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Abstract

Tropical coast al regi ons arpepulatonme t o
where entire communities depend upon ecosystem services derived from an
interconnected network of coral reefs, seagrassasgrovesand associated fauna.

The tropical coastaloneincorporats numerous unique and widely distributed habitats,
from mangroves to mud flatspweverthis thesis focusses on two interconnected

marine tropical ecosystentSoral reefs and seagrasses global biodiversity hotspots
with high rates of pyductivity which fuel coastal biogeochemical cycliigpagrasses
support blue carbon sequestratisadiment retention, and providetical habitat.

Biogenic calcification by coral reef organisms constrotassive calciuncarbonate
(CaCQ) structuresascalcifying organisms deposit skeletons over thousands of.years
This robust CaCestructure protects coastlines from storms by absorbing the impact of
wave energy and is critical for maintaining healthy shaCesal skeletonsorm a

uniquely intricate arhitecturewhich provides habitat for diverse ecological

communities and many economically important spet¢iesvever, anthropogenic

climate change threatens the ecological function of these systems. High concentrations

of carbon dioxide (Cg) are absorbed into the oceans, resultingceanacidification
and warming watersvith catastrophic impacts on calcifying organisis the global
climate crisis threatens coastal ecosystems and the services they pghavide,
development of metrics toack and predict changes to ecosystem funcreessential
for advancingsciertific conservation efforts.

Biogeochemicaimeasurementsf benthic metabolism are proposed as an
efficient tool for longterm and higkresolution tracking of changes to spacie
composition and ecosystem functi@enthic metabolism in cetal ecosystems
describegarbon cycling driven by biological processes: inorganic (calcificétion
dissolution) and organic carbon metabolism (photosynthheasispiration).These
processes cabe measured from changes in sea water chensgiegifically dissolved
oxygen(DO), dissolved inorganic carbon (DI@nd total alkalinity (TA) Changes to
these parameters can be useth&asuranet metabolidlux between the benthos and
seawater andan be used to quantifirie carbon cycling processes of coastal
ecosysters Calculatingthe balancef net communitycalcification(NCC) to net
community production (NCRjrovides insight into benthic composition and ecological
function andhas potential as a method for monitoriogangeThis approach has been
particularly useful for coral reef ecosystems, as their ecological complexity and

biodiversity presents a unique logistical challefaygesearch.



Coral reefsare already substantiallyedraded and highly vulnerable to the impact
of climate change effects such as ocean warming and acidific@aastrophic
declines in coral cover and the negative impact of warmintipcean acidificatiommn
calcifying organisms threatens the potental coral reef structural growth and
maintenance, and some reefs are already net dissadlviresponse to declines in
calcifying coralsyeefrestoratiorefforts aim torebuild coral reefs using variety of
techniques tpropagate cordfagmentsandproducejuvenile coralsvhich can be
transplanted on theeef. However, differences the physiological processesthe
species used in such programs require further evaludtmaddress this research gap,
rates of metabolism were measunmedhdividual fragments of importartoral reef
calcifiers with significantdifferences detected between species of corabatwieen
coral andcrustose coralline algd€CA). Theorganismsselected for this study have
distinctfunctiors in terms of reetalcification Acroporacervicornishaverapid
growthratesandanintricate branchingnorphology while Orbicellafaveolat and
SderastreaSidereaareslow-growth massive reebuilders The abundant and
opportunistidPoritesastreoidesare known fottheir increasing dominance on degraded
coral reefsandcrustose coralline algaxeate a cemettike covering which encrusts
and strengthens reef substrd&ig-situ incubations under natural ambient light
demonstrated thandividualrates of @lcificationandphotosynthesisre different
between specieandshiftin responséo light over a diurnal cycleThe highest
photosynthesis and calcificatioalues wereaneasured at solar noon for all spegies
followed by a plateau, reflectirghyperbolic relationshigvith light. Metabolism
irradiance modeldemonstrated simildight-response curves the 2 massive coral
speciesand the opportunistie. astreoideswhile branchingA. cervicornismetabolism
was lower and alignechore closelywith CCA than the other coral speciddetabolic
maximafor photosynthesifPmax) andcalcification(Gmax) were extracted from the
models and demonstrated a positive lirretationshipbetween the different organisms
indicating a link between the energy producegbgtosynthesis and respiratiaith
calcificationacross functional group$he data were interpreted in the context of total
carbonmetabolism(M1t), andthiswas proposed asreovel metric for quantifying the
balance of inorganic to organic carbon cycling.

A range of methods have been developed to quantify benthic metabolism in the
field; from isolation of the benthic communigingincubationchambers to
aubnomous sensateploymentgor instantaneous measurements of ecosystem
metabolism, each with unique advantages and limitatlorstu measuremenigre

critical for quantifying metabolism of complex communities, which cabeatliably



recreated in esitu settingsDue to the myriad of environmental influences affecting
benthicmetabolismin the field benthicincubationchamberdiave been used teolate
benthic organisms and the water surrounding them so th&ti@gpgochemicathanges

in the water column are the result of biological activity within the chamber. Benthic
chambersisuallyconsist oftransparent enclosures whialow sunlight to penetrate,
andoften havea submersibl@ump installed to drivevaterflow over the study
organisms. A sampling port facilitates measuremedissiolved oxygen and carbonate
chemistryso thatmetabolic ratesan be tracked-ollowing a review of the benthic
chambedesigns currently available, a gap was identified for a chamber that-is low
cost made from easilpccessiblenaterials, largenough to incubate a communiand
minimally invasive A simple benthic chamber design was created and trialled to
address these design criteria. The benthic chamber performed in lirtbeather
existingchambedesignsavailable, whilesubstantiallycutting costsThe chambers
were deployed in two caseudies to measure productivity séagrasand coral reef
patchesProductivitymeasuremeniagreed with previous estimates both

ecosystems tested, and the coral reef patches incubated also sliywetbolic
relationship with lightaligning withthe diurnal trends measurgdtheex-situ
incubations ofndividual coral reef calcifietsThe benthic chamber presented here is an
affordable andeasibleoption for field studies of benthimoetabolism

At thebroader ecosystem or large community sdadaithic metabolism can be
tracked over large bodies of water and over longer time scales. Usingefipinometry
and benthic boundary layapproachesit is possible to measure biogeochemical flux
in coastal wateraithout interrupting natural flow anehvironmentadrivers In the
final experiment of this thesimultiple methods were used to measure benthic
metabolisnof a seagrassediment dominated bay. The methods selaepasent
some of thé&key approachedevelopedver the last ~70 yearksagrangiarflow,
control volume, and benthic ecosystem and acidification measureygstams
(BEAMS) approachesvere tested ovet8 hours, alongside benthic incubation
chambers and discrete water samplifigere was strong aggment between
Lagrangiangcontrol volume and BEAMS for net community product{t!CP)
measurements, and integrated rates were aligned with results from chamber
incubations. Net community calcificatigNCC) was relativeljlow, andthe
Lagrangian appro&ovasmore sensitivéo the NCC signahanBEAMS. The
metabolic rates scaled with light conditions following a hyperbolic model, with
variations in coefficients and model fits between the data sets collected. Linear
regressions betwedhCC and NCRIiemonstated distinct relationships between night



and dayagainhighlighting the importance of diel cycles in quantifying coastal carbon
cycles.

The findings of thighesisenhance the current understanding of the metabolic
processes taking plagetropical maine ecosystems arsdipportduture research by
providing novel metrics and methods for quantifying benthic metabolseach
scale from the organism to the ecosystdhe influence of light was established as a
key driver of benthic metabolisrifihis research has direct impact and application for
conservation otoral reefs and seagrasses and sufiportfuture endeavours to

guantify carbon cycling of coastal ecosyssem
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composition, and measure volume and surface area of each patch: (a) screenshot of 3D
model built from photographs used for visual assessment of the relative cover. (b) 3D
profile of a coal colony from which volume and surface areas were derived. The

surface area of the base of the colony was removed from the overall surface area
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Figure 3-6: Net community productivity (NCP) per incubated patch over 4 days and

nights.Stacked bar plots (top) show the proportional cover for each category of
functional group and the boxplot (bottom) show the rates of NCP (mmbkt)
measured fromdifer ences i n dissolved oxygen ( oD

and organism surface areaZjrper hour following equation 1.............ccccvevveeene 103

Figure 4-1: Timeline of the key mthod developments for measuring benthic

metabolism in coastal ecosystems with an emphasis on coral reefs sinceHES50.

methods are grouped into three broad categories, top left shows some of the key
methods using flow across the ecosystem to trackgelsaim water chemistry to

calculate metabolic rates; top right shows the methods based on isolating water around
a benthic community. The bottom wide box shows some of the more recent methods
for measuring ecosystem metabolism using autonomous technoBgies with

dotted outlines highlight the methods compared in the current study. Text without
boxes describe the key scientific advancements, and dotted arrows show which

methods they were applied L0u........oouuviiiiii e 114

Figure4-2:(a) Satellite image of Baileybés Bay

show discrete sampling points (white circles / stars), position of autonomous sensor

packages (large white circles); and current profiles (current roses with colour gradient

for speedshown in the legendjb) photographs of BEAMS apparatus, (c) advective

benthic chamber enclosures deployed over sediments close to the upstream autonomous
sensing packages, and (d) photograph of a SeapHox sensor, which was deployed at

upstream and downs@m positions shown in 2a as filled white circles............. 116



Figure 4-3: Raw data collected by the SeapHOx autonomous sensor at the end station

of the transect (SP2Yertical red line shows where the data were cut off due to stormy

weather conditions, data beyond this line (after 19:00 hrs on thea@te removed for
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Figure 4-4: Net community production (NCP) measured with autonomous sensors

using the BEAMS (top), Lagrangian and control volume (middle) approaches, and for

net community calcification (NCC) (bottonBEAMS data were collected every 10

minutes athe location of the SeapHOx equipment packages (SP1 and SP2), while
Lagrangian and control volume were calculated from measurements taken every 1 to 2
minutes (as dictated by the flow rate between SP1 and SB2).......................... 124

Figure 4-5: Net community calcification Aaxis) to net community production-éxis)

with NCC calculated using metabolic quotient (Q) values ranging from 0.8 to 1.2 using
the BEAMS approactPlot A shows BEAMS 1, plot B is BEAMS 2................... 125

Figure 4-6: Hourly binned mean average for each autonomous sensing meédtpod.
Met community production (NCP), bottom: net community calcification (NCC).

Different methods shown with colouredsymbols.............ccccoeevviiiiiiicccriceeeeeinns 125

Figure 4-7: Composite time series ¢h) net community production (NCP) afig) net

community calcification (NCC)Shaded yellow area shows PAR measured, small black

dots are individual data points. Large, coloured dots are hourly mean values126

Figure 4-8: Metabolic rates measured in chamber deploym&ag.and night are

between 7.30 am and 7.30 pm respectively. Dotted vertical lines separate 24 and 12
hour incubations and shorter incubations for NiéR) and NCC(right)................. 127

Figure 4-9: Integrated rates for each of the methods over 24 hours (left), during light

hours only (middle) and overnight (righTjop: Net community production (NCP) and

bottom: net community calcification (NCC). The different methods are defined by
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Figure 4-10: Scatterplots and linear regressions show the relationship between NCP vs.
NCC during light (blue) and dark (red) observations for each ah#tbodsi{a)
Lagrangian{b) Control Volume, andc) BEAMS 1(d) BEAMS 2.......ocvvvvivvininn.. 129

Figure 4-11: Regressions of total alkalinity concentration to dissolved inorganic
caibon (TA:DIC) at different time surveys across the:b@y (07:00-08:00), PEAK




(noon to 14:00), PM (16:00 to 18:00), represented with different colours and shapes.
Black dotted line and black writing show the linear regression for all data grouped
LOG TN ... —————— 130

Figure 4-12: Photosynthesigradiance models for autonomous sensing methods used

to measure net community production from changes to dissolved odgdels were

fit using a hyperbolic tarent function. Black dots show the mean for each 100 pmol m

2 s PAR interval, while small, coloured dots show individual data paints........ 131

Figure 4-13: Calcification i irradiance models for each of the methods used to measure

net community calcification (NCC) calculated from changes in total alkaliDiBA)

derived from pH and DO measuremer@mall dots show the individual data points,

larger points show binned aages (100 pmol ms! PAR intervals).................. 131

Figure 4-14: Total metabolism ratiodM:ot, the sum of both calcification and

production) for the distinanethods used to measure NCP and NGp. Lagrangian

Mot calculated from the photosynthesisd calcificatiorrradiance curves and plotted
against light. Bottom: Boxplots showing the spreagf for the different methods.
Triangles are daily mean aages; squares are night means. Lagrangian shows the

individual data points as purple dots and hourly means as black dats............. 133

Figure 6-1: Plots generated using R packd®gspR o0 6i nspectd each i

anomaliesPlots in the top row show raw oxygen data and bottom row show the slope
of a rolling linear regression during a 1 hour incubatio® ofaveolatan the light
(left) and dak (FIGN).........ueeeieee e eeee e e e 165

Figure 6-2: Plots generated using R packd&®gspR o0 6i nspectd each i

anomaliesPlots in the top row show raw oxygen data and bottom row show the slope
of a rolling linear regression during a 1 hour incubation of crustose coralline algae type
2 (CCA1) in the light (left) and dark (right).........cooorriiiiiiiiiee e 166

Figure 6-3: Examples of inspection plots of raw change in dissolved oxage®)

during 1 hour incubations of P. astreoides during light (left) and dark (right)
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Figure 6-4: Plots generated using R packd®espR 0 60i nspectd each i

anomaliesPlots in the top row show raw oxygen data and bottom row show the slope
of a rolling linear regression during a 1 hour incubatioB.sfderean the light (left)
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1 I ntroducti on

1.1Coast al mar i ne car bon

Oceans arehe largest active reservoir of carbon on E@¢iilero 2007), and they
play a critical role in carbon sequestration, cycling, and stqfdgiéemann et al. 2009)
Carbon sequestration by marine organisms began some 3.5 million years ago when
photosynthesis evolved as a metabphacessn the ocean and contributed to the balance
of O2 and CQ in the atmosphere, fundamental to the persistence of life on (Wanrtlet al.
1999) Today, the ocean continues to sequester atmospheric carbon into the oceanic carbon
sink where it can be stored for hundreds of thousands of years, regulating climate and
maintaining ecosystem functions and servid@eKinley et al. 2017)Estimates of the
carbon sequestration value of marine productivity were well underway over 100 years ago,
with early research focussed on the role of oceanic phytopla(BtysenJensen 1914)
However, the role of marine vegetative systems in sequestnd locking down
atmospheric carbon has since become the focus of research into biological carbon
sequestration into the ocean s{luarte et al. 2013a; Macreadie et al. 2019; Serrano et al.
2019)

The coastal ocean is the interface between opeanoand terrestrial ecosystems and
plays a disproportionate role in biogeochemical cycling despite taking up just 8% of the
wor |l dos (Swith andHolibaughal993; Hyndes et al. 2014, Silbiger and Sorte
2018)I n 2009, t he c o waséepoducatto desdribeuhe exceatiortalo n 6
capacity of some marine ecosystems to capture and store carbon comparedthasdand
ecosystem@Nellemann etal. 2009) Ar ound 55% of the oceands
sequestered in the coastal zone, where higitdguctive ecosystems draw down carbon
before it is transferred to lorigrm sediments or adjacent coastal bio(Sdine et al.

2004; Nellemann et al. 20Q9)he high rates of carbon sequestration and storage in the
coastal oceaaredue to photosyntltie activity of marine macrophytes, which thrive in
shallow, oligotrophic waters where sunlight penetrates to the seafloor, driving high rates of
productivity. In contrast to highly productive terresteabsystems, carbon is cycled

within the coastal o@, stored in sediments and / or exported to the deeper open ocean
carbon sinkMackenzie et al. 2005; Howard et al. 20IB)e coastal ocean is considered a

major component of the global carbon cycle, which has increased in carbon sink capacity
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since the onset of anthropogenic increases in(B&uer et al. 2013)However, global
climate change threatens the longevitgoéstal marinecosystemgHe and Silliman
2019; Barnard et al. 202I)herefore, it is critickto investigate and define carbon fluxes

within and between ecosystems of the coastal ocean in order to predict future trajectories.

Despite accounting for only 0.1% of the coastal zone, seagrass meadows play an
important role in coastal biogeochemical cycling and are highly valued as blue carbon
ecosystemgGreiner et al. 2013; Duarte et al. 2013c; Costanza et al. .2Badjrass
meadows have some of the highest rates of productivity of all bifieasminga and
Duarte 2000; Larkum et al. 2006; Duarte et al. 20IBgy are considered a critical
ecosystem for climate change mitigatidmacreadie et al. 2014; Trevathdackett et al.

2015; Howard et al. 2017; Serrano et al. 2048} seagrass restoration is being explored
as a potential tool for drawing down anthropogenic G&¥einer et al. 2013; Duarte et al.
2013c; Macreadie et al. 202The carbon captured by seagrass photosynthesis is stored in
underground biomagképezMendoza et al. 202@ndlong-term marine sdiments,

which are around 40 times more efficient at organic carbon storage than the soils of
terrestrial forest§Nellemann et al. 2009T here is variability intheir carbon stasge

capacity with distinct quantities and sources of organic oarfound storé in sediments
acrossasingleseagrasscosystenfRicat et al. 2020)Seagrassesccur on all continents

in the shallow coastal ocean, up to depths ah&fres, where transparent waters facilitate
photosynthesifHemminga and Duarte 2000)he canopy of the seagrass meadow traps
particulate madr from the water column by attenuating currents and filtering sea water,
contributing to build up of sediments which are then retained in the meadow bed by their
underground roelike network of rhizomegHendriks et al. 2008; Duarte et al. 2013b)
Around half of the carbon which accumulates in seagrass sediments originates from non
seagrass sourcésennedy et al. 2010; Oreska et al. 2Q1i&gly imported from adjacent
habitatgDuarte and Cebrian 1996)he most productive seagrass meadows are
multispecies, and productivity of seagrass meadows is enhanced by autotrophic epiphytes,
which can account for 2060% of seagrass productivifiierminga and Duarte 2000it

is estimated that seagrasses account for around 1% of global net marine primary
production(Duarte and Chiscano 1998nd 10% of annual organic carbon burial in the
wor | do Fowrqurean ptal. 2012)
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While therole of seagrasses in coastal carbon capture and storage-éstablished
the carbon value of coral reef ecosystems has tm@estedince the 1990s
(Frankignoulle et al. 1994; Gattuso et al. 1999)h ongoing research to constrain coral
reef cabon and carbonate budgets in the face of a changing clipmgtéNaumann et al.
2012; Alidredge eal. 2013; Jones et al. 2015; Albright et al. 2015; Takeshita et al. 2018;
Enochs et al. 2019; Stoltenberg et al. 2019; Mekiesnandez et al. 2020 oral reefs
host high rates of organic carbon production, supporting their ability to build inorganic
calcium carbonate structures through biogenic calcificdBattuso et al. 19%.
However, the process of calcification by corals and other important benthic organisms
such ascalcifying andcrustosecordline algae release carbon at a rate higher than it
sequester@/Nare et al. 1991; Gattuso et al. 1999b)cdcification, for each mole of
CaCQ precipitated, 0.6 moles of G@re released, whereas for photosynthesis, the
production of 1 mole of organic carbon (&) results in fixation of 1 mole of GO
Respiration also releas€%,; thereforea calcifying reehasa net flux of CQto the
atmospheréFrankignoulle et al. 1994 he potential for coral reefs as lotegm carbon
burial systems is considered insignificant in the overall marine carbon H@hjaiso et
al. 1996; Watanabe and Nakama2019) Therefore, coral reefs are not considered in blue
carbon budgeting and generally act as a soofrcarbon to the atmosphere, rather than a
sink (Frankignoulle et al. 1994; Gattuso et al. 1999b; Gattuso and Buddemeier 2000)

Despite the relatively low el of carbon lockdown of typical coral reefs, their
position in the interconnected coasi@memeans that understanding and quantifying
carbon transfer within these ecosystems is critical for predicting and mitigating climate
change. Coral reefs havetical role in protecting blue carbaicth ecosystems such as
seagrasses and sediments from erosion by the open ocean, and the biodiversity they
contain supports oceamide carbon cycling and trophic energy networks. As global
climate change threatenstpersistence of corals and coral reef ecosystems, it is likely that
their role in coastal carbon budgets will change. As the irreversible degradation of coral
reefs is well underwagBellwood et al. 2004; Hughes et al. 2017b; Reverter et al. 2021)
is critical that the longstanding questions regarding their carbdimgycapabilitiesand
the biological processes driven tHig addressed.
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1.2 Ecol ogi cal function and servi

seagr asses

Coastal areas are around three times more densely populated than inland regions, and
human populations ithese areas are growing exponentilNZNEP 2006) These
communities depend directly on the ecosystem serpicesded bymarine and coastal
ecosystemglLau et al. 2019)Coral reefs, seagrasses, and mangroves strengthen coastlines
against erosion and promote sediment production and retéGtwistianen et al. 2013;
Harris et al. 2018; Brown et al. 2020hey have a critical role as a physical barrier to the
open ocean, protecting shores from storms and wave action. Tropical ecasiatems
comprise biodiversity hotspots, provide unique habitat, apdart livelihoodgCostanza
etal. 1997; Moberg and Ronnback 2003pastal seascapes also drive local economies
through touristic activities such as diving and snorkel{lBygalding et al. 2017However,
their true value in terms of ecosystems services, function and cultural wealth cannot be
fully constrained by economics alofleau et al. 2019)in the tropical coastal zoneoral
reefs and seagrasses are interconnected and interdep@nakemiel et al. 2016The
ecological processes taking plagihin these systems transcend habitat boundaries, to
support healthy ecosystem functigtarborne et al. 2006 he unique habitat found in
shallow coastal waters supports fisheries, critical for protein provision and livelihoods in
the regions where coral reefs and seagrasses (detwar et al. 2018)Coastal
communities depend upon smatlale local fisherieas a primary source of protein, at an
estimated value of USD 6 milligfBurke et al. 2011)indigenous communities in coastal
regions around the world hawaénigher dependence on seafpadd fewer alternatives
(Woodhead et al. 2019)

Seagrasses are marine flowering plants which appear on shorelines around the world
to form extensive meadowsghich provide a range of ecological functions and services.
Searass organic material has been used for construction and agriculture for hundreds of
years(Nordlund et al. 2018 Seagrass meadows are some of the most valuable blue carbon
systems in existenc&heir underground network of rhizomes protects and retaihon-
rich sedimentg¢Duarte et al. 2013apeagrasses filter coastal waters, ensuring i |
transmissior{Short and Short 1984and theras evidence that they buffer ocean
acidificationastheir CO, uptakethrough high rates gdrimary productiorinfluence pCQ
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and pH of sea wat€Hendriks et al. 2014; Kapsenberglayronak 2019; Ricart et al.
2021)supporting healthy coral grow{dury et al. 2013; Takeshita 201¥%) turn, he

structure formed by adult coral skeletons provides shelter and protection for seagrass
meadowsgdemonstrating the positive feedback between these syftamss et al. 2018;

Du et al. 202Q)Thesmaltscale buffering capacityf seagrasmeadowsas been

identified asa potential management tofdr coastal waters undergoiongean acidification
(OA) (Manzello et al. 2012)This could potentially mitigate the impact of OA for adjacent
reefs(Cyronak et al. 2018; Ricart et al. 202Hpwever the buffering potential of
seagrasses are varigependingipon lacal hydradynamics and environmental influences
(Koweek et al. 2018; Dam et al. 202%pagrasses also show bioremediation qualities, and
there is evidence to suggest theagrass meadows may ameliorate seawater pollution
from humanoriginated bacteria, protecting marine invertebrates and fish from potential
pathogenglLamb et al. 2017)Seagrass canopies attenuate wave gaigportsediment
generationand mitigaé coastal erosiofFonseca and Fisher 1986; Enriquez et al. 2001,
Christianen et al. 2013peagrass meadows also provide nursery habitat for fisheries, such
as theecologically important herbivorous patfish, whichcanundergo ontogenetic or
diurnal migration across coral reef, seagrass, and mangrove root haigedkerken et

al. 2002; Mumby et al. 2004; Dorenbosch et al. 20G83zing by herbivores is a critically
important process in the coastal ocean for sediment generation and maintaining healthy
ecosystems and energy fl¢®ainbridge et al. 2018; Brown et al. 2020n coral reefs,
herbivores are lundamentatomponentf nutrient and organic carbarycling within the
trophicsystem, ad theymaintainthe reefsubstratelean of algador larval settlement and
coral growth(Edmunds and Carpenter 2001; Idjadi et al. 2010)

Coral reefs host one of the most biodiverse communities on Earth, a capacity that has
been the subject of scient2200yearsadhiclat e si n
highlighted the contradiction of a highlyqaluctive ecosystem in oligotrophic waters
(Gove et al. 2016Early research demonstrated that the success of coral reefs is largely
due to high rates of lighdependant primary productivity and the ability of the benthic
community to cycle nutrients viiin the ecosysterfe.g.,Odum 1%6, 1957%. Reetbuilding
coralsarepoweredn partby symbiosiswith zooxanthellagdinoflagellatesvhich provide
carbon fixed byphotosynthesito the coral host to fuel calcificati¢@oreau and Goreau

1959; Roth 2014)The endosymbionts benefit fronutrients and protectigorovided by

26



the coral polyp, as well adeal sunlithabitat to facilitatgphotosynthesigRoth 2014)

This relationshignaintainsthe metabolic needs of both the host ayishbiontand supports
coral reef success oligotrophic watersOnly sincethe second half of the 20th century
havetechnologies advanceshoughto facilitate scientific field research on coral reefs
(Moore et al. 2009)and access to reefs deeper than a few metres has only become widely
available since the onset of recreaib8 CUBA diving in the 1950&.ang 2012)

Subsequent decades of research have explored the key processes driving coral reef
ecological function, however, the urgent threat of climate change and the degradation
already observed o(Wootlhkae etalo2019;dEddy et al. 20RaS| ree
shifted research perspectives towards conservation and rapid intervention to protect the
critical ecosystem services and survival of coral réefs Oppen et al. 2017; Bayraktarov

et al. 2020)

Sincethe range of services derived from coral reefs are vast, they can be divided into
subcategoriesuch aghosethat support other services, regulate the environment, provide
natural goods, and offer cultural benefifgoodhead et al. 2019 oral reetabitat
provision and subsequent biodiversity support all other ecological services derived from
seagrass and coral reefs. The complex architecture of the coral reef provides habitat for
diverse organisms, and up to a third of all marine organisms spesasapért of their life
history on the coral re¢Knowlton et al. 2010; Brandl et al. 201@Qoral reefs regulate
their environment through calcification (G), the process by which they grow calcium
carbonate (CaC#pskeletons. Over millennia, the (Cag)@keletons deposited by reef
calcifiers physically protects, builds, and mainsainastlines,(Perry and Alvare#ilip
2018)and plag a critical role in biogeochemical cycling of the coastal o¢€drave et al.
1972; Gattuso et al. 1999&cleractinian corals, the ecological engineers of coral reefs,
form a complex structure for countless functional groups and species to inhabit
(Richardson et al. 2017 oral polyps typically measure just a few millimetres in size,
however, the skeletal structures produced by coral colonies create entire reef systems, large
enough to be seen from space. The coral reef structural matrix formseol@gigal
timescalesnd is strong enough shield coastlines from storm and wave energy. A meta
analysis of studies covering Atlantic, Paciind Indian Oceans found that coral reefs
absorb 97% of wave ener@yerrario et al. 2014 )providing a natwal barrier for coastal

communities. In the USdzard risk reduction exceeds US$1.8 billion annu&kguero
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et al. 2021)Coastal defence by coral reefs also benefits other habitats such as seagrass

meadows, and reduces erosion of sediments, thuspnoteritical blue carbon stocks
(Ferrario et al. 2014; Storlazzi et al. 2021)

1.3Ant hropogenic influences on

Sseagrasses

Since the industrial evolution ~ 200 years ago, the concentrationahGiae

atmosphere has increased by over40% r each 410 e uwnprevedentedin at e

the past several million yeaf&ingerich 2019) Under a scenari o of
RC

(representative concentration pathway,

to 1370 eatm under a O6busivanevsusen et al. 20ld)r mal 6

The hgh atmospheric concentrations of £4hd other greenhouse gases are causing

catastrophic changes to Earthoés climate

S

currents, increased storm frequency and severity, and weather extremes such as prolonged

and freqient drough{IPCC 2013) Global warming has increased the surface temperature

of Earth by 1 C in the past century, and it is likely that the Xrtipping point will be
exceeded by 2100 with projected loss of key ecosystems and specresuflde and
Silliman 2019; Doney et al. 2020; Barnarchet2021)

Over the past 50 years, the ocean has absorbed over 90% of the global warming
induced heatFlato et al. 2013)associated with a rapid rise in sea surface temperature
(SST).Coasthenvironments are disproportionately impacted by anthropogenic activity
compared to the open oce@fer et al. 1999)and they are undergoing increasing
pressured from human activitidecreasingSSTis a major threat for coral reefs and
seagrasses, whe organisms living in these environments have adapted to exist at the
thermal limit and are sensitive to char{§@dolfo-Metalpa et al. 2014; Camp et al. 2017)
Coral bleaching occurs when sgater temperatures increase byClfor at least Inonth
whencor al s pass t he t éGoeaarn Hayes02hhei ppi ng
unprecedented mass bleaching evenhén1t980s was the first direct ecosystem crisis
caused directly by climate chanffeoreau and Hayes 20238n occurrence which is now a

nearannual evenfHughes et al. 2017a; Ainsworth and Brown 2021)
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With the unprecedented rapid increase in atmospldadue to fossil fuel carbon
emissions, the ocean has absorbed around 41% of anthropogenic(Gathoe et al.
2004; Quéré et al. 201,8fsulting in a 0.1 unit decrease in ocean pH, which is expected to
decline by a further 0.80.4 pH by 210@Caldeira and Wickett 2003pDcean acidification
(OA) threatens the existence of coral reefs, as ieases dissolution of CaG&tructures,
while at the same time impeding calcification. £&Bsorbed into the ocean reacts with
seawater, causing a decrease in the availability of carbonate iog’) (@@ reducing the
saturation state of CaG@inerals YW). OA has caused a 40% increase in ocean
acidification and a reduction of carbonate ion concentrations by 11% in the ~200 years
(Orr et al. 2005)Fig. 1-1).
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Figure 1-1: (top) Increasing C&concentrations in the atmosphere, and (bottom) h

