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Abstract. Even though the effects of benthic fauna on
aquatic biogeochemistry have been long recognized, few
studies have addressed the combined effects of animal bio-
turbation and metabolism on ecosystem�level carbon and nu-
trient dynamics. Here we merge a model of benthic fauna
(BMM) into a physical�biogeochemical ecosystem model
(BALTSEM) to study the long-term and large-scale effects
of benthic fauna on nutrient and carbon cycling in the Baltic
Sea. We include both the direct effects of faunal growth and
metabolism and the indirect effects of its bioturbating ac-
tivities on biogeochemical �uxes of and transformations be-
tween organic and inorganic forms of carbon (C), nitrogen
(N), phosphorus (P) and oxygen (O). Analyses of simula-
tion results from the Baltic Proper and Gulf of Riga indicate
that benthic fauna makes up a small portion of sea�oor ac-
tive organic stocks (on average 1 %�4 % in 2000�2020) but
contributes considerably to benthic�pelagic �uxes of inor-
ganic C (23 %�31 %), N (42 %�51 %) and P (25 %�34 %)
through its metabolism. Results also suggest that the rela-
tive contribution of fauna to the mineralization of sediment
organic matter increases with increasing nutrient loads. Fur-
ther, through enhanced sediment oxygenation, bioturbation
decreases benthic denitri�cation and increases P retention,
the latter having far-reaching consequences throughout the
ecosystem. Reduced benthic�pelagic P �uxes lead to a reduc-
tion in N �xation and primary production, lower organic mat-
ter sedimentation �uxes, and thereby generally lower benthic
stocks and �uxes of C, N and P. This chain of effects through
the ecosystem overrides the local effects of faunal respira-
tion, excretion and bioturbation. Due to large uncertainties
related to the parameterization of benthic processes, we con-
sider this modelling study a �rst step towards disentangling

the complex ecosystem-scale effects of benthic fauna on bio-
geochemical cycling.

1 Introduction

Coastal ecosystems are highly productive, consist of di-
verse biological communities and carry out important func-
tions including those supporting a growing world population
(Costanza et al., 1997, 2014). However, they are facing mul-
tiple anthropogenic pressures such as nutrient loading and
climate change (Cloern et al., 2016; Halpern et al., 2008).
Elucidating the mechanisms of the coupled biogeochemical
cycling of carbon (C), nitrogen (N) and phosphorous (P) in
these systems is important to understand how they respond to
current and future pressures but also because they contribute
to the regulation of global climate and nutrient cycles by
processing anthropogenic emissions from land before they
reach the ocean (Ramesh et al., 2015; Regnier et al., 2013a,
b; Seitzinger, 1988).

In contrast to the deep open ocean, benthic�pelagic cou-
pling plays a large role in biogeochemical cycling in coastal
and estuarine ecosystems (Soetaert and Middelburg, 2009).
Coastal sediments act as hotspots for organic matter degrada-
tion and permanent removal of elements from biological cy-
cling through burial and denitri�cation (Asmala et al., 2017;
Regnier et al., 2013a; Seitzinger, 1988). The bioturbating
activities of benthic fauna alter the physical and chemical
properties of surface sediments, which in turn strongly in-
�uence organic matter degradation processes and benthic�
pelagic biogeochemical �uxes (Aller, 1982; Rhoads, 1974;
Stief, 2013). Here, we de�ne bioturbation as all biological
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processes that affect the sediment matrix, including burrow
ventilation (bio-irrigation) and reworking of particles (Kris-
tensen et al., 2012). Additionally, benthic fauna retains car-
bon and nutrients in its biomass and transforms them be-
tween organic and inorganic forms through metabolic pro-
cesses (Ehrnsten et al., 2020b, and references therein; Her-
man et al., 1999; Josefson and Rasmussen, 2000). Together,
these direct and indirect effects of benthic fauna have far-
reaching consequences for ecosystem functioning in the ben-
thic and pelagic realms (Grif�ths et al., 2017; Lohrer et al.,
2004).

Even though the importance of benthic fauna for sediment
biogeochemistry and benthic�pelagic �uxes has long been
recognized (Rhoads, 1974), the combined effects of animal
bioturbation and metabolism have seldom been studied to-
gether (Ehrnsten et al., 2020b; Middelburg, 2018; Snelgrove
et al., 2018). A long-standing assumption in biogeochemi-
cal sediment research is that animals contribute considerably
to transport of solids and solutes through bioturbation, but
their consumption of organic matter is of minor importance
(Middelburg, 2018). However, several studies show that this
assumption does not hold in many shallow coastal systems,
as recently reviewed by Middelburg (2018) and Ehrnsten et
al. (2020b).

Further, empirical studies of faunal effects often focus on
temporally and spatially limited parts of the system, omit-
ting important interactions and variability occurring in nat-
ural ecosystems (Snelgrove et al., 2014). It is logistically
challenging to study multiple drivers and interactions in
the benthic and pelagic realms, such as the interactions be-
tween benthic and pelagic production, empirically. Mech-
anistic or process-based models are powerful tools to con-
duct such studies (Seidl, 2017). Here, we extend a physical�
biogeochemical model of the Baltic Sea ecosystem (BALT-
SEM; Gustafsson et al., 2014; Savchuk et al., 2012) with
benthic fauna components based on the Benthic Macrofauna
Model (BMM; Ehrnsten et al., 2020a). We include both the
direct feedbacks from animal growth and metabolism and
the indirect effects of their bioturbating activities on biogeo-
chemical cycling to evaluate their relative contributions.

We use the Baltic Sea as a model area for three rea-
sons: (i) the shallow depth (mean depth 57 m) and en-
closed geography with a long water residence time (about
33 years) contribute to strong benthic�pelagic coupling
(Snoeijs-Leijonmalm et al., 2017; Stigebrandt and Gustafs-
son, 2003), (ii) the relatively simple, species-poor benthic
communities facilitate model development, and (iii) the ma-
jor features of biogeochemical cycling of C, N and P in
the Baltic Sea are well known due to a wealth of oceano-
graphic measurements and studies performed over the past
century, making it an ideal system for process-based mod-
elling (Eilola et al., 2011; Gustafsson et al., 2017; Savchuk
and Wulff, 2009, 2001). However, the sediment pools and the
role of sediment processes in benthic�pelagic exchange are
not as well quanti�ed as pelagic pools and �uxes. The higher

uncertainty in benthic compared to pelagic processes and the
traditional focus on pelagic eutrophication are probable rea-
sons why physical�biogeochemical models of the Baltic Sea
have omitted benthic fauna as state variables (e.g. Eilola et
al., 2011; Lessin et al., 2018). Here, we aim to �ll this knowl-
edge gap and explore the role of benthic fauna in biogeo-
chemical cycling of C, N and P on a long-term ecosystem-
level scale.

2 Materials and methods

2.1 Study system

The Baltic Sea is a semi-enclosed coastal sea in northern
Europe with strong latitudinal and depth gradients in salin-
ity, temperature and productivity shaping the distribution of
species and ecosystem functioning (Bonsdorff, 2006; Elm-
gren, 1984; Snoeijs-Leijonmalm et al., 2017). The diversity
of benthic fauna is low due to the low salinity, and large,
deep-burrowing species are only found near the entrance to
the Baltic Sea (Bonsdorff, 2006; Remane, 1934). Thus, the
sediment layer mixed by bioturbating animals is very shal-
low compared to other coastal and shelf seas (Teal et al.,
2008). Nonetheless, several studies have measured signi�-
cant effects of benthic fauna on benthic nutrient processing
in the Baltic Sea (e.g. Berezina et al., 2019; Lehtonen, 1995;
Norkko et al., 2013, 2015).

Due to its large catchment area and limited water ex-
change with the North Sea, the Baltic Sea is heavily in-
�uenced by anthropogenic nutrient emissions (Andersen et
al., 2017; Gustafsson et al., 2012). Although emissions have
been signi�cantly reduced since the peak in the 1980s, recov-
ery from eutrophication is slow with limited reductions in nu-
trient pools and primary productivity seen to date (Gustafs-
son et al., 2012; Savchuk, 2018; Zdun et al., 2021). This
is due to the long water residence time and the build-up of
nutrient stores in soils and marine sediments during several
decades (McCrackin et al., 2018; Savchuk, 2018, and refer-
ences therein).

In this study, we focus on comparing results from the
Baltic Proper and the Gulf of Riga (Fig. 1), two basins with
a similar benthic community composition but differing in
physical and biogeochemical properties such as depth, open-
ness, productivity and bottom oxygen conditions. We expect
these differences to be re�ected in the strength of benthic�
pelagic coupling processes and the role of benthic fauna
therein.

