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Abstract
Photosynthetic capacity of scleractinian corals relies predominantly on the productivity
of single-celled endosymbiotic dinoflagellates of the genus Symbiodinium, known as
zooxanthellae, residing intracellularly within coral endoderm tissue. The regulation of
photosynthesis of zooxanthellae is in turn dependent on light and temperature. This
thesis explores the genetic basis for variation in photosynthesis capacity of
zooxanthellae by examining the photo-physiology of genetically characterised
Symbiodinium communities at a range of spatial and temporal scales. In situ and
manipulative experiments were conducted to improve our understanding of metabolic
responses of zooxanthellae under climate change scenarios.
Fine scale measurements of irradiance and photosynthesis allowed the
assessment of photo-physiological changes across individual colonies of Pocillopora
damicornis and Acropora valida. Pocillopora damicornis generally contain genetically
homogeneous populations of Symbiodinium, whilst genetically diverse Symbiodinium
communities exist within Acropora valida. Measurements of light absorption in P.
damicornis were conducted using a scalar irradiance microprobe and it was found that
light absorption was greatest in shade-adapted polyp tissue and smallest in sun-adapted
coenosarc tissue. Genetic heterogeneities, found at the scale of individual polyps in A.
valida, correlated with CB concentration at the surface of the colony which was greater
in polyps that harboured the two clades (A + C) than in polyps that only harboured
clade C. In both corals, measurements using an CB microelectrode and a fibre-optic
microprobe yielded dissimilar results when used at moderate to high irradiances.
Seasonal changes in photosynthetic capacity suggested that P. damicornis is
more sensitive to combined effects of relatively higher temperature and irradiance in
summer than A. valida suggesting that the symbiont community of A. valida may not be
physiologically compromised possibly due to phylogenetic changes of Symbiodinium.
Furthermore, thermal tolerances of conspecific corals were examined at narrow and
wide spatial scales across the length of the Great Barrier Reef. Pocillopora damicornis,
which harboured Symbiodinium type Cl, thus bleached in correlation with latitude,
whereas Turbinaria reniformis bleached in correlation with the presence and absence of
the known thermo-tolerant Symbiodinium clade D.
The results, integrating over spatial and temporal scales suggest that the
acclimatisation capacity of corals to light and temperature is determined by i) history of
XVIII

light and temperature exposure and in cases where corals associate with multiple
Symbiodinium types ii) the distribution of Symbiodinium.
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Chapter 1 Background, concepts and thesis outline
1.0 Background
While coral reefs today are under a variety of pressures e.g. eutrophication (Bell and
Elmetri 1995), coastal development (e.g. Hughes and Connell 1999, Jackson et al.
2001), sedimentation (e.g. Rogers 1983), acidification (e.g. Kleypas et al. 1999) and
over-fishing (Jackson et al. 2001), the combined effects of irradiance and rising sea
temperatures are presently the major contributors to the world-wide decline of coral
reefs (Hoegh-Guldberg 1999, Wilkinson 2000). The focus of this thesis is on the effects
of irradiance and temperature on scleractinian coral photobiology at different spatial and
temporal scales.
Reef-building corals (Scleractinia) are important contributors to the physical
structure of coral reefs. The photosynthetic activity of millions of intra-cellular singlecelled microalgae (dinoflagellates) belonging to the genus Symbiodinium (Freudenthal
1962), commonly referred to as zooxanthellae, results in translocation of carbohydrates,
which represents a major energy source for the host, and enables corals to maintain high
rates of CaCCE deposition contributing to the three-dimensional structure of the coral
reef (Muscatine and Porter 1977, Gattuso et al. 1999).
The optically clear seawater environment of coral reefs is the basis for the
production of carbon by zooxanthellae to meet the energetic requirements of themselves
and their host (Muscatine 1990). Large amounts of photosynthetic products are
translocated to the host which in turn provides the zooxanthellae with essential
nutrients, such as nitrogen and phosphorus, in an otherwise oligotrophic environment
(Trench 1979, Muscatine 1990). Although autotrophy is an important avenue for carbon
fixation, in particular in shallow well-lit water, heterotrophy is a means by which corals
complement their nutrient requirement (Porter 1976). The efficiency of resource
utilisation between corals and their symbiotic counterparts results in very high primary
productivity and therefore the ecological importance of reef corals.

1.1 Thermal sensitivity of corals and global warming
Corals are thermally sensitive and only occur within a narrow temperature range
(Hoegh-Guldberg 1999). This generally restricts their distribution to within 30° of
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latitude of the equator. Corals exhibit temperature tolerance ranges that correlate with
ambient water temperatures (Coles et al. 1976, Berkelmans and Oliver 1999,
Berkelmans 2002, Ulstrup et al. 2006a). This suggests that thermal tolerance is
governed by local environmental conditions to which corals have adapted (Buddemeier
and Fautin 1993, West and Salm 2003). When exposed to temperatures beyond their
normal temperature range, corals may become physiologically impaired and may lose
their symbionts. This phenomenon has been labelled coral bleaching due to the apparent
loss of colouration stemming from loss of zooxanthellae and/or loss of their
photosynthetic pigments (Kleppel et al. 1989). The severity of coral bleaching is related
to the level of temperature elevation in combination with irradiance and the duration of
exposure (Coles and Jokiel 1978, Fitt and Warner 1995, Lesser and Farrell 2004).
The link between temperature anomalies and decline in coral health has been
documented in a plethora of both field (e.g. Goreau and Flayes 1994, Marshall and
Baird 2000, Glynn et al. 2001) and laboratory studies (e.g. Coles and Jokiel 1978,
Lesser et al. 1990, Warner et al. 1996, 1999, Jones et al. 1998). Incidences of mass coral
bleaching have increased since the 1980s and were for the first time recorded on a
world-wide scale in 1997-1998 (Hoegh-Guldberg 1999). It is estimated that 16% of the
world’s corals died from this bleaching event alone (Wilkinson 2000). However, the
Great Barrier Reef (GBR) was most severely affected in 2002 when bleaching occurred
on -54% of its reefs (Berkelmans et al. 2004). Based on the projected rapid rate of
seawater temperature increase due to the greenhouse-gas effect (Hoegh-Guldberg 1999,
Wilkinson et al. 1999) it is likely that we will observe more frequent and severe coral
bleaching events. It is, however, unlikely that corals will be able to adapt to current rates
of environmental change (Gates and Edmunds 1999). In the hope that political
initiatives for a decline in greenhouse-gas emissions will reduce the rate of seawater
temperature increase, it is of particular interest to study the ecological specialisations
and physiological capabilities of corals to acclimatise and adapt to more subtle changes
to the environment. This thesis aims to broaden the current knowledge of photophysiological abilities among genetically distinct coral-algal associations and their
capacity for coping with environmental changes.
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1.2 The role of zooxanthellae
The light dependence of zooxanthellar photosynthesis limits the vertical distribution of
coral reefs to the photic zone. Although corals are in part heterotrophic (Porter 1976),
light absorption in zooxanthellae drives processes of carbon fixation for maintenance
and growth (Muscatine and Porter 1977). It is hypothesised, that genetically different
zooxanthellae possess physiological specialisations by which these processes may be
regulated. Little et al. (2004) found that juvenile Acropora tenuis colonies associating
with zooxanthellae belonging to clade D grew slower than those with zooxanthellae
belonging to clade C. This finding is the most concrete example today of physiological
specialisations of different zooxanthella types, but likely subject to modification
depending on location and host species investigated (Abrego et al. in review). However,
the study highlights the importance for more detailed studies of zooxanthellar
physiology of genetically identified populations.

1.2.1 Diversity, occurrence and distribution of Symbiodinium
Zooxanthellae are hosted by a variety of marine invertebrates (Trench 1987) and protists
(Lobban et al. 2002, 2005, Ulstrup et al. 2007) with the ecologically most important
symbiosis in coral reef communities being that between corals and zooxanthellae. Based
on limited morphological variation of zooxanthellae, early studies suggested that the
genus Symbiodinium consisted of one pandemic species living in association with a
variety of invertebrate phyla (Freudenthal 1962, Trench 1987). With the later
application of molecular tools, Symbiodinium has been found to be an extremely diverse
assemblage, and has been shown to consist of eight major clades (A-H). The genetic
differences among clades are comparable to those exhibited between different orders of
free-living dinoflagellates (Rowan and Powers 1992). Each of these clades includes
multiple subclades and strains (reviewed in Baker 2003, Coffroth and Santos 2005). Six
clades (A- D, F and G) are currently known to associate with scleractinian (Baker 2003,
Coffroth and Santos 2005, van Oppen et al. 2005).
Most associations between scleractinian corals and their symbionts have been
found to be taxonomically specific (e.g. Rowans and Powers 1991, Goulet 2006) and
stable over spatial (Diekmann et al. 2002, LaJeunesse 2002, Rodriguez-Lanetty et al.
2003, LaJeunesse et al. 2005, Ulstrup et al. 2006a) and temporal scales (Iglesias-Prieto
et al. 2004, LaJeunesse et al. 2004, 2005, Thornhill et al. 2006b). However, examples of
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genetically mixed zooxanthella communities at the level of individual colonies have
been found both in the Caribbean (e.g. Rowan and Knowlton 1995, Rowan et al. 1997,
Baker 2001, Santos et al. 2001, LaJeunesse 2002, Thornhill et al. 2006b, Toller et al.
2001 a,b) and the Indo-Pacific (Loh et al. 2001, van Oppen et al. 2001, Ulstrup and van
Oppen 2003, Fabricius et al. 2004, Little et al. 2004, Chen et al. 2005, Berkelmans and
van Oppen 2006, Ulstrup et al. 2006a) concurring that this is wide-spread phenomenon.
In some instances the intra-colony distribution of Symbiodinium types has
shown clear patterns of photic zonation resulting in the partitioning of genetically
distinct zooxanthellae between irradiance habitats in Montcistraea annularis (Rowan et
al. 1997) and Acropora spp. (van Oppen et al. 2001, Ulstrup and van Oppen 2003).
Similar results have been found between individual colonies with regard to bathymetric
(Toller et al. 2001b, LaJeunesse 2002, Chen et al. 2003) and latitudinal gradients (Loh
et al. 2001, Rodriguez-Lanetty et al. 2001, Berkelmans and van Oppen 2006, Ulstrup et
al. 2006a). In other cases intra- and interspecific partitioning of genetically distinct
zooxanthella communities have been found to correlate with bleaching susceptibilities
of conspecific coral populations (Rowan et al. 1997, Glynn et al. 2001, Little et al.
2004, Rowan 2004, Berkelmans and van Oppen 2006, Ulstrup et al. 2006a).
The ability of some corals to host a variety of Symbiodinium phylotypes
simultaneously, offer the coral an intrinsic opportunity to withstand potential
detrimental effects of global warming by symbiont shuffling. Shuffling is a mechanism
by which the relative abundance of genetically and therefore potentially physiologically
different types present in a host may be modified (Baker 2003). Shuffling has been
documented so far during ontogeny of juvenile scleractinian corals (Little et al. 2004)
and octocorals (Coffroth et al. 2001) as well as in corals subjected to changes in their
temperature regime (Rowan et al. 1997, Chen et al. 2005, Berkelmans and van Oppen
2006, Thornhill et al. 2006b) or disease out-breaks (Toller et al. 2001b).

1.2.2 Physiological diversity of zooxanthellae
Based on observations that certain symbiont types exhibit distinctive distribution
patterns that correlate with temperature and light, physiological characteristics have
been ascribed to different Symbiodinium phylotypes in hospite. For example, clade A
has been described as relatively stress insensitive and opportunistic in disturbed
environments (Rowan et al. 1997), clade C as shade-loving in mixed associations
(Rowan et al. 1997), and clade D has been to be relatively heat-tolerant type (Rowan
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2004, Berkelmans and van Oppen 2006) but their coral host may be growth impaired
(Little et al. 2004). However, phenotypic characterisation is still under scrutiny as
Symbiodinium types of two different clades originating from the same location appear to
show distinct responses to temperature elevation (Berkelmans and van Oppen 2006).
Field observations and experimental work have shown that corals exhibit inter
specific bleaching thresholds (Coles et al. 1976, Marshall and Baird 2000) which cannot
be explained by Symbiodinium type(s) hosted alone (Bhagooli and Hidaka 2003,
Ulstrup et al. 2006a), lending support to the notion that host factors are also important in
determining bleaching tolerance limits and that the host is an important determinant of
the symbiont physiology (Gates and Edmunds 1999). The interactive physiology of
scleractinian symbioses or the relative contribution of each symbiotic partner to the
acclimatisation capacity of the intact symbiosis is, however, poorly documented. It has
been demonstrated that Symbiodinium sp. incubated in homogenised tissue releases
more carbohydrates (Muscatine 1967) as well as exhibits higher photosynthetic carbon
fixation and oxygen production compared to dinoflagellates incubated in sea water in
vitro (Gates et al. 1995, 1999). It is therefore likely that corals modulate the function of
symbionts in response to the local physico-chemical environment, which is known to be
variable at a microscale (<100 pm) (e.g. Kiihl et al. 1995, Ulstrup et al. 2006b) as well
as in response to local and regional differences in the light and temperature environment
(Coles et al. 1976). Coral hosts may also regulate the function of their symbionts
through photo-protective mechanisms such as anti-oxidant enzymes (Lesser et al. 1990),
fluorescent pigments that scatter and fluoresce light (Salih et al. 2000), and UVscreening mycosporine-like amino acids (Shick et al. 1995, Banaszak et al. 2006).
Collectively, these variables are presumably determined in part by the morphology and
tissue thickness of the coral (Loya et al. 2001) as well as by their environment. It is
therefore likely that there is considerable variation in the contribution of the host to the
photo-physiology of the zooxanthellae (Gates and Edmunds 1999).
Preliminary studies have shown that photo-acclimation capacities can differ
among cultures of Symbiodinium (Chang et al. 1983, Iglesias-Prieto and Trench 1994,
Robison and Warner 2006) as well as freshly isolated strains (Savage et al. 2002b,
Bhagooli and Hidaka 2003). However, in some instances more variation is documented
within than between individual Symbiodinium phylotypes (Savage et al. 2002b, Robison
and Warner 2006). Freshly isolated zooxanthellae from different hosts also express
distinct responses to thermal stress (Warner et al. 1996, Kinzie et al. 2001, Bhagooli and
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Hidaka 2003), as well as between freshly isolated and in hospite counterparts (Bhagooli
and Hidaka 2003). This suggests that no generalised physiological characteristics can be
attributed to different free-living Symbiodinium types.
To extrapolate the response of an intact symbiosis from that of freshly isolated
or cultured zooxanthellae is problematic due to photo-acclimation. In order to
distinguish genetically distinct zooxanthellar communities based on phenotypical
specialisations that have the potential to act as an ecological driver of the symbiosis,
measurements in this thesis are limited to the photo-acclimation and -acclimatisation of
Symbiodinium occuring in hospite. The term ‘acclimation’ is normally applied to
experimentally controlled thermal adaptation, whereas ‘acclimatization’ is normally
applied to adaptation responses under uncontrolled field conditions (Prosser 1973).

1.2.3 Photosynthetic controls of zooxanthellae in hospite
Zooxanthellae live in a diffuse light field where they receive a major part of the light for
photosynthesis as scattered light, the intensity of which depends on tissue transparency
and skeletal backscatter (Klihl et al. 1995, Enriquez et al. 2005). The natural light
environment of zooxanthellae is highly variable at diurnal scales but may also change
more gradually with season or during tissue paling in connection with coral bleaching
(Enriquez et al. 2005). Seasonal, latitudinal and bathymetric gradients in abiotic factors
such as solar irradiance, temperature, water flow significantly influence the state of
photo-acclimatisation over both small and large spatial scales (Falkowski et al. 1990,
Lesser et al. 2000, Ulstrup et al. 2005, 2006a).
One of the most important cellular mechanisms linked to environmental
sensitivity of corals is the photo-biological properties and behaviour of zooxanthellae.
The production and consumption of oxygen in corals is continuously regulated through
the photosynthetic activity of the zooxanthellae, the respiration of the zooxanthellae and
their hosts and solute exchange across diffusive boundary layers (DBLs) (Shashar et al.
1993, Klihl et al. 1995). The light intensity and spectrum reaching the zooxanthellae,
and the solute exchange between the coral and the surrounding seawater are therefore
the most important external regulators of photosynthesis (Dubinsky et al. 1984,
Patterson et al. 1991, Klihl et al. 1995).
Exposure to elevated temperatures and irradiance can result in inhibition of
zooxanthellar photosynthesis at the site of PSII (photosystem II). Photo-inhibition
occurs as a result of the reduction in photosynthetic electron transport, combined with
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continued high absorption of excitation energy (Osmond 1981). When photosynthetic
tissues are exposed to light levels in excess of those capable of being utilised for
photochemistry, a process of non-photochemical thermal dissipation of the excess
absorbed photons occurs, allowing protection of the photosynthetic membrane against
damage (Demmig-Adams and Adams III 1992). This process is referred to as non
photochemical quenching (down-regulation) of chlorophyll fluorescence (NPQ) (Horton
and Bowyer 1990, Krause and Weis 1991) and may in part be controlled by the deepoxidation of the carotenoid diadinoxanthin to diatoxanthin commonly referred to as
the 'xanthophyll cycle' (Brown et al. 2002b). Carotenoids are a group of pigments in
photosynthetic systems, particularly the light harvesting complex of photosystem II
(PSII), that act as supplementary light harvesters for xanthophyll pigments and as
photo-protectors for (3-carotene in the reaction center. Ambarsari et al. (1997) and
Brown et al. (1999a) have described the xanthophyll cycle in corals, which ameliorate
the damaging effects of light at high levels of irradiance. Corals with a high capacity for
dissipating excess excitation energy through this cycle also appear to be less prone to
temperature bleaching (Warner et al. 1996, Venn et al. 2006).
Photo-inhibition is usually paralleled by damage to the D1 protein (Warner et al.
1999) , disruption of the Calvin Cycle (Jones et al. 1998) as well as possible and
inactivation of RUBISCO (Jones et al. 1998) and inhibition of PSII repair mechanisms
(Takahashi et al. 2004) and by elevated production of oxygen radicals (Iglesias-Prieto et
al 1992, Warner et al. 1996, Jones et al. 1998, Lesser 1996). The primary targets of the
latter are PSII and RUBISCO. Enzymatic defences usually occur in proportion to the
potential for photo-oxidative damage in corals (Dykens and Shick 1982) but become
reduced compared to the flux of oxygen radicals (Lesser 1996). Subsequent steps
leading to the loss of zooxanthellae are not yet understood, but may involve lipid
degeneration in thylakoid (Tchernov et al. 2005) and host membranes (Downs et al.
2000) by oxygen radicals.

The complexity of studying coral-algal symbiosis is evident. The majority of
photo-physiological measurements presented in this thesis are of photosynthesis by
oxygen evolution and chlorophyll a fluorescence and photo-inhibition by oxygen
evolution,

chlorophyll

a

fluorescence

and

xanthophyll

determination.

Other

manifestations of photo-inhibition are beyond the scope of this thesis, but covered here
forcomprehensiveness.
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1.3 Concept of scales
Scale (spatial and temporal) is important when we try to understand the physiological
responses of corals and their implications. Variability in coral reef community structure
is scale-dependent and there is a need to understand the range of scales at which
different patterns occur as well as which processes drive variability at different scales
(Murdock and Aronson 1999). At the regional spatial scale we are able to detect the
overall pattern of coral bleaching, but at smaller scales we can detect heterogeneities in
physiological responses down to the level of individual colonies, across a length of a
branch (Gladfelter et al. 1989, Hill et al. 2004b) and between polyp and coenosarc tissue
(Ralph et al. 2002, Ulstrup et al. 2006b). Responses observed at a small spatial scale
may not be detected at the community level and above, yet these should not be ignored
as these enhance our understanding of the bleaching response. Thus, it is at the global
scale that climatic changes alter coral reefs as we know them. Further, the scale at
which coral bleaching is investigated may change definition, interpretation, and
consequences of coral bleaching.
Temporal scales are also relevant in terms of corals bleaching as it happens over
time and at different rates. The extent of coral bleaching is also related to the duration of
exposure to the synergistic impact of elevated temperature and irradiance (Coles and
Jokiel 1978, Fitt and Warner 1995, Lesser and Farrell 2004). Connecting both the
causes and consequences of coral bleaching at multiple spatial and temporal scales is a
critical step in better understanding and managing of coral bleaching. By clearly
displaying several layers of data at different spatial and temporal scales, decision
makers can properly interpret the information and make well-informed decisions.

1.4 Thesis outline
The research presented in this thesis addresses the multi-scale ecology and physiology
of zooxanthellae and provides insight into the physiological limits of genetically and
spatially distinct zooxanthella communities living in hospite. The principal objective of
the thesis has been to determine whether photo-acclimation capacity of different
Symbiodinium types exists and may be an ecological driver of the formation and change
of coral-algal associations. Limitations in the current knowledge pertain to the minimal
research previously having been performed using combined genetic and physiological
tools on the coral-algal association. Also, the unprecedented spatial resolution (both
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very small and very large) of combined genetic and photo-physiological techniques
used in this thesis provides greater detail to our understanding of the functioning of
corals and their capacity to respond to climate change.
The research that forms this thesis is restricted to the GBR where mass coral
bleaching events have occurred in 1998 and 2002 (Berkelmans et al. 2004) and in the
southern GBR also in 2006 (Berkelmans pers. comm.). The results are based on the
application of a combination of tools which have been used to aid in integrating spatial
and temporal scales of genetics and physiology as well as investigating temperature and
light regimes of corals and their symbionts. Chapter 1 places the project into context in
relation to the present state of knowledge in the field. Chapters 2 and 3 examine intra
colony physiological and genetic correlations at a local (one reef) spatial scale. Chapter
2 explores the physiological variation observed at the intra-colony level as a function of

light microclimate in the coral, Pocillopora damicornis. Chapter 3 charts the intra
colony diversity of Symbiodinium spp. in an Acropora valida colony and discusses
implications for function and adaptation of corals harbouring mixed zooxanthella
communities. Chapter 4 documents the seasonal variation of photo-acclimatisation and
symbiont diversity of P. damicornis and A. valida studied over three years at Heron
Island. Chapter 5 investigates photo-acclimatisation of two congeneric corals in two
distinct locations in winter and summer and their bleaching responses. Chapter 6
examines the bleaching sensitivity and symbiont types of latitudinally distinct
populations of two corals species and finally, chapter 7 integrates the key findings of
the project, comments on the present status of the research and presents perspectives for
future research.
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Chapter 2 Intra-colonial variability in light
acclimation of zooxanthellae in coral tissues of
Pocillopora damicornis
This chapter is inserted without abstract as published in Marine Biology:
Ulstrup KE, Ralph PJ, Larkum AWD, Klihl M (2006) Intra-colonial variability in light
acclimation of zooxanthellae in coral tissues of Pocillopora damicornis. Marine Biology
149:1325-1335.

The data was collected and analysed by KE Ulstrup, who also wrote the paper. The
chapter and resulting paper was submitted after editorial and intellectual contributions
by all co-authors. All co-authors contributed technical assistance.

2.0 Introduction
Reef-building corals are sessile marine cnidarians that harbour endosymbiotic
microalgae of the dinoflagellate genus Symbiodinium, known as zooxanthellae. The
dynamic relationship between production and consumption of O2 in corals is regulated
through the photosynthetic activity of the zooxanthellae, the respiration of the
zooxanthellae and their hosts and solute exchange across diffusive boundary layers
(Shashar et al. 1993, Klihl et al. 1995). Corals are subject to limited gas exchange with
the surrounding seawater across a diffusive boundary layer (DBL), causing severe
hypoxia in the dark due to the absence of light-driven photosynthesis, while CE
supersaturation is common during exposure to high light (Klihl et al. 1995, Ulstrup et al.
2005). The light intensity and spectrum reaching the zooxanthellae, and the solute
exchange between the coral and the surrounding seawater are the most important
external regulators of photosynthesis (Dubinsky et al. 1984, Patterson et al. 1991, Klihl
et al. 1995).
The photosynthetic capacity of zooxanthellae as measured by variable
fluorescence is commonly used as a proxy for the health of the coral (Warner et al.
1999, Bhagooli and Hidaka 2003). Decreased zooxanthellar productivity has been
correlated to episodes of coral bleaching, a process in which corals lose their symbionts
and/or pigments and subsequently may perish (Hoegh-Guldberg 1999, Marshall and
Baird 2000). It has also been speculated that genetically distinct zooxanthellae may
10
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exhibit differences in their photosynthetic capacity and tolerance toward bleaching
conditions (Buddemeier and Fautin 1993, Baker et al. 2004).
Variable chlorophyll a fluorescence analysis has shown differences in
photosynthetic performance between upper and lower surfaces of individual colonies
(Jones et al. 1998, Ralph et al. 2005), between polyp and coenosarc tissue (Ralph et al.
2002, Hill et al 2004b), and along the length of coral branches (Hill et al. 2004b). Kuhl
et al. (1995) showed significant variation of gross photosynthetic activity between polyp
and coenosarc tissue of Favia sp. due to differences in boundary layers and light
microclimate within a single polyp. The scalar irradiance, i.e. the spherically integrated
quantum flux from all directions about a point, can locally exceed the incident
downwelling irradiance (E,fl in corals due to intense scattering and light trapping in the
tissue and skeleton (Kiihl et al. 1995, Enriquez et al. 2005). The large heterogeneity of
the physico-chemical microenvironment within corals can lead to different responses of
photo-acclimation and -adaptation in different parts of the coral colony (Falkowski et al.
1990, Jones et al. 1998, Ralph et al. 2002).
Oxygen microelectrodes enable fine-scale studies of gross photosynthetic
activity using the light-dark shift technique (Revsbech and Jprgensen 1983) at the
surface of coral tissue, where the photosynthesis of the zooxanthellae can be assessed
with this technique independent of host or symbiont respiration (Kiihl et al. 1995, de
Beer et al. 2000). Variable chlorophyll a fluorescence analysis with fibre-optic
microprobes (Schreiber et al. 1996, Kiihl et al. 2005) can also be used to map
photosynthesis and light acclimation at high spatial resolution in corals (Ralph et al.
2002).

Oxygen microsensor techniques enable measurements of gross photosynthesis
rate versus irradiance curves over different time scales. The measurement of gross
photosynthesis rate with oxygen microsensors has a spatial resolution of ~0.1 mm and
assumes steady-state O2 distribution before the light-dark shift (Revsbech and Jprgensen
1983, Kiihl et al. 1996). Steady-state conditions at the point of measurement thus reflect
a balance between O2 transport, consumption and production, which is obtained when
acclimation to a particular light intensity has occurred and no further changes to the CE
level are detected. Similarly, the effective quantum yield of PSII and the relative
photosynthetic electron transport rate at steady-state, under a range of irradiances, can
be measured with pulse-amplitude-modulated (PAM) fluorometers using the saturationpulse technique (Schreiber 2004). Measurements of steady-state photosynthesis vs.
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irradiance curves typically involve incubation for 10-60 minutes at each irradiance
level. This time interval is long enough to allow for photo-acclimation during
incubation (Kiihl et al. 2001) and may also lead to greater photo-inactivation above
saturating irradiance due to the prolonged light exposure.
Another way of investigating the photosynthetic capacity of corals is to measure
so-called rapid light curves (RLC), where quantum yields and relative photosynthetic
electron transport are measured rapidly over a range of irradiances using only very brief
(10-20 s) incubation periods for each irradiance (Schreiber 2004). Rapid light curves,
obtained over a few minutes, provide insight into the momentary acclimation capacity
for light utilisation of PSII (Ralph and Gademann 2005) and should not be interpreted
as steady-state photosynthesis vs. irradiance curves.
In this study, we investigated the branching coral Pocillopora damicornis. The
population of P. damicornis in the Heron Island lagoon has been found to harbour only
one strain of zooxanthellae belonging to clade C (LaJeunesse et al. 2003, Ulstrup et al.
2006a), as confirmed by denaturing gradient gel electrophoresis (DGGE) and single
stranded conformation polymorphism (SSCP), respectively, followed by DNA
sequencing. This coral population is therefore suitable to assess intra-colonial variation
of zooxanthellar physiology without complications of underlying genetic variation. The
branching morphology induces a heterogenous light climate across the colony where
basal parts of the colony are shaded by exposed branches at a scale of millimetres to
centimetres (Ralph et al. 2005). However, the ambient light climate is also variable at a
much finer scale (pm-mm) as a result of structural heterogeneities of the skeleton and
tissue, such as those observed between polyp and coenosarc tissue (Kiihl et al. 1995,
Enriquez et al. 2005). Physiological responses may thus correlate to tissue type as well
as to light microclimate (Ralph et al. 2002).
Here we present the first direct microscale comparison of oxygen- and variable
fluorescence-based measures of coral photosynthesis, as determined with a novel
combined microsensor consisting of an O2 microelectrode and a fibre-optic microprobe
(Kiihl 2005). We examined the gross photosynthesis and steady-state PSII quantum
yields of zooxanthellae harboured in sun- and shade-adapted regions of coenosarc and
polyp tissue in individual colonies of the scleractinian coral P. damicornis at Heron
Island on the southern Great Barrier Reef. Our results show that variable fluorescence
data obtained in corals cannot be directly correlated to productivity, especially at higher
irradiances.
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2.1 Materials and methods
2.1.1 Sampling and experimental setup
Samples were collected in the Heron Island lagoon (<2 m depth) adjacent to Heron
Island Research Station (152°06'E, 20°29'S) during January 2005. Sun- and shadeadapted fragments of Pocillopora damicornis colonies were collected and maintained in
flow-through aquaria under shaded conditions <50 pmol photons m" s' for one day.
Samples were held securely in plasticine within a custom-built flow chamber 25 x 10 x
10 cm at a flow velocity of ~1 cm s'1. A combined O? microelectrode and tapered fibreoptic microsensor with a combined sensor diameter of 50-100 pm (Kiihl 2005) was used
to conduct simultaneous measurements of O2 concentration, gross photosynthesis rate
and PSII fluorescence yield (maximum quantum yield in the dark, effective quantum
yield in the light) at the surface of the coral.
The O2 microelectrode was connected to a picoamperemeter (PA2000, Unisense
A/S, Denmark). Measuring signals were recorded on a strip chart recorder (Kipp &
Zonen, Holland) and linear calibration of the electrode was performed at an ambient
temperature of 26.5 ± 0.5°C by recording signals in air-saturated seawater and CE-free
seawater, respectively. The O2 concentration of air-saturated seawater at experimental
temperature and salinity, i.e. 208 pmol 02 l1 was obtained from tabulated values
(www.Linisense.com/support/support.html). The fibre-optic microprobe was connected
to a pulse amplitude modulated fluorometer (Microfibre-PAM, Walz, Germany). The
fluorometer also controlled a red light emitting diode (LED: 650 nm) ring, which was
used as an actinic light source. The fluorometer was interfaced to a windows-based PC
and the system software (WinControl software v2.08, Walz, Germany) allowed
monitoring of fluorescence in real time and acquisition of fluorescence parameters at
defined irradiance and time intervals. The combined microsensor was positioned
through the centre of the LED ring, which illuminated the coral sample with actinic
light from oblique angles, thus minimising any self-shadowing effects on the
measurements (Fig. 1, appendix A). The microsensor was placed in direct contact with
the coenosarc tissue surface or inside a polyp between 5-10 mm from the coral branch
tip using a manual micromanipulator (MM33, Martzhiiuser, Germany). The microsensor
was positioned while observing the sample with a dissecting microscope (Leica,
Germany).
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2.1.2 Scalar irradiance
Scalar irradiance spectra (450-750 nm) were measured with a fibre-optic microprobe
~0.1 mm in diameter (Lassen et al. 1992) connected to a high spectral resolution diodearray detector (PMA-11, Hamamatsu Photonics, Japan). The tip of the microprobe was
placed on the surface of the coenosarc tissue or inserted into a polyp using a
micromanipulator and a dissecting microscope. The probe was advanced to the tissue at
a zenith angle of -135-145° relative to the vertically incident light. A fibre-optic light
source (Schott KL-2500, Germany) with a 250 W halogen lamp (Xenophot, Osram,
Germany) and fitted with a collimating lens was used for homogeneous, vertical
illumination of the coral samples. Once the polyp tentacles engulfed the probe (usually
after a few minutes), the measurement was performed. Scalar irradiance measurements
were related to the incident downwelling irradiance measured over a black nonreflective surface to reduce stray light and reflection of light. Three haphazardly chosen
areas of coenosarc and polyp tissues in sun- and shade-adapted regions, respectively,
were measured. All measurements were performed in a darkened room at <1 pmol
photons mf s' . The scalar irradiance measurements were used to correct the known
levels of actinic incident irradiance used in the microsensor measurements of gross
photosynthesis rate and variable fluorescence to tissue scalar irradiance.

