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Abstract

This is the first forecast of marine circulation and biogeochemistry for the Ascension Island Marine Protected Area (MPA).
MPAs are a key management tools used to safeguard ocean biodiversity from human impacts, but their efficacy is increasingly
threatened by anthropogenic climate change. To assess the vulnerability of individual MPAs to climate change and predict
biological responses, it is first necessary to forecast how local marine environments will change. We found that the MPA will
become warmer, more saline, more acidic, with less nutrients, less chlorophyll and less primary production by the mid-century.
A weakening of the Atlantic equatorial undercurrent is forecast in all scenarios. In most cases, these changes are more extreme
in the scenarios with higher greenhouse gases emissions and more significant climate change. The mean rise in temperature
is between 0.9 \degree C and 1.2 \degree C over the first half of the 21st century. The integrated primary production and
nutrients are forecast to decline in the MPA, but there is less consistency between models in projections of salinity, surface
chlorophyll, and dissolved oxygen concentration at 500m depth. The combined effects of these projections may lead to changes
in ecosystem services around Ascension Island. The effects of the model outputs were interpreted for three key ecosystem service
providing habitats: biogenic deep sea habitats, intertidal sand and intertidal rocky shores. The outcomes were then used to
assess potential effects on eight marine and coastal ecosystem services and information was compared to current ecosystem

service levels.
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Key Points:

« For the first time, a projection focused on the marine circulation and biogeochem-
istry of the Ascension Island MPA is presented.

e The MPA region will become warmer, more saline, more acidic, with less nutri-
ents, less chlorophyll and less primary production.

e Even low emissions projections forecast significant changes within the MPA and
these changes can impact ecosystem services.
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Abstract

This is the first forecast of marine circulation and biogeochemistry for the Ascen-
sion Island Marine Protected Area (MPA). MPAs are a key management tools used to
safeguard ocean biodiversity from human impacts, but their efficacy is increasingly threat-
ened by anthropogenic climate change. To assess the vulnerability of individual MPAs
to climate change and predict biological responses, it is first necessary to forecast how
local marine environments will change. We found that the MPA will become warmer,
more saline, more acidic, with less nutrients, less chlorophyll and less primary produc-
tion by the mid-century. A weakening of the Atlantic equatorial undercurrent is fore-
cast in all scenarios. In most cases, these changes are more extreme in the scenarios with
higher greenhouse gases emissions and more significant climate change. The mean rise
in temperature is between 0.9 °C and 1.2 °C over the first half of the 21st century. The
integrated primary production and nutrients are forecast to decline in the MPA, but there
is less consistency between models in projections of salinity, surface chlorophyll, and dis-
solved oxygen concentration at 500m depth. The combined effects of these projections
may lead to changes in ecosystem services around Ascension Island. The effects of the
model outputs were interpreted for three key ecosystem service providing habitats: bio-
genic deep sea habitats, intertidal sand and intertidal rocky shores. The outcomes were
then used to assess potential effects on eight marine and coastal ecosystem services and
information was compared to current ecosystem service levels.

Plain Language Summary

Ascension Island is a small remote volcanic island in the equatorial Atlantic Ocean.
The seas around the Ascension Island have been protected from fishing and deep sea min-
ing since 2019. We use the marine component of computer simulations of the Earth’s
climate to try to predict the future of the Ascension Island Marine Protected Area. Over
the next century, the MPA region will become warmer, more saline, more acidic, with
less nutrients, less chlorophyll and less primary production in the surface waters. The
main current of the region, the Atlantic equatorial undercurrent, is also forecast to weaken
in all scenarios. These changes will negatively impact the capacity of the area to pro-
vide ecosystem services such as the removal of carbon dioxide from the air, healthy ecosys-
tems, as well as tourism and fish stocks. This work is important because it is the first
assessment of the region since the protected areas creation in 2019, and will allow pol-
icy makers 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 per-
vasive drivers of marine biodiversity loss worldwide, threatening to undermine ocean health
and human well-being alike (Jaureguiberry et al., 2022). Conservation efforts aimed at
curbing these losses often centre around the establishment of marine protected areas (MPAs).
Notably, there are ambitious global targets proposed to delivering 30% MPA coverage
by 2030 (Woodley et al., 2019). This minimum protection fraction greatly exceeded the
2.18% of the ocean that was protected as recently as recently as the year 2016 (O’Leary
et al., 2016).

Appropriately managed and enforced MPAs have proven to be highly effective in
reducing and reversing fisheries impacts. 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 have fish biomass several
times greater than recently fished MPAs with a significantly more diverse marine ecosys-
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tem community (Graham & McClanahan, 2013). However, even highly-protected MPAs
remain vulnerable to extrinsic threats from climate change. Climate change has the po-
tential to fundamentally degrade the ecosystems that MPAs are intended to protect (Bruno
et al., 2018). Marine species follow shifting environmental niches, and their distributions
are moving an order of magnitude faster than those on land (Bruno et al., 2018). This
rapid change threatens to disrupt spatial overlap with existing MPA networks. Within
MPAs, species and habitats are also exposed to many of the same climate change induced
pressures that affect unprotected areas. These stresses include thermal stress, ocean acid-
ification and altered trophic webs (du Pontavice et al., 2020). Given the potential of the
changing climate to compromise MPA efficacy, many recent studies have stressed the need
to incorporate ‘climate smart’ principles into MPA design and management and called

for robust assessments of how local marine environments are likely to change in future
(Tittensor et al., 2019; Wilson et al., 2020; O’Regan et al., 2021).

In the global context, the ocean’s mean surface temperature is projected to increase
by an average of 0.86 - 2.89 °C between 1995-2010 and 2081-2100 (Lee et al., 2021; Fox-
Kemper et al., 2021). This rise will lead to cascading impacts on ocean physics and bio-
geochemistry. 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 en-
hanced stratification results in decreased nutrient availability in surface waters and as-
sociated reductions in primary production and faunal biomass (Lotze et al., 2019). There
is high confidence that many ocean currents will change as a result of changing wind stress
(Richter & Tokinaga, 2022; Weijer et al., 2020). Increased water temperatures, greater
stratification, and weaker overturning circulation will result in reduced dissolved oxy-
gen concentrations and expansion of biologically impoverished oxygen minimum zones
(Stramma et al., 2012; Breitburg et al., 2018). In addition to temperatures, the uptake
of anthropogenic CO5 has also driven the acidification of the global ocean (Lee et al.,
2021)

The cumulative impacts of these changes on marine biodiversity are already be-
ing observed in many protected and non-protected areas (Poloczanska et al., 2016; Bates
et al., 2019). 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). Ocean circulation patterns are also
expected to have complex and variable responses to climate change, with some currents
systems projected to intensify while others weaken (Richter & Tokinaga, 2022; Weijer
et al., 2020). Robust local and regional forecasts are therefore necessary to predict likely
biological responses and assess the vulnerability of individual MPAs (Tittensor et al.,
2019). Unfortunately, such local forecasts are generally lacking, meaning that climate
change is often framed in MPA management plans as a nebulous threat, without spe-
cific impact assessments or adaptation measures (O’Regan et al., 2021).

In this study, we develop the first climate forecast for the Ascension Island MPA
(AIMPA) in the tropical South Atlantic, fig. 1. The AIMPA was designated in 2019 and
covers the entirety of the 445,000 km? exclusive economic zone surrounding the UK over-
seas territory of Ascension Island, making the AIMPA one of the largest protected ar-
eas in the ocean. The MPA prohibits all forms of commercial fishing and mining, except
small scale recreational and sports fishing are permitted in inshore waters. The MPA
supports globally-important nesting populations of seabirds and green turtles (Weber
et al., 2014; Weber & Weber, 2019), harbours a unique inshore fish and invertebrate as-
semblage (Wirtz et al., 2017), and encompasses large expanses of open ocean habitat that
were previously exploited by longline vessels targeting tuna and swordfish. The AIMPA
Management Plan lists climate change as one of the major remaining threats to biodi-
versity in the region (Government, 2021). However, little is known about the climate fore-
cast for this specific region with which to predict ecological responses
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[ Study Area

Figure 1. Map showing the Ascension Island Marine Protected Area (AIMPA), the Atlantic
Equatorial Undercurrent (AEU) transect and the study area.