CO2 influence on ocean sea water pH and carbonate concentration (hdliggre
from Doney et al(2020).
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Ocean deoxygenation has emerged as an additional major threat to the future of coral
reefs (Altieri 2017; Johnson et al. Z202and incidence of hypoxic events areederating
(Earle et & 2018; IUCN 2019)Deoxygenations caused primarily bglobal climate
change ane@utrophicatior{Altieri and Gedan 2015; IUCN 2019 tropical regions,
warmer watetemperaturebavea reducedapacity taretaindissolved oxygeDO), and
highrates ofaerobic metabolisrdedete DO. Nutrient loading in sunny, warm coastal
waters leads to rapid proliferation of algae in the water coldrhrough respiration, algae
and microbes consunizO in the water column, which is further compoundedriayrtdity
of photosynthetic plants when light is blocked by algae in the water colartire case of
scleractinian cota, the impacts can lmBsastrousresulting inmassmortality withindays
of exposure to low DO condlins (Johnson et al. 2021dpeoxygenation in coastal waters
is typically defined as a reduction in oxygen concentration to <I2fmpoweversome
species are sensidtomore subtle changes in ocean oxygencentratior{Altieri et al.
2021) It is notuncommon for coral reef organisms to experidoeeoxygen conditions,
as natural diel cycling of oxygen in the water column over coral ceefsolled by
photosynthesis and respirationbt@nthicorganisms can lead to low oxygen concentration
conditionsat night(Nelson and Altieri 2019However,multi-day, extreme hypoxic events
have been fouhto deplete the coral reef of oxygen and cause sewvass mortalit of
corals(Johnson et al. 2021a)he frequencylong termimpacts and recoveryollowing
shortterm hypoxic events on coral reefs are relagiveiknown as theeventsgenerally

lastjusta few days andeportingis scarce

14The decChAneboaml reef s

Catastrophic losses of hard coral cover have been reported at sites across the
Cari bbean s iJacksen etah 20141 EstraBaidivar et al. 2019)n this
region, dobal climate change exacerbates l@mdpressuresn coralreefs causebdy
rapid coastal developmeint the arealncreasg construction and infrastructure
developmenbver recentdecadesr e causi ng andlasadintetidal s quee z e
habitat(Unsworth et al. 20180Dn Caribbearcoral reefs, unprecedented changes to species
composition and abundance are associatedlagtl overdevelopment, disease, and

pollutionin addition tothe global threats associated with climate chdbgame 1992;
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Williams and Graham 2019pverfishinghas alsa@ausednajordegradtion to the
biodiversityof coral reefs and seagrass mead@disghes et al. 2003; Jackson et al. 2014)
Since 2014the compounding impact of Stony Coral Tissue Ldisease has exacerbated
this decline, causing near ecosystem collapse and extinction of some coral species
(EstradaSaldivar et al. 2019As a resulbf these factorghe valuableoastal protection
and habitat provision provided by these ecosystems is already re@Reregland Alvarez
Filip 2018)

With the functional extinction adcleractinian coralspeciesfast becoming a realitiyn
in the Caribbean regiotoss of the structural complexity aetbasis of all ecosystem
services derived from coral reefs is a major ri3k.the Florida Reef Tract (FRTJoral
reef structure is being lost at a rate faster than it can be rerfEwedet al. 2018)As
healthycorals are losirom coral reefs, proliferation of algae, soft corals, egsilient
weeder species of corals have overtaken the (elefghes et al. 2007; Williams et al.
2017) Eutrophication, algal overgrowth, and influx of invasive species, disrupt and
impede ecosystem funoti (Kubicek et al. 2019)Overfishing of key herbivore species is
linked to algal overgrowth and collapse of reef function in some areas of the Caribbean. In
the 1980s, a marine pathogen decimated the populati@isdéma antillarumthe
Caribbean bldcspined sea urchifLessios et al. 1984)vhich had previously maintained
algal growth on coral reef&dmunds and Carpenter 2001; Idjadi et al. 2016¢ lack of
recovery in this population on Caribbean reefs is largely due to a lack of cryptic substrate
whereDiademacan be protected from predati@odmeret al. 2015, 2021)he lack of
algaefree substrate o@aribbean coral reefs negatively impgemrallarval settlement,
hindering the natural recovery of both the copatsviding structural complexity, and the
herbivores needed to maintair{liessios 2016) Successful coral reproduction and
recruitment of coral larvae is further hindered by ocean acidificéittomight et al. 2010;
Doropoulos et al. 2012)liseas€PifionGonzéalez and Banaszak 201&)d changes to
overall reef conditiorfRinkevich and Loya 1985The rapid decline of coral reef health
and function in the Caribbeasmusefulas amodel forunderstandingcologicaland
physiologicalresponse tonultiple stressorsto predict and manage change in other regions
(e.g.,Crabbe et al. 2008; Blackwood et al. 20IB)e study of Caribbean coral reefs has
been integran defining thesequentiaktages otlegradation antdas been possible to

build a solidknowledgebasedocumenting hovenvironmental stressors aadthropogenic
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influencecanshift dynamicson coral reefs, disruptingcological stable statéisrough
altering the benthic communitintroducing invasive species, and ultimatehanging the

biogeochemistry and functionedpacityof the coral reef ecosystem.

15Reef restoration

The functional capacity of coastal ecosystemises critical research questions for
policy makers as governments around the world aim to transition to a sustainable blue
economy(Brears 2021)The United Nations sustainable development goals recognise the
health of the oceans as a priority, andet UN decl aration of the ¢
restorationd indicates a shift in consery
active interventiorfWaltham et al. 2020)To conserve the calcification potential of coral
reefs,propagatiorand transplantation of scleractinian coral aims to restore natural rates of
reef growth, with the ultimate goal of securing the ecosystem services that healthy coral
reefs providgHein et al. 2017)Reef restoration is an active form of conservation
intervention designed to support passive preservation efforts, such as the legal protection
of endangered coral species and reef sites. Methods of reef restoration largely focus on the
robust, reebuilding Acropora genus of corals which are propagatechith ¢and field
nurseries and transplanted onto natural réefman 2000; Young et al. 2012 his
technique utilises the ability of fagtowing branching corals to asexually fragment and
regeneratgLirman 2000) Despite recent advances in the methaaktachnology to
deploy such programs, the lotgym outcomes are virtually unknovidein et al. 2017;
BostromEinars®n et al. 2020; Ferse et al. 202TI)acking of restored populations is not
standard practice and over half of restoration programsatalata on their restored coral
populations for 1 year or less (BostriEmarsson et al. 2020). Monitoring of coral reef
restoration outcomes is essential for evaluating the impact of such efforts and for
improving conservation strategy. However, tragiibmanual surveys conducted by
SCUBA divers and snorkellers to measure the size of individual corals and estimate live
coral cover of reef patches are labour intensive and costly. Reef restoration aims to re
establish ecological function, yet metrics mdlividual coral transplant survival do not
capture thigHein et al. 2020)Efficient and accurate methods are required to overcome

the challenges of tracking changes to the fundamental processes driving ecosystem
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function and carbon cycling in the caasbcean. The biogeochemical approach offers a
powerful tool to quantify these processes

16 Benthic community metabolism

Seawater chemistry is influenced by a range of chepeoaironmental, anghysical
forceswithin the coastal ocean. At the samesdjriological activity drives daily and
seasonal changes in seawater composfagan,Yates and Halley 2003; Koweek et al.
2015; Albright et al. 2015Benthic metabolism refers to the balance of the fundamental
biogeochemical processes taking placthinithe benthic community: calcification,

CaCQ dissolution, photosynthesis, and respiratibig. 1-2). This balance of
physiological processes controls the seawater chemistry and carbon cycling of tropical,
coastal waters, as summarise@quations 1 and 2.

Eqg. 1

CO: + H:OP CH0 +02

Photosynthesis Z Respiratio
Eqg. 2

Ca"+ CO:?P CaCQ

Calcification 2z Dissolutior

As primary producers draw down carbon, they releag@i©Ough photosynthesis, and

respiration revees this proces@\Nelson and Altieri 2019)Therefore, it is possible to
measure photosynthesis (P) from increases in dissolved oxygen (DO) and decreases in
dissolved inorganic carbon (DIC). Conversely, decreasing DO or increasing DIC indicates
net respiation (R). The overall balance of P to R within the ecosystem is known as net
community production (NCP) and describes cycling of organic carbon within a benthic
community (Fig. 32). Inorganic carbon cycling of benthic communities is defined as
calcificaton (G) offset by dissolution (D), or net community calcification (NCC).
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Inorganic carbon precipitation can be quantified using the total alkalinity anomaly
techniqugSmith and Kinsey 1976; Kinsey 1978; Chisholm and Gattuso 189easure

the changén total alkalinity (TA) of sea water. For each mole of Ca@cipitated

through calcification, 0.6 moles of G@re released, corresponding with a reduction in
seawater TA of 2 molar equivalents, and the reverse is true for carbonate dissolution. CO
is released at a lower rate than Ca@precipitated because of the buffering capacity of

sea water, which is stkbin standargCO; (partial pressure of Cpof 350 patm, salinity

of 35 ppt, and temperature of 25 (Frankignoulle et al. 1994However, the rate by

which CQ is released by calcification changes under different seawater carbonate
chemistry conditias.For example, in seawater with higher pQ® lower total alkalinity,
theamountof CO, release by calcification is higher. These processes also drive changes in
sea water pH, which increases with net photosynthesis and dissolution, and decreases with
net respiration and calcification. When NCC and NCP are equal (i.e.,chiaages imA
andDIC are close td) sea water pH remains stal&ronak et al. 2018)n warmer

waters, the buffering capacity of sea water is also reduced. It is clear thatthmed

impacts of oceawarming,and ocean acidification will impact the biological carbon
sequestration and cycling capacity of coral reefs and other calcifying ecosyiksteymas

and Yates 2009; Veron 2011; Nakamura et al. 2017)

Biogeochemicameasurements of community metabolism capture individual metabolic
rates of functional groups and species, as well as the interactive physiological processes
taking place within the benthic community, offering insight into relative composition of
differentfunctional groups and overall ecosystem funcfidibbright et al. 2015; Cyronak
et al. 2018) These measurements are applicable across multidimensional scales from
organisms to ecosystems, to quantify subtle,nggolution changes in photosynthesis
regiration and calcificatiofdissolution over hours or days (e @attuso et al. 1999;
Allemand et al. 2011; Smith et al. 2013; Page et al. 20rdductivity measurements have
been widely used for quantifying the carbon sequestration potential of seegjeand other
coastal ecosystenfs.g.,Sargent and Austin 1949; McGillis et al. 2011; Long et al. 2015)
and are particularly useful where growth measurements of benthic organisms do not
always scale up to ecosystéevel processes. For example, metabates measured from
artificially constructed communities in ftu mesocosms to represent natural coral reefs

benthos can provide some insight, but these experiments cannot account for the myriad of
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environmental and biological influences driving meiam in the naturalPage et al.
2017). Table 21 shows some of treommonmeasurements @hotosynthesis and

calcification.

Table 1-1: Some of the different measurements of productioncataification measured

from benthic communities and ecosystems.

Abbreviation Definition
Production Roo dark oxygen flux
Robic -1(dark DIC fluxi dark TA flux / 2)
Poo light oxygen flux
Poic -1(light DIC flux- light TA flux / 2)
Pgross Poic - Roic or Pbo - Roo
Calcification Gret -1(light TA flux / - 2)
Gdark -1(dark TA flux /- 2)
Ggross Gret- Gdark
l7Environment al drivers of Dbent

At the ecosystem scale, thalance of net community calcification (NCC) to net
community production (NCP) has been proposed as a metric for reef functional health
(Cyronak et al. 2018). The ratio of NCP to NCC of an ecosystem reflects its carbon sink
source status, its capacity ttea sea water pH, and the composition of benthic
communitiegGattuso et al. 1999a; Kleypas et al. 2011; Albright et al. 20183 can be
visualised using graphical vector analysis, orDEC slopes, to quantify metabolic status
of the benthos, and Barovide inside into the composition and relative proportion of
calcifying / photosynthesising functional grou@dbright et al. 2015; Cyronak et al.

2018) As these processes are heavily influenced by environmental conditions such as

light, temperatug and flow, development of methods and equipment for-bBakkd
measurements are essential for accurate and robust data collection. Field measurements of
ecosystem metabolism using the biogeochemical approach offer insight into overall

ecosystem functioand can be used to determine diurnal and seasonal trends and to
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recognise shifts over different temporal scdléasey and Kinsey 1967; Jokiel et al.

2014) It is possible to link rates of NCC and NCP to the dominant functional groups of the
benthos, athin this way, we can detect changes due to stressors and / or changes in benthic
compositionIn the case of coral reefs, the potential to quantify relative proportions of
autotrophs and calcifying organisms from sea water samples offers a powerful and

efficient tool for rapid assessment of reef functional health and can help identify reefs
undergoing phase shift to algal dominaf{Cgronak et al. 2018)These measurements can
support research on reefs in geographically isolated areas or where limibatioasual

sampling and surveys may impede more traditional methods.
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Figure 1-2: The dominant metabolic processes on coral reefs and their influence on
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1.80verview of met hods f or me as u

met abol i sm

Benthic Q fluxes have been used as a reliable measurement of productivity for
decades. Early measurements of productiviagkedthe trajectory of water flowacross an
ecosystenand measwd changes invater chemistryasit passed over the benth@dum
1956; Kinsey and Kinsey 1967; Marsh and Smith 19TBjs was originally done by
watching a float traverse the ecosystem and taking samples at the strtipoht,
before floating sensor packageere used to travel with the body of water andDiD
across the transe(Kinsey and Kinsey 1967; Marsh and Smith 1.988rnes and Devereux
1984) While these methods gave novel insight into the productivity of coastal ecosystems,
primarily over coral reefs, they were limited in scope as they could only providetatmort
rates of changé&insey 1983) These techniquesere laborious and weddten too
difficult to conduct in the dark as visual tracking of the water flow was needed. Emerging
technologies in autonomous sensing have broadened the application of biogedchemica
measurements of community metabolism over larger areas and over timescales of minutes
to monthgBushinsky et al. 2019 he aquatic @édy covariancéAEC) technique is
advantageous because of its high temporal resol(Bierg et al. 2003; Attard et al. 2019;
Berger et al. 2020AEC uses the benthic boundary layer theory, which has been
succeshllly applied to measure energy fluxes in physical oceanography studies, and more
recently used to describe biogeochemical fluxes in coastal ecosysterds=ECapproach
can be adapted to distinct benthos and ecosysirdis particularly useful for highly

complex, variable systentAttard et al. 2019)

Measuring calcification across ecosystem scales has its own set of logistical
challengesBiogeniccalcificationcan be measured by quantifying the amount of GaCO
accreted, either using the buoyant weight technique for individual organisms, or by
measuring skeletal growth in the figlibkiel et al. 1978; Lewis et al. 2017; Lange et al.
2020) Howeve, due to the slow timeframe over which organisms calcify, such changes
take weeks to years to be detectable. Measurements of accretion give an integrated
estimate of calcification over light and darkcles;however,t is not possible to tease out
shorte termfluctuations Therefore, measuring instantaneous rates of calcification using
the TA anomaly technique facilitates short term quantification of calcification rates in

37



response to light, diurnal cycles, or seasonal trdnelsitu measurements of aalication
using the TA anomaly have been limited by a lacteohnology taneasure TAn the

field. Most studies looking at NCC rely upon discrete water samples collected-ahstart
points of water trajectorieslowever, it is possible to estimate a §radient from
simultaneous measurements of pH and(B@&rnes 1983)and recent advances in the
sensors to measure these two parameters support this methodology for measittung in
calcification(Takeshita et al. 2016; McMahon et al. 20R&tz et al. 2020)0ne such
approach isite Benthic Ecosystem and Acidification Measurement System (BEAMS)
whichwas developed to automate ecosystem metabolism measurements and facilitate
long-term, highresolution changes to calcification, photosynthesis, anrati®n by
benthic communitieéTakeshita et al. 2016BEAMS has been used to track changes to
calcification after coral restoratiqRlatz et al. 202Qhowever this is the only study of its

kind and biogeochemical analyses are not yet widely use@fgecvation purposes.

The community metabolism of coral reefs requires further research because of high
variation between reef sites (Page et al., 2017), methodological discrepancies (Watanabe
and Nakamura 2019), and lack of leteggm monitoring of biogeochemical parameters
(Yeakel et al. 2015)There is a need for studies which incorporate the relevant biomass of
key functional groups of algae and coral and comparable mefAatanabe and
Nakamura 2019)n coastal ecosystems, daily fluctuations in pH and temperature @mtcur
the same scale as lotgrm changes due to climate change. These daily fluctuations or
6ocean weatherd have the potential to mas
parameters when 2dour variability is not considerd@€yronak et al. 2020}therebre
longer term and higher resolution measurements are ndadebation methods overcome
these fluctuations to some degree; by isolating organisms and the body of water
surrounding them for a short time it is possible to measure changes to sea waigrychem
controlled by the metabolic processes of the enclosed orgafiBmgrimary method for
such measurements is the benthic chamber, which isolates small areas of substrate of a
given ecosystem to quantify changes in concentration of DO and other pasanibe
incubation methothias been widely used for decades to measts#umetabolism corals
and seagrassé€s.g, Yates and Halley 2003; Olivé et al. 2016; Roth et al. 2019)

At the level of the individual organisrax-situ incubationshave beenanducted to

measure rates of productivity and calcification for a range of organisms at a much finer
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resolution. These measurements have been scaled up using survey data of benthic
compositions to define the carbon budget of ecosys{esrsy et al. 2012; Lange et al.

2020) Such measurements fimdividual organismsire conducted using the same

seawater chemistriyased techniques in small-situ incubation chambers. These methods
provide insight into speciespecific differences in metabolic rates, which can be used to
assess organism health and to detect strepsmeesEx-situ incubations facilitate control

of the parameteysvhich might drive or influence metabolic rates. For example, many
studies have used controlled conditions to quantify the impact of light on coral metabolism
(e.g.,Sorek and Levy 2012; lluz and Dubinsky 2015; Cohen et al. 2016)

19Cor al physiology and the | 1ink

and photosynthesis

Scleractiniarcoralsmeet theinmutritionalneeds througboth heterotropic and
autotroplic processesThey have evolved symbiosis withphotosynthetienicro-algee,
zoaxanthellae thathavesupported them tthrive in oligotrophc waters where ntents
arescace Many coralspeciesderivea substantial ption of theenergyrequiredfor
calcificationfrom photosynthetic byproductsprovided byendsymbionts(Hoogenlmom
et al.; Goreau et al. 1971; Brodersen et al. 2Qh4gome casephotosynthesis provide
95% of a corafis metabolic energyMuscatine 1973; Muscatine 199Qalcification by
scleractinian corals one of the most importaphysiologicalprocesse#o support the
structual integrity andunction ofthecoral reefandis thereforewidely studied However,
the biological mechanisms by which corals form their Cagkeletors are not wel

understood, and questions remain about the drivers of coral calcification.

Over60 years ago, zooxanthellate corals were first observed to increeieai@bn
rates with ligh{Goreau 1959)This phenomenon has since been widely observed and the
term O6LiIi ght En hwasdewldpedTletiscovéryofd BQin o n 6
zooxanthellate corasupporedthe hypothesighatphotosynthesiss a driver of
calcification in scleractinian corafseviewed in Gattuso et al. 1999a; Cohen et al. 201.6)
wasproposedhat LEC occurredue tophosyntheticemoval of CO, (Goreau 1959)

directly increasg pH around the site of calcification by removing aqueous. C@e link
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betweercalcificationand phoosynthesis was further supported yeduction in LEC in
bleached coral@Goreau and Goreau 1959; ColorrPallotta et al. 2010Biological

controls of coral biomineralization are linked to the autoregulation of pH in the
extracellular calcifying fluildECM). Higher pH in the E®1 than in surrounding seawater
leads to increaskavailability of CQ and therefore aragonite saturation. However, more
recent work has demonstrated that the coral skeleton is entirely separated from seawater
(Sun et al. 2020)Sun et al (2020) propose that the corals directly control the concentration
of calcium and carbonate ions at the skeletal calcificationFsitéher research is needed

to support a full understanding of the processes driving calcification and itemetati

photosynthesis.

As themarineenvironmenis undergoing dramatic change, it is critical to consider the
physiologyof coralsunderenvironmentastressOcean acidification influences the
availability of aragonitethe pmary mineral form of CaC&used by coraléor
calcification and thereforempacts theability of corals tosynthesiseoral skeleton.
Reductionsin oceanic aragoretare correlated with lower ratesaafcificationon coral
reefs, and some estimata®dict that healthy coral reefsll cease to exisisocean
acidification increasefHughes et al. 200Jokiel et al. 2016)There is emence havever
for inconsistentesponsef calcificationrates to OAanduncertaintiesmbout synergistic
environmentastressorsmethodological limitations, and questions absamne of the
fundamenthassumptions used in OA modediShamberger et al. 2011, 2018; Jokiel et
al. 2016; Jokiel 2016)

1.10 Si gni f i c amscees eoafr cthh

Defining ecosystem status and predicting future trajectories of coral reefs and
seagrasses requires a thorough understanding of their ecological function and energetic
processes. The overarching aim of this thesis ¢srtribute to the current knowledge of
benthic metabolism from the organism to the ecosystem and eathleatrray of methods
available to measure it. The role of light as the key environmental avilvdre explored
at each stage, and the results plaoetié context of ecosystem function in a changing
climate. The results will support academic enquiry into some of theskamgling
guestions of coral reef research while also providing novel inglgbttly applicable to

the current efforts for conseng and restoring coral reefs and seagrasses. These findings
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will support enhanced monitoring and tracking of ecosystem degradation using
biogeochemical methods that can be applied to coral reefs, seagrasses, and other marine
benthic communities. This woik of particular significance given then rapidly escalating
climate crisis, which threatens the ecosystems of the tropical coastal ocean and the

ecosystem services they support.

1.11Thesi s outline

This thesis explores the metabolic processes of individgahasns (Chapter 2), small
communities Chapter 3), and across an ecosyst€mapter 4) using a range of established
and novel methods. Chapter 2 explores the relationships between calcification and
photosynthesis of coral reef calcifiers in relationighd. The study involved esitu
incubations to measure individual metabolic rates of key species of coral and calcifying
algaeused in reef restoratiamder different levels of natural lightarried out at the
International Center for Reef Restoration Research (IC2R3) of Mote Marine Laboratory in
the Florida KeysThe aims of this study were tapmpare rates of calcification and
photosynthesis of important calcifying corakf organisms,wpantify changes itheir
metabolic rates in response to ligahd &plore the balance of inorganic to organic carbon
processeat different times of dayr his chapter was published in Limnology and
OceanographyMallon et al. 2022and was presentedthie International Coral Reef

Society conference in 2021.

Chapter 3 presents nigsearctwith Operation Wallacea and the National Autonomous
University of Mexicodeveloping and trialling a lowost benthic chamber designed to
incubate benthic communitiesafraction of the cost of other benthic chambers currently
available. Studying benthic metabolism in the field as opposed to the lab is critical for
capturing true representations of the physiological processes of ecological communities.
This can be achved through irsitu incubations using chambers; however, these are often
costly and inaccessible for conservation practitioners and scsamtigting in remote and
/ or lowrincome areas where coral reefs are situdtbd.aims inChapter 3 wer¢o;
identfy limitations ofthe benthic chambers availaptiefine criteria for a novel chamber
design and to develop andiat a new benthic chambeFhis chaptermas been accepted for
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publication in the journal Peerh (pressMarch2022) and was presented at the Reef
Futures Conference in Florida, 2018.

Scaling up from small community incubations to ecosystede measurements of
benthic metabolism is limited due to the lack of sensors capable of meastsing in
calcification. Traditionally, this is measured through lab analysis of total alkalinity.
However, the recently developed Benthic Ecosystem and Acidification system (BEAMS)
measures calcification from other biogeochemical parameters. Chapter 4srangw
compares established and grotbrdakingmethodsor measuing benthic metabolism at
the ecosystem scale and compares rates of net community calcification and photosynthesis
measured bjlow respirometry control volume and benthic boundary techniques aver
seagrass meadotie aim was toaview the methods available for measuring benthic
metabolism at thecosystenscaleand @mpare rates of G and P collected with different
methods The data for this chapter was collected in collaboration eathuthors.

Individual

Figure 1-3: Methods for measuring calcification at different scales from the ecosysten

the individual Leftt a s ampl e of crustose coralline al
placed inside an esitu incubation chamber to measure high resolution metabolic rates
different times of dayGhapter 2)Middle: The lowcost benthic chamber designed to

incubate smacommunities in the field, deployed oveParitescoral in Akumal bay,

Mexico in August 2019CGhapter 3)Right: BEAMS apparatus deployed over a coral reef,

one of the methods for measuring community or ecosystiel® metabolismChapter 4).
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21 Abstract

Coral reef metabolism, defindy theprocesses of photosynthesis, respiration,
calcification, and calcium carbonate dissolution, underpins ecosystem futttiwaver,
the relationships betweehesephysiologicalprocesses at the organismal level dredr
interactionswith light reman unclear We examined metabolic rates across a range of
photosynthesisingalcifiers in the Caribbean: the scleractinian cofalgopora
cervicornis, Orbicella faveolata, Porites astreoidasdSiderastrea sidereand crustose
coralline algaeinder vaying natural lightNet photosynthesis and calcificatishowed a
parabolic response to light across all species, with digtirsdbetween massive corals,
branching corals, anctustose coralline algaeeflecting their relative functional roles on
the reef. At night, all organisms were net respiring, and most were net calcifying, although
some incubations demonstrated instances ofaleium carbonatelissolution. Peak
metabolic rates at lighgaturation and average dark rates (respiration and night
caldfication) were positively correlated across species. Interspecies relationships between
photosynthesis, respiration, and calcification indicate that calcification rates are linked to
energy production at the organismal level in calcifying reef organiBhesspecies

specific ratig of net calcification to photosynthesis vatigith light over a diurnal cycle.
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The dynamic nature afalcification / photosynthesis ratioger a diurnal cycle questions

the use of this metric as an indicator for reef functia laealth at the ecosystem scale

unless temporal variability is accounted folhe complex dynamics of metabolic processes
with light in coral reef organisms indicate that a more comprehensive understanding of reef

metabolism is needddr predictingthefuture impacts of global change

22 I ntroducti on

Coral reefs are highly productive ecosystems that build the largest living structures
on Earth.The services obtained from the coral reef ecosystem include coastal protection,
habitat provision, fisheries, and tourighhoeghGuldberg et al. 2019Yhese services
ultimately rely on biogenic calcification; the process by which a diverse community of
frameworkbuilding corals, crustose coralline algae (CCA), and other calcifyiggnisms
contribute to thealcium carbonatéCaCQ) reefstructure. Global climate change
threatens the survival of important framewdatkilding coral species, primarily thugh sea
temperature rise and ocean acidification, which have been shown to directly impede coral
growth andhegatively impact coral regfwelling organisms and ecosyste(i$eypas and
Yates 2009; Comeau et al. 201Bxposeccalcium carbonatstructures and sediments are
vulnerable to dissolution exacerbateddngan acidificatiofCyronak et al. 2013; Eyre et
al. 2014) and it is expected that reef structure could be lost at a pace faster than it is
constructed in the near futufigyre et al. 2018)

A positive relationship between photosynthesis and calcification has been observed
across cellular, organismal, and community scales in coral(®afgiso et al. 1999a;
Allemand et al. 2011 At the ecosystem scale, the balancelodtosynthesis, respiration,
calcification, and dissolution, collectively known as coral reef metabolism, controls the
coral reef carbon cycl@lbright et al. 2015; Cyronak et al. 2018)et ecosystem
calcification is defined as the rateazlcium carbnateprecipitation offset by dissolution,
while net ecosystem production is defined as the difference between photosynthesis and
respiration(Smith and Kinsey 1978Reef metabolism is often measured through changes
in the carbonate chemistry of sea &rais it flows over a coral reef ecosystem, which
requires detailed knowledge of the local hydrodynarfdarsh and Smith 1978The
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ratio of net calcification to net production has been proposed as a proxy for monitoring reef
function, which can be caltated from carbonate chemistry dé@yronak et al. 2018;

Takeshita et al. 2018This metric provides useful insight into reef biogeochemistry as a
simple, effective tool for monitoring change on coral reefs over space and time (Cyronak et
al., 2018). However, this relies on a strong mechanistic understanding of how
photosynthesis and calcification are linked from the organism to the ecosystem.

At the organisral level, connectivity between photosynthesis and calcification is
reflecied in the phemmena known as ligkenhanced calcificatigror the observation of
increased calcification rates during the day compared to (Ggiteau 1959; Gattuso et al.
1999a) Research into the mechanisms beHhight-enhancedalcificationhave not yet
reached @onsensus, and it is possible that more than one process is taking place for the
different species and functional groups exhibitigbt-enhanceaalcification e.g., corals,
calcifying algae, foraminiferéCohen et al. 2016JOne hypothesis is thatdfier rates of
photosynthesis associated with omlniight conditions provide the coral with more energy
for calcification(Chalker and Taylor 1975PDther studies show that metabalarbon
dioxide production through respiration is a major source dbaarfor calcification(Furla
et al. 2000) Anotherhypothesis ishat photosynthesis influences carbonate chemistry
equilibrium at the site of calcification through the uptakearbon dioxidewhich
enhances calcium carbonate precipitafideConnaughey and Whelan 1997; Allison et al.
2014) however, it is important to note that calcification and photosynthesis take place in
different tissue layers. Cohen et al. (2016) recently demonstrated that calcification can be
decoupled from photosynthesis byywiding corals with different wavelengths of light,
indicating that both processes are independently linksdrttight. To make accurate
predictions about the impact of climate change on coral reefs we must understand the
mechanistic relationships betweesgilcification and photosynthesis at the organismal scale
before we can fully understand their interactions at community or ecosystem scales
(Edmunds et al. 2016)

Shifting benthic community compositions are expecteslteythe metabolism and
carbon cycle of coral reef ecosystefHsighes et al. 2018 the Caribbean, coral reefs
historically built by skeletatalcium carbonatef reetbuilding corals, primarily branching
Acroporaspp. and massiv@rbicellaspp., have exgrienced unprecedented losses of coral

coverand proliferation of macroalgal cover in recent decddi@skson et al, 2014)
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Contemporary coral populations have lower species diversity and are dominated by
resilient, weedy corals, such Rerites astreoidef§Green et al. 2008which lack reef

building life-history traits(Darling et al. 2012)As a result of these phase shifts, rugosity
and carbonate accretion rates in the Caribbean have decreased over the pastRigcades
andAlvarezFilip, 2018) impacting the maintenance of reef structure and habitat function
(Muehllehner et al. 2016Quantifying organismal metabolic rates and understanding the
dynamic interactions between metabolic processes is critical for predicting the impact of

changing caal reef ecosystems and the services they provide.

