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EXECUTIVE SUMMARY
•

•

A climate-change baseline and climate-change impacts of the highest
priority were identified for the British Indian Ocean Territory (BIOT)
by scientists with relevant expertise along with managers responsible
for the area.
Four priority climate-change issues were identified for BIOT:
1.
2.
3.
4.
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Changes in coral species
Changes in coral reefs (reef carbonate structure and the living
reef ecosystem)
Changes in reef islands and sandy beaches
Impacts on the provision of natural coastal protection and and
island resilience to sea-level rise.

All projections of future climate change suggest that severity and
frequency of destructive ocean heatwaves will increase. Eighteen
years ago, the ‘extinction point’ for reefs in the Chagos Archipelago
was predicted to be in the early 2020s, and evidence suggests that the
likelihood is increasing, based on present observations and the
implication of climate-change projections on coral reefs in the Indian
Ocean region.
As a fully protected Marine Protected Area (MPA) in a remote
location, BIOT provides a globally important reference site for
climate change impacts that can give insights into finer-scale
vulnerability and resilience in the absence of other anthropogenic
stressors. Research to date has demonstrated the value of BIOT as an
ocean observatory.
Restoration of island ecosystems through the eradication of invasive
rats, and restoration of native vegetation, is the quickest and most
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•

effective way to restore seabird populations and the associated
nutrient pathways that build resilience against climate-change impacts
in the marine environment.
At a local level, the BIOT administration should implement any
possible greenhouse gas reduction measures on the inhabited island of
Diego Garcia and minimise stressors to the BIOT MPA. At a global
level, the UK government must continue to demonstrate leadership in
the immediate reduction of greenhouse gas emissions and meet and
then exceed targets set in the Paris Agreement. COP26 will be
instrumental in defining the pathway for the planet and any future for
coral reefs in BIOT and elsewhere.

DESCRIPTION OF OVERSEAS TERRITORIES IN THE
REGION
The British Indian Ocean Territory (BIOT) is the only UK Overseas Territory
in the Indian Ocean and it includes the Chagos Archipelago (Figure 1). The
BIOT Marine Protected Area (MPA) was designated as an IUCN
management category 1a strict nature reserve in 2010, with no permitted
fishing or other extractive activities. The entire MPA encompasses 640,000
km2 of which 19,120 km2 is shallower than 100 m, with the remainder deep
oceanic water to depths of >5000 m with an estimated 86 seamounts
(Sheppard et al., 2012; Hays et al., 2020).
The archipelago includes >60,000 km2 of shallow limestone platform and
reefs, including the Great Chagos Bank, described as the world’s largest atoll
structure, covering an area of 12,000 km2 (Sheppard et al., 2012). The
archipelago is made up of 58 islands with a land area of only 56 km2 of which
only the most southerly atoll, Diego Garcia, is inhabited as a military base.
This atoll falls outside the MPA with a three nautical-mile buffer, although
there are other environmental protection measures in place, including a
RAMSAR site that covers most of the atoll (covering a total area of 350 km2).
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Figure 1. The Chagos Archipelago. Inset shows the general location within
the Indian Ocean and the MPA boundary (red). Main map shows the
archipelago which lies at the heart of the MPA. The five atolls with land are
in bold type, whereas selected submerged reefs and atolls are not in bold.
Islands on the Great Chagos Bank include Danger Island, Eagle Island,
Three Brothers islands and Nelsons Island. Blue shading indicates water
shallower than approximately 100 m. (From Hays et al., 2020.)
Research in BIOT began in the 1970s, but it was periodic and irregular until
2012 owing to the limitations of both access and resources required to work
in such a remote location. Annual research expeditions have been running
every year since 2012, with support from the Overseas Territories
Environment Fund and Darwin Initiative to 2015. The data collected now
form some of the World’s longest time-series measurements on coral reefs.
Over the last eight years, significant support from the Bertarelli Foundation
(https://www.fondation-bertarelli.org/) has built a diverse and
interdisciplinary programme of marine science that currently involves
approximately 100 scientists from 24 institutions and seven countries.
Research leading up to the MPA designation was consolidated in a review by
Sheppard et al. (2012) with the next decade of research in the context of the
MPA recently reviewed by Hays et al. (2020).
The uninhabited, remote, and protected ‘no take’ status of BIOT has meant it
provides an invaluable reference site and ocean observatory to determine the
interactions between global, regional, and local stressors in the context of
climate change. This report highlights priority climate change issues to
inform a report card on BIOT as part of a series for the UK Overseas
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Territories following a standardised methodology (Frost et al., 2017) used by
the Marine Climate Change Impacts Partnership (MCCIP).

MAIN CLIMATE CHANGE DRIVERS
The tropical Indian Ocean has experienced rapid basin-wide sea surface
temperature (SST) warming, with an average rise of 1.0 °C (0.15 °C/decade)
during 1951–2015, faster than the global average.
Since 2006, direct sea temperature measurements have been taken in BIOT
across atolls at depths of 5 m, 15 m, and 25 m, all of which show an overall
rising trend of between 0.3–0.4 ˚C per decade (Figure 2).
Mass mortality of corals is often triggered when sea temperatures over 29.5˚C
persist for 10 or more ‘degree heating’ weeks, as recorded across the
archipelago in 1998 and in 2010, 2015, 2016, 2019 and 2020. Models project
more frequent and severe marine heatwaves over the coming decades, with
annual severe bleaching predicted by 2036 across the Chagos Archipelago
under a business-as-usual emissions scenario.

Figure 2. Temperature in Peros Banhos lagoon at 15 m depth (Sheppard et
al., 2019).
Conditions in the region are strongly affected by the extreme positive Indian
Ocean Dipole (IOD), an irregular east-west oscillation of SST across the
Indian Ocean that in its positive phase can have effects that extend into BIOT
waters. This could increase storm activity in the region and lead to more coral
damage.
Rates of sea level rise in BIOT have tracked global averages for the region,
with current rates of sea level rise reported to range between 3.3 mm and 6
mm per year (Dunne et al., 2012, Sheppard and Sheppard, 2019, Wu et al.,
2021). Recent sea level rise in Diego Garcia, as recorded by the tide gauge, is
4
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shown in figure 3. Where higher rates than those that could be explained by
sea level rise were documented, these were considered due to tectonic activity
(Purkis et al., 2016), but this is now thought to be negligible (Wu et al., 2021).
Instead, geodetic data suggest that the rate of sea-level rise the archipelago is
presently subjected to is substantially swifter than the global eustatic average
(Wu et al., 2021). There is emerging evidence that the islands in BIOT are
experiencing morphological adjustment through both shoreline erosion and
accretion, but that total island areas has been net static over recent decades in
the uninhabited atolls despite the estimated rates of sea level rise in the range
of 3.3 – 6 mm per year (Dunne et al., 2012, Wu et al., 2021).

Figure 3: Recent sea level rise in Diego Garcia. A plot showing monthly
means taken from the Diego Garcia tide gauge (Sheppard and Sheppard
2019).
A rise in annual average rainfall has been observed in Diego Garcia since
1950 from 2,500 mm in 1950 to over 3,100 mm at the end 2019 (figure 4)

