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Abstract

Marine ecosystems provide essential services to the Earth System and society. These ecosystems are threatened by anthropogenic
activities and climate change. Climate change increases the risk of passing tipping points; for example, the Atlantic Meridional
Overturning Circulation (AMOC) might tip under future global warming leading to additional changes in the climate system.
Here, we look at the effect of an AMOC weakening on marine ecosystems by forcing the Community Earth System Model
v2 (CESM2) with low (SSP1-2.6) and high (SSP5-8.5) emission scenarios from 2015 to 2100. An additional freshwater flux is
added in the North Atlantic to induce extra weakening of the AMOC. In CESM2, the AMOC weakening has a large impact on
phytoplankton biomass and temperature fields through various mechanisms that change the supply of nutrients to the surface
ocean. We drive a marine ecosystem model, EcoOcean, with phytoplankton biomass and temperature fields from CESM2. In
EcoOcean, we see negative impacts in Total System Biomass (T'SB), which are larger for high trophic level organisms. The
strongest net effect is seen in the high emission scenario, but the effect of the extra AMOC weakening on TSB is larger in the
low emission scenario. On top of anthropogenic climate change, TSB decreases by -3.78% and -2.03% in SSP1-2.6 and SSP5-8.5,
respectively due to the AMOC weakening. These results show that marine ecosystems will be under increased threat if the
AMOC weakens which might put additional stresses on socio-economic systems that are dependent on marine biodiversity as

a food and income source.
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Key Points:

e Marine ecosystems are negatively affected by a weakening of the Atlantic Merid-
ional Overturning Circulation.

¢ Mechanisms involve changes in nutrient transport and subsequent phytoplankton
response leading to changes in the food web.

* Regional responses depend strongly on shifts in phytoplankton dominance.
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Abstract

Marine ecosystems provide essential services to the Earth System and society. These ecosys-
tems are threatened by anthropogenic activities and climate change. Climate change in-
creases the risk of passing tipping points; for example, the Atlantic Meridional Overturn-
ing Circulation (AMOC) might tip under future global warming leading to additional
changes in the climate system. Here, we look at the effect of an AMOC weakening on
marine ecosystems by forcing the Community Earth System Model v2 (CESM2) with

low (SSP1-2.6) and high (SSP5-8.5) emission scenarios from 2015 to 2100. An additional
freshwater flux is added in the North Atlantic to induce an extra weakening the AMOC.

In CESM2, the AMOC weakening has a large impact on phytoplankton biomass and tem-
perature fields through various mechanisms that change the supply of nutrients to the
surface ocean. We drive a marine ecosystem model, EcoOcean, with phytoplankton biomass
and temperature fields from CESM2. In EcoOcean, we see negative impacts in Total Sys-
tem Biomass (TSB), which are larger for high trophic level organisms. The strongest net
effect is seen in the high emission scenario, but the effect of the extra AMOC weaken-

ing on TSB is larger in the low emission scenario. On top of anthropogenic climate change,
TSB decreases by -3.78% and -2.03% in SSP1-2.6 and SSP5-8.5, respectively due to the
AMOC weakening. These results show that marine ecosystems will be under increased
threat if the AMOC weakens which might put additional stresses on socio-economic sys-
tems that are dependent on marine biodiversity as a food and income source.

Plain Language Summary

Marine ecosystems provide essential services to the Earth System and society. These
ecosystems are threatened by anthropogenic activities and climate change. Climate change
might also lead to a strong weakening of the Atlantic Meridional Overturning Circula-
tion (AMOC). Here, we use a complex Earth System Model and a Marine Ecosystem
Model to study how marine ecosystems respond to a strong AMOC weakening in pos-
sible future climates (2015-2100) under low and high emission scenarios. The AMOC weak-
ening affects the climate system through various mechanisms that change the supply of
nutrients to the surface ocean, affecting the primary production by phytoplankton. We
find that the AMOC weakening leads to a decrease in phytoplankton biomass that is larger
higher up the food chain. In total, marine ecosystems lose -3.78% and -2.03% of biomass
in the low and high emission scenarios respectively. These results show that marine ecosys-
tems will be under increased threat if the AMOC weakens.

Keywords: Atlantic Meridional Overturning Circulation, Climate Change, Ma-
rine Ecosystems, Earth System Modelling, Marine Ecosystem Modelling, Tipping Points

1 Introduction

Anthropogenic climate change and other anthropogenic activities, such as overfish-
ing and pollution, are a major threat for marine ecosystems and the services they pro-
vide. One of the services marine ecosystems provide is food for (human) consumption.
It is estimated that the ocean provides 11% of animal protein that humans consume (Gattuso
et al., 2015; FAO, 2022), and besides providing food, it also provides income through the
fishery industry. Furthermore, marine ecosystems are estimated to export 11 Gigatonnes
of carbon (GtC) each year from the surface to the deep ocean (Sanders et al., 2014), and
without this export, atmospheric pCOo would be 200-400 ppm higher (Henson et al., 2022;
Ito & Follows, 2005). Major changes in marine ecosystems can therefore have an impor-
tant impact on both socio-economic systems and the climate system, making it very rel-
evant to be able to make reliable projections on the future development of these ecosys-
tems (Lotze et al., 2019; Tittensor et al., 2021).
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Evidence of the impact of anthropogenic climate change on marine ecosystems is
already apparent. Observations show, for example, a reduction in ocean productivity,
changes in food webs, biogeographical shifts, and bleaching of warm water corals (Hoegh-
Guldberg & Bruno, 2010; Doney et al., 2012; Gattuso et al., 2015; IPCC, 2022). The ef-
fects of climate change can propagate through the ecosystems in bottom-up and top-down
direction, causing possible cascades in the ecosystem (Doney et al., 2012; Lotze et al.,
2019). Another consequence of climate change is the expansion of hypoxic regions, es-
pecially those found along productive regions (Diaz & Rosenberg, 2008; Breitburg et al.,
2018), which already has led to mass mortalities (Doney et al., 2012; Sampaio et al., 2021).

It has been suggested that many organisms in the ocean are at a very high risk of
impact by climate change by 2100 (Gattuso et al., 2015; Coll et al., 2020), and the func-
tion of marine ecosystems is threatened by a possible loss of ecological resilience (Henson
et al., 2021). As the climate warms, so does the probability of marine heat waves, which
have been shown to have detrimental effects on ecosystems (Smale et al., 2019). Most
CMIP6 (Eyring et al., 2016) Earth System Models (ESMs) project a future decrease in
Net Primary Production (NPP). However, the intermodel spread in these projections is
large and this spread has even increased compared to CMIP5 ESMs (Kwiatkowski et al.,
2020; Tagliabue et al., 2021; Henson et al., 2022). Marine Ecosystem Models (MEMs)
using input from two CMIP6 ESMs, project a decrease in Total System Biomass (TSB)
in both a low and a high emission scenarios even though there is substantial spread in
NPP in the ESMs (Tittensor et al., 2021).

Climate warming is not only a risk to marine ecosystems, it might also lead to tip-
ping in the Earth System (Lenton et al., 2008; McKay et al., 2022). Passing a tipping
point is a serious risk since the consequences of tipping are irreversible and can there-
fore be disastrous. A major tipping element in the ocean is the Atlantic Meridional Over-
turning Circulation (AMOC). The AMOC potentially has two stable states: an on-state
reflecting the current AMOC regime with a strong circulation, and an off-state reflect-
ing a weak or collapsed AMOC (Weijer et al., 2019). Tipping of the AMOC would lead

to several changes in the Earth System affecting the entire globe. In the on-state the AMOC

is responsible for a net transport of heat from the Southern Hemisphere across the equa-
tor to the Northern Hemisphere of 0.5 PW (Liu et al., 2017; Forget & Ferreira, 2019)
thereby strongly influencing observed surface air temperature patterns. An AMOC col-
lapse is expected to result in a cooling in the Northern Hemisphere and warming in the
Southern Hemisphere, a southward shift of the Intertropical Convergene Zonce (ITCZ),
and a strengthening of the trade winds (van Westen & Dijkstra, 2023a; Orihuela-Pinto
et al., 2022; Caesar et al., 2018). As a response to the cooling, Arctic sea-ice extent is
expected to increase under AMOC weakening or collapse. Besides the direct changes in
advection due to an AMOC collapse, an AMOC weakening can also change important
ocean characteristics such as the stratification and upwelling rates. Several studies have
shown the impact this can have on the marine carbon cycle and the uptake capacity of
the ocean (Zickfeld et al., 2008; Boot, von der Heydt, & Dijkstra, 2024). The changes
in stratification and upwelling rates are specifically interesting for marine ecosystems,
and through these processes, an AMOC weakening can impact marine primary produc-
tivity (Schmittner, 2005). The changes in ocean circulation also alter the connectivity
in the ocean which can be relevant for environmental niches of plankton species, espe-
cially when their thermal constraints are taken into account (Manral et al., 2023). This
provides a bottom-up control on marine ecosystems potentially threatening important
ecosystem services and a pathway of cascading tipping from the physical climate system
into marine ecosystems (Brovkin et al., 2021).

There are studies that suggest that the AMOC has been weakening over the past

century (Caesar et al., 2018), and that the AMOC might tip between 2025 and 2095 (Ditlevsen

& Ditlevsen, 2023). These studies are based on uncertain proxy data and are contested
by some other studies (Worthington et al., 2021). However, a recent study using a physics
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based early warning signal shows that the AMOC is indeed on tipping course (van Westen
et al., 2024). In CMIP6, the models show a consistent weakening of the AMOC across
almost all emission scenarios, but no AMOC collapse is simulated up to 2100 (Weijer et
al., 2020). However, this might be explained by the fact that the CMIP6 models are bi-
ased towards a too stable AMOC (van Westen & Dijkstra, 2023b) and might therefore
underestimate the probability of a collapse.

In this study, we examine the impact of a strong AMOC weakening on marine ecosys-
tems under anthropogenic climate change. We do this by analysing several simulations
of the Community Earth System Model v2 (CESM2; Danabasoglu et al., 2020) where
we use both a low and a high emission scenario, and simulations where we artificially weaken
the AMOC by applying a surface freshwater flux to the North Atlantic Ocean. Since the
ecosystem component in CESM2 is limited to three different phytoplankton groups and
only one zooplankton group, we use the marine ecosystem model (MEM) EcoOcean (Coll
et al., 2020) to simulate more detailed ecosystem dynamics. We force EcoOcean, a MEM
part of FishMIP (Tittensor et al., 2018, 2021), with the output of the CESM2 simula-
tions. Our results demonstrate the far reaching effects that a weakening of the AMOC
can have on the marine ecosystem.

2 Methods
2.1 Earth System Model

The Community Earth System Model v2 (CESM2) is a state-of-the-art Earth Sys-
tem Model that is part of CMIP6. It has modules that represent the atmosphere (the
Community Atmosphere Model v6), the land (the Community Land Model v5; Lawrence
et al., 2019), sea ice (CICE5; Hunke et al., 2015), and the ocean (the Parallel Ocean Pro-
gram v2, POP2; Smith et al., 2010) including ocean biogeochemistry (the Marine Bio-
geochemical Library, MARBL; Long et al., 2021). In this study we use the default CMIP6
version of CESM2, meaning that ice sheets and vegetation type are prescribed. All mod-
els are run on a nominal resolution of 1°, but the exact grid differs between the mod-
ules. Important for this study are the ocean modules POP2 and MARBL. These are both
run on a displaced grid with a pole in Greenland. The vertical grid consists of 60 dif-
ferent layers with a thickness of 10 m in the top 150 m, after which the layer thickness
increases to 250 m at 3500 m depth, staying constant up to the maximum ocean depth
of 5500 m.

The ocean biogeochemistry module in CESM2 is MARBL (Long et al., 2021), which
is an updated version of the Biogeochemical Elemental Cycling model (BEC; J. K. Moore
et al., 2001, 2004, 2013; C. M. Moore et al., 2013). MARBL resolves three explicit phy-
toplankton types: diatoms, diazotrophs and small phytoplankton. Calcification is mod-
elled implicitly as part of the small phytoplankton group using a variable rain ratio. Phy-
toplankton growth is co-limited by light and by silica (Si), phosphorus (P), nitrogen (N)
and iron (Fe). Diatoms are the only group that can be limited by Si, and diazotrophs
are nitrogen fixers and therefore not limited by N. However, diazotrophs are severely tem-
perature limited if sea surface temperatures (SSTs) are below 15°C. The three phyto-
plankton types are grazed upon by one zooplankton group that, through differential graz-
ing, implicitly represents multiple zooplankton groups (e.g. micro- and meso zooplank-
ton). Both phyto- and zooplankton have a linear mortality formulation and for zooplank-
ton a parametrized loss term is included that represents higher order trophic grazing.

All primary production and consumption takes place in the top 150 m of the water col-
umn.

We use the same simulations that are presented in Boot, von der Heydt, and Di-
jkstra (2024) where the marine and terrestrial carbon cycle response to a strong AMOC
weakening is studied. For a more thorough discussion on the simulations we refer the reader
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to Boot, von der Heydt, and Dijkstra (2024). We use emissions of two different scenar-
ios: a low emission scenario SSP1-2.6 (from here on also referred to as 126), and a high
emission scenario SSP5-8.5 (585). For each emission scenario there is a control (CTL)
simulation where we force the model only with the emissions of the scenarios, and a sim-
ulation where we also apply a uniformly distributed freshwater flux in the North Atlantic
Ocean between 50°N and 70°N at a constant rate of 0.5 Sv throughout the entire sim-
ulation (HOS simulations). We will refer to the simulations by combining the type and
emission scenario, e.g. CTL-585 and HOS-126. All simulations are run from 2015 to 2100
and are initialized from the emission driven NCAR CMIP6 historical (‘esm-hist’) sim-
ulation (Danabasoglu, 2019).

