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Nutrient loading and climate change affect coastal ecosystems worldwide. Unravelling
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derstanding the future functioning of coastal ecosystems, as it is an important com-
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the combined effects of these pressures on benthic macrofauna is essential for unponent linking the benthic and pelagic realms. In this study, we extended an existing
model of benthic macrofauna coupled with a physical–biogeochemical model of the
Baltic Sea to study the combined effects of changing nutrient loads and climate on
biomass and metabolism of benthic macrofauna historically and in scenarios for the
future. Based on a statistical comparison with a large validation dataset of measured
biomasses, the model showed good or reasonable performance across the different basins and depth strata in the model area. In scenarios with decreasing nutrient
loads according to the Baltic Sea Action Plan but also with continued recent loads
(mean loads 2012–2014), overall macrofaunal biomass and carbon processing were
projected to decrease significantly by the end of the century despite improved oxygen conditions at the seafloor. Climate change led to intensified pelagic recycling of
primary production and reduced export of particulate organic carbon to the seafloor
with negative effects on macrofaunal biomass. In the high nutrient load scenario,
representing the highest recorded historical loads, climate change counteracted the
effects of increased productivity leading to a hyperbolic response: biomass and carbon processing increased up to mid-21st century but then decreased, giving almost
no net change by the end of the 21st century compared to present. The study shows
that benthic responses to environmental change are nonlinear and partly decoupled
from pelagic responses and indicates that benthic–pelagic coupling might be weaker
in a warmer and less eutrophic sea.
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1 | I NTRO D U C TI O N
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biogeochemical models to improve the quantitative estimates of
organic matter degradation and global carbon cycling (Meysman,

Coastal seas around the world are facing multiple anthropogenic

Galaktionov, Madani, & Middelburg, 2005; Middelburg, 2018;

pressures (Cloern et al., 2016; Gray, Wu, & Or, 2002; Griffiths et al.,

Snelgrove et al., 2018). Traditionally, the physical and chemical

2017). One example of a coastal sea under multiple pressures is

processes in the sediment have been a field of study in biogeo-

the Baltic Sea, which has experienced accelerating eutrophication

chemistry, while the dynamics of benthic fauna have been studied

due to increased nutrient inputs between the 1950s and 1990s

mainly by ecologists. In biogeochemical ecosystem modelling stud-

(Andersen et al., 2017; Gustafsson et al., 2012), leading to increased

ies that do couple benthic fauna and biogeochemistry, the scarcity

productivity, sinking of organic matter and consequent expansion

of knowledge of benthic fauna compared to pelagic biota has been

of hypoxia along the seafloor (Carstensen, Andersen, Gustafsson,

identified as a major source of uncertainty (Baretta, Ebenhöh, &

& Conley, 2014; Conley et al., 2009, 2011). Additionally, the Baltic

Ruardij, 1995; Fulton, Parslow, Smith, & Johnson, 2004; Mussap

Sea is one of the fastest warming sea areas in the world (Belkin,

& Zavatarelli, 2017). In the Baltic Sea, there is a long tradition of

2009), which together with eutrophication has led to changes in

studies of benthic fauna, its response to environmental change and

for example, intensity, timing and composition of phytoplankton

role in biogeochemical processes (e.g. Griffiths et al., 2017; Remane,

blooms (Kahru, Elmgren, & Savchuk, 2016; Suikkanen, Laamanen,

1934; Villnäs et al., 2013), which form a basis for quantification of

& Huttunen, 2007). Climate change may have profound effects on

these processes through mechanistic modelling. Here, we make a

all parts of the ecosystem in the future through warming, increased

first step towards quantifying a dynamic coupling of benthic fauna

runoff from land and decreased salinity (BACC II Author Team, 2015;

and changes in physics, biogeochemistry and lower trophic level pe-

Meier, Müller-Karulis, et al., 2012; Niiranen et al., 2013). The combi-

lagic processes, by combining a model of benthic macrofauna and

nation of an early history of multiple pressures and cross-border sci-

a well-established eutrophication model used as a decision support

ence-based management also makes the Baltic Sea a prominent test

tool in the Baltic Sea.

case for efficient management of the future coastal oceans (Reusch
et al., 2018).

Previously, Timmerman et al. (2012) estimated the balance between biomass lost and gained with changes in nutrient loading at

Unravelling the combined effects of nutrient loads and climate

six stations in the deeper parts of the Baltic Sea using a physiological

change on benthic macrofauna is important for understanding the

macrofauna model driven by outputs from a physical–biogeochemi-

future functioning of coastal ecosystems, as it is an important com-

cal model, but did not investigate the effects on carbon cycling. This

ponent linking the benthic and pelagic realms (Graf, 1992; Grall &

model was further developed to simulate the biomass and metabolic

Chauvaud, 2002; Griffiths et al., 2017). Benthic fauna contribute to

carbon processing of benthic fauna in two coastal areas in the near

organic matter processing and benthic–pelagic fluxes of nutrients,

past (Ehrnsten, Norkko, Timmermann, & Gustafsson, 2019) and to

carbon and oxygen both directly through feeding and metabolism

systematically investigate the effects of temperature, food sup-

(Herman, Middelburg, van de Koppel, & Heip, 1999; Josefson &

ply and hypoxia on local benthic communities in the Baltic Proper

Rasmussen, 2000; Middelburg, 2018) and indirectly by bioturbation

(Ehrnsten, Bauer, & Gustafsson, 2019). Here, we extend these devel-

of the sediments (Bernard, Gammal, Järnström, Norkko, & Norkko,

opments to explore the response in biomass and metabolic carbon

2019; Meysman, Middelburg, & Heip, 2006; Stief, 2013).

processing of benthic macrofauna to the combined effects of differ-

The loss of benthic fauna due to global deoxygenation of the
seafloor is a widely recognized problem (Breitburg et al., 2018;

ent scenarios of changing nutrient loads and climate on the scale of
the Baltic Sea over a century.

