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Abstract. The rugged submarine topography of the Azoresential settlement and growth of calcareous epilithobionts on
supports a diverse heterozoan association resulting in indown-facing substrates.
tense biotically-controlled carbonate-production and accu- In context of a latitudinal gradient, the Azores carbon-
mulation. In order to characterise this cold-water (C) factoryate cycling rates plot between known values from the cold-
a 2-year experiment was carried out in the southern Faiatemperate Swedish Kosterfijord and the tropical Bahamas,
Channel to study the biodiversity of hardground communi-with a total range of two orders in magnitude. Carbon-
ties and for budgeting carbonate production and degradatioate budget calculations for the bathymetrical transect yield
along a bathymetrical transect from the intertidal to bathyala mean 266.9 kg of epilithic carbonate productie’4.6 kg
500 m depth. of bioerosion, and 212.3 kg of annual net carbonate produc-
Seasonal temperatures peak in September (above a thetion per metre of coastline in the Azores C factory.
mocline) and bottom in March (stratification diminishes)
with a decrease in amplitude and absolute values with depth,
and tidal-driven short-term fluctuations. Measured seawa-
ter stable isotope ratios and levels of dissolved nutrients ded
crease with depth, as do the calcium carbonate saturation . :
states. The photosynthetic active radiation shows a base o-lfhe summits and flanks of non-tropical seamounts and vol-

the euphotic zone in70 m and a dysphotic limit in-150 m canic island archipelagos provide a frame for intense bio-
depth genic carbonate-production and accumulation, classifying

them as important “carbonate factories” of the C factory type

Bioerosion, being primarily a function of light availability T
for phototrophic endoliths and grazers feeding upon them(COOI water + controlled precipitate; sensu Schlager, 2000).
This is because of the availability of hardgrounds in form of

is ~10 times stronger on the illuminated upside versus the

shaded underside of substrates in the photic zone, with ma>$—_he vkt))lcanlic basTme_nt at z;nyhder?tg ra(;lge, th_e rﬁzstric;[]ed d"g'
imum rates in the intertidal{631 g/nf/yr). Rates rapidly tion by volcanoclastics and the hydrodynamically enhance

decline towards deeper waters where bioerosion and carboﬁ[c’ph'c regime. The result is a pronounced biodiversity in-

ate accretion are slow and epibenthic/endolithic communi—Cluding carbonate-secreting benthic organisms (coralline al-

ties take years to mature. Accretion rates are highest in thdae: serpphds, mollusc's, brachiopods, bryozoans, crinoids,
lower euphotic zone (955 ghyr), where the substrate is less scleractinians, st_ylasterlds, etc.) that haye been reporte_d from
prone to hydrodynamic force. Highest rates are found — in-Seamounts and island flanks at any latitudes (see review by

versely to bioerosion — on down-facing substrates, suggestRogers' 1994).

ing that bioerosion may be a key factor governing the prefer- 11 Azores Archipelago comprises nine volcanic islands
and is a prime target for studying a C factory carbonate-

production centre and its heterozoan association (sensu

Correspondence tavl. Wisshak James, 1997), in the so-called warm-temperate carbonate
BY

(max.wisshak@gzn.uni-erlangen.de)  province (sensu Betzler et al., 1997). The Azores are located
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in a key position in the central North Atlantic in the north- 5m platform, and recovery of the damaged second one, after
eastern segment of the subtropical gyre, framed by the Nortlonly 3 months of exposure.
Atlantic Current in the north and the Azores Current (a re- The design of the experimental platforms is illustrated
circulating branch of the Gulf Stream) to the south (Santos ein Fig. 1 and comprises a PVC frame with four concrete
al., 1995). The rugged submarine topography of this area igilled tube legs. At 5 to 60 m water depth the platforms
characterised by a high number of seamounts (63 large andere equipped with further concrete weights and the shal-
398 small mapped mounts in the Exclusive Economic Zonelower panels were additionally tied to steel anchors driven
(EEZ) of the Azores; Morato et al., 2008). Apart from these into the sea-floor. On the platforms various substrates and
seamounts, the Faial Channel between the islands Faial anghta loggers were mounted. Three sets of 5 dried and preci-
Pico is about to become a research hotspot owing to its resion weighed substrate replicasxdD0x 1 cm in size of PVC
markable biodiversity (Tempera et al., 2001a, b; Temperaand limestone (sealed on all sides but the upper side with
2009; see Martins, 1990 for a bibliography on the Azoresepoxy resin) were mounted with central nylon bolts and nuts
marine fauna and flora) and has been established as a Maring the orientations (1) up-facing, (2) up-facing but located
Protected Area in late 2008. Research in this area is proin a grazer exclusion cage, and (3) down-facing. Embed-
moted by the proximity to the Department of Oceanographyded mollusc shells and Iceland spar crystals serve for a later
of the Azores University, and the availability of a manned identification of bioeroding endoliths and their traces. For
submersible operated by the Rebikoff-Niggeler Foundation.ensuring relocation, the platforms beyond 60 m water depth
both located in Horta, the capital of Faial. were equipped with a miniature acoustic transmitter attached
In 2006 an experimental study was launched with the sup+o a recovery sling that was held upright in the water column
port of the submersible “Lula” to study the biodiversity of by a floating device and label disc.
hardground communities and for budgeting carbonate pro-
duction and degradation along a bathymetric and hydro2.2 General habitat characterisation
graphic transect covering all photic zones from the shallow-
euphotic intertidal to aphotic upper bathyal depths. In theThe general habitat characterisation is based upon direct
present paper, we characterise this C factory with respecseafloor observations and photo + video documentation un-
to (1) general habitat characteristics in the southern Faiatlertaken during a total of 15 submersible and 8 SCUBA
Channel, (2) environmental data recorded in situ via high-dives in the southern Faial Channel. During these dives, se-
resolution loggers, (3) the photic zonation pattern, (4) wa-lected calcareous epibenthos was sampled, complementing
ter properties such as nutrient and stable isotope signaturetje wealth of epiliths that were found settling on the exper-
(5) carbonate system parameters, and (6) carbonate accretiomental frames, allowing for a proper taxonomic identifica-
and bioerosion rates for different substrate types and orientation.
tions. Based on these data we budget the carbonate cycling in
this warm-temperate carbonate factory. Detailed assessmen®3 Logging environmental data
of the biodiversity of the calcareous epibenthos, respectively
the ichnodiversity of bioeroding biota, will be the subject of Year one platforms were equipped with a temperature logger
consecutive papers. (STAR-ODDI Starmon Mini; 5 min. measurement interval;
accuracyt 0.05°C) and year two platforms carried a temper-
ature/salinity recorder (STAR-ODDI DST CT; 20min. in-

