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Abstract This is the first projection of marine circulation and biogeochemistry for the Ascension Island
Marine Protected Area (AIMPA). Marine Protected Areas are a key management tool used to safeguard
biodiversity, but their efficacy is increasingly threatened by climate change. To assess an MPA's vulnerability to
climate change and predict biological responses, we must first project how the local marine environment will
change. We present the projections of an ensemble from the Sixth Coupled Model Intercomparision Project.
Relative to the recent past (2000-2010), the multi-model means of the mid-century (2040-2050) project that the
AIMPA will become warmer (+0.9 to +1.2°C), more saline (+0.01 to +0.10), with a shallower mixed layer
depth (—1.3 to —0.8 m), a weaker Atlantic Equatorial Undercurrent (AEU) (—1.5 to —0.4 Sv), more acidic
(=0.10 to —0.07), with lower surface nutrient concentrations (—0.023 to —0.0141 mmol N m™ and —0.013 to
—0.009 mmol P m™), less chlorophyll (—6 to —3 ug m™>) and less primary production (—=0.31 to

—0.20 mol m~2 yr™'). These changes are often more extreme in the scenarios with higher greenhouse gases
emissions and more significant climate change. Using the multi-model mean for two scenarios in the years
2090-2100, we assessed how five key ecosystem services in both the shallow subtidal and the pelagic zone were
likely to be impacted by climate change. Both low and high emission scenarios project significant changes to the
AIMPA, and it is likely that the provision of several ecosystem services will be negatively impacted.

Plain Language Summary Ascension Island is a small remote volcanic island in the equatorial
Atlantic Ocean. The seas around Ascension Island have been protected from commercial fishing since 2019. We
used the marine component of computer simulations of the Earth's climate to try to understand the future of the
Ascension Island Marine Protected Area (AIMPA). Over the next century, the AIMPA region will become
warmer, more saline, more acidic, less productive, and with lower nutrient and chlorophyll concentrations in the
surface waters. The most important current of the region, the Atlantic Equatorial Current, is also projected to
weaken in all scenarios. These changes are likely to negatively impact the ability of the AIMPA to provide
ecosystem services such as healthy ecosystems, fish stocks, the removal of carbon dioxide from the air, and
attract tourism. This work is important because it is the first projection of the climate around the AIMPA since it
was created, and it has allowed local policymakers to understand how the changing climate is likely to affect
their environment and ecosystem services.

1. Introduction

Unsustainable fisheries and anthropogenic climate change rank as the most pervasive drivers of marine biodi-
versity loss worldwide, threatening to undermine ocean health and human well-being alike (Jaureguiberry
et al., 2022). Conservation efforts aimed at curbing these losses often center around the establishment of marine
protected areas (MPAs). Notably, there are ambitious global targets proposed to protect at least 30% of the ocean
by 2030 (Woodley et al., 2019). While recently created MPAs have expanded the MPA coverage from 2.18% in
2016 (O'Leary et al., 2016), to 2.9% in 2023 (Marine Conservation Institute, 2023), this is still significantly below
the 30% target.

Appropriately managed and enforced MPAs have proven to be highly effective in reducing and reversing fisheries
impacts (Sala et al., 2021). Beyond their benefits to ecosystem health, MPAs have multiple socioeconomic
benefits. Even small reserves can increase the abundances of local fishing stock (Hansen et al., 2011), and can also
improve local social capital (Maina et al., 2011). Large scale remote marine wilderness MPAs can host several
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times more fish biomass than recently fished MPAs while having a significantly more biodiverse ecosystem
community (Graham & McClanahan, 2013).

Unfortunately, even highly-protected MPAs remain vulnerable to extrinsic threats from climate change. Within
MPAs, species and habitats are exposed to many of the same climate change induced pressures that affect un-
protected areas. These stresses include thermal stress, ocean acidification and altered trophic webs (du Pontavice
etal., 2020). The warming associated with continued business-as-usual emissions has the potential to drive habitat
and species losses even inside fully protected MPAs (Bruno et al., 2018). Furthermore, as habitats are exposed to
climate change, their locations may shift and this pressures species to follow their niche as it moves. However,
marine habitat distributions are moving an order of magnitude faster than those on land (Bruno et al., 2018). Given
the potential of the changing climate to compromise MPA efficacy, many recent studies have stressed the need to
expand MPA coverage, incorporate “climate smart” principles into MPA design and management, while also
calling for robust assessments of how local marine environments are likely to change in the future (O'Regan
et al., 2021; Tittensor et al., 2019; Wilson et al., 2020; Woodley et al., 2019).

In the global context, the ocean's mean surface temperature is projected to increase by between 0.9 and 2.9°C
between the years 1995-2010 and 2081-2100 (Fox-Kemper et al., 2021; Lee et al., 2021). This warming will lead
to cascading impacts on ocean physics and biogeochemistry. Empirical data indicates that the upper ocean has
become more stably stratified since 1970 over the vast majority of the globe (Eyring et al., 2021). The enhanced
stratification results in decreased nutrient availability in surface waters and associated reductions in primary
production and faunal biomass (Lotze et al., 2019). There is high confidence that many ocean currents will be
impacted by changing wind stress (Richter & Tokinaga, 2022; Weijer et al., 2020). Furthermore, increased water
temperatures, greater stratification, and weaker overturning circulation will result in reduced dissolved oxygen
concentrations and expansion of biologically impoverished oxygen minimum zones (OMZs) (Breitburg
et al., 2018; Stramma et al., 2012). In addition to the changing thermal structure of the ocean, the uptake of
anthropogenic CO, has driven a significant acidification of the global ocean (Lee et al., 2021).

The cumulative impacts of these changes on marine biodiversity are already being observed in many protected
and non-protected areas (Bates et al., 2019; Poloczanska et al., 2016). However, the effects of climate change are
far from uniform. Projected changes in ocean temperature and biomass often exhibit latitudinal gradients as well
as both fine-scale and basin-scale variation (Lotze et al., 2019; Tebaldi et al., 2021). Ocean circulation patterns are
also expected to have complex and variable responses to climate change, with some current systems projected to
intensify while others weaken (Richter & Tokinaga, 2022; Weijer et al., 2020). Robust local and regional pro-
jections are therefore necessary to predict likely biological responses and assess the vulnerability of individual
MPAs (Tittensor et al., 2019). Unfortunately, such local projections are generally lacking, meaning that climate
change is often framed in MPA management plans as a nebulous threat, without specific impact assessments or
adaptation measures (O'Regan et al., 2021).

For this work, we developed the first climate projection of the Ascension Island Marine Protected Area (AIMPA).
The UK overseas territory of Ascension Island is a small volcanic island in the tropical South Atlantic. The
AIMPA was designated in 2019 and covers the entirety of the 443,571 km? exclusive economic zone (EEZ)
surrounding Ascension Island, as shown in Figure 1. The AIMPA is currently the 8th largest protected area of the
global ocean (Marine Conservation Institute, 2023) and the AIMPA prohibits all forms of commercial fishing and
mining, but permits small scale recreational and sports fishing in inshore waters.

The AIMPA harbours a large concentration of marine biodiversity, including an abundance of megafauna, such as
sharks, turtles, tunas, billfish, rays and cetaceans (Thompson et al., 2021; Wirtz et al., 2017). The island is a
nesting area for seabirds (S. B. Weber & Weber, 2019) and green turtles (Godley et al., 2001; Hays et al., 2002;
Broderick et al., 2006; S. B. Weber et al., 2014). Whilst fish and invertebrate species richness is low with a high
level of endemism, fish abundance is high (Barnes, 2017; Brickle et al., 2017). Due to its isolation, the AIMPA's
shallow water endemic species are unlikely to be able to migrate to neighboring habitats if conditions were to
become unfavourable in the future. The AIMPA Management Plan lists climate change as one of the major
remaining threats to biodiversity in the region (Ascension Island Government, 2021a). However, no projection
existed before now that could be use to estimate ecological responses.

The AIMPA is part of the Saint Helena, Ascension and Tristan da Cunha British Overseas Territory in the
southern Atlantic. Both Saint Helena and Tristan da Cunha also host their own MPAs. The Tristan da Cunha MPA
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Figure 1. The marine geography around the AIMPA: (a) the wider equatorial Atlantic region, (b) the region and the Ascension Island Marine Protected Area (AIMPA) in
a global context, (c) the AIMPA and the study region, (d) a close up of Ascension island. All panes share the same color scale representing the bathymetry. In panel (a),
the Atlantic Equatorial Undercurrent (AEU) and several other major currents are shown in light pink, and the major marine regions are labeled in blue italic. Station from
the Prediction and Research Moored Array in the Tropical Atlantic (PIRATA) array are shown as white circular markers. The transect line used for the AEU calculation
is shown as a north-south yellow line crossing the equator at 28°W. Panes (a, b, c) show the AIMPA region as a black circle and the edges of the study region as a purple
square. The bathymetry data shown here is from the General Bathymetric Chart of the Oceans (GEBCO Compilation Group, 2023).

is currently the fifth largest MPA in the ocean (Marine Conservation Institute, 2023). It has a similar protection
status to the AIMPA but permits sustainable fishing in its near-shore waters. The entirety of the Saint Helena
MPA is a “sustainable use” MPA where marine activities and resource collection are allowed, but managed in a
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manner that incorporates cultural values and sustainability (St Helena Goverment, 2023). Together, these MPAs
cover 1,578,086 km?, of which 68% is fully protected (Marine Conservation Institute, 2023).

The work was part of the Climate Resilience And Conservation Of Ascension's Biodiversity (CRACAB) project
(S. Weber et al., 2023) and some of these results were previously used to inform Ascension Island Government's
strategies and adaptation plans (de Mora et al., 2022). The results shown here are an updated version of that report,
including additional model data sets, a more thorough analysis and a revised ecosystem services analysis. The
CRACAB project itself used an island-wide approach to generate projections of the most serious impacts of
climate change on the Ascension Island and the AIMPA. These projections were then provided to local poli-
cymakers and fed into the Ascension Island Government's long term strategy.

We assessed the projection of nine oceanographic properties in the AIMPA over the 21st century using data from
the sixth coupled model inter-comparison project Coupled Model Intercomparision Project (CMIP6) (Eyring
et al., 2016). The nine oceanographic data sets were temperature, salinity, mixed layer depth (MLD), oxygen
concentration, pH, nitrate concentration, phosphate concentration, chlorophyll concentration and integrated
primary production (IntPP). The projections covered a range of representative emission scenarios and shared
socio-economic pathways. We assessed these data sets in terms of their interannual, climatological, spatial and
vertical behaviors.

We subsequently examined how broad-scale ocean circulation patterns in the region could change. We focused
specifically on the Atlantic Equatorial Undercurrent (AEU), which has a pervasive influence on the oceanography
of the AIMPA (Brandt et al., 2021). The AEU flows eastwards along the equator as shown in Figure 1a with the
core of the current at a depth of approximately 80 m. The AEU upwells in the Gulf of Guinea, delivering nutrient
rich cooler subsurface water into the westbound Southern Equatorial Current (SEC). This gives rise to a high
productivity and low oxygen zone that protrudes westward south of the equator, which can reach the AIMPA.
Previous work has reported a weakening of the SEC's cold tongue over recent decades (Tokinaga & Xie, 2011).
However, to our knowledge there are few published projections of how the AEU will respond to climate change
(Giarolla et al., 2015), and we present the first AEU projection using CMIP6 data.

Finally, we assessed how the projected changes could affect ecosystem service provision in the AIMPA.
Ecosystem services are the direct and indirect contributions of ecosystems to human well-being (Sukhdev
et al., 2010). Ecosystem services are intrinsically linked to biodiversity in the marine environment (R. T. Watson
& Zakri, 2005). Exploitation and climate change are the two most important drivers of marine biodiversity loss
(Jaureguiberry et al., 2022), and any decline in biodiversity and hence ecosystem services could jeopardise both
marine ecosystems and human well-being in the AIMPA (R. T. Watson & Zakri, 2005).

2. Methods

The methods are described below in five separate subsections. Firstly, in Section 2.1, the CMIP6 framework, the
source of the simulated climate data sets, is introduced. Secondly, the nine oceanographic properties that were
provided directly in CMIP6 were analyzed using the common framework described in Section 2.2. Then, the AEU
analysis methodology and the ecosystem service assessment methodology are described in Sections 2.3 and 2.4.
Finally, the hardware and software tools are described in Section 2.5.

2.1. The Sixth Coupled Model Inter-Comparison Project (CMIP6)

The data that were used to generate this analysis were taken from global scale Earth System Models (ESMs) from
CMIP6 (Eyring et al., 2016). CMIP®6 is an international collaborative project that allows modeling groups from
around the world to share and compare their climate model output data sets. CMIP6 represents the state-of-the-art
in Earth system modeling, and has a significantly larger volume of data of any previous generation of CMIP
(Balaji et al., 2018; Petrie et al., 2021). To participate, models are required to meet predefined scientific model
quality and data formatting standards (Eyring et al., 2016; Jones et al., 2011; Yool et al., 2020).