We first assess how eight oceanographic bulk properties will evolve in the AIMPA
over the 21%¢ century Using data from the coupled model inter-comparison project (CMIP6).
The forecasts cover a range of representative emission scenarios and shared socio-economic
pathways. We access these bulk properties in terms of their including seasonal, spatial
and vertical patterns behaviour. We then examine how broad-scale ocean circulation pat-
terns in the region will change, focusing specifically the Atlantic Equatorial Undercur-
rent (AEU) which has a pervasive influence on the oceanography of Ascension Island (Brandt
et al., 2021). The AEU flows eastwards along the equator (3°S to 3°N) above 250 m depth
and with its core at approximately 80 m. It then up-wells in the Gulf of Guinea, deliv-
ering nutrient rich, cooler subsurface water to the Southern Equatorial Current’s cold
tongue that flows eastward. This gives rise to a high productivity and low oxygen zone
that protrudes westward south of the equator, where Ascension Island is located. Pre-
vious work has reported a weakening of the Atlantic 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 no recent analysis from
CMIP6.

Finally, we assess how projected changes affect ecosystem survey provision in the
Ascension MPA based on eight measures. We anticipate that the results of study will
enable more robust predictions of biological responses to climate change in the AIMPA
and in the wider tropical Atlantic region, helping to inform site-specific vulnerability as-
sessments and adaptation plans.

Exploitation and climate change have been identified as the two most important
drivers of marine biodiversity loss (Jaureguiberry et al., 2022, & references therein). This
puts both marine ecosystems and human well-being at jeopardy because of the intrin-



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

sic link between biodiversity and the ecosystem services they provide (Watson & Zakri,
2005). Ecosystem services are the direct and indirect contributions of ecosystems to hu-
man well-being (Sukhdev et al., 2010) and are usually assessed in terms of the poten-
tial of an ecosystem to provide a service rather than if the service is used. This means
that even though the AIMPA is a no-take region, it is still assessed in terms of poten-
tial ecosystem provision under climate change. deep sea ecosystem services are not well
studied in general, but the Ascension Island marine ecosystem services in particular has
been assessed recently (Wirtz et al., 2017; La Bianca et al., 2018; Barnes et al., 2019).

2 Methods

After a brief description of the CMIP6 framework, the analysis of this work is split
into three parts. Most indicators were provided directly in CMIP6 and were analysed
using a common framework. Secondly, the AEU required additional processing in a sep-
arate software tool. A third section describes the ecosystem service assessment method-

ology.

2.1 CMIP6

The data that were used to generate this analysis were global scale models from
the sixth coupled model inter-comparison project (CMIP6) (Eyring et al., 2016). CMIP6
is an international collaborative project which allows modelling groups from around the
world to share and compare their climate model output datasets. To participate, mod-
els are required to meet standards both in terms of scientific model quality, but also in
terms of data formatting.

CMIP6 includes models with very small biases in the mean state and variability
of the tropical Atlantic and The equatorial Atlantic warm sea surface temperature and
westerly wind biases have been mostly eliminated in these models, relative to the pre-
vious inter-comparison (CMIP5) (Richter & Tokinaga, 2022). Furthermore, the seasonal
and inter-annual variabilities of CMIP6 models in the equatorial and subtropical Atlantic
compares favorable to the ERA-5 analysis, which suggests that they should be useful tools
for understanding and predicting variability patterns for MPA (Richter & Tokinaga, 2022).
Within CMIP6, each model typically includes multiple simulations of the recent past and
the future. The historical simulations cover the years 1850-2015, and the future scenar-
ios cover 2016-2100. Multiple future scenarios have been developed to cover several po-
tential evolution of social and economic drivers resulting in different atmospheric con-
centration of greenhouse gases (O’Neill et al., 2016).

This work includes the scenarios: SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, de-
scribed in (Riahi et al., 2017). These scenarios cover a wide range of possible futures,
including sustainable development in the SSP1-2.6 scenario and the “middle of the road”
pathway in 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 ri-
valry scenario, SSP3-7.0, revives nationalism and regional conflicts, pushing global is-
sues into the background which results in higher emissions. Then finally, the enhanced
fossil fuel development in SSP5-8.5 is a forecast with the highest feasible fossil fuel de-
ployment and atmospheric carbon concentration.

In practice, CMIP6 modelling groups produce simulations for multiple scenarios,
and often produce more than one simulation per scenario. Each individual simulation
of a scenario is called an ensemble member. Ensemble members for a given model usu-
ally have differences in their initial conditions, as the conditions of the climate at the start
of the historical period are unknown but may have a significant influence of the evolu-
tion of the whole climate system. There is a wide variability in the number of ensem-
ble members between models. For instance, the UKESM1 model produced 19 different
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variants for the historical experiment, each using slightly different initial conditions (Sellar
et al., 2020). To fairly balance models with many simulations against models that only
include one ensemble member, the “one model — one vote” weighting scheme is used. This
means that each model is weighted equally in the multi-model mean. In practice, each
ensemble member is weighted inverse proportional to the number of ensemble members
that the model contributes. No effort was made here to bias the results in terms of model
quality or historical performance.

2.2 Common framework analysis

The analysis was performed for the following variables in the MPA region: tem-
perature, salinity, mixed layer depth, oxygen concentration at 500m, pH, nitrate, phos-
phate, chlorophyll and primary production. These are all variables that are directly pro-
duced in CMIP6 and can be analyses without any significant pre-processing. The multi-
model ensemble analysis was generated using the method described here. Every model
and ensemble member that satisfied the following conditions was included:

» Monthly Ocean data available on JASMIN over the full-time range (1850-2015 or
2015-2100).

+ The cell area metadata (‘areacello’ file) was also available on JASMIN compute
system, described below.

¢ The model data was compatible with ESMValTool, described below.

« Fach contributed ensemble member must have both a historical and a future sim-
ulation.

Each variables analysis included the time evolution of the average value in the As-
cension Island MPA area, the present and future average monthly climatology, the av-
erage and projected change in the depth profile, and the spatial distribution and pro-
jected change in the wider tropical Atlantic region. The time series are provided for the
whole duration of the CMIP6 simulations (1850 to 2100). The others fields are provided
for two 10 years periods: 2000-2010 to represent the current state and 2040-2050 to rep-
resent the mid-century climate.

Unless otherwise specified, surface model outputs are used in the analysis. The av-
erage time series, monthly climatology and vertical profile for the Ascension Island MPA
are calculated using model outputs from a square region of 6 ° by 6°, centered on As-
cension Island. As shown in fig. 1, the selected region is slightly larger than the real MPA.
Given the typical model resolution, the small difference in area between the study re-
gion and the MPA is unlikely to affect the results. The “one model — one vote” scheme
was used to calculate the multi-model weighted mean of the individual models. The model
data was used “as is” with no effort to de-drift against pre-industrial control simulations.

Where possible, observational datasets from Obs4MIPS (Ferraro et al., 2015) were
added for the region as a time series. In the case where time series data were not avail-
able for the MPA region, the observation data and time range were added as a trans-
parent rectangle with black edges.

