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Abstract. Ocean acidification is a threat to marine ecosys-eas can to some extent be countered by long water-residence
tems globally. In shallow-water systems, however, oceartimes in neighbouring areas dominated by turfs, macroalgae
acidification can be masked by benthic carbon fluxes, deand carbonate sand.

pending on community composition, seawater residence
time, and the magnitude and balance of net community

production (NCP) and calcification (NCC). Here, we ex-

amine how six benthic groups from a coral reef environ-1 Introduction

ment on Heron Reef (Great Barrier Reef, Australia) con- S ) )
tribute to changes in the seawater aragonite saturation staf@cean acidification is the chemical consequence of the in-
(Qa). Results of flume studies using intact reef habitatsCreasing carbon dioxide concentration in the atmosphere
(1.2m by 0.4m), showed a hierarchy of responses acroséCaldeira and Wickett, 2003; Sabine et al., 2004), and is a
groups, depending on GOevel, time of day and water growing threat to marine calcifiers globally (Raven et al.,
flow. At low CO, (350-450 patm), macroalgaétfnoospora 2005). Modelling studies, experimental evidence and reviews
implex3, turfs and sand elevatet, of the flume water —Suggest that calcification rates of coral reef builders will de-
by around 0.10 to 1.20H — normalised to contributions cline significantly during this century (Kleypas et al., 1999;
from 1 n? of benthos to a 1 m deep water column. The ratelL@ngdon and Atkinson, 2005; Hoegh-Guldberg et al., 2007),
of Qa increase in these groups was doubled under acigshifting reefs from being net accreting to net dissolving com-
ification (560—~700 patm) and high flow (35 compared to munities (Andersson et al., 2009; Silverman et al., 2009).
8cms ). In contrast, branching coral#¢ropora asperp Ocean acidification projections, however, are mainly based
increased, by 0.251! at ambient C@ (350-450 patm) ~ ©N the exchange of carbon between atmosphere and open-
during the day, but reduced, under acidification and high ocean surface waters (Caldeira and Wickett, 2003; Gledhill

flow. Nighttime changes ii2, by corals were highly nega- et al., 2008) and therefore do not formally take account of the
tive (0.6-0.8 1) and exacerbated by acidification. Calcify- carbon exchange between seawater and benthic communities
ing macroalgaeHalimedaspp.) raised2, by day (by around (Duarte et al., 2013). The carbon chemistry of tropical and
0.13 1Y), but lowered2, by a similar or higher amount at subtropical, open-ocean surface seawater is largely driven
night. Analyses of carbon flux contributions from benthic Py air-sea C@ exchange, and increasing surface seawater
communities with four different compositions to the reef wa- ?COz closely tracks the observed increase in atmospheric
ter carbon chemistry across Heron Reef flat and lagoon in€Qz arising from anthropogenic activities (Bates and Peters,

dicated that the net lowering &t by coral-dominated ar- 2007; Orr, 2011). On short timescales (hours to decades),
benthic carbon exchange has a small influence on the open
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ocean surface seawater. However, in shallow waters charachemistry and benthic carbon fluxes, as well as potential im-
teristic of tropical coral reefs and some coastal environmentapacts of ocean acidification on carbon flux processes in dif-
settings, benthic carbon fluxes are superimposed on the arierent reef habitats. We then used these community-level car-
thropogenic carbon signal, and may in some situations maskon flux data to address the question: to what extent will reefs
variations in the carbon chemistry of the open ocean sourcevith different benthic community compositions, particularly
water (Anthony et al., 2011; Santos et al., 2011). reefs with contrasting algal and coral abundances, and physi-
Although a large body of evidence indicates that coral cal settings alleviate versus exacerbate natural carbon chem-
reefs are likely to become adversely affected by ocean acidistry variation and ocean acidification?
ification during this century (Kleypas et al., 1999; Hoegh-
Guldberg et al., 2007; Silverman et al., 2009), spatial and
temporal variation in physical reef settings (e.g. depth an
flow) and benthic community composition is likely to in-
teract with ocean acidification. For example, high rates
of net photosynthesis of non-calcifying primary producers
(macroalgae, benthic microalgae, seagrasses) can draw dowhe seawater saturation state with respect to calcium carbon-
CO;, significantly, potentially counteracting ocean acidifica- g (CaCQ) is defined as
tion locally in shallow waters, and elevating seawater arago-
nite saturation states) in downstream habitats. However, 2= [C&"][CO5 1/KZ, @

the net effect is dependent on the fate of the organic matte\r/vhereK;‘p is the stoichiometric solubility product for a given

and whether it is stored as biomass, permanently buried '%acq mineral phase (e.g. aragonite or calcite). The solu-

the sediments, exported or remineralized. As the rate of cor ility product is determined experimentally and corresponds

calcification is generally positively related g2y (e.g. Lang- : . S

. ’ . _ o tothe product of calcium and carbonate ions at equilibrium,
don ar;d ;Atl;lgcs)?n,hgor?S, tSchnf(ald?r %n? Ere;,] 20.06.' S”\./elz'i.e. when the forward (precipitation) and backward (dissolu-
man €t al., ), high rates of net photosyn NesiS in neig tion) reaction of CaC@are equal to one another at any given
bouring upstream waters may enhance calcification down;

tream. Converselv. hiah rat f calcification in ir temperature, salinity and pressure. Because calcium concen-
stream. Lonversely, igh rates ot caiciiicatio UPSIreaM,»iion varies little in the ocean and is by a factor 30 to 50
habitats elevatgCO, and lowerS2,, potentially exacerbat-

. LT ) . __greater than the concentration of the carbonate ion in surface
ing ocean acidification and worsening the carbon chemlcag

g e : eawater(2 is mainly controlled by the abundance of this
conditions for calcification in downstream habitats. Theseanion (Zeebe and Wolf-Gladrow, 2001). The [g:m and

feedbacks between benthic carbon fluxes and seawater car, - ..o iy seawater can be calculated from any given con-

bon chemistry have been explored for mixed reef communi- . . ) .
ties (Suzuki, 1995: Bates et al., 2010), and recently for CoraIScentratlons of total dissolved inorganic carbdi) and total

o alkalinity (A1), temperature, salinity and pressure (Dickson
and macroalgae specifically (Anthony et al., 2011; Kleypas L 2 . . .
. . : . 7). Th h h
et al., 2011). To understand how different benthic hab|tatset al., 2007). Thus, changes in the aragonite saturation state

. ) . (£23) under a given scenario under typical seawater saturation
drive carbon chemistry changes on reefs, however, require

int i f carbon fl ; | t of kev benthi tate conditions on coral reefs (where changeQ4rare ap-

g‘r;?gz lon of carbon Tiuxes for a farger set of key ben ICproximately linearly with the typical range of changedin
Benthic reef communities are composed of a broadandAT; Fig. 1) can be expressed empirically:

suite of groups with different capacities for photosynthesis, d€a _ adzj bdﬁ

metabolism, calcification and dissolution (Chisholm, 2000, d: =  dr dr ’