The Baltic Proper is the central, deepest basin of the Baltic
Sea with a maximum depth of 459 m and a mean depth of
ca. 75 m. A permanent halocline at ca. 60�80 m limits the
vertical mixing between the low-salinity surface waters (5�
8 psu) and the deeper waters with a salinity of 9�13 (Snoeijs-
Leijonmalm et al., 2017). A majority of the waters below the
halocline are hypoxic or anoxic because the mineralization of
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Figure 1. The Baltic Sea hypsography and basin divisions in the
BALTSEM model. This study focusses on the Baltic Proper (basin
9) and Gulf of Riga (basin 12), outlined in blue.

organic matter sinking through the water column and in the
sediments consumes oxygen faster than it is replenished by
infrequent salt water intrusions and vertical turbulent mix-
ing. The expanding hypoxia has severely reduced the area
habitable by benthic fauna in the Baltic Sea (Carstensen et
al., 2014a, b). In the reducing environment, P bound to iron-
humic complexes is released from sediments and contributes
to the dissolved inorganic P (DIP) pool in the water col-
umn. The excess DIP promotes the �xation of atmospheric
N by cyanobacteria, in turn promoting primary production
by other phytoplankton, which leads to increased sinking and
mineralization of organic matter, in turn expanding hypoxia.
This feedback loop, termed the �vicious circle� (Vahtera et
al., 2007), is further strengthened by climate change as in-
creasing water temperatures promote cyanobacterial blooms
(Kahru et al., 2020; Kahru and Elmgren, 2014).

The Gulf of Riga is a semi-enclosed coastal bay with mean
and maximum depths of 23 and 51 m, respectively, and a
salinity of 4�7 (Snoeijs-Leijonmalm et al., 2017). In contrast
to the Baltic Proper, the Gulf of Riga is relatively well mixed,
and hypoxia only occurs intermittently under the summer
thermocline (Kotta et al., 2008), accompanied by increased
release of phosphate from the sediments (Eglite et al., 2014).

When occurring more often in the most recent decade, the in-
tensity and extent of both sporadic hypoxia and phosphate re-
lease have somewhat increased (HELCOM, 2018; Stoicescu
et al., 2022). Similarly, the summer cyanobacteria blooms
sporadically occurring in the Gulf of Riga before the 2010s
(Kahru and Elmgren, 2014) have regularly and extensively
covered the gulf since 2015 (Mati Kahru, personal commu-
nication, 2021).

2.2 Model description

The biogeochemical cycling in the BALTSEM model was ex-
tended to include benthic fauna. BALTSEM simulates phys-
ical circulation and biogeochemical transformations of C, N,
P, O and Si in the Baltic Sea in response to climatic condi-
tions and nutrient inputs from rivers, point sources and at-
mospheric deposition. It describes the Baltic Sea as 13 hori-
zontally homogenous boxes with a dynamic depth resolution
of generally less than 1 m in the pelagial (Fig. 1). Sediments
are represented as terraces at 1 m depth intervals with an area
corresponding to the hypsography of each basin. The new
benthic components were constructed from the carbon-based
Benthic Macrofauna Model (BMM) described in Ehrnsten et
al. (2019a, b, 2020a), extended to include nitrogen (N) and
phosphorus (P) components.

Below we give a short description of the benthic dynam-
ics in the new model version, referred to as BALTSEM�
BMM, with a focus on the effects of benthic fauna on bio-
geochemical processes (Fig. 2). A full mathematical descrip-
tion of the benthic biogeochemical processes of the model is
found in Appendix A. For a description of the pelagic bio-
geochemistry and physics, we refer the reader to Gustafsson
et al. (2012, 2014) and Savchuk et al. (2012). Additionally,
all benthic and pelagic state variables are listed in Table A1.

2.2.1 Benthic fauna dynamics

BALTSEM�BMM includes C, N and P contents in biomass
of three functional groups of benthic fauna. The facultative
deposit- and suspension-feeding bivalve Macoma balthica is
a key species dominating the biomass of benthic commu-
nities in large parts of the sea and is therefore represented
by its own state variable. The group �deposit-feeders� rep-
resents the amphipods Monoporeia af�nis and Pontoporeia
femorata, the invasive polychaetes Marenzelleria spp., and
other macrofaunal species dependent on surface sediment or-
ganic matter as their primary food source. The group �preda-
tors� represents species feeding on the two former groups,
such as the isopod Saduria entomon, the polychaete Bylgides
sarsi and the priapulid Halicryptus spinulosus.

The biomass of all groups of fauna are modelled as a dy-
namic mass balance between �uxes formed by food uptake,
assimilation, respiration or excretion, and mortality. The for-
mulations for dynamics of the functional groups and their
food banks were kept as in BMM (Ehrnsten et al., 2019a,
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2020a) as far as possible. The main change is the addition
of N and P components to each state variable. Consumers
generally regulate their inner stoichiometry within tight lim-
its (Sterner and Elser, 2002); therefore the fauna was given
a constant C V N V P ratio. The ratio was approximated based
on measured ratios for the dominating species in the Baltic
Sea (see Appendix A).

Food uptake is modelled as a function of food availabil-
ity in C units. The uptake of N and P components of a food
source is thereafter calculated proportionally to the C V N V P
ratio of the food source. Part of the food is assimilated, with
an assimilation factor depending on the food source. The as-
similation factors for C components were applied to N and P
as well (Table A3). The unassimilated part is released as fae-
ces, adding organic matter to the sediment C, N and P pools
(Fig. 2).

Respiration and excretion of inorganic C, N and P is di-
vided into three parts: (1) a basal maintenance part related to
biomass; (2) a growth and activity part related to food uptake
as a proxy for activity; and (3) excess excretion. As the stoi-
chiometry of assimilated food varies, excretion of excess ele-
ments is calculated dynamically to keep the �xed stoichiom-
etry of the benthos. Formulations are similar to those used for
zooplankton in BALTSEM and for benthos in other ecosys-
tem models (Ebenhöh et al., 1995; Spillman et al., 2008).
Respiration and excretion �uxes add to the bottom water
pools of dissolved inorganic carbon (DIC), nitrogen (NH,
representing total ammonia) and phosphorus (PO, represent-
ing total phosphate). Respiration also consumes bottom wa-
ter oxygen with a respiratory quotient of 1 mol O2 : mol CO2
(Brey, 2001).

2.2.2 Sediment dynamics and bioturbation

As in the standard BALTSEM, sediment bioavailable C, N,
P and Si are represented as vertically integrated concentra-
tions in the biogeochemically active surface layer of unspeci-
�ed thickness. The concentrations are modelled as a dynamic
mass balance between �uxes formed by sedimentation, min-
eralization and burial, extended by interactions with benthic
fauna. Sediment C, N and P pools are further divided into
three banks of different ages to resolve the food limitation
of benthic fauna (Fig. 2), while benthic Si is represented as
a single pool that does not interact with the fauna. Oxygen
is not a state variable in sediments, but several benthic pro-
cesses interact with simulated bottom water oxygen.

Bioturbation by benthic fauna, including sediment rework-
ing and burrow ventilation, generally increases the oxygena-
tion of sediments (Michaud et al., 2005; Volkenborn et al.,
2012), promoting the binding of phosphate to iron oxides (P
sequestration) and stimulating nitrogen oxidation (Ekeroth et
al., 2016; Norkko et al., 2012; Renz and Forster, 2014). Sim-
ilar to Isaev et al. (2017), we use simple formulations for
the effects of faunal activities on the oxygen-dependent pro-
cesses of sediment nitri�cation and denitri�cation and P se-

questration through a bioturbation enhancement factor Ebio.
The formulation for Ebio was taken from Blackford (1997),
using the feeding rate of fauna as a proxy of its bioturbation
activity:

Ebio D Emax

 P3
iD1 .cfBFiUBFiC/

P3
iD1 .cfBFiUBFiC/CKbio

!

; (1)

where Emax is the maximum enhancement, cfBFi is a con-
tribution factor of functional group i, UBFiC is the carbon
uptake rate of group i, and Kbio is a half saturation constant.
As M. balthica is more sedentary than the other groups, a
contribution factor of 0.5 was assigned to it and a factor of 1
to the two other groups (Ebenhöh et al., 1995; Gogina et al.,
2017, and references therein).

Within each of the three sediment banks, C, N and P com-
ponents share the same source and sink processes. Sinking
organic matter is integrated into a bank of fresh organic mat-
ter available as food for deposit-feeders. This bank ages into
a slightly older bank available as food for M. balthica only.
The second bank ages into a third bank considered unavail-
able as food for benthic fauna but available for bacterial min-
eralization.

For each element, mineralization �uxes from the three sed-
iment banks are combined into a total �ux (ZSEDXtot,X DC,
N, P). For C, the total sediment mineralization �ux directly
adds to the pelagic DIC pool. N and P mineralization �uxes
are further divided in the same way as in the standard BALT-
SEM (Gustafsson et al., 2014; Savchuk, 2002) with the addi-
tion of bioturbation effects (Fig. 2b�c, Eqs. 1�9).

Depending on oxygen concentrations in the bottom water
layer and bioturbation intensity, mineralized sediment N is
released to the water column as ammonia (ONH, Eq. 2) or
oxidized N (ONO, NO representing NO2 and NO3, Eq. 3) or
denitri�ed to N2 (WDeni, Eq. 4).

ONH D vNOXYZSEDNtot (2)
ONO D .1� vNOXY/�NZSEDNtot (3)
WDeni D .1� vNOXY/.1� �N/ZSEDNtot (4)

In anoxic or nearly anoxic conditions, the majority of miner-
alized N is released to the water column as NH, de�ned by
the proportion �NOXY (Eq. 5), where OXY is bottom water
total oxygen concentration (that is allowed to become nega-
tive to represent hydrogen sul�de), and avNOXY is a curve pa-
rameter. Otherwise the mineralized N is oxidized (consum-
ing bottom water oxygen; see Appendix A, Eq. A17).

