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Abstract 

Understanding the processes that drive the variability in thermal tolerance among scler-

actinian corals is key to predicting the impacts of rising worldwide temperatures on coral 

reefs. This thesis explores the thermal microclimate of corals, and specifically examines 

the thermal effects of environmental conditions of flow and irradiance, combined with the 

optical, thermal and morphological characteristics of individual coral colonies. 

The temperature of branching (Porites cylindrica) and hemispherical (Porites lobata 

and Cyphastrea serailia) coral species was monitored on a shallow reef flat in the South-

ern Great Barrier Reef. This revealed a strong diurnal and tidal pattern in solar heating 

of corals, whereby maximum coral surface warming of "'-'+0.6 °C occurred during low 

Spring tides, under conditions of high irradiance and low water flow. 

Microsensor temperature measurements were used to demonstrate for the first time 

that at flow velocities < 5 cm s-1 heat transfer at the surface of corals was controlled 

by a thermal boundary layer (TBL). Dimensionless analysis of heat transfer (Nusselt-

Reynolds number plots) confirmed that convective heat transfer at the surface of hemi-

spherical Porites lobata and branching colonies (Stylophora pistillata occurred through a 

laminar boundary layer, consistent with predictions from engineering theory for simple 

geometrical objects. For topographically more complex corals (Favia and Platygyra sp.) 

both the TBL thickness and the surface temperature was spatially heterogeneous. 

Temperature and spectral reflectance measurements were used to investigate close 

links between the thermal and optical properties of corals. Coral surface temperature 

could be expressed as a linear function of the tissue's absorptivity, but this relationship 

was species-specific, and highlighted the thermal importance of the skeleton. The spec-

tral composition of light was important in determining the magnitude of coral surf ace 

warming, and short wavelengths ( <500 nm) had the greatest heating efficiency. 

Finally, a mechanistic thermal model of corals identified both irradiance absorption 

and convective heat loss as the major controlling parameters of coral smface warming. 

Conductive heat transfer into the skeleton was a negligible portion of the overall heat 

budget, except for small coral diameters ("" 1 cm). Experimental and theoretical results 

throughout this thesis revealed that the surface warming of hemispherical coral species 

xvii 



was greater than that of branching species, and indicates that massive species may tolerate 

temperatures greater than previously thought. In light of the greater bleaching resistance 

of massive compared to branching species, this warrants further investigation into the 

effects of small temperature differences on the physiological response of morphologically 

distinct, bleaching sensitive and resistant coral species. 

xviii 
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Boundary layer thickness (µm or mm) 

Surface emissivity 
Density (kg m-3 ) 
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Water kinematic viscosity (m2 s- 1) 

Analysis of Variance 
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Chapter 1 

Introduction 

1.1 Coral reefs in an era of climatic warming 

For the past 200 million years, reef-building corals (Scleractinia spp.) have been the 

successful architects of the most diverse marine ecosystem of the planet (Glynn 1996; 

Hoegh-Guldberg 1999). Despite this persistence through the ages, reef corals are now be-

lieved to live precariously close to their upper thermal limit (Coles et al. 1976; Coles and 

Brown 2003) and are directly threatened by the current rise in sea temperatures, caused 

by enhanced atmospheric greenhouse-gas concentrations (Glynn 1993; Hoegh-Guldberg 

1999; West and Salm 2003). 

Dubbed the "tropical rainforests of the oceans" (Roberts 2003), coral reefs are con-

fined to optically clear, oligotrophic waters of tropical and sub-tropical seas, within 30° 

latitude of the equator. Yet reef corals achieve remarkably high levels of primary produc-

tivity (Hoegh-Guldberg 1999), enabled by the efficient utilization and recycling of nutri-

ents within the obligate, endosymbiotic relationship between the coral host and dinoflag-

ellate algae (zooxanthellae) of the genus Symbiodinium (Muscatine and Porter 1977; Mus-

catine 1990). This symbiotic relationship can be disrupted by a range of natural and an-

thropogenic stresses, including changes in temperature, light, salinity, pollution, sedimen-

tation and disease (see reviews by Williams and Bunkley-Williams 1990; Brown 1997; 

Hoegh-Guldberg 1999). Stress can lead to coral bleaching, i.e. the dissociation of the 

symbiosis and the expulsion of the zooxanthellae and I or their photosynthetic pigments 

from the coral host (Kleppe! et al. 1989; Williams and Bunkley-Williams 1990; Glynn 
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1993; Hoegh-Guldberg 1999). The combination of elevated temperature and intense light 

is now recognised as the primary cause of large scale ( 100 - 10000 kms) bleaching events 

that have increased in frequency since 1979 (Berkelmans and Oliver 1999; Wilkinson 

1999, 2004) and contributed to the worldwide decline of coral reefs (Hoegh-Guldberg 

1999; Wilkinson 1999, 2004). Global climate change is now recognised as the greatest 

threat to the future of coral reefs (Hughes et al. 2003 ), as projections of rapid warming of 

tropical regions (by 1.8 -4 °C in the next century, IPCC 2007) will cause sea temperatures 

to exceed coral bleaching thresholds more often. Long term physiological and ecologi-

cal implications include reduced growth (Goreau and Macfarlane 1990) and regeneration 

capacity after damage (Meesters and Bak 1993 ), increased susceptibility to disease (West 

and Salm 2003), and a compromised reproductive output (Szmant and Gassman 1990). 

If corals cannot adapt to higher temperatures in the near future, more frequent and se-

vere mass bleaching events may cause a significant loss of coral cover around the world 

(Lough and Barnes 2000; Hoegh-Guldberg 2004 ). 

Our ability to predict the ecological consequences of future bleaching events is lim-

ited by our as yet incomplete understanding of the physical and physiological processes 

involved in the bleaching response, and in particular the role of the physical microclimate 

of corals in affecting their susceptibility to bleaching. This thesis explores the spatial and 

temporal variability in the thermal environment of shallow water corals. 

1.2 Microclimatic controls of coral physiology 

The importance of an accurate understanding of the coral microenvironment cannot be 

overstated, as physiological mechanisms are directly affected by physico-chemical changes 

at the cellular level, which are controlled by, but not necessarily identical to, conditions 

in the nearby surrounding water (Helmuth et al. 2005). In corals, aspects of the physico-

chemical microclimate of the tissue have been shown to differ significantly from that 

in the surrounding water. For example, the light field experienced by the zooxanthel-

lae within the coral tissue is highly diffuse and may be enhanced by multiple scattering 

within the tissue and the skeletal matrix (Kiihl et al. 1995; Enriquez et al. 2005). Photo-
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acclimation can be influenced at small spatial scales (mm to cm) by variations in tissue 

type (polyp versus coenosarc, Ulstrup et al. 2006a), tissue depth within the skeleton (Ap-

prill et al. 2007), and variations in branch spacing and position (Helmuth et al. 1997 a). 

This may affect the bleaching response to elevated temperature and intense light. 

Additionally, mass transfer, concentration and exchange of nutrients, metabolites and 

gases at the coral surface are controlled by diffusive boundary layers (DBL) (Patterson and 

Sebens 1989; Shick 1990; Shashar et al. 1993; Ktihl et al. 1995). This is affected by the 

interaction of water flow with the complex three dimensional structure of the reef (Shashar 

et al. 1996; Monismith 2007), and the specific geometry and size of individual colonies 

(Patterson 1992a; Kaandorp et al. 2003). Because increased water flow enhances mass 

transfer and reduces photoinhibition (Patterson and Sebens 1989; Nakamura et al. 2005), 

it has been linked to improved bleaching resistance (Nakamura and van Woesik 2001). 

Thus variations in light and water flow can influence the physiological performance of 

corals and their bleaching sensitivity. 

Conditions of light and water flow could also directly influence the local thermal en-

vironment of corals (e.g. Denny 1993; Helmuth 1998), and thus affect their bleaching 

response. The temperature microclimate of organisms is affected by their optical and 

morphological characteristics (Porter and Gates 1969; Gates 1980; Denny 1993), as has 

been shown for terrestrial organisms (e.g., Parry 1951; Digby 1955; Heath 1967; Mc-

Nab 1970; Casey 1992; McArthur 1987; Berman 2003; May 2005) as well as intertidal 

invertebrates (e.g., Helmuth 1999, 1998; Denny and Harley 2006). However, the pos-

sibility that the thermal microenvironment of corals differs from the surrounding water 

has usually been overlooked, and even dismissed (Hoegh-Guldberg 1999; Leletkin 2002), 

because the high thermal capacity of water generally ensures that aquatic organisms are 

at the same temperature as their surroundings (Denny 1993). It has only recently been 

demonstrated that the temperature of shallow water corals can in fact exceed that of the 

surrounding water, by up to rv 1 °C as a result of absorption of solar irradiance (Fabri-

cius 2006). Considering the acute thermal sensitivity of corals, variations in their thermal 

environment should be further explored. 
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1.3 Bleaching patterns and possible links to the thermal 

microclimate 

Considerable spatial and temporal variability exist in bleaching responses to thermal stress 

events, both between and within coral taxa (e.g. reviews by Glynn 1993, 1996; Coles and 

Brown 2003). Within a coral population seemingly exposed to uniform conditions of wa-

ter temperature and irradiance, it is a common observation that some corals bleach while 

others do not (Brown and Suharsono 1990; Glynn 1990; Jokiel and Coles 1990; Edmunds 

1994; Glynn 1996). This has been linked to numerous biological factors, including dif-

ferential susceptibilities of various genetic clades of zooxanthellae (Rowan et al. 1997), 

as well as differences in host cell tolerance to heat (Gates et al. 1992) and the influence of 

photoprotective host pigments (Salih et al. 2000; Dove 2004 ). However, potential differ-

ences in the thermal microclimate of individual colonies, and their effects on bleaching 

susceptibility, have largely been overlooked (Brown et al. 2002a; Fabricius 2006). 

1.3.1 Intraspecific bleaching patterns 

The upper most sunlit areas of individual colonies often bleach first (Williams and 

Bunkley-Williams 1990; Glynn et al. 2001). This has been attributed to the combined 

effect of light and temperature in exacerbating zooxanthellae photoinhibition (e.g. Brown 

et al. 1999b; Hoegh-Guldberg 1999; Jokiel 2004), but the thermal exposure of coral sur-

face could also be influenced by localized solar heating (Brown et al. 2002a). Further-

more, Brown et al. ( 1994) showed that sunlight exerted a strong directional component 

to the impact of bleaching on shallow corals, and although the role of solar heating was 

speculated it was not investigated. 

1.3.2 Interspecific bleaching patterns 

An additional and commonly observed bleaching pattern is that branching taxa (e.g. Acro-

pora) generally suffer disproportionately more severe bleaching and mortality than mas-

sive species (e.g. massive Porites) (Marshall and Baird 2000; Loya et al. 2001; Stimson 

et al. 2002; Obura 2005; McClanahan et al. 2005, 2007b). Differential stress responses 
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may result from a higher acclimatization capacity of slow growing massive species with 

high metabolic rate compared to the fast growing branching species with low metabolic 

rate (Gates and Edmunds 1999; Loya et al. 2001). Furthermore, the thicker tissue of mas-

sive species may offer photoprotection to the zooxanthellae by altering their light climate 

(Hoegh-Guldberg 1999; Loya et al. 2001). Finally, it was hypothesized that by affecting 

mass transfer across the DBL (Patterson 1992b) coral morphology could influence coral 

survival (Loya et al. 2001). By analogy, the interaction of coral morphology with the 

surrounding flow, together with differences in surface area to volume ratios, could also 

affect the transfer of heat between the coral and the surrounding water, and thus influence 

the temperature of the tissue. 

1.4 A biophysical approach 

Investigating how the physical microclimate of corals affects bleaching response is cen-

tral to predicting how corals will cope with a warming climate, and may help in the de-

sign of management strategies that enhance coral survivorship in future bleaching events. 

This thesis examines the potential for environmental conditions of flow and irradiance, 

combined with the optical, thermal and morphological characteristics of individual coral 

colonies, to affect their local thermal microenvironment. 

The temperature of any object is a measure of its energy status which is controlled 

by energy exchange with its surroundings (Gates 1980). In order to analyse the thermal 

interaction of corals with their environment, coral colonies are viewed as simple physical 

systems: the conceptual model of a coral is a thin layer ( < 10 mm) of living tissue over 

a thick (centimeter to meter thick) block of porous calcium carbonate skeleton. Energy 

is exchanged with the environment by radiative transfer, heat convection to the water, 

and heat conduction to the skeleton. As a result, the energy status of the coral is linked 

to a finite set of environmental variables: solar irradiance, water temperature and flow. 

The qualitative effects of these environmental factors on coral temperature are evident 

and easily predictable (May 2005): the temperature excess between a coral and the sur-

rounding water would be enhanced by an increase in irradiance, or a reduction in flow 

velocity (Fabricius 2006). However, a quantitative description of the individual or com-
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bined effects of irradiance and water flow is still lacking. Biophysical ecology provides 

an analytical framework for the quantitative description of the environmental effects on 

coral thermal exposure (e.g. Porter and Gates 1969; Gates 1980; Helmuth 1998; Helmuth 

et al. 2005). 

The relative importance of environmental factors in controlling the temperature of 

coral tissue depends on how strongly the tissue's energy status is coupled with each of 

these factors (Gates 1980) and is quantified by a set of coupling parameters (Gates 1980). 

The thermal importance of incident irradiance depends on the coral's absorptivity: zero 

absorptivity would indicate that the coral temperature is decoupled from incident irra-

diance (which is entirely reflected), while complete absorption of 100% of the incident 

irradiance would result in a strong coupling between temperature and radiant flux (Gates 

1980). Similarly, coupling between the tissue temperature and the skeleton is expressed 

by the thermal conductivity of the skeleton, while the convection coefficient quantifies the 

coupling with water temperature. The latter depends on the characteristics of the boundary 

layer of adhering fluid over the surface (e.g., Gates 1980; Incropera and DeWitt 1996): 

a thin boundary layer corresponds to a large convection coefficient and strong thermal 

coupling between the water and the coral, while a thick boundary layer impedes heat 

exchange and thus the thermal coupling of coral temperature to that of the surrounding 

water. In this thesis, a combination of manipulative experiments and theoretical analysis 

were used to determine these coupling parameters for Great Barrier Reef coral species of 

branching (Stylophora pistillata) and hemispherical (Porites lobata) morphologies. 

1.5 Thesis outline 

This thesis investigated the thermal microenvironment of corals, how it is affected by the 

thermal, morphological and optical properties of corals, and how it is influenced by en-

vironmental flow and irradiance. The potential thermal effects of coral shape and size 

were examined throughout the thesis. Chapter 2 presents a first overview of theoretical, 

experimental and field aspects of the thermal dynamics of shallow water corals: a sim-

ple theoretical coral heat budget is described based on principles of heat transfer theory, 

the thermal boundary layer of corals is characterized for the first time using temperature 
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microsensors, and the dynamics of coral temperature in a shallow reef flat are explored 

in situ. Chapter 3 provides an in-depth exploration of the thermal dynamics in situ of 

two shallow water corals of contrasting morphologies (the branching Stylophora pistil-

lata and the hemispherical Po rites lobata) and sheds light on the range of environmental 

conditions under which coral temperature may exceed that of the surrounding water. 

In Chapters 4 to 6 controlled laboratory experiments provide detailed examinations 

of the relevant heat fluxes: convection, conduction, and absorbed radiation. Chapter 

4 investigates the convective heat flux between corals and the surrounding water, while 

Chapter 5 examines the thermal effects of coral colour and absorbed irradiance. Finally 

the thermal exchange between coral tissue and the underlying coral skeleton is investi-

gated in Chapter 6. In this last chapter a semi-empirical thermal model for corals is used 

to investigate the relative importance of each environmental factor, and the combined ther-

mal effect of coral morphology, irradiance and flow. Finally, I explore the possibility of 

using the biophysical model to produce realistic estimates of coral surface temperature 

based on measurable environmental variables. Chapter 7 summarizes the key findings 

of this thesis, discusses possible implications for the physiological performance and the 

bleaching susceptibility of shallow water corals, and suggests future avenues of research. 
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Chapter 2 

Theoretical and experimental overview 

of the thermal environment of corals 

This Chapter is inserted without abstract as published in Limnology and Oceanography: 

Jimenez, I. M., Kilhl, M., Larkum, A. W. D, Ralph, P. J. (2008) Heat budget and thermal 

rnicroenvironment of shallow-water corals: Do massive corals get warmer than branching 

corals? Limnology and Oceanography, 53(4), 1548-1561. 

The data were collected and analysed by I. M. Jimenez-Denness. Prof. Michael 

Kilhl provided technical assistance and the temperature microsensors. All co-authors 

contributed technical, intellectual and editorial assistance. 

2.1 Introduction 

The increasing occurrence of coral bleaching over the last two decades has focused at-

tention on temperature ft uctuations on corals reefs (Brown 1997; Berkelmans and Willis 

1999; Hoegh-Guldberg 1999). Under mass coral bleaching conditions small excursions 

in the ambient water temperature on a coral reef, of just a few degrees Celsius above 

the normal average temperature maximum, induce the expulsion of the endosymbiotic 

dinoflagellates (zooxanthellae) and/or the loss of pigments from a wide variety of corals 

(Glynn 1996; Hoegh-Guldberg 1999). If such high temperature anomalies last for a week 
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or more then mass mortality of corals can occur (Glynn 1996; Hoegh-Goldberg 1999; 

Coles and Brown 2003). 

In most of the literature on coral bleaching, temperature of the ambient water is al-

ways assumed to be the same as the coral temperature. However, as a result of the shallow 

nature of many coral reef lagoons, radiant energy reaching the coral surface can increase 

its temperature relative to the surrounding water. Few studies have considered the temper-

ature of corals and the heat fluxes at their surface. Brown et al. (2002a) investigated the 

temperature of different surfaces of air exposed corals, but found no differences. Fabri-

cius (2006) measured the surface temperature of a number of shallow water corals and 

showed that more densely pigmented corals heated up more than less densely pigmented 

corals; an effect that was enhanced under low water flow. The latter study provides qual-

itative evidence that heat fluxes at the surface of corals can play an important role in the 

microscale physical processes involved in coral bleaching. However, the study provides 

no quantitative data on which a model of heat fluxes could be established and in particu-

lar does not differentiate between large massive corals (that are roughly hemispherical in 

shape) and thin, branching corals. 

The aims of this study were to better understand heat fluxes and microscale tempera-

ture dynamics in corals, and to investigate differences in thermal characteristics between 

branching and hemispherical corals. We use a heat budget model of a coral to describe 

surface warming in both steady state and transient state, in terms of the relevant heat 

fluxes (radiation, convection, and conduction), as well as the coral's geometrical param-

eters (surface area to volume ratio). Our simple mathematical model is supported by 

experimental data, including the first detailed measurements of the thermal microenviron-

ment of corals. The thermal boundary layers of corals were investigated and compared 

to the analogous and better documented diffusive boundary layer for oxygen (Shashar 

et al. 1993; Ktihl et al. 1995). The temperature dynamics of branching and hemispherical 

corals were explored both in controlled laboratory experiments and on the reef flat, under 

naturally fluctuating conditions of flow and irradiance. 
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2.2 Theoretical considerations 

In view of recent evidence that the surface temperature of a coral is not always equal 

to that of the surrounding water (Fabricius 2006), it becomes imperative to distinguish 

between the temperature of 1) the thin layer of living tissue, embedded in the surface 

of a coral which is exposed to direct solar radiation, 2) the ambient water, and 3) the 

coral skeleton. In order to predict the extent of coral warming and understand the role of 

environmental fluctuations in irradiance, water flow and temperature, we first describe a 

theoretical heat budget of a coral. 

2.2.1 Heat budget of a coral exposed to solar radiation and water 

flow 

Coral tissue is a continuous pigmented layer on the outer surface of a calcareous skeleton 

and is exposed to direct solar radiation. We therefore divide the coral into two distinct 

thermal regions (see Fig. 2. la): A portion of coral tissue that intercepts the direct solar 

beam (at temperature Ttissue ), and the remaining coral which includes the underlying 

skeleton and the shaded tissue (at temperature T skel) . 

We describe a heat budget for both thermal regions, and derive expressions for Ttissue 

and T skel · The relevant energy fluxes are: The absorption of incident solar radiation 

by the exposed tissue (qrad ), the conduction of heat to the underlying skeleton (qcand) , 

and the convection heat loss to the water, from the heated tissue (Qcanvi) and from the 

remaining coral (Qcanv2), expressed in wm- 2 (see Figs. 2.la and b). The heat budget 

(e.g. Incropera and DeWitt 1996) for each region is (assuming an infinitely thin layer of 

tissue, thus with zero heat capacity): 

Tissue heat budget: 

(2.1) 

Skeleton heat budget: 

(2.2) 
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Figure 2.1: Conceptual diagrams of the relevant heat fluxes (and associated parameters) 
in (a) a whole coral divided into sun exposed and shaded regions (of surface areas A1 
and A2 , respectively) and (b) in a small portion of surface tissue: radiation absorption 
(absorptivity, a); heat loss to the skeleton by conduction (skeleton conductance, K); heat 
loss to the water column by convection (convection coefficient, h). Schematic temperature 
profile, where Ttissue is the coral tissue temperature, Twater is the water temperature away 
from the boundary layer, and T skel is the skeleton core temperature. Definition of the 
effective thickness (b) of the thermal boundary layer (TBL), where 6..T is the coral surface 
warming (T - T water ) 

where p, c, and V are the skeleton's density, specific heat capacity, and volume, respec-

tively; dTskel / dt is the variation in skeleton temperature (pc V dTskel / dt is the variation in 

heat stored within the coral skeleton); and A1 and A2 are the surface areas of exposed and 

shaded tissue, respectively (see Fig.2. la). Positive values of qwnv 1 , Qconv 2, and Qcond indi-

cate a convective heat flux towards the water, and a conductive heat flux from the tissue 

to the skeleton, respectively. Expressions for each heat transfer term in Eqs. 2.1 and 2.2 

are listed in Table 1. 
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Absorbed radiative heat flux: 

The heat flux due to absorption of radiation, Qrad, is proportional to the incident solar 

irradiance (E), the surface area of exposed tissue (A1) and the tissue absorptivity (a): 

Qrad = aE (2.3) 

Defined as the fraction of incident radiation absorbed by the surface a accounts for 

a range of factors affecting the amount of absorbed light, such as the optical properties 

of both the host tissue (host pigments, tissue thickness) and the zooxanthellae (symbiont 

density, photosynthetic pigments). For purposes of simplification, we treat the tissue 

layer as a homogeneous absorbing medium and neglect local heterogeneity that arises 

from the structural organisation of host and symbiont cells and pigments, as well as the 

coral skeleton (Ktihl et al. l 995; Enriquez et al. 2005). 

Convective heat loss to the surrounding water: 

The convective heat transport, qCO'nv1 , and Qccmv2 obey Newton's law of cooling (Incropera 

and De Witt 1996) and are proportional to the difference in temperature between the water 

(Twater) and the coral (Ttissue ,and Tskel respectively), the surface area of exchange (A1 

and A2 , respectively), and the convection coefficient h (W m- 2 K- 1 ): 

Qccmvl 

Qccmv2 

h(Ttissue - Twater) 

h(Tskel - Twater) 

(2.4) 

(2.5) 

h accounts for the effects of flow rate, flow type (laminar or turbulent), and effects of 

coral morphology on local shear stress (e.g. Gates 1980; Denny 1993). 

Conduction of heat to the skeleton: 

The heat conduction, Qccmd, is proportional to the temperature difference between the sur-

face Ttissue and the skeleton Tsket, the surface area of exchange (A1), and the conductance 

of the skeleton K (W m- 2 K- 1) (Gates 1980): 

Qccmd = K ( Ttissue - Tskel) (2.6) 
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Thermal radiation: 

The net radiative heat flux from a surface at temperature T surrounded by a transparent 

medium at temperature T1 is given by the Stefan-Boltzmann law: q = ca(T4 - T{) 

where c is the surface emissivity and a is Stefan-Boltzmann's constant (5.67 10-s W 

m-2 K - 4) . For corals submerged in water, that heavily absorbs long wavelength radiation 

and radiates back to the coral, the exact calculation is more complex, but will not exceed 

the value given by the Stefan- Boltzmann law, i.e., approximately 5 W m-2 for a coral 

at 28 °C in water at 27 °C, and assuming a large emissivity (c = 0.9). In comparison, 

the convective heat loss would be 300 W m- 2 for the same temperature difference and 

assuming a convection coefficient (h) of approximately 300 W m-2 K-1 (a realistic value 

for a sphere or cylinder 50 mm in diameter, in a 1 cm s-1 flow; Incropera and DeWitt 

1996). Thus, thermal radiation is less than 2% of convection heat loss, and can be left out 

of our model, which greatly simplifies its mathematical formulation. 

Solutions of the heat budget equations: 

Combining Eqs. 2.3 to 2.6 into the heat budgets (Eqs. 2.1 and 2.2), results in: 

K Ea 
Ttissue - Twater = K + h (Tskel - Twater) + K + h 

dTskel ( ( ) pcV--;[t" = - K Ai+ hA2) Tskel - Twater 

+ K A1 (Ttissue - Twater) 

Inserting Eq.2.7 into 2.8, and solving for Tskel results in: 

T skel = Twater + D..Tm sket(l - e-t/T) 

Ea 
D..Tm skel = Kih 

pcV 
r = AK3 h 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

where Ki and K 3 are constants equal to (KA+ hA2 )/ KA1 and (K + hA2/A)/(K + h), 

respectively (Table 2.1 ); D..T m sket is the maximum warming of the bulk skeleton (i.e. 

maximum difference between Tskel and Twater ), and r is a constant with the dimension of 
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time. 

Table 2.1: Constants of the model. 

Ko 1 + l/(Ai/A2 + h/ K) 

K1 (KA+hA2)/KA1 

K2 KoK/K1(K+h) 

K3 K + hA2/A)/(K + h) 

Inserting Eq. 2.9 into 2.8 and simplifying the mathematical formulation, provides the 

coral surface temperature: 

1tissue = Twater + !::J..Tm tissue(l - K2 e-tfr) 
Ea 

/::J..Tm tissue= Koh 

(2.12) 

(2.13) 

where K0 and K 2 are constants equal to l+l/(Ai/A2+h/ K) and K0K/(K1(K +h)), 

respectively (Table 2.1); and !::J..T m tissue is the maximum warming of the exposed tissue 

layer (i.e. maximum difference between 1tissue and Twater ). 

Equations 2.9 and 2.12 describe the thermal response of coral skeleton and surface, 

respectively, in a transient state (i.e., directly following a sudden change in environmental 

conditions, such as an increase in radiation). Equations 2.10 and 2.13 provide the 

steady state difference in temperature between coral skeleton and water, and coral tissue 

and water, respectively (i.e., the temperature difference reached when environmental 

conditions are held constant for an extended period of time). The equations simply state 

that the absorption of radiative heat drives an increase in surface temperature, and this 

is counter-balanced by convection to the surrounding water, and depends on the relative 

importance of convection and conduction (h/ K, via K0 ). 
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The solutions to our model for transient (Eqs. 2.9 and 2.12) and steady (Eqs. 

2.10 and 2.13) states enable prediction of the coral temperature, given a prescribed set 

of environmental conditions (irradiance, E; water temperature, Twater; and flow, via 

convection, h), and provided a specific set of coral parameters: a, K, p, c, V, A1 and A2 • 

In particular the convection coefficient (h) reflects the complexity of convective heat 

transfer, in that it is affected by the characteristics of the fluid flow (velocity, turbulent 

or laminar) and by the geometry of the coral (shape and size) (e.g., Patterson 1992b; 

Incropera and De Witt 1996). This complexity is due to thermal boundary layers that form 

at the surface of objects immersed in a moving fluid, and control heat fluxes between 

bodies and the surrounding medium (Gates 1980). 

2.2.2 Diffusive and thermal boundary layers 

The thermal boundary layer (TBL) at the surface of a submerged object is analogous to 

the diffusive boundary layer (DBL), in that they both emerge through the action of viscous 

forces in the fluid (Dade et al. 2001), and limit the exchange of heat and solutes (such as 

oxygen) between the surface and the free stream. Exchange of dissolved gases and nu-

trients between aquatic organisms and the surrounding water is especially important for 

metabolism, and consequently much attention has focused on the effect of flow on mass 

transfer across the DBL (J0rgensen 2001), for coastal sediments (forgensen and Revsbech 

1985), microbial mats (J0rgensen and Des Marais 1990), seagrasses (Koch et al. 2006), 

and corals (Shashar et al. 1993; Lesser et al. 1994; Ktihl et al. 1995). Small water veloc-

ities and accompanying large DBLs of corals limit photosynthesis and respiration rates 

(Dennison and Barnes 1988; Shick 1990; Pinelli et al. 2006), and affect nutrient uptake 

(Atkinson and Bilger 1992) and prey capture (Patterson 1991). In contrast, the thermal 

boundary layers of corals have not been investigated. Fabricius (2006) showed that coral 

surface warming was reduced at high flow rates, and suggested that water flow contributed 

to cooling corals by thinning the TBL. Here we use the theory of heat transfer, and the 

analogy between TBL and DBL to describe a method for calculating the convection heat 

flux (qccmv) and the convection coefficient (h) from measured temperature profiles in the 
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TBL. In light of the heat-mass transfer analogy we consider it useful to show the relative 

scale of TBL and oxygen DBL in corals. 

2.2.3 Heat and oxygen flux across the thermal and diffusive bound-

ary layers 

Within the boundary layer, water flow is streamlined with very little vertical mixing (Gates 

1980), thus diffusion rather than advection dominates the transport of heat and oxygen. 