2 Material and methods terval; T accuracy+ 0.1°C; S accuracy+ 0.75). Salinity
is given on the Practical Salinity Scale 1978 (PSS) as es-
2.1 The experimental design tablished by the UNESCO (1981). The latter logger type

turned out to be unsuitable for such a long-term deployment
The experimental design was modified from the approvedand they where all leaking, so that only a partial readout was
setup applied during the Kosterfjord Experiment (Wisshak etachieved. In the intertidal, two HOBO Water Temp Pro tem-
al., 2005; Wisshak, 2006). The basic unit were experimen-perature sensors (30 min. interval; accurac§.2°C) were
tal platforms mounted to cliff boulders in the intertidal zone, mounted on the cliff boulders.
placed by scuba diving (down to 15 m water depth), and de-
ployed with the submersible “Lula” (below 15m) along a 2.4 Light measurements
bathymetric transect in 0, 5, 15, 60, 150 and 500 m water
depth, covering all photic zones from the intertidal to aphotic The penetration depth of the photosynthetically active ra-
depths (Fig. 1). At each depth station two panels were dediation (PAR; 400 to 700 nm wavelength; unit =pumol pho-
ployed, the first of which was recovered after one year andons nT2s1) was measured with a LICOR Spherical Quan-
the second subset after 2 years of exposure. Significant dantum Sensor (LI-193SA) and data logger (LI-1400) succes-
age to the experimental frames, due to hydrodynamic forcesively lowered from a small boat to minimise shadowing.
during heavy winter storms, was limited to the loss of one The data was then translated to percentages with respect
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Fig. 1. The bathymetrical transect from the intertidal to 500 m water depth in the southern Faial Channel (left) located between the islands
of Faial and Pico of the central Azores Archipelago (upper right), and the design of the experimental platforms (lower right).

to surface irradiance (measured few centimetres below seawater and concentrated in a calibrated volume to measure the
level). Seven light/depth profiles were logged in late Septem-CO, yield. Thes13Cp,c is given versus PDB with a standard
ber 2007 and 2008 around midday under a range of weathegrror of + 0.05%o.

conditions. At each depth station and in air, 10 measurements Nutrients, total alkalinity (TA), and dissolved inorganic

were taken and averaged. carbon (DIC) were measured at the IFM-GEOMAR in Kiel.
Nitrate, nitrite, and phosphate were measured photometri-
2.5 Analyses of water samples cally (Hitachi, U-2000) according to the standard methods

by Hansen and Koroleff (1999) with a precision levels of

During dives in September/October 2007 (Lula dives 123 to+ 0.5,4-0.02, andt 0.05 pmol/l. Ammonium was measured
127) and September 2008 (dives 132 to 136), two 100 ml subfluorometrically (Kontron Instruments, SFM 25) according
samples of ambient sea-water from 60, 150, 350 and 500 nto Holmes et al. (1999) with a precision &f0.08 pmol/l.
depth were taken via a valve in the submersible, filtered withTA was measured in duplicate using a potentiometric, open-
a 0.2 ym PES filter, and immediately treated with 0.1 ml sat-cell titration procedure according to Dickson et al. (2003).
urated HgCJ solution before sealing in boron glass bottles. GF/F (0.2 um) filtered seawater samples of 10 to 159 were

Oxygen and carbon stable isotope analyses were caraccurately weighed (Sartorius, 1416B MP8-1) and titrated
ried out at the Leibniz-Laboratory in Kiel. Two 0.5ml with 0.005 N hydrochloric acid (HCI) in an automatic titrator
sub-samples were analysed on a Finnigan Gas Bench I(Metrohm, Titrando 808). The average precision between
unit coupled to a Finnigan Deff&S XL mass spectrome- duplicate measurements wa2l pmol/kg. DIC was mea-
ter. Thes180syy is given versus V-SMOW with precision of sured photochemically according to Stoll et al. (2001) us-
+ 0.04%o0. Thes13Cp,c was analysed using a Kiel DICI Il de- ing an automated segmented flow analyzer (Bran+Luebbe,
vice, operated online with a Finnigan Delta E dual-inlet massQuAAtro) equipped with an autosamplet (0 pmol/kg ac-
spectrometer. The samples were reacted with 2 ml 30% phossuracy and+5 umol/kg precision). Both, TA and DIC
phoric acid, the C@stripped with Ngas, trapped from car- were calibrated with certified seawater reference material
rier gas at liquid nitrogen temperature, distilled from residual (Dickson standard).
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2.6 Carbonate system calculation Large boulders also shape the seafloor at the 5 and 15m
stations with areas of mobile sediment in-between. Cal-

The carbonate system was computed from the measured tergareous epibenthos is dominated besides calcareous algae
peratures, salinities, phosphates, TA and DIC concentrationpy the serpulidSpirobranchus polytremahe bryozoan gen-
using the CO2SY'S program (Lewis and Wallace, 1998) witheraAetea StephanollongEscharinag andScrupocellariathe
the dissociation constants for carbonic acid of Mehrbach etirriped Verruca spengleriand the vermetitVermetus rugu-
al. (1973) after the refit of Dickson and Millero (1987). Re- |osus The foraminifersMiniacina miniaceaand Discora-
ported pH-values were given in the total hydrogen scale.  mulina bollii are ubiquitous faunal elements from this depth

) . ) downward. Among the mobile fauna the pen sHglna
2.7 Assessment of bioerosion and accretion rates nobilis is the most conspicuous element (Fig. 2c). Winter
storms may cause waves more than 10 m in height, inducing

After retrieval, the experimental platforms were taken apartStrong hydrodynamic forces on the seafloor and deployed ex-
and the limestone as well as PVC plates were treated Withperimental platforms

diluted hydrogen peroxide ¢;) for up to 5 days in order At the 60m station, largely below storm wave-base,

remove m f the organic bioaccretion and leave only_. . . )
to remove most of the organic bioaccretion and leave o Ymixed carbonate-volcanoclastic sand plains show sedimen-

cemented calcareous skeletons. Any accretion on the Ia&’ary structures induced by the tidal currents created in the

eral faces of the plates was then carefully removed and th?—aial Channel (Fig. 2c—d). Patches of hardground are occu-

plates were dried for several days at°@before precision : .
. . pied or built up by the oysteeopycnodonte cochleand
scaling (accuracy: 1 mg with a Mettler Toledo AB204-S). the clamChama circinataFig. 2d—e). These benthic islands

Thl\(jl I[{;Tesgl‘_)r}e dpla;e;gv(\)/g;esw gglrt]edR(accuraf?t/O mg W'fthl are colonised by the serpuli@pirobranchus polytremand
a Mettler 10ledo -S Delta Range) after carefu re'Hydroides azoricusand by a diverse set of the bryozoans