Diaz & Rosenberg, 1995; Norkko et al., 2015). For the Baltic Sea,
Karlson, Rosenberg, and Bonsdorff (2002) estimated that up to 3
million tonnes of macrofauna is missing due to hypoxia. At the
same time, increased food supply has increased macrozoobenthic
biomass in oxic areas (Cederwall & Elmgren, 1980, 1990; Pearson

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study system

& Rosenberg, 1978), which is estimated to exceed the lost biomass
(Diaz & Rosenberg, 2008; Elmgren, 1989), but these basin scale es-

Benthic macrofauna dynamics were simulated in the four largest

timates are uncertain and about three decades old. The effects of

basins of the Baltic Sea (Figure 1). These basins differ in physical

climate change on benthic fauna are not well known, but there are

characteristics such as depth, salinity, temperature, ice cover and

indications that several species have declined due to increasing tem-

residence time (Leppäranta & Myrberg, 2010). Trophic status of the

peratures in the Baltic Sea (Rousi et al., 2013).

basins as indicated by concentrations of nutrients in winter and phy-

One way to tackle this challenge is to use mechanistic model-

toplankton in summer increase from the Bothnian Bay in the north

ling. Mechanistic models of sediment dynamics have long recog-

to the Baltic Proper and Gulf of Finland in the south (Andersen et al.,

nized the importance of bioturbation for biogeochemical processes

2017; Gustafsson et al., 2012; HELCOM, 2014). The diversity and

(Aller, 1982; Rhoads, 1974) but macrofaunal metabolism and bio-

biomass of benthic macrofauna also increase along the north–south

mass dynamics have received much less attention, despite sev-

gradient (Carman & Cederwall, 2001; Laine, 2003; Villnäs & Norkko,

eral calls to include the biological dynamics of benthic fauna into

2011).

|
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20°

30°
Depth

and marine origin. A vertically integrated dynamic sediment model is

65°

coupled to the pelagic model (cf. Soetaert, Middelburg, Herman, &
Buis, 2000). It resolves the degradation, burial and sediment-water
fluxes of C, N, P and Si as first-order processes depending on tem-

0 – 30 m

BB
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perature and oxygen conditions.

30 – 70 m

The physical circulation in BALTSEM is forced by 3 hourly mete-

70 – 120 m

orological conditions, monthly river runoff and time-series of state

>120 m

variable concentrations and sea level at the North Sea boundary.
Additional forcing for the biogeochemistry in BALTSEM is comprised

BS

of monthly inputs of N, P, C and Si from land via rivers and from

GoF

60°

coastal point sources as well as atmospheric deposition of N, P and
C. The model furthermore includes CO2 exchange between air and
sea.
BALTSEM has been described and validated in numerous publications and is proven to stand up to comparison—or even compare

BP

favourably—with other coupled physical–biogeochemical Baltic Sea
models in terms of reproducing large-scale patterns of, for example, salinity, oxygen and nutrient concentrations (Eilola et al., 2011;
Meier et al., 2018). Gustafsson et al. (2012) simulated the response

55°

of productivity, nutrient cycling and oxygen dynamics to changes in
nutrient loads over the period 1850–2006. The model was validated
using long-term monitoring data of salinity, temperature, oxygen

0

100 200
km

F I G U R E 1 Map of the Baltic Sea with bathymetry and position
of macrofauna biomass sampling points (yellow diamonds) in the
four basins of model implementation: Baltic Proper (BP), Gulf of
Finland (GoF), Bothnian Sea (BS) and Bothnian Bay (BB)

2.2 | Model description

and inorganic nutrient concentrations. Savchuk et al. (2012) demonstrated in detail the model's capacity to largely reproduce seasonal
and geographical patterns of, for example, phytoplankton and nutrient dynamics as inferred from observations. Gustafsson, Deutsch,
Gustafsson, Humborg, and Mörth (2014) described and validated
the transport and fate (sedimentation, mineralization, burial and export) of organic carbon either supplied to the Baltic Sea by external
sources or produced internally. Furthermore, simulated seasonal and
longer-term development of CO2 partial pressure in response to, for
example, air–sea exchange and phytoplankton succession was anal-

The benthic macrofauna model (BMM) described in Ehrnsten,

ysed and validated by Gustafsson, Omstedt, and Gustafsson (2015).

Norkko, et al. (2019) was coupled to the physical–biogeochemical

Benthic macrofauna model simulates carbon dynamics of three

model BALTSEM by adding the BMM code into BALTSEM. Coupling

functional groups of soft-sediment macrofauna and two sediment

was one way, that is, BMM did not affect BALTSEM in the current

food banks differing in age and nutritional quality. The functional

setup but worked in parallel to BALTSEM sediment dynamics.