Immediately next to the coral surface, the convective heat flux Qconv ( 1 and 2, Table 1) 

equals a conductive heat flux in water (not to be confused with Qcond in the skeleton), and 

is described by Fourier's law of conduction (Gates 1980). Heat and mass transfer are 

analogous physical processes and the flux of oxygen across the DBL is described by an 

identical mathematical formulation, Fick's first law of diffusion. Thus the flux of heat, 

Qconv' and oxygen, J, to the water, is proportional to the gradient of temperature, T, and 

oxygen concentration, C, at the surface, so that: 

Surface heat flux: 

Surface oxygen flux: 

dT 
Qccmv = -k dz 

J ~ -DdC 
dz 

at z = 0 (2.14) 

at z = 0 (2.15) 

where z is the direction normal to the surface and oriented towards the water, k is the 

thermal conductivity of water (0.616 W m- 1K- 1; Denny 1993), and Dis the diffusion 

coefficient of oxygen in water ( 1.98 10-9 m- 2s- 1 , for air-saturated seawater at 25 °C; 

Larkum et al. 2003). The surface temperature gradient in Eq. 2.14 can, alternatively, be 

expressed in terms of the temperature difference (T - Twater ) and the effective thickness 

of the TBL, 6 (defined in Fig.2.1, in analogy with the definition of the effective thickness 

of the DBL by JfC?rgensen and Revsbech 1985). Eq. 2.14 thus becomes: 

k 
T - Twater 

Qconv = J (2.16) 

Substituting Qconv, k, and T with J, D, and C, respectively provides the counterpart of 

Eq.2.16 for mass transfer, which is commonly used for oxygen flux determination across 
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the DBL of aquatic organisms (J0rgensen and Des Marais 1990; Larkum et al. 2003). 

Combining Eqs. 2.4 and 2.16, produces the convection coefficient (h) and shows the 

inverse relationship between the thickness of the thermal boundary layer (8) and the effi-

ciency of convective heat transfer: 

h=~ 
8 

17 
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2.3 Materials and Methods 

2.3.1 Corals 

Samples were collected in the Heron Island lagoon adjacent to Heron Island Research 

Station (151°55'E, 23°26'S) in January 2006 and maintained in continuously flowing 

seawater (26 °C - ambient lagoon temperature) overnight before commencement of the 

experiment. Seven individual corals were used to investigate the coral temperature mi-

croenvironment (individual hemispherical colonies: Favia sp. ( rv 35 mm in diameter), 

Cyphastrea serailia ( rv50 mm), Favia rotunda ( rv90 mm), Porites lobata ( rv35 mm); 

individual branches: Po rites cylindrica ( rv4 mm), Stylophora pistillata ( rv6 mm), Seri-

atopora hystrix ( rv3 mm). Four hemispherical colonies of Porites lobata (30 - 40 mm 

diameter) and four branching colonies of Stylophora pistillata (branch thickness 5 - 6 

mm) were used for solar heating experiments. Four hemispherical colonies of Cyphastrea 

serailia ( rv50 mm diameter), and four branching colonies of Porites cylindrica (branch 

thickness rv 10 mm) were used for in situ monitoring of coral temperature. 

2.3.2 Temperature microenvironment 

Corals were placed in a flow chamber (Plexiglas, I 0 x 5 x 25 cm), where illumination 

was provided by a fibre-optic light source (Schott KL-2500, Germany) fitted with a col-

limating lens to focus light on the coral surface (Fig.2.2). The lamp was equipped with a 

heat filter limiting the spectral range to 400-730 nm. A temperature microsensor (TP50 

microthermocouple, Unisense A/S, Denmark) was mounted on a motorized micromanip-

ulator (Martzhauser, Germany) with computerised depth control and was connected to a 

thermocouple meter (T301, Unisense, Denmark). Data acquisition was done via an AID 

converter (Unisense A/S, Denmark) interfaced to a PC running software for positioning 

and data acquisition (Profix, Unisense A/S, Denmark). The microsensor measuring tip 

(50 µm in diameter) was positioned onto the coral tissue or, in some experiments, in-

serted into the mouth of a polyp from each coral using a dissecting microscope (Leica, 

Germany) before profiling commenced. 

18 
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Figure 2.2: Diagram of experimental setup used for measurements of temperature and 
oxygen microenvironment. The temperature microsensor was mounted on a motorized 
micromanipulator (MM) and connected to a thermocouple meter (see text). For the 0 2 
profiles, the temperature microsensor was replaced by an 0 2 microelectrode connected to 
a picoammeter (see text). 

The thermal boundary layer was investigated using two hemispherical colonies (Favia 

sp. and Porites lobata) and one branch of Stylophora pistillata. Steady state tempera-

ture profiles were measured after 10 to 20 min incubation at two experimental irradiance 

(1080 and 2080 µmol photons m- 2 s-1) and flow (0.2 cm s- 1and 1.3 cm s- 1 ). The effec-

tive boundary layer was determined as the intersection of the linear part of the temperature 

profile with the constant overlaying water temperature (see JfZ)rgensen and Revsbech 1985, 

and Fig. 2.lb). The convective heat flux across the boundary layer (Qconv), and the con-

vection coefficient (h) were calculated using experimental estimates of D..T and fJ with 

Eqs. 2.16 and 2.17, respectively. 

Dynamic changes in tissue temperature of hemispherical and branching corals were 

monitored with the temperature microsensor positioned in the polyp during light-dark 

shifts experiments. Corals were held in the dark for 5 min before a dark-light shift was 

applied, using an irradiance of 2080 µmol photons m- 2 s- 1(600 W m- 2 ) . The transient 

time constant (r) and the steady state surface warming (D..T) were determined by fitting 

Eq. 2.12 to the first 600 s of the experimental heating curve. 
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The thermal boundary layer of one of the hemispherical corals (Favia sp.) was com-

pared to the oxygen boundary layer, as measured with a Clark-type 0 2 microelectrode 

connected to a picoammeter (PA2000, Unisense, Denmark) and calibrated linearly using 

readings at air-saturated seawater and 0 2-free seawater. Oxygen profiles were measured 

after the temperature profiles, at the same flow rate (0.2 cm s-1) but at lower irradiance 

(480 µmol photons m-2 s-1 ). The thickness of the effective diffusive boundary layer was 

determined from the linear part of the 0 2 profile (J~rgensen and Revsbech 1985), in an 

identical manner as the thickness of the effective thermal boundary layer (described in 

Fig. 2.lb). 

2.3.3 Solar heating 

The flow chamber used in the laboratory was also set up outdoors to measure surface 

warming of the Porites lobata and the Stylophora pistillata specimens under direct sun-

light. Water and coral surface temperature were measured with miniature thermocou-

ples (tip diameter 1 mm, ±0.1 °C, Omega, UK) connected to an analog-digital logger 

(DT-50 DataTaker Pty Ltd, Australia) calibrated against a platinum resistance PtlOO ther-

mometer (Pyrosales Pty Ltd, Australia) in a temperature-controlled water bath (Julabo 

Labortechnik FIO-MH, Germany). Coral surface warming was determined as the differ-

ence between coral surface temperature and water temperature after 30 min exposure to 

direct sunlight. Downwelling irradiance was measured with a submersible light logger 

(Odyssey Dataflow Systems Pty Ltd, New Zealand) as photosynthetically active radiation 

(PAR; 400-700 nm, µmol photons m-2 s-1). This was then converted into irradiance (W 

m-2 ) using a conversion factor (0.50 W s µmol photons-1) derived from 5 simultaneous 

measurements of irradiance (W m-2) using a pyranometer (LiCor, USA), and the PAR 

(µmol photons m-2 s-1) meter, taken between 160 and 2100 µmol photons m-2 s-1. 

2.3.4 In situ temperature dynamics 

Temperature dynamics for specimens of Cyphastrea serailia and Porites cylindrica were 

monitored in the shallow reef flat, during two 48 h periods: One with high tide occurring 

during the midday period (01-02 February, high tide at 11 :00 h), and one with low tide 
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occurring during midday ( 10-11 February, low tide at 14:00 h). 

The temperature of coral skeletons and surrounding water was measured every 15 min 

with custom made miniature thermistors (tip diameter 1.5 mm, accuracy ±0.1 °C) con-

nected to a stand alone submersible data logger (Lothlorien Pty Ltd, Australia) and cal-

ibrated as previously described for the thermocouples. Two-mm holes were drilled into 

each of the 8 coral skeletons from the side and vertically in order to place the thermistor 

tip at 5 mm ± 1 mm below the sun-exposed surface of coral colonies. For P. cylindrica, 

horizontally oriented branches were chosen. Additional thermistors were placed in the 

water column 20 mm above coral surface, out of the boundary layer. Downwelling irra-

diance at the depth of corals was measured as PAR, as described above. 
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2.4 Results 

2.4.1 Transient response 

The transient thermal model (Eqs. 2.9 and 2.12) predicts that following a sudden onset 

of light, the coral temperature exponentially approaches a final value, and that the rate of 

increase is characterized by a time constant T, which is proportional to the coral's heat 

capacity (cV, i.e., its thermal mass) and inversely proportional to the efficiency of heat re-

moval by convection, i.e. by water flow (AK3h) (Eq. 2.11). The temperature response of 

polyp tissue to a dark-light transition is shown in Fig. 2.3. After the onset of light, polyp 

warming rapidly approached a new steady state value ~Tm, and good fits were found 

between the mathematical formulation (Eq. 2.12) and the experimental heating curves for 

all investigated corals (r2 > 0.90). This validates the model, whereby the temperature 

response of the tissue is of exponential form, although the fit was closer for the tempera-

ture curves of the hemispherical corals (r2 = 0.98) compared to the thin branching corals 

(r2 = 0.92). The steady state temperature difference ~Tm was significantly higher for 

the hemispherical corals (0. 78 ± 0.05 °C) than the branching corals (0.44± 0.03 °C) (p 

= 0.002; Student's t-test). The time constant (r) of the transient heating curve was also 

significantly greater for the hemispherical than the branching corals (58 ± 5 s and 26 ± 6 

s, respectively; p = 0.015; Student's t-test). 
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Figure 2.3: Polyp warming in response to a dark-light shift. (a) Hemispherical Cyphas-
trea serailia (50 mm diameter) and (b) Thin branch of Seriatopora hystrix (3 mm branch 
thickness). 
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2.4.2 Steady state experiments 

The steady-state thermal model (Eq. 2.13) predicts that coral surface warming is a linear 

function of irradiance (E). The slope of the relationship between coral surface warming 

and irradiance is a/ K 0 h and represents the relative efficiency of light absorption (a) and 

heat removal by convection, i.e. by water flow (h). Figure 2.4 shows the experimental 

effect of irradiance on surface warming of hemispherical Porites lobata colonies and of 

Stylophora pistillata branches, placed in a flow chamber at very low flow (0.2 cm s-1) 

and exposed to direct sunlight (from approximately 1000 to 2000 µmol photons m- 2 

s-1 ). The data show a linear relation between coral surface warming and irradiance, 

for both species and for both growth forms, thus supporting the outcome of the model 

(r2 = 0.89 for Porites lobata and 0.63 for Stylophora pistillata). At high irradiance (950 

W m-2 , equivalent to 2000 µmol photons m-2 s-1) there was a stronger warming of the 

hemispherical Porites lobata than for the branching Stylophora pistillata ( +0.9 °C and 

+0.4 °C, respectively) (Fig. 2.4), as expected from our model and theoretical estimates of 

the convection coefficient (h) and the tissue absorptivity (a) (see Discussion). 
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Figure 2.4: Surface warming of branching Stylophora pistillata and hemispherical 
Porites lobata placed in a flow chamber (0.2 cm s-1) under direct solar irradiance. 
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2.4.3 Thermal boundary layer 

A comparison of thermal and diffusive boundary layers above a polyp of Favia sp. is 

shown in Fig. 2.5. At a flow of 0.2 cm s-1and an irradiance of 480 µmol photons m- 2 

s-1 , zooxanthellae photosynthesis resulted in a build-up of 0 2 inside the polyp of l"V240 

% air saturation. Under identical flow, and an irradiance of 2080 µmol photons m-2 

s-1(equivalent to 600 W m-2), light absorption resulted in a 0.6 °C increase in polyp 

temperature compared to ambient water. The effective thickness of the thermal boundary 

layer was 2.6 mm, whereas the effective thickness of the diffusive boundary layer for 

oxygen was 0.6 mm. 
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Figure 2.5: Temperature and oxygen boundary layers for the hemispherical coral Favia 
sp., measured in a flow chamber (0.2 cm s-1) under artificial light. Temperature (0.2 cm 
s- 1; 2080 µmol photons m-2 s-1 ); oxygen (0.2 cm s-1 ; 480 µmol photons m- 2 s-1 ). 
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An increase in flow velocity from 0.2 cm s-1to 1.3 cm s-1resulted in a decrease in the 

thickness of the thermal boundary layer, i.e. an increasing convection coefficient, h, and 

a decrease in tissue warming (Table 2.2, Fig.2.6) for all three corals (Favia sp., P. lobata, 

S. pistillata). This effect was less pronounced for P. lobata, which had the greatest 

warming (+0.6 °C) of the three corals, and as predicted from the theory (Eq. 2.4) the 

strongest convective heat flux(> 160 W m-2). Although all three corals were exposed to 

the same conditions of flow and irradiance, the S. pistillata branch experienced the least 

tissue warming (Table 2.2), in accordance with the theoretical prediction (see Discussion). 
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Figure 2.6: Effect of flow on the temperature profile for (a) a hemispherical Favia sp. 
and (b) a branch of Stylophora pistillata, measured in a flow chamber and artificial light 
(400 - 730 nm, 2080 µmol photons m- 2 s- 1 ). 
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Table 2.2: Effect of flow on coral surface warming (!:1T), boundary layer thickness (8), 
convective heat flux (Q), and convection coefficient (h) of the hemispherical corals Favia 
sp. and Porites lobata and the branching Stylophora pistillata. Mean ± standard error 
(SE) (n=3). 

Favia sp. 

Parameter 0.2 cm s- 1 1.3 cm s- 1 

f::::.T (oC) 0.56 ± 0.01 0.35 ± 0.01 

8 (mm) 2.6 ± 0.15 1.7 ± 0.07 

Q (W m - 2 ) 138 ± 5 128 ± 6 

h (W m - 2 K- 1) 245 ± 6 361±11 

S. pistillata 

0.2 cm s- 1 1.3 cm s- 1 

0.38 ± 0.03 0.16 ± 0.01 

3.0 ± 0.1 1.5 ± 0.06 

82 ± 2 69 ± l 

213 ± 19 455 ± 49 

26 

P. lobata 

0.2 cm s- 1 1.3 cm s- 1 

0.60 ± 0.14 0.57 ± 0.01 

2.25 ± 0.35 1.8 ± 0.00 

163 ± 13 194 ± 2 

277±44 342±0 
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The process by which a change in irradiance affects coral surface temperature is 

demonstrated by temperature profiles measured on a P. lobata specimen (Fig.2. 7). 

Following a two-fold increase in irradiance, the slope of the linear part of the temperature 

profile doubled. This translated into a doubling in the convective heat flux Qconv (Table 

2.3; Eq. 2.16), thus illustrating how energy inflow (i.e., absorbed irradiance) sets the 

value of energy outflow (i.e., convection to the ambient water) according to the heat 

balance (Eq. 2.1 ). Furthermore, the two-fold increase in irradiance resulted in a two-fold 

increase in tissue warming (Table 2.3), which further supports the linear relationship 

predicted by the steady state thermal model (Eq. 2.13) and demonstrated in the outdoor 

flow chamber experiment (Fig.2.4). 
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Figure 2.7: Effect of irradiance on the temperature profile in the thermal boundary layer 
above a hemispherical Porites lobata (n = 4), measured in a flow chamber (0.2 cm s-1) 

under artificial light. 
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Table 2.3: Effect of irradiance on coral surface warming (l::,.T), boundary layer thickness 
(8), convective heat flux (Q), and convection coefficient (h) of a Porites lobata colony. 
Mean ± standard error (SE) (n=4). 

Irradiance (µmol photons m- 2 s- 1) 

1080 2080 

~T (°C) 0.27 ± 0.03 0.58 ± 0.04 

8 (mm) 1.8 ± 0.3 2.0 ± 0.3 

Q (W m- 2 ) 93 ± 6 178 ± 10 

h (W m- 2 K- 1) 360 ± 32 310 ± 23 

2.4.4 In situ temperature dynamics 

We measured diel variations in water temperature (Figs. 2.8e and f) and downwelling 

PAR at the level of the investigated corals (Figs. 2.8c and d) for a period of daytime 

low tide (10-11 February 2006) and daytime high tide (01-02 February 2006). On 10-11 

February 2006 (low tide at 14:30 h on 10 February and 15:00 h on 11 February), the 

water was warmer (28.8 ± 2.0 °C) than on 01-02 February (27.4 ± 1.0 °C, high tide at 

11:00 h on 01 February and 11 :30 h on 02 February), and was characterised by a greater 

temperature range (7.3 and 4 °C for 10-11 February and 01-02 February, respectively) 

and greater heating rate during the daylight period (approximately 1 °C h- 1 on 10-11 

Febmary, and 0.5 °C h-1 on 01-02 February, between 10:00 h and 16:00 h). On 10 and 

11 February, water temperature reached 33.7 ± 0.04 °C and 32.4 ± 0.12 °C, respectively, 

towards the end of the daylight period, at approximately 16:00 h (Fig. 2.8e). Clear sky 

and water during sampling periods caused maximum recorded PAR at coral depth to reach 

1200 µmol photons m-2 s-1on 01 -02 February and 1650 µmol photons m-2 s-1on 10-11 

February. 
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Figure 2.8: In situ temperature dynamics of Cyphastrea serailia and Porites cylindrica 
colonies during days of noon low tide and days of noon high tide. (a, b) Temperature 
gradient between coral skeleton (5 mm depth) and water. ( c, d) Incident PAR at the depth 
of the corals for the corresponding days. The horizontal lines above the curve represent 2 
h intervals centred on the time of high tide (upper series) and low tide (lower series). (e,f) 
Bulk water temperature. 
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Diurnal variation in surface warming of the branching and the hemispherical colonies 

are shown in Figs. 2.8a and b for the two sampling periods. No warming of coral surface 

was detected for either of the two groups in the period of daytime high tide (01-02 

February). However, on 10 and 11 February, coral surface warming occurred for both 

groups in the light period at low tide, and there was a significant interaction between 

coral shape and time of day (p < 0.005). The hemispherical Cyphastrea serailia colonies 

(n = 4) exhibited heating of 0.3 - 0.6 °C (10 February) and 0.3 - 0.5 °C (11 February) 

relative to the mixed overlaying water. On the same days, skeletons of the branching 

Porites cylindrica (n = 4) were 0.1 - 0.3 °C and 0.2 - 03 °C warmer than the overlaying 

water, respectively. 

The maximum warming of the corals did not coincide with maximum irradiance 

(around 13:00 h) but with maximum water temperature (around 16:00 h) several hours 

into low tide. On 10 February, solar heating at that time of day caused the hemispherical 

corals to reach 33.9 ± 0.1 °C and of the branching to reach 33.8 ± 0.09 °C, while wa-

ter temperature reached 33.7 ± 0.04 °C. On 11 February, the coral surface temperature 

reached 32.7 ± 0.08 °C in the hemispherical corals and 32.5 ± 0.07 °C in the branching 

corals, while water temperature reached 32.4 ± 0.12 °C. On that same day, water tem-

perature remained above 32 °C (identified as a bleaching threshold for many species in 

the southern Great Banier Reef, Berkelmans and Willis 1999) for approximately 80 min, 

and solar heating caused the surface temperature of the hemispherical and the branching 

corals to exceed 32 °C for approximately 150 min and 140 min, respectively. 
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2.5 Discussion 

Seawater, with its relatively high thermal conductivity and extremely high heat capacity, 

is an excellent heat sink. Therefore, it might intuitively seem that only extreme seawater 

temperatures would expose corals to thermal stress. On the contrary, our results, and those 

of Fabricius (2006), show that solar-driven localised heating may well be a problem for 

corals in many shallow situations, albeit under conditions of very low flow. 

In our field study, Spring low tide caused the water level on Heron Island reef flat 

to remain below 50 cm for up to 5 h (I. Jimenez pers. obs.), and cumulative insolation 

on the shallow water body caused temperature to rise throughout the day and reach a 

maximum at the end of the daylight period. Maximal coral surface warming of 0.6 °C 

also occurred much later in the day than solar noon, and may have coincided with timing 

of minimum flow on the reef flat, before the lagoon was flushed with cooler oceanic water 

which caused the corals to cool down. The precise range and occurrence of flow rates for 

which heat transfer is limited by a thermal boundary layer need to be further investigated. 

Fabricius (2006) reported a surface warming of 0.2 - 0.6 °C for shallow water corals at 

flow velocities of 2 - 6 cm s- 1. Although typical flows on a coral reef usually range from 

10 to 30 cm s-1 (Sebens et al. 1997; Helmuth et al. 1997a), periods of extremely low 

flow ( <5 cm s- 1) are not uncommon for lagoonal habitats (Helmuth et al. 1997a). 

In addition, flow experienced by corals on a regular basis may be much smaller than 

that measured several meters above the substratum. Shashar et al. ( 1996) found that 

flow over a coral reef is controlled by a 1 m thick benthic boundary layer (BBL), which 

greatly reduces flow within 50 cm of the substratum. For a mainstream water velocity of 

12 cm s- 1, the flow within the lower 50 cm region of the BBL could be as low as 2 -3 cm 

s- 1(Shashar et al. 1996), comparable to our experimental flows. Additionally, the onset 

of bleaching is often associated with doldrums, periods of clear skies and calm weather 

(Gleason and Wellington 1993; Glynn 1993). The ensuing combination of low water 

circulation and high light penetration is directly responsible for heating shallow water 

bodies, but also matches the conditions shown in this study to allow solar driven heating 

of corals. In any case, with increasing evidence that corals are particularly susceptible 

to small upward excursions of temperature (Glynn 1996; Hoegh-Guldberg 1999) it may 
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become essential to understand how corals heat up in shallow areas of coral reefs. 

At low flow velocities, heat removal from coral tissue is limited by the presence 

of a thermal boundary layer. This is, to our knowledge, the first study of coral TBLs. 

Although the sampled flows were extremely low ( <2 cm s-1 ), we were able to demon-

strate the mechanism involved in the convective cooling of corals exposed to a heat 

load, and to investigate the effects of irradiance and flow velocity on the temperature 

profile within the TBL. This new data, together with our model of a coral's heat budget, 

allowed a preliminary assessment of the major factors governing the temperature of the 

living tissue of corals under conditions of low flow and high irradiance. ·we identify 

three distinctive thermal regions: The TBL, the thin veneer of living tissue, and the 

largely dead coral skeleton beneath. We have developed a two-lump model (Gates 1980) 

to distinguish between processes at the coral surface (Qrad and Qconv) and the role of 

the skeleton as a heat sink. Although such a clear-cut distinction between the surface 

layer and the skeleton is likely an oversimplification, we believe that our approach 

adequately describes the major factors that control temperature changes in hemispherical 

and branching corals. In particular we can speculate on the importance of convection to 

the water compared to conduction to the skeleton. The thermal conductivities of water 

and calcium carbonate are 0.62 and 2.1 W m- 1 K- 1 , respectively (Incropera and DeWitt 

1996), so that the thermal conductivity of the porous skeleton ksket is in the range 1-2 W 

m- 1 K - 1. Assuming that the skeleton conductance Kofa hemispherical coral of radius 

R and conductivity kskel can be roughly estimated by K = ksket/ R (Gates 1980), and 

that the convection coefficient h in a no flow situation is h = kwater / R (Gates 1980), 

then heat is expected to dissipate from the tissue layer to the skeleton and the water to 

a similar degree. At higher flow rates, however, convection is expected to dominate the 

heat budget, as h increases as the square root of flow velocity (see below, Eqs. 2.18 to 

2.20). 
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2.5.1 Boundary layers 

We showed that the TBL thickness of corals is in the range of 1-3 mm at low flow 

(<1.5 cm s- 1). As a comparison, DBL thicknesses of 100-1000 µm exist for oxygen, 

depending on the local topography of the coral surface and the flow conditions (Shashar 

et al. 1993; Klihl et al. 1995; De Beer et al. 2000). The ratio of the TBL and DBL 

thickness (8thermatf 8dif fusion) is theoretically set by a dimensionless parameter, the Lewis 

number, which is the ratio of thermal and mass diffusivities (Le = a/ D). Theoretically, 

8thermat/ 8diffusion = Le1!3 • In water at 25 °C the diffusivity of heat (a) is 1.4 x 10- 7 

m2 s-1, and two orders of magnitude greater than that of 0 2 (D = 1.98 x 10-9 m2 s-1 ) 

(lncropera and De Witt 1996). Therefore, the TBL of aquatic organisms is predicted to 

be 4 times thicker than the DBL for oxygen. For the hemispherical coral Favia sp., we 

found a ratio of 8thermat/ 8dif fusion = 2.6 mm /0.6 mm = 4.3 (Fig. 2.5), which is in close 

agreement with the theory. We conclude that significant boundary layers exist for heat 

as well as for mass transfer, suggesting that thermal boundary layers may substantially 

affect the heat exposure of coral tissue, and potentially enhance the harmful effects of 

hyperoxic conditions and limited toxin removal due to low water flow (Nakamura and 

van Woesik 2001). 

Heat and mass transfer being analogous processes, knowledge of DBLs can in theory 

be translated into estimates of TBLs, and vice versa (lncropera and DeWitt 1996), so that 

valuable indirect insight into the TBLs of corals could be derived from previous studies 

of oxygen DBLs (Shashar et al. 1993; Ktihl et al. 1995; De Beer et al. 2000). Shashar 

et al. ( 1993) showed that the coral surface topography resulted in a thicker DBL over 

polyps than coenosarc tissue (viz. the coral tissue that interconnects the polyps). Whether 

the same is true for TBLs, remains to be explored, and could have implications for the 

microscale temperature distribution at the surface of corals. 

Combined microsensor analysis of thermal and diffusive boundary layers is a powerful 

technique to verify the strength of the heat - mass transfer analogy in the case of corals, 

and other highly pigmented systems such as e.g. microbial mats and sediments. The 

presence of a microsensor can induce a local compression of the diffusive boundary layer 
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(Glud et al. 1994), most probably due to a local acceleration of the flow. This could 

create an artefact in our data, but we would expect a similar effect on both temperature 

and oxygen microprofiles. More detailed investigations are required to test the importance 

of boundary layer compression. 

2.5.2 Influence of flow rate 

Flow velocity affects coral temperature by thinning the TBL, thus reducing the resistance 

to heat transfer towards the water, and resulting in an increase in the convection coeffi-

cient, h (Table 2.2, Fig. 2.6). Theoretical guidelines from classical treatments of heat 

transfer, together with predictions from our model (Eq. 2.13), can be used to estimate 

coral surface wa1ming at higher and lower flow rates. The effect of flow velocity (v) on 

convection is traditionally expressed in terms of two dimensionless parameters from heat 

transfer engineering (Incropera and DeWitt 1996): The well known Reynolds number 

(Re): 

Re= vL 
v 

(2.18) 

where v is the kinematic viscosity of water, and L is the characteristic dimension of 

the organism; and the Nusselt number (Nu) , which is the ratio of heat transfer assisted by 

water motion to that with conduction alone: 

Nu= hL 
k 

(2.19) 

where k is the conductivity of water. The effect of flow on convection is expressed 

as an empirically derived relationship of the form Nu = cRem, where the exponent m is 

specific to the shape of the submerged object, and is known for simple geometrical shapes 

such as spheres (and Re< 7.6104 , Incropera and DeWitt 1996): 

Nu= 2 + 2.03 (0.4 Re0
·
5 + 0.06 Re0

·
67

) (2.20) 

Thus, a 5 cm diameter sphere in a 5 cm s-1flow would have a convection coeffi-

cient (h) of 875 W m- 2K- 1 • The resulting surface warming, given by Eq. 2.13, is thus 

!J..Tm tissue = O.l4°C (assuming Eis 600 W m- 2 ; a is approximately 0.2 (see later), and 

where for high values of h the constant K 0 can be shown to be close to 1). 
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On the other hand, in the extreme, no flow situation, heat exchange with the sur-

rounding water would occur by conduction alone, and the convection coefficient (h) in 

Eq. 2.13 would be replaced by a conduction coefficient (hcond), which depends only on 

the conductivity of water (k; 0.616 W m-2K-1) and the coral diameter (L; e.g. 5 cm): 

hcond = 2k/ L = 25 W m-2 (Denny 1993). In this case, Eq. 2.13 predicts a surface 

warming fl.Tm tissue = 2.75 °C (where E and a are 600 W m- 2and 0.2, respectively; and 

where for small values of h the constant K 0 can be shown to be approximately 2 - Ai/ A; 

where A 1 /A is the fraction of surface area that intercepts the direct light beam and is es-

timated as the ratio of a sphere's cross section (A1 = 7r( d/2)2 ) with its total surface area 

(A = 47r( d/2) 2), i.e., 1/ 4. These considerations suggest that under extreme conditions of 

no flow and high irradiance (> 1000 µmol photons m-2 s-1 ), shallow water corals could 

experience temperatures up to 3 °C higher than the surrounding water. 

2.5.3 Size and shape of corals 

The corals investigated in this study can be roughly divided into hemispherical types (>5 

cm) and thinly branched corals (branch diameter up to a few cm). In all experiments, the 

larger hemispherical colonies experienced higher surface warming than the thin branches. 

