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Abstract High inputs of nutrients and organic matter make coastal seas places of intense air-sea CO2
exchange. Due to their complexity, the role of coastal seas in the global air-sea CO2 exchange is, however,
still uncertain. Here, we investigate the role of phytoplankton stoichiometric ﬂexibility and extracellular DOC
production for the seasonal nutrient and CO2 partial pressure (pCO2) dynamics in the Gulf of Bothnia,
Northern Baltic Sea. A 3-D ocean biogeochemical-physical model with variable phytoplankton stoichiometry
is for the ﬁrst time implemented in the area and validated against observations. By simulating nonRedﬁeldian internal phytoplankton stoichiometry, and a relatively large production of extracellular dissolved
organic carbon (DOC), the model adequately reproduces observed seasonal cycles in macronutrients and
pCO2. The uptake of atmospheric CO2 is underestimated by 50% if instead using the Redﬁeld ratio to
determine the carbon assimilation, as in other Baltic Sea models currently in use. The model further
suggests, based on the observed drawdown of pCO2, that observational estimates of organic carbon
production in the Gulf of Bothnia, derived with the 14 C method, may be heavily underestimated. We
conclude that stoichiometric variability and uncoupling of carbon and nutrient assimilation have to be
considered in order to better understand the carbon cycle in coastal seas.

1. Introduction
A substantial part of the global air-sea CO2 exchange takes place in marginal seas. Estuaries and inner parts
of coastal systems are usually sources of CO2 to the atmosphere due to high inputs of terrestrial organic
matter and river water oversaturated in CO2, whereas outer parts of the continental shelf, and coastal seas
in general, are CO2 sinks (Bauer et al., 2013; Borges et al., 2005; Cai, 2011; Laurelle et al., 2010; Raymond
et al., 2013; Regnier et al., 2013). This carbon drawdown is a consequence of large phytoplankton blooms
occurring where stratiﬁcation, light regime, and nutrient conditions are suitable for phytoplankton growth.
Drastic changes in freshwater and organic matter supply, affecting the carbon balance, are envisaged for
high latitude coastal seas with a warming climate (Semiletov et al., 2016). At the same time, a reduction in
sea-ice cover is expected to affect the air-sea CO2 exchange, both directly, and indirectly by altering the productive season (Arrigo et al., 2008; Semiletov et al., 2004). To predict what direction global warming affects
high latitude coastal seas and their functioning as a CO2 sink or source to the atmosphere, a better understanding of the mechanisms that underlie the dynamics of organic matter, bacterial, and primary production in the coastal seas, and an improvement of their representation in biogeochemical models, are needed.
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The Gulf of Bothnia (Figure 1), the Northern part of the Baltic Sea, is a subarctic estuary that is partly to
completely ice-covered during winter (Granskog et al., 2006). The rivers draining into the basin run through
pristine boreal areas and bring relatively high concentrations of organic nutrients and carbon (Humborg
et al., 2003; Stepanauskas et al., 2002), which have a large impact on the biogeochemistry and carbon
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Figure 1. (a) Map of the Baltic Sea. The rectangle shows the location of the model conﬁguration. (b) Model bathymetry
with ﬁlled depth contours in meters. The circles show the location of monitoring stations from which data have been
collected for model validation. Red color indicates that there are measurements of temperature, salinity, nutrients, and
chlorophyll, while white indicates measurements of PAR, salinity, and primary production. The three different subbasins
the Bothnian Bay (BB), the Northern Quark (NQ), and the Bothnian Sea (BS) are separated by horizontal black lines. The
red cross indicates the location of the island of Åland.

cycling of the gulf (Sandberg et al., 2004; Wikner & Andersson, 2012). The northernmost basin, the Bothnian
Bay (BB, Figure 1) has been found to be a weak source of CO2 to the atmosphere, while the southernmost
€fﬂer et al., 2012). Because of low sediment-water ﬂuxes of
basin, the Bothnian Sea (BS), acts as a sink (Lo
phosphate, and the low input of phosphate from rivers, primary production in the Bothnian Bay is severely
phosphorus limited (with winter phosphate concentrations of about 0.05 mmol m23 ), in contrast to the
more nitrogen limited southern basins of the Baltic Sea (Andersson et al., 1996). Several studies with
physical-biogeochemical models have been carried out to estimate the carbon and nutrient ﬂuxes in the
Baltic Sea (Edman & Andersson, 2014; Eilola et al., 2011; Gustafsson et al., 2014a; Kuznetsov & Neumann,
2013). Yet, none of these models have been able to realistically reproduce the carbon ﬁxation and the nutrient uptake in the Bothnian Bay. In the Bothnian Sea, the nutrient uptake is in general well reproduced, but
the models fail when it comes to carbon assimilation and primary production (Gustafsson et al., 2014a).
The models used in these studies have, like most marine biogeochemical models, a phytoplankton formulation that assumes the Redﬁeld ratio (Redﬁeld, 1934, 1958) to determine phytoplankton carbon and nutrient
assimilation and the production of organic matter. In this kind of formulation, the uptake of carbon and
nutrients is directly linked to the uptake of the most limiting nutrient, and the internal carbon:nitrogen:phosphorus (C:N:P) ratios of the phytoplankton and the organic matter are ﬁxed. However, this is a crude
and in many cases an invalid assumption (Flynn, 2003, 2010), since the internal C:N:P ratios of phytoplankton can deviate far from the Redﬁeld ratio (Bertilsson et al., 2003; Geider & La Roche, 2002; Goldman et al.,
1979; Leonardos & Geider, 2004; Spilling et al., 2015), in particular during times of nutrient limitation. Especially in the phosphorus limited Bothnian Bay these models can be expected to fail, and nutrient measurements from this area do suggest that the ratio of N:P assimilation exceeds the Redﬁeld ratio by far (Eilola,
2009). Another feature the ﬁxed-stoichiometric models do not capture is the carbon overﬂow process and
the production of extracellular DOC, which can make up a large part of the primary production when there
€ck & Herndl, 1992; Obernosterer &
are not enough nutrients to bind the ﬁxed carbon into biomass (Kaltenbo
Herndl, 1995; Puddu et al., 2003; Spilling et al., 2016).
Several recent papers have emphasized the need to move from ﬁxed stoichiometric models to the use of a
new generation of plankton models with a more mechanistic representation of physiological processes
(Allen & Polimene, 2011; Flynn, 2010; Glibert et al., 2013). Especially when modeling the biogeochemistry of
coastal and semienclosed seas, physiological ﬂexibility of phytoplankton is required to deal with transitions
between phosphorus and nitrogen limitation, between oligotrophic and eutrophic waters, changes in light
conditions, and high organic matter loadings (Baretta-Bekker et al., 1995; Bauer et al., 2013; Blackford et al.,
2004). The phytoplankton formulation in mechanistic models is often based on the philosophy of Droop’s
quota model (Droop, 1968, 1973, 1974), where the stoichiometric ﬂexibility of the phytoplankton is taken
into account. This allows for a decoupling of the nutrient and carbon assimilation, which has been shown to
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be more suitable when modeling carbon ﬁxation and uptake of more than just one species of nutrient,
compared with models with ﬁxed stoichiometry (Ayata et al., 2013; Christian, 2005; Flynn, 2003, 2010). Until
present, many different physiological models of varying complexity have been developed that take into
account different aspects of stoichiometric ﬂexibility (e.g., Geider et al., 1998; Ghyoot et al., 2015; Klausmeier
et al., 2004; Omta et al., 2009; Pahlow & Oschlies, 2013; Talmy et al., 2014). However, only a few models considering variable C:N:P in phytoplankton have been applied to larger regional areas and 3-D ocean circulation models (e.g., Ayata et al., 2014; Baretta-Bekker et al., 1995; Tagliabue & Arrigo, 2005; Vichi et al., 2007a).
Here we test, for the ﬁrst time, a ﬂexible-stoichiometry model coupled to a 3-D circulation model of the Gulf
of Bothnia, to examine how stoichiometric ﬂexibility and extracellular DOC production can explain seasonal
nutrient and CO2 dynamics at different contrasting sites. Flexible-stoichiometry models have previously
been applied for primary production studies in sea-ice in the Gulf of Bothnia and the Gulf of Finland
(Tedesco et al., 2010, 2017; Thomas et al., 2017). For pelagic biogeochemistry, ﬂexible-stoichiometry models
have been used for 1-D studies at speciﬁc locations (Kreus et al., 2015a, 2015b; Vichi et al., 2004), and for
modeling cyanobacteria in a dynamic 3-D model (Kuznetsov et al., 2008), but only in the central Baltic Sea
and the Gulf of Finland. Wan and Hongsheng (2014) implemented a spatially varying, but still dynamically
ﬁxed, phytoplankton N:P ratio in a 3-D model for the Baltic Sea. It led to an improvement in modeled nutrient dynamics, but they did not include data from, nor validate their model for, the central Bothnian Bay
where the most extreme N:P ratios are found.
The main objectives of this study are (i) to present and validate a coupled physical-biogeochemical 3-D
model with ﬂexible stoichiometry, for the ﬁrst time applied to the Gulf of Bothnia, and particularly (ii) to
demonstrate the importance of having a ﬂexible stoichiometry-approach, compared to a ﬁxed stoichiometry approach, for the seasonal pCO2 and nutrient dynamics as well as the organic carbon production and
the air-sea CO2 exchange in this area.
The outline of the paper is as follows. In section 2, the physical and biogeochemical models are introduced.
Further the two simulations, one with variable and one with ﬁx stoichiometry, and the observational data
that have been used for model validation are described. In section 3, the two simulations are compared to
observations of macronutrients, chlorophyll, and pCO2. Even though measurements of primary production
are known to be difﬁcult to interpret, the modeled primary production is also compared to measured primary production by the 14 C method. The modeled seasonal evolution of the phytoplankton stoichiometry
in variable stoichiometry case is presented. In section 4, the importance of the variable stoichiometry for
nutrient and carbon cycling in the Gulf of Bothnia is discussed. We further discuss our ﬁnding that the primary production needed to simulate the seasonal pCO2 dynamics is severalfold higher than the observed
primary production.