groups are the suspension/deposit feeding clam Limecola, represent-

BALTSEM simulates physical circulation and biogeochemical

ing the key species Limecola balthica (formerly Macoma balthica) that

transformations of nutrients and carbon in the Baltic Sea in response

dominates community biomass in large parts of the sea, as well as sur-

to climatic conditions and nutrient inputs from rivers, point sources

face ‘deposit-feeders’ and invertebrate ‘predators’ feeding on the two

and atmospheric deposition. The Baltic Sea is divided into 13 hori-

previous groups. The biomass dynamics of each functional group (in

zontally integrated basins with a variable vertical resolution in the

mg C/m2) is described as the difference between growth as function

water column. The model takes into account the depth distribution

of ingestion, assimilation and respiration, and mortality including pre-

of the basins with a vertical profile of sea floor areas with 1 m res-

dation, hypoxia-induced mortality and other mortality. The model is

olution (see Appendix S1). The hydrodynamic model (Gustafsson,

driven by sinking organic matter, temperature and oxygen conditions

2000, 2003) describes water exchange and vertical mixing and sim-

in the bottom water. It was originally developed for a specific site in

ulates water temperature and salinity. The biogeochemical model

the Gulf of Finland (Ehrnsten, Norkko, et al., 2019) and to improve

(Gustafsson, Savchuk, Gustafsson, & Müller-Karulis, 2017; Savchuk,

model performance over the latitudinal and depth ranges in the cur-

Gustafsson, & Müller-Karulis, 2012) describes the dynamics of dis-

rent study, some parameter values and formulations were adjusted

solved forms of N, P, C, Si and O as well as particulate organic matter,

(see Appendix S1). Additionally, downward relocation of organic mat-

including three functional groups of primary producers (diatoms, ni-

ter mimicking the combined effects of erosion, transport and depo-

trogen-fixing cyanobacteria and ‘other’, consisting mostly of flagel-

sition of sediments was added for the food banks using the existing

lates), one group of heterotrophic plankton, and detritus of terrestrial

formulations in BALTSEM (Appendix S1, Savchuk et al., 2012).
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The model was run 1961–2012 forced with observed nutrient

observations and SD is the standard deviation of observations (Eilola

loads and actual weather conditions as described in Gustafsson et al.

et al., 2011). According to Eilola et al. (2011), model results can be

(2012, 2017). Initial conditions for BALTSEM are based on a spin-up

interpreted as good if the model mean is within one standard devia-

from 1850 (Gustafsson et al., 2012). Initial conditions for the BMM

tion of the observed mean (0 ≤ CF < 1), reasonable if 1 ≤ CF < 2 and

state variables were set to 1 g C/m2 in all basins at all depths, and

poor if CF ≥ 2. Modelled carbon biomasses were converted to wet

the model was given 10 years to spin-up (allowing all state variables

weight using the factors derived by Timmerman et al. (2012). For

to turn over several times), that is, model results are shown from

this comparison, the model output was aggregated into four depth

1970 forward. The model results are also restricted to the Baltic

categories following Carman and Cederwall (2001): 0–30, 30–70,

Proper and northward, as the species and functional diversity in

70–120 and >120 m.

the SW Baltic Sea with higher salinity are not well represented in

The current validation dataset does not allow for a validation

the current BMM. This simulation is referred to as the baseline

of temporal dynamics. The long-term and seasonal dynamics of

simulation.

BALTSEM have been validated previously (see model description).
Ehrnsten, Norkko, et al. (2019) validated BMM against time-series
of macrofauna biomass in two coastal sites of the Baltic Sea, and

2.3 | Validation

Ehrnsten, Bauer, et al. (2019) studied the sensitivity of the model
to changes in temperature, organic matter sedimentation rate and

Data from samples of benthic macrofauna biomass taken between

oxygen conditions.

1990 and 2012 from the national databases of Sweden (sharkweb.
smhi.se) and Finland (www.syke.fi/avointieto) as well as unpublished
Finnish monitoring data gathered by the research vessel Aranda

2.4 | Scenarios

were used for validation (Figure 1). Only quantitative samples taken
with a Van Veen grab (c. 0.1 m2), sieved on a 1 mm mesh and weighed

The combined effects of changing nutrient loads and climate on

wet according to national standards were used. Additionally, sam-

biomass and metabolism of benthic macrofauna were studied by

ples containing hard substrates, missing biomass or depth data, or

scenario simulations running from 1961 until the end of the 21st

flagged as suspicious in the database were removed from the data-

century (Table 1). Nutrient loads and climate change were combined

set. Samples from areas defined as archipelago, embayment or river

independently in the scenarios.

dominated, according to the EU Water Framework Directive (cover-

The nutrient load scenarios start with observed nutrient loads

ing 9% of the total model area), were excluded, as BALTSEM does

for 1961–2012. Thereafter (2013–2098), a constant seasonal cycle

not represent these complex areas. The final validation dataset con-

of nutrient inputs is used to represent the three nutrient load scenar-

sisted of 4,750 observations.

ios (Figure 2). The ‘best case’ scenario follows the maximum allow-

As an index of model-data agreement, the results of the base-

able inputs according to the Baltic Sea Action Plan (BSAP; HELCOM,

line simulation were compared to observations using a cost function

2013). The ‘worst case’ was calculated as the monthly mean nutrient

CF = │(M − D)/SD│ where M is the model mean, D is the mean of

loads of 1980–1990 (HIGH), that is, the highest recorded historical

Nutrient loads

Climate

Abbreviation

Description

Time frame

Baseline

Observed historical nutrient
load time-series

1961–2012

BSAP

Nutrient loads following the
Baltic Sea Action Plan

2013–2098

REF

Monthly mean loads 2012–2014

2013–2098

HIGH

Monthly mean loads 1980–1990

2013–2098

Baseline

Actual weather, river runoff and
boundary conditions

1961–2012

RE_A1B_1

RCAO-ECHAM5 realization 1,
emission scenario A1B

1961–2098

RE_A1B_3

RCAO-ECHAM5 realization 3,
emission scenario A1B

1961–2098

RH_A1B_1

RCAO-HadCM3 realization 1,
emission scenario A1B

1961–2098

RE_A2_1

RCAO-ECHAM5, realization 1,
emission scenario A2

1961–2098

Current climate

Statistical forcing

1961–2098

TA B L E 1 Summary of the nutrient load
and climate simulations used in this study

|
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kton N/year

1,500

time-series of atmospheric, river runoff and boundary condition

(a)

forcing were constructed. Generally, statistical forcing datasets need
to be spatially consistent for different parts of the Baltic and covari-

1,000

ances between variables need to be maintained. Since BALTSEM
does not explicitly simulate inertia (waves), sudden changes in forc-

500

ing do not have critical consequences as long as unrealistic jumps in
the sea level boundary condition are avoided, which would cause

0
80
kton P/ year

2239

additional inflow events. A simple method of random selection was

Present

BSAP

REF

HIGH

used to create these forcing time-series. First, the original forcing time-series were sliced at each instant of zero sea level at the
boundary. The time of year was noted for each slice. Then, new long

(b)

time-series of forcing were created by randomly selecting slices that

60

originated from the same time of the year (within a 3-month inter-

40

reconstructed forcing for 1850–2006 (Gustafsson et al., 2012) was

val). To get the best possible representation of natural variability,
used to construct the statistical forcing. Concentrations at the North

20
0

Sea boundary were assumed to follow the average annual cycle
obtained from the data in 1980–2006.

