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Abstract

Background Subtropical coral reefs are comparatively understudied compared to tropical coral reef ecosystems,

yet also host a diverse and abundant array of marine life and provide substantial socio-economic benefits to commu-
nities. Research into the impacts of ocean warming on subtropical coral reefs has increased over the past two decades
due to increase frequency and intensity of bleaching and degradation of these ecosystems. Understanding the extent
of research effort and type of evidence assessing the response of subtropical corals and reefs to ocean warming
provides valuable insight into global patterns in research efforts allowing critical knowledge gaps to be identified.

A comprehensive understanding the impact of ocean warming on these systems will underpin our ability to predict
and respond to future changes on subtropical coral reefs. Here, a systematic-map approach is used to identify recent
research effort, from 2010 to 2023, and highlight patterns in the type, scale, and location of research conducted

and as well as identify the availability of data and evidence reported.

Methods Primary literature was identified by searching Scopus and Science Citation Index Expanded through Web
of Science Core Collection databases. The methodologies provided in a previously published systematic map protocol
were applied, and 90 primary research publications were subsequently identified. Data extraction from the identified
literature included bibliometric data, discipline and type of research, type of data reported and how it was recorded,
and data availability.

Findings The identified literature consisted primarily of experimental (49%) and observational (39%) studies. The
majority of the primary literature investigated corals in the ecoregions of Southern China (13%), Western Mediterra-
nean (10%) and across a total of seven ecoregions grouped within Oceania (29%). Stressors reported in the literature
as drivers of ocean warming reflect the standardisation of methods applied in reporting of events within the litera-
ture. Standardised metrics related to degree heating weeks (DHW) and marine heatwaves (MHW) have been reported
when assessing the occurrence and severity of drivers, and are increasing in recent years, particularly in Australia.
Finally, the need for increased research effort across much of the subtropics is evident, particularly for understudied
regions such as the Western Indian Ocean where there are far fewer studies than other similar subtropical coral reef
ecosystems.

Conclusions Climatic change, increasing ocean temperatures, and the impacts to subtropical and temperate coral
reefs are of increasing concern to policy makers and researchers alike. This systematic map provides a broad overview
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of research topics and effort around the globe since 2010 and identifies areas where more research effort is urgently
needed. Our study has identified major research clusters in Asia, Australia, the Mediterranean, and North America
and gaps of research in regions such as the East Indian Oceans. Of the research conducted to date approximately
one third reports on evidence related to marine protected areas and the vast majority of evidence is from close/ter-
ritorial sea locations, providing important knowledge base for management of these areas. Of the 17 studies report-
ing on specific extreme events (rather than experimental studies which is the majority of evidence identified here)
13 have been published since 2019, with the majority reporting on events occurring in 2019/20 indicating a trend
of increasing evidence in recent years (a total of 7 studies from 2010 to 2013, compared to over 10 studies published

annually since 2019 up to mid-2023).
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Background

Coral reef ecosystems, identified as reef systems domi-
nated by corals, are some of the most valuable ecosys-
tems in the world, where unique marine biodiversity
provides a range of socio-economic benefits to commu-
nities [1]. However, coral reefs are declining globally [2,
3], threatening a loss of marine biodiversity and local
species extinctions [4]. Coral species include vast pop-
ulations solitary corals in polar and temperate regions,
to the spectacular reef structures of the tropics. Tropi-
cal coral reefs been the focus of coral research and
long-term studies have shown climate-related declines
across reefs and species in these regions [5-10].

Coral bleaching occurs in response to increased
water temperatures (1-2 °C above average) and in
combination with high irradiance results in the break-
down of the coral host symbiosis with the dinoflagel-
late Symbiodinacea, exposing the coral skeleton and
the coral becoming visibly white [11]. The breakdown
of the coral photoendosymbiosis is a generalised stress
response of the coral and other stressors such as pollu-
tion, ocean acidification also results in coral bleaching
[12-14]. Since 2010, bleaching events have also been
recorded on subtropical coral reef ecosystems including
Hong Kong [15, 16], Japan [17], and on Australia’s Lord
Howe Islands [18]. Subtropical coral reefs are unique
and important habitats for a range of both subtropi-
cal and tropical marine organisms, including a num-
ber of endemic taxa [19-21]. Several hypotheses have
emerged on the importance of these systems includ-
ing the capability of coral reefs in subtropical regions
to act as refugia for tropical species [22—-24], and pole-
ward expansion of tropical species [25, 26]. Other stud-
ies point to the higher risk of endemic species from
subtropical systems due to limited connectivity with
source populations and thermal susceptibility of spe-
cies [27, 28]. As such, uncertainty remains in predict-
ing survival, diversity, and coverage of subtropical coral
species as ocean warming increasingly impacts many of
these regions globally.

Understanding the capacity for subtropical coral reef
ecosystems to preserve and continue to provide valu-
able ecosystem goods and services is vital for manage-
ment of these systems. For example, the capacity for the
regions to act as refugia depends largely on the surround-
ing oceanographic conditions. For instance, upwelling
can protect thermally sensitive coral genera on the for-
ereef of the subtropical atoll by decreasing water tem-
peratures during extreme events and supporting coral
survival [22, 24]. However, the cool, upwelled water will
only provide refuge if there is a synchrony between the
timing of ocean warming and upwelling [24]. Some stud-
ies have shown that under ocean warming, herbivorous
marine organisms and corals from tropical regions are
expanding into subtropical and temperate regions, and
these expansions have the potential to alter the commu-
nity structure of subtropical regions [25, 29]. A tropical
poleward expansion of species in some regions could
pose a threat to the endemic subtropical and temperate
coral communities [30]. Endemic taxa may therefore face
decline as the result of competition with tropical spe-
cies [25]. The breadth of threats to corals and coral reefs
across the subtropics, and the potential for vastly dif-
ferent outcomes of ocean warming in different regions
highlights the challenges for managing subtropical coral
reefs. Understanding available evidence highlights pat-
terns in research findings, knowledge gaps, and identifies
the type of evidence that is available across different eco-
systems. Systematic literature assessment, including sys-
tematic maps, are becoming increasingly important step
in understanding and developing management strategies
particularly in complex systems [31].

Here, we provide a systematic map of the distribution
and abundance of recent scientific evidence in relation
to ocean warming impacts on subtropical corals and
coral reefs [31]. We define recent scientific evidence as
peer reviewed research publications within the period
of 2010- 2023, with the insights provided here aimed
to provide review of evidence from events occurring in
the past 2 decades, identify knowledge gaps, and aid in
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directing future research efforts. We collate and classify
the identified research evidence (2010-2023) identifying
factors such as the location of the study, year of publica-
tion, study types, and the reported metrics of identifying
ocean warming events. Regarding location, the Marine
Ecoregions of the World (MEOW) [32] introduced a
hierarchical biogeoregionalisation of coastal and shelf
areas based on biogeographic assessments, ecoregional
assessments, government-derived or supported systems
and input from different researchers and assessments
[32]. Ecoregions are defined as areas of relatively homo-
geneous species composition and clearly distinct from
adjacent systems nested within Provinces, where prov-
inces are large areas with presence of distinct biotas, that
hold some level of endemism [32]. Using MEOW as a
standardised reference for location enables a systematic
approach for recording locational data in marine conser-
vation planning and research. The most widely applied
methods of recording extreme temperature events on
coral reefs include degree heating weeks (DHW) [33—
35] and marine heatwaves (MHW) [36]. Degree heating
weeks (DHWSs) is a measure of estimated accumulated
thermal stress experienced by corals calculated by adding
days where temperatures exceed the summertime maxi-
mum by at least 1 degree Celsius over a 12-week period
[33-35]. A MHW is defined as a thermal event where
SST exceeds the 90th percentile of the local climatologi-
cal temperature for at least 5 consecutive days [36]. We
also record which research disciplines, drivers of change,
and methods of recording severity of coral responses to
ocean warming that have been reported within the iden-
tified evidence. We also record information provided on
the reef (location depth) and study (species). As such we
provide a systematic map of the type, distribution, and
abundance, of scientific evidence in relation to recent
ocean warming impacts on subtropical corals and coral
reefs [31].