�NOXY D
�

1C
.OXYC jOXYj C a�NOXY/
.jOXYj C a�NOXY/8

��1
(5)

Subsequently, the oxidized portion can be denitri�ed into N2
or released to the pelagic NO pool. Denitri�cation is treated
as a permanent sink for N. The proportion released as NO
(�N) is positively related to oxygen according to Eq. (6),
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Figure 2. Schematic overview of benthic model processes shared by benthic C, N and P components (a) and apportionment of mineralization
�uxes of sediment N (b) and P (c) with bioturbation effects indicated in blue.

where qN;aN;bN and cN are parameters of the sigmoid func-
tion, and Ebio is the bioturbation enhancement factor.

�ND qN

�
1

1C exp.aN� .bNCEbio/.cNCmax.OXY;0///

�
1

1C exp.aN� bNcN/

�
(6)

A fraction �P of mineralized sediment P is sequestered in
the sediment (Eq. 7), while the rest is released as phosphate
(OPO) to the pelagic PO pool (Eq. 8).

KP D �PZSEDPtot (7)
OPO D .1� �P/ZSEDPtot (8)

The fraction sequestered is positively related to oxygen and
bioturbation and negatively related to salinity according to
Eq. (9), where qP, aP, bP and cP are curve parameters. The
fraction has an upper limit of 1 (100% of mineralized P se-
questered) but can take on negative values, representing a
release of previously sequestered P in severely hypoxic or
anoxic conditions. The salinity dependence fSAL in the third
term is used as a proxy for the higher availability of the
phosphate-binding agents (e.g. iron and humic substances)

in the fresher Gulf of Bothnia.

�P D qPtanh.aPOXY/C
bP .1CEbio/max.OXY;0/

cPCmax.OXY;0/
� fSAL (9)

The addition of benthic fauna to BALTSEM required some
recalibration of sediment processes. As the �rst-order rates
of sediment mineralization in the standard BALTSEM rep-
resent all mineralization processes (i.e. implicitly including
mineralization by benthic fauna), these rates were reduced
to account for the explicit consumption and excretion by
fauna. Further, the parameter cN in Eq. (6) was recalibrated
to account for the addition of Ebio to ensure that the benthic
release of NO is zero when oxygen concentration is zero.
Several different model formulations and calibrations were
tested, but in the end the simplest formulation with fewest
recalibrations that produced similar results for the hindcast
simulation was chosen.

2.3 Simulations

The model was run over 1970�2020 forced with observed
nutrient loads and actual weather conditions as described in
Gustafsson et al. (2012, 2017) with forcing time series ex-
tended to 2020. The physical circulation was forced by 3-
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hourly meteorological conditions and monthly time series of
river run-off and state variable concentrations and sea level
at the North Sea boundary. Monthly inputs of N, P, C and
Si from land via rivers and from coastal point sources, as
well as atmospheric deposition of N, P and C, were used
as biogeochemical forcing. Initial conditions in 1970 were
based on observations for pelagic variables and hindcast sim-
ulations for benthic variables as described in Gustafsson et
al. (2012) and Ehrnsten et al. (2020a). Brie�y, the benthic
fauna and their food banks (SED1X and SED2X) were set
to 1000 mg C m�2, 100 mg N m�2 or 10 mg P m�2 through-
out the model domain in 1960 and given 10 years of hind-
cast simulation to spin up, allowing the variables to turn over
several times. Initial conditions for SED3X, with a slower
turnover rate, were based on a hindcast starting in 1850 to
properly account for the build-up of sediment nutrient pools
during past eutrophication (Gustafsson et al., 2012).

Results of this default simulation were validated against
observations of salinity, temperature, oxygen, ammonium,
nitrate and phosphate (Appendix B), as well as biomasses
of benthic fauna (Appendix C).

It is dif�cult to constrain the new parameters and to vali-
date the system-scale dynamics against observations from the
�eld or laboratory, which are usually made on much smaller
temporal and spatial scales. Instead, we made a sensitivity
analysis testing the effects of changing the parameter Emax
in the range 0 to 0.6, where 0 represents no bioturbation and
0.6 is the theoretical maximum value of Ebio, giving 100 % P
sequestration. Emax D 0:3 was used in the default model run.

Additionally, we estimated the contribution of bioturba-
tion to benthic�pelagic nutrient �uxes by calculating the the-
oretical �uxes without bioturbation enhancement (i.e. with
Ebio D 0) for each time step while running the default model
with bioturbation. In contrast to the sensitivity analysis, this
analysis shows the immediate local effects of bioturbation
without accounting for effects mediated through the ecosys-
tem.

Finally, to study the relationship between nutrient loads
and the role of benthic fauna in biogeochemical cycling, we
ran two future scenarios for 2021�2100 with either decreas-
ing loads of N and P according to the Baltic Sea Action Plan
(BSAP scenario, total loads to the Baltic Sea of 739 kt N yr�1

and 21 kt P yr�1) or increasing loads corresponding to the
highest recorded historical loads based on mean N and P
loads of 1980�1990 (HIGH load scenario, 1235 kt N yr�1

and 69 kt P yr�1). For comparison, the average nutrient loads
in 2000�2020 were 936 kt N yr�1 and 36 kt P yr�1. The sce-
narios were combined with a statistical climate forcing rep-
resenting no change in climate. Details of the scenarios can
be found in Ehrnsten et al. (2020).

As the purpose of this study was to evaluate large-scale dy-
namics, results were aggregated as means and standard devi-
ations of the last two decades (2000�2020 or 2080�2100) to
capture differences in long-term averages while accounting
for inter-annual variations.

3 Results

3.1 Validation

The BALTSEM�BMM behaves very similarly to the stan-
dard BALTSEM model, which has been extensively vali-
dated (Gustafsson et al., 2012, 2014; Savchuk et al., 2012)
and shown to perform favourably in relation to similar Baltic
Sea models (Eilola et al., 2011; Meier et al., 2018). A com-
parison of the main pelagic state variables (salinity, temper-
ature and concentrations of oxygen, NH, NO and PO) to ob-
servations over time (1970�2015) and depth shows an overall
relative bias of 1.40, while the relative bias of the standard
BALTSEM is 1.41. The relative bias index compares model�
data difference with variability in the data, giving an estimate
of how well the model captures variability in nature on sea-
sonal, annual and decadal scales (Savchuk et al., 2012). A
detailed description and results of this analysis are found in
Appendix B.

Ehrnsten et al. (2020) did a comprehensive validation of
simulated biomasses of benthic fauna against observations
over depth intervals in the largest basins of the Baltic Sea.
We re-ran this analysis with the results of the coupled model
and extended it to include the entire Baltic Sea. The extended
analysis, based on 7774 observations, con�rms previous re-
sults that the model captures the main observed patterns of
biomass over latitude and depth with reasonable accuracy
(Fig. 3, Appendix C), de�ned as cost function values <2
(Eilola et al., 2011). Simulated mean biomasses of the in-
dividual functional groups and the groups combined were
mostly within 1 standard deviation of observed means from
the Bornholm Basin (basin 8) in the south to Bothnian Bay
(basin 11) in the north, although it should be noted that the
spread of observed data is large. In the high-salinity Katte-
gat and Danish straits near the entrance to the Baltic Sea,
the model is not applicable as the benthic biomass is domi-
nated by groups not included in the present model, such as
suspension-feeding bivalves and large echinoderms. Further
details on this analysis are presented in Appendix C.

In addition, we compared the simulated biomasses of ben-
thic fauna in the Gulf of Riga to estimates from the literature
(Table 1). The simulated biomass of benthic fauna in the gulf
varied substantially over depth and time (29�284 g wwt m�2;
wwt signi�es wet weight), which is supported by �eld ob-
servations. The simulated mean biomass is within the large
range of estimates from the literature.

Carman and Cederwall (2001) have estimated the amounts
of C, N and P in Baltic Sea sediments based on core sam-
ples. It is not straightforward to compare the total amounts to
simulations as the thickness of the simulated sediment is not
de�ned. However, the estimated C V N V P ratios can be more
readily compared. In the Baltic Proper, the molar C V N V P
ratio (calculated from their Table 11.4) was estimated to be
116 V 12 V 1 in the top centimetre of sediments and 137 V 14 V 1
in the top 5 cm, while the simulated ratio was 108 V 15 V 1. In
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Table 1. Comparison of simulated benthic fauna biomass in the Gulf of Riga and estimates based on �eld sampling (g wwt m�2). In the
table, dwt signi�es dry weight, and wwt signi�es wet weight.

Mean Range Source Comment
(g wwt m�2) (g wwt m�2)

154 29 to 284 Model 1970�2020
64 < 2 to > 300 Gogina et al. (2016)
46 38 to 200 Järvekülg (1983) Unit uncertain (given as g m�2)
350 160 to 370 Kotta et al. (2008) Assuming 10 % dwt wwt�1

38 1 to 188 Witek (1995) SW part only
78 13 to 371 Cederwall et al. (1999), Gaumiga and Lagzdins (1995) 1974�1979
208 49 to 340 Gaumiga and Lagzdins (1995) 1984�1985
196 < 50 to 1311 Cederwall et al. (1999) 1985�1989
113 < 50 to 800 Cederwall et al. (1999) 1993�1996

Figure 3. Comparison of simulated total biomasses of benthic fauna
to observations at four depth intervals in six basins from south to
north. Observations are shown as both the sum of the three func-
tional groups � M. balthica, surface deposit-feeders and predators
(�DataMCDCP �) � and total observed fauna. All data are shown
as means� standard deviations of 1990�2012, except for Arkona
Basin 0�30 m where observational data from 1965 to 1979 were
used as no other data were available. Numbers after basin names
refer to basin numbers in Fig. 1. Numbers of samples and further
comparisons are presented in Appendix C.

the Gulf of Riga, the estimated C V N V P ratio was 73 V 7 V 1 in
the top 1 cm and 83 V 8 V 1 in the top 5 cm, while the simulated
ratio was 75 V 10 V 1.