Figure 4. Annual rainfall based on data from the meteorological station at
Diego Garcia airfield, between 1950 and 2019. (Sheppard and Sheppard,
2019.)
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PRIORITY 1: CHANGES IN CORAL SPECIES
WHAT HAS HAPPENED
The Chagos Archipelago is one of very few sites in the world where longterm coral reef monitoring began in the 1970s and accounted for between 25–
50% of the healthy reefs in the region (Sheppard et al., 2012). However,
BIOT has experienced two major recorded coral bleaching events in recent
decades (in 1998, and 2015-2016), demonstrating that despite its
geographically isolated position and fully protected status (since 2010), it is
neverthless influenced by climate change. In the first major coral bleaching
event of 1998, widespread coral mortality mainly affected reefs to a depth of
15 m but extended to depths of > 40 m in some locations (Sheppard et al.,
2012; Sheppard et al., 2017). Average coral cover had decreased from 25 –
45% to around 10% in 1999 at all observed depths, but due to an absence of
other pressures, most of the reefs recovered quickly and by 2012 coral cover
on reefs in the BIOT MPA averaged 40–50%, with juvenile coral densities of
20–60 colonies m−2, although species composition was not necessarily the
same (Sheppard et al., 2017).
Unfortunately, BIOT reefs suffered further severe bleaching and mortality
because of more-recent back-to-back marine heatwaves. First, in 2015, a 7.5
maximum Degree Heating Weeks (DHW) thermal anomaly (where DHW is
equivalent to one week of sea surface temperature one degree Celcius above
the expected summertime maximum, or accumulated heat stress) similar to
that in 1998 caused a 60% coral cover decrease from 30% cover in 2012 to
12% in April 2016 (Head et al., 2019). Mortality was taxon-specific, with
Porites becoming the dominant coral genus post-bleaching concomitant with
an 86% decline in Acropora. Due to the similar levels of mortality after the
2015–2016 event, it was inferred that no coral acclimation had happened
following the 1998 event. Then in 2016, a 17.6 DHW thermal anomaly caused
further damage, with 68% of remaining corals bleaching in May 2016, and
coral cover further declining by 29% at Peros Banhos Atoll (Head et al.,
2019). Although there is comparably limited information for habitats below
20 m deep, the largest losses were of foliacious forms (Hays et al., 2020).
Soft corals have also been lost, especially on shallow reefs and seawardfacing exposed reefs, and they now occupy less than 4% of coral cover in the
15–25 m depth range (Hays et al., 2020). However, there was variation across
the archipelago and some sites did escape mortality, including much of the
shallow water lagoonal reefs of Salomon Atoll, and an area along the northwest reef-slope of Egmont.
The extensive damage to the reefs through these more-frequent and severe
global-warming events is compromising coral recruitment (Sheppard et al.,
2020). Data from 2017 indicate that the density of newly settled coral recruits
of less than one-year-old have reduced by approximately 90% since 2013
(Sheppard et al., 2017). Larger young corals over one-year-old are present in
greater numbers, though most are located on unstable dead table corals or
mobile rubble and therefore are likely to experience high mortality rates
6
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(Sheppard et al., 2017). Measured growth rates for several coral species were
also comparatively low in 2018–2019, potentially as a function of prolonged
heat stress on coral physiology (Lange and Perry, 2020). Shallow reefs are
increasingly covered by the bioeroding sponge Cliona spp., decreasing the
area suitable for new coral settlement (Hays et al., 2020).
Since the late 1970s, several coral species and key assemblages in the Chagos
Archipelago have become regionally or functionally extinct. Although
species diversity remains high at present, local extinctions may increase in
the future, following the collective impact of low recruitment and lack of
suitable substrate for young corals to settle (Sheppard et al., 2020). Regional
extinctions of at least three coral species were reported in BIOT (Sheppard et
al., 2020). These are:
1. Diploastrea heliopora – likely to be regionally extinct in the
archipelago, common until 1996 then not seen since
2. Seriatopora sp. – abundant in BIOT until the 1998 marine heatwave
after which it disappeared until 2014, became common again, but has
not been reported since 2015
3. Catalaphyllia jardinei is also absent since the 1998 heatwave,
although it has always been quite rare.
In addition, three formerly extensive coral assemblages in this archipelago
were considered functionally extinct: the Isopora palifera assemblage; the
deep foliaceous species assemblage; and the shallow ‘finger coral’
assemblage (Sheppard et al., 2020). Finally, the endemic Chagos brain coral
(Ctenella chagius) is near extinction, from being one of the 25 most common
corals in BIOT in the 1970s (Sheppard et al., 1984). No live colonies could
be found following the 2015 warming until 2018, at which point a few
remnant colonies were reported, and research is currently underway to
establish if the species is still viable (Sheppard et al., 2020). Although these
species were not major reef-builders, their loss or reduced abundance is
perhaps indicative of increasing climate stress on these remote ecosystems.
Changes in live coral cover and coral recruitment were accompanied by a
major shift from competitive to stress-tolerant coral taxa. Magnitudes of
decline were comparable to those reported elsewhere in the Indian Ocean,
despite inter-site differences in dominant coral species. These trends differ
from those on reefs dominated by stress-tolerant taxa, which experienced
minor declines in production post-warming (Lange and Perry, 2019).
A very few BIOT reefs have also experienced localised outbreaks of crownof-thorns starfish (Acanthaster planci) causing high mortality locally, notably
eastern Eagle Island and Danger Island on the Great Chagos Bank of
branching Acropora spp. in 2013 (Roche et al., 2015). Coral diseases have
been recorded more frequently, that may relate to warming events. White
Syndrome disease was prevalent on many reefs in 2014 and 2015, causing
widespread mortality of tabular Acropora colonies (Sheppard et al., 2017).
The first record of coralline fungal disease in the Indian Ocean was recorded
7
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in BIOT in 2018 at high densities which may also impact coral recruitment
(Williams et al., 2018).
WHAT MIGHT HAPPEN
Reefs in the Chagos Archipelago have repeatedly been impacted by coralbleaching events, and the current ecological condition of the reefs suggests
they are at a critical recovery stage (Sheppard et al., 2020). The third global
coral bleaching event of 2015-2016 was the longest on record, but climate
model projections suggest that the frequency and severity of such events may
become the norm in the coming two decades (UNEP, 2020). However,
models demonstrate considerable spatial variation in the projected timing of
the onset of annual severe bleaching conditions which will be a major driver
of differences in the relative vulnerability of coral reef ecosystems to climate
change (UNEP, 2020). BIOT is predicted to see a large increase in the
frequency of severe bleaching events in the coming decades, even under
conservative emission scenarios (van Hooidonk et al., 2016). In addition,
atmospheric nitrogen deposition from anthropogenic sources is projected to
increase in the future, negatively affecting even remote coral reefs by adding
nutrients that increase macroalgae that can outcompete corals (Chen et al.,
2019).
In BIOT, key questions are whether the reefs will either follow the same
recovery trajectories as after 1998, or follow more-divergent trajectories at
different sites and locations, or whether some sites may regime-shift to other
states (Sheppard et al., 2020). Ultimately, the primary control on coral-reef
recovery will be the recurrence intervals and magnitudes of future heat-stress
events. As BIOT is so remote and only inhabited on one island, recovery
trajectories will not be impeded by local stressors such as anthropogenically
derived nitrogen enrichment and altered nutrient ratios, which can exacerbate
coral disease and bleaching, and has led to reef degradation in other protected
areas (Hays et al., 2020). Research is currently underway to conduct higherresolution climate-model projections (from 20 km to 5 km) of future coral
bleaching conditions for BIOT and the broader Indian Ocean that will
increase our understanding of variation among reefs in vulnerability to
climate change (G. Williams, pers. comm.). The results of these models will
be available for COP26.
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Research has been focused on building a strong long-term baseline of coral
data by gathering samples and observations from key reef areas over multiple
years. Expert input from scientists who have worked on coral reefs in BIOT
for up to 45 years, including as yet unpublished data.

9

Indian Ocean Region

IMPACTS ON BIODIVERSITY AND SOCIO-ECONOMICS
The evidence to date demonstrates a serious threat to coral reef biodiversity
as a result of climate-change impacts, with impact on specific species,
assemblages and reef community structure. Under this priority category,
focusing on coral species, there are already several species that may be
functionally extinct, including the only known endemic coral species in
BIOT, the Chagos brain coral, Ctenella chagius. However, the major
regionally important reef-building coral taxa, such as Acropora, have
previously recovered well from bleaching events, and their recovery from
recent disturbance events. In the future they will be more critical to the
maintenance of the reef framework and its structural complexity on which
most reef-associated species depend.
DRIVERS OF CHANGE
Climate-change driven increases in sea temperature are the major driver for
changes in coral reefs, resulting in bleaching and mortality. Models indicate
more-frequent and severe projected frequency of sea temperature increases
(UNEP, 2020). Since 2006, direct sea temperature measurements have been
encompassed BIOT across atolls at depths of 5 m, 15 m, and 25 m, all of
which show an overall rising trend, with some evidence of larger annual
variability (Figure 2, Sheppard et al., 2017; Sheppard and Sheppard, 2019).
The rise in temperature in Perhos Banhos lagoon, shown by the line of best
fit in Figure 2, is 0.4 ºC between 2006–2019, or just over 0.3 ºC per decade,
and is significant (p<0.05) despite the annual variation. The rise is greater in
Salomon lagoon (more than 0.45 ºC at 5 m depth) as it is smaller, and
shallower with much more-restricted water flow (Sheppard et al., 2017,
2019). The water temperature threshold for mass coral bleaching in this
region is ~29.5ºC, as recorded in 1998, and this temperature was exceeded in
2010, 2015, 2016, 2019 and 2020 at all locations and depths to 25 m across
the archipelago. The duration of these HW episodes was critical in
determining the impact of them on corals. Some patchiness exists, for reasons
that are likely to include localised cooler currents and upwellings that
moderate the duration of the warm spike and the sharpness of the rise
(Sheppard et al., 2017).
Research on the super charging of the Eastern Indian Ocean dipole suggests
potential for increased storm activity that may be a significant climate driver
of changes in corals (Cai et al., 2014), although how this will impact
BIOT is unknown. A rise in rainfall has occurred from 2500 mm in 1950 to
over 3100 mm at the end 2019 (Figure 4), an increase of about a quarter in
the overall trend. This is a significant increase (p<0.05) and is a clear signal
of gross climate change, although this is likely to have positive effects on
groundwater aquifers on the islands.
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KEY EVIDENCE SOURCES
•