Objective of the review
The following questions outlined in the published proto-
col [37] are addressed in this systematic map:

What is the evidence, within scientific literature since
2010, on the impact of ocean warming to subtropical and
temperate corals and coral reefs?

How have sea surface temperature (SST) data been
recorded in subtropical and temperate coral reef
locations?

Are there studies using MHW (Marine heatwaves) [36]
and/or DHW (degree heating weeks) [33-35] as pre-
ferred metrics when evaluating climate events?

How are the levels of mortality and bleaching defined
in the research locations?
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Where, and how, have coral biological response and
coral reef ecological impacts been recorded in subtropi-
cal and temperate coral reef locations?

The questions listed above concern the metrices of
data collection and data categorisation of existing litera-
ture as well as the distribution of researchers around the
world working on the topic. Through answering these
questions, trends in the use of different temperature
data, reporting metrices and publication timeline can
be identified, as well as providing a summary of recent
publications.

We utilised the PECO (Population, Exposure, Compar-
ator and Outcomes) framework for specifying the scope
of this systematic map:

+ Population: Subtropical and Temperate Coral Sys-
tems and Coral Reefs. Coral systems are defined in
this systematic map as corals belonging to the class
Octocorallia or Hexacorallia.

+ Exposure: Ocean Warming

+ Comparator: Effects before and after recorded event/
exposure. Control/exposure experimental studies are
included.

+ Outcomes: Mortality and bleaching, habitat changes,
threats, acclimatisation of subtropical and temperate
coral systems.

Methods

Protocol

We followed the Collaboration for Environmental Evi-
dence Guidelines and Standards for Evidence Synthesis
in Environmental Management [38] and conformed to
the reporting standards for systematic evidence syn-
thesis (ROSES) [39]. The systematic map is based on a
previously published protocol registered in PROCEED,
the global database of prospectively registered evidence
reviews and syntheses in the environmental sector [37].
The ROSES form for this systematic map is provided with
the submission of this manuscript as Additional File 1.

Deviation from the protocol
“Comparators” in the PECO framework has been
expanded as follows:

+ Comparator: Effects before and after recorded event/
exposure. Control/exposure experimental studies are
included.

The following deviation was made in eligibility criteria
for inclusion of this systematic map:

Studies including subtropical coral systems and any
other component, including tropical, polar, or other
organisms such as fishes, kelp, etc., were included in this
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systematic map, but only the subtropical coral systems
data are extracted.

Corals here are defined as marine organisms belonging
to the class Octocorallia and Hexacorallia. “Coral reefs” is
used here to describe reefs with reef building corals.

If a study describes the impact of ocean warming on
marine organisms living on a subtropical/temperate coral
reef with no outcome or prediction describing corals or
coral reefs, it would not be included.

Impact of cold stress is included as an ocean warming
evidence in this map to highlight the research on cor-
als exposed to cold stress, as cold stress has been shown
to bleach coral and may have led to mortality of coral
populations.

Studies focused on ocean acidification and its interac-
tion with ocean warming were excluded from this sys-
tematic map. Studies addressing both ocean acidification
and ocean warming independently were included, but
only the ocean warming data were included for this sys-
tematic map.

In other eligibility criteria, the following were changed:

Modelling studies without observation/experiment
were excluded.

Study type: Studies that include original empirical data
were included. Theoretical papers were excluded from
the study. Non-primary research were not included for
this systematic map.

Theoretical papers were excluded from this map, and
they were not discussed at a separate section of this
study. They were presented alongside other excluded lit-
erature in Additional file 2.

Studies with study periods ending before 2010 were
excluded. If the study period began before 2010 but
ended after 2010, the study is included but only data
from that study period (or any period after 2010) were
included.

Search strategy
Ten benchmark articles were selected a priori for the
development of the search string.

These 10 articles were selected based on their rel-
evance to the topic, covering both climatology and sub-
tropical and temperate coral systems under the influence
of ocean warming (Additional file 3). A series of search
strings were tested to test their capability to capture the
benchmark articles. The Boolean operator search string
was first developed on Scopus and translated to the
Web of Science database after it successfully captured
all 10 benchmark articles on Scopus. To capture recent
studies, the search results were limited to publications
on and after 2010 and the search was limited to publi-
cations in English only. The decision of limiting search
results to publications since 2010 was made to capture
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the snapshot of most recent research. In database search
accessed on Web of Science, we have utilised Science
Citation Index Expanded under the Web of Science Core
Collection. Both database searches were conducted on
15th June, 2023.

Search strings

Bibliographic databases

Scopus: TITLE-ABS-KEY ((coral* OR “coral reef*”)) AND
TITLE-ABS-KEY ((“ocean warming” OR “marine heat-
wave*” OR “marine heat wave*” OR mhw* OR “degree
heating week*” OR dhw* OR “heat stress*” OR stress OR
tropicali?ation OR temperature* OR “climate change”))
AND TITLEABS- KEY ((mortal* OR surviv* OR health*
OR diseas* OR grow* OR reprodu* OR cover* OR tropi-
cali?* OR shift* OR habitat* OR increase* OR declin* OR
decreas* OR impact* OR threat* OR bleach* OR accli-
mati?* OR respons*)) AND TITLE-ABS-KEY ((marginal
OR “high latitude” OR temperate OR subtropic* OR
extratropic*)) Followed by a removal of articles published
prior to 2010.

Web of Science: (All Fields) ((coral* OR “coral reef*”))
AND (All Fields) ((“ocean warming” OR “marine heat-
wave*” OR “marine heat wave*” OR mhw* OR “degree
heating week*” OR dhw* OR “heat stress*” OR stress OR
tropicali?ation OR temperature* OR “climate change”))
AND (All Fields) ((mortal* OR surviv¥ OR health* OR
diseas* OR grow* OR reprodu* OR cover* OR tropi-
cali?* OR shift* OR habitat* OR increase* OR declin* OR
decreas* OR impact* OR threat* OR bleach* OR accli-
mati?* OR respons*)) AND (All Fields) ( ( marginal OR
“high latitude” OR temperate OR subtropic* OR extrat-
ropic*)) Followed by removal of articles published prior
to 2010.