Present

BSAP

REF

HIGH

F I G U R E 2 Annual loads of nitrogen (a) and phosphorous (b)
to the Baltic Sea at present (mean 1990–2012 ± SD) and in four
nutrient load scenarios

These scenarios allow both to distinguish the effects of nutrient loads and climate change in future projections and to assess the
natural variability introduced by weather variations. Altogether, 12
scenario simulations of changing nutrient loads and climate and 33
combinations of changing nutrient loads and current climate were
performed (Table 1).

loads (Gustafsson et al., 2012). The most recent observed loads
available, that is, the average loads of 2012–2014, were used as a
reference load scenario (REF).
Atmospheric and river runoff forcing for the climate change scenarios were obtained from the dynamic downscaling of global climate

3 | R E S U LT S
3.1 | Model validation

simulations for the Baltic Sea performed in the BONUS ECOSUPPORT
project (Meier et al., 2014 and references therein). The scenarios are

Simulated and observed biomass densities of the three functional

based on four different global climate change simulations to account

groups of macrofauna in four basins of the Baltic Sea divided by

for some of the variability introduced by uncertainty in current and

depth strata are compared in Table 2. A comparison of total bio-

future climate (Table 1). Two General Circulation Models, HadCM3

masses to observations as well as to data reported in Carman and

(Gordon et al., 2000) and ECHAM5/MPI-OM (Jungclaus et al., 2006;

Cederwall (2001) is shown in Figure 3. Figure 4 illustrates the cor-

Roeckner et al., 2006), were downscaled using the regional Rossby

responding cost functions for model-data agreement. Simulated

Centre Atmosphere Ocean model RCAO (Döscher et al., 2002) with

mean biomasses of total macrofauna were within one standard de-

a spatial resolution of 25 km. Two IPCC greenhouse gas emission

viation of observed means, except for an overestimation of biomass

scenarios, A1B and A2 (Nakicenovic et al., 2000), were used to force

at the 30–70 m depth interval in Gulf of Finland (Figures 3b and 4d),

the ECHAM5 model. For the A1B scenario, two realizations of the

due to an overestimation of Limecola biomass (Table 2, Figure 4a).

ECHAM5 model with different initial conditions were used, denoted

In the Bothnian Sea, simulated biomasses were mostly lower than

RE_A1B_1 and RE_A1B_3. The HadCM3 model was forced by the

observed, but within the large standard deviation of observations

A1B emission scenario only. Further details on the atmospheric sce-

(Figures 3c and 4).

narios can be found in Kjellström, Nikulin, Hansson, Strandberg, and
Ullerstig (2011) and Meier et al. (2011). River runoff time-series are
computed by a statistical relationship between the modelled precipitation minus evapotranspiration and river runoff (Meier, Hordoir, et al.,

3.2 | Historical development of
macrofaunal biomass

2012). A constant seasonal cycle of concentration profiles was used at
the North Sea boundary, whereas sea level boundary conditions were

The development of macrofaunal biomass and driving forces in the

obtained from the atmospheric pressure fields using the algorithm of

baseline run 1970–2012 are shown in Figure 5. Simulated primary

Gustafsson and Andersson (2001).

production in the model area increased between 1970 and the

To distinguish climate change from nutrient load impacts, a

mid-1990s, declined in the second half of the 1990s and reached a

set of 11 non-climate change statistical forcing data comprising of

second peak around 2010 (Figure 5c). In parallel, simulated carbon

0.000

0.000

3.652

0.009

70–120 m

120+ m

0.000

0.000

0.000

30–70 m

70–120 m

0.000

0.000

0.002

1.855

3.497

0.000

0–30 m

Bothnian Bay

10.938

21.417

0–30 m

30–70 m

1.523

18.647

10.038

Bothnian Sea

70–120 m

30–70 m

17.843

22.808

164.328

150.441

0–30 m

Gulf of Finland

120+ m

4.801

19.653

70–120 m

11.165

87.512

10.053

68.240

0–30 m

30–70 m

0.000

0.066

0.065

0.227

0.575

10.811

71.983

3.148

34.920

73.206

0.000

5.011

70.508

110.690

87.263

0.004

0.748

0.353

1.492

2.842

20.091

95.408

4.984

74.907

93.051

0.000

17.488

69.494

1.756

1.953

1.266

2.345

2.368

2.260

2.215

3.367

1.870

1.743

0.002

1.290

2.044

2.189

Mean

0.595

0.711

0.412

1.001

1.172

1.216

1.116

3.789

0.723

0.502

0.006

0.938

0.707

0.722

SD

Mean

Mean
SD

Model

Observations

Model

SD

Deposit-feeders

Limecola

1.787

1.489

1.140

10.015

12.165

12.730

3.182

8.341

4.524

1.413

0.039

2.311

6.789

3.377

Mean

Observations

1.697

1.878

2.373

10.235

10.689

12.681

6.790

10.799

7.927

1.682

0.237

4.385

8.754

4.719

SD

0.000

0.016

0.013

0.983

1.147

1.350

1.218

0.999

2.898

3.076

0.000

0.776

2.462

2.312

Mean

Model

Predators

0.000

0.016

0.020

0.301

0.362

0.443

0.376

1.046

0.532

0.355

0.000

0.291

0.452

0.448

SD

2.545

0.671

1.853

16.493

10.736

6.873

3.239

6.496

5.863

14.676

0.947

1.898

4.955

3.194

Mean

8.725

2.112

2.851

27.804

16.666

11.343

6.791

11.392

10.448

14.280

1.398

4.074

8.323

4.661

SD

Observations

Comparison of modelled and observed biomasses of functional groups of macrofauna in g wet weight/m2 1990–2012 by basin and depth stratum

