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THESIS ABSTRACT

The distribution and diversity of species is changing in response to global climate change,
particularly increased temperature. However, the specific response, both within and
among species, is often dependent on geographical location. For instance, the greatest
negative effects of global warming are predicted to occur in the tropics because low-
latitude species tend to have a narrower range of thermal tolerance when compared with
higher latitude species. Corals are expected to be at a particularly high risk from
increased temperatures because thermal anomalies as little as 1°C above average annual
summer maximums can cause mass bleaching in adult coral assemblages. Raised
temperatures are also deleterious to coral larvae (the dispersive life stage), which are
crucial for recruitment and replenishment of coral populations. However, studies into the
effects of temperature on these early life stages have so far been limited to single
locations and upper thermal limits. In addition, the effects of reduced temperature are
also rarely examined. Therefore, the aims of my PhD were to 1) determine thermal
tolerance breadths for the development and survival of coral larvae 2) assess the extent to
which this tolerance varies across space and among species 3) test whether differences
between adult coral assemblages across a dispersal barrier can be predicted by species
traits, in particular larval traits including the rate of development and mode of larval
nutrition. To address these aims, | combined small-scale larval experiments at three sites
along the east coast of Australia, and large-scale biogeographical analyses. My major
findings were that 1) raised temperatures increased the proportion of abnormal embryos,
increased the rate of larval development and decreased larval lifespan, 2) lowered

temperatures reduced the rate of development but did not affect larval lifespan 3) in
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relation to local ambients, upper thermal thresholds were greater in coral larvae from
higher latitudes 4) the rate of larval development was the best predictor for the
differences in assemblage structure between the Great Barrier Reef and Lord Howe
Island, with coral cover at Lord Howe Island overwhelmingly dominated by species
which brood larvae that are ready to settle on release. Although local temperature ranges
projected by the end of the century exceed the thermal tolerance breadths at most
locations, rising temperatures pose a greater threat to low-latitude coral populations
because of their narrower range of thermal tolerance. Furthermore, the effects of ocean
warming are likely to vary among species. In particular, species with larvae that develop
quickly may be pre-adapted to survive changing climates because they are better
colonisers and therefore have a greater potential to expand their range size to track

suitable climate.
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CHAPTER ONE: GENERAL INTRODUCTION

1.1 Global warming and changes in species distributions

Changing temperatures are affecting the distribution of organisms throughout the world
(Parmesan and Yohe 2003; Root et al. 2003; Poloczanska et al. 2007). Indeed, range
shifts are a mechanism by which species persist through changing climates (Davis and
Shaw 2001; Somero 2010). For example, many species of fish and marine invertebrates
have recently extended their ranges pole-wards due to climate-driven ocean warming and
changes in ocean circulation (Przeslawski et al. 2008; Ling et al. 2009; Figueira & Booth
2010; Feary et al. 2013). Historical data of marine invertebrate distribution and
temperature records indicate a close mirroring of species’ ranges and thermal regime
shifts (Sagarin et al. 1999; Hellberg et al. 2001; Jones et al. 2009), a phenomenon known
as climate tracking. Climate tracking has occurred in scleractinian corals on both
geological and ecological timescales (geological: Veron 1992; Precht and Aronson 2004,
Greenstein and Pandolfi 2008; ecological: Yamano et al. 2011, Baird et al. 2012).
Climate tracking in terrestrial environments is generally interpreted to be enabled
by an expansion of area suitable for adult growth and survival. However, in marine
environments, range expansion must be initiated by the dispersal of planktonic larvae
(Parmesan 2006; O’Conner et al. 2007; Figueira & Booth 2010). Therefore, an alternative
hypothesis to explain climate tracking in the marine environment is a breakdown in
barriers to dispersal, such as waters too cool to allow larval survivorship. Dispersal-
related traits, such as planktonic larval lifespan, are commonly invoked to explain aspects

of organism ecology, such as geographical range size (Richmond 1987; Graham et al.
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2008; Connolly and Baird 2010). However, potential impediments to dispersal of larvae
have rarely been tested. For example, dispersal of corals from the Great Barrier Reef
(GBR) into sub-tropical areas via the East Australian Current may be limited by the
capacity of coral larvae to survive colder waters they encounter as they move south. Such
environmental filters may help explain many features of scleractinian biogeography, such
as the pronounced decline in species richness with increasing latitude (Wells 1955; Veron
1995). While the effects of temperatures above ambient on coral propagules are well
understood, and include reduced fertilisation success, abnormal development of embryos
and increased mortality with a threshold of between 2 and 5°C above ambient (Bassim et
al. 2002; Negri et al. 2007; Randall and Szmant 2009), the effects of temperatures below

ambient have yet to be tested.

1.2 Variation in thermal tolerance breadth and thermal thresholds among
locations and the implications for population response to global warming

Biological responses to temperature are strongly influenced by local environments
(Addo-Bediako et al. 2000; Sunday et al. 2012). For example, temperatures are more
stable throughout the year in the tropics compared to temperate regions (Spencer and
Christy 1990) and biological responses to temperature reflect this pattern. In particular,
thermal tolerance breadth, a strong indicator of an organism’s potential for persistence in
changing environments, increases predictably with latitude in many organisms (Janzen
1967; Chown et al. 2004; Bozinovic et al. 2011). Consequently, while tropical
populations can tolerate higher absolute temperatures when compared to temperate
populations, they generally possess narrower tolerance breadths, and are therefore more

sensitive to small changes in temperature (Stillman 2004; Hoffmann et al. 2005). As a
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result, tropical organisms, particularly ectotherms that cannot physiologically control
internal temperatures, lack the flexibility required to adjust to increasing temperatures
caused by global warming and are therefore considered to be under greater threat
(Deutsch et al. 2008; Tewksbury et al. 2008).

In addition, the absolute temperatures at which deleterious effects are evident,
known as thermal thresholds, vary predictably among locations. For example, many
tropical ectotherms are living near their upper limits and are therefore at a greater risk
from the effects of warming (Deutsch et al. 2008; Tewksbury et al. 2008; Huey et al.
2009). Such patterns in spatial variation of temperature limits are also evident in reef-
building corals, for which bleaching thresholds vary among regions (Coles et al. 1976;
Goreau and Hayes 1994; Hoegh-Guldberg 1999). Similarly, in the planktonic stages of
many marine invertebrates, thermal tolerance breadths vary among populations (Byrne et
al. 2011; Hardy et al. 2014; Pecorino et al. 2014). While such variation in thermal
thresholds among adult coral populations is reasonably well documented, geographical
variation in thermal thresholds or tolerance breath of early life stages of corals has yet to

be examined.

1.3 Effects of species traits on biogeographical distributions

Species traits such as body size, growth rates and patterns of mortality influence the
ecological success and biogeographical distributions of all organisms (Brown et al.

1996). Traits that affect dispersal ability are particularly important. For example, traits
related to seed dispersal have driven changes in abundance of Mediterranean plant
species over a 115-year period (Lavergne et al. 2006). Species with water-dispersed seeds

had the highest rates of extinction, whereas species with wind-dispersed seeds have
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increased in abundance 1886-2001 (Lavergne et al. 2006). In marine environments,
echinoderm species with non-feeding larvae and short pre-competency periods survive
better through mass extinction events, including those associated with climate change
(Valentine and Jablonski 1986, Uthicke et al. 2009, Byrne 2011).

In corals, the influence of species traits on patterns of distribution and abundance
is not fully explored, partly because comprehensive records of species traits have not
been available. However, recent work has shown that traits, including larval development
rate and the depth range of adults, are good predictors of coral species’ ability to cross
faunal breaks (Keith et al. 2013). In addition, the mode of larval development appears to
have affected extinction probability over geological time. For example, geological
records from the Caribbean suggest that fewer species that brood larvae went extinct
during the Oligocene/Miocene extinction when compared with species that broadcast
spawn gametes (Edinger and Risk 1995). This is possibly because brooders are better
colonisers, as brooded larvae are competent to settle on release from the parent, whereas
broadcaster spawners have an obligate planktonic period of 12 to 72 hours before they

become motile (Baird et al. 2009; Figueiredo et al. 2013).

1.4 Thesis aims

The general aims of this thesis are to investigate the effects of temperature on larval
ecology, how these effects vary among regions, and how species traits related to larval

dispersal influence biogeographical patterns.
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This thesis contains four data chapters. Chapter 2 examines the effects of raised and
lowered temperatures on early life stages of the species Acropora spathulata and
Goniastrea favulus at One Tree Island in the southern Great Barrier Reef. This chapter
has been published in the journal Marine Ecology Progress Series (Woolsey et al. 2013).
Chapter 3 investigates whether self-fertilised embryos of the coral Goniastrea favulus
have the same thermal tolerance breadth as out-crossed embryos. This chapter has been
published in the Proceedings of the 12" International Coral Reef Symposium (Woolsey
2012). Chapter 4 tests how the thermal tolerance breadth of the early life stages of five
coral species varies among latitudes, from Lizard Island in the northern Great Barrier
Reef to Lord Howe Island, in the Tasman Sea. This paper is currently in review at Coral
Reefs. Chapter 5 investigates whether species traits, in particular those related to
dispersal, can predict changes in assemblage structure of corals across a dispersal barrier
between the Great Barrier Reef and Lord Howe Island. This chapter will be submitted for

review at the Journal of Biogeography.

Although some of the data overlap among chapters (specifically data collected at One
Tree Island in 2010) these are a small subset of larger data sets used to test different
hypotheses. For example, Chapter 2 compares thermal tolerance of larvae from two
species at One Tree Island while Chapter 4 includes these data to explore differences in
thermal thresholds among locations across a latitudinal gradient. In Chapter 4, the

publication resulting from Chapter 2 is referenced.

A list of additional papers published during my candidature can be found in Appendix .

19



CHAPTER TWO: The effects of temperature on embryonic development

and larval survival in two scleractinian corals

This chapter has been published:

Woolsey ES, Byrne M and Baird AH (2013) The effects of temperature on embryonic
development and larval survival in two scleractinian corals. Marine Ecology Progress
Series 493: 179-184

2.1 ABSTRACT

Raised temperatures are deleterious to early life stages in many organisms, however, the
biological effects of lowered temperatures are rarely explored. For example, the tolerance
of marine invertebrate larvae to temperatures lower than ambient might affect the
capacity of species to disperse from tropical to sub-tropical locations. In addition,
reduced rates of development are likely to affect the proportion of larvae retained on natal
reefs. Here, | explore the relationship between temperature, embryonic development and
larval survival over an 8°C temperature range (-4 to +4°C around the ambient
temperature at the time of spawning of 24°C) in two reef-building corals, Goniastrea
favulus and Acropora spathulata from One Tree Island (OT]I) in the southern Great
Barrier Reef (GBR). Rates of development were generally slower at lower temperatures:
embryos of both species took longer to complete gastrulation and to become motile at
temperatures below ambient. In contrast, temperatures below ambient did not affect
larval survivorship in either species. A. spathulata larvae were more sensitive to raised
temperatures than G. favulus, which also had higher survivorship than A. spathulata at all

temperatures except 20°C. These results suggest that fluctuations in temperature at the
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time of spawning will influence patterns of coral larval dispersal. Furthermore cold water

is unlikely to prevent the dispersal of tropical corals to sub-tropical locations.

2.2 INTRODUCTION

The earth’s environment is changing rapidly as a consequence of global warming. Rising
temperatures are affecting terrestrial, marine and freshwater populations by altering
processes such as growth and reproduction (Parmesan & Yohe 2003; Root et al. 2003,
Poloczanska et al. 2007). However, climate change will not necessarily result in all
locations becoming hotter. For example, the effects of climate change are expected to
alter ocean currents, including the East Australian Current, which delivers warm waters
from the tropics to higher latitudes in eastern Australia (Poloczanska et al. 2007). Such
changes in circulation patterns may result in some sub-tropical locations, such as Lord
Howe Island, becoming colder than at present. Consequently, it is important to
investigate the effects of both raised and lowered temperatures in order to accurately
predict the consequences of global warming (Addo-Bediako et al. 2000; Portner 2001).
The effects of raised temperature on coral larval biology are well known.
Deleterious effects, such as an increase in the proportion of abnormal embryos and a
decrease in larval survivorship are evident as little as 2°C above ambient (Bassim et al.
2002). Raised temperatures also increase rates of coral larval development (Chua et al.
2013a) and coral larvae become competent to settle more quickly at higher temperatures
(Nozawa & Harrison 2007; Heyward & Negri 2010). Given a strong association between
rates of development and levels of self-recruitment in corals (Figueiredo et al. 2013),
rising sea surface temperatures are likely to affect patterns of dispersal by reducing the

levels of connectivity among populations (O’Connor et al. 2007). The effects of colder
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temperatures on coral larval biology are less well known. Edmondson (1946)
demonstrated that coral larvae were robust to short term exposures to temperatures as low
as 0.5°C. In contrast, metamorphosis to CCA by Stylophora pistillata was 5 times lower
at 2°C below ambient (Putnam et al. 2008). Similarly, settlement was approximately 50%
lower in Acropora solitaryensis larvae at 3°C below ambient (Nozawa & Harrison 2007).

Climate-driven changes in ocean circulation are altering dispersal patterns in
many marine organisms (O’Connor et al. 2007; Przeslawski et al. 2008). For example,
the mussel Mytilus edulis (Jones et al. 2009), many reef fish species (Feary et al. 2013)
and some corals (Yamano et al. 2011; Baird et al. 2012) have recently shifted their ranges
pole-ward. Similarly, the fossil record indicates that scleractinian corals have been
tracking climate on geological timescales (Veron 1992; Precht & Aronson 2004;
Greenstein & Pandolfi 2008). This tendency of marine organisms to track changing
climates strongly suggests there are environmental barriers to dispersal, although
geographical ranges could also be limited indirectly, for example, by changes in
competitive interactions among species (Cahill et al. 2013). Nonetheless, one potential
factor limiting the dispersal of corals south from the Great Barrier Reef (GBR) into sub-
tropical areas may be the capacity of coral larvae to withstand the colder waters they
encounter en route.

In this study, | compared the response of the early life history stages of two
species of scleractinian corals, Goniastrea favulus and Acropora spathulata to an 8°C
temperature range from -4 to +4°C around the ambient experienced at the natal location,
One Tree Island, around the time of spawning. In addition to comparing the temperature

response, | tested whether cool water is a barrier to the dispersal of larvae of these species
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to higher latitudes from this location. Both G. favulus and A. spathulata are common at
One Tree Island (OTI), however, while OTI is the southern latitudinal limit for A.
spathulata (Wallace 1999), G. favulus occurs as far south as Lord Howe Island (Veron

1993; Veron et al. 2009).

2.3 METHODS

Coral collection and culture of propagules

Six colonies of Acropora spathulata and five colonies of Goniastrea favulus were
collected from the reef flat of the first lagoon at One Tree Island (23°30’S, 152°05’E) in
the southern GBR, a few days prior to the predicted spawning period in 2010. Colonies
were maintained in flow-through filtered seawater (FSW) in shaded outdoor aquaria. Just
prior to spawning, species were placed in separate aquaria and water flow was stopped to
prevent gametes being washed away. G. favulus spawned on the afternoon of 26
November 2010 and A. spathulata spawned on the night of 30 November 2010. A.
spathulata egg and sperm bundles were collected and broken apart with gentle agitation
and the density of sperm diluted to ca. 10° sperm mI™ in order to maximize the
fertilisation success (Oliver & Babcock 1992). Once cleavage was observed
approximately 2 hours post-fertilisation (hpf), embryos were washed three times in 0.2
micron FSW to remove excess sperm which can cause cultures to deteriorate. In contrast
to the positively buoyant egg/sperm bundles released by A. spathulata, G. favulus
releases eggs and sperm separately, with the negatively buoyant eggs released
approximately 30 minutes before sperm. Consequently, the eggs of G. favulus were

collected from the base of parent colonies approximately 30 minutes after spawning was
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complete. The time that eggs were spawned was considered to be the time of fertilisation

in G. favulus.

