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Abstract. Even though the effects of benthic fauonaquaticbhiogeochemistry have been long recognized, few studies have
addressed the combined effects of animal bioturbation and metabolism on ecbleygkeoarbon and nutrient dynamics.
Here wemergea model of benthic fauna (BMM) into a physidabbgeochemical ecosystem model (BALTSEM) to study the
longi term and largiescale effects of benthic fauna on nutriant carboreycling in the Baltic Sea. We include both the direct
effects of faunal growth and metabolism and the indirect effedts lsibturbating activities on biogeochemical fluxes of and
transformations between organic and inorganic forms of carbon (C), nitrogen (N), phosphorus (P) and oxygeyes.

of simulationresultsfrom the Baltic Proper and Gulf of Riga indicate that benthuna makgsup a small portion afeafloor
activeorganic stockgon average 4 % in 2000 2020, but contribute considerably to benthipelagic fluxes of inorganic C
(231 31%), N (421 51 %)and P(25i 34 %)throughits metabolismResults also suggestat the relativecontributionof fauna

to mineralisation ofsedimentorganic matter increasasgth increasingnutrient loadsFurther,through enhanced sediment
oxygenation, bioturbation decreases benthic denitrification and increases P retention, #rehkating faireaching

consequences throughout the ecosystem. Reduced beethagic P fluxes lead to a reduction Mffixation andprimary

production, lower organic matter sedimentation fluxes and thereby generally lower benthic stocks and fluxes of C, N and P.

This chain of effectshrough the ecosysteoverrides thdocal effects of faunal respiration, excretion and bioturbatiowme
to large uncertainties related to parameterization of benthic processes, we consider this nstuldjlanfirst step towards

disentangling the complescosystefinscale effects of benthic fauna on biogeochemical cycling

Keywords: benthic faunametabolsm, bioturbation, carbon, nitrogen, phosphorus, physitédgeochemical modelling

benthiecpelagic coupling
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1 Introduction

Coastal ecosystenmare highly productive consist ofdiverse biological communitieand carry outimportant functions
including those supporting growing world populatiorfCostanza et al., 1997, 2014jowever, theyare facing multiple
anthropogenic pressures such as nutrient loading and climate ¢@ogm et al., 2016; Halpern at, 2008) Elucidating
the mechanisms othe coupled biogeochemical cycling @drbon (C)nitrogen (N)andphosphorous (P) in these systems is
importantto understanthiow they respond to current and future pressimasalso becaugbeycontributeto the regulation of
global climate and nutrient cycles by processing anthropogenic emissions from land before they reach (Ramesanet
al., 2015; Regnier et al., 2013a, 2013b; Seitzinger, 1988)

In contrast to thaleepopen oceanbenthicpelagic couplingplays a large role in biogeochemical cycling in coastal and
estuarine ecosysternSoetaert and Middelburg, 2009}oastal sediments aa$ hotpots fororganic matter degradati@md
permanentemoval of elements from biological cycling through burial and denitrificdd@mala et al., 2017; Regnier et al.,
2013a; Seitzinger, 1988The bioturbaihg activities of benthic faunalterthe physical and chemical propertiessofface
sedimentswhich in turn strongly influence organic matter degradation procasselenthitpelagicbiogeochemicafluxes
(Aller, 1982; Rhoads, 1974; Stief, 20138jere, we define bioturb@n as allbiological processes that affect the sediment
matrix, including burrow ventilation (bigrigation) and reworking of particlgristensen et al., 2012Additionally, benthic
fauna retain carbon and nutrientstgbiomass and transform them between organic and inorganic forms through metabolic
processeéEhrnsten et al., 2020b and referentesein; Herman et al., 1999; Josefson and Rasmussen, 20068}her, these
direct and indirect effects of benthic fauhave fafreachingconsequences fagcosystem functioningn the benthic and
pelagic realmgGriffiths et al., 2017; Lohrer et al., 2004)

Even though the importance of benthic fauna for sediment biogeochemistry and ihexittgic fluxes has long been
recognizedRhoads, 1974)the combined effects of animal bioturbation and metabolism have seldom been studied together
(Ehrnsten et al., 2020b; Middelburg, 2018; Snelgrove et al., 281Bng-standing assumptioin biogeochemicasediment
researchs that animals contributeonsiderablyto transport of solids and solutes through bioturbation, but their consumption

of organic matter is of minor importan¢®liddelburg, 2018)However, several studies show that this assumption does not
hold inmanyshallow coastal systemas recently reviewed by Middelbufg018)and Ehrnsten et a2020b)

Further, empirical studiesof faunal effectsoften focus ortemporally and spatiallyimited parts of the systenomitting
important interactions and variability occurring in natural ecosys{&msligrove et al., 2014l is logistically challenging to
study multiple drivers and interactions in the benthic and pelagic realms, such as the interaetiees bemthic and pelagic
production, empirically. Mechanistic or procdsssed models are powerful toolscainduct such studigSeidl, 2017)Herg

we extend ghysical biogeochemicamodel ofthe Baltic Se&cosyem(BALTSEM; Gustafsson et al., 2014; Savchuk et al.,
2012)with benthic fauna&omponentdased on the Benthic &trofauna Model (BMMEhrnsten et al., 2020a)Ve include
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both the directfeedbacksrom animal growth and metabolism and the indirect effects of their bioturbating activities on

biogeochemicatyclingto evaluate their relative contributions.

We use the Baltic Sea asnodel area fathreereasons: (i) the shallow depth (mean deptim} and enclosed geography with
a long water residence time (abog@ty®&ars) contribute to strong bentielagic coupling SnoeijsLeijonmalm et al., 2017;

Stigebrandt and Gustafsson, 20@8) the relatively simple, specigsoor benthic communitiefacilitate model development,

and (ii) the major features of biogeochemical cycling of C, N and P in the Baltic Sea are well known due to a wealth of

oceanographic measurements and studies performed over the past century, making it an ideal systerssioaseace
modelling(Eilola et al., 2011; Gustafsson et al., 2017; Savchuk and Wulff, 2009,. 20@4ver, the sachent pools and the
role of sediment processes in berithielagic exchange are not as well quantified as pelagic pools and flthehigher
uncertainty in benthic compared to pelagic processes as well as the traditional focus on pelagic eutropiigatbalde
reason why physicaddiogeochemical models of the Baltic Sea have omitted benthic fauna as state v@igble#ola et al.,
2011; Lessin et al., 2018jlere, we aim to filthis knowledge gajpnd explorehe role of benthic fauna iniogeochemical

cyclingof C, N andP on a longitermecasysteni level scale.