3.2 Budgets of benthic C, N and P

Long-term (2000�2020) average benthic budgets of C, N and
P are shown in Fig. 4 for the Baltic Proper and Gulf of Riga.
The results for the Baltic Proper are restricted to the depth
interval 0�90 m as benthic fauna is practically absent in the
oxygen-poor waters below this depth (Fig. 5a). Figure 5 also
shows the long-term average depth distribution of the biotur-
bation factor Ebio in the two basins.

According to the default simulation, the benthic fauna
made up a minor part of the benthic organic C, N and P stocks
(1 %�4 %) but had a proportionally larger share in benthic�
pelagic �uxes of DIC (23 % and 31 % in the Baltic Proper and
Gulf of Riga, respectively, Fig. 4a�b), DIN (43 % and 51 %,
Fig. 4c�d) and DIP (25 % and 34 %, Fig. 4e�f). The budgets
also show that input of organic matter to the sediments was
higher in the Gulf of Riga compared to the Baltic Proper, re-
sulting in overall higher benthic stocks and benthic�pelagic
�uxes (Figs. 4 and 5).

3.3 Bioturbation effects on C, N and P dynamics

When accounting only for the immediate local effects of
bioturbation, it increased NO out�ux by 0.41 g N m�2 yr�1

(C40 %) and decreased sediment denitri�cation by the same
amount (�14 %) in the Baltic Proper (simulated average
of 2000�2020, Fig. 6a). Similarly, P sequestration was in-
creased and PO out�ux decreased by 0.09 g P m�2 yr�1

(C31 % and �15 %), respectively. In the Gulf of Riga, both
the absolute �ux rates and the relative effects of bioturbation
on them were larger than in the Baltic Proper (Fig. 6b).

When also accounting for the effects of bioturbation
throughout the ecosystem in the sensitivity analysis, changes
were more complex (Figs. 7�8). For example, comparing
the default run (Emax D 0:3) to the run with no bioturbation
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Figure 4. Average (2000�2020) benthic �uxes (g m�2 yr�1) and
stocks (g m�2) of C (a, b), N (c, d) and P (e, f) in the Baltic
Proper (0�90 m, left column) and Gulf of Riga (right column). Ar-
row widths are proportional to �uxes for each element. Seq. signi-
�es P sequestration.

Figure 5. Depth distribution of benthic fauna biomass and the bio-
turbation coef�cient Ebio in the upper 100 m of the Baltic Proper
and Gulf of Riga. Averages (lines) and standard deviations (shaded
areas) of biweekly values (2000�2020) in the default model run
(Emax D 0:3).

(Emax D 0) in the Baltic Proper, denitri�cation was reduced
by 0.44 g N m�2 yr�1 (�15 %), but NO out�ux increased by
only 0.38 g N m�2 yr�1 (C36 %, Fig. 7c), while P sequestra-
tion increased by 0.14 g P m�2 yr�1 (C55 %), and PO out�ux
decreased by 0.03 g P m�2 yr�1 (�5 %, Fig. 7e).

In general, increasing bioturbation led to a decrease in
most benthic stocks (Fig. 9) and �uxes (Fig. 7). This can be
explained by the following chain of effects. Increased P se-
questration in the sediments (Fig. 7e�f) led to less pelagic
DIP available for phytoplankton, especially cyanobacteria,
growth and thereby lower N �xation and primary produc-
tion (Fig. 8a�b) which in turn led to lower organic matter
sedimentation rates (Fig. 7a�f), lower sediment stocks of or-
ganic matter (Fig. 9b�c), and consequently lower rates of
most sediment biogeochemical transformations and �uxes
(Fig. 7). Decreasing organic matter sedimentation also led
to decreased biomass of benthic fauna (primarily due to a
reduction in M. balthica biomass, Fig. 9a) and excretion of
DIN and DIP (Fig. 7e�f). An exception is the sediment P
stock (Fig. 9c), which increased with bioturbation despite de-
creased sedimentation of organic P (Fig. 7e�f). This was due
to the increased sequestration adding to the third sediment P
bank. While microbial mineralization of this bank increased
as a response to increased stock size, the net effect of in-
creased bioturbation on sediment DIP out�ux was negative
due to the simultaneous increase in sequestration and reduc-
tion in excretion by benthic fauna (Fig. 7e�f).

Bioturbation also improved oxygen conditions (Fig. 8c�
d). In the Baltic Proper the effect on hypoxic areas was
marginal, but the extent of anoxic areas was reduced by
ca. 8000 km2 (�16 %) in the default run and 37 000 km2

(�71 %) in the high bioturbation run compared to the no bio-
turbation run. In the Gulf of Riga, the intermittent hypoxic
areas had a similar frequency and extent in the no bioturba-
tion and default runs but almost disappeared in the high bio-
turbation run, occurring only once in the 20-year period. Ni-
trogen �xation also disappeared completely in the high bio-
turbation run in the Gulf of Riga, while it was reduced by
0.78 g N m�2 yr�1 (�81 %) in the default run compared to
the no bioturbation run (Fig. 8b). In the Baltic Proper, N �x-
ation was reduced by 0.48 g N m�2 yr�1 (�19 %) in the de-
fault and 1.22 g N m�2 yr�1 (�50 %) in the high bioturbation
run.

3.4 Nutrient load scenarios

All results below are calculated from means of 2080�2100
for the BSAP and HIGH nutrient load scenarios and 2000�
2020 for the default model run in the Baltic Proper (0�90 m
depth) and Gulf of Riga.

With increasing nutrient loads, primary production and in-
put of particulate organic matter (POM) to the sediments in-
creased (Fig. 10a�e), resulting in an increase in most benthic
stocks and �uxes. The biomass of benthic fauna responded
more strongly to changing nutrient loads than the bioturba-
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Figure 6. Immediate local effects of bioturbation on benthic �uxes. Benthic �uxes directly affected by bioturbation in the default run with
bioturbation and when calculated for each time step without bioturbation. Averages for 2000�2020� standard deviations in the Baltic Proper
(0�90 m depth, a) and Gulf of Riga (b). Note that �out�ux� refers to the �ux from sediments to the water column without animal excretion.

Figure 7. Sensitivity analysis of effects of three levels of bioturbation on benthic �uxes of carbon (a, b), nitrogen (c, d) and phosphorus (e,
f). Averages for 2000�2020� standard deviations in the Baltic Proper (0�90 m depth, left column) and Gulf of Riga (right column). Note
that animal excretion is shown separately and not included in �mineralization� or �out�ux�.
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Figure 8. Sensitivity analysis of effects of three levels of bioturbation on total primary production (a), N �xation by cyanobacteria (b),
hypoxic area (c) and anoxic area (d). The hypoxic and anoxic areas are de�ned as the annual maximum extent of areas with oxygen
concentration <2 and 0 mg O2 L�1, respectively. Averages for 2000�2020� standard deviations in the Baltic Proper and Gulf of Riga.

Figure 9. Sensitivity analysis of effects of three levels of bioturbation on stocks of benthic fauna and sediment C, N and P. Averages for
2000�2020� standard deviations in the Baltic Proper (0�90 m depth) and Gulf of Riga.

tion enhancement coef�cient linked to the feeding activities
of fauna (Fig. 10f�g).

With changing loads, the relative roles of faunal and
microbial processes in the sediment changed (Fig. 11).
With increasing loads, an increasing proportion of benthic�
pelagic �uxes of inorganic nutrients originated from faunal

metabolism. Expressed as percent of POM input to the sed-
iments, the respiration and excretion of fauna were 12 %�
13 % in the BSAP scenario and 26 %�27% in the HIGH sce-
nario in the Baltic Proper (Fig. 11a, c, e). In the Gulf of Riga,
respiration and excretion were 23 %�24 % of POM input in
the BSAP scenario and 35 %�37 % in the HIGH scenario
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Figure 10. Primary production (a), nitrogen �xation (b), input of particulate organic carbon (POC) (c), particulate organic nitrogen (PON) (d)
and particulate organic phosphorus (POP) (e) to the sediment, stocks of benthic fauna (f), bioturbation enhancement coef�cient (g), and
hypoxic area (h) in the default model run (2000�2020) and in two nutrient load scenarios (2080�2100) in the Baltic Proper (0�90 m depth)
and Gulf of Riga. The hypoxic area is de�ned as the annual maximum extent of areas with oxygen concentration<2 mg O2 L�1 and is given
for the whole basins.

(Fig. 11b, d, e). Correspondingly, the proportions of POM in-
put released as dissolved inorganic substances resulting from
microbial processes in the sediment (DIC, NO and PO out-
�ux in Fig. 11) were higher in the BSAP than in the HIGH
scenario. An exception is the NH out�ux in the Baltic Proper
(Fig. 11c) that increased with increasing loads due to an ex-
pansion of anoxic bottoms.