Experimental design

To test for the effects of raised and lowered temperature on larval development and
survivorship, water baths were set up in a temperature-controlled room at five
temperatures (20°C, 22°C, 24°C, 26°C, 28°C i.e. -4°C, -2°C, ambient, +2°C, +4°C).
Aquarium heaters, coolers, and pumps kept treatment baths stable and within 0.5°C of the
target temperatures (monitored with HOBO data loggers). Ambient average SST for the
month prior to spawning (24.2°C) was determined from on-reef sensors (GBROOS,

http://data.aims.gov.au/gbroos/).

The effect of temperature on embryonic development

To test the effect of temperature on embryonic development, washed embryos were
transferred to 20 ml glass vials filled with 0.2 um FSW and distributed among
temperature treatments at 2 hpf (ca. 30 embryos per vial; 3 vials per treatment). The stage
of development of the first 20 embryos in each vial was assessed at 8 or 9 time points
depending on the species: 18, 24, 30, 36, 48, 72, 96, 120 and 144 hpf (6 days). The
following five development stages were identified (following Ball et al. 2002): 4-cell
blastula, multiple cell blastula, early gastrula, gastrula and planulae (motile stage). To test
for differences in development time between treatments, the average time for propagules

to reach gastrulation and motility was estimated following Chua et al. (2013a):
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Average time to reach stage, X = X [time (hours) x number of propagules to reach

stage]/Total number of propagules

Effect of temperature on larval survival

To test the effect of temperature on coral larval survival, 50 washed embryos were placed
in 50 ml glass vials filled with 0.2 um FSW and distributed among temperature
treatments 2 hpf (50 embryos x 3 vials per treatment). Survival was measured by
counting the number of embryos remaining at each of the above time points. Coral larvae
lyse within 24 hours of death (Baird et al. 2006) so all larvae counted were considered to

be alive at the time of census.

Data Analysis

Differences in mean time to complete gastrulation and to reach the planula stage (for G.
favulus only) among temperature treatments (fixed, 5 levels: 20, 22, 24, 26 and 28°C)
were tested using a 1-way ANOVA for each species separately. Data were log-
transformed and homogeneity of variance was confirmed by Levene’s Test. Tukey’s
HSD post-hoc tests were used to identify which treatment levels differed. Non-parametric
Kaplan-Meier product limit analyses were used to test for differences in median
survivorship among temperatures for each species separately. Median survivorship (in
hours) was considered significantly different when the 95% confidence intervals did not

overlap. All analyses were performed using SPSS v19°.
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2.4 RESULTS

Temperature had a significant effect on rates of propagule development in both species.
In general, the slowest rates of development occurred at the lowest temperatures (Fig.
2.1, 2.2). Temperature had a significant effect on the mean time to complete gastrulation
in both A. spathulata (F4 10 = 71.53, p <0.001) and G. favulus (F4 10 = 11.84, p = 0.001)
(Fig. 2.1). A. spathulata embryos at 28°C took 23.1 + 0.9 to complete gastrulation
compared to 37.7 = 2.1 hours at 20°C. Similarly, G. favulus embryos required 30.4 £ 4.0
hours to complete gastrulation at 20°C compared with 20 £ 1.0 hours at 28°C. In addition,
G. favulus developed more rapidly than A. spathulata at all temperatures (Fig. 2.1). Over
all temperatures pooled, the mean time to complete gastrulation was 21.6 + 1.4 hours in
G. favulus and 28.4 + 1.3 hours in A. spathulata. Similarly, temperature had a significant
effect on the mean time to reach the planula stage in G. favulus (F410=15.62, p=<0.001,;
Fig. 2.2). The mean time to reach the planula stage was greatest at 20°C (129.7 + 6.3 h)
and lowest at 26°C & 28°C (Fig. 2.2).

Only raised temperatures had a significant effect on larval survival (Fig. 2.3). In
A. spathulata, survival was reduced at both temperatures above ambient (Fig. 2.3a). In
contrast, G. favulus survival was reduced only at the highest temperature (Fig. 2.3b). In
addition, G. favulus larval had higher survivorship than A. spathulata larvae at all

temperatures, with the exception of 20°C (Fig. 2.3).

2.5 DISCUSSION

Embryonic development was strongly affected by temperature. In general, the lower the
temperature, the longer it took to complete gastrulation and for larvae to become motile.

In contrast, larval survival was only reduced at temperatures above ambient. While the
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response of both species to temperature was broadly similar, there were, nonetheless,
differences between the species in development rate, larval survivorship and thermal
tolerance.

The effect of temperature on development rates in these coral embryos is typical
of most marine invertebrates (Pechenik 1987). For example, embryos of Goniastrea
australensis in the Solitary Islands (30°S) developed more slowly at 22°C than at 26 and
28°C (Wilson & Harrison 1998). This suggests that rates of embryonic development are
likely to depend on the temperature conditions prevailing shortly after the time of
spawning. Given that rates of self-recruitment are typically higher in larvae that develop
more rapidly (Figueiredo et al. 2013), patterns of dispersal are likely to vary among years
if ambient temperatures vary. In addition, patterns of dispersal might vary predictably
among locations at different latitudes. In particular, high-latitude locations, are likely to
have lower levels of self-recruitment than tropical locations because larvae take longer to
develop. In addition, rates of predation are likely to increase the longer larvae remain in
the plankton. For example, reduced levels of self-recruitment might help explain low
numbers of juvenile corals at Lord Howe Island (LHI) (Latitude 33°S) when compared to
many tropical locations (Hoey et al. 2011). However, the effect of low temperatures on
rates of recruitment can not be discounted (Putnam et al. 2008).

Rates of embryonic development were also influenced by the size of the
propagules. Across all temperatures, G. favulus embryos (mean diameter of 320 pum)
developed more rapidly than A. spathulata embryos (mean diameter of 500um; Fig. 2.1,
2.2), which can most likely be attributed to faster rates of cell division in species with

smaller eggs (Berrill 1935; Marshall & Keough 2008). Similarly, in eighteen species of
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broadcast spawning corals, egg size was strongly and positively correlated with time to
motility (Figueiredo et al. 2013). The more rapid rate of development in G. favulus
embryos did not come at the cost of reduced larval survival: G. favulus larvae survived
longer that A. spathulata at all temperatures, except at 20°C where there was no
difference between the species (Fig. 2.3).

In contrast to the relationship between development and temperature, larval
survival was only reduced at temperatures 2-4°C (Fig. 2.3). These upper thermal limits
(2-4°C above ambient: Fig. 2.3) appear to be consistent over a very large geographical
scale and among many different species (Bassim et al. 2002; Randall & Szmant 2009;
Heyward & Negri 2010), supporting the hypothesis that many corals live very close to
their upper thermal limits, In contrast, temperatures up to 4°C below ambient had no
effect on larval survival (Fig. 2.3). Projections based on the speed and direction of the
East Australia Current suggest that the time taken to disperse from OT]I in the southern
GBR to LHI takes approximately 16-33 days. Given that spawning occurs at OTl in
November, larvae will arrive at LHI between late November and early January. In the
course of this journey water temperatures can be as low as 19°C (AIMS 2012).
Consequently, it is unlikely that temperature is a barrier to dispersal from the southern
GBR to higher latitudes for either of these species and therefore other factors must
determine why A. spathulata is not found on LHI.

Thermal tolerance differed between the species. In particular, larval survival was
reduced at 26 °C in A. spathulata and 28°C in G. favulus (Fig. 2.3). A similar difference
in thermal tolerance was also observed between acroporid and merulinid embryos by

Negri et al. (2007). Consistent differences in stress tolerance are also apparent between
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adult colonies of these two families: adult acroporids are much more susceptible to
bleaching and disease when compared to adult merulinids (Hughes & Connell 1999;
Marshall & Baird 2000; Diaz & Madin 2011).

In conclusion, temperature has important effects on many aspects of coral larval
biology. In particular, development rates varied predictably with temperature, suggesting
that patterns of dispersal are likely to change in response to global warming. In addition,
coral larvae appear to be tolerant of temperatures 2-4°C below ambient, suggesting that

cold water is unlikely to limit the dispersal of tropical species to sub-tropical locations.
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Figure 2.1 Mean time to gastrulation (hours post-fertilisation + one SE) of a)
Acropora spathulata and b) Goniastrea favulus at five temperatures (ambient =
24°C). Letters above the error bars indicate homogenous groups identified by Tukey
HSD post-hoc analysis.
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Figure 2.2 Mean time to the planula stage (hours post-fertilisation + one SE) in
Goniastrea favulus at five temperatures (ambient = 24°C). Letters above the error bars
indicate homogenous groups identified by Tukey HSD post-hoc analysis.
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confidence intervals and letters indicate homogenous groups determined by the overlap
of confidence intervals.
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CHAPTER THREE: Self-fertilisation suppresses thermal tolerance in
embryos of reef-building coral.

This chapter has been published:

Woolsey E (2012). Self-fertilisation suppresses thermal tolerance in embryos of reef-
building coral. Proceedings of the 12th International Coral Reef Symposium, Cairns,
Australia, 9-13 July 2012.

3.1 ABSTRACT

Self-fertilisation is unusual in most animals but common in some scleractinian corals, in
particular, the family Merulinidae. High levels of self-fertilisation in many merulinids
may contribute to their large latitudinal range size and their domination of some isolated,
high-latitude coral assemblages in eastern Australia. In this study, conducted at One Tree
Island in the southern Great Barrier Reef, the thermal tolerance of self-fertilised G.
favulus embryos was compared to outcrossed embryos across five temperature treatments
(20°C, 22°C, 24°C, 26°C, and 28°C). Response variables were fertilisation success,
development rate, and larval survivorship. Fertilisation was high (85-100%) across all
treatments in cross-fertilised embryos. In self-fertilised G. favulus fertilisation was low in
treatments below ambient (27 and 60 % at -4 and -2 °C, respectively), though the effects
on fertilisation were not significant among the treatments. Development rates (i.e., mean
times to the planula stage) were similar in selfed and outcrossed embryos. Development
occurred more rapidly at raised temperatures for both groups. High mortality occurred at
raised temperatures, at +4°C especially, for both self and crossed-fertilised G. favulus.

Survivorship curves, median lifespans, and overlaps in 95% confidence intervals suggest
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reduced survivorship in selfed embryos. These results suggest self-fertilisation has a

negative effect on dispersal potential in reef-building corals.

3.2 INTRODUCTION

Self-fertilisation, involving male and female gametes from a single individual, yields
ecological benefits as well as costs. Selfing is generally rare, but common in some
animals (Jarne and Auld 2006). For instance, the reef-building coral family Merulinidae
(formerly Faviidae) exhibits high selfing success (Miller and Babcock 1997; Knowlton et
al. 1997). This reproduction method ensures genetic transmission, especially in animals
with limited mobility, and is thought to be an evolutionary strategy enabling species
persistence in conditions of low densities (Tomlinson 1966; Crow 1994; Jarne and Auld
2006). Like asexual reproduction, selfing maintains a genotype known to be successful in
the maternal environment. However, the main associated cost is reduced fitness from
lower genetic variation within a population (Jarne 1995; Trouvé et al. 2003; Jarne and
Auld 2006).

This study tests the hypothesis that self-fertilised coral embryos are less thermally
tolerant than crossed-fertilised embryos. The test species, Goniastrea favulus, is a
merulinid that has a wide geographical distribution from Japan to southern Australia and
exhibits high rates of self-fertilisation (Stoddart et al. 1998; Miller and Mundy 2005). It
displays an unusual spawning method where eggs are discharged in mucous and sperm is
subsequently released in multiple pulses (Kojis and Quinn 1981). Eggs of G. favulus are
negatively buoyant and retained close to the parent colony during fertilisation (Heyward
and Babcock 1986; Miller and Mundy 2005). In the marine environment, many species

rely on a planktonic life stage for recruitment and dispersal (Strathmann 1985; Cowen

34



and Sponaugle 2009; Connolly and Baird 2010). In scleractinian corals, planula larvae
are transported in the water column before settling, metamorphosing, and growing into
adult corals. Spawning and dispersal are therefore crucial for reef recruitment and
replenishment. Larval ecology may help explain biogeography of marine organisms. For
example, Parvulastra exigua, a cross and self-fertilizing sea-star lacks dispersive larvae
and yet is widely distributed in Australia. The combination of fertilisation methods may
account for this paradox (Barbosa et al. 2012).
Thermal stress is known to affect many aspects of larval ecology (Hughes et al.

2003; O’Connor et al. 2007). However, there are often significant differences in response
among species. In Acropora millepora (Family Acroporidae) fertilisation success
decreases with temperatures 2-4°C above ambient and ceases at +6°C (Negri et al. 2007).
In merulinids and pectiniids, high fertilisation rates as well as normal development occur
at temperatures 5°C above ambient (Bassim et al. 2002, Negri et al. 2007). Indeed,
merulinids are particularly tolerant to warm and cold temperature stressors, as
survivorship in G. favulus embryos was found to be significantly greater than in
Acropora spathulata across multiple temperature treatments (Woolsey et al. 2013).
Poleward migration with increasing temperatures has been observed in corals and other
marine animals (Greenstein and Pandolfi 2008; Figueira and Booth 2010; Yamano 2011)
and thermal tolerance in dispersed propagules could promote range expansion in corals
(Woolsey 2007).

It is necessary to understand phenotypic responses to temperature because larvae
dispersed over long distances are likely to encounter temperature fluctuations. In

addition, these responses may provide insight into long-term adaptive capacity to
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projected temperature changes in eastern Australia (Poloczanska et al. 2007; Lough 2008)
that are expected to alter patterns of larval dispersal in many coral species (Ayre and
Hughes 2004, Heyward and Negri 2010).

This study compares the thermal response of self-fertilised and crossed progeny
of G. favulus to determine if early developmental success differs with fertilisation type. It
addresses the hypothesis that self-fertilisation lowers environmental tolerance in coral

embryos.

3.3 METHODS

Study location and collection

Six adult colonies of Goniastrea favulus (Family Faviidae) were collected from the
southern coral flats of One Tree lagoon (23°30°S, 152°05’E), Australia. Colonies were
collected at least 10 m apart to reduce the chance of genetic similarity. Corals were
maintained in flow-through filtered seawater (FSW) in shaded outdoor aquaria at ambient
light and temperature. Before spawning, 3 colonies were separated into 3 tubs for self-
fertilisation experiments while the remaining 3 colonies were kept in a separate tub for
cross-fertilisation experiments. Cross-fertilisation was assumed in embryos collected
from the tub with multiple colonies.

Sperm and eggs were released asynchronously over a half hour, and time of
fertilisation was taken as 1.5 hours after all spawning was complete. At this time (0
hours), embryos were transferred to 20 ml glass vials and distributed among temperature
treatments (approximately 20 embryos in each vial x 3 replicates per treatment). Embryos

in these vials were used to confirm fertilisation at 2 hours post fertilisation (hpf), by
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observing cleavage under the microscope. Once fertilisation was confirmed, embryos

remaining in the culture were distributed among temperature treatments.

Temperature treatments

Ambient temperature was defined as 24 °C, the average SST reading from on-reef
sensors for the month prior to spawning (GBROQOS, http://data.aims.gov.au/gbroos/).
Water baths were set up in a temperature-controlled room at One Tree Island Research
Station at 5 temperatures (20°C, 22°C, 24°C, 26°C, 28°C i.e. -4°C, -2°C, ambient, +2°C,
+4°C). Aquarium heaters, coolers, and pumps kept treatment baths stable and within
0.5°C of the target temperatures (monitored with HOBO data loggers). Larvae were
maintained in UV-C treated, 0.2 um FSW to prevent bacterial contamination. Water was

changed daily after being heated or cooled to the appropriate temperature.

Response variables
Glass vials (50ml) were filled with 30-50 embryos and transferred among treatments.
There were 3 replicates for each of the 5 temperatures. These vials were used to monitor
development stage throughout the experiment. Fertilisation data was collected at 6 hpf,
using cleavage as an estimate of fertilisation success.