Web-based search engines

Grey literature was searched on Open Access Theses
and Dissertations (OATD) database on 19th September
2023, with the following search string used, which in
pilot testing has yielded 9 results: coral AND (subtropi-
cal OR temperate) AND “ocean warming” The included
results were limited to articles and reports published
since 2010 to cohere with the rest of the searches. Grey
literature included was limited to research theses, pre-
review reports, and open access scientific studies (herein
defined as grey literature selected for inclusion in system-
atic mapping) while government reports were excluded
due to the inconsistency in availability of these reports
between regions.

Comprehensiveness of the search
All 10 manually collected benchmark articles were
returned in the Scopus search, ensuring the search string



Ho et al. Environmental Evidence (2024) 13:25

to be sensitive enough for this systematic mapping study.
The list of the 10 benchmark articles and record of devel-
opment of the search string for database searches can be
found in Additional file 3.

Screening strategy

The first screening was conducted including and exclud-
ing articles by titles and abstracts using Rayyan software
[40] and was undertaken by two reviewers independently
on 1,218 titles and abstracts. Articles included in the first
round of screening were screened again in the second
phase of the screening by full text. Where full text did not
meet the selection criteria, they were excluded from the
data extraction. A pilot screening was performed by two
of the authors to assess the coherence of articles screen-
ing agreement. Articles on Rayyan were selected at ran-
dom for reviewers to quickly screen through the titles
and abstracts (30/1218, 2.46%). Consistency checks were
then performed for both stages on 30 titles and abstracts
(79.4% agreement rate). Subsequent screening of the
remaining titles and abstracts (n=1188) was performed
by the same two reviewers in parallel independently.
Reviewer 1 and Reviewer 2 disagreed on 129 articles, and
these were marked by the two reviewers as “Maybe” and
passed on to the third independent reviewer to make a
final decision. After title and abstract screening, 197
retrievable full texts were subject to the full text screen-
ing for decision on final inclusion data extraction.

Full text screening was performed using a Google Form
collaboratively by 6 reviewers for data collection from
articles. All 197 retrievable full texts were screened indi-
vidually first on abstract level by all reviewers to decide
on including or excluding the full text for data extrac-
tion, in the case of discrepancies between decisions
amongst reviewers, they were flagged and discussed by
all six reviewers to reach a final decision. If the full text
was included, then data would be extracted. If the full
text was excluded, then the exclusion reason(s) for the
full text would be provided in Additional file 2. The full
texts marked for inclusion were allocated and distributed
to the six reviewers for data extraction using the Google
Form. The inclusion/exclusion decision and data were
cross checked by one author (MLH) to ensure that all
extracted information is coherent. After this, 90 studies
were included in the systematic map.

Eligibility criteria
Articles from the databases were screened manually
according to the following PECO criteria:

Population: Subtropical and Temperate Coral Systems
and Coral Reefs
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— Studies focused on or including any subtropical
and temperate coral systems and coral reefs were
included. Subtropical and temperate coral systems
and coral reefs are found in subtropical and tem-
perate ecoregions respectively. In this systematic
map, the subtropical and temperate ecoregions are
defined as in Fig. 1 and Additional file 4 [23, 32];
this includes marginal and high latitude coral sys-
tems. Marginal reefs are where the environmental
conditions are marginal or close to a threshold for
the survival of the coral species, meaning that the
living conditions are less than ideal but still feasi-
ble for coral species to survive [41]. High latitude
reefs are reefs in regions above and below 28°N and
28°S respectively, referred in work by Beger et al.
[23] and the henceforth figure and table (Fig. 1 and
Additional file 4).

— Studies focused solely on tropical, polar and/or deep-
sea corals, kelp forests and fishes were excluded.

— Corals here are defined as marine organisms belong-
ing to the class Octocorallia and Hexacorallia. “Coral
reefs” is used here to describe reefs with reef building
corals.

— If a study describes the impact of ocean warming on
marine organisms living on a subtropical/temperate
coral reef with no outcome or prediction describing
corals or coral reefs, it would not be included.

Exposure: Ocean Warming

— We included studies focused on the effects of expo-
sure to ocean warming, specifically empirical ocean
warming studies that utilise degree heating weeks
and the definition of marine heatwaves as defined by
Hobday et al. (2016) [36], where:

o SST exceeds the bleaching threshold of 4 degrees
Celsius.

o SST exceeds the 90th percentile of the local cli-
matological value for the time of year based on
30 years of climatology data [36].

— Studies focused on ocean acidification and its inter-
action with ocean warming were excluded from
this systematic map. Studies addressing both ocean
acidification and ocean warming independently were
included, but only the ocean warming data were
included for this systematic map.

— Impact of cold stress is included as an ocean warm-
ing evidence in this map to highlight the research on
corals exposed to cold stress, as cold stress has been
shown to bleach coral and may have led to mortality
of coral populations [42].
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Fig. 1 Map showing tropical ecoregions (Yellow), subtropical ecoregions (Green), temperate ecoregions (Blue) and arctic ecoregions (Light Blue).
The grey area between 20°S and 40°S to the left side of the figure is the Easter Island, where both tropical and subtropical ecoregions can be found

[23,32]

Comparator: Effects before and after recorded event/
exposure. Control/exposure experimental studies are
included.

Outcomes: Mortality and bleaching, habitat changes,
threats, acclimatisation of subtropical and temperate
coral systems.

— We included all studies that address the physi-
ological effects and ecological effects ocean warm-
ing have on the coral systems and reefs—this
includes mortality, bleaching, changes in habitats
(e.g., destruction of reef structures), threats (e.g.,
increase in species that pose threats to corals and
coral reefs). Topics addressing the acclimatisation
of species were also considered.

— Measured outcomes, predicted outcomes and pre-
dictions were included.

Other eligibility criteria

— Study type: Studies that include original empiri-
cal data were included. Theoretical papers were
excluded from the study. Non-primary research
were not included for this systematic map.

— Modelling studies without observation/experiment
were excluded.

— Duplicated data (data that was reported in other
publications) were excluded.

— Theoretical papers were excluded from this map,
and they were not discussed at a separate section
of this study. They were presented alongside other
excluded literature in Additional file 2.

— Studies with study periods ending before 2010 were
excluded. If the study period began before 2010 but
ended after 2010, the study is included but only
data from that study period (or any period after
2010) were included.

Reporting screening outcomes

During the full-text screening, studies that were
rejected from the process and the respective reasons
were recorded. Reasons for exclusion of individual
articles are listed in Additional file 2. A flow diagram
was used to record and visualise the number of studies
assessed and rejected at each stage.
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Study validity assessment
No study validity assessment of studies has been per-
formed for this systematic map.

Bibliographic Map

o Title, DOIL number of citations, authors’ infor-
mation, year of publication, journal, keywords

— Location of research
Data coding strategy
Data extraction was conducted collaboratively by six
reviewers after being individually screened by all six
reviewers as outlined in “Screening Strategy” section.
Included full texts were allocated to the six reviewers
for data extraction using a Google Form questionnaire,
and the data were exported to a spreadsheet (Fig. 2). For
reporting of the systematic map, we have placed different
data types under the four categories described below:

o Research ecoregions, type of location, develop-
ment status, species

Research data recorded

o Temperature data recording methods, study
type, study timeline, environmental param-
eters, availability of temperature data

Ocean warming evidence

D
/

Data
Spreadsheet

Bibliographic
Map

Location of
Research

Research Data
Recorded

Ocean Warming
Evidence

Fig. 2 The data mapping methods flow chart for this systematic map
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o Extreme weather events recorded, stressors,
severity, extreme weather events timeline,
study outcome or prediction

Questions asked on the Google Form can be found in
Additional file 5. This data extraction step also served
as a full-text screening where final checks for inclusion
eligibility were conducted. Additionally, we recorded the
exclusion reason of the excluded full-text articles (Addi-
tional file 2).