Baltic Proper

TA B L E 2

486

306

144

173

479

880

408

78

284

10

58

330

822

292

No.
observations
(4,750)
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300
g wwt/m2

250

at 956 kton C in 1995, coinciding with the lowest simulated extent of

(a)

hypoxic areas but also with the end of a period of higher POC input to
the sediments (Figure 5c,d). The increasing biomass trend was seen

200

in all basins except the Bothnian Bay, where biomasses remained low

150

compared to the other basins and no consistent trend was found.
Between 1970 and 2012, annual mean sea surface temperature (SST)

100

increased between 0.8°C in the Bothnian Bay and 1.4°C in the Baltic

50
0
250

2241

Proper (Figure 5b). Primary production increased by 91% and POC

0–30 m

30–70 m 70–120 m 120+ m

input to the sediments only by 31% in the model area (Figure 5c,d).
Thus, simulated pelagic recycling intensified and the proportion of
primary production reaching the sediments decreased during this

(b)

period.

g wwt/m2

200
150

3.3 | Scenarios

100

This section shows simulated development of macrofaunal biomass

50

and driving forces under three different nutrient load scenarios
with and without climate change. The spread between climate

0
250

0–30 m

30–70 m

70–120 m

RCAO-HadCM3 simulations gave consistently higher values than

g wwt/m2

the RCAO-ECHAM5 simulations. The development of macrofaunal

150

biomass during 1970–2012 did not differ substantially between the
baseline simulation forced by actual weather and the initial period

100

of climate model simulations (Figure 8; Figure S2). In the following
text, we will therefore report only climate model ensemble means

50

g wwt/m2

15

generally smaller than the trends over time in the studied variables, except for the extent of hypoxic areas (Figure 6e), where the

(c)

200

0

model simulations (i.e. the standard deviations in Figures 6‒8) was

unless otherwise stated.

0–30 m

30–70 m 70–120 m

120+ m

In the climate change scenarios, SST increased by 2.7–3.0°C between present (mean of 1990–2012) and the end of the 21st century
(2076–2098) in the four basins (Figure 7). Temperature increased

(d)

and salinity decreased consistently over depth (Figure S1).
In the BSAP and reference (REF) nutrient load scenarios, primary

10

production, POC input to the sediments and extent of hypoxic areas
decreased over the 21st century (Figure 6). Despite improved oxygen
conditions at the seafloor and a recolonization of macrofauna in pre-

5

viously hypoxic areas (Figure 9), total macrofaunal biomass decreased
during the 21st century both with climate change (ensemble mean

0

change from present to end of the century: BSAP −84%, REF −66%)

0–30 m

30–70 m

70–120 m

F I G U R E 3 Comparison of modelled (black bars) and observed
(grey bars) biomass densities of total macrofauna in the four basins
of model implementation: Baltic Proper (a), Gulf of Finland (b),
Bothnian Sea (c) and Bothnian Bay (d). Bars show means for the
depth stratum over the period 1990–2012, error bars show ±SD.
Data presented by Carman and Cederwall (2001) are also shown for
comparison (white bars), but note that the time period (c. 1970–
2000) and basin delineations are different in these data

and without climate change (BSAP −69%, REF −44%; Figure 8). The
biomass development for the four basins and each climate scenario
separately are found in Figure S2.
In the HIGH load scenario under climate change, primary
production increased 77% between present and the end of the
century, but POC input to the sediments increased only until
mid-century (+18%), and then decreased giving almost no net
change by the end of the century (Figure 6). Changes in phytoplankton composition and increased heterotrophic turnover contributed to the decreased proportion of POC production exported

sedimentation increased and slightly declined (Figure 5d). Total mac-

to the sediments (Tables S3 and S4). Also macrofaunal biomasses

rofaunal biomass in the model area increased by 52% from 478 to

increased until mid-century (+25%), but then decreased, giving

727 kton C between 1970 and 2012 (Figure 5a). The biomass peaked

an overall decrease of −12% by the end of the century (Figure 8).
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(a)

BP

GoF

BS

(b)

BB

BP

GoF

BS

F I G U R E 4 Vertical profiles of cost
function values for biomass of Limecola
(a), deposit-feeders (b), predators (c) and
total macrofauna (d) in the four basins of
model implementation: Baltic Proper (BP),
Gulf of Finland (GoF), Bothnian Sea (BS)
and Bothnian Bay (BB). Cost function (CF)
values indicate model-data agreement
(Eilola et al., 2011): good 0 ≤ CF < 1,
reasonable 1 ≤ CF < 2, poor CF CF ≥ 2.
Table S2 lists the exact values
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F I G U R E 5 Simulated macrofaunal biomass (a) and forces driving biomass development: annual mean sea surface temperature (SST; b),
primary production (c, primary y-axis), annual mean extent of hypoxic areas (<2 ml O2/L; c, secondary y-axis) and POC input to the sediment
(d). All graphs show data from the baseline simulation in the model area 1970–2012

With current climate, primary production, POC input and macro-

11 g POC m−2 year−1 of which 98% originated from the sediment

faunal biomass continued to increase with HIGH loads towards

food banks and 2% from suspended matter. 1 g C m−2 year−1 was

the end of the century (+33% and +45%, respectively). Different

passed on to predators. A total of 5 g C m−2 year−1 or 19% of POC

physical properties (e.g. depth of the halocline) due to differences

input was mineralized through macrofaunal respiration.

in climate models led to variations in the extent of hypoxic areas

In the BSAP scenario with climate change, ingestion of POC and

between simulations, but there was no clear increase or decrease

total macrofaunal respiration decreased (−77% and −73%, respec-

over time in any of the HIGH load scenarios.