2.2 Marine ecosystem model

We use EcoOcean v2 (Coll et al., 2020), an updated version of EcoOcean v1 (Christensen

et al., 2015), which is one of the global, spatiotemporal explicit MEMs contributing to
FishMIP (Tittensor et al., 2018, 2021). EcoOcean was originally developed to assess the
impact of management strategies on the supply of seafood on a global scale. It is a 2D
model with a horizontal resolution of 0.25 to 1° and simulates the time period 1950 to
2100 using monthly time steps. The EcoOcean framework combines several models which
can be divided into three main components: (1) a component for marine biogeochem-
ical processes and primary production, (2) a food web component that includes a dy-
namic niche model and species movement, and (3) a component simulating fisheries. Pre-
viously, EcoOcean was driven by simulations of the IPSL (using PISCES for ocean bio-
geochemistry; Boucher et al., 2020) and the GFDL (using COBALT for ocean biogeo-
chemistry; Dunne et al., 2020) Earth System Models (Tittensor et al., 2018, 2021). In
this study, we use the output of MARBL from the CESM2 simulations described in the
previous section for component (1), and to match the resolution of CESM2, EcoOcean

is used with a 1° resolution. We will not use active fisheries in this study and therefore
component (3) is switched off. For a more thorough discussion on EcoOcean and the sen-
sitivity of the model formulation, we refer the reader to Christensen et al. (2015) (v1)
and Coll et al. (2020) (v2), and references therein.

The ecosystem module in EcoOcean simulates 52 different functional groups rep-
resenting over 3400 individual species. Species are grouped together when biological and
ecological traits are similar. The functional groups range from bacteria, plankton, dif-
ferent groups of fish, to marine mammals and birds. The different fish groups are dif-
ferentiated on size (small: < 30 cm, medium: 30-90cm, large: > 90 cm), and grouped
on, for example, where they live in the water column, i.e. pelagics, demersals, bathypelag-
ics, bathydemersals, benthopelagics, reef fishes, sharks, rays and flat fishes. For a com-
plete list of all functional groups, see the Supplementary Table 1 from Coll et al. (2020).

The food web model in EcoOcean is based on the ‘Foraging Arena Theory’ (Walters

& Juanes, 1993; Ahrens et al., 2012), and the relative habitat capacity is determined us-
ing the Habitat Foraging Capacity Model (HFCM) (Christensen et al., 2014). Based on
local predation risks and food availability, groups can move across spatial cells (Walters
& Juanes, 1993; Martell et al., 2005; Christensen et al., 2014). The cell suitability in the
HFCM is dependent on species native ranges, foraging capacity related to affinities for
specific habitat distributions and types, and the response of the functional groups to en-
vironmental drivers.

The three phytoplankton groups simulated in the CESM2 are used to drive distri-
butions and magnitude of corresponding planktonic groups in EcoOcean, and three dif-
ferent temperature fields in the CESM2 are used to drive the EcoOcean HFCM. One tem-
perature field is averaged over the top 150 m, a second is depth averaged over the whole
column, and the third represents bottom temperatures. Recall that the CESM2 simu-
lations start in 2015 initialized from NCAR CMIP6 historical simulations (Danabasoglu,
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2019). To run EcoOcean accurately, it needs to be calibrated to observations in the pe-
riod 1950 to 2015. To be able to do this, we need also input variables for this period. The
CESM2 simulations used in this study start at 2015 and are branched of from histori-

cal CMIP6 CESM2 simulations performed by NCAR. Unfortunately, not all necessary
input variables to calibrate EcoOcean are available for the period 1950 to 2015 from these
simulations and therefore we can not accurately calibrate EcoOcean to observations. We
will therefore use relative changes in biomass B, defined as B(tzz%g(?:;gl(é):mm) x100%,

to assess the effect of the AMOC weakening on marine biomass. To spin up EcoOcean,
we repeat the 2015 forcing of the CESM2 simulations in EcoOcean until a quasi-steady
state is reached to replace the 1950-2015 calibration period. We look at three different
aggregated groups of marine biomass: Total system biomass (TSB), total consumer biomass

(TCB), and total commercial biomass (COM). For a definition of the three groups in EcoOcean

see the supplementary material (Supplementary Table 1) of Coll et al. (2020).

3 Results
3.1 CESM2 Climate response

In both emission scenarios, the greenhouse gas emissions cause an increase in COq
concentration and warming. In CTL-585, COs concentrations increase up to 1094 ppm
in 2100, whereas CTL-126 has a maximum concentration in 2055 after which it decreases
to 434 ppm due to negative emissions (Fig. 1a). The difference in atmospheric pCOs also
result in a different Global Mean Surface Temperature (GMST), with around 5°C warm-
ing in CTL-585, and 1°C warming in CTL-126 (Fig. 1b). The forcing of the model causes
a near linear weakening of the AMOC of around 50% for both emission scenarios, with
a 2 Sv stronger weakening in CTL-585 (Fig. 1c). In the HOS simulations, the AMOC
weakens much faster and stronger compared to the CTL simulations (Fig. lc, f) as a re-
sponse to the freshwater forcing. The maximum difference between the HOS and CTL
simulations is around 8 Sv in the 2040’s, and then decreases again (Fig. 1f). Due to the
AMOC weakening, GMST warming is reduced following a similar trend as the reduc-
tion in AMOC strength (Fig. le). Also the spatial pattern of warming is affected by the
AMOC weakening. The reduced northward heat transport in the HOS simulations causes
relative cooling of both surface air temperature (SAT; Fig. S1) and sea surface temper-
ature (SST; Fig. 2) in the Northern Hemisphere and relative warming in the Southern
Hemisphere compared to the CTL simulations. The response in atmospheric pCOs to
the hosing is small (Fig. 1d) related to many compensating effects within the carbon cy-
cle (see Boot, von der Heydt, & Dijkstra, 2024).

The different temperature distribution in the HOS simulations compared to the CTL
simulations causes atmospheric adjustments resulting in a southward shift of the ITCZ
(Fig. S2), and a strengthening of the Northern Hemispheric trade winds (Fig. S3), both
of which have an important influence on the surface stratification of the ocean (Fig. S4)
and upwelling rates (Fig. S5). As a consequence to the relatively cooler Northern Hemi-
sphere, Arctic sea-ice extent increases in both HOS simulations compared to their re-
spective CTL simulations (Fig. S6). At the end of the simulation, the sea ice extent in
HOS-126 is actually larger in 2100 compared to 2015, and also much larger compared
to CTL-126 (Fig. S6¢). In HOS-585 the strong warming still results in a much reduced
Arctic sea-ice cover. However, the melting of the sea ice is much slower and, compared
to CTL-585, HOS-585 also has more ice in 2100 (Fig.S6f).

3.2 CESM2 biogeochemical response

The changes in, for example, stratification and upwelling rates influence the nu-
trient concentrations in the euphotic zone of the ocean. In the CTL simulations, phos-
phate (PO3™) concentrations decrease in the surface ocean almost everywhere (Fig. S7).
The strongest responses are seen in the North Atlantic and Arctic Ocean, and in the East-
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Figure 1. (a) Atmospheric CO2 concentration in ppm. (b) GMST in °C. (¢) AMOC strength
at 26.5°N in Sv. In (a-c) blue lines represent the control (CTL) simulations, and orange lines the
HOS simulations. (d-f) as in (a-c) but for the difference between the HOS simulations and the
control simulations. In all subplots dashed lines represent SSP1-2.6 (126) and solid lines SSP5-8.5
(585). Results are smoothed with a 5 year moving average and represent the period 2020-2100.
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Figure 2. Sea Surface Temperature (SST) in °C for: (a) CTL-126 averaged over 2016-2020,
(b) the average over 2016-2020 subtracted from the average over 2095-2099 in CTL-126, (c¢) CTL-
126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for CTL-585 and

HOS-585.
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ern Equatorial and South Pacific Ocean, with in all regions a stronger response in CTL-
585 compared to CTL-126. Nitrate (NO5 ) concentrations do not decrease everywhere

in the ocean in the CTL simulations, but just as with POi_, the strongest responses are
seen in the North Atlantic, and Eastern Equatorial and South Pacific Ocean. (Fig. 3)
There are also relatively strong decreases in the Northwestern Pacific Ocean. Just as for
PO?{ the response is stronger in CTL-585 compared to CTL-126. Silicate (Sing) shows
a very similar response in the CTL simulations as NOj, except in the Southern Ocean
south of 40°S where a large decrease is simulated for both emission scenarios (Fig. S8).
The response of iron (Fe) is slightly different compared to the other nutrients in the CTL
simulations (Fig. S9). Large increases are seen in the Russian Arctic Ocean, along the
equator, and in the subtropical North Atlantic Ocean. The largest descreases are seen

in the rest of the Arctic Ocean, and the Northern Indian Ocean. The response in CTL-
585 is typically a bit stronger compared to CTL-126, especially in the Eastern Equato-
rial Pacific, and south of Madagascar.

As a response to the AMOC weakening, there are additional large decreases in POi_
concentrations for both scenarios in the North Equatorial Pacific, the Eastern Equato-
rial and Southern Atlantic, especially in the Benguela Upwelling System. Large increases
are seen in the Canary Upwelling System (Fig. S7). The response to the AMOC weak-
ening is very similar for NO3 compared to POZi except in the Arctic Ocean, where in
the HOS simulations NO3 concentrations increase (Fig. 3). The response of SiO3~ to
the AMOC weakening in the HOS simulations is also very similar to the responses in PO?~
and NO3 (Fig. S8). Again the response of Fe to the AMOC weakening in the HOS sim-
ulations compared to the CTL simulations differs from the other nutrients (Fig. S9). Most
of the Southern Hemisphere sees a relative reduction in surface Fe concentrations except
the South Atlantic and a small part of the South Pacific between 0 and 15°S, which ac-
tually sees some of the strongest increases relative to the CTL simulations. The North
Pacific Ocean also sees relative increases, just as some parts of the North Atlantic and
Arctic Ocean. In the Atlantic Ocean between 0 and 25°N, large relative decreases are
seen. The two emission scenarios show very similar responses to the AMOC weakening
except for some regional differences, such as in the Indian Ocean, and North Atlantic Ocean.

The response of the nutrients to the greenhouse gas emissions induced climate change
in the CTL simulations result in changes in Net Primary Production (NPP; Fig. 4) and
Export Production (EP; Fig. S10). NPP decreases in the North Atlantic Ocean (north
of 30°N) as a response to the greenhouse gas emissions in both scenarios. In CTL-585
there are also large anomalies in the Eastern Equatorial Pacific (positive) and Western
Equatorial Pacific (negative). In response to the AMOC weakening, we mostly see changes
in the Atlantic basin (decrease) and in the Northeastern Equatorial Pacific (increase).

In the Atlantic, the subtropical gyres (north and south) and the Benguela Upwelling Sys-
tem there is a large decrease in NPP, and in the Canary Upwelling System and along

the North Equatorial Current there is a large increase in NPP in the HOS simulations
compared to the CTL simulations.

The changes in primary productivity are also related to changes in biomass of the
three phytoplankton groups. In the CTL simulations, the response of the diazotrophs
(Fig. S13) can be mostly explained by the poleward shift of the 15°C isotherm (SST)
as a response to the warming. We can see bands of strong increases of biomass along this
isotherm with a stronger and more poleward increase in CTL-585 due to the larger warm-
ing in this simulation. In the HOS simulations, the 15°C isotherm shifts further pole-
ward in the Southern Hemisphere due to the increased warming observed there compared
to the CTL simulations. In the Northern Hemisphere, however, we see in the HOS sim-
ulations that this isotherm does not shift poleward, except for the North West Atlantic
basin in HOS-585. Also diazotroph biomass decreases along the Iberian peninsula.

The diatoms show large decreases in the subpolar North Atlantic Ocean in the CTL
simulations, and in CTL-585 areas with strong increases in the Southern Ocean (Fig. S14).
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Figure 3. Nitrate (NO; ) concentrations integrated over the top 150 m in mol m~2 for: (a)
CTL-126 averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average
over 2095-2099 in CTL-126, (c¢) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and
(d-f) as in (a-c) but for CTL-585 and HOS-585.

This decrease in the subpolar North Atlantic can partly be explained by increased nu-
trient limitation due to reduced entrainment of nutrients from subsurface waters related
to shallow mixed layer depth in this region. As the diatom biomass decreases, the light
limitation for the small phytoplankton is lifted and they are able to outcompete the di-
atoms resulting in a shift of phytoplankton functional type in this region (Boot et al.,
2023). In the HOS simulations, the largest changes in small phytoplankton occur very
locally, i.e. between the subtropical and subpolar gyre in the North Atlantic, the Canary
Upwelling System, the Benguela Upwelling System, around Tasmania and the equato-
rial West Pacific. In the CTL simulations, the small phytoplankton generally perform
well in regions where diatom biomass decreases and vice versa, which is also the case in
the HOS simulations (Fig. S15).

