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Climate change disables coral
bleaching protection on the Great
Barrier Reef
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Coral bleaching events threaten the sustainability of the Great Barrier Reef (GBR). Here we
show that bleaching events of the past three decades have been mitigated by induced
thermal tolerance of reef-building corals, and this protective mechanism is likely to be lost
under near-future climate change scenarios. We show that 75% of past thermal stress
events have been characterized by a temperature trajectory that subjects corals to a
protective, sub-bleaching stress, before reaching temperatures that cause bleaching. Such
conditions confer thermal tolerance, decreasing coral cell mortality and symbiont loss
during bleaching by over 50%. We find that near-future increases in local temperature of
as little as 0.5°C result in this protective mechanism being lost, which may increase the
rate of degradation of the GBR.

I
n the past three decades, bleaching events
have caused reef-wide declines in coral across
theGreat Barrier Reef (GBR) (1). Coral bleach-
ing is a stress response that results in the
loss of intracellular symbiotic dinoflagel-

lates (Symbiodinium) and/or their photosynthetic
pigments; on a broad spatial scale, bleaching
results from extended warm periods (1). The
frequency and intensity of such bleaching events
are expected to increase as sea surface tem-
perature (SST) continues to rise under climate

change (2, 3). Acclimatization and adaptation to
future temperature conditions have been sug-
gested asmechanisms by which corals may with-
stand increasing SST, reducing the severity of
coral bleaching and ameliorating mortality (4–6).
Although the extent of adaptation remains un-
certain (7), processes of acclimatization have been
studied empirically. An important driver of ther-
mal acclimatization in any organism is the var-
iance of temperature to which it is exposed (8).
Sub-lethal pre-stress events reset physiological

and molecular mechanisms that underpin the
innate stress response, and provide a means to
survive subsequent stress events (9). However,
the influence of pre-stress events on thermal
tolerance is not well understood in marine eco-
systems.Herewe show that such pre-stress events
do occur on the GBR and serve to increase phys-
iological preparation for the intense thermal
stress that results in coral bleaching. We provide
experimental evidence to show that this mecha-
nism has probably reduced the impact of his-
torical bleaching events, and we predict that such
protective pre-stress events coulddisappearwithin
a few decades.
To quantify the thermal regimes that GBR

corals have experienced, we examined 27 years of
satellite-based SST records (at a resolution of
0.5°) and found that 372 thermal stress events,
capable of causing bleaching, occurred across 115
reef pixels (10). We identified three thermal tra-
jectories associated with past bleaching events,
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Fig. 1. Sea temperature trajectories before and during coral bleaching
stress eventson theGBR. (A) Schematic of the three temperature trajectories
on the GBR during previous (the past 27 years) bleaching level thermal
anomalies, where SSTreached the local bleaching threshold, 2°C above the local
MMM baseline. (Top, blue line) protective trajectory; (middle, red line) single
bleaching trajectory; and (bottom, green line) repetitive bleaching trajectory.
The black line represents diurnal temperature variation; the colored lines reflect
the nighttime-only satellite data. The pre-stress period (PS) is the duration of

the pre-stress pulse exceeding the MMM; the recovery period (RP) is the duration
below the MMM after the pulse. The horizontal axis spans 90 days. (B) The
predominant trajectory for each reef pixel (n = 115) is shown by color as for (A),
except that green shows equal incidence of repetitive and protective trajec-
tories (no pixels were predominated by the repetitive trajectory). Black pixels
indicate that the local bleaching threshold (MMM+2°C) was never reached.The
histogram (inset) shows the frequency of the predominant trajectories for reef
pixels (table S2).
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characterized by the presence and intensity of a
pre-stress (sub-bleaching) warming period (Fig.
1A and fig. S1). Warming events were quantified
relative to two thresholds: (i) the long-term
maximum monthly mean (MMM) temperature,
which sets a baseline from which warming can
be identified; and (ii) the local coral bleaching
threshold (MMM+2°C) (11). The predominant
trajectory, accounting for 75% of thermal stress
events (n = 277), was characterized by an SST
event that exceeded the local MMM but re-
mained below the bleaching threshold. The SST
then returned below the MMM, for an average
recovery period of 10 days, before increasing
above the local bleaching threshold (Fig. 1A and
table S1); we term this the protective trajectory.
The second trajectory was characterized by a
direct SST increase from below the MMM to
exceed the local bleaching threshold, with no