Lnoval (I)f all incr:ustmg_catlcaretlnus ep|b!o_nts un(_JIer: tZe Stere(atrisia, OmalosecosaHippothog andReteporella Mobile
moSEular, W I'(t:h W:/lretlln u_lfnl adso';:)é(;%lilc;n V_\Il_i'g € (at.ccu'calcifiers are various clams, holothurians and echinoids.
racy=- 1 mg with a Vietter ‘oledo -S). The accretion To the south, the seafloor gives way to a well structured

rates were then calculated by averaging the weight gain o | ith h . " h
the 5 PVC plates, respectively the weight of the accretion re-g ope with many hardground ridges and small mounds that

i . . . ttl ilt ibiot h N -
moved from the 5 limestone plates, per orientation d'V'dedirjeor;s';cﬁgmoar.bit:)ur:errig ?hyategrlglgoamis:;m :,;5 theelospg (r:T:]sta-
by the exposure time, and_ was related to the surface areg (Fig. 2f-g). Common serpulids aBmirobranchus poly-
of the plates of &100 cn minus .5<2'3 enf for.the central trema Filograna gracilis and Hyalopomatus?marenzeller;
mounting bolts. These gravimetrically determined carbonateand bryozoans are dominated Byisia, Hippothoa Puel-

accretion rates are expressed as grams ca.rbonat'e per Squﬂh%, Celleporing and Reteporella(Fig. 2h). An increasing
metre and year (g/_Fﬂyr). The respective blc_)er05|on rates number of sponges and hydrozoans are encountered (Fig. 2f).
were determined via the weight loss of the limestone platesIn ~250 to 400 m depth, the stylasteirina dabneyiand
determined after removal of the carbonate accretion, and arg, scleractinianﬁ:aryophylIia cyathusand Desmophyllum
expressed as grams carbonate removed per square metre atgitagalli (Fig. 2j), aside large octocoral fans are the most

year (g/rﬁ/yr) and thus as negative values. rominent biota. The volcanoclastic fraction of the sediment

The experlmgntal substrates W'thm _the grazer exclusmr{) creases while the grain size decreases towards the deeper
cages were omitted from the analysis since considerable sedq;

) : e - lope.
iment trapping within, and epilithic overgrowth on the cages b

dered inaful int tai £ th it foasi At the 500 m station, steep fine-grained sediment fans
rendered a meaningtul Interpretation ot the results Unteasly ernate with only partly colonised bedrock outcrops that

ble. bear a diverse fauna of sponges, bryozo&tetgporellaand
Crisia), serpulids Hyalopomatus?marenzelleriand Vitreo-
3 Results and discussion tubus digeronimgj cold-water coralsGaryophyllig Desmo-
phyllum andDendrophyllig, the stylasteridrrina dabneyi
3.1 The bathymetric transect (Fig. 2i; Wisshak et al., 2009a), the cyrtocriniglyathid-

ium foresti(Wisshak et al., 2009b) and the deep-sea oyster
The bathymetrical transect in the southern Faial ChanneNeopycnodonte zibrowiiFig. 2k; Wisshak et al., 2009c).
spans the intertidal shallow euphotic zone down to aphoticThe latter two primarily thrive protected under hardground
500 m water depth. The intertidal is characterised by basalbverhangs and along steep cliff faces. Mobile calcareous
cliffs and wedged boulders (Fig. 2a) encrusted with calcarefauna is less abundant apart from the large echiBekinus
ous rhodo- and chlorophytes as well as the cirripgbiala-  acutus(Fig. 21).
mus stellatusndMegabalanus azoricusMobile carbonate
producers are the gastropodtorina striata (Fig. 2b) and
Patella candei gomesilongside the polyplacophordwepi-
dochitona simrothand the echinoidParacentrotus lividus

Biogeosciences, 7, 2372396 2010 www.biogeosciences.net/7/2379/2010/
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380 m

Fig. 2. Typical calcareous faunal elements found along the transect in the southern Faial CHa)résaltic boulders encrusted by
rhodophytes and experimental panels in the upper inter{iBaPatches of the gastropddttorina striatain the intertidal.(C) Sandy mixed
calcareous/volcanoclastic sea floor in 60 m depth with the penBimelh nobilisas benthic island (Lula dive #118)D) Sandy plain with

patch reefs and experimental platforms at 60 m depth (dive #1EBY.he oysteNeopycnodonte cochleand the clanChama circinateas

main frame builders in 60 m depth (dive #12@-G) Corresponding reef in 150 m depth colonised by a diverse set of hydrozoans, sponges,
serpulids and bryozoans (dive #133H) Large fan-shaped bryozodeteporellain 260 m depth (dive #137)(l) The stylastericErrina
dabneyicolonised byDesmophyllum cristagalin 495 m depth (dive #136)(J) Steep canyon walls in 380 m depth settled by cold-water
scleractinians (dive # 137)K) Hundreds of deep-sea oystétsopycnodonte zibrowihriving at a steep escarpment in 470 m depth (dive
#134).(L) The large echinoitEchinus acutugn 380 m depth (dive #134).
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Fig. 3. (A) Temperature logs (24 h running mean) at the various experimental sites showing a sinusoidal seasonality with maximum mean
temperatures in September and minimum values in March, decreasing in amplitude and absolute value wii-d&jdtti-res temperature

record of one week during spring/neap-tide in September 2006 and March 2007, plotted together with the tidal curve at Horta. Please note
that the direct influence of the tidal rhythm upon short-term fluctuations is most pronounced during autumn in 60 m water depth close to the
thermocline that is shifting driven by the tidal currents. During low-temperatures in the springtime temperature differences and stratification
diminish.

3.2 Temperature and salinity fluctuations plitude and absolute values of the seasonal cyclicity decrease
with depth until at the 150 and 500 m stations near-constant
The seasonal sea-surface temperature (SST) variation déemperatures of-15°C and~12°C, respectively, prevail.
scribes a sinusoidal curve with a maximum mean of 2€.3 Short-term temperature fluctuations at the 0 to 150 m sta-
in September and a minimum mean of 18%in March  tions are largely co-varying with the tidal rhythm with higher
(Fig. 3a, Table 1). These values are in good accordance to thealues logged during tidal low stands (Fig. 3b—c). According
general SST curve for the Azores Archipelago compiled byto Simdes et al. (1997), the partly barotropic tidal current is
Lafon et al. (2004) but the amplitude exhibits a pronounceddirected to the north during flood tide and to the south dur-
two month offset with minimum values in March instead of ing ebb tide with a maximum current speed of 1 m/s in the
January and a maximum in September instead of July, reeentre of the channel. In autumn, the fluctuations are most
spectively. The reason for this offset remains enigmatic butpronounced at the 60 m station with strong shifts of up to
could reflect a considerable inter-annual variability. The am-5°C within a few hours. This is illustrated in Fig. 3b where

Biogeosciences, 7, 2372396 2010 www.biogeosciences.net/7/2379/2010/
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Fig. 4. Measurements of the photosynthetically active radiation (PAR; umitol photons m2s~1) with depth, carried out in the southern

Faial Channel.(A) The irradiance exponentially decreases toward deeper waters. The surface irradiance in air, along with the weather
conditions are given in the legen@) Semi-logarithmic plot of light intensities expressed as per cent of the surface irradiance measured just
below the water surface, indicating a base of the euphotic zone (1% surface irradiance) in an average 70 m of water depth and a base of th
dysphotic zone+{0.01% surface irradiance) in 150 m, respectively.

