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Recent increases in the frequency of extreme climate events (ECEs) such as heatwaves
and floods have been attributed to climate change, and could have pronounced
ecosystem and evolutionary impacts because they provide little opportunity for
organisms to acclimate or adapt. Here we synthesize information on a series of ECEs
in Australia from 2011 to 2017 that led to well-documented, abrupt, and extensive
mortality of key marine habitat-forming organisms — corals, kelps, seagrasses, and
mangroves — along >45% of the continental coastline of Australia. Coral bleaching
occurred across much of northern Australia due to marine heatwaves (MHWs) affecting
different regions in 2011, 2013, 2016, and 2017, while seagrass was impacted by
anomalously high rainfall events in 2011 on both east and west tropical coasts.
A MHW off western Australia (WA) during the 2011 La Nina extended into temperate
and subtropical regions, causing widespread mortality of kelp forests and seagrass
communities at their northern distribution limits. Mangrove forests experienced high
mortality during the 2016 El Nifo across coastal areas of northern and north-WA due
to severe water stress driven by drought and anomalously low mean sea levels. This
series of ECEs reflects a variety of different events — MHWS, intense rainfall from tropical
storms, and drought. Their repeated occurrence and wide extent are consistent with
projections of increased frequency and intensity of ECEs and have broad implications
elsewhere because similar trends are predicted globally. The unprecedented and
widespread nature of these ECE impacts has likely produced substantial ecosystem-
wide repercussions. Predictions from ecosystem models suggest that the widespread
mortality of habitat-forming taxa will have long-term and in some cases irreversible
consequences, especially if they continue to become more frequent or severe. The
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ECEs Affect 45% Australian Coastline

abrupt ecological changes that are caused by ECEs could have greater long-term
impacts than slower warming that leads to gradual reorganization and possible evolution
and adaptation. ECEs are an emerging threat to marine ecosystems, and will require
better seasonal prediction and mitigation strategies.

Keywords: extreme climate events, kelp, coral, seagrass, mangrove, marine heat wave, modeling, ecosystem

INTRODUCTION

Extreme climate events (ECEs), statistically rare or unusual
climatic periods that alter ecosystem structure and/or function
well outside normal variability (Smith, 2011), are receiving
increasing attention as drivers of change in ecological and
evolutionary communities (IPCC, 2012; van de Pol et al,
2017). ECEs are also associated with climate change, becoming
more frequent and more intense (e.g., Herring et al., 2018).
In coastal marine systems, heatwaves and floods could have
greater ecosystem and evolutionary impacts than the more
gradual effects of climate change (Campbell-Staton et al., 2017;
Grant et al,, 2017), and essentially represent a “pulse vs. press”
dichotomy in terms of climate impact regime (Harris et al., 2018).
For example, heatwaves compound the effects of underlying
warming trends and provide little opportunity for organisms
to acclimate or adapt, whereas slower warming is more likely
to allow time for these processes to occur (Walther, 2010).
Although there is a common perception that high-latitude
areas will be most affected by climate change because the
magnitude of warming is greater there (Burrows et al., 2011), low-
latitude areas with dampened seasonal cycles, have the greatest
emergence of extreme heat (Diffenbaugh and Scherer, 2011)
and host many species that inhabit environments already close
to the limits of their thermal tolerance (Sunday et al., 2011,
2012; Frieler et al., 2013; Pinsky et al., 2019). Global warming
is increasingly affecting marine ecosystems including habitat
forming sessile organisms (Poloczanska et al., 2013), which
are often key ecosystem engineers and particularly vulnerable
to heatwaves as individuals cannot physically move to cooler
locations (Mislan and Wethey, 2015).

Here we synthesize the unprecedented large-scale impacts of a
series of ECEs on coastal marine habitats around the Australian
continent (Figure 1) between 2011 and 2017, spanning both
strong El Nino and La Nifa phases of the El Nino Southern
Oscillation (ENSO). We also model how impacts on habitat
forming organisms propagate through food webs and ecosystems
under a range of impact scenarios. The impact of ECEs
throughout most of northern Australia has broad implications
as the climate change phenomena driving the ECEs are being
experienced globally (Oliver et al., 2018a). These conditions are
also a precursor of a future in which ECEs are increasingly
common, since ECEs are episodic, thus providing little or no
time for acclimation and evolution, thus potentially exacerbating
damage through the shocks they create within ecosystems
(IPCC, 2012).

ECE Impacts in Australia
Vulnerability to marine extremes, such as heatwaves, has been
demonstrated for many marine species (Poloczanska et al., 2013),

but impacts to habitat-forming species may be most damaging.
Around Australia and globally, coral reefs, kelp forests,
mangroves, and seagrasses are all foundation species supporting
diverse ecological communities (Steneck et al., 2002; Orth et al.,
2006; Blaber, 2007; Nagelkerken et al., 2008; Waycott et al., 2009;
Pratchett et al., 2011; Graham, 2014). Direct losses of significant
portions of these habitats have been reported (e.g., McKenzie
et al., 2014; Thomson et al., 2015; Wernberg et al., 2016a; Duke
etal., 2017; Hughes et al., 2017), with predictions of wide-ranging
effects that will significantly alter the communities associated
with these ecosystems.