2 Materials and methods
2.1 Study system

The Baltic Sea i2 semi enclosed coastal sea in northern Eurah strong latitudinal and depth gradients in salinity,
temperature and productivishaping the distribution of species and ecosystem functigBmgsdorff, 2006; EImgren, 1984;
SnoeijsLeijonmalm et al., @17) The diversity of benthic fauna is low due to the low salinity, derdie,deepburrowing
species are only found near the entrance t@#igc Sea(Bonsdorff, 2006; Remane, 1934}hus,the sediment layer mixed
by biotubating animals isvery shallow comparetb other coastal and shelf sgqd®al et al., 2008)Nonetheless, several
studies haveneasuredignificant effects of benthic fauna banthicnutrient processingn theBaltic Seae.g. Berezina et al.,
2019; Lehtonen, 1995; Norkko et al., 2013, 2015)

Due to its large catchment area and limited water exchange with the Nortth&dgltic Seds heavily influencd by
anthropogenic nutent emissiong§Andersen et al., 2017; Gustafsson et al., 208ough emissions have besignificantly
reduced since the peak in the8@8, recovey from eutrophication is slowith limited reductiorsin nutrient poolandprimary
productivity seen to datéGustafsson et al., 2012; Savchuk, 2018; Zdun et al., 208i) is due to the long water residence
time and the builtup of nutrient stores in sgibndmarinesediments during several decafdsCrackin et al., 2018; Savchuk,

2018 and references therein)

In this study, we focus ocomparing results frorthe Baltic Proper and the Gulf of Ri¢lig. 1), two basins with a similar

benthic community comsition but differing inphysical and biogeochemigaloperties such as deptipenness, productivity
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and bottonoxygen conditionsWe expect these differences to be reflected in the strength of bpatagic coupling processes
and the role of benthic faa therein.

The Baltic Proper is the central, deepest basin of the Baltiovifea maximum depth of 4bm anda mean depth of ca 75.m

A permanent halocline at &0i 80 m limits the vertical mixingbetween the loWwsalinity surface water(5i 8 psu) andhe
deeper waters with a salinity of B3 (SnoeijsLeijonmalm et al., 2017)A majority of the waters belowhe halocline are
hypoxic oranoxic because the mineralization of organic matteking through the water column and in the sediments
consumes oxygen faster than it is replenished by infrequent salt water intargiovesrtical turbulent mixingrhe ex@nding
hypoxia has severely reduced #mea habitable bgenthic fauna in the Baltic S¢@arstensen et al., 2014a, 2014h)the
reducing environment, Bound toiron-humic complexess released from sediments and contribute to the dissolved inorganic
P (DIP) pool in the water columiihe excess DIP promotes tiixation of atmospheric Ny cyanobacteria, in turn promoting
primary production byother phytoplanktonwhich leads to incased sinking and mineralization of organic matter, in turn
expanding hypoxiaThis feedback loopt er med t he ahtem et@2807)is further lsteerdgthened by climate

change, as increasing water temperatures promote cyanobacterial (@admset al., 2020; Kahru and Elmgren, 2014)

The Gulf of Riga is @emienclosedcoastal bay withmean and maximum degbf 23 and 51 mrespectivelyand a salinity

of 41 7 (SnoeijsLeijonmalm et al., 2017)n contrast to the Baltic Propehg Gulf of Riga is relatively well mixed and hypoxia
only occursntermittentlyunder the summer thermoclii€otta et al., 2008)accompanied by increased release of phosphate
from the sedimentgEglite et al., 2014)When occurrig more often in the recent decatle intensity andextert of both
sporadic hypoxia and phosphate release have somewhat inc(el&t«tiOM, 2018; Stoicescu et al., 202Bimilarly, the
summer cyanobacteria blooms sporadically occurring inGbl of Riga before the 2010&ahru and Elmgren, 2014)

regularlyand extensively cover the gulf since 2015 (pers. comm. Mati Kahru).

2.2 Model description

Thebiogeochemical cycling in tlBALTSEM model was extended to incluenthic fauna. BALTSEM simulates physical
circulation and biogeochemical transformations oNCP, O and Si in the Baltic Sea in response to climatic conditions and
nutrient inputs from rivers, point sources and atmospheric deposition. It describes the Baltic Sea as 13 horizontally
homogenous boxes with a dynamic depth resolution of generafiytihe® 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 8dwneasinenthic
components wereonstructed from the carbdrasedBenthicMacrofaunavodel (BMM) described in Ehrnsten et @2019b,

2019a, 2020a¢xtended to include nitrogé€N) and phosphoru@) components

Below wegive a short description of thnthic dynamicé the new modelversion referred to as BALTSEMBMM, with
a focus on theffects of benthic fauna on biogeochemical processes (Fig\ f2)] mathematical description of the benthic
biogeochemical processetthe models found in AppendiXA. For a description of theelagic biogeochemistry amdhysics

4



we refer the reader tGustafsson et a{2012, 2013 and Savchuk et a{2012) Addtionally, all benthic and pelagic state
variables are listed in Table Al.

120 2.2.1 Benthic fauna dynamics

BALTSEMi BMM includes C, N and Pcontents in biomassf three functional groups of benthic fauna. The facultative
deposit /suspensiocifeeding bivalveMacomabalthica is a key species dominating the biomass of benthic communities in
large parts of the sea and is therefore represented by its own state variable. Thadgpwsiji feeders represents the
amphipodsvonoporeia affiniandPonporeia femorad, the invasive polychaetédarenzelleriaspp. and other macrofaunal

125 species dependent on surface sediment organic matter as their primary food souyce. @h@edatds oepreserd species
feeding on the two former groups, such as the isdpaduria etomon,the polychaeteBylgides sarsiand the priapulid
Halicryptus spinulosus

The biomass ofll groups offauna are modelled as dynamic mass balancdetweenfluxes formed byfood uptake,
assimilation, respiration or excretioand mortality. The formaltions for dynamics ahe functional groupand their food

130 banks were kept as in BMNEhrnsten et al., 2019a, 202G far as possible. The main change is the addition of N and P
components to eacttate variableConsumers generally regulate their insichiometry within tight limitgSterner and
Elser, 2002)therefore the fauna was given a constant C:N:P ratio. Thewasiapproximated based on measured ratios for

the dominating species in the Baltic Seag Appendix A).

Food uptake is modelled as a function of food availability in C units. The uptake of N and P components of a food source are

135 thereafter calculated propamally to the C:N:P ratio of the food source. Part of the food is assimilated, with an assimilation
factor depending on the food source. The assimilation factors for C components were applied to N and P as well (Table A3)
The unassimilated part is reledsas faeces, addimgganic matteto the sediment, N and Fpools(Fig. 2).

Respiration and excretion of inorganic C, N and P is divided into three parts: (1) a basal maintenance part related;to biomas
(2) a growth and activity part related to foodale as a proxy for activity; and (8xcess excretion. #the stoichiometry of

140 assimilated food varies, excretion of excess elements is calculated dynamically to keep the fixed stoichiometry ofghe bentho
Formulations are similar to those used for zaogton in BALTSEM and for benthos in other ecosystem mdé#isnhoh et
al., 1995; Spillman et al., 2008Respiration and excretion fluxes add to the bottom watels of dissolved inorganic carbon
(DIC), nitrogen (NH, representing total ammoniaand phosphorugPO, representing total phosphat®espiration also
consumes bottom watexygenwith a respiratory quotient of 1 mokQOmol CG, (Brey, 2001)

145 2.2.2 Sediment dynamics and bioturbation

As in the standard BALTSEMedimenbioavalableC, N, P and Sare represented aertically integrated concentrations in

thebiogeochemically active surface layer of unspecified thickféssconcentrations amodelled as a dynamic mass balance
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between fluxes formed by sedimentatiarineralizaion and burial, extended by interactions with benthic fagaliment C,
N and P pools areirtherdivided into three banks of different age to resolve the food limitation of benthic fauna (Fig. 2), while
150 benthic Siis represented as a single ploai does not interact with the faul@xygen is not a state variable in sediments, but

several benthic processes interact withulatedbottom water oxygen.