the hi-res record of one week in September 2006 arounds negatively correlated with the tidal cycle. At the intertidal
spring/neap-tide is plotted together with the tidal curve for station, the data loggers emerged during low tides so that they
Horta (computed via WXTide32 version 4.7). These strongwere prone to cooling (e.g. during the first half of the week
fluctuations indicate a thermocline close to 60 m depth re-plotted in Fig. 3c). At 15m water depth the tidal signal is
sulting in tidal-driven mixing and/or a vertical shifting of this low. At the 500 m station the same constant absolute temper-
boundary. This pattern reflects the autumn situation with theature and tidal-independent moderate short-term fluctuations
strongest temperature difference between the surface and imre seen for both seasonal end-members (Fig. 3b—c). In good
termediate water layers, whereas in the springtime temperaaccordance to these results, Santos et al. (1995) states, that
tures converge and stratification diminishes. During low tem-during winter a deep mixed layer is present around 150 m
peratures in March (Fig. 3c) the differences from surface wa-and in summer a seasonal thermocline develops around 40 to
ters down to 150 m water depth are minute and particularly100 m.

the 60 and 150 m signal exhibit a near-perfect covariance that

www.biogeosciences.net/7/2379/2010/ Biogeosciences, 7, 23962010
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Table 1. Bottom-water temperatures (given i€ as monthly and annual mea#sSD, minimum, and maximum) logged via autonomous
temperature loggers at the various experimental stations in 0, 15, 60, 150 and 500 m water depth.

Depth Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Total

om 20.2£0.6 18.7+0.7 16.8:0.6 16.3+0.4 16.0+0.5 15.5+0.6 16.2+0.6 17.3+0.8 18.4+0.8 21.0+1.1 22.2+0.8 22.3+0.7 18.4+0.7
min18.0 min15.2 min13.4 min23.4 min13.2 min12.6 min13.0 min14.7 min14.7 min18.4 min19.5 min19.9 min12.6
max 21.8 max 20.0 max17.8 max17.5 max16.8 max17.9 max 18.9 max26.4 max25.4 max32.9 max30.8 max27.8 max32.9

15m  20.2:0.7 18.84+0.7 17.0+0.3 16.5+0.2 16.0+0.3 15.7+0.3 16.0+0.3 16.7+0.6 17.8+:0.7 20.0+0.9 21.0+1.2 21.6+0.7 18.1+0.7
min 18.0 min16.6 min16.2 min15.8 min14.4 min145 min15.1 min15.3 min158 min17.0 min17.5 min18.3 min14.4
max 21.6 max20.0 max17.6 max17.0 max16.6 max16.2 max 16.7 max 18.4 max19.3 max22.1 max23.0 max23.0 max23.0

60m 18.2-1.1 17.7+0.8 16.6+0.5 16.1+0.4 15.6+0.6 15.1+0.5 15.3+0.4 155+0.4 16.2+0.7 17.0+0.8 17.3+1.4 18.0+1.4 16.5+0.8
min15.4 min15.0 min14.9 min14.7 min13.8 min13.7 min14.2 min14.2 min14.6 min153 min14.9 min15.1 min13.7
max 20.8 max 19.4 max17.6 max 16.9 max 16.5 max 16.1 max 16.4 max17.0 max 18.3 max19.5 max21.6 max21.5 max21.6

150m 15.3:0.4 15.1+0.5 15.5+0.7 15.5+0.6 15.1+0.6 14.7+0.5 14.8+0.3 14.8+0.3 14.9+0.4 15.1+0.3 15.1+0.4 15.1+0.4 15.1+£0.5
min14.4 min13.6 min14.1 min13.9 min13.6 min13.5 min13.9 min13.9 min13.9 min14.2 min14.0 min14.3 min13.5
max17.0 max17.8 max17.1 max16.7 max 16.3 max 15.8 max15.6 max15.7 max16.1 max16.6 max 16.6 max17.9 max 17.9

500m 12.4-0.3 12.2+0.3 12.2+0.3 12.3+0.2 12.14+0.3 12.14+0.2 12.24+0.3 12.3+0.2 12.5+0.2 12.5+0.2 12.54+0.2 12.3+0.3 12.3+0.3
min11.3 min10.9 min11.4 min11.1 min11.0 min11.1 min11.0 min11.2 min11.5 min11.7 min11.6 min11.3 min10.9
max 13.4 max 13.1 max13.4 max13.1 max13.1 max12.9 max13.1 max13.0 max13.5 max13.1 max 13.4 max13.3 max 13.5

Horta Southern Faial Channel 5"Cyyc [%o PDB]
% surface irradiance temperature [°C] salinity (PSS) §"°Ogy, [%o V-SMOW] nutrients [umol/l]
00101 1 10 100 12 14 16 18 20 22 35.5 36.0 36.5 04 06 08 10 12 14 0.01 0.1 i 10

L100m 60 m station

150 m station

500 m

Horta Southern Faial Channel DIC [umol/kg] Q calcite
TA [umol/kg] Q aragonite fCO, [patm] pH (total scale)
2000 2100 2200 2300 2400 2500 2.0 30 40 50 6.0 300 350 400 8.0 8.05 8.1 8.15

L100m 60 m station

150 m station

400 m

500 m 500 m station

Fig. 5. Schematic bathymetric transect down-slope in the southern Faial Channel with the logged environmental parameters with regard to
the light regime, temperature, salinity, stable O and C signature and nutrient regime (top), as well as the measured and computed carbonat
system variables, total dissolved inorganic carbon, total alkalinity, saturation states for calcite and aragerfilga€iy, and pH (bottom).
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As noted above, the salinity loggers largely failed to meetphotosynthesis utilising short-wave radiation in the deep eu-
their specifications during the 2-year exposure period, yield-photic and upper dysphotic zone. The presence of such a
ing only few months of usable data. At 60 m, the one-monthdeep chlorophyll maximum (DCM) in around 100 m depth
period from 21 October through 20 November 2006 has awas also confirmed for the Azores Front region (Fasham et
mean salinity of 36.3 0.2 and at the 500m station, the al., 1985; Lorenzo et al., 2004).
seven-month period from 7 November 2006 through 6 July
2007 a mean salinity of 35:80.1, respectively. The val- 3.4 Seawater stable isotope signature
ues measured in the water samples (Table 2; Fig. 5) slightly
decrease with depth from a 36.35 mean at 60 m to 35.70 alhe seawates'Os, oxygen isotope ratio (Table 2; Fig. 5)
500m. Both data sets indicate a general slight decrease iateadily decreases with depth from 08R.01%. at the

salinity towards deeper waters. sea surface down to 0.350.07%. V-SMOW at 500 m
depth. The stable carbon isotope signal of dissolved in-
3.3 Light regime organic carbon §3Cpc) likewise decreases with depth

