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One Sentence Summary: Marine heatwaves alter ecosystem structure and functioning at 43 

global scales.  44 
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marine taxon richness, the proportion of species found at their warm range edges and non-99 

climatic human impacts to identify regions of high vulnerability, where increased occurrences 100 

of MHWs overlap with areas of high biodiversity, temperature sensitivity or concurrent 101 

anthropogenic stressors. We also conducted a meta-analysis on the impacts of MHWs, by 102 

examining ecological responses to eight prominent MHW events that have been studied in 103 

sufficient detail for formal analysis. We examined 1049 ecological observations, recalculated 104 

to 182 independent effect sizes from 116 research papers that examined responses of 105 

organisms, populations and communities to MHWs. We also explored relationships between 106 

the occurrence of MHWs and the health of three globally-significant foundation species 107 

(coral, seagrass and kelp) from three independent time series that were collected at sufficient 108 

spatiotemporal resolutions to explicitly link ecological responses to MHWs. Finally, we 109 

reviewed the literature on MHWs for evidence of impacts of these events on goods and 110 

services to human society. 111 

 112 

The total number of MHW days per year, based on five quasi-global SST datasets, has 113 

increased globally throughout the 20th and early 21st Century (Fig. 1A). As a global average, 114 

there are over 50% more MHW days per year in the latter part of the instrumental record 115 

(1987-2016) compared to the earlier part (1925-1954)2, with most regions experiencing 116 

increases in the number of MHW days (Fig 1B). Global patterns of marine taxon richness 117 

(Fig. 1C) overlaid with trends in annual MHW days reveal regions where increased MHW 118 

occurrences can influence biologically diverse regions, in particular, southern Australia, the 119 

Caribbean Sea, and the coastline bounding the mid-eastern Pacific (Fig 1D). Given that warm 120 

range edge populations are likely to be the most impacted by MHWs (as thermal tolerances 121 

are exceeded during anomalously high temperatures), regions which support a high 122 

proportion of species found near their warm range edge will be particularly vulnerable to 123 



increased MHW activity (Fig 1E).  Several regions were identified as having experienced 124 

marked increases in MHW days and also supporting a high proportion of species found near 125 

their warm range edges (Fig 1F), with marine ecosystems in the southwest Pacific and the 126 

mid-west Atlantic particularly at risk. Furthermore, regions where rapid increases in the 127 

annual number of MHW days overlap with existing high-intensity non-climate human 128 

stressors (Fig 1G) include the central west Atlantic, the northeast Atlantic and the northwest 129 

Pacific (Fig. 1H). Here, existing regional pressures, including overfishing and pollution, have 130 

the potential to exacerbate MHW impacts, and vice versa.   131 

 132 

Examination of eight prominent (and sufficiently studied) MHWs showed they varied greatly 133 

with respect to spatial extent (by a factor of >15, Fig. 2A, Fig. S1), duration (10 to 380 days) 134 

and maximum intensity (3.5 to 9.5°C above climatological SST) (Fig. 2A). It should be noted 135 

that several MHWs were primarily driven by large-scale El Niño events which, by their 136 

nature, affected ocean climate at large spatial scales. Here, the largest contiguous MHW 137 

associated with each ENSO event was identified and characterised with MHW metrics. Our 138 

meta-analysis of ecological impacts (based on Hedges g effect sizes to account for bias 139 

associated with small sample sizes26) detected an overall negative effect of MHWs on biota 140 

across research papers, events, taxa, and response variables (E = -0.93; 95 CI = 0.22; Q = 141 

6303, df = 181; pheterogeneity < 0.001, I2 = 97.13). All eight MHWs were associated with 142 

negative ecological impacts although the mean negative effect sizes were not significantly 143 

different from zero for the two events with lowest sample sizes (Fig. 2B). There was no clear 144 

relationship between the severity of the MHW (derived from normalized MHW intensity and 145 

duration) and their observed impacts (Fig. 2B). All taxonomic groups, with the exception of 146 

fishes and mobile invertebrates, responded negatively to MHWs with birds and corals being 147 

most adversely affected (Fig. 2C). The positive fish response was, in part, driven by new 148 





2F). This indicates that populations residing near the warm limit of a given species range are 174 

particularly vulnerable to warming events and range contractions are likely to occur in 175 

response to more frequent MHWs. Indeed, recent observations have shown that equatorward 176 

range edges of both plant and animal species have retracted poleward by >100 km following 177 

severe MHW events17,33,34. 178 

 179 

An examination of long-term time series on the health of three globally important foundation 180 

taxa showed that increased annual number of MHW days was correlated with (i) increased 181 

coral bleaching, (ii) decreased seagrass density and (iii) decreased kelp biomass (Fig. 3). 182 