Equations 2.18 to 2.20 predict that h decreases with coral size as d- 0·5 , thus suggesting 

that the size of corals is a critical factor potentially affecting heat fluxes and surface tem-

perature. The effect of coral shape can also be discussed using engineering theory of heat 

transfer. The dimensionless Nu - Re relationship for a cylinder in laminar flow and low 

velocity (Re < 4000) is (Incropera and DeWitt 1996): 

Nu= 1.23 Re0.466 (2.21) 

Therefore, theoretically derived values of the convection coefficient (h, Eq. 2.19) would 

be 700, 300 and 370 W m-2K-1for a cylinder 10 mm diameter, 50 mm diameter, and 

a sphere 50 mm diameter (Eq. 2.20), respectively, placed in a 1 cm s-1 cross flow. A 

thin (I 0 mm diameter) coral branch would thus exchange heat with the surrounding 

water twice as efficiently as a thicker branch (50 mm diameter) or a larger hemispherical 

(50 mm diameter) coral. Although this is consistent with previous mass transfer studies 

(Nakamura and van Woesik 2001; Falter et al. 2007), the results from our boundary layer 
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study did not show such a difference in the local convection coefficient (h) between the 

branching S. pistillata and the hemispherical P. lobata and Favia sp. at the flows tested 

(Table 2.2). However, the reduction in TBL thickness that resulted from an increase in 

flow appeared more pronounced for the branching coral than the hemispherical colonies 

(Table 2.2, Fig. 2.6). There is clearly a need for further investigation of coral shape 

factors and their importance for coral heat budgets. 

Our first results suggest that the temporal response of corals exposed to fluc tuating 

environmental conditions may also be affected by coral shape and/or size. The time con-

stant ( T) of the transient heating curve of the hemispherical corals was twice that of the 

thin branches. T is a measure of the rapidity of the coral's thermal response following a 

sudden increase in irradiance, or water temperature: Eq. 2.12 states that after a time equal 

to the constant T, coral surface warming (6.T) has reached (1- e-1 )6.Tm, i.e., 0.63 6.Tm. 

In other words, the time constant T is the time it takes for coral warming to reach 63 % 

of the final value 6.T m · The smaller the time constant, the faster the coral heats up after 

onset of light. 

Our model (Eq. 2.11) predicts that T is inversely proportional to the coral's sur-

face area to volume ratio (A/V). For a sphere and a cylinder of radius r this is 3/r 

([47rr2]/[4/ 37rr3]) , and 2/r ([L27rr ]/[L7rr2]) respectively. Therefore, T of hemispherical 

and cylindrical corals increase proportionally to the coral radius (as r /3 and r /2, 

respectively). Although the response time of spheres and cylinders of equally small 

diameter are not expected to differ significantly, larger massive colonies are likely to 

have a much slower temporal response than thin branches. Our first data set suggests 

that the surface layer of small corals ( < 5 cm) have response times shorter than 1 min, 

and our model suggests that this could increase for large ( 1 m) massive colonies to 15 

min. The skeleton of larger colonies could therefore potentially dampen the temperature 

response to rapid environmental fluctuations, such as light flecks , cloud passage, or rapid 

fluctuations in flow rate. Our theoretical considerations suggest that the size more than 

the shape (cylinder versus sphere) accounts for differences in surface warming between 

small branches and larger massive colonies. 
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The magnitude of warming reached in the steady state is determined by the balance 

between the amount of light energy absorbed by coral tissue and the efficiency of heat re-

moval by convection to the water column (Eqs. 2.10 and 2.13). Fabricius (2006) provided 

strong evidence that coral pigmentation is a key factor determining the surface tempera-

ture of corals. Pigmentation is quantified in our model by the tissue's absorptivity (a), 

an estimate of which can be derived from Eq. 2.13, and using the known value of irra-

diance, E, (400-700 nm; 2080 µmol photons m-2 s-1), the empirical values of 6.T and 

the convection coefficient, h (Table 2.2). We found values for the 3 corals Favia sp., P. 

lobata, and S. pistillata of 0.23, 0.28, and 0.13, respectively. This estimation neglects 

heat transfer to the skeleton for the time being (K =0, thus K0=1 in Eq. 2.13), and thus 

presents an overestimation. We speculate that the branching coral S. pistillata may there-

fore have had a smaller light absorbing capacity than the hemispherical colonies Favia sp. 

and P. lobata, possibly due to a thinner tissue or lower pigment content. There is a need 

to further investigate the efficiency of heat absorption for hemispherical and branching 

corals. 

In our study all sampled surfaces were oriented perpendicularly to the incident light. 

In the field, however, the orientation of the tissue relative to the incident irradiance 

would greatly affect absorption, especially for vertically oriented branches. At the 

scale of a single branch, this would appear in our model as a correction to the incident 

irradiance E of the form E cos (} where () is the angle between the direct incident 

light beam and the direction normal to the surface (Gates 1980). The surface warming 

6.Ttissue would thus be proportionally reduced by cos() (Eq. 2.13). Therefore, geo-

metrical as well as biological characteristics of corals may affect their surface heat budget. 

2.5.4 Implications for mass coral bleaching 

Bleaching is often more severe in shallow environments (Marshall and Baird 2000), 

during doldrums or periods of low wind and calm seas, when light penetration is strong 

(Glynn 1993, 1996). Additionally, corals often bleach first on their uppermost surface 

(Williams and Bunkley-Williams 1990). Thus both elevated sea temperature and solar 
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radiation concur in triggering natural bleaching events (Fitt and Warner 1995; Glynn 

1996; Brown 1997) and the synergistic effect of high temperature and radiation cause 

damage to the photosynthetic mechanisms of the zooxanthellae (Lesser 1996; Jones 

et al. 1998; Hill and Ralph 2006). Our results and those of Fabricius (2006) indicate an 

additional effect of light, in that the mere heating power of solar radiation can contribute 

to increases in the heat load of exposed coral tissue. Both PAR ( 400-700 nm) and 

ultraviolet radiation (UVR, 280-400 nm) have been implicated in triggering bleaching 

(Gleason and Wellington 1993; Brown et al. 1994; Fitt and Warner 1995). Which 

waveband contributes more to a coral's heat budget is likely to depend on the spectral 

distribution of light reaching corals (the shorter wavelengths carrying higher energy) and 

the coral tissue absorptivity, a . 

Solar heating of shallow water corals could have profound implications for bleaching. 

In summer, corals live close to their upper thermal limit and increases in temperature 

as small as 1-2 °C above the mean monthly summer temperature can trigger bleaching 

(Berkelmans and Willis 1999). Both the absolute temperature rise above the threshold, 

and the duration of exposure, affect the severity of a bleaching event (Gleeson and Strong 

1995; Winter et al. 1998; Berkelmans 2002).Therefore, the severity of bleaching events 

is predicted based on a cumulative stress index, i.e. degree heating weeks (DHW), 

which represents the accumulation of anomalously high sea surface temperature (SST) 

on reefs (Liu et al. 2003): One DHW represents either a + 1 °C anomaly lasting 1 week, 

or a +2 °C anomaly lasting half a week. A value of 8 DHW is known to trigger mass 

coral bleaching (Liu et al. 2003). Such indices may need to be evaluated in light of the 

present results showing that although corals may be exposed to a water body at uniform 

temperature, differential effects of solar heating may cause some corals to exceed the 

maximum expected summertime temperature for a longer period of time, and by a larger 

amount than others. 

It is well documented that branching corals often are more sensitive to thermal stress 

than massive coral species (Marshall and Baird 2000; Loya et al. 2001). Shape-related 

differences in coral thermal exposure could explain some of the observed differences in 
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bleaching susceptibility among taxa. Corals living in reef environments that frequently 

experience extreme temperatures may be more resistant to bleaching conditions compared 

to corals living in more stable physical environments (Jokiel and Coles 1990; Glynn 1996; 

Marshall and Baird 2000). Brown et al. (2000, 2002a) also showed that the bleaching 

tolerance of corals can be shaped by their experience of exposure to solar radiation. Our 

results suggest that large hemispherical colonies experience higher temperatures than thin 

branching corals. How this affects their resistance to bleaching remains to be investigated. 

In summary, we have shown that microscale temperature measurements coupled with 

theoretical analysis using well known concepts from heat and mass transfer theory can 

yield important insights to the regulation of coral heat budgets. In combination with more 

detailed studies of the optical properties of corals and their energy metabolism, e.g. with 

fiber-optic microsensors (Ki.ihl 2005) this approach may even allow the construction of a 

complete energy budget for particular corals. 
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In situ thermal dynamics of shallow 

water corals 

3.1 Introduction 

Diurnal fluctuations in irradiance affect the photophysiology of the endosymbiontic algae 

(zooxanthellae) of corals (Brown et al. 1999a; Ralph et al. 1999; Jones and Hoegh-

Guldberg 2001; Winters et al. 2003; Levy et al. 2004; Hill and Ralph 2005 ; Smith and 

Birkeland 2007). Supra-optimal light intensities at noon result in a loss of photosynthetic 

efficiency (i.e. photoinhibition) mostly through photoprotective mechanisms rather than 

long-term damage to the photosynthetic apparatus (Brown et al. 1999a; Hoegh-Guldberg 

and Jones 1999; Ralph et al. 1999; Gorbunov et al. 2001). Elevated temperatures are 

thought to compromise the repair machinery of photosynthesis (Takahashi et al. 2004 ), 

causing oxidative stress (Lesser 1997) and chronic damage to the zooxanthellae (Smith 

et al. 2005). Thus, the combination of intense irradiance and elevated temperature is 

recognised as the primary cause of mass coral bleaching events (Iglesias-Prieto et al. 

1992; Jones et al. 2000). 

In shallow reefs such as Heron Island, elevated temperature and intense irradiance 

often co-occur (Coles 1997), as large diel increases in water temperature are caused 

by prolonged solar heating of the ponding, shallow water body during low Spring tides 
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(Jones et al. 2000; Jimenez et al. 2008). Such conditions of low tide have been shown 

to also result in additional solar heating of coral surfaces of up to rv 0.6 °C (Chapter 2, 

Jimenez et al. 2008). The thermal sensitivity of the coral-algal symbiosis is such that an 

excess in water temperature of just 1-2 °C above long-term summer maxima can trigger 

bleaching (Podesta and Glynn 2001), and differences of 1 °C in thermal exposure are 

known to affect the severity of the bleaching response (Berkelmans and Willis 1999). 

Therefore, additional solar heating of coral surfaces can potentially affect the bleaching 

response to elevated seawater temperatures (Fabricius 2006), and a better understanding 

of the spatial and temporal variability in bleaching patterns may be achieved by a 

more accurate description of the thermal exposure of coral tissue in situ, rather than 

measurements in the surrounding water. 

Results from Chapter 2 highlighted the link between coral surface warming and tide 

regime, and provided evidence for shape-related differences in the thermal exposure of 

hemispherical and branching corals. This may have implications for our understanding of 

the large differences in bleaching susceptibility between coral taxa of these growth forms 

(Marshall and Baird 2000; Loya et al. 2001). Due to inherent technical difficulties in con-

tinuous underwater field measurements of coral temperature dynamics, this preliminary 

set of evidence was limited both in duration and replication. A better understanding of in 

situ thermal exposure of corals requires an expanded and more robust set of expedmental 

evidence. The present study thus aims to expand on this preliminary field study, and to 

further investigate the tidal and diurnal dynamics of the temperature and photophysiology 

of shallow water corals of branching (Po rites cylindrica) and hemispherical (Po rites 

lobata) growth forms. 
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3.2 Materials and Methods 

3.2.1 Site and sampling periods 

Coral surface temperature dynamics were monitored on the reef flat adjacent to Heron 

Island Research Station (151°55'E, 23°26'S) during three periods, representing two con-

trasting tidal situations. During the first two sampling periods (14-17 January 2007 and 

21-24 November 2007), low Spring tides drained the reef flat for approximately 5 hours 

during the daylight period, creating a shallow pool 20 - 50 cm deep between 10:00 - 16:00 

h. In the third experiment (28-30 November 2007), high tide occurred around noon and 

water depth ranged from 2 to 3 m between 10:00 - 16:00 h. Tidal heights for Heron 

Island were provided by the Bureau of Meteorology (Australia) for January 2007 sam-

pling period (30 min intervals) and the Environment Protection Agency (Australia) for 

the November 2007 sampling period (10 min intervals). 

3.2.2 Coral specimens 

In the January and November 2007 experiments, hemispherical colonies of Porites lobata 

( rv 150 mm diameter) and branching colonies of Po rites cylindrica (branch thickness rv 10 

mm) were collected from the shallow reef flat (n = 4 and 5 in January and November, 

respectively). A 2-mm hole was drilled vertically through each of the coral skeletons and 

the colonies were left to recover for at least 24 h in continuously flowing seawater (25 °C 

- ambient lagoon temperature) before redeployment on the reef flat. 

3.2.3 Coral optical properties 

The light absorbing capacity of the P. lobata and P. cylindrica specimens was assessed as 

the absorptivity (a, fraction of light absorbed by the tissue) in the spectral range 400-750 

nm. This was estimated from spectral reflectance measurements performed using a fibre-

optic spectrometer (USB2000, Ocean Optics, USA) and a deuterium-halogen light source 

(DH-2000-BAL, Ocean Optics, USA), as described in Chapter 5. 
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3.2.4 Coral temperature measurements 

The temperature of coral skeletons and the surrounding water was measured every 5 

min with custom made miniature thermistors (tip diameter 1.5 mm, accuracy ±0.1 °C) 

connected to a stand alone submersible data logger (Lothlorien Pty Ltd, Australia) and 

calibrated against a type T thermocouple in a well mixed 10 L thermostated water bath 

(Jimenez et al. 2008). Thermistor accuracy was tested in a slowly varying temperature 

controlled bath, and readings proved consistent to within 0.1 °C over the range 22 - 35 

°C. The thermistors were fed through the holes into the skeleton, in order to ensure the 

sensor tips were in thermal contact with the skeleton and level with the sun exposed 

surface of the coral colonies (Fig. 3.1. For P. cylindrica, horizontally oriented branches 

were chosen. Water temperature was monitored by a set of thermistors placed in the 

water column 10 cm away from the coral surfaces. 

Figure 3.1: In situ temperature measurements. (a) Submersible temperature logging 
equipment (photo: I. Jimenez) and (b) close-up of a P. cylindrica colony with inserted 
temperature sensor (photo: G. Holmes). 
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Downwelling irradiance at the depth of corals was measured as PAR (photosynthet-

ically active radiation) between 400-700 nm with a submersible downwelling irradiance 

data logger (Odyssey Dataftow Systems Pty Ltd, New Zealand) at 5 min integration time. 

3.2.5 Coral photosynthetic health 

During the November 2007 experiments (daytime low and high tide), chlorophyll fluores-

cence measurements of the photochemical efficiency of the zooxanthellae in the exper-

imental corals were performed in situ using an underwater, pulse amplitude modulated 

ftuorometer (Diving-PAM, Walz, Germany). The effective quantum yield of photochem-

istry in PSII in the light adapted state (<I> PSI 1) was assessed as t,.F /Fm' = (Fm' - F) /Fm', 

where Fm' is the maximum fluorescence yield (measured after application of a 0.8 s satu-

rating light pulse of> 4500 µmol photons m-2 s-1) and Fis the steady state fluorescence 

yield (measured under non-actinic weak 0.3 µs pulses from a blue light emitting diode). 

t,.F /Fm' was measured daily around noon (between 12:00 and 15:00, and at night be-

tween 22:00 and 04:00, when low tide permitted easy access to the site. 

3.2.6 Statistical analysis 

Repeated measures analysis of variance (rm-ANOVA) was used to assess changes in the 

daytime and nighttime quantum yields of PSII over the duration of the November experi-

ment. The time of significant changes was identified with Tukey's post hoc comparisons. 

Two-tailed Student's t-tests were used to compare values of absorptivity (a), surface 

warming (t,.T) at 10:00, 12:00, 14:00 and 16:00 h, and PSII effective quantum yields 

(t,.F /Fm') between the P. lobata and P. cylindrica specimens. All data were tested for 

normality and homogeneity of variance prior to testing, using Kolmogorov-Smimov and 

Levene's tests, respectively. 
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3.3 Results 

3.3.1 Noon low tide experiments 

Water temperature dynamics 

The temperature of water during the sampling periods 14 - 17 January 2007 and 21 - 24 

November 2007 exhibited large diel fluctuations (Fig. 3.2), typical of low Spring tides 

on the shallow reef fiat at Heron Island (Potts and Swart 1984; Jones et al. 2000; Jimenez 

et al. 2008). 

On each of the four sampling days of 14 - 17 January 2007, oceanic water levels 

dropped to 1.1, 1.0, 0.8 and 0.7 mat 12:00, 13:00, 13:30, and 14:00 h, respectively (Fig. 

3.2a). Low tide during the November 2007 experiment (21-24 November) occurred at 

similar times: 11:30, 12:30, 13:20, and 14:30 h, but dropped lower to 0.6, 0.5, 0.4 and 

0.3 m, respectively (Fig. 3.2b ). The greater tidal amplitude of the November experiment 

caused a longer residence time of the shallow water body on the reef flat, and this was 

mirrored by a greater daily temperature variation (5.3-7 .0 °C) compared to January (3.9-

5.7 °C) (Fig. 3.2b and c). Night time water temperatures were 24-25 °C on 14 - 17 

January, while daytime temperatures increased to 30.7 °C on 14 January, and between 

28.0 - 29.5 °C on 15-17 January. In November 2007, water temperatures were 22-24 °C 

at night and reached 29.3 - 30.3 °C during the day on 21-23 November. 

Maximum daily temperatures were reached at approximately 14:30, 15:30, 15:20, and 

14:30 hon each of the four days on 14-17 January, and at 13:30, 14:50, 15:40 and 16:20 

hon 21-24 November. On each sampling day of the January and November experiments, 

a sharp decline in water temperature coincided with the flushing of oceanic water into the 

lagoon, as water levels rose above the reef crest (Potts and Swart 1984). This occurred 

at approximately 17:00, 16:20, 16:00, and 15:50 on the 14-17 January, and 14:30, 15:15, 

15:40 and at 16:20 on the 21-24 November. 
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Figure 3.2: In situ temperature dynamics of hemispherical Porites lobata and branching 
Porites cylindrica colonies during 4-day periods of noon low Spring tide in January and 
November 2007. (a, b) Incident PAR measured at the depth of corals and tidal height at 
Heron Island. ( c, d) Water temperature. ( e-h) Temperature gradient between coral surface 
and water for the (e, f) P. lobata and (g, h) P. cylindrica specimens (Average± SE, n=4 
and 5 in January and November, respectively). 
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Coral surface warming 

The surface temperature of corals increased above that of the surrounding water (Fig. 

3 .2e-h). On the 14-17 January, the surface temperature of the hemispherical P. lobata 

specimens increased above that of the water by +0.3-0.4 °C between 11 :00 and 15:30 

h, reaching +0.6 °C on the 15 January at 14:00 h (Fig. 3.2e). By contrast, the surface 

warming of the branching P. cylindrica was at the most +0.2-0.3 °C during the same 

period (Fig. 3.2g). A similar pattern occurred during the November experiment, 

whereby the temperature of the hemispherical P. lobata increased by +0.3 to 0.8 °C 

above that of the surrounding water (Fig. 3.2f), while the P. cylindrica were only by 

+0.2-0.3 °C warmer than the water (Fig. 3.2g). In January, significant differences in 

the surface warming of P. lobata and P. cylindrica were detected at 14:00 h on the 15th 

(0.54±0.09 and 0.23±0.04, p = 0.02) and the 16th(0.33±0.04 and 0.18±0.04, p = 
0.045), and at 16:00 hon the 16th (0.1 5± 0.02 and 0.08±0.02, p = 0.02) and the 17th 

(0.26±0.02 and 0.16±0.02, p = 0.01). In the November experiment, the surface warming 

of P. lobata was significantly greater than that of P. cylindrica at 16:00 h on the 22nd 

(0.25±0.04 and 0.03±0.01, p < 0.01) and the 2Yd (0.15±0.03 and 0.04±0.02, p < 0.05). 

In the January 2007 experiment, the maximum value of coral surface warming was 

reached simultaneously with the daily maximum in water temperature (Fig. 3.2c, e and 

g). This occurred at the end of the low tide period between 14:30 - 15:30 h, and thus later 

than the noon maximum in irradiance. In November, maximum water temperature were 

also mirrored by a maximum in coral surface warming, but for the hemispherical P. lobata 

specimens this was followed by a spike caused by a sharp decline in water temperature 

and a delayed response in coral surface temperature (Fig. 3.3). 
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Figure 3.3: Temperature dynamics of the Porites lobata on 22 November 2007 (Average 
± SE, n=5). Maxima in coral surface warming are indicated by arrows: (a) 14:30 h and 
(b) 15:30, and a sun indicates solar noon. Inset: Temperature of water (solid line) and 
corals (dashed line). 

Coral absorptivity 

No differences were detected in the light absorbing efficiencies of the P. lobata and P. 

cylindrica specimens in the January experiment (a = 0.49 ± 0.04, p > 0.05). How-

ever, in the November experiment the absorptivity of the P. lobata specimens (a =0.67 

±0.06) was significantly greater than that of the P. cylindrica specimens (a =0.45 ±0.04, 

p =0.02). 
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3.3.2 Noon high tide experiment 

In contrast with the prolonged insolation of the reef flat during daytime low tide, the noon 

high tide experiment (28-30 November 2007, Fig. 3.4) showed smaller water temperature 

variations (4 °C) and maxima (27 °C on the 29 November). The temperature of the corals 

differed little from that of the water, at the most by +0.15 °C on 29 November for the P. 

lobata specimens (Fig. 3.4c and d). 
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Figure 3.4: In situ temperature dynamics of hemispherical Porites lobata and branching 
Porites cylindrica colonies during a 4-day period of noon high tide in November 2007. 
(a) Incident PAR measured at the depth of corals and tidal height at Heron Island. (b) 
Water temperature. ( c, d) Temperature gradient between coral surface and water for the 
(c) P. lobata and (d) P. cylindrica specimens (Average± SE, n=5). 
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3.3.3 Chlorophyll a fluorescence measurements 

Throughout the November sampling period (noon low and noon high tide, Fig. 3.5), 

both coral species exhibited large diurnal fluctuations in the effective quantum yield of 

PSII, consistent with the well known depression of photosynthetic activity under mid-day 

maximum irradiance (Brown et al. 1999a; Ralph et al. 1999). 
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Figure 3.5: Plots of (a) tidal height and underwater PAR during the noon-low and noon-
high tide sampling periods (November 2007), and (b) quantum yield of PSII for Po rites 
lobata and Porites cylindrica (averages ± SE, n = 5). 

The noon value of !J.F / Fm' for both coral species was significantly lower on 21 

November (0.15 ± 0.04) compared to 30 Nov (0.33 ± 0.05, rm-ANOVA, p < 0.05), 

indicating greater photoinhibition at noon low tide compared to noon high tide (Fig. 3.5). 

At noon on 26 November, !J.F /Fm' of P. cylindrica (0.27 ± 0.05) was significantly greater 

than that of P. lobata (0.15 ± 0.02) (t-test, p = 0.01). 

No changes were detected in the night-time dark adapted quantum yields (rm-
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ANOVA, p >0.05), suggesting no chronic photoinhibition occurred on those days. 

3.4 Discussion 

3.4.1 Coral thermal dynamics 

The temperature of corals increased above that of the surrounding water during both sam-

pling periods of noon low tide (14-17 January and 21-24 November 2007, Fig. 3.2), but 

remained within less than rv0.2 °C of water temperature during the noon high tide sam-

pling period (28-30 November 2007, Fig. 3.4). This is consistent with the preliminary 

data shown in Chapter 2 (Jimenez et al. 2008), and indicates that low Spring tides in the 

shallow reef flat at Heron Island provide conditions of low flow and high irradiance con-

ducive to recurring solar heating of shallow water corals. The present study, together with 

Chapter 2, has thus far documented three periods of daytime low Spring tide during which 

coral surface temperature increased up to +0.8 °C above that of the water, suggesting this 

may not be a rare occurrence restricted to unusual weather conditions. 

Intermittent ponding of shallow water bodies, causing a reduction in water circulation 

combined with elevated irradiance, has been documented for reef systems in American 

Samoa (Smith and Birkeland 2007), Japan (Kraines et al. 1998), and the Great Barrier 

Reef including Heron Island (Counihan et al. 2001; Jimenez et al. 2008) and One Tree 

Island (Ludington 1979). Thus, shallow water corals may be regularly exposed to greater 

temperature than previously thought. This has implications for our understanding of the 

history of thermal exposure during both bleaching and non-bleaching periods. In partic-

ular, through acclimatization or adaptation, exposure to temperature extremes may influ-

ence the thermal tolerance of corals (Jokiel and Coles 1990; Marshall and Baird 2000; 

Coles and Brown 2003). 

This phenomenon may not routinely occur in reef habitats where water flow is pre-

dominantly driven by wind rather than tidal currents (e.g., Genovese and Witman 2004). 

In these cases low tide and high irradiance may coincide with daily maxima in flow ve-

locity, which could alleviate coral surface warming. Further work is required to assess the 
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exact range of flow and irradiance under which the temperature of corals is increased, and 

the magnitude of this effect across coral taxa, morphologies and pigmentations. 

Difficulties in underwater measurements of surface temperatures pertain to the high 

thermal conductivity and heat capacity of water, which may compromise the thermal con-

tact between the sensor and the coral surface. It is therefore possible that the sensors de-

ployed in this study underestimated the temperature of corals, and this may be improved 

through finer scale measurements using e.g. microsensors. 

3.4.2 Interspecific differences 

The hemispherical Porites lobata specimens experienced a greater surface warming, and 

therefore a higher in situ temperature, than the branching Porites cylindrica. This agrees 

with results from Chapter 2 that branching corals had a smaller surface warming than 

hemispherical corals (Jimenez et al. 2008). In the January experiment, this difference 

occurred despite similar light absorbing efficiencies. This indicates differences between 

hemispherical and branched corals in how their heat budget is affected by the skeleton, 

and I or convective heat loss to the surrounding water. These processes and the effects of 

coral morphology remain to be explored. 

Furthermore, the November 2007 experiment indicated that the thermal dynamics of 

the hemispherical corals may in some instances be delayed relative to variations in the 

water temperature (Fig. 3.3). On the 22 November, the lag between the water and coral 

temperature curves was about 5 min. The small hemispherical corals used in Chapter 

2 (approximately 5 cm in diameter) had response times of approximately 1 min, and 

based on predictions from the theoretical thermal model (Chapter 2) this should increase 

proportionally to the coral diameter (Eq. 2.11). The hemispherical P. lobata specimens in 

the present study were 15 cm in diameter and may thus have a response time of around 3 

min. This is close to the observed response, thus indicating that the skeleton may influence 

the thermal dynamics of coral tissue. It should however be noted that because the sharp 

increase in surface warming coincided with a decrease in water temperature, this did not 

increase the coral temperature, but merely slowed the cooling curve by a few minutes 

(Fig. 3.3). Furthermore, this was observed only in the November experiment (Fig. 3.2e 
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and g), and not in January (Fig. 3.2f and h) where water temperature had a slower rate 

of cooling (Fig. 3.2c). Thus, thermal buffering by the skeleton may influence the surface 

temperature of hemispherical corals, but only occasionally and for a few minutes. It 

might however prove interesting to investigate the potential buffering effect of much larger 

(meters) colonies. 

3.4.3 Physiological implications 

The midday depression in effective quantum yield of PSil (Fig. 3.5) is associated with ac-

tive down-regulation as a photoprotective mechanism, as well as possible photoinhibitory 

damage under intense noon irradiance (Ralph et al. 1999; Gorbunov et al. 2001; Winters 

et al. 2003; Levy et al. 2004). Exposure to excessive temperature can exacerbate pho-

toinhibition and impair photosynthesis of the zooxanthellae (Jones et al. 1998; Hill et al. 

2004; Takahashi et al. 2004). Thus, the additional heating of corals during low tide may 

influence the physiological impacts of concurring over saturating irradiance. 

This study confirmed a previous observation that maximum coral surface warming 

did not coincide with maximum in-adiance, but with maximum water temperature, well 

into the low tide period (Fig. 3.2, and Jimenez et al. 2008). This possibly coincided 

with extremely low water flow in the partially drained reef flat, prior to flushing by the 

rising tide (Ludington 1979; Kraines et al. 1998). The timing of low tide thus influences 

the thermal exposure of corals, and this may have implications for the photophysiologi-

cal performance of corals. The effective quantum yield of PSII in shallow water corals 

is often lower in the afternoon compared to morning values (Winters et al. 2003; Levy 

et al. 2004), indicating an afternoon loss in photosynthetic capacity due to photoinhibi-

tion (Winters et al. 2003). Thus, the timing of tidally driven coral surface warming could 

potentially have different physiological impacts in the morning or afternoon. 

There were no significant differences in the effective quantum yield of PSII between 

P. lobata and P. cylindrica during the noon low tide sampling period, when the tissues of 

P. lobata were exposed to additional surface warming (Fig. 3.5). This indicates that the 

zooxanthellae in P. lobata were not adversely affected by exposure to temperatures higher 

than P. cylindrica. This is not surprising as exposure temperatures remained lower than 
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the critical bleaching threshold of 32 °C. t:,.F /Fm' of P. lobata was reduced compared to P. 

cylindrica on the 26 January 2007, when daytime high tide reduced the intensity of noon 

irradiance. This may arise from numerous other biotic and abiotic factors not investigated 

in this study, including previous history of temperature and light exposure, interspecific 

differences in symbiont photophysiology (Warner et al. 1996; Hill and Ralph 2005; Ul-

strup et al. 2006b ), and mass transfer (Pinelli et al. 2006, 2007). However, considering 

the differences in thermal exposure caused by additional solar heating of P. lobata, the 

physiological impacts of small intermittent increases in temperature should be further 

investigated, in particular when water temperatures approach bleaching conditions. 