2.1.3 Measuring sequence
A batch program (Wincontrol, Walz, Germany) was written to automate the incremental
change in actinic light from the LED ring, which had been calibrated against a quantum
irradiance meter (Li-Cor, USA) with a quantum sensor (Li-190S A). Each of 8 actinic
irradiances (0, 25, 50, 100, 170, 240, 470, 1100 pmol photons m 2 s'1) were applied for
10 minutes in order to obtain steady-state conditions prior to O2 and variable
chlorophyll a fluorescence measurements (Fig. 2, appendix A). Ten minutes was found
to be sufficient time to reach steady-state levels of O2 and fluorescence yields, as
monitored using the strip chart recorder and the WinControl chart function, respectively
(data not shown). The 02 concentration was then recorded and a saturating light pulse
was applied to obtain the fluorescence-based quantum yields of PSII. Thereafter, a lightdark shift was applied to measure the gross photosynthesis rate (Fig. 2, appendix A).
The light-dark shift technique is based on the assumption that the immediate CL
depletion following the light-dark shift is equal to the photosynthetic CL production
during the previous light period (Revsbech and Jprgensen 1983). Due to the high spatial
14
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resolution along with the low stirring sensitivity and fast response time of the O2
microelectrodes (Revsbech 1989), we were able to measure the gross photosynthesis
rate (nmol 02 cm'3 s'1) at -100 pm spatial resolution by measuring the rate of 02
depletion immediately after darkening.
Fluorescence yields were measured on both dark-acclimated (maximum Fm,
minimum F0) and light-acclimated (effective maximum Fm’, minimum Ft) samples (see
Schreiber 2004 for review). The steady-state measurements were performed after a 10
min initial dark period to obtain the maximum quantum yield of PSII, Fv/Fm =(FmF0)/Fm, and after each of the following 7 actinic irradiance steps which provided an
estimate of the effective quantum yield of PSII, Opsn =(Fm’-F,)/Fm’. Non-photochemical
quenching, NPQ =(Fm - Fm’)/Fm’, was determined at an intermediate scalar irradiance.
NPQ for sun- and shade-adapted coenosarc tissues was determined at 358 and 328 pmol
photons m' s‘ , respectively, whereas NPQ for sun- and shade-adapted polyp tissues
was determined at 406 and 290 pmol photons m'2 s'1, respectively. The relative electron
transport rate (rETR) was calculated as rETR =Eo * Opsn (Ralph et al. 2002), where Eo
is the scalar irradiance. Information about the partitioning of light energy between PS I
and PSII, as well as the absorption cross-section of PSII would be necessary in order to
determine absolute ETR values (Schreiber 2004, Ralph and Gademann 2005). The
settings of the Microfibre-PAM were adjusted so that a fluorescence signal above 100
units on dark-acclimated samples was obtained (photomultiplier gain 30, output gain 8
and measuring light 8).

2.1.4 Curve fitting
The functions of Platt et al. (1980) were fitted to rETR vs. scalar irradiance and gross
photosynthesis vs. scalar irradiance data derived from steady-state measurements in
order to quantitatively compare their descriptive parameters (fluorescence: maximum
rETR (rETRmax), initial slope (oq), and minimum saturating scalar irradiance (Ekf); gross
photosynthesis rate: maximum gross photosynthesis rate

(Pgmax),

initial slope (apg) and

minimum saturating scalar irradiance (EkPg). Fitted curves were derived from the
empirical data (Sigmaplot v6.1 [Systat, USA]). For further details see Kiihl et al. (2001)
and Ralph et al. (2002).
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2.1.5 Statistical analysis
Sun- and shade-adapted surfaces of coenosarc and polyp tissues were tested for
statistical independency using Pearson’s correlation. Assumptions of normality and
equal variances were satisfied thus validating the use of a one-way analysis of variance
(ANOVA) for all comparisons of rETRmax, at, Ekf, Pgmax, apg, and EkPg as well as for
Fv/Fm, Opsn and NPQ. The non-parametric Kruskal-Wallis test was performed where
normality and equal variance were not achieved. Statistical analyses were performed
using SPSS software vl 1.0.0 (USA).

2.2 Results
Spectral scalar irradiance measurements at the tissue surface showed only minor
differences between coenosarc tissues in sun- and shade-adapted regions of corals.
However, when the microprobe was inserted into the polyp tissue, shade-adapted polyps
showed much lower light penetration than in the sun-adapted polyps (Fig. 2.1). Polyps
exhibited a strong absorption of chlorophyll a as seen by a pronounced spectral trough
at 675 nm in both sun- and shade-adapted polyps. Sun- and shade-adapted coenosarc
tissue showed a minimum of approximately 120 % and a maximum of approximately
180% of incident downwelling irradiance in the visible spectral region (500-700 nm).
The scalar irradiance at 650 nm of sun- and shade-adapted polyp tissue was 86 % and
62 %, respectively. In sun- and shade-adapted coenosarc tissue the scalar irradiance
amounted to 137 % and 150 %, respectively, of incident downwelling irradiance (Fig.
2.1).
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Sun-adapted coenosarc

Shade-adapted coenosarc

Sun-adapted polyp

Shade-adapted polyp

Wavelength (nm)
Figure 2.1. Spectral scalar irradiance measurements of sun- and shade-adapted polyp tissues of P.
Data are normalised to the incident downwelling scalar irradiance (Erf). Arrow
indicates the absorption wavelength of chlorophyll a (675 nm).

damicornis.

Sun- and shade-adapted coenosarc tissues as well as shade-adapted polyp tissues
exhibited similar maximal O2 concentration levels (Fig. 2.2a-b). At the highest scalar
irradiance (951 pmol photons m “ s' ) sun-adapted polyps exhibited a lower CF
concentration (316 + 48 pmol l1), whereas shade-adapted polyps exposed maximally to
679 pmol photons m 2 s'1 exhibited an CF concentration level of 393 + 41 pmol l'1 (Fig.
2.2b). In the dark, the CF concentration in coenosarc tissue decreased to <50% of that in
the air-saturated surrounding seawater (75 + 56 pmol l1 in sun-adapted regions and 106
+ 17 pmol l1 in shade-adapted regions) due to respiration coupled with mass transfer
limitation imposed by the diffusive boundary layer (Fig. 2.2a). Polyp tissues were
almost completely hypoxic in darkness as the CF concentration decreased to <2 pmol l’1
at the tissue surface (Fig. 2.2b). The compensation irradiance, Ec, i.e. the irradiance
above which the tissue exhibits net oxygen production, was higher in sun-adapted
polyps (Ec -190 pmol photons m’“ s' ) than in sun-adapted coenosarc tissues (Ec -160
pmol photons m’~ s' ). Shade-adapted polyp and coenosarc tissues exhibited a
compensation irradiance of -40 and 70 pmol photons m ~ s’ , respectively (Fig. 2.2a-b).
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a)coenosarc

b) polyp
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Figure 2.2a-b. Steady-state levels of Oi concentration at the surface of sun- (O) and shade-adapted
(•) coenosarc a) and polyp h) tissues of P. damicornis (n =5 + SE) in response to increasing scalar
irradiance. Arrows indicate the compensation irradiance (Ec), above which the oxygen level at the
tissue surface exceeds the level of the overlaying air saturated seawater (208 pmol l1).

Effective quantum yields were significantly higher (p <0.001) in sun-adapted than in
shade-adapted coenosarc tissues. There were no significant difference in maximum
quantum yield (p =0.064) and non-photochemical quenching (p =0.092) between tissue
types (Table 2.1).
Table 2.1. Differences in Fv/Fm, and <t>|>Sn and NPQ of sun- and shade-adapted coenosarc and polyp
tissues of V. damicornis determined at 358 and 328 pmol photons m 2 s ' for sun- and shade-adapted
coenosarc tissues, respectively, and at 406 and 290 pmol photons m 2 s ' for sun- and shade-adapted
polyp tissues, respectively (n =5 + SE). Significant differences (p <0.05) between sun- and shadeadapted regions of coenosarc and polyp tissue are denoted with superscript letters. Significant pvalue is bolded.
Coenosarc

Polyp

Sun

Shade

Sun

Shade

p-value

Fv/Fm

0.672 + 0.016

0.695 + 0.016

0.565 + 0.038

0.576 + 0.087

0.064

T>psn

0.404° + 0.035

0.156b + 0.050

0.172a b c± 0.048

0.095c +0.061

<0.001

NPQ

0.793 ± 0.225

6.210 + 2.191

3.952 + 1.876

5.717 + 2.346

0.092
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The fluorescence-based steady-state rETR vs. scalar irradiance curve showed higher
maximal rETR in sun-adapted regions than in shade-adapted regions of polyp tissues (p
<0.001) (Table 2.2, Fig. 2.3c-d). Also, ott was significantly higher in shade-adapted
tissues than in sun-adapted tissues (p =0.023) as was Ekf (p =0.016). These observations
are typical of high and low light adapted photosystems. In sun-adapted coenosarc and
polyp tissues as well as shade-adapted polyp tissue gross photosynthesis rates continued
to rise at high scalar irradiances whereas rETR became inhibited in all cases at scalar
irradiances >300 pmol photons m

s' (Fig. 2.3a-d); this is also evident from the

apparently higher Ekpg values than Ekf values (p <0.001). Irrespective of tissue type,
there was no significant correlation between gross photosynthesis rate and rETR. Figure
2.4a-b also emphasises this non-linearity between rETR and gross photosynthesis rate.
Table 2.2. Quantitative parameters derived from fitted rETR and gross photosynthesis rate curves
as a function of PAR. Variable chlorophyll a fluorescence: rETRmax (a.u), <xf, Ekf (pmol photons in 2
s'1); gross photosynthesis rate: Pginax(nmol cm3 s'1), aPg, EkJ>g(pmol photons m 2 s'1). Values for sunand shade-adapted coenosarc and polyp tissues are given (n =5 + SE). Significant differences (p
<0.05) between sun- and shade-adapted regions of coenosarc and polyp tissue are denoted with
superscript letters. Significant p-values are bolded.

Coenosarc

Polyp

Sun

Shade

Sun

Shade

p-value

rETRmax

136a ± 14

77b + 13

84a'b,c + 15

41c + 10

<0.001

af

1,09a + 0.06

1,34b + 0.06

0.83c + 0.12

0.97a ±0.14

0.023

Ekf

129a b + 19

58bc+ 31

129ab + 47

47c± 12

0.016

P§max

16 + 5

21+4

27 + 6

12 ±6

0.227

aPg

0.08 ± 0.02

0.16 + 0.03

0.15 + 0.05

0.12 + 0.05

0.381

EkPg

233 + 56

158 + 37

220 + 73

104 + 37

0.128
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b) shade-adapted coenosarc

c) sun-adapted polyp

d) shade-adapted polyp

Gross photosynthesis rate (nmol cm

a) sdn-adapted coenosarc

Scalar irradiance, PAR (pmol photons m'2 s'1)
Figure 2.3a-d. Steady-state rETR (•) and gross photosynthesis rate (bars) as a function of
increasing scalar irradiance (pniol photons m' s'1) of a) sun- and b) shade-adapted coenosarc and
(c) sun- and (d) shade-adapted polyp tissues of P. damicornis (n =5 ± SE). The fitted rETR curve is
superimposed with a solid line. The fitted gross photosynthesis rate curve is superimposed with a
broken line.
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a) coenosarc

150 120

-

b) polyp

150 120

-

Gross photosynthesis rate (cm s
Figure 2.4a-b. Steady-state rETR and gross photosynthesis rate of sun- (O) and shade-adapted (•)
of a) coenosarc and b) polyp tissues of P. damicornis in response to increasing scalar irradiance (n
=5 + SE).

Sun- and shade-adapted regions of both coenosarc and polyp tissues showed a linear
correlation between gross photosynthesis rate and CF concentration (r >0.89) with sunadapted polyps showing a higher linear increase (a =0.069) than shade-adapted polyps
(a =0.029) (Fig. 2.5b). Pearson’s correlation coefficients between gross photosynthesis
rates and CF concentrations were significant in sun- and shade-adapted tissue of
coenosarc tissue (p <0.001) as well as for sun- and shade-adapted polyps tissue (p
<0.01) (data not shown).
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a) coenosarc

r = 0.916 T
a - 0.078

r = 0.893
a - 0.050

b) polyp
r = 0.974
a = 0.069

a = 0.029

02 concentration (jamol i'1)
Figure 2.5a-b. Gross photosynthesis rate and 02 concentration of sun- (O) and shade-adapted (•)
a) coenosarc and b) polyp tissues of P. damicornis in response to increasing scalar irradiance (n =5
± SE). r2, correlation coefficient; a, slope of the correlation line.

In coenosarc tissue, there was a linear relationship between rETR and CG concentration
until -300 pmol l ' CG. after which rETR decreased rapidly for both sun- and shadeadapted regions while the CG concentration ceased to increase (Fig. 2.6a). In polyp
tissues, the decline of rETR occurred at -250 pmol l'1 CG for sun-adapted regions and at
325 pmol 1 1 CG for shade-adapted regions (Fig. 2.6b). Sun-adapted coenosarc and polyp
tissues reached higher rETR values than shade-adapted tissues. In shade-adapted polyp
tissues there was a trend towards higher CG levels than in sun-adapted tissue polyps.
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Figure 2.6. Steady-state rETR of sun- (O) and shade-adapted (•) of a) coenosarc and b) polyp
tissues of P. damicornis as a function of 02 concentration (n =5 ± SE).

2.3 Discussion
While microsensors for oxygen and variable chlorophyll a fluorescence have previously
been

employed

separately to

investigate the heterogeneity of zooxanthellae

photosynthesis in hospite (Kiihl et al. 1995, Ralph et al. 2002), this study provides the
first combined microscale measurements of scalar irradiance, steady-state CE
concentration, gross photosynthesis rates and PSII quantum yields and rETR in coral
tissues. This is a major technical advance in coral photobiology. Variable fluorescence
based studies of corals are often used to infer impacts on the regulation of
photosynthesis, yet hitherto no studies have actually compared steady state
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photosynthesis rates with fluoreseence-derived measures of eoral photosynthesis
obtained at similar spatial scales and within the same tissue type.

2.3.1 Light microclimate
Shallow-water corals such as those in the Heron Island lagoon are adapted to high
irradiance, which may reach >2000 pmol photons m ~ s" under light fleck conditions.
However, zooxanthellae live in a diffuse light field where they receive a major part of
the light for photosynthesis as scattered light through their calcium carbonate skeleton
and within the tissue (Kiihl et al. 1995, Enriquez et al. 2005). Multiple scattering in
corals induces changes in the light field due to photon trapping (Kiihl and Jprgensen
1994), which can increase the absorption efficiency of pigments significantly (Enriquez
et al. 2005). The pigmentation of the coral tissue is critical to light-associated
measurements such as variable chlorophyll a fluorescence measurements. Due to a
strong contribution of multiple scattering by the skeleton (Enriquez et al. 2005), a
highly pigmented area may induce less scattering of light than a more translucent tissue
region. Similarly, fluorescence in lightly pigmented tissues may also be affected by
multiple scattering. How these phenomena affect the measured fluorescence yields is
yet to be determined.
The absorption maximum of chlorophyll a at 670 nm in the sun- and shadeadapted polyps was similar, but at other wavelengths the absorption varied significantly:
overall absorption was higher in shade-adapted than in sun-adapted polyps and
coenosarc tissue (Fig. 2.1). The percentage of incident downwelling light absorbed
would be expected to correlate with the product of the zooxanthellae areal density and
the cellular pigment content (Falkowski et al. 1984, Stambler and Dubinsky 2004)
although multiple scattering by the skeleton enhancing the light field should also be
taken into account (Enriquez et al. 2005).
Surface scalar irradiance measurements of coenosarc tissues ranged from 120 to
180 % of the incident irradiance between 450 and 750 nm, with little spectral difference
observed between sun- and shade-adapted coenosarc tissues or sun-adapted polyp
tissues. However, the differences in scalar irradiance measured between coenosarc and
polyp tissues as well as between sun- and shade-adapted polyp tissues (Fig. 2.1),
highlight the importance and need for light measurements to accurately determine the
light microclimate, which is likely to be significantly different from the light climate
measured on the tissue surface.
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2.3.2 Oxygen dynamics
The O2 concentration at the coenosarc tissue surfaces (Fig. 2.2a) saturated at high
irradiances, whereas polyp tissues did not fully saturate within the irradiance range of
the experiment (Fig. 2.2b). This indicates that polyp tissues harbour zooxanthellae,
which can retain photosynthetic activity at higher irradiance, e.g. in deeper parts of the
polyp, where light is attenuated. In addition, oxygen produced in the thicker polyp
tissues has a longer diffusion path and must cross a thicker DBL than oxygen produced
in the coenosarc tissue and this may prolong the onset of CF saturation measured at the
tissue surface (Klihl et al. 1996, Stambler and Dubinsky 2004). The retraction of polyp
tissues at high irradiances (Brown et al. 2002b) and the immobility of coenosarc tissues
suggest that zooxanthellae harboured in coenosarc tissues are less shaded and must have
greater capacity to cope with high irradiances than polyp tissues (Ralph et al. 2002). The
maximum 02 concentration obtained in sun-adapted polyp tissues was lower than in
shade-adapted polyps (Fig. 2.2a) possibly due to a lower density of zooxanthellae in
sun-adapted tissues (Falkowski et al. 1984) resulting in lower absorption of incident
light (Fig. 2.1, Stambler and Dubinsky 2004).
We did not quantify respiration in our study. However, respiration in sunadapted polyps is typically greater than in shade-adapted polyps (Coles and Jokiel 1977,
Gattuso and Jaubert 1990) resulting in lower net oxygen production. While polyp
tissues were severely CF depleted after 10 minutes of darkness, the coenosarc tissues
retained a minimum CF level of 36 + 26 % saturation (Fig. 2.2a-b). Polyp tissues are
highly mobile and may, therefore, exhibit higher respiration than coenosarc tissue. The
differences in oxygen dynamics between coenosarc and polyp tissue are, however, also
due to boundary layer effects. The interaction of Bow and coral topography causes
heterogeneous and complex diffusive boundary layers over coral tissues (Kiihl et al.
1995). Thicker boundary layers occurring over polyp tissues as compared to coenosarc
tissues (Shashar et al. 1993) cause a more severe mass transfer limitation resulting in
faster oxygen depletion and lower oxygen levels in the polyp tissue during darkness
(Fig. 2.2). Corals can alleviate such mass transfer limitation by expanding their polyp
tissues during night-time (Patterson 1992).
The higher compensation irradiance of sun-adapted than of shade-adapted
tissues also indicates that more CF is consumed through respiration in high-light adapted
tissues (Fig. 2.2a-b) (Coles and Jokiel 1977, Gattuso and Jaubert 1990). Both coenosarc
and polyp tissues, irrespective of orientation, were supersaturated with CF in moderate
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light (<190 pmol photons m 2 s" 1 ) and the steady-state CF curves (Fig. 2.2a-b) remained
stable showing no indication of increasing oxygen consumption and/or decreasing
photosynthesis at high scalar irradiance. Kiihl et al. (1995) found no sign of photo
inhibition in an Acropora species even at irradiances >2000 pmol photons m“2 s’1. This
indicates that zooxanthellae can remain actively photosynthesizing over a wide
irradiance range, but see our caution about ETR measurements below. Whether this
capacity is mainly physiological or is at least in part due to host factors such as
protective pigments (Salih et al. 2000), alleviation of inhibitory irradiances due to tissue
contraction and other issues related to the optical properties of the tissue, remains to be
studied in further detail. The population of P. damicornis colonies at Heron Island
harbours a genetically uniform but physiologically flexible zooxanthellar community
with regard to photo-acclimation. Such flexibility could be of vital significance
following bleaching events where corals have lost symbionts due to combined changes
to light and temperature conditions (Baker et al. 2004).

2.3.3 Steady-state relationships of gross photosynthesis rate, O2 concentration and
rETR
The linear correlation between gross photosynthesis rates and CF concentration (Fig.
2.5) coupled with the difference observed in CF concentration with increasing scalar
irradiance in sun-adapted polyp tissues (Fig. 2.2b), confirms that oxygen consumption is
relatively higher in sun-adapted compared to shade-adapted polyp tissues. This is also
reflected in the slope of the correlation line of gross photosynthesis rate in sun-adapted
polyps as a function of CF concentration, which was more than twice that of shadeadapted polyps (Fig. 2.5b).
In contrast to the high gross photosynthesis rates and CF concentration observed
at high scalar irradiances, shade-adapted coenosarc and polyp tissues showed a decline
in rETR over the course of the steady-state light curve, which would indicate that
electron transport through the photosystems became severely restricted (Fig. 2.3b, d).
The lack of correlation observed (Fig. 2.3, 2.4) suggests that variable chlorophyll a
fluorescence measurements underestimated photosynthesis productivity in corals. Lack
of correlation has previously been shown for free-living algae (Geel et al. 1997), a
macroalga (Longstaff et al. 2003) as well as for higher plants (Harbinson et al. 1990)
but in these cases rETR was higher than oxygen rates and several other studies have
shown a good correlation between rETR and either l4C- or CF production-based
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measurements of photosynthesis. Thus, the mismatch between rETR and gross
photosynthetic O2 production in corals is an important observation. Variable chlorophyll
a fluorescence derived measures of photosynthesis are often used as a proxy for
photosynthetic competence and primary production, e.g. in connection with coral
bleaching studies. In the following we discuss some possible mechanisms for the
observed lack of correlation.
The non-linearity observed between combined measurements of O2 and rETR
are reflected as a dramatic decrease in rETR of the coral tissue at [O2] ~ 250-325 pmol 1
1 (Fig. 2.6). This observation suggests that an alternate pathway for electron transport is
entrained rather than being a product of greater respiration, photorespiration (Parker et
al. 2004) or photo-inactivation. It is unlikely that the Mehler ascorbate-peroxidase
(MAP) reaction, which has oxygen as a terminal electron acceptor (Geel et al. 1997,
Asada 1999) can account for this effect since the net oxygen production from water is
offset completely by the uptake of oxygen in the MAP reaction and therefore oxygen
exchange is zero. Here, there must be a flow of electrons to a sink that is maintaining a
high rate of oxygen evolution which is apparently not measured by the PAM system at
high irradiances. Down regulation of absorbed light energy through the xanthophyll
cycle would be a sink for light energy but not for electrons. Thus the only other electron
pathway that could possibly cause such an alteration to the relationship between O2
synthesis and rETR appears to be cyclic PSII electron flow (Lavaud et al. 2002b,
Franklin and Badger 2001, Longstaff et al. 2002). Variable chlorophyll a fluorescence
monitors only the rate of charge separation of PSII reaction centres leading to electron
transport, which may not necessarily correlate directly to O2 evolution. Also, there is no
correlation between decreasing rETR at high irradiance (Fig. 2.3.a-d) and increased
non-photochemical quenching in coenosarc tissue (Table 2.1). This also suggests that
there is non-cyclic ETR in PSII. Nevertheless, it is curious that oxygen evolution
appears to be proceeding at near maximum rates while the electron transport rate
approaches zero.
Our combined measurements were done with the tip of the oxygen
microelectrode and the micro-fiber positioned at the tissue surface. Discrepancies
between surface measurements of variable fluorescence and “true” photosynthesis rate
have been investigated in some detail by researchers using such techniques to assess
microphytobenthos productivity (Perkins et al. 2002, Forster and Kromkamp 2004) and
our observations could in part be due to similar effects. The steady state oxygen level
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measured at the tissue surface is an integral measure of net balance of photosynthesis
and respiration in the tissue below. In contrast, the gross photosynthesis measurement
has a spatial resolution of about 100 pm (Revsbech and Jprgensen 1983) and thus
quantifies zooxanthellar photosynthesis close to the tissue surface. The microfibre probe
measures chlorophyll a fluorescence in front of the fiber tip. The volume from which
fluorescence is sampled depends on the optical properties of the tissue. In less
pigmented more translucent tissues variable fluorescence from a larger tissue volume is
sampled as compared with measurements on the surface of tissues with a higher
pigment density and/or with the zooxanthellae positioned further from the tissue
surface. A decrease in relative ETR at higher irradiance could thus be due to contraction
of tissue with zooxanthellae or full inhibition of zooxanthellae close to the tissue
surface, while fluorescence from zooxanthellae in deeper layers is not detected by the
microfibre. Such mechanisms would, however, be most pronounced in polyp tissue and
cannot explain the decrease in rETR observed in the less contractile and more optically
transparent coenosarc tissue. Furthermore, our 02 microelectrode measurements showed
no inhibition of gross photosynthesis close to the tissue surface. Clearly, there is a need
for a closer investigation of this interesting phenomenon in corals.

2A Conclusion
The ability of coral polyps to contract and expand with environmental and physical
stimuli has been shown to affect the local microenvironment (Klihl et al. 1995). The
present study showed that, combined microsensor measurements were generally more
variable in polyp tissues. The relationship between the estimated rate of relative PSII
electron transport and the gross photosynthesis rate as well as 02 concentration was
found to be non-linear at high irradiances. Data obtained using variable fluorescence,
especially in light stress conditions should thus be interpreted with caution and not be
assumed to represent productivity. Further studies are needed to resolve the apparent
discrepancy between photosynthetic oxygen production and fluorescence-derived
measures of the rate of charge separation at PSII. Meanwhile, we caution against direct
extrapolation of variable fluorescence data to actual rates of photosynthesis in corals
exposed to high irradiance.
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Chapter 3 Inter-polyp genetic and physiological
characterisation of Symbiodinium in an Acropora valida
colony
The data was collected and analysed by KE Ulstrup, who also wrote the paper currently
submitted to Marine Biology. The chapter and resulting manuscript was submitted after
editorial and intellectual contributions by all co-authors. Prof. Michael Kiihl contributed
custom-made combined microsensors and all co-authors contributed additional
technical assistance.

3.0 Introduction
An obligate symbiotic relationship exists between reef-building corals (Scleractinia) and
endosymbiotic dinoflagellates of the genus Symbiodinium, known as zooxanthellae. The
photosynthetic activity of zooxanthellae results in translocation of carbohydrates, which
represents a major energy source for the host, and enables corals to maintain high rates
of CaCCE deposition contributing to the three-dimensional structure of the coral reef
(Muscatine 1990).
Symbiodinium is a diverse genus of which six (A-D, F and G) of eight known
phylogenetic lineages or clades have been found to associate with scleractinian corals
(LaJeunesse 2001, Baker 2003, Coffroth and Santos 2005, van Oppen et al. 2005). In
many corals, these symbiotic communities are found to be genetically homogeneous
(Goulet 2006), although additional strains (sometime from different clades) present at
low abundances are likely to have been overlooked in most studies (Ulstrup and van
Oppen 2003). Mixed communities comprising >1 Symbiodinium clade are known to
occur within single colonies of some coral species, especially in the coral genus
Acropora on the Great Barrier Reef (van Oppen et al. 2001, Ulstrup and van Oppen
2003, Berkelmans and van Oppen 2006) and in the Montastraea annularis complex in
the Caribbean (e.g. Rowan et al. 1997, Toller et al. 2001a, 2001b, Thornhill et al.
2006b). The ability of some corals to host a variety of Symbiodinium types
simultaneously has been suggested to provide the coral with an intrinsic ability to
withstand potential detrimental effects of global warming by a process called symbiont
shuffling (Baker 2003). Shuffling refers to a change in the relative abundance of
genetically and therefore potentially physiologically different Symbiodinium types
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(Baker 2003) and has been documented for several coral species (e.g. Toller et al.
2001b, Little et al. 2004, Thornhill et al. 2006b).
Different physiological characteristics have been ascribed to different
Symbiodinium clades in hospite based on observations that certain symbiont types
exhibit distinctive distribution patterns that correlate to temperature and light (e.g.
Rowan et al. 1997, Toller et al. 2001, Ulstrup and van Oppen 2003, Fabricius et al.
2004, Rowan 2004, Ulstrup et al. 2006a). Physiologically, zooxanthellae in hospite have
been shown to perform differently between sun- and shade-adapted colonies (Falkowski
and Dubinsky 1981, Porter et al. 1984, Gorbunov et al. 2001), between sun- and shadeadapted surfaces of individual colonies (Jones et al. 1998, Ralph et al. 2005), between
polyp and coenosarc tissue (Kiihl et al. 1995, Ralph et al. 2002, 2005, Hill et al. 2004b,
Ulstrup et al. 2006b), between diseased and healthy tissue of a branch (Ulstrup et al.
2007), and along the length of coral branches (Gladfelter et al. 1989, Hill et al. 2004b).
However, although accounting for physiological differences at a range of spatial scales,
these studies were never accompanied by genetic characterisation of the zooxanthellae.
Iglesias-Prieto et al. (2004) were the first to combine physiological in situ
measurements using a pulse-amplitude-modulation (PAM) submersible fluorometer
with genetic characterisation of zooxanthellae and found that the vertical distribution of
genetically different zooxanthellae could be explained by their light utilisation
capabilities. However, using a similar instrument, Warner et al. (2006) found no
physiological differences among different symbionts occurring in the same species of
coral at a particular depth.
Early studies on cultured (Chang et al. 1983, Iglesias-Prieto and Trench 1994) as
well as freshly isolated zooxanthellae (Savage et al. 2002b, Bhagooli and Hidaka 2003,
Robison and Warner 2006) have suggested that photosynthetic responses may differ
between Symbiodinium types. However, in some instances more variation was
documented within than between individual Symbiodinium clades (Savage et al. 2002b,
Robison and Warner 2006). Moreover, Bhagooli and Hidaka (2003) showed little
congruence in physiological responses between freshly isolated and in hospite
counterparts, lending support to the notion that the host is an important determinant of
the symbiont physiology. For example, it has been demonstrated that Symbiodinium
incubated in homogenised host tissue releases more carbohydrates (Grant et al. 1997,
Gates et al. 1999) as well as exhibits higher photosynthetic carbon fixation and oxygen
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production compared to dinoflagellates incubated in sea water in vitro (Gates et al.
1995, 1999).
Physico-chemical

microenvironmental

conditions

strongly

influence

the

photosynthetic condition of the symbiont. Microchemical conditions as well as light
attenuation and amplification have been shown to be highly variable at a very small
scale (<50-100 pm) (Klihl et al. 1995, Ulstrup et al. 2006b). The previous light intensity
exposure of corals may also influence the photosynthetic performance of zooxanthellae
(e.g. Falkowski and Dubinsky 1981, Porter et al. 1984, Jones et al. 1998) and the
duration of light exposure may also affect chlorophyll a fluorescence-derived
measurements (Klihl et al. 2001, Ralph et al. 2005, Ulstrup et al. 2007). It is therefore
possible that corals modulate the function of symbionts in response to the dynamics of
the local physico-chemical microenvironment (e.g. Klihl et al. 1995, Ulstrup et al.
2006b).
In this study, the mixed community of Symbiodinium and their physiological
characteristics in hospite across an individual colony of Acropora valida at the spatial
scale of single polyps (<2 mm in diameter) was examined. By determining the diversity
of the Symbiodinum community as well as the relative abundance of strains occurring in
mixed communities in combination with estimates of photosynthesis capacity at the
scale of single polyps, we were able to show some level of physiological specialisation
of genetically distinct Symbiodinium communities in hospite.

3.1 Methods and materials
One colony (~20 cm in diameter) of A. valida with branch lengths of up to ~ 10 cm was
collected on the inner reef flat of Heron Island (<2 m depth) adjacent to Heron Island
Research Station (23°26’S, 152°06’E) in July 2004. The colony was maintained in
natural seawater at ambient temperature (20 + 0.5°C) in a flow-through aquarium under
shaded conditions (<100 pmol photons m"“ s" ) for 3 days before commencement of
measurements. Before each measurement (n =17), a ~5 cm branch (either in sun- or
shade-adapted orientation) was detached from the colony. The branch was held securely
in plasticine within a custom-built flow chamber (25 x 10 x 10 cm) at a flow velocity of
~1 cm s' . A combined CB microelectrode and fibre-optic microsensor was placed on
sun-adapted polyps 4-10 polyps away from the tip and on shade-adapted polyps 2-8
from the tip. Upon completion of microsensor measurements the measured polyp (~2
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mm across) was dislodged from the branch using a scalpel, carefully isolating only the
tissue on that corallite and not adjacent polyps.