The stage of development of 20 embryos in each 50 ml vial was recorded at 9
time points: 18, 24, 30, 36, 48, 72, 96, 120 and 144 hpf. The stages used were: 2-cell, 4-
cell, multicell/morula, blastula, gastrula, pre-planula and planula.

To test the effect of temperature on G. favulus larval survival, | followed the

methods described in Chapter 2 of this thesis (and Woolsey et al. 2013).
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Data Analysis

A fully factorial 2-way ANOVA was used to test for differences in mean fertilisation
success at 6 hpf and development rates among temperature treatments (fixed, 5 levels: -4,
-2, ambient, +2, and +4 °C) and fertilisation mode (fixed, 2 levels: crossed and selfed).
After graphical analysis of the residuals, development data was log transformed and
fertilisation data was arcsine transformed to remove bias. Levene’s Tests were used to
confirm homogeneity. Tukey HSD post-hoc analysis determined differences among

treatment levels. Analyses were completed using R and SPSS v19.

Survivorship

Non-parametric Kaplan-Meier product limit analyses were used to test for differences in
median survivorship among temperatures and fertilisation modes. Median survivorship
(in hours) was considered significantly different when the 95% confidence intervals did

not overlap. Analyses were completed using SPSS v19.

3.4 RESULTS

Fertilisation success did not differ significantly among temperatures or among the larval
groups (Table 3.1). In crossed embryos, fertilisation was high in all treatments ranging
from 85 + 7.6% at 22°C to 100% at 28°C (Fig. 3.1). In self-fertilised embryos, mean
fertilisation rates were > 80% treatment at and above ambient (Fig. 3.1). There was more
variation in self-fertilised embryos, with low fertilisation success at temperatures below

ambient (27 + 24.2% at 20°C and 60 + 27.8 % at 22°C).
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Time to planula was shorter at higher temperatures but not affected by fertilisation
method (Table 3.2). Mean time to the free-swimming planula stage among crossed and
selfed embryos was 124 hrs at 20°C, 91 hrs at 22°C, 82 hrs at 24°C, 73 hrs at 26°C and
72 hrs at 28°C (Fig. 3.2).

For both fertilisation types, survivorship was low at +4°C (28°C). The 28°C
median lifespan was 48 hrs in both crossed and self-fertilised embryos (Fig. 3.3). In
cross-fertilised G. favulus, all temperature treatments besides 28°C show overlap in
confidence intervals, meaning there are no significant differences in median survival time
among treatments (Fig. 3.3, Fig. 3.4). In self-fertilised G. favulus however, median
survivorship and confidence intervals indicate significant differences among treatments

(Fig. 3.3, Fig. 3.5).

3.5 DISCUSSION

Neither development rate nor fertilisation success was affected by fertilisation type.
Development rate was faster at higher temperatures, which is consistent with metabolic
theory, and mean time to the free-swimming planula stage did not vary among larval
groups. Although there was greater variation in self-fertilised embryos, fertilisation
success was also not significantly affected by fertilisation method.

Survivorship data, however, indicate suppressed thermal tolerance in self-
fertilised G. favulus. This suggests that self-fertilisation, while potentially promoting
growth on isolated or disturbed reefs, produces less healthy larvae and therefore reduces

dispersal capabilities.
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Table 3.1 Results of 2-way analysis of variance (ANOVA), testing for significant
differences between mean fertilisation rates. Factors of the model were temperature
(fixed, 5 levels) and fertilisation method (fixed, 2 levels). Data arcsine transformed. df
error= 20.

Factor df F p

Temperature 4 249 0.076
Method 1 345 0.059
Temperature * Method 4  2.74 0.060

Table 3.2 Results of 2-way analysis of variance (ANOVA), testing for significant
differences between mean time to planula among treatments. Factors of the model were
temperature (fixed, 5 levels) and fertilisation method (fixed, 2 levels). Data log
transformed. df error= 20. Treatment order from Tukey HSD post-hoc test.

Factor df F p Treatments (°C)
Temperature 4 323 <0.001 20>22=24>26=28
Method 1 0792 0.384

Temperature* Method 4 244  0.081

40



100
80
60
40
20

percent cleaved

20°C 22°C 24°C 26°C 28°C
Temperature treatment

Figure 3.1 Fertilisation success (mean proportion of eggs cleaved + one SE) of crossed
(dark bars) and self-fertilised (light bars) G. favulus embryos at temperatures above and
below ambient. Fertilisation success was measured by percent cleavage at 6 hpf.

Figure 3.2 Time to the free-swimming planula stage (mean hours post-fertilisation + one
SE) in crossed (dark bars) and self-fertilised (light bars) G. favulus.
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Figure 3.3 Kaplan-Meier median survivorship estimates for cross and self-fertilised G.
favulus, n=150. Error bars show 95% Confidence Intervals. Treatments with overlap in

Confidence Intervals are labeled as groups A, B, or C.

Figure 3.4 Kaplan-Meier median survivorship curves for crossed-fertilised G. favulus at

temperatures above and below ambient (24°C), n=150.
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Figure 3.5 Kaplan-Meier median survivorship curves for self-fertilised G. favulus at
temperatures above and below ambient (24°C), n=150.



CHAPTER FOUR: Latitudinal variation in thermal tolerance thresholds of
early life stages of corals

This chapter is in review:
Woolsey ES, Keith SA, Byrne M, Schmidt-Roach S and Baird AH (in review)
Latitudinal variation in thermal tolerance thresholds of early life stages of corals.

Coral Reefs.

4.1 ABSTRACT

Organismsliving in habitats characterised by a marked seasonal temperature variation
often have a greater thermal tolerance than those living in more stable habitats. To
determine the extent to which this hypothesis appliesto reef corals, | compared thermal
tolerance of the early life stages of five scleractinian species from three locations
spanning 17 degrees of latitude along the east coast of Australia. Embryos were exposed
to an 8°C temperature range around the local ambient temperature at the time of
spawning. Upper thermal thresholds, defined as the temperature treatment at which the
proportion of abnormal embryos or median lifespan was significantly different to ambient
controls, varied predictably among locations. At Lizard Island, the northern-most site
with the least annual variation in temperature, the proportion of abnormal embryos
increased and lifespan decreased 2°C above ambient in the two species tested. At two
southern sites, One Tree Island and Lord Howe Island, where annual temperature
variation was lower, upper temperature thresholds were generally 4°C or greater above
ambient for both variables in the four species tested. The absolute upper thermal
threshold temperature also varied among locations: 30°C at Lizard Island; 28°C at One

Treeldland; 26°C at Lord Howe Island. These results support previous work on adult
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corals demonstrating predictable differences in upper thermal thresholds with latitude.
With projected ocean warming these temperature thresholds will be exceeded in northern
locations in the near future, adding to a growing body of evidence indicating that climate

change islikely to be more detrimental to low latitude than high latitude corals.

4.2 INTRODUCTION

Rising temperatures, as a result of climate change are altering species distributions and
causing reductions in global biodiversity (Thomas et al. 2004; Pereira et al. 2010).
Although proximate causes of local extinction vary (Cahill et al. 2012), thermal tolerance
is often a good predictor of the potential of a population to persist as temperature increase
(Sorte et al. 2011). Consequently, it is important to consider the thermal tolerance of
species when projecting the potential effects of increased temperatures on biodiversity.

At the global scale, temperatures are more stable throughout the year in tropical
regions compared to temperate regions (Spencer and Christy 1990) and consequently, the
thermal tolerance of organisms is generally greater at higher latitudes (Janzen 1967;
Stevens 1989, Chown et al. 2004; Bozinovic et al. 2011). This phenomenon is especially
relevant in ectotherms because these organisms rely on the environment to regulate
internal temperatures. Indeed, many tropical ectotherms (e.g. insects, lizards) are already
living close to their upper thermal limits and are thus more likely to be adversely affected
by projected temperature rises as a consequence of climate change (Deutsch et al. 2008;
Tewksbury et al. 2008; Huey et al. 2009).

Similar systematic differences in temperature thresholds have been observed for
adult corals. The temperature at which bleaching is induced varies predictably among

regions (Coles et al. 1976; Goreau and Hayes 1994), although the correlation between
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bleaching thresholds and latitude can be complicated by the type of algal symbiont hosted
by the coral (Ulstrup et al. 2006). Bleaching thresholds decreased with increasing latitude
during the 1998 bleaching event on the Great Barrier Reef (GBR): 30.0°C in the northern
GBR, 29.2°C in the central GBR and 28.3°C in the southern GBR (Hoegh-Guldberg
1999). These thermal threshold are reasonably well understood for adult corals, however,
there is a paucity of data on temperature thresholds on crucial stages in the early life
history of corals.

To test the hypothesis that thermal tolerance thresholds varied among latitudes, |
exposed developing gametes of five species of scleractinian corals to a temperature range
of 8°C around the ambient at the time of spawning for each of three locations. Locations
spanned 17° of latitude along the east coast of Australia, from Lizard Island in the north
to Lord Howe Island, the world’s southernmost coral reef. Specifically, larvae from
higher latitude reefs were predicted to have a greater upper thermal tolerance limit

relative to ambient than those from lower latitude reefs.

4.3 METHODS

Collection of adult coral colonies and larvae

The effects of temperature on the early life stages of coral were tested at three locations
in eastern Australia: Lizard Island (LI, 14.7°S), One Tree Island (OTI, 23.5°S) and Lord
Howe Island (LHI, 31.5 °S). Six colonies each of Acropora millepora, A. spathulata, and
Goniastrea favulus were collected from LI lagoon in November 2011. Six colonies of A.
spathulata and five colonies of G. favulus were collected from OTI lagoon in November
2010. Five colonies of G. australensis and six colonies of Cyphastrea microphthalma

were collected from LHI lagoon in January 2012. It was not possible to use the same
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coral species at each location because of difference in the distribution and abundance of
species amongst these widely separated locations. Colonies were maintained in flow-
through filtered seawater (FSW) in shaded outdoor aquaria at all locations except LHI,
where colonies were kept below a pier in the lagoon for a maximum of three days.
Immediately prior to spawning, colonies were placed in separate aquaria with no water
flow to capture the gametes. At LI, G. favulus, A. spathulata and A. millepora spawned
on the night of November 15, 2011. At OTI, G. favulus spawned on 26 November 2010
and A. spathulata spawned on 30 November 2010. At LHI, G. australensis and C.
microphthalma spawned on 20 January 2012.

Egg and sperm bundles were collected and broken apart with gentle agitation.
Sperm was diluted to a density of approximately 10° sperm mlI™ by eye, a technique that
regularly results in close to 100% fertilization success (Baird pers obs). Eggs were mixed
with the sperm stock at the local ambient temperature. Once cleavage was observed,
approximately 2 h post-fertilization (hpf), embryos were washed three times in 0.2 um
FSW to remove excess sperm and placed in the experimental treatments. The
reproductive ecology of Goniastrea favulus necessitated a different collection method. G.
favulus releases clusters of negatively buoyant eggs followed by sperm. The eggs of G.
favulus were collected with a pipette from the base of parent colonies approximately 30

min after sperm was released.

Temperature treatments and temperature profiles for each location
To investigate the effects of temperature on embryonic development and survivorship,

water baths were set up in a temperature-controlled room at five temperatures (-4°C, -
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2°C, ambient, +2°C, +4°C). Ambient temperatures (Table 4.1) were defined as the mean
temperature in the month prior to spawning obtained from the on-reef sensor network of
the Great Barrier Reef Ocean Observing System and the Australian Institute of Marine
Science (GBROOS 2013, AIMS 2013). Temperature profiles for treatments and each of
the three locations are provided in Supplemental Materials at the end of this chapter.
Aquarium heaters, coolers, and pumps kept treatment baths within ca. 0.5°C of the target
temperatures (Table 4.S1). Temperature profiles for Lizard, One Tree, and Lord Howe
Islands are presented in Fig. 4.S1. Temperature regimes were predictably more variable
at higher latitudes. For example, the average difference between average monthly
maximum sea surface temperature (SST) and average monthly minimum SST for each
month between 2010 and 2013 were 4.2 = 0.21°C at Lizard Island, 5.7 + 0.20°C at One
Tree Island and 7.0 £ 0.36°C at Lord Howe Island (Table 4.2). Similarly, the temperature
range (i.e. the difference between the average monthly maximum and average monthly
minimum SST, from 2010 to 2013) during the month of spawning was greater at higher
latitudes: 4.0°C (26.0-29.9°C) at Lizard Island, 6.0°C (22.4-28.3°C) at One Tree Island,

and 9.0°C (19.7-28.4°C) at Lord Howe Island (Table 4.2).

The effect of temperature on development on embryonic development

To investigate the effect of temperature on development, embryos raised at ambient
temperature were transferred to 20 ml glass vials containing UV-C treated, 0.2 um FSW
and distributed among temperature treatments (ca. 30 embryos per vial; 3 vials per
treatment) following Chua et al. (2013a,b) and Woolsey et al. (2013). The proportion of

abnormal embryos was counted at 18 hpf. Abnormal embryos are easily identified

48



because they deviate strongly from the regular and predictable pattern of development

described by Ball et al. (2002).

The effect of temperature on larval survival
To test the effect of temperature on larval survival, | followed the methods described in

Chapter 2 of this thesis (and Woolsey et al. 2013).

Statistical analysis

Differences in the mean proportion of abnormal embryos among treatments were tested
using 1-way ANOVA with temperature as a fixed factor (5 levels: -4°C, -2°C, ambient,
+2°C, +4°C). Proportional data were arcsine-transformed and homogeneity of variance
was confirmed by Levene’s Test. Tukey’s HSD post-hoc tests were used to identify
which treatment levels differed. To test for differences in larval survivorship among
temperatures, | followed the methods for data analysis described in Chapter 2 of this
thesis (and Woolsey et al. 2013). Analyses were performed using SPSS v19® (IBM Corp.
2010). Threshold temperatures were defined as the temperature relative to ambient at
which the response variable differed significantly to the control temperature (i.e.
ambient). Finally, to estimate the potential effects of projected increase in SST as a result
of global warming on the embryonic development and survival | compared the
experimentally determined temperature thresholds to projected average annual maximum

SST at these locations in 2100, taken from Lough (2008).
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4.4 RESULTS

The effect of temperature on larval development

The proportion of abnormal embryos was high (50-90%) in elevated temperature
treatments in all assays (Table 4.1; Fig. 4.1), with the exception of G. favulus at OTI
where there was no effect of temperature (Table 4.1; Fig. 4.1d). Temperatures below
ambient had no effect on the proportion of abnormal embryos in any assays (Table 4.1;
Fig. 4.1). Threshold temperatures varied predictably among locations (Table 4.2). At LI,
the proportion of abnormal embryos increased significantly at +2 °C above ambient in all
three species (Table 4.2; Fig. 4.2). At OTI and LHI the threshold temperature was +4 °C

or greater in all assays (Table 4.2; Fig. 4.2).

The effect of temperature on lifespans

Lifespans were reduced by temperatures above ambient except for the two species from
LHI where there was no effect of temperature (Fig. 4.2). Temperatures below ambient did
not affect lifespan, with the exception of A. millepora at LI where lifespan was reduced at
-4°C (Fig. 4.2a). Threshold temperatures varied predictably among locations (Table 4.2).
At LI, lifespans were significantly reduced at +2 °C above ambient in all three species
(Table 4.2; Fig. 4.2 a, b, ¢). At OTI and LHI the threshold temperature was +4 °C or
greater in all assays except for A. spathulata at OTI where the threshold was +2 °C (Table

4.2; Fig. 4.2).
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The effects of projected changes in SST on embryonic development and survival

Average annual SSTs in 2100 are projected to exceed the upper thresholds for normal
development and survival in Acropora and Goniastrea at LI (Table 4.3). Similarly,
projected average annual SST in 2100 will exceed the upper thresholds for survival in
Acropora and Goniastrea at OTI (Table 4.3). In contrast, at LHI, thermal thresholds are

not projected to be exceeded within this time frame (Table 4.3).