3.5 Conclusion 

This chapter has provided extensive in situ evidence that the surface temperature of corals 

can exceed that of the surrounding water, typically during low tide on shallow reef or 

lagoon environments such as Heron Island. This may be a regular occurrence on shal-

low reef flats, triggered by the combined effects of high irradiance and low water flow 

characteristic of low Spring tides, where solar heating of corals coincides with times of 

maximum water temperature, as well as conditions of irradiance and flow that promote 

photoinhibition of the zooxanthellae and hinders gas exchange with the water column. 

The potential implications of these temperature excesses on the physiological response of 

corals to bleaching temperatures await further investigation. Despite similar light absorb-

ing properties for Porites lobata and Porites cylindrica, the effect was more pronounced 

for the hemispherical P. lobata than the branching P. cylindrica. This is consistent with 

previous evidence of interspecific variation in coral thermal environment (Jimenez et al. 

2008, Chapter 2), and may result from morphological variation in convective heat trans-

fer, and/ or thermal properties of the skeleton. These mechanisms are further investigated 

in the following chapters. 
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Chapter 4 

Effects of flow and colony morphology 

on the thermal boundary layer of corals 

4.1 Introduction 

In shallow reef environments water temperature has been shown to underestimate the heat 

exposure of corals (Fabricius 2006; Jimenez et al. 2008). During periods of low wind, 

clear skies, and low turbidity, a combination of limited water circulation and strong light 

penetration into the water column (e.g. Glynn 1993) can elevate the temperature of indi-

vidual corals above that of the surrounding water, by up to 1 °C (Fabricius 2006; Jimenez 

et al. 2008). This coral heating under high irradiance and low water flow has hitherto been 

largely overlooked, but may be of particular importance for coral reef monitoring: such 

clear and calm weather conditions are often associated with the onset of coral bleaching 

in shallow reefs (e.g. Glynn 1993; Lesser et al. 1994; Hoegh-Guldberg 1999) as the water 

temperature can rise by several degrees, irrespective of the coral itself. 

Wanning of the coral can be reduced by increased flow velocity (Fabricius 2006; 

Jimenez et al. 2008, see Chapter 2), and is also influenced by coral colour (Fabricius 

2006) and potentially their shape and size (Jimenez et al. 2008). A better understanding 

of the temperature differences that may arise between individual corals during and prior 

to a bleaching event, would refine the spatial and temporal accuracy of temperature mon-

itoring programs based on measurements of sea surface temperature (e.g. NOAA Coral 
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Reef Watch). To assist monitoring programs, it is expected that a coral thermal model 

based on principles of heat transfer theory (see Chapter 2) could estimate the temperature 

variability of corals in the field. Such a model (see Chapter 6) requires that the effects of 

environmental parameters such as irradiance, and in particular water flow, be described in 

terms of defined mathematical relationships. 

The rate of convective heat loss (Chapter 2) at the surface of corals has been shown to 

be limited by the presence of a thermal boundary layer (TBL), which extends a few mm 

from the coral surface (Jimenez et al. 2008, see section 2.4.3) and acts as a barrier across 

which heat is transferred by conduction rather than advection (Gates 1980). The surface 

warming of corals is thus modulated by the thickness of the TBL (Jimenez et al. 2008, see 

Chapter 2, Fig. 2.6), which typically decreases as an inverse power of the flow velocity 

(e.g. Incropera and DeWitt 1996). However, the exact formulation of this power law 

relationship between TBL thickness and flow is specific to the shape of the submerged 

object, the topography of the surface of exchange, and the physical characteristics of 

the water flow (velocity, turbulent or laminar) (e.g. Incropera and DeWitt 1996). Such 

relationships are known for simple geometrical shapes such as spheres and cylinders (e.g. 

Incropera and DeWitt 1996) but need to be determined empirically for complex structures 

such as corals. 

The TBL emerges through the interaction of the coral's surface with the viscous forces 

in the fluid (Gates 1980), and is therefore analogous to the diffusive boundary layer (DBL) 

that controls the exchange of solutes and dissolved gases (such as 0 2 ) with the surround-

ing water (Shashar et al. 1996; Dade et al. 2001). In a previous study (Jimenez et al. 

2008, Chapter 2) we showed the presence of a TBL and a DBL at the surface of corals, 

and verified that the TBL was approximately 4 times thicker than the DBL, as expected 

from heat and mass transfer theory (Incropera and De Witt 1996). As was mentioned in 

Chapter 2, the theoretical analogy between heat and mass transfer implies that despite the 

different spatial scales of the TBL and DBL, both boundary layers should respond in the 

same way to an increase in flow velocity (Incropera and De Witt 1996). In other words, 

the relationship between flow velocity and the boundary layer thickness should have an 

identical mathematical formulation for both the TBL and the DBL (Patterson et al. 1991; 
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Jimenez et al. 2008), and thus be interchangeable (Incropera and DeWitt 1996). Conse-

quently, the mathematical relationship describing the TBL thickness (8r8 L) as a function 

of flow could in theory be inferred from the analogous relationship between DBL thick-

ness (8DBd and flow, which has been characterized for oxygen transfer at the surface of 

branching (Pocillopora damicornis, Lesser et al. 1994) and hemispherical corals (Mon-

tastrea annularis, Patterson et al. 1991). However, for such relationships to be reliably 

translated from one process to the other, the validity of the heat-mass transfer analogy 

should first be verified for corals, having complex surface topographies and shape. 

In order to better understand and ultimately predict (see Chapter 6) the thermal expo-

sure of individual corals under bleaching conditions, we investigated the effect of water 

flow on the temperature of shallow water corals. Microsensor technology was used in a 

controlled laboratory experiment to i) investigate the effect of the coral's surface topogra-

phy on the temperature microenvironment at the scale of individual polyps, for Favia sp. 

and Platygyra sp.; ii) empirically determine the mathematical relationship between water 

velocity and the thicknesses of the TBL and DBL, for two coral species with contrasting 

morphology: the branching Stylophora pistillata and the hemispherical Porites lobata; 

and iii) verify the analogy between the responses of the TBL and the DBL to variations 

in flow velocity. 

4.2 Materials and methods 

4.2.1 Corals 

Corals were collected from the Heron Island lagoon adjacent to Heron Island Research 

Station ( 151°55'E, 23°26' S) in January 2007 and maintained in continuously ft owing sea-

water (26 °C - ambient lagoon temperature). For contour mapping of the thermal bound-

ary layer over individual polyps, corals with rough topographies were chosen: a colony 

of Favia sp. ( rv35 mm in diameter) characterized by rv 1 mm deep cerioid corallites, and 

a colony of the meandroid Platygyra sp. ( rv45 mm in diameter), characterized by rv2 mm 

deep valleys and ridges (see Fig. 4.1 c ). 

Corals of smoother topography were also collected and transported to Sydney for 
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experimental work on the effects of flow: 10 colonies of Porites lobata ( rv35 mm in 

diameter) and 9 fragments of Stylophora pistillata ( rv50 mm in length, each with 1 to 3 

branches; branch thickness 5 - 6 mm). 

4.2.2 Boundary layer measurements 

Temperature and oxygen boundary layers were investigated using the micro-profiling 

equipment and experimental set-up described in section 2.3.2 (Fig 2.2). 

4.2.3 Polyp-scale thermal microenvironment 

The Favia sp. and Platygyra sp. specimens were each placed in the flow chamber de-

scribed in (Chapter 2) and exposed to a flow velocity of I cm s-1 and a down-welling 

irradiance of 430 W m-2 , corresponding to 1500 µmol photons m- 2 s-1 • Temperature 

contour maps over single polyps (at 200 µm vertical intervals) were constructed from 

multiple temperature profiles (n= 7 to 9 profiles at 0.5 - 1 mm horizontal intervals) mea-

sured along a transect across a single polyp and perpendicular to the direction of flow. 

The coordinates of the tissue surface was determined for each profile by positioning the 

microsensor tip at the surface using a micromanipulator (Mfutzhauser, Germany) and ob-

serving through a dissecting microscope. 

4.2.4 Flow experiment 

The effect of flow on the thermal and diffusive boundary layer of Porites lobata and 

Stylophora pistillata was investigated using a longer flow chamber (Plexiglas, I 0 x 5 x 36 

cm) that permitted flow velocities up to 5 cm s- 1• 

For TBL measurements, corals were heated by extreme down-welling irradiance 

(1500 W m- 2 , corresponding to rv2500 µmol photons m-2 s- 1 ) provided by a halogen 

lamp (PAR38 l 50W, Arlee Australia). The corals were exposed to 7 different flow ve-

locities (0.3, 0.6, 1.4, 2.3, 3.0, 3.8, and 5.0 cm s- 1), measured by tracking neutrally 

buoyant neutral particles (brine shrimp cysts) in the free stream 2 cm above the corals. 

Three replicate temperature microprofiles (measured at intervals of 50-200 µm vertical 
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distance) were performed after 15 min incubation at each flow velocity. The same point 

of the coral's upper surface was sampled at all flow velocities. The branches of S. pistillata 

were oriented horizontally and perpendicularly to the direction of flow. For measurements 

of the oxygen DBL, the same corals were subsequently exposed to each of 5 flow veloc-

ities: 0.5, 0.7, 1.3, 3.7, 4.3 cm s- 1under a down-welling irradiance of 430 µmol photons 

m- 2 s-1, provided by a fibre optic light source (Schott KL-2500, Germany). 

8rBL and bvBL were estimated as the intersection between the linear part of the 

temperature and 0 2 profiles, respectively, and the water temperature, as described in 

Chapter 2 (section 2.3.2). 

Preliminary profiles (data not shown) on P. lobata and S. pistillata confirmed that for 

these smoother surfaces (in contrast with Favia and Platygyra sp.), brBL varied by only 

10% over a 1 cm-2 area of tissue on the light-exposed region of the coral. 

4.2.5 Dimensional analysis of heat and mass transfer 

The effects of flow on heat and mass transfer at the surface of Porites lobata and Sty-

lophora pistillata were analysed in a dimensionless form, as this allows predictions of 

heat and gas exchange for coral sizes and flow conditions not used in the experiment (e.g. 

Patterson and Sebens 1989, see also Discussion 4.4.5). A non-dimensional measure of 

heat transfer is provided by the Nusselt number (Nu; as described in Chapter 2), which is 

the ratio of the heat flux assisted by water motion to the flux that would occur by conduc-

tion alone. It is calculated from the characteristic length scale, i.e. the width of the coral 

colony(£) and the thickness of the TBL (br8 L) as (e.g. Incropera and DeWitt 1996): 

Nu= L/brBL (4.1) 

Similarly, the ratio of oxygen mass flux assisted by water motion to that by diffusion 

alone is represented by the Sherwood number (Sh) (e.g. Patterson et al. 1991), and is 

calculated from the measured DBL thickness (8v8 L) using (e.g. Incropera and DeWitt 

1996): 

Sh= L/fJDBL 
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Finally, the nature of the flow regime around coral colonies is traditionally charac-

terized by the well-known Reynolds number (Re) (Vogel 1981) calculated from the flow 

velocity (u), the width of the coral colony (L) and the kinematic viscosity of water (v) 

as described in Chapter 2 (Eq. 2.18) : Re = uL / v . Re is the ratio of inertial to vis-

cous forces in the fluid (Denny 1988) and its order of magnitude serves as an index of the 

physical character (laminar or turbulent) of the flow around submerged objects (Schlicht-

ing 1979; Vogel 1981 ): For example, flow around simple geometric shapes (such as plates, 

spheres and cylinders) becomes turbulent at Re above a critical value of rv 105 (Incropera 

and De Witt 1996). 

The effects of forced convection on heat and mass transfer are characterized using 

plots of Nusselt I Reynolds and Sherwood I Reynolds numbers, respectively, which typi-

cally follow a power function of the form: 

Nu=cRem (4.3) 

Replacing Nu by Sh in Eq. 4.3 provides the analogous power law relationship for 

mass transfer. Additionally, using the definitions of Re (Eq. 2.18), Nu (Eq. 4.1 ), and Sh 

(Eq. 4.2) verifies that the thicknesses of the TBL and DBL are also described by a power 

law relationship of the form: 8TBL rv um. 

The exact formulation of this relationship (i.e. the values of the coefficients c and m 

in Eq. 4.3) depends on the specific shape of the object (e.g. Vogel 1981 ; Patterson 1992b; 

Incropera and DeWitt 1996). The heat (mass) exponent, m, is usually the most important 

coefficient in determining the degree to which flow increases heat or mass transfer (Pat-

terson et al. 1991). In particular, a value of m = 0.5 indicates transfer across a laminar 

boundary layer, while m > 0.6-0.8 characterizes a turbulent boundary layer (Schlichting 

1979). 

4.2.6 Coral reflectance spectra 

In order to account for potential differences in colour darkness (Fabricius 2006) between 

the two groups of corals, the reflectance spectrum ( 400-750 nm; 0.35 nm spectral resolu-

tion) of each coral was measured with a fibre-optic spectrometer (USB2000, Ocean Op-

tics, USA) equipped with a fibre-optic reflectance probe (R400-7-UV NIS, Ocean Optics, 
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USA). The collecting tip of the fibre-optic light probe ( 1.5 mm diameter) was positioned 

under water rv5 mm from the surface of the coral, maintained in a beaker filled with fil-

tered seawater. Light was provided by a deuterium-halogen light source (DH-2000-BAL, 

Ocean Optics, USA) connected to the input branch of the bifurcated reflectance probe 

(see Chapter 5). Spectral reflectance (R) was measured as the ratio of light collected from 

the coral surface to that reflected from a 99% diffuse reflectance standard (Spectralon, 

Labsphere, USA). 

Spectral reflectance was then further normalized to the reflectance at 750 nm. Po-

tential differences in reflectance spectra caused by variations in the distance of the probe 

to the coral surface, or differential skeletal scattering properties between the branching 

and the massive species (see Chapter 5) would be apparent at wavelengths greater than 

700 nm where absorption by the pigmented coral tissue is minimal (Enriquez et al. 2005; 

Hochberg et al. 2004). This normalization to reflectance at 750 nm was used to rule out 

such variations and compare only the optical absorption properties of the tissue of P. lo-

bata and S. pistillata. Spectral reflectance was then averaged over the range 400 - 700 nm, 

and the average tissue absorptivity, i.e. the fraction of absorbed irradiance, was estimated 

as a= 1 - R (Chapter 5). 

4.2. 7 Statistical analysis 

Two-tailed Student's t-tests were used to compare values of the coral absorptivity, and 

the heat and mass transfer exponents between the P. lobata and S. pistillata specimens. 

All data were tested for normality and homogeneity of variance prior to testing, using 

Kolmogorov-Smirnov and Levene's tests, respectively. 

61 



Chapter 4: Effects of flow and colony morphology 

4.3 Results 

4.3.1 Thermal boundary layer mapping 

The thickness of the TBL over individual polyps of Platygyra sp. and Favia sp. was 

affected by topographical features of the corallites such as calices and protruding septae 

(Fig. 4.1). For Platygyra sp., the TBL over polyp tissue was thicker than that over the 

coenosarc (Fig. 4. la) and for both species regions of polyp tissue were up to 0.3 °C 

warmer than the coenosarc (Fig. 4.la and b). 
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Figure 4.1: Contour maps of the thermal boundary layer over (a) two neighbouring 
polyps of Platygyra sp. and (b) an individual polyp of Favia sp., under flow and light 
conditions of 1 cm s-1 and 430 W m-2 (1500 µmol photons m-2 s-1 ), respectively. For 
better illustration, the map for Favia sp. was duplicated by right symmetry. ( c) Schematic 
diagram of polyps of the Platygyra sp. and Favia sp. specimens. 
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4.3.2 Coral surface temperature 

The surface temperature of S. pistillata branches and of hemispherical specimens of P. 

lobata (Fig. 4.2) increased above that of the surrounding water by up to +0.20 °C and 

+0.55 °C, respectively, when exposed to extreme irradiance (1500 W m-2 , corresponding 

to "-.J 2500 µmol photons m- 2s- 1) and quasi-stagnant flow (0.3 cm s-1 ). Warming of the 

coral surface decreased with increasing velocity down to r-...J0.05 and 0.10 °C (for each 

species) at a flow of 5 cm s-1 (Fig. 4.2). 
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Figure 4.2: Effect of flow on the tissue surface warming of Stylophora pistillata branches 
(n = 9) and hemispherical colonies of Porites lobata (n = I 0), measured in a flow chamber 
under high irradiance (1500 W m- 2 ; 2500 µmol photons m- 2 s-1 ). Averages ± SE are 
shown. The least square power-law regressions are: ~T = 0.11 v-0 ·47 , r2= 0.99 and 
~T = 0.31 v-0·59 , r2= 0.98 for S. pistillata and P. lobata, respectively. 
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In agreement with heat transfer theory (e.g. Incropera and De Witt 1996), the effect 

of flow velocity on coral surface warming followed a power-law relationship of the form 

fl.T rv u- m , where the exponent m was close to 0.5 (Fig. 4.2) and thus consistent with 

transfer across a laminar boundary layer (Schlichting 1979). At all experimental flow 

rates, the hemispherical P. lobata colonies experienced stronger surface warming than the 

thin branches of S. pistillata, although both coral species under these conditions had a 

similar range of boundary layer thicknesses (Fig. 4.3). 
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Figure 4.3: Coral surface warming of Stylophora pistillata branches (n = 9) and hemi-
spherical colonies of Po rites lobata (n = 10) plotted against the thickness of the ther-
mal boundary layer, measured under 1500 W m-2 (2500 µmol photons m-2 s-1) irradi-
ance and flows ranging between 0.3 - 5.0 cm s- 1. The least square regression lines are: 
fl.T = i.110-4 brBL - 6.9 10-2 ' r2= 0.73, and l::iT = 3.0 10-4 brBL - 2.5 10-2 ' r2= 0.73 
for S. pistillata and P. lobata, respectively. 
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4.3.3 Surface oxygen concentration 

Similarly, the surface 0 2 concentration of S. pistillata and P. lobata (exposed to 430 

µmol photons m- 2 s- 1) decreased with increasing flow velocity, from 199 and 209% air 

saturation, respectively, at quasi-stagnant flow (0.3 cm s- 1) , down to 122 and 139% air 

saturation, respectively, at 4 cm s- 1(Fig. 4.4). The relationship between flow velocity and 

0 2 surface concentration could also be described by a power law of the form Cs rv u-m, 

where the value of m was close to 0.2. 
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Figure 4.4: Effect of flow on the surface 0 2 concentration of Stylophora pistillata 
branches (n = 7) and hemispherical colonies of Porites lobata (n = 8), measured in a 
flow chamber and exposed to 430 µmol photons m- 2 s-1 • Averages± SE are shown. The 
least square power-law regressions are: Cs = 161 v-0·20 , r2= 0.95 and Cs = 180 v-0·18 , 

r2= 0.99 for S. pistillata and P. lobata, respectively. 
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4.3.4 Thermal and diffusive boundary layers 

The effective TBL thickness (<5r8d of both species ranged from 0.7 mm to 2.0 mm (Fig. 

4.5a and b) and followed a power-law relationship similar to that of the coral surface 

warming (Fig. 4.2). The TBL of P. lobata and S. pistillata were of similar thickness at all 

sampled flows, except at quasi-stagnant flow (0.3 cm s-1) where P. lobata had a thicker 

TBL than S. pistillata (Figs. 4.5a and b ). 
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Figure 4.5: Effect of flow on <5rsL and <5v8L over Stylophora pistillata branches (n = 9) 
and hemispherical colonies of Porites lobata (n = 10). Averages ± SE are shown. The 
least square power-law regressions are: a) S. pistillata: T BL = 1183 v- 0·31 , r2 = 0.95 
and DBL = 463 v-0·73 , r2 = 0.88; b) P. lobata: TEL = 1294 v-0 .41, r2 = 0.99 and 
DBL= 297 v-0·72 , r2 = 0.97. 

The effective DBL thickness ( <5DsL) was similar for both species (Fig. 4.5a and b) 

and varied from 0.2 mm at 4.3 cm s-1 to 0.7 mm at 0.5 cm s-1 . It was thus thinner 

than the TBL by a factor of 2.9 - 3.5. A power law relationship was also found for the 

DBL thickness (Fig. 4.5a and b ), as expected from mass transfer theory and numerous 

experimental reports of mass transfer processes in corals (Patterson and Sebens 1989; 

Patterson et al. 1991; Patterson 1992b; Lesser et al. 1994). 
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4.3.5 Dimensional analysis of heat and mass transfer 

A non-dimensional analysis of the data from Fig. 4.5 is plotted in Fig. 4.6 to better 

compare the characteristics of heat and mass transfer in the two coral species. The heat 

and mass exponents from the power law relationship fitted to the data in Fig. 4.5 (Eqs. 

4.3), appear in Fig. 4.6 as the slope in the linear relationships between log Re-log Nu 

(Fig. 4.6a) and log Re-log Sh (Fig. 4.6b ), respectively. 
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Figure 4.6: Non-dimensional representation of Fig. 4.5, i.e. dimensional analysis of 
flow-assisted transfer of a) heat and b) mass for colonies of Po rites lobata (n = 10 ± 
SE) and Stylophora pistillata (n= 9 ±SE). Nu: Nusselt number; Sh: Sherwood number; 
Re: Reynolds number. The slopes of the plots were a) Nu-Re : 0.31 and 0.41 and b) 
Sh-Re: 0.73 and 0.72 for S. pistillata and P. lobata, respectively. (See text, 4.2.5, for 
the calculation of the dimensionless parameters as a function of coral dimensions, flow 
velocity, and boundary layer thicknesses.) 
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The heat transfer exponents for both coral species (0.31 and 0.41, for S. pistillata 

and P. lobata, respectively) were statistically similar to the expected value of 0.5 for heat 

transfer across a laminar thermal boundary layer (Incropera and De Witt 1996), and were 

unaffected by coral shape (p > 0.05; Student's t-test). The mass transfer exponents for 

both coral species (0.73 and 0.72, for S. pistillata and P. lobata, respectively) were also 

unaffected by coral shape (p > 0.05; Student's t-test), but were significantly greater than 

0.5 (p < 0.005; Student's t-test) and thus indicated that transport of 0 2 occurred across a 

turbulent diffusive boundary layer (Schlichting 1979). 

4.3.6 Coral absorptivity 

No significant difference in the coral absorptivity (a) was detected between S. pistillata 

and P. lobata: 0.54 ± 0.03 (n = 9 ± SE) and 0.59 ± 0.02 (n = 10 ± SE), respectively (p 

> 0.05; Student's t-test), thus indicating that the tissue of both coral species had similar 

light absorbing efficiencies (see Chapter 5). 
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4.4 Discussion 

A plethora of studies have shown that flow velocity enhances mass transfer at the sur-

face of corals, such as oxygen fluxes (Patterson and Sebens 1989; Shick 1990; Patterson 

et al. 1991; Gardella and Edmunds 1999; Pinelli et al. 2006), inorganic carbon delivery 

(Lesser et al. 1994), nutrient uptake (Atkinson and Bilger 1992; Baird and Atkinson 1997; 

Thomas and Atkinson 1997), and prey capture (Patterson 1991; Helmuth and Sebens 

1993; Sebens et al. 1997). Flow modulated mass transfer across diffusive boundary layers 

is known to affect coral physiology (Dennison and Barnes 1988; Gardella and Edmunds 

2001; Nakamura et al. 2005; Pinelli et al. 2006), and in particular high water flow reduces 

photoinhibition (Nakamura et al. 2005). This has been linked to the improved resistance 

and resilience to bleaching of corals in high flow areas (Nakamura and van Woesik 2001; 

Nakamura et al. 2003; West and Salm 2003). By contrast, the effect of flow velocity on 

the thermal boundary layer of corals has hitherto rarely been addressed (Fabricius 2006; 

Jimenez et al. 2008). In light of the sensitivity of corals to small increases in temperature 

(Brown 1997; Hoegh-Guldberg 1999; Jokiel 2004), it becomes imperative to also docu-

ment flow effects on the local thermal environment of coral tissue, as opposed to that of 

the ambient water. This laboratory-based study represents the first direct measurement of 

the effects of flow velocity and coral shape on the surface temperature of corals. 

4.4.1 Flow effects on coral surface temperature 

The results confirm that the surface temperature of corals is most likely to exceed that 

of the smTounding water under conditions of low flow velocities ( < 5 cm s- 1) (Fig 4.2). 

Flow regimes in coral reefs are extremely variable, ranging from strong (20-50 cm s- 1) 

wave-generated bi-directional flows on a seaward reef crest (Sebens 1997) to low uni-

directional flows ( <5 cm s- 1) in deep fore reef and shallow back reef habitats (Sebens 

1997; Sebens et al. 1997). For the particular case of shallow lagoons and reef flats with 

minimal wave action, tidally-driven flows range from 1-15 cm s-1(e.g. Patterson et al. 

1991; Sebens and Done 1992; Sebens 1997) and are typically at the lowest(:::; 5 cm s- 1) 

during low tide (Sebens et al. 1997; Kraines et al. 1998; Smith and Birkeland 2007). 

Therefore, the temperature of shallow water corals is most likely to increase above that of 
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the surrounding water during summer midday low tides, when conditions of low flow and 

high irradiance coincide. 

Furthermore, the dependency of coral surface temperature on flow is described by an 

inverse power-law relationship, as expected from heat transfer theory (Incropera and De-

Witt 1996). A consequence of the power law (e.g. Gates 1980) is that small variations 

in flow velocity affect the temperature of corals much more efficiently at the lowest val-

ues of flow ( < 2 cm s- 1) compared to higher flows (> 2 cm s-1) (Fig. 4.2). Extreme 

conditions of quasi-stagnant flow typically occur during particularly calm weather condi-

tions such as doldrums and are often associated with the onset of bleaching (Glynn 1993; 

Hoegh-Guldberg 1999). Our results indicate that under such bleaching conditions, small 

local variations in flow velocity could greatly affect the temperature of individual corals. 

Additionally, the 3-dimensional structure of the reef creates a wide range of microhab-

itat flow regimes (Sebens et al. 1997). In particular, individual corals sheltered within 

larger aggregations and individual branches within colonies may experience reduced flow 

compared to the free stream (Chamberlain and Graus 1975; Lesser et al. 1994 ). The tem-

perature of shallow water corals may thus be spatially variable, and may contribute in part 

to the flow-related variability in bleaching responses of corals over spatial scales of 1- l 00 

meters (e.g. Hoegh-Guldberg 1999; West and Salm 2003). 

4.4.2 Intra-colonial heterogeneity in thermal boundary layer 

Temperature microprofiles showed that the interaction of flow with the coral's topography 

can result in millimeter-scale heterogeneity in the coral TBL and tissue temperature (Fig. 

4.1). This is consistent with analogous reports of complex 0 2 DBLs over individual 

polyps (Shashar et al. 1993; Kiihl et al. 1995). It remains to be seen how various coral 

topographies may influence the response of TBLs to increases in flow velocity. While 

our results indicate that deep hollow calices may have the potential to retain a substantial 

TBL (Fig. 4.lb), even at higher flows (as seems to be the case for DBLs, see Shashar 

et al. 1993), small roughness elements also have the potential to enhance heat fluxes by 

affecting flow patterns (Patterson et al. 1991) and generating turbulence in the TBL (e.g. 

Incropera and DeWitt 1996). 
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In any case these results, together with evidence of intra-colonial variability in 0 2 sat-

uration (Shashar et al. 1993; Ktihl et al. 1995; Ulstrup et al. 2006a) and light microclimate 

(Ktihl et al. 1995; Ulstrup et al. 2006a), clearly demonstrate that the physico-chemical en-

vironment of coral tissue can be spatially complex, and different from that measured in 

open reef water. This may help understand the patchy nature of coral bleaching at the 

scale of single colonies. 

4.4.3 Inter-specific variability in coral heat budget 

Results from this flow experiment provide further evidence that inter-specific differences 

in coral morphology can affect a coral's thermal environment (Jimenez et al. 2008). The 

temperature of the massive P. lobata was consistently higher than that of S. pistillata 

branches, at all flows (Fig. 4.2). A similar result was reported in Chapters 2 and 3 where 

the temperature of hemispherical corals was higher than that of the branching specimens. 

This was attributed to potential differences in colour darkness (thus absorptivity, as de-

fined in Chapter 2), but it was also argued that the larger hemispherical colonies ( l'"'..J5 

cm) could have a thicker TBL than the thinner branches ( l'"'..J 1 cm) because of their size 

difference (Jimenez et al. 2008, Chapter 2). However, results from this study indicate 

that neither absorptivity (section 4.3.6) nor TBL thickness (Fig. 4.3) significantly differed 

between massive and branching corals, despite their differences in size and shape. 

Other possible causes for the observed differences in the heat exposure of the hemi-

spherical and branching corals can be explored by comparing the slopes of the !1T vs. 

8r BL relationships in Fig. 4.3 with predictions from the theoretical coral thermal model 

in Chapter 2. Combining Equations 2.13 and 2.17 (section 2.2. l) results in 

Ea 
fj,T = -- brBL 

kKo 
(4.4) 

which states that for a given irradiance (E), the slope of the relationship between coral 

surface warming ( /1T) and TBL thickness ( 8r 8 £) in Fig. 4.3 should be proportional to 

the coral's absorptivity (a), and inversely proportional to the thermal conductivity of water 

(k) and a constant K 0 which is a function of heat conduction into the skeleton (see Eq. 

2.13). Considering that E and k were held constant, and that no difference was found for 

8r BL and a between the coral groups, Equation 4.4 suggests that the different slopes in 
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the ~T vs. 8rBL plots (Fig. 4.3) are due to differences in the parameter K 0 • Therefore, 

although potential effects of size and/or colour cannot be ruled out (see Chapters 5 and 

6), results from this particular experiment must be attributed to inter-specific differences 

in a heat flux not yet considered, such as conduction into the skeleton (see Chapter 2, Fig. 

2.1). Skeleton thermal properties may thus significantly affect the surface heat budget 

of a coral, and should be included in the construction of an overall coral thermal model 

(Chapter 6). 