2. Model Setup
2.1. Physical Model
A NEMO (Nucleus for European Modelling of the Ocean, http://www.nemo-ocean.eu, Madec et al., 2016)
conﬁguration for the Gulf of Bothnia (Figure 1), from now on NEMO-GoB, was created from the NEMONordic setup (Hordoir et al., 2013, 2015). NEMO-Nordic is a 3-D hydrodynamic model of the Baltic and the
North Seas based on NEMO 3.6 (Madec et al., 2016) and the LIM3 sea-ice model (Vancoppenolle et al.,
2009). The NEMO-GoB conﬁguration was set up with a 2 nautical mile (3,704 m) horizontal resolution and
36 vertical levels (z coordinates) and with an open boundary located in the Åland Sea at 59.98N, South of
the island of Åland (Figure 1). The open boundary conditions were created from the simulation output of
the full Nemo-Nordic setup. The baroclinic and barotropic modes at the open boundaries are computed
with a Flow Relaxation Scheme (Davies, 1976; Engedahl, 1995) and Flather conditions (Flather, 1994),
respectively (Madec et al., 2016). Daily output of the sea surface height was used, as the sea-level variability
governing the barotropic exchanges in the Baltic Sea can be described accurately on a daily timescale. The
baroclinic exchange consists of an outﬂow toward the Baltic Sea in surface waters, which means that the
information in terms of temperature and salinity at the open boundary is mostly pushed out of the computational domain. Below the level of the halocline, this information travels into the computational domain,
but the variability is less than above the halocline. Therefore, temperature and salinity ﬁelds that are used
for the open boundary condition are monthly values only.
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Initial conditions for salinity and temperature were extracted from the same simulation as used for the
open boundary conditions. Hourly atmospheric data from a downscaled ERA40 simulation (Samuelsson
et al., 2011) and daily river runoff data from the hydrological model EHYPE (Donnelly et al., 2016) were used
as model forcing.
A validation of the physical model is presented in section 3.1.
2.2. Biogeochemical Model
The Biogeochemical Flux Model (BFM; http://bfm-community.eu) (Vichi et al., 2007b, 2015b) is a stoichiometric
biogeochemical model that has been coupled to 3-D ocean circulation models. It has been applied both to
the global ocean and to various regional seas (Lazzari et al., 2016; Vichi & Masina, 2009; Vichi et al., 2003, 2004,
2007a), and derives from the ERSEM model (Baretta et al., 1995), originally adapted for the North Sea. BFM
explicitly describes, in its standard conﬁgurations, the ﬂuxes of carbon, oxygen, nitrogen, phosphorus, and silicon (Si) between inorganic, nonliving organic, and living organic matter in the lower trophic levels of the
marine ecosystem. It has four phytoplankton functional groups (diatoms, ﬂagellates, picophytoplankton, and
large phytoplankton), four zooplankton groups (heterotrophic nanoﬂagellates, microzooplankton, carnivorous,
and omnivorous mesozooplankton), and one group of bacteria that represents both aerobic and anaerobic
bacteria. In all plankton functional groups, the content of C, N, P (and Si in case of diatoms) is modeled explicitly, which allows the internal C:N:P(:Si) ratios to vary dynamically. BFM has four types of organic matter: labile,
semilabile, and semirefractory dissolved organic matter (DOM) as well as labile particulate organic matter
(POM). The labile DOM and POM both contain C, N, and P, with dynamic C:N:P ratios, while the semilabile and
semirefractory DOM only consist of C. The inclusion of bacteria and organic matter dynamics makes it possible
to simulate not only the classical food chain, but also the microbial food web (Lazzari et al., 2016), which has
been shown to play an important role especially in the Northern Baltic Sea (Sandberg et al., 2004; Wikner &
Andersson, 2012). A new state variable was added to the model to represent terrestrial DOM, also with
dynamic C:N:P ratios. It is subject to a linear decay with a time scale of 1 year to represent microbial and photochemical remineralization (Fransner et al., 2016) (Appendix A1).
2.2.1. Nutrient and Carbon Fixation
The phytoplankton nutrient and carbon uptakes in BFM are decoupled, which makes it possible for carbon
ﬁxation to occur also in nutrient limited conditions. The carbon ﬁxation is ultimately determined by the
temperature and light conditions as well as by the carbon and Chl-a content in the phytoplankton. The
nutrient uptake, which partially is based on Droop kinetics (Droop, 1973), is regulated so that the internal
C:nutrient ratios in the phytoplankton are kept within certain ranges. If there are more than enough
nutrients to keep the C:nutrient ratios at optimal levels (assumed to be Redﬁeld), the phytoplankton can, to
a certain extent, assimilate, and store the nutrients for future use (i.e., luxury consumption, Baretta-Bekker
et al., 1997). If there are not enough nutrients in the surrounding water to bind the ﬁxed carbon into biomass, the phytoplankton can use internally stored nutrients. If neither the internal pool of the phytoplankton nor the surrounding water contains enough nutrients, a part, or all of the ﬁxed carbon is released as
extracellular (semilabile) DOC (Vichi et al., 2004, 2015b).
The stoichiometry of the phytoplankton, which is regulated by carbon and nutrient assimilation as
described above, affects the losses of biomass due to nutrient stress, and the chlorophyll synthesis. The
more the cellular stoichiometry deviates from the optimal stoichiometry, the more stressed the phytoplankton are. The growth rate, which is dependent on the phytoplankton biomass and their chlorophyll content,
is therefore indirectly related to the nutrient status of the cells, in contrast to Droop’s quota model where
the growth relates directly to the cellular nutrient status.
A summary of the model equations governing the carbon and nutrient assimilation is found in Appendices
A3, A4, and A5. For a more detailed description, the reader is referred to the BFM manual (Vichi et al.,
2015b), as well as Lazzari et al. (2016) and Baretta-Bekker et al. (1997).
2.2.2. Benthic Submodel
A simple benthic return submodel (Polimene et al., 2006) was added to the conﬁguration. Sedimenting
organic matter that reaches the seaﬂoor goes into the sediment pools of organic C, N, P, and Si. In the sediments, a fraction of the deposited matter is remineralized and returns to the water column with a constant
rate, and a fraction is permanently buried. The phosphorus release from sediments is known to depend on
the salinity of bottom waters (Blomqvist et al., 2004). A salinity-dependent parameterization was therefore
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created, where the ﬂux of phosphorus out of the sediments is set to zero below a threshold salinity of 5.3.
Salinity-dependent parameterizations for sediment-water phosphorus ﬂuxes are also used in other Baltic
Sea models (Eilola et al., 2009; Savchuk et al., 2012). A constant release of 1.5 mmol Eq m22 d21 of alkalinity
from the sediments was added to the conﬁguration. This is close to the mean alkalinity release of 1.6 mmol
Eq m22 d21 calculated for the Gulf of Bothnia by Gustafsson et al. (2014b), who concluded that a source of
alkalinity is needed in the sediments in order to simulate the alkalinity of the Baltic Sea.
2.2.3. Underwater Light Regime
The background light extinction coefﬁcient in BFM is well adapted for open ocean conditions and is by
default tuned to the optical attenuation of pure water, and linearly modulated by the chlorophyll and particulate organic carbon (POC) concentrations. In the Baltic Sea, however, the water tends to get more turbid
as salinity decreases as a result of the high input of colored dissolved organic matter (CDOM) from the rivers. As the CDOM is not modeled explicitly, the light extinction coefﬁcient’s dependency on the CDOM concentration is parameterized as a function of salinity. This has been done earlier in modeling studies for the
Baltic and North seas (Maar et al., 2011; Neumann et al., 2015). For the current study the salinity dependency
of the speciﬁc attenuation coefﬁcient was estimated by ﬁrst creating a linear extrapolation of measurements of Photosynthetic Available Radiation (PAR) and salinity at stations F9-A13, B3, and C1 in the Gulf of
Bothnia (Figure 1). As the measured PAR-ﬁeld also includes the effect of chlorophyll and POC, the CDOMsalinity dependency had to be ﬁne-tuned in order to reproduce the measured PAR. The derived parameterization is shown in Appendix A2.
2.2.4. Coupling to the Physical Model
BFM was coupled online to, and run with the same time step as, NEMO-GoB. A description of the technical
details of the coupling between BFM and NEMO can be found in Vichi et al. (2007a, 2015a). An adaptation of
the ﬂow-relaxation scheme used for the open boundary conditions for the active tracers was done to obtain
open boundary conditions for the biogeochemical tracers. As there is no regularly visited monitoring station
in the Åland Sea, a set of boundary conditions for phosphate, nitrate, ammonium, and oxygen was created
from a simulation with NEMO-Nordic-SCOBI (Kuznetsov et al., 2016), an ecosystem model covering the whole
Baltic Sea. The boundary condition for Total Alkalinity (TA) was calculated as a function of salinity (Gustafsson
et al., 2014b), where the salinity ﬁeld was taken to be the same as used for the salinity boundary condition.
The Dissolved Inorganic Carbon (DIC) boundary conditions were thereafter calculated from the TA, based on
the DIC-TA relationship in Thomas and Schneider (1999). For terrestrial dissolved organic carbon, the boundary conditions were taken from the simulations in Fransner et al. (2016). The boundary conditions for terrestrial dissolved organic nitrogen (DON) and phosphorus (DOP) were calculated by dividing the boundary
conditions for terrestrial DOC by the C:N and C:P ratios of the terrestrial organic matter in the rivers. These
ratios were calculated from the same river data as used for the river loads, which are further described below.
The boundary conditions of all other state variables were set to spatially and temporally constant values.
River loads of DOC, DIC, and TA were created from 5 years (1996–2000) of monthly measurements of concentrations in 50 rivers (Fransner et al., 2016). For Si and inorganic and organic P and N, the river forcing was created from 30 years (1970–2000) of combined modeling and measurement of concentration data from the
Baltic Environmental Database (BED, http://www.balticnest.org/bed). The DIN (dissolved inorganic nitrogen)
was assumed to consist of 90% nitrate and 10% ammonium, which was estimated from nutrient measurements in Swedish rivers (SLU environmental database, http://miljodata.slu.se/mvm/). The particulate organic
fractions of C, N, and P were assumed to be 10% of the total riverine input of organic C, N, and P. Our particulate fractions are smaller than the particulate fractions measured in Baltic Sea rivers by Stepanauskas et al.
(2002; 47 and 18% of the organic P and N, respectively). However, their measurements were taken in June–
July 1999, and they concluded that a major part of the particulate material came from phytoplankton. These
fractions are therefore not representative for the whole year and we consequently chose smaller fractions.
Twenty percent of the riverine input of DOC was assumed to be refractory based on Fransner et al. (2016).
The refractory part is not modeled explicitly and was simply removed from the river load. Similarly, for the riverine DOP and DON, 20 and 40% were set to refractory, respectively. Atmospheric deposition of ammonium,
nitrate, and phosphate was obtained from the BED database. The inorganic carbon system was forced with
atmospheric pCO2 levels from the Barrow station in Alaska (https://www.esrl.noaa.gov/gmd/obop/brw/),
which have been shown to differ by only 3 ppm from the pCO2 levels in the Baltic Sea area (Schneider, 2011).
By default, the BFM model assumes that the air-sea gas exchange decreases linearly with increasing sea-ice
concentration, until totally blocking any gas exchange when the ice concentration reaches 100%. However,
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Table 1
Experimental Setup for the REF and FIX Simulations
Experiment
REF
FIX

Note
Reference run
Sensitivity run

Stoichiometry
Variable
Fixed

Maximum C:N

Maximum C:P

Simulation period

33

742

1980–2010
1990–2010

in reality sea-ice never completely prevents gas exchange (e.g., Tison et al., 2017), especially when the seaice is thin as the one found in the Gulf of Bothnia. Sensitivity studies (not shown here) indicated that damping gas-exchange linearly up to a sea-ice concentration of 80% gave the most realistic pCO2 values during
the ice-covered season, without affecting the development of pCO2 during the productive season. Thus, a
cap of 80% was chosen for this model conﬁguration.
2.3. Simulations
Two simulations were performed (Table 1); (i) a reference simulation (REF) with ﬂexible C:N:P ratios, and (ii)
a simulation (FIX) with ﬁxed Redﬁeld ratios. REF was run for 31 years, from 1980 to 2010, where the ﬁrst 10
years were used to spin-up the model. The FIX experiment was started from restarts for year 1990 from REF
and was run for 21 years until 2010. Model data were stored with a monthly output frequency.
2.3.1. REF
The REF simulation was done with the original BFM with added parameterizations for the benthic nutrient
ﬂuxes, terrestrial DOM, and the light climate as described in section 2.2. To cope with the strong nutrient
limitations, especially in the Bothnian Bay, the maximum C:N and C:P ratios were set to 33 and 742, respectively (Table 1), which are among the more extreme values from the Baltic Sea found in the literature (Spilling et al., 2015). All BFM settings used in REF are presented in Tables S1–S7 in the supporting information.
2.3.2. FIX
To investigate the importance of variable stoichiometry, a sensitivity experiment (FIX) was performed where
the internal C:N:P ratios of the phytoplankton were ﬁxed to the Redﬁeld ratio (106:16:1; Table 1). The phytoplankton module was reformulated to express the phytoplankton dynamics in one single currency, chosen
to be nitrogen. The uptake and release of carbon and phosphorus are directly related to the nitrogen
through the Redﬁeld ratio. Because the nutrient limitation can no longer be related to the internal phytoplankton C:nutrient ratios, a Michaelis-Menten function (Michaelis & Menten, 1913) was instead used to represent an external nutrient limitation. The half-saturation constant for P and N-limitation was set to 0.01
mmol P m23 and 0.25 mmol N m23 , respectively. For a mathematical description, the reader is referred to
Appendix A6. All model settings not related to the phytoplankton internal stoichiometry (maximum growth
rate, light sensitivity, etc.) were kept identical to the REF experiment.
2.4. Validation Data
Observational data of salinity, temperature, nutrients, chlorophyll-a, TA, pH, primary production, DOC, and
PAR were obtained from the Swedish marine database SHARK (Svenskt HavsARKiv, http://sharkweb.smhi.se/).
Monthly measurements from the stations in Figure 1 between 1990 and 2010 were extracted. The primary
production data, measured with the 14 C method, contain the total carbon ﬁxation, and therefore the pro€fﬂer et al.
duction of both particulate and dissolved organic carbon. For validation of the pCO2, data from Lo
(2012) have been used. After normalizing the model output of pCO2 to the year of 2010 (taking into account
the increase in atmospheric pCO2), climatological means of the seasonal pCO2 cycle in the Bothnian Sea,
€fﬂer et al.
the Northern Quark, and the Bothnian Bay (Figure 1) were created. As the data collected by Lo
(2012) mainly come from off-shore waters with only a few measurements from the coastal zone, model data
from areas shallower than 30 m (Figure 1) were not used in the comparison.