from a maximum of 1.3 0.06%. in surface waters to
Light irradiance in relation to water depth is a main fac- 0.574+0.13%. PDB at the 500 m station, but the lowest val-
tor influencing the distribution of photoautotrophic biota and ues were found at 350 m (0.450.05%. PDB). The percent-
their contribution to carbonate accretion by crustose algaeaged standard deviations as a measure of relative fluctuations
and carbonate degradation by endolithic chlorophytes anaf both parameters generally increase with depth with varia-
cyanobacteria (Schlager, 2003, 2005; Golubic et al., 1975)tions roughly twice as pronounced &FCp,c if compared
The scheme of the photic zonation distinguishes a euphoticto 8Osy,
a dysphotic, and an aphotic zone. The base of the euphotic Water stable isotope assessments are scarce for the cen-
zone is the depth where the intensity of the photosynthetidral parts of the Atlantic and there are no records at all
active radiation (PAR) declines to 1% of the surface irradi- listed for the Azores Archipelago in the current version
ance and roughly equates to the photic limit where photosyn1.19 of the NASA GISS Global Seawa#¥0s,, Database
thesis balances respiration. The base of the dysphotic zongchmidt et al., 1999; Bigg and Rohling, 2000). Neverthe-
below which photoautotrophs can’t exist is found#.01%  less, these measurements are indispensable for calculating
(e.g. Glaub, 1994). temperature-related expected equilibrium isotope composi-
For the seven depth-PAR profiles logged in Septembettions in calcareous skeletons and to evaluate their vital ef-
2007 and 2008 in the southern Faial Channel, the surfacéects, as undertaken for instance with the present 500 m data
iradiance ranged from 809 to 2611 pmol photon&isr ! for the deep-sea oystéleopycnodonte zibrowliy Wisshak
above, and 419 to 1797 pmol photonsfs 1 just below the et al. (2009c), the stylasterid hydrocogirina dabneyiby
sea surface (Fig. 4a). The light levels decreased exponen#isshak et al. (2009a), and solitary scleractinians by Marali
tially with depth (Fig. 4a—b), except for an elevated decreaseet al. (2009).
in the uppermost5 m of the water column with a strong ab- ~ When comparing the present Azores stable isotope data
sorption for long-wave radiation, a typical feature of quantawith the gridded data set of the glodfOs,, of sea surface
irradiance profiles (Jerlov, 1976). The base of the euphotiavaters (LeGrande and Schmidt, 2006: figure 1) &g,
zone was observed at 50 to 90 m depth with an average ofalue of the 0 m station fits well into this interpolation. Like-
70 m. The base of the dysphotic zone was estimated by prowise thes180g,, values from the deeper stations are in good
jecting the mean light/depth profile in the semi-logarithmic accordance to the distinct decrease towards deeper waters
graph towards deeper waters, which intersects the 0.01%n the central Atlantic as demonstrated by the same authors
boundary at 150 m depth (Fig. 4b). The validity of this ex- (LeGrande and Schmidt, 2006: figure 2).
trapolation is warranted by an optically sufficiently homoge-
nous water column, as confirmed by Piazena et al. (20028.5 Nutrient distribution
in an extensive study of the light regime with respect to the
wavelength dependant penetration of solar radiation south of he nutrient composition (Table 2) of the ambient seawa-
the Azores. ter was characterised with respect to nitrate {NOnitrite
Following the present zonation pattern, the light regime in(NO, ), ammonium (NI{) and phosphate (F{}D). While
the southern Faial Channel can be classified as optical wanitrate and phosphate increase with depth below a minimum
ter types Il to IB in the Jerlov classification (Jerlov, 1968, at the 60 m station, nitrite and ammonium have very low
1976). This is in good accordance with the map of regionalconcentrations of less than 0.06 umol/l and tentatively de-
distribution of optical water types given by Jerlov (1976: fig- crease with depth. Nitrate concentration is low in surface
ure 72) as well as to the PAR profiles logged by Piazenawaters (0.8 umol/l) and peaks at 7:88.11 umol/l in 500 m
et al. (2002) just south of the Azores. There, the latter au-depth. Correspondingly the phosphate level increases from
thors found a maximum chlorophyll a concentration aroundonly 0.12 to 0.59t 0.16 pmol/l at the 500 m station. Red-
the 1% sub-surface irradiance level, demonstrating effectivdield N:P ratios range from 6.0 to 14.8 at the 60 m and 350 m
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Table 2. Summary of measured water property data, as there are the stable isotope signature, salinity, total alkalinity, total dissolved inorganic

carbon, nitrate (N@), nitrite (NO, ), ammonium (NI:]“) and phosphate (F{b). Mean values are given per depth station together with the
absolute and percentaged standard deviation.

Depth station/n §180gy s13Cpc  Salinity TA DIC NO3 NO, NH PO}~

[%0 V-SMOW]  [%PDB] (PSS)  [umol/kg] [mmol/kg] [wmoll]  [umoll]  [wmoll]  [wmoll]
om@=1) 0.82 1.30 36.15 2401.42 204553  0.80 0.06 0.04 0.12
SD +0.01 +0.06  +0.07 +0.13 - - - - -
SD% 0.87 4.91 0.20 0.01 - - - - -
60m (1=2) 0.81 0.99 36.35 241425 210138  0.15 0.04 0.05 0.04
SD +0.06 +013  +0.17 +559  +2096 +0.04  +000 +0.05  =+0.00
SD% 7.35 13.40 0.48 0.23 1.00 27.39 8.63 93.88 0.00
150m@=2) 0.69 0.57 36.00 241332 213564  4.35 0.05 0.03 0.32
SD +0.03 +0.07 +0.08 +16.84 +1369 +127  +001  +0.02  +0.01
SD% 4.95 11.66 0.23 0.70 0.64 29.12 14.58 84.21 2.11
350m@=2) 0.59 0.45 35.90 2385.22  2156.75  7.95 0.03 0.01 0.54
) +0.04 +0.05 +0.00 +439  +9.03 4137  +000  £0.00  +0.09
SD% 6.95 11.17 0.00 0.18 0.42 17.18 13.61 27.86 16.25
500m @ =4) 0.55 0.57 35.70 2391.59 215147  7.98 0.03 0.02 0.59
SD +0.07 +0.13  +0.12 +504  +1715 +1.11  +001  £0.01  +0.16
SD% 12.48 23.51 0.32 0.21 0.80 13.91 20.83 28.26 27.11

station, respectively, indicating a nitrogen limitation due to 3.7 Carbonate bioerosion and accretion rates

planktonic primary production in the surface water and rem-

ineralisation towards balanced Redfield ratios in deeper waabsolute values of the experimentally determined carbon-
ters (Redfield et al., 1963). Interestingly, the nutrient deple-ate bioerosion rates (Fig. 6a—b, e) decrease rapidly with
tion was highest at the 60 m station, providing further evi- water depth. Bioerosion is strongest in the intertidal zone
dence for the presence of a DCM (see above). This trophigvhere the mean bioerosion rates reaeh56+ 144 and
regime represents the autumn situation and does not accountg31 + 82 g/nf/yr after one and two years of exposure, re-
for the seasonal variation, which is characteristic for temperspectively. The weakest rates were found in aphotic depths
ate and polar environments. were only few grams of carbonate for the most were degraded
) per square metre and year. The overall bioerosion rates,
3.6 Assessing the carbonate system considering both exposure periods and orientations, show
Total alkalinity (TA) decreases with depth to the same bathymetrical pattern. In the reach of photoactive
2391.59+5.04 pmol/kg at 500m, below a maximum lightirradiation at the 15 and 60 m stations, bioerosion was
of 2414.25+5.59 pmol/kg at the 60 m station, while dis- found to be about tenfold stronger on the up-facing versus the
solved inorganic carbon (DIC) increases (Table 3) fromdown-facing substrates. Bioerosion decreased with increas-
2045.53 pmol/kg in the surface water to 215144%77.15 at ~ ing exposure time, with the most prominent exception being
the 500 m station. Calculated carbonate system parametef8e intertidal, where bioerosion rates remained stable.