3.3 Role of AMOC weakening in CESM2
3.3.1 Temperature fields

The Habitat Foraging Capacipty Model (HFCM) in EcoOcean is driven by three
different temperature fields: the temperature averaged over the top 150 m (Fig. S16),
the temperature averaged over the entire water column (Fig. S17), and the bottom tem-
perature (Fig. S18). The mean temperature of the top 150 m shows a different pattern
than the SSTs (Fig. 2) as a response to the AMOC weakening. The top 150 m in the
Subpolar North Atlantic and Arctic Ocean contains more heat in the HOS simulations
compared to the CTL simulations. The Subtropical North Atlantic Ocean cools, whereas
the South Atlantic warms. In the Indian and Southern Ocean, the northern Subtrop-
ical and southern Subpolar Pacific we see warming, and in the northern Subpolar and
southern Subtropical Pacific we see cooling. Bottom temperatures show the largest re-
sponse in the shallow regions. Generally these regions cool in the Northern Hemisphere
and warm in the Southern Hemisphere. A major exception is the Arctic Ocean and some
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Figure 5. Total phytoplanktoon biomass integrated over the top 150 m in mol C m~? for: (a)

CTL-126 averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average

over 2095-2099 in CTL-126, (¢) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and
(d-f) as in (a-c) but for CTL-585 and HOS-585.

347 regions in the Subpolar North Atlantic Ocean that warm strongly. The column averaged
8 water temperature follows generally the trend in the top temperature, except in the shal-
349

low regions. Here the trends are more similar to the trends seen in the bottom temper-
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ature. The warming in the Subpolar North Atlantic and Arctic Ocean are related to the
insulating effects of sea ice. The warming in the Northern Subtropical and cooling in the
Southern Subtropical Pacific Ocean are related to the stratification. Increased stratifi-
cation north of the equator results in less upward mixing of cool subsurface waters while
south of the equator the opposite occurs. The other regions follow the trends generally
also observed in SSTs and SATs and are thus related to the forcing at the surface ocean.

3.3.2 Diazotrophs

The extent of the diazotrophs (Fig. S13) is limited by the 15°C SST (Fig. 2) isotherm

as described earlier. The additional AMOC weakening in the HOS simulations affects
the location of this isotherm on top of the climate change signal. In the HOS simulations
in the Southern Hemisphere it shifts poleward due to the additional warming there, and
in the North Pacific it shifts equatorward due to the relative cooling. In the North At-
lantic the response is a bit different, and also differs between the emission scenarios. In
the SSP1-2.6 scenario it shifts equatorward with a stronger response on the eastern side
of the basin. On the eastern side of the basin water from the subpolar North Atlantic

is advected southward. Since the subpolar region cools strongly due to the AMOC weak-
ening, these water masses are relatively cool causing the relative cooling observed around
the Iberian peninsula. In SSP5-8.5 this response on the eastern side of the basin is also
seen, but on the western side we see a poleward increase of the diazotrophs because of

a patch of surface ocean around 50°N that warms. This warming is caused by a south-
ward shift of the North Atlantic Current in CTL-585 that is not found in to HOS-585
and the SSP1-2.6 simulations (Fig. S19).

3.3.3 Diatoms

For the diatoms (Fig. S14) there are a few regions that stand out in the HOS sim-
ulations compared to the CTL simulations. In the Western North Pacific Ocean, East-
ern Equatorial Pacific Ocean, and North Subpolar Atlantic Ocean there are relative in-
creases in diatom biomass for both emission scenarios over a relatively large area. Lo-
cally, there are also relative increases around Tasmania and in the Canary Upwelling Sys-

tem. The largest decreases are found in the extension of the Gulf Stream and in the Benguela

Upwelling System.

The increases of diatoms in the Canary Upwelling System can be attributed to the
strengthened trade winds (Fig. S3) in the HOS simulations which increase upwelling (Fig.
S5) in this region. This upwelling supplies more nutrients to the surface ocean driving
an increase in NPP in this region (Figs. 4 and S11). Also the increases in the Equato-
rial Pacific can be related to the AMOC weakening. The southward shift of the ITCZ
decreases the stratification north of the equator (Fig. S4) because the freshwater flux
at the surface ocean decreases (Fig. S3). The weaker stratification leads to deeper mixed
layer depths (Fig. S20) and more entrainment of nutrients from the subsurface ocean.
The increased availability of nutrients in the surface ocean drives an increase in diatom
productivity and biomass (Figs. S11 and S14). The response in the North Subpolar At-
lantic Ocean, where we see a region with a relative increase of diatoms biomass (in the
gyre), and a region with a relative decrease of diatom biomass, can be explained by the
NOj3 concentrations (Fig. 3). In the CTL simulations, NO3 decreases in the subpolar
region, increasing the nitrogen limitation of all phytoplankton in this region. Under in-
creased nutrient stress, small phytoplankton are able to outcompete the diatoms (Boot
et al., 2023). In the HOS simulations, the NO; concentrations increase in the subpo-
lar gyre, and decrease in the extension of the Gulf Stream, and the diatoms respond, by
increasing their mass in the subpolar gyre, and decreasing their mass in the extension
of the Gulf Stream compared to the CTL simulations. The NOj3 concentrations in the
extension of the Gulf Stream decrease because the weaker Gulf Stream transports less
nutrients northwards, which is directly related to the weakening of the AMOC. Diatom
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Table 1. Relative change in % of different total phytoplankton biomass, biomass of the three
phytoplankton groups in CESM2, Total System Biomass, Total Consumer Biomass and total
commercial biomass in EcoOcean in the year 2099 for the four different simulations and the dif-
ference between the HOS and CTL simulations (fourth column for SSP1-2.6 and last column for
SSP5-8.5). Relative change is defined as the difference in biomass between 2099 and 2015 divided
by the biomass in 2015.

Group CTL-126 HOS-126 A-126 CTL-585 HOS-585 A-585
Total phytoplankton biomass -3.99 -7.41 -3.42  -12.71 -13.56 -0.85
Small phytoplankton biomass 5.91 5.38 -0.53  -5.94 -9.00 -3.06
Diatom biomass -13.96 -20.98 -7.02  -21.62 -20.44 1.18
Diazotroph biomass 3.81 3.03 -0.78 11.15 11.75 0.60
Total System Biomass -1.41 -5.20 -3.78  -11.29 -13.33 -2.03
Total Consumer Biomass -1.64 -5.92 -4.28  -12.49 -14.80 -2.31
Commercial species -1.48 -4.92 -3.43 -12.75 -15.51 -2.76

biomass decreases in the Benguela Upwelling System because the advection of Si through
the Aghulas leakage reduces.

3.3.4 Small Phytoplankton

Generally, small phytoplankton (Fig. S15) respond opposite to the diatoms in the
HOS simulations compared to the CTL simulations. This is because the diatoms and small
phytoplankton are generally competing for the same nutrients. Due to the AMOC weak-
ening, locally the environmental conditions can change that can either favor the diatoms
or the small phytoplankton. For example, the reduced Si concentrations in the Benguela
Upwelling System (Fig. S8) causes the small phytoplankton to become dominant in this
region since they are able to outcompete the diatoms.

3.3.5 Total phytoplankton biomass

The change in total phytoplankton biomass (Fig. 5) is generally the combined sig-
nal of the changes observed in diatom biomass and small phytoplankton biomass. There
are, however, some regions where diatoms replace small phytoplankton or vice versa. In
these regions the signal observed in the diatoms is generally dominant, but not every-
where (e.g. in the Fram Strait in SSP1-2.6). For each plankton type and the total phy-
toplankton biomass, the relative change over the simulation in % is shown in Table 1 for
the entire ocean, and in Table S1 per region in the ocean.

3.4 EcoOcean: ecosystem response

There is a clear difference in the response in EcoOcean to the emission scenarios.
In CTL-126, total system biomass (T'SB) decreases by 1.41%, total consumer biomass
(TCB) by 1.64% and commercial species by 1.48% (Table 1). In CTL-585, the decreases
are much stronger: TSB decreases by 11.29%, TCB by 12.49% and commercial biomass
by 12.75% (Table 1).

The response to the greenhouse gas emissions is different per region (Table 2). In
both CTL-126 and CTL-585 the ocean around Antarctica (66°S — 90°) gain the most
TSB (37.17% and 47.3%, respectively), and the subpolar North Atlantic and Pacific Ocean
lose the most TSB (16.9% and 33.64% for the Atlantic and 12.92% and 25.98% for the
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Figure 6. Relative changes in % in the CTL and HOS simulations (top row) and the dif-
ference between the two (bottom row) for Total System Biomass (TSB; a, d), Total Consumer
Biomass (T'CB; b, e), and Commercial species (c, f). Dashed lines represent SSP1-2.6 and solid
lines SSP5-8.5. Blue represent the CTL simulations, orange the HOS simulations, and green the
difference between the two (HOS minus CTL).

Pacific). An important difference between the emission scenarios is how the ecosystems
develop in the Arctic Ocean (66°N — 90°N). In CTL-126 the Arctic Ocean loses 9.34%

in TSB, while in CTL-585 we see an increase of 12.71%, which can be explained by look-
ing at the sea-ice cover (Fig. S6). In CTL-585 most sea ice disappears which boosts NPP
(Fig. 4) in this region providing the ecosystem with biomass to feed upon in a bottom
up manner.

The effect of the strong AMOC weakening in HOS-126 results in a decrease in biomass
with respect to CTL-126. TSB decreases with 3.78% with respect to CTL-126 and 5.20%
in total (Table 1). The largest responses are seen in the Arctic Ocean, subpolar and sub-
tropical (15°N-40°N) North Atlantic Ocean (30.45, 15.22, and 13.24% decrease in TSB
with respect to CTL-126; Table 2). Compared to SSP1-2.6, the relative effect of the AMOC
weakening is lower in SSP5-8.5 which is related to the much stronger climate forcing in
the high emission scenario. TSB decreases with 2.03% with respect to CTL-585 and 13.33%
in total. The largest response in TSB over time is seen in the Arctic Ocean and the sub-
polar North Atlantic, but, just as with the AMOC and GMST difference (Fig. 1), the
difference becomes smaller over time. In 2100, the regions with the largest response in
TSB are the oceans around Antarctica (an increase of 12.97% with respect to CTL-585),
and in the Atlantic north of 15°S (a decrease of 6.38% around the equator, 5.9% in the
subtropical gyre and 6.87% in the subpolar gyre (Fig. 7) with respect to CTL-585).

TCB and commercial species show similar results as for TSB, but the global re-
sponse is slightly stronger (except for commercial species in HOS-126), i.e. there is a larger
decrease in biomass of TCB and commercial species compared to TSB (Fig. 6). Region-
ally, the response is generally also similar to the results for TSB, but whether the response
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Table 2. Relative change in % of Total System Biomass (TSB), Total Consumer Biomass
(TCB) and total commercial biomass (COM) in 2099 for the difference between the HOS and
CTL simulations for different regions in the ocean. Relative change is defined as in the main text
as the difference in biomass between 2099 and 2015 divided by the biomass in 2015.

TSB TCB COM
Region A-126  A-585 A-126 A-585 A-126 A-585

Arctic Ocean 66°N - 90°N -30.45 0.20 -31.58 0.19 -16.6 -1.18
Atlantic Ocean  40°N - 66°N -15.22 -6.87 -15.88 -7.23 -17.1 -11.39
15°N - 40°N -13.24  -590 -1446 -6.46 -15.04 -6.70

15°S - 15°N -5.82 -6.38  -7.25 -7.66  -7.93  -8.75
15°S - 40°S -2.15 -1.06 -3.04 -1.03 -4.77 -3.21
40°S - 66°S 0.43  -2.78 0.86 -3.04 1.54  -5.03
Pacific Ocean 40°N - 66°N -3.96  -4.87 -4.67 -5.18 4.73 1.02
15°N - 40°N 2.33 2.04 2.33 2.03 3.17 1.71
15°S - 15°N -0.54  -0.88 094 -1.24 -0.14 -2.51
15°S - 40°S -793  -1.13 -826 -1.37 -7.13 -2.33
40°S - 66°S 0.31 -3.06 0.86 -3.08 -0.36 -2.43
Indian Ocean North of 15°S 0.09 -0.75 -0.09 -0.64 -041 -0.80
15°N - 40°N -2.03 -570 -257 -6.35 -2.89 -5.95
40°N - 66°N -5.37 4.97  -5.67 579  -4.31 5.95
Southern Ocean  66°S - 90°S 4.87 12.97 5.69 14.26 -13.58 14.05

is stronger or weaker differs per region (Table 2, Fig. 8 and Fig. 9). Interesting differ-
ences are, for example, that TSB increases in the subpolar North Pacific and decreases

in the Antarctic Ocean as a response to the strong AMOC weakening, but that the biomass
of commercial species show the opposite response (i.e. a decrease and an increase, re-
spectively) in SSP1-2.6. This effect occurs in regions surrounding the sea-ice edge. This
suggests that lower trophic levels respond faster to sea ice changes resulting in the de-
crease in TSB and TCB, while higher trophic levels respond slower resulting in a differ-

ent response in total commercial biomass.