In this study, we measute¢he metabolic rates of key Caribbean coral reef calcifiers
to determine the interaction between photosynthesis, respiration, and calcification over
natural diurnal light cycles. We provide a comparison between species with distinct
ecological functions,lwsen to reflect past and present species dominance; (1) branching,
rapid-growth Acropora cervicornis(2) frameworkbuilding Orbicella faveolata (3)
resilient, weedyPorites astreoideq4) frameworkbuilding, stresdolerantSiderastrea
sidereg and (5)abundant, lowprofile, crustose coralline algae (CCA)Ne compared
differences in metabolism across these calcifying organisms over a natural diurnal light
cycle and developed metabolismadiance curves to determine the relationshipong

photosynthesj calcification and irradiancat the organisi level.

2.3 Met hods

Ex-situincubations of four species of scleractinian coral anddwstose coralline
algae (CCA)were conducted in the Climate and Acidification Ocean Simulator outdoor
experimental facility at the Mote Marine Laboratory, Elizabeth Moore International Center
for Coral Reef Research and Restoration, Summerland Key, Florida, in October and
November 0R2019. The Climate and Acidification Ocean Simuldgmility is supplied
with 20 um particle filtered Atlantic seawater maintained by a dual heat exchanger system
at28.4+0.AC ( me an N-lit®beadei tanks3An 8ufbMated controller system

(Walc hem W9O0O0, US) maintains ambient seawat
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23.1St udrygani s ms

Small coloniegmean surface arel8 +SD 3.54cn¥) of A. cervicornis(n=6), 0.
faveolata(n=12),P. astreoidegn=12), andS.siderea(n=12) were randomly selected from
theMote Marine Laboratorjand nursery of micrdragmented coral@Fig. 2-1, Table2-1).
While small encrusting fragments do not represent the morphologies of larger, older
colonies in the wild, using similarly fragmexak corals with minimal differences in
6colwndye 6 mor phol ogi e spedfictompassonfAbaoralb et t er i
ori gi nat e dresforatmmmurbaes,aviiese they had been esivarally produced
and / or micrefragmented from fieletolleded coloniesetween 200- 2017 (Table2-2).
Additionally, crustose coralline algagowing on the base of two of the Mote restoration
raceways wrechiselled off and glued to clean ceramic tiles 3 weeks prior to the study.
Due to morphological differences in colour and surface texture ZHijj.crustose

coralline algae (CCAyvere thought to be distinct species, however we were unable to

identify them and are herein referred tocagstose coralline algagpe 1 CCA1) andtype
2 (CCA2).

Figure 2-1: Examples of tomlown photos used for surface area measurements on-

J: (@)A. cervicornis (b) crustose coralline algae type 1, (c) crustose coralline algae
(d) O. faveolata(e)P. astreoidesand (f)S. sidereaand (q) the incubatiochambes use:
during this studyhowing the oxygen sensor inserted through the chamber lid, tran

water jacket, and the white plastic holder below coral with stir bar spinning unde
Photos (a) through (f) show 1 cm scale bars.
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Table 2-1: Summaryof the mean (+SD) surface areas frfor each species calculated

using Image] software from toglown photographs~or branching coraA. cervicornis a

cylinder calculation was applied for the vertical portion of the coral.

Species Surface area (cm, mean £ S n

A. cervicornis 19.4+2.79 6
CCA1l 10.2+2.34 12
CCA?2 10.1 £2.13 12
O. faveolata 11.2 £1.55 12
P. astreoides 12.7+ 1.54 12
S. siderea 14.4 +1.99 12

Table 2-2: Origins of sampled corals and crustose coralline algae (CCA1 and CCA?) used

in this study All organismswere our ced from Moteds I nterna
Restoration and Research in Summerland Key.

Species Origin Year(s)

A. cervicornis Key West field nurseries 20162017

CCA1l Raceway cultivation (natural settlement) 2018- 2019

CCA2 Raceway cultivation (natural settlement) 2018-2019

O. faveolata  Sexual recruits. Settled and reared in aquaria 2014- 2017
P.astreoides Sexual recruits. Settled and reared in aquaria 2014- 2017

S. siderea Micro-fragments from multiple fielgtollected donor 2010- 2017

colonies
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Each specimen was randomly assigned to one of 12 holding tankis€1®lume,
40 x 20 x25 cm, L x W x H) 2 weeks prior to the study. Each tank received 160 rrl min
filtered natural seawater via a separate manifold and each tank was fitted with a circulation
pump to maintain flow (Deluxe Submersible Water Pump 400GPH, China). While water
flow has been shown to modulate coral metabolism and their response to environmental
change (e.g., Comeau et al., 2014, 2019), the goal of this study was to maintain a constant
flow in order to compare the metabolism between calcifying functional groups:efea
parameters of pH (Seven2Go Pro S8, Mettler Toledo), temperature, and salinity (YSI
Professional Plus) were monitored twice per day. For pH, electrodes were calibrated
against National Bureau of Standards (NBS) scale buffers of 4.01, 7.00, andt10.005 A C
and validated using other carbonate chemistry parameters (e.g., total alkalinity and
dissolved inorganic carbon). Water temperature was controlled by an automated dual
exchange heater and chiller, and, to maintain pH and salinity within eachv&tek,
inflow was adjusted, and water changed as neceskEatnle2-3 provides an overview of
the mean and standard deviation for all environmental parameters in the holding tanks.

A permanent shade cloth (30% attenuation) maintained natural light casditio
(daytime = 321.38 + 179.73, umolis?, and peak = 494 + 64.4 uymokns-1
photosynthetically active radiation (PAR) mean + SD). The surface area of each fragment
was measured from tegoown photos, with additional cylinder calculations to incorporate
the surface area of A. cervicornis branches. All size measurements were extracted from
photos using Imagé (Schneider et al. 2012) with the SIOX plagSimple Interactive
Object Extraction, Wang, 2016) to identify live tissue cover and exclude anyodreas

cement plug not covered in tissue (R2¢l, Table2-1).
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Table 2-3: Weekly and average seawater parameters of the raceways over the 4 weeks in which the experiment was conducted in 2019.

Week Date Temperature (°C’ Salinity (ppt) pH NBS TA (umol/kg) DIC (umol/kg) Arag W pCO2 (patm)
1 14/10/2019 28.6 37.29 8.078 2313.81 2004.31 3.43 477.13
2 21/10/2019 28.6 38.08 7.963 2414.26 2088.26 3.62 492.9
3 28/10/2019 28.3 38.3 8.058 2306.39 1984.67 3.49 454.63
4 04/11/2019 28.5 38.4 8.051 2373.18 2074.64 3.31 541.55
5 11/11/2019 28.3 38.49 8.029 2346.88 2054.2 3.23 541.4
6 18/11/2019 28.3 38.45 n/a 2397.68 2107.26 3.24 570.26
Mean 28.43 38.17 8.04 2358.70 2052.22 3.39 512.98
Standard deviation +0.15 +0.45 0.04 44.06 +48.36 +0.15 +44.72
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2321l ncubation Protocol

Incubations were conducted over 12 days between 31st October and 21st November
2019, with each day selected for consistency in wind, cloud cover, and rainfall. One
fragment per species was randomly selected each day and placed into an incubation
chamber fo~1 hour at the following times: 2 hours after sunrise (AM), during the solar
peak (PEAK), and 2 hours after sunset (DARK). On 3 of the 12 days, an additional
incubation between the solar peak and sunset was included (PM). Separate readings of
photosynthacally active radiation (PAR) were taken for each chamber position at the start
and end of incubations with 4dor model L+1500G and an underwater quantum sensor
(LI-192SA), oriented horizontally. Average PAR light values (mean of start and end) were
calculated for individual chambers and varied from 67 to 595 pmiosfrbetween AM,

PM, and PEAK incubation times (Fig-2).

Incubation chambers were set up in a dry racewayadjacent to holding tanks for
consistent light conditions. Incubations coteisof 4 doublevalled transparent acrylic
incubation chambers (300 ml) sealed with a transparent acrylic lid, with a rubbey O
closure (Fig2-1g). A thermocycler (VWR MX7LR20) recirculated water through the
transparent cooling jackets of the incudratat 26.5 + 0.5 °C to maintain water inside the
chambers at 27.6 £ 1.5 °C. Incubation chambers were positioned on magnetic stirrers set a
600revolutions per minuteRPM) and flow simulated using a 2 cm stir bar placed under
the specimens with a plastcid base to allow water movement without disturbing the
organism. All incubations were run for 1 hour = 3 minutes, with seawater samples taken at

the start and end (see below for details).
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Figure 2-2: Photosynthetically Active Radiation (PAR) measured at incubation -

Boxplots show mean (circle), median (horizonal line), and IQR (box and whiskel
number of individual incubations carried out within the treatrtiere (n) including contre
incubations is shown above each box. Colours represent the time treatments: AM
after sunrise 8:00 to 10:00), peak (solar noon 12:00 to 14:00), PM (2 hours befor
15:00 to 17:00) and dark (2 hours after sunset@m@®2:00). Average AM treatment P.
was 155 + 66.8 pmol rhs* (mean + SD), for peak treatment incubations PAR average
+ 64.4 umol n? st and late afternoon PM treatment PAR averaged 171 + 43.9 prhst
PAR.

233Measured Parameters

Dissolved oxygen (DO) fibre optic oxygen sensors (Firestingyposcience,
Germany) were inserted in each chamber to ~1 cm above the ed&rahiButes prior to
the incubation start time, to allow for acclimation of the sensor and adjustment of its
position. The oxygen sensors were calibratedto 0O and 1868« ur at i on usi n
saturated water prior to each incubation. Reaé measurements dissolved oxygen
(umol/L) were recorded each second during the incubation. To calculate oxygen fluxes,
start and end values were calculated as the mean values over the first and last minute of th

1-hour incubations. The fluxes derived from the start amtbvalues were similar to fluxes
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derived from linear slopes between time and oxygen during each incubation. Start and end
fluxes were used for a more direct comparison to fluxes derived from the carbonate

chemistry data.

Water samples for carbonate chemyistnalysis were taken at the start and end of
incubations using a 100 ml plastic syringe, immediately filtered (0.45 um), poisoned with
200pl of saturated mercuric chloride, and stored in 250 ml amber borosilicate glass bottles
at the Mote Ocean Acidifation Latoratory,until they were processed. One sample was
taken for the start conditions as all chambers were filled with the same water prior to
beginning the incubations. Total alkalin{fyA) was measured by potentiometric titration
using an automatetdtrator (Metrohm 905 Titrando), following the standard best practice
(Dickson et al. 2007 Mean values for each sample were derived from 2 to 3 samples (40
mL) with a precision of + 3.84 pmol KgMeasurements were corrected to Dickson
Certified Referace Material (CRM, batches 184, 187, 189) measured at the start and end
of each day. Dissolved inorganic carbon (DIC) was analysed using an Apollo SciTech
Analyzer (Model ASC3). Mean values were derived from 2 to 3 replicates of 1 mL
injections and correed for drift with measurements oértified reference materiat the
start and end of the analysis. Precisiodis$olved inorganic carbaneasurements was
2.41 pmol kg™.

234Cal cul ati ons of Met abol i c Pr o«

Metabolic rates were calculated from the difference between starting and ending
concentrations of dissolved oxygddDO), total alkalinity OTA), anddissolved inorganic
carbon DDIC). To calculate fluxes, all seawater chemistry measurements were nodnalise
to individual incubation chamber volumes (259.69 + 12.57 ml, mean £ SD) and coral
surface areas (Tab#1). Control incubations (e.g., empty ceramicsjilshowed
negligible changes in seawatl enpDd7ige+H0.96t r vy
umol kg!, g T-A8 +8.7 umol kg, mean + SD), and as such no corrections in

seawater chemistry due to water column processes were made.
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Net production (umol crihrl) was calculateffom changes imlissolved oxygen

anddissolved inorganic carbaonaentrationsaccording to the following equations:

(Eq. 1)
Y6/ 6
0 At
(Eq. 2)
>“/$)## 6
0 At

wher e,pDpbDd and T Aespeatiichaags i digsolvedhorygen
dissolved inorganic carbpandtotal alkalinityconcentrationgn pmol L. V is the volume
of the incubation chamban litres (L), A is the surface area of the sample fgrand t is
duration of the incubation in hours (1 hr).

Net calcification was calculated using the alkalinity anomaly techniqueding to
the following equation:

(Eq. 3)

The relationship betwegrhotosynthesiandcalcificationwas modelledn gross
metabolic rates (i.e., photosynthesis + respiration, and calcification + dark calcifitation)

light using the following hyperbolic tangent function frdassby and Platt (1976)

(Eq. 4)

where Retis the modelleahet productionrate, R is the average dark respiration rate,
and E isrradiance(umol m? s1). The coefficients derived from the model include: the

initial slope between&and light(J) andthe maximum gross photosynthetic ré@ax).
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For calcification, we adapted Eq. 4 to model calcificationdf=as:

(Eq. 5)
~ -l W
' ' OAl£— '

whereGyarkis the average dark calcification rate for each spegsesenting the nen
light enhanced portion of the measured calcification ratgs,i&the maximum gross

calcification, and alpha (U) is the init.i

The light saturation point (& was calculated frormodel coefficient$max0or Gmax

and alpha for each model using the followegation:

(Eq.6)

0
1

%

The absolute ratio of calcification to both calcification and production was calculated

as follows:

(Eq.7)

I D s $ s
where Mot (or the sum of both calcification and producfioapresentsotal carbon

metabolism

2.3.5 Statistical Analysi s

All statistical analyses were conducted in the statistical environment R using RStudio
version R.4.0.ZR Core Team, 2020). THeespRpackaggHarianto et al. 2019)as used
to extract and inspect oxygen défeg 2-11). TheTidyverse(Wickham 2019was used for
data organisation and synthesis, and data visualisation was conducted wkh base
functions andygplot / ggpubi(Wickham 2016)ShapireWilkes tests were combined with

visual assessments of density anQ@lots to evaluate approximately normal distributions
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for individual species. Repeated measinesway ANOVA tests were used to test
differences between treatments and pairwise compariBasshoc Bonferronicorrected
t-testswere used to compadifferenes between all possible pairs of species at each time
of day and for each parameter. Models were fitted using R linear adtheanleast

squares functions of tHi&tatspackageModel fit was assessed by residuals plots generated
using thenlstoolspackaye (Baty et al. 2015)Models were evaluated basedRin

confidence intervals and standard error
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Figure 2-3: Example outputs of plots generated using R packRaspR o

7z

(0]

nspectd each Piotsio théteptrow show rAvoaxy(

data and bottom row show the slope of a rolling linear regression during a 1 hdaation ofA. cervicornisin the light (left) and dark (rightfurthel

examples in appendix A.
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24 Resul t s

Rates of metabolism were statistically different between treatment times for
photosynthesisRpo repeated measures ANOMA 155= 336.05,0 = <0.05 andPpic
repeated measures ANOWA 143= 331.37 p = <0.05) and for calcificatior{Gnet repeated
measures ANOVA 3 149= 27.24,p = <0.05) (Table-4, Fig 2-4). During theday,
photosynthesis (+d® and +Rc) and calcification (+&) occurred in all incubations. At
night, respiration occurred in all incubatiqrBoo and-Ppic) while calcification was still
generally positive (+&z¢), although net dissolutionGney) was detected. All metabolic rates
for all species were highest during the peak treatmens. (g 2.4).

Metabolism was species specific, wilibicella faveolataPorites astreoidesand
Siderastrea siderehaving the highest averagates ofcalcification and photosynthesis
while both types o€rustose coralline algdead the lowestPairwise comparisonssing t
test, Fig.2-3, Table2-5). AsO. faveolataP. astreoidesandS. siderednad consistently
similar rates, we refer to this grouping aséhena s s i v lereio. We eepor @tes as
mean £ SD unless otherwise indicated. Overall, metabolic rateshigher in the massive
corals than boti. cervicornisandcrustose coralline algawer a diurnal cycle (Fig-4).
Night metabolism followed a similar grouping as the daytime measuremespgation
was greater in the massive coré®so = -0.75 + 0.23 umol cr hr, Rpic =-0.85 + 0.35
umol cm? hrl), than inA. cervicornis(Rpo = -0.32 + 0.05, Bic = 0.38 + 0.08 pmol cm
hr!) and crustose coralline algaesfR= -0.31 + 0.14 pmol cm hr, Roic =-0.42 + 19
umol cmi? hrt). Dark calcification(Gdar) was higher in the massive coralsi{= 0.31 +
0.24 pumol cn? hr?) thanA. cervicornis(Ggark = 0.03 + 0.08 pumol cm hrt) andcrustose
coralline alga€Ggark = 0.06 + 0.18 pmol cm hrt), however, this difference was only
significant forS. sideredTable2-5). Negativerates of dark calcificatiofi.e., -Gdark, Net
dissolution) veredetected in 10 of therustose coralline algaeneA. cervicornis,and two

O. faveolatadark incubationsalthough dissolution rates were relatively low and close to 0.
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Table 2-4: Output of repeated measures ANOVA tway test between species and

incubation times (time of day) for measured ratgshaftosynthesis @, Poic) and

calcification (Giey.

Effect DFn DFd F p ges

Ppo Species 5 155 29.54 5.42x10* 049 ~*
Treatment 3 155 336.05 1.36x1¢*’ 0.87 *
Species: treatment 12 155 14.31 9.69x10° 053 *

Poic Species 5 143 27.88 1.23x10%° 049 *
Treatment 3 143 33137 3.72x10** 0.87 *
Species: treatment 12 143 1275 1.92x10Y 051 *

Gnet Species 5 149 28.21 4.84x107° 049 ~*
Treatment 3 149 27.24 421x10“* 035 *

Species: treatment 12 149 183 480x102 013 *
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Figure 2-4: Boxplots of metabolic rates at different times of day for each spétiaze:

show; photosynthesis from oxygen evolutiond photosynthesis by carbon assimila
(Poic), and calcification (@) rates, normalised to time and surface area (fluxes in punm
hr?). Boxplots show median (horizonal bar) and IQR (box andken), and individual da
points are depicted as hollow circles. Species are shown in colours and labelled ak
plot. Time of day is shown on theaxis: AM 08:00 to 10:00, peak 12:00 to 14:00, PM 1
to 17:00 and dark 20:00 to 22:00. Only threeaes were incubated during the PM treatn
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Figure 2-5: Boxplots of metabolic rates at different times of the day for each spwaaih

ANOVA differences between different times of day and pairwitst adhoc comparisc

between speciesY-axes are B (photosynthesis from oxygen evolution),pid

(photosynthesis by carbon assimilation), and G (calcification). All rates are norma
ti me and surface ar ea r e s uhr'tBoxplgts shaw medi
(horizonal bar) and IQR (box and whisker), outliers are depicted asvhailides. Specie
are shown in colours and labelled on the bottoaxis. Dotted vertical lines show 1
divisions between incubations done during different times of the day. Time peri
labelled at the top of the panels; AM 08:00 to 10:00, PEAK@#014:00, PM 15:00
17:00 and DARK 20:00 to 22:00. Only three species were incubated during the PM tre
Two-way repeated measures ANOVA for the effect of treatment time and speciesis d
on top right of each plot. Letters above box plbigve posthoc pairwise comparisons us
t-tests, where the matching letters represent no significant difference between speci
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Table 2-5: Output of repeated measures ANOVA tway test between speciesda

incubation times (time of day) for measured rates of photosynthesis EBic) and

calcification (Giey.

Effect DFn DFd F p ges

Ppo Species 5 155 29.54 5.42x106* 049 ~*
Treatment 3 155 336.05 1.36x1¢°" 0.87 *
Speciestreatment 12 155 14.31 9.69x10° 053 *

Poic Species 5 143 27.88 1.23x10'°® 049 *
Treatment 3 143 331.37 3.72x 16 0.87 *
Species: treatment 12 143 1275 1.92x10Y 051 *

Grnet Species 5 149 2821 4.84x106° 0.49 =
Treatment 3 149 27.24 4.21x10“% 035 *

Species: treatment 12 149 1.83 4.80x 10> 0.13 *

Table 2-6: Results of post hoc pairwise comparisons usH@st to identify significant

difference between species feach of the 3 measured rates: photosynthesis from oxygen

evolution (Bo), photosynthesis by carbon assimilatiom¢P and calcification (G, at
different treatment times (AM, PEAK, DARK).

Treatment Group 1 Group 2 nl n2 Pivalue AdjustedP
Ppo

AM A. cervicornis O. faveolata 5 11  0.00267 0.0401 *
CCA1 O. faveolata 7 11 2.09E06 3.13EQ5 ****
CCA2 O. faveolata 8 11 1.48E07 2.22E06 ****
CCA1l P.astreoides 7 11 9.01E06 0.000135 ***
CCA?2 P.astreoides 8 11 6.99E07 1.05EQ05 ****
CCA1l S. siderea 7 11 0.000994 0.0149 *
CCA2 S. siderea 8 11 0.000119 0.00178 **

PEAK A. cervicornis O. faveolata 5 12 3.51E06 5.26E05 ****
CCA1l O.faveolata 11 12 5.58r14 8.38E13 ****
CCA?2 O. faveolata 8 12 159E11 2.38E10 ****
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A.cervicornis P. astreoides 5 12 6.03E05 0.000905 ***
CCA1l P. astreoides 11 12 2.35E12 3.53E11 ****
CCA?2 P. astreoides 12 5.45E10 8.18E09 ****
A. cervicornis S. siderea 5 12 0.000197 0.00295 **
CCA1l S. siderea 11 12 1.24E11 1.86E10 ****
CCA?2 S. siderea 12 2.58E09 3.87E08 ****
DARK A. cervicornis O. faveolata 5 10 3.96E05 0.000594 ***
CCA1l O. faveolata 10 10 6.11E07 9.16E06 ****
CCA2 O. faveolata 10 4.96E07 7.44E06 ****
A. cervicornis P.astreoides 10 0.000805 0.0121 *
CCA1l P. astreoides 10 10 3.27E05 0.00049 ***
CCA2 P. astreoides 10 2.42E05 0.000363 ***
A. cervicornis S. siderea 5 10 0.00171 0.0256 *
CCA1l S. siderea 10 10 9.10E05 0.00137 **
CCA?2 S. siderea 9 10 6.59E05 0.000989 ***
Poic
AM A. cervicornis O. faveolata 5 11 0.000505 0.00757 **
CCA1l O.faveolata 7 11 0.000124 0.00185 **
CCA?2 O.faveolata 8 11 1.41E05 0.000211 ***
A. cervicornis P. astreoides 5 11 0.000291 0.00436 **
CCA1 P.astreoides 7 11 6.54E05 0.000981 ***
CCA?2 P. astrecides 8 11 7.50E06 0.000113 ***
CCA1l S. siderea 7 11 0.0025 0.0375 *
CCA?2 S. siderea 8 11 0.000306 0.00459 **
PEAK A. cervicornis O. faveolata 5 12 2.23E06 3.35EQ05 ****
CCA1l O.faveolata 11 12 1.57E11 2.36E10 ****
CCA?2 O.faveolata 8 12 4.81E11 7.21E10 ****
A. cervicornis P. astreoides 5 12 556E06 8.35E05 ****
CCA1l P. astreoides 11 12 4.93E11 7.40E10 ****
CCA?2 P. astreoides 12 1.42E10 2.13E09 ****
A.cervicornis S. siderea 5 12 0.000776 0.0116 *
CCA1l S. siderea 11 12 3.05E08 4.58EQ7 ****
CCA?2 S. siderea 12 6.30E08 9.45EQ7 ****
DARK A. cervicornis O. faveolata 5 10 0.000957 0.0144 *
CCA1 O.faveolata 10 10 4.99E05 0.000748 ***
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CCA?2 O.faveolata 9 10 0.00176 0.0264 *
CCA1l P. astreoides 10 10 0.000502 0.00753 **
Ghnet
AM CCA1l O.faveolata 7 11  0.00206 0.0309 *
CCA?2 O.faveolata 8 11 4.00E06 6.00EQ5 ****
A. cervicornis P. astreoides 5 11  0.00147 0.0221 *
CCA1l P.astreoides 7 11  0.00021  0.00315 **
CCA2 P.astreoides 8 11 3.07E07 4.61E06 ****
CCA1l S. siderea 7 11 0.00163 0.0244 *
CCA?2 S. siderea 8 11 3.03E06 4.55EQ05 ****
PEAK A. cervicornis O. faveolata 5 12 0.000196 0.00295 **
CCA1l O.faveolata 11 12 5.93E08 8.90EQ7 ****
CCA2 O. faveolata 12 3.52E05 0.000528 ***
A. cervicornis P. astreoides 5 12 5.13E05 0.000769 ***
CCA1l P.astreoides 11 12 1.14E08 1.71EQ7 ****
CCA2 P. astreoides 12 7.37E06 0.00011 ***
A.cervicornis S. siderea 12 0.000805 0.0121 *
CCA1l S. siderea 11 12 4.80E07 7.19E06 ****
CCA?2 S. siderea 8 12 0.000199 0.00299 **
DARK A. cervicornis S. siderea 5 10 0.00245 0.0368 *
CCA1l S. siderea 10 10 0.000503 0.00754 **
CCA?2 S.siderea 9 10 0.00169 0.0254 *
241Rel ati onships between Metabol i s

To elucidate speciespecific relationships with light, metabciicadiance curves
were modelled using a hyperbolic tangent equatias (4, 5; Fig2-7 to 2-9). All
photosynthesigradiancemodel evaluations showed a high(>0.80), and coefficients
were significant (p < 0.001) fghotosynthesis measured from changdsotb dissolved
oxygen Ppo) and dissolved inorganic carb{Poic). Calcificationlight modelsgenerally
had lowerR? and highesigma (i) relative tocalcification Gne) values (Table-7) than

photosynthesigrradiancemodels, indicating a weaker model fit, and coefficient estimates
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were not always significanalpha ) p > 0.1 forA. cervicornisandcrustose coralline

algag. Of the coral species,. cervicornishad the lowestaximum photosynthesis and
calcification Pmaxand Gnay). Initial photosynthesigradiancec ur ve sl opes ( U)
highest for the massive corals. Photosynthietadliance saturatio(Ex) was highest ir.
cervicornis(Ppic Ex = 356), and in calcificaticirradiance models light saturation)e

was highest foP. astreoideandS. sideredGnet Ex = 448 and 544 pumol PAR,

respectively).

w
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{umol cm?hr' )
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A. cervicornis CCA1 CCA?2 O. faveolata P. astrecides 8. siderea

Figure 2-6: Panelled bar plots show specigzecific average rates of daikff bar, darke

shad@ and light €ight bar, lighter shademetabolismThe colour scheme is the same ¢

Figs. 2-5, 2-6 and species are labelled on the botteaxis. Rates shown are the mean |

and dark rates across all days, and error bars represent standard error (SE).
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242Rel ati onships betweeandabbbptbesgn

Themodel coefficients Raxand Gnax exhibited a positive linear relationship across
all speciesR? = 0.88,p < 0.05), while meamespiration R) anddark calcification (Gark)
rates R = 0.66, p = 0.05) exhibited a negative linear correlation between all species (Fig.
2-10). This demonstrates that calcification increases with rates of net production across
species during the day and with increased respiratitte dark When the metadic rates
of all species were grouped together, linear correlations betwaesnid Getwere weaker
(light R?=0.39,p < 0.001, dark?= 0.15, p = 0.0%thancorrelation between model
coefficients Grax- Pmaxand R- Ggark(Fig. 2-10). Whenthe linear models were broken
down by species, regression models ©¢ Bnd Getwere only significant iP. astreoides
(light R?= 0.39, dark??= 0.78,p < 0.005, Fig2-12). Theserelationships indicattght
coupling ofphotosynthesis, respiratiomaecalcificationand show differencesithin and

between different species of coral reef calcifiers

Dissolved oxygen production ¢B) was positively correlated with dissolved
inorganic carbon assimilatedd(P), demonstrating a metabolic quotient (Q) eabf 1.18
overall (Fig.2-13) and individual differences in Q between species &it3, Table 28).
The ratio of carbonate precipitation to organic product@/M::) demonstrated shifts in
the balance of calcification to photosynthesis over the day in relation to ambient light (Fig.
2-14.
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Figure 2-7: Photosynthesisradiance curves forA. cervicornis crustose coralline alg
types 1 and 2 (CCA1l, CCA2)Y. faveolata P. astreoides,and S. siderea with
photosynthesis measured from changes to dissolved inorganic caskQn3Raded are.

show 95% confidence intervals around the modelled relatiorastippoints show tl
measured values. Dashed horizontal/vertical lines show the model coeffier
maximum photosynthesis §& - R in umol cm? hrl) and light saturation (€ as
photosyntheticallactive radiation (PAR) ipmol st m).

67



s A cervicomis —— CCA1 [—— CCA?2
4 - L
aor - L
————— *
1k i
I
i '
. : a=0.01
o | P, =186
E 1T ! oy = 145
— 1 1 ! 1 1 1 1 1
=
= C
E ~ —=— P astreoides
- L ]
g 4 i . .
o \ .... - .. __________ |
[]
- - : - . :.. 5 0
R o R A e A S
o a=0.04 a=0.04 o =0.04
Poox = 3.66 Poox=3.38 Poox = 3.06
- ey =08 ep=T7 ey =87
] 100 200 200 400 500 &S00 ] 100 200 200 400 500 &S00 ] 100 200 200 400 500 &S00

PAR (umol s~ m™)
Figure 2-8: Photosynthesigradiance curves folA. cervicornis crustose coralline alg

types 1 and 2 (CCA1CCA2), O. faveolata P. astreoides,and S. siderea with
photosynthesis measured from changes to dissokyggen(Ppo). Shaded areas show 9

confidence intervals around the modelled relationship and points show the m
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photosynthesis @Rx- R inpmol cni? hrt) and light saturation (€ as photosynthetical
active radiation (PAR) ipimol s m).
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Figure 2-9: Calcification-irradiance curves forA. cervicornis crustose coralline alg
types 1 and 2 (CCA1, CCAA). faveolata P. astreoidesandS. sidereaPoints show ttr

measured net rates at distinct photosynthetically active radiation (PAR) light leve

the solid, coloured lines show the modelled metabolic curve. Shaded areas repre
confidence intervals. Dotted vertical lines indicate(Eght saturation point) and dast
horizonal lines depict maximum grosalcification(Gmax)-
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Table 2-7: Metabolicirradiance model coefficients: maximum photosynthesisdPmaximum calcification (Gax) |,

and

ni

ti al s |

standard error (+SE) and confidence intervals (Cl 2.5% and CI 97M6hefficients were estimated from ndimear least squares fit of Eq. 4, where

respiration (R) is the mean dark rate fepRnd RBic, and Garkis the mean dark calcification rate. Light saturation poir} (s calculated from Pmax

and U according to Eq. 6.