Half of Australian coastal waters have experienced their
warmest ever monthly temperatures since 2008 (Figure 1), which
reflects the increased extent, frequency and magnitude of marine
heatwaves (MHWs; Hobday et al, 2016). The duration and
magnitude of these events is also extending, with warmer sea
temperatures persisting for longer than was recorded during
previous extreme events (Hughes et al., 2017; Oliver et al., 2017).
MHWSs have increased around Australia and globally (Oliver
etal., 2018a) and global climate models indicate that such MHW's
are orders of magnitude more likely as a result of anthropogenic
climate change (Oliver et al., 2017, 2018b). There is now a high
level of consensus that, in addition to extreme warming events,
climate change is also leading to extremes in other aspects of
climate and weather, such as more severe storms (Herring et al.,
2014, 2018; Stocker, 2014; Cheal et al, 2017). For example,
extreme 1-day rainfall events estimated to occur once every
20 years in the 1950s are now expected to occur once every
15 years (Zhang et al., 2013; McInnes et al., 2015).

Extreme warming events have contributed to the abrupt,
severe, and extensive impacts on key marine habitat-forming
species including corals, kelp, seagrass, and mangroves along the
Australian coastline in recent years. Below, for each key habitat
forming biota, we briefly discuss their importance and their
threats and then detail the recent ECEs in Australia and their
impacts. We then use ecosystem models to estimate the overall
impacts of ECEs of varying frequency on different ecosystems,
and compare whether temperate or tropical environments are
more likely to be impacted. We also discuss how understanding
climate variability and change in marine ecosystems might
be used to develop adaptation strategies to reduce potential
impacts of ECEs.

MATERIALS AND METHODS

Extreme Climate Impacts

We reviewed the literature relating to impacts on Australia’s
coastal marine ecosystems of ECEs during the recent ENSO cycle,
which spanned the La Nina of 2011 and the El Nino of 2016.
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FIGURE 1 | (A) Cumulative habitat impact map (created by overlaying the individual event maps detailed in Figure 2). (B) Cumulative percentage of the Australian
marine domain that experienced the maximum monthly SST for the period between 1985 and 2017, based on NOAA High Resolution Daily Sea Surface
Temperature. The analysis was performed for each 0.25 x 0.25 degree cell in the domain (10-45° S, 110-160° E) for the period 1985-2017. The year in which the
warmest month was recorded for each cell. The plot is the cumulative sum of these warmest years across all cells. For example, 50% of the ocean around Australia
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We examined the nature of the events as well as the extent
and severity of impacts. This provided the basis for modeling
of current and future ecosystem-wide impacts under a range of
possible scenarios.

Modeling Ecosystem-Wide Impacts

The magnitude of habitat change caused by ECEs will have
significant impacts on species dependent upon them and
their associated food webs (Thomson et al,, 2015; Wernberg
et al, 2016a; Richardson et al, 2018). However, long-term
implications are not yet clear because of short time series
and the recent increase in such events. To address the
potential long-term consequences, ecosystem models were
used to explore ecosystem-wide impacts of ECEs and the
sensitivity of these systems to differing disturbance patterns.
There are ecosystem models for much of Australia’s coastline
and the models available for the areas affected by the ECEs
(Table 1; with more detailed descriptions available in the
Supplementary Materials) were used to explore the magnitude
of potential trophic and habitat-mediated indirect effects. To
account for uncertainty about the structure and linkages in
the systems, a multi-model approach was taken. All systems
had Ecopath with Ecosim (EwE) models (Christensen and
Walters, 2004), and these were supplemented with Atlantis
(Fulton et al,, 2011) and InVitro (Fulton et al., 2011) models
where available. The use of published EwE models across
almost all systems provided a uniform basis for comparison
across the various ecosystems, with the addition of the
Atlantis and Invitro models providing insight into uncertainties
regarding the level of potential change (or robustness) that

result from uncertainty around the structure and dynamics
of the ecosystems.

The Jurien Bay EwE model had the smallest spatial extent
(823 km?) but the highest number of trophic groups (81),
while at the other extreme the Great Barrier Reef (GBR) EwE
model had the fewest trophic groups (31). The Atlantis-SE
model for south-eastern Australia had the greatest spatial extent
(at 3.7 million km?).

The use and dependency on habitats by reef and other
species are explicit in Atlantis and InVitro. Mediation functions
(where the state of the habitat influences the success of trophic
interactions targeting the habitat dependent prey group) were
used to capture the same dependency on biogenic habitats
in the EwE models. Parameterizations of these dependencies
were drawn from the same literature as the original model
implementations or from the Atlantis and InVitro models of the
same systems where available (Table 1).

An additional “ECE mortality” source was added to each
model, and affected the main habitat forming primary producers,
initially at low levels (causing biomass losses of only 3.4 x 10~*
tonnes km~2 d~!), so that under standard conditions mortality
is negligible. Major ECEs were then represented by forcing this
mortality source to produce short-term mortalities with the same
magnitudes of habitat decline as those reported in the literature
discussed above. For instance, if corals suffered 50% mortality
due to severe bleaching in a particular region, then the mortality
source was increased for simulated ECEs of 2 months duration,
to a level that resulted in 50% realized mortality in the relevant
model. In the currencies of the models the magnitudes of all
trophic groups are represented in units of biomass and realized
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TABLE 1 | Details of the models used to investigate primary and indirect effects of extreme climate events.

