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Abstract: The global ocean has warmed significantly over the past century, with far-reaching
implications for marine ecosystems. Concurrent with long-term persistent warming, discrete
periods of extreme regional ocean warming (marine heatwaves, ‘MHWs’) have increased in
frequency. We quantified trends and attributes of MHWs across all ocean basins and examined
their biological impacts from species to ecosystems. Multiple regions within the Pacific, Atlantic
and Indian Oceans are particularly vulnerable to MHW intensification, due to co-existence of
high levels of biodiversity, a prevalence of species found at their warm range edges, or
concurrent non-climatic human impacts. The physical attributes of prominent MHWs varied
considerably, but all had deleterious impacts across a range of biological processes and taxa,
including critical foundation species (corals, seagrasses and kelps). MHWs, which will likely
intensify with anthropogenic climate change, are rapidly emerging as forceful agents of
disturbance with the capacity to restructure entire ecosystems and disrupt the provision of
ecological goods and services in coming decades.
One Sentence Summary: Marine heatwaves alter ecosystem structure and functioning at global
scales
Main Text
Anthropogenic climate change is driving the redistribution of species and reorganization of
natural systems, and represents a major threat to global biodiversity1,2. The biosphere has
warmed significantly in recent decades with widespread implications for the integrity of
ecosystems and the sustainability of the goods and services they provide3,4. In addition to the
near ubiquitous long-term increases in temperature, the frequency of discrete extreme warming
events (‘heatwaves’) has increased5,6 with projections indicating they will become more frequent,
more intense and longer lasting throughout the 21st Century 7. While extremes occur naturally
within the climate system, there is growing confidence that the observed intensification of
heatwaves is due to human activities8,9. The 21st Century has already experienced recordshattering atmospheric heatwaves5,10, such as the 2003 European heatwave, the Australian
‘Angry Summer’ of 2012-2013, and the European ‘Lucifer’ heatwave in 2017, with devastating
consequences for human health, the economy and the environment5.
Discrete extreme warming events occur in the ocean as well as the atmosphere. ‘Marine
heatwaves’ (MHWs) are caused by local ocean and atmosphere heat transfer processes that may
be modulated by large-scale climate drivers, such as the El Niño Southern Oscillation11.
Regional case studies have documented how MHWs can alter the structure and functioning of
entire ecosystems by causing widespread mortality, species range shifts and community
reconfiguration12-14. By impacting ecosystem goods and services, such as fisheries landings15,16
and biogeochemical processes17,18, MHWs can have major socioeconomic and political
ramifications. Recent high-profile warming events include the record-breaking 2011 ‘Ningaloo
Niño’ (2010-2011) off Western Australia19, the long-lasting ‘Blob’ (2013-2016) in the northeast
Pacific20 and El Niño-related warming in 2016 that affected most of the Indo-Pacific21,22. These
events have increased awareness of MHWs as an important climatic phenomenon affecting both
physical and biological processes. Until recently, the lack of a common framework to define
MHWs11 has hampered attempts to examine temporal trends or to compare physical attributes or
biological impacts across different events, regions or taxa. However, by defining MHWs as
periods when daily sea-surface temperatures (SSTs) exceed a local seasonal threshold (i.e. the
90th percentile of climatological SST observations) for at least 5 consecutive days11, Oliver et