3.5 Role of AMOC weakening in EcoOcean

Total system (Fig. 7), consumer (Fig. 8), and commercial (Fig. 9), biomass all re-
spond similar to the AMOC weakening (Fig. 6). Here we discuss the role of the AMOC
weakening on total consumer biomass, and the mechanisms described also apply to to-
tal system and commercial biomass. Total consumer biomass (Fig. 8) follows in most
regions the patterns seen in changes in total phytoplankton biomass. This means that
to first order, the effects of an AMOC weakening on marine ecosystems follow the same
mechanisms as for total phytoplankton biomass, which is the combined effect of the mech-
anisms present for the diazotrophs, diatoms and small phytoplankton. This means that
the effects of an AMOC weakening affect marine ecosystems in a bottom up fashion by
affecting the lowest trophic levels which through food web dynamics affect the entire ecosys-
tem. There are a few regions that do not follow the patterns seen in total phytoplank-
ton biomass, i.e. the Canary and Benguela Upwelling Systems, and the extension of the
Gulf Stream. These are regions where a shift occurs in phytoplankton dominance, i.e.
from small phytoplankton to diatoms in the Canary Upwelling System, and the other
way around for the other two regions. These changes affect the food web dynamics in
EcoOcean. In the Benguela Upwelling System and the surrounding ocean a decrease in
total phytoplankton biomasss is simulated in CESM2 (Fig. 5), but the surrounding oceans
in EcoOcean show an increase in TCB (Fig. 8). Besides an increase in TCB, the sur-
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Figure 8. Relative changes averaged over 2095-2099 compared to 2016-2020 in % for Total
Consumer Biomass (TCB) in the CTL simulations (a, d), HOS simulations (b, e), and the differ-
ence between the two (c, f). (a-c) are for SSP1-2.6 and (d-f) are fore SSP5-8.5.

rounding oceans also see an increase in both meso- and microzooplankton. Mesozooplank-
ton (Fig. S22) are a central organism in the food web that feed on diatoms, diazotrophs
and microzooplankton (Fig. S21) which predominantly feed on small phytoplankton. Since
mesozooplankton have multiple food sources, they are able to increase their biomass even
though diatom biomass is lost in this region. The reason why TCB follows mesozooplank-
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Figure 9. Relative changes averaged over 2095-2099 compared to 2016-2020 in % for com-
mercial species (COM) in the CTL simulations (a, d), HOS simulations (b, e), and the difference
between the two (c, f). (a-c) are for SSP1-2.6 and (d-f) are fore SSP5-8.5.

ton biomass closely is that mesozooplankton have a central role in the ecosystem since
they are preyed upon by 26 different functional groups, and often are the most impor-
tant food source for these groups in EcoOcean. In the Canary Upwelling System, we see
a strong increase in phytoplankton biomass due to an increase in diatom biomass over
a loss of small phytoplankton biomass. This leads to an increase in large zooplankton
(krill; Fig. S23), a small decrease in mesozooplankton and a large decrease in microzoo-
plankton. In the Benguela Upwelling System similar mechanisms with opposite effects
are present, and the changes in the food web dynamics lead to reduced TCB in this re-
gion. In the extension of the Gulf Stream we find a strong decrease in diatom biomass
in the HOS simulations, which is partly compensated for by small phytoplankton. How-
ever, the net effect in this region is a strong decrease in total phytoplankton biomass.
TCB does not follow this strong decrease in total phytoplankton biomass. This is be-
cause the increase in small phytoplankton biomass, results in an increase in microzoo-
plankton biomass. The mesozooplankton are consequently able to replace diatoms as a
food source with microzooplankton as a food source.

4 Discussion

In this study we have looked at the effect of a strong weakening of the Atlantic Merid-
ional Overturning Circulation (AMOC) on future global marine ecosystems under a low
and high emission scenario. Fig. 10 provides an overview of how the AMOC weakening
affects the climate system, ocean biogeochemistry and marine ecosystems. We see that
the AMOC weakening has a large impact on the ocean state influencing ocean circula-
tion, stratification and upwelling which leads to changes in the 3D nutrient fields. The
changes in the nutrient fields directly affect the productivity and biomass of the three
phytoplankton groups simulated in CESMZ2, i.e. the diazotrophs, diatoms and small phy-
toplankton. The effects of the AMOC weakening on the phytoplankton cascade through
the food web leading to a similar response in total consumer biomass as the response in
total phytoplankton biomass. There are some regions that deviate from this overall re-
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sponse. These regions typically see a shift in dominant phytoplankton group which causes
an adjustment in the abundance of the three different zooplankton groups in EcoOcean.
The mesozooplankton group is a central group in the food web that preys on both di-
atoms and microzooplankton that in turn prey on the small phytoplankton group. Through
this differential feeding, mesozooplankton do not directly follow the trend of total phy-
toplankton biomass in regions that observe a phytoplankton composition shift.

Overall, climate change causes a reduction in both total system and total consumer
biomass with a much stronger response in the high emission scenario. Similar changes
are seen in the commercial species, suggesting that these effects will also be felt in socio-
economic systems. The AMOC weakening leads to a stronger decrease in biomass in the
aggregated groups mentioned above. The responses in total system, consumer and com-
mercial biomass to an AMOC weakening are larger than the responses in total phyto-
plankton biomass, showing that the effect of the AMOC weakening is stronger on higher
trophic levels.

EcoOcean has previously been coupled to Earth System Model (ESM) simulations
using the GFDL and IPSL ESMs (Coll et al., 2020). Both ESMs show a different response
for TSB to the climate change and the CESM2 simulations result in again a different re-
sponse that lies between both the GFDL (relatively positive) and the IPSL (quite neg-
ative) responses. In FishMIP2 (Tittensor et al., 2021), EcoOcean is one of the more con-
servative marine ecosystem models and the only MEM with a complete, resilient food
web. Compared to these two studies (Coll et al., 2020; Tittensor et al., 2021), the results
presented here for TSB could be either more positive or negative when a different ESM
is used, and more extreme in biomass loss when a different MEM is used.

There is quite some work based on Earth System Models of Intermediate Complex-
ity (so-called EMICs) which generally focuses on longer timescales (i.e. multi-centennial
to multi-millennial). These studies show a wide range of possible responses in the ma-
rine carbon cycle (Zickfeld et al., 2008), but no clear analysis has been performed on ma-
rine ecosystems. Schmittner (2005) looks at the ecosystem response to an AMOC weak-
ening using a much simpler model than the models used in this study and suggests that
on long timescales an AMOC weakening results in a suppression of NPP in the Atlantic,
which is also what we find.

Since only one ESM and one MEM are used here, the results could be model de-
pendent. The most important forcing in EcoOcean is the total phytoplankton biomass
simulated in CESM2, and it would be very valuable to also use models with at least a
different biogeochemical module, and preferably a different ESM with a different ocean
component than CESM2. The spread in MEMs in FishMIP2 is generally smaller than
that of ESMs in CMIP6 (Tittensor et al., 2021), and therefore additional simulations with
different MEMSs will provide less information than using different ESMs, but are valu-
able, nonetheless.

The results presented in this study hold implications for the efforts of mitigating
climate change, the management of marine ecosystems, and socio-economic systems. If
the AMOC strongly weakens, or even collapses in the coming century, marine ecosys-
tems are negatively affected. This comes on top of the generally negative effects that an-
thropogenic climate change and other human activities such as fisheries have on these
same ecosystems (Coll et al., 2020; Tittensor et al., 2021). We show that the AMOC weak-
ening on top of anthropogenic climate change can result in basin wide depletion of high
trophic level organisms, which can be also important for fisheries and food security. Pre-
vious studies have already stated that an AMOC weakening can affect societies through
large regional climate changes (van Westen et al., 2024; Brovkin et al., 2021). We show
here an additional pathway on how an AMOC weakening affects socio-economic systems
through a reduction in abundance of commercial species. Since fish is an essential source
of protein for millions of people (FAO, 2022), an AMOC weakening can have a disrup-
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Summarizing figure showing in a simplified way how an AMOC weakening influ-

ences the climate system, ocean biogeochemistry and marine ecosystems. The diagrams at the

bottom represent part of the food web in EcoOcean showing the response of the food web to a

phytoplankton composition shift. The colors represent a decrease in biomass (red), an increase in

biomass (green), and an unknown response (blue) in the mesozooplankton group.

tive effect on human societies. This is especially relevant since recent studies suggest we
are approaching a tipping point for the AMOC (Ditlevsen & Ditlevsen, 2023; van Westen

et al., 2024).

To conclude, in this study we have simulated a strong AMOC weakening using a
low and high emission scenario in the CMIP6 state-of-the-art Earth System Model CESM2.
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We forced a Marine Ecosystem Model, EcoOcean, with the CESM2 results to show the
impact of an AMOC weakening on marine ecosystems. Both the low and high emission
scenario show negative effects of the marine ecosystem, meaning that an AMOC weak-
ening is an additional threat next to anthropogenic climate change. Another implica-
tion of our results is that tipping in the climate system can cascade over system bound-
aries to marine ecosystems, with possibly very negative effects on socio-economical sys-
tems.

5 Open Research

The scripts used for analysis and plotting, including the necessary datasets are saved
in a repository: https://doi.org/10.5281/zenodo.10891003 (Boot, Steenbeek, et al.,
2024). In this repository also the most important output from the CESM2 and EcoOcean
simulations is provided.
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Key Points:

e Marine ecosystems are negatively affected by a weakening of the Atlantic Merid-
ional Overturning Circulation.

¢ Mechanisms involve changes in nutrient transport and subsequent phytoplankton
response leading to changes in the food web.

* Regional responses depend strongly on shifts in phytoplankton dominance.
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Abstract

Marine ecosystems provide essential services to the Earth System and society. These ecosys-
tems are threatened by anthropogenic activities and climate change. Climate change in-
creases the risk of passing tipping points; for example, the Atlantic Meridional Overturn-
ing Circulation (AMOC) might tip under future global warming leading to additional
changes in the climate system. Here, we look at the effect of an AMOC weakening on
marine ecosystems by forcing the Community Earth System Model v2 (CESM2) with

low (SSP1-2.6) and high (SSP5-8.5) emission scenarios from 2015 to 2100. An additional
freshwater flux is added in the North Atlantic to induce an extra weakening the AMOC.

In CESM2, the AMOC weakening has a large impact on phytoplankton biomass and tem-
perature fields through various mechanisms that change the supply of nutrients to the
surface ocean. We drive a marine ecosystem model, EcoOcean, with phytoplankton biomass
and temperature fields from CESM2. In EcoOcean, we see negative impacts in Total Sys-
tem Biomass (TSB), which are larger for high trophic level organisms. The strongest net
effect is seen in the high emission scenario, but the effect of the extra AMOC weaken-

ing on TSB is larger in the low emission scenario. On top of anthropogenic climate change,
TSB decreases by -3.78% and -2.03% in SSP1-2.6 and SSP5-8.5, respectively due to the
AMOC weakening. These results show that marine ecosystems will be under increased
threat if the AMOC weakens which might put additional stresses on socio-economic sys-
tems that are dependent on marine biodiversity as a food and income source.

Plain Language Summary

Marine ecosystems provide essential services to the Earth System and society. These
ecosystems are threatened by anthropogenic activities and climate change. Climate change
might also lead to a strong weakening of the Atlantic Meridional Overturning Circula-
tion (AMOC). Here, we use a complex Earth System Model and a Marine Ecosystem
Model to study how marine ecosystems respond to a strong AMOC weakening in pos-
sible future climates (2015-2100) under low and high emission scenarios. The AMOC weak-
ening affects the climate system through various mechanisms that change the supply of
nutrients to the surface ocean, affecting the primary production by phytoplankton. We
find that the AMOC weakening leads to a decrease in phytoplankton biomass that is larger
higher up the food chain. In total, marine ecosystems lose -3.78% and -2.03% of biomass
in the low and high emission scenarios respectively. These results show that marine ecosys-
tems will be under increased threat if the AMOC weakens.

Keywords: Atlantic Meridional Overturning Circulation, Climate Change, Ma-
rine Ecosystems, Earth System Modelling, Marine Ecosystem Modelling, Tipping Points

1 Introduction

Anthropogenic climate change and other anthropogenic activities, such as overfish-
ing and pollution, are a major threat for marine ecosystems and the services they pro-
vide. One of the services marine ecosystems provide is food for (human) consumption.
It is estimated that the ocean provides 11% of animal protein that humans consume (Gattuso
et al., 2015; FAO, 2022), and besides providing food, it also provides income through the
fishery industry. Furthermore, marine ecosystems are estimated to export 11 Gigatonnes
of carbon (GtC) each year from the surface to the deep ocean (Sanders et al., 2014), and
without this export, atmospheric pCOo would be 200-400 ppm higher (Henson et al., 2022;
Ito & Follows, 2005). Major changes in marine ecosystems can therefore have an impor-
tant impact on both socio-economic systems and the climate system, making it very rel-
evant to be able to make reliable projections on the future development of these ecosys-
tems (Lotze et al., 2019; Tittensor et al., 2021).
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Evidence of the impact of anthropogenic climate change on marine ecosystems is
already apparent. Observations show, for example, a reduction in ocean productivity,
changes in food webs, biogeographical shifts, and bleaching of warm water corals (Hoegh-
Guldberg & Bruno, 2010; Doney et al., 2012; Gattuso et al., 2015; IPCC, 2022). The ef-
fects of climate change can propagate through the ecosystems in bottom-up and top-down
direction, causing possible cascades in the ecosystem (Doney et al., 2012; Lotze et al.,
2019). Another consequence of climate change is the expansion of hypoxic regions, es-
pecially those found along productive regions (Diaz & Rosenberg, 2008; Breitburg et al.,
2018), which already has led to mass mortalities (Doney et al., 2012; Sampaio et al., 2021).