The polyp was transferred to an

Eppendorf tube containing 1 ml of 95 % ethanol. This allowed preservation of DNA for
genetic analysis. The branch and polyp dislodgement scar was then photographed using
a digital camera.

3.1.1 DNA extraction and assessment of zooxanthella diversity and dominance
DNA extractions from 17 individual polyps were carried out using the DNeasy™ tissue
kit (Qiagen) following the manufacturer's protocol for animal tissues, using 200 pi
elution buffer and two elution steps. To qualitatively assess the zooxanthella diversity of
A. valida, one pi of the second DNA elution was used in a 25 pi PCR reaction with
zooxanthella-specific primers to amplify rDNA internal transcribed spacer 1 (ITS 1)
region, followed by Single Stranded Conformation Polymorphism (SSCP) analysis as
described in Ulstrup and van Oppen (2003). The relative dominance of genotypes
detected was determined by the strongest band for each sample. No assignment of
dominance was given where multiple bands were discriminated by less than the
equivalent of a 10 times dilution (sensu Fabricius et al. 2004). SSCP is unable to detect
relative abundances of less than 5-10% (Fabricius et al. 2004). In samples where only
one zooxanthella genotype was detected, an ITS 1 quantitative PCR (qPCR) assay,
modified from Ulstrup and van Oppen 2003, was used to validate the results of the
SSCP assay. The assay employs the primers described in Ulstrup and van Oppen (2003)
for

clade

C,

as

well

a

new

CAGGTTCACGACAAGTTTTGGATA-3’).

clade

A-specific

Quantitative

PCR

primer

(5’-

reactions

were

performed on the Rotor-Gene RG-3000A (Corbett Research), using Invitrogen's
Platinum SYBR Green 2 x PCR Master Mix. Twenty pi reactions were used consisting
of 2 pi universal forward primer (1.8 pM), 2 pi A- or C-specific reverse primer (1.8
pM), 10 pi Platinum SYBR Green 2 x PCR Master Mix (Invitrogen), 4 pi MilliQ water
and 2 pi DNA template. Cycle conditions were as follows: 2 min at 50°C, 2 minutes at
95°C followed by 15 sec at 95°C and 30 sec at 60°C for 40 cycles.

3.1.2 Experimental setup
A custom-made combined CP microelectrode and tapered fibre-optic microsensor
(combined sensor diameter 50-100 pm) (Kiihl 2005) was used to conduct simultaneous
measurements of CP concentration, gross photosynthesis rate and quantum yield of PSII
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at the surface of individual coral polyps (Ulstrup et al. 2006b) in relation to irradianee
exposure over different time scales.
The O2 microelectrode was connected to a picoamperemeter (PA2000, Unisense
A/S, Denmark) and measuring signals were recorded on a strip chart recorder (Kipp &
Zonen, Holland). A linear calibration of the microelectrode was performed at ambient
temperature of 20 ± 0.5°C by recording signals in air-saturated and CT-free (obtained by
adding sodium dithionite) seawater, respectively. The O2 concentration of air-saturated
seawater at experimental temperature and salinity (230.9 pmol l’1) was obtained from
tabulated values (www.unisense.com).
The fibre-optic microprobe was connected to a PAM fluorometer (Microfibre PAM, Walz, Germany). The fluorometer also controlled a red light emitting diode (TED
650 nm)-ring, which was used as an actinic light source. The fluorometer was interfaced
with a windows-based PC and the system software (WinControl software v2.08, Walz,
Germany) for the measurement of chlorophyll a fluorescence in real time at defined
irradianee and time intervals. The settings of the Microfibre-PAM were adjusted so that
a fluorescence signal above 100 units on dark-acclimated samples was obtained
(photomultiplier gain 30, output gain 8 and measuring light 8).
The combined microsensor was positioned through the centre of the UED-ring,
which illuminated the coral sample with actinic light from oblique angles, thus
minimising any self shadowing effects on the measurements (Fig. 2, appendix A). The
microsensor was placed in direct contact with the corallite tissue and was perpendicular
to the direction of branch growth using a manual micromanipulator (MM33,
Martzhauser, Germany) while observing the sample with a dissecting microscope
(Leica, Germany).

3.1.3 Measuring sequence
A batch program (Wincontrol, Walz, Germany) was written to automate the incremental
change in actinic light (0, 25, 50, 100, 170, 240, 470, 1 100 pmol photons m 2 s'1) from
the LED ring as well as the initiation of a rapid light curve (RLC). The actinic light
levels were calibrated against a quantum irradianee meter (Li-Cor, USA) with a
quantum sensor (Li-190SA). Ten minutes of irradiation at each actinic light level was
found to be sufficient time to reach steady-state oxygen conditions at the tissue surface,
as monitored using the strip chart recorder and the WinControl chart function (data not
shown). At the end of each light period the O2 concentration at the polyp tissue surface
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was recorded first, followed by a RLC. RLCs were obtained from a series of saturating
flashes (>2,000 jamol photons m" s' ) in rapid succession (10 s) over the following
irradiances: 0, 50, 80, 100, 170, 240, 340, 470, 780 pmol photons m 2 s'1 and thereby
provides insight into the momentary acclimation capacity for light utilisation of PSII
(Schreiber 2004, Ralph and Gademann 2005). The initial saturating flash of each RLC
also provided measures of steady-state quantum yield of PSII enabling comparative
measures of relative electron transport rate (rETR) derived from RLCs and steady state
light curves (SSLCs) where rETR =PAR x quantum yield of PSII.
After oxygen levels again reached steady-state, a sudden and short (2-3 s) lightdark shift was subsequently applied to measure the gross photosynthesis rate (Pg).
Briefly, the light-dark shift technique is based on the assumption that the immediate CL
depletion following the light-dark shift is equal to the gross photosynthetic CL
production during the previous light period (see more details in Revsbech and Jprgensen
1983). Using this technique and taking advantage of the small sensor size along with the
low stirring sensitivity and fast response time of the O2 microelectrode, enabled the
measuring of gross photosynthesis rate (in nmol cm 3 s'1) at -100 pm spatial resolution,
i.e. at a scale smaller than a single polyp.

3.1.4 Curve fitting
The numerical functions described by Platt et al. (1980) were fitted to rETR vs.
irradianee (both RLC- and SSLC-derived) and Pg vs. irradianee data derived from
steady-state measurements. From fitted curves the descriptive parameters (chlorophyll a
fluorescence: maximum rETR (rETRmax), initial slope (at), and minimum saturating
irradianee (Ekf); (CL-microelectrode: maximum Pg (Pgmax), initial slope (apg) and
minimum saturating irradianee (Ekpg) were collected. Fitted curves were derived from
the empirical data (Sigmaplot v6.1 [Systat, USA]). For further details see Klihl et al.
(2001) and Ralph et al. (2002).

3.1.5 Statistical analysis
Polyp samples were grouped together according to i) their orientation towards light or
ii) the presence or absence of clade A. There were 10 sun-adapted polyps, 7 shadeadapted polyps, 12 polyps that harboured clades A + clade C and finally 5 polyps that
only harboured clade C. The unequal sample size meant that the physiological data were
analysed using the non-parametric Mann-Whitney U test to test for differences between
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sun- and shade-adapted polyps and polyps with clade A + C vs clade C, respectively.
Significant differences were accepted at p <0.05. Differences in quantitative parameters
(rETRmax, a and Ek) of chlorophyll a fluorescence-derived curves (both RLCs and
SSLCs) for each group were analysed using repeated measures ANOVA. Box’s test of
equality of covariance matrices was used to test the homogeneity of variances across
groups, and data were log transformed where necessary. All data complied with the
assumption of sphericity. Post-hoc comparisons of means for significant factors were
carried out using Tukey's HSD tests. All analyses were performed with STATISTICA v
7.1 (SysSoft Inc., USA).

3.2 Results
3.2.1 Genetic composition and distribution of Symbiodinium
The presence and relative dominance of zooxanthella types found in single polyps
across an individual colony of A. valida is shown in Table 3.1. Seven out of 10 sunadapted and 5 out of 7 shade-adapted polyps harboured clades A (GenBank Accession #
AF380513, as determined in Ulstrup et al. 2006a) and C simultaneously. However, a
larger fraction of the sun-adapted (50%) than of the shade-adapted polyps (29%) were
dominated by clade A. The relative dominance of clade C (either Cl or C2 sensu van
Oppen et al. 2001) was relatively higher in shade-adapted (71%) than in sun-adapted
polyps (50%) with Cl being dominant in 1 polyp and C2 in 4 polyps in each of sun- and
shade-adapted polyps, respectively (Table 3.1). The qPCR assay showed no
amplification of clade A in the 5 samples that had been observed only to have clade C
using SSCP.
Table 3.1. Observed SSCP genotype frequencies (n) of clade A, Cl, and C2 (fA, fci and f(2,
respectively) are shown as well as their relative proportion (%) to total samples of either sun- or
shade-adapted polyps. Bolded values denote the number (or proportion) of polyps in which a given
type was dominant.

Sun-adapted (n =10)

Shade-adapted (n =7)

Ia

fci

fd

Ia

fci

fc2

n

7(5)

5(1)

9(4)

5(2)

5(1)

7(4)

%

70(50)

50(10)

90(40)

71(29)

71(14)

100(57)
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3.2.2 Photo-physiology of individual polyps with contrasting branch orientation
and symbiont composition
The O2 concentration reached at 1100 pmol photons m'2 s’1 showed no significant
difference (Mann-Whitney U) between sun- and shade-adapted polyps (Fig. 3.1a). In
contrast, polyps that harboured a combination of Symbiodinium clades A and C showed
significantly higher O2 concentration (p =0.002, Mann-Whitney U) at 1100 pmol
photons m'~ s' than polyps that only contained clade C (Fig. 3.1b). Differences in
compensation irradianee, Ec, were not statistically tested. However, the difference in
mean Ec was greater between polyps with clade C symbionts and those that harboured
clade A and C symbionts simultaneously (Fig. 3.1b) than between sun- and shadeadapted polyps (Fig. 3.1a).
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Figure 3.1a-b. Steady-state light curves of O? concentration (pmol l1) + SE at the surface of a) sun(O) and shade-adapted (•) polyps, b) clade A + C (O) and clade C polyps (•) of A. valida. The
horizontal line indicates the level of the air-saturation at the surface of the coral (230.9 pmol l1) and
the vertical arrows indicate the compensation irradianee, Ec, estimate. Significant difference (p
=0.002) is denoted with asterisks (*).
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The fluorescence-based steady-state rETR vs. irradianee curve showed no difference in
maximum rETR, at, or Ekf (Mann-Whitney U) between sun- and shade-adapted polyps
(Table la, appendix B). Comparisons of quantitative parameters derived from CE-based
gross photosynthesis rate (Pg) vs. irradianee curves also did not yield any differences
between these groups (Pgmax, ocpg , PgEk ) (Mann-Whitney U) (Table la, appendix B).
The quantitative parameters of the rETR curve (a, ETRmax, Ek) were not significantly
different between polyps harbouring clades A + C vs. those that only harboured clade C
(Mann-Whitney U) (Table lb, appendix B). However, there was a trend towards a
higher PgEk in gross photosynthesis rate vs. irradianee curves between polyps harbouring
clades A + C vs. clade C (Table lb, appendix B).
In all groups, Pg continued unchanged or rose even further at intermediate
irradianee (>200 pmol photons m"“ s" ) whereas rETR became inhibited at irradianee
higher than 200 pmol photons m’~ s’ for all groups except for polyps harbouring only
clade C where rETR started to become inhibited at irradianee less than 200 pmol
photons m’ s’ (Fig. 3.2a-d). Irrespective of group, there was no clear correlation
between gross photosynthesis rate and rETR at moderate to high irradiances (Fig. 3.2).
Relative ETRmax, a and Ek calculated for each RLC and subsequently fitted to
the hyperbolic tangent function of Platt et al. (1980) yielded no significant difference
between sun- and shade-adapted polyps (Table 2a, appendix B) or between polyps that
harboured clades A + C vs. those that only harboured clade C (Mann-Whitney U)
(Table 2b, appendix B).
The rETRmax of the SSLCs was lower than of the RLCs conducted at 50, 100,
170 and 240 pmol photons m'2 s 1 (F =4.344, p <0.001, rmANOVA) irrespective of
previous light exposure of sun-adapted polyps (Table la and 2a, appendix B). The
2

j

initial slope, a, declined in RLCs obtained at 1100 pmol photons m s’ (F =11.058, p
<0.001, rmANOVA). Minimum saturating irradianee (Ek) was significantly lower for
RLCs obtained at 25 pmol photons in 2 s’1 than at 470 and 1 100 pmol photons m 2 s’1 (F
=3.294, p =0.029, rmANOVA) (Table 2a, appendix B). Relative ETRmax for shadeadapted polyps was lower at 1100 pmol photons m’2 s’1 than at any other irradianee (F
= 1 1.998, p <0.001, rmANOVA) (Table 2a, appendix B). The initial slope, a, obtained
1100 pmol photons m “ s’ was significantly reduced compared to a obtained at all other
irradiances (F =7.515, p <0.001, rmANOVA) including the SSLC (Table la and 2a,
appendix B).
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Gross photosynthesis rate (nmol cm

Irradianee (pmol photons m'2 s'1)

Figure 3.2a-d. Steady-state relative electron transport rate (rETR) (•) and gross photosynthesis
rate (white bars) as a function of increasing irradianee (pmol photons m 2 s'1) of individual polyps
of A. valida for a) sun-adapted polyps, b) shade-adapted polyps, c) clade A + C polyps and d) clade
C polyps. The fitted rETR curves are superimposed with a solid line. The fitted gross
photosynthesis rate curves are superimposed with a broken line.

Relative ETRmax for polyps that harboured a mix of clade A + C was reduced in rapid
light curves conducted at 1100 pmol photons m 2 s'1 (F =7.941, p <0.001, rmANOVA,
Table 2b, appendix B). The initial slope, a, became reduced in RLCs carried out > 470
pmol photons m2 s'1 (F =13.103, p <0.001, rmANOVA) (Table 2b, appendix B),
whereas Ek increased only in the RLC obtained at 470 pmol photons m s" (F =2.797, p
<0.009, rmANOVA) (Table 2b, appendix B). In polyps that harboured only clade C
RLCs obtained at 470 and 1100 pmol photons m 2 s'1 were significantly reduced (F
=5.600, p <0.001, rmANOVA), whereas a became reduced (F =4,3.5, p <0.001,
rmANOVA) in RLCs obtained at irradiances >240 pmol photons m 2 s’1 (Table lb and
2b, appendix B).

3.3 Discussion
The physiological plasticity and genetic diversity of zooxanthellae harboured by corals
have previously been correlated with depth (Rowan et al. 1997), geographic location
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(Ulstrup and van Oppen 2003, Ulstrup et al. 2006a) as well as temperature (Glynn et al.
2001, Fabricius et al. 2004, Rowan 2004, Ulstrup et al. 2006a). However, the
physiological attributes of genetically distinct zooxanthella communities in hospite have
rarely been addressed (Iglesias-Prieto et al. 2004, Little et al. 2004, Rowan 2004,
Berkelmans and van Oppen 2006, Warner et al. 2006) and never before in correlation
with intra-colony genetic diversity of zooxanthellae. This study is the first to
characterise the physiological diversity of genetically identified zooxanthellae
harboured within individual polyps across a coral colony.

3.3.1 Relative occurrence of clade A
Zooxanthellae belonging to clade C are the most commonly observed types world-wide
(LaJeunesse 2001, LaJeunesse et al. 2003), whereas members of clade A are generally
rare in the Indo-Pacific and an. association between Symbiodinium clade A and IndoPacific A. valida has not been reported previously. However, Visram and Douglas
(2006) observed two A. valida colonies from the West Indian Ocean that harboured a
mixed symbiont community of clades A and C and two colonies in which only clade A
was detected.
Colonies of A. valida harbouring a mixed zooxanthella community have been
found in other parts of the Great Barrier Reef (clades C and D, Ulstrup and van Oppen
2003) suggesting that the symbiotic relationship of A. valida is flexible and may
therefore have the ability for shuffling (Baker 2003). Symbiodinium clade D was found
to co-occur with clade C in A. valida on inshore reefs generally known for higher light
attenuation and temperature than offshore reefs (Berkelmans 2002) such as Heron
Island, which is located 80 km from the coast at the cooler southern end of the Great
Barrier Reef. The apparent shift between Symbiodinium clades at different locations
may therefore be related to their light and thermal optima.
There was no clear pattern in the presence of clade A vs. C within individual
polyps across the colony in relation to their orientation towards light. Thus, both clades
were detected in sun- as well as in shade-adapted polyps. However, clade A was
relatively more dominant in sun- (50%) than in shade-adapted polyps (29%) indicating
opportunistic proliferation in sun-exposed tips, possibly due to competition with less
adapted clade C symbionts. Possible microscale changes in irradianee across a colony
during growth may drive a continuous shuffling of mixed Symbiodinium communities to
partition clades into specific light microhabitats. In this case, as polyps bud at the apex
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of a young colony, older polyps are likely to become more shaded which may coincide
with shift in the Symbiodinium type predominance in the symbiont community.

3.3.2 Photo-physiology of individual polyps with contrasting orientation and
symbiont composition
So far, no studies have compared steady-state photosynthesis rates with chlorophyll a
fluorescence-derived measurements of photosynthesis (SSLCs or RLCs) of genetically
distinct Symbiodinium clades. Microsensors for oxygen and chlorophyll a fluorescence
have previously been employed separately to investigate the heterogeneity of
zooxanthellae photosynthesis in hospite (Klihl et al. 1995, Ralph et al. 2002) and in
combination to examine the photo-physiological responses of polyps and coenosarc
tissue (Ulstrup et al. 2006b). Previously, SSLCs have also been compared to RLCs
(Ulstrup et al. 2007), however, never at the highly resolved spatial scale presented in
this study.

3.3.2.1 Oxygen dynamics
The significant differentiation observed in CL concentration at 1100 pmol photons m s’
1 and dark CL concentration between polyps which harboured clade C only and clades A
+ C simultaneously suggest greater metabolic activity of polyps harbouring both clades
A + C. The latter is also confirmed by the steady-state rETR curves which saturated at
lower irradiances (< 200 pmol photons m" s’ ) for polyps containing only clade C
suggesting adaptation to relatively lower irradiances (Table 2b).
The occurrence of clade A in polyps may therefore influence the light-tolerance
of corals at a small spatial scale. This corresponds with the fact that clade A was found
to be dominant in half of the sun-adapted polyps whereas only 29% of shade-adapted
polyps were dominated by clade A (Table 1). The effective PAR levels for downward
facing, shaded polyps in situ were likely to be greater than estimated Ec, Eu and EkPg
values which did not exceed 200 pmol photons m'~ s’ . Shaded polyps may thus still
have been adapted to relatively high irradiances which may have resulted in the
presence of clade A.
The statistical analyses did not detect any differences between polyps that
harboured clades A + C vs. those that only harboured clade C for dark-acclimated CL
concentration, rETR and gross photosynthesis rate curves vs. irradianee . This was most

40

Chapter 3

Inter-polyp characterisation of Symbiodinium

likely due to a lack of statistical power and it is probable that a greater sampling
intensity could have resolved the trends observed.

3.3.2.2

Chlorophyll a fluorescence vs.

gross photosynthesis rate:

technical

considerations
In contrast to the high gross photosynthesis rates observed at high irradiances (above
200 pmol photons m 2 s’1), rETR showed a substantial decline over the course of the
steady-state light curve, suggesting dynamic photo-inhibition (Gorbunov et al. 2001)
(Fig. 3.2a-d). Disparate curve shapes for rETR and Pg have been shown previously for
corals (Ulstrup et al. 2006b) who suggested that cyclic PSII electron flow was partially
responsible for the observed non-linearity (Franklin and Badger 2001, Lavaud et al.
2002b, Longstaff et al. 2002).
Measuring properties of the two sensors used here may also contribute to the
different responses observed. The microfibre sensor measures chlorophyll a
fluorescence immediately adjacent to the fibre tip (Schreiber et al. 1996), whereas the
gross photosynthesis measurement using the CE microsensor has a spatial resolution of
about 100 pm (Revsbech and Jprgensen 1983). This may result in underestimating the
gross photosynthesis rate of zooxanthellae in deeper tissue, which are likely to be more
shaded than the zooxanthellae in the top layers. In addition, measurement performed
with a fibre-optic probe may be affected by the optical properties of the tissue, i.e. the
balance between absorption and multiple scattering, which is likely to be different
between sun and shade-adapted polyps (Ktihl et al. 1995, Enriquez et al. 2005) resulting
in a potential difference in spatial resolution.
3.3.2.3 Influence of light history on capacity for photo-acclimation
At high irradiances, the quantitative parameters of SSLCs are different from RLCs. At
low to moderate irradiances, RLCs performed similar to SSLCs. This is in contrast to
Ulstrup et al. (2007) who found that dark-acclimated RLCs were significantly reduced
compared to SSLCs suggesting that if zooxanthellae are allowed to acclimatise for an
extended period of time to each irradianee level, their photosynthetic performance
yields higher rETR values. The contrasting results support that zooxanthellae may have
widely different abilities and mechanisms of photo-acclimation at various time scales,
which may have implications for the decline of health of corals during bleaching
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conditions when the light levels experienced by zooxanthellae are exacerbated due to
paling of coral tissue (Enriquez et al. 2005).
In summary, this study elucidates some of the causes of heterogeneous photo
acclimatisation at the scale of single polyps within an A. valida colony. We conclude
that the light climate (branch orientation) experienced by the zooxanthellar communities
in individual polyps may not be the only factor responsible for small scale variations in
photosynthetic capacities, but that light preference (and therefore photosynthetic
capacity) of zooxanthellae differs between the members of clades A and C studied here.
It remains to be experimentally determined whether specific Symbiodinium types in
mixed communities perform differently in response to synergistic effects of temperature
and light. Such studies would provide new insight into the acclimatisation and
adaptation to climate change potentially facilitated through shuffling of mixed symbiont
communities.
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Chapter 4 Seasonal variation in photo-physiological
functions in Symbiodinium communities in two
scleractinian corals
All data for this chapter was collected by KE Ulstrup. R Hill assembled the data and
created the graphs deriving from the fast induction curve data. R Hill also assisted in the
writing and interpretation of the fast induction curve data. KE Ulstrup carried out the
analyses.

4.0 Introduction
Symbiotic algae of the genus Symbiodinium, known as zooxanthellae, are genetically
diverse and are thought to play a role in the acclimatisation of corals to changes in the
environment (Baker 2003). It has been shown, that the relative abundance of different
Symbiodinium types in mixed symbiont communities of corals may change over
timescales of months, seasons and years (e.g. Toller et al. 2001a, Little et al. 2004,
Thornhill et al. 2006b, Berkelmans and van Oppen 2006) in response to changes or
disturbances in the environment (Toller et al. 2001a, Berkelmans and van Oppen 2006).
Different types of Symbiodinium have also been suggested to exhibit distinct
physiologies some of which may mitigate the effects of coral bleaching conditions
(Rowan 2004, Berkelmans and van Oppen 2006).
Evidence of different physiologies was initially sought among Symbiodinium ex
symbio (Chang et al. 1983, Iglesias-Prieto and Trench 1994). However, inconsistencies
between phylogenetic and physiological attributes (Savage et al. 2002b, Robison and
Warner 2006) as well as between physiological responses of individual Symbiodinium
types isolated vs. in hospite (Bhagooli and Hidaka 2003) suggest that the coral host, at
least in part, determines the fitness of the holobiont (Gates and Edmunds 1999). It is
known that the photo-physiological behaviour of zooxanthellae is influenced by photoprotective agents such as anti-oxidant enzymes (e.g. Lesser and Schick 1989) and heatdissipating pigments (Ambarsari et al. 1997) as well as host-associated fluorescent
pigments that scatter and fluoresce light (Salih et al. 2000). Photosynthetic processes of
Symbiodinium have also been shown to be influenced by their local irradianee regime
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that is controlled by depth and light scattering properties of coral tissue (Enriquez et al.
2005). Photo-physiological differences have thus been documented between sun- and
shade-adapted colonies (Falkowski and Dubinsky 1981, Porter et al. 1984, Gorbunov et
al. 2001), between sun- and shade-adapted surfaces of individual colonies (Jones et al.
1998; Ralph et al. 2005), and between polyp and coenosarc tissues (Kiihl et al. 1995,
Ralph et al. 2002, 2005, Hill et al. 2004b, Ulstrup et al. 2006b).
The photo-protective process of dissipation of excess excitation energy away
from the photosynthetic apparatus, known as non-photochemical quenching (NPQ), is
usually enhanced by high irradianee exposure (Gorbunov et al. 2001, Warner et al.
1996, Warner and Berry-Lowe 2006). The formation of diatoxanthin (Dt) by deepoxidation of diadinoxanthin (Dn) is one of the dissipation pathways, which is also
thought to be important for the scavenging of reactive oxygen species production
(Ambarsari et al. 1997, Brown et al. 2002, Lesser et al. 2000, Venn et al. 2006, Warner
and Berry-Lowe 2006). The effect of seasonal acclimatisation on the proportion of
Dt/(Dn + Dt) in corals at low irradiances is studied here and used as a proxy for
dissipation capacity.
Photo-acclimatisation of zooxanthellae has been shown to operate at different
time scales and by different mechanisms. At high irradiances, coral polyps use
behavioural mechanisms such as tissue retraction for shade (Brown et al. 2002) or tissue
expansion to increase the surface area for solute exchange, which may alleviate
potential carbon limitation and excess oxygen levels in the tissue (Levy et al. 2006).
Diurnal (Brown et al. 1999a, Jones and Hoegh-Guldberg 2001, Levy et al. 2004, Hill
and Ralph 2005) and seasonal changes in irradianee (Brown et al. 1999b, Fitt et al.
2000, Warner et al. 2002) as well as temperature cause modulation of zooxanthellar
photosynthesis affecting the photochemical efficiency. Also, symbiont cell density has
been shown to inversely correlate to seasonal increases in light and temperature (Fitt et
al. 2000). Finally, it has also been suggested that temporal patterns of symbiont
population density, pigment content and photochemical efficiency related to seasonal
changes in environmental conditions may also be partially due to changes in the
phylogenetic composition of the symbiotic communities associated with corals (Fitt et
al. 2000, Warner et al. 2002, Baker 2003).
Few long-term studies of genetic flexibility (Goulet and Coffroth 2003,
Thornhill et al. 2006b) and photo-physiological variation (Brown et al. 1999b, Fitt et al.
2000, Warner et al. 2002) of zooxanthellar communities in hospite have been reported,
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and to our knowledge never in combination. In this paper the intra-colony variability of
physiological responses and Symbiodinium composition in Pocillopora damicornis and
Acropora valida was monitored twice yearly for three years at Heron Island on the
Great Barrier Reef.

4.1 Materials and methods
Pocillopora damicornis (Linnaeus) and Acropora valida (Dana) colonies were collected
twice yearly over a 1 week period in the austral summer (January) and winter (July) of
three consecutive years (2004-6) in the Heron Island lagoon (23° 26.6’ S, 151° 54.7’ E).
Corals were collected haphazardly at each sampling time in a localised area of ~0.5 ha
adjacent to Heron Island Research Station. Sun- and shade-adapted surfaces of each of
10 individual fragments of colonies were sub-sampled (2 cm) and fixed in 95 % ethanol
for later sample processing to genetically identify the resident zooxanthellar
community. The health of the corals were examined at dusk on the day of collection by
estimates of zooxanthellar density, the proportion of diadinoxanthin de-epoxidised,
rapid light curves (RLCs) and fast induction curves (FICs). These measurements were
collected from sun- and shade-adapted surfaces of corals acclimated for a minimum of
1-2 hours to irradiances between 25-35 pmol photons irf s" using a flood light
calibrated to a quantum irradianee meter (LiCor, Lincoln, NE, USA). This low
illumination was intended to keep the photosynthetic apparatus active and prevent any
dark-induced reduction of the electron transport chain via chlororespiration (Garab et al
1989, Peltier and Cournac 2002, Beardall and Quigg 2003), which has been shown to be
active in corals (Jones and Hoegh-Guldberg 2001, Ulstrup et al. 2005).

4.1.1 Annual temperature
Sea surface temperature at Heron Island was obtained from the daily monitoring
program at Heron Island Research Station between January 2004 and August 2006. The
maximum temperature observed each day w'as used to map the thermal variation for the
duration of this study (Fig. 4.1).

4.1.2 Molecular methods
The DNA of preserved coral samples (n =240) was extracted using the DNeasy™
Tissue Kit (Qiagen). Single-stranded conformation polymorphism (SSCP) and sequence
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analysis of the rDNA ITS 1 region was used as a marker for identification (van Oppen et
al. 2001) and the PCR and gel conditions are described in Ulstrup and van Oppen
(2003). Where the ITS1 PCR protocol failed to amplify (~10 % of samples), LSU was
amplified using the protocol specified in van Oppen et al. (2001) under the assumption
that the two primers show equal affinity for the different zooxanthellar types amplified..
LSU has previously been shown to resolve zooxanthellar types to sub-clade level of Cl
and C2 (.sensu van Oppen et al. 2001). Ten pi of PCR product was combined with 10 pi
of RFLP mix (0.3 pi TaqI (10 units/pl), 2 pi lOx restriction buffer (Fermentas) and 7.7
pi dFLO. Restriction digests were analysed by running an aliquot (5 pi) on 2% TAEagarose gel (1 hr, 80 V) stained with ethidium bromide and representatives of disparate
profiles were sequenced (Macrogen, Korea). Finally, sequences were compared to
existing sequences stored in Genbank (www.ncbi.nlm.nih.gov).

4.1.3 Symbiont cell determination
The density of zooxanthellae was determined as number of cells cm -2". Coral tissue was
•

stripped from the skeletons using an air-gun and submerged in 1 pm filtered sea water.
Symbiont cell density in 10 ml aliquots was determined from the average of eight
replicate haemocytometer counts and standardised to the liquid volume in which they
were extracted and related to the coral surface area using the wax weight method
described in Stimson and Kinzie (1991) using three replicates per sample. The
regression relationship was determined empirically from known cylinder dimension
(r2=0.998).

4.1.4 Zooxanthellar xanthophyll determination
The relative proportion of diatoxanthin (Dt) to the total xanthophyll pool (Dt +
diadinoxanthin [Dn]) was determined using reverse-phase high performance liquid
chromatography

(HPLC).

Upon

completion

of

chlorophyll

a

fluorescence

measurements of PSII, a sun- and shade-adapted nubbin from each colony collected (n
=9-10) were snap frozen in liquid nitrogen and placed in a freezer at -80°C until further
analysis. Coral tissue including zooxanthellae was removed from the nubbins using
sonication and subsequently spun at 5,000 x g for 10 min. Resulting pellets were
extracted in 2 ml of acetone and vortexed for 30 seconds. The extract was spun using
high-speed centrifugation (10,000 x g) for 5 min and the clarified supernatant extract
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(150 pi) was loaded into the autosampler for immediate injection onto a Phenomenex
C18 column (5 pm particle size, 250 x 4.6 mm) at room temperature (21°C). All
samples were prepared under low light.
Analysis was performed on a PC-interfaced HPLC system (Shimadzu, Japan).
System control, data collection and integration were performed using Class-VP v 6
(Shimadzu, 2002) software. Pigments were separated using a binary mobile phase
system (60/40 [w/v] methanol/1.0 M ammonium acetate: 95 % methanol) over 10
minutes followed by an isocratic hold at 95 % methanol for 30 min. Flow rate was
constant at 1 ml min"1. Dt and Dn were detected using a photodiode array (PDA)
detector and pigment identity was achieved by spectral recognition (Jeffrey et al. 1997).
Absorbance chromatograms were extracted at 440 nm. The xanthophyll ratio was
calculated as the ratio of area of the peak corresponding to Dt to the total xanthophyll
pool (area of both Dt + Dn peaks).