Extracted data is provided in Additional file 6, which
also serves as the master data file for this systematic map.
Additional file 7 includes the metadata (i.e., descriptions
of all extracted variables).

Data mapping method

The primary product of this systematic map is a search-
able database provided as a Microsoft Excel file (Addi-
tional file 6). The data are divided into four sheets by
categories previously described in “Data Coding Strat-
egy” All columns within the database can be filtered to
return data that meet the user’s demands. Multiple fil-
ters can be applied at a time to narrow the search results.
Meta data for the columns are provided in Additional
file 7.

Results are presented in this report as a series of sta-
tistics, bar charts, donut plots, heat map, and map visu-
alisation to describe the statistics and spatial extent of
evidence collated. We describe the quantity of evidence
available for bibliography, location, research data, out-
comes and ocean warming evidence in this report, and
highlighting knowledge clusters and gaps related to our
primary research question.

Demonstrating procedural independence

As some of the authors of this review may have been
authors of some of the studies to be reviewed in this
work, their studies were independently assessed by other
reviewers without discussion with the study authors to
ensure the independence of the review.

Reporting. Methods outlined in previously published
protocol were followed.

Results in this systematic map are presented often in
“occurrences” and “studies” or “articles” “Occurrences”
refers to the occurrence of a subject mentioned in a
study. For example, for the ecoregions in a single study, if
the study contains three ecoregions under the same prov-
ince, it would be reported as three occurrences in one
study. “Studies” and “articles” are used interchangeably
in this systematic map. Sum of “occurrences” could be
greater than the number of included studies, while sum
of “studies” and “articles” is always equal to the number
of included studies.
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In Additional file 6, “N/A” is used in cells where no
applicable data were extracted.

All figures on this systematic map were created using
R version 4.2.2 [43] on R Studio version 2023.06.0 [44],
as well as RAWGraphs [45]. Several packages in R were
used in the creation of figures, including ggplot2 (3.4.4)
[46], wordcloud (2.6) [47], tidyverse (2.0.0) [48], dplyr
(1.1.4) [49], reshape2 (1.4.4) [50], viridis (0.6.5) [51],
RColorBrewer (1.1.3) [52], leaflet (2.2.1) [53], htmlwidg-
ets (1.6.4) [54], webshot (0.5.5) [55], and tm (0.7.11) [56].
Organisation of plots into multi-panel figures were done
with the use of Adobe Illustrator 2024 (Version 28.5,
Adobe). Word cloud of keywords was created by homog-
enising keywords from included literature in a CSV file
before being visualised using RStudio [44, 47].

Review findings

Data characteristics. After database searches on Sco-
pus and Web of Science, the search string had captured
877 and 1,042 results from the two databases respec-
tively. After removal of duplicates, 1,228 unique studies
remained. 197 studies were included after first stage of
screening by title and abstract, and were screened at full-
text level. After the full-text screening, 90 studies met the
inclusion criteria for the purpose of this systematic map
(Fig. 3). All 90 studies were extracted for the systematic
map. Search on Open Access Theses and Dissertations
database had captured nine studies. Originally seven of
the grey literature were excluded as these only focus on
tropical coral reef. The remaining two were eventually
excluded as duplicated data, since the theses were pub-
lished, and the published versions were already included
in this systematic map (Additional file 2).

Study types. 44 studies were identified (48.9%) that
were observation-based, three studies (3.3%) included
both observational and modelling evidence. 35 studies
(38.9%) were identified as experimental, with 7 studies
(7.7%) including both experimental and observational
evidence and one study (1.1%) including both experimen-
tal and modelling evidence. The most common article
keywords used in included studies were “coral’; “tempera-
ture’;, “bleaching”, “change’, “reef”, “climate’; and “antho-
zoa” (see a word cloud of keywords that appeared at least
10 times from literature included in this systematic map
in Fig. 4a).

Bibliographic information. Increasing research effort
from 2013 to 2015 is reported (a total of 19 publications
during 2013—2015) following by a drop to four publica-
tions in 2016 and increase to nine publications in 2017
(Fig. 4b) and has reached a peak of 10 and nine publi-
cations in 2022 and Mid-2023 respectively. In terms of
number of citations, two studies stood out, having 510
citations (study by Yamano et al, 2011 [25]) and 159
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Records identified from bibliographic
database searches
(n=1919)
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Records identified from searching other
sources
(n=9)

L ]
Records after duplicates removed

Duplicates removed

(n = 1228)

L
Records after title and abstract

A

(n =701)

Excluded titles and abstracts

screening
(n =197)

|
Articles retrieved at full text
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Fig. 3 Flow diagram of this systematic map, detailing the process of removal literature per stage. Created with ROSES reporting flow diagram tool

citations (study by Le Nohaic et al., 2017 [57]), respec-
tively. Other publications included in this systematic
map are less cited (Median=20) (Fig. 5a). Last authors
with more than one publication are associated with insti-
tutions in Hong Kong (three authors), Australia (one
author), United States of America (one author), United
Kingdom (one author), Italy (one author), Taiwan (one
author), Spain (one author), New Zealand (one author),
and Monaco (one author). In this systematic map, we
took the assumption that the last author is a senior
author, however, we acknowledge that it may not be the
case for all fields for literature included in this map. Most
last authors are publishing only intermittently, with only
one publication where the authors’ names appear as last
author (Fig. 6). Figure 7 shows the respective last authors
and the ecoregions of where the included publications
focused on. The leading locations are in Southern China,
with P. Ang having the highest number of publications

focusing on the area. This is followed by numerous
research in Western Mediterranean, with authors J. Gar-
rabou and S. Goffredo, both sharing the same number of
publications on the area. Lord Howe and Norfolk Islands
came third in terms of number of last authors and their
focus on the area, with S. Davy having the highest num-
ber of publications in the area.

In terms of all the authors regardless of position of
first, last, or other co-authors, P. Ang has the highest
number of publications (seven publications) in the lit-
erature included for this systematic map, followed by
C. Ross with five publications. A list of authors, includ-
ing A. Chui, X. Huang, C. Linares, M. McCulloch, J.W.
Qiu, R. Tsang, and K. Yu, have four publications each (all
extracted author names with the counts of their included
works are shown in Additional file 8).

In terms of publication journals, the largest number
of studies included come from Coral Reefs (17 studies),
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map. b The top 3 journals by number of publications by year

followed by Frontiers in Marine Science (seven studies),
Scientific Reports (six studies) (Fig. 5b). Other journals
include Science of the Total Environment (four studies),
Diversity (three studies), Global Change Biology (three
studies), Marine Ecology Progress Series (three studies),
Marine Pollution Bulletin (three studies), PloS One (three
studies), Proceedings of the Royal Society B: Biological
Sciences (three studies), Bulletin of Marine Science (two
studies), Ecology and Evolution (two studies), Journal of
Experimental Marine Biology and Ecology (two studies),
Limnology and Oceanography (two studies), Molecular
Ecology (two studies) (Table 1 with all included articles).