pre-stress or recovery period. This trajectory,
which we term the single bleaching trajectory,
occurred in 20% (n = 77) of thermal stress events
(Fig. 1, A and B). The final trajectory exceeded the
local bleaching threshold in two peaks, separated
by an average recovery period of 9 days below the
local MMM (Fig. 1, A and B, and table S1). We
term this the repetitive bleaching trajectory, and
it accounted for 5% (n = 18) of identified thermal
stress events on the GBR (Fig. 1B).
Having identified three thermal trajectories in

situ, we studied the physiological response of
corals to each temperature trajectory under ex-
perimental conditions, using the model species
Acropora aspera (10). Corals exposed to the pro-
tective trajectory underwent characteristic al-
terations (12–15) of the symbiotic organisms’
photochemistry and heat stress responses that
led to the acquisition of thermal tolerance and

reduced bleaching and coral cell death (Fig. 2).
Cell death is a conserved response to thermal
stress and represents the cellular driver of partial-
and whole-colony mortality (16). Using a multi-
variate analysis, we showed that the different
temperature trajectories result in distinct expres-
sion profiles of stress-related genes during coral
bleaching (Fig. 2A and tables S7 and S8). Spe-
cifically, the gene expression of corals under the
protective trajectory differed significantly from
that under both the single bleaching (P = 0.03)
and repetitive bleaching (P = 0.02) trajectories,
and was more similar to that found in corals not
exposed to thermal stress (Fig. 2A). Gene ex-
pression in the single bleaching and repetitive
bleaching trajectories was indistinguishable (P =
0.422). These gene expression profiles were as-
sociated with lower levels of localized cell death
under the protective trajectory (30 ± 4% of cells)
than either the single bleaching trajectory (56 ±
4%) or repetitive bleaching trajectory (70 ± 2%)
(Fig. 2B, C). In addition, the extent of bleaching
(Symbiodinium loss) was less (P < 0.01) in corals
exposed to the protective than either of the other
two trajectories (Fig. 2B and table S6). In short,
corals and their endosymbiotic Symbiodinium
acquired thermal tolerance after exposure to the
sublethal, pre-stress protective trajectory that
has predominated throughout the GBR over the
past 27 years. However, corals experiencing the
single bleaching and repetitive bleaching trajec-
tories did not acquire thermal tolerance, which
resulted in poorer physiological outcomes and a
greater loss of symbionts and coral tissue during
coral bleaching.
Given that sea temperatures are steadily rising,

an obvious concern is that the sub-bleaching
temperature event of the protective trajectory
could eventually exceed the bleaching threshold,
switching events frombeingprotective to becoming
increasingly lethal. To examine how climate change
is projected to alter our three bleaching trajecto-
ries, we applied temperature offsets to the ob-
served 27-year time series of SST (10), which
implicitly incorporates spatially variable interan-
nual variation andENSO events (Fig. 3, A to T).We
took this approach because climate model pre-
dictions are incapable of resolving meaningful
spatial variation in the rate of warming across
the GBR (17). This approach was validated by the
correlation between historical annual maximum
SST and summer-average SST [linear regression
slope = 0.98, coefficient of determination (r2) =
0.82], which supports the hypothesis that all sum-
mer temperatures will increase consistently (fig.
S2). Moreover, the drivers of SST pulsing (wind
speed, solar radiation, and tidal flow; see the sup-
plementary text) are expected to exhibit less than
a 2% change by 2100 under most climate models
(18). Our simulations project that if SST increases
by +2°C, as could occur by 2100 under current
warming trajectories, the number of thermal
stress events will increase (Fig. 3, A to E). Within
these, the proportion of events benefiting from
the protective trajectory falls by two-thirds, from
75% (historical) to only 22% (Fig. 3, F to J).
Concurrently, the proportion of single bleaching
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Fig. 2. Effects of temperature trajectories on cell death and Symbiodinium cell density of
A. aspera at bleaching. (A) Principal coordinate ordination plot of the gene expression patterns
of the apopotic genes (Bcl-2, Bak, Bok, Bax, Bak, BI, and BIR) under ambient conditions (no thermal
stress; white) and the three temperature trajectories: protective (blue), single bleaching (red), and repetitive
bleaching (green). Each point represents an individual coral. PC01, principal coordinate ordination axis 1;
PC02, principal coordinate ordination axis 2. (B) Coral cell death (bars) and Symbiodinium density (lines) at
bleaching; colors are as for (A). (C to F) In situ end labeling of coral tissue exposed to (C) ambient
conditions and the (D) protective, (E) single bleaching, and (F) repetitive bleaching trajectories. Healthy
haematoxylin-counterstained nuclei are stained blue, In situ end-labeled nuclei undergoing cell death are
stained red.
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trajectory events will increase from 21% (Fig. 3, K
and L) to 71% (Fig. 3, K and O), implying that
thermal stress events become far more lethal for
corals. The proportion of repetitive bleaching did
not dramatically increase (5 to 7%), but the ab-
solute number increased from 18 to 219 reef
pixels experiencing this temperature regime over
a 10-year period (Fig. 3, P to T, and table S2).
We predict that most of the reefs that have