2003; Kleypas et al., 2011) and with varying responses to 1 . -

ocean acidification (Kroeker et al., 2010). The net direc-Wherea andb (kg pmol =) are regression coefficients that

. X vary with any parameter (physical or chemical) that al-
t|on_ and sfcren_gth of these carbon_ flux Processes wil afreC&ers the relationship betweefir, At and Q,. For exam-
their contribution to carbon chemistry variation in reef wa-

Cfle, rates of change it and Ct are directly related

Methods

2.1 Modelling framework: integration of biological and
physical processes

)

ters. Here, we examine expenme_‘r)tallly how th_e carbon fluxe 0 net rate of volume-specific net community production
(net photosynthesis and net calcification) of six common an

; . , 3h~1), net community calcification gy,
abundant benthic groups in a shallow-water coral reef en- Prv “TOI_T_ ;
vironment in the southern Great Barrier Reef (GBR) influ- g{na?l n;oﬂ)- ) and air-sea exchange of ¢Qfnv) (Anthony
ence theQ, of reef water under lowCO, (350-450 patm) v '
and acidified (560-700 patm) conditions. To address this ob% -0 3)
jective, we used a recirculating flume (550L flow channel) dr gnv
to assay community carbon fluxes during the day and night,
and for contrasting water flows (8 and 35 cni)represent- dcy
ing contrasting tidal states. This allowed interpretation of 5.~ = —Pnv — gnv + fov- (4)
the feedbacks between natural changes in reef water carbon
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o 32-37 S, 1-2 bar: 1 uM phosphate). For each set of condi-

2400 55 tions, 25 was calculated using GEYS (Lewis and Wallace,
1998). Hereq ranged from 0.0105 to 0.012¢Fmmol~1 and
2350 5.0 b ranged from 0.0090 to 0.0100?mmol~*. For the purpose
— of our analyses, we used the means of these rangesafiod
j@’ 2300 4.5 b, representing conditions on the study reef during the study
" N0 period (25°C, 35S, 1 dbar and negligible nutrient levels).
% 2250
g Respiration | 14 3.5 2.2 Study location and species
o 2200
£13.0 .
This study was conducted at Heron Reef °@BS,
2150 /  Calcification s 151°54 E) in the southern Great Barrier Reef (GBR, Aus-
/ ‘ ' tralia, Fig. 2). This section of the GBR has a 3m tidal range,
2100 . 20 with the reef crest and parts of the reef flat becoming air ex-
1850 1900 1950 2000 2050 2100 posed at spring low tides, and submerged by 3-3.5m of wa-
Ct (umoles kg-1) ter during spring high tide. Heron Reef is a large lagoonal

. . . . . reef system with a well-defined fore reef, crest and extensive
Fig. 1. Blogeochemlt_:gl dr_lvers of reef water carb_on chemistry and reef flat (Phinn et al., 2012). In the focus area, a diversity of
effects of ocean acidification on aragonite saturation stagg Cal- Acroporaspecies dominate the fore reef, crest and parts of
cification and dissolution affect total alkalinitif) as well as the the outer reef-flat zone. Pavements of crustose coralline al-
concentration of dissolved inorganic carbdrrj, whereas photo- gae (CCA, mainlyPorolithonspp., includingP. onkodesand

synthesis and respiration affeCt only. Qa changes linearly with . .
A1 and Ct and can thus be expressed directly as a compouno‘"thoPhyllumSpp') are also abundant on the wave-impacted

function of carbon fluxes (Eq. 5). Vectors indicate the directions ffont of the crest. Mixed zones of branching corals (large
and relative strengths of the benthic biological/biogeochemical pro-clones ofAcropora asperg fleshy and calcareous macroal-
cesses under a present-day (solid) and acidified (dashed) scenari@ae (e.gHalimedg dominate the 50-100 m belt behind the
Absolute vector lengths are hypothetical, but will vary with water crest (outer reef flat). Patches of sand and turfs (reef ma-
depth, residence time, and the abundances and composition of pririx with assemblages of cropped macroalgae and benthic
mary producers and calcifiers. The projection was run for temperamicroalgae) and scattered macroalgae increase in size and
ture =27C and salinity = 35. Modified from Anthony et al. (2011). gpatial dominance with distance from the crest and towards
the lagoon or island. During the time of the study (October
. . . L 2010-March 2011, Austral summer) the inner to midsections
To determine how benthic net community calcification and ¢ {he reef flat were characterised by a high abundance of

production affect2, via changes irfCt and A1, we consider fleshy macroalgae, predominan@noospora implexa
carbon fluxes into a fixed, but advecting, uniformly mixed 14" getermine the carbon flux contributions from major
water mass; in other words, a water parcel of constant dimenpenic groups to changes in the seawater carbon chemistry
sions travelling over a homogeneous benthic community. Theyt the focus reef area, the following six groups were assayed
framework can be expanded to a spatially explicit model forj, 5 getajled laboratory flume study: Corals (monospecific
complex community settings by taking into account horizon-pa g ofacropora aspera)crustose coralline algae (CCAs:
tal and vertical advection and mixing (Falter et al., 2008). iy re of different species of coralline red algae, including
We convert volume-specific carbon fluxgg Fo area-specificoyglithon onkodesP. spp, Lithophyllumspp.), calcareous
rates p, andg,, pmolm2h~) through division by water macroalgae (monospecific bedshélimeda cuneata f. un-
depth ¢, m), under the assumption that the water columnyaia turf areas (assemblages of cropped and filamentous
is equally mixed for different depths. Equations (2)~(4) can 5ae "with scattered CCAs, fine sand and bare substrate),
thus be combined to fleshy macroalgae (monospecific bedsGlfnoospora im-
dQ% b (pp— f) + gn(b — 2a) plexg an_q reef 'sand between patchgs of corals and mixed
o - - . (5)  communities (Fig. 3). For each benthic group except CCAs,
and for each replicate flume experiment, approximately
Values of the coefficienta and b represent the thermo- 0.5n¥ of material was collected from the reef flat (1.2 m by
dynamic and compositional control ofg, (Eq. 1) and  0.4m); CCAs were collected from the reef crest. Care was
were estimated using multiple regression analyses of Eq. (1Jaken to collect the material so that the in situ configuration
for a broad range ot and At values (1800-2100 and of each habitat type (e.g. coral colony branch density) could
2100-2400 pmol kgl, respectively, Fig. 1) and for temper- be reproduced in the flume environment. The material was
ature, salinity, pressure and nutrient conditions representatransported while submerged (or kept wet) in seawater to the
tive of shallow-water areas of tropical coral reefs (202G0  aquarium facilities on Heron Island Research Station (HIRS).
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reef composition were tested by running duplicate or tripli-
cate series of flume experiments for each of the six benthic
groups, alternating between groups in time to avoid temporal
dependence between replicate experiments. Secondly, ben-
thic groups differ in their photosynthesis, metabolic rates and
calcification responses over day—night cycles. Therefore, to
obtain a full picture of their net effects on the seawater carbon
chemistry requires an understanding of both day and night
rates (Kleypas et al., 2011). Thirdly, the flow environment
across Heron Reef varies diurnally due to tides, and episod-
ically with wind and wave conditions. At the lowest tide,
ponding water can be near stagnant over reef-flat habitats for
up to 4 h. At incoming high tide, currents over the reef crest
and outer reef flat can vary from1cmsto>30cms?t,
depending on depth, winds and waves. Fourthly, the seawa-
ter carbon chemistry on and around Heron Reef shows strong
diurnal and seasonal variation due to the net community pro-
duction (NCP) and net ecosystem calcification (NEC) of the
reef and neighbouring systems. For example©, of open
surface waters SE of the study area (Wistari Channel) can
range from 200 to 500 patm between tidal cycles and seasons
(www.pmel.noaa.gov/co2/story/Heron+lIslandlso, in la-
goonal or reef flat environments, t 0O, range can extend