Location of research

The provinces were identified, and subsequently the
ecoregion where the included studies were conducted
(Fig. 8). There were 6 studies that involve both tropical
and subtropical ecoregions in Australia. Majority of stud-
ies were conducted in the province of South China Sea
(20 occurrences in 17 studies, 18.9%), this includes the
ecoregions of Southern China (15 studies, 16.7%), South
China Sea Oceanic Islands (one study, 1.1%), and Gulf
of Tonkin (four studies, 4.4%). The second highest prov-
ince is Mediterranean Sea, consisting of 15 occurrences
(within 13 studies, 14.4%), including the ecoregions
of Western Mediterranean (11 studies, 12.2%), Adri-
atic Sea (two studies, 2.2%), Levantine Sea (one study,
1.1%), and Ionian Sea (one study, 1.1%). The province of
Warm Temperate Northwest Pacific was the third high-
est occurring province, with 12 occurrences in 10 stud-
ies (11.1%) identified in the ecoregions of East China Sea

(six studies, 6.7%), Central Kuroshio Current (six studies,
6.7%) (Fig. 8b).

When examining the provinces recorded from the
included studies, seven provinces that are on the Aus-
tralian continent were identified, including Lord Howe
and Norfolk Islands (nine occurrences in nine stud-
ies, 10%), Southwest Australian Shelf (six occurrences
in six studies, 6.7%), West Central Australian Shelf (five
occurrences in five studies, 5.6%), East Central Austral-
ian Shelf (four occurrences in three studies, 3.3%), North-
east Australian Shelf (three occurrences in two studies,
2.2%), Southeast Australian Shelf (two occurrences in
two studies, 2.2%) and Northwest Australian Shelf (one
occurrence in one study, 1.1%). These provinces include
the ecoregions of Lord Howe and Norfolk Island (nine
studies, 10%), Leeuwin (six studies, 6.7%), Houtman (five
studies, 5.6%), Tweed-Moreton (three studies, 3.3%),
Manning-Hawkesbury (one study, 1.1%), Central and
Southern Great Barrier Reef (two studies, 2.2%), Tor-
res Strait Northern Great Barrier Reef (one study, 1.1%),
Cape Howe (two studies, 2.2%), and Ningaloo (one study,
1.1%) (Fig. 8b and Table 2).

Six studies (6.7%) were identified for the prov-
ince of Cold Temperate Northwest Atlantic, where all
ecoregions included are Gulf of Maine/Bay of Fundy.
Tropical Southwestern Atlantic and Warm Temperate
Northwest Atlantic recorded four occurrences each in 3
studies (3.3%) and 4 studies (4.4%) respectively, within
the ecoregions of Eastern Brazil (two studies, 2.2%),
North-eastern Brazil (two studies, 2.2%), Carolinian
(three studies, 3.3%), and Northern Gulf of Mexico (one
study, 1.1%). Tropical Northwestern Atlantic and Warm
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Table 1 Number of publications by journals across literature
included for this systematic map

Number of
publications

Journal name

Coral Reefs 1
Frontiers in Marine Science

Scientific Reports

Science of The Total Environment

Diversity

Global Change Biology

Marine Biology

Marine Ecology Progress Series

Marine Pollution Bulletin

PloS One

Proceedings of the Royal Society B

Bulletin of Marine Science

Ecology and Evolution

Journal of Experimental Marine Biology and Ecology
Limnology and oceanography

Molecular Ecology

Applied microbiology and biotechnology
Aquatic Conservation: Marine and Freshwater Ecosystems
Aquatic Ecosystem Health & Management
Biodiversity and Conservation

Biogeosciences

Cell Stress and Chaperones

Ecography

Environmental Science and Pollution Research
Estuarine, Coastal and Shelf Science

Frontiers in Physiology

Geophysical Research Letters

Helgoland Marine Research

Integrative Organismal Biology

Journal of Experimental Biology

Journal of Heredity

Journal of Marine Science and Engineering
Journal of phycology

Marine Chemistry

Marine Environmental Research
Microorganisms

Nature

Pakistan Journal of Biological Sciences

PeerJ

Regional Studies in Marine Science

s s s s s s s s s s s s s NN NN NN W W W W W W W Ny

The Biological Bulletin

Temperate Southwestern Atlantic each has two occur-
rences, and two studies for each province (2.2%). The
ecoregions under these two provinces, Floridian and
South-eastern Brazil, respectively, have two studies
each (2.2%) recorded.
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The province of Somali/Arabian has three occur-
rences in three studies (3.3%), the included ecoregion
is Arabian (Persian) Gulf (three studies, 3.3%). Simi-
larly, the province of Lusitanian also recorded three
occurrences in three studies (3.3%), in the ecoregion of
Azores Canaries Madeira (two studies, 2.2%) and South
European Atlantic Shelf (one study, 1.1%). Remaining
recorded provinces are Western Indian Ocean (two
occurrences in two studies, 2.2%) with the ecoregions
of Mascarene Islands (one study, 1.1%) and Delagoa
(one study, 1.1%); Agulhas (one occurrence in one
study, 1.1%) with the ecoregion Natal (one study, 1.1%),
and South Kuroshio (one occurrence in study, 1.1%),
with one study (1.1%) in the ecoregion South Kuroshio.

Within the included studies, the majority (58 stud-
ies, 64.4%) of the studies were conducted in regions of
developed economies (United Nations Country Clas-
sification, accessed 2024), with Australia (23 studies,
25.6%) having the highest number of studies published
within the category. This is followed by the United
States of America (12 studies, 13.3%) and Japan (seven
studies, 7.8%). Within the category of developed econo-
mies, one study (1.1%) has also included an economy in
transition (defined as industrialised countries that are
undergoing process of transition to a market economy;
these include some former Soviet Union republics [58]).
Another study also encompasses a developed economy
and developing economy (defined as countries with
less developed industrial base and lower human devel-
opment index relative to other countries [59]). For
developing economies (31 studies, 34.4%), Hong Kong
Special Administrative Region has the highest number
of published studies (11 studies, 12.2%), followed by
China (five studies, 5.6%) and Brazil (five studies, 5.6%).