only experienced the protective trajectory to date
(gray in Fig. 3, L and Q) will begin to experience
the single and repetitive bleaching trajectories
when SST is approximately 0.5°C higher than
present (Fig. 3, M and R, and insets in H, M, and
R), which will be within 4 decades at historical
warming rates (19). The sensitivity of reefs to
suchwarming varies geographically (Fig. 3, H,M,
and R). For example, reefs in the southern GBR
could experience more single bleaching trajec-
tory events at lower temperature increases than
elsewhere on the GBR (Fig. 3, L to O). Once there
is a 1°C increase in SST, the majority of reefs are

likely to experience single trajectory bleaching at
least once per decade (Fig. 3, D and N).
The prevalence of an SST trajectory on the

GBR that can stimulate thermal tolerance has
not previously been recognized, nor has the ef-
fect of this induced tolerance on mitigating
bleaching events been examined. Acroporid co-
rals, such as A. aspera used here, are some of the
most important taxa in driving rapid recovery
and resilience in Pacific coral reefs (3). We there-
fore integrated our experimental results into a
validated simulation model for GBR coral com-
munities (3) and evaluated how corals would
fare under contrasting emissions scenarios being
considered by the Intergovernmental Panel on
Climate Change: business-as-usual representative
concentration pathway 8.5 (RCP8.5) (20) and a
low-carbon economy in which CO2 concentra-
tions are limited to a peak of 450 parts permillion
by 2040, RCP2.6 (21). We used the relative pro-
portions of dead cells within corals that occurred
after experimental exposure to the three SST tra-

jectories (Fig. 2B) as a proxy for estimating the
extent of coral colony mortality during each type
of thermal stress event (10). Under business-as-
usual (high) carbon emissions, the long-term out-
lookof reefswas bleak, irrespective of their current
thermal trajectory (Fig. 4, A, C, and E); coral cover
became low (<5%) toward the end of the century.
However, the protective trajectory delayed the
onset of this condition by approximately 20 years,
which may yet prove to be evolutionarily signifi-
cant.Moving to aggressive action to reduce green-
house gas emissions, the outlook for reefs was far
better, particularly on reefs experiencing the
protective trajectory, where no net long-term
decline was predicted (Fig. 4B). However, even
under aggressive action, coral cover on reefs
exposed to the single and repetitive bleaching
trajectories will fall below 5% (Fig. 4, D and F).
Although our ecosystemmodel now allows for

processes of thermal acclimatization, it does not
provide for adaptation, mostly because the rates
and mechanisms of adaptation in corals remain
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Fig. 3. Projected changes in the frequency of thermal stress events,
and SST trajectories, with +0.5°C, +1.0°C, and +2.0°C SST warming.
Stress event frequency at 50-km reef pixels (A) averaged across the GBR;
and spatial distribution under (B) recent conditions, and (C) +0.5°C, (D)
+1.0°C, and (E) +2.0°C projections. Proportions of events from each tra-
jectory are as follows: (F to J) protective, (K to O) single bleaching, (P to T)