2.3 Atlantic equatorial undercurrent analysis

The properties of the AEU were analysed by focusing on the state and trend in the
annual average flow, the changes in the monthly climatology, and the change in depth
profiles. The mean annual AEU flow was estimated from each ensemble member by cal-
culating the annual mean East-West zonal velocity values along a transect at longitude
23° West, between 3° South and 3° North and between the surface and 400m depth, as
shown in fig. 1. This transect encompasses the whole AEU extension and coincides with
the location of the Subsurface ADCP moorings, which are part of the PIRATA moor-
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Table 1. The observational datasets used in this analysis and their references.

Field Dataset Reference
Temperature WOA 2018 (Locarnini et al., 2018)
Salinity WOA 2018 (Zweng et al., 2018)

MLD IFerMER 2008 (de Boyer Montegut et al., 2004)
Oxygen WOA 2018 (Garcia et al., 2018a)

pH GLODAPv2 2016 (Olsen et al., 2016)
Nitrate WOA 2018 (Garcia et al., 2018Db)
Phosphate WOA 2018 (Garcia et al., 2018b)
Chlorophyll ESACCI-OC (2022) (Sathyendranath et al., 2019)
Int. Primary Production Eppley-VGPM-MODIS 2018 (Behrenfeld, 1997)

AEU Tropical Atlantic Observing System  (Foltz et al., 2019; Brandt et al., 2021)

ing array (W. Johns et al., 2014; Bourles et al., 2019; W. E. Johns et al., 2021), allow-
ing for comparison with long-term moored observations (Foltz et al., 2019; 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 present day (2000-2010)
and future (2040-2050) periods were extracted from the dataset and averaged over each
month. The depth velocity profiles for present day and future periods were derived from
annual averaged velocity data as the average of the two grid cells closest to the equa-
tor, which represent the location of maximal velocity. As elsewhere, the “one model —
one vote” weighting scheme was applied for the multi-model mean.

2.4 Ecosystem services assessment

Our assessment of climate change in CMIP6 was then used to assess the potential
changes to marine ecosystem services provision around Ascension Island. We generated
a literature review of current ecosystem services around Ascension Island. Then, the model
data were then used to estimate changes to ecosystem services based on our literature
review. A selection of supporting, regulating, provisioning and cultural ecosystem ser-
vices relevant to the region were addressed. We targeted three key habitats in the as-
sessment that were were chosen because their significance to the ecosystem services and
their vulnerability in a changing climate. While it was beyond the scope of this work to
carry out a full ecosystem services assessment, a recent ecosystem service assessment of
the Ascension Island MPA was used to provide relevant information (La Bianca et al.,
2018). The assessment of changes to ecosystem services was carried out in three steps:

« Identification of the key habitats contributing to each selected service were selected
from a matrix of ecosystem services provided by each habitat (La Bianca et al.,
2018).

« Using the model outputs, the habitats most sensitive to the changes modelled were
selected, using the sensitivity analysis provided by (La Bianca et al., 2018).

« For each habitat selected in the first step, their contribution to the eight selected
ecosystem services was taken from (La Bianca et al., 2018). Based on the sensi-
tivity analysis, changes to each service were then forecast.
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2.5 Hardware and software tools

The analyses were performed using the Earth System Model Evaluation Toolkit,
ESMValTool (Righi et al., 2020). ESMValTool is a software toolkit that was built to fa-
cilitate the evaluation and inter-comparison of CMIP datasets. ESMValTool is built with
a set of modular and flexible tools that allow it to quickly set up and develop analyses
like this one. These tools include quick ways to standardize, slice, re-grid, and apply sta-
tistical operators to datasets. It is freely available, python-based, and built following stan-
dardised best coding practice: code review, documentation, unit testing, open discus-
sions. ESMValTool is hosted on github and all the code used here is available (ESM ValTool:
A community diagnostic and performance metrics tool for routine evaluation of Earth
system models in CMIP github page, n.d.). More details are below in the Code availabil-
ity section.

Where available, observation-based data products were also included in the anal-
ysis, as listed in tab. 1. Existing Obs4dMIPs data (Ferraro et al., 2015) were prioritised
because of their availability and their compatibility with ESMValTool. Obs4MIP is a
limited collection of observational datasets that has been pre-processed to resemble mod-
elled CMIP datasets in terms of their formatting, grids, and interpolated to facilitate com-
parison against climate models.

This analysis was performed on the Centre for Environmental Data Analysis’s (CEDA)
JASMIN computing system (Centre of Environmental Data Analysis, JASMIN compute
machine, n.d.). The size of the full CMIP6 data is so large that no data centre can host
it in its entirety. This analysis was limited to the data locally available to JASMIN at
the time the analysis ran (January 2022). Furthermore, some models were excluded be-
cause their outputs did not strictly adhere to the CMIP6 standard formats, making them
fundamentally incompatible with our software analysis framework.

3 Results

A summary of the analyses are shown in fig. 2. This figure summarises the predicted
direction of travel of the CMIP6 ensemble for each field. In this figure, each pane rep-
resents a different field, and the colours represent the different forecast scenarios. For
each scenario, a horizontal bar shows the multi-model mean of the anomalies between
the mid-century forecast and the recent past. The vertical line of each scenario repre-
sents one standard deviation either side of the mean, and is absent in the cases where
there are only one contributing model. In all cases, the data shown here is the mean of
the anomalies, not the anomaly of the means.

The results of each individual analysis are shown first and then the AEU analy-
sis. For all fields, the multi-model mean for the period 2000-2010 and 2040-2050 and the
standard deviation of the ensemble of single model-means is shown in tab. 2. The stan-
dard deviation is calculated as a measure of the spread of the single model means but
does not include variability in the time dimension. Table 3 shows the number of mod-
els and total number of CMIP6 ensemble member for each field for each scenario.

3.1 Temperature

Figure 3 shows the summary results of the analysis for Ascension Island MPA sea
surface temperature. While the models tend to overestimate the recent historical obser-
vational data, there is a clear warming signal in the region in all scenarios. The surface
warms similarly in all scenarios by the year 2040, but there is a more significant diver-
gence between the four future scenarios by the end of the analysis period in 2050. This
divergence becomes even more significant towards the end of the century. The climatol-
ogy pane shows that the models anticipate the observed seasonal cycle by approximately
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Figure 2. Summary of predicted climate change impacts on the biophysical oceanography of
the Ascension Island MPA, based on CMIP6 ensemble projections. In these figures, the colour
represents the different shared socio-economic pathway scenario, where light blue is SSP1-2.6, or-
ange is SSP2-4.5, red is SSP3-7.0 and brown is SSP5-8.5. The y-axis shows the anomaly between
the mid century forecast and the recent past (2000-2010). The mean of the multi-model mean is
shown as a thin horizontal line and the wide lines represents the standard deviation. Note that,

the anomaly is calculated first for each individual ensemble member.

Table 2.

for each variable in the study. These values are calculated from the mean and standard devia-

The multi-model mean the standard deviation of the ensemble of single model-means

tion of the individual model ensemble means for the periods 2000-2010 in the historical period
and 2040-2050 in the future scenarios. Fields with only a single model contributing do not in-
clude a value for the standard deviation. The surface value is shown, except for MLD, Oxygen,

integrated primary production and the AEU.