The relative proportion of particulate organic phosphorus
(POP) input sequestered shows a complex pattern in the Gulf
of Riga (Fig. 11f): the proportion of POP input sequestered

was lower in the BSAP scenario compared to the default
model run due to less fauna and thereby less bioturbation.
However, the proportion was also lower in the HIGH load
scenario as the increased occurrence of hypoxia (Fig. 10h)
counteracted the effects of increased bioturbation. In the
Baltic Proper, relative P sequestration shows a decreasing
pattern with increasing loads (Fig. 11e) driven by increasing
occurrence of hypoxia (Fig. 10f).

Even though the total amount of POM input to the sed-
iment increased with increasing nutrient loads, it consti-
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Figure 11. Apportionment of benthic �uxes of carbon (a, b), nitrogen (c, d) and phosphorus (e, f) in the default model run (2000�2020) and
in two nutrient load scenarios (2080�2100) in the Baltic Proper (0�90 m depth, a, c, e) and Gulf of Riga (b, d, f). Fluxes are shown as percent
of POM input to the sediment. Note that animal excretion is shown separately and not included in �mineralization� or �out�ux�.

tuted a decreasing proportion of primary production. In the
BSAP scenario, almost half of the annual primary produc-
tion reached the sea�oor (48 % and 47 % in the Gulf of Riga
and Baltic Proper, respectively) compared to 21 % and 27 %
in the HIGH load scenario (Fig. 10a, c). Thus, the propor-
tion of primary production mineralized by fauna varied only
slightly with nutrient load scenario because of the opposite
responses of sinking organic matter and fauna: 4.7 % (BSAP)
to 4.1 % (HIGH) in the Baltic Proper and 10.7 % (BSAP) to
9.6 % (HIGH) in the Gulf of Riga.

4 Discussion

We have created a new tool to simulate the long-term and
large-scale effects of benthic fauna on biogeochemical cy-
cling in the Baltic Sea by fully merging two existing process-
based models. First simulations with the new model indicate
that the benthic fauna makes up a small part of benthic or-
ganic stocks but contributes substantially to organic matter

mineralization and benthic�pelagic �uxes of inorganic C, N
and P through its metabolism. Further, the stimulation of P
binding in sediments by bioturbation signi�cantly reduced N
�xation and primary production in the simulations, indicat-
ing that benthic fauna can alleviate the �vicious circle� of
eutrophication.

4.1 Model performance

In general, the BALTSEM-BMM model reproduces the ob-
served Baltic-Sea-scale patterns of decreasing biomass of
benthic fauna with latitude and depth reasonably well, as also
shown for a previous one-way coupled model version (Ehrn-
sten et al., 2020a). Compared to observations, the model
seems to underestimate the biomass of benthic fauna in the
Bothnian Sea and overestimate it in the Gulf of Finland
(Figs. 3, C2). The former may be due to an underestimation
of primary productivity in the Bothnian Sea by BALTSEM,
while the omission of possible negative effects of low salin-
ity on M. balthica in the Gulf of Finland may explain the
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latter (see Appendix C). Additionally, the model would need
an addition of several groups of �megabenthos� (e.g. large
echinoderms and suspension-feeding bivalves) to be appli-
cable to the marine areas at the entrance to the Baltic Sea
(Fig. C1).

The simulated mean biomass of benthic fauna in the Gulf
of Riga was considerably higher than estimated by Gogina
et al. (2016) (Table 1, Fig. 3). Possible reasons for overesti-
mation may be that the model does not take into account the
limitations by mobile substrates and low salinity, especially
in the southern part of the basin (Carman et al., 1996; Kotta
et al., 2008). In this region, a reduction in benthic biomass
(e.g. of Monoporeia af�nis and M. balthica) occurred in the
1990s for reasons not well understood (Kortsch et al., 2021).
On the other hand, our biomass estimate is less than half of
that by Kotta et al. (2008), assuming reported dry weight is
10 % of wet weight, and well within the range reported by
Gaumiga and Lagzdins (1995) and Cederwall et al. (1999).

The modelled patterns in total benthic biomass are
strongly driven by changes in M. balthica biomass in re-
sponse to changes in food availability, leading to extinction
of the group in deep waters and in the oligotrophic Bothnian
Bay. These patterns are strongly supported by observations
(Fig. C2).

The BALTSEM model was neither improved nor wors-
ened by the addition of benthic fauna, according to the per-
formance analyses comparing pelagic nutrient and oxygen
concentrations to observations (Appendix B). This shows
that increasing model complexity does not necessarily in-
crease accuracy, especially when the functions and/or vari-
ables added are not well known (Ehrnsten et al., 2020b;
Levins, 1966). In general, though, the previous assessments
of model performance showing that the model is able to re-
produce seasonal and decadal variations in biogeochemical
variables and performs well in comparison to other Baltic
Sea models remain valid (Eilola et al., 2011; Gustafsson et
al., 2012, 2014; Meier et al., 2018; Savchuk et al., 2012).

4.2 Biogeochemical effects of benthic fauna

Similar to estimates made with previous uncoupled versions
of the model (Ehrnsten et al., 2019a, 2020a), the results of
this study suggest that respiration by fauna constitutes a sig-
ni�cant part of organic matter mineralization in sediments
(Fig. 4). The fauna mineralized about 8�17 g C m�2 yr�1 or
22 %�31 % of particulate organic carbon (POC) input to the
sediments in 2000�2020. This agrees well with previous es-
timates from the Baltic Sea of 22 %�40 % (Ankar, 1977;
Elmgren, 1984; Kuparinen et al., 1984). Similarly, Rodil et
al. (2019) estimated that macrofauna contributed 18 %�26 %
of total benthic respiration in soft and 11 %�45 % in hard bot-
tom sites in the Gulf of Finland. Herman et al. (1999) esti-
mated that respiration by macrofauna mineralizes 5 %�25 %
of annual primary production in shallow estuaries. In these
deeper coastal areas, we estimate that the fauna mineralized

3 %�9 % of annual primary production in the Baltic Proper
and 8 %�15 % in the Gulf of Riga in 1970�2020, with con-
siderable inter-annual variations.

The sensitivity analysis showed a large effect of bioturba-
tion on primary production levels mainly due to increased P
retention (Figs. 7�9). When bioturbation increased P seques-
tration (Fig. 7e), this led to a weakening of the �vicious cir-
cle� in the Baltic Proper where less DIP in the water column
led to less N �xation and organic matter production (Fig. 8a,
b), which in turn led to less organic matter input to sediments,
less heterotrophic oxygen consumption, and less hypoxia and
anoxia (Fig. 8c, d) and thereby further increased P sequestra-
tion in the oxygenated sediments. Also in the Gulf of Riga,
where hypoxia was rare (Fig. 8c, d), the bioturbation-induced
reduction in pelagic DIP had large effects on primary pro-
duction and especially N �xation (Fig. 8a, b). In the two runs
with bioturbation there was no or very little pelagic DIP sur-
plus available for the N-�xing phytoplankton group in con-
trast to the run without bioturbation, in which N �xation
added on average 0.97 g N m�2 yr�1 or ca. 17 000 t N yr�1 to
the basin (Fig. 8b). It should be noted that these bioturbation
effects are only valid where conditions are favourable for P
binding to metal oxides, which occurs primarily in freshwa-
ter and brackish sediments with a high iron and low sul�de
content (Van Helmond et al., 2020; Jordan et al., 2008).

The signi�cant effect of bioturbation on P retention found
here is in line with the results of studies on the effects of the
invasive polychaete Marenzelleria spp. in the Gulf of Fin-
land and Stockholm archipelago in the northern Baltic Proper
(Isaev et al., 2017; Norkko et al., 2012). However, both of
these studies focused on areas with very high abundances
of Marenzelleria spp., and there are some indications that
lower abundances may yield an opposite effect, i.e. increase
P out�ux from the sediment (Norkko et al., 2012; Nyström
Sandman et al., 2018). While these studies concentrated on
a single taxon in a limited area, we included a dynamic rep-
resentation of the whole benthic fauna community over the
whole Baltic Sea. Further, these studies only included the ef-
fects of bioturbation but excluded metabolic �uxes. Here, we
estimated that even though the excretion of DIP by benthic
fauna constituted a signi�cant proportion of benthic�pelagic
�uxes, about one-quarter to one-third (Fig. 4e, f), it did not
reverse the effect of bioturbation on P retention. These re-
sults are supported by Berezina et al. (2019), who found a
positive correlation between macrofaunal biomass and P ex-
cretion but a negative correlation between biomass and total
sediment to water DIP �ux in sediment cores with natural
macrofauna communities in the eastern Gulf of Finland.

The effects of bioturbation on sediment N dynamics were
less important for eutrophication processes than the effects
on P dynamics in this study. We assumed a very simple
process formulation, in which bioturbation increases oxygen
penetration depth in the sediments leading to a larger propor-
tion of organic N mineralization in oxic environments, thus
promoting out�ux of nitrates over benthic denitri�cation. In
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reality, denitri�cation is a complex process depending on,
for example, the 3D structure of redoxclines in the sediment.
If the biogenic structures of tube-dwelling bio-irrigators in-
crease the area of the oxic�anoxic interface in the sediment,
this can lead to the opposite effect in which a larger propor-
tion of nitrate is denitri�ed at the enlarged redoxcline (Aller,
1988; Gilbert et al., 2003). However, we believe this to be a
special case unlikely to dominate in the Baltic Sea. Henrik-
sen et al. (1983) measured an increased proportion of nitrate
denitri�ed in sediments with large burrows of animals with
low irrigation activity (e.g. Arenicola marina) but a decrease
in sediments with species common in the Baltic Sea (e.g. M.
balthica and Mya arenaria).

