 3.9, and 1.8 g N m–2 y–1, respectively.

The annual input of convective NO2 + NO3 was estimated
from the efficient drawdown of the upper ocean inventory of
NO2 + NO3, starting in March and being complete 4-6 weeks
later in each of the 3 years (Fig. 8). The nitrogen inventory for
the 0-60 m interval was used as it provides an integrated pic-
ture of seasonal thermocline drawdown and does not get com-
pletely exhausted and therefore tracks the new production
better. The annual NO2 + NO3 drawdown for the 1998-2000
period was 4.4, 4.9, and 6.1 g N m–2 y–1, respectively. The

exceptionally strong stratification in the Baltic Sea prevents
input of significant amounts of NO2 + NO3 across the pycno-
cline at other times of the year than during the wintertime
mixing down to the halocline (Stigebrandt 1985; Stigebrandt
and Wulff 1987).

The ratio between new production and primary production
is called the f-ratio (Eppley and Peterson 1979):

(5)

The nitrogen budget approach yielded annual f-ratios
within the range of 0.24-0.35 during the three studied vegeta-
tive seasons 1998-2000. These ratios are relatively low com-
pared with other continental shelf regimes (Wassmann 1990;
e.g., Laws et al. 2000), although substantially higher than the
e-ratios from uncorrected sediment trap POC flux. The f-ratio

=f
Total new production

primary production
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Fig. 8. Nitrate + Nitrite drawdown (A) in the top 60 m at the Landsort
Deep BY31 station during 1998-2000. Total nitrogen new production (B)
expressed in carbon (g C m–2y–1) at the Landsort Deep BY31 station dur-
ing 1998-2000. The numbers within the bars represent export ratios rel-
ative to primary production (Eq. 5). 



is well in agreement with ThE-ratios of export fluxes from
POC:234Th ratio from sediment traps, and the e-ratio from sed-
iment trap measurements corrected for trap-collection effi-
ciencies.
CN export from excess biotic oxygen sea-air efflux

Another indirect methodology to estimate the net car-
bon/nitrogen export from the photic layer is to use the excess
oxygen produced by photosynthesis as previously done in the
Baltic Sea by Stigebrandt (1991). This approach considers the
time-rate of oxygen inventory change in the photic layer:

(6)

where O2 is the actual O2 concentration (g O2 m
–3), H is the

depth of the photic layer (m), t is time (d), O:CRedfield is the oxy-
gen to carbon ratio for production of organic matter (106:276;
Redfield et al. 1963), OC is the concentration of organic mat-
ter (g C m–3), FOt is the rate of total net O2 flux to the atmos-
phere (g O2 m

–2 d–1) and FOdiff is the diffusive O2 flux through
the base of the photic layer at depth H (g O2 m

–2 d–1). If assum-
ing that the diapycnal flux FOdiff is negligible relative to the
evasion flux during the productive season due to the high
level of stratification in the Baltic Sea (Stigebrandt 1985; Stige-
brandt and Wulff 1987), the rate of net primary production
(NP; g C m–2 d–1) by this approach can be expressed as:

(7)

Oxygen evasion was calculated largely according to Stige-
brandt (1991) but here using the gas transfer parameterization
proposed by Nightingale et al. (2000):

(8)

where kO2w is the oxygen gas transfer (cm h–1); u10 is the wind
speed at 10 m above water surface; ScCO2,w is a Schmidt number
value of 600, which is the typically quoted Schmidt number of
CO2 at 20°C in freshwater, to which the Schmidt number of
the oxygen (ScO2,w) under actual conditions are scaled.

Further, Stigebrandt (1991) assumed a depth of 15 m for the
photic layer H. However, the time series data show that the
Baltic spring bloom increases the O2 down to at least 30 m (U.
Larsson unpubl. data). Hence, we integrated the excess O2

between 0 and 30 m from onset of spring bloom until estab-
lishment of stratification in late May. Oxygen saturation con-
centration O2s was computed by the formula of Weiss (1970).
These theoretical concentrations are shown together with
observed oxygen concentration O2 for the years 1998-2000 at
the BY31 station (Fig. 9a). Taking air bubbles into account, the

total (“true”) net oxygen flux through the sea surface can be
expressed as following according to Stigebrandt (1991):