Field Units Historical SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
2000-2010 2040-2050 2040-2050 2040-2050 2040-2050
SST °C 27.0 £ 0.5 278 £ 0.4 279 £ 04 28.1 £ 04 28.1 £ 0.4
Salinity PSU 35.7 £ 0.5 35.8 £ 0.5 35.8 £ 04 35.7 £ 0.5 35.8 £ 0.4
MLD m 33.2 £ 8.2 33.9 £ 8.5 32.1 £ 8.1 33.0£9.3 32.9 £ 8.7
Oxygen mmol m~3 69 £ 32 77T+ 27 76 + 28 76 + 29 76 + 28
pH 8.05 £ 0.01 7.97 £ 0.02 7.96 £ 0.01 7.95 £ 0.01 7.94 £ 0.01
Nitrate mmol m~3 0.19 £ 0.24 0.20 + 0.22 0.19 + 0.23 0.19 + 0.23 0.17 + 0.22
Phosphate pmol m—3 0.058 £ 0.049 0.045 4+ 0.040 0.043 + 0.041 0.044 £ 0.041 0.044 £+ 0.037
Chlorophyll mg m~3 121 £+ 62 111 £+ 63 112 £ 65 109 £ 61 113 £ 60
Int. PP mmol m~2 d—! 12.4 £+ 3.7 11.2 £ 4.0 11.1 £ 4.0 11.2 £ 4.0 11.0 £+ 3.8
AEU Sv 16.2 + 2.0 15.8 £ 2.0 152 £ 1.6 149 £ 1.6 14.7 £ 2.0
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Table 3. The number of contributing models and the total number of contributing ensemble

members. The total number of contributing ensemble members is shown in parentheses.

Field Historical SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
SST 28 (123) 25 (110) 24 (68) 22 (116) 25 (77)
Salinity 26 (111) 22 (68) 23 (68) 20 (73) 22 (60)
MLD 20 (97)  9(50)  19(72)  7(58) 8 (45)
Oxygen 9 (70) 8(52)  8(42)  8(68)  8(39)
pH 9 (36) 8 (32) 7 (22) 8 (47) 7 (22)
Nitrate 9 (19) 8 (19) 8 (12) 8 (19) 9 (13)
Phosphate 8 (18) 7 (18) 7 (11) 7 (18) 8 (12)
Chlorophyll 8 (57) 7 (41) 7 (35) 7 (48) 8 (35)
Int. PP 11 (26) 8 (28) 8 (29) 8 (27) 8 (12)
AEU 24 (77) 19 (61) 21 (55) 19 (66) 21 (60)

one month. The profile pane and profile difference panes show that the warming occurs
throughout the water column, not just the surface layers. However, warming is more in-
tense in the surface and subsurface layers than at greater depths. The surface map panes
show that while the temperature increase is greatest near the equator in all future sce-
narios, the sea surface temperature rises everywhere in the region.

3.2 Salinity

Figure 4 shows the CMIP6 ensemble analysis for salinity in the Ascension Island
MPA region. This figure shows that the model ensemble captures observational surface
salinity in the region, but many models underestimate historical behaviour, as does the
multi-model mean. In the future period, the annual mean salinity rises in all scenarios.
In the years 2040-2050, the change in salinity is similar in all future scenarios. There are
more significant differences in salinity between scenarios by the end of the century. Note
that there is a discontinuity in the ensemble mean between the historical and the future
scenarios at the year 2015. This is because the historical and future scenarios contain
a slightly different set of models, as shown in tab. 3. The annual cycle of surface salin-
ity in the MPA remains intact, but SSP5-8.5 shows a more significant rise in salinity. In
the depth profile, the SSP5-8.5 and SSP2-4.5 scenarios seem to more closely follow the
historical behaviour than SSP1-2.6 or SSP3-7.0. In the wider region, the distribution of
sea surface salinity is strongly influenced by coastal effects off the Western African Coast,
but all models show a rise in salinity in the equatorial regions and desalification in the
Southern Atlantic, relative to the historical period.

3.3 Mixed Layer Depth

Figure 5 shows the CMIP6 ensemble analysis for the mixed layer depth. The model
data here uses the “mlotst” CMIP6 field, which is the mixed layer depth calculated in-
stantaneously on the model time step and uses a density criteria of 0.125 kg m~—3 accord-
ing to the CMIP6 protocol for the instantaneous model fields (Griffies et al., 2016). How-
ever, the observational data used are from (de Boyer Montegut et al., 2004) where MLD
was calculated from water density with a fixed threshold criterion of 0.03 kg m~2. This
means that the observations and model ensemble are not strictly compatible here and
should only be used to estimate differences in patterns. The model ensemble mean is com-
parable to observations but does not capture minimum MLD observed. In the climato-
logical pane, a small shallowing of MLD is observed between June and November in all

—10—
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Figure 3. The CMIP6 ensemble temperature analysis for the Ascension Island MPA. The top

left pane shows the MPA sea surface temperature in the historical period (blue) and multiple fu-

ture scenarios (green, yellow, orange, red). Each model’s range between the smallest and largest

ensemble member at each point in time is shown separately as an overlapping semi-transparent

coloured band. The observational data is shown as a black line. The black and pink vertical bars

indicate the times where the historical and future periods are extracted in the other panes. The

top right pane shows the monthly climatology. The profile and difference panes show the depth

profiles and the difference against the historical depth profile. The lower six panes show the his-

torical period, the observational dataset, and the difference between the four future scenarios and

the historical model ensemble mean.

—11-



Salinity
Historical (2000-2010) vs SSP (2040-2050)

Time series Climatology
35~5‘\/
35.6
e e e == historical
J FMAM/ | J] ASOND —— sspl26
" . == s5p245
Profile Difference it
0+ m—55p370
—5S5p585
= Observations
=500 A
41 EEE Historical period :%ggg Iy 77
[0 SSP period
-4000 .

1850 1900 1950 2000 2050 2100 35 36

historical sspl26 ssp370

‘ 0.99

36.2 0.66
) : 0.33

Difference against historical

0.00
Observations ssp245 ssp585
34.6
§ ‘ —0.33
33.8 ? () P () & -0.66
) ) -0.99
33.0

Figure 4. The CMIP6 ensemble salinity analysis for the Ascension Island MPA The top left
pane shows the salinity in the historical period (blue) and multiple future scenarios (green, yel-
low, orange, red). Each model’s range between the smallest and largest ensemble member at each
point in time is shown separately as an overlapping semi-transparent coloured band. The obser-
vational data range is shown as a black box. The black and pink vertical bars indicate the times
where the historical and future periods are extracted. The top right pane shows the monthly cli-
matology. The profile and difference panes show the depth profiles and the difference against the
historical depth profile. The lower six panes show the historical period, the observational dataset,

and the difference between the four future scenarios and the historical model ensemble mean.
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Figure 5. The CMIP6 ensemble mixed layer depth analysis. The top left pane shows the
mixed layer depth in the historical period (blue) and multiple future scenarios (green, yellow, or-
ange, red). Each model’s range between the smallest and largest ensemble member at each point
in time is shown separately as an overlapping semi-transparent coloured band. The observational
data range is shown as a black box. The black and pink vertical bars indicate the times where
the historical and future periods are extracted. The top right pane shows the monthly climatol-
ogy. The lower six panes show the historical period, the observational dataset, and the difference

between the four future scenarios and the historical model ensemble mean.

future scenarios relative to the historical period. As this is a 2D dataset, there are no
depth profile panes. In the spatial distribution panes, only slight differences between sce-
narios can be seen in the MPA region, though the impact in the wider region is more sig-
nificant, especially away from the equator. Unfortunately, the interpretation of the ob-
servational mixed layer depth is not straightforward — nevertheless, it is included for com-
pleteness.

3.4 Oxygen Concentration at 500m

The oxygen concentration at 500m is shown in fig. 6. The 500 m depth was selected
because the observational water column minimum oxygen concentration occurs at 500m
in the World Ocean Atlas data (Garcia et al., 2018a). In the time series, there is little
agreement between models in either the historical or future times series. Indeed, there
appears to be two diverging categories of behaviours. Some models project a strong de-
cline and others an increase. The two behaviours cancel each other out in the ensem-
ble mean resulting in a small change in oxygen at 500m in the MPA. However, this small
change is an unlikely outcome, as very few models project it. This inter-model uncer-
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tainty is a result of oxygen concentrations being strongly influenced by simultaneous phys-
ical changes in solubility, circulation, and mixing and changes in biological sources and
sinks (Kwiatkowski et al., 2020).