tively, between present and end of the century), primarily due to a

Simulated C biomass and flows of ingested and respired carbon

drastic decline in Limecola biomass (Figure 10b). Changes were similar

in the benthic food web at present (baseline model 1990–2012)

but smaller in BSAP with current climate (Figure 10c). In the HIGH

and at the end of the century (2076–2098) under two nutrient

load scenario with current climate, POC ingestion and respiration

load scenarios are shown in Figure 10. At present, mean POC

increased (+37% and +36%, respectively), but in combination with

input to the sediments was 26 g C m−2 year−1 in the model area

climate change there were almost no net changes in carbon fluxes

(Figure 10a). Macrofauna (Limecola and deposit-feeders) ingested

(POC ingestion −2%, respiration +1%). The proportion of POC input
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HIGH
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REF
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(d)

(f)

F I G U R E 6 Simulated annual mean primary production (a, b), POC input to the sediments (c, d), and extent of hypoxic areas (<2 ml O2/L;
e, f) at present (1990–2012) and under three nutrient load scenarios at mid-century (2033–2055) and end of the century (2076–2098)
in the model area. Results are shown as ensemble means ± SD of four climate change simulations (left column) and of 11 current climate
simulations (right column)

12

mineralized by macrofaunal respiration at the end of the century was
smaller in the BSAP scenarios (11% and 15% with and without climate

SST (°C)

10

change, respectively) than in the HIGH load scenarios (19% and 20%).

8
4 | D I S CU S S I O N

6

4

Here we used, for the first time, a dynamic model of benthic fauna

BP
1990–2012

GoF

BS

2033–2055

BB
2076–2098

F I G U R E 7 Sea surface temperture (SST) at present (1990–2012),
mid-century (2033–2055) and end of the century (2076–2098)
shown as ensemble means ± SD of four climate change simulations
in the four basins of model implementation: Baltic Proper (BP), Gulf
of Finland (GoF), Bothnian Sea (BS) and Bothnian Bay (BB)

coupled to a hydrodynamic–biogeochemical model to estimate
the biomass and carbon processing of benthic fauna in a changing
coastal sea over more than a century. The model showed good or
reasonable performance in predicting observed biomasses over
a range of depths and latitudes. Simulations with recent (REF) and
reduced (BSAP) nutrient loads led to a significant decrease in basinlevel macrozoobenthic biomass, despite large reductions in the extent of hypoxic bottoms. Increasing (HIGH) nutrient loads increased
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FIGURE 8 Simulated macrofaunal biomass in the model area under historical nutrient loads (1970–2012, grey) and three nutrient load
scenarios: HIGH (red dashed line), REF (blue dotted line) and BSAP (green solid line). Lines show ensemble means and shaded areas ± SD
of four climate change simulations (a) and of 11 current climate simulations (b). The black line shows the baseline simulation with historical
loads and climate
70–120 m

Hypoxic area (%)

Macrofauna (g C/m 2)

3

0.3

(a)

120–250 m

(b)

well captured by the model. The biomass of Limecola also followed
a decrease in food availability over depth resulting in extinction at

2

0.2

around 90–120 m depth in the Bothnian Bay and Baltic Proper seen

1

0.1

both in simulations and observations. The simulated biomass of this

0

0

100

Climate change

Current climate

(c)

100

50

50

0

0

group was in the high end compared to observations in the Gulf of
Climate change

Current climate

(d)

Finland, where model-data agreement was good for the westernmost
Gulf of Finland (see also Ehrnsten, Norkko, et al., 2019), but not towards the east, where observed biomasses were lower for reasons
that we cannot explain. It is tempting to assume that the decrease
would be due to lower salinities. However, several observations in the

Climate change
1990–2012

Current climate

BSAP

REF

Climate change Current climate

HIGH

F I G U R E 9 Simulated macrofaunal biomass (a, b) and hypoxic
area (c, d) in the deep parts of the Baltic Proper (a, c: 70–120 m;
b, d: 120–250 m) at present (1990–2012) and at the end of the
century (2076–2098) under three nutrient load scenarios. Results
are shown as ensemble means ± SD of four climate change
simulations or 11 current climate simulations

innermost part of the gulf show that L. balthica can survive in low salinities (Gogina & Zettler, 2010; Maximov, 2015, data compiled in this
study), and Jansen, Koutstaal, Bonga, and Hummel (2009) did not find
negative effects of low salinities (down to 0.5 psu) on growth of the
species in the Baltic Sea. However, the effects of salinity and other
environmental factors on reproduction of L. balthica in the Baltic Sea
remain largely unknown. It should also be noted that the number of
observations was small in this basin compared to the other basins.
The model-data agreement for depth profiles of deposit-feeders

primary production, POC input to the seafloor and benthic biomass

and predators was good in all basins according to the cost function,

during the first half of the 21st century, but climate change reversed

but it should be noted that the large spread of observational data

the trend giving almost no net change by the end of the century.

allows for substantial differences in the means. For example, the

Increasing temperatures intensified pelagic recycling of primary

higher mean biomasses of deposit-feeders and predators observed

production and reduced the proportion of production exported to

in the Bothnian Sea compared to adjacent basins were not present

the seafloor, leading to weaker benthic–pelagic coupling in terms of

in the model. This might be due to an underestimation of productiv-

carbon fluxes.

ity and/or sedimentation in the basin by BALTSEM (Savchuk et al.,
2012). It is also possible that there is a difference in food quality due

4.1 | Model validation and scope

to different phytoplankton community composition in the different
basins, which is not captured by the current model formulations.
The aggregation of species into functional groups sets certain

The main observed patterns of decreasing macrofaunal biomass

limits on model performance, as the diversity of traits and species

from the eutrophied south to the oligotrophic north, including the

interactions needs to be simplified. For example, in the deep hy-

practical absence of the bivalve Limecola in the Bothnian Bay, were

poxic parts of the Baltic Proper and Gulf of Finland, there are areas
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The current BMM only considers parts of benthic carbon prog C m–2 year–1