4.5 DISCUSSION

Temperatures above ambient increased the percentage of abnormal development and
reduced survival. Moreover, as predicted, the temperature at which the effects were
evident varied among locations. At LI, the lowest latitude location, thresholds were
generally 2°C above the local ambient in all species whereas at the higher latitude
locations, OTI and LHI, thresholds were 2-4°C above ambient in most species (Table
4.2). In addition, the absolute threshold temperature also varied predictably among
locations: 30°C at LI; 28°C at OTI; 26°C at LHI (Table 4.2).

The temperature thresholds for embryos and larvae differed predictably among
locations (Table 4.2). For instance, in G. favulus temperatures 2°C above ambient
reduced lifespan from lower latitude Lizard Island populations, whereas at the higher
latitude One Tree Island temperatures 4°C above ambient were required to produce an
effect. These results are consistent with work on adult corals indicating that thermal
thresholds for bleaching vary predictably among locations (Hoegh-Guldberg 1999) and
suggest that thermal tolerance breadth might be greater at locations that experience
greater fluctuations in temperature (McClanahan et al. 2007). These data add to a

growing body of evidence suggesting that low latitude corals are living close to the upper



thermal limit for many critical life history stages. Therefore, in the absence of
acclimatization or adaptation projected temperature rises are likely to be more
detrimental to tropical corals than those at higher latitudes.

Thermal thresholds did not vary greatly among species within locations.
However, at OTI embryos and larvae of the acroporid A. spathulata were more sensitive
to temperature increase than the merulinid G. favulus. Similarly, temperatures 4°C above
ambient increased the proportion of abnormal embryos in A. millepora but not in the
merulinids Favites chinensis and Mycedium elephantotus (Negri et al. 2007). These
finding are consistent with previous observations that adult acroporids are less thermally
tolerant than merulinids (Loya et al. 2001; Baird and Marshall 2002) and suggests that
acroporids are therefore at greater risk than merulinids from increased ocean
temperatures caused by climate change.

Larval lifespans were uniformly low at LHI, with median lifespans of 24 + 2 h
compared to greater than 80 h at ambient in all species at the other locations (Fig. 4.2). In
addition, none of the larvae in cohorts from 6 other species of coral cultivated at LHI in
2011 survived beyond 48 h (Baird et al. unpublished data), suggesting that the gametes of
these sub-tropical corals were either highly sensitive to handling or of poor quality.
Indeed, the marginal conditions for coral growth, for example, winter temperatures as
low as 14.4°C (AIMS 2013), might have a detrimental effect on gamete quality. Low
larval survivorship is consistent with low rates of recruitment at LHI (Noreen et al. 2009;
Hoey et al. 2011) and suggests that isolated margin habitats, such as LHI, will be highly

susceptible to disturbance.
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Climate change is likely to have profound effects on patterns of dispersal and
population dynamics of reef corals. Our results suggest that coral populations in tropical
regions are likely to be more seriously affected by increased sea temperatures than those
in the subtropics because they are living at temperatures closer to the maximum values

that various life history stages can tolerate.
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Table 4.1 ANOVA results, testing for difference among temperatures in the proportion of
abnormal embryos 18 hours post-fertilisation at Lizard Island (LI), One Tree Island (OTI)
and Lord Howe Island (LHI). Data were arcsine transformed. Treatment order from
Tukey’s HSD post-hoc test (p = 0.05)

L ocation Species df F p Treatment order (°C)
LI Acropora millepora 4 11.48 0.001 (- 4342::22;?;3;27_:2 +4)
LI Acropora spathulata 4 10.98 0.001 (- 4322%365:;%;[33:;:2 +4)
LI Goniastrea favulus 4 4.15 0.031 (- 4322%365:;%;[33:;:2 +4)
OTI Acropora spathulata 4 27.60 <0.001 20=22=24=26<28

(-4=-2=ambient=+2<+4)

OTI Goniastrea favulus 4 0.99 0.458 NS

18=20=22=24<26

LHI Goniastrea australensis 4 6.04 0.010 (-4=-2=ambient=+2<+4)

18=20=22=24<26

LHI Cyphastrea microphthalma 4 4.98 0.018 (-4=-2=ambient=+2<+4)

Table 4.2 The upper thermal threshold temperature for each species at each location and
ambient temperature at each location in the month prior to experiments. The threshold
temperature was defined as the temperature at which median larval lifespan was
significantly lower and the proportion of abnormal embryos significantly higher than at
ambient. Monthly sea surface temperature (SST) ranges were calculated by subtracting
average minimum SST from average maximum SST of that month, collected from on-
reef AIMS and GBROOS sensors, 2010-2013 (see Supplementary Materials at the end of
this chapter). Spawning months are November at Lizard and One Tree Islands, and
January at Lord Howe Island.

SST range Threshold for Threshold for

Average during normal normal Threshold Threshold for
L ocation monthly SST spawning development development for survival survival
(Iatitude) Ambient  range (& SE) month Species (treatment)  (temperature)  (treatment)  (temperature)
Lizard Island 28°C 4.2+0.21°C 3.9°C Acropora millepora +2°C 30°C +2°C 30°C
(24.7°S) (26.0-29.9°C)  Acropora spathulata +2°C 30°C +2°C 30°C
Goniastrea favulus +2°C 30°C +2°C 30°C
One Tree Island 24°C 5.7+ 0.20°C 5.9°C Acropora spathulata +4°C 28°C +2°C 26°C
(23.5°) (22.4-28.3°C)  Goniastrea favulus >+4°C >28°C +4°C 28°C
Lord Howe Island 220C 7.0+ 0.36°C 8.7 Goniastrea australensis +4°C 26°C >+4°C >26°C
(31.5°) (19.7-28.4°C)  Cyphastrea microphthalma +4°C 26°C >+4°C >26°C

54



Table 4.3 Current (1950-2007) and projected (2100) average annual sea surface
temperatures (SST) and average annual maximum SST, after Lough (2008). Thresholds of
early life stages in Goniastrea and Acropora spp are the temperature treatments at which
there was a significant increase in the proportion of abnormal embryos or decrease in
larval lifespan. Dashes indicate a threshold was not observed over the 8°C experimental

range. (na = no data).

Current (1950-2007)

Projected by 2100

Observed threshold
of early life stages of
Goniastrea spp (°C)

Observed threshold of
early life stages of
Acropora spp (°C)

Average Average Average Average

. annual SST annual annual SST annual Normal Normal
Location (°C) maximum (°C) (°C) maximum (°C) | Development  Survival | Development Survival
Northern GBR
(14.5°S) 28.8 30.0 29.5 304 30 30 30 30
Southern GBR
(23.5°S) 24.0 26.6 254 27.9 28 28 26
High latitude
(29.5°S) 21.2 23.2 22.5 24.6 26 na na
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Proportion abnormal embryos
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Figure 4.1 The proportion of abnormal embryos (+ 1 SE) 18 hpf of Acropora millepora
(a), Goniastrea favulus (b, d), A. spathulata (c, e), G. australensis (f) and Cyphastrea
microphthalma (g) in treatments 2-4°C above and below the ambient temperature: 28°C
at Lizard Island, 24°C at One Tree Island, and 22°C at Lord Howe Island. Letters above
the error bars indicate groups identified by Tukey’s HSD post-hoc test.
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Median larval lifespan (hrs)
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Figure. 4.2 Larval lifespan (hours) of Acropora millepora (a), Goniastrea favulus (b, d),
A. spathulata (c, e), G. australensis (f) and Cyphastrea microphthalma (g) in treatments
2-4°C above and below the local ambient temperature: 28°C at Lizard Island, 24°C at One
Tree Island, and 22°C at Lord Howe Island. Error bars show 95% confidence intervals
and letters indicate homogenous groups determined by the overlap of confidence
intervals.
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Chapter 4 Supplementary Materials (referenced in Methods)

35 . a) Lizard Island

b) One Tree Island

Sea surface temperature (°C)

¢) Lord Howe Island

30

-—~_\

Figure 4.S1 Lagoonal sea surface temperatures (SST) 2010-2013 at a) Lizard Island
(14.7°S), b) One Tree Island (23.5°S) and c) Lord Howe Island (31.5°S). Solid lines
represent average SST for each month, 2010-2013. Vertical bars show standard deviation.
Dashed upper lines represent average maximum SST for each month. Dashed lower lines
represent average minimum SST for each month. Monthly differences between average
maximum and average minimum ranged from approximately 3-5°C at Lizard Island, 4-
7°C at One Tree Island and 5-9°C at Lord Howe Island. Data were collected from the
Australian Institute of Marine Science (AIMS) and Great Barrier Reef Ocean Observing

System (GBROOS) websites.
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Table 4.S1 Mean temperatures in each of the temperature treatments (-4°C, -2°C,
ambient, +2°C, +4°C) + Standard Deviation at Lizard Island (ambient=28°C), One Tree
Island (ambient=24°C) and Lord Howe Island (ambient=22°C). Data were collected by
HOBO temperature loggers every 10 minutes throughout the duration of the experiments.

Lizard Island One Tree Island Lord Howe Island

-4 treatment (°C) 23.90+£0.24 20.37 £0.43 18.32+0.18
-2 treatment (°C) 26.12 +0.42 22.21 +0.63 20.10 £ 0.37
Ambient treatment (°C) 27.89+£0.28 23.92 £ 0.61 22.19+0.23
+2 treatment (°C) 30.16 £ 0.61 26.30 £ 0.40 24.24 +0.33
+4 treatment (°C) 31.79 £ 0.46 28.14 + 0.68 26.10 £ 0.30
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CHAPTER FIVE: Species colonisation potential predicts changes in coral
assemblage structure across a biogeographic barrier

This chapter is in preparation for the Journal of Biogeography

5.1 ABSTRACT

Life history traits of plants and animals that describe survival, growth and reproduction
influence spatial distribution patterns and potential for long-term survival. Here, |
investigated the relationship between coral life history traits and assemblage structure of
coral reefs across the dispersal barrier between reefs on the Great Barrier Reef and Lord
Howe Island in eastern Australia. For 120 species of corals observed in surveys, data on
life history traits including larval nutrition, sexuality, depth range, corallite size,
modularity, colony size and rate of larval development were assimilated. To assess
whether these traits influence changes in coral assemblage across the dispersal barrier,
non-metric multidimensional scaling, multiple regression, linear mixed models, and
model averaging were applied. Rate of larval development and mode of larval nutrition
were identified as the best predictors for changes in coral assemblage structure between
locations on the Great Barrier Reef and the high-latitude coral communities at Lord
Howe Island. Biological traits related to dispersal may therefore have a greater influence
on large-scale patterns of abundance in reef-building corals than traits associated with
morphology and environmental tolerance. Specifically, brooding species with larvae that
are immediately competent to settle and therefore have high colonisation capacity are
more likely to be successful in isolated, marginal habitats and survive the effects of

climate change.



5.2 INTRODUCTION

Understanding mechanisms that determine the spatial distribution patterns of plant and
animal species is a central goal in ecology (Brown et al. 1996; Roy and Whitman 2009;
Valentine 2009) and due to the effects of contemporary warming (IPCC 2014) it is
essential to understand the drivers of biogeographic patterns to anticipate and better
manage the effects of climate change on biodiversity (Thomas et al. 2004; Clarke 2009;
Sunday et al. 2011). One of the most prominent spatial patterns is the decline in species
richness with increasing latitude. This pattern occurs in numerous taxa (Gaston 2000;
Willig et al. 2003), including reef-building corals (Stehli and Wells 1971; Veron 1993;
Keith et al. 2013).

In reef-building corals, the latitudinal attenuation of species has been attributed to
a number of factors including reduced temperature and light availability (Dana 1843;
Wells 1955; Banks and Harriott 1995; Kleypas et al. 1999), low aragonite saturation
(Crossland 1981; Grigg 1982; Harriott 1999), reduced habitat availability (Bellwood and
Hughes 2001), competition with other organisms, in particular macro-algae (Coles 1988;
Johannes et al. 1983) and patterns of larval dispersal (Veron and Done 1979; Kleypas and
Burrage 1994). However, the role of species-specific characteristics in determining this
latitudinal attenuation of species has not been fully explored. Traits related to dispersal
have been linked to the persistence of organisms during periods of environmental change.
For example, Mediterranean plant species with wind-dispersed seeds increased in
abundance over a 115-year period in parallel with rising temperatures and wetland
destruction, while species with water-dispersed seeds experienced high rates of extinction

(Lavergne et al. 2006). Similarly, in the marine environment, traits associated with

61



dispersal have been linked to extinction probability. For example, echinoderm species
with planktonic non-feeding larval stages went extinct less often than species with
feeding larvae (Valentine & Jablonski 1986, Uthicke et al. 2009, Byrne 2011). In
scleractinian corals, both depth range and rate of larval development were good
predictors of whether a species was able to cross faunal breaks (Keith et al. 2013). In
addition, mode of larval development may predict persistence over geological time, as
fewer brooding species with high colonisation capacity went extinct in the Caribbean
during the Oligocene/ Miocene extinction compared to corals that broadcast spawn their
gametes (Edinger and Risk 1995). Examining the traits of species that dominate
assemblages at the limits of their environmental tolerance can also provide insight into
future composition of global biodiversity in response to climate change (Guinotte et al.
2003). For example, high-latitude reefs are dominated by stress-tolerant, brooding species
with small corallites and massive or horizontal growth forms (Harriott & Banks 2002;
Sommer et al. 2014). Similarly, reefs degraded by human disturbances and thermal stress
often resemble high-latitude reefs, being composed of suites of species with similar life
history strategies (Sommer et al. 2014; Darling et al. 2012).

Lord Howe Island (31.5°S) is a high-latitude reef located approximately 1,000 km
south of the Great Barrier Reef (GBR) and 600 km east of the mainland Australian coast.
It is a marginal reef at the southernmost limit of coral reef growth with approximately 85
species (Harriott et al. 1995). The coral assemblages include many tropical species at the
limits of their distribution, as well as a small number of temperate species that are rare or
absent on the GBR (Harriott et al. 1995). Although Lord Howe Island is at the limit of

reef formation in the southern hemisphere and has fewer species, coral cover is similar to
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many sites on the GBR (Dalton and Roff 2013). Population genetic and hydrodynamic
studies indicate that Howe Island populations are highly isolated from the nearest source
of propagules on the southern GBR (Ayre & Hughes 2004; Noreen et al. 2009; Patterson
& Swearer 2007; Wood et al. 2014). Consequently, it is an ideal location at which to
explore the potential effects of species traits in contributing to the latitudinal decline in
species richness down the east coast of Australia crossing this dispersal barrier.

The aim of this study was to test whether coral species traits can predict the
difference in coral assemblage structure between the GBR and Lord Howe Island. Coral
assemblage structure was documented at Lord Howe Island and at two sites on the GBR,
Lizard Island in the north and One Tree Island in the south. Coral species traits were
obtained from an online database (see Methods) and used to test the hypothesis that
species traits influence the capacity of species to cross and establish populations across

this dispersal barrier.

5.3 METHODS

Difference in coral assemblage structure among locations

Coral assemblage structure was quantified using line intercept transects (LIT) at Lizard
Island (14.7°S) in the northern GBR in November 2011, One Tree Island (23.5°S) in the
southern GBR in March 2012, and Lord Howe Island (31.5°S) in January 2012. At each
location six sites were surveyed: 3 lagoon sites and 3 crest sites. At each site we
conducted 12 x 10 m LIT at 1-2 metres depth. The intercepts of coral colonies greater
than 5 cm maximum diameter and lying directly under transects were measured to the

nearest centimetre. Colonies were identified to the species level either in the field or
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using photographic images captured in the field following Wallace (1999) and Veron
(2000).