The oxygen at depth is particularly sensitive to how the hydrodynamics of the area
represented, particularly stratification and circulation. High oxygen concentration is an
indication of waters that have been recently in contact with the atmosphere (usually called
“young”) and lower oxygen indicates that waters have been trapped below surface for
a longer period (usually called “old”). This may explain the strong difference in the his-
torical period: models with higher concentrations of oxygen are likely to simulate cur-
rent structures that includes younger waters at 500m depth, and the opposite for those
with low oxygen concentration.

In addition, it can be seen in the spatial distribution pane of fig. 6 that the MPA
sits between a region to the South where the oxygen concentration at 500m decreases
and another region where it rises in the North. This means that the overall model mean
is particularly sensitive to the placement of these two regions in the multi-model mean,
the intensity of change in the two regions, but also the distribution of changes in the con-
tributing individual models.

3.5 pH

Figure 7 shows the multi-model CMIP6 pH analysis for the MPA region. In the
surface pH time series, there is a very tight agreement between models, but also between
the models and the observations. Similarly, there is a very tight grouping for model fore-
casts. This is expected as the surface pH in open ocean waters is strongly linked to the
atmospheric carbon dioxide concentration, and the atmospheric carbon concentration
is a prescribed variable for the different emission scenario and is the same between all
models. There is more divergence in the depth profile, as this is less strongly linked to
the atmospheric forcing and is more influenced by marine circulation in a similar way
to oxygen at 500m shown in fig. 6. The pH in the MPA is projected to decrease until
the end of the century in all scenarios, with some models projecting some recovery at
the end of the century in the low emission scenario, SSP1-2.6. It is important to note
that even by mid-century the whole annual cycle of pH will be lower than the current
minimum.

3.6 Nitrate and Phosphate

Figures 8 and 9 show the CMIP6 ensemble nitrate and phosphate analysis, respec-
tively. While there is a significant diversity in the mean surface nutrients in the histor-
ical period, a small decline in annual mean surface nitrate can be seen in all models in-
dividually, and a more pronounced decline can seen in the surface phosphate in figure 9.
The mean of the ensemble of models is relatively successful at reproducing the histor-
ical WOA nitrate values for the recent past. However, most of the models underestimate
the observed phosphate values for the historical period. In the multi-model mean clima-
tological averages for nitrate, there is a decline in the peak nutrients in July and Novem-
ber while the rest of the year has little change. In contrast, the multi-model mean cli-
matological phosphate average forecasts an even year-round decrease under all scenar-
ios. Changes in nutrient profile over the depth are generally, order 10% compared to typ-
ical historical values. There is a decline in nutrients for waters shallower than 500m, and
an increase for deeper waters. This decline is likely due to increased stratification and
reduced mixing, as seen in fig. 5. Due to the open ocean — low nutrients nature of the
MPA, the absolute change in surface nitrate and phosphate concentration shown in the
surface map is smaller than other regions of the South Atlantic. However the change pre-
dicted by the models in the MPA is about 50% in relative terms.
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Figure 6. The Oxygen concentration at 500m depth in the CMIP6 multi model ensemble.
The top left pane shows the dissolved oxygen concentration at 500m in the historical period
(blue) and multiple future scenarios (green, yellow, orange, red). Each model’s range between
the smallest and largest ensemble member at each point in time is shown separately as an over-
lapping semi-transparent coloured band. The observational data range is shown as a black box.
The black and pink vertical bars indicate the times where the historical and future periods are
extracted. The top right pane shows the monthly climatology. The profile and difference panes
show the depth profiles and the difference against the historical depth profile. The lower six
panes show the historical period, the observational dataset, and the difference between the four

future scenarios and the historical model ensemble mean.
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Figure 7. The surface pH in the CMIP6 multi model ensemble. The top left pane shows the

annual mean surface pH in the historical period (blue) and multiple future scenarios (green, yel-

low, orange, red). The range between the smallest and largest ensemble member at each point in

time is shown separately as an overlapping semi-transparent coloured band. The observational

data range is shown as a black box. The black and pink vertical bars indicate the times where

the historical and future periods are extracted. The top right pane shows the monthly clima-

tology. The profile and difference panes show the depth profiles and the difference against the

historical depth profile. The lower six panes show the historical period, the observational dataset,

and the difference between the four future scenarios and the historical model ensemble mean.
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Nitrate Concentration, mmol m~3
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Figure 8. The surface nitrate concentration in the CMIP6 multi model ensemble. The top left
pane shows the annual mean surface nitrate in the historical period (blue) and multiple future
scenarios (green, yellow, orange, red). The range between the smallest and largest ensemble mem-
ber at each point in time is shown separately as an overlapping semi-transparent coloured band.
The observational data range is shown as a black box. The black and pink vertical bars indicate
the times where the historical and future periods are extracted. The top right pane shows the
monthly climatology. The profile and difference panes show the depth profiles and the difference
against the historical depth profile. The lower six panes show the historical period, the obser-
vational dataset, and the difference between the four future scenarios and the historical model

ensemble mean.
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Figure 9. The surface phosphate concentration in the CMIP6 multi model ensemble. The
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top left pane shows the annual mean surface phosphate in the historical period (blue) and mul-
tiple future scenarios (green, yellow, orange, red). The range between the smallest and largest
ensemble member at each point in time is shown separately as an overlapping semi-transparent
coloured band. The observational data range is shown as a black box. The black and pink verti-
cal bars indicate the times where the historical and future periods are extracted. The top right
pane shows the monthly climatology. The profile and difference panes show the depth profiles
and the difference against the historical depth profile. The lower six panes show the historical
period, the observational dataset, and the difference between the four future scenarios and the

historical model ensemble mean.
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3.7 Chlorophyll

Figure 10 shows the CMIP6 ensemble mean chlorophyll analysis. Some models fore-
cast a decline and others a rise in future surface chlorophyll in the MPA. The multi-model
mean does reproduce the observational range for the region, but there is a significant di-
versity in the biases of individual models. In the future, the multi-model ensemble mean
shows a decline in all scenarios in the mid-century. However, some models forecast a large
rise in chlorophyll, but most show a small decline. For individual models, the change in
chlorophyll is linked to the strength of the anthropogenic forcing of the scenario, but this
does not hold for the multi-model mean.

While ensembles climatological mean show a seasonal cycle in the surface chloro-
phyll, it does not fully capture the present seasonal cycle seen in the observations: the
annual peak is delayed by one month, and is significantly less extreme. The ensemble
mean also has an extended annual minimum while the annual minimum in the obser-
vations is much more brief and earlier in the year. In the future forecast, the models project
that the shape of the seasonal cycle of surface chlorophyll will remain, but the peak will
be reduced, indicating a less active bloom. In the spatial distributions, the ensemble mean
reproduces much of the wider patterns in historical observations in the Southern Atlantic,
especially the higher production of the equatorial Atlantic, and the lower production in
the Southern gyre.