To better capture alterations in redoxclines, a depth-
resolved sediment model with oxygen as a state variable
would be needed. We also recognize that many other possible
effects of bioturbation, e.g. on burial (Josefson et al., 2002)
and resuspension (Cozzoli et al., 2021), were not included.
However, there is always a trade-off between model com-
plexity and generality, with few models to date combining
a depth-resolved sediment module with a full pelagic model
(Ehrnsten et al., 2020b; Lessin et al., 2018). One of the main
advantages of the BALTSEM model is that its simplicity and
fast running time promote the development of additional fea-
tures and experimentation with a large number of simulations
(e.g. Gustafsson et al., 2015; Soerensen et al., 2016; Unde-
man et al., 2015).

Experimental studies from the Baltic Sea report a range
of positive, negative or negligible effects of benthic fauna on
benthic�pelagic DIN �uxes and denitri�cation rates, showing
that these processes are highly context-dependent (Grif�ths
et al., 2017, and references therein). Studies with M. balthica,
the dominating group in our simulations, likewise report in-
creasing, decreasing and inverted nitrate �uxes compared to
bare sediments (Stief, 2013, and references therein). On the
other hand, ammonium out�uxes were consistently increased
by macrofauna in 31 studies reviewed by Stief (2013), sup-
porting our simulation results that animal metabolism plays
a signi�cant role in benthic�pelagic DIN �uxes, with ammo-
nium excretion constituting about half of the total DIN �uxes
in 2000�2020.

4.3 Benthic�pelagic coupling in a changing
environment

The Gulf of Riga had higher simulated benthic stocks and
�uxes than the Baltic Proper. This can partly be attributed
to the slightly higher primary production (171� 19 vs.
159� 25 g C m�2 yr�1 in 2000�2020, Fig. 8a) but proba-
bly more importantly to the shallower mean depth causing
a larger proportion of pelagic production to sink to the sed-
iments before it is mineralized in the water column. In the
Gulf of Riga, on average one-third (32 %) of primary pro-
duction reached the bottom as POC during 2000�2020, com-
pared to one-�fth (21 %) in the Baltic Proper.

Besides depth, the amount of organic matter export also
depends on, for example, the type of plankton and temper-
ature (Tamelander et al., 2017). Despite large inter-annual
variations, there was a clear decreasing trend in the pro-
portion of primary production exported to the sea�oor of
about 5 percentage points per decade in the Baltic Proper
during 1970�2020 (R2 D 0:68, F D 103, p<0:0001). This
coincides with an increase in water temperature and shift in
phytoplankton composition towards an increased proportion
of cyanobacteria, seen both in these simulations and in real-
ity (Belkin, 2009; Kahru and Elmgren, 2014). A less clear
decreasing trend of 2 percentage points per decade was sim-
ulated in the Gulf of Riga (R2 D 0:29, F D 20, p<0:0001).

The proportion of primary production arriving at the
sea�oor also varied with nutrient loads, constituting al-
most half of the annual primary production in the reduced-
load BSAP scenario (47 %�48 %) compared to 21 %�27%
in the HIGH load scenario (Fig. 10a, c). Simultaneously,
the amount of benthic fauna decreased and mineralization of
sediment organic matter became more dominated by micro-
bial processes with reduced loads. Thus, we can conclude
that both the absolute amount and the relative proportion of
POM input mineralized by macrofauna increased with nutri-
ent loads, but in relation to primary production the proportion
mineralized by fauna was almost independent of changes in
loads because of the opposite responses of sinking organic
matter and fauna.

5 Conclusions and outlook

Using a newly developed modelling tool, signi�cant effects
of benthic macrofauna on C, N and P cycling were simu-
lated in the semi-enclosed brackish-water Baltic Sea, with
impacts on the ecosystem from the extent of hypoxic bottoms
to the rates of pelagic nitrogen �xation and primary produc-
tion. Our results suggest that in addition to bioturbation, rela-
tively more studied in the modelling context, the metabolism
of benthic fauna should be given more attention in future
studies as it may play a signi�cant role in benthic mineral-
ization of organic C, N and P in coastal seas and estuaries.

The magnitude of effects of benthic fauna on biogeochem-
istry generally decreased with depth and increased with pro-
ductivity, as shown by the comparison of two basins and dif-
ferent nutrient load scenarios. Thus, these simulations con-
�rm the notion that benthic�pelagic coupling is strongest in
shallow coastal areas (Grif�ths et al., 2017; Nixon, 1981),
but they also show that this relationship is modi�ed by mul-
tiple interacting physical and biological drivers, which may
change over time. For example, we found that the propor-
tion of primary production reaching the sea�oor decreased
with increased nutrient loading and increased temperature as
both led to an intensi�cation of pelagic nutrient cycling. Fur-
ther, simultaneous positive and negative feedback loops led
to complex relationships, e.g. between productivity and P cy-
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cling (as seen in Fig. 11f). On the one hand, increased pro-
ductivity can increase the amount of bioturbating fauna, stim-
ulating P sequestration. On the other hand, increased produc-
tivity can increase benthic oxygen consumption for the min-
eralization of sinking organic matter, leading to deteriorating
oxygen conditions and increasing P leakage from sediments.
Unravelling the many interacting drivers and responses on
a system scale is important to understand how coastal and
global biogeochemical cycles are responding to changes in,
for example, nutrient loads and climate.

Even though these large-scale simulations contain a large
degree of uncertainty, they are an important complement to
empirical studies, which for practical reasons can only con-
sider temporally and spatially limited parts of the system
(Boyd et al., 2018; Snelgrove et al., 2014). To improve the
con�dence in simulation results, we see two major ways
forward. First, as all models contain different formulations,
assumptions and uncertainties, implementing benthic fauna
components in other physical�biogeochemical models and
comparing the results would greatly increase the strength of
evidence for those results where different models agree. This
kind of ensemble modelling is increasingly used in climate
change research and has also been applied in the context of
Baltic Sea biogeochemistry (Meier et al., 2012, 2018; Mur-
phy et al., 2004). We hope that the publication of the benthic
model formulations stimulates the development of benthic
fauna modules in other models of the Baltic Sea ecosystem
and beyond. Even though the current model implementation
is only applicable to the brackish parts of the Baltic Sea due
to a lack of functional groups present in the marine parts,
the inclusion of additional functional groups using the ex-
isting groups as a template would be straightforward techni-
cally. The main challenges are the parameterization of group-
speci�c rates and managing the increased complexity.

Second, a comprehensive compilation of observational
data on sediment stocks and �uxes would be needed for im-
proved model validation. Such data are collected for mon-
itoring and research purposes by a great number of insti-
tutions around the Baltic Sea, but a comprehensive, open-
access, quality-controlled collection of these data is lacking.
The Baltic Environment Database (BED) has been invalu-
able for both model development and validation of pelagic
physics and chemistry. While these data can be used as in-
direct validation of benthic model processes in the strongly
coupled system, we call for the development of a �Benthic
BED� to facilitate future model development. A comprehen-
sive collection of observational data would also facilitate the
identi�cation of knowledge gaps and future research priori-
ties.

Appendix A: Mathematical description of benthic
model dynamics in BALTSEM-BMM

All state variables are listed in Table A1 and benthic pa-
rameters in Tables A2�A4. A graphical overview of benthic
state variables and processes is provided in the main paper
(Fig. 2). Bioavailable surface sediments are represented as
terraces at 1 m depth intervals with an area corresponding to
the hypsography of each basin. All benthic state variables are
calculated in milligrams per square metre (mg m�2) for each
terrace.

A1 Sediment dynamics

Sediment concentrations of elements X (X DC, N, P) are
divided into three banks that share the same processes
(Eqs. A1�A3). Deposition of sinking detritus (DDETX) and
phytoplankton (DPHYiX , i D phytoplankton group 1, 2, 3)
on the sediment is integrated into a bank of fresh or-
ganic matter, SED1X (Eq. A1). Loss terms of the bank
are mineralization (ZSED1X), ageing (ASED1X) into the sec-
ond food bank, SED2X, and uptake by deposit-feeders
(USED1X;BF2). Sources of SED2X include ageing from bank
1 (ASED1X) and faeces from deposit-feeders (FBF2X) and
predators (FBF3X) (Eq. A2). Loss terms are mineralization
(ZSED2X), uptake by Macoma balthica (USED2X;BF1) and
ageing (ASED2X) into the third sediment bank, SED3X,
which is considered unavailable as food for the benthic fauna
but available for bacterial mineralization. Mortality (MBFiX)
of all benthic groups and faeces of M. balthica are added
to the third bank (Eq. A3). Loss terms are mineralization
(ZSED2X) and burial (BX).

dSED1X
dt

D
X3

iD1 .DPHYiX/CDDETX �ZSED1X

�ASED1X �USED1X;BF2 (A1)
dSED2X

dt
D ASED1X CFBF2X CFBF3X �ZSED2X

�ASED2X �USED2X;BF1 (A2)
dSED3X

dt
D ASED2X CFBF1X

C
X3

iD1 .MBFiX/�ZSED3X �BX (A3)

Sediment silica is modelled as a single pool with sinking di-
atom Si (PHY2Si) as a source, as well as mineralization and
burial as sinks (Eq. A4).

dSEDSi
dt

DDPHY2Si�ZSEDSi�BSi (A4)

Mineralization (Eq. A5) and ageing (Eq. A6) of ele-
ment X (X DC, N, P) in bank SEDi (i D 1, 2, 3) are
formulated as �rst-order reactions, with the rate constants
aZSEDX and kSEDi , respectively. Mineralization and ageing
are temperature-dependent according to the functions QT 1
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Table A1. State variables in BALTSEM-BMM.