3. Results
In the following subsections, monthly climatological means (covering the period 1990–2010) for simulations
REF and FIX (cf., section 2.3) are presented and validated against observations. For salinity, temperature,
nutrients, and chlorophyll, model results have been extracted at positions of the F9-A13 and C3 stations,
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which are the stations with the most available measurements, and that have physical and biogeochemical
properties representative of the Bothnian Bay and Bothnian Sea, respectively. For the thermohaline structure, vertical proﬁles from the REF simulation are shown. The two simulations use the same physical parameters, and therefore do not differ from each other in physical properties. The sea-ice dynamics are validated
in Pemberton et al. (2017). For the biogeochemical variables, we focus on the seasonal cycle in surface
waters because of our speciﬁc aim to study plankton and nutrient dynamics as well as CO2 ﬂuxes between
air and sea. Longer time series, and deepwater values of temperature, salinity, and biogeochemical properties, are presented supporting information Figure S1–S18. For primary production rates, the model is compared with measured rates at the F9-A13, B3, and C1 stations, to represent the Bothnian Bay, the Northern
Quark, and the Bothnian Sea, respectively. No measurements of primary production exist at the C3 station.
3.1. Modeled Temperature and Salinity Fields
The observed temporal and spatial variability in temperature and salinity is generally well reproduced by
the model (Figures 2 and 3), indicating that the model simulates realistic estuarine circulation. As in the
observational data, the seasonal thermocline starts forming in May and breaks down in October at the F9A13 station in the Bothnian Bay. At the C3 station in the Bothnian Sea, the seasonal thermocline starts
developing already in April and lasts until November (Figure 2). There is a small positive salinity bias in the
Bothnian Sea, while it is slightly negative in the Bothnian Bay (Figure 3), suggesting that the exchange
between the two basins might be too low in the model. The observed halocline at about 50 m of depth is
reproduced by the model, both in the Bothnian Sea and in the Bothnian Bay. The model also captures the
weak freshening of the surface waters observed during summer.
3.2. Macro Nutrients
2
2
In the REF simulation, the surface winter concentrations of DIN (NH1
4 1NO3 1NO2 ), with higher concentrations in the Bothnian Bay and lower concentrations in the Bothnian Sea, correspond well to measured concentrations (Figure 4), although the concentration of DIN in the Bothnian Sea is about 2 mmol N m23 too
high. Similarly, for dissolved inorganic phosphorus (DIP, PO32
4 ), the model reproduces the very low observed
concentrations in the Bothnian Bay and the higher concentrations in the Bothnian Sea, although there is a
positive bias of 0.05 mmol P m23 in the Bothnian Sea. These nutrient distributions result in high N:P ratios
in the Bothnian Bay, well above 100, while the N:P ratios in the Bothnian Sea are quite close to the Redﬁeld
ratio (Figures 4c and 4d). The N:P ratios in the model agree well with the observations, although the deviations are larger in the Bothnian Bay. The very low DIP concentration in this basin means that a small bias in
the concentration gives a large bias in N:P ratios.
The decrease of DIP and DIN at the F9-A13 and the C3 stations during the productive season is in general
well reproduced in the REF run (Figure 5), although it tends to start earlier in the model than in the observations. At the F9-A13 station in the Bothnian Bay, the most limiting nutrient, phosphate, has been consumed
in May. From Figure 5, it appears as if the model overestimates the DIP drawdown at this station. However,
the detection limit for phosphate is approximately 0.01–0.02 mmol m23 (Hansen & Koroleff, 1999), meaning
that observed concentrations around these values cannot be distinguished from zero. As the winter concentrations of phosphate at this station lies around 0.04–0.05 mmol m23 , which is at the least twice as big as
the detection limit, there is an uncertainty of about a factor of two in the DIP uptake. A lower DIP consumption, as would be the case if the actual phosphate concentration would be higher than 0.00 in summer,
would require higher C:P and N:P uptake ratios of phytoplankton (up to the double as predicted by the
model). Nevertheless, it does not affect the conclusions of this paper, which is discussed in section 4.3. The
simulated uptake of DIN at the F9-A13 station continues until July, even though the phosphate is depleted,
but it is not large enough to bring the simulated DIN concentrations down to the observed values. The difference between the winter and summer DIN concentrations at this station is 4 mmol N m23 in the REF simulation, compared to the observed 6 mmol N m23 . At the C3 station in the Bothnian Sea, all nutrients in the
surface water have been consumed in April. The low summer concentrations are maintained until October,
when the autumn mixing sets in at both the C3 and the F9-A13 stations.
In the FIX experiment, the consumption of DIN is not large enough to bring the modeled concentrations
down to observed levels (Figure 5), at any station. At the F9-A13 station in the Bothnian Bay the difference
between the winter and summer DIN concentrations is less than 2 mmol N m23 in the FIX experiment, compared to 6 mmol N m23 difference in the observations. At the C3 station in the Bothnian Sea, the
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Figure 2. Monthly climatologies (1990–2010) of measured (grey circles) and modeled (black line) temperature proﬁles at
the F9-A13 station in the Bothnian Bay (upper plot) and the C3 station in the Bothnian Sea (lower plot) for February, May,
August, and November, respectively.

discrepancy with the observations is not as large as at F9-A13. Here the decrease in the DIN concentration
during the spring bloom is of the same magnitude as in the observations. There is, however, an increase in
the DIN concentrations during summer, in contrast to the observed concentrations that stay depleted until
October. The heavily reduced nitrogen assimilation in the Bothnian Bay, and therefore reduced burial of
nitrogen in the sediments, leads to an increase in the DIN concentration on a longer time scale (supporting
information Figure S10 in the). This increase is also noticed in the Bothnian Sea as there is a large transport
of DIN southward from the Bothnian Bay.
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Figure 3. Monthly climatologies (1990–2010) of measured (grey circles) and modeled (black line) salinity proﬁles at the
F9-A13 station in the Bothnian Bay (upper plot) and the C3 station in the Bothnian Sea (lower plot) for February, May,
August, and November, respectively.

3.3. Chlorophyll
The modeled surface chlorophyll in the REF simulation is overall comparable with observations at the F9–13
and the C3 stations (Figure 5), indicating that the model satisfactorily reproduces the general phytoplankton
cycle. As in the observations at the C3 station, the model simulates a spring bloom that reaches its peak in
April. An autumn bloom can be observed with its modeled maximum between September and October,
compared to the observed maximum in October. The model fails to reproduce the high chlorophyll values
during the spring bloom at the C3 station. At the F9-A13 station, no distinctive spring bloom is simulated,
consistent with the observations. Here the model overestimates the chlorophyll concentration in April.
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Figure 4. Surface water (0–10 m), (a) DIN (mmol N m23 ), (b) DIP (mmol P m23 ), and (c, d) N:P ratio, climatology (1990–
2010) for February. Filled contours in Figures 4a–4c are modeled ﬁelds from the REF simulation, and ﬁlled circles are
observed values. In Figure 4d modeled N:P ratios from the REF simulation (blue bars) are compared to observed N:P ratios
(black bars) at each station. Dashed red line indicates the Redﬁeld ratio (N:P 5 16).

In the FIX experiment the chlorophyll concentrations are in general similar to those in the REF simulation
and the observations (Figure 5). The productive season is somewhat longer in the FIX experiment compared
to the REF experiment, which is probably a result of the reduction of loss terms in the ﬁxed stoichiometry
approach compared to variable stoichiometry approach (Appendix A6).
3.4. pCO2 Dynamics
The modeled seasonal cycle of pCO2 in the REF run compares in general well with the observations from
€fﬂer et al. (2012), both regarding timing and amplitude (Figure 6), except for a too early start of the pCO2
Lo
drawdown in the Bothnian Sea. In the Bothnian Bay the modeled pCO2 values are higher than the observed
ones during January, February, and March. This could result from a too strong blocking effect of the modeled sea-ice on the air-sea exchange of CO2, and that too much CO2 from remineralized organic matter,
therefore is accumulated under the sea-ice. Another possible explanation is that the observations are biased
toward open waters, while the results include areas with both thick and thin ice. In addition, there could be
a too large degradation of the excreted semilabile DOC in surface waters due to the absence of aggregation
and sinking of this material in the model. In all basins the modeled pCO2 values drop to values around 200–
250 matm in summer, and are slightly higher than the observed values in the Bothnian Bay and in the Bothnian Sea.
In the FIX experiment, the DIC assimilation is not large enough for the pCO2 to reach the observed values
(Figure 6). In the Bothnian Sea and the Northern Quark, there is a pCO2 drawdown during the spring bloom,
which is of similar magnitude as in REF, while there is barely any pCO2 drawdown in the Bothnian Bay. During summer there is an increase in the pCO2 in all subbasins, in contrast to the continuous drawdown in the
REF run and the observations, as the modeled primary production is not large enough to counteract the
effects of, for example, increasing temperatures, remineralization, and air-sea CO2 exchange that thrives to
equalize the pCO2 in the sea and the atmosphere.
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Figure 5. Modeled and observed seasonal cycle of (a, b) DIP, (c, d) DIN, and (e, f) chlorophyll a in surface waters (0–10 m)
at the F9-A13 (left column) and the C3 station (right column). The modeled data are monthly means for the years 1990–
2010. The observations are shown as box plots, showing the medians (red line), upper and lower quartiles (extent of box),
range (extent of whiskers), and outliers (crosses), for each month.

3.5. Primary Production
The annual depth-integrated carbon ﬁxation, or production of total organic carbon (DOC and POC), in the
REF run is 90, 152, and 236 g C m22 y21 for the Bothnian Bay, the Quark, and the Bothnian Sea, respectively
(Table 2). In the POC, we include both living (algal biomass) and nonliving particulate organic carbon. A substantial part of the ﬁxed carbon is directly exuded as semilabile extracellular DOC due to carbon overﬂow
(52, 37, and 26% for the BB, the NQ, and the BS, respectively, not shown). The relative extracellular release is
higher in the Bothnian Bay due to the more nutrient limiting conditions. When comparing the modeled
total organic carbon production to rates measured by the 14 C method, which contains the production of
both DOC and POC, it appears as if the REF simulation overestimates the primary production (Figure 7),
despite the good agreement between the modeled and observed pCO2. However, when looking closer into
the seasonal variations in the primary production and only comparing the modeled production of POC to
the observed production, the modeled production in REF agrees remarkably well with the measured rates
at the F9-A13 and B3 stations (Figure 7), even though the observed production should contain the production of both POC and DOC. At the C1 station the modeled productive season seems to be too long compared to observations, although the modeled chlorophyll dynamics in REF at the nearby station, C3, agrees
well with observations regarding the timing, and the spring bloom peak at this station is even underestimated. During summer (from May to September), on the other hand, the pattern is similar as at the other
two stations in the Bothnian Bay and the Northern Quark: if only the production of POC is considered, the
modeled production of organic carbon in REF agrees well with observed production rates.
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In the FIX experiment the total organic carbon production is considerably lower than in REF (Table 2), which can be expected from the
weaker pCO2 drawdown during the productive season (Figure 6). The
primary production in the FIX simulation agrees on the other hand
better with the observed one (Figure 7).
The results presented in this section, and the conﬂicting mismatch
between the pCO2 and primary production, will be further discussed
in section 4.2.
3.6. Stoichiometry
In the REF simulation, the assimilation of carbon and the lesser-limiting
nutrients do not stop when the most limiting nutrient is depleted,
which enables a higher nitrogen and carbon assimilation than in the
FIX experiment. The uncoupling of nutrient assimilation results in seasonal deviations in the phytoplankton N:P stoichiometry (Figure 8),
while the uncoupling of nutrient and carbon assimilation results in variations in the C:nutrient ratios, and the production of extracellular DOC.
At the F9-A13 station, where phosphate is the most limiting nutrient,
the internal N:P and C:P ratios increase during the productive season
as a response to the low phosphate concentration and the continuous
DIN and DIC assimilation, and reach their maximum values of 140 and
530, respectively, in July. The internal C:N ratio at the F9-A13 station
shows almost no seasonality and is always below the optimal C:N
ratio, indicating that DIN exists in excess and that there is a luxury
consumption of this nutrient.