3.8 Integrated primary production

Figure 11 shows the CMIP6 ensemble integrated primary production analysis. The
multi-model mean does closely match the observational mean over the recent historical
past, but fails to capture the inter-annual variability in the observational data. Several
of the single models show variability of similar order to the observational data. Both the
single models and the multi-model mean have very little trend over the historical period,
but both do show some changes in the forecast period. Like the chlorophyll in fig. 10,
most models forecast a decline but some models show a rise in integrated primary pro-
duction. When combined, the declining models overwhelm the rising models and the multi-
model mean forecast declines relative to the historical period. Like the chlorophyll data,
the ensembles climatological mean show a seasonal cycle in the surface chlorophyll, but
it does not fully capture the present seasonal cycle seen in the observations: the annual
peak is delayed by one month, and is less extreme. The model bloom also extends later
in the year than in the observational record. In the forecasts, the climatological behaviour
retains the same shape, but shows a even negative bias across the whole year. In the wider
region, all scenarios show a decrease in the multi-model mean integrated primary pro-
duction over the equatorial Atlantic region, with the largest changes closer to the equa-
tor in SSP3-7.0 and SSP5-8.5. The primary production is influenced by nutrient avail-
ability, which is linked to the mixed layer depth, as well as linked to temperature and
light.

3.9 Atlantic Equatorial Undercurrent Analysis

The analysis of the Atlantic Equatorial Undercurrent is shown in fig. 12. Pane a
of fig. 12 shows the time evolution of the mean annual AEU flow 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 Sv and 21.5 Sv. This is well within the range of values reported
in the literature, between 14.0 Sv and 18.0 Sv (Hormann & Brandt, 2007; Brandt et al.,
2021). Little change is detected in the AEU flow during the historical period, but all fu-
ture scenarios display a decrease in mean annual flow. The decrease is minimal in the
more moderate climate change scenarios, for instance -0.07 Sv/decade in SSP1-2.6 and
-0.3 Sv/decade in SSP5-8.5. In the high emission scenario, SSP5-8.5, the AEU decreases
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Figure 10. The surface chlorophyll concentration in the CMIP6 multi model ensemble. The
top left pane shows the annual mean surface chlorophyll concentration in the historical period
(blue) and multiple future scenarios (green, yellow, orange, red). The range between the smallest
and largest ensemble member at each point in time is shown separately as an overlapping semi-
transparent coloured band. The observational data time series is shown as a black line. The black
and pink vertical bars indicate the times where the historical and future periods are extracted.
The top right pane shows the monthly climatology. The profile and difference panes show the
depth profiles and the difference against the historical depth profile. The lower six panes show
the historical period, the observational dataset, and the difference between the four future scenar-

ios and the historical model ensemble mean.
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Figure 11. The Integrated Primary Production in the CMIP6 multi model ensemble. The top
left pane shows the annual mean depth-integrated primary production in the historical period
(blue) and multiple future scenarios (green, yellow, orange, red). The range between the smallest
and largest ensemble member at each point in time is shown separately as an overlapping semi-
transparent coloured band. The observational data time series is shown as a black line. The black
and pink vertical bars indicate the times where the historical and future periods are extracted.
The top right pane shows the monthly climatology. The lower six panes show the historical pe-
riod, the observational dataset, and the difference between the four future scenarios and the

historical model ensemble mean.

21—



462

464

465

467

468

469

470

472

473

474

475

477

478

479

480

482

483

484

485

486

487

488

490

491

493

494

495

496

497

498

499

500

Table 4. Change in the AEU in mid-century and end of century forecasts.

SSpP % Change % Change Trend
SSP 2040-2050 vs 2000-2010  2090-2100 vs 2000-2010 Sv/decade
historical - - -0.07
SSP1-2.6 -1.8 -3.2 -0.07
SSP2-4.5 -5.3 -7.6 -0.10
SSP3-7.0 -6.4 -11.5 -0.15
SSP5-8.5 -6.1 -14.2 -0.30

by 6.1% by 2050 and by 14.2% by 2100. The rate of change is relatively constant through-

out the scenario period, except for in the SSP5-8.5 scenarios, where the bulk of change
happens during the second half of the century.

The work of (Brandt et al., 2021) looked at long-term mooring observations and
detected a strengthening of the AEU by 20% in the 2005-2019 period. They attributed
it to multi-decadal climate variability that characterizes the equatorial Atlantic. This
means that while a trend is observed over the observational period, the authors did not
think it was likely to be caused by human activity, but rather it is part of the natural
variability of the undercurrent. Whereas there’s no trace of such an upwards trend in
the historical simulation, such a variation over a relatively short time span, compared
to the centennial timescale here represented, lies within the range of the multi-model en-
semble. Also it is worth remembering that ESM simulations are not meant to correctly
represent the phase of the climate system nor the exact timing of climate variability. In
fact, as the authors of the study pointed out, the detected change is to be attributed to
multi-decadal variability rather than to long term (climate change related) trends.

The annual cycle of the CMIP6 AEU (2000-2010) is shown in fig. 12b , along with
the range of values reported by (Brandt et al., 2021). The multi-model mean shows a
clear seasonal behaviour with lower transport in January-June and higher transport dur-
ing July-December. While observations show a similar timing of the seasonal maximum
and minimum, the amplitude of the seasonal cycle is much higher in the models than
in the observations. There is a clear two-phase pattern (low transport from January to
June, peak and decline from July to December), which is absent from the observations.
The models have a peak current more than double of the winter minimum while the av-
erage peak is about 20% higher than the minimum winter value in the observations.

The depth velocity profile at the equator is shown in pane c of fig. 12. The model
velocity profile agrees with observations in placing the bulk of the AEU between 50m
and 200m depth (Brandt et al., 2021), with models simulating a smaller peak velocity
and a narrower current. A weakening of the AEU is observed in the future scenarios, tak-
ing place mostly at and below the AEU core.

Panes e and f of fig. 12 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. Overall, the main features of the AEU are well captured by the model
average despite the CMIP6 ensemble average appears to overestimate the latitudinal ex-
tension of the current (together with smaller peak and depth extension shown also in fig.
pane c. This is to be expected given the coarse resolution of the CMIP6 models and the
fact that averaging over many members has the effect of smoothing out peak values.

The remaining panes of fig. 12, panes g, h, i and j show the difference between the
mean AEU velocity field in the four future scenarios for the years 2040-2050 and the his-
torical ensemble in the years 2000-2010. Negative currents flowing from Fast to West
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Figure 12.

a) Atlantic Equatorial Undercurrent mean annual flow time series compared with

flow estimated from observations (2005-2019). Solid lines are historical and scenario averages,

shaded lines are individual models. b) Monthly mean AEU flow climatology for historical period
and four scenarios (solid lines), the grey area represents the range of estimates from observations.

¢) monthly mean velocity depth profile at the equator for historical and four scenarios, compared

with observational data (2008-2018), and d) difference between scenario and historical data. e)
ensemble averaged AEU velocity at 23°W (2008-2015) and f) velocity field reconstructed from
observations (2008-2018). g), h), i), j) velocity field difference between the four scenarios and

the historical runs, maps show only eastbound velocity differences. All observational data from

(Brandt et al., 2021)

were masked to highlight changes in the AEU alone. All scenarios show a weakening of
the velocity field between 75m and 200m depth. This is partially counterbalanced by an
increase in velocity at shallower depths. The future scenario that shows the maximum
local 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 northward region so that the annual mean current in this scenario by 2050 is close
to that projected in the higher emission scenario (fig. 12, pane a). After 2050, the two
scenarios diverge with the strongest weakening of AEU being projected in SSP5-8.5.

3.10 Changes to ecosystem services under climate change scenarios

FEight ecosystem services were assessed in this study, as shown in the list below. These
services were chosen as they are important to the people living in and visiting the MPA.
The two supporting ecosystem services were primary production and formation of habi-
tats. These services contribute to the provisioning and regulating services. For exam-
ple, habitat formation is important for young fish and primary production creates biomass
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515 to ensure fish stocks. The regulating service, climate regulation, reduces the effects of

516 climate change globally by drawing down carbon dioxide and other greenhouse gases out
517 of the atmosphere. This will continue to remain a crucial marine ecosystem service in

518 the future as it can contribute to the sequestration of excess greenhouse gases. Regu-

519 lation of water and sediment quality is important for fish stocks but also for the recre-

520 ation, education and scientific research, which takes place around the MPA. The MPA
521 is a no-take MPA but the potential to provide fish and shellfish for food for human con-

522 sumption is still crucial, because either regulations may change and to allow fish stocks
523 a refuge. Provision of genetic resources can provide resources for scientific research which
524 may be used in the future for medicine and other applications. While Ascension Island

525 is small and not easy to reach, tourists do visit for nature watching. Ascension Island

526 is also used to improve our understanding of marine ecology and in particular of deep

527 sea habitats.