•

•
•

•
•

The UNEP 2020 report of projections of the timing of severe coralbleaching conditions using the new generation of climate models used
by the IPCC – the Coupled Model Intercomparison Project Phase 6
(CMIP6) generation of models. These have >4 times the spatial
resolution of previous iterations (UNEP, 2017) and are forced by the
recently released Shared Socioeconomic Pathways (SSPs). These
projections include the SSP5-8.5 and SSP2-4.5 pathways. SSP5-8.5
represents current rates of emissions and emissions growth; a ‘worstcase scenario’ that assumes there is no or ineffective climate policies.
SSP2-4.5 represents a highly ambitious, but plausible, moderate
(between extremes) scenario where there is a greater level of
emissions reduction than would result from all Nationally Determined
Contributions in the Paris Agreement combined (UNEP, 2020).
Most recent climate-change projections for reefs using the Coupled
Model Intercomparison Project Phase 6 (CMIP6) ensemble which is
based on Shared Socioeconomic Pathways (SSEPs) as opposed to
Representation Concentration Pathways (RCPs) (G. Williams, pers.
comms).
Peer-reviewed publications from research dating back to the 1970s –
see references.
Data from island-based research expedition visited the atolls in 1978–
1979, followed by ship-based research visits to the area at irregular
intervals from 1996 to 2012, and annual ship and island-based
expeditions from 2012 to 2020.
Data from BIOT stored on the Allen Coral Atlas
https://allencoralatlas.org/atlas/#7.92/-5.8360/72.9118
Expert input from scientists who have worked on coral reefs in BIOT
for up to 45 years, including unpublished data.

KNOWLEDGE GAPS
•

•

Research has been focused on building trends by visiting the same
sites over several years. This means that there are very patchy
geographical, demographic, and temporal data on most hard, soft and
mesophotic coral species’ in BIOT, making species’ viability
assessments and recovery plans more challenging.
Available data are very limited on soft corals and corals distributed
below 25 m (current diver limits), although estimates of soft coral
cover at lifeform level are in progress (J. Sannassy Pilly, Bangor
University).
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PRIORITY 2: CHANGES IN CORAL REEFS
WHAT HAS HAPPENED
The tropical Indian Ocean has experienced rapid basin-wide sea surface
temperature (SST) warming, with an average rise of 1.0 °C (0.15 °C/decade)
during 1951–2015, compared to an average rise of 0.7 °C globally (0.11
°C/decade). The SST warming is spatially non-uniform and about 90% of the
warming is attributed to anthropogenic emissions (Roxy et al., 2020). The
rate of warming in the tropical Indian Ocean is the fastest among tropical
oceans and accounts for about one quarter of the increase in global oceanic
heat content over the last two decades (Beal et al., 20120 despite representing
only 13% of the global ocean surface (Roxy et al., 2020).
In BIOT, after the 1998 bleaching event, coral recruitment was prolific and
the reefs largely regained coral cover levels consistent with those documented
prior to 1998. This high degree of coral cover and return of dominant
branching and tabular species on many forereef sites supported high net
positive carbonate budgets, an important metric influencing reef growth
potential and the maintenance of habitat complexity (Perry et al., 2015). The
carbonate budget of a reef describes the net rate of carbonate production
resulting from various biologically-, physically- and chemically-driven
production and erosion processes. By measuring the carbonate budget over
time, insights can be gathered on a reef’s growth potential and its capacity to
sustain key geo-ecological services such as habitat provision and coastal
protection (Lange et al., 2020). Resultant estimates of average vertical reef
accretion rates on Acropora-dominated reefs (4.4 ± 1.0 mm per year) in BIOT
after the 1998 event were high in both a regional and global context,
indicating that many of the reefs had the capacity to track projected future
sea-level rise (Perry et al., 2018). However, the 2015–2016 bleaching event
had a major impact on community composition and reef carbonate
production. The decline in coral cover was mostly driven by mortality of
tabular Acropora spp. with an associated decline in mean reef rugosity (by
16%); rubble cover doubled between 2015 and 2018 (Lange and Perry, 2019).
This resulted in an associated decline in coral carbonate production rates,
which dropped by an average of 77% (Lange and Perry, 2019).
While coral cover is starting to increase, structural complexity changes are
likely to continue for several years, as the remaining reef continues to degrade
due to intense external and internal bio-physical erosion. Reef structural
complexity is a useful indicator of the health and resilience of reefs, as well
as providing important habitat for diverse reef species (Bayley et al., 2019).
Monitoring change is assisted by the greater use of ‘structure from motion’
photogrammetry techniques that accurately and repeatably capture the 3D
reef structure in a way that is less biased by the observer and can be readily
archived (Bayley et al., 2019). This method can be applied from the
species/colony level (Lange and Perry, 2020) to large scale analysis of reefs
(Bayley and Mogg, 2020). Changes in large-scale structural complexity drive
12
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much of the associated changes in abundance and diversity of other
organisms, such as fish (Graham and Nash, 2013).
It is important to consider all corals, including mesophotic coral ecosystems
(MCEs) that are typically found at depths of 30 m to >150 m (Turner et al.,
2017) and are poorly studied in BIOT. Records date back to 1905, diver
surveys to the 1970s (Sheppard, 1980) and a small number of brief ROV
surveys were undertaken in 2016 (Andradi-Brown et al., 2019). These studies
were able to broadly document four reef habitat types that contain MCEs:
seaward outer atoll reefs, lagoonal reef slopes, knolls within the lagoons
(large pinnacles of reef reaching close to the surface from the lagoon floor),
and submerged seamounts and banks (Andradi-Brown et al., 2019). Coral and
fish communities vary considerably with depth and among habitat types
(Andradi-Brown et al., 2019). In late 2019, multibeam tools and an ROV were
deployed to conduct extensive surveys of both upper and lower mesophotic
communities from 30 m to 150 m around Egmont Atoll and Sandes
Seamount. Preliminary analysis has revealed diverse and abundant MCEs at
all locations surveyed, hosting communities of zooxanthellate scleractinian
corals, soft corals, sea fans and sponges (Hays et al., 2020). Molecular
analysis of sampled scleractinian coral specimens will identify the coral
species and enable assessment of the genetic connectivity among shallow and
mesophotic reefs (N. Foster and K. Howell, unpublished data).
WHAT MIGHT HAPPEN
As reported above, there is high confidence in the current projections that the
SSTs in the tropical Indian Ocean will continue warming, with associated
decreases in oxygen concentrations and pH (Roxy et al., 2020). However,
there is considerable local variation in the vulnerability of reefs to these
changes, which may offer some resilience. Finer-resolution models under
development (G. Williams, unpublished data) will identify the relative
vulnerability of coral reefs across the Indian Ocean, which will need further
research to understand the resilience of those reefs.
Resilience factors include heat selection, remote reefs, coral morphology, and
Symbiodinium adaptation, but current understanding of coral reef recovery is
based on decadal to sub-decadal impacts, so we do not yet know the adaptive
capacity of corals to predicted annual frequencies of bleaching (Roche et al.,
2018). The return of Acropora spp. dominated communities will be crucial to
restore the key geo-ecological functions of habitat complexity and carbonate
production that local reefs delivered pre-bleaching (Lange and Perry, 2019).
The complex situation unfolding in the lagoons in BIOT is of interest.
Shallow water reefs (less than 5 m) appeared to survive the 2015–2016
warming, while deeper reefs (20–25 m) are very badly affected. Degradation
of lagoonal coral populations will impact regeneration potential of all coral
populations due to their connectivity, decreasing reef resilience on the entire
atoll (Riegl and Purkis, 2008). Modelling of pH and the aragonite saturation
state suggests that conditions under continued high CO2 emission scenarios
13
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may become unfavourable for corals by 2080 (Hofmann et al., 2019).
However, lagoons are projected to become 10% less saline and if this occurs
the alkalinity of lagoon waters will decrease, causing a further decrease in
saturation state (R. Dunbar, unpublished data).
Preliminary observations indicate that the MCEs of BIOT offer huge potential
in the level of diversity they encompass and the extension of the shallowwater reefs into deeper waters. The BIOT MPA therefore has significant value
in protecting extensive areas of diverse mesophotic coral ecosystems, which
have the potential to support both local and regional shallow-water reefs if
they act as refugia for some species, although the connectivity between
shallow and deep reefs is still being established (Laverick et al., 2016).
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The negative effects of climate change on coral reefs, including in this region
are well documented and there is high confidence that these environments
will become increasingly stressed in the future.
IMPACTS ON BIODIVERSITY AND SOCIO-ECONOMICS
Pioneering research in BIOT demonstrates a strong link between rich
biodiversity and a thriving ecosystem, with fish biodiversity vital to the health
of tropical coral reef ecosystems, both reefs that are pristine and those that
have been bleached (Benkwitt et al., 2020). Fish assemblages vary in
structure and density across atolls, for example parrotfishes varied in density
over 40-fold between sites (Samoilys et al., 2018).
Differences were explained by the amounts of live and recently dead coral,
reflecting different recovery trajectories following coral-bleaching events
(Samoilys et al., 2018). Reef-dwelling parrotfish populations boom in the
wake of severe coral bleaching (Taylor et al., 2019a), while many other
species of fish can decline in number, particularly if reef structural complexity
is lost (Wilson et al., 2006). Coral and parrotfish constitute a feedback loop,
slowly bringing each other into balance: When reefs are damaged, parrotfish
numbers swell and as the reef then returns to a healthy state, parrotfish
numbers decline again (Taylor et al., 2019a). The commercially important
bluespine unicornfish, Naso unicornis, is significantly influenced by SST,
with a shorter lifespan in warming waters (Taylor et al., 2019b). There is
considerable variation depending on energetic pathways, with some reef fish
species fuelled by pelagic rather than reef plankton, meaning they are more
resilient to coral mortality than might be expected (Morais and Bellwood,
2019).