It has been suggested that many organisms in the ocean are at a very high risk of
impact by climate change by 2100 (Gattuso et al., 2015; Coll et al., 2020), and the func-
tion of marine ecosystems is threatened by a possible loss of ecological resilience (Henson
et al., 2021). As the climate warms, so does the probability of marine heat waves, which
have been shown to have detrimental effects on ecosystems (Smale et al., 2019). Most
CMIP6 (Eyring et al., 2016) Earth System Models (ESMs) project a future decrease in
Net Primary Production (NPP). However, the intermodel spread in these projections is
large and this spread has even increased compared to CMIP5 ESMs (Kwiatkowski et al.,
2020; Tagliabue et al., 2021; Henson et al., 2022). Marine Ecosystem Models (MEMs)
using input from two CMIP6 ESMs, project a decrease in Total System Biomass (TSB)
in both a low and a high emission scenarios even though there is substantial spread in
NPP in the ESMs (Tittensor et al., 2021).

Climate warming is not only a risk to marine ecosystems, it might also lead to tip-
ping in the Earth System (Lenton et al., 2008; McKay et al., 2022). Passing a tipping
point is a serious risk since the consequences of tipping are irreversible and can there-
fore be disastrous. A major tipping element in the ocean is the Atlantic Meridional Over-
turning Circulation (AMOC). The AMOC potentially has two stable states: an on-state
reflecting the current AMOC regime with a strong circulation, and an off-state reflect-
ing a weak or collapsed AMOC (Weijer et al., 2019). Tipping of the AMOC would lead

to several changes in the Earth System affecting the entire globe. In the on-state the AMOC

is responsible for a net transport of heat from the Southern Hemisphere across the equa-
tor to the Northern Hemisphere of 0.5 PW (Liu et al., 2017; Forget & Ferreira, 2019)
thereby strongly influencing observed surface air temperature patterns. An AMOC col-
lapse is expected to result in a cooling in the Northern Hemisphere and warming in the
Southern Hemisphere, a southward shift of the Intertropical Convergene Zonce (ITCZ),
and a strengthening of the trade winds (van Westen & Dijkstra, 2023a; Orihuela-Pinto
et al., 2022; Caesar et al., 2018). As a response to the cooling, Arctic sea-ice extent is
expected to increase under AMOC weakening or collapse. Besides the direct changes in
advection due to an AMOC collapse, an AMOC weakening can also change important
ocean characteristics such as the stratification and upwelling rates. Several studies have
shown the impact this can have on the marine carbon cycle and the uptake capacity of
the ocean (Zickfeld et al., 2008; Boot, von der Heydt, & Dijkstra, 2024). The changes
in stratification and upwelling rates are specifically interesting for marine ecosystems,
and through these processes, an AMOC weakening can impact marine primary produc-
tivity (Schmittner, 2005). The changes in ocean circulation also alter the connectivity
in the ocean which can be relevant for environmental niches of plankton species, espe-
cially when their thermal constraints are taken into account (Manral et al., 2023). This
provides a bottom-up control on marine ecosystems potentially threatening important
ecosystem services and a pathway of cascading tipping from the physical climate system
into marine ecosystems (Brovkin et al., 2021).

There are studies that suggest that the AMOC has been weakening over the past

century (Caesar et al., 2018), and that the AMOC might tip between 2025 and 2095 (Ditlevsen

& Ditlevsen, 2023). These studies are based on uncertain proxy data and are contested
by some other studies (Worthington et al., 2021). However, a recent study using a physics
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based early warning signal shows that the AMOC is indeed on tipping course (van Westen
et al., 2024). In CMIP6, the models show a consistent weakening of the AMOC across
almost all emission scenarios, but no AMOC collapse is simulated up to 2100 (Weijer et
al., 2020). However, this might be explained by the fact that the CMIP6 models are bi-
ased towards a too stable AMOC (van Westen & Dijkstra, 2023b) and might therefore
underestimate the probability of a collapse.

In this study, we examine the impact of a strong AMOC weakening on marine ecosys-
tems under anthropogenic climate change. We do this by analysing several simulations
of the Community Earth System Model v2 (CESM2; Danabasoglu et al., 2020) where
we use both a low and a high emission scenario, and simulations where we artificially weaken
the AMOC by applying a surface freshwater flux to the North Atlantic Ocean. Since the
ecosystem component in CESM2 is limited to three different phytoplankton groups and
only one zooplankton group, we use the marine ecosystem model (MEM) EcoOcean (Coll
et al., 2020) to simulate more detailed ecosystem dynamics. We force EcoOcean, a MEM
part of FishMIP (Tittensor et al., 2018, 2021), with the output of the CESM2 simula-
tions. Our results demonstrate the far reaching effects that a weakening of the AMOC
can have on the marine ecosystem.

2 Methods
2.1 Earth System Model

The Community Earth System Model v2 (CESM2) is a state-of-the-art Earth Sys-
tem Model that is part of CMIP6. It has modules that represent the atmosphere (the
Community Atmosphere Model v6), the land (the Community Land Model v5; Lawrence
et al., 2019), sea ice (CICE5; Hunke et al., 2015), and the ocean (the Parallel Ocean Pro-
gram v2, POP2; Smith et al., 2010) including ocean biogeochemistry (the Marine Bio-
geochemical Library, MARBL; Long et al., 2021). In this study we use the default CMIP6
version of CESM2, meaning that ice sheets and vegetation type are prescribed. All mod-
els are run on a nominal resolution of 1°, but the exact grid differs between the mod-
ules. Important for this study are the ocean modules POP2 and MARBL. These are both
run on a displaced grid with a pole in Greenland. The vertical grid consists of 60 dif-
ferent layers with a thickness of 10 m in the top 150 m, after which the layer thickness
increases to 250 m at 3500 m depth, staying constant up to the maximum ocean depth
of 5500 m.

The ocean biogeochemistry module in CESM2 is MARBL (Long et al., 2021), which
is an updated version of the Biogeochemical Elemental Cycling model (BEC; J. K. Moore
et al., 2001, 2004, 2013; C. M. Moore et al., 2013). MARBL resolves three explicit phy-
toplankton types: diatoms, diazotrophs and small phytoplankton. Calcification is mod-
elled implicitly as part of the small phytoplankton group using a variable rain ratio. Phy-
toplankton growth is co-limited by light and by silica (Si), phosphorus (P), nitrogen (N)
and iron (Fe). Diatoms are the only group that can be limited by Si, and diazotrophs
are nitrogen fixers and therefore not limited by N. However, diazotrophs are severely tem-
perature limited if sea surface temperatures (SSTs) are below 15°C. The three phyto-
plankton types are grazed upon by one zooplankton group that, through differential graz-
ing, implicitly represents multiple zooplankton groups (e.g. micro- and meso zooplank-
ton). Both phyto- and zooplankton have a linear mortality formulation and for zooplank-
ton a parametrized loss term is included that represents higher order trophic grazing.

All primary production and consumption takes place in the top 150 m of the water col-
umn.

We use the same simulations that are presented in Boot, von der Heydt, and Di-
jkstra (2024) where the marine and terrestrial carbon cycle response to a strong AMOC
weakening is studied. For a more thorough discussion on the simulations we refer the reader
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to Boot, von der Heydt, and Dijkstra (2024). We use emissions of two different scenar-
ios: a low emission scenario SSP1-2.6 (from here on also referred to as 126), and a high
emission scenario SSP5-8.5 (585). For each emission scenario there is a control (CTL)
simulation where we force the model only with the emissions of the scenarios, and a sim-
ulation where we also apply a uniformly distributed freshwater flux in the North Atlantic
Ocean between 50°N and 70°N at a constant rate of 0.5 Sv throughout the entire sim-
ulation (HOS simulations). We will refer to the simulations by combining the type and
emission scenario, e.g. CTL-585 and HOS-126. All simulations are run from 2015 to 2100
and are initialized from the emission driven NCAR CMIP6 historical (‘esm-hist’) sim-
ulation (Danabasoglu, 2019).

2.2 Marine ecosystem model

We use EcoOcean v2 (Coll et al., 2020), an updated version of EcoOcean v1 (Christensen

et al., 2015), which is one of the global, spatiotemporal explicit MEMs contributing to
FishMIP (Tittensor et al., 2018, 2021). EcoOcean was originally developed to assess the
impact of management strategies on the supply of seafood on a global scale. It is a 2D
model with a horizontal resolution of 0.25 to 1° and simulates the time period 1950 to
2100 using monthly time steps. The EcoOcean framework combines several models which
can be divided into three main components: (1) a component for marine biogeochem-
ical processes and primary production, (2) a food web component that includes a dy-
namic niche model and species movement, and (3) a component simulating fisheries. Pre-
viously, EcoOcean was driven by simulations of the IPSL (using PISCES for ocean bio-
geochemistry; Boucher et al., 2020) and the GFDL (using COBALT for ocean biogeo-
chemistry; Dunne et al., 2020) Earth System Models (Tittensor et al., 2018, 2021). In
this study, we use the output of MARBL from the CESM2 simulations described in the
previous section for component (1), and to match the resolution of CESM2, EcoOcean

is used with a 1° resolution. We will not use active fisheries in this study and therefore
component (3) is switched off. For a more thorough discussion on EcoOcean and the sen-
sitivity of the model formulation, we refer the reader to Christensen et al. (2015) (v1)
and Coll et al. (2020) (v2), and references therein.

The ecosystem module in EcoOcean simulates 52 different functional groups rep-
resenting over 3400 individual species. Species are grouped together when biological and
ecological traits are similar. The functional groups range from bacteria, plankton, dif-
ferent groups of fish, to marine mammals and birds. The different fish groups are dif-
ferentiated on size (small: < 30 cm, medium: 30-90cm, large: > 90 cm), and grouped
on, for example, where they live in the water column, i.e. pelagics, demersals, bathypelag-
ics, bathydemersals, benthopelagics, reef fishes, sharks, rays and flat fishes. For a com-
plete list of all functional groups, see the Supplementary Table 1 from Coll et al. (2020).

The food web model in EcoOcean is based on the ‘Foraging Arena Theory’ (Walters

& Juanes, 1993; Ahrens et al., 2012), and the relative habitat capacity is determined us-
ing the Habitat Foraging Capacity Model (HFCM) (Christensen et al., 2014). Based on
local predation risks and food availability, groups can move across spatial cells (Walters
& Juanes, 1993; Martell et al., 2005; Christensen et al., 2014). The cell suitability in the
HFCM is dependent on species native ranges, foraging capacity related to affinities for
specific habitat distributions and types, and the response of the functional groups to en-
vironmental drivers.

The three phytoplankton groups simulated in the CESM2 are used to drive distri-
butions and magnitude of corresponding planktonic groups in EcoOcean, and three dif-
ferent temperature fields in the CESM2 are used to drive the EcoOcean HFCM. One tem-
perature field is averaged over the top 150 m, a second is depth averaged over the whole
column, and the third represents bottom temperatures. Recall that the CESM2 simu-
lations start in 2015 initialized from NCAR CMIP6 historical simulations (Danabasoglu,
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2019). To run EcoOcean accurately, it needs to be calibrated to observations in the pe-
riod 1950 to 2015. To be able to do this, we need also input variables for this period. The
CESM2 simulations used in this study start at 2015 and are branched of from histori-

cal CMIP6 CESM2 simulations performed by NCAR. Unfortunately, not all necessary
input variables to calibrate EcoOcean are available for the period 1950 to 2015 from these
simulations and therefore we can not accurately calibrate EcoOcean to observations. We
will therefore use relative changes in biomass B, defined as B(tzz%g(?:;gl(é):mm) x100%,

to assess the effect of the AMOC weakening on marine biomass. To spin up EcoOcean,
we repeat the 2015 forcing of the CESM2 simulations in EcoOcean until a quasi-steady
state is reached to replace the 1950-2015 calibration period. We look at three different
aggregated groups of marine biomass: Total system biomass (TSB), total consumer biomass

(TCB), and total commercial biomass (COM). For a definition of the three groups in EcoOcean

see the supplementary material (Supplementary Table 1) of Coll et al. (2020).

3 Results
3.1 CESM2 Climate response

In both emission scenarios, the greenhouse gas emissions cause an increase in COq
concentration and warming. In CTL-585, COs concentrations increase up to 1094 ppm
in 2100, whereas CTL-126 has a maximum concentration in 2055 after which it decreases
to 434 ppm due to negative emissions (Fig. 1a). The difference in atmospheric pCOs also
result in a different Global Mean Surface Temperature (GMST), with around 5°C warm-
ing in CTL-585, and 1°C warming in CTL-126 (Fig. 1b). The forcing of the model causes
a near linear weakening of the AMOC of around 50% for both emission scenarios, with
a 2 Sv stronger weakening in CTL-585 (Fig. 1c). In the HOS simulations, the AMOC
weakens much faster and stronger compared to the CTL simulations (Fig. lc, f) as a re-
sponse to the freshwater forcing. The maximum difference between the HOS and CTL
simulations is around 8 Sv in the 2040’s, and then decreases again (Fig. 1f). Due to the
AMOC weakening, GMST warming is reduced following a similar trend as the reduc-
tion in AMOC strength (Fig. le). Also the spatial pattern of warming is affected by the
AMOC weakening. The reduced northward heat transport in the HOS simulations causes
relative cooling of both surface air temperature (SAT; Fig. S1) and sea surface temper-
ature (SST; Fig. 2) in the Northern Hemisphere and relative warming in the Southern
Hemisphere compared to the CTL simulations. The response in atmospheric pCOs to
the hosing is small (Fig. 1d) related to many compensating effects within the carbon cy-
cle (see Boot, von der Heydt, & Dijkstra, 2024).

