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APeople ask: Why should | care about the ocea
life support system, it shapemate and weather. It holds most of life on earth. 97% of earth's

water is there. It's the blue heart of the planewe should take care of our heart. It's what

makes life possible for us. We still have a really good chance to make things betteeyharet

They won't get better unless we take the action and inspire others to do the same thing. No one is
without power. Everybody has the capacity to

Sylvia A. Earle



http://www.goodreads.com/author/show/40044.Sylvia_A_Earle

Summary

It is predicted that ocean acidification (OA) threatens coral reefs worldwide, by lowering
seawater pH which in turn compromises essential metabolic processes such as carbonate genesis
of corals. Inshore waters however, experientferént spatial and temporal carbonate chemistry
variability, raising questions over the future impact of OA within these habitats. It also remains
unclear whether local biogeochemical conditions of some marine habitats can buffer, or provide
a refuge agast OA. The thesis systematically examines the response (ecological abundance,
distribution, recruitment, and metabolic expenditure) of cdahathave expanded their niche

into variable pH habitats, to assess both the potential impact of OA and wdrggHeabitats

may act as a refuge against its effects(pyestablishing robust methods to measure the local
carbonate chemistry and the metabolic activity of conassty, (ii) characterising the natural
carbonate chemistry variability over differeatrtporal and spatial scales, and evaluating the
biological versus abioticontrol of nonreef habitats, (i)i quantifying the metabolic expenditure

of corals living within norreef habitats and assessing whether thersianitaritiesin the
physiological responses of corals existing in different regions to asceostamonalities, and

finally (iv) testing the impact of future predicted changes in temperature and pH on the
physiological responses of corals from different variabilityitsds. The thesis demonstrates that
across bioregion sites naaef habitats exist that have highly variable carbonate chemistry but
still house corals. These noeef habitats have very different carbonate chemistry, influencing
both their own susceptiliy to future OA and their potential services (buffering versus pre
conditioning) for local coral populations. Future studies can expand on this work by assessing
the molecular differences of corals found within these highlyable habitats to explorarther

the potential of adaptation and/or acclimatisation of coral speciew foH.
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ChaptCernelal |l nt r oduc

1.1| Tropical coral reefs

Coral reefs are considered a flagship ecosystem, providing life support and housing greater
diversity than any other habitat on planet Earth. Coral reefs occupy less than 0.01e% of t

marine environment, yield approximately 25 % of the fish catch in developing nations, and
generate up to 30 % of export earnings in 100 countries that prometelegedl tourism (Burke

et al.,2011); together these services from coral reefs and agso@onnected systems (e.qg.

seagrass beds) have been valued between $6,075 and $22,832 US$ per hectare per year (Moberg
& Folke, 1999). Reef habitats support millions of people through the economic, biological and
social services they provide (Table 1({orm et al.,2006; Wilkinson, 2008; Sheppaed al.,

2010; Barbieet al, 2011; Hicks, 2011).

The main skeletal structure of coral reefs is formed by scleractinian corals, an order
within the phylum Cnidarian. Scleractinian corals are typically col@md are comprised of
individual polyps that secrete calcium carbonate (CgG#&hich forms the basis of the reef
infrastructure. The secreted Cagd®mains after a coral dies which allows reef accretion by
providing a suitable framework for future growahd reef evolution (Merkst al.,2004; CoRis,
2012). Scleractinian coral communities around
than 700 species found in the InBacific but fewer than 70 species found in the Atlantic basin
(Sorokin, 1995). Corals are both auémd heterdrophs with many taxa reliant upon a symbiotic
relationship with endosymbiotic algae (collectively termed zooxanthellae), which can transfer up
to 90 %of the organic products produced by photosynthesis to the host coral (Sumich, 1996). In
some instances coral species canegulate their heterotrophic capacity under conditions that

1
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are not optimal for the alga symbionts (e.g. Anthony, 1999), thudgditi@n to providing
complex reef architecture, scleractiniain corals act as keystone primary producers at the base of
reef food webs.

Corals exhibit different life histories that influence their growth rates, energy expenditure
and reproductive strategg (Hugheet al.,1992; Sorokin, 1995; Hall & Hughes, 1996), which
in-turn can determine the survival and resilience of coral species challenged by increasing
disturbances and environmental change (Garrabou & Harmelin, 2002). Massive corals tend to
have aslow growth rate and expend large amounts of energy into growth and metabolic
regulation (Sorokin, 1995). The leprofile of massive corals often provides greater stability to
the reef infrastructure (Lirman & Fong, 1997) and consequently their presethoeight to
enhance reef resilience (Kenyenal.,2006). However, ecosystems dominated by massive
corals appear to support less biodiversity and productivity (Alvilgz et al.,2009). Other
corals, such as the branching and plating corals havéea gmewth rate and can repair damage
quicker than the massive corals (Lirman & Fong, 1997; McClanahal, 2002). Branching
corals provide the greatest thh@ienensional infrastructure and are thus considered the dominant

habitatcreating corals on aglalthy reef system (Bellwoaet al.,2004; Sheppardt al.,2010).
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Table 1.1] Summary of key services provided by coral reef habitats
(Hoegh-Guldberg, 1999; Moberg & Folke, 1999; Barbieret al.,2011)

Support high- Heritage and culture Support over 50
biodiversity livelihoods

Biological control Intrinsic value Coastal protection

Biogeochemical services Support of spiritual and Erosion control
religious values
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1.2| Coral calcium carbonate genesis

Coral reefs precipitatea.h al f o f t h g(Smith,1978),aveh ratea & €lcification
estimated at 10 kg fiyear! (Chaveet al, 1975). Coral skeletdiormation is thought to use
carbonate iongX 0 as described by equation 1, wheréby combines with calcium ions
(6 @ ) to formCaCQ However, bicarbonate (HGQ has also been proposed as the main
source ofdissolveinorganic carbofDIC) due to the low ratio ofg 0 ]/[HCO3] at the
physiological pH of 7.8.0 (Ichikawa, 2007). In this case, calcification would occur by the
reaction of¢"O0 U and0 & producing two byproducts:60 andO U as shown in equation 2.
Thus the majosource of DIC for calcification remains debated. Similarly, both external DIC
(Landet al.,1975; Goiraret al.,1996; Gattuset al.,1999) and internal metabolicaltjerived
sources of DIC (Taylor, 1983; Furdd al.,2000) have been argued as the preficarbon
source. As yet, no fione size fits all model 0O

in corals, perhaps reflecting that different taxa may ultimately have evolved different strategies

to calcify.
0 00 90wo0 [1]
0 ¢O00° 6wo 0 60 oV} [2]

Within corals, the site of calcification is between the base of the calicoblastic epithelium
and the skeleton surface. Seawater is broadly thought to provide the starting fluid for coral
calcification which passively diffuses to the site of calcification (Coéeal.,2001; Braun &

Erez, 2004; Cohen & Holcomb, 2009), for example, seawater leakage through the tissue

membranes as the calicoblastic epithelium pulsates (Tandiwte1996; Furlaetal., 2000;
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Cohen & Holcomb, 2009). Coral calcification will not occur spontaneously due to kinetic
barriers which include(i) low concentrations ad U (Garrels & Thompson, 1962; Lippmann,
1973),(ii) high hydration energy of Ga(Lippmann, 1973)ard (iii) high concentration of

sulphate and magnesium (Kastner, 1984). Consequently, calcification occurs in compartments
that can be modified and tightly regulated to the required conditions (Cohen & Holcomb, 2009;
Tambuttéet al,, 2011). In 2003, AHorarn et al.demonstrated a pH change at the site of
calcification, which has been attributed to a plasma membraiiedT®ase antiporter elevating

the calcification fluid pH and saturation stétg. The antiporter removes two hydrogen ions

(H") for every C&" transported from the calicoblastic epithelial cells (Cohen & Mc Connaughey,
2003; Zoccolat al.,2004; Tambuttet al, 2012). The described igransporter demonstrates

the energetic cost of calcification to corals with estimates that upto 20 %eafacl 6 s ener gy
budget can be spent on calcification (Cohen & Holcomb, 2009).

Coral calcification does not directly require photosynthesis as corals can calcify at night
(Cohen & McConnaughey, 2003). However, coral calcification appears to be elevated in th
light, with average calcification rates reported to be three times greater durirgdrgids
(Gattuscet al, 1999). The relationship between photosynthesis and calcification remains debated
despite extensive research into this area (Allenedradl,2011). One train of thought is that
photosynthesis increases the concentratioris @f and the aragonite saturation state¢
which may stimulate calcification (Allemared al, 1998). However, it seems unlikely that the
elevation of they ag by photosynthesis is solely responsible for kighhanced calcification
because: (i) photosynthesis lowersAd&¥els which is selinhibiting and consequently limits
the ability to increase the,g(Cohen & McConnaughey, 2003), and (ii) an experimental

increase in the agdriven by the addition of Gawas shown tdtvaveminimal impact on
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calcification rates (Gattuset al.,1998). Photosynthesis does however result in an active carbon
cycle and the production ofd&nosineTlri-Phosphate (ATR)which canenhance processes that
require ATP, such as calcification (Moraniet al, 2003).

An alternative view is that calcification may stimulate photosynthesis by maintaining
CQO; levels via the byproduct of CaC@formation, thus ensuring that G@vels arenot
depleted for photosynthesis (McConnaughesl.,2000). However, work by Gattus al.
(2000) found that photosynthesis continued uninhibited when calcification was almost ceased.
Another suggestion has been that calcification may stimulate nutptake by the proton
secretion of the C&ATPase antiporter, aiding nutrient uptake (Cohen & McConnaughey,
2003). As summarised, review of the current literature demonstrates that the exact relationship
between calcification and photosynthesis remainganclt seems plausible that species
differences exist for the way these two processes interact, which would explain some of the
differences in experimental results. The interaction of these two processgsared further in

Chaptes 5 & 6.

1.3| Oceanacidification

The ocean plays a vital role in climate regul
through the absorption of atmospheric{Ducklow et al.,2001; IPCC, 2007). However, since

the industrial revolutionlevated atmospheric G®as driverocean warmingnd the

simultaneous absorption of this €By the oceanca. 33-50 % Sabineet al, 2004)is making it

more acidic (oean acidification, OA, Gattus al.,1999;HoeghGuldberg, 2011 OA is the

net result of lowered pH via afgions in carbonate chemistry (Gattuso & Hansson, 2011;

HoeghGul dber g, 2011). The oceansdé6 pH has alread
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industrial times and may get as low as 7.8 by 2100 (Gattuso & Lavigne, 20®yarious
anthropogenicalidriven CQ emissions scenarios suggesting that by the end of the century

ocean pH could be the lowest it has been in more than 50 million years (Figure 1.1, IPCC, 2015).