15

Indian Ocean Region

Nutrients from seabirds nesting on BIOT islands enhance the productivity and
functioning of adjacent coral reefs, dramatically increasing biomass across
reef-fish trophic groups off islands where there are no invasive rats (Graham
et al., 2018). While relative declines in coral cover happened irrespective of
the presence of seabirds, there was more calcareous algae, and all feeding
groups of fishes were positively affected on reefs off seabird-colonised
islands (compared to those with rat populations). Herbivorous and
piscivorous fish were unaffected by the bleaching event, while coraldependent corallivores and planktivores experienced the greatest losses after
the bleaching (Benkwitt et al., 2019). While seabird nutrients did not enhance
resistance to bleaching, they may promote recovery due to their positive
influence on calcareous algae and herbivorous fishes (Benkwitt et al., 2019).
It is important that any possible greenhouse gas reduction measures be
adopted on the inhabited island of Diego Garcia to reflect the local context
and importance of the ecological importance of the BIOT MPA. However,
given the fact that impacts are commonly synergistic in their effects, of key
importance is the maintenance of existing restrictions on activities that would
add to the stresses on the shallow reefs that already exist from climate change.
DRIVERS OF CHANGE
The drivers are the same as those outlined under Priority 1.
KEY EVIDENCE SOURCES
These include:
•

•
•
•

•
•

The most-recent climate-change projections for reefs using the
Coupled Model Intercomparison Project Phase 6 (CMIP6) ensemble
which is based on Shared Socioeconomic Pathways (SSEPs) as
opposed to Representation Concentration Pathways (RCPs) (UNEP,
2020).
Peer reviewed publications from research dating back to the 1970s –
see references.
BIOT Biodiversity Action Plans produced by John Turner and Ronan
Roche (Bangor University).
Data from island-based research expedition visited the atolls in 1978–
1979, followed by ship-based research visits to the area at irregular
intervals from 1996–2012, and annual ship and island-based
expeditions from 2012 to 2020.
Data from BIOT stored on the Allen Coral Atlas
https://allencoralatlas.org/atlas/#7.92/-5.8360/72.9118
Expert input from scientists who have worked on coral reefs in BIOT
for up to 45 years, including unpublished data.
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KNOWLEDGE GAPS
Gaps include:
•

•

•

•

•

•

A lack of more-detailed climate model projections of future coral
bleaching conditions for BIOT and the broader Indian Ocean.
However, these are currently being produced and are due for
completion mid-2021, in work led by Gareth Williams (Bangor
University). These will help guide local reef managers, governments
and policy makers in what actions are required to increase the time
reefs have to naturally adapt to warming temperatures. A key
challenge for reef management lies in deciding where to target actions
to reduce anthropogenic stress, ensuring efficacy, as well as cost
effectiveness of actions taken.
A lack of detailed and continuous monitoring of key environmental
parameters to improve climate models as part of global ocean
observing networks. These are largely absent in BIOT, though we are
gaining valuable insights from the long-term temperature monitoring
(since 2006) and more-recent logging of other parameters (oxygen,
pH, salinity etc.) in lagoons across the archipelago.
Little is known about important habitats in the BIOT MPA. While
coral reefs have been a focal habitat for concerted research for some
time, a depth limit of 25 m is placed on diving activities to minimise
the risks in such a remote location. Yet most of the Great Chagos
Bank, the world largest atoll structure, is between 25 m and 100 m
deep. Studies of MCEs are at their early stages. Long-term monitoring
of mesophotic reefs will help identify if they are more resilient than
shallow reefs to global heatwaves and if these deep reefs help the
recovery of bleached areas.
The present paucity of supporting data on growth and erosion rates for
most coral species and reef-associated taxa represent a constraint on
the carbonate budget (and thus reef growth) estimates and limits
between-site comparisons (Lange et al., 2020).
The recent insights into the connectedness between islands and reefs,
driven by seabird nutrient transfer, demonstrate the highly connected
nature of different species and habitats. In other reef locations, surface
‘bioslicks’ – narrow, meandering lines of ocean convergence – have
been shown to represent important larval fish nurseries at ecosystem
scales (Gove et al., 2019) with different plankton pathways supporting
both reef and pelagic productivity (Skinner et al., 2021). Such studies
show that the systems are connected and complex, meaning that not
all consequences of the impacts of ocean warming are fully
understood.
Lack of quantification of blue carbon in BIOT and how that may
contribute to NDCs.
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PRIORITY 3: CHANGES TO REEF ISLANDS AND SANDY
BEACHES
WHAT HAS HAPPENED
Analyses of large global data sets for multiple island atolls in both the Pacific
and Indian Oceans have shown that while naturally dynamic, islands of more
than 10 ha have been relatively net stable in terms of land area over recent
decades (Duvat, 2018), with sea-level rise having no clear influence on island
size or land-area loss (McLean and Kench, 2015; Kench et al., 2018).
The patterns are complicated, but suggest that the smallest islands (<0.5 ha)
are more vulnerable to shoreline migration on the reef-platform surfaces and
to net erosion. Data from BIOT follow a similar pattern of high flux, with a
very recent study looking at the dynamics of atoll-island coastlines for 20
islands in Peros Banhos Atoll and the island of Diego Garcia (Wu et al., 2021)
demonstrating that coastline expansion and retreat are in balance such that
total land area of all the considered islands is virtually static over the last 50
years. In addition, and corresponding to global data sets, small islands (<20
ha) were found to substantially more dynamic than large ones (Wu et al.,
2021). Richly vegetated older and ‘brown’ soils are being lost, along with
deposition of areas of soft sediments, without an overall change in area
(Purkis et al., 2016; Sheppard and Sheppard, 2019).
Some island erosion is observed across the atolls, particularly on ocean-facing
shores, but it is unclear what the net changes in island areas have been on the
northern atoll islands. Erosion occurs even when the adjacent coast is
elevated, and this is clearly observed in north-west Diego Garcia where
relatively high coastal dunes are being lost to the sea (Spalding, 2020) and on
Middle Brother. Coastal structures, coastal engineering, and removal of
coastal vegetation may be exacerbating this erosion (Spalding, 2020).
WHAT MIGHT HAPPEN
A new study (Wu et al., 2021) found that islands in BIOT are likely to display
multi-decadal stability based on island area. However, the coastlines are
highly dynamic, undergoing erosion where they face prevailing wave energy
and extending on the leeward sides. The human modifications on Diego
Garcia appear to amplify these dynamics, increasing erosion under the
contemporary conditions of sea-level rise, and substantially more likely to
erode than those of the uninhabited islands of Peros Banhos (Wu et al., 2021).
Socio-economically, this is most likely to cause greatest concern on Diego
Garcia where there is less tolerance to shifts in island margins, overtopping
and inundation, due to it being an inhabited island and a military base
(Spalding, 2020). However, the ecological consequences may be profound on
the outer uninhabited islands, due to the multiple localised impacts on
groundwater, vegetation and on important sea turtle and seabird nesting sites.
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Studies of reef carbonate budgets in BIOT (described earlier) suggest a
negative carbonate budget resulting from the 2015/2016 bleaching event and
in the short-term at least, reef accretion potential may be insufficient to keep
track with sea-level rise (Perry et al., 2018, Lange and Perry 2019),
potentially leading to periods of enhanced shoreline wave exposure. Set
against this are likely short-term pulses of enhanced sediment supply caused
by elevated rates of parrotfish substrate erosion (Perry et al., 2020).
Ecological recovery trajectories will thus be key to determining the interplay
between rates of change in reef growth and sediment supply, relative to
changes in sea-level rise rates which almost all climate projections suggest
will increase markedly through to 2100 (Duvat et al., 2021). Indeed, the latest
IPCC sea-level rise projections suggest rise rates of ~7.6 mm per year by 2050
mm and 15 mm per year by 2100 under RCP8.5 type scenarios (Duvat et al.,
2021), and these regardless of reef growth and sediment supply will almost
inevitably increase island mobility/erosion rates and exacerbate existing
observed recent rates of shoreline change (Purkis et al., 2016; Spalding,
2020).
CONFIDENCE ASSESMENT
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More regular monitoring of change in reef islands, particularly accurate
shoreline monitoring is required to improve confidence. A greater
understanding of BIOT island dynamics and changes in coral reef sediment
supplies, including understanding how and when the islands were formed,
would increase predictive capability of island mobility. New research on
projected erosion and deposition patters on 10, 25 and 50 year timeframes
will help inform long term planning.
IMPACTS ON BIODIVERSITY AND SOCIO-ECONOMICS
There are economic implications of breaches of land barriers by the sea into
the lagoon in Diego Garcia, due to the infrastructure associated with the
military base. Reports of such breaches have been reported as far back as
1883, with this being a regular occurrence even 50 years ago (Stoddart, 1971).
There is a risk of a complete breach of the island north-west of Cust Point
(Spalding, 2020), while near the south on most Spring high tides breaches
permit fish including small sharks and rays to swim over the grass and a car
park (Sheppard, 2012). On the northern atolls, there is a high risk of damage
and loss of cultural heritage sites. The dynamic nature of the coastlines is
likely to be the major determinant as to whether an atoll island is suitable for
long-term human habitation, as radical shifts on sub-decadal timescales will
impact infrastructure, such as roads and utilities, and exacerbate flooding (Wu
et al., 2021).
BIOT currently provides a climate-resilient nesting sanctuary for turtles from
across the Western Indian Ocean, as it is one of the rare locations globally
where hatchlings are 50:50 males to females (reviewed in Hays et al., 2020).
However, the combination of temperature changes and nesting beaches may
skew sex ratios of regionally important turtle nesting sites. Temperature of
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nesting sites is also linked to sediment grain size which is partially determined
by reef taxa and complicated by microplastics, with marine heatwaves shown
to have a significant impact on the turtle hatching success rate (Hays et al.,
2021). There is also a more fundamental issue if entire nesting beaches are
lost through erosion and beach mobility.
DRIVERS OF CHANGE
Sea surface temperature and changing weather have been reported earlier and
apply here. Ocean acidification will decrease growth and structural integrity
of the fringing reefs, increasing the probability of wave overtopping and
damage to the islands from storms and waves.
KEY EVIDENCE SOURCES
These include:
•
•
•
•

