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Abstract

Most scleractinian corals and many other cnidarians host intracellular photosyn-
thetic dinoflagellate symbionts (“zooxanthellae”). The zooxanthellae contribute to host
metabolism and skeletogenesis to such an extent that this symbiosis is well recognised
for its contribution in creating the coral reef ecosystem. The stable functioning of cnidar-
ian symbioses is however dependent upon the host’s ability to maintain demographic
control of its algal partner. In this review, | explain how the modern envelope of sea-
water conditions found within many coral reef ecosystems (characterised by elevated
temperatures, rising pCO,, and enriched nutrient levels) are antagonistic toward the
dominant host processes that restrict excessive symbiont proliferation. Moreover, | out-
line a new hypothesis and initial evidence base, which support the suggestion that the
additional “excess” zooxanthellae fraction permitted by seawater pCO, levels beyond
260 ppmv significantly increases the propensity for symbiosis breakdown (“bleaching”)
in response to temperature and irradiance extremes. The relevance of this biological
threshold is discussed in terms of historical reef extinction events, glacial-interglacial
climate cycles and the modern decline of coral reef ecosystems.

1 Introduction

Due to rapid air-sea gas exchange, the observed past and predicted future rise in
atmospheric carbon dioxide (CO,) partial pressure (pCO,) causes a corresponding
increase in dissolved seawater CO,,q concentrations in upper ocean waters (Najjar,
1992). Increasing [CO,,q)] leads to considerable changes in the surface ocean car-
bonate system, including a decrease in carbonate ion concentration [CO;Z] and pH
(Fig. 1). This so-called “ocean acidification” reduces the degree of oversaturation with
respect to the precipitation of calcium carbonate (CaCOj). The great fear of many sci-
entists is that suboptimal saturation states will affect the calcification process of marine
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calcifying organisms, with potential negative consequences for many marine ecosys-
tems including coral reefs (reviewed by Kleypas and Langdon, 2006).

Arguably of more immediate concern, however, is the growing speculation that in-
creasing seawater pCO, may also act to destabilise the ecologically important rela-
tionship between reef-building cnidarians (e.g., corals) and their symbiotic dinoflagel-
lates (Pecheux, 2002; Ravindran and Raghukumar, 2006; Anthony et al., 2008). In
this review, | consider the possible physiological basis for pCO,-driven instability of
cnidarian symbioses. | begin by outlining how increasing [CO,,q)] in conjunction with
nutrient-replete conditions can disrupt the host’s ability to maintain demographic con-
trol of its algal partner. Moreover, | provide evidence to support the suggestion that the
“excess” of algal symbionts permitted by seawater pCO, levels beyond 260 ppmv sig-
nificantly increases the propensity for symbiosis breakdown (“bleaching”) in response
to irradiance and temperature extremes. The relevance of this biological threshold is
discussed in terms of historical reef extinction events, glacial-interglacial climate cycles
and the modern decline of coral reef ecosystems. In concluding, | argue that the pCO,-
dependent construct for the causes and consequences of bleaching reveals a new level
of determinism behind the characteristic dynamics (and drivers) of the coupled land-
ocean-atmosphere carbon cycle of the Earth System.

2 Background: the cnidarian-Symbiodinium symbiosis

The high productivity and extensive accretion of skeletal CaCOg5 by shallow-water trop-
ical reef ecosystems is testament to the evolutionary success of the symbiotic associ-
ation between scleractinian (“reef-building”) corals and unicellular dinoflagellate algae
of the genus Symbiodinium (“zooxanthellae”) (Fig. 2a; Veron, 1995; Stanley, 2006).
Within this association, the zooxanthellae reside within the gastrodermal cells of the
animal host and perform intensive photosynthesis. The vast majority (> 90 %) of the
assimilated organic carbon (“photosynthate”) is typically translocated to the coral, con-
tributing substantially to its carbon and energy needs (Fig. 2b; Trench, 1993; Yellowlees
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et al., 2008). Scleractinian corals are not the only hosts to Symbiodinium — a number of
other cnidarians host symbiotic dinoflagellates (octocorals, sea anemones, zoanthids,
schphozoan, and hydrozoans) (Muller-Parker and Davy, 2001), as well as a number of
other invertebrates and protists. However, by far the most common host to dinoflagel-
lates are the cnidarians, particularly tropical species.

Traditionally, the “producer-within-consumer” arrangement of the cnidarian-
Symbiodinium symbiosis has been heralded as the epitome of mutual cooperation
(reviewed by Trench, 1993; Yellowlees et al., 2008). This view is blurred by the pro-
posed role of the host as an active “farmer” of the energy-rich photosynthate from its
demographically-controlled algal partner (Wooldridge, 2010). Such host manipulation
is achieved by evolved strategies that endeavour to control the intracellular supply of
essential substrates needed for zooxanthellae growth and photosynthesis — principally
COy,q and dissolved inorganic nitrogen (DIN =ammonium + nitrate + nitrite). How-
ever, as explained in greater detail below, external (seawater) enrichment of these es-
sential substrates can render ineffective the host’s control strategies, and permit rapid
proliferation of the zooxanthellae population. Far from being beneficial, an enlarged
zooxanthellae population is predicted to become a metabolic burden to the coral host
during periods of high irradiance and temperature, leading to the deleterious onset of
intracellular CO,-limitation and zooxanthellae expulsion (= coral bleaching) (Fig. 2c;
Wooldridge, 2009a, 2010). Recent observations from the “bleaching-sensitive” La
Saline reef (La Réunion Island, Western Indian Ocean; Naim et al., 1993) demonstrate
the plausible nature of this breakdown sequence. At this reef site, nutrient-enriched
groundwater discharge (mainly nitrate) supports an enlarged (~ 3 times) zooxanthel-
lae population that is CO,-limited even at normal (ambient) irradiance levels (Chauvin
etal.,, 2011).