For proximity of the research site to the mainland
(Fig. 9a), most studies involve close/territorial sea (69
studies, 76.7%). Middle/contiguous zone is represented
in seven studies (7.8%) and far/exclusive economic zone
in 15 studies (16.7%). Of all the studies involving close/
territorial sea, four studies (4.4%) also involve middle/
contiguous zone, two studies (2.2%) involve far/exclu-
sive economic zone, and two studies (2.2%) involve
both middle/contiguous and far/exclusive economic
zone. Nine studies (10%) did not specify their proximity
to the mainland (Fig. 9a) and 21 of the studies (23.3%)
took place in protected areas (Fig. 9b). Protected areas
are defined as areas with a clearly defined geographi-
cal space, recognised, dedicated, and managed through
legal or other means to maintain the long-term con-
servation of ecosystems and cultural values associated
with the location [60]. A list of the protected areas can
be found in Table 3.
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Fig. 8 a World map showing the knowledge cluster by ecoregion. b Number of studies by provinces, showing top 3 provinces (Red) and provinces
in Australia (Blue)

Methodological approaches

Temperature Data Record. When examining the meth-
ods reported by the study authors for obtaining ocean
temperature records, 50 publications were found to
have obtained their temperature data in-situ (deploy-
ment of loggers), 27 studies used remote sensing data
(herein referred to satellite derived and SST, sea sur-
face temperature) for temperature data. 26 studies used
other methods of obtaining temperature data, these are
ex-situ conservation studies (where temperature was
set to match the experimental criteria) (24 studies) or

with study design not clearly identified (two studies) in
the literature (Fig. 10a). For in-situ collected data, data
were collected using temperature loggers (26 studies),
dive computers (two studies)), NOAA National Buoy
Center (two studies), remotely operated vehicles (ROV)
(two studies), digital thermometers (one study), mer-
cury thermometers (one study), local monitoring sites
(one study), and using T-MEDNet as a temperature
data sharing platform (one study) (Fig. 10b). 13 stud-
ies did not specify the method of recording tempera-
ture data. For temperature data availability, 51 of the 90
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Table 2 Number of publications by ecoregions across this systematic map
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Ecoregions

Belongs to province

Number of publications
concerning the ecoregion

Southern China

Western Mediterranean

Lord Howe and Norfolk Islands
Leeuwin

Gulf of Maine/Bay of Fundy
Central Kuroshio Current

East China Sea

Houtman

Gulf of Tonkin

Arabian (Persian) Gulf
Tweed-Moreton

Carolinian

Central and Southern Great Barrier Reef
Azores Canaries Madeira
Southeastern Brazil

Floridian

Eastern Brazil

Cape Howe

Northeastern Brazil

Adriatic Sea

Torres Strait Northern Great Barrier Reef
Northern Gulf of Mexico
Levantine Sea

Natal

Western India

West Caroline Islands
Andaman Sea Coral Coast
South Kuroshio

Ningaloo

lonian Sea

Mascarene Islands
Manning-Hawkesbury

South China Sea Oceanic Islands
South European Atlantic Shelf

Delagoa

South China Sea

Mediterranean Sea

Lord Howe and Norfolk Islands
Southwest Australian Shelf

Cold Temperate Northwest Atlantic
Warm Temperate Northwest Pacific
Warm Temperate Northwest Pacific
West Central Australian Shelf
South China Sea

Somali/Arabian

East Central Australian Shelf

Warm Temperate Northwest Atlantic
Northeast Australian Shelf
Lusitanian

Warm Temperate Southwestern Atlantic
Tropical Northwestern Atlantic
Tropical Southwestern Atlantic
Southeast Australian Shelf

Tropical Southwestern Atlantic
Mediterranean Sea

Northeast Australian Shelf

Warm Temperate Northwest Atlantic
Mediterranean Sea

Agulhas

West and South Indian Shelf
Tropical Northwestern Pacific
Andaman

South Kuroshio

Northwest Australian Shelf
Mediterranean Sea

Western Indian Ocean

East Central Australian Shelf

South China Sea

Lusitanian

Western Indian Ocean
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studies did not provide raw temperature data for access,
with the remaining 40 studies providing full access to
raw temperature data (see Additional file 9).

Study depth. For study depth and/or depth of data
collection, majority of temperature data were obtained
at depth of 0 to 20 m below sea surface (Fig. 10c), with
one temperature data recording at a depth of 40 m
(T-MEDNet). The most common depth for temperature
collection is 3 m (eight occurrences), followed by 4 m
(seven occurrences) and 2 m (five occurrences).

Type and timing of study. 17 studies of the 90 studies
included are reported to have taken place concurrently
with extreme weather or climate events (Figs. 11a and
12) and focused on reporting evidence associated with
the specific event occurring, while two further studies
report extreme weather events but were not conducted
concurrently with the events. The majority of studies
(71 studies) were not describing any specific extreme
weather events.
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showing the proportions of studies that took place in a protected area

Table 3 List of identified marine reserve, protected area, or marine park

Name of Protected Area Country References

Abrolhos Marine National Park Brazil Ferreira et al, 2021

Blue Bay Marine Park Mauritius McClanahan et al., 2021

Columbretes Islands Marine Protected Area Spain Kersting et al., 2015

Medes Island Marine Protected Area Spain Kersting et al., 2015; Gomez-Gras et al,, 2019; Crisci et al.,, 2017
Green Island Marine Research Station Taiwan Schutter et al, 2015

Jurien Bay Marine Park Australia Ross et al., 2021

Marmion Marine Park Australia Ross et al., 2021

Rottnest Island Marine Reserve Australia Ross et al., 2021

Shoalwater Islands Marine Park Australia Ross et al., 2021

Ngari Capes Marine Park Australia Ross et al,, 2021

Lord Howe Island Marine Park Australia Steinberg et al.,, 2022; Davis et al.,, 2020; Oakley et al,, 2022; Dalton et al., 2011
Malvan Marine Santuary India Deetal, 2023

Scandola Nature Reserve France Criscietal, 2017

Mljet National Park Croatia KruZi¢ et al,, 2015

Pedra da Risca do Meio Brazil Lucas et al,, 2023

Pedra Vermelha Restricted-Access Site Brazil Limaetal, 2016

Solitary Islands Marine Park Australia Lachs et al, 2021; Dalton et al., 2011

Tung Ping Chau Marine Park Hong Kong Chui et al, 2015; Chui et al, 2016; Chui et al,, 2017; Chui et al,, 2023
Yan Chau Tong Marine Park Hong Kong Caietal, 2018

Other environmental data. From the included studies,
most observed environmental parameters (Fig. 11b) are
light (13 studies), salinity (11 studies) and pH values (nine

studies), while other parameters include nutrients (eight
studies), ocean current (five studies), chlorophyll a con-
centration (five studies), wind speed (one study), water
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Fig. 11 a Portion of publication focusing on weather event. b Other parameters recorded in the literature covered in this systematic map

quality (one study), CO, concentration (one study), chlo-
rophyll ¢ concentration (one study), boron isotopic com-
position of sea water (one study), and bathymetry (one
study).

Study species. For coral taxa studied, Hexacorallia was
the most dominant studied Cnidarian class, with a total
of 132 species studied. Under the class Hexacorallia, the

stony coral order Scleractinia was dominant within the
class, where 124 species studied were under order Scle-
ractinia. Zoanthoaria was the next most studied order,
with five species in total and the order Actiniaria had
three species studied. Octocorallia was the second dom-
inant studied Cnidarian class, with a total of eight spe-
cies within the phylum. Alcyonacea was the most studied
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Fig. 12 Timeline of recorded extreme weather events from studies that took place concurrently with the event

order within the Octocorallia class, where seven species
were studied across the literature mapped in this system-
atic map. The last order to be included in this map is Pen-
natulacea, with just one species being studied across the
literature (Fig. 13).

Within the stony coral order Scleractinia, Meruli-
nidae and Acroporidae were the families studied most
frequently in the literature collected, each with 48 occur-
rences. This is followed by Pocilloporidae (28 occur-
rences) and Poritidae (21 occurrences). Other families
with at least 10 occurrences are Dendrophylliidae (17
occurrences), Agariciidae (11 occurrences) and Lobo-
phylliidae (10 occurrences). Species level information can
be found in Additional file 10.