Bioturbation by benthic faunancluding sediment reworking and burrow ventilatigenerally icreases the oxygenation of
sedimentgMichaud et al., 2005; Volkenborn et al., 20@omoting the binding gfhosphateo iron oxides (P sequestration)
and stimiating nitrogen oxidatior(Ekeroth et al., 2016; Norkko et al., 2012; Renz and Forsted)28imilar tolsaev et al.

155 (2017) we use simple formuiimns for the effects of faunal activities dhe oxygerdependent processes sdédiment
nitrification/denitrificationand P sequestration through a bioturbation enhancement Eagtdrhe formulation forEg, was
taken from Blackford1997) using the feeding rate of faunaagsroxy ofits bioturbation activity

o 0 1)

whereEmaxis the maximum enhancemeafss is a contribution factor of functional groupUgrcis the carbon uptake rate of
160 groupi andKyi is a half saturation constant. A& balthicais more sedentary than the other groups, a contribution factor of

0.5was assigned to &nda factor ofl tothe two other groupdEbenhdh et al., 1995; Gogina et al., 2017 and refences therein)

Within each of the three sediment banks, C, N and P components share the same source and sink processes. Sinking orga
matter isintegrated into a bank of fresh organic matter available as food for ddpedirs. This bank ages into a slightly
older bank available as food fit. balthicaonly. The second bank ages into a third bank considered unavailable as food for

165 benthic faunabut available for bacterial mineralization.

For each element, mineralization fluxes from the three sediment banks are combined into a t@aldfiuwxX = C, N, P).
For C, the total sediment mineralization fldixectly adds tathe pelagic DIC poolN and P mineralization fluxes are further
divided in the same way as in the standard BALTSHEBUstafsson et al., 2014; Savchuk, 200ath the addition of
bioturbation effects (Fig. 2le, Eq. 19).

170 Depending on oxygen concentrations in the bottom water ¢aykbioturbation intensitynineralized sediment N is released
to the water column as ammoni@i, EQ. 2) or oxidised N Ono, NO representing N@and NQ, Eq. 3) or denitrified to N

(Woeni, EQ.4).

0 0 O @)

0 p U - (3)
175 p U p - @ (4)
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In anoxic or nearly anoxic conditions, thejority of mineralized N is released to the water column as NH, defined by the
proportion 3noxy (EQ. 5), where OXYis bottom watertotal oxygen concentratioithat is allowed to become negative to
represent hydrogesulphide) and aynoxyis acurve parameterOtherwise he mineralized Ns oxidized(consuming bottom
water oxygen, see Appendix A E4L17).

) g 8
P~ ®)

Subsequently, the oxidized portion can be denitrified intorNeleased to the pelagic Ni©ol. Denitrification is treated as a
permanent sink for NThe proportion released as N@) is positvely related to oxygen according to E),(wheregn, a,
by andcy areparameters of the sigmoid functiandEyi, is the bioturbation enhancement factor.

(6)

¢

T

A fractiondp of mineralized sediment P is sequestéareithe sedimentEqg. 7), while the rest is released phosphatedpo) to
the pelagid®Opool (Eq.8).

0 - @)
0 P - @ (8)

The fractionsequestered is positively relatedaoygenand bioturbatiorand negatively related to salinity according to Eq.

(9), wheregp, ap, be, andce arecurve parameterd he fraction has an upper limit of 1 (100% of mineralized P sequestered),

but can take onegative values, representing a release of previously sequestered P in severely hypoxic or anoxic conditions.
The salinity dependendea in the third term is used as a proxy for the higheilability of the phosphatkinding agents

(e.g. iron and humisubstances) in the fresher Gulf of Bothnia.

- RodRHb e —M- T g ©

The addition ofbenthicfauna toBALTSEM required some recalibration of sediment proces&eghe firstorderrates of
sediment mineralization in the standard BALTSEM represent all mineralization processes (i.e. implicitly including
mineralization by benthic fauna), these rates were reduced to account for the explicit consumption and exretion by fauna
Further, tle parametecy in Eqg. (6) wagecalibrated to account for the addition4, to ensure that the the benthic release

of NOis zero when oxygen concentration is zero. Several different model formulations and calibrations were tested, but in the

end the snplest formulation with fewest recalibrations that produced similar results for the hindcast simulation was chosen.
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2.3 Simulations

The model was rummver 19702020 forced with observed nutrient loads and actual weather conditions as described in
Gustafsen et al.(2012, 2017)with forcing timei series extended to 2020he physical circulation was forced byh8urly
meteorological conditions and monthly tirseries of river runoff 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 frostatpaint sources as well as atmospheric
deposition of N, P and C were used as biogeochemical forciigl conditions in 1970 were based on observations for
pelagic variables and hindcast simulations for benthic variables as described in Gustadtq@0X2) and Ehrnsten et al.
(2020a) Shortly, thebenthic fauna and their food banf@ED1X and SED2Xjvere set to @00mg C m?, 100 mg Nm?or

10 mg An2 throughout the model domain in 1960 and given 10 yefangdcast simulation tepin up allowing the vaables

to turn over several timekiitial conditions forSED3X with a slower turnoverate,were based on a hindcasarting in1850

to properly account for the buildp of sediment nutrient pools during past eutrophicg@ustafsson et al., 2012)

Resultsof this defaultsimulationwere validated againsbeervations of salinity, temperatuoygen, ammonium, nitratnd

phosphat€Appendix B) & well ashiomasses of benthic fauna (Appen@ix

It is difficult to constrain the new parameters as well as to validatgysteniscale dynamics against observations from the
field or laboratory, whih are usually made on much smaller temporal and spatial scales. nst@aale a sensitivity analysis
testing the effects of changing the param&ey in the range 0 to 0.6, where 0 represents no bioturbation and 0.6 is the

theoretical maximum valuef &0, giving 100% P sequestratidinax= 0.3 was used in thgefaultmodel run

Additionally, we estimate the contribution of bioturbation to benthpelagic nutrient fluxes by calculating the theoretical
fluxes without bioturbation enhancement (i.e. wiEh, = 0) for each timistep, while running thelefault model with
bioturbation. In contrast to the sensitivity analysis, this analysis showmthediate local effects of bioturbation without

accounting for effectmediatedhrough the ecosystem.

Finally, to study theelationship between nutrient loads and the role of benthic fauna in biogeochemical cycling, we ran two
future scenarios 2022100 witheither decreasing loads of N and P according to the Baltic Sea Action Plan §88#Ad?io,

total loads to the Baltic S&89 kton Nyear* and21 kton Pyear?) or increasing loads corresponding to the highest recorded
historical loads based on mellinrandP loads of 19801990 (HIGH load scenarjd 235 kton N yeat and 69 kton P yed).

For comparison, thaveragenutrient loads in 20062020 wered36 kton N yeart and 36 kton P yedr The scenarios were
combined with a statistical climate forcing representing no change in climate. Details of the scenarios can be foutenin Ehrns
et al. (2020).

