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Continent-wide declines in shallow reef life 
over a decade of ocean warming

Graham J. Edgar1,2 ✉, Rick D. Stuart-Smith1,2, Freddie J. Heather1, Neville S. Barrett1, 
Emre Turak1, Hugh Sweatman3, Michael J. Emslie3, Danny J. Brock4, Jamie Hicks4, 
Ben French5, Susan C. Baker6, Steffan A. Howe7, Alan Jordan1,8, Nathan A. Knott8, 
Peter Mooney2, Antonia T. Cooper1,2, Elizabeth S. Oh1, German A. Soler1, Camille Mellin9, 
Scott D. Ling1, Jillian C. Dunic10, John W. Turnbull11, Paul B. Day1,2, Meryl F. Larkin12, 
Yanir Seroussi13, Jemina Stuart-Smith1, Ella Clausius1, Tom R. Davis14, Joe Shields2, 
Derek Shields2, Olivia J. Johnson1, Yann Herrera Fuchs1, Lara Denis-Roy1, Tyson Jones1 & 
Amanda E. Bates15

Human society is dependent on nature1,2, but whether our ecological foundations  
are at risk remains unknown in the absence of systematic monitoring of species’ 
populations3. Knowledge of species fluctuations is particularly inadequate in the 
marine realm4. Here we assess the population trends of 1,057 common shallow reef 
species from multiple phyla at 1,636 sites around Australia over the past decade. Most 
populations decreased over this period, including many tropical fishes, temperate 
invertebrates (particularly echinoderms) and southwestern Australian macroalgae, 
whereas coral populations remained relatively stable. Population declines typically 
followed heatwave years, when local water temperatures were more than 0.5 °C above 
temperatures in 2008. Following heatwaves5,6, species abundances generally tended 
to decline near warm range edges, and increase near cool range edges. More than 30% 
of shallow invertebrate species in cool latitudes exhibited high extinction risk, with 
rapidly declining populations trapped by deep ocean barriers, preventing poleward 
retreat as temperatures rise. Greater conservation effort is needed to safeguard 
temperate marine ecosystems, which are disproportionately threatened and include 
species with deep evolutionary roots. Fundamental among such efforts, and broader 
societal needs to efficiently adapt to interacting anthropogenic and natural pressures, 
is greatly expanded monitoring of species’ population trends7,8.

Although billions of dollars are spent annually on weather obser-
vations and prediction (for example, the US National Oceanic and 
Atmospheric Administration had a budget of US $5.4 billion in 2021), 
no countries are systematically monitoring broad-scale changes in 
biodiversity, as needed to directly inform human wellbeing outcomes. 
Global population trends can be inferred for only about 14,000 spe-
cies9, largely through life-history studies of economically important 
and charismatic animals or terrestrial citizen science observations. 
Available reports indicate that the populations of many species are 
rapidly declining across broad scales, including insects10, plants11 
and all vertebrate classes3,12, to the point of local extirpation of some 
species9,12–14. Indeed, on the basis of the approximately 290 docu-
mented global extinctions over the past century, extinction rates are 
now at least 100 times the background rate over the Earth’s history3, 

a conservative estimate given the small proportion of life on Earth 
whose extinction risk has been assessed. Management efforts directed 
towards maintaining stable populations has produced mixed results, 
as evident for many wild fisheries, with global catches falling since  
the 1990s15.

Nevertheless, not all populations across species’ geographic ranges 
are decreasing, but few data are available to systematically assess 
whether populations with increasing trends are relatively rare or go 
largely unreported. The poor general state of knowledge on global 
species population trends is highlighted by less than 10% of the more 
than 1 million known species on Earth having been assessed for the 
International Union for Conservation of Nature (IUCN) Red List of 
Threatened Species16. Among Red List-assessed species, 14% have insuf-
ficient information for threat characterization and are categorized as 
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‘data deficient’, and many of the 51% of species categorized as ‘least 
concern’ show declining population trends3.

Knowledge deficiencies are exacerbated in the marine realm, where 
population changes are hidden below the sea surface. Relative to ter-
restrial systems, much less information is available to assess the state 
of marine biodiversity, reflected in the heavy reliance on data from com-
mercial fisheries for the Living Planet Index17 (LPI)—the widely known 
assessment of aggregated trends in populations. Long-term fisheries 
catch statistics are, however, confounded by changing effort and fishing 
down of populations18, whereas other large observational datasets such 
as plankton surveys rarely encompass species’ full distributional ranges19. 
Quantitative long-term reef monitoring programmes cover systems with 
exceptional richness and are likely to prove crucial for understanding 
the magnitude of broad-scale changes in marine ecosystems20. Coral 
reefs alone support around 25% of marine species21, and temperate reefs 
host many more, including phylogenetically unique animals and plants.

Here we undertake the most comprehensive assessment of marine 
species population trends to date across multiple phyla at a continen-
tal scale, through integration of three of the largest long-term reef 
monitoring programmes worldwide (Reef Life Survey22, Australian 
Temperate Reef Collaboration23 and the Australian Institute for Marine 
Sciences’ Long Term Monitoring Program24). These time series collec-
tively extend from 1992 to the present, and use standardized scuba diver 
counts of species densities in 50-m-long transect blocks20,25, totalling 
26.4 million observations of individuals belonging to 1,991 marine 
fish, 1,234 mobile invertebrate, 321 coral and 463 macroalgal taxa dis-
tributed around Australia to 2021. We focus on the 2008–2021 period 
with circum-continental coverage following commencement of Reef 
Life Survey, and on the 1,636 sites with at least 2 years of survey data 
(a map is shown in Extended Data Fig. 1 and site sampling frequency 
is shown in Extended Data Fig. 2), and 1,057 species with high survey 
frequency (a positive record in 60 or more year × site combinations). 
Our analysis includes extreme heatwaves reported in 2011 off south-
western Australia5, in 2016, 2017 and 2020 off northern Australia26–28, 
and ongoing ocean warming off southeastern Australia and Tasmania29.