Region Model type Number of functional Area (km?) Notes References
groups
Jurien Bay EwE 81 823 Lozano-Montes et al., 2011
Ningaloo EWwE, InVitro 52 43 28,700 Both models include fisheries, tourism, Fulton et al., 2011; Gray et al., 2013
agriculture, and oil and gas extraction.
InVitro also includes trucking, shipping, and
local urban areas; as well as forcing time
series for temperature, salinity, ocean
currents, and precipitation.
North west Shelf EwE 37 70,000 Bulman, 2006
Kimberley EwE 58 93,000 In addition to commercial and recreational Boschetti et al., 2017
fishing, the model contains: collection of
specimen shells, Trochus, marine aquarium
fish, pearl oyster and Beche-de-mer
mariculture, tourism, oil- and gas-related
stressors, shipping and coastal habitat
deterioration.
Gulf of Carpentaria EwE 53 396,483 Fisheries include indigenous collection, Bustamante et al., 2011; Dichmont
charter vessels, and IUU activities. et al., 2013
Great Barrier Reef EwE 32 325,848 Gribble, 2003
New South Wales Coast EwE, Atlantis 57 54 48,000 50,000 Atlantis includes drivers for temperature, Forrest et al., 2015
salinity, ocean currents, and terrestrial
run-off.
South East Australia EwE, Atlantis 59 58 30,263* 3,700,000 Atlantis includes drivers for temperature, Bulman et al., 2006; Fulton et al., 2014
salinity, ocean currents, and terrestrial
run-off. In addition to fisheries the model
contains aggregate mining, shipping,
marine energy sectors, and coastal
development.
Tasmania EwE 47 137,000 Contains the potential for a pinniped cull. ~ Watson et al., 2013

Models for south east Australia and Tasmania have been included, as this region has experienced a number of MHWS, but has not yet seen the same extent of habitat
impact due to the decline of kelp in the area pre-dating the events (this does not, however, preclude further ECE-related change in the future). EWE, Ecopath with Ecosim.
Unless noted otherwise, EWE models were non-spatial, were forced only with the ECE driver, and the only anthropogenic components included were fisheries. Further
details of models including definitions of trophic groups are presented in Supplementary Table S1. *The EwE model extent represents a small subset of the Atlantis

domain (around the eastern end of Bass Strait and the coast of Victoria).

mortalities are represented as reductions in total biomass of
habitat formers. For the spatially explicit models, the footprint
of the simulated ECE was set to match that of the real-world ECE
in the same region.

To explore the full implications of extreme events for habitat
formers and the stability of ecosystems dependent on them
(Bender et al., 1984), three forms of extreme events scenario were
considered with each model in which the frequency of ECEs
was varied to assess the sensitivity of systems to disturbance
frequency. We simulated a single major “pulse” event (with
mortality rate returning to normal negligible levels after the ECE
and remaining at those low levels for the rest of the 50 year
run); “episodic” ECE-driven mortality events every 5 years; and a
“step-change” such that the mortality-induced change in biomass
becomes a permanent feature of the system. All of these are
variations of “pulse” disturbances rather than a more gradual
“press” impact of climate change. To provide first-order estimates
of effects, these simulated ECEs were simplistic in that they
did not account for synergies among different types of ECE,
or the capacity of species to adapt to changing ECE frequency,
duration, and intensity. The single exception to this is the Atlantis
model for SE Australia. That model has the capacity to represent
acclimation and evolution and simulations were run for that

model, with and without that capacity enabled, to see what
difference it made to the results. The effects of ECEs on the
systems included assessment of the ability of the systems to
recover to their original biomass and structure (Bender et al,
1984), and the speed at which this occurred.

RESULTS AND DISCUSSION

Australia has been impacted by an unprecedented number of
ECEs since 2011, impacting >45% of the coastline (Figure 2). We
now describe in detail these impacts on the four major habitats
around the coast.

ECE Impacts

Corals

Coral reefs are home to >83,000 species (Fisher et al., 2015),
more than any other marine ecosystem. The global economic
value of coral reefs from both direct and indirect services is
estimated to be in the billions to trillions of $US per annum
(Costanza et al., 2014; Spalding et al., 2017). Corals face a wide
range of threats, including diminishing water quality, overfishing,
and construction (Wilkinson, 2004). However, processes related
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FIGURE 2 | A schematic of the timeline of extreme events and habitat impacts. Sea surface temperature anomaly maps (°C increase above the monthly climatology
over the period 1993-2014) associated with each extreme event are shown, as well as the indicative spatial footprint of the habitat impacts. The maps (A-E) indicate
the habitat types affected and the kind of extreme event causing the impact (e.g., MHW, tropical cyclone, flood, etc.), and were created based on maps or
geographic details provided in the literature cited in the main text. Thermal anomalies at the time of each ECE are depicted in the figures immediately above.

A timeline of the specific types of extreme events are shown in the bottom part of the diagram — with only cyclones (gray circles) of category 2 or above shown
(source www.bom.gov.au). W, N, and E indicate the region of Australia (West, North, East) affected.

to climate change, in particular warming and ocean acidification,
are increasingly threatening coral reefs (Heron et al., 2017).
Bleaching of corals due to heat-induced breakdown in the
relationship between corals and their symbiotic algae (Glynn
et al, 2001; Smith et al., 2005) can lead to coral mortality,
declines in total coral cover, changes in the composition of coral
communities (Perry and Morgan, 2017b), subsequent reductions
in reef calcification rates and physical structure (Perry and
Morgan, 2017a), and drops in recruitment and recovery rates
(Hughes et al, 2019). These changes in reef ecosystems will
fundamentally change the nature of coral reefs (Stuart-Smith
et al., 2018), with concomitant changes in the biodiversity and
biomass of associated fish (Pratchett et al., 2011; Graham, 2014;
Hughes et al., 2018; Richardson et al., 2018) and invertebrate
(Przeslawski et al., 2008) communities. Coral reefs of Australia,
including the world’s largest reef, the GBR, are not immune to
these threats, despite receiving a high level of legal protection
(D€ath et al., 2012).