Before considering the extent to which the current (and emerging) envelope of sea-
water conditions may be antagonistic toward the dominant host processes that restrict
excessive symbiont proliferation, it is beneficial to first consider the environmental con-
ditions that are predicted by Wooldridge (2009a, 2010) to be most optimal for a stable
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(host-controlled) symbiosis, i.e., a symbiosis in which the intracellular zooxanthellae
are heavily reliant upon a host supply of CO,,q and DIN. In terms of the intracellular
(symbiotic) supply of CO,,q), the host maintains optimal control when the “passive”
seawater supply of CO,,q is severely limiting such that the photosynthetic activities
(= CO, demand) of the zooxanthellae population is heavily reliant upon the energy-
dependent (“active”) host CO,-concentrating mechanisms (CCMs) (Fig. 3). The linkage
of these CCMs to the receipt of photosynthate ensures that the zooxanthellae indirectly
play a role in generating the CO,, that they themselves require for photosynthesis;
thus representing a strong disincentive for zooxanthellae to shift towards parasitism
(cheating). In essence, stability is maintained because “defectors” (exploiters) become
victims of their own success. If the zooxanthellae fail to invest in the host, they will
generate local selection, i.e., CO,-limitation — expulsion — replacement.

At a gross population level, the maximum host-controlled zooxanthellae density
should also be optimally matched to the prevailing autotrophic capacity. Notably, in
both tropical and temperate cnidarians, the maximum transfer of photosynthate by the
zooxanthellae population reaches a density-dependent limit, such that transfer rates
are lowest at both very low zooxanthellae densities (due to low densities per se) and
very high zooxanthellae densities (due to low per capita rates) (Fig. 4; Anthony et al.,
2009; Hoogenboom et al., 2009). The considered impact of an enlarged zooxanthel-
lae density on the stability and functioning of the host CCMs helps in explaining this
response. In this case, as densities increase, the photosynthetic capacity per zoox-
anthellae (P) progressively decreases (possibly due to increased self-shading and/or
CO,-limitation within the host cell) whist the associated respiratory/maintenance cost
to the symbiosis (R) increases (linearly) per zooxanthellae added (Anthony et al., 2009;
Hoogenboom et al., 2010). In this way, it is understood that there exists an optimum
zooxanthellae density that maximises autotrophic capacity (P : R), i.e., every zooxan-
thellae added beyond this optimum conspires to reduce the autotrophic energy (ATP)
transferred to the coral host. Similarly, the maximum efficiency of the ATP-dependent
CCMs will be linked to this optimum zooxanthellae density, i.e., every zooxanthellae
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added beyond the optimum conspires to reduce the efficiency of the host CCMs. No-
tably, the standing stock of zooxanthellae within both tropical and temperate corals can
be more than double the predicted optimum zooxanthellae density (Fig. 4; Anthony
et al., 2009; Hoogenboom et al., 2010). This reveals two crucial details about the mod-
ern coral-algae symbiosis: (i) under ambient (benign) conditions, the loss in autotrophic
capacity per zooxanthellae added beyond the optimum density must be relatively small,
thus permitting large changes in zooxanthellae densities to occur between (P : R)qptimum
and the symbiosis breakpoint where autotrophic capacity is completely lost (P: R < 1),
and (ii) the addition of “excess” zooxanthellae beyond the host sanctioning (optimum)
limit dictated by the operation of the host CCMs must be primarily facilitated by the
passive diffusion of seawater CO,,q and not the active (ATP-dependent) dehydration
of seawater HCO; .

Historically, such post-mitotic population control by the coral host would have ben-
efited from the extremely low seawater concentration of CO,,q (Fig. 1). Seawater
COy(yq) is transferred between the host and the surrounding water via diffusion, with
this diffusive flux being inversely proportional to the boundary layer thickness and di-
rectly proportional to the bulk seawater CO,,q, concentration (Denny, 1988). Despite
representing only a small component (~ 1 %) of the available seawater DIC at present
seawater pH (8.2), [CO,(,q)] has none-the-less risen 50-100 % since the early 1800’s
(pCO, ~ 280 ppmv) and present day (pCO, ~ 390 ppmv), and is projected to represent
an ~ 200 % increase by 2100 (pCO, ~ 750 ppmv) (Wolf-Gladrow et al., 1999). The po-
tentially disruptive influence of this enhanced “passive” supply of CO,,q) on the stable
functioning of cnidarian symbioses should not be understated, since it provides the op-
portunity for an increasing (“excess”) proportion of the zooxanthellae population to exist
outside the strict host sanctioning implicit with the photosynthate-feedback operation
of the CCMs.

Experimental observations confirm the potential sensitivity of the in hospite sym-
biont population to rising seawater pCO,. For example, increasing pCO, from 400 to
700 ppmv during low ambient irradiance (winter) conditions resulted in a doubling of the
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number of zooxanthellae within the temperate coral Cladocora caespitosa (Rodolfo-
Metalpa et al., 2010). Operationally, the “excess” zooxanthellae increase the gross
size of the symbiont population, principally via an increased number of zooxanthellae
inside each host gastroderm cell (the so-called cell-specific density, CSD). For exam-
ple, an experimental increase of seawater pCO, from 460—-760 ppmv under moderate
(380 pmol photon m™2 3’1) irradiance levels increased the CSD of Stylophora pistillata
from 1.3 to 1.7 (Reynaud et al., 2003), i.e., in the high pCO, treatment, 52 % of host
gastroderm cells contained two or more zooxanthellae, compared with 30 % in the
lower pCO, treatment. Additional factors that reduce the thickness of the diffusive
boundary layer, such as high flow rates and/or “branching” coral morphologies with
high mass transfer rates (i.e., high surface area: volume ratios) also permit enhanced
zooxanthellae densities and CSD (Fig. 5; Patterson et al., 1991; Helmuth et al., 1997;
Muscatine et al., 1998; Nakamura et al., 2003; Strychar et al., 2004; Mass and Genin,
2008).

The realised size of the “excess” zooxanthellae population may be restricted by the
intracellular availability of essential nutrients needed for algal cell division (e.g., NHI).
By analogy, this constraint is demonstrated by the growth dynamics of the free-living
unicellular alga Dunaliella viridis when subject to external seawater manipulations of
COz(aq) and NHZ (Fig. 6; Gordillo et al., 2003). In this case, elevated COz(aq) acts
to increase algae cell densities only under conditions of NH, sufficiency. The typi-
cal increase in zooxanthellae densities and CSD in cnidarians hosts when exposed
to seawater enriched with DIN (Stimson and Kinzie, 1991; Muscatine et al., 1998;
Ferrier-Pages et al., 2001) suggests that zooxanthellae growth is often nutrient-limited
in hospite, be it due to low (ambient) seawater DIN concentrations and/or active host
constraint mechanisms. Growth-limiting conditions compel the zooxanthellae to trans-
fer the bulk of their assimilated photosynthate to the host, even under elevated pCO,
conditions (Dubinsky and Jokiel, 1994; Dubinsky and Berman-Frank, 2001).