Poo Pmax  CI Cl +SE  p CI2.5% Cl +SE Ror |Ex |d@ RSS R2
25% 97.5% 97.5%

A. cervicornis 1.86 0.19 036 0.10 <0.0001 0.013 -6.63E04 3.90E03 0.003 <0.001| _934| 145| 0.23 0.70 (.94
CCA (1) 1.22 0.08 027 0.06 <0.0001 0.012 -1.72E02 2. 59E02 0.002 <0.001| _p32| 103| 0.21 118 88
CCA (2) 1.33 0.05 0.47 0.09 <0.0001 0.010 -2.00E04 1.67E03 0.002 <0.001| _p30| 135| 0.26 150 o84
O. faveolata 3.66 0.32 085 0.15 <0.0001 0.042 5.74E04 3.51E03 0.008 <0.001| _ps83 gg| 0.60 1240 (gg
P. astreoides 3.38 0.18 126 0.13 <0.0001 0.044 6.47E04 2 5503 0.009 <0.001| 73 77| 056 1049 (gg
S. siderea 3.06 41 140 0.16 <0.0001 0.035 1.23E05 1.80E03 0.008 <0.001| _p.70 g7| 0.66 1491 g1
Poic
A. cervicornis 2.72 1.80 3.64 0.43 <0.0001 0.008 0.01 0.01 0.001 <0.001| _pa3g| 356| 0.26 0.85 0.94
CCA (1) 1.68 150 185 0.09 <0.0001| 0.021 0.01 003  0.005 0.0003| 35| 80| 030 210 0.88
CCA (2) 175 159 199 0.11 <0.0001| 0.023 0.01 003  0.005 0.0003| 50| 75| 032 205 0.87
0. faveolata 462 405 498 0.18 <0.0001| 0.038 0.03 005  0.005 <0.001| _9g5| 121| 0.63 1240 0.91
P. astreoides 4.34 3.99 469 0.17 <0.0001 0.047 0.03 0.06 0.007 <0.001| _pgs87 93| 0.66 13.49 0.89
S. siderea 3.68 3.25 412 0.21 <0.0001 0.038 0.02 0.06 0.009 0.0001| o771 97| 0.82 2154 0.80
G Gmax Gdark
A. cervicornis 027 0.9 036 0.04  <0.0001| 00016 -6.63E04 3.90E03  0.0010 0.148| 0.03| 170| 907 006 0.80
CCA (1) 018 .08 0.27 0.05 0.0009| 0.0044 -1.72E02 2.59E02  0.0105 0.681| 0.04| 41| 019 090 o0.18
CCA (2) 026 005 0.47 0.10 0.0194| 00007 -2.00E04 1.67E03  0.0005 0.117| 0.07| 351| 011 027 o046
O. faveolata 058 .32 085 013  <0.0001| 00020 5.74E04 3.51E03  0.0007 0.008| 0.24| 286| 027 234 0.40
P. astreoides 072 0.8 126 0.27 0011} 00016 6.47E04 2.55E03  0.0005 0.002| 0.32| 448| 022 152 0.49
S. siderea 049 041 1.40 044 0.274] 00009 1.23E05 1.80E03  0.0004 0.047| 0.40| 544| 023 168 0.26
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(a) y=-0.13+-0.5x, *=0.66 P=0.05 (b)  y--0.07+0.16x, *=0.88, P —0.005**
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Figure 2-10: Linear relationships between: (a) maximum metabolic rates derivec

model coefficients for photosynthesandcalcification irradiance curves @Rxand Gnay),
(b) mean average respirationp{§) and dark calcification (an) for each species, and
individual measured photosynthesi$ i and calcification (G) rate$ndividual specie:
A. cervicornis crustose coralline algae type 1 (CCA1l), crustose coralline algae

(CCA2),0. faveolataP. astreoidesandS. sidereaare depicted as different colours
symbols geelegend).
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Figure 2-11: Linear models showing strong positive relationship between photosyn

measured by carbon assimilatiomi@® and oxygen production ¢B): (a) across species

andfunctional groups, and (b) separated by speéiktsnodels were significant to the

< 0.001 level (denoted by ***). CCALl and CCA2 refer to the two types of crustose
coralline algae used in this study.
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Figure 2-12: Linear relationships between photosynthesisic)Pand calcificatio

(Gnep for each species incubated in the stulycervicornis crustose coralline alg

type 1 (CCA1), crustose coralline algae type 2 (CCA2¥aveolata, P. astreoideanc

S. siderealLinear equations, Rand significance are displayed on each plot. Vert
horizontal grey lines highlight intercept =0, or night/day. Fitted lines are for dai
hand side of each plot) and light (right hande of each plot).
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Table 2-8: Mean photosynthetic quotient (PQ), respiratory quotient (RQ), and net

metabolic quotient (Q) of carbon to oxygen ratios (€OPIC/DDO). Ratios presented

for each species and for the groups two groups coral and crustose coralline algae (CCA).

Group Q +SD|PQ +SD|RQ *SD
A. cervicornis 1.10 0.19|1.07 0.16{1.17 0.26
CCA1l 1.55 0.56|1.65 0.43|1.35 0.74
CCA2 1.55 0.40/1.50 0.44|1.63 0.35
O. faveolata 1.27 0.33{1.29 0.30({1.20 0.42
P. astreoides 1.31 0.43|1.38 0.46|1.14 0.26
S.siderea  1.20 0.41(1.28 0.45/1.03 0.24
Corals 1.24 0.38/1.28 0.39/1.13 0.31
CCA 1.55 0.49/1.58 0.43|1.49 0.58
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Figure 2-13: The relationship between metabolic quotient (Q) and light for cora

crustose coralline algae (CCA) grouped togetharear models have low R2 and

nonsignificant, although there is a slight increase in Q with iigthe corals.
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Figure 2-14: Ratios of calcification to total carbon metabolismdf®i) calculate

from each incubation (points) and metabolisrmdiance models (curves, colourec

species) plotted against liglRAR). Light and dark mean averages are depicted by ¢

and dashed lines, respectively, and values are displayed in the top right of the
each species. CCAl and CCAZ2 refer to the two types of crustose coralline algae
this study.
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25D1I scussi on

This study aimed to determine the relationships between production,
calcification, and light in a variety of calcifying coral reef organisms from the
Caribbean. Differences were found in metabolism between morning, afteamabn
night incubations and wer@eciesspecific, however linearity between metabolic
irradiance model coefficients demonstrated that photosynthesis and calcification are
correlated across species (R2¢l0). The results from this study confirm that
production and calcification rates tobpical benthic calcifiers exhibit a hyperbolic
response to diurnal light cycléShalker andraylor 1978; Cohen et al. 201&ur
analyses revisit the current understanding of relationships between orgaeigshal
metabolism and irradiance in bentkmral reef calcifiers, and we interpret these
findings in the context of ecosystem scale estimates of metabolism and predicted

changes due to ongoing anthropogenic change.

251Specsspeci fic differences i n met

From the results dhe incubations, three general groupings were apparent: (1)
massive coral speci€x faveolata, P. astreoidesdS. siderea(2) A. cervicornisand
(3) crustose coralline algaghe highest metabolic rates were observedassive coral
speciesunder al conditions (Fig. 2-4, 2- 4). The metabolic rates &. cervicornisand
crustose coralline algae were relatively similar, but they were grouped separately due
distinctions between the mechanisms by which coralline algae and corals calcify, and to
reflect differences in the ecosystem function they prowide discuss differences and

similarities between the three groups in relation to their ecological function below.

Metabolic rates were highest in the massive corals; demonstrating that per area of
live tissue, they produce moosygenandcalcium carbonateDespite their higher
metabolic rates, it is unlikely that massive corals potentially have a stronger influence
on community metabolism than branchidgcervicornisand encrustingrustose
corallinealgaebecause of the relative benthic cover and architectural complexity of
each speciessiven the distinct ecological function and JHestory traits within the
massive coral groupin@arling et al. 2012)the similarity in their metabolic rates was
unexpectedP. astreoidess considered a weedy species of the Caribbean due to its fast

growth, lowrelief morphology, and ability to thrive in suboptimal conditions, whereas
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O. faveolataandS. sidereare kg, frameworkbuilding coralgDarling et al. 2012)

As Caribbean benthic communities undergo phase shRiftsstreoidess colonising
space once dominated by massive, framework building corals to become one of the
most abundant scleractinian corals onil@@an coral reef§Green et al. 20080ur
results show that the contributionf®f astreoideso community reef metabolism is at
the same scale as that of traditional #tea@fding corals, however, the similarity in
biogeochemical signal does not carttee same ecological traits, Bsastreoidesloes

not provide habitat or architectural complexity to the (€a€en et al., 2008

Therefore, while shifts toward weedy species dominance may not be detectable via
changes in reef metabolism, the changdsenthic composition will still impact reef
carbon cycles and accretion through changeslicium carbonatmorphology and
composition(PerryandAlvarezFilip, 2018) The third massive coraf. sidereais
generally considered a slegvowing species. blwvever, its calcification rates were also
high, and the observed slow growth despite high calcification rates could be related to
the high density 08. sidereakeletongHughes 1987)

FastgrowingA. cervicornishad the lowest calcification rates of the corals in this
study, but theyxanalso have relatively lower skeletal densities than the massive corals
(Kuffner et al. 2017)Historically, A. cervicorniswas a primary reebuilding coral
species and occupiedore space on shallow water tropical reefs in the Caribbean than
any other scleractinian cord@odriguezMartinez et al. 2014; Toth et al. 2019)
however, it andAcropora palmatdave declined by over 80% over recent decades in
the CaribbeaJackson2014; RodrigueMartinezet al, 2014) It is possible that the
lower rates of calcification observedAn cervicorniswere influenced by the relatively
low flow induced within the mesocosm setting, as higher wave action may stimulate
growth in this specie@lokiel 1978)however, our calcification rates agree with
previous estimateChalker and Taylor 1975, 197&Jolonies ofA. cervicornishave a
complex, branching structure with high surface am@they contribute different
ecosystem functions compared to massive céfdlarezFilip et al. 2011; Darling et
al. 2012) which is reflected in the lower metabotates observed in our study. In
general A. cervicornishas low calcification yet high accretion rates, although skeletal
density shows plasticity based on growing conditighsfner et al. 2017)The life-
history trait of lower density skeletons couladprote asexual reproduction when high
energy wave action fragments branches of larger colonies, allowing for the rapid
proliferation ofAcroporaspp.(Tunnicliffe 1981; Lirman 2000)Despite having lower

calcification rates than the massive corAlsgenicornisprovides a unique habitat for
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the biodiversity of species which resigdethedense thickets formed by this branching
coral (Tunnicliffe 1981; Precht et al. 2002)

The lowest metabolic rates were recorded for crustose coralline algae; biogenic
calcifiers which reinforce and strengthen tadcium carbonatmatrix to cover
otherwise exposed coral skelef@ittler and Littler 2013) Additionally, they promote
calcification by scleractinian corgl€hisholm 2000V¥ia inducing larval settlement and
providing substrate for juvenile corals to gr@deyward and Negri 1999pue to their
encrusting morphology, crustose coralline algeeoften overlooked in quantification
of coral reef calcification and accretion. We report rates of calcification and
photosynthesis in crustose coralline algae in line with framework buikling
cervicornis(Figs 2-4, 2-5). This demonstrates the impamt contribution that crustose
coralline algae can play in coral reef ecosystem metabolism beyond their other
ecological functions. The two crustose coralline Elgaes were the closest to
displaying net dissolution, indicating calcification slows opstat night within this
functional group, potentially due to dependence on lighistose coralline algae are
expected to be more heavily impacted by ocean acidification than corals due to the
higher proportion of magnesiunalcite in their skeletons, wth could
disproportionately impact the role of these organisms as important benthic calcifiers
(Diaz-Pulido et al. 2012)

2521 mpact of Spegipeonfic Metabol i si

Coral reefs encompass diverse and dynamic light environments over hourly,
daily, ard seasonal scaléeEdmunds et al. 2018However, most reefiide estimates of
community metabolism are conducted on timescales thabdocorporate
instantaneous changes in light, even though community metabolism can change on sub
hourly timescale¢Takeshita et al. 2016Applying metabolidight models to high
resolution time series of light could provide more complete estimatesrohaoity
level metabolismStudies have shown that scaling up to community and ecosystem
levels from organismal studies can be complicated in coral reef ecosystems (e.g.
Edmunds et al. 2016however, the comparisons in our study add important insight in
coral reef metabolism researéh.this study, net metabolic rates (bgthotosynthesis
andcalcification) fit a commonly used hyperbolic function wiight (Figs. 2-7 to 29)
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(Jassby and Platt 197&upporting the idea that both photosynthesiscaiafication
are driven by ligh{Falkowski et al. 284; Cohen et al. 2016)

Photosynthesigradiancemodelsfitted with both oxygen and carbatata sets
(e.g., Boand Bic) demonstratgt hat phot osynt iadledenaxenaf i c i
(Pmax), andaverage respiratiowere greatest in the massive corals, highlighting that
these species are drivers of coral reef production (Eigs2-8). Light saturation Ex)
was higher irA. cerviconis andcrustose coralline algapotentially reflecting their
ability to thrive in the shallowest and most sunlit areas of the reef (i.e., lagoon and
crest). Forcalcificationirradiancemodels, massive species had the highestimum
and night rate¢Gma andGaar), While estimates of photosynthetic efficier(ty were
mixed across species. The differences between metdigblianodels support previous
work showing thaphotosynthesis and calcificatitiave speciespecific independent
relationships wit light (Gattuso et al. 2000; Sawall et al. 2018)

Relationships between photosynthesis, respiration, and calcification have been
shown to exist across a wide range of marine calcii@d,in the current study we
demonstrate that strong relationshipxistsacrosdifferent species, genera, and
functional groups (Fig2-10). The strong positive linear relationship between
maximum calcification and photosynthesidicates that maximum net daytime
photosynthesis and calcification rates are linked &it0b). We also found a strong
negative linear relationship between avenagpirationanddark calcificatioracross
all species at night, indicating thaeark caldfication is linked to energy produced from
respiration (Fig2-10d). Linear relationships also existed during the day and night for
measured values oflcification and photosynthesisross all species (ligh = 0.47,

p < 0.0005, darle? = 0.15,p = 0.005; Fig.2-10c). However, relationships between
calcification and photosynthesigere less clear for each individual species (Eifj2).
This could be due to lower replicates within each species and smaller radgés in
rates that made it difficult tdetect a clear relationship by species. While our study
shows thaphotosynthesis and calcificatiane linked across benthic calcifiers, we also
saw differences at the species level (Bid-2), likely related to ecological function
(GonzélezBarrios and AlvareFilip 2018) For exampleP. astreoide$as a strong
linear relationship betwearalcification and photosynthegigght R?= 0.39, darkR’=
0.78, p=<005, Fig2-12), whereas other species suchAaservicornisdid not.
Calcification of different species of corals have been shown to respond to global

change differentl{Kornder et al. 2018)which may reflect the interaction of these two
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processes at the cellular or organismal level. Light modulates the sespion
calcification toocean acidificatioiSuggett et al. 2013herefore, developing species
level metabolic irradiance curves is important for understanding future impacts of

global change.

The functional relationship between light, photosynthests calcification is
complex and operates at multiple levi@demand et al. 2011)We demonstrate a
positive linear relationship between modelled metabolic mag@raxand Phay),
indicating that energy from photosynthesis and respiration daloication. It is clear
that coral metabolic processes are tightly coupled (Gattuso et al., 1999). However,
recent research indicates that photosynthesis and calcification are parallel but
independent lightriven processes (Cohen et al., 2016). The bietween
photosynthesis and calcification (i.e., liggthanced calcification) at the organismal
scalemay be related to these processeswalving to occur at similar times due to
increased energy supply for calcificati@orek et al. 2014)f thatis the case, then the
relationships betwegphotosynthesis and calcificatiémund at the organismal level
may not be as intimately linked within cells. Further research is needed to define the
functional relationships between light, photosynthesis, aletfication from the cell to

the organism to better predict the impacts of global change on coral ecosystems.

Knowing instantaneous relationships between light and metabolism at the
organismal scale (e.g., Figs7 to 29) could help scale metabolismeatup to the
community and ecosystem at finer temporal scales. Direct measurements of coral reef
net ecosystem metabolic rates are time consuming, expensive, and often require
specific environmental conditions (Gattuso et al., 1999). Newer technologyngs be
developed that can estimate commubignthic metabolismates over higiresolution
temporal scales (<1hr) using boundary layer techniques (i.e., eddy correlation and
BEAMS) that measure oxygen and fBhrnes and Devereux 1984; Long et al. 2013;
Takeshita et al. 2016These techniques require that we know the ratio of carbon and
oxygen uptake and removal during the processes of photosynthesis and respiration
(e.q.,DDIC / DDO). For an organispthese values are known as the net photosynthetic
and repiratory quotients, or PQ and RQ respectively, andnettibolic quotient), on
a community or ecosystem wide scale (BamaradDevereaux, 1984; Takeshita et al.,
2016). By measuring both oxygen and carbon fluxes we were able to determine the net
metabolc quotientfor the different species in this study (F&11). The metabolic

guotient was higher farrustose coralline alggé.55 *+ 0.49) than coral species (1.24 £
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0.38), which reflects elevated carbon assimilation to oxygen production. For tueals,
metabolic quotientvas similar across species (ILR), and closer to a 1:1 ratio,
although the values still indicated a greater assimilatiahssblved inorganicarbon
comparedo dissolved oxygeproduction. Overallthe metabolic quotient @as1.18

for all species and incubations combined. Interestingly, there was a trend of increasing
metabolic quotientvith light when all corals were grouped together, indicatingttiet
metabolic quotieninay be more variable over short time scales than quisly

assumed (Fige-13). Further understanding the influence of light on the balance of
assimilation of dissolved inorganic carbon to dissolved oxygen produweiidmelp to

build our understanding of the reef metabolic quotient and how it changes under
distinct light levels. More estimates of speespgcific metabolic quotients for coral

reef organisms will help in efforts aimed at using readily available pH and oxygen
sensors to monitor the metabolism of coral communities at a greater resolutidim in bo

space and time.

253Ratios of Organic and | norganic

Reef Organi sms

Ratios of net calcification to photosynthesisdfBne) quantify the relative
balance between these two processes and have been proposed to be a useful metric for
reef biogeochemical function and health (Cyronak et al., 2018). Previous studies have
shown thatalcification / photosynthesianges from8 to 17 on the organismal scale
and from 0 to 0.7 on an ecosystem scale (Gattuso et al,, @98thak et al., 2018). In
this study, we calculated absolute ratiosieff calcificatiorto the sum ofet
calcificationandnet photosynthesi&Gne/M1ot) accordingd Eq.7. We chose this metric
because both calcification and production can be negative, which results in unreliable
values as either the denominator or numerator approach 0. Alg®+6is more
intuitive than Ge/Pretas it represents the relativeoportion of total carbon metabolism
due to calcification and ranges between 0 to 1. Over the course of the incubations
GnefM1ot ranged from 0.03 to 0.66, which indicates that when both calcification and
production are occurring production tends to donair{&tg.10). However, when the
ratios were calculated using the metabolisradiance curves, f&/Miot ranged from O
to 1 and all organisms exhibited a strong peak at the irradiance levelwetere

photosynthesisrosses 0. This is becausenasphotosynthesiapproaches 0 the
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absolute ratio comeadoser to |Ge{/|Gref. Ratios calculated using the model
coefficients for maximum calcification and photosynthéGigsa/Mior), i.€., Gnaxand
Pmaxand night calcification to respiration {£a/M1ot) ranged from 0.11 to 0.23 and 0.06
to 0.36, respectively (Fi@-14). The daily changes indaM1t indicate that there is not
one value that can readily describe the relative ratio of calcification and production for
each calcifying organism, and that angans can equilibrate to very different values
during the day and night. In fact, the highly dynamic nature,efNGo: related to light
brings into question the use ofid et ratios as a single, determinant value of reef
function and health at the exystem scale (Cyronak et al., 2018). }{w:do not
stabilize to one consistent value on an organismal scale, it is difficult to imagine that
these ratios stabilize across reef communities and ecosystems made up of many
calcifying and norcalcifying aganisms. Future work into determining the importance

of Gne/Miot as a metric for reef biogeochemical cycling is needed.

254Concl usi ons

We identified patterns in the metabolism of six Caribbean benthic calcifiers under
natual diurnal light cycles. Our findings support previous work showing that
photosynthesis and calcification are parallel processes driven by irradiance (Gattuso et
al., 200Q Cohen et al., 2016), highlighting the importance of considering natural
variationsin light. Some metabolic rates of individual species could be generalized to
| arger categorical groupings such as t he
cervicornisandcrustose coralline algd®d similar metabolic rates despite occupying
very different functional niches in coral reef accretion. Wailkificationand
photosynthesiboth fit traditional hyperbolic tangent functions with light, coefficients
of the metabolisnirradiance modelsaried between species. Interestingly, the
modeled metabolic maximaG@maxandPmax) anddark calcification / respiration (dak
andR) were correlated across all photosyntlegi calcifiers in this study. These
correlations indicate that energy providgddihotosynthesis and respiration may be an
important control on organismal calcification, however, mechanistic studies are needed
to further address this. Understanding the dynamic spepasfic balance of
calcification and production could provide udahsights into estimates of community
and reefwide carbon cycles. For example, our results demonstrate that benthic surveys

with simple groupings of calcifying and naalcifying organisms could give important
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insights into coral reef carbon cyclesn&lly, we establish dynamic relationships
betweercalcificationandphotosynthesisver diurnal light cycles that bring into

guestion the application chlcification / photosynthesis ratits monitor

biogeochemical function on an ecosystem scale. Oyémnallcarbon cycle of coral reefs

is highly dynamic at the organismal scale, driven by complex relationships between
photosynthesis, respiration, calcification, and light. These relationships likely scale up
and interact with local hydrodynamics to creidite intense variations in carbon

chemistry observed on coral reefs.
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3 Al o-wost bent hi c 1T ncubat.

|l 1 tu community metaboli sm

Mallon J, Banaszak AT, Donachie L, Exton D, Cyronak T, Balke T, Bass A. 2022. A
low-cost benthic incubain chamber for irsitu community metabolism measurements.
PeerJ 10:€13116 DOI 10.7717/peer].13116

All data collected and analysed by thesis author
31Abstract

Benthic incubation chambers facilitatesitu metabolism studies in shallow
waterenvironments. They are used to isolate the water surrounding a study organism or
community so that changes in water chemistry can be quantified to characterise
physiological processes such as photosynthesis, respiration, and calcification. Such
field measvements capture the biological processes taking place within the benthic
community while incorporating the influence of environmental variables that are often
difficult to recreate in exsitu settings. Variations in benthic chamber designs have
evolved fora range of applications. In this study, we built upon current designs to
create a novel chamber, which is (1) lowst and assembled without speciadi
equipment, (2) easily reproducible, (B)nimally invasive, (4) adaptable to varied
substrates, and Ysomparable with other available designs in performance. We tested
the design in the laboratory and field and found that it achieved the outlined objectives.
Using nonspeciali@d materials, we were able to construct the chamber at a low cost
(under $20 \$D per unit), while maintaining similar performance and reproducibility
with that of existing designs. Laboratory and field tests demonstrated minimal leakage
(2.08 £ 0.78 % water exchange over 4 hours) and acceptable light transmission (86.9 +
1.9 %) results comparable to those reported for other chamiretbe field, chambers
were deployed in a shallow coastal environment in Akumal, Mexico, to measure
productivity of (a) seagrass, and (b) cgralgae, and sangiominated reef patches. In
both case sidies, production rates aligned with those of comparable benthic chamber
deployments in the literature and followed established trends with light, the primary
driver of benthic metabolism, indicating robust performance under field condiiis
demonstrag that our lowcost benthic chamber design uses locally accessible and

minimal resources, is adaptable for a variety of field settings, and can be used to collect
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reliable and repeatable benthic metabolism data. This chamber has the potential to
broaden acessibility and applications of4situ incubations for future studies.

32 I ntroducti on

Quantifying the relative balance of autotrophic and heterotrophic processes
taking place within a benthic community provides insight into ecosystem functioning
and specige compositior{Albright et al. 2015; Cyronak et al. 201&)s coastal
ecosystems undergo degradation, understanding ecosystem capacity for oxygen
production and carborycling through photosynthesis is critical. For example, defining
ecosystem productivitg an support conservation of hi
ecosystemgDuarte et al. 2010, 2013ahd characterisation of community metabolism
facilitates geographical and temporal comparisons of ecological function, which
otherwise might be logistically lirred (Cyronak et al. 2018; Lange et al. 2020)
Measurements of igitu community metabolism capture individual rates of
productivity for functional groups and species, as well as the interactive physiological
processes taking place within the entire bentbmmunity rather than the simplified,
reconstructed communities often used irséd measurementSuch measures offer
important insight into the critical role of coastal marine ecosystems for ceapture

and cycling.

Rates of photosynthesis andp@ation can be measured directly from fluxes in
dissolved oxygen concentrations to calculate the net community productivity (NCP)
taking place within a benthic community. The development-gftingearo incubate
benthic organisms and communities has been guided by distinct research applications.
Ecosystem metabolism can be measured via three main approaches in theriibiid;
boundary layer and eddy covariarfeqy.,(Long et al. 2015b; Takeshita et al. 2016;

Berg et al. 2022)flow respirometryusing Lagrangian and Eularian adaptations (e.g.,
Barnes 1983; Falter et al. 2008; Shaw et al. 2044 enclosed incubations (see
examples in Table 1This study focusses on the incubation method as a
straightforward approach for deriving metabolic rates of single organisms or benthic

communities in the field.

Benthic chambers can be deployedhe field to contaisediments, corals,

seagrasses, and other biota, either as communities or as indivigiuasms, for
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periods of hours to days to capturesitu measurements of community or organismal
metabolic ratege.g.Huettel andSust 1992; Yates and Halley 2003; Murphy et al.

2012; Camp et al. 2015; van Heuven et al. 2018; Roth et al..Z8td@dard benthic

chamber designs consist of a tent or dome made from a rigid, transparent container with
a circulation pump (to mimic natural water flow), and a sampling port (e.g., Roth et al.,
2019, Table 1). Some chambers can only be deployed in aneas substrate is

suitable for the chamber base to be inseftedexample, oftethe basenustbe buried

in sand or sediments to create an effective (@eg| Olivé et al. 2016)However, the
technology has evolved to encompass a range of applisdtmm smaller, single

organism chambers to larger community enclosures (Table 1). For example, high
precision, reatime, in-situ metabolism measurements of small surface areas of coral
have been made possible by the development of atbajhadaptatioof the benthic
chamber concept: the Coral In Situ Metabolism and Energetics (CISME) system,
described in Murphy et al. (2012). CISME is a specialised underwater respirometer that
incubates small areas (~ 24.5%mf live coral to measure pH, dissolved gey, and
temperature changes. The electronic housing has waterproof cables supplying power, a
recirculation pump, and LED control, while a water sample loop holds incubation

samples so that total alkalinity can be used to derive calcification rates.

At the opposite end of the siapectrum, large tedike structures have been
developed to incubate entire patches of benthic communities (surface areas of several
m?). For example, the Submersible Habitat for Analysing Reef Quality (SHARQ)
developed by Yatesnd Halley (2003and other large tent enclosures such as the one
described byan Heuven et al. (2013llow for measurements of seawater chemistry
and can even be adapted fossitu experiments adding GOr other treatments, @,

Kline et al., (2012)The SHARQ and similar chamber designs (ezgn Heuven et al.
2018)incorporate a submersible circulation pump to ensure turbulent flow within the
incubated area. Flow is a primary driver of benthic metabolism and regulates organism
response to environmental effects such as ocean acidifi¢@ttoneau et al. 2014,

2019) The costs of building such chambers are moderate to high, and multiple replicate
chambers for parallel incubations further raise the costs, while spedalierals

may be difficult to source in some parts of the world where coral reefs and seagrasses
are most abundant. Submersible pumps, bespoke parts, and other expensive materials
create an economic barrier to thesitu incubation chamber technique. To address

these limitations, the Flexihamber, developed by Camp et al. (2015), requires

minimal specialisdmaterials and can be constructed at a low cost (< USD $20). The
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Flexi-chamber is made of a flexible plastic bag with a sampling valve installed, which

is atached to the base of the study organism with a cable tie. Both the bag and valve
were sourced from a medical supply store. The Fdagimber can be used to measure
metabolism for single organisms, and it is ideal for branching corals, or organisms with
complex morphological formations. The Flechamber was robustly tested in the
laboratory and field and performed in line with other incubation chamber designs
(Camp et al. 2015However, the chamber can only be used on substrates suitable for a
cable tieattachment. For flatter substrates, a domed benthic chamber design is more
effective. The medium size chamber by Roth et al. (2019) can be placed over the
substrate and was successfully produced at a lower cost (~ $250 USD) than previous
designs, while mataining the efficiency and precision of more expensive equipment.
However, the design requires a bespoke rigid acrylic cylinder and a circulation pump to

recreate water movement inside the chamber, incurring a higher cost.