BIOT Biodiversity Action Plans produced by John Turner and Ronan
Roche (Bangor University).
Peer reviewed publications from research dating back to the 1970s –
see references.
Official public reports from the Dr Mark Spalding, Chief Science
Advisor to BIOTA.
Expert input from scientists who have worked in BIOT for up to 45
years, including unpublished data.

KNOWLEDGE GAPS
Gaps include:
•

•
•

•

Chagos Archipelago island dynamics and changes in sediment
supplies, including understanding how and when the islands were
formed and how actively they are linked to the surrounding reef
sediment supply sites.
Monitoring of seagrass communities on the Great Chagos Bank,
which may degrade in a warming ocean.
Regular monitoring of change in reef islands, particularly accurate
shoreline monitoring, combined with the development of physical
models to project future changes in island area and position, including
impacts on groundwater and vegetation.
Appropriate and effective green or hybrid green-grey engineering
approaches on Diego Garcia that would mitigate impact and move
away from hard (usually concrete) engineering that can exacerbate
erosion (or displace the erosion to other areas) and negatively impact
flora and fauna. Several options that have been implemented
successfully elsewhere have been proposed (Spalding, 2020). Options
also need development for uninhabited islands to protect cultural
heritage.
21

Indian Ocean Region

PRIORITY 4: IMPACTS ON THE PROVISION OF
NATURAL COASTAL PROTECTION, RESILIENCE TO
SEA LEVEL RISE AND ISLAND MAINTENANCE
WHAT HAS HAPPENED
Rates of sea level rise in BIOT have tracked global averages for the region,
with current rates of sea level rise reported to range between 3.3 mm and 6
mm per year (Dunne et al., 2012, Sheppard and Sheppard, 2019, Wu et al.,
2021). Recent sea level rise in Diego Garcia, as recorded by the tide gauge, is
shown in figure 3. Where higher rates than those that could be explained by
sea level rise were documented, these were considered due to tectonic activity
(Purkis et al., 2016), but this is now thought to be negligible (Wu et al., 2021).
Instead, geodetic data suggest that the rate of sea-level rise the archipelago is
presently subjected to is substantially swifter than the global eustatic average
(Wu et al., 2021). There is emerging evidence that the islands in BIOT are
experiencing morphological adjustment through both shoreline erosion and
accretion, but that total island areas has been net static over recent decades in
the uninhabited atolls despite the estimated rates of sea level rise in the range
of 3.3 – 6 mm per year (Dunne et al., 2012, Wu et al., 2021).
The extreme positive Indian Ocean Dipole (IOD) is an irregular perturbation
across the Indian Ocean that in its positive phase can have effects that extend
into the central Indian Ocean (Cai et al., 2014). Extreme positive IOD events
have also been clearly associated with large-scale perturbations in sea level,
and a particular feature has been an upwelling or ridge of raised seawater in
the region between 5°S–10°S and 50°E–80°E, known as the Seychelles
Chagos Thermocline Ridge which may be giving a 10 cm additional lift to
already high tides (Nyadjro et al., 2017; Deepa et al., 2018; Deepa et al.,
2019; Han et al., 2019).
In October and November 2019, Diego Garcia, and to a slightly lesser extent,
the northern atolls of BIOT, underwent dramatic physical impacts linked to
extreme high sea levels (Spalding, 2020). This accelerated erosion, caused
flooding and deposition of sand and rubble and were attributed to a
combination of natural seasonal high tides, rising sea levels, and the positive
IOD (Spalding, 2020). The impacts were exacerbated by the widespread
deterioration of coastal vegetation, linked both to salinisation of the soil
caused by tidal flooding and drought conditions (Spalding, 2020).
WHAT MIGHT HAPPEN
The frequency of extreme positive IOD events is projected to increase by
almost a factor of three, with once-in-seventeen-year events in the 20th
Century to once-in-six-yearly by the end of the 21st Century (Roxy et al.,
2020). Tectonic activity is inherently unpredictable but could exacerbate
changes in island levels in conjunction with sea-level anomalies.