In the eastern Indian Ocean off Western Australia (WA) in
2011 there was an intense MHW, unprecedented in the 140-year
local record (Wernberg et al., 2013). The 2010-2011 extreme La

Nifa conditions in WA resulted in sea surface temperatures up
to 5°C above normal (Figure 2). The MHW persisted for months
along most of the west coast of Australia, resulting in widespread
effects on corals. Bleaching and mortality were reported along a
stretch of coast from Perth (32° S) to the Exmouth Gulf (21.75°
S) (Abdo et al., 2012; Moore et al., 2012; Depczynski et al.,
2013; Speed et al., 2013; Bridge et al., 2014). Effects of bleaching
were most severe in parts of the northern extent (e.g., >90% in
Exmouth Gulf), with 19-50% reduction at the Abrolhos Islands
(28.7° S) (Abdo et al., 2012; Bridge et al., 2014). Further south
at Rottnest Island (32°S), levels of bleaching and mortality were
lower, around 17% (Moore et al., 2012).

Heatwave conditions on the west coast abated in 2012, but
anomalously warm waters returned in 2013 - this time to
northwestern Australia (21.75° to 20.3° S), to the north of
the region worst affected by the 2011 MHW. Bleaching and
mortality of corals (Figure 2) were recorded on inshore (51-
68%; Lafratta et al.,, 2017) and offshore reefs (69.3%; Ridgway
et al.,, 2016). The MHW was the result of La Nifa conditions
and the development of the “Ningaloo Nifio” in the eastern
Indian Ocean (Fengetal,2013), which brings anomalously
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warm surface waters along the west coast of Australia (Zhang
et al., 2017). Ningaloo Nifio conditions were persistent during
2012 and 2013 (Feng et al., 2015), and have become increasingly
frequent since the late 1990s. This is consistent with climate
change projections (Cai et al., 2015).

By 2016, the ENSO index indicated an El Nifio state with warm
surface waters across much of the central western Pacific, and
temperatures between Papua New Guinea and Australia were the
warmest ever recorded (Oliver et al., 2018a; Figure 1B). Heating
lasted much longer in 2016 than during previous bleaching
episodes (e.g., 2002; Berkelmans et al., 2004), and more than twice
as many reefs on the GBR experienced >8 Degree Heating Weeks
(Hughes et al., 2017, 2018). Bleaching of corals in 2016 was the
most severe and extensive so far recorded, with the most severe
impacts seen in the northern GBR (Figure 2); there was severe
bleaching (>60% of coral cover) and mortality recorded on most
reefs between Torres Strait (9.5° S) and Lizard Island (15° S)
and significant bleaching (30-60%) on reefs as far south as 19°
S (Hughes et al., 2017). Bleaching and recovery were observed
in corals further to the south, off the subtropical coast of eastern
Australia (27.2-30° S; Hughes et al., 2017; Kennedy et al., 2018).
Severe bleaching was also recorded at the same time along the
northwestern coastline of the Northern Territory (12° S, 134° E
to 16.45° S, 123.1 E), and on oceanic reefs between Australia and
Indonesia (Scott Reef, 14° S, 121.8° E; Christmas Island 10.5° S,
105.6° E; Hughes et al., 2017).

In 2017, for the first time on record, there was a second
consecutive year of bleaching on the GBR (Figure 2), extending
south to 19° S (Great Barrier Reef Marine Park Authority,
2017; Hughes and Kerry, 2017). Approximately 50% of the
remaining corals were severely bleached, overlapping in spatial
extent with bleached areas from 2016 but extending further
south. The severity of these consecutive events, combined with
the vulnerability of particular corals such as members of the
genus Acropora to bleaching (Hughes et al., 2017), means that the
composition of coral assemblages on reefs in the worst affected
northern half of the GBR are unlikely to return to their former
state in the foreseeable future (Hughes et al., 2018).

El Nifio conditions that push a pool of warm-water toward
the western Pacific and drive sea surface temperature anomalies
on the GBR are projected to increase in frequency under
climate change (Cai et al., 2014); long-term environmental proxy
records already show a recent increase in ENSO variability
in the central Pacific (Liu et al., 2017). Observations of coral
bleaching in response to anomalously warm sea temperatures
on the GBR extend back to 1998, with bleaching also recorded
in 2002. Analysis of these records shows that reefs more
frequently exposed to bleaching conditions in the past were more
likely to bleach again (Hughes et al., 2017). Consequently, the
likelihood of more frequent, more extensive, and increasingly
severe bleaching of corals across the tropics of Australia appears
to be increasing, as predicted, both for east and west coasts
(Heron et al., 2017). Local weather features such as cyclones
(Moore et al, 2012; Hughes et al, 2017) and upwelling (Xu
et al, 2013) may lead to cooling that mediates bleaching effects
in specific subregions; however, the location of such events will
vary over time, reducing the likelihood of corals in any given

area avoiding impact in the longer term. Further, the warm,
oligotrophic waters of Australian coasts have localized and weak
upwelling by global standards, which provides little abatement to
the surface warming.