To contribute to the array of chambers currently available for field incubations,

we designed a chamber prototype, which was both low cost and suitable for
deployment on complex substrates incorporating small benthic commuaities

accurately measure commity metabolism Our objectives were to design a benthic
chamber that is; (1) low cost and easily constructed without spediatisipment, (2)
reproducible for scientific soundness, @nimally invasive to reduce angpact on
incubated organisms, (dpaptable for use in a range of substrate types and underwater
environments, and (5) comparable with other chamber designs such as those described
in Table 1.
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Table 3-1: Summary of selected designs of in situ benthic chambers for measuring coral reef metabolism, since 2000

Name Scale Cost USD Leakage Light Strengths Limitations
Coral InSitu Metabolism and < 1 $32,000 Unreported, 0% High accuracy and Expensive and
Energetics (CISME(e.g., individual expected (Artificial precision. specialised.
Romané de Orte et al. 2021) minimal light) Instantaneous Very small areas can b
measurements incubated (24.5 ci
Flexi-Chamber Single <$20 Noneto- 84% Low-cost and easily Cabile tie closure arour
(Camp et al. 2015) minimal sourced materials. the base is not suitable
Flexible material for all benthic
maintains water organisms.
movement.
Flexi-community benthic Single <$20 2% over 89% Low-cost, easily sourcedUnder someonditions
chamber for remote locationssmall 4 hours materials. seal is not as reliable a
this study community Adaptable design. other methods.
Flexible material
maintains water
movement.
In-situ chambers for measuriiSingle ~$250 5.3% within 6 hr 92% Can be deployed on hariRequires circulation
biogeochemical fluxes small (reef sands) substrate or sediments. pump.
(E.g., Roth et al. 2019) community 12.4% within 6 hr Bespoke design requir:
(rocky) specific materials.
Submersible Habitat for Larger Not Variable >71% Can incubate entire Requires circulation
Analyzing Reef Quality communities  reported depending on communities. pump.

(SHARQ)
(Yates & Halley 2003)

(~12 nt planar
surface area)

substrate type

Bespoke design requir:
specific materials.
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33 Mat eramd sMet hods

331Study | ocati on

Experiments were carried out in tBehool of Geographical and Earth Sciences
Laboratory at the University of Glasgow, the Scottish Centre for Ecology and the
Natural Environment (SCENE) fieldwork site, and in Akumal Bay Natural Refuge
Area, Mexico. SCENE is located on the eastern shoredf Lomond in west central
Scotland (56A07641.10 N, 4A360648.40 W).
Caribbean coast of the Yucatan peninsula, with relatively limited access to spelciali
materials. The Natural Refuy®@0649. 8d&uwhpnl i
protected area within the Mexican Caribbean Biosphere Reserve and consists ef a semi
enclosed lagoon with patches of seagrass and coral ecosyste®4 &igield
experimentsn Akumalwere approved by the Comision Nacional de Areas ks
ProtegidagCONANP FO09.DRBCM/240/2010

332Chamber design, material s, const

The benthic chamber design consists of three key components: (1) digldter
polyethylene tent(2) a sampling valve, and (3) a heavy yet malleable circular base for
maintaining théentenclosure seal against the substrate @ily. Table3-2). The ten
is made from a polyethylene plastic bag. It is possible to keep the shape of the plastic
bag intact, by simply cutting in a straight line at the bottom of the bag for the desired
height, allowing an extra 1015 cm at the bottom to allow the circularlfeable base
to sit on top. Alternatively, a polyethylene bag or sheet can be cut-sedlss using a
heat sealer into any desired enclosure shape, e.g., dome or pyramid. For case study 1
the bottom of the bag was tdsihontheabe study2cr e a
a dome shaped benthic chamber was used3Ely e), which was made by cutting the
polyethylene bag into panels andsealing using a heat sealer. We used a food
packaging heat sealer to join the panels. The valve was inbgrtedating a small
incision in the enclosure tent and inserting one valve on the inside and securing it with
the Luer lock connector of a second valve on the inside. A small bicycle tube repair
patch was used to create a solid base for the valve todréethshrough. For the base,

bicycle inner tubes werfdled with sandand fishing weightso create a heavy,
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malleable base, and-sealed using bicycle tyre repair kits found at a local hardware
store. All materials to build the chamber were sourcedljacEransparent
polyethylenefor the tent enclosuneas bought from a local food packaging company
Luerlock valves were sourced in the local pharmaiagt preused bicycle tyre inner
tubes were donated by the local communitye materials used and thessociated

costs are summarised in TaBl&.

G
Case study 1:} %
Seagrasses

I_Case study 2: [}
{Patch reef - A

(e)
<«<——  Transparent
enclosure

|1<«<— Valve

e g
.u> <—sSand-filled

tube base

Approx. 37 cm —»

Figure 3-1: Visual summary of fieldleployedbenthic chambers for case studit

and 2.Photographs depictinga) tall version of the chamber constructed using
unchanged plastic baf) low-profile chamber created by cutting the plastic bac
panels and heat sealing in a dome form, for use indmgigy environment$c) visua
assessment of leakage and migxifrom the chamber using dispersal of red fooc
injected into the chambe(d) aerial image taken above Akumal Bay showing the
where chambers were deployed for case studies, photo credit: Edgar E
Mancera and Miguel Angel Gomez Reali; dajla schematic diagram of the chan

prototype developed
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Table 3-2: Summary of key chamber design components.

Key features

Materials and costs (USD) Adaptations

Enclosure

Plastic retains upright structure due to
neutrally buoyancy, while its flexibility
allows movement with water, facilitating
mixing and flow. If needed, watertight glu
or silicone can be used along the vertical
seams to provide a more rigid upright
structue.

Transparent polyethylene bags were Size of plastic bag can be changed to

sourced from local food packaging and incubate different volumes of water or

grocery stores for $0.25 per unit in surface areas of substrate

Mexico, and for approx. $1.80 per unit in

the UK. Enclosure transparency or colour filtration
can be achieved with different plastics.

Glue and silicone for rsealing were

sourced at local hardware stores for <$5 The shape of chamber can be addgdbr

with an edtnated cost of $0.50 per high-energy settings.

chamber.

Sampling valve

A valve was installed into each chamber
for the extraction of water samples with
syringes. Installation involved a pinprick
hole in the plastic, with a valve Lutck
inserted and attached to a second Haek
valve on the inside of the chamber.

The vdves tested in this study werendy A sampling port of any size can be install¢

Luer-lock valves, priced at $1.12 per unit depending on study requirements.

In lieu of valves, sports bottle caps can b

implemented at a similar cost. 3-way valves can facilitate the addition of
experimental treatments.

Tubing can be added to the interior valve
achieve sampling from the centre of the
incubated area.

Base

The heavy chamber base is placed on to
of the plastic enclosure skirt to creat seal
with the substrate. The base is malleable
that it can be moulded to the complexity
solid substrates, and in the case of soft
substrata, buried as needed.

Bicycle inner tubes were cut to size and Base weight can be adjusted as needed,
filled with sand and small fishing weights depending on the environmahconditions.
After filling, the tubes were sealed using
bicycle tyre patches and glue. As the use Stones can be used in lieu of fishing
bicycle tubes were donated there was nc weights.
cost. New inner tubes cost ~$4 each.
Fishing weights $3 per kg.
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333Design validati on

Three key characteristics were investigated to validate the reproducibility and
correct functioning of the chambers: (1) leakageratier from / to the chamber, (2)
light transmission across the plastic membrane, and (3) temperature stability within the

chamber.
1. Leakage

To test for leaks, notoxic red food dye was inserteding a syringe (20ml) into
achambedeployedover sediments shallow water at each of our field sit&sual
surveys were conducted byd snorkellersvho monitored the water outside of the
chamber for any obvious visible leaks of-ayed water for 30 minutg$ig. 3-1c). An
underwater camera (Canon Powershb?0) was attached to a dive weight and placed
on the substrate outside the chamber for the duration of ther@e deployments,
and the video was reviewed for any red dye leakage around the base of the chamber.
This process was repeated 3 tirbefore @ase studies and before lab testiRgllowing
this initial marse assessment, a-Bde aquarium tank was filled with artificial salt
water (tap water prepared with Marine salts at a salinity of 21.5 + 4.7 ppfiglahd
water movement was simulated wgs#h circulation pumpsReef Tide 4000s 12v DC
Wavemaker PumpJK) positioned on the sides of the tank to create @agwater
motion across the tank. prototype of the benthic chamber was placed in thedadk
asupersaturated saline solution was insemisthg a plastic syringe connected to the
valve of thebenthic chamber so that the water inside the chamber reached a salinity of
38.3 £ 5.7 ppt. Sality was measured once per minute during tiedr incubation,
inside and outside the benthic chamber using two @aldsrated salinity loggers
(Onset Hobo U2002-C Saltwater Conductivity / Salinity Data Logger). The leakage
test was repeated 3 times\d for each repeat a different chamber was used.

2. Light attenuation

A chamber was deployed over sediments in Akumal Bay at a depth of 2 m for 3
days between 07:00 and 19:00 haardugust 2019A different chamber was used for
each day of the experimefm=3). Photosynthetically active radiation (PAR) was
measured simultaneously inside and outside the chamber with two submersible sensors
(Odyssey Submersible PAR Logger) attached to a 4 kg dive weight and positioned
inside and outside of each chambelomlight each minute (umol photonss?). The
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sensors were calibrated against a recently calibrated Licor quantum serns@0,(LF
COR Biosciences, US). Additionally, light transmission (%) between the
photosynthetically relevant wavelengths of 3@@1n800 nm was measured through
the plastic membrane (Shimadzu 43800 U\AVis).

3. Temperature

Changes to the temperature of water inside the chamber were measured to
demonstrate accumulation of heat, which we would expect to see if the water is not
mixing well. Temperature inside the chambers was collected using a handheld probe
(Pro DSS multiparameter, YSI, US) at the start and end of field deployments of 9
chambers in tropical conditions over 4 days in case study 2. A sepdrote 4
deployment in cold war conditions, at the SCENE fieldwork site in Loch Lomond
was also conductad August 2021and temperature was continuously logged for the
duration of the incubation (per minute) inside and outside of the chamber using
temperature loggers (Onset HOBO 10A82-08 Pendant 8K Light and Temperature)
with an accuracy of £ 0.5°C.

334Fi el d operation of the benthic

Field deployments over benthic communities were conducted to validate the
reproducibility and adaptability of the chambers. Two case studiescardeicted in
Akumal Bay (Fig. #l), one with incubations of seagrass patches and the other over
coral reef communities (total of 41 deployments). Chambers were installed by divers
and snorkellers. For all field incubations, water samples were extradtexstart and

end of 1.5 to 34our long incubations using 100 ml plastic syringes with a-lak

connection to the chamber valve. Dissolved oxygen, pH, temperature, and salinity were

measured using a handheld reubmergible multiparameter sensor (P&®equipped
with ODO Optical Dissolved Oxygen and EXO pH Smart Sensors, YSI, US) attached
to a kayak for analysis of samples within 1 minute of extraction. Chambers were
flushed between incubations timag lifting them from the substrate and releasing the
incubated water. A few minutes were allowed for any stinedediments to rsettle
before reassembling the chamliRepeated measurements (n=15) of chamber volume
were conducted shallow (<1 meters) of Akumal Bdy filling chambers using a 100

ml syringe and recording variability between volumes to estimate error in volume

measurements.
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335Adaptations of the chamber

A more streamlined, loyprofile, domeshaped chamber (Fig-1b) was used due
to higher surge at the coral reef site, nearer to thecresf than the protected seagrass
area (Fig. dl). This was also an adaptation for the lower profile of reef patches (~15 cm
height) compared to seagrasses (~ 30 cm height). The panels were cut as curved
triangles (29 x 16 cm, H x W) with arching sides aadh dome was constructed of 8
panels and two 8 cm skirts were added at the base. These skirts were added due to
higher wave action at this site, to prevent leakage around the seal. All plastic seams
were sealed with a double seal 1 cm apart on eadhysing a generic, locally
available heat sealer. For the higihergy environment (case study 2) a heavier base
was created by adding 8 kg of fishing weights into the bicycle tyre tube to total ~10 kg
per base. Chambers were randomised over the subspasefty each incubation;
algae, corat, and sanddominated. Incubations lasted 3.5 hours. PAR was measured

as described above in both case studies.

336Case study 1: Seagrass product i

Benthic chambers (n=5) were assembled and deployed over seagrasses and
sediment substrate at 1.5 to 2 m depth. Seagrass surveys were conducted using the
methods outlined i(Hernandez and Tussenbroek (20t4@stimate seagrass
abundance in Akumal Bay (Figd)L Sampling was conducted at the start and end of
incubations at midday, late afternoon, and after dark. Each incubation lasted 1.5 to 2.5
hours. The chamber constructed for the seagrasseS8{Ewywas taller and narrower
than the chamber used in case study 2 @) to accommodate the height of the

seagrasses.

337Case study 2: Production rates ¢

communi ti es

Benthic chambers (n=9) were deployed by SCUBA divers3airdepthover
four daysfor multiple incubationsluring solar noon and after dark over small patches

ofreefUsi ng swim patterns from a c&iAd,r al p C
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small patches of mixed corddrites spp, algae crustose coralline algaand
sand/sediment were identified (n=21), of which 9 were randomly selected for
incubation. Surface area and volume of the incubated reef patches were measured using
photogrammetry. 3D models of incubated reef patches were constructed from ~100
photograph®f each patch using Agisoft Metashape and compared following the
methods outlined ihange and Perry (2020$urface area@n?) and volumgm?®) were
extractedrom the 3D models/Ve converted tavolume to litres and deducted it from
the chamber volume to calculdtee ndividualseawater volumefor each incubation

and usedhis, with the surface area measurement to normalise metabolicAthtes
areas of flat sediment were measured fromadoywn photos using Imagdg$chneideet

al. 2012)

3.38Met abol i sm cal cul ati ons

Net community production (NCP, mmorfirt) was calculated from changes to

dissolved oxygen (DO) using the following equation:

(Eq. 1)

Y$/ 6

#0 SA T

wheregDO is thechange in dissolved oxygen (mmat), which is normalised to
the chamber volume (V) of water in litres, the surface area (SA) of the incubated
sample in M, and the incubation duration time (T) in hours. Surfacewesmeasured
from 3D modes usingthe program Agisoft following the protocol outlined iiange
and Perry (2020 Individual chamber seawater volun{®3 were calculated by
converting the estimated organism voluexéractedrom 3D modelg{m?®) into litres
(L) andsubtracting tfs from the emptychamber seawater volume. Dissolved oxygen
fluxes were normalised to individual chamber water volumes and organism surface

areas.
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339Phot osynitthreasdisance model s

Rates of productivity (NCP) were modelled to light using the hyperbolic tangent
equationof Jassby and Platt (1976)

(Eq. 2)

1. %

0 0 OAT@—

where Retis the modelled net production rate (mmof hr?), R is the average
dark respiration ratarimol m? hr'), and E is irradiance in PAR (umphotons it s
. The coefficients derived from the mo

and light and the maximum gross photosynthetic rate)P

3.3.10 Statistical anal ysi s

Statistical analyses wecarried out using RStudio version 1.4.1{RTCore
Team 2019ith the packag@&idyversgWickham 2019)Each data set was assessed
for parametric assumptions using Shapiro Wilke€Q Qlots, and histograms. Data did
not always meet th@assumptions of normality; therefore, nonparametric statistical tests
were selected for the analysEsr testing of chamber parameters (light, pH,
temperature, leakage), paired sign tests and Wilcoxon rank sum tests with continuity
correction were used, drior the case studies Kruskal Wallace tests were used to
compare mean rates of NCP at different times of day and between different benthic
communities. Linear regressions of seagrass NCP with light were modelled using
ggplotwith ggpmiscextension on RWickham 2016; Aphalo 2021Photosynthesis
irradiance curves were modelled using R nonlinear least squares estimation and
coefficients / model fit were evaluated based édnd@nfidence intervals, and standard

error of the regression (sigma, Q).
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34Reslu s

341Construction of bent hic chamber :

Benthic chambersE6) were successfully constructed and deployed by citizen
scientists in the seagrass meadow of Akumal Bay in July 2019. Materials were sourced
locally and the cost per chamber was USD $17.62. Details on costs for the items are
included in Table 2. The timaken to fill rubber tubes with sand and weights, cut the
plastic bag, and install a valve ranged from 15 to 30 minutes for 2 people and 45
minutes for 1 person. The chambers were deployed without difficulty by a range of

users of varying experience.

342 L e alge

Salinity inside the chamber at the start ofitteibations (38.9 + 0.3 ppt; mean *
SD) was reduced by 0.8 = 0.3 ppt otlez course of thé-hourincubations Overall,
the difference in salinity wa2.1 + 0.8 % between the start and end values of 3
replicate incubations duringtour incubations. The salinity of the water outside the
chamber remained stable throughout the incubations (26.1 + 0.1 ppt.).

343Transparency

Laboratory testing found thaght transmission through thmlyethyleneplastic
was 74.4 % at 750 nm and 61.1 % at 400 nm @Rp). In the field, the difference
between PAR measured simultaneously inside and outside the chamber over 3 field
deployments was 13.0 % = 11/@dan = SD) and the difference wady found to be
significantover 2 hours at peak sun on 2 déslcoxon signed rank test with

continuity correction, Tabl8-3).
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344Temper atur e

Seawater temperatures measured inside (30.7 £).median + SD) and outside
chambers (30.7 £ 0.8 °@,= 9) at the end of-Bour incubations in peak sun were not

significantly different (Sign test statistic = 18, df = 28, p =0.185).

Table 3-3: Wilcoxon rank sum test with continuity correction to test diffiees between

photosynthetically active radiation (PAR in umol photong &) inside vs. outside

chambers during deployments over 3 days in August 2019.

Date PAR W p-value
measured (mean+SD inpmol m?s?t)  statistic
inside outside

Full day(0700 to| 01/08/19 2581238 2891267 2322 0.3305
1900) 03/08/19 2691239 300+268 2151 0.418
07/08/19 216255 2421285 2882 0.2474
Solar peak only | 01/08/19 461+195 515218 86 0.4428
(1200 to 1400) 03/08/19 6221116 696130 109| 0.03324
07/08/19 611122 684125 144 7.396 X
10—07

98



(a) (b)

75
70
x° —_
5 o
2 85 o
£ =
c o
o
= 60 g
X
<
o
55
| I | I |
400 500 600 700 800

Wavelength (nm)

800
600
400
200

800 —

600
400
200

600 —

400
200

- 1st August 2019

—— Inside
Outside

3rd August 2019

7th August 2019

T
07:00

T
09:00

\ T T
11:00 13:00 15:00

T |
17:00 19:00

Figure 3-2: Light transmission of the benthic chaml@hamber transparency measured with @)ectrophotometer to quantify percentag@ {ransmissio

of light between 400 750 nm, and (b) light sensors during the fidlé p| oy me n't

of

chamber s

outside(orange dots) of the chamber over §slaf exposure to natural solar radiation betw@&&00 to 19:00 hours.

99

(28 iBs)de (blue line)eat



345Case Study 1: Seagrass product i
peak sunlight

Six benthic chambers were deployed over a seageament substrate in
Akumal Bay. Seagrass coverage was casepmf three specie§halassia testudinum,
Syringodium filiformeandHalodule wrightij and visual surveys indicated 50% areal
coverage within the incubation area. Increases in DO concentration demonstrated
positive net community productivity (NCP) dugidaylight incubations, while negative
NCP after sunset indicated net respiration for all seagrass incubation3-8rigll
values presented as mean 3be difference in dissolved oxygeb§O) was 78.5 +
7.5 umol Lt at solar noon when concentrations of 272.5 +7.5 umddD were
reached and during night incubations fell to 186.8 +12.7 umdbO with an average
DDO of-45.2 +12.7 umol 2. NCP was significantly different during different times of
the day (KW = 13.3df = 2, p = 0.00126). Average NCP was highest at solar noon (6.7
+1.3 mmol n? hrt), lower in the late afternoon (2.4 + 0.6 mmof hrl) and negative
after sunset-8.3 + 0.4 mmol nthr?). Seagrass NCP had a strong linear relationship
with PAR (R=0.93, p = <0.0001(Fig. 3-4). One incubation done over sediments
(n=1) also had the highest NCP rate at solar noon (2.6 mrhbt-thand was negative
at night €0.6 mmol n¥hr?).
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Figure 3-3: Linear regression of net community production (NCP in mnidhm)

of seagrass incubations with light (PAReimol m? s1).
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346Case Study 2: Measuringl pgpaedueter
patches

Compositions of 9 small patches of reef (planar surface=at€d5.2 crf) were
described by relative proportions of functional groups such as coral, macroalgae,
crustose coralline algae, and sediment measured from 3D niBEs3-5 & 3-6).

Two patches consisted of sediments only, 3 vaégaedominated, and 4 were coral
dominated. One of the cordbminated patches consisted of a coral, which had begun
to bleach. Surface areas calculated from 3D models were 2.86 +4.Ghamber
seawater volumesveraged (mean £S0p.72 + 2.86 Table3-4). NCP was

generally positive during daytime incubations and negative at night for all substate
types (KruskalWallace statistic = 49.9, df = 1, p = 1.61 X80 NCP rates measured
from the 9 distinct patches were different during the daytime (Kriskdlace statistic
=25.0, df =8, p = 0.002) and at night (Kruskdhllace statistic = 19.2, df =8, p =
0.014). When the patches were categorised into algaet, and sandlominated
groups, pairwise comparisons revealed that NCP was different betenegralgae

and coral algae, but algae and coral did not have significantly different NCP during
the day or at night (Tabl@4). Photosynthesisradiance data fit a hyperbolic
relationship with PAR for all substrates (F837). Photosynthetic maximui(max) was
highest in the algadominated substrate type (11.6 + 0.9 mmalm?) and lowest for
sand/sediments (4.2 + 0.6 mmofirt). All model coefficients were significant

(Table 5).

Table 3-4: Surface areas in square metre$)(amd sea water volume in litres (L) of

incubated reef patcheSstimates from 3D models following the protocol outlined by
Lange and Perry (2020).

Patch Substrate type Replicate  Surfacearea (nf) Seawater volume (L)

1 Sand 1 1.14 20.00
2 Sand 2 1.22 20.00
3 Algae 1 2.24 13.26
4 Algae 2 2.43 15.55
5 Algae 3 3.20 12.82
6 Coral 1 1.77 15.41
7 Coral 2 2.73 16.20
8 Coral 3 1.03 17.27
9 Bleachedtoral 4 4.39 11.769
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Figure 3-5: An example of the 3D model generated for each of the incubated pai

measure surface area of complex structures and to estimate the volume occupi

organism. 3D models were built from photographs takensitu to estimate ti
composition, andneasure volume and surface area of each p@ybcreenshot of 3
model built from photographs used for visual assessment of the relative @@)\&D
profile of a coral colony from which volume and surface areas were derived. The

area of the se of the colony was removed from the overall surface area calcula
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35DI scussi on

We designed and tested a novel benthic incubation chamber, drawing together
key principles from existing designs (e.gates and Halley 2003; Camp et al. 2015;
Roth et al. 2019)The benthic chamber was designed to incubate small communities,
single organisms, or sediments. The equipment created was lowepostjucible,
minimally invasive, and adaptable, with comparable featurecapabilities to other
in-situ benthic incubation chambeseé€Table 1). The chambers were successfully
assembled and deployed for fieldwork by citizen scientists and students. Construction
of a single benthic chamber took between 15 to 30 minutes fqueaqale, including
the time taken to measure the volume of the chamber and to fill the tube base with
sand. In the water, deployment over complex substrate took 5 minutes or less by two
gualified divers. The performance of the chambers was evaluated hyctiogd
productivity measurements using field deployments of the chambers over as a seagrass
bed (case study 1), as well as algae, coral, and sand dominated reef patches (case study
2). The results obtained using this method were comparable to those @irtaine
previous studies using established chambers designs, demonstrating the effectiveness
and feasibility of the chamber design as a-tmst alternative for benthic incubations.
Lowering the costs of ksitu incubation apparatus broadens the accessiaililyscope

for measurements of benthic metabolism for conservation monitoring purposes.

35l1Evaluating the chamber design

The benthic chamber design presented in this study is novel in its accessibility
and scope for implementation with limited resourcesitBie incubations allow for
direct measurements of benthic metabolism and are an important tool for quantifying
carbon fluxes from physiological processes within benthic communities. However, the
most inexpensive chambers currently available fesitimn conmunity incubations cost
around USD $200 to build and require bespoke parts and a submersible pump for
operation(Roth etal. 2019) whi | e t he -ektam@ampitall 2015)f | e x i
is limited to individual coral colonies, rather than benthic comtims The chamber
presented in the current study incubates communities or individuals and it costs < USD
$20 to construct. At such low costs, multiple replicates are fea$ietraining

required to build, deploy, and collect data using most chambigmndes not yet widely
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available We demonstrated that the flux measurements can be normalised to surface
area and volume data either using more traditional estimates of planar area and
percentage cover in case study 1 or using a 3D modelling approacbaas istudy 2.

This demonstrates the adaptability of our chamber design for example when the
software and computational power required for the latter technique may not be
available. The benthic chamber itsétfes not require any specialised equipment or
training to deploy as materials were locally sourced and citizen scientists were able to

make and deploy the chambers with minimal training.

We demonstrated that the novel chambers can be constructed from locally
sourced materials without the need for apgcialised parts. Plastic bags, bicycle inner
tubes, fishing weights, and SCUBA gear for underwater transport were all easily
sourced on site. We purchased L-laak valves from a local medical supply store,
however, we also trialled the chamber congtomcand deployment with a plastic
sports bottle cap instead of the valve (Fig). The chamber in this study was
constructed for less than USD $20, however it should be noted that the sensors used to
measure dissolved oxygen, pH, and salinity insidetf@@nbers should be considered
as an additional cost. This is true of all but one of the selected chambers in Table 1 and
would be dependent on the individual experiment being conducted with the benthic

chamber and the precision and accuracy required.

To verify the reproducibility of the chamber design for determining
photosynthesis, we conducted net community productivity measurements. First, we
measured light attenuation of the polyethylene tent and found a reduction of 13% + 1.9
between inside and outgidhe chamber (Fig-2b). These results aligned with the
transparency of comparable chambers, such as the 9% reduction in light reported in
Roth et al. (2019) and 16% in Camp et al. (2015). Our results support previous findings
that transparent plastic lyethylene or vinyl materials sourced at food packaging,
hardware, or medical supply stores are effective for incubations of photosynthetic
organisms (Yates and Halley 2003; Camp et al. 2015). As the chamber is adaptable for
distinct locations, uses, anelsources, light attenuation should be measured given the

variability in light transmission by different plastics.

One of the unique features of the novel chamber design is the malleable base,
which facilitates deployment over hard, uneven substrate witrsdgdestructie

methods to fix the chamber in place. This is particularly useful for incubations in
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managed or protected areas, where attachment by digging the chamber base into
sediments or pinning the chamber to a coral reef using nails or casftatlements

might not be feasible. The rubber tubing base was weighted with easily available
materials to create a seal with the substrate, which could be adapted to 3D structure on
the reefincurring minimal damagesiven that the malleable base coulcalggotential

source of leakage, laboratory testing was conducted, and we demonstrated that the rate
of water exchange was 2% over 4 hoive consider ta novel benthic chambé&r be
areproduciblenethodand effective for accurate measureméimaised on the results of
laboratory testing and case studM&ter exchange during field deployments may

vary, depending on the local conditions, for example surge, currents, and substrate type,
therefore it is ad@able that users of the chamber incorporate a testing phase to adjust
the weight of the base to ensure that it is sufficient to create a seal. Users could
replicate the salinity method by adding hypersaline solution to the chamber and
measuring salinity &he start and end of the incubation ti(iéebb et al. 2021 )or an
alternative if refractometers are not available would be the visual assessment of leakage
using nortoxic food dye. It is also possible to visually assess water mixing and
movement usinglye We injected red food dye into fietteployed chambers and

observed full dispersal within one minute (F3glc).

Water movement over the reef is a driver of metabolic fluxes (Comeau et al.
2014; 2019) and maintaining natural water movement wittheutestriction of a solid
chamber wall sustains ambientsitu conditions throughout the sampling peridde
flexibility of the plastic bag material used fibre tentenclosure also has the benefit of
reducing costs compared to rigid chambers by engmganatural water movement
and mitigating the need for a submersible pump inside the chamber. The concept of
using a flexible plastic enclosure was demonstrated with the-Eth@xnber design
(Camp et al. 2015)Vhile the flexibility of the tent enclosuromotes natural water
movement and mixing, any benthic chamber will disrupt natural water movement,
which should be considered when interpreting data collected with benthic chambers in
generalThe NCP rates measured in our case studies also demorisitatater
movement is maintained by the flexible walls, as supported by the NCP rates measured

(discussed below).

The benthic chamber used in this study is adaptaldéferent substrate types,
environmental conditiongnd research applicationghe smple and flexible design

enables easy adjustment of size and volume, and additional valves or sampling ports
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can be easily installedhe chamber can be used to measure additional parameters to
those measured in this study, for example, to collect sea satgles for carbonate
chemistry to measure calcification rates. This may add to the expertise and costs of
using the chambeThe weight of the base can be altered for high or low energy
systems, and the height of the dome can also be changed to acaimdifidrent
samples sizes and heights. It can also be adjusted to enhance or minimise
hydrodynamic mixing by naturally occurring currents or wave action. As the base is
malleable, it can be used on hard substrate or soft sediments as demonstrated in our
case studies over reef communities and seagrass beds. The two case studies

demonstrated the adaptability of the chamber.

32Seagrass productivity measured \

chamber s

Incubations over seagrass and sand demonstrated a typical diel trend of NCP
increasing with sunlight and switching to net respiration at night. Seagrass productivity
rates were in line with those of previous studies measuring seagrass NCP, however,
variablity does exis{Duarte et al. 2010)he average solar noon NCP rate measured
in this study (6.7 + 1.3 mmol Ahr') was lower than NCP measured in Florida with
the SHARQ chamber (12.3 + 1.0 mmdlahr', Turk et al. (2015)However, our rates
were higher than the average NCP for tropical Western Atlantic seagrass meadows
described in a metanalysisby Duarte et al. (2010p which daily NCP averaged 23.7
+ 7.8 mmol mM? day ! over 155 seagrass studies, which would equate to an hourly rate
of approximately 2.2 mmol R hr'l. Seagrasses in Akumal Bay are colonised by
epiphytes and cyanobacteftldernandez and Tussenbroek 2QB8sociated with high
nutrient load in the bay, which may have influenced our NCP measuref@elgman
and Burkholder 1994; Borowitzka et al. 200Pjoductivity increased linearly with
light and did not reach photosynthetic saturation. Therefore, it was not possible to fit
the hyperbolic tangent equation, possibly due to the limited light conditions in the study

design(i.e., there were only 2 light levels).
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3553Measuring produecatligvaiet yr eceff cpoartaclh

Net production rates measured for all reef patches were positive during light
incubations and negative for dark incubations in line with previous studiesibf
coral reef metabolism measured with benthic chambers. For example, light NCP
measured with the SHARQ enclosure at a reef site in Florida averaged 8.6 + 1.0 mmol
m'2hr'! (Turk et al. 2015)a rate that also aligned with NCP measured estimated by
CROSS(McGillis et al. 2011) and previous SHARQ deployments within the
Caribbean regiofiTurk et al. 201k Our night respiration rates, measured from around
dusk until 21:00 22:00 hours, were also in agreement with the values measured in the
early evenig using SHARQ deployments in Turk et al. (20I8)e highest rates of
NCP were measured in coral patch 3, which was the only replicate confaining
astreoidesas well as. porites.Net community production was lowest in patch
containing a bleached. poitesc ol ony ( 6 C 6)rwhith haddeem subjected.
to heavy sedimentation and algal overgrowth. The lower rates of NCP measured in the
incubations of this colony most likely reflect lower metabolic rates due to
environmental stress. Coral patchesntl 2 were very similar in terms of the health,
size, and structure of th& poritescolonies incubated and they had minimal (<10%)
algae within the chambers, as reflected by the similar rates measured in these
incubationsWe modelled reef NCP data ight and found a hyperbolic relationship
between PAR and NCP as have other stu@esg et al. 2018; Turk et al. 2015;
Takeshita et al. 2016However, our modelling approach was somewhat limited by the
range of light levels and number of incubations. Future research should aim to include
more incubations at different times of day. The low costs of the chamber we present in
this study supportsuch research.