Populations of 57% of reef species decreased in the decade to 2021, 
a percentage that was consistent whether all species (617 out of 1,057, 
58%) or only species with significant trends (P < 0.05; 97 out of 172, 57%) 
were considered. Populations of 28% of species declined by more than 

30% between 2011 and 2021 (9 corals, 36 invertebrates, 24 macroalgae 
and 227 vertebrates), thus passing the threshold that qualifies species as 
threatened for the IUCN Red List when generation length is unknown30. 
One notable example is the weedy seadragon (Phyllopteryx taeniolatus), 
an iconic southern Australian endemic fish that significantly declined 
by 59% from 2011 to 2021 (that is, to 0.41 times initial numbers). A total 
of 28 species potentially qualify as ‘critically endangered’ (more than 
80% population decline), 110 species potentially qualify as ‘endangered’ 
(more than 50% decline) and 158 species potentially qualify as ‘vulner-
able’ (more than 30% decline). For global Red List consideration, this 
national analysis requires further information on generation length 
and, for non-endemic species, population trends outside Australia.

Population trends showed great variation among species within 
major taxonomic groupings, resulting in wide confidence intervals 
(Fig. 1); nevertheless, on average, a significant negative decadal trend 
(9.8% decline) was found across all species (as indicated in Fig. 1 by the 
95% confidence limits not overlapping 1.0×). The identified patterns 
were robust to removal from analysis of sites with few years surveyed 
(Extended Data Fig. 3). Cool-temperate mobile invertebrates and 
vertebrates (18% and 19% decline, respectively), and tropical verte-
brates (15% decline), showed significant mean decadal population  
changes (Fig. 1). The significant decline among cool-temperate inverte-
brates was largely driven by echinoderms (20% decline; 95% confidence 
interval: 7–31% decline; 21 species). Among warm-temperate inverte-
brates, echinoid echinoderms (sea urchins) also declined significantly 
(40% decline; 95% confidence interval: 16–57% decline; 11 species).

The 55 species of corals investigated did not change significantly as 
a group (1.6% mean increase) over the past decade (but see discussion 
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Fig. 1 | Populations of shallow reef species have generally declined over the 
past decade. Population change between 2011 and 2021 in mean abundance 
(±95% confidence interval where n > 2) around the Australian continent for 
species belonging to major taxonomic and biogeographic groupings (assigned 
to species using mean sea surface temperature of all sites where that species 
had been recorded across Australia; tropical, T > 23 °C; warm-temperate 
(warm), 17.5 °C < T < 23 °C; cool-temperate (cool), T < 17.5 °C). The shaded 
region below 1.0× indicates decline. The number of species considered (n) and 
the two-tailed probability (P) that the mean value differs significantly from 1.0× 
using a t-test, are indicated. A significant effect is indicated by P < 0.05.
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below about longer-term trends). Populations of only one coral spe-
cies (Astreopora myriophthalma) decreased significantly (18.6% 
decline; t-test P < 0.05, n = 107 non-zero observations), and four spe-
cies (Acropora austera, Acropora loripes, Acropora valida and Echi-
nopora lamellosa) increased significantly (51%, 13%, 204% and 108%, 
respectively; t-test P < 0.05, n = 56, 77, 73 and 110 non-zero observa-
tions, respectively). Macroalgae also showed no significant net decadal 
change across the continent (3.5% decrease) when assessed by t-test, 
but with contrary trends at the margins of significance in warm- and 
cool-temperate regions (P < 0.1; Fig. 1). The populations of 14 out of 134 
macroalgal species significantly declined and 11 increased (P < 0.05).

Multiple linear regression models indicated considerable variation in 
potential drivers of population trends among taxa and biogeographic 
groupings (Fig. 2). Decadal population trends among tropical verte-
brate species (465 fish and 2 reptile species) were significantly nega-
tive overall (intercept, Fig. 2; P < 0.001, n = 467), and were positively 
related to the frequency of occurrence (P = 0.046, n = 467) and nega-
tively related to body size (P = 0.004, n = 467). Thus, populations of 
widespread tropical fishes were less likely to decrease in population 
numbers than highly localized species. Populations of large-bodied 
fishes tended to decline more rapidly than those of small fishes, con-
sistent with the effects of fishing pressure compounding temperature 
effects18. Coral and tropical mobile invertebrate species that were most 
closely associated with high-chlorophyll locations showed less popu-
lation increase than invertebrates associated with oligotrophic sites, 
which predominate in clear offshore waters.

Contrary to patterns for vertebrates, populations of tropical mobile 
invertebrates generally increased through time (intercept, Fig. 2; 
P = 0.005, n = 39), perhaps because of a reduction in fish predation or 
opportunities afforded to scavengers and herbivores when corals affected 
by heatwaves die and are overgrown by turfs31. Population increases were 
greatest among mobile invertebrate species living in cooler tropical 
regions (that is, the subtropics). Tropical coral and mobile invertebrate 
species that were primarily associated with high-chlorophyll inshore 
locations also showed disproportionate declines.

As was the case for tropical vertebrates, large-bodied warm-temperate  
vertebrates showed more pronounced population declines than 
small species (P = 0.02, n = 202). An affinity for sites with high chlo-
rophyll levels was significantly related to population decline for 
warm-temperate vertebrates (P = 0.007, n = 202). Warm-temperate 
invertebrates showed contrary trends to the tropics for body size 
(P = 0.009, n = 59); warm-temperate invertebrate species with declin-
ing populations tended to be smaller, and to extend down to greater 
maximum depths (P = 0.01, n = 59). The declines of some species 
possibly resulted from migration below the depth range censused 
by divers as sea temperatures have warmed; 48% of all species exam-
ined and 44% of warm-temperate invertebrates, are known to occur 
below a depth of 30 m. For warm-temperate macroalgae, species 
with low frequency of occurrence (P = 0.02, n = 40) and species with 
affinity for cooler temperatures (P = 0.03, n = 40) showed significant 
declines relative to common species and species frequenting warmer 
temperatures.
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Fig. 3 | Disproportionate declines in mobile invertebrate populations off 
Tasmania and southeastern Australia. Variation in the percentage of reef 
species showing significant (P < 0.05) national declines (shown as percentage 
decrease, left) or increases (percentage increase, right) between 2011 and 2021 
in 1° × 1° grid cells around Australia. Colours depict the percentage of species 

occurring within grid cells that are declining or increasing significantly across 
the continent rather than population trends within individual cells. Data for 
tropical corals and warm- and cool-temperate macroalgae are plotted on the 
same map with latitudinal subdivision; southern corals and northern 
macroalgae were excluded owing to small sample sizes.
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Cool-temperate vertebrates (P = 0.02, n = 57) and invertebrates 
(P < 0.001, n = 44) exhibited net population declines, and macroalgae 
density also trended downwards but not significantly so (P = 0.066, 
n = 94). Populations of cool-temperate vertebrates with large body 
size declined less rapidly than small vertebrate species (P < 0.01). 
Cool-temperate invertebrates with distributions centred in the 
warmest water or with large body size exhibited less rapid popula-
tion declines than species with cool affinity or small body size (P < 0.01 
and P < 0.001, respectively). In contrast to results for animals living in 
warm-temperate waters, populations of cool-temperate invertebrate 
species with large depth ranges tended to decrease less rapidly than 
shallow water species. A conclusive understanding of this difference 

between warm-temperate and cool-temperate species requires further 
investigation, including through analysis of species that may change 
their depth distributions during a heatwave cycle.