4.1.5 PAM fluorescence measurements of PSII
A rapid light curve (RLC) with 10 second intervals between 9 irradianee steps was
performed on a dusk-acclimated coral using a 6 mm fibreoptic cable fitted to a DivingPAM (Pulse-Amplitude-Modulation) (Walz GmbH, Effeltrich, Germany; settings for
the PAM: Gain =2, Damping =2, SP =8, SPW =0.8, ML =8). The Diving-PAM employs
3 ps pulses from a red light-emitting diode (LED) with a peak emission at 650 nm as the
measuring light (0.15 pmol photons m 2 s ’). Saturation pulses were of >4500 pmol
__9

_i

photons m " s for 0.8 s. Chlorophyll a fluorescence was detected at wavelengths above
710 nm. The basic parameters measured were F0, the fluorescence yield in the dark, Fm,
the maximum fluorescence yield following dark adaptation, Ft, the fluorescence yield in
the light at time, t, and Fm\ the maximum fluorescence yield in the light induced by a
supersaturating flash of light. From these parameters the maximum quantum yield ([FmF0]/Fm = Fv/Fm), the effective quantum yield (Opsh =[Fm’-Ft]/Fm’) and relative electron
transport rate (rETR = [Fm -Ft]/Fm x PAR were derived, where PAR is the
photosynthetically active radiation in pmol photons m'“

s'

). Rapid light curves (RLCs),

i.e. rETR measured over a range of irradiances, were subsequently fitted to the formula
of Platt et al. (1980), whereby quantitative parameters of maximum relative electron
transport rate (rETRmax), a (light utilisation coefficient) and Ek (minimum saturating
irradianee) were calculated. The highest Opsn was derived from the first measure of the
RLCs in light (25-35 pmol photons m' s" ). Finally, non-photochemical quenching
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(NPQ =[Fm-Fm’]/Fm’) was calculated for high irradiances (800-1000 pmol photons m
s-1) for each RLC, NPQRLC.

4.1.6 Fast induction kinetics of PSII
Upon RLC completion, a fast-induction curve (FIC) was measured using the Plant
Efficiency Analyser (PEA) (Hansatech, Instruments Ltd, King’s Lynn, UK). Fastinduction kinetics provides detailed information on the photochemical state of PSII, as
well as the filling of the plastoquinone (PQ) pool (Govindjee 1995). Five mins of darkadaptation in a purpose built dark-adaptation chamber (Hill et al. 2004b) was provided
prior to FIC measurement. The array of 6 red LEDs (peak wavelength 650 nm)
_9

_i

produced the saturating illumination (3200 pmol photons m " s ) focusing on an area 4
mm in diameter. A PIN-photodiode (shielded by a long-pass filter >720 nm) detected
the fluorescence signal from the coral. The fluorescence signal was obtained over 2 s
and recorded every 10 ps for the first 2 ms, every 1 ms for the first 1 s of sampling, and
every 100 ms thereafter. The base fluorescence (F0) was measured at 0.05 ms (O step),
the J step at 1.5 ms, the l step at 50 ms and the P step (Fm) was recorded as the
maximum fluorescence was reached after the 2000 ms sampling period. The amplitude
of each step along the FICs was plotted for the two coral species for sun- and shadeadapted coral surfaces (Fig. 4.5). From the fast induction curves, Fv/Fm [(Fm-F0)/Fni] was
calculated from the O step (at 50 ps) and P step (maximum fluorescence), which are
equivalent to F0 and Fm, respectively (Fig. 4.4). Fv/Fm was also determined the
following morning prior to sunrise.
The OJIP transient (nomenclature by Strasser et al. 1995) can be divided into 2
phases, the fast rise from the minimum fluorescence (O) to J and onwards to the
intermediate I step, and a slower rise to the P step. The rise in fluorescence from O to J
corresponds to the reduction of the primary electron acceptor of PSII, Qa, to QA
(Strasser et al. 1995, Ulstrup et al. 2005). Following the J step, further reduction of QA
and subsequently Qb (secondary electron acceptor of PSII) occurs up until the I step
(Strasser et al. 1995, Srivastava et al. 1997). The final component of the fluorescence
rise to the P step is ascribed to the filling of the PQ pool (Lavorel and Etienne 1977,
Lazar 2006) which has been shown to take approximately 2 seconds in corals (Hill and
Ralph 2005, Ulstrup et al. 2005).
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4.1.7 Statistical analyses
Coral specimens (n =10) of P. damicornis and A. valida were collected in summer and
winter of 2004, 2005 and 2006. Changes in the symbiont cell density and photophysiological parameters among sampling times (seasons, years) and position (sun- and
shade-adapted surfaces) were assessed by repeated measures ANOVAs. Each species
was analysed separately and year was treated as within-subject factor and season and
position as between-subject factors. Where ANOVA determined a significant
difference, Box’s test of equality of covariance matrices was used to test the
homogeneity of variances across groups. Where the assumption of homogeneity was
violated the data was logio-transformed. Failing this, significant differences of the test
were accepted if p <0.01. The assumption of sphericity was tested and if violated the
Greenhouse-Geisser adjustment was performed (Quinn and Keough 2002). Post-hoc
comparisons of means for significant factors and interactions were earned out using
Tukey’s HSD tests. Parameters analysed were symbiont cell density, Dt/(Dn + Dt), Y,,
NPQrlc, descriptive parameters of fitted RLC curves (Pmax, a and Ek,) and descriptive
parameters of FICs (O, J, I, and P) and Fv/Fm. In the case of Fv/Fm derived from FICs,
each sun- and shade-adapted surfaces of each species was also analysed separately and
year was treated as within-subject factor and season time (dusk and dawn) as between
subject factor. Statistical significance of the ANOVAs was accepted at p <0.05. All
analyses were performed with STATISTICA v 7.1 (SysSoft Inc., USA).

4.2 Results
4.2.1 Measurements of temperature
Figure 4.1 shows the maximum temperature regime observed in the Heron Island
lagoon where corals were collected between January 2004 and July 2006. Although
coral paling was observed during the summer in all years of this study, Heron Island
was considered a coral bleaching ‘hot spot’ (Goreau and Hayes 1994) only in the
summer of 2005 as reported by the US National Oceanic and Atmospheric
Administration (NOAA). In the lagoon, bleaching was manifested as greater-thannormal paling of branching corals, but no mortality was observed at the time of
collection.
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4.2.2 Genotype variability
Over the course of this 3 year seasonal study, the population of Pocillopora damicornis
experienced no variation in their symbiont type, Cl (sensu van Oppen et al. 2001),
GenBank Accession # AY457958. Sun- and shade-adapted surfaces of individual nontagged colonies of Acropora valida were collected at each sampling time although it is
likely that most colonies were re-sampled due to the limited population size in the
Heron Island lagoon.
Table 4.1a-b. Observed frequencies of Symbiodinium type(s) within (sun- and shade-adapted
surfaces [abbreviated as Sun and Shade, respectively]) and among colonies of a) P. damicornis and
b) A. valida from Heron Island. Sample numbers (n), observed SSCP genotype frequencies (/) and
proportion (%) of clade A (fA) and C (fci,fc2)• Where multiple Symbiodinium types were present the
dominant frequency is bolded.
a)

n

P. damicornis

2004

Summer
Winter

2005

Summer
Winter

2006

Summer
Winter

b) A.
2004

Winter
2005

Summer
Winter

2006

Sun

8

Shade

3

-

Sun

10

-

Shade

9

Sun

9

Shade

8

Sun

10

Shade

9

-

Sun

7

-

Shade

10

Sun

2

Shade

3

-

n

U

valida

Summer

Summer
Winter

fA

%

fci

%

%

8

100%

3

100%

10

100%

9

100%

9

100%

8

100%

10

100%

9

100%

7

100%

10

100%

2

100%

3

100%

-

fci

%

fc2

-

10(9)

100%

-

-

8

100%

fc2

%
%

Sun

10

Shade

8

Sun

9

3(1)

33%

4

44%

9(5)

100%

Shade

8

1

13%

2

25%

8(7)

100%

Sun

9

6 (3)

67%

7

78%

9(5)

100%

Shade

9

1

11%

7

78%

9(8)

100%

Sun

7

5(2)

71%

100%

8

8

100%

-

7(5)

Shade

-

8(8)

100%

Sun

10

3(2)

30%

1

10%

9(2)

90%

Shade

10

-

-

-

-

10

100%

Sun

9

4 (4)

44%

7

78%

9(5)

100%

Shade

7

2(1)

29%

5

71%

7(6)

100%

1 (1)

10%
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These colonies were found to host a variety of genotypes including Cl and C2,
Genbank Accession # AY758477.1 (sensu van Oppen et al. 2001) as well as a clade A
strain, Gen Bank Accession # AF380513 (Table 4.1b). The strain belonging to clade A
occurred simultaneously with Symbiodinium C2 and sometimes also with Symbiodinium
Cl. In the samples where LSU was used, clade A could not be resolved simultaneously
to Cl and may therefore have lead to a slight underestimation of the presence of clade A
in -10% of samples. C2 was the most dominant genotype observed in A. valida
irrespective of sampling time and appeared in all specimen, except for one of a sunadapted surface in the summer of 2006. Cl appeared in -1/3 of all samples but was
never dominant. In the summer of 2004 and winter of 2005, Cl was absent from all
samples. Clade A was detected mostly in sun-adapted surfaces of corals and was
particularly prevalent in the summer and winter of 2005 as well as in the winter of 2006
(Table 4.1b).

4.2.3 Symbiont cell density
No evidence of intra-colony differentiation in symbiont cell density was detected in P.
damicornis or A. valida.
Seasonal changes in the density of symbionts were observed in both P.
damicornis and A. valida. In both species, there was a significant decline in symbiont
density in summer 2005 (P. damicornis: F =18.72, p <0.001; A. valida: F =57.45, p
<0.001; Table la-b, appendix C; Fig. 4.1a-b). This correlated with the bleaching
conditions in that year resulting in a pronounced paling of corals in the lagoon.
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Figure 4.1a-b. Maximum daily temperature ( ) at Heron Island and symbiont cell density (10f> cm
2) of a) P. damicornis and b) A. valida in sun- (white bars) and shade-adapted surfaces (hatched
bars) of colonies. Averages + SE are shown (n =10).

4.2.4 Xanthophyll cycling and NPQRLc
Pocillopora damicornis showed a higher proportion of diatoxanthin to the total pool of
diadinoxanthin + diatoxanthin than A. valida irrespective of orientation of the coral
surface (Fig. 4.2a-b). Sun-adapted surfaces of P. damicornis colonies showed greater
proportion of diatoxanthin to the total pool of diadinoxanthin + diatoxanthin than in
shade-adapted surfaces (F =7.40, p =0.010, Table 2a, appendix C) whereas A. valida
showed low levels diatoxanthin to the total pool of diadinoxanthin + diatoxanthin
irrespective of the orientation of the branches that were examined (Table lb, appendix
C). Maximum non-photochemical quenching (NPQrlc) was greatest in summer (F
=29.71, p <0.001, Table 3a, appendix C, Fig. 4.2a) and greater in sun-adapted than in
shade-adapted surfaces of P. damicornis (F =10.96, p =0.002, Table 3a, appendix C;
Fig. 4.2a).
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a)

Pocillopora damicornis'
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Figure 4.2a-b. Xanthophyll ratio (ratio of diatoxanthin to the sum of diatoxanthin and
diadinoxanthin) in sun- (white bars) and shade-adapted surfaces (hatched bars) and non
photochemical quenching in sun- (O) and shade-adapted surfaces (•) of individual colonies of a) P.
damicornis and b) A. valida. Averages ± SE are shown (n =10).

4.2.5 Quantum yields
The effective quantum yield, Opsn, derived from the first measure of the RLCs in light
(25-35 jamol photons m" s" ), Fv/Fm, measured with the PEA were both greater in shadeadapted surfaces than in sun-adapted surfaces of P. damicornis (Opsu: F =65.91, p
<0.001, Table 4a; Fv/Fm: F = 88.10, p <0.001, Table 5a, appendix C; Fig. 4.3a, 4.4a).
Significant interactions were observed between season and position of T>psh (F =20.97,
p <0.001, Table 4a, appendix C) for P. damicornis suggesting that the branch
orientation influenced the variation between seasons.

53

Chapter 4

Seasonal variation in photosynthetic condition

a) Pocillopora damicornis
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Figure 4.3a-b. Effective quantum yield, (F|»Sn, measured under quasi-darkness conditions in sun(O) and shade-adapted (•) surfaces at dusk in a) P. damicornis and b) A. valida. Averages ± SE are
shown (n =10).

Sun-adapted surfaces of A. valida yielded lower Fv/Fm than shade-adapted surfaces (F
= 17.81, p <0.001, Table 5b, appendix C; Fig. 4.4b) whereas there was no intra-colony
differentiation in cDPSI! (Table 4b, appendix C; Fig. 4.3b). Fv/Fm in summer fluctuated
between year 2004 and 2006 yielding lower values than 2005 for A. valida (F =10.19, p
<0.001, Table 5a, appendix C; Fig. 4.4c).
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The differences between dusk and dawn measurements of Fv/Fm for sun- and
shade-adapted surfaces, respectively, were also tested. Shade-adapted surfaces of P.
damicornis and A. valida yielded greater Fv/Fm at dusk than at dawn for P. damicornis
(F =26.92, p <0.001, Table 6a, Appendix C; Fig. 4.4a-d).

a) Pocillopora

E

damicornis^Dusk)

b) Pocillopora

damicornis (Dawn)

0.6

c) Acropora
E

0.7

^

0.6

Jan 04

d) Acropora

valida (Dusk)

July 04

Jan 05

July 05

Jan 06

July 06

Jan 04

valida

July 04

(Dawn)

Jan 05

July 05

Jan 06

July 06

Date (month, year)

Figure 4.4a-d. Maximum quantum yield (Fv/Fm) of zooxanthellae in sun- (O) and shade-adapted
(•) surfaces of P. damicornis at a) dusk and b) dawn and in A. valida at c) dusk and d) dawn.
Averages ± SE are shown (n =10).

4.2.6 Descriptive parameters of fitted rETR-curves
The descriptive parameters of fitted rETR-curves showed lower rETRmax in shadeadapted than in sun-adapted surfaces of P. damicornis (F =14.30, p <0.001, Table 8a,
9a, appendix C) and A. valida (F =25.14, p <0.001, Table 8b, 9b, appendix C).
Minimum saturating irradianee, Ek, was also lower in shade-adapted than in sun-adapted
surfaces of P. damicornis (F =15.38, p <0.001, Table 8a, 1 la, appendix C) and A. valida
(F =35.23, p <0.001, Table 8b, lib, appendix C). For both species, Ek was lower in
winter than in summer (P. damicornis'. F =8.21, p =0.007, Table 11a; A. valida: F
= 13.93, p =0.001, Table lib, appendix C). A significant interaction (F =10.33, p
=0.003, Table 10a, appendix C) was observed for a, coefficient of light utilisation,
between season and position for P. damicornis suggesting that the branch orientation
influenced the light utilisation efficiency between seasons. All descriptive parameters
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(rETRmax, a and Ek) of fitted rETR-curves fluctuated between seasons with no clear
pattern between summer and winter sampling (Table 4a-b, 5a-b, appendix C).

4.2.7 Fast induction kinetics
The amplitude of the O, J, I and P steps along FICs measured on sun- and shadeadapted surfaces of P. damicornis and A. valida from January 2004 to July 2006 is
shown in Fig. 4.5a-d. Figure 4.5e-f display the average FICs of sun- and shade-adapted
surfaces of P. damicornis in July 2006, as does Fig. 4.5g-h for A. valida. These provide
an example of how the O, J, I and P step amplitudes were derived for Fig. 4.5a-d. In all
cases, the O, J, I and P step amplitudes of the shade-adapted surfaces were higher than
that of the sun-exposed surfaces (Table 12-15a-b, appendix C; Fig. 4.5). The differences
in the P step for both P. damicornis and A. valida indicates a reduction in Fm and is also
reflected in the lower Fv/Fm values for P. damicornis of sun-adapted surfaces compared
to shade-adapted surfaces (Table 4a, appendix C; Fig. 4.4a-b).
In P. damicornis, all steps showed a decline in the years following 2004 (O: F
= 12.84, p <0.001, Table 12a; J: F =12.05, p <0.001, Table 13a; I: F =7.74, p <0.001,
Table 14a; P: F =8.40, p<0.001, Table 15a, appendix C; Fig. 4.5a-b) and for the O and I
steps alone in winter (O: F =9.10, p <0.005, Table 12a; I: F = 4.39, p =0.043, Table 14a,
appendix C). Significant interactions were observed between season and position for the
J step (F =4.40, p =0.043, Table 13a, appendix C) for P. damicornis suggesting that the
seasonal variation in amplitude of these parameter depended on branch orientation.
In A. valida, the O step declines in the years following 2004 (F =11.47, p
<0.001, Table 12b) where the J, I and P steps were lower only in 2005 (J: F =9.18, p
<0.001, Table 13b; I: F =5.47, p =0.006, Table 14b; P: F =5.24, p =0.008, Table 15b,
appendix C). For all steps, sun-adapted surfaces showed lower values than shadeadapted surfaces (O: F =18.56, p <0.001, Table 12b; J: F =14.84, p <0.001, Table 13b;
I: F =37.36, p <0.001, Table 14b; P: F =42.31, p <0.001, Table 15b, appendix C). For J,
I and P there was also a rise in winter (O: F =5.44, p =0.025, Table 13b; J: F =5.88, p
=0.021, Table 14b; P: F =6.55, p =0.015, Table 15b, appendix C). For the I and P steps
there was a significant interaction between year and season (I: F =4.27, p =0.018, Table
14b; P: F =4.46, p =0.015, Table 15b appendix C) showing that the winter of 2005 was
lower than in 2004 and 2006.
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Figure 4.5a-h. Amplitude of the O, J, I and F steps (•, ■, A and ▼, respectively) along FICs in P.
a) sun- and b) shade-adapted surfaces and A. valida; c) sun- and d) shade-adapted
surfaces between January 2004 and July 2006 (n =10 ± SE). Average FICs (n =10) from P.
damicornis on e) sun- and f) shade-adapted surfaces and of A. valida on g) sun- and h) shadeadapted surfaces are also shown as examples of how the O, J, I and P step amplitudes were
obtained. The dashed arrows correlate to the amplitude of each of the steps for these particular
FICs.
damicornis;

4.3 Discussion
Several studies have shown that corals acclimatise physiologically to seasonal changes
in their environment (Brown et al. 1999b, Fitt et al. 2000, Warner et al. 2002). Also,
Thornhill et al. (2006b) tested whether Symbiodinium assemblages of six scleractinian
taxa changed in response to seasonal changes in temperature and light and found that
the appearance of mixed symbioses did not correlate with seasonality or bleaching
events. In this study, we document long-term seasonal variation in a coral (Pocillopora
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damicornis) with high fidelity to one symbiont type and another coral (Acropora valida)
which harbours genetically mixed Symbiodinium communities in combination with
photo-physiological measurements.
Colonies used for this study were not tagged. However, they were all collected
from a restricted area of ~0.5 ha situated -100 meters from Heron Island Research
Station. Pocillopora damicornis is very abundant in the lagoon area in front of the
station whereas A. valida is less abundant. Collection for the latter was therefore limited
to a small number of colonies most of which would have been resampled between years.

4.3.1 Genetic diversity of Symbiodinium
Many coral species are dominated by only one symbiont type (Goulet 2006) but see
Baker and Romanski (2007). Therefore, it is likely that the physiological flexibility of
symbiont communities residing in corals in many instances must be large to cope with
not only natural variation of the environment (Ulstrup et al. 2006b) but also rising
seawater temperatures. This is the case for P. damicornis which shows high fidelity to
symbiont type Cl with no other type detected at any sampling time. This result supports
previous findings by Ulstrup et al. (2006a) showing that P. damicornis exhibits fidelity
to Cl across the entire length of the Great Barrier Reef (GBR) with few exceptions.
Coral colonies with such consistent symbioses are unlikely to respond to environmental
shifts by changing to other Symbiodinium types (Thornhill et al. 2006b).
In contrast, the genetically polymorph zooxanthellar communities of A. valida
varied over time and between sun- and shade-adapted surfaces. Although symbiont C2
was the most predominant type, clade A appeared regularly, with a higher proportion of
colonies hosting clade A in sun-adapted (10-67%) compared to shade-adapted surfaces
(0-29%) except for in the winter of 2005 (Table 4. lb). The higher proportion of clade A
in sun-adapted surfaces suggests that this Symbiodinium type may be adapted to high
light. In the winter following the summer bleaching of 2005 relatively more colonies
contained clade A (71-100%) possibly as a response to the past bleaching conditions
(Table 4.1b).
Several studies have found relatively high frequencies of clade A in a variety of
invertebrate hosts in cooler climates (Loh et al. 2001, 2006, Savage et al. 2002a)
whereas rare observations (<3% of samples) of clade A have been reported from other
species of Acropora in tropical waters (van Oppen et al. 2001, 2005). Overall, the
cooler climate observed at Heron Island in comparison to other parts of the GBR
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(Ulstrup et al. 2006a) may favour the presence of clade A, in contrast to other types
which have been found in warmer parts of the GBR (Ulstrup and van Oppen 2003).

4.3.2 Symbiont cell density
Corals sampled seasonally have previously been reported to exhibit variable symbiont
cell density usually inversely correlated with an increase in temperature and light
(Stimson 1997, Fagoonee et al. 1999, Fitt et al. 2000). Both species showed a significant
decline in symbiont cell density in summer 2005 coinciding with the bleaching hotspot
at Heron Island. The reduction in symbiont density observed in summer 2005 in A.
valida also coincided with a relative increase in presence and dominance of
Symbiodinium clade A as well as Symbiodinium Cl (Table lb, appendix C). Although
Symbiodinium C2 was still present in January 2005, a relative decline in dominance was
observed suggesting that this type may be compromised during prolonged, elevated
temperatures

4.3.3 Photo-protection
The de-epoxidation of diadinoxanthin (Dn) to form diatoxanthin (Dt) is one of the non
photochemical pathways by which excess excitation energy can be dissipated by PSII
and has been found to be elevated in corals undergoing bleaching (Lesser et al. 2000,
Venn et al. 2006). This is a process that is induced by light and intensifies over the
course of the morning (Brown et al. 1999a, Warner and Berry-Lowe 2006). In the
present study, we did not have the resources to follow the time course of the
xanthophylls de-epoxidation and thus measured the ratio of Dt to the sum of Dn + Dt
concentration at dusk (25-35 pmol photons m ~ s' ). Under these conditions we found
that the corals examined at Heron showed less than 10% of diadinoxanthin was deepoxidised at irradiances well below saturation. Pocillopora damicornis appeared to
show greater degree of de-epoxidation compared with A. valida (Fig. 4.2a-b). This
suggests that the two species of corals may draw upon different mechanisms for
acclimatization. While A. valida colonies may change the relative abundance of
different Symbiodinium types hosted, P. damicornis colonies may compensate for their
inability to change their symbiont consortia by exhibiting greater capacity for
xanthophylls cycling.
Corals may also differ in baseline de-epoxidation capacity depending on their
irradiation history. Shade-exposed surfaces of P. damicornis thus showed a lower
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degree of de-epoxidation than sun-exposed surfaces, probably as a result of greater
requirement for excess energy dissipation in sun-exposed surfaces.

4.3.4 Photochemical efficiency and photo-acclimation
As expected, shade-adapted surfaces generally exhibited greater photochemical
efficiency as evidenced by effective quantum yield (®Psn) (P. damicornis only) and
Fv/Fm than in sun-adapted surfaces. Sun-exposed surfaces thus had a lower
photochemical efficiency and, as shown above, a higher xanthophyll cycle activity and
generally accompanied by higher non-photochemical quenching (Fig. 4.2a-b). Sunadapted surfaces of both coral species did not exhibit differences in Fv/Fm between dusk
and dawn. In contrast, decreased Fv/Fm in shade-adapted surfaces was detected between
dusk and dawn measurements (Fig. 4.4a-d). This may be due to chlororespiration,
which occurs in corals (Jones and Hoegh-Guldberg 2001, Ulstrup et al. 2005), and
which is known to lower Fv/Fm values unless far-red light treatment is given.
There was also an inverse relationship between

OPSii

measured in sun- and

shade-adapted surfaces among seasons in P. damicornis where sun-adapted surfaces
yielded lower Opsn than shade-adapted surfaces in winter (Table 4a, appendix C; Fig.
4.3a). The lack of significant variation between sun- and shade-adapted surfaces as well
as lack of significant interaction between branch orientation and season in A. valida may
be partly due to changes in the relative abundance of different Symbiodinium types on a
seasonal basis (Fitt et al. 2000, Thornhill et al. 2006b). The symbiont consortia may
thus continuously be modified to acclimatise to changes in the environment (Thornhill
et al. 2006b), promoting well-suited Symbiodinium types that may compensate
physiologically for other types that do not perform as well. Further, sun-exposed branch
tips of A. valida at Heron Island are distinctly purple-pigmented suggesting that host
pigments may provide some photo-protection of symbionts (Salih et al. 2000, Dove
2004) thus avoiding significant decrease of ®psh.
Maximum quantum yield, Fv/Fm, decreased significantly in summer for P.
damicornis irrespectively of branch orientation. A summer decline in Fv/Fm is likely due
to a combination of photo-damage and photo-protective processes (c.f. Warner et al.
2002), as well as to coral bleaching, which occurred in January 2005. Interestingly, in
January 2005 Fv/Fm remained similar to winter levels (Fig. 4.4) even though symbiont
cell density declined significantly (Table la-b, appendix C; Fig. 4.1 a-b) due to
prolonged elevated seawater temperatures at Heron Island (www.noaa.gov). This
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suggests that remnant zooxanthellae are not physiologically compromised possibly due
to effective dissipation of excess excitation energy and in the case of A. valida possibly
due to changes in the genetic composition of the symbiotic communities (Fitt et al.
2000, Warner et al. 2002, Baker 2003).
The fluorescence induction curves (FICs) revealed physiological differences
between sun- and shade-adapted surfaces of both coral species. The amplitudes of all
four inflections along the transients were reduced in sun-adapted surfaces compared to
shade-adapted surfaces (Fig. 4.5a-d), indicating inhibitory effects on PSII at each of
these steps. The lower O step of sun-adapted surfaces can be attributed to a lower
chlorophyll concentration within the tissue compared to the shade-adapted regions. As
would be expected for the P step, indicating Fm, the reduction was also reflected in the
lower Fv/Fm values observed for sun-adapted surfaces in P. damicornis compared to
shade-adapted surfaces. The decline observed in the O and J steps, in July 2005,
following the strong bleaching in the January 2005 in P. damicornis suggests that
damage occurred to PSII which reduced electron flow to the primary electron acceptor,
Qa (Strasser et al. 1995, Ulstrup et al. 2005), possibly from elevated temperature during

the summer. However, there was also a decline in the I and P steps at this time, which
suggests some blockage of electron flow beyond QA and reduced maximum capacity for
electron flow possibly as a result of the prolonged exposure to elevated temperatures. In
A. valida, the I and P step showed some recovery by July 2006. Meanwhile, the O and J
step remained low following January 2005 suggesting that PSII was intact and
functioning albeit photo-inhibited.

4.4 Conclusions
Two corals species, Pocillopora damicornis and Acropora valida were studied over
three years to investigate photo-physiological responses and genotypic character of
Symbiodinium. Pocillopora damicornis harboured a single zooxanthella type
{Symbiodinium Cl). Acropora valida possessed zooxanthellae of Symbiodinium Cl, C2
and a member of clade A and the proportions of these changed seasonally. Marked
changes in the photo-physiological characteristics were recorded in both corals. In the
case of P. damicornis these could not be ascribed to genotypic changes of Symbiodinum
but were brought about by changes in symbiont cell density, photochemical efficiency,
xanthophyll cycle activity and changes in fluorescence pigments. In the case of A.
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valida these same changes probably operated but in addition changes in the proportion
Symbiodinium types contributed to some of the photo-physiological responses.
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Chapter 5 Variation in photosynthetic performance of
conspecific corals from two geographically distinct
populations
5.0 Introduction
The obligate association between endosymbiotic dinoflagellates of the genus
Symbiodinium, known as zooxanthellae, and reef-building corals is maintained within a
narrow temperature range (Hoegh-Guldberg 1999). Under normal conditions, the
productivity of zooxanthellae results in translocation of carbohydrates, which present a
major energy source for the host, and enables corals to maintain high rates of CaCCb
deposition contributing to the structure of the coral reef (Goreau and Goreau 1959,
Muscatine 1990). In contrast, respiration of the zooxanthellae as well as that of the coral
host comprises the majority of Cb consumption (Edmunds and Davies 1986).
The capacity for thermal acclimatisation depends on the local temperature and
irradiance range experienced by corals (Brown et al. 2002a, Castillo and Helmuth 2005)
and is therefore likely to vary throughout the year and between geographic locations.
Metabolic compensation has been demonstrated in the foliose hard coral Echinopora
gemmacea which undergoes seasonal adjustment in respiration and photosynthesis
thereby maintaining constant metabolic rates (Al-Sofyani and Davies 1992). In contrast,
Nakamura et al. (2004) found that a temperate coral, Acropora pruinosa, exhibited
greater productivity and respiration in summer than in winter. Seasonal fluctuations in
metabolic rates have previously been attributed abiotic factors of increased temperature
and pC02 in summer (Kayanne et al. 2005),
When exposed to short-term temperature increases beyond their normal range,
and in combination with moderate to high irradiances, corals may bleach due to the loss
of colouration caused by loss of symbionts and/or their pigmentation (Hoegh-Guldberg
and Smith 1989, Kleppel et al. 1989). Changes to productivity and respiration in
response to short-term increases in temperature have previously been documented for
high-latitude corals (Crossland 1984, Jacques et al. 1983, Howe and Marshall 2001,
Nakamura et al. 2004), as well as between conspecific and -generic coral populations
which are latitudinally disparate (Coles and Jokiel 1977). Corals that are latitudinally
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separated are likely to differ in their previous exposure to temperature and irradiance,
and this is likely to influence photo-acclimatisation (Falkowski et al. 1990, Lesser et al.
1990). The ability for photo-acclimatisation is in turn dependent on host and algal
factors including cellular anti-oxidant defences (Salih et al. 2000, Dove 2004) and heatshock protein production (Downs et al. 2002) as well as behavioural strategies for light
exclusion (Brown et al 2002b) and regulation in symbiont cell densities (Fitt et al.
2000).

Inter-specific partitioning of genetically distinct zooxanthellar communities has
also been found to correlate with latitude of conspecific coral populations (Loh et al.
2001, Rodriguez-Lanetty et al. 2001, Ulstrup et al. 2006a) as well as with coral
bleaching susceptibilities (Glynn et al. 2001, Berkelmans and van Oppen 2006, Ulstrup
et al. 2006a). This suggests that thermal tolerance is governed by local environmental
conditions to which corals have adapted (West and Salm 2003) or that have caused the
expression of distinct phenotypes. For instance, Ulstrup et al. (2006a) found that
Turbinaria reniformis corals in the central section of the Great Barrier Reef (GBR)
predominantly harbours a Symbiodinium type belonging to clade C whereas conspecific
corals in the northern section of the GBR predominantly harbour a Symbiodinium type
belonging to clade D. It was suggested that the occurrence of the more thermo-tolerant
Symbiodinium D (e.g. Baker et al. 2004, Fabricius et al. 2004, Little et al. 2004, Rowan
et al. 2004, Berkelmans and van Oppen 2006) in the northern section of the GBR
presents a selective advantage in the relatively warmer climate. However, the metabolic
characterisation of corals that may form symbiotic relationship with advantageous
Symbiodinium types depending on their habitat have yet to be described.
In this study, photosynthesis and oxygen consumption of tropical corals forming
stable or flexible symbioses with Symbiodinium types at two latitudinally distinct
locations (~ 600 km) were measured using oxygen microelectrodes. Coral forming
symbioses with multiple Symbiodinium types may use this attribute as an advantageous
mechanism to adapt to differences in temperature and irradiance. The extent to which
the stable symbiosis between Pocillopora damicornis and Symbiodinium Cl and the
flexible symbiosis between Turbinaria reniformis and Symbiodinium Cl and/or D can
compensate physiologically to short- and long-term changes in the environment across
the GBR was tested. If hosting multiple Symbiodinium types is indeed physiologically
advantageous, we anticipated that T. reniformis maintain constant metabolic rates whilst
those of P. damicornis may vary.
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5.1 Materials and methods
Photosynthesis and oxygen consumption was examined in Pocillopora damicornis and
Turbinaria reniformis within the northern and central section of the Great Barrier Reef
(GBR), Australia on two occasions coinciding with winter and summer, respectively. In
the northern section, colonies were collected at Lizard Island (14° 40.000' S, 145°
27.480' E) and in the central section colonies were collected at Davies Reef (18° 49.565'
S, 147° 37.763' E) and Broadhurst Reef (18° 52.271' S, 147° 42.346’ E). Lizard Island is
located approximately 600 km north of Davies Reef and Broadhurst Reef, which are
about 6 km apart (Fig. 5.1).
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Figure 5.1. Map of the Australian north eastern coast showing collection sites of
and Turbinaria reniformis and their associated symbiont type.