354Concl usi ons

Monitoring of coastal ecosystem health is of critical importance for tracking and
predicting ecological response to global climate change and other localised threats.
This study presents a novel benthic chamber design, wédktltes the cost of-situ
incubations of benthic organisms in shallow coastal ecosystems, while maintaining
reproducibility. The chamber was designed tartdeimally invasive and adaptable,

which we demonstrate through successful field deployment. Weuneelgsroductivity
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rates for seagrasses and reef patches in line with previous studies and provide a
comparison of rate§urther studies are needed for quantification of coastal carbon
cycling and efficient methods to enhance conservation monitoringhanavi-cost
benthic chamber we describe overcomes some dintitations of other designs. It is a

potential tool for diverse users to employ in such research endeavours.
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4 Ecosysscarl e measurement s

met abol i sm

The data for this chapter were collecied?015as part of a collaborative project
by Dr Tyler CyronakNova Southeastern Universir Yuichiro TakeshitaMonterey
Bay Aquarium Research Institysnd Dr Andreas Anderssp8cripps Institution of
Oceanographyand provided to me for my thesis when my planned field and

international lab visits were cancelled in 2020/1 due to COY®D
411 ntroducti on

Coastal marine ecosystems provide valuable services to humanity, are critical
components of the globaearbon cycle and are where most humans interact with the
sea(Barbier et al., 2011; Gattuso et al., 1998; Mehvar et al., 2018; Smith & Hollibaugh,
1993) However, the future of coastal systems such as inshore coral reefs, seagrasses,
mangroves, and saltarshes is under threat from local and global anthropogenic
change. Efficient monitoring of coastal ecosystem ecological function is of critical
importance for understanding and predicting the effects of environmental degradation.
New technologies designéal monitor biogeochemical fluxes within coastal waters
could provide important insights into changing ecosystem dynamics over time and
spacgBushinsky et al., 2019Benthic metabolism is an important driver of ecosystem
function and supports the goodsiaservices that these ecosystems provide. For
example, the balance of photosynthesis and respiration in seagrass beds is linked to the
ability of these ecosystems to sequester and store Caargbtentiallyact as ocean
acidification refugigBerg et al.2019; Kapsenberg & Cyronak, 2019; Ricart et al.,

2021) On coral reefs, the ability to calcify, or produce a calcium carbonate framework,
underpins their most critical ecosystem service linked to habitat construction
(Allemand et al., 2011Perry & Alvarez-Felipe 2018) Therefore, measuring

community and ecosystem metabolism could provide an effective tool fotdamg

and highresolution monitoring of ecosystem functional change.

In shallowmarineecosystemametrics of benthic metabolism are dividatbt (1)
net community production (NCP), defined as the combined processes of photosynthesis
and respiration, and (2) net community calcification (NCC), which describes the

balance of biogenic carbonate precipitation by calcifying organisms offset byhatgbo
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dissolution. NCP can be measured from changes in dissolved oxygen (DO) or dissolved
inorganic carbon (DIC) concentrations, although changes in DIC usually need to be
corrected for any changes due to processes that impact alk@fimsgy, 1979; Smit,

1973) Calcification can be measured using the total alkalinity (TA) anomaly based on
the stoichiometry of changes in alkalinity for each mole of Cg&€@uced or

consumed (Smith and Kinsey 1976; Gattuso et al. 1999). Other techniques have also
been ued to measure benthic calcification rates, including measuring changes in
calcium(Gattuso et al., 1999; Gomez Batista et al., 2@2@) monitoring concurrent

changes in oxygen and gBarnes & Devereux, 1984; Takeshita et al., 2016b)

Measuring benthic stabolism can help determine whether ecosystems are net
autotrophic or heterotrophic and net calcifying or dissolving. By linking these metrics
back to ecosystem function, we can directly measure the function and health of benthic
coastal systems. Measurents of benthic isitu metabolism present unique challenges
due to the complex dynamics and variable environmental conditions found in shallow
coastal waters. Metabolic rates are significantly influenced by flow, ambient light, and
nutrient input, along w#h fluctuations in temperature, pH, and salir{iBourtney et al.,

2017; Cyronak et al., 2020; Kinsey, 1983; Silbiger & Sorte, 2018; Takeshita, 2017)
Considering the diverse array of processes that control benthic metabolism, it is
difficult to replicatethe myriad of important environmental influences irséx

mesocosm settings. Because of this complexitgjtinmeasurements are considered a
critical component for refining characterisation and understanding of coastal ecosystem
metabolism(Berg et al, 2019; Takeshita et al., 2016b)

A range of approaches have been developed to quantify benthic fluxes since the
19506s (Figure 1). The earliest studies
changes in dissolved oxygen as water parcels flowedtbgdentho$Odum, 1956,

1957; Smith & Marsh, 1973rdur i ng nat ur al periods of
wat er arpeasureshanges in seawater oxygen concentrations occurring in
bodies of water, which are isolated at certain times of dayadsiadk tidgKinsey,

1978; Shaw et al., 2014Vhere natural hydrodynamics do not present such an
opportunity, artificial isolation can be achieved witksitu incubation chambers,

which enable water parcelsteisolatedover a benthic communite.g.,Yates and

Halley 2003; Roth et al. 2019)espite the convenience of these methods that allows
one to ignore physics for their mass balatioce isolation approach does not generally

represent the range of natural conditions that the benthic communities can experience.
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For example, interruption to natural water flow has been shown to decrease oxygen
production by benthic organisni@amillini et al., 2021; Comeau et al., 2014; Patterson
et al., 1991Shaw et al., 2004

Flow respirometryovercomes some of the limitations of enclosure and slack water
techniques by measuring changes in seawater chemistry as it traverses the benthos. As
water passefrom point A to B of an ecosystem, changes to dissolved oxygen
concentrations are measured to calculate production or respiration. The Lagrangian
approach relies upon tracing water parcels using dyes or floats to approximate speed
and direction as watdravels between upstream and downstream sampling points
(Barnes, 1983; Gattuso et al., 1993; Marsh & Smith, 19Z8pversely, the Eulerian
approach implements fixed moorings where chemical sensors record measurements at
static points along a known curreardajectory(Frankignoulle et al., 1996Dne
limitation of the flow respirometry technique is that measurements are taken at one
fixed depth, where water may not be fully mixed. The Eulerian approach was modified
in the control volume approach, which os@mes this limitation by sampling at
multiple depths within a theoretical control volume. With advancing technologies, the
Lagrangian method was adapted to incorporate floating sensors to track dissolved
oxygen and pH #situ, as the water passed acrosskianthic communityallowing
estimations of NC@Barnes and Devereux 1984; McMahon et al. 20d8)vever, the
method is only feasible in areas of consistent current direction and often requires
intensive sampling or lorterm sensor deployments to achiegkequate measurement
resolution(Gattuso et al., 1993; McGillis et al., 201Because these types of
community metabolic measurements are sporadic, the data are often assembled into a
composite diurnal curve based on the time of day that each measuvesanade
(e.g.,Cyronak et al. 2013; Shaw et al. 201vhile useful, these composite day
analyses can miss critical shtetm fluctuations and drivers of benthic metabolism.

As our understanding of the interconnected and dynamic processes defining
coagal ecosystem metabolism has evolved, so has the technology we use to measure it.
In-situ measurements of benthic metabolism depend upon a variety of factors such as
depth, light, hydrodynamics, as well as the precision and stability of the sensing
equipmaet (Silveira et al., 2019)Technological advances over recent decades mean
that measuring dissolved oxygen in ocean systems is now precise and stable for
autonomous sensors, which can be deployed for months or everiBuestigisky et

al., 2019) Modern dssolved oxygemptodesare stable once deployddcilitatinglong

112



term deployment and have been used to measure changes in P and R over distinct time
scales within ecosysteniloore et al. 2009)The advances in dissolved oxygen

sensing have enabledhiger term and higher resolution measurements of productivity

in coastal marine ecosystems. For example, aquatic eddy covariance (AEC) uses
dissolved oxygen microelectrodes to measure instantaneous changes in DO, which are
correlated with vertical velocitgradients to calculate oxygen exchange between

benthic communities and overlying seawater. The AEC method was first applied to the
coastal ocean berg et al. (2003and has since been used to measure benthic
metabolism of seagrasses and coral r@aiag et al. 2013; Berg et al. 2013b, 2019;

Attard et al. 2019)

Despite these advances in oxygen sensing over recent decades, technologies for in
situ measurements of total alkalinity are not yet available. Therefore, quantification of
community calcificatbon and dissolution requires lab analyses of discrete water
samples, limiting the scope of calcification measurements in terms of resolution,
timeframe, and location. Howevd3arnes (1983lemonstrated that it is possible to
estimate changes in TA from nsemements of pH and DO. Applications of the method
were limited by the available technology for measuring pH and BEsiun However,
improvements in the longevity and calibration of modern autonomous sensors can now
support the application of this methdthe Benthic Ecosystem and Acidification
Measurement System (BEAMS) utilizes the gradient flux approach with autonomous
sensing of changes in DO and pH to calculatsitin calcification rates BEAMS is the
first method to record longerm and high resolution (10 min interval) simultaneous
NCC and NCP.

In this study, we compare approaches for measuring net community calcification
(NCC) and production (NCP) in a calcium carborthte mi nat ed seagr ass
Bay, Bermuda, Fig-1). We deployed autonomous sensors to determine metabolic
rates using (1) Lagrangian, (2) 1D control volume, and (3) BEAMS approaches,
alongside static deployments of (4) advective benthic chamber$xdiddrete water
sampling. The unique flow characteristics within the bay allowed us to compare a range
of technigues over the same benthic community. We also compared estimates of the
ratio of calcification to total metabolism (NCC + NCP) using direchsneements of

metabolism and assumptions based on discrete chemistry measurements across the bay
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Uses upstream-downstream
dynamics to quantify the influence of benthic
metabolism from seawater chemsitry as it flows p——
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Areas of benthos and surrounding water are
isolated and changes to seawater chemistry
are measured over time. Enclosures ranging
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e.g.. Odum (1957); Smith et al. (1972); Roth et
\ al., (2019) y
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downstream drifters, or floating where tidal conditions
measurements of SENsars, 1970 € effectively isolate areas of
seawater chemistry. e.0., Bamnes et al.(1984); the benthic community,
Gatusso et al. (1993). \ eg., Kinsey (1978).
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determine calcification rates,
Smith and Key (1975); Smith & Kinsey (1978).
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and pH, Bames et al. (1983).
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- L Berg et al. (2003); Long et sensing approaches
al (2015).
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( Control Volume
Fluxes of a defined volume 2010 4 Benthic Boundary Layer 1
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instantaneous Autonomous sensors measure NMCP and NCC
measurements of chemical P simulianeously using a boundary layer gradient
parameters, e.g., Genin e N flux approach, e.g., CROSS McGillis et al.
al. (2012); Falter (2008). q (2011); BEAMS Takeshita et al (2016).

’ 4

Figure 4-1: Timeline of the key method developments for measuring benthic metabc

coastal ecosystenwgith an emphasis on coral resisace ~1950The methods are grouf

into three broad categories, top left shows some of the key methodflasingspirometry
to track changes iseavater chemistryas it traverses the benthic communitypTrigh
methodsarebasedon isolating thewater around a benthic community measure chanc
in chemistry Thelower sectionof the timelineshows some of the more recent method
measuring ecosystem metabolism usmgonomous technologiesBoxes with dotte
outlines highlight the methods compared in the current study. Text without boxes (

the key scientific advancements
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42 Met hods

421Study Site

Data were coll ected i prenchsedlhgeon bsmtedB~ay, a
km west of the Bermudastitute of Ocean Sciences (BIOS) research station
(32.350°N, 64.725°W) (Fig-2a) from the215'to the B July 2015. Benthic cover in
Bail eydbs Bay consists of <car bThalamdiae sedi n
testudinuminterspersed with sparpatches oSyringodium filiformeandHalodule
wrightii (Holzer and McGlathery 2016peagrass cover was densethenorth-eastern
region of the bay and became sparser to carbalmatenated substrate in the south
west of the bayCyronak et al., 2018pPata were collected at the same area for each of
the methodsbetween SP1 and SP2 positioms;ept forthe discrete samples which

were collected at sites across the entire bay (Fip)4

422Aut onomous sensor array

Two autonomous sens@ackagesvere deploye®20m apart at upstream (32°
20.8656' N, 64° 43.7748' W), and downstream (32° 20.9736' N, 64° 43.6135' W) points
of the dominant current directiaver 4 days in July 2019 he positions of the sensor
packages, referred to as SPHl &P2 hereinand the current speed and directoe
shown in Figurel-2a. Both autonomous sensing stations were equipped with a
SeapHOXx packag@®resnahan et al. 201#) measure dissolved oxygen, pH (total
scale), pressure, salinity, temperature, BAR (Q100 Apogee) every 30 seconds, and
a Nortek 1MHz acoustic doppler profiler to measure current direction and Speget.
of the sensor packages was determined from the SeapHOXx inbuilt pressureéOgauge.
point calibration wasarried out withwater sanplescollected at the site sensor
deploymen Currents were measured ablz andaveraged to 10 min intervals prior to
analysis The data collected by SP1 and SP2 were used in calculations of benthic

metabolisnmusing BEAMS, flow respirometngnd control volume approaches.
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Current speed (m/s)
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Figure4-2: (a)Sat el lite image of Bail e

ArcGIS to show discrete sampling points (white circles / stamgition o

autonomous sensor packages (large white circles); and current |

(current roses with colour gradient for speed shown in the legém)

photographs of BEAMS apparatugc) advective benthic chamt
enclosures deployed over sediments close to the upstream auto
sensing packages, arfd) photograph of a SeapHox sensor, which
deployed at upstream and downstream positions show2{a) as fillec
white circles.
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423Approaches for measuring net <col

Netcommunity metabolisnfproduction and calcificationyas measuredsing a
range of distinct approaches: (1) Lagrangian, (2) control volum8HAMS, (4)
advective benthic chamber enclosyi@sd (5) discrete samplésig. 2) Datafor the
BEAMS, Lagrangian, and control volume approachese collectedvith autonomous
sensors over 4 consecutive days of sensor deployment in July 2015. Chambéers wer
deployed over the first 2 days only, and discrete samples were collected on days 1 and
2 of the study period

(1) Lagrangian

Upstreamdownstream rmasuremeniSP1 and SP2)ndthe speed and direction of
watertraversing thdenthos wretrackedso thatchanges to sea watelnemistrycould
be calculate@swatertraversedhe seagrassediment benthasould be calculated
Time was tracked using a qudsigrangian framework following DeCarlo et al. 2017
The trajectoryand speedf the water travelling across the bay wagd tdbacktrack
thetime at which a parcel of water was sampled by each sddigi@rences in
dissolved oxygenODO) between upstream and downstream sengersused to
calculatenet productionThe rates wer normalised to depita) and time(t) asshow in

Equation 1

Eq. 1
V$ 1'Q1

060 ;
0

WhereDDO is the measured changedissolved oxygend is depthin metresp
is the density of seawater, ahi@ the time it took for the water to move from SP1 to

SP2in minutes

(2) 1D oontrol volume

The 1Dcontrol volune is a modified Eularian approach which relies upon
defining a 1D volume and measuring benthic fluxes at within that area. We defined the
1D control volume between SP1 and SP2 and changes ilvdgsxygen within the

control volume were used to calculate net community productivity as follows:
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Eq.2

v 16, 16, . . YQ
vouv MMz —Q —Q 0O O ——
0 o} 0
wherg Cpand' C; are the derivatives of the SeapHOx DO data series (1 hour
rolling mean), divided by trdistedveldciyme ( C

of water flow between the two sensors (m/s), and L is the length they travel in metres.
(3) Benthic Ecosysterand Acidification Measurement System (BEAMS)

The BEAMS approach, outlined in detailTakeshita et al. (2016neasures NC
and N from gradients in the benthic boundary layer (BBL) driven by benthic
activity. BEAMS measures change in NCP from directsneaments of dissolved
oxygen concentration along a vertical gradient f@&m to 0.7 m depth At the same
location as the SeapHOX sensors, two Benthic Ecosystem and Acidification
Measurement System (BEAMS) were installed on the seabed to measuretgraidien
DO, salinity, pH, and temperature at 3 depths every 10 minutes.

(4) Advective benthic chamber enclosures

Benthic chambers (n=8) were deployed over sediments close to SP1 in duplicates
for 48 hoursrom the 215'to the B" of July, and discrete sangd of seawater were
collected at 1, 3, 5, 12, and 24 ho@eambers wereustommade fromPlexiglass
with a volume of approximately 4 litres. The base of the chamber was inserted around
15cminto the £diment To ensurdnomogeneous distribution of soluteghin the
chamber, aotating disc inside the chamber was set to 40 RPMsaitdhedbetween
clockwisei anticlockwisedirection on each rotatioif he rotation also simulated
advection Watersamples were extracted from the chambers usiagremge and DO,
salinity and pH were measuradsitu. Samples wergtored in borosilicate glag®ttles
andfixed with mercuric chloride following standard proto¢blickson et al., 2007pr
carbonate analysis. NCP was calculated from the difference between start /end DO
following equation 3, and NCC measured from changes in TA over the duration of the

incubation.
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(5) Discrete samples

Usingstandardnethodge.g., Dickson et al. 200,/0iscrete waters samples were
collected across the bay at 18 locations @@, whitestarg as described in Takeshita
et al., (2018)

424Cal culmdti ngo mmuanictiyf i cati on

NCC was calculated using the alkalinity anom@insey 1978¥ollowing the standard

equation:

.. . TEYA QR
VOO0 ——m——

0
WhereDTA refers to the difference in TA
benthic chambencubations, sampling transects, and flow approaches. The rate is
normalised to depthd], and water pressurp)( and time in hourg). For BEAMS and

CV approacheBTA wasestimatedrom DDO andDpH following the equation
(Barnes, 1983)

. .YOy O 0O 0 YO O

6 00O uVL 6 00
0 T®

WhereDO is the difference inlissolved oxygen concentratibetween
downstream and upstream measureméis the photosynthetic quotient, or the
relative change idissolved inorganic carbdo oxygen(DDIC / DDO), K is the ratio of
carbonate alkalinity to DICB is borate concentratigand OH is the hydroxide
concentration, calculated using pH ang. KA, was assumed to be 2306 umol kg and
DIC 1990 pmolWe calculatedK from salinity, pH and temperature using the K1 and
K2 functions of the SeaCarb package on R with the Waters et al., @®istantThe
temperature measurements at each timepoint weoepoi@ated into the relevant
calculation of K.B was calculated frorfrom salinity and equilibrium constanétso on

SeaCarb.
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425Anal yses

NCC and NCP were modelled with lighith ahyperbolic tangent function

(Jassby and Platt 1976)

\.?i,,,r‘r"nru’?‘,‘r"‘rr"’"'{‘%
€ QOE A& O DNVDWWE O Wi aOAIﬁ— 2

wherenet community metabolism refers to the measured P or GRadehe average
dark respiration rate, and Eiisadiance(umol m? s1). The coefficients derived from
the model intude: the initial slope betweenetabolisnand light(U) andthe maximum

gross photosynthetic ratBmax, Or maximum calcification, fzmx.

Ratios of organic carbon production to inorganic carbon precipitation and

dissolution were calculated using the follogy equation:

426St atistics

All datawere compiled andnaly®d in R studio Version 1.4.171(R Core Team,
2021) with the help of the Tidyverq&Vickham, 2019and ggplo{Wickham, 2016)
packags for datahandlingandvisualisationData collected at the SeapHOX stations
after 7pm on the 2%of July were removed due to a shift in current splegicection
that interrupted the measurements @ig). We plotted the data as time series
comparisons, binning the data peuhto create composite measurements
incorporatingthe remainingwo days of data. Integrated rates were calculated using the
trapezoidal integration with tfrRRACMApackage on RBorchers 2021)Metabolism

irradiance curves were plotted with nonlinear least squares with the hyperbolic tangent
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equation(Jassby & Platt, 197@&ndthe model fit was evaluated from visual
assessmentonfidence interval®r each of theoefficients and standard er of the
regr ess.i o hineérsegressimof TAID)C models were calculated and

plotted using thggmiscpackaggAphalo, 2021)

43 Resul ts

The autonomous sensor packagese deployed over 4 consecutive days, however
due to unstable weatheonditions which affected the current directiamd other
parameterspnly 48 hours of dathave beelncluded in the analysigigure4-3 shows
the raw data collected with the SeapHOXx. Data after 19:00 h on'thee2d removed
from the analysi¢redline on Fig. 43 shows cut off point)Despite the stormy weather
conditions, avironmental parameterseasured at the autonomous sensor stations
(before the 28 July) remained relatively constant throughout the sampling period
temperature (28.42C +0.23), salinity (36.82pt.+ 0.16 ppt), and pH (7.97 @008).

PAR was low due to cloud cover (185.9497.54 umol it s, meant SD). There was
slight variability of these parameters at different times of day / night (HAab)e

Measurements of ecosystanetabolism usingagrangian, control volume,
BEAMS, and benthic chamber apparatergealed small butnportantdifferences
between the techniquédsor all methodsNCP was positive during daytime hours and
negative (i.e., net respiration) at nightgs4-4 & 4-5). NCC generally showed a
similar trend of positiveatesduring the day and negative (i.e., net dissolution) at night,
however the signal was likely below the threshold for BEAMs to deftagi(7).
Advective benthic chambers placed over sediments confirmed positive day and
negative night NCC and NC®hich wee similar in magnitude to the other methods
(Fig. 4-8). Rate integration over 12nd 24hour periods highlighted agreement
between Lagrangian and control volume measurements, while diffeisgteasen
BEAMS 1 and 2 demonstrated their sensitivityhe dightly distinct benthogn the
two areas of the bayrig. 4-9). Community metabolism increased with light levels
according to traditional lighinetabolism dynamics, however coefficients between
metabolisni irradiance models revealed further differencesvbenthe methodgFig
4-12).
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Figure 4-3: Raw data collected by the SeapH&¥onomous sensat the endtationof

the transec{SP2).Vertical red line shows wherthe data were cut offlue to storm

weather conditions, data beyond this line (after 19:00 hrs on thex@4e removedor

the analysis

Table 4-1: Environmental parameters at different times of day (mga).

Depth  Temp Salinity  Speed DO
PAR pH
(m) © (ppt.) (m/s)  (umolll)

07:001 | 237.66 2.58 28.31 7.96 36.85 0.05 178.96
12:00 | £195.26 +0.17 +0.09 +0.00 0.05 +0.01 +2.68
12:00- | 393.71 291 28.47 7.97 36.84 0.09 187.36
1400 | +257.73 +0.05 +0.04 +0.00 0.04 +0.02 +2.02
14:001 | 188.11 2.62 28.55 7.98 36.87 0.07 190.06
1900 | *178.47 +0.18 +0.13 +0.00 0.05 +0.02 +1.18
19:00- 12.95 2.64 28.49 7.97 36.90 0.06 181.87
07:00 | 38,55 +0.19 +0.20 +0.01 0.07 +0.02 +4.05
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431Aut onomous measurements of net

met abol i sm

Diel cycles for NCP were consistent between all measurerasinig the
autonomousensors (Lagrangian, control volume, and BEAMS&)h positive NCP
increasing with daylight and negative NCPigading net respiration at night (Figs4
& 4-53). Lagrangian and control volume NCP trends were similar over tieoad
cycle, whereatherewasgreater variabilitypothwithin and betweeBEAMS 1 and 2
NCPdata seriegFigs 4-4 & 4-5). Overall, NCP was highest in BEAMSoRerthe 48
hour period potentally reflecting the higher cover of seagrasthaiocationof SP2 in
Bai | e yReak NBRirgtes occurred around solar noon for Lagraag@eontrol
volume while BEAMS detected greater variability in NCP around peakisetiveen
the two sampling locains. Lower NCP at BEAMS 1 was observed, likely due to its
positioning over sedimentompared to higher seagrass cover at BEAMSCXC rates
also followed a diel cyclevith positive NCC during light hours, and some dissolution
at night. Calcification ratwere relatively low, anthe fluctuations in thBEAMS
measurementd-ig. 44 & 4-5) indicated that the NCC signal may have been below
BEAMS detection limitsNCC is calculated using Q which was assumed to be 1.1,
based on previous woflCyronak et al., 2018; Takeshita et al., 20H)wever, Figure
4-6 demonstrates how different Q values used in the NCC calculation from BEAMS
measurements can influence the calculated rate, and subsequent analysisN€ERCC
ratios.24-hour composite plts of Fourly binnedNCP and NCGlatashowed strongest
similarity betweerLagrangian and control volume trends, whereas greater variability
was observed in hourlptesmeasured by BEAMS (Fig-7).
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Figure 4-4: Net community production (NCP) measured with autonomous st

usng the BEAMS (top), Lagrangian and control volume (middle) approache$ok

net community calcification (NCC) (bottomBEAMS data were collected every

minutes at the location of the SeapHOx equipment packages (SP1 and SP:.
Lagrangian and control volume were calculated from measurements taken eve
minutes (as dictated by the flow rate between SP1 and B&X)and light backgroui
indicate hours of daylight.
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(a) Net community production (NCP)
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432 Adbect i ve benthic chamber Il ncuba

Hourly ratesof metabolism measured in the benttiambers were lower than
values measured by autonomous sensors. Twelueincubationshad positiverates of
metabolisnduring the day and negative rates (net respiration and dissolution) at night
(Fig. 4-8). Shorter incubations (2 to 5 hours) measured rates of NCC and NCP that
were highest during solar noon incubations (NCP= 4.6 B8mmol ni? hr', NCC
=1.45 +0.37 mmolm2hr?, meant SD), however, they wer®wer compared to the
other methods.
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Figure 4-8:. Metabolic rates measured in chamber deploymdd#s. and night al

between 7.3@amand7.30pm respectivelyDotted vertical lines separate 24 andhiii
incubations and shorter incubations for N@#t) and NCC(right) .

Daytime (12hour) and 24our incubations had NCP rates aligned with the
equivalent integrated rates from autonomous measurent@vigver,nighttime
chamber incubations had lower rates of negative NCP (net respiration) when compared
to the integrated night rates measunéith autonomous sensorsable 42, Fig 4-9).
Similarity was apparent between metabolism measured by chambers and BEAMS 1
(integrated rates, Fig+9), as both BEAMS 1 and chambers measured metabolism over

the sediments rather than seagrasses.
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community calcification (NCC)Tr'he different methods are defined by shapes and cc

Table 4-2: Summary of integrated ratealculatedover 24 hours and day / nigfiNCP

andNCC in mmol n? hr?Y. The number of 24our period of data collection is

indicated byn.
n{ 24-hour night day

NCP (mean +SD BEAMS 1 2| 0.60 +0.17|-1.34 +0.28|2.54 +0.02
BEAMS?2 2| 0.61 +0.82|-4.92 +1.30|6.17 +0.32
Lagrangian 2|-0.25 +0.37|-3.14 +0.89|2.57 +0.41
Chambers 2| 0.65 +0.31|-3.37 £1.36|2.72 +0.55
Controlvolume| 2|-0.11 +0.32|-1.21 +0.19|2.52 +0.81

NCC (mean £SD BEAMS 1 2| 0.35 +0.02|-0.27 +0.45/0.92 +0.42
BEAMS?2 2| 1.19 +0.09| 2.05 +0.84|0.29 +1.06
Lagrangian 2| 0.10 £0.06|-2.13 +0.32|2.33 +0.36
Chambers 2| 0.01 +0.08(-0.63 +0.30|0.64 +0.47
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433The relati onatleitp cloentmwmerern y c al

producti on

Regressioranalyss of net community calcification to production (NCECP) is
a usefuttool for understandingcological function of an ecosysté@yronak et al.,
2018; Muehllehner et al. 2016¥ith the slope and direction indicative of the relative
balance of organic to inorganic carbon fluxes taking place between the benthos and
surrounding sawaterFor this analysis, we plotted NCC: NCP linear regressising
data collecteavith the LagrangianBEAMS and benthic chambe(fsig. 4-10) and
found thatregression gradients and Rere variable between methods and between
night and day data. Adtecbnally, TA: DIC regressions of discrete samptediected
parallel to sensor deploymerdisowed differences between morning, peak sun, and

afternoon (Figd-11). The control volume approaamly measure®CP, therefore was

not included.
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Figure 4-10: Scatterplots and linear reqgressions show the relationship between |

NCC during light (blue) and dark (red) observations for each of the metfm)
Lagrangian{b) Control Volume, andc) BEAMS 1(d) BEAMS 2.
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434Li ght influence

While NCP valuewaried between methoddhe influence of light was apparent

on

met abol

S

m

for all measurements with similar trencbf NCP increasing with light until peak solar

irradiance Metabolismirradiance models demonstrated a hyperbolic relationship
between light and NCHFig. 4-12), and the modelaefficients demonstrated that
BEAMS 2 had the highest maximum NCRn{F16.55 +SE 1.23) and BEAMS 1 the

lowest (Rhax 6.0 +SE 0.74 mmol ht). Model coefficients for Lagrangian and control

volumes were almost identical (Tal#le3). NCCcollected byBEAMS did not fit the

model Fig. 4-13, Table4-3).
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Table 4-3: Results of the metabolisimradiance model fitting using the hyperbolic tangent functMndel coefficients Rax and Gnhax are the modelled

maxi mum values, al pha U isis thelirediance satuiatioh poistIcalcplated fromathe imetabolic maaimadandEalpha values
Coefficients derived from the models are presented with standard error (SE) andriti®%5 % confidence intervals. R and«sefer to the mean average

night / dark values, which were input into the mo dteelresidual 3umefsqunarat ¢RSS)f i

NCP Prmax *SE Cl 2.5% Cl 97.5% U +SE Cl 2.5% Cl197.5% R Ek a RSS

BEAMS1 6.00 0.74 4.54 7.45| 0.03 0.01 0.01 0.04) -1.76 209.04 4.96 3916.66
BEAMS?2 16.55 1.26 14.06 19.04| 0.06 0.01 0.05 0.08] -541 261.73 7.05 8055.74
Lagrangian 8.36 0.13 8.10 8.63| 0.05 0.001 0.04 0.05| -339 18553 3.53 38076.75
CVv 8.31 0.13 8.06 8.57| 0.05 0.002 0.05 0.05| -3.28 17053 3.64 40487.82
NCC Gmax *SE Cl 2.5% Cl1 97.5% U +SE Cl 2.5% Cl 97.5% Gdark Ek a RSS

BEAMS 1 1.33 042 0.51 2.15| 0.04 0.09 -0.14 0.23| -0.34 2995 4.85 3738.29
BEAMS 2 264 0.59 1.47 3.82| 0.33 2.11 -3.83 4.50 2.13 793 7.43 8955.05
Lagrangian 4.75 0.09 4.57 493| 0.03 0.00 0.03 0.03| -1.46 148.89 2381 24241.60
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435S hi f taitngaer goadniand I norganicinoarhb

response to | ight

Quantifying the ratio of calcification to production for benthic communities in
coastal ecosystems is considered a metric of overall ecosystem function and health. The
calcification / photosynthesis ratio {6/ Pne) has been successfully implemented to
guantify the carbon metabolism of seagrasses and coral reefs; however, estimates are
often made based on individual measurements at peak light or dark conditions and
generalsed to the 24hour period. We found that the balance of organic production to
inorganic carbon precipitation and dissolution shifts over the course ehaL2&ycle,
and that different methods of measuring NCC and NCP gave distinct ratios when
modelled ¢ light (Fig4-14). Lagrangian and control volume had similar total

metabolism M) ratios, however they were different from BEAMS.
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Figure 4-14: Total metabolism ratiodM;ot, the sum of both calcification and producti

for the distinct methods used to measure NCP and NG&.LagrangiamMiotcalculate:

from the photosynthesi@nd calcificationrradiancecurves andlotted against ligh
Bottom: Boxplots showing the spread Mfq: for the different methods. Triangles
daly meanaveragessquares are night mear_agrangianshows the individual de
points as purple dots and hourly means as black dots.
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44Di scussi on

This study compared measurements of benthic community metabolism collected
with a range ofvell-established and emerging techniques in a shallow seagrass and
CaCQ sediment bay. Autonomous sensors were deployed to directly measure changes
in NCP using Lagrangian flow respirometry, control volya@dBEAMS approaches.