Figure 6. Modeled and observed seasonal cycle of pCO2 in (a) the Bothnian
Bay, (b) the Northern Quark, and (c) the Bothnian Sea. The modeled data are a
climatology for each subbasin for the upper 0–6 m between 1990 and 2010.
The observations come from L€
ofﬂer et al. (2012) and were collected between
1998 and 2010 at 4–6 m of depth. The black dots show the observed means,
and the black lines show the observed maximum and minimums.

At the C3 station the N:P ratio slightly increases during summer, showing that DIP is more limiting than DIN. In contrast to the F9-C3 station,
the N:P ratio stays quite close to the Redﬁeld ratio of 16, which indicates that also DIN is limiting the phytoplankton. The limiting effect of
both DIN and DIP is also mirrored in the C:P and C:N ratios, which both
increase during the summer due to the continuous carbon ﬁxation in
absence of DIP and DIN, to reach values of 470 and 20, respectively.

4. Discussion

4.1. The Importance of Phytoplankton Stoichiometric Plasticity
The results presented above, demonstrate that uncoupling of carbon
and nutrient assimilation, as well as physiological plasticity of nutrient storage, must be taken into account
to adequately simulate nutrient and pCO2 dynamics in the Gulf of Bothnia. While a ﬂexible N:P ratio is more
important for simulating the nutrient dynamics, ﬂexible C:nutrient ratios and production of extracellular
DOC are more important for the carbon ﬁxation and pCO2 dynamics.

Regarding the nutrient dynamics, the model with ﬁxed stoichiometry underestimates the drawdown of
nitrogen in the Bothnian Bay (Figure 5), where the observed winter N:P ratio deviates far from the Redﬁeld
ratio (Figure 4). This gives rise to unrealistically high concentrations of DIN in the basin and too large export
of it from the Bothnian Bay to the Bothnian Sea. Edman and Andersson (2014) demonstrated a similar problem in the Bothnian Bay in
their model with ﬁxed phytoplankton stoichiometry. A behavior like
Table 2
this is to be expected, as the internal N:P ratios in phytoplankton tend
22 21
Total Organic Carbon Production (1990–2010) in g C m y in the REF and
to deviate from the Redﬁeld ratios during nutrient limitation, as
FIX Experiments
pointed out and discussed thoroughly by e.g., Flynn (2003, 2010). In
Basin
BB
NQ
BS
Total
the simulation with variable stoichiometry, the internal N:P ratio of
REF
90
152
236
180
the phytoplankton reaches values as high as 140 at the F9 station in
FIX
16
54
136
87
the Bothnian Bay (Figure 8), enabling higher uptake of DIN than in
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Figure 7. Modeled (for experiments REF and FIX, climatology for 1990–2010), and observed (all available data between
1990 and 2010) depth integrated annual primary production. The column to the left shows monthly values, and the column to the right annual means. For the REF experiment, the modeled primary production has been divided into the production of POC (including algal biomass and nonliving POC), labile and semilabile (extracellular) DOC. For the FIX
experiment, where there is no production of extracellular DOC, the modeled production has been divided into the production of POC and labile DOC.

FIX, which results in better agreement with observations. However, this is in the extreme upper end of phytoplankton N:P ratios that have been observed in experimental studies. Goldman et al. (1979) grew phytoplankton in media with various N:P ratios, and they measured N:P ratio of 115, during P-limitation. It is
possible that a part of the ﬁxed nitrogen is released in the phytoplankton exudates (Pujo-Pay et al., 1997),
which would lower the internal N:P ratios needed to reproduce the nitrogen drawdown. Sensitivity simulations (not shown) have further shown that the use of organic P can lower the simulated phytoplankton N:P
ratios considerably. To our knowledge, there are no measurements of phytoplankton stoichiometry in the
Gulf of Bothnia that could be used to validate the model. Pertola et al. (2002) reported an N:P ratio of 21 in
the POM from three measurements around midsummer 1999 in the Gulf of Bothnia, which is much lower
than the N:P ratios of our modeled phytoplankton. The N:P ratio in POM is, however, also inﬂuenced by
other factors such as preferential remineralization, the stoichiometry of zooplankton, and aggregating
allochthonous DOM.
Not surprisingly, the ﬁxed-stoichiometry approach manages to simulate well the drawdown of nitrogen during the spring bloom in the Bothnian Sea, where the winter N:P ratio is close to the Redﬁeld ratio (Figures 4
and 5). In the variable-stoichiometry approach, the internal N:P ratio of the phytoplankton stays quite close
to the Redﬁeld ratio at the C3 station (Figure 4), indicating that phosphorus and nitrogen both have a limiting effect on the modeled phytoplankton in the Bothnian Sea, and that the variable internal N:P ratio does
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Figure 8. Modeled 20 year mean (1990–2010) of the seasonal evolution of phytoplankton C:N, C:P, and N:P ratios at the
F9-A13 and C3 station, respectively, in the REF experiment. The dashed blue lines indicate the limits in REF, respectively,
and the black line shows the optimal ratio (Redﬁeld).

not play a crucial role for the nutrient dynamics in this subbasin. A problem in the ﬁxed-stoichiometry
approach arises during the summer months, under nutrient limiting conditions, when FIX cannot keep DIN
concentrations at the lower levels (Figure 5) due to an apparent underestimation of the summer
production.
The variable-stoichiometry approach reproduces well the observed drawdown of the pCO2 during the productive season, due to the continuous DIC assimilation also in absence of nutrients. The ﬁxed-stoichiometry
approach, on the other hand, only manages to simulate the pCO2 dynamics during the spring bloom in the
Bothnian Sea and the Northern Quark, i.e., during nutrient replete conditions. During summer, it shows an
unrealistic increase of the pCO2 (Figure 6) as the carbon ﬁxation is not large enough to counteract the
effects of increasing temperatures, remineralization, and air-sea exchange on the pCO2. In the variablestoichiometry approach, the internal C:N and C:P ratios of the phytoplankton reach values several times
higher than the Redﬁeld ratio; up to 22 and 550, respectively (Figure 8), contributing to the higher primary
production and DIC assimilation than in the FIX experiment. Pertola et al. (2002) measured C:N and C:P
ratios in POM in the Gulf of Bothnia reaching up to 14 and 338, respectively, suggesting that the phytoplankton internal ratios could deviate far from the Redﬁeld ratios. It is, however, not only the ﬂexible internal ratio of carbon to nutrients that plays an important role for the pCO2 drawdown in the REF simulation; a
substantial part, 26, 37, and 52% of the ﬁxed carbon, is released as extracellular carbohydrates (semilabile
DOC) in the Bothnian Sea, the Northern Quark, and the Bothnian Bay, respectively. This is comparable to
the observed extracellular release that comprised 48, 45, and 50% of the primary production at stations in
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Table 3
Modeled Air-Sea CO2 Exchange (1990–2010) in g C m22 y21 in Simulations REF
and FIX, and Calculated Air-Sea Exchange in L€
ofﬂer et al. (2012) (Obs.)
Basin

BB

NQ

BS

Total

REF
FIX
Obs.

26.5
211.9
21.4 to 22.5

16.2
3.6

22.7
17.9
5.9–17.05

13.3
7.0

10.1002/2017JC013019

the three different subbasins (Sandberg et al., 2004). Other model
experiments simulating carbon dynamics in mesocosm experiments
and in the North Sea, some of them including the production of extracellular DOC, have likewise pointed out that C:nutrient ratios higher
than the Redﬁeld ratio are needed in order to accurately model the
carbon ﬁxation and the buildup of organic carbon (Ayata et al., 2013;
Flynn, 2003, 2010; Prowe et al., 2009; Schartau et al., 2007).

The lower primary production with the ﬁxed-stoichiometry formulation, compared to the variable-stoichiometry formulation, has a considerable effect on the air-sea CO2 exchange in the Gulf of Bothnia
and its functioning as a sink of atmospheric CO2 (Table 3). The net CO2 uptake for the whole Gulf of Bothnia
is reduced by 47% compared to the variable-stoichiometry approach. The difference in the net uptake of
atmospheric CO2 between the two simulations could increase, if there is any aggregation and sedimentation of the extracellular DOC. Schartau et al. (2007) suggested that up to 63% of the excreted extracellular
DOC can become subject of aggregation into particulate material.
4.2. Missing Link in the Carbon Cycle
The modeled primary production needed to reproduce the pCO2 dynamics exceeds the measured values
by up to 400% at stations F9-A13, B3, and C1 (Figure 7), which at a ﬁrst glance seems contradictory. Could
this discrepancy be due to biases or poorly constrained/missing processes in the model? Biases in alkalinity
could for example affect the simulated pCO2. Unfortunately, there are not enough measurements from the
entire time period to validate its behavior on a longer time scale (supporting information Figures S7 and S16). Further, if the model for
example simulates a too fast recycling of recently ﬁxed carbon in the
surface waters (meaning that a large part of the recently ﬁxed carbon
is returned to its inorganic form), compared to the recycling of
nutrients, it would give the appearance that a larger primary production is needed to simulate the pCO2 drawdown. In the model the
labile DOM have a turnover time of 1 day and is recycled fast in the
surface waters, but the production of it and its C:nutrient ratios are difﬁcult to validate. However, even if not considering the production of
labile DOC, the organic carbon production predicted by the model
exceeds the observed one by up to 300% (Figure 7).