al.23 showed that the frequency and duration of MHWs have increased significantly over the past
century across most of the global ocean. Here, we used the same MHW framework11 to examine
observed trends in the annual number of MHW days and the implications for marine ecosystems
globally. We incorporated existing data on marine taxon richness, the proportion of species
found at their warm range edges and non-climatic human impacts to identify regions of high
vulnerability, where increased occurrences of MHWs overlap with areas of high biodiversity,
temperature sensitivity or concurrent anthropogenic stressors. We also conducted a meta-analysis
on the impacts of MHWs, by examining ecological responses to eight prominent MHW events
that have been studied in sufficient detail for formal analysis. We examined 1049 ecological
observations, recalculated to 182 independent effect sizes from 116 research papers that
examined responses of organisms, populations and communities to MHWs. We also explored
relationships between the occurrence of MHWs and the health of three globally-significant
foundation species (coral, seagrass and kelp) from three independent time series that were
collected at sufficient spatiotemporal resolutions to explicitly link ecological responses to
MHWs. Finally, we reviewed the literature on MHWs for evidence of impacts of these events on
goods and services to human society.
The total number of MHW days per year, based on five quasi-global SST datasets, has increased
globally throughout the 20th and early 21st Century (Fig. 1A). As a global average, there are over
50% more MHW days per year in the latter part of the instrumental record (1987-2016)
compared to the earlier part (1925-1954)23, with most regions experiencing increases in the
number of MHW days (Fig 1B). Overlaying global patterns of marine taxon richness (Fig. 1C)
with trends in annual MHW days revealed that southern Australia, the Caribbean Sea, and the
coastline bounding the mid-eastern Pacific, may represent particularly biologically diverse
regions where MHWs have intensified (Fig 1D). Given that warm range edge populations are
likely to be the most impacted by MHWs (as thermal tolerances are exceeded during
anomalously high temperatures), regions which support a high proportion of species found near
their warm range edge will be particularly vulnerable to MHW intensification (Fig 1E). Several
regions were identified as having experienced marked increases in MHW days and also
supporting a high proportion of species found near their warm range edges (Fig 1F), with marine
ecosystems in the southwest Pacific and the mid-west Atlantic particularly sensitive.
Furthermore, regions where rapid increases in the annual number of MHW days overlap with
existing high-intensity non-climate human stressors (Fig 1G) include the central west Atlantic,
the northeast Atlantic and the northwest Pacific (Fig. 1H). Here, existing regional pressures,
including overfishing and pollution, have the potential to interact with MHWs to exacerbate their
impacts.
Examination of eight prominent (and sufficiently studied) MHWs showed they varied greatly
with respect to spatial extent (by a factor of >15, Fig. 2A, Fig. S1), duration (10 to 380 days) and
maximum intensity (3.5 to 9.5°C above climatological SST) (Fig. 2A). A meta-analysis of
ecological impacts detected an overall negative effect of MHWs on biota across research papers,
events, taxa, and response variables (E = -0.93; 95 CI = 0.22; Q = 6303, df = 181; pheterogeneity <
0.001, I2 = 97.13). All eight MHWs were associated with negative ecological impacts although
the mean negative effect sizes were not significantly different from zero for the two events with
lowest sample sizes (Fig. 2B). There was no clear relationship between the severity of the MHW
(derived from normalized MHW intensity and duration) and their observed impacts (Fig. 2B).