Geographically, the proportion of species showing significant popu-
lation declines was particularly pronounced for mobile invertebrates 
off southern Australia, particularly Tasmania (Fig. 3). Vertebrate popu-
lation declines were also most pronounced across the same region, as 
well as along the Great Barrier Reef off northeastern Australia (Fig. 3). 
The proportion of species with significantly increasing populations 
was relatively low and consistent around the continent.

Aggregation of interannual trends by latitude revealed that species’ 
populations generally increased Australia-wide from 2008 to 2015, 
then declined from 2015 to 2021 (Fig. 4). For each of the three main 
biogeographic groups of species, populations increased near the cool 
range edge and decreased near the warm range edge—consistent with a 
poleward shift in abundance. Thus, although warm-temperate species 
showed relatively little net change in population numbers across their 
range (Figs. 1 and 2), abundances have generally declined in northern 
sites in recent years, but with matching increases in the south. The 
steep overall decline among cool-temperate species (Figs. 1 and 2) 
presumably resulted from an absence of shallow reef habitat south 
of 45° S, where compensatory population increases would otherwise 
have occurred.

Parsing of the latitudinal patterns by region reveals correspondence 
with changing sea surface temperatures. Extreme heating, which dif-
fered in timing between regions, was followed by population decline 
of cooler affinity species in all cases (Fig. 5). The 2011 southwest-
ern heatwave9—the most pronounced around Australia during the 
2008–2021 period—was followed by rapidly declining populations of 
cool-temperate species that have not subsequently recovered. These 
declines were accompanied by a massive spike in densities of tropical 
species (Figs. 5b and 6b). Southwestern macroalgal populations showed 
particularly strong population declines (Fig. 6b), with greater falls than 
among macroalgae living further south in the southern (Fig. 6c) and 
Tasmanian regions (Fig. 6f).

Patterns depicted in Figs. 3–6 were calculated as the average of popu-
lation trends with weighting of sites by abundance and with interpo-
lation of unsampled years (Methods, ‘Population trend assessment 
method 1’). An alternative depiction of population trends that weights 
sites equally regardless of abundance, without interpolation, showed a 
sharper peak associated with immigration of tropical species in 2012 in 
southwestern Australia (Extended Data Fig. 4b) and reduced magnitude 
of change, including for cool-temperate species in Tasmania (Methods, 
‘Population trend assessment method 2’). The prolonged presence of 
tropical species in southwestern Australia for assessments based on 
total population size (Fig. 5b) relative to assessments based on aver-
age rate of decline per site (Extended Data Fig. 4b) suggests greater 
persistence of tropical species at favourable sites where present at high 
densities, and curve smoothing resulting from interpolation of miss-
ing years (discussed in Methods). The flattening of curves with equal 
weighting of high and low abundance sites (Fig. 5b versus Extended 
Data Fig. 4b) suggests that species populations generally decline more 
rapidly at sites where they are initially present in high abundance than 
at marginal sites where they are present in low numbers.

Sea surface temperatures peaked in both the northeast (Fig. 5d) and 
northwest (Fig. 5a) in 2016, with consistent mean interannual fluctua-
tions in these two regions, presumably because broad-scale climate 
oscillations such as El Niño operated across tropical Australia. Averaged 
sea temperature patterns may, however, conceal considerable within- 
region variability, particularly across the large northwestern region 
(Fig. 6a) where geographically divergent drivers of ecological change 
have previously been described32. Reefs north of 18° S were reported as 
most impacted by heat stress and coral bleaching during strong El Niño 
events, whereas coral communities further south were found to be more 
affected by extreme temperatures during La Niña phases32.
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Extensive coral mortality was reported across the northern Great 
Barrier Reef and Coral Sea following the 2016 heatwave, with addi-
tional coral bleaching in 2017 and 202026–28. Populations of vertebrate 
and coral species declined steeply following a two-year lag (Fig. 6d). 
Nevertheless, contrary to expectations, our data indicate that tropical 
coral populations have trended upwards off northeastern Australia 
since 2008 (Fig.  6d,e), while declining in the northwest. The slight 
northeastern coral increase was primarily facilitated by increased den-
sities of some coral species towards their cooler range margins (that 
is, southern Great Barrier Reef and Coral Sea, Fig. 3). These results are 
consistent with the detailed investigation of trends across the Great 
Barrier Reef by the Australian Institute of Marine Science’s (AIMS) Long 
Term Monitoring programme. AIMS data indicate a long-term down-
ward trend in live coral cover from commencement of monitoring in 
1985, with a period of substantial variation from 2011 to the present, and 
with higher mean cover in 2020 than 2008 in the central and southern 
Great Barrier Reef regions33. Thus, although our data demonstrate  
an increase in corals over the past decade, this should be considered 
within the context of general decline over the past 45 years.

The strong northern Australian heatwave in 2016 (Fig. 5d) also propa-
gated into the southeastern region (Fig. 5e). Warm-temperate fish spe-
cies with ranges extending into the tropics declined precipitously in 
northeastern Australia following the 2016 heatwave (Fig. 5d). Only 6 of 
24 warm-temperate species initially observed at subtropical sites in the 
southern Great Barrier Reef and Coral Sea region have been recorded 
across the same set of sites since 2017. The stronger apparent decline 
among vertebrate than coral species may reflect the changing physical 
structure of sites as coral habitat transforms with heatwaves despite 

little change in total per cent coral cover, and as particular coral taxa 
attractive to fishes are disproportionately lost. Specialist fishes that 
depend on coral habitat were over-represented among the 98 species 
with significantly declining populations. Notable in this regard were the 
butterflyfishes (Chaetodontidae), a family that includes mostly coral-
livores and other coral-dependent species. A total of 11 butterflyfish 
species showed significant population declines, compared with only 
one significant population increase (Chaetodon citrinellus).