Kelp Forests

Kelp forests provide habitat for highly diverse assemblages of
flora and fauna (Steneck et al., 2002) and make vital contributions
to the productivity and economy of coastal habitats. For example,
the estimated value of kelp forest habitats to the Australian
economy is at least AU$10 billion per year (Bennett et al., 2016).
Kelp forests globally are facing threats from overfishing (Steneck
et al., 2004), eutrophication (Coleman et al., 2008), and climate
change (Wahl et al., 2015; Smale and Vance, 2016). Consequently,
their loss has serious implications for the stability, productivity,
and economic value of temperate coastal ecosystems. Declines in
kelp forests lead to reductions in biodiversity (Airoldi et al., 2008;
Ling, 2008), the biomass of fish and invertebrates such as abalone
(Edgar et al., 2004), and recruitment of commercially important
lobsters (Hinojosa et al., 2014; Hesse et al., 2016).

As a result of the WA MHW in 2011, abundance of the kelp
Ecklonia radiata decreased by >90% in the northern extent of its
range, between 29 and 27.7° S (Figure 2), with local extinction
of E. radiata on 370 km? of reef during 2011 (Wernberg et al.,
2016a). These warmer temperatures resulted in slower growth
and impaired physiological performance of E. radiata adults and
juveniles (Wernberg et al., 2010, 2016b; Bearham et al., 2013).
More than 50% of Ecklonia stands were lost as far south as 30.5°
S and effects extended to south of 32.0° S. Another large brown
alga, Scytothalia doryocarpa, disappeared from 5% of its range,
with a range contraction of >100 km from 30.1 to 30.9° S and
reductions in abundance as far as 31.9° S (Smale and Wernberg,
2013). The MHW in 2011 almost certainly caused the localized
extinction of these two species of canopy-forming brown algae
along 100 km of coast (Smale and Wernberg, 2013; Wernberg
et al., 2016a). Since 2011, there has been no recovery of the
kelp canopy in areas affected by the MHW, due to impaired
recruitment and grazing by tropical herbivorous fish. It is thus
likely that the shift in ecosystem structure throughout this region
will persist for the foreseeable future even without further MHW s
(Bennett et al., 2015; Wernberg et al., 2016a).

In contrast, kelp communities on the Australian east coast
have undergone gradual declines in response to long-term
warming (Supplementary Figure S1), providing insight into
the contrasting mechanisms and impacts between gradual
warming and ECEs. The east coast is experiencing long-term
ocean warming due to more frequent and prolonged poleward
penetration of the East Australian Current extension (Ridgway,
2007). At the Solitary Islands (29.7-30.1° S), 10 years of video
evidence showed that the decline of E. radiata near its northern
range limits, during a period in which SST warmed by 0.6°C, was
caused by increased abundance of herbivorous fish, which ate the
kelp (Vergés et al., 2016). Similarly in Tasmania, the sea urchin
Centrostephanus rodgersii has become established since the 1960s
because water temperatures are now routinely warmer than the
lower limits for larval survival (Ling, 2008). Sea urchins have now
expanded along the Tasmanian coast (39.6-43.4° S), facilitated by
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the rarity of large rock lobsters Jasus edwardsii, due to fishing,
which are important urchin predators (Johnson et al., 2011).
Sea urchins in turn have consumed much of the macroalgae in
substantial areas of northern Tasmania, especially for canopy-
forming species E. radiata and Phyllospora comosa (Ling, 2008).
While rapid on geological time scales, the gradual effects of
warming temperatures in eastern Australian kelp forests over the
past decades are more characteristic of changes in distribution
commonly found in marine and terrestrial systems (Rosenzweig
etal,, 2008; Poloczanska et al., 2013) than are changes attributable
to the WA MHW in 2011. Perhaps because kelp abundance was
already reduced, the Tasman Sea MHW in 2016 apparently had
little effect on remaining kelp forests of Tasmania (Oliver et al.,
2017). In temperate Australia, as elsewhere, both gradual and
extreme changes in temperature are shaping kelp ecosystems.

Seagrasses

Seagrasses form a critical component of many nearshore
environments, helping to stabilize sediments and store carbon,
providing food for megafauna such as turtles and dugong,
and affording critical habitat for birds and recreationally
and commercially important fish and invertebrates (Orth
et al, 2006). Globally, the decline of seagrass meadows is
accelerating (Waycott et al., 2009), attributed primarily to
coastal development and deteriorating water quality (Waycott
et al., 2009; Grech and Coles, 2010), although growing evidence
suggests ECEs have also played a major role (Wetz and
Yoskowictz, 2013). Cyclonic conditions can destroy seagrasses
in shallow water through physical damage and smothering,
while the associated heavy rainfall often results in turbid flood
plumes that reduce available light for seagrasses (Longstaff and
Dennison, 1999; Campbell and McKenzie, 2004; McKenzie et al.,
2012). Elevated nutrient levels transported to the nearshore
environment by floods can promote phytoplankton and epiphyte
growth, further limiting the light and oxygen available to
seagrasses (McKenzie et al., 2012).

During the 2010-2011 wet season along the north Queensland
coast, combined impacts of a prolonged period of low salinity,
light deprivation, and increased contaminant load (via terrestrial
runoff) (Devlin et al., 2012) resulted in a major loss of seagrasses
(Figure 2; Babcock et al, 2012; McKenzie et al.,, 2012, 2014;
McKenna and Rasheed, 2013; Hanington et al., 2015). During this
time, the formation of one of the strongest La Nifas (McKenna
and Rasheed, 2013) brought a series of extreme events to the coast
of north-eastern Australia (Hodgkinson et al., 2014). During this
period, three tropical cyclones, including one category 5, crossed
the coast of tropical eastern Australia. This resulted in record
river flows, with the total flow for all rivers adjacent to the GBR
being 2.6 times the median flow. At their peak, flood plumes
during this period covered 39% of the GBR (Devlin et al., 2012).
There were similar levels of flooding as far south as Moreton
Bay, where an estimated sediment load >1 million tonnes (three
times average annual load) was deposited into Moreton Bay over
a 10-day period (DERM, 2011).