4.4.4 Heat versus mass transfer 

Results from this first direct experimental comparison between heat and mass transfer at 

the surface of corals revealed a discrepancy between the heat and mass transfer exponents 

(Fig. 4.6), which contradicts expectations from the theoretical analogy between heat and 

mass transfer (e.g. Incropera and De Witt 1996). The heat transfer exponent (Fig. 4.6a) 

was approximately 0.5 for both coral species, and indicative of a laminar boundary layer 

(Schlichting 1979), whereas the exponent for 0 2 transfer (Fig. 4.6b) was close to 0.7 and 

characteristic of transfer across a turbulent boundary layer (Schlichting 1979). 

While it is true that measurements of the TBL and the DBL were not performed simul-

taneously (all corals were sampled for the TBL first and the procedure was then repeated 

for the DBL), care was taken to preserve the position and orientation of each coral within 

the flow chamber, as well as the sampled region on the colony. The thickness of boundary 

layers can vary with exact location around the colony (Schlichting 1979), thus small vari-

ations in experimental configuration could have affected boundary layer measurements. 

However we would expect such variability to occur randomly within both experiment, 

and to affect TBL and DBL measurements in a similar way. An experimental artefact 

may also have been created by the presence of the microsensor, which can induce a local 

compression of the boundary layer (Glud et al. 1994 ), most likely due to a local accel-

eration of the flow. However, the relative size of the the sensor tip (50 and I 0 µm for 

temperature and 0 2 , respectively) and the boundary layer (1000 and 200 µm for TBL 

and DBL, respectively at 2 cm s- 1; Fig. 4.5) was similar for both TBL and DBL mea-

surements, thus we would expect a similar effect on both boundary layers. Simultaneous 
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measurements of 0 2 and temperature using a combined oxygen-temperature microsensor, 

together with an assessment of temporal fluctuations in both boundary layers (forgensen 

and Des Marais 1990), may refine comparisons of heat and mass transfer at the surface of 

corals. 

Visual interpretation of the temperature profiles may overestimate 8rBL at high flows 

(> 2 cm s- 1 ). As flow increases, both the TBL thickness and the coral surface temperature 

decrease (see Fig. 2.6), thus shortening the linear part of the temperature profile from 

which 8rBL is estimated (see Fig. 2.lb). This can introduce an error when locating 

the intersection between the linear temperature gradient and the water temperature (Fig. 

2.lb), and may lead to an overestimation of 8rBL at higher flows compared to lower 

flows. This would underestimate the drop in the plot of 8rBL versus flow (Fig. 4.5), and 

thus underestimate the power exponent. A more accurate determination of the power law 

relationship may be obtained from the temperature versus flow curve (Fig. 4.2), which 

is independent from visual interpretation of temperature profiles. Indeed, Eq. 4.4 states 

that coral surface warming is proportional to the thickness of the TBL (as confirmed 

by Fig. 4.3), and thus also follows the same power law relationship. Thus, the power 

exponent estimated from surface temperature measurements is indeed greater than the 

estimate from TBL measurements (Figs. 4.2 and 4.5, respectively). However, the former 

is nonetheless close to 0.5 and thus provides further evidence that at flows < 5 cm s- 1 

heat transfer at the surface of corals is controlled by a laminar boundary layer (Schlichting 

1979), and is consistent with predictions from engineering studies on inanimate objects 

of similar geometric shapes (Incropera and DeWitt 1996). 

By contrast, the mass transfer exponent ( rv0.7), was significantly higher than the value 

of 0.5 expected from heat transfer theory (e.g. Incropera and De Witt 1996) for this range 

of Reynolds number ( < 10000), but was consistent with previous reports of 0 2 transfer 

across the DBL (Patterson and Sebens 1989; Patterson et al. 1991; Lesser et al. 1994) 

where the mass exponent ranged from 0.9 to 2.4. This indicates that mass transfer at 

the surface of corals occurs through a turbulent boundary layer, at flows where a lam-

inar boundary layer would be expected from heat and mass transfer theory. It remains 

unclear why mass transfer is so enhanced at the surface of corals (Patterson et al. 1991 ). 

Diffusive boundary layers may be disrupted by the movement of polyps (Dennison and 
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Barnes 1988; Patterson 1992a) and cilia (Patterson et al. 1991; Helmuth et al. 1997b ), 

by the topographical roughness of skeletal features such as calices and septa (Patterson 

et al. 1991; Gardella and Edmunds 2001 ), as well as by the non-circular geometries of 

the whole colony (Patterson et al. 1991; Gardella and Edmunds 2001 ). In any case, the 

heat and mass exponents (Figs. 4.6a and b, respectively) both depend on the interaction 

between the flow regime and the coral's surface (Patterson and Sebens 1989) and we had 

thus expected morphological or behavioural disturbances of flow patterns around corals 

to affect the TBL in a similar way. 

The discrepancy between heat and mass transfer revealed by this study is perhaps a 

result of the different scales of the TBL and DBL (Fig. 4.5), which may be differentially 

affected by small skeletal roughness elements and/or the movement of polyps (Dennison 

and Barnes 1988) and cilia (Patterson et al. 1991 ): in the current experiment the surface 

roughness of Stylophora pistillata had no effect on the large TBL, whereas Shashar et al. 

(1993) demonstrated that the small topographical features of polyps of the same species 

affected the structure of the thinner DBL. In any case, results from this experiment indi-

cate that for topographically complex biological surfaces such as corals, heat and mass 

transfer should not be treated as completely analogous processes. Thus, it is difficult and 

can be misleading to translate between flow effects on the coral TBL and flow effects on 

the coral DBL, and vice versa. 

4.4.5 Dimensional analysis as a modelling tool 

Relationships between N usselt and Reynolds numbers allow experimental results to be 

scaled to other sizes and flows, than those sampled in the original experimental protocol. 

The Reynolds number is an index of both size and flow (Eq. 2.18), and can predict 

dynamic similarity, i.e. similarity of flow patterns around submerged objects of different 

sizes (e.g. Vogel 1981; Denny 1988; Incropera and DeWitt 1996). A small object in high 

flow and a larger object in low flow can have an identical Reynolds number (Eq. 2.18), and 

thus experience identical flow patterns, provided that their shape is identical. Therefore, 

the Nu - Re relationships derived in this study can be used to infer the efficiency of 

convective heat transfer at the surface of larger branches, and larger hemispherical corals. 
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These predictions are however limited to the range of sampled Re ( < 10000), and thus to 

relatively low flow velocities. At higher Re values, the pattern of flow around corals may 

change drastically and affect the functional relationship between flow and boundary layer 

thickness (lncropera and DeWitt 1996). 

4.4.6 Extrapolation to field conditions 

The temperature-flow relationships were characterized under controlled laboratory con-

ditions of steady flow and low velocity (~ 5 cm s-1 ). This obviously limits their validity 

when attempting to describe the temperature of corals in situ, where flows can be spatially 

and temporally variable, with turbulent eddies and oscillations generated by wave action 

and the rough 3-dimensional structure of the reef (e.g. Monismith 2007). Our results 

are, however, directly applicable to the particular conditions of steadier flows with low 

velocity and minimal wave action that occur in shallow reef flats or lagoons under calm 

weather conditions (e.g. Patterson et al. 1991; Smith and Birkeland 2007). As discussed 

earlier (see section 4.4.1), the temperature of corals is unlikely to exceed that of the sur-

rounding water under stronger flow conditions. Therefore our experiment realistically 

reproduces flow conditions relevant to solar-driven warming of shallow water corals, and 

the results may help produce realistic estimates of the differences in temperature that may 

aiise between individual corals, in particular during a bleaching event. 

Furthennore, the TBL was measured locally on the upper (sun-exposed) surface of a 

coral and was correlated to the flow velocity measured in the free stream directly above 

the coral. Therefore, the TBL-flow relationships derived here should permit realistic es-

timates of the local TBL around small colonies and individual branches, provided local 

flow conditions are measured or modelled (e.g. Kaandorp et al. 2003). 

4.5 Conclusion 

Results from this study demonstrate that the thermal boundary layer over corals such as 

Favia and Platygyra sp. can be spatially heterogeneous and affected by the topographical 

roughness of the skeleton. For topographically smoother corals such as Porites lobata 

and Stylophora pistillata, coral surface temperature can be described in terms of simple 

75 



Chapter 4: Effects of flow and colony morphology 

mathematical relationships. A power law relationship describes the TBL thickness as a 

function of flow, and this is in turn linearly correlated to the coral's surface temperature. 

These empirical relationships can be used within a semi-empirical coral thermal model 

to predict the surface temperature of corals under realistic field conditions of flow and 

irradiance (Chapter 6). The heat exponent characterizing the effect of flow on the TBL 

was consistent with expectations from engineering studies of simple geometric shapes, but 

was different from the mass exponent for 0 2 transfer across the DBL. Additional TBL and 

DBL measurements, possibly with a combined oxygen - temperature microsensor, would 

be required to further investigate the potential for coral behaviour, physiology, or surface 

topography to differentially affect the TBL and DBL. 
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Chapter 5 

Thermal effects of coral optical 

characteristics 

5.1 Introduction 

Corals are extremely efficient light collectors, capable of intercepting a large amount (if 

not most) of the incident photosynthetically active radiation (PAR; 400 - 700 nm) (En-

riquez et al. 2005; Stambler and Dubinsky 2005; Rodriguez-Roman et al. 2006). Light 

utilization in photosynthesis by their endosymbiotic dinoftagellate algae (zooxanthellae) 

is ultimately responsible for the success of scleractinian corals in oligotrophic waters 

(Falkowski et al. 1984; Muscatine and Porter 1977). However, excessive light absorption 

can lead to photoinhibition of the zooxanthellae and oxidative stress, especially at high 

water temperatures (Gleason and Wellington 1993; Brown 1997; Coles and Brown 2003; 

Lesser 2006). This can result in coral bleaching, i.e. the expulsion of the zooxanthellae 

and/or loss of photosynthetic pigments from the coral host tissue (Brown 1997; Lesser 

1997; Coles and Brown 2003; Smith et al. 2005). A newly recognised additional effect 

of the elevated light absorbing capacity of corals is the risk of increased coral surface 

temperature, particularly under conditions of high irradiance and low water flow in 

shallow environments (Fabricius 2006; Jimenez et al. 2008). This additional source of 

heat has hitherto largely been ignored (Fabricius 2006; Jimenez et al. 2008) and could 

have implications for our understanding of the thermal exposure of individual corals 
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before and during a bleaching event. 

Light absorption by corals is mainly due to the major photosynthetic pigments of the 

zooxanthellae: light harvesting pigments (chlorophyll a and c2 , and peridinin) and pho-

toprotective compounds (such as /3- carotene, diadinoxanthin, and diatoxanthin) (Jeffrey 

and Haxo 1968; Brown et al. 1999a; Lesser et al. 2000; Hochberg et al. 2006). Addi-

tional host pigments can contribute absorption at particular wavelengths (Kawaguti 1941; 

Dove 1995; Mazel and Fuchs 2003) and are responsible for the spectacular range of coral 

colour hues (e.g. blue, pink, green). Variations in pigment composition and concentration 

among corals result in a wide range of light absorbing capacities (Fabricius 2006; Apprill 

et al. 2007). In shallow reef environments, this can create inter-colonial differences in 

temperature up to rv 1 °C (Fabricius 2006). Fabricius (2006) showed a positive relation-

ship between coral surface warming and their colour "darkness" measured as colour chart 

scores ("Coral Health Chart", Coral Watch). Scores on a chart are qualitative proxies for 

a coral's light absorbing capacity, and may be heavily affected by the colour perception of 

the human eye. Such indices cannot quantify the continuous range of coral pigmentation, 

nor can they be used in a coral heat budget model. Instead the heat influx into coral tissue, 

and its effect on coral temperature, would be best described using a quantitative opti-

cal parameter such as the absorptivity (a), defined as the fraction of incident irradiance 

intercepted and absorbed by the tissue (e.g. Incropera and De Witt 1996). 

Spectral reflectance measurement is a simple and non-invasive method to evaluate 

coral optical characteristics and photosynthetic status (Stambler and Dubinsky 2005; 

Hochberg et al. 2006; Rodriguez-Roman et al. 2006), quantify pigment concentrations 

(Myers et al. 1999; Joyce and Phinn 2003; Hochberg et al. 2006), as well as discrimi-

nate between reef bottom types (Hochberg and Atkinson 2000; Minghelli-Roman et al. 

2002), and potentially monitor coral bleaching events (Yamano et al. 2002). In particular, 

accurate estimates of the fraction of light absorbed by coral tissue can be reconstructed 

from reflectance spectra (Enriquez et al. 2005; Rodriguez-Roman et al. 2006). This could 

potentially serve to estimate the heat influx into the tissue layer of variously pigmented 

corals, and could ultimately be integrated in a predictive coral thermal model (Chapters 2 
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and 6), that describes coral temperature as a function of the heat fluxes in and out of the 

tissue layer (Jimenez et al. 2008). 

This chapter focuses on the thermal consequences of light absorption by coral tissue 

and the potential for predicting the thermal exposure of corals from reflectance based 

optical measurements. Spectral reflectance together with temperature microsensor tech-

nology were used to quantify the light absorbing efficiency of coral tissue and its effects 

on coral surface warming. Stylophora pistillata and Porites lobata samples were exposed 

to a thermal bleaching treatment to produce contrasting dark and pale pigmentations, 

and investigate the heat budgets of bleaching corals. Finally, considering the wavelength 

dependence of both pigment absorption and light energy content, we investigated the ther-

mal effects of a range of monochromatic light, for corals of different colour hues: brown 

S. pistillata and P. lobata, and yellow and grey Porites cylindrica. 

5.2 Materials and Method 

5.2.1 Corals 

Hemispherical colonies of Porites lobata and branching colonies of Stylophora pistillata 

and Porites cylindrica were collected from the shallow lagoon adjacent to Heron Island 

Research Station and were transported to the permanent coral holding facility at the Uni-

versity of Technology, Sydney. The corals were allowed to acclimate at least 4 months in 

a 500 L aquarium supplied with recirculating artificial seawater (carbonate [ 140 ppm] and 

synthetic sea salt (Coral Pro, Red Sea Ltd, Israel) at 32 ppm, in reverse osmosis water at 

25 ± l °C and exposed to actinic light of 200 µmol photons m-2 s- 1provided by a 400W 

metal halide light source (Ablite, Australia) for 12 h followed by 12 h of darkness). S. 

pistillata and P. lobata were chosen as a bleaching sensitive and resistant species, respec-

tively. Three replicate colonies of P. lobata and three fragments (5 cm) of S. pistillata 

were used in each of the control and bleaching treatment. Two colonies of P. cylindrica of 

contrasting colour morphs (grey and yellow) were used in the action spectrum experiment. 
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5.2.2 Temperature measurements 

The temperature of the tissue surface was measured for each coral before and after the 

bleaching treatment, using the micro-profiling equipment and experimental set-up de-

scribed in section 2.3.2 (Fig 2.2). Corals were placed in a custom-built recirculating flow 

chamber (Plexiglas, 10 x 5 x 36 cm) with a flow rate of 0.75 cm s-1, and exposed to 1800 

µmol photons m-2 s- 1down-welling irradiance (corresponding to 450 W m-2 , respec-

tively) provided by a fibre optic light source (Schott KL-2500, Germany). Coral surface 

warming (~T) was calculated as the temperature difference between the coral tissue and 

the water, measured away from the thermal boundary layer (see Chapter 2). 

5.2.3 Bleaching experiment 

Treatment 

Three replicate colonies of S. pistillata and P. lobata were placed in a temperature-

controlled recirculating tank filled with 100 L of artificial seawater (see above) and the 

temperature was ramped up from 25 ± 1 °C to 32 ± 1 °C over three days (at rv 0.2 °C 

I hr during the daylight period). Corals were exposed daily to 300 µmol photons m-2 

s- 1 actinic light for 12 h followed by 12 h of darkness. Treatment corals were then 

maintained at the above conditions of high light and temperature (equivalent to bleaching 

conditions) up to 3 days following the ramping period. Three replicate control colonies 

of each species were maintained at 25 ± 1 °C and under 200 µmoI photons m- 2 s- 1 

actinic light. At the end of the treatment period the samples (control and treatment) were 

sacrificed for determination of zooxanthellae density. The S. pistillata samples (bleaching 

treatment) experienced severe and sudden discolouration by the end of the tempera-

ture ramping period, and were thus sacrificed immediately (before mortality could occur). 

Fluorescence measurements 

The progression of bleaching was monitored by combined visual observation, reflectance 

spectra (see below) and fluorescence measurements of the zooxanthellae's photochemical 

efficiency. Triplicate measurements of the dark-adapted maximum quantum yield of PSII 

(Fv/ Fm) (e.g. Schreiber 2004) were performed daily (after 11 h of darkness) on each 
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coral using a Diving-PAM fluorometer (Walz GmbH, Germany) fitted with a 1.5 mm 

acrylic fibre optic. 

Coral reflectance spectra 

Coral reflectance spectra were used to monitor the variation in optical characteristics of 

coral tissue during and immediately after the ramping period (days 4 and 5, respectively), 

and for P. lobata after 2 and 3 days at 32 °C (days 7 and 8). The reflectance spectrum 

of each coral was measured between 400 and 750 nm (at 0.35 nm spectral resolution) 

using a fibre-optic spectrometer (USB2000, Ocean Optics, USA) equipped with a 1.5-

mm diameter bifurcated fibre-optic light probe. Each coral sample was submersed in 

filtered seawater in a small glass beaker and the tip of the probe was positioned t"V5 mm 

and at a 90°angle relative to the coral surface. Actinic light (400-800 nm) was provided 

by a deuterium-halogen light source (DH-2000-BAL, Ocean Optics, USA) connected to 

the output branch of the light guide, while the reflected light was collected through the 

input branch. Based on a numerical aperture of 0.22, the input branch thus collected light 

over a solid angle of t"V 0.1 sr, which at the measuring distance projected to a circular area 

(field of view) of t"V2 mm2 • 

Coral spectral reflectance (R;..) was estimated as the ratio of light collected from the 

coral surface to that reflected from a 99% diffuse reflectance standard (Spectralon, Lab-

sphere, USA). Spectral absorptivity was estimated as (a;.. = 1 - R>.corr), where R;..corr 

is the spectral reflectance normalized to the measured reflectance at 750 nm (R750) (this 

calculation assumes that absorption by the skeleton is negligible at 750 nm). Spectral 

absorptivity (a>.) was then averaged over the spectral range of the light source (400 - 800 

nm) and used as an estimate of the fraction of total incident irradiance absorbed by coral 

tissue (a). 

The reflectance spectra of bleaching treated and control specimens of S. pistillata 

and P. lobata were compared to reflectance spectra of a clean skeleton sample of each 

species, obtained by removing the tissue from the skeleton with a compressed air gun. 
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Cell counts 

Zooxanthellae density was measured prior to experimentation and after 5 and 8 days for 

S. pistillata and P. lobata, respectively, for the bleaching and control treatments. Coral 

tissue was collected from the upper, light exposed, region of the colonies using an air gun 

and centrifuged in filtered seawater at 2000 rpm for I 0 min. The separated algal pellet 

was resuspended in filtered seawater (0.45 µm) and homogenised. Zooxanthellae density 

(quantified as cells cm-2 coral tissue) was estimated from the average of 4 replicate 

haemocytometer counts standardised to the coral surface area as measured using the wax 

weighing method described in Stimson ( 1997). 

5.2.4 Coral thermal action spectrum 

Coral surface warming as a function of the spectral composition of incident light was 

measured in a bleached and a control colony of each of P. lobata and S. pistillata, as 

well as in two representative colonies of Porites cylindrica (yellow and grey morph). 

Monochromatic light (15-20 nm half-band width) was provided by a 500W xenon light 

source equipped with interference filters (peak transmission wavelengths: 415, 440, 490, 

505, 530, 555, 590, 620, 650, 680 nm) and an 8 mm diameter liquid light guide with a 

quartz focusing lens (Polilight PL500, Rofin, Australia) . The light beam was oriented at 

a 10 °angle relative to the water surface so as to illuminate the coral from above. Coral 

surface temperature was measured using the micro-profiling equipment and experimental 

set-up described in section 2.3.2, after 5 min exposure to each light setting. Water temper-

ature was monitored continuously in the flow chamber away from the coral using a type 

K thermocouple (±0.l °C accuracy, Omega, UK) connected to an analog-digital logger 

(DT-50 DataTaker Pty Ltd, Australia) and calibrated against the temperature microsensor 

(Section 2.3.2). Coral surface warming was determined as the temperature difference be-

tween the coral surface and the surrounding water. The actual photon flux density at each 

wavelength was measured as quantum scalar irradiance using an underwater spherical mi-

cro quantum sensor (US-SQS/L, Walz, Germany) with quasi-flat spectral response in the 

range 400 - 700 nm, connected to a light meter (Li-1400, LiCor Inc., USA). The spherical 
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sensor was positioned below the rim of a small dark well positioned in the flow chamber 

in place of the coral, so as to capture the down-welling irradiance transmitted through wa-

ter to the coral, and exclude diffuse and up-welling flux reflected from the chamber. For 

comparison between monochromatic lights, the measured coral surface warming at each 

wavelength was normalized to a photon flux density of 1500 µmol photons m-2 s-1 • As 

the energy content of monochromatic light is a function of wavelength (A), coral surface 

warming was also normalized to equivalent energy fluxes , estimated as E>. = he/ A where 

h and care Planck's constant and the speed of light in vacuo, respectively. 

5.2.5 Statistical analysis 

Repeated measures analysis of variance (rm-ANOVA) was used to test for changes in 

Fv/ Fm over the duration of the experiment (a = 0.05). Comparisons of zooxanthellae 

density, absorptivity and surface warming between the pre-treatment, control and treat-

ment corals were performed using one-way ANOVA. Kolmogorov-Smirnov normality 

test and Levene's homogeneity of variance test were used to verify that the data satisfied 

the assumptions of the parametric ANOVA. 
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5.3 Results 

5.3.1 Physiological response to the bleaching treatment 

Exposure to increased temperature and high light (equivalent to bleaching conditions) 

resulted in a rv40% reduction in symbiont photochemical efficiency measured as the 

maximal quantum yield of PSII, Fv/ Fm, (Figure 5.1) and a rv3-fold reduction in 

zooxanthellae density within the tissue of Stylophora pistillata and Porites lobata (Table 

5.1). This occurred by the end of the temperature ramping period (day 5) for S. pistillata, 

and more progressively during the following 3 days in P. lobata. The Fv/ Fm values 

of the control treatments remained constant over the duration of the experiment, at 

approximately 0.70 in S. pistillata and 0.59 in P. lobata (rm-ANOVA, p = 0.20 and 0.49, 

respectively). 
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Figure 5.1: Relative change in photochemical efficiency (Fv/ Fm) in relation to pre-
treatment responses (n=3 ± SE) of the control (dashed lines) and treatment (solid lines) 
of S. pistillata (triangles) and P. lobata (circles). The three days of temperature ramping 
are indicated as the light grey bar, and the control (25 °C) and treatment (32 °C) as the 
dark grey bar. 
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Table 5.1: Zooxanthellae density (cells cm-2 x 106), absorptivity (non dimensional) 
and coral surface warming (°C) in P. lobata and S. pistillata. Measurements were taken 
from the end of the control treatment (control), the first measurement prior to exposure 
to bleaching conditions (pretreatment) and the end of the exposure period (treatment). 
Averages ± SE shown (n = 3), and significant differences (p < 0.05) are denoted with 
superscript values. 

Species/ treatment Cell density Absorptivity a Surface warming D.T 

(cells cm-2 x 106) (oC) 

Porites lobata 

Control 0.94 ± o.21a 0.52 ± o.o3a 0.31 ± o.o4a 

Pre-treatment 1.27 ± 0.56a 0.55 ± o.02a 0.29 ± o.o3a 

Treatment 0.32 ± O.llb 0.31±0.01b 0.16 ± 0.02b 

P value 0.020 0.010 0.030 

Stylophora pistillata 

Control 0.74 ± 0.32a 0.51 ± o.o6a 0.05 ± 0.01 

Pre-treatment 0.71 ± 0.17a 0.48 ± o.o8a 0.04 ± 0.02 

Treatment 0.22 ± 0. 14b 0.1 7 ± 0.l l b 0.01± 0.01 

P value 0.002 0.009 ns 

5.3.2 Coral optical characteristics: reflectance spectra 

The S. pistillata specimens were visibly bleached (white) by day 5, with no visible paling 

occurring the day before. This visual assessment of the bleaching response of S. pistillata 

(both qualitative and subjective) was mirrored by sudden increase in spectral reflectance 

(between 400 and 700 nm) from day 4 to 5 (Figure 5.2). In contrast, bleaching of the 

P. lobata samples exposed to 32 °C was characterized by a gradual paling over the three 

days following the end of the temperature ramping period (Fig. 5.2). 

The reflectance spectra of the healthy corals (controls and pre-treatment) had a similar 

shape for both species (Fig. 5.2): a depression between 450 and 550 nm, followed by a 
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Figure 5.2: Spectral reflectance of a, c) P. lobata and b,d) S. pistillata measured during 
the bleaching treatment. Data were normalized to a, b) the radiance from a reference 
white diffusing surface and subsequently to c,d) the reflectance at 750 nm. Averages ± 
SE are shown (n = 3). 

rise between 550 and 650 nm with a triple-peak pattern near 575, 600, and 650 nm, and 

a conspicuous chlorophyll a absorption feature near 675 nm. R>.. increased rapidly above 

680 nm and reached a maximum value of 10 and 20% above 700 nm for S. pistillata and 

P. lobata, respectively. The bleaching treatment resulted in an increase in magnitude of 

R>.. at all wavelengths in the visible range of the spectrum ( 400 - 700 nm) and the overall 

shape of the triple peak pattern was preserved. Above 700 nm, the reflectance spectra of 

P. lobata (Fig. 5.2 a) indicate a gradual decrease in reflectance in the near infrared (NIR, 

700-800 nm) as bleaching progressed. 

Skeleton spectral reflectance was relatively constant over the range 400 - 800 nm, 

at 10 and 15% for S. pistillata and P. lobata, respectively. The different magnitudes of 

the two skeleton spectra indicate that the skeletons of the branching S. pistillata and the 

massive P. lobata have different scattering, reflecting or absorbing properties, irrespective 

of the pigment content of the host and endosymbiont cells. 
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The spectrally averaged absorptivity (a) of the tissue of the control and pre-treatment 

corals were similar for both species, with coral tissues absorbing r-v 503 of incident irradi-

ance between 400 and 800 nm (Table 5 .1 ), and even r-v 703 of incident photosynthetically 

active radiation (PAR, 400-700 nm) (Fig. 5.2). The S. pistillata specimens exposed to the 

bleaching treatment experienced an overnight 3-fold reduction in a, so that by day 5 the 

tissue layer absorbed only 17% of incident irradiance (a = 0.17; Table 5.1), or 24% of 

incident PAR. In contrast, the reduction in a for the P. lobata specimens was slower and 

after 3 days at 32 °C the tissue was still absorbing 30% of incident irradiance, or 43% of 

incident PAR. 

5.3.3 Coral thermal exposure and heat budget 

The decrease in absorptivity and zooxanthellae density was associated with a decrease in 

the surface warming of the tissue of both species when exposed to a quantum irradiance 

of 1800 µmol photons m-2 s-1and a flow velocity of 0.75 cm s-1(Table 5.1). For all 

treatment groups, P. lobata experienced a greater surface warming compared to S. pistil-

lata (Table 5.1), i.e. even the surface temperature of the bleached P. lobata samples was 

greater than that of the control S. pistillata. 

The estimated heat loss by convection from the coral tissue to the surrounding water 

was greater for P. lobata than S. pistillata, under a similar heat influx (absorbed incident 

irradiance) (Table 5.2). Convective heat loss thus contributed approximately 60 and 30% 

of the total heat flux out of the tissue for P. lobata and S. pistillata, respectively. Bleaching 

caused a reduction in the total heat influx, but did not affect the relative proportions of 

convection and conduction heat losses (Table 5.2). 
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Table 5.2: Absorbed irradiance (Qrad) and heat loss by convection (Qconv) in P. lobata 
and S. pistillata exposed to an irradiance of 1800 µmol photons m-2 s-1 (450 W m-2) 

and a flow velocity of 0.75 cm s-1 . Measurements were taken at the end of the control 
treatment (control) and the exposure period (exposure). Qrad was estimated as (a x 450 
wm- 2 ), and Qconv was estimated as described in Chapter 2. Numbers represent averages 
±SE (n = 3). 