Under nutrient-replete conditions, the maximum size of the “excess” zooxanthellae
fraction is predicted to balance around the dynamic interplay between the supply and
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demand for readily-diffusible seawater CO,,, (Wooldridge, 2009a, 2010). In non-
upwelling areas, the bulk concentration (supply) of seawater CO,, is relatively stable
on timescales less than 1yr (Kawahata et al., 1997). However, the photosynthetic
demand (zooxanthella'1) for seawater CO,,q varies dynamically with the integrated
(daily + seasonal) pattern of photosynthetic active radiation (PAR) (Muscatine at al.,
1989). As such, reduced PAR typical of the cooler winter-spring seasons may per-
mit a larger “excess” zooxanthellae fraction than the high PAR conditions typical of
summer. This irradiance-driven competition for CO,,q is consistent with the inverse
relationship between zooxanthellae densities and seasonal irradiance levels, which ex-
ists even in non-bleaching years (Stimson, 1997; Fitt et al., 2000). Moreover, it alludes
to the potential onset of intracellular CO,-limitation (= zooxanthellae expulsion; Fig. 2c)
on a continuous (daily) basis during the high photon flux period around midday, espe-
cially for nutrient-replete conditions (Stimson and Kinzie, 1991; Jones and Yellowlees,
1997). Although under ambient (benign) temperature and irradiance conditions this
daily turnover of zooxanthellae represents only 1-2 % of the total zooxanthellae stand-
ing stock (Stimson and Kinzie, 1991; Jones and Yellowlees, 1997), as temperatures
and irradiances approach anomalous maxima, the turnover-rate can increase towards
50 %, especially in high mass-transfer (branching) species (Strychar et al., 2004).

In terms of the carbon (i.e., energy) balance of the symbiosis, the growth rate of
the remnant zooxanthellae (“mitotic index”, Ml) is a crucial parameter for understand-
ing whether this daily expulsion dynamic represents a significant carbon sink. For as
long as the improved photosynthetic performance of the remaining zooxanthellae (P)
exceeds the respiratory cost of the regrowth and cell maintenance (R), then a net
positive autotrophic carbon balance (P : R > 1) may result across the diurnal cycle. The
problem arises during classic “bleaching conditions”, wherein periods of extreme irradi-
ance (= large number zooxanthelllae expelled day'1) are coupled with warm seawater
conditions that favour rapid regrowth (day_1) from the remnant zooxanthellae (Bhagooli
and Hidaka, 2002; Strychar et al., 2004). In this case, although A;ax may even remain
stable, the high respiratory cost of regrowth can lead to a negative autotrophic carbon
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balance (P : R < 1), wherein more carbon per day is directed into new cell production
than is transferred to the host (Verde and McCloskey, 1996). This negative relation-
ship between excessive symbiont Ml and photosynthate transfer and has been docu-
mented in corals, sea-anemones and jellyfish (Verde and McCloskey, 1996; McGuire
and Szmant, 1997; Sachs and Wilcox, 2006). Significantly, an extended (several days—
weeks) run of diminished autotrophic capacity has previously been proposed to under-
pin a self-enhancing disruption (cessation) of the ATP-dependent host CCMs — leading
to the mass expulsion of the bulk zooxanthellae compliment (Wooldridge 2009a, 2010).

This CCM disruption — CO,-limitation bleaching model (sensu Wooldridge, 2009a,
2010) reveals a subtle paradox for the cnidarian-Symbiodinium symbiosis, namely an
enhanced susceptibility to intracellular CO,-limitation (and subsequent zooxanthellae
expulsion) as seawater pCO, increases. As alluded, this paradox is ultimately linked to
the increased permitted size of the “excess” zooxanthellae fraction that functions on the
passive supply route of seawater CO,,q), and which is extremely vulnerable to CO,-
limitation during periods of excessive (irradiance-driven) CO,,q, demand; particularly
when coupled with a flow-mediated reduction in passive CO,,q) supply, which is a char-
acteristic feature of the “doldrum” conditions that normally precede mass bleaching
events (Gleason and Wellington, 1993). The CCM disruption — CO,-limitation bleach-
ing model also permits a rough estimate of the present-day size of the “excess” zoox-
anthellae fraction, since although being the potential triggering-agent for the bulk loss
of the CCM-dependent zooxanthellae fraction, a passive CO,,q-dependent fraction
should recover (persist) even in severely bleached animals, despite being of limited
caloric importance (Wooldridge, 2009a). Indeed, severely bleached corals still retain
> 10-30 % of their zooxanthellae compliment, depending on prevailing irradiance, flow
and morphological considerations (see e.g., Hoegh-Guldberg and Smith, 1989; Berkel-
mans and Willis, 1999; Okamoto et al., 2005). A significant portion of this > 10-30 %
is potentially representative of the “excess” zooxanthellae fraction that is permitted by
the passive supply of seawater CO,,q), especially since the contributing supply source
of respiratory CO,, is severely restricted immediately following a bleaching event
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(Porter et al., 1989).

An important corollary to the suggested sensitivity of the modern cnidarian-
Symbiodinium symbiosis to rising seawater pCO,, is the existence of a pCO, threshold
below which the permitted size of the “excess” fraction is too small to trigger physio-
logical disruption (“bleaching”), even during periods of elevated irradiance and tem-
perature. In this review, | integrate existing biological and geological data sets to
propose that this pCO, threshold exists ~260ppmv — well below the present day
pCO, ~ 390 ppmv.