Relative to CMIP5, CMIP6 models have smaller biases in the mean state and variability of the tropical Atlantic,
and the equatorial Atlantic sea surface temperature (SST) warm bias and westerly wind bias have both been
mostly eliminated in CMIP6 (Richter & Tokinaga, 2022). Furthermore, the seasonal and interannual variabilities
of CMIP6 models in the equatorial and subtropical Atlantic compares favorably to those seen in the observations-
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Table 1 based Climate Reanalysis (Richter & Tokinaga, 2022). This suggests that
The Total Number of Contributing Models and the Total Number of CMIP6 models should be sufficiently capable of projecting the coarse-scale

Contributing Ensemble Members (Given in Parentheses)

physical behavior and variability patterns of the AIMPA.

Field Historical  SSP1-2.6  SSP2-4.5  SSP3-7.0  SSP5-85  The CMIP6 historical simulations span the years 1850-2014. The forcing
Temperature 37 (189) 33 (122) 33 (84) 31 (141) 34 (90) data used to drive the climate in the historical scenarios are based on obser-
Salinity 25(135) 23 (79) 23(70) 21 @87) 24 (77) vations, including historic greenhouse gas concentrations, emissions of short-
MLD 20 (108) 9 (50) 19 (72) 7 (58) § (45) lived and long-lived species of greenhouse gases, global gridded land-use

forcing data, solar forcing, and stratospheric aerosol including volcanic
Oxygen 883 8652 842 8(68) 839 output (Eyring et al., 2016). The Scenario Model Intercomparison Project
g 8(49) 5(32) s 8 (49) e (ScenarioMIP) provides the environmental forcing data required to drive
Nitrate 9 (20) 8 (18) 8 (12) 8 (18) 9 (13) multiple ESM projections of the years 2015-2100. These include several
Phosphate 8 (23) 7 (22) 7 (11) 7 (22) 8 (12) pathways of future social and economic drivers, which result in different
Chlorophyll 8 (58) 7 41) 7 (36) 7 48) 8 (35) atmospheric concentration of greenhouse gases and other climate forcers
Int. PP 14 (39) 11 (34) 11 (35) 12 (35) 8 (12) (O'Neill et al., 2016). In this work, we included the scenarios: SSP1-2.6,

SSP2-4.5, SSP3-7.0 and SSP5-8.5, as described in Riahi et al. (2017). These
AEU 24 (77) 19 (61) 21 (55) 19 (66) 21 (60)

scenarios span a wide range of possible futures, including sustainable
development in the SSP1-2.6 scenario. The “middle of the road” pathway is
SSP2-4.5, which extrapolates historic and current global development into the future with a medium radiative
forcing by the end of the century. The regional rivalry scenario, SSP3-7.0, revives nationalism and regional
conflicts, pushing global issues into the background, which results in higher emissions. While the other scenarios
approximately scale CO, with methane and aerosols, SSP3-7.0 has proportionally higher aerosol (sulfur and black
carbon) and methane emissions, driven by a significant decline in forest and natural land coverage and a rise in the
land area used as pasture (O'Neill et al., 2016; Riahi et al., 2017). Finally, SSP5-8.5 is a projection designed to
include enhanced fossil fuel development and extremely high fossil fuel deployment. SSP5-8.5 has extremely
high CO, emissions, a rapid decline in aerosols, and constant rise in methane.

In practice, CMIP6 modeling groups generate multiple historical and future simulations, and often more than one
simulation per scenario. Each individual simulation is called an ensemble member. Ensemble members for a
given model typically have different initial conditions. This is because the precise conditions of the climate at the
start of the historical period in 1850 are unknown but may have a significant influence on the evolution of the
whole climate system. As such, there is some variability between models in the number of ensemble members
generated for each scenario. For instance, while some models contribute only one historical simulation, other
models may contribute significantly more. For instance, 19 different historical ensemble members were generated
for the UKESM1-0-L model (Sellar et al., 2020). To balance models with many ensemble members against
models with fewer ensemble members, the “one model — one vote” weighting scheme is used. This means that
each model has equal weight in the multi-model mean (MMM). In practice, each ensemble member is weighted
inversely-proportional to the total number of ensemble members that the model contributed to the analysis. The
multi-model means were not further weighted in terms of model quality, historical performance, or climate
sensitivity.

2.2. CMIP6 Multimodel Analysis (CMA)

A common analysis framework, the CMIP6 Multimodel Analysis (CMA), was used to analyze the following
variables in the AIMPA region: temperature, salinity, MLD, oxygen concentration at 500 m, pH, nitrate con-
centration, phosphate concentration, chlorophyll concentration and IntPP. These are all variables that are directly
produced in CMIP6 and can be analyzed without requiring any additional derivation. We required each ensemble
member to be available on the British Atmospheric Data Centre (BADC) data storage system and visible from the
supercomputer, JASMIN, where the work was carried out as described in Section 2.5. We excluded the ensemble
member if the model grid area (areacello) data were absent, the time series was incomplete, or the data could
not be made compliant with CMIP6 formatting standards. Table 1 shows the number of models and total number
of CMIP6 ensemble members for each field for each scenario. Note that CMIP6 has separate data sets for surface-
only and depth-resolved temperature (fos and thetao) and salinity (sos and so). Table 2 lists the CMIP6 models
that contributed to each CMA.
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Table 2

The List of Models That Contributed to Each CMA

Model T S MLD 0, pH NO; PO, Chl IntPP AEU
ACCESS-CM2 XXX XXX XOX XXX
ACCESS-ESM1-5 XXX XXX X0X XXX XXX XXX XXX X0X XXX
BCC-CSM2-MR 00X

CAMS-CSM1-0 00X

CanESM5 XXX XXX X0X XXX XXX XXX X0X XXX
CanESM5-CanOE X0X XXX X0X
CAS-ESM2-0 XXX XXX XOX XXX
CESM2 X0X XXX X0X XXX XXX X0X
CESM2-WACCM XXX XXX X0X XXX X0X XXX
CIESM XXX XXX XXX
CMCC-CM2-SR5 XXX XXX X0X XXX
CMCC-ESM2 XXX XXX X0X XXX XXX XXX XXX XXX X0X XXX
CNRM-CM6-1 XXX XXX XOX XXX XXX XOX XXX
CNRM-CM6-1-HR X0X XXX

CNRM-ESM2-1 XXX XXX XOX XXX XXX XXX XXX
EC-Earth3 XXX XXX X0X XXX
EC-Earth3-AerChem XXX XXX XXX
EC-Earth3-CC XXX XXX X0X X0X XXX
EC-Earth3-Veg 00X XXX XOX XXX
EC-Earth3-Veg-LR OXX XXX
FGOALS-f3-L XXX
FGOALS-g3 XXX
FIO-ESM-2-0 XXX XXX
GFDL-CM4 00X

GFDL-ESM4 00X

HadGEM3-GC31-LL XXX XXX X0X XXX
HadGEM3-GC31-MM XXX 00X X0X XXX
IPSL-CM5A2-INCA XXX XXX XXX X0X
IPSL-CM6A-LR XXX XOX XX XXX XXX XXX XXX X0X XXX
MCM-UA-1-0 XXX

MIROC6 00X 00X XOX

MPI-ESM-1-2-HAM XXX X0X
MPI-ESM1-2-HR 00X XXX X0X XXX XXX X0X
MPI-ESM1-2-LR XXX XXX X0X XXX XXX XXX XXX X0X
MRI-ESM2-0 XXX XXX X0X XXX XXX XXX XXX
NorESM2-LM 00X

NorESM2-MM 00X

TaiESM 1 XXX XXX
UKESM1-0-LL XXX XXX X0X XXX XXX XXX XXX XXX X0X XXX
Note. Data contribution is labeled with an “x,” and a blank entry or an “0” indicate no data from this model in the analysis. The

Pt}

three “x” or “o0” indicate whether model contributed to the time series & climatology, depth profile, and spatial distribution

analyses, respectively. The columns are labelled as T: temperature, S: salinity, MLD: mixed layer depth, O,: oxygen con-
centration, NOj;: nitrate concentration, PO,: phosphate concentration, Chl: chlorophyll concentration, IntPP: integrated
primary production, and AEU: Atlantic equatorial undercurrent.
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The Observational Datasets Used in This Analysis and Their References
Field Dataset Reference
Temperature ERA-Interim Dee et al. (2011)
WOA Locarnini et al. (2018)
Salinity WOA Zweng et al. (2018)
MLD WOA Locarnini et al. (2018), Zweng et al. (2018)
Oxygen WOA Garcia et al. (2018a)
pH GLODAPv2 Olsen et al. (2016)
Nitrate WOA Garcia et al. (2018b)
Phosphate WOA Garcia et al. (2018b)
Chlorophyll ESACCI-OC Sathyendranath et al. (2019)
IntPP Eppley-VGPM-MODIS Behrenfeld (1997)
AEU TAOS Foltz et al. (2019)

Note. ERA-Interim, European Center for Medium-Range Weather Forecasts atmospheric reanalysis; WOA, World Ocean
Atlas; GLODAP, Global Ocean Data Analysis Project; ESACCI-OC, European Space Agency Climate Change Initiative -
Ocean Color; Eppley-VGPM-MODIS, The Eppley variation of the Vertically Generalized Production Model for the Moderate
Resolution Imaging Spectroradiometer; TAOS, Tropical Atlantic Observing System.

Each analysis includes the time evolution of the average value in the AIMPA over the whole duration of the
CMIP6 simulations (1850-2100), showing both individual model means and the MMM. The recent past (2000—
2010) and mid-century future (2040-2050) MMM monthly climatology are also shown. Where possible, the
recent past and mid-century future MMM depth profiles are included, and their anomalies are shown separately.
The spatial distribution and projected change in the wider tropical Atlantic region are shown for the recent past
and the mid-century future.

Unless otherwise specified, we used the surface values in the time series, climatology and surface map analyses.
The average time series, monthly climatology and vertical profile for the AIMPA are calculated using model
outputs from a square region centered on Ascension Island. As shown in Figure 1, the square study region was
slightly larger than the circular AIMPA. Given that CMIP6 model resolution is typically 1° by 1°, the small
difference in area between the square study region and the circular AIMPA was unlikely to affect the results. The
AIMPA region represented approximately 79% of the extent of the study area. The model data was used without
de-drifting against pre-industrial control simulations. When showing the change between two simulated time
periods, we calculated the mean of the anomalies, not the anomaly of the means. In effect, the anomaly between
the two time periods was calculated first for each individual ensemble member, then the single model mean of the
anomalies was calculated, then the MMM. This ensured that the differences were not biased by the historical
mean and the projection mean containing a different selection of models.

While comparisons of the final years of the SSP projection time range are often made against the pre-industrial
period or the recent past (e.g., Bruno et al., 2018; Garzke et al., 2017; Lotze et al., 2019; du Pontavice et al., 2020;
Weijer et al., 2020), in this work we instead focused on projections of the mid-century (2040-2050). This time
period was selected because it would be more relevant on policy timescales for the Ascension Island Government,
who originally commissioned the analysis. This meant that the four projection scenarios would not diverge as
much as if we had focused on the 2090-2100 period.

Observation-based data products were used to validate the analysis and are listed in Table 3. The annual mean of
the data in the AIMPA region was included when the observational data was available as a multi-year time series,
in Figures 3 and 10-12. When observational data was only available as a climatological data set, the minimum and
maximum values of the data within the AIMPA region and the time period were shown as transparent rectangle
with black edges, as in Figures 4-9.
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2.3. Atlantic Equatorial Undercurrent Analysis

The properties of the AEU were analyzed by focusing on the state and the trend in the annual average flow, the
monthly climatology, and the depth profile. The mean annual AEU flow was estimated from each ensemble
member by calculating the annual mean east-west zonal velocity values along a transect at longitude 23° West,
between 3° South and 3° North as shown in Figure 1, from the surface to 400 m depth. This transect encompassed
the whole AEU extension and coincided with the location of the Subsurface Acoustic Doppler Current Profiler
moorings, which are part of the Prediction and Research Moored Array in the Tropical Atlantic (PIRATA)
mooring array (Bourles et al., 2019; Johns et al., 2014, 2021), and the wider Tropical Atlantic Observing System
(Foltz et al., 2019). By focusing on this region, we could compare model data against recent observational es-
timates of the AEU (Brandt et al., 2021).

The annual mean AEU flow values were obtained by taking the area-weighted sum of only the positive (west to
east) velocity values in the transect area. To generate the monthly climatology, the monthly mean AEU flow
values for the recent past (2000-2010) and mid-century future (2040-2050) periods were extracted from the data
sets and averaged over each month. The depth velocity profiles for recent past and future periods were derived
from annually averaged velocity data as the average of the two grid cells closest to the equator, which represent
the location of maximal velocity. As elsewhere, the “one model — one vote” weighting scheme was applied for
the MMM.