8.2

8.0

(pH unit)

7.8

76 — b :
1950 2000 2050 2100
Year

Figure 1.1| Global ocean surface pH historical record and future predicted trajectory.

Taken from the Intergovernmental Panel on Climate Change (IPC&)s&ssment report, the
multi-model assessment shows time series data from 2050 to 2100 for globaurfaae pH.

The blue line is the RCP2.6 projection (bease) and the red line is the RCP8.5 projection
(worstcase, businesasusual). The black line shows the historical model using reconstructed
data. The shading around each line shows the levelscgitainty. Numbers indicate the number
of models that went into the projection (IPCC, 2015).

The carbonate system of seawdtdihe carbonate system of seawater consists of three
main inorganic forms: C§(aq),HCOs; andd 0 . A fourth form,carbonic acid (KHCQOs) also
exists but is normally represented®, (aq) as its concentrations are minirGal0.3 %)

(Zeebe & WoltGladrow, 2001). The carbonate system is related via a series of chemical
equilibrium reactions that can shift in accordatecehanges itemperature, pressure and salinity

(see equations-38). As atmospheric levels of G@dcrease the carbonate system of the ocean

shifts to reestablishes equilibrium. Atmospheric @®absorbed by surface seawater and is in
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thermodynamiceqluii br i um accor di ng t ofddesawealdasid L aw.
(H2COs) which rapidly dissociates to form HG@nd a proton (H. The HCQ  also dissociates
to formé U and another H this H formation lowers the pH to make the water more acidic
(strictly, less alkaline for OA where even the most seeenission scenarios predict pH to

remain >7.0, i.e. neutral).

80 06 P 06 [3]
0606P 060 'O [4]
066P 60 O [5]

The buffering capacity afeawater is quantified by the Revelle factor which is a measure
of how the partial pressure of G seawater changes for a given change in DIC (Sadiak,
2004). The Revelle factor means that a doubling in atmospheso@results in a 10 %
chang in DIC (provided temperature and other factors remain the same). Buffering ability of
seawater is due t U which reacts wittCO, and HO to form 2HCQ' (see equation 6).

However, despite the buffering fromm0 , the acidity of seawater stilicreases slightly as

some of the HC@dissociates to ford (0 and H. Current rates of change in g@nd
consequently Hproduction) exceethe natural geological scales of buffering; historically (over
the last 50 million years) ocean mixing ovemder time scales has been able to buffer the
seawater chemistry via interactions with carboisa@iment. As the oceans absorb morg CO

their ability to buffer changes in seawater chemistry are reduced (Zedh#f&ladrow, 2001)

Di
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The total alkaliniy (TA) of seawater also influences the buffering capacity of seawater
and according to Dickson (1981) is defined as:
Aithe number of moles of hydrogen ion equiyvV
di ssoci at i o i oweopm®n donors (adid®>10*6) in 1kg of sample
(Dickson, 1981).
TA is a conservative property and relational to charge balance in seawater. In seawater, the
charge balance of conservative species is not equal with slightly more cations than a2igns (~
mmol kg'). Suchan imbalance is equal to the TA and is compensated for by the anions of
H,COs Thus, TA can be described as the difference between the sum of conservative cations
minus the sum of conservative anions in seawater (see equation 7). Both TA and DIC are
important to ocean chemistry and are influenced by biogeochemical processes such as
precipitation and dissolution of CaGO
00 060 "O0 ©° O [6]

BOEEi QI O@OVEBDE &1 Qi H1& MO WE 6&XNQMa Q¢ QO & [7]

The saturation states of calcium carbonaf€he saturation state| ()of carbonate
mi nerals calcite and aragonite agqefCaC@inl uenced
seawater is dependent on the concentrations Tfabad 0 and their solubility products (see
equation 8). Iy i avalee of 1.0 then the water is supersaturated with regaatiagonite,
and if < 1.0then seawaterisundsrat ur at e d. | mportantl y,ofq for t
CaCQare not the same as aragonite is more soluble than calcite due to itscrnihiorh
structure (Figure 1.2) (Zeebe & WaHladrow, 2001). Consequently some marine organisms,
e.g. corals (aragonite skeleton), are at a greater risk from OA than others, e.g. soft corals (calcite

skeleton). There are differencesgin  €4CQ between thé&lorth Pacific and North Atlantic
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Oceans; the North Pacifichasaloweb e cause t he water i s

longer since it was last in contact with the atmosphere so it has taken up mdrer@O
remineralisation, resulting in lowétl concentrations (Zeebe & WeGladrow, 2001). As the
oceans become more acidic, there will be tess resulting in lowelg €d4CQ. The reduced
q exwgemely problematic for marine calcifers as seawater will start to becomesatdexted
atshallower depths, making calcification a more costly process (Ga&twap1999; Gattuso &

Hansson, 2011; Ries, 2011a).

[8]

Aragonite

Calcite

— Unite Cell
Pseudohexagonal prisr

Figure 1.2| The different structures of the calcium carbonate minerals calcite and aragonite
(Pengelly, 2012)Aragonite is the more soluble form of calcium carbonate due to its
orthorhombic structure and is the form typically used by hard coraldindseindicate the
bonding structure.
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Threats of ocean acidification on reef proceds@$e range of threats of OA on marine
life and reef processes are still being uncovetedecrease in pH of 0.4 units (expected by
2100) will result in an 10A50 %increase in FAconcentrations (Ot al.,2005), a 360 %
decrease i® U (Sabineet al.,2004) and a resulting decrease indhef CaCQ (Figure 1.3).
All of these chemical changes threaten to disrupt marine systems and their functions @attuso
al., 1999; Zeebe & WolGladrow, 2001; Gattuso & Hansson, 2011; He€alldberg, 2011).
Some of the major threats identified inclu@iginterference with extracellular and intercellular
pH of organisms (Crawlesgt al.,2010; Gattuso & Hansson, 2011; Mdloah et al.,2012),(ii)
reduced buffering capacity of the ocean and thus increased sensitivity to environmental change
(Eglestoret al.,2010),(iii) disrupted and reduced rates of calcification which can alter species
fitness and potentially create agseshift from a CaC@dominated reef system to an organic
algal dominated system (Faleyal.,2008; HaltSpenceet al.,2008; Kuffneret al.,2008),(iv)
altered biological processes like photosynthesis that consume inorganic carbon (&attyso
1999; Gattuso & Hansson, 2011y) potential metabolic suppression (Portner & Reipschlager,
1996; Guppy & Withers, 1999{yi) disruption to larval stages (Mundayal.,2009),(vii) a shift
in species distributior(yviii) disruption of trophic levels, an@) an altering of CaC@and
organic matter cycling (Fabmt al.,2008). Collectively these impacts threaten marine food
webs, ecosystem services and biodiversity; negative effects are predicted on the survival, growth,
calcification and reproduction of many marine organisms by the end of the century (Kebeker

al., 2010).

11
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Figure 1.3| The Bjerrum Plot. lllustration of the carbonate species of seawater and their
equilibrium relationships (Nature Education, 2012). Changes in the relative proportions of
carbon dioxide (C¢), bicarbonate’'Qd) ) and carbonated() ) influence seawater pH and the
buffering ability of seawater.

The impact of ocean acidification on scleractinian cofaSlobal CQ emissions are
tracking above worstase scenarios from th& Bitergovernmental Panel on Climate Change
(IPCC) report, with dire consequences predicted for coral reef ecosystems (van Heobidlonk
2014). Corals with their CaCGQkeleton are at risk &g decrease (Anthongt al.,2011a;

Pandolfiet al, 2011). Ashe oceans become more acidic rates of dissolution will increase and
the availability ofd 0 will fall making it harder to form CaC{{Rodolfo-Metalpaet al, 2011;
McCullochet al.,2012).Coral reefs produce the more soluble form of Cg@tagoniteduring
bio-mineralisation (Cohen & Holcomb, 2009) and thus are more susceptible to dissolution
Notably dissolution of CaCgJs increasing by 0.003 to 1rfinol kg* year* near theg arg horizon
(Feelyet al.,2004). Wherf6 0 ] reach 20Grmol kg* (water) or less, the net accretion of coral

reefs nears zero. This ion concentration is approached as atmospheric levelsed#dd@50

12
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ppm, a level predicted to be reached before 2100 (IPCC, 2007; Gattuso & Hansson, 2011;
HoeghGuldberg, 2011).

As pH andq fall, many reef species and communities are predicted to experience a net
decrease in calcification (Langdehal.,2000; Anderssoet al.,2 0 0 9 ; eDab,208%; h
Silvermanet al.,2009; Priceet al.,2012). Controlled laboratory studies halezumented a
reduction in calcification rates of a wide range of marine organisms, including corals, under
future predictions for OA (see Table 1@attusoet al.,1998 Marubini & Thanke 1999; Ohde &
vanWoesik, 1999; Langdaet al.,2000; Leclerccet al, 2000; Leclerceet al.,2002; Gazeaet
al., 2007; Fabryet al.,2008; Rie<t al.,2010; Porzicet al.,2011; Ries, 2011a; Kroeket al.,

2013; Crooket al, 2013). Laboratory studies have documented decreases in coral calcification
ranging from 3 % to 79 % (Gattusbal.,1998; Marubini and Thanke, 1999; Ohde and
vanWoesik, 1999; Lecleroef al.,2000; Leclerceet al.,2002; Crooket al, 2013), and have
found juvenile recruitment and pestttlement particularly threatened to decreasir{glbright

et al.,2008; Albrightet al.,2010; Albright & Langdon, 2011; de Putrehal.,2011). Other
studies however, have revealed spesjgcific responses to OAdt include negative, neutral
and positive responses to increasing levels of (R@ynauckt al.,2003; Juryet al.,2010; Ries,
2011b; Kroekeet al.,2013). Examples of physiological mechanisms that can influence coral
species abilities to tolerate clygs in seawater chemistry inclu@@:the control of carbonate
chemistry at the site of calcification (Ries, 2011b; McCullethl, 2012) through the ability of
coral species to modify Honcentrations within the calicoblastic fluid (Jokeg¢lal.,2013),

and/or(ii) their ability to utilise HC@ within calcification (Comeaet al.,2012).