Even though environmental variables such as storms, nutrients and light are known to 183 

strongly influence the health of these critical habitat-formers35, the annual number of MHW 184 

days alone was strongly and significantly correlated with observed ecological performance 185 

and, crucially, had consistently stronger correlative relationships than more frequently used 186 

measures of ocean temperature (i.e. mean and maximum SST, see Table S1). An increased 187 

number of MHW days was significantly correlated to decreased ecological health of 188 

populations of all three foundation taxa, indicating the importance of discrete extreme ocean 189 

warming events in driving ecosystem structure16,36.  190 

 191 

A wide range of ecological goods and services derived from marine ecosystems have been 192 

severely impacted by recent MHWs (Table 1). For example, the 2011 Ningaloo Niño caused 193 

widespread loss of biogenic habitat, depleted biodiversity, disruption to nutrient cycles and 194 

shifts in the abundance and distribution of commercial fisheries species off Western Australia 195 

(Table 1). Similarly, recent MHWs in the Mediterranean Sea have been linked to local 196 

extinctions, decreased rates of natural carbon sequestration, loss of critical habitat and 197 

diminished socioeconomic value (Table 1). These services have substantial societal benefit, 198 



with hundreds of millions of people benefitting from coastal marine ecosystems37,38. As such, 199 

managing and mitigating the deleterious effects of MHWs on the provision of ecosystem 200 

services is a major challenge for coastal societies.  201 

 202 

Globally, MHWs are becoming more frequent and prolonged, and record-breaking events 203 

have been observed in most ocean basins in the past decade2. To date, the main focus of 204 

ecological research has been on trends in mean climate variables, yet discrete extreme events 205 

are emerging as pivotal in shaping ecosystems, by driving sudden and dramatic shifts in 206 

ecological structure and functioning. Given the confidence in projections of intensifying 207 

extreme warming events with anthropogenic climate change8,39, marine conservation and 208 

management approaches must consider MHWs and other extreme climatic events if they are 209 

to maintain and conserve the integrity of highly valuable marine ecosystems over the coming 210 

decades.  211 
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Fig. 1. Global patterns of MHW intensification, marine biodiversity, proportions of species found at their warm 219 
range edge and concurrent human impacts. a,b, Globally averaged time-series of the annual number of MHW 220 
days and trends in the annual number of MHW days (between 1925-1954 and 1987-2016) across the global 221 
ocean. c,e,g, Existing data on marine biodiversity (c), the proportion of species within the local species pool 222 
found near their warm range edge (e), and non-climatic human stressors (g) were combined with MHW 223 
intensification data. d,f,h, The resultant bivariate maps identify regions of high diversity value that may be 224 
impacted by MHWs (d), high thermal sensitivity of species which may have been particularly vulnerable to 225 
increased MHWs (f) and high levels of non-climatic human stressors where MHW intensification has impacted 226 
concurrently upon marine ecosystems (h).   227 
 228 
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 252 
 253 
Fig. 3. Impacts of MHWs on foundation species.  a,b, Severe MHWs, such as those associated with the extreme 254 
El Niño events of 1997/98 and 2015/16, have caused widespread bleaching and mortality of reef building corals 255 
(a). Analysis of annual coral bleaching records from the Caribbean Sea/Gulf of Mexico region (1983-2010, data 256 
from NOAA Coral Reef Watch) showed that the number of MHW days per year was positively correlated with 257 
the frequency of coral bleaching observations (b). c,d, Seagrass meadows yield critical ecosystem services, 258 
including carbon sequestration and biogenic habitat provision, yet recent MHWs have impacted seagrass 259 
populations in several regions (c). Monitoring data from independent sites in Cockburn Sound, Western 260 
Australia (2003-2014, data provided by Cockburn Sound Management Council) indicated that the number of 261 
MHW days recorded in the previous year was negatively correlated with seagrass (Posidonia sinuosa) shoot 262 
density (d). e,f, Kelp forests represent critical habitats along temperate coastlines but extreme temperatures 263 
experienced during MHWs can cause widespread mortality and deforestation (e). Satellite-derived estimates of 264 
giant kelp (Macrocystis pyrifera) biomass along the coastline of California/Baja California (1984-2011, data 265 
from Santa Barbara Coastal Long-term Ecological Research program) showed that kelp biomass was negatively 266 
correlated with the number of MHW days recorded during the previous year (f).        267 
 268 
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