Figure 9. Modeled and observed seasonal cycle of DOC in surface waters
(0–10 m) at the (a) F9-A13, and (b) C3 stations. We have chosen to compare
with DOC comparisons at offshore stations where seasonal variations in
terrestrially derived DOC are negligible. The modeled DOC consists of monthly
means (1990–2010) of the labile and semilabile marine produced DOC (the
terrestrial DOC has been removed). The observed DOC is shown as a box plot,
showing the anomaly from a background concentration (calculated as the
minimum DOC concentration in each year containing observations). The red
lines show the medians, the extent of the boxes show the upper and lower
quartiles, the extent of the whiskers show the range of the data, and the
crosses show the outliers.
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When comparing the modeled DOC in the experiments with the few
existing DOC measurements in the Gulf of Bothnia, it is apparent that
the modeled seasonal evolution of semilabile DOC in the REF experiment lies within the observed ranges of DOC, suggesting that the
modeled production of semilabile DOC through carbon overﬂow is
reasonable (Figure 9). Due to the fast turnover time of labile DOC, it is
mainly the semilabile DOC that contributes to this seasonal DOC accumulation. Because the production of semilabile DOC in the REF simulation is higher than the observed total carbon production in the
Bothnian Bay, and of similar magnitude as the observed production in
the Bothnian Sea (Figure 7), this suggests that the observed primary
production not only is too low to explain the seasonal pCO2 cycle, but
also is too low to explain the observed seasonal evolution of DOC. In
the FIX experiment, where there is no production of semilabile DOC
(due to the absence of carbon overﬂow) and only a production of
labile DOC, the modeled DOC concentrations are much lower the
observed ones (Figure 9).
While comparing modeled pCO2 and DOC with measured pCO2 and
DOC in the surface water is more direct, there are several complicating
factors associated with comparisons between simulated and measured
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rates of primary production. The interpretation of results produced with the 14 C method is not straightforward, and the results depends on e.g. the length of the incubation, if the samples are ﬁltered or not, light
source (Andreasson et al., 2009; Elmgren, 1984; Larsson et al., 2010; Shulenberger & Reid, 1981). An intercalibration study from the Baltic Sea has revealed that measured rates of primary production can differ at least by
a factor of three depending on method, and by a factor of two between different laboratories using the same
method (Andreasson et al., 2009). The data, we use come from the protocol producing the lowest primary production in this intercalibration study, suggesting that they might underestimate the actual primary production. Another possible explanation to the higher production in the model compared to the observations can
be found in Yacobi et al. (2007), who observed that a large production of extracellular DOC resulted in underestimations of the primary productivity measured with the 14 C method. They suggested that the extracellular
DOC forms a coat on phytoplankton cells, slowing down the diffusion of 14 C into the cells. Indeed, it is especially during nutrient limitation when the largest production of extracellular DOC takes place in the model,
that the differences between the observed and modeled organic carbon production is the largest.
Interestingly, the modeled pelagic primary production agrees better with the one measured with the 14 C
method if only considering the production of POC (Figure 7). Vichi and Masina (2009) got similar results in a
study with a BFM setup for the global ocean: when they excluded the modeled production of extracellular
DOC, their modeled primary production agreed better with the measured one. They found a mechanistic
explanation for it as the primary production data they compared to had been ﬁltered, and thus only contained
the production of POC. However, the primary production data we use have not been ﬁltered and should contain the production of both POC and DOC, making the good agreement between the modeled POC production and observed production intriguing. Tedesco et al. (2017) obtained similar results with BFM when
modeling sea-ice primary production in the Bothnian Bay. Their modeled production of POC agreed well with
the total organic carbon production, measured with the same method as the primary production data used in
this study. In the inter-calibration study from the Baltic Sea, where different 14C methods were compared
(Andreasson et al., 2009), it was shown that the method used to measure the TOC production rates, which are
used in this study and in Tedesco et al. (2017), produced similar, or even lower primary production rates, compared to another method measuring POC production rates. No clear explanation for this inconsistency was
given, and it was suggested that more investigations in this matter is needed. Nevertheless, it hints that the
measured rates that we compare to could be closer to POC production rates than TOC production rates.
Our results suggest that there is a substantial part of the organic carbon production, and thus an important
link in the carbon cycling in the pelagic Gulf of Bothnia, that is not captured with the 14 C method, nor with
ﬁx-stoichiometry models. Tuning models to ﬁt primary production measured with the 14 C method, or using
the Redﬁeld ratio to determine carbon assimilation, can therefore lead to large underestimations of the
organic carbon production, and would also lead to misleading results when modeling higher tropics levels
and bacterial production.
4.3. Uncertainty Analysis
Comparing different model parameterizations is not straightforward. There are many parameters that can be
tuned in order to improve/change the results of a simulation. For the REF and the FIX experiments, we kept
the same parameters unless otherwise indicated. We additionally performed some sensitivity experiments
where we varied the parameters speciﬁc for the FIX simulation (half-saturation constants for nutrient limitation
and partitioning into dissolved and particulate organic matter). The partitioning into dissolved and particulate
organic matter had negligible effects on the simulated results. The half-saturation constant for nutrient limitation was regulated to minimize the difference in the assimilation of the most limiting nutrient (DIP) between
the FIX and the REF experiments. Because the uptake of carbon and lesser limiting nutrients is dependent on
the uptake of the most limiting nutrient in ﬁxed-stoichiometry formulations, it is important that the assimilation of P is similar in the FIX and REF experiments to get a reliable comparison of the C-assimilation and the
air-sea CO2 exchange. With the half-saturation constant of P-limitation set to 0.01 mmol P m23 , the DIP assimilation differs by only 2% from the REF experiment, if computing for the whole domain. In the Bothnian Bay,
on the other hand, the DIP assimilation is 11% lower than in REF. The sensitivity experiments did however
show that this has minor effects on the pCO2 dynamics and the air-sea CO2 exchange in this area, which can
be related to the larger remineralization of terrestrial DOC in the North (Fransner et al., 2016). The high C:P
and N:P ratios needed to simulate the pCO2 and nutrient dynamics in the Bothnian Bay, and the C:nutrient
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ratios to simulate the pCO2 in the Bothnian Sea, strongly suggest the need for variable stoichiometry models
in order to adequately simulate the biogeochemical cycles in this region.
Because the detection limit of phosphate is 0.02, we cannot be sure that the phosphate is consumed down
to 0.00 as predicted by the model; the summer phosphate concentrations can lie anywhere between 0.00
and 0.02. If the summer phosphate concentrations only are at 0.02, this would imply that a lower phosphate
consumption take place, which would require even higher internal N:P and C:P ratios in the phytoplankton
to reproduce the observed pCO2 and macronutrient dynamics, and that the underestimation of DIC and
DIN assimilation by ﬁx-stoichiometry models would be even larger. More precise measurement techniques
for phosphate are needed to go further into the stoichiometric dynamics in the Bothnian Bay.
Preferential remineralization and uptake of organic nutrients by phytoplankton are often presented as alternative explanations to consumption of nutrients and carbon in non-Redﬁeldian ratios. By allowing phytoplankton to use organic nutrients in a Baltic Sea model, Edman and Andersson (2014) obtained a slight
improvement in the modeled pCO2 and nutrient seasonal cycles in the Bothnian Bay, but it was not enough
to explain the observed dynamics. Additional experiments with the model setup used in this study have, on
the other hand, shown that organic nutrients can have a substantial effect on the modeled phytoplankton
stoichiometry (not shown). However, the stoichiometry still deviates far from the Redﬁeld ratio. This illustrates
that organic matter dynamics alone is insufﬁcient to resolve the seasonal nutrient cycles. The inﬂuence of
organic nutrients on phytoplankton dynamics and their stoichiometry is subject that needs more research.
4.4. Future Perspectives
In this process study, we have focused on the importance of the decoupling of nutrient and carbon assimilation for seasonal nutrient and pCO2 dynamics in the Northern Baltic Sea. The variable stoichiometry comes as
a result of this decoupling, but we are not attempting to give a precise description of the phytoplankton stoichiometry in the area. There are also other factors that can inﬂuence the cellular C:N:P ratios, such as temperature and light conditions, as well as the growth phase and the growth strategy of phytoplankton, which are
not included in BFM. For example, the intracellular content of P is known to be inﬂuenced by the concentration of P-rich ribosomes with their associated rRNA (Elser et al., 2003; Hillebrand et al., 2013). The optimal N:P
ratio (meaning the optimal for maximum growth), which in our simulations is set to the Redﬁeld ratio for all
four phytoplankton groups, is known to depend on the growth strategy of phytoplankton and to vary
between species. Fast growing phytoplankton tend to have a lower optimal N:P ratio than the canonical N:P
of 16 (Arrigo, 2005), which is addressed in the model of Klausmeier et al. (2004). Temperature has been demonstrated to affect the concentration of ribosomes; at a constant protein synthesis, relatively more ribosomes
are needed at low temperature which is reﬂected in the stoichiometry (Toseland et al., 2013), and results in
changing stoichiometry ratios at different latitudes (Martiny et al., 2013). More micro and mesocosm studies
along with other methods to measure organic carbon production, and model development, are needed to
determine the relative effects of each factor on the phytoplankton, nutrient, and carbon dynamics in the Gulf
of Bothnia. Further, sensitivity experiments on the speciﬁc parameters of the nutrient uptake should also be
considered (in particular, the maximum allowed quota as well as the relaxation terms).

5. Conclusions
The objectives of this study were to present a new coupled physical-biogeochemical model with variable
stoichiometry for the Gulf of Bothnia, to explore how phytoplankton stoichiometric ﬂexibility could explain
seasonal cycles in pCO2 and macronutrients in the area, and how important it is for the organic carbon production and atmospheric CO2 uptake. Our conclusions are:
1. By simulating a phytoplankton stoichiometry deviating far from the Redﬁeld ratio, and the production of
extracellular DOC, the model adequately reproduces seasonal variations in nutrient concentrations and
pCO2 in the Gulf of Bothnia.
2. The primary production needed to reproduce the observed drop in pCO2 exceeds the measured primary
production by up to 400%, suggesting that the organic carbon production in the Gulf of Bothnia may be
higher than previous estimates.
3. Not accounting for the stoichiometric ﬂexibility of phytoplankton results in a large underestimation of
the atmospheric CO2 uptake.
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Appendix A: Model Equations
Here, the model equations relevant for this work are presented. For more details the reader is referred to
Vichi et al. (2015b).
A1. Parameterization of Terrestrial Organic Matter
ð7Þ
The terrestrial organic matter is introduced as a new state variable Rc;n;p . It is subject to a linear decay rate k
with a time scale of 1 year (Fransner et al., 2016). The decayed material ends up in the inorganic carbon,
and the ammonium and phosphate pools:
ð7Þ 
dRc dec
5kRð7Þ
(A1)
c
dt Oð3Þ
ð7Þ 
dRn dec
5kRð7Þ
n
dt Nð4Þ

(A2)

ð7Þ 
dRp dec
5kRð7Þ
p :
dt Nð1Þ

(A3)

A2. Light Parameterization
The inﬂuence of CDOM on the light extinction is modulated through the speciﬁc attenuation coefﬁcient for
CDOM (kCDOM) which is parameterized as a function of salinity:
kCDOM 5MAXð0:1; 0:520:06  SÞ;

(A4)

where S is the modeled salinity.
A3. Carbon Fixation in the REF Experiment
The gross primary production (gpp), i.e., the carbon ﬁxation, is calculated as follows:

dPc gpp T E PP 0
5f f f r Pc ;
dt Oð3Þ P P P P

(A5)

where fPT ; fPE , and fPPP are functions of temperature, light, and the concentrations of nonstorable nutrients
(silica in this conﬁguration), respectively, rP0 is the maximum speciﬁc phytoplankton growth rate, and Pc is
the phytoplankton carbon biomass.
The net primary production, GP, is calculated as the gross primary production minus the carbon loss terms:



 

dPc gpp dPc exu dPc rsp dPc lys
;
(A6)
GP 5max 0;
2
2
2
dt Oð3Þ dt RðiÞ
dt Oð3Þ dt RðiÞ
c
c
where the ﬁrst term on the left-hand side is the gross primary production (gpp), the second term is losses
due to exudation (exu), the third term is losses due to respiration (rsp), and the last term represent losses
due to lysis (lys).
A4. Nutrient Uptake for the REF Experiment
The uptake of phosphorus is calculated as the minimum of the maximum potential uptake of available
phosphorus in the water, and the maximum amount of phosphorus that can be assimilated without exceeding the maximum P:C ratio in the cell:


 

dPp upt
Pp
ð1Þ
max
max
Pc ;
(A7)
5min
a
N
P
;
p
G
1m
p
2
P
c P
P
P
P
dt Nð1Þ
Pc
where aP is the afﬁnity for phosphate and Nð1Þ is the phosphate concentration in the surrounding water, pmax
P
is the maximum internal P : C ratio, GP is the net primary production (equation (A6)), mP is a restoration term
to replenish the missing quota, and Pp =Pc is the current phytoplankton P : C ratio. The ﬁrst expression on the
right-hand side represents the available phosphorus in the water, the second term the amount of phosphorus
that can be bound to replenishment of recently ﬁxed carbon, and the third term on the right-hand side represents the amount of phosphorus that can be used to replenish missing cellular phosphorus, or that has to be
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released due to excess luxury assimilation. This third term is analogous to the Droop (Droop, 1973)
formulation in its dependence of a physiological rate on nutrient quota. In our case it regulates the rate of
replenishment/release of missing/excess cellular nutrients, while in the Droop model it regulates the rate of
growth of phytoplankton.
The formulation of the nitrogen uptake is the same as for phosphorus, except for the presence of two species; nitrate and ammonium, and the maximum potential uptake of inorganic nitrogen is calculated as the
sum of the available ammonium and nitrate:


 

X dPn upt
hnP
Pn
ð4Þ
max
max
 5min
a
Pc ;
(A8)
1N
P
;
n
G
1m
n
2
N
c
P
P
P
P
dt NðjÞ
Pc
hnP 1Nð4Þ
j53;4
where aN is the afﬁnity for inorganic nitrogen and Nð4Þ and Nð3Þ are the ammonium and nitrate concentrations in the surrounding water, respectively. In BFM the state variable for nitrate Nð3Þ is assumed to also
include nitrite. The afﬁnity for nitrate decreases with increasing ammonium concentrations, which is regulated with a saturation function (Vichi et al., 2015b). nmax
and Pn =Pc is the maximum and current internal
P
phytoplankton N : C ratio, respectively.
A5. Nutrient Limitation in the REF Experiment
In BFM, the nutrient status (or nutrient limitation) of phytoplankton is expressed on a quota form:
!