3 Biological evidence of symbiosis disruption beyond pCO, =260 ppmv
3.1 Increased turnover and loss of zooxanthellae

A number of studies have noted an increased sensitivity to bleaching under high pCO,
conditions (Pecheux, 2002; Ravindran and Raghukumar, 2006; Anthony et al., 2008).
Several other studies have recorded no apparent changes in sensitivity (see e.g.,
Rodolfo-Metalpa et al., 2010). An integrated picture emerges for the underpinning
sequence of disruption in the experiments that do record an increased turnover and
loss of zooxanthellae. Firstly, disruption in the photosynthetic processes (i.e., decrease
photosynthetic yield) of the zooxanthellae precedes their expulsion (Pecheux, 2002).
Secondly, despite their reduced numbers, the remnant zooxanthellae have elevated M,
suggestive of uncontrolled division (Ravindran and Raghukumar, 2006). Most notably,
coral bleaching extrapolations obtained via the joint manipulation of seawater tem-
peratures and pCO, highlight the apparent significance of exceeding the ~ 260 ppmv
threshold in terms of zooxanthellae turnover and loss (Fig. 7; Anthony et al., 2008).
Indeed, the projected trends indicate that irrespective of temperature or morphology,
a fundamental (pre-conditioning) trigger for zooxanthellae loss is the exceedence of
pCO, beyond ~260ppmv. Significantly, the tank treatments were carried out under

high summer irradiance (700—1000 umol photon m~2 3‘1) and with a nutrient-replete
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lagoonal seawater source (Hoegh-Guldberg et al., 2004).

The experimental findings are therefore consistent with the proposed importance of
high irradiance and nutrient-replete conditions as conditional components for the ob-
served enhancement of thermal bleaching under elevated pCO, conditions. Moreover,
the nature of these results do not discount the proposed bleaching mechanism out-
lined here, whereby for seawater pCO, < 260 ppmyv, the permitted size of the “excess”
zooxanthellae fraction (supported by diffusive seawater CO,,q) is too small to be ca-
pable of disrupting the stable functioning of the bulk zooxanthellae fraction (supported
by the host CCMs), even at presently accepted upper (synergistic) limits for temper-
ature, irradiance, nutrient status, and coral morphology. Whilst, for pCO, > 260 ppmv
the well-described modern bleaching characteristics emerge, namely: (i) increased
bleaching susceptibility at higher temperatures, driven by a progressive decline in au-
totrophic capacity (P : R) (see e.g., Coles and Jokiel, 1977), and (ii) enhanced zoox-
anthellae turnover and loss within coral species with high mass transfer morphologies
(i.e., branching and plating) (Marshall and Baird, 2000; Loya et al., 2001; Grimsditch
et al., 2008).

The logic follows, that for modern seawater conditions (pCO, > 260 ppmv) whole-
colony bleaching represents the destructive endpoint to a suite of cellular process
that can operate near continuously in cnidarian symbioses. Perhaps the most visible,
but previously unconnected indication of this phenomenon, are the zooxanthellae-free
“white tips” on branching corals, and “white edges” on plating corals (Oliver, 1984).
The tips and edges of corals represent sites of maximal mass transfer for diffusive sub-
strates such as DIN and CO,,q (Helmuth et al., 1997). Here, the low zooxanthellae
density but high MI (Fang et al., 1989; Jones and Yellowlees, 1997) is consistent with
the near continuous operation of irradiance-driven zooxanthellae turnover and loss,
even at normal ambient temperatures (see e.g., Yamashita et al., 2011). This obser-
vation aligns with the emergent bleaching patterns from more extreme thermal stress,
which also proceed from high mass transfer regions (tips and edges) towards lower
mass transfer regions (base and centre) (see e.g., Shenkar et al., 2005). In the same
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way, corals located in natural high flow habitats are often more sensitive to thermal
bleaching (see e.g., McClanahan et al., 2005; Carpenter and Patterson, 2007). The
apparent conflicting evidence provided by short-term laboratory experiments, in which
increased water flow reduces photoinhibition and improves the photosynthetic capacity
of endosymbionts (see e.g., Nakamura et al., 2005) can be rationalised by a failure to
allow sufficient time (days-several weeks), and/or provide access to the necessary in-
organic nutrients (e.g. NHZ) needed to establish the flow-enlarged (CO,-equilibrating)
density before the onset of thermal stress. For these laboratory situations, the in-
creased flow condition is experienced as an effective increase in CO, per zooxanthel-
lae, which is quite different from the predicted field situation.

The present-day exceedence of seawater pCO, beyond 260 ppmv also identifies the
now crucial importance of nutrient-status for defining thermal bleaching sensitivity. It is
thus consistent that reef areas with high nutrient availability (whether due to terrestrial
runoff or deep ocean upwelling) are characterised by lower bleaching thresholds and
more severe bleaching impacts (D’Croz et al., 2001; Wooldridge, 2009a; Wooldridge
and Done, 2009; Wagner et al., 2010). Indeed, a unifying feature from world-wide reef
locations that exhibit high (>33 °C) bleaching thresholds is their strongly oligotrophic
surface waters during the warm summer months (e.g., Red Sea — no summer river
runoff, Genin et al., 1995; Western Pacific Warm Pool — restricted upwelling due to
strong thermal stratification, Tomczak and Godfrey, 1994; Northern Australia — low
nutrient loads in summer river runoff, Wooldridge, 2009b).

3.2 Reduced calcification (= reduced activity of host CCMs)

Numerous studies demonstrate the negative impact of increased seawater pCO, on
the calcification process of cnidarians, particularly symbiotic corals (reviewed by Kley-
pas and Langdon, 2006). In addition to the detrimental geochemical consequences of
rising pCO, (Kleypas et al., 1999) the potential for autotrophic disruption in cnidarian-
Symbiodinium symbioses when seawater pCO, exceeds 260 ppmv contributes an ad-
ditional biological response mechanism with which to understand the negative impact
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of increased seawater pCO, on coral calcification. Namely, disruption to the energy-
dependent enzyme Ca*-ATPase, and its linked impact on host calcification and intra-
cellular CO, supply (Fig. 3). Beyond the enhanced susceptibility of symbiotic corals to
the impacts of ocean acidification (Cohen and Holcomb, 2009), several factors iden-
tify the host CCM-calcification linkage as a potential source of vulnerability. Firstly,
given the paradoxical prediction that CO,-limitation within the symbiont population ul-
timately underpins the energetic disruption of host Ca®*-ATPase, it is consistent that
experimental addition of HCO; (and its presumed extracellular dehydration to CO,,q))
helps to temporarily forestall the deleterious impact of rising pCO, on coral calcifica-
tion (Hertford et al., 2008; Marubini et al., 2008). Secondly, since limited availability
of DIN may restrict the underpinning turnover and loss of zooxanthellae associated
with elevated pCO, conditions, it is consistent that reduced seawater DIN is bene-
ficial in limiting the impact of rising pCO, on coral calcification (Renegar and Riegl,
2005). Finally, for nutrient-replete experimental conditions that permit in an increase in
the CSD of zooxanthellae, it is consistent that the most detrimental impact of elevated
pCO, (760 ppmv) on P : R and calcification occurs when temperature is also elevated
(Reynaud et al., 2003). It can be speculated that this impact sequence recorded by
Reynaud et al. (2003) would have be even more enhanced if the experiment had of
been carried out at irradiance levels higher than the adopted 380 umol photonm™2s™".