Pocillopora

damicornis

Sea surface temperatures (SSTs) were obtained from the CR (Cooperative Research
Centre,

Australia)

Reefs

long-term

temperature

monitoring

program

(www.reeffutures.org/topics/bleach/loggers.cfm). Average daily SST was acquired by
temperature loggers (Dataflow Systems, New Zealand) deployed at 6-9 m depth on the
reef slope at Lizard Island (14°41.3’ S, 145°26.6’ E) and Davies Reef (18°48.4’ S,
147°40.r E) (Fig. 5.2)
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Figure 5.2. Average daily temperatures for the reef slope (6-9 m depth) for each day (48
measurements per day) at Lizard Island and Davies Reef between May 2005 and April 2006.

The photoperiod (sunrise-sunset) at Lizard Island and Davies Reef were
obtained between May 2005 and April 2006. Daily photoperiod was obtained from
Geoscience Australia (www.ga.gov.au) and monthly averages were subsequently
calculated (Fig. 5.3).
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Figure 5.3. Annual variation in day length (h) at Lizard Island (•) and Broadhurst Reef (O), also
representing Davies Reef between May 2005 and April 2006. The data is derived from the
Geoscience Australia and represent monthly averages of daily recording ± SE. Arrows indicate
twice yearly sampling time at Lizard Island (upward-pointing arrows) and Broadhurst Reef and
Davies Reef (downward-pointing arrows).
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Both P. damicornis and T. reniformis were sampled from the lagoon of Lizard Island in
July (winter) 2005 and January (summer) 2006. Pocillopora damicornis was collected
at Broadhurst Reef in September (winter) 2005. However, T. reniformis could not be
located at Broadhurst Reef resulting in collection at neighbouring Davies Reef. Both
species were collected at Davies Reef in February 2006. At all locations, P. damicornis
was sampled at 2 meters depth at astronomical low tide, whereas T. reniformis was
sampled at 2 meters depth at Lizard Island and 4 meters depth at Davies Reef also at
astronomical low tide.

5.1.1 Experimental procedure
Fragments of four (n =4) marked colonies of both species were collected in the
afternoon and placed in a flow-through seawater tank overnight. A water bath was fitted
with a heating immersion circulator (ME, Julabo Labortechnik GmbH, Germany) with
an external heating sensor (PT100, Julabo Labortechnik GmbH, Germany) and an
external stainless steel heating coil. This enabled controlled temperature ramping of the
coral tank (10 1). Temperature variation within the coral tank was minimised and water
flow ensured by using a small submersible pump (2 1 min'1) to circulate the water. In the
morning, the tank was illuminated with 150-200 pmol photons m’“2-1
s’ for 12 hrs during
-

•

which time the temperature was ramped linearly to 29°C +0.5°C (~0.42°C/hr) in winter
and to 32°C +0.5°C (~0.25°C/hr) in summer. When the light was turned off, the
temperature remained stable at target temperature for another 12 hrs prior to
measurements.
To test the influence of temperature ramping speed on coral productivity, corals
which in winter were heated to 29°C +0.5°C were treated with an extra heating step
from 29°C ±0.5°C to 32°C +0.5°C (~0.25°C/hr) on the second day. In summer, corals
which were heated to 32°C +0.5°C did not show signs of mortality and were thus
treated with an extra heating step from 32°C +0.5°C to 34°C ±0.5°C (~0.20°C/hr) on
the second day. This allowed comparison between corals which in winter had been
ramped to 32°C ±0.5°C over one vs. two days and in summer corals which had been
ramped to 34°C ±0.5°C over one vs. two days. At the end of the second linear ramping,
the light was again turned off and corals left at target temperature for 12 hrs before
measurements commenced.
During measurements, the corals were held securely in plasticine within a
custom-built How chamber (25 x 10 x 10 cm) at a flow velocity of ~1 cm s’1. Oxygen
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microelectrodes (Unisense A/S, Denmark) with a tip diameter of 25-50 pm were used to
measure O2 concentration, gross photosynthesis rate and O2 flux at the surface of the
coral. The O2 microelectrode was connected to a picoamperemeter (PA2000, Unisense
A/S, Denmark). Measuring signals were recorded on a strip chart recorder (Kipp &
Zonen, Holland) and linear calibration of the electrode was performed at 24 +0.5°C, 29
±0.5°C, 32.0 ±0.5°C or 34.0 ±0.5°C depending on the temperature treatment by
recording signals in air saturated water and C^-free seawater, respectively. CL solubility
of air saturated seawater at 24°C (218.8 pmol l"1), 29°C (197.8 pmol l"1), 32°C (188.6
pmol l'1) and 34°C (182.9 pmol 1 1), were obtained from standard tables
(www.unisense.com).
The O2 microsensor was positioned on the surface of the coenosarc tissue of the
coral through the centre of a ring of red LEDs (650 nm). Irradiance of the LEDs was
calibrated against a quantum irradiance meter (LiCor, USA) fitted with a spherical light
sensor (US-SQS/WB, Walz, Germany). The LED ring illuminated the coral sample with
actinic light from oblique angles, thus minimising any self-shadowing effects on the CL
measurements (see also Ulstrup et al. 2006b). The CL microsensor was placed in direct
contact with the coral tissue surface using a manual micromanipulator (MM33,
Miirtzhauser, Germany) while observing the sample with a dissecting microscope
(Leica, Germany). Each of eight actinic irradiances (0, 20, 41, 82, 139, 196, 385, 900
pmol photons m 2 s'1) were applied for 10 minutes prior to CL measurements;
continuous measurements of oxygen signals showed that ten minutes was sufficient
time to reach steady-state for the O2 signal. The CL concentration was then recorded,
followed by measurement of a vertical microprofile of the oxygen concentration
gradient between the mixed water and the coral tissue surface. Oxygen flux across the
diffusion boundary layer (DBL) was calculated from the oxygen concentration profile
as:
J = -Do x dC/dz

(1),

where Do is the diffusion coefficient of O2 (tabulated values obtained from
www.unisense.com) and dC/dz is the constant slope of the oxygen gradient in the DBL;
this calculation assumes a 1-dimensional diffusion geometry (Kiihl et al. 1996). Such
flux calculations enabled us to calculate respiration in the dark (Rd) and net
photosynthesis rate (Pn) at each experimental irradiance. We also calculated the ratio
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between Pn at maximum downweliing irradiance (900 pmol photons m' 2 s"-1 ) and Rd
•

(Pnmax-Ro) to estimate the photosynthesis:respiration ratio.
After the oxygen microprofile measurement, the microsensor tip was again
positioned at the coral tissue surface and a brief light-dark shift was then applied to
measure the gross photosynthesis rate (nmol O2 cm"' s" ). The light-dark shift technique
is based on the assumption that the immediate O2 depletion following the light-dark
shift is equal to the photosynthetic O2 production during the previous light period
(Revsbech and Jprgensen 1983, Kuhl et al. 1996). Photosynthesis measurements of one
treatment for one coral species was carried out per day. The duration of each measuring
sequence was ~2 hrs.

5.1.2 Curve fitting
The functions of Platt et al. (1980) were fitted to gross photosynthesis rate vs. irradiance
curves (P-E curves) in order to quantitatively compare their descriptive parameters: the
maximum gross photosynthesis rate (Pmax), the initial slope (a) and the irradiance at
onset of photosynthesis saturation (Ek). These parameters were derived from curves
fitted to the experimental data (Sigmaplot v6.1 [Systat, USA1). More details in KUhl et
al. (2001) and Ralph et al. (2002).

5.1.3 Genetic characterisation of zooxanthellae
Symbiodinium in four samples from each of the populations of both P. damicornis and
T. reniformis collected in winter were genetically identified. DNA was extracted from
the corals using the DNeasy tissue extraction kit (Qiagen, USA). The internal
transcribed spacer 1 (ITS 1) of the zooxanthellar ribosomal DNA was PCR amplified as
described in van Oppen et al. (2001), using a fluorescently labeled forward primer.
Single Stranded Conformational Polymorphism (SSCP) (Sunnucks et al. 2000) analysis
and subsequent DNA sequence analysis was used to determine the genetic identity of
the Symbiodinium samples. For SSCP analysis, amplicons were denatured at 98°C and
snap-cooled on ice to allow the single-stranded DNA (ssDNA) to fold back onto itself.
The products were run on a 4% non-denaturing polyacrylamide gel and visualized using
the GelScan2000 system (Corbett Research, Australia) to obtain SSCP profiles. PCR
products that resulted in different SSCP profiles were sequenced as described in van
Oppen et al. (2001) and compared to existing sequences stored in Genbank
(www.ncbi.nlm.nih.gov).
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5.1.4 Statistical analysis
Coral specimens (n=4) of P. damicornis and T. reniformis were collected once in winter
(northern GBR in August, central GBR in September) and once in summer (northern
GBR in January, central GBR in February). To assess differences in photosynthesis and
oxygen consumption between times of sampling, one-way analyses of variance
(ANOVAs) were carried out for each coral species from the northern and central section
of the GBR, respectively. Descriptive parameters of fitted

P-E

curves (Pmax, a and

Ek,)

and five other photosynthetic variables were tested. The photosynthetic variables were
the maximum gross photosynthesis rate

(Pgmax),

maximum net photosynthesis rate

(Pnmax) and maximum O2 concentration (02max) all measured at ambient temperature and
900 pmol photons m‘ s" as well as the dark respiration (Rd) and the ratio Pnmax^RStatistical significance of the ANOVAs was accepted at p <0.05.
Changes in photosynthesis and oxygen consumption as a result of short-term
increases in temperature and differences in latitude of sampling sites (both treated as
random factors) were assessed by two-way crossed ANOVAs. Each coral species (P.
damicornis and T. reniformis) and data collection time (winter and summer) was
analysed separately. Tests were carried out for descriptive parameters of P-E curves as
well as for the photosynthetic variables described above.
To ensure that there were no deviations from the assumption of homogeneity of
variances in both one- and 2-way ANOVAs, Cochran’s C tests were performed. Data
were square root or log transformed where necessary to meet the assumptions of
ANOVA. Post-hoc comparisons of means for significant factors and interactions were
carried out using Tukey’s HSD tests. All analyses were performed with STATISTICA v
7.1 (SysSoft Inc., USA).

5.2 Results
5.2.1 Environmental measurements
In 2005-2006 there was an overall annual range in water temperature of 5.5°C from
23.9°C to 29.4°C at Lizard Island and of 5.6°C from 23.3°C to 28.9°C at Davies Reef
(Fig. 5.2). Ambient average daily winter temperature at the time of measurements in
both sections was ~24°C whereas ambient summer temperature in both sections was
~28.5°C.
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At Lizard Island, the daily photo-period increased from 11 hrs and 16 min in
June to 12 hrs and 58 min in December. At Davies Reef, the daily photo-period
increased from 11 hrs and 1 min in June to 13 hrs and 14 min in December. Thus, the
annual range in photo-period was 31 min greater at Davies Reef compared with Lizard
Island. Corals at Lizard Island were collected and analysed one month after solstice
when day length had increased by -5% (July) and decreased by -6% (January) of the
annual range in photo-period. At Davies Reef, corals were collected and analysed two
months after solstice when day length had increased by -20% (August) and decreased
by -22% (February) of the annual range in photo-period. Despite a one-month
collection offset relative to solstice within sampling times, monthly average photo
periods were thus similar due to differences in latitude between sampling sites (Fig.
5.3).

5.2.2 Physiological measurements
Photosynthesis and oxygen consumption at ambient temperature were compared
between the two sampling times (winter and summer) for each coral species,
respectively.

Pocillopora damicornis

showed

more significant

differences

in

photosynthesis activity between the two sampling times than T. reniformis.
All colonies survived the experimental heating except for colonies that were
heated to 34°C over a single day, which were declared dead based on visual census that
no live tissue remained on the skeleton. No data were collected from these colonies and
therefore this treatment was not included in the analyses.

5.2.2.1 Comparisons between sampling times coinciding with winter and summer
Descriptive parameters of fitted P-E curves (Pmax, a and Ek,) showed no significant
differences between times of sampling for both species except the initial slope, a, for P.
damicornis in the northern section of the GBR that was greater (F =19.61, p =0.004) in
winter (0.13 + 0.02) than in summer (0.04 + 0.01) (Table la, appendix D). Similarly,
there were no significant differences between times of sampling for the photosynthetic
variables measured in both species, except for levels of Pnmax for P. damicornis from the
central section of the GBR that were lower (F =9.47, p =0.022) in winter (0.13 ± 0.02
nmol cm " s" ) than in summer (0.55 ± 0.25 nmol cm " s' ) (Table 2a, appendix D).
Turbinaria reniformis collected in the central section of the GBR showed significantly
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lower rates of RD (F =26.16, p =0.002) in winter (0.22 ± 0.08 nmol cm'7 s'1) compared
with summer (0.91 ±0.12 nmol cm 2 s'1) (Table 2b, appendix D).

52.2.2 Effects of temperature
Colonies of P. damicornis yielded significant effects of temperature treatment for

Pnmax

during both winter (F =13.14, p =0.031) and summer sampling (F =22.68, p =0.042)
(Table 4a, appendix D). During summer, P. damicornis colonies sampled in both
northern and central GBR never reached compensation irradiance when heated to 34°C
over 2 days, whereas heating to 32°C over one day did not reduce Pnmax (Fig 5.6).
During winter sampling, Tukey’s HSD test was not able to resolve the difference in
Pnmax between temperature treatments (Table 4a, appendix D). Pocillopora damicornis
colonies also showed a significant difference in RD (F =29.70, p =0.010) during winter
sampling. However, again the difference between temperature treatments was not
resolved using Tukey’s HSD test (Table 4a, appendix D; Fig 5.6). Turbinaria reniformis
collected in summer showed a significant reduction in

Pnmax

(F =19.36, p =0.049),

Pnmax-Ro (F =45.60, p =0.021) and 02max (F =471.82, p =0.002) when heated to 34°C
over 2 days (Table 4b, appendix D; Fig. 5.7).

5.22.3 Effects of location
During winter sampling, Pnmax showed significant difference (F =9.39, p =0.021)
between P. damicornis colonies collected in the northern and central GBR. However,
this response was not resolved using Tukey’s HSD test (Table 4a, appendix D). During
summer sampling, T. reniformis showed a significant difference in 02max where colonies
collected in northern GBR overall showed greater 02max than in the central GBR (F
=75.72, p =0.013) (Table 4b, appendix D; Fig. 5.7).

5.22.4 Interactions among temperatures and between locations
The initial slope of the fitted P-E curves, a, from colonies of P. damicornis collected
during winter differed among temperature treatments and between sampling locations (F
=4.54, p =0.011, Table 3a, appendix D). Colonies measured at Lizard Island showed a
significant increase in a at 29°C compared with other temperature treatments. In
contrast, there were no differences among temperatures for corals from central GBR,
whether collected at Broadhurst Reef (P. damicornis) or Davies Reef (T. reniformis)
(Table 3a, appendix D; Fig. 5.4, 5.5).
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Figure 5.4. Descriptive parameters (Pmax [nmol cm 3 s'1], a, and Ek [pmol photons m 2 s'1]) of fitted
Pi-curves of P. damicornis from Lizard Island (black bars) and Broadhurst Reef in winter and
Davies Reef in summer in grey bars as a function of temperature treatment (n =4 ± SE). Significant
differences (p <0.05) are denoted with asterisks (*) for 2-way ANOVA and with + for 1-way
ANOVA.

Pocillopora damicornis colonies collected during summer also showed a significant
interaction between temperature and location for Pmax (F =13.7, p <0.001) as well as for
a (F =4.75, p =0.022) (Table 3a, appendix D). In both instances, significant declines
were detected in colonies from central GBR when elevated to 34°C over 2 days and in
the case of a elevation to 32°C also caused a reduction whereas there was no effect in
the northern GBR. Colonies of T. reniformis collected in winter (F =4.03, p =0.019)
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showed significant interaction for Ek (Table 3b, appendix D; Fig. 5.5). However, the
response was unresolved using Tukey’s HSD test (Table 3b, appendix D).
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Figure 5.5. Descriptive parameters (PI1UIX [nmol cm 3 s'1], a, and Ek [pmol photons m 2 s'1]) of fitted
Pi-curves of T. reniformis from Lizard Island (black bars) and Davies Reef (grey bars) as a function
of temperature treatment (n =4 ± SE). Significant differences (p <0.05) are denoted with asterisks
(*) for 2-way ANOVA and with + for 1-way ANOVA.

Pocillopora damicornis showed significant interaction between temperature and
location for Pgmax collected in winter (F =4.46, p =0.026) as well as in summer (F =9.70,
p =0.001). Colonies collected in northern GBR in winter showed an increase in Pgmax in
colonies elevated to 29°C whereas those in the central section of the GBR did not show
any difference (Table 4a, appendix D; Fig. 5.6). In summer, colonies collected from
central GBR showed a significant decline in Pgmax when heated to 34°C over 2 days
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whereas Pgmax was not significantly reduced from elevation to 32°C. At Lizard Island
there was no response to this short-term rise in temperature.
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Figure 5.6. Measurements of Pj,max (nmol cm 3 s'1), Pnmax (nmol cm 2 s'1), R|> (nmol cm 2 s'1), Pnmax^R
and 02n.ax (pmol I1) for P. damicornis in winter at Lizard Island (black bars) and Broadhurst Reef
(grey bars) and in summer at Lizard Island (black bars) and Davies Reef (grey bars) (n =4 ± SE).
All maximum measurements are obtained at 900 pmol photons m 2 s'1. Significant differences (p
<0.05) are denoted with asterisks (*) for 2-way ANOVA.

Colonies of T. reniformis collected in winter showed significant interaction between
temperature and location for

Pnmax

(F —3.81, p =0.023). Colonies collected in the central

section of the GBR showed no effect of temperature, whereas colonies in northern GBR
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showed significantly higher Pnmax at 29°C than in colonies elevated to 32°C over 2 days
yielding no net photosynthesis (Table 4b, appendix D; Fig. 5.7).
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Figure 5.7. Measurements of Pj,max (nmol cm ' s'1), Pnmax (nmol cm 2 s'1), R0 (nmol cm 2 s'1), Pnmax^R
and 02niax (pmol l1) for T. reniformis in winter and summer at Lizard Island (black bars) and
Davies Reef (grey bars) (n =4 + SE). All maximum measurements are obtained at 900 pmol photons
m 2 s'1. Significant differences (p <0.05) are denoted with asterisks (*) for 2-way ANOVA and with +
for 1-way ANOVA.
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5.2.3 Genetic characterisation of zooxanthellae
Pocillopora damicornis collected at Broadhurst Reef and Lizard Island harboured the
Cl strain, as described in van Oppen et al. (2001), GenBank Accession # AY45795. In
contrast, T. reniformis collected at Davies Reef harboured the C2 strain as described in
van Oppen et al. (2001), GenBank Accession # AY758477.1. At Lizard Island
Symbiodinium in three of the four samples were characterised as clade D (GenBank
Accession # AY327073). The fourth sample could not be amplified.

5.3 Discussion
Our study is the first to examine photosynthesis and oxygen consumption as well as
response to short-term increases in temperature of conspecific corals originating from
two geographically distinct locations and associating with one or several symbiont
types, respectively. Data was collected around the thermal peak of each of two annual
extremes, winter and summer, but 1-2 months after solstice (Fig. 5.2, 5.3). It was
assumed that corals photo-acclimatised to the length of the photo-period, provided they
have not been physiologically compromised. We also assumed that if seasonal
acclimatisation was complete, the metabolic rates of conspecific corals that occupy the
same location would be similar.

5.3.1 Effects of sampling time
The only significant parameter of fitted P-E curves that changed between the two
seasons was a for P. damicornis from the northern GBR, which was reduced during
summer. This suggests that these corals invest less energy into light harvesting during
summer during periods of higher irradiance. Although paling of corals was not observed
during summer sampling, a may be regulated as a preventative mechanism against coral
bleaching. Reduced a could also have arisen as a result of lower Symbiodinium density
(Gates and Edmunds 1999) and therefore increased light availability from internal
reflection from the skeleton (Kuhl et al. 1995, Enriquez et al. 2005). Symbiont density
has commonly been reported to show an annual cycle with lower densities in summer
compared with winter (e.g. Fitt et al. 2000, Warner et al. 2002).
In the central section of the

GBR, Pnmax

was elevated for P. damicornis whereas

Rd was elevated for T. reniformis in summer. This was in both cases paralleled by a
trend for increased

Pgmax

which resulted in no change in the photosynthesis:respiration
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ratio (Pnmax/Ro) (Table 2a-b, appendix D). It is possible that greater sampling intensity
could have resolved whether optimum temperature conditions, i.e. where Pnmax/RD is
highest, was in winter or in summer.
We have shown genetic differences in the geographic distribution of the
Symbiodinium communities of P. damicornis and T. reniformis which may provide a
genetic basis to, at least partly, explain the physiological results. While P. damicornis
exhibits high host fidelity to Symbiodinium Cl, as also reported by Ulstrup et al.
(2006a), T. reniformis colonies harbour C2 at Davies Reef and clade D at Lizard Island.
Clade D is known to be relatively thermo-tolerant (Berkelmans and van Oppen 2006)
and it is therefore likely that its occurrence in T. reniformis at Lizard Island is an
adaptive response to the relative higher temperature regime there compared to at Davies
Reef. The lack of differences in

P-E

curves and O2 dynamics between sampling times at

Lizard Island combined with a significant increase in Rd in central GBR of T.
reniformis (Table lb-2b, appendix D) further suggests that the ability to undergo
metabolic compensation, i.e. maintain constant metabolic rates across seasons, is
dependent on the Symbiodinium type hosted. In contrast, colonies of P. damicornis
exhibit changes in a at Lizard Island and

Pnmax

in central GBR between sampling times.

The disparity between P. damicornis and T. reniformis in their ability to undergo
metabolic compensation at Lizard Island thus further supports that the Symbiodinium
type hosted may be important to the acclimatisation ability of corals. In this case,
Symbiodinium type Cl appears to be more sensitive to seasonal changes in the
environment than Symbiodinium clade D.

5.3.2 Temperature and location
The short-term temperature increase experiments showed changes in a for P.
damicornis in the northern section of the GBR but not the central section (Table 3a,
appendix D; Fig. 5.4). A moderate increase in temperature during winter to 29°C from
an ambient level of 24°C significantly increased the efficiency of light utilisation, a, by
the zooxanthellae, possibly related to increased enzyme activity (Iglesias-Prieto et al.
1992), suggesting that winter temperatures may render corals metabolically less active.
The increase in a was paralleled by a similar increase in Pgmax (Table 3a, appendix D;
Fig. 5.6). In summer, when the ambient temperature was 29°C, there was a significant
decrease in a compared to winter suggesting that short- and long-term changes in
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temperature and irradiance may yield differences in physiological acclimatisation.
Pocillopora damicornis in the central section of the GBR also showed a decline in Pmax,
a, and Pgmax during summer in response to highly elevated temperature to 34°C over
two days. Similar declines were not detected in P. damicornis in the northern part of the
GBR suggesting that corals in a relative warmer climate such as that at Lizard Island are
physiologically better adapted to withstand acute temperature increases. Similarly, inner
lagoon corals that experience relatively higher temperatures than outer reef coral have
been found to be less likely to become physiologically impaired at experimentally
elevated temperatures (Warner et al. 1996, Castillo and Helmuth 2005). These results
show that the temperature history of corals along with the Symbiodinium type hosted
may determine the physiology of corals and hence bleaching sensitivity.

5.3.3 Summary
In this study, we have shown that particular components of the physiology of P.
damicornis are more sensitive to seasonal changes than of T. reniformis and that
metabolic adjustment to seasonal changes in T. reniformis was most pronounced in
northern GBR. This could possibly be linked to the presence of clade D symbionts (as
opposed to Symbiodinium clade C) in northern T. reniformis as well as less variability in
abiotic factors such as temperature and irradiance. We also show, that physiological
impairment caused by short-term increases in temperature is less pronounced in areas
which normally experience relatively higher temperatures. The combination of
temperature history and geographic distribution of Symbiodinium is of importance in the
formation of the physiology of corals.
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Chapter 6 Variation in bleaching sensitivity of two
coral species across a latitudinal gradient on the Great
Barrier Reef: the role of zooxanthellae
This chapter is inserted without abstract as published in Marine Ecology Progress
Series:
Ulstrup KE, Berkelmans R, Ralph PJ, van Oppen MJH (2006) Variation in bleaching
sensitivity of two coral species across a latitudinal gradient on the Great Barrier Reef:
the role of zooxanthellae. Marine Ecology Progress Series 314:135-148

The experiment was carried out and data collected and analysed by KE Ulstrup, who
also wrote the paper. The chapter and resulting journal article was submitted after
editorial and intellectual contributions by all co-authors. R. Berkelmans and M. van
Oppen also contributed field assistance.

6.0 Introduction
The symbiotic association between coral hosts and their algal endosymbionts,
commonly known as zooxanthellae, is sensitive to increasing seawater temperatures
combined with high irradiances (e.g. Muscatine 1990, Glynn 1996, Berkelmans and
Oliver 1999, Hoegh-Guldberg 1999). The loss of zooxanthellae and/or photosynthetic
pigments is known as coral bleaching and may cause coral death (Glynn & D’Croz
1990, Glynn et al. 2001) and reef degradation (Hoegh-Guldberg 1999). Incidences of
mass coral bleaching have increased since the 1980’s and was for the first time recorded
on a world-wide scale in 1997-1998. The Great Barrier Reef (GBR) suffered most
severely in the summer of 2002, when bleaching occurred on ~ 54% of its reefs
(Berkelmans et al. 2004).
Bleaching susceptibilities are known to differ not only between coral taxa
(Hoegh-Guldberg and Salvat 1995, Marshall and Baird 2000, Loya et al. 2001) but also
between conspecific (Berkelmans and Oliver 1999, Berkelmans 2002) and congeneric
(Coles et al. 1976) populations at geographically distinct locations. This suggests that
thermal tolerance is governed by local environmental conditions to which corals have
adapted (West and Salm 2003) or that have caused the expression of distinct
phenotypes. The magnitude of differences in bleaching sensitivity of conspecific and
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geographically distinct coral populations has not previously been determined
experimentally.
It has been shown that the physiological responses of some corals (Rowan et al.
1997, Rowan 2004, Baker 2001, Glynn et al. 2001) are significantly affected by the type
of zooxanthellae harboured (Little et al. 2004). Furthermore, several studies have shown
that some combinations of corals and their symbionts may be environmentally
determined (Rowan et al. 1997, Toller et al. 2001a, Ulstrup and van Oppen 2003,
Fabricius et al. 2004, Baker et al. 2004). For example, the distribution of symbionts has
shown clear patterns of photic zonation resulting in the partitioning of genetically
distinct zooxanthellae between irradiance habitats in Montastraea anularis (Rowan et
al. 1997) and Acropora spp. (van Oppen et al. 2001, Ulstrup and van Oppen 2003).
Similar results have been found with regard to latitude (Loh et al. 2001, RodriguezLanetty et al. 2001, Savage et al. 2002b). It has also been shown that some symbiont
genotypes are better suited to withstand elevated thermal exposure than others. For
instance, Glynn et al. (2001) showed that Pocillopora damicornis in the far-eastern
Pacific harbouring clade D had suffered less from the 1998 mass coral bleaching event
than those that associated with symbionts of a different genotype. Furthermore, clade D
zooxanthellae inhabiting Pocillopora colonies showed higher photosystem activity than
their clade C counterparts during elevated temperatures (Rowan 2004). These studies
combined support the notion that clade D generally may be adapted to higher
temperatures.
In this study, we examine the intra- and inter-colony distribution of zooxanthella
types in 13 populations and the differences in temperature-tolerances in three
latitudinally distinct populations of two species of coral; one bleaching sensitive
(Pocillopora damicornis) and one bleaching resistant (Turbinaria reniformis) species.
We use variable chlorophyll a fluorescence (e.g. Jones et al. 1998, Ralph et al. 2001,
Hill et al. 2004a) as a measure of photoinactivation (decline in PSII activity), and
zooxanthella density (Hoegh-Guldberg and Smith 1989, Berkelmans and Willis 1999,
Glynn et al. 2001) to study heat stress responses in these corals. By comparing two coral
species with contrasting bleaching sensitivity we hope to further our understanding of
the processes and mechanisms involved in local adaptation to bleaching conditions.
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6.1 Materials and methods
Examination of bleaching sensitivity was conducted on populations from the northern,
central and southern section of the GBR (Fig. 6.1, Table 6.1). Only mid-shelf reefs were
targeted to minimise any effects of cross-shelf position. However, additional genetic
identification of zooxanthella communities was performed on a wider range of
populations, including populations from inner- and mid-shelf locations (Fig. 6.1, Table
6.1).

6.1.1 Sampling
Nine coral colonies of each of Pocillopora damicornis and Turbinaria reniformis were
sampled in August 2003 at Fizard Island (14.4°S, 144.3°E, northern GBR), Big
Broadhurst Reef (18.3°S, 147.4°E, central GBR) and Wistari Reef (23.3°S, 151.5°E,
southern GBR) (P. damicornis only). P. damicornis generally occurred and was
sampled at depths between 1-10 m, whereas T. reniformis was sampled at depths
between 3-15 m. T. reniformis could not be found at Wistari Reef and instead was
sourced from Heralds Prong Reef (21.3°S, 151.2°E, southern GBR) (Fig. 6.1). Corals
were maintained in flowing seawater (26°C) and transported to the Australian Institute
of Marine Science (AIMS) in Townsville, where the bleaching sensitivity experiment
was carried out.
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Figure 6.1. Map of the Australian eastern sea border showing collection sites: ‘Locations of sea
temperature measurements; locations of experimental bleaching samples.
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Table 6.1. Collection sites of P. damicornis and T. reniformis (see also Fig. 1). Observed frequencies
of zooxanthella type(s) present in both coral species are given with dominant clade bolded. Shelf
position is given. Sample numbers (n) and observed SSCP genotype frequencies of clade A, Cl, and
D (fA,fci and f,„ respectively).