2.4. Ecosystem Services Assessment

In the ecosystem services assessment, we focused on two key habitats: the shallow sub-tidal (<30 m) and the
pelagic zone (>30 m depth). Some mobile species transit between the two habitats and contribute to the ecosystem
services in both zones. Due to the limited evidence of ecosystem services and climate change impacts in deep-
water habitats around the AIMPA, deep-water habitats were not assessed. We identified the five most relevant
ecosystem services in the region. These services were chosen on the basis of their importance to the people living
on Ascension Island or visiting the AIMPA, their role in climate services, and their ecological significance. Then,
a short literature review was undertaken for each habitat, which was supplemented with the expert judgment of
two ecosystem service experts (SG & SB) to determine the contribution level of each ecosystem service. Three
levels of contribution were used in the analysis: minimal, moderate or significant. Ecosystem services contri-
butions were considered minimal if that service's contribution was evidenced as small compared to other habitats
globally, moderate if locally important, and significant if regionally or internationally important.

Once the contribution of each ecosystem service was defined for the historical period, we then estimated how the
projected change from SSP1-2.6 and SSP5-8.5 were likely to impact the ecosystem services in the future. The
MMM SSP1-2.6 and SSP5-8.5 projections in the years 2090-2100 were used as the minimal and maximal
boundary conditions, respectively. The 2100 horizon was used here instead of 2040-2050 as the aim was to
showcase direction of travel, and the 2040-2050 period would be too soon to sufficiently differentiate the pro-
jections in this region. The future trends were graded into one of four levels: a significant reduction in ecosystem
service provision, a reduction in ecosystem service provision, ecosystem services remain at a level similar to
today or uncertain direction of change.

2.5. Hardware and Software Tools

The CMIP6 analyses were performed using the ESM Evaluation Toolkit, ESMValTool (Righi et al., 2020).
ESMValTool is a modular python-based software toolkit that was built to facilitate the evaluation and inter-
comparison of CMIP data sets. ESMValTool includes several flexible tools which can quickly standardize,
extract specific regions or time periods, extract or interpolate specific depth levels, interpolate data to a new grid,
and apply other statistical operators. In this analysis, we used ESMValTool to extract the AIMPA study region,
extract the surface layer, extract a transect, take an area-weighted average, interpolate to a common grid, and
create annual, decadal or climatological means. More details on how to access this software are available in the
Open Research section, Section 6, below, and in de Mora (2023). This analysis was performed on the Center for
Environmental Data Analysis's (CEDA) JASMIN computing system.
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Ascension Island Marine Protected Area

Anomaly of mid-century projection (2040-2050) against recent past (2000-2010)
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Figure 2. Summary of differences between the recent past historical period and the mid-century projected period for key metrics of the marine circulation and
biogeochemistry in the Ascension Island Marine Protected Area (AIMPA). The color represents the scenario, where SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 are in
light blue, orange, red and maroon, respectively. The y-axis shows the anomaly between the mid-century projection (2040-2050) and the recent past (2000-2010). The
multi-model mean is shown as a thin horizontal line. The vertical lines represents the 5th to 95th percentile range of the single-model mean anomalies. A map of the
AIMPA, the study region and the global location is shown in the bottom right of the figure.

3. Results

A summary of the results of the CMIP6 projections is shown in Figure 2. For each field, this figure shows the
anomaly between the mid-century future (2040-2050) and the recent past (2000-2010). Each pane represents a
different field and the colors represent the different future scenarios. In each pane, the horizontal bars shows the
MMM anomalies, and the vertical line represents the 5th to 95th percentile range of the ensemble. When the 5th—
95th percentile range for the anomaly overlaps with zero, there is no unanimous agreement between models in the
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direction of change by 2040-2050. This figure allows a quick interpretation of the key results, whether the CMIP6
ensemble agree or diverge and includes a map of the wider Equatorial Atlantic region. Unless otherwise stated,
when describing changes in the projections in this section, we compared the MMM of the mid-century future
(2040-2050) against the recent past (2000-2010).

Figure 2 shows that in all models and all scenarios, the AIMPA becomes warmer, more acidic and with a lower
surface phosphate concentration. Relative to the recent past (2000-2010), the multi-model means of the mid-
century (2040-2050) project that the AIMPA will become warmer (4+0.9 to +1.2°C), more saline (4+0.01 to
+0.10), with a shallower MLD (—1.3 to —0.8 m), a weaker AEU (—1.5 to —0.4 Sv), more acidic (—0.10 to —0.07),
with lower surface nutrient concentrations (—0.023 to —0.0141 mmol N m~ and —0.013 to —0.009 mmol P m ™ ),
lower chlorophyll concentration (—6 to —3 pg m~>) and less primary production (—0.31 to —0.20 mol m~2 yr ™).
In all fields and scenarios, the MMM are in unanimous agreement on the direction of travel. All individual models
agree on the future direction of travel for temperature, pH, and phosphate concentration, while the other fields
show a wider spread in behavior between models and overlap with zero. In most cases, these changes are more
extreme in the scenarios with higher greenhouse gases emissions and more significant climate change, except for
salinity, oxygen concentration at 500 m, and nitrate and chlorophyll concentrations.

The MMM for the period 2000-2010 and 2040-2050 and the standard deviation of the ensemble of single model-
means is shown in Table 4. The standard deviation was calculated as a measure of the spread of the single model
means. Note that the anomalies shown in Figure 2 may not match the differences between two columns of Table 4.
This is because Figure 2 shows the mean of the anomalies and the 5th-95th, but Table 4 shows the MMM and the
standard deviations.

The full results of each individual CMIP6 Multimodel Analysis (CMA) are shown below, followed by the AEU
then the ecosystem services analyses. Figures 3—11 all have similar composition. In these figures, pane a shows
the time development of the data in the historical period (dark blue) and multiple future scenarios (light blue,
yellow, red, maroon). The individual models are represented as semi-transparent lines or bands representing
either only one value or the range of annual means over all contributing ensemble members. Observational data is
shown as a black line or a black box in pane a. The gray and pink vertical bars indicate the recent past (2000-2010)
and mid-century future (2040-2050) periods. Pane b shows the monthly climatology calculated from the two time
periods. The depth profile appears in pane ¢ and the depth profile anomaly between the mid-century future and
recent past is shown in pane d, except for the 2D fields, MLD and IntPP in Figures 5 and 11. In both panes ¢ and
d of Figures 3, 4, and 6-9, the profile and profile difference panes are shown on two different z-axes scales,
separated at 1,000 m by a dashed line. For the chlorophyll concentration in Figure 10, the depth profile is limited
to 500 m depth with a separation at 300 m. Finally, panes e—j show maps of the data in the historical period, the
observational data set, and the difference between the four mid-century future scenarios and the recent past.

3.1. Temperature

Figure 3 shows the results of the CMIP6 Multimodel Analysis (CMA) for the AIMPA temperature. In pane a, the
MMM and most of the individual models overestimate the temperature relative to recent historical ERA-Interim
reanalysis data (Dee et al., 2011). This bias is approximately 1°C for the MMM. In the historical period, indi-
vidual models have interannual variability similar to the ERA-Interim, but the MMM has a much smoother year-
to-year behavior and only shows shifts due to historic volcanic eruptions in the CMIP6 forcing data, notably
Krakatoa (1883), Mt Agung (1963) and Pinatubo (1991) (Marshall et al., 2022). In the 21st century, there is a clear
warming signal in the region in all projections for all models. Between the years 2000 and 2040, the MMM
surface temperature rises similarly in all scenarios, but the MMMs diverge before the end of the mid-century
analysis period in 2050. The decadal mean rises from 26.9°C in the recent past to 27.7°C (SSP1-2.6) or 28.0°
C (SSP5-8.5) in the mid-century future. This divergence becomes even more significant toward the end of the
century: The SST is projected to increase by 1.2°C in the SSP1-2.6 scenario MMM, and by 3.6°C in the SSP5-8.5
MMM by the year 2100 relative to the recent past (2000-2010).

In Figure 3b, a comparison of the historical and observational climatologies highlight that the models annual
maximum occurs in March, which is earlier than the observed annual maximum in April. The bias between
historical MMM and observation climatology is largest between November and April, and is very small in June
and July. In the future, the warming is spread evenly over the year and the overall shape of the climatology does
not change. In the mid-century future, all scenarios have a similar warming of approximately 0.8°C.
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Figure 3. Coupled Model Intercomparision Project Multimodel Analysis for the Ascension Island Marine Protected Area temperature: (a) sea surface temperature (SST)
time series, (b) SST monthly climatology, (c) depth profile, (d) depth profile anomaly, (e—f) maps of the historical period and the observational data set, (g—j) maps of the
anomaly of the future scenarios against the historical multi-model mean. In panels (a, b), the ERA-interim reanalysis data is shown as a black line, and the WOA 2018

data is shown in panels (c, e).

As was the case for surface data, the historical MMM profile overestimates the observational data from WOA
2018 (Locarnini et al., 2018) over much of the water column in pane c. The profile and profile difference plots in
panes c and d show that the projected warming occurs throughout most of the water column, with greater warming
in the surface and almost no warming at the sea floor. As elsewhere, there is not a discernible divergence between
MMMs for these scenarios in the mid-century future. There is an unusual feature in the subsurface around 200 m
where SSP5-8.5 has less warming that SSP1-2.6, which likely indicates a substantial change in the mixing
behavior and stratification at this depth.

In Figures 3e and 3f, the historical period and the WOA 2018 observation data (Locarnini et al., 2018) show very
similar spatial temperature distributions in the wider equatorial and southern Atlantic region. In the mid-century
future, panes g—j, the surface map panes show that the SST rises everywhere in the wider region, with the largest
rise in the equatorial region. The warming in panes g—j scales with the severity of the forcing scenario, with SSP5-
8.5 in pane j showing the largest change relative to the historical period.

3.2. Salinity

Figure 4 shows the CMA for salinity in the AIMPA region. In pane a, the MMM and several individual models
underestimate the WOA 2018 historical surface salinity (Zweng et al., 2018) inside the AIMPA. In the future, the
annual MMM salinity shows a small and gradual rise in all scenarios by the second half of the century. In the years
2040-2050, the four future scenarios show either no change or a small divergence from the historical value of 35.7
PSU, ranging from 35.7 PSU to 35.8 PSU in the mid-century future period. The SSP1-2.6 scenario has a brief
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Figure 4. Coupled Model Intercomparision Project Multimodel Analysis for the Ascension Island Marine Protected Area salinity: (a) surface salinity time series,
(b) monthly climatology, (c) depth profile, (d) depth profile anomaly, (e) historical period multi-model mean (MMM), (f) observational data set from WOA 2018, (g—j)
maps of the anomaly of the future scenarios against the historical MMM.

period with the highest surface salinity over the years 2030-2060, but is never more than 0.06 PSU higher than the
other scenarios. There are more significant differences between scenarios by the end of the century. The SSP5-8.5
MMM shows a rise in salinity around 0.5 PSU while the other three MMM s only rise around 0.2 PSU in 2100
relative to the historical period. There is a discontinuity in the ensemble mean between the historical and the future
scenarios in the years 2014 and 2015. This is because the historical MMM comprises all models but only a subset
of models contributed to each of the future MMMs.

In the salinity climatology, Figure 4b, the historical MMM underestimates the surface salinity over the entire year.
The MMM approximately captures the overall observational seasonality but the annual minimum occurs 1 month
earlier than in the observations. The SSP1-2.6, SSP2-4.5 and SSP5-8.5 projections show a similar change in
climatological behavior relative to the recent past. The SSP3-7.0 projection in 2040-2050 and the historical
period in 2000-2010 have similar salinity MMMs (35.7 PSU) and the other scenarios are slightly higher (35.8
PSU). While the SSP3-7.0 projection has the lowest number of contributing models, as shown in Table 1, the
multi-model standard deviation for the historical and SSP3-7.0 are both 0.5 PSU, which is much larger than the
range between scenarios, 0.1 PSU from Table 4.

In the depth profile, Figure 4c, the historical MMM underestimates the observational WOA?2018 salinity at the
surface, but overestimates the observed salinity below that point. In the future projections, the largest differences
between MMM s occur above a depth of 300 m but are less than 0.1 PSU. As shown in pane Figure 4a, the SSP1-
2.6 scenario MMM has the highest salinity during the years 2030-2060, but is never further than 0.06 PSU from
the other scenarios through the water column.
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Figure 5. The CMIP6 Multimodel Analysis for mixed layer depth (MLD): (a) MLD time series, (b) monthly climatology, (e) historical period multi-model mean
(MMM), (f) observational data set from WOA 2018, (g—j) maps of the anomaly of the future scenarios against the historical MMM.

In the wider region, Figures 4 and 4e—4j, all scenarios project a decline in salinity in the Gulf of Guinea, with the
SSP5-8.5 scenario seeing the most freshening. This freshening plume does not reach the AIMPA in any scenario.

3.3. Mixed Layer Depth

Figure 5 shows the CMA for the MLD. This uses the CMIP6 mlotst field: the MLD calculated instantaneously on
the model time step with a density criterion of 0.125 kg m™ (Griffies et al., 2016). The observational MLD data is
from the World Ocean Atlas, WOA (Locarnini et al., 2018; Zweng et al., 2018), and is the depth for which the
potential density has increased by 0.125 kg m™ relative to the 10 m reference depth. There are many MLD
calculation methodologies (Cabanes et al., 2013; de Boyer Montegut et al., 2004; Griffies et al., 2016; Locarnini
etal., 2018; Zweng et al., 2018), we ensured that the model and observational data can be compared by using the
density method with the same threshold criterion.