Rather than intense short-lived heatwaves, as in the tropical regions 
of this study, mean water temperatures off eastern Tasmania have pro-
gressively increased by 0.5 °C over the past decade (Fig. 5f), in addition 
to an increase of around 1 °C over the preceding 50 years29. The earlier 
period saw substantial population declines in many commercial fish-
ery species and the habitat-forming giant kelp Macrocystis pyrifera29. 
The cumulative long-term effect of warming has probably driven the 
large decline in cool-temperate invertebrates through the past decade 
(Fig. 6f), whereas approximately equal numbers of vertebrate and 
macroalgal species experienced positive and negative trends. In the 
southeastern region (Fig. 5e), reef populations of vertebrates, macroal-
gae and corals tended to rise with increasing water temperature from 
2008 to 2016, after which populations declined. Populations in the 
southern region changed relatively little over the past decade (Fig. 5c).

Across Australia, a temperature effect threshold at approximately 
0.5 °C above 2008 values is indicated. Most biotas increased in years 
with lower temperatures and declined in abundance once this thresh-
old was exceeded. Further investigation is needed to determine which  
signals of temperature variability affects population trends the most, 
particularly for heatwaves where the maximum temperature and 
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temperate and cool-temperate) for six regions around Australia. a, Northwest: 
Northern Territory and west coast north of 27° S. b, Southwest: west coast 
south of 27° S. c, South: south coast east to 148° S. d, Northeast: Queensland 

and Coral Sea. e, Southeast: New South Wales and Victoria west to 148° S.  
f, Tasmania. Patterns reflect total species population trends as calculated using 
population trend assessment method 1 (Methods). Population change over a 
decade is plotted as x-fold change. The deviation in mean temperature from 
2008 values is shown as a dashed line. The shaded area indicates one standard 
error.
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degree heating week thresholds probably have greater relevance than 
the mean annual values plotted here34.

Increasing ocean temperature associated with changing climate 
clearly presents an existential threat for many Australian reef species,  
with indirect effects to fisheries and other ecosystem services. Com-
mercial fishery catches around Australia have declined rapidly over 
the past two decades, with particularly acute downward trends in 
cool-temperate species (64% decline in Tasmanian catch since 1992) 
relative to tropical species18 (24% rise in catch in Northern Territory 
and 7% decline in Queensland). Fishery stock models can no longer be 
relied upon if they are calibrated using historical data collected under 
environmental regimes that greatly differ from the present35.

To date, overfishing has been regarded as the greatest global threat 
to marine life—as concluded by the 2020 LPI report, which attributed 
most of the marine population declines worldwide to over-exploitation 
including fishing. However, marine species included in the marine LPI 
are dominated by exploited species because commercial fisheries rep-
resent the primary data source. Such species contributed relatively little 
to total tallies of species trends in our assessment (8.1% of species). Our 
study indicates that a warming climate has become a significant—and 
probably overriding—driver of change, with probable acceleration into 
the future. Synergistic interactions between climate, fishing pressure 
and loss of habitat-forming species are also likely. Exploited fish species 
showed more rapid decreases on average (29% decline; 95% confidence 
interval: 15–41% decline; n = 85) than unexploited fishes (12% decline; 
95% confidence interval: 7–16% decline; n = 660). Moreover, loss of large 
exploited species can profoundly influence population numbers of 
other species, through predation and associated trophic impacts36,37.

Continental patterns described here using site observations are not 
equivalent to changing total numbers of species across the continent. 
No reef species assessed here has become extinct. However, total spe-
cies numbers are likely to ultimately decline across the continent if 
rapid temperature-related ecosystem change continues because of 
the mismatch in time between the decades to centuries required for 
extinction, versus millions of years for evolution of new species. Some 
gains could occur through immigration from regions warmer than 
Australia, although such movement is constrained by an equatorial 
limit on species distributions, where species richness drops for many 
taxa38,39, and the recent decline for populations living in the warmest 
most northern Australian latitudes (Fig. 4).

Whereas media and public interest focus on photogenic coral reefs, 
species associated with temperate reefs appear to be in greater jeop-
ardy of extinction than tropical species for four reasons. First, little 
attention has historically been directed towards the conservation of 
temperate rocky reefs. This is particularly evident in Australia, a country 
with near equal extent of tropical and temperate coastlines, but where 
human activity is concentrated in the temperate coastal strip (67% of 
the population lives within 50 km of temperate coasts40). High human 
population density has led to numerous human activities and associ-
ated cumulative stressors (urban effluent, nutrient runoff, wild catch 
fisheries, aquaculture, introduced species, foreshore development, 
marine debris, modified freshwater flows and catchment land clear-
ance) that interact with climate change and each other29,41,42. Marked 
biome differences in management also extend to the distribution of 
no-fishing marine protected areas—a key conservation tool. Interna-
tionally, ‘no-fishing’ marine protected areas are nearly absent (less 
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Fig. 6 | Mean annual population trends for reef species in different taxa in 
different regions. Mean species trends relative to 2008 were aggregated 
among species categorized within major taxa for six regions around Australia. 
a, Northwest: Northern Territory, west coast north of 27° S. b, Southwest:  
west coast south of 27° S. c, South: south coast east to 148° S. d, Northeast: 
Queensland and Coral Sea. e, Southeast: New South Wales and Victoria west  

to 148° S; f, Tasmania. Patterns reflect total species population trends as 
calculated using population trend assessment method 1 (Methods). Population 
change over a decade is plotted as x-fold change. The deviation in mean 
temperature from 2008 values is shown as a dashed line. The shaded area 
indicates one standard error.
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than 1%) from the temperate coasts of Europe, Asia and North Amer-
ica, whereas very large (more than 100,000 km2) tropical no-fishing 
reserves are located in European overseas and US Pacific territories43. In 
Australia, ‘no-fishing’ marine reserves are also predominantly located 
in the tropics, covering only 1% of cool-temperate coastal waters around 
Tasmania compared with 14% of tropical waters off Queensland44.