(9)

Finally, the temperature dependency of the Schmidt num-
ber, used in Eq. 8, was calculated using the derivation of Stoke-
Einstein′s equation:

(10)

where νw (cm
2 s–1) is the kinematic viscosity of water. ScO2,w was

set to 380 at 25°C, using diffusivities from Himmelblau (1964).
By substituting the above into Eq. 7, an O2-based estimate

of new production of organic carbon was obtained (Fig. 9b).
This value for oxygen-budget–based C flux is referred to as net
production; it was then time integrated for each year to obtain
the equivalent carbon export. The obtained results from oxy-
gen-budget–based C flux is a minimal estimate as diapycnal
mixing was set to zero (e.g., O2 lost by downward diffusion
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Fig. 9. Observed oxygen concentrations and estimated oxygen satura-
tion concentrations (A) at sea surface, Landsort Deep BY31 station during
1998-2000. New production of organic carbon (B) derived from excess
biotic oxygen sea-air efflux at the Landsort Deep BY31 station during
1998-2000 (Eq. 7). 



across the thermocline) and both O2 evasion loss and increase
in O2 inventory was only considered during the vegetative sea-
son. This oxygen budget suggests an annual net production-
based f-ratio of at least 0.16-0.33 during the three studied sea-
sons 1998-2000. As for the nitrogen-use based f-ratio, these
values are somewhat lower compared with other shelf regions,
but on par with the ThE and e-ratio for this long-term obser-
vational campaign of the open Baltic Sea.

Discussion
When comparing the obtained carbon export flux numbers

derived by the six different methods, with primary production
as a point of reference, it is clear that two are biogeochemi-
cally unrealistic whereas the four others are encouragingly
similar (Fig. 10). The 234Th-proxy estimate that was based on
POC:Th ratios deduced from micron-sized filters is unreason-
able high (year-round average ThE of 0.86 ± 0.03; Fig. 10;
Table 1). Several previous studies have indicated that POC:Th
ratios are elevated on such small-sized suspended particulate
matter relative to what may be expected from truly settling
matter (e.g., Buesseler et al. 2006; Gustafsson et al. 2006). Sim-
ilarly, the POC flux calculated based on the uncorrected direct
trap data appears somewhat low (annual-average e-ratio of
0.14 ± 0.02; Fig. 10; Table 1), most likely due to under trap-
ping, which has been demonstrated for this regime (Gustafs-
son et al. 2004). The other four methods all give results within
a similar range (Fig. 10; Table 1); in fact the difference between
them is within the standard deviation. Naturally, the export
estimates have additional uncertainties, beyond those related
solely to measurement errors. Both the N and O approaches
were performed for three whole years, making it possible to
estimate the interannual variability for the export. Since the
export is dependent on the primary production, which also
varies between years, it is relevant to estimate the uncertainty
for the carbon export to primary production ratio. For the

nitrogen and oxygen budget, the export ratios for the years
1998-2000 had a relative standard deviation of almost 6% and
8%, respectively. We were not able to make this estimate for
our 25-month trap sedimentation and 234Th data since they
only cover one full calendar year. Also, for the oxygen budget,
a substantial uncertainty comes from the air-sea gas transfer
parameterization itself (20% to 50%; Liss and Merlivat 1986;
Wanninkhof 1992; Wanninkhof and McGillis 1999; Nightin-
gale et al. 2000). If we assume an uncertainty in the parame-
terization of 35%, the total uncertainty for the export based
on the oxygen budget would be about 50%. The total uncer-
tainty for the nitrogen budget is about 12%, comparable with
the uncertainty for collection-efficiency corrected sediment
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Fig. 10. Photic layer POC export (g C m–2 y–1) estimated from six differ-
ent methods at the Landsort Deep BY31 station during 1998-2000 com-
pared with primary production. The numbers within the bars represent
mean export ratios relative to primary production estimated by the dif-
ferent approaches ± 1 SD. 

Table 1. Photic layer POC export (g C m–2 y–1) and PON export (g N m–2 y–1) derived from six different methods at the Landsort Deep
BY31 station during 1998-2000 compared with primary production. The Standard Deviation (SD) is the propagated error from each
measurement. At the bottom, average export from the four methods showing uniformity in this study is displayed. 