13
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Table 1.2 | A summary of the response of major taxa to predicted ocean acidification conditions

Taxa Response References
Calcification | Growth | Photosynthesis | Development | Abundance
-32% -47 % Kroekeret
N}' al., 2013
Coral
+ 85 % Durako,
s + 260 % 1993
6# Zimmerman
f et al, 1997
Seagrass
+17 % Kroekeret
M al., 2013
¥y
Flesy algae
— -40 % -17% -25% Kroekeret
==
é‘m al., 2013
Molluscs
-10 % -11% Kroekeret
al., 2013
Echinoderms
-23 % Kroekeret
,,;{;:;N al., 2013
V@
+ 17 % + 28 % Kroekeret
al., 2013
S +15% -50% Mundayet
) N + 18 % - 90% al., 2009
[ o Mundayet
’ al., 2010
Fish
-% Kuriharaet
\ &? -% al., 2008
'%" b, Wickins,
: 1984
Crustaceans

For the major taxa known to currently be affected by ocean acidification, a summary of their response to a |
change of up to 0.5 pH units is shown. For all taxa other than Fish, Crustaceans and Seagrass the values p
come from Kroekeet al, 2013 vho conducted a metaalysis on 155 studies. The values provided are the me
affects measured. Fish, Crustaceans and Seagrass were excluded from theeKadgR81.3 summary due to
confidence intervals overlapping at the®3evel or due to data defiency. Relevant data for these taxa are sho
to illustrate what is currently known. For Crustaceans due to data deficiency only general trendpovizd

14
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Investigating the impacts of OA on taxa is complex due to the number of abiotic factors
thatcan interact to influence a species response to changes in pH. Also, changes in other abiotic
parameters, e.g. temperature, occurring alongside pH can influence a species response. For
example, anoderate rise in temperature is associated with increased metabolic rates in corals
that potentially enhances growth and-séts some of the negative effects associated with low
pH (Lough & Barnes, 199ReynaudVaganayet al. 1999;Bessat & Buigues 20QMcNeil et
al. 2004, while a larger rise in temperature can postals to their physiological limits resulting
in catastrophic mortality (Hoegh Guldbesgal.2007; HoeghGuldberg & Bruno 2010). The
interactive effects of pH and temperature are exgdléwether in Chapter 5. Light has also been
shown to enhance calcification (Sugggtal, 2013) as has the addition of nutrients (Langdon
and Atkinson, 2005) or the upregulation of heterotrophy (Cohen and Holcomb, 2009).
Conversely, threats from OA cae kxasperated by other global (e.g. deoxygenation and
increased UVB damage) or local stressors (e.g-fisfeing, pollution) (IGBR IOC- SCOR,

2013).

The interactive effect of biological and abiotic factors provides a challenge to researchers
studying he impacts of OA on marine life. A criticism of almost all OA experimental studies is
natural timescales with which OA as a stressor operates. Consequently, to overcome this,
researchers have moved towards working in naturally acidified systems, g xei@@®©
(Fabriciuset al.,2011). However, this has provided additional complexities in: (i) being able to
deconvolve out the role of other stressors an
(e.g. abiotic interactions, specifically OA anéeted temp). A combination of both laboratory
and field studies are thus required to try and resolve these complexities and has been the

approach adopted within this thesis (see Chap

15
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1.4|Approaches to study the threats of ocean acidification

Coral reef climate research hasdate disproportionately focused on spedpscific responses
under controlled laboratory conditions (Wernbet@l.,2012). Whilst this research has provided
valuable insight into the capacity of individual taxa to tolerate stress, it largely fails to account
for the complex interactions that exist between all biological components of the system.
Therefore, in an attempt to more confidently predict the future 6tosemunity structure and
functioning research approaches have diversified to overcome such limitationghincreased
emphasis on ecosystem level studies (e.g. Klegpak,2011; Anthonyet al.,2013),in situ
experimentation (e.g. Kleiet al.,2012; Okazakiet al, 2013), experimentation involving

multiple climatic stressors (e.g. Anthoayal, 2011a; Dovest al.,2013), experimentation across
natural climate gradients (Duneeal, 2004), as well as opportunistic experiments (e.g.
temperaturenduced gradients from thermal outfall of a power station: Sehegl, 2004). The
international research community has also attempted to optimise and standardise sampling
practices to minimise sampling error and increase confidence in the resultscifamiéarly,
efforts have been directed into establishing new methodologies to limit destruction and stress on
test colonies. These topics are expanded upon in Chapter 2.

Complementary to these various approaches has been the growing popularity of
examning the nature and extent with which corals persist within environments that are
considered extreme and towards their physiological limits for growth and survivadtdengius
et al.,2011; Priceet al.,2012; Humeet al.,2015); specifically, broadcale latitudinal limits of
coral growth (e.g. elevated temperature, RodM&talpaet al.,2014), reef habitats that are
considered atypical (e.g. G@ents,Fabriciuset al, 2011) or typical (reefiat, Priceet al.,

2012; Anderssostal., 2013) and noimeef habitats such as mangroves (Yatesl.,2014) and

16
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seagrasses (Manzeko al, 2012). Recent interest in coral populations within mangroves and
seagrasses is particularly intriguing since these habyatsally experience large dighriability

in temperature and light conditions that included periods that would over {dagsions lead to
bleachinginduced mortality within a classical reef setting; they also routinely experience pH
conditions (daily average and/or variance) expad¢or many reefs under future OA scenarios
(Priceet al.,2012; Guadayoét al, 2014; Yate®t al.,2014). Previous studies investigating
environmental extremes have focused on the presence or absence of coral species in relation to
their local carbonatehemistry conditions, however, the function and viability for coral survival

remains | argely unknown and is explored in Ch

1.5] Coral habitats with large natural pH variability

Non-reef habitats that house corals, suckesyrass beds and mangroves, are part of the main
reef complex and are typical habitats found globally, however, they experience very different
abiotic conditions to the main reef. Both seagrass and mangrove habitats are important primary
producers and ngery habitats for fish and crustacean species (Dawes, 1998; Mairaby

2003; Harbornet al, 2006) as they provide shelter from predation (Nakamura & Sano, 2004)
and an abundance of food. They are also often situated in locations that receive hlgh larv
supply (Parrish, 1989). Both systems also provide important coastal protection. In addition,
seagrass beds provide support in biogeochemical cycling and substrate stabilisation (Dawes,
1998; Duarte, 2000; Abecasisatt, 2009). Despite the range of ilmpant ecological services
provided by seagrass beds and mangroves they
(Valielaet al.,2001; Shoret al, 2011). Mangrove habitats are being lost at a rate of 1.8 % year

(Valielaet al.,2001)whilst seagrass habitats are being lost at an estimated rate of 1.5% year
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(Waycottet al.,2009).Persistence of corals within noeef habitats such as mangroves and
seagrass beds is receiving renewed attention (Maretedlio,2012; Hendrikset al.,2014; Yates
et al, 2014) and is particularly intriguing for two reasons:

Firstly, the capacity of corals to grow under higliriable suboptimal growth
conditions (Priceet al.,2012; Yatest al, 2014) demonstrates their ability to adapt or
acclimatse, and potentially tolerate wider environmental conditi®eseral studies support the
notion that highlyvariable environments are important to enhancing coral tolerance against
climate change (e.g. temperature: Badteal, 2004; pH: Comeaet al, 2014). However, other
studies have demonstrated no improved tolerance to stress despite prior regular exposure to
environmental extremes (e.g. temperature: Roddiétalpaet al, 2014; pH: Croolet al.,2013;
Okazakiet al.,2013). As such, it remains uealr to what extent corals currently persisting in
highly-variable environments will actually provide added tolerance to future stressors.

Secondly, the ability for certain neref habitats to locally buffer or effet the negative
impacts of OA. Inhererttiogeophysical processes of seagrass habitats have been proposed to
significantly alter the intrinsic carbonate chemistry so as to buffer coral populations by off
setting future decreases in seawater HbeghGuldberget al.,2007;Manzelloet al.,2010;
Anthonyet al, 2013, and thus effectively operate aseduge. Throughout the thesis refugia
will refer to the ability of a habitat tmaintainfavourable chemical conditionisat are being lost
elsewherdsenswKeppel& WardeltJohnson, 2012Mangroves have similarly been proposed as
potential cor al O0r ef ug etal§2014)dat whethdr thay touldnat e ¢ h a
provide the same protective role (i.e. buffering) as determined for seagrass beds remains

unclear.
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Whilst corals clearlylemonstrate some form of tolerance to survive within highly
variable habitats (Pricet al.,2012; Yatest al.,2014) the physiological properties that govern
tolerance remain unknown. Similarly, it is unknown whether species are selected for within thes
systems and thus are adapted, or are they just part of the wider species pool and have
acclimatsed(a species has pdted to its local environmental conditiossensu~olk 1966).
Whether corals can persist in aogef habitats, across bioregions and independent of taxa is also

unclear and will be studied in this thesis across four bioregion(sée<Chapter 4)

1.6| Study locations

Within this thesis four study locations weselected each contributing differently to the overall
project (Table 1.3). Methods development both in terms of analysis techniques, sampling
strategies and respirometry were carried out in the Atlantic (Cayman Islands and Brazil) whilst
biological assessents were studied at three sites (Cayman Islands, the Seychelles and
Hoga/Kaludepa Islands) within the three ocean basins (Atlantic, Pacific and Indian). The three
sites were selected to assess whether similar coral species occupied the margeefl non
habitats across ocean basins, and whether the species founer@ehsystems was proportional

to the diversity of the region. For example, in the Atlantic regite are the species present in

nonreef habitats restricted due to the species pool.
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Table 1.3| Study site information

Bioregion Location Site GPS N/S GPSE/W
Atlantic Ocean Little Cayman, Backreef 1 19°41.767 80°06.066
Cayman Islands Backreef 2 19°42.479 80°00.161
Backreef 3 19°42.503 79°.98.256
Seagrass 1 19°41.810 80°03.775
Seagrass 2 19°42.470 79°98.250
Seagrass 3 19°42.489 79°98.231
Outerreef 1 19°41.815 80°04.122
Outerreef 2 19°42.627 80°09.241
Outerreef 3 19°42.623 79°98.344
Atlantic Ocean  Salvador, Brazil Patchreef 12°59.570 38°31.500
Indian Ocean Curieuse, Seychelle Mangrove 04°17.290 55°43.898
Seagrass 04°17.059 55°44.059
Outerreef 04°17.081 55°44.219
Pacific Ocean Hoga, Indonesia Mangrove 05°28.427 123°43.645
Seagrass 05°28.384 123°43.746
Outerreef 05°28.382 123°43.738

The study sites for each location indicated by their general habitat type and their G

location.