to 150 —700 patm and seawater aragonite saturation state
(R23) can vary between 2 and 6 (Anthony et al., 2008).

Fig. 2. Study areas on Heron Reef, Southern Great Barrier2-4 Experimental procedures and carbon flux
Reef, Australia. All benthic groups except crustose coralline algae experiments

(CCAs) were collected from across the 500 m reef flat within the )
large area (top insert). CCAs were collected from within the small Each collected assemblage was reconstructed in the 1.2m

area. long by 0.4 m wide by 0.1 m deep working section of a lab-
oratory flume (Fig. 3) and allowed to acclimate to laboratory
) . conditions overnight. The flume is a 550 L recirculating Per-
Only one habitat type was assayed per 48 h flume experimentsey raceway (2.4 m long by 1.2 m wide) with a 0.40 m wide
to ensure that only fresh material was used. by 0.25m deep channel (Fig. 4). To mimic the roughness
Due to th(_a large amount of reef material needed_ for eachy g structure of natural assemblag&sropora Chnoospora,
flume experiment (1.2m by 0.4m) for each benthic groupgjimedaand turfs (rocks) protruded above the flume floor
(total of 2 tonnes of material), only 2—4 replicate experimentsy,,, 5_15cm (Fig. 3a, c, d and f), whereas CCAs and sand
were run per group. However, because we used transplantegfee flush with the flume floor (Fig. 3b and e). As the wa-
reef habitats as opposed to individual specimens, our carbopyy i the flume was recirculating (repeatedly passing over
flux estimates for each flume experiment provided better repy e 5ssemblages) it approximated Lagrangian water transects
resentation of benthic carbon fluxes than a higher rephcaﬂoqunning along a path of reef with a monospecific assem-
of smaller samples, as carbon fluxes over the larger intach|age Flow velocity of the flume water was adjusted by an
areas used here absorbed the fine-scale within-habitat varjiectrical outboard motor (WaterSnake 34 Ib, Jarvis Marine,
ation. Furthermore, as our analyses of how different benpangenong, Australia) connected to a 12 V regulated power
thic groups drives2, are not formally using the between- g,h5y (Amtek, Meadowbank, Australia). Collimators were
experiment variation, we focus here more of representationngiajied upstream of the 1.2 m long working section of the
than replication. flume to reduce turbulence, which was verified by near-linear
particle tracks in the midstream water above the assemblages
along the entire working section. Light was supplied by two
metal halide lamps (& 150 W, AquaMedic, Germany) pro-

Flume experiments were designed to account for the effecflu¢ing down-welling irradiance of 1000 pmol m<s™" at
of four variables on carbon fluxes: (1) habitat composition, € level of the assemblages, measured by a Li-192s under-

(2) light/darkness, (3) flow environment, and (4) dissolved Water light sensor (LiCor, Lincoln, NE, USA).
inorganic carbon chemistry (acidification). Firstly, effects of

2.3 Flume studies: experimental design and
environmental settings

Biogeosciences, 10, 4892909 2013 www.biogeosciences.net/10/4897/2013/
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Fig. 4. Recirculating laboratory flume used for carbon flux studies
Fig. 3. Flume assemblages of six benthic groups from the Heronof benthic reef flat communitie§A) and(B) end and side perspec-
reef flat environment(A) branching coralAcropora aspera(B) tives during run with a community of crustose coralline alg&y.
Crustose coralline algae (CCA) dominatedPorolithon onkodes  top-view diagram showing flow collimators (curved lines), flow di-
(C) calcifying macroalgaeilalimeda cuneatd. undulatg (D) turf rection (arrows) and position of propeller. The sunken (0.1 m) work-
assemblage consisting of a mixture of cropped algae, benthic miing section (grey area) measures 0.4m by 1.2m.
croalgae and fine sandE) close-up of sand community domi-
nated by a grain size of 0.5-2mm; afi) fleshy macroalgae

(Chnoospora implexa flume water every 1-2 h during 6 h runs. Samples were poi-

soned immediately using 200 pL saturated Hg&id stored
for later AT andCt analyses.