An important question that requires consideration is the extent to which the coral
host could possibly down-regulate its CCMs in response to rising external COy ),
and thus maintain a stable symbiosis. That the host CCMs are indelibly linked to the
biomineralisation process of skeletal growth (Fig. 3) necessitates that any such down-
regulation would be recorded as a decrease in calcification rate — which in itself may be
a limiting constraint, since the coral as a colony needs to constantly compete for space
(and light) with other benthic organisms. Yet, a precedent example may exist whereby
two Mediterranean coral species were able to maintain their algal symbiosis within an
artificially high seawater CO, environment by completely ceasing calcification and re-
turning to a soft-bodied form (Fine and Tchernov, 2007). An argument can be made
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however, that any down-regulation of the host CCMs could only be of nutritional benefit
to the host if the zooxanthellae were nutrient (growth) limited. In the case where the
zooxanthellae are not growth-limited, an increased permitted reliance on “free” (pas-
sive) COy,q Opens the opportunity for “parasitic” zooxanthellae to photosynthesize
and replicate completely autonomous to the returned-photosynthate requirements of
the host. In the alternative case wherein the zooxanthellae are growth-limited, the host
can maintain its receipt of photosynthate, whilst at the same time benefiting from a re-
duced energy investment into the ATP-dependent CCMs. A recent experiment carried
out within the oligotrophic surface waters of the Red Sea may support such an argu-
ment. In this case the observed decline in coral calcification (and small reduction in
zooxanthellae density) with increasing seawater CO,,q concentrations was comple-
mented by an increase in somatic tissue growth — potentially representative of surplus
energy storage (Krief et al., 2010). Clearly, additional research is needed to identify
the extent to which declines in the activity levels of host CCMs (and associated cal-
cification) are host-directed or the negative consequence of autotrophic disruption —
including the associated (conditional) importance of the prevailing environmental con-
ditions (e.g., nutrient supply, temperature and irradiance regime).

3.3 Timescale and rates of Symbiodinium evolution

Molecular phylogenetic analyses indicate that Symbiodinium are genetically diverse:
consisting of at least eight major divergent lineages (clade A—H), with each clade con-
taining multiple subclade genotypes (reviewed by Baker, 2003). The genetically di-
verse zooxanthellae types differ in their phenotypic response (e.g., growth rate, photo-
synthetic yield) to external conditions, particularly light and temperature (Kinzie et al.,
2001; Rowan, 2004). Significantly, the clocked phylogenetic tree for Symbiodinium
across the Cenozoic reveals that the major diversifications in genotypes occurred dur-
ing periods of global cooling and falling pCO, (Fig. 8a; Pochon et al., 2006), with the
most spectacular explosion of symbiont types occurring during the mid- to late-Miocene
when pCO, consistently remained below 260 ppmv. Notably, this period also coincides
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with the post-Miocene explosion of scleractinian corals with branching morphologies
and the first appearance in the fossil record of large benthic foraminifera (Miliolida, Sori-
tidae) that host Symbiodinium (reviewed by Pochon and Pawlowski, 2006). Whilst an
enhanced potential for allopatric differentiation within the expanding range of host habi-
tat provides a likely evolutionary vehicle for Symbiodinium diversification (LaJeunesse,
2004), the proposed pCO,-dependent bleaching model identifies the permitted stability
of the intracellular symbiosis below pCO, = 260 ppmv as an important pre-conditioning
trigger for the enablement of the expanded host habitat (see next).

4 Geological evidence of symbiosis disruption beyond pCO, = 260 ppmv

If the outlined disruption to the cnidarian-Symbiodinium symbiosis around the
pCO, =260 ppmv threshold is physiologically significant, then its geological signature
within ancient reef structures should be strong and consistent, especially in terms of the
temporal (re)organisation of coral reef communities. Three important characteristics
are predicted: (i) increased susceptibility to nutrient-driven disruption of the symbiosis
when seawater pCO, > 260 ppmy, (ii) preferential selection for particular colony mor-
phology types, with branching architectures favoured when seawater pCO, < 260 ppmv
and massive growth forms favoured for pCO, > 260 ppmyv, and (iii) selective constraints
on the bathymetric zonation of reef structures, with mesotrophic (deeper, lower-light)
settings favoured when seawater pCO, >260 ppmv and euphotic (shallower, near-full
sunlight) settings favoured for pCO, < 260 ppmv.

4.1 Late Cenozoic turnover of Caribbean reefs

The late Cenozoic history of Caribbean coral reef ecosystem supports the reef com-
munity change predicted around the seawater pCO, = 260 ppmv threshold (Fig. 8b).
About half the reef-building Caribbean corals died out during the latest Oligocene
through early Miocene, about 24—16 Ma (Edinger and Risk, 1995). Prior to the late
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Oligocene event (i.e., pCO, > 260 ppmv) the community was dominated by massive
and encrusting forms (Edinger and Risk, 1995). Zooxanthellate organisms were the
primary victims of the Oligocene-Miocene extinction, with an enhanced upwelling sup-
ply of inorganic nutrients the proximal event trigger (Edinger and Risk, 1995). The
subsequent recovery, across the Miocene to Pliocene transition (pCO, < 260 ppmv)
was characterised by high rates of speciation and a dramatic explosion of coral
species with branching architectures (Johnson et al., 1995). This post-Miocene as-
cendance of large scale Acropora assemblages opened up new ecospace for the
evolution of the myriad of creatures that now comprise our modern coral reefs. Evi-
dence from the Mediterranean indicates that Miocene reef recovery proceeded through
a mesotrophic — euphotic bathymetric zonation as seawater pCO, fell below 260 ppmv
(Pomar and Hallock, 2007). Following the Miocene epoch (between 4—1 Ma), a peak
of species origination preceded a significant extinction event (~ 50 % of reef-building
corals) at the Pliocene-Pleistocene boundary, which culminated in a peak extinction
rate from 2—1 Ma (Budd and Johnson, 1999; Budd, 2000). The extinction event corre-
sponds with seawater pCO, > 260 ppmyv, and consistent with the expected community-
level restructuring, species with massive or platy shapes were more likely to survive
than species with free-living or branching shapes (Johnson et al., 1995; Budd and
Johnson, 1999).