1.6.1] Atlantic Ocean: Little Cayman, Cayman Islands, British West Indies

Little Cayman geography and oceanograjphijhe Cayman Islands are made up of three low

lying subtropical islands located in the northwest Caribbean Sea, approximately 145 km south of
Cuba. Little Cayman is located 120 km northeast of Grand Cayman, and 10 km southwest of
Cayman Brac (Manfrinetal., 2013). Little Cayman is the smallest island (17 x 2 km) and has a
low resident population (< 200) meaning it is subject to minimal local anthropogenic stress
(Turneret al.,2013). The Cayman Islands experience complex currents that can vary inrgurati
velocity and intensity across small spatial scales (Twhat.,2013). The location of the

Cayman Islands within the Caribbean Sea means that they are subject tofaaipine north

Atlantic Gyre (Kinder, 1983). Typically currents move in a havesterly direction (Stoddard,
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1980; Turneet al.,2013), however, unpublished data from the Department of the Environment
for the Cayman Islands shows that the local currents around Little Cayman head southeast and
then loop back towards Little Caymaefbre they reach Jamaica. The currents then move west
towards Grand Cayman (Turnetral.,2013).

Little Cayman climaté The Cayman Islands have a tropical marine climate governed by
two distinct seasonghe wetsummer season (Mayovember, average rainfaé. 7.5 in per
month), and the drwinter season (AprHDecember, average rainfak.2.0 in per month)

(Turneret al.,2013). Average air temperature is 24.8 °C in February and 28.4 °C in July, with
northeast trade winds predominant most of the year. The Cayman Islands are vulnerable to
hurricanes between August and early November, with the islands typically receiving a direct hit
every ten years. The reefs of the Cayman Islands were impacted bgheiian in 2004,

which severely damaged soft coral communities. Hurricane Gilbert in 1989 decicabpdra
colonies (Turneet al.,2013).

Little Cayman marine habitaisThe dominant coastal boundaries of Little Cayman are
lagoons, seagrass beds, toeafs, ironshore and mangroves. The lagoons are shallow saltwater
systems | ocally known as 0 Sredihbitatithm&gnainds t yp
coral reef growth compared to the deeper-gnatgroove and reef flats. On the landward side of
the backreefs the substrate is a mix of small coral colonies,-gaydnd, seagrass, sand,
sediment, and algae (calcareous, macroalgae and filamentous) (@wethg2013). Seagrass
beds are dominant around the lagoons of Little Cayman covering 4 & kmeret al.,2013).
Ironshore (white limestone with a hard calcrete crust) is another common habitat, with coral
reefs constituting the last major substrate type surrounding the coastal marine habitats of Little

Cayman.
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Little Cayman coral reefs The Cayman Islands are the peaks of underwater mountains
and consequently have a very narrow coastal shelf (< 1 km) where reef development occurs. At
the edge of the coastal shelf a deep wall system exists that drops off to depths of greater than
2000 m. Litte Cayman has a northeast to southwest orientation which results inenleigly
and moderatenergy zone. The higenergy zones impact spandgroove reef formation with
the south and east coasts developing the greatesasggroove reef formationdc Coyet al.,
2010; Dromarcet al.,2011).The north shelf of Little Cayman is comprised of two reef terraces: a
shallow reef terrace {52 m), consisting of a lagoon and fringing reef, and a deeper reef terrace
(12-25 m) which drops off into a vertical yds. An exception to this general geomorphology is
the northwest section of the Bloody Bagckson Point Marine Park, where the shallow terrace
extends to the vertical drop off into the abyss, and the deeper terrace is lacking (Fenner, 1993).

Little Cayman has documented live coral cover higher than, or equivalent to, other
islands in the Caribbean (Figure 1.4, Gardstaal.,2003). Between 1999 and 2004, Little
Cayman experienced a decrease in live coral cover from 26 % to 14 % (Coelho & Manfrino,
2007) primarily due to white plague syndrome which occurred after the 1998 bleaching event
(Eakinet al.,2010; van Hooidonlkt al.,2012. However in 2013, coral cover around Little
Cayman was reported to be on a positive trajectory, with coral cover rgttorigvels seen in
1999 (Manfrincet al.,2013).

Little Cayman marine protected areasince 1986, approximately 50 % of Little
C a y ma n éslsore habitats have been managed as Marine Protected Areastakd no
Replenishment Zones (Dromaetial.,2011).Bloody Bay Marine Park on the north coast of
Little Cayman is one of the main diving attractions of the Cayman Islands. On Little Cayman,

there are currently four environmental designations: Marine Park Zones, Designated Grouper
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Spawning Areas, Régnishment Zone and Animal Sanctuaries/RAMSAR sites. There are four
additional designations found elsewhere in the Cayman Islands: No Diving Zone, Environmental

Zone, Wildlife Interaction Zone, and Prohibited Diving Zone (see Table 1.4).

Figure 1.4| Aphotograph of the coral reef on the deeper terrace of Little CaymanCayman
Islands, BWI. The picture was taken in 2012 on the dive site known locally as Mixing Bowl
within the Bloody Bay Marine Park.
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Table 1.4| The environmental designations on Little CaymarnThe Cayman Islands have h.
Marine Protected Areas in place since 194B®E, 2015) On Little Caymanthere are foul
environmental designations whose rules are detailed below:

Environmental Rules
designhation
Marine Park Zone 1 No taking of any marine life alive or dead, except: line fish

from shore is permitted; line fishing at depths of 80 ft
greater is permitted; taking fry and sprat with a fry or cast
is permitted.

1 Fish traps, spear guns, pole spears and other nets are
prohibited.

1 No anchoring use of fixed mooring only, except; boats of
ft or less may anchor in sand as long as no grappling ho
used, and neither the anchor of rope will impact cc
anchoring prohibitions are suspended during emergencie:
by permission of the Port Director.

1 No commercial operations may use Bloody Bay Marine F
without a license from the Marine Conservation board.

Designated Grouper I East and wstEnd of Little Cayman; no fishing for Nass:

Spawning Areas groupers T November through 31March; No fish pots ol
spear fishing within onenile radius of Designated Group
Spawning Area during this period.

Replenishment Zone 1 No taking of conch or lobster by any means; no anchors,
or chains may touch coral; no spear guns, pole spears
traps or nets allowed.

Animal 1 No hunting; no littering; no collection of any species.
Sanctuaries/RAMSAR
Sites
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1.6.2| Atlantic Ocean: Salvador, Brazil

Salvador geography and oceanographyhe city of Salvador is located on the east coast of

Brazil within the Bahia regiorSalvador has a large population estimated at three million people
making it the third most populated city in Brazil (Les$al.,2001).Located in the southern

Atlantic, Salvador is situated at the entranc@@fos os Santos Bay (TSB). TSB is the second
largest bay ecosystem of Brazil (Cirano & Lessa, 2007). There is low annual variation in
currents, with tides primarily responsible for annual variations (Cirano & Lessa, 2007). The tides
are semidiurnal with a tidal range of 0.1 to 2.6 m (Cirano & LeX3@7). Tides are amplified by

a factor of 1.5 in the bay and arediectional. The tides are strongest during the ebbing tide
(Lesseet al.,2001).

Salvador climaté Salvador experiences a tropical humid climate with mean annual
water temperatured @5.2 + 30 °C and an annual mean precipitation of approximately 2100
mm yr ! (Cirano & Lessa, 2007). Salvador is subject to fpgessure weather cells due to its
location within the south Atlantic trade wind belt (Bittencaairal.,2000). The Atlantidolar
Front occurs during the autumn and winter, increasing wind speed whilst changing the wind and
wave direction (Bittencoust al.,2000).

Salvador coral reefg Along the eastern coasts of Brazil and the small offshore islands,
there are shallow fnging reefs that have low hard coral diversig.@1 species) and are
characterised by high endemism (38 %) (Lefal, 2003) The basal structure of these patch
reefs originates from there Cambrian basement that outcrops along the Salvador Fault (Dutra,
et al.,2006. The TSB offers tropical shallow waters that house patch caets4 m high {e&o

et al.,2003). These patch reefs are subject to a lot of direct human pressure fram the ¢
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Salvador marine protectedarea¥ her e is an Crea de Protev«o

which was designated in 1999. It falls under the class of a sustaiurssbirea under Brazilian

law, meaning that activities are restricted rather than any sigmifievels of marine protection.

However, local police monitor research activities.

Figure 1.5| A photograph of the fringing coral reef of Salvador, Brazil. The picture was
taken in 2014 at a site Modos os Santos Bay adjacent to the Yacht Clulizatiéa harbour

1.6.3| Indian Ocean: Curieuse, 8ychelles

Curieuse geographgnd oceanographly The Seychelles Archipelago on the northern edge of

the Mascarene Plateau consists of 115 islands located 1600 km east of Africa within the Indian
Ocean. The adral islands are composed of granite, whilst the outlying islands are coral atolls
(Stoddart, 1984)Curieuse is the fifth largest granitic island within the Seychelles Archipelago
and has an area of 2.86 kHiill et al.,2002). Curieuse consists of two large peaks (the highest

172 m above sea level) which enclose a shallow bay (Baie La Raie). The Seareedlaisject
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to seasonal currents, with nostfesterly currents approaching from the Somali Basin dominating
betweerDecember and March; May through September the wind shifts-sasthrly changing
the direction of the currents and exposing sites previously sheltered.

Curieuse climaté The Seychelles Islands experience a seasonal humid tropical climate
(Walsh, 1984)with temperatures typically ranging betwezh32 °C. Wind speed is normally
15-22 km h'. Most of the annual rainfall occurs during the months of December and February
April marks the end of the 6érainy ¢sigfosmmondé and
northwest Monsoon to the onset of the southeast Trade Winds. From May to October, the climate
is drier with cooler weather and often rougher seas resulting from elevated wind speé@¥ of 19
km h* (SNPA, 2014).

Curieuse marine habitafsCurieuse is surrounded by patchy fringing reefs that have
submerged granitic boulders where corals directly grow and provide a suitable substrate for
recruitment. Surrounding the island are intertidal seagrass and dense algal beds comprised of
calcifying and nonrcalcifying algae as well as small coral colonies. Baie La Raie is a bay located
on the south side of the island. In 1909, a seawall was built across Baie La Raie effectively
separating the mangroves from the rest of the bay. The 40 acre pond rsmnleasonnectivity
with the surrounding waters as the 2004 Tsunami broke down part of the wall. Baie La Raie
contains six of the seven mangrove species found in the Seychelles and is an important fish
nursery habitat for the surrounding reefs (Domingied., 2010).