Sampling location

n
Lizard Island
Ribbon Reef # 5
Fickersgill Reef
El ford Reef
Flora Reef
Noreaster Reef
Orpheus Island
Magnetic Island
Big Broadhurst Reef
Grassy Island
Deloraine Island
Bugatti Reef
Herald Prong Reef
Percy Island
Keppel Islands
Wistari Reef

7. reniformis

P. damicornis

Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade

10
10
10
10
10
9
9

h

1
1
-

10

-

8

-

10
10
10
10
10
10

-

10

-

8

-

10

-

Shelf position

fo

n

10(9)
10(9)

4

10

10

10

4

4

4

4

10
10
10

2

2
2

2
2

2
2

Outer

7
7
7

7
7
7

7
7
7

Mid

-

10

10

-

8

8

10
8

Mid

9
9

9
9

9
9

Mid

10

10

10

fci

9
9

10
8
10
10
10
10
10
10
10
8
10

2
-

-

2
2

fa

fo

-

-

-

-

-

-

-

-

10
10

10
10

3

9

9

-

3

8

8

-

10
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10
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-

-

-

-

-

-

-

-

-

10

-

-

-

-

-

-

-

-

10

-

10

-

7

-

7

-

10
9

10
8

10
7

9
7
7

-

10
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-

10

-

8

-

9

-

8

-

9

-

9

-

10
8
10
7
9
9

-

10
10
10
10

Mid

Inner
Inner

-

-

9

Mid

-

Mid
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10
8
8
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1
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-
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-
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-

-
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-
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6.1.2 Sea temperature measurements
To describe the relative climatology across a latitudinal gradient of the GBR, sea
temperatures from 5 locations were obtained from the CRC (Cooperative Research
Centre,

Australia)

Reefs

long-term

temperature

monitoring

program

(http://www.reeffutures.org/topics/bleach/loggers.cfm). Daily averages were calculated
from loggers (Dataflow Systems, New Zealand) deployed at 6-9 m depth over a 6-8
year period between 1995 and 2005 on the reef slope at Lizard Island (14°41.3S,
145°26.6E), Davies Reef (18°48.4S, 147°40.1E), Hardy Reef (19°44.0S, 149°10.0E)
East Cay (21°28.3S, 152°34.0E) and Heron Island (20°02.6S, 148°52.8E). Davies Reef
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temperatures were recorded approximately 6 km from the collection site at Big
Broadhurst Reef, while Hardy Reef is located approximately 300 km north and East Cay
approximately 140 km east (i.e. same latitude), respectively, of our collection site at
Heralds Prong Reef. Heron Island temperatures were recorded approximately 3 km from
our collecting site at Wistari Reef. A 10 day smoothing function was applied to the data
to highlight seasonal patterns. The temperature at collection sites corresponded to the
averaged temperature observed in August as represented in Fig. 6.2.

'r

28

Q.

26

>

22

Lizard Island
— Davies Reef
Hardy Reef
— East Cay
— - Heron Island

+-I I I I I I I I I-

Figure 6.2. Average daily temperatures for the reef slope (6-9 m depth) for each day (48
measurements per day) at Lizard Island, Davis Reef, Hardy Reef, East Cay and Heron Island. A 10
day smoothing function is applied to indicate the general trend in yearly temperatures.

6.1.3 Experimental procedure
The corals were placed in large indoor holding tanks with flow-through seawater and
acclimated to the control conditions for two weeks prior to heating. Four experimental
holding tanks, each containing -1200 litres of unfiltered seawater, were fitted with two
heating elements (2.4-kw titanium, Thermal Electric Elements, Australia). Bleaching
temperatures (29°C, 31°C, 33°C) were attained by ramping at 0.2°C/hour. The three
experimental bleaching temperatures and one control temperature (26°C) were
maintained for two weeks and subsequently experimental treatments were reduced to
26°C for recovery for an additional 2 weeks. Temperature of the supply water was
computer-controlled to target temperature ± 0.02 - 0.09°C SD (averaged and logged at
10-min intervals) (Turner et al. 2002). Temperature variation within the holding tanks
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was minimised by circulation of water (-2000 L hour"1) via submersible pumps (SICCE
ULTRA 7000, Germany). Heated seawater was pumped from each holding tank into
three replicate 35-litre bins containing coral fragments. Metal halide lamps (400
watts:BLC, 10,000°K, Germany) provided a spectral output suitable for photosynthesis.
Coral explants were exposed daily to approximately 300 pmol photons m'“ s’ (LiCor,
USA) for 12 hours followed by 12 hours of darkness. One fragment from each of nine P.
damicornis and T. reniformis colonies from each of the three populations were
represented in each bin.
Three additional samples of P. damicornis and T. reniformis from northern
(Lizard Island), central (Big Broadhurst Reef) and southern GBR (P. damicornis,
Wistari Reef; T. reniformis, Heralds Prong Reef) were placed in each of the three bins
(n =9) belonging to each of the four temperature treatments to verify the progression of
bleaching by determining the density of zooxanthellae inside the coral tissue. One
sample from each species in each of the bins was subsampled (n =3) before heating (t
=0 days, n =12), immediately after heating (t =14 days, n =3) and at the end of the
recovery period (t =28 days, n =3). The approximate number of Symbiodinium cells in
the samples was calculated from the average of eight replicate haemocytometer counts
and standardised to the liquid volume in which they were extracted and related to the
coral surface area using the wax weight method described in Stimson (1997). The
percentage change in zooxanthella density of explants exposed to 29°C and 31°C in
relation to those exposed to 26°C was calculated.
Single-point measurements of dark-adapted maximum quantum yield of PSII
(Fv/Fm) (e.g. Schreiber 2004) were used to test the photosynthetic health (photochemical
efficiency) of the zooxanthellae of all coral fragments (n =27 per species per bin)
throughout the pre-bleaching (data not shown), bleaching and recovery periods.
Maximum quantum yield in corals (dark-adapted) was determined using a Diving-PAM
fluorometer (Walz, Germany) after at least 8 hours of darkness. Samples were
illuminated with <2 pmol photons m " s’ during sampling. The percentage change in
Fv/Fm of explants measured every two days was calculated in relation to pre-heating
measurements. No samples were replaced in the statistical analysis.
The assessment of death among explants was based on combined observations
of fluorescence signals, lack of coral tissue movement and algal overgrowth.
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6.1.4 Genetic identification of zooxanthellae in field colonies
Zooxanthellae harboured in sun- and shade-exposed tissues of 10 collected explants
from each of the three experimental populations of both P. damicornis and T. reniformis
were genetically identified. Only nine of those were used in the bleaching sensitivity
experiments, hence, intra-colonial variability of zooxanthellae communities was
assessed by sampling top versus basal parts of colonies, which showed clear differences
in colouration. Some colonies of T. reniformis did not show morphologies which had
basal parts but were creeping partially up and under an overhang. In such cases, shaded
samples were collected from these parts of the colonies. To obtain a wider regional
overview of symbiont types in these coral species, P. damicornis was collected from an
additional 12 reefs and T. reniformis from an additional 10 reefs from north to south as
follows: Ribbon Reef # 5 (15.2°S, 145.3°E), Elford Reef (16.6°S, 146.3°E), Flora Reef
(17.1°S, 146.2°E), Noreaster Reef (17.5°S, 146.4°E), Orpheus Island (18°35'S,
146°20'E) (P. damicornis), Magnetic Island (19°15'S, Mb^O'E), Grassy Island
(20.1°S, 148.3°E), Deloraine Island (20.9°S, 149.4°E), Bugatti Reef (20.1°S, 150.2°E),
Heralds Prong Reef (21.3°S, 151.2°E) (P. damicornis), Percy Island (21.4°S, 150.1°E),
Keppel Islands (23.1°S, 150.6°E) (Fig. 6.1, Table 6.1). The sampling locations covered
1400 km in latitude as well as inner-, mid-, and outer shelf locations (Fig. 1, Table 1).
DNA was extracted from the corals using the DNeasy tissue extraction kit
(Qiagen, USA). The zooxanthella ribosomal DNA internal transcribed spacer 1 (ITS 1)
was PCR amplified as described in van Oppen et al. (2001), using a fluorescently
labeled forward primer. Single Stranded Conformational Polymorphism (SSCP)
(Sunnucks et al. 2000) analysis and DNA sequence analysis was used to determine the
genetic identity of the zooxanthella samples. For SSCP analysis, amplicons were
denatured at 98°C and snap-cooled on ice to allow the single-stranded DNA (ssDNA) to
fold back onto itself. The products were run on a 4% non-denaturing polyacrylamide gel
and visualized using the GelScan2000 system (Corbett Research, Australia) to obtain
SSCP profiles. PCR products that resulted in different SSCP profiles were sequenced as
described in van Oppen et al. (2001) and compared to existing sequences stored in
Genbank (www.ncbi.nlm.nih.gov).
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6.1.5 Statistical analyses
Comparisons of zooxanthella densities prior to, after heating and after recovery of
latitudinally distinct populations of P. damicornis and T. reniformis were tested using
one-way ANOVA. Since all explants of both species died during the two weeks of
exposure to 33°C, only samples which were exposed to 29°C and 31°C were
statistically analysed. Assumptions of normality and of homogeneity of variances were
tested using Smirnov-Komolgorov’s and Levene’s test, respectively. The nonparametric Kruskal-Wallis test was performed where normality and equal variance were
not achieved.
Factorial univariate, repeated measured analysis of variance was performed on
Fv/Fm measurements in order to determine the relationship of temperature treatments
with latitudinally distinct populations of P. damicornis and T. reniformis. Day was
analysed as within-subject factor as they were repeated measures on the same colony
and Temp (temperature) and Location were analysed as between-subject factor (Table 1
and 2, appendix E). Bleaching and recovery periods were analysed separately. Where
ANOVA determined a significant difference, Box’s test of equality of covariance
matrices was used to test the homogeneity of variances across groups. Also, the
assumption of sphericity was tested. Where assumptions of the analyses were not met,
the Greenhouse-Geisser adjustment was performed (Quinn and Keough 2002). Tukey’s
multiple comparisons were used to establish independency between treatments,
populations and species. All analyses were performed using SPSS software v 11.0.0
(USA).

6.2 Results
6.2.1 Temperature range
Figure 6.2 shows the daily sea water temperature averages for the reef slope (6-9m
depth) for each day of the year from Lizard Island, Davies Reef (our surrogate for Big
Broadhurst Reef), Hardy Reef and East Cay (our surrogates for Heralds Prong Reef) and
Heron Island (our surrogate for Wistari Reef). Although we were unable to obtain data
in the near vicinity of Heralds Prong Reef it is a reasonable assumption that the
temperature regime at this location would fall within the range of that observed at Heron
Island, East Cay and Hardy Reef. The annual temperature variation corresponds with
latitude. Heron Island shows the lowest winter and summer sea surface temperatures
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(20.7°C and 27.2°C, respectively), whereas Lizard Island shows the highest winter and
summer daily average sea surface temperatures (23.8°C and 29.3°C, respectively).
Although Davies Reef is located roughly equidistant from Lizard and Heron Island, its
temperature range is close to that at Lizard Island (23.4 - 28.8°C), whereas Hardy Reef
and East Cay exhibits average temperatures between those of Davies Reef and Heron
Island (Fig. 6.2).
There was no significant variation between holding tanks containing 26°C
seawater in the pre-heating and recovery phase (p <0.05). Similarly, temperatures
measured continuously in holding tanks during heating showed no overlap in calculated
95 percentiles (data not shown). Therefore, the variation within temperature treatments
in the pre-heating, heating and recovery phase was within satisfactory precision.

6.2.2 Mortality
A comparison of accumulated mortality (%) between P. damicornis and T. reniformis
confirmed that P. damicornis is the more bleaching sensitive species (Fig. 6.3 and 6.4).
P. damicornis explants from Wistari Reef showed the earliest and severest mortality for
all temperature treatments (Fig. 6.3). At 29°C, initial mortality of Wistari Reef explants
was encountered after 5 days (Fig. 6.3), whereas initial mortality at 31°C and 33°C
occurred after 1 day (Fig. 6.3). Complete mortality of experimental explants of P.
damicornis was reached after 5-7 days at 33°C for corals from all locations (Fig. 6.3).
Pocillopora damicornis explants derived from Lizard Island kept at 31°C showed
lowest total mortality and those at 33°C exhibited the most delayed onset of mortality
(black bars, Fig. 6.3). Mortality among P. damicornis explants continued to rise
throughout the recovery period (Fig. 6.3). The highest mortality during the recovery
period occurred in Big Broadhurst Reef explants (22%) and Wistari Reef (29%)
previously exposed to 31°C (Fig. 6.3). Throughout the heating and recovery period,
accumulated mortality among P. damicornis explants maintained at 26°C amounted to
18-29% (Fig. 6.3).
Mortality of T. reniformis was only observed among explants exposed to 33°C
(Fig. 6.4). Complete mortality (100%) was reached after 13 days of exposure to 33°C
for all three locations (Fig. 6.4). There was little difference in the relative increase in
mortality between locations, although explants from Heralds Prong Reef suffered 22%
more mortality than those from Lizard Island and Big Broadhurst Reef after 9 days of
exposure to 33°C. No mortality occurred among T. reniformis explants during the
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recovery period following heating to 29°C and 31°C (Fig. 6.4), indicating that the
heating period did not have a delayed effect.

26QC

29QC

26QC

26QC

100
80

60

40

20

o
E

X3CD
E

=3O
o

<

100
80

]

60

40 -

20

-

i I
1

3

5

7

9

11

13 15 17 19 21

23 25 27

1

3

5

7

9

11

13 15 17 19 21

23 25 27

Time (days)

Figure 6.3. Accumulated mortality (% of n =27) of explants of P. damicornis from Lizard Island
(black bars), Big Broadhurst Reef (light grey bars) and Wistari Reef (dark grey bars) over the
course of the experiment. Elevated temperature exposure is represented in the first 2 weeks (1-13
days, grey top bar) and recovery (26°C) (15-27 days, white top bar) is represented in the last two
weeks.
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Figure 6.4. Accumulated mortality (% of n =27) of explants of T. reniformis from Lizard Island
(black bars), Big Broadhurst Reef (light grey bars) and Heralds Prong Reef (dark grey bars) over
the course of the experiment. Exposure to 33°C is represented in the first 2 weeks (1-13 days, grey
top bar) and recovery (26°C) is represented in the last two weeks (15-27 days, white top bar).

6.2.3 Zooxanthella density
P. damicornis explants from Wistari Reef exhibited the highest (p <0.001) zooxanthella
density followed by Lizard Island and Broadhurst Reef (Wistari Reef >Lizard Island
>Big Broadhurst Reef) (Table 6.2). Zooxanthella density of control explants of P.
damicornis from Big Broadhurst Reef exposed to 26°C increased significantly (p <0.05)
throughout the experimental period (Table 6.2). No density counts are available for
explants exposed to 33°C as they all died. P. damicornis explants from Wistari Reef
showed a significant decline in zooxanthella densities when exposed to 31°C, as well as
after the following recovery period (Fig. 6.5). No significant change in zooxanthella
density was observed between the heating and recovery period for all geographically
distinct populations exposed to both 29°C as well as 31°C (Fig. 6.5).
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Table 6.2. Zooxanthella density (numbers of cells x 106 cm 2 surface area) of controls (26°C) prior
to experimental heating (T =0:1 replicate in each of 3 bins of 4 experimental temperature tanks, n
= 12 ± SE), after heating (T =14:1 replicate in each of 3 bins, n =3 ± SE) and after recovery (T =28:1
replicate in each of 3 bins, n =3 + SE) in northern (Lizard Island), central (Big Broadhurst Reef)
and southern GBR (P. damicornis, Wistari Reef; T. reniformis, Heralds Prong Reef). Significant
differences (p <0.05) are denoted with asterisks (*). Significant p-values are bolded.

Northern GBR
P. damicornis

p-value

Southern GBR

p-value

T =0

0.54 ± 0.06

0.32 + 0.05

1.01* + 0.01

<0.001

T =14

0.52 + 0.01

0.36 + 0.03

0.53 + 0.02

-

T =28

0.43 ± 0.09

0.91* +0.08

0.53 + 0.03

-

ns

<0.05

ns

T =0

0.59 ± 0.08

0.45 + 0.03

0.43 + 0.05

ns

T =14

0.54 ± 0.03

0.42 + 0.01

0.31 +0.08

-

T =28

0.37 ± 0.04

0.31 +0.03

0.35 + 0.03

-

ns

ns

ns

p-value
T. reniformis

Central GBR
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Pocillopora damicornis

Heating

Recovery

Temperature (9C) exposure

Figure 6.5. Relative change (%) of zooxanthella density (106 cm 2) in relation to controls of explants
of I\ damicornis from Lizard Island (black bars), Big Broadhurst Reef (light grey bars) and Wistari
Reef (dark grey bars) after 2 weeks of exposure to elevated temperatures (29°C and 31°C) and 2
weeks of recovery. Significant differences were calculated by testing between sites at specific
temperatures. Averages are shown (n =3) including SE bars. Significant differences (p <0.05) are
shown with an asterisk.

No decline in zooxanthella density in control explants of T. reniformis was observed
during the experimental period (Table 6.2). The decline in zooxanthella density in T.
reniformis explants from all populations was significant after exposure to 31°C (Fig.
6.6). Zooxanthella density in Lizard Island explants following recovery from 29°C was
significantly greater (p <0.05) than before experimental elevation of the temperature
(Fig 6.6). Of all explants exposed to 31°C only those from Lizard Island showed
zooxanthella densities similar to pre-heating levels (Fig. 6.6). Heralds Prong Reef
explants exposed to 31°C showed the greatest decline in zooxanthella density including
those measured after the recovery period.

93

Chapter 6

Bleaching sensitivity of two coral species on the GBR

Turbin aria reniformis

Heating

100 -

-100

-

Recovery

100

-

-100

-

Temperature (eC) exposure

Figure 6.6. Relative change (%) of zooxanthella density (106 cm 2) in relation to controls of explants
of T. reniformis from Lizard Island (black bars), Big Broadhurst Reef (light grey bars) and Heralds
Prong Reef (dark grey bars) after 2 weeks of exposure to elevated temperatures (29°C and 31 °C)
and 2 weeks of recovery (n =3 + SE). Significant differences were calculated by testing between sites
at specific temperatures. Significant differences (p <0.05) are denoted with asterisk.

6.2.4 Photochemical efficiency (Fv/Fm)
6.2.4.1 Pocillopora damicornis
No significant differences were observed in initial Fv/Fm measurements between
populations (Table 6.3). Control explants (26°C) showed variable change in Fv/Fm over
time ranging between 2 and 29% during the 4 experimental weeks (Fig. 6.7a). No
significant interactions between Day and Location were observed in the change of Fv/Fm
measurements over time (p =0.087, Table la, appendix E) suggesting that the origin of
explants did not influence the rate of bleaching in P. damicornis. However, the three
way interaction between Day, Temperature and Location (p <0.001, Table la, appendix
E) and between subject analysis of Temperature (p <0.001, Table la, appendix E)
suggest that the experimental temperature exposure does influence decline in Fv/Fm
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measurements. Post hoc analysis identified differences in Fv/Fm measurements when
explants were exposed to 31°C and 33°C. Between subject analysis of Location showed
significant differences at this temperature. Thus, post hoc analysis identified explants
from Wistari Reef as being most sensitive to high temperature exposure (Fig. 6.7c-d).
Explants from Lizard Island and Big Broadhurst Reef showed slower initial declines in
Fv/Fm than explants from Wistari Reef. However, explants from Lizard Island were the
first to bleach completely after 5 days, whereas explants from Big Broadhurst and
Wistari Reefs resisted complete bleaching for 7 days (Fig. 6.7d).
Table 6.3. Absolute photochemical efficiency (Fv/Fm) (n =27 ± SE) prior to experimental heating of
explants in northern (Lizard Island), central (Big Broadhurst Reef) and southern GBR (P.
damicornis, Wistari Reef; T. reniformis, Heralds Prong Reef). Significant differences (p <0.01) are
denoted with superscript values. Significant p-values is bolded.

Northern GBR

Central GBR

Southern GBR

p-value

P. damicornis

0.684 ± 0.008

0.667 ± 0.008

0.663 ± 0.006

ns

T. reniformis

0.6063 ± 0.004

0.574b + 0.009

0.635c ± 0.007

<0.01

Between subject analysis showed that the decline in Fv/Fm observed during the recovery
period correlated with previous temperature exposure (p <0.001, Table lb, appendix E).
The continual decline during the recovery period of explants exposed to 31°C (Fig.
6.7c) was greatest in Wistari Reef explants (p <0.001, Table la, appendix E). Thus, at
31°C the sequence of bleaching susceptibility between P. damicornis populations was
Wistari Reef >Big Broadhurst Reef >Lizard Island as indicated by the level of Fv/Fm at
the end of the recovery period (Fig. 6.7c).
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Figure 6.7a-d. Relative change (%) of photochemical efficiency (Fv/F,„) in relation to pre-bleaching
responses (n =27 + SE) of explants of P. damicornis from Lizard Island (•), Big Broadhurst Reef
(O) and Wistari Reef (T). Two weeks of control (a:26°C) and bleaching treatments (b:29°C,
c:31°C, d:33°C) are shown (1-13 days, grey top bars) followed by 2 weeks (15-27 days, white top
bars) of recovery at 26°C.

6.2.4.2 T. reniformis
All three populations showed initial significant differences (<0.01) between populations
in Fv/Fm (Table 6.3). Control explants (26°C) showed minimal change (both increases
and decreases) in Fv/Fm over time ranging between 4 and 8% during the 4 experimental
weeks (Fig. 6.8). Significant two- and three-way interactions were observed between
Day, Location and Temperature during bleaching and recovery (p <0.001, Table 2a-b,
appendix E). Between subject analysis and Tukey’s post hoc test showed that changes in
Fv/Fm over time of 26°C and 29°C was similar, whereas 31°C and 33°C showed
progressively greater declines of of Fv/Fm (p <0.001, Table 2a, appendix E). After nine
days, Big Broadhurst and Heralds Prong Reef explants showed a greater decline than
Lizard Island explants (Fig. 6.8c). By the end of the 31°C exposure period, Big
Broadhurst Reef explants showed the greatest decline followed by Heralds Prong Reef
96

Chapter 6

Bleaching sensitivity of two coral species on the GBR

explants (Fig. 6.8c, Table 2a, appendix E). All T. reniformis explants survived heating
to 33°C for 11 days (Fig. 6.8d) and thus showed a less rapid decline in Fv/Fm compared
to P. damicornis (Fig. 6.7d).
Turbin aria reniformis

Time (days)

Figure 6.8a-d. Relative change (%) of photochemical efficiency (Fv/Fm) in relation to pre-bleaching
responses (n =27 ± SE) of explants of T. reniformis from Lizard Island (•), Big Broadhurst Reef
(O) and Heralds Prong Reef (T). Two weeks of control (a:26°C) and bleaching treatments (b:29°C,
c:31°C, d:33°C) are shown (1-13 days, grey top bars) followed by 2 weeks (15-27 days, white top
bars) of recovery at 26°C.

No further decline in Fv/Fm of T. reniformis explants exposed to 26°C, 29°C and 31°C
was observed during recovery (Fig. 6.8a-c). Between subject analysis of Temperature
showed a significant difference between recovery at different temperatures. Tukey’s
post hoc test identified the recovery as being correlated to previous temperature
exposure (p <0.001, Table 2b, appendix E). Explants from Lizard Island showed the
most rapid recovery followed by explants from Heralds Prong Reef (p <0.001, Fig. 6.8c,
Table 2b, appendix E).
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6.2.5 Genotyping of zooxanthellae
The results show that colonies used to examine bleaching sensitivity harboured
predominantly Symbiodinium strain Cl, except for T. reniformis explants from Lizard
Island which were dominated by Symbiodinium clade D. P. damicornis colonies
collected from all sites along the latitudinal gradient were dominated by Symbiodinium
clade C, specifically, the Cl strain as described in van Oppen et al. (2001), GenBank
Accession # AY457958 (Fig. 6.1, Table 6.1). The faint gel bands observed in this study
using SSCP analysis represented a minimum of 5-10 % relative abundance of
zooxanthella strains present in the sample (Fabricius et al. 2004). Thus, Symbiodinium
clade D (Genbank Accession # AY327073) co-occurred with clade C in upper and
lower surfaces of two colonies from Noreaster and Ribbon Reef # 5, three colonies from
Big Broadhurst Reef and four colonies from Lizard Island. One P. damicornis colony at
Lizard Island was found to harbour clade A zooxanthellae in both upper and lower
surfaces in addition to clade C. In this colony, clade A (GenBank Accession #
AF380513) was the dominant type. None of the sampled colonies exhibited any intra
colony differences in zooxanthella types between upper and lower surfaces.
The six northern-most populations of T. reniformis (Lizard Island, Ribbon Reef
# 5, Pickersgill Reef, Elford Reef, Flora Reef, Noreaster Reef) were dominated by clade
D (GenBank Accession # AY327073) zooxanthellae, with Symbiodinium Cl being
present at low abundances in both upper and lower parts of all colonies. At Percy Island,
all T. reniformis colonies harboured predominantly strain Cl except for one which
harboured mainly clade D. At Heralds Prong Reef all colonies harboured mainly strain
Cl but in 6 of the colonies low abundances of clade D were also detected.
Symbiodinium Cl was the only detectable zooxanthella type in colonies from all other
sites. The distribution of zooxanthellae did not correspond with shelf position (Table
6.1).

6.3 Discussion
In this study, we have documented intra-specific differences in bleaching sensitivity of
two coral species (Pocillopora damicornis and Turbinaria reniformis) from three
geographically distinct locations along a latitudinal gradient of the GBR. The two coral
taxa show distinct depth distributions (Ulstrup et al. pers. obs.) and are also likely to
possess distinct host attributes not assessed in this study, which may influence their
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thermal tolerance. The results show that the temperature history (Fig. 6.2) and
geographic distribution of zooxanthellae is of great importance to the bleaching
sensitivity of corals and that even very bleaching resistant corals such as T. reniformis
are photochemically sensitive to heat stress (Fig. 6.8). Despite the fact that the coral
genus Turbinaria has been shown to be one of the least susceptible taxa during natural
bleaching events (Marshall and Baird 2000), our experimental results show that the
difference in susceptibility between T. reniformis and a sensitive species like P.
damicornis is less than 2°C and may even be less than 1°C for a 2 week exposure.
However, it should be noted that the rate of thermal ramping of 0.2°C/hour is faster than
what corals are likely to experience in a natural setting, which may have influenced the
measured difference in bleaching susceptibility between these two species.
We have shown genetic differences in the geographic distribution of the
zooxanthella communities in P. damicornis and T. reniformis. The bleaching sensitivity
of both P. damicornis and T. reniformis corresponded with the relative presence and
dominance of clade D zooxanthellae. Although bleaching sensitivity in P. damicornis
also corresponds to latitude, this does not appear to be the case for T. reniformis. This
result reinforces the notion that temperature tolerance in some coral species may be
driven by symbiont type and perhaps to a lesser extent by host biochemistry. Thus, this
study provides support to functional differences existing among zooxanthella types
whose traits are conferred upon the physiology of the holobiont.

6.3.1 Local adaptation and phenotypic plasticity
Pocillopora damicornis has been affected by bleaching worldwide and has often served
as an experimental species for studies of coral physiology in relation to bleaching (e.g.
Glynn and D’Croz 1990, D’Croz and Mate 2004, Hill et al. 2004a, Ralph et al. 2005).
Glynn and D’Croz (1990) found colonies of P. damicornis from an upwelling area in
the Gulf of Panama to undergo greater bleaching at 30°C in controlled experiments than
the same species from the non-upwelling Gulf of Chiriqui, where ambient temperatures
were higher and more stable. Our data confirm that P. damicornis colonies are highly
sensitive to elevated temperatures and that adaptation to local temperatures (Fig. 6.2)
influences their bleaching resistance, as latitudinal differences in bleaching sensitivity
were maintained after laboratory acclimation. Thus, corals pre-exposed to high
temperature (i.e. low-latitude: Lizard Island) were less sensitive to the experimental
temperature treatments and corals accustomed to relatively lower temperature (i.e. high99
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latitude: Wistari Reef) bleached earlier and more severely (Fig. 6.7). Lizard Island and
Ribbon # 5 in the northern section of the GBR and Big Broadhurst Reef in the central
section of the GBR showed low abundance of clade D in some explants (Table 6.1)
suggesting potential capacity for symbiont shuffling (i.e. changes in the relative
abundance of different zooxanthella types present inside the host tissues (Baker 2003))
in response to elevated temperatures. The pattern however, is not consistent throughout
the northern section of the GBR suggesting that factors other than temperature are
driving symbiont selection.
The populations of Turbinaria reniformis showed less sensitivity to elevated
temperature than P. damicornis (Fig. 6.7 and 6.8). Temperature resistance in T.
reniformis corresponded with the presence of clade D symbionts (Table 6.1). The most
bleaching resistant population (Lizard Island) showed dominance of clade D symbionts,
followed by explants from Heralds Prong Reef which harboured clade D symbionts at a
lower abundance than strain Cl and explants from Big Broadhurst Reef which did not
show any presence of clade D symbionts (Table 6.1). This suggests that clade D
symbionts are selected for in populations exposed to high temperatures, such as found in
the northern GBR. Baker et al. (2004) found that the abundance of clade D symbionts
was high at locations where recent bleaching had occurred. Also, van Oppen et al.
(2005) found that several Acropora millepora populations in the southern section of the
GBR, which had bleached in 2002, showed an increased abundance of clade D since
this bleaching event. The co-occurrence of genetically distinct symbionts in T.
reniformis among reefs on the southern GBR (Heralds Prong Reef and Percy Island,
Table 6.1) might be due to past bleaching events on these reefs.

6.3.2 Mortality
Both species showed 100% mortality when exposed to 33°C (P. damicornis after 5-7
days depending on location and T. reniformis after 13 days). Persistent exposure to
33°C was beyond the bleaching resistance capacity of both corals in our experiment.
However, corals may show greater resistance during natural thermal events, during
which thermal maxima are achieved more slowly, providing greater time for
acclimatization of the holobiont. The corals were collected in the austral winter. It is
possible that corals show greater resistance to heat stress if they are experimentally
tested in summer when acclimated to higher temperature (Brown et al. 2002a). Indeed,
Berkelmans and Willis (1999) found that the winter bleaching threshold of P.
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damicornis on the GBR was 1°C lower than the summer threshold for this species and
proposed that the winter temperature bleaching threshold of 31-32°C was a reliable
predictor of subsequent mortality.

6.3.3 Zooxanthella density
Significant declines in zooxanthella densities were not observed after exposure to 29°C
in either species from any of the populations examined (Fig. 6.5 and 6.6). However, the
variation in zooxanthella density was generally greater in P. damicornis explants (Fig.
6.5) than in T. reniformis explants (Fig. 6.6). This suggests that the number of replicates
examined was insufficient to detect differences which might have been present between
control and experimental explants.
Corals have been found to exhibit increased host respiration in relation to
photosynthesis at lower sea temperatures (Coles and Jokiel 1977). In order to
compensate for loss of photosynthates, corals may increase the number of zooxanthellae
inside their tissues. Prior to experimental treatment the highest zooxanthella densities in
P. damicornis were found at Wistari Reef (Table 6.2). Wistari Reef explants also
showed the largest relative decrease in zooxanthella density as observed after exposure
to 31°C (Fig. 5.5), possibly due to their thermal history of lower temperatures (Fig. 6.2)
than explants from Big Broadhurst Reef and Lizard Island.
All populations of T. reniformis were sensitive to exposure to 31°C but only
explants from Lizard Island returned to pre-bleaching levels of zooxanthella density
during recovery (Fig. 6.6). This possibly reflects the degree of damage incurred during
the period of exposure to elevated temperatures, which was not as severe as in explants
from Big Broadhurst Reef and Heralds Prong Reef as indicated by measurements of
photochemical efficiency (Fv/Fm) (Fig. 6.8).

6.3.4 Photochemical efficiency
Decreased photochemical efficiency (Fv/Fm) is an indication of PSII inactivation and has
typically been found to follow the onset of bleaching (e.g. Hoegh-Guldberg and Smith
1989). Both species of coral showed a decline in Fv/Fm over 14 days of elevated
temperature at 31°C and 33°C relative to that observed at the control temperature (Figs.
6.7 and 6.8). However, the variance in photochemical decline was greater for P.
damicornis (Fig. 6.7) than for T. reniformis (Fig. 6.8) indicating less intra-specific
stability of the holobiont. During the recovery period after exposure to 31°C, the Fv/Fm
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response of P. damicornis colonies from Big Broadhurst Reef and Wistari Reef
continued to decline (Fig. 6.7c), whereas T. reniformis colonies showed signs of
recovery after 3 days and were able to revert the photoinactivation observed during the
period of elevated temperature exposure (Fig. 6.7c). The duration of bleaching may
cause a bleaching sensitive species such as P. damicornis to lose its ability to recover
due to irreparable damage to the PSII (Hill et al. 2004a). However, a prolonged
recovery period could result in an increase in the Fv/Fm signal as photosynthetic
apparatus are repaired (Warner et al. 1999).