Short name Long name Unit

Benthic state variables

SED1C Sediment organic C bank 1 mg C m�2

SED2C Sediment organic C bank 2 mg C m�2

SED3C Sediment organic C bank 3 mg C m�2

SED1N Sediment organic N bank 1 mg N m�2

SED2N Sediment organic N bank 2 mg N m�2

SED3N Sediment organic N bank 3 mg N m�2

SED1P Sediment organic P bank 1 mg P m�2

SED2P Sediment organic P bank 2 mg P m�2

SED3P Sediment organic P bank 3 mg P m�2

SEDSi Sediment bioavailable Si mg Si m�2

BF1 Benthic fauna group 1, Macoma balthica mg C m�2

BF2 Benthic fauna group 2, deposit-feeders mg C m�2

BF3 Benthic fauna group 3, predators mg C m�2

Pelagic state variables

SAL Salinity �
T Temperature �C
OXY Dissolved oxygen g O2 m�3

NH Total ammonia (NHC4 CNH3) mg N m�3

NO Oxidized N (NO�3 CNO�2 ) mg N m�3

PO Total phosphate (H3PO4CH2PO�4 CHPOD4 CPO3�
4 ) mg P m�3

SiO Dissolved Si (Si(OH)4CSiO(OH)�3 ) mg Si m�3

DETN Detrital N mg N m�3

DETP Detrital P mg P m�3

DETSi Detrital Si, biogenic Si mg Si m�3

DETCm Detrital C (autochthonous) mg C m�3

DETCt Detrital C (allochthonous) mg C m�3

PHY1 Phytoplankton group 1, N2 �xers mg N m�3

PHY2 Phytoplankton group 2, diatoms mg N m�3

PHY3 Phytoplankton group 3, other phytoplankton mg N m�3

ZOO Zooplankton mg N m�3

DONL Labile dissolved organic N mg N m�3

DONR Refractory dissolved organic N mg N m�3

DOPL Labile dissolved organic P mg P m�3

DOPR Refractory dissolved organic P mg P m�3

DOCLt Labile dissolved organic C (allochthonous) mg C m�3

DOCRt Refractory dissolved organic C (allochthonous) mg C m�3

DOCLm Labile dissolved organic C (autochthonous) mg C m�3

DOCRm Refractory dissolved organic C (autochthonous) mg C m�3

DIC Dissolved inorganic C µmol kg�1

ALK Total alkalinity µmol kg�1

(Eq. A38) and QT 2 (Eq. A39), respectively.

ZSEDiX D aZSEDXQT 1SEDiX (A5)
ASEDiX D kSEDiQT 2SEDiX (A6)

A proportion aBSEDX of the third sediment bank is buried
(Eq. A7).

BX D aBSEDXSED3X (A7)

For each element X (X DC, N, P), the mineralization
�uxes from all three sediment banks are summed into a total
�ux (ZSEDXtot), which is further divided in the same way as
in the standard BALTSEM with the addition of bioturbation
effects. For C, the total sediment mineralization �ux goes
to the pelagic dissolved inorganic carbon (DIC) pool (ODIC,
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Table A2. Benthic parameters in the BALTSEM-BMM model taken from the standard BALTSEM (Gustafsson et al., 2014). Recalibrated
parameter values are indicated in bold. Subscript indices C, N, P and Si refer to the respective elements. Where different elements share the
same parameter value, the indices are listed in a row.

Parameter Unit Value Comment

aZSEDC;N Sediment C and N mineralization rate at 0� C d� 1 0.0004 Reduced from standard BALTSEM to
compensate for explicit mineralization
by benthic fauna

aZSEDP Sediment P mineralization rate at 0� C d� 1 0.0005

aZSEDSi Sediment Si mineralization rate at 0� C d� 1 0.00015

bZSEDC;N;P;Si Temperature constant for sediment
mineralization

� C� 1 0.005

aBSEDC;N;P;Si Burial rate d� 1 0.00006

a� NOXY Parameter in Eq. (A12) 0.001

q� N Parameter in Eq. (A13) 0.5

a� N Parameter in Eq. (A13) 5.0

b� N Parameter in Eq. (A13) m3 g O� 1
2 0.5

c� N Parameter in Eq. (A13) g O2 m� 3 0.004 Calibrated to account for addition of
Ebio in � N curve

q� P Parameter in Eq. (A16) 0.3

a� P Parameter in Eq. (A16) 1.0

b� P Parameter in Eq. (A16) 0.8

c� P Parameter in Eq. (A16) 2.0

d� P Parameter in Eq. (A16) 0.6

e� P Parameter in Eq. (A16) 4.0

f � P Parameter in Eq. (A16) 4.5

g� P Parameter in Eq. (A16) 0.2

� ZC Oxygen equivalents for sediment
C mineralization

g O2 mg C� 1 0.00297

� Nit Oxygen equivalents for sediment
nitri�cation

g O2 mg N� 1 0.0046

� Denit Oxygen equivalents for sediment
denitri�cation

g O2 mg N� 1 0.003

Eq. A8).

ODIC D ZSEDCtot (A8)

Depending on oxygen concentrations in the bottom water
layer (OXY), mineralized sediment N is released to the wa-
ter column as ammonia (ONH, Eq. A9), oxidized to N (ONO,
Eq. A10) or denitri�ed to N2 (WDeni, Eq. A11). NH repre-
sents total ammonia (NH3 and NH4) and NO the sum of ni-

trite (NO2) and nitrate (NO3).

ONH D vNOXYZSEDNtot (A9)

ONO D .1� � �
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identi�ed in ChIP-Seq experiments carried out for the chromatin insulating factor CTCF (encodeproject.org), 
suggesting that NEUROD2 might be involved in establishing or maintaining higher order architecture of chro-
matin loops. In support of this hypothesis, NEUROD2 was recently shown to function as a major organizer of 
cell-type speci�c chromatin folding in cortical neurons, suggesting that its transcription activating or repressing 
functions might in fact be directly related to its role in establishing or maintaining transcriptionally isolated 
domains45. �e mechanistic details of how NEUROD2 regulates transcriptional activity in distinct genetic loci 
are of great interest for future investigations.

Past studies have suggested that NEUROD2 might have a role in regulating radial migration of excitatory 
cortical neurons27,28,46. In addition to our current �nding demonstrating NEUROD2 regulation of Reln mRNA 
expression, our past work had shown that it also binds to promoters of several genes encoding downstream sig-
naling proteins that transduce REELIN signals, such as Dab1 and Fyn, as well as the receptor gene Lrp827. To our 
surprise, upregulation of Reln mRNA levels upon Neurod2 silencing does not correlate well with changes at the 
protein level. We observe a small but signi�cant increase of REELIN in primary neurons, but not in embryonic 
sections, a�er Neurod2 suppression. Immuno�uorescence staining is a semi-quantitative method and might not 
report accurately upon small changes in protein levels of REELIN. Taken together, we conclude that the major 
e�ect of NEUROD2 is most prominent at the mRNA level of Reln.

�e control of Reln  gene expression within a precise spatiotemporal window in the developing cortex appears 
to be a conserved and tightly regulated mechanism that depends upon several TFs. For example, double-knockout 
mice for the TFs Pbx1/2 also exhibit ectopic Reln expression, leading to a dramatic inversion of cortical layering 
reminiscent of mouse models with defective REELIN signaling47. Similarly, knockdown of the histone methyl-
transferase Ezh2, as well as deletion of Foxg1, result in derepression of Reln gene expression and are associated 
with radial migration and cortical development defects48,49. Finally, ectopic expression of Reln cDNA by in utero 
electroporation into neural progenitors causes formation of neuronal aggregates in deep layers that are incapable 
of migrating towards the cortical plate50. Taken together, these �ndings highlight the importance of maintaining 
a precise level of Reln gene expression for the proper development of cortical layers. Our results suggest that 
NEUROD2 is an additional transcriptional regulator of the Reln gene. Furthermore, de�ciencies in NEUROD2 
function might remove one layer of control against ectopic REELIN expression and may�potentially sensitize 
migrating neurons to synthetic genetic interactions with other genes functioning in REELIN signaling.

Beyond our analysis of Reln expression, we also generated a curated list of NEUROD2 binding targets with 
known roles in neuronal migration based on published literature. Interestingly, we identi�ed a number of addi-
tional targets, including components involved in Ephrin signaling, members of the Cdk5 pathway, and additional 
TFs. Finally, in order to test whether NEUROD2-regulated transcription functions during radial migration of 
cortical neurons, we silenced Neurod2 expression in ventricular neural progenitors by in utero electroporation in 
mice and revealed that NEUROD2 is important for proper positioning of the neuronal soma upon arrival at the 
primitive cortical zone. �ese �ndings suggest that NEUROD2 might impact cortical lamination by regulating 
multiple components of the REELIN signaling pathway or other pathways. Finally, our dataset provides novel 
candidate genes that may function in di�erent aspects of cortical lamination.