Species/ treatment Qrad Qconv Q conv 

(W m-2 ) (W m-2 ) (%of Qrad) 

Porites lobata 

Control 235 ± 14 149 ± 18 '"'-160 

Treatment 140 ± 10 74±10 '"'-150 

Stylophora pistillata 

Control 42 ±27 72 ± 13 '"'-130 

Treatment 22 ± 36 22 ± 11 '"'-120 

5.3.4 Coral thermal action spectrum 

The thermal action spectra of coral tissue (Figs. 5.3 and 5.4) showed that the blue part 

of the visible spectrum ( 400-500 nm) caused the highest surface warming in all sampled 

corals, i.e. the brown S. pistillata and P. lobata, and the yellow and grey morphs of P. 

cylindrica. A slight peak and shoulder were present at 620 - 680 nm and 490 - 550 nm, 

respectively, pointing to contribution to coral heating by light absorbing photosynthetic 

pigments such as chlorophyll a and c, as well as peridinin. However, these features disap-

peared in the bleached samples where the contribution of wavelengths greater than 500 nm 

to coral heating were reduced to almost zero. The bleached P. lobata samples conserved 

a higher spectral absorptivity in the blue ( <500 nm) as compared to 500 - 700 nm, and 

consistent with this the action spectrum showed that the shorter wavelengths contribute 

most to coral surface warming. 
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Figure 5.3: Action spectra of coral surface warming for bleached and control specimens 
of (a,b,c) S. pistillata and (d,e,f) P. lobata. Coral surface warming at each wavelength was 
normalized to (a,d) an equivalent quantum irradiance of 1500 µmol photons m- 2 s-1 and 
(b,e) to an equivalent irradiance of 1000 W m- 2 • Difference in spectral absorptivity be-
tween the bleached and healthy coral samples are shown ( c,f). 
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Reflectance in the blue region of the spectrum ( < 450 nm) was weaker for the yellow 

compared to the grey morph of P. cylindrica (Fig. 5.4). This may result from host pigment 

fluorescence, but also suggests a greater absorption of blue light by the tissue of the yellow 

morph. This was paralleled by a slightly greater surface warming of the yellow compared 

to the grey morph at 415 nm (Fig. 5.4). 
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Figure 5.4: a) Spectral reflectance and b) thermal action spectrum of the grey and yellow 
morphs of P. cylindrica. Spectral reflectance was normalized to the reflectance at 750 nm. 
The measured coral surface warming at each wavelength was normalized to a quantum 
irradiance of 1500 µmol photons m- 2 s- 1• 
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5.4 Discussion 

The optical absorption properties of coral tissue have long been recognised as an impor-

tant determinant of coral photo-physiology (Shibata and Haxo 1969; Dustan 1982; Du-

binsky et al. 1984; Falkowski et al. 1990; Kilhl et al. 1995; Lesser et al. 2000), but have 

only recently been linked to the potential increase in coral surface temperature under con-

ditions of low flow and high irradiance (Fabricius 2006; Jimenez et al. 2008). Fabricius 

(2006) described coral surface warming based on a qualitative colour "darkness" index, 

and while this approach revealed important insights into the thermal environment of corals 

in situ, it cannot accurately account for the continuous range of coral pigmentation, nor 

can it be used in a quantitative coral heat budget model (Chapter 2). This study is thus 

the first to describe coral surface warming as a function of a quantitative estimate of the 

fraction of absorbed irradiance (absorptivity), and to examine the thermal effects of the 

spectral composition of incident irradiance. 

5.4.1 Tissue light absorption 

The control and pre-treatment specimens of P. lobata and S. pistillata had similar light 

absorbing capacity (Table 5.1), possibly as a result of acclimatization to the uniform light 

conditions in the (University of Technology, Sydney) coral holding facility for 4 months. 

Absorption from the light harvesting pigments of the zooxanthellae appear as a conspicu-

ous minimum near 675 nm (due to chlorophyll a), a depression between 450 and 550 nm 

that may be attributed to peridinin (Hochberg et al. 2003), and depressions near 590 and 

640 nm that indicate absorption by Chl c2 (Shibata and Haxo 1969). The lack of absorp-

tion in the near infrared (NIR, 700 - 800 nm) by coral tissue resulted in similar reflectance 

between pigmented, bleached and skeletons specimens at these wavelengths (Fig. 5.2). 

However, for P. lobata bleaching resulted in an apparent decrease in reflectance above 

700 nm (Fig. 5.2). Although this could be caused by small differences in measuring dis-

tance between the probe and the coral surface, this trend is in agreement with results from 

Myers et al. ( 1999) whereby the pigmented coral tissue reflected more light than bleached 

tissue and skeletons. This could result from the light scattering properties of coral tissue 

(Kiihl et al. 1995). Light could also be reflected at the tissue-water interface, in particular 
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in the presence of a mucus layer. Alternatively, the presence of zooxanthellae may cause 

more diffuse scattering in the tissue, which for non-absorbing wavelengths could cause a 

higher amount of backscattered light. Light microsensors (Ulstrup et al. 2006a) could be 

used to investigate the potential for scattering properties of the zooxanthellae and the host 

tissue to affect the heat influx. 

The loss of symbionts during bleaching did not affect the absorptivity (a) in the same 

way for both species, possibly due to interspecific differences in the arrangement and 

layering of the zooxanthellae (Stambler and Dubinsky 2005). For S. pistillata, the re-

ductions in symbiont density and absorptivity were equivalent (3-fold, Table 5.1), thus 

indicating a zooxanthellae cell arrangement over a single layer (Stambler and Dubinsky 

2005). For P. lobata however, a similar reduction in symbiont density was associated with 

a smaller reduction in absorptivity (Table 5.1). In thick-tissued corals such as P. lobata 

(Barnes and Lough 1992) zooxanthellae are probably packaged over multiple layers, so 

that overlapping cross-sections and self-shading ultimately affect the relationship between 

the zooxanthellae content and the absorptivity of a unit surface area of tissue (Stambler 

and Dubinsky 2005). 

Additionally, cellular pigment density is known to vary spatially and temporally ac-

cording to temperature and irradiance conditions (Falkowski and Dubinsky 1981; Porter 

et al. 1984; Dubinsky et al. 1990), as well as among species (Dubinsky et al. 1984, 1990; 

Warner et al. 1996; Myers et al. 1999; Ulstrup et al. 2008). Porites lobata in particular 

may harbour distinct zooxanthellae sub-populations (Apprill et al. 2007) characterized 

by variable pigment contents indicating acclimatization to heterogeneous light microen-

vironments within the host tissue (Ktihl et al. 1995; Apprill et al. 2007). For the P. lobata 

specimens in this study, we speculate that lighter pigmented endosymbiotic cells were 

expelled first, while more pigmented symbionts remained in deeper tissue layers, thus 

leaving partially bleached colonies retaining a significant capacity for light absorption. 

Our results highlight that light absorption and thus heat influx into coral tissue is strongly 

influenced by zooxanthellae photo-physiology, and can be affected by interspecific differ-

ences in symbiont distribution and tissue thickness. 

92 



Chapter 5: Thermal effects of coral optical characteristics 

5.4.2 Potential influence of the skeleton 

Coral skeletons have been shown to reflect most of the light ( ""96%, Enriquez et al. 2005; 

Rodriguez-Roman et al. 2006). However, multiple scattering can occur in the skeletal mi-

crostructure, thus enhancing the light field within the tissue and surface layer of the skele-

ton (Ktihl et al. 1995; Magnusson et al. 2007), and increasing the efficiency of light ab-

sorption by the zooxanthellae (Enriquez et al. 2005). In this study, the spectral reflectance 

of the clean skeletons (Fig. 5.2) was much lower than 100% across all wavelengths and 

had different magnitudes for P. lobata and S. pistillata ("" 20 and 10%, respectively). This 

may be due to differences in surface curvature of the samples, and I or internal scattering 

by the skeletons. How interspecific differences in skeletal light scattering properties affect 

the estimation of light absorptivity requires further investigation. In this study potential 

inaccuracies were corrected by normalizing the reflectance spectra to the value at 750 nm 

(Rodriguez-Roman et al. 2006). Thus, despite differences skeleton reflectance, the tis-

sue of both species had similar light absorbing capacities prior to the bleaching treatment 

(Table 5.1). 

5.4.3 Interspecific differences in coral heat budget 

The decrease in coral tissue surface warming (~T) was equivalent to the reduction in 

coral tissue absorptivity (a) (Table 5.1), thus indicating that the surface warming of a 

coral can be described as a linear function of the measured fraction of absorbed incident 

irradiance. This is consistent with predictions from our theoretical coral thermal model 

(section 2.2.1; Equation 2.13) as well as with a previous field study that found a linear 

relationship between the "colour darkness" of coral tissue and its surface warming (Fabri-

cius 2006). The linear relationship can be used in a simple coral thermal model to estimate 

the extent to which the temperature of corals can increase under conditions of high irra-

diance and low water flow (see Chapter 2), as can occur repeatedly during Summer low 

tides in shallow reef environments (Jimenez et al. 2008). 

However, the relationship is species-specific: the ratio between surface warming (~T) 

and absorptivity (a) (Table 5.1) was "" 0.1 and 0.5 for S. pistillata and P. lobata, respec-

tively. Porites lobata from all treatment groups reached a higher temperature than even 
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the control and pre-treatment S. pistillata, despite similar (or lower) absorptivity values 

(Table 5.1). A stronger surface warming of the hemispherical P. lobata compared to the 

thin S. pistillata branches is consistent with previous results of this thesis (Chapters 3 and 

4 ), and is further evidence for interspecific differences in coral thermal properties. Results 

from Chapter 4 indicated that this was not attributed to shape-related differences in the 

thermal boundary layer thickness, as the efficiency of heat loss to the surrounding water 

was similar in both species (at least for the small sizes of samples investigated). Results 

from the present study show that differences in temperature may not be attributed to mea-

surable differences in absorption either, and thus suggest a potential role of the skeleton. 

The heat budgets estimated from absorptivity and boundary layer measurements (Table 

5.2) indicate that the relative contribution of convection and conduction to heat loss (see 

Figure 2.1, Chapter 2) may be different for P. lobata and S. pistillata, and that heat con-

duction into the skeleton may be greater for the branching S. pistillata. The effects of coral 

shape and skeleton thermo-physical properties on heat conduction are further investigated 

with a mechanistic thermal model (Chapter 6). 

In addition to obvious geometrical differences in the growth form of the massive P. 

lobata and the branching S. pistillata, the two species also possess different skeletal and 

tissue microstructure. The thin layer of tissue ( rv 1 mm) of S. pistillata lies around an im-

perf orate skeleton and the polyps are arranged in separate corallites. In contrast, the tissue 

of P. lobata interweaves with the skeletal matrix and can penetrate up to rv 10 mm (Barnes 

and Lough 1992). The penetration depth of living tissue within the skeletal matrix, to-

gether with light scattering and transmission properties of the skeleton, may therefore 

affect the local distribution of heat absorption. This in tum could affect the capacity for 

the surrounding water to remove excess heat by convection (Chapter 4). This, together 

with the fact that the surface topography influences the thermal boundary layer (Chapter 

4), indicates that the thermal environment of corals may also be affected by their mi-

crostructure. This awaits further investigation. 
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5.4.4 Bleaching effects on coral tissue thermal exposure 

The decrease in light absorbing capacity associated with bleaching resulted in a decrease 

in the surface warming (fiT) of coral tissue when exposed to high irradiance and low 

water flow (Table 5.1). Thus, during a summer bleaching event the expulsion of zoox-

anthellae and/or photosynthetic pigments from coral tissue reduces the risk of additional 

heat exposure caused by strong light penetration and low water flow, especially at low 

tide (Jimenez et al. 2008). The reduction in tissue thermal exposure of P. lobata was less 

pronounced and more gradual than S. pistillata (Table 5 .1 ), consistent with a more gradual 

decline in photochemical and light absorbing efficiencies (Figs. 5.1 and 5.2, respectively). 

In the field, this would result in more days over which the temperature of P. lobata tis-

sue could increase at low tide. On the other hand, following a bleaching event, as corals 

recover their pigmentation (Rodriguez-Roman et al. 2006), they would progressively be 

exposed to increased risk of elevated thermal exposure if conditions of high light and low 

water flow occur repeatedly at low tide. Inter-specific differences in the heat exposure 

of re-populating zooxanthellae may influence the thermal acclimatization of recovering 

corals (Rodriguez-Roman et al. 2006). 

Finally, the relationship between optical and thermal properties of corals may have 

strong implications for our understanding of the severity of the bleaching response of 

individual corals, as heat exposure is known to affect physiological responses such as 

photoinhibition (Jones et al. 1998; Takahashi et al. 2004 ), oxidative stress (Downs et al. 

2002), host cell detachment (Gates et al. 1992), change in heat shock proteins (Coles and 

Brown 2003), and repair processes (Obura 2005). 

5.4.5 Thermal effects of the spectral quality of absorbed light 

Thermal effects of shortwave radiation 

This study demonstrated for the first time that the spectral composition of incident irradi-

ance affects the magnitude of coral surf ace warming, and in particular that the blue region 

of the visible spectrum ( < 500 nm) is the most efficient at heating coral tissue (Fig. 5.3). 
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This is consistent with the wavelength dependence of a photon's energy content, i.e. that 

the energy of a photon is inversely proportional to its wavelength. Therefore, a unit pho-

ton flux of blue monochromatic light contains more energy and if absorbed can generate 

more heat within coral tissue compared to an equivalent photon flux of red monochromatic 

light. This implies that the optical characteristics of the water column, by affecting the 

spectral transmission of downwelling irradiance, have the potential to affect coral surface 

warming. Optically clear waters typical of oligotrophic coral reefs strongly transmit blue 

light, so that downwelling PAR peaks in the range 450-550 nm (Kirk 1994). Scattering 

and absorption by phytoplankton and/or dissolved organic material (DOM) can signifi-

cantly attenuate downwelling irradiance, particularly in the shorter wavelengths ( <500 

nm) (Baker and Smith 1982; Kirk 1994; Maritorena and Guillocheau 1996). This is af-

fected by the nature and composition of DOM (Dunne and Brown 1996; Maritorena and 

Guillocheau 1996) and by the size, shape, and chlorophyll content of phototrophs (Kirk 

1994; Baird et al. 2007), as well as the inhomogeneous arrangement of pigments within 

the cells (packaging effect, e.g. Wozniak and Dera 2007). Spectral light attenuation thus 

varies greatly among reef locations (Dunne and Brown 1996; Maritorena and Guillocheau 

1996). Strong penetration of shortwave radiation in optically clear offshore reefs may ex-

pose corals to a greater risk of heating at low tide, compared to fringing reefs influenced 

by terrestrial runoff (Dunne and Brown 1996). 

Furthermore, the spectral output of light sources should be taken into account when 

interpreting results from laboratory assessments of coral surface warming. Artificial light 

sources such as halogen lamps have a relatively weak output in the blue region of the 

spectrum as compared to natural sunlight or e.g. xenon and metal halide lamps, and 

would thus underestimate the potential surface warming of corals compared to in situ 

conditions. 

Thermal efTects of photo-pigment absorption 

The spectral variability displayed by the thermal action spectra normalized to equivalent 

energy flux instead of photon flux (Fig. 5.3) is most likely due to the spectral absorption 

properties of coral tissue. Strong heating caused by shortwave (blue) radiation is consis-

tent with the peak absorption from photosynthetic pigments ( 400-500 nm), and a slight 
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peak and shoulder at 620-680nm and 490-550 nm, respectively, may be attributable in 

particular to chi a, c2 and peridinin. Despite a shoulder near 520 nm in the reflectance 

spectrum of healthy P. lobata (Fig. 5.2) which indicates some fluorescence from host 

pigments (Salih et al. 2000; Hochberg et al. 2004 ), the spectra are dominated by the 

triple peak reflectance pattern (between 550 and 650 nm) which is symptomatic of the 

"brown coral mode" (Hochberg et al. 2004 ). This differs from the "blue" mode caused 

by host-pigment absorption and fluorescence (Hochberg et al. 2003). This indicates that 

absorption by the brown P. lobata and S. pistillata samples was dominated by the pho-

tosynthetic pigments of the zooxanthellae, with little contribution from animal pigments 

(Hochberg et al. 2003, 2004 ). Thus, for these corals the thermal action spectrum was 

expected to reflect the spectral absorption properties of the zooxanthe11ae. It is however 

relatively flat across the visible wavelengths, in contrast with the photosynthesis action 

spectrum (Kiihl et al. 1995) that closely matched the shape of a coral's absorption spec-

trum (inverse reflection spectrum, Fig. 5.2). Additional measurements with a greater 

sample size and finer wavebands of monochromatic light would be required for a more 

accurate comparison of a coral's absorption and thermal action spectra. 

Potential effect of coral host pigments 

The spectacular range of colour hues (blue, pink, green) displayed by corals are due to var-

ious coral-host pigments (Dove et al. 2001; Hedley and Mumby 2002; Mazel and Fuchs 

2003) that absorb or reflect potentially damaging shortwave radiation (Salih et al. 2000; 

Dove et al. 2001, 2008). Accordingly, the two yellow and grey P. cylindrica morphs ex-

hibited differences in reflectance at 360-490 nm, thus indicating the presence of different 

pigments (Fig. 5.4). Specifically, reflection in the blue region of the spectrum was greater 

(thus absorption was lower) for the grey compared to the yellow morph. Consistent with 

this, the action spectra (Fig. 5.4) indicate a weaker efficiency of blue light (410 nm) in in-

creasing the tissue temperature of the grey compared to the yellow morph. This suggests 

that host pigments, by affecting light absorption and thus heat influx into the tissue, may 

affect a coral's thermal exposure. Access to a greater sample size and a broader range of 

coral colour hues would permit a more accurate quantification of the contribution of coral 

host pigments to the heat budget of coral tissue. Host pigments are thought to provide 
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photoprotection in high light environments (Salih et al. 2000; Dove et al. 2001) and I 

or enhance photosynthesis in low-light environments (Schlichter and Fricke 1990; Salih 

et al. 2000; Dove et al. 2001). Green fluorescent proteins (GFP) can re-emit part of the 

absorbed light as fluorescence at longer wavelengths, or else reflect a proportion of the 

spectrum, typically in the blue (Salih et al. 2000; Mazel and Fuchs 2003). Other GFP-

1ike proteins absorb light but do not fluoresce (Dove 1995; Lukyanov et al. 2000; Shagin 

et al. 2004). The contribution of host pigments to a coral's heat budget would depend 

on the proportion of absorbed, reflected, and I or fluoresced light energy. In high light 

environments, absorbing or reflecting pigments may have the same function of diverting 

potentially damaging radiation from the photosystems. As for the coral's heat budget, 

preferential absorption or reflection of shortwave radiation could have opposite effects, 

by either increasing or decreasing the heat load of the tissue. Furthermore, because they 

are usually not expelled during bleaching (Jokiel and Coles 1974) host pigments may 

have the potential to affect the heat budget of bleaching and I or recovering corals. In 

any case, such investigations would need to separate the fluorescence signal from the re-

flectance spectra in order to facilitate an accurate estimate of the light (and thus heat) 

absorption by the tissue (Fuchs 2001). Finally, some pigments are extremely sensitive to 

increased temperature, so that thermal exposure of coral tissue may cause their denatura-

tion and loss of their photo-protective function (Dove et al. 2001 ). The thermal stability 

of photo-protective pigments may thus be directly affected by the heat generated locally 

upon absorption of excess radiation. 

5.5 Conclusion 

This study shows several close links between the optical and thermal properties of corals, 

in particular that coral temperature is linearly correlated to the fraction of absorbed ir-

radiance, in agreement with previous evidence showing the relationship between coral 

temperature and pigmentation (Fabricius 2006). This study shows for the first time that 

the spectral composition of light is important in determining the magnitude of coral sur-

face warming, and in particular short wavelengths ( <500 nm) had the highest heating 

efficiency. Furthermore, the relationship between coral temperature and absorptivity is 
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species-specific, possibly as a result of differences in the thermal properties of the skele-

ton, and/ or tissue arrangement within the skeletal matrix. The potential for coral shape 

and size to affect the conduction of heat into the skeleton is further investigated in a coral 

thermal model (Chapter 6). 
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A thermal model for corals 

6.1 Introduction 

Corals are thermally sensitive organisms, thought to exist close to their upper thermal 

limit (Coles et al. 1976; Coles and Brown 2003). Increases in water temperature can 

disrupt the obligate endosymbiosis between corals and single-celled dinoftagellate algae 

(zooxanthellae). Exposure to elevated temperature results in coral bleaching, i.e. the loss 

of the zooxanthellae and I or the photosynthetic pigments from the host (Coles and Jokiel 

1977; Hoegh-Guldberg and Smith 1989; Glynn and D'Croz 1990). Mass coral bleaching 

events followed by coral mortality can be triggered by positive temperature anomalies of 

just 1-2 °C above local maximum summer values (Coles et al. 1976; Cook et al. 1990; 

Jokiel and Coles 1990). 

Satellite observations of sea surface temperature can be used to predict and monitor 

the timing, spatial extent and severity of mass bleaching events on global and regional 

scales (Goreau et al. 2000; Wellington et al. 2001; Liu et al. 2005; McClanahan et al. 

2007a), but these observations do not fully account for the spatial and temporal variability 

in bleaching responses among individual coral colonies, species, and assemblages (West 

and Salm 2003; Berkelmans et al. 2004; Obura 2005). Local variations in the physical 

environment of individual corals, such as flow patterns and light field, may enhance their 

ability to resist or survive bleaching (Glynn 1996; Hoegh-Guldberg 1999; Nakamura and 

van Woesik 2001; West and Salm 2003). Thus, a better description of the local physical 
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environment of corals is needed to understand variations in their physiological perfor-

mance, and in particular the response of corals to environmental stress such as elevated 

seawater temperature. 

Considering the thermal sensitivity of corals, local variations in their thermal environ-

ment may be an important determinant of bleaching patterns at small spatial scales (e.g., 

coral assemblages or entire reefs). This has hitherto been overlooked due to the high ther-

mal capacity of water, which causes the temperature of submerged ectotherms to closely 

match that of their surroundings. However, absorption of solar radiation by shallow water 

corals can increase their temperature relative to the surrounding water (Fabricius 2006; 

Jimenez et al. 2008), especially under clear and windless weather conditions (Chapters 

2 and 3). The magnitude of surface warming is determined by the coral's pigmentation 

(Fabricius 2006, see also Chapter 5) and morphology (Jimenez et al. 2008), as well as 

flow velocity (Fabricius 2006; Jimenez et al. 2008). In this chapter, I describe a mech-

anistic thermal model that can be used to quantify the thermal exposure of coral tissue 

under natural variations of irradiance and flow. 

Similarly to previous biophysical models describing the thermal behaviour of 

terrestrial organisms (e.g. insects and vertebrates, Kingsolver 1979; Grant and Porter 

1992; Dunham 1993 ), and intertidal invertebrates during aerial exposure (Helmuth 

1998; Denny and Harley 2006), our model is based on first principles of heat transfer 

theory (e.g. Incropera and DeWitt 1996). Most existing heat budget models focus 

on the core temperature of small bodies and in the case of ectotherms can neglect the 

effect of internal temperature gradients (e.g. for mussels, Helmuth 1998). By contrast, 

the temperature of interest for corals is that of the thin layer of living tissue, at the 

periphery of a carbonate skeleton. Its temperature is determined by the surface heat 

balance between three heat fluxes (Fabricius 2006; Jimenez et al. 2008): Solar radiation 

is absorbed by the pigmented tissue layer ( Qrad), heat is lost to the surrounding water 

(Qconv), and conducted into the skeleton (Qcond) . In particular, Qcond depends on the 

temperature gradient close to the skeleton surface (e.g., Incropera and DeWitt 1996). 

Here I describe a numerical method used to compute the full temperature field within 
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the coral, and produce a quantitative estimate of the conductive heat flux into the coral 

skeleton. This is used to investigate the thermal importance of the skeleton in comparison 

to the surrounding water, and assess the effects of coral shape and size on the surface 

heat budget. Additionally, weather conditions together with tide regime and time of day 

control the direction and intensity of incident irradiance in the field, thus affecting the 

spatial distribution of absorbed solar irradiance over the surface of corals (Brown et al. 

2002a). The numerical coral thermal model is used to investigate the thermal effects 

of spatially and temporally variable conditions of irradiance and water flow typical of 

shallow reef environments. 
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6.2 Materials and Methods 

6.2.1 Model development 

The model corals 

Branching and massive corals were modelled as simple geometrical objects: cylinders and 

hemispheres, respectively. Branches were modelled as infinitely long cylinders ranging 

0.5 to 10 cm in diameter and fully surrounded by water, while the hemispheres ranged 

from 3 to 100 cm in diameter surrounded by water but with their base in constant thermal 

contact with the substratum (Fig. 6.1 ). 

Figure 6.1: Geometrical models used for the simulation of heat transfer in branching and 
hemispherical coral morphologies. 

The heat equation 

The temperature (T) within a coral is described by the three-dimensional heat diffusion 

equation (e.g. Incropera and DeWitt 1996): 

(6.1) 

where k, p, and c are the thermal conductivity, density and specific heat of the skele-

ton, respectively. The skeletons were treated as homogeneous solids, i.e. the values of 
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density, specific heat and conductivity were held constant in the entire skeleton. These 

parameters were determined (see Appendix A) as overall properties of the bulk skeleton, 

thus neglecting small scale variations in the porous matrix and potential effects of boring 

organisms (Highsmith 1981 ). 

The boundary conditions 

The temperature at the coral surface (i.e. the tissue temperature, see Chapter 2) is 

computed from Equation 6.1 in combination with a set of boundary conditions that 

describe the surface heat fluxes (Fig. 2. la): i) the absorption of solar irradiance (Qrad), 

and ii) the heat loss by convection to the surrounding water (Qconv). 

1. Absorbed solar radiation: The flux of incident irradiance absorbed by a region 

of tissue at the surface of the coral is: 

Qrad - cosi J a>.E>.dA 

cos i cos Os cos 0 cos( cf> - c/>s) + sin Os sin 0 

(6.2) 

(6.3) 

where i, a>. , and E>. are the angle of incidence of the direct light beam on the 

surface, the spectral absorption coefficient of coral tissue, and the incident spectral 

irradiance, respectively. The incidence angle i is a function of the azimuth and 

elevation angles of the coral surface (0 and¢, respectively) and the sun (Bs and c/>8 , 

respectively) (Gates 1980). 

The current model includes only the direct component of solar irradiance and is re-

stricted to the visible region of the spectrum ( 400 - 750 nm). The diffuse component 

is neglected as it accounts for only l"'.J 15% of the direct radiation under clear skies 

(Kirk 1994; Brown et al. 2002a), and scattering in the upper meters of the clear 

waters of coral reefs is low. Ultraviolet (UV) radiation ( < 400 nm) is neglected as 

it represents at the most 5% of the total energy at the surface of the Earth (White-

head et al. 2000). While infrared (IR) radiation (> 750 nm) represents almost 50% 

of the incident solar irradiance (Whitehead et al. 2000), it is so efficiently absorbed 

by water that practically no IR penetrates beyond a depth of just 1 m (Wozniak 
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and Dera 2007). Furthermore, the pigmented layer of coral tissue appears relatively 

transparent to wavelengths > 750 nm (Magnusson et al. 2007, and Chapter 5). 

2. Convective heat loss: The heat flux convected away from the tissue layer is given 

by: 

Qconv = h(Ttissue - Twater) (6.4) 

where h is the convection coefficient, and Ttissue and Twater are the temperatures of 

the coral surface and the surrounding water, respectively (see Chapter 4). The value 

of h is determined by the velocity and type of flow (laminar or turbulent), the coral 

shape and size (e.g., Incropera and DeWitt 1996). Computation of h from the flow 

velocity is described in section 6.2.2. 

Finally, to model the thermal contact between the hemispherical corals and the sub-

stratum (Fig. 6.1 ), the base of the hemisphere was held constant at the substrate tempera-

ture, assumed for simplicity equal to that of the water. 

Numerical simulation 

The commercial software package CFD-ACE+ v2007 (ESI Group, France) was used to 

create the model geometry, to discretize the space with a mesh (Fig. 6.2), and to simulate 

heat transfer by numerically solving the heat equation (Eq. 6.1), together with specified 

boundary conditions (Eqs. 6.2 and 6.4). A structured butterfly mesh (Fig. 6.2; e.g. 

van Ertbruggen et al. 2005) was used to discretize the cylindrical and hemispherical 

geometries. The mesh quality was controlled by ensuring that cells were as cubic as 

possible: orthogonality (i.e. angle of cell walls) was > 35 °, aspect ratio (cell length 

over height ratio) was < 50 for 99% of cells, and expansion ratio (size variation between 

adjacent cells) < 5 (e.g. van Ertbruggen et al. 2005). 

The solver CFD-ACE-SOLVER of CFD-ACE+ (ESI-Group 2007) used the finite vol-

ume method to solve the heat equation (Eq. 6.1 ), and a first order upwind scheme for 

spatial discretization. Various grid densities were tested to identify the node number that 

ensured a grid-independent solution (29700 and 2300000 for the cylinder cross section 

and the hemisphere, respectively). 
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Figure 6.2: Model mesh structure showing the butterfly topology in the cross section 
of a cylindrical branch (left, node number: 29700), and a coarse version of the meshed 
hemisphere (right, node number: 67000). 

Both transient and steady-state simulation runs were performed. Transient simulations 

were used to examine the thermal response of corals under fluctuating environmental 

conditions (such as e.g. a sudden increase in irradiance, see also Chapter 2). Steady 

state simulations, for which the coral was assumed to be in thermal equilibrium with its 

surroundings (lncropera and De Witt 1996), were used to examine coral temperature under 

constant environmental conditions. Less realistic but simpler, this scenario can be used to 

assess the temperature of corals under slowly (minutes to hours) fluctuating environmental 

conditions (e.g., Gates 1980). 

6.2.2 Parameter measurements 

Simulation runs require prior knowledge of a set of optical and thermo-physical parame-

ters: the coral tissue spectral absorptivity (a,\, Eq. 6.2), the convection coefficient (h , Eq. 

6.4), and the skeleton thermal conductivity (k), density (p) and specific heat (c) (Eq. 6.1). 

Spectral absorptivity of coral tissue 

The first boundary condition (Eq. 6.2) was computed using values of a" determined exper-

imentally in Chapter 5 for healthy specimens of Porites lobata and Stylophora pistillata. 
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Convection coefficient 

The effect of flow on the efficiency of convective heat transfer at the surface of corals 

was investigated in Chapter 4, as characterized by plots of Nusselt/ Reynolds numbers 

(Fig. 4.6), where Re is a dimensionless index of flow and size (Eq. 2.18) and Nu is a 

dimensionless index of heat transfer (Eq. 2.19). These dimensionless entities are linked 

by a power law relationship of the form (Eq. 6.5): 

Nu= a Reb (6.5) 

Using the definitions of the Reynolds and Nusselt numbers (Eqs. 2.18 and 2.19, respec-

tively) together with Eq. 6.5, provides the power law relationship between the convection 

coefficient h and the flow velocity v: 

(6.6) 

where k, L, and v are the conductivity of water, coral diameter and kinematic viscosity 

of water, respectively. The values of the coefficients a and b were determined in Chapter 

4 for the hemispherical Porites lobata and the branching Stylophora pistillata (Fig. 4.6). 