22

Indian Ocean Region

As reefs lose their structure associated with global bleaching events, they lose
their ability to provide wave-attenuation benefits. This may start to impact on
island shoreline stability and result in more frequent wave over-topping
events. Whilst wave over-topping is critical (and indeed the only process) that
sustains vertical island building this is also necessarily dependant on
sufficient sediment being available to be supplied to the islands. Projected
increases in bleaching and thus resultant loss of reef structure and thus of reefassociated sediment generating taxa are likely to have negative consequences
of island stability. This may be exacerbated by storminess increases caused
by more extreme projected IOD events (Roxy et al., 2020). Both will have
major consequences on island groundwater and vegetation, the latter being
also important in island stability, as well as critical for nesting seabirds.
CONFIDENCE ASSESMENT
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More regular monitoring of change in reef islands, particularly accurate
shoreline monitoring is required to improve confidence. A greater
understanding of BIOT island dynamics and changes in coral reef sediment
supplies, including understanding how and when the islands were formed,
would increase predictive capability of island mobility. New research on
projected erosion and deposition patters on 10, 25 and 50 year timeframes
will help inform long term planning.
IMPACTS ON BIODIVERSITY AND SOCIO-ECONOMICS
In Diego Garcia substantial and costly shoreline hardening takes place which
negatively impacts biodiversity, although there is considerable economic
pressure to maintain infrastructure.
The impact of recent climate-change driven events on native vegetation is
concerning, as freshwater lenses may be compromised, and the soil becomes
saline. Changes in rainfall patterns may impact the recovery of conditions
suitable for vegetation, which in turn impacts both biodiversity and the role
vegetation plays in stabilising soil and in wave attenuation.
DRIVERS OF CHANGE
Island dynamics are a natural process but are being changed by climatechange driven sea level rise and loss of reefs and associated sediment through
ocean acidification and sea temperature rises. These climate drivers have been
discussed in previous sections.
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KEY EVIDENCE SOURCES
•
•
•
•
•

BIOT Biodiversity Action Plans produced by John Turner and Ronan
Roche (Bangor University).
Peer reviewed publications from research dating back to the 1970s –
see references.
Official public reports from the Dr Mark Spalding, Chief Science
Advisor to the BIOT Administration.
Vegetation report from Royal Botanical Gardens, Kew with species
data stored in UKOTs Online Herbarium (Barrios and Wilkinson,
2018).
Expert input from scientists who have worked on coral reefs in BIOT
for up to 45 years, including unpublished data.

KNOWLEDGE GAPS
Gaps include:
•
•

•

•

•

Regular monitoring of change in reef islands, particularly accurate
shoreline monitoring, combined with the development of models to
project future change, including impacts on vegetation.
Understanding of the age and composition of the islands to determine
when they formed relative to past sea-level changes, which reef taxa
have primarily driven island sediment supply, and how actively
islands are connected to the surrounding reefs.
Understanding of the role of parrotfish and other sand-grade
generating organism abundance and size structure in sediment supply
for island maintenance, and how seabird nutrient inputs may influence
this supply. Current data show four times faster bioerosion adjacent
to seabird islands (Graham et al., 2018) but this will be investigated
in more detail under a new four-year programme of research (N.
Graham, pers. comm.).
Further research is required to better understand the delicate
ecosystems of the terrestrial environment, especially at the ecosystem
level, to assist in countering future threats at the global (e.g. climate
change) and local (e.g. invasive species management) scale. As
priority, a systematic botanical survey of the northern atolls, focusing
on the extent of non-native/invasive vascular plants is required.
Tectonic activity in the northern atolls and the impact on island
structure.

NOTE: In the online summary report card, priorities 3 and 4 are combined
under ‘Changes to reef islands and sandy beaches’.
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REGIONAL NATURE-BASED SOLUTIONS: CASE STUDY
The research and management priority within BIOT is the restoration of
natural nutrient cycles by eradicating invasive rats and restoring seabird
populations. Seabirds are key components of island ecosystems, transporting
nutrients from the open ocean to islands, enhancing the productivity of island
flora and fauna and surrounding marine ecosystems (Graham et al., 2018).
Seabird-derived nutrients enhance calcification rates (Benkwitt et al., 2019),
including growth rates of corals (Savage, 2019), and enhance processes that
produce island building sediments (Graham et al., 2018). New research shows
that seabird-derived nutrients return to both tropical islands and nearby coral
reefs within 16 years of rat eradication, although full recovery may take
several decades (Benkwitt et al., 2021). Seabird recovery can be dramatically
enhanced through rehabilitating native vegetation for at least 55% of the
habitat, once predators have been eradicated (Carr et al., 2021).

NEXT STEPS
•

•

•

•

•

•

As a fully protected MPA in a remote location, BIOT provides a
globally important reference site for climate-change impacts that can
give insights into finer-scale vulnerability and resilience in the
absence of other anthropogenic stressors. Integration of data from
BIOT into regional and global studies should therefore be encouraged.
The restoration of island ecosystems through the eradication of
invasive rats and restoration of native vegetation is the quickest and
most effective way to restore seabird populations and the associated
nutrient pathways that build resilience against climate change
impacts. This should therefore be the priority conservation action for
BIOT.
Regular monitoring of key species and habitats and associated
environmental parameters (e.g. temperature, rainfall) is required to
understand factors relating to climate change, including vulnerability,
resilience, and adaptation.
Research to identify the remaining knowledge gaps identified in this
report should be prioritised. While some of these will be achieved
through Phase II of the Bertarelli Foundation’s marine science
programme, not all projects have been finalised, so gaps will
subsequently need to be identified once this process is complete.
A detailed assessment of erosion impacts is required to inform the
potential cultural and economic impacts resulting from the dynamic
nature of the islands. Any mitigation strategies should prioritise
green-grey engineering options that protect and/or restore native
vegetation.
It is important that any possible greenhouse gas reduction measures
be adopted on the inhabited island of Diego Garcia to reflect the local
context and importance of the ecological importance of the BIOT
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•

•

MPA. However, given the fact that impacts are commonly synergistic
in their effects, of key importance is the maintenance of existing
restrictions on activities that would add to the stresses on the shallow
reefs that already exist from climate change.
Through the UK’s involvement in international treaties, there are
opportunities for more-regional engagement to increase climate smart
ocean protection that allows species range shifts along climate
gradients, for example, exploring how MPAs in the region act
synergistically.
The only pathway to actually control climate change and limit its
impacts, including to coral reefs, is through effective and immediate
reduction of greenhouse gas emissions at a global scale and meet then
exceed targets set in the Paris Agreement. COP26 will be instrumental
in defining the pathway for the planet and any future for coral reefs.

LIMITATIONS OF THE STUDY
This report should be considered as complementary to the assessment of
climate change impacts on corals in the UKOTs of BIOT and the Pitcairn
Islands (Blue Belt Report Card, 2021, Lincoln et al., 2021), although the
processes were run in parallel.
By covering a wide scope of all species, habitats and systems, the
methodology offers a relatively simple, but crude approach to assess low to
high risk to climate change. As one example, research on climate change will
impact sea turtles in BIOT and nesting success (Hays et al., 2021), as well as
the key knowledge gaps that need to be addressed (summarised in Hays et al.,
2020). However, this was represented as only a single question in the
prioritisation exercise and therefore was not considered a priority issue.
There is inevitably a bias generated by (a) workshop participants, and (b)
current knowledge. This tends to lead to a focus on assessing and ranking
existing information rather than the gaps which are much harder to list and
evaluate. As such, we know a lot about corals and fish on reefs in BIOT but
know very little about many other areas of the entire ecosystem, e.g.
microbes, plankton and the deep sea, and its functionality and connectedness.

ACKNOWLEDGEMENTS
MCCIP wishes to acknowledge the contributions of the other regional
workshop participants who helped to identify the priority climate change
issues: Samuel Bullen (BIOTA), Peter Carr (University of Exeter/ZSL),
David Curnick (ZSL), Rob Dunbar (Stanford University), Helen Ford
(Bangor University), Graeme Hays (Deakin University), Malcolm Nicoll
(ZSL), Chris Perry (University of Exeter), Brett Taylor (Australian Institute
of Marine Science).

27

Indian Ocean Region

MCCIP would also like to thank to two anonymous reviewers whose
constructive comments helped to improve this work.