The different temperature distribution in the HOS simulations compared to the CTL
simulations causes atmospheric adjustments resulting in a southward shift of the ITCZ
(Fig. S2), and a strengthening of the Northern Hemispheric trade winds (Fig. S3), both
of which have an important influence on the surface stratification of the ocean (Fig. S4)
and upwelling rates (Fig. S5). As a consequence to the relatively cooler Northern Hemi-
sphere, Arctic sea-ice extent increases in both HOS simulations compared to their re-
spective CTL simulations (Fig. S6). At the end of the simulation, the sea ice extent in
HOS-126 is actually larger in 2100 compared to 2015, and also much larger compared
to CTL-126 (Fig. S6¢). In HOS-585 the strong warming still results in a much reduced
Arctic sea-ice cover. However, the melting of the sea ice is much slower and, compared
to CTL-585, HOS-585 also has more ice in 2100 (Fig.S6f).

3.2 CESM2 biogeochemical response

The changes in, for example, stratification and upwelling rates influence the nu-
trient concentrations in the euphotic zone of the ocean. In the CTL simulations, phos-
phate (PO3™) concentrations decrease in the surface ocean almost everywhere (Fig. S7).
The strongest responses are seen in the North Atlantic and Arctic Ocean, and in the East-
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Figure 1. (a) Atmospheric CO2 concentration in ppm. (b) GMST in °C. (¢) AMOC strength
at 26.5°N in Sv. In (a-c) blue lines represent the control (CTL) simulations, and orange lines the
HOS simulations. (d-f) as in (a-c) but for the difference between the HOS simulations and the
control simulations. In all subplots dashed lines represent SSP1-2.6 (126) and solid lines SSP5-8.5
(585). Results are smoothed with a 5 year moving average and represent the period 2020-2100.
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Figure 2. Sea Surface Temperature (SST) in °C for: (a) CTL-126 averaged over 2016-2020,
(b) the average over 2016-2020 subtracted from the average over 2095-2099 in CTL-126, (c¢) CTL-
126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for CTL-585 and

HOS-585.
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ern Equatorial and South Pacific Ocean, with in all regions a stronger response in CTL-
585 compared to CTL-126. Nitrate (NO5 ) concentrations do not decrease everywhere

in the ocean in the CTL simulations, but just as with POi_, the strongest responses are
seen in the North Atlantic, and Eastern Equatorial and South Pacific Ocean. (Fig. 3)
There are also relatively strong decreases in the Northwestern Pacific Ocean. Just as for
PO?{ the response is stronger in CTL-585 compared to CTL-126. Silicate (Sing) shows
a very similar response in the CTL simulations as NOj, except in the Southern Ocean
south of 40°S where a large decrease is simulated for both emission scenarios (Fig. S8).
The response of iron (Fe) is slightly different compared to the other nutrients in the CTL
simulations (Fig. S9). Large increases are seen in the Russian Arctic Ocean, along the
equator, and in the subtropical North Atlantic Ocean. The largest descreases are seen

in the rest of the Arctic Ocean, and the Northern Indian Ocean. The response in CTL-
585 is typically a bit stronger compared to CTL-126, especially in the Eastern Equato-
rial Pacific, and south of Madagascar.

As a response to the AMOC weakening, there are additional large decreases in POi_
concentrations for both scenarios in the North Equatorial Pacific, the Eastern Equato-
rial and Southern Atlantic, especially in the Benguela Upwelling System. Large increases
are seen in the Canary Upwelling System (Fig. S7). The response to the AMOC weak-
ening is very similar for NO3 compared to POZi except in the Arctic Ocean, where in
the HOS simulations NO3 concentrations increase (Fig. 3). The response of SiO3~ to
the AMOC weakening in the HOS simulations is also very similar to the responses in PO?~
and NO3 (Fig. S8). Again the response of Fe to the AMOC weakening in the HOS sim-
ulations compared to the CTL simulations differs from the other nutrients (Fig. S9). Most
of the Southern Hemisphere sees a relative reduction in surface Fe concentrations except
the South Atlantic and a small part of the South Pacific between 0 and 15°S, which ac-
tually sees some of the strongest increases relative to the CTL simulations. The North
Pacific Ocean also sees relative increases, just as some parts of the North Atlantic and
Arctic Ocean. In the Atlantic Ocean between 0 and 25°N, large relative decreases are
seen. The two emission scenarios show very similar responses to the AMOC weakening
except for some regional differences, such as in the Indian Ocean, and North Atlantic Ocean.

The response of the nutrients to the greenhouse gas emissions induced climate change
in the CTL simulations result in changes in Net Primary Production (NPP; Fig. 4) and
Export Production (EP; Fig. S10). NPP decreases in the North Atlantic Ocean (north
of 30°N) as a response to the greenhouse gas emissions in both scenarios. In CTL-585
there are also large anomalies in the Eastern Equatorial Pacific (positive) and Western
Equatorial Pacific (negative). In response to the AMOC weakening, we mostly see changes
in the Atlantic basin (decrease) and in the Northeastern Equatorial Pacific (increase).

In the Atlantic, the subtropical gyres (north and south) and the Benguela Upwelling Sys-
tem there is a large decrease in NPP, and in the Canary Upwelling System and along

the North Equatorial Current there is a large increase in NPP in the HOS simulations
compared to the CTL simulations.

The changes in primary productivity are also related to changes in biomass of the
three phytoplankton groups. In the CTL simulations, the response of the diazotrophs
(Fig. S13) can be mostly explained by the poleward shift of the 15°C isotherm (SST)
as a response to the warming. We can see bands of strong increases of biomass along this
isotherm with a stronger and more poleward increase in CTL-585 due to the larger warm-
ing in this simulation. In the HOS simulations, the 15°C isotherm shifts further pole-
ward in the Southern Hemisphere due to the increased warming observed there compared
to the CTL simulations. In the Northern Hemisphere, however, we see in the HOS sim-
ulations that this isotherm does not shift poleward, except for the North West Atlantic
basin in HOS-585. Also diazotroph biomass decreases along the Iberian peninsula.

The diatoms show large decreases in the subpolar North Atlantic Ocean in the CTL
simulations, and in CTL-585 areas with strong increases in the Southern Ocean (Fig. S14).
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Figure 3. Nitrate (NO; ) concentrations integrated over the top 150 m in mol m~2 for: (a)
CTL-126 averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average
over 2095-2099 in CTL-126, (c¢) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and
(d-f) as in (a-c) but for CTL-585 and HOS-585.

This decrease in the subpolar North Atlantic can partly be explained by increased nu-
trient limitation due to reduced entrainment of nutrients from subsurface waters related
to shallow mixed layer depth in this region. As the diatom biomass decreases, the light
limitation for the small phytoplankton is lifted and they are able to outcompete the di-
atoms resulting in a shift of phytoplankton functional type in this region (Boot et al.,
2023). In the HOS simulations, the largest changes in small phytoplankton occur very
locally, i.e. between the subtropical and subpolar gyre in the North Atlantic, the Canary
Upwelling System, the Benguela Upwelling System, around Tasmania and the equato-
rial West Pacific. In the CTL simulations, the small phytoplankton generally perform
well in regions where diatom biomass decreases and vice versa, which is also the case in
the HOS simulations (Fig. S15).

3.3 Role of AMOC weakening in CESM2
3.3.1 Temperature fields

The Habitat Foraging Capacipty Model (HFCM) in EcoOcean is driven by three
different temperature fields: the temperature averaged over the top 150 m (Fig. S16),
the temperature averaged over the entire water column (Fig. S17), and the bottom tem-
perature (Fig. S18). The mean temperature of the top 150 m shows a different pattern
than the SSTs (Fig. 2) as a response to the AMOC weakening. The top 150 m in the
Subpolar North Atlantic and Arctic Ocean contains more heat in the HOS simulations
compared to the CTL simulations. The Subtropical North Atlantic Ocean cools, whereas
the South Atlantic warms. In the Indian and Southern Ocean, the northern Subtrop-
ical and southern Subpolar Pacific we see warming, and in the northern Subpolar and
southern Subtropical Pacific we see cooling. Bottom temperatures show the largest re-
sponse in the shallow regions. Generally these regions cool in the Northern Hemisphere
and warm in the Southern Hemisphere. A major exception is the Arctic Ocean and some
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Figure 5. Total phytoplanktoon biomass integrated over the top 150 m in mol C m~? for: (a)

CTL-126 averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average

over 2095-2099 in CTL-126, (¢) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and
(d-f) as in (a-c) but for CTL-585 and HOS-585.

347 regions in the Subpolar North Atlantic Ocean that warm strongly. The column averaged
8 water temperature follows generally the trend in the top temperature, except in the shal-
349

low regions. Here the trends are more similar to the trends seen in the bottom temper-
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ature. The warming in the Subpolar North Atlantic and Arctic Ocean are related to the
insulating effects of sea ice. The warming in the Northern Subtropical and cooling in the
Southern Subtropical Pacific Ocean are related to the stratification. Increased stratifi-
cation north of the equator results in less upward mixing of cool subsurface waters while
south of the equator the opposite occurs. The other regions follow the trends generally
also observed in SSTs and SATs and are thus related to the forcing at the surface ocean.

3.3.2 Diazotrophs

The extent of the diazotrophs (Fig. S13) is limited by the 15°C SST (Fig. 2) isotherm

as described earlier. The additional AMOC weakening in the HOS simulations affects
the location of this isotherm on top of the climate change signal. In the HOS simulations
in the Southern Hemisphere it shifts poleward due to the additional warming there, and
in the North Pacific it shifts equatorward due to the relative cooling. In the North At-
lantic the response is a bit different, and also differs between the emission scenarios. In
the SSP1-2.6 scenario it shifts equatorward with a stronger response on the eastern side
of the basin. On the eastern side of the basin water from the subpolar North Atlantic

is advected southward. Since the subpolar region cools strongly due to the AMOC weak-
ening, these water masses are relatively cool causing the relative cooling observed around
the Iberian peninsula. In SSP5-8.5 this response on the eastern side of the basin is also
seen, but on the western side we see a poleward increase of the diazotrophs because of

a patch of surface ocean around 50°N that warms. This warming is caused by a south-
ward shift of the North Atlantic Current in CTL-585 that is not found in to HOS-585
and the SSP1-2.6 simulations (Fig. S19).

3.3.3 Diatoms

For the diatoms (Fig. S14) there are a few regions that stand out in the HOS sim-
ulations compared to the CTL simulations. In the Western North Pacific Ocean, East-
ern Equatorial Pacific Ocean, and North Subpolar Atlantic Ocean there are relative in-
creases in diatom biomass for both emission scenarios over a relatively large area. Lo-
cally, there are also relative increases around Tasmania and in the Canary Upwelling Sys-

tem. The largest decreases are found in the extension of the Gulf Stream and in the Benguela

Upwelling System.

The increases of diatoms in the Canary Upwelling System can be attributed to the
strengthened trade winds (Fig. S3) in the HOS simulations which increase upwelling (Fig.
S5) in this region. This upwelling supplies more nutrients to the surface ocean driving
an increase in NPP in this region (Figs. 4 and S11). Also the increases in the Equato-
rial Pacific can be related to the AMOC weakening. The southward shift of the ITCZ
decreases the stratification north of the equator (Fig. S4) because the freshwater flux
at the surface ocean decreases (Fig. S3). The weaker stratification leads to deeper mixed
layer depths (Fig. S20) and more entrainment of nutrients from the subsurface ocean.
The increased availability of nutrients in the surface ocean drives an increase in diatom
productivity and biomass (Figs. S11 and S14). The response in the North Subpolar At-
lantic Ocean, where we see a region with a relative increase of diatoms biomass (in the
gyre), and a region with a relative decrease of diatom biomass, can be explained by the
NOj3 concentrations (Fig. 3). In the CTL simulations, NO3 decreases in the subpolar
region, increasing the nitrogen limitation of all phytoplankton in this region. Under in-
creased nutrient stress, small phytoplankton are able to outcompete the diatoms (Boot
et al., 2023). In the HOS simulations, the NO; concentrations increase in the subpo-
lar gyre, and decrease in the extension of the Gulf Stream, and the diatoms respond, by
increasing their mass in the subpolar gyre, and decreasing their mass in the extension
of the Gulf Stream compared to the CTL simulations. The NOj3 concentrations in the
extension of the Gulf Stream decrease because the weaker Gulf Stream transports less
nutrients northwards, which is directly related to the weakening of the AMOC. Diatom
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Table 1. Relative change in % of different total phytoplankton biomass, biomass of the three
phytoplankton groups in CESM2, Total System Biomass, Total Consumer Biomass and total
commercial biomass in EcoOcean in the year 2099 for the four different simulations and the dif-
ference between the HOS and CTL simulations (fourth column for SSP1-2.6 and last column for
SSP5-8.5). Relative change is defined as the difference in biomass between 2099 and 2015 divided
by the biomass in 2015.