Flume experiments for each benthic group was repli- To enable normalisation and comparison of net com-
cated 2—4 times using newly collected assemblages for eachunity calcification (NCC) and net community production
experiment, with replicate experiments interspersed amondgNCP) rates of experimental coral assemblages with those in
those of other groups during a period of two months (Oc-situ, the ratio of 3-dimensional to planar surface afgadf
tober 2010-December 2010). Each experiment was run ovecropora asperan the flume was estimated after each se-
48 h: first day/night period in “ambient” (350-450 patm£gO ries of light, CQ and flow incubations. Here, lengths and
seawater and second day/night period in “acidified” (560—diameters of all branches were measured and surface areas
700 patm) seawater. The ambient and acidified treatments, agere modelled as cones and/or cylinders. For the replicate
well as light and flow ranges, encompassed the range of physsoral assemblageg; ranged from 9 to 11Am~2. Simi-
ical and chemical variation characteristic of the Heron reeflarly, to normalise carbon flux rates of macroalgae Hiadt
flat (Anthony et al., 2011; Santos et al., 2011). Before eachimedacommunities, their dry weights (after rinsing in fresh-
series of flume runs, seawater was pumped from the reef flavater) were determined and expressed peofiseabed. The
at high tide at night and conditioned in a 2000 L aerated anddry weights ofChnoospora implexand Halimedaranged
temperature-controlled (26—2T) storage tank. The@CO, between 55-70gn? and 120-150 g m?, respectively. As
was adjusted by injecting balanced streams op@®@e (0— CCA, turf and sand communities were approximately pla-
5ppm) or CQ-enriched {2000 ppm) air into the water nar, carbon fluxes for these assemblages were expected to be
overnight.pCQ; in both the storage tank and the flume water comparable to those in situ without further normalisation.
was measured using a submerged@rmeable, coiled sil-
icone tube (4 mm diameter, 10 m long) connected in a close®.5 Analyses
loop to an infrared C@sensor and recording system (Vaisala
GMP343/MI70) (Anthony et al., 2011). Ambient and acidi- Total alkalinity (A7, pmolkg3) was determined by Gran
fied days were divided into 12 h light and 12 h dark periods.titration (Dickson et al., 2003) for duplicate subsamples
Within each period, 6 h sampling schedules were run at eitheweighed on an analytical scale-(00+ 0.001 g). Subsam-
low (8 cms™1) or high (35cm 1) flow velocities to mimic  ples were titrated in an open glass beaker with 0.05 N HCI
flow variation across the reef flat due to tides. Between runsijn the pH range~ 4 to below 3 using a Mettler-Toledo (T50)
around 80 % of the flume water was replaced with new watersystem.At values were determined with a precisionde?—
from the storage tank (resettirig andCt). To determine net 3 umol kg2, Total dissolved carbon dioxidef) was anal-
rates of calcification and photosynthesis, duplicate 500 mLysed at the CSIRO Marine Laboratories (Hobart, Australia)
water samples (in Schott glass bottles) were taken from thdy acidifying the seawater to convert dissolved bicarbonate
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and carbonate ions to GQextracting the C@from the so-  were compared based on the degree of overlap of error bars.
lution by bubbling with high purity nitrogen>{99.995%), To explore how combinations of light, flow velocity, GO
and trapping and quantifying the amount of £0sing a  regime and benthic groups drive hourly changeRjrover a
UIC model 5011 coulometer (see detailed procedure in Johnreef flat area, carbon flux data from flume runs were used as
son et al., 1993; Dickson et al.,, 2007). The precision ofinput into Eq. (5) for four benthic reef compositions in shal-
the measurements was2 pmol kg1, based on the analy- low reef flat and lagoon environments. These compositions
ses of duplicate samples and certified reference material fromepresented two general types of reef settings: (1) crest and
Prof. A. Dickson’s lab (Scripps Institution of Oceanography, outer reef flat environments and (2) back-reefs and lagoon.
USA). In turn, each type was represented by two scenarios: firstly,
Area-specific net rate of calcificatiog,{ mmolni2h-1) dominance of corals and crustose coralline algae (A); and
was estimated based on the difference in total alkalinitysecondly, dominance of macroalgae or turfs relative to corals.
(A AT, converted to mmol m3) of duplicate water samples Compositions were based on extensive surveys of Heron reef
collected before and after 2 h incubations, assurdifigvas ~ environments (K. R. N. Anthony and G. Diaz-Pulido, pers.
solely affected by calcification and dissolution processes, anabs.) combined with analyses of hyperspectral remote sens-
that 2 mol of At was consumed/produced for every mol ing data (Phinn et al., 2012).
CaCQ; precipitated/dissolved (Gattuso et al., 1995):

_ AATV

== 6 3 Results
5= A1 S ©)

3.1 Effects of CQ and flow on benthic day/night

where V is flume water volume (0.55 # At is time be- o
calcification

tween sampling (h), and is the planar surface area of the

be'gthtm g}[roufp (ESt'?() thesi |2 q Daytime calcification rates were highest for corals (maxi-
et rate of photosynthesigfy, mmol nr ywas de- i 6f 50 mmol mr2 h=1, grey columns in Fig. 5a) and low-

termined based on dlﬁgrences in total dl_ssolved INorganiCygt for turfs (1-4 mmol m2h-1, Fig. 5d) and sand<5 to
carbon ACt, mmolnm ) corrected for air-seawater ex-

. 1 mmoln2h~1, Fig. 5e). Calcifying epibionts on the thalli
change of CQ (f".) determined for empt-y. flume runs (sea- of the non-calcifying macroalgae produced negligible NCC
yvater on!y) atalllight, CQ and ﬂOW. conditions and changes rates (Fig. 5f). Differences in flow velocity (8 vs. 35 cmi$
in Ct owing to net calcification estimated fromAr : did not affect daytime NCC under low GOn any group

(ACT+ fr — AAT/2)V except sand (Ieftmqst bars in Fig. 5a—e). Under acidification,
= ALS . (7) however, low and high flow tended to reduce versus increased
NCC, respectively, in corals and CCAs (Fig. 5a and b), but
Air-sea CQ exchange in the flume was calculated empiri- flow variation and acidification did not markedly affect NCC
cally for the different flow speeds aneCOy(qq levels based  in Halimedaand turfs (Fig. 5¢ and d). Interestingly, high flow
on differences irpCOy in water relative to air using the soft- and acidification led to net daytime dissolution in the sand
ware CQCalc (Robbins et al., 2010). For applications of community (Fig. 5e).

n

Eq. (6) to projections in reef settingg, was calculated us- Only corals showed markedly positive nighttime NCC
ing wind speed and gas exchange coefficients determined brsates, approximately 30% of daytime rates Fig. 5a). Con-
Wanninkhof (1992). versely, nighttime NCC in CCAsHalimeda turfs and

For each benthic group and environmental condition, thesand were mostly negative but varied with flow an@O,
contribution from the NCC and NCP to the benthic car- (Fig. 5b—e). Net nighttime calcification by CCAs decreased
bon fluxes and the resulting hourly rates of change in seamarkedly (2—3 fold increase in net dissolution) in response to
water aragonite saturation state of the overlying water col-acidification (Fig. 5b). The nighttime NCC pattern for turfs
umn, AQ,/Ar was calculated based ¢r), g, and f,,. Here,  was qualitatively similar to that of the CCAs whereas NCC
AQa/ At was normalised to a 1fiplanar surface area and a pattern forHalimedavaried between marginally positive and
depth of 1 m, the latter representing the average water depthegative (Fig. 5¢). The sand community showed the strongest
across the Heron reef flat and across tidal states. Under asariation in NCC variation across treatment combinations
sumptions of full mixing between reference points along the(Fig. 5e). Interestingly, the pattern of nighttime NCC rates
water path (Lagrangian transect), the contribution of benthicwas largely similar to the daytime pattern. Specifically, NCC
fluxes toAQ,/ At will scale inversely with depth (Eq. 5). at low CQ, and low flow was not markedly different from