Curieuse coral reefs The Seychelles have an estimated 1690 km of coral reefs,
comprised of fringing reefs, platform reefs and atolls (Spaléirad.,2001). The coral reefs of
the Seychelles have species richness values betwegh %/0f the total species found in the

western Indian Ocean (Figure 1.6, Obura, 2012). The Seychelles has granitic and carbonate reef
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systems, both of which can be locateduaeb Curieuse. Historical monitoring data shows large
variability in coral cover (40 %) for the shallow reef systems (Smith/Suggett, Unpublished
data, pers. Comm.). Over the last two to three decades, an increase in development around the
Seychelles hasgnificantly altered parts of the coastline. The severe El Nifio event of 1997/98
resulted in unprecedented coral bleaching in the Indian Qa#seh severely impacted the reefs
of the Seychelles with certain reefs experiencing 95 % bleaching (Donetragui2010).
Grahamet al.(2014) documented 12 out of 21 reefs around the Seychelles returning to pre
disturbance coral cover after a loss of greater than 90 % of coral cover. The remaining nine reefs
underwent a phasghift to a macroalgae reef which wattributed to other local stressors and
reef conditions (e.g. structural complexity and water depth).
Curieuse marine protected area€urieuse and its surrounding waters make up one of
the six National Marine ParKdIMP) of the Seychelles. AMP is desgnated in the Seychelles
as:
AAn area set aside for the propagation, prot
preservation of places or objects of aesthetic, geological, prehistoric, historical,
archaeological or other scientific interest for theneét, advantage and enjoyment of the
general public and includes in the case of a Marine National Park an area of shore, sea or
seabed together with cor al(pg3e &dminguedal,@dld).er mar
The Curieuse National Marine Parénsists of 2.86 kfland and 13.70 kfsea (total 16.56
km?) and stretches 200 m offshore around the island and all the way across to the westerly
neighbouring island of Praslin. The CuriedddP was designated in 1979 and attracts many

tourists annudy (>21,000 tourists in 2007). Designation of this1P has helped with socio
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economic development of the surrounding islands, with the local economy heavily reliant on the

fishing industry and tourisnCampling & Rosalie, 200@ominigueet al, 2010).

Figure 1.6] A photograph of theAcroporabeds found around Curieusethe SeychellesThe
picture was taken in 2014 on a site known locally as House Reef off the south coast of Curieuse
within the Seychelles National Marine Park.
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1.6.4| PacificOcean: Hoga and Kaédupalslands, Wakatobi, southeast Sulawesi, Indonesia
Hoga and Katdupa Islands geography and oceanograjphyoga and Kaledupa Islands are
located in the Wakatobi, southeast Sulawesi. The Wakatobi was established as its own separate
district in 2004 and consists of four main islands: Wangi, Kaledupa, Tomia and Binongko (the
acronym AWakatobi o formed by the first two | e
located in the Wakatobi, including Hoga found to the north of Kaledtipa Wakatobi is central
within the Coral Triangle; a global centre of marine biodiversity and a priority for marine
conservation (Tomasck#t al, 1997; PeiSoede & Erdman, 2003; TNC, 2007). The Wakatobi
region is subject to complex, highly variable euts (Clifton,2010). During the nortiwvesterly
monsoon season (typically November to April) the currents rurclotkwise around Sulawesi,
whilst from May to November no clear pattern is apparent. On the Sulawesi side of the Makassar
Straits the currestrun southwards yeaound. Along the northern Sulawesi coast there is a year
long eastward current (Whitten, 1987). Locally, the reefs are subject to a largéiserai tidal
cycle with the intetidal zone being largely exposed at low tide.

Hoga andKaledupalslands climaté The climate of Sulawesi is best described in
relation to rainfall. Between September and March, raehterly winds crossing the South
China Sea pick up moisture and arrive in north Sulawesi around November time. After this
period, variable and humid sou#fasterly winds blow towards the eastern side of Sulawesi, with
rainfall peaking on the southeast coast between April and June. The east coast of Sulawesi where
the Wakatobi is located experiences its wettest month around Maijtéw 1987).

Hoga and Kaledpa Islands marine habitaisThe Wakatobi Marine National Park
(WMNP) contains coral reef, mudflats, algal beds, seagrass and mangrove habitats, all with high

conservation value which provide vital resources to local communities (Unsst@th2007).
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The coral reefs are some of tmest diverse in the world and have been identified as a

biodiversity hotspot. Mangroves are located on the northwest coast of Hoga, as well as the east
and south coasts of Kaledupa @Setede & Erdman, 2003). 37 species of mangroves have been
documented vthin the WMNP. The mangroves of the WMNP are unusual as they are able to
develop on shallow calcium carbonaieh sediments that contain fossilised corals that restrict

root formation (Cragg & Hendy, 2010). Mangrove habitats throughout Sulawesi have
unfortunately been cleared for timber or to create brackish aquaculture ponds (\Whaten

1987). Around Hoga and Kaledupa, large areas of mangroves have been cleared over the last 30
years for timber, fuel, and to accommodate the increasing populations.

Seagrass beds dominate the intertidal zones of the WMNP, with numerous beds
extending for several kilometres (Whittenal.,1987). The two dominant species found in the
seagrasbedsof the WMNP areThalassia hemprichiaindEnhalus acoroidefJnsworthet al.,

2007). However, a further seven speciBsallasodendron cilliatum, Halodule uninervis,

Halophila spinulosa, Halophila ovalis, Halophila decipiens, Cymodocea rotundata, Syringodium
isoetifolium) have been noted within the region. Like most intefrtideas of the Ind®acific,
seagrasbedsin the WMNP experience vertical zonation down the shore (Unswbgh,

2007). Seagrass beds are an important fishing location for the local communities and when in
continuum with mangroves and reef environméinéy support significantly higher fish densities
(Salinas De Ledr2006). Unfortunately, seagrass beds are often overexploited locally with
communities harvesting fish stocks and exposed invertebrates at low tides (Clifton, 2010).

Hoga and Kaledpa Islands coral reef$ The Wakatobi district is located within the
Coral Triangle and contains 600 kof the most biodiverse coral reefs in the world, with over

350 species of hermatypic corals and 590 species of fish (Figure 1Soét & Erdmann,
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2003. From 2002 to 2007 hard coral cover for the WMNP fell by an average of 45 % for all
study sites except Hogthnis suggested that local point sources were to blame for the decrease
(McMellor & Smith, 2010). Overall, the reefs have experienced little imfpa coral
bleaching, likely due to cool water upwelling from the south (@ual., 2004) and seasonal
temperature fluctuations increasing thermal tolerance. During the 2010 EL&lRgia event,
the reefs around Wakatobi showed a high tolerance torred thermal stress with only sub
lethal bleaching documented, primarily on the branciiagporaspp.(Smith/Suggett,
Unpublished data, pers. Comm). Certain reefs have been damaged by the illegal practice of blast
fishing and other reefs close to lo&ajo villages experience higher impact and exploitation.

Hoga Island Wakatobi marine protected aréahe WMNP was established in 1996
and covers 1.39 million ha making it the second largest national park in Indonesia (Tarhascik
al., 1997). Unfortunaly, the WMNP has historically been regarded as having ineffective
enforcement, inappropriate zonation, insufficient funding and a lack of community support in
management activities (Elliott al 2001). More recently however, several organisations have
wor ked with the National Marine Park authorit.i
added value of the WMNP has come from its wor
and other NGOs have supported significant scientific research projéeésrigion.
Collectively, this has resulted in the designation of the WMNP as a World Biosphere Reserve in
2012. The biosphere reserve is recognised und
and it acknowledges the site as an area of excellencesoutid science and local community

efforts to conserve and preserve biodiversity (UNESCO, 2014).
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Figure 1.7 A photograph of the c¢southedst cover o
Sulawesi, IndonesiaThe picture was taken in 2014 on a site known locally as<Rakrs off
the north coast of Hoga.
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1.7| Thesis aims
Coral reefs are threatened by OA. However, there are habitats (e.g. seagrass and mangroves) that
house corals where conditioakeady are considered representative of the future under climate
change. The distribution of these habitats across bioregions in tropical reef locations makes them
a potentially important management option for corals threatened by climate change. However,
the ability of corals to expand their niches into these environments, and the metabolic cost of
living in these habitats is entirely undescribed. Similarly, whether the biogeochemical conditions
of nonreef habitats, like seagrass beds and mangrovesblar¢o provide an ecological service
in the form of refugia against OA is unresolved. The main aims of this thesis were therefore to:
1. Ascertainthe natural levels of pH variability corals are already exposed to in reef and
non-reef habitats;
2. Understandhe ability of corals to persist in nopef habitats;
3. Know the metabolic (photosynthesis, respiration and calcification rates) cost for
dominant coral species living in noaef habitats;
4. Understand whether corals living in nogef habitats that havedtily-variable pH
experience the same metabolic (photosynthesis, respiration and calcification rates)
response as corals from a more stable reef environment when subjected to pH and
temperature stress predicted under future climate change.
In addressing #se aims, a novel evaluation will be conducted to assess whether the local

chemistry of nofreef systems can act as a buffer against futurés@é Chapter 6)
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To achieve the thesis aims a systematic-frart approach was adopted; this approach is
presated as each of four separate data chapters, all of which have been submitted or are in the
final stages of preparation for submission, to peer review Journals:

1) Chapter 2: Methodological development was undertaken to determine the appropriate
water samplig procedure necessary to capture the natural spatial and temporal variability
in carbonate chemistry. A noviél siturespirometry chamber was also developed to
assess the metabolic activity (photosynthesis, respiration and calcification) of corals.

CampE, Krause S, Freitas L, NaumanrSMKikuchi R, Smith DJ, Wild C, Suggett Dlhe
"Flexi-Chamber": a novel cogdffective in situ respirometry chamber for coral physiological

measurement®LoS OndAcceptedl

2) Chapter 3: A low biodiversity Atlantic Ocearnesivas used to assess in detail the spatial
and temporal variability in carbonate chemistry, and to evaluate the biological versus
abiotic control of nofreef habitats and the rates of photosynthesis, respiration and
calcification of corals living withinttem.

Camp E, Lohr K, Dumbrell A, Manfrino C, Suggett DJ, Smith DJ. Coral recruitment into non

reef habitats: Consideration for coral refudiarine EcologyProgressSeries(Final draft).

3) Chapter 4: To ascertain commonalities in the physiologasgonses of corals existing in
nonreef habitats, three sites that were genetically disconnected and ranged in background
diversity were compared.

Camp E, Suggett DJ, Gendron Gympa J, Manfrino C, Smith DBreconditioning and
buffering services of nrgroves and seagrass beds for corals threatened by climate.change

Global Change Biologyin review).
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4) Chapter 5: The impact of future predicted changes in temperature and pH on the
physiological responses of corals fa@apted to habitats of differing iafent
environmental variability was assessed by superimposing temperature and pH changes
estimated for 2100 on top of the natural diurnal oscillations of each habitat through a
laboratory manipulation study.
Camp E, Smith DJ, Evenhuis C, Enochs |, SuggéttThe roles of temperature and pH inon
reef habitats on coral calcification and metabolic activity: Can marginal systems buffer against

changeProceedings of the Royal SocietyBnal draft).