REFERENCES
Andradi-Brown, D.A, Dinesen, Z., Head, C.E.I, Tickler, D.M., Rowlands, G. and Rogers,
A.D. (2019). Mesophotic coral ecosystems in the Chagos Archipelago. In Mesophotic
Coral Ecosystems (eds. Y. Loya, K.A. Puglise and T.C.L. Bridge). Springer
International Publishing. doi: 10.1007/978-3-319-92735-0
Bárrios, S. and Wilkinson, T. (2018). Mapping the vegetation of Diego Garcia Island, British
Indian Ocean Territory. Fieldwork report and photographic supplement. (OFC no
893). doi: 10.13140/RG.2.2.33600.99844
Bayley, D.T.I., Mogg, A.O.M., Koldewey H. and Purvis, A. (2019). Capturing complexity:
Field-testing the use of ‘structure from motion’ derived digital models to replicate
standard
measures
of
reef
physical
structure.
Peer
J
doi:
https://doi.org/10.7717/peerj.6540
Bayley, D.T.I. and Mogg, A.O.M. (2020). A protocol for the large-scale analysis of reefs
using structure from motion photogrammetry. Methods in Ecology and Evolution. doi:
10.1111/2041-210X.13476
Beal, L. M., Vialard, J., Roxy, M. K., Li, J., Andres, M., Annamalai, H. et al. (2020). A road
map to IndOOS-2: Better observations of the rapidly warming Indian Ocean. Bulletin
of the American Meteorological Society, 101(11), E1891-E1913. doi:
10.1175/BAMS-D-19-0209.1
Benkwitt, C.E., Graham, N.A.J. and Wilson, S.K. (2019). Seabird nutrient subsidies alter
response of coral reefs to bleaching events. Global Change Biology, 25(8). doi:
10.1111/ gcb.14643
Benkwitt, C.E., Wilson, S.K. and Graham, N.A.J. (2020). Biodiversity increases ecosystem
functions despite multiple stressors on coral reefs. Nature Ecology and Evolution. doi:
10.1038/s41559-020-1203-9
Benkwitt, C.E., Gunn, R.L., Le Corre, M., Carr, P. and Graham, N.A.J. (2021). Rat
eradication restores nutrient subsidies from seabirds across terrestrial and marine
ecosystems. Current Biology. doi: 10.1016/j.cub.2021.03.104
Blue Belt Report Card (2021). Climate Change Impacts on Corals in the UK Overseas
Territories of BIOT and the Pitcairn Islands (eds. S. Lincoln, B. Cowburn, E. Howes,
S. Birchenough, J. Pinnegar, Dye, S., Buckley, P., Engelhard, G.E. and B. Townhill).
UK Blue Belt Programme, 16 pp.
Cai, W., Santoso, A., Wang, G., Weller, E., Wu, L., Ashok, K., Masumoto, Y. and Yamagata,
T. (2014). Increased frequency of extreme Indian Ocean Dipole events due to
greenhouse warming. Nature, 510, 254–258.
Carr, P., Barrios, S., Clubbe, C., Freeman, R., Koldewey, H.J., Nicoll, M.A.C., Trevail, A.,
Wilkinson, T. and Votier, S. (2021). Potential benefits to breeding seabirds of
converting abandoned coconut plantations to native habitats after invasive predator
eradication. Restoration Ecology. doi: 10.1111/rec.13386
Chen, X., Yu, K., Huang, X., Wang, Y., Liao, Z., Zhang, R., Yao, Q., Wang, J., Wang, W.,
Tao, S. and Zhang, H. (2019). Atmospheric nitrogen deposition increases the
possibility of macroalgal dominance on remote coral reefs. Journal of Geophysical
Research: Biogeoscience 124,1355–1369. doi: 10.1029/2019JG005074
Deepa, J. S., Gnanaseelan, C., Kakatkar, R., Parekh, A. and Chowdary, J. S. (2018). The
interannual sea level variability in the Indian Ocean as simulated by an Ocean General
Circulation Model. International. Journal of Climatology, 38 (3), 1132-1144.
Deepa, J. S., Gnanaseelan,C., Mohapatra, S., Chowdary, J.S., Karmakar, A., Kakatkar, R.
and Parekh. A. (2019). The Tropical Indian Ocean decadal sea level response to the
Pacific Decadal Oscillation forcing. Climate Dynamics, 52, 5045-5058.
Dunne, R.P., Barbosa, S., Woodworth, P.L. (2012). Contemporary sea level in the Chagos
Archipelago, central Indian Ocean. Global and Planetary Change. 82–83: 25-37
https://doi.org/10.1016/j.gloplacha.2011.11.009

28

Indian Ocean Region

Duvat, V.K.E. (2018). A global assessment of atoll island planform changes over the past
decades. WIREs Climate Change. doi: 10.1002/wcc.557
Duvat, V.K.E., Magnan, A.K., Perry, C.T., Spencer, T., Bell, J.D., Wabmitz, C.C.C. et al.
(2021). Risks to future atoll habitability from climate‐driven environmental changes.
WIREs Climate Change doi: 10.1002/wcc.700
Gove, J.M., Whitney, J.L., McManus, M.A., Lecky, J., Carvalho, F.C., Lynch, J.M. et al.
(2019). Prey-size plastics are invading larval fish nurseries. Proceedings of the
National
Academy
of
Sciences,
116 (48),
24143-24149.
doi: 10.1073/pnas.1907496116
Frost, M., Baxter, J., Buckley, P., Dye, S. and Stoker, B. (2017). Reporting marine climate
change impacts: Lessons from the science-policy interface. Environmental Science
and Policy, 78, 114-120. doi: 10.1016/j.envsci.2017.10.003
Graham, N.A.J. and Nash, K.L. (2013). The importance of structural complexity in coral reef
ecosystems. Coral Reefs, 32, 315–326. doi: 10.1007/s00338-012-0984-y
Graham, N.A.J., Wilson, S.K., Carr, P., Hoey, A.S., Jennings, S. and MacNeil, M.A. (2018).
Seabirds enhance coral reef productivity and functioning in the absence of invasive
rats. Nature, 559, 250–253. doi: 10.1038/s4158 6-018-0202-3
Han, W., Stammer, D., Thompson, P., Ezer, T., Palanisamy, H., Zhang, X., Domingues,
C.M., Zhang, L. and Yuan, D. (2019). Impacts of Basin-Scale Climate Modes on
Coastal Sea Level: a Review. Surveys in Geophysics 40, 1493-1541.
Hays, G.C., Koldewey, H.J., Andrzejaczek, S., Attrill, M.J., Barley, S., Bayley, D.T.I. et al.
(2020). A review of a decade of lessons from one of the world’s largest MPAs:
conservation gains and key challenges. Marine Biology. doi: 10.1007/s00227-02003776-w
Hays, G.C., Chivers, W.J., Laloë, J-O., Sheppard, C. and Esteban N. (2021). Impact of marine
heatwaves for sea turtle nest temperatures. Biological Letters, 20210038. doi:
10.1098/rsbl.2021.0038
Head, C.E.I, Bayley, D., Roche, R., Turner, J., Rogers, A.D., Koldewey, H., Rowlands, G.,
Tickler, D.M. and Andradi-Brown, D. (2019). Coral bleaching impacts from back-toback 2015-2016 thermal anomalies in the remote central Indian Ocean. Coral Reefs,
38, 605-618. doi: 10.1007/ s00338-019-01821-9
Hofmann, M., Mathesius, S., Kriegler, E., van Vuuren, D.P. and Schellnhuber, H.J. (2019)
Strong time dependence of ocean acidification mitigation by atmospheric carbon
dioxide removal. Nature Communications, 10, 5592. doi: 10.1038/s41467-01913586-4
Kench, P.S., Ford, M.R. and Owen, S. D. (2018). Patterns of island change and persistence
offer alternate adaptation pathways for atoll nations. Nature Communications, 9, 605.
Lange, I.D. and Perry, C.T. (2019). Bleaching impacts on carbonate production in Chagos:
influence of functional coral groups on carbonate budget trajectories. Coral Reefs, 38,
619-624. doi: 10.1007/s00338-019-01784-x
Lange, I.D. and Perry, C.T. (2020). A quick, easy and non-invasive method to quantify coral
growth rates using photogrammetry and 3D model comparisons. Methods in Ecology
and Evolution, 11(6), 714-726. doi: 10.1111/2041-210X.13388
Lange, I.D., Perry, C.T. and Alvarez-Filip, L. (2020). Carbonate budgets as indicators of
functional reef “health”: A critical review of data underpinning census-based methods
and
current
knowledge
gaps.
Ecological
Indicators.
doi:
10.1016/j.ecolind.2019.105857
Laverick, J.H., Andradi-Brown, D.A., Exton, D.A. et al. (2016). To what extent do
mesophotic coral ecosystems and shallow reefs share species of conservation
interest?. Environmental Evidence, 5, 16. doi: 10.1186/s13750-016-0068-5
Lincoln, S., Cowburn, B., Howes, E., Birchenough, S.N.R., Pinnegar, J., Dye, S., Buckley,
P., Engelhard, G.H. and Townhill, B.L. (2021). Climate Change Impacts on Corals in
the UK Overseas Territories of BIOT and the Pitcairn Islands. Scientific Report. UK
Blue Belt Programme, 83 pp. www.gov.uk/blue-belt-programme
McLean, R. and Kench, P. (2015). Destruction or persistence of coral atoll islands in the face
of 20th and 21st century sea-level rise? Wiley Interdisciplinary Reviews: Climate
Change, 6, 445-463.
Morais, R.A. and Bellwood, D.R. (2019). Pelagic subsidies underpin fish productivity on a
degraded coral reef. Current Biology, 29 (9). doi: 10.1016/j.cub.2019.03.044