For both species, the experimental exponent b was statistically similar to the theoretical 

value of 0.5 that characterizes laminar boundary layers (see section 4.3.5). This value was 

thus used in Eq. 6.6 to compute the convection coefficient at different flow velocities, and 

determine the convective boundary condition (Eq. 6.4). 

Specific heat of coral skeleton 

A simple calorimetric method (Appendix A.l) was used to determine the specific heat 

(c) of the coral species most frequently used throughout this thesis: the massive Porites 

lobata, and the branching Porites cylindrica and Stylophora pistillata. For this, 2-4 cores 

or skeleton flakes ( rv 1 cm3) were cut out of 5 skeletons of each species (see details in 

Appendix A. l ). 

Skeleton density 

The density (p) of coral skeleton was determined as the ratio of skeletal (wet) weight (m) 

to volume (V): p = m/V. The skeleton cores and flakes (Appendix A.1) were weighed 
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to the nearest 0.01 g on a digital balance (Kem, Germany) and their dimensions were 

measured to the nearest 0.01 mm with Vernier calipers. The value of density (p) used 

in this model is thus a property of the bulk skeleton, and should not be confused with 

the micro-density of the skeleton, i.e. the density of the aragonite crystal matrix (Bucher 

et al. 1998). pis related to the porosity of the skeleton (which can vary between 20 - 70%, 

Bucher et al. 1998) and depends on the relative proportions of aragonite and water. 

Thermal conductivity of coral skeleton 

The thermal conductivity of coral skeleton was determined indirectly from the measured 

values of density (p) and specific heat (c) as: 

k =""Pc (6.7) 

where"" is the skeleton thermal diffusivity (lncropera and DeWitt 1996), determined using 

a variation on Angstrom's method (Angstrom 1861) adapted by Belling and Unsworth 

( 1987) for poorly conducting materials. The method is described in Appendix A.2. 

6.2.3 Model validation 

The surface temperature of coral colonies of Porites lobata and Stylophora pistillata was 

measured with temperature microsensors in the set-up described in section 2.3.2, under 

a range of flow velocities (0.1 - 5 cm s-1) and irradiance (300 - 500 W m-2). The coral 

diameters (L) were measured to the nearest mm using Vernier calipers, and their spectral 

absorptivity (a,x) in the range 400-750 nm was determined as described in Chapter 5 

(section 5.2.3). The measured coral surface warming was plotted against the surface 

warming of cylinders and hemispheres predicted by the model under identical conditions 

of flow and irradiance. 

6.2.4 Sensitivity analysis 

The sensitivity of the predicted coral surface temperature to variations in the input param-

eters was tested for two sizes of the hemispherical coral model (20 and 100 cm) and at 

two flow velocities (0.2 and 5 cm s- 1 ). The following parameters were tested: skeleton 
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properties (thermal conductivity, density and specific heat), convection parameters (co-

efficients a and b; Eqs. 6.5 and 6.6), absorbed radiation (i.e. absorptivity and incident 

irradiance) and flow velocity. Each parameter was decreased or increased by I 0% and 

the simulation was run with all other parameters kept constant. The flow velocity was 

changed by a fixed amount ( ±0.1 cm s- 1 ). The sensitivity of the response time of corals 

was similarly tested for transient simulation runs with a large hemispherical coral (D = 

100 cm). 

6.2.5 Experimental procedures 

Size and shape effects 

The effects of shape (cylindrical versus hemispherical) and size on the surface warming 

(tlT) of corals were investigated in a series of steady state simulations, for combina-

tions of flow and irradiance ranging from 0.2 to 5 cm s-1 and from 200 to 500 W m-2 

(equivalent to approximately 1000 - 2000 µmol photons m-2 s-1 ). Three size classes 

were chosen for the hemispheres (3, 10, and 100 cm diameter) and cylinders (1, 2, and 

10 cm diameter). Incident irradiance was modelled as vertically incident collimated light 

(cos i = 1 in Eq. 6.2). 

The conduction heat flux into the skeleton (Qcond) was then calculated from Fourier's 

Jaw of conduction (e.g. Incropera and DeWitt 1996): 

dT 
Qcond = -k dz (6.8) 

where k is the thermal conductivity of the skeleton and dT /dz is the temperature gradient 

at the surface, calculated from the computed temperature profile in the skeleton. This was 

used together with calculations of the convective heat flux (Qconv' Eq. 6.4) to build the 

coral surface heat balance. 

The effect of coral size on the time to reach a new steady state temperature following 

a change in irradiance was investigated on hemispheres of diameters ranging from 3 to 

I 00 cm, for two flow velocities (0.2 and 5 cm s-1 ). The time constant T was defined as 

the time to reach 2/3 of the final steady state surface warming tlT (see explanation in 

Chapter 2). 
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Estimating the effect of depth 

The effect of increasing depth on irradiance was computed with the following equation 

(e.g., Kirk 1983): 

(6.9) 

where E >. ( z) is the spectral irradiance at the depth z of corals; E >. ( 0) is the spectral irra-

diance above the water surface; n is the transmissivity of the air-water interface ( = 0.96 

for a solar elevation> 46 ° and wind speed< 5 m s-1 ; Brown et al. 1999); and kd>. is the 

spectral attenuation coefficient of irradiance in the water column. Above-surface spectral 

irradiance (E>.(0)) was computed for a clear marine atmosphere at 5 nm intervals, using 

a tropospheric ultraviolet and visible radiative model (TUY model, Chemical Processes 

and Regional Modelling Group, The National Center for Atmospheric Research, USA). 

Values of k>. were taken from Dunne and Brown (1996) in the spectral range 400 - 700 

nm and were interpolated from 12 nm to 5 nm intervals. Two optically distinct water 

types were chosen: optically clear (average kd rv 0.05m-1) and turbid water (average 

kd rv 0.5m- 1 ). Spectral irradiance was computed using Eq. 6.9, and inserted into Eq. 6.2 

to compute the heat flux absorbed by coral tissue (Qrad ). Steady state simulations were 

performed for a hemispherical coral (10 cm diameter) and a branch (1 cm diameter) at 

various depths (0 - 10 m), for both water type and both flow velocities (0.2 and 5 cm s-1 ). 

In situ temperature dynamics 

Steady state simulations were performed to estimate the surface warming (t,.T) that cylin-

drical and hemispherical corals may experience under conditions of flow and irradiance 

typical of a shallow reef flat such as Heron Island on the Great Barrier Reef (see Chapters 

2 and 3). 

Tidal variations at Heron Island were computed at 15 min intervals using a tide plot-

ting program (Tide Plotter, Belfield Software, UK) for the period 15 - 17 January 2007 

where Spring low tide occurred around noon. This was then used to calculate the wa-

ter depth on the reef flat adjacent to the research station (0.6 m above local chart datum; 

Stephenson and Searles 1960). The position of the sun (altitude and azimuth angles) at the 
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latitude and longitude of the reef site was computed for this period using a Sun plotting 

program (Sun path chart program, University of Oregon, USA). The direction of the light 

beam was corrected for refraction at the air-water interface, and the spectral irradiance at 

the depth of the corals was computed using Eq. 6.9. Equation 6.2 was then used to com-

pute the absorbed irradiance and set the first boundary condition for the model (section 

6.2.1). 

Under windless weather conditions, water flow on the Heron Island reef flat is driven 

by the semi-diurnal tides (Gourlay and Hacker 1996). In particular during Spring low 

tides, the water level drops below the reef crest and causes the lagoon to drain out, leaving 

a shallow and ponding water body for up to 5 h (Jimenez et al. 2008). Flow velocity at 

this time is typically at its lowest ( <2 cm s-1, Ludington 1979) and increases sharply 

once flood tide rises above the reef crest. Estimates of flow velocity during daylight 

hours for the period 15 - 17 January 2007 were constructed based on the computed tide 

data, together with flow data from Gourlay and Hacker ( 1996). The maximum, minimum 

and rate of increase in flow velocity were taken from the time series in Gourlay and 

Hacker ( 1996), and the start and finish of the low flow period were set to coincide with 

the timing of oceanic water level reaching the reef crest during ebbing and flowing tide, 

respectively This was used to compute the convection coefficient h (Eq. 6.6) and thus set 

the convective boundary condition for the model (Eq. 6.4). 

Cumulative heat exposure 

To assess the cumulative heat exposure that results from solar heating throughout the day, 

the values of surface warming computed at 15 min intervals on the 15 January 2007 were 

integrated to produce a cumulative index of heat exposure (degree-heating-hour) at each 

grid point of the coral surface. This procedure was repeated for a second day with tide 

and flow data shifted 3 hours forward. This hypothetical tide regime thus preserved flow 

and depth data while altering the timing of low tide, and thus the orientation and timing 

of the maximum irradiance reaching the coral surface. 
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6.3 Results 

6.3.1 Thermo-physical properties of corals 

There was no significant difference in the values of specific heat, thermal diffusivity 

and conductivity between the three species (Table 6.1 ), and the model was run with the 

following average values: c = 1790 J kg-1 K- 1 ; ""= 1.7 10-7 m-2 s-1 ; k = 0.56 W 

m- 1 K- 1. The skeletons of Stylophora pistillata had the greatest density, followed by 

those of Porites lobata and Porites cylindrica (one-way ANOVA, p < 0.01, Table 6.1). 

However, considering the lack of sensitivity of predictions to variations in this parameter 

(see Sensitivity analysis, section 6.3.3), simulation runs in subsequent experiments were 

performed using an average value of p = 1996 kg m- 3 • 

Table 6.1: Thermo-physical properties of coral skeletons of Stylophora pistillata, Porites 
lobata and Porites cylindrica: thermal diffusivity ("", 10-7 m- 2 s-1 ), specific heat (c, J 
kg- 1 K- 1 ), density (p, kg m- 3 ) and thermal conductivity (k, W m- 1 K- 1 ). Averages ± 
SE are shown (n = 5), and significant differences (p <0.05, ANOVA) are denoted with 
superscript letters. 

Parameter 

c 

p 

k 

P. lobata P. cylindrica S. pistillata P value 

1.50 ± 0.48 1.32 ± 0.44 1.81 ± 0.57 0.28 

1643 ± 325 1874 ± 464 1846 ± 817 0.58 

1939 ± 4la 1774 ± 32b 2275 ± 115c 0.001 

0.51 ± 0.10 0.45 ± 0.05 0.89 ± 0.25 0.10 
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6.3.2 Model validation 

A comparison of experimental data with model output (Figure 6.3) indicates that for 

massive corals such as Porites lobata, the model realistically reproduces the average 

surface warming of a coral population of similar shape and size. However, the large 

spread of data around the 1: 1 line indicates a tendency of the model to both over- and 

underestimates the surface warming of individual corals, by up to 0.3 °C. For branching 

corals such as Stylophora pistillata, the model consistently overestimated the surface 

warming of corals, in particular at the lowest flow velocities ( < 0.5 cm s-1 ). 
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Figure 6.3: Measured and predicted surface warming (i~T) of (a) hemispherical and (b) 
cylindrical corals. The dashed line indicates a 1: 1 relationship. 
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6.3.3 Sensitivity analysis 

The effects of variations in the model's input parameters on the predicted coral surface 

warming are shown in Table 6.2. Sensitivity to all parameters was greatest at low flow 

velocity (0.2 cm s- 1) and for the large colony (100 cm diameter). Predictions of coral 

surface warming were most sensitive to small variations in absorbed irradiance (Qabs) 

(and thus absorptivity and incident irradiance; see Eq. 6.2), and in flow velocity (v) and 

the heat transfer exponent (b; Eq. 6.6). Steady state temperatures were only weakly 

affected by variations in the conductivity (k), and insensitive to variations in density (p) 

and specific heat (c). 

Table 6.2: Model sensitivity analysis for steady-state surface warming (b:..T) of two 
hemispherical colonies 20 and 100 cm in diameter, at low and high flow velocities (0.2 
and 5 cm s- 1, respectively). Change in D..T (°C) of colony apex for a± 10% change in 
each parameter. 

Flow 0.2 cm s- 1 5 cm s- 1 

Coral diameter 20 cm lOOcm 20cm lOO cm 

Parameter - 10% + 10% -10% +10% -1 0% +10% - 10% +10% 

k +0.01 0 +0.01 - 0.01 + 0.01 0 +0.01 -0.0 1 

a +0.18 - 0.15 +0.42 - 0.34 +0.04 - 0.03 +0.08 -0.07 

b +0.58 - 0.43 + 1.78 - 1.21 + 0.19 - 0.12 + 0.55 - 0.32 

Q abs - 0.16 +0.16 - 0.38 + 0.38 -0.03 +0.03 - 0.08 + 0.08 

v* +0.67 - 0.30 + 1.56 - 0.69 +0.01 0 + O.ot - 0.01 

p 0 0 0 0 0 0 0 0 

c 0 0 0 0 0 0 0 0 

* the value for velocity was varied by ±0. l cm s- 1 
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The effect of input parameters on the transient response of coral surface temperature, 

i.e. on the time constant (r, section 6.2.5), is shown in Table 6.3. This was most sensitive 

at low flow (0.2 cm s- 1) to variations in the flow velocity (v) and the heat transfer exponent 

(b; Eq. 6.6), whereby a 10% decrease in either of these parameters induced an increase of 

3-4 min in the time to reach the steady state temperature. At a higher flow velocity of 5 

cm s-1, variations in these parameters only caused a change in the time constant of up to 

30s. 

Table 6.3: Model sensitivity analysis for the transient response time (r) of a large hemi-
spherical colony (100 cm diameter) at low and high flow velocities (0.2 and 5 cm s- 1, 

respectively). Change in T (s) of colony apex for a ±10% change in each parameter. 

Flow 0.2 cm s- 1 5 cm s- 1 

Parameter -10% +10% -10% +10% 

k -24 +47 -1 0 

a +46 - 59 +6 -6 

b +257 - 221 + 35 - 31 

v* + 163 - 131 + 22 - 23 

p - 22 +42 -4 +4 

c - 22 +42 -4 +4 

Q abs 0 0 0 0 

*the value for velocity was varied by ±0.l cm s- 1 
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6.3.4 Size and shape effects 

Coral surface warming 

Coral size has a marked effect on its surface warming, as shown in Fig. 6.4, where 

under identical conditions of irradiance (E = 450 W m- 2) and flow (u = 0.5 cm s- 1) 

the predicted surface warming ranged from 0.6 to ca. 2 °C for hemispheres of radii 1.5 

to 20 cm (Fig. 6.4a-c). The trend was similar for the cylindrical model of a branching 

coral (Fig. 6.4d-f). For identical diameters, cylinders had a greater surface warming than 

hemispheres (Figs. 6.4b and d). This results from the temperature at the base of the 

hemisphere being held constant and equal to that of the substratum and surrounding water 

(Fig. 6.1 ). The temperature of thin branches 1 cm in diameter (Fig. 6.4b) may exceed that 

of the surrounding water by 0.6 °C only at extremely low flow velocity ( < 0.5 cm s- 1) and 

high irradiance (> 400 W m- 2 ). This is likely an overestimation (Fig. 6.3b). However, 

larger corals (e.g. of massive hemispherical growth forms) may experience temperatures 

1 - 2 °C above the water under conditions of low flow and high irradiance. 
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Figure 6.4: Surface warming (°C) as a function of flow velocity and irradiance for hemi-
spheres (a, b, c) and cylinders (d, e, f) of various diameters. 
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Coral transient response to a change in irradiance 

The time for the surface of corals to reach a new steady state temperature, following an 

abrupt change in environmental conditions of irradiance or water temperature, increased 

with increasing coral diameter and with decreasing flow velocity (Fig. 6.5). Except for 

large colonies (diameter > 60 cm), the surface temperature of corals is thus likely to 

respond to a change in environmental conditions within 30 - 60 s, even under extremely 

low flow conditions. 

180 
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- 0.2 
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Coral diarreter (cm) 

Figure 6.5: Time constant of coral surface warming as a function of coral diameter at 
flow velocities of 0.2 and 5 cm s- 1. 

Coral heat budget 

Both coral diameter and ft.ow velocity affected the proportions of heat fluxes either con-

ducted or convected away from the surface layer of tissue (Fig. 6.6). A decrease in flow 

velocity was associated with an increase in the proportion of heat conduction into the 

skeleton compared to heat convection to the water column. Conduction was nevertheless 

negligible compared to convection(> 95% of the total heat outflux), except for extremely 

small coral diameter (0.5 cm) and low flow (0.2 cm s- 1 ), where ca. 20% of the heat was 

conducted into the skeleton. 
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Figure 6.6: Partitioning of heat loss from the tissue layer by convection to the surround-
ing water (Qcanv) and conduction into the skeleton (Qcand) for a) a thin cylinder (0.5 cm 
diameter) and b) a hemisphere (10 cm diameter). 

6.3.5 Field applications 

Predicted effect of water depth 

Combining the coral thermal model with calculations of depth dependent light penetra-

tion, estimates of the thermal exposure of corals as a function of depth were obtained for 

two different water types (Fig. 6.7). In optically clear water (Fig. 6.7a and b) the surface 

warming of corals at 15 m was reduced by half compared to shallow water (20 cm). In 

more turbid water (Fig. 6.7c and d) the same reduction occurred within 2 m from the sur-

face. Thus in conditions of high irradiance (450 W m- 2above-water) and low flow (0.2 

cm s- 1 ), corals 10 - 20 cm in diameter may experience a surface temperature at least 0.6 

°C above that of water, down to 15 min optically clear water. 
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Figure 6. 7: Effect of depth on the surface warming of hemispheres 1 and 10 cm in 
diameter; for two optical types of water: (a,b) kd = 0.05 and (c,d) 0.5 m-1; and two flow 
velocities: (a,c) 0.2 and (b,d) 5 cm s-1. 

Predicting in situ thermal dynamics of corals 

Figure 6.8 shows a comparison of measured and predicted data for coral surface warming 

during three consecutive days where low tide occurred close to 12:00 (noon). The model 

predictions were based on computations of downwelling irradiance (Eq. 6.9) and esti-

mates of tidally driven flow (section 6.2.5). The predicted !1T followed the general trend 

of temperature increase associated with the period of lowest flow and highest irradiance, 

and was extremely sensitive to the sharp variations in computed flow velocity (6.8). 
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Figure 6.8: Predicted surf ace warming of a hemispherical ( 10 cm diameter; solid dark 
line) and cylindrical coral (1 cm diameter; solid green line), using computed water level 
and irradiance, together with flow velocity estimates (see section 6.2.5). Measured values 
of in situ surface warming of colonies of P. lobata and P. cylindrica (n=4) are shown for 
comparison. Experimental data were collected in the shallow reef flat (depth <3 m) at 
Heron Island in the Southern Great Barrier Reef, as described in Chapter 2. 
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Estimating intra-colonial differences in thermal exposure 

By controlling flow velocity and the irradiance at the depth of corals, the timing oflow tide 

on the reef flat affects the thermal exposure of tissue across the coral surface (Fig. 6.9). 

The maximum daily surface warming was greater on the colony's apex when low tide 

occurred at noon, and on the east-facing surface when low tide occurred in the morning 

(Figs. 6.9a and b). The trend was similar for the solar driven cumulated heat exposure 

(degree-heating-hours), which was greater on the colony's apex and east-facing region 

during noon and morning low tide, respectively (Figs. 6.9c and d). 
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Figure 6.9: Contour plots of the computed (a,b) maximum surface warming (°C) and 
(c,d) cumulated heat exposure (degree-heating-hour) on the horizontal projection of a 
hemispherical coral (20 cm diameter). Low tide at noon (a,c) and in the morning (b,d) . 

121 



Chapter 6: Coral thermal model 

6.4 Discussion 

In this study, we have developed a mechanistic thermal model of corals with simple ge-

ometrical shapes (hemispheres and cylinders), that are exposed to shortwave solar irra-

diance (400-750 nm) and steady laminar flow. The model uses empirical values of the 

thermo-physical and optical properties of two morphologically distinct coral species: the 

hemispherical Porites lobata and the branching Stylophora pistillata. Numerical com-

putation of the temperature field within the skeleton provided important insights into the 

thermal role of the skeleton and the overall heat budget of the tissue layer. The model also 

allowed to quantify the effects of c.oral size and shape on the surface temperature, and 

describe the dynamics of surface warming that result from tidal and diurnal variations in 

irradiance and flow. 

6.4.1 Thermal role of the skeleton 

Coral surface warming is determined by the balance between heat fluxes into and out of 

the tissue, namely i) radiation absorption, ii) convection to the water, and iii) conduction 

into the skeleton. Because the model is based on first principles, it allows assessment 

of the relative importance of these heat fluxes in controlling coral temperature, and in 

particular to examine the role of heat conduction into the skeleton. 

With a thermal conductivity (k) of rv 0.5 W m- 1 K- 1 (Table 6.1) comparable to 

that of cement or brick (0.72 W m-1 K- 1 ), and lower than rocks such as granite and 

sandstone (k rv 2.9 W m- 1 K- 1) (lncropera and DeWitt 1996), coral skeletons are 

relatively poor thermal conductors. This results from the porous structure of the aragonite 

skeleton and the large proportion of water within the pores (k = 2.4 and 0.62 W m- 1 

K- 1 for water and aragonite, respectively; Incropera and DeWitt 1996). There were 

differences in the bulk density of the skeleton (thus porosity) between P. lobata, P. 

cylindrica and S. pistillata but the differences in the thermophysical properties (specific 

heat and thermal conductivity) were not statistically significant (Table 6.1). Additional 

measurements on a greater sample size may reduce the uncertainty of these results and 

possibly allow the detection of interspecific differences. However, the sensitivity of coral 

surface warming to changes in thermal conductivity was extremely weak compared to 
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the convection coefficient and the absorptivity (Table 6.2). Thus, interspecific differences 

in skeletal thermophysical properties are unlikely to affect the thermal exposure of corals 

significantly, and the values presented here provide sufficient accuracy for modelling 

purposes. It should be noted that for corals of encrusting or plate-like morphologies, 

conduction into the skeleton may have a greater influence on the surface warming. In 

these cases, the impact of variations in skeletal thermophysical properties should be 

further explored. 

The effect of skeletal thermal conductivity on the relative efficiencies of conductive 

and convective heat loss can be examined using a dimensionless parameter, the B iot 

number (Bi; Incropera and DeWitt 1996). It is a function of the convection coefficient 

(h), the coral diameter(£), and the skeletal thermal conductivity (k): 

B . hL 
i=-

k 
(6.10) 

Thus, for corals 0.5 to l 0 cm in diameter and flow velocities between 0.2 and 5 cm 

s- 1 (h = 150 to 2300 W m- 2K- 1 ; Eq. 6.6), the Biot number ranges from 5 to 30, i.e. 

the amount of heat lost by convection is significantly larger than the heat conducted into 

the skeleton. The Biot number increases for larger coral diameters or flow velocities 

(Eq. 6.10). In agreement with these theoretical estimates, results from the thermal model 

show that only a small portion of heat is lost from the tissue layer by conduction into the 

skeleton (Fig. 6.6). Thus, the efficiency of heat transfer into the skeleton is much weaker 

than that of convection to the surrounding water, and coral smface warming is mostly 

controlled by the absorption of incident irradiance and convective heat loss to the water 

(Table 6.2). 

Despite contributing a small portion of the coral surface heat balance, conductive 

heat transfer can drive size-related differences in surface warming. Results from previous 

chapters indicated that differences in shape, size and tissue pigmentation between S. 

pistillata and P. lobata did not significantly affect the efficiency of heat convection to 

the water (Chapter 4), nor the efficiency of radiant heat absorption (Chapter 5), and 

thus could not account for the differences in temperature consistently measured between 

123 



Chapter 6: Coral thermal model 

the two species. Results from this chapter show that for small coral diameters, the 

efficiency of conductive heat transfer into the skeleton increases considerably (Fig. 

6.6), thus enhancing the overall heat loss from the tissue and reducing the surface 

temperature. It should be noted however that for small hemispherical colonies this trend 

may be reversed, as the temperature of the substratum may increase during low tide 

due to strong light absorption and the presence of a thick benthic boundary layer. If 

the temperature of the substratum increases above that of the water, the skeleton would 

conduct heat to the surface of small corals more efficiently, thus potentially increasing 

their surface temperature relative to larger colonies. This could be further investigated 

with a similar coral model, and may have implications for our understanding of size 

related differences in photophysiology (Edmunds and Gates 2004) and survivorship to 

increased temperatures (Edmunds 2004 ). 

Finally, results from the model allowed the examination of the potential role of the 

skeleton in buffering temperature fluctuations. With the exception of small colonies or 

thin branches, the surface temperature of corals is relatively decoupled from the tem-

perature deeper into the skeleton. Therefore, although the thermal mass of large corals 

may delay temperature variations deep within the skeleton, the surface region would 

still respond relatively rapidly (within seconds to minutes, Fig. 6.5) to environmental 

fluctuations of e.g. irradiance and water temperature. 

6.4.2 Limitations 

Comparisons of predicted coral surface warming with values measured under known 

conditions of irradiance and flow (Fig. 6.3), indicate a maximum accuracy of the model 

of 0.2 °C for hemispherical corals, and a tendency of the model to overestimate the 

temperature of cylindrical branches by up to 0.5 °C. The model is based upon a series of 

simplifying assumptions that affect its accuracy. First, the modelled corals are assumed 

to be perfectly circular geometrical objects (Fig. 6.1 ), and the convection coefficient 

(h) is assumed to have a single value over the entire coral surface. This reductionist 
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approach overlooks the complexity of flow patterns around individual colonies (Shashar 

et al. 1993; Ktihl et al. 1995) and the potential effects of shape irregularities. Second, 

the tissue and skeleton are treated as homogeneous absorbing and conducting media, 

respectively, and the model assumes a more or less one-dimensional heat exchange 

geometry between skeleton, tissue and water. Small scale heterogeneities in surface light 

absorption (Ulstrup et al. 2006a), as well as variations in the porous matrix due to e.g. 

boring organisms were ignored. Thus, the current model may not predict the temperature 

variability associated with irregular coral shapes and heterogeneous pigmentations. A 

future model could consider coral surfaces with a distribution of discrete absorbers and a 

more complex heat exchange geometry. 

Most importantly, the coefficient h, and in particular the flow exponent b (Eq. 

6.6), may be identified as the major limiting factors to the model's accuracy. On the 

one hand, predictions of surface warming were most sensitive to variations in these 

parameters (Table 6.2). On the other hand empirical determination of their value is 

limited by experimental inaccuracies in boundary layer and flow measurements (Chapter 

4), together with the natural variability of heat transfer at the surface of corals of similar 

size and shape. As is generally the rule for biophysical models (e.g. Gates 1980), our 

mechanistic approach is a simplified representation of a complex biological system 

and focuses only on its key controlling processes. Thus, it cannot fully account for 

the natural variability in coral surface warming, caused by slight changes in surface 

geometry and boundary layer properties (Chapter 4), convection coefficient (Table 6.2) 

and absorption of incident irradiance (Table 6.2 and Chapter 5). Small modifications to 

the model's coral geometries and surface absorption properties could explore the effects 

of shape irregularities and colour heterogeneities on the surface temperature of individual 

colonies. Hydrodynamic modelling of flow patterns around complex coral geometries 

(Kaandorp et al. 2003), could provide finer resolution in convection heat transfer and 

thus coral surface temperature. While this would contribute valuable information on the 

spatial variability of within colony thermal exposure, it would likely be computationally 

too expensive for long term prediction of temperatures in situ. 
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It must also be noted that the value of the convection coefficient (h) was computed 

using a relationship (Eq. 6.6) derived from empirical measurements performed on small 

colonies ( < 5 cm in diameter) under low flow velocities ( < 5 cm s- 1) (Chapter 4). Thus, 

the relationship is valid for Reynolds numbers (Re) <r-...110000 (Chapter 4) and may be af-

fected by turbulence at higher R e values. As a consequence the flow exponent b (Eq. 6.6) 

would likely increase to values close to 0.8 characteristic of turbulent boundary layers (ln-

cropera and DeWitt 1996). Therefore, predictions of the model are likely to overestimate 

the surface warming (6.T, Fig. 6.4) and the response time (r, Fig. 6.5) of large colonies, 

except at extremely low flow velocities. The critical Re value would need to be defined 

experimentally in order to improve the model's accuracy for large colony sizes. 

As for predictions of thermal dynamics in the field (Fig. 6.8), the discrepancy between 

the measured and predicted curves most certainly arose from the crudely approximated 

data for diel flow dynamics. These results highlight the critical importance of obtaining 

accurate measurements of flow velocity, particularly under conditions of very low flow ( < 
2 cm s-1 ), as these are conducive to the greatest surface warming (Fig. 6.4), as well as the 

greatest sensitivity to small fluctuations (Table 6.2). Additional measurements of in situ 

flow velocity using thermistor probes specifically calibrated for a range of extremely low 

flow ( < 5 cm s- 1) would be required to more accurately validate the model for field appli-

cations. Nonetheless, results show that the model can qualitatively predict i) patterns of 

coral thermal dynamics in situ, as controlled by diurnal and tidal variations in flow, water 

level and solar irradiance, and ii) the difference in thermal exposure between branching 

and hemisphelical coral species (Fig. 6.8). It can thus contribute ecologically relevant 

and useful estimates of coral surface warming under known conditions of water flow and 

irradiance, in particular during periods of bleaching conditions. 