Severe declines in seagrasses were recorded in 2011 for regions
within the GBR, with >70% of all seagrass beds declining by
>20% and seagrass condition in all regions rated as “very poor”

and at historically low levels (McKenzie et al., 2014). Similar,
though less-extreme trends were reported in coastal areas south
of the GBR, also associated with unusually high rainfall and
flooding (Babcock et al, 2012). In February 2011, Tropical
Cyclone Yasi (Category 5, Figure 2) not only brought high rainfall
but also resulted in extensive physical damage to seagrasses
within a 300-km wide band across the continental shelf (Kennedy
et al., 2018). Approximately 98% of intertidal seagrass was lost
in its path, and only a few isolated shoots remained in coastal
and reef habitats (McKenzie et al., 2012). Following floods in
2011 in Queensland, there were record numbers of strandings of
green turtles and high levels of strandings of dugongs that rely on
seagrass for food (Meager and Limpus, 2014).

After the floods in early 2011, colonizing species of coastal
seagrasses showed some recovery (e.g., <10% of original cover)
between Townsville and Moreton Bay during the ensuing
12 months (Babcock et al., 2012; McKenna and Rasheed, 2013;
McKenzie et al., 2014), as did some deep-water seagrasses to the
north of Townsville (McKenna and Rasheed, 2013). In contrast,
there was no evidence of recovery in coastal inshore seagrasses by
September 2012 (McKenna and Rasheed, 2013).

Seagrass meadows in Shark Bay on the west coast (~26° S)
also experienced mortality during the 2011 MHW (Thomson
et al, 2015; Arias-Ortiz et al., 2018), possibly exacerbated
by an extreme rainfall event in late December 2010 that led
to prolonged (December 2010 to February 2011) flooding
and high turbidity. Within the eastern embayment of Shark
Bay, impacts of the heatwave and the flooding potentially
acted synergistically on the seagrass damaging 36% of the
seagrass community, causing 22% loss of extent and exposing
organic carbon in sediments to oxic conditions (Arias-Ortiz
et al., 2018). Amphibolis antarctica is close to its northern
limit of distribution at Shark Bay, suggesting it could be
sensitive to increases in temperature (Walker and Cambridge,
1995) or deterioration in conditions. Similar to the east coast,
turtle health was affected in Shark Bay following declines in
seagrass cover (Thomson et al, 2015). The slow growth rate
of A. antarctica and observations that below-ground biomass
continued to decline for several years following the MHW (Fraser
et al, 2014; Thomson et al., 2015) suggest future recovery
will be slow. These events are an example of how different
types of ECEs that are linked to larger-scale variability in
climate such as ENSO (e.g., Figure 2) can be clustered in
time, and thus compromise the natural coping mechanisms
of many species.

Mangroves

Remote tropical Australian coasts support undisturbed mangrove
forests and adjacent estuarine and shallow coastal waters of
global significance (Halpern et al., 2008). Mangrove forests are
responsible for major components of the primary productivity
of coastal habitats that support fish and fisheries, both globally
and in northern Australia (Blaber, 2007). The physical structure
of mangrove forests provides both shelter and a stable substrate
for flora and fauna, as well as increasing soil stability on which
subterranean communities of fish, crustaceans, and detritus
recyclers rely (Nagelkerken et al., 2008).
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During the summer of 2015-2016, a significant area (7400 ha)
of mangroves in the Gulf of Carpentaria (GOC) died (Figure 2),
mostly in tracts along the coastline from the western GOC to
the south-east GOC (Duke et al., 2017; Harris et al., 2018). The

scale of this dieback, over 1000 km in linear extent of saltflat- and
beach-backed coasts, was far more extensive than any reports of
previous diebacks (e.g., Paling et al., 2008). The dieback affected
6% of the overall GOC mangrove community, and in some

Max
Median

Percentage of groups
20 30 40

10
|

| I I
0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-5050-55 55-60

Recovery time (years)

FIGURE 3 | Distribution of recovery times (across all groups in all models). The spread of the median and maximum ranges of recovery times at a system level are
shown in gray bars above the plot, with the median across systems shown in black.

30

20

- N ©
=) S S

Percentage of groups impacted
1)

30

20

Pulse

Episodic

Frequency of extreme events

. Pulse
. Episodic
. Step change

Step

<80

80 -70 70 -60 60 -50 50 -40 40 -30 30 -20 20 -10 10 0 0- 10
Impact level (% change in biomass relative to pre-event levels)

FIGURE 4 | Ecosystem impact plots showing the distribution of percentage change in relative biomass (in comparison to pre-event levels) under the three scenarios:
pulsed, episodic, or step-change in the frequency of extreme events (plots aggregate results across all groups in all models).

1020 20-30 30-40 40-50 50-60 60-70 70-80 >80

Frontiers in Marine Science | www.frontiersin.org

July 2019 | Volume 6 | Article 411


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Babcock et al.