528 « Supporting Services:

529 — Primary production: Production of biomass using solar energy. In the absence
530 of sun light (at ocean depth) biomass is produced through energy gained from
531 inorganic molecules (Armstrong et al., 2012).

532 — Formation of habitats: Creation of physical properties of habitats to aid sur-

533 vival of species.

534 * Regulating Services:

535 — Climate regulation: The maintenance of the chemical composition of the atmo-
536 sphere and oceans to ensure a favourable climate.

537 — Regulation of water and sediment quality: Removal of wastes from the water

538 column and sediments.

539 » Provisioning Services:

540 — Fish and shellfish provision: Provision of food from the marine environment

541 — Genetic resources: Novel compounds derived from marine species

542 ¢ Cultural Services:

543 — Tourism and nature watching: Recreational activities relying on the marine en-
544 vironment or the biological features of this environment

545 — Education and scientific knowledge: Education and science outputs derived from
546 the marine environment

547 Three habitats were selected for the assessment due to their importance in contribut-
548 ing to ecosystem services around Ascension Island MPA (La Bianca et al., 2018). These
549 were deep sea corals and biogenic reefs; intertidal rocky assemblages and intertidal soft
550 sediments, shown in tab. 5 Their sensitivity to climate change impacts (as modelled here)
551 was assessed based on (La Bianca et al., 2018; Ramirez-Llodra et al., 2011).

552 The current contribution of each habitat to each of the ecosystem services was adapted
553 from (La Bianca et al., 2018). The habitat types listed in their study were reduced to

554 biogenic and deep sea corals. The current contribution of each habitat to each of the se-

555 lected habitats is based on (Armstrong et al., 2012; La Bianca et al., 2018)

556 The last assessment step was used to link the ecosystem services assessment with

557 the CMIP6 data provided here to provide estimate a future trend of the ecosystem ser-

558 vice provision 6. Due to the sensitivity of the deep sea biogenic reefs and corals, the trend
550 of most ecosystem services is expected to be reduced. Chemosynthetic primary produc-

560 tion is the only service thought not to be affected because the modelled data is not show-
s61 ing changes to the situation of the deep sea habitat. The intertidal rocky assemblages
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Table 5. Sensitivity of three key service providing habitats to climate change effects. Impact
displayed as NE = No evidence, low, NS = not sensitive, Moderate based on (La Bianca et al.,
2018; Ramirez-Llodra et al., 2011). Data for intertidal habitats was not given for all pressures.

Those with ”?” are based on expert opinion.

Deep sea corals Intertidal rocky Intertidal sand
& Biogenic reefs  assemblages & muddy assemblages
Warmer Minor impact Moderate? Moderate?
More saline NE Moderate Low
Lower pH Moderate impact NS? NS?
Reduced nutrients NE Moderate? Low?
Reduced chlorophyll NE NS? Low?
Reduced Primary Production NE Low? Low?

Table 6. The current contribution of each of three habitats to eight ecosystem services, based
on (La Bianca et al., 2018). Contribution level displayed as 3 Significant contribution, 2 moderate
contribution, 1 low contribution, NE No evidence. Future trends are based on expert opinion

of the authors and are displayed as: | = reduction in ecosystem service provision, <— = no
changes, NA = not assessed. Note that no data here showed increasing ecosystem service provi-
sion Data for intertidal habitats was not given for all pressures. * Chemosynthetic production in

Deep sea coral and biogenic reefs is used for Primary Production.

Service name Deep sea coral  Future Intertidal rocky Future Intertidal sand & Future
& biogenic reefs  trend assemblages trend muddy assemblages  trend
Primary production 3¢ — 3 + 3 —
Formation of habitats 3 1 3 1 3 —
Climate regulation 2 + 1 J 1 —
Regulation of water 2 + NE NA NE NA
and sediment quality
Fish and shellfish provision 2 1 2 1 2 —
Genetic resources 3 + NE NA NE NA
Tourism & 3 A 1 4 3 —
nature watching —
Education & 3 + 1 N 1 —>
scientific knowledge —

are also expected to show reduced capacity to provide ecosystem services. This is so be-
cause increased temperature, higher salinity and lower primary production are consid-
ered to have a moderate impact on this habitat and assemblages. Two services could not
be assessed due to lack of evidence: regulation of water and sediment quality and genetic
resources. Intertidal muddy and sandy habitats are not expected to have any changes

to ecosystem service provision and two services could not be assessed due to lack of ev-
idence (regulation of water and sediment quality and provision of genetic resources).

4 Discussion

The CMIP6 data projects that the MPA region will become warmer, more saline,
more acidic, with less nutrients in the mixed layer, and likely to have less chlorophyll and
less primary production over the coming century, as summarised in fig. 2. In most cases,
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these changes are more extreme in the future scenarios that include stronger emission
of greenhouse gases and more significant climate change.

These results suggest that the response of the MPA region to climate change will
follow the traditional paradigm of open ocean regions: the increase in radiative forcing
(heat) from the atmosphere will warm the ocean and increase surface evaporation. This
will cause an increase in salinity and stratification, resulting in a shallower mixed layer
depth. The forecast decline in the Atlantic Equatorial Undercurrent reflects an overall
weakening in the wider Atlantic and local current systems (Richter & Tokinaga, 2022;
Eyring et al., 2021) meaning that less water is being transported into the region at any
given time. With a shallower mixed layer depth and less transverse currents, there is less
mixing of deep nutrient rich water, and the average nutrients concentration at the sur-
face is decreased. With less nutrients available in the well-lit surface layers, the primary
production drops, as does the chlorophyll concentration. While it is not investigated here,
a similar drop in secondary marine production is also likely. Furthermore, ocean acid-
ification, caused by a higher concentration of atmospheric carbon dioxide being absorbed
by the surface layers, is likely to add further stress to marine organisms.

Our analysis of the evolution of the AEU flow indicates a possible substantial weak-
ening of the current, depending on the scenario. In the scenario that shows the most in-
tense weakening (SSP5-8.5), the bulk of change happens in the second half of the cen-
tury. In the other scenarios, the rate of change is relatively consistent throughout the
century . This may be an element of concern as the AEU is responsible for bringing oxy-
genated surface water to the tropical subsurface layer (Duteil et al., 2014; Hahn et al.,
2017; Oschlies et al., 2018) and its variability has been linked to cycles of compression
and expansion of the habitat of tropical pelagic fish (Stramma et al., 2012).

Decadal and multi-decadal variations in oxygen concentration in the tropical At-
lantic are well documented and are thought to mainly result from the variability in cur-
rents redistributing oxygen (Brandt et al., 2015) (Montes et al., 2016). Much of this vari-
ability is natural and linked to climatic cycles. The natural portion of the variability can
be substantial to the point of obscuring the climate change signal if too short observa-
tion periods are considered. This is demonstrated by the comparison of AEU observa-
tional flow time series with our multi-model mean. Nevertheless, all projections consis-
tently point at a reduction of the mean AEU flow, this will still be superimposed its nat-
ural variability.