Data ong,, p, and AQa/At as functions of light, flow zero, whereas high flow and acidification led to significant
and CQ were not amenable to statistical testing as we usedates of dissolution. Other flow and G@ombinations led to
2—4 repeated experiments with the objective of good repreintermediate rates of dissolution (Fig. 5e).
sentation (large benthic samples) rather than high replica- Within-treatment variation in NCC between repeated
tion. Therefore, carbon flux means of treatment combinationsexperiments was generally low for all benthic groups,
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Net Community Calcification (NCC) ~ Net Community Production (NCP) time NCP with flow increase under low and a further
120 7 corals (Acropora A 1207 G marginal increase in the high G@nd high flow combina-
80 9 Aspera, N4} = jD tion (Fig. 5h). At ambient C@ NCP inHalimedawas nearly
* | N DD doubled under high compared to low flow (Fig. 5i). Under
40 40 .-l. acidification, however, NCP fell within the intermediate of
80 80 this range. For turfs, daytime NCP increased around 75 %
0 ] Crustose coraline B 0] H in the acidification/high-flow combination compared to all
o R 0 DDmD other treatment combinations (Fig. 5j). The sand community
0 ‘DDEE’——*—_- 0 1 showed a weak and mixed NCP response to acidification and
o] o] .l-l flow. Daytime NCP in the sand was potentially higher in the
30 30 acidification/high-flow compared to the high-flow/low-€O
:g: (C:'aclgrv,ieffaas'i;em) C zg ! combination (Fig. 5k). Lastly, NCP by fleshy macroalgae
— 401 ' 40 (Chnoospora implexancreased around 25 % with increased
;; 2 OO 20 DBDH flow at low CQ, (Fig. 51). Under acidification, this difference
E o] T 4 ---- increased to more than two-fold. Interestingly, the daytime
£ 40 40 macroalgal NCP declined around 30 % in response to acidi-
g o] Tur(fjs (cdroppfed altggeN zD) o] D ) fication at low flow, but was enhanced under acidification in
é 2 4 on dead reef matrix, = It : hlgh ﬂOW.
g 0 — === 0 DDD --! The negative n.ig'h.ttime NCP'b&\. asperawas nearly
8 zg ] iﬁ ] - doubled under acidification, but independent of flow (black
60 1 0 ] columns in Fig. 5g). In CCAs, high flow stimulated a further
20 7 sand E 207 K decrease in nighttime NCP, especially under acidification
1 | (from reefflat, N.=3) 10 mmmm (Fig. 5h). In contrast to corals and CCAs, nighttime NCP in
01F = e P ==m 0 1 .I.!!! Halimedawas 2073(.) %'reduced under gcid@fication,. but was
10 1 -10 A unaffected by variation in flow speed (Fig. 5i). The nighttime
20 4 20 1 NCP pattern for turfs was qualitatively similar to that of the
150 7' Fleshy macroalgae F 150 7 L CCAs (Fig. 5j). High flow led to a marked drop in night-
100 9| (Chineesaorasp, i =J) 100 time NCP for the sand community under low €(ig. 5k).
B ” D [ This drop in NCP was maintained under acidification at low
o T -!-. flow, but increased marginally under high flow. The pattern
100 100 of nighttime NCP by the fleshy macroalgae was qualitatively
Flow(cms?): 8 35 8 35 8 35 8 35 8 35 8 35 835 8 35 similar to that of the turfs, except absolute NCP rates were
PCO;(uatm): LOW  HIGH  LOW  HIGH LOW " HIGH " Low" " HiGH more than 2 fold higher in the macroalgae (Fig. 5I). Analo-
Time: DAY NIGHT DAY NIGHT gous to results for NCC, within-treatment variation in NCP

Fig. 5. Net rates of community calcification (left panels) and pro- was low, less than 30 % of the mean for most treatment com-

duction (right panels) at high light (day, grey columns) and in dark- Pinations and benthic groups.
ness (night, black columns) under varying flow velocities (8 and
35cms 1) and pCO, regimes (Low = 350-450 patm, High=560— 3.3 Contributions from benthic groups to changes in
700 patm). Data are mea#SE of N =2 to 4 replicate communi- aragonite saturation state ;)
ties. Note different scales gnaxes.
Net daytime carbon fluxes driven by corads @speraled to
positive changes in th&, of the flume water at low C®
including Halimeda and turfs, which were only repeated (grey columns in Fig. 6a). Here, high flow led to a dou-
once, demonstrating the high level of habitat representatiorbling of the positive2; change over corals (from 0.120.07
of each experiment. Specifically, standard errors were genetto 0.26+ 0.08 IT'1). Under acidification, however, a change
ally less than 20 % of the mean (Fig. 5). from low to high flow shifted the daytim@, changes from
positive to negative£0.15+ 0.10 1) owing to increasing
3.2 Effects of CG and flow on net rates of community net community calcification. At night, corals lowered the
production flume waterQ, dramatically (-0.55 to—0.86 h1), approx-
imately 3-5 times more so than the positive changes during
At low COg, the net daytime rate of production (NCP) in the day (black columns in Fig. 6a). Here, the negative night-
corals A. asperd increased marginally under high flow, time changes ir2; were 20-30 % greater than under low
but declined by 20-30% under acidification at high and CO, mainly as a result of increasing dark respiration.
low flow (grey columns in Fig. 5g). Crustose coralline al-  Contributions from crustose coralline algae (CCAs) to
gae (CCAs) showed a similar marginal increase in day-changes inQ2; were less than 20-30% of the changes
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observed for the corals (Fig. 6b, note different scales on 10 - Acropora aspera A _ Crustose coralline B
y axes). Also, in contrast to corals, daytime changefin 02 4 2l8%€

over the CCA community did not vary significantly among %] 01 'mﬂﬁﬁ

CO, levels and flow speeds, but showed large variation at 0.0 1 @ 0.0 1 - [ ]
night. Specifically, at ambient GQnegative2, changes by 05 1 ..II 017 l .
CCAs at night were amplified under high flow by around o o

50% as a result of increasing dark respiration. Interestingly, Halimeda spp Turfs D
acidification reduced the negati¥®, change at low flow by ]
more than 50 % (potentially due to net dissolution), but the
combination of acidification and high flow did not alter the
Q4 change compared to the ambient £Bigh-flow combi-
nation (Fig. 6b).

0.4 1

Ezﬂﬁmﬁll_'ggmmmﬂ__,!