Baseline
POC input

cessing. The model focuses on macrofauna and their sediment food
sources, while the full benthic and pelagic carbon cycling is resolved

10

in parallel in BALTSEM. A two-way coupling of the biogeochemical
processes in BALTSEM and BMM including bacterial and meiofau-

Limecola
2.31

Depositfeeders
0.25

5

nal mineralization as well as mixing and burial processes would allow

1
<0.5

more detailed calculations of system-level carbon budgets, but are
left for future model development. Keeping these limitations in mind,
the scenario simulations show a first estimate of the role of macro-

Predators
0.14

fauna in carbon cycling processes today and in the future. A full deClimate change 2076–2099

(b)

(c)

BSAP
POC input

Current climate 2076–2099

scription of benthic an pelagic carbon cycling including the dynamics

BSAP

of benthic fauna do exist in a range of other ecosystem models (e.g.

POC input

Baretta & Ruardij, 1988; Butenschön et al., 2016; Sohma, Shibuki,
Nakajima, Kubo, & Kuwae, 2018), and have been used, for example,
to estimate the carbon storage capacity of an estuary (Sohma et al.,

Limecola
0.15

Depositfeeders

Limecola
0.49

0.21

Depositfeeders

0.26

2018), but to our knowledge none of them have studied the role of
benthos in carbon processing under environmental change.
It should also be noted that although the scenario simulations

Predators
0.06

(d)

combine a large number of drivers and responses in the ecosystem,

Predators
0.09

(e)

HIGH

there are additional potentially important processes not considered
HIGH

in this study, such as changes in reproductive phenology (Thomas &

POC input

POC input

Bacher, 2018) and effects of salinity, acidification and species invasions on the benthic communities (Cloern et al., 2016; Crain, Kroeker,

Limecola
2.05

Depositfeeders

0.27

& Halpern, 2008; Holopainen et al., 2016; Norkko et al., 2012). For
Limecola
3.58

Depositfeeders

0.22

example, projected reductions in salinity (Figure S1, Meier, MüllerKarulis, et al., 2012) would probably shift the benthic species composition towards a larger proportion of species of freshwater origin,

Predators
0.13

Predators
0.15

but the effects on biomass and productivity of such a shift are highly
uncertain (Remane, 1934; Vuorinen et al., 2015).

F I G U R E 10 Input of organic carbon (POC) to the sediment and
fluxes of POC ingested (solid arrows) and CO2 respired (dashed arrows)
by the benthic macrofauna at present (a) and at the end of the century
under two nutrient load scenarios: BSAP (b, c) and HIGH (d, e) combined
with climate change (left) and current climate (right). Functional group
biomass (g C/m2) and fluxes (g C m−2 year−1) are ensemble means in the
model area, arrow widths are proportional to flux size

4.2 | Effects of nutrient loads and climate change
on macrofauna
The scenario simulations resulted in somewhat surprising changes in
macrofaunal biomass in the model area during the 21st century. In sce-

dominated by the polychaete Bylgides sarsi (Gogina et al., 2016;

narios with recent and reduced nutrient loads (REF and BSAP scenarios),

Laine, 2003), which is included in the predator group in this study.

oxygenation of previously oxygen deficient deep areas led to recoloniza-

These biomasses cannot be reproduced by the model, as the model

tion by macrofauna as expected, but the added biomass was very small

predators are dependent on macrofaunal prey. However, the bio-

compared to the drastic losses in shallower areas. If nutrient loads are

mass of these communities is negligible on a basin scale. Overall,

kept at recent levels (REF scenario) and climate change continues, mac-

the model performance as defined by the cost function was good or

rofaunal biomass would, according to our model simulations, decrease by

reasonable and we consider this first modelling attempt to be satis-

more than half by the end of the 21st century compared to the present

factory for the purposes of this study.

(1990–2012), and if the BSAP targets are reached, macrofauna would

The model represents soft sediments in the central and northern

decrease by more than 80%. Also without the effects of climate change

parts of Baltic Sea dominated by L. balthica, surface deposit-feeders

(current climate scenarios), macrofauna was projected to decrease in bio-

and/or predator–scavengers. To be able to extend the model to the

mass by 44% and 69% in the REF and BSAP scenarios, respectively, due

entire Baltic Sea, including additional groups such as deep-burrowing

to reducing food supply. The trend in the REF scenario follows from the

deposit-feeders and epifaunal suspension-feeders (e.g. Mytilus tros-

fact that the state of the Baltic Sea has not yet adapted to the large nutri-

sulus) should be a high priority for future model development. We

ent load reductions in recent years due to the long residence times of, in

also acknowledge that the present model results are not applicable

particular phosphorus (c. 50 years; Gustafsson et al., 2017).

to shallow, photic bottoms where additional groups such as benthic
primary producers and grazers may play an important role.

Although recovery trajectories from eutrophication do not necessarily mirror the past changes (Duarte, 2009), the present results
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strongly suggest that the ‘biomass lost’ due to hypoxia is only a small

found negative effects of warming on sedimentation and depos-

fraction of the biomass gained in oxic areas during the past eutrophica-

it-feeder biomass in a simulation study of the SW Baltic Sea, whereas

tion of the Baltic Sea. However, eutrophication and associated hypoxia

Yool et al. (2017) predicted a global decrease in benthic biomass due

have changed the depth distribution and community composition of

to decreased POC input to the sediments in a warmer climate, al-

macrofauna, which has probably had major consequences throughout

though not in shallow (<100 m) areas. The different result for shallow

the ecosystem, for example on the physiological status and community

areas can probably be attributed to the different scales of the model

composition of bottom-feeding fish (Karlson et al., 2020; Pihl, 1994).

systems, with a photic zone in the Baltic Sea which is an order of mag-

A reduction of 70%–80% of macrofaunal biomass in the BSAP

nitude shallower than in the global oceans. An increase in benthic bio-

scenario may seem drastic, but is comparable to the median increase

mass, especially filter feeders, within the photic zone in response to

in more than four times the biomass measured at 28 stations in the

higher phytoplankton concentrations would be expected in the Baltic

western Baltic Sea between the 1920s and 1970s (Cederwall &

Sea as well, but this group is not included in the present model.