In Figure 5a, the modeled time series and the observational range overlap, with the MMM approximately equal to
the lowest values seen of the observations. The AIMPAs MLD in recent past MMM is 34.1 m, and the mid-
century future MLD is projected to become slightly deeper in the SSP1-2.6 scenario (35 m), shallower in the
SSP2-4.5 scenario (33 m) and remain approximately the same in the SSP3-7.0 (34 m) and SSP5-8.5 (33.9 m)
scenarios. At the end of the century, the MLD is projected to remains constant in the SSP1-2.6 scenario but to
become shallower in the other three scenarios.

In the MLD climatology, Figure 5b, the models underestimate the observed values throughout the year, and the
MMM minimum occurs in February while the observational annual minimum occurs in March. The MMM also
show a significant end of year shallowing in September—December that is not present in the observational data. In
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Figure 6. The dissolved oxygen concentration at 500 m CMA: (a) time series, (b) monthly climatology, (c) depth profile, (d) depth profile anomaly, (e) historical period
multi-model mean (MMM), (f) observational data set from WOA 2018 (Garcia et al., 2018a), (g—j) maps of the anomaly of the future scenarios against the

historical MMM.

the SSP5-8.5 projection, the deepest MLD occurs in July, 1 month earlier than the historical period's deepest
MLD. The other projections show changes to the MLD range but do not show changes in the timing of the
minimum or maximum MLD.

In the spatial distributions in Figures 5e and 5f, the historical MMM reproduces the overall spatial distribution of
the WOA data, but has a shallow bias over most of the region. This bias is particularly strong to the south and to
the west of the AIMPA, where the MMM MLD is up to 40 m shallower than in the observational data. The
AIMPA sits inside a band of shallowing MLD in all future scenarios. This shallowing band ranges from 1 to 3 m
inside the AIMPA and extends across most of the Atlantic Ocean. A MLD deepening of between 0.5 and 1.5 m is
seen along the path of the Equatorial Current in all four projections. The impact of the changing climate on MLD
scales with the severity of the climate forcing in this region for this ensemble of models, with SSP5-8.5 showing
the largest changes.

3.4. Dissolved Oxygen Concentration at S00 m

The oxygen concentration at 500 m CMA is shown in Figure 6. The 500 m depth was selected because the
modeled water column minimum oxygen concentration occurs at this depth. In the time series in pane a, there is
little agreement between models in either the historical range or the future direction of travel. In the future time
series, some models project a strong decline, others project an increase, while some project no significant change
in either direction. Each of the MMM s project a small rise in oxygen concentration at 500 m from 75 mmol m™ in
the recent past to 76 mmol m™~> in SSP2-4.5 and SSP3-7.0, 77 mmol m ™2 in SSP5-8.5 and 78 mmol m ™ in SSP1-
2.6 in the mid-century future. This inter-model uncertainty is a result of oxygen concentrations being strongly
influenced by simultaneous changes in solubility, circulation, and mixing, and biological sources and sinks
(Kwiatkowski et al., 2020). The oxygen at depth is particularly sensitive to how the hydrodynamics of the area are
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represented, particularly stratification and circulation (Schmidtko et al., 2017). Furthermore, the representation of
the hydrodynamics in CMIP6 models is sensitive to parameter choice, which varies between models (Herrera
et al., 2022).

Figure 6b shows that all scenarios project a small rise in the MMM climatological oxygen concentration at 500 m
relative to the recent past and this rise is spread evenly throughout the year. The SSP1-2.6 scenario has a slightly
larger rise in climatological oxygen concentration than the other scenarios. This is likely due to the small dip in the
MMM oxygen concentration at 500 m in the years 2035-2045 in the three other scenarios, which can be seen in
Figure 6a. This dip is not a permanent feature and the four scenarios MMMs do not diverge before the end of the
21st century. The observational data is not shown in pane b because the offset against observations is significantly
larger than the difference between scenarios. In either case, there are no clear differences between scenarios in the
MMM climatological oxygen concentration and the differences between scenarios are significantly less than the
differences between individual models in Figure 6a.

In the depth profile in Figure 6¢, the MMM reproduces the overall observational patterns of the observations in the
AIMPA, but includes a large bias between 300 and 1,000 m depth. The MMM captures the observational surface
values but the modeled minimum oxygen concentration occurs shallower than in observations. The MMM also
slightly underestimates the oxygen below 2,000 m. The differences between the recent past and the mid-century
projection are more apparent in pane d. All scenario MMMs project de-oxygenation above 100 m and below
700 m, and a rise in oxygenation between 100 and 700 m where the largest rises in oxygen coincide with the
observed minimum oxygen concentration. This is in agreement with Kwiatkowski et al. (2020), who showed that
the equatorial Atlantic is one of the few regions in the global ocean where the subsurface (100-600 m depth)
dissolved oxygen concentration is projected to rise in the long term.

In the spatial distribution of WOA 2018 oxygen at 500 m in pane f, a region with low oxygen concentration
extends from the Angola Basin to the AIMPA, and the equatorial region, the western South Atlantic and the
southern Atlantic have higher oxygen concentrations than the AIMPA. However, the MMM shows a gradual rise
in oxygen concentration at 500 m from east to west. The low oxygen concentration at 500 m region is not captured
in the recent past MMM or any of the individual model distributions (not shown). In the future projections, the
oxygen concentration at 500 m in the equatorial Atlantic is projected to rise in all scenarios, mirroring the findings
of Kwiatkowski et al. (2020). The oxygen concentration at 500 m is projected to either decline or remain constant
in the southern Atlantic, and decline along the western edge of the South Atlantic. While the differences between
individual projections and between the historical simulation and future projections are small, they result from a
large inter-model spread seen in Figure 6a and hence these projections can be considered to have a large
uncertainty.

3.5. pH

Figure 7 shows the CMA for pH in the AIMPA region. In the surface pH time series in Figure 7a, there is a very
tight agreement between the individual models with a spread of less than 0.1 at all times. In addition, the models
are in agreement with the GLODAPv2 observational data (Olsen et al., 2016). Similarly, there is a very tight
grouping of model ensembles within each future projection. Compared to the recent pasts pH MMM of 8.05, the
mid-century future pH is projected to range from 7.98 in the SSP1-2.6 scenario to 7.95 in SSP5-8.5. This is
expected as the surface pH in open ocean waters is strongly anti-correlated to the atmospheric carbon dioxide
(CO,) concentration (Whitfield, 1975) and the atmospheric CO, concentration is a prescribed variable in each
scenario and thus is identical between models. In all cases, the change in pH between the recent past and the mid-
century scales with the scenarios emissions. While the others scenarios project a continual acidification, the
SSP1-2.6 scenario projects the start of the recovery in the surface pH by the end of the 21st century. Although it is
shown in panes d, and g—j, the difference between two pH values does not scale linearly due to pH's logarithmic
scale. For instance, a decrease in pH of —0.5 means the water has become 3.2X more acidic, while a decrease in
pH change of —1.0 means the water has become 10X more acidic. However, pH anomaly is nevertheless shown
here as it is a widely accepted metric for acidification.

In Figure 7b, the pH climatology of the recent past is lower than the observational range for the months January—
May, but they overlap across June-December. This is likely because the observations include data from an earlier
time range (1973-2013) than the recent past (2000-2010), so the observational climatology is likely be weighted
toward years with lower atmospheric CO, concentration and higher surface pH. In the future projections, the
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Figure 7. The surface pH CMA: (a) time series, (b) monthly climatology, (c) depth profile, (d) depth profile anomaly, (e) historical period multi-model mean (MMM),
(f) observational data set from GLODAPv2 (Olsen et al., 2016), (g—j) maps of the anomaly of the future scenarios against the historical MMM.

higher emission scenarios lead to a lower surface pH than the lower emission scenarios throughout the clima-
tology. The scenarios SSP3-7.0 and SSP5-8.5 do not yet diverge by the mid-century. For all projections of the
mid-century, the climatological maximum pH will be below the annual minimum of the recent past.

The pH depth profile in Figure 7c shows that while the historical MMM and GLODAPv2 observational data
(Olsen et al., 2016) agree at the surface, they diverge between 200 and 700 m where the historical MMM is higher
than the observed pH. However, there is a little divergence between projections over the water column. At depth,
pH becomes decoupled from the atmospheric CO, forcing and more influenced by local hydrodynamics, similarly
to the oxygen in Figure 6. The profile difference in Figure 7d shows that the pH change in the four scenarios scales
with the severity of the climate forcing from the surface downwards.

Figures 7e and f show the MMM recent past historical pH and the GLODAPvV2 observational data respectively.
The observational data has significantly higher pH in the Gulf of Guinea and the Sierra Leone Basin regions,
while the historical MMM is much more homogeneous. The mid-century projection anomaly in panes g—j are also
homogeneous, with large regions of the surface showing little variability. This is expected as the surface pH is
linked to the spatially homogeneous atmospheric CO, forcing, and taking the mean of several models will add
further homogeneity.

3.6. Nitrate Concentration

Figure 8 shows the CMA for nitrate concentration. There is a significant diversity in the range of the single-model
mean surface nitrate concentrations in this ensemble in Figure 8a. However, the historical MMM captures the
center of the range of the WOA 2018 observational data set of surface nitrate concentration (Garcia et al., 2018b).
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Figure 8. The dissolved nitrate concentration CMA: (a) surface time series, (b) surface monthly climatology, (c) depth profile, (d) depth profile anomaly, (e) historical
period multi-model mean (MMM), (f) observational data set from WOA 2018 (Garcia et al., 2018b), (g—j) maps of the anomaly of the future scenarios against the

historical MMM.

Compared to the nitrate concentration of 0.18 mmol m™ in the recent past, the mid-century future nitrate con-
centration is projected to range from 0.15 mmol m~ in SSP5-8.5 to 0.22 mmol m~ in the SSP1-2.6 scenario. In
the future, a very small decline in the MMM surface nitrate concentrations may be seen when comparing the start
of the projected time range against the end. There is a discontinuity in Figure 8a at the year 2015 between the end
of the historical period and the start of the projection which is caused by differences in the MMM ensembles. The
size of the historical-future discontinuities are all significantly smaller than the difference between the historical
MMM and the observational range.

In the surface nitrate concentration climatology in Figure 8b, the MMM:s do not capture the mid-year peak or the
August drop in surface nitrate concentration in the WOA 2018 observational data. However, the models do
capture annual minimum in January—February. The MMMSs have a smoother and more gradual annual cycle than
the WOA data. In the mid-century future, the SSP1-2.6 scenario shows a slightly higher annual maximum in
September, but otherwise the four projections do not visibly diverge from each other or from the historical
climatology.

Figure 8c shows the MMMs and WOA 2018 nitrate concentration profiles. The historical MMM captures the
WOA 2018 nitrate concentration depth profile over the top 300 m. The historical MMM and observations diverge
below this depth, with the MMM underestimating the observations between 300 and 2,500 m. In the future, the
MMMs project a decline in nitrate concentration in the top 700 m of the water column and a rise below that.

The surface nitrate concentrations in the historical MMM and the observational spatial distribution are shown in
Figures 8e and 8f. The recent past MMMs captures much of the behavior of the WOA 2018 surface nitrate
concentration, and they both show very low surface nitrate concentrations over much of the equatorial Atlantic,
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Figure 9. The dissolved phosphate concentration CMA: (a) surface time series, (b) surface monthly climatology, (c) depth profile, (d) depth profile anomaly,
(e) historical period multi-model mean (MMM), (f) observational data set from WOA 2018 (Garcia et al., 2018b), (g—j) maps of the anomaly of the future scenarios

against the historical MMM.

with the highest values to the southeast in the Benguela upwelling region. In the future, all four projections show
similar behaviors with little change in surface nitrate concentrations around the AIMPA. The SSP5-8.5 scenario
shows the largest decline in the nitrate concentrations in the Benguela upwelling region.

In all historical simulations and in the observational data, the AIMPA surface layers have low nitrate concen-
trations. A typical value is around 0.2 mmol m ™ at the surface, but the maxima in the water column is closer to
30 mmol m~ at 500 m. In all projections, the surface nitrate concentration in the AIMPA will remain low in the
future.

3.7. Phosphate Concentration

Figure 9 shows the CMA for phosphate concentration. There is a wide range of behaviors in the models for the
mean surface phosphate concentrations time series in Figure 9a. The historical MMM significantly un-
derestimates the WOA 2018 observational range (Garcia et al., 2018b). Only one model, CESM2, captures the
observational range in the historical period. In the future, a decline in the surface phosphate concentrations is
projected for most individual models and the MMMs. The MMM phosphate concentration was 0.06 pmol m™> in
the recent past, and this is projected to drop to 0.04 pmol m™ in all four scenarios in the mid-century future
period. The four projections do not diverge by the mid-century future period but they do diverge by the end of the
century. The MMM surface phosphate concentration in the SSP5-8.5 has continued to decline over the period
2050-2100, while the SSP1-2.6 scenario has stabilized from 2050.

In the surface phosphate concentration climatology in Figure 9b, the historical MMM does not capture the overall
shape or the range of the WOA 2018 observational data, notably the early year peak in February—March, the late
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year peak in September—November or the mid-year dip in July. There is no projected change in the phenology of
the surface phosphate concentration. There is no visible difference between the four scenarios in the mid-century
projections, and the previously described shift of —0.02 pmol m™ occurs evenly throughout the year.