Mean change in Q, of overlying 1-m water column (m h)

The daytime pattern of2; changes caused by tli¢al- 047 cond ] 06 Macroalgae
imedacommunities largely reflected the pattern of net com- 03 12 7
munity production in this group (Figs. 5c and 6c). At low 0.2 1 08 1
CO,, high flow increased the, change five-fold (but o1 ﬁmmm T 04 jDDD
with large uncertainty due to low community replication). o Bl SN --.
Under acidification, the daytime change {2, was in- 02 08 |
creased four-fold within the low-flow treatment relative to 03 4 1 J
the low-flow/low-CQ conditions. The uncertainly around Flow(ems?): 8 35 8 35 8 35 8 35 8 35 8 35 8 35 8 35
Q4 changes in the high flow treatments was too large to al- Pe0:(katm):  LOW  HIGH  LOW  HIGH LOW HIGH LOW HIGH

DAY NIGHT DAY NIGHT

low comparison with other treatment combinations. At night,

negative changes i, were decreased by approximately rig 6. Estimated hourly changes in seawater aragonite saturation
50% under acidification (Fig. 6c), in part due to the in- state @ Qa/Ar) for benthic groups in a 1 m deep reef flat area based
creased, albeit low, net dissolution at high £4hd decreas- on Eq. (5) and carbon flux rates in Fig. 1. Error bars are standard
ing dark respiration (Fig. 5c). Overall, positive changeQin  errors of the mean determined based on Monte Carlo analyses of
by Halimedaduring the day were approximately balanced by data in Fig. 5 (see methods). Note different scaleg axes.
negative changes during the night.
Turf areas elevated seawateg by more than 0.2 during
the day, and almost twice so compared to negative changeffow combination enhanced negati¥&, changes by 20—
in Q5 at night (Fig. 6d). Interestingly, the acidification/high- 30%. Similar to the turfs and sand communities, carbon
flow combination elevate€, almost twice that of the other fluxes by C. implexaled for most CQ/flow combinations
treatment combinations (0.520.0211). The nighttime to significantly positive net changes§ty over the day/night
pattern in2; changes over turfs followed that of CCA and cycle.
Halimeda except that2; changes over turfs were smaller
for the acidification/low-flow treatment 3.4 Relative contributions from carbon flux processes to
The daytime pattern i€, changes over the sand commu- Q, patterns
nity was comparable to that of turfs, but wigh changes be-
ing around 50 % lower and exhibiting more within-treatment The six benthic groups varied with respect to carbon flux
variation (Fig. 6e). Daytime changes i, in the sand in-  contributions to2; changes from photosynthesis, calcifica-
cubations were also more than twice those at nighttimetion, respiration and dissolution. In corals, contributions were
Analogous to turfs, the positiv, change by turfs in the strongly, and almost equally, driven by photosynthesis and
acidification/high-flow combination was around 50 % greater calcification during the day and respiration and calcification
than at ambient C&for both flows. At night, carbon fluxes by night (Fig. 7a). In CCAs, daytime changes were
in the sand community led to a marginally decreaSgcat driven slightly more by net community production than calci-
ambient CQ, but this pattern was reversed under acidifica- fication (Fig. 7b). At nightQ2; changes by CCA were driven
tion/high flow treatment (Fig. 6e). by respiration and to an increasing degree by dissolution un-
In contrast to the pattern for corals and to some ex-der acidification. The partitioning of flux contributions from
tent CCAs, hourly changes i®, driven by macroalgae Halimedafollowed a similar pattern to that of CCAs except
(Chnoospora impleXawere high (0.5-1.11) for all CO, with less dissolution and a larger contribution from net com-
and flow combinations during the day (Fig. 6f). Here,£CO munity production under acidification (Fig. 7¢). The pattern
and flow showed interaction: positi@; changes were ex- of flux contributions ta®2,; changes for turfs and macroalgae
acerbated by flow, and the flow effect was further enhancedvere largely similar in that they were near parallel with the
under acidification. Interestingly, acidification led to reduced p—r axis under ambient GQ(Fig. 7d and f). Under acidifi-
change inQ2, at low flow. At night, the acidification/high- cation, turfs in particular showed a larger contribution from
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10 p— 03 , the observed changes @, driven by coral versus algal-
ArCorals ) lowtow o dominated habitats. This community variation reflects dif-
05 P I:;:ﬂﬂ{ ferences between parts of the reef crest and reef flat, sea-
— ngco, o1 sonal variation in algal abundance, and to some extent varia-
00 P == '] © tion in herbivory on macroalgae. Also, the contrasts in com-
/ = ot munity composition within zones used here can represent
os | L Lo e a shift from coral to algal dominance expected temporarily
Day , 02 under environmental stress including cyclones and bleach-
5 10 03 : ing events. For the back-reef/lagoon environment we com-
T T i pared a sand/turf-dominated habitat with varying abundance
% % ¢ Halimeda 8 Ioiturts o of macroalgae. Again, these scenarios represent spatial and
‘é seasonal variation as well as community shifts caused by dis-
g ” I e I ight turbances. As most shallow-water habitats across Heron Reef
-“‘_E; gat o > experience varying water flows over the day due to tides and
: 00 e p <] 00 ‘”:TSP’ 7 wind (Gourlay and Colleter, 2005), we combined flux data
= 72 for low and high flow rates and only produced community
g 03| Da I 04 I estimates of2; changes for day versus night and for ambient
I & p versus high CQ.
8 0 T T 0 os o Pus o1 o0 o4 s Diurnal net carbon fluxes by the coral-dominated
g . . 15 ) (60%) crest community led to marginally negative
© E:Sand  d F:Macro- 4 (-0.11+0.09h1) average changes i®, under ambi-
o 0| algae ent CQ but significantly negative averagg, changes under
Night 05 Fo acidification (0.23+0.14hhl, Table 1Bi). At ambient
oo b < é I I I e | COy, the negative nighttime value aka/A¢ driven by
. the coral dominated community—0.43h 1) was almost
o 05 I twice the positive value during the day (0.21%. Under
10 . acidification, this difference increased to almost 5-fold
o g s 4 (—0.57 vs. 0.13h1). This was partly due to the drop in
02 01 00 01 02 15 10 05 00 -05 -10 -15 AQa/Ar under acidification, which was driven principally
Contribution from net photosynthesis to AQ, / At by reduced NCP.

_ o o o In contrast, the daily averagaQ,/At value over the
Fig. 7. Partitioning of contributions from net photosynthesisXis)  macroalgae/turfs/sand-community (representing a coral and
and net calcificationy(axis) to changes in aragonite saturation state cca degraded habitat) in the back-reefllagoon environ-
(AQa/Ar forlm water. depth) depicted in Fig. 6. The cont_ribution ment was marginally positive-(0.12+ 0.09 tTl) under both
from net photosynthesis was calculate@pags (corrected for air-sea ambient and high COregimes (Table 1Biv). Here, pos-

CO, exchange) and the contribution from net calcification was cal- ... . . . .
©2 ge) itive daytime changes in2; were approximately twice

culated ag;, (b—2a), forming the two terms in Eq. (5). The lengths . . ; 1
of arrows are proportional to their contribution fo2a/Ar. Note € negative nighttime changes (0.47 vs0.21h" and

different scales on both axes and the reversed scale of this. ~ 0-45 vs. —0.22h%, respectively). This community type
The symbolsp, r, g andd denote the direction towards photosyn- (iv) elevated Q, twice as much as the coral community
thesis, respiration, calcification and calcium carbonate dissolution(i) during the day at ambient CGCand four-fold under acidi-
consistent withCt and At axes in Fig. 1. fication. At night, the macroalgae/turf/sand community low-
eredQ2, by only half that of the coral community.