Second, cool-temperate invertebrate, fish and macroalgal species 
appear to be extremely sensitive to recent warming, leading to numer-
ous species with diminishing populations (Fig. 1). Such declines are 
presumably partly direct, through temperature affecting growth and 
survival, but also indirect, through increased densities of tropical fish 
predators and herbivores increasing consumption rates on small prey 
and some habitat-forming macroalgal species37,45,46. Adding to past 
impacts, climate predictions indicate that southeastern Australia is also 
a global hotspot for future warming, so the effects of climate change 
are ongoing and expected to intensify across the region47.

Third, many temperate species—including in Australia—inhabit a 
climate trap, with no reef habitat available for poleward retreat for 
shallow water species as conditions warm48. Additional climate traps 
exist on isolated islands such as Galapagos49, and for inshore species 
along east–west continental margins of southern Africa, South America, 
Antarctica and the Arctic.

Fourth, our study indicates that temperate species have a much 
higher degree of endemism than tropical species, and generally lack 
distant refuges in other countries from which to re-establish; 339 out 
of the 487 temperate species in our dataset are endemic to Australia 
(70%), compared with only 19 out of the 570 tropical species (3%). Tem-
perate species also possess much deeper phylogenetic roots. The 331 
temperate fish and invertebrate species assessed here are classified 
within 105 families (mean 3.2 species per family), whereas nearly twice 
as many tropical fish and invertebrate species (538) belong to many 
fewer (60) families (mean 9.0 species per family). Substantial loss of 
temperate marine species would represent a major decline in the deep 
phylogenetic diversity of all life on Earth.

Although our investigation was focused on Australian reef-dwelling 
species, populations are probably also declining in other rapidly warm-
ing temperate seas. Among the sparse data available, a multi-decadal 
investigation of Californian inshore and pelagic fish communities found 
marked population declines since the 1970s for most studied species, 
with disproportionately large decreases among colder water taxa50. In 
the north Atlantic, shifts in fish and plankton community composition 
closely match heating anomalies51. Rapid declines of seastar populations 
due to wasting disease have been reported along the west North American 
coast, including the critically endangered habitat-engineer seastar Pyc-
nopodia helianthoides52. In addition to climate, the global concentration 
of human population density53 between 20° N and 40° N will probably 
increase the extinction risk on Northern Hemisphere temperate reefs54.

Unfortunately, few broad-scale ecological monitoring datasets are 
available for tracking species population trends on temperate reefs; 
consequently, extinctions of species will generally occur undocu-
mented. Broad-scale monitoring of echinoderms is particularly needed, 
as this phylum included the highest proportion of species tentatively 
identified as threatened in our investigation. Echinoderms may be 
disproportionately sensitive to increasing temperatures owing to dis-
ease outbreaks that are facilitated by their open vascular systems, and 
to changes in oceanic conditions that affect the ‘boom and bust’ life 
histories of many species with complex planktonic stages.

Additional management focus, investment and research are all 
needed to safeguard worldwide biodiversity values associated with 
temperate inshore habitats. Marine monitoring programmes urgently 
need expansion to allow assessment of extinction risk for macroalgae 
and invertebrates29,55,56, and for understanding the roles of direct, indi-
rect and cumulative stressors in driving loss of reef biota. An impor-
tant initial step is the recognition that human activity and associated 
stressors are concentrated on the continental shelf and upper slope 

in temperate latitudes, and this is also where much of the world’s deep 
phylogenetic diversity is currently under threat.
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Methods

Reef monitoring data
No statistical methods were used to predetermine sample size.

Density data were obtained through three long-term reef monitor-
ing initiatives progressed by the author team: Reef Life Survey (RLS; 
2007–2021)22, Australian Temperate Reef Collaboration surveys 
(ATRC; 1992–2021)23,58, and the Australian Institute for Marine Sci-
ence Long Term Monitoring programme (AIMS; 1992–2021)24. The 
ATRC programme involves application of standardized underwater 
census methods by management agencies in Tasmania (Department of 
Natural Resources and Environment), New South Wales (Department 
of Primary Industries), South Australia (Department of Environment, 
Water and Natural Resources) and Western Australia (Department of 
Biodiversity, Conservation and Attractions), with additional data from 
a Parks Victoria ecological monitoring programme that used the same 
methodology.

All initiatives apply comparable underwater visual surveys along 
50-m-long transect lines20, with diver searches extending out from the 
transect line within a 5-m-wide block for large fishes and a 1-m-wide 
block for small or cryptic fishes. Large (>1 cm) mobile invertebrates  
are counted in 50 m × 1 m blocks by RLS and ATRC divers, and 5 quadrats 
(each 0.25 m2 with 50 points) per transect scored in situ by ATRC divers 
for macroalgae. A total of 20 photoquadrats (~0.2 m2) were photo-
graphed by RLS divers along each 50 m transect line. Photoquadrats 
were scored for corals by a single expert (E.T.) to highest taxonomic level 
(generally species) at a subset of 481 sites distributed across all major 
reef systems, with 385 sites providing data in multiple years. Using the 
annotation program Squidle+59, a quincunx grid of 5 points was overlaid 
on each image and corals under each point were recorded; thus, taxa 
under 100 points per transect were enumerated. A total of 480 coral 
taxa were recorded in images, of which 321 were identifiable species.

The geographic scope of the three monitoring programmes differed. 
RLS extended Australia-wide; AIMS was restricted to the Great Barrier 
Reef (northeastern Australia); ATRC encompassed temperate locations 
from southwestern Western Australia to southeastern Australia includ-
ing Tasmania. Consequently, no macroalgal data were available for 
coral-dominated northern Australia. AIMS surveys were confined to 210 
fish species from 10 families. ATRC and RLS considered all vertebrate 
and large mobile invertebrate species sighted (plus giant clams for 
RLS). A total of 2,046, 750 and 279 sites were censused in at least one 
year through RLS, ATRC and AIMS programmes, respectively, where 
each AIMS site included three survey locations a few hundred metres 
apart on a single reef.