Differences in coral assemblage structure among habitats and locations were
explored with non-metric multidimensional scaling (NMDS). NMDS collapses
multidimensional data into fewer dimensions, making them easier to visualise and
interpret (Gower 1966). In addition, NMDS is designed specifically for ecological
abundance data that are rarely normally distributed, and is recognized as the most robust
ordination method for community data (Minchin 1987). Unlike other techniques that rely
on Euclidian distances, NMDS uses rank orders and is therefore more flexible (Shaw
2003). Differences in assemblage structure between habitats and locations were tested
using Analysis of Similarity (ANOSIM, Clarke 1993; Clarke and Warwick 1994) with
999 permutations and Bray-Curtis ordination. Species driving differences in coral
assemblage structure among habitats and locations were identified using Similarity
Percentage analysis (SIMPER, Clarke 1993; Warton et al. 2012). The five species with
the greatest contributions to dissimilarities between locations (Lizard, One Tree and Lord
Howe Islands) and habitats (crest and lagoon) are presented (Theis et al. 2012). All
analyses were run in R (v. 3.0.1; R Core Team 2013) with the vegan (Oksanen et al.

2013), visreg (Breheny and Burchett 2013) and car (Fox and Weisberg 2011) packages.

Species traits

Species traits were collated from the Coral Traits database (Madin and Baird 2014,
http://coraltraits.org/). Traits used included mode of larval nutrition, sexuality, depth
range, corallite size, modularity, maximum colony size and rate of larval development.

All coral larvae are non-feeding, however, some species have eggs or larvae that contain
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photosynthetic symbiotic algae on release and are likely to be autotrophic (Richmond
1987) while the remainder can be described as lecithotrophic (Baird et al. 2009).
Autotrophic larvae would be expected to have a great capacity to disperse given they
have an additional source of nutrition (Richmond 1987). Sexuality in corals is either
hermaphroditic or gonochoric (Kerr et al. 2011). Hermaphrodites might be more effective
colonisers because of a, albeit limited, capacity to self-fertilise. Depth range is a proxy
for environmental tolerance; species with a broader depth range are able to tolerate a
wider variety of habitats and for this reason might be expected to be better colonisers
(Addo-Bediako et al. 2000; Keith et al. 2013; Laube et al. 2013), in particular, of
locations at the limits of coral ranges. Corallite size is often used as a proxy for degree of
autotrophy (Porter 1976; Houlbréque and Ferrier-Pagés 2009) or competitive ability
(Lang 1973) in adult corals and therefore is likely to have a strong effect on species
ecology (e.g. Sommer et al. 2014). Body size is also likely to have strong effects on
species distributions. For example, maximum colony size was correlated with extinction
probability in Neogene reef corals (Johnson et al. 1995). In this study, rate of larval
development was classified into four categories based on the time taken for propagules to
become motile. Species that brood larvae that are motile on release were classified as 1,
species that broadcast spawn gametes were classified into three categories based on egg
size, category 2 = 1-200um; category 3 = 201-400um; category 4 = > 400um. Egg size is
a strong predictor of the time taken to reach motility in broadcast spawning coral species
(Figueiredo et al. 2013) and rates of development are highly correlated with rates of self-
retention and therefore colonisation potential in corals species (Figueiredo et al. 2013,

2014).
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Species traits as drivers of differences among coral assemblages

The extent to which species traits could explain differences in coral assemblages along
the locations were tested using multiple linear regression, which models the relationship
between two or more explanatory variables and a response variable (Logan 2010). To
ensure the response variable was tractable, we used axis scores generated by NMDS,
which reduced the multi-dimensional assemblage data to a single value for each species
(Diaz et al. 2013). NMDS axis scores for each species used in the analysis are presented
in Table 5.S1 at the end of this chapter. Statistical assumptions were tested following
Logan (2010). The shape of the relationship between each predictor variable and the
response variable was determined by selecting the polynomial order (linear, quadratic or
cubic) that produced the lowest Akaike Information Criterion value corrected for small
sample size (AICc) in regression of each predictor variable independently. Non-
independence of evolutionary history was accounted for by incorporating coral clade as a
random effect. The strength of this effect was assessed visually with caterpillar plots and
statistically by calculating the variance partition coefficient. The best combination of
species traits to predict differences in assemblage structure among habitats and location
was determined using model selection and averaging (Barton 2013). Models that were
within three AAICc units of the best model were chosen and then this model set was
averaged (Bolker 2008). Partial coefficients of the model-averaged predictors were
generated to describe the influence of each species trait on differences in coral

assemblage structure.
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5.4 RESULTS

Differences in coral assemblage structure among locations and between habitats

Coral assemblage structure differed significantly between locations and among habitats.
The first axis of the NMDS clearly separated Lord Howe Island sites from sites at Lizard
Island and One Tree Island (Fig. 5.1). The second axis separated most reef crest sites
from lagoon sites, except at Lord Howe Island were there was little difference among the
coral assemblages between habitats (Fig. 5.1). These results were supported by ANOSIM
that indicated significant differences in assemblage structure between Lord Howe Island
and both GBR sites, but not between the GBR sites (Table 5.1). Similarly, significant
differences between habitats were only evident at Lizard Island and One Tree Island but
not at Lord Howe Island (Table 5.2).

Species that exerted the greatest influence on the differences in assemblage
structure among locations are listed in Table 5.1. In particular, Lizard Island was
distinguished from the other two locations by high cover of Acropora hyacinthus and A.
formosa; One Tree Island was distinguished by high cover of Isopora palifera and
Goniopora tenuidens and Lord Howe Island by high cover of Isopora cuneata, Porites
heronensis and Pocillopora damicornis (Table 5.1; Fig. 5.1). Species that exerted the
greatest influence on the differences in assemblage structure among habitats within
locations are listed in Table 5.2. The reef crest at Lizard Island was distinguished by high
cover of A. hyacinthus and A. digitata and the lagoon by high cover of A. formosa and A.
horrida (Table 5.2; Fig. 5.1). The reef crest at One Tree Island was distinguished by high
cover of A. nasuta and Pavona decussata and the lagoon by higher cover of Goniopora
tenuidens and Porites lichen (Table 5.2; Fig. 5.1). As mentioned above, there was no

significant difference in the habitats at Lord Howe Island.
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Traits that predict assemblage structure across a dispersal barrier

Of the traits tested, rate of larval development (coefficient: -0.76; p <0.001) and mode of
larval nutrition (coefficient: -1.19; p=0.028) were both significant predictors of changes
in coral assemblage structure among locations as captured by Axis 1 of the NMDS (Table
5.3; Fig. 5.2). Specifically, species with rapidly developing, autotrophic larvae were
significantly more abundant at Lord Howe Island than on the GBR. The proportion of
coral cover made up of species with rapidly developing larvae increased from less than
10% at Lizard Island to over 80% at Lord Howe Island (Fig. 5.3a). Similarly, the
proportion of coral cover made up of species with autotrophic larvae increased from 19%

(x 3.9) at Lizard Island to 50% (+ 6.5) at Lord Howe Island (Fig. 5.3b).

5.5 DISCUSSION

Coral assemblage structure changed markedly between the Great Barrier Reef and Lord
Howe Island, and traits related to larval dispersal were the best predictors of this
difference. Specifically, Lord Howe Island assemblages were dominated by species with
larvae that develop rapidly and species with larvae that are autotrophic. These results
suggest that isolated corals assemblages, such as Lord Howe Island, are dominated by
species that have both the capacity to cross the dispersal barrier (i.e. larvae that derive
nutrition from photosymbionts) and to establish populations once they arrive (i.e. larvae
that develop rapidly and are therefore more likely to be retained on the natal reef).

Lord Howe Island assemblages were overwhelmingly dominated by species that
brood their larvae (i.e. development rate category 1), which make up an extraordinary
80% of coral cover (Fig. 5.3a). In contrast, Lizard Island was dominated by species with

slower-developing larvae, such as the Acropora (development category 4; Fig. 5.3a). This



finding is consistent with previous work on Lord Howe Island documenting the
abundance of brooders in both the adult and recruit assemblages (Harriott 1992).
Similarly, in many marine invertebrates, brooders are, in general, more prevalent at high
latitudes (Thorson 1950; Mileikovsky 1971; Marshall et al. 2012). We hypothesize that
the dominance of brooders is most likely related their rapid rates of larval development:
brooded larvae are ready to settle on, or shortly after, release compared with an obligate
planktonic period of 12 to 36 hours in broadcast spawners (Baird et al. 2009; Figueiredo
et al. 2013). Rapid rates of development will lead to greater rates of retention on the reef
of origin (Figueiredo et al. 2014), a strategy that is likely to be highly correlated with
colonisation ability, particularly on isolated reefs such as Lord Howe Island. However,
species that brood larvae have also been suggested to be more tolerant of environmental
extremes, for example, brooding species were less likely to go extinct during the
Neogene in the Caribbean, a period of environmental turbulence that included regional
cooling (Edinger and Risk 1995). Consequently, brooding species may be pre-adapted to
locations at the boundaries of habitat suitable for corals, such as Lord Howe Island.
However, the other proxy for environmental tolerance, depth range, was not as significant
predictor of differences in assemblage structure between the Great Barrier Reef and Lord
Howe Island. This is surprising because depth generalists are typically more successful at
higher latitudes (Stevens 1989) and a broad depth range is a good predictor of a species
ability to cross faunal breaks on a biogeographic scale (Keith et al. 2013). One possible
reason that depth was not a useful predictor is that surveys only included shallow water

corals (surveys were conducted at 1-2 meters depth). Clearly, the relationship between
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depth range, environmental tolerance, and geographical range size needs to be examined
more fully.

Species with autotrophic larvae were also much more abundant at Lord Howe
Island than on the GBR, making up almost 50% of total coral cover compared to less than
20% at GBR locations (Fig. 5.3b). We attribute this success to the superior dispersal
ability conferred by translocation of energy from the photosymbiotic algae in the
propagules of these species. However, there is also a very strong correlation between
rates of larval development and mode of larval nutrition. Indeed, all brooded larvae
(development category 1), with the exception of those species from the genus Isopora,
are autotrophic (Baird et al. 2009). Indeed, the most abundant species at Lord Howe
Island, which makes up 28% of total coral cover Isopora cuneata is a lecithotrophic
brooder. This relationship suggests that the rate of larval development is more important
than the mode of larval nutrition in determining the structure of Lord Howe Island corals
assemblages.

One other interesting pattern in species composition among the assemblages was
the apparent replacement of species within some genera or morphological groups. For
example, Pocillopora edouxi, P. meandrina, and P. verrucosa were all abundant on the
GBR but absent from Lord Howe Island where P. damicornis is the only member of the
genus present (Fig. 5.1). Similarly, Isopora cuneata replaces I. palifera at higher
latitudes. The arborescent coral A. formosa was adundant at Lizard Island but was
replaced by A. yongei at Lord Howe Island and the tabular A. hyacinthus on Lizard Island
was replaced by A. clathrata on Lord Howe. This suggests a very different pattern of

species turnover than the nested structure recently identified in scleractinian coral
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assemblages (Keith et al. 2013) and the traditional view of high-latitude coral species as
being a subset of the tropical species pool (Veron 1995). Another general trend in species
composition was a decrease in the relative abundance of Acropora with increasing
latitude, which is consistent with other recent work along the east coast of Australia
(Dalton and Roff 2013).

In conclusion, species traits related to dispersal strongly most strongly influenced
the difference in assemblage structure of corals between the GBR and Lord Howe Island.
In particular, the rate of larval development was the best predictor of a species’ ability to
cross this dispersal barrier, a feature attributed to the superior colonising ability of species

with larvae that can settle soon after release.
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Table 5.1 Results of ANOSIM and SIMPER analyses among locations, including the five
most important species causing differences in coral assemblage structure between Lizard,
One Tree, and Lord Howe Island.
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One Tree Island Goniopora tenuidens 4.02 0.0 7.0
Pavona decussata 3.92 0.0 6.0
Isopora cuneata 15.14 0.0 28.0
Lizard Island Porites heronensis 12.99 0.0 24.0
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Lord Howe Island | p=0.001 92.02 Pocillopora damicornis 7.67 3.0 17.0
Acropora hyacinthus 7.05 13.0 1.0
Acropora formosa 6.37 12.0 0.0
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Table 5.2 Results of ANOSIM and SIMPER analyses among habitats (lagoon and crest)

within each location, including the five most important species causing differences in
coral assemblage structure between habitats.
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Lizard Island Crest | p=0.001 Acropora horrida 3.83 7.0 0.0
Isopora palifera 3.34 2.0 6.0
One Tree Island Isopora palifera 12.24 28.0 14.0
Laggon Goniopora tenuidens 8.68 13.0 0.0
One Tree Island R=0.33 73.61 Porites lichen 7.78 12.0 0.0
Crest p=0.001 Acropora nasuta 6.39 1.0 10.0
Pavona decussata 5.55 6.0 7.0
Lord Howe Island Isopora cuneata 20.91 20.0 36.0
La?/gon Porites heronensis 18.50 27.0 21.0
Lord Howe Islandg | R=0.11 53.39 Pocillopora damicornis 13.83 11.0 22.0
Crest p=0.20 Acropora clathrata 6.94 8.0 2.0
Acropora yongei 5.87 6.0 0.0

73



Table 5.3 Model-averaged partial coefficients from the best linear models for location, describing

the relationship between coral species traits and Axis 1, which represents the distinction between the

Great Barrier Reef and Lord Howe Island.

Predictor Coefficient Standard P
error
Rate of larval development -0.76 0.18 0.000020

Mode of larval nutrition -1.19 0.53 0.028
Corallite size (quadratic) 0.19 0.35 0.58
Sexuality 0.12 0.17 0.51
Depth range -0.00092 0.0056 0.87
Colony size -0.00035 0.00032 0.28
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Figure 5.1 Similarity in coral assemblage (abundance) at 18 sites off the east coast of Australia based on
NMDS (two-dimensional stress: 0.15). Circles = lagoon sites, triangles = crest sites, red = Lizard Island,
green = One Tree Island, blue = Lord Howe Island, crosses = 120 observed species. Distance between
points represents relative difference in coral assemblage. ANOSIM (at the transect level) suggests there is a
significant difference in assemblage between the Great Barrier Reef (Lizard and One Tree Islands) and Lord

Howe Island (R= 0.34, p=0.001), which is captured by Axis 1.
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Figure 5.2 Partial coefficients from the averaged best models describing the relationship between each life
history trait and Axis 1, which describes distinction in coral assemblage along a latitudinal gradient, for a)
Rate of larval development, b) Mode of larval nutrition, ¢) Corallite size, d) Sexuality, e) Depth range and f)
Colony size. 95% confidence intervals are shown in grey.
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Figure 5.3 Average proportion coral cover of species, presented by a) rate of larval development b) larval
nutrition at Lizard, One Tree, and Lord Howe Islands. Bars show standard error.
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Table 5.S1(referenced in Methods) Species list and associated axis 1 scores generated by
non-metric multidimensional scaling (NMDS). Axis 1 of the NMDS represents differences
in coral assemblage structure between the Great Barrier Reef and Lord Howe Island (see
Fig. 5.1, and note that, while there are negative values in the table, axis lines were shifted

in the figure for simplification).