6.3.5 Symbiont selection
P. damicornis explants were all dominated by Symbiodinium type Cl. The presence of
similar Symbiodinium communities in geographically distinct populations of P.
damicornis suggests that this coral-algal association is physiologically compatible with
near average summer temperature conditions. This specificity may be advantageous
during normal conditions but may also be sub-optimal during extreme temperatures
caused by climate change. Limited gene flow from P. damicornis populations adapted
to different temperature regimes (Ayre and Hughes 2000) may drive populations to
relatively higher temperature tolerance through local adaptation. None of the P.
damicornis populations exhibited dominance of the more heat tolerant Symbiodinium
clade D. However, a small number of P. damicornis colonies at 3 out of 6 northern sites
and Big Broadhurst Reef in the central section of the GBR exhibited low abundances of
clade D in relation to strain Cl (Table 6.1). Thus, the presence of clade D does not
correspond well with latitude, which suggests that P. damicornis on the GBR exhibits
limited plasticity in its selection for symbionts.
The distribution of genetically distinct symbionts in experimental populations of
T. reniformis corresponds with Fv/Fm measurements, suggesting that clade D symbionts
are physiologically more robust than Cl symbionts during exposure to elevated
temperatures (Fig. 6.7 and 6.8, Table 6.1). Given that clade D symbionts have been
found to be thermo-tolerant (Baker et al. 2004, Fabricius et al. 2004, Glynn et al. 2001,
Rowan 2004), reef regions containing this group of symbionts may form source
populations for the colonisation of disturbed reefs. Only very low levels of gene flow
have been found to be necessary to permit the spread of advantageous genotypes
(Morjan and Rieseberg 2004). The spread of clade D symbionts could thus provide a
means to withstand severe future reef degradation due to bleaching in corals which
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exhibit flexibility in their symbiont preference, although an ecological cost may be
associated with shuffling to a different type of zooxanthella (Little et al. 2004).

6.4 Conclusions
We found that the bleaching sensitivity and recovery of P. damicornis corresponded
with latitude i.e. high-latitude corals bleached prior to and at lower temperatures than
low-latitude corals. The two coral taxa showed different affinities for distinct
zooxanthella genotypes. Although the northern and central experimental populations of
P. damicornis harboured low abundances of clade D in some explants, we believe that
the observed latitudinal difference in bleaching sensitivity suggests that the role of
symbiont shuffling is inferior to that of local adaptation in this species. In contrast, the
bleaching response of T. reniformis did not correspond with latitude but with the
presence of thermo-tolerant clade D symbionts. Thus, corals which did not harbour
detectable levels of Symbiodinium clade D were most sensitive to temperature elevation,
irrespective of local temperature regimes.
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Chapter 7 Key findings, implications and future
research
7.0 General discussion
New insight into the physiological plasticity of genetically and spatially distinct
communities of zooxanthellae associated with scleractinian corals has been the
overarching objective of the present thesis. Focus has been on the effects of irradiance
and temperature on scleractinian coral photobiology at different spatial and temporal
scales.
Predicted rates of sea surface temperature elevation over the coming decades are
likely to outpace evolutionary adaptation rates of corals (Jokiel and Coles 1990, Gates
and Edmunds 1999, Hoegh-Guldberg 1999). In light of severe climate change
projections, understanding the physiological and ecological specialisations of
genetically different Symbiodinium types as well as their potential to acclimatise to
changes in their environment is particularly important (Hoegh-Guldberg 1999). It is
known that the photosynthetic function of zooxanthellae (e.g. Hoegh-Guldberg and
Smith 1989, Shashar et al. 1993, Nakamura et al. 2004) and therefore optical properties
of coral tissue (Ktihl et al. 1995, Enriquez et al. 2005) are important determining factors
of thermal tolerance of reef-building corals and their ability to acclimatise to elevated
temperatures (Gates and Edmunds 1999). Elevated temperatures combined with
irradiance have thus been shown to generate a diversity of processes that ultimately lead
to a reduction in coral productivity. These processes include damage to PSII and the D1
protein (Warner et al. 1999), disruption of the Calvin Cycle and inactivation of
RUBISCO (Jones et al. 1998), possible inhibition of PSII repair mechanisms (Takahashi
et al. 2004) and elevated production of oxygen radicals (Iglesias-Prieto et al 1992,
Warner et al. 1996, Jones et al. 1998, Lesser 1996). Lipid peroxidation in thylakoid
(Tchernov et al. 2005) and host membranes (Downs et al. 2000) by oxygen radicals are
also thought to be important cellular processes preceding expulsion of zooxanthellae.
These physiological processes may all play crucial roles in determining the extent and
timing of coral bleaching. Despite a plethora of physiological studies on Symbiodinium
in and ex symbio, processes that drive physiological variability at different spatial and
temporal scales are not well understood.
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how fine-scale measurements of irradiance

and

photosynthesis which allow the detection of distinguishable photo-physiological
heterogeneities across individual colonies of Pocillopora damicornis. Light absorption
measurements were conducted using a scalar irradiance microprobe approximately 100
pm in diameter. Light absorption was found to be greatest in shade-adapted polyp tissue
and smallest in sun-adapted coenosarc tissue. This can be explained by differential
optical properties of host tissue caused by multiple scattering and resulting in photon
trapping which can increase the absorption efficiency of pigments significantly
(Enriquez et al. 2005, Kiihl and Jprgensen 1994).
Phenotypic specialisation of different Symbiodinium types may also drive
physiological variability at a relatively small spatial scale. Chapter 3 (Ulstrup et al.
submitted) describes genetic heterogeneities that were found at the scale of individual
polyps of an Acropora valida colony. Two phylogenetic lineages of zooxanthellae,
clade A and C were detected individually or simultaneously which correlated with
maximum CL concentrations at the surface of the colony. The CL level was thus greater
in polyps that harboured both clades simultaneously than in polyps that only harboured
clade C. Consideration of physiological heterogeneities as a result of both optical
properties of host tissue and Symbiodinium type at small spatial scales suggest that
corals may employ several strategies for photo-acclimatisation which may have
implications for coral bleaching. Zooxanthellae in P. damicornis thus rely on adjusting
their physiology to accommodate varying light climate across a colony. In contrast,
Acropora valida may be able to draw from several specialised physiologies belonging to
different Symbiodinium types at a small scale, thus improving the overall physiology of
the colony.

7.0.1 Technical points on photo-physiological measurements at the microscale
The combined use of CL microsensors with fibre-optic microprobes (Kiihl 2005) has
provided a novel approach to study the heterogeneity of zooxanthellar photosynthesis in
hospite (Ulstrup et al. 2006b, Ulstrup et al. 2007). This thesis provides a major technical
advance in coral photobiology by demonstrating the utility of combined microscale
measurements of scalar irradiance (chapter 2), steady-state CL concentration, gross
photosynthesis rates and PSII quantum yields and rETR in coral tissues (Chapters 2 and
3). Chlorophyll a fluorescence of coral symbionts is widely used to infer environmental
impacts on the regulation of photosynthesis (e.g. Jones et al. 1998, Hill et al. 2004a,
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Ralph et al. 2001, Warner et al. 1996). However, this technique has not been validated
in corals by comparison with steady-state photosynthesis rates obtained using O2derived measures of photosynthesis.
In both P. damicornis and A. valida, the combined use of an CO microelectrode
with a fibre-optic microprobe showed conflicting results when used at moderate to high
irradiances possibly due to scattering of light as well as fluorescence by the skeleton
(Enriquez et al. 2005, Ulstrup et al. 2006b [chapter 2]). The pigmentation of the coral
tissue is therefore critical to light-dependent measurements such as chlorophyll a
fluorescence measurements (Kuhl et al. 2001, Ulstrup et al. 2006b [chapter 2]). In
addition, the importance of the immediate light history of corals on chlorophyll a
fluorescence measurements was tested (Ulstrup et al. submitted, chapter 3). In A. valida,
rapid light curves (RLCs), a quick assay which provides a momentary insight into the
acclimation capacity of PSII, were compared to steady-state light curves (SSLCs) that
require physiological steady-state conditions. Again, differences were observed at high
irradiances where SSLCs showed greater photo-inhibition than RLCs probably due to
the prolonged exposure to illumination. Interestingly, the discrepancy found between
RLCs and SSLCs in chapter 3 (Ulstrup et al. submitted) were not as pronounced as
shown in a previous study from a different coral taxon, Acropora muricata (Ulstrup et
al. 2007). It is thus likely, that the ability of zooxanthellae to efficiently photo-acclimate
at various time scales may be contingent upon host taxa (Bhagooli and Hidaka 2003).
This could also have implications for the rate of decline of health of corals during
bleaching conditions when the light levels experienced by zooxanthellae are
exacerbated due to paling of coral tissue (Enriquez et al. 2005).

7.0.2 Specificity of coral/algal associations
Most corals appear to associate specifically with only one type of zooxanthellae (Goulet
2006) although reports of genetically mixed communities of symbionts of individual
coral colonies are increasing globally (e.g. Rowan et al. 1997, Toller et al. 2001a,
2001b, van Oppen et al. 2001, Ulstrup and van Oppen 2003, Berkelmans and van Oppen
2006, Thornhill et al. 2006b, Ulstrup et al. 2006a [chapter 6], Visram and Douglas
2006). These reports are hitherto restricted to the genus Acropora and the Montastraea
annularis complex. Other individual scleractinian taxa have been shown to harbour
different types depending on bathymetric distribution (Toller et al. 2001b, LaJeunesse
2002, Chen et al. 2003) and latitude (Loh et al. 2001, Rodriquez-Lanetty et al. 2001,
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Berkelmans and van Oppen 2006, Ulstrup et al. 2006a [chapter 6]), suggesting that local
environmental conditions govern the type of symbiont hosted. Individual populations of
conspecific corals are thus likely to rely on themselves and a single Symbiodinium type
to acclimatise to climate change.
Results of this thesis showed that the majority of both P. damicornis and
Turbinaria reniformis colonies examined form associations with only one symbiont
type at any given reef explored although cryptic types were found in some locations
(chapter 6). However, when exposed to elevated temperatures populations which
harboured clade D showed greater photochemical efficiency (Fv/Fm) than populations
that harboured clade C irrespective of their latitudinal origin (Ulstrup et al. 2006a
[chapter 6]). This supports that clade D is relatively thermo-tolerant compared to other
types of Symbiodinium (Fabricius et al. 2004, Rowan 2004, Berkelmans and van Oppen
2006). As described in chapter 2, zooxanthellae in P. damicornis relied solely on the
environment to which they were acclimated to determine their physiology as it showed
high fidelity to Symbiodinium Cl across the GBR. In terms of their bleaching
sensitivity, corals adapted to a relatively warm climate thus coped better with the
temperature increase than those adapted to a cooler climate (higher latitude). This
indicates that several mechanisms govern the bleaching resistance of coral reefs and that
conservation efforts should target representative coral populations that abide by either
mechanism to acclimatise. Corals that in certain locations harbour a more thermotolerant Symbiodinium type irrespective of the thermal climate as well as reefs which
are prone to particularly stable temperature regimes irrespective of temperature
elevation should thus be targeted by managers as priority conservation areas.

7.0.3 Mixed coral/algal associations
Although widely debated over the past decade, there remains no conclusive
understanding of the influence of genetically different types of symbionts on the thermal
threshold and acclimatisation ability of corals. In chapters 3 and 4, both conducted at
Heron Island, A. valida was shown to harbour several types of Symbiodinium
simultaneously. The non-specific nature of the symbiotic relationship between
Symbiodinium and A. valida suggests that the coral has an intrinsic capacity for
changing the relative abundance of genetically different Symbiodinium types, known as
shuffling (Fitt et al. 2000, Baker 2003, Little et al. 2004, Thornhill et al. 2006b).
Shuffling may be a response to changes in the environment such as over seasonal scales
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(Thornhill et al. 2006b, chapter 4) where a particular Symbiodinium type(s) is favoured
under certain environmental conditions. In such cases, the health of the holobiont as
evidenced by photosynthetic productivity may be determined partly by the host and
partly by the relative abundance of different symbiont types.
Interestingly, colonies of A. valida have previously been found to associate with
a mix of Symbiodinium clades C and D (Ulstrup and van Oppen 2003) in the central
section of the Great Barrier Reef (GBR) on reefs closer to the shore than at Heron Island
where representatives of Symbiodinium clade A and C were found. This apparent shift
between Symbiodinium clades at different locations in A. valida may therefore be
related to their light and thermal optima. However, it is important to realise that
phenotypic specialisations of Symbiodinium types may be contingent on host factors and
that patterns found in one host taxa may not be the same for another (Gates et al. 1999,
Bhagooli and Hidaka 2003). Further knowledge of the influence of host factors is
needed before generalisations regarding physiological attributes of different types of
Symbiodinium can be made.

7.0.4 Large-scale studies of coral photobiology in time and space
Seasonal and latitudinal gradients in abiotic factors such as solar irradiance, temperature
and water Bow significantly affect the state of photo-acclimatisation over both small
and large spatial scales (e.g. Falkowski et al. 1990, Lesser et al. 2000, Ulstrup et al.
2005, 2006a). This is illustrated in chapter 4 where photosynthetic processes and energy
dissipation pathways were found to change in accordance with intra-colony differences
in light climate as well as among seasons and years. Seasonal changes in photosynthetic
processes indicated that P. damicornis is more sensitive to combined effects of elevated
temperature and irradiance in summer than A. valida. This may again be a result of the
potential to shuffle symbiont populations in A. valida, which harbours 3 genetically
different Symbiodinium candidates in response to seasonal environmental changes.
Chapters 5 and 6 provide further support for clade D being more thermo-tolerant
in bleaching studies of P. damicornis and T. reniformis traversing large spatial scales of
the GBR. Clade D containing populations of T. reniformis were shown to exhibit greater
capacity for physiological compensation in response to in situ temperature increases in
summer as well as at experimentally elevated temperatures. Colonies of both species
which predominantly harboured a Symbiodinium type different to that of clade D were
the colonies most sensitive to elevated temperature.
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Given that clade D symbionts have been found to be more thermo-tolerant than
other other Symbiodinium types, the potential for regions of the GBR containing this
group of symbionts to act as source populations for the recolonisation of disturbed reefs
is an intriguing perspective. Although the connectivity of symbionts among and
between reefs is largely unknown recolonisation mechanisms are likely to have a greater
potential among spawning corals that take up symbionts upon settlement, e.g. corals of
the genera Acropora and Turbinaria, rather than in brooding corals that have maternally
transmitted symbionts. Some studies have shown that corals associating with clade D,
although more thermo-tolerant, may exhibit slower growth (Little et al. 2004). In this
case, the spread of clade D could lead to an overall less productive coral reef. Such
slow-growing ecosystems would be more sensitive to disturbances other than those
relating directly to global climate change, e.g. cyclones and predation.

The conclusions of the present thesis are that different strategies of acclimatisation to
environmental change are likely to exist within and between species inhabiting the same
reefal area as well as between conspecific corals from geographically distinct locations.
The acclimatisation of corals and their symbionts to climate change is thus likely to rely
on i) adjustments to their physiology, and in cases where mixed symbiont communities
occur at the intra-colony level also ii) phenotypic adjustments of their Symbiodinium
consortium. However, as many corals are likely to be dominated by a single symbiont
type (Goulet 2006), it is clear that the ability of a single Symbiodinium type to
physiologically adjust to environmental change generally play a more important role.

7.1 Summary of key findings
1. Light absorption is highly variable at the intra-colony level. The relationship
between the estimated rate of relative PSII electron transport and the gross
photosynthesis rate as well as O2 concentration was found to be non-linear at high
irradiances.

2. Small scale variations in photosynthesis may have a strong genetic basis as well as
reflect the light climate of individual polyps. Certain members of clade A and C
found individually or simultaneously across an A. valida colony at Heron Island thus
show potential for differences in photosynthetic capacity.

109

Chapter 7

Key findings, implications and future research

3. Heterogeneities in photosynthetic processes and energy dissipation pathways can be
detected at the intra-colony scale, between different regions of a coral colony, as
well as among seasons and years thus reflecting the differences in light climate and
seasonal changes in temperature. This may also be paralleled by a change in the
relative proportion of different symbionts harboured by a local population of A.
valida changed, whereas P. damicornis associated specifically with Symbiodinium
type C1.

4. Pocillopora damicornis is more sensitive to seasonal changes than T. reniformis,
and metabolic adjustment to seasonal changes in T. reniformis is most pronounced
at lower latitudes. This is possibly due the presence of clade D symbionts as well as
less variability in abiotic factors such as temperature and irradiance.

5. Corals show inter-specific variability in terms of thermal tolerance, which is related
to the local temperature regime of the corals. In some corals the thermal tolerance
can also be explained by the presence of a thermo-tolerant symbiont type.

7.2 Future research
Given the forecast of significantly warmer ocean temperatures over the next decades,
global efforts to understand how corals respond to this change must be advanced. The
challenge continues to be in describing the factors and mechanisms that drive the
formation and disruption of the thermally sensitive relationship between corals and their
symbionts. Translation of the large diversity of Symbiodinium types into phenotypic as
well as ecological differences relevant to the intact association has been highlighted as
an important research objective (Hoegh-Guldberg 1999, Coles and Brown 2003, Lesser
2004). Also, physiological studies testing the effects of anthropogenic, biotic and abiotic
impacts should be combined with symbiont characterisation.
It is important to improve the underlying technology behind many methods
commonly used to estimate photosynthesis regulation of corals. New improved
technological avenues, such as combined techniques for estimating accurate light
climate of zooxanthellae and coral productivity, should be applied to research into

110

Chapter 7

Key findings, implieations and future research

physiological limits of genetically and spatially distinct zooxanthellar communities
living in hospite. Such studies should also be attentive to the influence of host taxa.
In order to understand the range of scales at which different patterns occur as
well as the processes that drive these responses (Murdock and Aronson 1999) it is
essential to estimate scale-dependent variability in future research endeavours. In terms
of coral bleaching it is fundamental to understand the dose and duration of impact and
local environmental conditions that govern the severity of bleaching. Connecting both
the causes and consequences of coral bleaching at multiple spatial and temporal scales
will thus continue to be major critical steps in better understanding and managing of
coral bleaching.
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Appendix A
Supporting figures for Chapter 2

PM

Figure 1. Scheme of experimental setup for combined microsensor measurements of oxygen and
variable chlorophyll a fluorescence. The combined microsensor is mounted on a micromanipulator
(MM). The 02 microelectrode part of the sensor is connected to a picoamperemeter (pA) and the
sensor signal is recorded on a strip chart recorder (REC). The fibre-optic microprobe part of the
sensor is connected to a photomultiplier detector unit (PM), which is connected to a PC-interfaced
controlling unit (PAM control). The photomultiplier detector unit and the LED ring, which served
as an actinic light source, were also connected to the controlling unit.
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Figure 2. Schematic illustration of the measuring sequence for obtaining a combined steady-state P
vs. actinic irradiance and rETR vs. irradiance curve. Steady-state in levels of oxygen and
fluorescence yields were obtained after 10 minutes at each irradiance level (stepped curve). At the
end of each 10 minute period a saturating pulse was applied (SP, up arrow) followed by a light dark
shift (LD, down arrow). Insert shows the saturating pulse (SP), light-dark shift (LD) and the
subsequent increase of irradiance. The sequence was completed within 30 seconds at the end of
each 10 minute steady-state acclimation period.
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Statistical tables for chapter 3
Table la-b. Quantitative parameters derived from fitted steady-state relative electron transport
rates (rETR) and gross photosynthesis rate curves of individual polyps of Acropora valida.
Chlorophyll a fluorescence—rETRmax (a.u), af, Ekf (pmol photons m 2 s'1); gross photosynthesis
rate—Pgmax (nmol cm 3 s'1), aPg, EkPg (pmol photons m 2 s'1), a) sun- and shade-adapted comparison,
b) clade A + C and clade C comparison. Sample size (n) averages and standard errors are given.
Tukey’s HSD comparison of chlorophyll a fluorescence parameters with those of RLC (Appendix
B, Table 2a-b) are given as superscript letters.

a)

Sun-adapted (n =10)

Shade-adapted (n ==7)

p-value

rETRmax

85 ± 13a

75 + 12a,b,c

0.380

ctf

0.99 + 0.09a

1.00 + 0.12a

0.961

Ekf

92+ I8a'b

81 + 13

0.922

P§max

30 + 7

31+4

0.495

Ctpg

0.22 + 0.06

0.33+0.08

0.172

EkPg

160 + 32

122 + 26

0.205

b)

A+C (n =12)

C (n =5)

p-value

rETRmax

86+ 12a

69 + 9a,b

0.527

ctf

0.98 + 0.07b

1.03 + 0.18U

0.598

Ekf

91 + 15a,b

78 + 18

0.527

P§max

32 + 5

25 + 7

0.598

apg

0.21 +0.04

0.41 +0.13

0.246

EkPg

172 + 25

81 +21

0.073
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Table 2a-b. Quantitative parameters (rETRmax [a.u], a , Ek [pmol photons m'2 s'1]) of RLCs at different irradiances derived from fitted relative electron
transport rates (rETR). Averages and standard errors are given as well as p-value for Mann-Whitney U test (MWH). a) sun- and shade-adapted comparison,
b) clade A + C and clade C comparison. P-value (repeated measures ANOVA) and Tukey’s HSD comparisons of RLCs at different irradiances are given as
superscript letters and are comparable to those given for SSLCs in Table la-b, Appendix B. Significant p-values are bolded
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Appendix C
Statistical tables for chapter 4
Table la-b. Symbiont cell density. Univariate analyses of a) P. damicornis and b) A. valida
symbiont cell density. Year (2004, 2005, 2006; within-subject factor), season (summer, wintc
between-subject factor) and position (sun-adapted, shade-adapted; between-subject facto
Significant differences (p <0.05) are in bold.
a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
MS
Within subjects
Year
2
5.106*10"
Year x Season
2
1.239*10"

Year x Pos
Year x Season x Pos
Residual
Between subjects
Season
Pos
Season x Pos

2
2

72
1
1
1

Tukey’s

F

P

7.72
18.72

0.001*
<0.001*

6.665*10"
9.819*10"
6.616*10'°

1.01

0.370
0.234

2.690* 10'2
1.202* 109
3.709*10"

132.8
1.40
14.90

0.845

0.001*

Winter: Shade-adapted <Sunadapted

F

p

Tukey’s

46.09
57.45
2.69
3.54

<0.001
<0.001

2005 <2004, 2006

0.075
0.034

49.39

<0.001

2.1 1

0.155
0.191

Residual
36
3.088*1 O'”
b) ANOVA for repeated measures (A. valida)
Source of variation
df
MS
Within subjects
Year
2
2.336
Year x Season
2
2.912
Year x Pos
2
0.136
Year x Season x Pos 2
0.180
Residual
72
0.051
Between subjects
Season
1
2.662
Pos
1
0.114
Season x Pos
1
0.096
Residual
0.054
36

1.48

1.77

<0.001*

2005 <2004, 2006
Summer: 2005 <2006 <2004
Winter: 2004 <2006

Summer <Winter

Summer: 2005 <2006 <2(X)4

Summer <Winter

*Box’$ test violated for P. damicornis. Significant differences accepted at p <0.01.
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Table 2a-b. Dt/(Dn + Dt). Univariate analyses of a) P. damicornis and b) A. valida of Dt/(Dn + D
Year (2004, 2005, 2006; within-subjeet factor), season (summer, winter; between-subject facte
and position (sun-adapted, shade-adapted; between-subject factor). Significant differences (p <0.0
are in bold. Dn, diadinoxanthin; Dt, diatoxanthin. Dn, diadinoxanthin; Dt, diatoxanthin.
a) ANOVA for repeated measures (P. damicornis)
Source of variation
F
df
MS
Within subjects
0.227*1 O'3
Year
2
0.28
0.183*10 3
Year x Season
0.22
2
0.101*10 3
Year x Pos
0.12
2
0.513*10
3
Year x Season x Pos 2
0.63
Residual
72
0.001
Between subjects
4.009*10'3
Season
5.84
1
5.080*103
Pos
1
7.40
0.144*
10
3
Season x Pos
0.21
1
Residual
36
0.001
b) ANOVA for repeated measures (A. valida)
Source of variation
dr"
df
MS
F
Within subjects
Year
2
0.002
4.40
1.655
Year x Season
2
0.001
2.30
1.655
0.924* 104
Year x Pos
2
0.25
1.655
0.568* 10‘4
Year x Season x Pos 2
0.15
1.655
Residual
72
59.59
Between subjects

Season
Pos

1

Season x Pos

1

1

0.001
0.001
0.117*104

0.57
2.27
0.03

P

Tukey’s

0.759
0.801
0.884
0.538

0.021
0.010

Summer <Winter
Shade-adapted <Sun-adapted

0.649

P1

Tukey’s

0.022*
0.118
0.738
0.818

0.457
0.141
0.865

0.001
P'-values are lower bound P-values calculated by adjusting the degrees of freedom for the test by multiplying by the small
possible Greenhouse-Geisser adjustment (Quinn and Keough, 2002).
*Box’s test violated for/t. \’alida. Significant differences accepted at p <0.01.
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Table 3a-b. Non-photochemical quenching, NPQRLC. Univariate analyses of a) P. damicornis and
of non-photochemical quenching, NPQRLC. Year (2004, 2005, 2006; within-subject facto
season (summer, winter; between-subject factor) and position (sun-adapted, shade-adapte
between-subject factor). Significant differences (p <0.05) are in bold.

A. valida

a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
MS
Within subjects
Year
2
0.169
Year x Season
2
0.234
Year x Pos
2
0.163
Year x Season x Pos 2
0.490
Residual
72
0.123
Between subjects
Season
1
3.424
Pos
1
1.262
Season x Pos
1
0.013

Residual
36
0.115
b) ANOVA for repeated measures (A. valida)
Source of variation
df
MS
Within subjects
Year
2
0.131
Year x Season
2
0.119
Year x Pos
2
0.004
Year x Season x Pos 2
0.067
Residual
36
0.098
Between subjects
Season
1
0.028
1
Pos
0.355
Season x Pos
1
0.312
Residual
0.063
18

F

P

1.37
1.89
1.32
3.97

0.260
0.158
0.273
0.023*

29.71
10.96
0.113

<0.001*
0.002*
0.739

Winter <Summer

F

P

Tukey’s

1.33

0.68

0.277
0.310
0.960
0.514

0.45
5.60
4.91

0.511
0.029
0.040

1.21

0.04

Tukey’s

Shade-adapted <Sun-adapted

Unresolved
Unresolved

*Box’s test violated for P. damicornis. Significant differences accepted at p <0.01.

136

Appendix D

Table 4a-b. Effective quantum yield, Opsn* Univariate analyses of a) P. damicornis and b) A. valii
of effective quantum yield, Opsn. Year (2004, 2005, 2006; within-subject factor), season (summc
winter; between-subject factor) and position (sun-adapted, shade-adapted; between-subject factoi
Significant differences (p <0.05) are in bold.
a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
MS
Within subjects
Year
2
0.001
Year x Season
2
0.002
2
Year x Pos
0.001
Year x Season x Pos 2
0.007
Residual
72
0.003
Between subjects
Season
1
0.003
Pos
1
0.108
Season x Pos
0.034
1

Residual
0.002
36
b) ANOVA for repeated measures (A. valida)
Source of variation
df
MS
Within subjects
Year
2
0.006
Year x Season
2
0.005
Year x Pos
2
0.001
Year x Season x Pos 2
0.002
0.002
Residual
72
Between subjects
Season
1
0.001
1
Pos
0.001
1
Season x Pos
0.007
Residual
36
0.004

F

P

0.35
0.52
2.33

0.709
0.595
0.901
0.105

1.83
65.91
20.97

0.185
<0.001
<0.001

F

p1

3.77
2.87
0.41
1.52

0.028*
0.063
0.664
0.226

0.06

0.817
0.662
0.163

0.11

0.20

2.30

Tukey’s

Sun-adapted <Shade-adapted
Winter: Sun-adapted <Shadeadapted

Tukey’s

*Box’s test violated for A. valida. Significant differences accepted at p <0.01.
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Table 5a-b. Maximum quantum yield, Fv/Fm. Univariate analyses of a) P. damicornis and b)
of maximum quantum yield, Fv/Fm. Year (2004, 2005, 2006; within-subject factor), seas
(summer, winter; between-subject factor) and position (sun-adapted, shade-adapted; betwee
subject factor). Significant differences (p <0.05) are in bold.
valida

a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
MS
F
Within subjects
2
Year
0.024
6.43
2
Year x Season
5.10
0.019
Year x Pos
2
4.58
0.017
Year x Season x Pos 2
5.40
0.020
Residual
0.004
72
Between subjects
Season
1
8.87
0.031
Pos
1
88.10
0.313
Season x Pos
1
0.026
7.23
Residual
0.004
36
b) ANOVA for repeated measures {A. valida)
Source of variation
df
MS
F
Within subjects
Year
2
3.73
0.013
Year x Season
2
10.19
0.037
Year x Pos
2
0.002
0.68
Year x Season x Pos 2
2.06
0.007
0.004
Residual
72
Between subjects
1
4.53
Season
0.029
1
0.114
Pos
17.81
Season x Pos
1
0.001
0.16
Residual
0.006
36

P

Tukey’s

0.003*
0.009*
0.013*
0.007*

2004 <2005,2006

0.005*
<0.001*
0.011*

Summer <Winter

p

Tukey’s

0.029*
<0.001*
0.512
0.135

0.040*
<0.001*
0.694

Summer: 2004 <2005

Sun-adapted <Shade-adapted

Summer: 2004,2006 <2005

Sun-adapted <Shade-adapted

*Box’s test violated for P. damicornis and A. valida. Significant differences accepted at p <0.01.
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Table 6a-b. Maximum quantum yield, Fv/Fm for sun-adapted fragments Summary of repeated
measures ANOVAs comparing responses of maximum quantum yield, Fv/Fm, to differences among
seasons and between measurements at dusk and dawn of a) P. damicornis and b) A. valida. Year
(2004, 2005, 2006; within-subject factor), season (summer, winter; between-subject factor) and time
(dusk, dawn; between-subject factor). Significant differences (p <0.05) are in bold.
a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
MS
Within subjects
Year
2
0.015
Year x Season
0.034
2
Year x Time
2
0.026
Year x Season x Time 2
0.012
Residual
72
0.008
Between subjects
Season
1
0.038
Time
1
0.025
Season x Time
0.021
1
Residua]
0.006
36
b) ANOVA for repeated measures (A. valida)
Source of variation
df
MS
Within subjects
Year
2
0.016
Year x Season
2
0.043
Year x Time
2
0.003
Year x Season x Time 2
0.005
Residual
72
0.003
Between subjects
0.004
Season
1
1
0.001
Time
Season x Time
]
0.019
36
Residual

F

P

Tukey’s

1.77
4.10
3.07
1.46

0.178
0.021*
0.053
0.239

6.03
4.057
3.292

0.019*
0.052
0.078

F

P

Tukey’s

5.90
15.63
0.95
1.798

0.004*
<0.000*
0.391
0.173

2004 <2006

0.65
0.13
3.19

0.424
0.717
0.082

Summer: 2004,2006 <2005

*Box’s test violated for P. damicornis and A. valida Significant differences accepted at p <0.01.
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Table 7a-b. Maximum quantum yield, Fv/Fni for shade-adapted fragments Summary of repeated
measures ANOVAs comparing responses of maximum quantum yield, Fv/Fm, to differences among
seasons and between measurements at dusk and dawn of a) P. damicornis and b) A. valida. Year
(2004, 2005, 2006; within-subject factor), season (summer, winter; between-subject factor) and time
(dusk, dawn; between-subject factor). Significant differences (p <0.05) are in bold.