Transect block data were averaged per site. The number of transect 
blocks assessed in survey years within a site varied between methods: 
five 50 × 5 m2 large fish blocks and five 50 × 1 m2 small fish blocks for 
AIMS; eight (occasionally 16) 50 × 5 m2 and four (occasionally eight) 
50 × 1 m2 blocks for ATRC; and generally four 50 × 5 m2 blocks and four 
50 × 1 m2 blocks for RLS. Most transects (>95%) were laid between 3 m 
and 10 m depth (range 0.1 m below low water mark to 42 m).

Data from all 3,075 investigated sites were used to map the distribu-
tion of species showing significant declines (Fig. 3). The full dataset 
included 1,991 marine fish, 1,234 mobile invertebrate, 321 coral and 
463 macroalgal species. Trend analyses were based on 1,636 sites sur-
veyed at the same GPS position with at least two separate year values 
between 2008 and 2021 (1,105 RLS sites, 356 ATRC sites, 279 AIMS sites, 
including 104 sites surveyed by both RLS and ATRC divers). The >4,000 
species recorded across all programmes were reduced for analysis to 
1,057 species observed with a positive record in 60 or more year × site 
combinations. The majority were bony fishes (705 species), with sharks 
(19), reptiles (2), corals (55), asteroids (27), echinoids (20), crinoids (7), 
holothurioids (11), gastropods (55), bivalves (giant clams, 5), cephalo-
pods (4), crustaceans (13), brown algae (48), red algae (71) and green 
algae (15) also represented.

Sites surveyed in multiple years, and thus used in temporal analyses, 
included 1104, 356 and 279 sites for RLS, ATRC, and AIMS programmes, 
respectively. A total of 36% of sites were surveyed in 2 years only, and 
26% of sites in at least 7 different years (Extended Data Fig. 2).

Population trend analyses
Field survey data included numerous zero records, greatly complicat-
ing analysis of change, which is a multiplicative process. Decisions on 
how best to deal with zeros (that is, whether replaced by a small or 
large number relative to positive records during log transformation) 
affected analytical outcomes, as described below in ‘Issues considered 
in methods for quantifying population trends’.

We analysed population change in two complementary ways, as: 
(1) the best estimate of continental population trend using the mean 
density of each species within surveyed 1° latitude × 1° longitude grid 
cells (‘Population trend assessment method 1’), and (2) as propor-
tional change in density of a species each year relative to mean density 
across all years for each site (‘Population trend assessment method 2’).  
Population trend assessment method 1 used untransformed data and 
thus provided the best estimate of continental trends in the total popu-
lation, but required considerable interpolation of data for years not 
surveyed; consequently, year-by-year data were not independent. When 
interpreting trends, we have prioritized conclusions based on method 
1 given that trends should show a 1:1 relationship with total population 
size as generally recognized (that is, the total number of individuals 
across subpopulations; for example, in IUCN Red List9). Population 
trend assessment method 2 assessed change across all sites where a 
species was present without interpolation and without consideration 
of abundance differences between sites (that is, change at two sites with 
means of 1 and 100 individuals per transect were equally weighted); 
data thus remained independent. This approach was applied when 
assessing the statistical significance of population changes using the 
Spearman correlation coefficient.

Population trend assessment method 1. Mean site data were initially 
compiled as a site × species × year matrix for the period 1992–2021 
after excluding sites surveyed in a single year only. Zero counts were 
added when a particular species had been observed at the same site 
in another year. We interpolated values for non-surveyed years by  
assuming the site density of a species changed linearly in missing years 
between surveyed years. For years prior to the first survey at a site, or 
subsequent to the final survey, we assumed density was the same as in 
the closest year of survey.

Species densities were averaged within each 1° × 1° latitude × longi-
tude grid cell to prevent large spatially aggregated sets of sites biasing 
continental-scale patterns. The magnitude of change in abundance over 
the 2011–2021 decade was assessed by log transforming the continental 
mean of grid cell averages for each species in each year, then calculating 
the slope of the linear regression between log population density and 
year. Aggregated statistics (for example, for different biogeographic 
groupings) were calculated as the mean of slopes among species, with 
exponential back-transformation to proportional change over a 10-year 
period. The process of log transformation, calculation of slope, then 
back-transformation, resulted in similar values to the ratio of mean 
data from 2010–2011 divided by mean data from 2020–2021 (R2 = 0.90 
using log data). In plots, data for each year were standardized relative 
to the 2008 baseline year or the earliest year with data. Confidence 
intervals were calculated by assuming that species estimates within 
groups follow a normal distribution (1.96 × s.e.).

Population trend assessment method 2. Data for each site, species 
and year were standardized by calculating the log ratio of year density 
to site mean (that is, the difference between log density in any year 
and mean log density for that species and site across all years). Zero 
records were replaced by the lowest value for that species at the site 



across all years (that is, low detection limit) divided by 2 (see ‘Dealing 
with multiplicative effects’ below). To remove bias associated with 
highly clumped sites, we calculated mean values from all sites within 
each 1° × 1° latitude × longitude grid cell, then we determined mean 
continental values for each species across all cells (132 cells in total).

Significant continental population trends for each species were 
inferred using Spearman rank correlation relating year of survey to log 
ratio for each year relative to site mean. Significant results were based 
on α = 0.05, two-tailed test. Approximately 28 species could be expected 
to be incorrectly assigned significant negative trends due to statistical 
Type 1 commission errors associated with the 0.05 significance cut-off 
applied to 1,057 species. On the other hand, strong downward trends 
for many other species are masked by site-to-site and year-to-year 
variability (type 2 omission errors), meaning the number of biologi-
cally meaningful trends is likely to be substantially underestimated.

Issues considered in methods for quantifying population trends
Continental-scale population trends were initially investigated using 
the best estimate of mean density of each species at each site in each 
year (population trend assessment method 1), and thus involved inter-
polation of data in years when sites were not surveyed. As interpola-
tion led to non-independence of data between successive years, site 
density data in each survey year were standardized relative to the mean 
across all years to assess the significance of trends (population trend 
assessment method 2). Hypothesis testing in this case related to the 
consistency of change across all sites continent-wide where a species 
had been recorded, with equal weighting of sites regardless of popula-
tion density (that is, whether contributing much or little to the total 
population size).