Species Axis score  Species Axis score  Species AXxis score
Acanthastrea lordhowensis 1.20 Coeloseris mayeri -0.46 Lobophyllia hemprichii -0.48
Acropora acuminata -0.70 Coscinaraea columna -0.14 Montastrea curta 1.13
Acropora aspera -0.07 Ctenactis echinata 0.12 Montipora aequituberculata -0.85
Acropora austera -0.85 Cyphastrea chalcidicum -0.37 Montipora crassituberculata -0.85
Acropora bushyensis -0.66 Cyphastrea microphthalma 0.61 Montipora foveolata -0.98
Acropora cerealis -0.58 Cyphastrea serailia 0.89 Montipora grisea -0.78
Acropora chesterfieldensis -0.58 Echinopora horrida -0.42 Montipora incrassata -0.85
Acropora clathrata 1.12 Echinopora lamellosa -0.17 Montipora informis -1.11
Acropora cuneata 1.43 Echinopora mammiformis 0.12 Montipora monasteriata -0.87
Acropora cytherea -1.01 Favia favus 0.79 Montipora peltiformis -1.11
Acropora digitifera -0.64 Favia lizardensis -0.62 Montipora spongodes -1.26
Acropora elseyi -0.69 Favia matthaii -0.91 Montipora turgescens -0.80
Acropora florida -0.20 Favia pallida -0.81 Montipora turtlensis -1.11
Acropora formosa -0.69 Favia rotundata -0.68 Montipora undata -0.85
Acropora gemmifera -0.80 Favia speciosa 1.38 Montipora verrucosa -0.60
Acropora glauca 1.13 Favia stelligera -0.21 Pavona decussata -1.05
Acropora grandis -0.83 Favites abdita -0.34 Pavona varians -1.00
Acropora horrida -0.59 Favites flexuosa 0.45 Pavona venosa -0.57
Acropora humilis -0.83 Favites halicora -0.25 Platygyra daedalea -0.30
Acropora hyacinthus -0.84 Fungia danai -0.09 Platygyra lamellina -0.27
Acropora latistella 1.38 Fungia fungites 0.12 Platygyra sinensis -0.16
Acropora loripes -0.85 Fungia paumotensis -0.62 Pocillopora damicornis 0.68
Acropora lovelli 1.48 Fungia repanda -0.28 Pocillopora eydouxi -0.94
Acropora millepora -0.71 Fungia scruposa 0.12 Pocillopora meandrina -0.92
Acropora monticulosa -0.78 Galaxea fascicularis 0.12 Pocillopora verrucosa -0.84
Acropora nasuta -0.64 Galaxea horrescens -0.37 Porites annae -0.10
Acropora nobilis -0.69 Goniastrea australensis 1.16 Porites australiensis -0.27
Acropora palifera -0.55 Goniastrea edwardsi -0.88 Porites cylindrica -0.57
Acropora pulchra -0.70 Goniastrea favulus 0.46 Porites heronensis 1.29
Acropora robusta -0.61 Goniastrea pectinata -0.08 Porites lichen -0.34
Acropora samoensis -0.68 Goniastrea retiformis -0.30 Porites lobata -0.57
Acropora sarmentosa -0.85 Goniopora minor -0.09 Porites lutea -1.26
Acropora secale -0.92 Goniopora tenuidens -0.79 Porites rus 0.12
Acropora selago 0.12 Halomitra pileus -0.85 Psammocora contigua 0.06
Acropora spathulata -0.83 Heliofungia actiniformis -0.96 Seriatopora hystrix 0.97
Acropora tenuis -0.90 Hydnophora microconos -1.26 Stylophora pistillata 0.53
Acropora valenciennesi -0.50 Hydnophora rigida -0.62 Symphyllia radians -0.92
Acropora valida 0.18 Leptastrea purpurea 0.12 Turbinaria mesenterina 1.16
Acropora yongei 1.01 Leptoria phrygia -0.34 Turbinaria radicalis 1.16
Astreopora myriophthalma 0.34 Lobophyllia corymbosa -0.34 Turbinaria stellulata -0.05
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CHAPTER SIX: GENERAL DISCUSSION

This thesis provides new information on coral larval ecology and biogeography in eastern
Australia. In general, | found that raised temperatures lower the amount of viable larval
stock (Chapters 2-4) and that heat tolerance of early life stages varies among species
(Chapter 2), modes of fertilisation (Chapter 3) and latitudes (Chapter 4). In addition, |
discovered that traits related to dispersal are likely to influence changes in assemblage
structure of adult corals among locations (Chapter 5).

In the first data chapter (Chapter 2), | found that water temperatures 2-4°C above
the local ambient (24°C) reduced larval lifespan and sped development in Acropora
gpathulata and Goniastrea favulus at One Tree Island in the southern Great Barrier Reef
(GBR). Thermal tolerance differed between the species however, as 26°C (+2°C)
treatments reduced larval lifespan in A. spathulata and 28°C (+4°C) treatments reduced
lifespans of G. favulus. This finding that merulinids have greater tolerance to raised
temperatures than acroporids is supported by previous work in adult corals as well as early
life stages (Hughes & Connell 1999; Marshall & Baird 2000; Negri et al. 2007).
Temperatures 2-4°C below ambient meanwhile did not affect larval survival. This new
finding suggests that colder waters are unlikely to prevent dispersal of coral propagules
from the tropics to cooler, higher-latitude reefs. In fact, lower development from colder
temperatures would increase time in the plankton, possibly enhancing potential for long-
distance dispersal. Indeed, temperature also affected rate of larval development in all
species and locations. As temperatures increased, development sped up and at lower
temperatures, embryos and larvae took longer to reach gastrulation and become motile,

respectively. Rates of embryonic development were also influenced by the size of the
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propagules. G. favulus embryos (~ 320 um) developed more rapidly than the larger A.
gpathulata embryos (~500um) at all temperatures. Indeed, egg size is negatively correlated
with rate of larval development (Marshall and Bolton 2007; Figueiredo et al. 2013).

In Chapter 3, | compared thermal tolerance between self and cross-fertilised G.
favulus embryos and found that self-fertilised embryos were more sensitive to raised
temperatures than outcrossed embryos. Specifically, larval lifespans of self-fertilised
embryos were shorter than lifespans of cross-fertilised embryos at raised temperatures. G.
favulus has the unique ability to self-fertilise, which islikely to be advantageous in isolated
and low-density areas. However, results of this chapter show that this reproductive strategy
comes at a cost because self-fertilisation is likely to result in reduced dispersal potential in
warming oceans.

| extended the spatial scale of my study in Chapter 4 and examined the effects of
temperature on early life stages of coral across latitudes. At Lizard Island, the lowest
latitude study location, thresholds (i.e., the temperature treatments at which we observed at
effect) for larval lifespan and proportion of abnormally devel oping embryos were 2°C
above the local ambient (28°C) for al species. Whereas at the higher latitude locations,
One Tree and Lord Howe Islands, thresholds were generally 2-4°C above ambient, or there
was no threshold observed at all. These results support the hypothesis that thermal
tolerance is greater in organisms from higher latitude regions that experience a greater
annual temperature range (Janzen 1967; Chown et al. 2004; Bozinovic et a. 2011).

While the first three chapters focused on the effects of temperature on early life
stages of corals and how these effects vary through space, the final thesis data chapter

(Chapter 5) investigated how characteristics of the entire coral life stages influence spatial
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distribution. | found that traits related to dispersal are the best predictors for changesin
coral assemblage structure across the hypothesized dispersal barrier between the Great
Barrier Reef and Lord Howe Island. Species with larvae that are immediately competent to
settle and have autotrophic larvae- both are traits related to brooding species- appear to
have an advantage in high-latitude marginal environments. The finding that rate of larval
development influences changes in abundance among |ocations supports observations of
latitudinal patternsin other marine invertebrates (Thorson 1950; Marshall et al. 2012) and
is consistent with the dominance of brooding species at high latitudes (Harrison and

Wallace 1990; Harriott et a. 1992).

Implications

Findings reported here can help form projections of future distributions of coral reefs. Most
notably, species with larvae that have broad thermal tolerance and spend short periodsin
the plankton are more likely to survive as coral habitats become more fragmented and
degraded. This includes spawning species with fast-devel oping eggs and high tolerance to
temperature, such as merulinids, and brooding species that release fully formed larvae that
are immediately competent to settle. Acroporid species, in contrast, have larvae with
narrow thermal tolerances that develop slowly in the plankton and so are more vulnerable
to the prolonged effects of fluctuating temperatures. Indeed, present compositions of adult
corals support these predictions, as merulinids and brooding species are more tolerant to
bleaching and are more abundant in variable high-latitude environments than acroporids

(Hughes & Connell 1999; Dalton and Roff 2013).

81



The effects of ocean warming are likely to impact coral populations differently
across latitudes. Coral populationsin low latitudes appear to be living closer to their upper
thermal limits and, in the absence of adaptation, these populations are therefore more
vulnerable to the effects of ocean warming (Chapter 4). Higher latitude coral populations,
in contrast, are less vulnerable to rising temperatures, as projected temperature changes till
sit within their wider tolerance breadths (Chapter 4). Thisis despite the fact that higher
latitude regions are warming at a greater rate. Indeed, the effects of warming rely on level
of tolerance as well as the amplitude of environmental change (Tewksbury et al. 2008;
Sunday et al. 2011). For instance, in subtropical coral communities of eastern Australia,
e.g. Flinders Reef, Cook Island, Solitary Islands and South West Rocks, sea surface
temperatures (SST) arerising 0.19-0.24 °C per decade (Lima and Wethey 2012; Dalton
and Roff 2013), more rapidly than on the Great Barrier Reef (GBR), where SST arerising
0.08°C per decade in the northern GBR and 0.16°C per decade in the southern GBR (Lough
2008). Despite smaller amplitudes of change, ocean warming isimpacting tropical coral
communities more strongly, as evidenced by regular bleaching events (Hoegh-Guldberg
1999; Baker et al. 2008). However arecent observation of coral bleaching at Lord Howe
Island suggests sub-tropical communities are not immune to the effects of warming
(Harrison et al. 2011). Nonetheless, high-latitude coral populations are expected to have
broader thermal tolerance breadths than lower latitude corals, which would corroborate
findings of this thesis and other latitudinal patterns of thermal tolerance among marine and
terrestrial organisms (Tewksbury et al. 2008; Sorte et al. 2011; Sunday et a. 2011).

Continued ocean warming may result in loss of coral biodiversity around the

eguator and poleward extension of species ranges, as occurred during the last Pleistocene
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interglacial (Kiessling et al. 2012). Indeed, coral speciesin eastern Australiamay currently
be migrating southward as temperature regimes shift down the coast and higher latitudes
become warmer. Four acroporid species that have not been previously observed in higher
latitudes have recently been recorded in the Solitary Islands (30°S) (Baird et al. 2012).
Similarly, in Japan coral species have recently extended their ranges pole-ward over an 80
year period that coincided with rising temperatures (Y amano et al. 2011). Such range shifts
suggest there have previously been cold thermal barriersto larval dispersal to high
latitudes. However, results from this thesis suggest that colder waters are unlikely to reduce
dispersal capacity and so thermal barriers are more likely to be associated with annual
temperatures experienced by the adult stage.

The persistence of coral reef environments under contemporary climate changeis
uncertain and, astropical cora populations continue to be subjected to thermal stress,
higher latitude habitats may provide refuge to coral species that extend their ranges
(Hughes et al. 2010; Woodroffe et al. 2010; Dalton and Roff 2013). However, the potential
of high-latitude reefs for providing stable habitats for thermal refugia remains unknown.
Some evidence suggests high-latitude reefs in eastern Australia are more vulnerable to the
disturbances due to isolation and low recruitment (Harriott 1999; Noreen et al. 2009; Hoey
et al. 2011), whereas other observations describe sub-tropical reef communities as stable
and resilient and thereby possible habitats for refugia. Indeed, long-term comparisons of
subtropical reefsin eastern Australia found that these assemblages remained relatively
stable, with 75% similarity over a 15-20 year period (Dalton and Roff 2013). Additionally,
communitiesin marginal environments may predict the future states of tropical

communities (Guinotte et al. 2003), so investigating species traits associated with success
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at the edges of species distributions may therefore anticipate future distributions to better
manage global biodiversity. As brooding species and species with thermally tolerant larvae
are most successful at high latitudes, they are most likely to survive climate change and
persist in degraded, variable environments.

Climate change will likely have profound effects on patterns of dispersal and
population dynamicsin corals and other marine invertebrates. Our findings suggest that
rising temperatures are affecting marine invertebrates across life stages and the impacts of
ocean warming will vary among species and populations. In addition, species traits related
to dispersal are important for investigating distributions and long-term survival of marine
invertebrate species. Results of this thesis encourage further investigation and special
management consideration of reefs at higher latitudes and in marginal habitats, as these
regions may give insight into the future states of lower latitude reefs and provide important

refuge for species that extend their ranges in response to ocean warming.

Future work

Findings from this thesisillustrate the importance of considering multiple species and
locations as well as early life history stages in addition to adults. Future work could
therefore measure the effects of temperature at more locations using more species,
including those that brood larvae. This would help further understand latitudinal patternsin
thermal tolerance of early life stages and identify differences in thermal tolerance among
species with different modes of larval development. For instance, the effects of temperature
on larval ecology in subtropical transition zones such as Flinders Reef, the Solitary Islands

and Elizabeth and Middleton Reefs, with particular focus on species that are dominant in
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these environments, should be further investigated. In addition, conducting transplant or
common garden experiments of adult colonies prior to spawning would give greater insight

into genetic effects and long-term adaptive capacity to ocean warming.

85



REFERENCES

Addo-Bediako A, Chown SL, Gaston KJ (2000) Thermal tolerance, climatic variability and
latitude. Proc R Soc Lond B 267:739-745
AIMS: Australian Institute of Marine Science (2012) Marine observation map.
http://data.aims.gov.au/aimsrtds, accessed 2012.
AIMS: Australian Institute of Marine Science (2013) Sea Water Temperature Logger
Program, http://www.aims.gov.au/docs/data-centre/seatemperatures.html, accessed
2013
Ayre DJ, Hughes TP (2004) Climate change, genotypic diversity and gene flow in reef-
building corals. Ecology Letters 7:273-278
Baird AH, Marshall PM (2002) Mortality, growth and reproduction in scleractinian corals
following bleaching on the Great Barrier Reef. Marine Ecology Progress Series
237:133-141
Baird AH, Gilmour JP, Kamiki TM, Nonaka M, Pratchett MS, Yamamoto HH, Yamasaki
H (2006) Temperature tolerance of symbiotic and non-symbiotic coral larvae.
Proceedings of 10th International Coral Reef Symposium: 38-42
Baird AH, Guest JR, Willis BL (2009) Systematic and biogeographical patterns in the
reproductive biology of scleractinian corals. Annual Review of Ecology, Evolution,
and Systematics 40: 551-571
Baird AH, Sommer B, Madin JS (2012) Pole-ward range expansion of Acropora spp. along

the east coast of Australia. Coral Reefs 31:1063

86



Baker AC, Glynn PW, Reigl B (2008) Climate change and coral reef bleaching: An
ecological assessment of long-term impacts, recovery trends and future outlook.
Estuarine, Coastal and Shelf Science 80:435-471
Ball EE, Hayward DC, Reece-Hoyes JS, Hislop NR, Samuel G, Saint R, Harrison PL,
Miller DJ (2002) Coral development: from classical embryology to molecular
control. International Journal of Developmental Biology 46:671-678

Banks SA, Harriott VVJ (1995) The coral communities of the Gneering Shoals and
Mudjimba Island, south-eastern Queensland. Marine and Freshwater Research
46:1137-1144

Barbosa SS, Klanten OS, Jones H, Byrne M (2012) Selfing in Parvulastra exigua: an
asterinid sea star with benthic development. Marine Biology DOI: 10.1007/s00227-
012-1887-8

Barton K (2013). MuMIn: Multi-model inference. R package version 1.9.5.
http://CRAN.R-project.org/package=MuMIn

Bassim KM, Sammarco PW, Snell TL (2002) Effects of temperature on success of (self
and non-self) fertilization and embryogenesis in Diplora strigosa (Cnidaria,
Scleractinia). Marine Biology 140:479-488

Bellwood DR, Hughes TP (2001) Regional-Scale Assembly Rules and Biodiversity of
Coral Reefs. Science 292:1532-1534

Berrill NJ (1935) Studies in tunicate development part I11: differential retardation and
acceleration. Philosophical Transactions of the Royal Society of London B:

Biological Sciences 225:255-326

87



Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulson JR, Stevens MHH, White J-SS
(2008). Generalized linear mixed models: a practical guide for ecology and
evolution. Trends in Ecology and Evolution 24:127-135

Bozinovic F, Colosi P, Spicer J (2011) Physiological correlates of geographic range in
animals. Annu Rev Ecol Evol Syst 42:155-179

Breheny P, Burchett W (2013) visreg: Visualization of regression models. R package
version 2.0-2. http://CRAN.R-project.org/package=visreg

Brown JH, Stevens GC, Kaufman DM (1996) The geographic range: size, shape,
boundaries, and internal structure. Annual Review of Ecology and Systematics
27:597-623

Byrne M (2011) Impact of ocean warming and ocean acidification on marine invertebrate
life history stages: vulnerabilities and potential for persistence in a changing ocean.
In: Gibson RN, Atkinson RJA, Gordon JDM (eds) Oceanography and Marine
Biology, 49: 1-42

Cahill AE, Aiello-Lammens ME, Fisher-Reid MC, Hua X, Karanewsky CJ, Ryu HY,
Sbeglia GC, Spagnolo F, Waldron JB, Warsi O, Wiens JJ (2012) How does climate
change cause extinction? Proceedings of the Royal Society B 280: 20121890.