All taxonomic groups, with the exception of fishes and mobile invertebrates, responded
negatively to MHWs with birds and corals being most adversely affected (Fig. 2C). The positive
fish response was, in part, driven by new incursions of tropical species into impacted temperate
regions13. Corals were directly affected by these MHWs, as extreme absolute temperatures
resulted in widespread bleaching and mortality24,25, whereas birds were indirectly impacted
through changes in prey availability26. Birds and corals are also particularly sensitive to longer
term increases in sea temperature associated with ocean warming27. Overall, our analyses suggest
that sessile taxa were more impacted by MHWs than mobile and planktonic taxa (Fig. 2C),
perhaps because mobile taxa generally have higher thermal tolerances than less active or sessile
taxa28 and highly mobile species can quickly migrate in response to rapidly changing
conditions13. All ecological response variables were negatively affected by MHWs, although
growth and primary production were not significantly different from zero (Fig. 2D). Negative
impacts were greatest for coral bleaching, survival, and reproduction (Fig. 2D), a pattern
consistent with effects of warming in manipulative experiments29.
To examine links between MHWs and ecological responses, we conducted additional analysis at
the species level to test the prediction that populations found towards the warm-water limit (i.e.
equatorward range edge) of a species’ distribution would be more negatively impacted by
MHWs. From the database described above, we extracted all species level observations (645
observations from 302 species) and for each population we classified their relative position
within the species range by expressing the local average SST as a proportion of the difference
between the 10th and 90th percentile temperatures experienced through the species geographical
range. Critically, the most negative responses to MHWs were seen in populations found towards
their warm range edge (Fig. 2E), implying that extreme temperatures exceeded thermal
thresholds with adverse effects. Across all species-level observations, there was a negative
relationship between any given population’s location within the species’ range and the direction
and magnitude of the MHW effect (Fig. 2F). This indicates that trailing range-edge populations
are particularly vulnerable to warming events and range contractions are likely to occur in
response to more frequent MHWs. Indeed, recent observations have shown that equatorward
range edges of both plant and animal species have retracted poleward by >100 km following
severe MHW events14,30,31.
An examination of long-term time series on the health of three globally important foundation
taxa showed that increased annual number of MHW days was related to (i) increased coral
bleaching, (ii) decreased seagrass density and (iii) decreased kelp biomass (Fig. 3). Even though
environmental variables such as storms, nutrients and light are known to strongly influence the
health of these critical habitat-formers32, the annual number of MHW days alone explained 3139% of the observed variance in ecological performance and had consistently greater explanatory
power than more frequently used measures of ocean temperature (i.e. mean and maximum SST,
see Fig. S2). An increased number of MHW days was significantly related to decreased
ecological health of all three foundation taxa (p ≤0.03 in all cases), indicating the importance of
discrete extreme events in driving ecosystem structure13,33.
A wide range of ecological goods and services derived from marine ecosystems have been
severely impacted by recent MHWs (Table 1). For example, the 2011 Ningaloo Niño caused
widespread loss of biogenic habitat, depleted biodiversity, disruption to nutrient cycles and shifts

in the abundance and distribution of commercial fisheries species off Western Australia (Table
1). Similarly, recent MHWs in the Mediterranean Sea have been linked to local extinctions,
decreased rates of natural carbon sequestration, loss of critical habitat and diminished
socioeconomic value (Table 1). These services have substantial socioeconomic value, with
hundreds of millions of people benefitting from coastal marine ecosystems34,35. As such,
managing and mitigating the deleterious effects of MHWs on the provision of ecosystem
services is a major challenge for coastal societies.
Globally, MHWs are becoming more frequent and prolonged, and record-breaking events have
been observed in most ocean basins in the past decade23. To date, the main focus of ecological
research has been on trends in mean climate variables, yet discrete extreme events are emerging
as pivotal in shaping ecosystems, by driving sudden and dramatic shifts in ecological structure
and functioning that disrupt the provision of ecosystem services. Given the confidence in
projections of intensifying extreme warming events with anthropogenic climate change5,36,
marine conservation and management approaches must consider MHWs and other extreme
climatic events if they are to maintain and conserve the integrity of highly valuable marine
ecosystems over the coming decades.
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Fig. 1. Global patterns of MHW intensification, marine biodiversity and non-climate related human impacts.
(A) Globally averaged time-series of the annual number of MHW days and (B) local trends in the annual number of
MHW days (between 1925-1954 and 1987-2016) across the global ocean. Existing data on (C) marine biodiversity,
(E) the proportion of species within the local species pool found near their warm range edge, and (G) non-climatic
human stressors were combined with MHW intensification data. The resultant bivariate maps identify regions of (D)
high diversity value that may be impacted by MHWs, (F) high thermal sensitivity of species which may have been
particularly vulnerable to increased MHWs and (H) high levels of non-climatic human stressors where MHW
intensification has impacted concurrently upon marine ecosystems