Methods
���‹�‘�‹�•�ˆ�‘�”�•�ƒ�–�‹�…���ƒ�•�ƒ�Ž�›�•�‡�•���‘�ˆ�����Š�����æ���‡�“���†�ƒ�–�ƒ�ä��Previously published NEUROD2 ChIP-Seq data were used to 
identify di�erential NEUROD2 binding to genomic regions at timepoints E14.5 and P026,27. �ese data were gen-
erated using three separate NEUROD2 antibodies (Abcam ab168932, ab104430 and ab109406). Histone ChIP-
Seq datasets from E14.5 mouse embryonic cortex were produced by Bing Ren’s Laboratory, UCSD, USA51 (www.
encodeproject.org). ChIP-Seq peaks were visualized using Trackster52 embedded within the Galaxy Project53. 
Details of Closest Gene score calculations were previously described27.

���”�‹�•�ƒ�”�›���…�‘�”�–�‹�…�ƒ�Ž���…�—�Ž�–�—�”�‡�•���ƒ�•�†�����Š�‘�Ž�Ž���ƒ�•�ƒ�Ž�›�•�‹�•�ä��Primary cultures were prepared from E14.5 embryos as 
described26. For Sholl analysis, primary cortical neurons were transfected with�non-silencing or shNeurod2-126 
at 2 DIV with Lipofectamine 2000 transfection reagent (Invitrogen). Neurons were �xed with 4% PFA at 5 DIV, 
immunostained with an antibody recognizing EGFP (Aves Lab, GFP 10–20), and imaged with a Nikon 90i Eclipse 
confocal microscope a�xed with a 60x oil objective. Dendritic development was quanti�ed by Sholl analysis 
found within ImageJ33,54.

���Š�����æ�“�������ä��Chromatin immunoprecipitation was carried out using cortical tissue collected from E14.5 and 
P0 pups of both sexes and�an antibody raised against NEUROD2 (Abcam, ab109406) and against GFP as a negative 
control (Santa Cruz, sc-8334). Formaldehyde-crosslinking, followed by chromatin DNA isolation from input and 
immunoprecipitated samples, was performed as previously�described27. Cq values from immunoprecipitated DNA 
were normalized to those from input DNA as described26. Primer sequences used for qPCR experiments were 
as follows: Reln-peak1-F (AATGGAAACTGGCTCGCATG); Reln-peak1-R (ATCCTGAGCAATGAGTGGCT);  
Reln-peak2-F (TGTTTCTGTGGTCTGCTTGC); Reln-peak2-R (AAAACAATCACAGGCGAGCC); 
Reln-peak3-F (GCCGGACTACCCTGATGATT); Reln-peak3-R (TGGAGGAAATGGATGGCTCT); 
Reln-peak4-F (GGCCTCCTGTCTTACTAGCC); Reln-peak4-R (CCTGACAGATGGAGCGTTTG).

�������æ���‡�“���ƒ�•�†�������æ�“�������ä�� Primary cultures were prepared from E14.5 embryos as described26. Cortical 
neuron suspensions were electroporated with shNeurod2-1, shNeurod2-2, or a non-silencing plasmid imme-
diately before plating (Amaxa™ P3 Primary Cell 4D-Nucleofector X Kit L; Lonza, CU133 program). �e gen-
eration and knockdown e�ciencies of shRNA plasmids were described previously26. Total RNA was isolated 
with Absolutely RNA Microprep Kit (Agilent Technologies) at 5 d in vitro (DIV). �e RNA samples were further 
used for either RNA-seq-directed library construction or for RT-qPCR. Library construction and sequencing 

https://doi.org/10.1038/ngeo1830
https://doi.org/10.1007/s10498-013-9218-3
https://doi.org/10.1007/s10498-013-9218-3
https://doi.org/10.3354/meps10756
https://doi.org/10.1007/s10021-019-00427-0
https://doi.org/10.1007/978-3-662-04453-7_14
https://doi.org/10.1016/S0924-7963(02)00039-8
https://doi.org/10.3389/fmars.2018.00095
https://doi.org/10.1007/s10750-009-9775-z
https://doi.org/10.1007/s10021-016-0068-x
https://doi.org/10.4319/lo.1988.33.4part2.0702
https://doi.org/10.1016/j.tree.2014.05.002
https://doi.org/10.1016/j.tree.2017.11.004
https://doi.org/10.1007/978-94-007-0668-2_4
https://doi.org/10.1021/acs.est.6b02717
https://doi.org/10.1007/s10750-009-9777-x
https://doi.org/10.1007/s10750-009-9777-x
https://doi.org/10.1016/j.ecss.2008.03.020
https://doi.org/10.5194/bg-10-7829-2013
https://doi.org/10.1016/S1385-1101(03)00021-2


E. Ehrnsten et al.: Modelling the effects of benthic fauna 3367

Stoicescu, S.-T., Laanemets, J., Liblik, T., Skudra, M., Samlas,
O., Lips, I., and Lips, U.: Causes of the extensive hypoxia
in the Gulf of Riga in 2018, Biogeosciences, 19, 2903�2920,
https://doi.org/10.5194/bg-19-2903-2022, 2022.

Tamelander, T., Spilling, K., and Winder, M.: Organic matter export
to the sea�oor in the Baltic Sea: Drivers of change and future pro-
jections, Ambio, 46, 842�851, https://doi.org/10.1007/s13280-
017-0930-x, 2017.

Teal, L. R., Bulling, M. T., Parker, E. R., and Solan,
M.: Global patterns of bioturbation intensity and mixed
depth of marine soft sediments, Aquat. Biol., 2, 207�218,
https://doi.org/10.3354/ab00052, 2008.

Timmermann, K., Norkko, J., Janas, U., Norkko, A., Gustafsson,
B. G., and Bonsdorff, E.: Modelling macrofaunal biomass in re-
lation to hypoxia and nutrient loading, J. Mar. Syst., 105�108,
60�69, https://doi.org/10.1016/j.jmarsys.2012.06.001, 2012.

Undeman, E., Gustafsson, B. G., Humborg, C., and McLachlan, M.
S.: Application of a novel modeling tool with multistressor func-
tionality to support management of organic contaminants in the
Baltic Sea, Ambio, 44, 498�506, https://doi.org/10.1007/s13280-
015-0668-2, 2015.

Vahtera, E., Conley, D. J., Gustafsson, B. G., Kuosa, H.,
Pitkänen, H., Savchuk, O. P., Tamminen, T., Viitasalo,
M., Voss, M., Wasmund, N., and Wulff, F.: Internal
ecosystem feedbacks enhance nitrogen-�xing cyanobac-
teria blooms and complicate management in the Baltic
Sea, Ambio, 36, 186�194, https://doi.org/10.1579/0044-
7447(2007)36[186:IEFENC]2.0.CO;2, 2007.

Van Helmond, N. A. G. M., Robertson, E. K., Conley, D. J.,
Hermans, M., Humborg, C., Joºlle Kubeneck, L., Lenstra, W.
K., and Slomp, C. P.: Removal of phosphorus and nitrogen in
sediments of the eutrophic Stockholm archipelago, Baltic Sea,
Biogeosciences, 17, 2745�2766, https://doi.org/10.5194/bg-17-
2745-2020, 2020.

Volkenborn, N., Meile, C., Polerecky, L., Pilditch, C. A., Norkko,
A., Norkko, J., Hewitt, J. E., Thrush, S. F., Wethey, D. S.,
and Woodin, S. A.: Intermittent bioirrigation and oxygen dy-
namics in permeable sediments: An experimental and model-
ing study of three tellinid bivalves, J. Mar. Res., 70, 794�823,
https://doi.org/10.1357/002224012806770955, 2012.

Witek, S.: Biological Production and its Utilisation within a Marine
Ecosystem in the Western Gdansk Basin, Sea Fisheries Institute,
Gdynia, Poland, 1995 (in Polish).

Zdun, A., Stoæ-Egiert, J., Ficek, D., and Ostrowska, M.: Sea-
sonal and Spatial Changes of Primary Production in the
Baltic Sea (Europe) Based on in situ Measurements in
the Period of 1993�2018, Front. Mar. Sci., 7, 604532,
https://doi.org/10.3389/fmars.2020.604532, 2021.

https://doi.org/10.5194/bg-19-3337-2022 Biogeosciences, 19, 3337�3367, 2022

https://doi.org/10.5194/bg-19-2903-2022
https://doi.org/10.1007/s13280-017-0930-x
https://doi.org/10.1007/s13280-017-0930-x
https://doi.org/10.3354/ab00052
https://doi.org/10.1016/j.jmarsys.2012.06.001
https://doi.org/10.1007/s13280-015-0668-2
https://doi.org/10.1007/s13280-015-0668-2
https://doi.org/10.1579/0044-7447(2007)36[186:IEFENC]2.0.CO;2
https://doi.org/10.1579/0044-7447(2007)36[186:IEFENC]2.0.CO;2
https://doi.org/10.5194/bg-17-2745-2020
https://doi.org/10.5194/bg-17-2745-2020
https://doi.org/10.1357/002224012806770955
https://doi.org/10.3389/fmars.2020.604532