A final general discussion (Chapter 6) considers thagmuts to evaluate the role of nogef
habitats in providing some form of refuge for corals to future climate change. The discussion
also considers what drives variability of Aaef habitats and how this variability may itself be
changed in the futurdhe discussion considers the future for corals and coral reefs and

concludes by identifying points for consideration for future OA research.
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The thesis studies different noeef habitats that house corals and have natural variability in
carbonate chemistry to: (i) determine the appropriate sampling regime to capture accurate and
precise carbonate chemistry and conaktabolic activity data (Chapter Zji) understand the
levels of variability corals are already exposed to within these systems (Chapters(8i& 4)
determinewhich corals areurrentlyliving in these nofreefhabitats (Chapters 3 & Aiv)
measurevhat themetabolic cosis for thecoral species found living in neneef rabitats
(Chapters 3 & 4)(v) understand whether corals living in ragef habitats experience the same
metabolic cost as corals from a more stable reef environment when subjgotédnd
temperature stress predicted under future climate change (Chpgtke Ghesis will then
summairse the main findings and will include a discussion where the role-oéefomabitats to

act agefugia to future climate change is considered ({T#126).
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Chapter 2] Met hodol og
vari ance of carbonat e
|l nherent met aboli ¢c ac
reef amecefnosny st ems

Part of this chapter is in review in PLoS One as the manusdript:e  f#G&H & mb & mowvel:
costeffective in situ respirometry chamber for coral physiological measurements.

2.1]| Introduction

Assessing the variability of carbonate chemistry parameters between habitats fundamentally

depends on accurate and precise measurements fimhlyaresolute sampling approach. Such

an approach needs to critically capture the environmental mean and variance of any given

habitat. Determination of carbonate chemistry parameters within ocean acidification (OA)

studies form the basis for assessimg lbiological response of systems and species to future

predicted levels of CQ(RibasRibaset al, 2014). Thus, the integrity of the data collected is

imperative in ensuring maximum confidence in the results obtained. The Carbon Dioxide

Information Analis Centre (CDIAC) protocol and the Dicksetnal. (2007)Guide to Best

Practice for Ocean C©&Measurementprovide guidelines on the levels of accuracy and

precision within carbonate chemistry measurements that methods should strive for, as developed

by the international community attempting to optimise and standardise sampling practice.
Similarly, when developing new methods and sampling techniques, it is imperative that

their reliability is tested and that their outputs are compared to establishextisttht are

considered t he cur r enrsiturespgometrg chantberatypiaatlydeguire Cur r e

colony removal and are rigid vessels requiring artificial mixing to disrupt the outer coral
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boundary layer (McCloskegt al, 1978). They are ofteexpensive and difficult to travel with
due to the fragility of transporting glass/plaptass vessels and their often large size for
deployment, which limits the scale and resolution with which respirometry data can be
generated. Establishedambers aralso typically a fixed size and thus a range of chambers may
be necessary, or experimentation would otherwise be limited to a targeted organism size. The
size of the chamber (i.e. volume of the incubation medium) relative to the organism to be
incubated iritical in order to balance: (i) maximised signal strength as compar@il to
minimising potential toxicity via hypoxic or anoxic conditiof@rr & al., 2014). Thus, there has
remained a longtanding need to develop a ldachnology, coseffective, nordestructive
respirometry vessel to measumesitu coral metabolism. Note that metabolism throughout this
thesis will refer to the physiological process# photosynthesis, respiration and calcification.
The objectives of this chapter are therefore to:

(1) Develop a discrete water sampling regime to capture the spatial and temporal pH

variability of reef habitats;

(2) Establish a discrete sampling mettiodpH and total alkalinity (TA) that meets

CDIAC standards;

(3) Construct a noveh situbag respirometry chamber to test coral metabolism

(respiration, photosynthesis and calcification) and verify against an established technique
Through meeting thesobjectives the core methods for assessing both the carbonate chemistry as

well as coral metabolic properties used throughout Chapters 3 through 5 are established.
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2.2| Materials and Methods
Chapter two deals with a variety of methodological testiiggré 2.1 illustrates the layout of the

material and methods section, whose format is followed in the results section.

a. Water sampling regime ]

— 1. Study locations b. Flexi-Chamber r. )
development —> | i. Water extraction
2. Discrete water ; — [
. . ‘ —>| a. Flexi-Chamber description | |—»| ii. Temperature
—> | sampling regime J
and approach b. Flexi-Chamber incubation | | | iii. Water flow
procedure y 2 ’
5 3. Carbonate N | iv nghtlng
; c. Analytical procedure -
2> chem|st.ry . ’l yHcalp 1 - -
E determlnatlon ( —> | V. Leakage testlng |
1 d. Measurements of (Vi. Gas
S ; —> photosynthesis, respiration K ili
© 4. In situ, non- — P Y, presp permeability
: d calcification
destructive ah (
—> . N /> vii. Oxygen toxicity
respirometry - :
chamber design _g| & Flexi-Chambermethod L] i raamional
validation —>
\_ ) stress factors
| | 5. Statistical i Fle-Lhamber
. L | practical
analysis &
application ¥

Figure 2.1| Flowdiagram of the material and methods section of chapter twd he sub

sections of each chapter are indicated to clarify the outline of the chapter. The results section
follows this layout.

2.2.1| Study locations

Water sampling regime Little Cayman Cayman Islands, British West Indies (BWias used

as the study location to identify an appropriate sampling regime to capture the spatial and
temporal variability in pH of reef and naeef coral habitats (see Chapter 1, section 1.6.1).

Sampling took place between November 2011 and January R@ninary pH sampling was

conducted around the five main lagoons of Little Cayman, known locally as: Grape Tree Bay
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(GTB) , Maryods Bay West ( MBW), Maryods Bay East
(SS) (Figure 2). High resolution pH sampling wasnducted in a dense seagrass biomass site
within GTB. All sites were 21 m in depth and situated away from any freshwater inputs. Sites
experienced a tidalycle range of 0.2:2.00 = 0.03 m during sampling.

Respirometry chamber developmemitll laboratory testing of the Flexthamber design
was conducted using the aquarium facility at the Coral Reef Research Unit, University of Essex
(January 201-3December 2014). Field validation was conducted in Salvador (Brazil) from
March 26" to April 2" 2014 (see Chapter 1, section 1.6 e study site was a nesiore
fringing reef located at the entrance of Todos os Santos Bay adjacent to the Yacht Clube da

Bahia harbour (Figure 2). at a depth of & m.

1 Kilometers

Figure 22| Preliminary sampling sites around Little Cayman, Cayman Islands, BWI66

sites (yellow dots) were sampled diurnally between November 2011 and January 2012 to identify
different habitats with natural pH variability. pH was directly swgad on discrete wex
sample<gollected at each site.
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Figure 2.3| Study site location in Todo os Santos Bay (TSB) (modified from Ramesal.,

2010).The study site was located at the entrance of TSB in depths between 3 and 5 m adjacent to
the Yacht Clube da Bahia harbour in Salvador, Brazil.

2.2.2| Discrete water sampling regime and approach

To identify the spatial pH variability of differehabitats, diurnal (one hour before sunrise and

one hour before sunset) samples were collected at severahsi@®) (nside and outside of the

five main lagons of Little Cayman (Figure 2.2Basic abiotic data (depth, temperature, salinity,
water velody) was collected for each lagoon during the sampling period (Table 2.1). To

guantify the resolution of sampling necessary to capture the diurnal variability in highly variable

pH habitats, three 24 h sampling sessions were conducted in the seagrasefi@bBa pH was
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determined every hour over the 24 h period starting at suceasé:Q0 h). Finally, to determine

the extent of pH variability around sunrise and sunset, and thus whether initiating sampling at
sunrise was the best time to capture thendirange in conditions, pH measurements were

collected every 15 min for a 3 h window around sunrise and sunset to assess differences in mean

and variability (coefficient of variation (Cv)) in pH values.

Table 2.1| Abiotic data for the five main lagoon®f Little Cayman. Data (mean +
standard error, SE) was obtained during water sample collection between November
2011 and January 2012r(= 66).

Lagoon Dominant Depth Salinity Temperature Water
substrate* (m) (ppm) (°C) velocity
(cml/s)

Grape Tree Seagrass 1.4+0.01 35+0.01 26.3+£0.03 14+0.01

Bay

Mar y 6 s Seagrass 1.6 £0.03 3552001 2641002 12x0.04

East

Mar y 6 s Seagrass 1.9+0.02 35+0.01 26.4+£0.01 11+0.02

West

Charles Bay Seagrass 1.1+£0.01 35+0.01 26.3+£0.01 13+0.01

South Sound Hard 1.9+0.01 35+0.01 26.2+£0.02 11+0.01
ground/sand

*Dominant substrate was assessed from GIS mapsded bythe Cayman Islands

Department of the Environment.

Discrete water samples were collected betweel Orbdirectly into 250 mécid washed
(2 % HCL)borosilicate glass bottles (Manzello, 2010). Immediately before sample collection the
bottles were rinsed twice with the sample water as recommended by CDIAC and filled to
overflow to eliminate headspace for gas exchange (Dicksah,2007). Mercuric cloride
(0.05 ml of saturated (aq) solution) was added as the standard operating procedures for CDIAC
to poison the samples and prevent any biological activity altering the carbonate chemistry

parameters before measurement (Dicksioal.,2007). Stoppers &re inserted to ensure a gas
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tight seal and where possible, samples were stored in the dark until returned to the laboratory
(within 30 min) for further analysis.

During every sampling period, an additional seawater sample (250 ml) was collected to
allow immediate measurements of pH, temperature, and salinity to obtamsiheconditions
needed for calculation of the carbonate parameters. The ORION 5 Star meter (model A329,
Fisher Scientific, USA) with a pH/temperature probe (pH accuracy withinG2(@Bl units,
temperature accuracy within + @CL combination probe Ross Ultra, Fisher ScientlfiSA)
and a handheld refractometer to measure salinity (accuracy within = 0.5 ppm; model RF20,
ExTech, USA) were used to obtain these measurer(@itseasted in NBS scalepH was
measured in the field to ensure that it did not drift before samples were taken in the laboratory.
Water flow was also measured using a mechanical flow meter (model 2030 series, General
Oceanics, USA). All laboratory and field egoent were calibrated as recommended by their

instruction manuals and/or CDIAC protocols (Dickstral.,2007).

2.2.3| Carbonate chemistry determination

pH was quantified on all samples returned to the laboratory using an Orion Ross Ulra Glas
Triode Combination Electrod@ccuracyca.+ 0.002 pH unitsRoss Ultra, Fisher Scientific, YK
using the potentiometric technique and the total s€atkgonet al.,2007). The pH probe was
calibrated at 25 °C usir@ramince2-hydroxy1-3-propanediol (RIS)/HCL and 2aminopyridine
(AMP)/HCL buffers in synthetic seawater with a salinity of 35 ppm. The buffers were made up
in the laboratory following the CDIAC recommendations and had their pH defined as (Dickson

et al.,2007):
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TRIS (Z2amino2-hydroxy-1-3-propanediol)
pH (S)ris= (11911.08 18.24999 0.039336%) B2 I 366.27059 + 0.53993607S + [1]

0.00016329%+ (64.52243 0.084041S) InT/K) i 0.11149858°(0).