6.4.3 Field experiments 

Our results show that solar heating of shallow water corals can enhance the thermal ex-

posure of coral tissue over short periods of time (hours), and that this can be repeated 

for several days under particular conditions of tide regime and weather. In addition, this 

phenomenon occurs in combination with large daily fluctuations in water temperature, 
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that are common occurrences on many shallow reefs (Jokiel and Coles 1974; Craig et al. 

2001 ). Thus, maximum solar heating of coral surfaces is likely to coincide with the daily 

maximum in water temperature (see Chapter 2, Fig. 2.8). Bleaching thresholds are tra-

ditionally defined in terms of weekly or monthly temperature averages (Jokiel 2004), but 

the consequences of daily fluctuations in the local thermal environment of corals needs to 

be further investigated. 

Comparing temperature dynamics at Heron Island (Great Barrier Reef) during these-

vere 1998 bleaching event and the non-bleaching year of 1996, Jones et al. (2000) noted 

that both years had similar monthly mean temperatures, but that in 1998 substantial solar 

heating of the shallow lagoon during low tide caused the monthly maximum temperature 

to exceed that of 1996. This suggests that temporal fluctuations and relative timing of low 

tides relative to maximal solar heating may be an important determinant in the severity 

of bleaching events (Jones et al. 2000; Berkelmans et al. 2004). Furthermore, Berkel-

mans et al. (2004) showed that maximum sea surface temperature measured over short 

periods of time (3 days) predicted bleaching patterns on the Great Barrier Reef better 

than longer term, average temperatures. Identification of the most relevant metric of tem-

perature stress (e.g. maximum, average, rate of change in temperature) is an important 

aspect of ecophysiological studies that may greatly benefit from the use of biophysical 

models (Helmuth and Hofmann 2001; Helmuth et al. 2005). Long-term continuous mea-

surements of the temperature of individual coral colonies in situ is impractical and instead 

our model can be used to produce estimates of the magnitude and frequency of coral ex-

posure to elevated temperature, based on measurable environmental parameters of water 

temperature, flow and irradiance. 

Incidentally, model estimates of coral surface warming may also be used to investigate 

the potential advantage of increased tissue temperature in corals living close to their 

lower thermal limit (Coles and Fadlallah 1991). It should however be noted that model 

predictions of coral 6.T should not be solely based on remotely sensed SST, as this may 

significantly differ from the temperature of deeper ambient water (Leichter et al. 2006). 

Thus modelling efforts should include a description of the spatial and temporal variability 

in the temperature of ambient water that can result from solar heating of surface water, 

mixing, upwelling and internal waves (Leichter et al. 2006). 
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High irradiance on the upper sunlit area of coral colonies can enhance photoinhibition 

of the zooxanthellae, and is linked with the common observation that corals often 

bleach earlier and more severely on their apex (e.g., Williams and Bunkley-Williams 

1990; Jokiel 2004 ). Our results show that the relative orientation of the sun and the 

coral surface also affects the temperature distribution across coral colonies (Fig. 6.9). 

At low tide the uppermost sunlit area of a hemispherical colony can be exposed to a 

temperature 0.5 °C greater than the vertically oriented sides (Fig. 6.9a). Whether such 

temperature differences exacerbate light induced photo-physiological damage, and how 

they affect intra-colonial bleaching patterns, would need to be further investigated. 

Furthermore, the history of exposure to elevated irradiance can shape the resistance 

to bleaching. Brown et al. (2000, 2002a) showed that increased solar radiation on the 

westward facing side of massive Goniastrea aspera colonies provided the algae with 

cross-protection from temperature stress, and resulted in greater bleaching resistance 

compared to the eastward facing side of the colonies. Our results show that directional 

exposure to solar radiation can directly affect intra-colonial patterns of both maximum 

and cumulated thermal exposure (Figs. 6.9). This may have implications for our un-

derstanding of the mechanisms of acclimatization to both increased light and temperature. 

Results from the model simulations, together with empirical measurements through-

out this thesis, show that the temperature of thin branches ( < 1 cm diameter) is within 

0.5 °C, at the most, of the surrounding water, while larger hemispherical colonies are 

likely to be exposed to temperatures rv 1 °C greater than water for several hours a day. 

And yet, massive coral species are widely acknowledged as more resistant and resilient 

to bleaching than branching species (Brown and Suharsono 1990; Glynn 1990; Williams 

and Bunkley-Williams 1990; Marshall and Baird 2000; Loya et al. 2001). Our results 

indicate that the former may tolerate temperatures greater than previously thought. This 

may warrant further investigation of the physiological responses of bleaching sensitive 

and resistant species, when exposed to short term temperature fluctuations. 
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6.5 Conclusion 

This study provides the first biophysical model of the temperature within hemispherical 

and cylindrical corals exposed to solar irradiance and low water flow. The computed sur-

face heat balance, together with the model sensitivity analysis, identified both irradiance 

absorption and convective heat loss as the major controlling parameters of coral surface 

warming. Conductive heat transfer into the skeleton is a negligible portion of the overall 

heat budget, but its efficiency is greatly affected by coral size, thus reducing the surface 

temperature of small (e.g. coral branches) compared to larger (e.g. massive) colonies. 

Model predictions were most sensitive to variations in water velocity under conditions 

of extremely low flow, thus highlighting the critical importance of accurate flow data to 

produce ecologically relevant and useful estimates of coral surface warming. Alterna-

tively, future studies could explore the potential for hydrodynamic models of large scale 

circulation (reef) and small scale flow patterns (around individual corals), to investigate 

the effects of oceanic, tidal and wind driven currents on coral thermal exposure. This 

could have implications for our understanding of the physiological consequences of small 

fluctuations in coral thermal exposure. 
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General Discussion 

The ultimate aim of this thesis has been to understand how localised heating of corals by 

solar radiation may interact with the factors that control mass bleaching of corals. Un-

derstanding the strong variability in bleaching susceptibility that exists among species 

requires a thorough understanding of the micro-environment experienced by corals, and 

how it may vary according to physical conditions in the water column. This is the first 

rigorous attempt to quantify how corals may be heated by solar radiation and how this is 

regulated by physical processes (convection and conduction). A number of assumptions 

were made, which future investigations should consider further. Nevertheless, the broad 

conclusions and the various models that have been used provide a good framework for 

future research. Previously, conditions that effect high-temperature induced coral bleach-

ing have been defined in terms of the temperature history of corals (over previous days to 

weeks) based on bulk water temperatures. Results from this thesis show that such predic-

tions could be refined by taking into account solar radiative flux, coral morphology, water 

flow and water depth. This General Discussion now examines how to synthesise these 

findings into predictive values useful to coral reef researchers and resource managers. 
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7.1 Thesis outcomes 

7 .1.1 Insights from modelling heat transfer in corals 

The initial approach (Chapter 2) was to use principles from heat transfer theory to con-

struct a minimal model of a coral, simplistically partitioned into two thermal regions (Fig. 

2.1). This assumption prevented accurate calculation of the heat flux into the skeleton, but 

enabled estimates of coral surface warming that were, to a first approximation, consistent 

with results from field and laboratory experiments. The thermal role of the skeleton was 

further explored in a simple global model of heat transfer in corals, that described the 

temperature distribution within the skeleton (Chapter 6). This model, although based on a 

set of simplifying assumptions, has led to a number of major predictions which should be 

useful in considering the effects of colony morphology on the temperature microclimate 

of corals. A major finding was that except for thin branches ( < 1 cm) heat loss from the 

tissue layer occurs primarily outwards to the surrounding water and not inwards into the 

skeleton. Thus, the skeleton of large hemispherical corals does not act as a heat sink that 

contributes to cooling the surface tissue heated by solar radiation. As a consequence, un-

der conditions of low flow and high irradiance, the temperature of thin branching corals 

tends to track that of the water, while the surface of massive corals experiences signifi-

cantly greater temperatures. 

This was supported by experimental evidence throughout the thesis, showing that 

hemispherical coral specimens experienced greater surface warming than branching 

corals, both under controlled laboratory conditions (Chapters 2, 4 and 5) and in field 

experiments (Chapters 2 and 3). Thus, when the ambient water temperature approaches 

bleaching conditions, massive corals may seem more susceptible (vs branched corals) to 

overheating of their tissues. Yet, there is solid empirical evidence that branching corals 

typically bleach more easily under stressful environmental conditions (Marshall and Baird 

2000; Loya et al. 2001; Stimson et al. 2002). Results from this thesis clearly show that 

the thermal microhabitats of branching and massive corals are different, thus providing 

different functional niches in terms of temperature dynamics. It is possible that greater 

thermal tolerance, and resistance to temperature-induced bleaching, in massive corals 
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may in part result from differential selective pressures on shallow massive and branch-

ing corals, imposed by differences in thermal microclimates (see below, section 7 .2.2). 

Clearly, this has important implications for our understanding of coral bleaching and the 

long-term evolutionary perspectives of coral adaptation to environmental change. There 

is a need to further investigate the impacts of microhabitat heterogeneity, species compo-

sition (branched vs. massive coral abundance), depth and situation (lagoon vs. reef flat 

vs. reef crest vs. outer slope situations; closed vs. open reef canopies). 

7.1.2 Insights from microscale temperature measurements 

A major prerequisite for completion of this thesis was the implementation of new 

experimental techniques. In particular, the use of temperature microsensors enabled the 

first insights into the thermal microenviroment of corals. While microscale temperature 

measurements are commonly used to investigate thermal microclimate and heat budgets 

of terrestrial plants, this thesis represents the first experimental study of the thermal 

microenvironment of corals. Heat transfer theory predicted that the exchange of heat 

between the coral surface and the surrounding water would be restricted by the presence 

of a significant thermal boundary layer (TBL). Temperature microsensor measurements 

verified this for the first time in corals (Chapter 2) and showed its importance for coral 

heating under conditions of high irradiance and low flow (Chapter 4). Such experimental 

data, together with their theoretical analysis, have built a foundation for a much better 

understanding of temperature microenvironments in shallow water habitats. Besides 

corals, this experimental approach could also be fruitfully applied to other densely 

pigmented systems such as aquatic biofilms, microbial mats and other reef symbioses. 

While temperature microsensors provide detailed insights into local temperature dy-

namics, care must be taken in extrapolating from such point measurements to larger spa-

tial scales. The complexity of the surface topography of coral skeletons and the hetero-

geneous distribution of coral tissue can locally affect both the thickness of the thermal 

boundary layer (Chapter 4) and the absorption of solar radiation (Chapter 5). In partic-

ular, estimates of the surface convective heat flux from experimental temperature micro-
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profiles (Chapters 4 and 5) were based on the assumption of a one-dimensional exchange 

geometry (Kuhl et al. 1995), and may underestimate the heat flux from coral surfaces 

when polyps extend within the boundary layer. In Chapter 5, the convective heat flux 

estimated from temperature micro-profiles (Table 5.2) was only "'30% and 60% of the 

absorbed heat flux (estimated from absorptivity measurements) for Porites lobata and 

Stylophora pistillata, respectively. In contrast, computation of heat transfer within the 

skeleton in Chapter 6 (Fig. 6.6), resulted in an estimate of convection of >80% of the 

total heat flux. This discrepancy may arise from the simplified representation of the tissue 

used in the modelling approach, and from experimental uncertainties in boundary layer 

measurements of irregular surfaces. 

The biophysical method used in this study has imposed a simplistic view of a coral's 

structural organisation, and in particular the structure of soft tissue. Polyps vary greatly 

in size among species, ranging from a millimeter to several centimeters, and can be spa-

tially organised in a thin veneer at the surface of the skeleton (e.g. Acropora spp. and 

Pocillopora spp.), a thicker layer interlaced several millimeters into the skeletal matrix 

(e.g. Porites spp.) or separated into individual corallites (e.g. Favia spp.). Moreover, the 

coral polyps and the interconnecting coenosarc tissue may have different light absorbing 

characteristics (Ulstrup et al. 2006a). Thus, the structure of coral tissue may affect the 

spatial distribution of heat absorption (Chapter 5) as well as the thermal boundary layer 

(Chapter 4). Therefore, instead of a homogeneous tissue layer with uniform thermal and 

optical properties, a more realistic representation of corals may involve distributed dis-

crete absorbers, with a more complex heat exchange and radiative absorption geometry. 

Fine scale computational fluid dynamics modelling approaches could further explore the 

effect of tissue morphology on surface heat exchanges. Additionally, the potential role of 

polyp expansion and retraction as a behavioural control of tissue temperature should also 

be explored further. 

7 .1.3 Insights from absorptivity studies 

The absorptivity studies showed the close links between the optical and thermal properties 

of corals, in particular that coral temperature is linearly correlated to the fraction of ab-
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sorbed irradiance, in agreement with previous evidence showing the relationship between 

coral temperature and pigmentation (Fabricius 2006). It also showed for the first time 

that the spectral composition of light is important in determining the magnitude of coral 

surface warming, and in particular short wavelengths ( <500 nm) had the highest heating 

efficiency. 

While these are important conclusions other factors should be taken into considera-

tion in the final analysis and in future modelling approaches. For instance the ectodermal 

cells of some coral tissues contain fluorescence proteins (FPs), closely related to Green 

Fluorescence Protein and first discovered in jelly fish. Their importance for coral pho-

tophysiology has been much discussed (see e.g. Salih et al. 2000). and they are thought 

to act as photoprotective agents, by absorbing potentially damaging, short wavelengths 

in the blue to green region of the spectrum, and re-emitting light at longer wavelengths 

(blue to the orange/red) (see e.g. Salih et al. 2000). Other such coral host pigments ab-

sorb light but do not fluoresce (Dove 1995; Lukyanov et al. 2000; Shagin et al. 2004), and 

not all corals contain fluorescent pigments. Thus the relationship between light and heat 

absorption properties of corals may be complex, warranting further investigations. 

Finally, light absorption by corals depends on the scattering properties of coral tissue 

and skeleton matrix (Klihl et al. 1995; Enriquez et al. 2005). The effects of skeletal 

structure and tissue depth on the local distribution of heat absorption should be further 

explored. 

7 .1.4 Insights from field studies of in situ coral thermal dynamics 

Evidence throughout this thesis shows that the phenomenon of solar heating of corals 

is restricted to conditions of low water velocity and intense irradiance. Thus, it may be 

thought to be a rare occurrence caused by unusual weather conditions such as doldrums 

(unusually low wind and clear sky conditions). Results from the field studies (Chapters 2 

and 3) have demonstrated that environmental conditions conducive to coral surface warm-

ing do occur in shallow reef flats, and are a consequence of tidal and diurnal variations 

in water depth, flow and irradiance. A major finding was that the timing of maximum 
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coral surface warming coincided with the daily maximum in water temperature, and that 

this increased the temperature of the tissue by 0.4 to 1.0 °C compared to the surrounding 

water. Clearly, this exacerbates the magnitude of daily fluctuations in coral temperature 

and can even significantly impact exposures to extreme bleaching temperatures. This 

has implications for our understanding of the environmental triggers of coral bleaching, 

as exposure to large fluctuations in seawater temperature, and excursions above normal 

summer maxima, can result in acute bleaching responses (Jones et al. 2000; Berkelmans 

et al. 2004; Jones 2008). 

Coral thermal dynamics were described by the thermal model in Chapter 6 from 

estimates of tidally-driven variations in flow and irradiance. However, the results were 

found to be extremely sensitive to abrupt variations in flow velocity, caused by the 

flushing tide. This is a direct consequence of the power law relationship between coral 

surface warming and water velocity described in Chapter 4, that causes coral temperature 

to be greatly affected by variations in water velocity under conditions of extremely 

low flow ( < 2 cm s- 1 ). This effect would thus be most pronounced during extremely 

calm weather conditions, such as doldrums, that are often associated with the onset of 

bleaching (Glynn I 993; Hoegh-Guldberg 1999). Under these conditions small local 

variations in flow conditions could greatly impact the heat exposure of individual coral 

colonies, and thus affect spatial bleaching patterns. In particular, the 3-dimensional 

structure of the reef creates a wide range of microhabitats, where heterogeneity in flow 

as well as irradiance can operate (Sebens et al. 1997). Finally, waves create oscillatory 

flows (Denny 1988) and can also act as lenses that create flashes of intense light. Under 

an irradiance of 2000 µmol photons m- 2 s- 1 , this wave focusing effect has been shown to 

cause short pulses of 4000 µmol photons m-2 s-1 at a frequency of 1-3 flashes per second 

(Falkowski et al. 1990). These insights open up a rich field for further investigation. 
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7 .2 Microclimatic effects on physiology and possible im-

plications for bleaching 

The loss of zooxanthellae and /or their pigments is the end point of a suite of cellular and 

sub-cellular processes both in the coral host cells and symbionts, triggered by elevated 

thermal exposure (Gates et al. 1992; Ainsworth et al. 2008). Increases in production of 

heat shock proteins and oxidative enzymes occur within a few hours of exposure to 2-3 °C 

increase in temperature (Black 1995; Gates and Edmunds 1999; Downs et al. 2000). In 

the symbiont, excessive temperatures result in the production of reactive oxygen species 

(ROS) (Lesser 1997; Jones et al. 1998) that weakens the repair machinery of photosynthe-

sis (Takahashi et al. 2004 ), thus accelerating photoinhibition under intense light (Warner 

et al. 1999). Physiological changes in host cells include reductions in epidermis thickness 

and apoptosis of gastrodermal cells (Ainsworth et al. 2008). The thermal sensitivity of 

corals is such that differences in exposures of just± 1 °C produce variations in the severity 

of bleaching and mortality (Berkelmans and Willis 1999). Thus, the small differences in 

temperature caused by solar heating, as shown in this thesis, could have implications for 

our understanding of short term physiological responses to natural thermal events. 

7 .2.1 Intraspecific variability 

The small increases in temperature caused by solar heating of coral surfaces may help 

explain some bleaching patterns. In particular, the directional nature of heat exposure 

(Chapter 6) may further exacerbate the photoinhibitory effects of excessive irradiance 

on the uppermost sunlit areas of colonies (Brown 1997), and result in the tendency for 

more pronounced bleaching on colony apices (Williams and Bunkley-Williams 1990). 

Biophysical thermal models (Chapters 2 and 6) could allow comparisons of the spatial 

and temporal patterns of temperature and bleaching responses, and thus further examine 

the influence of solar heating. It must however be noted that coral surface wanning occurs 

under conditions of low water flow and high irradiance (Chapters 4 and 5). Therefore, a 

thorough examination of the short- term physiological consequences of small increases 

in temperature reported throughout this thesis may be complicated by the synergistic 
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effects of light induced photoinhibition (Franklin et al. 1996) and limited mass transfer 

across thick boundary layers (Nakamura et al. 2005). 

There are contrasting reports of size-related trends in bleaching susceptibility. Loya 

et al. (2001) indicated that small juvenile Acropora colonies in Japan may have survived 

the 1998 bleaching event better than the larger colonies, possibly as a result of enhanced 

mass transfer (Patterson 1992b). In contrast, Edmunds and Gates (2004) report a signif-

icantly greater mortality of all juvenile corals <20 mm in diameter compared to larger 

corals (20-40 mm). Results from this thesis show that the magnitude of surface warming 

is affected by coral size (Chapters 2 and 6). However, predictions of +2 °C warming 

for large hemispherical colonies ( rv40 cm in diameter, Chapter 6) could not be validated 

experimentally due to permit limitations, and field sampling would be required to further 

examine size related variability in thermal exposure in relation to bleaching patterns. A 

noteworthy observation is the greater efficiency of heat conduction into the skeleton for 

colonies with small diameter. As a result, the temperature of juvenile colonies of mas-

sive species, or encrusting corals, may be influenced by the temperature of the underlying 

substratum. 

7 .2.2 Interspecific variability 

Results throughout this thesis, showing greater surface warming for large hemispherical 

colonies compared to thin cylindrical branches, appear paradoxical in light of the greater 

resistance of massive compared to branching species (Marshall and Baird 2000; Loya 

et al. 2001; Stimson et al. 2002). Our results show that during low spring tides, massive 

species may tolerate regular exposures to temperatures greater than previously thought, 

and may result from the greater acclimatization capacity of slow growing massive species 

compared to fast growing branching species (Gates and Edmunds 1999). 

It has been shown that the history of previous thermal or light exposure can shape the 

response to thermal stress, either by physiological acclimatization or selective adaptation 

(Jokiel and Coles 1990; Marshall and Baird 2000; Craig et al. 2001; Brown et al. 2002a; 
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Coles and Brown 2003; Maynard et al. 2008). For instance, the worldwide range of coral 

thermal tolerance correlates with ambient water temperatures, thus indicating that corals 

have adapted to ambient conditions (Coles et al. 1976; Berkelmans and Oliver 1999; 

Berkelmans 2002; Coles and Brown 2003). Additionally, bleaching impacts are often 

less in shallow reef environments that regularly experience large diurnal fluctuations 

in temperature during low tide periods, compared to deeper and thermally more stable 

habitats (Cook et al. 1990; Glynn 1990; Hoeksema 1991; Hoegh-Guldberg and Salvat 

1995; West and Salm 2003). Finally, at the scale of individual colonies, regular exposure 

to stressful conditions of elevated irradiance can enhance the physiological tolerance to 

elevated temperature and irradiance (Brown et al. 2002a,b ). It is possible that differences 

in the history of thermal exposure caused by frequent solar heating may to some extent 

influence coral acclimatization, and this should be further investigated, as it may affect 

our understanding of the fundamental differences in the physiology of bleaching sensitive 

and resistant species. 

Because of the complexity of the coral-algal association, the sensitivity of the 

ho]obiont to thermal stress is not always a simple function of the sensitivity of either 

one of the pa1tners. For instance, variable thermal tolerance among genetic clades of 

zooxanthellae can affect the bleaching response of corals (LaJeunesse et al. 2003; Baker 

2004; Ulstrup et al. 2006b ), but cannot explain the shape related patterns in susceptibility 

(Baird et al. 2009), as many common symbiont types are found within both sensitive and 

resistant coral species (LaJeunesse et al. 2003; Baird et al. 2009). Fundamental differ-

ences in the physiology of both partners, as well as the overall symbiotic relationship 

may contribute to these bleaching patterns. These include variations in zooxanthellar 

density and rate of release of degraded cells (Stimson et al. 2002; Ralph et al. 2005), 

tissue thickness (Hoegh-Guldberg 1999; Loya et al. 2001 ), metabolic rates (Gates and 

Edmunds 1999), photophysiology (Warner et al. 1996; Hill and Ralph 2005). It may be 

interesting to further explore the long-term physiological effects of slight differences in 

thermal histories between massive and branching species, and if through acclimatization 

this confers an advantage to massive corals that partially explains shape-related bleaching 

patterns. 
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7 .3 Summary of key findings 

1. Solar driven surface warming of corals can occur, but only under conditions of 

low flow and high irradiance: Typically, a value of + 1 °C surface warming of 

hemispherical colonies can be expected under quasi-stagnant flow ( < 1 cm s- 1) 

and high underwater irradiance (> 400 W m- 2 ; 1800 µmol photons m- 2 s-1). 

This phenomenon is thus restricted to shallow reefal or lagoonal environments 

(particularly during Spring low tides), and under calm weather conditions (such as 

doldrums). 

2. Interspecific differences in surface warming were found between hemispherical 

(Porites lobata and Cyphastrea serailia) and branching corals (Porites cylindrica 

and Stylophora pistillata). This was attributed to the growth form of the corals, 

rather than differences in absorbing properties of the tissue or in thermal boundary 

layer properties. In particular, differences in the size of the underlying skeleton 

account for these differences, by affecting the efficiency of heat conduction away 

from the tissue. 

3. The conduction heat flux into the skeleton is a minor contributor to the overall heat 

budget of coral tissue, and most of the absorbed heat (solar radiation) is lost via 

convection to the water column. 

4. For any given coral morphology, the prevailing determinants of surface warming 

variability are the absorption of incident irradiance and the convective heat loss 

to the water column. Surface warming is most sensitive to small variations in the 

efficiency of these surface heat fluxes, rather than the thermal properties of the 

skeleton. 
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5. The heat exposure of corals at the scale of individual colonies can be estimated 

with reasonable accuracy using mechanistic modelling approaches based on first 

principles of heat transfer theory. Particularly, this approach provides accurate 

predictions of interspecific differences in surface temperature, based on morpho-

logical characteristics. 

7 .4 Conclusion 

Coral thermal micro-environment is a largely uncharted area of research (Fabricius 2006; 

Jimenez et al. 2008), and future efforts should focus on i) identifying additional patterns 

of intra- and inter- colonial heterogeneity, and ii) examining the short- and long-term 

physiological consequences of solar heating of coral surfaces. Biophysical thermal mod-

els could be used in conjunction with remote or in situ data of irradiance and water flow 

to improve the spatial accuracy of temperature monitoring efforts, and perhaps facilitate 

identification of particular reef areas or coral populations most at risk of bleaching. Fi-

nally, a better description of long-term thermal fluctuations of shallow water corals may 

improve our understanding of the role of the physical microclimate of corals in influenc-

ing their thermal tolerance. 
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Appendix A 

Measuring skeletal thermophysical 

properties 

A.1 Skeleton specific heat 

Two to four cores or chips ( rv I cm3) were cut out of 5 skeletons of Porites lobata, Porites 

cylindrica, and Stylophora pistillata. Cores ( 10 mm diameter) were sampled using a drill 

fitted with a hole-saw bit, and cut to approximately I 0 mm length using a circular saw 

fitted with a diamond blade. Flakes were cut out of skeleton fragments that were too 

small to extract 10 mm diameter cores, using the circular saw . Skeleton samples (cores 

and chips) were tightly wrapped in aluminium foil to minimize water losses from the 

porous skeletal matrix. Each core was placed in a known mass of seawater and heated 

to 70 °C for at least 15 min, then quickly transferred into a known mass of seawater 

at 20 °C held in a thermally insulated container. The increase in water temperature 

was monitored with a type K thermocouple (Omega, UK, ±0.1 °C accuracy) connected 

to an analog-digital datalogger (DataTaker Pty Ltd, Australia). Upon reaching a new 

equilibrium temperature, the sample was removed from the water, blotted dry, and 

weighed to the nearest 0.01 g with a digital scales (Kern, Germany). This was corrected 

for the mass of the aluminium foil. 

The specific heat was determined from equating the amount of heat lost by the core 
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sample (Qskel) to the heat gained by the volume of water (Qw) (lncropera and De Witt 

1996): 

-mskelCskel(TJ - ~)skel 

ffiwCw (TJ - ~)w 

(A.l) 

(A.2) 

where m, c, ~ and T1 are the mass, specific heat, initial and final temperature, 

respectively, and where the subscripts skel and w denote the parameters for the skeleton 

and the water, respectively. Values of Cskel were determined by equating Eqs. A. l and A.2. 

The same artificial seawater (salinity f'.J 33 ppm) was used to store, heat and cool the 

samples. Except for the coring and cutting process, and the short transfer between the hot 

and cold water baths, the samples were kept submerged in the same water at all times, to 

minimize the formation of air bubbles within the skeletal pores. 
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A.2 Skeleton thermal diffusivity 

A variation on Angstrom's method (Angstrom 1864), adapted by Belling and Unsworth 

( 1987) for materials of low thermal conductivity, was use to determine the thermal 

diffusivity (K:) of coral skeletons. Slabs approximately 400 x 400 mm and 3 mm thick 

were cut from 3 to 5 specimens of Porites lobata , Porites cylindrica, and Stylophora 

pistillata using a circular saw fitted with a diamond blade. Their thickness was measured 

to the nearest 0.1 mm using Vernier calipers. Samples of S. pistillata were cut from 

the thicker base of the colony as branches were too thin for use with this method. The 

samples were kept submerged at all times in the same artificial seawater from which 

the corals were taken. Emersion was unavoidable during the cutting process and the 

measurement, so that partial air penetration into the porous structure of the skeleton may 

have occurred. 

A sinusoidal temperature curve was applied to the upper surface of a stack of 3 

skeleton slabs, using a thermoelectric Peltier device (Cambion) controlled by a bipolar 

temperature controller (specifically designed and tested by Belling and Unsworth 1987) 

connected to a function generator (Hewlett-Packard). The function generator applied a 

sinusoidal voltage to the bipolar controller which fed current to the Peltier device, thus 

producing an accurate (± 0.05 °C) and reproducible sinusoidal temperature curve. A 

second Peltier device was used as a heat sink to maintain the lower surface of the sample 

at a constant temperature. The experimental set up is identical to that described in detail 

in Belling and Unsworth (1987), and is reproduced in Figure A. l. 

168 



Appendices 

Temperature controller Function generator 

Peltier device Temperature oscillations 

Peltier device 
thermocouples 

Temperature controller 

Figure A.1: Diagram of the experimental set up for the determination of the thermal 
diffusivity of coral skeletons. 

The temperature oscillations at each slab interface was monitored using miniature 

type K thermocouples (I mm tip) connected to an analog-digital datalogger (Data Taker 

Pty Ltd, Australia). Thermal contact between the slabs and the thermocouple junctions 

was enhanced with a layer of silicone heat transfer compound (Unick Chemical Corp., 

Australia). The oscillation frequency was adjusted to ensure that oscillations disappeared 

under the last slab. The phases of the temperature oscillations above and below the middle 

slab are related to the thermal diffusivity (K) according to (Belling and Unsworth 1987): 

1 d 
K = ITf 2!1t (A.3) 

where f is the frequency of the sinusoidal temperature curve, d is the slab thickness, 

and !1t is the phase lag between the temperature curves on each side of the middle slab 

(Fig. A. I). 

The accuracy and repeatability of the method was first tested on a sample of marble, 

which has a thermal diffusivity (1.26 10- 5 m2 s- 1; Incropera and DeWitt 1996) within 

the range of the diffusivities of water ( 1.4 1o- 7 m2 s- 1 ; Incropera and De Witt 1996) and 

aragonite (3.8 10-5 m2 s-1 ; Gomez et al. 2003). 
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