Ocean warming evidence

Outcomes. 69 studies (76.7%) provided an outcome
associated with the study conclusion, while 12 studies
(13.3%) provided prediction in their conclusion, and
the remaining nine studies (10%) provided both out-
come and prediction (Fig. 14a). From the outcomes and
predictions, most studies focus on reporting on physi-
ology of coral systems under thermal stress (34 stud-
ies, 37.8%), followed by investigations into adaptation
of coral species into marginal reefs (16 studies, 17.8%),
changes in coral populations (12 studies, 13.3%), cal-
cification of reefs (eight studies, 8.9%), assessment of
potential refugia (six studies, 6.7%), recovery of popu-
lation (five studies, 5.6%), climate change projections
on threats to marginal reefs (one study, 1.1%), impact
of cold stress on coral (two studies, 2.2%), seasonal

changes with resilience of corals (two studies, 2.2%),
and ENSO interactions on regional scale mass bleach-
ing (one study, 1.1%) (Fig. 14b). A heatmap (Fig. 15)
shows the main outcomes studied and the respective
ecoregion where these studies were conducted. Spe-
cifically, physiological studies carried out in Southern
China are the most frequent (eight occurrences in eight
studies, 8.9%), forming the main knowledge cluster.
Another major cluster observed is made of physiologi-
cal studies in Western Mediterranean (six occurrences
in six studies, 6.7%). This is followed by a cluster of
physiological studies in Lord Howe and Norfolk Islands
(four occurrences in four studies, 4.4%) and studies on
adaptation to marginal reefs in Central Kuroshio Cur-
rent (six occurrences in four studies, 4.4%).

Drivers. Most studies considered long-term climate
change as a driver of ocean warming (48 papers, 53.3%).
This is followed by use of experimental stressors such as
artificially raising temperature and acute thermal stress
treatments (20 papers, 22.2%). The other stressors include
seasonal variation (four papers, 4.4%), localised hotspots
(two papers, 2.2%), cold stress (two papers, 2.2%), El Nino
Southern Oscillation (one paper, 1.1%), tidal temperature
change (one paper, 1.1%), and temperature difference
along latitudes (one paper, 1.1%) (Fig. 16a).

Indicators. 17 papers (18.9%) reported degree heating
weeks, marine heatwaves, or both as identifiers of the
severity of ocean warming (Fig. 16b). Degree heating
weeks were the most recorded stressor indicator (11
papers, 12.2%) of ocean warming and marine heatwaves
being the second (eight papers, 8.9%).
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Fig. 13 Dendrogram showing the classes and families studied by the literature recorded in this systematic map

Severity. Six papers did not specify the intensity of
marine heatwaves, one paper recorded a moderate and
a strong marine heatwave event, and one paper recorded
a severe marine heatwave event. For studies reporting
degree heating weeks as recording matrix, five papers
did not specify the level of bleaching alert. Two separate
papers recorded bleaching events exceeding bleaching
alert level 5 (>20 DHW), another two papers recorded
bleaching events exceeding bleaching alert level 4 (>16
DHW). Bleaching alert level 3 (>12 DHW) was reported
in one paper, while bleaching alert level 2 (>8 DHW) was
not reported in the papers. Three bleaching alert level 1
(>4 DHW) were reported in two separate papers, and

three bleaching warnings (1 to 4 DHW) were reported in
1 paper (Fig. 16b).

Limitation of the map

Limitations of the mapping process. While a system-
atic search strategy was used for this systematic mabp, it is
essential to acknowledge the omission of relevant studies
may have occurred. Specifically, we have limited the lan-
guage of our search results to be in English only. There is
literature available in other languages that could not be
included in this systematic map due to the limited lan-
guage backgrounds of our authors. Authors with differ-
ent linguistic background should be engaged in future
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and their number of publications respectively
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mapping efforts to overcome this language barrier [61].
Further, including more specific terms in search strings
used for future database searches in English and other
languages may assist in capturing a broader spectrum
of relevant articles. Additionally, for the purpose of this
systematic map, we have limited the literature to publica-
tions since 2010 and before June 2023. We acknowledge
that literature regarding impact of ocean warming on
subtropical and temperate coral reefs and coral systems
exist prior to 2010, however, in this systematic map, the
focus is the literature produced in the last decade, which
is most relevant to the introduction and utilisation of
ocean warming indicators on coral reefs, such as degree
heating weeks and marine heatwaves.

Grey literature search was limited to Open Access The-
ses and Dissertation database. Reports from government
database or specialist website such as National Oceanic
and Atmospheric Administration were not included sys-
tematic map. Governmental databases exhibit inconsist-
encies between regions in terms of content. Additionally,
reports on National Oceanic and Atmospheric Admin-
istration are technical reports based on data collection
technology, while research publications were available
in Scopus or Web of Science search. Despite this, we
acknowledge that a more extensive grey literature search
could benefit this systematic map.

Limitations of the evidence base. In this system-
atic map, the limitations of the evidence base may have
affected the results and conclusion of our map. We iden-
tified the types of study for this systematic map limited to

Location
Fig. 15 Heatmap of the knowledge category with respect to ecoregions from studies included in this systematic map

observational, experimental, and a combination of obser-
vational or experimental with modelling. However, in
the excluded articles we observed a high number (n=11)
that are solely modelling based. These studies while not
included in this systematic map, may contain data that
other researchers and management parties that may con-
sider useful to research or decision making. Additionally,
the decision to exclude literature with solely interactions
between ocean acidification and ocean warming may
limit the understanding of variability of ocean warming
based on different drivers.

Conclusions

Ecoregions, provinces and sources of ocean warming
impact evidence. Interestingly, research efforts for sub-
tropical coral research and subsequently evidence for the
impact of ocean warming in these ecosystems has pre-
dominantly focused on ecoregions in the Asian Pacific
region. Specifically, the provinces of South China Sea,
Andaman, Warm Temperate Northwest Pacific, and
South Kuroshio have been focal points for research effort
(a total of 27 publications). Research in these sites [15,
16] was primarily published on and after 2015, associ-
ated with coral bleaching events reported in 2014 in
Hong Kong [15, 16], 2016 in the Andaman Sea [62] and
2016 in Japan [17]. Therefore, ecoregions are also identi-
fied where there are research gaps and evidence for the
impact of ocean warming has remained low, such as Del-
agoa, Mascarene Islands, Arabian Gulf, Natal, etc. While
these ecoregions are directly exposed to the Western
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Fig. 16 a Drivers of extreme weather events recorded, including degree heating weeks (DHW) (Red) and marine heatwaves (MHW) (Blue). b
Number of publications reporting the severity of DHW bleaching alerts and MHW severity [36]

Indian Ocean, there is evidence of bleaching events in the
area [63]. As such, further research providing evidence
for the response of corals and coral reef ecosystems in
understudied regions is needed alongside continuing
evidence from regions where baseline information is cur-
rently available.

Studies where research effort has been associated with
recorded marine protected areas were identified in this
systematic map, and we find that most literature linked
specifically to marine parks and/or marine reserve has
been reported from Australia. Only 23.3% (21 out of 90)
of the studies identified here are reported as having con-
ducted research in protected or associated with marine
protected areas, while 35.6% of studies (32 out of 90) did
not clearly indicate if their published studies took place
in or within the region of a marine protected area. Given
the recent increases in areas designated MPAs or marine

parks internationally [60], future research identifying
patterns of research effort, knowledge gaps and evidence
synthesis for coral reef ecosystems should consider fur-
ther investigating the sites within marine protected areas
to build evidence-base for park management.