Dealing with multiplicative effects. Data describing population den-
sity across sites or times typically possess a log normal distribution and 
are appropriately treated as proportional change rather than additive 
change. For example, population change between density counts of 1 
and 2 (1 density unit, 2× change) is intuitively much closer to change 
between density counts of 100 and 200 (100 units, 2× change) than the 
trivial difference between density counts of 100 and 101 (1 unit, 1.01× 
change). Log data transformation is thus appropriate.

Nevertheless, log transformation cannot be applied to the many 
zero records in our dataset. Treating these as missing values is inap-
propriate given that the zero possesses high information content, 
particularly for threatened species. However, for our dataset where 
only a small proportion of the seabed (<5%) is covered by transects 
during each site survey, zero records rarely indicate that the species 
is absent if previously recorded at the site (that is, extirpation), rather, 
the species is probably present but below survey detection limits. Thus, 
a zero record suggests a density between 0 and the minimum density 
recorded among other species present at the site.

Zero-inflated data are generally treated by either adding a constant n 
to all records (that is, log(x + n), often with n = 1) or to the zero records 
only. We chose the latter transformation to avoid distorting annual data 
for sites without zero records. log transformation after adding a con-
stant affects individual density counts in different ways (small densities 
are affected more than large densities), hence geometric means do not 
then directly convert back to an unlogged number for precise descrip-
tion of per cent change through time. Survey detection limits varied 
by up to an order of magnitude from site-to-site and time-to-time, 
depending on the number of transects conducted within a site. For 
example, mean density values down to 0.1 were possible at sites with 
10 transects, whereas densities could not extend below 1 at sites with 
a single transect. Consequently, application of a constant value of n in 
the log(0 + n) transformation added pronounced bias towards small or 
large density estimates, depending on the subjective choice of n. For 
an example time series [0, 0.1, 1], replacement of 0 with 1 results in a 
quite different temporal pattern [1, 0.1, 1] to replacement of 0 by 0.05 

[0.05, 0.1, 1]. We chose to place n at the midpoint between zero and the 
site detection limit; that is, n = min(x)/2, where min(x) is the minimum 
density recorded for that species in other years, a value that declines as 
the number of transects conducted at the site within a year increases. 
After log transformation, replacement of 0 by min(x)/2 results in a step 
between zero and min(x) that is equal to the step between min(x) and 
the second lowest possible value (2 × min(x)).

Data interpolation. Our survey data were patchy, with large gaps in the 
data matrix for years when sites were not resurveyed. Consequently, 
annual data averaged across large subsets of sites were noisy because 
regions with highest densities of a species may be surveyed in one year 
but not again until several years later, causing erratic fluctuations in 
continental density estimates between years. As an example, most 
species encountered in the Coral Sea were either much more or much 
less abundant than on the Great Barrier Reef, but Coral Sea surveys only 
commenced through the RLS programme in 2011 and were repeated 
several years apart. Without correction, the addition of Coral Sea data 
in a year when surveyed would cause major rises or declines in overall 
species’ averages. Thus, without interpolation or standardization, 
considerable noise obscured population trends.

We interpolated missing values for species at each site and year by 
assuming density changed linearly between the years when sites were 
surveyed. For example, if densities of a species were observed to be 
0.5 and 2 in 2010 and 2013, then densities were assumed to be 1 and 
1.5, in 2011 and 2012, respectively. For years prior to the first survey 
at a site, or subsequent to the final survey, we extrapolated using the 
same ‘best estimate’ process, by assuming density was the same as in 
the closest year of survey.

Interpolation of missing values is dealt with differently in the LPI60, 
which includes calculation of a generalized additive model (GAM) for 
each species’ population time series rather than assuming linear change 
between time points. A GAM smooths out year-to-year variation and 
is the better approach for describing long-term trends. Nevertheless, 
GAMs were not used for our analyses because many sites had insuffi-
cient year points for plotting GAMs. Of equal importance, GAMs smooth 
out extreme values and abrupt changes, whereas a particular focus 
of our study was the magnitude of variation accompanying extreme 
heatwaves.

The linear data interpolation method used here resulted in con-
siderable smoothing of peaks and troughs in our data, albeit less so 
than with GAMs. If a site was not surveyed in a year of major change, 
then interpolated data will be closer to the mean than the unobserved 
extreme value. Peaks depicted in plotted time series (Figs. 4–6) should 
thus be interpreted as minimum estimates. Also, gradual ramps lead-
ing up to and away from an annual abundance peak may not reflect the 
rapidity of population flux. This smoothing is evident when population 
trends associated with the strong 2011 southwestern heatwave are 
compared between population trend assessment method 1 (interpo-
lation and weighting of sites by abundance; Fig. 5b) and population 
trend assessment method 2 (no interpolation and equal weighting of 
all sites; Extended Data Fig. 4b).

The most pronounced smoothing of curves will occur for sites sur-
veyed in only two years, where interannual peaks and troughs in abun-
dance will generally be missed. This is particularly the case for corals, 
which were less frequently sampled than other taxa (Extended Data 
Fig. 1). Regardless, infrequently surveyed sites provided important 
information on long-term trends and helped to fill regional gaps, so 
contributed usefully to study outcomes.

Standardization by mean, maximum value or initial value. Calcula-
tion of effect size by standardization of densities within sites provides 
a mechanism for assessing trends without interpolation, while main-
taining independence of data values. Standardization can occur rela-
tive to the maximum, long-term mean, or first year of the time series. 
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We applied standardization by the mean, for the following reasons. 
Standardization by the maximum (that is, dividing density values by the 
maximum recorded at the site in any year) generated substantial biases 
associated with number of years a site was surveyed. Each additional 
year of survey included the possibility that a new maximum would be en-
countered, which then reduced the density estimates for all other years, 
and thus the contribution of those sites to the overall continental-scale 
mean. As an example, a site with only 2 years of surveys has a minimum 
possible mean across years of 0.5 when scaled to 1 (values of 1 and 0), 
whereas a site with 10 years of surveys has a minimum possible mean 
of 0.1 (values of 1 and 9 × 0). A site with only 2 years of surveys would 
thus typically contribute more to mean continental patterns than a 
more thoroughly investigated site with 10 years of survey. Short time 
series were also more frequent late in the study period as new sites 
were added to the RLS monitoring programme, inflating continental 
averages scaled to the maximum value through time because new sites 
with higher mean values were included in calculations of averages.

Standardization relative to the initial value was also problematic, 
particularly when the initial value was low and calculated ratios thus 
very high. In the extreme case of initial value = 0, then ratios could not 
be calculated.