Pp =Pc 2pmin
p
P
fP 5min 1; max 0; opt min
pP 2pP
!

Pn =Pc 2nmin
n
P
;
fP 5min 1; max 0; opt min
nP 2nP

(A9)

(A10)

where fPp ; fPn , and fPn;p are the phosphorus and nitrogen limitation terms, respectively, ranging from close to
min
0 at nutrient limitation and 1 at nutrient replete conditions. Pp =Pc ; popt
are the simulated, optimal,
P , and pP
opt
and minimum phytoplankton C:P quota, and Pn =Pc ; pN , respectively, and pmin
is the simulated, optimal,
N
and minimum phytoplankton C:P quota, respectively. The nutrient status of the phytoplankton affects the
lysis of the phytoplankton cells (fourth term in equation (A6)), the exudation of carbohydrates (which is contained in the second term in equations (A6)), sinking, and the chlorophyll synthesis. Nutrient limitation is in
other words affecting the phytoplankton gross production indirectly by reducing the phytoplankton carbon
biomass (Pc) and therefore the carbon ﬁxation term in equation (A5).
For the postbloom phytoplankton functional groups, another parameterization for carbohydrate exudation
(carbexu) is used, which is formulated as a function of the N:C and P:C ratios of the recently assimilated
material, and also partially on the nutrient status of the cell (Vichi et al., 2004):

dPc carbexu
5GP 2Gbal
(A11)
P ;
dt RðiÞ
C

where
upt



1 X dPn upt
1 dPp 
;
0; min GP ; min
1rest
;
1rest

n
p
dt  ð1Þ
nP j53;4 dt NðjÞ
pmin
P

Gbal
P 5max

(A12)

N

where restn and restp are terms where the internal storage of nutrients are used to bind recently ﬁxed
carbon:
gpp


1 dPc 
min
restn 5max 0; 0:05 min
ðPn =Pc 2nP Þ
(A13)
nP dt Oð3Þ



1 dPc gpp
min
ðP
=P
2p
Þ
:
restp 5max 0; 0:05 min
p
c
P
pP dt Oð3Þ

(A14)

A6. FIX Experiment
To investigate the importance of variable stoichiometry, one simulation was done where the C:N:P ratios in
the phytoplankton were ﬁxed to Redﬁeld (106:16:1). The phytoplankton dynamics is now expressed in one
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single currency, chosen to be nitrogen. The nutrient and carbon assimilation are no longer decoupled. The
uptake of nitrogen is expressed as the following:
dPn T E PP n;p 0
5fP fP fP fP rP Pn ;
dt

(A15)

where fPn;p is a Michaelis-Menten formula (Michaelis & Menten, 1913):
Nð1Þ
jp 1Nð1Þ

(A16)

Nð3Þ 1Nð4Þ
jn 1Nð3Þ 1Nð4Þ

(A17)

fPp 5
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fPn 5

fPn;p 5minðfPp ; fPn Þ

(A18)

ranging from close to one at nutrient replete conditions and zero at nutrient limiting conditions. jp and jn
are half-saturation constants for nitrogen and phosphorus limitation that were set to 0.25 mmolN m23
(Eilola et al., 2009) and 0.01 mmolP m23 , respectively.
The uptake of carbon and phosphorus are directly related to the nitrogen through the Redﬁeld relation
106:16:1.
dPp dPn 1
5

dt
dt 16

(A19)

dPc dPn 106
5

:
dt
dt 16

(A20)

All processes (nutrient stress lysis rate, chlorophyll synthesis, equations (2.2.9), (2.2.10), and (2.2.37d) in Vichi
et al., 2015b) dependent on the internal nutrient status of the phytoplankton in the original BFM code
(equations (A9) and (A10)), have been reformulated to include the external nutrient limitation term (equations (A16) and (A17)). The partitioning of the organic matter, excreted through nutrient stress lysis, into
DOM and POM is in the original BFM code dependent on the intracellular nutrient ratio (equations (2.2.9),
(2.2.10), (2.2.11) in Vichi et al., 2015b). The more nutrient limited the phytoplankton are the more organic
matter goes into the particulate phase. In FIX the partitioning was assumed to be 50–50%. A sensitivity
experiment showed that this had little effect on the model results. The loss terms only affecting carbon in
the original BFM code (respiration and release of extracellular DOC) have been removed, as these are not
compatible with a ﬁxed-stoichiometry formulation.

References
Allen, J. I., & Polimene, L. (2011). Linking physiology to ecology: Towards a new generation of plankton models. Journal of Plankton
Research, 33(7), 989–997. https://doi.org/10.1093/plankt/fbr032
Andersson, A., Hajdu, S., Haecky, P., Kuparinen, J., & Wikner, J. (1996). Succession and growth limitation of phytoplankton in the Gulf of
Bothnia (Baltic Sea). Marine Biology, 126, 791–801. https://doi.org/10.1007/BF00351346
Andreasson, K. I. M., Wikner, J., Abrahamsson, B., Melrose, C., & Nyberg, S. (2009). Primary production measurements–An intercalibration during a cruise in the Kattegat and the Baltic Sea (SMHI Rep. Oceanogr. 100, 20 p.). Norrk€
oping, Sweden: Swedish Meteorological and Hydrological Institute.
Arrigo, K. R. (2005). Marine microorganisms and global nutrient cycles. Nature, 437, 349–355. https://doi.org/10.1038/nature04159
Arrigo, K. R., van Dijken, G., & Pabi, S. (2008). Impact of a shrinking Arctic ice cover on marine primary production. Geophysical Research Letters, 35, L19603. https://doi.org/10.1029/2008GL035028
Ayata, S. D., L
evy, M., Aumont, O., Resplandy, L., Tagliabue, A., Sciandra, A., & Bernard, O. (2014). Phytoplankton plasticity drives large variability in carbon ﬁxation efﬁciency. Geophysical Research Letters, 41, 8994–9000. https://doi.org/10.1002/2014GL062249
Ayata, S. D., L
evy, M., Aumont, O., Sciandra, A., Sainte-Marie, J., Tagliabue, A., & Bernard, O. (2013). Phytoplankton growth formulation in
marine ecosystem models: Should we take into account photo-acclimation and variable stoichiometry in oligotrophic areas? Journal of
Marine Systems, 125, 29–40. https://doi.org/10.1016/j.jmarsys.2012.12.010
Baretta, J. W., Ebenh€
oh, W., & Ruardij, P. (1995). The European regional seas ecosystem model, a complex marine ecosystem model. Netherlands Journal of Sea Research, 33, 233–246. https://doi.org/10.1016/0077-7579(95)90047-0
Baretta-Bekker, J. G., Baretta, J. W., & Ebenh€
oh, W. (1997). Microbial dynamics in the marine ecosystem model ERSEM II with decoupled carbon assimilation and nutrient uptake. Journal of Sea Research, 38(3–4), 195–211. https://doi.org/10.1016/S1385-1101(97)00052-X
Baretta-Bekker, J. G., Baretta, J. W., & Koch Rasmussen, E. (1995). The microbial food web in the European regional seas ecosystem model.
Netherlands Journal of Sea Research, 33(3–4), 363–379. https://doi.org/10.1016/0077-7579(95)90053-5
Bauer, J. E., Cai, W.-J., Raymond, P. A., Bianchi, T. S., Hopkinson, C. S., & Regnier, P. A. G. (2013). The changing carbon cycle of the coastal
ocean. Nature, 504(7478), 61–70. https://doi.org/10.1038/nature12857