As the purpose of this study was to evaluate issgale dynamics, results were aggrega®dieans and standard deviations
of the last two decades (20@D20 or 20802100 to capture differences in losigrm averages while accounting for

interannual variations.
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3 Results

3.1 Validation

The BALTSEM BMM behaves very similarly to the standard BALTSEM model, which has been extensively validated
(Gustafsson et al., 2012, 2014; Savchuk et al., 28i@xhown to perform favourably in relation to similar Baltic Sea models
(Eilola et al., 2011; Meier et al., 2018\ comparison of the main pelagic state varialeslinity, temperature and
concentrations of oxygen, NH, N@ndPO)to obsevations over time (197@2015) and deptkhows an overall relative bias

of 1.40, while the relative bias of thetandard BALTSEMs 1.41 Therelative biasndex compares modelata difference

with variability in the data, giving an estimate of how we# thodel captures variability in nature on seasonal, annual and

decadal scaleSavchuk et al., 201247 detailed description and results of this analysis are found in App&ndix

Ehrnsten et al. (2020) did a comprehensive validatfcsimulated biomasses of benthic faagainsiobsenationsover depth
intervals in the largest basins of the Baltic S&& reran this analysisvith the results of the coupled modeld extended it

to include theentire Baltic SeaThe extended analigs based o7 774o0bservationsgonfirms previous results that the model
captures the maiobservegatterns of biomassverlatitude and depttvith reasonable accuracy (Fig.Apendix Q, defined

as cost function values <(Eilola et al., 2011)Simulatedneanbiomassesf the individual éinctional groups and the groups
combinedweremostlywithin one standard deviation obserned means from th8ornholmBasin(basin8) in the south to the
Bothnian Baybasin 11)in the north, although it should be noted that the spreatisgirvediata is large. In the hi@kalinity
Kattegat andanish Strait;mear the entrance to Baltic S&#@ model is not applicable as the benthic biomass is dominated by
groups not included in the present model, suckuapensioffeeding bivalves and largeechinoderms.Further details on this

analysis ar@resentedn Appendix C

In addition we compard the simulated biomasse$ benthic faunan the Gulf of Rigao estimates from the literature (Table
1). The simulated biomasd benthic faunan the gulf vaied substantially over deptiind time(291 284 g wwt ni?), which is

supported by field observatiarBhe simulated mean biomass is within the large range of estimateshe literature

Carman and CederwdR001)have estimated the amosutf C, N and P in Baltic Sea sedimebtsed orrore sampledt is

not straghtforward to compare thetal amounts to simulations, as the thickness of the simulated sediment is not defined.
However, the estimated C:N:P ratios can be more readily compared. In the Baltic Proper, the molar C:(¢atcrdtited
fromtheir Table 11.4) wasestimated to be 116:12id the top centimetre of sediments and 137:14:1 in the top Whbile the
simulated ratiovas108:151. In the Gulf of Rigathe estimated C:N:P rativas73:7:1in the top 1 cm and 83:8:1 in the top

5 cm while the simwdtedratio was75:1Q1.



3.2 Budgets of benthicC, N and P

Longi term (20002020) average benthic budgets of C, N and P are shown id feigthe Baltic Proper and Gulf of Riga.
The results for the Baltic Proper are restricted to the depth intéi®@lrh,asbenthic fauna is practically absent in the oxygen
poor waters below this depth (Flgg). Figure5 also shows thngi term averagéepth distribution of the bioturbation factor

265 Epjo in thetwo basins.

According to thedefaultsimulation, the benthic fauna deup a minor part of the benthic orgad¢N and Fstocks (14 %),
but hal a proportionally larger share in benfipelagic fluxes of DIC (2% and31 % in the Baltic Proper and Gulf of Riga,
respectively Fig. 4db), DIN (43 % and51 %, Fig 4d d), and DIP (3 % and34 %, Fig. 4ei f). The budgets also show that
input of organic matter to the sedimemtashigher in the Gulf of Riga compared to the Baltic Proper, resultirayénall

270 higherbenthicstocks and benthipelagicfluxes (Figs.4 and5).

3.3 Bioturbation effects on C, N and P dynamics

When accountingnly for theimmediate locaéffectsof bioturbation it increasd NO outfluxby 0.41 g N ni? year! (+40 %)

anddecrease sediment denitrificatiomy the same amoutit14 %) in the Baltic Proper (simulated average of 200020,

Fig. 6a). Similarly, P sequestratiomas increased and PO outflux decreased @ P n? year® (+31% and-15 %),
275 respectively. In the Gulf of Riga, both the absolute flates and the relative effects of bioturbation on thegnelargerthan

in the Baltic Prope(Fig 6b).

Whenalsoaccounting for the effects of bioturbatithroughout the ecosysteimthe sensitivity analysis, changesremore
complex (Figs.7i 8). For examfe, comparing thelefaultrun Emax= 0.3) to the run with no bioturbatio&Efax = 0) in the
Baltic Proper, denitrificatiomwasreduced by).44 g N n1? year? (-15 %)but NO outflux increased bgnly 0.38g N n12 year

280 1(+36 %,Fig 7c), while Psequestration increased by@g P n?year! (+55 %)and PO outflux decreased by8g P n¥
year! (-5 %, Fig. 7e).

In general, increasing bioturbatiordle a decrease of most benthic stocks (Bjgand fluxes (Figr). This can be explained
by thefollowing chain of effectsincreased P sequestratimnthe sedirents (Fig. 7€i f) led to less pelagic DIP available for
phytoplankton especially cyanobacterigrowth and thereby lowe fixation andprimary production(Fig. 8a-b) which in

285 turn led to lower organic matter sedimentation rafefgy. 7af), lower sediment stocks of organic mat{Eig. 9bc) and
consequently lower rates of most sediment biogeochemical transformations and flux&s. (Berreasing organic matter
sedimentation alsodgo decreased biomass of benthic fauna (primarily due to a reductbrbalthicabiomass Fig 99 and
excretion of DIN and DIRFig. 7ef). An exception ishesediment Btock(Fig 9c), which increasgwith bioturbation despite
decreased sedimentatiohorganic RFig. 7e-f). Thiswas due to the increased sequestragidding to th&™ sedimen bank

290 While microbial mineralization of this bank increased as a response to increased stothesimt effect of increased
bioturbation on sediment DiButflux was negative due to the simultaneous increase in sequestration and reduction in excretion

by benthic fauna (Fig 78.
10
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Bioturbation also improvedxygen conditiongFig 8cd). In the Baltic Proper the effect on hypoxic areas marginal, but
the extent of anoxic areawas reduced bga 8 000 knt (-16 %) in the default run and 37 000 k@vV1 %) in the high
bioturbation run compared to the no bioturbation run. In the Gulf of Riga, the intermittent hypoxiteatesisnilar frequency
andextentin the no bioturbation and default runs, but almost disappeared in the high bioturbation run, ooolydgmge in
the 2Qyear periodNitrogen fixation also disappearedmpletelyin the high bioturbation ruim the Gulf of Rigawhile it was
reduced by0.78 g N ni? year! (-81 % in default run compared to the no bioturbation (Giy. 8b). In the Baltic Proper, N
fixation wasreducedoy 0.48g N n12 year! (-19 %) in the default and 1.22N m? year® (-50 %) in the high bioturbation run.