Net community calcificatiomnvas indirectly calculated from BEAMS and Lagrangian
measurements of DO and pH using the equation of Barnes et al (1983). Traditional
discrete samples were also collected during surveys asitlicohamber incubations.
Differences were found between thethwals highlighting strengths and limitations of
each approachyith importantimplicationsfor field measurementsf benthic

metabolism.

441Comparing Methods to Measure Nel

Producti on

Autonomous measurements of NCP were positive during dayticheegative at
night over the 4&our deployment, following the expected trend with PAR for all
methods. NCP measured by Lagrangian flow respirometry and 1D control volume
approaches showed almost identical time series trends 4FHg 4.5. Flow
respiranetry measures changes to water as it traverses the ecosystem, whereas the 1D
control volume approach incorporates vertical gradients for higher precision
measurement@ eneva et al. 2013Both methods used the same sensing packages,
however, the calculatiorfer each werdelistinct (see methods sectiokiyhile the
results from these two methods were similar, the logistics f@r eohtrol volume
measuremermnequire specific hydrodynamic gditions that may not exist in certain
habitats or ecosystenfBalter ¢ al. 2008) The Lagrangian flow method requires 2
sensor packages, and knowled§éhe current conditions at the study site. One
strength of the flow respirometry method is thamdorporates natural currents, a key
influence on metabolic rates reflected in higher community metabolism repobied
previous studie§Shaw et al. 2014) agrangian and control volume NCP
measurements were similar to BEAMS, despite the fact thatMBEEANly measures
benthic metabolism while the other two methods incorporate water column metabolism

(Long et al. 2019)This indicates that benthic metabolism dominated the overall
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metabolic fluxes i n Bai lareyeédstb @éirgn thissHo we v €
especially considerinthatLong et al. (2019) reported that water column fluxes

accounted for 58% of the total oxygen flux at an offshore Bermuda reef.

Another constraint of flow respirometry studies is that thayehistorically
required repated measurements over multiple days to compile sufficient data fer a 24
hour ecosystem metabolism rate calculation, however, as we conducted flow
respirometry using high resolution autonomous sensors (30 second intervals) the data
collectedareessentialf reattime. Similarly, theBEAMS approactfacilitates high
resolution, accurate, and instantaneous measurements of community metabolism. As
the method focusses on vertical gradients, it is not subject to some of the limitations of
flow respirometrywhich cannot be conducted if direction of flow changes, and
measurements are generalised over the transecidrieh may be hundreds of metres.
BEAMS has shown agreement with benthic chamber measurements in previous
research{McGillis et al. 2011) demonstating that BBLbased technologies such as
BEAMS can provide accurate metabolic rate measurements for coastal ecosystems. The
higher hourly variability of BEAMS NCP measurements (Fig)dikely represents
reakttime fluctuations that were not detected by tither methods. BEAMS
measurements of NCP do not rely on flow, similar to the control volume technique they
require vertical pumping of seawater only. Their smaller footprint shows in the low
NCP observed by BEAMS, Which was deployed over sediments camnga to
BEAMS 2 which was deployed over seagrass and had a higher rate of NCP.

Benthicincubationchambers had the lowest metabolic rates when compared to
hourly composite rates, supporting previous studies showing that the reduced flow is
associated with lower metabolic ra{@ennison and Barnes 1988; Comeau et al.

2019) The chamberwrere fitted with circulatiordiscs however, thigloes not

constitutean accurate simulation of environmental turbulence and flow rates. Chamber
incubatiors have been used to successfully measure rates of metabolism across a range
of scales, from the single organism to the community. &ij. While the resultfom

such chamber deploymeritave providedisefulinsight, comparisons between studies

are limited due to the lack of method standardisation. Discrepancies between
measurements are often accredited to environmental and geographical heterogeneity,
however, relatively few direct comparisons have been conduntedraton of rates

over 24 hours showetbmparableraluesfor NCC and NCP betwedhe chambers and

autonomous methods, with the closest agreement between BEAMS 1 and chambers,
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likely due to the apparatus for both being deployed over the same substrate (carbonate
sediments).

442 31 tu Cadmi Mexaadnement s

A major challenge in measuring ecosystem metabolighreisechnologal
limitations ofmeasuing total alkalinity. Currently,in-situ apparatus to directly
measure changes in Ti& not currently available, therefongeasurementsf NCC
typically requirelaboratory analysis of discreteatersamplesHowever, it is possible
to goproximat a total alkalinity gradient from simultaneous measurements of DO and
pH, a method thatas been successfully implemented for quantifying coral reef and
seagrass NC(Barnes 1983; Barnes and Devereux 1984; Takeshita et al.. 20itl6)
advancsin autonomous sensing of DO and pH, this method for measuring NCC has
the potential tamprove the scope @cosysterwide measurements of NCEQ. this
study,NCC was calculated from pH and DO fobagrangian flonand BBL approaches,
with different resultsinstantaneous measurements of NCC are dependent on the
assumption of the quotient Q, which in our study was 1.1, based on previous studies.
We also explored the®IC: NCP relationship with Q values ranging from 0.8 to 1.2
(Fig. 4-6) and found that lowering the Q value in our equation decreased NCC during
daylight hours and increased night NCC (i.e., lowering dissolution rate estinfatiss).
finding highlights tlat site-specific Q will impact NCC measurentsand needs to be

incorporated into future studies.

443LiI gdhs mrindeocfosey smmetmabol i sm

Production is controlled by ambient light conditions driving photosynthesis in
shallow coastal ecosystems. A similar relationship between NCC and light has also
been reporte@Shaw et al. 2012; Cyronak and Eyre 20ai)ough it is unclear if this
is dueto the influence of NCP or if calcification is directly stimulated by light. Light
enhanced Calcification (LE@xcurs incorals and reef calcifiers, however the
influence of light on carbonate sedimeistselatively unknownAt night, respiration
andds sol uti on became the predominaht proc
appears the switch from net calcification to dissolution was not picked up by BEAMS,
most likely due to the low signdRegression analysis of nigtiatarevealed that the

relatiorship between NCC to NCP differs between night and day, with steeper slopes
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observed during daytime hours, reflectstgpnger correlation between NCP and NCC
during daylight hours, highlighting the importance of light as a driver of benthic

metabolism.

444Quanti fying carbon cycling in cc

Coastal ecosystems are significant for global carbon cycling, oxygen production
and carbonate lockdown, however, their geographic heterogeneity and temporal
variability have limited observation, so that foany coastal ecosystems net ecosystem
metabolism over space and time is not fully constrained. Autonomous sensing
technology has the potential to update and facilitate longer term and ecosydtem
metabolism measurements at scale. Seagrass carbored mtionarily underground in
the CaCQ@ sandsediments. Measuring calcium carbonate sediment accretion and
dissolution is critical for understanding and predicting their potential as a globally
significant carbon store. These processes are controlled bgtiadvand
environmental conditions as well as the NCC and NCP of surrounding coral reefs and
seagrass meadows. Two of the methods used in this study provided sesheosint
rates; BEAMS 1 and chambers as they were deployed over carbonate sediments,
however NCC measured by chambers was low, and BEAM&jyLnot have detected
any trend in NCC over the course of the deployment. BEAMS have successfully
constrained reef calcification rates in previous stu@liekeshita et al. 2016; Platz et al.
2020), and t is likely that the lower rates of NCC in the current study were not strong
enough for BEAMS. We found that ratios of NGONCP were different between
methods, and between night and daigg. 4-10 & 4-14).

4451 mpl i cations f or ecosyssteernv antoinoin

Seagrasses are blue carbon ecosystems, referring to their photosynthetic capacity
to sequester atmosphef@©,. Blue carbon estimatagpically focus on quanti€ation
of organic carbon stock within the ecosystem; however, the role of inorganic carbon
precipitationanddissolution is a critical component of lotgrm carbon storage
capacity(Macreadie et al. 2017eagrass meadows are diverse communities of

autotrophicand heterotrophic organisms, therefore, simply measuring the biomass of
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seagrass to estimate their carbon value does not fully incorporate the interactive
dynamics of the community as a wh@l®ng et al. 2015b)Therefore, the balance of
calcificationto photosynthesisf coastal ecosystems is essential for quantifying
accurate blue carbon budgets and predicting the response of these ecosystem to climate
change. Coral reefs and seagrasses are considered interdependent and connected
ecosystems, supportimyitrient transfer and biogeochemical function across the
tropical coastal ocean. These ecosystems of the coastal ocean are some of the most
vulnerable to climate change and anthropogenic impacts. Logistical limitations have
presented a challenge for letgym monitoring of change on these ecosystems, and this
study explored some of the biogeochemical metlawddable to measure high

resolution metabolism to support and enhasezstal monitoring and quantification of

coastal carbon cycling.

Based on the findings of this sl future research should aimfiarther compag
these mdtods in a range of environments, for example, over a coral reef where the
calcificationsignal wouldikely be higher andhereforeeasierto detecpatternswithin
thediel cycle.The methodsomparedn Chapter4 demonstrated agreement and
discrepanciedepending on thparameter measured and time fraohéhe
measuement for example, lower ratesf calcificationwerereported fron longer12-
hourchambedeploymentsthanshorter2-hourdeploynentsor Lagangian
measurements of NCCStudiesto quantifymetabolism of amaller subsection oha
ecosystenshould incorporat8EAMS (i.e.,approx.10 m? footprint) or chambers
(approx.1 m? planar arej while broader ecosystemide estimates ometabolism
would benefit fromusing the Lagrangian flomethod As there have beelimited
direct comparisons of methodsdetermine whictshouldbe usedor distinct
applicationsijt is worthwhile at this stagéo incorpagate morehan one method for
measuring ecosystemetabolismnto future sudies Another key recommendatidor
applicationsof these methods iging from the current study is ®ncourage longer term
deployments of autonomousrsorgo provide greater insightto diurnal weekly and
monthly shifts in metabolm. Thisis critical aschanging marine conditiorssich as
warming, acidification and deoxygenatioray becomedditionalchallenges for

accurateguantificationof seavater parameters amdetabolismestimates.
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5 Conclusi ons

As coastal ecosystems are heavily impacted by the changing ¢lgquatgifying
benthic metabolisns increasingly important as a metric for ecological functad for
understandingoastal carbon cyiclg. Measurementsf benthic metabolism can be
used tarack changg toecosystem function and specasnpositionsto predict
benthic community trajectories afuture ecosystenmesponse talimate change and
environmentategradationin this thesis, théalance of calcificatioto dissolution
and photosynthesis tespirationwere evaluated at three distirstialesindividual
organism, smakkommunity,andthe broader ecosystem, using an arragstablished
techniques andovelequipment.This final chapter presents the key findingfsthe

thesis highlights theirsignificance and discussefsiture research directions.

The firstkey findings of this researchverethe speciesspecific differences in
metabolicrates ofcoral reefcalcifiers. Chapter 2neasuredalcification(Gne),
dissolution(Gdark), photosynthesigPney), and respiratiofR) in small individual
replicates of scleractinian coral and calcifying algde organisms chosen for this
study represented kdéynctionalgroups on the reefAcroporacervicornisis a
branching, rapidgrowth coral,Orbicella annularisandSiderastrea Sidereare slower
growing reef buildersporites astreoides s an opportuni stic o6we
crustose coralline alggd€CA) is a lowprofile, encrustingalcifier which cements reef
substrate in placend provides critical substrate fovenilecoral recruitmentFig. 2-

1). In general, metabolic rates wedifferent between species of coral, and between
coral and CCAFigs. 2-4 to 26). However, there was unexpected similarity of
calcification rates betweeh. cervicornis a key reebuilder and one of the fastest
growing corals, with CCA, an organism whidoes not contribute tauilding large

coral reef structuein the same way as readfilding corals

Quantification of calcification and production rateslifferent coral species is
important for coral reef conservation and restoration efforts thauarently
underway. In the Caribbean regidn,cervicornisis widely regarded as one of three
key, rapid-growth reetbuilding coralgLirman, 2000) Along with A. palmatg it has
been a major focus of reef restoration programs for its ability to fragment and
regenerate, rapidly producing high quantities of live coral for transplantation onto the
reef(Young et al. 2012; Schopmeyer et al. 2017; Bayraktarov et al. .2880)ver,
the results oChapter 2 showed lower rates of calcification in this species compared
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with the other corals in this studThe lower rates of calcificatiomeasured ithe
massive corals could be duesiower CaCQ@ precipitationresulting indenser keletal
structure, compared t@\. cervicorniswhich hasfasterskeletal extensiohuta weaker
skeletalstructure(Kuffner et al., 2017)The fragments of coral used in this study were
sourced fronMote Marine Laboratoryestoration program in tHéoridaKeys, where
micro-fragmentation is used to create thousands of small coral coleaies in
outdooraquariaand insitu nurseries beforteansplantatioronto local restoration sites
(Forsman et al. 2015Measuring and comparing the metabolic rates otdnal

species used in this program has broad significanae$toratiorprograms in the
Caribbean region sathe findings could guelfuture restoration decisions. For example,
this researcimay make it mordeasible tachoo® specieswith higher rates of
calcificationfor outplanting at sites with lostructural complexityit is also important
to considethow themicro-fragmentatiorprocess may impactilcificationrates Faster
growth of coral tissue argkeletonhas been reported in recently fragneehtorals
(Page et al. 2018; Schlecker et al. 2022hile the fragments used in this stuldgd
beengrown out in tanksind were not recently fragmentédture replication of this
studyshould aim tause field collected colonigsandideally in-situ measurements of

physiological processes.

Census surveys such as the Reef Budget metieodsed touantify carbonate
accretion on coral reefs by surveying benthic cover to scale up using sfEEds
calcification rates derived from the literatRerry et al. 2012; Lange et al. 2020)
Further research is needed to better understand the link between calcification rates
measuredisingthe biogeochemical approach as in the current suugdgus
measurements of carbonaitecretionin the fieldusing census methodBhe corals and
algae usedi chapter werall a similar size and age (i.e., surface area ~ 5218
years sincenicro fragmentationn the aquaria), and little is known about how
metabolic rateshangewith agein scleractinian coral$uture studks are needed to
guantify differerces in metabolic rates for corals at different life stages, for exartple,
define rates of production and calcificatiorjumenile corals vs. larger adult corals.
Quantificationof the differences in calcification rate between species and life stages
will enhance and update research using protocols such as the Reef Budget, which
currently relies upon geneveide and / or single dafaoints for calcification rates

which are then)drapolated to ecosystelavel calcification budgets.
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The netabolic ratesinalysedn Chapter 2 wereneasuredrom small exsitu
chambers under natural light different times of day (Fig-2). The findings
demonstrated that at thedividual level, metabolismin these organisms shifigth
light overadiurnal cycle(Figs. 2-4, 2-5). Metabolicrates changedepending on the
time of dayandnatural light level, and differences between morning, noon, and late
afternoon were significantly different for both calcification and photosyntkieigjs2
5). These findings providmsight into the relationship between ligbalcification, and
photoynthesisn corals and CCAThe incubations in Chapter 2 also demonstrated that
photosynthesis and calcificati@mecoupledbiological processes (Figs2to 29).

When rates were modelled with light, calcification and photosynthesis were linked
across factional groupgFig. 2-10). This relationship was stronger in some calcifiers
than others, indicating that distinct mechanisms may be controlling the metabolism in
different species and functional groups (Fil.2). These findingsontribute to the
light-enhanced calcification deb&dtéohen et al., 2016 he correlation betweenés

and Retshowed that these processes are coy@attuso et al. 1999a; Albright et al.
2015), supporting the hypothesis that photosynthesis fuels calcification, as shown i
previous work (e.gGattuso et al. 1999ahlowever, it is possible thati@and Retrates

are parallel yet independently driven by light. It was beyond the scope of the study to
separate the independent influence of light as a direct control on calcifi¢aitane
experimentshouldincorporate different lightegimes to further teshé role of light as

a direct driver of calcificationJnderstanding the drivers of metabolisfasilitated
predictions obrganism response to environmental stressanrsexample, reduced

light due to eutrophication and algal overgrowth may negativelpatngalcification

rates on coral reef€halker et al. 1988; Suggett et al. 2018 ditionally, as sea levels
rise, less light may reach coral reefs asidce this studghows that metabolism is a
light-driven process in coral reef calcifiereducedight will directly impact the
calcification potential of coral reefs.

Analysis of lightdrivenshiftsin metabolisnover the course of 2Hourcycles
brought into question the usetbk statiodGne/Pnet metric which has been used to
guantify carbon cycling in coastal ecosystems (Cyronak et al., 2018). By using data
collected under different light levels to create ahddir G/P ratio using the absolute
values of G and Pt was possible to see that thddmee of organic to inorganic carbon
cycling shifts throughout the diurnal light cyclene netabolismirradiancemodelsin
this studywere used taevelopa novel metric for carbon cyclingptal metabolism

(Mtot) (Fig. 213), building uponthe typical Get/ Pnetratio, which is commonly used to
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describe the balance of organic productiomtwganiccarbon precipitation on coral
reefs(Albright et al., 2015; Cyronak et al., 2018he metric usually relies upon
discrete measurements ofetzand Retat one time of dayl'he new metric of total
metabolism(Mtot) incorporates measurements collected over a diurnal cycle rather than
a 0 s n agpirsake @ftode point on the diurnal cydlecontrast to previous research
aiming to define ecosystem carboycling with a single ratio of G/P (Cyronak et al.
2018; Gattuso et al., 198%nd references with)nThis finding that the balance of
inorganic to organic carbon processes in coral reef calcifietsiatesover the diurnal
cycle,is asubstantial adancement on the curremhderstanding anehetrics used to
quantifythe relative balance @netto Pretand carimmediatelyby applied tostudies
measuring carbon metabolism either at the individual scale targmrecological

communities.

The smalscale, exsitu incubations in Chapter 2 allowed for high resolution
measurements apeciesspecificmetabolismof individual sampleg-dowever, ex-situ
incubationmethodsare limited in their scope due ¢onfounding effectmtroduced in
a controlled settinge.g, handling of the organisms) and #mficial circumstance of
singleisolated organisgrexcludingsurroundingoenthic communitig, sedimentsand
natural fluctuations in seawater parameterg.,Patterson et al. 1991; Lesser et al.
1994; Mass et al. 20L0ncubationchambers have been used for decades to measure
benthicmetabolismn the field(e.g., Camp et al., 201Roth et al., 2019; Yates &
Halley 2003) andChapter 3ncluded areview ofthekey designs ifbenthic chamber
technology sinc000(Table 31). Theaim was tadentify andaddresshe research
gap for a communitgized chambethat can be field constructed at a low carsd
deployed over varied substratedeveloped a novel chamber design amalled it over
2 field seasonen coral reefs and seagrasses\kumal Bay, Mexico, andover
sedimentsn Loch Lomond, Scotlando demonstrate & performance and feasibility as
a useful low-costequipmentor field measurementsf benthic metabolisr(Fig. 3-1).
The key findings bChapter 3werethe resultof experimentshirough which |
validatel the benthicchambeidesign The5 aims were met as follow§l) the chamber
was assembled ai@wv-cost and without specialised equipminthe fieldfor two case
studies (2) the construction of the chamber, and the experiments carried out with it
wereeasily reproducibleand(3) through incubation of delicate corals and other
organismghe chambers was found to imnimally invasive (4) adaptable to varied
substratesand (5)comparable with other available designsgmms of its field

performance.
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The chamber was developeftth students and citizen scientistdtial field
construction andeployment The design codess than USD $2 build inthe field
anddid not requirespecialised partélable 32). The only other chamber available at
such a low cost is the Fleghamber, however, this $pecialised fosingle coral head
incubations and can only be used where coral morphology permits aieable
attachmat (Camp et al., 2015)'he novel design presented in Chapter 3 incorporated
theplastic bag type enclosure of the Flekiamber, while being suitable for diverse
benthic communitiedn terms of size, the chamber by Roth et al (2019) is the most
similar and is also suitable for incubating small communitiéswever, the chamber
requires bespoke parts and costs over 200 Euros to construct. Therefore, providing a
low-cost alternative with similar utility and no loss in performance (i.e., light
transmissionleakage etc), will be a powerful tool for future measurements of benthic
metabolism and increases accessibility for researchers with limited funding and

resources.

It was critical to show that despite the low cost, this chamber performs similarly
to other chambers availabléontrolled testing in the lab demonstrated that chamber
leakage and light transmission aligned with the other chambers reviBige#iZ,
Table3-3). These tests demonsedthat the chamber provides a comparahikty
with the established chamber equipment availatheresultsof NCP measurements
from field deployments over seagrasses and coral reef patches aligned well with those
of other sudies.In case study 1here was a difference betwearoductivity of
seagrasses incubated at different times of slaywing themportance of lights a
driver of productivity in seagrass meadofFggs 33 & 3-4). Inthesecond case study,
the chambers were deployed over coral reef pai¢hgs-5). Theincubatedpatches
were of a similar size, balominated either by coral, algae, or sediméfis. 3-6).
Differences in NCP were apparent between sulestypes, althougnot all differences
were significantHowever themeasuredeef NCP fit the hyperbolic tangent model
(Fig. 3-7), in agreement with the results of individual coral reef organisr@hapter 2.
These resultgalidated the chamber design asttbwcased thesability of the benthic

chamber for studies investigating productivity of benthic communities.

Productivity measurements provigisight intothe carbon sequestration potential
for blue carbon budgetingurposesto quantify how much photosynthesis is taking
placeand therefore how much G@ drawn downThe benthic chamber in Chapter 3

can be used to measyreotosynthesim areas where othehambers cannot be
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deployed, for examplsome chamber designs require that the base is dug into
sediments (e.gQlivé et al. 2016)which would not have been feasible in a protected
area such as Akumal Bay. The chambers can be incorporated in&sshefisuring
parameters other than DO, for example, water samples can be collected fratvehe
over the course of an incubation and analysed in the latafbonate chemistitp
measure calcificatiorkzor blue carbon budgeting purposes, this can itelisaw much
of the carbon drawn down by photosynthesis is then locked into sediments o CaCO
depositgMacreadie et al., 201.7Quantification of calcificatiorissolution is useful

for understanding the functional status of ecosystems such asemisaand tracking
shifts in benthic compositiowhich in turndrive change$o metabolismLantz et al.
2021; Davis et al. 2021 s calcification rates on coral reefs are declining and the
ability of the reef to maintain its structure and functiorhreatenedEyre et al. 2018)
methods to track calcification are increasingly import&he novel chamber design
contributes to the equipment available to support direct field measurements of
calcification.Indeed,carbonate chemistmyater samples weiellected from the
benthicchambersn the Chapter 3 case studies, Bue to an error in sample storage,
the results could not be included in this studyfuture work, water samples should be
collected at the start and end of incubations over corbpetehesver a gradient of
degradatiorandanalysed for changes in TA and Dicfully constrain the carbon
metabolism of the incubated aredsderstanding shifts in metabolism of phaséfted
coral reefds important for understanding the ecologieaidtion of contemporary coral
reefs(Perry and AlvareFilip 2018; Romané de Orte et al. 202Thechambeiis also
adaptable foother experimentdor example measurements ofetabolism under
stressful conditions;an be conductelly injectingpollutants ohigh pCQ seawater

into the chamber and measuring the impact on bentbtabolism(e.g., adapting the
methods oKline et al., 201}

The benthic chamber developed and trialle@lapter 3 provides a significen
contributionto field equipment for conducting-situ incubationsvith minimal
resourcesThe chamber is lowost, and thevork has beepublishedn an open access
journal so that the list ahaterials construction, anéxampledeployment over corals,
sediment andesagrassess widely availableFuture studies could be conducted to test
the ability of the chamber for field experiments simulating different conditions such as
OA or nutrient inputUsing the benthic chamber, futureldl incubations of corals and
CCA should be conductednd compared witthe results of the egitu incubations in

chapter Zandexpanded to include all corals used in restoration programs. Since the
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coral fragments are destined for outplant onto the reef, it would be possiéasoire
metabolic rates for all restoration species irsid chambers as well as&itu
incubations. Additionally, the #situ measurements should be repeated over time to
track shifts in metabolic rates of corals transplanted onto the reef. This beould
important for tracking the success and longevity of coral restoration efiidrés.
chamber can badaptedo incubate large adult colonies in the field. Chapter
demonstrated thisn coratdominated reef patches, but it would be possible to adapt the
chamber to have a larger enclosure and base, for incubations of large, freestanding
coral colonies in the fieldp measure their rates ofdrand Ges, to provide novel

insight into the metabolism of these organidinis data could be added to the Reef
Budget databasé& support accurat@pscalingof reefwide carbonate production
estimateswhichis currently limited by the data available. For example, some of the
rates used in the Reef Budget are not spespesific, and a€hapter 2 shows, there

aresignificant differences between species of coral reef calcifiers.

Scaling up ibgeochemicaflux measurement® constrain carbon cycling of
large communities and entire ecosystems is increasingly impagamastal
ecosystems undergo climateluced changdn Chapter 4the predominant
biogeochemicamethods used for ecosystemde field measurements wereviewed
(Fig. 41) andaselection were used measure net community metabolism (NCC and
NCP) overa seagrassediment dominated bay in Bermudaitdnomoussensors were
deployed for continuous measurements of DO, pH, salamt/temperatur@longside
parallel deployments dfenthic chambers armbllection ofdiscrete water samé¢Fig.
4-2). Severalifferent approachesere used to collectata forecosysterwide
metabolism (calcification and productivitletabolism was calculedfrom changes
in DO and pHusingBEAMS, 1D control volumgand Lagrangian approach&gater
samples wereollected from discrete transects and benthembers andnalysed in
the lab for changes in total alkalinififhe results found typical patterns of positive
NCP and NCC during the day and net negative at night (i.e., net respiration and
dissolution) withstrongest agreement betwdeagrangiarand 1D control volume NCP
(Fig. 4-4). The BEAMS methodwaseffective formeasurindhigh resolution NCP data
BEAMS deployed over seagrademinated benthos had higher NCP than BEAMS
deployed over sediments difference not shown by the other autonomous sensing
methodgFigs 44 to 46).
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Lower NCP was observed in the benthic chamUdiely because they were
deployel over areas with lower density of seagrdigs4-7). In this experimentiNCC
wascalculated from Lagrangian DO and p&lmethod first proposed by Barnes in
1983, and more recently propelled by advances in DO and pH sensing techbkgy.
Lagrangiarderived NCCratesdemonstrated the expected trend with lighawever,

NCC measured by BEAM®@as not representative, most likely becausechi@nge in
seawater chemistry did not give a strong enough signal for BEAMS, which has shown
more acarate results over coral reefs where the calcification signal is str{iPigéer et

al., 2020; Takeshita et al., 2016€he daily integrated rategd., when rates were
standardised to nighday,or 24-hours)showed strong agreements between all methods
for NCP, with the exception of BEAMS 2 which had highk€2P during the day and

net R at night due to its position over the seagrg§sgs4-8). NCC showed
discrepancies between aleasuements, including the chambers, demonstrating that
method selection for measurements of NCC has a strong influence on the Assults.
with the experiment iChapter 2a linear correlation between NCC and NCP was
apparent, however, the?Ralues verelow. This is not uncommon in open water
biogeochemical measurements due to the array for environmental influences. NCP
measurements were modelled with light and showed a good fit by pleebolic

tangent equation, but this was not true of NCC, again most likedyto low NCC
signal.Finally, theMotratiowas calculated for the different methods dedhonstrated
thatboth the method and lightfluence the ratio of inorganic to organic carbon cycling

taking place within thecosystem.