AMP (2-aminopyridine)
pH (Shwvp = (111.35 + 5.448755)7— +41.6775 0.0156833 6.20815InTYU0) i [2]

logio (17 0.00106S).

From equations 1 and 2 the electrode response(s) was calculated:

o [3]

s is the buffer, S is salinityi,/K is temperature in Kelvin aridis the e.m.f of the cell.

The electrode response was compared to the Nerst WRillielQf) to ensure that the difference
was not abve the acceptable difference of 0.3 % (Dickebal.,2007). The pH was then

calculated:

PH(X) = PH(S) +—— [4]

Wherex is the sea water sample.
An opencell potentiometric titration procedure was used to measure TA on the same
sample as pH (Dicksaoet al.,2007). The Gran method was used to determine the second end

point of the carbonate system, from which TA was then determined:
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TA= [5]

TA of all samples was determined usingitino titrator (model 848, Metrohm, Buckingham,
UK) or high precision burette (Fisher Scientific, A)S0.1 N standardised HCL was used
(Appendix 1).TA was measured with an accuracy and precisiamao® n2nol kg*. The
remaining carbonate chemistry parametp@&®, TCO,, q arg) Were calculated with CO2SYS
using TA and pH as determined in the laboratory (Riebestall,2010),in situtemperature and
salinity, and sampling depth (m) (accuracy within £ 0.5 m) as a proxy for pressure (Lewis and
Wallace, 1998). For CO2SYS the sligiation constants of Mehrbaehal.(1973) were used for
carbonic acid as refined by Dickson and Millero (1987), and for boric acid (Dickson, 1990).
Pressure effects, orthophosphate and silicate concentrations were assumed to be neggigible (
Juryetal., 2010).

To check the validity of the seawater sample storage method, a number of samples (
72) had their pH measured in the field and subsequenthessured in the laboratory to check
for any drifts. Samples were collected over the threle 2dnpling sessions in GTB, with three
replicate samples collected every 3 h over the three 24 h periods. In addition, to test the precision
of the pH and TA measuremenischarts were created, whilsb charts were used to assess the
stability of the measuneents (Dicksoret al.,2007).15 sequential pH and TA measurements
were taken on the initial 24 h sampling day in GTB to test the absolute differences of duplicate
measurements to assess their precision. Over 15 sequential days, pH and TA were measured
from a control sample collected from GTB on the initial day at 7:00 h to assess the stability of

the measurement proceb®r each graph, an upper control limit (UCL), upper warning limit
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(UWL), lower warning limit (LWL) and lower control limit (LCL) were callated as shown
below:

® Charts:x is the mean valus,is the standard deviation

UCL=x+3s [6]
UWL =x+2s [7]
LWL = X1 2s [8]
LCL=xi 3s [9]

Rcharts:Yis the average range aisdrelated to the shetérm standard deviation:

UCL = 3.267R [10]
UWL = 2.512R [11]
LWL =0 [12]
LCL=0 [13]

The recommendations by CDIAC are tBat% of the plotted points shouial between the

UWL and LWL, and rarely should any fall outside of the control limits. TA was also compared

to Dickson Standards (Scripps University) to test accuracy against a stable reference material.
A comparative analysis was finally conducted on the calcupi€y values using

CO2SYS to a direq@CO, measurement technique. Water samples were collected as previously

described, every 3 h starting at sunris {.00h) over the three 24 h sampling day GTB 6=

24). For each sample, pH and TA were measure¢p@ derived using CO2SYS. The direct

measurement technique used a cusbaonit gas diffusible membrane (standard silicone tubing,

0.31mm ID0.64mm OD, Helix Medical, USA) attached to an exainfrared gas analyser

(IRGA, Li-820, LFCOR, Nebraska, USA) with a pump flow through systeae$fuggetiet al.,

2013). The gas analyser was also attached to a notebook computer8athdoftware. Each
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sample was transferred to a custbuilt chamler and analysed for 60 min to allow the probe
time to stabilise. A water bath was used to maintain the sample within 0.1 °Grosthe
temperature. After 60 min the stable probe reading@, was used for comparison with the
pCO, value derived from CO2SYS. To ensure that the direct measuremet wes gagight,

it was calibrated with C&ree air, created by stripping the €@m air using Sodalime. If the
computer readout from the IRGA read zero, then it could be confilma¢dhe direct

measurement sefp was gasight and reading accurately.

2.2.4]In situ, non-destructive respirometry chamber design

In the following sections, a novil situ, low-cost, high thorougiput incubation chamber,

termed the FlexChambers described and tested, both in the laboratory and field.
Flexi-Chamber description A transparent, gagnpermeable, 3 L urine bag (Vital Care,

Essex) with a buitin heatseam secured valve, formed the basis of the f&&sambel(Figure

2.4a). Thebottom of the bag was cut to create a fringe that was secured around the base of the

test colony. A watertight seal was created by using a customised necpféand fastening

(Figure 2.4). The neoprene cuff was customised to fit securely around teebte test

colony, thereby minimising the possible contribution of the surrounding substrate and/or water

column to the metabolic signaef the test specimen (Figure B)4 The internal water volume was

adjusted to accommodate corals of different sizeger coral coloniescé. 5 cm diameter)

required the entire volume of the chamber, whereas smaller coloai@s3 cm diameter)

required a reduced volume (in this case 60 % of the bag volume) to optimise the metabolic

signal.
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Figure 2.4 The FlexitChamber design:A) A schematic diagram of the FleKihamber: A is
the fastening mechanism, B is the neoprene cuff around the base of the coral, C is the urine bag
(Vital Care Essex), D is standard silicon tubing used to create a water tight seal with the valve, E
is the valve of the urine bag and F is the thweg-valve.Figure 24 B) An example of the Flexi
Chamber setip.

Flexi-Chamber incubation proceduiePrior to anyexperimental use all FlexChambers
were acid washed (2 % HCL). For each deployment, three-Eleximbers were filled witm
situ water without any coral colonies to act as a control to correct for any planktonic metabolic

activity within the surroundingvater. Whilst colonies where haphazardly selected within any

one habitat, colonies had to t& 3-5 cm in diameter, and chosen with no visible signs of
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disease, bleaching, loss of colour (relative to the site mean), or excessive algal overgrowth
(McCloskey et al.,1978). Colonies also needed a suitable surrounding substrate to allow the
attachment method, i.e. a basal area raised from the substrate for chamber attachment.
Photographs were taken of each colony before incubations (Canon G12 in an underwater
housing, Canon, WIBC 34, Amazon, England).

Water was extracted from the chamber via the fmuilhreeway valve mechanism,
which could be opened or closed to samplenkernal water volume (Figure 24 In this way,
water could be conveniently exttad via a syringe without crogentamination of the
surrounding seawater. Two 100 ml syringes were attached to thesmhyeelve system; the
first to removeca. 30 ml of excess water from the bags valve which was discarded, and the
second to extract 100l of the seawater sample from inside the Flékamber. For
standardisation of the physiological measurements, water volume inside the chamber was
accurately determined as the total of the water volume removed during the sampling process
(200 ml) and theemaining water volume within the chamber (typically 980 ml)
determined by subsequent syringe removal of water until the bag was empéaewivel lock
of the syringe to the valves as well as the watertight nature of the bag (see leakage testing)
ensured that the water removed from Edexi-Chambemas not contaminated with that from the
surrounding seawater.

Sample water was syringed from each Fiékamber and immediately transferred to-pre
washed and labelled 250 ml borosilicate glass bottles (Nauetain2013). Sample bottles
were kept at ambient temperature and under dark conditions until analykis @@tmin of
collection, as per Dicksoet al, 2007). Chambers were léftsitufor 3 h. After this period,

water samples were-mllected from each chamber and stored as previously described. After all
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samples had been collected, chambers were renfmradeach colony, the water was flushed

with ambient water, and chambers weraeeured; control chambers were treated in exactly the

same way. The whole process was then repeated at 3 h intervals for the duration of the study

period. For the procedurehdation, darkcycle metabolism was examined by artificially

darkening (opaque black polyester material) the Fhambers, but the technique could be used
equally well duringnight i me s ampl ing (see Chapterdos 3 & 4)

Analytical procedure$ pH, TA, temperature and salinity of each sample were measured
as previously described for the carbonate chemistry determination (see section 2.2.3). To
determine the oxygen @Pcontent (accuracga.0.05mmol/L ) of each sample, a 100 ml aliquot
of eat water sample was transferred into a sealed chamber in the laboratory, wheemdn O
temperature probe ¢probe: FoxyR, Temperature Probe: NeoFox ,Bcean Optics, England)
were attached to eehchtop fluorometer (NeoFo¥ T, Ocean Optics, England) via a bifurcated
fibre assembly (BIFBOR&000G2, Ocean Optics, England) and attached to a PC running the
O, sensing software (NeoFox Viewer, Ocean Opfitrsgland. Samples were run in a climate
controlled laboratory until the {xoncentrations stabilised. All probes were calibrated according
to the Ocean Optics instruction manual.

Measurements of photosynthesespiration and calcificatiori For all samples,
calcificationwas determined via the TA anomaly method (&iral.,2010) corrected for any
changes in TA of the seawater controls, to yield hourly calcification rates (G, mmok@&E®O
Y as:

00 22222 11000 [14]

Where TA= total alkalinityfmol kg?), V = volume of water (L) surrounding the coral within

the respirometry chambeg(h) is incubation time, SA is the coral surface are3,(mis the
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density of seawater and 0.5 accounts for the decrease of TA by two equivalents for each mole of
CaCQ precpitated.Calcification rates were not corrected &mychanges in nutrients as
Langdon et al. (2000), witGhisholm and Gattuso (1991) demonstrating that the assumptions of
the TA method without the correction for nutrients are correct in obtaining éeaalaification
rates for tropical coral reefs.