In the depth profile in Figure 9c, the historical MMM captures the depth-behavior of the observed data: the surface
is phosphate depleted, there is a maxima below 500 m and a local minima around 2,000 m. The historical MMM
underestimates the observed phosphate concentrations between 300 and 1,500 m. In Figure 9d, the projections
show decline between the surface and 1,000 m, and a slight rise below 1,000 m. The scenario SSP5-8.5 shows the
largest decline in phosphate concentration in this depth range while the other three scenarios all have a slightly
smaller phosphate concentration anomaly in this depth range.

The spatial distribution of the recent past MMM and the WOA 2018 surface phosphate concentration are shown in
Figures 9¢ and and 9f. As in Figure 9a, the historical MMM underestimates the observed values inside the
AIMPA, and this underestimated region extended over most of the southern Atlantic. But does show a similar
spatial pattern to the observational data. There is a regional maxima in the Benguela upwelling system and a local
maximum to the north of the AIMPA along the equatorial current. However, the MMM does not capture the local
maximum that appears in observational data off the coast of South America. In the future, the four projections all
show similar behaviors in the AIMPA surface phosphate concentration. All scenarios project a decline in the
surface phosphate concentration in the Benguela upwelling region, with the largest decline in the SSP5-8.5
scenario. This is in agreement with the nitrate concentration in Figure 8, suggesting a potential slowdown of the
Benguela upwelling current by the mid-century period.

The change in phosphate concentrations is small in absolute terms because the AIMPA phosphate concentrations
is already very low in the recent past historical period. This is because the AIMPA is in an open ocean — low
nutrient region. Nevertheless, the relative change in phosphate concentration between the two time periods is
significant, with phosphate concentration projected to decline by between —0.02 and —0.01 pmol m™>, which is
up to a third of its historical MMM. The decline in the MMM surface phosphate concentration starts around the
year 1995 in Figure 9a, before the recent-past historical period (2000-2010). This means that the MMM values
shown in Table 4, Figures 2 and 9b—9d and 9g—9j miss the start of the decline. These values likely underestimate
the magnitude of the overall decline relative to a pristine pre-industrial environment.

3.8. Chlorophyll

Figure 10 shows the CMA for chlorophyll concentration. The MMM timeseries in Figure 10a captures the range
of the ESACCI-OC observational timeseries (Sathyendranath et al., 2019), but there is a wide diversity in the
biases of individual models. Six of the eight models here project a decline in surface chlorophyll concentration
while one model has no significant change (CMCC-ESM?2) and one model projects a large rise (CanESMY). The
MMDMs of the four scenarios project declines from 116 pg m™ in the recent past to between 105 and 109 pg m™
in the mid-century future. Unlike other analyses, the MMM SSP5-8.5 scenario projects the smallest decline in
surface chlorophyll concentration. This is likely due to a strong increase of 100 pg m™ in CanESMS5's surface
chlorophyll concentration, which dominates the MMM, and overbalances the relatively small declines in chlo-
rophyll concentration shown by the other models.

The climatological MMM surface chlorophyll concentration does not fully capture the observational behavior in
Figure 10b: the annual peak occurs one month too late in October, and is significantly lower than the observed
maxima (152 vs. 215 pg m™). The MMM also has an extended annual minimum between February and May
while the annual minimum in the observations has a shorter period of low chlorophyll concentration with a
minimum in March. In the mid-century future, the MMMs project that the shape of the seasonal cycle of surface
chlorophyll concentration will remain intact, but the peak will be reduced, indicating either lower phytoplankton
abundance or lower Chl:C ratios or both in the future.

In the depth profiles in Figures 10c and 10d, the chlorophyll concentration peaks at 100 m, and drops to close to
zero at 200 m. The observational data elsewhere in Figure 10 is satellite-derived ocean color, so there is no depth
component available. The depth below 500 m is very close to zero and not shown. In the anomaly in Figure 10d,
the four scenarios show some small difference shallower than 200 m, but the MMMs do not diverge by the mid-
century.
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Figure 10. The chlorophyll concentration CMA: (a) surface time series, (b) surface monthly climatology, (c) depth profile, (d) depth profile anomaly, (e) historical
period multi-model mean (MMM), (f) observational ESACCI-OC data set (Sathyendranath et al., 2019), (g—j) maps of the anomaly of the future scenarios against the

historical MMM.

In the spatial distributions in Figures 10e—10j, the ensemble mean reproduces much of the wider patterns in
historical observations in the region, especially the higher production of the equatorial Atlantic and in the
Benguela upwelling region, and the lower production in the South Atlantic. In the mid-century future, all MMMs
project a large decline along the equator and to the southeast of the AIMPA, but a much smaller decline within the
AIMPA. In all scenarios in Figures 10g—10j, a decline in surface chlorophyll concentration is projected over
almost the entire southern Atlantic region, except for few small regions in coastal waters to the west of the
Atlantic and a narrow band to the south of the AIMPA.

3.9. Integrated Primary Production

Figure 11 shows the CMA for IntPP. In Figure 11a, the MMM underestimates the Eppley-VGPM-MODIS
observational mean (Behrenfeld, 1997) in the recent past by approximately 2 mmol m~> d~'. The MMM
visibly fails to capture the interannual variability in the observational data, while some of the single models show
variability of similar order to the observational data. Like the chlorophyll concentration in Figure 10, some
models project a decline but others models project a rise in IntPP. When combined, the declining models
outbalance the rising models and the MMM projections decline to between 10.7 mol m™2 yr~'~10.9 mol m™=2 yr™"
in the mid-century future relative to the 11.4 mol m™2 yr™' in the recent past. A decline in the MMM starts in the

year 1995, which is in agreement with the decline in surface nutrient concentrations in Figures 8a and 9a.

The climatological MMMSs do not fully reproduce the observational seasonal cycle in Figure 11b. The MMM
annual peak is delayed by 1 month to October, and is lower (13.2 vs. 15.8 mol m™~2 yr™!). In the mid-century
projections, the climatological behavior retains the same shape as the recent past between July and February,
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Figure 11. The Integrated Primary Production CMA: (a) surface time series, (b) surface monthly climatology, (e) historical period multi-model mean (MMM),
(f) observational Eppley-VGPM-MODIS data set (Behrenfeld, 1997), (g—j) maps of the anomaly of the future scenarios against the historical MMM.

but include a more significant drop in March to July. The historical annual minimum was in January, but the
annual minimum is projected to be in April or May in the mid-century. However, the MMM IntPP in January is
still low and there is a small local maxima in February.

In the wider region, the MMM reproduces the spatial distribution of the observations in Figures 11e and 11f, but
has a lower maxima in the Benguela upwelling region and a narrower equatorial local maxima. In the mid-century
future in Figures 11g—11j, all scenarios show a decrease in the MMM IntPP over the equatorial Atlantic region,
with the largest changes closer to the equator in SSP5-8.5. All scenarios project a decline in the primary pro-
duction in the Benguela upwelling region, with the magnitude of the decline scaling with the strength of the
climate change forcing and the largest decline in the SSP5-8.5 scenario.

3.10. Atlantic Equatorial Undercurrent Analysis

Figure 12 shows the CMA of the AEU. Figure 12a shows the time evolution of the mean annual AEU in the
historical and future scenarios, compared with observational estimates for the 2005-2019 period (Brandt
et al., 2021). The average value of the AEU flow during the historical period is 16.3 Sv and ranges between 12.8
and 21.5 Sv. This is within the range of values reported in the literature: between 14.0 and 18.0 Sv (Brandt
etal., 2021; Hormann & Brandt, 2007). Little change can be seen in the AEU flow during the historical period, but
all future scenarios project a decline in the mean annual flow. The decrease ranges from —0.3 to —0.07 Sv/decade.
In SSP5-8.5, the AEU decreases by —6.1% by 2050 and by —14.2% by 2100. The rate of change is projected to be
relatively constant over the coming century, except for in the SSP5-8.5 scenarios, where the strength of the AEU
decreases faster in the second half of the century.
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Figure 12. The Atlantic Equatorial Undercurrent CMA: (a) time series, (b) monthly climatology, (c) depth profile, (d) depth profile anomaly, (e) historical period
velocity field, (f) observational velocity field (Brandt et al., 2021), (g—j) the anomaly of the future scenarios against the historical multi-model mean velocity fields.

;Z:) ;?I:lti—Model Mean and the Standard Deviation of the Ensemble of Single Model-Means for Each Variable in the Study
Field Historical SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
Years 2000-2010 2040-2050 2040-2050 2040-2050 2040-2050
Temperature, °C 269 + 04 277+ 04 278 £04 279 £ 04 28.0 £ 04
Salinity, PSU 357+05 358+ 0.5 358 +£04 35705 358+ 04
MLD, m 34.1 £8.1 350+ 82 33.0£8.0 34.0 =89 339 +83
Oxygen (500 m), mmol m™> 75 + 32 78 + 28 76 + 29 76 =29 77 + 28
pH, 8.05 = 0.01 7.98 + 0.01 7.97 + 0.01 7.95 + 0.01 7.95 + 0.01
Nitrate, mmol m™> 0.18 + 0.22 0.18 + 0.21 0.17 £ 0.21 0.18 + 0.21 0.15 + 0.20
Phosphate, gmol m™> 0.06 + 0.05 0.04 + 0.04 0.04 + 0.04 0.04 + 0.04 0.04 = 0.04
Chlorophyll, yg m™> 116 £+ 60 106 £ 61 107 £ 63 105 £+ 59 109 £ 59
IntPP, mol m~2 yr™" 114 +3.8 10.8 £4.2 10.7 £ 4.1 109 £4.0 10.7 £3.8
AEU, Sv 162 +£2.0 158 £2.0 152 £ 1.6 149 £ 1.6 147 £2.0
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Long-term mooring observations show a strengthening of the AEU by 20% in the 2005-2019 period (Brandt
et al., 2021). While a trend is observed over the observational period, the authors attributed it to multi-decadal
natural variability of the undercurrent, not anthropogenic climate change. There is no overall strengthening
trend in the historical MMM AEU in the recent past, but variability of the same order of magnitude can be seen in
the single-model means. ESMs do not represent the exact phase of the climate system nor the timing of climate
variability relative to historical observations, so we did not expect them to reproduce the observed strengthening.

The AEU climatology is shown in Figure 12b, along with the range of values reported by Brandt et al. (2021). The
MMM shows a clear seasonal behavior with lower transport in January-June and higher transport during July—
December. While observations show a similar timing of the seasonal minimum and maximum, the amplitude
of the seasonal cycle is much higher in the models than in the observations.

The velocity profile at the equator is shown in Figure 12c. The recent past MMM agrees with the observational
data and places the peak AEU between 50 and 200 m depth, but the MMM simulates a slower peak velocity and a
shallower zero current at 150 m instead of the observed value of 200 m. In Figure 12d, a weakening of the AEU is
projected in the future scenarios, mostly taking place at 80 m depth and below.

Figures 12e and 12f show the comparison between the CMIP6 average profile and the AEU velocity profile along
the AEU transect reconstructed from Brandt et al. (2021) at 23° West. The location and strength of the AEU are
well captured by the model average despite the recent past MMM overestimating the latitudinal extension and
underestimating the depth extension of the current. This is expected given the coarse resolution of the CMIP6
models and averaging over many members smooths out peak values.

Figures 12g—12j show the anomaly between the mean AEU velocity field in the four future scenarios for the years
2040-2050 and the historical ensemble in the years 2000-2010. Negative currents flowing from east to west in the
historical period were masked to highlight changes in the AEU. All projections show a weakening of the velocity
field between 75 and 200 m depth. This is partially counterbalanced by an increase in velocity at shallower depths.
The future scenario that shows the largest change is SSP3-7.0, where the peak velocity decreases by around
0.08 m s~'. This reduction in peak velocity is partly balanced by an increase in velocity in the shallower and
northern region so that the annual mean current in this scenario by 2050 is close to that projected in the higher
emission scenario, SSP5-8.5, in Figure 12a. After 2050, the two scenarios diverge with the strongest weakening of
AEU being projected in SSP5-8.5.

3.11. Ecosystem Services Assessment

The results of the Ecosystem service assessment are shown in Figure 13. This figure summarizes the importance
of each ecosystem service for both the shallow subtidal and pelagic habitats, and shows how changes in the SSP1-
2.6 and SSP5-8.5 scenarios are likely to impact each ecosystem service in the future. The justification for the
contribution level of each ecosystem service for both habitats is outlined in Sections 3.11.1-3.11.5. In Sec-
tion 3.11.6, we discuss the impacts of climate change on AIMPA biodiversity. Finally, in Section 3.11.7, we
describe how the changing climate and changing biodiversity is likely to affect ecosystem services around the
AIMPA.