for fCO,, pH and calcium carbonate (CagOmineral The bathymetrical decrease of bioerosion is primar-
saturation states for calcit®¢z) and aragonitear) show  ily linked to the availability of light as energy source

a consistent depth profile: High photosynthetic activity leadsfor phototrophic microborers (cyanobacteria, chlorophytes,
to relatively low fCQ concentrations in the surface waters rhodophytes) and the linked effect of intensified grazing
(310.29 yatm) while concentration increase with depthupon them (patellids, chitons, echinoids). The bathymetri-
due to less primary production and cooler temperaturescal pattern is in good agreement with previous experimental
Corresponding saturation states decrease with water depth siudies (e.g. Hoskin et al., 1986; Hassan, 1998; Vogel et al.,
values ofQ2ca =3.72+ 0.17 and2ar = 2.394+0.11at500m. 1996, 2000; see Wisshak, 2006 for a review) as well as qual-
Although lower saturation states are suggested to reducéative assessments of bioeroding communities (e.g. Golubic
benthic calcification rates (Langdon et al., 2000; Marubini etal., 1975; Zeff and Perkins, 1979; Budd and Perkins, 1980;
et al., 2002; see Doney et al., 2009 for review) and to favourWisshak et al., 2005). Light also governs the differential bio-
bioerosion (Manzello et al., 2008), the measured states arerosion rates of the directly illuminated up-facing orienta-
fairly supersaturated and within natural limits. tion compared to the shaded down-facing substrates. The
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Fig. 6. Logarithmic plots showing mean values, SD, min/max and number of replicates of carbonate accretion and bioerosion rates in grams
per square metre and year, gravimetrically determined via up- and down-facing limestone and PVC settlement plates on experimental frames
in the southern Faial Channel in 0, 15, 60, 150, and 500 m of water dgptB) One and two year bioerosion rat§€—D) One and two

year carbonate accretion rates differentiated by substrate orientation an(Rypetal carbonate bioerosion rates for combined orientations

and exposure timegF) Total carbonate accretion rates for combined substrate types, orientations, and exposure times.
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Table 3. Computed carbonate system parameters (pH, fugacity, and saturation states for calcite and aragonite) based on the given measure
ments of temperature, salinity, total alkalinity and total dissolved inorganic carbon. Mean values are given per depth station together with the
absolute and percentaged standard deviation.

Depth station/n  temp Salinity TA DIC pH fCO» Qca QAar

[°C] (PSS) [wmol/kg] [wmol/kg] (total scale) [watm]
Om@pE=1) 22.26 36.15 2401.42 2045.53 8.15 310.29 5.97 3.91
SD - +0.07 +0.13 - - - - -
SD% - 0.20 0.01 - - - - -
60m @ =2) 18.03 36.35 2414.25 2101.38 8.14 321.68 5.19 3.37
SD - +0.17 +6.57 +20.96 +0.03 +25.04 +0.23 +0.15
SD% - 0.48 0.27 1.00 0.33 7.78 4.36 4.34
150m @ =2) 15.10 36.00 2413.32 2135.64 8.12 331.39 4.57 2.94
SD - +0.08 +20.62 +13.69 +0.01 +4.98 +0.11 +0.07
SD% - 0.23 0.85 0.64 0.10 1.50 251 2.52
350m @ =2) 13.52 35.90 2385.22 2156.75 8.05 387.65 3.67 2.36
SD - +0.00 +5.27 +9.03 +0.01 +9.37 +0.05 +0.03
SD% - 0.00 0.22 0.42 0.10 2.42 1.32 1.32
500m @ =4) 12.34 35.70 2391.59 2151.47 8.09 346.91 3.72 2.39
SD - +0.12 +5.33 +17.15 +0.02 +2291 +0.17 +0.11
SD% - 0.32 0.22 0.80 0.30 6.62 451 4.53

difference in bioerosion between these two orientations waences between PVC and limestone substrate are very small
quantified herein for the first time and turns out to be aboutexcept for the intertidal zone with a higher rate of accre-
tenfold in magnitude in the shallow and deep euphotic station on the PVC substrates which were not subjected to the
tions (15 and 60 m) and diminishing at the dysphotic stationpronounced bioerosion. The heterogeneity in the very low
(150m). This difference is somewhat exaggerated by thevalues at the 500 m station may be considered biased by a
higher density of epilithobionts on the downward orientation stronger methodological error where the relative error that is
which reduces the pristine experimental substrate availabilitypotentially introduced by accidental weight loss or gain due
for bioerosion agents. The pattern of a decrease in bioerosioto the handling of the plates and platforms is larger, whereas
with time is in good accordance to the experimental resultsthis factor can be neglected where more carbonate was ac-
from the Swedish Kosterfjord (Wisshak, 2006), with the very creted and/or bioeroded.
same exception that at the shallowest station bioerosion in- Light as energy source could also be an important factor
creased with time. for the carbonate accretion by governing for instance the dis-
As for the carbonate accretion rates (Fig. 6¢—d, f), thetribution and abundance of calcareous algae. The relative
highest rates were not encountered in the intertidal but acontribution of crustose algae to the present accretion rates
the 15 m and particularly at the 60 m station where the subdis, however, very low and by far outcompeted by the rapid
strate is less subjected to hydrodynamic force. The detergrowth of serpulid worms (chiefly the larggpirobranchus
mined rates peak after two years of exposure at mean valuggolytrema, cirripeds Chtalamus stellatuandVerruca spen-
of 8974410 and 955 380 g/nf/yr for down-facing PVC  gleri), various bryozoan species, and particularly the oyster
and limestone substrate, respectively. Below this depth staNeopycnodonte cochleahe latter one being responsible for
tion, the accretion rates strongly decrease and at the aphotitie highest bioaccretion rates encountered at the 60 m sta-
500 m station only few grams of carbonate for the most weretion. In the aphotic deeper water masses, carbonate accretion
built up per square metre and year. This bathymetrical patis very slow and epibenthic communities take many years
tern is also well expressed in the overall carbonate accretioito mature. Indeed, long-lived taxa, like deep-sea oysters
rates where all exposure periods, orientations, and substra@Visshak et al., 2009c), hydrocorals (Wisshak et al., 2009a),
types are considered. Concerning the substrate orientatiorscleractinians (e.g. Adkins et al., 2004) and isidid octocorals
an inverse pattern from the carbonate bioerosion rates is evilMatsumoto, 2009), may be important (accretionary) carbon-
dent, with carbonate accretion rates at the photic 15 and 60 mate producers on decadal to centennial timescales.
stations being considerably higher on the down-facing versus
the up-facing substrates and a diminishing difference towards
deeper waters. With respect to the substrate type, the differ-
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A conspicuous pattern is the inverse trend developed forof water depth, respectively (figure 4 in Hoskin et al., 1986),
bioerosion and accretion rates when comparing the two suband Vogel et al. found an average210, —105, —13, —6,
strate orientations (Fig. 6a—d). This suggests that bioeroand —2 g/mé/yr combining one and two years of exposure
sion represents an important factor for governing the preferin 2, 30, 100, 150 and 275 m depth (figure 7 in Vogel et al.,
ential settlement and growth of calcareous epilithobionts or2000). In addition, Hoskin et al. (1986) determined grazing
down-facing substrates with a significantly lower bioerosionrates of specific grazers such as the chifaranthopleura
pressure, adding to the commonly referred factors of shadgranula which degrades about100 g/nf/yr and the echi-
ing, negative phototactic larval behaviour, lower predationnoid Echinometra lacuntereaching the impressive value of
pressure, lower competition with epiphytes, and avoidance-6670 g/nf/yr, indicating that the overall bioerosion at least
of sediment smothering (e.g. Crisp, 1974; Harris and Ironsfor the shallowest waters in this tropical setting is probably
1986; Wendt et al., 1989; Connell, 1999; Glasby, 2000). Bio-far stronger than found in the Azores. This is also indi-
erosion has a direct negative effect on carbonate secretingated by most bioerosion experiments carried out in the other
epibionts by weakening their shell stability and the solidity warm-water coral provinces were total bioerosion rates — par-
of attachment to the substrate, both making them more sudicularly governed by grazing echinoids and parrot fish — are
ceptible to hydrodynamic force as well as predation. An indi- usually in the range 0£500 to—10000 g/m/yr (see Table 1
rect negative effect is seen in the enhanced grazing pressuig Wisshak, 2006 for a compilation of available experimental
where phototrophic microendoliths are more abundant, poseata).
sibly leading to injury or even detachment of the epiliths and  From the tropical Caribbean, Stearn et al. (1977) presented