Net photosynthesiandrespiratiorrates were determined for several time poit)ts (
throughout the light and dark cycles respectively as the changsanril@ respirometry
chamber corrected for any changes pofOthe seawater controls to yield hourly rates (mmgpl O
m? hY) as:

0 O&E ™ O y—oo}’pnnn [15]

Integration of all photosynthesis and respiratiseasurements during the light (dark) yielded the
daily daily photosynthesisP() andrespiration(mmol O, m* d*) as:
0 B 0 0 YoandY B Y o Yo [16]
Gross photosynthesi®€) was calculated by the addition of Bnd R. All values oR are
subsequently multiplied by the factdrto convert to positive values. The surface area of all
colonies was determined by the advanced geometric technique (Naehahnf008).
Measurements of length and diameter were takeitu using callipers, and the respective
surface area calculations were calculated using the area formula of the most fitting geometric
shape.
Flexi-Chamber method validatidmAcropora sp coralspecimens supplied by Tropical
Marine Centre Ltd. (Chorleywood, UK) was the test organism since this genus is present across

bioregions and widely used in physiological process measurements (Connell, 1973). Five

colonies were used and were secured intoPVC plugs with a notoxic epoxy resin
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(Milliput -Standard) and left to acclimatise for 24 h prior to experimentation. Colonies were not
fragmented and therefore did not need to heal before experimentation. Aquarium tanks were
supplied with Tropic Maria PRO REEF saltased seawater supplemented with NaBGICO
maintained at 28.0 + 0€ (using Aquael Neo Heatel®X8, Poland), 35 ppm, a 4 L mirflow

rate circulating between the tanks and a common biological sump of Fijian live rock (Tropical
Marine Centte Ltd., Chorleywood, UK) and were kept under daylight conditioas30.2mmol
photons mMs?) using 150 W MetaHalide lamp (Acadia Products PLC, Redhill, UK). A series

of laboratory tests were conducted:

Water extractiori To determine the averageror of the water extraction method a Hexi
Chamber was filled with exactly 250 ml of seawater and subsequently extracted via the syringe
method described above; the volume removed was measured and subtracted from the 250 ml to
guantify the amount of seater unaccounted for. The process was repeated 30 times to gauge

the mean and error for this step.

Temperaturé Possible temperature drifts as a result of incubation were téstddxi-
Chamber was filled with synthetic seawater and maintained in anaguaf a known constant
temperature of 28.0 + 0.9°C (Aquael NeoHedfX8, Poland). The internal temperature within
the FlextiChamber was then determined every hour over an 8 h period (repeated three times) by
opening the valve and inserting a tempea®probe (NeoFox TBOcean Optics, England). An
situ temperature comparison between the F@amber and surrounding seawater was also
conducted in Salvador, Brazil, with a HOBO Pendant Temperature/Light Loggers (model UA
00264, Microdag, USA) set ttog every 30 s, placed inside the Fk&tiamber, and one outside

the FlextiChamber for three 24 h periods.
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Water flowi To test the extent of water movement (circulation) within the Flexi
Chamber, the relative accelerationhe X, Y and Z planes (Figu5a) was determined inside
and outside of the FlexChamber during a 1 h period« 3) using a G Pendant HOBO logger
(UA-004-64; Microdaqg, USA) set to log every second. The logger had tethered anchored beams
in fixed locations that had centre plates.ths beams move, the centre plate is displaced
creating a change in capacitance proportional to the applied acceleration (Onset, 2012). This
change in capacitance is converted to an output voltage which is processed with calibration data
to produce an equident acceleration value where 1G =9.8’m#sior to launch, both loggers
were intercalibrated by comparing their readings relative to one another when moving them
through a seriesf set orientations (Figure 22b(Onset, 2012). Both loggers were @iéid at
the same time and set to log at 1 s intervals. To establish a reading in all three planes, the logger
had to be free to move without touching the inside of the chamber. As the logger is positively
buoyant, a 6 cm length of cable of 1 mm thickneas used to tie the logger to a weight
resulting in the HOBO being orientated upside down. A small piece of glass was then attached to
the underside of the logger to make it neutrally buoyant so that it sat centrally within the Flexi
Chamber. High water Vecity could cause the HOBO to make contact with the Fihamber,
constraining its movement and thus the acceleration; howeverdkiaever observed (as per
Camp dservation) and any restrictions associated with the cabling would influence both HOBOs

equally and is therefore negligible.
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Figure 25| The HOBO Pendant G LoggerA) The orientation of the three orthogonal axis.
The HOBO logger measures acceleration along three planes: X, Y and Z. When the logger is
orientated as shown, the direction of the three planes are as illustrated. B) The calibration
orientations used for the two Pendant G HOBO Loggers.

LightingT1 Light penetration through the Flegihamber was measured using a
spectroradiometer (M/ACOM, model SR991-WF, Lamington Scotland), and converted from
energy (W/rf) to photons imol n¥ s*) by multiplying by the light source coefficient (Kirk,

1994). Percent transmission was then determined as the amount of light transmitted through the

respirometry chamber relative to no chamber pregetiticial lighting (240-800 nm) consisted
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of LED arays covering the Photosynthetically Active Radiation (PAR) {400 nm) spectra
(HeliospectraGoteborg, Sweden) and UV fluorescent 20 w tubes (Philips, Netherlands)
covering UVB and UVA radiation (24900 nm).

Leakage testing To ensure that a watertigseal could be created around coral colonies,
the FlextiChamber was secured around a colonf@bpora spand natural red food colouring
was syringed into the Flexthamber via the threway-valve mechanism. Five replicate colonies
were sampled. The &i-Chamber was situated inside an aquarium with a pendant
temperature/light HOBO placed inside the aquarium and-&lamber. An initial 30 mL
aliquot of water was syringed out of the Fk&hamber and also from the surrounding aquarium
water. The FlexChamber was left in the aquarium for 3 h, before another water sample was
collected from inside the Flexthamber and aquarium. Absorbance of each sample was then
measured using a USB 200Bpectrometer (Mikropack Halogen Light Source {#000), 1 cm
Cuvete Holder, serial fibre optic probes (#233-2447) Ocean Optics, England) to determine if
any dye had transferred from inside the F€kiamber to the surrounding aquarium water.

Gas permeability Whilst the FlexiChamber material is designed to be gas
impermeable, we verified negligible permeability for both,@@d Q by filling five Flexi-
Chambers within situseawater (Salvador, Brazil). Mercuric chloride (as per CDIAC protocols)
was added to prevent any further biological activity within the waatdran initial 200 ml water
sample was taken from each Fk&thamber. FlexChambers were then securadituand left
for 3 h. After the 3 h period, an additional 100 ml of water was removed from each Flexi
Chamber (end sample). For the initial and emd@es taken, £and CQ were measured. O

was measured using FoR/ O, probe (Ocean Optics, England) and G¥as measured using a
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custombuilt gas diffusible membrane attached to an external infrared gas anabas®uggett
et al, 2013).

Oxygentoxicity i Prior to any incubation procedure, a sensitivity analysis is first required
to establish the optimum vessel steeorganism biomass ratio, relative to the flushing time
procedure to prevent anoxic or hypoxic conditions; time taken to reackc amdypoxic
conditions will be highly variable as a result of inherent differences in metabolism across taxa
and growth environments. A benefit of the Fi€tiamber is that the internal volume of water
can be adjusted to accommodate different volumegtdr to help mediate the balance of
biomassto-water required. An example of the sensitivity analysis required and how the Flexi
Chamber can easily be adjusted to accommodate different water volumes was undertaken on
Acropora sp18 colonies ofAcropora 9. of similar size (mean + SE) (12 + 0.13Jwere
enclosed in the FlexChambers with a volume of either 250 ml, 500 ml, 750 ml, 1000 ml, 1250
ml or 1500 ml of surrounding seawater to compare when anoxic or hypoxic levels were reached.
Chambers were maimined in the aquaria under ligtiark cycles (conditions previously
described). Initial water samples were collected to measure tiee€ls at time zero. An aliquot
of 30 ml of seawater was then removed every hour over a 4 h period to examine fos change
[Oa].

Additional stress factorsTo ensure that no unforeseen factors were stressing the coral,
such as chemicals leaching from the plastic, we further incubatregora sp nubbins = 5) in
separate FlexChambers for 9 h with regular 3 h flusito observe for any visible signs of
stress, in the form of mortality, excessive mucus formation or loss of pigmentation.
Zooxanthellae counts were taken from tissue stripped from the base of each nubbin (Berkelmans

& van Oppen, 2006)Coral tissue was neoved using a water pik (Waterpik Inc, England) in 5
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mL of GF/F filtered seawater, and the area of tissue removed was quantified via the advanced
geometric techniqgue (Naumaehal.,2008). The tissue slurry was homogenised using a pipeta
pasteur and a srthaliquot subsequently taken for cell quantification via microscopy using a
neubauer haemocytometer (Berkelmans & van Oppen, 2006)

Flexi-Chamber practical application The performancef the FlexiChamber design
was compareh situwith that of an established glass respirometry vessel routinely used in
metabolic activity measurements (Naumanal.,2013). Colonies of the commonly occurring
Siderastrea cf. stellatevere sampled frorthe entrance of Todos os Santos Bay-hr@ water
depth.In total 40 colonies 08. cf. stellatavere examined for P, R and G throughout aweek
period. All incubations occurred at a water deptha®-3 m. For 30 of the colonies,
measurements using the Fl&ihamber and glass chamber were madeeparsite colonies (15
colonies per chamber type). For the remaining ten colonies, metabolic measurements for both
chambers were made on the same colony but for different days, with a minimum rest period of
24 h for any one colony between measurements,arabm allocation to the initial chamber.

Colonies tested in the glass chamber wemsoved from the seafloor at least 48 h prior to
measurements (Naumasnal.,2013). During collection, all coral colonies were handled
without any air exposure or diretssue contact and gloves were worn throughout the handling
process. Any extensive epibionts or endolithic boring organisms were excluded and any
remaining overgrowth was cleaned using a soft toothbrush. Similarly, any air bubbles or large
particulates irthe water were removed from the chambers, to minimjdtuges from norcoral
sourcesNcCloskeyet al, 1978. Colonies were chiselled from their substrate and transferred
using individual ziplock bags to avoid mechanical damage during transport (Nauetahn

2013). The chambers were fixed to a custoade metal frame, to facilitate transport and rapid
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deploymentin situ (Figure 26). Chamber incubations were conducted undeffow conditions
so hourly manual stirring (magnetic stirring bars) was necessary tclypdake boundary layer
(Pattersoret al.,1991).
In this case study, a 3 h light incubationswWallowed by a 3 h dark incubation. All
incubations were run around the daylight maximem 11:00-14:00h) for the light incubations
for Py and G. Corresponding dark rates, i.e. R ang] ®ere obtained during daylight hours by
covering the FlexChambes with an opaque black polyester material bag. During the dark
sampling periods, the Flexthambers were left for 1.5 h before the 3 h sampling session to
ensure steady state respiration rates that were consistent with prolonged maintenance in darkness

(Appendix 2).

Figure 2.6] Example of a traditional incubation procedure A photograph of the glass
respirometery chambers on the metal frame used in incubations in SaBeddr

2.2.5| Statistical analysis
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