Chown SL, Gaston KJ, Robinson D (2004) Macrophysiology: large-scale patterns in
physiological traits and their ecological implications. Functional Ecology 18:159-
167

Chua CM, Leggat W, Moya A, Baird AH (2013a) Temperature affects the early life stages
of corals more than near future ocean acidification Marine Ecology Progress Series

475:85-92

88



Chua CM, Leggat W, Moya A, Baird AH (2013b) Near-future reductions in pH will have
no consistent ecological effects on the early life-history stages of reef corals.
Marine Ecology Progress Series 486:143-151
Clarke A (2009) Temperature and Marine Macroecology. In: Witman JD, Roy K (eds)
Marine Macroecology. University of Chicago Press, Chicago, pp250-278
Clarke KR (1993). Non-parametric multivariate analyses of changes in a community
structure. Aus. J. Ecol. 18, 117-143
Clarke KR, Warwick RM (1994). Similarity-based testing for community pattern: the 2-
way layout with no replication. Marine Biology 118, 167-176
Coles SL, Jokiel PL, Lewis CR (1976) Thermal tolerance in tropical versus subtropical
Pacific reef corals. Pacific Science 30:159-166
Coles SL (1988) Limitations on reef coral development in the Arabian Gulf: temperature or
algal competition? Proc 6th Int Coral Reef Symp 3:211-216

Connolly SR, Baird A (2010) Estimating dispersal potential of marine larvae: dynamic
models applied to scleractinian corals. Ecology 91:3572-3583

Cowen RK, Sponaugle S (2009) Larval dispersal and marine population connectivity.
Annual Review of Marine Science 1:443-466

Crossland CJ (1981) Seasonal growth of Acropora cf. formosa and Pocillopora damicornis
on a high latitude reef (Houtman Abrolhos, Western Australia). Proc 4th Int Coral
Reef Symp 1:663-667

Crow JF (1994) Advantages of sexual reproduction. Developmental Genetics 15:205-213

Dalton SJ, Roff G (2013) Spatial and temporal patterns of eastern Australia subtropical

coral communities. PloS ONE 8: e75873

89



Dana JD (1843) On the temperature limiting the distribution of corals. American Journal of
Science 45:130-131

Darling ES, Alvarez-Filip L, Oliver TA, McClanahan TR, Coté IM (2012) Evaluating life-
history strategies of reef corals from species traits. Ecology Letters 15: 1378-1386

Davis MG, Shaw RG (2001) Range Shifts and Adaptive Responses to Quaternary Climate
Change. Science 292: 673-679

Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS, Ghalambor CK, Haak DC, Martin PR

(2008) Impacts of climate warming on terrestrial ectotherms across latitude. Proc
Natl Acad Sci USA 105:6668-6672

Diaz A, Keith SA, Bullock JM, Hooftman DAP, Newton AC (2013). Conservation
implications of long-term changes detected in a lowland heath plant metacommunity.
Biological Conservation 167: 325-333

Diaz M, Madin JS (2011) Macroecological relationships between coral species traits and
disease potential. Coral Reefs 30:73-84

Edinger EN, Risk MJ (1995) Preferential survivorship of brooding corals in a regional
extinction. Paleobiology 21:200-19

Edmondson CH (1946) Behavior of coral planulae under altered saline and thermal
conditions. Bernice P Bishop Museum- Occassional Papers 18:283-304

Feary DA, Pratchett MS, J Emslie M, Fowler AM, Figueira WF, Luiz OJ, Nakamura Y,
Booth DJ (2013) Latitudinal shifts in coral reef fishes: why some species do and
others do not shift. Fish and Fisheries: doi: 10.1111/faf.12036

Figueira WF, Booth DJ (2010) Increasing ocean temperatures allow tropical fishes to

survive overwinter in temperate waters. Global Change Biology 16:506-516

90



Figueiredo J, Baird AH, Connolly SR (2013) Synthesizing larval competence dynamics
and reef-scale retention reveals a high potential for self-recruitment in corals.
Ecology 94:650-659

Figueiredo J, Baird AH, Harii S, Connolly SR (2014) Increased local retention of reef coral

larvae as a result of ocean warming. Nature Climate Change advance online
publication:04/28/online

Fox J, Weisberg S (2011) An {R} Companion to Applied Regression, Second Edition.

Thousand Oaks CA: Sage.
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
Gaston KJ (2000) Global patters in biodiversity. Nature 405: 220-227
GBROOS (2012) Great Barrier Reef Ocean Observing System. Australian Institute of
Marine Science: data.aims.gov.au/gbroos/

Goreau TJ, Hayes RL (1994) Coral bleaching and ocean "hotspots". Ambio 23:176-180

Gower JC (1966). Some distance properties of latent root and vector methods used in
multivariate analysis. Biometrika 53: 325-328

Graham E, Baird A, Connolly S (2008) Survival dynamics of scleractinian coral larvae and
implications for dispersal. Coral Reefs 27:529-539

Greenstein BJ, Pandolfi JM (2008) Escaping the heat: range shifts of reef coral taxa in
coastal Western Australia. Global Change Biology 14:1-16

Grigg RW (1982) Coral reef development at high latitudes in Hawaii. Proc 4th Int Coral

Reef Symp 1:687-693

91



Guinotte JM, Buddemeier RW, Kleypas JA (2003) Future coral reef habitat marginality:
temporal and spatial effects of climate change in the Pacific basin. Coral Reefs 22:
551-558

Hardy NA, Lamare M, Uthicke S, Wolfe K, Doo S, Dworjanyn, Byrne M (2014) Thermal
tolerance of early development in tropical and temperate sea urchins: inferences for
the tropicalization of eastern Australia. Marine Biology 161: 395-409

Harriott VVJ (1992) Recruitment patterns of scleractinian corals in an isolated sub-tropical

reef system. Coral Reefs 11:215-219

Harriott VJ, Harrison PL, Banks SA (1995) The Coral Communities of Lord-Howe Island.
Marine and Freshwater Research 46:457-465

Harriott VVJ (1999) Coral growth in subtropical eastern Australia. Coral Reefs 18:281-291

Harriott VVJ and Banks SA (2002) Latitudinal variation in coral communities in eastern
Australia: a qualitative biophysical model of factors regulating coral reefs. Coral
Reefs 21:83-94

Harrison PL, Wallace CC (1990) Reproduction, Dispersal and Recruitment of Scleractinian
Corals. In Coral Reef Ecosystems, Ecosystems of the World VVolume 25 (Ed. Z.
Dubinsky) pp. 133-207. Amsterdam: Elsevier Science Publishers

Harrison PL, Dalton SJ, Carroll AG (2011) Extensive coral bleaching on the world's

southernmost coral reef at Lord Howe Island, Australia. Coral Reefs 30:775-775.

Hellberg ME, Balch DP, Roy K (2001) Climate-driven range expansion and morphological

evolution in a marine gastropod. Science 292:1707-1710
Heyward A, Babcock RC (1986) Self and cross-fertilization in scleractinian corals. Marine

Biology 90:191-195

92



Heyward AJ, Negri AP (2010) Plasticity of larval pre-competency in response to
temperature: observations on multiple broadcast spawning coral species. Coral Reefs
29:631-636

Hoegh-Guldberg O (1999) Climate Change, coral bleaching and the future of the world's

coral reefs. Marine and Freshwater Research 50:839-866

Hoey AS, Pratchett MS, Cvitanovic C (2011) High macroalgal cover and low coral
recruitment undermines the potential resilience of the world's southernmost coral reef
assemblages. PloS One 6:e25824

Hoffmann AA, Shirriffs J, Scott M (2005) Relative importance of plastic vs genetic factors
in adaptive differentiation: geographical variation for stress resistance in Drosophila
melanogaster from eastern Australia. Functional Ecology 19: 222-227

Houlbréque F, Ferrier-Pagés C (2009) Heterotrophy in Tropical Scleractinian Corals.
Biological Reviews 84:1-17

Huey RB, Deutsch CA, Tewksbury JJ, Vitt LJ, Hertz PE, Alvarez Perez HJ, Garland T

(2009) Why tropical forest lizards are vulnerable to climate warming. Proc R Soc B
276:1939-1948

Hughes TP, Connell JH (1999) Multiple stressors on coral reefs: a long-term perspective.
Limnol Oceanogr 44:932-940

Hughes T, Baird A, Bellwood D, Card M, Connolly S, Folke C, Grosberg R, Hoegh-
Guldberg O, Jackson J, Kleypas J, Lough J, Marshall P, Nystrom M, Palumbi S,
Pandolfi J, Rosen B, Roughgarden J (2003) Climate change, human impacts, and the

resilience of coral reefs. Science 301:929-933

93



Hughes TP, Graham NAJ, Jackson JBC, Mumby PJ, Steneck RS (2010) Rising to the
challenge of sustaining coral reef resilience. Trends Ecol Evol 25: 633-642.

IPCC (2014). Intergovernmental Panel on Climate Change Fifth Assessment Report.
Working Group II: Impacts, Adaptation, and Vulnerability

Janzen DH (1967) Why mountain passes are higher in the tropics. Am Nat 101:233-249

Jarne P (1995) Mating system, bottlenecks and genetic polymorphism in hermaphroditic
animals. Genetical Research 65: 193-207

Jarne P, Auld JR (2006) Animals mix it up too: the distribution of self-fertilization among
hermaphroditic animals. Evolution 60:1816-1824

Johannes RE, Weibe WJ, Crossland CJ, Rimmer DW, Smith SV (1983) Latitudinal limits
of coral reef growth. Marine Ecology Progress Series 11:105-111

Johnson KG, Budd AF, Stemann TA (1995) Extinction selectivity and ecology of neogene
Caribbean reef corals. Paleobiology 21:52-73

Jones SJ, Mieszkowska N, Wethe DS (2009) Linking thermal tolerances and
biogeography: Mytilus edulis (L.) at its southern limit on the east coast of the United
States. Biol Bull 217:73-85

Keith SA, Baird AH, Hughes TP, Madin JS, Connolly SR (2013) Faunal breaks and
species composition of Indo-Pacific corals: the role of plate tectonics, environment
and habitat distribution. Proceedings of the Royal Society B: Biological Sciences
280, doi: 10.1098/rsph.2013.0818

Kerr AM, Baird AH, Hughes TP (2011) Correlated evolution of sex and reproductive mode
in corals (Anthozoa: Scleractinia). Proceedings of the Royal Society B: Biological

Sciences 278: 75-81

94



Kiessling W, Simpson C, Beck B, Mewis H, Pandolfi JM (2012) Equatorial decline of reef
corals during the last Pleistocene interglacial. Proc Natl Acad Sci USA 109: 21378-
21383. d0i:10.1073/pnas.

Kleypas J, Burrage D (1994) Satellite observations of surface circulation patterns in the
southern Great Barrier Reef, Australia. International Journal of Remote Sensing
15:2051-2063

Kleypas JA, McManus JW, Menez LAB (1999) Environmental limits to coral reef
development: where do we draw the line? Am Zool 39:146-159

Knowlton N, Maté JL, Guzman HM, Rowan R, Jara J (1997) Direct evidence for
reproductive isolation among the three species of the Montastraea annularis complex
in Central America (Panama and Honduras). Marine Biology 127:705-711

Kojis BL, Quinn NJ (1981) Reproductive strategies in four species of Porites
(Scleractinia). Proceedings of the Fourth International Coral Reef Symposium

Lang JC (1973) Interspecific aggression by scleractinian corals. 2. Why the race is not
always to the swift. Bulletin of Marine Science 23:260-279

Laube I, Korntheuer H, Schwager M, Tratmann S, Rahbek C, Bohning-Gaese K (2013)
Towards a more mechanistic understanding of traits and range sizes. Global Ecology
and Biogeography 22: 233-241

Lavergne S, Molina J, Debussche M (2006) Fingerprints of environmental change on the
rare Mediterranean flora: a 115-year study. Global Change Biology 12: 1466-1478

Lima FP, Wethey DS (2012) Three decades of high-resolution coastal sea surface
temperatures reveal more than warming. Nature Communications 3: 704. PubMed:

22426225

95



Ling SD, Johnson CR, Ridgway K, Hobday AJ, Haddon M (2009) Climate-driven range
extension of a sea urchin: inferring future trends by analysis of recent population
dynamics. Global Change Biology 15: 719-731

Logan M (2010). Biostatistical Design and Analysis Using R: a Practical Guide. Wiley-
Blackwell, West Sussex UK.

Lough JM (2008) Shifting climate zones for Australia's tropical marine ecosystems.
Geophysical Research Letters 35:L.14708

Loya Y, Sakai K, Yamazato K, Nakano Y, Sambali H, van Woesik R (2001) Coral
bleaching: the winners and losers. Ecology Letters 4: 122-131

Madin JS and Baird AH (2014) The Coral Trait Database. http://coraltraits.org

Marshall DJ, Bolton TF (2007) Effects of egg size on the development time of non-feeding
larvae. Biological Bulletin 212: 6-11

Marshall DJ, Keough MJ (2008) The relationship between offspring size and performance
in the sea. American Naturalist 171: 214-224

Marshall DJ, Krug PJ, Kupriyanova EK, Byrne M and Emlet RB (2012) The Biogeography
of Marine Invertebrate Life Histories. Annual Review of Ecology, Evolution, and
Systematics Vol. 43: 97-114

Marshall PA, Baird AH (2000) Bleaching of corals on the Great Barrier Reef: differential
susceptibilities among taxa. Coral Reefs 19:155-163

McClanahan TR, Ateweberhan M, Muhando CA, Maina J, Mohammed MS (2007) Effects
of climate and seawater temperature variation on coral bleaching and mortality.