additionally affecting the success of larval settlement. a multifactorial analysis considering growth rates of various
o _ coral species and crustose algae, their relative abundance, as
3.8 Latitudinal gradient well as three-dimensional surface geometry, and determined

a total carbonate production of 9000 g/gr for a Barba-
Putting the Azores carbonate bioerosion and accretion rategos fringing reef. Scoffin et al. (1980) complemented this
in context of a latitudinal and environmental gradient (Fig. 7) study by quantifying carbonate degradation by macroborers
- roughly fO”OWing the course of the Gulf Stream —there are and grazers in the same reef and fourg¥ g/rnz/yr for par-
three studies that allow for a semi-direct comparison. Thesegot fish,—5300 g/n#/yr for the echinoidiadema antillarum
are the experiments in the cold-temperate Swedish Kosterand between-102 and—507 g/nf/yr bioerosion by macro-
fiord in 59° northern latitude (Wisshak et al., 2005, Wisshak, horers in various coral and algae species. The gross carbon-
2006) on the one hand and the studies on the tropical Bagte production in the reef was found to be 68% higher than
hamas (26N) carried out by Hoskin et al. (1986) and Vogel the carbonate degradation. These studies were, however, lim-
et al. (1996, 2000) on the other. These experiments appliegted to the uppermost few metres of the water column and

a similar experimental design with respect to the utilised mi-data for an extended bathymetrical transect in the Caribbean
critic limestone as substrate, a similar gravimetrical approachyre not available at present.

for determining the rates (except for Vogel et al., 1996, 2000,
who used SEM surveys for quantifying bioerosion), and the3.9 Carbonate budget
investigation over an extended bathymetrical range. Ad-
ditional data on carbonate production and degradation, bup schematic summary of processes as well as principal or-
limited to a shallow water reef, were provided by Stearn etganism groups involved in carbonate production and degra-
al. (1977) and Scoffin et al. (1980) for a fringing reef on Bar- dation in the Azores carbonate factory is given in Fig. 8, in
bados, further extending the diagonal transatlantic transect tgelation to bathymetry, hydrodynamic force, and the photic
equatorial 13N. zonation. The overwhelming majority of carbonate produc-
In the cold-temperate waters of the Swedish Kosterfjordtion is taking place in the photic zone above 150 m of wa-
(Fig. 7 left) absolute values of bioerosion rates (equivalentter depth and is a combination of epilithic growth, such as
methodology but limited to up-facing substrates) are aboutguantified with the present experiment, and skeletal growth
two to three times lower than in the Azores with values reach-of mobile epi- and endobenthos. Typically for a C fac-
ing a maximum of—144 g/nf/yr in 1 m water depth in a tory, carbonate production is almost exclusively biotically
wave exposed setting, rapidly declining to values of only few controlled by heterotrophs (Schlager, 2003), so that abiotic
tens of grams per square metre and year in deeper waterprecipitation as well as biotically induced precipitation can
Carbonate accretion is much weaker with only few gramsbe neglected in the present case. Carbonate degradation is
for the most of carbonate produced per square metre antly far most effective in the shallow euphotic zone where
year, except for the shallowest station where balanids buillight promotes phototrophic bioerosion agents (cyanobac-
up 362 g/mlyr. teria, chlorophytes) and grazers feeding upon them (gas-
In the tropical Bahamas setting (Fig. 7 right), Hoskin de- tropods, monoplacophorans, echinoids). An additional com-
termined microbioerosion rates ef259, —237, —40, —2 ponent is the physical erosion by hydrodynamic force above
and —0.5 g/nf/yr after one year in 0, 2, 32, 79, and 477 m the storm wave base, which devastated the 5 m platforms and
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N Kosterfjord, Sweden Southern Faial Channel, Azores Bahamas, USA S
cold-temperate (59°N) warm-temperate (38°N) tropical (26°N)
(Wisshak 2006) [g/m?iyr] (this study) [g/m?iyr] (Hoskin et al. 1986) [g/m?iyr]
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Fig. 7. Carbonate bioerosion and accretion rates along a latitudinal and environmental gradient of the N-Atlantic from the cold-temperate
Kosterfjord (data from Wisshak, 2006; up-facing substrates only), to the warm-temperate Azores archipelago, to the tropical Bahamas (data
from Hoskin et al., 1986; 3-D substrates). In addition, the vertical extend of the photic zonation is illustrated (data from Wisshak et al., 2005
and Vogel et al., 2000).
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Fig. 8. Summary of processes as well as principal organism groups involved in carbonate production and degradation in the Azores carbonate
C factory in relation to bathymetry, hydrodynamic force, and photic zonation.