Drivers and Severity of Ocean Warming. Prior to
2016, most studies considered long-term climate
change as an environmental driver for ocean warming,
and the research using this as an approach looked to
study drivers of ocean warming including coral calci-
fication and adaptation on marginal reefs as a meas-
ure of the effect of ocean warming on coral reefs. The
introduction of a hierarchical approach developed to
defining marine heatwaves through 30 years of tem-
perature record of the regions [36] has now led to the
increase in use of marine heatwaves as a tool for identi-
fying potential bleaching events [64, 65]. Use of degree
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heating weeks for subtropical corals was uncommon
until 2017, when an increased number of publications
used degree heating week to quantify thermal stress
of subtropical coral [57, 66, 67] was observed. The use
of marine heatwave and degree heating weeks met-
rics provide researchers with quantitative metrics for
evaluating severity of an ocean warming event and/
or bleaching event. A combined use of both marine
heatwave and degree heating week as reporting mech-
anisms may benefit future studies in quantitatively
comparing data between sites and events.

Implications for policy/management. The collection
of evidence regarding impact of ocean warming on
subtropical and temperate coral reefs provided in this
report is accessible to policymakers and practitioners.
The empirical data extracted from this systematic map
can serve as a foundation for policymakers, practition-
ers, institutions, and organisations for locating most
relevant evidence and up-to-date evidence for their
work. Assessment of potential sites for marine pro-
tected areas, effectiveness of marine protected areas,
and resource allocation for future conservation in
areas beyond close and territorial sea locations can be
conducted based on this systematic map.

Implications for research. Research globally has pri-
marily focused on reporting ecological responses to
climate change associated events; however, substantial
effort has also been directed to experimental studies.
Physiological data is one of the most common forms
of impact measures, and data was reported in the
studies included in our map, with 30% of the identi-
fied literature reporting on the physiological state of
corals associated with climate impacts in subtropical
regions. Future research in this area should consider
a meta-analysis of the evidence identified in the cur-
rent study, these include but are not limited to the
outcomes or predictions, severity reported, locations
of research, drivers of ocean warming, and recorded
ocean warming events. Additionally, questions on
topics such as effectiveness of marine protected area
on conservation, accuracy of using degree heating
weeks and/or marine heatwaves in identifying bleach-
ing events, coral reefs studies in understudied areas
can be addressed in future research. There was severe
bleaching events recorded from 2010 t02023 occur-
ring within the mortality scale of impact (degree heat-
ing week of 8 or above). Collating the thermal stress
reports across subtropical regions will aid managers
in predicting and responding to the impact of bleach-
ing on these reefs. Ongoing systematic assessment of
research efforts and evidence will also allow for evi-
dence-based management practices specific to these
unique and valuable ecosystems.
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Knowledge cluster

Our map identifies clusters of knowledge that demand
further examination by systematic reviews. Responses
of coral reefs vary by latitude, ecoregions and by oceano-
graphic properties, therefore, syntheses that is location-
specific and oceanography-focused would likely be of
highest importance to managers. In this systematic map
we highlight the high number of publications that are
observational based (n=44) and experimental based
(n=35). These publications have sufficient evidence for
synthesising a review. Researchers could examine the
impacts of ocean warming on subtropical coral reefs in
ecoregions with sufficient evidence, such as Southern
China, Western Mediterranean, East China Sea, and Lord
Howe and Norfolk Islands. Efforts to congregate and col-
late studies in these ecoregions in a systematic review
would be appropriate for future research and providing
in-depth synthesis of available evidence.

Majority of published research available in this system-
atic map took place in developed countries (n=>58), fol-
lowed by developing economies (n=31). Research could
investigate the how research resources are allocated in
these territories, and how it affects the research effort
into understanding impacts of ocean warming on sub-
tropical coral reefs. Proximity to coast was also recorded
in this systematic map, and it provides an opportunity
to synthesise reviews based on the proximity of research
sites to coastline, given the sufficient evidence available
for close/territorial sea (n=69). Effectiveness of marine
protected areas on preservation of subtropical coral reefs
could be assessed based on the number of publications
available (n=21).

Drivers of ocean warming are presented in this system-
atic map, and long-term climate change was identified
in a majority of studies as the driver of ocean warming
(n=48), followed by experimental stressors (n=20).
These provide sufficient basis for systematic reviews on
the drivers presented in these publications. Additionally,
some studies have used degree heating weeks and marine
heatwaves as indicators of ocean warming (n=17), these
publications provide basis to synthesis reviews based on
the severity of ocean warming events identified.

Knowledge gaps

This map also identifies several understudied topics
that could benefit from additional primary research
efforts. Studies that are observational and experi-
mental based (n=7) and experimental and modelling
based (n=1) constituted a small number of literature
presented in this systematic map, which is less than
expected. Considering the number of available studies
that are solely observational or experimental, the lack
of studies in these two minor categories is likely due to
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a combination of factors. Firstly, from this systematic
map we showed that majority of the studies included
are physiological studies of corals, making simulations
or modelling of future scenarios less applicable to the
study theme. Secondly, it is likely that time constraints
have an influence on the types of study published. As
data collection for coral studies, especially where long-
term climate change is identified as the major driver
of ocean warming in this map, it strongly implies that
these types of studies would take a considerable amount
of time to compile, making modelling or simulations on
the same study less than probable. Understanding how
existing data could predict future scenarios using simu-
lations or modelling will be important for managers as
ocean warming continues to increase in frequency and
intensity.

We also identified the lack of numbers of studies in
various locations, these include but not limited to the
province of Western Indian Ocean, additionally, while
not identified in this systematic map, the lack of stud-
ies on the topic within West Coast of North America
revealed a large knowledge gap. The absence of studies
in these areas reflect the overall lack of available sci-
entific information on spatial distribution of subtropi-
cal coral reefs. It could be contributed to the lack of
resources to support holistic research in these regions.
Managers of these regions could encourage citizen sci-
ence as a mean to establish basis of identifying poten-
tial subtropical coral reefs in these regions. Subsequent
primary research could benefit potential preservation
of these regions based on empirical evidence provided
by citizen science reports.

Lastly, ocean warming drivers such as seasonal vari-
ation, El Nino Southern Oscillations interactions,
localised hot spots and cold stress are understudied,
but these topics could provide a better understanding
of how ocean warming is influenced by these mecha-
nisms. Future studies could focus on these finer spatial
and temporal drivers to understand how subtropical
coral reefs are affected by ocean warming on a localised
scale. Managers from local agencies would benefit from
research that reports localised effects of ocean warm-
ing by implementing measures that are specific to the
regions described in these studies.

Although gaps in the evidence remain, our system-
atic map demonstrates an increasing and strong evi-
dence base in the research investigating impacts of ocean
warming on subtropical reefs around the world. Future
research that focuses on knowledge gaps and systematic
reviews that focus on identified knowledge cluster will
provide an even higher level of understanding to advo-
cate for proactive management strategies for subtropical
coral reefs.
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