Measuring coastal carbon cycling is critical for tracking climatiiced
ecosystem degradation and predicting future change. Chapter 4 compares distinct
approabes b measuing NCP and NCGt larger scales using autonomous sensing,
benthic chamber deploymen&sd discrete water samples. The significance of this
research is important for blue carbon accounting in coastal ecosystems. This research
demonstrates tlh@autonomous sensors provide reliable measurements of NCP and
NCC, and support future sensor deployments over longer time frames. The results show
that the Lagrangian approach for measuring NCC is the most reliable over an
ecosystem with relatively low azfication rates and provides guidance that BEAMS
should be used for NCC only where the calcification signal is stfongxample over
coral reefs as in previous wofKakeshita et al. 2016; Platz et al. 20Z0)e
differences in benthic chamber and autonomous sensing measurements are important

for studies which use benthic chamber measurements to scale up to the ecosystem
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level. Building upon tlese studigghe implementation of ecosystemide

measurements withutonomous sensors fiarefrestoration monitoring requires further
research to trial and fireine methods. Quantifying calcification rates at restoration

sites can provide insight into the ecological function of the ecosystem and highlight
changes in thir carbonate accretion capaqiBlatz et al., 2020)or example, using

the widescale measurements of calcificatiorGhapter 4 it would be possible to

improve efficiency of ground truthing and scoping for restoration sites. Some sites are
dominated bynet dissolution, which could be detected using BEAMS or flow
respirometry as a quick and efficient alternative to traditional census surveys. This was
trialled successfully with BEAMS bRlatze t a | . (2020) at one o
sites in the Florid Keys, however this is the only example found in the literature and
therefore there is considerable scope to build upon the results of this research by
trialling novel methods of restoration tracking. The relative balance of NCP to NCC

can be used to estate benthic composition, however the data used for calculating
TA:DIC slope is often limited to single sampling points throughout-ad# cycle. In

this thesis, the role of light has been the common theme at each of the scales explored.
The differencen Mt over 24hours of light for individual coraland CCAin Chapter

2 and for the seagrass meadovChapter 4 demonstrates that future work should
incorporate the diurnal cycle when quantifying the balance of organic production
inorganic carbon pregitation.Scaling up of m&bolic measurements from theake of

the organisms to the ecosystem is gomehallengeOneof the key findingsvasthat

light is primarydriver of metabolismacrossscaledrom the individual to tle

ecosystemand thereforany futureattempts to sale measurementshouldincorporate

light. Autonomous sensing supports such endeavours, as they can be deployed over
days, weeks, or even years, and as the designs for autonomous sensors area advancing,
they require less maintenance and are more economical. Future deployments of
autonomos sensors should be conducted over longer time frames to incorporate
seasonal variation, for example mytgar or decadal deployments will be critical for

understanding the coastal carbon cycle as both global climate and ecosystems change.
51 Concl udiargk s em

The research presented in this thesistributes novel insight into the metabolic
processes driving coastal carbon cycling in coral reefs and seagrasses, and the methods
for measuring benthic metabolisMeasuring lenthc metabolisnfrom

biogeochemical signals in seawater (2RO, DTA, DDIC), is an effectivgoroxy for
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ecosystem status aedologicalfunction.In this thesis, measurements of
photosynthesisespiration andalcificationdissolution were collected at three scales:
individual organismsCGhapter 1), small benthic communiti€h@pter 2), and
ecosystenwide levels Chapter 3) for key benthic organisms and communities of coral
reefs and seagrass meadows. Thraughmbination of lab and field measurements,
light was identified as a key driver of benthic metaboliBata were collected with

novel and established methods for quantifying metabolism, demonstrating the range of
approaches, and providing a comparisosupport future research effortddodelling
biological activity in response to a diurnal light cyateeach of these scales revealed
novel insight into the link between light, productivity, and calcificatiims work
highlights the importance of incor@ding light into measurements of metabolism
regardless of scale and provides an alternative metric for quantifying balance of
organic inorganic carbon production of coral reefs and seagrabledindings have
important implications for coastal ecosystenonitoring, conservation, and restoration,
with specific methodological applications to guide future reseditvd results support
futureendeavour$o further constraithe role of light inbiogeniccalcification and the
application of benthic metabofismeasurements as a tool for conservation and

restoration tracking
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Light-driven dynamics between calcification and production in

functionally diverse coral reef calcifiers

Jennifer Mallon ©,"2* Tyler Cyronak ,* Emily R. Hall ®,* Anastazia T. Banaszak ©,** Dan A. Exton ©®,°

Adrian M. Bass ©'*
_l School of Geographical and Earth Sciences, University of Glasgow, Glasgow, Scotland
*Unidad Académica de Sistemnas Arrecifales, Universidad Nacional Autdnoma de México, Puerto Morelos, Mexico

*Department of Marine and Environmental Sciences, Halmos College of Natural Sciences and Oceanography, Nova Southeastern

University, Dania Beach, Florida
*Ocean Acidification Program, Mote Marine Laboratory, Sarasota, Florida
*Operation Wallacea, Spilsby, Lincolnshire, UK

Abstract

Coral reef metabolism underpins ecosystem function and is defined by the processes of photosynthesis, respi-
ration, calcification, and calcium carbonate dissolution. However, the relationships between these physiological
processes at the organismal level and their interactions with light remain unclear, We examined metabolic rates
across a range of photosynthesising calcifiers in the Caribbean: the scleractinian corals Acropora cervicoris,
Orbicella faveelata, Porites astreides, and Siderastrea siderea, and crustose coralline algae (CCA) under varying nat-
ural light conditions. Net photosynthesis and calcification showed a parabolic response to light across all spe-
cies, with differences among massive corals, branching corals, and CCA that reflect their relative functional
roles on the reef. At night, all organisms were net respiring, and most were net calcifying, although some incu-
bations demonstrated instances of net calcium carbonate (CaCO3) dissolution. Peak metabolic rates at light-sat-
uration (maximum photosynthesis and calcification) and average dark rates (respiration and dark calcification)
were positively correlated across species, Interspecies relationships among photosynthesis, respiration, and calci-
fication indicate that calcification rates are linked to energy production at the organismal level in calcifying reef
organisms, The species-specific ratios of net calcification to photosynthesis varied with light over a diurnal cycle,
The dynamic nature of calcification/photosynthesis ratios over a diurnal cycle questions the use of this metric
as an indicator for reef function and health at the ecosystem scale unless temporal variability is accounted for,
and a new metric is proposed. The complex light-driven dynamics of metabolic processes in coral reef organisms
indicate that a more comprehensive understanding of reef metabolism is needed for predicting the future

impacts of global change.

Coral reels are highly productive ecosystems that build
some of the largest living structures on Earth. The services
obtained from the coral reef ecosystem include coastal protec-
tion, habitat provision, fisheries, and tourism (Hoegh-
Guldberg et al. 2019). These services ultimately rely on
biogenic calcification; the process by which a diverse commu-
nity of framework-building corals, crustose coralline algae
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(CCA), and other calcifying organisms contribute to the cal-
cium carbonate (CaCO5) reef structure. Global climate change
threatens the survival of important framework-building coral
species, primarily through increasing seawater temperature
and ocean acidification, both of which have been shown to
directly impede coral growth and negatively impact coral reef-
dwelling organisms and ecosystems (Kleypas and Yates 2009;
Comeau et al. 2013). Exposed CaCOy structures and sediments
are vulnerable to dissolution exacerbated by ocean acidifica-
tion (Cyronak et al. 2013; Eyre et al. 2014), and it is expected
that reef structure could be lost at a pace faster than it is con-
structed in the near future (Eyre et al. 2018).

A positive relationship between photosynthesis and calcifi-
cation has been observed across cellular, organismal, and com-
munity scales in coral reefs (Gattuso et al. 1999; Allemand
et al. 2001). At the ecosystem scale, the balance of
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photosynthesis, respiration, calcification, and dissolution, col-
lectively known as coral reef metabolism, controls the coral
reef carbon cycle (Albright et al. 2015; Cyronak et al. 2018).
Met ecosystem calcification is defined as the rate of CaCO,
precipitation offset by dissolution, while net ecosystem pro-
duction is defined as the difference between photosynthesis
and respiration {Smith and Kinsey 1978). Reef metabolism is
often measured through changes in the carbonate chemistry
of sea water as it flows over a coral reef ecosystem, which
requires detailed knowledge of the local hydrodynamics
(Marsh and Smith 1978). The ratio of net calcification to net
production has been proposed as a proxy for monitoring reef
function, which can be calculated from carbonate chemistry
data (Cyronak et al. 2018; Takeshita et al. 2018). This metric
provides useful insight into reef biogeochemistry as a simple,
effective tool for monitoring change in coral reef metabolism
over space and time (Cyronak et al. 2018). However, the suc-
cess of the calcification/production ratio metric depends on a
strong mechanistic understanding of how photosynthesis and
calcification are linked from the organism to the ecosystem.

At the organismal level, connectivity between photosyn-
thesis and calcification is reflected in the phenomena known
as light-enhanced calcification, or the observation of increased
calcification rates during the day compared to night
(Goreau 1959; Gattuso et al. 1999, Research into the mecha-
nisms behind light-enhanced calcification have not vet
reached a consensus, and it is possible that more than one
process is taking place for the different species and functional
groups exhibiting light-enhanced calcification, for example,
corals, calcifying algae, foraminifera (Cohen et al. 2016). One
hypothesis is that higher rates of photosynthesis associated
with optimal light conditions provide the coral with more
energy for calcification (Chalker and Taylor 1975). Other stud-
ies show that metabolic COy production through respiration
is an important source of carbon for calcification (Furla et al.
2000). Another hypothesis is that photosynthesis influences
carbonate chemistry equilibrium at the site of calcification
through the uptake of COs, which enhances CaCO; precipita-
tion (McConnaughey and Whelan 1997; Allison et al. 2014).
However, it is important to note that calcification and photo-
synthesis take place in different tissue lavers (Jokiel 1978).
Cohen et al. (2016) demonstrated that calcification can be
decoupled from photosynthesis by providing corals with dif-
ferent wavelengths of light, indicating that both processes are
independently linked to sunlight. To make accurate predic-
tions about the impact of climate change on coral reefs, we
must understand the mechanistic relationships between calci-
fication and photosynthesis at the organismal scale before we
can fully understand their interactions at community or eco-
system scales (Edmunds et al. 2016).

Shifting benthic community compositions are expected to
alter the metabolism and carbon cycle of coral reef ecosvstems
(Hughes et al. 2018). In the Caribbean, coral reefs historically
built by the skeletal calcium carbonate of reef-building corals,

Light dymamics of coral reef metabolism

primarily branching Acropora spp. and massive Orbicella spp.,
have experienced unprecedented losses of coral cover and pro-
liferation of macroalgal cover in recent decades (Jackson
et al. 2014; Toth et al. 2019). Contemporary coral populations
have lower species diversity and are dominated by resilient,
weedy corals, such as Porites astrepides (Green et al. 2008),
which lack reef-building life-history traits (Darling et al. 2012).
As a result of these phase shifts, rugosity and carbonate accre-
tion rates in the Caribbean have decreased over the past
decades (Perry and Alvarez-Filip 2018), impacting the mainte-
nance of reef structure and habitat function (Muehllehner
et al. 2016; Yates et al. 2017; Kuffner et al. 2019). Quantifying
organismal metabolic rates and understanding the dynamic
interactions between metabolic processes is  critical for
predicting the impact of changing coral reef ecosystems and
the ecosystem services they provide.

In this study, we measured the metabolic rates of key Carib-
bean coral reef calcifiers to determine the interaction among
photosynthesis, respiration, and calcification owver natural
diurnal light cycles. We provide a comparison between species
with distinct ecological functions, chosen to reflect past and
present species dominance: (1) branching, rapid-growth
Acrapora cerviconis; (2) framework-building Orbicella faveolata;
(3) resilient, weedy Porites astreoides; (4) framework-building,
stress-tolerant Siderastrea siderea; and (5) abundant, low-pro-
file, crustose coralline algae (CCA). We compared differences
in metabolism across these calcifying organisms over a natural
diurnal light cycle and developed metabolism-irradiance cur-
ves to determine the relationships among photosynthesis, cal-
cification, and irradiance at the organismal level.

Methods

Ex situ incubations of four species of scleractinian coral
and two crustose coralline algae (CCA) were conducted in the
Climate and Acidification Ocean Simulator outdoor experi-
mental facility at the Mote Marine Laboratory, Elizabeth
Moore International Center for Coral Reef Research and Resto-
ration, Summerland Key, Florida, in October and November of
2019, The Climate and Acidification Ocean Simulator facility
is supplied with 20-um particle-filtered Atlantic seawater
maintained by a dual heat exchanger system at 28.4°C =
0.2°C {mean + 5D} in 3800-liter header tanks. An automated
controller system (Walchem W900) maintains ambient seawa-
ter at a pH of 8.04 + 0.04.

Study organisms

Small colonies (mean surface area 13 + 5D 3.54 cm®) of
A, cervicomis (n = 6), O, faveplata (n = 12), P. astreoides
(n = 12), and 8. siderea (n = 12) were randomly selected from
the Mote Marine Laboratory land nursery of micro-fragmented
corals (Fig. la-f; Supporting Information Table $1). While
small encrusting fragments do not represent the morphologies
of larger, older colonies in the wild, using similarly
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Light dynamics of coral reef metabolism

Fig 1. Examples of top-down photos used for surface area measurements on Image-J: (a) Acropora cervicornis, (b) crustose coralline algae type 1 (CCAT),
(¢) crustose coralline algae type 2 (CCA2), (d) Orbicella faveolata, (e) Porites astreoides, and (f) Siderastrea siderea, (g) the incubation chambers used dur-
ing this study showing the oxygen sensor inserted through the chamber lid, transparent water jacket, and the white plastic holder below coral with stir

bar spinning underneath, Photos (a) through (f) show 1 cm scale bars,

fragmented corals with minimal differences in “colony-wide”
morphologies allows for better interspecific comparisons. All
corals originated from Mote's restoration nurseries, where they
had been either sexually produced and/or micro-fragmented
from field-collected colonies between 2010 and 2017
(Supporting Information Table $2). In addition, crustose coral-
line algae growing on the base of two of the Mote restoration
raceways were chiseled off and glued to clean ceramic tiles
3 weeks prior to the study. Due to morphological differences
in color and surface texture (Fig. 1), CCA were thought to be
distinct species; however, we were unable to identify them
and are herein referred to as CCA type 1 (CCA1) and CCA type
2 (CCA2).

Each specimen was randomly assigned to one of 12 holding
tanks (19-liter volume, 40 x 20 x 25 cm, L x W x H) 2 weeks
prior to the study. Each tank received 160 mL min ' filtered
natural seawater via a separate manifold and each tank was
fitted with a circulation pump to maintain flow (Deluxe Sub-
mersible Water Pump 400GPH). While water flow has been
shown to modulate coral metabolism and their response to
environmental change (Comeau et al. 2014, 2019), the goal of
this study was to maintain a constant flow to compare the
metabolism between calcifying functional groups. Sea water
parameters of pH (Seven2Go Pro $8, Mettler Toledo), tempera-
ture, and salinity (YSI Professional Plus) were monitored twice
per day. For pH, electrodes were calibrated against National
Bureau of Standards scale buffers of 4.01, 7.00, and 10.00 at
25°C and validated using other carbonate chemistry parame-
ters (e.g., total alkalinity [TA] and dissolved inorganic carbon

[DIC]). Water temperature was controlled by an automated
dual exchange heater and chiller, and, to maintain pH and
salinity within each tank, water inflow was adjusted and chan-
ged as necessary. Supporting Information Table $3 provides an
overview of the mean and standard deviation for all environ-
mental parameters in the holding tanks. A permanent shade
cloth (30% attenuation) maintained natural light conditions
(daytime = 321.38 + 179.73, pmol m 2 ! and peak =
494 + 64.4 ymolm 2 s~! photosynthetically active radia-
tion [PAR] mean + SD). The surface area of each fragment
was measured from top-down photos, with additional cyli-
nder calculations to incorporate the surface area of
A. cervicomis branches. All size measurements were extracted
from photos using Image-J (Schneider et al. 2012) with the
Simple Interactive Object Extraction plug-in (Wang 2016) to
identify live tissue cover and exclude any areas of cement
plug not covered in tissue (Fig. 1; Supporting Information
Table S1).

Incubation protocol

Incubations were conducted over 12 d between 31 October
2019 and 21 November 2019, with each day selected for con-
sistency in wind, cloud cover, and rainfall. One fragment per
species was randomly selected each day and placed into an
incubation chamber for ~ 1 h at the following times: 2 h after
sunrise (AM), during the solar peak (PEAK), and 2 h after sun-
set (DARK). On 3 of the 12d, an additional incubation
between the solar peak and the sunset was included (PM). Sep-
arate readings of PAR were taken for each chamber position at
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Fig 2. PAR measured during the different incubation time periads,
Bosplots show mean (circle), median (horzonal ling), and QR (box and
whisker). The number of individual incubations carred out within each time
period () including control incubations is shown above each box. Colors
represent the time periods: AM (2 h after sunrise 8 : 00 to 10 : 00), PEAK
(solar noon 12 : 00 to 14 : 00), PM (2 h before sunset 15 : 00 to 17 : 00)
and DARK (2 h after sunset 20 : 00 to 22 : 00). Average AM PAR was
155 4 66.8 gmolm # 51 (mean + SD), PEAK 494 + &4.4 ymolm 57,
and PM 171 = 439 ool m™? 57" PAR.

the start and end of incubations with Li-cor model LI-1500G
and an underwater quantum sensor (LI-1925A), oriented hori-
zontally, Average PAR light values (mean of start and end)
were calculated for individual chambers and varied from 67 to
595 ymolm 2 572 between the three daylight incubation
periods (8:00-10:00, 12:00-14:00, and 15:00-17:00; Fig. 2).

Incubation chambers were set up in a dry raceway tank
adjacent to holding tanks for consistent light conditions.
Incubations consisted of four double-walled transparent
acrylic incubation chambers (300 mL) sealed with a transpar-
ent acrylic lid, with a rubber O-ring closure (Fig. 1gh. A
thermocycler (VWR MX7LR-20) recirculated water through
the transparent cooling jackets of the incubators at
26.5°C £ 0.5°C to maintain water inside the chambers at
27.6°C £ 1.5°C. Incubation chambers were positioned on
magnetic stirrers set at 600 revolutions per minute and flow
simulated using a 2Z-cm stir bar placed under the specimens
with a plastic grid base to allow water movement without dis-
turbing the organism. All incubations were run for
1 h = 3 min, with seawater samples taken at the start and end
(see below for details).

Environmental parameters

Dissolved oxygen (DO) fiber-optic oxygen sensors (Firesting
(O, Pyroscience) were inserted in each chamber to ~ 1 ¢m
above the coral 3-5 min prior to the incubation start time, to
allow for acclimation of the sensor and adjustment of its posi-
tion. The oxygen sensors were calibrated to 0% and 100% O
saturation using air-saturated water prior to each incubation.
Real-time measurements of DO (pmol 1 ') were recorded sach
secand during the incubation. To calculate oxygen fluxes, start

Light dymamics of coral reef metabolism

and end values were calculated as the mean values over the
first and last minute of the 1-h incubations. The fluxes derived
from the start and end values were similar to fluxes derived
from linear slopes between time and DO during each incuba-
tion (Supporting Information Figs. $1-56). Start and end fluxes
were used for a more direct comparison to fluxes derived from
the carbonate chemistry data.

Water samples for carbonate chemistry analysis were taken
at the start and end of incubations using a 100-mL plastic
syringe; immediately filtered (0.45 pm), poisoned with 200 pl
of saturated mercuric chloride, and stored in 250-ml. amber
borosilicate glass bottles at the Mote Ocean Acidification Labo-
ratory until they were processed. One sample was collected at
the start as all chambers were filled with the same water prior
to beginning the incubations. TA was measured by potentio-
metric titration using an automated titrator (Metrohm
905 Titrando), following the standard best practice {Dickson
et al. 2007). Mean values for each sample were derived from
two to three samples (40ml) with a precision of
4+ 3.8 pmol kg~'. Measurements were corrected to Dickson
Certified Reference Material (Batches 184, 187, and 189) mea-
sured at the start and end of each day. DIC was analyzed using
an Apollo SciTech Analvzer (Model AS-C3). Mean values were
derived from two to three replicates of 1 mL injections and
corrected for drift with measurements of certified reference
material at the start and end of the analysis. Precision of DIC
measurements was 2.4 pmol kg .

Calculations of metabolic processes

Metabolic rates were calculated from the difference
between measurements taken at the end of the incubation
minus the starting values {end - start) of DO (ADO), TA
(ATA), and DIC (ADIC) concentrations, To calculate fluxes,
all seawater chemistry measurements were normalized to
individual incubation chamber volumes (259.69 + 12.57 mL,
mean + 50 and coral surface areas (Supporting Information
Table 51). Control incubations (e.g., empty ceramic tiles)
showed negligible changes in seawater chemistry (ADO =
0.4 +68 pmoll !, ADIC = —7.2 +11.0 wmolkg ',
ATA = —2.8 £ 87 ymol kg~ ', mean £ 5D), and as such no
corrections in seawater chemistry due to water column pro-
cesses were made,

Met production (zmol cm™* h™") for light incubations was
calculated from changes in DO (Phe) and DIC (Pyc) concen-
trations according to the following equations:

ADO =V
Phg = ———— 1
o At )
(ADIC - 14 v
Poje = =TT = ¥ 2
DI At (2}

where ADO, ADIC, and ATA represent the respective changes
in DO, DIC, and TA concentrations in gmol L !, The volume
of the incubation chamber in liters is represented as V, while
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A is the surface area of the sample {cm?), and t is duration of
the incubation in hours {1 h). To calculate respiration (Rpo
and Epyo), the same equations were used with dark
incubation data.

Net calcification ((i,e) for light incubations was calculated
using the alkalinity anomaly technique according to the fol-
lowing equation:

ATA
ﬂ (3)

Axt

“:m:l: -

For dark calcification rates ((r4,q) the same equation was used
with data collected from dark incubations only.

The relationship between light and photosynthesis and cal-
cification was modeled using gross metaholic rates (ie., photo-
synthesis + respiration and calcification + dark calcification)
using the following hyperbolic tangent function from Jassby
and Platt (1976):

Prer = Piay > tankh (ﬁr * E) +R, (4)

PITL!K

where Py is the modeled net production rate, R is the average
dark respiration rate, and E is the irradiance (pmol m sl
The coefficients derived from the model include: the initial
slope between Pree and light (o) and the maximum gross pho-
tosynthetic rate (P,

For calcification, we adapted Eq. 4 1o model calcification
{Gret) as:

Gt = Gmax ti‘lnh(a - E) + Gark (5)
Gmax

where G, 18 the average dark calcification rate for each spe-
cies, representing the non-light-enhanced portion of the mea-
sured calcification  rates, Gy, is the maximum gross
calcification, and alpha («) is the initial slope between calcifi-
cation and irradiance,

The light saturation point (Ex) was calculated from model
coefficients Py, Or Gy and alpha for each model using the
following equation:

y I’n'lah.
Ex=—— 6
k= (6)

The absolute ratio of calcification to both calcification and
production was calculated as follows:

' ] |'G:|I=I:|
Gt/ Mt = ————
e Pret] + [Grel

where M, (or the sum of both calcification and production)
represents total carbon metabolism (see Discussion section for
more details about this metric).

Light dynannics of coral reef metabolisim

Statistical analysis

All statistical analyses were conducted in the statistical envi-
ronment B using RStudio version R.4.0.2 (R Core Team, 2020).
The RespR package (Harianto et al. 2019) was used to extract
and inspect oxvgen data (Supporting Information Figs. 51-86).
The Tidyverse (Wickham 2019} was used for data organization
and synthesis, and data visualization was conducted with
base-R functions and ggplotfgpubr (Wickham 2016). Shapiro—
Wilkes tests were combined with visual assessments of density
and (-} plots to evaluate approximately normal distributions
for individual species. Repeated measures two-way ANOVA tests
were used to test differences between treatments and pairwise
comparisons. Post hoc Bonferroni-corrected t tests were used to
compare differences between all possible pairs of species at each
time of day and for each parameter. Models were fitted using R
linear and nonlinear least squares functions of the Stafs pack-
age. Model fit was assessed by residuals plots generated using
the nistools package (Baty et al. 2015). Models were evaluated
based on k%, confidence intervals, and standard error of the
regression (sigma, ).

Results

Rates of metabolism were statistically different between
treatment times for photosynthesis (repeated measures
ANOVA for Ppo Fiiss = 33605, p =<005 and Py
Fiiaz =33137, p =<0.05), and for calcification (e
repeated measures ANOVA  Fy 00 = 27.24, p =< 0.05)
(Supporting Information ‘Table §4; Fig. 57). During the day,
photosynthesis (+Ppo and +Ppic) and calcification (4G
occurred in all incubations (Fig. 2). At night, respiration
occurred in all incubations [ —Ppg and —Prye) while calcifica-
tion was still generally positive (+(7,,.), although some net
dissolution {(—(,.) was detected (Fig. 3). Metabolic rates for all
species were highest during the peak treatment (Fig. 3).

Metabolism  was  species  specific, with . faveolata,
P. astreoides, and 8. siderea having the highest average rates of
calcification and photosynthesis, while both types of CCA had
the lowest (pairwise comparisons using t test; Supporting Infor-
mation Table $5). As . favealata, P. astreoides, and 8. siderea had
consistently similar rates, we refer to this grouping as the “mas-
sive corals” herein. We report rates as mean + 5D unless other-
wise indicated. Owerall, metabolic rates were higher in the
massive corals than both A, cervicomis and CCA over a diurnal
cycle (Fig. 4). Night metabolism followed a similar grouping as
the daytime measurements: respiration was greater in the mas-
sive corals (Rpo = —0.754+0.23 gmolem ® h', Rme =
~0.854+035 pmolcm™ h™Y, than in A cervicomis
(Rpo = —0.32 + 005, Bye =038 £ 008 gmol cem™2 h™') and
CCA (Bpo = 031 +0.14 gmolem 2 h', Bpe = D42+
19 pmol em 2 hY). Dark calcification (G, was higher in the
massive corals (Gaape =031 £ 024 gmolem ® h™Y than
A, cervicomis (Ggane = 003 £ 0.08 pmol cm ™ hY) and CCA
(Ggare = 0.06 4 0,18 gmol em ™2 h™"); however, this difference
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Fig 3. Boxplots of metabolic rates at different times of day for each species. Y-axes show; photosynthesis from oxygen evalution (fing), photosynthesis
by carbon assimilation (Prc), and calcification (G} rates, normalized to time and surface area (fluxes in gmel cm® hr ). Boxplots show median (hori-
zonal bar) and IQR (box and whisker), and individual data points are depicted as empty circles. Species are shown in colors and labeled above each plot.
CCAT and CCAZ are two types of crustose coralline algae. Time of day is shown on the x-axis: AM 08 : 00 to 10 ; 00, PEAK 12 : 00 to 14 : 00, PM 15 : 00
to 17 : 00, and DARK 20 : 00 to 22 : 00. Only three species were incubated during the PM treatment.

was only significant for 8 siderea (Supporting Information
Table 55). Negative rates of dark calcification (le., —Gggy, net
dissolution) were detected in 10 of the CCA, 1 of A, cerviconis,
and 2 of O. faveolata dark incubations, although dissolution
rates were relatively low and close to zero,

Relationships between metaholism and light

To elucidate species-specific relationships with  light,
metabolic-irradiance curves were modeled using a hyperbalic
tangent equation (Eqs. 4, 5; Figs. 5, 6; Supporting Information
Fig. 58). All photosynthesis-irradiance model evaluations had
a high R (= 0.80), and coefficients were significant (p < 0.001)
for photosynthesis measured from changes to both DO (Ppp)
and DIC {Pyic). Calcification-light models generally had lower
R and higher sigma () relative to calcification ({7} values
(Supporting  Information Table 56) than photosynthesis—
irradiance models, indicating a weaker model fit, and coeffi-
cient estimates were not always significant (alpha [a], p = 0.1

for A, cervicornis and crustose coralline algae). Of the coral spe-
cies, A. cervicornis had the lowest maximum photosynthesis
and calcification (P, and Gpygy) The initial slope (o) of the
photosynthesis-irradiance curves was highest for the massive
corals. Photosynthetic-irradiance saturation (Eg) was highest
in A, cervicoris (P Ey = 356), and in calcification-irradiance
maodels light saturation (Eg) was highest for P, astreoides
(Gpet Ex =448 pmols™! m'z) and 5. siderea (Ghy Ex =
544 ymol s~ m~¥).

Relationships between calcification and photosynthesis
The model coefficients P, and (., exhibited a positive
linear relationship (Fig. 7) across all species (R =0.88,
= 1.05), while mean respiration (R) and dark calcification
((Fyar) Tates exhibited a negative linear correlation between all
species (R = 0.66, p = 0.05). This across-species relationship
demaonstrates that calcification increases with rates of net pro-
duction during the day and with increased respiration in the
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Fig 4. Paneled bar plots show species-specific average rates of dark (left bar, darker shade) and light {right bar, lighter shade) metabolism. Phatasynthesis
and respiration were calculated from both DO (Pog and Rpg, top) and dissolved inorganic carbon (Pryc and Ree, middle) fluxes. Light and dark calcifica-
tion was calculated from changes in total alkalinity during light and dark incubations (Gy., and Gyap., Bottom). The color scheme is the same as in Fig. 3
and species are labeled on the bottom x-axis, CCAT and CCAZ refer to the two types of crustose coralline algae used in this study. Rates shown are the
mean light and dark rates across all days, and error bars represent standard error (SE).
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Fig 5. Photosynthesis-irradiance curves for Acropora cervicomis, crustose coralline algae (CCAT and CCAZ), Orbicell favealata, Porites astresides, and Side-
rastren sidereq, with photosynthesis measured from changes in dissolved inarganic carban (Ppec). Points show the measured net rates at distinct PAR light
levels, and the solid, colored lines show the modeled metabolic curve. Shaded areas represent 95% confidence intervals, Dotted vertical lines indicate £
(light saturation point) and dashed horizonal lines depict maximum net photosynthesis (P, + R). Species-specific coefficients for the photosynthesis—
irradiance models are displayed on each plot and full statistics provided in Supporting Infermation Table 56.
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