3.11.1. Maintenance of Genetic Diversity

The AIMPA's shallow subtidal zone harbors a large number of endemic algae (Tsiamis et al., 2017), fish (Wirtz
et al., 2017) and invertebrates (Barnes, 2017), with 8.3% of all fish species endemic, and only 12% of its species
shared with its nearest neighbor, Saint Helena (Wirtz et al., 2017). With this isolation, the AIMPA's shallow water
endemic species are unlikely to be able to migrate to neighboring habitats if conditions were to become unfa-
vorable. Due to this high level of endemism, the AIMPA's shallow sub-littoral provides a significant contribution
(score: 3) to the maintenance of genetic diversity.

The AIMPA's pelagic zone is home to an abundance of marine megafauna including sharks, tunas, billfish, rays
and cetaceans (Thompson et al., 2021). Many of these are threatened species (International Union for Conser-
vation of Nature, 2023), and the creation of the AIMPA may play a substantial role in the protection of these
species. As such, the pelagic zone also provides a significant contribution (score: 3) to the maintenance of genetic
diversity ecosystem service.
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Figure 13. The Ascension Island pelagic and shallow subtidal ecosystem services, their contribution levels ranked 1-3, and the projected effect of the SSP1-2.6 (blue—
green arrows) and SSP5-8.5 scenarios (orange—red arrows) on these ecosystem services.

3.11.2. Food Provision

Seafood from the subtidal zone is a large component of islanders diet and fish such as groupers, tunas and jacks
can be caught by small scale local fishers from the shore of Ascension Island (McDonald, 2012). There is also
local demand for the spiny lobster (Ascension Island Government, 2015).

In the AIMPA pelagic zone, small-scale extractive fisheries are able to operate within 12 NM of the shore, and
pelagic fish such as tuna and jacks provide an important food source for islanders (Ascension Island Govern-
ment, 2021b). The lack of reproductively active yellowfin tuna within the AIMPA (Richardson et al., 2018),
suggests that the AIMPA is not a spawning site and there is unlikely to be a spillover effect for this species.

Both the pelagic and subtidal habitat ecosystem service contributions are expected to be moderate (score: 2). This
is because these locally caught fish provide an important role in the diet of the islanders, but are not internationally
exported.

3.11.3. Carbon Sequestration

In the AIMPA's shallow subtidal zone, there is a paucity of filamentous and fleshy algae, except in inaccessible
nooks and crannies. This is because the locally abundant black triggerfish (Melichthys Niger) actively graze on the
algae (Price & John, 1980). In addition, coralline algae dominate the shallow sublittoral landscape (Tsiamis
et al., 2017). These algae will contribute to carbon sequestration (Trevathan-Tackett et al., 2015), but they are
extremely susceptible to ocean acidification (Cornwall et al., 2022), and the lack of blue carbon habitats such as
seagrasses or mangroves around Ascension island suggest that the AIMPA's subtidal carbon sequestration
ecosystem service contribution is minimal (score: 1) compared to other shallow water habitats. For instance, the
global carbon sequestration rates of mangroves forests is 13.5 PgC yr~' (Alongi, 2012) or the global carbon stock
of seagrasses is 19.9 PgC (Fourqurean et al., 2012).

In the pelagic zone, the food web plays an important role in the biological pump, with carbon transported from the
ocean surface to the deep sea through the sinking of particles such as zooplankton, fecal pellets, marine snow, and
phytoplankton detritus (Turner, 2015). The global total carbon export from the Biological Carbon Pump was

DE MORA ET AL.

24 of 38

85U80| 7 SUOWILLIOD @AIEaID) 3|ced! ddke auy Aq pauenob 88 Sajole VO ‘88N JOSa|ni 104 Akeiq18UIIUO AB]IAA UO (SUOIPUOD-PUR-SWLB} 0D A3 1M AReJq 1 jBul|uo//:Sdiy) SUORIPUOD PUe SWwd L 84} 88S *[7202/50/20] Uo Arigiaulluo ABIIM ‘188 L Aq S6E2009rE202/620T OT/10p/w0d"A8 M Areiqpuluo'sgndnBe//sdny woi pepeojumod ‘s ‘¥20e ‘T96869TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences 10.1029/20231G007395

calculated to be approximately 10.2 PgC yr~' (Nowicki et al., 2022). In that work, the carbon export for the
AIMPA is shown to be moderate with a value of 45-90 mgC m~2 d~'. We estimate the annual export of the entire
AIMPA is between 7.3 and 14.6 TgC yr~'. As such, the AIMPA is responsible for between 0.07% and 0.14% of
the oceans export while accounting for 0.12% of the area. The sinking of large fish and marine megafauna into the
deep sea in the AIMPA is also expected to be a proportionally large carbon sink, due to the protected status and the
lack of industrial fishing (Mariani et al., 2020). However, the estimated global carbon stock of marine vertebrates
is only 0.7 Pg (Bar-On et al., 2018), so we did not consider this to be a significant contribution to sequestration. As
such, we quantified the Pelagic ecosystem service contribution to carbon sequestration as moderate (score: 2).

3.11.4. Tourism and Recreation

Due to its remoteness, the Ascension Island has low tourism potential, which impacts the Tourism and recreation
ecosystem services in both the shallow subtidal and pelagic habitats. Whilst tourism was paused on the island due
to the lack of a suitable runway at the airport and a limited number of commercial flights, the new runway was
completed recently in 2023 (Royal Air Force, 2023). Tourism opportunities may return in the future if the airport
were to open additional commercial routes. While cruise ships and small private yachts are a source of tourism,
they are relatively infrequent (Hardman et al., 2022).

Recreational fishing and sports fishing occurs from small boats around both the shallow subtidal and pelagic
zones and is a large part of the local culture (Ascension Island Government, 2021b). Three commercial sport
fishing charters operated on the island prior to the closure of the runway in 2017 (Ascension Island Govern-
ment, 2021b). However, due to the remoteness of the island, the low local population, and the limited tourist
accommodation and services, their overall commercial contribution was small. In addition to fishing, other forms
of marine recreation such as scuba diving and swimming are enjoyed by a large number of Ascension Island
residents (Canelas et al., 2019). While tourism has historically been a small contributor to the islands economy,
marine recreation is likely to play an important role for locals, so it's ecosystem service contribution is expected to
be moderate for both habitats (score: 2).

3.11.5. Spiritual and Symbolic Cultural Services

Both the shallow subtidal and pelagic zones of the AIMPA are a habitat for sharks, tunas, turtles, endemic species
and other marine life. The biodiversity, abundance and uniqueness of marine species in the UK Overseas Ter-
ritories are known to provide social benefits to local populations (Carine et al., 2015), as well as boosting the
natural heritage of the UK as a whole (Oldfield et al., 1999). This biodiversity has been shown to play a significant
role in the natural heritage of Ascension Island's sister island Saint Helena, and due to their similarity, this is likely
to be the case for Ascension as well (Canelas et al., 2019). In addition, the AIMPA's pelagic marine megafauna are
iconic and of cultural importance both locally and internationally (Grose et al., 2020). As such, both the shallow
subtidal and pelagic zones are considered as providing a significant contribution (score: 3) to spiritual and
symbolic cultural services.

3.11.6. Impacts of Climate Change on AIMPA Biodiversity

In the AIMPA, the SST is projected to increase by 1.2°C in the SSP1-2.6 scenario MMM, and by 3.6°C in the
SSP5-8.5 MMM by the year 2100 relative to the recent past (2000-2010). The sea surface pH is projected to
decrease by —0.07 under the SSP1-2.6 scenario, and by —0.35 under the SSP5-8.5 scenario by the year 2100. By
the year 2100 under both SSP1-2.6 and SSP5-8.5, the oxygen concentration at 500 m depth is projected to increase
slightly and the IntPP MMM is projected to decrease slightly. However, we were unable to find any sensitivity
studies that tested whether changes this small in oxygen concentration and primary production were sufficient to
measurably impact the ecosystem service provision of either habitat.

Ocean acidification is likely to influence the dominance of primary producers and the biochemical composition of
phytoplankton which will have repercussions up the food web due to changes in food quality and availability,
although the repercussions of this are not currently well understood (Jin et al., 2020). In their microcosm
experiment using phytoplankton sampled near the AIMPA at 7.5°S 28°W, Fernidndez-Gonzalez et al. (2022)
observed a decline in picophytoplankton biomass when they were subjected to a 3°C rise in temperature. This
suggests that phytoplankton growth in the AIMPA may be particularly vulnerable to warming seas. In addition,
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CMIP6 models project a significant change in the duration and intensity of marine heat waves in the equatorial
Atlantic region (Qiu et al., 2021) which would likely further stress phytoplankton.

There are many lines of evidence that suggest that zooplankton production will decrease by the end of the century
under the SSP5-8.5 projection. Firstly, SST warming is likely to alter zooplankton abundance and distribution,
with an already notable poleward range expansion of zooplankton species in the NE Atlantic (Beaugrand
et al., 2002), and an earlier annual peak in biomass of many species of zooplankton (Edwards & Richard-
son, 2004). Secondly, a pH decrease of —0.2, which is less severe than the —0.35 projected for the AIMPA, has
been shown to reduce the abundance of zooplankton by two thirds at CO, seeps over tropical coral communities.
Zooplankton abundance, fitness and survival have been shown to decrease when ocean acidification and ocean
warming occur simultaneously (Garzke et al., 2017). In addition, copepod reproduction is adversely affected and
nauplii mortality increases by 35% under the SSP5-8.5-like conditions (Lindeque et al., 2020). Finally, although
zooplankton grazing is the largest source of uncertainty for marine carbon cycling in CMIP6 models (Rohr
et al., 2023), most CMIP6 models are in agreement and project a decline in global zooplankton biomass (Petrik
et al., 2022). Only one CMIP6 model in Petrik et al. (2022), CanESMS, projected a rise in global zooplankton
biomass under the SSP5-8.5 scenario. In that study, CanESMS5 underestimated the historic zooplankton biomass
by an order of magnitude but also projected a significant rise in zooplankton food sources (via surface chlorophyll
concentration) over the same period. Under the SSP5-8.5 scenario a decrease in zooplankton abundance and
biomass is highly likely and would lead to a reduction in energy availability for species in higher trophic levels.
The changes projected under the SSP1-2.6 scenario are not anticipated to cause the same large changes in energy
availability.

Coralline algae dominates the shallow subtidal habitats of Ascension Island. In tropical ecosystems, coralline
algae is thought to enhance biodiversity by providing a suitable substrate for attachment or by increasing
recruitment through providing chemical cues that trigger larval metamorphosis (McCoy & Kamenos, 2015). Due
to the large numbers of grazing black triggerfish consuming algae (Price & John, 1980), fleshy or filamentous
algae are unlikely to replace coralline algae under future climate. In addition, ocean acidification and pH fluc-
tuations have been shown to have a detrimental effect on the growth and development of coralline algal recruits
(Roleda et al., 2015). While it is a cold-water coralline algae, the growth rate and cellular integrity of Lith-
othamnion glaciale have been shown to decrease under a high CO, emission scenario similar to SSP5-8.5
(Ragazzolaet al., 2012), and a combination of ocean acidification and increased temperature led to tissue necrosis
and net dissolution (Martin & Gattuso, 2009). Even in the SSP1-2.6 projection, there may be negative impacts on
coralline algae like Lithothamnion glaciale by the year 2100 as they are highly susceptible to small pH changes
(Bradassi et al., 2013).

There are many species of invertebrates in the AIMPAs shallow subtidal habitat, including mobile crustaceans,
molluscs, and echinoderms (Brown et al., 2016), and encrusting species of fauna such as bryozoans, many of
which are endemic (Barnes, 2017). The thermal tolerance of most of these species is unknown, but the tropical
spiny lobster of the Palinuridae family has been well studied and is likely to suffer under the SSP5-8.5 projection.
This is because temperatures above 32°C significantly reduce juvenile survival rates (Lellis & Russell, 1990),
alter chemosensory behavior (Ross & Behringer, 2019), and decrease growth rates (Uy et al., 2023). Furthermore,
CMIP6 models project significant increases in the duration and intensity of marine heat waves in the equatorial
Atlantic region (Qiu et al., 2021), especially under the SSP5-8.5 projection, and marine heat waves have been
show to have severe impacts on benthic invertebrates (Garrabou et al., 2019). Calcifying invertebrates such as
molluscs, echinoderms and bryozoans are particularly vulnerable to acidification (Dupont et al., 2010; Parker
etal., 2013; Smith, 2009) and ocean warming is likely to exacerbate that impact (Rodolfo-Metalpa et al., 2011; S.-
A. Watson et al., 2012). Whilst ocean acidification often elicits species-specific responses, any sub-lethal effects
are likely to lead to significant threats to marine organisms. There is no evidence that the smaller changes ex-
pected under the SSP1-2.6 projection will affect the AIMPA's invertebrate population, although those species
living at the limit of their thermal or pH tolerance may be impacted.