Group CTL-126 HOS-126 A-126 CTL-585 HOS-585 A-585
Total phytoplankton biomass -3.99 -7.41 -3.42  -12.71 -13.56 -0.85
Small phytoplankton biomass 5.91 5.38 -0.53  -5.94 -9.00 -3.06
Diatom biomass -13.96 -20.98 -7.02  -21.62 -20.44 1.18
Diazotroph biomass 3.81 3.03 -0.78 11.15 11.75 0.60
Total System Biomass -1.41 -5.20 -3.78  -11.29 -13.33 -2.03
Total Consumer Biomass -1.64 -5.92 -4.28  -12.49 -14.80 -2.31
Commercial species -1.48 -4.92 -3.43 -12.75 -15.51 -2.76

biomass decreases in the Benguela Upwelling System because the advection of Si through
the Aghulas leakage reduces.

3.3.4 Small Phytoplankton

Generally, small phytoplankton (Fig. S15) respond opposite to the diatoms in the
HOS simulations compared to the CTL simulations. This is because the diatoms and small
phytoplankton are generally competing for the same nutrients. Due to the AMOC weak-
ening, locally the environmental conditions can change that can either favor the diatoms
or the small phytoplankton. For example, the reduced Si concentrations in the Benguela
Upwelling System (Fig. S8) causes the small phytoplankton to become dominant in this
region since they are able to outcompete the diatoms.

3.3.5 Total phytoplankton biomass

The change in total phytoplankton biomass (Fig. 5) is generally the combined sig-
nal of the changes observed in diatom biomass and small phytoplankton biomass. There
are, however, some regions where diatoms replace small phytoplankton or vice versa. In
these regions the signal observed in the diatoms is generally dominant, but not every-
where (e.g. in the Fram Strait in SSP1-2.6). For each plankton type and the total phy-
toplankton biomass, the relative change over the simulation in % is shown in Table 1 for
the entire ocean, and in Table S1 per region in the ocean.

3.4 EcoOcean: ecosystem response

There is a clear difference in the response in EcoOcean to the emission scenarios.
In CTL-126, total system biomass (T'SB) decreases by 1.41%, total consumer biomass
(TCB) by 1.64% and commercial species by 1.48% (Table 1). In CTL-585, the decreases
are much stronger: TSB decreases by 11.29%, TCB by 12.49% and commercial biomass
by 12.75% (Table 1).

The response to the greenhouse gas emissions is different per region (Table 2). In
both CTL-126 and CTL-585 the ocean around Antarctica (66°S — 90°) gain the most
TSB (37.17% and 47.3%, respectively), and the subpolar North Atlantic and Pacific Ocean
lose the most TSB (16.9% and 33.64% for the Atlantic and 12.92% and 25.98% for the
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Figure 6. Relative changes in % in the CTL and HOS simulations (top row) and the dif-
ference between the two (bottom row) for Total System Biomass (TSB; a, d), Total Consumer
Biomass (T'CB; b, e), and Commercial species (c, f). Dashed lines represent SSP1-2.6 and solid
lines SSP5-8.5. Blue represent the CTL simulations, orange the HOS simulations, and green the
difference between the two (HOS minus CTL).

Pacific). An important difference between the emission scenarios is how the ecosystems
develop in the Arctic Ocean (66°N — 90°N). In CTL-126 the Arctic Ocean loses 9.34%

in TSB, while in CTL-585 we see an increase of 12.71%, which can be explained by look-
ing at the sea-ice cover (Fig. S6). In CTL-585 most sea ice disappears which boosts NPP
(Fig. 4) in this region providing the ecosystem with biomass to feed upon in a bottom
up manner.

The effect of the strong AMOC weakening in HOS-126 results in a decrease in biomass
with respect to CTL-126. TSB decreases with 3.78% with respect to CTL-126 and 5.20%
in total (Table 1). The largest responses are seen in the Arctic Ocean, subpolar and sub-
tropical (15°N-40°N) North Atlantic Ocean (30.45, 15.22, and 13.24% decrease in TSB
with respect to CTL-126; Table 2). Compared to SSP1-2.6, the relative effect of the AMOC
weakening is lower in SSP5-8.5 which is related to the much stronger climate forcing in
the high emission scenario. TSB decreases with 2.03% with respect to CTL-585 and 13.33%
in total. The largest response in TSB over time is seen in the Arctic Ocean and the sub-
polar North Atlantic, but, just as with the AMOC and GMST difference (Fig. 1), the
difference becomes smaller over time. In 2100, the regions with the largest response in
TSB are the oceans around Antarctica (an increase of 12.97% with respect to CTL-585),
and in the Atlantic north of 15°S (a decrease of 6.38% around the equator, 5.9% in the
subtropical gyre and 6.87% in the subpolar gyre (Fig. 7) with respect to CTL-585).

TCB and commercial species show similar results as for TSB, but the global re-
sponse is slightly stronger (except for commercial species in HOS-126), i.e. there is a larger
decrease in biomass of TCB and commercial species compared to TSB (Fig. 6). Region-
ally, the response is generally also similar to the results for TSB, but whether the response
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Table 2. Relative change in % of Total System Biomass (TSB), Total Consumer Biomass
(TCB) and total commercial biomass (COM) in 2099 for the difference between the HOS and
CTL simulations for different regions in the ocean. Relative change is defined as in the main text
as the difference in biomass between 2099 and 2015 divided by the biomass in 2015.

TSB TCB COM
Region A-126  A-585 A-126 A-585 A-126 A-585

Arctic Ocean 66°N - 90°N -30.45 0.20 -31.58 0.19 -16.6 -1.18
Atlantic Ocean  40°N - 66°N -15.22 -6.87 -15.88 -7.23 -17.1 -11.39
15°N - 40°N -13.24  -590 -1446 -6.46 -15.04 -6.70

15°S - 15°N -5.82 -6.38  -7.25 -7.66  -7.93  -8.75
15°S - 40°S -2.15 -1.06 -3.04 -1.03 -4.77 -3.21
40°S - 66°S 0.43  -2.78 0.86 -3.04 1.54  -5.03
Pacific Ocean 40°N - 66°N -3.96  -4.87 -4.67 -5.18 4.73 1.02
15°N - 40°N 2.33 2.04 2.33 2.03 3.17 1.71
15°S - 15°N -0.54  -0.88 094 -1.24 -0.14 -2.51
15°S - 40°S -793  -1.13 -826 -1.37 -7.13 -2.33
40°S - 66°S 0.31 -3.06 0.86 -3.08 -0.36 -2.43
Indian Ocean North of 15°S 0.09 -0.75 -0.09 -0.64 -041 -0.80
15°N - 40°N -2.03 -570 -257 -6.35 -2.89 -5.95
40°N - 66°N -5.37 4.97  -5.67 579  -4.31 5.95
Southern Ocean  66°S - 90°S 4.87 12.97 5.69 14.26 -13.58 14.05

is stronger or weaker differs per region (Table 2, Fig. 8 and Fig. 9). Interesting differ-
ences are, for example, that TSB increases in the subpolar North Pacific and decreases

in the Antarctic Ocean as a response to the strong AMOC weakening, but that the biomass
of commercial species show the opposite response (i.e. a decrease and an increase, re-
spectively) in SSP1-2.6. This effect occurs in regions surrounding the sea-ice edge. This
suggests that lower trophic levels respond faster to sea ice changes resulting in the de-
crease in TSB and TCB, while higher trophic levels respond slower resulting in a differ-

ent response in total commercial biomass.

3.5 Role of AMOC weakening in EcoOcean

Total system (Fig. 7), consumer (Fig. 8), and commercial (Fig. 9), biomass all re-
spond similar to the AMOC weakening (Fig. 6). Here we discuss the role of the AMOC
weakening on total consumer biomass, and the mechanisms described also apply to to-
tal system and commercial biomass. Total consumer biomass (Fig. 8) follows in most
regions the patterns seen in changes in total phytoplankton biomass. This means that
to first order, the effects of an AMOC weakening on marine ecosystems follow the same
mechanisms as for total phytoplankton biomass, which is the combined effect of the mech-
anisms present for the diazotrophs, diatoms and small phytoplankton. This means that
the effects of an AMOC weakening affect marine ecosystems in a bottom up fashion by
affecting the lowest trophic levels which through food web dynamics affect the entire ecosys-
tem. There are a few regions that do not follow the patterns seen in total phytoplank-
ton biomass, i.e. the Canary and Benguela Upwelling Systems, and the extension of the
Gulf Stream. These are regions where a shift occurs in phytoplankton dominance, i.e.
from small phytoplankton to diatoms in the Canary Upwelling System, and the other
way around for the other two regions. These changes affect the food web dynamics in
EcoOcean. In the Benguela Upwelling System and the surrounding ocean a decrease in
total phytoplankton biomasss is simulated in CESM2 (Fig. 5), but the surrounding oceans
in EcoOcean show an increase in TCB (Fig. 8). Besides an increase in TCB, the sur-
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Figure 8. Relative changes averaged over 2095-2099 compared to 2016-2020 in % for Total
Consumer Biomass (TCB) in the CTL simulations (a, d), HOS simulations (b, e), and the differ-
ence between the two (c, f). (a-c) are for SSP1-2.6 and (d-f) are fore SSP5-8.5.

rounding oceans also see an increase in both meso- and microzooplankton. Mesozooplank-
ton (Fig. S22) are a central organism in the food web that feed on diatoms, diazotrophs
and microzooplankton (Fig. S21) which predominantly feed on small phytoplankton. Since
mesozooplankton have multiple food sources, they are able to increase their biomass even
though diatom biomass is lost in this region. The reason why TCB follows mesozooplank-
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Figure 9. Relative changes averaged over 2095-2099 compared to 2016-2020 in % for com-
mercial species (COM) in the CTL simulations (a, d), HOS simulations (b, e), and the difference
between the two (c, f). (a-c) are for SSP1-2.6 and (d-f) are fore SSP5-8.5.

ton biomass closely is that mesozooplankton have a central role in the ecosystem since
they are preyed upon by 26 different functional groups, and often are the most impor-
tant food source for these groups in EcoOcean. In the Canary Upwelling System, we see
a strong increase in phytoplankton biomass due to an increase in diatom biomass over
a loss of small phytoplankton biomass. This leads to an increase in large zooplankton
(krill; Fig. S23), a small decrease in mesozooplankton and a large decrease in microzoo-
plankton. In the Benguela Upwelling System similar mechanisms with opposite effects
are present, and the changes in the food web dynamics lead to reduced TCB in this re-
gion. In the extension of the Gulf Stream we find a strong decrease in diatom biomass
in the HOS simulations, which is partly compensated for by small phytoplankton. How-
ever, the net effect in this region is a strong decrease in total phytoplankton biomass.
TCB does not follow this strong decrease in total phytoplankton biomass. This is be-
cause the increase in small phytoplankton biomass, results in an increase in microzoo-
plankton biomass. The mesozooplankton are consequently able to replace diatoms as a
food source with microzooplankton as a food source.

4 Discussion

In this study we have looked at the effect of a strong weakening of the Atlantic Merid-
ional Overturning Circulation (AMOC) on future global marine ecosystems under a low
and high emission scenario. Fig. 10 provides an overview of how the AMOC weakening
affects the climate system, ocean biogeochemistry and marine ecosystems. We see that
the AMOC weakening has a large impact on the ocean state influencing ocean circula-
tion, stratification and upwelling which leads to changes in the 3D nutrient fields. The
changes in the nutrient fields directly affect the productivity and biomass of the three
phytoplankton groups simulated in CESMZ2, i.e. the diazotrophs, diatoms and small phy-
toplankton. The effects of the AMOC weakening on the phytoplankton cascade through
the food web leading to a similar response in total consumer biomass as the response in
total phytoplankton biomass. There are some regions that deviate from this overall re-
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sponse. These regions typically see a shift in dominant phytoplankton group which causes
an adjustment in the abundance of the three different zooplankton groups in EcoOcean.
The mesozooplankton group is a central group in the food web that preys on both di-
atoms and microzooplankton that in turn prey on the small phytoplankton group. Through
this differential feeding, mesozooplankton do not directly follow the trend of total phy-
toplankton biomass in regions that observe a phytoplankton composition shift.

Overall, climate change causes a reduction in both total system and total consumer
biomass with a much stronger response in the high emission scenario. Similar changes
are seen in the commercial species, suggesting that these effects will also be felt in socio-
economic systems. The AMOC weakening leads to a stronger decrease in biomass in the
aggregated groups mentioned above. The responses in total system, consumer and com-
mercial biomass to an AMOC weakening are larger than the responses in total phyto-
plankton biomass, showing that the effect of the AMOC weakening is stronger on higher
trophic levels.

EcoOcean has previously been coupled to Earth System Model (ESM) simulations
using the GFDL and IPSL ESMs (Coll et al., 2020). Both ESMs show a different response
for TSB to the climate change and the CESM2 simulations result in again a different re-
sponse that lies between both the GFDL (relatively positive) and the IPSL (quite neg-
ative) responses. In FishMIP2 (Tittensor et al., 2021), EcoOcean is one of the more con-
servative marine ecosystem models and the only MEM with a complete, resilient food
web. Compared to these two studies (Coll et al., 2020; Tittensor et al., 2021), the results
presented here for TSB could be either more positive or negative when a different ESM
is used, and more extreme in biomass loss when a different MEM is used.