4.2 “Drowned” reefs at interglacial climate terminations

Paleoclimate pCO, reconstructions for the last glacial-interglacial transition (starting
~21kyr BP) indicate an early Holocene exceedence of the 260 ppmv threshold be-
tween ~11.5 and 9kyr BP (Fig. 9a; Monnin et al., 2001). This exceedence window
corresponds with a notable “reef gap” in the geological record, wherein few reefs es-
caped demise (Montaggioni, 2000, 2005). Indeed, most reefs that existed just prior
to 11.5kyr BP are at present encountered as “drowned” relict features and terraces at
depths of 40—70 m along the outer edges of most tropical continental shelves (reviewed
by Montaggioni, 2000, 2005). Tentative explanation for this global reef submergence
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event has previously centred on a proposed rapid rise in sea level associated with an
ice-melt discharge ~ 11.5kyr BP (Melt-water pulse 1B; Fairbanks, 1989), though the
global extent and significance of this sea level rise is controversial, especially in terms
of its exclusive role in halting reef growth (see e.g., Bard et al., 2010). Part of the con-
fusion in interpreting the eustatic sea level/reef accretion record may relate to the pre-
dicted (bleaching-induced) mortality response associated with exceeding the 260 ppmv
pCO, threshold; permitted in part, by the co-occurrence of nutrient-replete conditions
resulting from: (i) the enhanced upwelling supply of DIN into surface waters associated
with the Melt-water pulse 1B event (Montaggioni, 2000, 2005 and references within),
and/or (ii) the release of lowstand-stored terrestrial nutrients as the sea level crept over
the continental margin and onto the shelf (Hallock and Schlanger, 1986). For example,
at the rare sites where continuous glacial-interglacial reef growth is recorded (e.g., Van-
uatu; Cabioch et al., 2003), an abrupt rise in sea level ~ 11.5kyr BP is inferred by the
rapid change in the shallow-water community composition from a branching Acropora-
dominated assemblage, to (an assumed deeper) massive Porites-dominated assem-
blage. Yet, this rapid community switch is equally predicted by the proposed differential
selection against branching growth forms as seawater pCO, exceeded 260 ppmv.
The ocean alkalinity equilibrating mechanism of “carbonate compensation” (Broecker
and Peng, 1987; Hodell et al., 2001) dictates that the geological signature of the low-
latitude reef demise between 11.5 and 9kyr BP is ultimately recorded in the deep-
sea calcium carbonate (CaCOg) preservation record and its associated link to atmo-
spheric pCO,. The temporal sequence for ocean basins linked to the transport of
tropical waters can thus be understood as follows: (i) reef demise starting at 11.5kyr
BP triggers a transient increase in surface water alkalinity (i.e., increased [CO;Z]), as
evidenced by a conspicuous increase in the productivity of calcifying plankton (e.g.,
coccolithophores; Flores et al., 2003). (ii) Shallow-to-deep ocean ventilation of this
high alkalinity water mass with a mixing lag of ~ 2.5 kyr (Berger, 1982) acts to deepen
the calcite lysocline around 7-9 kyr BP, as evidenced by a deep sea CaCOj preser-
vation event (Broecker et al., 1993; Hodell et al., 2001; Marchitto et al., 2005; Klocker
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and Henrich, 2006). (iii) The inverse relationship between the carbonate ion content of
the deep-ocean and atmospheric pCO, (Broecker and Peng, 1987) links this lysocline
deepening with the recorded drawdown in atmospheric pCO, between 7-9kyr BP. It
is thus consistent that major global cooling (e.g., the “8.2 kyr BP” cooling event; Alley
et al., 1997) is centred around this reef-demise triggered pCO, drawdown sequence.
In this way, the enhanced susceptibility of the cnidarian-Symbiodinium symbiosis to
irradiance-driven disruption at pCO, > 260 ppmv is forwarded here as a potential driver
of interglacial — glacial climate transitions, which for at least the last 600 kyr have been
repeatedly triggered ~ 260-280 ppmv (Fig. 9b; Sigenthaler et al., 2005). Verification of
this suggestion requires sensitivity testing with a coupled atmosphere-ocean-sediment
carbon cycle model. However, if true, then the dampened (Milankovitch-scale) equato-
rial insolation during the most recent glacial-interglacial period (Fig. 9c; Berger et al.,
2006) has important (constraining) ramifications for the strength of the prescribed cool-
ing sequence, and thus the likely duration of the present interglacial period. Firstly,
because of the comparatively low insolation maximum, the predicted bleaching events
beyond the 260 ppmv threshold are likely to have been less severe than they might oth-
erwise be. Accordingly, the high alkalinity triggered deep-sea preservation sequence
would be less significant than it might otherwise be; translating into a smaller draw-
down in atmospheric pCO,, and hence, a less influential cooling impact. Combin-
ing this lowered cooling impact with the concurrent dampened insolation (= lowered
irradiance-driven symbiotic demand for CO,) is suggested to provide the relatively
unique opportunity whereby prolonged tropical reef growth can occur on the flooded
continental shelf margin. Indeed, modelling identifies late Holocene coral reef buildup
as a likely candidate for the observed ~ 20 ppmv rise in pCO, (and subsequent warm-
ing reversal) after the ~8kyr BP cooling event (Ridgwell et al., 2003; Kleinen et al.,
2009). By analogy with its comparable insolation dynamics, possibly the last time that
such a warming reversal would have been permitted was during the interglacial cen-
tred on marine isotope stage (MIS) 11 (~ 400 kyr BP). Notably, MIS-11 is known for its
extensive tropical-shelf reef growth, and extended (~ 30 kyr) interglacial period (Droxler
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et al., 1997; Droxler and Farrell, 2000).