is also evident at the 15 m station, where many eroded andnd crustose rhodophytes, and is thus most intense in the
later overgrown bases of serpulid worms and other epibiontzone of light saturation in the upper20 m of the euphotic
were encountered. Hence, in these shallow depths, both theone (Bosscher and Schlager, 1992; Schlager, 2005). In con-
actual rate of epilithic carbonate production and the over-trast, in the Azores C factory the carbonate accretion is most
all rate of carbonate degradation must in fact be considereéhtense at the 15 m station and particularly at the 60 m sta-
somewhat higher than experimentally determined. tion as a result of less light-dependence of the supporting
heterozoan assemblage. This is despite the fact that some
of the carbonate is eroded by wave action and transported
glownslope, and it is very unlikely that physical erosion alone
could account for the observed 5 to 1000 fold lower accre-

carbonate production. Carbonate accretion in the T factory i 'r?n égtes Itn tt'he |n|ter;[|dag e}[r':d it 35? depth 'I comparﬁqb.tto
largely governed by the light dependant photozoan associa- € d mls a |on.t r]:s cad, the ty rg _yna_rplgl orce pr? ’ 'IIS
tion (sensu James, 1997) dominated by zooxanthellate corafge evelopment of more erect and inevitably more lragile

When comparing the Azores C factory with the gen-
eral characteristics of the subtropical to tropical (T) factory
(sensu Schlager, 2000) it is apparent that both factory type
differ with respect to the depth range of maximum epilithic
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epilithobionts that could promote a higher carbonate producpresent availability of experimental data, the figures obtained
tion in the first place, whereas in the tropics, colonial coralsherein can serve as a reasonable estimation for epilithic car-
in concert with crustose rhodophytes and rapid marine cebonate production, bioerosion and net accretion in the typical
mentation form a calcareous framework that is much moreC factory setting of the Azores Archipelago and may serve as
resistant to hydrodynamic force. basis for future three-dimensional modelling of carbonate as
For budgeting the total epilithic carbonate accretion andwell as carbon cycling.
the bioerosion on the bathymetrical transect, the rates ob-
tained for the various depth stations can be implemented in a
linear approximation via the trapeze formed by the depth in-4 Conclusions
tervals and respective rates @t the delimitating depth sta-
tions @). The resulting overall rate can then be expressed a$n the Azores, intense carbonate production and accumula-
total annual carbonate accretion, bioerosion, or net carbontion is taking place primarily in the photic zone above 150 m
ate production for a 1 m wide seafloor transect (0 to 500 m).of water depth as a combination of epilithic calcifying het-
Considering a representative submarine slope angle for therozoans in concert with few phototrophic algae, and - to a
islands of Faial and Pico of = 10°, as estimated via 20 ran- lesser degree — skeletal growth of mobile benthos. Typically
dom samples of the distance between the 0 and 500 m bathyor a C factory, carbonate production is almost exclusively
metrical contours (IGCP, 1969), this equates as follows:  biotically controlled, whereas abiotic precipitation and bioti-
cally induced carbonate precipitation can be neglected.
Water mass properties in the Azores C factory are charac-
terised via in situ data loggers and analyses of water samples
as follows: Seasonal sinusoidal sea-surface temperatures
doto 4= 0, 15, 60, 150, 500 (my; = 10°; r = rate (kg/ni/yr) reach a maximum mean of 223 in September and lowest
mean value of 15.8C in March with a decrease in ampli-
Applying the experimentally determined mean values fortude and absolute values with depth. Short-term fluctuations
epilithic carbonate accretion, bioerosion, and net productiorco-vary with the tidal rhythm and react?6 in 60 m depth
for both substrate types, orientations and exposure times;lose to the shifting summer thermocline, whereas in the
this amounts to an annual 307.4 kg of carbonate productionspringtime temperatures converge and stratification dimin-
—46.8kg of carbonate bioerosion, and 260.7 kg of net carishes. The seawatét®Osy ands'3Cpc stable isotope sig-
bonate production per metre of coastline. Introducing an-natures decrease with depth from an average of 0.82%. and
other variable, namely an estimation of the relative propor-1.30%. at the sea surface down to 0.55% V-SMOW and
tion of up-facing versus down-facing substrates in a ratio 0f0.57%. PDB, respectively, at 500 m depth. Dissolved nutri-
3:1, the integration yields an annual 266.9 kg of carbonatesnts (ammonium, nitrite, nitrate, and phosphate) likewise de-
production,—54.6 kg of carbonate bioerosion and 212.3 kg crease with depth and exhibit a N limitation in the shallower
of net carbonate production per metre of coastline. An ex-waters due to planktonic primary production. Carbonate sys-
tension towards abyssal depths would not considerably altetem parameters are within normal limits with a decrease in
this budget, since carbonate production and degradation ratesilcium carbonate saturation states, corresponding to an in-
strongly decrease with depth (Figs. 7-8). crease in fCQ with depth. Photosynthetic active radiation
This approximation bears both components of over- asprofiles reflect a light regime with a base of the euphotic zone
well as underestimation — and thus potential for refinemenin ~70m and a lower delineation of the dysphotic zone in
that are beyond the scope of this paper. For example, not-150 m water depth.
the entire seafloor is composed of a hard ground suitable for Carbonate cycling rates were assessed gravimetrically via
colonisation by epilithobionts, and the obtained rates reflectarbonate-accretion on PVC settlement plates and bioero-
accretion on pristine substrate, both leading to overestimasion of limestone substrates. Being primarily a function of
tion. On the other hand, by the end of the exposure peridight availability for photoautotrophic endoliths and grazers
ods, some of the accreted skeletons were already attacked geding upon them, bioerosion in the photic zone~i0
bioerosion and others were removed from the substrate byimes stronger on the illuminated upside versus the shaded
hydrodynamic force, both leading to underestimation. Fortu-underside of the platforms with maximum rates found in
nately, positive and negative effects balance each other to the intertidal (631 g/nt/yr). Bioerosion rapidly weakens
certain degree. The limitation in hardground availability for towards deeper waters where carbonate cycling by epiben-
instance is somewhat counterbalanced by the fractal threethic/endolithic communities is slow. Accretion rates are
dimensionality of the available substrate. Likewise, the el-highest in the lower euphotic zone (955 g/gr), where the
evated pace of carbonate accretion on pristine substrate substrate is less prone to hydrodynamic force. Inversely
most significant in the shallow water where it is counter- to bioerosion, highest accretion rates are found on down-
balanced by carbonate degradation due to enhanced bioeréacing substrates, suggesting that bioerosion may be a key
sion as well as hydrodynamic force. Hence, considering thdactor governing the preferential settlement and growth of

4
rdi_q +7d; .

E —12 -(d; —d;i—1)/sina 1)

i=1
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calcareous epilithobionts on down-facing substrates, adding by: Grant, P. T. and Mackie, A. M., Academic Press, London,
to lower predation pressure, lower competition with epi- 177-265, 1974.
phytes, and avoided sediment smothering. Doney, S. C., Fabry, V. J., Feely, R. A, and Kleypas, J. A.: Ocean

Evaluating the present carbonate cycling rates in context Acidification: The Other CQ Problem, Ann. Rev. Mar. Sci., 1,
of a latitudinal and environmental gradient roughly follow- Di 159_195' éooif han. J. D d And G. C.: Ref
ing the course of the Gulf Stream, the Azores values plot in- ickson, A. ., Alghan, J. 1., a.n. naerson, . ... eference
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etween corresponding results from previous experiments in- ¢ ., alkalinity, Mar. Chem., 80, 185197, 2003.
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