3.4 Nutrient load scenarios

All results below are calculated from means of 2@800 for the BSAP and HIGH nutrient load scenarios and-2020 for

thedefaultmodel run in the Baltic Proper{@ m depth) and Gulf of Riga.

With increasing nutrient loads, primary pradion and input of particulate organic matter (POM) to the sediments indrease
(Fig. 10ai ), resulting in an increase of most benthic stocks and flxesbiomass of benthic fauna respedchore strongly

to changing nutrient loads than the bioturbagoahancement coefficient linked to the feeding activities of fauna 1Biig).

With changindoads, theelative roles of famal and microbial processesthe sediment chand€Figure 11). With increasing
loads, an increasing proportiontnthicpelagdc fluxes of inorganic nutrientsriginated from faunal metabolisnExpressed
as percent of POM inptib the sedimenfghe respiratiormndexcretion of faunavas12i 13 % in the BSAP scenariand26i
27% in the HIGH scenarii theBaltic Proper(Fig. 11a, c, e)in the Gulf of Riga, respiration and @etionwas23i 24 % of
POM inputin the BSAP scenario and i3%7 % in the HIGH scenarigFig. 11b, d, e)Correspondingly, therpportiors of
POM input released atissolved inorganic substanaesuting from microbial processes in the sedimé@dtC, NO, and PO
outflux in Fig. 11) werehigherin the BSAPthan inthe HIGH scenarioAn exception is the NH outflux in the Baltic Proper

(Fig. 11c) that increasedith increasing loaddue toan expansionf anoxic bottoms.

The relative proportion dP?OP input sequesteredhows a complex patterin the Gulf of Riga(Fig. 11f): the proportiorof
POP input sequesterediaslower in the BSAP scenario compared to defaultmodelrun due to less fauna and thbyeess
bioturbation However, the proportiowas also lower in the HIGH load scenario, as the increased occurrence of hpgxia
10h) counteraatdthe effects of increased bioturbatidmthe Baltic ProperelativeP sequestration sh@a decreasingattern

with increasing loadéFig. 11e)driven by increasing occurrence of hypogidg. 10f).

Even though the total amount of POM input to the sediment increased with increasing nutrieittdoasistuted a decreasing
proportion of primary productiorin the BSAP scenari@lmost half of the annual primary producticrached the seafloor
(48 % and47 % inthe Gulf of Rigaand Baltic Proper, respectivg¢lgompared to 2% and27 % in the HIGH load scenario

(Fig. 10a, c) Thus,the proportion oprimaryproduction mineralized by faunearied only slightly withnutrientload scenario

11
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because of the opposite responses of sinking organic matter and4at#a(BSAP) to 4.26 (HIGH) in the Baltic Proper
and10.7% (HIGH) t0 9.6 % (BSAP) in the Gulf of Rig.

4 Discussion

We have created a new tool to simulate theilozigm and largiescale effects of benthic fauna on biogeochemical cycling in
the Baltic Seay fully mergingtwo existing proce$based models. it simulations with th@ew model indicate thathe
benthic fauna makes up a small part of benthic organic stocks, but costsbhgtantially to organic matter mineralization
and benthitpelagic fluxes of inorganic C, N and P throutgmetabolism. Further, thgimulation of P binding in sediments
by bioturbation significantly reduced fixation andprimary production in the simulations, indicating that benthic fauna can

alleviate the oO6vicious circled of eutrophication

4.1 Model performance

In general, thdALTSEM-BMM model reproduces the obseniadltic Sediscale patterns of decreasing biomass of benthic
fauna with latitude and depth reasonably wellalas shownfor a previousoneway coupled model versiafiEhrnsten et al.,
2020a) Compared tambservationsthe model seems to underestimate the biomass of benthic faunaBiothingan Sea and
overestimate it in th&ulf of Finland(Figs. 3, C2) The former may be due to anderestimation of primary productivity in
the Bothnian Sea by BALTSEM, while the omission of possible negative effects of low salihtytmithicain the Gulf of
Finland may explain the lattésee Appendix C)Additionally, the modewould need an addin of several groups of
Aimegabenthoso (e. g. | a rfepding éivalas)nabd applicabie tlee mdrinesateasmatethe gritrance
to the Baltic SedFig. C1)

The simulated mean biomass of benthic fauna in Gulf of Ra@gconsiderably higher than estimateyl Gogina et al. (2016)

(Table 1, Fig. 3)Possible reasons for overestimation may be that the model does not take into account the limitations by
mobile substrates and low salinity, especially in the southern part basi{Carman et al., 1996; Kotta &k, 2008) In this

region, a reduction of benthic biomass (e.gMehoporeia affinisandM. balthica) occurred in the 1990s for reasons not well
understoodKortsch et al., 2021)On the other hand, our biomass estimate is less than half of that by Kotta et al. (2008),
assumingeporteddry weight is 10 % of wet weighand well within the range reported ®aumiga and Lagzdig8995)and
Ceckrwall et al.(1999)

The modellegatterns in total benthisiomass are strongly driven by changeMinbalthicabiomass in response to changes
in food availability, leading to extinction of the group in deep waters atfgkinligotrophic Bothnian Bay. These patterns are

stronglysupported by observatiofBig. C2)

The BALTSEM model was neither improved nor worsened by the additidventhicfauna, according to the performance

analysescomparing pelagiautrient andoxygen concentration® observationgAppendix B). This shows that increasing

modelcomplexity does not necessarily increase accuracy, especially when the functions and/or variables added are not we
12
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known (Ehrnsteret al., 2020b; Levins, 1966 general, though, the previous assessmetsodel performancehowing

that the model is able to reproduce seasonal dewhdalvariations in biogeochemical variables and performs well in
comparison to other Baltic Seaodels, remain validEilola et al., 2011; Gustafsson et al., 2012, 2014; Meier et al., 2018;
Savchuk et al., 2012)

4.2 Biogeochemical &ects of benthic fauna

Similar to estimates made with previous uncoupled versions of the ffitittelsten et al., 2019a, 2020#)e results of this
studysuggesthat respiration by fauna constitutes a significant pastgdnic matter mineralization in sedime(fgy. 4) The
fauna mineralized about 87 g C n¥ year® or 22 31 % of POC inputo the sedimenti® 20062020. This agrees well with
previous estimates from the Baltic Sea of#2% (Ankar, 1977; Elmgren, 1984; Kuparinen et al., 19&Wnilarly, Rodil et
al. (2019)estimated that macrofauna contributed 288% of total benthic respiration in soft andi 45 % in hard bottorsites
in the Gulf of FinlandHerman et al{1999)estimated that respiration by macrofauna mineraliz@% % of annual primary
production in shallow estuaries. In theleper coastal areas, we estimate that the fauna mineral&a & annual primary

production in the Baltic Proper and 1 % in the Gulf of Rigan 1976202Q with considerable interannual variations.