The deep ocean CaCO, record provides persuasive evidence to support the unique
(extended) period of shelf reef growth during both MIS-11 and the present interglacial.
Again calling on the notion of steady state, enhanced CaCO4 deposition on the shelves
must ultimately be matched by enhanced dissolution of deep sea sediments. No-
tably, MIS-11 records the most significant deep-sea CaCO4 dissolution for any of the
late-Pleistocene glacial cycles, with a similar magnitude of change emerging from the
present-day (corrosive) deep sea conditions (see e.g., Barker et al., 2006; Anderson
et al., 2007).

4.3 The modern decline in coral diversity and abundance

The MIS-11 analogue indicates that shallow-water reef buildup (and its CaCO;-
compensated pCO, increase) during the Holocene would have initiated a self-limiting
feedback around pre-industrial pCO, = 280 ppmv; with the permitted 20 ppmv increase
in seawater pCO, beyond the proposed autotrophic threshold (~ 260 ppmv) reconciled
by low (Milankovitch-scale) equatorial insolation and improved shelf water quality in
the later stages of the Holocene. Yet, this permitted stasis of late Holocene reef growth
has been recently disrupted by the precipitous (anthropogenic-driven) rise in seawater
pCO, since the start of the industrial revolution (late 1700’s), with its greatest impact
on branching coral communities in nutrient-replete (i.e., coastal or upwelling) settings.
Multiple studies confirm the extent and timing of the differential selection against sym-
biotic corals with branching architectures. For example, the drilling record recovered
by Aronson et al. (2004) details that for at least 2000—3000 yr prior to the last several
decades, Belizean reefs were dominated by the staghorn coral Acropora cervicornis.
The present day reefs in Belize however, have become dominated to a historically un-
precedented extent, by the lettuce coral Agaricia tenuifolia; a coral whose ability to
survive in turbid, nutrient-enriched habitats (Shyka and Sebens, 2000) suggests that it
can readily switch to a heterotrophic mode of nutrition. The recent demise of branch-
ing corals after long-term periods of persistence and stability has also been replicated
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in Florida and the Bahamas (Greenstein et al., 1998), the Caribbean (Pandolfi and
Jackson, 2006), and Panama (Aronson et al., 2004). Branching species have also
been differentially selected against during recent bleaching episodes throughout the
Indo-Pacific (Marshall and Baird, 2000; Loya et al., 2001). Interestingly, reports of
thriving modern zooxanthellate coral communities in mesophotic depths in the Gulf of
Mexico (e.g., Lang et al., 2000), at the same time Florida’s shallow water reefs are in
perilous decline (Greenstein et al., 1998), provide the basis for speculation that ongo-
ing anthropogenically-driven global climate change and ocean acidification may drive
zooxanthellae corals back into mesophotic depths (Bongaerts et al., 2010).

5 Concluding comments and prospects

New insights into the functioning of shallow-water cnidarian symbioses predict that
the realised size of the algal symbiont population is in constant dispute between the
partners (Wooldridge, 2009a, 2010). Moreover, the effectiveness of host sanction-
ing mechanisms to rescind the rapid proliferation potential of its algal partner appears
linked to the prevailing envelope of environmental conditions. In particular, for mod-
ern corals the disrupting influence of warm, nutrient-replete seawater conditions has
been noted (Wooldridge and Done, 2009; Wooldridge, 2009b). In this paper, the ad-
ditional role of seawater pCO, has been explored, and the potential significance of
the 260 ppmv threshold alluded. Specifically, for circumstances where the effective-
ness of pre-mitotic controls on zooxanthalle proliferation rates is restricted (e.g., warm,
nutrient-replete seawater conditions) it has been proposed that optimal (stable) func-
tioning of cnidarian symbioses requires seawater pCO, < 260 ppmyv, particularly for
high irradiance (i.e., shallow-water) conditions. The corollary is that optimal function-
ing for pCO, > 260 ppmv is conditional on effective pre-mitotic control of zooxanthalle
proliferation rates, most readily achieved in nutrient-impoverished seawater.

The unifying capacity of this identified biological process/threshold to explain his-
torical ocean extinction events (and linked atmospheric climate variability) has been

11234

BGD
8, 11215-11253, 2011

Optimal seawater
pCO, for cnidarian
symbioses

S. A. Wooldridge

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/11215/2011/bgd-8-11215-2011-print.pdf
http://www.biogeosciences-discuss.net/8/11215/2011/bgd-8-11215-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

suggested here to unveil a new level of determinism for the characteristic dynam-
ics (and drivers) of the land-ocean-atmosphere carbon cycle of the Earth System.
This new viewpoint draws attention to the primacy of low-latitude (tropical) insola-
tion cycles, and its feedback interactions with shallow and deep-water CaCO; pro-
duction/dissolution, for explaining the consistent upper (termination) pCO, threshold
during the interglacial phase of Pleistocene climate cycles. Moreover, the coherence
of Milankovitch-scale variations in equatorial insolation with the ~ 100 kyr periodicity of
glacial-interglacial climate cycles (Fig. 9c; Berger et al., 2006; Ashkenazy and Gildor,
2008) also alludes to the fundamental importance of a tropical-driver for the opposing
glacial — interglacial climate transition. Given the contextual evidence provided here,
there appears little reason to suggest that temperature/irradiance feedbacks upon the
rates of shallow and deep-water CaCO; production/dissolution (via its compensated
impact upon atmospheric pCO,) will not also play a prominent role in driving the glacial
termination sequence. Future testing with a coupled atmosphere-ocean-sediment car-
bon cycle model offers considerable scope for verifying the proposed relevance of
shallow water CaCO5 dynamics to the termination sequence of both the glacial and
interglacial phases of Pleistocene climate cycles.