repetitive bleaching. Inset histograms show the percentage of reef pixels
(vertical axis) with [(B) to (E)] bleaching frequency per decade (horizontal
axis) or [(G) to (J), (L) to (O), and (Q) to (T)] trajectory frequency
(horizontal axis) for each projected warming. Black pixels in (B), (G), (L),
and (Q) indicate that no severe stress events occurred (not present in
projected warming).
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uncertain (7). Adaptation may mitigate the im-
pact of climate change and improve the chances
of coral reef ecosystem recovery (4, 6, 22–24).
Reefs of the GBR experience a variety of dis-

turbances, only some of which are subject to
management interventions. Our analysis reveals
that the exposure to sub-lethal pre-stress events
varies dramatically among reefs, with some hav-
ing an inherent level of “protection from” or
“preparedness for” the conditions that induce
coral bleaching, whereas others experience mul-
tiple stress exposures in a single event. Recogniz-
ing such spatial variability is important when
targeting management actions that aim to mit-
igate coral reef degradation in the future. For
example, local management interventions that
reduce cumulative stress impacts (such as im-
pacts caused by pollution, sedimentation, and
crown-of-thorns starfish outbreaks) could be pri-
oritized toward reefs that exhibit protective tra-

jectories, thereby serving to minimize biological
and physical stressors simultaneously and help-
ing to build ecosystem resilience.
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Fig. 4. Coral cover simulations under high (A, C, and E) and low (B, D, and F) CO2 emission scenarios (RCP8.5 and RCP2.6).This incorporates differential
mortality rates associated with protective [(A) and (B)] single bleaching [(C) and (D)] and repetitive bleaching [(E) and (G)] trajectories. Colored lines represent
the average coral cover among simulations; gray lines represent the trajectory of each of the 50 simulations for each scenario.
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FOREST ECOLOGY

Belowground carbon trade among tall
trees in a temperate forest
Tamir Klein,1*† Rolf T. W. Siegwolf,2 Christian Körner1

Forest trees compete for light and soil resources, but photoassimilates, once produced in
the foliage, are not considered to be exchanged between individuals. Applying stable
carbon isotope labeling at the canopy scale, we show that carbon assimilated by 40-meter-
tall spruce is traded over to neighboring beech, larch, and pine via overlapping root
spheres. Isotope mixing signals indicate that the interspecific, bidirectional transfer,
assisted by common ectomycorrhiza networks, accounted for 40% of the fine root carbon
(about 280 kilograms per hectare per year tree-to-tree transfer). Although competition for
resources is commonly considered as the dominant tree-to-tree interaction in forests,
trees may interact in more complex ways, including substantial carbon exchange.

S
table carbon isotope labeling at the canopy
scale is a powerful tool for tracing carbon
allocation in forest ecosystems (1, 2). In a
dense forest, large quantities of photo-
assimilates may be exported to mycorrhiza

and rhizosphere microbes (3–11), and hyphae
of mycorrhizal fungi can form “underground
highways” for carbon and nutrient exchange
with and between plants (9). It has been sug-
gested that because of the unpredictability of
disturbance events and the divergence of re-
sponses among plant communities, mycorrhi-
zal fungi and their host plant species are under
selective pressure to evolve generality (9, 10).
The groups of plants that are interlinked through
a commonmycorrhizal network are hence termed
“guilds” (10). The identity and ensemble of fungal
species may affect plant community structure
and ecosystem productivity (12, 13), with mycor-
rhiza improving plant fitness by increasing phos-
phorus and nitrogen uptake (14). As a result,
mycorrhizal networks are considered an integral

part of the autotrophic system (15, 16) and are
essential components in ecosystem resilience
to change. Yet, these benefits have traditionally
been studied from a nutrient supply perspective,
and the mycorrhiza “pipeline” was never shown
to transfer considerable amounts (>1 g) ofmobile
carbon compounds among trees (4–10). In addi-
tion tomycorrhizal networks, carbon can be trans-
ferred through natural root grafts, which are
anatomical fusions between two or more roots.
Growth of interconnected trees in situ can be af-
fected directly by the presence of root grafts—for
example, by translocation of water and carbohy-
drates (17). Transport across root grafts has been
demonstrated in numerous field studies using
various methods, from dye injection to the use of
radioactive tracers (18, 19), but these grafts are
restricted to trees of the same species or, at most,
of phylogenetically closely related species (17–20).
Using a tall canopy crane (1, 2), we continu-