ECEs Affect 45% Australian Coastline

regions dieback affected up to 26% of the mangrove stands. At
locations in the eastern GOC (~17.5° S, 140.9° E), the coastal
Avicennia marina community suffered complete mortality. In
other locations, such as in the western GOC (15° S, 138.7° E),
two species of mangrove died (A. marina and Rhizophora stylosa),
each along the landward edge of the upper tidal limit of their
distribution, despite the two species inhabiting different tidal
levels. Mortality of mangroves was also reported in early 2016
as far away as the Northern Territory (12.2° S, 132.7° E; Lucas
etal., 2017) and the Australian west coast (22.0° S) and was due to
ENSO-linked sea level changes (Lovelock et al., 2017) that affect
the whole northern Australian region, suggesting that there may
have been further diebacks in remote areas that were unreported.

By late 2015, affected areas of the GOC had experienced
lower-than-average rainfall for the previous 3 years, record
hot temperatures in the preceding 6 months, and abnormally
low sea-level (>20 cm below mean sea level) (Duke et al,
2017). This was coincident with a strong El Niflo, resulting
in ECE conditions across northern Australia. Mangrove forests
require freshwater for survival and, though they use saltwater
as well, many mangroves live close to their salinity tolerance
levels (Parida and Jha, 2010). It is likely that mangrove tracts
suffered from a combination of soil moisture stress, loss of
monthly inundation of the upper intertidal on neap tides, and
abnormally hot temperatures over an extended period. The
recent mangrove diebacks in northern Australia took place
within otherwise pristine mangrove ecosystems, few of which
remain worldwide, and illustrate impacts on tropical stands
suffering dieback from soil moisture stress (see Duke et al., 2017;
Lovelock et al., 2017).

Modeling ECE Impacts

Results from the ecosystem models of simulations of extreme
event scenarios indicate that there are clear and potentially
substantial effects of ECEs (Figure 3). After a single extreme
event, recovery times for individual functional groups ranged
from 4 to 60 years. While median recovery time was more
typically 10-15 years, a long tail of continuing small-scale
effects was evident (Figure 3), with biomass of primarily
slower-growing or longer-lived groups departing from pre-event
levels for decades.

Since median recovery time is estimated to be 10-15 years
(Figure 3), and the frequency of ENSO-related ECEs is projected
to be 1 in 15 years (Cai et al, 2014), coastal ecosystems are
unlikely to recover fully between ECEs, resulting in compounding
effects on ecosystem structure and function. For example,
if events were once-off or relatively infrequent, longer-term
shifts were small for the majority of groups (<5%), however,
as frequency increased so did the mean size of the impact
on biomass each functional group - increasing to be 8-10%
for most groups (Figure 4). This mean hides considerable
variation, with biomass of habitat-forming groups and species
dependent upon them - particularly large-bodied reef or
meadow-dependent species — declining substantially (e.g., by
>80%), while other generalist or more opportunistic species
increase in abundance (e.g., small herbivorous fish in Jurien Bay,
WA, increase by 48%; fish species characteristic of degraded and

disturbed habitats increasing in tropical models and demersal
omnivores and invertebrate feeders increasing in temperate
models). For fisheries, these shifts in biomass had substantial
negative effects on landed catches, which were predicted to fall
by 15-25% overall.

Across the different types of models, those capturing the
time delays inherent in habitat recovery (Atlantis, InVitro, and
EwE models with stanza representations of corals) predicted
the longest recovery times. Maximum recovery times ranged
from 15-20 to 55-60 years, with median values between 40 and
45 years (Figure 3). Moreover, tropical systems took longer to
recover than temperate systems and showed a greater propensity
for the consequences of individual ECE to last decades. Allowing
for acclimation and evolution in the Atlantis model of south east
Australia lessened the effect of ECEs, halving the magnitude of
biomass declines and shortening recovery times by ~40%, but did
not negate all impacts.

CONCLUSION

Widespread and severe impacts of climate change are not simply
a problem we might face in the future, they are happening now.
We have detailed recent severe, abrupt, and widespread impacts
of climate change related to environmental extremes affecting
globally significant habitat-forming corals, seagrasses, kelps, and
mangroves around Australia. Since 2011, >45% of the coastline
of the Australian continent has been affected by ECEs, which
are unprecedented in intensity, and are becoming more frequent,
such as the multiple bleaching episodes of coral reefs in WA and
on the GBR. This manifestation of climate change — an increase
in episodic ECEs - differs from a more gradual model of climate
change driven solely by changes in mean temperature assumed in
most modeling of future biodiversity distribution (e.g., Burrows
et al., 2014; Lenoir and Svenning, 2015). Marine life is more
likely to be able to adapt to the gradual climate change in coastal
marine ecosystems that is occurring in Australia (e.g., in kelp
forests of southeastern Australia; Ling, 2008; Vergés et al., 2016)
and globally (Bates et al., 2018), than to the abrupt ECEs that
we describe here.

When effects of gradual climate-related change in coastal
habitats around southeastern Australia are added to ECE
impacts (Supplementary Figure S1), the proportion of coastline
affected around Australia reaches almost 50%. Regardless of
the mechanisms, the public reaction to these vast impacts has
been relatively muted, particularly relative to the concern that
results from localized accidents such as oil spills, shipwrecks,
or coastal developments. For example, the Deepwater Horizon
accident in the Gulf of Mexico caused a global outcry far
larger than for any of the events documented here, yet it
affected at most 2100 km of coast (Beyer et al., 2016) with
apparently short-lived impacts so far (Lin and Mendelssohn,
2012). In contrast the length of coastline affected by the ECEs
in the last decade described here is around 8000 km, nearly
four times greater in extent and includes impacts that appear
likely to be irreversible at least on decadal scales and possibly
longer (Wernberg et al., 2016a; Hughes et al., 2018). Recent
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modeling strongly suggests that the reduction in extent of key
habitats such as kelp forest will continue to change rapidly with
a reduction in extent of kelp forests of up to 70% by 2100
(Martinez et al., 2018).