Significantly, the new construct for the causes and process of coral bleaching has
ominous implications for the viability of shallow-water tropical reef ecosystems during
the present human-dominated (“Anthropocene”) era of the Earth System. Indeed, it
suggests that an extinction event may already be underway that has the potential to
rival the Pliocene-Pleistocene and Oligocene-Miocene events. It follows that global ef-
forts are needed as a matter of urgency to halt and reverse the present-day trajectory of
rapidly rising pCO,. The complementary benefits offered by local efforts to limit coastal
eutrophication (see e.g., Wooldridge et al., 2011) should also not be underestimated.
Future testing and refinement of the ideas presented within this paper offers consid-
erable hope for developing further insights into tacking the climate-induced demise of
cnidarian-Symbiodinium symbioses and the reefs they construct.
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Fractional contribution

Fig. 1. Bjerrum plot showing the relative contributions of CO,,q, bicarbonate (HCO;) and

carbonate (CO;Z) ions to total dissolved inorganic carbon (DIC) as a function of pH. Present
day seawater has a pH of approximately 8.2 and is therefore dominated by HCOj.
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Fig. 2. The coral-algae endosymbiosis. (a) A reef coral is a symbiotic association between an animal (the host) and
unicellular dinoflagellate algae (the symbiont). Within this association, the dinoflagellate algae of the genus Symbio-
dinium (“zooxanthellae”) reside within the gastrodermal cells of the coral host. (b) Zooxanthellae photosynthesis takes
place within the algae chloroplast, with the “light” reactions occurring in the thlaykoid membranes and the “dark” reac-
tions (Calvin-Benson cycle) in the stroma. The vast majority (> 90 %) of the assimilated photosynthate ((CH,0)y) is
typically transferred to the coral host. (¢) Intracellular limitation of CO, for the “dark reactions” of zooxanthellae photo-
synthesis has been proposed to trigger a breakdown of the symbiosis (= zooxanthellae expulsion) (Wooldridge, 2009a,
2010). With no means to turn over ATP and NADPH, the photosynthetic electron transport chain becomes blocked,
which damages the light-sensitive photosystems and generates membrane damaging reactive oxygen species.
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Fig. 3. Active and passive seawater COyaq) Supply pathways for the intracellular zooxanthellae within the coral
symbiosis. Whilst respiratory COz(aq) is available from both zooxanthellae and animal pathways, it accounts for only
~50 % of the carbon needed by the algae during high rates of photosynthesis (Muscatine et al., 1989). High rates
of photosynthesis thus place strong (additional) demands upon a seawater supply of CO,q. Although seawater
COyaq) can passively diffuse across the lipid bilayer of the host, at typical seawater pH (8.2) it represents only a small
fraction (~ 1 %) of the dissolved inorganic carbon (DIC) available from seawater. The much more abundant HCO;,
however, is largely inhibited from diffusing into the host cells due to its ionic charge. To enhance the intracellular
supply of COyq for its zooxanthellae (Z), the coral host maintains a range of active “CO,-concentrating mechanisms”
(CCMs). The CCMs utilise metabolic energy in the form of adenosine triphosphate (ATP) to convert seawater HCO,
into readily diffusible CO,(,q). For example, at the ectodermal surface, hydration of HCO; to CO,,q is achieved via
a H™-ATPase enzyme in combination with carbonic anhydrase (CA) (Furla et al., 2000; Al Horani et al., 2003a) Similarly,
by functioning to increase the availability of COy,q within the coelenteron, the Ca®*-ATPase enzyme that underpins
host skeletal accretion also represents an important energy-driven CCM (McConnaughey and Whelan, 1997; Al Horani
et al., 2003b). The ATP needed to activate the CCMs is ultimately derived from the autotrophic carbon products of the
zooxanthellae (Al Horani et al., 2003b).
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Fig. 4. Schematic representation of the optimal zooxanthellae density range in terms of au-
totrophic capacity (P : R). The relationship is consistent with physiological measurements taken
from both a tropical and temperate coral (Anthony et al., 2009; Hoogenboom et al., 2010).
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Fig. 5. Variation in zooxanthellae densities based on different shaped colonies of Montastrea
annularis (after Patterson et al., 1991). Zooxanthellae counts (per colony) are linked to a dimen-
sionless shape index (surface area’? : displacement volume®2%). More diffusive colony shapes
(= larger shape index) tend to have higher zooxanthellae densities.
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Fig. 6. Cell densities of Dunaliella viridis batch cultured under normal air (0.035 % CO,) and
CO,-enriched air (1% CO,) in nitrogen-sufficient and nitrogen-limited conditions (after Gordillo
et al., 2003). Elevated CO, conditions act to increase cell densities only under conditions of

NH; sufficiency.
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Fig. 7. Coral bleaching projections based on experimental manipulation of seawater temperatures and
pCO, (after Anthony et al., 2008). The treatments were carried out under extremely high summer irradiance
(~ 1000 pmol photon m™2 s'1) and with a nutrient-replete lagoonal seawater source. Comparative trends are shown
for Acropora intermedia (branching morphology) and Porites lobata (massive/robust morphology). The error-bounded
bleaching trends suggest that minimal bleaching will be observed for seawater pCO, < 260 ppmvy, even at presently

accepted upper (synergistic) limits for temperature, irradiance, nutrient status, and coral morphology.
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Fig. 8. (a) Chronogram of divergence timing of symbiotic dinoflagellate Symbiodinium established by molecular phy- g'
logeny (after Pochon et al., 2006). The mid-Miocene diversification of most extant lineages coincided with global cooling T g
and a fall in pCO, below ~ 260 ppmv (nb: the pCO, reconstruction is based on the lower-bound (error considered) Q
predictions of Pearson and Palmer, 2000). (b) Apparent synchronisation of late Cenozoic extinction and origination 8
9

events on Caribbean coral reefs around the pCO, = 260 ppmv threshold.
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Fig. 9. (a) Deglacial rise in atmospheric CO, as recorded by ice core samples taken at Antarctica Dome C (Monnin Z
et al.,, 2001). A notable “reef gap” in the geological record corresponds with the early Holocene exceedence of the %
260 ppmv CO, threshold between 11.5 and 9 kyr BP (Montaggioni, 2000, 2005). (b) Extended records of atmospheric D, _
CO, for the last 650 kyr BP (Sigenthaler et al., 2005) highlight that the transition sequence from interglacial — glacial g
conditions is repeatedly triggered ~260-280 ppmv. (c¢) The time evolution of the maximum amplitude of the seasonal - _
cycle of 24-h mean irradiance at the equator (Berger et al., 2006) draws attention to the coherence with the ~ 100 kyr %
@
=

periodicity of glacial/interglacial climate cycles. Also evident, is the comparable (dampened) irradiance during the most
recent glacial-interglacial sequence and MIS-11 (~ 400 kyr BP).
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