In the mixed turf/macroalgae (ii) and sand/macroalgae (jii)
dissolution. The flux contribution pattern for sand was nearlyback-reef and lagoon environments, benthic carbon fluxes
the opposite of that of corals (Fig. 7e). Here, dissolution wasdriving positive changes if2; during the day were balanced

a dominant driver especially under high flow. almost completely by negative changes at night (Table 1Bii
and iii). The large negative nighttime values/®f2,/ At for

3.5 Predicted changes 25 by different benthic the turf/macroalgae community (ii) were due to a significant

communities amount of coral (15 %) and fleshy macroalgae (30 %), both

having high rates of dark respiration (Fig. 5). Similar to the
To estimate how different benthic habitats contribute to car-macroalgae/sand/turf community in the lagoon environment
bon chemistry changes across shallow-water reef environiv), but in contrast to corals (i), acidification did not sig-
ments, we used four community compositions representnificantly change the extent to which benthic carbon fluxes
ing those found in two major zones: crest/outer reef flataffectedS,.
and back-reef/lagoon. For crest/outer reef flat we compared
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Table 1.Four scenarios for (A) benthic reef community compositions across the shallow-water environments of Heron Reef flat and lagoon,
and their (B) predicted impacts on hourly changes in the aragonite saturatiomsiateAr h—1) of a 1 m deep water column under ambient
(350-450 patm) and high (560-700 patm)L8ffects of flow are omitted so data encompass daily flow variation. Projections assume full
vertical mixing and advection only. Estimates®f25/ At are here the sum of hourly day and night contributions (assuming 12h day:12h
night) from the benthic groups based on data in Fig. 5. Means of day and night contributions are given on bold. Standard errors (in brackets)
are calculated using Monte Carlo analyses — see methods.

Crest/outer reef flat Back reef/lagoon
Scenarios: (i) Corals/ (i) Turfs/ (iii) Sand/  (iv) Macroalgae/

CCAs/ macroalgae/ macroalgae/ sand/

turfs corals corals turfs
(A) Benthos (cover, %)

Corals 60 15 10 0
CCA 20 5 5 0
Halimeda 0 10 5 5
Algal turfs 15 30 10 25
Sand 0 10 50 30
Fleshy macroalgae 5 30 20 40

(B) Impact on carbon chemistrzQa/ At, h_l) for whole communities at 1 m depth

LowCO, Day 0.21 0.40 0.28 0.47
(0.08) (0.07) (0.05) (0.07)
Night —0.43 —-0.32 —-0.20 —0.22
(0.09) (0.07) (0.05) (0.07)
Mean —0.08 0.04 0.04 0.10
(0.09) (0.10) (0.07) (0.07)
HighCO, Day 0.13 0.42 0.30 0.45
(0.11) (0.06) (0.05) (0.06)
Night —0.57 —-0.35 -0.23 —0.22
(0.07) (0.07) (0.06) (0.08)
Mean —-0.23 0.04 0.04 0.12
(0.12) (0.09) (0.07) (0.09)
4 Discussion equal to 1 results in no net change in the seaw@tgmhile
changes at a ratis 1 will increase2,, and changes at a ra-
4.1 Contributions from benthic groups to changes in tio <1 will reduceQ2a (Andersson and Gledhill, 2013). In
reef water 2, the present case, net coral calcification was only negatively

affected at high C@and low flow, whereas net coral pro-
. ducti t ly d d during the d d irati
The results of this study demonstrate that the carbon fluxegturgrll(;?y Sinrgrr:a%)s/ede;trerﬁgﬁt unudrg:ga” Ei gr? ){g%gn drigzglsra on

.Of Six common benthlc. community groups drive S(.%“’\""‘terThe increased metabolic activity may indicate that the corals
inorganic _carb_on-chem!stry_ and carbonate s_aturatlon St_atﬁ/ere stressed or simply had to work harder to maintain their
cEalr;ges mt dlﬁer?nr;[ g_ltre::tloxts and t(: varying ?)ge_rlg_ N calcification rates under these conditions. At the other ex-
shatow-waler reet haoita's. one extreme, reel-oul Ingtreme, macroalgae, turfs and sand communities contributed
corals (here represented by the branching sp umespora g average with positive changes iy of the reef water.
asperg re_((jjl.;lc_ce :he r%?éw%éga rr;arked!lyh esp(icollallygnder This was illustrated most clearly by the coral-degraded back
ocean acidriica _|on( —Aupatm OThe net draw OWN  reef scenario (Table 1iv). Here, the average day and night-
of Q4 by corals is partly due to high rates of day- and night- time changes irc2, approximated around 0.120.09 't

time calcification and respiration. Specifically, changeR4in at both low CQ (350—450 patm) and under acidified con-

drlven. by cgrals Stﬁmi. froT thet Corﬂ.'n%_and raélct)hof nitditions. This result implies that extensive areas dominated by
organic carbon production to net caictlication, and the su ‘macroalgae, turfs and sand may partially counteract net re-
sequent modification on the seawat®r: At ratio (Suzuki

) . ductions inQ2, by corals and CCA, depending partly on the
_and Kawahata, 2003; Anderss_o_n and Gledhill, 2Q13)' At typ'residence time of water over each habitat type and partly on
ical coral reef seawater conditions, and assuming consta