The sensitivity analysis shada large effect of bioturbation on primary production levels mainly dircteased retention

(Figs. 79). When bioturbation increasd®l sequestratio(Fig.7e) thislelt o a weakening of the Ovi
Proper where less DIP in the t#acolumn led to less N fixaticandorganic matter productioffrig. 8a, b) which in turn lel

to less organic matter input to sediments, lesterotrophic oxygen consumption, less hypada anoxia (Fig. 8c, dind
thereby further increased P sequegirain the oxygenated sediments. Also in the Gulf of Riga, where hypoxia wg&igre

8c, d) the bioturbationinduced reduction ofelagicDIP had large effects on primary production asgeciallyNi fixation

(Fig 8a, b) In the tworuns with bioturbabn there wasno orvery little pelagic DIP surplus available for the fiking
phytoplankton groujn contrast to the run without bioturbatiomhere N fixation added on averag6®g N mi?year! or ca

17 000 tonnes N yedarto the basir{Fig. 8b). It should be noted that thesietoirbation effects are only valighere conditions

are favourable for P binding toetaloxides, which occur primarily in freshwater and brackish sediments with a high iron and
low sulphide contenfvanHelmond et al., 2020; Jordan et al., 2008)

The significant effect of bioturbation orr&entionfound here is in line with the results of studies on the effectiseinvasive
polychaeteMarenzelleriaspp. in the Gulf of Finland and Stockholm ar@iggo in thenorthern BalticProper (Isaev et al.,

2017; Norkko et al., 2012However, both of these studies focussed on areas with very high abundavieesnzielleriaspp.,

and there are some indications that lower abundances may yield an opposite effect, i.e. increase P outflux from the sedime!
(Norkko et al., 2012; Nystrom Sandman et al., 20¥#)ile these studies concentrated on a single taxon in a limited area, we
included a dynamic representation of the whole benthic fauna community over the whol&8alEarther, these studies

only included the effects of bioturbation, but excluded metabolic fliskee,we estimatd that even though the excretion of

DIP by benthic faunaonstituteda significant proportion of benthipelagic fluxesaboutvsto m (Fig. 4e, f) it did not reverse
13
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the effect of bioturbation on P retentidrhese results are supported by Berezina é2@1.9) who found a positive correlation
between macrofaunal biomass and P excretion, but a negative correlation between biomass and total sediment to water D

flux in sediment cores with natural macrofauna communities in the eastern Gulf of Finland.

The effets of bioturbation on sediment N dynamics were less impoftargutrophication processéisan the effects on P
dynamics in this study. We assumed a very simple process formulatiere bioturbation increases oxygen penetration depth
in the sediments &ing toa larger proportion obrganic Nmineralization in oxic environments, thus promotmgflux of
nitrates ovementhicdenitrification. In reality, denitrification is a complex process depending on e.g. thistBRture of
redoxclines in the sedime If the biogenic structures of tubgwelling bid irrigators increase the area of dxamoxic interface

in the sediment, this can lead to the opposite effect where a larger proportion of nitrate is denitrified at the erdacdjed red
(Aller, 1988; Gilbert et al., 2003However,we believe this to be a special case unlikely to dominate in the Baltic Sea.
Henriksen et al1983)measured an increased proportion of nitrate denitrified in sedimentswgigiourrows of animals with

low irrigation activity(e.g. Arenicola marind, but a decrease in sediments wsdffeciescommonin the Baltic Sea €.g. M.

balthicaandMya arenarig.

To better capture alterations in redoxclines, a dep#olved sediment model with oxygen as a state variable would be needed.
We also recognize thahany other possible effects of bioturbation, e.g. on biiaséefson et al., 2002nd resuspension
(Cozzoli et al., 2021yvere not includedHowever, there is always a trad# between model complexity and generality, with
few models to date combining a depésolved sediment module together with a full pelagic m@geinsten et al., 2020b;
Lessin et al., 2018ne of themainadvantages of the BALTSEM model is that its simplicity and fast runningdiomaotes

the development of additional features and experimentation wilhge numbenof simulations(e.g. Gustafsson et al., 2015;
Soerensen et al., 2016; Undeman et al., 2015)

Experimental studies from the Baltic Seporta range of positive, negative or negligible effectbafthicfauna on benthic
pelagic DIN fluxesand denitrification rates, showiriat these processes are highly contkeitenden{Griffiths et al., 2017
and references thereinptudies withM. balthica the dominatinggroup in our simulations likewise report increasing,
decreasing and invied nitrate fluxescompared to bare sedimer(Stief, 2013 and references therei®n the other hand,
ammonium outfluxes were consistently increased by macrofaua studies reviewed bgtief (2013),supportingour
simulation resultshat animal metabolism plays a significant rolebenthicpelagic DIN fluxes, with ammonium excretion
constituting about half of the totBIN fluxes in200Q 2020

4.3 Benthicpelagic couplingin a changingenvironment
The Gulf of Riga had higher simuéal benthic stocks and fluxes than the Baltic Proper. This can partly be attributed to the
slightly higher primary production (17119 vs 159+25 g € yaar*in 2006202Q Fig. 83, but probably more importantly

to the shallower mean depth causing a lapgeportion of pelagic production to sink to the sediments before it is mineralized

14



420

425

430

435

440

445

in the water column. In the Gulf of Riga, on average third(32 %) of primary production reached the bottom as POC during
2000 202Q compared tone fifth (21 %)in the Baltic Proper

Besides depth, the amount of organic matter export also depends on e.g. the type of plankton and tgfaeander et

al., 2017) Despite large interannual variations, there was a clear decreasing trend in the proportion of primary production
exported to the seafbr of about 5 percentage points per decade in the Baltic Proper durini@@2@0R? = 0.68,F=103,p

< 0.0001). This coincides with an increase in water temperature and shift in phytoplankton composition towards an increasec
proportion of cyanobacteria, seen both in these simulations and in (8alikjn, 2009; Kahru and Elmgren, 2014 less

clear decresing trend of 2 percentage points per desgae simulatedh the Gulf of Riga (R=0.29,F=20,p < 0.0001).

The proportion of primary productiaariving atthe seafloomalsovaried with nutrient loadsonstitutingalmosthalf of the
annual primaryprodtction in the reduced loadBSAP scenarid47i 48 %) compared to 2127% in the HIGH load scenario
(Fig. 10a, c)Simultaneously, thamount of benthic fauna decreased arideralization of sediment organic matter became
more dominated by microbial processeith reduced loadsThus, we can conclude that both the absolute amount and the
relative proportion of POM input mineralized by macrofauna incceagth nutrient loads, but in relation to primary
production the proportion mineralized by fawmasalmost independent of changes in lobdsause of the opposite responses

of sinking organic matter and fauna.

5. Conclusionsand outlook

Using a newly developed modelling tool, significant effects of benthic macrofauna on C, N and P cycling were simulated in
the semienclosed brackistvaterBaltic Sea with impacts orthe ecosystem from the extent of hypoxic bottoms to the rates

of pelagicnitrogen fixation and primary productio®@ur results suggest that in addition to bioturbatietatively more studied

in the modelling contexthe metabolism of benthic fauna should be given more attention in future studies as it may play a

significantrole in benthic mineralization of organic C, N and P in coastal seas and estuaries.