29

Indian Ocean Region

Nyadjro, E.S., Jensen, T.G., Richman, J.G. and Shriver, J.F. (2017). On the relationship
between wind, SST, andthe thermocline in the Seychelles–Chagos Thermocline
Ridge. IEEE Geoscience and Remote Sensing Letters, 14, 2315-2319.
Perry, C., Murphy, G., Graham, N., Wilson, S.K., Januchowski-Hartley, F.A. and East, H.K.
(2015). Remote coral reefs can sustain high growth potential and may match future
sea-level trends. Sci Rep., 5, 18289. doi.org/10.1038/srep18289
Perry, C.T., Alvarez-Filip, L., Graham, N.A.J, et al. (2018). Loss of coral reef growth
capacity to track future increases in sea level. Nature, 558, 396-400. doi:
10.1038/s41586-018-0194-z
Perry, C.T., Morgan, K.M., Lange, I.D., Yarlett, R.T. (2020). Bleaching-driven reef
community shifts drive pulses of increased reef sediment generation. Royal Society
Open Science doi.org/10.1098/rsos.192153
Purkis, S. J., Gardiner, R., Johnston, M.W. and Sheppard, C.R.C. (2016). A half-century of
coastline change in Diego Garcia – The largest atoll island in the Chagos.
Geomorphology, 261, 282–298.
Riegl, B. and Purkis, S.J. (2008). Reefs, Resilience, and Refuges – Theoretical
Considerations and Real-Life Examples. Marine & Environmental Sciences Faculty
Proceedings,
Presentations,
Speeches,
Lectures.
105.
https://nsuworks.nova.edu/occ_facpresentations/105
Roche, R.C., Pratchett, M.S., Carr, P., Turner, J.R., Wagner, D., Head, C. and Sheppard,
C.R.C. (2015). Localized outbreaks of Acanthaster planci at an isolated and
unpopulated reef atoll in the Chagos Archipelago. Marine Biology, 162, 1695–1704.
doi: 10.1007/s00227-015-2708-7
Roche, R., Williams, G. and Turner, J. (2018). Towards developing a mechanistic
understanding of coral resilience to thermal stress across multiple scales. Ecology and
Evolution, 4, 51-64. doi: 10.1007/s40641-018-0087-0
Roxy, M.K., Gnanaseelan, C. et al. (2020). Indian Ocean Warming. In Assessment of
Climate Change over the Indian Region (eds. R. Krishnan, J. Sanjay, C.
Gnanaseelan, M. Mujumdar, A. Kulkarni, S. Chakraborty). Springer, Singapore.
doi: 10.1007/978-981-15-4327-2_10
Samoilys, M., Roche, R., Koldewey, H. and Turner. J. (2018). Patterns in reef fish
assemblages: Insights from the Chagos archipelago. PLOSone, 3, 21. doi:
10.1371/journal.pone.0191448
Savage, C. (2019). Seabird nutrients are assimilated by corals and enhance coral growth
rates. Scientific Reports, 9, 4284. doi: 10.1038/s41598-019-41030-6 Sheppard, C. R.
C. 1980. Coral cover, zonation and diversity on reef slopes of Chagos Atolls, and
population structures of the major species. Marine Ecology Progress Series, 2:193–
205.
Sheppard C.R.C. (2003). Predicted recurrences of mass coral mortality in the Indian Ocean.
Nature, 425, 294–297.
Sheppard, C.R.C. (2012). Sharks on the Lawn. The reality of rising sea-level on Indian Ocean
Islands. Ocean Challenge, 19, 17.
Sheppard, C.R.C. (2015). The reef conservation conundrum, in one small archipelago. Reef
Encounter, 30, 11-16.
Sheppard, C. and Sheppard, S. (2019). Chapter 11 - British Indian Ocean Territory (Chagos
Archipelago). In World Seas: an Environmental Evaluation (Second Edition) (ed. C.
Sheppard), Academic Press, pp. 237-252.
Sheppard, C.R.C., Drew, E.A. and Dinesen, Z. (1984). Ecology and physiology of the
scleractinian coral Ctenella chagius (Matthai). Bulletin of Marine Science, 3, 905918.
Sheppard, C.R.C., Bowen, B., Carr, P., Clubbe, C., Craig, M., Eble, J. et al. (2012). Reefs
and islands of the Chagos Archipelago, Indian Ocean: Why it is the world’s largest
no-take marine protected area. Aquatic Conservation: Marine and Freshwater
Research. doi: 10.1002/aqc.1248

30

Indian Ocean Region

Sheppard, C.R.C., Sheppard, A., Mogg, A., Bayley, D., Dempsey, A.C., Roche, R., Turner,
J. and Purkis, S. (2017). Coral bleaching and mortality in the Chagos Archipelago.
Atoll Research Bulletin, 613:1–26. doi: 10.5479/si.0077-5630.613
Sheppard, C., Sheppard, A. and Fenner, D. (2020). Coral mass mortalities in the Chagos
Archipelago over 40 years: Regional species and assemblage extinctions and
indications of positive feedbacks. Marine Pollution Bulletin, 154. doi:
10.1016/j.marpolbul.2020.111075
Skinner, C., Mill, A.C., Fox, M.D., Newman, S.P, Zhu, Y., Kuhl, A. and Polunin, N.V.C.
(2021). Offshore pelagic subsidies dominate carbon inputs to coral reef predators.
Science Advances, doi: 10.1126/sciadv.abf3792
Spalding, M.D. (2020). Inundation and Erosion report: Diego Garcia, November, 2019. Chief
Science Advisor, BIOT Administration. 20 December 2019 [Approved for public
release 25 April 2020]
Stoddart, D.R. (1971). Geomorphology of Diego Garcia Atoll. Atoll Research Bulletin, 149,
7-26.
Taylor, B.M., Benkwitt, C.E., Choat, H., Clements, K.D., Graham, N.A.J., and Meekan, M.G.
(2019a) Synchronous biological feedbacks in parrotfishes associated with pantropical
coral bleaching. Global Biology Change. doi: 10.1111/gcb.14909
Taylor, B.M., Choat, J.H., DeMartini, E.E., Hoey, A.S., Marshell, A., Priest, M.A., Rhodes,
K.L., Meekan, M.G. (2019b). Demographic plasticity facilitates ecological and
economic resilience in a commercially important reef fish. Journal of Animal
Ecology/Global Change Biology, doi: 10.1111/1365-2656.13095
Turner, J.A., Babcock, R.C., Hovey, R. and Kendrick, G.A. (2017). Deep thinking: a
systematic review of mesophotic coral ecosystems. ICES Journal of Marine Science,
74 (9) 2309–2320. doi.org/10.1093/icesjms/fsx085
UNEP (2017). Coral Bleaching Futures - Downscaled projections of bleaching conditions
for the world’s coral reefs, implications of climate policy and management responses.
United Nations Environment Programme, Nairobi, Kenya.
UNEP (2020). Projections of future coral bleaching conditions using IPCC CMIP6 models:
climate policy implications, management applications, and Regional Seas summaries.
United Nations Environment Programme, Nairobi, Kenya.
van Hooidonk, R., Maynard, J., Tamelander, J., Gove, J., Ahmadia, G., Raymundo, L.,
Williams, G., Heron, S.F. and Planes, S. (2016). Local-scale projections of coral reef
futures and implications of the Paris Agreement. Scientific Reports, 6, 39666.
doi.org/10.1038/srep39666
Williams, G.J., Roche, R.C. and Turner, J.R. (2018). First record of a coralline fungal disease
(CFD) in the Indian Ocean. Coral Reefs, 37(1243), 1. doi: 10.1007/s00338-018-1704z.
Wilson, S.K., Pratchett, M.S., Jones, G.P. and Polunin, N.V.C. (2006). Multiple disturbances
and the global degradation of coral reefs: are reef fishes at risk or resilient? Global
Change Biology, doi: 10.1111/j.1365-2486.2006.01252.x
Wu, M., Duvat, V.K.E. and Purkis, S.J. (2021). Multi-decadal atoll-island dynamics in the
Indian Ocean Chagos Archipelago. Global and Planetary Change, doi:
10.1016/j.gloplacha.2021.103519

31