nt‘weiru stream—downstream arrangement. The projections of
temperature and salinity, ACt: AAT ratio approximately P g pro)
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Qa changes for water over mixed reef communities (ii and net primary productivity of tropical algal turfs and seaweeds
iii) supported this hypothesis as their averageSiethanges  was significantly enhanced by increased water flow in the
were intermediate of those of the coral dominated (i) andCaribbean (Carpenter et al., 1991). Similar processes may
macroalgal/sand turf dominated (iv) communities. be occurring during dark respiration. Under ambient, non-
Benthic carbon fluxes and their contributions to changesacidification scenarios, the response of turf algae and fleshy
in Q5 showed mixed responses to €@nd flow variation  macroalgae to increased flow was minor, compared to a dra-
across the benthic groups. Interestingly, high flow speed (33natic increase in both net production and respiration under
compared to 8 cm®) did not enhance calcification in corals, high flow and acidification treatments, supporting the impor-
CCA or Halimedaunder ambient C@ Under acidification, tance of water flow as a major driver of carbon fluxes partic-
however, high water flow increased calcification to the ex-ularly in reefs dominated by algae.
tent that it effectively counteracted the observed negative ef- Patterns ofAQ,/Ar were driven by flux contributions
fect of acidification at low flow. Flow has previously been from calcification and respiration (negative, contribu-
demonstrated to enhance coral calcification (Dennison andions via a relative increase in thér: At ratio, Fig. 1),
Barnes, 1988), photosynthesis (Mass et al., 2010) and respi&nd from photosynthesis and dissolution (posith@, con-
ration (Patterson et al., 1991) through forced convection (Pattributions by a relative decrease in tidg : A7 ratio). For
terson, 1992) and increased time-integrated supply of foodll groups, variation in net production was more diagnos-
and nutrients. Furthermore, as effects of flow increments onic of Q4 variation than was net calcification. For example,
mass transfer are strongest for flows below around 5dms the effect of acidification on the contribution of corals to
(Baird and Atkinson, 1997) it is likely that the mass fluxes of changes ir2; were driven mostly by the 20-40 % decrease
carbon species affecting rate-limitation of calcification in this in net photosynthesis and 30-50 % increase in dark respira-
study were already strongly elevated at 8 cthsNonethe-  tion (Figs. 5 and 6). Also, the pattern of variationsir of
less, the positive interaction between flow and acidificationthe flume water overalimedawas mapped more by the pat-
on coral net calcification may be attributed to the increasedern of net photosynthesis than by that of calcification. Im-
supply of food and nutrients, but further investigation is re- portantly, AQ5/Ar was here normalised to a 1 m deep water
quired to fully explore these results. column, but is scalable to other depths depending on the de-
Acidification reduced calcification of CCA but only at low gree of vertical mixing.
flow (Fig. 5b). The mechanism by which increased water The ratio ofCt: At ratio is partly influenced by the ratio
flow ameliorated the effects of ocean acidification on CCA of photosynthesis to respiration (P : R ratio). Several studies
is not clear, but could partly be due to increased supply ofthave suggested that the P : R ratio on coral reefs converge on
nutrients. However, as production and calcification are pos-unity, partly due to high autotrophic respiration under nutri-
itively correlated, and since we found enhanced productiorent limited conditions (e.g. Falter et al., 2011). However, our
of CCA with increasing water flow (Fig. 5b), possibly due to results do not directly support this hypothesis for two rea-
increased supply of C£to the site of photosynthesis (par- sons. Firstly, the ratio of daytime to nighttime rates of NCP
ticularly under acidification), it is likely that production en- for the six benthic groups varied to different degrees across
hanced calcification in our experiments. These results parthflow and CQ treatments (Fig. 5). Secondly, our study only
support the observation that CCAs typically thrive in high- includes some, albeit dominant, components of the reef ben-
energy environments (Chisholm, 2003). In contrast, calcifi-thos, and does not capture the contribution from other key
cation by turfs, and to a larger extent the sand communitygroups such as filter feeders and the plankton community.
responded negatively to both acidification and flow, as the
rate of net dissolution by sand was exacerbated under high.2 How does benthic community composition affect
flow. These results are consistent with observations from seawater chemistry?
field studies of calcification/dissolution responses of sand
and sediment communities on Heron reef under natural carOur analyses showed that variations in benthic compositions,
bon chemistry variation and tidal cycles (Santos et al., 2011)especially for corals and macroalgae, can lead to large spa-
The strong interaction between flow and acidification in tial and diurnal variations 82, in shallow water. In exten-
their impact on net photosynthesis of turfs and macroalgaesive back-reef and lagoonal environments on reefs like Heron
may be explained by two processes: First, since 8@ sub-  Reef (10 kmscale), even small variations in net community
strate for algal photosynthesis (Lobban and Harrison, 1997}alcification and production by sand and the turf assem-
an increase in C®can potentially enhance algal photosyn- blages, which both contribute relatively little o, changes
thesis (at least for those species relying on@€@lisation via  per unit time and per A may translate to large absolute con-
diffusion, e.g. red algal turfs, Fig. 5b) (Raven, 2011). Secondributions to2; changes in downstream habitats. Transitions
increased flow means breakdown of boundary layers over thérom coral-CCA dominance to algal and turf dominance on
thick algal mats and mixing of water in between the thalli, reef systems subjected to disturbances (e.g. Done, 1992) may
contributing to nutrient uptake, including uptake of carbon hence shift the seawater carbonate chemistry dramatically.
(Wheeler, 1980) and enhanced gas exchange. For examplEpr example, the net balance in a system with abundant
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calcifying groups is negative, while the opposite occurs in impacts of ocean acidification, Glob. Change Biol., 17, 3655~
reefs with dominance of benthic seaweeds, algal turfs and 3666, 2011.

sand. These findings have important implications for under-Baird, M. E. and Atkinson, M. J.: Measurement and prediction of

standing variability in carbon fluxes and calcification in the = Mass transfer to experimental coral reef communities, Limnol.
GBR and suggest that degraded coral reefs may contribute Oceanogr., 42, 1685-1693,1997. o

positively to calcification in downstream habitats. Bates, N. R. and Peters, A. J.: The contribution of atmospheric acid

Potential positive effects of macroalaae on reef acidifica- deposition to ocean acidification in the subtropical North Atlantic
P 9 Ocean, Mar. Chem., 107, 547-558, 2007.

tion (e.g. by providing "Chem'c"’?' resilience” to the system) Bates, N. R., Amat, A., and Andersson, A. J.: Feedbacks and
may be counteracted by negative effects of macroalgae on regponses of coral calcification on the Bermuda reef system
ecological resilience, e.g. coral recruitment and space com- to seasonal changes in biological processes and ocean acidifi-
petition (McCook et al., 2001; Diaz-Pulido et al., 2010). This  cation, Biogeosciences, 7, 2509—2530, H0i5194/bg-7-2509-
negative effect will, however, depend on the type of macroal- 201Q 2010.
gae dominating the reef. For example, reefs dominated byCaldeira, K. and Wickett, M. E.: Anthropogenic carbon and ocean
seaweeds that are known to kill corals through secondary PH. Nature, 425, 365, ddi0.1038/425365&2003.
metabolites, such dsobophora ChlorodesmigRasher and ~ Carpenter, R. C., Hackney, J. M., and Adey, W. H.. Measure-
Hay, 2010; Diaz-Pulido et al., 2011), or by altering micro- ments of primary product_lvny and r_ntrogen_ase activity of_ coral
bial environments on the surface of the corals (Smith et al., reef algae in a chamber incorporating oscillatory flow, Limnol.
2006) may not benefit from seaweed abundance. On the oth Oceanogr., 36, 40-49, 1991. .

. ) . P(fhlsholm, J. R. M.: Calcification by crustose coralline algae on the
hand, reefs with abundant seaweeds that are not chemically

: northern Great Barrier Reef, Australia, Limnol. Oceanogr., 45,
loaded such a€hnoosporaHydroclathrus etc, may benefit 1476-1484, 2000.

substantially by algal abundance, disregarding other indirecthisholm, J. R. M.: Primary productivity of reef-building crustose
affects arising from for example competition for space and coralline algae, Limnol. Oceanogr., 48, 1376—1387, 2003.
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