There is quite some work based on Earth System Models of Intermediate Complex-
ity (so-called EMICs) which generally focuses on longer timescales (i.e. multi-centennial
to multi-millennial). These studies show a wide range of possible responses in the ma-
rine carbon cycle (Zickfeld et al., 2008), but no clear analysis has been performed on ma-
rine ecosystems. Schmittner (2005) looks at the ecosystem response to an AMOC weak-
ening using a much simpler model than the models used in this study and suggests that
on long timescales an AMOC weakening results in a suppression of NPP in the Atlantic,
which is also what we find.

Since only one ESM and one MEM are used here, the results could be model de-
pendent. The most important forcing in EcoOcean is the total phytoplankton biomass
simulated in CESM2, and it would be very valuable to also use models with at least a
different biogeochemical module, and preferably a different ESM with a different ocean
component than CESM2. The spread in MEMs in FishMIP2 is generally smaller than
that of ESMs in CMIP6 (Tittensor et al., 2021), and therefore additional simulations with
different MEMSs will provide less information than using different ESMs, but are valu-
able, nonetheless.

The results presented in this study hold implications for the efforts of mitigating
climate change, the management of marine ecosystems, and socio-economic systems. If
the AMOC strongly weakens, or even collapses in the coming century, marine ecosys-
tems are negatively affected. This comes on top of the generally negative effects that an-
thropogenic climate change and other human activities such as fisheries have on these
same ecosystems (Coll et al., 2020; Tittensor et al., 2021). We show that the AMOC weak-
ening on top of anthropogenic climate change can result in basin wide depletion of high
trophic level organisms, which can be also important for fisheries and food security. Pre-
vious studies have already stated that an AMOC weakening can affect societies through
large regional climate changes (van Westen et al., 2024; Brovkin et al., 2021). We show
here an additional pathway on how an AMOC weakening affects socio-economic systems
through a reduction in abundance of commercial species. Since fish is an essential source
of protein for millions of people (FAO, 2022), an AMOC weakening can have a disrup-
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Summarizing figure showing in a simplified way how an AMOC weakening influ-

ences the climate system, ocean biogeochemistry and marine ecosystems. The diagrams at the

bottom represent part of the food web in EcoOcean showing the response of the food web to a

phytoplankton composition shift. The colors represent a decrease in biomass (red), an increase in

biomass (green), and an unknown response (blue) in the mesozooplankton group.

tive effect on human societies. This is especially relevant since recent studies suggest we
are approaching a tipping point for the AMOC (Ditlevsen & Ditlevsen, 2023; van Westen

et al., 2024).

To conclude, in this study we have simulated a strong AMOC weakening using a
low and high emission scenario in the CMIP6 state-of-the-art Earth System Model CESM2.
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We forced a Marine Ecosystem Model, EcoOcean, with the CESM2 results to show the
impact of an AMOC weakening on marine ecosystems. Both the low and high emission
scenario show negative effects of the marine ecosystem, meaning that an AMOC weak-
ening is an additional threat next to anthropogenic climate change. Another implica-
tion of our results is that tipping in the climate system can cascade over system bound-
aries to marine ecosystems, with possibly very negative effects on socio-economical sys-
tems.

5 Open Research

The scripts used for analysis and plotting, including the necessary datasets are saved
in a repository: https://doi.org/10.5281/zenodo.10891003 (Boot, Steenbeek, et al.,
2024). In this repository also the most important output from the CESM2 and EcoOcean
simulations is provided.
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Figure S1. Surface Air Temperature (SAT) in °C for: (a) CTL-126 averaged over 2016-2020,
(b) the average over 2016-2020 subtracted from the average over 2095-2099 in CTL-126, (¢) CTL-

126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for CTL-585
and HOS-585.
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Figure S2.  Precipitation in mm day~! for: (a) CTL-126 averaged over 2016-2020, (b) the
average over 2016-2020 subtracted from the average over 2095-2099 in CTL-126, (¢) CTL-126
subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for CTL-585 and

HOS-585.
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Figure S3. Zonal surface wind stress in N m~2 for: (a) CTL-126 averaged over 2016-2020, (b)
the average over 2016-2020 subtracted from the average over 2095-2099 in CTL-126, (¢) CTL-126

subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for CTL-585 and

HOS-585.
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Figure S4.  Stratification, defined as the density difference between 200 m depth and the
surface, in kg m—3 for: (a) CTL-126 averaged over 2016-2020, (b) the average over 2016-2020
subtracted from the average over 2095-2099 in CTL-126, (¢) CTL-126 subtracted from HOS-126

averaged over 2095-2099, and (d-f) as in (a~c) but for CTL-585 and HOS-585.
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(c) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for
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Figure S6. Arctic sea-ice fraction (unitless) for: (a) CTL-126 averaged over 2016-2020, (b) the
average over 2016-2020 subtracted from the average over 2095-2099 in CTL-126, (¢) CTL-126
subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for CTL-585 and

HOS-585.
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Figure S7. Phosphate (PO}™) concentrations integrated over the top 150 m in mol m~2 for: (a)
CTL-126 averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average
over 2095-2099 in CTL-126, (c¢) CTL-126 subtracted from HOS-126 averaged over 2095-2099,

and (d-f) as in (a-c) but for CTL-585 and HOS-585.
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Figure S8. Silicate (SiO3”) concentrations integrated over the top 150 m in mol m~2 for: (a)
CTL-126 averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average
over 2095-2099 in CTL-126, (c) CTL-126 subtracted from HOS-126 averaged over 2095-2099,

and (d-f) as in (a-c) but for CTL-585 and HOS-585.
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Figure S9. Tron (Fe) concentrations integrated over the top 150 m in mmol m~2 for: (a)
CTL-126 averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average
over 2095-2099 in CTL-126, (c) CTL-126 subtracted from HOS-126 averaged over 2095-2099,

and (d-f) as in (a-c) but for CTL-585 and HOS-585.
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Figure S10. Export production at 100 m depth in mol C m~2 s™! for: (a) CTL-126 averaged
over 2016-2020, (b) the average over 2016-2020 subtracted from the average over 2095-2099 in
CTL-126, (c¢) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c)

but for CTL-585 and HOS-585.
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Figure S11. Net Primary Production of diatoms integrated over the top 150 m in mol C m—2
s7! for: (a) CTL-126 averaged over 2016-2020, (b) the average over 2016-2020 subtracted from
the average over 2095-2099 in CTL-126, (c¢) CTL-126 subtracted from HOS-126 averaged over

2095-2099, and (d-f) as in (a-c) but for CTL-585 and HOS-585.
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Figure S12. Net Primary Production of small phytoplankton integrated over the top 150 m
in mol C m™2 s7! for: (a) CTL-126 averaged over 2016-2020, (b) the average over 2016-2020
subtracted from the average over 2095-2099 in CTL-126, (¢) CTL-126 subtracted from HOS-126

averaged over 2095-2099, and (d-f) as in (a-c) but for CTL-585 and HOS-585.
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Figure S13. Diazotroph biomass integrated over the top 150 m in mol C m~2 for: (a) CTL-126
averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average over 2095-
2099 in CTL-126, (c¢) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as

n (a-c) but for CTL-585 and HOS-585.
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in (a-c) but for CTL-585 and HOS-585.
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Figure S15. Small phytoplankton biomass integrated over the top 150 m in mol C m~2 for: (a)
CTL-126 averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average
over 2095-2099 in CTL-126, (c) CTL-126 subtracted from HOS-126 averaged over 2095-2099,

and (d-f) as in (a-c) but for CTL-585 and HOS-585.
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Figure S16. Temperature averaged over the top 150 m of the ocean in °C for: (a) CTL-126
averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average over 2095-
2099 in CTL-126, (¢) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as

n (a-c) but for CTL-585 and HOS-585.
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Figure S17.  Temperature averaged over the entire water column in °C for: (a) CTL-126
averaged over 2016-2020, (b) the average over 2016-2020 subtracted from the average over 2095-
2099 in CTL-126, (c¢) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as

n (a-c) but for CTL-585 and HOS-585.
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Figure S18. Bottom temperature in °C for: (a) CTL-126 averaged over 2016-2020, (b) the
average over 2016-2020 subtracted from the average over 2095-2099 in CTL-126, (¢) CTL-126

subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for CTL-585 and
HOS-585.
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Figure S19. Barotropic stream function (BSF) in Sv for: (a) CTL-126 averaged over 2016-
2020, (b) the average over 2016-2020 subtracted from the average over 2095-2099 in CTL-126,

(c) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for

CTL-585 and HOS-585.

March 28, 2024, 2:05pm



BOOT ET AL.: ECOSYSTEM RESPONSE TO AMOC WEAKENING X-21

Average 2016-2020 (CTL-126)
80°N . e

= » .

Difference (CTL-126

80°S - - - -
180°E 270°E 0°E  90°E 180°E 270°E 0'E  90°E
0 25 50 75 100 125 150 175 200 -80 -60 —40 -20 0 20 40 60 80 -80 -60 —-40 -20 0 20 40 60 80
MLD (max) [m] AMLD (max) [m] AMLD (max) [m]
d e f
Average 2016-2020 (CTL-585) Difference (CTL-585) Difference HOS - CTL (585)
80°N S, : P D o N S T s
: 40°N 47 40°N 47 S 3

Sy o o 80°S — _
180°E  270°E  O°E 90°E 180°E 270°E  0°E 90°E 180°E  270°E O°E 90°E
0 25 50 75 100 125 150 175 200 -80 -60 -40 -20 O 20 40 60 80 -80 -60 -40 -20 O 20 40 60 80
MLD (max) [m] AMLD (max) [m] AMLD (max) [m]

Figure S20. Maximum mixed layer depth (MLD) in m for: (a) CTL-126 averaged over 2016-
2020, (b) the average over 2016-2020 subtracted from the average over 2095-2099 in CTL-126,

(c) CTL-126 subtracted from HOS-126 averaged over 2095-2099, and (d-f) as in (a-c) but for

CTL-585 and HOS-585.
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Figure S21. Relative changes averaged over 2095-2099 compared to 2016-2020 in % for mi-
crozooplankton (nsmz) in the CTL simulations (a, d), HOS simulations (b, ¢), and the difference

between the two (c, f). (a-c) are for SSP1-2.6 and (d-f) are fore SSP5-8.5.
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Figure S22. Relative changes averaged over 2095-2099 compared to 2016-2020 in % for meso-
zooplankton (nmdz) in the CTL simulations (a, d), HOS simulations (b, e), and the difference

between the two (c, f). (a-c) are for SSP1-2.6 and (d-f) are fore SSP5-8.5.
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Figure S23. Relative changes averaged over 2095-2099 compared to 2016-2020 in % for large
zooplankton (krill; nlgz) in the CTL simulations (a, d), HOS simulations (b, ¢), and the difference

between the two (c, f). (a-c) are for SSP1-2.6 and (d-f) are fore SSP5-8.5.
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Table S1.

BOOT ET AL.: ECOSYSTEM RESPONSE TO AMOC WEAKENING

Relative change in % of total phytoplankton (TP), small phytoplankton (SP),

diatom (DT) and diazotroph (DZ) biomass in 2099 for the difference between the HOS and CTL

simulations for different regions in the ocean. Relative change is defined as in the main text as

the difference in biomass between 2099 and 2015 divided by the biomass in 2015.

TP SP DT DZ
Region A-126 A-585 A-126 A-585 A-126 A-585 A-126 A-585
Arctic Ocean 66°N - 90°N -21.4  7.64 -44.39 -42.35 -18.82 17.57 -4.74 83.19
Atlantic Ocean 40°N - 66°N -4.18 -1.28 -71.06 -41.22  3.47 2.73 -45.15 10.54
15°N - 40°N  -13.24 -5.53 -10.46 -4.24 -25.05 -9.58 -4.11  -1.97
15°S - 15°N -6.18 -6.56 -2.36 -10.44 -15.13 -0.12 -4.08 -2.96
15°S - 40°S -3.31 -6.84 17.66 10.41 -26.89 -27.84  0.12 -1.61
40°S - 66°S -6.27  1.32 15.53 -12.19 -15.76  7.12 16.47 9.41
Pacific Ocean ~ 40°N - 66°N 213 -147 970 -166 1.75 -1.1 -70.96 -109.22
15°N - 40°N 343 319 259 147 533 6.62 -3.76 -2.87
15°S - 15°N 293 280 -3.08 -574 971 1441 245 3.69
15°S - 40°S -6.74  0.17 -1046 -1.33 030 4.00 141 0.45
40°S - 66°S -483 -1.04 244 -8.08 -16.36 7.23 36.93 86.38
Indian Ocean North of 15°S  -3.49 -2.42 14.93 238 -31.46 -1041 -0.50 -1.20
15°N - 40°N -230 -432 528 -3.66 -20.96 -7.57 1.03 1.37
40°N - 66°N -6.14 -1.8 -0.13 6.72 -14.12 -16.38 186.04 367.42
Southern Ocean 66°S - 90°S -2.32  1.25 857 1499 -18.25 -17.38 -11.16 -9.01
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