Ecological Monographs 77:503-525

96



Minchin PR (1987) An evaluation of the relative robustness of techniques for ecological
ordination. Vegetatio 69: 89-107

Mileikovsky SA (1971) Types of larval development in marine bottom invertebrates, their
distribution and ecological significance: a re-evaluation. Marine Biology 10:193-213

Miller KJ, Babcock RC (1997) Conflicting morphological and reproductive species
boundaries in the scleractinian coral genus Platygyra. Biological Bulletin 192:98-110

Miller KJ, Mundy CN (2005) In situ fertilisation success in the scleractinian coral
Goniastrea favulus. Coral Reefs 24:313-317

Negri A, Marshall P, Heyward A (2007) Differing effects of thermal stress on coral
fertilization and early embryogenesis in four Indo Pacific species. Coral Reefs
26:759-763

Noreen AM, Harrison PL, van Oppen MJH (2009) Genetic diversity and connectivity in a

brooding reef coral at the limit of its distribution. Proceedings of the Royal Society
B 276:3927-3935

Nozawa Y, Harrison PL (2007) Effects of elevated temperature on larval settlement and
post-settlement survival in scleractinian corals, Acropora solitaryensis and Favites
chinensis. Marine Biology 152:1181-1185

O'Connor MlI, Bruno JF, Gaines SD, Halpern BS, Lester SE, Kinlan BP, Weiss JM (2007)
Temperature control of larval dispersal and implications for marine ecology.
Proceedings of the National Academy of Sciences USA 104:1266-1271

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O'Hara RB, Simpson GL,
Solymos P, Henry M, Stevens H and Wagner H (2013). vegan: Community Ecology

Package. R package version 2.0-8. http://CRAN.R-project.org/package=vegan

97



Oliver J, Babcock R (1992) Aspects of the fertilization ecology of broadcast spawning
corals: sperm dilution effects and in situ measurements of fertilizations. Biological
Bulletin 183:409-417

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate impacts across
natural systems. Nature 421:37-42

Parmesan C (2006) Ecological and evolutionary responses to recent climate change.
Annual Review of Ecology, Evolution, and Systematics 37:637-669

Patterson HM, Swearer SE (2007) Long-distance dispersal and local retention of larvae as
mechanisms of recruitment in an island population of a coral reef fish. Austral
Ecology 32: 122-130

Pechenik JA (1987) Environmental influences on larval survival and development. In:
Giese AC, Pearse JS (eds) Reproduction of Marine Invertebrates. Academic Press,
New York, pp551-608

Pecorino D, Barker MF, Dworjanyn SA, Byrne M, Lamare MD (2014) Impacts of near
future sea surface pH and temperature conditions on fertilisation and embryonic
development in Centrostephanus rodgersii from northern New Zealand and northern
New South Wales, Australia. Marine Biology 161: 101-110

Pereira HM, Leadley PW, Proenca V, Alkemade R, Scharlemann JPW, Fernandez-

Manjarrés JF, Aradjo MB, Balvanera P, Biggs R, Cheung WWL, Chini L, Cooper
HD, Gilman EL, Guénette S, Hurtt GC, Huntington HP, Mace GM, Oberdorff T,
Revenga C, Rodrigues Pc, Scholes RJ, Sumaila UR, Walpole M (2010) Scenarios

for Global Biodiversity in the 21st Century. Science 330:1496-1501

98



Poloczanska ES, Babcock RC, Butler A, Hobday AJ, Hoegh-Guldberg O, Kunz TJ, Matear
R, Milton DA, Okey TA, Richardson AJ (2007) Climate Change and Australian
Marine Life. Oceanography and Marine Biology: An Annual Review 45:407-478

Porter JW (1976) Autotrophy, heterotrophy and resource partitioning in Caribbean reef-
building corals. American Naturalist 110:731-742

Portner HO (2001) Climate change and temperature-dependent biogeography: oxygen
limitation of thermal tolerance in animals. Naturwissenschaften 88:137-146

Precht WF, Aronson RB (2004) Climate flickers and range shifts of reef corals. Front Ecol
Environ 2:307-314

Przeslawski R, Ahyong S, Byrne M, Worheide G, Hutchings P (2008) Beyond corals and
fish: the effects of climate change on non-coral benthic invertebrates of tropical reefs.
Global Change Biol 14:2273-2795

Putnam HM, Edmunds PJ, Fan TY (2008) Effect of temperature on the settlement choice
and photophysiology of larvae from the reef coral Stylophora pistillata. Biol Bull
215:135

R Core Team (2013). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/

Randall CJ, Szmant AM (2009) Elevated temperature affects development, survivorship,
and settlement of the elkhorn coral, Acropora palmata (Lamarck 1816). Biol Bull
217:269

Richmond RH (1987) Energetics, competency, and long-distance dispersal of planula
larvae of the coral Pocillopora damicornis. Marine Biology 93:527-533

Root TL, Price JT, Hall KR, H. SS, Rosenzweig C, Pounds JA (2003) Fingerprints of

99



global warming on wild plants and animals. Nature 421:57-60
Roy K, Witman JD (2009) Spatial Patterns of Species Diversity in the Shallow Marine
Invertebrates: Patterns, Processes, and Prospects. In: Witman JD, Roy K (eds)
Marine Macroecology. The University of Chicago Press, Chicago, pp101-121
Sagarin RD, Barry JP, Gilman SE, Baxter CH (1999) Climate related changes in an
intertidal community over short and long time scales. Ecological Monographs 69:
465-490
Shaw PJA (2003). Multivariate Statistics for the Environmental Sciences. New York, NY:
Oxford University Press.
Somero GN (2010) The physiology of climate change: how potentials for acclimatization
and genetic adaptation will determine 'winners' and 'losers'. Journal of Experimental
Biology 213:912-920
Sommer B, Harrison PL, Beger M, Pandolfi JM (2014) Trait-mediated environmental
filtering drives assembly at biogeographic transition zones. Ecology:
http://dx.doi.org/10.1890/13-1445.1
Sorte CJB, Jones SJ, Miller LP (2011) Geographic variation in temperature tolerance as an
indicator of potential population responses to climate change. Journal of
Experimental Marine Biology and Ecology 400:209-217

Spencer RW, Christy JR (1990) Precise Monitoring of Global Temperature Trends from
Satellites. Science 247:1558-1562

Stehli FG, Wells JW (1971) Diversity and age patterns in hermatypic corals. Systematic

Zoology 20: 115-126.

100



Stevens, GC (1989) The Latitudinal Gradient in Geographical Range - How So Many
Species Coexist in the Tropics. American Naturalist 133:240-256
Stillman JH (2004) A comparative analysis of plasticity of thermal limits in porcelain crabs
across latitudinal and intertidal zone clines. International Congress Series 1275:
267-274
Stoddart JA, Babcock RC, Heyward AJ (1998) Self-fertilization and maternal enzymes in
the planulae of the coral Goniastrea favulus. Marine Biology 99:489-494
Strathmann RR (1985) Feeding and nonfeeding larval development and life-history
evolution in marine invertebrates. Annual Review of Ecology and Systematics
16:339-361
Sunday JM, Bates AE, Dulvy NK (2011) Global Analysis of thermal tolerance and latitude
in ectotherms. Proceedings of the Royal Society B 278:1823-1830
Sunday JM, Bates AE, Dulvy NK (2012) Thermal tolerance and the global redistribution of
animals. Nature Climate Change 2:686—-690
Tewksbury JJ, Huey RB, Deutsch CA (2008) Putting the heat on tropical animals. Science
320:1296-1297
Theis KR, Schmidt TM, Holekamp KE (2012) Evidence for a bacterial mechanism for
group-specific social odors among hyenas. Scientific Reports 2: 614
doi:10.1038/srep00615
Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, Collingham YC, Erasmus
BFN, de Siqueira MF, Grainger A, Hannah L, Hughes L, Huntley B, van Jaarsveld
AS, Midgley GF, Miles L, Ortega-Huerta MA, Townsend Peterson A, Phillips OL,

Williams SE (2004) Extinction risk from climate change. Nature 427:145-148

101



Thorson G. 1950. Reproductive and larval ecology of marine bottom invertebrates. Biol.

Rev. 25: 1-45

Tomlinson J (1966) The advantages of hermaphroditism and parthenogenesis. Journal of

Theoretical Biology 11:54-58

Trouvé S, Degen L, Renaud F, Goudet J (2003) Evolutionary implications of a high selfing

rate in the fresh water snail Lymnaea truncatula. Evolution 57: 2303-2314

Ulstrup KE, Berkelmans R, Ralph PJ and VVan-Oppen MJH (2006) Variation in bleaching

sensitivity of two coral species across a latitudinal gradient on the Great Barrier Reef:

the role of zooxanthellae. Marine Ecology Progress Series 314: 135-148
Uthicke S, Schaffelke B, Byrne M (2009) A boom-bust phylum? Ecological and
evolutionary consequences of density variations in echinoderms. Ecological

Monographs 79: 3-24

Valentine JW, Jablonski D (1986) Mass extinctions: sensitivity of marine larval types.

Proceedings of the National Academy of Sciences 83: 6912-6914
Valentine JW (2009) Overview of Marine Biodiversity. In: Witman JD, Roy K (eds)
Marine Macroecology. The University of Chicago Press, Chicago, pp 3-28
Veron JEN, Done TJ (1979) Corals and coral communities of Lord Howe Island.

Australian Journal of Marine and Freshwater Research 30:203-236

Veron JEN (1992) Environmental control of holocene changes to the world's most northern

hermatypic coral outcrop. Pac Sci 46:405-425

Veron JEN (1993) A biogeographic database of hermatypic corals. Australian Institute of

Marine Science, Townsville

102



Veron JEN (1995) Corals in Space and Time: The Biogeography and Evolution of the
Scleractinia. Cornell University Press, New York

Veron JEN (2000) Corals of the world. AIMS, Townsville

Veron JEN, Devantier LM, Turak E, Green AL, Kininmonth S, Stafford-Smith M, Peterson

N (2009) Delineating the coral triangle. Galaxea 11:91-100

Wallace CC (1999) Staghorn Corals of the World. CSIRO, Collingwood

Warton DI, Wright TW, Wang Y (2012). Distance-based multivariate analyses confound
location and dispersion effects. Methods in Ecology and Evolution 3: 89-101

Wells JW (1955) A survey of the distribution of reef coral genera in the Great Barrier Reef
region. Reports of the Great Barrier Reef Committee 6: pt 2: 21-29

Willig MR, Kaufman DM, Stevens RD (2003) Latitudinal gradients of biodiversity:
pattern, process, scale, and synthesis. Annual Review of Ecology Evolution and
Systematics 34:273-309

Wilson JR, Harrison PL (1998) Settlement-competency periods of larvae of three species
of scleractinian corals. Marine Biology 131:339-345

Wood S, Paris CB, Ridgwell A, Hendy EJ (2014) Modelling dispersal and connectivity of
broadcast spawning corals at the global scale. Global Ecology and Biogeography
23:1-11

Woodroffe CD, Brooke BP, Linklater M, Kennedy DM, Jones BG, Buchanan C, Mleczko
R, Hua Q, Zhao J-x (2010) Response of coral reefs to climate change: Expansion and
demise of the southernmost Pacific coral reef. Geophys Res Lett 37:L.15602

Woolsey E (2007) Coral spawning conditions in the southern Great Barrier Reef and the

potential for southerly larval dispersal. Masters thesis, University of Sydney.

103



Woolsey E (2012) Self-fertilization suppresses thermal tolerance in embryos of reef-
building coral. Proceedings of the 12th International Coral Reef Symposium, Cairns,
Australia, 9-13 July 2012.

Woolsey ES, Byrne M and Baird AH (2013) The effects of temperature on embryonic
development and larval survival in two scleractinian corals. Marine Ecology Progress
Series 493: 179-184.

Yamano H, Sugihara K, Nomura K (2011) Rapid poleward range expansion of tropical reef
corals in response to rising sea surface temperatures. Geophys Res Lett 38:L.04601,

doi:04610.01029/02010GL 046474

104



APPENDIX I: Additional publications during PhD candidature, including brief
descriptions of my contributions. Final published versions of first authored manuscripts are
included in the following pages.

1. Baird AH, Gudge S, Keith S, Tan C-H, Woolsey ES (in preparation) Coral
reproduction on a high latitude reef: Lord Howe Island, Australia.

ESW contribution: Assisted with fieldwork and data collection.

2. de Bérigny Wall C, Gough P, Faleh M, and Woolsey E (2014) Tangible user
interface design for climate change education in interactive installation art.
Leonardo (MIT Press).

ESW contribution: Scientific advisor to the artists, provided content as well
as access to field stations on the Great Barrier Reef, wrote large sections of the
manuscript.

3. Woolsey E, Byrne M, Beaman R, Williams S, Pizarro O, Bridge T,
Thornborough K, Davies P and Webster J. (2013) Ophiopsila pantherina beds on
subaqueous dunes off the Great Barrier Reef. In Echinoderms in a Changing
World. C. Johnson et al (eds).

ESW contribution: Led data collection, analysis, and manuscript preparation.
See published version in the following pages.

4. Schmidt-Roach S, Miller K, Woolsey E, Gerlach G and Baird A (2012)
Spawning by Pocillopora species on the Great Barrier Reef. PlosOne 7(12):
€50847. doi:10.1371/journal.pone.0050847.

ESW contribution: Assisted with fieldwork and data collection.

5. Woolsey E, Bainbridge S, Kingsford M and Byrne M (2012) Impacts of Cyclone
Hamish at One Tree Reef: integrating environmental and benthic habitat data.
Marine Biology 159: 793-803.

ESW contribution: Led data analysis and manuscript preparation. See
published version in the following pages.

105



6. Schneider K, Silverman J, Woolsey E, Eriksson H, Byrne M and Caldeira K
(2011) Potential influence of sea cucumbers on coral reef CaCOj3 budget: a case
study at One Tree Reef. Journal of Geophysical Research — Biogeosciences. Vol.
116, Issue GA4.

ESW contribution: Conducted surveys of holothurian populations at One
Tree Island, assisted with manuscript preparation.

7. Byrne M, Selvakumaraswamy P, Ho MA, Woolsey E and Nguyen HD (2011)
Sea urchin development in a global change hotspot, potential for southerly
migration of warm adapted propagules. Deep Sea Research 11 58: 712-719.

ESW contribution: Processed and presented sea surface temperature data.

106



Mar Biol (2012) 159:793-803
DOI 10.1007/s00227-011-1855-8

ORIGINAL PAPER

Impacts of cyclone Hamish at One Tree Reef: integrating
environmental and benthic habitat data

Erika Woolsey - Scott J. Bainbridge -
Michael J. Kingsford - Maria Byrne

Received: 6 June 2011/ Accepted: 7 December 2011/ Published online: 30 December 2011

© Springer-Verlag 2011

Abstract The southern Great Barrier Reef (GBR), a
region that rarely experiences cyclones, was impacted by
tropical cyclone (TC) Hamish in March 2009. We docu-
mented on-reef physical and habitat conditions before,
during and after the cyclone at One Tree Reef (OTR) using
data from environmental sensor instrumentation and ben-
thic surveys. Over 5 years of monitoring, ocean mooring
data revealed that OTR experienced large swells (4-8 m)
of short duration (10-20 min) not associated with a
cyclone in the area. These swells may have contributed to
the physical disturbance of benthic biota and decline in
coral cover recorded prior to and after TC Hamish. During
the cyclone, OTR sustained southeasterly gale force winds
(>61.2 km h™!) for 18.5 h and swells >6 m in height for
4 h. Benthic surveys of exposed sites documented a 20%
drop in live coral cover, 30% increase in filamentous algae
cover and the presence of dislodged corals and rubble after
the storm. Leeward sites were largely unaffected by the
cyclone. Benthic cover did not change in the lagoon sites.
Significant rubble movement and infill of the lagoon
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occurred. Two years after the cyclone, algal cover
remained high and laminar corals had not recovered. Total
coral cover at impacted sites had continued to decline.
Environmental conditions and habitat surveys supported
Puotinen’s (Int J Geogr Inf Sci 21:97-120, 2007) model for
cyclone conditions that cause reef destruction. While TC
Hamish had a major impact on the reef, change in benthic
cover over several years was due to multiple stressors. This
on-reef scale integration of physical and biological data
provided a rare opportunity to assess impacts of a major
storm and other disturbances, showing the importance of
considering multiple stressors (short-lived and sustained) in
assessing change to reef habitats.
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OphlopsleePantherlna beds on subaqueous dunes off the Great
Barrier R

E. Woolsey, M. Byrne, J. M. Webster, S. Williams, O. Pizarro, K. Thornborough & P. Davies
University of Sydney, Sydney, Australia

R. Beaman
James Cook University, Cairns, Australia

T. Bridge
James Cook University, Townsville, Australia

ABSTRACT: An autonomous underwater vehicle (AUV) was used to generate images of an Ophiopsila pan-
therina population on subaquous dunes at Hydrographers Passage, 200 km off the Australian mainland. High-
resolution stereo images captured by the AUV were used to determlne population structure of the aggrega-
tions, which consisted of adults at a mean density of 418 animals m™ at depths of 65-70 m. Ophiopsila pan-
therina (8-15 mm dd) takes advantage of their elevated position on the lee side of the dunes for suspension
feeding. On contact stimulation, the arms emit visible light as a bright green flash that travels down the arm.
These aggregated ophiuroid communities in dune fields may be a specialized natural feature for consideration
in managing common inter-reefal sandy habitats within the Great Barrier Reef Marine Park.
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