The magnitude of effectsf benthic fauna on biogeochemisggnerally decreased witkepth andncreased witlproductivity,

as shown by the comparison of two basins afferént nutrient load scenario§hus, hese simulations confirm the notion
that benthicpelagic coupling is strongest in shallow coastal af@aiffiths et al, 2017; Nixon, 1981)buttheyalso show that
this relationship is modified by multipleteractingphysical and biological drivers, which may change over tifoeexample,
we found that the proportion of primary production reaching the seafloor dedredth increasedutrient loading and
increased temperature, as both led an intensification of pelagic nutrient cizlitlger, simultaneous positive and negative
feedback loop#ed to complex relationshipse.g.betweerproductivity and P cyclingas seen in Fig. 11fOnthe one hand,
increased productivity can increase the amount of bioturbating fauna, stimulating P sequeSinatierother hanéhcreased
productivity can increase benthic oxygen consumption for mineralization of sinkingiorgatter, leading to deteriorating

oxygen conditions and increasing P leakage from sedimentavelling themany interacting drivers and responses on a
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system scale is important to understand how coastal and global biogeochemical cycles are retspohdiges in, e.g.

nutrient loads and climate.

Even though these largeeale simulations contain a large degree of uncertainty, they are an important complement to empirical
studies, which for practical reasons can only consider temporally and spatidattg parts of the syste(Boyd et al., 2018;
Snelgrove et al., 2014)o improve the confidence in simulatioesuls, weseetwo majorways forward. First, as all models
containdifferent formulations,assumptions and uncertainties, implementing benthic fauna components iplotkieal
biogeochemicaimodels and comparing the results would greatly increase the strengtfdefcefor those results where
different models agredhis kind of ensemble modelling is increasingly used in climate change research, and has also been
applied in the context of Baltic Sea biogeochemigiigier et al., 2012, 2018; Murphy et al., 200We 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 beyo#ten 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 functionadiggoups

the existing groups as a templateuld be straightforward technically. The main challesayethe parameterisation of group

specific ratess well as managing the increased complexity.

Second,a comprehensive compilation of observational data on sediment stocks and fluxes would be nepgedvied

model validationSuch data is collected for monitoring and resegutposesy a great number of institutions around the
Baltic Sea, but a compnensive, opeiccess, qualitgontrolled collection of this data is lackinghe Baltic Environment
Database (BED) has been invaluable for both model development and validation of pelagic phydiesnistdy While this

data can be used as indirect vatidn of benthic model processes in the strongly coupled system, we call for the development
of a fi B e nta facilitate fildiEeDndodel developmerk comprehensive collection of observational data would also

facilitate the identification of knowledgeags and future research priorities.
Code availability. The model code is available upon request from the corresponding author.
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760 left column) and Gulf of Riga (right coluthrArrow widths are proportional to fluxes for each element. Seq. = P sequestration.
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775 Figure 10. Primary production (a), nitrogen fixation (bjppiut of POC ¢), PON(d) and POP#) to the sediment, stocks of benthic fauba (
bioturbation enhancement coefficieg) &nd hypoxic areahf in thedefaultmodel run 2002020 and in two nutrient load scenarios 2080
2100 in the Baltic Proper (@0 m depth) and Gulf of Rigd&he hypoxic area is defined tieeannual maximum extent of areas with oxygen
concentration < 2 mg.0and is given for the whole basins
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780 Figure 11. Apportionment of benthic fluxes of carbon (a, b), nitrogen (c, d) and phosplepfusn(thedefaultmodel run 2002020 and
in two nutrient load scenarios 202000 in the Baltic Proper (@0 m depth, left column) and Gulf of Riga (right column). Fluxes are shown
as percent of POM inptd the sedimentNote that animal excretion is shown sepadaty and not included i n Omi
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Table 1.Comparison of simulated benthic fauna biomass in the Gulf of Riga and estimates based on field Gamptingight 7).

Mean Range Source Comment
(@ wwt m?) (g wwt m?)

154 2910 284 Model 19702020
64 <210 >300 (Gogina et al., 2016)
46 38 to 200 (Jarvekulg, 1983) Unit uncertain, given as g’
350 160 to 370 (Kotta et al., 2008) Assuming 10% dwt wwt
38 1to 188 (Witek, 1995) SW part only
78 13t0 371 (Cederwall et al., 1999; Gaumiga and Lagzdins, 1¢ 19741979
208 49 to 340 (Gaumiga and Lagzdins, 1995) 1984 1985
196 <50 to 1311 (Cederwall et al., 1999) 19851989
113 <50 to 800 (Cederwall et al., 1999) 1993 1996
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785 Appendix A. Mathematical description of benthic model dynamicsn BALTSEM -BMM

All state variables are listed ifiable A1 and benthic parameters in TablesA® A graphical overview obenthic state
variables and processes is provided in the main manuscripjFRjoavailable surfacessliments areepresented as terraces
at 1 m depth intervals with an area corresponding to the hypsography of eaclibasinthic state variables aralculated
in mg nt?for each terrace.

790 Sediment dynamics

Sediment concentrations of elemeXitéX = C, N, P) are divided into three banks that share the same processesi (&3). A1
Depositionof sinking detritusPpetx) and phytoplanktor¥phyix, | = phytoplankton group 1, 2, 3) on the sediment is integrated
into a bank of fresh organic matter SED1X (Eq. Al). Loss terms of the bank are mineraliZatiay,(aging Asep1y into

the second food bank SED2X and uptake by defesiters (sepixgrz). Saurces of SED2X include aging from bank&sep1y)

795 and faeces from depoddeders(Fsr2x) and predatorsHgesx) (EQ. A2). Loss terms are mineralizati@sep2y), uptake by
Macomabalthica(Usep2xer1) and agindAsep2y into the third sediment bank SED3¥hich is considered unavailable as food
for the benthic fauna, but available for bacterial mineralization. Mortaigyi) of all benthic groups and faecedwfbalthica
are added to the third bank (Eq. A3). Loss terms are minerali{@tesyy) and burial By).

B © 0 & ) Yo (A1)
800 —— "0 "0 @ ) Yoo (A2)
— b "0 B 0 & 5 (A3)

Sediment silica is modelled as a single pool with sinking diatom Si (PHY2Si) as a source and mineralization and burial as
sinks(Eq. A4).

— 0O @ o} (Ad)
805 Minerdization (Eq. A5)andaging(Eqg. A6)of element X (X =C, N, P) in bank SED = 1, 2, 3) are formulated as firstrder

reactions, witltherate constantazsepxandksepi, respectivelyMineralization and aging are temperatdependent according
to the function®r1 (Eq. A38) andQr2 (Eq. A39), respectively.

) ® 0 "YOOQ® (A5)

o) Q 0 "YOOMQ® (AB)
810 A proportionassepxof the third sediment bank is buried (Eq. A7).

6 &  YOuh (A7)
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For each element X (X = C,,NP), the mineralization fluxes from alreesediment banks arsummedinto a total flux
(Zsebxtw), Which is further divided in the samey as in the standard BALTSEWIth the addition of bioturbation effectBor

C, the total sediment mineralization flgresto the pelagic dissolved inorganic carbon (DIC) p&®{, Eq. A8).
815 O ® (A8)

Depending on oxygetoncentrations in the bottom water lay@iXY), mineralized sediment N is released to the water column
as ammoniaQ@un, Eq. A9), oxidised N Ono, Eg. A10) or denitrified to N (Wbeni, EQ. A11). NH represents total ammonia
(NHszand NH;) and NO the sum of mite (NG,) and nitrate (NG).

60 6 (A9)
820 U - (A10)
) p U p - @ (A11)

In anoxic or nearly anoxic conditions, the mineralized N is released to the water column as NH, defindchbiaheyoxy

(Eq.A12), otherwise it is oxidized.