Climate change is exacerbating ECEs on land (Christidis
et al., 2015; Mann et al,, 2017; Harris et al., 2018), including
recent hurricanes in the Caribbean and the United States, and
in the ocean (e.g., Wetz and Yoskowictz, 2013; Brown et al,
2016; Oliver et al., 2018a). In the future, atmospheric (Fischer
et al,, 2013) and marine (Oliver et al., 2017) heatwaves are
expected to increase in frequency and duration under climate
change. The Coupled Model Intercomparison Project (CMIP5)
models project terrestrial heatwaves to become more frequent,
hotter, and last longer across Australia by the end of the
21st century (Cowan et al, 2014). Projections for northern
Australia show the largest increase in heatwave days, due to the
narrow temperature distribution in the tropics (e.g., Diffenbaugh
and Scherer, 2011). Given that global climate models project
significant increases in extreme EI Nifio and La Nifia events (Cai
etal., 2014, 2015) and a continuation of positive Southern Annual
Mode trends in the Representative Concentration Pathways
(RCP8.5) scenario (Zhang et al, 2013), there is likely to be
an increase in MHWSs and ECEs in Australia (and globally),
with impacts felt more acutely in northern Australia (Oliver
et al., 2018b). Tropical storms (Walsh et al., 2016) are likely
to become more intense, and rainfall events and sea levels
(Zhang et al.,, 2013; Widlansky et al., 2015) will also become
more extreme and more likely. The scale of the ECE impacts
observed around the Australian coastline is also an issue of
concern, since sessile species rely on recruits (whether larvae,
spores, or seeds) from outside the impacted area for recovery,
with likely implications for the resilience of affected systems (e.g.,
Hughes et al., 2017).

Based on our literature synthesis and modeling, ECE impacts
to ecosystems are likely to become more severe and extensive
in the relatively near future. Indeed, they are happening now,
and based on this Australian analysis, may be more common
globally than currently appreciated, and have longer lasting
impacts in the tropics than in temperate regions. ECE impacts
on kelp in south WA are consistent with this hypothesis, since
seasonal temperature extremes in this region are moderated
by the poleward-flowing Leeuwin current, which is strongest
during winter (Rochford, 1984). Widespread ECE impacts are
not restricted to the Australian coast but are widespread globally
(Smale et al., 2019). These events are changing ecosystems in
profound ways that in some cases are unlikely to be reversible.
ECE impacts also suggest that while climate change may be
viewed as gradual, in many cases it manifests through a series of
often extreme and abrupt changes. It is significant that impacts of
climate change may manifest through ECEs because heatwaves
provide little opportunity for acclimation or adaptation, in
contrast to more gradual warming (Walther, 2010) such as
on Australia’s temperate east coast. Whereas studies of mobile
species suggest that ECEs may lead to rapid evolution because
of the dramatic selective pressures they impose (van de Pol
et al., 2017), the implication for habitat-forming sessile marine
species may be quite different and more serious as they can be

particularly vulnerable to heatwaves. Sessile organisms lack the
ability to physically move to cooler locations (Mislan and Wethey,
2015) except by establishing new populations via larval transport;
therefore, for marine species in particular the velocity of climate
change may exceed the ability of most species’ populations to
extend their range (Burrows et al., 2011). Further, it is uncertain
whether immigrant species arriving in new latitudes would
actually be able to adapt (Sommer et al,, 2018). In addition,
disrupted ecosystems that have been stable for millennia have
non-biological consequences, such as the release of carbon from
stable sediment accumulation (Arias-Ortiz et al., 2018). As such,
ECEs will have significant consequences not only for coastal
marine ecosystems but also for the human economic, social, and
political systems that depend on them.

The results of modeling ECE impacts on coastal habitats
around Australia provide insights into a range of potential
futures for marine ecosystems around the continent, some of
which may have serious ecological and social implications. As
such they provide a useful assessment of the risks faced in the
future but also hypotheses that must be evaluated by targeted
observations if we are to refine our understanding of climate and
ECE impacts. Such refinements are essential if we are to make
practical steps to minimize or manage these impacts, particularly
since combined press (incremental global warming) and pulse
(ECE) disturbances may produce unpredictable interactions and
outcomes (Underwood, 1989).

Extreme climate can act as a catalyst for
transformational adaptation to climate change (Travis, 2014).
We need to combine our efforts to forecast the climate on
seasonal to multi-year timescales with our understanding of
marine ecosystem responses at both species and ecosystem level
to develop and test strategies to minimize impacts of ECEs. In
developing adaptation strategies, we need to consider that ECEs
can trigger fundamental shifts in ecosystems (van de Pol et al,,
2017), and that the loss of resilience often precedes ecosystem
shifts (Scheffer et al., 2001). Therefore, adaptive management
strategies that maintain ecosystem resilience continue to be
important. Adaptation strategies also need to be flexible and
adaptive in response to the information revealed by monitoring
and assessment (Schindler and Hilborn, 2015). It is also likely
that such strategies must include active restoration approaches
(Anthony et al., 2017). This requires close integration between
management interventions with ecosystem research.

events
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