Oxygen Minimum Zones (OMZ) are regions where the oxygen concentration drops
below 80 mmol m~3. 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 500m in the historical simulations, this behaviour is not seen in
the observational dataset. Those models that best match the observational data project
a decline in the annual mean oxygen concentration at 500m, but the decline does not ap-
proach the OMZ cut-off value of 80 mmol m~3, therefore, it is unlikely that the Marine
Protected Area will develop an OMZ.

Many of the fields included here do not show a significant divergence between sce-
narios in the 2040-2050 decade 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. The second half of the cen-
tury shows a much wider range of behaviours, and several fields show significant diver-
gences between scenarios after 2050. This is especially true for the multi-model mean
surface temperature, salinity and pH.

The effects of climate change as modelled here are likely to affect some habitats
and species negatively. This will lead to negative outcomes for some ecosystem services.
It is currently difficult to assess these impacts quantitatively due to lack of more detailed
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information which is why here we considered trends to project ecosystem service deliv-
ery in the future. Previous work has suggested that habitat suitability in the Ascension
MPA for some tropical tuna species may increase under future climate change (Townhill
et al., 2021). However, that analysis was based on expansion of environmental niches de-
fined by sea surface temperature and salinity only. Other projected changes described
here, notably increased stratification and decreased productivity, may result in less favourable
foraging conditions for large predators.

The model outputs were helpful though to update current understanding of deep
sea habitat sensitivities. The work of (La Bianca et al., 2018) have based their climate
change pressure data on one key paper (Ramirez-Llodra et al., 2011) and they predicted
an expansion of oxygen minimum zones due to climate change. Modelled data here shows
that this may not affect the MPA much, which will be vital to keep deep sea habitats
and assemblages intact locally and thereby aid ecosystem service provision. (La Bianca
et al., 2018) also assessed both reduced and increased salinity. Model outputs for Ascen-
sion Island show that the salinity will be increased therefore this would be the only pres-
sure to assess in a further study.

The analysis presented here has a few limitations that can be categorised into method-
ological limitations, model and data limitations and scientific limitations. When focus-
ing on the ensemble mean, some of the variability is necessarily lost and the trends tend
to be smoother. However, what is lost in variability is usually gained in robustness, as
the ensemble mean includes information from multiple models. This effect can be seen
especially in the oxygen, integrated primary production and chlorophyll figures. An in-
dividual models may show a large rise or fall, but the range of the inter-model variabil-
ity overwhelms the behaviour of individual models. In some cases, a single model with
a substantial change can overwhelm the consensus of the other models, for instance in
the chlorophyll analysis.

CMIP6 models typically have a resolution around 1 degree by 1 degree. As such,
the Ascension Island MPA is typically only represented by a small number of model pix-
els. This can be as little as 6x6 or 7x7 pixels in the models native resolutions. This means
that the MPA is poorly spatially resolved in CMIP6 and that we are unable to use this
model to investigate the spatial variability within the MPA. In addition, Ascension Is-
land itself can not be represented in these models, so they can not accurately capture
local sub-grid-scale circulation patterns. As shown in tab. 3, 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 in-
formation to weight the final mean (Brunner et al., 2020). Alternatively, looking at each
model’s internal structure and design decisions could help with subjective judgements
of model performance. For instance, future studies may choose to focus only on mod-
els that have sufficiently complex marine biogeochemistry models.

The analysis was limited to the data that was available on JASMIN through its
connection to BADC at the time that the analysis were performed. This may not include
all data 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 missing years.
Similarly, observational datasets were limited by the scarcity of the observational record
in the region. While every effort was made to maximise datasets, it may be possible to
include additional models, if the data were to become available on JASMIN or elsewhere.

The data available for ecosystem service analysis and sensitivity analysis was lim-
ited. Similarly, there was insufficient data available for a full sensitivity analysis of all
habitats. However, the assessment (La Bianca et al., 2018) was useful to derive infor-
mation needed to carry out this work. Further refinements could include assessing in-
tertidal habitats and ecosystem services more thoroughly. Further work could also in-
clude modelling ecosystem service provision under climate change using and modelling
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indicator outputs (Queirds et al., 2021). but this would need another set of modelling
approaches in addition to work carried out here.

Within the real-world (as opposed to the modelled) Ascension Island MPA, com-
mercial fishing was halted in 2019. However, the authors are not aware of any CMIP6
model that explicitly include either fish or fishing behaviour. This is in part due to the
relative simplicity of the CMIP6 marine biogeochemistry models and the complexity needed
to model fisheries. In addition, the format and forcing for ScenarioMIP was decided in
2015, several years before the MPA was created. This means that any positive or neg-
ative feedbacks that may occur due to the existence of the MPA will not be included in
this analysis. However, these feedbacks are unlikely to fully offset the climate induced
pressures described here (Bates et al., 2019). Future work should focus on predicting eco-
logical impacts of changes described here including plankton and nekton biomass and
emergent properties such as phytoplankton community structure, stoichiometry or the
Carbon to Chlorophyll ratio (de Mora et al., 2016).

One aspect that this study highlighted was the significant divergence between ma-
rine biogeochemistry models in CMIP6 in this region. CMIP6 was not designed to study
the marine ecosystem in great depth, and as such the range of models is fairly limited
to relatively simple and moderate complexity models. A bespoke high-resolution model
of the region using a state-of-the-art complexity marine ecosystem model, such as ERSEM
(Butenschon et al., 2016; Vichi et al., 2015), would allow a more in-depth analysis of the
behaviour in the MPA. Similarly, a 1D water column model could be generated for the
MPA 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 MPA (Tittensor
et al., 2018).

5 Conclusions

An analysis of the CMIP6 forecast for the Ascension Island MPA was presented
for the historic period and several future scenarios. The MPA region is forecast to be-
come warmer, more saline, more acidic, with less pelagic nutrients, less chlorophyll and
less primary production. In most cases, these changes are more extreme in the future
scenarios that are associated with the stronger emission of greenhouse gases. However,
even in the most sustainable projections, there is still evidence that these changes will
likely occur. Most of the multi-model ensemble mean future projections do not diverge
significantly before the year 2050 in this region, but the direction of travel in the year
2050 is significant and can point to a wide range of different climate futures in the sec-
ond half of the century.

While protected status can shield local ecosystems from fishing and mineral extrac-
tion, MPAs will always remain vulnerable to the impacts of climate change. Even in pro-
tected regions, these external forces can fundamentally alter the physical, chemical and
ecological systems that the MPAs were created to protect. This in turn can lead to re-
duced ecosystem service provision, impacting not only the marine ecosystem but also the
local human population.

A full climate impact assessment for biodiversity in the Ascension MPA was be-
yond the scope of this study, and many of the necessary biological data do not currently
exist. Future work should focus on predicting climate change responses for a wider range
of species and habitats, using CMIP6 model outputs summarized here and included in
the Supporting Online Material.
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™ 6 Open Research

723 The tools used to perform this analysis are available through the ESMValTool github
724 service. The bulk properties analysis was performed using the ESMValTool recipes, which
725 can be found in the ASCENSION_ISLAND_MPA_FORECAST branch https://github.com/

726 ESMValGroup/ESMValTool/tree/ascension_island mpa forecast

727 The data generated through this report is available in netCDF and csv formats.

728 The bulk fields time series and are included as individual ensemble member csv files. The
729 multi-model mean profile data are available as csv files and each multi-model ensemble

730 mean 2D map is included as a separate netCDF file. The AEU data is available as netCDF
731 files containing multi-model mean, standard deviation, minimum and maximum for yearly
7 and monthly average flow values as well as yearly vertical velocity profile at the equa-

73 tor and full velocity field at 23° E, between 3° S and 3° N and between the surface and
734 500m depth.
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Figure 8.
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Chlorohpyll concentration, mg m—3
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Figure 11.
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Figure 12.
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