Fig. 2. Ecological responses to MHWs. (A) The attributes of the eight MHW events used in the meta-analysis and
(B) the overall effect of each MHW event, across all ecological responses. The analysis also examined the impacts
of MHWs on (C) major taxonomic groups and (D) types of ecological responses. The number of independent
observations for each category are shown in parentheses and values represent mean (±95% CI) effect sizes (Hedges
g). The MHW severity index was derived from maximum intensity and duration. (E) Populations located towards
the warm-water limit of species’ distributions tended to respond more negatively to MHWs, (F) with effect size
(Hedges g, ±95% CI) generally becoming significantly more negative for warmer equatorward range-edge
populations (bold symbols showing group means and faded symbols individual studies; T e temperature at effect
location, T10, T90, 10% and 90% species range temperatures).

Fig. 3. Impacts of MHWs on foundation species. (A) Severe MHWs, such as those associated with the extreme El
Niño events of 1997/98 and 2015/16, have caused widespread bleaching and mortality of reef building corals. (B)
Analysis of annual coral bleaching records from the Caribbean Sea/Gulf of Mexico region (1983-2010, data from
NOAA Coral Reef Watch) showed that the number of MHW days per year was positively related to the frequency of
bleaching observations. (C) Seagrass meadows yield critical ecosystem services, including carbon sequestration and
biogenic habitat provision, yet recent MHWs have impacted seagrass populations in several regions. (D) Monitoring
data from independent sites in Cockburn Sound, Western Australia (2003-2014, data provided by Cockburn Sound
Management Council) indicated that the number of MHW days recorded in the previous year was negatively
correlated with the shoot-density of seagrass (Posidonia sinuosa). (E) Kelp forests represent critical habitats along
temperate coastlines but extreme temperatures experienced during MHWs can drive widespread mortality and
deforestation. (F) Satellite-derived estimates of giant kelp (Macrocystis pyrifera) biomass along the coastline of
California/Baja California (1984-2011) showed that kelp biomass was negatively related to the number of MHW
days recorded during the previous year.

Table 1. Impacts of MHWs on services provided by marine ecosystems (definitions of ecosystem services
adapted from The Economics of Ecosystems and Biodiversity, TEEB, developed by UNEP). Evidence of impacts
was collated from specific MHWs: (a) 1982/83 El Niño events, (b) 1997/98 El Niño events, (c) 1999 Mediterranean
MHW, (d) 2003 Mediterranean MHW, (e) 2011 Western Australian MHW, (f) 2012 Northwest Atlantic MHW, (g)
the 2013-2016 Northeast Pacific ‘Blob’, and (h) the 2015/2016 El Niño events in northern Australia.
Service type
Provisioning

Regulating

Ecosystem service
Living resources
(non-food)
Food
Carbon
sequestration and
storage
Moderation of
extreme events
Nutrient cycling

Biological control
Habitat or
supporting
services

Habitats for species

Cultural

Tourism and
recreation

Impacts
- Extreme temperatures caused widespread mortality, local
extinctions and range contractions of a diversity of taxa (c,d,e)
- Changes in the distributions and abundances of commercial
fisheries species (b,e,f)
- Reduced carbon burial and sequestration due to decreased
growth and high mortality of seagrasses (d,e)

Refs

- Complex, three-dimensional biogenic benthic habitat was
replaced by simple poorly-structured habitat, altering
hydrodynamics and sediment transport and reducing natural
coastal defense (a,b)
- Increased stratification and extreme temperatures caused
decreased phytoplankton production and nutrient turnover (b,g)
- Widespread loss of productive benthic habitats (seagrass, kelp
forests) disrupting carbon and nitrogen cycling (d,e)
- Anomalous warming events associated with influx of invasive
non-native species (e)
- Local extinctions, range contractions and high mortality rates
of habitat-forming corals, seagrasses and macroalgae, resulting
in simplified habitat structure and depleted local biodiversity
(a,b,e, h)
- Locations affected by intense warming events are less
attractive for recreational activities and have decreased
socioeconomic value (d, h)
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