Standardization by the mean (that is, dividing density values in each 
year by the site mean across all years, with log transformation to equally 
scale rises and falls) avoided this problem, hence was applied here.

Dealing with spatially aggregated site data. Sites have a highly 
clumped continental distribution because divers surveyed multiple 
sites in close proximity each day. This high spatial autocorrelation was 
removed by averaging site data within 1° × 1° (latitude × longitude) grid 
cells. Continental patterns were thus assessed by averaging density 
estimates for all grid cells where a species presence had been recorded. 
To reduce stochasticity, species with few (<60) positive abundance 
records were excluded from our study.

Trait and environmental covariates
Species’ population trends were related to site level variation in sea 
surface temperature and to six species traits. Daily values of sea surface 
temperature in each year from 1992 to 2021 were extracted for each 
site surveyed using down-scaled Coral Reef Watch temperature data61 
(available through https://coralreefwatch.noaa.gov/product/5km/), 
where the maximum distance between a site and nearest SST value is  
3.7 km. Site temperature data were averaged by year for each of six 
regions distributed around Australia (Northwest: Northern Territory 
and west coast north of 27° S; Southwest: west coast south of 27° S; 
South: south coast east to 148° S; Tasmania; Southeast: New South 
Wales and Victoria west to 148° S; Northeast: Queensland and Coral Sea).

Six species-level traits were investigated as predictors of population 
trends, namely:

Temperature affinity. Temperature affinity was calculated using Coral 
Reef Watch data for each species by firstly estimating the mean sea 
surface temperature at each site with positive sighting record, then 
calculating the mean of those site temperature values. On the basis 
of two minima (23 °C and 17.5 °C) in a plot of number of species versus 
temperature affinity, species were categorized by temperature affin-
ity into 3 biogeographic groupings (tropical >23 °C; warm-temperate 
>17.5 °C, <23 °C; cool-temperate <17.5 °C).

Chlorophyll affinity. Chlorophyll affinity was calculated in a similar 
way to temperature affinity, but using mean chlorophyll values for 
individual sites extracted from Bio-Oracle62.

Maximum depth. The maximum depth recorded for the species (in 
m). Most records were from refs. 63,64; others were from Fishbase65 and 
Sealifebase (https://www.sealifebase.org/).

Maximum length. The maximum length recorded for the species  
(in cm). Most records were from refs. 63,64; others were from Fishbase65 
and Sealifebase (https://www.sealifebase.org/).

Latitude span. The difference in latitude between northernmost and 
southernmost Australian records of the species in the combined RLS, 
ATRC and AIMS dataset.

Frequency of occurrence. Number of latitude × longitude (1° × 1°) grid 
cells surveyed around Australia in which the species had been recorded.

Statistical modelling
To test for differences in population trends for species we applied 
a multiple linear regression modelling approach using generalized 
least squares (package nmle66) in R67 with the six different species 
traits as predictor variables and log decadal slope (population trend 
assessment method 1) as the response variable. To account for heter-
oskedastic residuals, we used a variance structure modelled for each 
taxonomic class separately. Independent models were run for each 
taxonomic group (vertebrate, invertebrate, coral and macroalgae) and 
biogeographic grouping. Maximum depth, maximum body length, 
chlorophyll, and frequency of occurrence were log transformed; all 
variables were scaled and centred prior to analyses.

Base maps for Australia shown in figures were produced using the 
R package mapdata68.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Raw data from the Reef Life Survey and Australian Temperate Reef 
Collaboration programmes are accessible through a live data portal 
accessed via either the Reef Life Survey (https://www.reeflifesurvey.
com/) or Australian Ocean Data Network (https://portal.aodn.org.au/) 
websites using the keywords ‘National Reef Monitoring Network’. Sea 
surface temperature data were obtained from Coral Reef Watch (avail-
able through https://coralreefwatch.noaa.gov/product/5km/), chloro-
phyll data were obtained from Bio-ORACLE (https://www.bio-oracle.
org/), fish trait data were obtained in part from Fishbase (https://www.
fishbase.org/), and invertebrate trait data from Sealifebase (https://
www.sealifebase.ca/), as described in Methods.

Code availability
Analytical computations were undertaken in R version 4.2.0 (using 
libraries tidyverse. janitor, zoo, magick, cowplot, scales, patchwork, 
ggplot, rag, gt, gtable, grid, nlme, here and kableExtra)57, as described 
in R markdown script available at https://github.com/FreddieJH/con-
tinental_reef_trends.
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Extended Data Fig. 1 | Sites surveyed around Australia. Sites visited on single occasions are shown in blue, and in at least two years in red. Most individual sites 
are overlapping.



Extended Data Fig. 2 | Total number of sites surveyed with differing annual survey frequency. Number of annual surveys undertaken at sites from 2008 to 2021.
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Extended Data Fig. 3 | Recent change in mean abundance around the 
Australian continent for different species groupings. Major taxonomic and 
biogeographic groupings were assessed using data with different site sampling 
frequency. a. Full dataset, as shown in Fig. 1, that includes sites surveyed in at 
least two separate years. b. Reduced dataset that includes sites surveyed in at 
least 3 years. c. Reduced dataset that includes sites sampled in at least four 
years. Data relate to the 10-year period from 2011 to 2021. The number of 
species considered per grouping and 95% confidence intervals are shown. 
Images by GJE.



Extended Data Fig. 4 | Mean annual population trends for reef species with 
different biogeographic affinity in different regions. Species trends relative 
to 2008 were categorised within three biogeographic groupings (tropical 
>23 °C; warm-temperate >17.5 °C, <23 °C; cool temperate <17.5 °C) for six regions 
around Australia. a, Northwest: Northern Territory, Western Australian coast 
north of 27°S. b, Southwest: western coast south of 27°S. c, South: southern 

coast east to 148°S. d, Northeast: Queensland, Coral Sea. e, Southeast: New 
South Wales; Victoria west to 148°S; f, Tasmania. In contrast to data presented 
in Fig. 5, relative abundance for each species and site was calculated using 
Population Trend Assessment Method 2, as the log ratio relative to site mean 
across years, then averaged for sites within 1° x 1° grid cells. Shading indicates 
±1 SE (assuming a normal distribution across species estimates).
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