Q
.

a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
MS
Within subjects
Year
2
1.389 0.015
Year x Season
2
1.389 0.001
Year x Time
2
1.389 0.013
Year x Season x Time 2
1.389 0.001
72
Residual
49.99 0.010
Between subjects
1
Season
0.005
1
Time
0.132
Season x Time
1
0.003
Residual
36
0.005
b) ANOVA for repeated measures (A. valida)
Source of variation
df
MS
Within subjects
Year
2
0.006
2
Year x Season
0.022
Year x Fos
2
0.002
Year x Season x Pos 2
0.001
72
Residual
0.003
Between subjects
1
Season
0.005
1
0.015
Pos
1
Season x Pos
0.005
Residual
36
0.002

F

P1

1.47
1.24
0.14

0.239
0.809
0.286
0.790

0.979
26.92
0.553

0.329
<0.001*
0.462

0.12

F

P

2.07

0.134
0.001*
0.452
0.680

8.00
0.80
0.39

1.90
6.04

2.01

Tukey’s

Dawn <dusk

Tukey’s

Summer: 2004 <2005

0.177
0.019*
0.165

P^values are lower bound P-values calculated by adjusting the degrees of freedom for the test by multiplying by the smallest
possible Greenhouse-Geisser adjustment (Quinn and Keough, 2002).
’ Box’s test violated for P. damicornis and A. valida. Significant differences accepted at p <0.01.
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Table 8a-b. Quantitative parameters derived from fitted relative electron transport rate, rETR,
curves as a function of PAR. Variable chlorophyll a fluorescence: rETRmax (a.u), a, Ek (pmol
photons m 2 s'1); Values for sun- (Sun) and shade-adapted (Shade) a) P. damicornis and b) A. valida
seasonally and over three consecutive years are given. Averages ± SE are shown (ni =10).

a) P. damicornis
2004
Summer
Winter
2005

Summer
Winter

2006

Summer
Winter

b) A. valida
2004

Summer
Winter

2005

Summer
Winter

2006

Summer
Winter

Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade

rETRmax
114 + 6
87 + 5
108 + 7
102 + 7
168 + 22
152+ 19
65+4
171 +5
145 + 17
121 +9
171 +5
151 + 13

a
0.75 + 0.03
0.66 + 0.03
0.62 + 0.03
0.75 + 0.03
0.71 +0.02
0.72 + 0.01
0.56 + 0.04
0.66 + 0.03
0.50 + 0.03
0.49 + 0.03
0.61 +0.04
0.64 + 0.04

Ek
155 + 12
134 + 9
178+ 14
138+13
166 + 22
161 + 16
147+ 10
100 + 7
291 +36
252 + 22
292 + 24
242 + 26

Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade
Sun
Shade

rETRmax
79 + 8
56+ 10
93 + 8
59 + 4
138+ 13
133 + 12
87 + 5
44 + 4
142+ 17
92+ 10
0.63 + 0.02
0.58 + 0.04

a
0.46 + 0.04
0.42 + 0.06
0.55 + 0.04
0.73 + 0.02
0.75 + 0.03
0.73 + 0.02
0.56 + 0.03
0.67 + 0.03
0.47+ 0.03
0.48+ 0.05
0.63 + 0.02
0.58 + 0.04

Ek
172+ 13
132+ 18
176+ 13
132+ 18
187+ 18
186 + 20
162+ 14
68 + 7
297 + 21
199+ 17
252 + 14
184+ 17
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Table 9a-b. Maximum relative electron transport rate, rETRmax. Univariate analyses of a) P.
and b) A. valida of maximum relative electron transport rate, rETRmax. Year (2004,
2005, 2006; within-subject factor), season (summer, winter; between-subject factor) and position
(sun-adapted, shade-adapted; between-subject factor). Significant differences (p <0.05) are in bold.

damicornis

a) ANOVA for repeated measures (P. damicornis)
Source of variation
dfdJ
df
MS
Within subjects
Year
2
1.378 2.957* 104
Year x Season
2
1.378 5.401 *104

F

P^

Tukey’s

0.27

<0.001*
<0.001*

2004,2005 <2006

0.22

Year x Pos
2
1.378 1.970* 102
Year x Season x Pos 2
1.378 4.258* 102
Residual
49.62 2369
72
Between subjects
Season
1
9.820* 103
Pos
1
9.780* 103
Season x Pos
1
571.556
Residual
36
683.912
b) ANOVA for repeated measures (A. valida)
Source of variation
dfdJ
MS
df
Within subjects
Year
2
1.536 35.25* 102
Year x Season
2
1.536 28.43* 102

0.12

Year x Pos
Year x Season x Pos
Residual
Between subjects
Season
Pos
Season x Pos
Residual

2
2

72
1
1
1

36

1.536
1.536
55.30

Summer: 2004 <2006
Winter: 2004,2005 <2006

0.63

0.851
0.753

14.36
14.30
0.84

0.001*
0.001*
0.367

Winter <Summer

F

P1

Tukey’s

34.66
27.95

<0.001*
<0.001*

2004 <2005 <2006

3016
1029
1017

2.965
1.012

0.073
0.362

7830
36.57* 102
2280
1454

5.38
25.14
1.568

0.026*
<0.001
0.219

Shade-adapted <Sun-adapted

Summer: 2004 <2005,2006
Winter: 2004,2005 <2006

Shade-adapted <Sun-adapted

P -values are lower bound P-values calculated by adjusting the degrees of freedom for the test by multiplying by the smallest
possible Greenhouse-Geisser adjustment (Quinn and Keough, 2002).
*Box’s test violated for P. damicornis and A. valida. Significant differences accepted at p <0.01
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Table lOa-b. Light utilisation coefficient, a. Univariate analyses of a) P. damicornis and b) A. vali
of the light utilisation coefficient, a. Year (2004, 2005, 2006; within-subject factor), seas
(summer, winter; between-subject factor) and position (sun-adapted, shade-adapted; betwee
subject factor). Significant differences (p <0.05) are in bold.
a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
MS
Within subjects
Year
2
0.196
Year x Season
2
0.151
Year x Pos
2
0.005
Year x Season x Pos 2
0.021
Residual
72
0.011
Between subjects
Season
1
0.001
Pos
1
0.023
Season x Pos
0.104
1

Residual
36
0.010
b) ANOVA for repeated measures (A. valida)
Source of variation
df
MS
Within subjects
Year
2
0.243
Year x Season
2
0.286
Year x Pos
2
0.024
Year x Season x Pos 2
0.050
Residual
72
0.010
Between subjects
Season
1
0.127
Pos
1
0.029
Season x Pos
1
0.076
Residual
36
0.019

F

P

Tukey’s

18.37
14.12
0.49
1.94

<0.001
<0.001
0.618
0.151

2006 <2004,2005

0.01

2.29
10.33

0.920
0.139
0.003

F

P

24.50
29.83
2.41
5.04

<0.001*
<0.001*
0.097
0.009*

6.788
1.539
4.058

0.013*
0.223
0.051

Summer: 2006 <2004,2005

Winter: Sun-adapted <Shadeadapted

Tukey’s
2004,2006 <2005
Summer: 2004,2006 <2005

Winter <Summer
Shade-adapted <Sun-adapted

*Box’s test violated for A valida. Significant differences accepted at p <0.01.
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Table lla-b. Minimum saturation irradiance, Ek, Univariate analyses of a) P. damicornis and b) A.
valida of minimum saturation irradiance, Ek. Year (2004, 2005, 2006; within-subject factor), season
(summer, winter; between-subject factor) and position (sun-adapted, shade-adapted; betweensubject factor). Significant differences (p <0.05) are in bold.

jD.

Q.

a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
MS
Within subjects
Year
2
1.692 0.861
Year x Season
2
1.692 0.252

Year x Pos
2
1.692 0.008
Year x Season x Pos 2
1.692 0.002
Residual
72
60.91 0.023
Between subjects
Season
1
0.141
Pos
1
0.263
Season x Pos
1
0.025
Residua!
36
0.017
b) ANOVA for repeated measures {A. valida)
Source of variation
df
MS
Within subjects
Year
2
1026*102
Year x Season
2
6972
Year x Pos
2
3254
Year x Season x Pos 2
101.5* 102
Residual
72
1878
Between subjects
1
Season
514.5* 102
Pos
1
1301*102
Season x Pos
1
1128*102
Residual
3692
36

F

P1

Tukey’s

37.07
10.87

<0.001
<0.001

2004,2005 <2006

0.36
0.07

0.663
0.906

8.21

Winter <Summer

15.38
1.43

0.007
<0.001
0.239

F

P

Tukey’s

54.65
3.71
1.73
5.40

<0.001
0.029
0.184
0.007

2004,2005 <2006

13.93
35.23
3.05

0.001
<0.001
0.089

Winter <Summer

Summer: 2004 <2005,2006
Winter: 2004,2005 <2006

Shade-adapted <Sun-adapted

2005: Winter < Summer

Shade-adapted <Sun-adapted

P^values are lower bound P-values calculated by adjusting the degrees of freedom for the test by multiplying by the smallest
possible Greenhouse-Geisser adjustment (Quinn and Keough, 2002).
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Table 12a-b. Fluorescence rise step O. Univariate analyses of a) P. damicornis and b) A. valida
the fluorescence rise step O. Year (2004, 2005, 2006; within-subject factor), season (summ<
winter; between-subject factor) and position (sun-adapted, shade-adapted; between-subject facto
Significant differences (p <0.05) are in bold.
a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
F
MS
Within subjects
12.84
Year
2
1111 * 102
Year x Season
2
2584*102
2.98
2
1.72
Year x Pos
1488*102
Year x Season x Pos 2
0.59
5089
Residual
72
8658
Between subjects
Season
1
66.27* 102
9.10
Pos
1
22.79
1660*102
Season x Pos
1
1 10.6* 102
1.52
Residual
36
7286
b) ANOVA for repeated measures (A. valida)
Source of variation
df
F
MS
Within subjects
Year
2
1438*102
11.47
Year x Season
2
139.2* 102
1.116
Year x Pos
2
0.38
4821
Year x Season x Pos 2
209.1 * 102
1.67
Residual
72
125.3* 102
Between subjects
1
2.07
Season
304.3* 102
1
Pos
2731 * 102
18.56
1
Season x Pos
0.27
4025
Residual
36
147.1 * 102

P

Tukey’s

<0.001*
0.057
0.187
0.558

2005,2006 <2004

0.005*
<0.001*
0.226

Winter <Summer

P

Tukey’s

<0.001
0.335
0.682
0.196

2005,2006 <2004

0.159
<0.001
0.604

Sun-adapted <Shade-adapted

Sun-adapted <Shade-adapted

*Box’s test violated for P. damicornis. Significant differences accepted at p <0.01.
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Table 13a-b. Fluorescence rise step J. Univariate analyses of a) P. damicornis and b) A. valida of t
fluorescence rise step J. Year (2004, 2005, 2006; within-subject factor), season (summer, wint<
between-subject factor) and position (sun-adapted, shade-adapted; between-subject facto
Significant differences (p <0.05) are in bold.

o

fN

*

o

oc

a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
F
MS
Within subjects
Year
2
12.05
3913*102
Year x Season
2
774.6* 102
2.39
Year x Pos
2
4.02
1307*102
0.41
Year x Season x Pos 2
132.9* 102
Residual
72
324.8* 102
Between subjects
1
Season
2202*102
7.00
1
Pos
25.56
Season x Pos
1
905.9* 102
2.88
Residual
314.6* 102
36
b) ANOVA for repeated measures (A. valida)
df
F
Source of variation
MS
Within subjects
2
Year
9.18
4827*102
Year x Season
2
1.52
801.4*102
Year x Pos
2
0.50
261,7*102
Year x Season x Pos 2
1.38
726.5*102
Residual
72
525.7* 102
Between subjects
1
5.44
Season
3245*102
Pos
1
14.84
8851 * 102
1
0.264
Season x Pos
157.8* 102
Residual
36
596.3* 102

P

Tukey’s

<0.001*
0.099
0.022*

2005,2006 <2004

0.666

0.012*

<0.001*
0.098

Sun-adapted <Shade-adapted

P

Tukey’s

<0.001
0.225
0.610
0.258

2005 <2004

0.025
<0.001
0.610

Summer <Winter
Sun-adapted <Shade-adapted

♦Box’s test violated for P. damicornis. Significant differences accepted at p <0.01.
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Table 14a-b. Fluorescence rise step I. Univariate analyses of a) P. damicornis and b) A. valida of t
fluorescence rise step I. Year (2004, 2005, 2006; within-subject factor), season (summer, wintt
between-subject factor) and position (sun-adapted, shade-adapted; between-subject facto
Significant differences (p <0.05) are in bold.
a) ANOVA for repeated measures
df
Source of variation
Within subjects
Year
2
Year x Season
2
Year x Pos
2
Year x Season x Pos 2
72
Residual
Between subjects
Season
1
Pos
1
Season x Pos
1

(P. damicornis)

MS

F

P

Tukey’s

4495*102
1897* 102
3053*102
210.2*102
580.8*102

7.74
3.27
5.26
0.36

<0.001
0.044
0.007
0.698

2005,2006 <2004

2601*102
4304*102
2607*102

4.39
72.60
4.40

0.043
<0.001
0.043

Winter <Summer

F

P

Tukey’s

5.47
4.27
0.39

0.006
0.018
0.678

2005 <2004

526.1 * 102
1208*102

0.44

0.649

6695*102
4259*103
317.9
1140*102

5.88
37.36

0.021
<0.001
0.958

Residual
36
592.8*102
b) ANOVA for repeated measures (A. valida)
Source of variation
df
MS
Within subjects
Year
2
6605*102
Year x Season
2
5163*102
Year x Pos
2
471,5*102
Year x Season x Pos
Residual
Between subjects
Season
Pos
Season x Pos
Residual

2

72
1
1
1

36

0.002

Shade-adapted: 2005,2006

Sun-adapted <Shade-adapted
Summer: Sun-adapted <Shadeadapted

Winter: 2005 <2004,2006

Summer <Winter
Sun-adapted <Shade-adapted
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Table 15a-b. Fluorescence rise step P. Univariate analyses of a) P. damicornis and b) A. valida of t
fluorescence rise step P. Year (2004, 2005, 2006; within-subject factor), season (summer, winh
between-subject factor) and position (sun-adapted, shade-adapted; between-subject facto
Significant differences (p <0.05) are in bold.
a) ANOVA for repeated measures (P. damicornis)
Source of variation
df
MS
Within subjects
Year
2
5635*102
Year x Season
2
2652*102
2
Year x Pos
3548*102
Year x Season x Pos 2
289.9*102
Residual
72
671.3* 102
Between subjects
Season
1
2366*102
Pos
1
5319*103
Season x Pos
1
2711*102
Residual
36
718.1 * 102
b) ANOVA for repeated measures (A. valida)
Source of variation
df
MS
Within subjects
Year
2
7519*102
Year x Season
2
6400*102
Year x Pos
2
617.5* 102
Year x Season x Pos 2
577.2*102
Residual
72
1435*102
Between subjects
Season
1
8312*102
Pos
1
5371 * 103
Season x Pos
1
1038*102
Residual
36
1269*102

F

P

Tukey’s

8.40
3.95
5.29
0.43

<0.001
0.024
0.007
0.651

2005,2006 <2004

3.29
74.06
3.78

0.078
0.001
0.060

Sun-adapted <Shade-adapted

F

P

Tukey’s

5.24
4.46
0.43
0.40

0.008
0.015
0.652
0.670

2005 <2004

6.55
42.31
0.008

0.015
<0.001
0.928

Summer: 2005,2006 <2004
Shade-adapted: 2005,2006

Winter: 2005 <2004,2006

Summer <Winter
Sun-adapted <Shade-adapted
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Appendix D
Statistical tables for chapter 5
Table la-b. One-way univariate analyses of a) P. damicornis and b) T. reniformis testing the
hypothesis that changes in descriptive parameters, Pmax, cc and Ek of fitted Pi-curves between
winter and summer sampling are independent of location (n =4 ± SE). Significant differences (p
<0.05) between sampling time 1 (winter) and 2 (summer) are in bold. LI =Lizard Island, DR
^Davies Reef (for P. damicornis in summer), BR =Broadhurst Reef (for P. damicornis in winter).
a) P. damicornis
Variate
Prnax
LI
Residual
BR/DR
Residual
a
LI
Residual
BR/DR
Residual
Ek
LI
Residual
BR/DR
Residual

Time 1 (Winter)
Mean ± SE

Time 2 (Summer)
Mean + SE

df

MS

F

P

15.1 +4.4

8.84 + 2.2

0.243

25.9 + 3.4

79.301
47.403
198.889
81.913

1.67

15.7 ±5.35

1
6
1
6

2.43

0.170

0.13 ± 0.02

0.04 + 0.01

1
6
1
6

0.016

19.61

0.004, S <W

0.006
0.015

0.41

0.574

1
6
1
6

250909.8
23479.9
19565.4
15153.0

1.07

0.341

1.29

0.299

b) 7. reniformis
Variate
Prnax
LI
Residual
DR
Residual
a
LI
Residual
DR
Residual
Ek
LI
Residual
DR
Residual

0.001

0.14 + 0.03

0.16 + 0.07

131 +55

243 + 93

113 + 32

254 + 99

Time 1 (Winter)
Mean + SE

Time 2 (Summer)
Mean + SE

df

MS

F

P

1 1.5 ± 1.9

11.9 ±2.6

0.900

22.2 ±7.7

0.363
21.299
214.174
142.456

0.02

1 1.86 + 3.4

1
6
1
6

1.50

0.266

0.18 ± 0.27

0.19 ±0.05

0.872

0.28 ± 0.05

0.000
0.005
0.047
0.009

0.03

0.13 + 0.05

1
6
1
6

4.88

0.069

65+7

77 ± 20

0.569

79 ±21

331.41
91 1.44
665.82
1 139.63

0.36

97+12

1
6
1
6

0.58

0.474
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Table 2a-b. One-way univariate analyses of a) Pocillopora damicornis and b) Turbinaria reniformis
testing the hypothesis that changes in Pgmax (nmol cm 3 s ') Pnmax (nmol cm 2 s'1), RD (nmol cm 2 s'1),
Pnma.x*R and 02max (pmol I'1) between winter and summer sampling are independent of location (n
=4 ± SE). Significant differences (p <0.05) between sampling time 1 (winter) and 2 (summer) are in
bold. LI =Lizard Island, DR =Davies Reef (for P. damicornis in summer), BR =Broadhurst Reef
(for P. damicornis in winter).
a) P. damicornis
Variate
*pgmax
LI
Residual
BR/DR
Residual
Kp nmax
LI
Residual
BR/DR
Residual
Ro
LI
Residual
BR/DR
Residual
1P nmax7/R
LI
Residual
BR/DR
Residual
D2max
LI
Residual
BR/DR
Residual

Time 1 (Winter)
Mean + SE

Time 2 (Summer)
Mean + SE

df

MS

F

P

13.2 + 3.5

8.6+

0.356

23.9 + 3.5

42.175
42.252
241.228
41.575

1.00

12.9 + 2.9

1
6
1
6

5.80

0.053

0.36 + 0.24

0.87 + 0.32

0.244

0.55 + 0.25

0.539
0.322
0.572
0.060

1.67

0.13 + 0.02

1
6
1
6

9.47

0.022, W <S

0.64 + 0.30

0.43 + 0.14

1
6
1
6

0.082

0.37

0.565

0.220
0.011

0.78

0.412

1
6
1
6

0.027
0.291
0.344
0.1 16

1.81

0.227

2.97

0.136

1
6
1
6

15.4
1 126.0
1808.1
7649.2

0.01

0.91

0.24

0.644

0.28 ± 0.07

3.0

0.36 ± 0.05

0.87 + 0.40

4.4+ 3.2

0.54 + 0.16

1.79+1.00

328 + 16

326+ 17

342 + 43

312 + 44

0.015

1
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Variate

Time 1 (Winter)
Mean ± SE

df

MS

F

P

*p gmax
LI

1 1.8

8.6+ 2.2

1

0.387

8.80 + 2.5

23.5 + 5.6

20.141
23.199
433.154
74.657

0.87

6
1
6

5.80

0.053

0.75 + 0.21

0.66

0.718

1.46 + 0.62

0.016
0.109
0.973
0.166

0.14

0.24 + 0.08

1
6
1
6

5.87

0.052

LI

0.37 + 0.06

0.51 ±0.11

1
6

0.318

0.22

+ 0.08

0.91 ±0.12

0.036
0.030
0.954
0.036

1.19

Residual
BR/DR
Residual

26.16

0.002, W <S

0.302

0.602

0.062

0.812

6

0.193
0.637
0.093
1.507

1
6
1
6

268
9398
14.4
12228.4

0.029

0.871

0.001

0.974

b)

T. reniformis

Residual
BR/DR
Residual
Kp nnutx
LI

±2.6

Time 2 (Summer)
Mean + SE

+ 0.10

Residual
BR/DR

Residual
Rd

1

6

Pnmax/R
LI

1.89 + 0.31

1.58 ±0.47

Residual
BR/DR

1

6

1.35 + 0.53

1.57 ±0.69

Residual

1

02max
LI

372 ± 40

383

Residual
BR/DR
Residual

331

328 ± 50

+

60

±88
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Table 3a-b. Two-way univariate analyses of a) P. damicornis and b) T. reniformis testing the
hypothesis that changes in descriptive parameters, Pmax, a and Ek of fitted Pi-curves following a
short-term increase in temperature are independent of location (n =4 ± SE). Significant differences
(p <0.05) are in bold. Temperature (temp), in winter: 24°C, 29°C, 32°C, 29°C+32°C; in summer:
29°C, 32°C, 32°C+34°C. Location (loc): LI =Lizard Island, DR =Davies Reef, BR =Broadhurst
Reef.
a) P. damicornis
Variate
mP max

a

Source of variance
Time 1 (Winter)
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc

df

MS

3
1

Residual
Temp
Loc
Temp x Loc
Residual
Time 2 (Summer)
Temp
Loc
Temp x Loc

F

P

72.131

0.30

0.824

1080.511

4.53

0.123

3

238.268

2.16

0.199

24

110.357

3

0.083

0.35

0.793

1

0.529

2.23

0.232

3

0.237

4.54

0.011

24

0.052

3

0.100

1.05

0.484

1

0.099

1.04

0.383

3

0.095

1.31

0.294

24

0.072

Tukey’s HSD

LI: 24°C =32°C =32°C+34°C <29°C
BR: 24°C =29°C =32°C =32°C+34°C

Ek

P

1 max

2

14.782

2.98

0.251

1

4.777

0.96

0.430

2

4.955

13.7

<0.001

18

0.362

2

0.05

0.94

0.514

1

0.037

0.76

0.476

2

0.048

4.75

0.022

LI: 29°C =32°C =32°C+34°C
DR: 32°C+34°C <29°C

a

Residual
Temp
Loc
Temp x Loc

LI: 29°C =32°C =32°C+34°C
DR: 32°C+34°C <32°C <29°C

Ek

Residual
Temp
Loc
Temp x Loc
Residual

18

0.010

2

78.217

17.3

0.055

i
1

0.325

0.07

0.814

2

4.519

0.34

0.719

18

13.464
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b) T. reniformis
Variate
P
* max

a

Ek

KP max

a

Ek

Source of variance
Time 1 (Winter)
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Time 2 (Summer)
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual

df

MS

F

P

3

180.980

3.25

0.180

1

0.419

0.01

0.936

3

55.687

1.80

0.175

24

31.003

3

0.313

5.81

0.091

1

0.133

2.47

0.213

3

0.054

0.85

0.480

24

0.063

3

60

0.01

0.997

1

6255.2

1.50

0.308

3

4171.9

4.03

0.019

24

1035.6

2

18.1348

14.46

0.065

1

0.2331

0.19

0.708

2

1.2545

1.83

0.189

18

0.6854

2

0.079

18.00

0.053

1

0.015

3.41

0.206

2

0.004

0.99

0.392

18

0.004

2

4974.65

2.83

0.261

1

2093.22

1.19

0.389

2

1760.94

2.12

0.149

18

829.75

Tukey’s HSD

Unresolved
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Table 4a-b. Two-way univariate analyses of a) P. damicornis and b) T. reniformis testing the
hypothesis that changes in Pgmax (nmol cm 3 s'1) Pnmax (nmol cm 2 s'1), RD (nmol cm 2 s'1), Pnmax^P and
02max (pmol l1) following a short-term increase in temperature are independent of location. All
maximum measurements were obtained at 900 pmol photons m2 s 1 (n =4 ± SE). Significant
differences (p <0.05) are in bold. Temperature (temp), in winter: 24°C, 29°C, 32°C, 29°C+32°C; in
summer: 29°C, 32°C, 32°C+34°C. Locationi (loc): LI =Lizard Island, DR =Davies Reef, BR
=Broadhurst Reef.
a) P. damicornis
Variate
P
1 gmax

P

R nmax

R.>

P nniax/R

^2max

*P gmax

P
1 nmax

R»

Pnmax/R

02max

Source of variance
Time 1 (Winter)
Temp
Loc
Temp x Loc

df

MS

F

P

3

137.187
223.493
136.841

1.00

0.499
0.291
0.026

Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Time 2 (Summer)
Temp
Loc
Temp x Loc

24
3
1
3
24
3

Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp

1

3

30.665
1.179
1.110

0.090

3
24
3
1
3
24
3
1
3
24

1.171
0.019
0.039
0.506
0.048
0.362
0.180
0.242
24157
6702
4190
2264

2
1
2

1.834
0.064
0.667

18

0.069
3.513
0.031
0.155
0.227
0.383
0.267
0.074
0.260
0.685
0.127
0.039
0.106
107063

1

2
1
2

18
2
1
2

18
2
1

2

18
2

1.63
4.46
13.14
9.39
0.24

0.031
0.021

29.70
0.47
0.08

0.010
0.541
0.971

0.27
1.93
0.71

0.845
0.237
0.561

5.77
1.60
1.85

0.092
0.295
0.165

2.75
9.70

0.267
0.786
0.001

22.68
0.20
0.68

0.042
0.699
0.518

5.15
3.58
0.29

0.163
0.199
0.755

17.75
2.97
0.36

0.053
0.191
0.702

10.67

0.086

0.10

Tukey’s HSD

LI: 24°C =32°C =29°C +32°C <29°C
BR: 29°C =24°C =32°C =29°C +32°C
Unresolved
Unresolved

0.866
Unresolved

LI: 29°C =32°C =32°C+34°C
I)R: 32°C+34°C <29°C =32°C
32°C+34°C <29°C =32°C

7

Loc
Temp x Loc
Residual

1
2

18

3733
10032
5477

0.372
1.832

0.604
0.189
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b) T. reniformis
Variate
P
1 gmax

*P nmax

Ro

Pnmax/R

Oimax

P

* gmax

*P nmax

Ro

Pnmax/R

Ojmax

F

P

616.573

7.55

0.066

11.812

0.43

0.557

3

81.725

0.51

0.677

24

53.137

3

0.665

1.05

0.485

1

0.584

0.92

0.408

3

0.634

3.81

0.023

24

0.166

3

0.037

0.35

0.796

1

0.805

7.62

0.070

3

0.106

1.86

0.163

24

0.057

Source of variance
Time 1 (Winter)
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc

df

MS

3
1

Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Time 2 (Summer)
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp
Loc
Temp x Loc
Residual
Temp

Tukey’s HSD

3

3.428

5.48

0.098

1

0.030

0.05

0.839

3

0.627

0.85

0.479

24

0.736

3

33282

3.96

0.144

1

3130

0.37

0.585

3

8409

1.47

0.249

24

5726

2

3.375

1 1.65

0.079

1

0.051

0.18

0.7 5

2

0.290

1.38

0.278

LI: 29°C+32°C <29°C
DR: 24°C =29°C =32°C =29°C+32°C

1

18

0.210

2

0.336

19.36

0.049

1

0.003

0.18

0.715

2

0.017

1.15

0.338

18

0.015

2

0.077

0.47

0.683

1

0.577

0.470

0.204

2

0.166

2.53

0.108

18

0.066

32°C+34°C <29°C =32°C

2

1.375

45.60

0.021

1

0.013

0.42

0.585

2

0.030

0.45

0.643

18

0.067

2

0.288

471.8

0.002

32°C+34°C <29°C =32°C
DR <LI

32°C+34°C <29°C =32°C

z

Loc
Temp x Loc
Residual

1

0.046

75.72

0.013

2

0.001

0.06

0.943

18

0.010
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Appendix E
Statistical tables for Chapter 6
Table la-b. Univariate analyses of a) heating and, b) recovery of P. damicornis testing the
hypothesis that changes in Fv/Fm following a change in heating temperature are independent of
sampling origin. Day (dO, dl, d3, d5, d7, d9, dll, dl3, dl5, dl7, dl9, d21, d23, d25, d27; withinsubject factor), temperature (26°C, 29°C, 31°C, 33°C; between-subject factor) and location (LI,
Lizard Island; BBR, Big Broadhurst Reef; WR, Wistari Reef; between-subject factor). Significant
differences (p <0.05) are in bold.
a) ANOVA for repeated measures (Heating)
Source of variation
SS
df dfd|
Within subjects
Day
23.49
7
5.402
Day x Temp
21 16.205
22.73
Day x Location
0.446
14 10.803
Day x Temp x Location
2.176
42 32.409
Between subjects
Temp
97.52
3
Location
2
1.270
Temp x Location
345
6
b) ANOVA for repeated measures (Recovery)
Source of variation
SS
df dr"
Within subjects
Day
2.268
7
5.739
Day x Temp
3.520
21 17.217
Day x Location
0.524
14 1 1.478
Day x Temp x Location
1.616
42 34.434
Between subjects
Temp
149.9
3
2
Location
1.657
6
Temp x Location
16.87

MS

F

P1

Tukey’s

4.349
1.403
4.132*1 O'2
6.713 *10-2

171.00
55.17
1.63
2.64

<0.001
<0.001
0.087
<0.001

dl >d3 >d9

32.51
0.635
5.753* 10-2

727.70
14.21
1.29

<0.001
<0.001
0.262

26°C,29°C >31°C >33°C

MS

F

P1

Tukey’s

0.395
0.204
4.567*10'2
4.694*10'2

13.29
6.87
1.54
1.58

<0.001
<0.001
0.109
0.018

d 15 xt 17 >d2 3>d25>d27

49.96
0.828
0.894

924.40
15.32
16.53

<0.001
<0.001
<0.001

26°C>29°C>31°C

LI, BBR >WR

LI, BBR>WR

P -values are lower bound P-values calculated by adjusting the degrees of freedom for the test by multiplying by the smallest
possible Greenhouse-Geisser adjustment (Quinn and Keough, 2002).
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Table 2a-b. Univariate analyses of a) heating and b) recovery of T. reniformis testing the hypothesis
that changes in rate of Fv/Fm recovery following the heating temperature are independent of
sampling origin. Day (dO, dl, d3, d5, d7, d9, dll 13, dl5, dl7, dl9, d21, d23, d25, d27; withinsubject factor), temperature (26°C, 29°C, 31°C, 33°C; between-subject factor) and location (LI,
Lizard Island; BBR, Big Broadhurst Reef; HPR, Heralds Prong Reef; between-subject factor).
Significant differences (p <0.05) are in bold.
a) ANOVA for repeated measures (Heating)

Source of variation

SS

df

dfdJ

MS

F

P1

Tukey’s

14.72
16.08
0.376

7

4.661
13.984
9.322
27.967

3.158
1.150
4.037*10'2
3.614* 102

302.40

dlx)5x!7>d9>dl lx)l3

3.86
3.46

<0.001
<0.001
<0.001
<0.001

15.541
0.557
4.283*102

1106.00
39.65
3.05

<0.001
<0.001
<0.001

26°C,29°C>31°C >33°C

Within subjects

Day
Day x Temp
Day x Location
Day x Temp x Location

1.011

21
14
42

110.10

Between subjects

Temp
Location
Temp x Location

46.62
1.114
0.257

3

2
6

LI, HPR>BBR

b) ANOVA for repeated measures (Recovery)

Source of variation

SS

df

dfdJ

MS

F

P1

Tukey’s

0.538
0.779
0.115
0.245

7

0.101
4.889* 102
1.084 *10'2
7.682 *10'3

33.60
16.23
3.60
2.55

<0.001
<0.001
<0.001
<0.001

d 15<d 17<d 19 <d25 <d27

14
42

5.312
15.937
10.625
31.874

148.1
1.850
1.085

49.37
0.925
0.181

5009.00
93.87
18.35

<0.001
<0.001
<0.001

26°C >29°C >31°C

2
6

Within subjects

Day
Day x Temp
Day x Location
Day x Temp x Location

21

Between subjects

Temp
Location
Temp x Location

3

LI >HPR >BBR

m
_ ,lower
.. . .bound
.. .. r>P-values
..
p'-values
are
calculated by adjusting the degrees of freedom for the test by multiplying by the smallest
possible Greenhouse-Geisser adjustment (Quinn and Keough, 2002).
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Bleaching treatment: 31°C

avr.SST 27°C

avr.SST 26°C

Queensland

T
avr.S

O c

Y

O C+D

Figure 1. Conceptural model based on bleaching sensitivity for branching (P. damicornis) and
plate-like (T. reniformis) corals exposed to 31°C across the GBR. Average sea surface temperature
(avr. SST) at the time of collection for each site, degree of bleaching where no bleaching (•), partial
bleaching ( ), complete bleaching (o) and zooxanthella type are given.
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