ously labeled five 40-m-tall Norway spruce trees
(Picea abies) as part of a 5-year free-air CO2 en-
richment experiment (FACE) in amixed forest in
northwest Switzerland (3, 21, 22) (figs. S1 to S7).
Five unlabeled Picea trees served as controls (fig.
S8). We then measured d13C from “tip to toe,”
including canopy twigs, stems, and fine roots of
labeled and unlabeled individuals of Picea and of
neighboring trees belonging to different taxa (Fagus
sylvatica, Pinus sylvestris, and Larix decidua).

Except for the five labeled Picea, none of the trees
were exposed to CO2 labeling. Using industrial,
13C-depleted CO2 gas, our canopy labeling made
the d13C signal of labeled trees more negative by
5.3 per mil (‰) compared to unlabeled control
trees: Twig d13Cwas –31.4‰ in labeled and –26.1‰
in unlabeledPicea (Fig. 1). New fine roots of labeled
Picea, isolated from 90 ingrowth cores (figs. S9
and S10) had 2.6‰ lower d13C values than the
control trees growing in ambient air (no 13C label)
(Fig. 1). Almost the same isotopic signalwas found
among fine roots of similarly tall nonconspecific
trees in the neighborhood that were unlabeled
and contributed about half of the fine roots re-
covered from ingrowth cores (Fig. 2A). To validate
that fine roots of the other taxawere not confused
with those of Picea, we excavated roots from Picea
(control and labeled) and neighboring tree species
and traced them to the trunk of origin (figs. S12 to
S14). Again, fine roots of these non-Picea taxa
showed a 13C signal similar to that of their neigh-
boring Picea (either control or labeled) but joint-
ly at a 2.6‰ less negative level when 13C-labeled
Piceawas present (Fig. 2B). Hence, both the root-
ingrowth-core data (with multiple individuals’
input) and the data for intact root systems from
three individuals belonging to three different tree
genera yielded the same signals. Sapwood d13C of
the 2010 to 2014 annual rings in stem cores taken
at breast height from neighboring and nonneighbor-
ing non-Picea trees was –27.8 ± 0.1‰ and –26.9 ±
0.1‰, respectively—still a significant difference
(P = 0.019).
Because our FACE system operated in the can-

opy only (20 to 40 m aboveground), tank CO2,
and thus the 13C label, were not present in the
understory. This was ascertained first by 13C
signals in understory plants, which are exclusively
vesicular-arbuscular mycorrhizal: Paris quadri-
folia, Mercurialis perennis, and Rubus frutico-
sus. d13C values in rhizomes/root stocks from
these three species growing under both unlabeled
and labeled Picea showed the typical, very nega-
tive signals for deep shade plants (from –30.2 to
–34.5‰) (fig. S15). Besides differences among spe-
cies, however, there was absolutely no signal dif-
ference between samples collected under unlabeled
and labeled Picea and no difference between years.
Second, we checked the canopy crowns of the trees
neighboring the labeledPicea individuals for traces
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Mumby, Alana Grech, Daisie Ogawa, C. Mark Eakin and William 
Tracy D. Ainsworth, Scott F. Heron, Juan Carlos Ortiz, Peter J.
Barrier Reef
Climate change disables coral bleaching protection on the Great

 
Editor's Summary
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and death; notably extreme during 2016 in the wake of El Niño.

bleachingtemperature hikes have been severe and precluded acclimation. The result has been increasing 
seasons stimulated the acclimation of coral organisms and resilience to thermal stress. More recently,
increasing heat stress on coral organisms. In the past, pulses of elevated temperatures that presaged hot 

 have tracked the effects of three decades ofet al.but it is vulnerable to climate change. Ainsworth 
The Australian Great Barrier Reef (GBR) is one of Earth's most extraordinary natural wonders,

Bleaching of the Great Barrier Reef
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