POC PON
(g C m–2 y–1) (g N m–2 y–1)

Mean Mean 1 SD
Carbon flux 1998-2000 1 SD export ratio* 1 SD 1998-2000
Primary production 169.2 11.2

A. Sediment trap POC flux 23.0 2.6 0.14 0.02 3.5 0.4
B. Sediment trap POC flux (eff. corr.) 50.1 5.5 0.30 0.03 7.6 0.8
C. 234Th-POC flux (filter ratio) 146.0 5.8 0.86 0.03 22.1 0.9
D. 234Th-POC flux (sed. Trap ratio) 35.8 4.3 0.21 0.03 5.4 0.7
E. New Prod. (N budget) 49.7 3.0 0.29 0.02 8.6 0.5
F. Net Prod. (O budget) 42.9 3.3 0.25 0.02 6.6 0.5

Average of B, D, E, and F 44.7 4.0 0.26 0.02 7.0 0.6
*Carbon export to primary production ratio estimated by the six different methods.



traps and 234Th in sediment traps, which ranged between 11%
to 12%. Despite the relatively high uncertainty related to the
air-sea gas exchange, we get very similar results for the oxygen
and nitrogen budgets also for the individual years, indicating
that the parameterization in our setting works rather satisfac-
tory. This comprehensive multi-technique approach and
detailed ancillary measurements of the biogeochemical frame-
work made it possible to sort out approaches to estimate
export estimates that were inconsistent with the system bio-
geochemical constraints.

The carbon export efficiencies constrained in this study was
compared with earlier estimates from the Baltic and other con-
tinental shelf regimes. A frequently cited export efficiency for
the Baltic Sea from Elmgren (1984) is based on primary pro-
duction incubations from Larsson and Hagström (1979, 1982)
with POC export estimates derived indirectly from formulas
derived by Hargrave in Parsons et al. (1977), which results in
his estimate of the Baltic Proper export ratio of ~ 0.3. The four
central estimates of export production ratios in the present
study, based on a long-term observational record, suggest a
somewhat lower export efficiency with a full range of 0.21-
0.30 (average 0.26 ± 0.04). This translates into carbon export
fluxes of 44.6 ± 4.0 gC m–2 y–1 and 7.0 ± 0.6 gN m–2 y–1 (Table
1). This new estimate is likely to be biogeochemically more
robust than previous estimates as it is the converging result
from four independent observation-based methods.

Elmgren (1984) concluded that, although the species com-
position is different due to its lower salinity, the Baltic Sea is
very similar to other continental shelf systems with regard to
carbon and energy fluxes. Hence, the present results may be
compared with and relevant for many other regimes. Wass-
mann (1990) evaluated the relationship between primary pro-
duction and export production based on literature data of
long-term coastal measurements in the boreal zone and found
that e-ratios (Eq. 4) ranged between 0.24-0.55. If outliers in
that compilation are removed, the Wassmann (1990) average
is about 0.32. Henson et al. (2011) found clear differences
between ThE- and f-ratios when comparing literature data on
a global scale, suggestive that indirect estimates of POC
export, in general, and in isolation should be used with cau-
tion. In the present study, the two indirect approaches using
nitrogen and oxygen budgets result in estimates on par with
synchronous measurements based on actual POC export.

Comments and recommendations
The results of this study lead to two major recommenda-

tions: (1) to not rely on one single method for these kinds of
assessments but seek consistency between several independ-
ent approaches and (2) to acquire comprehensive biogeo-
chemical data to sort out export estimates that are inconsis-
tent with system constraints. In a synthesis on POC export in
the world ocean based on satellite data for primary production
and state-of-the-art particle settling algorithms, Dunne et al.
(2007) concluded that most of the POC undergoes permanent

burial in near-shore and shelf regions. Those authors stressed
that their estimates were made amidst vast uncertainties and
called for further efforts to understand carbon cycling in shelf
regions, especially biogeochemical comprehensive time-series
stations in different regimes. Although roughly similar to
some previous estimates, the converging uniformity of the
four different techniques in this study, based on synchro-
nously observed data, places constraint on the magnitude of
the boreal continental pump that may aid in comprehensive
analysis of nutrient and carbon cycling in such continental
shelf systems.
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