The global marine ecosystem models in the Fisheries and Marine Ecosystem Model Intercomparison Project
(Fish-MIP) projected a decline in marine animal biomass in the equatorial Atlantic of approximately 50% between
1990-1999 and 2090-2999 under the SSP5-8.5 scenario (Tittensor et al., 2021). Counter-intuitively, habitat
suitability for certain tuna species may actually increase around Ascension Island between now and 2080 under
the RCP-8.5 scenario (which is comparable to SSP5-8.5) (Townhill et al., 2021). However, as zooplankton
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abundance is suspected to decrease under the SSP5-8.5 projection (Petrik et al., 2022), any positive changes in
habitat suitability due to climate change for tuna or other pelagic fishes will likely be lost through loss of energy at
the base of the food chain. Similarly, fish that live in the shallow subtidal are likely to be negatively affected by the
decrease in abundance of coralline algae and invertebrates projected in SSP5-8.5. Ocean acidification is likely to
further reduce the fitness of fish through the energetic trade-off of coping with elevated blood carbon dioxide
levels (hypercapnia) (Heuer & Grosell, 2014) and warming temperatures are likely to impact any of the fish living
within 3°C of their thermal limit. This may lead to a loss of endemic species, as Ascension Island's isolation
prevents migration of shallow water species.

Globally, one-third of marine megafauna species are at risk of extinction; but due to their size and mobility, they
are difficult to study using traditional experimental or modeling approaches (Pimiento et al., 2020). Ascension
Island is a nesting area for a large population of green turtles which migrate from the Brazilian coastline to
Ascension Island to reproduce during a 4,400 km round trip (Hays et al., 2002). Whilst the mean SST is not
expected to exceed the green turtles usual temperature range of 25-35°C (Kraus & Jackson, 1980) under either
scenario, climate change could impact turtles at other life stages. Sex determination in the nest is influenced by
temperature, with an increasing proportion of females linked to increasing temperatures (Poloczanska
et al., 2009), and higher temperatures associated with reduced hatching success (Tilley et al., 2019; Yao
et al., 2022). Climate change is expected to alter the distribution of marine megafauna such as elasmobranchs
(sharks and rays) and cetaceans (marine mammals) with species increasingly moving poleward alongside the
range shift of their prey (Grose et al., 2020). Manta rays appear to migrate to cooler waters during ENSO events,
suggesting that these animals may be sensitive to large fluctuations in temperature, although it is unknown
whether this change in distribution is due to the temperature itself, changes in prey abundance, or other co-varying
environmental variables (Beale et al., 2019). Manta rays may avoid the AIMPA during marine heat waves, which
are likely to become more frequent under the SSP5-8.5 scenario. In contrast, whale sharks appear to frequent
waters of up to 36°C in the Arabian Gulf, suggesting these species thrive in warm temperatures (Robinson
et al., 2017). Few studies exist that show a direct impact of ocean acidification on megafauna. However, the
megafauna's food availability is likely to be negatively impacted by the ocean acidification projected in the SSP5-
8.5 scenario as described above, which may well lead to a reduction in marine megafauna.

3.11.7. Impacts of Climate Change on AIMPA Ecosystem Services

We found no evidence that the projected temperature and pH changes under the SSP1-2.6 projection would result
in a loss of ecosystem services in either habitat by the year 2100. Both shallow subtidal and pelagic zone
ecosystem services are likely to remain at a level similar to today (trend: <), with the exception of a decrease in
coralline algae, reducing carbon sequestration in the shallow subtidal (trend: |). This means that a significant part
of the AIMPA ecosystem services may be preserved if future emissions and warming follow the SSP1-2.6
pathway.

In the AIMPA shallow subtidal zone, the increase in temperature and decrease in pH by the year 2100 under the
SSP5-8.5 projection is likely to be the key driver of ecosystem service reduction. The maintenance of genetic
diversity may be significantly impacted through a loss of calcifying species and species living near their thermal
limit (trend: | |). This impact is also likely to lead to a similar decrease in food provision (trend: |). Carbon
sequestration in the shallow subtidal zone will be significantly negatively affected under the SSP5-8.5 projection
(trend: | |), as coralline algae is extremely susceptible to a decrease in pH. The tourism and recreation ecosystem
services are all likely to decrease (trend: |) with the loss of species abundance and biodiversity and subsequent
impacts on fishing and marine recreation projected in the AIMPA shallow subtidal zone by the year 2100 under
the SSP5-8.5 projection. The spiritual and symbolic ecosystem services are all likely to significantly decrease
(trend: | |) as endemic marine species, biodiversity and natural heritage are projected to decline in the AIMPA
shallow subtidal zone by the year 2100 under the SSP5-8.5 projection.

In the pelagic zone under the SSP5-8.5 projection at the year 2100, a significant rise in temperature and acidi-
fication, an increase in the intensity and duration of marine heat waves, a decline in local phytoplankton biomass
due to their vulnerability to warming, a global decline in zooplankton biomass, and a 50% decline in marine
animal biomass in the equatorial Atlantic all contribute to a significant decrease in pelagic zone ecosystem
services. The loss of phytoplankton, zooplankton and marine animal biomass significantly reduces the mainte-
nance of genetic diversity ecosystem service (trend: | |). Any decrease in primary or secondary production will
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likely lead to a decrease in carbon sequestration through declines in the sinking of particles such as zooplankton,
fecal pellets, marine snow, and phytoplankton detritus (trend: | |). A decrease in zooplankton would lead to food
becoming limiting for their predators, leading to a decrease in fish, which directly reduces the food provision
ecosystem service (trend: | |). While there is some evidence that the habitat suitability of some species of tuna
and whale sharks will expand under future warming conditions in the SSP5-8.5 projection at the year 2100, it is
likely that their food sources will not benefit from the same conditions. Similarly, other species such as green
turtles and manta rays are likely to be negatively impacted by warming, acidification and loss of prey. The
reduction in marine megafauna and the reduction in pelagic fish would lead to a significant decline in the pelagic
zone under the SSP5-8.5 projection in both cultural ecosystem service categories: tourism and recreation, and
spiritual and symbolic (trend: | |).

4. Discussion

In this section, firstly, we summarize our main results and explain how these results link together, we then explain
some of the implications and consequences of this work. Finally, we discuss the limitations and some potential
extensions for this work.

4.1. Summary of Main Results

The CMIP6 MMMs project that the AIMPA region will become warmer, more saline, more acidic, with less
nutrients at the surface, and likely to have lower chlorophyll concentration and less primary production by the
middle of the 21st century, as summarized in Figure 2. This is likely to result in a decline in zooplankton, fish, and
marine megafauna populations. In most cases, these changes are more extreme in the future scenarios that include
stronger emission of greenhouse gases and more significant climate change. Toward the end of the projection
period, these changes become more extreme and the scenarios diverge further.

The process through which these changes will occur begins with the rise in atmospheric CO, and other green-
house gases, which capture addition solar radiation in the atmosphere, raising the Earth's radiative forcing. In the
AIMPA, the increase in radiative forcing from the atmosphere will warm the ocean, as shown in the MMM
temperature in Figure 3. A rise in precipitation (Tebaldi et al., 2021) and an increase in surface evaporation
(Douville et al., 2021) are also projected for the region. Both of these factors influence salinity in opposite di-
rections, but the CMIP6 MMM projects a rise in the AIMPA's surface salinity in Figure 4. The changes in
temperature and salinity will influence the physical circulation of the equatorial Atlantic, resulting in a shallowing
of the MLD in Figure 5 and a weakening of the AEU, shown in Figure 12. The projected decline in the AEU
reflects an overall weakening in the wider Atlantic and local current systems (Eyring et al., 2021; Richter &
Tokinaga, 2022). The combination of warmer surface layers, increased stratification, and reductions in circula-
tion, will impact the marine biogeochemistry of the region. Less nutrient-rich deep water will be mixed into the
surface layers, and the average nutrient concentration at the surface will decline, as shown in Figures 8 and 9. The
decline in nutrients and primary production began around 1995 and likely has already had an impact on the
AIMPA ecosystem. With less nutrients available in the well-lit surface layers, the chlorophyll concentration and
primary production decrease, shown in Figures 10 and 11. Furthermore, ocean acidification shown in Figure 7,
caused by a higher concentration of atmospheric carbon dioxide being absorbed by the surface layers, is likely to
add further stress to marine organisms.

Several locally important species of marine invertebrates, fish and megafauna are likely to be severely impacted
by the projected warming in the SSP5-8.5 scenario (Beale et al., 2019; Heuer & Grosell, 2014; Pimiento
et al., 2020; Poloczanska et al., 2009; Tittensor et al., 2021) and both the intensity and duration of marine heat
waves in the region are likely to increase in the equatorial Atlantic (Qiu et al., 2021). As such, under the SSP5-8.5
projection, the AIMPA's ecosystem may become simplified and with reduced biodiversity. The richness of the
AIMPAs marine biodiversity has a significant impact on the ecosystem services, influencing the maintenance of
genetic diversity, food provision, tourism & recreation and spiritual & symbolic ecosystem services as sum-
marized in Figure 13. Both the subtidal and pelagic habitats ecosystem services provision are likely to remain at a
level similar to today under the SSP1-2.6 scenario, but there are likely to be reductions or significant reductions
under the SSP5-8.5 scenario.
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4.2. AEU and Oxygen Concentration

Our analysis of the evolution of the AEU flow indicates a substantial scenario-dependent weakening of the current
over the coming century. The bulk of the changes are projected to occur in the second half of the century and the
strongest weakening occurs in the SSP5-8.5 scenario. All projections consistently point to a reduction in the mean
AEU flow superimposed onto its variability. The natural portion of the AEU variability is linked to climatic
cycles, but can be substantial to the point of obscuring the climate change signal for short observation periods.
This effect can be seen in Figure 12a observational data. The AEU is one of the current that brings oxygenated
surface water to the tropical subsurface layer (Duteil et al., 2014; Hahn et al., 2017; Oschlies et al., 2018). In
addition, decadal and multi-decadal variations in oxygen concentration in the tropical Atlantic result mainly from
the variability in currents redistributing oxygen (Brandt et al., 2015; Montes et al., 2016). As a consequence, the
projected AEU weakening will likely cause a decline in the oxygen concentration in the tropical subsurface layer,
reducing the habitat's suitability for tropical pelagic fish.

OMZs are regions where the oxygen concentration is below 80 mmol m™> (Bopp et al., 2013; Cocco et al., 2013).
OMZs are generally unsuitable habitat for active, high-metabolic-rate pelagic fishes (Stramma et al., 2012). While
several models are already below the OMZ cut off value at 500 m in the historical simulations, this is not seen in
the observational data. Of the models that fall within the observational range (89—113 mmol m™>), some project a
rise while others project a decline in oxygen concentration at 500 m. Those models that project a decline from the
observed range in the annual mean oxygen concentration at 500 m start the historical period around 95—
105 mmol m ™ and fall to 85-95 mmol m™~> by the mid-century future period. Their decline does not approach the
OMZ cut-off value of 80 mmol m~ until the year 2070. In addition, the models that project a decline from the
observed range are a small subset of the ensemble, and the overall MMM projects a rise in oxygen concentration.
Of the three models that erroneously included an OMZ in the AIMPA at 500m in the historical period (1850—
2015), all three project a rise in oxygenation in all scenarios before the year 2050. Therefore, it is unlikely that the
MPA will develop an OMZ by the mid-century future period.

The ecosystem services assessment was performed using the change in the decadal means between 2000-2010
and 2090-2100. While all ecosystem services were projected to be negatively impacted under the SSP5-8.5
projection, the assessment would likely be even more severe were higher frequency data used. This is because
monthly and daily model data would likely project a significantly more diverse range of variability, and include
more extreme temperatures. For instance, it is known that marine heatwaves are likely to increase in frequency
and severity (Benedetti-Cecchi, 2021), and several important species in the AIMPA are sensitive to temperature,
notably green turtles, manta rays, tropical spiny lobster and other invertebrates. This may well lead to even more
significant decreases in ecosystem service provision, particularly the maintenance of genetic diversity, food
provision, tourism & recreation and spiritual & symbolic ecosystem services.

4.3. The Role of Marine Protection in Projection

The changes to the marine environment that are projected by CMIP6 models inside the AIMPA are likely to have
significant consequences for local marine life. CMIP6 models are unable to directly determine the value of the no-
take MPA protected status in buffering the impact of the changing climate. However, there is a significant body of
evidence showing that overfishing has a significant negative effect on ecosystem health (Coll et al., 2008;
Pikitch, 2012) and the absence of overfishing is likely to improve the AIMPA's capacity to mitigate the worst
effects of the changing climate relative to regions where over-fishing still occurs (Jaureguiberry et al., 2022;
Pikitch, 2012).

One of the key recommendations for global marine conservation is to expand the scope and the coverage of MPAs
(Jefferson et al., 2021; O'Leary et al., 2016) in order to protect biodiversity, preserve ecosystem services, and
achieve socioeconomic priorities. The recently ratified High Seas Treaty (United Nations General Assem-
bly, 2017) has allowed the creation of MPAs outside national marine boundaries. For the first time, there is a
pathway to create MPAs in the 60% of the ocean that was previously left open to unlimited exploitation. Choosing
a location for a new MPAs is a complicated question, impacted by local biodiversity, historical fishing rights, and
other regional socio-economic and political factors. However, in the near future, it may be possible to extend the
AIMPA outside the Island's EEZ to create a protected corridor between the AIMPA and the other southern
Atlantic MPAs. While the AIMPA's shallow water endemic species are unlikely to be able to migrate to
neighboring habitats, an expansion of protected pelagic habitat could be beneficial to the AIMPA's pelagic species
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that are also present in Saint Helena (Wirtz et al., 2017). However, further work would be needed to determine the
extent either MPA would benefit from a protected corridor in the high seas.