NON-REDFIELDIAN DYNAMICS & CO2 DRAWDOWN

185

Journal of Geophysical Research: Oceans

10.1002/2017JC013019

Bertilsson, S., Berglund, O., Karl, D. M., & Chisholm, S. W. (2003). Elemental composition of marine Prochlorococcus and Synechococcus: Implications for the ecological stoichiometry of the sea. Limnology and Oceanography, 48(5), 1721–1731. https://doi.org/10.4319/lo.2003.48.
5.1721
Blackford, J. C., Allen, J. I., & Gilbert, F. J. (2004). Ecosystem dynamics at six contrasting sites: A generic modelling study. Journal of Marine
Systems, 52(1–4), 191–215. https://doi.org/10.1016/j.jmarsys.2004.02.004
Blomqvist, S., Anneli, G., & Elmgren, R. (2004). Why the limiting nutrient differs between temperate coastal seas and freshwater lakes: A
matter of salt. Limnology and Oceanography, 49(6), 2236–2241. https://doi.org/10.4319/lo.2004.49.6.2236
Borges, A. V., Delille, B., & Frankignoulle, M. (2005). Budgeting sinks and sources of CO2 in the coastal ocean: Diversity of ecosystems
counts. Geophysical Research Letters, 32, L14601. https://doi.org/10.1029/2005GL023053
Cai, W.-J. (2011). Estuarine and coastal ocean carbon paradox: CO2 sinks or sites of terrestrial carbon incineration? Annual Review of Marine
Science, 3, 123–145. https://doi.org/10.1146/annurev-marine-120709-142723
Christian, J. R. (2005). Biogeochemical cycling in the oligotrophic ocean: Redﬁeld and non-Redﬁeld models. Limnology and Oceanography,
50(2), 646–657. https://doi.org/10.4319/lo.2005.50.2.0646
Davies, H. C. (1976). A lateral boundary formulation for multi-level prediction models. Quarterly Journal of the Royal Meteorological Society,
102, 405–418. https://doi.org/10.1002/qj.49710243210
Donnelly, C., Andersson, J. C. M., & Arheimer, B. (2016). Using ﬂow signatures and catchment similarities to evaluate a multi-basin model
(E-HYPE) across Europe. Hydrological Sciences Journal, 61(2), 255–273. https://doi.org/10.1080/02626667.2015.1027710
Droop, M. R. (1968). Vitamin B12 and marine ecology. IV: The kinetics of uptake, growth and inhibition in Monochrysis lutheri. Journal of the
Marine Biological Association of the United Kingdom, 48, 689–733. https://doi.org/10.1017/S0025315400019238
Droop, M. R. (1973). Some thoughts on nutrient limitation in algae. Journal of Phycology, 9, 264–272. https://doi.org/10.1111/j.1529-8817.
1973.tb04092.x
Droop, M. R. (1974). The nutrient status of algal cells in continuous culture. Journal of the Marine Biological Association of the United Kingdom, 54(4), 825–855. https://doi.org/10.1017/S002531540005760X
Edman, M. K., & Andersson, L. G. (2014). Effect on pCO2 by phytoplankton uptake of dissolved organic nutrients in the Central and Northern Baltic Sea, a model study. Journal of Marine Systems, 139, 166–182. https://doi.org/10.1016/j.jmarsys.2014.06.004
Eilola, K. (2009). On the dynamics of organic nutrients, nitrogen and phosphorus, in the Baltic Sea (SMHI Rep. Oceanogr. 99). Norrk€
oping, Sweden: Swedish Meteorological and Hydrological Institute.
Eilola, K., Gustafsson, B. G., Kuznetsov, I., Meier, H. E. M., Neumann, T., & Savchuk, O. P. (2011). Evaluation of biogeochemical cycles in an
ensemble of three state-of-the-art numerical models of the Baltic Sea. Journal of Marine Systems, 88(2), 267–284. https://doi.org/10.
1016/j.jmarsys.2011.05.004
Eilola, K., Meier, H. E. M., & Almroth, E. (2009). On the dynamics of oxygen, phosphorus and cyanobacteria in the Baltic Sea: A model study.
Journal of Marine Systems, 75(12), 163–184. https://doi.org/10.1016/j.jmarsys.2008.08.009
Elmgren, R. (1984). Trophic dynamics in the enclosed, brackish Baltic Sea. Rapports et Proces-verbaux des Reunions. Conseil International
pour l’
Exploration de la Mer, 183,152–169.
Elser, J., Acharya, K., Kyle, M., Cotner, J., Makino, W., Markow, T., . . . Schade, J. (2003). Growth rate-stoichiometry couplings in diverse biota.
Ecology Letters, 6, 936–943. https://doi.org/10.1046/j.1461-0248.2003.00518.x
Engedahl, H. (1995). Use of the ﬂow relaxation scheme in a three-dimensional baroclinic ocean model with realistic topography. Tellus
Series A, 47, 365–382. https://doi.org/10.1034/j.1600-0870.1995.t01-2-00006.x
Flather, R. A. (1994). A storm surge prediction model for the Northern Bay of Bengal with application to the cyclone disaster in April 1991.
Journal of Physical Oceanography, 24, 172–190. https://doi.org/10.1175/1520-0485(1994)024<0172:ASSPMF>2.0.CO;2
Flynn, K. J. (2003). Modelling multi-nutrient interactions in phytoplankton; balancing simplicity and realism. Progress in Oceanography,
56(2), 249–279. https://doi.org/10.1016/S0079-6611(03)00006-5
Flynn, K. J. (2010). Ecological modelling in a sea of variable stoichiometry: Dysfunctionality and the legacy of Redﬁeld and Monod. Progress
in Oceanography, 84(1–2), 52–65. https://doi.org/10.1016/j.pocean.2009.09.006
Fransner, F., Nycander, J., M€
orth, C. M., Humborg, C., Meier, H. E. M., Hordoir, R., . . . Deutsch, B. (2016). Tracing terrestrial DOC in the Baltic
Sea: –A 3-D model study. Global Biogeochemical Cycles, 30, 134–148. https://doi.org/10.1002/2014GB005078
Geider, R. J., & La Roche, J. (2002). Redﬁeld revisited: Variability of C:N:P in marine microalgae and its biochemical basis. European Journal
of Phycology, 37(1), 1–17. https://doi.org/10.1017/S0967026201003456
Geider, R. J., MacIntyre, H. L., & Kana, T. M. (1998). A dynamic regulatory model of phytoplanktonic acclimation to light, nutrients, and temperature. Limnology and Oceanography, 43(4), 679–694. https://doi.org/10.4319/lo.1998.43.4.0679
Ghyoot, C., Gypens, N., Flynn, K. J., & Lancelot, C. (2015). Modelling alkaline phosphatase activity in microalgae under orthophosphate limitation: The case of Phaeocystis globosa. Journal of Plankton Research, 37(5), 869–885. https://doi.org/10.1093/plankt/fbv062
Glibert, P. M., Kana, T. M., & Brown, K. (2013). From limitation to excess: The consequences of substrate excess and stoichiometry for phytoplankton physiology, trophodynamics and biogeochemistry, and the implications for modeling. Journal of Marine Systems, 125, 14–28.
https://doi.org/10.1016/j.jmarsys.2012.10.004
Goldman, J. C., McCarthy, J. J., & Peavey, D. G. (1979). Growth rate inﬂuence on the chemical composition of phytoplankton in oceanic
waters. Nature, 279, 210–315. https://doi.org/10.1038/279210a0
Granskog, M., Kaartokallio, H., Kuosa, H., Thomas, D. N., & Vainio, J. (2006). Sea ice in the Baltic Sea: A review. Estuarine, Coastal and Shelf Science, 70(1–2), 145–160. https://doi.org/10.1016/j.ecss.2006.06.001
Gustafsson, E., Deutsch, B., Gustafsson, B. G., Humborg, C., & M€
orth, C.-M. (2014a). Carbon cycling in the Baltic Sea: The fate of allochthonous organic carbon and its impact on air-sea CO2 exchange. Journal of Marine Systems, 129, 289–302. https://doi.org/10.1016/j.jmarsys.
2013.07.005
Gustafsson, E., W€allstedt, T., Humborg, C., M€
orth, C.-M., & Gustafsson, B. G. (2014b). External total alkalinity loads versus internal generation:
The inﬂuence of nonriverine alkalinity sources in the Baltic Sea. Global Biogeochemical Cycles, 28, 1358–1370. https://doi.org/10.1002/
2014GB004888
Hansen, H. P., Koroleff, F. (1999). Determination of nutrients. In K. Grasshoff et al. (Eds.), Methods of seawater analysis (3rd ed., pp. 159–228).
Weinheim, Germany: Wiley-VCH. https://doi.org/10.1002/9783527613984.ch10
Hillebrand, H., Steinert, G., Boersma, M., Malzahn, A., Meunier, C. L., Plum, C., & Ptacnik, R. (2013). Goldman revisited: Faster-growing phytoplankton has lower N: P and lower stoichiometric ﬂexibility. Limnology and Oceanography, 58, 2076–2088. https://doi.org/10.4319/lo.
2013.58.6.2076
Hordoir, R., Axell, L., L€
optien, U., Dietze, H., & Kuznetsov, I. (2015). Inﬂuence of sea level rise on the dynamics of salt inﬂows in the Baltic
Sea. Journal of Geophysical Research: Oceans, 120, 6653–6668. https://doi.org/10.1002/2014JC010642

FRANSNER ET AL.

NON-REDFIELDIAN DYNAMICS & CO2 DRAWDOWN

186

Journal of Geophysical Research: Oceans

10.1002/2017JC013019

Hordoir, R., Dieterich, C., Basu, C., Dietze, H., & Meier, H. E. M. (2013). Freshwater outﬂow of the Baltic Sea and transport in the Norwegian
current: A statistical correlation analysis based on a numerical experiment. Continental Shelf Research, 64, 1–9. https://doi.org/10.1016/j.
csr.2013.05.006
Humborg, C., Danielsson, Å., Sj€
oberg, B., & Green, M. (2003). Nutrient land-sea ﬂuxes in oligothrophic and pristine estuaries of the Gulf of
Bothnia, Baltic Sea. Estuarine, Coastal and Shelf Science, 56(3–4), 781–793. https://doi.org/10.1016/S0272-7714(02)00290-1
Kaltenb€
ock, E., & Herndl, G. J. (1992). Ecology of amorphous aggregations (marine snow) in the Northern Adriatic Sea. IV. Dissolved
nutrients and the autotrophic community associated with marine snow. Marine Ecology-Progress Series, 87, 147–159. https://doi.org/10.
3354/meps087147
Klausmeier, C. A., Litchman, E., Daufresne, T., & Levin, S. A. (2004). Optimal nitrogen-to-phosphorus stoichiometry of phytoplankton. Nature,
429, 171–174. https://doi.org/10.1038/nature02454
Kreus, M., & Schartau, M. (2015a). Variations in the elemental ratio of organic matter in the central Baltic Sea: Part II. Sensitivities of annual
mass ﬂux estimates to model parameter variations. Continental Shelf Research, 100, 46–63. https://doi.org/10.1016/j.csr.2015.02.004
Kreus, M., Schartau, M., Engel, A., Nausch, M., & Voss, M. (2015b). Variations in the elemental ratio of organic matter in the central Baltic Sea:
Part I. Linking primary production to remineralization. Continental Shelf Research, 100, 25–45. https://doi.org/10.1016/j.csr.2014.06.015
Kuznetsov, I., Eilola, K., Dieterich, C., Hordoir, R., Axell, L., H€
oglund, A., & Schimanke, S. (2016). Model study on the variability of ecosystem
parameters in the Skagerrak-Kattegat area, effect of load reduction in the North Sea and possible effect of BSAP on Skagerrak-Kattegat area
(SMHI Rep. Oceanogr., 119). Norrk€
oping, Sweden: Swedish Meteorological and Hydrological Institute.
Kuznetsov, I., & Neumann, T. (2013). Simulation of carbon dynamics in the Baltic Sea with a 3D model. Journal of Marine Systems, 111–112,
167–174. https://doi.org/10.1016/j.jmarsys.2012.10.011
Kuznetsov, I., Neumann, T., & Burchard, H. (2008). Model study on the ecosystem impact of a variable C:N:P ratio for cyanobacteria in the
Baltic Proper. Ecological Modelling, 219(1–2), 107–114. https://doi.org/10.1016/j.ecolmodel.2008.08.002
Larsson, U., Nyberg, S., Andreasson, K., Lindahl, O., & Wikner, J. (2010). V€axtplanktonproduktion–m€atningar med problem. In K. Viklund
et al. (Eds.), Havet: om milj€
otillståndet i svenska havsomrden (pp. 26–29). Stockholm, Sweden: Naturvårdsverket och Havsmilj€
oinstitutet.
Laurelle, G. G., D€
urr, H. H., Slomp, C. P., & Borges, A. V. (2010). Evaluation of sinks and sources of CO2 in the global coastal ocean using
spatially-explicit typology of estuaries and continental shelves. Geophysical Research Letters, 37, L15607. https://doi.org/10.1029/
2010GL043691
Lazzari, P., Solidoro, C., Salon, S., & Bolzon, G. (2016). Spatial variability of phosphate and nitrate in the Mediterranean Sea: A modeling
approach. Deep Sea Research Part I: Oceanographic Research Papers, 108, 39–52. https://doi.org/10.1016/j.dsr.2015.12.006
Leonardos, N., & Geider, R. J. (2004). Responses of elemental and biochemical composition of Chaetoceros muelleri to growth under varying
light and nitrate:phosphate supply ratios and their inﬂuence on critical N:P. Limnology and Oceanography, 49(6), 2105–2114. https://doi.
org/10.4319/lo.2004.49.6.2105
L€
ofﬂer, A., Schneider, B., Perttil€a, M., & Rehder, G. (2012). Air-sea CO2 exchange in the Gulf of Bothnia, Baltic Sea. Continental Shelf Research,
37, 46–56. https://doi.org/10.1016/j.csr.2012.02.002
Maar, M., Møller, E. F., Larsen, J., Skovgaard Madsen, K., Wan, Z., She, J., . . . Neumann, T. (2011). Ecosystem modelling across a salinity gradient from the North Sea to the Baltic Sea. Ecological Modelling, 222, 1696–1711. https://doi.org/10.1016/j.ecolmodel.2011.03.006
Madec, G., and the NEMO team (2016). Nemo ocean engine, version 3.6 stable (No. 27). France: Note du P^
ole de mod
elisation de l’Institut
Pierre-Simon Laplace (IPSL), 27.
Martiny, A. C., Pham, C. T. A., Primeau, F. W., Vrugt, J. A., Moore, J. K., Levin, S. A., & Lomas, M. W. (2013). Strong latitudinal patterns in the
elemental ratios of marine plankton and organic matter. Nature Geosciences, 6, 279–283. https://doi.org/10.1038/ngeo1757
Michaelis, L., & Menten, M. L. (1913). Die Kinetik der Invertinwirkung. Biochemistry Zeitung, 49, 333–369.
Neumann, T., Siegel, H., & Gerth, M. (2015). A new radiation model for Baltic Sea ecosystem modelling. Journal of Marine Systems, 152, 83–
91. https://doi.org/10.1016/j.jmarsys.2015.08.001
Obernosterer, I., & Herndl, G. J. (1995). Phytoplankton extracellular release and bacterial growth: dependence on the inorganic N:P ratio.
Marine Ecology-Progress Series, 116, 247–257.
Omta, M. W., Bruggeman, J., Kooijman, B., & Dijkstra, H. (2009). The organic carbon pump in the Atlantic. Journal of Sea Research, 62, 179–
187. https://doi.org/10.1016/j.seares.2009.06.005
Pahlow, M., & Oschlies, A. (2013). Optimal allocation backs Droops cell-quota model. Marine Ecology-Progress Series, 473, 1–5. https://doi.
org/10.3354/meps10181
Pemberton, P., L€
optien, U., Hordoir, R., H€
oglund, A., Schimanke, S., Axell, L., & Haapala, J. (2017). Sea-ice evaluation of NEMO-Nordic 1.0: A
NEMO–LIM3.6 based ocean-sea ice model setup for the North Sea and Baltic Sea. Geoscientiﬁc Model Development, 10, 3105–3123.
https://doi.org/10.5194/gmd-10-3105-2017
Pertola, S., Koski, M., & Viitasalo, M. (2002). Stoichiometry of mesozooplankton in N- and P-limited areas of the Baltic Sea. Marine Biology,
140, 425–434. https://doi.org/10.1007/s00227-001-0723-3
Polimene, L., Pinardi, N., Zavaterelli, M., & Colella, S. (2006). The Adriatic Sea ecosystem seasonal cycle: Validation of a three-dimensional
numerical model. Journal of Geophysical Research, 111, C03S19. https://doi.org/10.1029/2005JC003260
Prowe, A. E. F., Thomas, H., P€atsch, J., K€
uhn, W., Bozec, Y., Schiettecatte, . . . de Baar, H. J. W. (2009). Mechanisms controlling the air-sea ﬂux
in the North Sea. Continental Shelf Research, 29(15), 1801–1808. https://doi.org/10.1016/j.csr.2009.06.003
Puddu, A., Zoppini, A., Fazi, S., Rosati, M., Amalﬁtano, S., & Magaletti, E. (2003). Bacterial uptake of DOM released from P-limited phytoplankton. FEMS Microbiology Ecology, 46, 257–268. https://doi.org/10.1016/S0168-6496(03)00197-1
Pujo-Pay, M., Conan, P., & Raimbault, P. (1997). Excretion of dissolved organic nitrogen by phytoplankton assessed by wet oxidation and
15
N tracer procedures. Marine Ecology-Progress Series, 153, 99–111.
Raymond, P. A., Hartmann, J., Lauerwald, R., Sobek, S., McDonald, C., Hoover, M., . . . Guth, P. (2013). Global carbon dioxide emissions from
inland waters. Nature, 503(7476), 355–359. https://doi.org/10.1038/nature12760
Redﬁeld, A. C. (1934). On the proportions of organic derivatives in sea water and their relation to the composition of plankton. In R. J. Daniel (Ed.), James Johnstone memorial volume (pp. 176–192). UK: University of Liverpool.
Redﬁeld, A., C. (1958). The biological control of chemical factors in the environment. American Scientist, 46, 205–221.
Regnier, P., Friedlingstein, P., Ciais, P., Mackenzie, F. T., Gruber, N., Janssens, I. A., . . . Thullner, M. (2013). Anthropogenic perturbation of the
carbon ﬂuxes from land to ocean. Nature Geoscience, 6(8), 597–607. https://doi.org/10.1038/ngeo1830
Samuelsson, P., Jones, C. G., Will
en, U., Ullerstig, A., Gollvik, S., Hansson, U., . . . Wyser, K. (2011). The Rossby Centre Regional Climate model
RCA3: Model description and performance. Tellus Series A, 63, 4–23. https://doi.org/10.1111/j.1600-0870.2010.00478.x
Sandberg, J., Andersson, A., Johansson, S., & Wikner, J. (2004). Pelagic food web structure and carbon budget in the northern Baltic Sea:
Potential importance of terrigenous carbon. Marine Ecology-Progress Series, 268, 13–29. https://doi.org/10.3354/meps268013