) S 8
P — (A12)

825 Subsequently, thexidizedfractioncan be denitrified into Ntreated as a permanent sinkyeleased to the pelagic NiOol.
Thefractionreleased as NQJ() is positively related to oxygen concentrations according to &kB)( whereq, an, by and

cn areparametersf the sigmoid curvéSavchuk, 2002andEy is a bioturbation enhancement factsee Eq.A37) below)

(A13)

A fractiondp of mineralized sediment P is sequestei&g Eq. Al4), i.e. bound to iron oxides in the sediment, while the rest
830 s released to the pelagic phosphat®)pool Oro, Eq. A15).

0 - (A14)

0 p - © (A15)

The fraction sequestered is positively related to oxygmatentrationgenhanced by bioturbatio@nd negatively related to
salinity accordingo Eq. A16), wheregp, ap, bp, 0, Ok, er, fp andge arecurveparametersThe fraction has an upper limit of

835 1 (100% of mineralized P sequestered), but can take on negative values, representing a release of previously sequestered F
severely hypoxic nanoxic conditions. The salinity (SAL) dependence in the third term is used as a proxy for the higher

availability of iron in the lowsaline Bothnian Bay.
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855

860

— ROGROG GG — Q p QQOAF— (AL6)

Sediment C mineralization and nitrification consumegen while denitrification causes reimbursement of Ohus, the
sediment consumption of bottom water oxyg®gepoxy is calculated according to Eq. (A17he constantBzc, bnit andbpeni

are oxygen equivalents for the respective processes

6 TG e 0 B A (AL7)

Benthic fauna

The model includes three functional groups of benthic faMtzazomabalthica (BF1), depositfeeders BF2) and predators
(BF3) that share the same processes but with gamgendent parameterisatiomse change in C biomassfahctional group
i (i=1, 2, 3is the difference between food uptakasdes production, resption, mortality and predatiofeq. A18) where

Ugricerzdenotes predation on groufi = 1, 2)by benthic predators.
— Y "0 Y 0 Yoo (A18)
Since the model does not include recruitm@ninigration, biomass change is set to 0 when biomass falls below 0.01 mg C

m2to avoid permanent extinction of any group.

The change in N and P components of a grouiXBF= 1, 2, 3;X = N, P) share the same processes as above, except that
respiratoryrelease of C is replaced by excret@N or P(Eq. A19) As the faundasfixed stoichiometry, the dynamics can

also be expressed by the change in C biomass and a conversiomdactor

— Y 0 © 0 Yook — (A19)

Food uptake of element X (XC, N, P) by group is the sum of ingestion of food sourgesvherelixgr is ingestion rate of
food sourcg by groupi (Eq. A20).

Y B O 60Q®» (A20)

Predators feed on depo$ieders andl. balthica,with a strong preference for the former. The ingestion rate of multiple
food sources is formulatextcording to Eq. (A21), whelg gr3is the ingestion rate of food sourjdey predatorslmaxgrs is
the maximunspecificingestion ratef predatorspr,andprx are preference factarfor food sourceg andk, FlimyandFlimy
are lower feeding limits o andk and Kmgrs is a halfsaturation constant fg@redator ingestion rate.

pp &l ET x
+//7'~&(BI; pDO g &l ET

O 0 & (A21)
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880

885

Depositfeeders are restricted to feediag freshly deposited organic matter in SED1X, wh¥e balthicacan eat slightly
older organic matter in SED2X/. balthica switches to suspensidaeding when phytoplankton concentrations are high (>2

mg Chta m®). Ingestion rate of a single food soujdgy groupi can be simplified t&q. (22):

o, 0 5 —— 0 (A22)

i
Additionally, feeding stops at anoxia for all groups.

The ingestion rate of food source component X (X = N, P) is proportional t@:¥heatio of the food sourge(Eq. A23).
O Op — (A23)
Ingested food is divided intassimilated uptakeAUsrx, EQ. A24) and Beces Fgrix, Eq. AZ) by an assimilation factokF;,
which depends on the assumed nutritional quality of the food spurce

oY B 0 "0C0R 6 0Q® (A24)
O B p 0600 600w (A25)

Respirabry release of DIQRgric) is divided into threéerms basal respiration related to biomassl temperaturgyrowth and
activity respiration related to food uptake, gabsibleexcess respiration to keep istitometry (Rexrc) according to Eq.
(A26), whererpgr andrggr are the basal and growth respiration constants of graeppectively.

Y if 0 60Q8Y 15 YQw (A26)
Excretion of N andP (Ex;) is formulated in the same way as respiratenmd adds NH or PO to bottom water, respectigiety
A28).

0 i 0 6°0Q0Y 175 0OQ® (A28)

To calculate excess respiration or excretion, first the giglementor growth (lim;) is calculated by comparing the C:N:P

stoichiometry of assimilated food uptake t@ 8toichiometryof the faunagroupi (Eq. A29), whereminloc refers to the
location of the minimuntermwithin the brackets.

6h aQt adE™ MY _ MY o
dQd Oh aQt aeE™ Y _ MY _ q (A29)
Oh aQt ™ 'Y _ 7Y o

For the limiting element, excess respiration/excretion is 0. The other two elements are then e lessedstoichiometry

of the faunaThus, total respiration and excretion of graugpgiven by the matriin Eq. (A30-A32).
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owQas . © 2 —— o0  — (A30)
™0 — 3 —
w
6] ig 0 6700067 15
0O®Qa L O —_ Y — (A31)
Y O _ 8% 87y _
0 in 0 60Q0°Y i
0OQa0 O _ Y — (A32)
Y 0 oY oY

890 Respiration consumes bottom water oxygen accordikgtdA33).
Y Y (A33)

Mortality is divided into hypoxianduced mortality and other mortality. Other mortality ratg., is linear forM. balthica
(Eq. A3) and quadratic for the other two grougs). A%).

0 a d 5 6Pl (A34)

¢

895 G 5 60004 ; 60Qm (A35)

The hypoxiainduced mortality ratenvxgr is dependent on bottom water oxygen concentration, temperatutieedimdctional
group sensitivity to hypoxiaaccording to Eq. (A36), vdre nogr is the mortality rate at anoxia and 10°C dglgr is a

hypoxic sensitivity constarffimmermann et al., 2012)

. - [ mp @O+ | w
l'ior e | k- &pE/'Zﬁ'%ie@‘B"hﬁ v (A36)

900 Bioturbation

Similar tolsaev et al. (2017)we use simple formulations for the effectdbmfturbationon sediment denitrificatio(Eq. A13)

and P sequestratigiq. Al6) through a bioturbation enhancement fad&ggwhich mimics increased oxygen penetration into

the sedimentEyj, uses the feeding rate of fauna as a proxy of their bioturbation a¢Blagkford, 1997)according to Eq.

(A37), whereEmaxis the maximum enhancemenfzg is a contribution factor of functional grougi = 1, 2, 3, Ugscis the
905 carbon uptake rate of grouandKui is a half saturation constant. A& balthicais more sedentary than the other groups, a

contribution factor of 0.5 was assigned to it andadr of 1 to the two other grouffsbenhoh et al., 1995; Gogina et al.120

and refences therein)
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