4.4. The Tension Between Pragmatic Policy and CMIP6 Projections

The purpose of this study has been to assist local policymakers with decision making (de Mora et al., 2022). Many
of the fields included here do not show a significant divergence between scenarios in the 2040-2050 in this region.
This is a direct consequence of the choices defined in the scenario forcing, which reflects the inertia and
complexity of changing the global socio-economic systems over the next three decades.

These scenarios were based on feasible emission projections, and were expected to result in a global mean surface
warming of between 1.5 and 2°C in the year 2050 (O'Neill et al., 2016; Riahi et al., 2017). However the warming
was never expected to be evenly distributed across the Earths surface. Under all climate change projections, the
polar regions warm more than the tropics and the land surface temperature rises more than the sea surface (Tebaldi
et al., 2021). For this reason, the temperatures of equatorial ocean surface of the AIMPA do not diverge
significantly in the years 2040-2050 between these four scenarios. However, the second half of the century shows
a much wider range of behaviors. The projected temperature, salinity and pH, all show significant divergences
between scenarios after 2050.

From a policymaker perspective, the narrow range of projection between scenarios in the near future allows for a
more precise projection of the future of the AIMPA. In the year 2100, the AIMPA may warm by between 1.2 and
3.6°C, which is a huge range and highly scenario-dependant. However, by the year 2050, the warming is much
narrowly defined: 0.8—1.1°C. This narrower range may allow for policy to be more targeted for this time period,
re-framing climate change from a nebulous threat in the distant future to a local pressure with real impacts and real
solutions (S. Weber et al., 2023).

4.5. Limitations and Extensions

The analysis presented here has a few limitations that could be addressed in future iterations of this work. When
focusing on the ensemble mean, some of the variability seen in individual models is lost. This effect can be seen
especially in the MLD, nitrate and phosphate concentration data. Similarly, individual models in the ensemble
may project opposing directions of travel for the future, as for instance in the chlorophyll and oxygen concen-
tration data. In some cases, a single model with a substantial change can outbalance the consensus of the other
models, for instance in the chlorophyll concentration data. In nature, several factors impact chlorophyll con-
centration: the primary production, the total biomass of each phytoplankton functional type, the ratio of carbon to
chlorophyll within phytoplankton, the level of mixotrohpy, phytoplankton mortality, the sinking rate of phyto-
plankton and detritus, and grazing pressure. Each of the CMIP6 models will have different implicit or explicit
implementations of these factors in their model, and it is the interplay between them that result in the total
chlorophyll concentration. In addition, the advent of satellite observations resulted in surface chlorophyll con-
centration being one of the data sets with the most observations (Jackson et al., 2022). This makes accurate re-
productions of historical chlorophyll concentration behavior one of the most challenging aspects of marine
biogeochemistry modeling.

CMIP6 models typically have a resolution of approximately 1° by 1°. As such, the AIMPA is often only rep-
resented by a small number of model pixels. This can be as little as 6 or 7 pixels in the zonal direction in the
models native resolutions. In effect, the circular AIMPA is 740 km in diameter, but many CMIP6 model pixels are
approximately 100-120 km wide at this latitude. Note that global models typically have a band of higher
meridional resolution near the equator (Hewitt et al., 2010). In either case, the AIMPA is relatively poorly
spatially resolved in most CMIP6 model grids and that we were unable to use these models to investigate the
spatial variability within the AIMPA. Policymakers would likely benefit from knowledge about locations inside
the AIMPA that are more susceptible to marine heat waves, ocean acidification hot spots, and deoxygenation.
However, it is not possible to use the observational record, or our methodology to spatially resolve the ecosystem
behavior within the AIMPA. In addition, Ascension Island itself is approximately 0.1° in diameter and can not be
represented even as a seamount, at the typical CMIP6 model resolution. Similarly, the coarse resolution model
grids in CMIP6 means that they can not accurately capture important local circulation patterns. Moving to higher
resolutions ocean models may occur in future generations of CMIP which would help resolve the small scale
features around the AIMPA. However, in the short term, there will likely be a trade off between resolution and
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complexity as increasing the number of advected tracers may raise the computational cost of the marine
component of these models (Balaji et al., 2017). Alternatively, a bespoke higher resolution regional model of the
central Atlantic may allow a focus on the AIMPA.

The range of marine biogeochemistry models in CMIP6 is fairly limited to relatively simple and moderate trophic
complexity models with modest skill in capturing regional patterns (Kwiatkowski et al., 2020; Tagliabue
et al., 2021). Several CMIP6 models use two or fewer phytoplankton functional types (Rohr et al., 2023), which
may not be sufficient to capture dynamic blooms and trophic cascades (Hashioka et al., 2013), as reflected in the
chlorophyll concentration climatology in Figure 10b. In addition, ESMs try to capture global plankton com-
munities and not those that may be regionally important.

As shown in Table 1, the number of models and ensemble members varies significantly between analyses and
scenarios. Future studies could objectively judge models according to their historical performance and use this
information to weight the final mean as in Brunner et al. (2020). For instance, future studies may choose to favor
models that reproduce physical features like SST or MLD from observations. Alternatively, we could have
removed models that are inappropriately parameterized for marine biogeochemistry analysis by investigating
each model's internal structure. For instance, future studies may choose to include only models that have suffi-
ciently complex marine biogeochemistry, such as two or more phytoplankton functional types, variable stoi-
chiometry, nitrogen fixation, a fully resolved bacterial functional type, or higher trophic levels. Additionally,
future studies could use pre-industrial control simulations to de-drift models or calculate precise anomalies over
the entire historical and future time periods.

The authors are not aware of any CMIP6 model or forcing scenario that explicitly include either fish or fishing
behavior. For instance, Séférian et al. (2020) was a broad review of the state of CMIP marine biogeochemistry
models and did not include any models that explicitly modeled fish. This is in part due to the relative simplicity of
the CMIP6 marine biogeochemistry models and the complexity needed to model fisheries. A bespoke high-
resolution simulation of the marine ecosystem in the region could be made using a model with a state-of-the-
art complexity level, such as ERSEM (Butenschon et al., 2016; Vichi et al., 2015), would allow a more in-
depth analysis of the behavior in the AIMPA. Similarly, a 1D water column model could be generated for the
AIMPA at lower cost, but use a more complex marine biogeochemical model. Alternatively, it could be possible
to use CMIP6 data to drive an offline fish model for the AIMPA as in Tittensor et al. (2018, 2021). In addition to
the higher costs of developing a bespoke model, there would also be no option to compute a MMM.

While fish are not explicitly included in CMIP6 models, they are included implicitly through top down control on
zooplankton via grazing pressure or mortality rates. Protected status may impact the ecosystem in ways which can
not be included in such a model. For instance, zooplankton grazing pressure and mortality rate parameterizations
may differ in an overfished environment compared to a protected marine environment. In practice, these pa-
rameters are likely to be hardwired global settings in the models which can not be adjusted to take into account for
local variability like MPAs. Protected status may also impact other implicitly modeled features, such as
megafauna-mediated nutrient recycling, which could potentially impact primary production, the microbial carbon
pump, and hence nutrient concentrations and the wider carbon cycle (Gross, 2016; Polimene et al., 2016; Roman
& McCarthy, 2010).

An over-fished marine environment may be a net carbon source (Atwood et al., 2024) while a fully protected
marine ecosystem may be a carbon sink (Jankowska et al., 2022). However, in CMIP6 ScenarioMIP simulations,
the atmospheric CO, and other greenhouse gases of each scenario is identical between models and determined in
advance. This means that carbon is not conserved, and there is no feedback between the creation of MPAs and the
CO, or methane concentration. The existence of MPAs may be implicitly included in the forcing scenario, but
ScenarioMIP's format and forcing was decided in 2015, several years before the AIMPA was created in 2019 and
before the 30% by 2030 protection target was established (Woodley et al., 2019). This means that any positive or
negative feedbacks that may occur due to the existence or absence of these MPAs will not be included in the
CMIP6 simulations. A solution to this problem would be to instead use emissions-based simulations, where CO,
emissions are fixed, instead of concentration driven scenarios. In these simulations, the total carbon in the model
is conserved and is free to move between the atmosphere and ocean. Such simulations could potentially be set up
to study the impact of MPA creation on the wider carbon cycle.
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The analysis was limited to the data that was available at the time that the work was performed. This may not
include all fields from ensemble members from all CMIP6 models. In addition, several models whose data was
present were not accessible due to technical problems, such as non-standard formatting or gaps in the time series.
When designing the experiment, we attempted to maximize the number of contributing models for each analysis,
but additional CMIP models are likely to be available when new or revised data sets are published in the future.

While the Atlantic Meridional Transect program cruise has passed through the AIMPA on several occasions
(Rees et al., 2024), there is no regular long-term marine biogeochemistry data set for the region. The scarcity of
the in situ observational record in the region has limited the quality of the observational data set products
available. A long-term monitoring program inside the AIMPA and in other MPAs, would provide regular data at a
range of depths which could help validate models and provide insight into both the historic and future health of the
protected ecosystems.

While methodologies exist to perform an ecosystem services analysis for the deep sea benthic environment (e.g.,
Armstrong et al., 2012), there was insufficient data available for a full sensitivity analysis of the deep sea habitats.
In addition, most of the CMA analyses shown here show very little change between the recent past and the mid-
century future at the AIMPA seafloor in the anomaly profiles in pane d. Further refinements could include
assessing intertidal habitats and ecosystem services more thoroughly. Further work could also include modeling
ecosystems service provision under climate change using and modeling indicator outputs (Queirés et al., 2021),
but this would need another set of modeling approaches in addition to the work carried out here.

Finally, a possible extension of this work could focus on the ecological impacts of the projected changes inside the
AIMPA. These additional metrics could include changes in the plankton and nekton biomass and emergent
properties such as phytoplankton community structure, stoichiometry or the carbon to chlorophyll ratio (de Mora
et al., 2016).

5. Conclusions

An analysis of the CMIP6 climate projections for the AIMPA was presented for the first time. We showed both
the historic period and four future climate scenarios using a large ensemble of ESMs. The AIMPA region was
projected to become warmer, more saline, more acidic, with lower surface nutrient concentrations, lower chlo-
rophyll concentration and less primary production. In most cases, these changes were more extreme in the future
scenarios that are associated with the stronger emission of greenhouse gases. Most of the MMM projections did
not diverge significantly before the year 2050 in this region, but almost all variables analyzed here showed a wide
range of scenario-dependent behavior in the second half of the century. Even in the most sustainable projection,
SSP1-2.6, there was still evidence that these changes will likely occur. However, the scale and severity of the
damage to the AIMPA and its ecosystem services under the enhanced fossil fuel usage scenario, SSP5-8.5, should
add further urgency to the case for a reduction in global emissions and transition away from fossil fuels.

The development of climate models is an on-going challenge for the scientific community, and models are
constantly being improved to become more accurate and realistic. The upcoming CMIP7 is likely to include more
higher resolution models and scenarios, more marine processes and ecosystem complexity and improvements in
process modeling relative to the current generation. Future work could focus on predicting climate change re-
sponses for an even wider range of species and habitats, using updated model outputs, and may be able to spatially
resolve the ecosystem behavior within the AIMPA. Similarly, this work would not be possible without on-going
international efforts to generate global scale data sets of observations, in the Wold Ocean Atlas data set, the
Global Ocean Data Analysis Project, the European Space Agency Climate Change Initiative and the Tropical
Atlantic Observing System. These observations form the bedrock of our projection analysis and should continue
to be supported in the future.

The work was part of the CRACAB project (S. Weber et al., 2023). The CRACAB project used an island-wide
approach to generate projections of the most serious impacts of climate change on the Ascension Island and the
AIMPA. By providing better information about the future of the Ascension islands marine environment, the
project re-framed climate change from a nebulous threat to a local pressure with real impacts and real solutions.
The region-specific information generated by the project was able to capture the attention of policy makers,
allowing quantitative measures of risk and impact to be incorporated into the Ascension Island Governments
strategies and adaptation plans. The sustainable adaptation measures that were recommended by the project
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would build long-term resilience into Ascension Islands ecosystems strategy. In addition, the framework
developed over the course of the CRACAB project is sufficiently flexible that it could be applied more widely in
other MPAs. Existing, planned and potential MPAs policymakers could recreate this work to generate valuable
bespoke projections of the future climate in their region. This would create a clear, thorough and pragmatic vision
of the future of their local marine environment environment to support their decision making processes.

Data Availability Statement

This analysis was performed using the Earth System Model Evaluation Toolkit, ESMValTool. The code used
in this manuscript and the data seen in figures are both available in the following Zenodo repository: de
Mora (2023). The main ESMValTool recipes are in the ai mpa and the ai mpa 2022/AEU directories
in esmvaltool/recipes. The main diagnostic script is diagnostic_ai plots.py in the
esmvaltool/diag scripts/ocean directory. The up-to-date version of the base ESMValTool system
is available on GitHub: https://github.com/ESMValGroup which includes more recent code, documentation,
installation instructions and tutorials.
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