FRANSNER ET AL.

NON-REDFIELDIAN DYNAMICS & CO2 DRAWDOWN

187

Journal of Geophysical Research: Oceans

10.1002/2017JC013019

Savchuk, O. P., Gustafsson, B. G., & M€
uller-Karulis, B. (2012). BALTSEM - A marine model for decision support within the Baltic Sea region (BNI
Tech. Rep. Ser. 7). Stockholm, Sweden: Baltic Nest Institute.
Schartau, M., Engel, A., Schr€
oter, J., Thoms, S., V€
olker, C., & Wolf-Gladrow, D. (2007). Modelling carbon overconsumption and the formation
of extracellular particulate organic carbon. Biogeosciences, 4, 433–454. https://doi.org/10.5194/bg-4-433-2007
Schneider, B. (2011). The CO2 system of the Baltic Sea: Biogeochemical control and impact of anthropogenic CO2. In G. Schernewski et al.
(Eds.), Global change and Baltic coastal zones (pp. 33–49). Dordrecht, the Netherlands: Springer. https://doi.org/10.1007/978-94-0070400-8_3
Semiletov, I., Makshtas, A., & Akasofu, S.-I. (2004). Atmospheric CO2 balance: The role of Arctic sea ice. Geophysical Research Letters, 31,
L05121. https://doi.org/10.1029/2003GL017996
€ Andersson, L. G., Sergienko, V., Pugach, S., . . . Shakhova, N. (2016). Acidiﬁcation of East Siberian Arctic
Semiletov, I., Pipko, I., Gustafsson, O.,
Shelf waters through addition of freshwater and terrestrial carbon. Nature Geosciences, 9(5), 361–365. https://doi.org/10.1038/nego2695
Shulenberger, E., & Reid, J. L. (1981). The Paciﬁc shallow oxygen maximum, deep chlorophyll maximum, and primary productivity, reconsidered. Deep Sea Research Part A, Oceanographic Research Papers, 28(9), 901–919. https://doi.org/10.1016/0198-0149(81)90009-1
Spilling, K., Schulz, K. G., Paul, A. J., Boxhammer, T., Achterberg, E. P., Hornick, T., . . . Riebesell, K. (2016). Effects of ocean acidiﬁcation on
pelagic carbon ﬂuxes in a mesocosm experiment. Biogeosciences, 13(21), 6081–6093. https://doi.org/10.5194/bg-13-6081-2016
Spilling, K., Yl€
ostalo, P., Simis, S., & Sepp€al€a, J. (2015). Interaction effects of light, temperature and nutrient limitations (N, P and Si) on
growth, stoichiometry and photosynthetic parameters of the cold-water diatom Chaetoceros wighamii. PLoS One, 10(5), e0126308.
https://doi.org/10.1371/journal.pone.0126308

Stepanauskas, R., Jørgensen, N. O. G., Eigaard, O. R., Zvikas,
A., Tranvik, L. J., & Leonardson, L., (2002). Summer inputs of riverine nutrients to
the Baltic Sea: Bioavailability and eutrophication relevance. Ecological Monographs, 72, 579–597. https://doi.org/10.1890/00129615(2002)072[0579:SIORNT]2.0.CO;2
Tagliabue, A., & Arrigo, K. R. (2005). Iron in the Ross Sea: 1. Impact on CO2 ﬂuxes via variation in phytoplankton functional group and nonRedﬁeld stoichiometry. Journal of Geophysical Research, 110, C03009. https://doi.org/10.1029/2004JC002531
Talmy, D., Blackford, J., Hardman-Mountford, N. J., Polimene, L., Follows, M. J., & Geider, R. J. (2014). Flexible C:N ratio enhances metabolism
of large phytoplankton when resource supply is intermittent. Biogeosciences, 11, 4881–4895. https://doi.org/10.5194/bg-11-4881-2014
Tedesco, L., Miettunen, E., An, B. W., Haapala, J., & Kaartolkallio, H. (2017). Long-term mesoscale variability of modelled sea-ice primary production in the northern Baltic Sea. Elementa Science of the Anthropocene, 5(29), 89–104. https://doi.org/10.1525/elementa.223
Tedesco, L., Vichi, M., Haapala, J., & Stipa, T. (2010). A dynamic biologically-active layer for numerical studies of the sea ice ecosystem.
Ocean Modelling, 35(1–2), 89–104. https://doi.org/10.1016/j.ocemod.2010.06.008
Thomas, D. N., Kaartokallio, H., Tedesco, L., Majaneva, M., Piiparinen, J., Eronen-Rasimus, E., . . . Granskog, M. A. (2017). Life associated to Baltic Sea ice. In P. Snoeijs et al. (Eds.), Biological oceanography of the Baltic Sea (1st ed., pp. 333–357). Dordrecht, the Netherlands: Springer.
https://doi.org/10.1007/978-94-007-0668-2_9
Thomas, H., & Schneider, B. (1999). The seasonal cycle of carbon dioxide in Baltic Sea surface waters. Journal of Marine Systems, 22, 53–67.
https://doi.org/10.1016/S0924-7963(99)00030-5
Tison, J. L., Delille, B., & Papadimitriou, S. (2017). Gases in sea ice. In D. N. Thomas (Ed.), Sea ice (3rd ed., pp. 433–471). Chichester, UK: John
Wiley & Sons. https://doi.org/10.1002/9781118778371.ch18
Toseland, A., Daines, S. J., Clark, J. R., Kirkham, A., Strauss, J., Uhlig, C., . . . Mock, T. (2013). The impact of temperature on marine phytoplankton resource allocation and metabolism. Nature Climate Change, 3, 979–984. https://doi.org/10.1038/nclimate1989
Vancoppenolle, M., Fichefet, T., Goosse, H., Bouillon, S., Madec, G., & Maqueda, M. A. M. (2009). Simulating the mass balance and salinity of
Arctic and Antarctic sea ice. 1. Model description and validation. Ocean Modelling, 27, 33–53. https://doi.org/10.1016/j.ocemod.2008.10.
005
Vichi, M., Lovato, T., Gutierrez Mlot, E., & McKiver, W. J. (2015a). Coupling BFM with ocean models: The NEMO model (BFM Rep. Ser. 2, Release
1.0, p. 31). Bologna, Italy: Nucleus for the European Modelling of the Ocean. Retrieved from http://bfm-community.eu
Vichi, M., Lovato, T., Lazzari, P., Cossarini, G., Gutierrez Mlot, E., Mattia, G., . . . Zavaterelli, M. (2015b). The Biogeochemical Flux Model (BFM):
Equation description and user manual (BFM ver. 5.1, BFM Rep. Ser. 1, Release 1.1, p. 104). Bologna, Italy: Nucleus for the European Modelling of the Ocean. Retrieved from http://bfm-community.eu
Vichi, M., & Masina, S. (2009). Skill assessment of the PELAGOS global ocean biogeochemistry model over the period 1980–2000. Biogeosciences, 6, 2333–2353. https://doi.org/10.5194/bg-6-2333-2009
Vichi, M., Masina, S., & Navarra, A. (2007a). A generalized model of pelagic biogeochemistry for the global ocean ecosystem. Part II: Numerical simulations. Journal of Marine Systems, 64(1–4), 110–134. https://doi.org/10.1016/j.jmarsys.2006.03.014
Vichi, M., Oddo, P., Zavaterelli, M., Coluccelli, A., Coppini, G., Celio, M., . . . Pinardi, N. (2003). Calibration and validation of a one-dimensional
complex marine biogeochemical ﬂux model in different areas of the northern Adriatic shelf. Annales de Geophysique, 21, 413–436.
https://doi.org/10.5194/angeo-21-413-2003
Vichi, M., Pinardi, N., & Masina, S. (2007b). A generalized model of pelagic biogeochemistry for the global ocean ecosystem. Part I: Theory.
Journal of Marine Systems, 64(1–4), 89–109. https://doi.org/10.1016/j.jmarsys.2006.03.006
Vichi, M., Ruardij, P., & Baretta, J. W. (2004). Link or sink: A modelling interpretation of the open Baltic biogeochemistry. Biogeosciences, 1,
79–100. https://doi.org/10.5194/bg-1-79-2004
Wan, Z., & Hongsheng, B. (2014). Comparing model scenarios of variable plankton N/P ratio versus the constant one for the application in
the Baltic Sea. Ecological Modelling, 272, 28–39. https://doi.org/10.1016/j.ecolmodel.2013.09.018
Wikner, J., & Andersson, A. (2012). Increased freshwater discharge shifts the trophic balance in the coastal zone of the northern Baltic Sea.
Global Change Biology, 18, 2509–2519. https://doi.org/10.1111/j.1365-2486.2012.02718.x
Yacobi, Y. Z., Perel, N., Barkan, E., & Luz, B. (2007). Unexpected underestimation of primary productivity by 18O and 14C methods in a lake:
Implications for slow diffusion of isotope tracers in and out of cells. Limnology and Oceanography, 52(1), 329–337. https://doi.org/10.
4319/lo.2007.52.1.0329

FRANSNER ET AL.

NON-REDFIELDIAN DYNAMICS & CO2 DRAWDOWN

188