Elmgren, 1980). Thus, this scenario may approximate a return to the

Decoupling of pelagic production and sedimentation trends is

oligotrophic state of the early 1900s. We would also like to stress

strongest under HIGH nutrient loads in a warming climate, resulting

that the modelled changes in benthic biomass do not necessarily re-

in a nonlinear development of biomass: despite increasing primary

flect changes in biodiversity or ecosystem health.

production, sedimentation decreased after the mid-21st century in

Also Saraiva et al. (2019) found improvements in Baltic Sea eutro-

all climate change scenarios. With current climate, primary produc-

phication indicators such as primary production and extent of hypoxic

tion, POC input to sediments and macrofaunal biomass continued to

areas in similar BSAP and REF scenarios using the hydrodynamic–

increase showing that the nonlinearities were indeed caused by cli-

biogeochemical RCO-SCOBI model. They also concluded that climate

mate change. Thus, the effects of eutrophication and climate change

change counteracted improvements in the water column, but the sig-

on POC export to the seafloor and thereby on food availability for

nal from nutrient load reductions was stronger than the effects of

macrofauna were opposite and of similar magnitude, explaining the

climate change. Contrary to these results, Meier, Müller-Karulis, et al.

small net changes in biomass by the end of the 21st century in the

(2012) found only small changes in eutrophication indicators under

HIGH load with climate change scenarios.

similar BSAP and REF scenarios combined with climate change in a
multi-model ensemble study. One main difference is that this study
assumed that BSAP targets are met in the loads reaching the sea, while

4.3 | Macrofaunal metabolism and C cycling

Meier, Müller-Karulis, et al. (2012) implemented load reductions as reduced nutrient concentrations in rivers, which were counteracted by

Simulated macrofaunal respiration mineralized approximately 5 g C/m2

increased runoff. The differences show that scenario results are sen-

or 19% of POC input to the seafloor in the Baltic Sea model area at

sitive to experimental setup and assumptions about nutrient loads as

present (1990–2012). The estimate is within the range of 10%–40%

well as to the time period chosen to compare future projections to.

estimated by the same model in a previous study of two coastal

The larger biomass decreases in climate change scenarios com-

areas of the Baltic Sea, but somewhat lower than earlier estimates of

pared to current climate can be explained by the combined effects

22%–40% from the Baltic Sea (Ankar, 1977; Elmgren, 1984; Kuparinen,

of reduced input of organic matter as food, faster degradation of

Leppänen, Sarvala, Sundberg, & Virtanen, 1984). Globally, estimates of

the food banks and increased metabolism due to warmer tempera-

macrofaunal respiration scatter considerably from negligible up to 70%

tures. In a previous systematic sensitivity analysis using BMM, we

of total benthic respiration (Glud, 2008; Rodil, Attard, Norkko, Glud,

found quite small effects of temperature on macrofaunal biomass

& Norkko, 2019; Wenzhofer, Riess, & Luth, 2002), with a median of

compared to the effects of POC input (Ehrnsten, Bauer, et al., 2019).

15%–20% in estuaries estimated by Herman et al. (1999). One reason

However, that study only included temperature effects on the ben-

for the slightly lower estimate could be the low metabolic rate used in

thic system, disregarding indirect effects from changes in pelagic

the current study for the dominating species L. balthica, derived from

biogeochemical processes. It seems that climate change may reduce

studies showing very low production rates in the Baltic Sea (Ehrnsten,

macrofaunal biomass considerably, but the main mechanism is the

Norkko, et al., 2019). Mean annual respiration per biomass (R/B) as an

intensification of pelagic cycling which, in turn, affects the benthos

emergent property of the model was 1.6 for Limecola, 3.2 for deposit-

through reduced POC export to the sediments. In the baseline his-

feeders, 3.6 for predators and 1.8 for total macrofauna in 1990–2012.

torical simulation, the proportion of primary production exported to

This can be compared to R/B estimates of 2–4 for bivalves and 5.4

the sediments decreased substantially from 1970 to 2012 concur-

for other macrofauna by Elmgren (1984) and 3.4–3.5 for an amphipod-

rent with increasing water temperatures but also in concert with a

dominated community in the Gulf of Finland (Kuparinen et al., 1984).

decreasing winter N/P ratio (Gustafsson et al., 2012).

The scenario simulations indicate that with increasing nutrient

These results are in line with both observations and experimen-

loads and POC input, the role of macrofaunal metabolism in carbon

tal work suggesting that higher temperatures increase zooplankton

processing would not change, but with decreasing nutrient loads ac-

growth rates, metabolic demands and grazing rates on phytoplankton,

cording to BSAP only about a tenth of POC input would be mineral-

which leads to decreased export production (Tamelander, Spilling, &

ized by macrofaunal respiration. Thus, even though POC input seems

Winder, 2017 and references therein). Also Maar and Hansen (2011)

to be the main driver of macrofaunal biomass and metabolism, the
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relationships are not linear. This result is in contrast to simulations

and parameter values for the BMM model are available in Appendix S1

of the North Sea ecosystem that found a reasonably linear relation-

and Ehrnsten, Norkko, et al. (2019). BALTSEM is available upon request

ship between food supply and biomass of benthic fauna (Blackford,

from Bo Gustafsson or Eva Ehrnsten.

1997). Additionally, although warming increases metabolism, the
overall effect of climate change was reduced metabolic carbon pro-

ORCID

cessing due to reduced biomass.

Eva Ehrnsten

https://orcid.org/0000-0002-8960-8252

The total retention of carbon in the sediments and fluxes from
sediment to water depends on additional processes not specifically
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