Tree ring studies are highly suitable for evaluating
the climate sensitivity of tropical tree growth: they yield
accurate measurements of diameter increment, directly
reveal the lifetime growth history of trees, and allow addi-
tional measurements of stable isotope fractions. Tree ring
research in temperate forests has generated important
insights into tree responses to temperature, rainfall, solar
radiation and other climatic variables. Using the same set of
established techniques, tropical tree ring studies have
shown sensitivity of tree growth to rainfall [6], air tempera-
ture [7], El Nifo indices [8] and anomalies in sea surface
temperature [9] (Table S1 in the supplementary material
online). Such climate-growth analyses can be used to project
potential tree responses under climate change scenarios [9].
Thus, tree ring data can provide a vital input for the ‘rigor-
ous, quantitative, long-term (multi-decadal) monitoring’
that Corlett recommends.

In addition, tree ring studies can be used to evaluate
whether the growth increase observed in PSPs [3] can be
corroborated for longer periods. Such long-term growth
increases have been observed for several Amazonian spe-
cies [10], but not in Asian species [11], and are consistent
with an expected positive response to increased atmo-
spheric COs-pressure or nutrient supply. Clarity about
the (physiological) causes of growth increases can be
obtained by analyzing stable isotopes of carbon (3'3C;
revealing changes in water-use-efficiency [11]) and nitro-
gen (3'°N; revealing changes in nitrogen cycling [12]).

Tropical tree ring studies are a valuable addition to
PSP-based approaches in evaluating tropical forest sensi-
tivity to climatic changes. These two research techniques
provide complementary information. PSPs deliver rates of
recruitment, mortality and growth for all species over
relatively short periods and at low temporal resolution.
Tree ring analyses yield lifetime growth rates and physio-
logical responses to environmental changes for a subset of
species, over long periods and at annual resolution. Ideally,
both approaches should be combined at the same or nearby
sites. We conclude that tree ring research is already con-
tributing to fulfilling the research needs formulated by
Corlett — to better understand climate change effects on
tropical forests — and will increasingly do so in the future.
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The algae-coral endosymbiosis is a canonical instance of
mutualistic interaction, a textbook example of a relation-
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ship between two species in which each derives benefits.
The dinoflagellate algae accommodate nearly all of the
respiratory demands of the coral via the excretion of readi-
ly available carbohydrates, and enhance calcification as
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well as nitrogen recycling. In return, the coral provides the
algae with excreted nutrients and protection from preda-
tion. However, this relationship has been compromised at
least three times since the Permian-Triassic (P/T) extinc-
tion event [251 million years ago (Ma)] [1]. The divorce of
algae and coral has been repeatedly demonstrated to be
detrimental to the host, resulting in coral bleaching events
that have contributed to significant declines in reefs
over the past century. Climatic factors, such as elevated
water temperatures above the annual maximum average,
cause the photosynthetic membrane of lipids to undergo a
phase transition and ‘melt’ [2]. In many cases, the corals
survive the bleaching event [3] and modify their algal
community structure toward more heat-resistant clades
[4]. Although acidification causes skeletal and colonial
loss and may expedite bleaching, it does not break the
algae—coral relationship [5], and findings suggest that,
three times out of five, loss of coloniality by scleractinians
(stony corals) resulted in symbiotic solitary corals [1].

Although scleractinian corals first occur in the fossil
record 241 Ma, they may have first appeared far earlier in
the Paleozoic, as soft-bodied, anemone-like Cnidaria [6],
a theory supported by phylogenetic evidence [7]. This poses
the important question: how did stony corals suddenly
appear in the geological record, with numerous species
present, after millions of years of vacancy? We propose
that atmospheric oxygen may have had a profound impact
on the algae—coral relationship, not only permitting an
explosive radiation of species, but also setting the stage
for the predicament that vulnerable corals presently face.

Stable fossil coral isotopes show that, since their first
appearance in the fossil record during the late Anisian,
10 million years after the P/T extinction event, almost
50% of hard corals have possessed photosynthetic
symbionts throughout their fossil history [8]. Symbiodinium
spp., the main dinoflagellate algae within corals, has
Form II ribulose-1,5-bisphosphate carboxylase oxygenase
(RuBisCO), an ancient enzyme traced to obligatory anoxy-
genic bacteria that prefer low oxygen conditions. Recently,
ithasbeen demonstrated that high concentrations of oxygen
within coral tissues attenuate Symbiodinium net photosyn-
thesis via photorespiration, constituting an adaptive disad-
vantage under elevated oxygen concentrations [9].

Following the P/T extinction event, atmospheric oxygen
rapidly declined from approximately 30% to 13% and, since
then, has gradually risen to the current 21% concentration.
Therefore, the sharp decline in oxygen enabled an ener-
getically beneficial photosynthetic process to occur and
endowed the algae—coral holobiont with a selective advan-
tage in the photic zone, thus accelerating coral propagation
towards reef dominance. At the same time, phylum Dino-
flagellata also began to emerge, as witnessed through
the accumulation of dinoflagellate cysts in the geological
record.

It is feasible that an early relationship between dino-
flagellates and corals occurred in deeper waters, with the
dinoflagellate operating in a parasitic capacity [10]. This
theory is supported by studies of Symbiodinium living in
gastrodermal cells of corals in mesophotic waters (<1%
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surface irradiance intensity) that show translocation of
carbon from the coral to the dinoflagellate algae [11] when
light is <20% of the surface irradiance intensity. In addi-
tion, it has been suggested [12] that hydrozoa originated in
deeper waters and migrated upward into the sun-drenched
shallow waters.

Following the global oxygen decrease to levels where net
dinoflagellate photosynthesis was enabled, the additional
energy endowed to scleractinian corals became a monu-
mental competitive advantage. When the dinoflagellate
‘parasites’ transitioned to a capacity of providing for the
energetic requirements of the corals, the latter were
empowered with a competitive advantage over other shal-
low-water organisms, enabling them to increase their cal-
cification rates. Calcification provides corals with their own
substrate, a self-made foothold that assisted their radia-
tion to the current 1300-2500 scleractinian species.

The low oxygen event following the P/T may have
contributed to the transition of the algae—coral relation-
ship from parasitism to symbiosis and, ultimately, to the
evolutionary success of corals. Now, however, many sym-
biont-bearing species of corals are at the boundary of their
environmental threshold and are undergoing drastic
declines. Thus, a symbiosis solidified by paleoclimate
change is now being threatened by modern climate change,
and the fate of zooxanthellae corals in the Anthropocene
remains to be determined.
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